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The study was designed to investigate the effect of exposure to long-term constant
darkness, starting from the prenatal period or from birth, on the retinol (vitamin A) contentin
tissues of rats. Females were kept in standard light (LD) or in constant darkness (DD) during
pregnancy. The LD females and their offspring after birth were divided into two groups,
one of which was left in the same lighting conditions (LD, control), and the other group was
switched to the darknessregime (LD/DD). The DD females and their offspring (DD/DD) were
kept in the dark. Adults and the young were separated after the suckling period. The retinol
content in offspring’s tissues (liver, kidneys, heart and skeletal muscle) was determined at
the age of 2 weeks, 1, 2, 3, 6, 12, 18 and 24 months by HPLC. Constant darkness had a
modulating effect on the age-related dynamics of retinol content in the tissues. The level
of the vitamin was higher compared to the control animals in the liver of 2-week-old LD/DD
rats and in the kidneys of 1-month-old rats of both experimental groups. The retinol content
in the heart of 2-month-old DD/DD rats, on the contrary, was significantly lower than in the
control. The retinol level in the liver of 12-month-old LD/DD rats was higher compared to
the control animals. The effect of constant darkness on retinol level in tissues depended on
the ontogenesis stage at which the experimental exposure began, the tissue type, and the
animal’s age. The retinol content in the tissues of rats kept in constant darkness indicates
metabolic changes that were more pronounced in young animals.
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Llenbto paboTbl 6610 N3yHEeHUE BAUSHUS OJINTENBHOM NOCTOSHHOW TEMHOTbI, HAYMHAas
C BHYTPUYTPOOHOro nepuoga WM ¢ MOMEHTa POXAEHWUS, HA COAEPXaHWe peTuHona
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(BMTamMuH A) B TKaHsIX Kpbic. CamMky BO BpemMsi 6EpeMEHHOCTM COAEPXANNCH NPU CTaH-
napTHoM oceeleHumn (LD) nnan B noctosiHHo TemHoTe (DD). Camkm LD n nx noTomcTeo
cpaagy nocne poxaeHus Oblnv pasgeneHbl Ha ABE rpynnbl, OAHY U3 KOTOPbLIX OCTaBUn
B Tex Xe ycnoBusx (LD, koHTponb), a gpyryto nepesenn B TemHoTy (LD/DD). Camku DD
1 nx notomcteo (DD/DD) Haxoaunmcb B TeMHOTe. Bapocnblie 0cobu 1 MONOOHSIK Oblin
pasgeneHbl Nocne noacocHoro nepuoga. CoaepxaHne peTMHONA B TKaHSX (MeYeHb, NoY-
KW, cepaue, CKefeTHasa Mbllua) onpeaensnm B so3pacte 2 Hegenb, 1, 2, 3, 6, 12, 18
n 24 mecsaues metogom BIXX. MNocTtosHHasa TeMHOTa Oka3biBasia MOLYIMPYIOLEE BN-
sIHMEe Ha BO3PACTHYIO AMHAMWKY COAEPXaHUS PETMHOMNA B TKaHsIX. YPOBEHb BUTAMUHA
OblN1 BbILLIE MO CPABHEHWUIO C KOHTPOJbHBIMU XUBOTHBIMU B MEYEHU 2-HEOENbHbIX KPbIC
LD/DD un B no4kax 1-mMecsi4HbIX KpblC 06enx onbITHLIX Fpyn. B cepaue 2-Mecs4HbIX KpbIC
DD/DD copepxaHue peTuHona, HanpoTuB, OblJI0 4OCTOBEPHO HUXE, YEM Y KOHTPOJIbHbIX.
B neyeHn 12-mecayHbix kpbic LD/DD ypoBeHb peTuHona 6bli Bhille, YeM Y KOHTPOJIbHbIX
XWBOTHbIX. BNnsiHMe NoCcTosIHHOM TEMHOThI HA YPOBEHb PETUHOMA B TKAHSIX 3aBMCENO OT
CTaann OHTOreHesa, Ha KOTOPOI HAYMHANOCh AKCNEPUMEHTANIbHOE BO3AENCTBUE, TUNA
TKaHW 1 Bo3pacTa XMBOTHbIX. CoAepXaHne peTnHoNa B TKAHAX KPbIC, HAXOAMBLUMXCS
B MOCTOSIHHOW TEMHOTE, CBMAETENbCTBYET O METab0/IMYECKNX USMEHEHUSAX, KOTOPbIE
Ob11I1 6oNee BbIPAXEHbI Y MOOAbIX XUBOTHBbIX.

KnioyeBble cnoBa: BUTAMUH A; MOCTOSAHHAsA TEMHOTA; CBET; LUMPKaAHbI PUTM; BO3pacT

Ona ymntmposanus: llyina T. N., Baishnikova I. V., Khizhkin E. A. Effect of long-term
constant darkness on retinol in peripheral tissues of rats. Trudy Karel’skogo nauchnogo
tsentra RAN = Transactions of the Karelian Research Centre RAS. 2023. No. 7. P. 42-51.
doi: 10.17076/eb1808

dunHaHcupoBaHue. PuHaHcoBOE 0BecneyYeHe NCCEA0BaHNIA OCYLLLECTBISNOCH U3
cpencTts denepansHOro 6loaoXeTa Ha BbINOMHEHWE FOCYAAPCTBEHHOMO 3a4aHnsa (Tema

FMEN-2022-0003).

Introduction

Physiological processes are inextricably linked
with cyclical changes in the general level of vital
activity. The main synchronizer of the organism’s
circadian system is the alternation of light and dark-
ness. The mammalian central circadian clock is lo-
cated in the hypothalamic suprachiasmatic nucleus
(SCN), however, circadian clocks also exist in pe-
ripheral tissues, which indicates the close relation-
ship between circadian regulation and metabolism
[Ko, Takahashi, 2006; Grimaldi, Sassone-Corsi,
2007; Lamia et al., 2008; Chang et al., 2016]. Inter-
nal circadian rhythms are subject to the change of
day and night cycles, and the connection of the or-
ganism with the external environment begins to form
at the prenatal stage. Constant darkness, as well as
constant light, is considered as a form of ecologi-
cal stress that raises the risk of metabolic diseases
[Ruby et al., 2002; Lee, 2007; Yuksel, 2008; Panda,
2016]. In the conditions of constant darkness, the
circadian clock freely runs with its own period, dif-
ferent from but close to 24 h. The light-dark cycle
plays a key role in determining the level and duration
of secretion of the pineal hormone melatonin, which
is synthesized in the dark and whose main function
is the regulation of biological rhythms. In addition
to regulating biorhythms, endogenous melatonin
acts as an antioxidant and the main directions of

its antioxidant action are to protect the cell mac-
romolecules from oxidative damage and increase
the antioxidants’ efficiency [Reiter, 2000; Chitimus
et al., 2020]. It is well known that seasonal altera-
tions of natural daylight duration in high or moder-
ate latitudes trigger numerous adaptive changes in
wild animals. Decrease in natural illumination during
autumn/winter months can cause seasonal affec-
tive disorders characterized by overeating, weight
gain, hypersomnia, prominent fatigue, and some
other changes in people. Seasonal disorders re-
lated to the change in illumination are observed in
11-21 % of individuals and are a social and eco-
nomic problem [Bazhenova et al., 2019].

Vitamin A (retinol, VA) participates in many
physiological functions including vision, embryonic
development, growth, reproduction, cell differen-
tiation and proliferation, and together with its de-
rivatives can act as an antioxidant [Estornell et al.,
2000; Gatica et al., 2012]. One of the main VA func-
tions is the control of biological rhythms. Retinoic
acid (RA), the bioactive form of VA, is reported to
affect the circadian rhythm by binding to RA recep-
tors, such as receptors in the circadian feedback
loops in the mammalian SCN [Guo et al., 2022]. It
was found that VA is necessary for the functioning
of the pineal gland, which contains a high level of
retinol and retinol-binding protein. A deficiency of
VA leads to a decrease in the melatonin night peak
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[Phillips et al., 1989; Ransom et al., 2014; Ashton
et al., 2015]. Moreover, its deficiency may affect
the photo-response, sleep cycle, cell metabolism,
and induce disorders/diseases related to biologi-
cal rhythm dysfunctions [Guo et al., 2022]. At the
same time, it remains unclear how the light-dark
cycle disturbance affects the content of vitamin A
in the body. The purpose of this work was to inves-
tigate the long-term effect of constant darkness,
starting from the prenatal period or from birth, as
a model of light rhythm disturbance, on the retinol
content in rat tissues.

Materials and methods
Objects and experimental design

This study was carried out in compliance with the
Directive 2010/63/EU of the European Parliament
and of the Council (On the Protection of Animals
used for Scientific Purposes, 2010) and approved
by the Local Ethics Committee of the Institute of Bio-
logy of the Karelian Research Centre of the Rus-
sian Academy of Sciences (Approval No 10 dated
October 3, 2016). Every effort was made to mini-
mize as much as possible the number of animals
and their suffering. The experiment was performed
on Wistar rats kept under standard vivarium condi-
tions with free access to rodent chow and water.
For breeding, 4-month-old male and female rats
were kept under standard fixed lighting conditions
(12 h light 750 lux/12 h darkness; LD) or in con-
stant darkness (0-0.5 lux; DD). All DD rat manipu-
lations were performed under dim red light within
3 min. After delivery, females from the LD conditions
and their offspring were randomly divided into two
groups and either remained housed in the same
lighting conditions (LD, control) or transferred to
constant darkness (LD/DD). Females and their off-
spring from the DD lighting conditions were left in
constant darkness (DD/DD). After weaning at three
weeks of age, the offspring were separated by gen-
der and kept in the same type of cages (4 rats per
cage) until 24 months of age. Animals of all groups
received the same and age-appropriate food. The
rats from each group (n = 8) were decapitated at
the same time in the morning after light diethyl ether
anesthesia atthe age of 2weeksand 1, 2, 3,6, 12, 18
and 24 months. Samples of the liver, kidneys, heart,
and skeletal muscles were collected and stored at
—80 °C until analysis. All animals used for the study
were in good health and showed no signs of illness.

Retinol determination

The retinol content in the tissues was deter-
mined by high-performance liquid chromato-

graphy (HPLH) [Skurihin, Dvinskaya, 1989]. Tissue
samples (100 mg) were homogenized with a teflon
pestle homogenizer in 0.9 ml of 0.25 M sucrose
solution (pH 7.4). Proteins in the samples were
precipitated by ethanol. Retinol was extracted by
n-hexane. The ethanol and hexane used for extrac-
tion contained butylated hydroxytoluene to prevent
the vitamin oxidation during the analytical proce-
dure. The mixture was vortexed for 5 min to extract
the vitamin, centrifuged at 3000xg for 10 min, and
kept for 40 min at 4 °C. Chromatographic separa-
tion was carried out by a microcolumn chromato-
graph with a UV detector. Hexane and isopropanol
mixture (98.5 : 1.5) was used as the eluent. Retinol
concentration was determined in the hexane layer.
The sample volume injected into the column was
10 ul. The eluate was monitored at 324 nm. The
retinol was identified by comparison with the reten-
tion time of pure standard (Sigma-Aldrich, USA).
Quantification was performed using Uni-Chrom
software by the external standard method. The re-
search was carried out using the equipment of the
Core Facility of the Karelian Research Centre RAS.

Statistical analysis

All the calculated numerical data were con-
verted to Sl units and expressed as the median
and percentiles (25%, 75%). The results were
processed using Microsoft Excel 2007 and Stat-
graphics 5.0 software using Kruskal-Wallis H-test
with the Mann-Whitney U post hoc testing as ap-
propriate (adjusted for multiple comparisons). Dif-
ferences were considered statistically significant at
a significance level below 0.05. Preliminary tests
revealed no differences between sexes, therefore
data for males and females were pooled together
in all subsequent analyses.

Results

The dynamics of changes in the content of
retinol in liver was similar in rats of all groups up to
12 months of age: until the age of one month, the
level of the vitamin was low, and then it increased
up to 3 months (p < 0.05, Fig.1, a). Until 12 months
of age, the content of retinol continued to in-
crease more intensively in rats of the experimental
groups, but no significant differences were found
in the level of the vitamin at 3 months of age. In the
LD/DD group, vitamin levels were significantly
lower at 18 months of age than at 6 and 12 months
(p < 0.05).InLD and DD/DD rats, the patterns were
similar, but not significant. At the age of 24 months,
the content of retinol increased, and in the LD and
LD/DD groups it was significantly higher than at
the previous age (p < 0.05). Although the retinol
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content in tissues in the early postnatal period was
low, the effect of lighting conditions was revealed
even in this period. At 2 weeks of age, the level of
retinol in rats of the LD/DD group was significantly
higher compared to the animals of the control and
the DD/DD groups (p < 0.05). The same difference
between LD and LD/DD groups was revealed in
12-month-old rats (p < 0.05).

In the kidneys of control rats, the content of
retinol significantly decreased at 1 month of age
compared with 2 weeks of age (p < 0.05, Fig. 1, b).
Then, by the age of 2 months, the level of the vi-
tamin increased significantly (p < 0.05) and then
changed slightly during the rest of the study pe-
riod. In both experimental groups, the content
of retinol increased up to 6 months of age, the

change in LD/DD rats being statistically significant
compared to all previous ages, and in DD/DD rats
only compared with 2 weeks and 1 month of age.
At 12 months, the vitamin level decreased signifi-
cantly: in the LD/DD group it was lower compared
to the previous age and in the DD/DD group -
compared to 2 months of age. Subsequent chang-
es in the content of retinol in experimental groups,
as well as in the control group, were insignificant.
The influence of lighting conditions on the level of
retinol in kidneys was revealed at 1 month of age:
the vitamin content was significantly higher in rats
kept in constant darkness than in the control group
(p <0.05).

In the heart of LD rats, the level of retinol in-
creased significantly at 2 months of age, after
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Fig. 1. The retinol content in the liver (a) and kidneys (b) of rats kept under different lighting condi-

tions.

Designations: the graphs on the right show changes in retinol content in rats aged from 0.5 to 1 month. Here
and in Fig. 2, differences are significant compared to: * — the LD group; ¢ — the LD/DD group; 0.5, 1, 2, 3, 6,
12, 18 - the corresponding age; # — all previous ages (Mann-Whitney U-test, p < 0.05). The values are repre-

sented as median and percentiles (25%, 75%)
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which the content of this vitamin declined until
6 months of age (p < 0.05, Fig. 2, a). Subsequent-
ly, the vitamin level gradually increased and it was
significantly higher in 24-month-old rats than in
6-month-old ones (p < 0.05). In animals of the ex-
perimental groups, the level of retinol rose after
1 month of age, the highest values being record-
ed in 24-month-old rats (p < 0.05). At 2 months of
age, the content of retinol in the heart of DD/DD
rats was significantly lower than in the control ani-
mals (p < 0.05).

In the skeletal muscle of control rats, the level
of retinol increased at an older age and was high-
er in 18- and 24-month-old animals than in those
3 monthsold (p < 0.05, Fig. 2, b). In the LD/DD group,
the vitamin content in the oldest rats (24 months old)
was higher than in 12- and 18-month-old animals
(p < 0.05). In 6-month-old DD/DD rats, a significant
decrease in retinol content was observed compared
to 3-month-old rats (p < 0.05), after which the vita-
min level increased and reached the highest values
in 24-month-old animals (p < 0.05). Lighting condi-
tions did not significantly affect the content of vita-
min A in the skeletal muscle.

The studied animals grew most intensively un-
til 2 months of age (Fig. 3). After that, the body
weight continued to increase, the difference
versus 2-month-old rats found in 12-; 18- and
24-month-old LD rats and in 18-and 24-month-old
DD/DD rats. In the LD/DD group, body weight at
12, 18 and 24 months of age differed significantly
also from that at 3 months. Long-term exposure to
constant darkness had no significant effect on the
body weight dynamics of rats.
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Discussion

The connection of the organism with the ex-
ternal environment in mammals is established
already in the prenatal period through maternal
endogenous signals that can influence the trajec-
tory of postnatal development. Information about
the photoperiod and its alterations is transmit-
ted to a fetus via the maternal melatonin rhythm.
The maturation of an own circadian system in ro-
dents occurs only after birth. It was revealed
that retinol metabolites affect clock genes and
the formation of the circadian rhythm. Disturbanc-
es of the lighting conditions before the end of the
circadian clock mechanism formation may have
negative consequences for the metabolic and be-
havioral functions of offspring [Bishnupuri, Haldar,
2000; Chernysheva et al., 2012; Chitimus et al.,
2020].

Retinol levels in new-born mammals are very
low, which is due to poor permeability of the pla-
centa for fat-soluble vitamins. At the same time,
retinol recirculation in newborns occurs much
more intensively than in adults, which contributes
to the rapid delivery and accumulation of VA in tis-
sues after birth [Tan et al., 2014, 2017]. Our study
detected low retinol content in tissues in the early
postnatal period, which increased significantly with
age. On the other hand, already in the early onto-
genesis significant differences were found in the
hepatic and renal VA content between control and
experimental rats, which were obviously caused by
the lack of photoperiodicity in the rat females dur-
ing pregnancy or after delivery.

The action of retinol is mediated by its metabo-
lite retinoic acid, which is also produced in mela-
tonin-synthesizing pinealocytes. It is obvious that
melatonin and VA, as components of the circadian
clock, do not work separately, but are parts of a
single system [Herbert, Reiter, 1985; Ransom et
al., 2014; Ashton et al., 2018]. The combined ac-
tion of changes in various components of the VA
metabolism has a significant effect on the retinol
level in tissues. It has been shown that there is
diurnal variation in plasma levels of retinol bind-
ing protein 4 in mice and also in the expression
of the gene encoding cellular retinol binding pro-
tein 1 in the liver, which peaks during subjective
night [Ashton et al., 2018]. Thus, an increase in
the retinoic acid concentration at the end of the
night compared with its beginning, as well as an
increase in the level of retinol transport proteins,
may contribute to increased night VA absorp-
tion. The action of retinoic acid in the pineal gland
is controlled by two modes of regulation, one of
which is orchestrated by the endogenous circa-
dian clock, and the other one depends on chang-

es in the light-dark cycle [Akashi, Takumi, 2005;
Ashton et al., 2018].

In contrast to the light-regulated SCN clock,
peripheral clocks in tissues that are not directly
affected by light are set by daily nutrition, contri-
buting to metabolic regulation. The close relation-
ship between circadian and metabolic cycles is
supported by the nutrition rhythm influence on the
clock phase in many peripheral tissues, including
the liver, the kidneys, the heart and the skeletal
muscles [Turek et al., 2005; Asher, Schibler, 2011;
Gnocchi et al., 2015; Chang et al., 2016]. Being
nocturnal animals, rats prefer to consume food
during the active dark period, even if they are
raised in a light-dark cycle and in ad libitum feed-
ing conditions. Circadian rhythms and gene func-
tions force the body to consume nutrients even in
the absence of light signals [Ko, Takahashi, 2006;
Panda, 2016]. Probably, keeping rats in the dark
promotes the retinol content in tissues, and this
first of all applies to the liver as the main deposi-
ting organ. The VA content in other tissues de-
pends on the liver circadian rhythmicity, however,
the central clock photoperiodic modulation and
the peripheral clock in the liver may differ signifi-
cantly [Hirao et al., 2006; Sosniyenko et al., 2010;
Gnocchi et al., 2015]. Our study showed that the
transfer of rats to the constant darkness condi-
tions after birth affected the retinol level in the liv-
er. The circadian clock mechanism forming in the
offspring adapts to the “disconnection” from the
mother’s metabolic clock and “switching over” to
the circadian light variation cycles [Chernysheva
et al., 2012]. Changing the lighting condition im-
mediately after birth was of great importance
for the retinol level, since significant differences
were observed in comparison with the control
as well as with DD/DD rats. This may indicate a
change in the level of VA under the impact of cir-
cadian factors in the liver rather than directly in
the SCN, whose circadian regulation is disrupted.
Differences from the control group were found in
LD/DD rats also at 12 months of age. It should be
noted that a higher content of retinol in the liver
was observed in both groups of rats kept in con-
stant darkness from the age of 3 months to the
age of one year. The response to the light rhythm
disruption varies with age. No effect of the light-
ing conditions on VA was detected in the liver of
old rats, which may indicate age-related changes
in the circadian system.

Various functions demonstrate circadian
rhythms in rodent kidneys, with most renal func-
tional oscillations entrained by external circadian
time cues [Hara et al., 2017; Firsov, Bonny, 2018].
Disruption of circadian rhythms can affect various
cellular processes, including protein pathways. It
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is known that an important role in the regulation of
VA homeostasis in the body is played by megalin-
mediated reuptake of retinol and retinol-binding
protein in the kidneys [Raila et al., 2005]. Expo-
sure to constant darkness in the prenatal and
postnatal periods led to distinct shifts in the rats’
renal retinol level. The content of retinol in kidneys
of animals of the experimental groups was higher
than in the control at the age of 1 month. After this
age, the vitamin level increased in all groups, but
the most substantial and statistically significant
increase up to 6 months of age was observed
in the LD/DD group. In one-year-old rats of this
group, the content of retinol in kidneys decreased
and was comparable to that in the control and the
DD/DD group. The peripheral clock regulation is
complex and includes many additional compo-
nents that affect the physiological parameters
that are associated with SCN, which plays a major
role in clock adjustment in the peripheral organs,
including the liver and kidneys. Circadian oscilla-
tors in the brain, muscles and internal organs are
interconnected, but at the same time differ in time
parameters and control systems due to the pecu-
liarities of their metabolism [Lamia et al., 2008].
Thus, mice with SCN damage maintained regu-
lar periodicity in the liver and kidneys, but not in
skeletal muscles and heart [Gnocchi et al., 2015],
which emphasizes the complexity of the circa-
dian system and the interaction between various
regulatory mechanisms. Our study showed that
changes in vitamin A levels in organs indicate dif-
ferent sensitivity of peripheral tissues to circadian
rhythm disturbances.

The specific contribution of each component
of the molecular clock to circadian rhythms regu-
lation is tissue-specific. It has been shown that in
adult rodents circadian variations in cardiac and
skeletal muscles depend, among other things, on
the type of muscle tissue. Circadian regulation in
different types of muscles depends on the fibers
composition, tissue metabolism and the level of its
activity, which is determined by various tissue-spe-
cific functions. Changes in lighting and nutrition
can significantly affect the balance of muscle pro-
teins, which is closely related to the VA metabolism
[Chang et al., 2016]. We found that in the heart,
the content of retinol increased by 2 months of age
in all groups, but most substantially in the control.
At this age, the vitamin level in the control rats was
significantly higher than in the DD/DD group. Since
the heart is a retinoid-dependent organ [Asson-
Batres et al., 2016], this increase could be asso-
ciated with age-related changes in energy pro-
cesses in the myocardium, as well as with changes
in the VA level in the body. The lower content of
retinol in the heart of rats kept in the dark could be

caused by changes in the pathway of retinoid en-
zymes, binding proteins, and transporters under
circadian rhythm disturbance.

The skeletal muscle is one of the most impor-
tant organs for storing the substrates necessary
for the body [Dyar et al., 2015; Chang et al., 2016;
Aisbett et al., 2017]. There is a circadian difference
in muscle growth during day and night — the growth
of muscle tissue is about twice as much during
the day as at night [Dyar et al., 2015], therefore
exposure to constant light or constant darkness
leads to changes in the circadian rhythm and re-
duces muscle growth [Aisbett et al., 2017; Kelu
et al., 2019]. Circadian rhythm changes during
pregnancy or at a young age are not only able to
affect muscle growth, but also have lifelong conse-
quences. The changes in the strategy of energy
supply to working muscles, the level of their anti-
oxidant protection, and a decrease in physical en-
durance occur during the aging process, and the
rates of these changes are not the same under dif-
ferentlighting conditions [Vinogradovaetal., 2007].
VA has a complex impact on postnatal skeletal
muscle function, where it is both an antioxidant
and a cell metabolism regulator [Ruiz et al., 2021].
In our study, no differences were found in retinol
levels in skeletal muscles between the control and
experimental rats, however, some features of age-
related dynamics of this vitamin were revealed,
which may be associated with metabolic changes
in response long-term absence of light and dark-
ness alternation.

The disturbance of the light rhythm has most
clearly affected young animals, since photope-
riodic stress caused by constant darkness has a
negative effect on the rate of physical develop-
ment [Bishnupuri, Haldar, 2000; Lee, 2007; Yuksel,
2008; Bazhenova et al., 2019]. In our experiment,
the absence of daily day/night alternation dur-
ing embryonic development (in the DD/DD group)
raised offspring mortality at birth and in the first
month of life, and retarded puberty [Khizhkin et
al., 2014]. It is known that constant darkness con-
tributes to depression of gonad maturation, while
normal VA content in the diet ensures better deve-
lopment of the reproductive system in rats [Hanai,
Esashi, 2011]. We can assume that the effect of
constant darkness on VA content in young rats is
primarily associated with the functional activity of
the pineal gland and melatonin synthesis, which
plays a significant role in puberty regulation, the
reproductive cycle, and many other physiological
processes.

Aging is associated with a disruption of circa-
dian rhythms, which causes changes in photo-
sensitivity in rodents. Studies show that in aging
mice, significant changes are observed in SCN
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both in light-dark conditions and under constant
darkness. At the same time, prolonged exposure
to constant darkness masks the effect of aging
on the cellular clock of SCN in mice and increases
the vulnerability of its circadian ensemble [Naka-
mura et al., 2015]. It was found that animals living
in long photoperiod conditions are physiologically
pinealectomized. Decreased melatonin levels
lead to metabolic dysfunction and body weight
gain [Bishnupuri, Haldar, 2000; Ransom et al.,
2014; Ashton et al., 2018; Chitimus et al., 2020].
In addition, melatonin is the only antioxidant
whose synthesis declines with age in all species,
in contrast to the age-related dynamics of other
antioxidants. Thus, the retinol level increases with
age, which is associated with an increase in its
absorption capacity in aging individuals [Holland-
er, Dadufalza, 1990; Reiter, 2000]. In our study,
no significant differences in body weight were
found in rats exposed to different lighting condi-
tions. The retinol content in liver, heart and ske-
letal muscle increased in old rats in all groups. No
effect of photoperiod on the VA level was revealed
in 24-month-old rats. The reactivity of the body
undergoes a change with age, so resistance to
some environmental factors may increase, while
to other factors — it may decrease. It is obvious
that an age-related decrease in melatonin pro-
duction against the background of a functional
weakening of the pineal gland in combination with
prolonged light deprivation leads to a change in
central regulation and may have an affect on me-
tabolic processes in tissues.

Conclusions

Our results show that long-term exposure to
constant darkness caused the most pronounced
changes in retinol content in tissues in early stages
of postnatal ontogenesis, which is probably due
to a disruption of circadian rhythms, disturbance
of metabolic processes, and melatonin level in-
crease. In adult rats, the effect of constant dark-
ness was found in the liver, which may be related to
the regulatory role of this organ in VA metabolism.
No significant differences in retinol content were
found in tissues of aging and old rats kept under
different lighting conditions. These data show that
the circadian system becomes less reliable during
aging. Since retinol acts as one of the mechanisms
for the synchronization of physiological processes
with the light rhythm, various models of daily cy-
cle disturbance can help to clarify the role of VA
in peripheral tissue circadian regulation in mam-
mals. These results can be useful for assessing the
physiological state of people living or working in
reduced light environments.

References

Aisbett B., Condo D., Zacharewicz E., Lamon S. The
impact of shiftwork on skeletal muscle health. Nutrients.
2017;9(8):248. doi: 10.3390/nu9030248

Akashi M., Takumi T. The orphan nuclear receptor
ROR regulates circadian transcription of the mamma-
lian core-clock Bmal1. Nat. Struct. Mol. Biol. 2005;12:
441-448. doi: 10.1038/nsmb925

Asher G., Schibler U. Crosstalk between compo-
nents of circadian and metabolic cycles in mammals.
Cell Metabolism. 2011;13:125-137. doi: 10.1016/j.
cmet.2011.01.006

Ashton A. J., Stoney P. N., McCaffery P. J. Investigat-
ing the role of vitamin A in melatonin production in the
pineal gland. Proc. Nutr. Soc. 2015;74(OCE3):E195.
doi: 10.1017/50029665115002219

Ashton A., Stoney P. N., Ransom J., McCaffery P.
Rhythmic diurnal synthesis and signaling of retino-
ic acid in the rat pineal gland and its action to rapidly
downregulate ERK phosphorylation. Mol. Neurobiol.
2018;55:8219-8235. doi: 10.1007/s12035-018-0964-5

Asson-Batres M. A., Ryzhov S., Tikhomirov O.,
Duarte C. W., Congdon C. B., Lessard C. R., McFar-
land S., Rochette-Egly C., Tran T. L., Galindo C. L.,
Favreau-Lessard A. J., Sawyer D. B. Effects of vitamin
A deficiency in the postnatal mouse heart: role of he-
patic retinoid stores. Am. J. Physiol. Heart Circ. Physi-
ol. 2016;310(11):1773-89. doi: 10.1152/ajpheart.
00887.2015

Bazhenova E. Y., Fursenko D. V., Khotskin N. V.,
Sorokin I. E., Kulikov A. V. Effect of lethal yellow (AY )
mutation and photoperiod alterations on mouse be-
havior. Vavilov J. Genet. Breed. 2019;23(1):55-61. doi:
10.18699/VJ19.461 (In Russ.)

Bishnupuri K. S., Haldar C. Impact of photoperiodic
exposures during late gestation and lactation periods
on the pineal and reproductive physiology of the Indian
palm squirrel, Funambulus pennant. J. Reprod. Fertil.
2000;118:295-301. doi: 10.1530/jrf.0.1180295

Chang S., Yoshihara T., Machida S., Naito H. Circa-
dian rhythm of intracellular protein synthesis signaling in
rat cardiac and skeletal muscles. Biochem. Biophys. Rep.
2016;9:153-158. doi: 10.1016/j.bbrep.2016.12.005

Chernysheva M. P., Romanova I. V., Mikhrina A. L.
Effect of retinol on interaction of the protein PERIOD1,
oxytocin and GABA at the prenatal period of formation
of the circadian clock-mechanism in rats. J. Evol. Bio-
chem. Physiol. 2012;48(5):481-486. (In Russ.)

Chitimus D. M., Popescu M. R., Voiculescu S. E.,
Panaitescu A. M., Pavel B., Zagrean L., Zagrean A.-M.
Melatonin’s impact on antioxidative and anti-inflammatory
reprogramming in homeostasis and disease. Biomole-
cules. 2020;10(9):1211. doi: 10.3390/biom10091211

Dyar K. A., Ciciliot S., Tagliazucchi G. M., Pallafacchi-
na G., Tothova J., Argentini C., Agatea L., Abraham R.,
Ahdesmaki M., Forcato M., Bicciato S., Schiaffino S.,
Blaauw B. The calcineurin-NFAT pathway controls activi-
ty-dependent circadian gene expression in slow skeletal
muscle. Mol. Metab. 2015;4:823-833. doi: 10.1016/j.
molmet.2015.09.004

Estornell E., Tormo J. R., Mafin P., Renau-
Piqueras J., Timoneda J., Barber T. Effects of vitamin

Tpyabl Kapenbckoro Hay4Horo LeHTpa Poccuinckoin akagemmnm Hayk. 2023. N2 7

@



A deficiency on mitochondrial function in rat liver and
heart. Brit. J. Nutr. 2000;84:927-934. doi: 10.1017/
S0007114500002567

Firsov D., Bonny O. Circadian rhythms and the kid-
ney. Nat. Rev. Nephrol. 2018;10:626-635. doi: 10.1038/
s41581-018-0048-9

Gatica L. V., Oliveros L. B., Pérez Diaz M. F., Domin-
guez N. S., Fornes M. W., Gimenez M. S. Implication of
vitamin A deficiency on vascular injury related to inflam-
mation and oxidative stress. Effects on the ultrastructure
of rat aorta. Europ. J. Nutr. 2012;51(1):97-106. doi:
10.1007/s00394-011-0198-z

Gnocchi D., Pedrelli M., Hurt-Camejo E., Parini P.
Lipids around the clock: Focus on circadian rhythms
and lipid metabolism. Biology. 2015;4(1):104-132. doi:
10.3390/biology4010104

Grimaldi B., Sassone-Corsi P. Circadian rhythms:
Metabolic clockwork. Nature. 2007;447:386-387. doi:
10.1038/447385a

Guo X., Wang H., Xu J., Hua H. Impacts of vitamin
A deficiency on biological rhythms: Insights from the
literature. Front. Nutr. 2022;9:886244. doi: 10.3389/
fnut.2022.886244

Hanai M., Esashi T. The interactive effect of di-
etary fat-soluble vitamin levels on the depression of
gonadal development in growing male rats kept under
disturbed daily rhythm - investigations based on the
L'8(2'%) type orthogonal array. J. Nutr. Sci. Vitaminol.
2011;57(5):333-339. doi: 10.3177/jnsv.57.333

Hara M., Minami Y., Ohashi M., Tsuchiya Y.,
Kusaba T., Tamagaki K., Koike N., Umemura Y.,
Inokawa H., Yagita K. Robust circadian clock oscil-
lation and osmotic rhythms in inner medulla reflect-
ing cortico-medullary osmotic gradient rhythm in ro-
dent kidney. Sci. Rep. 2017;7(1):7306. doi: 10.1038/
s41598-017-07767-8

Herbert D. C., Reiter R. J. Changes in pi-
neal indoleamine metabolism in vitamin A defi-
cient rats. Life Sci. 1985;37(26):2515-2522. doi:
10.1016/0024-3205(85)90609-5

Hirao J., Arakawa S., Watanabe K., Ito K., Furuka-
wa T. Effects of restricted feeding on daily fluctuations
of hepatic functions including P450 monooxygenase
activities in rats. J. Biol. Chem. 2006;281(6):3165-3171.
doi: 10.1074/jbc.M511194200

Hollander D., Dadufalza V. Influence of aging
on vitamin A transport into the lymphatic circula-
tion. Exp. Gerontol. 1990;25:61-65. doi: 10.1016/0531-
5565(90)90010-Y

Kelu J. J., Pipalia T. G., Hughes S. M. Circadian re-
gulation of muscle growth independent of locomotor
activity. bioRxiv. preprint. 2019. doi: 10.1101/778787

Khizhkin E. A., Yunash V. D., llyukha V. A., Vinogra-
dova I. A., Morozov A. V., Timeyko N. G. Reproduction
and puberty in rats exposed to constant darkness. Tru-
dy Karel’skogo nauchnogo tsentra RAN = Transactions
of Karelian Research Centre RAS. 2014;5:200-206.
(In Russ.).

Ko C. H., Takahashi J. S. Molecular components
of the mammalian circadian clock. Hum. Mol. Genet.
2006;15(2):271-277. doi: 10.1093/hmg/ddI207

Lamia K. A., Storch K.-F., Weitz C. J. Physiologi-
cal significance of a peripheral tissue circadian clock.

PNAS. 2008;105(89):15172-15177. doi:
pnas.0806717105

Lee C. C. Constant darkness is a mammalian bio-
logical signal. Cold Spring Harbor Symposia on Quan-
titative Biology. 2007;72:287-291. doi: 10.1101/
sgb.2007.72.051

Nakamura T. J., Nakamura W., Tokuda I. T., Ishika-
wa T., Kudo T., Colwell C. S., Gene D. Block age-
related changes in the circadian system unmasked by
constant conditions. ENeuro. 2015;2(4). doi: 10.1523/
ENEURO.0064-15.2015

Panda S. Circadian physiology of metabolism. Sci-
ence. 2016;354(6315):1008-1015. doi: 10.1126/sci-
ence.aah4967

Phillips T. S., Tsin A. T. C., Reiter R. J.,
Malsbury D. W. Retinoids in the bovine pineal
gland. Brain Research Bull. 1989;22:259-261. doi:
10.1016/0361-9230(89)90051-8

Raila J., Willnow T. E., Schweigert F. J. Megalin-me-
diated reuptake of retinol in the kidneys of mice is essen-
tial for vitamin A homeostasis. J. Nutr. 2005;135:2512—
2516. doi: 10.1093/jn/135.11.2512

RansomJ., MorganP. J., McCafferyP. J., Stoney P. N.
The rhythm of retinoids in the brain. J. Neurochem.
2014;129:366-376. doi: 10.1111/jnc.12620

Reiter R. J. Melatonin: lowering the high price of free
radicals. News Physiol. Sci. 2000;15(5):246-250. doi:
10.1152/physiologyonline.2000.15.5.246

Ruby N. F., Joshi N., Heller H. G. Constant dark-
ness restores entrainment to phase-delayed Siberian
hamsters. Am. J. Physiol. Regul. Integr. Comp. Physiol.
2002;283:1314-1320. doi: 10.1152/ajpregu.00362.2002

Ruiz A., Bachmann C., Franchini M., Benucci S.,
Zorzato F., Treves S. A low vitamin A diet decreases
skeletal muscle performance. J. Musculoskelet. Disord.
Treat. 2021;7:096. doi: 10.23937/2572-3243.1510096

Skurihin V. N., Dvinskaya L. M. Determination of
a-tocopherol and retinol in the blood plasma of farm
animals by micro-column high-performance liquid chro-
matography. Agricultural Biology. 1989;4:127-129.
(In Russ.).

Sosniyenko S., Parkanova D., llinerova H., Sladek M.,
Sumova A. Different mechanisms of adjustment to
a change of the photoperiod in the suprachiasmatic
and liver circadian clocks. Am. J. Physiol. Regul. In-
tegr. Comp. Physiol. 2010;298:959-971. doi: 10.1152/
ajpregu.00561.2009

Tan L., Green M. H., Ross A. C. Vitamin A kinetics in
neonatal rats vs. adult rats: Comparisons from model-
based compartmental analysis. J. Nutr. 2017;145:
403-410. doi: 10.3945/jn.114.204065

Tan L., Wray A. E., Green M. H., Ross A. C. Retinol
kinetics in unsupplemented and vitamin A-retinoic acid
supplemented neonatal rats: a preliminary model. J. Li-
pid Res. 2014;55:1077-1086. doi: 10.1194/jilrM045229

Turek F. W., Joshu C., Kohsaka A., Lin E., Ivanova G.,
McDearmon E., Laposky A., Losee-Olson S., Easton A.,
Jensen D. R., Eckel R. H., Takahashi J. S., Bass J.
Obesity and metabolic syndrome in circadian Clock
mutant mice. Science. 2005;308:1043-1045. doi:
10.1126/SCIENCE.1108750

Vinogradova I. A., llyukha V. A., Fedorova A. S.,
Khizhkin E. A., Unzhakov A. R., Yunash V. D. Age-related

10.1073/

50
Q Transactions of the Karelian Research Centre of the Russian Academy of Sciences. 2023. No. 7



Yuksel S. Altered adrenomedullin levels of the rats
exposed to constant darkness and light stress. J. Photo-
chem. Photobiol. B Biol. 2008;91:20-23. doi: 10.1016/j.
jphotobiol.2008.01.007

changes in physical performance and some biochemi-
cal parameters of rat muscles under the influence of
light modes and epiphysis preparations. Adv. Gerontol.
2007;20:66-73. (In Russ.)

lMoctynuna B peaakumio / received: 26.09.2023; npuHsTa k nybnavikaumy / accepted: 02.11.2023.
ABTOpbI 3a51B1510T 06 OTCYTCTBUM KOHGIMKTA MHTepecoB / The authors declare no conflict of interest.

CBEAEHUSA OB ABTOPAX:

WnbuHa TatbiHa HuUkonaeBHa

KaHg. 61oN. HayK, CTapLUWI HayYHbI COTPYOHUK nabopaTopumn
3KON0rnyeckom GrUsnonornm XXMBOTHbIX

e-mail: ilyinatn59@mail.ru

BanwHnkoBa UpnHa BanepbeBHa

KaHg,. 6VMoN. HayK, CTapLUNIi HayYHbIA COTPYOHUK nabopaTtopum
3KOJIOrMYEeCcKor GU3NONOTNU XXMBOTHBIX

e-mail: iravbai@mail.ru

XuxkuH EBreHuin AnekcaHapoBuy

KaHg,. 6o, HayK, CTapLUWI HayYHbI COTPYOHUK nabopaTtopumn
3KONIOrM4eCKom prU3NonornMm XXMBOTHbIX

e-mail: hizhkin84@mail.ru

CONTRIBUTORS:

Illyina, Tatyana
Cand. Sci. (Biol.), Senior Researcher

Baishnikova, Irina
Cand. Sci. (Biol.), Senior Researcher

Khizhkin, Evgeny
Cand. Sci. (Biol.), Senior Researcher

Tpyabl Kapenbckoro Hay4Horo LeHTpa Poccuinckoin akagemmnm Hayk. 2023. N2 7

Q,



