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Summary. The disorganization of natural biorhythms in the modern world is mostly attributed to the violation of circadian
rhythms due to light pollution. Urbanization is directly interconnected with an excess of artificial lighting. As a one-time phenomenon,
light pollution leads to a reversible shift in circadian rhythms, but in the case of constant influence, it leads to the development of
desynchronosis. It is known that light pollution contributes to the development of nonalcoholic fatty liver disease, primary biliary cir-
rhosis, and metabolic disorders. The study aimed to investigate the changes in micro-morphometric parameters and ultrastructure of
hepatocytes of Wistar rats under the influence of normal lighting and constant lighting exposure. This study was conducted on 120
outbred stock male Wistar rats at an age of 6 months, with a body weight of 350 g. The rats were divided into 2 equal groups. The con-
trol group included 60 rats, kept in standard laboratory conditions under a normal cyclical «light-dark» lighting regime (10:14, 10 hours
of light - from 8:00 to 18:00, 14 hours of darkness - from 18:00 to 8:00) within 3 weeks. The experimental group included 60 rats kept in
standard laboratory conditions under constant lighting within 3 weeks. To obtain the results, histological, micro morphometric methods
and transmission electronic microscopy were used. The revealed changes of the hepatocytes under the influence of constant lighting
indicate that a violation of the illumination regime is a potent factor causing damage and structural changes in the liver. Understanding
the mechanisms underlying the liver's response to circadian rhythm disruption and associated damage is important to form patient-
specific recommendations on lifestyle and behavioral regimens.
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Pe3rome. [Tesopranmsanyist IpUpOIHBIX OMOPUTMOB B COBPEMEHHOM MUpe Jallle BCero cBA3aHa ¢ HapyIleHreM
LVpKaIMaHHBIX PUTMOB W3-32 CBETOBOTO 3arpsisHeHMs. YpOaHM3alMs HAIpPSMYIO B3aMMOCBSI3aHA C M30BITKOM
VICKYCCTBEHHOTO oOcBellleHMsA. Kak pasoBoe sBleHUe CBeTOBOe 3arps3HeHMe IIPUMBOAWT K OOpaTMMOMY CIOBUTY
OVpKagVaHHBIX PUTMOB, a IIPU IIOCTOSIHHOM BO3HEVICTBUM - K PasBUTUIO JIeCHMHXPOHO3a. VI3BeCTHO, YTO CBETOBOE
3arpsisHeHMe CHOCOOCTBYeT pasBUTMIO HEaJIKOTOJIbHOW JKMPOBOVI HUCTPO(WUM IledeHM, IepBIYHOrO OwmapHOro
IMppo3a, HapyIleHnio ooMeHa BerriecTs. Llenpro mccremoBanms ObIT0 M3yUeHNe M3MEeHEeHMIT MMKPOMOP(OMETPUIecKIIX
IOKasaTeslell ¥ YJIBTPaCTPYKTYPbl TelaTOLUTOB KpPbIC JIMHMM Bucrap Ion BiIMSHMEM OOBIMHOIO OCBEIeHWS U
IIOCTOSTHHOTO CBETOBOTO BO3IeVICTBISL. VIccienoBaHme IpoBeneHo Ha 120 OecriopomHbBIX KpbIcax-caMIlax JIMHUY Bucrap B
BO3pacTe 6 Mecsies, Maccon Testa 350 rpamm. Kpelc paspgenwin Ha 2 pasHble IpyIIibl. B KoHTposibHYO rpymity souuin 60
KPBIC, COHEPIXXaBIINXCSI B CTAHIAPTHBIX J1aOOPAaTOPHBIX YCIOBMSX MPU OOBIYHOM IIMKINMYECKOM «CBET-TEMHOTa»
ceetoBoM pexwvme (10:14, 10 gacos cera — c 8:00 mo 18:00, 14 wacoB TemHOTEI — c 18:00) B TeueHme 3 Hemens. B
SKCIIepUMeHTaTbHYIO0 TPynmy BoImIM 60 KpBIC, KOTOPBIX COMepKayi B CTaHAAPTHBEIX J1aOOpaTOPHBEIX YCIOBMSAX IIPU
ITOCTOSTHHOM OCBEITIeHUV TaKXKe B TedeHue 3 Hemellb. I oy ueHnsl pe3yIbTaToB VCIIOIb30BaJINCh TYCTOIIOTYecKue,
MUKpOMOpdOMeTprdecKrie MeTOHBI ¥ IIPOCBEUMBAIOIIasl 3JIEKTPOHHAs MWKPOCKOINMSA. DBBISBIIEHHBIE W3MeHeHWs
TelaTOLIMTOB IIOf, BJIVMSHIEM IIOCTOSIHHOTO OCBeIlleHsI CBUAETEILCTBYIOT O TOM, YTO HapyIlleHVe peXyMa OCBeIeHNs
SIBJIIETCS CYIIBHOMIEVICTBYIONTNM (PaKTOPOM, BBISHIBAIOIIVIM TIOBPEXIIEHVE U CTPYKTYPHbIE M3MEeHEHVS KIIETOK IIeUeHN.
INTonmMaHVe MeXaHM3MOB, JIKaIIMX B OCHOBe peaKIny KJIeTOK ITledeHN Ha HapyIlleHye IMPKaHOTO PUTMa 1 CBsA3aHHOe
C HUM TIOBpeXIeHMe, BaXHO I POPMUPOBaHNS VHIVBUIYaIbHBIX pEeKOMEHAAINV IT0 00pasy XU3HU W peXuMaM
IOBEIEeHIS.

KiroueBsle c10Ba: 2enamouyum, neuenv, MUKpPOMOpphomempus, nocmoannoe ocBeujerue, 0ecuHxpoHo3s
Cmamua nocmynuaa 6 pedaxyuio 7 okmadpa 2022
Cmamua npunama x nyoaukxayuu 10 anbapa 2023
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Introduction. The normal functioning
of living systems depends on several rhyth-
mic environmental and internal cycles, which
are referred to as biological rhythms. One of
the most significant groups of rhythms is the
group of diurnal, or circadian rhythms (on-
wards - CRs) [1]. Biological rhythms are
known to be modulated under the influence
of periodic environmental factors, the leading
role among which is played by light exposure
[2]. Prolonged contravention of natural bio-
logical rhythms leads to an adaptive irregu-
larity, to desynchronosis, which can entail the
development of a variety of pathological
conditions in an organism [3]. The liver plays
a key role in maintaining metabolic homeo-
stasis and serves as a unique functional sys-
tem That is involved in many mechanisms of
regulation, reaction, and adaptations [4-5].
The autonomous biological clock of hepato-
cytes at the molecular genetic level includes
the Bmall gene, paired with the Clock gene,
Per genes (Perl, Per2, Per3), and Cry genes
coding cryptochrome proteins (Cryl, Cry2),
which are involved in the formation of specif-
ic genetic profiles with other numerous genes
[6-7]. BMAL1/CLOCK also binds to the

E-Box DBSs present in the genes of the
nuclear receptors Rev-Erba (NR1D1) and Re-
vErbb (NR1D2) to activate their transcription,
while the presence of ROR-response element
(RORE) DBSs in the Rev-Erba/b genes medi-
ate their autorepression. REV-ERBs also in-
hibit (through RORE DBSs) the transcription
of their activators Bmall and Clock, thus con-
stituting the second loop of the CC-oscillator
[8]. The main central pacemakers of circadian
rhythms in mammals are the suprachiasmatic
nuclei (SCN) of the hypothalamus. The
rhythm-organizing function of the SCN is
modulated by environmental time-giver
stimuli (timers), the main of which is light.
The SCN transmits a «time signal» to other
organs, synchronizing peripheral pacemakers
[9]. These peripheral structures dependent on
SCN regulation are found in the olfactory
bulb, arcuate nucleus, pineal gland, and ad-
renal cortex and perform a synchronizing
function by synthesis of regulating hormones
[10-12]. Feeding habits and ambient tempera-
ture are also shown to act as circadian
rhythm timers [13-14].
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The disorganization of natural bio-
rhythms in the modern world is mostly at-
tributed to the violation of circadian rhythms
due to light pollution. Urbanization is direct-
ly interconnected with an excess of artificial
lighting. As a one-time phenomenon, light
pollution leads to a reversible shift in circadi-
an rhythms, but in the case of constant influ-
ence, it leads to the development of desyn-
chronosis [15]. The level of light pollution
correlates with such metabolic changes as a
decrease in high-density lipoprotein levels,
an increase in triglyceride levels, and carbo-
hydrate metabolism disorders [16-17]. Viola-
tion of the light regime is one of the possible
premises of the occurrence of metabolic syn-
drome and can increase the risk of develop-
ing type 2 diabetes mellitus and atherosclero-
sis [18-19]. In addition, there is evidence that
changes caused by chronic desynchronosis
can lead to the development of malignant liv-
er tumors [20-21]. It is known that light pollu-
tion contributes to the development of nonal-
coholic fatty liver disease, primary biliary cir-
rhosis, and metabolic disorders [22-26]. How-
ever, the effect of constant illumination on
the ultrastructure of hepatocytes underlying
the above pathologies remains practically un-
explored. Functional changes in hepatocytes
are reflected in a variety of morphological
structure modifications and cell death [27-28].

The study aimed to investigate the
changes in micro-morphometric parameters
and ultrastructure of hepatocytes of Wistar
rats under the influence of normal lighting
and constant lighting exposure.

Materials and research methods. This
study was conducted on 120 outbred stock
male Wistar rats at an age of 6 months, with a
body weight of 350 g. Animals were taken
from the «Stolbovaya» Nursery affiliated
with the Scientific Center of Biomedical
Technologies of the Federal Medical and Bio-
logical Agency. All the animals were housed
in plastic cages with free access to water and
food. The rats were divided into 2 equal
groups. The control group included 60 rats,
kept in standard laboratory conditions under
a normal cyclical «light-dark» lighting regime
(10:14, 10 hours of light - from 8:00 to 18:00,
14 hours of darkness - from 18:00 to 8:00)
within 3 weeks. The experimental group in-
cluded 60 rats kept in standard laboratory
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conditions under constant lighting for 3
weeks. Illumination intensity was 300 luces
for animals of both groups, the illuminance
was equal for all the cages. Since the feeding
regime can significantly affect the circadian
rhythms of the liver, the animals were pro-
vided with constant, round-the-clock access
to food and drink to eliminate the effect of
this factor.

Withdrawal of animals from the ex-
periment was carried out three weeks after
the start of the experiment in a carbon diox-
ide chamber equipped with a device for the
upper gas supply (100% CO) at 9:00, 15:00,
21:00 and 3:00. The chamber volume was
filled with gas at a rate of 20% per minute to
avoid dyspnea and pain in animals. After
sacrifice, evisceration was performed. All an-
imal experiments were performed according
to compliance with EC Directive 86/609/EEC
and with the Russian law regulating experi-
ments on animals. Keeping of animals and
experiments were performed following the
European Convention for the Protection of
Vertebrate Animals used for Experimental
and other Scientific Purposes (Strasbourg, 18
March 1986). The study was approved by the
Local Bioethics Committee of the Academi-
cian Avtsyn Scientific Research Institute of
Human Morphology, Minutes Ne 27/3
(11/10/2021).

The liver was fixed in 10% neutral
buffered formalin with further processing in
alcohols of increasing concentration (50°, 60°,
70°, 80°, and 96°) and xylol, followed by
placement in a Histomix histological medi-
um. Liver samples were embedded in paraf-
fin, and serial sections with a thickness of 5-6
pm were prepared. Histological sections were
made on the sliding microtome Leica SM2010
R. Hematoxylin-eosin staining was carried
out. Stained sections were put in a BioMount
mounting medium. The microscopy of histo-
logical preparations was performed using a
Leica DM 2500 microscope with the use of a
Leica DFC 290 digital camcorder. 10 digital
images of randomly selected visual fields
were taken at a magnification of x400 and
%1000 from each preparation. With the use of
the digital «Image]» Program the cross-
sectional nuclear area (Sn), small (d) and long
(D) diameters of a nucleus, perimeter of the
nucleus (Pn), a cross-sectional area of the cell
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(Sc), small (a) and long (b) diameters of the
cell were studied. The measurements were
carried out in micrometers after preliminary
geometric  calibration on an object-
micrometer scale digitized with the same
magnification. Several parameters were cal-
culated using the appropriate formulas: the
nucleocytoplasmic ratio as NCR=5n/(Sc-Sn);
mean diameter of nucleus M=(D+d)/2, in
which D - long diameter, d - small diameter;
a volume of nuclei Vn=0,523-Ms3; cell volume
Vc=0,523-M3, in which M - mean diameter of
cell; elongation index of nucleus EI=D/d, in
which D - long diameter, d - small diameter.
The ratio of the volume of the nucleus to its
area was also determined [29]. For the calcu-
lation of the coefficient of nuclear form, the
following formula was used:
CF=4xnxSn/Pn2 in which Sn - the area of
the nucleus, Pn - the perimeter of a nucleus.
The contoured index of a nucleus, which rep-
resents the relief of its surface, was calculated
according to the formula: CI=Pn/y Sn (Sn -
the area of the nucleus, Pn - the perimeter of
a nucleus) [29]. To calculate the proportion of
binuclear hepatocytes, we examined 10 fields
from each preparation with a magnification
of x400. The percentage of binuclear cells was
expressed as a percentage of the total number
of hepatocytes in the field of view.

For the electronic microscopy liver
samples of 2 mm3 size were fixed with a 2,5%
solution of glutaraldehyde in 0,1 M phosphate
buffer (pH 7,4), additionally fixed in a 1%
solution of osmium tetroxide (OsOy),
dehydrated in ethanol according to the
generally accepted scheme, contrasted with 1%
uranyl acetate in 70% ethanol during
dehydration and poured into the eponaraldite
mixture according to the standard procedure.
Ultrathin sections were obtained on an LKB-III
ultramicrotome, the sections were additionally
counterstained with lead citrate according to
the Reynolds method and viewed with a JEM-
100CX transmission electron microscope. Photo
fixation of preparations was carried out using a
Gatan ES500W Erlangshen camera at a
magnification of x5000 and x6700. The shapes
of the hepatocyte nuclei and the condition of
their organelles (mitochondria, ribosomes)
were evaluated, and the presence of lipid
vacuoles was revealed during transmission
electronic microscopy. The obtained data were
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analyzed by calculating average values,
standard deviation, and arithmetic mean error.
The data are presented as meantSD. To assess
the significance of differences, the Student's t-
test was used. Changes were considered
reliably significant at p<0,05.

Results and Discussion. Exposure to
constant light conditions for three weeks
resulted in significant differences in micro
morphometric parameters from the norm. We
noted an increase in the area and volume of

hepatocytes, causing a decrease in the
nucleocytoplasmic ratio, as well as a decrease
in the proportion of binuclear cells relative to
the control. At the same time, the small and
average diameters of the nuclei increased and
the index of its contour decreased (Fig. 1, A, B,
C,and D).

Electronic microscopy studies made it
possible to establish several distinct changes in
the ultrastructure of hepatocytes. The nuclei of
a significant part of the cells, in comparison
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Fig. 1. Diagrams of indicators of changes in hepatocytes under the influence of constant lighting. A: Sn -
cross-sectional area of nuclei; Sc - cross-sectional area of cells. B: Vn - volume of nuclei; Vc - cell volume. C:
CI - contour index of nuclei; EI - elongation index of nuclei; CF - coefficient of a form of nuclei; NCR - the
nucleocytoplasmic ratio. D: PN - the perimeter of the nucleus; SDN - small diameters of nuclei; LDN -
long diameters of nuclei; MDN - mean diameters of nuclei. Common notes: * - p<0,05, ** - p<0,005, *** -
p<0,0005 - in comparison with the same parameters of animals of the control group

Puc. 1. [TyiarpamMmsbl ITOKa3aTeslert M3MeHEHVS TellaTOLUTOB IIPY BO3IEVICTBUM IIOCTOSTHHOTO OCBEIIleHMs. A:
Sn - IUIOIIAE MOIIEPEYHOrO CeYeHVIs SyIpa; Sc - IUIoMIaIb IIOIepEeYHOro ceueHms KIeTKi. B: Vn - oobem
sanpa; Ve - oopem wietkn. C: Cl - wmHpmekc koHTypa sppa; El - wmpekce ymmmaennoctm sppa; CF -
koadpprrment dpopmer saapa; NCR - sgepHo-1IMTOIITasMaTnaeckoe orHorrerre. D: PN - mepumerp smpa;
SDN - mamsmt mmaMmerp smpa; LDN - OGompmionn guamerp smpa; MDN - cpemumit gyaMeTpsl smep.
IMpvmeuvanns: * - p<0,05, ** - p<0,005, *** - p<0,0005 - B cpaBHeHMNM C aHAJIOTMYHBIMU IIOKa3aTeIIMU
JKMBOTHBIX KOHTPOJILHOV TPYTIIIBI

gen, the granular endoplasmic reticulum is
noticeably reduced, so-called «ribosomal
shedding», (which indicates a decrease in

with the control (Fig. 2A), acquired sinuous
contours and sometimes lost their rounded
shape. The cytoplasm was poor with glyco-
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protein synthesis in hepatocytes) is observed single leukocytes (Fig. 2D) and a decrease in
(Fig. 2B). The significant number of cells con- the proportion of binuclear cells were noted.
tained a large amount of swollen mitochon- Dying hepatocytes were also detected (Fig.
dria (Fig. 2C, 2D). Among hepatocytes, the 2E).

Fig 2. Ultramicrophotos of structural changes in hepatocytes of rats. A - hepatocyte of rat of a control group.
The rounded nucleus, mitochondria with a dense matrix, and glycogen grains are observed. B-F - hepato-
cytes of rats of the experimental group. B - the nucleus with a sinuous contour and freely located ribosomes
in the hepatocyte. C - hepatocyte containing numerous edematous mitochondria with an enlightened ma-
trix. D - significantly pronounced degree of swelling of mitochondria (above) and a leukocyte (below). E -
an area of necrosis development in the liver of rats of the experimental group. TEM. The magnification on A,
D, E - x6700, on B - x8000, on C - x5000

Puc. 2. YasrpamukpodoTrorpadpmm cTpyKTYpPHBIX M3MeHEeHUTI KJIeTOK IledeHN KPbIC. A - TelaTOIUT KPBIC
KOHTpPOJIbHOV TpytIel. HabrmromaroTest oKpyriioe Sapo, MUTOXOHIPUN C IDIOTHBIM MaTPUKCOM, 3epHa IJIVKO-
reHa. B-F - xjleTku KpbIC OIIBITHOV IpymIisl. B - sapo remarormra ¢ M3BWIVICTBIM KOHTYPOM, CBOOOIIHO pac-
rojyioeHHble prbocomel. C - rermaronur, cogep Kalluy MHOTOYMCIIEHHbIe OT€YHble MUTOXOHIPUN C IIPO-
CBeTJIEHHBIM MaTpuKcoM. D - gacTh remaTolnTa cO XOPOIIO 3aMeTHO 3Ha4WTeIbHOe HabyxaHVe MUTOXOH-
IOpUV TelaTollNTa BBIpa)KeHHOV CTeIIeHbIo (BBepXy) U JiemkonuTa (BHM3Y). E — 30Ha pasBuTus HEKpO30B B
IeueHU KPbIC 3KCIIepVMeHTaIbHOVI TPYIIIIBL. DJIeKTpoHHas MuUKpockonus. YB.: A, D, E - x6700, B - x8000, C
- x5000

Our results show an increase in the nuclei most all cell divisions produced daughter
diameters with a change in the elongation mononuclear cells, regardless of the number
index of the nuclei. This phenomenon is a of nuclei in mother hepatocytes [31]. At the
sign of commencing destruction of nuclei same time, processes of compensatory cell
[30]. Micro-morphometry results allowed us hypertrophy are the signs of liver regenera-
to assert ongoing structural changes in the tion and compensatory changes seen in
hepatocytes of rats of the experimental stressful conditions [32]. Considering litera-
group. Notable hepatocyte hypertrophy can ture data indicating that initial stages of
be seen in all individuals exposed to constant hepatocyte adaptation to pathological influ-
light within three weeks. ence are predominantly processes of intracel-

The noted decrease in the proportion lular regeneration, it can be assumed that in
of binuclear hepatocytes in the experimental the experimental group, the process of adap-
group can be explained by the fact that al- tation to light pollution occurs mainly
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through intracellular regeneration which
manifests itself by hepatocyte hypertrophy
[33]. Hepatocyte hypertrophy, occurring after
a partial hepatectomy (PHx), shows an aver-
age 150% size increase in hepatocytes, and
the cells pass and move on to proliferation
only after 1-2 days [34]. A similar effect can
be seen in our results. Hepatocyte hypertro-
phy is the first reaction to liver damage, and
proliferation occurs when hypertrophy is not
enough to restore the initial mass of the or-
gan. Hypertrophy of hepatocytes manifests
through an increase in cellular organelles
(mitochondria, lysosomes, endoplasmic re-
ticulum, and ribosomes) and the accumula-
tion of lipids and glycogen [35-36].

Such changes are also largely deter-
mined by the fact that the production of pin-
eal melatonin, which demonstrates numerous
hepatoprotective effects in several patholo-
gies, almost stops under conditions of con-
stant illumination [37-39]. Thus, melatonin
can activate hepatocyte proliferation by in-
hibiting IKKa, JNK1, and cJUN (c-Jun N-
terminal kinases), which inhibit mitotic and
apoptotic activity, under standard light con-
ditions, but in the absence of pineal melato-
nin, their acute decrease is observed [40-41].
It is known that one of the effects of melato-
nin is an increase in the ploidy and propor-
tion of binuclear hepatocytes, and pinealec-
tomy reduces the intensity of proliferation in
the liver after its partial resection [40-42].

The changes seen in the hepatocytes
of the experimental group in our study repre-
sent the activation of defensive and adaptive
mechanisms and the onset of cellular damage
in the liver. As such, these changes represent
the negative influence of light pollution on
hepatocyte health. As our study presents an
extreme but short-term representation of
light pollution, it does not directly represent
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