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Abstract. The features of the diurnal dynamics of the area of rat hepatocyte nuclei and 
their ploidy were studied under conditions of a standart (fixed) light regime and con-
stant illumination, as well as under chronic exposure to alcohol in the mentioned light 
regimes. It has been shown that exposure to alcohol and exposure to constant illumi-
nation separately lead to a change in the amplitude-phase characteristics of the circa-
dian rhythm of the nucleus area, while the combined effect of these factors leads to a 
complete destruction of the rhythm, which indicates a violation of adaptation process-
es. An increase in the average ploidy of hepatocyte nuclei in chronic alcohol intoxica-
tion is also shown, while in animals kept under constant illumination without drinking 
alcohol, the values of this parameter decrease, which indicates a successful course of 
the adaptation process. The conducted research indicates that the results of karyomet-
ric and ploidometric analysis characterize the degree of influence of alcohol intoxica-
tion and changes in the light regime on the liver of rats, reflecting the rate of efficiency 
of adaptation to these factors.
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INTRODUCTION

The liver is the main organ of metabolism of various exogenous and 
endogenous chemical compounds, while the main functionally active liver 
cells (hepatocytes) are among the first to be exposed to these factors. Dam-
age and death of these cells renders to the disability of the liver to perform 
its functions (Aizava et al., 2020).

One of the mechanisms for maintaining the structural and functional 
integrity of the liver is cellular regeneration, which occurs due to mitotic and 
amitotic division of hepatocytes (Gilgenkrantz et al., 2018; Clemens et al., 2019).

Mass death of hepatocytes by necrosis and/or apoptosis activates the pro-
cesses that trigger the entry of “resting” hepatocytes into the cell-division 
cycle to restore the original cell mass and maintain the cellular homeostasis 
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of the organ. The liver always has a reserve of hepato-
cytes with polyploid nuclei, constantly ready to divide. 
Thus, an increase in the level of ploidy of hepatocytes is 
one of the main compensatory-adaptive reactions of the 
liver, ensuring the preservation of function of the organ. 
It is known that in mammals in the prenatal and at the 
early stages of postnatal ontogenesis, diploid hepato-
cytes prevail, then their polyploidization occurs, and the 
proportion of polyploid hepatocytes can reach 80% of 
the total number of cells. In addition, it was found that 
ploidy of hepatocytes increases with aging, after hepa-
tectomy, under the influence of a number of unfavorable 
factors, but at the same time ploidy decreases, for exam-
ple, in hepatocellular carcinomas (Duncan, 2013; Zhang 
et al., 2019; Donne et al., 2020).

Another, very important and informative approach 
to determining the functional state of the liver, as well 
as diagnosing various kinds of diseases of this organ is 
karyometry. Karyometric analysis is used to assess the 
intensity of dystrophic, inflammatory, reparative pro-
cesses in chronic viral hepatitis, liver fibrosis, hepatocel-
lular carcinoma, etc (El-Sokkary et al., 2005;Esperandim 
et al., 2010; Makovsky P et al., 2018).

Thus, the approaches of the study of the liver in dif-
ferent morphofunctional states can be associated with 
the karyometric and ploidometric assessment of hepato-
cytes. The data obtained using these methods will make 
it possible to assess the morphofunctional state of the 
liver more accurately and, in accordance with this, to 
solve the problems of prognosis.

Rhythmicity of functioning is peculiar for living 
systems at every level of organization. Biosystems have 
rhythms with different periodicity, however, diurnal, 
or circadian rhythms (CR) are the most significant for 
mammals (Gillette, 2013; McKenna et al., 2018). 

Circadian system of mammals includes central 
circadian rhythm generators (suprachiasmatic nuclei 
of the hypothalamus (SCN), pineal gland), which are 
connected with peripheral pacemakers – morphologi-
cal structures in organs and tissues. It is endogenous 
and is determined genetically (genes Per1, Per2, Cry, 
etc.), however, it has significant plasticity and can be 
modulated by the action of external zeitgebers (time 
givers), the most important of which is light (Tahara 
et al., 2017). 

Separate biorhythms of physiological processes in 
various systems form a strongly coordinated ensemble, 
the chronostructure of the organism. The presence of a 
rhythmic structure of biological processes ensures the 
necessary order of their course, coherence, maintenance 
of the functioning of systems of organism at an optimal 
level (Roennenberg et al., 2016).

Exposure to endogenous or exogenous desynchro-
nizing factors leads to disorganization of circadian 
rhythmicity (Roennenberg et al., 2017). In the case of 
prolonged or regular exposure to desynchronizing fac-
tors, for example, constant lighting at night, desyn-
chronosis develops, which is a pathological condition 
characterized by a mismatch of rhythms in phase, the 
loss of their mutual synchronization or their destruction 
(Beauvalet et al., 2017; Walker et al., 2020).

One of the organs, the normal rhythm of the func-
tioning of which is very important for maintaining 
homeostasis, is the liver (Trefts et al., 2017). In the regu-
lation and realization of plastic and energy metabolism, 
the coordination of rhythmic processes in the liver with 
the rhythms of processes in other organs and systems of 
the organism plays a fundamental role. Moreover, most 
of these processes demonstrate the daily rhythm (Tahara 
et al., 2016).

In most cases, the rhythm of metabolic processes 
arises and is maintained due to dynamic interactions 
between the molecular clock of the organism and exter-
nal zeitgebers, such as, for example, light (main CR 
synchronizer) and nutrition (secondary synchronizer) 
(Stubblefield et al., 2016; Ding et al., 2018).

The disruption of circadian rhythmicity in the form 
of a shift in biorhythms or desynchronosis in the liver 
entails the development of pathological conditions and 
diseases such as cholestasis, fatty hepatosis, impaired 
biotransformation of toxic and medicinal substances, 
hepatitis, cirrhosis and liver tumors (Tong et al., 2013; 
DeBruyne et al., 2014). An indicator of functional chang-
es in hepatocytes is the modification of their morphologi-
cal structure, which has a wide range of variations, from 
subtle ultrastructural transformations to cell death. (Li et 
al., 2020). The linear dimensions of hepatocytes and their 
nuclei, nuclear-cytoplasmic ratio, and ploidy of hepato-
cytes are the significant parameters for assessing the 
morphofunctional state of the liver (Junatas et al., 2016).

The significant reason of desorganization of bio-
rhythms in the modern world is the disturbance of 
natural light regime, known as light pollution. Due to 
a number of social reasons (prolonged interaction with 
digital technique, overtime and shift work, transmeridian 
flights, etc.), a person is currently exposed to abundant 
exposure to artificial lighting in the dark, which leads to 
a shift in the circadian rhythms of the organism, or to 
the development of desynchronosis (Lunn et al., 2017).

Another factor that influences CR is alcohol con-
sumption. In a study of the effect of alcohol on rhythms 
in mammals, two areas of interest are distinguished. The 
first one considers the chrono-effecter action of alcohol, 
i.e. how the effects of alcohol change depending on the 
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time of day in which it was consumed. The second area 
of interest is chronergic, with wider approach, explor-
ing mainly the effect of alcohol on biorhythms of other 
parameters of organism (Wasielewski et al., 2001). Alco-
hol abuse and alcoholic disease are associated with wide-
spread disturbances in CR (Rosenwasser, 2015; Davis 
et al., 2018). It is shown that disturbances in circadian 
homeostasis make liver and intestines more suscepti-
ble to alcohol toxicity. Studies in human alcoholics have 
shown altered expression of circadian genes. Anyway, 
alcohol has a significant chronotoxic effect, which causes 
desynchronosis (Huang et al., 2010; Filiano et al., 2013; 
Martínez-Salvador J. et al., 2018.)

We considered it important to study the daily 
dynamics of the area of hepatocyte nuclei and their 
ploidy under normal light conditions and under constant 
illumination, as well as in combination of these condi-
tions with experimental chronic alcohol intoxication.

MATHERIALS AND METHODS

Animals

The study was conducted on 160 male Wistar rats at 
age of 6 months, weighing 300±20 g. Animals were tak-
en from the Stolbovaya nursery (the “Stolbovaya” affili-
ate of the FSBIS “Scientific Center for Biomedical Tech-
nologies of the Federal Medical and Biological Agency).

Design of experiment

Rats were divided into 4 equal groups. The experi-
ment lasted 3 weeks for every group.

1st group (control): animals of the first group served 
as control. The individuals were housed in plastic cages 
with free access to water under the conditions of a fixed 
light regime “light-dark” (10:14 hours).

2nd group: animals of the second group were kept 
under the same conditions, but instead of water, a 15% 
ethanol ad libitum solution was offered daily as a drink. 

3rd group: animals of the third group were kept 
under the same conditions as the animals of the first 
group, except for the light regime, which represented 
constant lighting (“light-light”). 

4th group: animals of the fourth group were kept 
under conditions of constant lighting and got 15% etha-
nol ad libitum solution as a drink instead of water.

The criterion for the selection of rats in the 2 and 4 
group, along with the absence of visible deviations in the 
state and behavior, was the initial preference for a 15% 
solution of ethyl alcohol to a tap water. For this, a pre-

liminary experiment was carried out for 3 days in indi-
vidual cages with free access to both liquids.

Euthanasia was carried out three weeks after the 
start of the experiment in a carbon dioxide chamber 
equipped with a device for the upper gas supply (100% 
CO2) 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, the liver 
was removed for morphological examination. All animal 
experiments were performed in according to the compli-
ance with EC Directive 86/609/EEC and with the Rus-
sian law regulating experiments on animals.

The liver was fixed in 10% neutral buffered forma-
lin with further passage through alcohols of increasing 
concentration (50°, 60°, 70°, 80°, and 96°) and xylol, fol-
lowed by pouring into Histomix histological medium 
(BioVitrum, Russia). When conducting studies of organs 
embedded in paraffin, serial sections with a thickness of 
5-6 μm were prepared. Histological sections were made 
on the rotor microtome MPS-2 (USSR). Hematoxylin-
eosin staining was carried out according to the stand-
ard technique. Stained sections were put in a BioMount 
mounting medium (BioVitrum, Russia).

Microscopy of histological preparations was per-
formed using a Nikon Eclipse 80I digital microscope with 
use of a Nikon DI-FI digital camera (Japan). For micros-
copy, eyepieces ×10, ×15, lenses ×4, ×10, ×20, ×40, ×100 
were used. From each studied preparation, 10 digital 
images of randomly selected visual fields were taken at a 
magnification of ×400, ×1000, with the use of which kary-
ometry were subsequently carried out, the daily dynam-
ics of the nucleus was determined, estimated by their area. 
In morphometric studies, the ImageJ program (USA) with 
the appropriate plug-ins was used to determine the cross-
sectional area of hepatocyte nuclei (Broeke et al., 2015). 
The measurements were carried out in micrometers after 
preliminary geometric calibration on an object-microme-
ter scale digitized with the same magnification. 

For ploidometry, paraffin sections were stained with 
methylene-green - pyronin G, with following process-
ing of sections with RNA-ase. The hepatocyte ploidy was 
calculated in units of ploidy relative to the optical den-
sity of the staining results of diploid nuclei of small lym-
phocytes.

Micromorphometry of only mononuclear interphase 
hepatocytes without signs of pathological changes was 
carried out.

Methods of statistical processing

The obtained data were analyzed using the Graph-
Pad Prism 6.0 program by calculating average values, 
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standard deviation, and arithmetic mean error. The 
numerical rows characterizing the diurnal fluctuations 
of the studied physiological rhythms of animals were 
subjected to mathematical processing, on the basis of 
which group chronograms were drawn. We studied the 
form of chronograms and calculated daily average val-
ues. Statistical differences in studied parameters were 
determined using t-student test. A p value <0.05 was 
considered statistically significant.

For the statistical estimation of the amplitude and 
acrophase of CRs, cosinor analysis was performed, 
which is an international, recognized method for the 
unified study of biological rhythms using the CosinorEl-
lipse2006-1.1 program. The presence of a reliable circa-
dian rhythm was determined, as well as its acrophase 
and amplitude. Acrophase is a measure of the peak time 
of the total rhythmic variability over a 24-hour period. 
The amplitude corresponds to half the total rhythmic 
variability in the cycle. Acrophase is expressed in hours; 
amplitude values are expressed in the same units as the 
studied variables (Cornelissen, 2014).

RESULTS

Considering the results of karyometry, we found 
that the cross-sectional area of hepatocyte nuclei of rats 
of the first three groups, which amounted to 41.79±8.13 
μm2, 42.65±4.80 μm2, and 42.72±5.63 μm2, respectively, 
did not differ significantly from each other, but the sig-
nificant decrease in this parameter up to 35.50±3.01 μm2 
in hepatocytes of animals of the fourth group was found.

The daily rhythm of the cross-sectional area of the 
hepatocyte nuclei of rats of 2-4 groups significantly dif-
fered from the control (Fig. 1). In particular, the maxi-
mum of area of nuclei in control group is noted at 15:00 
with acute decrease to minimum at evening and night-
time – 21:00 and 3:00. In the second group the rhythm 
is less pronounced, a maximum at 15:00 is noted. In the 
third group, the maximum values are noted at 9:00 with 
a gradual decrease to a minimum at 3:00. In the fourth 
group, daily fluctuations in the area of hepatocyte nuclei 
are unreliable.

The results of the cosinor analysis of diurnal chang-
es in the area of the nucleus indicate the presence of a 
reliable CR of this process in the first three groups and 
its destruction in the fourth group. Therewith, acro-
phases of rhythms in groups 1 and 3 are noted in the 
daytime - at 1221 and 1136, with an amplitude of 10.03 
μm2 and 4.60 μm2, respectively, and the acrophase of 
the rhythm in the second group shifts by 1802 with an 
amplitude of 3.37 μm2 (Fig. 2).

Considering the results of measuring the ploidy of 
mononuclear hepatocytes, it was found that the stud-
ied samples contain diploid, tetraploid and octoploid 
cells. The average ploidy of the studied hepatocytes is 
4.47±2.12n in the first group, 5.02±2.18n in the second, 
4.04±2.16n in the third, and 5.18±2.14n in the fourth.

Analysis of ploidy distribution of hepatocyte nuclei 
revealed significant intergroup differences (Table 1).

In particular, in groups in which animals were 
exposed to chronic alcohol intoxication, the number of 
diploid hepatocytes significantly decreases, but at the 
same time, the proportion of octoploid cells in the sec-
ond group significantly increases, as well as and the pro-
portion of tetraploid cells in the fourth group.

30

35

40

45

50

55

I group II group III group IV group

9 hours 15 hours 21 hours 3 hours

Figure 1. Daily rhythm of the cross-sectional area of hepatocyte 
nuclei of rats.

Figure 2. Results of cosinor analysis of circadian rhythmicity of 
area of nuclei of hepatocytes of rats.
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DISCUSSION AND CONCLUSION

The conducted study allowed us to establish that 
both the violation of the light regime and the effect of 
ethanol, individually and jointly, have a significant effect 
on the studied parameters.

The alcoholic intoxication at fixed light regime causes 
the decrease in proportion of diploid cells with a simulta-
neous increase in the proportion of octaploid cells.

Changing of the normal light regime to constant 
light leads to a change in the nature of the ploidy distri-
bution of hepatocytes. The increase in proportion of dip-
loid hepatocytes indicates a successful course of adapta-
tion processes in the organ, apparently due to the divi-
sion of cells of higher ploidy, the proportion of which 
has decreased (Nagy et al., 2001; Yelchaninov et al., 2011; 
Lazzeri et al., 2019).

The alcoholic intoxication in conditions of constant 
lighting lead to decrease in size of nuclei and increase in 
proportion of tetraploid hepatocytes.

The increase in general ploidy in groups 2 and 4 
(i.e. in those where animals were exposed to alcohol) 

occurs due to tetra- and octaploid nuclei, which, accord-
ing to a number of authors, indicates the development 
of hepatocyte hypertrophy against the background of an 
increase in nuclear ploidy (Miyaoka et al., 2012; Zhou et 
al., 2016). It has been suggested that the polyploid state 
functions as a growth suppressor, limiting the prolifera-
tion of most of cells and causing compensatory-adaptive 
reactions in the form of diploid cell hypertrophy.

In turn, the nature of the circadian rhythm of the 
size of the cell nuclei indicates that constant illumina-
tion and ethanol, acting separately, cam use a rear-
rangement of the CR, but the combined action of these 
parameters leads to the destruction of the circadian 
rhythm, which indicates a disruption of adaptation pro-
cesses in animals of this group (Maruani et al., 2018; 
Matkarimov, 2020)

So, the conducted study testifies that the results of 
caryometric and ploidometric studies characterize the 
degree of influence of alcohol intoxication and changes 
in the light regime on the liver of rats, representing the 
degree of effectiveness of adaptation to these factors.

Figure 3. Liver of rat of control group, methylene-green - pyronin 
G, ×400.

Figure 4. Liver of rat of IV group, methylene-green - pyronin G, 
×400.

Table 1. Distribution of hepatocyte nuclei in rat liver depending on ploidy.

Group
Ploidy of nuclei of hepatocytes

2n, % 4n, % 8n, %

1st group (n=40) 23.98±3.51 52.1±4.60 23.23±2.20
2nd group (n=40) 14.15±2.02 *** 53.47±5.18 32.38±3.21***
3rd group (n=40) 34.0±4.81 *** 45.9±3.95 *** 20.1±1.89***
4th group (n=40) 13.70±2.84 *** 79.6±5.18 *** 6.70±0.81***

Note: hereinafter: *(P≤0.05); **(P≤0.005); ***(P≤0.0005) - statistical significance of differences in comparison with the control group.
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