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Seventy Years of Systematic Biomedical Research at the Institute of 
Physiology of the Czech(oslovak) Academy of Sciences 

This special issue of the Physiological Research 
journal is intended for the celebration of seventy years 
since the founding of the Institute of Physiology (IPHYS) 
of the Czech (former Czechoslovak) Academy of 
Sciences (CAS). True to its name, IPHYS has been 
systematically dedicated to the research in the field of 
normal and pathological physiology, with a special focus 
on biomedical research. Three main closely 
interconnected research directions gradually crystallized, 
which IPHYS continues to pursue today: research in the 
fields of neuroscience, metabolism, and cardiovascular 
physiology. Over the seven decades, our society has 
grown considerably older and fatter, while obesity rates 
have tripled. Modern medicine is thus facing new 
challenges in the form of an increased onslaught of so-
called lifestyle (or civilization) diseases. The cost of their 
treatment represents a major burden on health care 
systems worldwide. The main current goal of IPHYS is to 
characterize the causes of these non-communicable 
diseases associated with obesity and ageing. 

The origin of the current research at IPHYS is 
traced back to 1950 when two outstanding personalities, 
Prof. Zdeněk Servít (1913-1986) and Prof. Arnošt 
Gutmann (1910-1977), met at the Department of 
Neurophysiology within the Central Biological Institutes. 
In 1952, the Czechoslovak Academy of Sciences was 
founded. Servít´s laboratory (epileptology) and 
Gutmann´s laboratory (neuromuscular function) joined a 
group interested in critical periods of ontogenetic 
development headed by Prof. Jiří Křeček (1923-2014) to 
form a section of the new Biological Institute. On the 
basis of successful research and acceptance at home as 
well as abroad, IPHYS was officially founded on January 
1, 1954 and consisted of these three laboratories. In 1956, 
a fourth group led by Prof. Otakar Poupa (1916-1999), 
who studied the adaptation of the organism to its 
environment, joined the Institute. The outstanding 
contribution of these scientists in the fields of 
neurophysiology, muscle regeneration, heart adaptation to 

hypoxia and late effects of early interventions was 
subsequently enriched by their students and follower 
scientists at IPHYS.  

In this introductory article it is not possible to 
mention all the important bits that make up the seventy-
year history of IPHYS. The information about important 
personalities and key results can be found in previous two 
anniversary issues of Physiological Research 
(53 (suppl. 1) 2004 and 63 (suppl. 1) 2014) and on the 
Institute's website (https://www.fgu.cas.cz/en/about). The 
fates of prominent scientists, who worked at IPHYS and 
who emigrated abroad after 1968, are described in 
a dedicated book (Štrbáňová & Kostlán: Sto českých 
vědců v exilu. Academia, Prague, 2011). Most recently, 
in 2024, this information was presented concisely, 
including a list of the most important publications in 
various research fields, in the Presentation Institute´s 
brochure (which can be downloaded from the website 
above). Six articles in this special issue are dedicated to 
the history of research in the key areas of interest, written 
by the most respectable scientists in their respective 
fields, namely by Helena Illnerová, Bohuslav Ošťádal, 
Jaroslav Kuneš, Zdeněk Drahota, Pavel Mareš and 
František Vyskočil. 

In addition to the six articles devoted to the 
history of research conducted at IPHYS over the last 
70 years, most of the articles in this special issue review 
specific topics that reflect the scientific interests and 
expertise of the scientists who represent the main drivers 
of contemporary research at IPHYS. I believe that you 
will learn important and interesting information while 
reading these articles. I thank all my colleagues who were 
involved in their writing. 

Jan Kopecký 
Director 
Institute of Physiology of the Czech Academy of Sciences, 
Prague 



 



 
 
PHYSIOLOGICAL RESEARCH • ISSN 1802-9973 (online) - an open access article under the CC BY license 
 2024 by the authors. Published by the Institute of Physiology of the Czech Academy of Sciences, Prague, Czech Republic 
Fax +420 241 062 164, e-mail: physres@fgu.cas.cz, www.biomed.cas.cz/physiolres 
 

Physiol. Res. 73 (Suppl. 1): S1-S21, 2024 https://doi.org/10.33549/physiolres.935377 

 
 
From the Pineal Gland to the Central Clock in the Brain: Beginning of 
Studies of the Mammalian Biological Rhythms in the Institute of 
Physiology of the Czech Academy of Sciences 
 
 
Helena ILLNEROVÁ1 
 
1Laboratory of Biological Rhythms, Institute of Physiology of the Czech Academy of Sciences, 
Prague, Czech Republic 
 

Received April 8, 2024 
Accepted April 22, 2024 
 
 
Summary 
The Institute of Physiology of the Czech Academy of Sciences 
(CAS) has been involved in the field of chronobiology, i.e., in 
research on temporal regulation of physiological processes, since 
1970. The review describes the first 35 years of the research 
mostly on the effect of light and daylength, i.e., photoperiod, on 
entrainment or resetting of the pineal rhythm in melatonin 
production and of intrinsic rhythms in the central biological clock. 
This clock controls pineal and other circadian rhythms and is 
located in the suprachiasmatic nuclei (SCN) of the hypothalamus. 
During the early chronobiological research, many original findings 
have been reported, e.g. on mechanisms of resetting of the 
pineal rhythm in melatonin production by short light pulses or by 
long exposures of animals to light at night, on modulation of the 
nocturnal melatonin production by the photoperiod or on the 
presence of high affinity melatonin binding sites in the SCN. The 
first evidence was given that the photoperiod modulates 
functional properties of the SCN and hence the SCN not only 
controls the daily programme of the organism but it may serve 
also as a calendar measuring the time of a year. During all the 
years, the chronobiological community has started to talk about 
“the Czech school of chronobiology”. At present, the today´s 
Laboratory of Biological Rhythms of the Institute of Physiology 
CAS continues in the chronobiological research and the studies 
have been extended to the entire circadian timekeeping system 
in mammals with focus on its ontogenesis, entrainment 
mechanisms and circadian regulation of physiological functions. 
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Effect of light on the melatonin metabolism 
in the pineal gland 
 

After I had defended my CSc. (PhD) thesis 
(Urea formation in rats during postnatal development) in 
1966, my then boss Professor Jiří Křeček, Head of the 
Department of Developmental Physiology and 
Pathophysiology of the Institute of Physiology of the then 
Czechoslovak Academy of Sciences, brought to my 
attention a paper of Fiske et al. [1] on the effect of light 
on the weight of the pineal in the rat. I became interested 
in the pineal gland as I knew that newborn rats opened 
their eyes only at the age of 14 days after birth and I was 
curious to learn whether the opening of their eyes and 
thus perception of light might affect their pineals. 

At the end of sixties it has been already clear 
that the mammalian pineal is a secretory organ [2]. In 
1958, Lerner et al. [3] isolated a factor from bovine 
pineal glands that lightened amphibian melanophores and 
named it melatonin. In 1959, Lerner et al. [4] described 
the melatonin structure as N-acetyl 5-methoxytryptamine. 
It is said that on reading of the isolation and 
characterization of melatonin, Julius Axelrod, the later 
Nobel Prize winner for his work on the release, reuptake 
and metabolism of catecholamines, considered that the 
enzyme machinery requested for such a synthesis within 
the body did not exist [5]. However, between 1960-1968 
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he and his coworkers then proceeded to demonstrate the 
existence of all elements of the pathway within the pineal 
gland, summarized in a review in Science in 1974 [6]. 
According to the review, the amino acid tryptophan is 
hydroxylated by tryptophan-5-hydroxylase to 5-hydroxy-
tryptophan which is then decarboxylated by aromatic  
L-amino acid decarboxylase to 5-hydroxy-tryptamine, 
i.e., serotonin. Serotonin is acetylated by N-acetyl-
transferase (NAT), nowadays characterized as 
arylalkylamine N-acetyltransferase (AA-NAT) [7], to 
N-acetylserotonin which is then methylated by hydroxyl-
indole-O-methyltransferase (HIOMT) to melatonin [5]. In 
1963, Quay [8] described the daily rhythm in the 
melatonin precursor serotonin in the rat pineal, with high 
levels during the day and low levels at night. In 1970, 
Klein and Weller [9] found a robust daily rhythm in the 
N-acetyltransferase (NAT) activity in the rat pineal, with 
the nighttime values 100 fold higher than the daytime 
ones. The end of the pathway leading to melatonin 
synthesis is shown on Fig. 1A [5] and the daily rhythm in 
N-acetyltransferase activity on Fig. 1B [10]. 

During my first studies on the effect of light on 
the pineal gland I found that following exposure of rats to 
a sudden light at night, the pineal serotonin content 

increased within 13 min from low nighttime to high 
daytime levels and stayed high at light (Fig. 2) [11]. The 
rapid serotonin increase on light at night suggested that 
the pineal melatonin metabolism might respond to the 
sudden light at night almost instantaneously. I was quite 
surprised by these results as at that time I did not know 
anything about the biological clock and how  
an environmental light might affect and reset it. The 
concept of the biological clock was mostly introduced at 
the symposium “The Biological Clock” organized in 
Cold Spring Harbor in 1960. At that symposium it has 
been accepted that daily rhythms are endogenous and not 
just a passive response to environmental cycles of light 
and darkness and hence that they must be driven by  
an endogenous clock or pacemaker [12, 13]. Our paper on 
the rapid serotonin rise on light was published in 1971 
and one year later, in 1972, Klein and Weller [14] and 
independently Deguchi and Axelrod [15] reported that  
a sudden light at night induced an almost instantaneous 
decline of the pineal N-acetyltransferase (NAT) activity. 
Both groups cited our previous work on the serotonin rise 
on light [11]. Apparently, when the NAT activity 
declined on light, serotonin as its substrate might 
increase. 

 
 

 
 
Fig. 1. A: End of the pathway leading to melatonin synthesis in the pineal gland [5]. B: The circadian rhythm in N-acetyltransferase 
activity in the rat pineal gland. The black bar under the abcissa indicates the duration of the dark period. Data were taken from [10]. 
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Fig. 2. The effect of a sudden light at night on the pineal 
serotonin content. Rats maintained in LD 12:12 were exposed to 
light at night after 4 h in darkness and killed after 13, 24 and 
40 min on light (open columns). Some of the rats were left all the 
time in darkness and killed at the beginning or at the end of the 
experiment (dark columns). Numbers under the abcissa denote 
time in min since the start of the experiment. Data were taken 
from [11]. 

Fig. 3. The effect of a sudden light at night on the pineal 
melatonin content. Rats maintained in LD 12:12 were exposed to 
light at night after 5 h in darkness and killed at different times on 
light (circles). Some of the rats were left in darkness and killed at 
the beginning and end of the experiment in darkness (squares). 
Data were taken from [17].  

Later, radioimmunoassays (RIAs) for melatonin 
were developed. In 1978, using a modified Arendt´s RIA 
[16], we showed with Lennart Wetterberg and his 
coworkers for the first time the rapid decline of the pineal 
melatonin content (Fig. 3) and of the serum melatonin 
concentration following exposure of rats to a sudden light 
at night [17, 18]. The pineal melatonin decreased rapidly 
on light with a half- time around 5 min and reached the 

lowest level already after 20 min. The melatonin 
concentration in serum fell precipitously on light as well, 
in a manner almost identical to the drop in the pineal 
melatonin, only with a 5 min time lag [17]. The half-time 
for the pineal melatonin decline correlated well with the 
half-time of 3-5 min reported for the decline in the pineal 
NAT activity after exposure of rats to light at night [14]. 
It thus seems that the rapid changes in the pineal 
melatonin content are due to changes in the pineal NAT 
activity. Indeed, the evening rise and the morning decline 
in the pineal NAT activity and in the pineal melatonin 
content occur at the same time, be it in pineals of rats or 
Djungarian hamsters [19]. Hence, the NAT rhythm in the 
pineal drives the rhythm in the melatonin synthesis at 
least in the two above mentioned species. 

The above mentioned finding showed that the 
pineal NAT activity [14] as well as the pineal melatonin 
content [17] declined very rapidly when rats were 
exposed to light for the whole time interval before killing. 
Such a precipitous drop suggested that even a very brief 
exposure of rats to light at night, such as for 1 min, after 
which rats would continue to be in darkness, could trigger 
a decrease in NAT activity and in melatonin content to 
low levels. This was indeed the case. Only a 1 min 
exposure to light 5 hours after the evening onset of 
darkness caused a rapid decline in NAT activity and in 
melatonin content with a half-life less than 5 min, the 
same as in rats exposed to light 5 hours after the evening 
onset of darkness and then left on light [20]. 

We then explored, together with Jiří Vaněček, 
effect of 1 min light pulses applied at night on the pineal 
rhythm in NAT activity as the indicator of the nocturnal 
melatonin production. Importantly, the NAT rhythm in 
the rat pineal has two well-defined phase markers, 
namely the time of the evening NAT rise (E) and the time 
of the morning NAT decline (M) (see Fig. 1B). Rats 
maintained under a 12 h of light and 12 h of darkness 
regime (LD 12:12) were either left unpulsed or they were 
exposed to a 1 min light pulse at different night times 
before or after midnight and then they were released into 
darkness (Fig. 4). After the 1 min light pulse before 
midnight the NAT activity, after an initial decline, 
increased anew; after the pulse applied after midnight, the 
activity also rapidly declined, but it stayed low for at least 
another 8 hours in darkness [21-25]. We were fascinated 
by the sharp boundary between the effect of light pulses 
before and past midnight. I must admit that I am 
fascinated by the boundary even now and I wonder 
whether we have a good explanation for it. 
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Fig. 4. The N-acetyltransferase 
(NAT) rhythm in the course of 
the night when 1 min light pulses 
were presented. Rats maintained 
in LD 12:12, with lights on from 
06 to 18 h, were either unpulsed 
(filled circles) or exposed to  
a 1 min light pulse at 20 h (open 
circles), or at 21 h (filled 
triangles), or at 22 h (open 
triangles), or at 23 h (filled 
squares), or at 01 h (open 
squares), or at 02 h (crosses), or 
at 03 h (asterisks) and from that 
time on they were kept in 
darkness until they were killed. 
Arrows indicate times of the 
pulse presentation and point to 
the NAT activity in darkness at 
the moment of the light pulse. 
Data were taken from [21,22] 
and the picture was modulated 
from that in [23].  

 
 
 
 
 

 
 

Entrainment or resetting of the rhythm in 
melatonin production by light 
 

In non-periodic environment, e.g. in constant 
darkness, circadian rhythms free run with a period close, 
but not identical with 24 h. With the 24 h day, they are 
synchronized or entrained by an environmental light-dark 
cycle. Light experienced during the subjective night may 
reset circadian rhythms to another endogenous time [12, 
13]. We thus wanted to find out whether a 1 min light 
pulse might entrain or reset the NAT rhythm. First, we 
looked on the effect of the 1 min light pulse administered 
before midnight on the NAT rhythm on day 0, when rats 
were pulsed, or on day 1 and 4 after the pulse. Following 
the pulse, the rats were released into constant darkness 
(Fig. 5). The pulse at 21 h delayed the evening NAT rise 
(E) the same night while the morning NAT decline (M) 
was phase-delayed just slightly. However, after 1 and 4 
days, the evening rise and the morning decline were 
phase-delayed almost to the same extent (Fig. 5A). 
Fig. 5B shows phase delays of the evening NAT rise (E) 
and of the morning decline (M) read from the Fig. 5A and 
other similar figures and plotted as a function of time 
when pulses were applied [10, 22]. The picture reveals 
that phase delays of E on day 0 might be quite large while 
those of M were only small. However, on day 1 and 4, 

phase delays of M were almost the same as those of E. It 
appears that at the beginning the pulse in the first half of 
the night phase delays primarily the evening NAT rise 
(E), however, within one day E and M are phase-delayed 
almost to the same extent. Hence, the whole NAT rhythm 
may be phase-delayed within one day [10, 22, 23, 26, 27]. 

We got a very different picture when we looked 
on the effect of the 1 min light pulse administered after 
midnight (Fig. 6). Following the 1 min light pulse 
administered at 03 h, the NAT activity immediately 
declined as if the morning decrease were phase-advanced. 
On day 1 after the pulse, only the morning decline (M) 
was phase-advanced, but not yet the evening rise (E). 
Only after 4 days, E started to be phase-advanced as well, 
though still to a lesser extent than M (Fig. 6A). Fig. 6B 
shows phase shifts of the evening NAT rise (E) and of the 
morning decline (M) read from the Fig. 6A and other 
similar figures and plotted as a function of time when  
1 min light pulses were applied. The picture reveals that 
on day 1 after administration of the 1 min light pulse, 
only the morning NAT decline (M) was phase-advanced 
but not yet the evening NAT rise (E). Four days after the 
pulse presentation, there were also phase advances of E, 
but still substantially smaller than those of M [10, 22, 23, 
26, 27].  
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 Fig. 5. Phase delays of the N-acetyltransferase (NAT) rhythm after 1 min light pulses applied before midnight. A: The NAT rhythm 
after presentation of a 1 min light pulse at 21 h. Rats maintained in LD 12:12 with lights on from 06 h to 18 h, were either exposed  
to a 1 min light pulse (open circles, broken line) or left unpulsed (filled circles, full line). Thereafter, they were released into constant 
darkness and killed during the night when they were pulsed (day 0), or 1 (day 1), or 4 days (day 4) after the pulse presentation.  
B: Phase delays of the evening NAT rise (E) and of the morning NAT decline (M) during the night when rats were pulsed and after  
1 and 4 days. Phase shifts were determined at the level of 3 nmol/mg.h of the NAT activity from Fig. 5 A and other similar figures and 
they were plotted as a function of time when the pulses were presented. Phase delays were plotted with the sign -. The abcissa 
denotes time of the pulse administration. Data were taken from [10, 22, 23]. 
 
 

Fig. 6. Phase advances of the  
N-acetyltransferase (NAT) rhythm 
after 1 min light pulses applied after 
midnight. A: The NAT rhythm after 
presentation of a I min light pulse at 
03 h. Rats maintained in LD 12:12, 
with lights on from 06 to 18 h, were 
either exposed to the 1 min light 
pulse (open circles, broken line) or 
left unpulsed (filled circles, full line). 
Thereafter, they were released into 
constant darkness and killed during 
the night when they were pulsed 
(day 0), or 1 day (day 1), or 4 days 
(day 4) after the pulse presentation. 
B: Phase shifts of the of the evening 
NAT rise (E) and of the morning NAT 
decline (M) during days 1 and 4  
were determined at the level of  
3 nmol/mg.h of the NAT activity from 
Fig. 6A and other similar figures and 
they were plotted as a function of 
time when the pulses were applied. 
Phase advances were plotted with the 
sign +, phase delays with the sign -. 
The abcissa denotes time of the pulse 
presentation. The data are taken from 
[10, 22].  
 



S6   Illnerová H.  Vol. 73 
 
 

Experiments with light pulses at night showed 
for the first time that such short light pulses as was the  
1 min light pulse might entrain the pineal rhythm in 
melatonin production. Before, a longer exposure to light 
at night had been used to entrain or reset mammalian 
circadian rhythms. The fact that the 1 min light pulse may 
phase shift mammals into a different endogenous time 
seems to me still as science fiction. Another important 
piece of knowledge is that delays of the evening NAT 
rise (E) and of the morning NAT decline (M) are 
accomplished almost within one cycle and hence the 
NAT rhythm as a whole is phase-delayed within one 
cycle. Advances of the morning NAT decline are 
accomplished also within one cycle, in contrast to the 
then dogma that several transients cycles are necessary 
before phase advances are accomplished. Transient cycles 
are, however, necessary for the complete phase advancing 
of E.  

From the above mentioned facts it is possible to 
deduce that rats might better adapt to delaying of the 
light-dark cycle, i.e. to a simulated westward time-zones 
transition, than to advancing of the light-dark cycle, i.e. to 
a simulated eastward time-zones transition. And it is 
indeed so. After an 8 h delay of a light -dark (LD) 12:12 
cycle by lengthening of one light period by 8 h, the pineal 
N-acetyltransferase rhythm adjusted to the delay shift 
almost within one cycle. In contrast, after an 8 h advance 
of the LD cycle accomplished by shortening of one dark 
period by 8 h, the NAT rhythm adjusted to the advance 
shift within 5 cycles only; during the first 2-3 cycles the 
rhythm was abolished [28]. However, when the 8 h 
advance of the LD cycle was accomplished by twice 

delaying the LD cycle during two consecutive nights by  
8 h, the NAT rhythm persisted and attained its original 
waveform by 2 days earlier than under the former 
advance of the LD cycle [29]. Finally, non-parallel phase 
shifts of E and M point to a possibility of a complex 
pacemaker driving the pineal NAT rhythm [22, 24], such 
as was proposed by Pittendrigh and Daan [30] for the 
circadian pacemaker driving the rhythm in the locomotor 
activity. 

With 1 min light pulses, we could phase shift the 
NAT rhythm by 2-3 h at most. A question arose whether 
a longer light exposure at night might phase shift 
mammalian circadian rhythms by more than 3 h. Rats 
maintained in LD 12:12 experienced a prolongation of 
the light period into the evening and night hours and 
thereafter they were released into darkness (Fig. 7). 
Fig.7A shows that on day 0, the prolonged light till 22 h 
and 02 h, respectively, phase delayed primarily the 
evening NAT rise (E), but not so much the morning 
decline (M). After prolongation of the light period till  
02 h, the phase delay of E was about 8 hours. On day 1, 
both the rise and decline were phase-delayed almost to 
the same extent, i.e., by about 6 hours at most (Fig. 7B) 
[31]. Thus, it is possible to phase delay the whole NAT 
rhythm by prolongation of the light period into the night 
by as much as by 6 hours within one cycle [23, 26, 27, 
31]. Next we studied response of the NAT rhythm to  
an earlier light onset in the morning. Rats maintained in 
LD 12:12 experienced either the usual morning lights-on 
at 06 h or an advance of the morning lights-on to 01 h or 
to 23 h. After the advance of the morning light onset, the 
NAT activity immediately declined (day 0).  

 
 

Fig. 7. Phase delays of the N-acetyl-
transferase (NAT) rhythm after delays of 
the evening lights off. A: The NAT rhythm 
during the night when the lights-off was 
delayed (day 0) and during the next night 
(day 1). Rats maintained in LD 12:12, 
with lights on from 06 h to 18 h, were 
subjected either to the expected lights-off 
(filled circles, full line), or to a delay of 
the lights-off till 22 h (open circles, 
broken line) or till 02 h (filled squares, 
dotted line), respectively. Thereafter, they 
were released into darkness. Lines under 
the abcissa indicate dark periods.  
B: Phase delays of the evening NAT rise 
(E) and of the morning NAT decline (M) of 
the experimental animals relative to the 
control ones determined at the level of  
3 nmol/mg.h of the NAT activity from  
Fig. 7A and other similar figures. The 
abcissa denotes time of the onset of 
darkness on day 0. Data were taken from 
[31].  
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Fig. 8. Phase shifts of the N-acetyltransferase (NAT) rhythm after bringing forward the morning lights-on. A: The NAT rhythm during 
the night when the lights-on was brought forward (day 0) and during the next night (day 1).  Rats maintained in LD 12:12, with lights 
on from 06 h to 18 h, were subjected to the usual lights-off at 18 h and later that night either to the usual morning lights-on at 06 h 
(filled circles, full line), or to an advance of the lights-on to 01 h (open circles, broken line), or to 23 h (filled squares, dotted line), 
respectively (day 0). Thereafter, light was turned off at 14 h and the NAT rhythm was followed during the subsequent night (day 1). 
Lines under the abcissa indicate dark periods. B: Phase shifts of the evening NAT rise (E) and of the morning NAT decline (M) the next 
night after bringing forward the morning lights-on, determined at the level of 3 nmol/mg.h of the NAT activity from Fig. 8A and other 
similar figures. Phase advances are expressed with the sign +, phase delays with the sign -. The abcissa denotes time of the light onset 
on day 0. Data were taken from [31].  
 
 
Thereafter, the rats were released into darkness at 14 h 
and the NAT rhythm was followed in the subsequent 
night (Day 1, Fig. 8A) [31]. All phase shifts of the 
morning NAT decline (M) and of the evening NAT rise 
(E) on day 1 after bringing forward the morning light 
onset on day 0 are shown in Fig. 8B [31]. After the 
advance of the morning light onset, only the morning 
NAT declines (M) were phase-advanced by 3 h at most, 
but not the evening NAT rises (E) [23, 27, 31]. When the 
morning light onset was brought forward to before 
midnight, the evening NAT rise (E) was even phase-
delayed and the NAT rhythm waveform and amplitude 
might change dramatically [31] 
 
Effect of the photoperiod on the rhythm in 
melatonin production 

 
If the evening light phase delays primarily the 

evening NAT rise (E) and the morning light phase 

advances primarily the morning NAT decline (M), we 
may expect that on long summer days the duration of the 
elevated melatonin production might be compressed due 
to the phase delaying effect of the evening light intruding 
into the late evening hours on E and to the phase 
advancing effect of the morning light intruding into the 
early morning hours on M, and on short winter days the 
duration might be decompressed. And it was indeed the 
case (Fig. 9B) [32]. On long summer days in June, the 
duration of the elevated NAT activity and hence of the 
high melatonin production was by more than 4 hours 
shorter than the duration on short winter days in 
December. Similarly, under an artificial LD 16:8 regime, 
the duration of the elevated NAT activity was shorter 
than that under the LD 8:16 regime (Fig. 9A) [32]. Hence 
the phase relationship between the evening NAT rise (E) 
and the morning NAT decline (M), determining the 
duration of the nocturnal melatonin production, might 
transduce the information on a changing daylength, i.e. 
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on the photoperiod, onto mammals [24, 32]. In 1979, we 
sent the manuscript on the pineal NAT rhythm in rats 
under different artificial photoperiods and in natural 
daylight in the course of a year to the Journal of 
Endocrinology, but it was rejected with an explanation 
that the difference in the duration of the nocturnal 
melatonin production between long and short days was 
not enough dramatic for showing that the melatonin 
signal duration might be the sought photoperiodic 
message. But the difference was dramatic – it was more 
than 4 hours! In 1980, the manuscript was published in 
Neuroendocrinology [32]. At about the same time,  
an article on Syrian hamsters appeared, in which  
a difference in the melatonin signal duration between  
a short and a long photoperiod was visible, but the 
authors did not yet recognized the importance of this 
observation [33]. In 1981, the difference in melatonin 
signal duration in animals maintained under long days 
and those maintained under short days was already 
reported for ewes [34], Djungarian hamsters [35] and 
white-footed mice [36]. 

When rats were exposed to six different 
photoperiods, the NAT rise (E) depended on the 
photoperiod [23, 37, 38]. The time interval between the 
onset of darkness and the evening NAT rise (E) increased 
with the increasing duration of the dark period to more 
than 6 hours in LD 6:18. In contrast, the time interval 

between the morning NAT decline (M) and the onset of 
light was almost constant under all photoperiods, i.e., 
between 1-2 hours [23, 38]. The NAT rhythm is therefore 
locked to the morning lights-on rather than to the evening 
lights-off. It appears that the morning light may entrain 
the NAT rhythm to the 24 h day and the evening light 
may serve rather as a photoperiodic signal. 

Decompression of the phase relationship 
between the evening NAT and melatonin rise (E) and the 
morning decline (M) after a change from a long to a short 
photoperiod is a gradual process. After a change from LD 
16:8 to LD 8:16 accomplished by a symmetrical 
prolongation of the dark period around midnight, 
extension of the pattern of the NAT rhythm proceeded 
mainly into the morning hours and was thus achieved 
more by phase delays of the morning NAT decline (M) 
than by phase advances of the evening NAT rise (E) [39]. 
Extension of the period of the elevated nocturnal NAT 
activity proceeded more rapidly when the change from 
LD 16:8 to LD 8:16 was accomplished asymmetrically by 
prolongation of the dark period into the morning and 
daytime hours than when the dark period was extended 
into the evening and late day hours [38, 39]. Whereas the 
extension of the phase relationship between the evening 
NAT rise (E) and the morning decline (M) may be  
a gradual and slow process, compression of the duration 
by long days may proceed rapidly [18, 32]. 

 
 
Fig. 9. The N-acetyltransferase rhythm in rats maintained under artificial light-dark regimes (A) or in natural daylight (B). Filled circles 
represent rats kept for 5 weeks in LD 16:8 (A) or rats kept in natural daylight and killed on June 20 (B). Open circles represent rats 
maintained for 5 weeks in LD 8:16 (A) or rats maintained in natural daylight and killed on December 19 (B). Data were taken from [32].  
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Fig. 10. Diurnal rhythm of N-acetyltransferase (NAT) activity in pineals of Djungarian hamsters under different photoperiods (a-c) and 
effects of such photoperiods on testicular recrudescence (d). NAT activity profile a) in long photoperiods (LD 16:8); b) in short 
photoperiods (LD 8:16); c) in short photoperiods in which the dark period was interrupted by 1 min of light each night. d) Testis weight 
after 45 days in the  photoperiods indicated. Open horizonal bars in (a-c) represent light, hatched bars darkness. Note similarity of 
patterns in (a)  and (c) and similarity of effect of LD 16:8, LD 8:16 + 1 min light and LD 8:16 + 5 min light in 3(d). Data were taken 
from [35]. 
 

 
In all mammals so far studied the melatonin 

signal duration changes according to a season of the 
year. However, in humans the melatonin signal duration 
appears to depend just slightly on the ambient 
photoperiod and only at higher latitudes, e.g., at 60 °N 
in Sweden [40] and at 68 °S in Antarctica [41]. In the 
temperate zone 50 °N, we found no difference in the 
duration of elevated nocturnal melatonin concentration 
between summer and winter in plasma of healthy 
urbanized people [18, 42]. Only in winter the melatonin 
rhythms were phase-delayed by about 1.5 hours as 
compared with summer patterns. However, at 50 °N in 
summer, exposure of human subjects to a natural 16 h 
bright light photoperiod phase-advanced the morning 
salivary melatonin decline and shortened thus the 
nocturnal melatonin signal by 2 hours relative to the 
winter patterns of the same subjects followed under  
a combined artificial and natural light 16 h photoperiod 
[43]. The data suggest that natural summer days 
experienced from sunrise till sunset and not winter  
days with a combined artificial and natural  

light photoperiod evoke a true long days response  
of the human circadian system. 
 
Duration of the nocturnal melatonin 
production as the photoperiodic signal? 

 
We have mostly used the rat as a model animal. 

However, rats are only marginally photoperiodic under 
normal conditions, that means that they do not respond to 
a change in daylength, i.e., in the photoperiod, by  
a change in gonadal size, body weight or pelage color. To 
find out whether the melatonin signal duration might be 
indeed the sought photoperiodic signal, we joined our 
forces with Klaus Hoffmann from the Max Planck 
Institute in Andechs who was an expert on 
photoperiodism and had as model animals the 
photoperiodic Djungarian hamsters. In these hamsters 
short photoperiods induce regression of testes and 
accessory glands [44] and the nocturnal melatonin 
synthesis is also driven by the pineal NAT activity as in 
rats [19]. When Djungarian hamsters were maintained in 
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short, LD 8:16 days, the duration of the nocturnal 
elevated NAT activity and hence of the high nocturnal 
melatonin production was long and the testis weight was 
low (Fig. 10) [35]. When Djungarian hamsters were 
maintained either in a long, LD 16:8 photoperiod or in  
a short, LD 8:16 photoperiod with the dark period 
interrupted by 1 min of light in the middle of night, the 
duration of the nocturnal NAT activity was short and the 
testis weight was high. Apparently under short days, with 
a 1 min light pulse in the middle of the dark period, the 
Djungarian hamsters perceived the pulse already as  
a dawn. Results of our study indicated that duration of the 
nocturnal melatonin formation might be indeed the 
photoperiodic signal [35].  

Our next study brought similar conclusions [45]. 
Djungarian hamsters maintained on a regime of 16 h of 
light and 8 h of darkness per day (LD 16:8) were 
transferred to a LD 8:16 regime either by extending the 
dark period into the morning hours till noon (A) or by 
bringing forward the evening dark onset to the afternoon 
hours till noon (B). Under the schedule A, extension of 
the compressed state of the nocturnal melatonin signal 
proceeded more rapidly and regression of testes and 
accessory glands proceeded with a higher velocity than 
under the schedule B [45]. The different rate of gonadal 
regression after different ways of transition into the same 
short photoperiod might be due to the different rate of 
decompression of the melatonin pattern. 

Two years after our first study on 
photoperiodism in Djungarian hamsters had been 
published [35], Carter and Goldman brought a direct 
proof that duration of the nocturnal melatonin signal was 
indeed the proper photoperiodic message [46, 47]. They 
found that melatonin infusion to young pinealectomized 
Djungarian hamsters for 8 or more hours per day induced 
a gonadal regression similar to that induced by short days 
whereas the infusion for 4-6 hours per day stimulated  
a gonadal growth similar to that induced by long days. 
When Bruce Goldman sent reprints of these two papers to 
Klaus Hoffmann, he wrote there: “You had it all the time 
right, Klaus”.  

However, when considering the importance of 
the melatonin signal duration in conveying the 
photoperiodic message, a question arises whether  
an absolute value of the duration is important or whether 
rather a change in the duration is important. To solve this 
question, we maintained Djungarian hamsters under  
a long, LD 16:8 photoperiod and we transferred them to 
another long, but a shorter LD 14:10 photoperiod. We 

also maintained Djungarian hamsters under a short, LD 
8:16 photoperiod, and we transferred them to a long, 
LD14:10 photoperiod [18, 48]. Finally, both groups were 
under the same, LD 14:10 photoperiod (Fig. 11). 
Melatonin profiles of both groups under LD 14:10 were 
the same and consequently the melatonin signal duration 
was the same as well, regardless of whether the animals 
came from the long or from the short photoperiod. 
However, the reproductive organs of Djungarian hamsters 
responded to the same signal duration in a different way 
depending on whether they came from the long or from 
the short photoperiod (Fig. 12). When the male 
Djungarian hamsters came to the LD14:10 photoperiod 
from the LD 16:8 photoperiod, they responded to 
shortening of the photoperiod and hence to lengthening of 
the original melatonin signal duration by a decrease in 
reproductive organs weight, whereas when they came to 
the LD 14:10 photoperiod from the LD 8:16 photoperiod, 
they responded to the lengthening of the photoperiod and 
hence to shortening of the melatonin signal duration by  
a dramatic increase in reproductive organs weight. This 
finding showed for the first time that mammals might 
read rather a change in the melatonin signal duration than 
the absolute value of the duration [18, 48]. 

 
 

 
 
Fig. 11. Profiles of the rhythm in pineal melatonin concentration 
in Djungarian hamsters under LD 14:10. Djungarian hamsters 
maintained under LD 16:8 (closed circles) or under LD 8:16 
(open circles) were transferred to LD 14:10 and killed 10 weeks 
later. Data were taken from [48].  
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 Fig. 12. Testis (1) and accessory gland (seminal 
vesicles, coagulating glands and ampullary glands) 
(2) weight in Djungarian hamsters under LD 14:10. 
Djungarian hamsters maintained in LD 16:8 (open 
bars) or in LD 8:16 (closed bars) were transferred to 
LD 14:10 and killed 10 weeks later (stripped bars). 
Data were taken from [48].  
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
 

Fig. 13. Resetting of the 
suprachiasmatic nucleus 
(SCN) rhythm in light 
induced c-Fos immune-
reactivity. Rats maintained 
in LD 12:12 (night 0) were 
either untreated (circles) 
or exposed to a 1 h of 
light (squares) from 23 to 
24 h before midnight (left) 
or from 02 to 03 h after 
midnight (right) (night 1) 
and then they were 
released into darkness. 
The next night (night 2), 
they were exposed to  
a single 30 min light pulse 
at different nighttimes, 
returned to darkness and 
killed 30 min later for  
c-Fos immunoreactivity 
determi-nation. Filled bars 
under the abcissa indicate 
dark periods. Data were 
taken from [58].  

 
 

 
 

Possible effect of the photoperiod on the 
circadian pacemaker in the suprachiasmatic 
nuclei (SCN) 

 
Under longer days, the discrete entrainment of 

the NAT rhythm is accomplished by smaller phase shifts 
than under shorter days [18, 49]. Rats maintained under  
a long, LD 18:6 photoperiod or under a short, LD 6:18 
photoperiod were exposed to a 1 min light pulse at 
different times of night, then they were released into 
darkness and the next night phase shifts of the evening 
NAT rise (E) and of the morning NAT decline (M) were 

determined. In rats maintained under the long, LD 18:6 
photoperiod, E was phase-delayed by at most 0.5 h, while 
in those maintained under the short, LD 6:18 
photoperiod, E was phase-delayed by as much as by  
2.8 h. Similarly, M was phase-advanced by at most 1.9 h 
under LD 18:6, but by as much as by 3.5 h under LD 6:18 
[49]. Smaller phase shifts under the long than under the 
short photoperiod point to a possibility that the 
compressed E-M phase relationship under long days does 
not allow greater phase shifts [18, 49]. Difference in the 
magnitude of phase shifts between long and short days 
might indicate that a state of the pacemaker controlling 
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the NAT rhythm depends on the photoperiod. Hence, we 
decided to study the effect of the photoperiod on the 
circadian pacemaker itself. 

The circadian pacemaker or the central 
biological clock controlling the pineal N-acetyltransferase 
rhythm [50] as well as other circadian rhythms, e.g., the 
locomotor activity rhythm or the rhythm in corticosterone 
formation in the adrenals is located in two 
suprachiasmatic nuclei (SCN) of the anterior 
hypothalamus [51, 52]. The SCN consists of two 
subdivisions, which are morphologically and functionally 
distinct, namely of the ventrolateral (vl) part called the 
core and of the dorsomedial (dm) part called the shell 
[53, 54]. Cells of the ventrolateral SCN receive direct 
photic signals from the retina and at night respond to 
them by expression of immediate early genes (IEGs) 
[55,56]. Cells of the dorsomedial SCN exhibit 
spontaneous rhythms and their resetting requires 
communication with the light sensitive cells of the 
ventrolateral SCN [54]. 

Effect of light and photoperiod on the 
ventrolateral SCN 

Together with Alena Sumová we tried to find 
out how photic resetting of the SCN intrinsic rhythmicity 
proceeds in vivo [58]. As a marker of the SCN intrinsic 
rhythmicity, we used the circadian rhythm in photic 
induction of IEGs, namely of c-fos [55, 56, 57]. Rats 
maintained in LD 12:12 were either left untreated or 
experienced a 1 hour light exposure either before or after 
midnight (Fig. 13). Then they were released into darkness 
and the next night they were exposed to a 30 min light 
pulse at different night times in order to get a profile of 
the SCN rhythm in the light-induced c-Fos 
immunoreactivity [58]. Following the 1 hour light 
exposure before midnight, the next night both the evening 
rise (E) and the morning decline (M) of c-Fos 
immunoreactivity were phase-delayed, however, E was 
delayed slightly more than M. After the 1 hour light 
exposure after midnight, only the morning decline in 
c-Fos immunoreactivity was phase-advanced the next
night, but not the evening rise (E) [58]. It appears that the
light exposure in the first half of the night might phase
delay primarily the evening rise in c-fos photoinduction
(E), while the light exposure in the second part of the
night phase-advanced primarily the morning decline (M),
as it was the case with the pineal NAT rhythm
[23, 26, 31].

Consequently, the duration of the interval 
enabling c-Fos photoinduction at night in the rat SCN 
might be compressed on long “summer” days with light 
intruding into the late evening and early morning hours 
and decompressed on short “winter” days. In 
collaboration with Bill Schwartz from the university of 
Massachusetts Medical School we proved that this was 
actually the case (Fig. 14) [56]. The duration of the 
interval between the evening rise (E) in c-fos mRNA and 
the morning decline (M) under long days with only 
8 hours of darkness was by about 5-6 hours shorter than 
that under short days with 16 hours of darkness. We got 
a similar picture when we used c-Fos immunoreactivity 
instead of c-fos mRNA as a marker of the rhythm in c-fos 
photoinduction [56]. The duration represents again the 
phase relationship between the evening (E) and the 
morning (M) marker of the circadian rhythm, but this 
time in the SCN rhythm itself and not in a rhythm 
controlled by the SCN. Under the short photoperiod, 
there was a robust correlation between c-fos photoindu-  

Fig. 14. Light induced c-fos gene expression in the SCN under 
long and short photoperiods. Rats were maintained under a long, 
LD 16:8 photoperiod, with lights on from 04 till 20 h, or under 
a short, LD 8:16 photoperiod, with lights on from 08 to 16 h. On 
the day of the experiment, the evening onset of darkness was 
advanced to 12 h or the morning onset of light was delayed to 
12 h, respectively, and the rats were exposed to a single 30 min 
light pulse at different times in darkness. At the end of the pulse, 
they were killed and phase-dependent photic induction of c-fos 
mRNA was assayed by in situ hybridization in the SCN of rats 
maintained previously under the long (circles) or under the short 
(squares) photoperiod. Bars under the abcissa represent original 
periods of darkness under the long or under the short 
photoperiod. Data were taken from [56]. 
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ction and the magnitude of phase shifts of the pineal NAT 
rhythm [59]. Under the long photoperiod, there was also 
a good correlation between c-fos photoinduction and the 
magnitude of phase shifts of the intrinsic ventrolateral 
SCN rhythmicity [60]. Under a very long LD 18:6 
photoperiod, even a 5 min light pulse applied around 
midnight phase delayed the evening NAT rise (E) and 
phase-advanced the morning decline (M) and at the same 
time lowered the amplitude of the rhythm in c-fos 
photoinduction [58]. Apparently, under such a long 
photoperiod, the E-M phase relationship in the SCN 
might be so compressed that even only the 5 min light 
pulse might hit both E and M at the same time. The fact 
that the photoperiod affects the intrinsic rhythm in c-fos 
photoinduction in the rat SCN brings the first evidence 
that the photoperiod modulates the central circadian 
pacemaker [56]. Hence, the pacemaker may not serve 
only as a daily program, but also as a calendar, as it was 
suggested by Pittendrigh and Daan [30]. Importantly, the 
effect of the photoperiod is not altered by pinealectomy 
which indicates that the daylength affects the functional 
state of the SCN circadian pacemaking system directly 
and not via the pineal melatonin signal [61]. 

Complex pacemaker in the ventrolateral 
SCN 

The Pittendrigh´s and Daan´s model [30] based 
on modeling the locomotor activity rhythm in nocturnal 
rodents anticipates the complex circadian pacemaker 
consisting of two oscillators or clusters of oscillators, the 
evening one, E, and the morning one, M, where 
E controls the evening onset of the activity and is coupled 
to sunset, while M controls the morning offset of the 
activity and is coupled to sunrise. Both oscillators interact 
with each other and their interaction may be affected by 
the photoperiod [30]. At the time when the model was 
suggested, the idea of a complex pacemaker underlying 
circadian rhythms was ingenious as then a prevailing 
opinion was that the SCN clock in the brain was just 
a unified single clock, a homogenous population of cells 
that produced a synchronous daily oscillatory signal. 
Though the idea of Pittendigh and Daan was ingenious, 
the two oscillator model was based on splitting of the 
locomotor activity of hamsters into two activity peaks 
180° apart. But this splitting was based just on the 
existence of the left and right SCN and these „split“ 
oscillators are not likely to represent E and M because 
they appear to be functionally equivalent [62]. 

We thus proposed a similar two-oscilator model, 
but based on the pineal NAT rhythm [22] and on the SCN 
rhythm in c-fos photoinduction [56,58]. Non-parallel 
phase shifts of the E and M phase markers of the pineal 
NAT rhythm [22] as well as of the rhythm in c-fos 
photoinduction in the SCN [58] indicate a possibility that 
the central pacemaker consists of at least two clusters of 
oscillators, E and M, which interact. The E-M phase 
relationship is photoperiod-dependent and it determines 
the subjective night, namely the duration of the nocturnal 
melatonin signal, the SCN gate for sensitivity to light and 
the SCN gate for phase shifting circadian rhythms by 
light. M, coupled to dawn, may entrain the pineal and the 
ventrolateral SCN rhythms to the 24 h day, while E may 
serve rather as a photoperiodic signal [56, 62, 63, 64]. 

More studies support the E-M model. For 
example, in SCN slices from Syrian hamsters, the 
circadian rhythm of SCN multiunit neural activity 
exhibits distinct morning and evening peaks when the 
slices are cut in the horizontal plane [65]. The morning 
peak follows the projected dawn, while the evening peak 
occurs around the projected dusk. The two peaks are 
differently affected by changes in the antecedent 
photoperiod. Also in Drosophila, morning and evening 
oscillators were reported [66,67] as well as in mice [68] 
and in humans [69,70]. Assuming that E and 
M oscillators indeed exist, it is not clear whether they are 
a property of individual SCN cells or instead emerge 
from an intercellular network interaction. However, as the 
rhythm in c-fos photoinduction exists only in the 
ventrolateral, but not in the dorsomedial SCN [71], the 
assumed E and M oscillators might also exist only in the 
ventrolateral SCN. 

The effect of photoperiod on the intrinsic 
rhythmicity in the dorsomedial SCN 

A question arises whether the circadian 
rhythmicity of the dorsomedial SCN is also modulated by 
the photoperiod. Two circadian rhythms are typical for 
the dorsomedial SCN, the rhythm of arginine vasopressin 
(AVP) mRNA expression and AVP peptide formation 
[72] and the spontaneous rhythm in c-Fos immuno-
reactivity [53]. The circadian rhythm of AVP mRNA
levels in the SCN of rats maintained under a short LD
8:16 photoperiod differed from that of rats maintained
under a long LD 16:8 photoperiod. Under the short
photoperiod, the morning AVP mRNA rise occurred by
about 4 hours later than that under the long one (Fig. 15)
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[72]. Similarly, in rats maintained under the short, LD 
8:16 photoperiod or under a natural photoperiod in 
December, the morning rise in c-Fos immunoreactivity in 
the dorsomedial SCN occurred by about 4 hours later 
than that in rats maintained under the long, LD 16:8 
photoperiod or under a natural photoperiod in June 
[71,73]. Apparently, the dorsomedial SCN rhythmicity is 
also affected by the photoperiod and hence the whole 
SCN state is photoperiod-dependent. 
 
 

 
 
Fig. 15. Daily profiles of arginine vasopressin (AVP) mRNA levels 
in the SCN of rats maintained either under a long, LD 16:8 
(circles) or under a short, LD 8:16 (squares) photoperiod. Bars 
under the abcissa represent dark periods. Data were taken  
from [72].  

 
 
By then, the molecular clockwork in the 

mammalian SCN has been described, mostly by the 
groups of Takahashi [74] and Reppert [75]. Eight cloned 
clock genes are thought to be involved in interacting 
transcriptional-translational feedback loops that compose 
the molecular clockwork. We studied the expression of 
some of the clock genes in the rat SCN under various 
photoperiods in order to find out whether even the rat 
molecular clockwork is modulated by the photoperiod. 
First, we studied the rhythm of a clock gene Per 1 
product, PER 1 protein, with the maximum level late in 
the subjective day and early night and the minimum level 
in the morning [76]. Under a long, LD 16:8 artificial 
photoperiod, the interval of elevated PER 1 
immunoreactivity was at least by 4 hours longer than that 

under a short, LD 8:16 photoperiod, due mainly to  
an earlier PER 1 daytime rise under the long photoperiod 
[76]. Under a natural photoperiod, profiles of the  
PER 1 rhythm in summer and in winter resembled those 
under corresponding artificial photoperiods. Importantly, 
under all photoperiods, when PER 1 immunoreactivity 
was elevated, immunopositive cells were localized in the 
dorsomedial rather than in the ventrolateral SCN [76]. 
When daily profiles of mRNA of four clock genes, 
namely of Per 1, Cry 1, Bmal 1 and Clock were studied 
under different photoperiods, the photoperiod affected 
phase, waveform and amplitude of the rhythmic gene 
expression as well as a phase relationship between their 
profiles. Under a long photoperiod, the high daytime  
Per 1 mRNA expression was lengthened and the high 
nighttime Bmal 1 mRNA expression was shortened as 
compared with the expression under a short photoperiod 
[77, 78]. Altogether, the whole complex molecular 
clockwork in the rat SCN appears to be photoperiod 
dependent and hence it may differ according to the season 
of the year [77, 78]. 

A functional divergence among subpopulations 
of SCN cells may exist not only along the ventrodorsal, 
but also along the rostro-caudal axis of the SCN [68, 79]. 
In mice maintained under a long LD 18:6 photoperiod, 
daily profiles of two clock genes, namely of Per 1 and of 
Per 2 expression in the rostral and caudal SCN were 
desynchronized and the peak of expression in the caudal 
SCN preceded that in the rostral SCN [80]. Following 
transition of the mice from the long photoperiod to  
a short LD 6:18 photoperiod, the Per 1 and Per 2 profiles 
in the rostral SCN became gradually synchronized with 
those in the caudal SCN; simultaneously, waveform of 
the rhythms changed as well [81]. 

Before leaving the fascinating and complex 
world of the SCN with its gate for photic sensitivity, 
which, according to my opinion, has not been sufficiently 
explained, let´s consider shortly another way of 
entrainment of the SCN, this time not by light, but by the 
pineal hormone melatonin. 

 
Entrainment of the rhythm in the pineal 
melatonin production and of the SCN 
rhythm in the light-induced c-Fos 
immunoreactivity by melatonin 

 
In 1987, Jiří Vaněček from our laboratory 

described for the first time the presence of high affinity 
melatonin binding sites in the SCN of the rat 
hypothalamus [82]. The presence of melatonin receptors 
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in the mammalian circadian pacemaker correlated well 
with the proposed role of melatonin in entrainment of the 
SCN controlled rhythms such as are the rhythm in the 
locomotor activity or in the pineal melatonin production. 
Melatonin injected at 24 h intervals into free running rats 
maintained in constant darkness entrained them to the  
24 h day [83]. Melatonin given to human volunteers in 
the late afternoon phase-advanced the onset of their own 
nocturnal melatonin production [84]. When exogenous 
melatonin was administered to humans at various times 
with respect to the time of their own melatonin 
production and the evening onset of melatonin secretion 
in dim light was used as a phase marker, maximum phase 
advances of the marker were found when melatonin was 
administered in the late afternoon; sporadically, some 
phase delays also occurred when melatonin was 
administered in the morning hours [85].  

In rats maintained on a regime with 10 hours of 
light and 14 hours of darkness per day, after a single 
melatonin injection before the dark onset or after 
administration of melatonin for 5 successive days or after 
a 4 day treatment with melatonin and a 1 day withdrawal, 
the evening NAT rise was phase-advanced relative to that 
in rats treated with vehicle only; the phase shift was 
larger after a repeated than after a single melatonin 
injection [86]. Under all the above mentioned paradigms, 
the evening NAT rise was phase-advanced significantly, 
while the morning decline was almost not phase shifted. 
Melatonin administration for 5 consecutive days phase-
advanced the evening NAT rise only in rats maintained 
under a LD 10:14 or a LD 8:16 photoperiods, but not in 
those maintained under a LD 12:12 photoperiod [87]. 
Under the longer photoperiod, the end of the light period 
exhibited a phase delaying effect on the NAT rise and 
overrode the phase advancing effect of melatonin. 
Apparently, light is a stronger entraining agent than 
melatonin. 

Melatonin might act by modulating directly the 
pacemaking system via highly sensitive melatonin 
receptors in the SCN [82]. The in vitro exposure of the rat 
brain hypothalamic slices to melatonin for 1 hour in the 
late subjective day phase-advanced the SCN circadian 
rhythm of neuronal firing rate the next day [88]. 
However, nothing was known about resetting of a SCN 
circadian oscillation by melatonin in vivo. To fill this gap, 
i.e., to find out whether melatonin applied in vivo resets 
an intrinsic circadian rhythm in the SCN and how rapidly 
the resetting is accomplished, we chose as a marker of the 
SCN intrinsic rhythmicity the rhythm in c-Fos 

photoinduction [55, 56]. Rats were maintained either 
under a short, LD 8:16 photoperiod, with the dark period 
starting at 16 h, or under a long LD16:8 photoperiod, 
with the dark period starting at 20 h. On the day of the 
experiment, the dark period started as usually at 16 h in 
short days, whereas in long days the dark onset was 
advanced to 16 h as well in order to avoid the masking 
effect of the evening light [87]. Melatonin and vehicle 
were administered in the late subjective day and 
thereafter the rats were exposed to a single light pulse at 
various times (Fig. 16) [89]. In rats maintained under 
short days, the evening rise in the light-induced c-Fos 
immunoreactivity in the melatonin-treated rats was 
phase-advanced by about 1.4 h relative to the rise in the 
vehicle-treated animals and by about 1.7 h relative to the 
rise in the intact animals. In rats maintained under long 
days, the evening rise in the light-induced c-Fos 
immunoreactivity in the melatonin-treated rats was 
phase-advanced by 1.5 h relative to the rise in the 
vehicle-treated animals and by about 1.2 h relative to the 
rise in the intact animals [89]. Hence, a single melatonin 
administration to rats during the late day may advance the 
evening rise in c-Fos photoinduction be it under short or 
long days when the masking effect of the evening light is 
avoided. The data indicate that melatonin administration 
in vivo may instantaneously reset the intrinsic SCN 
rhythmicity. As the rise in the evening c-Fos 
photoinduction in the SCN is phase-advanced after 
melatonin administration, the gate for the SCN sensitivity 
to light and at the same time the SCN gate for phase 
shifting of circadian rhythms by light might widen. 
Extension of the gate might partly explain why melatonin 
administration accelerated reentrainment of the pineal 
NAT rhythm after an 8 h advance of the light-dark 12:12 
cycle [90].  

 
Towards the circadian timekeeping system in 
mammals 

 
Apart from the central circadian pacemaker 

within the SCN, the circadian system may consist of 
numerous peripheral clocks [91]. It appears that 
biological clocks are most probably present in all organs, 
tissues and cells. However, the central clock in the SCN 
is the only one which is entrained directly by 
environmental light via its connections with the retina. 
Peripheral clocks are entrained to the outside world 
mostly via yet not fully identified neuronal and humoral 
pathways from the SCN [92]. Altogether, the central 
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 Fig. 16. The effect of melatonin on the 
evening rise in the light-induced c-Fos 
immunoreactivity in the suprachiasmatic 
nucleus of rats maintained originally under a 
short, LD 8:16 (left) or under a long, LD16:8 
(right) photoperiod. On the day of the 
experiment, the dark period started at 16 h. 
Rats were either left intact (open triangles, 
dotted line) or injected with vehicle (open 
circles, broken line) or with melatonin (closed 
circles, full line) in the late subjective day, 
i.e., between 16.30 h and 17.00 h (left) and 
between 17:30 and 18.00 h (right), 
respectively. Thereafter, they were exposed 
to a single 30 min light pulse at various times, 
returned to darkness and 30 min later they 
were killed for c-Fos immunoreactivity  
determination. Data were taken from [89].     

 
SCN clock together with all other clocks and 
interconnections form a circadian timekeeping system. It 
is the most integrative system in the body as it integrates 
all parts to one time, i.e., it keeps all constituent 
oscillators appropriately phased to each other. Our former 
Laboratory of Neurohumoral Regulations and nowadays 
the Laboratory of Biological Rhythms under the guidance 
of Alena Sumová does not concentrate its attention 
anymore only to the SCN controlled rhythms in one 
organ and to the SCN itself, as we had done previously. 
Instead, it focuses on the circadian system as a whole, 
namely on central and peripheral clocks and their 
entrainment by external environment including the 
mechanism of photic, photoperiodic and non-photic 
entrainment; on ontogenesis of the circadian system  
and the mechanisms of how maternal and environmental 
factors affect the development of the system in mammals; 
on circadian regulation of physiological function with 
attention to the circadian regulation of the gastrointestinal 
tract, the pancreas, the choroid plexus and the 
hippocampus; on circadian system in humans in health 
and diseases, mostly on the relationship between the 
circadian system and neuropsychiatric diseases. 

Circadian biology is a marvelous field for 
research. It teaches us how to live in harmony with the 
outside day and world. When studying it, you may feel all 
the time like Alice in Wonderland. 
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Summary 
Life manifests as growth, movement or heat production that 
occurs thanks to the energy accepted from the outside 
environment. The basis of energy transduction attracted the 
Czech researchers since the beginning of the 20th century. It 
further accelerated after World War II, when the new Institute of 
Physiology was established in 1954. When it was found that 
energy is stored in the form of adenosine triphosphate (ATP) that 
can be used by numerous reactions as energy source and is 
produced in the process called oxidative phosphorylation localized 
in mitochondria, the investigation focused on this cellular 
organelle. Although the Czech scientists had to overcome various 
obstacles including Communist party leadership, driven by 
curiosity, boldness, and enthusiasm, they characterized broad 
spectrum of mitochondrial properties in different tissues in 
(patho)physiological conditions in collaboration with many world-
known laboratories. The current review summarizes the 
contribution of the Czech scientists to the bioenergetic and 
mitochondrial research in the global context.  
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Mitochondria 
 

Bioenergetics is a study of the transformation of 
energy in living organisms that is tightly connected with 
the cellular organelles - mitochondria. Research on these 
organelles began in the middle of the 19th century when 

their structure was recognized [1]. In 1890, Richard 
Altmann named these organelles “bioblasts” and 
concluded that they are elementary organisms inside the 
cells [2]. Later, Carl Benda started to call them 
mitochondria (from the Greek “mitos” – thread and 
“chondros” - granule) because of their tendency to form 
long chains [3]. However, many important findings were 
reported before the relationship of these particles to 
mitochondria was known [1]. 

In 1913, Otto Warburg linked cellular respiration 
to particles isolated from guinea pig liver, which he 
called “grana” [4]. During the late 1930s, significant 
advancements were made in the elucidation of the 
reaction pathways and energetics of aerobic metabolism. 
In 1937, Hans Krebs, Otto Warburg’s student formulated 
the citric acid cycle (CAC) [5] and the first indications of 
aerobic phosphorylation have been published [6-8]. In the 
following years, it was found that these particles contain 
all the enzyme equipment needed for aerobic oxidation of 
the metabolites from CAC and that it relates to the 
synthesis of ATP molecule [9,10] and Albert  
L. Lehninger and colleagues linked oxidative 
phosphorylation to mitochondria [11]. With the 
development of thin-sectioning techniques, the first high-
resolution images of mitochondria were published  
(Fig. 1) showing that the mitochondrion possesses cristae 
(infoldings) created by the inner membrane that are 
surrounded by the outer membrane [12].  

Nevertheless, it took a long time to begin to 
understand how the energy released by oxido-reduction 
enzymes is coupled to ADP phosphorylation. The answer 
to this question was published in 1961 by Peter Mitchell, 
who proposed a chemiosmotic hypothesis of oxidative 
phosphorylation [13]. He hypothesized that energy 
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released in the oxido-reduction chain is stored in the form 
of a proton gradient across the coupling membrane and 
that the membrane contains a proton-translocating 

reversible ATP synthase, which can utilize the proton 
gradient to synthesize ATP from ADP and Pi. In 1978 he 
won the Nobel Prize for the chemiosmotic theory (Fig. 2).  

 
 

 
 
Fig. 1. Electron micrographs of mitochondria from the liver (A, magnification: 31,300x), kidney (B, magnification: 50,000x), and muscle 
(C, magnification: 30,700x) published by Palade et al., 1953 [12]. 
 
 

 
 
Fig. 2. (A) Electron transport system (above) and reversible “ATPase” system (below) chemiosmotically coupled in charge impermeable 
membrane (M) enclosing aqueous phase (L) in aqueous phase (R) [13]. (B) Simplified scheme of the mitochondrial oxidative 
phosphorylation apparatus consisting of 3 H+-translocating complexes (CI, III, IV) that transfer electrons from NADH-linked substrates, 
ubiquinone pool, cytochrome c and ATP synthase (CV, complex V) that utilizes energy stored as H+ gradient across the inner 
mitochondrial membrane. CI – 4H+/2e-, CIII – 4H+/2e-, CIV – 2H+/2e-, UQ – ubiquinone, UQH2 – ubiquinol (adapted from [14]). 
 
 
The Czech bioenergetics beginnings 
 

The beginnings of bioenergetic research in our 
country date to 1917, when Prof. Edward Babák  
(1873 – 1926) wrote the book “On the transformation of 
energies in the living bodies” [15]. In 1933, his student 
and collaborator Prof. Vilém Laufberger (1890 – 1986), 
while breaking up hepatocytes [16] isolated small grains, 
later known as mitochondria. During WWII,  
an enthusiastic student Arnošt Kleinzeller (1914 – 1997) 
fled to England from the Nazi regime and studied for 
many years in the laboratory of Hans Krebs at the 
University of Sheffield. When he returned to Prague after 
the war, he established the Cell Metabolism Laboratory 
and became a lecturer in Biochemistry at the Faculty of 
Sciences of Charles University. Besides his knowledge, 

he brought to Prague laboratory equipment including  
a Warburg respirometer that allowed to measure cellular 
respiration. He chose five students of Biochemistry  
– Ladislav Kováč, Arnošt Kotyk, Jiří Čerkasov, Radovan 
Žák, and Zdeněk Drahota.  

 
“Nature” coincidences 

After graduation, Radovan Žák and Zdeněk 
Drahota started to work at the newly established Institute 
of Physiology of the Czechoslovak Academy of Sciences 
(CSAS) under the supervision of Ernest Gutmann. They 
started to isolate mitochondria from muscle on a Janetzki 
centrifuge in a cold room and with the limited methods 
they had at hand, they studied amino acid degradation 
and with youthful virtue sent their work to Nature 
journal. Due to Gutmann’s perfect Oxford English (to the 



2024  Czech Footprints in the Bioenergetics Research    S25  
 

surprise of the reviewers), the paper was accepted for 
print [17]. However, the two young men were aware that 
it was probably pure coincidence. Browsing the Nature 
journal, their attention was caught by an article about the 
swelling of mitochondria by Samuel V. Perry [18]. They 
wrote a bold letter to Perry, as his colleagues from 
Nature, and asked him if he would be so kind to come to 
Prague for a few days and show them how mitochondria 
are isolated in Oxford. 

No one assumed that Prof. Perry would dare to 
go behind the Iron Curtain. He came not only to teach the 
two Prague students to isolate mitochondria, but above all 
to find a place called “Mährisch Trübau in Böhmen” 
(Moravská Třebová in the Czech Republic), where he 
was deported from Africa as a prisoner during the WWII 
after being captured during the Western Desert 
Campaign. With the help of an English professor and  
a homemade refrigerated centrifuge, the mitochondria in 
Prague were isolated for the first time in the same way as 
in practices in Oxford. At the same time, the barracks in 
Moravská Třebová, a former POW camp, were 
successfully identified, and Prof. Perry exchanged 
greetings with the mayor and signed the memorial book 
with great fame. Perry's stay behind the Iron Curtain was 
successful and the Institute of Physiology obtained  
a precious friend who returned to Prague with pleasure 
for the Symposium held in Liblice and, on the other hand, 
a bed & breakfast was always prepared for the guests 
from the institute in England. 
 
“Italian “coincidence 

Based on these experiences, the mitochondrial 
research in Prague successfully continued. Since two are 
better than one and Warsaw is close to Prague, the joint 
works of the Institute of Physiology CSAS and the 
Institute of Biology of the Polish Academy of Sciences 
about the fatty acids oxidation in liver mitochondria soon 
appeared in Biochimica et Biophysica Acta [19]. Luckily, 
the first author of the publication, Lech Wojtzak, and his 
wife Anna performed the research at Johns Hopkins 
Medical School in Baltimore in the laboratory of Albert 
L. Lehninger, and thus Zdeněk Drahota also got the 
chance to do the research in this famous lab. He 
continued with the research on liver mitochondria and 
discovered that sodium and potassium do not influence 
calcium-activated respiration and calcium retention 
capacity [20]. 

In Baltimore, a third happy accident occurred. 
During his "sabbatical" in Italy, Prof. Lehninger wrote 

the famous Biochemistry textbook [21] and his laboratory 
in Baltimore was always full of Italian students and 
researchers. The joint Czech-Italian-American pub-
lication in the Journal of Biological Chemistry [22], 
which studied in detail the calcium accumulation by 
mitochondria, represented the first result of a long-lasting 
collaboration. Thus, Zdeněk Drahota appeared at the first 
of the series of international Symposia on mitochondria 
in Italy. These symposia were organized by Ernesto 
Quagliariello, the rector of the University of Bari, with 
the support of the committee for the development of 
tourism in southern Italy. At that time, nobody knew how 
important this coincidence would be for the development 
of bioenergetic research at the Institute of Physiology. 
Prof. Quagliariello soon became the president of the 
Italian Academy of Sciences (CNR) and he made sure 
that every bilateral agreement on cooperation between 
CSAS and CNR, would contain the stay for the 
bioenergetic researchers in Italy. Then Prof. 
Quagliariello, in the letter addressed to the president of 
the CSAS, extended the stay for a few months, claiming 
that extra costs, of course, would be covered by the 
Italian side. That is how Ernesto Quagliariello became the 
first patron of the Czech researchers who have always 
been very grateful to him for his support. 

 
“Swedish” coincidence 

The fourth lucky coincidence gave the 
bioenergetics research at CSAS new energy and another 
patron. It started when Jiří Křeček's Department of 
Developmental Physiology started to sprout. One of his 
students, Petr Hahn, founded a Laboratory of the 
Development of Metabolic Functions. The group was 
interested in lipid metabolism and mitochondria, and in 
collaboration with the Institute for Mother and Child Care 
studied the regulation of lipid metabolism in newborns. 
Their results were utilized during the development of the 
new infant formula enriched with lipids [23]. At that 
time, a new physiological-bioenergetic function was 
demonstrated - the thermogenic function of brown 
adipose tissue [24]. From there, it was only a step to the 
idea to see what substrate brown fat mitochondria utilize 
to generate heat. Therefore, Zdeněk Drahota and Eva 
Honová isolated mitochondria from brown fat, and after  
a series of experiments they demonstrated high oxidation 
of carnitine esters of fatty acids. Together with Marie 
Schutzová they prepared the graphs and Petr Hahn, while 
lying on the divan, dictated the first version of the 
manuscript to his wife Nada, and in a few days the text 
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was on its way to Switzerland to the Experientia journal 
[25]. As soon as the article was published, a letter arrived 
from Olov Lindberg, the director of the Wenner-Gren 
Institute of the University in Stockholm and a world-
known scientist in brown adipose tissue research [26]. 
Due to his high moral qualities and the character of  
a calm Northerner, he was not upset that this "short 
communication" was published a few months earlier than 
his "full paper" and generously invited members of 
Hahn’s group to cooperate. As he later stated, another 
reason for his friendly help was that he felt personal 
responsibility for the damage caused by the Swedish 
army by the end of the Thirty Years’ War  
at Prague Castle.  

Similarly to the first Italian patron and Prof. 
Lindberg, a member of the Royal Swedish Academy,  
made sure that the bilateral cooperation agreement 
between the Royal Swedish Academy and CSAS always 
included the topic of "Thermogenetic function of brown 
adipose tissue”, and he also extended the stays of the 
Czech partners in Stockholm from weeks to months. In 
exchange, the members of the Swedish laboratory used to 
come for discussion on the mechanisms of thermogenesis 
organized by Zdeněk Drahota’s students and 
collaborators: Josef Houštěk, Petr Svoboda, and Jan 
Kopecký. The scientific discussions were accompanied 
by hiking and the consumption of incredibly good and 
cheap beer in the mountain huts. It was the beginning of 
long-lasting cooperation. 
 
1968 

 
When the year 1968 was approaching, the  

5th meeting of the Federation of European Biochemical 
Societies (FEBS) was being prepared in Prague. One of 
the topical subjects was "Mitochondrial Structure and 
Function" which was proposed by Dr. Drahota from the 
Institute of Physiology CSAS during the first discussions, 
which symposia would be included in the program. Just 
after the committee’s meeting, Lars Ernster,  
a mitochondrial physiologist, who mentored many 
foreign students, received a phone request to organize this 
symposium. He immediately accepted. The very next 
day, the requests for symposia from other institutes 
appeared. However, to cancel the symposium organized 
by this distinguished biochemist, Olov Lindberg’s 
student, director of the Institute of Biochemistry of the 
Royal Swedish Academy, and a member of the Nobel 
Committee for Chemistry was no longer feasible. Thus, 

the mitochondrial symposium survived. 
The meeting preparations culminated during the 

"Prague Spring". An incredible number of people poured 
into Prague for the symposium on mitochondria, not only 
because of the mitochondria, but because they also 
wanted to know what was happening in Prague.  

When the mitochondrial researchers arrived in 
Prague in July, they were surprised at how little excited 
the organizers about the current situation were. When 
saying goodbye at the end of the congress, the Italian 
patrons assured the organizers from the Institute of 
Physiology that they could always count on Italian 
friends. The Swedish patron heartily shook both hands 
and even without words, everything was clear. Nobody 
realized that some weeks later the “Prague Spring” would 
end abruptly in an unbelievable disaster during the 
shocking and sad days of August 1968 and how 
important would be the support of the patrons for the 
bioenergetic research at the Institute of Physiology CSAS 
to survive the next 20 years. 

 
Normalization 

 
A few weeks after the entrance of the troops of 

Warsaw Pact countries into Czechoslovakia, the 
researchers interested in mitochondria Petr Hahn and 
Josef Houštěk were already in England, and Zdeněk 
Drahota in Italy. When Zdeněk Drahota and Josef 
Houštěk met in the half-empty institute in 1969, 
mitochondrial research started to wake up only slowly. 
The normalization policy of the Communist Party led to 
the emigration of many researchers, others could not 
attend international meetings or proceed with their 
research at all. Nevertheless, new young colleagues 
appeared and the patrons in Italy and Sweden kept the 
doors open.  

At the beginning of the 1970s, the collaboration 
with Stockholm University focused on the function of the 
brown adipose tissue started to take shape. First, the 
uncoupling mechanism via uncoupling protein 1 (UCP1) 
and its regulation was studied [27]. Later, also other 
complexes specific to the brown adipose tissue and 
involved in mitochondrial metabolism were investigated. 
Together with Barbara Cannon and Olov Lindberg, Josef 
Houštěk found that mitochondrial glycerol-3-phosphate 
dehydrogenase activity is high in this tissue compared to 
other tissues [28]. When possible, international 
congresses, symposia, and courses were organized. In 
particular, the 4th European Bioenergetics Conference 
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organized in Prague in 1986 further stimulated 
mitochondrial research and attracted young talented 
students (Fig. 3). It certainly contributed to the 
development of the independent research programs of the 
laboratory members and building of several new 
scientific laboratories within the institute, including 

Department of Bioenergetics with Josef Houštěk as the 
head. Two other departments also focused their research 
on mitochondria – Petr Ježek’s group investigated the 
role of uncoupling proteins and oxidative stress, and Jan 
Kopecký’s department further explored thermogenesis in 
the fat and muscle tissue and obesity in general.  

 

  

  
Fig. 3. 4th European Bioenergetics Conference (EBEC) in 1986 in Prague, Czechoslovakia. Left (from left to right): Josef Houštěk, Lars 
Ernster, and Zdeněk Drahota. 

 
 
Collaboration with the Italian scientists was 

focused on the mitochondrial ATP synthase and with the 
groups from Bari they investigated ATP synthase 
inhibitor - DCCD (dicyclohexylcarbodiimide) [29]. They 
found that, besides inhibiting proton-pumping enzymes, 
e.g. ATP synthase, it also binds to another 33 kDa 
mitochondrial transport protein [30]. Later, in col-
laboration with the group of Štefan Kužela from 

Bratislava, they proposed that DCCD also binds to UCP1 
protein in brown adipose tissue [31]. With the group of 
Giorgio Lenaz from Bologna, they identified two distinct, 
temperature-dependent states of the F1 domain of  
ATP synthase (hydrophilic part) [32].  

August 1968, the Soviet occupation of our 
country and the following communist persecutions 
slowed down the scientific career of many researchers, 
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Fig. 4. 36th International Conference on Bioenergetics in 2023. 

 
 

among them also Štefan Kužela from the Institute of 
Experimental Oncology CSAS. Despite the persecution, 
he remained active and further promoted unique 
mitochondrial genetics studies in Bratislava. Illegal 
seminars in his office also initiated the unofficial winter 
Czechoslovak conferences on Bioenergetics, which 
continue to these days (Fig. 4). 

 
1989 

 
The change of the regime after the Velvet 

Revolution in November 1989, allowed to travel and 
collaborate freely even with people who emigrated after 
1968. The research in Prague on brown adipose tissue 
continued in cooperation with the groups from 
Stockholm. It focused on the low capacity of 
mitochondrial ATP synthase in brown adipose tissue 
compared to other tissues. It was published that the 
abundant pool of mRNA of the β subunit is not fully 
translatable and thus it may account for the decreased 
content of mitochondrial ATP synthase [33,34]. Further, 
high levels of transcripts of other subunits were detected, 
except for the subunit c. It suggested that the expression 

of subunit c and its synthesis critically controls the 
biosynthesis of the whole ATP synthase [35]. The joint 
studies on UCP1 and its function in brown adipose tissue 
were focused on hormonal regulation of UCP1 expression 
[36] adrenergic receptors [37,38], or the role of 
interleukins [39,40]. A recent study also showed that 
UCP1 is involved in the control of reactive oxygen 
species generation [41].  

During the 1990s increasing attention was paid 
to mitochondrial disorders causing human disease. The 
first publications arose from the collaborations with the 
laboratory of Coby van den Bogert at The Academic 
Medical Center in Amsterdam and long-lasting 
cooperation with Jiří Zeman from the Department of 
Pediatrics (First Faculty of Medicine, Charles 
University). In patients with atypical NARP/LS 
syndrome and impaired ATP synthase [42,43] they 
observed mtDNA defects caused by ATP6 mutations in 
subunit a [44,45]. In 1999, the case of the first patient 
with ATP synthase defect of nuclear origin was published 
[46]. The ATP synthase complex was selectively reduced, 
and the newly synthesized enzyme had the same subunit 
composition as control, implying the altered biosynthesis 
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of the enzyme. Nine years later, in cooperation with the 
groups of Wolfgang Sperl from Salzburg and Stanislav 
Kmoch from the Institute of Inherited Metabolic 
Disorders in Prague, the TMEM70 gene was identified as 
the disease-causing gene, which also uncovered 
TMEM70 protein as novel specific biogenetics factor of 
mammalian ATP synthase [47-49]. Within this 
cooperation, also the first patient with somatic mutation 
in ATP synthase subunit ε was described [50]. In 
collaboration with Catherine Godinot’s group from Lyon, 
the functional alterations of patients with disordered 
cytochrome c oxidase assembly factor SURF1 were 
described [51]. This collaboration further continued and  
a series of papers studying the role of oxidative 
phosphorylation in cancer was published [52,53]. All 
these efforts stimulated further the interest in elucidation 
of the molecular basis of various inherited mitochondrial 
disorders and led to numerous joint international research 
projects in successive years. 

With the expansion of the laboratory, the 
research interests and collaboration also expanded. Thus, 
the ability of glycerol-3-phosphate dehydrogenase to 
produce reactive oxygen species [54-56] and its 
interaction with the coenzyme Q pool [57] were 
investigated together with the group of Giorgio Lenaz. 
Within the Czech Republic, cooperation with the 
laboratory of Zuzana Červinková from the Faculty of 

Medicine in Hradec Králové developed during the 1990s. 
Their research focused on the effect of triiodothyronine 
on regenerating liver [58-60], the role of oxidative stress 
[61-63] and mitochondrial membrane permeability  
[64-67]. Also, the ambiguous effect of biguanides  
(the most common treatment of type II diabetes) on 
oxidative phosphorylation was studied [68,69].  

Since 1917, when Edward Babák described 
living organisms as energy convertors [15], bioenergetics 
research in the Czech Republic has advanced greatly with 
significant input from studies originating from and/or 
performed at the Institute of Physiology, Czech Academy 
of Sciences. It would not have been possible without the 
enthusiastic scientists and the scientists would not be 
enthusiastic without the initial ignition by their teachers.  

“Scientists are not so much born as made by 
those who teach them research” Sir Hans Krebs 

 
Acknowledgements 
This work was supported by the project National Institute 
for Research of Metabolic and Cardiovascular Diseases 
(Programme EXCELES, ID Project No. LX22NPO5104) 
- Funded by the European Union - Next Generation EU. 
 
Conflict of Interest 
There is no conflict of interest. 
 

 
References 
 
1. Ernster L, Schatz G. Mitochondria: a historical review. J Cell Biol 1981;91:227s-255s. 

https://doi.org/10.1083/jcb.91.3.227s 
2. Altman R. Die Elementarorganismen und ihre Beziehungen zu den Zellen (The cellular organelles and their 

relations to cells). Leipzig, Germany: Veit & Co.; 1890. p. 1. 
3. Benda C. Weitere Mitteilungen über die Mitochondria. Verh Dtsch Physiol Ges 1898:376-383.  
4. Warburg O. Uber sauerstoffatmende Kornchen aus Leberzellen und uber Sauerstoffatmung in Berkefeld-Filtraten 

wassriger Leberextrakte. Pfluger's Arch ges Physiol 1913;154:599-617. https://doi.org/10.1007/BF01681207 
5. Krebs HA, Johnson WA. Metabolism of ketonic acids in animal tissues. Biochem J 1937;31:645-660. 

https://doi.org/10.1042/bj0310645 
6. Belitser VATET. The mechanism of phosphorylation associated with respiration. Biokhimiya 1939;4:516-535.   
7. Engelhardt WA. [Ortho- and pyrophosphate in aerobic and anaerobic metabolism of erythrocytes (Biochem. 

Zeitschrift, 227, 16-38, 1930)]. Mol Biol (Mosk) 1930;28:1210-1217.  
8. Kalckar H. Phosphorylation in kidney tissues. Enzymologia 1937;2:47-52. https://doi.org/10.1103/PhysRev.52.273 
9. Lehninger AL. On the activation of fatty acid oxidation. J Biol Chem 1945;161:437-451. 

https://doi.org/10.1016/S0021-9258(17)41479-7, https://doi.org/10.1016/S0021-9258(17)41557-2 
10. Ochoa S. Efficiency of aerobic phosphorylation in cell-free heart extracts. J Biol Chem 1943;151:493-505. 

https://doi.org/10.1016/S0021-9258(18)44922-8 
11. Kennedy EP, Lehninger AL. Oxidation of fatty acids and tricarboxylic acid cycle intermediates by isolated rat 

liver mitochondria. J Biol Chem 1949;179:957-972. https://doi.org/10.1016/S0021-9258(19)51289-3 



S30   Drahota et al.  Vol. 73 
 
 
12. Palade GE. An electron microscope study of the mitochondrial structure. J Histochem Cytochem 1953;1:188-211. 

https://doi.org/10.1177/1.4.188 
13. Mitchell P. Coupling of phosphorylation to electron and hydrogen transfer by a chemi-osmotic type of mechanism. 

Nature 1961;191:144-148. https://doi.org/10.1038/191144a0 
14. Nicholls DG, Ferguson SJ. Bioenergetics. Fourth edition / ed. Amsterdam: Academic Press, Elsevier; 2013. 
15. Babák E. On the transformation of energies in the living bodies (in Czech). Prague: Jos. R. Vilímek; 1917. 
16. Laufberger V. Désintégration de la cellule. (in Czech) Brno: Spisy Lék. fak. Masarykovy univ v Brně; 1933. 
17. Zak R, Drahota Z. Release of methionine labelled with sulphur-35 from muscle tissue and mitochondria. Nature 

1960;186:973-974. https://doi.org/10.1038/186973a0 
18. Chappell JB, Perry SV. Biochemical and osmotic properties of skeletal muscle mitochondria. Nature 

1954;173:1094-1095. https://doi.org/10.1038/1731094a0 
19. Wojtczak L, Zaluska H, Drahota Z. Evidence for the activation of fatty acids in liver mitochondria by high-energy 

intermediates for oxidative phosphorylation. Biochim Biophys Acta 1965;98:8-18. https://doi.org/10.1016/0005-
2760(65)90003-2 

20. Drahota Z, Lehninger AL. Movements of H+, K+, and Na+ during energy-dependent uptake and retention of Ca++ in 
Rat Live Mitochondria. Biochem Biophys Res Commun 1965;19:351-356. https://doi.org/10.1016/0006-
291X(65)90467-5 

21. Lehninger AL. Principles of Biochemistry. First edition ed: Worth Publishers; 1990.  
22. Drahota Z, Carafoli E, Rossi CS, Gamble RL, Lehninger AL. The Steady State Maintenance of Accumulated Ca++ 

in Rat Liver Mitochondria. J Biol Chem 1965;240:2712-2720. https://doi.org/10.1016/S0021-9258(18)97385-0 
23. Melichar V, Drahota Z, Hahn P. Ketone bodies in the blood of full term newborns, premature and dysmature 

infants and infants of diabetic mothers. Biol Neonat 1967;11:23-28. https://doi.org/10.1159/000240051 
24. Smith RE. Thermogenic activity of the hibernating gland in the cold-acclimated rat. Physiologist 1961;4:113. 
25. Drahota Z, Honova E, Hahn P. The effect of ATP and carnitine on the endogenous respiration of mitochondria 

from brown adipose tissue. Experientia 1968;24:431-432. https://doi.org/10.1007/BF02144369 
26. Lindberg O. Brown Adipose Tissue. American Elsevier Pub. Co; 1970.  
27. Bulychev A, Kramar R, Drahota Z, Lindberg O. Role of a specific endogenous fatty acid fraction in the coupling-

uncoupling mechanism of oxidative phosphorylation of brown adipose tissue. Exp Cell Res 1972;72:169-187. 
https://doi.org/10.1016/0014-4827(72)90579-4 

28. Houstek J, Cannon B, Lindberg O. Gylcerol-3-phosphate shuttle and its function in intermediary metabolism of 
hamster brown-adipose tissue. Eur J Biochem 1975;54:11-18. https://doi.org/10.1111/j.1432-1033.1975.tb04107.x 

29. Kopecky J, Guerrieri F, Papa S. Interaction of dicyclohexylcarbodiimide with the proton-conducting pathway of 
mitochondrial H+-ATPase. Eur J Biochem 1983;131:17-24. https://doi.org/10.1111/j.1432-1033.1983.tb07226.x 

30. Houstek J, Pavelka S, Kopecky J, Drahota Z, Palmieri F. Is the mitochondrial dicyclohexylcarbodiimide-reactive 
protein of Mr 33 000 identical with the phosphate transport protein? FEBS Lett 1981;130:137-140. 
https://doi.org/10.1016/0014-5793(81)80682-5 

31. Kolarov J, Houstek J, Kopecky J, Kuzela S. The binding of dicyclohexylcarbodiimide to uncoupling protein in 
brown adipose tissue mitochondria. FEBS Lett 1982;144:6-10. https://doi.org/10.1016/0014-5793(82)80557-7 

32. Baracca A, Amler E, Solaini G, Parenti Castelli G, Lenaz G, Houstek J. Temperature-induced states of isolated  
F1-ATPase affect catalysis, enzyme conformation and high-affinity nucleotide binding sites.  
Biochim Biophys Acta 1989;976:77-84. https://doi.org/10.1016/S0005-2728(89)80191-4 

33. Houstek J, Tvrdik P, Pavelka S, Baudysova M. Low content of mitochondrial ATPase in brown adipose tissue is 
the result of post-transcriptional regulation. FEBS Lett 1991;294:191-194. https://doi.org/10.1016/0014-
5793(91)80666-Q 

34. Tvrdik P, Kuzela S, Houstek J. Low translational efficiency of the F1-ATPase beta-subunit mRNA largely 
accounts for the decreased ATPase content in brown adipose tissue mitochondria. FEBS Lett 1992;313:23-26. 
https://doi.org/10.1016/0014-5793(92)81175-L 

35. Houstek J, Andersson U, Tvrdik P, Nedergaard J, Cannon B. The expression of subunit c correlates with and thus 
may limit the biosynthesis of the mitochondrial F0F1-ATPase in brown adipose tissue. J Biol Chem 
1995;270:7689-7694. https://doi.org/10.1074/jbc.270.13.7689 



2024  Czech Footprints in the Bioenergetics Research    S31  
 

36. Rehnmark S, Kopecky J, Jacobsson A, Nechad M, Herron D, Nelson BD, Obregon MJ, Nedergaard J, Cannon B. 
Brown adipocytes differentiated in vitro can express the gene for the uncoupling protein thermogenin: effects of 
hypothyroidism and norepinephrine. Exp Cell Res 1989;182:75-83. https://doi.org/10.1016/0014-4827(89)90280-2 

37. Svartengren J, Svoboda P, Cannon B. Desensitisation of beta-adrenergic responsiveness in vivo. Decreased 
coupling between receptors and adenylate cyclase in isolated brown-fat cells. Eur J Biochem 1982;128:481-488. 
https://doi.org/10.1111/j.1432-1033.1982.tb06990.x 

38. Svoboda P, Svartengren J, Snochowski M, Houstek J, Cannon B. High number of high-affinity binding sites for  
(-)-[3H]dihydroalprenolol on isolated hamster brown-fat cells. A study of the beta-adrenergic receptors.  
Eur J Biochem 1979;102:203-210. https://doi.org/10.1111/j.1432-1033.1979.tb06281.x 

39. Cannon B, Houstek J, Nedergaard J. Brown adipose tissue. More than an effector of thermogenesis?  
Ann N Y Acad Sci 1998;856:171-187. https://doi.org/10.1111/j.1749-6632.1998.tb08325.x 

40. Mracek T, Cannon B, Houstek J. IL-1 and LPS but not IL-6 inhibit differentiation and downregulate PPAR gamma 
in brown adipocytes. Cytokine 2004;26:9-15. https://doi.org/10.1016/j.cyto.2003.12.001 

41. Shabalina IG, Vrbacky M, Pecinova A, Kalinovich AV, Drahota Z, Houstek J, Mracek T, Cannon B,  
Nedergaard J. ROS production in brown adipose tissue mitochondria: the question of UCP1-dependence.  
Biochim Biophys Acta 2014;1837:2017-2030. https://doi.org/10.1016/j.bbabio.2014.04.005 

42. Klement P, Nijtmans LG, Van den Bogert C, Houstek J. Analysis of oxidative phosphorylation complexes in 
cultured human fibroblasts and amniocytes by blue-native-electrophoresis using mitoplasts isolated with the help 
of digitonin. Anal Biochem 1995;231:218-224. https://doi.org/10.1006/abio.1995.1523 

43. Nijtmans LG, Klement P, Houstek J, van den Bogert C. Assembly of mitochondrial ATP synthase in cultured 
human cells: implications for mitochondrial diseases. Biochim Biophys Acta 1995;1272:190-198. 
https://doi.org/10.1016/0925-4439(95)00087-9 

44. Houstek J, Klement P, Hermanska J, Houstkova H, Hansikova H, Van den Bogert C, Zeman J. Altered properties 
of mitochondrial ATP-synthase in patients with a T-->G mutation in the ATPase 6 (subunit a) gene at position 
8993 of mtDNA. Biochim Biophys Acta 1995;1271:349-357. https://doi.org/10.1016/0925-4439(95)00063-A 

45. Jesina P, Tesarova M, Fornuskova D, Vojtiskova A, Pecina P, Kaplanova V, Hansikova H, Zeman J, Houstek J. 
Diminished synthesis of subunit a (ATP6) and altered function of ATP synthase and cytochrome c oxidase due to 
the mtDNA 2 bp microdeletion of TA at positions 9205 and 9206. Biochem J 2004;383:561-571. 
https://doi.org/10.1042/BJ20040407 

46. Houstek J, Klement P, Floryk D, Antonicka H, Hermanska J, Kalous M, Hansikova H, Houstkova H,  
Chowdhury SK, Rosipal T, Kmoch S, Stratilova L, Zeman J. A novel deficiency of mitochondrial ATPase of 
nuclear origin. Hum Mol Genet 1999;8:1967-1974. https://doi.org/10.1093/hmg/8.11.1967 

47. Cizkova A, Stranecky V, Mayr JA, Tesarova M, Havlickova V, Paul J, Ivanek R, Kuss AW, Hansikova H, 
Kaplanova V, Vrbacky M, Hartmannova H, Noskova L, Honzik T, Drahota Z, Magner M, Hejzlarova K, Sperl W, 
Zeman J, Houstek J, Kmoch S. TMEM70 mutations cause isolated ATP synthase deficiency and neonatal 
mitochondrial encephalocardiomyopathy. Nat Genet 2008;40:1288-1290. https://doi.org/10.1038/ng.246 

48. Honzik T, Tesarova M, Mayr JA, Hansikova H, Jesina P, Bodamer O, Koch J, Magner M, Freisinger P,  
Huemer M, Kostkova O, van Coster R, Kmoch S, Houstek J, Sperl W, Zeman J. Mitochondrial encephalocardio-
myopathy with early neonatal onset due to TMEM70 mutation. Arch Dis Child 2010;95:296-301. 
https://doi.org/10.1136/adc.2009.168096 

49. Kovalcikova J, Vrbacky M, Pecina P, Tauchmannova K, Nuskova H, Kaplanova V, Brazdova A, Alan L, Elias J, 
Cunatova K, Korinek V, Sedlacek R, Mracek T, Houstek J. TMEM70 facilitates biogenesis of mammalian  
ATP synthase by promoting subunit c incorporation into the rotor structure of the enzyme.  
FASEB J 2019;33:14103-14117. https://doi.org/10.1096/fj.201900685RR 

50. Mayr JA, Havlickova V, Zimmermann F, Magler I, Kaplanova V, Jesina P, Pecinova A, Nuskova H, Koch J,  
Sperl W, Houstek J. Mitochondrial ATP synthase deficiency due to a mutation in the ATP5E gene for the F1 
epsilon subunit. Hum Mol Genet 2010;19:3430-3439. https://doi.org/10.1093/hmg/ddq254 

51. Pecina P, Capkova M, Chowdhury SK, Drahota Z, Dubot A, Vojtiskova A, Hansikova H, Houstkova H, Zeman J, 
Godinot C, Houstek J. Functional alteration of cytochrome c oxidase by SURF1 mutations in Leigh syndrome. 
Biochim Biophys Acta 2003;1639:53-63. https://doi.org/10.1016/S0925-4439(03)00127-3 



S32   Drahota et al.  Vol. 73 
 
 
52. Hervouet E, Cizkova A, Demont J, Vojtiskova A, Pecina P, Franssen-van Hal NL, Keijer J, Simonnet H, Ivanek R, 

Kmoch S, Godinot C, Houstek J. HIF and reactive oxygen species regulate oxidative phosphorylation in cancer. 
Carcinogenesis 2008;29:1528-1537. https://doi.org/10.1093/carcin/bgn125 

53. Hervouet E, Demont J, Pecina P, Vojtiskova A, Houstek J, Simonnet H, Godinot C. A new role for the von Hippel-
Lindau tumor suppressor protein: stimulation of mitochondrial oxidative phosphorylation complex biogenesis. 
Carcinogenesis 2005;26:531-539. https://doi.org/10.1093/carcin/bgi001 

54. Drahota Z, Chowdhury SK, Floryk D, Mracek T, Wilhelm J, Rauchova H, Lenaz G, Houstek J. Glycerophosphate-
dependent hydrogen peroxide production by brown adipose tissue mitochondria and its activation by ferricyanide. 
J Bioenerg Biomembr 2002;34:105-113. https://doi.org/10.1023/A:1015123908918 

55. Mracek T, Drahota Z, Houstek J. The function and the role of the mitochondrial glycerol-3-phosphate 
dehydrogenase in mammalian tissues. Biochim Biophys Acta 2013;1827:401-410. 
https://doi.org/10.1016/j.bbabio.2012.11.014 

56. Mracek T, Pecinova A, Vrbacky M, Drahota Z, Houstek J. High efficiency of ROS production by 
glycerophosphate dehydrogenase in mammalian mitochondria. Arch Biochem Biophys 2009;481:30-36. 
https://doi.org/10.1016/j.abb.2008.10.011 

57. Rauchova H, Battino M, Fato R, Lenaz G, Drahota Z. Coenzyme Q-pool function in glycerol-3-phosphate 
oxidation in hamster brown adipose tissue mitochondria. J Bioenerg Biomembr 1992;24:235-241. 
https://doi.org/10.1007/BF00762682 

58. Drahota Z, Rauchova H, Sedlak V, Koci J, Cervinkova Z. The effect of triiodothyronine on changes of membrane 
fluidity in regenerating rat liver. Physiol Res 1999;48:167-170.  

59. Mracek T, Jesina P, Krivakova P, Bolehovska R, Cervinkova Z, Drahota Z, Houstek J. Time-course of hormonal 
induction of mitochondrial glycerophosphate dehydrogenase biogenesis in rat liver. Biochim Biophys Acta 
2005;1726:217-223. https://doi.org/10.1016/j.bbagen.2005.06.011 

60. Svatkova R, Cervinkova Z, Kalous M, Rauchova H, Drahota Z. The effect of triiodothyronine on cell oxidative 
capacity in regenerating rat liver. Physiol Res 1997;46:237-240.  

61. Drahota Z, Krivakova P, Cervinkova Z, Kmonickova E, Lotkova H, Kucera O, Houstek J. Tert-butyl 
hydroperoxide selectively inhibits mitochondrial respiratory-chain enzymes in isolated rat hepatocytes.  
Physiol Res 2005;54:67-72. https://doi.org/10.33549/physiolres.930578 

62. Kmonickova E, Drahota Z, Kamenikova L, Cervinkova Z, Masek K, Farghali H. Modulatory effect of cyclosporin 
A on tert-butyl hydroperoxide-induced oxidative damage in hepatocytes. Immunopharmacol Immunotoxicol 
2001;23:43-54. https://doi.org/10.1081/IPH-100102566 

63. Krivakova P, Labajova A, Cervinkova Z, Drahota Z. Inhibitory effect of t-butyl hydroperoxide on mitochondrial 
oxidative phosphorylation in isolated rat hepatocytes. Physiol Res 2007;56:137-140. 
https://doi.org/10.33549/physiolres.931006 

64. Drahota Z, Endlicher R, Stankova P, Rychtrmoc D, Milerova M, Cervinkova Z. Characterization of calcium, 
phosphate and peroxide interactions in activation of mitochondrial swelling using derivative of the swelling 
curves. J Bioenerg Biomembr 2012;44:309-315. https://doi.org/10.1007/s10863-012-9443-2 

65. Endlicher R, Drahota Z, Kucera O, Cervinkova Z. Age-dependent changes in the function of mitochondrial 
membrane permeability transition pore in rat liver mitochondria. Physiol Res 2021;70:905-911. 
https://doi.org/10.33549//physiolres.934734, https://doi.org/10.33549/physiolres.934734 

66. Endlicher R, Drahota Z, Stefkova K, Cervinkova Z, Kucera O. The mitochondrial permeability transition pore-
current knowledge of its structure, function, and regulation, and optimized methods for evaluating its functional 
state. Cells 2023;12:1273. https://doi.org/10.3390/cells12091273 

67. Labajova A, Kofranek J, Krivakova P, Cervinkova Z, Drahota Z. Tetraphenylphosphonium-selective electrode as  
a tool for evaluating mitochondrial permeability transition pore function in isolated rat hepatocytes.  
Gen Physiol Biophys 2006;25:325-331.   

68. Drahota Z, Palenickova E, Endlicher R, Milerova M, Brejchova J, Vosahlikova M, Svoboda P, Kazdova L, Kalous 
M, Cervinkova Z, Cahova M. Biguanides inhibit complex I, II and IV of rat liver mitochondria and modify their 
functional properties. Physiol Res 2014;63:1-11. https://doi.org/10.33549/physiolres.932600 



2024  Czech Footprints in the Bioenergetics Research    S33  
 

69.   Pecinova A, Drahota Z, Kovalcikova J, Kovarova N, Pecina P, Alan L, Zima M, Houstek J, Mracek T. Pleiotropic 
effects of biguanides on mitochondrial reactive oxygen species production. Oxid Med Cell Longev 
2017;2017:7038603. https://doi.org/10.1155/2017/7038603 

 
 



 



 
 
PHYSIOLOGICAL RESEARCH • ISSN 1802-9973 (online) - an open access article under the CC BY license 

 

 2024 by the authors. Published by the Institute of Physiology of the Czech Academy of Sciences, Prague, Czech Republic  
Fax +420 241 062 164, e-mail: physres@fgu.cas.cz, www.biomed.cas.cz/physiolres  
 

Physiol. Res. 73 (Suppl. 1): S35-S48, 2024 https://doi.org/10.33549/physiolres.935337 

 
REVIEW 

 
Sixty Years of Heart Research in the Institute of Physiology of  
the Czech Academy of Sciences 
 
 
Bohuslav OŠŤÁDAL1, František KOLÁŘ1 
 
1Institute of Physiology of the Czech Academy of Sciences, Prague, Czech Republic 
 

Received February 10, 2024 
Accepted February 23, 2024 
 
 
Summary 
In 2023 six decades have elapsed since the first experimental 
work on the heart muscle was published, in which a member of 
the Institute of Physiology of the Czech Academy of Sciences 
participated as an author; Professor Otakar Poupa was the 
founder and protagonist of this research domain. Sixty years – 
more than half of the century – is certainly significant enough 
anniversary that is worth looking back and reflecting on what 
was achieved during sometimes very complicated periods of life. 
It represents the history of an entire generation of experimental 
cardiologists; it is possible to learn from its successes and 
mistakes. The objective of this review is to succinctly illuminate 

the scientific trajectory of an experimental cardiological 
department over a 60-year span, from its inaugural publication to 
the present. The old truth – historia magistra vitae – is still valid.   
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Fig. 1. Participants of the Symposium on Scientific Basis for the Practice of Cardiology", organized by Department of Developmental 
Cardiology in Prague, 2010. 
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Introduction 
 

Cardiovascular diseases represent the most 
serious health disorders in the contemporary era, 
accounting for over 50 % of total mortality in the 
developed countries. A singular illness, ischemic heart 
disease, is responsible for half of this grim statistic. It is, 
therefore, understandable that the interest of both 
experimental and clinical cardiologists is driven by the 
effort to positively influence this unfavourable situation. 
Moreover, clinical-epidemiological studies have clearly 
shown that the risk factors of serious cardiovascular 
diseases manifest already during the early phases of 
ontogenetic development. Hence, ischemic heart disease 
and atherosclerosis are thus no longer diseases of the fifth 
and higher decades of life, necessitating a shift in 
experimental studies on the pathogenetic mechanisms of 
these disturbances to the early phases of ontogenetic 
development. Moreover, sex differences in the sensitivity 
to ischemia-reperfusion injury are so obvious that they 
should be taken into consideration in both experimental 
and clinical cardiology. The importance of the 
developmental and sex approach for experimental and 
clinical cardiology is thus indisputable. And, finally, 
cardiology is the scientific discipline where the close 
cooperation between the theoretical and clinical 
cardiologists has the longstanding tradition, spanning 
from the molecular level to the patient´s bed. 

The aim of the present survey is to demonstrate 
briefly the real scientific life of one experimental 
cardiological department over the 60-year period, from its 
inaugural experimental work to the present time. It is 
necessary to emphasize that the program of the 
cardiovascular research in the Institute of Physiology of 
the Czech Academy of Sciences was based on all the 
above presumptions. 

 
Establishment of the Prague school of 
experimental cardiology 
 

In 2023, six decades have elapsed since the first 
experimental work on the heart muscle was published, in 
which a member of the Institute of Physiology 
participated as an author; he was the founder and 
protagonist of this research domain, professor Otakar 
Poupa [1]. This luminary scientist, possessing charisma 
and renaissance qualities, came with his “Laboratory for 
Physiology and Pathophysiology of Metabolism” to the 
Institute of Physiology from the then Institute for 

Nutrition Research. In a short time, within the newly 
established department, he founded a cardiological 
laboratory, which worked closely with the Institute of 
Pathological Physiology of the Faculty of Pediatrics 
(today the 2nd Faculty of Medicine of the Charles 
University), of which he concurrently assumed external 
leadership. Shortly, he managed to create very unique 
example of cooperation between the Academy of 
Sciences and the Faculty of Medicine, both in the field of 
experimental research and in teaching the medical 
students. He developed broad-based research on the 
phylogenetic and ontogenetic development of the heart 
muscle, with special attention to the needs of clinical 
cardiology, particularly pediatric cardiology. This 
orientation attracted a large number of young adepts of 
science and became the basis of the Prague School of 
Adaptive and Developmental Cardiology, successfully 
continuing the Czech tradition in evolutionary medicine, 
pioneered by Eduard Babák. There were published 
numerous still cited original results about the 
development of cardiac muscle during phylogeny and 
ontogeny [2-8], the cardioprotective effect of adaptation 
to chronic hypoxia [9,10] and factors influencing the 
extent of experimental cardiac necrosis, induced by high 
doses of isoproterenol [11-13]. Studies on increasing 
cardiac tolerance to oxygen deprivation in animals 
adapted to chronic hypoxia were the first published 
experimental results in this field. Poupa´s group closely 
cooperated with the excellent cardioembryologist Zdeněk 
Rychter, author of the first work on experimental heart 
defects [14], one of the founders of Czech experimental 
embryology. In this connection it is necessary to mention, 
that even a modern cardioprotective phenomenon – 
preconditioning – has its roots in Poupa´s department. 
Already in 1966, twenty years before the originally 
recognized discovery of this phenomenon, Poupa and his 
colleagues published a paper in which they showed that 
repeated administration of small doses of isoprenaline 
significantly reduced the extent of heart muscle damage, 
induced by subsequent high dose of this catecholamine 
[15]. Unfortunately, this work was published in the local 
journal, and the described effect was not given  
a commercially successful name. However, persisting 
interest of world cardiologists in this originally forgotten 
publication remains a source of pride for Czech 
cardiologists. The successes of Poupa´s Prague school 
soon crossed the borders of the country. By the late 
1960s, Poupa in collaboration with US scientists Bing 
and Bajusz conceived the idea to create an international 
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scientific society that would bring together experimental 
cardiologists from all over the world. This was indeed 
successful, and the International Society for Heart 
Research (ISHR), as it is now called, represents the only 
world society of its kind. Naturally, Poupa became  
a member of the editorial board of the official journal of 
this society, the Journal of Molecular and Cellular 
Cardiology, which is still one of the prestigious world-
renowned periodicals. The fruitful years culminated in 
the time of the Prague Spring during which Poupa´s 
merits were recognized with a state prize.  

 
Development after 1968 
 

The Soviet occupation in August 1968, which 
started the so-called normalization era, adversely affected 
the development of the entire Czech science including 
experimental cardiology for many years. Poupa, as one of 
the authors of the memorable manifesto “Two Thousands 
Words”, chose emigration in September 1968, setting in 
motion the gradual departure of other Prague school 
members. The significant limitation of foreign contacts 
gradually led to the interruption of promising 
development, to professional isolation and a substantial 
lag behind global scientific advancements.  

Experimental cardiologists in the Institute of 
Physiology (Faltova, Ostadal, Pelouch, Prochazka, later 
Kolar, Ostadalova, Papousek and Rychter) perpetuated 
Poupa´s legacy, establishing the Department of 
Developmental Cardiology (further Department). Their 
main task became the study of the structural, functional 
and metabolic properties of the developing cardiac 
muscle, crucial for understanding the ontogenetic changes 
of cardiac resistance to oxygen deprivation [16-19]. 
Interestingly, it was observed that fetal spongious 
musculature persists in children with congenital heart 
disease [20]. Special attention was paid to the 
possibilities of protective influence on the myocardium, 
especially by the adaptation to chronic hypoxia [21-25]. 
Moreover, for the first time sex difference in cardiac 
sensitivity to hypoxia was described [26]. This 
orientation led to the establishment of very effective 
cooperation both with other laboratories in the Institute of 
Physiology as well as with cardiologists addressing 
cardiopulmonary diseases (Institute for Clinical and 
Experimental Medicine - IKEM Prague, led by Jiří 
Widimský) [27-32] and clinical department of pediatric 
cardiology (Children´s Cardiac Center Prague-Motol, 
under the leadership of Milan Samanek) [33-39]. 

Simultaneously, at the Institute of Physiology, Krecek´s 
department continued the research activities in the field 
of ontogenesis: developmental aspects of the 
pathogenesis of hypertension were very successfully 
addressed by Jelinek, Kunes and Zicha [40,41]. However, 
the history of this research would deserve a separate 
treatise. 

 
Period after November 1989 
 

Only a greatest optimist could assume that the 
possibility of verifying dreams and reality in the open 
field of world science is not a utopia. The events of 
November 1989 ushered in a transformative era, offering 
Czech science the invaluable gift of global reintegration. 
First came the altruistic invitations from foreign 
colleagues but at the same time become clear that excuses 
for past unhappy years would not be enough. Of course, 
all of this also applies to experimental cardiology. Where 
possible, old contacts were established, long-standing 
literary acquaintances were personified, and seminal 
results timidly found their way to scientific meetings and 
prestigious journals. The explosion of foreign sojourns of 
young researchers began to bear fruit, and the intellectual 
and methodological background gradually improved. In 
this context, it should be stressed that molecular 
cardiology, without which we can no longer imagine 
current experimental research, began to be developed 
with great delay. The grant system established  
a competitive approach to financial resources and 
undoubtedly contributed to the improvement of the 
scientific quality. 

The advantage of our experimental cardiology 
was that it entered the last 30 years organizationally 
prepared. The Committee of Experimental Cardiology 
(KEK), with the foundation of which (1973 by Braveny 
and Ostadal) the cardiologists from the Institute of 
Physiology are intrinsically connected, represented  
a unique national scientific society, even on a world 
scale, with its philosophy, organization and scientific 
activity. This strategic advantage prompted ISHR to 
entrust KEK with organizing the 1995 World Congress in 
Prague. The president was Pavel Braveny from Brno, the 
secretary general Ostadal and the entire team of the 
Department participated in the organization. With the 
passage of time, it can be emphasized that the first 
meeting of ISHR organized east of Alps, with more than 
1200 participants, became a real culmination of the 
KEK´s activities to date. It was also possible to present 
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adequately the traditional issues of the Institute of 
Physiology, i.e. cardiac development and adaptation.  

The scientific research of the Department during 
this period was concentrated on the question, how to 
increase cardiac tolerance to oxygen deficiency. Focused 
investigation probed the molecular and cellular 
mechanisms involved in the protection of the ischemic 
myocardium [42-56] and the analyses of the cardiac 
resistance during early phases of ontogenetic 
development [57-62]. Other studies have investigated e.g. 
the effect of increased pressure on neonatal heart growth 
[63-65] or right ventricular function in hypoxic 
pulmonary hypertension [43, 66-68]. The Department 
seized opportunities offered both for substantional 
improvements of methodical equipment as well as for 
significant expansion of contacts with the top foreign 
laboratories. Very fruitful was the intensive cooperation 
with the groups at University of Manitoba, Winnipeg  
[69-71], University of Ottawa [72-78], Max-Planck 
Institute in Bad Nauheim [79], Free University Berlin 
[80-82], Catholic University of Louvain in Brussels  
[83-85], University of Strathclyde, Glasgow [86], 
INSERM Paris [87,88], Institute for Heart Research, 
Bratislava [89,90], and others. The representatives of the 
Department became members of the committees of the 
international scientific societies, such as ISHR and the 
International Academy of Cardiovascular Sciences.  
International activities of the Department continued in the 
organization of several scientific meetings, such as 
Czech-French-Slovak Symposium on Basic Cardiology 
(1994), The Developing Heart (2000), Mendel symposium 
I on Genes and the Heart (2003), Mendel Symposium II 
(2008) and Symposium on Scientific Basis for the 
Practice of Cardiology (2010). The interest of many pre- 
and post-graduate students, both from the Faculty of 
Science and from the Faculty of Medicine was gratifying. 
Intensive cooperation has developed with domestic 
experimental laboratories of the Faculty of Science or the 
2nd Faculty of Medicine and continued successful 
collaboration with the clinical institutions such as 
Children´s Cardiac Center and IKEM.  

   
Research Center for Cardiovascular Diseases 
 

In 1999, the first representative research centers 
were established as part of a project of the Ministry of 
Education, Youth and Sports. An informal group of 
cardiology-oriented, internationally experienced and 
freely cooperating laboratories of the Institute of 
Physiology of the Czech Academy of Sciences 

(Department of Developmental Cardiology, Department 
of Hypertension), of the 2nd Faculty of Medicine 
(Departments of Physiology and Pathophysiology) and 
Center for Experimental Medicine of IKEM, seemed to 
be a suitable model for this purpose. “Center for 
Cardiovascular Research” was acknowledged among the 
first, with Ostadal as the responsible researcher. The 
research concept of this Center aligned with 
cardiovascular research priorities in the European Union.  
The aim of the research activity was to clarify some of 
the molecular and cellular mechanisms involved in the 
development of ischemic heart disease and main risk 
factors, such as atherosclerosis and high blood pressure. 
The orientation on developmental approach in 
cardiovascular diseases was based on long-standing 
traditions of Czech cardiac research. At the end of the 
five-year period the evaluating council stated that the 
Center represents a research base that has no parallels in 
our country, leading to a resounding endorsement for 
another seven years. New competition rules included the 
close cooperation with clinical research facilities, 
Children´s Cardiac Center in Prague-Motol and 
Departments of Cardiology and Cardiac Surgery of 
IKEM. The theoretical part was further significantly 
strengthened by a group from the Faculty of Science and 
two further departments of the Institute of Physiology, 
the newly established Department of Cardiac 
Morphogenesis and the Department of Biomaterials and 
Tissue Engineering. The Center gradually ceased to be  
a formal grouping of individual workplaces but became  
a virtual institute. New laboratories were created and 
methodical approaches and technical equipment increased 
significantly. The main output of the Center´s activities 
were high-quality original results published in renowned 
journals. The Center was very successful in attracting 
young researchers: a number of future cardiologists and 
cardiac surgeons completed their scientific training in the 
experimental and clinical research. The number of full-
time researchers was in average 109, 30 of them were 
under 35 years of age. During existence of the Center,  
25 postgraduate students defended their PhD thesis. 
Regrettably, the dissolution of this long-established team 
of experimental and clinical researchers interrupted the 
well-started and effective cooperation; the successful 
system of scientific centers officially terminated in 2012.   

 
Cardiovascular research in the last decade 
 

Although the cessation of the Centre's activities 
led to the end of joint funding, the scientific cooperation 
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of the Department with several partners, in particular 
the Faculty of Science, continued and developed further 
on a bilateral basis. In the framework of this 
collaboration, a number of studies have recently been 
published that have further characterized the differences 
in cardioprotective mechanisms induced by various 
regimens of continuous and intermittent chronic 
hypoxia [91-97]. Together with the Center for 
Experimental Medicine of IKEM, we have also 
addressed questions concerning the influence of 
comorbidities, especially various forms of systemic 
hypertension, on myocardial ischemic tolerance and 
new possibilities of therapeutic pharmacological 
interventions [98-102]. The merger with the Department 
of Cardiac Morphogenesis has led to the expansion of 
the studied topics to include the development of the 
structure and function of the cardiac conduction system 
and to the enrichment of the methodological tools  
[103-106]. Special attention was paid to the 
developmental and sex differences in cardiac tolerance 
to ischemia/reperfusion injury and the possible role of 
mitochondria in this process [107-116]. A newly 
established international collaboration with the Medical 
College of Wisconsin, Milwaukee, has yielded new 
findings with translational potential on the beneficial 
effects of eicosanoids on cardiac injury by ischemia and 
on the development of post-ischemic heart failure  
[117-120]. The traditional focus of the Department's 
research programme on the cardiovascular effects of 
chronic hypoxia has prompted joint projects with the 
Laboratory of Molecular Pathogenetics, Institute of 
Biotechnology, investigating the role of the 
transcription factor HIF-1α in the mechanism of 
ischemic tolerance and in the pathogenesis of diabetic 
cardiomyopathy and heart failure [121-124]. Last but 
not least, we are involved with colleagues from 
Comenius University in Bratislava in research on 
mechanisms of new forms of cell death in myocardial 
infarction and heart failure [125-127]. Recently, the 
Department (newly Laboratory) has also shown 
promising developments in advanced molecular biology 
methods and their use in the study of epigenetic RNA 
regulatory mechanisms involved in the ontogenetic 
development of the heart and in the pathogenesis of 
heart disease [128-131]. Number of young enthusiastic 
researchers, modern methodologies and attractive 
scientific programme represent promising perspectives 
for future. 

 

The scientific contribution of experimental 
cardiologists from the Institute of Physiology 

 
To evaluate the contribution of scientific work is 

always tricky; it depends on many points of view. On the 
first place is of course the originality of the published 
results, but it is also necessary to asses to whom the 
results will help, what are the perspectives of their further 
use and how they have been accepted by the world 
scientific community, i.e. how often they were cited. The 
harshest critic is time, which will test the results and 
show “evergreen” ones. For the sake of completeness, we 
would like to summarize at least some of them.  

- studies on the normal phylogenetic and 
ontogenetic development of the cardiac muscle, 
myocardial blood supply and conduction system; 

- persistence of the fetal avascular spongious 
myocardium, supplied by diffusion from the 
ventricular cavity in patients with pulmonary 
stenosis; 

- cardiac adaptation to pressure overload during 
early postnatal development; 

- the first observation in experimental cardiology, 
demonstrating that the female heart is more 
tolerant to hypoxia than the male heart;   

- developmental and sex differences in cardiac 
tolerance to oxygen deprivation; the role of 
mitochondria, and protective strategies for the 
immature myocardium; 

- metabolic adaptation to chronic hypoxia in 
children with congenital heart disease; 

- intermittent chronic hypoxia–induced right 
ventricular hypertrophy and pulmonary             
hypertension; possibilities of pharmacological 
interventions;  

- studies on the effect of perinatal hypoxia on the 
sex-dependent hypoxic tolerance of the adult 
myocardium; 

- molecular mechanisms of the long-lasting 
cardioprotective effect of adaptation to chronic 
hypoxia, regular exercise and other adaptive 
interventions;  

- altered cardiac ischemic tolerance associated 
with various forms of systemic hypertension; 
possibilities of genetic and pharmacological 
interventions; 

- pathogenetic mechanisms of diabetic 
cardiomyopathy; ischemic tolerance of diabetic 
heart; 
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- progression of post-ischemic heart failure in 
hypertensive animals; novel experimental 
therapy; 

- role of epitranscriptomic regulatory mechanisms 
in heart physiology and pathophysiology.  
 

Conclusion 
 
60 years – more than half of the century – is 

certainly significant enough anniversary that it is worth 
looking back and reflecting on what has been achieved. It 
represents the history of an entire generation of 
experimental cardiologists; it is possible to learn from its 

successes and mistakes; and that was the main purpose of 
this historical reflection. Indeed, the old truth – historia 
magister vitae – is still valid. 
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Summary 
The study of ontogenetic aspects of water and electrolyte 
metabolism performed in the Institute of Physiology 
(Czechoslovak Academy of Sciences) led to the research on the 
increased susceptibility of immature rats to salt-dependent forms 
of hypertension since 1966. Hemodynamic studies in developing 
rats paved the way to the evaluation of hemodynamic 
mechanisms during the development of genetic hypertension in 
SHR. A particular attention was focused on altered renal function 
and kidney damage in both salt and genetic hypertension with 
a special respect to renin-angiotensin system. Renal damage 
associated with hypertension progression was in the center of 
interest of several research groups in Prague. The alterations in 
ion transport, cell calcium handling and membrane structure as 
well as their relationship to abnormal lipid metabolism were 
studied in a close cooperation with laboratories in Munich, 
Glasgow, Montreal and Paris. The role of NO and oxidative stress 
in various forms of hypertension was a subject of a joint research 
with our Slovak colleagues focused mainly on NO-deficient 
hypertension elicited by chronic L-NAME administration. Finally, 
we adopted a method enabling us to evaluate the balance of 
vasoconstrictor and vasodilator mechanisms in BP maintenance. 
Using this method we demonstrated sympathetic hyperactivity 
and relative NO deficiency in rats with either salt-dependent or 
genetic hypertension. At the end of the first decennium of this 
century we were ready to modify our traditional approach 
towards modern trends in the research of experimental 
hypertension. 
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Our teachers 
 

Physiological changes occurring during the 
ontogenesis belong to the historical research topics in the 
Institute of Physiology (Czechoslovak Academy of 
Sciences) (IPHYS). Water and electrolyte metabolism, 
body fluid distribution, renal function and vasopressin 
action were studied in developing rats since 1954 [1,2]. 
Dr. Jiří Jelínek focused his attention to the characteristic 
changes of water, sodium, potassium and chloride content 
in the body and body fluids of laboratory rats in particular 
developmental periods (suckling, weaning, prepuberty) 
[3,4]. Later he was inspired by the paper of Guillebeau and 
Skelton [5] who reported that immature rats are more 
susceptible to the induction of salt hypertension elicited by 
adrenal regeneration after its enucleation. In 1966 he 
published two papers indicating that not only adrenal-
regeneration hypertension but also deoxycorticosterone 
(DOCA)-salt hypertension are more severe and self-
sustaining in young than in adult animals [6-8]. Jelínek´s 
research group paid a special attention to the study of 
changes in body fluids, renal function and structure with  
a special attention to renin-angiotensin system (RAS)  
[9-15]. They also performed fundamental studies on salt 
hypertension in monkeys (Papio hamadrys), indicating  
a greater blood pressure elevation (BP) in primates 
exposed to high salt intake from birth as compared to those 
exposed to this hypertensinogenic factor during sexual 
maturation. On the other hand, in adult salt hypertensive 
primates there was enhanced pulse pressure and reduced 
plasma volume as compared to control animals. They also 
demonstrated that blood pressure was inversely related to 
plasma volume in salt hypertensive monkeys [16,17].  



S50   Kuneš and Zicha  Vol. 73 
 
 

In parallel, Prof. Jiří Křeček, who investigated the 
antidiuretic action of vasopressin in suckling and weanling 
rats [2,18,19], also started to study developmental aspects 
of salt hypertension using a peculiar model of 
uninephrectomized vasopressin-deficient Brattleboro rats 
drinking 0.6 % saline [20]. His experiments indicated that 
the age-dependent salt hypertension can be elicited even in 
the absence of vasopressin [21] and that prepuberty seems 
to be a critical period for the induction of more pronounced 
form of salt hypertension [22]. Subsequent hemodynamic 
studies, which used a dye dilution technique for the 
estimation of cardiac output in conscious animals [23], 
confirmed a significant BP elevation due to the increase in 
peripheral resistance and a major reduction of arterial 
compliance in young but not in adult animals with the 
above form of salt hypertension [24]. 

 
Newly formed research group 

 
In 1983 two young investigators from the above 

research groups – Dr. Jaroslav Kuneš and Dr. Josef Zicha 
– formed an independent research team and combined 
their methodical experience on body fluids and 
hemodynamic measurements in order to study further 
aspects of age-dependent salt hypertension. Using 
homozygous and heterozygous Brattleboro rats we 
demonstrated that sodium retention, which is not 
accompanied by sufficient water retention, did not induce 

of DOCA-salt hypertension. Thus, antidiuretic rather than 
vasopressor effects of vasopressin are important for the 
development of DOCA-salt hypertension [25-27]. 
Another important topic of our study was the  
age-dependent role of digoxin-like factor (DLF) in BP 
maintenance in young and adult rats with DOCA-salt 
hypertension. Using the approach of Kojima et al. [28] 
based upon the acute administration of antidigoxin 
antibody, we found that endogenous DLF is important for 
BP maintenance especially in young DOCA-salt 
hypertensive rats [29,30], while this was not true for  
adult BP-matched rats with either DOCA-salt or 
spontaneous hypertension [31]. These findings were 
esteemed by Demuth Prize (Young Investigator Award of 
International Society of Hypertension, Interlaken 1984). 
Our subsequent review in Hypertension [32] suggested 
that prepuberty might be a critical period for enhanced 
salt-induced DLF production (Fig. 1). The third 
interesting field of our research was the role of sodium 
and chloride in the development of DOCA-salt 
hypertension. At that time there was an idea that chloride 
might be more important than sodium in the pathogenesis 
of salt-dependent forms of hypertension [32-36]. Our 
hemodynamic studies [37-39] revealed the delayed 
induction of hypertension and the absence of decreased 
arterial compliance in DOCA-treated rats, in which the 
dietary NaCl was replaced by NaHCO3 to avoid the 
excess chloride intake. 

 
 

 
 
Fig. 1. The inverse relationship of natriuretic response to plasma volume expansion [176] and blood pressure response to high salt 
intake during prepuberty and puberty [21,177]. Full horizontal bars indicate the onset and duration of high salt intake in the studies 
revealing a positive evidence for digoxin-like natriuretic factor [178-181], whereas negative studies are depicted as broken bars  
[182-185]. The density of vertical lines reflects the intensity of maturation processes. Modified from our review [32]. 
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The research of genetic hypertension at the 
IPHYS in Prague was started by Dr. Ivan Albrecht who 
received first breeding pairs of spontaneously 
hypertensive rats (SHR) from Prof. Yukio Yamori in 
1972. His measurements of cardiac output revealed that 
the prepuberty is a hyperkinetic phase of hypertension 
development in SHR [40,41]. Furthermore, on the basis 
of his original pharmacological interventions he proposed 
the prepuberty as a critical period for the development of 
genetic hypertension in this rat strain [42]. In 1981  
Dr. Kuneš joined the laboratory of Dr. Pavel Hamet in 
Montreal and they started a long-term cooperation on the 
research of several important aspects of genetic 
hypertension. At the beginning they were interested in 
cardiac and renal hyperplasia of newborn SHR [43-46]. 
Ontogenetic aspects of hypertension development in the 
rat were later reviewed in Physiological Reviews in 1999 
[47]. 

 
Jiří Heller and Prague hypertensive rats 

 
In the late 80ties Dr. Jiří Heller (Institute of 

Clinical and Experimental Medicine, Prague) developed  
a new model of genetic hypertension based upon  
Wistar rats – Prague hypertensive (PHR) and 
normotensive (PNR) rats [48]. This form of hypertension 
had many features similar to SHR but the main advantage 
of this model was that PHR and PNR had no 
histocompatibility problems so that kidneys could be 
transplanted between both lines without any signs of 
rejection [49,50]. The cross-transplantation of PNR 
kidney to bilaterally nephrectomized PHR animal 
lowered its blood pressure, while the transplantation of 
PHR kidney to PNR always induced hypertension 
development. This was true even if the transplanted 
kidney originated from PHR animals treated with 
antihypertensive drugs (captopril or nifedipine) since 
weaning [49]. A later study [50] indicated that the 
transplanted PHR kidney is important for the 
development but not for the maintenance of this Prague 
form of genetic hypertension. Using isolated kidneys 
from this model, Vaněčková et al. [51] reported the 
impairment of renal sodium excretion in adult PHR 
animals. Renal endothelin system was considered to be  
a possible candidate for a "hypertensinogenic" substance 
produced by PHR kidney [52]. 

Blood pressure and proteinuria were lowered in 
both PHR and PNR by chronic administration of AT1 
receptor inhibitor losartan, which also prevented later 

development of renal damage in PHR animals [53]. One 
of the most fascinating findings in this rat strain was the 
demonstration of long-term blood pressure effects elicited 
by a brief treatment of young PHR with antihypertensive 
drugs inhibiting renin-angiotensin system. The beneficial 
BP effects were observed in 30-week-old PHR treated 
with losartan or perindopril at the age 5-9 weeks. Blood 
pressure reduction was even enhanced if this 
antihypertensive intervention was repeated at the age of 
15-19 weeks. In addition, this long-term BP reduction 
was accompanied by a substantial antiproteinuric effect 
[54]. Blood pressure effects of early RAS blockade in 
PHR were considerably greater than those that we 
observed in similarly treated SHR [55]. 

 
Recombinant inbred strains as a research 
tool in the research of genetic hypertension 
 

A major stimulus for further research of the 
genetics in SHR was the establishment of recombinant 
inbred (RI) strains derived from SHR and normotensive 
BN.lx rats by Prof. Vladimír Křen and Dr. Michal 
Pravenec [56,57]. Blood pressure in this set of RI strains 
was initially determined by Dr. Kuneš using a direct 
carotid puncture [56]. Later he verified it by 
radiotelemetry measurement [58].The initial papers 
started a very productive international cooperations 
(Theodore W. Kurtz, Tim J. Aitman, Pavel Hamet) 
leading to numerous highly cited papers [59-64] in 
prestigious journals including Nature Genetics [64-70].  
A part of the results on the role of RI strains in the 
progress of genetics in SHR was summarized by 
Pravenec et al. [71,72]. However, the history of this 
extraordinary successful international research would 
deserve a separate review. 

 
Red cell ion transport in experimental 
hypertension 

 
At the same time Dr. Zicha received the 

breeding pairs of inbred salt-sensitive (SS/Jr) and salt-
resistant (SR/Jr) Dahl rats [73] from Prof. John P. Rapp 
(Toledo, OH). In these rats we studied red cell ion 
transport, effect of dietary calcium on blood pressure, 
alterations in arterial baroreflex function, changes in 
particular compartments of body fluids, adrenergic 
vascular innervation etc. [74-78]. In 1987-1988 Dr. Zicha 
studied the kinetics of ouabain-sensitive Na+ and  
K+ transport in erythrocytes of young and old Dahl rats in 



S52   Kuneš and Zicha  Vol. 73 
 
 
the laboratory of Prof. Jochen Duhm in Munich. The data 
obtained in Munich [79] confirmed our earlier study done 
in Prague [74], which disclosed the enhanced ouabain-
sensitive ion transport in red blood cells but a reduced 
activity of Na+-K+-ATPase in young salt hypertensive 
SS/Jr rats. The explanation of these experimental findings 
was simple but shocking. Salt hypertension in Dahl rats 
was associated with two major kinetic abnormalities of 
Na+-K+ pump – the combination of increased affinity for 
internal sodium and decreased maximal transport rate. 
The former alteration is responsible for the enhanced 
ouabain-sensitive Na+ and K+ transport (studied under 
low physiological concentrations of internal sodium), 
while the latter kinetic change caused the decreased  
Na+-K+-ATPase activity (determined under saturating 
Na+ concentrations) [74,79]. Our further studies on 
membrane ion transport in Dahl rats indicated that the 
altered function of Na+-K+ pump was related to 
abnormalities in cholesterol metabolism rather than to  
a mutation in Atp1a1 gene [80-82]. 

In the early 90´s Dr. Hasan Karama Bin Talib 
from Yemen made his PhD Thesis in our lab. He was 
trained in the study of red cell ion transport at Prof. Alan 
R. Chipperfield (Dundee, UK). Thanks to his dedication 
to experimental work we were able to extend our ion 
transport studies to further hypertensive models such as 
DOCA-salt treated rats [83,84], hereditary 
hypertriglyceridemic rats [85] or SHR and RI strains [86]. 
Our papers indicated that enhanced inward sodium leak 
and/or augmented Na+-K+-cotransport are responsible for 

the increased red cell Na+ content, which is compensated 
by the acceleration of ouabain-sensitive Na+ extrusion by 
the Na+-K+ pump. This was in line with our cooperative 
study with Dr. Sergei N. Orlov [87] which revealed  
a higher Na+-K+-ATPase activity and enhanced passive 
K+ permeability in erythrocytes of SHR compared to 
WKY or BN.lx rats. The findings on the red cell Na+ and 
K+ transport in experimental hypertension were later 
summarized in our reviews [88,89]. 

 
New cooperations, new possibilities, new 
challenges 

 
After the Velvet revolution the close cooperation 

of Dr. Zicha and Dr. Kuneš continued not only in 
traditional but also in newly added fields. They became to 
be the Editors of the journal Physiological Research 
(formerly Physiologia bohemoslovaca) published by 
IPHYS since 1954. Dr. Kuneš returned from his second 
stay in Montreal where the attention was focused on 
numerous genetic determinants of high BP in  
SHR - HSP70 [90-92], HSP27 [93], stress genes [94], 
major histocompatibility complex [95] etc. In 1993  
Dr. Kuneš accepted a surprising idea of Dr. Hamet to 
apply for the organization of the congress of the 
International Society of Hypertension in Prague 2002. 
Thus, we spent further 10 years not only with scientific 
research but also with the preparation of this major event 
which brought to Prague almost 8000 participants of the 
first Joint ISH/ESH Meeting (Fig. 2). 

 
 

 
 

Fig. 2. Dr. Kuneš and Dr. Zicha with the President of ISH Prof. Kikuo Arakawa. 
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Fig. 3. The relationship of plasma triglycerides to membrane microviscosity (left panels) and cell calcium handling (right panels) in 
platelets of Wistar rats (green symbols) and HTG rats (red symbols). The data were published in our papers [110, 111]. 

 
 

A new model of Prague hereditary hyper-
triglyceridemic (HTG) rats was developed by Vrána and 
Kazdová [96] and a moderate hypertension was disclosed 
in these animals by our lab [97]. HTG rats were utilized 
to evaluate the relationship of abnormalities in BP, lipid 
and glucose metabolism or ion transport [85,97,98] with 
particular genetic determinants [99-101]. Further studies 
evaluated the role of Cd36 and Igf2 genes in this model of 
hypertension [102,103]. The findings obtained in HTG 
rats were summarized in two review papers [104,105]. 

In 1991 we established a long-term cooperation 
with Dr. Marie-Aude Devynck (Hospital Necker, Paris) 
on the analysis of alterations in membrane structure and 
function, cell calcium handling, intracellular pH 
regulation and platelet aggregation in several 
hypertensive models such as Sabra, Dahl, Lyon and HTG 
rats. Our first joint study, which was focused on the 
effects of sodium on membrane fluidity in platelets of 
Wistar rats, indicated that the changes of intracellular 
rather than extracellular sodium are responsible for the 
alterations of platelet membrane microviscosity in the 
membrane outer leaflet (TMA-DPH anisotropy) but not 
in the membrane lipid core (DPH anisotropy). Sodium 
depletion increased TMA-DPH anisotropy and sodium 
repletion lowered it [106]. The next study in Lyon 
hypertensive (LH) rats demonstrated a positive 
correlation of TMA-DPH anisotropy with the 
intracellular calcium (Ca2+

i) in both platelets and 

erythrocytes, while DPH anisotropy correlated negatively 
with blood pressure and Ca2+

i [107]. DPH anisotropy but 
not TMA-DPH anisotropy was reduced in erythrocytes of 
Sabra and Dahl rats prone to develop salt hypertension in 
which DPH anisotropy also correlated negatively with 
blood pressure [108]. Platelets of LH rats were 
characterized by substantially elevated basal Ca2+

i values, 
higher Ca2+

i levels after thrombin stimulation, and 
enhanced initial rate of thrombin-induced Mn2+ entry 
through the receptor-operated Ca2+ channels. Plasma 
triglycerides but not cholesterol seemed to be related to 
platelet calcium handling [109].  

Platelet or erythrocyte Ca2+
i values were similar 

in HTG and Wistar rats, the same was true for Ca2+ influx 
into erythrocytes. On the other hand, Ca2+

i response to 
thrombin stimulation and Mn2+ entry through the 
receptor-operated Ca2+ channels were reduced in platelets 
of HTG rats [110]. Plasma triglycerides correlated 
positively with platelet TMA-DPH anisotropy and 
negatively with DPH anisotropy. These relationships 
were present in both HTG and Wistar rats but the slopes 
of these relationships were considerably smaller in HTG 
than in Wistar rats (Fig. 3). In addition, platelet Ca2+

i 
correlated positively with TMA-DPH anisotropy and 
negatively with DPH anisotropy, but the slopes of these 
relationships were almost identical in both rat strains 
[111,112]. HTG rats were also characterized by platelet 
hypoaggregability. The initial rate of platelet aggregation 
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was dependent on plasma triglycerides and the slope of 
this relationship was smaller in HTG than in 
normotensive control rats [113]. Furthermore, we tried to 
increase circulating triglycerides by drinking of fructose 
solution or to lower them by gemfibrozil treatment. 
Chronic reduction of plasma triglycerides was associated 
with increased DPH anisotropy, while chronic increase of 
plasma triglycerides was accompanied by decreased DPH 
anisotropy [114]. 

Our experiments also revealed different platelet 
calcium handling in rats with salt-dependent hypertension 
(Sabra and Dahl rats) and those with genetic hypertension 
(Lyon rats). In the former rat strains there was a highly 
significant correlation of platelet Ca2+

i with pulse 
pressure but not with diastolic blood pressure, whereas 
platelet Ca2+

i in Lyon rats correlated with diastolic blood 
pressure but not with pulse pressure [115,116]. Finally, 
we also paid attention to the cytosolic pH (pHi) and Ca2+

i 
in platelets of Dahl and Sabra rats susceptible to salt 
hypertension development. Although there were no strain 
or salt-dependent differences in platelet Ca2+

i, both strains 
had lower cytosolic pHi [116,117]. Basal platelet pHi of 
Dahl rats correlated positively with plasma triglycerides 
and plasma cholesterol and the changes in microviscosity 
of the outer membrane leaflet might be involved in pHi 
regulation [117,118]. The above findings were summarized 
in a review on the abnormalities of membrane function and 
lipid metabolism in hypertension, which was published in 
American Journal of Hypertension in 1999 [112]. 

 
Center for Cardiovascular Research 

 
In 1999 the Center for Cardiovascular Research 

was established to combine the effort and expertise of 
leading Czech cardiovascular investigators. On this 
platform we have met an excellent newly formed research 
team of Dr. Luděk Červenka (Institute of Clinical and 
Experimental Medicine, Prague). He started his study in 
experimental nephrology and hypertension under the 
supervision of Dr. Jiří Heller [119,120]. In 1998  
Dr. Červenka joined the laboratory of Dr. L. Gabriel 
Navar in New Orleans. There he studied the participation 
of renin-angiotensin system in the pathogenesis of  
two-kidney, one-clip Goldblatt hypertension with  
a special focus on renal functions [121-124]. He also paid 
the attention to the salt-sensitive hypertensive mice, in 
which bradykinin B2 receptor was inactivated, showing 
that high-salt diet and angiotensin II infusion induces the 
increase in blood pressure [125,126]. Moreover, genetic 

inactivation of B2 receptor led to the worsening of 2K-1C 
Glodblatt hypertension [127] (Červenka 2003). After the 
return to Prague, Dr. Červenka succeeded to establish  
a breeding colony of Ren-2 transgenic rats (harboring 
mouse renin gene), the breeding pairs being provided by 
Prof. Detlev Ganten and Dr. Michael Bader (Berlin). 
Thanks to a long-term fruitful cooperation with  
Prof. Herbert J. Kramer (Bonn) the experimental research 
performed in Ren-2 transgenic rats covered not only the 
contribution of particular RAS components such as 
angiotensin II receptor subtype AT1A [128,129] or 
angiotensin 1-7 [130,131] but also the role of neuronal 
NO synthase [132,133] and oxidative stress [134-136] as 
well as the influence of salt intake [137,138] or 
anesthesia [139]. Importantly, they demonstrated 
substantial differences in plasma and renal angiotensin II 
concentrations depending on whether the animals were 
anesthetized or conscious. A considerable attention was 
paid to endothelin system. They demonstrated that non-
selective ET receptor blockade reduced proteinuria and 
attenuated cardiac hypertrophy in homozygous  
TGR [140]. Later, they focused on selective ETA receptor 
blockade both in heterozygous and homozygous  
TGR [141-143]. Another important topic of his  
research were CYP-450-dependent oxygenase  
products – epoxyeicosatrienoic acids (EETs) and  
20-hydroxyeicosatetraenoic acid (20-HETE). They found 
higher urinary 20-HETE and lower EETs excretion in 
TGR as compared with normotensive HanSD, suggesting 
that the imbalance between pro-hypertensive and anti-
hypertensive CYP-450 products contribute to hyper-
tension in TGR [144]. The inhibition of 20-HETE 
formation and EETs degradation led to BP decrease 
[145,146]. Dr. Červenka also acquired CYP1a1-Ren-2 
transgenic rats in which hypertension is inducible by 
xenobiotic indole-3-carbinole. Severe hypertension 
develops already two days following its administration 
and is accompanied by substantial body weight loss and 
cardiac hypertrophy [147]. Moreover, impaired renal 
autoregulation precedes the development of hypertension 
in this experimental model [148]. 

Since hypertension is largely caused by the 
enhanced constriction of small resistance arteries together 
with the attenuation of vasodilator mechanisms, we 
directed our research to both in vitro and in vivo 
abnormalities of vascular tone in various form of 
experimental hypertension. We also paid our attention to 
the accelerated growth of vascular smooth muscle cells 
(VSMC) isolated from SHR aorta and to the respective 
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sex differences in this strain. We demonstrated a shorter 
doubling time in VSMC from male SHR compared to 
those from female animals [149,150]. VSMC isolated 
from the aorta of male SHR proliferate more rapidly than 
those obtained from female SHR. Angiotensin II 
stimulation of VSMC growth was more pronounced in 
cells isolated from the aorta of male SHR compared to 
cells from female SHR [151]. Furthermore, we observed 
that the augmented [Ca2+]i response to angiotensin II in 
male compared to female aortic VSMC was dependent on 
Ca2+ influx [152].  

 
The balance of vasoconstrictor and 
vasodilator mechanisms  

 
In 1987 we started to evaluate the contribution 

of various pressor systems to BP maintenance in  
DOCA-salt hypertensive rats [153]. Simultaneously, we 
were inspired by the papers of Dr. Haralambos  
Gavras and Dr. Bernard Waeber [154-157] who 
performed the acute blockade of particular vasoactive 
systems in conscious rats. Therefore, we adapted the 
experimental protocol described by Minami et al. [158] 
for the estimation of the contribution of three principal 
vasoactive systems (renin-angiotensin, sympathetic and 
nitric oxide) to BP maintenance. A sequential blockade of 
these three systems in conscious cannulated animals was 
used for this purpose. This gave us the opportunity to 
study the role of sympathetic nervous system (SNS) 
which seemed to be enhanced in various salt- 
dependent forms of hypertension [76,159,160]. Our first 
studies, which were performed in Dahl and HTG rats, 
indicated the sympathetic hyperactivity and relative  
NO deficiency in both forms of hypertension [161,162]. 
A comparison of BP response to the acute administration 
of tempol (superoxide dismutase mimetic) in young  
and adult Dahl rats suggested a greater involvement of 
reactive oxygen species in young salt hypertensive 
animals [163].  

At that time Dr. Kuneš became a director of 
IPHYS and we established a valuable cooperation with 
Dr. Olga Pecháňová from the Institute of Normal and 
Pathological Physiology (Slovak Academy of Sciences, 
Bratislava). She introduced to us a model of NO-deficient 
hypertension elicited by chronic administration of non-
specific NO synthase inhibitor L-NAME [164-166] and 
we started to examine this model using our techniques. 
One of our first joint papers [167] revealed the 
importance of sympathetic hyperactivity in this form  
of hypertension. We also reported that a considerable part 
of vasodilation persisting in L-NAME-treated rats can  
be abolished by the acute administration of the inhibitors 
of inducible NO synthase. Our further studies indicated  
a similarity of L-NAME-induced hypertension  
in immature and adult rats [169] and a possibility  
to attenuate the development of this NO-deficient form of 
hypertension by chronic N-acetylcysteine (NAC) 
administration [170]. Furthermore, we demonstrated that 
chronic NAC treatment augmented NO-dependent 
vasodilatation, whereas chronic captopril treatment 
reduced sympathetic vasoconstriction in rats with  
L-NAME-induced hypertension [171]. The importance of 
sympathetic hyperactivity in this form of hypertension 
was confirmed in our further study indicating the 
attenuated development of L-NAME-induced hyper-
tension in rats pretreated with pertussis toxin inactivating 
Gi protein [172].  

Within the frame of this cooperation we also 
studied the effects of chronic NAC administration on the 
development of genetic hypertension in young SHR 
(preventive study) [173] and on the maintenance of 
hypertension in adult SHR with established hypertension 
(therapeutic study) [174]. Finally, Dr. Kuneš upgraded 
the original concept that hypertension is a result of the 
interaction between genetic and environmental factors 
[175] by considering the significant role of epigenetic 
inheritance [176] (Fig. 4). 

 
 
Fig. 4. Epigenetic and gene interactions with environmental 
factors during blood pressure ontogeny and hypertension 
development. E1 - En represent environmental stimuli affecting 
expression of genetic information (G1 - Gn) occurring in particular 
critical periods (developmental windows). Modified from our 
review [47]. 
 
 
 
 
 



S56   Kuneš and Zicha  Vol. 73 
 
 
Future perspectives 

 
Another major profit from the collaboration with 

Dr. Pecháňová was the facilitation of the long-term work 
of several young Slovak colleagues in our lab  
– Drs Ludovít Paulis, Silvia Líšková, Mária Pintérová, 
Michal Behuliak and Michal Bencze. Together with the 
return of Dr. Ivana Vaněčková from the Institute of 
Clinical and Experimental Medicine (Prague) in 2010, 
this team was prepared for a further development of the 
Laboratory of Experimental Hypertension in IPHYS. The 
original direction of our research was modified towards 
new hypertensive models (Ren-2 transgenic rats) and new 
mechanisms in blood pressure control and hypertension 
development (role of endothelin, interaction of RAS and 
SNS, central and peripheral effects of angiotensin II, 
mechanisms of sympathetic hyperactivity, contribution of 

Ca2+ influx and Ca2+ sensitization, wire myography for 
the examination of conduit and resistance arteries). Thus, 
we were ready for a new chapter in the history of the 
Laboratory of Experimental Hypertension in IPHYS. 
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Summary 
Starting from simple clinical statistics, the spectrum of methods 
used in epilepsy research in the Institute of Physiology of the 
Czechoslovak (now Czech) Academy of Sciences progressively 
increased. Professor Servít used electrophysiological methods for 
study of brain activity in lower vertebrates, neuropathology was 
focused on electronmicroscopic study of cortical epileptic focus 
and ion-sensitive microelectrodes were used for studies of 
cortical direct current potentials. Developmental studies used 
electrophysiological methods (activity and projection of cortical 
epileptic foci, EEG under the influence of convulsant drugs, 
hippocampal, thalamic and cortical electrical stimulation for 
induction of epileptic afterdischarges and postictal period). 
Extensive pharmacological studies used seizures elicited by 
convulsant drugs (at first pentylenetetrazol but also other 
GABA antagonists as well as agonists of glutamate receptors). 
Motor performance and behavior were also studied during brain 
maturation. The last but not least molecular biology was included 
into the spectrum of methods. Many original data were published 
making a background of position of our laboratory in the first line 
of laboratories interested in brain development. 
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Epilepsy research in Prague started before the 
Institute of Physiology (Czechoslovak Academy of 

Sciences) was founded. Young associate professor of 
neurology Zdeněk Servít formed a group of medical 
students interested in neuroscience. In this group were 
among others Jan Bureš, Olga Burešová, Jozef Zachar 
and Darja Zacharová. When the original Institute of 
Biology of the Czechoslovak Academy of Sciences was 
divided into three independent institutes, Zdeněk Servít 
became the director of the Institute of Physiology. The 
group continued its action for some time [1,2], then 
Zachars left for the newly established Slovak Academy of 
Sciences in Bratislava. Jan Bureš formed his own group 
and prof. Servít continued with new collaborators  
(e.g. Jiří Machek, Jaroslav Šterc, Alena Štercová, Libuše 
Chocholová, Věra Nováková, Zdeněk Lodin and others). 
The official names of the laboratories corresponded to the 
political situation – Department of Central Excitation 
(epilepsy research) and Department of Central Inhibition 
(Bureš´ lab studying spreading depression). One of the 
models frequently used in the laboratory were audiogenic 
seizures [3-8]. 

The new people in the Servít´s laboratory – 
outstanding neurophysiologist Josef Holubář and 
neuropathologist Jindřich Fischer – extended the 
spectrum of methods [9-10] and started to study cortical 
epileptic focus elicited by cobalt implanted into cerebral 
cortex of rats [11-17]. Unfortunately, Josef Holubář died 
in a car accident in autumn 1967. Professor Servít studied 
epileptic phenomena during phylogenesis [18-20]. In this 
research were involved Alexandra Strejčková (originally 
technical assistant, later successful absolvent of Faculty 
of Natural Sciences of the Charles University) and for 
some time also Dan Volanschi from Romania [21-31]. 
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Zdeněk Servít, who became full time professor at the 
Faculty of Pediatrics (Charles University), was also 
active in the Czechoslovak Academy of Sciences and was 
promoted from the corresponding member to the regular 
Member of Academy. He never left clinical epileptology 
and on the background of his older experimental data [32] 
he published an important paper in collaboration with 
a clinical neurologist assoc. prof. František Musil [33]. 
This paper provoked U.S. epileptologists to make a big 
study in soldiers with head injuries from the war in 
Vietnam. This extensive study made a conclusion that 
prophylactic treatment is important in people with serious 
brain injuries but it is not necessary in patients with 
simple brain contusion. Professor Servít continued his 
clinical studies in collaboration with an experienced 
neurologist Miroslav Krištof and their topic was the 
activation of epileptic phenomena by nasal hyper-
ventilation [34-37]. 

I entered Servít´s laboratory in September 1967 
and Professor Servít wanted to involve me in phylogenetic 
studies. At the entrance presentation I showed my results 
from ontogenetic studies of visual and somatosensory 
evoked potentials in rats and immediately after this 
presentation prof. Servít decided that we will study 
phylogenetic and ontogenetic development in parallel. My 
developmental orientation was thus approved and I could 
continue in the research, which started during my student 
years at medical school. 

Further development was affected by political 
events. After hopes of Prague Spring came September 
1968. Professor Servít refused to annulate his signature 
under the manifest „Two thousand words“ qualified by 
the new government and by the leadership of Czecho-
slovak Academy of Sciences as an anticommunist 
manifest. He was progressively withdrawn from his 
positions and finished as a regular scientist. His 
employment was prolonged always only for one month. 
This was contrary to the existing law according to which 
the employee with time-restricted contract must be 
informed three months before the end of the contract 
whether it will or will not be prolonged. The employment 
of prof. Servít in the Institute of Physiology was 
preserved thanks to his medical practice – some of his 
patients were in “good” positions in the communist party. 
After a certain (not short) time his employment was 
prolonged for six months and then repeatedly for one 
year. The only Servít´s position preserved was the 
Member of Academy because this title might be 
withdrawn only if the scientist was participating in 

a criminal action. However, at that time the emigration to 
West was qualified as a crime for which several Members 
of Academy were stripped of their title. 

Professor Servít was also withdrawn from the 
leadership of the laboratory and it was necessary to have 
a new head of the laboratory. We proposed Jindřich 
Fischer to Ladislav Vyklický (at that time a temporary 
head of the institute) and he accepted this proposal. 

Studies of epileptic seizures continued in the 
laboratory but individual scientists had their own topics 
and only occasionally collaborated. Professor Servít with 
Dr. Strejčková continued in the studies of epileptic foci  
in amphibia and reptiles and published their results 
mostly in Experimental Neurology, which was one of the 
leading neuroscience journals at that time. Professor 
Servít also continued his clinical activity not only by 
seeing patients but also by performing some clinical 
research [34-37]. Jiří Machek studied the role of 
potassium ions in direct current potentials of cerebral 
cortex [38-41], Libuše Chocholová was interested in 
cobalt foci [42,43] and pharmacology of hippocampal 
and cortical epileptic afterdischarges in rats with 
chronically implanted electrodes [44-46]. Jindřich 
 Fischer continued in electron microscopic studies of 
semichronic cortical epileptic foci elicited by the 
implantation of aluminium hydroxide into cerebral 
cortex. He demonstrated important changes in neurons 
and astroglial cells [47-54]. Original findings were 
published with the model of cortical stimulation in 
collaboration with Jan Mareš [55-58]. Later he changed 
the model for epileptic foci elicited by local application 
of penicillin on cerebral cortex and in this method we met 
and published a common paper [59]. His excellent 
morphological results were published in good journals 
but the impact of these results was much smaller than 
they deserved. 

Jindřich Fischer died unexpectedly during 
Christmas 1980. Professor Radil tried to include our 
laboratory into his department, but he did not succeed  
and I was established as the head of the laboratory.  
I started in the Institute of Physiology with studies of the 
ontogeny of cortical penicillin foci, especially of 
projection into the contralateral hemisphere  
including synchronization of symmetrical penicillin foci 
[60-62]. The research of this topic continued in 
collaboration with my student Jan Mareš (later associated 
professor at the Department of Physiology of the Faculty 
of General Medicine) and we used also cortical 
stimulation to elicit transcallosal responses and cortical 
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Fig. 1. Fifty-percent convulsant doses of pentylenetetrazol (upper part) and homocysteic acid (lower part). There are two types of 
seizures in either graph: generalized tonic-clonic (GTCS) and minimal clonic (myoclonic) seizures in pentylenetetrazol graph and GTCS 
and emprosthotonic (flexion) seizures in homocysteic acid graph. For both graphs: x-axis – age in days; y-axis – doses in mg/kg. 
 
 
epileptic afterdischarges [63-65]. Model of cortical 
epileptic afterdischarges is used in our laboratory up to 
now mostly in pharmacological experiments. Spectrum of 
epileptic seizures studied was extended by chemically 
elicited seizures, mostly by subcutaneous administration 
of pentylenetetrazol [66-69] (Fig. 1). This model is 
generally accepted in the pharmacology of antiseizure 
medications. 

Personal composition of the laboratory changed 
after the death of Dr. Fischer. Jiří Machek left the 
institute and Marie Kolínová, who started after finishing 
the medical school to work with me and Libuše 
Chocholová, decided to go into neurological practice. 
PhD student of the late Jindřich Fischer, Miloš 
Langmeier, finished his PhD study under my formal 
tutorship and continued morphological studies of 
consequences of epileptic seizures [70,71]. After a short 
time he was attracted by academic career and left us for 
the Department of Physiology of the First Medical 
Faculty, where he successfully defended dissertation to 
become associate professor and later he was promoted to 
the full professor. Collaboration with this Department of 
Physiology (Jan Mareš, Dana Staudacherová-Marešová, 

René Schickerová) continued and all these three students 
finished and defended PhD Thesis under my informal 
tutorship. René Schickerová then decided for clinical 
neurology and left basic research. There were many 
pregraduate students in our laboratory, their results were 
published and all of them continued their career in 
neurology or psychiatry – they were imprinted with 
neuroscience. 

In 1988 I started an extra part time job as a head 
of Department of Pathophysiology of the Third Medical 
Faculty. I spent there seven years and two of my assistant 
professors (Klára Bernášková and Iveta Matějovská 
defended their PhD Thesis under my tutorship. My 
pregraduate student Michal Pohl finished the Faculty of 
General Medicine and started PhD study under my 
tutorship. Among other features of epileptic seizures he 
studied a possible role of thalamus in generation and 
spread of epileptic seizures using spreading depression as 
a tool [72-74]. Another pregraduate student Libor  
Velíšek also decided to stay in basic research. He  
entered the pharmacological program with a focus on the 
antagonists of glutamate receptors [75-80]. We pub-
lished a possibility to elicit flexion convulsions by  
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N-methyl-D-aspartate [81]. This model was later used as 
a background for studies of severe epileptic 
encephalopathies of early age. In 1990 after defending 
her PhD thesis at Faculty of Pharmacy of Charles 
University Hana Kubová came to the laboratory and she 
worked in the field of developmental pharmacology  
[82-91]. In collaboration with Professor Rastislav Druga 
from the Second Medical Faculty she also studied 
morphological consequences of status epilepticus induced 
in immature brain [92,93]. 

Future of the laboratory seemed to be optimistic 
with three young collaborators (Pohl, Kubová, Velíšek). 
In a short time the situation was completely changed: 
Michal Pohl left to a pharmaceutical company, Libor 
Velíšek started his postdoc stay in the Laboratory of 

Developmental Epilepsy at Albert Einstein College of 
Medicine in New York (prof. Solomon L. Moshé) and 
Hana Kubová went to the same laboratory two years 
later. There were also some positive changes, because 
Nina Mikulecká from the Laboratory of Ethology came 
into our laboratory. She started behavioral studies and 
modified many tests for immature rats [94-103] (Fig. 2). 
From the canceled laboratory of František Šťastný came 
Jaroslava Folbergrová and Renata Haugvicová. Jarka 
Folbergrová was an experienced biochemists with her 
own experience in the field of epilepsy and continued in 
her research on the role of glutamate receptors in 
epileptic seizures [104-110]. Renata joined the 
pharmacological developmental program and participated 
in many studies [111-118]. 

 
 

 
 
Fig. 2. The repeated administration of benzodiazepine clonazepam (CZP) to immature rats results to long-term alterations of the social 
interaction including the play behavior in pubescent rats. CZP was administered daily starting at postnatal day (P) 7 till P11 and animals 
were tested at puberty onset (P32) (scheme of experiment is shown at panel A). Play behavior was suppressed in CZP-exposed animals 
by dose-dependent manner (panel C). Examples of social interaction are demonstrated at panel B (A) pouncing, (B) wrestling,  
(C) pinning, (D) following. Modified from Mikulecká et al. [100]. 
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From 1994 I served as a deputy director of the 
Institute of Physiology. In 1995 the Director of the Institute 
Professor Ošťádal abdicated due to his serious health 
problems. I was established as a temporary head of the 
Institute and after two months I was regularly elected to be 
a director. I did not want to have two relatively high 
positions and therefore I finished my activity at the Third 
Medical Faculty. I recommended Libor Velíšek, who came 
back from USA to replace me in the Department of 
Pathophysiology. He stayed there for more than one year 
and then he came back to USA because his wife Jana with 
children refused to return to Prague. We thus lost 
a possibility of collaboration and friendly competition in 
the field of developmental epilepsy. Before the second 
Libor’s leaving to USA Hana Kubová came back and 
continued in the collaboration with Professor Druga 
[119,120] and started a collaboration with Professor Asla 
Pitkanen from Kuopio. This collaboration lasted more than 
10 years and led to a number of outstanding publications 
mostly on the consequences of status epilepticus elicited in 

immature rats [121-123]. One of their common papers 
demonstrated for the first time that status epilepticus 
elicited in rats less than two weeks old resulted in neuronal 
degeneration in thalamus (Fig. 3). This collaboration ended 
when Asla Pitkanen focused her research on posttraumatic 
epilepsy, while our laboratory continued to study status 
epilepticus elicited by pilocarpine. Among postgraduate 
students Pavel Kršek defended PhD Thesis on 
nonconvulsive status epilepticus [124,125] and then left for 
the Department of Child Neurology at the Second Medical 
Faculty. Today he is the head of this department and 
continues to study childhood epilepsies in clinics. Lucie 
Suchomelová (postgraduate student of Hana Kubová), who 
defended her PhD Thesis little later, left for postdoc to the 
laboratory of Professor Claude Wasterlain in University of 
California in Los Angeles. It was a start of a collaboration 
(mostly Hana’s) with Claude who was also involved in 
experimental studies of epilepsy in immature brain 
[126,127]. This collaboration lasted up to 2023 when Prof. 
Wasterlain was retired. 

 
 

 

 
 
Fig. 3. Early life status epilepticus-induced 
neurodegeneration in the mediodorsal 
thalamus. Status epilepticus (SE) was 
induced chemically in P12 rats. The 
distribution of degenerating neurons is 
demonstrated in the computer-generated 
plots (A and C). Degenerating neurons were 
detected using silver staining (B and D), 
Fluoro Jade B staining (F) and cresyl violet 
staining (E) 48 h after SE. Panel (G) 
illustrated activated microglia surrounding 
degenerating neurons. The presence of 
irreversibly damaged neurons was confirmed 
by electron microscopy (H). Modified from 
Kubová et al. [121]. 
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Fig. 4. The overview of dysregulated miRNAs after status epilepticus (SE) induced in adult (adult rat) and infant (rat pup) rats. The 
inner parts specify the stage of epileptogenesis with a short description of seizure occurrence. The middle parts contain the lists of 
dysregulated miRNAs in the respective stages. Upregulated miRNAs are displayed in red, while downregulated miRNA after SE are 
shown in blue. The outer parts list the predicted pathways affected by dysregulated miRNAs in the given stage. Modified from 
Bencurova et al. [176]. 
 
 

Přemysl Jiruška, a postgraduate student of 
Professor Brožek, asked me to be his tutor after Brožek´s 
death. He finished his PhD Thesis and after the 
successfull defense he left for United Kingdom 
(Department of Physiology in University of Birmigham 
led by Professor John Jefferys). There he spent four years 
and published some very good papers mostly on fast 
EEG frequencies and their role in epileptic seizures and 
epileptogenesis [128-131]. He came back after a drastic 
reduction of money for universities in the United 
Kingdom and continued in our laboratory with the 
analysis of EEG [132-135]. In 2021 he left the Institute  
of Physiology and became head of Department of 
Physiology in Second Medical Faculty of Charles 
University where he continues in epilepsy research. In 
2001 Jakub Otáhal entered our laboratory and became 

fully involved in the study of epileptic seizures and their 
consequences utilizing his experience with brain hypoxia 
[136-143]. His collaboration with Jaroslava Folbergrová 
resulted in a series of excellent papers [144-148]. He also 
had four PhD students, two of them finished and 
defended their PhD Thesis (Carol Brožíčková and Tufi 
Brima) [149,150]. 

Two girls started their PhD studies under my 
(Denisa Lojková) and Hana´s (Adéla Máteffyová) 
tutorships and successfully finished their PhD studies 
[151-155]. A little later Grigoryi Tsenov came from 
Ukraine, absolved PhD studies [156-158] and stayed for 
some time in the laboratory before he went to Italy to 
make his postdoc in Verona. After coming back to  
Prague he took a position in National Institute of  
Mental Health and till now he has a small collaboration 
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with our laboratory. 
In the meantime I started to lecture basic 

neurophysiology for physiotherapeuts and nearly each 
year at least one student prepared bachelor or magister 
thesis on motor development of rats and possibilities to 
affect this development by antiseizure medication or by 
treatment with agonist or antagonist of various mediator 
systems [102,159]. The result of collaboration with 
Professor Jana Tchekalarova from Sofia was a series of 
papers on possible effects of caffeine postnatal 
administration [160-168]. It was in accordance with our 
program because one of the topics in the laboratory was 
the role of adenosine in epileptic seizures [169].  
PhD student Petr Fábera prepared his PhD Thesis in this 
field [170,171]. In relation to the role of adenosine in the 
arrest of epileptic seizures we started to study changes of 
excitability after epileptic seizures [172-175]. 

Hana Kubová started collaboration with 
CEITEC and Masaryk University in Brno (prof. Milan 
Brázdil) on microRNA and their regulatory role in 
epilepsies [176,177] (Fig. 4). We also began 
collaboration with neurosteroid group of Eva Kudová 
(Institute of Organic Chemistry and Biochemistry of the 
Czech Academy of Sciences) and with Karel Valeš from 
National Institute of Mental Health in the field of 
neuroactive steroids. This collaboration up till now 

resulted in three common publications [178-180] and 
a patent. In this collaboration we are using not only 
pentylenetetrazol-induced seizures but also a new model 
of temporal epileptic seizures – seizures elicited by 
transcorneal 6 Hz stimulation. In this field we started 
collaboration with Department of Pharmacology, 
University of Utah, Salt Lake City (Cameron S. Metcalf) 
and the first common publication is submitted. 

Present situation in the Department of 
Developmental Epileptology is not optimistic. The 
department is old but still producing good publications. 
On the other hand, many our former PhD students 
continue in epilepsy research at their new leading 
positions. Another positive fact is that Czech 
experimental as well as clinical epileptologists publish 
their results in high quality international journals. 
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Summary 
One element, potassium, can be identified as the connecting 
link in the research of Czech neurophysiologist Prof. František 
Vyskočil. It accompanied him from the first student experiments 
on the frog muscle (Solandt effect) via sodium-potassium pump 
and quantum and non-quantum release of neurotransmitters 
(e.g. acetylcholine) to the most appreciated work on the 
reversible leakage of K+ from brain neurons during the Leao´s 
spreading cortical depression, often preceding migraine. He used 
a wide range of methods at the systemic, cellular and genetic 
levels. The electrophysiology and biochemistry of nerve-muscle 
contacts and synapses in the muscles and brain led to a range of 
interesting findings and discoveries on normal, denervated and 
hibernating laboratory mammals and in tissue cultures. Among 
others, he co-discovered the facilitating effects of catecholamines 
(adrenaline in particular) by end-plate synchronization of 
individual evoked quanta. This helps to understand the general 
effectiveness of nerve-muscle performance during actual stress. 
After the transition of the Czech Republic to capitalism, together 
with Dr. Josef Zicha from our Institute, he was an avid promoter 
of scientometry as an objective system of estimating a scientist´s 
success in basic research (journal Vesmír, 69: 644-645, 1990 in 
Czech). 
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Early times 
 

My first research project in the high school was 
about alopecia. To this day, I can move the subcutaneous 
muscles and thus improve blood circulation and nutrition 
in the hair follicles, so at the age of 82 years, I have 
a lush, minimally gray mane. I used to stop people on the 
street, bald and hairy alike, asking if they could also 
move their hair. It turned out that 80 % of bald 
individuals could not. However, I truly discovered real 
science at the Department of Physiology of the Faculty of 
Science, Charles University in Prague. During the 
summer holidays between the third and fourth semester 
of my pregradual studies, on the recommendation of my 
supervisor, Dr. Ivan Novotný (1931-2021), I started 
experimenting with a Fenn micromanometer made by 
a skillful Faculty glassblower. It measured oxygen 
consumption in an isolated frog muscle. A supposed 
weak depolarization by application of 10 mM 
K+ increased oxygen consumption up to 10 times without 
any muscle contraction. We demonstrated that this 
“Solandt effect” could be inhibited by several substances 
affecting the internal concentration of Ca2+ ions. Years 
later, I asked Ivan why he believed unconditionally my 
measurements. Answer was “I secretly asked the lab 
technician Jane to measure it again after you for extra 
money in the evenings”. The work was published a few 
months later in the journal Nature [1]. However, how 
much the muscle fibers were depolarized without 
contracting was an important question. Dr. Novotný had 
a friend at the Institute of Physiology of the 
Czechoslovak Academy of Sciences (IPHYS), Dr. Radan 
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Beránek, who was experimenting to introduce a method 
of measuring the transmembrane potential of cells using 
glass ultramicroelectrodes. I began to visit the institute, 
and together with Drs R. Beránek and L. Vyklický Sr. we 
implemented this method [2,3]. Stimulators and high-
resistance input amplifiers were manufactured directly in 
the laboratory by Ing. Evžen Ujec, using high-quality 
microtransistors smuggled into Czechoslovakia in the 
pockets of random institutional travelers with Communist 
Party credentials. We directly measured the depolarization 
of muscle fibers by impaling microelectrodes into  
muscle fibers and found that the depolarization  
by potassium remained unchanged despite the blockade  
by physostigmine, ouabain, and caffeine [2-5]. 

At the student research competition in 1961, 
I won a second position nationally behind a team of 
radiophysiologists from Hradec Králové, Czech Republic. 
In 1963, after graduating with honors, I began my 
postgraduate studies when Dr. Beránek returned from 
a year-long stay with Nobel Prize laureate Prof. Bernard 
Katz at University College London. For my dissertation, 
I was tasked to measure dose-response curves of curare 
and atropine inhibition – antagonists of acetylcholine 
receptors (nAChR). Using microelectrodes this was done 
on standard end-plate potentials of innervated rat 
diaphragm muscle after stimulation of the phrenic nerve 
and then after a week of denervation when new 
acetylcholine receptors are formed along the entire length 
of the sarcolemma. An iontophoretic dose of acetyl-
choline (ACh) replaced the nerve. I was deeply  
engrossed in this work; we were a generation hungry for 
new information. Thus, I often slept in the lab, 
conducting experiments and also helping with the 
institute's relocation from Dejvice to the new campus in 
Prague's Krč district. 

When I compared the effect of curare on native 
and denervated nAChRs, I found no difference. However, 
I noticed that the lab assistant, Mrs. Petrtýlová, had 
prepared a stock solution of curare for experiments on 
denervated nAChRs that exhibited peculiar opalescence. 
Upon inquiry, it turned out that the concentration of 
curare was by mistake 10 times higher than for innervated 
rat fibers. Nearly missing this discovery, I corrected the 
concentration error and found that denervated nAChRs 
receptors (similar to those in embryonic muscles) had 
10 times lower sensitivity to this drug and likely had 
a different composition. This was confirmed by 
molecular biology methods. One of the first findings of 
two different subtypes of the same receptor was thus 

made. After my first publication in Nature, Radan 
Beránek and I wrote two articles together, which were 
virtually unchanged when published in the iconic Journal 
of Physiology London, focusing on this surprising 
discovery [6,7]. 

The second paper described how atropine 
reduces and shortens synaptic end-plate potentials. This 
was the basis for the use of atropine in anticholinesterase 
poisoning (sarin, soman, etc.) (Fig. 1) and soldiers carry 
it with them at all times in case of chemical attack. 

 
 

 
 
Fig. 1. Atropine reduces the amplitude and shortens the 
exponential time course (see values of Τ) of intracellularly 
recorded end-plate potentials (F. Vyskočil, unpublished). 
 
 

At that time, we were relatively isolated from the 
rest of the world except for Russia. It was recommended to 
maintain contacts there, so Dr. Beránek sent me to Kyiv 
Ukraine, for a conference. In 1967, I presented our results 
on adult and embryonic receptor types. I traveled to Kyiv 
by train, with some time to explore the beaches along the 
Dnipro and the ancient Ukrainian city with its grand 
boulevard, Khreshchatyk. One afternoon, before the 
conference, I was sunbathing on the Dnipro's shore when 
two young men asked me for a cigarette. They turned out 
to be thieves and stole my new shoes. The next morning, 
before the conference, my colleagues took me to a store 
where I bought some unsightly replacement shoes. 
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On the conference I met an interesting and smart 
man from St. Petersburg named Lev G. Magazanik. We 
spent the entire night discussing neuromuscular junctions, 
science, and we clicked instantly. When I returned to 
Prague, we attended a stage performance of Gogol's play 
“The Government Inspector” in a small theatre. When 
famous Czech actor (Mr. Jiří Kodet) appeared as 
Chlestakov, the impostor posing as the inspector, wearing 
exactly the same shoes I had acquired in Kyiv, I could not 
contain myself and loudly whispered from the second row, 
“Those are my shoes!” The actor glanced at me somewhat 
curiously, wondering what it meant. The costume director 
had gone to great lengths to ensure authenticity, even 
procuring genuine Russian ugly army shoes. 

After completing my postgraduate studies, I was 
supposed to go to the USA for a research internship at 
Prof. Del Castillo's laboratory and then to Prof. Kuffler, 
both renowned neurophysiologists. However, there was 
an incident typical of the communistic time. In the 
Institute of Physiology, like everywhere else, there was 
a local Communist Party organization. Its chairman, 
Dr. Hrůza, left for the West and wrote to the Academy's 
president Prof. Šorm, that he would not return, intending 
to emigrate and denounce the socialist regime. 
Punishment fell not on the guilty but on the innocents. 
Despite being a good organic chemist, Prof. Šorm issued 
a ban on travel to Western countries for Institute of 
Physiology staff. Thus, my trip to the USA was 
cancelled. Then, suddenly, a call came from 
St. Petersburg. Dr. Lev Magazanik had received a special 
six-month stipend for a foreign guest and remembered 
me. We could conduct experiments together, just as we 
had discussed in Kyiv. Frustrated by my thwarted trip to 
America, I accepted his invitation, and my wife and 
I traveled to St. Petersburg. I found that we had to either 
make many technical setups in the laboratory ourselves or 
somehow modify other devices. For example, we 
converted a camera from a captured wartime German 
aircraft into an oscilloscopic camera, which we used to 
record cell potentials and currents. In this Russian 
intellectual environment, there were personalities like the 
biophysicist Sergei Kovalyov, a well-known Russian 
dissident who vehemently protested after the 
1968 invasion of troops to Prague. He was imprisoned, 
and went through the Gulag. When we met years later at 
President Havel's Forum 2000, we reminisced about those 
years that were essentially taken from us by communist 
regimes, preventing us from realizing ourselves in life as 
we might have imagined. 

Together with my colleague Lev Magazanik, we 
made several significant discoveries about nAChRs 
desensitization, the effects of toxins on neuromuscular 
synapses, and the influence of ethanol on glutamatergic 
fly synapses (Fig. 2) [8-19]. One of them [10] was cited 
about 170 times in literature today, the other [15] about 
70 times. At that time, we were nominated for a joint 
Award by the Academy of the Soviet Union and the 
Czechoslovak Academy of Sciences. The problem was 
that I had a career halt status because I was involved in 
the all-academic Committee against the Russian invasion 
in 1968. However, a directive came from Moscow that 
we should receive the award regardless of how 
inconvenient or uncomfortable Dr. Vyskočil might be. 
This demonstrates that good scientific results can be 
appreciated independently of the political system. 
 
 

 
 
Fig. 2. Ethanol shortens excitatory postsynaptic potentials to the 
glutamatergic synapse (where glutamate is the neurotransmitter, 
mediator), but prolongs cholinergic EPSP, the mediator is 
acetylcholine and the receptors are nicotine-type. The resulting 
confusion contributes to drunkenness (after Magazanik and 
Vyskočil, unpublished). 
 
 

After 1968 and the sudden death of Dr. Radan 
Beránek, our cellular neurophysiology laboratory 
underwent little personnel change. I remained alone to 
study intracellular nerve-muscle electrophysiology. 
I enjoyed collaboration with colleagues from the Faculty 
of Science, Charles University in Prague, notably  
Prof. Ladislav Janský and Dr. Jan Moravec in hibe-
rnation neurophysiology [20-22]. Of course, many 
collaborators were from the IPHYS and its 
electrophysiological laboratory. It was Dr. Pavel Hník 
working on physiology of the musculoskeletal system 
using long-term implanted electrodes. Pavel was also the 
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English editor of our local journal Physiologia 
bohemoslovaca, now Physiological Research. 
Furthermore, I made a couple of experiments with Dr. 
Ladislav Vyklický Sr., otherwise studying pain pathways 
[23], and electrical engineer Evžen Ujec, who constructed 
amplifiers, stimulators and studied biophysics and 
morphology of glass microelectrodes [24]. A useful 
cooperation was also with physical chemist Norbert Kříž 
and with excellent biochemists ing. Jan Teisinger and 
Dr. Petr Svoboda, as well as with some other members of 
the Spinal Cord Physiology and Neuromuscular System 
Department. I have collaborated with histological and 
electron microscopy laboratory led by Dr. Jiřina Zelená 
[25] biochemical laboratory of Dr. Ivo Syrový, who 
studied slow and fast muscle myosin [26,27], 
neurochemist Dr. Stanislav Tuček [25] and some other 
specialists and Institute colleagues. Another fruitful 
interdisciplinary works emerged from my contact with the 
lead scientist that time and founder of the concept of 
trophic influence of nerves on muscles, Prof. Ernest 
Gutmann. We studied together the aging neuromuscular 
junction and hormonal effects on skeletal muscle and 
muscle drafts continuously until his death in 1978 [28-35]. 

Numerous studies were performed – as indicated 
later –, while visitors came to our laboratory from USA 
(Prof. Charles Edwards, University of Tampa, Florida), 
Hungary (Prof. Peter Illes and the president of the 
Hungarian Academy of Sciences Prof. Sylvester Vizi), 
Italian and Swedish neurophysiologists Dr. Alfredo Gorio 
and Prof. Stephen Thesleff, Algerian specialist Dr. Nasira 
Tabti, and – after 1989 – Prof. Gerta Vrbová (London), 
Dr. Martin Ward (Newcastle upon Tyne), and 
Dr. Rosemary Jones (Cambridge) [36]. I was also host 
and visitor of many Russian colleagues, primarily from 
Kazan University and the Academy of Sciences under the 
leadership of Prof. Eugeny Nikolsky (Republic of 
Tatarstan, joint State Prize in 1994). Those were the only 
off-line professional relationships when my Western 
personal contacts were denied for political reasons. One 
example of such a successful study across the Iron 
Curtain is an article from the Prague laboratory on non-
quantum release of a mediator on the motor end-plate by 
Prof. C. Edwards (USA), E. Nikolsky (Kazan, SU) and 
me from 1983, cited 110 times [37]. 

As reasons for the ban on trips to the West, the 
directors (first L. Vyklický Sr. and then Z. Drahota) 
recommended me to write to the inviters that I am 
seriously ill or that my grandfather would have a funeral 
at the time of the conference. Occasionally, however, 

I managed to go out for a short period of time, when the 
secretaries of the local Communist Party in our Prague 
district were changing and chaos reigned in their centers. 
This happened, for example, in 1985, when we have 
conducted a study for Journal of Physiology (London) in 
the laboratory of Prof. Thesleff in Lund, Sweden, within 
a few weeks [38,39] or a leak to an Italian laboratory in 
Abano Terme studying gangliosides [40,41]. On the way 
to Lund, Sweden, I arrived in Malmö from Copenhagen 
as the only passenger on board Boeing 747, as I didn't 
possess some 12 Swedish crowns to cross the Öresund 
Strait on a boat like other travelers. Alone at the small 
airport in Malmö, I was looking for some kind of custom 
or other declaration sheet to fill out, as educated by 
“socialist” airports. Sure enough, there was a small table 
with a form in the corner. I started to fill in the fields: 
Name, nationality, birth, where I am going, what I came 
from, by what type of airplane (Boeing 747, I wrote, 
I saw it through the window), what fuel it flies on... That 
struck me, such Swedish thoroughness! There was an 
attendant leaning against the doorposts. So I asked him 
why I should mention it, as I didn't know any type of 
aviation fuel. With a kind smile, he said, “We need to 
know what fuel to fill on your personal plane”. When 
I laughingly said that this Boeing is not my personal 
possession because I am from the East country, where no 
one had such personal aircraft, he asked me “Well, why 
not? Why can't you have your private large-capacity 
plane right in Prague?” 
 
Ion-selective glass microelectrodes 
 

In 1972, we introduced as a second laboratory 
a new technique called ion-selective glass micro-
electrodes for direct measurement of concentrations of 
K+, Na+, Ca2+ and Cl- ions in the cellular environment. 
Liquid ion-exchanger “membranes” in the tiny tip of 
glass microelectrode were developed by J. L. Walker for 
chloride and potassium in 1971 [42]. These liquid ion 
exchangers were smuggled by Dr. Pavel Hník from 
Walker´s laboratory in Salt Lake City to Prague that year. 
Norbert Kříž and me, having already mastered the 
production of the microelectrodes, put together the 
necessary equipment and developed many modifications 
of the technique for recording intra- and extracellular ion 
concentrations [43]. We decided to use the potassium-
specific microelectrodes for testing the hypothesis that 
potassium is released from cells in working animal and 
human muscles to their veins [44-48] and also during 
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Fig. 3. Terminal anoxia. Failure of the sodium/potassium pump in the cerebral cortex of a narcotized rat is evidently due to deficiency 
of ATP during anoxia. (A) Diagram of a rat skull with holes for scanning [K+]e in mM using double-barrel microelectrode. A second 
channel filled with 100 mM NaCl was used for simultaneous recording of the electrical focal potential at the measuring point of the 
cerebral cortex. For the first 3 min after down-stopped breathing by tubocurarine injection (TC), the potassium is still mostly in the cell, 
the pump is more or less working and animal can be resuscitated. After a sudden fast K+ release, (downward drop), this clinical death 
turns into exitus (after Vyskočil et al. [49]). 

 
 

self-propagating wave of Leao´s spreading depression of 
rat brain EEC activity due depolarized neurons probably 
by extracellular potassium [K+]e [49]. This was studied in 
the cooperation with Dr. Jan Bureš from Memory 
Department of our institute. Such high [K+]e has already 
been expected, but its absolute magnitude remained 
unknown. The actual experiments on rat cortex were 
performed in my small, crowded laboratory during  
two weeks of intensive work in the late summer of 1972. 
Already the first results confirmed our expectations: 
intercortical [K+]e rose in a few seconds from the resting 
level of 3 mM to over 60 mM during spreading depression 
and up to 100 mM during terminal anoxia (downward drop 
in Fig. 3). The wave of propagating depression was 
accompanied by a 30-fold increase in the extracellular 
concentration of potassium, which flows from the 
depolarized cells. After a few minutes, K+ was pumped 
back into the cells and the depression moved further. 
Spreading depression is therefore a reversible process, 
ATP for potassium reuptake by the ATPase is plentiful. 

We were fascinated by the reproducibility of 
results and by the power of the method, which offered 
definitive answers to speculation about brain 
microenvironment. It was also surprising that the normal 
[K+]e concentration in rat brain was not the same as in 
blood plasma (5 mM), but significantly lower (3 mM). 
Anoxic total release of K+ led to irreversible brain death 

within 2-3 min [50] (Fig. 3). 
Undoubtedly, other groups were hot on the  

same trail. The feeling that we were participating in  
a race contributed to the exhilarating atmosphere of those 
days as well as to the decision to expedite publication  
by submitting the results in the short-communication 
format [49]. Indeed, results of similar research in Munich, 
400 kilometers from Prague, were published only  
a year later, and publications from six other laboratories 
followed in 1974-1975. Our paper thus became the first of 
a series marking a wave of renewed interest in the 
mechanism of spreading depression, which was  
recognized as a dramatic example of the failure of ionic 
homeostasis in the central nervous system. It was  
used in numerous later studies employing ion-selective 
microelectrodes to demonstrate transmembrane  
shifts not only of K+, but also of Cl-, Na+, H+ and Ca2+ 
during various physiological and pathophysio- 
logical states. This wave crested in the early 1980s, when 
anoxic depolarization started to be used for testing the role 
of excitotoxic amino acids and their antagonists in 
ischemic brain damage. 

The high impact of this paper [49] was already 
obvious in the late 1970s as it won the contest for the 
most-cited week paper in Current Content published by 
the Institute of Scientific information (ISI) in 
Philadelphia. Besides ISI, this study did not receive any 
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particular recognition from the national or international 
academic establishment. Spreading depression has 
recently been linked with the onset of migraine, which 
predominantly affects women. Using a potassium-
selective microelectrode technique, we confirmed in the 
next paper [50] that the threshold [K+]e concentration for 
the initiation of spreading depression in the extracellular 
space of the cerebral cortex in the female rat brain is 
lower more than half compared to the male one. 
 
Non-quantal release of acetylcholine at the 
neuromuscular junction 
 

In the next part of this article, I will describe 
a number of other activities in the research of neuromuscular 
junction and its physiology, pharmacology and biochemistry 
in Cellular Neurophysiology Department of IPHYS and 
adjacent laboratories. With the exception of non-quantal 
release of neurotransmitters, especially of acetylcholine 
(ACh), other aspects will be mentioned only in shortened 
form. There are two principal mechanisms of ACh release 
from the resting motor nerve terminal: quantal (miniature 
and stimulation evoked end-plate potentials, QR) and non-
quantal (NQR); the former being only a small fraction of the 
total, at least at rest [51]. The first demonstrations of non-
quantal transmitter release on mouse and rat diaphragm and 
analysis of the mechanism release, action mechanism and 
physiological significance were obtained in 1977 [52,53]. In 
the series of original articles we then described basic 
research about the NQR which we quantified at end-plate 
zone as hyperpolarization due to a removal of the slight 
depolarization by NQR in anticholinesterase-treated skeletal 
muscles by curare. In mammals, it exceeded ten times the 
similar effect found in frog muscle [cf. 52]. Possible 
mechanisms of the non-quantal release were suggested and 
proved by the inhibition of NQR using vesicular  
ACh-transporter inhibitors, mostly vesamicol [37,54,55]. 
QR means that vesicular ACh-transporter (transferring 
normally Ach into vesicles during their intracellular 
refilling) is incorporated into the presynaptic membrane in 
the moment of the release of quanta, when the vesicular 
membrane spline with the membrane of the nerve endings 
(Fig. 4). This creates an outward directed  
pathway for the non-quantal escape of ACh into the synaptic 
cleft [56]. 

Another candidate can be a choline transporter, 
the inhibition of which also does suppress the NQR. But 
this may be an indirect consequence of choline deficiency 
for ACh production in the nerve terminal [57]. In general, 

the permanent NQR release and hydrolysis of ACh in the 
cleft, together with the quick uptake of the newly 
produced choline, could keep the synthetic machinery 
within the terminal ready for prompt fulfillment of 
different physiological demands when quantal release is 
augmented for example during exhaustive physical work 
[58] and ionic changes around the synapse [58-61]. 
 
 

  
Fig. 4. Scheme of possible mechanism of non-quantal Ach 
release. Follow numbers from 1 to 3. ACh molecules are 
schematized as the full triangles. VAChT – Ach transporter, 
arrows show the direction of Ach movement (F. Vyskočil, 
unpublished). 

 
 
We found further that NQR is undoubtedly  

an important trophic factor in adult neuromuscular contacts 
[62-64] and during end-plate development. It helps to 
eliminate the polyneural innervation of developing 
muscles, supports higher excitability of the end-plate 
subsynaptic membrane by surplus polarization and  
protects the resting membrane potential from 
postdenervation depolarization. NQR might shorten the 
end-plate potentials by promoting postsynaptic receptor 
desensitization when acetylcholine esterase (AChE) is 
inhibited during anti-AChE poisoning [65,66]. It ensures 
higher excitability of the adult subsynaptic membrane  
by surplus polarization and protects the resting  
membrane potential from depolarization by regulating the  
NO cascade and chloride transport [69]. In adult synapses, 
it can also activate the electrogenic Na+/K+-pump, change 
the degree of synchronization of quanta released by the 
nerve stimulation and affects the contractility of skeletal 
muscles via purinergic effects [52,62-71]. 

Apparently NQR is not restricted to the 
cholinergic neuromuscular junction only, since massive 
non-quantal release was shown also at the glutamatergic 
neuromuscular junction of the blowfly larvae and in 
calyx-bearing fibers of the turtle ampula posterior crista. 
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Similar transmitter release (“tonic” release) mediated by 
a transporter was also described in certain brain 
GABAergic synapses playing the role in perinatal 
changes of GABAA receptors from excitatory to 
inhibitory mode [cf. 67]. 

In adult vertebrates, some of the ACh released 
from the nerve terminal might escape hydrolysis by 
AChE if it is released perisynaptically, and might then act 
as a “local hormone” on more remote parts of muscle 
fibers, for example, activating the electrogenic  
Na+/K+ pump. It can also change the degree of 
synchronization of quanta released by the nerve 
stimulation [68]. Non-quantal ACh release can also alter 
the ovalbumin-induced functional properties of 
postjunctional ACh receptors and contribute to the 
disturbance of carbachol-induced contractility of skeletal 
muscles as reported by Teplov et al. [70a]. 
 
Other molecular mechanisms of interaction 
between excitable cells 
 

Over the past decades, we have been interested 
in several molecular mechanisms of chemical interaction 
between excitable cells and factors determining the 
excitability of nerve cells and regeneration, including 
NO pathway. For this purpose, we used tissue cultures of 
dissociated nerve cells, spinal cord of the rat, mouse and 
frog synapses and, of course, neuromuscular junctions. 
Explored techniques were mostly glass microelectrodes, 
ion-sensitive microelectrodes, voltage and current clamp 
including patch clamp and systems for rapid application 
of drugs to particular cell area. Besides open-channel 
blockade, desensitization of nicotinic ACh receptors is 
a classical model of functional fatigue of ion channels. 
We proved as the first that nAChR desensitization is 
dependent on postsynaptic fiber voltage, temperature and 
Ca2+ ions as well as on some otherwise biologically 
inactive substances [10,15,17]. Role of negatively 
charged amino acids in beta 4 F-loop in activation and 
desensitization of alpha 3 beta 4 rat neuronal nicotinic 
receptors was demonstrated together with our students 
and coworkers [69-76]. Occasionally, synaptic events 
were mathematically modeled in respect to NO effect on 
denervated muscle resting potential, ionic changes and 
space conditions in the nerve ending possessing also 
glutamatergic auto-receptors of NMDA-type calcium 
channels [77-83]. We found that muscle NMDA 
receptors regulate the resting membrane potential through 
NO synthase [79]. The structural and functional similarity 

between imidazole derivatives and the known 
NO synthase inhibitor, 7-nitro-indazole suggests that 
imidazole, carnosine and anserine might act by inhibiting 
NO production which is stimulated by glutamate and 
carbachol [84]. Interestingly, an early postdenervation 
depolarization develops faster at end-plates of hibernating 
golden hamsters where spontaneous quantal and non-
quantal acetylcholine release is very small [85]. On the 
other hand, acetylcholine and carbachol prevent muscle 
depolarization in denervated rat diaphragm [86]. This 
coincides nicely with immunocytochemical demonstra-
tion of M1 muscarinic acetylcholine receptors at the 
presynaptic and postsynaptic membranes of rat 
diaphragm end-plates [87,88]. 
 
Synchronization over time of evoked quantal 
release 
 

Another mechanism for regulating synaptic 
transmission is the time delay between the presynaptic 
nerve spike and the release of individual quanta, which 
accumulate over time to form the final postsynaptic 
potential. Improved synchronization of individual delays is 
one of the ways to make synaptic signal trans- 
mission much more efficient without any extra energy 
requirements. Extracellular miniature and nerve-evoked  
end-plate currents were measured in the studies of  
synaptic delays between nervous stimulation and the 
outpouring of quanta. It is worth of noting, given the  
long-term non-quantal release of ACh into the end-plate 
cleft, that the long release latencies are even increased by 
acetylcholine [87]. This desynchronization is in contrast 
with synchronizing positive effect of catecholamines,  
adrenaline in particular, on neuromuscular latencies.  
First demonstration and subsequent explanation of the 
beta-adrenergic receptor mediated action on 
synchronization and thus better time synchronization  
of the quantal release was done during my visits in Kazan 
in 1998 and 1999 in the laboratory of Prof. E. E. Nikolsky 
[89-92]. Better synchronization increased the  
amplitude of end-plate potentials by up to 20 %. These 
findings were further elaborated and the somewhat 
complicated relation-ships between the sensitivity of 
different types of skeletal muscles to catecholamines were 
gradually specified.  The truth remains, that adrenaline 
increases the number of spontaneous and nerve-evoked 
quanta and improves synchronization on the mammalian  
neuromuscular end-plate of the skeletal muscles by up to 
40 % [93]. 
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Patch-clamp studies on nerve and muscle 
cells 
 

The patch clamp method is a powerful technique 
used in electrophysiology to measure the electrical 
currents through individual ion channels in cell 
membranes. A fine heat polished glass micropipette  
(tip diameter about 2 μm) is filled with an electrolyte 
solution and brought into contact with the cell membrane 
under microscopic control. The glass microhole has an 
incredible affinity for membrane phospholipids. Gentle 
suction by experimentator´s mouth through plastic 
capillary is applied to the micropipette to form a tight seal 
(gigaohm seal, controlled by microohm-meter on the 
PC screen) between the pipette and the cell membrane, 
isolating a small patch of membrane. The patch clamp 
can be configured in different modes. Cell-attached, 
whole-cell mode, inside-out and outside-out patch and 
even perforated patch, preventing the outflow of cell 
plasma into the attached micropipette. 

The electrical currents of the nano- to pico-
amperes flowing through the ion channels in the patch of 
membrane provide insights into the channel's 
conductance, ion selectivity, and gating mechanisms. It is 
invaluable since the 80's and was soon introduced in our 
laboratory [94] on a home-made apparatus by Ladislav 
Vyklický Sr. and Ladislav Vyklický Jr. with the help of 
other collaborators, namely Dr. Jan Krůšek and 
Dr. Viktorie Vlachová, who are still combining 
mathematical modeling with transfection of artificially 
mutated receptors for pain and other channels. Patch 
clamp microphysiology and micropharmacology is based 
on locally focused one-cell targeted and very fast 
multiple drug application, which was developed by  
Ing. Ivan Dittert in our laboratory. 

We were able to provide first demonstration of 
K+ channel subtypes during myotube formation [95], 
presence of Cl- channels in neuroblastoma cells [96,97] 
and evidence that excitatory amino-acids not only 
activate the receptor channel complex but also lead to 
use-dependent block [98,99]. Several other joint papers 
have pointed to the GABAergic effect of cerebrolysin 
(used to treat vascular dementia), inhibition of glutamate 
transmission by cobalt, etc. [98-104]. Also interesting 
was the finding of the inhibitory effect of the standard 
selective serotonin reuptake inhibitor citalopram on 
Ca2+ currents in cardiomyocytes [105]. With substantial 
help of Dr. Jan Krůšek I was happy to confirm – using 
molecular biology and patch-clamp records – previous 

findings about muscle nicotinic receptors [6], different 
degree of cooperativity in adult, embryonic and mutated 
mouse nAChR in particular [106]. The new data 
 provided the basis for mathematical modeling of the 
course of end-plate currents and prediction of further 
research directions in this synaptic connection [107-111]. 
 
Sodium-potassium membrane pump 
 

Starting with the connection between the non-
quantum outpouring of acetylcholine and the membrane 
Na+/K+ pump [52], the functional correlation between 
Na+, K+-ATPase in membrane fractions and electrogenic 
sodium pump in intact muscle cells was also in the center of 
our experimental interests. We discovered the direct effect of 
acetylcholine on the Na+, K+-ATPase and surplus 
postsynaptic hyperpolarization of muscle fibers that can be 
inhibited by AChR inhibitors such as alpha-bungarotoxin, 
curare and atropine [112]. A discrepancy has been found 
between the inhibitory effects of vanadate on the membrane 
Na+, K+-ATPase (reportedly responsible as a pollutant for 
mental depressions in the industrial areas in England) and 
the Na+/K+ pump of the skeletal muscle. Vanadate in 
concentrations, which are necessary to block the enzyme 
Na+, K+-ATPase activity of membrane fractions, failed to 
inhibit the electrogenic Na+/K+ pump in intact muscle cells 
[113], probably due to non-enzymatic reduction of vanadate 
to the less efficient vanadyl ion [113-115]. We also studied 
the effects of high calcium and calcium-channel blockers on 
Na+/K+ pump [116] and internal calcium measured 
electrophysiologically and by the fluorescent indicator [117]. 
It could be stressed that increase of Ca2+ concentration up to 
10 mM in bath medium induced in diaphragm muscle tissue 
an elevation of intracellular [Ca2+]i accompanied by 
a depression of sodium pump electrogenic activity and 
a depression of energy metabolism [118]. These changes 
may be involved in pathology of muscle tissue during the 
Ca2+ overload. The K+-induced hyperpolarization of  
Na+-loaded mouse diaphragm muscle, enzymatic activity of 
Na+, K+-ATPase and 3H-ouabain binding to rat brain 
microsomes were also affected by K+ channel blockers  
– tetraethylammonium (TEA), tetrabutylammonium (TBA) 
and apamin. TBA, and to a lesser extent TEA in millimolar 
concentrations, inhibited the electrogenic effect of the  
Na+/K+ pump, Na+, K+-ATPase activity, and 3H-ouabain 
binding. The site of action of apamin on Na+, K+-ATPase is 
different from that of tetralkylammonium compounds; it 
apparently decreases the turnover rate of the enzyme [119]. 
Arachidonate (polyunsaturated fatty acid participating in the 
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regulation of membrane fluidity, axonal growth, 
development, memory, and inflammatory responses) was 
also tested on both electrogenicity and ATPase activity 
[120,121]. When applied to Na+-loaded muscles without 
potassium, arachidonate induced an ouabain-sensitive 
hyperpolarization of the muscle fibers. The arachidonate 
also increased the rate of hyperpolarization induced in  
Na+-loaded mouse diaphragm fibers by 5 mM K+. The 
activity of rat brain microsomal Na+, K+-ATPase was 
stimulated by arachidonate in reaction media with reduced 
amounts of ATP or K+ and after short-lasting sonication of 
the samples. It was concluded that, under particular 
conditions, arachidonate might serve as a Na+, K+-ATPase 
activator or inhibitor regulating its ion transport and 
electrogenicity [120,121]. We also found that Na+,  
K+-ATPase of brown adipose tissue and brain responds 
similarly to higher doses of isoprenaline, norepinephrine and 
epinephrine. But this stimulation of brown fat  
Na+, K+-ATPase by catecholamines does not have much 
relevance to the norepinephrine-stimulated thermogenesis in 
this tissue [122]. 

We remotely touched on cosmic muscle physio-
logy when we measured some muscle during modeling of 
hypogravity. Antiorthostatic hindlimb suspension 
(unloading) of rats decreased the resting membrane  
potential (RMP) of skeletal muscle fibers in both fast 
extensor digitorum longus and slow soleus muscle of the  
rat by about 10 % within 7 days and more [123].  
We compared these changes with kinetics of 
neurotransmitter release in neuromuscular synapses of 
newborn and adult rats [124]. 
 
Traveling with older and more recent 
attractions 
 

After the Velvet Revolution in 1989, I was able to 
travel and work at several Western universities. I received an 
invitation to England, for example, where I spent several 
months at University College London in 1991. Together 
with Prof. Gerta Vrbová, an emigrant from 1958, we showed 
how important this non-quantum Ach release is in the 
formation of synapses during the development of an 
organism [65, cf.124]. At that time, I was invited to lecture 
at a number of universities in the UK. At Trinity College, 
Cambridge, four Nobel laureates were present at one of my 
lectures. During my speech, some seemed to be falling 
asleep. But then during the discussion, it turned out that this 
was only my illusion. They asked precisely targeted and 
even slightly uncomfortable questions. First of all, there 

were present Sir Alan Hodgkin and Sir Andrew Huxley, 
who was already in a wheelchair at that time. Both friends 
joined the faculty at Cambridge after conducting  
radar research for the British Air Ministry (1939-1945). 
They remembered that to disguise their success in aerial 
combat against Nazi Luftwaffe with a radar lead, 
 the English propagandists claimed that their pilots ate a lot 
of carrots and had better eyesight than Germans.  
At Trinity College, Hodgkin and Huxley showed 
experimentally that the electrical potential of a nerve fiber 
behaves similarly to submarine electric cables. The third 
Nobel participant on my session was Sir Bernard Katz, 
a neuromuscular superstar, and finally Sir John C. Eccels. 
Interesting, though somewhat sad, was that Sir John was 
divorced after he was awarded the Nobel Prize in 1963 for 
synaptic inhibition in the brain. In 1966 he left his wife, four 
daughters and four sons and married my colleague  
from the Institute of Physiology, Dr. Helena Táboříková. 
She was experimentally rather inept, but she cared  
devotedly for Sir John until his passing at the age of 94. 

Despite sharp and relatively long discussion  
on my topics [125-129] Sir Andrew invited me to Trinity 
College dinner (I admired his sincere prayer in a medieval 
cloak for her Excellence Queen Mother) and then to  
spend the weekend at his house. We discussed the history of 
the neuroscience and with his grand-daughter we played 
joyfully her violin. This sweet girl was very proud that in 
about five minutes she was able to “teach” me how to play 
the violin, even the virtuoso encore “Canary” by 
M. B. Polyakin (Figs 5,6). 
 
 

 
 
Fig. 5. A weekend at Sir Andrew Huxley's (right). 
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Fig. 6. Sir Andrew with his wife Jocelyn in Prague (circa 1997), 
tasting imported wine from Moravia. 
 
 

The violin has accompanied me practically all 
my life. After graduating from high school, I played 
Beethoven's Romance in F major at a local music school 
competition, and the present professor Moravec at the 
Janáček Academy of Music and Performing Arts in Brno 
told me: “If you don't do well in Prague at Charles 
University, study violin, you have a talent test with me.” 
In the end, I was left with violin (as a hobby) and my 
wife, (who liked my Beethoven) to this day. For me, she 
did her modern gymnastics and love. 

The violin often got me out of a precarious 
situation. There is a little incident here from the 90's, 
when my colleague dr. Evžen Amler and I were traveling 
by car (Pontiac) from the University of Geneva to Prague. 
There was a car breakdown, we had to call the yellow 
angel. But we had no money at that time, only 100 DM 
for gasoline in Germany. Before the repairman arrived, 
I played cheerfuly melodies on my violin by the parked 
car, when suddenly a local TV station reporters from 
Bern arrived and filmed us waiting in peace. I said them: 
before the yellow angel helps us, Mozart does it: Ta ta, 
Ta ta, this tata ta... The repairman came, changed the 
injection fuse for two marks but asked for exactly 
100 DM for the trip. But how do we get home? It 
occurred to me to ask the TV reporters for a fee for half 
an hour of violin play. And they actually paid in the blink 
of an eye. I signed the bill with my address and we got to 
Prague with a full tank. About a month later, I received 
a cassette from Bern with the recording. I still have it 
digitized. TV played it to the drivers on Sundays so that 
they would not be surprised by problems when returning 
from the weekend in the country and solve any 
difficulties with a smile as our Czech friends did. 

When my travel ban was lifted, I was also 
invited to give lectures at three Indian universities, 
Bombay, New Delhi and Bangalore. I have presented 
a number of our published as well as still unpublished 
observations on nerve and muscle contacts, from 
earthworm to rats [130-142]. I had quite uncompromising 
discussions with a respected muscular physiologist, 
Prof. Manik Sahani about action potentials of skeletal 
muscle fibers and their sensitivity to tetrodotoxin during 
postnatal-development and old age. Our findings 
documented the gradual exchange of at least two types of 
sodium channels throughout life [142]. This sodium-
channel family eventually expanded to other important 
subtypes affecting for example the pain sensation. 

In Bangalore, in the south of the India peninsula, 
they have a beautiful university campus. The local 
students were at one of my lectures, which I ended with 
some musical interlude – a piece of Bach sonata – and the 
students at that time won the opportunity to have one 
more seminar with me, which they held in the large 
student hall. I said to myself, “That's great, how 
interested they are in my science, they want even more 
knowledge”. When I got there, it turned out that most of 
the students had guitars and other musical instruments 
such as chikara with them, and they did not want me to 
tell nothing more about quantum and non-quantum 
synaptic releases or something like that. They said, “Play 
us some European melodies again, please”. In the pre-
internet era, I played a number of genres on the violin, 
such as the tango Jalousie, Mozart´s Little Night Music, 
Dvořák's Humoresque, Monti's Czardas and so on. They 
liked it very much. So in the evenings I taught several 
local guitarists to play Monti's Czardas note by note until 
my departure. Indians love the violin, but they play it 
along with the zither in a completely different way, 
usually sitting on the ground, resting it on the instep. In 
Bangalore, they even have a large concert hall in the 
shape of a violin and celebrate their famous violinists. 

It is worth mentioning at least one work from 
our group in collaboration with Kazan scientists (Fig. 7) 
[141]. New cholinesterase inhibitors were synthesized, 
based on 1,3-bis[5-(o-nitrobenzylethylammonium) 
pentyl]-6-methyluracilic unit with selectivity towards 
mammalian AChE vs. butyryl cholinesterase E8,9,10,11. 
These inhibitors were found to be efficacious on skeletal 
muscles with the exception of respiratory muscles such as 
the diaphragm. The most selective compound,  
6-methyluracil derivative, C547, was pharmacologically 
profiled on human AChE and BChE. It can be used for 
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specific treatment of pathological muscle weakness 
syndromes in humans of the myasthenia gravis or 
Alzheimer's disease without any sighs of respiratory 
muscle failure. 
 
 

 
 
Fig. 7. Prof. Eugeny E. Nikolsky and Dr. Ellya Bukcharaeva 
receive the Purkyně Prize of the Czech Academy of Sciences from 
the hands of the President, Prof. Helena Illnerová (left) in 1999. 
 
 

I also obtained a stipendium from Fogarty's 
extramural program, which provide funding to perform 
research and to train researchers in a variety of global 
biomedical areas. I spent nine months in the laboratory of 
Prof. Zach W. Hall (University of California in San 
Francisco). He created an interdepartmental neuroscience 
program, which acted as a model for stimulating cross-
disciplinary research. There I learned some molecular 
neurobiology and biochemistry, DNA sequencing and 
targeted mutagenesis. Zach was known for biochemistry 
of the adult, embryonic and brain nAChRs. In the 1970s 
he came to see me in Prague, „to meet the man who gave 
direction to my research” as he wrote to me back then [6, 
cf. 142,143]. We still keep in touch after his retirement 
from the post of Director of the National Institute of 
Neurological Disorders and Stroke, an institution that had 
been in the forefront of brain research since 1950. 

Later, I taught at The University of North 
Carolina at Charlotte, where I informed students, faculty 
members and former collaborators (Dr. A. Urazaev) 
about a number of other aspects of cellular excitability 
that have interested me throughout my career [144-175]. 
These include, for example, the unexpected membrane 
anticonvulsive action of diazepam and prostaglandin E1 
[147], calcium-dependent inhibition by prostaglandin-E1 
of spontaneous acetylcholine release from frog motor-
nerve [148], dual effect of cortisol on the excitability of 
the rat muscle fiber membrane and neuromuscular-
transmission [149]. On the basis of functional properties 

of muscle autografts substituted for the rat levator ani 
muscle [150] a surgical procedure was developed and 
used for many human patients with anal incontinence. 
Some results had to be defended in writing due to the ban 
on travel to Western conferences [151,152]. 

Our interest in hibernation led to an important 
observation that within the temperature range between 
10 °C and 5 °C the activity of Na+,K+-ATPase of hamster 
preparations was about 2.4 times higher than in the case 
of the never-hibernating mouse. It demonstrates  
an adaptation for low-temperature hibernation [153-155] 
preventing hamsters from cold depolarization and death. 

From the experiments on organ level we can also 
mention primary afferent depolarization and changes in 
extracellular potassium concentration induced by  
L-glutamate and presumed antagonist L-proline. It was 
measured in the isolated spinal cord of the frog in 
cooperation with Dr. Ladislav Vyklicky Sr. Our results 
showed that L-glutamate and the hopeful compound  
L-proline act on different receptors [156]. Post-
denervation decrease of intracellular potassium and 
increase of sodium were estimated first time directly, by 
ion-selective microelectrodes, in rat soleus and extensor 
digitorum longus muscle fibers. This explains the 
decrease of resting potential and the onset of post-
denervation fibrillation due to “giant” miniature 
potentials of degenerating nerve-ending origin [157, cf. 
38]. The history of vanadate-vanadyl effectiveness has 
been further supplemented by the knowledge that vanadyl 
(VO2

+) and vanadate (VO3
-) ions inhibit the brain 

microsomal Na+,K+-ATPase with similar affinities and 
showed protective abilities of the transferrin and 
noradrenaline [158-162]. 

The effects of the replacement of K+ by Tl+,  
Rb+, and NH4

+ on the muscle membrane potential 
confirmed the degree of selectivity of the voltage-
dependent K+ channel (delayed rectifier) in frog nerve 
and muscle. This similarity suggests that the resting 
membrane potential is controlled mainly by this channel 
[163]. This fact should always be taken into account 
when studying hyperpolarization and depolarization 
effects, e.g. N-methyl D-aspartate (NMDA), anion-
transport inhibitors, catecholamines or venoms and toxins 
[164-169]. 

My interest in the physiology of the heart was 
manifested by measuring the activities of [K+]e and 
[Ca2+]e during cardiac contraction using suction  
ion-sensitive electrode. The application of negative 
pressure of -40 kPa (-300 mm Hg) for 10 min under  
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a suction electrode placed on the surface of the 
spontaneously beating frog ventricle showed changes the 
[K+]e activity in three phases: a phase of rapidly rising, 
then a slowly decaying phase and a phase of slowly rising 
[K+]e [170]. 

In frog muscle we unexpectedly found nAChR 
desensitization during repetitive end-plate activity  
with high number of released ACh quanta [171]. But it's 
not just synaptic activity that's important. The condition 
of skeletal muscle composed from either red or white 
fibers might also depend on whether they are stretched or 
contracted at rest. Therefore wet mass, resting  
membrane potential, frequency of miniature end-plate 
potentials and the concentration of [3H]ouabain-binding 
sites were studied after 7 days of immobilization of the 
rat soleus (slow) and extensor digitorum longus (fast) 
muscles in the shortened or stretched position and after 3 
and 7 days of remobilization. We observed that the loss 
of muscle mass by 37 % in the rat soleus immobilized for 
7 days in the shortened position is accompanied by  
a membrane depolarization of about 5 mV, a decrease in 
frequency of miniature end-plate potentials by 60 % and  
a decrease of [3H]ouabain binding by 25 %. Only  
minor changes were found in stretched soleus as well as 
in shortened and stretched extensor digitorum  
longus [172]. But it is possible that it is a combination  
of external synaptic and contractile systems within  
the muscle fiber, which determines overall muscle 

plasticity [173]. 
The last two publications presented here are the 

culmination of my collaboration with specialists in 
binding studies, biochemistry of membrane enzymes and 
molecular changes in the structure of proteins and 
masters of the path clamp records. Papers concern 
chemical modifications of melatonin receptors in  
chicken brain, ouabain binding, ATP hydrolysis, and 
Na+, K+-ATPase after chemical modification of these  
ATPases [174,175]. 

In the United States of America, I was invited 
several times to join bluegrass musicians. I admired the 
interesting neuromuscular style, which consists of 
a rhythmic sequence of solo individuals on a given, often 
popular, theme and melody. What was nice was that there 
were no drums in the band, the rhythm is held by 
a wooden or electric bass. Once I was asked to play 
a Czech classic. I chose Dvořák's Humoresque, which is 
the second most famous melody in the world after 
Beethoven's “for Elise”. They soon joined me and we all 
had a good time with variations of the melody in their 
style. I started playing as a violinist and ended up as 
a bluegrass fiddler with the whole band. In a sense, this 
also applies to my scientific career, as this article attests. 
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Summary 
Bone remodeling is energetically demanding process. Energy 
coming from nutrients present in the diet contributes to function 
of different cell type including osteoblasts, osteocytes and 
osteoclasts in bone marrow participating in bone homeostasis. 
With aging, obesity and osteoporosis the function of key building 
blocks, bone marrow stromal cells (BMSCs), changes towards 
higher accumulation of bone marrow adipose tissue (BMAT) and 
decreased bone mass, which is affected by diet and sex 
dimorphism. Men and women have unique nutritional needs 
based on physiological and hormonal changes across the life 
span. However, the exact molecular mechanisms behind these 
pathophysiological conditions in bone are not well-known. In this 
review, we focus on bone and BMAT physiology in men and 
women and how this approach has been taken by animal studies. 
Furthermore, we discuss the different diet interventions and 
impact on bone and BMAT in respect to sex differences. We also 
discuss the future perspective on precision nutrition with 
a consideration of sex-based differences which could bring better 
understanding of the diet intervention in bone health and weight 
management. 
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Introduction 
 

Bone is a complex, continually changing tissue 
that provides mechanical support for ligaments, tendons 
and joints, protects vital organs from damage, and serves 
as a reservoir for phosphate and calcium in maintaining 
regular mineral homeostasis [1,2]. Bone matrix contains 
several types of collagens including type I collagen [1] as 
well as non-collagenous proteins and growth factors, 
which are unique to bone tissue and important for 
mineralization. 

The bone tissue consists of two main parts: 
dense cortical bone, forming a solid outer layer, and 
porous trabecular (spongy) bone, mainly found at bone 
ends and inner parts. Cortical bone makes up 80 % of the 
skeleton, providing structure, while trabecular bone has 
a larger surface area and is less dense and more 
susceptible to rapid loss during increased bone turnover 
[2]. The composition and structure of these bones support 
the skeleton's mechanical functions [1]. 

Under hard core of bone, there is bone marrow 
(BM) which consists of various cell types, including:  
i) hematopoietic stem cells (HSCs) and progenitor HSCs, 
which can differentiate into different types of blood cells, 
such as red blood cells (erythrocytes), white blood cells 
(leukocytes), myeloid precursors for osteoclast formation 
(bone resorptive cells) and platelets (thrombocytes);  
ii) bone marrow stromal cells (BMSCs) which  
can differentiate towards adipocytes or bone forming 
cells – osteoblasts and chondrocytes; iii)) fibroblasts that 
produce connective tissue and support the structure of the 
BM; iv) endothelial cells, and v) nerve cells [3,4]. 



S108   Dzubanova et al.  Vol. 73 
 
 

Another compartment of BM is bone marrow 
adipose tissue (BMAT) arising from BMSCs. BMAT 
makes up to 10 % of whole-body fat mass in lean and 
healthy adults [5]. This overlooked fat depot has been 
considered as an inert filler of the bone cavity for a long 
time. However, increased scientific interest in last 
decades brought new findings on BMAT to be 
characterized as a secretory and metabolically active 
organ that responds to nutritional challenges and secretes 
cytokines that indirectly influence bone and energy 
metabolism [3,5-7]. 

In this review we present the overview of the 
literature in animal and human studies investigating bone 
and BMAT physiology in respect to sex differences. 
Furthermore, we discuss the impact of diet interventions 
and the contribution of different nutrients to bone health 
and BMAT accumulation. As most of the studies has 
been performed in males, it raises a question for the 
precise nutrition how different dietary demands can be 
applied in both sexes with consideration on healthy aging 
and longer life expectancy. 
 
Bone structure and bone marrow composition 
in males and females 
 

It has been well-documented that genetic and 
non-genetic (diet, exercise, age, and sex) factors 
influence bone strength and quality [8]. Notably, sex 
differences in bone morphology, mechanical properties 
and response to mechanical loading have been reported in 
various mouse models [9,10]. Yao et al. [10a] observed 
significant sex differences in trabecular and cortical bone 
geometry and morphology of 4-month-old C57BL/6J 
mice, where male mice had inherently more bone 
compared to female mice, with significantly higher 
cortical and trabecular bone volume and thickness [11]. 
Considering sex difference in humans, the study 
comparing 18-year-old male and female participants 
indicated that despite comparable body size, males have 
greater bone mineral content (BMC) and bone mineral 
density (BMD) at the hip and distal tibia and greater tibial 
cortical thickness which may confer greater skeletal 
integrity in males [11]. In humans, the sexual dimorphism 
is expressed in bone length, BMD and geometry, 
providing men with a potential advantage in bone 
mechanical resistance compared to women [12]. 
Importantly, the study using high-resolution peripheral 
quantitative computer tomography [13] showed larger 
total bone area in distal radius and tibia in young men 

compared to women. Moreover, this study showed, that 
in young men trabecular number and thickness were  
7-20 % higher than in women in both sites and cortical 
porosity was 31-44 % decreased in young women than in 
young men. The distal radius cortex of young women 
carried 14 % more load compared to young men. 
However, bone strength was 34-47 % greater in young 
men compared to women [13]. More studies have 
analyzed the difference of cortical and trabecular 
parameters of lumbar vertebra [14]. Single-energy 
quantitative computed tomography (CT) of lumbar 
vertebrae in subjects of both sexes younger than 40 years 
versus group older than 65 years showed no difference in 
cortical bone of younger subject, but there was significant 
decrease of cortical volume in women compared to males 
caused by aging [15]. However, trabecular volume was 
significantly decreased in adult females compared to 
males with no significant age difference. On the other 
hand, trabecular BMD was significantly lower in old 
female group compared to old males. Another study 
showed age- and sex-related changes of lumbar bone 
microstructure, e.g. decreased cortical and trabecular 
BMD in females leading to increased fracture load of 
analyzed L1-L3 vertebrae compared to men in 6-year 
follow-up study (patients were over 50 years old with  
no previous lumbar fractures) [14]. 

Bone matrix composition and the total collagen 
content might not significantly differ between males and 
females, however, there could be differences in the 
composition or structure of collagen between sexes [16]. 
On the other hand, in mature individuals, the male 
skeleton contains roughly 1400 g of calcium, while the 
female skeleton contains about 1200 g [17]. However, 
there are no specific data on sex-specific content of 
phosphorus in bones. Therefore, further investigation 
might be necessary to better understand physiological 
differences between males and females on the BMC and 
mineralization process. 

In terms of BM cellular composition, several 
studies have identified differences between male and 
female hematopoietic systems [18]. Nakada et al. [19] 
found that males and females have similar basal numbers 
of HSCs and their multipotent progenitor cells. However, 
female HSCs undergo more frequent self-renewing 
divisions without depletion of the stem cell pool driven 
by estrogen receptor alpha (ERα) signaling. Another 
animal study showed that increased estrogen levels 
decrease B lymphopoiesis [20]. Singer et al. [21] reported 
that obese males have increased myelopoiesis and 
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Fig. 1. Major skeleton and BMAT sex differences in adult and elder humans (Created with Biorender.com). 
 
 
increased pro-inflammatory response of macrophages 
compared to age-matched females. However, more 
studies using single cell RNA sequencing are needed to 
dissect sex dimorphism in BM composition, especially on 
BMSC heterogeneity under physiological conditions and 
how it is affected with aging, osteoporotic or metabolic 
challenges in relation to bone homeostasis. Main 
differences in BM composition between sexes have been 
reported in context of BM adiposity, which is discussed 
later in this review. The major differences in skeleton 
between males and females are depicted in Figure 1. 

During the lifetime, bone undergoes remodeling 
(coupling of bone formation and bone resorption) which 
is the process of changing size or shape of bones in 
response to physiological or mechanical stimuli [1].  
An imbalance of these two processes leads to bone 
impairment and bone loss [22]. Several studies 
documented the role of growth hormone and sex steroids 

as key regulators of bone development and growth 
[23,24]. It suggests that sex differences in long bone 
structure may arise from the different hormonal 
environments in female and male BM as BMSCs express 
ERα affecting BMSC differentiation potential and 
expansion in BM [25]. Additionally, the impact of sex 
steroids on the response of bone cells to mechanical 
loading is emphasized, as demonstrated by studies on sex 
steroid receptor knock-out mice [26]. 

Another key factor contributing to the impact on 
bone remodeling in respect to sex differences is aging 
[27]. In perimenopausal and early postmenopausal 
women the remodeling is increased, slowing down with 
further aging but remaining faster than in premenopausal 
women [28]. Remodeling is also slightly increased in 
aging men [27] but there is still a lack of studies directly 
comparing bone remodeling processes in men and 
women. 
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Clinical study including adults with a mean age 
of 50 years, found that female participants have lower 
trabecular parameters compared to men [29]. Khosla  
et al. [30] demonstrated the same results in the cohort of 
90-year-old participants. This discrepancy in bone 
parameter characteristics suggests potential differences in 
skeletal integrity between males and females, serving as  
a critical point for this review. 
 
BMAT development and physiology in males 
and females 
 

BMAT, derived from BMSCs, represents 
important part of BM cavity and its presence changes 
with age, sex and skeletal site. At the birth red BM is 
mostly filled with HSCs, which is substituted during 
adulthood (around the age of 25 years) with yellow BM 
filled with BMAT occupying around 70 % of the BM 
volume, mostly in distal bones [31]. In the literature,  
two types of BMAT have been described: constitutive 
BMAT (cBMAT), which is located within the yellow BM 
of the distal skeleton, where hematopoiesis is nearly 
absent, and regulated BMAT (rBMAT), which is 
localized in the proximal skeleton, where bone 
remodeling and hematopoiesis are active. rBMAT can be 
modulated by different factors such as nutrition, aging 
and endocrine status, while cBMAT is much more inert 
[32]. rBMAT changes in response to ovariectomy (OVX), 
obesity, caloric restriction (CR) and irradiation, are 
typically accompanied by hematopoietic abnormalities 
and/or bone loss [33]. Therefore, the changes in BMAT 
volume are important to be measured in relation to bone 
health and also in respect to sex differences. 

BMAT volume changes through lifetime and its 
distribution and composition are also affected by sex 
[34]. In humans, the expansion of BMAT in long bones 
occurs from distal to proximal sites and is more prevalent 
at distal sites after birth. BMAT is easily detected in 
distal epiphyses of long bones by age of 6-7 years and in 
the midshaft around 12-14 years of age in both sexes 
[35]. Then, in adults aged about 25 years, BMAT is 
occupying approximately 50-70 % of the total BM cavity, 
with at least some bone marrow adipocytes (BMAds) also 
present in sternum, ribs, pelvis and vertebrae [35,36]. In 
lumbar vertebrae, BMAT expands varying from 30 % to 
70 % in both sexes between 8 and 57 years of age, 
respectively [37]. Healthy adult women tend to have 
higher levels of BMAT compared to healthy adult men, 
this difference is particularly evident in the hips and 

femur. In women, BMAT is often distributed in the lower 
extremities, including the hips and thighs, whereas in 
men is more concentrated in the trunk and abdomen 
[38,39]. Notably, the accumulation of BMAT with age is 
also influenced by sex. Females younger than 55 years 
have approximately 5-10 % lower level of BMAT than 
age-matched males [40]. Moreover, the significant 
increase of BMAT in postmenopausal women causes 
about 10 % higher BMAT content than in males at the 
age over 60 years [41]. With aging, both men and women 
experience an increase in BMAT [38,41]. However, the 
rate and extent of this increase may vary between sexes 
influenced by age and pathophysiological and metabolic 
status. In postmenopausal women, there is a significant 
increase in BMAT due to hormonal changes [42]. 
Estrogens play a crucial role in BMAT regulation. 
Reduction in estrogen levels, particularly during 
menopause in women, is associated with an increase in 
BMAT [43,44]. Androgen levels in men may also 
influence BMAT, low endogenous testosterone is 
associated with high BMAT in older men [42]. These 
changes are summarized in Figure 1. 

In contrast, mice have lower BM adiposity than 
humans, but the sequence and timing in bone marrow 
adipocyte development are very similar. In mice, BMAT 
is present in caudal vertebrae as early as one week after 
birth. BMAT may also be found in sacrum and lower 
lumbar vertebral bodies in adults, but it is rare to see 
BMAT in cervical and thoracic vertebrae. BMAT in 
distal tibias are readily detectable at four weeks and 
continue to accumulate until the cavity is filled at around 
eight weeks of age (adults) [45]. BMAT in proximal tibia 
and femur appears later than in distal tibia and caudal 
vertebrae. Male mice usually develop BMAT later and 
less extensively in proximal tibia than age-matched 
females [5,45], which is a little bit different compared to 
humans. Importantly, the different expansion of BMAT 
in males and females during lifetime may differently 
contribute to the bone homeostasis and by secretion of 
bioactive molecules to the regulation of bone remodeling 
and energy metabolism [5,46]. Moreover, since BMAT is 
derived from BMSCs, sex differences in BMAT 
expansion may be caused by different differentiation 
capacity of BMSCs in males and females [4]. However, 
more studies are needed to understand the molecular 
mechanism behind these changes. 

Moreover, the understanding of potential ethnic 
and sex differences in the relationship between BMD and 
BMAT is important for future studies focused on 



2024  Nutrition and Bone Marrow Adiposity    S111  
 

developing of the prevention and treatment strategies for 
bone loss and fracture risk. Shen et al. [47] showed that 
healthy men and premenopausal women had higher total 
body BMD levels than postmenopausal women for the 
same amount of BMAT. The increased BMAT in 
postmenopausal women is linked to osteoporosis and 
impaired bone quality [48]. Understanding these sex 
differences in BMAT is essential for investigating its role 
in bone health, metabolic disorders, and for designing 
targeted interventions in various conditions affecting 
bone and metabolism. However, up to now, prospective 
studies examining BMAT variations with age, sex and 
skeletal sites are still lacking. 
 
Dietary factors affecting bone and BMAT 
 

Besides micronutrients (minerals, vitamins), 
there are also macronutrients like carbohydrates, proteins, 
fat and fiber that are important parts of diet composition 
affecting bone homeostasis. All of these components play 
a critical role in maintenance of bone health and it is 
necessary to keep them in a healthy balance. They can 
have positive or negative impact on bone and fat 
metabolism. Therefore, we will provide an overview of 
animal and clinical studies using different dietary 
interventions in the context of bone health and fracture 
risk in relation to sex differences (summarized in  
Tables 1 and 2). 
 
Diets enriched in carbohydrates and their effect on bone 
and BMAT 

Carbohydrates, especially glucose, are usually 
considered as main sources of energy for cellular 
metabolism in many cell types [49,50]. However, chronic 
exposure to high glucose levels in the body represents 
a pathological condition impairing glucose metabolism 
and leading to insulin resistance, diabetes and bone loss 
[51,52]. Several in vitro studies using osteoblastic cell 
lines (MC3T3-E1) documented a negative impact of high 
glucose (22-30.5 mM) on osteoblast differentiation  
[51-53] inducing higher reactive oxygen species 
production, decreased proliferation and cellular 
mineralization. Negative effect of high-sucrose diet on 
bones in rodents of both sexes has been known for a long 
time [54,55]. More recent studies are adding further 
information about the effect of different saccharides  
on bones. Yarrow et al. [56] reported a negative effect  
of diet enriched with 40 % fructose in 8-week-old  
Sprague-Dawley male rats on bone homeostasis com-

pared to control diet. After 12 weeks of treatment bone 
marrow adipocyte density measured in histology slides 
was increased, while bone volume and trabecular number 
of proximal tibia measured by micro-CT (μCT) were 
decreased by high-fructose diet compared to control  
diet (more details in Table 1). On the other hand, drink-
ing of 10 % fructose during 28 days in adult male  
Sprague-Dawley rats had a deleterious effect on osteocyte 
density, while no difference on BMAT was observed in 
femur compared to control diet [57]. Moreover, 
differentiation analysis of primary BMSCs showed 
decreased osteoblast and increased adipocyte 
differentiation supporting in vivo bone phenotype. 

Testing the effect of different sweetener in 
drinking water (glucose, fructose, sucrose etc.) on bone 
properties of 35-day-old female Sprague-Dawley rats 
during 8 weeks [58] showed no significant changes in 
terms of bone mass and bone strength between the 
groups. However, the increased consumption of glucose 
altered mineral homeostasis which led to decreased 
phosphorus and calcium intake and increased calcium 
excretion compared to fructose beverage suggesting that 
glucose exerts more detrimental effect on bones than 
fructose in female rats, but this study did not investigate 
BMAT in treated rats. 

Negative effects on bone quality were observed 
in 9-week-old C57BL/6 female mice which were treated 
for 10 weeks with high-fat/high-sucrose diet [59]. 
µCT analysis of tibias showed decreased bone mass along 
with lower mechanical properties in high-fat/high sucrose 
diet compared to control diet. Osteoclastogenesis 
expressed as Receptor activator of NFκB ligand/osteo-
protegerin ratio was not affected, but the expression of 
cyclooxygenase-2 was increased suggesting increased 
inflammation. On the other hand, Minematsu et al. [60] 
reported a positive effect of 24-week feeding of high-
fat/high-sucrose diet on bone quality in aging model of 
over one-year-old Wistar male rats measured by  
µCT analysis of trabecular and cortical bone volume  
and biochemical analysis of Tartrate-resistant acid 
phosphatase (TRAP) and calcium levels, while BMAT 
was not measured. 

In humans, the most pronounced effect of higher 
intake of sugar on bones has been observed in teenagers 
who consume excess refined carbohydrates and sugars, 
by increased fracture risk associated with drinking of 
sweetened beverages [61,62]. Moreover, hyperglycemia 
commonly driven by high-saccharide diet is strongly 
associated with increased osteoporotic fracture risk in 
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older patients [63]. However, there is still a lack of 
studies directly comparing the effect of high-saccharide 
diet on bone homeostasis in adult men and women. 
Previous studies were mostly focused on the effect of 
different dietary conditions (including diet enriched with 
saccharides) on fracture risk or BMD in elderly 
population showing a negative association of higher 
glycemic index with increased prevalence of fractures in 
both sexes [64,65]. The different results in animal and 
clinical studies just point out the lack of comprehensive 
studies comparing effect of increased saccharide intake in 
both males and females with a more focus on 
measurement of BMAT in the context of bone health and 
fracture risk. 
 
Calorie-restricted diet vs diet enriched in fatty acids and 
their impact on bone and BMAT 

BMAT is unique in its origin and its response to 
dietary changes. It is known that both caloric restriction 
(CR) and high-fat diet (HFD) may increase BMAT in 
rodents and humans [66-70] (see listed in Tables 1 and 2). 
Many studies have considered BMAT composition and 
quantity in the context of bone health and metabolic risk. 
In mice models, both nutrient challenges (CR and HFD) 
cause enhanced BM adiposity, whereas the 
extramedullary responses are quite distinct [6,71]. 

Moreover, expansion of BMAT with CR 
(10 kcal% fat) has been consistently observed across sex, 
age and durations from 6 to 19 weeks, but the reduction 
of bone mass is not uniformly observed in all mouse 
models. CR of male mice causes bone loss during their 
active growth (three weeks to about three months of age) 
[70,72]. On the other hand, female mice have much 
slighter bone changes despite the significant changes in 
BMAT after CR. Although CR causes bone loss in very 
young actively growing female mice, the effects on bone 
gradually diminish with age [69,73]. It is possible that 
estrogen contributes to differences between sexes. 
Moreover, estrogen deficiency drives BM adiposity in 
mice and can act as an interactive component associated 
with dietary changes [74,75]. Devlin et al. [70] studied 
the effect of 9-week CR in 3-week-old male mice and 
they reported significant elevation in BMAT volume 
which was associated with decreased cortical bone mass 
in the femur. Interestingly, another study of 12-week CR 
in 6-month-old female Sprague Dawley rats reported 
decreased body weight but an increase in bone marrow 
adipocytes in proximal femur and tibia, and decreased 
BMD of the proximal tibia [76]. 

The effects of CR on BMAT in human studies 
are not clear, with some reports showing an increase in 
BMAT [68,77,78], whereas others demonstrating no 
change or less BMAT [79,80]. However, discrepancies 
between these studies may be affected by different age, 
sex, treatment protocols or the method of BMAT 
evaluation (Table 2). Interestingly, CR is considered to 
have health benefits including reduced adiposity, 
improved metabolism and increased lifespan; however, 
a downside includes effects on bone and BMAT. Fazeli  
et al. [66] revealed in an acute 10-day high- 
calorie feeding protocol followed by a 10-day fasting 
protocol in healthy men that BMAT elevated in response 
to both interventions, but the pathophysiology and cues 
for these changes may differ. Furthermore, 18 months  
of randomized dietary interventional study with 
138 participants (including men and women, mean age 
47.8±9.1 years) showed that physiological weight loss 
can transiently reduce BMAT (MRI quantification) in 
adults with a more prominent effect in younger adults of 
both sexes [81]. Another study determined by proton 
magnetic resonance spectroscopy that women with 
anorexia nervosa have elevated BMAT content in the 
lumbar spine as well as in the femoral diaphysis and 
metaphysis compared with normal weight control group 
[67]. Taken together, preclinical models of CR and 
various nutritional status can differently affect BMAT 
volume and composition in animal models and humans 
with different response in respect to sex, age, strain, site-
specificity and treatment protocol. Thus, it seems that the 
mechanisms underlying these changes are different 
between men and women. Giving the evidence of BMAT 
accumulation under different metabolic conditions, future 
strategies are needed to define causal mechanism and 
better reveal the age and sex contribution. 

The diets with different content of saturated and 
unsaturated fatty acids (FA) can have detrimental or 
beneficial effect on bone, fat metabolism and 
homeostasis. The role of saturated and unsaturated FA in 
bone and fat homeostasis can exhibit sex-specific 
differences. In general, females tend to have higher levels 
of essential body fat mass for reproductive and hormonal 
reasons [11,82]. However, dietary patterns play a key role 
in how saturated and unsaturated fats affect bone 
metabolism [83]. Consuming an excessive number of 
calories or maintaining an unbalanced diet, typically 
characterized by the presence of saturated and trans-
unsaturated FA, is associated with an elevated body mass 
index, obesity and complications that impact both bone 
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and fat metabolism [84]. HFD enriched in saturated FA 
induces increased inflammation and oxidative stress, and 
thus affecting bone density and increasing fracture risk 
[6,85,86]. Studies using HFD in rodents aimed to induce 
metabolic changes leading to increased BMAT and bone 
impairment. The impact appears to depend on factors like 
the duration of the HFD and the percentage of fat content. 
Prolonged exposure to a HFD (4 kcal%) may initially 
increase bone mass, but over time, it seems to lead to 
decreased bone formation and turnover, potentially 
associated with metabolic impairment in male mice [87] 
and ovariectomized 6-month-old female rats [88]. Diets 
with higher fat content (60 kcal%) are generally 
associated with more detrimental effects by increasing 
BMAT and bone loss [6], decreasing cortical and 
trabecular thickness and increasing bone porosity more in 
males than females [89,90]. On the contrary, lower fat 
content diets (42 kcal%) may have an anabolic effect on 
bone, at least over a more extended period, in mice of 
both sexes [91]. Our previous study and others [6,89] 
using 8-week-old male C57BL/6J mice showed that  
12-week treatment with 60 kcal% HFD decreased bone 
volume and increased trabecular separation and cortical 
porosity of proximal tibia. Moreover, bone formation rate 
was decreased in tibia as well as in vertebrae compared to 
control diet. Furthermore, BMAT analysis using 
hematoxylin-eosin staining and osmium-tetroxide 
staining showed increased adiposity in proximal tibia 
after HFD diet, which was accompanied by increased 
adipocyte differentiation of primary mouse BMSCs. 
According to these studies, the higher is saturated fat 
content, the more damage is delivered to a bone. Findings 
from other studies focused on the effects of obesity on 
BMAT changes are well summarized in our previous 
review [7]. 

Conversely, it is considered that the 
incorporation of unsaturated FA, particularly omega-3 
polyunsaturated FA (omega-3 PUFAs), have a more 
favorable impact on BMAT and overall bone and fat 
homeostasis in both males and females. Furthermore, 
unsaturated FA play a role in fat homeostasis by positive 
influence on overall body fat composition. 
Docosahexaenoic acid (DHA; 22:6n-3) and 
eicosatetraenoic acid (EPA; 20:5n-3) as main repre-
sentatives of omega-3 PUFAs help to reduce the 
accumulation of excess fat and improve glucose 
metabolism in metabolic complications [92,93]. 

Animal studies employing HFD supplemented 
with omega-3 PUFAs in osteoporotic models 

demonstrated a reduced negative impact on bone loss and 
BMAT [94,95]. Our recent study using omega-3 PUFAs 
supplementation in C57BL/6N male mice for two months 
[96] or other study using 6-month dietary intervention 
[97] decreased BMAT and prevented bone impairment. 
Human study focused on different types of omega-3 
PUFAs and hip fracture risk, involving men and 
postmenopausal women, found that higher alpha-
linolenic acid consumption was linked to a decreased risk 
of hip fractures in women but not in men. Interestingly, 
there was no correlation between intake of EPA+DHA 
and the risk of hip fractures [98], which was confirmed 
by other study focused on male and female participants 
aged 65 years or older [99]. Senile osteoporotic women 
treated with combination of PUFAs and calcium 
maintained lumbar and increased femoral neck BMD 
compared to control group [100]. While current evidence 
in humans does not strongly support a positive 
relationship between omega-3 PUFAs and human 
osteoporosis prevention or treatment, it suggests potential 
benefits when incorporating omega-3 PUFAs into the diet 
rich in calcium, vitamins, and minerals or concentrated 
oil mixtures with other PUFAs. To comprehensively 
explore the effect of omega-3 PUFAs on fracture risk, 
further large-scale investigations are needed, particularly 
focusing on the treatment with different types of omega-3 
PUFAs on bone quality. The intake of EPA, DHA and 
EPA+DHA has been found to be significantly higher in 
males than females in several age categories [101]. While 
there may be some sex-specific differences in bone health 
and susceptibility to conditions like osteoporosis, the 
effects of saturated and unsaturated FA on bone and 
BMAT are generally similar for both sexes. More details 
are summarized in Table 2. A diet rich in unsaturated fats 
and low in saturated fats is recommended to promote 
healthier bone and fat homeostasis in both males and 
females. 
 
Protein-enriched diet and its effect on bone and BMAT 

The optimal dietary protein intake has been 
studied for decades, as non-pharmacological approach 
how to maintain skeletal health in adults. It is also 
becoming clear that protein and their individual amino 
acids (AA) can have different effects on cell function 
and impact on bone formation. However, it is still 
unclear whether dietary protein exerts a positive or 
negative effect on bone health. Protein undernutrition is 
a known factor in the pathogenesis of osteoporotic 
fracture in the elderly, but the mechanisms of bone loss 
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resulting from this deficiency are still poorly 
understood. The details of these studies are summarized 
in Tables 1 and 2. On the cellular level, it has been 
shown that protein malnutrition induced increased 
adipocyte differentiation of BMSCs isolated from  
2-month-old male Balb/c mice fed for 3 weeks with 2 % 
low-protein diet compared to 12 % control protein diet. 
This protein malnutrition led to impaired hematopoietic 
microenvironment and inducing the BM failure [102]. 
Similar results were observed in another study using 
C57BL/6N male mice with the same protein 
supplementation on impaired HSC differentiation 
towards lymphoid, granulocytic and megakaryocytic-
erythroid lineage [103]. In animal models, both low and 
high dietary protein intakes have shown to suppress the 
acquisition of bone mass and the increase in bone 
strength during growth in comparison to moderate 
protein intake [104-108]. Takeda et al. [104] showed the 
effect of different levels of protein diet in growing  
5-week-old male rats after 2 months of dietary 
intervention. Measurement of BMD and bone strength 
by dual-energy X-ray absorptiometry (DXA) and  
three-point bending test revealed suppressed acquisition 
of bone mass and increased bone strength with low 
protein diet compared to medium and high protein diets. 
Furthermore, Dubois-Ferrière et al. [105] reported that 
mechanical properties measured by three-point bending 
test and bone microstructure were decreased in  
6-month-old Sprague-Dawley female rats fed with low-
protein diet for 10 weeks. Another study [106] using  
a selective isocaloric protein-restricted diet in adult 
female rats showed similar detrimental effect on both 
cortical and trabecular parameters, through the impact 
on the insulin-like growth factor 1 (IGF-1) and sex 
hormone regulation. Prevention design of the study 
using casein or soy protein supplementation in  
CR-induced bone loss in 8-month-old Sprague-Dawley 
male rats did show a beneficial effect on bone mass 
[109]. Moreover, Wright et al. [108] investigated the 
effect of 12-week feeding of four CR diets varying in 
predominate protein source (beef, milk, soy, casein) and 
protein quantity (control diet 15 % vs. high-protein diet 
35 %) on bone and body composition outcomes in  
32-week-old female rat model of postmenopausal 
obesity. Overall, CR had a negative impact on bone 
parameters with different extent depending on the 
protein source. Thus, these results suggest that specific 
protein source recommendations may be needed to 
attenuate the adverse alterations in bone quality 

following a high-protein CR diet in a model of 
postmenopausal obesity. Other animal studies 
supporting these results are summarized in Table 1. 
However, none of these studies measured BMAT in the 
context of bone health.  

The effects of protein diet in humans have been 
studied in various conditions. However, it is not well-
known whether this dietary intervention can modulate 
the BMAT volume. Trudel et al. [110] investigated the 
effect of high-protein diet and bed rest interventions 
(two bed rest campaigns consisted of 7 days of baseline 
data collection, 21 days of head-down tilt and 6 days of 
recovery) in healthy men on the lumbar BMAT volume 
showing no change of lumbar bone marrow fat fraction 
measured by MRI. In a different study combining bed 
rest and a high-protein, leucine-supplemented diet, 
8 healthy women aged 25-40 years, showed no change 
in lumbar fat fraction [111]. Even 18 months of protein 
supplementation in diet did not improve lumbar spine 
BMD measured by DXA in 208 older women 
(70.5±6.4 years) [112]. Cao et al. [113] demonstrated 
that short-term consumption of high-protein diets 
(31 days) during CR did not disrupt calcium 
homeostasis and it was not accompanied by any changes 
of BMC and BMD in young adult men and women aged 
20-21 years. Arjmandi et al. [114] found that one-year 
supplementation with soy protein positively modulated 
markers of bone formation in postmenopausal women 
(≤ 65 years), but on the other hand this amount of 
protein was unable to prevent lumbar and whole-body 
bone loss. Contrary, Holm et al. [115] showed that 
whey protein supplementation resulted in superior 
improvements in femoral neck BMD and bone 
formation during 24 weeks of strength training in 
postmenopausal women (55±1 years). The observed 
differences following such a short intervention 
emphasize the significance of post-exercise nutrient 
supply on musculoskeletal maintenance. All published 
studies of protein enriched diet and its effect on bone 
and BMAT are summarized in Table 2. 

Taken together, animal and clinical studies 
regarding the impact of protein intake on bone health 
and BMAT are not very conclusive as the studies differ 
in the design, targeted group of subjects and methods of 
bone and BMAT evaluation. Further studies are needed 
to study the impact of low or high protein intake on 
bone and BMAT parameters in relation to prevention 
strategies to decrease fracture risk. 
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The diet with essential branched chain amino acids 
(BCAAs) and its effect on bone and BMAT 

Several studies suggest that further attention is 
warranted to the impact of specific AA on skeletal health, 
rather than just considering protein content as a whole. 
BCAAs, which include valine, leucine, and isoleucine, 
account for upwards of 40 % of the preformed AA. These 
are essential AA that must be acquired by dietary intake 
[116]. However, there is a lack of studies on the effects of 
BCAAs on skeletal health and BMAT. In animal studies, 
in vitro BCAAs supplementation increased metabolic 
activity and proliferation of BMSCs and enhanced the 
immunomodulatory capacity of BMSCs by decreasing 
the p-NFκB/NFκB ratio and increasing synthesis of the 
anti-inflammatory mediators TGF-β and PGE2 [117]. 
Furthermore, Mu et al. [118] reported that BCAA 
supplementation in 4-month-old male C57BL/6J mice 
increased body weight, lean mass, and fat mass with 
increased adipose tissue inflammation and worsen insulin 
sensitivity compared to mice fed with low-protein diet. 
These data suggest that dietary protein levels and BCAAs 
play a role in modulating whole-body metabolism. 
However, in this study they did not measure impact on 
bone and BMAT. More animal and human studies 
investigating the effect of BCAAs on BMAT and bone 
formation are needed in respect to sex differences. 
 
Amino acids enriched diet and its effect on bone and BMAT 

Another AA supplementation in diet showed that 
N-acetylcysteine in HFD diet in male C57BL/6 mice fed 
for 17 weeks showed protection from HFD-induced bone 
impairment measured in distal femur, which was 
accompanied by decreased bone resorption but the 
measurement of BMAT parameters was missing [119]. 
Cysteine is linked to the methionine metabolism. Animal 
study using a 12-week feeding of methionine-enriched 
diet induced increased bone fragility and reduced bone 
quality in Wistar rats, especially in the cancellous bone 
[120] without BMAT measurement. However, the 
feeding of methionine-restricted diet for 5-12 weeks, 
which was aimed to improve glucose metabolism in 
young male and female mice as well as in aged male mice 
(C57BL/6J), caused similar negative impact on bone 
lengths and trabecular parameters accompanied by 
decreased osteoblast differentiation, while preserving the 
bone strength compared to control group [121-123]. 

Selenium in the form of selenocysteine is critical 
for bone remodeling. Recent study by Kim et al. [124] 
defined a negative effect of selenoprotein W on bone 

mass by stimulating osteoclastogenesis in bone as 
selenoprotein W-deficient mice exhibit high bone  
mass phenotype. Selenoprotein is usually made  
from selenocysteine. In rats, femoral BMD was in-
creased by 77 % together with improved bone growth 
andn development with supplementation of  
L-Se-methylselenocysteine in selenium-deficient rats 
[125]. 

Even, a combination of different AAs could 
have a positive effect on bone health as showed in the 
study of Ding et al. [126] using 8-week-old male 
C57BL/6J mice treated for 2 months with low-protein 
diet supplemented with either a triad of serine, valine and 
threonine or a triad of phenylalanine, tyrosine and 
tryptophan. This AA-supplemented diet had a positive 
effect on BMSC proliferation and osteoblast 
differentiation. 

In humans, the presence of specific AA in the 
diet has been linked to various aspects of bone health. 
Studies have indicated that a diet enriched with vitamin 
D, calcium, and leucine can potentially increase BMD in 
sarcopenic older adults [127]. Furthermore, post-
menopausal women with high BMD levels were found to 
have higher concentrations of certain AA, including 
leucine, valine, and tyrosine, suggesting potential 
associations between these AA and BMD [128]. 
Conversely, lower intake of phenylalanine in patients of 
both sexes (8-16 years) has been linked to reduced BMD 
values [129]. Additionally, studies have demonstrated 
that tryptophan supplementation can stimulate BMSC 
proliferation and differentiation, potentially through the 
upregulation of the RUNX2 expression factor [130,131]. 
Despite a positive association between high tryptophan 
intake and hip BMD in individuals aged over 45 years, it 
was concluded that excessive tryptophan consumption 
may not play a critical role in bone health [132]. 
 
Glutamine-enriched diet 

Glutamine represents a non-essential AA, which 
plays important role in regulation of oxidoreductase 
activity and inflammation [133]. Glutamine enrichment 
of the diet has been shown to have a positive effect on 
bone metabolism [134]. Glutamine metabolism plays 
a pivotal role in regulating BMSC proliferation, lineage 
allocation and osteoblast differentiation [134,135]. 
Recent study using knock-out of key enzyme of 
glutamine metabolism, glutaminase, reported negative 
effect on bone formation manifested by reduced 
osteoblast numbers and increased adipocyte 
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differentiation, highlighting the critical involvement of 
glutamine metabolism in BMSC function and bone health 
in mice [134]. 

Furthermore, Blais et al. [135] showed that 
monosodium glutamate supplementation of low-protein 
diet in 8-week-old Balb/C female mice increased 
glutamine plasma levels, increased BMD, trabecular and 
cortical bone microarchitecture, osteoblast differentiation 
and improved bone quality compared to mice under 
protein restriction. However, supplementation did not 
restore these parameters to the levels obtained in animals 
fed with control diet [135]. 

In addition, glutamine contributes to proline 
production, an important AA for collagen synthesis and 
connective tissue formation. This cascade of effects 
underscores the positive impact of glutamine on bone 
tissue, reinforcing its significance in bone health [136]. 
Hanaa et al. [137] reported the potential beneficial effect 
of oral administration of glutamine in ovariectomized 
female Sprague Dawley rats (starting 3 months after 
OVX and lasting for further 3 months) documented by 
increased 1,25(OH)2D3, IGF-1 and TGF-β levels, along 
with improved BMC and BMD. Notably, glutamine 
supplementation fosters the production of glutathione, 
a potent calcium enhancer through calcium sensing 

receptor activation. However, more studies are needed to 
investigate the effect of glutamine supplementation on 
bone health and BMAT formation in different animal 
models and human studies. 
 
Conclusions and future perspectives 
 

The importance of healthy and well-balanced 
diet is crucial, as shown by several animal and clinical 
studies of different ages and metabolic conditions.  
It helps to counteract the negative effects of obesity, 
osteoporosis and aging on bone health, reducing the risk 
of fractures. Presence of BMAT in different stages of life 
span may differ between sexes. However, its impact on 
bone mass in males and females are still not well-known 
(Fig. 2). Even though there are some mild differences in 
nutrient levels among sexes, the impact of dietary 
intervention and nutrient supplementation on bone health 
is similar and the major determinant of bone health. 
There are differences between men and women in steroid 
hormone levels, which could primarily drive the 
heterogeneity of BMSC and HSC populations in BM 
affected by ERα signaling in response to hormonal or 
nutritional stimuli participating in bone formation. 

 
 

 
 
Fig. 2. The effect of different diet interventions on bone and BMAT in humans and mice with respect to sex differences. ↑ increased, 
↓ decreased, N/A – not available (Created with Biorender.com). 
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However, more detailed and well-controlled 
clinical studies are needed to determine the best nutrient-
enriched diet designed for each subject individually as their 
metabolism can differ and much of what is known about 
bone health and BMAT analysis is based on the research 
conducted in male mice. We move into the era of precision 
nutrition, understanding these sex-based differences may 
help to optimize recommendations and interventions 
chosen to support bone health and weight management. 
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Summary 
Redox status plays a multifaceted role in the intricate physiology 
and pathology of pancreatic β-cells, the pivotal regulators of 
glucose homeostasis through insulin secretion. They are highly 
responsive to changes in metabolic cues where reactive oxygen 
species are part of it, all arising from nutritional intake. These 
molecules not only serve as crucial signaling intermediates for 
insulin secretion but also participate in the nuanced 
heterogeneity observed within the β-cell population. A central 
aspect of β-cell redox biology revolves around the localized 
production of hydrogen peroxide and the activity of 
NADPH oxidases which are tightly regulated and serve diverse 
physiological functions. Pancreatic β-cells possess a remarkable 
array of antioxidant defense mechanisms although considered 
relatively modest compared to other cell types, are efficient in 
preserving redox balance within the cellular milieu. This intrinsic 
antioxidant machinery operates in concert with redox-sensitive 
signaling pathways, forming an elaborate redox relay system 
essential for β-cell function and adaptation to changing metabolic 
demands. Perturbations in redox homeostasis can lead to 
oxidative stress exacerbating insulin secretion defect being 
a hallmark of type 2 diabetes. Understanding the interplay 
between redox signaling, oxidative stress, and β-cell dysfunction 
is paramount for developing effective therapeutic strategies 
aimed at preserving β-cell health and function in individuals with 
type 2 diabetes. Thus, unraveling the intricate complexities of  
β-cell redox biology presents exciting avenues for advancing our 
understanding and treatment of metabolic disorders. 
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Introduction to redox milieu in β-cells with 
emphasis on pro-oxidative sources 
 

There is no doubt that redox homeostasis is 
a critical feature of cellular signaling in a variety of cells. 
A transient increase in cellular reactive oxygen species 
(ROS) has been identified as an essential second 
messenger, while permanently increased production leads 
to oxidative stress, which has been linked to many 
diseases, including diabetes [1,2]. Many have shown that 
pancreatic β-cells, as the major glucose sensor in the 
body, are sensitive to perturbations in redox homeostasis 
and that long-term disruption of redox homeostasis leads 
to deterioration of β-cells and thus insulin secretion and 
glucose balance in the body, the prominent feature of 
diabetes (more in [3-7]). 

It has been suggested that glucose-induced 
metabolism in β-cells can produce ROS via many 
pathways [8]. However, due to significant limitations in 
the methods used to detect ROS in situ (in terms of their 
species and cellular localization), the exact site of 
ROS production and oxygen species remained 
undetermined until recently [9,10]. By using redox probes 
targeting organelles that are also more ROS species-
specific, we observed the increased production of ROS, 
particularly hydrogen peroxide (H2O2), under condition 
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of glucose stimulation in the cytoplasm by 
NADPH oxidase, isoform 4, NOX 4 [11] (Fig. 1). 
Interestingly, the production of ROS (especially 
superoxide) in the mitochondrial matrix was decreased 
upon glucose induction due to the decreasing 
NADH/NAD+ ratio in the mitochondrial matrix [12]. This 
does not necessarily refute the role of mitochondria as 
a source of ROS during glucose induction, as the 
complex III of the respiratory chain is able to produce 
superoxide outside the mitochondria and is therefore 
undetectable with probes in the mitochondrial matrix 
(Fig. 1). Increased glucose-stimulated metabolism can 
also lead to increased autooxidation of glyceraldehyde, 
producing H2O2 and ketoaldehydes in diabetes [13]. 
Glycolysis produces dihydroxyacetone, which undergoes 
the reduction to glycerol-3-phosphate and acylation, 
producing diacylglycerol, which activates protein kinase 
C (PKC) [14-17]. PKC can phosphorylate NOX isoforms 
leading to the induction of their activity and thus increase 
in cytosolic ROS production. Metabolism of sorbitol, 
hexosamine, or methylglyoxal derived from glucose 
catabolism can also stimulate ROS production in diabetic 
conditions [8,18]. However, mitochondrial ROS  
production in β-cells has been documented mainly under 
conditions of the increased flux of fatty acids and amino 
acids as substrates, the conditions associated with 
diabetic pathology [11,19-24] (Fig. 1). Superoxide 
produced along the electron transport chain  
(complex I/III) is rapidly converted by superoxide 
dismutase, SOD2 isoform, to H2O2, being able to diffuse 
out of mitochondria [19,24-29] This production has been 
found to be controlled by the uncoupling activity of 
UCP2 in β-cells [30-32]. 

Be that as it may, H2O2 has been identified as 
a critical molecule for signal transduction in pancreatic  
β-cells. Its low concentration (nanomolar) is involved in 
signal transduction by cysteine oxidation of participating 
proteins, known as redox relay [33,34] (Fig. 1), whereas 
increased production in the micromolar concentration 
range causes oxidative stress because β-cells are unable 
to adequately increase antioxidant protection especially in 
long-term horizon [35] (Fig. 2). H2O2 is a small 
electroneutral molecule that can cross lipid membranes 
either alone or through peroxiporins, members of the 
aquaporin family (more in [36]). Its toxicity is tracked by 
the production of hydroxyl radicals (OH.), which are 
generated when it encounters free iron or copper, rather 
than interacting with protective high-affinity thiols [37]. 
Hydroxyl radicals have a high oxidation potential, and 

their small radius and uncharged state provide great 
mobility so that chemical reactions can proceed at high 
rates [37]. Therefore, H2O2 is also a crucial mediator of 
toxicity under conditions of chronic oxidative stress. 

The specific properties of H2O2 in terms of its 
reactivity allow it to specifically target reactive thiols of 
cysteine residues within protein structures. However, 
only some thiols are predetermined to undergo the 
oxidation reaction. This is given by the vicinity of the 
surrounding amino acids (local electrostatic environment) 
and pH. Thus, cysteines in proteins must display low 
pKa, to enhance the thiolate fraction, as a prerequisite for 
fast and efficient oxidation by peroxides, although its 
nucleophilicity (to attack the H2O2 electrophile) and its 
capacity to stabilize both the transition state with the 
reactant, H2O2, and the leaving group (which occurs after 
the rupture of the peroxidic bond) also must be preserved 
[38]. The reactive thiols then react with H2O2 to form 
sulfenic acid (reversible oxidation). The oxidized thiols 
are regenerated by reaction with other thiols groups on  
i) diverse proteins giving rise to the so-called redox relay 
system by which the redox signal is transferred or  
ii) proteins of the antioxidant defense system serving as 
the ROS scavengers [33,39]. 

The specific redox situation prevails in the 
endoplasmic reticulum (ER) of β-cells since ROS are 
involved in oxidation during insulin folding in β-cells 
(Fig. 1). Each proinsulin molecule folded at ER generates 
3 molecules of H2O2 [40]. This is generated during 
protein disulfide isomerase oxidoreductase (PDI) 
reoxidation by ER oxidoreductin 1 (ERO1), which are 
involved in insulin folding. High amounts of H2O2 with 
limited efflux from ER and a low ratio of reduced to 
oxidized glutathione (GSH/GSSG) create a strong 
oxidative milieu in the ER of β-cells [41]. In the case of 
chronic nutrient excess, e.g., obesity, when β-cells struggle 
to maintain glucose homeostasis in the body by 
overproduction of insulin (hyperinsulinemia), ER stress 
develops [42]. This is associated with an imbalance in 
redox status in ER and leads to β-cell exhaustion over time. 

The inappropriate composition of nutrition and 
especially its chronic overload leads not only to  
an increase in blood glucose levels but also to an increase 
in fatty acid levels circulating in the bloodstream, being 
sensed by β-cells. Under conditions of increased 
circulation of fatty acids in the blood, long-chain and 
medium-chain fatty acids can produce H2O2 during their 
β-oxidation in peroxisomes and mitochondria, where 
little catalase is present [41] (Fig. 1). The β-oxidation in 
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Fig. 1. Physiological amplification of insulin secretion by redox signaling in pancreatic β-cells. Glucose, the major trigger of insulin 
secretion, initiates glycolysis while being phosphorylated by glucokinase (GCK). As it proceeds, the metabolites also enter the pentose 
phosphate cycle (PPP), which generates NADPH in the cytosol, the substrate for NADPH oxidase 4 or human isoform 5 (NOX4,  
hu NOX5). Pyruvate, the product of glycolysis, enters the mitochondria to generate ATP and possibly superoxide (●O2-) on Complex III 
directed out of the mitochondria. Glycerol-3-phosphate derived from glycolysis is involved in lipogenesis in β-cells. Stimulation by 
glucose leads to increased activity of NOX4/hu NOX5, generating H2O2, which at nM concentration is involved in redox relay signaling to 
target proteins involving peroxiredoxins (PRX) and thioredoxins (TXN). Redox signaling, H2O2 directly, and together with increased ATP 
lead to inhibition of the KATP channel, causing plasma membrane depolarization, calcium influx, and insulin granule release. Stimulation 
by glucose also increases endoplasmic reticulum (ER) activity, where folding of proinsulin requires a pro-oxidant environment,  
i.e., 3 molecules of H2O2 per 1 proinsulin. The presence of long-chain fatty acids (LC-FA) allows their accumulation in lipid droplets or, 
at low glucose, fatty acid oxidation (FAO) in mitochondria or peroxisomes, potentially generating ROS. Branched chain amino acids 
(BCAA) exhibit insulinotropic effects through α-keto acid metabolism, TCA cycling in mitochondria with the potential for ROS production. 
Pancreatic β-cells show low expression of catalase and glutathione peroxidases but express various forms of thioredoxins (TXN), 
peroxiredoxin (PRX), and superoxide dismutases (SOD) compartmentalized intracellularly. Created with Biorender.com. 
 
 
peroxisomes produces H2O2 and shortens the length of 
the fatty acid chain before it is passed to mitochondria for 
complete oxidation, another site of ROS production [42]. 
Thus, mitochondria are functionally linked to per-
oxisomes in fatty acid processing. Chronically elevated 
concentrations of free fatty acids termed lipotoxicity 
together with hyperglycemia (often associated with 
diabetes) cause the impairment of insulin secretion and  
β-cell death. Another insulinotropic potentiator of β-cell 
is selected amino acids. The state of elevated dietary 
branched-chain amino acids (BCAAs) such as leucine, 
isoleucine, and valine, plays a critical role in stimulating 
insulin secretion by serving as both metabolic fuel and 
allosteric activator of glutamate dehydrogenase [43,44] 

(Fig. 1). Its acute action stimulates insulin secretion via 
direct inhibition of KATP channel currents in β-cells [45], 
where ROS may be part of the signaling action 
originating from mitochondria or NADPH oxidases 
[23,46]. 

Thus, it is clear that redox status reflects the 
nutritional conditions to which β-cells are subjected. The 
major signaling molecule is H2O2. Its involvement in 
redox signaling is required for efficient insulin secretion 
and function while its long-term increase leads to 
development of oxidative stress accompanying the 
development of diabetes. 
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Fig. 2. Detrimental prooxidative intracellular environment upon chronic nutrient overload in pancreatic β-cells. Chronic hyperglycemia 
activates NADPH oxidase 4, which leads to increased assembly of inflammasome and maturation of IL1β, initiating local inflammation. 
Increased requirement for insulin secretion and enhanced pro-oxidative milieu in cytoplasm establish unfolded protein response (UPR), 
which is accompanied by oxidative stress in endoplasmic reticulum (ER). Increased amount of proinsulin is secreted (blue circles). 
Increased amount of free fatty acids (FFA) in plasma induces ceramide accumulation with the potential to induce apoptosis. FFA also 
signal through the GPR40 receptor to induce the activity of phospholipase C (PLC), protein kinase C (PKC) to regulate NADPH oxidase 2 
(NOX2) to produce ROS and contribute to calcium release from ER for insulin granule release. FFA also enter peroxisomes for FAO, 
generating enhanced ROS because of the low expression of catalase. Prooxidative intracellular environment induces the degradation of 
glutathione outside of the cells to produce components for its synthesis inside the cells. Created with Biorender.com. 
 
 
NOXs are good and evil in the redox 
homeostasis of pancreatic β-cells 
 

There is an increasing number of reports 
showing that NOXs are significantly involved in β-cells 
physiology and pathology. They are essential regulators 
of physiological insulin secretion and promote 
superoxide/H2O2 for efficient signaling of insulin 
secretion. At the same time, they can have deleterious 
effects when chronically overactivated. There is ample 
evidence for the specific expression of isoforms of 
NOX1, NOX2, NOX4, and p22phox and their cytosolic 
regulators in rodent and human β-cells [43,44]. NOX5 is 
expressed only in human β-cells and no homolog was 
found in rats and mice [45]. Regarding its role and 
activity in β-cells, it was revealed that knocking down 
p47phox, the subunit of the originally phagocytic 
NOX2 isoform, significantly reduced glucose-induced 

H2O2 production and insulin secretion (GSIS) [46]. 
However, direct ablation of NOX2 in mice showed no 
impairment of GSIS. Until recently, many studies using 
nonspecific inhibitors also failed to shed light on the 
function of NOXs in β-cells [44,47]. Recently, we found 
that the NOX4 isoform, which is constitutively expressed 
and lacks many regulatory subunits present in other 
isoforms, is metabolically stimulated to activity, resulting 
in H2O2 production that supports GSIS [11] (Fig. 1). This 
was previously demonstrated with the nonspecific 
NOX4 inhibitor GLX351322 [48]. Its activity depends on 
the amount of NADPH normally derived from glucose 
metabolism in the vicinity of the enzyme. Unfortunately, 
the exact intracellular location in β-cells has not yet been 
defined due to a lack of reliable antibodies. However, 
NOXs are transmembrane proteins that transport 
electrons across biological membranes and reduce 
oxygen to superoxide or directly produce H2O2 (more in 
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[49]). Inhibition of NOX4 either by silencing of cultured 
β-cells or its ablation, specifically in mouse pancreatic  
β-cells, significantly increased the probability of KATP 
channel opening, thereby reducing the first phase of GSIS 
in particular [11]. Interestingly, β-cell specific  
Nox4 knockout animals show suppressed insulin 
secretion upon glucose stimulation and constantly secrete 
low levels of insulin, prolonging the time needed to 
establish normoglycemia. This affects the feeding habits 
of these knock-out mice, as they consume less food to 
maintain the physiological glucose concentration [50]. 
NOX4 is thus an important redox molecule in the 
physiology of pancreatic β-cells. Recently, human NOX5 
was also found to be important for proper GSIS [45]. 

However, NOXs may also contribute to β-cell 
dysfunction in chronic hyperglycemia in animals and 
humans with type 2 diabetes (T2D) (Fig. 2). Chronic 
overeating activates NOXs to produce superoxide/H2O2, 
leading to long-term oxidative stress and consequent  
β-cell damage and apoptosis [4,51]. Proinflammatory, 
hyperglycemic, and lipotoxic conditions have been shown 
to activate NOXs [11,52-55]. Gene expression profiling 
of islets from patients with T2D also showed increased 
expression of NOX2/4/5 compared with nondiabetic 
individuals (Geoprofiles GDS3382). Proinflammatory 
cytokines upregulate the expression of 12-lipoxygenase, 
which can activate NOX1 in β-cells, leading to their 
failure [56,57]. Lipotoxicity, particularly from saturated 
free fatty acids, induces NOX2 activity, leading to 
impaired insulin secretion, calcium homeostasis, and 
viability [54]. It has been shown that GPR40, the free 
fatty acid receptor, can also activate NOX2 in β-cells 
[58]. Thus excess palmitate activates NOX2 triggering 
transient receptor potential melastatin 2 (TRPM2) 
channels. This can lead to an increase in mitochondrial 
zinc ions, resulting in a loss of membrane potential and 
mitochondrial fission, affecting energy metabolism and 
thus β-cell viability [53]. Upregulation of NOX5 has  
been shown to worsen insulin secretion under hyper-
glycemic/diabetogenic (palmitate-induced) conditions by 
increasing the depletion of cAMP, a critical enhancer 
component of insulin secretion [45]. We have observed 
that chronic overnutrition induced either by high-fat diet 
in vivo or by hyperglycemia in vitro, causes chronic 
activation of NOX4 and establishes an intracellular pro-
oxidant status [50]. This leads to the assembly and 
activation of the inflammasome and further maturation of 
the proinflammatory interleukin 1β (IL1β). The release of 
IL1β from β-cells can then activate macrophages toward 
proinflammation, causing local inflammation (Fig. 2). 

Thus, chronic overproduction of ROS by NOXs in β-cells 
leads to their pathology and eventual loss of viability. 
Recent reports have shown that islets from Nox2 
knockout mice improved islet transplantation outcome. 
Nox2-/- islets showed decreased superoxide production, 
higher GSIS, and enhanced antioxidant defense by 
increased expression of Nrf2, and Sod1, improved Ho1 
expression causing early revascularization. This leads to 
restoration of normoglycemia in diabetic transplanted 
mice [59]. 

New inhibitors of specific NOX isoforms have 
been developed and are being investigated in the treatment 
of diabetes (more in [60]). Many diabetic complications 
such as diabetic nephropathy, retinopathy, neuropathy, and 
cardiopathy, collectively termed diabetic vasculopathy, 
have been associated with chronic NOX activity. NOXs, 
especially NOX2 and 4, have been associated with 
endothelial dysfunction and are the target of the studies. 
However, the role of NOX overactivation and prooxidant 
signaling in pancreatic β-cells under conditions of chronic 
overeating require the development of antioxidants or 
inhibitors that target β-cells only. Their short-term 
treatment could be useful in restoring β-cell signaling and 
viability during the development of diabetes. 
 
Pancreatic β-cells antioxidant defense system: 
Are β-cells so vulnerable towards oxidative 
stress? 
 

Cellular antioxidant defense comprises enzymatic 
machinery and glutathione (GSH), which can buffer 
excessive reactive (oxygen, nitrogen, and sulfur) species 
produced by cellular metabolism. Cellular compartments 
differ in their pH, redox potential, and concentrations of 
reactive metabolites allowing redox signaling events or 
direct usage of these reactive compounds for metabolic 
reactions (e.g. protein folding in ER) in a specifically 
compartmentalized manner [61,62]. Consequently, the 
antioxidant enzymes are also strictly compartmentalized, 
with specific isoforms of the enzymes in these 
compartments. Also, the content of glutathione redox 
couple i.e., GSH/GSSG (reduced/oxidized glutathione) and 
its redox potential, differs throughout the compartments 
[63,64]. The difference is given not only by the diverse 
NADPH concentration and availability, ROS production, 
and expression of antioxidant enzymes but also because 
GSH is only synthesized in cytosol and can be only 
transported through the membranes in its reduced form 
[65]. Notably, the compartment-specific redox state of 
GSH affects not only the direct redox GSH partners but 
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also the specialized function given by the respective 
organelle [66]. GSH is synthesized by a two-step 
enzymatic reaction involving γ-glutamylcysteine 
synthetase (γ-GCS) and GSH synthetases (GSHS) in 
sequence. γ-GCS catalyzes the formation of the dipeptide  
γ-glutamylcysteine (γ-Glu-Cys), and GSHS catalyzes the 
binding of glycine to γ-Glu-Cys to form GSH [67]. The 
rate-limiting step of the synthesis is the presence of 
cysteine, which is mainly derived from the trans-
sulfuration pathway of methionine and/or the reduction of 
cystine, which is transported from the extracellular space 
[67]. Except for these traditional pathways, a study done 
by Fu et. al. revealed that 25 % of carbon derived from 
glucose in human islets is directed to GSH synthesis  
via pyruvate carboxylase pathway and probably glutamate 
[68]. The degradation of GSH occurs in extracellular 
space, where it is converted to cysteinylglycine (CysGly) 
and then to Cys at tissue sites rich in the ectoenzymes  
γ-glutamyltranspeptidase (γ-GT) and dipeptidases (mainly 
kidney and lung) by the sequential action of these two 
enzymes [69] (Fig. 2). The amino acids can be taken by the 
cells again and used for GSH de novo biosynthesis. 
Interestingly pancreatic β-cells express significantly higher 
amounts of GSH degradation enzymes than those of the 
synthesis pathway, and as a result, rely on glutathione 
transferred from the liver [70]. 

From the historical perspective, β-cells were 
considered to contain low amounts of the main antioxidant 
enzymes [71,72] (Fig. 1). Still, this feature has always been 
compared with the liver and kidney, specialized organs for 
detoxification, which naturally contain high amounts of 
antioxidant enzymes [71]. An explanation for the low 
expression profile is nowadays interpreted by the fact that 
redox signaling, which is tightly associated with glucose 
sensing and its metabolism in pancreatic β-cells, is  
a required coupling factor for insulin secretion [11]. 

Superoxide dismutase (SOD) is considered one of 
the most important antioxidant enzymes. The enzyme 
accelerates the otherwise spontaneous dismutation of 
superoxide anion O2- to less reactive H2O2 up to 104 [73]. 
SOD exists in three isoforms, whose activity is optimized 
according to the compartment-specific conditions.  
Cu/Zn-SOD1 is expressed in the cytosol, the mitochondrial 
intermembrane space, the peroxisomes, and the nucleus. 
Mn-SOD2 is expressed in the mitochondrial matrix, and 
Cu/Zn-SOD3 is targeted to extracellular space, but its 
expression in β-cells has only been detected on the mRNA 
level [74]. In addition to SODs other H2O2 degrading 
enzymes are expressed in β-cells. Interestingly, catalase is 
expressed at a very low level and is even considered one of 

the disallowed genes in β-cells [75]. Glutathione peroxi-
dase 1 (GPX1) is expressed in cytosol and peroxisomes, 
GPX7/8 and PRDX4 in ER, and PRDX3 exclusively in 
mitochondria [40]. However, the expression profile also 
depends on species, as GPX1 and catalase were shown to 
have protective effects in human pancreatic islets but not in 
rodents [76]. In recent years the opinion of oxidative 
damage vulnerable β-cells is shifting as β-cells were shown 
to express thioredoxin (TXN) and thioredoxin reductase 
(TXNRD) isoforms, glutathione reductases (GSR), gluta-
redoxins (GRX), and peroxiredoxins (PRDX) [34,77-82]. 

Interestingly it has also been shown that cells are 
able to secrete oxidoreductases to extracellular milieu [83]. 
This phenomenon has been first observed for immune cells, 
but secretion of cytoplasmic isoforms of TXN1 and 
TXNRD1 by murine and porcine β-cells has been revealed 
under hypoxic and inflammatory conditions [84]. Extra-
cellular TXN1 seems to cause autocrine or paracrine 
regulation of β-cells, overall having beneficial effect by 
improving cell viability and blood glucose control, preven-
ting apoptosis, and preserving insulin secretion [84,85]. 

The β-cells therefore possess delicate redox 
balance in which a rich antioxidant system is involved. 
This enables effective redox signaling. Nevertheless,  
β-cells do not have such a robust antioxidant system and 
are therefore unable to withstand prolonged oxidative 
stress, leading to a deterioration in their function and 
ultimately contributing to the onset of diabetes. 
 
Redox status in other endocrine cells  
of pancreatic islets 
 

β-cells are the most studied and represented cell 
type of the pancreatic islets. However, there are other 
important endocrine cell types that are required for proper 
islet function. These are glucagon-producing α-cells, 
somatostatin-producing δ-cells, ghrelin-producing ε-cells, 
and pancreatic polypeptide-producing PP cells. There is 
little knowledge about these endocrine cells in terms of 
their redox status and signal transduction. However, their 
synchronized paracrine function with the β-cells is 
critical for proper islet activity. Cell lines of individual 
type of endocrine cells are scarce (this does not apply to 
α-cells, for which a cell line already exists), and 
individual cell types are difficult to isolate from islets, 
which probably explains the lack of knowledge [86]. 
Moreover, redox status setting of cell lines might differ 
from primary endocrine cells as the cell lines are adapted 
to cultivation conditions which significantly vary in terms 
of oxygen pressure, glucose levels etc. 
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As α-cells are the second best studied cell type 
after β-cells, pertinent information exists about their 
antioxidant capacity. Human α-cells are capable producers 
of antioxidant enzymes such as catalase and GPX. 
Interestingly, human α-cells express more of these 
enzymes than human β-cells. β-cells showed increased 
oxidative damage to DNA and decreased viability when 
exposed to H2O2 and NO donors, whereas α-cells showed 
no change in viability [87]. Expression of antioxidant 
enzymes is clearly associated with enhanced protection of 
α-cells from oxidative stress. In addition, the pancreas of 
T2D patients exhibited increased numbers of apoptotic  
β-cells but not α-cells [88]. However, both endocrine cell 
types showed increased volume density of ER [89]. 
Moreover, the better survival of α-cells in T1D was 
explained by differences in the expression of SOD2 
compared to β-cells, in addition to the specificity of the 
immune response [90]. On the other hand, mouse cell 
cultures of α- and β-cells showed increased expression of 
mitochondrial SOD and catalase in β-cells under hypergly-
cemic conditions. In α-cells, these enzymes are decreased 
[91]. The question here is whether the difference in expres-
sion of these enzymes is due to species or to the different 
effects and timing of the various oxidants. Inhibition of 
phosphoinositide 3-kinases (PI3K) signaling in α-cells 
does reduce mitochondrial SOD expression under 
hyperglycemic conditions, suggesting that this pathway is 
involved in mitochondrial SOD expression [91]. 

Thus, we lack the knowledge about the paracrine 
redox signaling and involvement of redox status within 
individual endocrine cell types in synchronized action of 
insulin and other endocrine hormones secretion by 
pancreatic islet. 
 
Heterogeneity of β-cells and the role of redox 
status 
 

Pancreatic β-cells exhibit considerable 
heterogeneity, contributing to the complexity of islets 
[92]. Distinct subpopulations differ at the molecular, 
morphological, and functional levels [93,94]. Most 
importantly, individual β-cells have diverse sensitivity to 
glucose, which subsequently affects their ability to 
synthesize and secrete insulin [95,96]. Thus, the 
heterogeneity of β-cells and β-cell intercommunication 
within subpopulations is critical for the regulation of 
insulin secretion [94,97]. Changes in β-cell heterogeneity 
as well as altered redox homeostasis have been associated 
with T2D, however, their interconnection is far from 
being understood [98,99]. 

The origins of β-cell heterogeneity research go far 
back in history. Already in the 1940s, it was found that  
β-cell size differs between large and small pancreatic islets 
[100]. Later, regional differences in the nuclear size and 
the position of the nucleoli within the nuclei of various  
β-cells were identified [101]. Also, morphological 
differences in response to glucose stimulation were 
described with regards to β-cell localization. Hypergly-
cemia decreased the volume density of β-cell secretory 
granules and increased the size of the endoplasmic 
reticulum and Golgi apparatus earlier in β-cells within the 
core of the islets compared to the peripheral β-cells [102]. 
The distinct insulin secretory patterns broadly divided  
β-cells into two types – responsive and unresponsive [103]. 
The differences in insulin secretory response were also 
associated with altered gene expression of important 
enzymes, such as glucokinase [104]. Recently, it has been 
described that insulin secretion responses were orchestra-
ted by two populations of cells: hub cells with pacemaker 
properties dictating the insulin secretion dynamics and 
follower cells controlled by the hubs through calcium 
waves [105]. The development of molecular methods has 
enabled the identification of many markers specific to 
distinct β-cell populations, including E-cadherin (CDH1) 
[106]; polysialylated-neural cell adhesion molecule  
(PSA-NCAM) [107]; Flattop (FLTP) [108]; CD9 molecule 
(CD9) [109,110]; ST8 alpha-N-acetyl-neuraminide  
alpha-2,8-sialyltransferase1 (ST8SIA1) [110]; Dickkopf 
WNT signaling pathway inhibitor 3 (DKK3) [111]; solute 
carrier family 18 member (A2SLC18A2/VMAT2) [112]. 

For instance, β-cells can be divided into  
two sub-populations with different glucose responsiveness 
according to the level of surface PSA-NCAM, a prominent 
marker of functional β-cells [107]. Low PSA-NCAM-
labeled β-cell population (βlow-cells) exhibited altered gene 
expression profile (e.g. downregulation of Neurod1, Pdx1, 
Nkx6.1, Pax6, i.e. β-cell identity genes; and upregulation of 
Ldha, Hk1m, i.e. β-cell forbidden genes) which suggested 
that these cells were composed of immature and/or  
non-functional cells in contrast to high PSA-NCAM-
labeled population (βhigh-cells). Moreover, these two 
populations also differed in the expression of antioxidant 
enzymes. For example, Gpx1 was upregulated, while Sod2 
and Trx2 were significantly downregulated in βlow-cells. 
Besides antioxidant enzymes, the expression of nitric oxide 
synthase 1 (Nos1) was also decreased [107]. These results 
indicate extensive dysregulation of the redox state in the 
poorly glucose-responsive β-cells. Importantly, the 
distribution of βhigh and βlow-cells was completely inversed 
in ZDF rats (a genetic model of T2D) as the  
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βlow-cells became the predominant population in these 
animals [107]. In ST8SIA1+ β-cells, which are also less 
responsive to glucose compared to ST8SIA1-β-cells,  
Gpx3 was significantly enriched. Representation of these 
cells was found to be abnormally high in T2D islets [110]. 

Although subpopulations of β-cells have been 
shown to differ in redox homeostasis in response to 
altered metabolism, redox regulations independent of  
β-cell heterogeneity have also been reported. Inhibition of 
NOX4 protected human islets from glucolipotoxicity 
regardless of their size, activity, and reactivity to glucose. 
These results suggested that NOX4-induced β-cell death 
occurs in all types of islets and may involve a mechanism 
that acts independently of the insulin-releasing activity of 
the islet [113]. 

Since redox homeostasis is a key factor 
determining β-cell fate, identification of differences in 
redox regulations in distinct populations of β-cells is 
required to unravel the role of β-cell heterogeneity in the 
physiology and pathology of pancreatic islets. Our 
laboratory focuses on this topic. This knowledge could 
potentially lead to novel therapeutic approaches to 
restoring β-cell function and mass. 

Interestingly, α-cells were reported also in 
several distinct subpopulations based on proglucagon-
derived peptides [114]. It was suggested to be reflected 
by the α-cell maturity state. However, no link to the  
redox state was reported. 
 
Conclusions 
 

There is no doubt that redox status is a critical 
determinant of pancreatic β-cell function. Their fragile 

redox homeostasis is a key part of nutrition-induced 
insulin signaling. However, long-term chronic nutritional 
overload leading to metabolic dysregulation impairs 
insulin secretion, induce inflammation, and consequently 
glucose homeostasis in the body. This leads to the 
development of T2D. It is important to decipher the 
mechanisms of balanced homeostasis and its disruption 
leading to oxidative stress and subsequent dysregulation 
of signaling in pancreatic β-cells. It is known that to 
maintain glycemic control and reduce oxidative stress and 
inflammation, restrained caloric intake and physical 
activity show the strongest beneficial effects. Chronic 
physical activity reduces ROS production, increases 
antioxidant potential, and improves insulin sensitivity. 
However, we must also define how to act in the 
prediabetic phase, when the first glucose imbalance 
occurs. To do this, we need to determine the right targets 
and timing for ROS production in pancreatic β-cells. 
NOXs in pancreatic β-cells in prediabetic conditions 
could be one of them for pharmacotherapy. 
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Summary 
Acylcarnitines are important markers in metabolic studies of 
many diseases, including metabolic, cardiovascular, and 
neurological disorders. We reviewed analytical methods for 
analyzing acylcarnitines with respect to the available molecular 
structural information, the technical limitations of legacy 
methods, and the potential of new mass spectrometry-based 
techniques to provide new information on metabolite structure. 
We summarized the nomenclature of acylcarnitines based on 
historical common names and common abbreviations, and we 
propose the use of systematic abbreviations derived from the 
shorthand notation for lipid structures. The transition to 
systematic nomenclature will facilitate acylcarnitine annotation, 
reporting, and standardization in metabolomics. We have 
reviewed the metabolic origins of acylcarnitines important for the 
biological interpretation of human metabolomic profiles. We 
identified neglected isomers of acylcarnitines and summarized 
the metabolic pathways involved in the synthesis and 
degradation of acylcarnitines, including branched-chain lipids and 
amino acids. We reviewed the primary literature, mapped the 
metabolic transformations of acyl-CoAs to acylcarnitines, and 
created a freely available WikiPathway WP5423 to help 
researchers navigate the acylcarnitine field. The WikiPathway 
was curated, metabolites and metabolic reactions were 
annotated, and references were included. We also provide 
a table for conversion between common names and 
abbreviations and systematic abbreviations linked to the LIPID 
MAPS or Human Metabolome Database. 
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Introduction 
 

Acylcarnitines are acyl esters of carnitine  
(L-3-hydroxy-4-aminobutyrobetaine) and are essential  
for the oxidative catabolism of fatty acids in 
mitochondria and peroxisomes. They are necessary for 
healthy and sustainable cellular energy homeostasis, 
involved in the metabolism of branched-chain amino 
acids and related metabolic pathways, and serve as  
a detoxification pathway [1,2]. There are many 
acylcarnitine molecules described in public databases of 
metabolites, for instance, 114 records in LIPID MAPS, 
2359 records in the Human Metabolome Database, and 
308 entries on the ChEBI database, measured in 
plasma/serum, dried blood spots, urine, bile and amniotic 
fluid [3], but very little is published about their metabolic 
origins. 

We aimed to help researchers interpret 
metabolomics data containing acylcarnitines. We 
reviewed the biologically important acylcarnitines [1] 
concerning their biochemical origins and generated 
a pathway map summarizing the reactions. We focused 
on the isomers and nomenclature and annotated the 
enzymatic reactions involved in their metabolism. This 
review should facilitate orientation in the acylcarnitine 
datasets and link the measured analytes with the correct 
enzymatic reactions. 
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Analytical methods using mass spectrometry 
 

Critical evaluation of the limitations of the 
analytical techniques used to measure acylcarnitine is the 
basis for correct annotation and biological interpretation. 

Sample extraction should consider that the 
polarity of acylcarnitines can vary by more than 10 orders 
of magnitude on the log octanol-water partition  
coefficient (logP) scale. In commonly employed  
bi-phase extraction methods like methyl tert-butyl  
ether/methanol/water, chloroform/methanol/water, and 
dichloromethane/methanol/water, it is crucial to analyze 
both fractions to cover these metabolites [4]. 

Direct-infusion tandem mass spectrometry  
(DI-MS/MS) remains a valid approach for identifying 
patients with inborn errors of metabolism, problems in 
mitochondrial fatty acid β-oxidation, and certain types of 
acidemias (reviewed by Miller et al. [3]). However, this 
legacy technique provides only limited information about 
the analytes, usually the number of carbon atoms and 
double bonds. 

Currently, liquid chromatography-mass spectro-
metry (LC-MS/MS) is the most common technique for 
metabolomics profiling, which allows the separation of 
acylcarnitine isomeric species and improves the sensitivity 
and selectivity of their detection [1,3]. Although  
LC-MS/MS provides an insight into the analyte's structure, 
it does not yield unambiguous molecular identity. 

Recent advances in analytical techniques push 
forward our ability to provide a full structural 
characterization of lipid species in complex biological 
matrices. These include ion mobility spectrometry 
(separating stereoisomers, reducing background), ion 
activation techniques (targeting double bonds by  
UV photodissociation, providing specific fragment  
via electron capture dissociation), and derivatizations 
(increasing sensitivity using charged modifiers, separating 
isomers, localizing double bonds using O3),  
[5-9], which allow quantification of isomeric and  
odd-numbered acylcarnitines, identification of acyl double 
bond position and configuration, stereochemistry, etc. In 
the future, these specialized techniques will become a part 
of routine pipelines, producing hundreds of acylcarnitine 
species structurally identified at 'Complete structure level'. 
New tools will be needed to mine these information-rich 
datasets. Implementation of the Lipidomics Minimal 
Reporting Checklist, which summarizes all technical 
details of the analytical technique and defines the level of 
molecular structural information, would facilitate the 

interpretation of the acylcarnitine data [10]. 
 
Acylcarnitine nomenclature 
 
Common names 

According to IUPAC, the common names of acyl 
groups are typically derived by replacing the -ic acid suffix 
of the corresponding carboxylic acid's common name with 
-yl or the -oic acid suffix with -oyl, (acetic acid > acetyl- or 
palmitic acid > palmitoyl-). Systematic names based on 
hydrocarbon chains are derived similarly (hexadecanoic 
acid > hexadecanoylcarnitine). 
 
Common abbreviations 

Common name acylcarnitine abbreviations in the 
field of newborn screening are simple and follow these 
rules: a) a number of all carbon atoms is used to describe 
the chain length regardless of the branching or functional 
groups (e.g., glutarylcarnitine as C5-DC); b) unsaturation 
degree is used only when present (e.g., oleoylcarnitine as 
C18:1); c) functional groups are used without the 
positional information (e.g. 3(S)-hydroxybutyrylcarnitine 
as C4-OH) [3,11]. Alternative grammar distinguishes 
isomeric species, e.g., 3-hydroxybutyrylcarnitine and  
3-hydroxyisobutyrylcarnitine as C4-OH and C4-OH-I, 
respectively [1]. The iso prefix can be used for structures 
where the saturated chain has a branching point on the 
penultimate (one from the end) carbon atom  
(e.g., isobutyrylcarnitine). The anteiso prefix marks the 
branching point located on the antepenultimate carbon 
atom (two from the end). The prefixes cannot be used with 
unsaturated or modified chains, and the position of the 
methyl branching group is used instead  
(e.g., tiglylcarnitine as C5:1-M). 
 
Systematic abbreviations 

Common names and abbreviations will soon reach 
their limit of usability. Abbreviations based on systematic 
names are needed due to the advent of more powerful 
analytical techniques. Nowadays, rules designed for unit-
resolution mass spectrometers cannot describe structural 
diversity. Shorthand notation for lipid structures [12-14] 
allows annotation of the measured analytes based on the 
level of structural information provided by the analytical 
technique (Table 1). It combines predefined class (CAR) 
followed by the acyl chain characteristics, including  
all available structural information. For instance,  
there are at least four different decenoylcarnitines: CAR 
10:2(2E), CAR 10:1(3E), CAR 10:1(3Z), and CAR 10:1(4Z)
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Table 1. Example of structural hierarchy representation of '3-Hydroxyoleoylcarnitine' according to Shorthand notation for lipid 
structures [12-14]. 
 

Level Name Description (information gain) 

Category Fatty acyls [FA] Lipid category 
Class Fatty acyl carnitines [FA0707] + lipid class 
Species CAR 18:1;O + headgroup, fatty Acyl identity, oxidation 
Molecular species CAR 18:1;O1 + one oxygen 
sn-Position CAR 18:1;O1 (not applicable) 
Structure defined CAR 18:1(9Z);OH + double bond position, type of oxidation 
Full structure CAR 18:1(9Z);3OH + position of the oxidation 
Complete structure CAR 18:1(9Z);3OH[S] + stereo configuration 

 
 
in the β-oxidation pathways of common fatty  acids 
(Fig. 1). Two of them, CAR 10:1(3Z) and CAR 10:1(2E), 
come from β-oxidation of palmitoleic acid (9Z). However, 
there are at least 15 different isomers of fatty acid 16:1 in 
human plasma, four containing a double bond at positions 
9, 10, and 11 [6]. Therefore, many more CAR 10:1 isomers 
from the FA 16:1 or other longer FAs could be present in 
plasma as yet unidentified but describable by shorthand 
notation. Other examples are quantification of C14:1 
acylcarnitine n-5 and n-9 in human and mouse fibroblasts, 
which levels reflect differences in the expression of long 
chain acyl-CoA dehydrogenase [15] and quantification of 
cis-3-C12:1 and cis-5-C14:1 acylcarnitine in plasma of 
enoyl-CoA delta isomerase 1-deficient mice [16]. In both 
examples, the acyl chain identity is crucial  
for proper interpretation of long chain acyl-CoA 
dehydrogenase and enoyl-CoA isomerase activities. 
However, this approach is also limited based on predefined 
classes. It is impossible to distinguish the L-/D- isomers 
within the CAR class definition, and a full IUPAC name is 
the ultimate option. 

The systematic abbreviations are backward 
compatible. Newborn screening acylcarnitine data can be 
correctly annotated, and metabolomic profiling data, 
acquired using innovative derivatization or fragmentation 
techniques, can be annotated with all structural details 
[6,7]. Broader acceptance of the shorthand notation  
by major databases would facilitate acylcarnitine 
annotations, standardization, and further data processing 
via overrepresentation analysis [17]. 
 
Lipid databases and metabolite identities 
 

When discussing the biological effect of 
acylcarnitines, we need to find the most appropriate 
identifiers in a database considering the analytical 

limitations and the biological knowledge. This task is 
challenging and sometimes possible. For instance,  
an optimized analytical technique can measure the 
carnitine ester of palmitic acid at the 'Complete structure 
level' according to shorthand notation for lipid structures 
[12,13]. We need to find an identifier for (S)-3-(pal-
mitoyloxy)-4-(trimethylammo-nio)butanoate, which is 
the biologically important molecule commonly known as 
‘palmitoylcarnitine.’ First, L-carnitine is essential for the 
transportation of long-chain fatty acids into mitochondria 
for β-oxidation, and its optimal isomer, D-carnitine, is 
a xenobiotic compound [18,19]. Therefore, in most cases, 
only 'L'-acylcarnitines (or (R)- according to Cahn-Ingold-
Prelog rules) are biologically relevant for human 
metabolism. Second, metabolite databases contain 
records covering different levels of knowledge of 
metabolite structure (Table 2). Some records lack stereo-
chemistry, and some databases contain the 'D-' forms. 
Pre-calculated and non-curated databases might also 
contain wrong records, e.g., LIPID MAPS record 
LMFA07070079 was up to recently called L-palmi-
toylcarnitine, which was an incorrect common name for 
(S)-3-(palmitoyloxy)-4-(trimethyl-ammonio) butanoate 
aka D-palmitoylcarnitine. The involvement of the 
community is needed to report and curate database 
records. Another example would be the identity of 
‘hydroxybutyrylcarnitine’ – deficiency of a short-chain-3-
hydroxyacyl-coenzyme A dehydrogenase leads to the 
accumulation of CAR 4:0;3OH[S] [20] while ketosis 
leads to the accumulation of CAR 4:0;3OH[R] [19]. The 
incorrect mapping of database identifiers can  
affect further data processing, like over-representation  
or pathway analysis. For instance, the Rhea  
database contains only 'L'-acylcarnitine reactions 
(https://www.rhea-db.org/rhea/12663), and 'D'-identifiers 
would produce false negative results. 
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Fig. 1. Acylcarnitine pathways. (A) β-oxidation of straight fatty acids; (B) β-oxidation of straight polyunsaturated fatty acids;  
(C) β-oxidation of dicarboxylic fatty acids; (D) β-oxidation of odd-chain fatty acids; (E) Ketogenic pathway; (F) Metabolism of branched-
chain amino acids; (G) Degradation of amino acids; (H) β-oxidation of branched-chain fatty acids; (I) Metabolism of amino acids and 
short-chain acylcarnitines. See Table 1 for annotations and WikiPathway WP5423 for details. 
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Table 1. Biologically important acylcarnitines. 
 

Group Panel 
Common 

abbreviation 
Common name Systematic abbreviation LIPID MAPS ID 

Sa
tu

ra
te

d 
st

ra
ig

ht
 

NBS C2:0 Acetylcarnitine CAR 2:0 LMFA07070050 
NBS C3:0 Propionylcarnitine CAR 3:0 LMFA07070005 
NBS C4:0 Butyrylcarnitine CAR 4:0 LMFA07070003 

 
C5:0 Valerylcarnitine CAR 5:0 LMFA07070111 

NBS C6:0 Caproylcarnitine CAR 6:0 LMFA07070001 
NBS C7:0 Heptanoylcarnitine CAR 7:0 LMFA07070068 
NBS C8:0 Octanoylcarnitine CAR 8:0 LMFA07070002 

 
C9:0 Nonanoylcarnitine CAR 9:0 LMFA07070082 

NBS C10:0 Decanoylcarnitine CAR 10:0 LMFA07070006 

 
C11:0 Undecanoylcarnitine CAR 11:0 LMFA07070110 

NBS C12:0 Lauroylcarnitine CAR 12:0 LMFA07070062 

 
C13:0 Tridecanoylcarnitine CAR 13:0 

 
NBS C14:0 Myristoylcarnitine CAR 14:0 LMFA07070107 

 
C15:0 Pentadecanoylcarnitine CAR 15:0 

 
NBS C16:0 Palmitoylcarnitine CAR 16:0 LMFA07070004 
NBS C18:0 Stearoylcarnitine CAR 18:0 LMFA07070008 

 
C22:0 Behenoylcarnitine CAR 22:0 LMFA07070089 

 
C24:0 Lignoceroylcarnitine CAR 24:0 

 
 

C26:0 Cerotoylcarnitine CAR 26:0 LMFA07070069 
      

U
ns

at
ur

at
ed

 st
ra

ig
ht

 

NBS C3:1 Propenoylcarnitine CAR 3:1(2E) LMFA07070104 

 
C4:1 Butenylcarnitine CAR 4:1(2E) LMFA07070053 

 
C5:1 2-Pentenoylcarnitine CAR 5:1(2E) 

 
 

C6:1 Hexenoylcarnitine CAR 6:1(2E) LMFA07070031 
NBS C8:1 Octenoylcarnitine CAR 8:1(2E) LMFA07070035 

NBS C10:1 Decenoylcarnitine 

CAR 10:1(2E) 
 

CAR 10:1(3E) 
 

CAR 10:1(3Z) 
 

CAR 10:1(4Z) LMFA07070017 
NBS C10:2 Decadienoylcarnitine CAR 10:2(2E,4Z) LMFA07070015 

NBS C12:1 Dodecenoylcarnitine 
CAR 12:1(2E) 

 
CAR 12:1(3Z) 

 
CAR 12:1(5Z) 

 

 
C12:2 Dodecadienoylcarnitine 

CAR 12:2(2E,5Z) 
 

CAR 12:2(2E,6Z) 
 

CAR 12:2(3Z,6Z) 
 

NBS C14:1 Tetradecenoylcarnitine 
CAR 14:1(2E) 

 
CAR 14:1(5Z) LMFA07070057 
CAR 14:1(7Z) 

 

NBS C14:2 Tetradecedienoylcarnitine 
CAR 14:2(2E,5Z) 

 
CAR 14:2(2E,7Z) 

 
CAR 14:2(5Z,8Z) LMFA07070020 

NBS C16:1 Hexadecenoylcarnitine 
CAR 16:1(2E) LMFA07070109 
CAR 16:1(7Z) 

 
CAR 16:1(9Z) LMFA07070097 
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C16:2 Hexadecadienoylcarnitine 

CAR 16:2(2E,7Z) 
 

CAR 16:2(2E,9Z) 
 

CAR 16:2(7Z,10Z) LMFA07070021 

NBS C18:1 Octadecenoylcarnitine 
CAR 18:1(2E) 

 
CAR 18:1(9Z) LMFA07070096 

NBS C18:2 Octadecadienylcarnitine 
CAR 18:2(2E,9Z) 

 
CAR 18:2(9Z,12Z) LMFA07070092 

      

B
ra

nc
he

d 

NBS C4:0-I Isobutyrylcarnitine CAR 3:0;2Me LMFA07070075 
NBS C5:0-I Isovalerylcarnitine CAR 4:0;3Me LMFA07070077 
NBS C5:0-M 2-Methylbutyrylcarnitine CAR 4:0;2Me LMFA07070034 

 
C5:1-I 3-Methylcrotonylcarnitine CAR 4:1(2E);3Me 

 
NBS C5:1-M Tiglylcarnitine CAR 4:1(2E);2Me LMFA07070108 

 
C20:0-TMH Phytanoylcarnitine* 

CAR 16:0;3Me;7Me; 
11Me;15Me  

 
C19:0-TMP Pristanoylcarnitine* 

CAR 15:0;2Me;6Me; 
10Me;14Me  

 
C11:0-DMN 

4,8-dimethylnonanoyl 
carnitine* 

CAR 9:0;4Me;8Me 
 

 
C9:0-DMH 

2,6-dimethylheptanoyl 
carnitine* 

CAR 7:0;2Me;6Me 
 

      

O
xi

di
ze

d 

 
C3:0-OH 

3-Hydroxypropionyl 
carnitine 

CAR 3:0;3OH[S] LMFA07070074 

NBS C3:0-DC Malonylcarnitine CAR 2:0;2COOH LMFA07070093 
NBS C3:0-DC-M Methylmalonylcarnitine CAR 2:0;2Me;2COOH LMFA07070094 

NBS C4:0-OH 
3-

Hydroxybutyrylcarnitine 
CAR 4:0;3OH[S] LMFA07070037 

 
C4:0-OH-I 

3-Hydroxyisobutyryl 
carnitine 

CAR 3:0;2Me;3OH[S] 
 

 
C4:0;O Acetoacetylcarnitine CAR 4:0;3oxo 

 
 

C4:0-DC Succinylcarnitine CAR 3:0;3COOH LMFA07070101 

 
C5:0-OH 

3-Hydroxyvaleryl 
carnitine 

CAR 5:0;3OH[S] 
 

NBS C5:0-OH-I 
3-Hydroxyisovaleryl 

carnitine 
CAR 4:0;3Me;3OH[S] LMFA07070041 

NBS C5:0-OH-M 
2-Methyl-3-

hydroxybutyrylcarnitine 
CAR 4:0;2Me;3OH[S] 

 
NBS C5:0-DC Glutarylcarnitine CAR 4:0;4COOH LMFA07070091 

 
C5:0-M-DC 3-Methylglutarylcarnitine 

CAR 4:0;3Me[R]; 
4COOH  

 
C5:1-M-DC 

3-Methylglutaconyl 
carnitine 

CAR 4:1(2E);3Me; 
4COOH  

 
C5:0-M-OH-DC 

3-Hydroxy-3-
methylglutarylcarnitine 

CAR 4:0;3OH[S]; 
3Me;4COOH  

NBS C6:0-OH 
3-Hydroxy-

hexanoylcarnitine 
CAR 6:0;3OH[S] LMFA07070072 

 
C6:0-DC Adipylcarnitine CAR 5:0;5COOH LMFA07070087 

 
C6:1-DC Dehydroadipylcarnitine CAR 5:1(2E);5COOH LMFA07070013 

 
C7:0-DC Pimelylcarnitine CAR 6:0;6COOH 
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C8:0-DC Suberylcarnitine CAR 7:0;7COOH 

NBS C10:0-OH 
3-Hydroxydecanoyl 

carnitine 
CAR 10:0;3OH[S] 

NBS C10:1-OH 
3-Hydroxydecenoyl 

carnitine 
CAR 10:1;OH 

NBS C12:0-OH 
3-Hydroxydodecanoyl 

carnitine 
CAR 12:0;3OH[S] LMFA07070039 

C12:0-DC Dodecanedioylcarnitine CAR 11:0;11COOH LMFA07070083 

NBS C12:1-OH 
3-Hydroxydodecenoyl 

carnitine 
CAR 12:1(5Z);3OH[S] 

NBS C14:0-OH 
3-Hydroxytetradecanoyl 

carnitine 
CAR 14:0;3OH[S] LMFA07070045 

C14:0-DC Tetradecanedioylcarnitine CAR 13:0;13COOH LMFA07070084 

NBS C14:1-OH 
3-Hydroxytetradecenoyl 

carnitine 
CAR 14:1(5Z);3OH[S] 
CAR 14:1(7Z);3OH[S] 

NBS C16:0-OH 
3-Hydroxyhexadecanoyl 

carnitine 
CAR 16:0;3OH[S] 

NBS C16:1-OH 
3-Hydroxyhexadecenoyl 

carnitine 
CAR 16:1(7Z);3OH[S] 
CAR 16:1(9Z);3OH[S] LMFA07070044 

C16:0-DC Hexadecanedioylcarnitine CAR 15:0;15COOH LMFA07070007 

NBS C18:0-OH 
3-Hydroxystearoyl 

carnitine 
CAR 18:0;3OH[S] LMFA07070043 

NBS C18:1-OH 3-Hydroxyoleoylcarnitine CAR 18:1(9Z);3OH[S] LMFA07070025 
C18:0-DC Octadecanedioylcarnitine CAR 17:0;17COOH LMFA07070085 

NBS C18:2-OH 
3-Hydroxyoctadecadienoyl 

carnitine 
CAR 18:2(9Z,12Z); 

3OH[S] 
LMFA07070042 

Note: Zero (':0') was included in newborn screening (NBS) names to unify various dialects. * denotes mixture of unknown isomers. 

In parallel, acylcarnitine data measured using 
direct infusion unit-resolution mass spectrometry yield 
annotations at 'Species level' [12,13], and careful 
identifier mapping should be performed to prevent over-
interpretation. For instance, 3-hydroxyisovalerylcarnitine 
(C5-OH-I), LIPID MAPS identification LMFA07070041, 
is abbreviated as CAR 5:0;O and the same systematic 
abbreviation is used for 3-hydroxyvalerylcarnitine. 
However, these two metabolites come from entirely 
different pathways and precursors (leucine degradation 
and odd-chain fatty acid degradation, Fig. 1). 

Acylcarnitines important for biological 
interpretation of human metabolomic profiles 

Recently, Dambrova et al. published 
an excellent review on acylcarnitines [1]. We decided to 
update the older acylcarnitine nomenclature (based on 
newborn screening rules) into systematic nomenclature 
and map the metabolites associated with a disease or 

necessary for the biological interpretation of datasets into 
identifiers and pathways (Table 2, Fig. 1). We primarily 
focused on the identity and source of acylcarnitines and 
successfully mapped most of the metabolites. However, 
some acylcarnitines defined by newborn screening 
methods cannot be unambiguously identified [11]. 

Although the 3-hydroxydecenoylcarnitine 
(C10:1-OH) has been officially part of the newborn 
screening panel [3,11], we could not find its molecular 
identity. It is not a product of the major metabolic 
pathways, and the position of the double bond is unknown. 
Violante et al. performed a detailed analysis of 
mitochondrial carnitine acyltransferase substrate 
preference and showed that the acyltransferase enzyme for 
some short-chain-CoAs is still unknown. For instance, an 
enzyme(s) responsible for the synthesis of 
succinylcarnitine, malonylcarnitine, or 3-hydroxy-3-
methylglutarylcarnitine is still unknown [21-23]. 
3-Hydroxy-3-methylglutarylcarnitine (C5:1-M-OH-DC) 
was observed only using low-resolution MS, and its 
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molecular identity was not confirmed by other techniques 
[24]. 

Limitations of analytical techniques often 
prevent accurate identification of the compounds. For 
instance, isovalerylcarnitine (C5:0-I), which is 
a diagnostic indicator of isovaleric acidemia, is isobaric 
with pivaloylcarnitine, 2-methylbutyrylcarnitine, and 
n-valerylcarnitine [25,26]. Pivaloylcarnitine derived from
antibiotics and pimeloylcarnitine synthesized by
microbiota are typical members of exposome [25,27].
Mixtures of straight and branched saturated acylcarnitines
(e.g., CAR 20:0 as arachidylcarnitine or phytanoyl-
carnitine) should be considered when annotating
unknown features [28,29].

Acylcarnitine pathways 

We designed a map of acylcarnitine metabolism 
in WikiPathways format (WP5423) to facilitate data 
interpretation and better orientation in various 
acylcarnitines' metabolic origins. It is important to 
interpret the data and pathways carefully based on the 
type of the sample (isolated mitochondria, cells, tissue 
biopsies, serum/plasma, urine). Not all pathways are 
active in all cell types, inborn errors of metabolism have 
specific signs, and the circulating acylcarnitines reflect 
tissue acylcarnitine metabolism only transiently and 
inadequately [2,30,31]. The map is divided into three 
sections: straight-chain fatty acids, branched-chain lipids, 
and odd-chain fatty acids. 

The straight-chain fatty acid part describes the 
intermediates of β-oxidation from stearic acid to acetyl-
CoA, intermediates of oleic acid, linoleic acid, α- and 
γ-linolenic acids, palmitoleic acid, docosahexaenoic and 
eicosapentaenoic acid complete degradation leading to 
acetyl-CoA, ω- and β-oxidation of dicarboxylic fatty acids, 
and partial β-oxidation of eicosanoids and docosanoids 
illustrated by prostaglandin E2 path [16,32-37]. 

The branched-chain lipids part includes α- and 
β-oxidation of phytanic and pristanic acids and 
degradation of branched-chain fatty acids of the iso and 
anteiso series leading to intermediates of branched-chain 
amino acid degradation [29,38,39]. Amino acid-related 
metabolism, including ketogenesis and biotin synthesis 
[19,27], is included to cover all metabolic origins of 
short-chain acylcarnitines [1] and branched acyl side 
chains of cholestanoic acids are β-oxidized in the 
pathway of bile acid synthesis [40]. Degradation of 
branched-acyls leads to the production of both acetyl-

CoA and propionyl-CoA and their respective 
acylcarnitines. 

The odd-chain fatty acids part illustrates the 
metabolic fate of pentadecanoic acid via β-oxidation, 
leading to six molecules of acetyl-CoA and one 
propionyl-CoA and their acylcarnitine counterparts. 

All metabolites are annotated using shorthand 
notation for lipid structures [12,13], common names, and 
the most appropriate database identifiers from LIPID 
MAPS or the Human metabolome database. When the 
database contained records with (un)defined 
stereochemistry, the closest structure was selected. 
Acylcarnitines discussed in the review by Dambrova 
et al. [1] and acylcarnitines important for the pathway 
flow are highlighted in bold font and provided with 
literature citations. Metabolic conversions are depicted by 
arrows and enzymatic reactions yielding acylcarnitines 
are highlighted in red. Five acylcarnitine transferases: 
carnitine acetyltransferase (CRAT), carnitine O-octanoyl-
transferase (CROT), carnitine palmitoyltransferase 1A 
(CPT1A), carnitine palmitoyltransferase 1B (CPT1B), 
and carnitine palmitoyltransferase 2 (CPT2) convert acyl-
CoAs into acylcarnitines according to their substrate 
specificity, which is documented by references linked to 
the red arrows (and reviewed in Dambrova et al. [1]). 
Most of the pathways contain the β-oxidation catabolic 
spiral, which is composed of acyl-CoA dehydrogenase 
and the mitochondrial trifunctional protein (TFP) [41,42]. 
The fatty acyl-CoA dehydrogenase produces 2,3-enoyl-
CoA, the TFP 2,3-enoyl-CoA hydratase adds water and 
yields 3-hydroxyacyl-CoA, the TFP 3-hydroxyacyl-CoA 
dehydrogenase oxidizes the intermediate to 3-ketoacyl-
CoA, and the TFP 3-ketoacyl-CoA thiolase releases 
a two-carbon unit in the form of acetyl-CoA [41]. 
Carnitine-dependent peroxisomal oxidation reactions, 
starting with acyl-CoA oxidase, have been reviewed by 
Houten et al. [38,40]. 

Carnitine acyltransferases ensure the reversible 
shuttling of acyl groups between free CoA and carnitine, 
and even the acylcarnitine forms of the intermediates can 
be detected using very specific and targeted techniques 
[43]. However, the stability and enzymatic accessibility 
of the 3-ketoacyl intermediates is much lower compared 
to the final acyl-CoAs and acylcarnitines, and the 
3-ketoacylcarnitines are not depicted in the map for
clarity. To further reduce the complexity of the pathways,
enzymes involved in α-, β-, and ω-oxidations are omitted
but can be explored in the linked WikiPathways or
Reactome maps [36,37]. Reactions populated in the Rhea
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knowledgebase are annotated with a Rhea identifier [44]. 
We created a simplified poster version of the 

WP5423, which can be printed on A3 format paper 
(Fig. S1). The poster uses newborn screening-based 
acylcarnitine nomenclature, and the alternative systematic 
metabolite names can be found in Table 1. 

Conclusions 

We reviewed the metabolic origins of 
acylcarnitines, mapped their metabolic conversions, and 
created a freely available WikiPathway and a poster 
scheme to help researchers orient themselves in the 
acylcarnitine realm. We propose the use of shorthand 
notation for lipid structures [12,13] as a way to 
standardize the acylcarnitine reporting. 
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Summary 
Metabolomics and lipidomics have emerged as tools in 
understanding the connections of metabolic syndrome (MetS) 
with cardiovascular diseases (CVD), type 1 and type 2 diabetes 
(T1D, T2D), and metabolic dysfunction-associated steatotic liver 
disease (MASLD). This review highlights the applications of these 
omics approaches in large-scale cohort studies, emphasizing their 
role in biomarker discovery and disease prediction. Integrating 
metabolomics and lipidomics has significantly advanced our 
understanding of MetS pathology by identifying unique metabolic 
signatures associated with disease progression. However, 
challenges such as standardizing analytical workflows, data 
interpretation, and biomarker validation remain critical for 
translating research findings into clinical practice. Future research 
should focus on optimizing these methodologies to enhance their 
clinical utility and address the global burden of MetS-related 
diseases. 
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Introduction 

Metabolic syndrome (MetS), also known as 

insulin resistance syndrome, is defined as a cluster of risk 
factors for cardiovascular disease and diabetes. The main 
risk factors include raised blood pressure, visceral 
obesity, hyperglycemia, and dyslipidemia (reduced high-
density lipoprotein cholesterol or raised triacylglycerols) 
[1-3]. These features are often related to insulin 
resistance, which can lead to prediabetes or type 2 
diabetes [4]. Recent studies have shown that even non-
obese patients may suffer from insulin resistance, with 
visceral adiposity being considered the primary 
contributor to MetS pathology. Visceral adiposity is 
strongly associated with hepatic fatty infiltration, 
indicating that the amount of fatty acids in the liver is 
indirectly linked with MetS, both as a cause and 
a consequence of the syndrome [5]. Furthermore, in 
recent decades, MetS has become a significant health 
concern with a high prevalence worldwide [4,6-8]. To 
properly understand MetS metabolism and the 
relationships between the aforementioned risk factors 
[9,10], metabolomics and lipidomics can be applied. 

Metabolite profiling is conducted using either 
untargeted or targeted approaches, applied to biological 
samples through various analytical methods and 
platforms [11]. Large-scale metabolomics and lipidomics 
studies, which involve extensive populations or numerous 
samples (over 1000), have demonstrated their 
effectiveness in various scientific fields. These studies 
have defined individual phenotypes and shown the effects 
of genetic, environmental, intervention, or aging factors. 
They have also discovered biomarkers and validated 
metabolite patterns associated with specific biological 
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states [11]. Integrating newly identified metabolite 
biomarkers with clinical characteristics can potentially 
enhance the prediction of disease development [12]. 

In this review, we examine metabolomics and 
lipidomics human cohort studies and their application in 
MetS research. We introduce the analytical workflow and 
provide examples of recent MetS studies on 
cardiovascular diseases, type 1 and type 2 diabetes, and 
metabolic dysfunction-associated steatotic liver disease. 
 
Metabolomics and lipidomics in large cohort 
studies 
 

Large-scale metabolomics and lipidomics 
studies analyze hundreds to thousands of human samples 
containing thousands of metabolites. These samples are 

often processed in multiple batches over several weeks or 
months. No single analytical platform can cover all 
metabolites in a biological sample due to the complexity, 
diversity, and size of the human metabolome and 
lipidome. Therefore, multiple analytical platforms are 
employed to increase metabolite coverage [13]. Figure 1 
shows metabolomics and lipidomics workflow, consisting 
of sample handling, instrumental analysis, data 
processing, and bioinformatics. 
 
Sample handling 

The first step in metabolomics and lipidomics 
studies is creating a proper experimental design, 
including sample size, sample collection and storage, 
sample preparation, quality control, and analytical 
techniques [14]. 

 
 

 
 
Fig. 1. Metabolomics and lipidomics workflow. 
 
 

Determining the appropriate sample size, both 
overall and for each group, is essential. Insufficient sample 
size can lead to errors and lack of precision. Conversely, 
even small, insignificant differences might appear 
statistically significant with a larger sample size, while 
clinically important effects might seem statistically non-
significant with a small sample size [15]. A high sample 
size may also waste resources for minimal information 
gain [16]. The minimal sample size is calculated using 

power analysis, taking into account the significance level 
(e.g., α=0.05), statistical power (e.g., 0.8), and effect size 
(d=0.8, 0.5, 0.2 for large, medium, small effect size, 
respectively) [17]. To this end, freely available software 
such as G*Power can be used [18]. However, for 
untargeted metabolomics and lipidomics studies with 
a priori unknown number of measured metabolites [19], 
alternative strategies have become available, such as the 
Data-driven Sample size Determination (DSD) algorithm 
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for MATLAB and GNU Octave [20], MetSizeR [21], or 
the online tool SSizer (idrblab.org/ssizer) [22]. 

Generally, at least 20-30 samples per group are 
advised for human studies, although the number of 
samples can range from hundreds to even thousands to 
achieve reasonable statistical power. On the other hand, 
for cell and animal studies with tightly controlled 
conditions, 3-6 and 5-10 samples per group, respectively, 
are recommended [23-25]. 

Another crucial aspect to consider is sample 
collection and storage. These steps must be decided 
during preanalytical processing to ensure reliable results 
[26]. Collection procedures differ based on the type of 
samples and planned analysis. For human cohort studies, 
samples typically consist of plasma or serum. The 
selection of a specific anticoagulant for plasma 
(e.g., EDTA, citrate, heparin) should be decided in 
advance and maintained consistently throughout the 
study. Inaccurate sample collection or improper storage 
may cause metabolite degradation, increased variability, 
or interference with instrumentation [27]. 

It is important to quench the metabolism of 
samples as soon as possible prior to their storage. 
Quenching should stop all enzymatic and chemical 
activities and maintain the current metabolite levels 
during harvesting [28]. The recommended method for 
quenching is to rapidly freeze the samples using liquid 
nitrogen, dry ice, or freeze clamping. After that, samples 
should be stored at -80 °C [29]. 

The next step is sample extraction to capture as 
many metabolites as possible in the sample. Various 
sample preparation techniques are available [30]. 
Minimal sample preparation methods, such as dilution, 
are sufficient for some matrices like urine. Water is 
a suitable diluent for reversed-phase liquid 
chromatography platforms, which start with a high 
percentage of water in the mobile phase. On the other 
hand, acetonitrile as a diluent is preferred for hydrophilic 
interaction chromatography, which begins with a high 
percentage of organic solvent (acetonitrile). Additionally, 
normalization to creatinine or osmolality values is 
a common strategy for urine due to its high variability in 
concentration, which correlates with metabolite 
composition [31]. On the other hand, plasma and serum, 
often used in large human cohort studies, contain many 
interfering proteins and require an extraction step to 
remove these before instrumental analysis. Common 
preparation methods like buffering, dilution, evaporation, 
and centrifugation may lead to metabolite losses and 

issues such as high salt concentration and instrument 
disruption, which can be reduced by adding an extraction 
step [32]. 

Extraction techniques in metabolomics and 
lipidomics commonly include organic solvent-based 
protein precipitation, liquid–liquid extraction (LLE), or 
solid-phase extraction (SPE). Isolation can also be 
performed in single or multiple fractions [33]. Single-
phase extraction uses methanol, acetonitrile, isopropanol, 
a mixture of isopropanol/acetonitrile/water, acetonitrile/ 
methanol, butanol/methanol [27,34,35]. This method 
enables simultaneous extraction of lipids and polar 
metabolites, but such extracts are very complex and can 
be challenging during instrumental analysis. 

The most utilized method for reducing extract 
complexity is two-phase liquid extraction, where the 
separate phases are created by combining immiscible 
solvents: methyl tert-butyl ether (MTBE)/methanol/water 
[36], chloroform/methanol/water [37], and dichloro-
methane/methanol/water [38]. After centrifugation, the 
organic phase primarily contains nonpolar metabolites, 
such as lipids, while the polar (water) phase mainly 
consists of polar metabolites (Fig. 2A). In 2019, Vale et 
al. [39] introduced three-phase extraction using hexane, 
methyl acetate, acetonitrile, and water. After 
centrifugation, the upper organic phase is enriched with 
neutral lipids such as triacylglycerols and cholesteryl 
esters; the middle organic phase contains the 
glycerophospholipids, and the bottom aqueous phase 
contains polar metabolites. 

While organic solvent-based protein 
precipitation and LLE methods are typically used for 
untargeted methods, SPE is the first choice for targeted 
methods, usually covering trace concentrations of 
metabolites [40]. 

The success of any research study also depends 
on an effective quality control (QC) process. Using 
internal standards in the extraction and resuspension 
solvents helps control the method’s performance. These 
standards verify that aliquots are collected correctly from 
all extracts, the autosampler injects the correct volume, 
chromatographic and mass accuracy drifts are monitored, 
signal intensity fluctuations are tracked, and the quality of 
generated data is assessed during data processing [29]. 
They can also be used for quantification using a single-
point calibration approach if added during the extraction 
step. Internal standards are essential because they 
represent true positives in the sample. 
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Fig. 2. (A) Example of sample extraction using MTBE, methanol, and water [41], leading to two phases for subsequent metabolomics 
and lipidomics platforms. (B) Example of a typical LC-MS sequence during metabolomics and lipidomic analysis, consisting of solvent 
injection for general platform equilibration, followed by a system suitability test (SST), platform equilibration using pooled QC samples, 
analysis of method blanks (BL), a diluted series of QC samples (SD), randomized study samples with regular QC sample injections after 
every 10 study samples. (C) Example of different LC-MS platforms [41,42] for metabolomic and lipidomic analysis in relation to the 
XlogP (predicted octanol/water partition coefficient) range of subgroups of polar metabolites and complex lipids. 

QC samples are crucial for obtaining high-
quality data in high-throughput analytical chemistry 
laboratories [43]. They help assess the precision and 
stability of the analysis. QC samples are used to 
equilibrate the analytical platform, monitor signals for 
precision (within and between days), correct signals 
(normalization), and standardize methods. QC data can 
also help indicate random errors or fluctuations during 
the analytical run [44]. 

QC samples can be created by pooling aliquots 
of each study sample, reflecting the composition of all 
samples during analysis. Another option is to employ 
external QC using a matrix that matches the study 
samples, which can be useful in large-scale studies where 
pooling is challenging. In such studies, pooling 
QC samples can be simplified by using pooled aliquots 
from only a portion of the samples. Additionally, 
commercially accessible QC samples (e.g., human plasma 
NIST SRM 1950 standard reference material [45]) can be 
applied, though there is a risk of missing some 

metabolites compared to pooled QC samples [46]. These 
approaches can be combined; however, they should be 
planned in advance and not modified during the study. 

As Figure 2B shows, a typical metabolomics and 
lipidomics sequence consists of pre-injection steps 
(injection of solvents, QC sample) to equilibrate 
a particular platform, followed by a system suitability test 
(e.g., a mixture of selected metabolites or biological 
samples with known composition), analysis of method 
blanks, a diluted series of QC samples, randomized 
samples, and regular injection of QC samples [42]. All 
these steps are essential to generate reliable metabolomics 
and lipidomics data. 

Instrumental analysis 
A multiplatform approach using various 

analytical techniques and platforms is necessary due to 
the diversity and complexity of the metabolome and 
lipidome. This approach can improve the overall 
coverage and reliability of detected metabolites [47]. 
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Liquid chromatography-mass spectrometry (LC-MS) 
dominates metabolomics and lipidomics. Other 
commonly applied platforms are gas chromatography-
mass spectrometry (GC-MS), capillary electrophoresis-
mass spectrometry (CE-MS), and nuclear magnetic 
resonance (NMR). However, NMR does not offer as 
broad metabolite coverage as MS-based approaches [29]. 

LC-MS separates metabolites with a wide range 
of polarities due to its versatility in stationary phases, 
column dimensions, mobile phase modifiers, and solvents 
[48]. Commonly used LC-MS separation platforms are 
reversed-phase LC (RPLC) and hydrophilic interaction 
chromatography (HILIC). RPLC separates polar to semi-
polar metabolites using C18, C8, or C30 columns, 
whereas HILIC separates highly polar metabolites using 
silica, alkyl amide, aminopropylsilane, or sulfobetaine 
groups as the stationary phase [48]. Efficient 
chromatographic separation enhances the sensitivity of 
MS detection, while background noise reduction 
improves the quality of MS data [49]. For the analysis of 
polar metabolites (Fig. 2C), RPLC and HILIC are 
preferred, with mobile phases containing water, 
acetonitrile, and methanol. On the other hand, for RPLC-
based lipidomics, stronger mobile phases are needed, 
typically containing a high percentage of isopropanol 
[41,42]. The column formats vary around 50-150 mm in 
length, with an internal diameter of 2.1 mm, packed with 
sub-2 µm particles. The separation process takes between 
10 and 30 min [50]. However, fast, high-throughput 
LC-MS methods (<5 min), combined with 96-well plate 
sample preparation, are preferred for large cohort studies 
since they allow for hundreds of injections to be 
performed daily [29,42]. 

Once separated, analytes are ionized in an ion 
source to create charged particles. In LC-MS, 
electrospray ionization (ESI) is typically used, allowing 
ion formation for small molecules (<2,000 Da) and large 
molecules, such as peptides and proteins. Due to the 
chemical diversity of the metabolome and lipidome, ESI 
is usually applied in both positive and negative modes for 
more efficient coverage. ESI is a soft ionization 
technique, minimizing the fragmentation of molecular 
ions compared to electron ionization (EI) in GC-MS. 
However, ESI is sensitive to non-volatile salts, leading to 
limited use of only volatile mobile phase modifiers 
(e.g., formic acid, acetic acid, ammonium formate, 
ammonium acetate) in the chromatography part of the 
method. Due to the possible occurrence of ion 
suppression, metabolites with lower affinity for electrons 

or protons can be masked or undetected when competing 
for ionization [51]. 

MS techniques used for analyte detection can be 
either in a simple MS system with a single mass analyzer 
or in a tandem MS/MS system with multiple analyzers. 
These systems fall into low-resolution (LRMS) and high-
resolution (HRMS) techniques. The main difference 
between LRMS and HRMS is their mass accuracy, i.e., the 
precision in determining the mass. HRMS can reach the 
accurate mass and increase confidence during metabolite 
annotation, whereas LRMS can only differentiate 
compounds based on nominal mass, which can cause false 
positives for compounds that share mass but are 
structurally unrelated [52]. Therefore, untargeted 
metabolomics and lipidomics rely on HRMS and 
HR-MS/MS using time-of-flight or orbital ion trap 
analyzers and operating in data-dependent acquisition 
(DDA) or data-independent acquisition (DIA) modes. In 
DDA mode, precursor ions above a pre-set threshold are 
selected using a narrow isolation window, making 
connecting product and precursor ions easier. However, 
low-abundance ions can be missed, and the settings are 
more complex than in DIA, which may lead to errors 
[53,54]. Conversely, in DIA mode, all precursor ions 
within the wide isolation window are fragmented, covering 
more low-abundance ions; however, this results in more 
complex spectra that are harder to interpret [55]. Tools like 
MS-DIAL [56], DecoMetDIA [57], and DecoID [58] help 
to deconvolute these complex MS/MS spectra. For the 
targeted LC-MS method, LRMS triple-quadrupole (QqQ) 
and quadrupole/linear ion trap (QLIT) are used, usually 
operating in a multiple reaction monitoring (MRM) mode to 
improve sensitivity and selectivity of monitored ions [50]. 

In general, untargeted methods provide semi-
quantitative data, meaning that the results are reported as 
peak areas or heights in arbitrary units within the linear 
dynamic range of the detector. In contrast, targeted 
methods report quantitative data in molar concentrations 
[29]. Although quantification is often requested, it is not 
necessary for many studies since both semi-quantitative 
and quantitative data can be used for statistical analysis. 
However, the advantage of quantitative data is that it 
allows for the immediate distinction between major and 
minor metabolites and enables direct comparisons of 
results between laboratories and studies. 

Data processing 
Properly handling complex datasets produced by 

metabolomics and lipidomics experiments is crucial, as 
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this process significantly impacts metabolite annotation 
and quantification, consequently affecting the biological 
interpretation of results [59]. A standard untargeted 
metabolomics and lipidomics study can generate 
hundreds of annotated metabolites and numerous 
unknown features characterized by retention time and 
mass-to-charge ratio (m/z). Data handling can be divided 
into data processing and data analysis. Data processing 
uses signal processing methods to refine the raw data and 
combine them between measurements, converting data 
into a format that is easier for further analysis. This 

includes feature detection, chromatogram building, 
deisotoping, peak alignment, and gap-filling. Data 
analysis involves examining and interpreting processed 
data from previous steps, using methods like clustering 
metabolic profiles or finding key differences between 
sample groups [59]. Over the last decade, numerous 
processing tools have been introduced, such as 
MarkerLynx, MarkerView, MassHunter Profiling, 
Compound Discoverer, MS-DIAL (Fig. 3A), MZmine, 
XCMS, MetAlign, GeneDATA, Matlab and R scripts [29]. 

Fig. 3. (A) Example of MS-DIAL software [56] used for processing lipidomics data acquired using the RPLC-ESI(–)-MS [41], with 
annotated PC 16:0_18:2 in human serum. Using ammonium acetate and acetic acid as mobile phase modifiers led to the detection 
PC 34:2 as an acetate adduct ([M+CH3COO]-) (m/z 816.576). The MS/MS spectrum of PC 34:2 provided a fragment ion [M–CH3]- 
(m/z 742.539) and a series of fragments for elucidating fatty acyl chains (e.g., m/z 255.233 for 16:0 and m/z 279.233 for 18:2). The 
use of the underscore “_” indicates certainty in the composition of the fatty acyl constituents but not their specific placement on the 
glycerol backbone. (B) Example of MS-FINDER software [60] used for the structure elucidation of an unknown compound 
(m/z 189.1597, retention time 4.57 min) in human serum acquired using the HILIC-ESI(+)-MS platform [41], with tentative annotation 
as N6,N6,N6-trimethyl-L-lysine. 

Due to the structural variability and diversity of 
metabolites, detecting and annotating metabolites can be 
challenging. On average, successful annotation occurs for 
only approximately 10 % of the molecules, underscoring 
the importance of accurately identifying most molecular 

structures [61]. It should also be noted that in LC-MS, 
each metabolite can be detected in multiple ion forms, 
which can be annotated if present in spectral libraries or 
based on accurate mass differences. For instance, 
phosphatidylcholines (PC) can be detected during 
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lipidomics profiling in positive ESI as [M+H]+ (major 
peak) and [M+Na]+ (minor peak), while negative ESI 
provides [M+CH3COO]- (major peak in the presence of 
ammonium acetate in the mobile phase [41]) and [M+Cl]- 
(minor peak). Depending on the data processing 
workflow, various options are possible for reporting these 
ion forms, such as providing all annotated species 
separately, species from one ionization mode only 
(e.g., the one with a lower relative standard deviation in 
QC samples), or combining adducts (summing peak 
intensities) for each ionization mode. 

The Metabolomics Standardization Initiative 
(MSI) describes community-based guidelines for 
reporting and performing metabolomics workflows, 
proposing four confidence levels [62]: Level 1 – 
matching based on retention time, MS1, and MS/MS 
spectrum; Level 2 – matching based on MS1 and MS/MS 
spectrum; Level 3 – annotation based on matching MS1 
accurate mass only; Level 4 – unknown compound 
characterized by retention time and m/z. However, 
multiple researchers have suggested revisions and 
modifications [63-65]. The Lipidomics Standards 
Initiative (LSI) has recently been introduced to create 
standardized lipid species annotations and unify 
community efforts [66]. 

The most reliable approach for metabolite 
annotation represents the use of spectral libraries 
containing retention time, m/z (MS1 accurate mass), and 
MS/MS fragmentation spectra (MSI – Level 1). However, 
it is virtually impossible to obtain all three pieces of 
information for every possible metabolite. Thus, 
commercial or open-access MS/MS libraries (with 
MS1 precursor ions and MS/MS spectra) are crucial in 
confident compound annotation in metabolomics and 
lipidomics (MSI – Level 2). In recent years, spectral 
libraries and databases have grown in both coverage and 
diversity [67]. METLIN Gen2 is the most extensive 
spectral library (metlin.scripps.edu), containing over 
900,000 molecular standards and MS/MS data, 
comprising over 4 million tandem spectra [68]. Other 
extensive MS/MS libraries include the National Institute 
of Standards and Technology (NIST) MS/MS library 
(chemdata.nist.gov) and MassBank of North 
America (MoNA, massbank.us). Additional 
resources include MassBank (massbank.jp), ReSpect 
(spectra.psc.riken.jp), RIKEN PlaSMA (plasma.riken.jp), 
mzCloud (mzcloud.org), GNPS (gnps.ucsd.edu), 
MSforID (msforid.com), and HMBD (hmdb.ca). 

Furthermore, numerous software and tools have 

been developed to help annotate unknown compounds, 
such as MS-FINDER (Fig. 3B), CFM-ID, MetFrag, 
ChemDistiller, and CSI:FingerID. These tools convert 
mass data into molecular fragments using combinatorial 
structure generation techniques and search against 
existing structures in various databases. Potential 
candidates can be filtered using additional orthogonal 
filters based on retention time prediction [69] or 
hydrogen/deuterium exchange mass spectrometry (HDX-
MS) [70,71]. Nevertheless, confirmation should always 
follow by analyzing an analytical standard under identical 
instrumental conditions [72]. 

Bioinformatics 
Statistical analysis is essential to properly extract 

relevant information from the obtained data. Statistical 
analyses can be categorized as univariate and multivariate 
methods. Univariate statistical methods include t-test, 
ANOVA, and fold-change analysis to compare different 
sets of samples. These methods are used for sets of tens 
to hundreds of metabolites, which increases the chances 
of false positives [73]. Therefore, correction methods 
such as Bonferroni correction [74] or the Benjamini-
Hochberg [75] false discovery rate should be applied. 
These corrections have been addressed in multiple studies 
[74-76]. Commonly used multivariate methods include 
principal component analysis (PCA), partial least squares 
discriminant analysis (PLS-DA), and hierarchical cluster 
analysis (HCA) [77]. A routinely employed web-based 
platform for comprehensive metabolomics and lipidomics 
data analysis and interpretation is MetaboAnalyst 
(metaboanalyst.ca) [78]. 

Next, the biological relevance of the measured 
metabolites is interpreted using pathway and enrichment 
analysis. Enrichment analysis identifies functionally 
relevant metabolites and links their changes to biological 
contexts, suggesting key pathways or disease conditions 
for further study. Pathway analysis, on the other hand, 
finds pathways that significantly affect specific biological 
processes [79]. Both analyses are performed using 
various software tools such as MetaMapR, MetabNet, 
GNPS, MS2LDA, MetaboAnalyst, or MetFlow to map 
the metabolic pathways. New tools, such as an ontology 
database and enrichment analysis (LION, 
lipidontology.com) and lipid over-representation analysis 
(LORA, lora.metabolomics.fgu.cas.cz), are also available 
to interpret complex lipids [80]. 

An important part of every experiment is data 
sharing. Data should be shared following the Findable, 
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Accessible, Interoperable, and Reusable (FAIR) Guiding 
Principles for scientific data management and  
stewardship [81]. Public repositories such as  
Metabolomics Workbench (metabolomicsworkbench.org), 
MetaboLights (ebi.ac.uk/metabolights), and  
MassIVE (massive.ucsd.edu/ProteoSAFe/static/ 
massive.jsp) enable data sharing. A newly intro- 
duced dynamic checklist (lipidomicstandards.org/ 
reporting_checklist) summarizing key details of  
lipidomic analyses can be stored or shared in the 
supporting materials of papers or at a general-purpose open 
repository Zenodo (zenodo.org). 

Recently introduced metabolomics and 
lipidomics atlases should also serve as open-access 
resources [29]. These atlases monitor the quantities and 
relationships of metabolites in different biological 
matrices, highlighting the importance of reusing and 
sharing data [82]. 

Metabolomics and lipidomics for studying 
metabolic syndrome 

In recent years, MetS has become a major health 
risk with its increasing prevalence, reaching pandemic 
proportions [83]. The disease affects around 25 % of the 
global population, making prevention and management 
essential [84]. Understanding its pathophysiology is 
crucial in this effort. Metabolomics and lipidomics have 
been employed to investigate various diseases by 
identifying diagnostic biomarkers. Recently, research 
efforts have focused on cardiovascular diseases (CVD), 
type 2 diabetes (T2D), and metabolic dysfunction-
associated steatotic liver disease (MASLD), all of which 
are associated with MetS. Wishart’s comprehensive 
review in 2019 further underscored the significance of 
metabolomics studies in understanding physiological and 
pathophysiological processes [19]. Supplementary Tables 
S1-S3 overview metabolomics and lipidomics large-
cohort studies focusing on CVD, T1D/T2D, and 
MASLD. Next, we briefly highlight some of these studies 
to elucidate key findings and advancements, emphasizing 
how metabolomic and lipidomic profiles have provided 
deeper insights into disease mechanisms and potential 
therapeutic targets. 

Cardiovascular diseases 
CVDs are the leading cause of death globally. In 

2022, CVDs caused approximately 19.8 million deaths, 
accounting for about one-third of all global mortality that 

year. Major contributors to this toll were ischemic heart 
disease (9.2 million deaths) and ischemic stroke 
(3.5 million deaths) [85]. More than three-quarters of 
CVD deaths occur in low- and middle-income countries, 
compared to high-income countries, where the 
CVD death rate has declined [86,87]. 

CVDs are disorders of the heart and blood 
vessels, including coronary heart disease, cerebrovascular 
disease, peripheral arterial disease, rheumatic heart 
disease, congenital heart disease, deep vein thrombosis, 
and pulmonary embolism. Heart attacks and strokes are 
usually considered acute events, primarily resulting from 
a blockage that obstructs blood flow to the heart or brain 
[86]. The risk factors for cardiovascular diseases often 
include an unhealthy diet, physical inactivity, tobacco 
use, and harmful use of alcohol. These factors can be 
controlled, reducing the risk of CVD occurrence [86]. 

One area in CVD research involves exploring 
the role of different metabolites in disease promotion and 
progression. For instance, amino acids (alanine, 
glutamine, glycine, histidine, isoleucine, leucine, lysine, 
valine, phenylalanine, and tyrosine) have been identified 
as predictors of incident CVD risks [88-92]. Other 
discovered biomarkers of CVD are choline, 
trimethylamine N-oxide (TMAO), and betaine [93-96]. 
Similarly, compounds such as trimethyllysine [97], 
phenylacetyl glutamine [98], and niacin metabolites 
(N1-methyl-2-pyridone-5-carboxamide and N1-methyl-4-
pyridone-3-carboxamide) [99] have been linked to CVD 
risks. Moreover, in recent studies, the endogenous sugar 
alcohols erythritol and xylitol were both clinically and 
mechanistically linked to CVD [100,101]. 

The association of diet-linked metabolites with 
CVD has also been explored. Fu et al. [102] investigated 
metabolites connected with a healthy lifestyle and their 
effect on CVD incidence. They identified and validated 
111 metabolites associated with overall lifestyle, 65 of 
which were related to CVD risk. Healthy lifestyle-linked 
metabolites were also studied by Lu et al. [90]. Diabetes 
patients free of CVD were divided into groups based on 
the healthy level of five lifestyle factors and observed. 
Adherence to healthy lifestyle factors was associated with 
44 plasma metabolites (e.g., 3-hydroxybutyrate, alanine, 
glutamine, glycine, branched-chain amino acids), and 
approximately half of them mediated between at least one 
lifestyle factor and CVD risk. Both studies suggest that 
a healthy diet positively affects the incidence of CVD. 

Additionally, the effects of legume [103] and 
walnut [104] consumption on CVD risk were researched. 
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Walnut consumption was found to lower the risk of 
incident CVD and T2D, while legume consumption was 
associated with a lower risk of T2D but not CVD. 
Furthermore, gut microbiome-derived metabolites such as 
p-cresol sulfate and indoxyl sulfate have garnered 
attention [105]. This study shows that these abundant 
microbiome-derived metabolites have a greater impact on 
CVD than previously thought. It also suggests targeting 
the gut microbial pathways that produce p-cresol and 
indole as a potential strategy for treating CVD. 

Lipidomics profiling also reveals characteristic 
lipid signatures associated with increased CVD risk. 
Harm et al. [106] focused on the platelet lipidome of 
coronary artery disease patients and found alterations in 
the lipid composition of patients with adverse 
cardiovascular events. The results showed that the 
platelet lipidome of CVD patients with increased 
cardiovascular risk is changed, and specific platelet lipids 
may indicate adverse events. These findings may help 
discriminate the individual risk of patients with coronary 
artery disease. Eichelmann et al. [88] investigated 
associations of plasma lipid alterations with incident 
cardiometabolic diseases and studied the effect of dietary 
fat modulation on discovered risk-associated lipids. The 
results suggest that dietary fat intervention can alter 
lipids, which may serve as a potential tool for primary 
disease prevention. Furthermore, Seah et al. [107] 
suggested that certain classes of sphingolipids may also 
affect CVD risk. 
 
Type 1 & 2 diabetes 

As of 2021, the global prevalence of diabetes 
was estimated at 10.5 % (537 million people), projected 
to rise to 12.2 % (783 million people) by 2045. Diabetes 
was responsible for approximately 6.7 million deaths 
worldwide in 2021, with global healthcare expenditures 
amounting to approximately USD 966 billion [108]. 
However, the majority of these cases are attributed to 
T2D, while T1D affected approximately 8.4 million 
individuals globally in 2021 [109]. In the future, access to 
and affordability of insulin may become challenging, 
particularly in underdeveloped and developing countries, 
due to the increasing prevalence and incidence of T1D 
[110]. 

Diabetes is a complex chronic metabolic disease 
characterized by high prevalence and mortality, 
encompassing T1D, T2D, and gestational diabetes 
occurring during pregnancy. T1D results from 
insufficient insulin production by the pancreas, 

necessitating daily insulin administration. T2D arises 
from inadequate insulin secretion and the body’s 
ineffective use of insulin, leading to elevated blood sugar 
levels. T2D impacts the metabolism of glucose, lipids, 
and amino acids [111,112]. 

Metabolomics and lipidomics studies of T1D aim 
to identify biomarkers for predicting T1D risk and aiding 
in early disease detection. Orešič et al. [113] analyzed the 
lipidome profile of cord serum samples to investigate 
associations between lipid profile changes and β-cell 
autoimmunity development or clinical T1D. Their study 
found that progression to T1D correlated with decreased 
concentrations of major choline-containing phospholipids 
(sphingomyelins and phosphatidylcholines) in cord blood. 
The study also indicated that phospholipid reduction is 
associated explicitly with T1D progression rather than 
general β-cell autoimmunity. 

La Torre [89] and Tapia [90] also studied cord 
blood samples. La Torre et al. [114] discovered that 
decreased levels of phospholipids at birth, especially 
phosphatidylcholines and phosphatidylethanolamines, 
may contribute to early induction of islet autoimmunity 
and increased T1D risk. Conversely, Tapia et al. [115] 
focused more on changes in the metabolome profile than 
lipidome alterations. However, the research showed no 
strong associations of selected polar metabolites with 
T1D. Nevertheless, Webb-Robertson et al. [116] 
identified multiple metabolites associated with 
T1D progression by age 6, primarily comprising sugar 
metabolism compounds such as fructose, levoglucosan, 
glycerol-α-phosphate, and xylulose. 

Recent studies have explored metabolomics’ 
potential in predicting T2D risk based on dietary patterns 
and corresponding biomarkers. One study involving 
nearly 6,000 participants identified 29 plasma metabolites 
associated with inflammatory and insulinemic dietary 
patterns [117]. The top five biomarkers included PE 36:4, 
CAR 5:0, PC 34:4, 1-methylguanosine, and N4-acetyl-
cytidine. Additionally, investigations into the lipid profile 
of lean and obese individuals with T2D revealed 
significant lipidome changes (lyso-, diacyl- and ether-
phospholipids, and 1-deoxyceramides), aiding in T2D 
diagnosis [118]. 

Lipid profiles containing 69 odd-chain saturated 
fatty acids (OCFA) among 15 lipid subclasses were also 
examined for their potential as T2D biomarkers [119], 
revealing variations dependent on lipid class and sex, 
correlating with food consumption. Sun et al. [120] 
investigated plasma acylcarnitines’ role in early 
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T2D prediction, identifying long-chain acylcarnitines as 
significantly linked to future T2D risk. 

Moreover, interventions targeting weight loss 
have shown promise in altering metabolite signatures 
associated with T2D. Studies have noted positive 
associations between changes in branched-chain amino 
acids (valine, leucine, isoleucine) and branched-chain 
ketoacids (α-ketoisovalerate, α-ketoisocaproate, α-keto-β-
methylvalerate) with glycated hemoglobin (HbA1c) 
levels following weight loss [121]. Branched-chain amino 
acids are frequently studied due to their association with 
increased T2D risk [122-127]. 3-Hydroxybutyrate is 
another frequently studied metabolite, often alongside 
branched-chain amino acids [122-126,128]. Similar to its 
association with CVD, TMAO has also been investigated 
in relation to T2D [129]. Lemaitre et al. [129] explored 
the connections of TMAO, carnitine, crotonobetaine, and 
γ-butyrobetaine with insulin resistance, and betaine and 
choline with enhanced insulin sensitivity. However, they 
did not establish a definitive association. 

Metabolic dysfunction-associated steatotic liver disease 
MASLD is the latest term used to describe 

steatotic liver disease associated with MetS, 
encompassing various metabolic risk factors and often 
coexisting with other chronic liver conditions [130]. 
Historically, the term nonalcoholic fatty liver disease 
(NAFLD) was used. In 2020, Eslam et al. [131] proposed 
the term metabolic dysfunction-associated fatty liver 
disease (MAFLD), which was further modified to 
MASLD in 2023 [132]. Both MAFLD and MASLD 
identify patients with hepatic steatosis and metabolic 
dysfunction [133]. There are slight differences in the 
definitions of MASLD and MAFLD, which have been 
discussed in several articles [130,132-134]. Notably, 
MAFLD encompasses patients with fatty liver regardless 
of alcohol consumption pattern or amount [132], whereas 
MASLD introduces the term MetALD for patients who 
meet alcohol-related fatty liver disease criteria [134]. 
MASLD diagnosis requires meeting one of five 
cardiometabolic risk factors [132], while MAFLD 
requires meeting two out of seven metabolic dysfunction 
parameters [131]. De et al. [135] suggest that MASLD 
and SLD (steatotic liver disease) criteria may better suit 
lean patients with NAFLD than MAFLD criteria. 
Consequently, both MASLD and MAFLD terms are used 
in literature to classify liver diseases associated with 
metabolic dysfunction, although NAFLD remains 
prevalent in many studies since the new nomenclature’s 

introduction. 
The global prevalence of NAFLD was estimated 

to be approximately 30 % between 1990 and 2019, with 
a continuing upward trend [136]. This increasing 
prevalence of NAFLD is likely associated with rising 
rates of diabetes and obesity. However, the global 
mortality rate declined from 2.39 per 100,000 population 
in 1990 to 2.09 per 100,000 population in 2019 [137]. 

MASLD includes a range of steatotic liver 
conditions, from isolated hepatic steatosis to metabolic 
dysfunction-associated steatohepatitis (MASH), with 
varying levels of liver fibrosis that can potentially lead to 
cirrhosis. MASLD is associated with a higher risk of liver 
complications (e.g., cirrhosis), end-stage liver disease, 
and hepatocellular carcinoma, as well as an increased risk 
of developing extrahepatic issues such as cardiovascular 
disease (CVD), chronic kidney disease, and certain 
extrahepatic cancers [138]. 

Recent large-scale cohort studies aim to identify 
risk factors and biomarkers for MASLD, aiding in its 
challenging diagnosis. Commonly identified biomarkers 
include amino acids, particularly aromatic amino acids 
(tyrosine, tryptophan) and branched-chain amino acids 
(isoleucine, leucine, valine) [139-143]. Studies by Hirata 
[142] and Martínez-Arranz [144] examined the
association of NAFLD with cardiovascular risk,
identifying metabolomic signatures aligning with known
CVD risk factors. Hirata et al. [142] found that NAFLD
was positively associated with the cardio-ankle vascular
index (CAVI), an indicator of subclinical atherosclerosis,
and identified ten metabolites involved in both NAFLD
and CAVI: branched-chain amino acids (valine, leucine,
and isoleucine), aromatic amino acids (tyrosine and
tryptophan), alanine, proline, glutamic acid,
glycerophosphorylcholine, and 4-methyl-2-oxopenta-
noate. Martínez-Arranz et al. [144] investigated lipidomic
profile changes, particularly in triacylglycerols,
phosphatidylcholines, and sphingomyelins, providing
evidence of distinct metabolic mechanisms associated
with NAFLD progression that vary between subtypes.

McGlinchey et al. [145] observed lipidomic and 
metabolomic profile changes across different stages of 
NAFLD progression, highlighting unique metabolites and 
27 common metabolites across all stages, including 
significant alterations in cholesteryl esters, ceramides, 
lysophosphatidylcholines, phosphatidylcholines, phospha-
tidylethanolamine, sphingomyelins, and triacylglycerols. Hu 
et al. [146] discovered correlations between NAFLD and 
uric acid, as well as oleic acid-hydroxy oleic acid 
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(OAHOA), identifying OAHOA as a novel biomarker for 
NAFLD prevalence in a cohort of 1,479 patients (aged 
18-80 years). Other studies have explored potential 
biomarkers, such as anandamide [147] or taurochloric acid 
[148]. 

Conclusions 

Metabolomics and lipidomics represent effective 
tools for studying MetS and related disorders. The 
comprehensive multiplatform-based profiling of polar 
metabolites and complex lipids in large cohorts has 
enabled the identification of novel biomarkers and 
enhanced our understanding of disease mechanisms. Key 
advancements include the discovery of metabolic 
signatures associated with CVD, T1D, T2D, and MASLD. 

Regarding polar metabolites, branched-chain 
amino acids (valine, leucine, isoleucine), TMAO, betaine, 
choline, and 3-hydroxybutyrate have been identified in 
multiple studies as promising biomarkers. For complex 
lipids, a panel or combination of affected lipids is 
expected to be useful as biomarkers, including 
acylcarnitines, phospholipids, sphingomyelins, and 
triacylglycerols as key lipid subclasses. 

Further research is needed to validate these 
reported biomarkers in diverse populations and clinical 
settings, ensuring their robustness and clinical utility. 
Standardization of experimental protocols and data 
analysis methods will be critical to facilitate data 
comparability and reproducibility across studies. Based 
on a review of multiple studies, we also advocate for the 
inclusion of authoritative identifiers such as InChI keys 
or identifiers from bioinformatics resources such as the 

Human Metabolome Database (hmdb.ca) and LIPID 
MAPS (lipidmaps.org). This will expedite the 
comparison of potential biomarkers within studies, 
making the process faster and more effective. 

In addition, further advances in analytical 
technologies and computational tools will continue to 
drive innovation in metabolomics and lipidomics, 
offering new opportunities for early disease detection and 
personalized therapeutic interventions. 
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Summary 
RNA modifications affect key stages of the RNA life cycle, 
including splicing, export, decay, and translation. 
Epitranscriptomic regulations therefore significantly influence 
cellular physiology and pathophysiology. Here, we selected some 
of the most abundant modifications and reviewed their roles in 
the heart and in cardiovascular diseases: N6-methyladenosine 
(m6A), N6,2‘-O-dimethyladenosine (m6Am), N1-methyladenosine 
(m1A), pseudouridine (Ψ), 5-methylcytidine (m5C), and inosine 
(I). Dysregulation of epitranscriptomic machinery affecting these 
modifications vastly changes the cardiac phenotype and is linked 
with many cardiovascular diseases such as myocardial infarction, 
cardiomyopathies, or heart failure. Thus, a deeper understanding 
of these epitranscriptomic changes and their regulatory 
mechanisms can enhance our knowledge of the molecular 
underpinnings of prevalent cardiac diseases, potentially paving 
the way for novel therapeutic strategies. 
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Introduction 
 

The original central dogma of molecular biology 
states that DNA is transcribed into RNA, which is 
subsequently translated into proteins [1]. However, the 
whole process is under the control of epigenetic 

mechanisms. Epigenetic mechanisms involve chemical 
modifications to the DNA itself, to the proteins that 
package DNA into chromatin (histones), or to the RNA 
molecules transcribed from the DNA (Fig. 1). 
Importantly, the epigenome is responsive to various 
environmental factors (diet, stress, exposure to toxins, 
etc.) and can produce heritable phenotypic changes 
without altering the DNA sequence [2,3].  

RNA modifications are specifically known as 
the epitranscriptome. The research field of 
epitranscriptomics is rapidly developing. Currently, over 
170 chemical RNA modifications are known (common 
RNA modifications overviewed in Fig. 2) [4]. The largest 
number of modifications with the widest chemical 
diversity is present in tRNA; however, various 
modifications also occur in other RNA types, including 
mRNA [5]. These modifications may be either 
irreversible or reversible [6]. Epitranscriptomic regulators 
can be described according to their function as writers 
(addition of the epitranscriptomic mark), erasers (removal 
of the epitranscriptomic mark), and readers (binding to 
the modified nucleotide). Dynamic regulation of 
epitranscriptomic modifications can affect key stages of 
the RNA life cycle, including splicing, export, decay, and 
translation [7,8]. 

Remodeling of the cardiac epitranscriptome has 
been described in several physiological as well as 
pathological states. This review summarizes the current 
knowledge and gaps about RNA modifications in cardiac 
biology and cardiovascular diseases (CVDs). A better 
understanding of epitranscriptomic regulations in the 
healthy and diseased heart opens the door for clinically 
relevant discoveries in the future. 
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Fig. 1. Basic overview of epigenetic modifications. Created with BioRender.com 
 
 

 
 
Fig. 2. Common RNA modifications. Created with BioRender.com 
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Common RNA modifications and their role 
in cardiac physiology 
 
N6-methyladenosine 

N6-methyladenosine (m6A) is the most numerous 
modification in eukaryotic mRNA; however, it also 
occurs in other RNA types [9-12]. Multicomponent 
methyltransferase complex (MTC) is responsible for the 
deposition of the methyl group to adenosine, forming 
m6A. The two main regulatory subunits of the MTC are 
methyltransferase-like 3 (METTL3) and methyltrans-
ferase-like 14 (METTL14). The catalytic function of the 
MTC is carried by METTL3 while METTL14 facilitates 
RNA binding [13,14]. The removal of the methyl group 
is mediated by two main demethylases. AlkB homolog 5 
(ALKBH5) is the primary m6A eraser [15]. Fat mass and 
obesity-associated protein (FTO) is not an m6A-specific 
demethylase, however, m6A is the preferable target of 
FTO in the nucleus [16-18]. There are many described 
m6A readers. The most characterized include YTH 
domain-containing family proteins 1-3 (YTHDF1-3) and 
YTH domain-containing proteins 1-2 (YTHDC1-2). 
While readers YTHDF1-3 mediate primarily mRNA 
degradation, YTHDC1 regulates mRNA splicing and 
YTHDC2 promotes translation [19-25]. 

The heart is affected by m6A already during its 
ontogenetic development as m6A machinery regulates 
cardiomyocyte growth, proliferation, and differentiation 
[26-29]. Children born with a loss-of-function mutation 
in the FTO gene (m6A demethylase) exhibited heart 
defects (ventricular septal defect, atrioventricular defect, 
patent ductus arteriosus), hypertrophic cardiomyopathy 
and died before 3 years of age [30]. Moreover, various 
gene variants of m6A regulators were linked with CVDs, 
including myocardial infarction, acute coronary 
syndrome, increased risk of rejection in heart transplant 
patients, and sudden cardiac death [31-37]. It has been 
reported that m6A also controls cardiac hypertrophy  
[38-40]. Dorn et al. [41] suggested that enhanced m6A 
RNA methylation results in compensated cardiac 
hypertrophy, whereas diminished m6A drives eccentric 
cardiomyocyte remodeling and dysfunction. Changes in 
m6A methy-lation and dysregulation of m6A machinery 
can contribute to the progression of heart failure [42-47]. 
Altered cardiac m6A patterns were detected also in 
diabetic cardio-myopathy with distinct dysregulation of 
m6A machinery in the two types of diabetes [48-50]. The 
heterogeneous role of m6A modification in CVDs has 
been reviewed in several recent publications [51-60]. 

Altered m6A levels in different CVDs might also 
serve as useful biomarkers. For instance, it has been 
described that patients with coronary artery disease 
(CAD) had significantly lower urine m6A levels 
compared to healthy individuals [61]. 

Since cardiac m6A machinery is dysregulated 
under many pathophysiological conditions, targeting m6A 
modifiers can also induce cardioprotection. Several 
studies showed that demethylases FTO and ALKBH5 can 
protect cardiomyocytes against detrimental effects, such 
as treatment with cardiotoxic compounds or hypoxia/ 
reoxygenation injury [43,62-69]. On the contrary, loss of 
METTL3 or METTL14 can alleviate myocardial injury 
and promote heart regeneration [70,71]. Thus, improving 
our knowledge of the m6A regulations in the heart may 
lead to novel cardioprotective strategies using specific 
pharmacological activators or inhibitors targeting m6A 
modifiers. 

 
N6,2‘-O-dimethyladenosine 

N6,2‘-O-dimethyladenosine (m6Am) is formed 
by N6-methylation of 2’-O-methyladenosine (Am). It has 
been described only in mRNA and snRNA [50,72]. This 
modification is present at the first transcribed nucleotide 
and forms the extended cap structure in at least 30-40 % 
of all vertebrate mRNA [73,74]. Moreover, m6Am is also 
present at the internal sites of snRNAs [17]. The 
formation of m6Am in the cap is mediated by 
phosphorylated CTD interacting factor 1 (PCIF1), while 
methyl-transferase-like 4 (METTL4) is responsible for 
internal m6Am formation [75-78]. The demethylation of 
m6Am takes place mainly in the cytosol where it is 
mediated by FTO, the same eraser that targets m6A in the 
nucleus [17,18,79,80]. There are currently no m6Am 
readers mediating the biological functions of this 
modification described, but it is known that the presence 
of m6Am in the cap structure markedly enhances mRNA 
stability (in mRNA cap) and splicing (in snRNA cap) 
[79,81].  

The function of m6Am modification in the heart 
is mostly unknown. There are several problems 
associated with m6Am research: 1) many m6A detection 
methods do not distinguish between m6A and m6Am;  
2) FTO is not a specific eraser because it demethylates 
also m6A and m1A; 3) METTL4 can also catalyze 6mA 
methylation. Thus, the potential effect of m6Am on 
cardiac function could be masked as m6A in many studies 
[72]. Besides the non-specific demethylase FTO covered 
in the previous chapter, not much is known about the role 
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of m6Am and its regulators in the heart. Publicly 
available RNA-seq datasets generated from human left 
ventricles of failing and non-failing hearts reported some 
degree of regulation of METTL4 (down-regulation) and 
PCIF1 (up-regulation) [72]. Besides that, we recently 
found that m6Am writers were regulated also in 
cardioprotective interventions. METTL4 was decreased 
in the hearts of rats adapted to chronic hypoxia and 
PCIF1 was increased in the hearts of rats subjected to 
fasting [69,72].  
 
N1-methyladenosine  

N1-methyladenosine (m1A) is found mainly in 
tRNA and rRNA, but less numerously also in mRNA  
[82-85]. The writer proteins responsible for m1A 
methylation include tRNA methyltransferase 6 (TRMT6), 
TRMT61A, TRMT61B, TRMT10C or ribosomal RNA-
processing protein 8 (RRP8; also known as NML)  
[86-90]. Demethylation of m1A is catalyzed by erasers 
ALKBH1, and ALKBH3 [85,91-93]. Moreover, FTO 
(m6A and m6Am eraser) also works as a demethylase of 
m1A in tRNA [17]. The m1A modification affects the 
structure and stability of tRNA and rRNA and its 
presence in mRNA regulates translation [85,86,94-96]. 

So far, no association between m1A and CVDs 
has been found [97]. Analysis of methylated nucleosides 
in urine that revealed altered m6A levels in CAD patients 
did not find any changes in the case of m1A [61]. 
 
Pseudouridine 

Pseudouridine (Ψ), the C5-glycoside isomer of 
uridine (U), is the first discovered and overall the most 
prevalent RNA modification that has been identified in 
almost all known RNA types [98-100]. The conversion of 
U to Ψ is mediated by the diverse pseudouridine synthase 
(PUS) family [101]. So far, 13 members of PUSs have 
been described in eukaryotes [100]. The human homologs 
of PUSs include PUS1, PUS3, PUS7, PUS10, PUSL1, 
PUSL7, TRUB1-2 (TruB pseudouridine synthase 1-2), 
RPUSD1-4 (RNA pseudouridine synthase D1-4), and 
DKC1 (dyskerin pseudouridine synthase 1) [102]. The 
formation of Ψ is irreversible (unlike the aforementioned 
modifications) [103]. The only known Ψ reader is a yeast 
RNA helicase Prp5 interacting with snRNA [104,105]. 
The molecular functions of Ψ include stabilization of 
RNA conformations and destabilization of interactions 
with RNA-binding proteins; the most well-characterized 
function of Ψ in mRNA is the promotion of a stop codon 
read-through [100,106].  

Plasma and urine levels of Ψ were linked to 
CVDs [107]. Patients with heart failure exhibited higher 
plasma concentrations of Ψ than healthy controls and this 
modification was suggested as a suitable biomarker for 
heart failure diagnosis [108-110]. Tetralogy of Fallot, the 
most common cyanotic congenital heart defect, is 
associated with decreased Ψ levels in ventricular 
myocardial tissues, which is under the control of small 
Cajal body-specific RNAs [111,112]. 
 
5-methylcytidine 

5-methylcytidine (m5C) is an abundant RNA 
modification present in a wide variety of RNA types. The 
writers responsible for the installation of m5C in humans 
are NOL1/NOP2/SUN domain proteins 1-7 (NSUN1-7) 
and DNA methyltransferase homolog DNMT2 [113,114]. 
Ten-eleven translocation proteins 1-3 (TET1-3) and 
ALKBH1 are known as m5C erasers. TET-mediated 
oxidation results in a formation of 5-hydroxy-
methylcytidine (hm5C), while ALKBH1 is responsible for 
the oxidation of m5C in mitochondrial tRNA generating 
5-formylcytidine (f5C) [115,116]. The readers  
of m5C include Aly/REF export factor (ALYREF), which 
influences nuclear-cytoplasmic shuttling [117], and  
Y-box-binding protein 1 (YBX1), which preserves the 
stability of its target mRNA by recruiting ELAVL1 
[118]. This modification is an important regulator of 
RNA export, ribosome assembly, translation, and RNA 
stability [113,119,120]. 

In mammals, m5C modification occurs more 
frequently in the myocardium and skeletal muscle 
compared to other organs. The enrichment of m5C is 
especially present in mitochondrial-related genes, 
suggesting a particularly important function of m5C in the 
high-energy demanding myocardium [121]. Indeed, 
specific inactivation of the methyltransferase NSUN4 in 
the heart caused cardiomyopathy with mitochondrial 
dysfunction [122]. Deficiency of methyltransferase 
Dnmt2 gene in mice resulted in cardiac hypertrophy 
[123]. RNA binding protein and known m5C reader 
YBX1 was also identified as a cardiac hypertrophy 
regulator [124,125]. NSUN2 was found to increase Nrf2 
expression by promoting m5C methylation of its mRNA 
and enhancing its antioxidant stress effect, which 
attenuates doxorubicin-induced myocardial damage 
[126].  
 
RNA editing 

RNA editing includes nucleoside modifications 
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such as adenosine deamination to inosine (A-to-I editing) 
or cytosine deamination to uridine (C-to-U editing), as 
well as insertion and deletion of nucleotides [127,128]. 
Deamination of A to I is irreversible and it is performed 
by enzymes belonging to the adenosine deaminase acting 
on RNA (ADAR) family, which is represented by three 
ADAR orthologs (ADAR1-3) in mammals. ADAR1 and 
ADAR2 are widely expressed, while ADAR3 was 
detected only in the brain [129,130]. C-to-U editing is not 
as common as A-to-I editing [131]. The deamination  
of C to U is performed by a multiple-protein editosome, 
which includes the catalytic subunit apolipoprotein B 
mRNA editing enzyme catalytic subunit 1 (APOBEC1) 
and an RNA-binding protein APOBEC1 complemen-
tation factor (A1CF) [132]. RNA editing in protein-
coding regions of mRNAs can result in the expression of 
functionally altered proteins while editing in microRNA 
(miRNA) precursors leads to reduced expression or 
altered function of mature miRNAs [133].  

ADAR1 is an essential enzyme for normal 
embryonic cardiac growth and development [134]. 
Cardiomyocyte-specific deletion of Adar1 in adult mice 
caused severe ventricular remodeling and spontaneous 
cardiac dysfunction associated with a significant rise in 
lethality [135]. ADAR1 was also shown to prevent 
autoinflammatory processes in the heart [136]. A-to-I 
RNA editing has been significantly increased among 
children with cyanotic congenital heart disease compared 
to acyanotic controls [137]. On the contrary, reduction of 
A-to-I editing and decreased levels of ADAR2 have been 
described in the failing human heart [138]. Strong down-
regulation of ADAR2 and up-regulation of ADAR1 
expression was observed in blood samples of patients 
with congenital heart disease. The decrease in ADAR2 
levels was in line with its down-regulation in ventricular 

tissues of dilated cardiomyopathy patients. Thus, it has 
been suggested that ADAR2 activity might play a critical 
role in preventing cardiovascular disorders [139]. Indeed, 
Wu et al. [140] described that ADAR2 was up-regulated 
in the heart during exercise and that this enzyme protects 
the heart against myocardial infarction as well as 
doxorubicin-induced cardiotoxicity, supporting the 
hypothesis of the beneficial effect of ADAR2 on the 
heart. So far, RNA editing therapeutics have not been 
established for the treatment of CVDs, however, it is  
a prospective therapeutic approach that could be 
implemented in the near future [141]. 

 
Conclusion 
 

CVDs remain the leading cause of death 
worldwide. The search for appropriate cardioprotective 
strategies is therefore of crucial importance. The 
significant role of epitranscriptomics in cellular 
physiology and pathophysiology has been already 
accepted by the scientific community in the past few 
years. However, the exact role of complex 
epitranscriptomic regulations in the heart and CVDs is 
still far from being understood. It is becoming clear that 
RNA modifications and their regulators play a vital role 
in the ontogenetic development of the heart. Many CVDs, 
such as myocardial infarction, cardiomyopathies, or heart 
failure, have been also associated with dysregulated 
epitranscriptomic machinery (Fig. 3). Most importantly, 
targeting the enzymes responsible for regulating the RNA 
modifications affected by these diseases proved to be 
beneficial for the heart. Thus, it is only a matter of time 
before targeting epitranscriptomic regulations becomes  
a part of clinical practice. 

 

 
 
Fig. 3. Role of RNA modifications in the heart. Created with BioRender.com 
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Summary 
Monovalent-cation homeostasis, crucial for all living cells, is 
ensured by the activity of various types of ion transport systems 
located either in the plasma membrane or in the membranes of 
organelles. A key prerequisite for the functioning of ion-
transporting proteins is their proper trafficking to the target 
membrane. The cornichon family of COPII cargo receptors is 
highly conserved in eukaryotic cells. By simultaneously binding 
their cargoes and a COPII-coat subunit, cornichons promote the 
incorporation of cargo proteins into the COPII vesicles and, 
consequently, the efficient trafficking of cargoes via the secretory 
pathway. In this review, we summarize current knowledge about 
cornichon proteins (CNIH/Erv14), with an emphasis on yeast and 
mammalian cornichons and their role in monovalent-cation 
homeostasis. Saccharomyces cerevisiae cornichon Erv14 serves 
as a cargo receptor of a large portion of plasma-membrane 
proteins, including several monovalent-cation transporters. By 
promoting the proper targeting of at least three housekeeping 
ion transport systems, Na+, K+/H+ antiporter Nha1, K+ importer 
Trk1 and K+ channel Tok1, Erv14 appears to play a complex role 
in the maintenance of alkali-metal-cation homeostasis. Despite 
their connection to serious human diseases, the repertoire of 
identified cargoes of mammalian cornichons is much more 
limited. The majority of current information is about the structure 
and functioning of CNIH2 and CNIH3 as auxiliary subunits of 
AMPAR multi-protein complexes. Based on their unique 
properties and easy genetic manipulation, we propose yeast cells 
to be a useful tool for uncovering a broader spectrum of human 
cornichons´ cargoes. 
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Introduction 
 

Cells need to incessantly adapt to gradual or 
sudden changes in cation concentrations in the 
extracellular milieu to maintain intracellular conditions 
that are suitable for their fitness (Fig. 1A). K+, H+, and 
Na+ are the most important monovalent cations, required 
for all physiological processes [1]. From bacteria to 
mammals, cells need to maintain a stable cytosolic pH of 
7.0 (the H+ concentration) and accumulate a high 
concentration of K+ (Fig. 1A), as it is essential for many 
physiological functions, including the regulation of cell 
volume and intracellular pH, and the maintenance of 
membrane potential [1]. Adequate K+ content is also 
a pivotal signal for cell division and a prerequisite for 
resistance to various stresses [1,2]. A high intracellular 
concentration of Na+ is generally toxic [1]. However, the 
electrochemical gradients of Na+ and H+ across the 
membranes are a driving force for secondary active 
transport systems. In mammals, Na+ is the major cation in 
extracellular space, and both Na+ and K+ are also 
employed to generate membrane-potential changes in 
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Fig. 1. Monovalent-cation homeostasis in eukaryotic cells. (A) Concentrations of K+ and Na+ in various representative organisms and 
extracellular environments. All cells accumulate K+, keep low content of toxic Na+, and preserve neutral cytosolic pH [1,11-13].  
(B) An overview of transport systems for monovalent cations in S. cerevisiae (* transport systems with orthologues in humans [14]). 
 
 
excitable cells, such as neurons. The intracellular 
concentrations of K+, Na+ and H+ are strictly regulated 
via the activity of a series of membrane proteins  
– transporters and channels – mediating the fluxes of 
these cations across the membranes. In the model 
organism of eukaryotic cells, the yeast Saccharomyces 
cerevisiae, more than ten transport systems for 
monovalent cations have been characterized in the plasma 
membrane and in intracellular membranes (Fig. 1B, [3]). 
Some are fungi-specific, but many yeast transporters have 
orthologues in mammalian cells (Fig. 1B). Disturbances 
in H+, Na+ and/or K+ concentrations result in many 
pathological conditions in humans, such as neuro-
degenerative diseases, metabolic disorders and malignant 
transformations [4]. Hence, the investigation of 
regulatory mechanisms that ensure cationic homeostasis 
is receiving increasing attention in biomedical sciences. 

Cation transporters are complex membrane 
proteins with hydrophobic parts embedded in cellular 
membranes, and in many cases, large hydrophilic regions 
positioned on both sides of the membrane. The activity of 
transporters is tightly regulated at several levels, e.g., the 

level of their expression and/or post-translational 
modifications. Moreover, the correct function of each 
membrane protein depends on its effective delivery into 
the target membrane. In eukaryotic cells, approximately 
one-third of nascent polypeptides undergo maturation 
during proteosynthesis via their passing through the 
secretory pathway [5]. An important group of proteins 
that interact with maturing proteins and ensure their 
passage through the secretory pathway are cargo 
receptors that help to insert their interaction partners into 
COPII vesicles, which are exported from the endoplasmic 
reticulum (ER) to the Golgi apparatus (Fig. 2A). The goal 
of this overview is to summarize current findings about 
the structures and physiological roles of the cornichon 
family of cargo receptors, with the emphasis on 
S. cerevisiae Erv14 protein and its mammalian 
homologues CNIH1-4, and their particular importance for 
the biogenesis of monovalent-cation transporters. 
Characterizing the physiological functions of cargo 
receptors from yeasts and humans and their importance 
for the maintenance of monovalent-cation homeostasis is 
one of the research topics investigated in the 
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Fig. 2. Basic properties of cornichons. (A) Scheme of functioning of cornichons as COPII cargo receptors. (B) AlphaFold [23] structural 
model of Erv14. Regions important for the functioning of the protein (see the text) are depicted in different colors. (C) Scheme of 
topology of mammalian CNIH2/3 proteins. Positions of amino-acid residues homologous to Erv14 regions highlighted in (B) are 
depicted. 
 
 
Laboratory of Membrane Transport at the Institute of 
Physiology CAS. It has arisen from a fruitful 
collaboration with the Laboratory of Prof. Omar Pantoja 
from the Institute of Biotechnology at the National 
Autonomous University of Mexico [6-10], within which 
we also employed the yeast S. cerevisiae and its mutated 
strains to investigate the interaction between the 
cornichon CNIH1 and the Na+ transporter HKT1;3 from 
Oryza sativa [7]. 
 
Cargo-receptor function and structure of 
cornichon proteins 
 

The cornichon family of COPII cargo receptors 
is highly conserved in eukaryotic organisms. The first 
characterized member, Drosophila cornichon Cni, which 
was reported to be necessary for the proper delivery of 
the transforming growth factor α (TGFα) from the ER to 
the oocyte surface during Drosophila oogenesis, gave the 
name to the whole family of proteins [15,16]. The 
absence of either the TGFα Gurken (Grk) or cornichon 
Cni results in an altered shape of the fly´s eggs, which are 
elongated (Gurken means “cucumbers” in German)  
[16-18]. However, the most characterized cornichon is 

the S. cerevisiae Erv14 protein. It is a 14 kDa, 
138-amino-acid-residue-long protein that was originally 
found in isolated ER-derived vesicles [19]. Erv14 is 
predicted to be an integral membrane protein that 
localizes to the ER and Golgi apparatus [19]. By binding 
both the cargo protein and also a COPII coat subunit, 
Sec24 [20,21], Erv14 promotes the incorporation of its 
cargoes into COPII vesicles (Fig. 2A). 

Previously, three transmembrane domains were 
predicted in Erv14 and, applying the “positive-inside 
rule”, the N-terminus of the protein was expected to be 
located in the cytoplasm and the C-terminus in the lumen 
of the ER/Golgi apparatus [21,22]. Although some 
experimental evidence has further supported this 
predicted topology of Erv14 [21], a more recent 
AlphaFold [23,24] model of Erv14 suggests a topology 
with four transmembrane domains and both termini 
located in the lumen of the ER (Fig. 2B). This model is in 
full agreement with experimentally discovered structures 
of mammalian homologues, cornichon proteins CNIH2 
and CNIH3, which act as auxiliary subunits of  
AMPA-type ionotropic glutamate receptors in the plasma 
membrane [25-28]. In both CNIH2 and CNIH3, cryo-
electron microscopy revealed that the N- and C-termini 
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are located in the extracellular space (Fig. 2C). The first 
transmembrane domain spans the membrane, and after 
a short loop in the cytoplasm, the second α-helical 
segment, which already starts in the cytoplasm, again 
enters the membrane bilayer. There, the amino-acid chain 
turns back, the third transmembrane domain crosses the 
lipid bilayer and finally, after a cytoplasmic loop, the 
fourth transmembrane domain once more fully spans the 
membrane (Fig. 2C). Thus, the majority of mammalian 
cornichons CNIH2 and CNIH3 seems to be buried in the 
membrane, and only small portions of the proteins are 
located in the cytoplasm [26,28]. 
 
Characteristics of S. cerevisiae cornichons 
 

S. cerevisiae Erv14 helps its binding partners to 
be efficiently transported through the secretory pathway 
(Fig. 2A). When Erv14 is not present in cells, its cargoes 
are typically partially accumulated in the ER (Fig. 3, 
[10,19,29]). The first known cargoes of Erv14, such as 
Axl2, which is required for the axial budding pattern of 
haploid cells, or Sma2, which plays a role in the formation 
of prospore membrane during sporulation, were discovered 
based on phenotypes of cells lacking the ERV14 gene 
[19,21,30]. Later, to study the cargo spectrum of individual 
yeast cargo receptors more systematically, Herzig and 
colleagues [29] developed a “PAIRS” (pairing analysis of 
cargo receptors) approach. The methodology was based on 
the crossing of strains with deletions of individual non-
essential genes encoding cargo receptors, such as Erv14, 
with strains from the library of S. cerevisiae with GFP-
tagged putative cargoes (proteins from post-ER 
compartments). The newly created libraries of strains 
lacking cargo receptors and simultaneously harboring 
GFP-tagged putative cargoes were then inspected using 
automated microscopy screening. The PAIRS approach 
revealed that Erv14 serves as a cargo receptor of a large 
proportion (18 of 57) of the tested plasma-membrane 
proteins [29]. So far, approx. 40 diverse cargoes whose ER 
exit is dependent on the presence of Erv14 have been 
identified. Erv14´s cargoes are proteins with various 
physiological functions; membrane transporters, including 
several monovalent-cation transporters, flippases or 
proteins involved in budding, sporulation and other 
processes belong among them (see below, 
[9,10,19,21,29,30]). 

A paralogue of ERV14, ERV15, is also present in 
S. cerevisiae genome [19]. Erv15 is 142 amino-acid 
residues long and shares 63 % identity with Erv14.  

No cargo whose trafficking through the secretory pathway 
would depend on the presence of Erv15 was identified 
using the PAIRS method [29]. However, Erv15 could 
cooperate with Erv14 in supporting the proper trafficking 
of some cargoes, such as the ABC transporter Yor1 [20]. 
When the packaging of Yor1 to COPII vesicles was 
studied in in vitro vesicle-formation assays, Erv15 alone 
was insufficient to compensate for the packaging defects 
associated with the lack of Erv14. However, the deletion of 
both ERV14 and ERV15 in cells resulted in a more 
pronounced defect than in cells that only lacked Erv14 
[20]. The lower importance of Erv15 for the trafficking of 
various cargoes compared to Erv14 might be connected to 
the differences in the expression levels of both proteins. In 
agreement, when ERV15 was expressed under the control 
of ERV14 promoter in erv14∆ and erv14∆ erv15∆ cells, the 
protein gained the ability to restore packaging of Yor1 to 
COPII vesicles [20]. 

The binding partners of Erv14 do not seem to 
share any amino-acid motif which would be responsible 
for their recognition by Erv14 [29]. However, since the 
transmembrane domains of integral membrane proteins 
residing in post-Golgi compartments are longer [31], it was 
suggested that Erv14 might recognize its cargoes based on 
the length of their membrane-spanning segments [29]. 
Indeed, a replacement of the only endogenous 
transmembrane domain of Mid2, a known Erv14 cargo, 
with a chain of 14-26 leucines (with two-amino-acid 
increments) showed that longer versions of Mid2 exit the 
ER more efficiently and in an Erv14-dependent manner. 
Thus, these findings supported the idea that the length of 
transmembrane domains is a determining factor for  
Erv14-dependent sorting [29]. 

Several amino-acid residues of Erv14 have been 
identified to be important for its proper functioning. The 
stretch of amino-acid residues 97-101 (IFRTL, Fig. 2B) 
was found to be necessary for the efficient packaging of 
Erv14 into COPII vesicles and for the binding  
of COPII-coat components in vitro. The mutations of 
amino-acid residues 97-IFRTL-101 to alanine residues also 
resulted in defects in axial bud selection,  
which is typical for erv14∆ cells [19,21]. Thus, amino 
acids 97-101 were suggested to play a role in the direct 
binding of Erv14 to COPII coat [21]. According to the 
most recent structural prediction of Erv14 and analogously 
to the topology of mammalian cornichons (Fig. 2), the 
IFRTL motif is supposed to be located on the cytosolic 
side of the membrane at the beginning of the fourth  
α-helix of Erv14,which is in full agreement with its 
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Fig. 3. Role of Erv14 in the targeting of various yeast cation transporters. Deletion of ERV14 in S. cerevisiae results in retention of 
housekeeping K+ transporters Trk1, Tok1 and Nha1 in endoplasmic reticulum. On the other hand, the localization of Pma1, Trk2, Ena1 
and Vhc1 is not affected in erv14∆ cells. Nomarski (left) and fluorescence (right) micrographs of cells with or without Erv14 producing 
seven GFP-tagged membrane transporters as indicated. Cells were grown to the early exponential phase. The image was prepared 
using our results published in [9,10]. 
 
 
proposed role in binding the COPII complex.  The 
incorporation of Erv14 into ER-derived vesicles was also 
affected by mutations of the DYPE (DY33-34, PE50-51) 
site (Fig. 2B, [20]). These amino-acid residues are located 
in the cytoplasmic short loop connecting  the first and 
second α-helix of Erv14 (DY33-34) and in the second 
transmembrane domain of the cargo receptor (PE50-51), 
according to the most recent model of Erv14 (Fig. 2B). 

On the other hand, mutations of three amino-acid 
residues, F62, L63, and N74, which are predicted to be 
located in the second or third transmembrane domain of 
Erv14, respectively (Fig. 2B), only affected in vitro 

packaging of the Erv14 substrate Yor1 into ER-derived 
vesicles, while the packaging of Erv14 itself remained 
unchanged [20]. These results suggested that the FLN motif 
might be involved in the binding of cargo proteins by Erv14. 
Indeed, mutations F62A and L63A impaired the binding of 
Erv14 to at least some of its cargoes, as observed by the 
yeast two-hybrid system and co-immunoprecipitation from 
microsomal membranes [20]. 

In the C-terminal parts of fungal and plant  
(but not animal) cornichons, a conserved acidic motif 
containing at least three aspartic or glutamic amino acids 
has been identified [8]. In S. cerevisiae Erv14, the motif 
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is formed by amino-acid residues 133-137 (ESGDD, 
Fig. 2B). The mutations of the acidic amino-acid  
residues in the motif (E133A, D136A and D137A)  
did not influence the localization of Erv14 in the 
ER/Golgi apparatus. However, Erv14 with these 
mutations did not fully support the proper trafficking of 
at least some of its cargoes to the plasma membrane, and 
the yeast two-hybrid system, supported by co-immuno-
precipitation assays, suggested that the C-terminal  
EDD motif is involved in the binding of cargo proteins  
by Erv14 [8]. S134 from the same Erv14´s C-terminal 
motif (Fig. 2B) was suggested to be phosphorylated [32]. 
The mutations of S134 to aspartate or to alanine 
(mimicking the phosphorylated or dephosphorylated state 
of Erv14, respectively) resulted in changes in the ER 
structure as observed by electron microscopy. While 
Erv14´s cargo proteins were properly localized to the 
plasma membrane in cells with Erv14-S134A, they were 
partially accumulated in the ER of cells with Erv14-
S134D [32]. In contrast to the C-terminal acidic amino-
acid residues, S134 does not seem to be involved in the 
interaction between Erv14 and its cargoes [32]. However, 
the phosphor-mimetic mutation S134D caused both  
an ER retention of Erv14 and also affected its packaging 
to COPII vesicles in vitro. Based on these results, it was 
suggested that a cycle of phosphorylation and 
dephosphorylation of serine at position 134 is important for 
the proper functioning of Erv14 as a COPII cargo receptor 
that ensures the exit of its cargoes from the ER [32]. 
 
Role of cornichons in monovalent-cation 
homeostasis of yeast and plant cells 
 

Comparisons of several physiological para-
meters of S. cerevisiae cells with or without Erv14 
revealed that the lack of Erv14 decreases cell tolerance to 
high NaCl, KCl and cationic-drug (hygromycin B, 
tetramethylammonium) concentrations, and also the 
ability of cells to cope with low-K+ conditions. Moreover, 
the deletion of ERV14 influences cell volume and results 
in a relative plasma-membrane hyperpolarization as well 
as in a lower intracellular pH level [9,10]. Taken 
together, these results suggested that Erv14 plays 
a complex role in the maintenance of monovalent-cation 
homeostasis in yeast cells, most likely via assisting 
several transporters in their trafficking through the 
secretory pathway. 

The first alkali-metal-cation transporter whose 
proper plasma-membrane targeting was shown to be 

Erv14-dependent was the Na+, K+/H+ antiporter Nha1 
[9,29]. Nha1 is a house-keeping protein whose cation-
export activity is driven by the electrochemical gradient 
of H+, which is generated by the H+-ATPase Pma1 
(Fig. 1B). It mainly contributes to the tolerance of 
S. cerevisiae cells to high external concentrations of Na+ 
and K+ at low external pH levels [33,34]. In the absence 
of the Erv14 cargo receptor, Nha1 is partially stacked in 
the ER of cells (Fig. 3), and the consequent decreased 
Na+ or K+ efflux via Nha1 results in a lower ability of 
erv14∆ cells to cope with high amounts of NaCl and KCl 
in the environment [9,29]. The physical interaction of 
both proteins was proved by the yeast two-hybrid system 
as well as co-immunoprecipitation assays [9]. 

Nha1 is a large (985 amino-acid residues long) 
polytopic membrane protein with a short N-terminus,  
13 predicted transmembrane domains, and a long 
hydrophilic highly disordered cytoplasmic C-terminus 
that forms more than half of the entire protein (Fig. 4, 
[23]). The majority of Nha1´s C-terminal portion is 
neither necessary for the antiporter´s cation-translocation 
function nor for its plasma-membrane localization. 
However, an increasing amount of evidence shows the 
importance of this large hydrophilic portion of the 
antiporter in the regulation of Nha1´s activity [35-38]. 
Surprisingly, a truncated version of Nha1 that is 
shortened to 472 amino-acid residues and that lacks the 
majority of its C-terminal part, Nha1-472 (Fig. 4), does 
not require Erv14 for its trafficking to the plasma 
membrane via the secretory pathway, though it still binds 
the cargo receptor [9]. 

In various yeast Nha1 homologues, the  
C-termini are the least conserved parts, both in terms of 
their sequence and length [35,39]. However, our recent 
broad bioinformatic analysis of fungal Nha1 homologues 
that estimated the evolutionary conservation of the 
amino-acid positions of 286 sequences [6] specified the 
presence of seven approximately 15-30-amino-acid-
residue-long conserved regions in the C-termini (C1-C6 
described previously [35], and a new one, NC3, Fig. 4). 
The comparison of the localization and functioning of 
Nha1 versions gradually truncated from the end of the  
C-terminus in cells with or without Erv14 showed that only 
Nha1 versions that possess the C5 conserved region in 
their C-termini require Erv14 for their proper trafficking 
through the secretory pathway (Fig. 4, [6]). Thus, besides 
the long transmembrane domains [29], also a short 
hydrophilic portion of a cargo protein can underlie its need 
for Erv14´s assistance for its proper export from the ER. 
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Fig. 4. Erv14 requirement of Na+, K+/H+ antiporter Nha1. Only Nha1 versions that possess the C5 C-terminal conserved domain (in red) 
require Erv14 for their proper trafficking. Various C-terminally truncated versions of Nha1 were prepared, and their localization and 
functioning were studied in cells with or without Erv14. The arrows in the topological model of Nha1 point to the sites of C-terminal 
truncations, and the numbers correspond to the lengths of the Nha1 versions in amino-acid residues. The image was prepared using 
our results published in [6,9]. 
 
 

Nha1 was shown to form dimers, and this 
dimerization seems to be important for the antiporter´s 
cation-translocation activity [40]. The higher abundance 
of Nha1 dimers in both plasma and ER membranes of 
cells with Erv14 when compared to erv14∆ cells and also 
the lack of evidence of oligomerization of the truncated 
Erv14-independent Nha1-472 version suggested 
a possible importance of Erv14 for the formation of 
Nha1 dimers [9]. Whether the C-terminal region C5, 
whose presence determines the antiporter´s requirement 
of Erv14, plays a role in Nha1´s oligomerization, is not 
currently known. 

In a systematic study addressing the role of 
Erv14 in the proper intracellular trafficking of various 
monovalent-cation transporting proteins, the localization 
of six transporters, namely of plasma-membrane  
H+-ATPase Pma1, Na+, K+-efflux ATPase Ena1,  
K+ importers Trk1 and Trk2, K+ channel Tok1 and 

vacuolar K+, Cl- co-transporter Vhc1, was compared in 
cells with or without Erv14 (Fig. 3, [10]). In agreement 
with the decreased ability of erv14∆ cells to grow in the 
presence of low K+, the main S. cerevisiae K+ importer, 
Trk1 [41,42], was identified as a new cargo of Erv14. The 
lack of Erv14 results in a partial ER accumulation of 
Trk1 (Fig. 3), and consequently in a lower import of 
K+ cations to cells. This phenomenon explains the 
inhibition of the growth of erv14∆ cells under conditions 
when K+ is scarce [10]. In addition to Trk1, the 
evolutionarily highly conserved voltage-gated K+ channel 
Tok1 was also found to be partially mislocalized in cells 
without Erv14 (Fig. 3). Tok1 is an outwardly rectifying 
channel that has been thoroughly described by 
electrophysiological methods [43-45]. The only known 
growth-related Tok1-specific phenotype is that TOK1 
overexpression improves the growth of a strain that lacks 
K+ importers Trk1 and Trk2 under K+-limiting conditions 
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[46]. This positive effect of the overproduction of Tok1 
on the growth of trk1∆ trk2∆ cells at low K+ was 
diminished when Erv14 was not present in cells [10]. 
This finding provides evidence that Tok1´s role in 
K+ supply is dependent on the presence of the Erv14 
cargo receptor, which assists with the delivery of Tok1 to 
the plasma membrane. Besides the microscopy and 
physiological evidence of the influence of the lack of 
Erv14 on the localization and functioning of both plasma-
membrane K+ transporting proteins, the physical inte-
raction between Trk1 or Tok1 and Erv14 was confirmed 
in protein-protein interaction assays [10]. However, the 
signal for Erv14 binding in the structures of Trk1 or Tok1 
has not yet been elucidated. 

The lack of Erv14´s requirement of the Trk2 
K+ importer (Fig. 3) was somewhat surprising, as Trk1 
and Trk2 share a high degree of identity, especially in the 
transmembrane parts of the proteins. Thus, differences 
between so-far unidentified structural features of both 
K+ importers may explain why the main yeast  
K+ importer Trk1 requires Erv14 for its exit from the ER, 
while its paralogue, Trk2, is not an Erv14 cargo. In 
addition to Trk2, neither the main Na+ and K+ efflux 
system that is inducible at high-salt concentrations, 
ATPase Ena1, nor the vacuolar K+-Cl- cotransporter 
Vhc1, were identified as Erv14 binding partners (Fig. 3, 
[10]). Interestingly, the targeting of the essential  
H+-ATPase Pma1 to the plasma membrane does not 
require Erv14 in vegetative yeast cells (Fig. 3, [10,30]). 
However, during sporulation, the proper trafficking of 
Pma1 from the ER to the prospore membrane is strongly 
dependent on the presence of Erv14 [30]. 

The number of genes encoding cornichon 
proteins in plants is variable (e.g., two CNIH genes in 
O. sativa, six in Cucurbita moschata or five in 
Arabidopsis thaliana [7,47,48]). Due to the presence of 
the C-terminal acidic motif that is involved in the binding 
of cargoes, plant cornichons seem to be structurally more 
related to fungal than to animal homologues [32]. 
Although much less is known about the functional 
importance of cornichons in plant cells, the role of these 
COPII cargo receptors in the proper trafficking of cation 
transporters seems to be conserved even in plants. 
Similarly to yeast Erv14, the rice (O. sativa) cornichon 
OsCNIH1 localizes to both the ER and Golgi apparatus. 
It was found to physically interact with OsHKT1;3, 
a Golgi-apparatus Na+ transporter from the vascular 
tissue of roots and leaves [7,49]. Both proteins seem to 
bind to each other in the membranes of the ER. The 

ER/Golgi apparatus localization of CNIH1 is also 
preserved in pumpkin (C. moschata) [47]. The CmCNIH1 
gene is upregulated under salt-stress conditions. 
Moreover, the growth of seedlings of the pumpkin mutant 
cmcnih1 is inhibited in the presence of salt stress, and the 
mutants also exhibit higher Na+ and lower K+ levels in 
shoots [47]. The key binding partner of CmCNIH1 that 
seems to underlie the importance of the CmCNIH1 
cornichon in the ability of pumpkin to cope with the 
presence of salt stress is CmHKT1;1, a Na+-selective 
transporter, which can enhance plant salt tolerance [50]. 
In agreement with the role of CmCNIH1 as a typical 
COPII cargo receptor, CmCNIH1 contributes to the 
proper plasma-membrane localization of CmHKT1;1, but 
its presence does not impact ion-transport activity/ 
properties of the transporter [47]. Plant HKT transporters 
belong to the same family as yeast Trk proteins, and share 
a similar structure with them [51]. Thus, the involvement 
of plant cornichons and S. cerevisiae Erv14 in the ER exit 
of the same type of cation transporters suggests that the 
mechanisms of specific cargo recognition are at least 
partially conserved in both yeast and plant cornichons. 
Interestingly, A. thaliana cornichons were identified as 
cargo receptors that bind glutamate receptor-like (GLR) 
channels [48] that are involved in Ca2+ homeostasis. The 
GLR channels are related to mammalian ionotropic 
glutamate receptors, and even in mammalian cells, a type 
of these transporters, AMPA receptors, are binding 
partners of cornichon proteins (see below). These data 
demonstrate structural and functional conservation of the 
whole cornichon family. 
 
Mammalian cornichon proteins and their 
role as auxiliary subunits of ionotropic 
AMPA receptors 
 

Vertebrate genomes contain four CNIH genes 
encoding cornichon proteins [52]. The lengths of human 
cornichons, CNIH1-4, vary from 139-160 amino-acid 
residues (Fig. 5A). The multiple sequence alignments show 
the highest percentage identity between CNIH2 and 
CNIH3 (almost 82 %). Moreover, these two proteins share 
an additional unique sequence in the second 
transmembrane domain that is absent in CNIH1 or CNIH4 
(Fig. 5A). CNIH4 appears to be quite distant from the other 
human cornichons (it shares approximately 32 to 37 % 
identity with CNIH1, -2 or -3) and at the same time it  
is the most similar (≈ 44 % identity) to the yeast Erv14 of 
all human CNIH proteins. Phylogenetic analyses of 



2024  The Roles of Cornichons in Cation Homeostasis    S207  
 

metazoan cornichons indicate that vertebrate CNIH1/2/3 
and CNIH4 belong to different cornichon subfamilies; 
CNIH1, -2 and -3 genes probably appeared by duplication 
of an ancestor gene [52]. According to an analysis of 

evolutionary relationships among cornichons from  
various yeast, plant and animal species, vertebrate CNIH4 
proteins belong to the same group of cornichons as  
S. cerevisiae Erv14 [47]. 

 
 

 
 
Fig. 5. Mammalian cornichon proteins. (A) Multiple sequence alignment of human cornichons and yeast Erv14 was created using 
ClustalO [70] and visualized with ESPript 3.0 tool [71]. Green lines highlight transmembrane domains of CNIH2, green dots depict 
amino-acid residues identified to be important for the functioning of CNIH2/3 as indicated in the text. Grey lines highlight functionally 
important motifs identified in Erv14 (see Fig. 2 and the text). (B) Structure of GluA1/A2 AMPA receptor in complex with pairs of CNIH2 
and TARP-γ8 auxiliary subunits (PDB model 7OCA [28]). The proteins forming the AMPAR complex are visualized using different colors. 
NTD – N-terminal domains, LBD – ligand binding domains, TMD – transmembrane domains of GluA subunits. The second TARP-γ8 (in 
grey) is behind the complex. A detail of CNIH2 and the interaction interface with GluA subunits (left). Amino-acid residues that are in 
contact with GluAs are highlighted. The putative COPII-binding site (122-IMNADIL-128) is shown with a dashed-line oval. 
 
 

The first experimental evidence of human 
cornichons was for the CNIH1 protein [53]. In HeLa 
cells, CNIH1 colocalized with both ER and Golgi 
apparatus markers, in agreement with its predicted 
function as a COPII cargo receptor. Analogous to the 
results obtained in Drosophila, CNIH1 was shown to be 
involved in the trafficking and also maturation of TGFα 
[53]. CNIH4 is known to be involved in the ER exit of  

G-protein coupled receptors [54]. However, the majority 
of current available information about mammalian 
cornichons concerns the proteins CNIH2 and CNIH3. 

Proteomic and biochemical analyses of protein 
complexes from rat brains identified for the first time 
CNIH2 and CNIH3 as binding partners and new auxiliary 
subunits of pore-forming GluA subunits of AMPA  
(α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid) 



S208   Papoušková et al.  Vol. 73 
 
 
glutamate-gated ionotropic receptors (AMPARs) [55]. 
AMPARs, which have characteristic fast kinetics, are 
concentrated at the postsynaptic membrane of excitatory 
synapses. In the central nervous system, AMPARs play 
a key role in excitatory synaptic transmission [56]. The 
core of AMPARs is formed of GluA1-4 subunits 
(Fig. 5B). They consist of a cytoplasmically- 
localized C-terminal domain, transmembrane domains 
(three membrane-spanning segments and a helix loop) 
that form the ion channel, a ligand-binding domain, and 
finally an N-terminal domain, which is the most distant 
from the membrane [57]. AMPARs are homo- or 
heterotetramers of GluA subunits. While the trans-
membrane-domain part of the complex is tetrameric, both 
ligand-binding domains and N-terminal domains form 
dimers [57]. The particular GluA composition of  
an AMPA receptor then determines its basic properties, 
including cation (Na+, K+, Ca2+) permeation [58]. 
AMPARs additionally form multi-protein complexes 
with up to four various auxiliary subunits: 
transmembrane AMPAR regulatory proteins (TARPs), 
cornichons, or GSG1l (Fig. 5B). They are all 
transmembrane proteins that bind to GluA tetramers at 
two distinct pairs of sites. The variable composition of 
the entire multi-protein complex adds more functional 
and also spatiotemporal diversity to AMPARs [57,58]. 

As is typical for cornichon-family proteins, 
CNIH2 and CNIH3 enhance the plasma-membrane 
localization and also promote the tetramerization, 
intracellular trafficking and maturation of AMPAR GluA 
subunits [55,59-64]. Thus, both cornichons seem to work 
as ordinary COPII cargo receptors and to promote the ER 
exit of AMPARs. However, and very differently from 
what was found so far for yeast or plant cornichons, when 
CNIH2 or CNIH3 become auxiliary subunits of  
an AMPA receptor, they do not recycle back to the ER, 
but together with the entire AMPAR protein complex, 
they are delivered to the plasma membrane and become 
plasma-membrane proteins [60-62,65,66]. 

Recently, the first experimental evidence of 
a cornichon structure came from cryo-electron 
microscopy analysis of rat GluA2 AMPAR subunits in 
complex with mouse CNIH3 at a stoichiometry of 4:4 
[26]. In the protein complex which was obtained upon 
heterologous expression in human embryonic kidney 
(HEK) cells the interaction interface is formed by the first 
and fourth transmembrane domains of adjacent GluA2 
subunits and the first and second transmembrane domains 
of CNIH3. Three phenylalanines (F3, F5 and F8) from 

the N-terminal part of CNIH3 make contacts with the 
transmembrane domains of GluA2 subunits [26]. These 
amino-acid residues are conserved in CNIH1, 2 and  
3 proteins, but absent in CNIH4 (Fig. 5A). Their 
importance for the interaction between GluA and 
cornichons was also confirmed in structural analyses of 
either rat GluA1/A2 AMPARs in complex with CNIH2 
and TARP-γ8 after their production in HEK cells, or in 
native hippocampal mouse AMPARs in complex with  
the same auxiliary subunits [27,28]. In both studies, 
CNIH2 and TARP-γ8 proteins were present in AMPAR 
complexes in two diagonally located pairs with CNIH2 
being in contact with the first transmembrane domain of 
GluA2 and the fourth transmembrane domain of GluA1 
(Fig. 5B). In addition to the phenylalanine residues from 
the N-terminal part of CNIH2, which are located near the 
extracellular boundary of the TMD pore of the receptor 
(Fig. 5B), other amino-acid residues from the opposite 
side of the membrane were shown to make contacts with 
GluA subunits, namely K66, V69 and S73 located in the 
second transmembrane domain of CNIH2 and F22 
together with W26 from the first transmembrane domain 
of the cornichon (Fig. 5B, [27,28]). Moreover, the 
analyses of the interface of CNIH2/3-AMPAR interaction 
also suggest the involvement of lipids in the formation of 
interactions between AMPARs and cornichons [26-28]. 

Being auxiliary subunits of AMPAR protein 
complexes, cornichons not only promote the trafficking 
of the complex to the cell surface, but there is also 
substantial evidence of the ability of CNIH2 and CNIH3 
to modulate the gating of the receptor. Depending on  
the protein composition of the entire receptor  
complex, CNIH2 and CNIH3 were shown to influence 
AMPAR functioning by e.g. slowing its deactivation  
and desensitization kinetics or blocking its TARP-γ8-
mediated resensitization [25,55,63,65-68]. In early stages 
of ontogeny, there is an excess amount of AMPAR-free 
CNIH2/3 in rat brains. These cornichon molecules most 
probably function as typical COPII cargo receptors. 
However the amount of CNIH2/3 bound into AMPAR 
complexes increases with the progress of development. 
Thus the importance of cornichons as AMPAR auxiliary 
subunits seems to be higher later in the brain 
development [69]. Based on the topology of cornichons 
(Fig. 2C, 5B), their modulatory effects must be mediated 
by the intramembrane and cytoplasmic interactions 
between GluA and CNIH proteins. The activation of  
an AMPA receptor results in global structural changes to 
the whole protein complex, as shown by structural studies 
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of the GluA1/A2 receptor in complex with CNIH2 and 
TARP-γ8 [28]. The two pairs of auxiliary subunits 
undergo counter-rotations, and the structural change to 
CNIH2 was suggested to stabilize the active state of the 
channel [28]. 

The ability of CNIH2 and CNIH3 to modulate 
AMPAR functioning seems to be dependent on the 
amino-acid region that is specific for these cornichons 
and that forms the cytoplasmically localized beginning of 
the second α-helix in these proteins (Figs 2C, 5). Using 
high-resolution mass spectrometry, all four human 
cornichons were identified as being interacting partners 
of GluA2 in the human brain [62]. Moreover, rat CNIH1 
co-immunoprecipitates with rat GluA2 when both 
proteins are expressed in HEK cells [62]. However, 
although CNIH1 can physically bind the AMPAR 
complex, it is not efficient at modulating its gating 
properties [62,65]. Interestingly, insertion of the 
CNIH2/3 specific region into the sequence of CNIH1 
results in a more pronounced modulatory efficiency of 
this cornichon [28]. On the other hand, the deletion of the 
entire CNIH2/3 specific region or especially amino-acid 
residues from the second half of this region resulted in 
CNIH3 with a reduced ability to both bind and modulate 
the functioning of the AMPA receptor [62]. The 
conserved amino-acid residue P70 in the second α-helical 
structure of CNIH2 appears to be connected to the 
structural flexibility of the CNIH2/3 specific region, 
which tilts toward the pore of the channel upon AMPAR 
activation [28]. 
 
Evolutionary conservation of the cornichon 
family´s functioning 
 

Cornichon COPII cargo receptors are highly 
conserved in fungi, plants and animals. Several pieces 
of evidence also suggest that even the way in which 
they recognize their cargoes and other interaction 
partners might be conserved among cornichons from 
various groups of organisms: (i) S. cerevisiae Erv14 
promotes the ER exit of rice cation transporter 
OsHKT1;3 in yeast cells, (ii) O. sativa OsCNIH1 and A. 
thaliana AtCNIH1, -3 and -4 promote the proper 
trafficking of Erv14´s cargoes in yeast cells without 
Erv14, and (iii) human cornichon CNIH1 is able to 
rescue the non-axial budding phenotype of yeast erv14∆ 
cells [7,8,48,53]. 

Erv14´s amino-acid residues 97-IFRTL-101 are 
supposed to be involved in the binding of COPII-coat 

components [21]. Although at the level of primary 
structure, this motif is not fully conserved in mammalian 
cornichons (Fig. 5A, 122-IMNADIL-128 in CNIH2), at 
the structural level, it seems to be located at the 
cytoplasmic beginning of the fourth α-helical structure in 
both yeast and mammalian cornichons (Figs 2, 5). 
Moreover, the localization of this motif being on the 
opposite side of CNIH2/3 to that of the binding interface 
with AMPAR GluA subunits (Fig. 5B) is in agreement 
with the accessibility of the motif for interaction with 
COPII coat. The DYPE (DY33-34, PE50-51) site of 
Erv14 was also suggested to play a role in the 
incorporation of Erv14 into COPII vesicles [20]. While 
the first two amino-acid residues of this motif (DF37-38 
in CNIH2/3) are located in proximity to the above-
discussed putative COPII binding site in mammalian 
cornichon CNIH2, at the cytoplasmic end of the first 
transmembrane domain (Figs 2, 5), residues corres-
ponding to the second part of the putative motif (PE70-71 
in CNIH2/3) seem to have a different function in CNIH2. 
The conserved proline (P70, Fig. 5A) should be 
responsible for the structural flexibility of the specific 
CNIH2/3 region that is important for the gating 
modulation of the AMPAR channel [28]. Amino-acid 
residues F82 and L83 of CNIH2 and CNIH3, which 
correspond to the phenylalanine and leucine from the 
Erv14´s FLN site (FL62-63) that are likely involved in 
the binding of cargo proteins by Erv14 [20], are located 
in the second transmembrane domain of mammalian 
cornichons (Figs 2, 5). Interestingly, this transmembrane 
domain indeed forms the interaction interface between 
cornichons and AMPA receptors (Fig. 5B, [25-28]). 
Although FL82-83 are not directly in contact with 
AMPAR GluA subunits, it might suggest that both yeast 
and mammalian cornichons involve similar regions in 
their interaction with cargoes. 
 
Cornichons in medicine 
 

The proper functioning of cornichon-family 
proteins is of high importance for human health. 
Abnormal vesicle-mediated transport plays a key role in 
cancer development [72]. Importantly, there is growing 
evidence of cornichons being prognostic markers and also 
putative therapeutic targets in various types of cancer. 
The gene encoding CNIH1, which plays a role in the 
trafficking and maturation of TGFα [53], was found to be 
highly expressed in lung-adenocarcinoma tissues, and 
knockdown of the CNIH1 gene inhibited the growth and 
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migration of cancer cells in in vitro experiments [73]. 
CNIH4, so far known as a cargo receptor of G-protein 
coupled receptors [54], has been associated with  
an increased risk and changes in the immune 
microenvironment in several types of cancer (e.g. colon 
cancer, head and squamous carcinoma, hepatocellular 
carcinoma, glioma, cervical, ovarian and gastric cancer) 
[74-81]. In vitro, the downregulation of CNIH4 inhibited 
cell proliferation and migration and increased drug 
sensitivity in cancer cell lines [74,76,79,81]. The growth 
of glioma cells was also slower in mice after 
CNIH4 silencing [79]. In cervical cancer cells, the 
CNIH4-mediated reduction in ferroptosis is connected to 
the expression of the gene encoding the cystine/glutamate 
transporter SLC7A11. However, the functional 
relationship between both genes/proteins remains to be 
elucidated [77]. 

As for neurological disorders, CNIH1, -2 and  
-3 were found to be significantly upregulated in the 
dorsolateral prefrontal cortex of patients with 
schizophrenia [82]. A de novo deletion of a 1 Mbp region 
that also contained the gene encoding CNIH2 has been 
associated with intellectual disability [83], and moreover, 
CNIH4 was identified as the target gene of an Alzheimer-
disease risk-associated CpG site [84]. The poly-
morphisms of the CNIH3 gene were also implicated to be 
involved in the pathophysiology of opioid dependence, 
with some SNPs having a robust protective effect [85]. 
Last, but not least, AMPAR auxiliary subunits, including 
CNIH2 and CNIH3, may serve as potential therapeutic 
targets for controlling AMPAR functioning in individual 
regions of the brain [57]. 

 
Conclusions 
 

As COPII cargo receptors, cornichons play 
a role in the proper targeting of a variety of proteins, 
including several cation transport systems. Monovalent-
cation transporters of eukaryotic cells have a fundamental 
importance for the fitness of both single cells and 
multicellular organisms. In addition, their malfunctioning 

in humans results in many pathologies. Thus, 
understanding their functioning and biogenesis is relevant 
to a range of human occupations, such as biotechnology, 
agriculture or medicine. S. cerevisiae cornichon Erv14 
assists with the proper trafficking of several monovalent-
cation translocating proteins, and its role in the 
maintenance of ion homeostasis in yeast cells seems to be 
complex. However, our current knowledge of the cargo 
repertoire of human cornichons is much more limited, 
despite the fact that changes in their expression/ 
functioning are connected to severe diseases. The only 
cornichons’ cargoes involved in cation homeostasis of 
mammalian cells known so far are ionotropic AMPA 
receptors, whose gating is also modulated by direct 
interaction with CNIH proteins. Thus, there seems to be 
an urgent need to uncover cornichons´ so-far unknown 
interacting partners and at the same time new putative 
treatment targets. Taking into account the easy genetic 
manipulation and low-cost and fast cultivation of yeast 
cells together with the possibility of heterologous 
expression of functional mammalian ion transporters and 
cornichons ([53,86-89], our unpublished results),  
S. cerevisiae appears to be a useful tool not only to 
deepen our knowledge of the basic properties of 
cornichon-family proteins, but also to study the physical 
interactions of human CNIH proteins with their putative 
binding partners and thus to broaden the list of 
cornichons´ known cargoes. Such an approach has been 
already successfully used to uncover the interactions 
between fungal or plant cornichons and their binding 
partners [7,47,48,90]. 
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Summary 
Mitochondria (mt) represent the vital hub of the molecular 
physiology of the cell, being decision-makers in cell life/death and 
information signaling, including major redox regulations and 
redox signaling. Now we review recent advances in 
understanding mitochondrial redox homeostasis, including 
superoxide sources and H2O2 consumers, i.e., antioxidant 
mechanisms, as well as exemplar situations of physiological 
redox signaling, including the intramitochondrial one and  
mt-to-cytosol redox signals, which may be classified as acute and 
long-term signals. This review exemplifies the acute redox signals 
in hypoxic cell adaptation and upon insulin secretion in pancreatic 
β-cells. We also show how metabolic changes under these 
circumstances are linked to mitochondrial cristae narrowing at 
higher intensity of ATP synthesis. Also, we will discuss major 
redox buffers, namely the peroxiredoxin system, which may also 
promote redox signaling. We will point out that pathological 
thresholds exist, specific for each cell type, above which the 
superoxide sources exceed regular antioxidant capacity and the 
concomitant harmful processes of oxidative stress subsequently 
initiate etiology of numerous diseases. The redox signaling may 
be impaired when sunk in such excessive pro-oxidative state. 
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Mitochondrial reactive oxygen species (ROS) 
sources 
 
Primary sources of mitochondrial superoxide 

According to the classification of M. Brand  
[1-4], flavin (F) and ubiquinone (Q) containing binding 
sites, typically within structures of respiratory chain (RC) 
complexes, belong to the most critical superoxide 
formation sites in mitochondria [5-7], besides particular 
loci of dehydrogenases [1,2] (Fig. 1). Recent progress in 
understanding mechanisms involved in proton-coupled 
electron transfer via the RC and in resolving 
supercomplexes formation and single crista architecture 
[7-9] then calls for reconsiderations of these mechanisms 
and more precise determination of superoxide formation 
sites within the given and already resolved protein 
structures. 

A general requirement for superoxide (O2
●-; and 

its conjugated acid – hydroperoxyl radical, HO2
●,  

pKa 4.9) to be formed is a local retardation of the electron 
transfer or an enzyme reaction process so that intermediate 
radicals have enough lifetime to react with oxygen. These 
intermediates are typically semiquinone anion radical  
(Q●-; or semiquinol QH●) for Q sites and flavosemiquinone 
radical FMNH● for F sites. Thus, the flavin site on 
Complex I (termed IF) can produce superoxide at a higher 
NADH/NAD+ ratio after the direct H- transfer between 
NADH and FMN [10]. When an excessive electron  
cannot pass through the existing FeS chain within the  
Complex I matrix arm, the NAD+ binding is interrupted, 
and the pairing of FMNH- and NADH form FMNH●.  
At lower NADH, indeed, NAD+ can pair with FMNH●, 
and superoxide cannot be formed [11]. 
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Fig. 1. Sites of superoxide formation in mitochondria. Schema depicts locations for the identified sites of superoxide formation, acting 
at the ~280 mV redox potential of the NADH/NAD+ iso-potential pool (index F, flavin; dark blue capitalized fonts) and sites acting at the 
~20 mV redox potential of the ubiquinol/ubiquinone (QH2/Q) iso-potential pool (index Q; red capitalized fonts), according to the Brand’s 
nomenclature introduced by Martin Brand [1]. Thus the major sites IF, IQ and IIIQo exists for Complex I and III, respectively; at certain 
circumstances also Complex II/succinate dehydrogenase forms superoxide at site IIF; and sites for probable superoxide formation by 
dehydrogenases (DH) are shown (GQ for α-glycerolphosphate dehydrogenase, GPDH; DQ for dihydroorotate DH; AF for 2-oxoadipated 
DH; BF for branched-chain ketaoacid DH, BCKDH; OF for 2-oxoglutarate DH, 2OGDH; PF for pyruvate DH. In case of acylCoA 
dehydrogenases acting in fatty acid β-oxidation, two electron transfer flavoproteins (ETF) are required to transfer electrons to the 
membrane-attached ETF:ubiquionone oxidoraductase (ETF:QOR, depicted by its structure) containing a site EF (though a site EQ also 
potentially exists). The scheme also depicts a situation when retardation fo cytochrome c shuttling induces superoxide formation on site 
IIIQo; as well as attenuation of superoxide formation by uncoupling proteins (UCP) based on the fatty acid-cycling mechanism [119]. 
Finally, formed superoxide is converted to H2O2 by MnSOD in the matrix or by CuZnSOD within the intermembrane space. H2O2 may 
readily penetrate to the cell cytosol (for special relations of such diffusion, see Reference [7]. 
 
 

Complex I, as an H+-pumping NADH:quinone 
oxidoreductase, possesses a Q-tunnel structure, where  
an ongoing inhibition by a product (ubiquinol, QH2) can 
form superoxide at the phenomenologically defined site IQ 
[1] (Fig. 1). This typically occurs when the whole Complex 
I runs backward during so-called reversed electron transfer 
(RET). Disputes still exist whether under conditions of e.g. 
reperfusion after ischemic accu-mulation of succinate, 
superoxide is formed at IQ or IF site [12,13]. Due to the 
suppression of the electron leak to oxygen at site IQ by  
a specific antioxidant S1QEL, the site IQ is more plausible 
to act in RET-derived superoxide formation [1]. 

We have also revealed that the maximum 
superoxide was formed only when electron transport and 

H+ pumping were retarded [14,15]. H+ pumping may be 
attenuated by a high electrochemical gradient of protons 
established at the inner mitochondrial membrane (IMM), 
termed protonmotive force, Δp (when expressed in 
mV units) [16-18]. In pathologies this can be induced by 
mutations of the ND5 subunit (or other mitochondrion-
encoded subunits) of the Complex I membrane arm. 

Complex III, a ubiquinol-cytochrome c reductase, 
contributes to O2

●- generation by autooxidation of the 
semiquinone anion radical (Q●-) within the so-called  
Q cycle [1,5,7,19,20], while it releases O2

●- about equally 
to both sides of IMM [20,21]. Typically, when cytochrome 
c turnover is delayed for some reason, then a feedback 
inhibition of the Q-cycle within CIII is induced,  
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causing the superoxide formation at the Complex III site, 
termed IIIQo („o“ for outer, which is located in proximity to 
the intracristal space, [1]) (Fig. 1). This is because of the 
increased lifetime of QH● and oxygen diffusion into this 
site [22]. In vivo, a physiological delay of the Q-cycle 
occurs at hypoxia or pathological one with specific 
mutations in Complex IV [23]. Retardation of the 
cytochrome c cycling automatically exists at the escape of 
cytochrome c from the cristae lumen during initiation of 
mitochondria-related apoptosis. 

Also, Complex II (succinate dehydrogenase, 
SDH) may form superoxide under specific conditions  
but not at high succinate concentrations [24,25]. But 
superoxide is formed when the flavin site IIF within the  
SDHA subunit is less occupied, such as when succinate 
concentrations approach to Km of 100-500 µM [26-28]. 
Pathologically, with the blocked SDHD subunit and 
hence interrupted electron transfer to Q, Complex II/SDH 
produces H2O2 (with a 70 % capacity) directly due to  
the ability of existing three FeS clusters to provide  
two-electron transfer to oxygen [29]. The 3Fe-4S cluster 
may also theoretically provide superoxide [30]. 

Evidence was also reported for superoxide 
formation within the dehydrogenase (DH) complexes in 
isolated mitochondria when excessive particular 
substrates for given DHs were used. Hence with 
excessive 2-oxoglutarate (2OG, 2-ketoglutarate) for 
OGDH, pyruvate for pyruvate dehydrogenase (PDH)  
and substrates of branched-chain 2-ketoacid (2-oxoacid) 
dehydrogenase (BCKDH) superoxide/H2O2 formation  
in skeletal muscle mitochondria was eightfold, fourfold,  
and twofold higher, respectively, than that one ascribed to 
the site IF [31]. Phenomenological sites were termed  
as site OF, PF, and BF, respectively, but mechanisms and 
occurrence in vivo must be further investigated. 

Also, isolated mitochondria respiring with 
glycerol-3-phosphate partly produced superoxide at site 
GQ of the glycerol-3-phosphate dehydrogenase [4,26, 
32-34]. Analogously, dihydroorotate dehydrogenase  
was reported to form superoxide at side DQ [1,4,33,35]. 
Moreover, ongoing fatty acid (FA) β-oxidation  
also produces superoxide. Its portion may originate  
from the site EF of the electron-transferring  
flavoprotein – ubiquinone oxido reductase (ETFQOR) 
[27] (Fig. 1). 

 
Superoxide dismutation into H2O2 

Manganese superoxide dismutase (MnSOD  
or SOD2) is localized in the mitochondrial matrix, 

whereas CuZnSOD (SOD1) localizes to the mito-
chondrial intermembrane space, besides residing in the 
cell cytosol. MnSOD dismutates the majority of 
superoxide released to the matrix into H2O2. It is not 
known whether CuZnSOD is exclusively located between 
the outer mitochondrial membrane (OMM) and the inner 
boundary membrane (IBM, the unfolded part of IMM) in 
the so-called intermembrane space peripheral (IMSp),  
or whether in also resides in the intracristal space (ICS). 
In the latter case, it could more effectively convert 
superoxide therein [36], namely the part released from  
the site IIIQo. 

MnSOD activity was found to be regulated. 
Rather fast posttranslational modifications (PTMs) were 
reported for NAD+-dependent sirtuin-3- (SIRT3-) 
mediated deacetylation of MnSOD, activating the enzyme 
[37-40]. These results and derived conclusions need to be 
validated since not always a large population of MnSOD 
molecules in the matrix is acetylated/deacetylated. Only 
a fraction is affected, therefore, one should expect that 
this particular MnSOD molecule fraction is activated and, 
for example, only the resulting fraction of H2O2 may thus 
participate in intramitochondrial redox signaling or 
a weak redox signal directed to the cytosol. MnSOD 
regulations rather proceeded within an hour-time frame 
and could be regarded as chronic regulations [41-45]. 
Thus a subtle change in H2O2 release, accumulated during 
sufficient time, can be effective. 
 
Ultrastructure of mitochondrion vs. H2O2 diffusion to the 
cell cytosol 

We have published several reviews on how 
mitochondrial morphology and ultrastructure affect the 
diffusion of H2O2 into the cell cytosol and/or other 
organelles and up to the plasma membrane or even 
diffusion into the extracellular space [5-9,46-48]. Hence, 
let’s briefly summarize 3D architecture of mitochondria 
(Fig. 2). Actually the plural is adequate for isolated 
fragments of the original mitochondrial network, the 
mitochondrion [6-8,49-51]. Note that such a network also 
exists in skeletal muscle and the heart [52,53]. Small 
fragments are constantly separated from the main 
mitochondrial network by fission machinery (Fig. 2E), 
while at the same time, fragments join the main  
network by fusion (Fig. 2D), which is aided by the pro-
fusion proteins [54,55]. This process is important, since 
mitochondrial-specific autophagy, termed mito-phagy, 
eliminates those fragments that do not possess a sufficient 
IMM membrane potential (or Δp) as a result
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Fig. 2. Cristae in mitochondrial network of pancreatic islet β-cells. (A) An exemplar 3D image of crista lamellae within a 4-µm segment 
of the mitochondrial tubule, obtained by the focused ion beam/scanning electron microscopy (FIB/SEM); (B) detail of the single  
crista lamella from A). (C) Comparison with the 3D image of a single crista with resolved ATP-synthase dimers at the lamella edge, 
adapted from Ref. [67]. Also, structures of respiratory chain supercomplexes are visible on a lamella flank, which represents the  
crista membrane lipid bilayer leaflet oriented toward the matrix. The distances are marked for a minimum path of proton diffusion  
(mild blue arrows), providing a substantial coupling between the respiratory chain proton pumping and the ATP-synthase. The purple 
arrow indicates a shuttling of cytochrome c at the supercomplex surface. The distances are also marked for a short ubiquinol QH2  
(or ubiquionone Q) diffusion between Complex I (CI) and Complex III (CIII) around supercomplexes (red arrow) and a much longer 
diffusion path from Complex II (red arrow) to CIII or from oxidoreductases and dehydrogenases to CIII (dashed red arrows). Inside the 
broken portion of crista lamella at the inner (intracristal space) surface, a QH2-diffusion path is indicated by orange arrows. This path 
must be followed by the flip across the membrane to CIII. (D, E) Mitochondrial reticular network in pancreatic islet β-cells of Wistar (D) 
and diabetic Goto-Kakizaki rats (E) in 3D images adopted from Ref. [49]. Note the nearly continuous mitochondrial network in intact  
β-cells (D), but the fragmented network in diabetic β-cells (E). 
 
 
of local predominance of the mutated mt-DNA-encoded 
RC and ATP synthase subunits. 

The mitochondrial tubular network possesses 
a complex ultrastructural organization of mt cristae,  
i.e., rich invaginations of IMM from the IBM, which 
shrink or inflate according to the metabolic performance 
or other reasons [7] and might exhibit dynamics in  

a short time scale [56]. To understand mitochondrial 
compartments, one must recognize their three- 
dimensional (3D) architecture. The cristae form rather 
lamellae with bottleneck connections to the IBM, where 
ICS meets IMSp (Fig. 2A, B). The mitochondrial cristae 
organization system (MICOS) complex is attached to 
the OMM SAM complex and thus forms crista junctions 
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(CJs) [57-59] around the crista outlets [7,60]. Note that 
at the edges of single crista lamella, the ATP-synthase 
dimers form rows or arrays [61-67] (Fig. 2C), the 
dynamic of which may also affect the cristae 
morphology [68-70]. Small MICOS subunits may 
intercalate between ATP-synthase dimers, such as 
Mic10, bound to the ATP-synthase membrane subunit e 
[71]; or Mic27 [72]. 

RC supercomplexes (typically CI CIII2 CIV1 
[73-75] then reside at flanks of crista lamellae [61,67] 
(Fig. 2C). Just below CJs (crista outlets) other cristae-
shaping proteins reside within cristae membranes (CM) 
facing ICS (crista lumen), such as various oligomers of 
OPA1 [76,77] or even filaments of OPA1 ortholog 
MGM1 [78]; and scaffolding proteins prohibitins, 
forming hetero-oligomeric 20-27 nm rings [79]. Positive 
curvature of 90o bends of the crista outlets, when 
IBM meets CM, is provided by oligomers of MICOS 
subunit MIC10 [80,81], while the negative curvature of 
crista lamellae is established by FAM92A1 protein, 
which binds cardiolipin and phosphatidylinositol  
4,5-bisphosphate [82]. 

The rich lamellar cristae organization affects 
H2O2 diffusion into the cytosol [6]. If even H2O2 
released into ICS (crista lumen) diffuses across the 
crista membrane, it will still reach the mt matrix in 
~99 % of CM surface. Only at the proximity of CJs the 
ICS-located H2O2 might escape into the IMSp, across 
CM or IBM or through the crista outlet; and 
subsequently to the cytosol via the OMM. So, taking 
into account the mitochondrion ultrastructure, we see 
the limitations of H2O2 diffusion from ICS to the 
cytosol. On the contrary, such H2O2 diffusion is allowed 
upon initiation of mt-related apoptosis, when CJs  
(or crista outlets) are widened or broken, and this is 
accelerated by the cytochrome c escape [76,77,83] and 
concomitant increased superoxide formation. 

Nevertheless, cristae lamellae inflate physio-
logically under hypoxic conditions due to partial losses 
of MIC60/mitofilin subunit of MICOS complex [60] or 
in pancreatic β-cells at low glucose (insulin non-stimu-
lating) [46]. On the contrary, with a sudden excess of 
respiration substrate, the inflated cristae shrink. Such 
a narrowing of cristae was observed after dimethyl-2-
oxoglutarate addition to hypoxia-preadapted HEPG2 
cells [63] or upon glucose-stimulated insulin secretion 
(GSIS) in pancreatic β-cells, i.e., when high glucose was 
set [46]. 

 

Mitochondrial redox buffers and/or anti-
oxidant systems 
 
Mitochondrial glutathione reductase & glutathione 
peroxidase system 

Redox buffers and antioxidant enzymes detoxify 
the produced ROS and may exert specific roles in redox 
signaling. Similarly to the cell cytosol, in addition to 
small antioxidant molecules such as vitamin E  
(α-tocopherol), ascorbate, and uric acid, enzyme systems 
of glutathione peroxidase (GPX) and peroxiredoxin 
represent the most critical intracellular antioxidants and 
a primary defense system. Catalase is absent in mito-
chondria except in the heart [5,9]. 

Glutathione is present in a reduced (GSH)  
or oxidized (GSSG, glutathione disulfide) form. 
Glutathione reductase (GRX; EC 1.8.1.7) catalyzes the  
NADPH-dependent reduction of GSSG to GSH [84], and 
hence oxidized glutathione is regenerated. Glutathione 
provides/GRX a major mt matrix redox buffer in  
numerous cells [85]. On the contrary, pancreatic β-cells 
exhibit a less abundant glutathione/GRX system  
[6,18,86-88]. 

GSH is also a cofactor of enzymes of the 
glutathione peroxidase (GPX) family. These enzymes 
reduce H2O2 to water, and some isoforms (e.g. GPX4) 
also reduce lipid hydroperoxides to their corresponding 
alcohols. The GPX family contains five enzymes with 
seleno‐cysteine active sites (GPX1 to 4, and GPX6) and 
three other enzymes, acting as redox sensors (GPX5, 
GPX7, GPX8) [89,90]. The latter possess cysteine 
residues in their active sites and modest peroxidase 
activity [91]. The cytosolic and mt-residing GPX1 and 
plasma membrane and cytosolic GPX4 are abundant in 
all tissues and cell types. GPX1, GPX2, and GPX3 are 
homo-tetrameric proteins. GPX4 has a monomeric 
structure. 
 
Mitochondrial vs. cytosolic peroxiredoxin system 

Peroxiredoxins (PRDX) are hydroperoxide 
reductases, either of the 2-Cys type (cytosolic 
peroxiredoxins PRDX1 and PRDX2 (Fig. 3); PRDX3 
residing in the mt matrix; and PRDX4 of the endo-
plasmic reticulum) or 1-Cys type (PRDX6) [92-98]. The 
second mitochondrial PRDX, PRDX5, also contains two 
cysteines in the monomer [99] but allows an atypical 
mechanism, while forming the intra-subunit S-S bridge 
within the single monomeric subunit [92-96,98]. 
However, PRDX5 is located also in the cytosol  
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Fig. 3. Possible modes of peroxiredoxin participation in redox signaling. Possible ways of redox signal spreading from vicinity of the 
outer mitochondrial membrane (OMM) to the plasma membrane – from left to right: i) direct superoxide diffusion (range only in 
OMM proximity); ii) direct H2O2 diffusion; iii) peroxiredoxin-mediated redox signal transfer, including diffusion of peroxiredoxin decamers 
allowed by the flood-gate model mechanism; iv) hypothetical redox relay via an array of peroxiredoxins. Note, that according to the 
flood-gate model, H2O2 oxidizes PRDX to higher states than a sulfenic state, allowing distant decamers in a S-S state to migrate to the 
target and exchange the two target sulfhydryls for PRDX S-S bridge. In (iv) the target is the PRDX itself. Left inset: color coding of 
PRDX monomers: green – PRDX S-S bridge; the very light green – basic reduced state (sulfhydryl and thiolate anionic form); the light 
green – the first-degree of oxidation, i.e., sulfenic state; yellow – oxidation into the second degree, i.e., sulfinic state;  
orange – oxidation into the third degree, irreversible, sulfonic state. Note, thioredoxin (TRX) converts either disassembled S-S state 
dodecamers to the basic sate; and, together with sulfiredoxin (SRX), TRX regenerates PRDX in sulfinic state into the sulfenyl state. 
 
 
and peroxisomes and prefers lipid peroxides and 
peroxynitrite over H2O2. Artificial PRDX5 expression in  
IMSp attenuated hypoxic transcriptome reprogramming 
[100] and cancerogenesis [101]. 

PRDX6 is a 1‐cys‐PRDX, which can also be 
recruited to mitochondria (probably to OMM) [102-104]. 
PRDX6 forms only homodimers, cannot form disulfide 
bonds, and is not reduced by sulfinyl reductase (SRX). 
PRDX6 reduces oxidized phospholipids. The sulfenic 
moiety of PRDX6 is subsequently reduced with 
GSH/GRX system but not with thioredoxins. PRDX6 
also exerts Ca2+‐independent phospholipase A2 activity. 

Cytosolic peroxiredoxins are decameric, 
containing five homodimers. Mitochondrial PRDX3 is 
dodecameric, consisting of six homodimers. Thus, 
PRDX1, PRDX2, and PRDX3 form a toroid 
(doughnut‐like) structure of five (six) homodimers,  
which can split from the toroid in an unstable disulfide 

conformation (see below). Such mechanism allows 
disulfide regeneration. 
 
Peroxiredoxin catalytic cycle 

PRDX monomers of the 2-Cys type contain the 
peroxidatic cysteine, CP and the resolving cysteine, CR. 
After reaction with H2O2, the peroxidatic cysteine CP of 
the first monomer within a homodimer forms an inter-
subunit disulfide bond with the resolving cysteine CR of 
the second homodimer subunit [92-98]. As  
an intermediate, sulfenic acid (R‐SOH) is first formed by 
two‐electron reversible oxidation of the CP. Sub-
sequently, the disulfide (S-S bridge) between CP and CR 
is formed. Interestingly, the PRDX ring is destabilized 
when such disulfide bonds are formed [92,94], thus 
allowing homodimers (monomers) to interact with their 
regenerating enzyme systems, completing the cycle. Such 
regeneration is catalyzed either by a couple of 
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thioredoxin (TRX) plus NADPH-dependent TRX 
reductase (TRXR) [105] or by glutathione 
(GSH)/glutaredoxin (GRX) [92-98]. The disulfide bonds 
of homodimers are thus converted back to two cysteines. 

PRDXs react with H2O2 faster than other 
peroxidases (catalases and GPX); hence they outcompete 
them and serve as the primary regulators of cytosolic 
H2O2 and in specific tissues also of the mt matrix H2O2. 
The latter is valid for pancreatic β-cells. Therefore 
PRDXs have been considered major players in 
cancerogenesis [93,97] and are promising targets for 
therapies of cardiovascular [106] or neurodegenerative 
diseases [107] and for defense against oxidative stress in 
pancreatic β-cells [108]. 
 
Peroxiredoxins enable redox signaling 

There are two other unique PRDX properties, 
making them essential players in the redox homeostasis 
regulations and even redox signaling. The first such 
property is the formation of stacks of 
decamers/dodecamers, thus establishing high molecular 
weight complexes (HMW), which can even form 
filaments with chaperone function [109]. Since this 
formation happens only with PRDXs oxidized into higher 
oxidation state (sulfinyl and sulfonyl), the HMW 
formation effectively withdraws PRDX molecules from 
their entire population. This instantly leads to a higher 
local H2O2 concentration in the HMW loci. 

The second property lies in the specific 
interaction of PRDXs with other proteins containing the 
two proximal cysteines, which enables their direct redox 
regulation (targeting the redox signal). The PRDX 
disulfides (S-S bridges) oxidize those proximal cysteines 
of the target protein into the S-S bridge between them, 
while PRDX homodimer become reduced back into two 
cysteines, CP and CR. 

Indeed, when sulfenyls of PRDX1,2 and PRDX3 
are oxidized into higher oxidized states, i.e., sulfinyls or 
sulfonyls, HMW complexes are formed [109]. The 
sulfinyls within HMW complexes or filaments can  
still be reduced by ATP-dependent sulfinyl reductase 
(SRX) enzymes [109,110]. However, hyperoxidation into 
sulfonyls is irreversible and can be regarded as a sign of 
oxidative stress. Mitochondrial PRDX3 underlies 
hyperoxidation about twice as slower when compared to 
PRDX2 [109]. 

In summary, the redox signal can be initiated by 
peroxiredoxins, by two mechanisms, which can even be 
considered as the two different interpretations of  

the same phenomenon. So we can point out that the 
formation of HMW complexes withdraws PRDX 
molecule from the catalytic cycle reaction, otherwise 
consuming H2O2. Despite that, the prerequisite for such  
a withdrawal is oxidation into sulfinyls or sulfonyls. Due 
to their formation, still consuming H2O2, the local PRDX 
molecules can no longer react with the local H2O2 after 
a certain time period. Hence, if such a locus still contains 
the H2O2 source, the local H2O2 concentration is elevated. 

An alternative interpretation considers the so-
called floodgate model (Fig. 3). This model has been 
predicted to describe the shift of the oxidation from the 
original to distant locations [6,9,111,112]. According to 
the floodgate model, the HMWs formed in the original 
locations upon a sustained H2O2 flux allow oxidation in 
the distant loci, proximal to target proteins, enabling 
execution of the redox signal. This can happen simply by 
the direct interaction of H2O2 with target proteins or  
via oxidation of distant PRDX molecules, which 
subsequently oxidize proximal cysteines in the target 
protein. The latter mechanism can be regarded literally as 
a “redox kiss”. Cytosolic peroxiredoxins convey their 
oxidation by H2O2 to the terminal target proteins (Fig. 3), 
typically phosphatases or transcription factors [92,94,113, 
114-118]. It still remains to be investigated whether 
mitochondrial PRDX3 exhibits its own specific 
mitochondrial targets. 
 
Mitochondrial redox signaling enabled by peroxiredoxins 

However, sulfinyls in PRDX decamers/ 
dodecamers or HMW complexes can still be slowly 
reduced back to cysteines after their reduction by the 
SRX system. Mitochondrial SRXs were reported to act 
even in the transfer of circadian rhythms to the mt matrix. 
This is enabled by periodically enhanced SRX  
expression intermittent with enhanced SRX degradation 
by LON-protease under control of the clock genes in the 
adrenal gland, brown adipose tissue and heart 
[109,119,120]. It should be further investigated whether 
such elegant circadian regulation of the mitochondrial 
matrix redox homeostasis exists in pancreatic β-cells. 

 
Mild uncoupling attenuates mitochondrial ROS generation 
at intact mtDNA 

Oxidative phosphorylation (OXPHOS) repre-
sents an ATP synthesis by the mt ATP-synthase 
(Complex V), which is driven by the protonmotive force, 
Δp. Δp is formed by the respiratory chain H+ pumping at 
Complex I, III, and IV [7,16-18,119]. The IMM domain 
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(membrane domain) of the ATP-synthase (FOATPase) 
consumes an adequate Δp portion in a state, historically 
termed state-3, for isolated mitochondria with  
an ADP excess. In vivo, cellular respiration is governed 
by the metabolic state and/or availability of substrates. 
Hence, a finely tuned spectrum of various states-3 can be 
established, depending on the substrate load (e.g., 
increasing glucose). A state-4, is then given by zero  
ATP synthesis, when zero H+ backflux via the FOATPase 
exists, while respiration and H+ pumping are given by so-
called H+ leak, mediated by mitochondrial carrier 
proteins, as their side-function and by the native  
H+ permeability of IMM. Since Δp exists predominantly 
in the form of Ψm (IMM electrical potential), Ψm is 
maximum at state-4 with the maximum substrate load. 

Besides other proteins, such as the ADP/ATP 
carrier, Δp dissipation by a protonophoric short-circuit, 
termed uncoupling, can be physiologically provided by 
mitochondrial uncoupling proteins (UCPs) [119], frequently 
in synergy with mitochondrial phospholipases cleaving 
nascent fatty acids [120-123]. A mild uncoupling exists 
when carrier-mediated protonophore activity plus the native 
IMM H+ leak do not overwhelm the FOATPase 
protonophoric activity, and hence, ATP synthesis still takes 
place. This contrasts to a complete uncoupling when  
Δp approaches zero, such as established by agents termed 
uncouplers. The mild uncoupling is able to decrease 
mitochondrial O2

●- formation at Complex I [62,63] and 
Complex III [124]. In cell types where such mitochondrial 
ROS source predominates, even redox homeostasis in the 
cytosol may be more pro-oxidant. However, oxidative stress 
originating from irreversible changes, such as stress due to 
mutated subunits encoded by mitochondrial DNA (mtDNA), 
cannot be counteracted by mild uncoupling [62]. 

Previously, an antioxidant role for UCP2 has 
been demonstrated in vivo [123,125,126]. For example, 
Duval et al. [127] have shown that UCP2-mediated 
uncoupling in endothelial cells is able to decrease 
extracellular ROS in co-incubated low-density-
lipoproteins (LDL). Mice with deleted LDL receptors 
exhibited extensive diet-induced atherosclerotic plaques 
when they received bone marrow transplanted  
from UCP2 (-/-) mice, and the appearance of these 
plaques was prevented when they received bone marrow 
transplants from UCP2 (+/+) mice [128]. We have  
also demonstrated that UCP2 function suppresses 
mitochondrial superoxide production in vitro [121,123, 
129,130]. 
 

Physiological redox signaling vs. oxidative 
stress 
 
Oxidative stress 

In principle, there exists no net oxidative stress 
without the other consequences, such as proteinaceous 
stress due to the disrupted turnover of intact proteins, 
concomitantly impaired autophagy and/or mitochondria-
specific authophagy, i.e., mitophagy, or without the 
endoplasmic reticulum stress. Oxidative stress cannot be 
separated from the possible initiation of apoptosis, 
ferroptosis, or other forms of the cell death, as well as 
from impaired mitochondrial biogenesis. Moreover, all 
these phenomena are projected to an abnormal  
mt network morphology, frequently also to an abnormal 
cristae morphology (e.g., apoptosis). Redox-sensitive 
transcriptomic reprogramming sets altered metabolism 
and changes in epigenetics, which may further accelerate 
pathogenesis. In addition, the internal causes should be 
distinguished from the external ones, such as macrophage 
attacks and other immune system stimuli. That is why 
oxidative-stress-related pathologies must always be 
analyzed in a complex way, and frequently it is difficult 
to establish the primary cause. The reason is that under 
oxidative stress, cellular constituents are oxidized,  
i.e., covalently modified, deteriorating function and/or 
quality with serious consequences. To avoid the 
encyclopedic description, next, we will only briefly 
describe the oxidative stress of mitochondrial origin and 
how we can distinguish it from the redox signaling. 

Moreover, recently, mitochondria are regarded 
as signaling organelles when signals of different origins 
are produced, not only the redox signals [55,130,131]. 
The evoked signals affects not only cells and  
tissues but also the systemic levels of the organism. The  
latter exists with the metabokine/mitokine signaling  
[133-135], mt-nuclear crosstalk [136-139], and mt-
initiated epigenome remodeling [140-143]. 
 
Oxidative stress of mitochondrial origin 

Theoretically, when an overly excessive 
superoxide/H2O2 formation exceeds the mitochondrial 
redox buffering, i.e., antioxidant capacity in the 
mt matrix, local oxidative stress in the matrix takes place. 
When concomitant H2O2 diffusion into the cytosol and/or 
other cell constituents exceeds the cellular antioxidant 
buffers and defense mechanisms, cellular oxidative stress 
is developed. We should admit that the frequent causes  
of such disequilibria are consequences of certain 
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mutations in mtDNA and changes resulting from the im-
paired mt network morphology and/or cristae archi-
tecture. The extracellular origins or cytosolic oxidative 
stress acting on mitochondrial constituents also belong to 
frequently occurring pathologies. 

The typical example of oxidative stress of  
mt origin is RET due to a previous accumulation of 
succinate, such as during heart reperfusion after ischemia 
[12]. Artificially induced mt oxidative stress resulted in 
chromatin release into the cytosol when mediated by 
MAPK/JNK signaling [144]. Similar manipulations 
induced telomere damage [145] or altered nuclear DNA 
methylation [146]. Senescent signaling due to increased 
mt ROS production activating NFκB pathway belongs to 
other examples [147-149]. 

Typically, proteinaceous stress and impairments 
of mitophagy and/or induction of all distinct types of cell 
death are developed when these thresholds are overcome. 
These mechanisms are out the scope of this review. We 
exemplified these phenomena in cases of normal 
physiology of pancreatic β-cells and the effects of 
lipotoxicity, glucotoxicity and glucolipotoxicity in the 
etiology of type 2 diabetes [150]. 
 
Mitochondrial redox signaling 

Mitochondrial redox signaling of any time range 
was previously reviewed in References [151,152]. Here, 
we deal specifically with the acute redox signals. The 
triggering of redox-sensitive gene-regulatory processes 
(e.g. [153,154]) is beyond the scope of this review. We 
will discuss in detail redox signals in pancreatic β-cells 
 in the next chapter. Now, we will list a few examples of 
rather acute redox signals of mitochondrial origin. 

The uncoupling protein UCP1 was reported to be 
activated in order to switch on heat production and, 
therefore, nonshivering thermogenesis in brown adipose 
tissue (BAT) by oxidation of its Cys253 due to the 
elevated mt superoxide/H2O2 [155]. We speculated that 
H2O2-activated mt phospholipase iPLA2γ can also 
participate in this process by providing free fatty acids 
required for the UCP1-mediated uncoupling (thermogenic 
and not mild one) [156]. Mitochondrial superoxide/H2O2 
may influence the local synaptic activity of neurons 
[157], and increased ROS upon mt fission provided 
a repair signal [158]. 
 
Mitochondrial redox signaling at hypoxia 

One would not expect increasing ROS with 
a lowering oxygen. This paradox has been investigated, 

and mitochondrial contribution to oxygen sensing and 
hypoxic transcriptome reprogramming is still debated 
[159,160]. The central cytosolic mechanism of oxygen 
sensing is based on prolyl hydroxylases (PHD1 to 3, or 
Egl nine homolog 1 proteins, GLNs)[159,161-163], 
which catalyze hydroxylation of hypoxia-induced factor 
HIF‐1α, ‐2α or ‐3α in a ferrous iron‐ (FeII‐) plus  
2OG- plus O2‐dependent manner. The resulting 
hydroxylation promotes its constant proteasome 
degradation after ubiquitination by pVHL ubiquitin ligase 
(Von Hippel‐Lindau tumor suppressor protein)  
[164-166]. Therefore, by decreasing O2, by lowering 
2OG and by oxidation of FeII to FeIII due to  
increasing cytosolic ROS, PHDs are inhibited, and  
HIF‐1α stabilization occurs. Also, another O2- and  
2OG-dependent dioxygenase, termed factor inhibiting 
HIF (FIH), hydroxylates HIFα, but at asparagines.  
This blocks the binding of the coactivators CBP  
(CREB-binding protein) and p300, and thereby disables  
HIF-1-mediated transcription. Upon hypoxia, both PHD 
and FIH are inhibited; hence, HIF‐α is stabilized and 
binds HIF‐β plus coactivators VBP and p300, which 
allows activation of transcription of >400 genes  
[167-172]. In this way, the HIF system is activated, 
resulting in transcriptome reprogramming important  
in cancerogenesis and numerous physiological and 
pathological situations. 

Since both PHD and FIH are affected by ROS, 
both can be targets of redox signaling. Various ROS may 
oxidize FeII of PHD to FeIII [173]. Still, also reactive 
cysteines were recognized in PHD2, which, after 
oxidation, inactivate the enzyme (probably inactive  
PHD homodimers are formed due to S-S bridges) and 
initiate HIF‐response upon oxidation [174-176]. 
Cytosolic peroxiredoxins may also be involved. In any 
case, PHDs sense oxygen independently of mitochondria, 
however, mitochondrial metabolism and mt redox 
signaling may also independently participate. Since 
PHDs are also inhibited by the lack of 2OG-related 
substrates, such as fumarate, succinate, malate isocitrate, 
and lactate [177,178], suppression of mitochondrial 
metabolism may stimulate HIF system. 

Moreover, participation of mt redox signaling 
linked to HIF‐1α stabilization was suggested by the  
ΔΨm restoration, which returned a higher mt superoxide 
formation in cells with deleted mtDNA polymerase when 
respiration and hence Krebs cycle turnover was largely 
abolished [179]. After an instant hypoxia switch-on, 
a hypoxic burst of mt matrix superoxide release was 
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observed [180] but delayed by several hours [181,182]. 
Other reports described an instant hypoxic ROS burst  
in endothelial, HeLa, and HK2 cells [183]. Originally, 
 the Complex III site IIIQo was considered as the 
superoxide source for the mt hypoxic ROS burst 
[180,184-188]. A similar hypoxic mt ROS burst was also 
detected for normoxic HIF activation [189]. The 
emanated mt H2O2 to the cytosol was suggested to 
oxidize FeII in PHDs. When certain Complex III subunits, 
such as Rieske iron‐sulfur protein [190] or others were 
ablated, HIF‐1α was stabilized [180], unlike in anoxia 
[187]. Moreover, suppressors of site IIIQo electron leak 
(S3QELs) prevented the HIF response [34]. The key 
evidence for mt redox signal participation in HIF-system 
signaling was provided by PRDX5 overexpression  
in the mt intermembrane space, which abolished  
HIF‐1α stabilization [100]. 
 
HIF strikes back on mitochondria 

The chicken-and-egg problem of the steady-state 
established upon HIF-signaling can be solved by precisely 
time-resolved events. This is because the execution of  
HIF-mediated transcriptome reprogramming affects redox 
homeostasis, which is then different than that one allowing 
HIF-system initiation. Indeed, HIF activates transcription for 
the expression of proteins, decreasing ROS formation  
or scavenging ROS [171]. 
 
Mitochondrial cristae inflate with dormant ATP synthesis in 
hypoxic cells and shrink with its restoration 

We have also encountered that mitochondrial 
cristae inflate after adaptation of HepG2 cells to hypoxia 
[60] (Fig. 4). It is recognized as cristae widening in 
transmission electron microscopic (TEM) images (Fig. 4A) 
and as inflation (widening in 2D projections) of 3D super-
resolution images of mitochondrial cristae stained with 
 Eos-Lactamase-β (Fig. 4B,D). Due to the HIF  
transcriptome reprogramming, hypoxic HepG2 cells 
exhibited a low-intensity (dormant) ATP synthesis and 
respiration [60,182]. Partial degradation of mitofilin/MIC60 
protein led to the decrease of crista junctions and the 
widening of crista outlets from the inflated crista to the 
intermembrane space [60,63]. 

In contrast, after addition of respiratory  
substrate to the hypoxia-adapted HepG2 cells, a sudden 
narrowing of cristae in 2D projections (shrinkage of crista 
lamellae in a space) resulted from the restored respiration 
and ATP-synthesis [63,188] (Fig. 4B). We have observed  
similar changes in rat pancreatic β-cells, INS-1E, after the 

addition of a substrate, i.e. glucose (which stimulates 
secretion of insulin) [46]. This observation led us to 
a hypothesis assuming that strengthening and ordering the 
ATP-synthase dimers at the crista lamellar edges leads to 
sharpening of these edges and that the two lamellae flanks 
mechanistically come close together [46,63]. When 
metabolic conditions and signaling allow disordering of the 
ATP-synthase dimers at the crista lamellar edges, this  
allows a more flat edge, which mechanistically puts  
apart the two lamellae flanks of the crista, resulting in  
cristae inflation [7,46,63]. 

However, considering that individual mechanistic 
tension within the single crista is responsible for the  
lamella inflation and shrinkage seems insufficient.  
Hence, recently, we came up with a novel hypothesis [7], 
which may be valid simultaneously, that the osmotic forces 
are the real engines of the crista lamellae inflation and 
shrinkage (Fig. 4E). The hypothesis expects that at low 
ATP-synthesis and low Δp, ion fluxes allow the salt to be 
extruded from the matrix (cations such as K+ and Na+  
and anions such as phosphate and Krebs cycle 
intermediates). After a switch-on of the ATP synthesis  
and before the built-up of the high ATP concentration, i.e.,  
at the beginning of cristae morphology changes, the open 
mitochondrial ATP-sensitive K+ channel (mtKATP) allows  
an influx of K+ from the intracristal space to the matrix. 
Since simultaneous phosphate uptake to the matrix 
diminishes a salt content in the ICS and enriches it in  
the matrix, water uptake to the matrix occurs  
concomitantly to the salt influx. As a result, this osmotic 
force shrinks the ICS. However, to prevent an infinite  
cristae shrinkage, a built-up of ATP closes the mtKATP, 
stopping salt leakage from the ICS and water transport  
to the matrix. Also, mt K+/H+ and Na+/H+ antiporters, being 
driven by Δp, prevent the infinite shrinkage of cristae. 

We have already obtained the first evidence 
supporting the relevance of the osmotic hypothesis  
of cristae morphology changes. In hypoxia-adapted 
HepG2 cells where the addition of dimethyl-2-oxoglutarate 
initiated respiration and cristae shrinkage, glibenclamide,  
an inhibitor of the mtKATP, blocked such shrinkage  
[60] (Fig. 4C). Further investigations are required to reveal 
whether the mechanistic or osmotic hypothesis is relevant, 
or whether both are relevant; as well as to describe possible 
regulations which transfer metabolic changes to the 
activation of relevant proteins which initiate cristae 
morphology changes. 



2024  Mitochondrial Redox Regulations    S227  
 

 
 
Fig. 4. Hypoxic cristae inflation, its reversal at restored respiration and ATP synthesis and possible osmotic mechanism involving 
mitochondrial ATP-sensitive K+ channel. (A) Illustration of mitochondrial cristae widening after adaptation of HepG2 cells to hypoxia in 
transmission electron microscopic (TEM) sections (adapted from Ref. [60]). (B-D) Mitochondrial cristae widening indicated by the  
Eos-Lactamase-β 3D-superresolution fluorescence microscopy (adapted from Ref. [60]). Since Lactamase-β stains the intracristal space, 
an apparent width of its fluorescence contour on 2D sections of 3D images (panels Da for normoxia, Db, Dc for hypoxia) semi-
quantifies the volume of crista lamellae. Thus, panel (B) illustrates on histograms of such width the existence of bulky cristae after 
hypoxic adaptation and their shrinkage after the addition of respiratory substrate, dimethyl-2-oxoglutarate. In contrast, panel (C) shows 
inhibition of the cristae lamellae shrinkage by glibenclamide, a known inhibitor of ATP-sensitive K+ channel, including its mitochondrial 
form (mtKATP). (E) Osmotic hypothesis for participation of mtKATP in cristae shrinkage. For an explanation, see text (Chapter 
Mitochondrial cristae inflate with dormant ATP synthesis in hypoxic cells and shrink with its restoration). 
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Pancreatic β-cells as an exemplar mitochon-
drial redox system 
 
Oxidative phosphorylation and NADPH-oxidase-4-
mediated redox signaling as essential determinant of 
glucose-stimulated insulin secretion 

Previously, an effect of antioxidants upon 
exhausted glutathione in pancreatic β-cells has been 
reported as an unspecified link between glucose-stimulated 
insulin secretion (GSIS) and external H2O2 [191]. 
Recently, it has been established that the essential 
conditions for GSIS involve the elevated OXPHOS and 
consequent ATP/ADP elevation in the peri-plasma 
membrane space [87,192,193] plus essential redox 
signaling, mediated by the NADPH-oxidase 4 (NOX4) 
[18,88,194] (Fig. 5). Together with ATP, the cytosolic 
redox (H2O2) signal closes the plasma membrane  
ATP-sensitive K+ channels (KATP), together with the 
elevated ATP [18,88,194]. For a closing of the entire KATP 
population and setting a threshold membrane potential  
to -50 mV, opening of other non-specific calcium channels 
(NSCCs, such as TRMP2 channels, [195]) or Cl- channels 
is required [87]. At -50 mV an intermittent opening of 
voltage-dependent Ca2+ channels (CaV) is initiated, being 
instantly counteracted by voltage-dependent K+ channels 
(KV). This leads to a pulsatile Ca2+ entry into the cytosol  
and in-phase exocytosis of insulin granule vesicles (IGV) 
[18,87]. 

Upon GSIS, an NADPH supply to the 
constitutively expressed NOX4 originates from the two 
enzymes of the pentose phosphate pathway (PPP), 
producing NADPH, i.e., glucose-6-phosphate dehydro-
genase (G6PDH) 6-phosphogluconate dehydrogenase 
(6PGDH) [196]; plus from so-called (pyruvate redox) 
shuttles [18,88,193,197]. Interestingly, these shuttles do 
not allow synthesis of one NADH molecule in the  
mt matrix, but instead, NADPH is formed in the cytosol 
after a few transport steps and enzyme reactions [197].  
As a result, production of superoxide released to the  
mt matrix is slowed down, most probably due to the 
decreased NADH/NAD+ ratio affecting the Complex I 
superoxide formation site IF [7,197]. We have linked two 
redox shuttles with the decreasing superoxide formation 
upon GSIS, the pyruvate-malate shuttle and the pyruvate-
isocitrate shuttle [197]. Other shuttles were also reported 
[193,198]. The pyruvate-malate shuttle is allowed by the 
pyruvate carboxylase (PC). Such a bypass of pyruvate 
dehydrogenase makes possible a reverse reaction of  
malate dehydrogenase (MDH2), consuming NADH. 

A concomitant malate export from the mt matrix enables 
the cytosolic malic enzyme (ME1) to convert malate into 
pyruvate while yielding NADPH. The pyruvate-isocitrate 
shuttle stems from a truncated Krebs cycle after citrate 
synthase so that isocitrate dehydrogenase 3 (IDH3) does 
not form NADH. Instead, matrix NADPH is converted by 
IDH2 together with 2-oxoglutarate (2OG) into isocitrate, 
allowing its export from the mt matrix and subsequent 
reaction of cytosolic IDH1, transforming cytosolic 
isocitrate back to 2OG and synthesizing NADPH.  
13C-glutamine-assisted isotope tracing enabled to verify the 
existence of this redox shuttle [197,199]. 

Relative easy spread of redox changes in 
pancreatic β-cells is possible due to a rather weak 
antioxidant defense system and low capacity of redox 
buffers [200,201]. Such a delicate redox homeostasis is 
then disturbed by a rather weak insult. Expression and 
activity of antioxidant enzymes is low in rodent β-cells as 
compared to other organs [202]. 
 
Oxidative phosphorylation and mitochondrial redox 
signaling as essential determinant of branched-chain-
ketoacid- and fatty-acid-stimulated insulin secretion 

Insulin is also stimulated by other metabolites, 
collectively termed secretagogues [7,88] (Fig. 5). Thus, 
a leucine metabolite, keto-isocaproate (KIC) was 
demonstrated to stimulate insulin secretion, while its 
oxidation (termed commonly as β-like oxidation) provides 
both elevated ATP and redox (H2O2) signal [194]. The 
mitochondrial origin of this redox signal was suggested  
by the blockage of KIC-stimulated insulin secretion with 
mt-matrix-targeted antioxidant SkQ1 [194]. This excludes 
the previous hypothesis that leucine itself stimulate IGV 
exocytosis. 

Also, free fatty acids (FAs) have been regarded  
to augment GSIS [203], meaning that insulin secretion  
in the presence of FAs required certain higher glucose 
concentrations [204-206]. Nevertheless, we and  
others have demonstrated that the net FA-stimulated 
insulin secretion (FASIS) exists [18,88,123,207-210], i.e., 
insulin secretion stimulated by FAs at low glucose 
concentration, which otherwise does not stimulate insulin 
release alone. Similarly to KIC, FA β-oxidation [123] 
provides both elevated ATP and increased mt superoxide 
formation transformed into the redox (H2O2) signal, which 
is subsequently spread up to the plasma membrane [9]. 
Previously, mitochondrial ROS resulting from the  
addition of monooleoyl-glycerol [211] have been 
suggested to modulate insulin secretion, and mt-derived 
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Fig. 5. Redox signaling upon insulin secretion stimulated with glucose or ketoisocaproate (KIC) or fatty acid. Redox signaling is 
depicted for insulin secretion stimulated with three distinct secretagogues. In all cases, the plasma membrane ATP-sensitive K+ channel 
(KATP) is synergically closed only when both ATP and H2O2 (redox signaling) are elevated [194]. This predetermines plasma membrane 
depolarization to -50 mV and concomitant opening of the voltage-dependent Ca2+ channels (typically CaL), allowing the Ca2+ entry and 
exocytosis of insulin granule vesicles [88]. For the glucose-stimulated insulin secretion (GSIS) the constitutively expressed  
NADPH-oxidase isoform 4 (NOX4) substantiates cytosolic redox signaling, while NADPH is supplied by pentose phosphate (PP) shuttle 
[194] and by redox pyruvate transport shuttles (causing matrix NADH to be down and increased cytosolic NADPH, [197]). For 
ketoisocaproate stimulation of insulin secretion, KIC oxidation (termed β-like oxidation) generates both ATP and H2O2, which now 
originates from the mt-matrix-formed superoxide/H2O2 [194]. For fatty acid, stimulating insulin secretion even at low glucose [123], 
fatty acid β-oxidation also provides both ATP and H2O2 [88]. Similarly, as for KIC, H2O2 substantiates the redox signal from the 
mitochondrial matrix directed to the plasma membrane. Simultaneously, H2O2 also activates mitochondrial phospholipase iPLA2γ 
(“phospholipase”), which adds a surplus of mitochondrial fatty acids for both β-oxidation and the metabotropic GPR40 receptor on the 
plasma membrane [123]. The downstream pathways of the GPR40 receptor further stimulate insulin secretion. 
 
 
ROS were regarded as obligatory signals for insulin 
secretion [212]. 

FASIS is more complex than the KIC-stimulated 
insulin secretion (Fig. 5), since also metabotropic 
GPR40 receptors, residing presumably on the plasma 
membrane, sense FAs and initiate a complex downstream 
signaling. When this proceeds via Gαq/11 heterotrimeric 
G-proteins, followed by the Ca2+-dependent 
phospholipase-C-(PLC)-mediated hydrolysis of 
phosphatidylinositol-4,5-bisphosphate (PIP2) into diacyl-
glycerol (DAG) and inositol-3-phosphate (IP3), a non-
metabolizable GPR40 agonist can stimulate insulin 
secretion even at low glucose and ATP (Jezek et al., 
unpublished). Indeed, PIP2 was known to stabilize the 
open KATP, hence its degradation by PLC-hydrolysis 
facilitates the KATP closure [213]. The reaction product 
DAG stimulates protein kinase-C (PKC) iso-enzymes, 

some of which phosphorylate TRPM4 and TRPM5 [214], 
which opens these channels, enabling them to activate 
CaV channels, similarly to the TRPM2 action upon GSIS. 

Moderately elevated cytosolic [Ca2+] should be 
required for PLC activity, however, DAG could also 
originate from the so-called glycerol/FA cycle [203], if it 
exists at “fasting” glucose. Interestingly, novel PKCs 
(nPKCs) are activated by DAG alone, but not by Ca2+ [215]. 
Hence, GPR40-signaling to final targets via nPKCs, 
promoting IGV-exocytosis, could exist even at low glucose. 

The other product IP3 acts in the Ca2+-induced 
Ca2+-release from endoplasmic reticulum, enabled by the 
IP3-receptor (IP3R), functioning as a Ca2+ channel. Note 
also that in vivo, FASIS is not separated but acts in 
parallel with the signaling by monoacyl-glycerols (MAG) 
via the GPR119-Gαs-PKA(EPAC2) pathway. The PKA 
and EPAC2 pathways also serve as a biased pathways for 
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certain GPR40 agonists. The protein kinase A (PKA) 
phosphorylates glucose transporter GLUT2 to facilitate 
glucose entry. PKA also phosphorylates KATP and CaV to 
ease action potential triggering. The EPAC pathway acts 
similarly by phosphorylating TRPM2, releasing PIP2 
from KATP and affecting Rim2a interaction with SNARE 
proteins, thus facilitating IGV exocytosis [18,87,88]. 

Yet another phenomenon is concomitant to 
FASIS. Interestingly not the extracellular FAs, but FAs 
cleaved from the mt phospholipids by the redox-activated 
mt phospholipase A2, isoform γ (iPLA2γ) stimulate the 
GPR40 receptors [123]. Silencing of iPLA2γ led to 
a profound decrease of FASIS [123] despite the redox 
signaling up to the plasma membrane was not attenuated 
(Jabůrek et al., unpublished). There was a paradox 
encountered which has to be resolved. Due to the 
antioxidant synergy provided by a couple of iPLA2γ and 
uncoupling protein 2 (UCP2), the FA addition to 
pancreatic β-cells first attenuates mitochondrial 
superoxide formation released to the matrix. This 
mechanism exists since the redox-activated iPLA2γ 
provides nascent free FAs for UCP2 to initiate a mild 
uncoupling and thus reduce the mt superoxide formation 
[123]. However, when H2O2 is monitored in the cell 
cytosol or extracellularly at the same time, it is elevated 
(MJ, unpublished data). This paradox could be 
speculatively explained by MnSOD activation or by the 
involvement of the peroxiredoxin system [9]. Indeed 
PRDX3 silencing in INS-1E cells partly inhibited FASIS 
(MJ, unpublished data). 
 
Future perspectives 
 

It is an experimental challenge to track or 
monitor acute redox signaling by observing changes in 
particular reactive oxygen species in a given compart-
ment [9]. Any event has to be studied to reliably identify 
the source, the path, and the target of redox signaling. 

Tracking changes in the surrounding proteins, e.g., in 
cysteine oxidation, cannot frequently distinguish the real 
target from those collateral ones. Correlations must be 
found for the initiation of the signal with the initiation of 
the effect and particular molecular changes in the effector 
proteins. It has to be investigated, for example, whether 
the changes in mitochondrial cristae morphology are 
governed by certain redox signals. With already 
identified redox signals, such as NADPH-oxidase  
4 essential participation in glucose-stimulated insulin 
secretion (GSIS), it must be further studied, whether 
a cytosol-targeted antioxidant therapy would not rather 
promote a certain harm. Strong artificial suppression of 
redox signals could inevitably suppress GSIS and even 
redox signals, which otherwise contribute to the fitness of 
pancreatic β-cells [194]. Thus, instead of healing, this 
would amplify symptoms of prediabetes. In contrast, 
mitochondria-targeted antioxidants would not harm 
physiological redox signaling (except that of oxoacids 
and fatty acids) and might avoid the premature oxidative 
stress in the matrix of β-cells at the prediabetes stage. In 
conclusion, future studies of redox signaling should 
answer not only the basic questions of molecular 
physiology, but will also lead to novel translational 
aspects. 
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Summary 
Disorders of ATP synthase, the key enzyme in mitochondrial 
energy supply, belong to the most severe metabolic diseases, 
manifesting as early-onset mitochondrial encephalo-
cardiomyopathies. Since ATP synthase subunits are encoded by 
both mitochondrial and nuclear DNA, pathogenic variants can be 
found in either genome. In addition, the biogenesis of ATP 
synthase requires several assembly factors, some of which are 
also hotspots for pathogenic variants. While variants of MT-ATP6 
and TMEM70 represent the most common cases of mitochondrial 
and nuclear DNA mutations respectively, the advent of next-
generation sequencing has revealed new pathogenic variants in 
a number of structural genes and TMEM70, sometimes with truly 
peculiar genetics. Here we present a systematic review of the 
reported cases and discuss biochemical mechanisms, through 
which they are affecting ATP synthase. We explore how the 
knowledge of pathophysiology can improve our understanding of 
enzyme biogenesis and function.   
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ATP synthase 
 

Mammalian F1Fo-ATP synthase (complex V) is 
mitochondrial enzyme, that is responsible for the pro-
duction of more than 90 % of cellular ATP. To produce 
ATP, F1Fo-ATP synthase operates in synthetic mode. In this 
mode, energy from the proton gradient, generated by the 

respiratory chain complexes, is used for phosphorylation of 
ADP to ATP. However, since it belongs to the family of 
ATPases, it can also catalyze ATP hydrolysis. In the so-
called reverse mode, hydrolysis of ATP to ADP powers the 
proton pumping from mitochondrial matrix to inter-
membrane space [1]. Human ATP synthase is composed of 
18 different subunits, encoded by both nuclear DNA 
(nDNA) and mitochondrial DNA (mtDNA). Structurally it 
can be divided into three parts (Fig. 1A). Subunits α and β 
form α3β3 hexamer, where the ADP↔ATP conversion takes 
place, and together with γ, δ and ε subunits, they constitute 
F1 catalytic part. Membrane-embedded Fo part is composed 
of a bunch of small subunits, including e, f, g, DAPIT 
(diabetes-associated protein in insulin sensitive tissues), 
MLQ, 8 copies of subunit c (c8 ring), and 
two mtDNA-encoded subunits a and A6L. Proton 
translocation across the inner mitochondrial membrane 
occurs within the Fo domain, on the interface between the 
ring of subunits c and subunit a. The third structural 
component, so-called peripheral stalk, contains subunits b, d, 
F6 and OSCP (oligomycin-sensitivity conferring protein) [2]. 
The pe-ripheral stalk is stationary and immobilizes the  
α3β3 hexamer. In contrast, the central stalk (composed of  
γ, δ, and ε subunits) and c8 represent the rotor – it transfers 
the torque between F1 and Fo domains and, depending  
on the direction, allows ADP phosphorylation or  
ATP hydrolysis. The last subunit associated with F1Fo-ATP 
synthase is inhibitory factor IF1. IF1 binds to the F1 part 
under certain circumstances, for example, under low pH or 
during assembly, and inhibits the hydrolytic activity of ATP 
synthase [3,4].  
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Fig. 1. Human ATP synthase and its pathogenic variants. (A) Structure of human ATP synthase, created in UCSF ChimeraX version 
1.7.1, adapted from cryo-EM structure, model 8h9s Human ATP synthase state 1 (combined), https://doi.org/10.2210/pdb8H9S/pdb 
[2]. DAPIT protein is added from the cryo-EM structure of bovine Fo part, model 6zbb Bovine ATP synthase Fo domain, 
https://doi.org/10.2210/pdb6ZBB/pdb [184]. C-terminal part of subunit A6L (AA 52-68) is from AlphaFold computed structure, model 
AF-P03928-F1 [185,186]. Subunits of ATP synthase affected by both nDNA or mtDNA pathogenic variants are in color – α (yellow),  
β (blue), δ (coral), ε (purple), OSCP (brown), c (gold), DAPIT (cyan), a (dark blue) and A6L (pink). The remaining subunits are in 
various shades of green. Affected amino acids (red) are in sphere mode, remaining residues in stick mode. Only name and number of 
the residue is listed, for details about AA change and respective pathogenic variant see Table 2+3. Pathogenic variants of α, β, δ, and  
ε subunits are visualized in detail in black dashed boxes on the left (top view for α and β; side view for δ and ε). Black dashed box on 
the right: ATP synthase complex divided into structural parts: α3β3 hexamer (blue) together with central stalk (pink) form F1 catalytic 
part; peripheral stalk (green); Fo membrane-embedded part (gold). IMM – inner mitochondrial membrane, IMS – intermembrane space. 
Pathogenic variants of subunit a (red box) are visualized in detail in red dashed box in part (B) of the figure (top view). Affected 
regions of DAPIT and OSCP subunits are not visualized since they lead to the loss of full-length mature protein. (C) Structure of human 
TMEM70 protein and its pathogenic variants. AlphaFold computed structure, model AF-Q9BUB7-F1 [185,186]. Transit peptide (TP) in 
green, N-terminal part (N-term) in yellow, transmembrane domain 1 (TM-1) in dark blue, intermembrane space loop (IMS) in pink, 
transmembrane domain 2 (TM-2) in light blue, C-terminal part (C-term) in purple. Affected positions labeled with red bal. Only name 
and number of the residue is listed, for details about amino acid change and respective pathogenic variant see Table 4.  
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Fig. 2. (A) Human mitochondrial DNA encodes for 13 protein coding genes (light blue), the 22 tRNAs (green) and 2 rRNAS (grey). The 
origin of outer heavy strand (OH) and inner light strand (OL) are depicted. Transcription is bidirectional, initiated in D-loop control 
region from three promoters HSP1, HSP2 and LSP. Scheme of polycistronic MT-ATP8/MT-ATP6/MT-CO3 mRNA transcript is shown in 
detail (adapted from Ng 2022, 36399564). (B) Scheme of mtDNA heteroplasmy. The mtDNA in mitochondria are homoplasmic when all 
mtDNA copies are either wild type or mutant, the percentage of pathogenic mtDNA determines the mtDNA heteroplasmy. Biochemical 
threshold indicates the limiting amount of the pathogenic mtDNA above which the pathogenic phenotype manifests (C). Part (A) and 
(B) Created with BioRender.com. Part (C) adopted from Rossignol et al. [25]. 

 
 
The biogenesis and assembly of F1Fo-ATP 

synthase is a complex process, due to its multisubunit 
composition, localization in the inner mitochondrial 
membrane, and two genomes-origin. In yeast, numerous 
assembly factors were described, with only a subset of 
them having mammalian homologs. Those conserved 
from yeast to humans include ATPAF1 and ATPAF2 
(ATP11 and ATP12 in yeast), which are necessary for 
α3β3 hexamer formation [5], and FMC1 homolog (or 
c7orf55, homolog of yeast FMC1 protein), which was 
suggested to play a role in this process as well [6]. On the 
other hand, two described assembly factors are specific 
for higher eukaryotes. TMEM70 and TMEM242 proteins 
are involved in the assembly of c8 ring and its association 
with ATP synthase complex. However, the exact 
mechanism of their function is still not completely 
explained [7,8]. The last factor presumed to be involved 
in the assembly of ATP synthase in mammals is Prickle 

planar cell polarity protein 3 encoded by PRICKLE3  
gene [9]. 

 
Mitochondrial diseases 

 
From an organismal perspective, mitochondria 

are the predominant source of ATP. Glycolysis can 
substitute for mitochondrial ATP production, but only in 
an organ or time limited fashion. Therefore, 
mitochondrial dysfunctions manifest in the tissues with 
high energy demands such as heart, brain, liver, or 
skeletal muscle, and frequently lead to metabolic 
diseases. Another consequence of defective oxidative 
phosphorylation system (OXPHOS) is increased 
oxidative stress, a condition also linked with human 
pathologies [10]. As a consequence of this, mito-
chondrial defects are associated with a broad range of 
clinical phenotypes. They range from early-onset, 
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severe and devastating encephalo-cardiomyopathies to 
late-onset and milder forms of mitochondrial diseases. 
However, they also include polygenic neuro-
degenerative diseases, such as Alzheimer’s disease, 
Parkinson’s disease, multiple sclerosis; motor neuron 
diseases (amyotrophic lateral sclerosis); metabolic 
disorders, such as obesity and diabetes; metabolic 
syndrome; cancer; and aging [10-18]. Due to the dual 
genetic origin of OXPHOS system, mitochondrial 
diseases can be caused by pathogenic variants/mutations 
of either nuclear or mitochondrial genomes. 
Historically, maternally transmitted mtDNA (Fig. 2A) 
was more accessible for genetic studies, which led to 
extensive characterization of its mutational landscape. 
To date, over a thousand pathogenic variants in mtDNA 
have been described (MITOMAP: A Human 
Mitochondrial Genome Database http://mitomap.org, 
2023, [19]) and their detection have become rather 
routine task [20,21]. However, according to current 
estimates, mtDNA variants are responsible for only 
~15 % of mitochondrial diseases in the pediatric 
population [22]. Consequently, pathogenic variants of 

nuclear genes are more prevalent, while their 
identification and especially functional validation still 
represent a challenge. 

Pathogenic variants of genes associated with 
isolated ATP synthase deficiency are summarized in 
Table 1. Approximately 60 % (38 out of 63) of the 
variants are encoded by nDNA, but this may be skewed 
by the fact, that only truly pathogenic variants of 
mtDNA are considered (for criteria, please see section  
"ATP synthase deficiencies associated with pathogenic 
variants of mtDNA"). Of these, 20 are localized in 
TMEM70 gene, which encodes ATP synthase assembly 
factor, representing a slight majority of nDNA 
pathogenic variants. 

The remaining nDNA pathogenic variants are in 
genes encoding seven structural subunits, three of which 
are directly involved in the production of ATP. This 
means that to date, no pathogenic variant has been 
described for nine nDNA genes encoding structural 
subunits of ATP synthase. We can only speculate, 
whether this suggests greater level of sequence flexibility 
for structural subunits compared to catalytic ones or 

 
 
Table 1. The number of pathogenic variants of genes related to isolated ATP synthase deficiency. For mtDNA genes encoding structural 
subunits of ATP synthase, the number of pathogenic variants discussed in this review is given, along with the total number of variants 
reported according to MITOMAP in parentheses. MT-ATP8 variants include one in MT-ATP8/MT-ATP6 overlapping region affecting only 
A6L subunit, similarly MT-ATP6 variants include one in MT-ATP8/MT-ATP6 overlapping region affecting only subunit a, MT-ATP8/MT-
ATP6 variants include those affecting both subunits. For nDNA genes, the total number of pathogenic variants reported is given, with 
compound heterozygous combinations counted as one variant (or being counted as a single variant). 
 

mtDNA: structural subunits nDNA: structural subunits nDNA: assembly factors 

Gene 
No. of pathogenic 

variants 
(MITOMAP) 

Gene 
No. of pathogenic 

variants 
Gene 

No. of pathogenic 
variants 

MT-ATP8 1 (13) ATP5F1A 5 ATPAF1 0 
MT-ATP8/MT-ATP6 3 (5) ATP5F1B 3 ATPAF2 1 
MT-ATP6 21 (78) ATP5F1C 0 TMEM70 20 

  ATP5F1D 2 TMEM242 0 
  ATP5F1E 1 FMC1 0 
  ATP5PB 0   
  ATP5PD 0   
  ATP5PF 0   
  ATP5PO 2   
  ATP5MC 3   
  ATP5ME 0   
  ATP5MF 0   
  ATP5MG 0   
  ATP5MJ 0   
  ATP5MK 1   
  ATP5IF1 0   
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whether pathogenic variants in the remaining subunits 
will be identified in the future. However, in the case of 
the only two mtDNA-encoded structural subunits of  
ATP synthase, it seems that the functional versus 
structural significance could really be the key factor. For 
MT-ATP6 gene, which encodes the subunit directly 
involved in the production of ATP, approximately  
80 variants have been described to date. However, the 
majority of these have not yet been confirmed as 
pathogenic. In contrast, for MT-ATP8 gene, which 
encodes a subunit with an unknown function, only  
13 variants with a predominantly unclear pathogenicity 
have been described. Moreover, in the case of MT-ATP6, 
pathogenic variants are distributed throughout the entire 
sequence, while MT-ATP8 variants with the strongest 
pathogenic potential are localized at the end of the gene. 
This suggests that the C-terminal part of this subunit 
requires more specific fold without the room for any 
wobble. It is also noteworthy that five pathogenic 
variants, affecting both subunits, have been reported in 
MT-ATP8/MT-ATP6 overlapping region (Fig. 2A).     
 
Mitochondrial DNA pathogenic variants  

 
In pediatric cases, pathogenic variants in 

mtDNA are often associated with severe metabolic 
defects, and to a lesser extent also with 
neurodegenerative syndromes, deafness, optic 
neuropathy, and other diseases. Approximately 550 of 
mtDNA pathogenic variants in structural genes for 
subunits of respiratory complex I, III and IV, as well as 
of ATP synthase, and more than 450 pathogenic variants 
in tRNAs or rRNAs, have been described. These include 
point substitutions and simple deletions or insertions 
(MITOMAP). The majority of mtDNA pathogenic 
variants are single nucleotide substitutions that result in 
a missense codon and replacement of respective amino 
acid (AA) with a different one. Less often, a premature 
stop codon is created, or a shift in the reading frame 
may occur due to nonsense or frameshift variants. In 
addition to maternally inherited point variants, more 
than a hundred mainly somatic deletions or insertions of 
large mtDNA regions were described (MITOMAP). 

Clinical and biochemical phenotypes of the 
patients with mtDNA pathogenic variants can vary con-
siderably between individuals harboring the same 
variant. This may reflect different nuclear genetic 
background of the patients since similar symptoms or 

group of symptoms can be observed within one family 
but vary between different families. Physiological 
variability in mtDNA may also influence the clinical 
presentation of a pathogenic variant in either way. Some 
mtDNA variants may serve as disease modifiers in  
a negative [23] or positive [24] manner. It is not 
uncommon for members of the same family carrying the 
same variant(s) to present with phenotypes ranging from 
none or very mild to severe. This variability can be 
explained by the phenomenon of mtDNA heteroplasmy, 
which refers the percentage of pathogenic mtDNA 
within a single cell, which typically contains several 
thousands of copies of mtDNA (Fig. 2B). In many 
cases, the degree of mu-tational load determines the 
pathogenic phenotype. In the most severe cases, all 
copies of mtDNA are pathogenic (also known as 
mtDNA homoplasmy). It is important to note that the 
relationship between heteroplasmy and disease 
progression is often not linear and exerts  
a phenotypic threshold effect when the disease starts to 
manifest (Fig. 2C) [25]. The key factor may not be just 
the level of heteroplasmy itself, but rather its variability 
across tissues. Individuals carrying similar mutational 
loads throughout the whole body, as well as patients 
with a broad span of heteroplasmy levels be- 
tween tissues, are well described. For instance,  
m.8618-8619insT, which was identified in two patients 
exhibiting a predominantly neuro-muscular phenotype, 
was detected at relatively low levels in the blood 
(approximately 20 %), yet hetero-plasmy levels of 65 % 
and 85 % were observed in skeletal muscle [26,27]. 
Another aspect blurring the relationship between 
heteroplasmy levels and the severity of the symptoms is 
the determination of mutational load itself. Here, we 
face the problems of methodological limitations, tissue 
availability for analysis, but also features of the 
analyzed material. For example, very rare m.9205delTA 
variant of MT-ATP6 gene was reported only in the two 
cases with completely different phenotypes but both 
patients were originally reported as homoplasmic in 
fibroblasts [28,29]. Prolonged cultivation of the 
patients’ fibroblasts with very mild phenotype revealed 
that the variant was present as heteroplasmic, albeit at  
a very high mutational load. Therefore, the mild 
phenotype may be explained by the selection against the 
pathogenic variant in different tissues (which were not 
available for analysis) [30].  
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ATP synthase deficiencies associated with pathogenic 
variants of mtDNA  

Of the two ATP synthase subunits encoded by 
mtDNA, pathogenic variants of subunit a (MT-ATP6) are 
much more frequent, while subunit A6L (MT-ATP8) is 
only rarely affected (Table 1). The most prevalent are 
missense variants of mtDNA MT-ATP6 gene. Altogether, 
around 80 disease-causing variants of MT-ATP6 have 
been described, including small-scale deletions and 
insertions. These variants were associated with a range of 
severe disorders affecting brain, heart, and muscles, but 
also with deafness, multiple sclerosis, autism, optic 
neuropathy, and diabetes, usually in combination with 
other mtDNA variants (MITOMAP). Twelve variants of 
MT-ATP8 gene were associated with heart and 
 brain defects, but they were also linked to  
type II diabetes mellitus, again typically in combination 
with other possible pathogenic variants. Finally, eight 
cardiomyopathic or neuromuscular variants of  
MT-ATP8/MT-ATP6 overlapping region (Fig. 2A) 
affecting either both genes or only MT-ATP8 were 
described. Taken together, approximately 100 variants of 
mtDNA genes coding for ATP synthase subunits were 
reported to be (potentially) linked with human diseases 
(reported vs confirmed pathogenicity). Due to the high 
number of cases, in the following section, we will discuss 
only mtDNA variants with known phenotype that 1) are 

confirmed as disease-causing in MITOMAP, 2) were 
found in more than one patient as the single variant, or  
3) were associated with aberrant ATP synthase structure 
and function as a possible explanation of the disease 
phenotype (Table 2). 

 
MT-ATP8/MT-ATP6 pathogenic variants 

As previously stated, pathogenic variants of  
MT-ATP8 gene are extremely rare with only a few patients 
described for each variant. This renders the discussion 
about their potential pathogenicity rather unsatisfactory. 
The majority of patients carry m.8528T>C missense 
variant of MT-ATP8/MT-ATP6 overlapping region, which 
affects both subunits. This variant replaces highly 
conserved tryptophan 55 to arginine in A6L subunit and 
methionine 1 to threonine in the case of subunit a, 
potentially disrupting the initiation of translation of the 
subunit [31]. Hypertrophic cardiomyopathy (HCMP) or 
biventricular hypertrophy was found in almost all patients, 
with an early onset from prenatal to five months of life. 
Other life-threatening symptoms, including heart failure, 
metabolic crises, hypotonia, failure to thrive (FTT), and 
feeding difficulties, developed, and two patients died 
within a few months of life. The variant is typically present 
at a high heteroplasmy level, exceeding 90 % [31,32]. 
However, in the blood of one patient with HCMP, only 
59 % of pathogenic mtDNA was detected [33].   

 

 
Table 2. Single MT-ATP8/MT-ATP6 and MT-ATP6 pathogenic variants, associated with isolated ATP synthase disorders. In the case of 
substitutions in position 8993, only papers describing specific phenotype as the first, and studies describing unusual phenotypes, are 
listed.    
 

Gene 
Variant (Protein) 

Clinical phenotype Biochemical phenotype Refs. 

MT-ATP8/MT-ATP6    
m.8528T>C 
(p.Trp55Arg/p.Met1Thr) 

HCMP/biventricular hypertrophy, 
3-MGA, HA, LA, hyperketonemia, LVNC, 
arrythmia, WPW, HF, PAH, hypotonia, 
exercise intolerance, myopathy, anemia, 
thrombocytopenia, PMR, FTT 

↓↓↓ synthesis of both a 
and A6L subunits,  
↓↓↓ cV complex levels,  
↓↓↓ synthesis of ATP 

[31-34] 

m.8529G>A (p.Trp55Ter/-) HCMP, neuropathy, ataxia, 
ophthalmoplegia, PMR (1P) 

↓ cV complex levels,  
↑↑ F1 subcomplexes 

[35] 

m. 8561C>T 
(p.Pro66Ser/p.Pro12Leu) 

Hypotonia, microcephaly, ataxia, lesions in 
the basal ganglia, bilateral retinal 
hypoplasia, PMR (1P) 

↓ cV complex levels,  
↑↑ F1 subcomplexes,  
↓ ATP hydrolytic activity 

[37] 

m. 8561C>G 
(p.Pro66Ala/p.Pro12Arg) 

hypergonadotropic hypogonadism, 
ataxia, neuropathy, brain atrophy, 
sensorineural hearing impairment 

↑ F1 subcomplexes [36] 
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MT-ATP6    
m.8611_8612insC 
(p.Leu29ProfsTer36) 

LA, gallstones, ataxia, encephalopathy, 
myopathy, PMR (1P) 

↓↓↓ content of subunit a,  
↓↓↓ complex V stability,  
↓↓↓ ATP hydrolytic 
activity 

[92] 

m.8612T>C (p.Leu29Pro) HSP, LS, volatile anesthetic hypersensitivity, 
PMR  

n.a. [86,93] 

m.8618-8619insT 
(p.Thr33HisfsTer63) 

cerebellar atrophy, hearing loss, PMR, 
NARP, impaired renal function, myopathy, 
ophthalmologic defects, diabetes, FTT 

↓↓↓ ATP hydrolytic 
activity,  
↓↓ cV complex levels,  
↑ F1 subcomplexes, ↑ ROS 

[26,27] 

m.8782G>A (p.Gly86Ter) IUGR, cerebellar ataxia, hearing loss, 
myoclonic epilepsy, short stature, kidney 
disease, diabetes, speech impairment  

↓↓ ATP synthase activity,  
↓↓ basal OCR, ↑ ROS, 
↑↑ F1 subcomplexes 

[26] 

m.8839G>C (p.Ala105Pro) NARP (1P) ↓↓ ΔΨm [88] 
m.8851T>C 
(p.Trp109Arg) 

BSN, LS, microcephaly, brain 
malformations, encephalopathy, stroke, 
myopathy, hypotonia, neuropathy 

↓↓ cV complex levels [41,87,94] 

m.8969G>A (p.Ser148Asn) MLASA, LA, HCMP, WPW, patent foramen 
ovale, epilepsy, brain atrophy, myoclonic 
seizures, IgA nephropathy, liver steatosis, 
hypospadias, hearing impairment, PMR, FTT 

Normal cV complex 
levels,  
↓↓ ATP synthase activity,  
↑ ROS 

[98,99, 
101,102] 

m.8989G>C (p.Ala155Pro) NARP (1P) ↓↓ ATP hydrolytic activity [89] 
m.8993T>C (p.Leu156Pro) LS, NARP, neuropathy, ataxia, brain 

atrophy, pyramidal signs, dystonia, muscle 
weakness, optic atrophy, hearing impairment  

↓ ATP synthase activity,  
↑↑ ROS 

[21,40,47, 
50,51,53,55,6
0,61,112] 

m.8993_8994TG>CA 
(p.Leu156Pro) 

developmental delay and myopathy (1P) n.a. [41] 

m.8993T>G 
(p.Leu156Arg) 

LS, NARP, HCMP, seizures, ataxia, muscle 
weakness, glomerular proteinuria, 
sensorineural hearing loss, PMR 

↓↓↓ ATP synthase 
activity,  
↑↑ ROS 

[39,42,43, 
45,49,51,53,5
4,56-58,62, 
63,66,112] 

m.9032T>C (p.Leu169Pro) NARP, LA, epilepsy, ataxia, cerebellar 
atrophy, microcephaly, sensorineural hearing 
loss, PMR  

↓ ATP synthase activity,  
↑ ROS, ↑ F1 subcomplexes 

[90,97] 

m.9035T>C (p.Leu170Pro) Ataxia, LS, cerebellar atrophy, neuropathy, 
dystonia, hypotonia, hypertonicity, visual 
impairment, retinitis pigmentosa, learning 
disability, PMR 

↓↓ ATP hydrolytic 
activity, ↑↑↑ ROS 

[51,84,95, 
96] 

m.9127-9128delAT  
(p. Ile201ProfsTer2) 

NARP (1P) ↓↓ ATP hydrolytic activity [91] 

m.9134A>G 
(p.Glu203Gly) 

IUGR, LA, HCMP, hypotonia (1P) ↓↓ ATP hydrolytic activity [100] 

m.9155A>G 
(p.Gln210Arg) 

MIDD, metabolic syndrome, focal segmental 
glomerulosclerosis 

Normal cV complex levels 
and activity 

[103,104] 

m.9176T>C (p.Leu217Pro) FBSN, LS, CMT, HSP, LA, HCMP, ataxia, 
dystonia, external ophthalmoparesis, episodic 
muscle weakness and neuropathy, PMR 

Normal cV complex 
levels, ↓↓ ATP synthase 
activity,  
↑ ROS 

[38,47,48, 
51,53,67,73, 
77,79,81,82] 

m.9176T>G 
(p.Leu217Arg) 

LS, seizures, epilepsy, ataxia, spastic 
paraparesis, polyneuropathy, PMR 

↓↓↓ ATP synthase activity [57,68,69] 
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m.9185T>C (p.Leu220Pro) LS, LS-like, NARP, CMT, WPW, HCMP, 
arrhythmia, brain atrophy, epilepsy, ataxia, 
hypotonia, neuropathy, neuropathy, muscle 
weakness, respiratory and renal failure, 
ptosis, sensorineural hearing loss, learning 
difficulties  

↓ cV complex levels,  
↓ ATP hydrolytic activity,  
↑ ROS 

[47,51-53, 
55,70-76, 
78,80,83,84] 

m.9191T>C (p.Leu222Pro) LS (1P) ↓ ATP hydrolytic activity [76] 
m.9205delTA (Ter-Met) transient LA with seizures, severe 

encephalopathy and LA 
↓↓↓ cV complex levels [28,29] 

 
1P – data available for 1 patient only; n.a. – biochemical phenotype for the patient is not available, in the case of m.8993_8994TG>CA 
expected to be similar to m.8993T>C, resulting in the same amino acid exchange; ΔΨm – mitochondrial membrane potential;  
cV – complex V (ATP synthase); OCR – oxygen consumption rate; ROS – reactive oxygen species. Clinical phenotype in bold – shared 
symptoms if more than one patient; 3-MGA – 3-methylglutaconic aciduria; CMT – Charcot-Marie-Tooth disease; DF – dysmorphic 
features; (F)BSN – (familiar) bilateral striatal necrosis; FTT – failure to thrive; HCMP – hypertrophic cardiomyopathy;  
HA – hyperammonemia; HF – heart failure; HSP – hereditary spastic paraplegia; IUGR – intrauterine growth restriction; LA – lactic 
acidosis; LS – Leigh syndrome; LVNC – left ventricular non-compaction; MIDD – maternally inherited diabetes and deafness;  
MLASA – mitochondrial myopathy, lactic acidosis and sideroblastic anemia; NARP – neurogenic muscle weakness (neuropathy), ataxia 
and retinitis pigmentosa syndrome; PAH – pulmonary arterial hypertension; PMR – psychomotor retardation (in general, details in 
references and text); WPW – Wolf-Parkinson-White syndrome. 
 
 

Zigman et al. [34] described another patient with 
myocardial hypertrophy carrying homoplasmic 
m.8528T>C variant, who suffered from severe neonatal 
hyperammonemia requiring hemodialysis during the first 
days of life. The mother of the patient was the first 
asymptomatic carrier with high heteroplasmy (82 % in  
the blood) of m.8528T>C variant described while in the 
previous cases, very low levels of the variant were found in 
patients' relatives. This pathogenic variant was shown 
 to cause impaired synthesis of both subunits a and A6L, 
with low levels of complete ATP synthase detected in 
patient samples. Based on the experience with 
m.9205delTA MT-ATP6 variant [30], one would expect 
that the lack of subunit a is the primary driver  
of diminished assembly/stability of complex V in the case 
of m.8528T>C substitution. However, in a patient  
with similar phenotype of HCMP, neuropathy, ataxia, 
ophthalmoplegia, and psychomotor retardation carrying 
m.8529G>A variant (one base next to the previous one), 
only subunit A6L (p.Trp55Ter) is affected. Still, this  
leads to the decreased stability of ATP synthase complex 
[35]. As illustrated in Figure 1A, all A6L pathogenic 
variants described in this review are situated in the extra-
membrane part of the protein, where it interacts with 
subunits of the peripheral stalk. Consequently, these 
variants can influence the connection between membrane 
part and the peripheral stalk. Similar to previously 
discussed cases, m.8529G>A variant exhibited a high 
degree of heteroplasmy (over 90 %), yet the disease course 
was rather milder, with later onset at 4 years of age. 
Excessive mutational load was determined also in  
patients with other two variants in MT-ATP8/MT-ATP6 

overlapping region, affecting the stability of ATP synthase, 
both in position 8561. These patients presented with 
neurological symptoms, including hypotonia, ataxia, 
microcephaly/brain atrophy, and neuropathy, without 
cardiac involvement [36,37]. In addition, variant 
m.8561C>G was associated with a very unusual 
mitochondrial disease phenotype of hyper-gonadotropic 
hypogonadism [36].  
 
Most frequent MT-ATP6 pathogenic variants 

Contrary to the above-mentioned variants, which 
affect both subunit a and A6L, variants affecting  
only MT-ATP6 gene are predominantly linked with neuro-
degenerative phenotypes. The most common is devastating 
Leigh syndrome (LS), subacute, necrotizing encephalo-
pathy characterized by bilateral symmetrical necrotic 
lesions of grey matter nuclei in the basal ganglia, 
diencephalon, cerebellum, or brainstem. The onset  
of the disease is typically in early infancy, and patients 
manifest a heterogeneous set of symptoms, including 
regression or psychomotor delay, optic atrophy, 
ophthalmoplegia, ptosis, nystagmus, respiratory 
abnormalities due to brainstem dysfunction, and  
pyramidal signs. In addition, patients may exhibit signs of 
dystonia, ataxia, peripheral neuropathy, and intention 
tremor associated with lactic acidosis (LA) in the  
blood, cerebrospinal fluid, or urine [38]. The second 
relatively common presentation of MT-ATP6 pathogenic 
variants is less severe neurogenic muscle weakness  
(or neuropathy), ataxia, and retinitis pigmentosa (NARP) 
syndrome. However, the clinical picture of MT-ATP6 
patients is not limited only to these two syndromes.  
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The most prevalent is m.8993T>G missense 
variant, which was first described by Holt et al. in 1990. 
This variant replaces highly conserved leucine 156 with 
arginine [39]. To date, several hundred or even thousands 
of patients with m.8993T>G variant have been 
diagnosed. At the same position, another two pathogenic 
variants were identified. The second most common 
disease-causing variant of MT-ATP6 gene is m.8993T>C, 
which changes leucine 156 to proline [40]. In a single 
patient, m.8993_8994TG>CA was also observed, 
resulting in the same amino acid substitution [41].  

In accordance with the prevailing consensus, 
patients exhibiting heteroplasmy levels of up to ~70 % 
are typically asymptomatic or present with relatively mild 
symptoms. Heteroplasmy levels between 70 % and 90 % 
are associated with NARP, while levels above 90 % are 
associated with the typical presentation of LS  
[39,40,42-49]. The m.8993T>G substitution typically 
presents in the first months of life, while in the patients 
with m.8993T>C, the onset is delayed, with a milder 
disease course [47,50-53]. However, while this is the 
general pattern, exceptions can be found. Thus, there are 
reports of patients with heteroplasmy above 90 % or even 
homoplasmy manifesting a milder phenotype than LS 
[41,51,53-57]. Conversely, individuals suffering from LS 
but harboring heteroplasmy under 90 % have been 
documented [51,53]. Another group includes patients 
with late or adult onset of the disease that harbor both 
very low or very high heteroplasmy [42,45,51,53,58,59] 
or mainly adults carrying m.8993T>C with a phenotype 
similar to NARP but possessing ophthalmologic disorders 
[60,61]. Exceptionally, m.8993T>G and m.8993T>C 
variants have been linked with a number of conditions, 
including renal disease [62], sensorineural hearing 
loss/deafness [21,50,63-65], epilepsy [65], and 
cardiomyopathy [66].  

In addition, common MT-ATP6 disease-causing 
variants include transitions at positions 9176 and  
9185: m.9176T>G (p.Leu217Arg), m.9176T>C 
(p.Leu217Pro), and m.9185T>C (p.Leu220Pro). The 
clinical picture of the patients encompasses mainly 
neurodegenerative phenotypes with rather late onset, but 
the symptoms differ more than in the case of 8993 
variants. The severity of symptoms is not heteroplasmy 
dependent, and almost all the patients possess very high 
mutational loads ranging from 90 % to homoplasmy. 
Once again, the most severe presentation is LS 
[38,47,48,51-53,67-75]. In some patients, the LS was 
accompanied by cardiac phenotype, epileptic seizures, 

renal failure [70,71,75], or with some features of 
poliodystrophy [68]. Interestingly, three patients with 
mild and reversible phenotype of LS were described 
[74,76].  

Conversely, the Charcot-Marie-Tooth syndrome 
represents a condition of minimal severity. It is 
characterized by (but not limited to) muscle weakness 
and neuropathy, often associated with T>C transition at 
positions 9176 and 9185 [77-79]. In some patients, it is 
accompanied by ataxia or sensorineural hearing loss 
[70,78,80].  

Another group of patients presents with milder 
symptoms, exceptionally linked with T>C substitutions. 
These include NARP [51,53,71], familial bilateral striatal 
necrosis (FBSN), which is characterized by devel-
opmental regression, choreoathetosis and dystonia 
progressing to spastic quadriparesis [81], and hereditary 
spastic paraplegia (HSP), a group of inherited disorders 
that involves weakness and spasticity [82]. FBSN and 
HSP were described only in patients with m.9176T>C 
[81,82]. Symptoms mimicking periodic paralyses due to 
channelopathies or spinal muscular atrophy, but were 
ultimately diagnosed as mitochondriopathy due to 
m.9185T>C transition, were described in few patients 
[55,83].  

A significant proportion of patients carrying one 
of the common pathogenic variants present with  
a spectrum of neurological and neuromuscular disorders 
that do not fit into any specific syndrome. These include 
hypotonia, muscle weakness, neuropathy, ataxia, paresis, 
epilepsy, seizures, ptosis, and pyramidal signs, with 
varying severity [51,53,55,57,65,68,70,71,80,84,85], 
sometimes accompanied by mental retardation [67,68], 
LA, and cerebellar atrophy [83]. For all the common 
pathogenic variants, carriers with lower mutational load 
[38,51,53,60,69,74,78] as well as asymptomatic 
individuals with high heteroplasmy or even homoplasmy 
have been described [51,53,67,71,76]. However, they 
could just be identified before the disease onset since 
patients with very late onset of the disease are 
occasionally described for all the variants discussed 
above [58,61,74,82]. 
 
Less frequent MT-ATP6 pathogenic variants 

The clinical presentation of remaining MT-ATP6 
pathogenic variants is highly diverse, encompassing the 
entire spectrum of symptoms commonly associated with 
mitochondrial diseases. LS is relatively rare presentation 
observed in patients with m.8612T>C, m.8851T>C, 
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m.9035T>C, and m.9191T>C transitions [51,76,86,87]. 
Similarly, NARP is associated with m.8618-8619insT, 
m.8839G>C, m.8989G>C, m.9032T>C, and m.9127–
9128delAT variants [27,88-91]. Still, the neuro-logical 
signs such as encephalopathy, brain atrophy, epilepsy, 
stroke, and microcephaly, or neuromuscular symptoms of 
ataxia, hypotonia, BSN, neuropathy, and myopathy in 
general are the main clinical characteristics of rare  
MT-ATP6 variants m.8611_8612insC, m.8612 T>C, 
m.8851T>C, and m.9035T>C [41,84,92-96]. In addition 
to the previously mentioned symptoms, various visual 
and hearing defects are also observed in individuals with 
m.8618-8619insT, m.8782G>A, m.9032T>C, and 
m.9035T>C variants, in the first two also kidney disease 
was reported [26,96,97]. The patient carrying 
m.8611_8612insC insertion was originally diagnosed at 
the age of four months with gallstones that persisted 
during follow-up [92]. The severity of the disease course 
does not seem to be heteroplasmy dependent since the 
majority of patients have very high heteroplasmy above 
90 % or even homoplasmy. 

Slightly different spectrum of symptoms was 
found in the group of patients with m.8969G>A and  
one patient with m.9134A>G. In one case, MLASA plus 
syndrome was diagnosed (mitochondrial myopathy, LA 
and sideroblastic anemia plus developmental delay, 
sensorineural hearing loss, epilepsy, agenesis of the 
corpus callosum, FTT, and stroke-like episodes, [98]). 
Similarly, another individual exhibited epileptic episodes 
and decreased muscle strength, brain atrophy, severe 
hearing impairment together with kidney disease  
(IgA nephropathy) and cardiac involvement (Wolf-
Parkinson-White syndrome) [99]. Remaining patients 
suffer from various combinations of cardiac symptoms 
(HCMP, patent foramen ovale), LA, anemia, hypotonia, 
myoclonic seizures, facial dysmorphism, hypospadias, 
tortuosity of the retinal vessels, liver steatosis, and 
psychomotor retardation [100-102]. 

Only two patients were described carrying 
m.9205delTA, two-base deletion that affects not only 
ATP synthase but also complex IV (cytochrome  
c oxidase). This mutation results in the removal of the 
stop codon of MT-ATP6 gene, thereby altering the 
processing of MT-ATP8/MT-ATP6/MT-CO3 poly-
cistronic tran-script (Fig. 2A). Consequently, the 
biosynthesis of both subunit a of ATP synthase and of 
subunit Cox3 of cytochrome c oxidase is markedly 
diminished [30]. Transient LA and seizures were the only 
symptoms in the first patient with more than  

90 % heteroplasmy [28], while the second homoplasmic 
patient suffered from severe encephalopathy and LA [29]. 
Finally, two adult patients were described with the 
m.9155A>G variant. They presented with maternally 
inherited diabetes and deafness syndrome (MIDD), with 
one of them also having metabolic syndrome and focal 
segmental glomerulosclerosis [103,104].  

The specific type of the disease based on 
mitochondrial dysfunction is Leber’s hereditary optic 
neuropathy (LHON), maternally inherited disease that 
can lead to acute bilateral blindness due to the loss of the 
optic nerve and papillomacular bundle nerve fibers, 
predominantly in young men [105]. The patients usually 
carry one of the so-called primary mutations in mtDNA 
genes encoding subunits of complex I. However, they 
may also carry additional, so-called secondary mutations 
that modify the disease course. Such secondary variants 
can be identified in the MT-ATP6 gene as well. In 
sporadic cases, patients with LHON were described who 
carried only the substitution in MT-ATP6 as a single 
variant (e.g. m.8836A>G and m.9101T>C). These 
variants were possibly causal for the disease development 
[106-108].   
 
Functional and structural consequences of MT-ATP6 
pathogenic variants 

As the key subunit for proton translocation, 
subunit a plays a pivotal role in ATP synthesis and ATP 
synthase stabilization [30,109]. Missense variants of  
MT-ATP6 typically affect the efficiency of proton 
translocation, resulting in reduced ATP production and 
eventually to increased reactive oxygen species (ROS) 
production [68,76,88-90,95,97,99,101,110-113]. In some 
cases, when ATP synthase activity is only slightly 
affected, increased ROS production itself may serve as 
the underlying pathological mechanism [55,82,95,112]. 
In contrast to the synthetic activity of ATP synthase, the 
hydrolytic activity of this enzyme is not altered in most 
patient samples. The reason for this is, that the reverse 
reaction of ATP hydrolysis is not dependent on the 
proton flux. Moreover, it was demonstrated that in the 
reverse mode, protons could be transported normally 
even when a pathogenic variant of subunit a was present 
[114]. ATP hydrolytic activity is therefore an inadequate 
diagnostic tool for isolated ATP synthase deficiency 
caused by pathogenic variants of mtDNA. Nevertheless, 
in certain set of mutations, even ATP hydrolysis has been 
observed to be reduced [70,76,91,100]. The literature 
contains conflicting reports regarding the impact of the 
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most common variant, m.8993T>G, and the relatively 
rare m.9035T>C variant on ATP hydrolytic activity. 
Some studies have documented a reduction in ATP 
hydrolysis in a few patients [95,113,115], while others 
have observed no change [42,46,96,116]. The 
discrepancies observed may be attributed to differences in 
methodology and the use of different assay protocols, 
which can lead to disparate outcomes. Moreover, the 
hydrolytic activity specific for ATP synthase is typically 
determined as the oligomycin-sensitive portion of the 
total hydrolytic activity of the sample. It is questionable 
how variants of subunit a can alter the sensitivity of ATP 
synthase to oligomycin, which is bound to subunit c in 
close proximity to subunit a. Some studies suggest that 
m.8993T>G variant may result in increased sensitivity to 
oligomycin [116,117]. However, in the case of 
m.9035T>C, total hydrolytic activity was found to be 
decreased to the same extent as the oligomycin-sensitive 
portion [95]. Another aspect to consider is the stability of 
the enzyme. In condition of activity measurement, F1 can 
be (partially) dissociated from Fo, which results in a loss 
of sensitivity to oligomycin. For instance, some studies 
have indicated that normal ATP hydrolytic activity in 
muscle was preserved in some patients, yet it was 
decreased in fibroblasts of the same patient [45,65]. This 
suggests that the enzyme in fibroblasts may be more 
fragile. A reduction in ATP hydrolysis can be causally 
linked with a reduction in the levels of ATP synthase 
complex [70,76,78]. 

Previously, disease-causing substitutions and 
potential mechanism by which they can affect ATP 
synthase function were discussed in the context of 
available yeast [118] or bovine [65] structures. When we 
take into consideration the recently reported cryo-EM 
structure of human ATP synthase [2], we can now map 
all the reported variants on it (Fig. 1A), as recently 
demonstrated here [119]. It is evident that the majority of 
the disease-causing variants of MT-ATP6 discussed here 
are changing residues around c8 ring, in proximity with 
residues crucial for proton translocation (Fig. 1B). 
Residues 169, 170 and 203 are located in the region of 
subunit a, involved in the entry of protons from 
intermembrane space, while 109, 217, 220 and 222 are 
close to the exit site towards matrix. Positions 105, 155, 
156, and 148 are in close proximity to residues, where 
exchange of protons between subunits a and c occur 
[118]. Residue 210 is rather far from active sites, yet its 
involvement in the proton flow through subunit a is 
probable. Transitions at positions 12 and 29 were 

accompanied by higher levels of F1 part, suggesting  
that these residues could be involved in the connection of 
subunit a with peripheral stalk of ATP synthase complex.  

In the case of frameshift variants and one 
nonsense variant creating premature stop codon,  
ATP production is strongly reduced. In addition,  
ATP synthase complex is significantly more labile due to 
the lack of full-length subunit a [26,27,29,92]. Decreased 
complex stability leads to higher levels of free  
F1 part of the enzyme, which still possesses hydrolytic 
activity and may further exacerbate the biochemical 
phenotype. 

 
Nuclear DNA pathogenic variants 

 
As mentioned above, nuclear DNA variants are  

a frequent cause of mitochondrial disorders. Since the 
advent of next-generation sequencing (NGS), the 
number of recognized nuclear disease-causing genes has 
increased rapidly, and nuclear genetic defects in all 
respiratory chain complexes, including ATP synthase, 
have been reported. In most cases, defects in OXPHOS 
complexes present as autosomal recessive traits [120]. 
In other words, the patients are homozygous for one 
pathogenic variant, or compound heterozygotes carrying 
two different pathogenic variants of the same gene, one 
in each allele. The parents of the patients are usually 
healthy heterozygous carriers of the variant. Pathogenic 
variants have been identified either in genes encoding 
structural proteins or in the biogenetic and regulatory 
factors of OXPHOS machinery – so-called “direct and 
indirect hits” [121]. The spectrum of affected pathways, 
which ultimately result in the defect of OXPHOS 
apparatus is very broad. Pathogenic variants have  
been described in proteins involved in mtDNA stability, 
replication, and expression. Similarly, proteins involved 
in the metabolism of cofactors and toxic compounds 
may also affect OXPHOS system, and finally, proteins 
involved in mitochondrial dynamics, homeostasis, and 
quality control represent another broad group of  
targets [120]. 
 
Nuclear DNA pathogenic variants associated with 
isolated deficiency of ATP synthase 

The first evidence that a nuclear gene variant 
may be associated with inborn ATP synthase 
dysfunction was published by Holme et al. [122], who 
described a child with cardiomyopathy, LA, persisting  
3-methylglutaconic aciduria (3-MGA) and severely 
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decreased activity of ATP synthase without any 
underlying mtDNA variant. A few years later, another 
patient with early onset neonatal and fatal LA, 
cardiomyopathy, and hepatomegaly was reported by 
Houštěk et al. [123]. In patient tissues, an isolated 70 % 
decrease of ATP synthase complex was found. 
However, transmitochondrial cybrids containing 
patients' mtDNA contained normal levels of the 
complex, confirming the nuclear origin of the disease.  
A number of similar patients with isolated ATP 
synthase deficiency lacking pathogenic mtDNA variants 
were later described [124]. However, the pathogenic 
variant of ATPAF2 gene encoding ATP synthase 
assembly factor ATP12 was identified in only one of 
these patients [125]. In 2008, using the homozygosity 
mapping and sequencing of candidate genes in the 
group of 24 patients with ATP synthase deficiency, 
severe neonatal LA and encephalo-cardiomyopathy, 
TMEM70 was identified as another disease-causing 
gene [126]. Since then, the number of new  
patients carrying TMEM70 pathogenic variants has 
steadily increased, with more than 80 cases  
described to date. Apparently, TMEM70 gene is highly 
susceptible to mutagenesis, and this type of  
rare mitochondrial disease has rather frequent  
incidence. 

The first pathogenic variant in ATP synthase 
structural gene was described two years later, when 
disease-associated variant of ATP5F1E gene encoding  
ε subunit was found in the patient with milder 
mitochondrial disease phenotype [127]. In contrast, four 
patients with two different ATP5F1A (α subunit) 
pathogenic variants with fatal disease course and 
premature death in early childhood (one week or several 
months) were reported at the same time [128,129]. With 
the development of sequencing techniques, several 
novel pathogenic variants of ATP synthase structural 
genes have recently been characterized. These include 
variants of genes encoding α, β, δ, ε, c, DAPIT and 
OSCP subunits [130-137]. It is noteworthy that  
a considerable number of the recently identified 
pathogenic variants of ATP synthase structural genes 
are heterozygous, yet still result in the manifestation of 
disease phenotypes. The autosomal dominant mode of 
inheritance is rather unusual in the context of 
mitochondrial diseases. Similarly, two heterozygous 
patients with PEX14 pathogenic variant were recently 
described with a peroxisomal disorder, a condition 

normally linked with the autosomal recessive mode  
of inheritance [138]. These findings indicate the 
necessity for a change in the approach to the diagnostic 
process for genetic diseases, with a greater focus  
on these dominant pathogenic variants. Pathogenic 
variants of ATP synthase structural genes and their 
associated phenotypes are summarized in Table 3 and 
visualized in Fig. 1A. The severity of the clinical 
manifestation and biochemical consequences are highly 
variable, ranging from asymptomatic patients to 
premature death. 

Although the number of genes involved in 
inborn and isolated ATP synthase deficiency has 
increased significantly, the pathogenic variants of 
structural genes still represent a very rare cause of  
the disease. In the following section, we will examine 
pathogenic variants and their clinical manifestations. 
For the purposes of this review, we have divided  
these rare pathogenic variants according to the severity 
of the phenotypes observed in a small group of patients. 
While this classification makes easier the  
discussion of phenotypes in the context of this review, it 
should be kept in mind, that it is highly subjective. It 
should be noted, that the current prevailing consensus is 
to see the severity as a continuous spectrum, where even  
the same pathogenic variant can present with different 
degree of severity in two different patients. 
 
nDNA pathogenic variants in structural genes of ATP 
synthase with mild phenotype 

In general, the less severe phenotype can be 
observed in the individuals carrying heterozygous 
substitutions in ATP5F1A [130,131], ATP5F1B [133], 
and ATP5MC3 [131,135] genes.  

Recently, de novo heterozygous pathogenic 
variant c.620G>A (p.His207Arg) of ATP5F1A gene 
coding for α subunit was found in four independent 
patients [130,131]. All the patients suffered from early-
onset mitochondrial disease and presented  
with psychomotor delay, failure to thrive and LA, 
accompanied by feeding intolerance, chronic diarrhea, 
anemia, hyperammonemia, and in some cases,  
acute encephalopathy. Although the initial manifestation 
suggests a typical mitochondrial disease course  
with metabolic imbalance, the severity of the  
phenotype for this variant is rather mild, and the major 
clinical findings recovered by late infancy in all  
the cases.  
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Table 3. Nuclear DNA pathogenic variants of structural genes for ATP synthase subunits associated with isolated deficiency of ATP 
synthase. 
 

Gene  
Variant (Protein) 

Clinical phenotype Biochemical phenotype 
No. of 
patients 

Refs. 

ATP5F1A     
c.545G>A Ht 
(p.Arg182Gln) 

ataxia, spastic paraparesis, dystonia, 
PMR 

n.a. 1 [131] 

c.620G>A Ht 
(p.Arg207His) 

LA, FTT, HA, anemia, metabolic 
imbalance, encephalopathy, feeding 
intolerance, PMR, # 

Normal cV complex levels,  
↓↓↓ ATP hydrolytic 
activity,  
↓ OCR 
 

4 [130, 
131] 

c.962A>G Hm 
(p.Tyr321Cys) 

microcephaly, hypotonia, IUGR, HF, 
encephalopathy, seizures, pulmonary 
hypertension, FTT 

mtDNA depletion,  
↓↓ ETC activity 

2 [128] 

c.985C>T + c.-
49+418C>T* 
(p.Arg329Cys + *) 

severe encephalopathy, small renal 
cysts hypoplastic lungs 

↓↓↓ cV complex levels,  
↓↓ ATP hydrolytic activity,  
↓ OCR 

2 [129] 

c.1037C>T Ht 
(p.Ser346Phe) 

LA, cerebral palsy, dystonia, spastic 
tetraparesis, absent speech, PMR 

n.a. 1 [131] 

ATP5F1B     
c.1000A>C Ht 
(p.Thr334Pro) 

generalized dystonia Normal cV complex levels,  
↓↓↓ ATP hydrolytic 
activity, ↓ ΔΨm 

3 (+2) [133] 

c.1004 T>C Ht 
(p.Leu335Pro) 

hyperphagia, tachypnea, episodic 
hyperthermia, euthyroid 
hypermetabolism, FTT, PMR 

↑ basal OCR, ↓basal ΔΨm,  
↓ coupling of RCC and cV 

2 [132] 

c.1445T>C Ht 
(p.Val482Ala) 

generalized dystonia Normal cV complex levels,  
↓ ATP hydrolytic activity, 
↓↓↓ ΔΨm 

1 (+1) [133] 

ATP5F1D     
c.245C>T Hm 
(p.Pro82Leu) 

3-MGA, LA, HA, dilated CMP, 
rhabdomyolysis, PMR 

↓ cV complex levels,  
↓↓↓ ATP hydrolytic activity 

1 [134] 

c.317T>G Hm 
(p.Val106Gly) 

3-MGA, HA, ketoacidosis, mild 
exercise intolerance, PMR 

↓↓ cV complex levels,  
↓↓ ATP hydrolytic activity 

1 [134] 

ATP5F1E     
c.35A>G Hm 
(p.Tyr12Cys) 

LA, PMR, 3-MGA, HCMP, ataxia, 
seizures, hypotonia, dystonia, 
neuropathy, visual and hearing  
deficit, # 

↓↓↓ cV complex levels,  
↓↓↓ ATP synthase activity, 
↓OCR 

3 [127] 

ATP5PO     
c.34C>T + c.329-20A>G 
(p.Gln12Ter + §) 

LA, seizures, microcephaly, brain 
atrophy, dystonia, hypotonia 
encephalopathy, restlessness, sleep 
disturbances, PMR 

↓↓ cV complex levels,  
↑↑ F1 subcomplexes 

1 [131] 

c.87+3A>G Hm  
(exon 2 skipped) 

LS, HCMP, hypotonia, hypospadias,  
3-MGA, bradycardia, seizures, 
epilepsy, hypothrophic muscles, renal 
insufficiency, DF, cryptorchidism, 
PMR 

↓↓ cV complex levels,  
↑↑ F1 subcomplexes,  
↓↓↓ ATP hydrolytic activity 

3 [137] 
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ATP5MK     
c.87+1G>C Hm 
(exon 3 skipped) 

LS, febrile illness, HCMP, accessory 
spleen, testicular atrophy, fatty liver 

normal cV monomer levels 
but no dimer,  
↓↓ ATP synthase activity 

4 [136] 

ATP5MC3     
c.236G>T Ht (p.Gly79Val) LA, lower-extremity spasticity, PMR ↓↓ cV complex levels,  

↓↓ ATP hydrolytic activity 
1 [131] 

c.318C>G Ht 
(p.Asn106Lys) 

dystonia [dystonia or HSP] ↓ ATP synthase activity 2 [+17] [131, 
135] 

c.319C>G Ht 
(p.Pro107Ala) 

pyramidal signs, generalized dystonia, 
PMR 

n.a. 1 [131] 

 
Hm – homozygous variant; Ht – heterozygous variant; * – pathogenic substitution in the first intron disrupting expression of ATP5F1A 
gene from this variant; § – loss-of function allele associated with abnormal gene splicing and reduced ATP5PO mRNA levels; # – major 
clinical findings recovered during life; ΔΨm – mitochondrial membrane potential; cV – complex V (ATP synthase); ETC – electron 
transport chain; OCR – oxygen consumption rate; RCC – respiratory chain complexes. No. of patients in round brackets means healthy 
individuals carrying the pathogenic variant, in square brackets family members suffering from dystonia of HSP supposed to have the 
same ATP5MC3 pathogenic variant. Clinical phenotype in bold – shared symptoms if more than one patient;  
3-MGA – 3-methylglutaconic aciduria; DF – dysmorphic features; FTT – failure to thrive; (H)CMP – (hypertrophic) cardiomyopathy;  
HA – hyperammonemia; HF – heart failure; HSP – hereditary spastic paraplegia; IUGR – intrauterine growth restriction; LA – lactic 
acidosis; LS – Leigh syndrome; PMR – psychomotor retardation (in general, details in the references and text). 
 

 
Heterozygous disease-causing variants have also 

been reported in ATP5F1B gene encoding β subunit, 
bringing new and exciting insights into the pathogenesis of 
isolated ATP synthase deficiency. Two of them, 
c.1000A>C (p.Thr334Pro) and c.1445T>C (p.Val482Ala) 
were recently described by Nasca et al. in two unrelated 
families [133]. All the patients presented with isolated and 
slowly progressive dystonia without any additional 
neurological or systemic features, with early or late onset, 
ranging from infancy to adolescence. Although dominant, 
these variants have incomplete penetrance, as 
asymptomatic carriers (aged 22, 57, and 76 years) were 
identified in both families.  

Similarly, the very mild course of the disease, 
which preferentially affects muscle tissue, has been 
associated with heterozygous pathogenic variants of 
ATP5MC3 gene coding for subunit c [131,135]. Variant 
c.318C>G (p.Asn106Lys) was found in two unrelated 
individuals, one patient, carrying de novo substitution, 
presented with late onset (7 years) isolated dystonia, while 
the second patient presented with earlier onset  
(2 years) generalized dystonia, and the family history 
shows autosomal dominant form of the disease [135].  
Adult-onset cases tend to develop predominantly 
uncomplicated, gradually progressive HSP, early 
childhood-onset patients have severe progressive 
generalized dystonia, and later childhood cases have 
intermediate segmental dystonia or spasmodic dysphonia. 
Three branches of the family show a tendency for 
successive generations to develop earlier and more severe 

symptoms than their affected parents (genetic anticipation) 
[139]. De novo heterozygous substitution in the next bp, 
c.319C>G (p.Pro107Ala), was described in the patient who 
presented with milestone delay and pyramidal signs in 
addition to generalized dystonia, but with late onset of  
7 years [131]. Finally, the c.236G>T (p.Gly79Val) 
ATP5MC3 variant was reported in one patient with delayed 
psychomotor development, lower-extremity spasticity, and 
LA [131].  
 
nDNA pathogenic variants in structural genes of ATP 
synthase with moderate phenotype 

Mild to moderate severity of the phenotype is 
associated with other heterozygous variants of ATP5F1A 
[131] and ATP5F1B gene [132], but also with homozygous 
variants of ATP5F1D [134] and ATP5F1E gene [127,131].  

Within multicenter collaboration and community 
data sharing, Zech et al. [131] found and described  
two additional patients carrying de novo heterozygous 
substitution in ATP5F1A, c.545G>A (p.Arg182Gln) and 
c.1037C>T (p.Ser346Phe). Patients carrying these variants 
presented with psychomotor delay, dystonia, spastic 
paraplegia or tetraparesis, intellectual disability, ataxia, or 
cerebral palsy, the later also with swallowing problems and 
LA. At the last follow-up, the patients were 17 and  
12 years old, respectively. 

ATP5F1B de novo heterozygous c.1004T>C 
variant (p.Leu335Pro) was found in monozygotic twin 
boys, who were born with intrauterine growth restriction 
(IUGR) and developed failure to thrive at two months of 
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age, later accompanied by hyperphagia, developmental 
delay, euthyroid hypermetabolism characterized by 
excessive caloric intake, inability to gain weight, and 
tachypnea [132]. Both patients had unexplained episodic 
hyperthermia, a condition similar to Luft syndrome 
[140,141].  

Two homozygous substitutions with biparental 
inheritance were found in ATP5F1D gene encoding  
δ subunit, c.245C>T (p.Pro82Leu) and c.317T>G 
(p.Val106Gly), each in one patient [134]. Both patients 
underwent episodes of metabolic decompensations with 
LA, 3-MGA and hyperammonemia, both suffered from 
muscle weakness and their psychomotor development 
tended to be slightly delayed. They differ in the onset of 
the disease, c.245C>T manifested on the second day of 
life, with additional phenotypes of rhabdomyolysis and 
dilated cardiomyopathy (normalized between first and 
fourth years of life), whereas in the case of c.317T>G, the 
patient was healthy until almost five years of age, with no 
further cardiologic or neurologic symptoms until the last 
follow-up at six years of age.  

The first nuclear pathogenic variant of ATP 
synthase structural gene was identified in a patient who 
was 22 years old at the time of diagnosis (P13 in [124]). 
This patient developed early-onset LA and 3-MGA but 
without cardiac involvement. This was followed by mild 
mental retardation, exercise intolerance, ataxia, peripheral 
neuropathy, and dystonia. Targeted sequencing of 
ATP5F1E gene encoding ε subunit revealed homozygous 
missense variant c.35A>G replacing tyrosine 12 with 
cysteine [127]. The same substitution was later found in 
two unrelated patients [131]. A 13-year-old girl presented 
with a similar phenotype of intellectual disability, 
developmental delay, LA, ataxia, seizures, peripheral 
neuropathy, and transient respiratory failure. Severe 
respiratory distress at birth was one of the initial 
phenotypes of the third patient, along with vomiting, 
seizures, and LA, followed by developmental delay, 
progressive generalized dystonia, and visual and hearing 
deficits. In all three patients, the metabolic abnormalities 
improved or normalized later in life [131].  
 
nDNA pathogenic variants in structural genes of ATP 
synthase with severe phenotype 

Remaining homozygous pathogenic variants of 
structural genes of ATP synthase subunits, namely of 
ATP5F1A [128,129], ATP5MK [136], and ATP5PO 
[131,137] manifested with severe, usually lethal 
phenotype, and most of the patients died within the first 

year of life (mainly ATP5F1A and ATP5PO patients), or 
during childhood (ATP5MK patients).  

First disease-causing variants of ATP5F1A gene 
were described almost simultaneously in 2013, with both 
papers describing unexpected features. The first study 
found ATP5F1A variant in a patient who presented with 
microcephaly, pulmonary hypertension, hypotonia, and 
heart failure at birth and died at three months of age [128]. 
The authors identified homozygous c.962A>G substitution 
(p.Tyr321Cys) in ATP5F1A gene in the index patient and 
her older sister, who previously died at 15 months of age 
with a diagnosis of microcephaly, hypotonia, and seizures, 
while their mother was healthy carrier of the variant. The 
study of Jonckheere et al. [129] describes two siblings with 
severe neonatal encephalopathy, both died in the first week 
of life. In this case, compound heterozygous variants 
c.985C>T + c.-49 + 418C>T of ATP5F1A were found. The 
missense variant c.985C>T leads to the replacement of 
arginine 329 with cysteine. However, this replacement in 
heterozygous form cannot explain the severity of the 
patients’ phenotype, since their father was heterozygous 
healthy carrier of the variant. Indeed, the authors found that 
healthy mother of the patients carried heterozygous 
substitution c.-49 + 418C>T localized in the first intron of 
ATP5F1A gene resulting in the decreased levels of 
ATP5F1A mRNA (60 % of controls) in her fibroblasts. 
This suggests that the synthesis of α subunit from this 
variant is partially disrupted, and only pathogenic allele is 
expressed in both patients.  

Four patients from three unrelated families were 
described by Barca et al. with c.87+1G>C pathogenic 
variant of ATP5MK gene encoding DAPIT protein [136]. 
All of them were diagnosed with severe LS between  
6 and 18 months of age. The disease manifested with 
developmental delay and ataxia in all patients, other 
symptoms included movement disorders, various types of 
brain lesions, ophthalmoplegia, accessory spleen, testicular 
atrophy, fatty liver, and HCMP. Two patients died at  
six and nine years of age, while the other two aged  
six years were still alive at the time of reporting. This 
splice site variant resulted in the loss of DAPIT protein due 
to skipping of exon 3. 

Last subunit of ATP synthase, whose variants 
have been associated with ATP synthase deficiency, is 
subunit OSCP. Zech et al. described one patient with 
compound heterozygous variant of ATP5MO gene, 
c.34C>T + c.329-20A>G [131]. As a result of c.34C>T 
nonsense variant, 12 AAs long OSCP protein is produced, 
representing only the first half of transit peptide, while 
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c.329-20A>G splice site variant resulted in the skipping of 
exon 5 and exon 4 plus 5 and to a drastic reduction in 
ATP5MO mRNA levels. The patient with neonatal onset 
died at age of six years after several epileptic episodes. She 
suffered from severe symptoms including fever-induced 
partial seizures, hypotonia, LA, acquired microcephaly, 
global developmental delay, dystonia, progressive brain 
atrophy, seizure deterioration, epilepsy, restlessness, sleep 
disturbances, and speech abnormality. Another splice site 
c.87+3A>G variant of ATP5MO gene, resulting in the 
skipping of exon 2 of OSCP protein, has been reported in 
three LS patients from two unrelated families. Since exon 2 
encodes the last 11 AA (out of 23) of transit peptide, this 
variant is associated with drastic reduction of OSCP levels 
in the mitochondria. Two male patients died in the first  
six months of life, while the only female patient was three 
years old at the time of publication [137]. They all shared 
common symptoms of LS, such as hypotonia, 
developmental delay, HCMP, LA, progressive epileptic 
encephalopathy, and progressive brain atrophy. In addition, 
facial dysmorphism was present in two siblings, and both 
boys had hypospadias, in one of them accompanied with 
cryptorchidism and enlarged kidneys.  
 
Functional consequences of structural subunits pathogenic 
variants 

Huge variability is associated not only with the 
clinical features of patients, but also with the underlying 
biochemical phenotype. Some variants cause defects in the 
structure and stability of the enzyme, accompanied with 
severe reduction of ATP synthase levels and activity, while 
others affect only the activity, but not the content of the 
enzyme. In some cases, however, the relevant biochemical 
data are not available, and in others they are scarce. 
Significantly decreased activity of ATP synthase, mainly 
determined as hydrolytic activity, but normal levels of 
ATP synthase have usually been found in the tissues of 
patients with milder or reversible phenotype, namely in 
patients with heterozygous substitutions in ATP5F1A 
(c.620G>A) [130] and in ATP5F1B (c.1000A>C and 
c.1445T>C) [133], but also in patient with homozygous 
c.87+1G>C variant of ATP5MK suffering from Leigh 
syndrome [136]. Strong reduction of both activity and 
content of ATP synthase complex has been found in 
samples from patients with severe or even lethal 
phenotype, carrying pathogenic variants of ATP5F1A [129] 
or of ATP5PO [131,137], but it has also been described in 
case of ATP5F1E [127,131], ATP5F1D [134], and 
ATP5MC3 [131] variants, resulting in mild phenotype.  

In the case of pathogenic ATP5MK and ATP5PO 
variants, the affected proteins are key structural  
ATP synthase subunits, DAPIT and OSCP, respectively. 
OSCP is essential for the assembly of the peripheral stalk, 
which stabilizes enzyme structure, but also regulates the 
activity of catalytic F1 part [142]. It is highly probable that 
aberrant or completely missing OSCP protein has  
a strong effect on the whole enzyme. Indeed, the levels of 
ATP synthase complex were drastically reduced in 
fibroblasts of patients, causing a strong decrease in 
hydrolytic activity of ATP synthase [131,137]. DAPIT 
protein has been shown to affect dimerization of  
ATP synthase complex [143], but its exact role in enzyme 
function is not known because it does not form 
dimerization interface between ATP synthase monomers 
[2,65]. In patient fibroblasts, the absence of DAPIT protein 
biochemically resulted in a severe reduction of ATP levels 
and the absence of dimeric form of ATP synthase, altering 
mitochondrial cristae structure [136].  

Not surprisingly, all the missense variants that 
manifest as the ATP synthase defects affect highly 
conserved residues. Most of them are located in genes for 
subunits of F1 domain (Fig. 1A). As already mentioned, 
homozygous variants of ATP5F1D and ATP5F1E (δ and  
ε subunits, respectively) share the same biochemical 
phenotype with significant and rather severe reduction of 
ATP synthase content and thus with reduced activity of the 
complex, resulting in similar mild and rather non-
progressive disease course [127,131,134]. Together with γ 
subunit, they form central stalk that stabilizes γ subunit 
connection with the c ring and they are important for the 
complex stability [2]. Both ATP5F1D pathogenic variants 
lead to changes in the predicted protein structure of  
δ subunit, associated with its inability to properly bind 
other F1 subunits. This results in reduced assembly of ATP 
synthase complex, but normal levels of free  
δ subunit [134]. In contrast, amount of ε subunit is 
significantly reduced as a result of pathogenic ATP5F1E 
variant, and the remaining ε subunit is assembled into ATP 
synthase complex without affecting its stability, even when 
pathogenic [127]. 

Since α subunit forms catalytic α3β3 hexamer, the 
severe phenotype of homozygous variant c.962A>G in 
ATP5F1A is expected. Furthermore, this substitution is 
located in highly conserved region associated with 
mitochondrial genomic integrity (mgi) in yeast [144]. 
Although the levels of ATP synthase in patient samples are 
not discussed in the original report, based on the yeast 
model the authors suggest that this variant led to reduced 
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synthesis of all OXPHOS mtDNA-encoded subunits, and 
thus to decreased membrane potential and uncoupling of 
ATP synthase. This is in accordance with significant 
decline in activity of complex I, III and IV in the patient's 
muscle tissue and with mitochondrial DNA depletion  
in muscle and liver (app. 40 % of controls) [128]. 
Similarly, in patients with compound heterozygous 
c.985C>T + c.-49 + 418C>T ATP5F1A variant, where 
only pathogenic variant of the subunit is produced,  
the interaction between α and β subunits is disturbed, 
leading to drastic reduction in the level of assembled ATP 
synthase and fatal course of the disease [129]. 

On the contrary, the heterozygous variants of  
α or β subunits genes result in decreased activity but 
normal levels of ATP synthase complex, leading to mild or 
moderate disease phenotype. All three substitutions  
in ATP5F1A, c.545G>A, c.620G>A and c.1037C>T, are 
localized at the interface between α and β subunits  
(Fig. 1A), as clearly shown by authors using 3D modelling 
[130,131]. Since ATP synthesis takes place at α/β interface 
[145], these variants may affect assembly/stability  
of α3β3 hexamer and of the whole complex, but also 
functional properties of the enzyme. However, decreased 
hydrolytic activity of ATP synthase but normal levels of 
ATP synthase complex were found only in the case of 
c.620G>A variant, since it was not analyzed in detail in the 
others. At the α/β interface and close to the pocket for γ 
subunit, heterozygous c.1000A>C ATP5F1B substitution is 
also localized (Fig. 1A). Interestingly, c.1445T>C variant 
has exactly the same clinical presentation as c.1000A>C, 
but c.1445T>C is not located at α/β interface, but on the 
outer surface of β subunit (Fig. 1A), far away from any 
contact site [133]. All these heterozygous substitutions 
affect synthesis of ATP everywhere, but only specific cell 
types and tissues, such as neurons and muscle, appear to be 
sensitive to this mild energetic deprivation [133]. Since 
heterozygous variants produce about 50 % of defective 
subunit (α or β) and one ATP synthase complex contains 
three copies of each in its F1 domain, it is questionable how 
many pathogenic copies are present in one fully assembled 
enzyme and thus how the enzyme activity is affected. 
Interestingly, in patients with c.620G>A variant of 
ATP5F1A, the symptoms remitted and patients later 
developed normally [130,131], suggesting that cells can 
either adapt their metabolism to reduced ATP supply or to 
assemble the enzyme preferentially using the non-defective 
subunits.   

Slightly exceptional are the patients with 
heterozygous ATP5F1B variant, c.1004T>C, who present 

with more severe Luft-like phenotype [132]. Luft 
syndrome is a very rare disease, belonging to the category 
of “mitochondrial uncoupling syndromes” presenting with 
high caloric intake and hyperthermia caused by uncoupled 
proton translocation and ATP synthesis, with only a few 
patients described worldwide [140,141]. Analysis of 
patient fibroblasts confirmed that the mitochondrial 
respiration is not fully coupled to ATP synthesis, and 
membrane potential is dissipated in the form of heat. It is 
of interest that this variant lies in the region of mgi variants 
in yeast, as discussed above [132]. 

Another example of pathogenic heterozygous 
variant in a subunit present in multiple copies  
per enzyme monomer are substitutions in ATP5MC3 gene 
encoding subunit c. It plays a crucial role in energy 
transduction, since c ring harnesses the energy  
released from the translocation of protons across the 
mitochondrial inner membrane (from intermembrane  
space to matrix) and couples it to its rotation. Subunit c is 
tightly connected with γ subunit, which fits between  
α and β interface and the rotation results in structural 
changes in α3β3 hexamer necessary for binding and 
phosphorylation of ADP (and Pi) and release of generated 
ATP. Variant c.236G>T affects amino acid at the interface 
of the two adjacent helixes (Fig. 1A), potentially  
disturbing its interaction [131]. c.318C>G and c.319C>G 
affect highly conserved loop structure that interacts directly 
with the F1 subunits (Fig. 1A) [131,135]. Biochemically,  
all these variants lead to decreased hydrolytic activity of  
ATP synthase and, in the case of c.236G>T,  
to a significant decrease in the amount of fully  
assembled ATP synthase. For the remaining two variants, 
the level of assembled ATP synthase was not determined 
in the original report, so no general conclusions  
can be drawn. However, even in the cells completely 
lacking all three isoforms of subunit c, vestigial complex 
remains present in the membrane [146]. An interesting 
aspect is, that subunit c is encoded by three genes 
ATP5MC1, ATP5MC2, and ATP5MC3, which do not  
show any strong tissue-specific expression and ultimately 
produce identical mature protein. The requirement for the 
presence of 8 copies of subunit c per assembled c ring  
may explain the dominant presentation of the  
heterozygous ATP5MC3 variant even under such 
conditions. However, the low penetrance of the c.318C>G 
variant is peculiar. It would be attractive to speculate that 
non-symptomatic carriers express subunit c from its other 
isoforms.  
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Table 4. Nuclear DNA pathogenic variants in ATP synthase assembly factors associated with isolated deficiency of ATP synthase 
 

Gene  
Variant (Protein) 

Clinical phenotype 
Biochemical 
phenotype 

No. of 
patients 

Refs. 

ATPAF2     
c.280T>A Hm (p.Trp94Arg) encephalopathy, 3-MGA, LA, DF ↓↓↓ levels of cV 

complex, ↓↓ ATP 
hydrolytic activity 

1 [125] 

TMEM70     
c.105dupT Hm 
(p.Val36CysfsTer52) 

IUGR, LA, HCMP, hypotonia, DF,  
3-MGA, HA, hypoglycemia, 
hypercitrullinemia, encephalopathy, 
buphthalmos, PMR, FTT, gastrostomy 

n.a. 2 [161] 

c.141delG/c.316+1G>A 
(p.Pro48ArgfsTer2/ 
exon 2 skipped) 

LVNC, PMR, 3-MGA, LA, metabolic 
acidosis, HA, hypoglycemia, 
hyperketonemia, tachypnea, hernia, 
undescended testicle, FTT 

↓↓↓ levels of cV 
complex 

2 [166] 

c.211–450_317–568del Hm 
(2290bp deletion – exon 2) 

IUGR, 3-MGA, LA, HCMP, PMR ↓↓↓ levels of cV 
complex 

1 [150] 

c.238C>T Hm (p.Arg80Ter) oligohydramnios, IUGR, 3-MGA, LA, 
HA, encephalopathy, hypotonia, 
metabolic acidosis, HCMP, multiorgan 
failure, DF, PMR, FTT, apnea 

↓↓ ATP hydrolytic 
activity 

2 [154,156, 
159] 

g.2436–3789 in-frame 
deletion Hm (exon 2 
skipped) 

oligohydramnios, IUGR, LA, HA, HHH-
syndrome, HCMP, encephalopathy, 
ataxia, ptosis, PMR, FTT, gastrostomy 

↓↓↓ levels of cV 
complex 

1 [160] 

c.316+1G>T Hm (exon 2 
skipped) 

IUGR, in utero cardiac thickening, 
oligohydramnios, LA, encephalopathy, 
hypotonia, hypospadias, DF, 
aminoaciduria, HCMP, HF, hernia, PMR, 
FTT, feeding difficulties, intestinal 
pseudo-obstructions and delayed gastric 
emptying 

n.a. 2 [154,159] 

c.317–2A>G Hm (exon 2 
skipped) 

oligohydramnios, IUGR, 3-MGA, LA, 
HA, HCMP/NCCM/LVNC, hypotonia, 
DF, PMR, FTT, HF, hypoglycemia, 
cardiomegaly, WPW, tachycardia, 
epilepsy, PPHN/AH, microcephaly, 
ataxia, brain atrophy, extrapyramidal 
signs, liver failure, hepatomegaly, 
microphthalmia, cataract, ptosis, 
strabismus, hypospadias, cryptorchidism, 
hernia, feeding difficulties, apnoea 

↓↓↓ levels of cV 
complex,  
↓↓↓ ATP synthase 
activity 

52 [123,124, 
126, 
148-158] 

c.3172A>G/c.118_119insGT 
(exon 2 skipped/ 
p.Ser40CysfsTer11) 

oligohydramnios, poor fetal movement,  
3-MGA, HCMP, LA, hernia, diastases 
recti, DF, FTT 

↓↓↓ levels of cV 
complex,  
↓↓↓ ATP hydrolytic 
activity 

2 [126,148, 
154,164] 

c.317–2A>G/c.251delC 
(exon 2 skipped/n.a.) 

late-onset epilepsy and mild intellectual 
disability 

n.a. 1 [154] 
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c.317–2A>G/c.349_352del 
(exon 2 skipped/ 
p.Ile117AlafsTer36) 

oligohydramnios, IUGR, LA, HA, HCMP, 
epilepsy, hypotonia, DF, PMR, apnea 

↓↓↓ levels of cV 
complex, ↓↓ ATP 
hydrolytic activity 

1 [156] 

c.317–2A>G/c.470T>A 
(exon 2 skipped/n.a.) 

n.a. n.a. 1 [154] 

c.317–2A>G/c.494G>A 
(exon 2 
skipped/p.Gly165Asp) 

3-MGA, LA, HA, Reye-like syndrome, 
tachycardia, HCMP, brain abnormalities, 
exercise intolerance 

↓↓↓ levels of cV 
complex 

1 [165,170] 

c.317–2A>G/c.628A>C 
(exon 2 
skipped/p.Tyr210Pro) 

3-MGA, LA, HA, hypotonia, PMR, 
growth retardation, patent foramen ovale, 
HCMP, pneumothorax, PPHN, WPW 

↓↓↓ levels of cV 
complex, ↓↓ ATP 
synthase activity 

2 [153] 

c.317–2A>G/c.783A>G 
(exon 2 
skipped/p.Ter261Trpext17) 

oligohydramnios, IUGR, LA, HCMP, 
epilepsy, DF, PMR, apnea 

↓↓↓ levels of cV 
complex, ↓ ATP 
hydrolytic activity 

1 [156] 

c.336T>A Hm 
(p.Tyr112Ter) 

oligohydramnios, IUGR, in utero cardiac 
thickening, LA, HA, HCMP, hypertonia, 
limb deformations, hernia, undescended 
testicles, hypospadias, DF, PMR, FTT 

↓↓↓ ATP 
hydrolytic activity 

1 [159] 

c.359delC Hm (n.a.) n.a. n.a. 1 [154] 

c.535C>T Hm 
(p.Tyr179His) 

IUGR, 3-MGA, HA, LA, HCMP, 
hypotonia, DF, hernia, bilateral cataract, 
undescended testis, hypospadias, PMR 

n.a. 1 [154,162] 

c.563T>C Hm 
(p.Leu188Pro) 

IUGR, 3-MGA, LA, HCMP, LVNC, 
dilated aortic root + sinotubular junction + 
ascending aorta, hypotonia, DF, FTT 

n.a. 1 [163] 

c.578_579delCA Hm 
(p.Asn198Ter) 

IUGR, 3-MGA, LA, HCMP, 
encephalopathy, hypotonia, cataract, 
DF, hypospadias, PMR, FTT, ataxia, 
brain atrophy, epilepsy, hernia, vomiting, 
undescended testis, delayed gastric 
emptying, 

↓↓↓ ATP 
hydrolytic activity 

2 [154,159] 

c.701A>C Hm 
(p.His234Pro) 

oligohydramnios, IUGR, 3-MGA, LA, 
HCMP, hypotonia, PMR, HA, 
encephalopathy, epileptic spasm, PPHN, 
leukoencephalopathy, DF, FTT, feeding 
difficulties, apnea 

↓↓ ATP hydrolytic 
activity 

2 [152,156] 

 
Hm – homozygous variant, Ht – heterozygous variant; as – altered splicing; cV – complex V (ATP synthase). n.a. – data not available. 
Clinical phenotype in bold – symptoms described in most of the patients if more than one; 3-MGA – 3-methylglutaconic aciduria;  
AH – arterial hypertension; DF – dysmorphic features; FTT – failure to thrive; HA – hyperammonemia; HCMP – hypertrophic 
cardiomyopathy; HF – heart failure; HHH-syndrome – hyperornithinemia-hyperammonemia-homocitrullinuria syndrome;  
HSP – hereditary spastic paraplegia; IUGR – intrauterine growth restriction; LA – lactic acidosis; LS – Leigh syndrome; LVNC – left 
ventricular non-compaction; NCCM – non-compaction cardiomyopathy; PPHN – persistent pulmonary hypertension of the newborn;  
PMR – psychomotor retardation (in general, details in the references and text).  

 
 

nDNA pathogenic variants in assembly factors of ATP 
synthase  
 
ATPAF2  

In 2004, De Meirleir et al. [125] described  
a patient with severe neonatal encephalopathy harboring 
missense variant of ATPAF2 protein, an assembly factor 

essential for incorporation of α subunit into F1 domain of 
ATP synthase. A homozygous c.280T>A substitution in 
ATPAF2 gene was found in a girl with dysmorphic 
features, cortical-subcortical brain atrophy followed by 
basal ganglia atrophy and metabolic acidosis, who died at 
the age of 14 months. The TGG>AGG transition caused 
replacement of evolutionary conserved neutral tryptophan 
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at position 94 to a basic arginine (Table 4), probably 
affecting the interaction of ATPAF2 with α subunit and 
leading to a severe reduction of native complex V without 
accumulation of F1-containing subcomplexes.  
TMEM70  

Pathogenic variants of TMEM70 gene, which 
encodes TMEM70 protein, represent the most common 
cause of isolated ATP synthase deficiency in newborns 
(Table 4). TMEM70 was first described in 2006 by Calvo 
et al. [147] as a gene encoding potentially mitochondrial 
protein. TMEM70 protein was recognized as a new 
biogenetic factor of ATP synthase based on the findings 
in cells of patients carrying TMEM70 pathogenic 
variants, which in most cases led to a drastic reduction in 
the level of fully assembled ATP synthase with a slight 
accumulation of F1 subassemblies [126]. First two 
pathogenic variants of TMEM70 gene were found in the 
group of patients with severe neonatal LA and encephalo-
cardiomyopathy.  

 
c.317–2A>G: the most common TMEM70 pathogenic 
variant 

Homozygous splice site c.317–2A>G variant at 
the end of the second intron of TMEM70 gene, which 
prevents the synthesis of TMEM70 protein, has been 
found in 24 cases including the first patient reported in 
1999 [123,126,148]. Later on, another 28 patients 
carrying this variant in bi-allelic form were described 
[149-158]. The absence of TMEM70 protein in patients 
typically presented prenatally as IUGR, sometimes 
accompanied with oligohydramnios. Alternatively, 
symptoms may appear soon after birth. Early phenotypes 
include severe metabolic disbalance with LA, 3-MGA, 
hyperammonemia, hypotonia, and HCMP. During the 
life, other typical symptoms develop, less severe 
malformations and abnormalities such as facial 
dysmorphism, hernias (including the most severe 
diaphragmatic hernia), hypospadias and cryptorchidism 
in boys, but also neuromuscular disorders (ataxia, 
extrapyramidal signs, ptosis), strabismus, hepatomegaly, 
brain defects including encephalopathy, atrophy, 
microcephaly, and epilepsy, and general developmental 
delay with failure to thrive and psychomotor retardation. 
In a subset of patients, the disease course was 
accompanied with persistent pulmonary artery 
hypertension in the neonatal period [149,152-154]. 
Although the metabolic crisis is usually one of the initial 
phenotypes, Baban et al. described 3 patients suffering 
from early-onset metabolic cardiomyopathies, one with 

TMEM70 c.317–2A>G variant and with 3-MGA 
development only at later stage [158]. Rarely, the cardiac 
presentation is not limited to HCMP, but also leads to 
another type of cardiomyopathy, left ventricular non-
compaction (LVNC) [155], and in one case in 
combination with HCMP, progressing to dilated form 
[158]. Heart rate abnormalities are also uncommon, 
presenting mainly as tachycardia or Wolf-Parkinson-
White syndrome [149,152-154,157,158]. Six patients out 
of 51 were not diagnosed with any form of cardiac 
involvement [148]. As mitochondrial defects can be 
associated with ophthalmologic defects, these were found 
also in patients carrying TMEM70 c.317–2A>G variant, 
except for strabismus as a rather rare condition of chronic 
progressive external ophthalmoplegia, cataract and 
microphthalmia [148,152-154].  

More than half of the patients died, usually from 
a severe acute metabolic crisis or heart failure. They can 
be divided into two groups according to the age at  
death – most of the patients died in the first few days or 
months of life at most, and the rest between one and  
five years. Interestingly, some patients can survive 
significantly longer, with one of them reaching 12 years 
and two reaching 13 years when they were last reported 
[148,150,155]. As pointed out by Honzík et al. in  
a detailed retrospective clinical study, if the patients 
survive the critical postnatal period of the first weeks and 
months of life, the metabolic problems and cardiac 
disorders may at least partially recede [148]. 
Interestingly, none of the TMEM70 patients with 
neonatal onset surviving to the age five years, nor any of 
the patients with later onset, have died to date. 
 
Other TMEM70 pathogenic variants 

Discovery of TMEM70 as disease-causing gene 
in patients with a previously unknown cause of isolated 
ATP synthase deficiency of nuclear origin allowed the 
diagnosis of other patients, and indeed the patients 
carrying the novel TMEM70 pathogenic variants were 
reported. In most cases, the clinical picture shared the 
same typical features as the common variant, but the 
genetic background was different.  

Three homozygous pathogenic variants have 
been reported, skipping exon 2 of TMEM70 gene and 
resulting in putative aberrant TMEM70 protein lacking 
functional N-terminal targeting sequence, affecting 
import of TMEM70 into mitochondria or its membrane 
assembly. Patients presented with typical features 
described above, but without 3-MGA in most of them. 
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TMEM70 c.316+1G>T splice site variant was found in 
two siblings, who died at ten days and five months of 
age, respectively [159]. In contrast to these patients, the 
patient carrying g.2436–3789 in-frame deletion as well as 
the patient with c.211–450_317–568del variant (who 
presented also with 3-MGA), survived much longer, 
being reported at six and seven years of age, respectively 
[150,160].  

Synthesis of potentially truncated TMEM70 has 
been reported to be associated with four additional 
homozygous nonsense or frameshift variants, creating 
premature stop codon. Two siblings harbored frameshift 
c.578_579delCA deletion resulting in a putative  
197 AA long protein lacking almost two thirds of the  
C-terminus with remarkably different survival; one is  
24 years old while the second died at 3.5 years [159]. 
Three TMEM70 variants predicted to result in very short 
TMEM70 protein (112 AA at maximum) have been 
described in five patients. One patient with nonsense 
c.336T>A variant was identified at 11 months of age 
[159], while of the two patients with nonsense c.238C>T 
variant, one died at seven days postnatally [159] and the 
second was reported at one year of age [156]. Frameshift 
c.105dupT variant has been described in two siblings 
with transiently elevated levels citrulline [161],  
a condition previously reported only in two living 
TMEM70 patients with the common variant [148].  

So far, only three homozygous missense variants 
have been described. The first is c.535C>T substitution 
that changes the highly conserved tyrosine to a histidine 
at position 179 at the beginning of the C-terminus [162]. 
The second missense variant c.701A>C changes 
conserved histidine 234 to proline [152,156]. Both 
patients presented with typical phenotypes such as 
cardiomyopathy, hypotonia, and metabolic crisis, and less 
frequently arterial hypertension. Recently, third missense 
c.563T>C TMEM70 variant, changing highly conserved 
leucine 188 to proline, was described in a boy with 
HCMP and LVNC, moderately dilated aortic root, 
severely dilated sinotubular junction, and severely dilated 
ascending aorta, failure to thrive, facial dysmorphism, 
and hypotonia. Although cardiomyopathy was present at 
birth, the patient did not show typical early-onset 
metabolic decompensation, but rather later 
decompensation triggered by infectious disease [163].  

The common c.317–2A>G variant can also be 
found as compound heterozygous in combination with 
other TMEM70 pathogenic variants. Two patients with 
typical TMEM70 symptoms but in a milder form  

have been described to carry c.317–2A>G and 
c.118_119insGT frameshift variant resulting in premature 
stop codon and truncated TMEM70 protein 
p.Ser40CysfsTer11 [126,164]. Two combinations of 
common c.317–2A>G and missense variants have been 
reported. Clinical outcome of the patient with c.494G>A 
variant, which changes neutral glycine 165 to acidic 
aspartate at the C-terminus, was mild with Reye-like 
syndrome and long survival of at least 14 years [165], 
while both patients reported by Torraco et al. are severely 
affected by metabolic acidosis and cardiomyopathy based 
on the combination of c.317–2A>G and c.628A>G, 
which changes highly conserved threonine 210 to proline 
[152,153]. Two other compound heterozygous variants 
affecting the C-terminus of TMEM70 protein have been 
found in combination with the common variant [156]. 
Frameshift microdeletion c.349_352delC is predicted to 
change isoleucine 117 to alanine and result in a truncated 
protein shortened to 36 AA, while missense variant 
c.783A>G is predicted to change the stop codon to 
tryptophan, resulting in an aberrant protein with 17 extra 
AA at the C-terminus. Although the patients suffer from 
severe encephalo-cardiomyopathy without 3-MGA, the 
onset of the disease was quite late (eight months and  
two years, respectively). A unique combination of the 
novel c.141delG TMEM70 deletion with c.316+1G>A 
variant previously described as homozygous was reported 
by Hirono et al. being the first TMEM70 bi-allelic variant 
in Japanese patients [166]. Both variants are predicted to 
result in the loss-of-function phenotype. Two brothers 
were diagnosed with LVNC and psychomotor delay, the 
younger also with LA, 3-MGA, inguinal hernia, 
undescended testis, and failure to thrive, typical clinical 
picture of TMEM70 patients.  

In the study of Magner et al. [154], several novel 
TMEM70 pathogenic variants were mentioned, including 
homozygous c.359delC microdeletion, and compound 
heterozygotes, harboring two novel variants in 
combination with the common one: c.251delC 
microdeletion and c.470T>A substitution. No specific 
information about the patients was given, only the fact 
that the patient carrying c.317–2A>G and c.251delC was 
25 years old with very mild phenotype of epilepsy and 
mild intellectual disability. The last five TMEM70 
patients not mentioned before, are those reported by 
Brambilla et al. [167], diagnosed with primary 
mitochondrial disorder, all with cardiovascular 
involvement. However, information on the clinical course 
or type of TMEM70 variant was lacking (these patients 
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are not included in Table 4).     

Pathogenic TMEM70 variants found in patients 
with isolated ATP synthase deficiency can also be 
distinguished according to the sequence regions affected. 
First are variants localized in transit peptide 
[126,159,161,166] or in the first transmembrane domain 
[156,159] of the protein, generating premature stop 
codon, with the longest version of the protein consisting 
of 112 AA, containing only N-terminus and 
approximately half of the first transmembrane domain 
(Fig. 2C). The second group represents variants affecting 
TMEM70 C-terminus, mostly altering highly conserved 
residues [152,153,156,162,163,165] or creating 
premature stop codon where the majority of the  
C-terminus is missing [159]. Remaining variants, 
including the most common c.317–2A>G variant, are 
splice site variants that skip exon 2 (coding for  
AA 71-105), usually resulting in the loss of TMEM70 
transcript and thus of the protein [126,150,159,160]. 
Taken together, C-terminus of TMEM70, which is 
directed into the mitochondrial matrix, is most likely the 
key part of protein that functions in the assembly of  
ATP synthase complex. This is consistent with the 
findings that TMEM70 is involved in the incorporation of 
subunit c into inner mitochondrial membrane, in the 
formation of c8 ring, and in its association with F1 part of 
the complex [7,8]. Furthermore, its role in translation and 
membrane insertion of mtDNA encoded subunits of  
ATP synthase cannot be excluded [8]. 

 
Discussion and Conclusions 

 
Since mitochondria play a crucial role in 

energetic metabolism of the living cells, defects of their 
function are linked to many pathologies. In most of 
them, for example in neurodegenerative diseases such as 
Parkinson and Alzheimer, or systemic diabetes mellitus, 
as well as in cancer, mitochondrial dysfunction is not 
the only underlying mechanisms, but the basis of these 
polygenic diseases is often a combination of more 
pathological factors. Moreover, in these pathologies the 
mitochondrial function is only partially affected and 
usually linked with another condition, such as increased 
ROS production [10]. Unsurprisingly, strong reduction 
in ATP levels is usually embryonically lethal and thus 
cannot represent relevant pathological mechanism in 
these diseases. On the other side of the spectrum are 
rare inherited isolated defects of oxidative 
phosphorylation apparatus including disorders of the 

mitochondrial ATP synthase, where profound 
dysfunction of mitochondrial energy provision is the 
driver of pathological presentation. NGS strategies 
highly accelerated the discovery of new disease-causing 
genes and the diagnosis of clinically affected patients 
with mitochondrial disease, but causative and effective 
treatment of mitochondrial disorders with high 
heterogeneity of symptoms still does not exist yet. Thus, 
the therapy remains largely symptomatic, although, in 
many cases, it is crucial for the survival and quality of 
life of the patients.  

In large number of cases with proven 
mitochondrial disorder the affected gene remains 
unknown, and the diagnostic and screening depend on 
clinical and biochemical phenotyping. It would be nice 
to have some specific marker for ATP synthase 
diseases, which could reveal the defect before first 
symptoms occur (if the onset is not at birth), but 
unfortunately, any such marker doesn´t exists. In 2014, 
Mori et al. described a homoplasmic patient with LS 
started at 4 months of age, but the initial sign was 
hypocitrullinemia, which was revealed during neonatal 
screening [49]. The mother of the patient with lover 
levels of pathogenic variant and diagnosed with NARP 
syndrome at age 24 years had low levels of citrulline as 
well. These findings strengthen the suggestion of Rabier 
et al. [168] that hypocitrullinemia should be used as  
a marker of mitochondrial disorders and patients can 
benefit from early diagnosis. Elevated levels of 
ammonia in the blood are a common biochemical 
finding in patients suffering from mitochondrial 
diseases of ATP synthase. The majority of cases are 
attributed to pathogenic variants of TMEM70 (Table  
2-4). Hyperammonemia may therefore be regarded as  
a further potential marker for this disorder. Both 
citrulline synthesis and detoxification of ammonium are 
linked with the urea cycle, which occurs in 
mitochondria [169]. Given that carbamoylphosphate 
synthetase 1 is a urea cycle enzyme that depends on 
ATP, it can be postulated that ATP synthase defects can 
result in hypocitrullinemia and hyperammonemia. 
Nevertheless, there are at least three clearly documented 
cases of TMEM70 patients with hyperammonemia 
accompanied by hypercitrullinemia during metabolic 
crises, yet with normal citrulline levels at follow-up 
[148,161], questioning the real diagnostic utility of this 
marker. The combination of hyperammonemia and 
hypercitrullinemia may be explained by a defect in 
argininosuccinate synthase 1, another urea cycle  
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ATP-dependent enzyme that converts citrulline to 
arginine in the cytosol [148,161,169]. The next potential 
marker is 3-methylglutaconic acid aciduria (3-MGA), as 
elevated levels of this compound are frequently 
associated with nDNA pathogenic variants of  
ATP synthase-linked genes [125,127,134,137, 
150,154,156,161-163,166,170]. There are two classes of 
3-MGA [171]. Primary 3-MGA is caused directly by 
defects in the leucine catabolism pathway. Secondary  
3-MGA is not linked with defective catabolism of 
leucine; however, a pathogenic variant in some 
mitochondrial gene was identified in nearly all cases. It 
was proposed that defects in the OXPHOS pathway led 
to the inhibition of the TCA cycle. Consequently, 
acetyl-CoA is unable to enter the TCA cycle, resulting 
in the accumulation of this intermediate metabolite. This 
accumulation activates a divergent pathway that 
ultimately leads to the synthesis of 3-MGA [171]. 
However, not every patient with mitochondrial disease, 
even with isolated ATP synthase deficiency, has 
elevated levels of 3-MGA, and patients with delayed 
increase of 3-MGA are reported [163]. Furthermore,  
3-MGA aciduria is linked with metabolic diseases in 
general, not only with defective mitochondrial 
metabolism [172]. 

As summarized in this review, clinical pictures 
of the patients with isolated ATP synthase deficiency 
represent a diverse spectrum of phenotypes, even if the 
same gene is affected. At the same time, the symptoms 
range from very mild to fatal, making the situation even 
more complicated. Moreover, some of the  
patients display atypical clinical features [173],  
and mitochondrial disorders mimicking others  
(usually neuromuscular), and vice versa, were described 
[55,83,174]. On the other hand, the knowledge  
of the disease-causing genes in combination with  
initial disease phenotype can help the clinicians to 
predict the disease course and better target the therapy. 
In any case, identification of the causative variant even 
in the genes that are known to be linked  
with mitochondrial disorders is a long-distance run. 
Thanks to the advances in methodology of NGS,  
namely whole exome sequencing (WES) and whole 
genome sequencing (WGS), revealing of mitochondrial 
disease-causing genes became a lot easier. In 2012,  
a key study of Calvo et al. [175] described the use of 
WES in a clinical trial, and they identified  
several disease-causing genes not to be linked with 
mitochondrial diseases before. This study was, however, 

limited only to “Mitoexome”, it means only to the genes 
that were known to be coding for mitochondrial 
proteins. From that time, several other studies on 
cohorts of patients suffering from mitochondrial 
diseases with unknown underlying genetic variant were 
performed, describing novel genes involved in these 
disorders [173,176,177], in some cases encoding non 
mitochondrial proteins [174], or mitochondrial proteins 
not included in Mitocarta database [178]. During eight 
years, from 2012 till 2020, the number of mitochondrial 
disease-related genes increased from about 100 to  
more than 300 [179]. It is obvious, that even if NGS 
technology itself is more and more accessible  
for clinicians methodologically, and cost-effective 
methods and kits are developed [180], still the key 
aspect is the setup of the studies. It means not only the 
criteria according to which the patients are selected for 
the study, but especially bioinformatic restrains defined 
in the pipeline (how to further sort the patients, which 
gene database to use, how to confirm the pathogenicity, 
etc.) [179]. It is obvious, that freely accessible and up to 
date databases of genes, linked with mitochondrial 
diseases, could significantly increase the chances of 
mitopatients to effective therapy. It can help to associate 
patients with similar phenotypes for therapeutic trials 
and speed up the diagnosis of those still waiting for it. 
Such databases could also help with the proper 
classification of the variants according to their 
pathogenicity, as many of the variants are undergoing 
reclassification [181].  

Another interesting question is the possibility 
to prevent mitochondrial diseases by genetic 
counselling. Of course, in the families with known 
pathogenic variants of nuclear origin, prenatal 
diagnostics is commonly used. Regarding the mtDNA 
variants, the prenatal diagnosis is much more difficult. 
In cases of inherited variants, the risk for the disease 
prevalence is very high, because of the bottleneck 
phenotype [182]. In the study of Sallevelt et al. [183], 
several families with previous appearance of de novo 
mtDNA MT-ATP6 pathogenic variants were described. 
Using prenatal diagnosis in the following pregnancies 
the authors suggested that the risk that defect will occur 
de novo again is very low, and all the families with 
negative findings of the mutation in second pregnancy 
had healthy children. 
 
Abbreviations 
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trophic cardiomyopathy; HSP, hereditary spastic 
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neuropathy; LS, Leigh syndrome; LVNC, left 
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DNA; NARP, neurogenic muscle weakness (or 
neuropathy), ataxia and retinitis pigmentosa syndrome; 
nDNA, nuclear DNA; NGS, next-generation 
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Summary 
Warm-blooded animals such as birds and mammals are able to 
protect stable body temperature due to various thermogenic 
mechanisms. These processes can be facultative (occurring only 
under specific conditions, such as acute cold) and adaptive 
(adjusting their capacity according to long-term needs). They can 
represent a substantial part of overall energy expenditure and, 
therefore, affect energy balance. Classical mechanisms of 
facultative thermogenesis include shivering of skeletal muscles 
and (in mammals) non-shivering thermogenesis (NST) in brown 
adipose tissue (BAT), which depends on uncoupling protein 1 
(UCP1). Existence of several alternative thermogenic mechanisms 
has been suggested. However, their relative contribution to 
overall heat production and the extent to which they are adaptive 
and facultative still needs to be better defined. Here we focus on 
comparison of NST in BAT with thermogenesis in skeletal 
muscles, including shivering and NST. We present indications 
that muscle NST may be adaptive but not facultative, unlike 
UCP1-dependent NST. Due to its slow regulation and low energy 
efficiency, reflecting in part the anatomical location, induction of 
muscle NST may counteract development of obesity more 
effectively than UCP1-dependent thermogenesis in BAT. 
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Introduction 
 

Life is sustained by a constant supply of energy 
that propels cellular processes. However, no biochemical 
reaction is 100 % efficient, and portion of energy is 
inevitably “lost” as a heat [1]. Birds and mammals evolved 
an ability to utilize this metabolic inefficiency to keep 
stable body temperature. They are, therefore, endothermic, 
i.e. able to warm themselves using internal heat sources, 
and homeothermic, i.e. with stable body temperature. 
These enabled them to colonize environments with cold 
climates. Their basal metabolic rate is 5-10 times higher in 
comparison to other vertebrates with similar body weight 
but variable body temperature (poikilotherms), which 
depend mainly on ambient temperature (ectotherms) [2]. In 
the homeotherms, the heat dissipated by basal metabolism 
fully covers the cost of maintaining a stable body 
temperature under conditions of so called thermoneutral 
zone (i.e. ambient temperature typically in a range  
20-25 °C for lightly dressed human, and 29-33 °C for 
standard laboratory mouse during day and night [3]). At 
temperatures below the thermoneutral zone, homeotherms 
turn on several heat-saving and heat-generating processes 
[4-7]. As ambient temperature can change rapidly, it is 
essential to control these thermoregulatory mechanisms 
tightly, switching them on and off as needed to prevent 
hypothermia or overheating. Thus, the thermogenesis is 
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acutely adjustable, i.e. facultative. It includes shivering and 
non-shivering thermogenesis (NST; Fig. 1). Shivering is 
defined as the involuntary contractile activity of skeletal 
muscles triggered by motor neurons, producing heat but no 
external work. It is activated especially in response to acute 
cold stimuli. NST includes all potential facultative heat-
producing mechanisms independent on muscle contractile 
activity. NST is also adaptive: If a cold stimulus persists, 
the capacity for NST gradually increases, which allows 
cessation of shivering [7]. 
 
Thermoregulatory rather than diet-induced 
thermogenesis in brown fat 
 

Placental mammals developed a unique and 
particularly efficient mechanism of NST, allowing them 
to use the maximum amount of dissipated energy for 
thermoregulation. This NST is mediated by mito-
chondrial uncoupling protein 1 (UCP1) in brown adipose 
tissue (BAT; Fig. 1) [7]. UCP1 is activated in the cold, by 
the sympathetic nervous system and adrenergic receptor 
signaling via cAMP-dependent lipolysis (Fig. 1). 
Liberated free fatty acids directly activate the 
protonophoric activity of UCP1 while overriding the 
opposite effect of intracellular purine nucleotides 
(reviewed e.g. in [7]). This results in the uncoupling of 
respiratory chain activity from ATP synthesis, 
maximizing respiratory rate and dissipating the energy of 
the transmembrane electrochemical gradient of protons as 
heat. The increase in energy expenditure follows the 
stimulus within dozens of minutes at the latest, depending 
also on the increased blood flow through BAT, which 
supplies oxygen and nutrients [7]. Long-term cold 
exposure also regulates UCP1 at the level of mRNA and 
protein content, resulting in increased thermogenic 
capacity of BAT, which also reflects BAT growth and 
oxidative capacity. Thus, UCP1-mediated NST is both 
facultative and adaptive (Fig. 1). Adaptation to cold is 
accompanied by increased lipogenesis [8], possibly in 
order to replenish lipid stores in BAT. 

UCP1 is also present in inducible adipocytes 
interspersed in white adipose tissue (WAT) depots. These 
cells, later called brite or beige adipocytes [9,10], were 
described first by Leslie Paul Kozak, one of the most 
original and renowned scientists in the field of obesity 
and energy metabolism (see Table 1) [11,12]. L. P. Kozak 
has also characterized the mechanism of brown 
(brite/beige)-adipocyte-specific expression of Ucp1 by 
discovering the unique enhancer in the 5´-flanking region 

of Ucp1 [13,14], see also [15]. However, the capacity of 
these brite/beige cells for UCP1-dependent thermogenesis 
is somewhat limited compared to classical BAT [16,17]. 

It has been repeatedly and wishfully suggested 
that UCP1 plays a physiological role not only in 
protection against cold, but also against obesity [18-20]. 
This hypothesis is based on a concept of “diet-induced 
thermogenesis”, which supposes that BAT burns excess 
calories in states of positive energy balance to maintain 
stable body weight. The existence of such a physiological 
mechanism was challenged by L. P. Kozak in 2010, in his 
important but long overlooked article entitled “Brown Fat 
and the Myth of Diet-Induced Thermogenesis” [21]. 
There, he brought several arguments to support this 
skepticism, based mainly on experiments in mice with 
germline inactivation of Ucp1 in adipocytes (UCP1-KO 
mice) [22] or ectopic expression of Ucp1 in WAT, which 
models were developed in his laboratory [23]. Notably, 
mice with partially ablated BAT develop obesity [24], but 
this may only be a consequence of hyperphagia. Both 
hyperphagia and the development of obesity are absent 
when these mice are reared at thermoneutrality [25]. 
Similarly, the propensity to obesity of UCP1-KO mice 
depends on ambient temperature. At laboratory 
temperature, UCP1-KO mice do not develop obesity [22] 
or they even show paradoxical obesity resistance [26], 
while some authors report that these mice develop obe-
sity at thermoneutral temperature [27,28]. An increased  
level of UCP1, which indicates a high capacity for NST, 
is not directly associated with obesity resistance unless 
the biochemical (i.e. protonophoric) activity of the 
existing UCP1 is stimulated at the same time [29-31]. 
Thus, while diet-induced thermogenesis may be involved 
in acute control of food intake [32], UCP1 does not seem 
to play a physiological role in the prevention of body 
gain. Generally, it is not even clear to what extent body 
weight is under homeostatic control [33]. 

However, as already recognized by L. P. Kozak 
[21], artificial stimulation of both UCP1-mediated and 
UCP1-independent NST could be used clinically in body 
weight management, irrespective of the validity of the 
traditional concept of diet-induced thermogenesis. 
Induction of UCP1-mediated thermogenesis using  
β-adrenergic agonist can reduce obesity in mice [34] and 
even in humans [35], but cardiovascular side-effects 
prevented its clinical use [35]. Similarly, obesity 
development was counteracted by ectopic expression of 
Ucp1 gene in WAT of mice and pigs [23,36]. 
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Fig. 1. Two-level regulation of thermogenesis in brown adipose tissue (BAT) and skeletal muscle. UCP1-dependent thermogenesis in BAT is 
activated by fatty acids released by lipolysis of intracellular triacylglycerols (TAG) in response to norepinephrine from sympathetic nerve 
endings. The same mechanism causes adaptive rise in Ucp1 expression and UCP1 content. Shivering is acutely stimulated by acetylcholine 
from motor nerve endings, activation of acetylcholine receptors and consecutive calcium release from sarcoplasmic reticulum through 
ryanodine receptors (RyR). Efficiency of calcium recycling is affected by interaction between sarcoplasmic/endoplasmic reticulum  
Ca2+-ATPase (SERCA) and sarcolipin (SLN). The activity of SLN is probably regulated mostly at the level of gene expression. SLN may 
represent a mechanism of adaptive, long-term tuning of regulatory pathway of shivering and/or shivering-independent mechanism of NST. 
Created with Biorender.com. 
 
 
Table 1. Studies of Leslie Paul Kozak, PhD (1940 – 2023) focused on mechanism and role of NST. 
 

1991 – 1995, early studies focused on UCP1-mediated NST: 
• Characterization of brown-fat specific enhancer in the 5’-upstream region of murine Ucp1 [13,14] 
• Development of obesity in mice with genetic ablation of BAT [24] 
• Ectopic expression of Ucp1 in white fat prevents obesity [23] 

1997 – 2006, development of mice with germline inactivation of Ucp1 in adipocytes; results suggested that UCP1 was 
required for thermoregulatory thermogenesis but not for adaptive induction of NST by cold, resulting in obesity-
resistance. UCP1-independent NST involved metabolism in white fat and possibly also other tissues: 

• UCP1-KO mice are cold-sensitive but partially resistant to dietary obesity [22,25,26] 
• Dependence of NST on genetic background in UCP1-KO mice [112] 
• Both leptin and thyroid hormones are required for UCP1-independent NST in the cold [78] 
• UCP1-independent NST in white fat of UCP1-KO mice [42] 

1998 – 2011, brown fat cells could be induced in specific depots of white fat by cold: 
• Discovery of “inducible brown fat cells” in white fat [11,12] 

2010, physiological role of brown fat is protection against cold but not against obesity: 
• Brown fat and the myth of diet-induced thermogenesis [21] 

2015 – 2016, UCP1 and sarcolipin have complementary but distinct roles in NST: 
• Complementary roles of NST mediated by sarcolipin in skeletal muscle and UCP1 in BAT [99] 
• Sarcolipin and UCP1 play distinct roles in propensity to obesity and do not compensate for one another [28] 

 
List of selected publications of L. P. Kozak. For Kozak’s memories [120] and for a short biographical sketch and obituary, see [121]. 
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In addition to the UCP1-dependent thermogenic 
mechanism bypassing ATP synthase, also other 
biochemical pathways could mediate NST in BAT by 
dissipating the metabolic energy of ATP [37]. Mechanisms 
such as creatine cycling controlled by creatine kinase b 
(CKB) [38,39], esterification/lipolysis of triacylglycerols 
[40] and some others [41,42] may be involved and need to 
be better characterized. Namely the CKB-dependent 
pathway was recently suggested to represent  
a complementary mechanism to that mediated by UCP1 in 
adipocytes, with functional redundancy providing a robust 
mechanism for heat production (reviewed in [39]). 
Similarly to UCP1, these mechanisms are usually believed 
to be under adrenergic control (e.g. [43]), which challenges 
the view that only UCP1 could mediate adrenergically 
regulated facultative and adaptive NST [44]. 

Mechanisms of thermoregulatory NST in other 
organs and tissues besides BAT and their control are 
relatively poorly characterized. Increased energy 
expenditure in response to adrenergic stimulation [45] or 
cold [46] has been reported in perigonadal WAT. 
Moreover, NST could also take place in subcutaneous 
WAT [10,42,47], or liver [48,49]. It could also result from 
inter-organ futile metabolic cycling [50]. Although all of 
these mechanisms need to be further characterized, this 
short review will focus specifically on the thermogenic 
mechanisms in skeletal muscle, their contribution to the 
maintenance of a stable body temperature, and their impact 
on the propensity to obesity. 
 
Shivering and cold-induced changes in muscle 
 

Skeletal muscles evolved primarily to enable 
locomotion. However, with the advent of endothermy in 
birds and mammals, skeletal muscle also became engaged 
in thermogenesis comprising both shivering and putative 
NST. Muscle function is based on sliding actin and 
myosin filaments organized in sarcomeres, which 
consume ATP and generate force and potentially 
subsequent changes in muscle length. However, typical 
muscle is able to convert only 20-30 % of ATP to work, 
while the most of the remaining part is dissipated as heat 
(reviewed in [51]), which may contribute to thermos-
regulation. A major contribution of muscles to overall 
thermogenesis could be inferred from their high oxidative 
capacity. Thus, in adult humans, the capacity of skeletal 
muscles to burn fat energy stores is several-fold greater 
than that of BAT [52]. Blood flow through skeletal 
muscles can substantially increase during the transition 

from basal state to state of maximal physical activity. 
Even in the resting state, muscles can account for  
20-30 % of the total oxygen consumption [5,7]. Muscle 
metabolism is one of the major contributors to resting 
energy expenditure with a clear potential to affect the 
pathogenesis of obesity [53]. Shivering can increase the 
whole-body energy expenditure up to five times its basal 
values, corresponding to approximately 40 % of maximal 
oxygen consumption (VO2max) during exercise [54]. The 
putative contribution of muscle NST has not been reliably 
quantified. However, it is to be inferred that even a slight 
relative increase in muscle energy expenditure, 
independent of physical activity or shivering, would have 
a profound effect on whole body energy balance, 
potentially affecting fat deposition. 

Skeletal muscles are composed of long 
multinucleated cells (muscle fibers), which differ in their 
biochemical and functional properties: i) slow-twitch 
type I fibers have high content of mitochondria (causing 
dark red color), high oxidative capacity, and high fatigue 
resistance; ii) fast-twitch type IIa fibers have high content 
of mitochondria and rely both on glycolysis and oxidative 
metabolism; iii) fast-twitch type IIb fibers with low 
mitochondrial content (causing pale color) and high 
glycolytic activity, which are prone to rapid fatigue; and 
additionally iv) type IIx muscle fibers [55]. Fiber type 
composition of individual muscles is optimized for the 
typical work pattern of the respective muscle groups. It 
can be partially affected by muscle endurance training, 
which leads to increased mitochondrial biogenesis, as 
well as adaptation of mitochondrial network, contractile 
apparatus, and vasculature [56]. Some of these changes 
towards increased oxidative capacity have also been seen 
in animal models during prolonged cold exposure, 
suggesting a similar effect on muscle metabolism as 
endurance training and demonstrating a partially adaptive 
nature of shivering [57]. 

Skeletal muscles are relatively flexible in the 
utilization of various fuel mixtures under acute cold 
exposure [58], while chronic cold exposure leads to 
a proportional increase in the oxidation of lipids by the 
muscle [59]. The fiber composition is also a strong 
predictor of the shivering pattern evoked by acute cold 
[60]. While short-term activity can rely on glycolytic fast-
twitch fibers, prolonged endurance activity requires 
a higher proportion of oxidative slow-twitch fibers. The 
changes in muscle metabolism and fiber composition in 
response to cold exposure may reflect the activation  
of both shivering and NST. Rapid changes in muscle 
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metabolism are likely associated with shivering, which is 
activated at the beginning of cold exposure [61]. These 
changes may vary between individuals and depend on 
severity of cold exposure (see below). Sustained low-
intensity shivering in humans largely depends on lipid 
oxidation (50 %), while muscle glycogen and plasma 
glucose are used to a lesser extent (30 % and 10 %, 
respectively) [59]. Increased energy requirements during 
the transition from low to moderate shivering intensity 
are primarily met by increased glycogen consumption in 
humans [62]. Besides these changes in the biochemistry 
of muscle shivering, long-term exposure (i.e. acclimation) 
to cold environment results in an adaptive increase in  
the capacity for NST in BAT and possibly elsewhere, 
leading to the cessation of shivering [5-7,16,60,63]. 

Distinguishing between shivering and putative 
muscle NST is not straightforward, as the definition of 
shivering itself is ambiguous. There are at least two 
different types of muscle contractile thermogenic activities. 
Burst shivering (“classical shivering”) is associated with 
fatigued type II muscle fibers and, therefore, cannot be 
sustained for a prolonged time [63]. On the other hand, 
muscle tone, also reported as resting muscle mechanical 
activity [64], shivering microvibrations, minor tremor, or 
thermoregulatory tonus [65], can be continuous and 
therefore associated with fatigue resistant, oxidative 
type I muscle fibers [63]. When assessed by 
electromyography, burst and continuous shivering in 
humans typically show frequencies of 0.1-0.2 Hz and  
4-8 Hz, respectively ([63]; in general, the smaller the 
animal, the higher the frequency [64]). Burst shivering 
can be perceived visually, while continuous shivering 
may not be visually manifested. 

The relative contribution of each of these types 
of contractile activity to overall shivering thermogenesis 
is debated. It also exhibits high inter-individual 
variability, perhaps corresponding to variability in muscle 
fiber composition [58]. The mutation causing a shift 
towards higher proportion of slow-twitch muscles results 
in increased muscle tone and higher resistance to cold 
[66]. It has been observed that the intensity of continuous 
shivering increases linearly with decreasing ambient 
temperature below thermoneutral zone [57,64,65], 
whereas burst shivering is only triggered at very low 
temperatures (below 7 °C in rats [57]), when thermogenic 
capacity of continuous shivering is presumably 
insufficient. On the other hand, some authors do not 
report any continuous shivering preceding shivering 
bursts [63]. Interestingly, contractile activity similar to 

continuous shivering is also detected after vigorous 
exercise [65], suggesting a common mechanism linking  
it to skeletal muscle training. 

Assessment of shivering activity is further 
complicated by a broad range of muscle groups that can 
be involved in thermogenesis. Extensive continuous 
shivering was recorded e.g. in m. extensor digitorum 
longus, deep parts of m. tibialis, deep neck muscles and 
m. soleus (but not in the superficial part of m. tibialis and 
m. trapezius) [57]. The involvement of particular muscle 
groups can also considerably vary among individuals: 
While some humans rely on shivering in upper body 
muscles, others use upper leg muscles [54]. Hence, 
evaluating shivering activity in a specific muscle does not 
necessarily indicate the overall shivering activity. This 
complicates the quantification of the contribution of this 
mechanism to the total body heat production. 

As reviewed by Blondin and Haman [63], 
muscle metabolic activity and the relative importance of 
individual muscles can be indirectly visualized using 
positron emission tomography (PET) and the glucose 
analogue [18F]FDG. Shivering pattern of individual 
muscles can be characterized using electromyography 
(assessing regulatory muscle electric activity). While 
surface electromyography is widely used in humans, it is 
rarely applied to rodents (e.g. in [67]) because of 
technical constraints. Placing an electrode directly onto 
the muscle is more common in rodents [68-70]. However, 
it can produce misleading results due to the open surgery 
and prevailing effects of anaesthesia. Another way to 
collect data on whole-body shivering patterns is through 
mechanical methods, most commonly mechano-
myography [16,71]. This technique is getting in-
creasingly sensitive and provides output corresponding  
to electromyography [16]. However, a comprehensive 
comparison of the two techniques is missing. The least 
reliable and most subjective approach to assessing 
shivering is visual observation, which may fail to detect 
less striking forms of contractile activity. 

Shivering is thus a phenomenon of under-
estimated complexity. Proper quantification of its 
contribution to thermogenesis and overall energy 
expenditure is a technically challenging task, which is 
rarely sufficiently addressed in studies attempting to 
uncover potential alternative mechanisms of NST. 
However, without evaluation of at least presence of 
shivering, results of the whole-body studies focused on 
NST, conducted at ambient temperatures below 
thermoneutrality, are difficult to interpret (see below). 
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Muscle NST: Major role of slippage of sarco-
plasmic/endoplasmic reticulum Ca2+-ATPase? 
 

Prior to the identification of BAT as a major site 
of adrenergic thermogenesis, several investigators, 
including L. Jansky and his colleagues at the Charles 
University in Prague, suggested that adaptive NST occurs 
primarily in skeletal muscle [72-75]. Although the 
research focus later shifted predominantly towards BAT, 
several alternative mechanisms were proposed to play 
a role in NST in skeletal muscle, including i) UCP1-
independent mitochondrial proton leak [60,63];  
ii) impaired thermodynamic efficiency of Na+/K+-ATPase 
in the plasma membrane [76,77]; and iii) futile substrate 
cycling between de novo lipogenesis (DNL) and fatty 
acid (FA) oxidation (DNA/FAox cycle) controlled by 
leptin–AMP-activated protein kinase (AMPK) axis  
[78-81]. Also thermoregulatory tonus (continuous 
“shivering”) should be considered here (see above). 
However, major attention has been paid recently to NST 
resulting from slippage of sarcoplasmic/endoplasmic 
reticulum Ca2+-ATPase (SERCA) [42,63,82-84]. 

As stated above, only a relatively small 
proportion of ATP consumed in muscle is used directly to 
generate contractile force. Various muscles and 
organisms differ in contractile efficiency, which is the 
ratio of ATP consumed for contraction and for regulatory 
processes, particularly calcium cycling which requires 
SERCA. The regulatory processes can consume up to 
45 % of ATP [51]. Muscle contraction is initiated by  
a well-established signaling cascade that involves 
acetylcholine release from motor nerve endings at the 
neuromuscular junction and the stimulation of nicotinic 
acetylcholine receptors on the muscle membrane (Fig. 1). 
Local depolarization triggers action potential, which is 
further propagated across the plasma membrane and its 
invaginations (T-tubules) to the vicinity of sarcoplasmic 
reticulum (SER). Activated voltage-gated dihydropy-
ridine receptors in T-tubules open adjacent ryanodine 
receptors (RyR) in the membrane of SER, enabling the 
massive release of calcium from this reservoir to the 
cytoplasm. Elevated cytoplasmic calcium concentration is 
the critical signal to initiate the muscle contraction. In 
particular, calcium binding to regulatory protein troponin 
causes exposition of binding sites for myosin heads on 
actin filament and allows cross-bridge cycling, which 
hydrolyses ATP and generates the contraction force (see 
e.g. [85] for more detail). The single neural stimulus 
causes only short twitch contraction because calcium is 

rapidly removed from the cytoplasm by the activity of 
SERCA. If the second stimulus follows the first one 
before SERCA manages to remove calcium from the 
cytoplasm and reach resting calcium level, the twitches 
are partially summated, i.e. the cytoplasmic calcium 
concentration after the second twitch is higher and the 
generated tension is greater than those after a single 
twitch. A sequence of stimuli of sufficient frequency 
leads to complete summation of individual twitches into 
stronger and longer lasting tetanic contraction. Activity of 
SERCA is thus critical for regulation of strength of 
muscle contraction. 

Two SERCA genes (Atp2a1 for SERCA1 and 
Atp2a2 for SERCA2) are expressed in mammalian skeletal 
muscle, producing several splice variants. Fast kinetic 
SERCA1a and 1b are found in adult fast-twitch muscles, 
and SERCA1b also in neonates [86,87]. SERCA2a with 
slow kinetics is found in slow-twitch fibres [88] and its 
expression is induced by cold [16,89]. During neonatal 
development, gradual changes from SERCA2a and 
SERCA1b to SERCA1a were reported [88,89]. 

The activity of SERCA is affected by interaction 
with micropeptides phospholamban (particularly in heart 
ventricles) and sarcolipin (SLN; both in heart and  
skeletal muscle). The normal working cycle of SERCA 
comprises the binding of 2 calcium ions and a molecule 
of ATP to the cytosolic side of the pump, hydrolysis of 
ATP, and subsequent conformational change causing the 
release of both calcium ions to the sarcoplasmic 
reticulum [90,91]. Phospholamban interaction with 
SERCA (preferentially SERCA2a [92]) depends on 
phospholamban phosphorylation [93] and only happens if 
the cytoplasmic calcium level is low [91,94]. In heart 
ventricles, adrenergic stimulation leads to phosphor-
lamban phosphorylation and subsequent disinhibition of 
SERCA resulting in prolonged periods of high calcium 
concentration and therefore in increased cardiac 
contractility [95]. A similar function was suggested for 
SLN in heart atria [96] but attention was later shifted to 
activity of SLN in skeletal muscle. The kinetics of SLN is 
different from that of phospholamban: SLN binds to 
SERCA (preferentially SERCA1a [92]) regardless of 
calcium concentration [94]. The binding of SLN reduces 
maximal rate of SERCA calcium pumping without 
affecting SERCA affinity for calcium, resulting in 
calcium ions slipping back to the cytoplasm and in 
uncoupling of ATP hydrolysis from calcium pumping; 
i.e. heat production [91,97]. As an alternative to the effect 
of SLN on SERCA calcium pumping, calcium leak 
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through RyR has also been suggested to regulate 
thermogenesis in murine resting skeletal muscle [98]. 

Mice lacking either UCP1 or SLN can survive in 
the cold probably due to compensatory upregulation of the 
remaining thermogenic mechanisms, while UCP1/SLN 
double knockout mice cannot sustain long-term cold 
exposure [99]. Thus, both SLN and UCP1 may be involved 
in thermogenesis in cold [99]. Muscle SLN level is 
increased in mice with ablation of either interscapular BAT 
or UCP1 [99-101]. Thus, BAT and muscle may represent 
synergistic and potentially even partially redundant 
components of thermoregulatory NST [60,82]. Importantly 
in this respect, our own data suggest that the relative 
contribution of the discussed thermogenic mechanisms 
varies among different murine strains. C57BL/6 mice, 
which are typically used in the majority of metabolic 
studies, rely mainly on BAT, while A/J mice, known for 
their resistance to obesity, use muscle thermogenesis to  
a greater extent [16]. While the burst shivering rate does 
not differ between C57BL/6 and A/J mice at cold,  
A/J mice recruit larger amount of SLN in their muscles 
[16]. 

Calcium cycling (involving RyR and SERCA) 
was shown to be the primary thermogenic mechanism in 
specialized heater organs of some species of marine fish 
(e.g. [102]). Although these organs were derived from 
extraocular muscles, they lost their contractile apparatus.  
In contrast, in mammals, SLN- and RyR-dependent 
mechanisms operate in fully functional muscles where the 

primary role of calcium is to regulate sarcomere 
contraction. In such a system, proof of functional 
independence of shivering and calcium cycling is quite 
methodologically challenging. Similarly to continuous 
shivering, also SLN-dependent thermogenesis is thought to 
be localized in slow-twitch oxidative fibers relying 
primarily on lipid oxidation [89]. 

Although attempts were made to demonstrate that 
stimulation of SLN can occur in the absence of 
corresponding changes in shivering (e.g. [94]), these  
reports need to be taken with caution considering the above 
mentioned complexity of shivering (not only burst  
shivering but also the thermoregulatory tonus) and  
pitfalls of its assessment. Without any doubt, SLN-induced 
calcium slippage in SERCA may generate heat, but it is 
unclear whether this effect is potent enough and can be 
sufficiently quickly adjusted to play a role in facultative 
thermogenesis [83]. As regulation of SERCA activity is 
a common mechanism how to adjust heart contractility (see 
above), it is possible that the primary function of SERCA 
regulation in skeletal muscle is also to adjust the calcium 
level in the long term, which determines the thresholds for  
muscle contraction. Therefore, SLN may play a role in  
both the adaptive tuning of shivering activity and muscle 
NST. 

Regulation of the activity of SLN (and other 
putative muscle NST mechanisms) needs to be better 
understood (Fig. 2). Adrenergic signaling is for decades 
accepted as the mean of regulation of facultative NST [5].  

 
 

 
 
Fig. 2. Metabolic responses to acute and chronic cold exposure in mice (adapted from [7]). General increase of energy expenditure upon cold 
exposure reflects several thermogenic mechanisms. Muscle shivering and thermoregulatory tonus cover majority of heat production in response 
to acute cold stimulus. Continuing shivering leads to adaptation resembling exercise training, but shivering is gradually replaced by NST.  
NST mediated by UCP1 has a low capacity at thermoneutrality. However, if cold persist, capacity of UCP1-dependent NST adaptively rises and it 
gradually replaces shivering. It is facultative, i.e. it can be rapidly switched on and off due to its control by adrenergic nervous system 
(adrenergic thermogenesis). NST alternative to UCP1-mediated heat production, reflects several mechanisms, including NST in skeletal muscle. 
Preferential activation and adaptive increase of NST capacity in BAT or skeletal muscle depends on the genetic background of the mice. Control 
of muscle NST is probably relatively slow – it may not be facultative. Thus, when the contribution of muscle NST to total energy expenditure is 
relatively high compared to BAT (such as in A/J mice, see the main text), a substantial amount of energy is lost during the stay of cold-adapted 
mice in thermoneutral conditions. This phenomenon may contribute to resistance to obesity. Prolonged maintenance of cold-adapted animals 
at thermoneutral conditions results in reduction of the capacity of NST (not shown). Created with Biorender.com. 
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It was assumed that the adrenergic system also regulates 
SLN activity in skeletal muscles [103,104], similar to 
how phospholamban activity is regulated in the heart  
(see above). However, to our knowledge, this assumption 
has never been unambiguously proven. While adrenergic 
stimulation results also in some UCP1-independent rise 
in energy expenditure, this induction is not potentiated by 
cold adaptation in UCP1-KO animals [68]. Interestingly, 
while cold adaptation recruits adrenergic thermogenesis 
in C57BL/6 mice, A/J mice adapt to cold without 
recruiting capacity for adrenergic thermogenesis, 
presumably relying on muscle mechanisms that are 
regulated by different means [16]. Cold tolerance  
requires intact signaling including several hormones, 
namely leptin and thyroid hormones [78,105]. Similarly, 
corticotropin was suggested to mediate the thermogenic 
effect on muscle [106]. Thus, putative muscle NST may be 
under endocrine rather than sympathetic control. However, 
whether humoral regulation can be fast enough to govern 
facultative thermogenesis remains to be elucidated. 

Additional research is required to verify the 
involvement of various potential mechanisms of NST in 
skeletal muscles, as well as to understand their 
interdependence, regulation, and functional importance. 
The extent to which these mechanisms are facultative and 
adaptive is still a matter of debate. When assessing their 
contribution to energy balance, it is challenging to 
separate NST activation from both classic shivering and 
thermogenic tonus. This is because they occur 
simultaneously with muscle contractile activity in the 
same organ. 
 
States of myosin: The grey zone between 
shivering and NST 
 

During the last decade, one more mechanism for 
increased muscle energy dissipation has been described 
 in the grey zone between shivering and NST. During 
cross-bridge cycling, active myosin heads bind to the 
exposed myosin binding sites of the actin filament (see 
above) and, by conformational changes (driven by 
ATP hydrolysis), cause sliding of both filaments on each 
other, which results in muscle contraction. However, 
besides this active state, myosin heads can also exist in 
two different inactive states distinguished experimentally 
by following the kinetics of release of fluorescent 
ATP hydrolysis products from myosin [107]. Classical 
relaxed state (or disordered relaxed state; DRX) is 
characterized by low basal ATPase activity independent 

of binding to actin, while the newly identified super 
relaxed state (SRX) hydrolyzes nearly no ATP [107]. The 
ratios of these three states vary depending on parameters 
such as sarcomere length, phosphorylation of regulatory 
proteins, or calcium level [108]. The transition of part of 
myosin from SRX to DRX would significantly increase 
energy expenditure, and it was therefore suggested to 
play a role in cold adaptation [109]. Considerable effort  
is currently invested in identifying compounds that  
would affect the SRX/DRX ratio in order to treat 
pathologies including obesity by increasing muscle 
energy expenditure. 
 
Cold-induced adaptive induction of the 
capacity of NST in skeletal muscles rather than 
in BAT is associated with obesity resistance 
 

Experiments in mice suggest that putative  
SLN-dependent NST could affect the propensity to 
obesity, as SLN-deficient mice gain more weight than the 
control mice if exposed to high-fat diet [28,94] and 
muscle-specific Sln overexpression prevents diet-induced 
obesity [110]. Surprisingly, UCP1 and SLN double 
KO mice do not develop dietary obesity, possibly because 
of relying on less efficient mechanisms of NST [28]. 
Obesity-resistant inbred murine strains (such as A/J mice) 
exhibit higher muscle Sln expression than obesity-prone 
C57BL6 mice [16]. Besides SLN, another more generally 
expressed protein, neuronatin, was also recently claimed 
to cause SERCA uncoupling [111]. Neuronatin 
expression is affected by high-fat feeding [111], which is 
interpreted as an indication that SERCA-mediated NST is 
involved in a physiological negative feedback loop 
preventing the development of obesity. 

Muscle NST and UCP1-mediated NST in BAT 
differ in important features that could affect their impact 
on both thermal and energy homeostasis. To achieve the 
same level of protection against cold, more energy is 
required by thermogenesis in skeletal muscle compared to 
UCP1-mediated thermogenesis in BAT [21,82]. This is 
consistent with the more recent evolution of BAT as 
a specialized and precisely controlled thermogenic organ, 
as compared with muscle. The different energy efficiency 
of thermoregulatory thermogenesis exerted by BAT and 
muscle could result from differences in i) location and/or 
ii) regulation. 

Location of BAT depots in the center of the 
body, close to major arteries, allows relatively efficient 
transport of heat formed in BAT to the vital organs with 
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minimal losses, as compared with thermogenesis in the 
muscles, which are mostly somewhat peripherally located 
[6,21]. However, it was also noted that continuous 
shivering is often happening in highly vascularized deep 
muscles where heat losses are more minor, and muscle 
activity may efficiently heat venous blood returning from 
peripheral tissues [57]. 

Regulation of NST in BAT and muscle is very 
different. Thermogenesis in BAT is strictly activated 
during i) periods of cold exposure or ii) when animals are 
eating, i.e. during the dark phase of the day in mice [20]. 
On the other hand, muscle NST seems to be under 
a looser and less flexible control. When adaptively 
increased in response to long-lasting cold exposure, it 
could dissipate energy independent of actual energy 
intake (see below). 

Collectively, the combined effect of the relative 
thermogenic inefficiency, and absence of rapid flexible 
regulation of muscle NST in comparison to BAT, results in 
relatively high energy cost of NST mediated by skeletal 
muscles, which could lead to reduced propensity to 
obesity. Indeed, we have observed that both obesity-prone 
C57BL/6 and obesity-resistant A/J mice were able to 
survive in the cold with only a slight decrease in body 
temperature, using muscle shivering for thermogenesis at 
the beginning of cold exposure (6 °C). Prolonged 
maintenance of mice at low temperature led to increased 
capacity of NST in BAT in obesity-prone mice. 
Surprisingly, however, obesity-resistant A/J mice failed to 
activate BAT, but instead increased oxidative capacity in 
skeletal muscle. This putative muscle NST may be 
mediated by the SLN-SERCA mechanism, consuming 
additional ATP and allowing for the acceleration of 
mitochondrial oxidation [16]. Thus, resistance to obesity 
was associated with cold-induced rise of the capacity of 
NST in skeletal muscles rather than in BAT (Fig. 2), which 
is in line with earlier opinions about the adaptivity of 
muscle NST [5,6]. That capacity for NST in skeletal 
muscles could be adaptively induced was also documented 
in mice with genetic ablation of SLN, in accordance with 
the notion that UCP1- and SLN-SERCA-mediated NST 
complement each other [99]. 

The importance of genetic background 
(particularly the potential role of heterosis) in cold 
resistance was earlier reported by Kozak's lab [12,112]. 
Our results suggest that A/J mice represent a model for 
characterizing UCP1-independent mechanisms of NST 
[21,45,113,114] and their physiological role. Reflecting 
the relatively low thermogenic activity of their BAT, 

these mice may provide a better model of the situation in 
humans compared with C57BL/6 mice and mixed-
background mice, used in most of the previous studies in 
this field with the focus on the role of UCP1 [20,68], 
SERCA-SLN [82,99,101] or other mechanisms 
[26,40,42,45,78,115,116] of NST. To get further insight 
into the mechanisms engaged in NST, more inbred strains 
of mice differing in susceptibility to dietary obesity [117] 
should be characterized in future studies. 

Two common approaches used in the prevention 
and treatment of obesity are reducing calorie intake and 
increasing physical activity. However, in both rodents 
and humans, weight loss imposed by fasting leads to  
i) decreased leptinaemia and sympathetic nervous system 
activity and ii) increased muscle energy efficiency, i.e. 
decreased energy expenditure [118]. This can be reversed 
by normalizing the leptin levels in the context of 
reversing the decline in sympathetic activity [118,119]. 
Besides showing the importance of the genetic 
background of experimental animals for the study of 
muscle NST, our results support the notion that NST in 
skeletal muscle may partially counteract weight gain, and 
its induction could be used to treat obesity. More studies 
are required in order to elucidate the (i) mechanisms 
behind adaptivity of NST in skeletal muscle, and (ii) its 
quantitative importance with respect to overall energy 
balance. 
 
Conclusions 
 

Although NST includes several alternative 
mechanisms, UCP1-dependent NST is widely considered 
the only means of facultative and adaptive NST involved 
in the homeostasis of both body temperature and possibly 
body weight. This traditional view has recently been 
challenged. The involvement of BAT in the maintenance 
of a constant body weight and prevention of obesity has 
become increasingly controversial. Compared to small 
rodents, humans are rarely exposed to chronic cold and 
can rely more on muscle shivering. Our understanding of 
both shivering and putative muscle NST is not sufficient. 
In addition to classic burst shivering, the muscle can 
produce significant amounts of heat by increasing tonus, 
a type of muscle contractile activity that may not be 
visually manifested. Muscle contractions are rapidly 
regulated by the release and removal of calcium. The 
efficiency of calcium removal by SERCA is affected by 
the peptide SLN, which is up-regulated by cold. We 
propose here that SLN plays a role in the long-term 



S288   Bardova et al.  Vol. 73 
 
 
tuning of shivering activity. SLN decreases the efficiency 
of calcium pumping by SERCA, and promotes 
thermogenesis. Even though the mechanisms behind NST 
in skeletal muscles are not fully characterized, it is to be 
inferred that the slow regulation of muscle NST and its 
adaptive induction in response to cold may result in 
increased muscle thermogenesis even when it is not 
acutely required for thermal homeostasis. The ability to 
activate NST in the muscle or in BAT depends on the 
genetic background, which could contribute to strain-
specific differences in propensity to obesity in mice. 
Lower energy efficiency of muscle thermogenesis 
relative to that in BAT, reflecting the anatomic location, 
as well as the large oxidative capacity of the muscles, 
further augments the potential of muscle NST to reduce 
body fat. In adult humans, the capacity of skeletal muscle 

to burn fat energy stores is several-fold greater than in 
BAT. Thus, only a relatively small increase in 
thermogenesis in muscle could significantly reduce 
adipose tissue deposition. We propose that muscle 
NST represents a more promising target for weight-
reducing therapies than the traditionally studied BAT. 
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Summary 
Metabolic dysfunction-associated steatotic liver disease (MASLD) 
occurs in subjects with obesity and metabolic syndrome. MASLD 
may progress from simple steatosis (i.e., hepatic steatosis) to 
steatohepatitis, characterized by inflammatory changes and liver 
cell damage, substantially increasing mortality. Lifestyle 
measures associated with weight loss and/or appropriate diet 
help reduce liver fat accumulation, thereby potentially limiting 
progression to steatohepatitis. As for diet, both total energy and 
macronutrient composition significantly influence the liver’s fat 
content. For example, the type of dietary fatty acids can affect 
the metabolism of lipids and hence their tissue accumulation, 
with saturated fatty acids having a greater ability to promote fat 
storage in the liver than polyunsaturated ones. In particular, 
polyunsaturated fatty acids of n-3 series (omega-3), such as 
docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA), 
have been intensively studied for their antisteatotic effects, both 
in preclinical animal models of obesity and hepatic steatosis and 
in overweight/obese patients. Their effects may depend not only 
on the dose and duration of administration of omega-3, or 
DHA/EPA ratio, but also on the lipid class used for their 
supplementation. This review summarizes the available evidence 
from recent comparative studies using omega-3 supplementation 
via different lipid classes. Albeit the evidence is mainly limited to 
preclinical studies, it suggests that phospholipids and possibly 
wax esters could provide greater efficacy against MASLD 

compared to traditional chemical forms of omega-3 
supplementation (i.e., triacylglycerols, ethyl esters). This cannot 
be attributed solely to improved EPA and/or DHA bioavailability, 
but other mechanisms may be involved. 
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Introduction 
 

The increasing global prevalence of obesity goes 
hand in hand with an increased risk of metabolic 
disorders (i.e., metabolic syndrome), which are 
additionally associated with non-alcoholic fatty liver 
disease, currently affecting ~30 % of the global 
population [1]. In fact, the new term metabolic 
dysfunction-associated steatotic liver disease (MASLD) 
has recently been coined to reflect the important role of 



S296   Sabinari et al.  Vol. 73 
 
 
cardiometabolic risk factors associated with the disease 
[2-4]. While increased intrahepatic fat accumulation (i.e., 
liver steatosis or fatty liver) is characteristic of the early 
stages of MASLD, the disease can progress to meta- 
bolic dysfunction-associated steatohepatitis (MASH; 
previously known as NASH), which is associated with 
hepatocellular damage and inflammatory changes that 
may be accompanied by some degree of fibrosis. MASH 
can further develop into serious conditions such as 
cirrhosis and hepatocellular carcinoma, but overall 
mortality is already increased at the stage of hepatic 
steatosis and progressively increases with worsening 
MASLD histology [5]. A number of promising drugs are 
currently being investigated for treating MASLD/MASH 
based on different mechanisms of action. These agents 
include, for example, long-acting fibroblast growth factor 
21 analogs [6], peroxisome proliferator-activated receptor 
agonists [7], or glucagon-like peptide 1 receptor agonists 
[8]. 

Lifestyle measures leading to weight loss and/or 
appropriate dietary modifications can positively affect fat 
accumulation in the liver [9,10], thereby potentially 
limiting progression to steatohepatitis [11]. Regarding the 
influence of diet, both total energy content and 
macronutrient composition seem to play an important role 
in the above processes [12]. In particular, the type of fatty 
acids (FA) in the diet can affect lipid metabolism in the 
liver and thus their tissue deposition. Accordingly, 
saturated FA appear to have a greater ability to promote 
fat storage in the liver and also in visceral adipose tissue 
(AT) compared to polyunsaturated FA (PUFA; [13,14] 
and reviewed in [12,15]). In particular, long-chain PUFA 
of n-3 series (omega-3), such as docosahexaenoic acid 
(DHA; 22:6n-3) or eicosapentaenoic acid (EPA; 20:5n-3), 
which contain the first double bond between the 3rd and 
4th carbon atoms, starting from the terminal methyl end 
of the molecule, have been extensively studied under 
a variety of MASLD-promoting conditions, primarily 
based on their well-documented hypolipidemic [16-20] 
and anti-inflammatory properties (reviewed in [21-23]). 
From the results of a number of MASLD studies 
conducted in both preclinical animal models (mainly 
laboratory mice or rats) and human subjects, a general 
conclusion can be drawn that dietary supplementation 
with DHA and/or EPA can reduce liver fat (see e.g.  
[24-26] for recent reviews), but the efficacy towards 
MASH appears to be limited ([27] and reviewed in 
[25,28-30]). On the other hand, as might be expected, the 
antisteatotic effects of omega-3 supplementation in the 

liver depend on various factors, such as dose, duration of 
administration, and the DHA/EPA ratio of the 
supplemented omega-3. Moreover, it is important to note 
that most published studies have used triacylglycerol 
(TG; i.e., the chemical form found in fish oil) - or ethyl 
ester (EE)-based concentrates for omega-3 
supplementation. In contrast, there is much less evidence, 
particularly in human subjects with MASLD, of the 
effects of omega-3 when these PUFA are supplemented 
using other lipid classes such as phospholipids (PL) or 
wax esters (WE; [31,32]).  

This article does not present an exhaustive 
review of the published literature regarding MASLD and 
obesity, but instead strongly focuses on the effects of 
omega-3 supplementation on liver steatosis, mainly 
studied in the context of obesity or weight gain. Emphasis 
is placed on more recent comparative studies in 
preclinical animal models or in humans where omega-3 
bound in different lipid classes have been administered. 
Finally, we also provide a brief overview of possible 
mechanisms (including omega-3 bioavailability) that may 
be common or unique to the different lipid classes of 
omega-3 used for supplementation.    
 
Lipid classes used for omega-3 supple-
mentation and their common sources 
 

Essential α-linolenic acid (18:3n-3) serves as  
a precursor for the synthesis of omega-3 in animals and 
humans, but its conversion to EPA and DHA in the body 
is relatively inefficient. On the other hand, marine 
phytoplankton, an integral part of the marine food chain, 
is the richest source of omega-3 [21,33]. Therefore, 
marine fatty fish, especially those that live in colder 
environments (e.g., herring, sardine, mackerel, salmon), 
represent a major source of omega-3 for human 
consumption. Oils from these marine sources provide 
omega-3 primarily in the chemical form of TG and 
typically contain ~12 % DHA and ~18 % EPA bound in 
the sn-2 position of TG molecules; however, these oils 
can be further processed, using an EE intermediate, to 
obtain re-esterified TGs (rTG) in which DHA or EPA can 
also be esterified in the sn-1/3 position [34]. In addition 
to TG-based marine oils or EE products, oils from 
Antarctic krill (Euphausia superba) and from the 
copepod Calanus finmarchicus, which contain EPA and 
DHA in the chemical forms of PL and WE, respectively, 
can also be an alternative source of omega-3 [31,32].  
An overview of the most important sources of omega-3 in 
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which EPA and DHA are bound in different lipid classes, 
including TG, EE, WE and PL, is given in Figure 1. 
Existing data on the composition of marine oils in terms 
of the lipid classes contained and the distribution of DHA 
and EPA in these lipid types are limited [32,35]. In this 
regard, our recent LC-MS-based lipidomic analysis 
revealed five major lipid classes, i.e., diacylglycerols 
(DG), free FA, phosphatidylcholine (PC), TG and WE, 
which are present in varying amounts in marine oils of 
different origins (Table 1). As expected, TG-based oils 
(e.g. herring oil and the rTG product) contained largely 
TG molecules (~80 %), whereas WEs are the lipid class 
that predominates (~80 %) in Calanus oil; in contrast, the 
relative content of PC as the major PL species contained 
in krill oil is only ~50 % and other types of lipids, such as 
TG, contribute significantly (Table 1).  

Regarding the distribution of omega-3 in the 
main lipid classes of the selected marine oils (Table 1, 

middle and lower part), in the rTG concentrate enriched 
with DHA, TG and DG are the main species that 
contained DHA (up to 85 %) and EPA (up to 45 %); 
however, herring oil, as an example of a natural fish oil, 
shows a more even distribution of omega-3 in all major 
lipid classes except WE. Calanus oil showed a significant 
representation of DHA and EPA in all five major lipid 
classes, but the biological significance of such  
a distribution is probably low due to the predominance of 
the WE class in this type of oil. In krill oil, a PL-based 
omega-3 concentrate representative, PC, DG and free 
FAs represent those lipid classes enriched primarily in 
EPA and less in DHA (Table 1, middle and lower part). 
Thus, in addition to the composition and position of 
omega-3 in a given lipid molecule, the distribution of 
omega-3 into different types of lipid classes likely affects 
bioavailability, especially when omega-3 are supple-
mented through complex products such as krill oil. 

 
 

 
 
Fig. 1. Overview of marine sources of omega-3 with EPA and DHA bound in different lipid classes, including a schematic representation 
of the chemical formula of the main lipid class present in the respective product. Information on the relative abundance of the main 
lipid classes in the marine oils listed in A-E is based on the data given in Table 1. In the case of Calanus oil (D), a representative wax 
ester with fatty alcohol 20:1n-9 is shown, which together with 22:1n-11 are the main fatty alcohols contained in Calanus oil [32]. Krill 
oil (E) contains primarily phosphatidylcholine (PC) and triacylglycerols (TG), while other lipid classes including different types of 
phospholipids (e.g.; PE, PI,…) are only marginally present. DG, diacylglycerols; EE, ethyl esters; FA, fatty acids; PC, 
phosphatidylcholine; PE, phosphatidylethanolamine; PI, phosphatidylinositol; PUFA, polyunsaturated fatty acids; R1(2,3), other types of 
fatty acids in the sn-1, 2 and 3 position, respectively; TG, triacylglycerols; rTG, re-esterified triacylglycerols; WE, wax esters. 
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Table 1. Main lipid classes and their omega-3 occupancy in selected oils of marine origin 
 

Lipid class composition distribution    

Lipid class (%) Herring oil Krill oil Calanus oil Epax 1050 
DG 1.1 3.5 0.1 13.0 
FA 15.0 4.9 15.5 1.7 
PC 0.1 48.7 0.1 6.5 
TG 80.5 28.3 0.8 78.7 
WE 0.0 0.0 82.5 0.0 

Distribution of omega-3 fatty acids in different lipid classes 

DHA (22:6n-3)     
DG 24.9 20.0 22.0 73.0 
FA 35.8 24.2 34.2 25.4 
PC 8.9 24.9 56.2 15.1 
TG 13.6 5.3 19.3 85.4 
WE 0.0 0.0 40.2 0.0 

EPA (20:5n-3)     
DG 45.8 82.1 74.9 44.1 
FA 10.3 35.2 28.7 13.8 
PC 20.6 51.2 40.3 18.9 
TG 17.4 12.9 34.5 44.8 
WE 0.0 0.0 58.6 0.0 

 
The results are based on LC-MS analysis of the oils listed. Relative content of the main lipid classes in oils (upper part) and the 
percentage of species containing DHA or EPA in the respective lipid fractions. The distribution of omega-3 (i.e., DHA and EPA) in lipid 
classes is determined by the cumulative sum of all distinct lipid species within a given lipid class, including DHA or EPA. These species 
may consist of identical omega-3 within their molecular structure (e.g., PC 22:6_22:6, TAG 22:6_22:6_22:6) or may be combined with 
other FA (e.g., PC 14:0_22:6, TAG 14:0_16:0_22:6). Abbreviations: DG, diacylglycerols; Epax 1050, concentrate of re-esterified 
triacylglycerols enriched with DHA from sources other than tuna (Epax Norway AS); FA, fatty acids; PC, phosphatidylcholines; TG, 
triacylglycerols; WE, wax esters.  
 
 
Comparative studies using omega-3 
concentrates based on different lipid classes 

 
Original articles comparing the effects of  

omega-3 supplementation via different lipid classes on 
hepatic steatosis in MASLD were retrieved from the 
PubMed database using different keyword strings. While 
several existing review articles have summarized findings 
regarding the efficacy of omega-3 against MASLD 
[25,30], they do not specifically focus on studies using 
different lipid classes for omega-3 supplementation 
analyzed simultaneously in a single study. Our current 
review therefore focuses on comparative studies that 
included two or more lipid classes used for omega-3 
administration, under conditions associated with weight 
gain and/or obesity. In addition, source articles were 
selected from those published in the last 15 years. We 
compiled specific search strings that combined keywords 
relevant to the focus of our review. These keywords thus 

encompassed the different ways in which (i) the disease of 
interest is described in the literature (e.g., NAFLD, 
MASLD, MAFLD), (ii) the primary phenotype (e.g., 
hepatic or liver steatosis, liver triacylglycerol(s)), and also 
(iii) the comparative nature of the retrieved studies 
involving different sources of omega-3 (e.g., fish oil, krill 
oil, Calanus oil) and different classes of lipids used for 
their supplementation (e.g., triacylglycerols, ethyl esters, 
phospholipids, wax esters). Regarding the retrieved 
studies, most of them were performed in rodents (38 in 
total), mainly in laboratory mice, but only 21 of these 
studies were included in the review because they fulfilled 
the condition where the liver phenotype is studied in the 
context of weight gain or obesity. In contrast, only five 
human studies that reported MASLD-related metabolic 
phenotypes were included in the review because 
comparative studies involving omega-3 supplementation 
via different lipid classes and direct quantification of liver 
fat content are lacking. In the reported studies, four lipid 
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classes, including TG, PL, WE and EE, were used for 
omega-3 supplementation, with the vast majority of studies 
comparing TG and PL forms of omega-3.  

Based on a detailed examination of studies 
obtained in rodents, omega-3 PL from various marine 
sources (e.g., krill oil, herring meal extract, squid roe oil, 
algae oil) appear to be more effective in reducing liver fat 
compared to fish sources rich in omega-3 TG (see Table 2 
for details). This was observed in both the preventive and 
reversal (i.e., treatment) experimental designs (e.g.,  
[36-38]), using different types of high-fat diets (HFD; 
either based on corn oil or lard) and experimental 
conditions (e.g., 22 °C vs. 30 °C). Also, in KK-Ay mice, a 
genetic model of obesity and hyperglycemia, Sugimoto et 
al. [39] demonstrated greater efficacy of PL-rich scallop oil 
in reducing liver TG content than fish oil supplementation. 
Moreover, regarding different sources of omega-3 PL,  
a recent study on mice fed an HFD/high-cholesterol diet 
suggests that krill oil may have greater antisteatotic effects 
than squid oil extract [40]. Similarly, Wang et al. [41] 
show that omega-3 PL derived from Silver carp head is 
superior to Salmon head extract in reducing liver fat, 
suggesting that some other components of omega-3 PL 
concentrates are likely to contribute to antisteatotic effects 
in the liver ([37,38] and reviewed in [31]). On the other 
hand, there are studies where no significant reduction in 
liver fat was observed after administration of either form of 
omega-3 supplementation [42] or, alternatively, where 
there was a stronger effect when omega-3 was 
administered in the TG form compared to the PL form 
[43,44]. However, in a study by Botelho et al. [43], fish oil 
used for omega-3 supplementation in the form of TG 
contained both EPA and DHA, while algae oil as a source 
of omega-3 PLs was completely devoid of EPA. This 
certainly had a negative impact on the efficacy of omega-3 
PL supplementation, which was reflected in significantly 
lower EPA content in the liver after algae oil supple-
mentation compared to other forms of supplementation. 
Botelho et al. [43] and Gui et al. [44], moreover, did not 
accurately quantify liver fat after omega-3 supple-
mentation (only histological images of the liver are 
presented), making it difficult to draw firm conclusions 
from these studies. 

In terms of reducing liver TG content, other lipid 
classes used for omega-3 supplementation, such as highly 
purified EE or WE, have rarely been tested. Therefore, 
assessing their relative efficacies from the available studies 
is impossible, especially when compared to more 

commonly used classes such as TG or PL. One short-term 
prevention-type study compared the effects of DHA-rich 
omega-3 formulations based on EE, PL, free FA and TG 
forms in BALBc mice [45]; interestingly, at lower dietary 
fat levels (5 %), EE, PL and TG form reduced liver fat, but 
at higher dietary fat levels (22.5 %), all were ineffective. 
On the other hand, compared with omega-3 supplemented 
in the form of EE, Calanus oil-derived WE exhibited 
potent antisteatotic capabilities with respect to liver fat 
content while increasing adiponectin expression in AT 
[46].  

Only five comparative human studies were found, 
where the effects of omega-3 supplementations on 
MASLD-related parameters (i.e., not directly on liver fat 
accumulation) were examined (Table 3). Compared to 
placebo-treated subjects, there was no difference in the 
effects of omega-3 supplemented for 14 weeks as PL 
(algae oil) or TG (fish oil) on reducing serum TG in statin-
treated hypertriglyceridemic patients [60], and a similar 
effect was found in a 2-week crossover study using PLs 
from herring roe vs. fish oil in patients with hyper-
triglyceridemia [61]. When comparing omega-3 
administered in the TG form with their EE form (i.e., using 
Omacor), a similar degree of reduction in plasma TG was 
observed with both forms of supplementation [62]. 
However, Schuchardt et al. [17,63] reported a reduction in 
serum TG in statin-treated dyslipidemic subjects who were 
given omega-3 in the form of rTG, whereas omega-3 EE 
had no effect. Comparisons of seal and tuna oils in subjects 
with hypertriglyceridemia suggest better effectiveness of 
tuna oil in reducing plasma TG [64]; however, the results 
are difficult to interpret due to the higher amounts of EPA 
and DHA supplemented via tuna oil.  

In summary, based on an analysis of studies 
primarily in rodents, it can be concluded that in the con-
text of obesity-related MASLD, PL-based omega-3 
supplementation has stronger effects in terms of reducing 
liver fat compared with other lipid classes used for 
supplementation, with the possible exception of WE, 
whose relative efficacy to the PL form has not been tested 
in a comparative study. The absence of comparative human 
studies on the effects of omega-3 supplementation on liver 
fat precludes any conclusions regarding the greater 
efficacy of omega-3 PLs found in rodent studies. On the 
other hand, the very limited number of studies examining 
the effects of omega-3 supplementation on MASLD-
related phenotypes, such as circulating TG levels, 
suggested similar efficacy of PL vs. TG or TG vs. EE. 
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Bioavailability and the mechanism of action 
of omega-3 in MASLD 

 
The bioavailability of omega-3 from the diet, i.e., 

the rate of absorption and transport of EPA, DHA and 
other omega-3 into the circulation and/or site of action, is 
an important factor in determining the biological effects of 
these FA. The chemical binding form may influence the 
bioavailability of omega-3. However, other factors, such as 
the matrix effect, the galenic form, i.e., the method of 
preparing and compounding medicinal products, as well as 
inter-individual differences or age, also contribute to the 
final effect (discussed in detail in [34,65]). Interestingly, 
the liver already contains significant amounts of DHA in 
tissue PL under conditions when no extra EPA and DHA is 
supplemented via the diet; however, administration of 
varying amounts of omega-3 in the form of rTG (as part of 
HFD) resulted in saturable incorporation of DHA and, to  
a lesser extent, EPA into the hepatic PL fraction in 
C57BL/6J mice [65]. Regarding the assessment of  
omega-3 bioavailability, it should be noted that the gold 
standard for assessing omega-3 status in the body is the 
omega-3 index, i.e., the EPA+DHA content of erythrocytes 
expressed as a percentage of all FA analyzed [55,66]; 
however, studies investigating this topic have also used 
alternative and less accurate methods of assessment, which 
makes interpretation of published data significantly more 
difficult.  

Results of preclinical mouse experiments on 
omega-3 supplementation under conditions of 
obesity/MASLD induced by HFD administration  
suggest improved bioavailability of EPA or DHA+EPA  
in plasma and liver (mainly at the level of hepatic  
PL fraction) when omega-3 are administered in the form  
of PLs from marine fish or krill oil compared to  
rTG [36-38,55]. No information is available on studies in 
rodents with dietary obesity examining the bioavailability 
of omega-3 from WE compared to other chemical forms. 
However, omega-3 from Calanus oil rich in WEs have 
been shown to be bioavailable in AT and liver of HFD-fed 
mice, despite some loss of free FA and fatty alcohols 
through feces [67]. Furthermore, despite the  
limitations resulting from the bioavailability analysis  
at the level of total plasma lipids, the study by  
Paluchova et al. [35] indicated improved plasma DHA  
bioavailability from Calanus oil compared to  
rTG when these oils were orally administered to  
C57BL/6N mice for 8 days and provided the same  
daily dose of 12 µg DHA.  

In humans, the question of improved bio-
availability when omega-3 are administered in a particular 
chemical form remains controversial. Earlier studies on 
healthy volunteers suggested better plasma bio-availability 
of omega-3 from PL (krill oil) compared to TG (fish oil) or 
EE form [68,69]. A 4-week study in obese subjects with 
insulin resistance suggested a greater increase in plasma 
EPA levels after omega-3 supplementation using krill oil 
compared to fish oil, where the EPA dose was very similar 
in both cases, i.e.,~0.21 g/day [70]. In addition, in  
a 6-month double-blind placebo-controlled trial in statin-
treated hyperlipidemic subjects, the bioavailability of 
EPA+DHA, assessed as the omega-3 index, was better 
when omega-3 (~1.7 g dose) were administered via rTG 
compared to the EE concentrate [66]. This led to  
a significant reduction in fasting serum TG levels in the 
rTG but not in the EE group [17]. In contrast, a recent  
12-week study on healthy volunteers found comparable 
increases in the omega-3 index (see above) after daily 
supplementation with ~250 mg of EPA+DHA either  
via fish oil (i.e., in the TG form), krill oil (PL) or Calanus 
oil (WE; [71]). This is consistent with the results of  
a previous randomized, two-period crossover study [72] 
that demonstrated similar increases in plasma EPA+DHA 
levels within 72 hours after a single administration of 
omega-3 via either Calanus oil (416 mg EPA+DHA) or 
omega-3 EE concentrate (Omacor/Lovaza; 840 mg 
EPA+DHA). Regardless of the controversy regarding the 
improved bioavailability of omega-3 in the circulation 
when these FAs are administered in a particular chemical 
form, the question of their tissue availability remains open, 
as there are no human studies investigating this 
phenomenon in the liver.   

A number of mechanisms are involved in the 
accumulation of fat in the liver. Briefly, hepatocytes take 
up FAs from the diet and non-esterified FAs (NEFA) 
released from AT by lipolysis, while they can also 
synthesize FAs via de novo lipogenesis (DNL). It was 
found that 59 % of TG stored in the liver of obese MASLD 
patients originated from plasma NEFA, while DNL and 
diet contributed 26 and 15 %, respectively [73]. Thus,  
a therapeutic strategy based on affecting deregulated 
lipolysis in the hypertrophic AT of obese patients  
could favorably influence MASLD development, as 
demonstrated in HFD-fed mice with pharmacological 
inhibition of adipose triglyceride lipase [74]. In any case, 
hepatic steatosis may arise when the quantity of FAs taken 
up from plasma and/or DNL in the liver exceeds the ability 
of the tissue to oxidize FAs either via mitochondrial or 
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peroxisomal FA oxidation or to export TG via lipoprotein 
particles. Liver mitochondria exhibit increased rates of  
FA-driven respiration during the development of diet-
induced MASLD, suggesting an adaptive response to 
overcome the FA load in the liver [75,76]. However, this 
appears to be related to the presence of an ER stress 
response and dysfunctional unfolded protein response [76] 
with subsequent activation of the transcription factor sterol 
regulatory element-binding protein 1c, leading to increased 
DNL [77]. Hepatic DNL may also be potentiated due to 
activation of CB1 receptors by endocannabinoids [78]. In 
addition, decreased autophagic flux associated with 
metabolic changes in hepatocytes may further contribute to 
the development of liver steatosis in MASLD [79,80]. In 
this regard, it appears that peroxisomes, not mitochondria, 
may be the major contributor to the production of reactive 
oxygen species that cause oxidative damage during 
MASLD development [75,81]. Given that peroxisomes 
seem to be crucial for inducing the oxidative insult 
necessary for the onset and/or progression of MASLD,  
a defective autophagy would not only impair the proper 
removal of oxidized molecules (lipids, proteins or DNA) 
but also the removal of damaged organelles involved  
in ROS production. Indeed, failed degradation of 
peroxisomes has been associated with defects in 
peroxisome dynamics and results in increased oxidative 
stress [82]. Moreover, a mechanism based on peroxisomal 
FA degradation with subsequent H2O2 production and 
peroxin PEX2 stabilization was identified that negatively 
modulates intracellular lipolysis via posttranslational 
modification of adipose triglyceride lipase, thereby 
contributing to the progression of steatosis [83]. Besides 
dysregulation of various lipid metabolism pathways, there 
are a number of other mechanisms that contribute to the 
development and progression of MASLD, such as changes 
in the gut microbiota and increased intestinal permeability, 
which are associated with increased energy extraction from 
food, metabolic endotoxemia (i.e., increased plasma 
lipopolysaccharide levels), and overproduction of 
ammonia [84-86]. However, a detailed description of these 
mechanisms is beyond the scope of this review article.  

Dietary supplementation with omega-3 can 
positively affect intrahepatic TG accumulation in mice and 
humans with MASLD, as observed in a number of primary 
studies as well as meta-analyses (see e.g. [29,30,87] and 
the section “Comparative studies” in this review article). 
However, the magnitude of the reduction in liver fat 
induced by an omega-3 intervention may depend on  
a number of factors, including baseline % liver fat, change 

in omega-3 index, or weight loss in response to the  
omega-3 intervention [88,89]. In addition, predominantly 
preclinical studies suggest that the antisteatotic effects of 
omega-3 in the liver may also depend on the class of lipids 
used for their supplementation ([31] and this review). In 
terms of mechanisms, chronic omega-3 administration is 
associated with a whole-body metabolic adaptation that 
primarily involves a switch from glucose oxidation to FA 
oxidation, leading to inhibition of glucose utilization, 
especially in the postprandial state [18,20]. The 
involvement of FA oxidation in the antisteatotic effects of 
omega-3 supple-mentation was further demonstrated in 
carnitine-deficient mice with impaired mitochondrial  
β-oxidation of FA, in which EPA supplementation further 
exacerbated severe TG accumulation in the liver [90]. In 
this regard, a recent study in fat-1 transgenic mice with 
increased endogenous levels of omega-3 shows that 
specific DHA-derived lipid autacoids, such as resolvin D1 
and maresin 1, can unblock TCA cycle flux and metabolic 
utilization of long-chain acyl-carnitines in hepatocytes 
[91], similar to the effect of combination therapy with 
omega-3 and 10 % caloric restriction on mitochondria of 
abdominal AT in HFD-fed mice [92]. On the other hand, 
omega-3 have been consistently shown to affect primarily 
peroxisomes, as evidenced by elevated hepatic markers of 
peroxisomal but not mitochondrial β-oxidation in mice fed 
omega-3-supplemented HFD [19,36,92,93]. Omega-3 can 
also inhibit the hepatic DNL pathway [20,94,95], although 
the degree of inhibition may vary depending on the lipid 
class used for their administration; indeed, omega-3 PL in 
the form of krill oil appear to be much more potent 
compared to omega-3 TG [38,95]. The detailed 
mechanisms of action of omega-3 supplementation, 
particularly in the form of PLs, on hepatic FA oxidation 
and DNL have recently been reviewed elsewhere [31]. 
Interestingly, in fat-1 transgenic mice fed HFD, 
pharmacological inhibition of soluble epoxide hydrolase 
stabilized hepatic levels of cytochrome P-450-derived 
omega-3 epoxides, which was associated with reduced ER 
stress and up-regulation of hepatic autophagy, along with 
more intense antisteatotic effects [96]. These data further 
suggest the involvement of ER stress and autophagy 
regulation in the effects of omega-3 interventions on liver 
fat accumulation in MASLD and potentially also on the 
transition from simple steatosis to MASH.    

Regarding the involvement of extrahepatic tissues 
in the beneficial effects of omega-3 supplementation on 
hepatic steatosis, it is primarily changes in AT and the gut 
by which omega-3s may indirectly influence liver TG 
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content. Indeed, in the epididymal AT of mice fed  
a semisynthetic HFD based on α-linolenic acid and 
supplemented with EPA and DHA, increased expression of 
genes involved in mitochondrial biogenesis was observed 
along with an increase in β-oxidation of FA [92];  
in situ catabolism of FA in abdominal fat could thus lead to 
their lower release and subsequent deposition in the liver. 
Furthermore, adiponectin, an adipokine with antilipotoxic 
and anti-inflammatory properties, may also contribute to 
the beneficial effects of omega-3 on liver fat accumulation 
and hepatic insulin sensitivity [97-99]; however, in patients 
with type 2 diabetes, the ability of omega-3 (in the form of 
rTG) to induce plasma adiponectin was relatively limited 
compared to the insulin sensitizer pioglitazone [18]. 
Nevertheless, omega-3 PLs had a greater potency to 
elevate circulating adiponectin levels when compared to 
similar doses of EPA/DHA supplemented via omega-3 TG 
[31,37,38]. Similarly, adiponectin expression was stimu-
lated in the perirenal and epididymal AT of HFD-fed  
mice receiving omega-3 via Calanus oil (i.e., omega-3 in 
WE) but not in mice receiving an equivalent dose of 
EPA/DHA via EE (i.e., Omacor; [46]). In addition, AT is 
also a source of bioactive lipids that can be modulated in 
response to omega-3 administration and thus affect the 
immunometabolic properties of other tissues including the 
liver (reviewed in [100]). Accordingly, administration of 
an EPA/DHA concentrate based on rTG resulted in 
increased levels of 13-DHAHLA, an anti-inflammatory 
lipid from the family of fatty acid esters of hydroxy fatty 
acids, in both AT and circulation of HFD-fed mice 
[35,101]. We and others have also shown that AT  
levels of endocannabinoids such as anandamide and 
2-arachidonoylglycerol were reduced in response to 
omega-3 PL supplementation in obese rodents 
[36,102,103]. Importantly, this effect of omega-3 PL was 
also seen in the circulation and was stronger compared  
to TG-based omega-3 [36,37]. Given the role of  
CB1 receptors in the potentiation of hepatic DNL (see 
above) and the impairment of mitochondrial function 
[104], the reduction of endocannabinoid levels in AT and 
plasma may contribute to the antisteatotic effects of 
omega-3 supplementation (especially in the form of PL) in 
MASLD.  

Interestingly, the more potent effect of omega-3 
PL (vs. TG-based omega-3 supplementation) in terms of 
reducing hepatic steatosis may also involve the induction 
of mitochondrial ß-oxidation in the small intestine, as 
evidenced by gene expression within this metabolic 
pathway, as well as palmitate oxidation, which were 

specifically increased in the proximal ileum of omega-3 
PL-supplemented mice [55]. It is worth noting that the 
antisteatotic effects of alternative supplementation forms of 
omega-3, such as PL and WE, may be due in part to certain 
bioactive substances contained in complex preparations 
such as krill oil and Calanus oil, respectively. Examples are 
palmitoleic acid and plant alkaloids in the case of krill oil 
([37,38] and reviewed in [31]) and omega-3 stearidonic 
acid in the case of Calanus oil, which is converted to EPA 
in humans [105].  
 
Conclusions 

 
Based on a majority of the comparative studies 

retrieved, mostly conducted in preclinical mouse models, 
it can be concluded that the class of lipids used for 
supplementation contributes largely to the efficacy with 
which dietary omega-3 can prevent or alleviate hepatic 
steatosis in MASLD. Regarding the efficacy of individual 
lipid classes used for omega-3 supplementation, in 
particular the PL class (e.g., in the form of fish meal 
extract, krill oil, algae oil) is associated with stronger 
antisteatotic effects in the liver compared to TG-based 
omega-3 supplementation (e.g., fish oil, rTG). In addition 
to improving the bioavailability of mainly EPA in the 
hepatic PL fraction, omega-3 PLs appear to more 
effectively reduce hepatic DNL and modulate the 
production of bioactive lipids in both AT and liver, which 
may contribute to enhancing mitochondrial function, 
stimulating autophagy and reducing ER stress. 
Considering the superior antisteatotic effects of marine 
omega-3 PL, the involvement of extrahepatic tissues such 
as AT and the gut with its microbiome cannot be 
excluded. On the other hand, conducting comparative 
studies based on the administration of similar amounts of 
omega-3 using different supplementation forms is often 
technically very challenging. This is due to differences in 
the omega-3 content of various formulations, but 
potentially also to differences in the length of dietary 
intervention required for the onset of action of a given 
formulation in the context of the chosen experimental 
model. This fact makes it difficult to draw strong 
conclusions when comparing the antisteatotic efficacy of 
the various omega-3 formulations. 

Unfortunately, there are no studies in humans 
with MASLD where the effect of two or more lipid 
classes on fat accumulation in the liver has been 
compared as a primary outcome. Thus, randomized 
controlled trials of sufficient size and duration are needed 
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to test the efficacy of alternative lipid classes such as PL 
or WE used for omega-3 supplementation. Since omega-3 
should ideally be part of our normal diet, identifying the 
optimal class of lipids for supplementation may also be 
important for their possible co-administration with 
different drugs to further enhance treatment efficacy. 
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Summary 
The lifestyle of human society is drifting apart from the natural 
environmental cycles that have influenced it since its inception. 
These cycles were fundamental in structuring the daily lives of 
people in the pre-industrial era, whether they were seasonal or 
daily. Factors that disrupt the regularity of human behaviour and 
its alignment with solar cycles, such as late night activities 
accompanied with food intake, greatly disturb the internal 
temporal organization in the body. This is believed to contribute 
to the rise of the so-called diseases of civilization. In this review, 
we discuss the connection between misalignment in daily 
(circadian) regulation and its impact on health, with a focus on 
cardiovascular and metabolic disorders. Our aim is to review 
selected relevant research findings from laboratory and human 
studies to assess the extent of evidence for causality between 
circadian clock disruption and pathology.  
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Introduction 
 

Physiological processes are controlled to 
maintain homeostasis, the basic principle that sustains 

a stable balance in the body under changing 
environmental conditions. Since some of these 
environmental changes are regularly repeated in cycles, 
organisms have evolved a mechanism that allows them to 
respond appropriately in anticipation of the changes in 
order to achieve homeostasis more effectively. Such  
a mechanism requires an internal timer, a “clock” that 
tracks time endogenously [1]. The best understood 
mechanism, called the circadian clock (from the Latin 
circa-diem; about a day), generates approximately  
24-hour cycles that organize biological processes even in 
the absence of regular environmental cycles [2]. The 
circadian clock uses external signals that regularly 
oscillate with the period of the solar day to adjust its 
endogenous period to exactly 24 hours and achieve the 
correct phase relative to a particular time of day through 
a process known as entrainment [3]. The most important 
signal is the alternation of light and darkness, but other 
signals such as food availability, temperature, humidity, 
social interaction, the presence of predators, etc. are also 
relevant factors depending on the species. In everyday 
life, the human circadian clock is primarily controlled by 
exposure to light and food intake [2], i.e. by factors that 
are strongly dependent on the daily regime and lifestyle. 
 It is important to note that the presence of 
a circadian clock is not conditional for survival [4,5], 
especially for organisms that live in a constant 
environment where anticipation of environmental change 
is meaningless [6]. Such organisms are able to respond to 
a light/dark (LD) cycle and entrain to it in terms of 
behaviour and molecular rhythms, but become arrhythmic 
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immediately after transfer to constant darkness, as has 
been shown in the cavefish species Astyanax mexicanus 
[7]. However, organisms lacking the clock but living in  
a cyclic environment have been found to have shorter 
lifespans, whether in the laboratory [8] or in natural 
habitats [9]. The situation is even more detrimental when 
the clock is present but its resonance with the 
environmental and behavioral cycles is disturbed [10, 11]. 
This leads to the loss of internal synchrony between the 
clocks in our body, and eventually the circadian system 
cannot fulfill its role in predictive homeostasis. This 
situation applies to people living in contemporary 
societies where artificial light at night and unlimited 
access to food are predominant factors causing the 
internal desynchrony. 
 In this review, we contextualize data supporting 
the evidence that disruption of circadian regulation 
increases the risk of cardiometabolic disorders. The 
evidence comes mainly from experimental work in 
animal models, but also from studies in humans. Despite 
the exponential increase in our knowledge of these 
processes and the flood of reviews on this topic in the 
scientific literature, we argue that still more studies are 
needed to prove a causal relationship. Understanding the 
impact of our everyday lifestyle preferences on our health 
could pave the way to mitigate the detrimental effects of 
technological development on human health. 
 
Complexity of the circadian system 
 
 There is a hierarchy between cellular circadian 
clocks in our body that determines their sensitivity to 
external signals and their role within the circadian 
system. Light is the dominant signal for the mammalian 
central clock in the suprachiasmatic nuclei of the 
hypothalamus (SCN), which is the only clock capable of 
perceiving it directly via a connection to the retina [12, 
13]. The central clock entrains to a LD cycle and 
consequently drives 24-hour rhythms in multiple signals 
involving neural, hormonal and behavioral pathways to 
relay information about the time of day to peripheral 
clocks in other parts of the body (brain, liver, intestine, 
pancreas, heart, adipose tissue, etc.) (reviewed in  
[14-17]). The SCN has the most robust clock, whose 
sensitivity to non-photic rhythmic signals is much lower 
compared to light and depends on the signal, the species 
and the specific context (reviewed in [18]). 
 On the other hand, peripheral clocks depend on 
the non-photic signals derived from the SCN to maintain 

synchrony with the solar day (reviewed in [19]), although 
data suggest that individual clocks in the periphery may 
differ in their dependence on SCN signals [20]. For 
example, exposure of rats to constant light abolishes the 
rhythmic output of the SCN, as documented by 
behavioral arrythmicity, but affects clocks in the liver, 
duodenum and colon to a different extent [21]. One of the 
strongest entraining signals for most peripheral clocks are 
hormones such as glucocorticoids (reviewed in [22]), 
whose rhythmic production in the adrenal gland is under 
the control of the SCN [23, 24]. These hormones and 
their synthetic analog dexamethasone represent robust 
synchronizing cues for clocks not only in peripheral 
tissues [25], but also in extra-SCN brain regions [26, 27] 
and cell lines [28]. Nevertheless, even clocks in 
functionally related tissues of the gastrointestinal tract 
(jejunal mucosa, liver, renal cortex and epididymal 
adipose tissue) responded very differently to absence of 
circulating glucocorticoids due to adrenalectomy [29], 
demonstrating that signaling from the SCN to these 
clocks is tissue-specific and more complex. Changes in 
energy balance resulting from the feeding/fasting cycle 
controlled by the SCN clock are another example of  
a significant cue to which peripheral clocks in some 
tissues are highly sensitive [25, 30, 31]. However, 
similar to glucocorticoids, clocks in functionally related 
tissues of the gastrointestinal tract (liver, duodenum and 
colon) differ in their sensitivity to feeding [21]. 
Peripheral clocks also respond to other SCN-controlled 
signals such as body temperature cycles [32, 33] and 
autonomic nervous system activity (reviewed in [34]), 
but these are beyond the scope of our review.  
 All of these findings demonstrate that the 
synchrony between the clocks of the circadian system is 
fine-tuned to provide tissues with specific local temporal 
organizations in alignment with expected changes in the 
environment over the solar day. Understanding the 
complexity and specificity of the pathways that 
synchronize clocks in individual cells is one of the major 
challenges of chronobiology. 
 
How do circadian clocks control cellular 
processes? 
 
 The interaction between the molecular clock 
machinery and a specific physiological process begins at 
the cellular level. The circadian signal results from  
a mechanism based on mutually interlocked 
transcriptional-translational feedback loops (TTFLs) that 
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autonomously activate and inhibit the expression of a set 
of clock genes in cycles with a circadian period. The 
protein products of these clock genes serve as 
transcription factors that rhythmically activate (positive 
elements) or inhibit (negative elements) the expression of 
genes inside and outside the feedback loop. In this way, 
the TTFL drives the rhythm of a large number of clock-
controlled genes that encode either transcription factors 
or “functional” proteins directly involved in cell 
functions. The mechanism of mammalian TTFL has 
already been reviewed many times in detail [35-38], so 
we only provide a brief overview of the process here. At 
the core of the clock mechanism, a feedback loop is 
formed by Clock, Npas2 and Bmal1 (also known as Arntl) 
as positive elements and Per1,2,3 and Cry1,2 as negative 
elements. Bmal1 is the only clock gene whose absence 
cannot be substituted, as its functional paralog’s (Bmal2) 
expression is tissue-specific and dependent on Bmal1. Its 
rhythmic expression is controlled by a secondary 
feedback loop in which Rorα,β,γ and Nr1d1,2 (also 
known as Rev-Erbα,β) participate as positive and 
negative elements, respectively. In additional feedback 
loops, the rhythmic expression of Nr1d1,2 is directly 
controlled by Clock, Npas2 and Bmal1, and the 
expression of Rorα,β,γ is controlled by Dbp (regulated by 
Clock and Bmal1) and Nfil3 (also known as E4bp4, 
regulated by Rorα,β,γ and Dbp). All loops are 
interdependent, which enables their mutual coordination. 
The approximately 24-hour period of TTFL is maintained 
by complex posttranscriptional (e.g. RNA methylation) 
and posttranslational mechanisms mediated by several 
kinases (CK1ε, CK1δ, GSK3β, etc.), ubiquitin ligases 
(βTrCP, FBXL3,21), enyzymes involved in protein 
glycosylation, acetylation or SUMOylation that modulate 
the activity, stability or dynamics of the bidirectional 
nuclear-cytoplasmic transport of clock proteins (reviewed 
in [39]). It is important to note that although the genes 
referred to as “clock genes” are necessary for the clock 
machinery, they also fulfil functions outside the circadian 
system. Therefore, genetic deletion of any of the clock 
genes can affect the function of the clock, but also disrupt 
other cellular functions via clock-independent me-
chanisms [40-42]. Conversely, since TTFL-indepen-dent 
[43] circadian regulation has been documented as a likely 
evolutionarily conserved mechanism even in human cells 
[44], deletion of the clock genes may theoretically not 
abolish rhythmicity at all levels of biological regulation. 
 While the vast majority of cells are capable of 
generating cellular circadian rhythms, there is great 

variability in the self-sustainability and robustness of the 
rhythms, which is largely determined by the level of the 
intercellular communication network that facilitates 
rhythmicity at both the cellular and tissue level. The SCN 
is a unique example of a clock built of cellular oscillators 
that are more or less self-sustaining when separated from 
each other [45], but generate much more robust 
rhythmicity when their intercellular communication  
is preserved (reviewed in [13]). The intercellular 
communication depends on sodium channel action 
potentials [46], interneuronal neuropeptide signaling  
[47-49] and neuron/glia interactions [50-52]. In addition,  
a recent study pointed to the involvement of cilia in  
a subpopulation of SCN neurons as an important 
subcellular component for their synchronization [53]. For 
synchronization of the peripheral clocks, inter-cellular 
communication was not expected to be important [54], as 
they were thought to be driven by SCN-related signals. 
However, recent research has shown that such 
communication, which is likely paracrine, can contribute 
to the rhythmicity of cellular oscillators in hepatocytes 
[55]. These results indicate that the circadian system must 
be synchronized at multiple levels – level 1: with the 
external environment, level 2: between central and 
peripheral clocks, and level 3: between cellular oscillators 
in the same tissue. This organization highlights the 
potential multiple targets where the coherence of the 
circadian system can be compromised. 
 
What do we mean by chronodisruption?  
 
 The term chronodisruption was introduced as  
an equivalent to “circadian disruption” to refer to 
disrupted circadian regulation in consequence of 
misalignment of entraining signals with environmental 
cycles, causing internal desynchrony between oscillators 
in the organism. Many comprehensive reviews have been 
published on this topic [56-59]. 
 In pre-industrial communities that were 
dependent on sunlight, chronodisruption was unlikely due 
to behavioral activities associated with daylight and the 
onset of sleep linked to sunset. The spectrum and 
intensity of light from fire or the moon, the only available 
light sources, were not efficient enough to disrupt 
synchrony with the solar cycle as people spent much time 
outdoors and were maximally exposed to natural 
daylight. Moreover, the journey across time zones, if 
happened, took much longer than necessary to 
resynchronize the clock to solar time at the destination. In 
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the real life of modern societies where electric light 
sources are available, chronodisruption may result from 
the decision to postpone our activities to the time interval 
that our clock determines as "subjective night". It 
happens due to personal choices related to work 
requirements or leisure activities. Additionally, the use of 
artificial light to extend our active time into the night 
appears to be facilitated by our personal preference for 
timing of activity/sleep, known as chronotype [60-62]. 
The combination of these factors leads to chrono-
disruption.  
 Ambient electric light at night per se ("light 
pollution") is often blamed for chronodisruption and its 
health consequences. However, it is important to clarify 
that this light would not exist if there was no demand for 
people to be active at night and for most people in the 
population, unlike for animals and plants in the wild, 
exposure to light at night is actually controllable. Humans 
can adapt behavior to the conditions of life in urban 
society by exposing to outdoor light as much as possible 
during the day, shielding ambient light with blinds at 
night, and avoiding nighttime activities associated with 
light exposure whenever possible. Using the findings 
from chronobiology research provides us with a guide on 
how to properly synchronize our internal clock and points 
to the importance of such adaptation to the conditions of 
modern societal lifestyles. While light at night is 
massively medialized as a cause of chronodisruption, we 
hear much less about the lack of light during the day. City 
dwellers in particular spend most of the day indoors and 
are shielded from natural daylight [63]. Houses, schools 
and factory halls are often built with inadequate indoor 
lighting, and the intensity and spectral properties of light 
from electric bulbs cannot fully replace natural daylight. 
As a result, urban population is not exposed to sufficient 
natural daylight, which is crucial for proper entrainment 
of circadian clocks with solar cycle. Chronotype per se is 
also not the cause of chronodisruption, as people with late 
chronotype, who prefer to shift their activities to the late 
night hours, are able to entrain to the solar cycle by 
exposing themselves fully to natural daylight and 
avoiding light at night [64].  
 Furthermore, in real life, many people 
voluntarily place themselves in situations that lead to 
internal desynchronization when they are on trans-
meridian flights that span more than six time zones. 
Under such conditions, most people experience jetlag 
symptoms because their internal time is dictated by the 
endogenous clock, that is out of sync with the social time 

at their destination [65, 66]. These symptoms persist until 
their clocks attain resonance with the new environmental 
cycles and begin to fulfill their role in the temporal 
organization of physiological processes. For the majority 
of the population, such a situation is not frequent and 
long-term impact on health is not documented. 
Nevertheless, this is probably the best evidence of the 
benefits of having our clocks well-synchronized that each 
person can experience individually. 
 Of course, modern society requires human-
powered services around the clock, forcing part of the 
population to work during the night, expose themselves 
to intensive artificial light, and eat and sleep at 
inconvenient times of the day. Around 20 % of the 
world's population work night shifts, forcing them to be 
physically, mentally and metabolically active during their 
subjective night [67]. Despite progressive technological 
development, including robotization and artificial 
intelligence, many professions, such as healthcare, will 
continue to require human labour around the clock. 
Therefore, we need to understand the biological 
underpinnings of this altered human behavior and 
ascertain its link to pathology in order to reduce the 
detrimental impact on society's health. 
 
How to study chronodisruption?   
  

Using animal models, chronodisruption can be 
experimentally induced genetically (by disruption or 
alteration of molecular clocks in various organs), 
surgically (by removal of the suprachiasmatic nuclei as 
the site of the central clock) or by environmental 
conditions (by exposure to conditions that jeopardise 
synchrony between internal and social time). For the 
latter, several methods have been developed in 
chronobiological research that effectively induce internal 
desynchrony via various mechanisms, such as long-term 
exposure to constant light (LL), repeated shifts in the  
LD cycle, irregular LD regimen, a non-24-hour LD cycle, 
and decoupling access to food and sleep time. The 
research is mainly conducted with laboratory rodents, that 
are nocturnal species and differ in their sensitivity to the 
choronodisruption protocols [57, 68]. Therefore, the 
results can be translated to the human situation with 
limitations [69]. 
 In experimental research on humans, it is  
a question of ethical standards whether and to what extent 
subjects can be exposed to unfavorable conditions that 
could affect their health. The gold standard for 
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experimentally inducing chronodisruption is the forced 
desynchrony protocol [70, 71], in which subjects are 
exposed to a 20- or 28-hour daily regimen of the scheduled 
sleep/wake cycle and mealtime in dim LD cycle. The 
period of this cycle is too extreme for the SCN clock to 
entrain, so that after a few days it becomes uncoupled from 
the imposed sleep/wake cycle and begins to run freely with 
the endogenous period. As a result, such subjects sleep 
when their clocks are preparing their bodies for activity 
and vice versa, as is the case with night shiftwork. These 
studies provided important insights into the impact of 
chronodisruption on circadian organization at the level of 
circadian regulation of the transcriptome [72] and the 
development of pathology [73]. Strikingly, hyperglycemia, 
insulin resistance, poor glucose tolerance, increased arterial 
pressure, and reversed cortisol rhythms developped in 
human participants exposed to a forced desynchrony 
protocol when they were approximately 12 hours out of 
phase with the environmental LD cycle [73]. The 
advantage of these studies is their well-controlled design 
and the ability to accurately capture the actual state of the 
circadian clock, but they are limited by high costs and  
a small sample size that cannot achieve population 
representativeness. Therefore, large-scale, population-

representative studies are being conducted to analyze 
correlations between circadian misalignment and health 
parameters (see below). 
 
Multilevel effect of chronodisruption on 
circadian regulation in our body 
 
 Chronodisruption disrupts synchrony in the 
circadian system at all levels defined above. This is 
because the clocks in cell populations that span 
anatomical boundaries are sensitive to the same 
entraining signals, and the clocks in cells of the same 
anatomical structure can be sensitive to different 
entraining signals (Fig. 1). 
 Food intake restricted to rest/sleep time only 
(mistimed feeding) impairs synchrony between the SCN 
clock and clocks in metabolically relevant tissues [25]. 
However, the desynchrony has more levels. An example 
from our recent study showed that desynchrony can occur 
even between functionally distinct cellular 
subpopulations of the same organ [74]. We found that 
restricting food intake to the light phase in nocturnal 
animals (sleep time) robustly shifted the circadian clock 
in the pancreatic islets to feeding time, just like the clock 

 
 

 
 
Fig. 1. Circadian misalignment results from desynchrony among cellular oscillators. Circadian clock in different cell types (depicted by 
different shapes and colour) may differ in their sensitivity to rhythmic cues, such as light-dark cycle entrained SCN cues, activity or 
food, resulting in circadian misalignment between their rhythmic functions when the cues are out of sync with each other (for example 
due to social jetlag). Full vs. dashed arrows indicate differences in relative strength of entrainment. Created with BioRender.com 
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in the liver, but severely dampened the clocks in the cells 
of the exocrine pancreatic tissue [74]. The mechanism 
behind this effect was attributed to a different sensitivity 
of the clocks in these two functionally distinct cellular 
subpopulations to two different hormones, insulin and 
corticosterone. These hormones are released 
rhythmically, with their peaks synchronized under  
ad libitum conditions, but uncoupled under the reversed 
feeding protocol [74]. The effect of mistimed feeding on 
the suppression of the rhythmicity of the exocrine 
pancreas is rather unexpected and may underlie its 
dysfunction. It gives rise to speculation about its initially 
potential adaptive value. If food is not provided at the 
opportune and predictable time for a short period, it 
might be more advantageous to turn off the clock, which 
is not needed to anticipate it, but to operate on  
an "as-needed" basis to supply the organism with energy 
as needed for survival. An analogous situation arises for 
organisms living in an environment where there are no 
daily cycles (high latitudes, deep water/caves), where 
anticipating daily cycles is not meaningful [7, 75]. 
However, in the case of presence of daily cycles, such  
a situation leads to pathology. 
 
Experimental chronodisruption impairs 
cardiometabolic health – lessons from "old- 
fashioned" animal models 
 
 Research on the relationship between 
chronodisruption and cardiometabolic disorders has 
focused on revealing their causality. One of the “classic 
studies” demonstrating the impact of chronodisruption on 
cardiovascular health used tau mutant hamsters,  
an animal model with a spontaneously mutated clock. 
The hamsters carried a single autosomal mutation in the 
gene encoding the enzyme casein kinase 1 epsilon 
(CKIe), which resulted in a significant shortening of the 
period of free-running activity rhythms (to approximately 
22 hours in heterozygotes and 20 hours in homozygotes) 
[76]. Keeping the tau mutant hamsters in LD12:12 
shortened their survival time and led to the development 
of renal dysfunction and cardiomyopathy with fibrosis 
and impaired contractility. This effect occurred only in 
the heterozygotes but not in the homozygotes, which 
remained free-running because the LD cycle was out of 
entrainment range for their SCN clock [77, 78]. Survival 
and pathology was improved if the heterozygotes were 
either SCN lesioned and thus became arrhythmic, or if 
they were maintained on their endogenous day length of 

22 hours (LD11:11). These studies paved the way for the 
current understanding that long-term maladaptation to 
environmental cycles, which is highly relevant to the 
human situation, has adverse health impact. Moreover, 
these studies showed that such a situation is more 
harmful than that resulting from the absence of the clock 
or its inability to predict environmental cycles [79]. In 
this case, when investigating the impact of a non-resonant 
clock on health, the tau mutant hamster was discovered 
not only as a model with a mutated clock, but also as  
an experimental model for the cardiovascular disease.  
 The opposite approach was based on the study of 
the circadian phenotype of an animal model already 
known for the spontaneous development of 
cardiometabolic disorders, namely the spontaneously 
hypertensive rat (SHR), that identified the rat strain as  
a model for a maladapted circadian system [80, 81]. The 
SHR strain has been used as a popular model to study the 
mechanism of hypertension since its introduction in the 
early sixties of the last century [82], and later it was also 
used as a model for attention deficit hyperactivity 
disorder (ADHD) [83] or metabolic syndrome [84]. From 
this perspective, and in comparison to mouse models with 
targeted deletion of a single gene, the model is considered 
outdated for studies on the mechanisms of disrupted 
circadian regulation. However, the pathophysiology of 
most disorders, including hypertension or ADHD, 
involves multiple genes and signaling pathways, so this 
model remains a valuable complementary tool for 
studying the complex mechanisms involved in the 
development of these disorders. Several earlier studies 
pointed to the possibility that circadian regulation in SHR 
differs from that of normotensive controls. In particular, 
the early discovery that the day/night ratio of blood 
pressure is reduced [85] and sleep patterns are modulated 
[86] prompted investigation of the circadian system in 
SHR. One study reported increased expression of the 
vasoactive intestinal polypeptide (VIP) gene in the SCN 
of SHR [87], which may influence SCN clock function 
by enhancing intercellular communication [49]. The 
finding fits with a recent report that SCN-driven 
behavioral rhythms are more stable and less fragmented 
in SHR [88]. However, the amplitude of clock gene 
expression profiles in the SCN of SHR was not reduced 
[80]. The period of the peripheral clock of SHR 
fibroblasts measured in vitro with real-time recordings of 
the Bmal1-dLuc reporter also did not differ from that of 
controls [32]. Furthermore, although SHR did not differ 
in level of locomotor activity in LD12:12 or constant 
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darkness compared to normotensive controls, the 
amplitudes of SHR activity rhythms were reduced in both 
conditions [80]. For the clock gene and clock-controlled 
gene expression profiles in the peripheral tissues of SHR, 
higher amplitudes were reported in the heart but not in 
the aorta [89] and liver [80], while a reduced amplitude 
was found in the colon [80]. In addition, the onset of 
behavioral activity and phases of clocks were 
significantly advanced in the SCN and colon in SHR 
compared to controls [80]. This reflects the positive phase 
angle of entrainment of their clocks relative to the LD 
cycle, which resembles an earlier chronotype in humans 
(see below).  
 Even more striking evidence of the abnormal 
circadian phenotype of SHR came from the finding that 
SHR were more sensitive to mistimed feeding compared 
to controls. SHR developed earlier and more pronounced 
anticipatory activity prior to the presence of food, and 
their activity profile shifted entirely to mealtime, in 
contrast to control rats, which only redistributed their 
activity into two bouts, one nocturnal and one associated 
with the anticipation and presence of food [81]. As  
a potential mechanism, the expression rhythm of clock 
gene Bmal2 (a paralog of Bmal1) increased in the liver of 
SHR in contrast to controls and was advanced to a similar 
phase as Bmal1 due to the altered feeding regime. It is 
tempting to speculate that the higher response of the 
Bmal2 gene to mistimed feeding was likely the reason 
why the expression profiles of other clock genes were not 
attenuated as in controls and were more shifted to 
mealtime in SHR, because the facilitated 
BMAL2::CLOCK-mediated transactivation could assist 
the canonical BMAL1::CLOCK mechanism and enhance 
clock oscillations [81]. Since Bmal2 expression in the 
liver is dependent on its paralog Bmal1, the data are 
consistent with other studies showing a possible direct 
link between the pathological phenotype of SHR and the 
circadian system through an association between Bmal1 
promoter polymorphisms and metabolic syndrome in 
SHR [90]. A better understanding of the mechanisms 
would be necessary as the Bmal1 promoter acts as one of 
the major "hubs" linking the circadian system to 
metabolism (reviewed in [91]). 
 Surprisingly, despite the well-defined 
cardiometabolic pathology and circadian abnormality of 
SHR, evidence for their causal relationship is sparse, and 
the important question of whether circadian system 
dysfunction is involved in the development of the disease 
remains to be answered. Nevertheless, several studies 

suggest that strengthening circadian regulation may 
improve the pathologic phenotype of SHR. The 
introduction of a regular feeding regime at an appropriate 
time of day led to a restoration of the diurnal rhythm of 
blood pressure as well as clock- and metabolism-related 
gene expression in cardiovascular tissues [92]. In 
addition, caloric restriction prevented hypertension in 
SHR [93]. In our opinion, the most compelling evidence 
comes from a study in which both circadian disruption 
and pathology were reversed by aligning the developing 
clocks of SHR pups with LD cycle since birth [94]. 
Maternal care provided by a foster mother of  
a normotensive control strain (Wistar rat) promoted the 
development of rhythmic Bmal1 expression in the SCN 
clock as well as the clock-driven activity/rest rhythm in 
SHR pups. Importantly, the activity/rest rhythm of the 
pups was aligned with the external LD cycle, thereby 
protecting the SHR pups from developing the typical 
phase-advanced phenotype. Surprisingly, proper 
entrainment of the circadian system by maternal care was 
able to improve the dampened rhythm of the colonic 
clock as well as certain cardiovascular functions. 
Specifically, the increase in heart rate that SHR 
spontaneously develops with age was not present in 
offspring raised with aligned circadian clocks [94]. The 
results provide evidence that modulation of circadian 
regulation can attenuate pathological symptoms in SHR, 
even when the development of heart rate is genetically 
programmed. 
 
What can we learn from human population 
studies? 
 
 It is estimated that up to half of the population in 
industrialized societies have a circadian clock that is out 
of sync with their daily schedule [95], with 
cardiovascular [96, 97] and metabolic [98, 99] diseases 
being the most common consequences. As mentioned 
above, population-based studies are an alternative way of 
gaining insight into the relationship between 
chronodisruption and human health. Their advantage is 
that they reflect the real situation in a larger population 
sample, but their disadvantage is low level of their 
control and the fact that they cannot prove causality, but 
only correlation with a study-specific degree of statistical 
power, which makes the conclusions less straightforward. 
Here the postulate "the larger the sample, the higher the 
statistical power" appears to be even more relevant. It is 
also important to keep in mind that this type of study 
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requires multifactorial statistics. Let us give an example 
of a pitfall when the multifactorial complexity is 
underestimated. In the literature and in the media, we are 
confronted with statements such as "light pollution 
causes cancer because it is more common in people who 
live in larger cities and thus are exposed to more light at 
night". This statement is based on making a causal link 
between the light-induced suppression of nocturnal 
production of the hormone melatonin in the pineal gland 
and the results indicating a possible protective role of the 
hormone in the development of certain types of cancer. It 
may be true that there is more light pollution in larger 
cities, and it may also be true that cancer is more 
common in larger cities, but can we really approximate 
causality so simply? Although these two factors could 
hypothetically be related, their direct link is rather vague 
and supported by weak evidence. Urban populations are 
certainly more exposed to many other potent cancer risk 
factors than rural populations. Furthermore, there is 
insufficient evidence that the light-senstitive melatonin 
produced in the pineal gland is responsible for the 
anticancer effects, considering that its main physiological 
role is to transmit information to the organism about the 
changing ambient light. Instead, it is more likely that the 
presumably not photosensitive melatonin produced in 
various tissues plays a role in these processes [100]. As 
mentioned above, nocturnal light is undoubtedly a 
dominant factor that disrupts the synchrony of the 
circadian clock with the LD cycle, but the same is true for 
ambient lighting in the city and for indoor light emitted 
by overhead lamps or electronic devices such as 
televisions or computer monitors. It is well documented 
that constant light, when chronic, disrupts circadian 
regulation in nocturnal species that are highly light-
sensitive, however, it does not affect their sleep but their 
activity during nocturnal wakefulness [101]. In humans, 
the opposite is true: light at night impairs sleep. In 
addition, recent evidence suggests that the mechanism by 
which the SCN clock perceives light from the retina 
differs between nocturnal rodents and humans [102]. 
These facts point to the limitations of simply transferring 
the data on the effects of light from nocturnal animals to 
humans. 
 Most population-based studies on the prevalence 
of chronodisruption are based on online internet surveys, 
which, although aimed at a large cross-national sample, 
are not fully representative (limited internet access, 
language barrier, level of interest, etc.). Filling out 
specialized questionnaires can also involve a bias 

resulting from knowledge of the purpose for which they 
are created. This can be overcome by a more difficult and 
more labor- and cost-intensive population-representative 
study, which may, however, be limited by political 
geography (country). Therefore, the results of both 
approaches are valuable for population-wide 
explorations. 
 Numerous studies that provided evidence of  
an association between chronodisruption and impaired 
health focused on pre-specified subpopulations, e.g., shift 
workers, specific employment types or extreme 
chronotypes. Rotational shift work is the most 
devastating factor associated with increased 
cardiovascular risk, obesity, high triglyceride and low 
HDL cholesterol levels as markers of the development of 
metabolic syndrome [103]. Interestingly, in the 
population of non-shift workers similar cardiovascular 
and metabolic health markers correlated with (1)  
an extreme chronotype, defined as a preference for sleep 
time on free days significantly deviating from the 
population mean [63, 104-106], and (2) social jetlag, 
defined as the extent of misalignment between sleep time 
on work days and free days [107-110]. Chronotype and 
social jetlag are closely inter-related and positively 
correlated, and both concepts have been described in 
more detail elsewhere [62, 111]. Therefore, population 
studies indicate that chronodisruption, resulting from the 
maladaptation of the internal clock to solar time, whether 
induced by shiftwork or other lifestyle factors, exerts  
a comparable impact on cardiometabolic health.  
 
Conclusion 
 
 Technological development is accelerating 
rapidly and outpacing human evolutionary adaptation. 
There is strong evidence that chronodisruption results 
from this conflict and is associated with adverse health 
outcomes, of which cardiometabolic disorders are the 
most prevalent. To avoid the impact on our health, human 
society cannot return to preindustrial lifestyle. Instead, 
further research is needed to uncover the underlying 
mechanisms to propose strategies for knowledge-based 
adaptation of our everyday life and protection of human 
health in the face of rapidly evolving environmental 
changes. 
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Summary 
Cardiovascular diseases are the most important cause of 
morbidity and mortality in the civilized world. Stenosis or 
occlusion of blood vessels leads not only to events that are 
directly life-threatening, such as myocardial infarction or stroke, 
but also to a significant reduction in quality of life, for example in 
lower limb ischemia as a consequence of metabolic diseases. The 
first synthetic polymeric vascular replacements were used 
clinically in the early 1950s. However, they proved to be suitable 
only for larger-diameter vessels, where the blood flow prevents 
the attachment of platelets, pro-inflammatory cells and smooth 
muscle cells on their inner surface, whereas in smaller-diameter 
grafts (6 mm or less), these phenomena lead to stenosis and 
failure of the graft. Moreover, these polymeric vascular 
replacements, like biological grafts (decellularized or devitalized), 
are cell-free, i.e. there are no reconstructed physiological layers 
of the blood vessel wall, i.e. an inner layer of endothelial cells to 
prevent thrombosis, a middle layer of smooth muscle cells to 
perform the contractile function, and an outer layer to provide 
innervation and vascularization of the vessel wall. Vascular 
substitutes with these cellular components can be constructed by 
tissue engineering methods. However, it has to be admitted that 
even about 70 years after the first polymeric vascular prostheses 
were implanted into human patients, there are still no functional 
small-diameter vascular grafts on the market. The damage to 
small-diameter blood vessels has to be addressed by 
endovascular approaches or by autologous vascular substitutes, 
which leads to some skepticism about the potential of tissue 
engineering. However, new possibilities of this approach lie in the 
use of modern technologies such as 3D bioprinting and/or 

electrospinning in combination with stem cells and pre-
vascularization of tissue-engineered vascular grafts. In this 
endeavor, sex-related differences in the removal of degradable 
biomaterials by the cells and in the behavior of stem cells and 
pre-differentiated vascular cells need to be taken into account. 
 
Key words 
Blood vessel prosthesis • Regenerative medicine • Stem cells • 
Footprint-free iPSCs • sr-RNA • Dynamic bioreactor • Sex-related 
differences 
 
Corresponding author 
L. Bačáková, Laboratory of Biomaterials and Tissue Engineering, 
Institute of Physiology of the Czech Academy of Sciences, 
Vídeňská 1083, 14200 Prague 4 – Krč, Czech Republic. E-mail: 
Lucie.Bacakova@fgu.cas.cz 
 
Introduction 
 

Cardiovascular diseases are the leading cause of 
illness and death in the civilized world [1]. According to 
the World Health Organization (WHO), more than 30 % 
of deaths worldwide are caused by these diseases [2]. 
This is also true for the Czech Republic, where 
circulatory diseases accounted for over 40 % of all deaths 
in 2019, while cancer accounted for 25 % [3]. 

Ischemia of tissues supplied by damaged blood 
vessels, i.e. vessels with a significantly narrowed or 
closed lumen, manifests itself not only in serious life-
threatening disorders such as heart attack or stroke, but 
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also in a significant reduction in quality of life, e.g. the 
relatively frequent necrosis of lower limb tissues in 
diabetes. In the Czech Republic, there are more than  
10 000 sudden deaths due to heart attacks every year, and 
already in 2010 the number of patients with diabetes was 
around 600 000 - with at least 5 000 of them developing 
the 'diabetic foot' syndrome, leading to amputation of  
a limb - and these figures are rising.  

An interesting observation from clinical practice 
is that men are more susceptible to cardiovascular 
diseases than women, or at least more susceptible than 
women of childbearing age - after menopause, the 
susceptibility of women is equal to the susceptibility of 
men (for a review, see [4]). One of the reasons for the 
increased propensity of men to cardiovascular diseases is 
the increased readiness of vascular smooth muscle cells 
(VSMCs) to migrate and proliferate. In our earlier 
studies, VSMCs in cultures from male rats migrated and 
proliferated faster than VSMCs from female rats, even 
without the current presence of sex hormones in the 
culture medium (e.g. in a serum-free medium), or even in 
the case of VSMCs isolated from newborn rats. This 
difference also increased with the time of cell cultivation, 
i.e. with the number of passages in the culture (for  
a review, see [5]). However, some studies suggest that 
this VSMC behavior is androgen-dependent after all - i.e. 
it is established prenatally by the action of these 
hormones, which apparently induce irreversible changes 
in the expression of some genes. For example, it has been 
described that in spontaneously hypertensive rats (SHR), 
the blood pressure reaches significantly higher values in 
males than in females [6] and depends on prenatal 
androgen synthesis due to gene expression in the SRY 
locus on the Y chromosome [7]. Androgens, among other 
things, increase the sensitivity of VSMCs to adrenergic 
hormones, and this persists throughout the whole life of 
the animals, even without the current presence of 
physiological levels of androgens, e.g. after castration of 
rats [8]. In addition, VSMCs from the aorta of 
spontaneously hypertensive male rats were significantly 
more sensitive to proliferation stimulation by angiotensin 
II in vitro than female VSMCs [6]. In contrast, estrogens 
have a rather antiproliferative effect on VSMCs [9–11].  

In healthy blood vessels under physiological 
circumstances, vascular smooth muscle cells (VSMCs) 
are in a quiescent, non-proliferative, differentiated 
contractile state. An important factor that keeps them in 
this state is the endothelial barrier. However, this barrier 
can be damaged – both mechanically, e.g. by 

hypertension, and also biochemically – e.g. due to 
metabolic disorders such as elevated levels of glucose, 
cholesterol or homocysteine, the presence of oxygen 
radicals, nicotine, etc. Substances that are not present in 
the vascular wall under physiological conditions then 
reach the VSMCs, such as growth factors from the blood, 
especially platelet-derived growth factor (PDGF), and 
also vascular endothelial growth factor (VEGF), 
epidermal growth factor (EGF), fibroblast growth factor 
(FGF), nerve growth factor (NGF), and insulin-like 
growth factor-1 (IGF-1) (for a review, see [1,5]). The 
blood vessel is further infiltrated by other proteins from 
the blood, such as albumin, immunoglobulins, and lipidic 
substances, and also by pro-inflammatory cells such as 
leukocytes, lymphocytes, monocytes, macrophages and 
mast cells. These cells synthesize chemokines and 
cytokines, e.g. interleukins (e.g. interleukin-1), tumor 
necrosis factors (TNFs, e.g. TNF-α) and monocyte 
chemoattractant protein-1 (MCP-1), as well as 
metalloproteases (MMPs, e.g. MMP-2, MMP-9 and 
MMP-13), degrading the extracellular matrix (ECM) of 
the vascular wall. All these factors then stimulate the so-
called phenotypic modulation of VSMCs, manifested by 
the transition from the contractile phenotype to the 
synthetic phenotype and by activation of the migratory 
and proliferative activity of VSMCs (for a review, see 
[1,5]). 

The migratory and proliferative activity of 
VSMCs can be so massive that, together with the 
synthesis of ECM molecules, their calcification and the 
deposition of lipidic substances (mainly cholesterol), it 
leads not only to narrowing of the lumen of the damaged 
vessel, but also to its complete closure. It is not without 
interest that for this reason some researchers, especially 
in the 1970s, equated VSMC proliferation with tumor cell 
growth and viewed atherosclerotic lesions as "benign 
VSMC tumors" [12,13]. The finding of a connection 
between viral infection (which is the cause of some 
tumors) and the subsequent proliferation of VSMCs 
contributed to this view [14]. Even one of our own earlier 
studies [15] indicated a connection between the increased 
proliferative activity of VSMCs and the presence of 
pathogens in the organism. VSMCs in cultures derived 
from the aorta of specific pathogen-free (SPF) rats 
migrated later from explants of the tunica media and 
intima complex and proliferated more slowly than 
VSMCs from rats reared under standard conditions in the 
presence of microorganisms in the surrounding 
environment and in the rat organism. Nevertheless, the 
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increased growth activity of VSMCs, rather than tumor 
growth, is a manifestation of high regenerative capacity 
of these cells, which exceeds the current need to repair 
the damaged vessel and becomes counterproductive, i.e. 
leading to irreversible damage and obstruction of the 
vessel and the need for its replacement. Furthermore, 
VSMCs are not the only proliferating cell type in the 
vessel wall – macrophages also proliferate there. Their 
proliferation is induced by the macrophage colony-
stimulating factor (M-CSF), and some authors have 
attributed even greater importance to it in the pathology 
of the vascular wall (especially for the formation of 
atherosclerotic lesions) than to the proliferation of 
VSMCs themselves [16,17]; for a review, see [5]. There 
are also sex-related differences not only in the propensity 
to cardiovascular diseases but also in the manner of their 
manifestation. For example, an increase in vascular 
stiffness, which is associated with a higher risk of 
cardiovascular morbidity and mortality, is likely sex-
specific. In Dahl salt-sensitive rats, the ultrastructure of 
mesenteric arteries showed significant increases in 
collagen and smooth muscle cell areas, which altered the 
mechanics and hemodynamics of these arteries and led to 
higher blood pressure in male rats than in female rats 
[18]. In coronary artery disease, men are more prone to 
lipid-rich and inflammatory plaques, while women are 
more likely to develop fibrous plaques, based on 
endothelial dysfunction and phenotypic modulation of 
VSMC [19]. It is widely accepted that during coronary 
artery disease (CAD), men develop less stable 
atherosclerosis plaques than women. In CAD, recent 
studies have revealed that genes more active in men were 
associated with the immune system, while genes more 
active in women were associated with mesenchymal cells 
and endothelial cells [20]. However, in mice with 
metabolic syndrome, VSMCs from male donors were 
more prone to dedifferentiation, i.e. loss of contractile 
markers (leiomodin 1 and calponin) than the cells from 
female donors. This loss was induced by 
thrombospondin-1, the expression of which depended on 
the level of testosterone [1]. In aortic valve stenosis, 
which is driven by fibrosis and calcification of the aortic 
valve leaflets, annexin A2 and cystatin C increased the 
osteoblast-like differentiation of valve interstitial cells 
(VICs) from male pigs, while in female VICs, these 
inflammatory proteins promoted activation to 
myofibroblasts, manifested by increased expression of 
genes for α-actin and type 1 collagen [21].  

This review summarizes the possibilities of 

surgical treatment of blood vessel obstruction, especially 
of small and medium-diameter vessels, mainly by 
replacing them or bypassing them with synthetic and 
biological vascular substitutes. The review takes into 
account the experience of our group in this field, in the 
context of the worldwide trends in the design of vascular 
substitutes, especially in recent years (2022-2023), 
including different approaches to patients according to 
their sex. 

 
Surgical treatment of blood vessel 
obstruction and vascular substitutes 

 
Vessels affected by stenosis and obliteration can 

be treated with endovascular (catheterization) 
approaches, such as balloon angioplasty and stenting, or 
with surgical approaches such as endarterectomy of short 
arterial segments. However, if these approaches fail, it is 
necessary to replace the damaged vessel - either directly, 
i.e. by resection and interposition grafting with end-to-
end anastomoses, or by bridging the damaged section of 
the vessel by a so-called by-pass with end-to-side 
anastomoses, i.e. another patent vascular structure. 
Important vascular replacements often used in current 
clinical practice are based on synthetic polymers - mainly 
on expanded polytetrafluoroethylene (ePTFE) and 
poly(ethylene terephthalate) (PET), or segmented 
polyurethane (PU), used mainly for the production of 
hemodialysis access grafts (for a review, see [22–24]). 
Synthetic polymeric vascular replacements have been 
used since 1954 when they were prepared from Vinyon N 
cloth; chemically poly(vinyl chloride). Vinyon N tubes 
were first tested on dogs in the form of tubular constructs 
bridging defects of the abdominal aorta [25], and then 
they were also used in human patients for replacements of 
resected aneurysms of the abdominal aorta [26].  

However, it should be noted that past and 
present synthetic vascular replacements have been 
commonly clinically applied in a cell-free form, i.e. 
without reconstructed physiological layers of the blood 
vessel wall. These layers include the tunica intima, i.e. 
the inner layer containing endothelial cells; the tunica 
media, i.e. the middle layer formed by smooth muscle 
cells, and the tunica adventitia, i.e. the outer layer 
containing fibroblasts, adjacent nerve fibers, and also 
smaller vessels and capillaries, referred to as vasa 
vasorum. Synthetic polymeric vascular grafts therefore 
behave more or less passively – at least they lack an 
endothelial layer, which in its mature confluent state is 
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considered the best way to prevent graft thrombosis, and 
they also lack a layer of smooth muscle cells, ensuring 
the contractile and relaxing function of the vessels. 

Expanded PTFE, PET and PU, used for the 
manufacture of currently clinically used vascular 
prostheses, are highly hydrophobic polymers, and are 
therefore primarily unsuitable for the adhesion and 
growth of cells that require moderately hydrophilic 
surfaces. However, the blood proteins mediating cell 
adhesion (e.g. fibronectin, vitronectin) are adsorbed on 
the inner surface of the prostheses, which is followed by 
the adhesion of platelets, inflammatory cells and VSMCs. 
VSMCs reach the vascular substitute from the margins of 
its anastomosis with the original vessel, from the tunica 
adventitia, and also arise from VSMC precursors present 
in the blood (for a review, see [24]). In larger-diameter 
replacements, the adhesion of platelets, immune cells and 
VSMCs is made difficult or impossible by the fast and 
strong blood flow, and such replacements may therefore 
remain patent for a long time. However, in small-
diameter vascular grafts, usually 6 mm or less, these 
processes result in thrombosis, inflammation, and 
excessive proliferation of VSMCs in an attempt to 
regenerate the damage, and finally stenosis and failure of 
the vascular replacement.  

Clinically-used small-diameter vascular 
replacements mostly include an aortocoronary bypass 
[27,28], then bypasses of the lower limb, especially 
below-knee bypasses [29], as well as extracranial-
intracranial bypasses, e.g. between the middle cerebral 
artery and the superficial temporal artery or the vertebral 
artery [30]. Small-diameter vascular replacements are 
burdened with the highest incidence of complications, 
leading to stenosis or complete closure of the 
replacement. In principle, it can be said that there are 
currently practically no long-term functional 
replacements for vessels of small diameter (6 mm and 
less) on the market. Thus, even approximately 70 years 
since the first vascular replacements were implanted 
(1952-1954), the design of functional small-diameter 
vascular replacements remains literally a “search for the 
Holy Grail” in the field of vascular tissue engineering 
[31,32]. 

 
The “dead end” of tissue engineering 

 
Some renowned authors believe that vascular 

tissue engineering has now come to a "dead end" or needs 
to cross a “death valley” [24]. This is explained by the 
fact that the leading force in this field is no longer exerted 

by vascular surgeons. Leading roles have been taken over 
by basic research scientists who are detached from 
clinical practice, and have been unaware that the 
construction small-diameter vascular replacements is no 
longer the "Holy Grail" of vascular tissue engineering! 
Endovascular treatments, such as percutaneous 
transluminal angioplasty and the introduction of an 
endovascular graft (i.e. a special fabric tube device 
framed with stainless steel self-expanding stents), are 
now considered to be sufficient, together with the 
replacement of damaged blood vessels by autologous 
arteries, which the patient's organism is considered able 
to provide in sufficient quantities. There may also be 
some frustration and disappointment, due to the inability, 
even after 70 years of designing vascular replacements, to 
construct functional and durable small-diameter vascular 
grafts. But should we not still try to construct these 
replacements - at least to have some backup in cases 
where endovascular treatment fails (e.g. due to fibrosis 
and calcifications), or where autologous vessels are not 
available (in elderly patients with comorbidities), or even 
just to avoid burdening the patient with additional 
surgery? Moreover, as Zilla et al. (2020) [24] point out, 
there is also a need for medium-diameter vascular grafts 
for dialysis patients, who are rapidly increasing in 
numbers with the development of medicine in modern 
times – and constructing these grafts would be another 
important task for vascular tissue engineering. In 
addition, vascular replacements are needed not only for 
the arterial system but also for the venous system – for 
example, lower limb vein diseases alone are very 
common, affecting approx. 25 % of adults in westernized 
societies (for a review, see [33]). Venous grafts are also 
needed to reconstruct the missing portal system in 
pediatric patients. For this purpose, human decellularized 
allogeneous veins recellularized using autologous blood 
have been used [33]. 

  
Autologous vascular replacements 

 
What options do we have for the design of 

small- or medium-diameter vascular replacements? 
Autologous vessels are considered the gold standard in 
this respect. These replacements contain physiological 
layers of the vessel wall - primarily a continuous layer of 
mature endothelial cells, which is considered the best way 
to prevent thrombosis, immune cell activation, and 
excessive VSMC migration and proliferation. Autologous 
vessels also contain VSMCs of mature contractile 
phenotype, providing the contractile and relaxing 
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function of the vascular replacement. Furthermore, 
autologous replacements are not burdened by the risk of 
immune reaction and subsequent graft rejection, nor by 
the risk of pathogen transmission, especially viruses and 
prions, as is the case with allogeneic or even xenogeneic 
replacements (for a review, see [22,23,34]). On the other 
hand, autologous transplanted tissue generally has some 
serious disadvantages. Firstly, it is usually only available 
in limited quantities, and secondly, obtaining it places an 
additional burden on the patient due to the additional 
surgery and damage to another site in the body. 
Moreover, certain tissues, when transferred to a new site 
in the body, have mechanical, biochemical and other 
properties that do not fully meet the requirements for 
their new function. A typical example is when venous 
grafts are used as arterial replacements, e.g. saphenous 
veins in aortocoronary bypass surgery [28]. These grafts 
are suddenly exposed to much higher blood pressures 
than they have been permanently adapted to, leading to 
endothelial damage, vascular distension, mechanical and 
biochemical damage to VSMCs and their subsequent 
efforts to regenerate, manifested by excessive migration, 
proliferation and proteosynthesis in these cells. All this is 
accompanied by thrombosis and adhesion of immune 
cells. The consequence is obvious - again the risk of graft 
stenosis. Although stenosis is treated in clinical practice 
by the insertion of a stent inside the vessel, this stent, 
usually metallic, further aggravates the mechanical 
damage to the endothelium, and there is also a risk of 
loosening and migration of the stent through the vessel. If 
the stent releases a drug that inhibits the unwanted 
proliferation of VSMCs, such as sirolimus (rapamycin), 
the endothelium, where proliferation and rapid 
regeneration of the damage would be desirable, is the first 
to be affected [35]. More recent approaches, in which our 
group has also participated, have attempted to replace 
intravascular stents with perivascular drug-eluting 
systems that simultaneously "wrap" the venous graft, 
giving it mechanical support and limiting its undesirable 
initial distension. In our earlier studies, we constructed  
a synthetic polymer-based outer vessel coating that 
released sirolimus. This system significantly limited the 
proliferation of VSMCs even without the presence of 
sirolimus - only on the basis of mechanical support - 
while preserving the viability of VSMCs and not 
damaging the endothelial layer [36–38]. Nevertheless, 
even this situation is not ideal, and calls for a search for 
other new options to replace irreversibly damaged 
vessels. 

History and present of tissue-engineered 
vascular replacements 

 
New options for replacing irreversibly damaged 

vessels consist in the creation of small- or medium-
diameter vascular grafts by tissue engineering methods, 
which will reconstruct at least the tunica intima and 
tunica media of the vascular wall (and optimally also the 
tunica adventitia). Standard tissue engineering methods 
include (1) the preparation of a suitable cell carrier or 
scaffold to act as an ECM analogue to anchor the cells, 
(2) the cellular component of the newly constructed 
tissue, and (3) appropriate signals (biochemical and 
mechanical) to induce the desired cell behavior. 
Researchers have been attempting to create vascular 
replacements using tissue engineering methods since the 
1980s. The work of Weinberg and Bell (1986) [39], who 
created an in vitro model of a blood vessel using a tubular 
matrix of bovine collagen, reinforced with a Dacron 
(PET) mesh, and populated with bovine adventitial 
fibroblasts, smooth muscle cells, and endothelial cells, 
may be considered the most prominent in this regard. To 
date, however, these efforts have not been crowned with 
success in achieving routine clinical application of 
constructs of this type, i.e. with all three layers of the 
physiological vascular wall reconstructed. Usually, only 
one layer has been reconstructed on these substitutes - 
initially, most often the endothelial layer, although 
attempts have also been made to reconstruct other layers, 
namely using autologous stem cells and skin fibroblasts. 

The first clinical use of tissue-engineered 
vascular grafts was reported by Herring et al. in 1984 
[40]. They implanted synthetic vascular prostheses that 
were in vitro endothelialized in the lumen. The first 
human implantation of a totally engineered blood vessel 
(TEBV) without any permanent synthetic support was 
carried out by Shin’oka et al. (2001) [41] as a pediatric 
pulmonary artery replacement, i.e., in low-pressure 
circulation. The first human use of TEBV in high-
pressure circulation was performed by L’Heureux et al. 
(2007) [42] as an arterio-venous (AV) hemodialysis 
access graft (Lifeline©, Cytograft, Inc.), and 
Wystrychowski et al. (2014) [43] reported the first 
implantation of an allogeneic nonliving AV graft within 
the Lifeline© study. Kato et al. (2016) [44] reported the 
first clinical application of an in vivo tissue-engineered 
graft composed of autologous subcutaneous 
encapsulation tissue (Biotube) used for patch repair of the 
pulmonary artery in a child. Gutowski et al. (2020;  
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a group of Laura Niklason) [45] first conducted a human 
trial for peripheral arterial occlusive disease (PAD) with 
totally bioengineered human acellular vessels (HAV; 
Humacyte©). As of 2023, HAV is being evaluated in 
seven trials to treat PAD and vascular trauma, and as a 
hemodialysis access conduit [46]. The implantation site 
for clinical evaluation of TEBVs has changed over the 
years from lower extremity bypass procedures to AV 
access grafts, for safety reasons and better surveillance 

opportunities. In the past, only a few trials were 
conducted on coronary artery bypass grafting [47,48]. 
Major clinical achievements in tissue engineering of 
vascular grafts together with landmark publications are 
summarized in Table 1 and are depicted in Fig. 1. It 
should be noted that these relatively successful implants 
have been used within limited clinical trials and are not 
widely available. 

 
 
Table 1. Clinical achievements and landmark publications regarding tissue-engineered vascular grafts. Abbreviations: arterio-venous 
(AV), bone marrow (BM), endothelial cells (EC), expanded polytetrafluoroethylene (ePTFE), months (M), not applicable (N/A), number 
of implants (No, n), polycaprolactone (PCL), poly(glycolic acid) (PGA), poly(lactic acid) (PLA), reference(s) (ref.), and vascular smooth 
muscle cells (VSMC). 
 

Author, year Clinical use Scaffold Cell type No Country Outcome Ref. 

Herring et al. 1984 Lower extremity 
bypass 

Dacron Autologous vein 
EC, one-stage 

seeding 

n = 18 USA Improved patency in 
non-smokers 

[40] 

Deutsch et al. 1990 
Zilla et al 1994 
Meinhart et al. 1997 
Deutsch et al. 2009 

Lower extremity 
bypass 

ePTFE Autologous vein 
EC, two-stage 
seeding, fibrin-

glue 

n = 341 Austria Improved patency, 
closing the gap 

between prosthetic 
and vein grafts 

[49–52] 

Laube et al. 2000 Coronary bypass ePTFE Autologous EC n=14 Germany Improved patency [47] 

Lamm et al. 2001 Coronary bypass Allogeneic 
saphenous vein 

Autologous EC n = 15 Germany Patency 80 % at 3M [48] 

Shin’oka et al. 2001, 
2005 
Hibino et al. 2010 
Sugiura et al. 2018 

Cavo-pulmonary 
conduits in congenital 

heart disease 

Bioabsorbable 
synthetic 

polymer: PCL-
PLA, PGA 

Initially 
autologous EC; 
then: BM cells; 

two-stage 
seeding 

n = 25 
grafts 
n = 19 
patches 

Japan Patent grafts, no 
aneurysm, rupture, 

infection, or 
calcification, 

reconstituted by host 
cells, some growth, 
7/25 (28 %) stenosis 

treated with 
angioplasty 

[41,53–55] 

Bockeria el al. 2017, 
2020 

Cavo-pulmonary 
conduits, in congenital 
heart disease (Xeltis© 

Switzerland) 

Bioabsorbable 
synthetic 

polymer: PCL-2-
U-4[1H]-

pyrimidinone 

N/A n = 5 Russia No graft-related 
adverse events, 

endogenous tissue 
restoration 

[56,57] 

Teebken et al. 2009 Replacement of iliac 
vein affected by a 

tumor 

Allogeneic 
decellularized 

vena cava 

Autologous EC n = 1 Germany Thrombosis at 4M 
due to recurrent 

disease and 
discontinuation of 

anticoagulation 

[58] 

Olausson et al. 2012, 
2014 

Pediatric portal vein 
Meso-Rex bypass 

Allogeneic 
decellularized 

iliac vein 

Autologous BM 
or blood cells, 

two-stage 
seeding 

n = 3 Sweden Patent; second graft 
needed twice 

[33,59] 

L’Heureux et al. 
2007 
McAllister et al. 
2009 
Peck et al. 2011 

AV access for 
hemodialysis, 

Lifeline©, Cytograft, 
USA 

N/A Autologous skin 
fibroblasts, cell 
sheets, seeded 
with vein EC 

n = 9 Argentina, 
Poland 

Primary patency 
78 % at 1M, 60 % at 

6M, 108 patient-
months of use 

[42,60,61] 

Wystrychowski et al. 
2014 

AV access for 
hemodialysis, 

Lifeline©, Cytograft, 
USA 

N/A Allogeneic 
fibroblasts, cell 

sheets, 
devitalized 

n = 3 Poland Primary patency 5M, 
7 days (unrelated 
death), and 3M 

[43] 
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Lawson et al. 2016 
Kirkton et al. 2019 
Jakimowicz et al. 
2022 

AV access for 
hemodialysis, human 

acellular vessel, HAV, 
Humacyte© USA 

PGA Allogeneic 
VSMC, 

decellularized 

n = 60 USA, 
Poland 

Secondary patency 
89 % at 12M and 
58 % at 60M, no 

infection or aneurysm 

[62–64] 

Gutowski et al. 2020, 
2023 

Lower extremity 
bypass, HAV, 

Humacyte© USA 

PGA Allogeneic 
VSMC, 

decellularized 

n = 20 Poland Secondary patency 
74 % at 48M and 
60 % at 72M, no 

infection or aneurysm 

[45,46] 

Kato et al. 2016 Pulmonary artery 
patch 

Autologous 
encapsulation 
tissue, Biotube 

N/A n = 1 Japan Patent graft at 7M [44] 

Nakayama et al. 
2018, 2020 

AV access for 
hemodialysis 

extension, Biotube Co, 
Ltd 

Subcutaneous 
mandrel implant, 

in-body tissue 
architecture 

N/A n = 2 Japan Stenosis at 24M and 
7M, both treated with 

angioplasty 

[65,66] 

Higashita et al. 2022 Lower extremity 
bypass extension, 
Biotube Co, Ltd 

Subcutaneous 
mandrel implant, 

in-body tissue 
architecture 

N/A n = 1 Japan Patent at 12M [67] 

 
 

 
 

Fig. 1. Clinical achievements in tissue engineering of vascular 
grafts. Created with BioRender.com 

 
 
However, commonly clinically used constructs 

that are declared on the market as "tissue-engineered 
vascular grafts" (TEVG) and that have been approved for 
current clinical practice include virtually only cell-free 
products based on decellularized allogeneic (i.e. human) 
matrices, such as Synergraft® or Cryovein® (CryoLife, 
Inc, Kennesaw, GA, USA) or on xenogeneic matrices, 
such as bovine Artegraft® or Procol® (both LeMaitre 
Vascular, Inc., Burlington, MA, USA; for a review,  

see [68]).  
Several chemically stabilized and/or 

decellularized matrices are also used to produce vascular 
patches, i.e., needed to repair vascular defects caused by 
surgical procedures such as endarterectomy, 
thrombectomy or embolectomy, after vascular injuries or 
even after damage to blood vessels due to trauma or 
cancer. Currently, chemically stabilized matrices derived 
from bovine pericardium (XenoSure®), porcine 
pericardium (BioIntegral® NoReact®), or decellularized 
porcine small intestinal submucosa (SIS, CorMatrix®, 
Aziyo®) are used for vascular patches, and also synthetic 
matrices, namely ePTFE (Propaten® Gore®) and PET 
(Vascutek®), and matrices from autologous vessels, 
similar to those used for blood vessel replacement. 
However, synthetic and biological matrices are used in  
a cell-free form, i.e. in a form that does not fully 
correspond to the physiological tissue. In addition, 
biological matrices are often stabilized with 
glutaraldehyde, making them potentially cytotoxic (for  
a review, see [23,34]). 

 
Newly-developed vascular grafts based on 
decellularized matrices 

 
The idea of using decellularized matrices in an 

acellular form continues to be developed even today. 
There are at least two important reasons for this. First, the 
use of decellularized matrices is a kind of "renaissance" 
of the older idea of using allogeneic or even xenogeneic 
transplantation of blood vessels and other organs in 
general. Unlike synthetic substitutes, these biological 
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substitutes have similar mechanical properties, 
architecture and biochemical composition. However, the 
main immunogenic factor is the presence of a cellular 
component. It has been found that by removing this 
cellular component, i.e. by decellularization, the tissue 
then loses a substantial part of its immunogenicity - up to 
90 % has been reported in the literature [69]. Second, 
acellular matrices are more easily approved for clinical 
use than cell-seeded matrices. Seeding matrices with cells 
usually requires processing the patient tissue outside the 
operating room, which is tightened prohibitively by new 
regulations [24]. EU legislation has become so strict that 
it is virtually impossible to implant constructs colonized 
with cells, not only allogeneic but also autologous cells 
from the patient. This is because it is usually necessary to 
remove the patient's cells from the operating room in 
order to seed, expand and differentiate them on the tissue-
engineered constructs in vitro. Another problem is the 
cultivation and cryopreservation of cells in media 
containing components of xenogenic or allogenic origin 
(e.g. fetal bovine serum, human platelet lysate).  
EU legislation includes the following standards and 
regulations: ASTM F3225-17, ISO 10993-1:2018, ISO 
7198:2016, EU 2017/745, EU 1394/2007 [70]. Therefore, 
in clinical practice, cell-free constructs are preferred, 
which could be colonized by cells only after their 
implantation into the patient's body. However, we believe 
that this situation is only temporary and that in the future, 
after the development of new technologies for the 
cultivation, preservation and further manipulation of 
cells, these rules will be adjusted to a more favorable 
form, tissue engineering will again find a place and all the 
efforts made for several decades will not be lost and will 
be crowned with success. 

In recent years, decellularized tubular matrices 
have been prepared e.g. from rat aorta [71], porcine 
thoracic aorta [72], porcine carotid arteries [73], bovine 
internal mammary arteries [74], human umbilical artery 
[75,76], human saphenous vein [77], submillimeter 
vessels of the human placenta [78], or from rolled human 
amniotic membrane [79]. Decellularized plant leaves, 
namely of Viburnum rhytidophyllum, combined with 
gelatin were also an interesting non-traditional material 
[80]. The mechanical properties of decellularized 
matrices have been further improved by crosslinking with 
genipin, which proved to be better than the traditionally 
used glutaraldehyde in terms of matrix biocompatibility 
[81]. In our earlier study, we also achieved similar results 
with genipin-crosslinked pericardium, which proved to be 

more advantageous not only in comparison with 
glutaraldehyde but also in comparison with tannic acid 
and nordihydroguaiaretic acid [82]. Crosslinking also 
significantly reduces the residual immunogenicity of the 
decellularized matrices (for a review, see [24]). To 
strengthen the mechanical properties of decellularized 
matrices, they have been used in combination with 
synthetic polymers, especially degradable polymers such 
as polycaprolactone (PCL) [71] or poly(L-lactide-co-ε-
caprolactone) (PLCL) [72]. Attempts have even been 
made to construct small-diameter blood vessels from 
synthetic polymers (e.g., PCL) seeded with cells (e.g., 
dermal fibroblasts) and secondarily decellularized, after 
the cells have deposited natural ECM proteins onto these 
polymers [83]. 

Decellularized matrices are important not only 
for the construction of small-diameter vascular grafts, but 
also in the context of Ross surgery. This is a cardiac 
surgical procedure in which the diseased aortic valve is 
replaced with the patient's own pulmonary valve, 
followed by the replacement of the pulmonary valve with 
a pulmonary homograft (i.e., allograft in more recent 
terminology). The valved homograft conduit was 
developed in the late 1960s, but its widespread use was 
limited by the lack of effective sterilization and 
preservation methods [84]. Modern cryopreservation 
methods have extended the shelf life of this conduit, but it 
is still at risk for degeneration and calcification, which is 
considered to be a result of immune rejection of this 
allogeneic implant [85]. In addition, conventional 
pulmonary homografts lack the additional growth 
capacity needed in pediatric patients. Therefore, a new 
and promising alternative approach has been to 
decellularize these homografts, which was expected to 
significantly reduce their immunogenicity and provide 
the possibility for spontaneous recellularization of these 
grafts with autologous host cells and their further growth 
[84,85]. 

In our studies, we also considered direct 
reconstruction of the aortic valve using decellularized 
autologous pericardium from the patients [82] or 
xenogenic (porcine) pericardium [86]. However, 
pericardium proved to have poor mechanical properties 
for these purposes - rather it could be used for vascular 
patches. However, some promising results were obtained 
in experiments in which autologous pericardium was 
"trained" in a dynamic bioreactor that stimulated the 
proliferation of its cellular component as well as the 
production and maturation of its ECM [87,88]. 
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The biological activity of decellularized 
scaffolds, including those combined with synthetic 
polymers, has been further improved by endowing them 
with various biomolecules, such as heparin [77] or 
salidroside [72] to increase their antithrombogenic 
activity, and hepatocyte growth factor [73] or VEGF [74] 
to increase their spontaneous endothelialization after 
implantation in experimental animals in vivo, such as rats 
[71,72,78,79] or rabbits [73]. In such improved vascular 
replacements, not only spontaneous endothelialization but 
also regeneration of the smooth muscle layer has often 
occurred [72,77,83]. However, it is important to note that 
although these beneficial effects occur in animal models, 
including large animal models (pigs), they usually do not 
occur in human patients - especially when the vast 
majority of patients requiring vascular replacement are 
already elderly and also suffer from a number of 
concurrent diseases. In other words, spontaneous 
endothelialization of vascular replacements cannot be 
relied upon in human patients, especially in terms of 
trans-anastomotic endothelial outgrowth or retention of 
the endothelial cell precursors from the blood. Some hope 
is placed in the endothelialization of vascular substitutes 
by a transmural ingrowth of capillaries from the outside 
into the vascular substitute, facilitated by its porous 
structure or degradability. However, it should be taken 
into account that there will not always be enough of these 
capillaries or small vessels around the implant [24]. In 
addition, in the case of VSMCs, problems such as their 
hyperplasia, leading to stenosis of the vascular graft, must 
be anticipated. This problem has often been addressed by 
the release of agents inhibiting migration and 
proliferation of VSMCs, e.g. rapamycin [71], but it would 
be more physiological to bring the VSMC behavior under 
control by the presence of a confluent endothelial cell 
layer and appropriate biochemical and mechanical 
signals. In other words, to create tissue-engineered 
vascular grafts for human patients, it is necessary to 
incorporate the cellular component into the scaffold 
before it is implanted, i.e. not to wait for secondary 
spontaneous cell colonization after implantation into the 
organism. 

 
Recellularization of decellularized matrices, 
reconstruction of the tunica media  

 
In our studies, we have therefore tried to further develop 
the idea of using decellularized xenogeneic and 
allogeneic matrices for creating small-diameter vascular 

replacements and vascular patches after their preliminary 
in vitro recellularization. The decellularized tissue can be 
recellularized with the patient's own cells - especially 
stem cells. We have investigated the recellularization of 
decellularized tissues mainly with mesenchymal stem 
cells (MSCs). These cells can be obtained from patients 
from their subcutaneous adipose tissue in autologous 
form, in reasonable quantities and by a relatively 
minimally invasive method, namely liposuction (for  
a review, see [89]). This method is less demanding and 
less painful than, for example, bone marrow aspiration, 
by which MSCs can also be obtained - many patients 
undergo liposuction quite voluntarily for aesthetic 
reasons. The use of adipose tissue-derived stem cells 
(ADSCs) is generally preferable to the use of already 
differentiated VSMCs, which may have a lower 
proliferative capacity, may undergo senescence earlier, 
and, in particular, would require subcutaneous veins or 
other vessels to be harvested, which would burden the 
patient with another demanding surgical procedure. 
Another source of MSCs for our studies was Wharton's 
jelly of the umbilical cord. Wharton's jelly stem cells 
(WJSCs) are usually used in allogeneic form, but they 
can be obtained in relatively large quantities without any 
surgery on the patient, and de facto from “biological 
waste”. Moreover, WJSCs are considered less mature 
than adult MSCs, i.e. standing on the borderline between 
pluripotency and multipotency. At least some markers of 
pluripotency have been detected in them (for a review, 
see [90]), which offers the possibility to differentiate 
them into all cell types present in the vascular wall, 
including endothelial cells. Last but not least, MSCs are 
generally considered to be poorly immunogenic or even 
immunomodulatory (for a review, [89]). In our recent 
study, where decellularized allogeneic or xenogeneic 
pericardium was recellularized with allogeneic WJSCs 
and was implanted as vascular patches in laboratory pigs, 
these WJSCs reduced neo-adventitial inflammatory 
reaction, patch resorption, as well as neo-intimal 
hyperplasia on xenografts, suggesting immunomo-
dulatory properties of WJSCs [23]. 

In our studies, we have used small-diameter 
porcine arteries for decellularization to create vascular 
substitutes (Fig. 2) and porcine pericardium to create 
vascular patches [23,86,91]. The attractiveness of these 
matrices for stem cell adhesion and growth was enhanced 
by modifying the matrices with fibrin, further endowed 
with heparin and VEGF. Differentiation of stem cells 
towards VSMCs was induced by the appropriate 
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composition of the culture medium, in particular by the 
presence of transforming growth factor-β1 (TGF-β1) and 
bone morphogenetic protein (BMP-4), and was further 
enhanced by mechanical stimulation in a lab-made 
dynamic bioreactor providing pulsatile pressure stress. 
The degree of stem cell differentiation towards VSMCs 
was assessed by the expression of α-actin, calponin-1 and 
myosin heavy chain at both mRNA and protein levels 
[23,86,91,92]. 

 
 

 
 
Fig. 2. Immunohistological staining of von Willebrand factor  
(A, C) and calponin (B, D) of endothelialized porcine carotid 
artery that had been decellularized and seeded with human 
adipose tissue-derived stem cells (A, B) or human bone marrow-
derived stem cells (C, D) for 14 days and human umbilical vein 
endothelial cells for two days of in vitro culture. Hematoxylin-
eosin staining of control native (E) and decellularized arteries, tile 
scan (F). A-E: Olympus IX 71 epifluorescence microscope, DP80 
digital camera; A-D: obj.×4, scale bar = 500 µm; E: obj.×10, 
scale bar = 200 µm; F: ZEISS Axio Scan. Z1 Slide Scanner, 
obj.×20.  
 
 

Differentiation of stem cells towards VSMCs 
can be induced not only by the composition of the culture 
medium and mechanical stimulation in a dynamic 
bioreactor, but also by the composition of the cultivation 
substrate. An interesting finding of our earlier 
experiments was that coating standard tissue culture 
polystyrene (PS) with collagen and fibronectin 
significantly increased the expression of calponin-1 and 
smoothelin, i.e. an intermediate and a late marker of 
VSMC differentiation, respectively, in ADSCs in 

comparison with the pure PS. The differentiation of 
ADSCs towards VSMCs was induced by a medium with 
TGF-β1 and BMP-4 (both in a concentration of  
2.5 ng/mL). However, the expression of both markers 
showed a tendency to decrease with culture time (from  
3 to 10 days), probably due to negative feedback from the 
synthesized protein (Fig. 3). 

 
New options for endothelialization of 
vascular replacements 

 
Pre-seeding decellularized matrices with stem 

cells facilitated proper endothelialization of these 
matrices. For this endothelialization under experimental 
conditions, we used already differentiated endothelial 
cells such as human umbilical vein endothelial cells 
(HUVECs). However, for clinical practice, it would be 
preferable to avoid the direct collection of differentiated 
endothelial cells from patients, which would again 
involve surgical removal of a blood vessel, e.g.  
a subcutaneous vein, followed by relatively demanding 
isolation of cells, lengthy propagation of the cells, and 
purification from other cell types. Even after the 
successful isolation and purification of endothelial cells, 
the proliferation of these cells takes a relatively long 
time, especially in elderly patients who are usually 
burdened by a number of comorbidities. When the 
endothelial cells are finally sufficiently proliferated,  
a special dynamic culture system is required to seed them 
onto the vascular prosthesis, often tens of centimetres 
long, where they are then cultured until they reach  
a confluent layer. Indeed, immature, non-confluent and 
proliferating endothelium can be thrombogenic and 
immunogenic. The whole process is quite time 
consuming and, as with any in vitro culture, there is a risk 
of microbial contamination or pathogen transmission due 
to the xenogenic components of conventional culture 
media. For these reasons, this technology referred to as 
two-stage endothelialization of vascular grafts is not 
routinely used in clinical practice, although it was 
developed years ago (for a review, see [22]), and even 
though Austria was able to comply with the existing strict 
European regulations and implement the two-stage 
endothelialization method of a vascular replacement at 
the Floridsdorf Clinic (see the newspaper article 
published on October 25, 2020; [93]). Previously,  
two-stage endothelialization of synthetic vascular 
prostheses has been clinically tested in infrainguinal 
prostheses in Vienna, Austria (Hospital Hietzing, [52]),
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Fig. 3. The influence of the cultivation substrate on the differentiation of ADSCs towards VSMCs. The correlation of relative mRNA 
expression of genes for calponin 1 (CNN1) and smoothelin (SMTN) in human adipose-derived stem cells cultivated in differentiation 
medium on standard tissue culture polystyrene (PS), PS coated with type 1 collagen (PS + Col) or with fibronectin (PS + FN). Measured 
by real-time PCR. Arithmetic mean ± SD from 2-3 samples for each experimental group and time interval. ANOVA, Student-Newman-
Keuls method. Statistical significance: * p≤0.05 in comparison with corresponding control PS samples. 

 
 

but also at the Université Victor Segalen, Bordeaux, 
France [94], in Berlin (Charité Hospital, Provitro GmbH; 
[95]). 

In the new era, however, as in the case of 
VSMCs, we have the opportunity to differentiate 
endothelial cells from MSCs, which can be isolated from 
the patient using less invasive methods (e.g., liposuction 
of subcutaneous fat, from blood or urine, or from the 
umbilical cord). However, such differentiation is difficult, 
incomplete or even impossible in the case of MSCs. 
MSCs are multipotent cells, i.e. (unlike totipotent and 
pluripotent cells), they are capable of differentiating into 
only a limited spectrum of cell types. They differentiate 
reluctantly towards endothelial cells, as common 
physiological biochemical and mechanical signals in vitro 
are usually not sufficient to induce polarization, i.e. 
functional specialization of the cytoplasmic cell 
membrane, typical for endothelial and epithelial cells  
(for a review, see [89]). 

Direct differentiation of MSCs into endothelial 
cells by physiological biochemical and mechanical 
signals could perhaps be possible in WJSCs. Although 
these cells are counted among the multipotent MSCs, due 
to their origin from (extra)fetal tissue they are 
phenotypically more immature and express some markers 
of pluripotency, such as OCT4, SOX2, NANOG and 
SSEA4 (for a review, see [90]). Appropriate composition 
of the culture medium, e.g., the presence of VEGF, EGF, 
IGF-1, FGF-2, hydrocortisone, heparin and vitamin C, 
combined with laminar shear stress in a bioreactor, could 
induce differentiation of WJSCs to endothelial cells. The 

potential of WJSCs to differentiate into endothelial cells 
was already shown in a study by Alaminos et al. [96]. 
Also, in our recent study [23], after implantation of 
decellularized matrices seeded with WJSCs into  
a laboratory pig, cells positive for CD31, one of the 
markers of endothelial cells, were found on these 
matrices. However, it cannot be excluded that  
CD31-positive cells migrated to the matrices secondarily 
from the pig organism, e.g. from the adjacent vascular 
wall, or were captured from the blood. 

For the purposes of vascular tissue engineering, 
endothelial cells can of course be generated from induced 
pluripotent stem cells (iPSCs) [97,98]. The iPSCs were 
first generated in 2006 from mouse embryonic or adult 
fibroblasts by introducing the genes for OCT4, SOX2, 
KLF4 and cMyc into these cells using a retroviral system 
[99]. Later, human dermal fibroblast-derived iPSCs were 
also generated in this way [100]. In 2007, human iPSCs 
were also generated from human fibroblasts by 
introducing genes for OCT4, SOX2, NANOG and LIN28 
using a lentiviral system [101]. However, iPSCs 
generated in this way are burdened with many 
disadvantages such as low efficiency of the conversion to 
iPSCs (0.01-0.1 %), incomplete reprogramming, genomic 
insertion associated with a risk of mutations, tumori-
genicity and also immunogenicity of iPSCs, which also 
hinder their potential introduction into clinical practice. 
For this reason, modern iPSCs of a new type are currently 
entering the scene. They are created not by DNA 
manipulation but by novel RNA technologies - 
specifically by inserting mRNA encoding transcription 
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Fig. 4. A: Capillary-like network formation in a collagen hydrogel with embedded HUVECs and ADSCs immigrating from an underlying 
fibrin-modified electrospun nanofibrous polylactide membrane after 14 days in culture. B: Immunofluorescence staining of β-actin (red) 
and calponin (green) in human ADSCs in collagen gels on day 14 of culture in EGM-2 medium. C: A monolayer of HUVECs originating 
from the openings (arrows) of capillary-like structures on the surface of the collagen hydrogel. A, C: Both cell types were stained with 
phalloidin for cytoskeletal F-actin (conjugated with Atto 488; all images; red), and with DAPI for cell nuclei (all images; blue). The CD31 
membrane marker of HUVECs was visualized by immunofluorescence (Alexa 633; turquoise). D, E: bottom and side view of the 
construct, where the collagen hydrogel was enriched with fibronectin (10 µg/ml). Both HUVECs and ADSCs were stained with phalloidin 
for the cytoskeletal F-actin (red), and with DAPI for the cell nuclei (blue). Von Willebrand factor, a marker of HUVECs, was visualized by 
immunofluorescence (green). Scale bar 50 µm. A, C, D, E: Dragonfly 503 spinning disk confocal microscope, obj. ×20 (A, D, E),  
obj. ×40 (C). B: Zeiss Z.1 light-sheet microscope, obj. ×10 for excitation, obj. ×20 for detection, zoom ×0.4 tile scans. 
 
 
factors of pluripotent cells, such as OCT4, KLF4, c-Myc 
and SOX2, into cells. Moreover, this mRNA can be in the 
synthetic and self-replicating form (sr-RNA), which 
eliminates the need for repeated transfection of cells. The 
sr-RNA encoding transcription factors OCT4, KLF4, 
SOX2, and cMyc, together with internal ribosome entry 
site (IRES) and the reporter green fluorescent protein 
(GFP), were used to generate so-called footprint-free 
iPSC-derived cardiomyocytes [102,103] or vascular 
endothelial cells from renal epithelial cells [104]. These 
cells can be isolated from patients' urine, and thus in  
an autologous form and by a completely non-invasive 
method. It could even be assumed that endothelial cells 
might be generated directly from WJSCs expressing at 
least some pluripotency markers by introducing sr-RNA 
encoding directly endothelial markers such as CD31, 
VEGF receptor 2 (KDR), VE-cadherin or von Willebrand 
factor. Recently, mRNAs encoding VEGF or runt-related 

transcription factor 2 (RUNX2), prepared via in vitro 
transcription, were administered into primary osteoblast-
like cells in vitro, derived from cranial bones of neonatal 
mice, or into rat mandible defects in vivo in order to 
promote osteogenic cell differentiation, vascularization 
and healing of the bone defect [105].  

 
Creating vasa vasorum, and spontaneous 
endothelialization of vascular grafts through 
these structures 

 
From the preceding text, it follows that from 

relatively readily available MSCs, such as ADSCs, 
WJSCs, and also bone marrow MSCs, VSMCs can be 
directly differentiated by biochemical stimulation with 
growth factors and other biomolecules and mechanical 
stimulation in a dynamic bioreactor. In addition, from 
these MSCs, endothelial cells could be differentiated 
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indirectly, i.e. using sr-RNA or mRNA for endothelial 
markers. Moreover, we can take advantage of another 
phenomenon that we have observed in MSCs 
(specifically ADSCs) and endothelial cells in a three-
dimensional collagen hydrogel, namely that these two 
cell types self-assembled into tubular capillary-like 
structures in which endothelial cells form an inner layer, 
and ADSCs attach externally in a pericyte-like manner 
(Fig. 4A). Interestingly, even the ADSCs themselves 
were able to form elongated capillary-like structures in 
the collagen hydrogel environment (Fig. 4B, D). As soon 
as the capillary-like structures in our experiments reached 
the surface of the construct, they emerged on it, i.e. they 
created openings, from which endothelial cells 
subsequently grew (spread) over the entire surface of the 
construct and formed a continuous layer on it  
(Fig. 4C, E). In other words, it would be possible in this 
way to achieve not only an endothelialized, but also  
a pre-vascularized blood vessel replacement or patch, i.e., 
with a pre-formed "vasa vasorum". Thus, we do not have 
to rely only on transmural vascularization and 
endothelialization of the vascular substitute after it has 
been implanted in vivo from its surroundings. Instead, we 
can move towards these phenomena by pre-
vascularization of the construct in vitro. Moreover, 
spontaneous outflow of newly-formed capillaries can be 
expected not only on the luminal surface of the vascular 
substitute or vascular patch, but also on the lateral and 
external sides. A phenomenon called inosculation, i.e. 
spontaneous connection of pre-capillaries to capillaries of 
adjacent tissues and thus to the systemic blood 
circulation, can then be expected at the sites of  
pre-capillary outflow [106,107]; for a review, see [24]. If 
ADSCs are in excess over endothelial cells in the matrix, 
only a fraction of them will be used for pericyte function, 
and the remaining fraction may be differentiated towards 
VSMCs - indeed, pericytes and VSMCs are similar 
incertain features, e.g. they express α-actin (for a review, 
see [89,92]). Similar phenomena were observed already 
in 1962 in the form of the penetration of the full wall 
thickness of knitted Dacron tubes, implanted into the 
abdominal aorta of baboons, by sprouting adventitial 
capillaries, which coalesced with the graft lumen and 
gave rise to expanding endothelial islands [108]. In 
another study, endothelial tubes formed in an agarose 
assay system were followed by multipotent murine 
embryonic cells, which then differentiated into VSMCs 
[109]; for a review, see [24]. 
 

The perspective of hydrogels for creating 
small-diameter vascular grafts 

From the point of view of both pre-
vascularization and transmural ingrowth of capillaries, 
hydrogels appear to be promising for the design of 
vascular replacements. However, they have rather weak 
mechanical properties, and are also prone to shrinkage by 
cells growing inside them. They therefore need to be 
strengthened and reinforced in some way - for example, 
with nanoparticles prepared by lyophilization and 
homogenization of collagen nanofibers created by 
electrospinning, as we have shown in our recent study 
[110]. In this study, we also took into account the 
appropriate composition of the media that would promote 
the endothelialization and also the differentiation of 
ADSCs towards VSMCs. In this respect, the so-called 
external drug delivery system, based on electrospun 
nanofibrous poly(vinyl alcohol) (PVA) nanofibers, 
releasing the platelet lysate continuously and for a long 
period of time, was the best option. Although the 
differentiation of ADSCs toward VSMCs was slower 
than in the “classical” differentiation medium for VSMCs 
containing TGF-β1 and BMP-4, the endothelialization of 
the construct was more homogeneous and continuous, 
which was accompanied by a minimum amount of gel 
shrinkage [110]. 

Synthetic hydrogels are also promising for the 
design of small-diameter vascular prostheses. In 
particular, vascular substitutes made of synthetic 
hydrogels, such as poly(N-acryloyl glycinamide) with an 
inner layer of zwitterionic fluorinated hydrogel [111], 
degradable poly(2-hydroxyethyl methacrylate) [112], and 
crosslinked PVA [113,114] have recently been 
experimentally tested. However, these substitutes were 
often acellular and bioinert in order to prevent the 
adhesion of platelets, pro-inflammatory cells and bacteria 
[111,112], or even to limit VSMC hyperplasia [113]. For 
incorporating a cellular component into these substitutes, 
such as endothelial cells [113] or VSMCs [115],  
a synthetic polymer was combined with a natural 
polymer, such as fucoidan, i.e. a sulfated polysaccharide 
with a similar structure to that of heparin [114], gelatin, 
e.g. in a gelatin-methacryloyl hydrogel (GelMa) [115], or 
a hydrogel prepared from vascular ECM and deposited on 
PCL scaffolds [116]. The mechanical properties of the 
hydrogels were further improved with various additives, 
e.g. graphene [112]. Hydrogel vascular substitutes have 
also been prepared by a modern method of 3D bioprinting 
the matrix together with cells [115]. 
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Modern technology I – 3D (bio)printing in 
creating small-diameter vascular grafts 

 
The modern technology of 3D bioprinting, i.e. 

simultaneous printing of a matrix, i.e. bioink, together 
with cells, is currently very popular for the construction 
of small-diameter vascular grafts, and provides hope for 
the commercialization of these products. For example, 
collagen, gelatin, hyaluronic acid, alginate, chitosan, 
GelMa, and poly(ethylene glycol) diacrylate (PEGDA), 
have been used as bioinks. Usually, only VSMCs have 
been printed together with the bioink, whereas 
endothelial cells have been seeded into the lumen of the 
tubular structure only secondarily. However, techniques 
capable of printing endothelial cells into the vascular 
substitute have already been developed (for a review, see 
[117]). In a recent study by some members of our group, 
a porcine collagen hydrogel was printed together with 
ADSCs [118]. Such constructs could then be used as 
vascular patches for pre-clinical studies on large animals 
(pigs), because, as known from other studies by our 
group, these cells can be differentiated towards VSMCs 
by an appropriate composition of the culture medium and 
mechanical training in a bioreactor [23,91]. 

Even the technology of simple 3D printing of 
various synthetic and nature-derived polymers is 
currently used to create small-diameter vascular 
replacements. For example, these replacements have been 
created from negatively charged PVA and alginate 
interpenetrating networks, immersed in a positively-
charged chitosan solution. Moreover, these replacements 
also had antibacterial and angiogenic effects [119]. 
Antibacterial and angiogenic activity and endothelial 
regeneration were also promoted in 3D-printed vascular 
substitutes made of PCL, poly(glycerol sebacate) (PGS) 
with the addition of bioactive glass [120]. 3D printing 
technology has often been combined with another 
advanced technology, namely electrospinning, in the 
design of vascular prostheses [121,122], including 
prostheses triple-layered with inner, intermediate and 
outer layers, simulating the tunica intima, media and 
adventitia [123]. However, the resulting constructs of 
both technologies are usually cell-free, and are populated 
with cells only after they have been implanted into the 
body of experimental animals, such as sheep [121], dogs 
[122], or subcutaneously into mice [120], or seeded with 
HUVECs in vitro [123]. 3D prints of organs and their 
vasculature are also performed to assist surgeons in 
imaging and in decision-making in the preparation of live 

donor organ transplantation [34]. 
 

Modern technology II – electrospinning in 
creating small-diameter vascular grafts 

 
Electrospinning itself is also a very widespread 

and promising technique for the preparation of  
small-diameter vascular substitutes. Similarly as for  
3D printing, various synthetic and nature-derived 
polymers and combinations of polymers have been 
employed for this technology. The synthetic polymers 
included e.g. PCL [124,125], polylactide [111], poly(1,4-
butylene succinate) (PBS) [126], PLCL [127], 
poly(lactide-co-glycolide) (PLGA) [128], poly-ε-
caprolactone/polydioxanone (PCL/PDO) [129], 
poly(dimethylsiloxane) (PDMS) [130] and PU [131], 
including thermoplastic polyurethane (TPU) and a new 
self-reinforcing thermoplastic poly(urethane-urea) 
(TPUU) [132]. The main nature-derived polymers include 
collagen [133], gelatin [134], tropoelastin [135], PGS 
[136], chitosan [137] and silk fibroin [138]. The 
combinations include e.g. PCL with PU [139], PDMS 
with poly(methyl methacrylate) and TPU [130], PLCL 
with recombinant humanized collagen [81], and 
tropoelastin with PGS [135]. Bi-layered scaffolds with an 
inner electrospun PCL layer promoting the axial 
alignment of endothelial cells, and a GelMA cast outer 
layer promoting the circumferential alignment of VSMCs 
have also been constructed [140]. Another hybrid bi-
layered vascular graft comprised the inner PCL/poly 
(ethylene glycol) methyl ether loaded with VEGF, 
promoting the adhesion and growth of endothelial cells, 
and the outer PCL/chitosan layer loaded with PDGF, 
promoting the differentiation of bone marrow MSCs 
towards VSMCs [137]. A tri-layered electrospun  
PCL-collagen/PCL/PCL-gelatin graft imitated the  
tri-layered architecture of the natural vascular wall and 
promoted the adhesion of endothelial cells on its inner 
surface [134]. 

The endothelialization of electrospun vascular 
grafts has been further improved by various physical and 
biochemical modifications. The physical factors include 
e.g. appropriate hydrophilicity [134], nanofibrous 
architecture [131] or microgroove patterning [127] of the 
luminal surface. Biochemical modifications include e.g. 
the presence of platelet-rich plasma [141], heparin, 
REDV-containing peptides and VEGF [142], endothelial 
progenitor cell-binding TPSLEQRTVYAK peptide [125], 
polydopamine-copper ion complexes, polylysine and 
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Cys-Ala-Gly peptides [127], an adenosine  
monophosphate-activated protein kinase (AMPK) 
activator, i.e. 5-aminoimidazole-4-carboxamide ribonu-
cleotide (AICAR) [143], and epsin-mimetic endothelium-
targeting chimeric (UPI) peptide [144]. Vascular 
scaffolds based on collagen nanofibers modified with 
hyaluronic acid oligosaccharides and loaded with apyrase 
and 5'-nucleotidase enzymes were successfully tested for 
antithrombosis and in situ endothelialization, although 
only in a rabbit model [133]. The adhesion, migration and 
growth of endothelial cells are also improved by loading 
vascular grafts with nitric oxide, which also prevents the 
overgrowth of VSMCs and bacterial infection [145]. 
Electrospun vascular scaffolds can also be loaded with 
antimicrobial substances, such as cobalt [124] or 
antibiotics, e.g. tobramycin [128], or anti-inflammatory 
substances, e.g. those modulating the phenotype of 
macrophages from pro-inflammatory to anti-
inflammatory, such as AICAR mentioned above [143] or 
MCP-1 [146].  

The experimental small-diameter vascular 
substitutes prepared by electrospinning in the above 
studies were usually prepared by directly depositing 
nanofibers around a rotating mandrel, usually metallic, 
e.g. stainless steel. However, it should be noted that the 
incorporation of cellular components into tubular 
structures is relatively difficult and usually requires  
a dynamic culture system, e.g., a flow-through bioreactor 
[83]. Therefore, small-diameter vascular substitutes can 
also be prepared by rolling planar sheets of nanofibers 
(e.g. PCL) [147] or even other materials (e.g. polymer 
films fabricated by dropping a polymer solution, such as 
PU, on water surface [148], after colonizing them with 
cells. Other important techniques include the self-
assembly of elastin-like polypeptides into nanofibrous 
structures [149]) and so-called scaffold-free tissue 
engineering, based on cell-sheet technology, i.e. layer-by-
layer assembly of continuous cell sheets, containing cells 
and their ECM, into tubular structures [61,150]. 

 
Even classical materials are not completely 
lost for creating small-diameter vascular 
grafts  

 
Finally, it is even worth considering materials 

such as ePTFE and PET for the design of small-diameter 
vascular replacements. Although these materials are 
unsuitable for this purpose in their pristine unmodified 
state, they have long been established for the design of 

vascular substitutes, and further innovation and 
modification may have a beneficial effect on their 
endothelialization and on the reconstruction of the 
contractile VSMC layer. Recently, the inner surface of 
small-diameter ePTFE grafts with an inner diameter of 
1 mm was modified with heparin and epigallocatechin 
gallate, while the outer surface was modified with 
polyethyleneimine and rapamycin. The inner surface then 
promoted the adhesion and growth of HUVECs, while 
the outer surface inhibited the proliferation of VSMCs 
[151]. In another study, the endothelialization of ePTFE 
vascular prostheses (either in vitro by pre-seeding with 
endothelial cells or in vivo by capture of endothelial 
progenitor cells from the blood) was improved by 
immobilization of antibodies against CD34 on the inner 
surface of these grafts [152].  

In PET grafts, tannic acid-assisted 
immobilization of Cu2+, carboxybetaine and argatroban 
improved the blood compatibility, endothelialization and 
also antimicrobial activity, while the migration and 
proliferation of VSMCs were attenuated [153]. In this 
context, it is also necessary to mention the pioneering 
work of Czech authors (namely Assoc. Prof. Milan 
Krajíček and his co-workers and followers), who also 
tried to innovate a material based on polyester (e.g. PET) 
so that it could be used for the construction of vascular 
substitutes of small diameter up to 6 mm. When 
designing small-diameter vascular grafts, these authors 
tried to mimic the physiological structure of the 
saphenous vein, which is often used for these grafts. 
These authors chose a knitted tubular scaffold made of 
non-resorbable polyester as the basis, which actually 
represented the tunica media. This scaffold was further 
enriched with a biologically resorbable component, 
namely with an inner and outer layer of collagen, which 
reconstituted the tunica intima and tunica adventitia, 
respectively. The resulting low-flow, small-diameter 
vascular grafts were then successfully tested in a large 
animal model, i.e. a sheep model [154]. These vascular 
grafts were developed not only on the basis of the 
commonly used bovine collagen [155], but also on the 
basis of fish collagen, specifically purified (delipidated) 
collagen from Czech carp, which was characterized by 
lower immunogenicity compared to bovine collagen 
[156] and promoted spontaneous endothelialization of the 
graft after its implantation in sheep [157]. These novel 
low-flow, small-diameter composite vascular grafts have 
also been patented [158]. 

However, it would also be advisable to introduce 
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physiological cellular components of the vessel wall into 
these types of vascular substitutes. This task was at least 
partially undertaken in our work. In our experiments, the 
inner surface of PET prostheses (VUP Joint-Stock Co., 
Brno, Czech Republic) was modified with fibrin and 
fibronectin [159] and was seeded with autologous porcine 
endothelial cells isolated from the jugular vein, which 
were expanded in vitro and purified from other cell types. 
Endothelialization of the grafts was performed in  
a tubular chamber of a commercially available dynamic 
culture system (Provitro GmbH, Berlin, Germany), and 
the grafts were implanted into pigs as iliac-femoral 
bypasses. On day 22 after implantation, the 
endothelialized graft was patent, while the unmodified 
graft was occluded with thrombosis. Immunofluorescence 
of the grafts after explantation revealed some 
“contamination” of the endothelial cell layer with 
VSMCs (Fig. 5). However, the presence of VSMCs gives 
hope that a neoarterial structure with mature, contractile 
VSMCs underneath the endothelium will be developed 

(for a review, see [24]).  
Last but not least, even ePTFE and PET 

(Dacron) are promising for spontaneous 
endothelialization through vasa vasorum, including 
capillaries ingrowing transmurally into the vascular 
replacement from its surroundings after its implantation 
in vivo. A pre-requisite is that these implants must be 
thin-walled and of porous structure, with pores of  
an internal diameter of 60-90 μm, optimally as large as 
5000-6000 μm2 (for a review, see [24]. 

 
Taking into consideration sex-related 
differences in vascular tissue engineering 

 
Not only when investigating the causes, the 

course and the clinical picture of cardiovascular diseases, 
but also when designing vascular replacements, it is  
necessary to take into account possible sex-related 
differences in the response of the organism to the 
implanted biomaterial and in the behavior of the cellular  

 
 

 
 
Fig. 5. Performance of a PET vascular prosthesis modified with fibrin and fibronectin, seeded with autologous endothelial cells and 
implanted into pigs. A: the inner surface pre-seeded with endothelial cells in vitro prior to the implantation; B: the gross morphology of 
explanted prostheses on day 22 after implantation: left – non-modified, right – pre-endothelialized; C, D, E: proximal, middle and distal 
parts of the prosthesis, respectively; F: control co-culture of endothelial cells and VSMCs on a glass coverslip. Immunofluorescence stain 
of von Willebrand factor, a marker of endothelial cells (red) and α-actin, a marker of VSMCs (green). The cell nuclei are counterstained 
with Hoechst 33342 (blue). Confocal microscope Leica SP2.  
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component of the vascular replacement. For example, in  
a study performed on PLGA vascular grafts with PLA 
and PCL sealant, implanted in mice, monocytes and 
macrophages of male and female recipients responded 
differently to the biomaterial. This has to be important for 
further evaluating various biomaterials as well as their 
translation to the clinic. Males, despite having similar 
levels of macrophages to females, degrade the implanted 
biomaterial much more rapidly, while females create 
more foreign body giant cells and produce more collagen 
[160]. Also, human pluripotent stem cells (hPSCs), 
whether embryonic stem cells or induced pluripotent stem 
cells (iPSCs), behaved differently when derived from 
male or female donors. Although hPSCs have a similar 
ability to differentiate towards VSMCs in males and in 
females, estrogens increase this ability only in females, 
not in males. Estrogens also promote the synthesis of 
ECM (collagen type 1 and 3) by hPSCs, and prevent its 
degradation [161]. 

Regarding the differentiation of hPSCs towards 
endothelial cells, male hPSCs efficiently differentiate into 
CD34+ CD31+ endothelial progenitors using the standard 
glycogen synthase kinase 3 (GSK3) inhibition protocol, 
while female hPSCs need the addition of VEGF to this 
protocol [162]. Another positive effect on endothelial 
cells is due to estrogens. These hormones mobilize 
endothelial progenitor cells from the bone marrow, which 
then have the opportunity to colonize the lumen of blood 
vessels and differentiate into endothelial cells (for  
a review, see [163]. Estrogens also stimulate the 
migration and proliferation of endothelial cells and have 
numerous other protective effects on these cells and on 
blood vessels in general, such as activating the synthesis 
of vasodilators (nitric oxide, hydrogen sulfide, 
prostacyclin), antioxidant, anti-inflammatory and 
antithrombotic effects, and reducing the transport of  
low-density lipoproteins through endothelial cells (for  
a review, see [4]). However, it should be taken into 
account that while estrogen can accelerate the 
endothelialization of denudated arteries or tissue-
engineered vascular grafts, tamoxifen does not have this 
effect [160].  

 
Conclusion and further perspectives 

 
According to some authors, especially clinicians, 

tissue engineering of small-diameter vascular 
replacements has reached some kind of "dead end", 
because even 70 years since the first vascular prostheses 

were implanted in human patients, there are still no 
functional small-diameter vascular prostheses on the 
market. Stenosis and occlusion of small-diameter vessels 
have to be addressed by endovascular therapies or by the 
use of autologous vascular grafts. Moreover, neither 
polymeric nor biological vascular substitutes 
(decellularized or devitalized) contain a cellular 
component, especially the inner layer of endothelial cells. 
Unlike animal models, cell-free vascular substitutes do 
not spontaneously endothelialize in human patients. 
Some hope for their endothelialization is seen in the 
transmural vascularization of porous vascular substitutes 
by the ingrowth of blood vessels from the surrounding 
environment. We believe that this vascularization could 
be aided by pre-vascularization of tissue-engineered 
vascular constructs already under in vitro conditions by 
mixing mesenchymal stem cells (MSCs), e.g. derived 
from adipose tissue, and endothelial cells that are able to 
self-assemble into pre-capillaries in a 3D environment. 
Moreover, MSCs are able to differentiate into smooth 
muscle cells relatively easily by physiological 
biochemical and mechanical stimulation, and it would be 
also possible to generate endothelial cells from MSCs 
using so-called footprint-free iPSCs, obtained by 
introducing synthetic self-replicating RNA into these 
cells. Small-diameter vascular replacements could 
therefore be created by combining new modern tissue 
engineering techniques such as 3D bioprinting, 
electrospinning, differentiation of readily available stem 
cell types and RNA technologies, as well as through 
personalized medicine that would take into account 
potential sex and other differences in behavior and in the 
acceptance of vascular constructs. Even if tissue-
engineered blood vessel constructs are not ultimately 
used as implants in the human body, they can serve as  
in vitro tissue models for a variety of developmental, 
physiological, pathophysiological, and pharmacological 
studies to replace the expensive and less ethical use of 
laboratory animals in modern 21st-century science 
according to the 3R principle. 
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Summary 
Few studies have investigated the hemodynamic mechanism 
whereby primary hyperaldosteronism causes hypertension. The 
traditional view holds that hyperaldosteronism initiates 
hypertension by amplifying salt-dependent increases in cardiac 
output (CO) by promoting increases in sodium retention and 
blood volume. Systemic vascular resistance (SVR) is said to 
increase only as a secondary consequence of the increased CO 
and blood pressure. Recently, we investigated the primary 
hemodynamic mechanism whereby hyperaldosteronism promotes 
salt sensitivity and initiation of salt-dependent hypertension. In 
unilaterally nephrectomized male Sprague-Dawley rats given 
infusions of aldosterone or vehicle, we found that aldosterone 
promoted salt sensitivity and initiation of salt-dependent 
hypertension by amplifying salt-induced increases in SVR while 
decreasing CO. In addition, we validated mathematical models of 
human integrative physiology, derived from Guyton’s classic 1972 
model - Quantitative Cardiovascular Physiology-2005 and 
HumMod-3.0.4. Neither model accurately predicted the usual 
changes in sodium balance, CO, and SVR that normally occur in 
response to clinically realistic increases in salt intake. These 
results demonstrate significant limitations with the hypotheses 
inherent in the Guyton models. Together these findings challenge 
the traditional view of the hemodynamic mechanisms that cause 
salt-sensitive hypertension in primary aldosteronism. 
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Introduction 
 

NaCl-dependent hypertension is a clinical 
disorder of major public health significance and is  
a leading cause of cardiovascular death and disability 
worldwide [1,2]. In most cases, the etiology of NaCl-
dependent hypertension is unknown. However, it has 
been estimated that a significant percentage of 
hypertensive individuals have a NaCl-dependent form of 
hypertension caused by mineralocorticoid excess when 
primary aldosteronism is the most common secondary 
form of hypertension [3-5]. In addition, it has become 
increasingly recognized that mineralocorticoid excess or 
increased sensitivity to mineralocorticoids may frequently 
contribute to salt-sensitive forms of hypertension that are 
resistant to treatment with multiple antihypertensive 
drugs [3,6]. In this review, we describe current 
knowledge about hemodynamic abnormality through 
which mineralocorticoids enable increases in salt intake 
to almost always initiate hypertension and what are the 
mechanisms that mediate that hemodynamic abnormality. 

 
The main controversy on the hemodynamic 
initiation of mineralocorticoid-NaCl depen-
dent hypertension  
 

The hemodynamic factors that ultimately 
determine mean arterial pressure (MAP) are cardiac 
output (CO) and systemic vascular resistance (SVR). The 
main controversy of mechanisms initiating hypertension 
is whether mineralocorticoids enable increases in  
salt intake to initiate hypertension by causing  
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a mineralocorticoid-dependent abnormality in the level of 
CO (as held by the "CO theory"), or in SVR (as held by 
the "SVR theory"), or both. Some investigators have 
contended that an abnormally high level of CO is 
responsible [7-9], others have reported that an abnormally 
high level of SVR is responsible [10-12], and others have 
reported that either an abnormal level of CO or SVR or 
both are responsible [13,14]. Here we summarize the 
main competing theories on the initiation of 
mineralocorticoid-NaCl hypertension, discuss why this 
controversy on mechanisms has persisted, and explain 
how the current research resolves this controversy.  

 
The cardiac output (CO) theory for initiation 
of mineralocorticoid-NaCl hypertension 
 

The prevailing theory of mineralocorticoid-NaCl 
hypertension holds that mineralocorticoids enable 
increases in salt intake to hemodynamically initiate 
hypertension by initially causing an abnormally high 
level of cardiac output (CO) as a consequence of their 
ability to cause abnormally high levels of salt retention 
and blood volume [7,15-17]. This CO theory (also known 
as Guyton's "volume loading" theory) is diagrammed in 
Fig. 1 and explicitly holds that systemic vascular 
resistance (SVR) is normal during initiation of the 
hypertension and becomes abnormal later, after the initial 

increases in BP and CO have occurred. As shown in the 
left panel of Fig. 1, the CO theory holds that in normal 
individuals, administration of a high salt diet does not 
initiate hypertension because it is believed that normal 
individuals rapidly excrete a salt load and therefore, have 
little or no initial increases in sodium retention and CO in 
response to salt loading. According to the Guyton and 
Hall Textbook of Medical Physiology: "raising salt intake 
in the absence of impaired kidney function or excessive 
formation of anti-natriuretic hormones usually does not 
increase arterial pressure much because the kidneys 
rapidly eliminate the excess salt and blood volume is 
hardly altered" [18]. It should be noted that the Guyton 
and Hall textbook provides no data or references 
supporting the contention that normal subjects excrete  
a salt load so rapidly that they have little or no increases 
in salt retention and blood volume. It should also be 
noted that there is no evidence that normal subjects 
excrete a salt load more rapidly than subjects with 
mineralocorticoid excess given the same salt load. The 
salt-induced increases in CO that initiate the increased BP 
are transient and the pressure-dependent and/or flow-
dependent autoregulation in peripheral tissues causes  
a fall in CO back towards normal and an increase in SVR 
above normal that sustains the hypertension (Fig. 1, right 
panel).

 
 

 
 

Fig. 1. The CO (Guyton's volume-loading) theory of the pathogenesis of NaCl-induced hypertension. Left panel. The mechanism held to 
mediate a normal, i.e., nonpressor, response to increases in salt intake (common pathway for salt resistance). Right panel. The 
mechanism held to mediate an abnormal, i.e., pressor, response to increases in salt intake (mechanism of salt sensitivity). According to 
the theory, an abnormal increase in the amount of renal salt reabsorption/retention is usually an early, critical abnormality that enables 
increased salt intake to initiate hypertension by increasing CO (boxes). Modified from [19]. 
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Fig. 2. The SVR theory of the pathogenesis of NaCl-induced hypertension. Left panel. Usual pathway yielding a normal (nonpressor) 
response to NaCl loading (mechanism of salt resistance, the vasorelaxation theory of salt resistance). This pathway depicts the initial 
sodium balance and hemodynamic responses to increases in salt intake usually observed in salt-resistant normotensive control subjects. 
Middle panel. Usual pathway yielding an abnormal (pressor) response to NaCl loading (mechanism of salt sensitivity, the 
vasodysfunction theory of salt sensitivity). Right panel. The vasoconstriction theory of salt sensitivity characterized by increased SVR 
and decreased CO. Reduced CO may be secondary to increased SVR and reduced heart rate. 
 
 
The systemic vascular resistance (SVR) 
theory: The vasorelaxation theory of salt 
resistance, the vasodysfunction theory of salt 
sensitivity, and the vasoconstriction theory of 
salt sensitivity  
 
• The vasorelaxation theory of salt resistance. In 

contrast to the CO theory, the SVR theory holds that 
during initiation of a high salt diet, the levels of 
systemic and renal vascular resistance (RVR) in 
response to salt loading, are abnormal, i.e., greater 
than those which occur during initiation of salt 
loading in normal controls, whereas the increases in 
sodium balance and CO are not abnormal, i.e., not 
greater than the increases in sodium balance and CO 
which occur during initiation of salt loading in 
normal controls. As shown in the left panel of Fig. 2 
and contrary to popular belief, this theory holds that 
in normal controls, salt loading initially induces 
substantial increases in CO. However, BP does not 
increase because normal controls vasodilate and 
reduce SVR, thereby offsetting the pressor effects 
otherwise expected with NaCl-induced increases in 
CO.  
 

• The vasodysfunction theory of salt sensitivity. The 
theory holds that in subjects with mineralocorticoid 
excess, salt loading induces similar increases in CO 
as in controls, i.e., increases in CO that are not 
greater than those induced by salt loading in controls, 
however, the subjects with mineralocorticoid excess 
fail to normally vasodilate and reduce vascular 
resistance like normal controls [20] (Fig. 2, middle 
panel).  

• Vasoconstriction theory of salt sensitivity. It has 
been reported that in some cases of salt-induced 
hypertension with mineralocorticoid excess, 
increases in blood pressure are initiated by increases 
in vascular resistance in the absence of increases in 
CO or even with decreases in CO [11,21]. The 
induction of salt-dependent hypertension in these 
cases is better explained by a vasoconstriction theory 
of salt sensitivity (Fig. 2, right panel). 

 
Why hasn't this controversy on hemodynamic 
initiation of mineralocorticoid hypertension been 
resolved?  
 

There are three key reasons why previous studies 
have not resolved this controversy: 
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1. Surprisingly, all previous studies lacked necessary 
normal controls. None of the previous studies of this 
issue compared the changes in CO and SVR that occur 
during the initiation of salt loading in mineralocorticoid-
treated subjects to those that occur during initiation of salt 
loading in normal controls not treated with 
mineralocorticoids [7-12,14]. Without the necessary 
normal controls, the previous studies could not determine 
whether the salt retention induced by giving a high salt 
diet and mineralocorticoids together, causes the initial 
CO or SVR responses to be abnormal or normal, i.e. 
different from the initial CO or SVR responses to salt 
retention induced by giving a high salt diet to normal 
controls alone (i.e., without mineralocorticoids). Without 
the use of adequate normal controls, previous 
investigators studying mineralocorticoid-NaCl 
hypertension [7-12,14] failed to recognize that the normal 
hemodynamic response to initiation of salt loading in 
control subjects not given mineralocorticoids involves 
substantial increases in salt retention, stroke volume, and 
CO together with substantial decreases in SVR that offset 
potential pressor effects of the increases in CO [22-25]. 

 
2. A mistaken assumption. Guyton and colleagues appear 
to have mistakenly assumed that normal subjects excrete 
a salt load very quickly and therefore, do not undergo 
substantial increases in salt retention, blood volume, and 
CO in response to substantial increases in salt intake  
[26-29]. In fact, it has never been demonstrated that 
normotensive salt-resistant subjects excrete a salt load 
faster than salt-sensitive subjects, with or without 
mineralocorticoid excess. In normal salt-resistant animals 
and humans, salt loading (increasing salt intake) induces 
substantial increases in salt retention, blood volume, 
stroke volume and cardiac output, similar to those 
induced by salt loading in salt-sensitive subjects [22-25]. 
The reason that salt does not increase BP in normal 
subjects is because normal subjects robustly vasodilate 
and reduce SVR in response to salt loading, not because 
normal subjects excrete a salt load faster than salt-
sensitive subjects. The published data show that salt-
sensitive subjects do not initially retain more of a salt 
load than true normal controls, i.e. salt-resistant subjects 
with normal blood pressure [22,24,25,30,31]. 

Because previous studies of mineralocorticoid 
hypertension were mainly correlational studies and 
lacked adequate normal controls (i.e., normal subjects 
studied during the initiation of salt retention induced by 
salt loading without mineralocorticoids), they were not 

capable of determining which of the observed 
hemodynamic changes (or lack thereof) were necessary 
or sufficient for initiation of the mineralocorticoid-NaCl 
hypertension. Interestingly, investigators who performed 
an intervention study found that preventing increases in 
CO with a beta adrenergic blocker did not prevent 
initiation of mineralocorticoid-NaCl hypertension. This 
indicated that an abnormally high level of CO was not 
necessary for initiation of the hypertension, and that  
an abnormality in SVR was involved in initiation of the 
hypertension [10,32]. However, these studies were 
largely ignored or dismissed based on questions raised 
about small sample sizes, experimental designs, and CO 
measurement methods [9,33]. 
 
3. Previous studies used inadequate hemodynamic 
monitoring techniques. Inconsistency in the 
hemodynamic findings reported by different investigators 
could be due to the questionable approaches that were 
used to monitor the hemodynamic variables. In previous 
studies, suboptimal techniques were used to monitor CO, 
SVR, and BP and the variables were not continuously 
measured beat to beat, 24 hours/day throughout the 
experiments. Two groups [7,12] indicated that they 
continuously sampled the hemodynamic variables for at 
least 20 hours per day yet, in fact, the sampling was 
intermittent and the sampling time in those studies 
actually totaled no more than 4 hours per day; these two 
studies gave conflicting results [7,12]. Furthermore, 
neither group examined changes in CO and SVR induced 
by salt loading in normal controls not given 
mineralocorticoids. Other studies were even less reliable 
because they did not even monitor CO and SVR daily and 
were not capable of detecting early events occurring 
during initiation of the salt retention and hypertension 
[8,9]. 
 
Testing computer models predicting human 
responses to a high salt diet 
 

Guyton and colleagues pioneered the use of 
large-scale computer models to investigate potential 
physiologic abnormalities involved in the initiation and 
maintenance of salt-induced hypertension [34,35]. The 
original Guyton model was revised and expanded by 
Guyton and colleagues over decades. The most evolved 
derivative of the 1972 Guyton model is a large, multi-
scale model called “HumMod” that includes a Windows-
based graphical user interface [36]. 
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In reviewing the literature on the 1972 Guyton 
model and the most evolved derivatives of the Guyton 
model, we could not find validation studies testing the 
capacity of the models to accurately predict sodium 
balance, cardiac output, and vascular resistance responses 
of normal subjects to increases in dietary salt within the 
real life range of salt intake in humans. Accurate 
quantitative characterization of the physiologic responses 
to salt loading in normal control subjects is a prerequisite 
for accurately determining which physiologic responses 
to salt loading are abnormal in salt sensitive subjects.  

The lack of published validation studies of the 
historical Guyton model, or of its contemporary 
derivatives, HumMod and QCP models with respect to 
predicting normal sodium balance and hemodynamic 
responses to salt loading is surprising and prompted our 
recent investigation [37,38]. For validation testing, the 
predictions of the computer models were plotted against 

the human experimental data [25]. A model was 
considered to fail validation testing when the salt-induced 
change predicted by the model fell outside the 95 % 
confidence limits of the mean of the salt-induced changes 
observed in human studies. As can be seen in Fig. 3A, 
both model simulations vastly underestimated the 
cumulative amount of sodium that is usually retained in 
response to switching from a very low NaCl intake to  
a high salt intake in normal subjects (normotensive salt-
resistant subjects). As can be seen in Fig. 3B, both 
computer models accurately predicted that in normal 
subjects, switching from a very low-salt diet to a high salt 
diet for 5 to 7 days causes minimal increases in blood 
pressure above baseline. On the other hand, contemporary 
computer models fail to accurately predict cardiac output 
(Fig. 3C) and systemic vascular resistance (Fig. 3D) 
responses to short-term salt loading in normal humans.  

 
 

 
 
Fig. 3. Experimental and predicted short-term changes in cumulative sodium retention (A), mean arterial pressure (B), cardiac 
output (C), and systemic vascular resistance (D) induced by switching from a very low-salt diet to a high-salt diet. This figure shows 
percentage changes induced by switching NaCl intake from ≈30 mmol NaCl per 70 kg body weight per day to ≈250 mmol per 70 kg 
body weight per day according to the studies of Schmidlin et al. [25] in normotensive salt-resistant humans and according to the 
predictions of HumMod 3.0.4 and Quantitative Cardiovascular Physiology (QCP)-2005. Results of human studies are presented as means 
and 95 % CIs. Modified from [36]. 
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Fig. 4. Comparison of predictions from the 1972 Guyton model to the results from human studies [25]. This figure shows the 
percentage changes in cumulative sodium retention (A), mean arterial pressure (B), cardiac output (C), and systemic vascular 
resistance (D) predicted to occur in response to switching from a very low NaCl intake of 30 mmol/day to a high NaCl intake of  
270 mmol/day for 7 days. Modified from [37]. 

 
 
However, both models appropriately reflect the 

general trends in these variables that normally occur in 
response to physiologic salt loading. Specifically, both 
models show that in normal subjects, non-extreme salt 
loading induces relatively little or no increase in blood 
pressure because normal subjects usually undergo robust 
vasodilation and reduce systemic vascular resistance 
sufficiently to offset the potential pressor effects of 
substantial salt-induced increases in cardiac output. These 
observations are consistent with the results of salt loading 
studies in normal salt-resistant humans and in animals 
[20,25]. These observations are also consistent with the 
vasodysfunction theory of salt sensitivity [19,20] which 
holds that in response to salt loading, normal subjects 
undergo substantial decreases in systemic vascular 
resistance that offset potential pressor effects of salt-
induced increases in cardiac output whereas salt-sensitive 
subjects do not. 

We also performed validation testing of the 
original 1972 Guyton model against the human 
experimental data [34]. As can be seen in Fig. 4A, 
Guyton model underestimated the cumulative amount of 
sodium that is usually retained in response to a high salt 

intake in normal subjects. In addition, the original 1972 
Guyton model clearly overestimates the extent to which 
arterial pressure increases in response to salt loading in 
normal humans (Fig. 4B). Thus, the default subject with 
normal renal function simulated by the 1972 Guyton 
model is not normal and is salt sensitive according to 
criteria recommended for identifying salt sensitivity by 
the expert panel of the American Heart Association, and 
by other scientists with experience investigating salt 
sensitivity in humans [39]. The greater salt sensitivity in 
the 1972 Guyton model is not initiated by greater levels 
of sodium retention and cardiac output, but rather by 
greater levels of systemic vascular resistance due to  
a failure to vasodilate after salt loading (Fig. 4D). 

It can be concluded that the results of testing 
computer models demonstrate significant limitations with 
the hypotheses inherent in Guyton models regarding the 
usual regulation of sodium balance, cardiac output and 
vascular resistance in response to increased salt intake in 
normal salt-resistant humans. Accurate understanding of 
the normal responses to salt loading is a prerequisite for 
accurately establishing abnormal responses to salt 
loading. Accordingly, the present results raise concerns 
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about the interpretation of studies of salt sensitivity with 
the various Guyton models. 

 
Experimental testing hemodynamic 
mechanisms initiating salt-sensitive increases 
in blood pressure in a rat model of primary 
aldosteronism 

 
In recent studies in a widely used rat model of 

primary aldosteronism, we directly tested the 
hemodynamic mechanism whereby hyperaldosteronism 
enhances salt sensitivity and initiation of salt-induced 
hypertension [21]. We continuously monitored mean 
arterial pressure (MAP), cardiac output (CO), and 
systemic vascular resistance (SVR), 24-hrs/day,  
7 days/week using implanted arterial pressure probes and 
Doppler ultrasonic flow probes in unrestrained, 
unilaterally nephrectomized, male Sprague-Dawley rats 
receiving constant infusions of aldosterone or vehicle on 
low-salt diet and during transition to high-salt diet. We 
found that in aldosterone-treated animals, CO decreased 
during initiation of salt-induced increases in blood 
pressure and remained below control during the high-salt 

period. Thus, in hyperaldosteronism, initiation of salt-
dependent hypertension was caused by primary increases 
in SVR, with reductions in CO. 

Figure 5 shows the absolute values for 24-hr 
average MAP, CO, and SVR on the last 7 days of the 
low-salt diet (0.26 % NaCl) and on each day of the high-
salt diet (4 % NaCl). In vehicle treated controls, 
switching from the low-salt to the high-salt diet initiated 
modest increases in MAP by increasing SVR while 
simultaneously decreasing CO. In aldosterone-treated rats 
compared with control rats, switching from a low-salt diet 
to a high-salt diet caused greater increases in MAP and 
SVR while simultaneously decreasing CO. Mean CO did 
not increase at any time during initiation of salt-induced 
increases in blood pressure in either the control rats or 
rats infused with aldosterone (Fig. 5). The results show 
that aldosterone enhances salt sensitivity and augments 
salt-induced hypertension by amplifying salt-dependent 
increases in SVR. Salt-dependent hypertension is 
initiated during decreases in CO, not increases in CO.  
CO decreased presumably as a consequence of increases 
in SVR, decreases in heart rate, and potentially increases 
in afterload. 

 
 

 
 
Fig. 5. Daily 24-hour averages (mean±SEM) of mean arterial pressure (MAP) (A), cardiac output (CO) (B), systemic vascular resistance 
(SVR) (C), stroke volume (D), and heart rate (E) during administration of a low-NaCl diet (0.26 % NaCl) and a high-NaCl diet  
(4 % NaCl) in control rats infused with vehicle and in rats infused with aldosterone. Modified from [21]. 
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Fig. 6. Examples of mechanistic theories proposed to mediate the pathogenesis of salt-dependent hypertension. Some of these 
mechanistic theories might explain how the combination of excess aldosterone and salt promotes the increases in systemic vascular 
resistance that hemodynamically initiate salt-dependent hypertension in primary aldosteronism. ADMA indicates asymmetrical 
dimethylarginine; EnNaC, endothelial sodium channel; and TGF-β, transforming growth factor beta. Modified from [47]. 

 
 
The above described studies call into question 

the traditional theory of Guyton, Hall, and others [7, 16, 
29,40-44] that in hyperaldosteronism, the salt-dependent 
hypertension is initiated by “a primary increase in cardiac 
output followed by a secondary vasoconstriction” [7]. 
Our findings demonstrate that in hyperaldosteronism, 
increases in CO are not necessary for initiation of the 
salt-dependent hypertension. In hyperaldosteronism, 
primary increases in SVR can drive increases in blood 
pressure and decreases in CO during initiation of salt-
dependent hypertension. Although it is widely accepted 
that hyperaldosteronism can promote increases in sodium 
balance and fluid retention, it should not be assumed that 
the increases in sodium balance and fluid retention 
translate to increases in CO.  

During administration of the low-salt diet and 
throughout administration of the high-salt diet, stroke 
volume was greater, and heart rate lower in the 
aldosterone-treated group than in the control group 
(Fig. 5). In the aldosterone-treated group, stroke volume 
trended upwards and heart rate trended downwards 
during administration of the low-salt diet and during 
transition to the high-salt diet. In vehicle-treated controls, 
stroke volume trended slightly upwards and heart rate 
trended slightly downwards during transition from the 
low-salt diet to the high-salt diet (Fig. 5).  

It should be noted that a significant reduction in 
heart rate and increases in stroke volume occurred in 
aldosterone-treated rats even on the low-salt diet, that is, 
before initiation of salt-induced elevations in blood 
pressure. The heart rate changes are consistent with 
studies showing that aldosterone binds to GPERs  
(G-protein–coupled estrogen receptors) and decreases 

heart rate by activating GPER in cardiac vagal neurons of 
nucleus ambiguous [45]. Other investigators using 
continuous telemetry recordings have shown similar 
reductions in heart rate during initiation of hypertension 
induced by deoxycorticosterone (DOC) and salt [46]. 

A variety of mechanistic theories have been 
proposed to account for the pathogenesis of salt-
dependent hypertension [21]. Figure 6 shows some 
examples of mechanistic theories that may explain how 
the combination of excess aldosterone and salt promotes 
increases in SVR that hemodynamically initiate 
hypertension. 
 
Mechanism-based strategies to prevent salt 
sensitivity and salt-induced hypertension 
 

Understanding of the responsible hemodynamic 
mechanisms will enable the design of new approaches to 
prevent salt-sensitive hypertension. According to the 
vasodysfunction theory, the induction of salt-induced 
hypertension involves the combination of normal salt-
induced increases in sodium balance and cardiac output 
together with subnormal vasodilation and abnormal levels 
of vascular resistance (Fig. 2, middle panel). In such 
cases, initiation of salt-induced hypertension could be 
prevented by either (1) reducing the normal increases in 
sodium balance and cardiac output induced by increases 
in salt intake (i.e. reducing salt consumption) or,  
(2) preventing the abnormal vascular resistance  
responses to increases in salt intake (i.e. preventing 
vasodysfunction). 

(Ad 1) Food salt reduction programs to decrease 
the risk for salt-induced increases in blood pressure and 
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cardiovascular events are based on the assumption that 
reducing the salt concentration of processed foods will 
substantially reduce mean salt intake in the general 
population. However, contrary to expectations, reducing 
the sodium density of nearly all foods consumed in 
England by 21 % had little or no effect on salt intake in 
the general population [47,48]. One way to effectively 
reduce sodium consumption is to use salt substitutes that 
are often prepared by mixing potassium chloride with 
sodium chloride. It is reported that most individuals 
cannot distinguish between regular salt and salt 
substitutes containing no more than 30 % potassium 
chloride. In March 2023, the United States Food and 
Drug Administration (FDA) announced plan to permit 
potassium-containing salt substitutes (75 % NaCl, 25 % 
KCl) in food manufacturing [49,50]. 

(Ad 2) We suggest that interventions to prevent 
salt-induced hypertension primarily focus on preventing 
the abnormal physiologic mechanisms that appear to 
commonly mediate salt sensitivity, i.e., preventing the 
abnormal vascular resistance responses to salt loading 
that are usually required for initiation of salt-induced 
increases in blood pressure. It is for instance possible to 
promote salt resistance by non-pharmacologic 
manipulation of nitric oxide (NO) activity by fortifying 
salty foods with nitrate-rich vegetable extracts. Recently, 
we have found that tiny amounts of inorganic nitrate in 
the form of sodium nitrate or beetroot juice can protect 
against initiation of salt-induced increases in blood 
pressure [51] (Morris et al. 2019). In the most widely 
used animal model of spontaneous salt sensitivity, the 
Dahl salt-sensitive rat, we found that providing a molar 
ratio of added nitrate in the form of beetroot juice to 
added salt of <1:100 conferred substantial protection 

against salt-induced increases in blood pressure [51]. 
 
Conclusions 
 

The above described results provide evidence for 
the role of vasoconstriction theory in the pathogenesis of 
salt-dependent hypertension in hyperaldosteronism. 
Aldosterone promotes salt sensitivity and initiation of 
salt-dependent hypertension by amplifying salt-induced 
increases in SVR while decreasing CO. Increases in CO 
are not required for initiation or maintenance of 
hypertension. These findings challenge the traditional 
Guyton's volume-loading theory of the hemodynamic 
mechanisms that cause salt sensitive hypertension in 
primary aldosteronism. 

Potassium-enriched salt substitutes and 
fortification of salty foods with nitrate-rich vegetable 
extracts are examples of mechanism-based methods for 
preventing salt-induced hypertension that do not depend 
on restricting salt intake to levels recommended by 
various regulatory authorities. 
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Summary 
A new class of antidiabetic drugs - gliflozins (inhibitors of sodium 
glucose cotransporter-2; SGLT-2i) stimulate glucose and sodium 
excretion, thereby contributing to improved glycemic control, 
weight loss and blood pressure reduction in diabetic patients. 
Large clinical trials in patients with type 2 diabetes treated with 
empagliflozin, canagliflozin or dapagliflozin have demonstrated 
their excellent efficacy in improving many cardiovascular 
outcomes, including the reduction of death from cardiovascular 
diseases, non-fatal myocardial infarction or stroke, and 
hospitalization for heart failure. Moreover, the beneficial effects 
of SGLT-2i were also demonstrated in the decrease in 
proteinuria, which leads to a lower risk of progression to end-
stage renal disease and thus a delay in initiation of the renal 
replacement therapy. Unexpectedly, their cardioprotective and 
renoprotective effects have been demonstrated not only in 
patients with diabetes but also in those without diabetes. 
Recently, much effort has been focused on patients with heart 
failure (either with reduced or preserved ejection fraction) or liver 
disease. Experimental studies have highlighted pleiotropic effects 
of SGLT-2 inhibitors beyond their natriuretic and glycosuric 
effects, including reduction of fibrosis, inflammation, reactive 
oxygen species, and others. Our results in experimental non-
diabetic models of hypertension, chronic kidney disease and 
heart failure are partially consistent with these findings. This 
raises the question of whether the same mechanisms are at work 
in diabetic and non-diabetic conditions, and which mechanisms 
are responsible for the beneficial effects of gliflozins under non-
diabetic conditions. Are these effects cardio-renal, metabolic, or 
others? This review will focus on the effects of gliflozins under 
different pathophysiological conditions, namely in hypertension, 
chronic kidney disease, and heart failure, which have been 
evaluated in non-diabetic rat models of these diseases.  
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Introduction 
 

A new class of antidiabetic drugs - gliflozins 
(inhibitors of sodium glucose cotransporter-2; SGLT-2) 
enhance glucose and sodium excretion, thereby 
contributing to improved glycemic control, weight loss 
and blood pressure reduction in diabetic patients. Their 
history dates back to the first half of the 19th century, 
when the first naturally occurring non-selective SGLT 
inhibitor, phlorizin, was exctracted from apple bark tree 
[1]. It induced not only glycosuria by acting on the renal 
SGLT-2 transporter, but also diarrhoea by inhibiting the 
intestinal SGLT-1 transporter. More than 15 years years 
ago, a first synthetic analog of phlorizin, dapagliflozin, 
was tested in the treatment of diabetic patients [2], 
followed shortly by empagliflozin and canagliflozin, all 
with high selectivity for SGLT-2 transporter [3,4]. The 
mechanism by which glucose is returned to the blood 
from the ultrafiltrate is a two-step process [5]. The first 
step is the reabsorption of glucose together with sodium 
from the glomerular filtrate against the concentration 
gradient via the sodium-glucose cotransporter-2 located 
in the S1 segment of the proximal tubule of kidney. The 
energy required for this process is generated by  
Na+/K+ ATPase. In the second step, glucose is transported 
back into circulation by GLUT-2 transporter accross the 
basolateral membrane of proximal tubule. Under the 
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physiological conditions, 90 % of the filtered glucose is 
reabsorbed in this part of the kidney. Inhibition of  
SGLT-2 transporter results in a substantial loss of glucose 
to the urine [6]. Diabetes is associated with glomerular 
hyperfiltration due to the disturbances in tubulo-
glomerular feedback (TGF) mechanism. Importantly, 
SGLT-2 inhibitors are able to modulate TGF by 
increasing sodium delivery to the macula densa, 
ultimately leading to afferent arteriolar constriction [7]. 
Although the effects of gliflozins were originally 
restricted to the kidney and heart, the pleiotrophic effects 
of gliflozins have now been demonstrated in many other 
organs, such as the liver, pancreas or adipose tissue [8,9].  

 The beneficial cardiovascular effects of 
gliflozins were first demonstrated in diabetic patients 
with established cardiovascular disease (CVD) in EMPA-
REG OUTCOME [3] trial with empagliflozin, which 
resulted in impressive improvement in many 
cardiovascular outcomes, including reductions of death 
from cardiovascular diseases, non-fatal myocardial 
infarction or stroke. Importantly, there was a significant 
reduction in hospitalization for heart failure. Two other 
clinical trials with canagliflozin (CANVAS) [4] or 
dapagliflozin (DECLARE-TIMI) [10] confirmed that 
these benefits are not unique to empagliflozin, but are 
class effects of all SGLT-2 inhibitors. Moreover, the 
CREDENCE trial [11] demonstrated significant reduction 
in proteinuria, which led to a lower risk of progression to 
end-stage renal disease and thus to a delay in the 
initiation of renal replacement therapy. Later, the benefits 
of gliflozin therapy were demonstrated not only in 
patients with diabetes but also in those without diabetes. 
The DAPA-CKD trial [12] and the EMPA-KIDNEY 
[13,14] were the trials, that showed renoprotection after 

canagliflozin or empagliflozin treatment in patients with 
chronic kidney disease with or without diabetes. In 
addition, patients with heart failure (HF) also benefited 
significantly from SGLT-2 inhibition, with the DAPA-
HF trial [14] enrolling HF patients treated with 
dapagliflozin. Subsequently, trials in selected populations 
of HF patients with reduced ejection fraction 
(EMPEROR-REDUCED) [14] and preserved ejection 
fraction (EMPEROR-PRESERVED) [15] demonstrated 
not only cardiovascular but also renal benefits of 
empagliflozin treatment. Together, these clinical trials 
enrolled approximately one hundred thousands of patients 
with various diagnoses and demonstrated improvements 
of cardiovascular and renal parameters. The question is 
whether the same mechanisms are at work in diabetic and 
non-diabetic conditions, and which mechanisms are 
responsible for these beneficial effects of gliflozins [16]. 
Are these effects rather cardio-renal, metabolic, or 
others? This review will focus on the effects of gliflozins 
under different pathophysiological conditions, namely 
hypertension, chronic kidney disease and heart failure, as 
evaluated in non-diabetic rat models of these diseases.  

 
Experimental models of hypertension 
 
Ren-2 transgenic rats 

The Ren-2 transgenic rat (TGR) is a model of 
angiotensin II-dependent hypertension resulting from the 
insertion of the mouse Ren-2 gene into the genome of 
normotensive Hannover-Sprague Dawley rats [17]. This 
hypertension develops early in life in heterozygous 
animals, but they survive well throughout life. The  
8-week treatment with empagliflozin in adult  
6-month-old heterozygous TGR resulted in the reduction 

 
 

Table 1. Empagliflozin effects in three non-diabetic hypertensive models 
 

 TGR HHTG SHR-CRP 

Body weight ↓ ↓ ↓ (young) 
Fat mass ↓ ↓ ↓ (adult) 
Hyperphagia ↑ ↑ NA 
Proteinuria ↔ NA ↓ (young) 
Liver function ↑ ↑ ↑ (adult) 
Cardiac function ↔ ↔ ↑ (adult) 
Inflammation ↓ ↓ (liver) ↓ (young) kidneys 
Oxidative stress ↓ (kidneys) ↓ (liver) ↓ (young) kidneys 
Blood pressure ↓ ↔ ↔ 

 
TGR – Ren-2 transgenic rats, HHTG – hereditary hypertriglyceridemic rats, SHR-CRP – Spontaneously hypertensive rats expressing 
human C-reactive protein 
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Fig. 1. Ren-2 transgenic rats. The effect of empagliflozin treatment on day and night blood pressure and heart rate measured by 
radiotelemetry (upper panel), and on mean arterial pressure (MAP) and its changes induced by sympathetic nervous system (SNS) 
blockade, renin-angiotensin system (RAS) blockade, and nitric oxide synthase (NOS) blockade in conscious rats of control and 
empagliflozin-treated Ren-2 transgenic rats (empa) (lower panel). # p˂0.05 vs. control untreated group. Data are means ± SEM.  
 
 
of their body weight and the size of fat depots despite their 
higher food consumption (Table 1) [18]. Moreover, 
telemetric blood pressure recording demonstrated  
a significant reduction of both daytime and nighttime blood 
pressure, which was associated with a decrease of heart 
rate during the active (dark) part of the day (Fig.1 upper 
panels). Our results showed that this BP decrease was 
mainly due to the attenuation of sympathetic vaso-
constriction, with no effect of angiotensin II-dependent 
vasoconstriction (Fig.1 lower panels). 

Unexpectedly, we did not find any effects of 
empagliflozin on renal function (with the exception of 
decreased plasma urea) or cardiac function. Regarding the 
metabolic effects of empagliflozin, there were significant 
reductions in plasma insulin and non-esterified fatty acid 
levels, as well as liver and myocardial triglyceride content. 
Importantly, empagliflozin exerted anti-inflammatory and 
antioxidant effects (reduction of plasma leptin, TNF-α and 
reduced/oxidized glutathione ratio in kidneys).  

 
Hereditary hypertriglyceridemic rat  

Hereditary hypertriglyceridemic rats (HHTG) are 
a non-obese prediabetic rat model [19] with several signs 
of metabolic syndrome, namely hyper-triglyceridemia and 
impaired glucose tolerance, represented by elevated non-

fasting glucose and impaired oral glucose tolerance. Our 
study in adult 6-month-old HHTG [20] demonstrated that 
empagliflozin treatment not only improved glucose 
tolerance, as manifested by reduced fasting and non-fasting 
glucose, but also increased insulin sensitivity in skeletal 
muscles. Moreover, ectopic triglycerides and lipotoxic 
diacylglycerols in the liver were reduced after 
empagliflozin treatment. This was associated with 
decreased expression of lipogenic enzymes (Fasn and 
Scd1) and the lipogenic transcription factor Srebf1 in the 
liver. We also demonstrated changes in gene expression of 
the cytochrome P450 family involved in lipid metabolism. 
The decrease in hepatokines FGF21 and fetuin-A, as well 
as the attenuation of oxidative stress and increased 
antioxidant enzyme activity (superoxide dismutase and 
glutathione peroxidase) contributed to the beneficial 
hepato-protective effects of empagliflozin in this particular 
model. Similar to TGR rats, empagliflozin reduced body 
weight and fat mass in HHTG rats, independent of their 
hyperphagia. In contrast to TGR, telemetric BP monitoring 
did not detect any effect of SGLT-2 inhibition on blood 
pressure or heart rate (Fig. 2 upper panel) or on the major 
vasoactive systems contributing to BP maintenance (Fig. 2. 
lower panel). Similarly, we did not observe any effect on 
cardiac parameters evaluated by echocardiography.  
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Fig. 2. Hereditary hypertriglyceridemic rats. The effect of empagliflozin treatment on day and night blood pressure and heart rate 
measured by radiotelemetry (upper panel), and on mean arterial pressure (MAP) and its changes induced by sympathetic nervous 
system (SNS) blockade, renin-angiotensin system (RAS) blockade, and nitric oxide synthase (NOS) blockade in conscious rats of control 
and empagliflozin-treated (empa) hereditary hypertriglyceridemic rats. Data are means ± SEM. 
 
 
Spontaneously hypertensive rats expressing human  
C-reactive protein 

Spontaneously hypertensive rats expressing 
human C-reactive protein (SHR-CRP) are a non-diabetic 
model of metabolic syndrome with severe hypertension, 
systemic inflammation, metabolic and hemodynamic 
disturbances, and target organ injury [21]. We analyzed 
the effect of empagliflozin treatment in both young  
(3-month-old) and adult (12-month-old) rats [22]. The 
beneficial effects of empagliflozin included not only 
reductions in body weight and fat mass, but also reduced 
ectopic fat accumulation in the liver and kidneys, the 
former being associated with decreased inflammation. 
Reduction of albuminuria was observed only in young 
SHR-CRP and was accompanied by attenuated oxidative 
stress. In contrast to adult TGR and HHTG rats, 
empagliflozin improved cardiac function in adult  
SHR-CRP by preventing the time-dependent increase in 
diastolic left ventricle wall thickness (both anterior and 
posterior) assesed by echocardiography (Fig. 3). In 
conclusion, empagliflozin exerted renoprotective effects 
in young SHR-CRP, which could be attributed to reduced 
renal lipid deposition and attenuation of renal oxidative 
stress and inflammation. In contrast to young SHR-CRP 
rats, the beneficial effects of empagliflozin in adult rats 

were related to cardiac and hepatic function.  
 

Experimental models of chronic kidney 
disease 
 

In our study [23], we evaluated renal function in 
relation to hypertension-induced end-organ damage in 
three models of chronic kidney disease with different 
pathophysiological background – Fawn-hooded hyper-
tensive rats (FHH), in which hypertension, proteinuria, 
and focal glomerulosclerosis develop at a young age [24], 
and in two models of experimentally induced kidney 
damage – uninephrectomized rats on high salt intake 
(UNX+ HS) or rats with a stenosis of renal artery – two-
kidney, one-clip (2K1C) Goldblatt hypertension [25].  

Unexpectedly, we were unable to demonstrate 
renoprotective effects of empagliflozin treatment in any 
of these three models of chronic kidney disease [23]. 
Instead, a trend toward increased proteinuria was detected 
in all three groups following empagliflozin treatment, 
which was significant in FHH rats. Compared to the 
untreated group, the percentage increase in proteinuria 
during the eight weeks of empagliflozin treatment was 
281 vs 201 % in FHH, 247 vs. 227 % in UNX+HS, and 
219 vs. 153 % in 2K1C model. Consistent with this, 
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plasma MCP-1 levels were not improved by treatment. 
Moreover, the kidneys of all three models were 
substantially heavier than those of untreated rats  
(Table 2). Our tail-cuff blood pressure measurement did 
not show a blood pressure lowering effect of 

empagliflozin in the treated CKD groups (Fig. 4). The 
typical effects of SGLT-2 inhibition, namely reduction in 
body weight and fat mass, were detected only in FHH 
rats, with no effect in UNX+HS or 2K1C models  
(Table 2).  

 
 

 
  
Fig. 3. Spontaneously hypertensive rats expressing human CRP. Anterior (A) and posterior (B) diastolic left ventricle wall thickness, 
systolic left ventricle wall thickness (C) at the beginning (baseline) and at the end of the experiment evaluated by echocardiography in 
adult control and empagliflozin-treated (empa) spontaneously hypertensive rats expressing human C-reactive protein. # p˂0.05 vs. 
control untreated group, @ p˂0.05 vs. respective baseline value. Data are means ± SEM.  
 

 

 
 
Fig. 4. The effect of empagliflozin treatment on systolic blood pressure measured by tail-cuff plethysmography (upper panel) and on 
proteinuria (lower panel) in control (black) and empagliflozin-treated (red) Fawn-hooded rats (FHH), uninephrectomized rats fed high-
salt diet (UNX+HS) and in two-kidney one-clip (2K1C) Goldblatt hypertension. # p˂0.05 vs. control untreated group. Data are means ± 
SEM.  
 
 
Table 2. Empagliflozin effects in three non-diabetic models of chronic kidney disease 
 

 FHH UNX+HS 2K1C 

Body weight ↓ ↔ ↔ 
Fat mass ↓ ↔ ↔ 
Relative kidney weight ↑ ↑ ↑ 
Proteinuria ↑ ↔ ↔ 
Oxidative stress ↔ ↔ ↔ 
Blood pressure ↔ ↔ ↔ 
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Heart failure 
 
Spontaneously hypertensive rats fed a high-fat diet 

In this study [26], we used adult (6-month-old) 
male spontaneously hypertensive rats (SHR) fed a high-
fat diet (60 % fat) for 4 months to induce heart failure. 
Since aging in SHR is naturally associated with 
progression to heart failure with preserved ejection 
fraction, relatively old animals were used in the study. In 
addition to cardiac dysfunction (both systolic and 
diastolic) observed in 50 % of the untreated animals, 
high-fat diet feeding induced mild liver steatosis, 
increased liver triglycerides and cholesterol levels, and 

worsened glucose tolerance in this diet-induced obesity 
model. Empagliflozin administered during the last  
two months of high-fat diet reduced body weight gain and 
improved glucose tolerance. In addition, hepato-
protective effects included reduced ectopic lipid 
accumulation, lipoperoxidation, and inflammation. 
Importantly, this was associated with a reduction of  
pro-inflammatory HETEs while increasing anti-
inflammatory EETs levels in the liver. While 
empagliflozin had no beneficial effect on kidney 
function, it significantly improved cardiac function 
(systolic, diastolic and pumping) without affecting blood 
pressure (Fig. 5 and Table 3). 

 

 
 
Fig. 5. Spontaneously hypertensive rats on high fat diet. The effect of empagliflozin treatment on fractional shortening (A), diastolic 
posterior wall thickness (B) cardiac output (C) and E/A ratio (D) in control spontaneously hypertensive rats (SHR), SHR fed a high-fat 
(SHR+HF) diet and empagliflozin-treated SHR-HF (SHR+HF+empa). * p˂0.05 vs. control group fed a low-fat diet, # p˂0.05 vs. 
untreated high-fat group. Data are means ± SEM.   
 
 
Table 3. Empagliflozin effects in heart failure model 

 SHR+HF 

Body weight ↓ 
Fat mass ↔ 
Proteinuria ↔ 
Liver function ↑ 
Cardiac function ↑ 
Inflammation ↓ 
Oxidative stress ↓ (liver) 
Blood pressure ↔ 

 

Discussion 
 

Recently, several reviews on the effects of 
SGLT-2 inhibitors in non-diabetic animal models have 
been published [8,27-29] highlighting the main effects of 
gliflozins found in these studies. We would like to 
compare our results with these data and critically analyze 
the reasons for discrepancies between our and other 
studies. 

Regarding the reduction of body mass and fat 
mass, our studies in hypertensive models are consistent 

A B 

C D 
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with most other experimental studies [30], although even 
an increase in body weight has been demonstrated in 
Dahl salt hypertensive rats after dapagliflozin treatment 
[31]. We also observed hyperphagia in TGR and HHTG 
rats, especially at the beginning of empagliflozin 
treatment. The increased food consumption is often 
associated with SGLT-2 inhibition and is probably due to 
the profound glucose excretion resulting in caloric loss. 
Interestingly, using a bioimpedance method, it has been 
shown that the weight loss during empagliflozin 
treatment contributes to the reduction of visceral and 
subcutaneous adipose tissue without affecting the lean 
body weight [32]. Moreover, our study in HHTG rats 
[20] demonstrated reduced hepatic lipid accumulation 
accompanied by decreased gene expression of the 
lipogenic enzymes Scd1, Fasn and lipogenic transcription 
factor Srebf1, which may also contribute to the reduction 
of lipid depots and body weight. On the other hand, in 
chronic kidney disease models, the effect on body weight 
and fat mass reduction was seen only in Fawn-hooded 
rats but not in uninephrectomized or 2K1C rats. This is in 
contrast to other experimental studies of CKD that have 
reported substantial reductions in body weight [33-35]. In 
SHR fed a high-fat diet, a model of heart and liver failure, 
body weight gains were reduced but there was no effect 
on fat mass. Whether these ambivalent responses are due 
to the fact that non-diabetic animals are less responsive to 
SGLT-2 inhibition than diabetic or pre-diabetic animals is 
debatable. The possible influence of different routes of 
application (food, drinking water, gavage), dose and type 
of SGLT-2 inhibitors cannot be excluded. Another 
explanation for different results could be the rat strain 
used. 

Inconsistent results were also obtained regarding 
the effects of gliflozin treatment on cardiovascular 
function. We observed a moderate reduction in BP  
(15 mm Hg) and a significant reduction of nocturnal heart 
rate (22 bpm) after empagliflozin treatment in TGR [18], 
whereas there was no effect on BP level in HHTG rats 
[20], with BP measured telemetry in both experiments. 
The BP-lowering effect of empagliflozin in TGR was due 
to the reduced sympathetic vasoconstriction. On the other 
hand, tail-cuff BP monitoring demonstrated no gliflozin 
effect either in our three CKD models [23] or in SHR on 
high-fat diet [26]. Interestingly, we did not find an effect 
of empagliflozin treatment on cardiac function measured 
by echocardiography in TGR [18] and HHTG rats [20], 
but there was partial improvement of cardiac function in 
adult SHR-CRP [22]. Importantly, in SHR empagliflozin 

prevented the progression of high-fat diet-induced cardiac 
dysfunction (both systolic, diastolic and pumping) and 
restored cardiac parameters to the levels found in control 
SHR rats fed a low-fat diet [26]. Substantial (30 mm Hg) 
BP reductions were reported in 5/6 NX Sprague Dawley 
rats after both empagliflozin [33] and dapagliflozin [36] 
and in 5/6 NX Wistar rats on high-salt diet [37]. In 
contrast, Zhang et al. [34] found no BP effect in 5/6NX 
Sprague Dawley rats treated with dapagliflozin whereas  
a moderate BP reduction was reported in UNX Wistar 
rats treated with luseogliflozin [38]. We cannot provide  
a clear explanation for these discrepant results because 
the opposite results were obtained in the same strain and 
with the same type of gliflozin. However, the duration of 
the study, the age of animals, and last but not least, the 
dose of SGLT-2 inhibitor must be taken into account. In 
any case, one of the possible explanations for the 
antihypertensive effects of gliflozins could be the 
improvement of renal function and morphology due to 
reduced fibrosis [30,35,39], attenuated inflammation 
[33,40] or reduced oxidative stress [18,22], phenomena 
often reported in experimental studies following SGLT-2 
inhibitors. The reduced fibrosis, inflammation and 
oxidative stress have also reported in several models of 
heart failure induced by myocardial infarction [41-44]. 
These effects probably precede the changes in 
proteinuria, as they have been described in many studies, 
whereas the functional improvement of renal function, 
such as improvement of creatinine clearance, proteinuria, 
or blood urea nitrogen, has been less frequently reported 
[35,45,46]. Perhaps these effects would have been more 
pronounced if treatment had been extended to months. In 
fact, the clinical trials with gliflozins, which usually 
lasted several years, generally showed nephroprotective 
effects in both diabetic and non-diabetic patients 
[4,13,47-49]. There is one short-term study supporting 
this hypothesis, which also failed to show the 
antiproteinuric effects in patients with focal segmental 
glomerulosclerosis after short (eight-week) dapagliflozin 
treatment [36]. 

It is generally accepted that the metabolic effects 
of SGLT-2 inhibition play an important role in mediating 
the beneficial effects of gliflozins. These effects have also 
been demonstrated in our experimental non-diabetic 
models [18,20]. We believe that a higher degree of 
metabolic dysfunction in the experimental model is 
associated with the higher efficacy of gliflozin treatment. 
Consistent with this, we have demonstrated significant 
metabolic effects in the prediabetic model, in hereditary 
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hypertriglyceridemic rats, and in TGR rats, in which we 
have observed important signs of metabolic syndrome, 
such as increased body and adipose tissue weight, 
together with increased plasma insulin and leptin levels. 
In HHTG rats [20], we found that empagliflozin 
modulated the expression of genes related to lipid 
synthesis (Fasn, Scd1) and fatty acid metabolism (Pparγ), 
as well as the transcription factor Nrf2 in the liver. The 
latter alteration may not only contribute to the reduction 
of oxidative stress, but also to the regulation of lipid 
metabolism by inhibiting lipogenesis. Recently, we have 
analyzed the relationship between metabolic effects and 
cardiac function in the spontaneously hypertensive rats 
feed a high-fat diet (a model of heart and liver failure) 
[26]. We hypothetize that cardioprotective effects  
– especially those affecting the systolic function – are 
secondary to hepatoprotective effects induced by SGLT-2 
inhibition. Using correlation analysis, we demonstrated 
that ejection fraction and fractional shortening correlated 
with several metabolic parameters (ectopic lipid 
accumulation, lipoperoxidation, oxidative stress,  
14,15-EETs and 20-HETEs). As many of these metabolic 
parameters were related to liver function, we suggest its 

direct or indirect influence on cardiac function. Whether 
the same is true in the opposite way remains to be 
determined in future studies. 

In conclusion, SGLT-2 inhibitors have great 
potential in the treatment of both diabetic and non-
diabetic patients due to their pleiotropic effects that go far 
beyond their hypoglycemic effects. However, it is clear 
from the previous paragraphs that there are still many 
issues that need to be addressed before their general 
acceptance in clinical practice.  
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Summary 
Muscarinic acetylcholine receptors are metabotropic G-protein 
coupled receptors. Muscarinic receptors in the cardiovascular 
system play a central role in its regulation. Particularly 
M2 receptors slow down the heart rate by reducing the impulse 
conductivity through the atrioventricular node. In general, 
activation of muscarinic receptors has sedative effects on the 
cardiovascular system, including vasodilation, negative 
chronotropic and inotropic effects on the heart, and 
cardioprotective effects, including antifibrillatory effects. First, we 
review the signaling of individual subtypes of muscarinic 
receptors and their involvement in the physiology and pathology 
of the cardiovascular system. Then we review age and disease-
related changes in signaling via muscarinic receptors in the 
cardiovascular system. Finally, we review molecular mechanisms 
involved in cardioprotection mediated by muscarinic receptors 
leading to negative chronotropic and inotropic and antifibrillatory 
effects on heart and vasodilation, like activation of acetylcholine-
gated inward-rectifier K+-currents and endothelium-dependent 
and -independent vasodilation. We relate this knowledge with 
well-established cardioprotective treatments by vagal stimulation 
and muscarinic agonists. It is well known that estrogen exerts 
cardioprotective effects against atherosclerosis and ischemia-
reperfusion injury. Recently, some sex hormones and 
neurosteroids have been shown to allosterically modulate 
muscarinic receptors. Thus, we outline possible treatment by 
steroid-based positive allosteric modulators of acetylcholine as  
a novel pharmacotherapeutic tactic. 
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Introduction 
 

Muscarinic acetylcholine receptors are 
membrane proteins that belong to the super-family of  
G-protein coupled receptors (GPCRs) that transmit their 
signals into the cell through heterotrimeric G-proteins. 
Five different subtypes referred to as M1–M5 exist in 
mammals. Individual subtypes differ in second-
messenger signaling depending on coupling with 
individual G-proteins.  

The M1, M3 and M5 receptors are excitatory 
subtypes preferentially activating the Gq/11 class of  
G-proteins [1]. The activation of α-subunits of these  
G-proteins leads to activation of phospholipase C (PLC). 
PLC, in turn, produces the second messengers, 
diacylglycerol and 1,4,5-inositol trisphosphate (IP3), 
which activate protein kinase C (PKC) and  
mobilize intracellular calcium stores, respectively.  
PKC phosphorylates several target proteins. The  
Ca2+ influx causes a variety of cascades of intracellular 
activity. The M2 and M4 receptors are inhibitory 
preferentially coupling with the Gi/o class of G-proteins. 
Activated Gi/o α-subunits inhibit adenylyl cyclase (AC) 
leading to a reduction in the production of cAMP. 
Although the preferential coupling, their specificity is not 
absolute. Importantly, βγ-dimers released upon activation 
of Gi/o G-proteins activate the inward rectifying 
potassium channel and inhibit calcium channels in the 
heart, leading to decrease in excitatory potential [2, 3]. 

Muscarinic receptors mediate a wide range of 
physiological functions in the central nervous system 
(CNS) and the effects of the parasympathetic nervous 
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system in the periphery. All regions of the mammalian 
heart are innervated by parasympathetic (vagal) nerves, 
although the supraventricular tissues are more densely 
innervated than the ventricles. Heart rate is largely 
controlled by the internal pacemaker activity. In the 
absence of any external stimuli, sinoatrial pacing 
maintains the human heart rate in the range of  
60-100 beats per minute [4]. Increased vagal tone 
diminishes heart rate and inotropy by modulation of 
potassium and calcium currents in the sinoatrial node [5]. 
Vagal tone balances increased inotropy and heart rate 
mediated by Gs-coupled β2- and β1-adrenergic receptors 
activated by adrenaline released from sympathetic 
neurons upon a load or systemic noradrenaline upon 
stress. The increased activity of the sympathetic nervous 
system leads to increased force of muscular contractions 
that in turn increases the stroke volume as well as 
peripheral vasoconstriction leading to high blood pressure 
that in the long term may lead to heart failure [6]. 

Non-neuronal acetylcholine (ACh) activity was 
also reported [7]. For example, muscarinic receptors have 
been localized at the endothelial cells of blood vessels as 
well as other tissues that lack cholinergic innervation 
including myocytes [8]. Many pieces of evidence also 
suggest the role of non-neuronal ACh in the modulation 
of the cardiovascular system [9]. 

 
Muscarinic receptors in the cardiovascular 
system in health 

 
Effects of ACh in the cardiovascular system 

depend on the cell type and subtype of muscarinic 

receptors. In the heart muscarinic receptors mediate 
a decrease in inotropy and chronotropy and modulate 
parameters of ionic currents [10,11]. Based on ligand 
binding and cloning studies, the M2 subtype is considered 
the predominant muscarinic receptor in the mammalian 
heart [12,13] as well as vasculature [14]. Later studies 
revealed expressions of other muscarinic subtypes with 
variable distribution throughout heart regions [15]. 

 
M2 receptors 

It was demonstrated that M2 mRNA represents 
more than 90 % of total muscarinic mRNAs in rat atria 
and in either ventricle. The concentration of M2 mRNA in 
the atria is more than twice as high as in the ventricles 
[15]. Pharmacologic evidence indicates that functional 
responses of atrial and ventricular cardiomyocytes to 
ACh are primarily associated with the activation of 
M2 receptors [16]. Stimulation of M2 receptors influences 
cardiac ion channels function via modulation of different 
cellular pathways. However, some cardiac effects of 
muscarinic receptor stimulation remain enigmatic. 

In supraventricular (sinoatrial, atrial, and 
atrioventricular) myocytes, M2 receptors positively 
modulate inwardly rectifying potassium channels via 
a membrane-delimited mechanism involving direct 
activation by the βγ-subunits released from the  
Gi/o inhibitory G proteins (Fig. 1), resulting in 
hyperpolarization, thus slowing the heart rate by reducing 
the impulse conductivity through the atrioventricular 
node [16]. ACh also inhibits AC via M2 receptors and  
Gi/o α-subunits, resulting in a decrease in the production 
of cAMP. 

 
 

 
 
Fig. 1. M2 receptor signaling in supraventricular myocytes. In supraventricular myocytes, M2 receptors positively modulate inwardly 
rectifying potassium channels by the βγ-subunits released from the Gi/o inhibitory G proteins resulting in hyperpolarization. Created with 
BioRender.com. 
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Fig. 2. M2 receptor signaling in ventricular myocytes. In ventricular myocytes, M2 receptors modulate the cAMP-dependent response to 
β-adrenergic receptor activation modulating activity of L-type Ca2+ and Na+/K+ pacemaker channels. Created with BioRender.com. 
 
 

 
 

Fig. 3. Signaling of M1, M2 and M3 receptors in the vascular system. In the vascular system, M1, M2 and M3 receptors mediate 
vasodilation by release of NO from endotelium and cGMP-dependent removal of cytosolic calcium in smooth muscle cells, inhibiting the 
contractile apparatus and promoting vasodilation. Created with BioRender.com. 
 

 
In ventricular myocytes stimulation of the  

M2 receptor has been shown to modulate the cAMP-
dependent response to β-adrenergic receptor activation 
(Fig. 2) [17]. Responses to activation of M2 receptors are 
only observed in the presence of agonists that stimulate 
cAMP production. The activation of M2 receptors inhibits 
AC5/6 via the Gi/o α-subunits and stimulates AC4/7 via 
the βγ- subunits released from inhibitory Gi/o G-proteins.  
Changes in cAMP affect targets of protein kinase A 

(PKA)-dependent phosphorylation such as L-type 
calcium channels. Altering L-type calcium channel 
activity plays an important role in the regulation of 
cardiac myocyte contractility. Changes in cAMP also 
directly regulate pacemaker channels, which are 
permeable to both Na+ and K+ [16]. Moreover, it was 
demonstrated that presynaptic M2 receptors inhibit the 
release of sympathetic noradrenaline in mouse atria, 
effectively cross-regulating sympathetic tone [18]. 
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In the vascular system, the muscarinic  
M2 receptors are located specifically in the endothelium 
of the coronary vasculature from where they mediate 
endothelium-dependent vasodilation (Fig. 3) [19]. That is 
enacted through the release of NO from endothelium cells 
[20]. NO diffuses into the smooth muscle cell where it 
activates soluble guanylyl cyclase which converts GTP to 
cGMP. Cyclic GMP then activates cGMP-dependent 
protein kinase G, which results in the removal of 
cytosolic calcium, inhibiting the contractile apparatus and 
promoting vasodilation [21]. 
 
M1 receptors 

M1 Muscarinic receptors are predominantly 
expressed in the CNS where they are involved in learning 
and memory [1]. However, the M1 receptor has also been 
localized in numerous peripheral regions, including the 
cardiovascular system [22]. In the heart, the M1 receptor 
is found in the cardiomyocytes of the human atria and 
ventricles [17,23]. The ACh gating of the inward-rectifier 
K+ channel is the main electrophysiological effector of 
vagal nerve stimulation in the atrium and contributes to 
atrial action potential duration shortening [24]. Although 
Gi/o protein-coupled M2 receptors are considered the pre-
dominant mediators of this process, it was shown that 
Gq/11-coupled M1 receptors also participate in it (Fig. 4)  
[23]. 

Several experiments indicate that higher 
concentrations of muscarinic agonists than those needed 
for negative inotropy can induce opposite effects, 
including positive chronotropy and inotropy and 
prolonged duration of action potentials [11]. It was 
demonstrated using guinea pigs’ ventricular cardiomyo-
cytes that the M1 receptors stimulate PLC and enhance 
the amplitude of the L-type calcium current, which may 
lead to a positive ionotropic effect, increase in heart rate 

and contractile force [25]. This effect was small and is 
elicited only by high concentrations of carbachol. The 
capability of the M1 receptor to reverse depressed atrial 
contractility was demonstrated in the human myocardium 
[26]. It has been speculated that M1 receptors in the 
human heart counterbalance the effects of M2 receptors 
and might act as a limiting mechanism to prevent 
excessive suppression of cardiac activity [11]. 

The M1 receptors have been reported to be 
distributed in the vasculature including arterial and 
venous smooth muscles and endothelium [27,28]. 
Overall, while stimulation of endothelial M1 receptors 
leads to vasodilation, stimulation of M1 receptors in 
smooth muscles leads to vasoconstriction. Many studies 
demonstrated that the M1 receptors partially mediate 
ACh-induced vasodilation, which is dependent on the 
presence of an intact endothelium and the production of 
NO [14]. Moreover, it was demonstrated that M1 may 
cause the endothelium-independent vasodilatation in rat 
mesenteric arteries that can be caused by the activation of 
M1 receptors located on calcitonin gene-related peptide 
(CGRP)-containing neurons. The CGRP released from 
these neurons then acts at postsynaptic CGRP receptors 
on vascular smooth muscles causing the endothelium-
independent vasodilation [28]. 

Although the principal effect of ACh in most 
vascular beds is endothelium-dependent vasodilatation, 
ACh can also produce direct vascular smooth muscle 
contraction. The M1 receptors have been associated with 
vasoconstriction in several studies. For example, a study 
in guinea pig carotid arteries reported the M1-mediated 
norepinephrine release, promoting constriction of the 
vascular tissue [29]. The dilation-constriction balance is 
influenced by vascular tone. In dilated arteries, the 
constrictor effect predominates. At high vascular tone, the 
vasodilatory response dominates [14]. 

 
 

  
Fig. 4. Signaling of M1 receptors in the heart. In the cardiomyocytes of the human heart M1 receptors positively modulate inward-
rectifier K+ channel contributing to shortening of duration of atrial action potential duration. Created with BioRender.com 
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Fig. 5. Signaling of M3 receptors in the heart. Through stimulation of intracellular phosphoinositide hydrolysis, M3 receptors improve 
cardiac contraction. By the activation of a delayed rectifying K+ current, M3 receptors facilitate cardiac repolarization and exert negative 
chronotropic effects. Created with BioRender.com 
 
 
M3 receptors 

The presence of muscarinic subtype M3 was 
confirmed in both human atrial and ventricular tissues 
with 10-fold higher expression in ventricles [14]. 
Muscarinic M3 receptors play an important role in the 
regulation and maintenance of cardiac function.  
M3 receptors regulate intracellular phosphoinositide 
hydrolysis to improve cardiac contraction (Fig. 5). 
Through the activation of a delayed rectifying K+ current 
M3 receptors participate in cardiac repolarization and 
negative chronotropic actions. By activation of several 
antiapoptotic signaling molecules such as BCL-2 and 
ERKs, M3 receptors enhance endogenous antioxidant 
capacity and reduce the apoptotic mediators (Fas and  
p38 MAPK) and Ca2+ overload resulting in 
cytoprotection [30,31]. Furthermore, M3 receptors 
regulate the cell-to-cell communication via interaction 
with gap-junctional channel connexin 43. It was proposed 
that this interaction may be useful in coordinating the 
repolarization rates of the cardiomyocytes [32]. 

Muscarinic M3 receptors are distributed 
throughout the vascular system in both endothelial cells 
and smooth muscle cells. Similarly to M1 receptors, 
endothelial M3 receptors mediate vasodilation and  
M3 receptors in smooth muscles vasoconstriction. In 
several vascular beds, M3 receptors have been shown to 
induce endothelium-dependent vasodilation, a process 
that, at least in part, is dependent on the release of NO 
[16]. It was suggested that in rat mesenteric arteries  
M3 receptors mediate also endothelium-independent 

vasodilation [33]. Also in cats, activation of M3 receptors 
in arteries with an intact endothelium leads to 
vasodilation, whereas activation of smooth muscles in the 
absence of endothelium induces vasoconstriction [34]. 
Furthermore, the experiments in bovine cerebral arteries 
reported M3 receptor-mediated presynaptic inhibition of 
Ach and norepinephrine release, suggesting M3 receptors 
regulate both vasoconstriction and vasodilation [35]. 
 
M4 and M5 receptors 

Muscarinic receptors M4 and M5 appear to 
mediate the physiological function of ACh mainly in the 
central nervous system [1]. However, their presence was 
confirmed also in the cardiovascular system. 
Quantification of mRNA reported less than 1 % of the  
M4 subtype and less than 5 % M5 subtype of total 
muscarinic RNAs in the atria and ventricles [15]. 
Receptors that mediate muscarinic agonist-induced 
inhibition of high-voltage-activated Ca2+ channels in rat 
intracardiac neurons were identified as M4 subtypes [36]. 
Although the function of Gi/o-coupled M4 receptors 
overlaps with that of M2 receptors, the role of  
M4 facilitated bradycardia was not confirmed using  
M4 knockout mice [37]. Some role for M4 receptors in the 
control of K+ channels was reported in canine atrial tissue 
[38]. 

RT-PCR experiments showed that M5 receptor 
mRNA is present in several vascular tissues [39]. It was 
demonstrated that M5 receptors mediate ACh-induced 
vasodilation in small cerebral blood vessels. A study on 
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M5 KO mice demonstrated that outside of the cerebral 
vessels, M5 does not appear to play a significant role in 
vasodilation [40]. 

 
Muscarinic receptors in the cardiovascular 
system in aging and disease 

 
After heart failure, an increased sympathetic 

tone may help to preserve cardiac function initially, it 
may also contribute to cardiac remodeling. Hyperactivity 
of the sympathetic nervous system is coupled with 
decreased activation of the parasympathetic nervous 
system observed early after induction of cardiac 
remodeling [41]. In patients with chronic myocardial 
infarction, muscarinic receptors are upregulated in remote 
non-damaged ventricular regions, indicating 
compensatory mechanisms to cardiac remodeling, while 
the receptor density remains within normal values in 
myocardial regions containing damaged tissue [42]. The 
expression of M2 receptors is also elevated as a response 
to chronic pain leading to atrial fibrillation [43]. The 
density of muscarinic receptors as well as 
parasympathetic activity drop with age, thus, their 
cardioprotective as well as pharmacotherapeutic 
potentials decline [44,45]. The non-neuronal cholinergic 
system is also found in human cardiomyocytes, which 
express choline acetyltransferase and the vesicular 
acetylcholine transporter, enzymes necessary for ACh 
synthesis and release. Experiments on transgenic mice 
suggest that a compensatory increase in cardiomyocyte 
acetylcholine levels may help offset cardiac remodeling 
in heart failure [46]. 

 
Muscarinic receptors in cardioprotection 

 
The activation of muscarinic receptors has 

primarily calming effects on the cardiovascular system, 
including negative chronotropic and inotropic effects on 
heart and vasodilation, suggesting that vagal stimulation 
or muscarinic agonists and positive allosteric modulators 
may have cardioprotective properties. 

Indeed, vagal stimulation performed 
intermittently antagonized the sympathetic system and 
reduced the infarct size [47]. Activation of efferent 
parasympathetic nerves is involved in remote ischemic 
preconditioning that was lost after sectioning of the vagus 
nerves and after administration of atropine [48]. During 
ischemia-reperfusion injury, both continuous vagus nerve 
stimulation and intermittent vagus nerve stimulation 

provide significant cardioprotective effects. These 
beneficial effects were abolished by muscarinic blockade, 
suggesting the importance of muscarinic receptor 
modulation during vagus nerve stimulation. The 
protective effects of vagus nerve stimulation could be due 
to its protection of mitochondrial function during 
ischemia-reperfusion [49]. Thus, vagal stimulation may 
be an intervention used for treating cardiovascular 
diseases. 

The beneficial effects of muscarinic agonists 
were observed very early. Cholinergic agonists and cyclic 
GMP can prevent ventricular fibrillation in susceptible 
animals independently of heart rate changes [50]. 
Furthermore, the muscarinic agonist oxotremorine 
reduced the incidence of malignant arrhythmias resulting 
from transient ischemia and sympathetic hyperactivity. 
The extent of this protection was comparable to the 
administration of β2-adrenergic antagonist propranolol in 
this same animal model. The effect appears to be only 
partially dependent on the reduction in heart rate because 
it was observed even after the correction of heart rate by 
atrial pacing [51]. The antifibrillatory effects obtained 
without the marked reduction in myocardial contractility 
during acute ischemia, including administration of  
β-blockers in individuals with myocardial infarctions, are 
of special interest. Muscarinic agonists may therefore 
represent a new approach to the prevention of sudden 
cardiac death.  

The data on cardioprotective effects of 
muscarinic agonists are overwhelming and provide 
detailed mechanistic views. Ischemia induces the 
production of the cytokine tumour necrosis factor-α 
(TNF-α) and reactive oxygen species (ROS) in a time-
dependent manner. ACh is capable of inhibiting 
ischemia-induced TNF-α production, ROS generation, 
and cell death through the M2 receptor and mitogen-
activated protein kinases (MAPKs) [52]. The activation 
of M2 receptors in ex vivo rat hearts leads to an increase 
in the activity of ERK1/2 and PI3K/Akt kinases that 
inhibit endoplasmic reticulum-induced stress leading to 
cell apoptosis that in turn contributes to a reduction in 
infarct size and attenuation of myocardial injury [53]. 
Moreover, ACh induced cytoprotective mitophagy by 
enhancing PINK1/Parkin translocation to mitochondria in 
an M2 receptor-dependent manner in H9c2 cardio-
myocytes [54]. 

Basal and acetylcholine-gated inward-rectifier 
K+-currents (IK,ACh), which play a significant role in atrial 
repolarization are upregulated in chronic atrial 
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fibrillation. Not only M2 receptors are involved in the 
cardioprotective effects of muscarinic agonists mediated 
by IK,ACh. In human atrial cardiomyocytes, Gq/11 proteins 
activated by M1-receptors act as donors of βγ-dimers that 
activate IK,ACh. Their relative contribution to IK,ACh 
activation is increased in chronic atrial fibrillation 
patients [23]. 

M3 receptors play a substantial role also in 
cardioprotection, including regulation of heart rate and 
cardiac repolarization, modulation of inotropic effects, 
cytoprotection against ischaemic injuries of the 
myocardium, regulation of cell-to-cell communication, 
and generation and maintenance of atrial fibrillation. 
Signal transduction mechanisms underlying these 
functions involve activation of an IK,ACh participating in 
cardiac repolarization, negative chronotropic actions, and 
anti-arrhythmic as well as pro-arrhythmic actions, 
interaction with gap-junctional channel connexin 43 to 
maintain cell-cell communication and excitation 
propagation, regulation of intracellular phosphoinositide 
hydrolysis to improve cardiac contraction and 
haemodynamic function, activation of anti-apoptotic 
signaling molecules, enhancing endogenous antioxidant 
capacity, and diminishing intracellular Ca2+ overload, all 
of which contribute to protection of the heart against 
ischemic injuries [31]. 

Specifically, the overexpression of M3 receptors 
reduced the incidence of arrhythmias and mortality after 
myocardial infarction and reperfusion by protecting the 
myocardium from ischemia in mice. This effect was 
mediated by increasing the IK,ACh currents by 
downregulation of expression of microRNA-1 (a single-
stranded 22 nucleotides long noncoding RNA) that 
causes arrhythmia [55]. Also, the upregulation of  
M3 receptors during myocardial hypertrophy could 
alleviate the hypertrophic response induced by 
angiotensin II by the mechanism involving the inhibition 
of MAPK signaling through the downregulation of the 
AT1-angiotensin receptor [56]. Activation of M3 receptors 
overall improves cardiac function and reduces ischemic 
myocardial injuries by multiple signaling pathways 
leading to cytoprotection [57], inhibits cardiac fibroblast 
proliferation and collagen secretion by TGF-β1/Smad and 
p38MAPK pathways [58], and exerts protective effects 
against ischemia-induced arrhythmias in the rat by  
a reduction of intracellular Ca2+ overload via 
downregulation of L-type Ca2+ channels [59]. Activation 
of M3 receptors 24 hours before an ischemic insult 
induced delayed preconditioning in rats, preserving 

phosphorylated connexin 43, which might contribute to 
the anti-arrhythmic effect, and reduce the infarct size 
induced by infarction-reperfusion by up-regulation of 
cyclooxygenase-2 [60]. 

The alternative to vagal stimulation and 
muscarinic agonists in cardioprotection may be positive 
allosteric modulation of acetylcholine binding and/or 
functional response. Such compounds increase the 
cardioprotective effects of endogenous acetylcholine, 
primarily sympathetic tone but also non-neuronal 
acetylcholine. Among the major advantages of allosteric 
modulators are the conservation of the time-space pattern 
of signaling and defiance of overdose. Positive allosteric 
modulators of acetylcholine at M2 receptor as well as 
other subtypes were identified [61–63]. A recent study 
has shown that phosphorylation of cardiac ryanodine 
receptor 2 by protein kinase G, contributing to the 
cardioprotective effects of cholinergic stimulation, may 
be enhanced by the allosteric modulator LY2119620 [64]. 

The sex hormone estrogen has received 
increased attention for its ability to exert cardioprotective 
effects against atherosclerosis, but it has become clear 
that estrogen also exerts a direct protective effect against 
ischemia-reperfusion injury on the myocardium [65]. 
Estrogen cardioprotective effects are due to rapid 
nongenomic actions. Estrogen binds to membrane 
estrogen receptors (mERs). The mERs are a group of 
receptors activating various signaling pathways including 
tyrosine kinases and protein kinases PI3K, Akt, MAPK, 
Src, PKA and PKC, and phospholipase C increasing the 
concentration of intracellular calcium [66]. Several 
steroid compounds positively affected heart function, 
exerting positive inotropic activity via Na+,K+ ATPase 
[67] or L-type Ca2+ channels [68]. In the search for novel 
steroid derivatives with biological activity on heart 
failure, two steroid derivates acting via M2 receptors were 
synthesized [69]. Current research indicates that the fast 
non-genomic effects of steroids mediated by muscarinic 
receptors are due to their allosteric modulation of 
muscarinic receptors [70,71]. Thus, steroid-based positive 
allosteric modulators of muscarinic receptors, primarily 
the M2 subtype, represent a novel class of 
cardioprotective compounds. However, this concept has 
been only little explored so far. 

 
Conclusions 

 
The cardinal role of muscarinic receptors in 

cardioprotection is well established. Along with that, 
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muscarinic agonists and vagal stimulation are considered 
as viable cardioprotective treatments. In contrast, positive 
allosteric modulation of muscarinic receptors as an 
alternative or supplementary therapeutic approach is very 
little researched up to now, deserving attention and 
exploration. 
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Summary 
Enzyme activity is regulated by several mechanisms, including 
phosphorylation. Phosphorylation is a key signal transduction 
process in all eukaryotic cells and is thus crucial for virtually all 
cellular processes. In addition to its direct effect on protein 
structure, phosphorylation also affects protein-protein 
interactions, such as binding to scaffolding 14-3-3 proteins, which 
selectively recognize phosphorylated motifs. These interactions 
then modulate the catalytic activity, cellular localisation and 
interactions of phosphorylated enzymes through different 
mechanisms. The aim of this mini-review is to highlight several 
examples of 14-3-3 protein-dependent mechanisms of enzyme 
regulation previously studied in our laboratory over the past 
decade. More specifically, we address here the regulation of the 
human enzymes ubiquitin ligase Nedd4-2, procaspase-2, calcium-
calmodulin dependent kinases CaMKK1/2, and death-associated 
protein kinase 2 (DAPK2) and yeast neutral trehalase Nth1. 
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Introduction 
 

Scaffold proteins are major regulators of many 
signalling pathways, playing a key role in cell biology. 
These proteins form platforms that facilitate the assembly 
of protein complexes, re-localisation of signalling 
molecules, and coordination of positive or negative 
feedback signals and ensure the correct course of 
signalling pathways. The first scaffold protein discovered 
was the yeast MAPK scaffold Ste5, which helps to link 
multiple protein kinases in the MAP kinase cascade in 
S. cerevisiae [1]. Binding of the scaffold molecule to the 
target protein is often facilitated by various stimuli, one 
of which is phosphorylation, the most prevalent post-
translational modification in eukaryotes [2]. Protein 
phosphorylation occurs mostly on the side chains of 
serine, threonine and tyrosine residues, and the 
introduction of a negatively charged phosphate group 
then directly affects the structure of the protein and/or 
mediates new interactions, often through scaffold 
domains or proteins that specifically recognize 
phosphorylated motifs. Such proteins/domains include, 
among others, 14-3-3 proteins, WW, Polo-box, WD-40, 
leucine-rich repeats, BRCT and FHA domains [3]. 

14-3-3 proteins were discovered through  
studies on the phosphorylation-dependent regulation of 
tryptophan hydroxylase and Raf kinase [4-9].  
14-3-3 proteins are a family of highly evolutionarily 
conserved 30 kDa acidic proteins abundantly expressed in 
all eukaryotes, often in multiple isoforms, which form 
homo- and heterodimers [10-13]. In humans,  
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seven 14-3-3 protein isoforms denoted by the Greek 
letters (β, γ, ε, ζ, η, σ and τ) were identified. Numerous 
structural studies have shown that the 14-3-3 dimer 
adopts a rigid cup-shaped structure capable of 
accommodating two phosphorylated segments of the 
target protein(s) [8,14-17]. 14-3-3 binding motifs are 
often found in disordered regions of target proteins and 
bordering structured domains. Moreover, the affinity of 
the interaction between 14-3-3s and a particular 
phosphorylated motif appears to be strictly influenced by 
the sequence surrounding the phosphoresidue [18-20]. 

Three canonical 14-3-3 binding motifs have 
been described thus far: R[S/Φ][+](pS/pT)XP (mode I), 
RX[S/Φ][+](pS/pT)XP (mode II) and (pS/pT)X1-2-COOH 
(mode III), where Φ means any hydrophobic amino acid 
and X means any amino acid [8,17,21]. However, the 
motifs of many well-characterised 14-3-3 binding 
partners deviate significantly from these canonical motifs. 
In fact, 14-3-3 proteins have also been shown to 
recognize unphosphorylated or glycosylated motifs 
(reviewed in [13]). Recently, 14-3-3 protein have also 
been shown to target viral proteins, such as N protein 
from SARS-CoV-2, as demonstrated by crystal structure 
and SAXS-based analysis [22-24]. This, together with the 
involvement of 14-3-3 proteins in the regulation of 
a number of other pathophysiological processes, suggests 
that 14-3-3 proteins are a promising drug target. 

Thanks to advances in structural studies of  
14-3-3 protein complexes, we now have a much better 
understanding of how these scaffolds regulate their 
binding partners. The mechanisms of these regulations 
can be divided into three basic modes: (1) direct 
conformational change of the target protein; (2) partial 
masking of the surface of the target protein; and  
(3) scaffolding facilitating the interaction between two 
proteins, as previously reviewed in [11-13,25-28]. In 
some cases, the regulatory mechanism is based on 
a combination of different modes. This mini-review 
focuses on mechanisms of 14-3-3-medited regulation of 
several enzymes recently studied in our research groups: 
(i) the yeast neutral trehalase Nth1; (ii) the ubiquitin 
ligase Nedd4-2; (iii) procaspase-2; (iv) death-associated 
protein kinase 2 (DAPK2); and (v) calcium-calmodulin 
dependent kinases (CaMKK). 

14-3-3 protein complexes are often highly 
conformationally flexible and heterogeneous. For this 
reason, we use hybrid approaches to study these 
complexes, combining several structural biology methods 
such as protein crystallography, NMR, small-angle X-ray 

scattering (SAXS), chemical crosslinking and  
H/D exchange. While Nth1 activation and Nedd4-2 
modulation exemplify mode 1 (direct structural change), 
caspase-2 activation inhibition is an example of mode 2 
(masking of surfaces important for the localisation and 
activation of the enzyme). The protein kinases CaMKK 
and DAPK2 are inhibited similarly, with 14-3-3 proteins 
masking their key regulatory phosphorylation sites, the 
calmodulin binding site and the access to the catalytic 
center. In addition, 14-3-3 proteins further contribute to 
DAPK2 inhibition by stabilizing its dimerization, i.e.,  
via regulatory mode 3. 
 
Allosteric activation of yeast neutral 
trehalase Nth1 
 

The main function of the neutral trehalase 1 
(Nth1) from Saccharomyces cerevisiae is the hydrolysis 
of trehalose (α-D-glucopyranosyl-(1-1)-α-D-glucopyra-
noside) into two glucose molecules, which helps the yeast 
survive adverse conditions such as heat shock, starvation 
or oxidative stress [29-32]. Nth1 has two structured 
domains: a calcium-binding domain containing an EF-
hand-like motif and a catalytic trehalase domain, which is 
responsible for the enzymatic activity. In addition, the 
unique N-terminal extension of Nth1, present only in the 
yeast trehalases, contains five serine residues whose 
phosphorylation by cAMP-dependent protein kinase 
(PKA) or by cyclin-dependent kinase 1 (Cdk1) generates 
14-3-3 binding motifs [33-36]. The catalytic activity of 
Nth1 is entirely controlled by phosphorylation-dependent 
14-3-3 (in yeast Bmh1/2) protein binding, with  
Ca2+ binding playing a modulatory role [34-39]. This 
regulatory mechanism has been shown to be common to 
yeast neutral trehalases from both budding yeast, such as 
Saccharomyces cerevisiae [35,40] or Kluyveromyces lactis 
[41] and fission yeast, such as Schizosaccharomyces 
pombe [37] or Candida albicans [42]. 

Nth1 is phosphorylated during the transition 
from the G1 to the S phase of the cell cycle through 
interplay between PKA and Cdk, which determines the 
ratio of different Nth1 phospho-isoforms (Fig. 1A)  
[43-46]. PKA phosphorylates Ser60 and Ser83, both of 
which are docking sites for 14-3-3 proteins [36]. 
However, PKA also phosphorylates residues Ser20 and 
Ser21, which also participate in Nth1 activation as they 
may represent a binding site for phosphatase PP2A, 
whose binding is reduced in the phospho-state 
(pSer20/pSer21). Under nutrient-rich conditions, when 
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Fig. 1. Allosteric regulation of Nth1 by 
14-3-3 protein. (A) Schematic model of 
14-3-3-dependent regulation of Nth1. The 
inactive form of Nth1 is unable to 
hydrolyze trehalose to glucose. The  
N-terminal segment of Nth1 contains five 
phosphorylation sites, of which four are 
recognized by PKA and the other by 
Cdk1. The Ser83-containing motif serves 
as a gatekeeper, the dominant site for  
14-3-3 protein binding, while the Ser60-
containing motif functions as a secondary 
site [36,38,40]. An alternative secondary 
site is the Ser66-containing motif 
phosphorylated by Cdk1. The Ser20 and 
Ser21 sites are part of the binding site for 
the phosphatase, but this interaction is 
suppressed by phosphorylation [44]. 
Phosphorylated Nth1 is recognized by the 
yeast 14-3-3 protein during the G1 to  
S cell cycle transition [43]. 14-3-3 protein 
binding induces a conformational change 
in both the calcium and catalytic do-
mains, creating a loop with all  
the residues necessary for catalysis.  
The active form of Nth1 then begins  
to metabolize trehalose to glucose.  
(B) Crystal structure of the Bmh1:Nth1 
complex (PDB: 5N6N) [40]. The 
protomers of the Bmh1 homodimer are 
shown in two shades of green. The  
N-terminal extension and the calcium-
binding domain are shown in yellow, and 
the catalytic domain is highlighted in 
blue. The phosphorylated Ser60 and 
Ser83, the regulatory loop and its two 
residues crucial for catalysis (Glu690  
and Tyr691) are shown in red. The  
calcium ion is shown in orange. The 
figure was prepared with PyMOL 
(https://pymol.org/2/). 

 
 
PKA has high activity, all four PKA sites Ser20, Ser21, 
Ser60 and Ser83 are phosphorylated. However, during 
slow growth, Ser60 is not efficiently phosphorylated by 
PKA, but Cdk phosphorylates a nearby Ser66 under these 
conditions, allowing its use as an alternative binding site 
for the 14-3-3 protein [44]. Thus, 14-3-3 protein binding to 
Nth1 is likely mediated by pSer60+pSer83 or 
pSer66+pSer83 phospho-motif pairs through the joint 
action of PKA and Cdk. 

The molecular mechanism of 14-3-3 protein-
mediated Nth1 activation was elucidated by solving the 
crystal structure of the complex of Nth1 phosphorylated 
at Ser60 and Ser83 with the yeast 14-3-3 protein Bmh1 
[40]. This structure revealed that the Bmh1 dimer binds 
both phosphorylated motifs of the N-terminal segment of 
Nth1 and acts as an allosteric modulator by allowing the 
calcium-binding domain to interact with the catalytic 
domain. The interaction of these domains then stabilizes 

the conformation of the flexible loop (Fig. 1B, shown in 
red), which contains residues crucial for catalysis. In the 
absence of Bmh, the N-terminal segment of Nth1, 
including the calcium-binding domain, is flexible and 
does not interact with the catalytic domain. As a result, 
the loop containing the catalytic residues is disordered, so 
these residues are absent from the active center of the 
enzyme. Furthermore, Ca2+ binding to the site at the 
interface between the calcium-binding and catalytic 
domains further stabilizes interactions between these 
domains, thus explaining the potentiating effect of  
Ca2+ binding on Nth1 activity. This mechanism is 
consistent with our previous results from hydrogen-
deuterium exchange coupled to mass spectrometry 
(HDX-MS), which have suggested that both Nth1 
domains, especially the Ca-binding domain, undergo  
a significant conformational change upon 14-3-3 and/or 
Ca2+ protein binding [38,47]. 
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Structural modulation of human ubiquitin 
ligase Nedd4-2 
 

The main function of Neural precursor cell 
expressed developmentally downregulated 4 (Nedd4)  
E3 ligases is to tag proteins for ubiquitination as the final 
step in the ubiquitination cascade [48,49]. The Nedd4-2 
ubiquitin ligase belongs to the Nedd4 family, whose 
members have a similar domain structure consisting of 
three distinct domains, namely the N-terminal 
C2 domain, which is responsible for membrane binding, 
two to four WW domains, responsible for binding to 
proline-rich sequence (PY motif) of protein substrates, 
and the catalytical HECT domain [50]. Nedd4-2 activity 
must be tightly regulated due to its pivotal role in animal 
physiology as this E3 ligase targets numerous membrane 
proteins [51,52]. We and others have shown that Nedd4-2 
is regulated through phosphorylation and 14-3-3 protein 
binding, with three 14-3-3 binding motifs that contain 
Ser342, Ser367 and Ser448 and border the WW2 domain 
(Fig. 2A) [53-56]. 

Detailed biophysical analysis of the interaction 
between Nedd4-2 and 14-3-3η using analytical 
ultracentrifugation and protein crystallography confirmed 
the need for bidentate Nedd4-2 binding to the  
14-3-3 protein dimer [56]. The highest binding affinity 
was observed in Nedd4-2 phosphorylated at Ser342 and 
Ser448. These sites are phosphorylated by SGK or PKA, 
and the motif containing pSer448 is the dominant site, 
also known as the gatekeeper. As shown by structural 
characterization of the Nedd4-2335-455 and its complex 
with 14-3-3η using small angle X-ray scattering (SAXS) 
and chemical cross-linking, in the absence of 14-3-3η, 
the WW2 and WW3 domains interact with the HECT 
domain. Conversely, the WW3 domain is sequestered 
into the central channel of the 14-3-3η dimer in the 
complex [56]. In the complex, the WW3 and  
WW4 domains are sterically blocked and less mobile, 
whereas the catalytic site in the C-lobe of the HECT 
domain is more exposed and mobile, key findings that 
were revealed in a subsequent study based on time-
resolved fluorescence measurements with 1,5-IAEDANS-
labeled variants of Nedd4-2 [57]. Complex formation had 
little effect on the mobility of the WW2 domain and no 
effect on the WW1 domain, whose mobility remains 
unchanged. 

In conclusion, 14-3-3 protein binding induces 
a structural rearrangement of Nedd4-2 by affecting 
interactions between its structured domains. As such,  
14-3-3 proteins regulate the dynamic processes of 

membrane protein ubiquitination depending on the 
accessibility of individual WW domains of Nedd4-2. In 
addition, our data provided a solid platform for 
subsequent studies aimed at targeting the Nedd4-2:14-3-3 
complex for potential therapeutic purposes, e.g., for the 
treatment of Nedd4-2-related diseases such as 
Parkinson’s and renal disease, hypertension, and other 
conditions [58,59]. 
 
14-3-3 inhibits procaspase-2 activation by 
masking its dimerization surface 
 

Procaspase-2 (proC2) functions as an initiator 
caspase, linking cellular metabolism to apoptosis [60,61]. 
But while most studies associated proC2 with tumor 
suppression, proC2 can also promote cancer by triggering 
neuroblastoma development [62]. Structurally, proC2 
consists of three domains, namely the N-terminal caspase 
activation and recruitment domain (CARD) and large 
(p19) and small (p12) subunits [63]. In turn, proC2 
activation requires dimerization and autocatalytic 
processing to form the p19:p12 mature active caspase-2 
dimer [64].  

The increase in NADPH levels generated by the 
pentose phosphate pathway leads to proC2 
phosphorylation at Ser139 (human caspase-2 numbering) 
by calcium/calmodulin-dependent kinase II. This phos-
phorylation prevents the interaction between proC2 and 
the death domain-containing protein CRADD and enables 
protein 14-3-3 binding [65,66], thereby blocking both 
caspase-2 activation and apoptosis. Moreover, caspase-2 
is also the most conserved and the only caspase known to 
be regulated by 14-3-3 protein [67]. 

As shown by various biochemical and 
biophysical studies, the interaction of human proC2 with 
14-3-3 proteins is controlled by pSer139- and pSer164-
containing motifs located in the linker between the 
CARD and p19 domains [68]. Both motifs are required 
for proC2 to establish stable interactions with 14-3-3 
proteins, and pSer139 is the dominant site. An important 
aspect of caspase-2 activation is its localization. As the 
only caspase that is mainly located in the nucleus and 
Golgi complex, caspase-2 is activated both in the nucleus 
and in the cytoplasm [69-72]. Interestingly, the nuclear 
localisation signal (NLS) of caspase-2 is located be- 
tween the two 14-3-3 binding motifs, suggesting that  
14-3-3 protein binding could mask this signal sequence. 
Indeed, structural analysis of the proC2:14-3-3 complex 
using a combination of fluorescence spectroscopy, 
SAXS, NMR, chemical crosslinking, H/D exchange 
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coupled to MS and X-ray crystallography has revealed 
that 14-3-3 protein binding masks two important regions 
of proC2, NLS and the surface of the p12 domain around 
Cys436, which is involved in caspase-2 dimerization 
during its activation (Fig. 2B) [73,74]. Thus, our results 

indicate that 14-3-3 proteins play a dual role in regulating 
caspase-2 activation as they (i) block its activation by 
masking its dimerization surface and (ii) influence its 
cellular localisation by blocking its NLS. 

 
 

 
 
Fig. 2. Ribbon representation of SAXS-based structural models of select 14-3-3 protein complexes. The protomers of the 14-3-3γ and 
14-3-3η homodimer are shown in two shades of green in all panels. (A) The best-scoring CORAL model of the Nedd4-2:14-3-3η 
complex constructed using crystal structures of HECT domain (PDB ID: 5HPK) [96], solution structures of WW1-3 domains (PDB ID: 
1WR3, 1WR4, 1WR7) and 14-3-3γ with bound Nedd4-2 phosphopeptides pSer342 and pSer448 (PDB ID 6ZBT, 6ZC9)[56]. WW2-4 are 
shown in yellow, orange and sand, the N- and C-lobes of the HECT domain are shown in blue and magenta, respectively. (B) The best-
scoring AllosMod-FoXS model of the procaspase-2:14-3-3γ complex [73] constructed using the crystal structure of caspase-2 (PDB ID: 
3R7S) [97] and the 14-3-3γ with bound caspase-2 peptide phosphorylated on Ser139 and Ser164 (PDB ID 6SAD) [74]. p19 and  
p12 domains of procaspase-2 are shown in blue and magenta, respectively. (C) The best-scoring CORAL model of the DAPK2:14-3-3γ 
complex constructed using crystal structures of autoinhibited DAPK2 (PDB ID: 2A2A) [80,81] and 14-3-3γ with bound C-terminal DAPK2 
phophopeptidepeptide pThr369 (PDB ID: 7A6R) [83]. The unstructured segments missing in the crystal structures were modelled as 
dummy residue chains, shown as spheres. Two protomers of DAPK2 dimer are shown in blue and magenta. (D) The best-scoring 
AllosMod-FoXS model of the pCaMKK1:14-3-3γ complex constructed using crystal structures of the kinase domain of CaMKK1 (PDB ID: 
6CD6) and 14-3-3γ with bound CaMKK2 phosphopeptides (PDB ID: 6FEL and 6EWW) [94,95]. The position of the active site is indicated 
by the position of inhibitor in the crystal structure of CaMKK1 (yellow sticks). The figure was prepared with PyMOL 
(https://pymol.org/2/). 
 
 
Mechanism of 14-3-3-mediated inhibition of 
human death-associated protein kinase 2 
(DAPK2) 
 

The main function of death-associated protein 

kinases (DAPK) is to control various cellular processes, 
including membrane blebbing, apoptosis, and autophagy 
[75,76]. This family of Ca2+/calmodulin (CaM) dependent 
Ser/Thr protein kinases includes five members that differ 
in their cellular localization and interactome [77]. 



S406   Obsilova and Obsil  Vol. 73 
 
 
DAPK2 is the smallest member and consist of  
an N-terminal kinase domain, followed by  
an autoinhibitory region (AID) and a Ca2+/CaM domain 
(CBD) [78,79]. DAPK2 activity is controlled by 
autoinhibition, autophosphorylation, dimerization and 
interaction with 14-3-3 proteins via the unique C-terminal 
tail containing a C-terminal (mode III) 14-3-3 binding 
motif around Thr369 [80,81]. 

DAPK2 activation requires a protomeric form of 
the enzyme either capable of binding Ca2+/CaM or with 
AID phosphorylated at Ser299 to prevent AID-induced 
autoinhibition from blocking the catalytic site [78,82]. 
Our structural analysis of the DAPK2:14-3-3γ complex 
suggested that 14-3-3 inhibits DAPK2 by directly 
interacting with the AID and CBD segments of DAPK2 
and by stabilising DAPK2 dimerization, which obstructs 
access to the active site (Fig. 2C) [80,83]. As a result, 
complex formation destabilises the interaction between 
DAPK2 and Ca2+/CaM and protects the DAPK2 
inhibitory autophosphorylation site Ser318 located in 
CBD from dephosphorylation, further preventing 
Ca2+/CaM binding. 

We have also shown that the interaction between 
14-3-3γ and the C-terminal 14-3-3 binding motif of 
DAPK2 can be stabilized by the diterpene glycoside 
phytotoxin fusicoccin A (FC-A). FC-A fills a gap in the 
interface between the 14-3-3 ligand binding groove and 
the 14-3-3 binding motif of the client protein [84]. Thus, 
our findings provide mechanistic insights into  
14-3-3-mediated DAPK2 inhibition and highlight the 
potential of the DAPK2:14-3-3 complex as a target for 
anti‐inflammatory therapies. 
 
Differential regulation of Ca2+/CaM-depen-
dent protein kinase kinases 1 and 2 by 14-3-3 
proteins 
 

CaMKK1 and CaMKK2 play a key role in many 
physiological and pathological processes in the cell by 
phosphorylating and activating downstream protein 
kinases CaMKI, CaMKIV and protein kinase B, thereby 
triggering the phosphorylation of their downstream 
targets [85-87]. Both CaMKKs share a common domain 
structure consisting of a kinase domain, a regulatory 
region with an autoinhibitory segment (AID) and 
a binding region for the calcium/calmodulin complex 
(CBD) [88]. Both CaMKKs are partly inhibited by  
PKA-mediated phosphorylation at multiple sites 
bordering the kinase domain [89]. In addition, 

phosphorylation by PKA creates two motifs for 14-3-3 
protein binding to phosphorylated CaMKKs [90-92]. The 
high-affinity 14-3-3 binding motif is located at the  
C-terminus containing Ser475 and Ser511 in CaMKK1 
and CaMKK2, respectively [92,93]. The second motif, 
which binds to 14-3-3 proteins with lower affinity and 
further stabilises complex formation, is located at the  
N-terminus and contains Ser74 and Ser100 in CaMKK1 
and CaMKK2, respectively. 

Previous studies have suggested that  
14-3-3 binding protects the inhibitory phosphorylation 
site located in the CBD of both CaMKKs from 
dephosphorylation, thereby maintaining CaMKKs in 
a partly inhibited state mediated by PKA [90,92,94]. 
However, complex formation differently affects the 
remaining catalytic activity of phosphorylated CaMKKs. 
While the activity of phosphorylated CaMKK1 is 
significantly reduced by 14-3-3 binding, the activity of 
phosphorylated CaMKK2 remains almost unchanged 
after complex formation [90-92,94], as explained in our 
recent structural characterization of CaMKK1:14-3-3 and 
CaMKK2:14-3-3 complexes by SAXS, H/D exchange 
coupled to MS, and fluorescence spectroscopy [95]. This 
study revealed that complex formation inhibits Ca2+/CaM 
binding and affects the structure of kinase domains and 
autoinhibitory segments of both CaMKKs, but the 
CaMKK1:14-3-3γ complex has a more compact and rigid 
structure in which the active site of the kinase domain 
interacts with the last two C-terminal helices of the  
14-3-3γ protein (Fig. 2D). This conformation explains the 
14-3-3-mediated inhibition of CaMKK1. In contrast, in 
the CaMKK2:14-3-3 complex, the kinase domain 
interacts with 14-3-3γ differently, and the complex has  
a looser structure, resulting in negligible inhibition of 
CaMKK2 catalytic activity. Thus, Ca2+/CaM binding 
inhibition and the interaction of the CaMKK1 active site 
with the C-terminal segment of the 14-3-3γ protein 
provide the structural basis for 14-3-3-mediated 
CaMKK1 inhibition. 

We have also shown that the interaction between 
the N-terminal 14-3-3 binding motif of CaMKKs and  
14-3-3 proteins can be stabilised by FC-A and other 
fusicoccanes [93]. Moreover, this study also 
demonstrated that fusicoccanes stabilise the complex 
between phosphorylated full-length CaMKK2 and  
14-3-3γ and slows down CaMKK2 dephosphorylation, 
thus keeping it in its phosphorylation-mediated inhibited 
state. Therefore, targeting the 14-3-3 ligand binding 
groove by small-molecule compounds may offer  
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an alternative strategy to suppress CaMKK2 activity. 
 
Conclusions 
 

Studies focusing on 14-3-3-mediated regulation 
of the five different enzymes mentioned in this review, 
namely Nth1, Nedd4-2, caspase-2, DAPK2 and 
CaMKK1/2, show the variability of these protein-protein 
interactions. The common denominator of these 
complexes is their involvement in key signalling 
processes in the cell, such as apoptosis, ubiquitination, 
cell cycle regulation, cell stress response, or metabolic 
regulation. 14-3-3 proteins bind to unstructured regions 
of these multi-domain enzymes, and interactions 
responsible for the actual regulation of the activity of the 
bound enzymes often occur far from the phosphorylated 

motifs within the structured domains. Structural studies 
also demonstrate that targeting protein-protein 
interactions in these complexes may enable us to develop 
new strategies for modulating these physiologically 
important enzymes. 
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Summary 
N-methyl-D-aspartate receptors (NMDARs) are a subtype of 
ionotropic glutamate receptors critical for synaptic transmission 
and plasticity, and for the development of neural circuits. Rare or 
de-novo variants in GRIN genes encoding NMDAR subunits have 
been associated with neurodevelopmental disorders characterized 
by intellectual disability, developmental delay, autism, 
schizophrenia, or epilepsy. In recent years, some disease-
associated variants in GRIN genes have been characterized using 
recombinant receptors expressed in non-neuronal cells, and 
a few variants have also been studied in neuronal preparations or 
animal models. Here we review the current literature on the 
functional evaluation of human disease-associated variants in 
GRIN1, GRIN2A and GRIN2B genes at all levels of analysis. 
Focusing on the impact of different patient variants at the level of 
receptor function, we discuss effects on receptor agonist and 
co-agonist affinity, channel open probability, and receptor cell 
surface expression. We consider how such receptor-level 
functional information may be used to classify variants as gain-
of-function or loss-of-function, and discuss the limitations of this 
classification at the synaptic, cellular, or system level. Together 
this work by many laboratories worldwide yields valuable insights 
into NMDAR structure and function, and represents significant 
progress in the effort to understand and treat GRIN disorders. 
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Introduction 
 

N-methyl-D-aspartate receptors (NMDARs), 
encoded by GRIN genes, are ionotropic glutamate 
receptors present at virtually all excitatory synapses in the 
central nervous system. Classical NMDARs have  
a characteristic biophysical signature, with a requirement 
for the binding of two agonists (glutamate and glycine/ 
D-serine), strong block by Mg2+ at resting membrane 
potentials, high Ca2+ permeability, and relatively slow 
activation and deactivation kinetics [1]. These properties 
enable NMDARs to serve as coincidence detectors of 
presynaptic glutamate release and postsynaptic 
depolarization that removes the Mg2+ block. The resulting 
NMDAR-mediated Ca2+ influx is a key signal regulating 
activity-dependent changes in synaptic strength [2] that 
underlie the development of neural circuits and their 
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ability to process and store information [1]. Given this 
physiological role, dysfunction of NMDAR signaling is 
considered to be a significant factor in the etiology of 
diverse neurological disorders. In recent years, rare or  
de-novo variants of GRIN genes have been identified in 
patients with neurodevelopmental syndromes 
characterized by intellectual disability, developmental 
delay, with features of autism, schizophrenia, or epilepsy 
[3], sometimes collectively referred to as GRIN disorders. 

There are seven NMDAR genes, GRIN1, 
GRIN2A-D and GRIN3A-B, encoding GluN1, GluN2A-D 
and GluN3A-B subunits, respectively. NMDARs are 
assembled as heterotetramers of two obligatory GluN1 
subunits and two GluN2 and/or GluN3 subunits [1]. 
Aside from the GluN1 subunit, GluN2A and GluN2B are 
the most abundant subunits in principal neurons in the 
forebrain [4], with the GluN2B expression beginning 
early during embryonic development, followed by the 
expression of GluN2A postnatally; the expression of both 
GluN2A and GluN2B persists until and throughout 
adulthood [1]. NMDAR complexes can be diheteromeric 
(i.e., containing two GluN1 and two identical GluN2 
subunits) or triheteromeric (containing two GluN1 and 
two different GluN2 subunits). Receptors containing 
different combinations of GluN2 subunits have different 
functional and pharmacological properties [5] and likely 
play different physiological roles [6]. It has been 
suggested that the majority of NMDARs in the adult 
forebrain are GluN1/GluN2A/GluN2B triheteromers [7,8] 
(but see [9]), whose structure and function has been 
explored in recent years, thanks to new methods for 
selectively expressing or isolating triheteromeric receptor 
complexes [5,10,11]. 

NMDAR subunits have a modular design: each 
subunit contains an extracellular amino-terminal domain 
(ATD), an agonist-binding domain (ABD), a trans-
membrane domain (TMD), and a cytoplasmic 
carboxy-terminal domain (CTD), interconnected by 
polypeptide linkers [1]. Recent structural studies of 
NMDAR complexes in different conformational states 
[12] or exploring receptor conformational dynamics 
[13,14,15] have greatly improved our understanding of 
NMDARs at the molecular level. NMDAR gating is  
a coordinated process involving agonist-induced 
structural rearrangements of the core gating machinery 
formed by the ABDs and the TMDs of all four subunits. 
The gating mechanism is regulated by voltage-dependent 
channel block by Mg2+, and by endogenous allosteric 
modulation by H+, Zn2+, Ca2+, and several classes of 

naturally present small molecules [16]. All domains 
participate in endogenous allosteric modulation. The role 
of the ATDs in mediating the effects of H+ and Zn2+ is 
particularly well described [17]. Our own recent work has 
contributed to the characterization of NMDAR 
modulation by endogenous neurosteroids [18,19,20, 
21,22] and membrane cholesterol [23,24], that interact 
primarily with the TMDs. Ca2+-dependent NMDAR 
modulation involves membrane-proximal regions of the 
CTDs [25,26,21]. While the intrinsically disordered 
CTDs resist structural characterization, they are known to 
contain residues that can undergo post-translational 
modification, and binding sites for intracellular signaling 
and scaffolding proteins. The CTDs thus play  
an important role in regulating NMDAR trafficking, 
signaling, and even gating [27]. Disease-associated GRIN 
gene variants are found in all receptor domains, and the 
variant pathogenic effects may be related to any aspect of 
receptor function, including the gating process, as well as 
changes in receptor allosteric modulation, post-
translational modification, protein-protein interactions or 
trafficking. 

Either excessive or insufficient NMDAR 
function is associated with neurological or neuro-
psychiatric disorders, suggesting a narrow physiological 
window of NMDAR activity [4]. Consistent with this, 
GRIN genes have low frequencies of variation in the 
healthy population [28,29,3,1]. In recent years, many 
GRIN gene variants have been identified through high-
throughput sequencing in patients with neurological and 
neuropsychiatric symptoms [28,30,3]. To date, over  
700 disease-associated GRIN gene variants absent in the 
healthy population (https://gnomad.broadinstitute.org) 
have been described, distributed among the  
different NMDAR subunits, but predominantly  
found in GluN2A (311 variants, 43 %), GluN2B  
(258 variants, 35 %) and GluN1 (91 variants, 13 %) [1]. 
Several different databases collect information  
about disease-associated GRIN gene variants 
(https://www.ncbi.nlm.nih.gov/clinvar; https://webapp2. 
pharm.emory.edu/cferv; https://www.grin-database.de/ 
gen_table; https://alf06.uab.es/grindb/home). Most 
frequent are missense variants in exon regions that result 
in a single amino acid substitution in the protein 
sequence. Some patients carry nonsense or frameshift 
variants that introduce a premature stop codon. Variants 
in 5´ or 3´ untranslated regions, introns, or splice sites, or 
large-scale chromosomal rearrangements have also been 
reported [31]. In an overwhelming majority of cases the 
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variants arise de novo and the variant is present in only 
one allele of the affected gene [3]. 

To understand how different variants may lead 
to disease, many groups have embarked on functional 
characterization of individual patient-derived GRIN gene 
variants. Here we review the published reports of the 
functional evaluation of disease-associated variants in 
GRIN1, GRIN2A, and GRIN2B genes. Most of the reports 
so far have examined recombinant receptors composed of 
GluN subunits heterologously expressed in non-neuronal 
cell types, such as Xenopus oocytes or HEK293 cells. 
Typically, these studies use well-established patch-clamp 
electrophysiology and immunofluorescence microscopy 
methods, allowing some comparison across studies and 
research groups. We have focused on four parameters 
most commonly used to assess NMDAR function: 
receptor affinity for glutamate, receptor affinity for 
glycine, channel open probability (Po), and receptor cell 
surface expression. Based on such parameters, pathogenic 
variants can be classified as loss-of-function (LoF) or 
gain-of-function (GoF), and therefore as candidates for 
therapeutic positive or negative pharmacological 
modulation, respectively. We discuss whether and how 
the variant position within the subunit amino acid 
sequence may predict its receptor-level functional 
consequence(s) [32] and its LoF or GoF classification.  

Individual variant pathogenicity at the receptor 
level, however, may not accurately predict its functional 
effects at the synaptic, cellular, or system level. 
Relatively fewer reports include functional data from  
in-vitro neuronal preparations and only a handful of in-
vivo studies in animal models exist to date. We briefly 
summarize this work and argue for the need to include 
these more physiologically relevant experimental models 
in future studies of the etiology of GRIN disorders. 

 
Functional characterization of GRIN gene 
variants in non-neuronal systems 
 

Our literature search found 74 studies [32a] of 
recombinant receptors heterologously expressed in non-
neuronal systems (Tables 1, 2, 3) together reporting 
functional data for 45 disease-associated GluN1 variants, 
72 GluN2A variants, and 70 GluN2B variants (49 %, 
23 %, and 27 % of disease-associated GluN1, GluN2A, 
and GluN2B variants reported in [1], respectively). This 
represents a substantial body of work that is beginning to 
yield insights not only into the mechanisms of 
pathogenicity of different GRIN gene variants, but also 

into NMDAR structure and function more generally. 
Importantly, patients are typically heterozygous 

for their GRIN gene variant, so any individual patient’s 
NMDARs may be functionally heterogeneous: some may 
be composed entirely of unaffected subunits and some 
may include one or two subunits containing the 
potentially pathogenic variant combined with unaffected 
subunits of various types. It is therefore necessary to 
study not only diheteromeric receptors containing two 
variant subunits, but also triheteromeric receptors 
containing only one potentially pathogenic variant 
subunit. Typically, the function of triheteromeric 
receptors containing one variant subunit was found to be 
intermediate between the function of wild-type receptors 
and diheteromeric receptors containing two variant 
subunits [33,34,35,36,37,38]. For some variants, 
triheteromeric receptors show a functional deficit 
comparable to diheteromeric receptors (e.g., GluN2A-
D731N [39]; GluN2A-N616K [40]). While studies of 
triheteromeric receptors are essential, here we focus on 
results obtained for diheteromeric receptors (Tables 1, 2, 
3, Figs 1, 2, 3, 4), because these data represent the 
majority of the available information. 

It is useful when studies directly compare effects 
of different variants, ideally with multiple functional 
parameters assessed in the same system 
[34,41,42,40,43,44,45]. These data often illustrate that 
individual variants can affect multiple functional 
parameters, sometimes in contradictory directions, 
complicating simple variant classification as LoF or GoF 
[43,44,45]. Some studies have proposed ways to integrate 
information about multiple functional parameters into one 
readout, for example by estimating how a variant would 
affect synaptic charge transfer or Ca2+ influx, to evaluate 
the overall impact of the variant on physiologically 
relevant NMDAR signaling [34,44,46]. 

Though imperfect, variant classification as LoF 
or GoF has prompted pharmacological investigations 
with the goal of identifying suitable NMDAR modulators 
that could correct the functional change associated with 
different disease-associated variants. Most generally, 
negative allosteric modulators show promise in treating 
certain GoF variants [47,48], while positive modulators 
may compensate for the effects of LoF variants [49,50]. 
Ultimately, pharmacological intervention should be more 
sophisticated and specifically target the functional 
parameters altered by the variant. Importantly, individual 
variants can show reduced or enhanced sensitivity to 
different modulators [51,42,52,53,50,48], further 
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emphasizing the need to tailor therapy to the specific 
variant present. While we do not discuss rescue 
pharmacology of disease-associated GRIN gene variants 
any further in this review, the relevant references are 
included. Several clinical case studies illustrate the 
benefit of pharmacological treatment for some carriers of 
pathogenic GRIN gene variants [54,28,55,56,57,58], and 
it is results like these that motivate the continued effort to 
characterize the functional impact of different GRIN gene 
variants in order to design appropriate therapy. 

 
Glutamate and glycine affinity 
 

The ABD of the GluN1 subunit binds the 
NMDAR co-agonist glycine or D-serine, while the ABDs 
of GluN2 subunits bind the agonist glutamate. NMDAR 
affinity for glutamate depends on the types of GluN2 

subunits present in the receptor complex, with GluN2A 
associated with a lower glutamate affinity than GluN2B 
[1]. Receptor affinity for glutamate influences the rate of 
receptor deactivation following a brief synaptic-like 
glutamate transient [59], such that a lower-affinity 
receptor–glutamate interaction (typical for GluN2A-
containing receptors) results in faster kinetics of receptor 
deactivation, while a higher-affinity interaction 
(characteristic for GluN2B-containing receptors) leads to 
slower deactivation. Receptor deactivation kinetics in 
turn influence the charge transfer and the Ca2+ influx 
through synaptically activated NMDARs, with 
consequences for downstream signalling [1]. In addition, 
the quality control of the nascent receptor complexes in 
the endoplasmic reticulum (ER) is based, in part, on 
glutamate and glycine affinity, and receptors with very 
low agonist and/or co-agonist affinity fail to reach the cell  

 
 

 
 
Fig. 1. Effects of disease-associated GRIN gene variants on glutamate affinity. Relationship between the amino acid positions of 
individual variants (scale shown below the schematic of the domain structure of each subunit) and the observed effect on glutamate 
affinity (increase, decrease, no change), as determined for diheteromeric recombinant receptors in non-neuronal cells. ATD, amino-
terminal domain; ABD-S1 and ABD-S2, agonist-binding domain segments S1 and S2; M1–M4, transmembrane domain (TMD) helices; 
CTD, carboxy-terminal domain. Inset shows human GluN1/GluN2A diheteromeric complex (PDB: 7EU7) with GluN1 ATD, ABD, and TMD 
highlighted in colors corresponding to the schematic of the domain structure; the CTD is not included in this receptor structure. 
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Fig. 2. Effects of disease-associated GRIN gene variants on glycine affinity. Relationship between the amino acid positions of individual 
variants (scale shown below the schematic of the domain structure of each subunit) and the observed effect on glycine affinity 
(increase, decrease, no change), as determined for diheteromeric recombinant receptors in non-neuronal cells. Abbreviations as in 
Figure 1. 

 
 

surface [60]. Glutamate and glycine affinity thus 
represent key functional parameters influencing NMDAR 
signalling. In whole-cell patch-clamp measurements of 
agonist-evoked currents, a change in the receptor affinity 
for glutamate or glycine is quantified as a change in the 
concentration of glutamate or glycine that evokes a half-
maximal current response (EC50), with a higher affinity 
associated with a lower EC50 value and vice versa.  

For disease-associated variants for which 
agonist/co-agonist affinity was reported we summarize 
the consensus regarding the observed changes (increase, 
decrease, or no change), or indicate if different studies 
reached different conclusions (Tables 1,2,3). We plot the 
qualitative change in glutamate or glycine affinity as 
a function of the amino acid position of the variant 
(Figs. 1,2). Missense variants causing significant changes 
in glutamate or glycine affinity tend to be localized in the 

ABDs, ABD-TMD linkers, and in the TMDs 
[34,41,42,61,32]. Variants in the ATDs and the CTDs are 
considerably understudied, but those that have been 
evaluated tend to leave the agonist/co-agonist affinity 
intact, with some exceptions [62,63]. It is difficult to 
predict the direction of the change based on the location 
of the variant in the subunit amino acid sequence. This 
could be related to the nature of the amino acid 
substitution in the variant, as illustrated by two different 
disease-associated variants affecting serine S541 in 
GluN2B: a substitution of this serine by glycine (S541G) 
results in a significant increase of both glutamate and 
glycine affinities but a substitution of the same serine by 
arginine (S541R) results in a significant decrease of 
glutamate and glycine affinities [45]. Cases where the 
same residue is altered by more than one disease-
associated variant (Tables 1, 2, 3) need further study. 
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Fig. 3. Relationship between disease-associated missense GRIN gene variant effects on glutamate and glycine affinity. Glutamate vs. 
glycine affinity for individual missense GRIN gene variants relative to wild-type as determined for diheteromeric recombinant receptors 
in non-neuronal cells. The position of each variant within the domain structure of the subunit is indicated by color. 

 
 
Interestingly, it is very common that variants in 

GluN1 change not only the affinity for glycine that binds 
to the GluN1 ABD, but also the affinity for glutamate 
that binds to the ABDs of the unaffected GluN2 subunits. 
Similarly, GluN2 variants are often associated with  
a change in the affinity not only for glutamate but also for 
glycine. This observation may be related to the fact that 
glutamate and glycine binding sites in the NMDAR 
complex are allosterically coupled [64,1]. Indeed, Figure 
3 shows that the changes in glutamate and glycine affinity 
observed for individual variants are correlated. Several 
variants show a very large (>10-fold) change in glutamate 
affinity, with variants associated with the strongest 
decrease in glutamate affinity located in the GluN2A or 
GluN2B ABDs. For glycine, >10-fold increase in affinity 
can be seen for several variants but none show >10-fold 
decrease in affinity. The transient concentration of 
glutamate released into the synaptic cleft is 
supersaturating for the glutamate binding sites at the 
GluN2 subunits [65,1], thus even a substantial decrease in 
glutamate affinity may be relatively well tolerated. On the 
other hand, the binding sites for glycine/D-serine at the 
GluN1 subunits are likely not saturated by ambient  
co-agonist concentrations [66,67], so a substantial 
decrease in glycine affinity may be too damaging. 

 

Channel open probability 
 

Upon agonist/co-agonist binding, the channel 
may undergo the transition from the closed to the open 
state. Based on kinetic models of NMDAR activation 
[59,68], channel open probability (Po) can be expressed in 
terms of the rate constants of transitions to and from the 
open state. The Po is influenced by the combination of 
GluN2 subunits in the NMDAR complex, with GluN2A 
associated with a higher Po than GluN2B [1]. In single-
channel experiments the Po typically refers to the 
proportion of the total recording time that the channel 
spends in the open state under conditions of steady-state 
activation by saturating agonist/co-agonist concentrations 
[38]. In whole-cell patch-clamp experiments, the Po can 
be estimated from the time course of receptor inhibition 
by an open-channel blocker MK-801 [42], or from the 
degree of potentiation induced in receptors containing 
GluN1-A652C (or GluN2A-A650C) by a cysteine-
modifying reagent MTSEA that locks receptors in the 
open state [34,40].  
 NMDAR Po has been evaluated for only a small 
proportion of disease-associated variants (Fig. 4). Given 
that channel gating fundamentally involves the TMDs, 
the Po is particularly influenced by missense variants in 
the ABD-TMD linkers [34,45] and the TMD helices  
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Fig. 4. Effects of disease-associated GRIN gene variants on NMDAR Po. Relationship between the amino acid positions of individual 
variants and the observed qualitative effect on NMDAR Po (increase, decrease, no change), as determined for diheteromeric 
recombinant receptors in non-neuronal cells. Abbreviations as in Figure 1. 
 
 
[42,38,40]. Membrane regions determine additional 
aspects of NMDAR channel function, such as  
Ca2+ permeability and Mg2+ block, so disease-associated 
variants located in the TMDs often have a complex 
receptor-level functional phenotype [38,40,69,48]. 
Similar to the analysis of agonist/co-agonist affinities, 
missense variants in the ATDs or the CTDs generally do 
not change the Po, but additional variants in these 
domains should be tested. 
 
Receptor cell surface expression 
 

The assembly of NMDAR complexes and their 
delivery to the cell surface is a key prerequisite for proper 
receptor signalling, therefore receptor surface expression 
is an essential parameter influencing the functional 
outcome associated with individual disease-associated 
variants. Heterotetrameric NMDAR complex is 
assembled in the ER [60], with the ATDs, ABDs, and 
TMDs all participating in proper protein folding and 
subunit assembly. In addition, several different 
polypeptide motifs promoting ER retention or ER export 
have been described, most located in the CTDs of GluN1 
or GluN2A/GluN2B subunits [70]. In neurons, the 
abundance of NMDAR complexes in the postsynaptic 

membrane is regulated by the interplay between receptor 
internalization driven by endocytic signal sequences in 
the CTDs and receptor anchoring in the synapse via 
interactions between the CTDs and synaptic scaffolding 
proteins [27]. To analyze receptor surface expression, 
most studies have used the endogenous trafficking system 
of stable cell lines (HEK293T or COS-7). A commonly 
used approach is to express variant or wild-type GluN 
subunit with a tag fused to its extracellular end. Surface 
and intracellular expression of the studied subunit can 
then be assessed by sequential immunofluorescent 
labeling performed under non-permeabilizing and 
permeabilizing conditions, respectively [41,42,43,53,71]. 
Some studies have used surface protein biotinylation 
assays [37,72], or expressed β-lactamase fused to the 
ATD of the studied GluN subunit and performed  
a colorimetric measurement of β-lactamase activity on 
the surface of transfected cells [34,40,45]. 

Disease-associated missense variants in the 
ABDs and the TMDs in all subunits can influence 
receptor surface expression (Fig. 5). Interestingly, while 
many ABD or TMD variants decrease receptor surface 
expression [34,37,41,42,53], only a few have been found 
to have the opposite effect [42,73,71,45]. This suggests  
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Fig. 5. Effects of disease-associated GRIN gene variants on receptor surface expression. Relationship between the amino acid positions 
of individual variants and the observed effect (increase, decrease, no change) on the variant-containing subunit surface expression, as 
determined for recombinant receptors in non-neuronal cells. Abbreviations as in Figure 1. 
 
 
that the nascent receptor quality control is very strict, and 
any conformational changes that may affect tetramer 
stability or impair agonist binding or receptor gating 
prevent receptor trafficking to the cell surface. In contrast 
to the agonist/co-agonist affinity and the Po that tend to 
be relatively unaffected by missense variants in the ATDs 
and CTDs, receptor surface expression is sensitive to 
variants in these domains, possibly because disease-
associated variants may impair receptor assembly 
regulated by the ATDs, or disrupt the trafficking and 
sorting signal sequences present in the CTDs [43,73,74]. 
Non-neuronal cell lines used for surface expression 
analyses express only some scaffolding proteins, but 
biochemical assays can be used to show that certain 
disease-associated variants in the GluN2A or GluN2B 
CTDs disrupt the binding of the affected subunits to 
synaptic scaffolding proteins such as PSD-95 [62,75,63], 
predicting a deficit in synaptic targeting of these variant-

containing subunits.  
 
Disease-associated GRIN gene variants 
resulting in protein truncation 
 

Some disease-associated GRIN gene variants 
introduce a premature stop codon predicted to create  
a truncated protein. Protein-truncating variants (PTVs) 
account for 20-25 % of disease-associated GRIN gene 
variants and they tend to be associated with a less severe 
clinical presentation [29,76,1]. Interestingly, GluN1 
PTVs in the heterozygous condition are non-pathogenic 
[76]. Some authors consider PTVs to be null variants 
[29], assuming that the variant-containing mRNA is 
degraded by nonsense-mediated decay, producing simple 
haploinsufficiency. However, it is likely that mRNA 
surveillance mechanisms may activate compensatory 
changes in the expression of the unaffected allele or other 
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functionally related genes [77]. Further, nonsense-
mediated decay is less efficient in neurons, particularly 
early in development, leaving open the possibility that 
truncated proteins may be expressed to some extent [78].  

Nevertheless, GluN1, GluN2A, or GluN2B 
subunits truncated in any domain other than the CTD are 
virtually absent from the cell surface [79,76] (Fig. 5); 
such PTVs can thus be considered functionally null. In 
contrast, for PTVs affecting the CTD, the truncated 
protein is expressed and can be analyzed functionally 
[22] (Figs. 1, 2, 4). All CTD truncating variants studied 
so far lead to altered subunit surface expression, but for 
the most part they do not affect the receptor functionally 
[22]. Only the variants causing the most extensive CTD 
truncation (e.g., GluN2B-R847X and GluN2B-
I864SfsX20) show some effects on agonist/co-agonist 
affinity, receptor desensitization, and the Po [22]. While 
more work is needed, data so far suggest that, compared 
to missense variants, GRIN gene PTVs in any domain 
other than the CTD form a more homogeneous group 
leading to haploinsufficiency, with relatively milder 
symptoms in carriers. These findings may open new 
possibilities for non-pharmacological (genetic) therapy 
for patients with more damaging GRIN variants that 
could possibly be silenced by a newly introduced 
premature stop codon in the aberrant GRIN allele. 
 
Functional characterization of GRIN gene 
variants in neurons in vitro 
 

Much useful functional information about 
disease-associated GRIN gene variants has been gained 
from studies in non-neuronal heterologous expression 
systems, but there are aspects of NMDAR function that 
are influenced by conditions specific to neurons. 
NMDARs operate in a highly specialized subcellular 
compartment – the synapse – where they interact with  
a specific microenvironment characterized by distinct 
membrane composition and a dense network of 
scaffolding and signaling proteins. Neuronal NMDARs 
assemble as various combinations of different subunits, 
and the effects of disease-associated variants should be 
characterized in this context. To study a disease-
associated variant in neurons it is necessary to work out  
a strategy for expressing the variant-containing subunit in 
the presence or absence of native subunits expressed 
endogenously [80]. This is a challenge and  
an opportunity: with appropriate experimental design 
studies in neurons can elucidate effects of disease-

associated variants under more physiological and 
clinically relevant conditions.  

To study NMDARs with a defined subunit 
composition in neurons, one group focused on the 
obligatory GluN1 subunit, using shRNA knockdown of 
native GluN1 combined with the expression of variant-
containing GluN1 subunits [61,53,71]. This strategy, 
assuming efficient knockdown, results in receptors 
containing two copies of the variant-containing GluN1 
subunit, similar to non-neuronal heterologous expression 
of diheteromeric receptors. Indeed, in these studies, 
experiments in neurons largely confirmed effects of 
GluN1 variants observed in non-neuronal models.  

It is more complicated to characterize effects of 
disease-associated GluN2 subunit variants, because the 
different GluN2 subunit types may partially substitute for 
each other. Since NMDARs in principal neurons in the 
cortex and hippocampus predominantly contain GluN2A 
and/or GluN2B subunits [4], Cre-Lox recombination in 
excitatory neurons prepared from Grin2afl/fl/Grin2bfl/fl 

mice effectively eliminates the majority of native GluN2 
subunit expression [6]. In a series of elegant molecular 
replacement experiments, GluN2A or GluN2B subunits 
containing specific disease-associated variants were 
introduced together with Cre-recombinase in neurons 
from Grin2afl/fl/Grin2bfl/fl mice [62,81,82]. In the simplest 
case, native GluN2A and GluN2B are both eliminated 
and replaced only with wild-type or variant GluN2A [81] 
or only with wild-type or variant GluN2B [62,82]. The 
results of such experiments tend to confirm the LoF or 
GoF phenotypes of the variants, similar to results 
observed in non-neuronal systems. Most revealing, 
however, are experiments in Grin2afl/fl mice where native 
GluN2A is replaced with variant-containing GluN2A, 
while the native GluN2B expression is left intact [81], or 
experiments in Grin2bfl/fl mice where native GluN2B is 
replaced with variant-containing GluN2B, while the 
native GluN2A expression is intact [82]. In the first case, 
surprisingly, the outcome of expressing either LoF or 
GoF GluN2A variants is similar, with excitatory 
postsynaptic currents (EPSCs) characterized by slower 
deactivation kinetics. This reflects either the GoF of the 
GluN2A variant or, in case of the LoF GluN2A variants, 
the increased relative contribution of native GluN2B 
subunits to synaptic NMDAR currents [81]. In the second 
case, the expression of either LoF or GoF GluN2B 
variants in the presence of native GluN2A results in 
EPSCs with faster deactivation kinetics, in part because 
the GoF phenotype of certain GluN2B variants is lost in 
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triheteromeric receptors containing the GluN2B variant 
together with wild-type GluN2A [82]. These results 
suggest that for some variants the functional phenotype at 
the receptor level may not accurately predict the 
functional phenotype at the synaptic level, underscoring 
the need for more work in neuronal preparations. 
 Many studies have expressed variant subunits in 
neurons on the background of endogenous expression of 
native subunits. This approach is technically relatively 
simple and can address cell surface or synaptic 
expression of subunits harboring disease-associated 
variants in the presence of neuronal trafficking and 
scaffolding machinery. Several studies have expressed 
tagged variant-containing subunits in neurons and used 
immunofluorescence microscopy to evaluate the levels of 
dendritic surface expression of the different variants 
[34,62,79,75,76,61,53,71,22]. Synaptic localization of 
variant subunits can be examined more specifically, for 
example by quantifying colocalization between the 
tagged subunit and endogenous PSD-95 [22]. A few 
reports include surface expression data for the same 
variants in a non-neuronal system and in neurons, in 
some cases finding comparable results [79,61,53,71], and 
in other cases finding qualitative or quantitative 
differences between variant subunit trafficking in neurons 
and in non-neuronal systems [34,76,22].  
 Functionally, expressing a disease-associated 
variant subunit in neurons on the background of 
endogenous expression of native subunits may 
approximate the situation in patients heterozygous for the 
variant, if the method used does not result in significant 
overexpression of the introduced subunit [51,79]. Such 
experiments tend to show that in the presence of native 
wild-type subunits, the functional consequences of the 
variant are more subtle than in non-neuronal heterologous 
expression systems, with wild-type subunits partially 
mitigating the effects of the pathogenic variant [51]. 
Studies of this type can also begin to address possible 
indirect effects of changes in NMDAR signaling due to 
disease-associated variants on synapse structure and 
function and the development of neural networks 
[79,75,63]. 
 
Functional characterization of GRIN gene 
variants in animal models 
 

Methods used to introduce subunits containing 
disease-associated variants to neurons in culture or in 
acute slices only achieve transient expression of the target 

subunit in a subset of cells in the preparation. As a result, 
these experiments can only describe relatively acute and 
cell-autonomous effects of disease-associated variants 
[80]. However, in patients, the GRIN gene variant is 
permanently present in all cells, and patient symptoms 
may be related to circuit-level effects of the variant, 
possibly influenced by compensatory changes of gene 
expression, synapse structure or function, or circuit 
connectivity. Transgenic animal models can be used to 
reveal how changes in NMDAR signaling due to the 
widespread and chronic presence of the pathogenic GRIN 
gene variant may affect the nervous system function and 
development.  
 Mouse strains with targeted disruption of Grin1 
[83], Grin2a [84], or Grin2b [85] may serve as models of 
null variants in the corresponding human GRIN genes, 
with heterozygous animals representing the condition of 
patients. Mouse strains with truncated Grin2a or Grin2b 
gene leading to the expression of GluN2A or GluN2B 
subunits lacking the CTDs have also been created [86]. 
While homozygous animals of these strains have been 
characterized, data about heterozygous animals are 
limited. Heterozygous Grin1-/+ mice are healthy and their 
neurons have normal NMDAR responses [83], consistent 
with the finding that truncating human GRIN1 variants in 
the heterozygous condition are not pathogenic [76]. 
Recently, some studies have examined selected 
parameters in heterozygous Grin2a-/+ mice [87,88,89] 
and Grin2b-/+ mice [90], generally observing a milder 
phenotype in heterozygous compared to homozygous 
animals. Still, much more work is needed to understand 
the effects of GRIN2A or GRIN2B haploinsufficiency at 
the cellular, circuit, and system level. Additional useful 
data may emerge from using a zebrafish (Danio rerio) 
model to study the developmental roles of different 
NMDAR subunits [91,92]. 
 Very few transgenic mouse models of specific 
patient-derived GRIN gene variants have been created to 
date. In 2010, a large-scale mutagenesis project at 
RIKEN generated a mouse strain expressing GluN1-
R844C [93], a variant subsequently identified in two 
patients with severe intellectual disability, motor 
disorder, and seizures [94]. At the receptor level this 
variant has no apparent functional phenotype and in 
heterozygous mice it is associated with hyperactivity and 
increased novelty-seeking behavior [93].  

Three mouse strains expressing patient-derived 
GluN2A variants, all associated with intellectual 
disability and epilepsy, have been described. The variant 



2024  Functional Evaluation of Pathogenic GRIN Gene Variants   S423  
 

GluN2A-S644G [95] increases glutamate and glycine 
affinity and prolongs NMDAR EPSC deactivation, and in 
heterozygous animals it is associated with abnormal 
network activity, hyperactive behaviors, and mixed 
effects on seizure susceptibility [95]. The variant 
GluN2A-K879R increases subunit surface expression 
[74], and in heterozygous animals it is associated with 
increased NMDAR EPSC amplitude but faster 
deactivation, altered levels of surface expression of 
NMDAR and AMPAR subunits, synaptic plasticity 
deficits, and impaired cognitive function [74]. The variant 
GluN2A-V685G reduces NMDAR glutamate affinity and 
surface expression [34], and reduces NMDAR EPSC 
amplitude, yet this LoF variant increases seizure 
susceptibility in heterozygous mice, possibly due to 
circuit-level effects on excitation/inhibition balance [96]. 

To our knowledge, two mouse models of 
disease-associated GluN2B variants, both found in 
patients with intellectual disability and autism, have been 
created to date. The variant GluN2B-C456Y [90] strongly 
reduces receptor surface expression [34] and in 
heterozygous animals it is associated with smaller and 
faster NMDAR EPSCs, mild deficits in long-term 
synaptic depression, and hypoactivity and reduced 
anxiety [90]. The variant GluN2B-L825V reduces 
receptor Po [42] (but see [38]), and in heterozygous 
animals it leads to NMDAR EPSCs with faster 
deactivation, hypoactivity in the open field, impaired 
sensorimotor gating, and cognitive inflexibility [97]. 

Together, these examples illustrate how difficult 
it is to extrapolate the receptor-level functional phenotype 
of a given variant to its circuit-level or system-level 
effects that ultimately underlie symptoms in carriers. 
Many more disease-associated GRIN gene variants need 
to be studied in animal models and their impact should be 
examined thoroughly, not only in the canonical circuits 
(hippocampus, cortex), but in multiple brain regions, over 
the course of development, and in both sexes. A better 
understanding of how different GRIN gene variants lead 
to neurological and neuropsychiatric disease is  
a prerequisite for finding effective therapies for GRIN 
disorders. 
 
Conclusions 
 

Here we present a comprehensive review of the 
literature on the functional evaluation of human disease-
associated variants in GRIN1, GRIN2A and GRIN2B 
genes. Most information so far comes from studies of 

receptor-level effects of GRIN gene variants in non-
neuronal systems. These studies establish that variants in 
the core gating region comprised of the ABDs, the 
TMDs, and the ABD-TMD linkers frequently lead to 
profound changes of receptor function manifested as 
changes in agonist/co-agonist affinity, channel open 
probability, and/or receptor surface expression. Variants 
in the ATDs and the CTDs can significantly affect 
receptor surface expression, but have been relatively 
overlooked so far. An individual variant often influences 
multiple functional parameters, which may complicate 
variant classification as LoF or GoF, and the receptor-
level functional impact may not accurately predict the 
consequences observed at the synaptic, cellular, or circuit 
level in neuronal preparations or animal models. Taking 
advantage of the more physiological experimental models 
in the future should lead to further advances in the 
understanding of the role of NMDAR signaling in healthy 
nervous system function, and in the etiology of GRIN 
disorders. 
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Table 1. Functional characterization of disease-associated variants in GRIN1/GluN1. 
 

 
 
Abbreviations: del, deletion; dup, duplication; ins, insertion; fs, frame shift; Ter, termination codon. All variants refer to the sequence of 
GluN1-1a. *Variants GluN1-I460V, GluN1-A645S, and GluN1-Y647H were studied in GluN1-3b [96] where they correspond to I481V, 
A666S, and Y668H, respectively. In this and all other Tables, when the literature provides multiple measurements of the same 
parameter for the same variant, we consider this parameter to be significantly increased (decreased) if most studies report  
a significantly increased (decreased) value. Where no clear consensus exists, different reported outcomes are indicated.  
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Table 2. Functional characterization of disease-associated variants in GRIN2A/GluN2A. 
 

 
 
Abbreviations as in Table 1. *The variant GluN2A-N615S has not been found in humans, but it is closely related to the patient variant 
GluN2A-N615K and has been characterized in a transgenic mouse model [112].   
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Table 3. Functional characterization of disease-associated variants in GRIN2B/GluN2B. 
 

 
 
Abbreviations as in Table 1. 
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Summary 
Three decades ago, the first endocannabinoid, anandamide 
(AEA), was identified, and its analgesic effect was recognized in 
humans and preclinical models. However, clinical trial failures 
pointed out the complexity of the AEA-induced analgesia. The 
first synapses in the superficial laminae of the spinal cord dorsal 
horn represent an important modulatory site in nociceptive 
transmission and subsequent pain perception. The glutamatergic 
synaptic transmission at these synapses is strongly modulated by 
two primary AEA-activated receptors, cannabinoid receptor 1 
(CB1) and transient receptor potential vanilloid 1 (TRPV1), both 
highly expressed on the presynaptic side formed by the endings 
of primary nociceptive neurons. Activation of these receptors can 
have predominantly inhibitory (CB1) and excitatory (TRPV1) 
effects that are further modulated under pathological conditions. 
In addition, dual AEA-mediated signaling and action may occur in 
primary sensory neurons and dorsal horn synapses. 
AEA application causes balanced inhibition and excitation of 
primary afferent synaptic input on superficial dorsal horn neurons 
in normal conditions, whereas peripheral inflammation promotes 
AEA-mediated inhibition. This review focuses mainly on the 
modulation of synaptic transmission at the spinal cord level and 
signaling in primary nociceptive neurons by AEA via CB1 and 
TRPV1 receptors. Furthermore, the spinal analgesic effect in 
preclinical studies and clinical aspects of AEA-mediated analgesia 
are considered. 
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Introduction 
 

Pain modulation and analgesic effects of the 
endocannabinoid anandamide (AEA, N-arachidonoyl-
ethanolamine) were recognized in humans and 
intensively studied in experimental rodent models [1-7]. 
However, the underlying mechanisms of AEA anti-
nociceptive action still need to be understood better due 
to the complexity of the AEA metabolism, trafficking and 
storage, the whole endocannabinoid system balance, and 
AEA dual effects on sensory processing and signaling  
[8-10]. The scientific effort to understand and modulate 
AEA-mediated signaling at the spinal cord level has 
substantial implications for the development of new 
possible therapeutic strategies for pain relief. 
 
Anandamide as a part of the endocannabinoid 
system and endocannabinoidome 
 

The endocannabinoid system consists of 
classical cannabinoid CB1 and CB2 receptors, endo-
cannabinoids – AEA and 2-arachidonoylglycerol (2-AG), 
and their synthesizing and degradation enzymes [11]. It 
exerts homeostatic function and controls a wide range of 
various physiological roles like emotional processing, 
learning and memory, sleep, appetite, cardiovascular 
functions, reproduction, temperature control, immune 
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response, inflammation and pain. The essential role of the 
endocannabinoid system in CNS is neuromodulation, 
affecting synaptic plasticity, as well as nociceptive synaptic 
transmission [12]. Imbalance or malfunction of 
endocannabinoid system is involved in nervous system 
disorders such as anxiety, depression, schizophrenia, 
multiple sclerosis, neurodegeneration, stroke, epilepsy, 
addiction, and pathological pain states [13-15]. 

Lately, a new concept of endocannabinoidome 
has been established (Fig. 1). The endocannabinoidome 
extends the boundaries of the endocannabinoid system to 
include endocannabinoid-like lipid mediators that are 
biochemically related to the endocannabinoids. These 
lipids include a family of N-acylethanolamines (NAEs), 
including N-palmitoylethanolamine (PEA), N-oleoyletha-
nolamine (OEA), N-linoleoylethanolamine (LEA),  
N-docosahexaenoylethanolamine (DHEA), a family of  
2-acylglycerols (2-oleoyl glycerol, 2-OG; 2-linoleoyl 
glycerol, 2-LG), N-acyl neurotransmitters (N-acyl 
dopamines, N-acyl serotonins) or also lipoamino acids 
(N-acyl taurines, N-acyl glycines). The endocanna-
binoidome further encompasses enzymes for the 
mentioned bioactive lipids syntheses and degradation, 

and their receptors, among others, orphan G-protein 
coupled receptors (GPR55, GPR110, GPR18 or 
GPR119), one of the key nociceptive receptors – transient 
receptor potential vanilloid 1 (TRPV1) or nuclear 
peroxisome proliferator-activated receptors PPARα and 
PPARγ [1]. Changes in AEA metabolism/level within the 
wider endocannabinoidome may alter metabolic 
pathways of other lipid mediators and modulate 
alternative signaling with an impact on physiological 
functions. The endocannabinoidome exerts a more 
comprehensive impact on health and body homeostasis 
and thus should also be considered in clinical studies 
related to AEA. 

AEA is an arachidonic acid derivative, N-arachi-
donoylethanolamine, a naturally occurring compound 
within the body belonging to the larger family of NAEs. 
It was the first endocannabinoid identified from the 
porcine brain and was later isolated and measured in 
humans and rats [16,17]. The word Ananda means bliss 
and happiness in Sanskrit, which fits well with current 
research that describes AEA-mediated signaling through 
the CB1 receptor to produce analgesic, anxiolytic, and 
antidepressant effects [7,18-20]. 

 
 

 
 
Fig. 1. Endocannabinoidome receptors and mediators. Groups of endocannabinoid-like lipid mediators are distinguished in colors:  
N-acylethanolamines in red, 2-acylglycerols in black, N-acyl neurotransmitters in blue, and lipoamino acids in green. Abbreviations:  
2-AG, 2-arachidonoylglycerol; AEA, N-arachidonoylethanolamine (anandamide); DEA, N-docosatetraenoylethanolamine; DHEA,  
N-docosahexaenoylethanolamine; HEA, N-homo-γ-linolenylethanolamine; LEA, N‑linoleoylethanolamine; NADA, N-arachidonoyldopamine; 
OEA, N-oleoylethanolamine; OLDA, N-oleoyldopamine; PEA, N-palmitoylethanolamine. The image was created with BioRender.com. 
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AEA was initially identified to bind 
preferentially to the CB1 receptor and with lower affinity 
to the CB2 receptor [16]. Later, the activation of 
nonselective cation channel TRPV1 by AEA was 
recognized, while its efficacy at human TRPV1 was 
reported to be higher than that at rat TRPV1 [21,22]. 
Thus, AEA acts as an endocannabinoid and 
endovanilloid; the CB1 and TRPV1 being the main 
AEA activated receptors. Other molecular targets affected 
by AEA were also recognized – including nuclear 
receptors PPARγ and PPARα, voltage-gated T-type 
calcium channels (CaV3) and sodium channels [23-27]. 
AEA activation of both CB1 and TRPV1 receptors at the 
first nociceptive synapse in the spinal cord dorsal horn 
plays an important role in pain modulation. The action of 
AEA at this synapse is complex, as the effect of 
presynaptic CB1 receptor activation on neuro- 
transmitter release is inhibitory, and the main impact  
of TRPV1 activation is excitatory. 
 
Anandamide metabolism 
 

Under neuronal stimulation, AEA is produced in 
and released from neurons in a Ca2+-dependent manner 
[28]. Furthermore, the Ca2+-independent formation of AEA 
was later demonstrated after PKC and PAK activation in 
primary sensory neurons, also named dorsal root ganglion 
(DRG) neurons [29]. Redundant biosynthetic pathways of 
AEA were characterized; phospholipase A2 group IV E 
(PLA2G4E, cPLA2ε) was identified as Ca2+-dependent  
N-acyltransferase (Ca-NAT), which catalyzes the 
formation of AEA precursor N-acylphosphati-
dylethanolamine (NAPE) from phosphatidylethanolamine 
(PE) and phosphatidylcholine (PC), with a transfer of the 
acyl group of PC to the amine of PE [30]. In brain lysate, 
Ca-NAT activity preferably generates N-arachidonoyl-
containing (p)NAPEs with polyunsaturated acyl groups  
at the sn-2 position [1,31]. On the other hand,  
Ca2+-independent N-acyltransferases (NATs) termed 
phospholipase A and acyltransferase (PLAAT) can also 
generate NAPE [32,33]. The main enzyme converting 
NAPE to AEA is N-acylphosphatidylethanolamine 
phospholipase D (NAPE-PLD), which catalyzes the AEA 
syntheses in a Ca2+-sensitive manner [34]. But, AEA may 
also be synthesized from NAPE by other Ca2+-insensitive 
enzymes [35]. 

In the CNS, the enzyme fatty acid amino 
hydrolase (FAAH) primarily degrades AEA to 
arachidonic acid and ethanolamine. It is important to note 

that it accepts multiple fatty acid amides as a substrate, 
including palmitoyl- and oleoyl-ethanolamide [36]. In 
addition to the hydrolytic pathway, AEA undergoes 
oxygenation by cyclooxygenase 2 (COX-2), 5-, 12-,  
15-lipoxygenase (LOX) and cytochrome P450 monooxy-
genases to create prostaglandin-ethanolamides, hydroxyl-
eicosatetraenoyl-ethanolamides (HETE-EAs) and epoxy-
eicosatrienoyl-ethanolamide see for reviews [1,8]. 
 
Interaction between CB1 receptor and 
TRPV1 channel signaling in DRG neurons 
 

In nociceptive DRG neurons, an opposite role 
for CB1 and TRPV1 receptor activation was suggested, 
while AEA may activate both and trigger complex 
effects. AEA acts as a low-efficacy TRPV1 agonist. The 
efficacy of AEA may be affected by the number of 
TRPV1 channels in the plasmatic membrane, their 
phosphorylation, AEA metabolism, efflux or uptake, 
trafficking, storage, and the critical role also plays the 
concomitant CB1 receptor activation [8,37-41]. The 
AEA-mediated effects may differ based on the expression 
of the target receptors. Neurons expressing only CB1 
receptors or only TRPV1 channels may exert the opposite 
AEA-induced effects. In neonatal rat cultured neurons, 
the AEA-mediated inhibitory or excitatory effect was 
reported in size-segregated DRG populations of neurons. 
In supporting experiments, Ca2+ transients were evoked 
by KCl-induced depolarization and AEA application 
inhibited or potentiated these Ca2+ transients [42]. The 
CB1 activation-mediated inhibitory effect on 
depolarization-induced Ca2+ transients was also shown in 
primary culture of adult DRG neurons, which 
additionally rarely responded to capsaicin [43]. The dual 
effect of AEA application on synaptic input from primary 
nociceptive fibers was demonstrated at the first 
nociceptive synapses formed by these nociceptive DRG 
endings in acute spinal cord slices [10]. 

However, CB1 and TRPV1 receptors exhibit high 
co-expression within the DRG neurons [44-46], suggesting 
complex AEA-mediated regulation based on CB1/TRPV1 
crosstalk in these neurons. In transfected cells over-
expressing both receptors, a dual effect of CB1 activation 
on capsaicin evoked, TRPV1-mediated Ca2+ response was 
described. Activation of the CB1 receptor inhibited or 
enhanced capsaicin-induced responses depending on the 
signaling pathways activated. Inhibition of TRPV1 channel 
responses was mediated by negative regulation of the 
cAMP signaling via CB1 receptor activation. The opposite 
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effect, potentiation of TRPV1 channel responses, was 
mediated via phosphatidylinositol 3-kinase (PI3K) and 
phospholipase C (PLC) pathways stimulated by  
CB1 receptor activation [47]. Meanwhile, the activation of 
diverse intracellular signaling cascades, such as PI3K, 
PLC-PKC or PKA are known to sensitize the TRPV1 
channel to the agonist [38,41,48-53]. Further, it was shown 
that the constitutive activity of the CB1 receptor maintains 
the TRPV1 channel in a sensitized state [54]. The effect of 
AEA thus depends on the activation/regulation of CB1 and 
TRPV1 receptors and the concomitant CB1-mediated 
regulation of specific intracellular signaling with an impact 
on the TRPV1 sensitization. The order in which individual 
receptors are activated could also play a role [47,54]. 
A later study suggested that CB1-supported 
TRPV1 sensitization and the induction of TRPV1 respon-
siveness to AEA in DRG neurons may be underlined by 
the spatial proximity of both receptors [55]. 

On the other hand, reduction of TRPV1 
sensitization after CB1 receptor activation was also shown 
in experiments where AEA in subthreshold concentration 
for TRPV1 activation facilitated heat-induced 
Ca2+ transients that were further enhanced by CB1 receptor 
inhibition. The Ca2+ transients induced by AEA in the 
concentration to activate TRPV1 were reduced by 
simultaneous CB1 receptor activation by CB1 agonist 
HU210 [56]. Capsaicin evoked TRPV1-mediated cationic 
influx was attenuated by CB1 receptor activation, which in 
addition also reduced the number of capsaicin-responsive 
cells in these experiments [40,57]. Remarkably, 
experiments in spinal cord slices showed that AEA 
induced a concentration-dependent release of neuro-
peptide, calcitonin gene-related peptide (CGRP) and 
substance P (SP), via TRPV1 channel activation on central 
terminals of DRG neurons [58]. This TRPV1-mediated 
pronociceptive process of neuropeptide release in the 
dorsal horn was reduced by CB1 activation [59]. Thus, 
AEA activation of CB1 receptors on central terminals of 
DRG neurons may concomitantly affect the 
sensitization/activation of TRPV1 channels, and the final 
AEA effect could be concentration and receptors proximity 
dependent. In addition, the increase in intracellular Ca2+ 
concentration in DRG neurons stimulates the formation of 
endogenous AEA. Newly synthesized AEA was shown to 
mediate TRPV1-dependent Ca2+ influx subsequently. 
Thus, AEA was proposed to act as an intracellular 
messenger, amplifying intracellular concentration of  
Ca2+ via TRPV1 channels [39]. 

A fatty acid binding protein 5 (FABP5) is  

an intracellular carrier for AEA transport to FAAH-
mediated hydrolyses. A conditional knockout strategy was 
used to selectively ablate FABP5 in the TRPV1 channel 
expressing DRG neurons. This genetic approach elevated 
AEA, PEA, and OEA levels in DRGs, while 2-AG levels 
remained unchanged. Elevated AEA levels in nociceptive 
DRGs after FABP5 deletion attenuated nerve growth 
factor-mediated TRPV1 sensitization via CB1 receptor 
activation, and the emergence of antinociceptive effects 
mediated by CB1 was thus revealed [60]. 
 
CB1 and TRPV1 receptors modulation of 
transmitter release in spinal cord dorsal horn 
 

The first synapses of the pain pathway are localized 
in the spinal cord dorsal horn, particularly in the superficial 
laminae. Nociceptive signaling from the periphery is 
transmitted from DRG neurons, to dorsal horn neurons, 
which convey signaling to higher brain areas. AEA acts on 
the CB1 and TRPV1 receptors expressed at presynaptic 
endings of primary afferents and modulate neurotransmitter 
release. Activation of presynaptic CB1 receptors decreases 
glutamate release by a well-established mechanism of 
trimeric Gi/o-protein cascade stimulation, inhibiting adenylyl 
cyclase, decreasing calcium conductance by inhibition of 
high-voltage activated N- and P/Q-type Ca2+ channels, and 
increasing the potassium conductance via stimulation of 
inwardly rectifying and A-type outward potassium channels 
(Fig. 2) [61,62]. In comparison, CB1 receptor coupling to  
Gs-protein, stimulating adenylyl cyclase, was unmasked 
when the Gi/o-protein cascade was inhibited [63]. Whereas 
the isoform of adenylyl cyclase expressed in cells may be 
crucial in the CB1 receptor activation-induced dual effect on 
adenylyl cyclase [64]. 

TRPV1 activation-mediated responses are 
characterized by two phenomena – desensitization and 
tachyphylaxis. During TRPV1 stimulation, the channel 
activity is Ca2+-dependently reduced, and TRPV1 thus 
undergoes rapid desensitization. Tachyphylaxis occurs 
during repetitive agonist stimulation while the TRPV1-
mediated responses are diminished. TRPV1 channel 
activation at presynaptic ending allows Ca2+ influx through 
the opened pore, increasing Ca2+ concentration in the 
cytosol and dramatically enhancing spontaneous glutmate 
release [65-67]. Potent TRPV1 agonist capsaicin 
application elicited action potentials in superficial dorsal 
horn neurons, but evoked glutamate release induced by 
electrical stimulation of the dorsal root was prevented 
[65,66]. Thus, the facilitation of spontaneous glutamate 
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Fig. 2. Simplified illustration of AEA action at the first nociceptive synapse formed by the central terminal of the primary sensory neuron 
and the secondary spinal cord dorsal horn neuron. Autocrine and retrograde signaling of AEA is suggested, whereas AEA is synthesized in 
addition to other enzymes by Ca2+-dependent NAPE-PLD in both primary and secondary nociceptive neurons. (The contribution of glial cells 
to AEA signaling is not depicted). Translocation of the lipid molecule of AEA across the plasma membrane by diffusion and a membrane 
transporter was proposed. Intracellular carriers, including the fatty acid binding protein 5 (FABP5) and the heat shock protein 70 (HSP70), 
may facilitate the intracellular transport of AEA, for example, towards the FAAH for degradation. Two primary AEA-activated receptors are 
abundantly expressed on the presynaptic side, where they regulate glutamate release. At lower concentrations, the CB1 receptor is 
suggested to be activated, while at higher concentrations, both the CB1 and TRPV1 receptors are activated. In addition, AEA could directly 
inhibit low-voltage-activated calcium channels (CaV3) to modulate the excitability of neuron. The reduction in transmitter release after CB1 
receptor activation is attributed to the inhibition of high-voltage-activated calcium channels (VACC) and the activation of inwardly rectifying 
potassium channels (Kir). The image was created with BioRender.com. 
 
 
release by capsaicin was sufficient to transmit nociceptive 
information further along the pain pathway by activating 
second-order neurons even when the action potential- 
evoked glutamate release from primary afferent endings was 
blocked. Furthermore, in vivo electrophysiological 
experiments demonstrated that spinal administration  
of TRPV1 antagonist capsazepine reduced nociceptive  
fibers (Aδ- and C-) stimulation-evoked responses of dorsal 
horn neurons [68]. It is suggested that endogenous AEA 
primarily activates CB1 receptors under normal conditions, 
and its concentration is insufficient for TRPV1 channel 
stimulation on the central endings of DRG neurons. 
 
Modulation of synaptic transmission at first 
nociceptive synapses by anandamide 
 

In the superficial spinal cord dorsal horn, the  
patch-clamp recording of the dorsal root electrical 

stimulation-evoked excitatory postsynaptic currents 
(eEPSCs) from lamina II neurons revealed inhibition  
of the eEPSC amplitude by AEA application. Meanwhile,  
AEA attenuated evoked excitatory transmission more 
effectively during Aδ-fiber than C-fiber stimulation. 
A similar decrease of eEPSC amplitude was demonstrated 
after the CB1 receptor agonist WIN55,212-2 application 
[69,70]. The effects of AEA on spontaneous synaptic 
transmission were reported inconsistently, from no  
detected change in the frequency of miniature EPSC 
(mEPSC) [70] to a concentration-dependent effect of AEA 
[71]. In the latter experiments, mEPSCs were recorded, 
and the low AEA concentration-induced inhibition of  
frequency was suggested to be mediated via CB1 receptors 
activation, and the higher AEA concentration-induced 
excitatory effect  via TRPV1 channels [71]. 

A recent study evaluated AEA modulation by 
recording mEPSC from neurons in lamina I and II(outer) in
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Fig. 3. Peripheral inflammation enhanced the inhibitory effect of AEA application on dorsal horn neurons mEPSC frequency in spinal cord slices. 
(A, B) Normalized frequency of mEPSC during acute AEA application (1 µM, 10 µM, and 30 µM, 4 min each concentration) in control conditions 
(A) and 24 h after induction of peripheral inflammation (B) by subcutaneous carrageenan injection. Statistical analysis showed a significant 
difference between control and inflammatory conditions in each AEA concentration tested (1 μM AEA, p<0.05; 10 μM AEA, p<0.05; 30 μM AEA, 
p<0.05). (C) Application of AEA induced decrease or increase of mEPSC frequency in a comparable number of superficial dorsal horn neurons in 
control conditions. The number of neurons with mEPSC frequency inhibition by AEA application was reduced after inhibition of the CB1 receptor 
(PF514273 application) and especially after CB1 and FAAH co-inhibition (PF514273/URB597 co-application) used as a pretreatment. (D) After 
peripheral inflammation, most neurons received synaptic input inhibited by the AEA application (73 %). Pretreatment with PF514273 and 
PF514273/URB597 reduced the inhibitory and enhanced the excitatory AEA-induced effect. Abbreviations: PF (PF514273, CB1 receptor 
antagonist), SB (SB366791, TRPV1 antagonist), URB (URB597, FAAH inhibitor). The figure was adapted from Pontearso et al. [10]. 
 
 
acute slices [10]. The results suggested that applied AEA 
had a dual effect on mEPSC frequency with similar size 
populations of recorded neurons showing inhibition and 
excitation. This balanced AEA effect on mEPSC frequency 
was changed following peripheral inflammation when AEA-
induced decrease of neurotransmitter release from primary 
afferent fibers (mEPSC frequency) was dominant (Fig. 3). 
The excitatory effect of AEA application was evident only 
when CB1 receptors and FAAH were inhibited [10]. 

Notably, these described effects of exogenous 
AEA application contrast with those observed following the 
application of its precursor 20:4-NAPE, which increased 
levels of endo-genous AEA and consistently inhibited both 
action potential-dependent and -independent excitatory 
synaptic transmission, as evidenced by the recording of 
eEPSC, sEPSC, and mEPSC [9,72]. In these experiments, 
AEA was synthesized in spinal cord slices from 20:4-NAPE 
primarily by NAPE-PLD (Fig. 4) [72]. The 20:4-NAPE 
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mediated inhibition was also present after peripheral 
inflammation while the underlying mechanisms were 
altered. In naïve animals, the 20:4-NAPE effect was 
mediated by CB1 receptors, but after inflammation, the 
TRPV1 channel-mediated mechanism was also involved 
[9,72]. The physiological mechanism of AEA syntheses by 
available catabolic enzymes, together with their cellular 
distribution and level of enzymatic activity, regulate 
AEA concentration locally and may have a crucial role in 
the AEA-induced modulation of nociception [9]. The local 
production of AEA from its precursor could thus be 
advantageous for analgesic purposes in clinical settings. 
 
 

 
 
Fig. 4. Application of the AEA precursor 20:4-NAPE decreased 
excitatory synaptic transmission at the first nociceptive synapses 
via NAPE-PLD activation. Application of 20:4-NAPE (20 μM, 
4 min) decreased the frequency of mEPSC (n = 15, *** p<0.001) 
recorded from superficial dorsal horn neurons in acute spinal 
cord slices. Incubation of slices with the NAPE-PLD inhibitor  
LEI-401 (1 μM, 2 h) prevented the effect of acutely applied  
20:4-NAPE (20 μM, 4 min) on mEPSC frequency. The figure was 
adapted from Spicarova et al. [72]. 
 
 

Well-known endocannabinoid retrograde 
signaling described at synapses in the brain was also 
recognized in the spinal cord dorsal horn. Activation of 
spinal metabotropic glutamate receptor 5 (mGluR5) 
stimulated endocannabinoid-mediated stress-induced 
analgesia by retrograde signaling via diacylglycerol lipase 
– 2-arachidonoylglycerol – CB1 receptor pathway [73]. In 
other experiments different conditioning stimulation 
protocols known to induce endocannabinoid production 
and CB1 receptor-dependent synaptic plasticity in other 
brain areas [74,75] were employed in spinal cord slices. 

Low-frequency stimulation of primary afferent fibers 
combined with depolarization of postsynaptic neuron  
led to profound long-term depression mediated by  
CB1 receptors [76]. These results indicated that  
CB1 receptors activation in primary afferent fibers  
could prevent long-term potentiation underlying 
hypersensitive states. 

Various populations of excitatory and inhibitory 
spinal interneurons form neuronal circuits in the dorsal 
horn and modulate the nociceptive signaling from the 
periphery. This signaling is also affected by descending 
modulation from higher brain areas. Many studies aimed 
at spinal nociception are performed in spinal cord slices. 
This preparation decreases the degree of complexity of 
spinal nociceptive signaling by eliminating functional 
descending pathways. Despite the expression on central 
terminals of primary sensory neurons, CB1 receptors are 
also expressed in dorsal horn interneurons [44,73,77-79]. 
Their activation may decrease the inhibitory 
neurotransmitter release, leading to increased excitability 
of nociceptive dorsal horn neurons. Thus, an unexpected 
role of endocannabinoids acting on inhibitory interneu-
rons as mediators of heterosynaptic pain sensitization was 
revealed in the dorsal horn [77]. 
 
Analgesia mediated by spinal anandamide 
 

Treatment with cannabinoids induces analgesia 
by acting at the peripheral, spinal, and supraspinal levels 
[2,4,18,80,81]. Intrathecal (i.t.) administration of the  
CB1 receptor antagonist, SR141716A, induced thermal 
hyperalgesia and facilitated responses of dorsal horn 
neurons evoked by transcutaneous electrical stimulation. 
These experiments suggested tonic activation of spinal 
CB1 receptors modulating nociceptive threshold [82,83]. 
In comparison, i.t. administration as well as topical 
application of CB1 receptor agonist WIN55,212-2 
produced analgesia. When ineffective i.t. doses of 
WIN55,212-2 were used with topical tail immersion in 
the WIN55,212-2 solution, an antinociceptive effect was 
markedly potentiated. Thus, antinociceptive synergy 
occurred in both peripheral and spinal application sites 
[84]. Spinal administration of AEA had inconsistent 
effects on neuronal responses evoked by transcutaneous 
electrical stimulation of nociceptive primary afferent 
fibers in control animals. In contrast, under infla-
mmatory conditions, AEA reduced these responses via 
CB1 receptor activation [85]. Intrathecal application of 
WIN55,212-2 via activation of CB1 receptors attenuated 
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mechanical hypersensitivity associated with peripheral 
inflammation induced by complete Freud’s adjuvant 
(CFA) injection and also present after peripheral 
neuropathy caused by partial ligation of the sciatic nerve 
[86,87]. Increased AEA level in the spinal cord was 
reported in neuropathic pain model with chronic 
constriction injury (CCI) of the sciatic nerve [88]. 
Intrathecal AEA administration blocked carrageenan-
induced thermal hyperalgesia [89] and CCI-induced 
mechanical allodynia via both CB1 and TRPV1 receptor-
dependent mechanisms [90]. Suppression of spinal 
AEA degradation by FAAH inhibition led to the TRPV1-
mediated analgesic effect in neuropathic rats while 
supporting experiments indicated the lipoxygenase-
mediated remodeling of AEA metabolism [91]. 
 
Clinical aspects of anandamide-mediated 
analgesia 
 

Ongoing research focuses on the use of exo- and 
endo-cannabinoids to treat pain. Exocannabinoids, 
naturally occurring phytocannabinoids from the cannabis 
plant, and synthetic cannabinoids differentiate from 
endocannabinoids synthesized within the body in 
chemical structure and pharmacological properties upon 
activation of the classical cannabinoid receptors CB1 and 
CB2, reflecting their different origins. The beneficial 
effect of Sativex (Nabiximols), a cannabis-based 
pharmaceutical product containing Δ9-tetrahydro-
cannabinol (Δ9-THC) and cannabidiol (CBD) approved 
for pain and spasticity treatment in patients with multiple 
sclerosis in 2005 in Canada, was confirmed in patients 
with peripheral neuropathic pain in further clinical trials 
[92,93]. The approval of Sativex encouraged further 
studies of new analgesics targeting the endocannabinoid 
system, modulating AEA levels and related signaling. 

Clinical trials looking for AEA analgesic 
properties in pathological pain states and neurological 
disorders were supported by positive preclinical results 
[91,94,95]. However, the failure of these clinical trials 

testifies to the complexity of the AEA-induced effect, 
including the regulation of a wide range of physiological 
processes, which could underlie severe side effects.  
It also demonstrates the difficulty of the translation of 
promising results from animal models to clinical settings 
in humans. Several inhibitors of the AEA degradation 
enzyme FAAH entered clinical trials also with a focus on 
pain relief. These FAAH inhibitors elevated plasma AEA 
levels and were well tolerated [96]. However, clinical 
trials targeted at pain relief failed to produce analgesia in 
patients with osteoarthritic pain manifestation [97]. 
Clinical interest in this area waned when phase I  
of clinical trials testing BIA 10-2474 was terminated for 
tragic fatality in the group of volunteers receiving the 
highest dose [98]. Activity-based protein profiling 
revealed off-target BIA 10-2474 activities that may have 
contributed to the induced neurotoxicity [99]. However, 
the adverse effects of BIA 10-2474 remain unexplained 
[100]. The great hope of clinicians was to test 
peripherally restricted cannabinoid agonists based on 
preclinical research clearly showing the analgesic effects 
of peripheral cannabinoid receptor activation [2,3,81]. 
However, clinical trials using AZD1940 and AZD1704 
have failed to produce any analgesic effect [101,102]. It 
is unclear if an optimal activation of CB1 receptors to 
produce analgesia was achieved or if peripheral 
CB1 receptor stimulation failed to inhibit nociceptive 
signaling [103]. A better understanding of the underlying 
mechanisms of AEA-induced effects and the differences 
between rodents and humans is essential to advance 
preclinical and translational research. 
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Summary 
Chemogenetics is a newly developed set of tools that allow for 
selective manipulation of cell activity. They consist of a receptor 
mutated irresponsive to endogenous ligands and a synthetic 
ligand that does not interact with the wild-type receptors. Many 
different types of these receptors and their respective ligands for 
inhibiting or excitating neuronal subpopulations were designed in 
the past few decades. It has been mainly the G-protein coupled 
receptors (GPCRs) selectively responding to clozapine-N-oxide 
(CNO), namely Designer Receptors Exclusively Activated by 
Designer Drugs (DREADDs), that have been employed in 
research. Chemogenetics offers great possibilities since the 
activity of the receptors is reversible, inducible on demand by the 
ligand, and non-invasive. Also, specific groups or types of 
neurons can be selectively manipulated thanks to the delivery by 
viral vectors. The effect of the chemogenetic receptors on 
neurons lasts longer, and even chronic activation can be 
achieved. That can be useful for behavioral testing. The great 
advantage of chemogenetic tools is especially apparent in 
research on brain diseases since they can manipulate whole 
neuronal circuits and connections between different brain areas. 
Many psychiatric or other brain diseases revolve around the 
dysfunction of specific brain networks. Therefore, chemogenetics 
presents a powerful tool for investigating the underlying 
mechanisms causing the disease and revealing the link between 
the circuit dysfunction and the behavioral or cognitive symptoms 
observed in patients. It could also contribute to the development 
of more effective treatments. 
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Introduction 
 

In neuroscience, especially brain research, the 
need for selective modulation of separate brain areas or 
neuronal subpopulations has become increasingly 
pressing. Especially in the case of brain diseases, 
understanding the brain’s circuitry is crucial for finding 
the underlying causes and possible targets for 
medication. It has been shown that the dysfunction of 
specific networks or connections between different 
brain areas leads to the impairments and behavioral 
changes caused by the disease. It can be seen in 
Alzheimer’s disease as the hyperactivity of the 
hippocampus preceding neurodegeneration [1], the 
hypofunction of the prefrontal cortex in schizophrenia 
[2], or the impairments in attention-deficit/hyperactivity 
disorder (ADHD) [3]. However, studying these circuits, 
their activity, and how they influence one another with 
the current methods is not always optimal. For example, 
lesions do not allow for investigation of different areas' 
interplay and functional connectivity [4]. Optogenetics 
is a very invasive method, only targeting a small spot 
for a short time [5]. That is why chemogenetics could 
lead to significant advances in this field. 
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How we got to chemogenetics 
 

This paper is a part of the issue of the 
Physiological Research, which commemorates the 70th 
anniversary of the Institute of Physiology of the Czech 
Academy of Sciences. The Laboratory of Neuro-
physiology of Memory at this Institute has made 
significant advancements in the study of memory 
mechanisms, progressing from traditional techniques to 
the utilization of chemogenetics. This shift reflects 
a broader trend in neuroscience toward integrating 
molecular, cellular, and systemic approaches to 
understanding cognitive functions. 

Initially, the department focused on traditional 
neurophysiological and behavioral studies. These 
included examining the hippocampus [6-8) and its roles 
in spatial navigation and memory, a classic model for 
studying the neurobiological mechanisms underlying 
learning, decision-making, and other higher cognitive 
processes. Over time, the department's research 
expanded to include various aspects of spatial 
orientation in laboratory rodents, the role of brain 
structures and neurotransmitter systems in spatial 
behavior [9-12], and the study of cognitive deficits 
associated with modeled neuropsychiatric diseases [13]. 

The transition to chemogenetics was a natural 
progression of the department's evolving research 
interests and capabilities. Chemogenetics offers a more 
precise way to manipulate and study specific neuronal 
populations and their functions. This method allows for 
the control of neuronal activity using engineered 
receptors and specific, pharmacologically inert ligands. 
By adopting this technique, the laboratory can 
investigate the neural basis of behavior with greater 
specificity and detail, contributing significantly to both 
fundamental knowledge and applied outcomes in 
neuroscience. 

Through these developments, the department 
has advanced our understanding of memory and 
cognitive processes and made significant contributions 
to the study of neurodegenerative and neuropsychiatric 
disorders. The adoption of chemogenetics by the 
Laboratory of Neurophysiology of Memory exem-
plifies the ongoing evolution in neuroscience research, 
where cutting-edge techniques are increasingly 
employed to unravel the complexities of the brain and 
behavior. 

 

What is chemogenetics 
 

Chemogenetics is a field interconnecting biology 
and chemistry that seeks to engineer proteins (especially 
GPCRs) to show an altered interaction with endogenous 
and synthetic ligands for more precise and rapid control 
of cellular activity. These synthesized proteins retain all 
their functions except their ligand specificity, so they 
selectively respond only to specific small molecules, 
usually artificially synthesized [14,15]. These engineered 
proteins can then be used to investigate physiological 
mechanisms (on the level of cells, organs, or whole 
organisms and their behavior) or potentially for therapy. 
The creation of chemogenetic tools permitted the control 
of a specific type of GPCR (in a particular subpopulation 
of cells) by a single specific ligand. These tools allow for 
a more targeted control by eliminating the activation of 
other molecular targets. They also help identify the 
signalling pathways affected and the subsequent 
consequences for better analysis of cell functions [16,17]. 
Neuroscientists use these predominantly to non-
invasively control cell signalling in freely moving 
animals (mainly rats and mice) to distinguish between 
such cells' normal and pathological function and their 
effects on certain behaviors [18]. 

The most commonly used chemogenetic tools 
are Receptors Activated Solely by Synthetic Ligands 
(RASSLs) [19] and DREADDs [20]. New tools have also 
emerged, like the engineered Ligand-Gated Ion Channels 
(eLGIC) [21]. 

RASSLs were first generated by modifying the 
extracellular loop of the G-protein coupled human  
κ-opioid receptor so it would not bind the endogenous 
protein ligands (like dynorphin). Because these receptors 
have a different binding site for the small molecules and 
the protein ligands, they remained capable of being 
activated by small synthetic molecules chosen for the 
experiment after the mutation. The limitations of this 
approach are the residual affinity of these small synthetic 
molecules for the wild-type receptors, which is primarily 
an issue for experiments in vivo [14], and the high 
constitutive activity of RASSLs [22]. 

DREADD technology is the one overcoming 
these shortcomings. These chemogenetic tools have low 
constitutive activity and suppressed affinity for any 
endogenous ligands, binding only biologically inert 
synthetic ligands. The muscarinic receptors are the 
GPCRs most often used for DREADDs, with the 
synthetic ligand being clozapine N-oxide, which is 
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biologically almost inert. They are usually created using 
a novel directed molecular evolution method [17]. 

Lastly, the eLGICs permit control of the ion 
conductance of neurons via a ligand-binding domain of 
a particular ion channel mutated into a Pharmacologically 
Selective Actuator Module (PSAM). PSAM responds 
only to a specific Pharmacologically Selective Effector 
Molecule (PSEM), which can activate or silence these 
neurons [21]. One of the first studies on LGICs used an 
invertebrate chloride channel activated by ivermectin to 
function as a neuron-silencing tool [23]. Later on, the 
effectiveness of this tool was improved by mutating 
a human α1 glycine receptor to respond to ivermectin 
because this receptor showed increased cell expression 
and better sensitivity [24]. 
 
The principles and mechanisms 

Due to chemogenetics being a relatively new 
tool, this chapter goes over the different ways of 
generating the modified receptors, how they are delivered 
to the site of interest, and methods for activating them. 
Generally speaking, chemogenetics is based on 
orthogonal chemical genetics, where a particular protein 
is changed (mainly in its binding domain) to respond only 
to a specific molecule. This small molecule is artificially 
synthesized and usually silent in interactions with 
endogenous receptors [16,25]. Except for RASSLs, these 
small molecules can interact with wild-type receptors, 
making this tool unsuited for in vivo systems where their 
activity could interfere with that of the RASSLs [14]. 

Furthermore, the specific protein is mutated, so 
it would be activated by the orthogonal ligand (one that 
does not interact with the endogenous system) and retain 
all the other protein functions. It is usually also 
engineered not to accept the endogenous ligands, only the 
orthogonal ones, making it an orthogonal protein [26]. 
The directed molecular evolution approach usually 
executes this mutation and selection process in 
DREADDs (and eLGICs). This approach creates a library 
of mutants by random mutagenesis via error-prone 
polymerase chain reaction (PCR). These mutants are 
afterward screened for high affinity for the designer 
ligand while showing low to no affinity for the 
endogenous ligand. The selection is achieved by making 
the GPCR activity in the yeast population crucial for 
survival and placing them on a selective medium with the 
synthesized ligand. Like this, only the yeast cells with 
GPCRs activated by the synthetic ligand will survive and 
be used for the experiments [17]. 

On the other hand, RASSLs are created by 
rational design. This approach consists of modeling and 
evaluating a chosen protein's structure to mutate it by site-
specific mutagenesis. The rational design method is faster 
and more directed, but structural data is needed compared 
to the directed molecular evolution approach [27]. 

The application of chemogenetics requires gene 
transfer, facilitated mainly by viral vectors (more 
precisely, retroviruses). Adeno-associated viruses (AAV) 
are the most commonly used as they do not produce high 
immune response cytotoxicity. Therefore, their 
expression lasts longer, making them practical and safer 
for studying behavior [28]. Also, different serotypes of 
recombinant AAV allow for targeted gene transfer into 
specific tissues or organs. Some of these serotypes even 
permit labeling neuronal populations that are harder to 
reach via retrograde transport [28]. Moreover, AAV 
(more precisely recombinant rAAV) can be altered 
through direct evolution to increase their efficiency of 
retrograde transport and expression, for example, by 
changing capsid variants. Such alterations can be helpful 
in research and clinical gene therapy [30]. 

Other types of vectors can also be used for gene 
transfer in chemogenetics. Lentiviruses (based on HIV) 
were shown to have more efficient transduction, meaning 
that the vector spreads into more cells [31]. Some types 
of herpes simplex virus (HSV) move retrogradely and 
allow studying even the regions of the brain that are 
harder to reach [32]. HSV is also useful for their larger 
capacity since they can carry longer gene sequences or 
multiple transgenes [33]. 

The choice of the promoter is also crucial as  
it enables the targeting of specific cell types based on the 
nuanced expression levels of certain genes [34,35]. To 
further specify the location of the transcript, transgenic 
mice expressing the enzyme Cre-recombinase in 
a specific cell type are used. In that case, the DREADD 
coding gene is inverted. It can be transcribed only in the 
cells with Cre-recombinase because it can excise the gene 
based on loxP sites (in the case of a double-floxed 
inverted open reading frame), making it available for 
transcription [36]. 

DREADDs can be effectively used for circuit-
specific interrogation, particularly useful for studying 
brain diseases (schematically shown in Fig. 1). First, the 
designer receptors are applied to the area by injecting the 
virus vector, then activated on demand by a specific 
ligand. This targeting and activation of a particular 
neuronal circuitry can be accomplished in multiple ways. 
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Fig 1. Schematic representation of different approaches to DREADD expression and activation in the brain. (A) Expression of DREADDs 
in a specific cell type by viral vectors or transgenically (via an externally inducible transgene promoter) and their subsequent activation 
by systemic administration of the appropriate ligand. (B) Injection of cell-type-specific viral vector and then of the Cre-recombinase 
carrying viral vector transported retrogradely from the neuron’s projection site to activate the transcription of the sequence from the 
first virus. The expressed DREADD is then activated by systemic administration of the ligand. (C) Cell-type-specific expression of 
DREADDs as in (A) but with the selective activation of chosen projections by local (intracranial) ligand injection. (D) Expression of 
different DREADDs in specific cell types for multiplexed control of their activity (source: from [38], copyright purchased). 
 
 
It can be done by targeting a specific cell type thanks to  
a corresponding promoter and then selectively activating 
the subpopulation by local intracranial administration of 
the ligand. Usually, it is CNO microinjected through the 
intracranial cannula(s) into a particular brain subregion of 
interest. Like this, DREADDs can be activated solely in 
this region, such as the dorsal dentate gyrus terminals of 
the entorhinal cortex. The issue with this method is its 
invasiveness as the cannulas are surgically implanted, 
going through the skull into the brain region [37]. 
Another possibility for modulating the activity of specific 
brain circuits is the dual viral-vector methodology. For 
example, Cre-dependent DREADD is injected into  

a region with cell bodies of the studied neurons. The 
retrograde vector with Cre-recombinase is injected into 
the area where the studied neurons are projecting. 
Therefore, the expression of DREADDs will be limited 
only to the neurons projecting from the first region to the 
second one injected. Afterward, the expressed DREADDs 
can be activated by systematically injecting the drug, 
which is not invasive and allows for easier manipulation 
[32]. 

As was already partially discussed, there are 
different ways of designer drug administration. The 
administration choice depends on the chemogenetic 
receptor type and the experimental design. It can be 
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delivered systemically, intracranially, or orally. Also, 
there are multiple different ligands from which to choose 
(this will be discussed in greater detail further). 
Nonetheless, CNO is the most commonly utilized ligand 
for DREADDs (the prevalent chemogenetic tool used) 
[39]. Systemic drug injection is advantageous due to its 
easy manipulation and non-invasiveness while keeping  
an effective and rapid control of targeted neurons (within  
10 minutes after systemic CNO application, the response 
is activated, with a peak after 20 minutes) [40]. However, 
the dose of the synthetic ligand can have varying effects 
based on the receptor used, the type of brain region, and 
the behavior targeted [41]. Intracranial administration 
permits selective control of specific brain regions or even 
the subpopulations of neurons and their specific 
projections. However, as suggested, its invasiveness 
reduces the method's applicability [42]. Last, oral 
administration is usually used for chronic activation of 
the chemogenetic receptor. It is added to food or water, 
freely available to the tested animals, and is less stressful 
than injections. Still, the presence of CNO in water could 
aggravate its taste, leading to higher water consumption 
when removed, which could interfere with the study 
results [43]. 
 
G-protein coupled receptors 

Since the most prevalently used chemogenetic 
tools are DREADDs (and RASSLs) based on GPCRs, it 
is necessary to discuss their mode of function, why they 
are an effective tool for cell activity modulation, and 
some shortcomings. GPCRs are seven-transmembrane 
receptors forming complexes with G-proteins or  
β-Arrestins. These two compete for the receptor as the 
complex with β-Arrestins blocks the binding of  
G-proteins on the receptor, desensitizing it and impeding 
the G-protein coupled signaling pathways [44]. 
Therefore, the activated receptor can bind only to one of 
the two at a time, creating agonist-induced selectivity. 
Atop the desensitization effect, β-Arrestins can also lead 
to the internalization of the GPCR and, therefore, cause 
issues concerning the dosing of the ligand in experiments 
using GPCR-based chemogenetics [45]. Furthermore, the 
type of ligand, receptor type, and cellular context can bias 
the receptor toward one signaling pathway over others, 
also called functional selectivity [46]. 

Even though various ligands activate G-protein 
coupled receptors, they can also signal without them, 
with higher or lower probability based on the receptor 
type, called constitutive activity. That is especially crucial 

to account for when using chemogenetics. If the 
expression of the receptor in the target cell is high, it can 
generate a phenotype even in the absence of a ligand due 
to its constitutive activity. Even though DREADDs 
generally have low constitutive activity, it is essential to 
consider this factor [22]. 

The signaling pathways GPCRs activate are 
numerous, and their effects can be more far-reaching than 
just silencing or enhancing neuronal activity. 
Unfortunately, it is not always sure whether the silencing 
or enhancing of neuronal firing happens through 
a canonical or non-canonical pathway and how the 
different receptor isoforms may influence the signaling 
pathways. However, it may be important information 
since the isoforms can lead to additional changes in cell 
activity [47]. Furthermore, some have separate 
extracellular binding sites for endogenous protein and 
small molecule ligands such as CNO. Therefore, the 
binding site for an endogenous ligand can be altered to be 
dysfunctional while keeping a high affinity for the small 
molecule and the original mode of function of the 
receptor [17]. 

All the above and the fact that GPCRs are one of 
the most prevalent receptors in cells, therefore playing 
a part in many cell functions, make them an excellent tool 
for use in various scenarios. It permits studying a whole 
range of cellular activities and behaviors. So even, 
despite some caveats, they have undeniable advantages 
for use as chemogenetics. 
 
Types of chemogenetic tools 
 

Chemogenetics is a superordinate term for multiple 
tools (as outlined in previous chapters) based on engineering 
proteins to alter their ligand specificity for rapid and precise 
control of cell signaling in vivo. Therefore, specifying these 
different types and how they function would be appropriate 
(schematically shown in Fig. 2). 
 
Kinases 

Kinases were among the first genetically 
modified proteins to work as chemogenetic tools. They 
were generated by creating a functionally silent mutation 
in the ATP [16] or GTP [48] binding sites, respectively, 
and then an already existing corresponding kinase  
(or GTPase) inhibitor was synthesized to attach to the 
altered site. Thanks to this approach, the effect of its 
inhibition on the cell could be observed. Furthermore,  
the specific signaling pathway it engages in and the role 
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Fig. 2. Schematic representation of 
four different types of chemogenetic 
tools. On the left, (A) DREADD hM3Dq 
and (B) PSAM-5HT3HC act through 
depolarization of the neuronal 
membrane to produce excitation. On 
the right, (C) DREADD hM4Di and  
(D) PSAM-GlyR hyperpolarize the 
membrane to induce inhibition. The 
DREADDs activate the respective  
G-protein coupled signaling cascades 
after CNO binds. The PSAMs, on the 
other hand, are activated by PSEMs 
and directly open ion channels, 
causing the appropriate effect by 
selective ion influx (sodium for 
excitation and chloride for inhibition) 
[55].

 
 
of the kinase in the cell could be reconstructed. This 
approach is essential for treating diseases since it can 
uncover the signaling cascade and specific targets for 
drugs in therapy. For example, the research on the  
v-Src and Fyn kinases, which play a significant role in 
oncogenesis, focused on uncovering their signaling 
pathways. These kinases were mutated in their binding 
site (point mutation of Ile338 to Gly) to only respond to  
a synthetically altered inhibitor, ATP-analogue, called 
compound 3g [49]. A similar study was conducted only 
with a different ATP-analogue for the v-Src kinase [50]. 
The paper on ephrine B-type (EphB) tyrosine kinase, 
which plays a significant role in brain development, 
employed a similar approach. A targeted mutation of  
Ile amino acid residue to Gly permitted the activation of 
such kinases by a synthetic molecule (like PP1) inert with 
the wild-type kinase. This study revealed the importance 
of EphB tyrosine kinase signaling in many areas  
of neuronal development [51]. 
 
Enzymes 

Another class of proteins grouped under the 
chemogenetic tools is enzymes. Here, the studies focus 
on developing artificial enzymes that mimic the naturally 
occurring enzymatic processes to study their natural 
function or, for example, to improve their efficiency. 
A protein scaffold and a catalytic group can be linked to 

create a new enzyme. On top of that, a change in the 
position of functional groups in the binding site can play 
a significant role in ligand selectivity, affecting the 
efficiency of the enzymatic reaction. This use  
of chemogenetically modified enzymes in research was 
demonstrated in a study on the myosin isoenzyme. Its 
binding site was changed to selectively bind  
an ATP-analogue that does not activate other isoenzymes 
to determine the enzyme’s specific function [25], 
introducing Lys residues into the active site of artificial 
transaminase was conducted to improve its selectivity for 
the substrate. The improved selectivity led to an increase 
in the kinetic rate of the reaction. 
 
G-protein coupled receptors: RASSLs and DREADDs 

To date, the chemogenetic technology based on 
GPCRs is the most popular tool in many areas of science, 
especially in behavioral studies. These tools include the 
RASSL and DREADDs. Similar attempts as with the 
kinases have been introduced for GPCRs. Furthermore, 
GPCRs are also often targets of pharmacological 
remedies; therefore, studying their affinity and selectivity 
for ligands is crucial. It was first explored on the  
β-adrenergic receptor by embedding a point mutation  
of Asp113 in the binding site to change the receptor’s 
specificity for a ligand, creating the first GPCR-based 
chemogenetic tool [53]. 
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The RASSLs were created to study the 
downstream effects of G-protein-coupled receptors 
because it is hard to separate the function of one from the 
other due to their abundance in the organism. The 
RASSLs were first based on the κ-opioid receptor 
coupled with the Gi protein. Coward et al. [14] created 
chimeric receptors with parts from μ and δ opioid 
receptors. This resulted in decreased affinity for the 
peptide ligands but retained it for the small molecules, as 
these have different binding sites on the receptor. Like 
this, it is possible to study and control the activity of 
GPCRs and their physiological effects selectively by 
small molecule drugs. 

Nonetheless, these small molecules can still 
activate wild-type receptors, so DREADDs were 
developed for use in vivo. They are also based on the 
GPCRs but are created so only a synthetic naturally inert 
ligand activates them, eliminating the simultaneous 
activation of wild-type GPCRs. DREADDs are now the 
most used chemogenetic tools with various types of 
receptors and ligands (more specified in the Synthetic 
receptors and ligands chapter). A particular one is the  
κ-opioid DREADD (KORD), which is based on the human 
κ-opioid receptor and is used to inhibit neuronal activity. It 
is different since it responds to Salvinorin B instead of 
CNO, unlike the other DREADDs (human muscarinic 
receptor-based). Thanks to that, it deals with the issues 
arising from the back-metabolization of CNO to clozapine 
[54]. It allows for multiplexed control of cell activity [20]. 
 
Ligand-gated ion channels 

The last category of chemogenetic technologies, 
based on ion channels, is eLGIC, sometimes called 
PSAM. They rapidly control ion conductance on the cell 
membrane and, therefore, neuron activity. Again, that 
makes them valuable in studying the effects of these ions 
on the molecular level and their far-reaching 
consequences on behavior. A chimeric LGIC has 
a mutated ligand-binding domain called PSAM, which 
can interact only with pharmacologically selective 
effector molecules (PSEMs). These are small molecules 
that do not bind to the native receptor. Like this, effective 
neuron-activating or -inhibiting systems can be created, 
depending on the ion channels chosen and altered. Their 
advantage is using multiple eLGICs within one cell 
population or with different tools like optogenetics [21]. 

Recent advances in ligand-gated ion channel 
(LGIC) research have introduced the eLGIC type, a novel 
system based on acetylcholine receptors called BARNI 

(Biologically Advanced Receptor for Novel Interactions). 
This innovative type of LGIC is noteworthy due to its 
activation through a clinically approved ligand, which 
underscores its potential for simplified clinical translation 
and application. The ability of BARNI to be activated by 
an existing, clinically approved compound significantly 
reduces the regulatory and developmental hurdles 
typically associated with new therapeutic interventions, 
making it an attractive candidate for rapid integration into 
clinical practice [56]. 

The BARNI system leverages acetylcholine 
receptors' structural and functional properties, which play 
critical roles in various physiological processes, including 
muscle activation and cognitive function [57]. The 
BARNI system circumvents the often lengthy and costly 
process of novel ligand development and approval by 
utilizing a clinically approved ligand. This strategy aligns 
with recent trends in drug repurposing, where existing 
drugs are adapted for new therapeutic applications, thus 
speeding up the transition from bench to bedside [58]. 

Moreover, the clinical applicability of the 
BARNI system is further enhanced by its potential to be 
used in a range of therapeutic contexts. For instance, 
acetylcholine receptor modulation has been implicated in 
treating neurological disorders such as Alzheimer's 
disease and myasthenia gravis [59]. The eLGIC type's 
ability to precisely target these receptors could lead to 
more effective therapies with fewer side effects than 
traditional treatments [60]. Furthermore, using a clini-
cally approved ligand means that safety profiles are 
already well-established, thereby reducing the risk of 
adverse effects in patients [56]. 
 
Synthetic receptors and ligands 
 
Receptors 

Over the years of using chemogenetic tools in 
science, many receptors and ligands have been created to 
suit the needs of the experimental design or improve the 
required characteristics of chemogenetic tools, like 
selectivity or off-target activity. 

As seen in Table 1, multiple classes of proteins 
are used in chemogenetics: kinases, enzymes, channels, 
and GPCRs, which are the most explored and widely 
applied. From GPCRs, the most employed receptors are 
those based on the human muscarinic receptor, which has 
given rise to DREADD technology. Due to that, this 
chapter will be focused mainly on the DREADDs. 
Multiple types of DREADDs have been engineered and 
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Table 1. Table illustrating the different types of chemogenetic tools used. 
 

Name Protein(s) Ligand Reference 

Representative kinases 
Allele-specific kinase inhibitors v-I388G Compound 3g [50] 

Analogue-sensitive kinases 

v-Src (I338G, v-Src-as1), c-
Fyn (T339G, c-Fyn-as1), c-

Abl (T315A, c-Abl-as2), 
CAMK IIα (F89G, CAMK 
IIα-as1) and CDK2 (F80G, 

CDK2-as1) 

K252a and PPI analogs [49] 

Rapamycin-insensitive TOR complex TORC2 V2227L BEZ235 [26] 
ATP-binding pocket mutations in 
EphB1/2/3 

Ephb1T697G, Ephb2T699A, and 
Ephb3T706 

PP1 analogs [51] 

ATP-binding pocket mutations of 
TrkA/B/C 

TrkAF592A, TrkBF616A, and 
TrkCF617A 

1NMPP1 and 1NaPP1 [61] 

Representative enzymes 

Metalloenzymes 
Achiral biotinylated rhodium 

diphosphine complexes 
 [62] 

Engineered transaminases 

Chemically conjugating 
a pyridoxamine moiety within 
the large cavity of intestinal 

fatty acid binding protein 

Enhanced activity [52] 

Representative GPCRs 

Allele-specific GPCRs 
β2-adrenergic receptor, 

D113S 

1-(3′,4′-dihydroxy 
phenyl)-3-methyl-L-
butanone (L-185,870) 

[53] 

RASSL-Gi κ-opioid chimeric receptor Spiradoline [14] 

Engineered GPCRs 
5-HT2A serotonin receptor 

F340→L340 
Ketanserin analogues [63] 

Gi-DREADD 
M2- and M4 mutant 
muscarinic receptors 

Clozapine-N-Oxide [17] 

Gq-DREADD 
M1, M3, and M5- mutant 

muscarinic receptors 
Clozapine-N-Oxide [17] 

Gs-DREADD 
Chimeric M3-frog Adrenergic 

receptor 
Clozapine-N-Oxide [64] 

Arrestin-DREADD M3Dq R165L Clozapine-N-Oxide [65] 
Axonally-targeted silencing hM4D-neurexin variant Clozapine-N-Oxide [66] 

KORD 
κ-opioid receptor D138N 

mutant 
Salvinorin B [20] 

Representative channels 

GluCl 
Insect Glutmate chloride 
channel; Y182F mutation 

Ivermectin [67] 

TrpV1 
TrpV1 in TrpV1 knock-out 

mice 
capsaicin [68] 

PSAM 
Chimeric channels 

PSAMQ79G,L141S 

PSAM-GlyR fusions 

PSEM9S 

PSEM89S; PSSEM22S 
[21] 
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The kinases as the first chemogenetics developed at the top, including the allele-specific inhibitors, analogue-sensitive kinases, the 
rapamycin-insensitive target of rapamycin (TOR) complex, ATP-binding pocket mutations in ephrin B-type receptor (EphB) 1/2/3 and 
ATP-binding pocket mutations of tropomyosin receptor kinase (Trk) A/B/C. Each subtype of kinases has examples of proteins used as 
chemogenetic tools (like Ca2+/calmodulin-dependent protein kinase II (CAMKII) or cyclin-dependent kinase 2, the target of rapamycin 
complex 2 (TORC2), EphB2 or TrkA) and their respective ligands. Then, the groups of enzymes are modified to classify as 
chemogenetics: metalloenzymes and engineered transaminases and their effect, such as enhanced activity. The third group is the 
largest, containing the GPCRs used as chemogenetics with allele-specific and engineered GPCRs, RASSLs, and DREADDs, again with the 
specific receptors (like the muscarinic, adrenergic, serotonin, or opioid receptors) and their ligands, which have been used in research. 
The last group includes the channels: glutamate Cl- channel (GluCl), transient receptor potential vanilloid 1 (TrpV1) channel, and PSAM 
like the PSAM-Glycine receptor (GlyR) fusion. 
 
 
coupled with different G proteins and, therefore, various 
signaling pathways, Gq, Gi, or Gs, as specified further. 

For DREADDs based on Gq signaling, human 
M1, M3, and M5 muscarinic receptors are mutated to 
obtain selective activation by CNO. The human muscarinic 
M3 DREADD (hM3Dq) is most prevalent from these. 
Their activation leads to phosphatidylinositol hydrolysis, 
which stimulates the release of intracellular Ca2+, resulting 
in increased neuronal firing [17,69]. Because the release of 
Ca2+ ions plays an essential role in many cell types, it has 
been used more widely. For example, in the research of 
glial cells [40] or pancreatic β cells, where the activation of 
pathways, including insulin receptor substrate 2 (IRS2), by 
these DREADDs was crucial [70]. 

Gi-coupled DREADDs are used for neuronal 
silencing, with the human muscarinic M4 DREADD 
(hM4Di) being a popular inhibitor for experiments. This 
DREADD derived from the human M4 muscarinic 
receptor activates the G-protein coupled inwardly 
rectifying potassium channel (GIRK) pathway by Gβ/γ, 
which subsequently leads to hyperpolarization of the 
neuron, therefore silencing the neuron’s firing [17]. 
Furthermore, relatively recently, a new inhibitory 
DREADD called KORD was created. It exploits a mutated 
version of the κ-opioid receptor, which answers to the 
binding of Salvinorin B instead of CNO. Due to the 
activation by different ligands, KORD, and muscarinic-
based receptors can allow for more diverse, bi-directional 
(when Gq-based DREADDs are used) control when 
expressed in the same neuronal population [20]. 

Last, concerning the types of DREADDs,  
Gs-coupled ones have been developed and used in vivo to 
study medium spiny neurons [71] or β-cells in the 
pancreas [64]. These are based on the human 
M3 muscarinic receptor and signal either by Gαs or the 
closely related subunit Gαolf. The activation of these  
G-proteins results in increased cyclic adenosine 
monophosphate (cAMP) concentration. This activation of 
neurons expressing the corresponding DREADD 
manifests as certain associated behaviors. In the case  
of striatopallidal medium spiny neuron activation, it 

decreases the locomotion of tested rats [71]. 
For PSAMs, many different receptors have been 

engineered for silencing and enhancing neuronal firing. The 
α7-5HT3 channels have been developed as the activators, 
while eLGICs based on the glycine and γ-Aminobutyric acid 
(GABA) receptors act as inhibitors [21]. 
 
Ligands 

Regarding the types of ligands, the choice 
depends on the specific chemogenetic tool, but since 
DREADDs are the most explored ones, this paragraph 
will focus on ligands used for DREADD activation. 
CNO is the most popular and first paired with DREADDs 
because it has a high affinity for human muscarinic 
receptors. Also, it is biologically inert in the presence  
of only the wild-type receptors [17]. Unfortunately, this 
was later found to be only partially true since CNO does 
exhibit some off-target activity and is also back-
metabolized in the brain to clozapine and N-desmethyl 
clozapine (NDMC) in both rats and mice [39]. And these 
molecules are not biologically inert [72]. Gomez et al. 
[73] suggested that it might be the back-metabolized 
clozapine that crosses the blood-brain barrier and 
possibly activates the DREADDs instead of CNO (which 
has low permeability of the blood-brain barrier) since it 
also shows a great affinity for DREADDs. 

On the other hand, [74] showed that the 
CNO crosses the blood-brain barrier (BBB) to an extent 
and could be more readily available to bind to the 
DREADDs instead of clozapine which binds unspecifically 
in the brain tissue. Moreover, it was shown that CNO, even 
in the micromolar doses, causes off-target effects on many 
endogenous receptors (dopaminergic, serotonergic, 
muscarinic, or even adrenergic), which again hinders its 
suitability for use as a DREADD ligand. Nonetheless, 
there has not been agreement on whether these off-target 
effects cause some behavioral changes or not. A study 
using the five-choice-serial-reaction task did not observe 
any [74], while another one reported changes in 
amphetamine-induced locomotion and startle response 
following even low doses of CNO [54]. 
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One possible alternative to CNO use is low doses 
of clozapine, which do not seem to cause behavioral 
effects, instead of high concentrations of CNO (needed for 
it to cross the BBB). This approach could eliminate the 
back-conversion that is highly variable between species or 
even sexes and can confound the experimental results. 
However, uncertainty about the off-target effects of 
clozapine remains [74]. Another ligand that could 
substitute CNO is compound 21 (C21). It does not back-
metabolize to clozapine, and it readily crosses the BBB. 
Unfortunately, it exhibits off-target competitive inhibition 
of many endogenous GPCRs. However, no behavioral 
consequences of this effect have been reported [74]. 

Moreover, in low doses (of 0.5 mg/kg), the off-
target effects can be eliminated while keeping sufficient 
activation of the DREADD. Nonetheless, the optimal 
dose may differ between males and females, complicating 
the experimental design [75]. The next ligand used for 
DREADDs is salvinorin B. It is a derivate of 
salvinorin A, a specific ligand of the κ-opioid receptor, 
mutated not to activate the endogenous receptor or other 
receptors (like the muscarinic ones). It is successfully 
used as the KORD activator, resulting in significant 
behavioral changes by silencing specific neuronal 
populations [20]. Last, perlapine could serve as another 
valuable ligand to substitute CNO in activating hM3Dq, 
but no other types of DREADDs as it does not have 
a strong enough affinity for those. Its affinity for the 
hM3Dq is even higher than that of CNO [76]. 

Unfortunately, not many of these ligands can 
potentially be used as therapeutics. CNO is back-
metabolized to clozapine with off-target effects, and 
perlapine does not have an affinity high enough for 
hM4Dq (the DREADDs most prospective for the 
treatment of brain diseases like schizophrenia). The  
only ligands with possible applications are C21 [77] or  
an already approved drug for schizophrenia, olanzapine, 
which was newly discovered to have an affinity for 
hM4Dq receptors and, therefore, could be used as a thera-
peutic ligand in humans. Unfortunately, in the doses 
needed for this activation, it binds to the native dopamine 
D2 receptors and causes side effects of treatment [78]. 

Deschloroclozapine is a potent, selective, and 
metabolically stable agonist used in chemogenetics to 
activate designer receptors exclusively activated by 
designer drugs (DREADDs). This compound is parti-
cularly valuable due to its high affinity and efficacy in 
binding to the engineered G protein-coupled receptors 
(GPCRs) without interacting with endogenous receptors, 

thus minimizing off-target effects [79]. In experimental 
settings, deschloroclozapine can selectively modulate 
neuronal activity, enabling precise control over specific 
neural circuits [38]. This facilitates the study of complex 
brain functions and behaviors and the investigation of 
disease mechanisms and potential therapeutic 
interventions in neurological and psychiatric disorders 
[73]. Its usage represents a significant advancement in 
chemogenetic methodologies, providing a powerful tool 
for dissecting cellular and molecular functions in vivo 
with high specificity and temporal precision. 
 
Selected brain diseases studied using 
chemogenetics 
 

Since DREADDs are the most used 
chemogenetic tools, this work will mainly focus on the 
application of DREADDs in the research of brain 
diseases, with the occasional mention of other 
chemogenetic technologies. It will focus on the neuronal 
circuit’s dysfunctions since chemogenetics are most apt 
to regulate these as they can be expressed in larger areas 
of the brain or the downstream projections of specific 
neuronal populations and for more extended periods. 

 
Alzheimer’s disease 
 Chemogenetics has been used in the research to 
determine the underlying causes of AD impairments and 
possible early diagnosis or treatment targets (schematically 
shown in Fig. 3). Rodriguez et al. [80] showed that when 
the entorhinal cortex activity was reduced, the 
accumulation of Aβ plaques and tau neurofibrils decreased, 
too. They used the hM4Di and its synthetic ligand CNO to 
produce chronic attenuation of neuronal activity for six 
weeks in human amyloid protein precursor (hAPP)/Aβ 
overproducing 16-month-old transgenic mice. They 
detected mainly diffuse, small-sized plaques affected by 
the change in firing activity, pointing to its effect on new 
plaque accumulation but not clearance. Furthermore, it 
impacted the phosphorylated tau protein aggregation in 
neurons downstream from the entorhinal cortex in the 
hippocampus. Still, the effects were not distinct compared 
to the Aβ plaques accumulation. 

A similar study by Peng and Grutzendler [81] 
further supports these findings. They used the hM3Dq for 
neuronal activation and hM4Di for neuronal inhibition to 
evaluate their effects on Aβ plaques. CNO was 
administered daily for 30 or 60 days. They also found that 
the attenuation of neuronal activity reduced the accumu-
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Fig. 3. This picture illustrates the 
possibility of improving cognitive 
impairments in an AD mouse model by 
employing chemogenetic and immuno-
therapeutic approaches to reduce  
Aβ plaque accumulation and restore 
normal mammalian TOR signaling 
(adapted from [83]). 
 

 
 
lation of Aβ plaques and the diameter of the halo of 
oligomeric Aβ (which plays a vital role in axonal 
dystrophy) in the controlled neurons of cortical layer V. 
The exact mode of action leading to the decreased 
deposition of Aβ plaques was not found. The examination 
of thalamic nuclei, which receive the projections from 
DREADD-controlled neurons, showed that the neuronal 
activity could influence the production and axonal or 
somatodendritic release of Aβ plaques, leading to its 
accumulation and the subsequent neuronal dystrophy 
instead of changes in transcription or translation of APP or 
associated proteins. This could eventually lead to 
discovering potential treatment targets to reduce β-amyloid 
deposition and pathological neuronal dystrophy. 

Another study focused on the locus coeruleus,  
an important noradrenergic region that plays a role in 
spatial memory and is impaired in AD. Here, the 
aggregation of the hyperphosphorylated tau protein over 
time in the transgenic TgF344-AD rats has been shown to 
lead to a loss of noradrenergic neurons in locus coeruleus. 
This most likely also impacted the stability of axons in 
projection areas like the entorhinal cortex. The DREADD 
technology was used to examine the effects of locus 
coeruleus on spatial memory and learning mediated by its 
noradrenergic neurons and the hippocampus. It was tested 
in the Morris water maze. When the hM3Dq was activated 

by CNO 30 min before each trial to stimulate the locus 
coeruleus, the memory, and spatial reversal learning 
improved (the rats managed to find the platform faster than 
those treated with the vehicle instead of CNO) in the 
transgenic rats. These findings suggest that locus coeruleus 
could be an intriguing target for treating some significant 
AD symptoms: spatial memory and learning deficits [82]. 
To sum up, chemogenetics proves to be a handy set of 
tools for researching the causes of AD and possibly finding 
new targets for treating the debilitating symptoms. 
 
Epilepsy 

Chemogenetic tools could offer the needed non-
invasive controlled switching-on and -off of the neuronal 
activity in a specific area, therefore keeping it reversible 
and very customizable for researching different types of 
epilepsy or their treatment. Especially the temporarily 
controlled silencing of seizures makes it more 
advantageous than permanent genetic approaches. Gene 
therapy issues concerning viral vector targeting or potential 
oncogenesis could have serious adverse effects [84,85]. 

First, DREADDs are immensely useful for 
epilepsy research by allowing the identification of the 
crucial brain regions involved and the change in their 
activity. The study on hippocampal DGCs used hM4Di, 
which, upon activation by CNO, reduced the frequency of 
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epileptic spikes and spontaneous recurrent seizures. The 
connectivity of DGCs in the hippocampus was first 
identified using retrograde tracing by the modified rabies 
virus. They discovered that the DGCs that were newly 
formed around the time of pilocarpine-induced status 
epilepticus (seven days prior or three days after) had 
higher connectivity to many different areas (the 
entorhinal cortex, the forebrain, the hippocampus  
– especially reciprocal connections with cornu Ammonis 
(CA) 3. Moreover, it was primarily excitatory input 
connections. Such higher connectivity could impair the 
DGCs’ ability to act as commutators between the 
entorhinal cortex and CA3. The hM4Di was used to 
examine whether the new DGCs were involved in 
generating a seizure. The inhibitory effect of these 
DREADD receptors expressed in DGCs led to 
a temporary decrease in spontaneous seizures after the 
injection of CNO. Furthermore, the hM3Dq was used to 
test whether the DGCs in an epileptic mouse were enough 
to generate an episode, which proved true. Like this, the 
pro-epileptic neural circuits involving hippocampal 
DGCs and their ability to provoke seizures in temporal 
lobe epilepsy were identified [86]. 

Another research focused on parvalbumin-
expressing neurons in the CA1/subiculum in epilepsy. 
These neurons produce the GABA neurotransmitter and, 
therefore, have inhibitory activity. This study showed that 
the deactivation of these neurons contributed to the 
hyperexcitability of hippocampal neurons and the onset of 
an epileptic seizure. The hM4Di activated by CNO in the 
parvalbumin-containing interneurons proved that inhibiting 
the GABA release from these neurons lowered the seizure 
threshold and facilitated the seizure's onset [87]. 

Second, DREADDs have the potential to be used 
in clinical settings to treat epilepsy in humans. One study 
focused on its applicability in focal epilepsy in neocortical 
areas. CNO activated the inhibitory hM4Di after 
administering pilocarpine or picrotoxin to induce a motor 
or behavioral seizure. Surprisingly rapidly, it significantly 
attenuated the epileptic seizure (already within 10 min of 
the CNO injection) [88]. Other studies like that by  
Wicker and Forcelli [89] focused on proving the ability of 
DREADDs to silence an epileptic seizure on demand even 
further from the site of the outburst. That could be used to 
treat drug-resistant types of epilepsy like temporal lobe 
epilepsy. They used the hM4Di and CNO to reduce 
seizures from the amygdala in the mediodorsal thalamus. 

Moreover, the dosing of CNO and timing were 
examined, showing that it significantly reduced seizure 

severity when treated with 2.5 mg/kg of CNO (or more). 
And that the effect of CNO was evident only when 
administered 30 min before seizure stimulation.  
The impact on cognitive abilities was not thoroughly 
explored, even though it could be significant as this 
region encompasses many neuronal fibers and 
interconnections to other brain regions [89]. 

Last, eLGIC technology exploiting the non-
human (from C. elegans) engineered glutamate-gated  
Cl- channel (eGluCl) with enhanced sensitivity was 
explored as a possible tool in focal epilepsy treatment. It 
was designed to answer to higher glutamate concentration 
in the extracellular space naturally resulting from an 
epileptic seizure. The application of eGluCl reduced the 
number of seizures in both models, with pilocarpine-
induced and tetanus toxin-induced seizures, by 
hyperpolarizing the neuronal membrane. The great 
advantage of this approach is that it doesn’t need any 
exogenous agonist [90]. 

The issue concerning the use of DREADDs for 
epilepsy treatment is undoubtedly the back-
metabolization of CNO into clozapine, which could have 
other interfering effects on the brain. Therefore, testing 
other ligands and their effectivity (like KORD) would be 
favorable. Even though some studies found no off-target 
effects of CNO, even low doses of CNO might still be 
effective and selective enough [89]. Also, it might be 
difficult to activate the DREADDs before the full onset of 
the seizure in vivo in patients (without premonitory auras 
or other symptoms) since it takes tens of minutes for the 
DREADDs to be activated by a systematically 
administered ligand. Moreover, the specificity of viral 
targeting of specific neuronal populations may prove 
quite challenging and possibly even cause off-target 
signaling, for example, in the midline thalamus [89]. 
Nonetheless, chemogenetic tools are an essential part of 
epilepsy research and have a great potential to be used as 
a clinical treatment. This is especially true in drug-
resistant patients and those with premonitory auras or 
other signs of an impending seizure [88]. 
 
Depression and anxiety 

Chemogenetic tools have been used mainly in 
research to uncover the many pathways underlying 
depression and anxiety disorders. One of the studies used 
excitatory DREADD to study fear renewal after 
extinction to find new circuits implicated in this 
phenomenon in anxiety and post-traumatic stress 
disorder. The mice have been conditioned for auditory 
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fear, followed by a successful extinction of this fear 
(exposing them to conditioned stimuli without the 
unconditioned foot shock). In one group, neurons of 
substantia nigra (SN) were activated by hM3Dq during 
the fear extinction sessions. These mice then displayed 
lower freezing and, therefore, less fear renewal in the 
next session, especially in the new context (compared to 
the vehicle group). The activation of SN during fear 
extinction led to protection from fear renewal. 

Furthermore, the activation of dopamine 
D1 receptors in the dorsal striatum was proved to be the 
most likely target of the SN neuronal projections since 
they showed higher c-fos expression when CNO activated 
the hM3Dq in SN. Activating dopamine D1 receptors in 
the dorsal striatum prevented fear renewal in a new 
environment (just like the activation of SN). The 
researchers then suggested that the SN and dopamine 
D1 receptors of the dorsal striatum might present a new 
target for eliminating relapse after successful fear 
extinction in mood disorders like anxiety or post-
traumatic stress disorder [91]. 

Another study focused on the impairment of 
regulatory circuits and centers in depression and anxiety, 
especially the medial PFC, exploring its connection to the 
paraventricular thalamus (PVT). They used tetanus toxin 
for presynaptic inhibition and hM3Dq activated by CNO 
for acute activation in PVT and then measured activity in 
medial PFC. Tetanus toxin-induced chronic presynaptic 
inhibition impacts the proportion of excitatory and 
inhibitory neurons active in the medial PFC by increasing 
the activity of inhibitory interneurons. At the same time, 
the DREADD-mediated acute activation (without the 
tetanus toxin effect) changed the firing rate in the 
pyramidal neurons. Furthermore, the DREADD-induced 
acute hyperactivity of PVT neurons led to more periods 
of hypoactivity in the long term (tested by wheel 
running). In the forced swimming test, the mice with 
chronic presynaptic inhibition seemed to have shorter 
immobility times. This suggests that the presynaptic 
inhibition (which increased the proportion of firing 
interneurons) could improve depressive symptoms. 
However, the differences between groups were not very 
pronounced. Therefore, it is not reliable to extrapolate 
from these results. On the other hand, the long-term 
activation of PVT influencing the mPFC pyramidal 
neurons seemed to worsen the depressive symptoms, 
increasing the number of depressive episodes [92]. 
Unfortunately, this study had a low number of subjects 
because 11 mice were excluded as they had not learned 

the standard wheel running used for the activity analysis, 
which could impair the strength of the statistical results. 

The importance of the ventral hippocampus in 
anxiety was demonstrated in a study where they expressed 
the hM4Di in the glutamatergic cells of this brain region 
and activated them with CNO or clozapine. That led to the 
inhibition of those neurons. This inhibition then increased 
the exploratory time in the open arm in the elevated plus-
maze and the illuminated part in the light/dark test. At the 
same time, it did not differ from controls in freezing after 
the foot shock. These observations suggest that the ventral 
hippocampus mediates anxiety toward potential threats, not 
immediate ones [35]. 

In what concerns the anhedonia symptoms 
connected to the reward network, there was a study on the 
role of medial habenula in depression. Among others, they 
examined the effect of medial habenula neurons on the 
activity of the ventral tegmental area (VTA) and the dorsal 
raphe nucleus. They expressed hM3Dq in the medial 
habenula and then peritoneally administered the CNO. 
Afterward, they tested for the tyrosine hydroxylase-
immunopositive and tyrosine hydroxylase-
immunonegative cells in both regions to uncover the 
activity patterns. It was discovered that the activation of 
medial habenula increased the activity of VTA dopami-
nergic neurons but reduced the number of serotonergic 
immunoreactive neurons in the dorsal raphe nucleus. This 
use of chemogenetics allowed researchers to test the 
influence of the cholinergic habenula on the areas 
implicated in reward and motivation and the associated 
anhedonia in depression. It could lead to better treatment of 
these symptoms irresponsive to SSRI antidepressants [93]. 

In the case of depression and anxiety, 
chemogenetic tools could be handy for finding the 
underlying causes and impairments since the circuits 
affected are very diverse, with many different 
neurotransmitters playing a role. It also shows excellent 
promises in detangling the regulatory aspects and 
hierarchy of influence between other brain areas. 
 
Schizophrenia 

In this disease, chemogenetics could help 
determine the dysfunctional networks and manipulate 
specific projections, like the dopaminergic ones, to assess 
their effect. Parvalbumin-positive (PV) interneurons have 
been of great interest in studies on schizophrenia since 
these GABAergic interneurons are prevalent in the 
anterior hippocampus and have an inhibitory function. 
Therefore, their dysfunctionality could be behind the 
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observed hippocampal hyperactivity. In one study, they 
focused on the effects of manipulating PV interneurons 
and GAD65 expressing interneurons by the inhibitory 
hM4Di. They tested it on pre-pulse inhibition (PPI), 
spontaneous alteration in T-maze, locomotor activity, and 
social interaction, looking for schizophrenia-like 
symptoms. They discovered that when CNO activated the 
hM4Di in PV interneurons during the trials (to silence the 
inhibitory action of the interneurons), the mice showed 
reduced PPI and impaired spatial memory. At the same 
time, GAD65 inhibition increased locomotor activity and 
produced even more stereotyped behavior on the 
spontaneous alternation task on spatial memory than the 
PV interneurons. 

Furthermore, they proved that the locomotor 
activity induced by GABAergic interneurons was 
executed via the dopaminergic system. The haloperidol, 
an antagonist of the dopamine D2 receptor, reduced this 
hyperactivity when GAD65 were chemogenetically 
inhibited. This suggests that the disruption of hippo-
campal interneuron inhibition might considerably 
influence the dopaminergic system [18]. 

The connection between the hippocampus's 
GABAergic structures and the brain's dopamine system 
was explored in a study using the overexpression of the 
α5 subunit of the GABAA receptor in pyramidal cells and 
inhibition of the ventral hippocampus by hM4Di. The 
overexpression of the α5 subunit reduced the 
dopaminergic neuron’s activity in the VTA in the MAM 
model of schizophrenia. The ventral hippocampus 
probably mediated that – NAc pathway since reducing 
this pathway’s activity by hM4Di decreased 
dopaminergic cell activity. On the other hand, the same 
experimental design did not affect the VTA in the case of 
the ventral hippocampus – medial PFC pathway. 
Furthermore, they tested the cognitive deficits induced by 
the MAM model through attentional set-shifting 
experiments. The extradimensional set-shifting deficit 
was attenuated by the overexpression of α5 and entirely 
rescued by the inhibition of ventral hippocampus-medial 
PFC connection, while neither of those affected the 
reversal learning. Reversal learning was improved by 
inhibiting the ventral hippocampus – NAc pathway. 
These findings could lead to better treatment of the 
positive and cognitive symptoms of schizophrenia, which 
seem to be linked to the dopaminergic circuits [94]. 

The deficit in cognitive flexibility was observed 
in reversal learning tests during the chemogenetic 
inhibition of the mediodorsal thalamus by hM4Di. This 

silencing impaired the ability to adapt to the outcome's 
altered contingency, suggesting limiting cognitive 
flexibility. Furthermore, in the Pavlovian-to-instrumental 
task, the mice with mediodorsal thalamus inhibited 
during the Pavlovian task could not modulate their 
behavior to fit the new context of the instrumental task. 
Again, it could suggest some deficits in information 
integration and cognitive inflexibility. Unfortunately, the 
extent to which it is possible to extrapolate the findings to 
humans is debatable because the mediodorsal thalamus is 
not as prominent in mice [95]. 
 
ADHD 

Studies concerning ADHD and chemogenetics 
mainly focus on discovering the functions and 
connections between certain brain areas or circuits and 
the behavioral symptoms linked to hyperactivity and 
attention or impulsivity. Hyperactivity is often tied to 
dopaminergic neurons, prevalent in the VTA and the 
SN projections into the ventral (with the NAc) and dorsal 
striatum. The increased activity of the neurons connecting 
VTA to the NAc seems to be mainly responsible for 
locomotor hyperactivity, such as in ADHD. Their 
locomotor activity changed when the transgenic mice 
expressing hM3Dq in either SN or VTA were injected 
with CNO. However, in those with DREADDs in VTA, 
the increase in home cage locomotor activity was much 
more pronounced. The same showed true for the  
VTA – NAc pathway expressing hM3Dq thanks to Cre 
recombinase and the canine-adenovirus (for retrograde 
transport to the projection neurons). The VTA – NAc 
pathway activation resulted in higher locomotor 
hyperactivity. The nigrostriatal pathway could be more 
involved in movement coordination than general 
locomotor hyperactivity since it produced only a mild 
increase in locomotor activity after stimulation. These 
findings offer a better understanding of the circuits and 
could lead to more targeted treatment of hyperactivity, 
not only in patients with ADHD [96]. Unfortunately, the 
activation was not strictly restricted to separate areas, as 
shown by the immunohistochemistry in this study, which 
could confound the results. Also, it does not clarify the 
underlying molecular functions, such as which dopamine 
receptors could be responsible for the observed 
hyperactivity and how. 

A different study focused on the distinction 
between attention and impulsivity. They used a five-
choice serial reaction time task in rats while 
chemogenetically activating either the VTA or SN, 
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projecting into the striatum – the hM3Dq and CNO as the 
specific ligands were used for this activation. The number 
of omissions in the task increased in the case of activation 
of both VTA and SN. Only in the case of SN did it also 
lead to latency in responding (as well as latency in 
collecting a reward) and a higher number of incorrect 
responses. VTA activity only lowered latency to collect 
the reward atop the increased omissions. Furthermore, 
there was no effect on the number of premature responses 
(impulsivity). VTA solely reduces the latency to initiate 
behavior, leading to higher distractibility. This points in 
the direction that neither VTA nor SN play a significant 
role in impulsivity but significantly impair attention in 
different ways. 

On the other hand, SN activation (and therefore 
activation of the dorsomedial striatum) leads to the 
overall impairment of attention and the appropriate 
response to stimuli, suggesting that the striatum plays 
a role in proper response regulation [97]. In the present 
study, it was also found that SN needed lower doses of 
CNO. Therefore, it had a lower threshold for stimulation 
to produce a significant effect (the number of omissions). 
This suggests that SN is more prone to getting 
dysregulated than VTA [97]. This study contributes to 
a better understanding of these dopaminergic circuits’ 
function and possibly a better-targeted treatment for 
different types of ADHD. 

There is not a large body of research on ADHD 
using chemogenetics, even though it could be beneficial. 
DREADD technology acts through G-coupled proteins, 
the same mode of action as dopamine or norepinephrine 
receptors effectively targeted by medication for ADHD 
like methylphenidate [98]. Therefore, it could help 
enlighten the precise effects of these receptors, as 
attempted in a study by Fitzpatrick et al. [99]. It showed 
that inhibiting dopaminergic neurons in VTA by hM4Di 
contributes to hyperactivity and attention impairment 
(reduced vigor and response speed). Boekhoudt et al. [97] 
study on VTA activation reveals that both insufficient and 
excessive activity of dopaminergic neurons causes 
symptoms associated with ADHD. Therefore, the 
treatment should aim to find this neurotransmitter's optimal 
concentration. It also touched on the effects of inhibition of 
norepinephrine neurons in locus coeruleus in attention 
(during more demanding tasks) and impulsivity [97]. 

Furthermore, it would be beneficial to employ 
chemogenetics in the research of the PFC, which is also 
impaired in ADHD. Studying its hypoactivity is crucial 
for understanding the cause of executive function 

impairments and the possible regulatory effects (and their 
dysregulation in ADHD) on other areas. It is mainly the 
hypofunction of the right dorsolateral PFC that seems to 
be important in ADHD [100]. Also, since the symptoms 
of ADHD are very heterogeneous, it is indeed essential to 
study other brain areas possibly involved (like the 
cerebellum, the cingulate cortex, or parietal regions) to 
map out the circuits impaired in or causing ADHD (like 
the DMN) [101]. Regarding the shortcomings of many 
studies on ADHD, there is a lack of comparison and 
acknowledgment of differences in symptoms and 
impairments between children and adult patients, even 
though they could be significant and cause confusion in 
the interpretation of results [100]. The same concerns the 
equal representation of male and female patients in 
ADHD studies, often focusing on boys exclusively [101]. 
 
Discussion 
 

Chemogenetics is becoming more commonly 
employed in investigating various neuronal circuits, their 
connectivity, and their influence on behavior. Yet, there 
are still some shortcomings concerning the application of 
DREADDs and the effects of their ligands. The 
predominantly used CNO is usually considered 
a biologically inert molecule. Unfortunately, recent 
studies suggest that this might not be the case. CNO has 
been shown to have multiple off-target effects [74] and 
even an impact on behavior in the absence of DREADDs, 
which could impair the potential experimental results of 
DREADD employing studies [54]. 

Furthermore, it has been shown that CNO back-
metabolizes into clozapine in the brain [39], and 
clozapine is not biologically inert [72]. That could again 
cause off-target effects after CNO administration. It has 
even been suggested that low doses of back-metabolised 
clozapine could mediate the effect of CNO as it binds 
effectively to DREADD receptors [54,73]. 

Moreover, the dosing of CNO in DREADD 
studies must be carefully assessed since it has been 
shown to exert different effects on neurotransmission 
depending on the dose, such as long-term potentiation or 
calcium concentration [102]. All this together asks for 
great precaution when using CNO as the DREADD 
activating ligand, especially in dosing and experimental 
control for CNO/clozapine off-target effects. It could be 
beneficial to thoroughly test and use other possible 
ligands like salvinorin B more routinely. 

Another concern arises with the expression 
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levels of DREADDs because it has been shown that 
despite the low constitutive activity of GPCRs, they can 
produce some effects even in the absence of a ligand 
when they are overexpressed in the neuronal population 
[22]. In the case of chemogenetic tools other than 
DREADDs, there seems to be a lack of exploitation of the 
eLGIC technology, which offers exciting possibilities, for 
example, an effective therapeutic tool for epilepsy [23]. 
Different types of eLGICs or DREADDs can also be 
combined, which could be helpful for multiplexed 
modulation of brain networks [21,20]. 

There have also been some studies on optimizing 
the application of DREADDs for better targeting and 
more uniform vector distribution, which could be 
especially useful in laboratory animals with bigger brains, 
like rhesus monkeys. Fredericks et al. [103] suggested the 
co-infusion of magnesium ions to visualize and verify 
whether the vector was successfully injected into the 
desired brain area right after the surgery. Still, the virus 
vectors alone may differ in their ability to spread and 
infect the target cells, which should be considered when 
designing the experiment [84]. 

Lastly, there is the disadvantage of using rodents 
to study psychiatric diseases. Some of the symptoms 
prominent in human patients cannot be reliably replicated 
in mice or rats, such as hallucinations or delusions in 
schizophrenia. Furthermore, some critical brain areas are 
underdeveloped in mice, limiting the interpretation of the 
results of such studies [95]. It would be interesting to 
include more studies on non-human primates to simulate 
the human brain's functionality more closely [103]. 
Nonetheless, rodent models still offer a great resource 
and can work well for other symptoms for which the 
treatment is often ineffective [93,94]. 
 
Concluding remarks 
 

This work demonstrates that chemogenetics, 
especially DREADDs, are powerful tools for researching 
brain diseases. That is mainly due to the reversibility of 
the neuron activity modulation and the minimal 
invasiveness of the method. The flexibility of activation 
and deactivation of neuronal populations and the longer 
duration of its effects than, for example, in optogenetics 
offers unprecedented possibilities in neuroscience 
research, emphasizing behavioral effects [5]. The 
application of viral vectors allows for exploring the 
function of whole neuronal populations or networks in 
the brain, which seems especially crucial for researching 

psychiatric diseases. The connectivity between brain 
areas like the hippocampus and PFC [94] or the 
dysfunction of whole networks like the DMN (default 
mode network) [104] plays an essential role. Their 
investigation could lead to a better understanding of the 
underlying issues and better treatment options. Since 
many patients often do not respond to classical 
therapeutics, like SSRI for depression [105], or there is 
no effective treatment, as in the case of Alzheimer’s 
disease [82], chemogenetic tools may facilitate decisive 
discoveries. These could significantly improve the quality 
of life of the patients. Even DREADDs themselves might 
be used as therapeutics, for example, for drug-resistant 
epilepsy [89]. It can be used for general research on the 
brain, such as the function of different parts of a specific 
region, their connectivity to other areas, and the 
subsequent effect on behavior. Unfortunately, 
chemogenetics is still underused in the research. Even 
though they have some shortcomings that need to be 
addressed, like the effects of their ligands, they have great 
potential and, together with imaging technologies, could 
lead to significant discoveries in neuroscience. 
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Summary 
Diffusion is a mass transport phenomenon caused by chaotic 
thermal movements of molecules. Studying the transport in 
specific domain is simplified by using evolutionary differential 
equations for local concentration of the molecules instead of 
complete information on molecular paths [1]. Compounds in 
a fluid mixture tend to smooth out its spatial concentration 
inhomogeneities by diffusion. Rate of the transport is 
proportional to the concentration gradient and coefficient of 
diffusion of the compound in ordinary diffusion. The evolving 
concentration profile c(x,t) is then solution of evolutionary partial 
differential equation 

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 𝐷𝐷𝐷𝐷𝜕𝜕 

where D is diffusion coefficient and Δ is Laplacian operator. 
Domain of the equation may be a region in space, plane or line, 
a manifold, such as surface embedded in space, or a graph. The 
Laplacian operates on smooth functions defined on given 
domain. We can use models of diffusion for such diverse tasks 
as: a) design of method for precise measurement of receptors 
mobility in plasmatic membrane by confocal microscopy [2],  
b) evaluation of complex geometry of trabeculae in developing 
heart [3] to show that the conduction pathway within the 
embryonic ventricle is determined by geometry of the trabeculae. 
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Introduction 
 

Energy of thermal molecular movements is 
distributed into various modes according to configuration 
and environment of the molecules. Besides rotational and 
vibrational modes there are thermal molecular 
translations, chaotic motions causing the phenomenon of 
diffusion. The speed of the ordinary diffusion is fully 
characterized by diffusion coefficient (D) [1]. Ordinary 
diffusion takes place in homogeneous environment and 
the diffusion in structured or compartmentalized 
environment is usually anomalous. Anomalies in 
diffusion can be utilized for studying the underlying 
structure, for example, mean square displacement (MSD) 
of a particle, which is linear function of time in ordinary 
diffusion (MSD(t) = D t), can serve this purpose. 

Specific methods of optical microscopy study 
molecular translations on scales ranging from single 
molecule up to the size of field of view. 

Single fluorescently labelled molecule can be 
tracked in real time by superresolution microscope 
Minflux [4]. This method provides real path of the 
molecule, hence all parameters of the movements can be 
calculated, but very special equipment is needed and it 
tracks only one target at a time. 

Fluorescence fluctuation techniques follow 
fluctuation of local concentration of the molecules. 
Fluorescence correlation spectroscopy (FCS) calculates 
diffusion coefficient D from time correlations of 
fluorescence in static focal volume [5]. Methods based  
on spatiotemporal correlations of fluorescence (ImCS) [6] 
provide information on anomalies in diffusion in  
MSD function. Those techniques require very low 
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concentration of fluorophores (i.e. dim fluorescence), 
units to tens molecules per focal volume, to obtain 
fluctuating fluorescence signals. 

Methods operating in coarsest spatial scale 
calculate the diffusion coefficient D (or apparent D if the 
diffusion is in fact anomalous) from time evolution of the 
molecules concentration profile. Widely used is fluor-
escence recovery after photobleaching (FRAP) [5,7]. We 
analyzed dynamics of receptors on plasmatic membranes 
 by FRAP on periphery of cell. We developed customized 
model of bleaching and diffusion in vertical plane in order to 
evaluate properly the FRAP experiment using microscopic  
objective with high numerical aperture [2]. 

Mathematical model of the evolving 
concentration profile is partial differential equation 
(PDE) of diffusion on a given domain. The diffusion 
coefficient D is calculated by fitting model FRAP curve 
to the measured one. 

Properties of the Laplacian operator reflect form 
(i.e. dimension, shape and size) of the equation domain. 
Regular domains in Euclidean spaces [8,9] and fractal 
domains [10] were characterized by asymptotic properties 
of the operator eigenvalues. 

We studied geometry of trabeculation in 
developing mouse embryonic heart using solutions of 
diffusion equation on graph obtained by skeletonization 
of the trabeculae. The directionality of the trabeculae was 
calculated from directionality of the equation solutions. 
[3]. The connectivity of the trabecular graph was 
characterized by fracton dimension estimated from 
asymptotics of the Laplacian operator eigenvalues. 
 
Equations of diffusion 
 

The Laplacian operator in one dimension (along 
line) is 

𝐷𝐷𝜕𝜕 =
𝜕𝜕2𝜕𝜕
𝜕𝜕𝑥𝑥2

 

hence, the simplest (one-dimensional) equation of 
diffusion along line is 

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 𝐷𝐷
𝜕𝜕2𝜕𝜕
𝜕𝜕𝑥𝑥2

 

The equation has special solutions, so called Green 
functions, centered in point y 

1
2√𝜋𝜋𝐷𝐷𝜕𝜕

𝑒𝑒−
(𝑥𝑥−𝑦𝑦)2
4𝐷𝐷𝐷𝐷  

and we obtain diffusion profile c(x,t) evolving from 
arbitrary initial profile c(x,0) by integration 

1
2√𝜋𝜋𝐷𝐷𝜕𝜕

� 𝑒𝑒−
(𝑥𝑥−𝑦𝑦)2
4𝐷𝐷𝐷𝐷

∞

−∞
𝜕𝜕(𝑥𝑥, 0)𝑑𝑑𝑑𝑑 

For example, the profile evolving from c(x,0), 
concentration equal to zero in interval from -l/2 to l/2 and 
equal to one elsewhere (Fig. 1a), can be expressed 
explicitly by formula 

𝜕𝜕(𝑥𝑥, 𝜕𝜕) = 1 −
1
2
�𝐸𝐸𝐸𝐸𝐸𝐸

�𝑙𝑙2 − 𝑥𝑥�

2√𝐷𝐷𝜕𝜕
+ 𝐸𝐸𝐸𝐸𝐸𝐸

�𝑙𝑙2 + 𝑥𝑥�

2√𝐷𝐷𝜕𝜕
� 

[11], where 𝐸𝐸𝐸𝐸𝐸𝐸𝑑𝑑 = ∫ 𝑒𝑒−𝑧𝑧2𝑦𝑦
0 𝑑𝑑𝑑𝑑 is error function. 

 
 

 

 
 
Fig. 1. (a) Concentration profile evolving in time, D=1. l=5. Time 
step 2 s. (b) Integral of the profile from -2,5 to 2,5 as function of 
time. 
 
 
Diffusion of fluorescent receptors on vertical 
plasmatic membrane 
 

Mobility of fluorescent molecules is studied by 
microscopic technique called fluorescence recovery after 
photobleaching (FRAP). Region of interest (ROI) in the 
target object is irreversibly bleached and then we record 
the light recovered by flow of fluorescent molecules into 
ROI. 

FRAP along a tubule, e.g. neurite can be 
evaluated by fitting one-dimensional model curve to the 
recorded data 

𝐹𝐹(𝜕𝜕) = 𝐹𝐹0 + (𝐹𝐹∞ − 𝐹𝐹0)𝐹𝐹(𝐷𝐷𝜕𝜕) 
where F0 is the postbleach value of F and F∞ is the 

limit at infinity and F is calculated from the ordinary 
diffusion model (with D=1) as the amount of matter 
transported into the interval from -l/2 to l/2 up to time t by 
the integral of the concentration profile over the interval 



2024  Models of Diffusion    S473  
 

 
 
Fig. 2. FRAP measurement of plasma membrane protein mobility using „equatorial set-up“. (a-c) Confocal images of the HEK293 cell 
expressing δ-OR-eYFP in the course of FRAP experiment: the optical section of the cell before the bleach (a), shortly after the bleach 
(b) and after the recovery of fluorescence signal in the bleached region of interest (ROI) (c). The white circle in b and c represents ROI 
used for recording the fluorescence recovery curve. Scale bars represent 5 µm. (d) Scheme of confocal imaging of plasma membrane 
region within the equatorial plane of the cell. (e) Axial profile of photobleaching irradiance calculated for horizontal circular ROI with 
diameter of 5 µm and water immersion objective with numerical aperture (NA) 1,2. 
 
 
(Fig. 1b), which can be expressed in closed form as 

𝐹𝐹(𝜕𝜕) = 1 −
2√𝜕𝜕
𝑙𝑙√𝜋𝜋

�𝑒𝑒−
𝑙𝑙2
4𝐷𝐷 − 1� − 𝐸𝐸𝐸𝐸𝐸𝐸

𝑙𝑙
2√𝜕𝜕

 

See 7.2 in [12] for integral of Erf. 
Mobility of molecules constrained to plasmatic 

membrane may be assessed by FRAP. The signal from 
plasmatic membrane with ROI on the periphery of the 
cell (Fig. 2a,b,c) obtained by confocal microscope 
equipped with objective with high numerical aperture 
cannot be analyzed neither by the above 1 dimensional 
model nor by other models found in FRAP literature [13], 
because the cone of light from high NA objective has 
obtuse apical angle and the bleached region on the 
horizontal plane approximating the plasma membrane 

(Fig. 2d) has hour-glass shape [14]. Analysis of FRAP of 
fluorescently labelled opioid receptors thus required 
development of new specific model [2]. We started with 
analytical expression for irradiance I(x, z) applied in the 
bleaching in circular ROI (Fig. 2e) where horizontal 
coordinate x and axial coordinate z have origin in the 
center of ROI (see Appendix and [2] for details). 

Concentration of fluorophore 𝜕𝜕(𝑥𝑥, 𝑑𝑑, 𝜕𝜕) in 
vertical x, z-plane obeys the diffusion equation: 

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 𝐷𝐷 �
𝜕𝜕2𝜕𝜕
𝜕𝜕𝑥𝑥2

+
𝜕𝜕2𝜕𝜕
𝜕𝜕𝑑𝑑2

� 

where D is the diffusion coefficient. 
The initial, normalized concentration of 

fluorophore is calculated from 3D irradiation intensity 
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I(x,z) (defined in Appendix) by formula: 

𝜕𝜕(𝑥𝑥, 𝑑𝑑, 0) = 𝑒𝑒−𝛼𝛼T I(𝑥𝑥,𝑧𝑧) 
where α is rate constant and T is duration of the 

bleaching pulse. Let D = 1. 

𝜕𝜕(𝑥𝑥, 𝑑𝑑, 𝜕𝜕) =
1

4𝜋𝜋𝜕𝜕
� � 𝑒𝑒−

(𝑥𝑥−𝜉𝜉)2+(𝑧𝑧−𝜁𝜁)2
4𝐷𝐷 𝜕𝜕(𝑥𝑥, 𝑑𝑑, 0)𝑑𝑑𝑑𝑑

∞

−∞
𝑑𝑑𝑑𝑑

∞

−∞
 

Let 𝐾𝐾 = 𝛼𝛼T I [7], the model FRAP recovery 
curve 𝐹𝐹𝐾𝐾 is then obtained by integration of the 
fluorophore concentration over the linear segment, 

𝐹𝐹𝐾𝐾(𝜕𝜕) =
1

2𝑅𝑅
� 𝜕𝜕(𝑥𝑥, 0, 𝜕𝜕)𝑑𝑑𝑥𝑥
𝑅𝑅

−𝑅𝑅
 

which is equal to: 

𝐹𝐹𝐾𝐾(𝜕𝜕) =
1

8𝑅𝑅√𝜋𝜋𝜕𝜕
� 𝑒𝑒−

𝑧𝑧2
𝐷𝐷 𝐽𝐽𝐾𝐾(𝑑𝑑, 𝜕𝜕)𝑑𝑑𝑑𝑑

∞

−∞
 

where 

𝐽𝐽𝐾𝐾(𝑑𝑑, 𝜕𝜕) = � �𝐸𝐸𝐸𝐸𝐸𝐸
𝑅𝑅 − 𝑥𝑥
2√𝜕𝜕

+ 𝐸𝐸𝐸𝐸𝐸𝐸
𝑅𝑅 + 𝑥𝑥
2√𝜕𝜕

�
∞

−∞
𝑒𝑒−𝛼𝛼𝛼𝛼𝛼𝛼(𝑥𝑥,𝑧𝑧)𝑑𝑑𝑥𝑥 

The double integral in equation for FK (t) is 
evaluated for using a numerical procedure in program 
Mathematica (Wolfram). The example of FK (t) curves is 
depicted in Figure 3a. 

Experimental FRAP curve, such as that at 
Figure 3b, is fitted by function 

𝐹𝐹(𝜕𝜕) = 𝐹𝐹∞𝐹𝐹𝐾𝐾(𝐷𝐷𝜕𝜕) 
where F∞ is the limit at infinity. 

 
 

 

 
 
Fig. 3. (a) Simulated fluorescence recovery (FRAP) curves for 
various values of bleaching intensity K=0,5 to 3,5, numerical 
aperture NA=1,2, refractive index n=1,33 and diffusion  
coefficient D=1. (b) an example of real FRAP signal from 
plasmatic membrane on the periphery of cell. 

Directionality of trabeculae in embryonic heart 
 

Trabeculae in embryonic heart of Nkx-2.5:GFP 
mice were visualized in 3D using confocal microscope 
with 10× dry objective [3]. 

The binary image obtained by segmentation of 
the original image was skeletonized obtaining the graph 
(Fig. 4a) representing the trabeculae. 

Local anisotropy of the trabecular structure is 
characterized by directionality of heat conduction, or 
equivalently by directionality of Brownian motion. For 
this purpose we use the graph G = (V, E) with edges 
weighted by 𝑠𝑠- “conductance” (equal to reciprocal 
distance) 

𝑠𝑠�𝑣𝑣𝑖𝑖 , 𝑣𝑣𝑗𝑗� = �𝑣𝑣𝑖𝑖 − 𝑣𝑣𝑗𝑗�
−1

 
as the model of the trabecular structure. 

The graph Laplacian 𝐷𝐷 is I × I matrix with 
elements 

𝐷𝐷𝑖𝑖𝑖𝑖 = − � 𝐸𝐸�𝑣𝑣𝑖𝑖 , 𝑣𝑣𝑗𝑗�
�𝑣𝑣𝑖𝑖,𝑣𝑣𝑗𝑗�∈𝐸𝐸

 

𝐷𝐷𝑖𝑖𝑗𝑗 = 𝐸𝐸�𝑣𝑣𝑖𝑖 , 𝑣𝑣𝑗𝑗� if 𝑖𝑖 ≠ 𝑗𝑗 for �𝑣𝑣𝑖𝑖 , 𝑣𝑣𝑗𝑗� ∈ 𝐸𝐸 
and 𝐷𝐷𝑖𝑖𝑗𝑗 = 0 for �𝑣𝑣𝑖𝑖 , 𝑣𝑣𝑗𝑗� ∉ 𝐸𝐸 

The Laplacian is employed in formulation of the 
diffusion equation on the graph: 

𝜕𝜕𝜕𝜕
𝜕𝜕𝐷𝐷

(𝑣𝑣, 𝜕𝜕) = 𝐷𝐷𝜕𝜕(𝑣𝑣, 𝜕𝜕),  𝑣𝑣 ∈ 𝑉𝑉, 𝜕𝜕 ≥ 0. 
𝜆𝜆𝑛𝑛- eigenvalues and 𝜑𝜑𝑛𝑛- orthonormal eigenvectors  

of the graph Laplacian 𝐷𝐷 are related by equations 
𝐷𝐷𝜑𝜑𝑛𝑛 = 𝜆𝜆𝑛𝑛𝜑𝜑𝑛𝑛, 𝑛𝑛 = 1 … 𝐼𝐼 

so that 𝑒𝑒𝜆𝜆𝑛𝑛𝐷𝐷𝜑𝜑𝑛𝑛(𝑣𝑣) are generators of solutions of the 
diffusion equation. 

The Green functions of the diffusion equation 
are defined using the eigenvectors and eigendomains as: 

𝐾𝐾(𝑥𝑥,𝑑𝑑, 𝜕𝜕) = �𝜑𝜑𝑛𝑛(𝑥𝑥)𝜑𝜑𝑛𝑛(𝑑𝑑)𝑒𝑒𝜆𝜆𝑛𝑛𝐷𝐷
𝛼𝛼

𝑛𝑛=1

 

Second moments of the Green function in each point 
𝑑𝑑 ∈ 𝑉𝑉 can be calculated as: 

𝑇𝑇𝑙𝑙𝑙𝑙(𝑑𝑑, 𝜕𝜕) = ��𝜑𝜑𝑛𝑛(𝑑𝑑)𝜑𝜑𝑛𝑛(𝑥𝑥)𝑒𝑒𝜆𝜆𝑛𝑛𝐷𝐷(𝑥𝑥𝑙𝑙 − 𝑑𝑑𝑙𝑙)(𝑥𝑥𝑙𝑙 − 𝑑𝑑𝑙𝑙)
𝛼𝛼

𝑛𝑛=1𝑥𝑥∈𝑉𝑉
𝑙𝑙, 𝑘𝑘 = 1,2,3

 

Eigenvalues were calculated by DSBEVX routine in 
LAPACK library [15]. 

Eigenvectors were calculated by inverse 
iterations: 

(∆ − 𝜆𝜆𝐼𝐼)𝜑𝜑 = 𝑏𝑏𝑚𝑚 
𝑏𝑏𝑚𝑚+1 = ±

𝜑𝜑
‖𝜑𝜑‖

 

using LU decomposition from Numerical Recipes 
[16]. The tensor of the heat kernel second moments 
𝑇𝑇(𝑑𝑑, 𝜕𝜕) was calculated, the values were interpolated and 
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visualized (Fig. 4b) in Amira 6.5 (FEI) using the module 
Tensor View. 

Eigenvalues 𝜆𝜆𝑛𝑛 were distributed as 𝑛𝑛
2
𝑑𝑑, where  

d correspond to (fractal) dimension growing from value 
2.1 at ED10 to 2.5 at ED14. 
 
 

 

 
 
Fig. 4. (a) Graph of skeletonized trabeculae in mouse embryonic 
heart. (b) directionality tensor of diffusion on the graph. 

Discussion and Conclusions 
 

We demonstrated custom made FRAP model  
for evaluation of receptor mobility measured on periphery 
of cell by microscope with high numerical aperture. 
Using precise model is necessary, because 1D model, that 
is used for evaluation of this experiment with objective 
with low numerical aperture, would overestimate the 
value of diffusion coefficient by factor of two. 

The history of the study of asymptotics of 
Laplacian operator eigenvalue in relation to its domain is 
long and interesting. First results were obtained in 
theoretical studies on radiation of the dark body [8] and 
they were completed by results on vibrational modes of 
solid bodies [9] and of fractals [10]. Trabeculae in 
embryonic heart have complicated structure of open foam 
that is difficult to characterize by conventional 
geometrical parameters. Dimension calculated from 
asymptotics of Laplacian eigenvalues somehow 
characterizes local connectivity of the structure, that is 
slightly lower than that of regular 3D grid. Fractal 
characterization of heart trabeculae were used also by 
others [17] and it can be applied in future to 
characterization of other complicated biological 
structures and network like objects. 
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Appendix 

Let n be refractive index of the immersion media, let β be half angle of the objective light cone satisfying the 
relation 𝑁𝑁𝑁𝑁 = 𝑛𝑛 sin𝛽𝛽 for numerical aperture NA of the objective and let region of interest (ROI) be a circle with radius 
R, then I(r, z), where horizontal coordinate r>0 and axial coordinate z have origin in the center of ROI, can be calculated 
using formula for the area of intersection of two circles with radii R and |𝑑𝑑|tan𝛽𝛽 and distance between the two centers r. 

𝐼𝐼(𝐸𝐸, 𝑑𝑑) = 𝐼𝐼    for  0 < 𝐸𝐸 < 𝑅𝑅 − |𝑑𝑑|tan𝛽𝛽, 
𝐼𝐼(𝐸𝐸, 𝑑𝑑) = 0    for  𝐸𝐸 > 𝑅𝑅 + |𝑑𝑑|tan𝛽𝛽, and 

𝐼𝐼(𝐸𝐸, 𝑑𝑑) = 𝛼𝛼
𝜋𝜋(|𝑧𝑧|tan𝛽𝛽)2

�𝜙𝜙(𝑅𝑅, |𝑑𝑑|tan𝛽𝛽, 𝐸𝐸) + 𝜙𝜙(|𝑑𝑑|tan𝛽𝛽,𝑅𝑅, 𝐸𝐸)� for |𝐸𝐸 − 𝑅𝑅| < |𝑑𝑑|tan𝛽𝛽. 
where φ is function 

𝜙𝜙(𝜌𝜌1,𝜌𝜌2,𝑑𝑑) = 𝜌𝜌22 �arccos 𝑑𝑑
2+𝜌𝜌2

2−𝜌𝜌1
2

2𝑑𝑑𝜌𝜌2

− 𝑑𝑑2+𝜌𝜌2
2−𝜌𝜌1

2

2𝑑𝑑𝜌𝜌2
�1 − �𝑑𝑑

2+𝜌𝜌2
2−𝜌𝜌1

2

2𝑑𝑑𝜌𝜌2
�
2
�

, 

representing the area of the circular segment cut off from the circle with radius ρ2 by a chord of another circle with 
radius ρ1 where d is the distance of circles centers. The expression for φ follows from the law of cosines. 

Finally, 𝐼𝐼(𝑥𝑥, 𝑑𝑑) = 𝐼𝐼(|𝑥𝑥|, 𝑑𝑑) for negative x. 
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Table S1. Metabolomics and lipidomics cohort studies focused on cardiovascular disease 

Subjects (n) Cohort Matrix Platforms Reported 
metabolites (n) 

Markers Outcomes Ref. 

Discovery cohort: n = 4,824 (27.8% female) 
Replication cohort: n = 1,716 (56.3% 
female) 

Participants with 15.8 years follow-up Serum NMR 41 Isoleucine 
Leucine 
Phenylalanine 
Glycerol 
Cholesterol 
Total lipid concentrations, Glycerides and other 
Phospholipids, Fatty acids, Fatty acids ratios — 
see the original paper. 

 Association with adherence to dietary 
recommendations provided by the 
Alternative Healthy Eating Index 

[1] 

European cohort: n = 352 
USA cohort: n = 1,777 

European participants (100% Caucasian) with 
either abdominal aortic aneurysm or sub-
aneurysmal aortic dilations, and healthy non-
aneurysm subjects 
 
US participants (96% Caucasian) with 
abdominal aortic diameter of 3.0 cm or 
greater, and subjects with history of dilated 
aorta with measurements of abdominal aortic  
diameter less than 3 cm or no prior aortic 
aneurysm, and no MI, stroke or death over the 
following 3 years 

Plasma LC-MS/MS 3 Choline  
Trimethylamine N-oxide 
Trimethylamine 

 Association of elevated TMAO with 
increased abdominal aortic aneurysm 
incidence 

[2] 

Low-risk cohort: n = 620  
Borderline-risk cohort: n = 110 
Intermediate-risk cohort: n = 225 
Highrisk cohort: n = 147 
(53.3% female) 

Participants with LDL levels less than 190 
mg/dl and no pre-existing coronary artery 
disease or myocardial infarction  

Plasma LC-MS/MS 50 Alanine 
Arginine 
Aspartic acid 
CAR 4:0-DC 
CAR 8:1 
CAR 16:0-OH 
Citrulline 
Glutamic acid 
Glutamine 
Glycine 
Histidine 
Phenylalanine 
Threonine 
Tryptophan 

 Association with the 10-year ASCVD risk 
score 

 Identification of metabolic pathways 
associated with the development of 10-
year ASCVD events 

[3] 

EPIC-Potsdam Study cohort: 
Common reference subcohort: n = 1262 
T2D subcohort: n = 1886 (775 incident 
cases) 
CVD subcohort: n = 1671 (551 incident 
cases) 
DIVAS study cohort: 
CVD risk subcohort: n = 113  
(on 3 different isoenergic diets) 

General population 
  
Patients with estimated moderate CVD risk  

Plasma DMS-MS/MS  
 

282 CE 20:3 
DG 16:0 
DG 18:0 
FA 15:0 
FA 20:4 
LPC 18:2 
MG 15:0 
MG 20:4 
PC 20:3 
PE 20:3 
TG 16:0 
TG 18:0 
TG 18:2 
TG 18:3 
TG 22:1 

 Association with cardiometabolic disease 
risk and T2D risk 

 Dietary fat intervention as a potential 
tool for primary disease prevention 

[4] 
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Subjects (n) Cohort Matrix Platforms Reported 
metabolites (n) 

Markers Outcomes Ref. 

Discovery cohort: n = 1,162 (36.3% female) 
Validation cohorts: n = 2,331 (US, 33.2% 
female), n = 832 (European, 29.9% female) 

Stable participants undergoing elective 
diagnostic cardiac evaluation 

Plasma LC-MS/MS 5 N1-Methyl-2-pyridone-5-carboxamide 
N1-Methyl-4-pyridone-3-carboxamide 
Phenylacetylglutamine 
Trimethylamine N-oxide 
Trimethyllysine 

 Association of terminal breakdown 
products of excess niacin with residual 
CVD risk 

[5] 

Phase I: 
Discovery cohort: n = 3,613 
Validation cohorts: n = 121,733 
Phase II: 
n = 118,120 

UK Biobank participants have undergone a 
wide range of physical measures, provided 
information on their lifestyle and medical 
history (follow-up) 

Plasma NMR 111 Multiple markers – see the original paper.  Association with a healthy lifestyle  

 Association of healthy lifestyle-
associated metabolites with coronary 
artery disease (CAD) 

[6] 

Discovery cohort: n = 1,028 
Validation cohort: n = 1,670 

Discovery cohort:  
Participants free of coronary heart disease (10 
years follow-up) 

Plasma LC-MS/MS 32 LPC 18:1 
LPC 18:2 
MG 18:2 
SM d28:1 

 Association of MG 18:2 with coronary 
heart disease 

 Association of LPCs with body mass 
index, C-reactive protein and with less 
evidence of subclinical CVD 

[7] 

Discovery cohort: n = 1,833 (57% female) 
Validation cohorts: n = 1,522  
Low walnut intake subcohort: n = 691 
High walnut intake subcohort: n = 467 

Participants at high cardiovascular risk  Plasma LC-MS  385 4-Hydroxy-3-methylacetophenone 
Cyclohexylamine 
Guanine 
Isocitric acid 
N-Acetylaspartic acid 
Piperine 
Serine 
Sorbitol 
Succinic acid 
Bilirubin 
Biliverdin 
CAR 10:2 
LPC 14:0 
LPC 16:1 
MG 22:1 
PC 36:4 
PE 36:5  
PS 40:6 
TG 54:6 

 Association of walnut consumption with 
a lower risk of incident T2D and CVD in a 
Mediterranean population at high 
cardiovascular risk 

[8] 

Study cohort: n = 1,057 Participants with symptomatic coronary artery 
disease 

Blood-
platelets 

LC-MS/MS 767 CAR 10:0 
CAR 14:0 
CAR 14:1 
CAR 16:0 
CAR 16:1 
FA 18:1 
FA 18:2 
FA 18:2;2O 
LPE 18:1|LPE 0:0/18:1 
LPE 18:1|LPE 18:1/0:0 
LPE 18:2|LPE 0:0/18:2 
LPE 18:2|LPE 18:2/0:0 
LPE 20:1|LPE 20:1/0:0 
LPE 20:3|LPE 0:0/20:3 
LPE 20:3|LPE 20:3/0:0 
LPE 20:4 
LPE 20:5 
LPE 22:4|LPE 0:0/22:4 
LPE 22:4|LPE 22:4/0:0 
LPE 22:5 

 Association of adverse cardiovascular 
events with alterations in the platelet 
lipidome 

[9] 
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Subjects (n) Cohort Matrix Platforms Reported 
metabolites (n) 

Markers Outcomes Ref. 

LPE 22:6 
LPS 18:1|LPS 0:0/18:1 
PC 34:2;O 
PE 34:3|PE 16:1_18:2;O 
PI 36:4|PI 16:0_20:4 
PI 38:5|PI 18:1_20:4 
TG 48:1|TG 14:0_16:0_18:1 
TG 48:2|TG 16:0_14:1_18:1 

Study cohort: n = 1,021 (48.3% female) Participants with T2D and were followed up 
for CVD over the subsequent 10 years 

Serum NMR 228 3-Hydroxybutyric acid 
Acetic acid 
Creatinine 
Glycine 
Lactic acid 
Leucine 
Phenylalanine 

 Association with 10-year cardiovascular 
risk in people with type 2 diabetes 

 Metabolite-based risk score created 

[10] 

Malmo Diet and Cancer-Cardiovascular 
cohort: n = 4,067 

General population followed up to 23 years 
and stratified into risk groups 

Plasma DI-MS/MS 184 Sum of lipid subclasses:  
Ceramide 
Cholesteryl ester 
Cholesterol 
Diacylglycerol 
Ether-phosphatidylcholine 
Ether-phosphatidylethanolamine 
Lysophosphatidylcholine 
Lysophosphatidylethanolamine 
Phosphatidylcholine 
Phosphatidylethanolamine 
Phosphatidylinositol 

 Possible identification of lipidomic risk 
before disease incidence (CVD and T2D) 

[11] 

Discovery cohort 1: n = 99 
Discovery cohort 2: n = 1,162 
Validation cohort: n = 2,140 

Sequential stable subjects without evidence 
of acute coronary syndrome undergoing 
elective diagnostic coronary angiography for 
evaluation of CAD with longitudinal (3–5 years) 
follow-up 

Plasma HILIC-MS/MS 
LC-MS/MS 

 Trimethyllysine 
Trimethylamine N-oxide 

 Association with CVD risks [12] 

Study cohort: n = 2,278 (50% female) Participants were followed up for CVD incident 
(almost 10 years) 

Plasma LC-MS/MS 790 (37) Dimethylglycine 
N-Acetylmethionine (top findings) 

 Association with CVD risks [13] 

Study cohort: n = 5,072 Participants with diabetes Plasma NMR 44 3-Hydroxybutyric acid 
Acetic acid 
Acetoacetatic acid 
Acetone 
Alanine 
Citric acid 
Creatinine 
Glucose 
Glutamine 
Glycine 
Histidine 
Isoleucine 
Lactic acid 
Leucine 
Phenylalanine 
Pyruvic acid 
Tyrosine 
Valine 

 Association of multiple healthy lifestyle 
factors with improved circulating 
metabolites from different pathways 

[14] 
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Subjects (n) Cohort Matrix Platforms Reported 
metabolites (n) 

Markers Outcomes Ref. 

Discovery cohort: n = 1,833 (57.6% female) 
Validation subcohort: n = 1,522 

Participants at high risk of CVD (1-year follow-
up) 

Plasma LC-MS/MS 382 1-Methylguanine 
γ-Aminobutyric acid (GABA) 
Aminoisobutyric acid 
Asparagine 
Cortisol 
Creatine 
Cytosine 
Glycodeoxycholic acid 
Hippuric acid 
Homoarginine 
Hypoxanthine 
Lactic acid 
Lysine 
N1-Acetylspermidine 
N-Acetylaspartic acid 
N-Acetylornithine 
N-Carbamoyl-β-alanine 
Piperine 
Pyroglutamic acid 
Sorbitol 
Sucrose 
Trimethylbenzene 
CAR 7:0 
CAR 18:2 
CAR 18:0 
DG 34:3 
DG 36:0 
LPC 16:1 
MG 22:1 
PC 34:3 
PC 36:4 
PC 38:4 
PE 32:0 
PE 38:6 
PE 40:7 
SM d34:2|SM d18:1/16:1 
TG 50:3 
TG 50:4 
TG 55:2 
TG 56:2 

 Association of legume consumption with 
T2D incidence, but not with CVD 
incidence risk 

[15] 

Study cohort: n1 = 5,991; n2 = 3,779 (38.9% 
female) 

Participants with an 8-year follow-up Plasma LC-MS/MS 342 CE 24:0 
LPI 18:2 
PC 38:5 
PC O-34:2 
PC O-36:1 
PC P-40:6 
PE 38:6 
PI 38:3 
SM d42:1 

 Association with future cardiovascular 
events and cardiovascular death 

[16] 

Discovery cohort: n = 1,162 
Validation cohort: n = 4,000 

Sequential stable subjects undergoing elective 
diagnostic cardiac evaluation with longitudinal 
(3 years) follow-up 

Plasma HILIC-MS 
LC-MS/MS 

5 (top-ranked) Phenylacetylglutamine  Association with cardiovascular disease 
and death in humans 

[17]  
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Subjects (n) Cohort Matrix Platforms Reported 
metabolites (n) 

Markers Outcomes Ref. 

Discovery cohort: n = 1,149 
Validation cohort: n = 3,954 

Participants with preserved kidney function 
undergoing elective diagnostic cardiac 
evaluation with longitudinal follow-up (5 
years) 

Plasma GC-MS 
LC-MS/MS 

N/A p-Cresol sulfate 
Indoxyl sulfate  

 Association with CVD risk and overall 
mortality 

[18] 

Study cohort: n = 2,627 Participants were invited to attend a health 
examination for additional tests and collection 
of 8–12 h fasting blood samples (mean 12.9 
years follow-up) 

Plasma HILIC-MS 
LC-MS/MS 

79 Hex2Cer d34:2|Hex2Cer d18:2/16:0 
HexCer d36:1|HexCer d18:1/18:0 
HexCer d34:1|HexCer d18:1/16:0 
HexCer d42:2|HexCer d18:2/24:0 
SM d34:1|SM d18:1/16:0 
SM d36:1|SM d18:1/18:0 
SM d36:2|SM d18:2/18:0 
SM d42:1|SM d18:1/24:0 

 Association with higher CVD risk [19] 

Study cohort: n1=50; n2=4,007 Healthy participants before and after  
the suppression of intestinal microbiota with 
oral broad-spectrum antibiotics underwent 
phosphatidylcholine challenge (ingestion of 
two hard-boiled eggs and deuterium [d9]-
labeled phosphatidylcholine) 
 
Participants undergoing elective diagnostic 
cardiac catheterization with no history of 
acute coronary syndrome 

Plasma 
 

LC-MS/MS 3 Betaine 
Choline 
Trimethylamine N-oxide 

 Association among intestinal 
microbiota-dependent metabolism of 
dietary phosphatidylcholine, TMAO 
levels, and adverse CVD events 

[20] 

Discovery cohort: n = 3,867 
Validation cohort: n = 3,569 

Participants were free of known CVD at 
baseline 

Serum NMR N/A 1,5-Anhydrosorbitol 
1-Methylhistidine 
3-Hydroxybutyric acid 
5-Oxoproline 
Acetaminophen + glucuronide 
Alanine  
Aspartic acid 
Citratic acid 
Glucose 
Glutamatic acid 
Glutamine 
Glycerol  
Glycine 
Histidine 
Lactic acid 
Lysine 
Mannose 
Methionine 
myo-Inositol 
Dimethylglycine 
Phenylalanine 
Glyceryl groups of lipids 
Lipids (CH2-CO) 
Lipids (CH2-CH2-C=, CH2-CH2-CO) 
Lipids (CH2-CH2-CH=CH) 
Lipids (CH3-CH2-R, (CH2)n) 
Lipids (CH3-CH2-R, CH3-CH2-C=) 

 Association with atherosclerosis and 
incident CVD 

[21] 

Discovery cohort: n = 50 
Validation cohort: n = 25 

Stable patients undergoing elective cardiac 
evaluation who subsequently experienced 
a heart attack, stroke or death over the 
ensuing three-year period vs. age- and gender-
matched subjects who did not 

Plasma LC-MS/MS 18 Betaine 
Choline 
Trimethylamine N-oxide 

 Identification of markers as predictors of 
CVD risk 

 Discovery of a relationship between gut-
flora-dependent metabolism of dietary 

[22] 
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Subjects (n) Cohort Matrix Platforms Reported 
metabolites (n) 

Markers Outcomes Ref. 

phosphatidylcholine and CVD 
pathogenesis 

Discovery cohort: n = 1,157 
Validation cohorts: n1 = 2,149; n2 = 833 
 

Stable subjects undergoing cardiac risk 
assessment 
 
Healthy volunteers (n = 8) 

Plasma GC-MS 
LC-MS/MS 

N/A Creatinine 
Erythritol 
Xylitol 

 Association with major adverse 
cardiovascular event 

[23] 

Discovery cohort: n = 1,157 
Validation cohort: n = 2,149 

Stable subjects undergoing elective diagnostic 
cardiac evaluations 
 
Healthy volunteers (n = 10) 

Plasma GC-MS 
LC-MS/MS 

N/A Creatinine 
Erythritol 
Xylitol 

 Association with major adverse 
cardiovascular event 

[24] 

Discovery cohort: n = 7,256 
Validation cohorts: n1 = 2,622; n2 = 3,563 

Participants were followed up for CVD incident 
(15 years) 

Serum NMR 68 3-Hydroxybutyric acid 
Acetic acid 
Acetoacetatic acid 
Alanine 
Citratic acid 
Glucose 
Glutamine 
Glycerol 
Glycine 
Histidine 
Isoleucine 
Lactic acid 
Leucine 
Phenylalanine 
Pyruvic acid 
Tyrosine 
Valine 
Docosahexaenoic acid (FA 22:6) 
Linoleic acid (FA 18:2) 
Monounsaturated FA 
Omega-3 FA 
Omega-6 FA 
Polyunsaturated FA 
Saturated FA 

 Association with incident CVD [25] 

Study cohort: n = 4,007 Participants undergoing elective diagnostic 
cardiac catheterization with no history of an 
acute coronary syndrome 

Plasma LC-MS/MS 18 Choline 
Trimethylamine 
Trimethylamine N-oxide 

 Discovery of increased levels of TMAO as 
a predictor of incident risk for 
thrombotic events 

 Association between specific dietary 
nutrients, gut microbes, platelet 
function, and thrombosis risk 

[26] 
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Table S2. Metabolomics and lipidomics cohort studies focused on type 1 and type 2 diabetes 

Subjects (n) Cohort Matrix Platforms Reported 
metabolites (n) 

Markers Outcomes Ref. 

Study cohort: n = 170 (48% female) Children with high genetic risk for T1D Plasma GC-MS 
LC-MS/MS 

91 γ-Aminobutyric acid (GABA) 
Glycine 
Tagatose 
Arabitol 
myo-Inositol 
Adipic acid 
Cer d38:1 
Cer d39:1 
LPC 18:3 
LPC 20:3 
LPC 20:5 
SM d41:2 

 Utilization of multi-omics data for the 
modeling of complex, multifactorial 
diseases, like T1D 

[27] 

Study cohort: n = 152 (47.4% female) Children with T1D (n=76) and healthy control 
children (n=76) 

Cord blood 
serum 

LC-MS/MS 106 PC 32:1 
PC 36:4 
PC 38:4 
PC 38:5 
PC 38:5 
PC 38:6 
PC 40:4 
PC 40:5 
PC 40:5 
PC 40:7 
PC 40:8 
PC sum  
PE 38:4 
PE 38:4 
PE 40:4 

 Cord-blood metabolic patterns may be 
a valuable measure of type 1 diabetes 
risk 

[28] 

Study cohort: n = 101 (37.6% female) Children who progressed to T1D (PT1D; n = 
30), children who developed at least one islet 
autoantibody but did not progress to T1D 
during the follow-up (P1Ab; n = 33), and their 
age-matched controls (CTR; n = 38) 

Cord blood 
plasma 

LC-MS/MS 232 lipid 
species 

CE 18:2 
TG 46:2 
TG 46:2 
TG 48:1 
TG 51:3 

 Identification of lipids that can be 
predictive of the risk of progression to 
T1D 

 Comparison of lipidomic profiles of all 
subcohorts 

[29] 

Study cohort: n = 120 Children progressed to T1D; children 
developed at least a single islet autoantibody 
but did not progress to T1D during the follow-
up; matched controls 

Plasma LC-MS/MS 45 CE 20:5 
PC 33:0 
TG 54:4|TG 18:2_18:1_18:1 
TG 56:5 

 Children who progress to T1D in the 
follow-up tend to have a distinct and 
persistently dysregulated lipid profile as 
compared to those who later progress 
to islet autoimmunity but not to T1D 

[30] 

Study cohort: n = 120 Progressors to T1D (n = 40); children tested 
positive for at least one antibody in a 
minimum of two consecutive samples but did 
not progress to clinical T1D during the follow-
up (n = 40); control children remained islet 
autoantibody-negative during the follow-up (n 
= 40) 

Plasma GC-MS  94 2-Ketoisocaproic acid 
3,4-Dihydroxybutanoic acid 
Aspartic acid 
Bisphenol A 
Glutamic acid 
Glycerol-2-phosphate 
Levoglucosan 
Malic acid 
Methionine 
Pyruvic acid 

 Association of unique metabolomic 
profile with T1D 

[31] 

Study cohort: n = 2,124  Children with high genetic risk for T1D Plasma GC-MS 
LC-MS/MS 

357 5-Methoxytryptamine 
Alanine 
Glutamic acid 
Isoleucine 
Leucine 

 Studying autoantibodies and 
metabolomic markers, which are 
associated with the risk of progression 
to T1D 

[32] 
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Subjects (n) Cohort Matrix Platforms Reported 
metabolites (n) 

Markers Outcomes Ref. 

Methionine 
Proline 
Valine 
Vitamin E 
α-Ketoglutaric acid 

Study cohort: n = 166 T1D patients (n = 85) and healthy controls (n = 
81). All patients had a stable dose of insulin 
usage for more than 3 months (dose change 
<10%) 

Serum 
Urine 

LC-MS/MS 54 (serum) 
45 (urine) 

4-(2-Aminophenyl)-2,4-dioxobutanoic acid 
4‑Pyridoxic acid 
5-Hydroxytryptophan 
5‑Methoxyindole-3-acetic acid 
Hypoxanthine 
Thromboxane B3 

 Identification of altered metabolic 
profiles in T1D individuals with different 
time in range (TIR) 

[33] 

Study cohort: n = 286 Infants later developed T1D (n=33); infants 
developed different numbers of islet 
autoantibodies during the follow-up (n=110); 
controls matched for sex, HLA-DQB1 genotype, 
city of birth, and period of birth (n=143) 

Cord blood 
serum 

LC-MS/MS 137 PC 32:0|PC 16:0_16:0  
PC 32:1|PC 16:0_16:1 
PC 34:1|PC 16:0_18:1  
PC 34:3|PC 16:0_18:3 
PC 36:1|PC 18:0_18:1 
PC 38:3|PC 18:0_20:3 
SM d34:1|SM d18:1/16:0 
SM d36:1|SM d18:1/18:0 
SM d38:0|SM d18:0/20:0 
SM d38:1|SM d18:1/20:0 
SM d42:1|SM d18:0/24:1 
SM d42:2|SM d18:1/24:1 
SM d42:2|SM d18:0/24:2 
SM d42:3|SM d18:2/24:1 

 Association with high risk for 
progression to T1D 

[34] 

Study cohort: n = 343 Children, who later developed type 1 diabetes 
(n=166), and random control children in the 
Norwegian Mother, Father, and Child cohort 
(n=177) 

Cord blood 
plasma 

LC-MS/MS 27 Aminoadipic acid 
Indoxyl sulfate 
Tryptophan 

 Association with T1D [35] 

Study cohort: n = 655 Children with high genetic risk for T1D Plasma GC-MS 139 Ascorbic acid  
Piperidone 

 Association with progression to T1D [36] 

Study cohort: n = 141 Children with T1D (n=76) and gender- and age-
matched healthy controls (n=65) 

Serum GC-MS 70 1,5‑Anhydroglucitol 
Adenine 
Fructose 
Glycerol-α-phosphate 
Inosine 
Levoglucosan  
Pyruvic acid 
Uridine 
Xylulose 

 Association with T1D and with the 
duration of the disease 

[37] 

Study cohort: n = 11,896 Participants from four prospective 
population-based cohorts in Finland (follow-up 
for 7.8–15 years) 

Serum NMR 229 3-Hydroxybutyric acid 
Acetatic acid 
Acetoacetatic acid 
Citratic acid 
Creatinine 
Glutamine 
Glycerol 
Glycine 
Histidine 
Isoleucine 
Lactic acid 
Leucine 
Phenylalanine 
Pyruvic acid 

 Association with risk of developing 
diabetes 

 Association with deterioration in post-
load glucose and insulin resistance than 
with future fasting hyperglycemia 

[38] 
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Subjects (n) Cohort Matrix Platforms Reported 
metabolites (n) 

Markers Outcomes Ref. 

Tyrosine 
Valine 

Study cohort: n = 1,016 General population Plasma NMR 49 3-Hydroxybutyric acid 
Acetatic acid 
Alanine 
Citratic acid 
Creatine 
Creatine phosphate 
Creatinine 
Cysteine 
Glutamine 
CH2CH2CO- 
CH2N- 
Isobutyratic acid 
Isopropanol 
Leucine 
N-Acetylglutamine 
O-Phosphoethanolamine 
Phenylpropionic acid 
Proline 
Pyruvic acid 

 Strong inverse association of healthy 
lifestyle with incident T2D 

[39] 

Study cohort: n = 1,138 Participants from four prospective 
population-based cohorts  

Plasma LC-MS/MS 70 2-Methylbutyroylcarnitine 
Cortisol 
Deoxycholic acid 
Tyrosine 
γ-Glutamyl-leucine 
Barogenin 
CerPE 38:2 
LPC 20:2 
MG 18:2 
PC 42:7 
SM d33:1 
SM d34:2 
SM d36:3|SM d18:2/18:1 

 Association with incident T2D [40] 

Study cohorts: n1 = 1,261; n2 = 2,580 Clinically healthy participants (follow-up for 3 
years) 

Plasma LC-MS/MS N/A 2-Hydroxybutyric acid 
LPC 18:2 

 Association with insulin resistance and 
glucose intolerance 

[41] 

Study cohort: n = 2,282 
Incident T2D cohort: n = 800 

General population Serum FI-MS 163 Glycine 
Hexose 
Phenylalanine 
LPC 18:2 
PC O-34:3 
PC O-40:6 
PC O-42:5 
PC O-44:4 
PC O-44:5 
PC O-32:1 
PC 36:1 
PC 38:3 
PC 40:5 
SM d34:2|SM d18:1/16:1 

 Association with increased or 
decreased risk of T2D 

[42] 

Study cohort: n1 = 1,813; n2 = 451 1,813 participants without any signs of T2D 
 
451 participants with newly diagnosed T2D 

Serum FI-MS 
LC-MS/MS 

134 Alanine/glycine  Association of analine/glycine ration 
with T2D 

[43] 
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Subjects (n) Cohort Matrix Platforms Reported 
metabolites (n) 

Markers Outcomes Ref. 

Study cohort: n = 5844 (90% female) Female and male nurses Plasma LC-MS/MS 186 1-Methylnicotinamide 
1-Methylguanosine 
Aminoisobutyric acid 
Caffeine 
CAR 2:0 
CAR 5:0 
CAR 5:0-DC 
Cortisone 
Dimethylglycine 
Guanidoacetic acid 
N2,N2-Dimethylguanosine 
N4-Acetylcytidine 
N-Acetylspermidine 
N-Acetyltryptophan 
N-Carbamoyl-β-alanine 
Piperine 
Ribothymidine 
Tryptophan 
Biliverdin 
Cer d34:1|Cer d18:1/16:0 
LPE 18:2 
PC 34:2 
PC P-34:4 
PC P-38:4 
PE 36:4 
PE P-36:2 
SM d38:1|SM d18:1/20:0 

 Association between  
inflammatory and insulinemic dietary 
patterns, plasma  
inflammatory/insulin biomarkers, 
plasma metabolomics and  
risk of type 2 diabetes. 

[44] 

Study cohort: n = 2240 T2D participants, prediabetes participants, and 
normal glucose tolerance participants 

Serum FI-MS 
LC-MS/MS 

123 Glycine 
CAR 16:0 
LPC 18:2 
PC O-36:0 

 Association with incident T2D [45] 

Study cohort: n = 4,442 (61% female)  Participants without diabetes at baseline Plasma LC-MS/MS 6 Betaine  
Carnitine  
Choline 
Crotonobetaine  
γ-Butyrobetaine  
Trimethylamine N-oxide 

 Association with incident T2D [46] 

Study cohort: n = 1571 Healthy participants (follow-up for 14 years) Plasma NMR 
LC-MS 

24 1,5-Anhydroglucitol 
2-Hydroxybutyric acid 
2-Oxoglutaric acid 
Glycerol 
Glycine betaine 
Isoleucine 
Lactic acid 
Methionine 
Pyruvic acid 
Tyrosine 
PC 34:2;O 
TG 48:0 
TG 48:1 
TG 50:5 

 Increase of the long-term prediction 
performance in combination with 
classical measurements 

[47] 
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Subjects (n) Cohort Matrix Platforms Reported 
metabolites (n) 

Markers Outcomes Ref. 

Discovery cohort: n = 3,821 
Validation cohort: n = 14,651 

Participants with normal glucose regulation Serum LC-MS/MS 667 (discovery 
cohort) 
250 (validation 
cohort) 

CE 14:0 
LPI 16:1 
PC 34:3 
PE 38:4|PE 18:0_20:4 
TG 48:1 (16:0) 
TG 48:1 (16:1) 
TG 48:2 (16:0) 
TG 48:2 (16:1) 
TG 48:2 (18:1) 
TG 48:3 (16:1) 
TG 50:0 (18:0) 
TG 50:1 (16:0) 
TG 50:1 (16:1) 
TG 50:1 (18:0) 
TG 50:2 (16:0) 
TG 50:2 (16:1) 
TG 50:2 (16:2) 
TG 50:2 (18:1) 
TG 50:3 (16:0) 
TG 50:3 (16:1) 
TG 50:3 (16:2) 
TG 51:0 (17:0) 
TG 51:2 (17:0) 
TG 51:3 (17:1) 
TG 53:2 (19:0) 
TG 53:3 (16:0) 
TG 54:3 (16:0) 
TG 54:4 (16:0) 
TG 54:4 (16:1) 
TG 54:5 (16:0) 
TG 54:5 (16:1) 
TG 54:6 (20:4) 
TG 54:7 (20:4) 
TG 54:7 (22:6) 
TG 55:6 (19:3) 
TG 56:5(18:1) 
TG 56:5(22:4) 
TG 56:6(22:5) 

 Association of biomarkers and lipid 
pathway dysregulation with T2D onset 

[48] 

Study cohort: n = 2,204 (100% female) Participants with T2D or impaired fasting 
glucose + normoglycemic control participants 

Plasma 
Urine 

LC-MS/MS 
GC-MS 

447 2-Hydroxybutyric acid 
1,5-Anhydroglucitol 
Arabinose 
Citrulline 
Dimethylarginine 
Erythritol 
Fructose 
Glucose 
Isoleucine 
Lactic acid 
Leucine 
Malic acid 
Mannose 
N-Acetylglycine 
Octanoylcarnitine 
Proline 

 Association with incident T2D and IFG [49] 
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Subjects (n) Cohort Matrix Platforms Reported 
metabolites (n) 

Markers Outcomes Ref. 

Uric acid 
Valine 
10-Heptadecenoic acid (FA 17:1n7) 
15-Methylpalmitic acid (FA iso-17:0) 
3-Methyl-2-oxobutanoic acid  
3-Methyl-2-oxovaleric acid 
4-Methyl-2-oxopentanoic acid 
5-Dodecenoic acid (FA 12:1n7) 
Adrenic acid (FA 22:4n6) 
Arachidonic acid (FA 20:4n6) 
Cholesterol 
Heptanoic acid  (FA 7:0) 
Myristic acid (FA 14:0) 
Myristoleic acid (FA 14:1n5) 
Palmitoleic acid (FA 16:1n7) 
SM d34:1|SM d18:1/16:0 
Pelargonic acid (FA 9:0) 
Pentadecanoic acid (FA 15:0) 

Study cohort: n = 1,150 Participants with normal fasting glucose 
(follow-up for 20 years) 

Plasma LC-MS/MS N/A 5-Hydroxyindoleacetic acid  
Glucose  
Glycine  
Isocitric acid  
Phenylalanine  
Taurine  
2-Aminodipic acid 
3-Methyladipic acid  
CE 20:3 
DG 36:1 
LPC 18:1 
LPC 18:2 
PC 36:4 
SM d42:1|SM d18:1/24:0 
TG 48:0 
TG 48:1 
TG 52:1 
TG 54:8  
TG 58:11 

 Association with improved prediction of 
T2D beyond conventional risk factors 

[50] 

Discovery cohort: n = 543 
Validation cohort: n = 1,044 

Non-diabetic participants (follow-up) Serum LC-MS/MS 
GC-MS 

568 2-Hydroxybutyric acid 
Bilirubin 
Glucose 
Glutamic acid 
Glutamine 
Histidine 
Isoleucine 
Mannose 
Trehalose 
Valine 
α-Tocopherol 

 Association with positive or negative 
impact on progression to T2D  

[51] 

Study cohort: n = 1,248 Participants with 6.5 years follow-up Plasma DMS-MS/MS 
GC-MS 

N/A Lipid classes containing species with FA 15:0 and 
FA 17:0: 
CE 15:0 
CE 17:0 
DG 15:0 
FA 15:0 

 Association with incident T2D [52] 
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Subjects (n) Cohort Matrix Platforms Reported 
metabolites (n) 

Markers Outcomes Ref. 

FA 17:0 
LPC 15:0 
LPC 17:0 
LPE 17:0 
MG 15:0 
MG 17:0 
PC 15:0 
PC 17:0 
PE 17:0 
PL-OCFA (phospholipid species containing odd-
chain fatty acids) 
TG 15:0 
TG 17:0 

Study cohorts: n1 = 1,039; n2 = 520 Participants with mean follow-ups: 4.61 and 
7.57 years 

Plasma LC-MS/MS 166 CE 16:1 
LPC 15:0 
LPC 18:2 
PC 33:3 
PC 35:3 
PC 40:7 
PC 43:6 
PC 44:1 
SM d34:2 
SM d41:2 
TG 46:1 (12:0) 
TG 48:1 (16:0) 
TG 48:2 (14:0) 
TG 49:7 (16:0) 
TG 50:1 (16:0) 
TG 50:2 (16:0) 
TG 50:3 (18:1) 
TG 51:7 (16:0) 
TG 52:5 (18:2) 
TG 52:6 (18:2) 
TG 54:3 (18:0) 
TG 54:4 (18:2) 
TG 54:5 (18:2) 
TG 54:6 (18:2) 
TG 54:7 (18:3) 
TG 56:5 (20:4) 

 Association with incident T2D [53] 

Study cohort: n = 2,939 Participants without diabetes prevalence  Serum LC-MS/MS 245 3-(4-Hydroxyphenyl)lactic acid 
Asparagine 
Erythritol 
Isoleucine 
Leucine 
Trehalose 
Valine 

 Association with incident T2D 
(protective biomarker of diabetes risk) 

[54] 
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Subjects (n) Cohort Matrix Platforms Reported 
metabolites (n) 

Markers Outcomes Ref. 

Study cohort: n = 2,103 Participants with a 6-year follow-up Plasma LC-MS/MS 34 Carnitine 
3-Dehydroxycarnitine 
3-Dehydrocarnitine 
CAR 2:0 
CAR 3:0 
CAR 3:0-DC 
CAR 4:0 
CAR 5:0 
CAR 5:0-OH 
CAR 5:1 
CAR 6:0 
CAR 6:0-OH 
CAR 6:0-DC 
CAR 7:0-DC 
CAR 8:0 
CAR 8:1 
CAR 10:0 
CAR 10:0-DC 
CAR 12:0 
CAR 12:0-OH 
CAR 12:1 
CAR 12:0-DC 
CAR 14:0 
CAR 14:0-OH 
CAR 14:1-OH 
CAR 16:0 
CAR 16:1 
CAR 16:2 
CAR 18:0 
CAR 18:0-OH 
CAR 18:1 
CAR 18:2 
CAR 20:0 
CAR 20:4 

 Association with improved predictive 
ability for type 2 diabetes beyond 
conventional risk factors 

[55] 

Study cohort: n = 3,234 Participants were assigned to 1) intensive 
lifestyle, 2) metformin, or 3) placebo (all 
followed up for 3.2 years) 

Plasma HILIC-MS/MS 84 Betaine 
Methionine sulfoxide 
Serine 

 Association with incident T2D [56] 
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Table S3. Metabolomics and lipidomics cohort studies focused on metabolic dysfunction-associated steatotic liver disease 

Subjects (n) Cohort Matrix Platforms Reported 
metabolites (n) 

Markers Outcomes Ref. 

Study cohort: n = 121,032 Participants with a mean 12.6-year follow-up Plasma NMR 170 3-Hydroxybutyric acid 
Acetic acid 
Acetoacetatic acid 
Acetone 
Alanine 
Citric acid 
Creatinine 
Glucose 
Glutamine 
Glycine 
Histidine 
Isoleucine 
Lactic acid 
Leucine 
Phenylalanine 
Pyruvic acid 
Tyrosine 
Valine 
Docosahexaenoic acid (FA 22:6) 
Linoleic acid (FA 18:2) 
Omega-3 FA 
Omega-6 FA 

 Positive and negative association with 
MASLD 

[57] 

Study cohort: n = 10,809 Participants with and without MASLD Plasma NMR 123 Tyrosine  Association with MASLD [58] 

Study cohort: n = 3,048 Participants have been followed up since birth, 
including questionnaires and clinical 
assessments starting from age 7 years 

Plasma NMR 154 3-Hydroxybutyric acid 
Acetic acid 
Acetoacetatic acid 
Alanine  
Creatinine 
Glutamine 
Histidine 
Isoleucine 
Leucine 
Phenylalanine 
Tyrosine 
Valine 

 Association with incident MASLD [59] 

Study cohort: n = 928 (67% female) Participants with and without MASLD Plasma CE-MS 94 4-Methyl-2-oxopentanoic acid 
Alanine 
Glutamic acid 
Isoleucine 
Leucine 
Proline 
Tryptophan 
Tyrosine 
Valine 
Glycerophosphorylcholine 

 Association with both MASLD and 
cardio-ankle vascular index (CAVI) 

[60] 

Study cohort: n = 1,479 
Study subcohort: n = 447 (known age) 

Participants were not treated for cancer or 
infectious disease or had undergone surgery in 
the previous year, and they had no history of 
cancer or an infectious disease. 

Serum LC-MS/MS N/A Oleic acid-hydroxy oleic acid (OAHOA) 
Sphingosine  
Uric acid 

 Association with MASLD [61] 

Study cohort: n = 997 (53% female) Participants free of prevalent myocardial  
infarction or congestive heart failure at the 
first examination cycle 

Plasma HILIC-MS/MS 179 Anandamide  Association with MASLD severity, the 
presence of nonalcoholic 
steatohepatitis, and fibrosis 

[62] 
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Subjects (n) Cohort Matrix Platforms Reported 
metabolites (n) 

Markers Outcomes Ref. 

Study cohort: n = 559 Participants with and without MASLD Plasma LC-MS/MS 11 Dihydrothymine 
Serine 
Tryptophan 
LPC 18:1 
LPE 20:0 

 Screening tool for MASLD [63] 

Study cohort: n = 1,154 (50% female) 
Control cohort: n = 350 

Participants with biopsy-proven MASLD and 
participants from the general population with 
similar gender and age to the cohort of 
patients with MASLD 

Serum LC-MS  
NMR 

105 PC 32:0|PC 16:0_16:0 
PC 32:2|PC 14:0_18:2 
PC 34:2|PC 16:0_18:2 
PC 36:1|PC 18:0_18:1 
PC 36:3 
PC 36:6|PC 18:3_18:3 
PC 37:5 
PC 38:2|PC 20:0_18:2 
PC 38:3|PC 18:0_20:3 
SM d32:1 
SM d39:1 
TG 48:3 

 Identification of three MASLD 
subgroups, independent of histological 
disease severity 

[64] 

Study cohort: n = 627 Histologically characterized participants. 
Participants include the full spectrum of 
disease, from histologically normal liver tissue 
through NAFL to NASH-F4 (cirrhosis) 

Serum LC-MS/MS 
GC-MS/MS 

211 Markers of fibrosis 0–1 vs. 2–4: 
2-Hydroxybutyric acid 
3-Hydroxybutyric acid 
LPC O-16:0 
LPC P-16:0 
LPC 18:2 
LPC 20:4 
Oleic acid 
PC 32:0|PC 16:0/16:0 
PC 32:1 
PC 37:4 
PC O-34:2 
PC O-34:3 
PE 16:0/18:1 
PE 34:2 
PE 38:6 
SM d42:1|SM d18:1/24:0 
SM d36:0 
SM d41:1 
TG 56:4 
TG 58:6 

 Identification of a key metabolic 
‘watershed’ in the progression of liver 
damage, separating severe disease 
from mild 

[65] 

Discovery cohort: n = 1,546 
Internal validation cohort: n = 377 
Prospective validation cohort: n = 749 

Participants with and without MASLD (4 years 
follow-up 

Feces LC-MS/MS 198 Taurocholic acid  Positive association with both a higher 
microbiome risk score and MASLD risk  

[66] 
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CoA 14:1(2E) CoA 14:0;3OH[S]

CoA 14:0 CAR 14:0
20

CAR 14:1(2E)
20

CAR 14:0;3OH[S]

Palmitic acid
FA 16:0

20

Myristic acid
FA 14:0

CoA 14:0;3oxo

CAR 2:0 CoA 2:0
20

CoA 10:0

CoA 12:1(2E) CoA 12:0;3OH[S]

CAR 12:0

CAR 12:1(2E)

20

20

CAR 12:0;3OH[S]

FA 12:0

CoA 12:0;3oxo

CAR 2:0
20

CoA 2:0

CoA 8:0

CoA 10:1(2E) CoA 10:0;3OH[S]

CAR 10:0
20

CAR 10:1(2E) CAR 10:0;3OH[S]
20

FA 10:0

CoA 10:0;3oxo

CAR 2:0 CoA 2:0
20

CoA 6:0

CoA 8:1(2E) CoA 8:0;3OH[S]

CAR 8:0

CAR 8:1(2E)

20

CAR 8:0;3OH[S]

FA 8:0

CoA 8:0;3oxo

CAR 2:0
20

CoA 2:0

CoA 4:0

CoA 6:1(2E) CoA 6:0;3OH[S]

CAR 6:0

CAR 6:1(2E)

20

20

CAR 6:0;3OH[S]
20

FA 6:0

CoA 6:0;3oxo

CAR 2:0
20

CoA 2:0

CoA 2:0

CoA 4:1(2E) CoA 4:0;3OH[S]

CAR 4:0
20

CAR 4:1(2E)
20

CAR 4:0;3OH[S]

FA 4:0

20

CoA 4:0;3oxo

CAR 2:0
20

CAR 2:0
20

Oleic acid
FA 18:1(9Z)

CoA 16:1(7Z)

CAR 18:1(9Z)

CAR 16:1(7Z)

20

CAR 18:1(9Z);3OH[S]

20

20

CoA 18:1(9Z);3oxo

CoA 18:1(9Z)

CoA 18:2(2E,9Z) CoA 18:1(9Z);3OH[S]

CoA 2:0

CAR 18:2(2E,9Z)

CoA 16:1(7Z);3OH[S]

20

CoA 16:1(7Z);3oxo

CoA 2:0CAR 2:0

CAR 16:1(7Z);3OH[S]

20

20

CAR 16:2(2E,7Z) CoA 16:2(2E,7Z)

CAR 2:0
20

CoA 2:0

CoA 12:1(3Z)

CoA 14:2(2E,5Z) CoA 14:1(5Z);3OH[S]

CoA 14:1(5Z) CAR 14:1(5Z)

CAR 14:2(2E,5Z)

20

CAR 14:1(5Z);3OH[S]
20

CoA 14:1(5Z);3oxo

CoA 18:2 (9Z,12Z)

CAR 2:0
20

CoA 2:0

CoA 16:2(7Z,10Z)

CoA 18:3 (2E,9Z,12Z) CoA 18:2(9Z,12Z);3OH[S]

CAR 18:2(9Z,12Z)
20

CAR 18:3 (2E,9Z,12Z) CAR 18:2(9Z,12Z);3OH[S]

Linoleic acid 
FA 18:2(9Z,12Z)

CoA 18:2(9Z,12Z);3oxo

CAR 2:0 CoA 2:0
20

CoA 14:2(5Z,8Z)

CoA 16:3(2E,7Z,10Z) CoA 16:2(7Z,10Z);3OH[S]

CAR 16:2(7Z,10Z)

CAR 16:3(2E,7Z,10Z) CAR 16:2(7Z,10Z);3OH[S]

CoA 16:2(7Z,10Z);3oxo

CAR 2:0
20

CoA 2:0

CoA 12:2(3Z,6Z)

CoA 14:3(2E,5Z,8Z) CoA 14:2(5Z,8Z);3OH[S]

CAR 14:2(5Z,8Z)

CAR 14:3(2E,5Z,8Z)

20

CAR 14:2(5Z,8Z);3OH[S]

CoA 14:2(5Z,8Z);3oxo

CAR 2:0 CoA 2:0
20

CoA 10:1(4Z)

CoA 12:2(2E,6Z) CoA 12:1(6Z);3OH[S]

CAR 12:2(3Z,6Z)

CAR 12:2(2E,6Z) CAR 12:1(6Z);3OH[S]

CoA 12:1(6Z);3oxo

CoA 10:2(2E,4Z) CoA 10:1(3E)

CAR 10:1(4Z)

CAR 10:2(2E,4Z)

20

20

CAR 10:1(3E)
20

CoA 16:1(9Z)

CAR 2:0
20

CoA 2:0

CoA 14:1(7Z)

CoA 16:2(2E,9Z) CoA 16:1(9Z);3OH[S]

CAR 16:1(9Z)
20

CAR 16:2(2E,9Z) CAR 16:1(9Z);3OH[S]

CoA 16:1(9Z);3oxo

CAR 2:0
20

CoA 2:0

CoA 12:1(5Z)

CoA 14:2(2E,7Z) CoA 14:1(7Z);3OH[S]

CAR 14:1(7Z)

CAR 14:2(2E,7Z)

20

CAR 14:1(7Z);3OH[S]
20

CoA 14:1(7Z);3oxo

20

CAR 2:0
20

CoA 2:0

CoA 10:1(3Z)

CoA 12:2(2E,5Z) CoA 12:1(5Z);3OH[S]

CAR 12:1(5Z)

CAR 12:2(2E,5Z)

20

CAR 12:1(5Z);3OH[S]

CoA 12:1(5Z);3oxo

CAR 10:1(3Z)
20

Palmitoleic acid
FA 16:1(9Z)

CAR 2:0

CoA 15:0;15COOH

20

CAR 17:0;17COOH
20

CAR 15:0;15COOH

CAR 17:0;3OH[S];17COOH

20

CoA 17:0;3oxo;17COOH

CoA 17:0;17COOH

CoA 17:1(2E);17COOH CoA 17:0;3OH[S];17COOH

CoA 2:0

CAR 17:1(2E);17COOH

CoA 15:0;3OH[S];15COOH

CoA 15:0;3oxo;15COOH

CoA 2:0CAR 2:0

CAR 15:0;3OH[S];15COOH

20

CAR 15:1(2E);15COOH CoA 15:1(2E);15COOH

CAR 2:0
20

CoA 2:0

CoA 11:0;11COOH

CoA 13:1(2E);13COOH CoA 13:0;3OH[S];13COOH

CoA 13:0;13COOH CAR 13:0;13COOH
20

CAR 13:1(2E);13COOH CAR 13:0;3OH[S];13COOH

CoA 13:0;3oxo;13COOH

CAR 2:0
20

CoA 2:0

CoA 9:0;9COOH

CoA 11:1(2E);11COOH CoA 11:0;3OH[S];11COOH

CAR 11:0;11COOH
20

CAR 11:1(2E);11COOH CAR 11:0;3OH[S];11COOH

CoA 11:0;3oxo;11COOH

CAR 2:0 CoA 2:0
20

CoA 7:0;7COOH

CoA 9:1(2E);9COOH CoA 9:0;3OH[S];9COOH

CAR 9:0;9COOH

CAR 9:1(2E);9COOH CAR 9:0;3OH[S];9COOH

CoA 9:0;3oxo;9COOH

CAR 2:0 CoA 2:0
20

CoA 5:0;5COOH

CoA 7:1(2E);7COOH CoA 7:0;3OH[S];7COOH

CAR 7:0;7COOH

CAR 7:1(2E);7COOH

20

CAR 7:0;3OH[S];7COOH

CoA 7:0;3oxo;7COOH

CAR 2:0
20

CoA 2:0

CoA 3:0;3COOH

CoA 5:1(2E);5COOH CoA 5:0;3OH[S];5COOH

CAR 5:0;5COOH

CAR 5:1(2E);5COOH

20

20

CAR 5:0;3OH[S];5COOH

CoA 5:0;3oxo;5COOH

CAR 3:0;3COOH

FA 17:0;17COOH

20

FA 15:0;15COOH

FA 13:0;13COOH

FA 11:0;11COOH

FA 9:0;9COOH

FA 7:0;7COOH

FA 5:0;5COOH

FA 18:0;18OH

FA 16:0;16OH

FA 14:0;14OH

FA 12:0;12OH

FA 10:0;10OH

FA 8:0;8OH

FA 6:0;6OH

FA 18:0;18oxo

FA 16:0;16oxo

FA 14:0;14oxo

FA 12:0;12oxo

FA 10:0;10oxo

FA 8:0;8oxo

FA 6:0;6oxo

3, 5, 7, 13

2, 16

2, 162, 16

3, 5, 7, 13

2, 16

2, 162, 16

CoA 20:4(5Z,8Z,11Z,14Z)

CAR 2:0
20

CoA 2:0

CoA 18:4(3Z,6Z,9Z,12Z)

CoA 20:5(2E,5Z,8Z,11Z,14Z) CoA 20:4(5Z,8Z,11Z,14Z);3OH[S]

CAR 20:4(5Z,8Z,11Z,14Z)

CAR 20:5(2E,5Z,8Z,11Z,14Z) CAR 20:4(5Z,8Z,11Z,14Z);3OH[S]

Arachidonic acid 
FA 20:4(5Z,8Z,11Z,14Z)

CoA 20:4(5Z,8Z,11Z,14Z);3oxo

CAR 2:0 CoA 2:0
20

CoA 16:3(4Z,7Z,10Z)

CoA 18:4(2E,6Z,9Z,12Z) CoA 18:3(6Z,9Z,12Z);3OH[S]

CAR 18:4(3Z,6Z,9Z,12Z)

CAR 18:4(2E,6Z,9Z,12Z) CAR 18:3(6Z,9Z,12Z);3OH[S]

CoA 18:3(6Z,9Z,12Z);3oxo

CAR 16:3(4Z,7Z,10Z)2, 16

2, 162, 16
CoA 16:4(2E,4Z,7Z,10Z) CoA 16:3(3E,7Z,10Z)CAR 16:4(2E,4Z,7Z,10Z) CAR 16:3(3E,7Z,10Z)

2, 16
CoA 18:3(6Z,9Z,12Z) CAR 18:3(6Z,9Z,12Z)

gamma-Linolenic acid 
FA 18:3(6Z,9Z,12Z)

3, 5, 7, 13

2

3, 5, 7, 13

2, 16

2

2

2, 162, 16

3, 5, 7, 13

2, 16

2, 162, 16

3, 5, 7, 13

2, 16

2, 162, 16

3, 5, 7, 13

2, 12, 16, 18

2, 12, 16, 182, 12, 16, 18

3, 5, 7, 13

2, 12, 16, 18

2, 12, 16, 182, 12, 16, 18

3, 5, 7, 13

2, 3, 5, 7, 12...

2, 3, 5, 7, 12...
2, 3, 5, 7, 12...

3, 5, 7, 13

2, 3, 5, 7, 12...

2, 3, 5, 7, 12...2, 3, 5, 7, 12...

2, 3, 5, 7, 12...

CAR 2:0

CoA 20:5(5Z,8Z,11Z,14Z,17Z)

20

CAR 22:6(4Z,7Z,10Z,13Z,16Z,19Z)

CAR 20:5(5Z,8Z,11Z,14Z,17Z)

CAR 22:5(7Z,10Z,13Z,16Z,19Z);3OH[S]

CoA 22:5(7Z,10Z,13Z,16Z,19Z);3oxo

CoA 22:6(4Z,7Z,10Z,13Z,16Z,19Z)

CoA 22:7(2E,4Z,7Z,10Z,13Z,16Z,19Z)
CoA 22:5(7Z,10Z,13Z,16Z,19Z);3OH[S]

CoA 2:0

CAR 22:7(2E,4Z,7Z,10Z,13Z,16Z,19Z)

CoA 20:5(5Z,8Z,11Z,14Z,17Z);3OH[S]

CoA 20:5(5Z,8Z,11Z,14Z,17Z);3oxo

CoA 2:0CAR 2:0
20

CAR 20:5(5Z,8Z,11Z,14Z,17Z);3OH[S]CAR 20:6(2E,5Z,8Z,11Z,14Z,17Z) CoA 20:6(2E,5Z,8Z,11Z,14Z,17Z)

CAR 2:0
20

CoA 2:0

CoA 16:4(4Z,7Z,10Z,13Z)

CoA 18:5(2E,6Z,9Z,12Z,15Z) CoA 18:4(6Z,9Z,12Z,15Z);3OH[S]

CoA 18:5(3Z,6Z,9Z,12Z,15Z) CAR 18:5(3Z,6Z,9Z,12Z,15Z)

CAR 18:5(2E,6Z,9Z,12Z,15Z) CAR 18:4(6Z,9Z,12Z,15Z);3OH[S]

CoA 18:4(6Z,9Z,12Z,15Z);3oxo

CAR 2:0 CoA 2:0
20

CoA 14:3(5Z,8Z,11Z)

CoA 16:5(2E,4Z,7Z,10Z,13Z) CoA 16:3(7Z,10Z,13Z);3OH[S]

CAR 16:4(4Z,7Z,10Z,13Z)

CAR 16:5(2E,4Z,7Z,10Z,13Z) CAR 16:3(7Z,10Z,13Z);3OH[S]

CoA 16:3(7Z,10Z,13Z);3oxo

CAR 2:0 CoA 2:0
20

CoA 12:3(3Z,6Z,9Z)

CoA 14:4(2E,5Z,8Z,11Z) CoA 14:3(5Z,8Z,11Z);3OH[S]

CAR 14:3(5Z,8Z,11Z)

CAR 14:4(2E,5Z,8Z,11Z) CAR 14:3(5Z,8Z,11Z);3OH[S]

CoA 14:3(5Z,8Z,11Z);3oxo

CAR 2:0
20

CoA 2:0

CoA 10:2(4Z,7Z)

CoA 12:3(2E,6Z,9Z) CoA 12:2(6Z,9Z);3OH[S]

CAR 12:3(3Z,6Z,9Z)

CAR 12:3(2E,6Z,9Z) CAR 12:2(6Z,9Z);3OH[S]

CoA 12:2(6Z,9Z);3oxo

CAR 2:0
20

CoA 2:0

CoA 8:1(5Z)

CoA 10:3(2E,4Z,7Z)
CoA 10:1(7Z);3OH[S]

CAR 10:2(4Z,7Z)

CAR 10:3(2E,4Z,7Z)

20

CAR 10:1(7Z);3OH[S]

CoA 10:1(7Z);3oxo

CAR 2:0 CoA 2:0
20

CoA 6:1(3Z)

CoA 8:2(2E,5Z) CoA 8:1(5Z);3OH[S]

CAR 8:1(5Z)

CAR 8:2(2E,5Z) CAR 8:1(5Z);3OH[S]

CoA 8:1(5Z);3oxo

CAR 6:1(3Z)

Docosahexaenoic acid 
FA 22:6(4Z,7Z,10Z,13Z,16Z,19Z)

20

CoA 22:6(3E,7Z,10Z,13Z,16Z,19Z)CAR 22:6(3E,7Z,10Z,13Z,16Z,19Z)
2

CAR 22:6(2E,7Z,10Z,13Z,16Z,19Z)CoA 22:6(2E,7Z,10Z,13Z,16Z,19Z)
2

CoA 16:4(3E,7Z,10Z,13Z)2, 16
CAR 16:4(3E,7Z,10Z,13Z)

2, 16 CAR 16:4(2E,7Z,10Z,13Z)CoA 16:4(2E,7Z,10Z,13Z)

2, 3, 5, 7, 12...
CoA 10:2(3E,7Z)CAR 10:2(3E,7Z)

20

CAR 10:2(2E,7Z)2, 3, 5, 7, 12...
20

CoA 10:2(2E,7Z)

3, 5, 7, 13

2, 16

2, 162, 16

CoA 18:3(9Z,12Z,15Z)

CAR 2:0 CoA 2:0
20

CoA 16:3(7Z,10Z,13Z)

CoA 18:4(2E,9Z,12Z,15Z) CoA 18:3(9Z,12Z,15Z);3OH[S]

CAR 18:3(9Z,12Z,15Z)

CAR 18:4(2E,9Z,12Z,15Z) CAR 18:3(9Z,12Z,15Z);3OH[S]

CoA 18:3(9Z,12Z,15Z);3oxo

CAR 16:3(7Z,10Z,13Z)

alpha-Linolenic acid 
FA 18:3(9Z,12Z,15Z)

2, 16

Eicosapentaenoic acid FA 20:5(5Z,8Z,11Z,14Z,17Z)

3, 5, 7, 13

2, 16

2, 162, 16

3, 5, 7, 13

2, 12, 16, 18

2, 12, 16, 182, 12, 16, 18

3, 5, 7, 13

2, 12, 16, 18

2, 12, 16, 182, 12, 16, 18

3, 5, 7, 13

2, 3, 5, 7, 12...

2, 3, 5, 7, 12...2, 3, 5, 7, 12...

CoA 15:0

CAR 2:0 CoA 2:0
20

CoA 13:0

CoA 15:1(2E) CoA 15:0;3OH[S]

CAR 15:0

CAR 15:1(2E) CAR 15:0;3OH[S]

FA 15:0

CoA 15:0;3oxo

CAR 2:0
20

CoA 2:0

CoA 11:0

CoA 13:1(2E) CoA 13:0;3OH[S]

CAR 13:0

CAR 13:1(2E) CAR 13:0;3OH[S]

CoA 13:0;3oxo

CAR 2:0 CoA 2:0
20

CoA 9:0

CoA 11:1(2E) CoA 11:0;3OH[S]

CAR 11:0

CAR 11:1(2E) CAR 11:0;3OH[S]

CoA 11:0;3oxo

CAR 2:0
20

CoA 2:0

CoA 9:1(2E) CoA 9:0;3OH[S]

CAR 9:0
20

CAR 9:1(2E) CAR 9:0;3OH[S]

CoA 9:0;3oxo

3, 5, 7, 13

2, 3, 5, 7, 12...

2, 3, 5, 7, 12...2, 3, 5, 7, 12...

3, 5, 7, 13

3, 5, 7, 12, 13, 18

3, 5, 7, 12, 13, 183, 5, 7, 12, 13, 18

CoA 7:0

CAR 2:0
20

CoA 2:0

CoA 5:0

CoA 7:1(2E) CoA 7:0;3OH[S]

CAR 7:0

CAR 7:1(2E) CAR 7:0;3OH[S]

CoA 7:0;3oxo

CAR 3:0
20

CoA 3:0

CoA 5:1(2E) CoA 5:0;3OH[S]

CAR 5:0
20

CAR 5:1(2E) CAR 5:0;3OH[S]

CoA 5:0;3oxo

Isoleucine

3-Methyl-2-oxovaleric acid

2-Methyl-3-hydroxybutyryl-CoA

Tiglyl-CoA

2-Methylbutyryl-CoA

2-Methylacetoacetyl-CoA

CoA 2:03, 5, 7, 13CAR 2:0

CoA 3:0

20

CAR 3:0
20

3, 5, 7, 13

CAR 4:0;2Me;3OH[S]
3, 5, 7, 12, 13, 18

CAR 4:1(2E);2Me
20

3, 5, 7, 12, 13, 18

CAR 4:0;2Me
20

3, 5, 7, 12, 13, 18

CoA 3:1(2E)CAR 3:1(2E)
3, 5, 7, 13

CoA 3:0;3OH[S]CAR 3:0;3OH[S]
20

3, 5, 7, 13

CoA 2:0;2Me;2COOHCAR 2:0;2Me;2COOH
20

3, 5, 7, 13

CoA 3:0;3COOHCAR 3:0;3COOH
20

Valine

2-Oxo-isovaleric acid

Isobutyryl-CoA

Methacrylyl-CoA

3-Hydroxyisobutyryl-CoA

3-Hydroxyisobutyric acid

CAR 3:0;2Me
20

3, 5, 7, 13

CAR 3:0;2Me;3OH[S]

Methylmalonic semialdehyde

3, 5, 7, 13

Leucine

2-Oxo-isocaproic acid

Isovaleryl-CoA

3-Methylcrotonyl-CoA

3-Methylglutaconyl-CoA

3-Hydroxy-3-methylglutaryl-CoA

CoA 2:0 Acetoacetic acid

CAR 4:0;3Me
20

CAR 4:1(2E);3Me
20

3, 5, 7, 12, 13, 18

CAR 4:1(2E);3Me;4COOH
20

3, 5, 7, 12, 13, 18

CAR 4:0;3OH[S];3Me;4COOH

3, 5, 7, 12, 13, 18

3, 11, 20
3, 5, 7, 12, 13, 18

3, 5, 7, 13CAR 2:0
20

Acetoacetyl-CoA

CoA 2:0
3, 5, 7, 13CAR 2:0

20

CoA 2:0
3, 5, 7, 13 CAR 2:0

CAR 4:0;3oxo

20

3, 5, 7, 12, 13, 18

3-Hydroxyisovaleryl-CoA

3-Methylglutaryl-CoA

CAR 4:0;3Me;3OH[S]
20

3, 5, 7, 12, 13, 18

CAR 4:0;3Me[R];4COOH
19, 20

3, 5, 7, 12, 13, 18

14-Methylhexadecanoic acid
1

CoA 16:0;14Me

14-Methylpentadecanoic acid
1

CoA 15:0;14Me

15-Methylhexadecanoic acid
1

CoA 16:0;15Me

2, 12, 16, 18

2, 12, 16, 18

3, 5, 7, 13

2, 12, 16, 18

2, 12, 16, 182, 12, 16, 18

3, 5, 7, 13

2, 12, 16, 18

2, 12, 16, 182, 12, 16, 18

2, 12, 16, 18

2, 12, 16, 182, 12, 16, 18

CoA 16:0;3Me,7Me,11Me,15Me
17

Formyl-CoA

Pristanoyl-CoA
17

CoA 16:0;3Me,7Me,11Me,15Me;2OH Pristanal

17

CAR 16:0;3Me,7Me,11Me,15Me

CAR 16:0;3Me,7Me,11Me,15Me;2OH

20

Phytanic acid
4, 17

Pristanic acid

CAR 3:0

17

CoA 3:0

20

CoA 13:0;4Me,8Me,12Me

CoA 15:1(2E);2Me,6Me,10Me,14Me

17

CoA 15:0;2Me,6Me,10Me,14Me;3OH[S]

CAR 15:0;2Me,6Me,10Me,14Me
20

CAR 15:1(2E);2Me,6Me,10Me,14Me CAR 15:0;2Me,6Me,10Me,14Me;3OH[S]

CoA 15:0;2Me,6Me,10Me,14Me;3oxo

CAR 2:0 CoA 2:0
20

CoA 11:0;2Me,6Me,10Me

CoA 13:1(2E);4Me,8Me,12Me

17

CoA 13:0;4Me,8Me,12Me;3OH[S]

CAR 13:0;4Me,8Me,12Me

CAR 13:1(2E);4Me,8Me,12Me CAR 13:0;4Me,8Me,12Me;3OH[S]

CoA 13:0;4Me,8Me,12Me;3oxo

CoA 11:1(2E),2Me,6Me,10Me CoA 11:0;2Me,6Me,10Me;3OH[S]

CAR 11:0;2Me,6Me,10Me

CAR 11:1(2E),2Me,6Me,10Me CAR 11:0;2Me,6Me,10Me;3OH[S]

CoA 11:0;2Me,6Me,10Me;3oxo

3, 5, 7, 13

2, 3, 5, 7, 12...

2, 3, 5, 7, 12...2, 3, 5, 7, 12...

2, 3, 5, 7, 12...

CoA 9:0;4Me,8Me

CAR 2:0

17

20

CoA 2:0

CoA 7:0;2Me,6Me

CoA 9:1(2E);4Me,8Me

17

CoA 9:0;4Me,8Me;3OH[S]

CAR 9:0;4Me,8Me

CAR 9:1(2E);4Me,8Me CAR 9:0;4Me,8Me;3OH[S]

CoA 9:0;4Me,8Me;3oxo

CAR 7:0;2Me,6Me

3, 5, 7, 13 CAR 3:0CoA 3:0

20

3, 5, 7, 13
CoA 2:0 CAR 2:0

20

Histidine

Proline

Glutamine

Glutamate

Arginine

3-Hydroxybutyryl-CoA

Crotonyl-CoA

Glutaryl-CoA

CAR 4:0;3OH[S]

3, 5, 7, 12, 13, 18

CAR 4:1(2E)

9, 20

CAR 4:0;4COOH

20

20

Hydroxylysine

Lysine

Tryptophan

Serine

Alanine

Glycine

Cysteine

CoA 2:0;2COOH CAR 2:0;2COOH
20

3, 5, 7, 13

CO2

CoA 6:0;6COOH

CAR 6:0;6COOH
20
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