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Abstract. The presence of humans and animals under long-term continuous lighting leads to a suppression of 
melatonin synthesis, that is, to light-induced functional pinealectomy (LIFP), and the development of desynchro-
nosis. To create LIFP, C57Bl/6 mice were kept under 24-hour lighting (24hL) for 14 days. The animals in the control 
group were kept under standard lighting conditions. In the next series of experiments, mice with LIFP received 
daily intragastrically either melatonin (1 mg/kg body weight in 200 μl of distilled water) or 200 μl of water as a 
placebo. The comparison group consisted of intact animals that received placebo under standard lighting con-
ditions. Immunohistochemical analysis (using an indirect avidin-biotin peroxidase method) revealed the expres-
sion of the antiapoptotic protein Bcl-2 and the proapoptotic protein Bad in sinusoid liver cells (a heterogeneous 
population consisting of the endotheliocytes, Kupffer cells, Ito cells, and Pit cells) and in individual hepatocytes. 
The Bad expression area in the liver of LIFP mice increased 4 times against a background of the unchanged Bcl-2 
expression area. Changes in the brightness (a parameter inversely proportional to the marker concentration) of  
Bad and Bcl-2 areas did not reach signif icance. Our results indicate a weakening of the antiapoptotic protection of 
liver cells of LIFP animals, which creates conditions for activation of the “mitochondrial branch” of apoptosis. Mela-
tonin treatment of LIFP mice resulted in a 3.3-fold increase in Bcl-2 expression area and a 2.7 % decrease in Bcl-2 
region brightness compared with the experimental untreated group. Bad protein parameters were unreliable. Thus, 
melatonin treatment of animals cancels the effect of LIFP, restoring the Bcl-2 expression area and increasing this 
protein concentration, which indicates an increase in antiapoptotic protection and creates conditions for blocking 
the development of the “mitochondrial branch” of apoptosis in liver cells.
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Аннотация. Пребывание человека и животных в условиях длительного непрерывного освещения приводит 
к подавлению синтеза мелатонина, т. е. к светоиндуцированной функциональной эпифизэктомии (СФЭ), и 
развитию десинхроноза. Для создания СФЭ мыши линии С57Bl/6 содержались в условиях круглосуточного 
освещения в течение 14 суток. Животные контрольной группы находились при стандартном режиме осве-
щения. В следующей серии экспериментов мыши с СФЭ получали ежедневно внутрижелудочно либо мелато-
нин (1 мг/кг массы тела в 200 мкл воды), либо в качестве плацебо 200 мкл дистиллированной воды. Группой 
сравнения служили интактные животные, получавшие плацебо при стандартном режиме освещения. В ре-
зультате иммуногистохимического анализа (непрямым авидин-биотиновым пероксидазным методом) в си-
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нусоидных клетках печени (гетерогенная популяция, состоящая из эндотелиоцитов, клеток Купфера, клеток 
Ито и pit-клеток) и в отдельных гепатоцитах была выявлена экспрессия антиапоптотического белка Bcl-2 и 
проапоптотического протеина Bad. В клетках печени мышей с моделью СФЭ обнаружено четырехкратное 
увеличение площади экспрессии Bad на фоне неизменившейся площади экспрессии Bcl-2. Достоверных из-
менений яркости (параметр, обратно пропорциональный концентрации маркера) участков, окрашенных на 
Bcl-2 и Bad, отмечено не было. Полученные данные свидетельствуют об ослаблении антиапоптотической за-
щиты клеток печени животных, содержавшихся при круглосуточном освещении, что создает условия для 
активации «митохондриальной ветви» апоптоза, наиболее выраженной в синусоидных клетках печени. Вве-
дение мелатонина мышам с моделью СФЭ привело к возрастанию в 3.3 раза площади экспрессии Bcl-2 и 
снижению на 2.7 % яркости (т. е. увеличению концентрации) участков, окрашенных на Bcl-2, по сравнению с 
опытной группой без лечения. Для Bad изменения исследуемых параметров имели характер тенденций. Та-
ким образом, интрагастральное введение мелатонина животным аннулирует эффект светоиндуцированной 
функциональной пинеалэктомии, восстанавливая площадь экспрессии и увеличивая концентрацию анти-
апоптотического белка Bcl-2 в клетках печени, что свидетельствует об усилении антиапоптотической защиты 
клеток органа и создает условия для блокирования развития «митохондриальной ветви» апоптоза.
Ключевые слова: мелатонин; круглосуточное освещение; светоиндуцированная функциональная эпифиз-
эктомия; печень; Bad; Bcl-2.

Introduction
At present, human activities are often associated with a change 
in the natural rhythm of life and with working in artificial 
lighting conditions, which leads to an increase in the light 
day period. Lighting at night is considered by scientists as 
“light pollution”; it is attributed to non-chemical endocrine 
disruptors affecting both human and animal health, including 
violations of circadian regulation of melatonin (MT) synthesis, 
metabolism and other hormone-controlled systems, and the 
cancer risk (Michurina et al., 2005; Borodin et al., 2012; Rus-
sart, Nelson, 2018). By now, scientists have concluded that 
melatonin is not “a sleep hormone, but a dark hormone” (Reiter 
et al., 2013; Arendt, 2019). It’s known that light suppresses 
melatonin production, and darkness weakens this suppression, 
stimulating the synthesis and release of this hormone into the 
bloodstream. Of particular importance is the fact that MT sup-
pression in nocturnal rodents is initiated by light. A light 
pulse lasting only 15 min is sufficient to induce locomotor 
suppression that endures for more than an hour, and a 1-min 
light pulse also suppresses MT synthesis for about the same 
amount of time (Morin, 2013). As a result of long-term stay 
of humans and animals under 24-hour lighting (24hL) condi-
tions, a decrease/cessation of hormone production leads to the 
development of light-induced functional pinealectomy (LIFP) 
(Delibas et al., 2002) and desynchronosis (Reiter et al., 2017; 
Arendt, 2019). Under these conditions, a significant load falls 
on the homeostatic systems providing the body resistance 
(lymphatic, immune and endocrine systems), which are in an 
integral relationship with the liver, which is the main organ 
of homeostasis. The study of the structural and functional 
features of liver cells showed that exactly the cooperative 
interactions of highly specialized parenchymal liver cells 
(hepa tocytes) and sinusoidal cells (a heterogeneous population 
of cells consisting of endotheliocytes, Kupffer cells, Ito cells 
and Pit cells), and their work in a strictly defined rhythm, help 
the organ to perform numerous functions.

Apoptosis is a fundamental biological mechanism, which 
causes a clean, non-inflammatory form of cell death and helps 
the body get rid of unnecessary and defective cells. The ratio 
of antiapoptotic (Bcl-2, Bcl-XL) and proapoptotic proteins 
(Bad, Bax, etc.) is considered to be a “molecular switch”, 
which determines whether tissue growth or atrophy will oc-

cur (Willis et al., 2003; Polčic, Mentel, 2020). The features 
of Bcl-2 family protein expression in liver cells under light-
induced functional pinealectomy remain largely unexplored. 

Based on the above, the aim of the study was to evaluate the 
expression of antiapoptotic Bcl-2 protein and proapoptotic Bad 
protein in the liver cells of С57Bl/6 mice under light-induced 
functional pinealectomy and after melatonin treatment.

Materials and methods
The experiments were carried out in the SPF Vivarium of the 
Institute of Cytology and Genetics, SB RAS (RFMEFI61914 
X0005 and RFMEFI62114X0010). C57Bl/6 mice (male, aged 
10–12 weeks) were kept in controlled barrier rooms with free 
access to water and food (Ssniff, Germany).

Two series of experiments were carried out. In the first 
event, mice were kept under 24-hour lighting (24hL) for 
14 days (light/dark photoperiod 24:0 h) to create light-induced 
functional pinealectomy (the “24hL” group, n = 6). The com-
parison group consisted of intact animals (the “Control” group, 
n = 5) kept under standard lighting conditions (14:10 h). 
At the same time a smooth increase in illumination to day-
time values within 1 hour (dawn) and a smooth decrease in 
illumination values until complete shutdown within 1 hour 
(sunset) were assigned to the light phase of the day. In the 
second series of experiments mice were kept under 24hL for 
14 days and received daily intragastrically either melatonin 
at a dose of 1 mg/ kg of body weight in 200 µl of distilled 
water (the “24hL+MT” group, n = 5) or 200 µl of water 
(the “24hL+Placebo” group, n = 6). The comparison group 
consisted of animals (the “Placebo” group, n = 6) kept under 
standard lighting conditions (14:10 h) and received daily 
intragastrically 200 µl of distilled water.

Animals were removed from the experiment by the cranio-
cervical dislocation method and liver samples were taken for 
light-optical and immunohistochemical studies. All experi-
ments were performed in accordance with humanity principles 
and were carried out in compliance with “Rules for working 
with experimental animals” (The Annex to the Order of the 
Ministry of Health of the USSR No. 755 of 12.08.1977) and 
Council Directive 86/609/EEC. Experiments were approved 
by the local ethical committee (The Protocol No. 128 of 
15.03.2017).
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Liver samples were fixed in 10 % buffered formalin (Bio-
Vitrum, Russia) for 48 hours, dehydrated in a series of alco-
hols of increasing concentrations and embedded in Histomix 
(BioVitrum, Russia). Tissue sections with a thickness of 3 μm 
were prepared on a microtome HM 340Е (Тhermo Fisher Sci-
entific, USA). Immunohistochemical study of the expression 
of the antiapoptotic Bcl-2 protein and the proapoptotic Bad 
protein was performed on liver paraffin sections by means 
of indirect avidin-biotin peroxidase method (ABC-method) 
using the Vectastain Universal ABC-Peroxidase Kit (Vector 
Laboratories, Catalog Number PK-7200). At the last stage, im-
munohistochemical staining was carried out in a chromogenic 
substrate containing diaminobenzidine (the solution is pre-
pared ex tempore from the components of the set “ImmPACT 
DAB”; Vector Laboratories, Catalog Number SK-4105).

For quantification of Bcl-2 and Bad expression in the mouse 
liver, a computer morphometric analysis of digital photo-
graphs obtained using a LEICA DM 2500 microscope with 
a LEICA DFC425C video camera (Germany, Switzerland) at 
×400 magnification was performed. The relative area and the 
brightness of intermediate zones of the hepatic lobules staining 
for Bcl-2 and Bad were determined in digital images using 
the program ImageJ. The significance of differences between 
the compared values was determined using the nonparametric 
Mann–Whitney test. Differences of compared values were 
con sidered statistically significant at p < 0.05.

Results

The expression of Bcl-2 and Bad proteins in liver cells  
of mice under light-induced functional pinealectomy
A study of Bcl-2 family protein expression in the liver of mice 
kept under 24-hour lighting (light/dark photoperiod 24:0 h) 
revealed the pronounced immunohistochemical staining of  the 
proapoptotic Bad protein in sinusoidal cells of blood sinusoid 
capillaries (Fig. 1). The Bad-positive signal was detected in the 
endothelium of interlobular veins and in the ductal epithelium 
of triad bile ducts, and it was also sometimes found in single 
hepatocytes. At the same time, weak immunohistochemical 
staining of the antiapoptotic Bcl-2 protein was revealed in 
sinusoidal liver cells and in single hepatocytes of  “24hL” 
mice liver (see Fig. 1). Staining of Bcl-2 wasn’t determined 
in the ductal epithelium of triad bile ducts.

Morphometric analysis of liver preparations of the “24hL” 
animals confirmed the results of the light-optical study. 
An increase in the Bad expression area was found to be 
4.1 times greater than in animals under natural light condi-
tions (Fig. 2, а). At the same time, the brightness (a parame-
ter inverse to the concentration) of the areas stained of that 
protein did not change significantly (see Fig. 2, b). Changes 
in the relative area and the brightness of zones stained for 
the antiapoptotic Bcl-2 protein were in the nature of a trend 
and reflected a slight decrease in the expression area and 

Bad

Bcl-2

Control

Central  
vein

Central  
vein

Central  
vein

Central  
vein

24hL

Fig. 1. The expression of  the proapoptotic Bad protein and the antiapoptotic Bcl-2 protein in mouse liver cells in a light-induced 
functional pinealectomy model (the “24hL”).
Immunohistochemical staining by the indirect ABC method. There is a pronounced Bad coloration and a less pronounced Bcl-2 coloration 
in sinusoidal cells (thin arrows) of  blood sinusoidal capillaries in 24hL mouse liver. Thick arrows indicate separately found stained hepato-
cytes. Magnif ication ×400.
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concentration of this protein (see Fig. 2, c, d ) in the liver of 
mice kept under 24-hour lighting.

Thus, it can be concluded that the antiapoptotic protection 
was weakened and the conditions for apoptosis mitochondrial 
pathway activation in liver cells of animals with light-induced 
functional pinealectomy were created.

Melatonin effect on the expression  
of Bad and Bcl-2 proteins in mouse liver cells  
under light-induced functional pinealectomy
MT treatment of the 24hL mice led to the pronounced Bcl-2 
protein expression in a heterogeneous population of sinusoidal 
cells in intra-lobular blood liver capillaries and in single he-
patocytes compared to the group without hormone treatment 
(the “24hL+Placebo” group) (Fig. 3). The immunohistochemi-
cal reaction to the Bad protein revealed in all three groups 
(“Placebo”, “24hL+Placebo”, “24hL+MT”) the staining of 
sinusoidal capillary lining in intermediate zones and portal 
tracts, portal vein endothelium and bile duct epithelium in 
portal tracts (Fig. 4). Bad-staining was more significant in the 
“24hL+Placebo” group compared to “Placebo”. Bad expres-
sion after MT administration wasn’t as pronounced as Bcl-2 
expression (see Fig. 3) in the same animals.

Morphometric analysis found a 3.3-fold increase in Bcl-2 
expression area in 24hL-animals treated with MT compared 
with the group without treatment “24hL +Placebo” (Fig. 5, a). 
At the same time, the studied parameter reached the initial 
level of the “Placebo” group. The use of MT also led to a sig-
nificant decrease in brightness (see Fig. 5, b) of stained areas 
compared with the comparison groups (by 2.7 % – compared 
with the “24hL+Placebo”, by 2.1 % – compared with the “Pla-
cebo”), which reflects an increase in the Bcl-2 concentration 
in the “24hL+MT” animals. MT intragastric administration 
contributed to a tendency for an increase in the Bad relative 
area and a tendency for a decrease in the stained zone bright-
ness compared to animals without hormone treatment. As a 
result, the use of MT led to a significant increase in the area 
and concentration of the studied protein compared to the 
“Placebo” group (see Fig. 5, c, d ).

Thus, MT administration to mice under two-week 24-hour 
lighting led to a significant increase in the expression area and 
concentration of the Bcl-2 protein in liver cells against the 
background of unchanged expression area and concentration 
of the Bad protein compared to the “24hL+Placebo” group. 
The obtained results indicate that intragastric administration 
of MT physiological doses to C57Bl/6 mice cancels the effect 
of light-induced functional pinealectomy, restoring the expres-
sion area of the antiapoptotic Bcl-2 protein and increasing its 
concentration in liver cells, which indicates increased anti-
apoptotic protection of organ cells and creates conditions for 
blocking the apoptosis “mitochondrial branch” development. 

Discussion
Violation of melatonin production is a starting point, leading 
at the initial stages to the appearance of desynchronosis fol-
lowed by the development of organic pathology. Our previous 
studies showed that 24-hour lighting for two weeks has a 
modulating effect on all elements of the lymphatic region of 
the liver. There is a migration of lymphocytes, macrophages 
into the expanded interstitial non-vascular pathways and lym-
phatic vessels, and a formation of lymphoid nodules, which 
are considered temporary accumulations of lymphoid tissue 
that form in response to injury. The unbalancing of the roots 
of the lymphatic system leads to the disconnection of contacts 
between the endothelial cells of the liver sinusoids, as well 
as to a violation of contacts between the parenchymal cells 
of the organ. The overflow of Disse spaces with fragments 
of necrotically altered cells, collagen fibers, lymphoid cells, 
erythrocytes contributes to the lymph stagnation, and as a 
result leads to the development of tissue hypoxia, which is 
an inducer of cell death. This adversely affects the structure 
and functions of mitochondria, the protein-synthesizing ap-
paratus of cells, causes stress in the endoplasmic reticulum 
(Ishchenko, Michurina, 2014; Michurina et al., 2018). Under 
these conditions, a significant burden falls on the intracellular 
detoxification systems, in particular on the cytochrome P450 
system (Woolbright, Jaeschke, 2015). The enzymes of this 
family can produce reactive oxygen species (ROS), leading to 
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Fig. 2. Relative areas of  Bad (a) and Bcl-2 (c) protein expressions and the brightnesses of zones stained with these proteins (b – Bad, d – Bcl-2) in the 
liver of  “Control” and  “24hL” mice.

Notations on the box diagrams: lines – median, boxes – 25–75  %, ● arithmetic mean, *  differences are statistically signif icant between the “Control” and 
“24hL” groups; the Mann–Whitney U-test ( p < 0.05).
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the activation of apoptosis. Excessive and uncontrolled ROS 
production in mitochondria leads to damage to mitochondrial 
membranes, proteins, and mitochondrial DNA (mtDNA) and 
triggers the mitochondrial apoptosis pathway (Li et al., 2020).

In our study, the greatest changes were found in sinusoidal 
cells of hepatic lobule blood capillaries. This is consistent with 
the data of  Motoyama S. et al. (2000, 2003), who showed 
the predominant apoptosis development in liver sinusoidal 
endothelial cells compared to hepatocytes in male Sprague-
Dawley rats with a hypoxia model. Currently, it has been 
proven that these cells, dynamically regulating the expression 
of angio poietin-2, govern their own regeneration, and not only 
control the proliferation of hepatocytes, but also support the 
restoration of connective tissue, regulate the maturation and 
resting state of  blood vessels (Hu et al., 2014). Since apoptosis 
is triggered by the inactivation of Bcl-2 when binding to the 

Bad protein, the fourfold increase revealed by us in the expres-
sion area of the proapoptotic protein Bad against the back-
ground of the unchanged expression area of the antiapoptotic 
protein Bcl-2 in mice with LIFP model indicates a decrease in 
antiapoptotic protection and the apoptosis development along 
the mitochondrial pathway in liver cells.

It’s found that when melatonin synthesis is disrupted by 
night lighting, there is a decrease in the activity of its MT1 
and MT2 membrane receptors, through which the hormone has 
its effect on cells (Gupta, Haldar, 2014; Jockers et al., 2016). 
Due to the non-receptor mechanism using the oligopeptide 
transporter-1/2 (PEPT-1/2) and organic anion transporter-3 
(OAT-3) (Huo et al., 2017) MT penetrates cells and binds free 
oxygen radicals, protecting macromolecules (proteins, fats, 
nuclear and mitochondrial DNA) from oxidative damage in 
all subcellular structures. Currently, numerous data indicate 

Fig. 3. The MT treatment influence on the Bcl-2 expression in liver cells of mice with the LIFP model.
Immunohistochemical staining by the indirect ABC method. There is weak Bcl-2-signal in the sinusoidal cells of the liver blood capillaries in 
“24hL+Placebo” mice compared with “Placebo” animals. MT treatment leads to a pronounced staining of the lining of the blood sinusoidal 
capillaries, endothelial cells of the portal tract veins, and individual hepatocytes. Thin arrows – the sinusoidal cells, thick arrows – single 
stained hepatocytes. Magnification ×400.
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Fig. 4. The expression of the proapoptotic Bad protein in liver cells of mice with the LIFP model – in the sinusoidal cells of the liver 
blood capillaries, the vein endothelium and the ductal epithelium of the bile ducts of the liver portal tracts.
Immunohistochemical staining by the indirect ABC method. Bad-staining was more signif icant in the “24hL+Placebo” group compared 
to “Placebo”. The Bad expression after MT administration wasn’t as pronounced as Bcl-2 expression (see Fig. 3) in the same animals. Thin 
arrows – the sinusoidal cells, thick arrows – single stained hepatocytes. Magnif ication ×400.

that mitochondria is the main target of MT action: enzymes 
N-acetyltransferase and hydroxyindole-O-methyltransferase 
are present in mitochondria and these important subcellular 
organelles are the place of synthesis of melatonin itself (Har-
deland, 2017; Reiter et al., 2018).

There are numerous ways in which MT destroys ROS: start-
ing an antioxidant cascade with the formation of melatonin 
metabolites detoxifying free radicals; chelating metal ions 
involved in the Haber–Weiss and Fenton reactions to prevent 
the formation of a destructive •ОН; stimulating antioxidant 
and inhibition of pro-oxidant enzymes; increasing the effi-
ciency of electron transfer between mitochondrial respiratory 
complexes and reducing electron leakage and free radical 
formation. Studies have shown that MT reduces the rate of 
apoptosis, prevents the opening of mitochondrial pores and 
the release of cytochrome c, and preserves mitochondrial 

functions. In addition, mitochondrial biogenesis and dyna-
mics are also regulated by MT (Hardeland, 2017; Reiter et al., 
2018; Jou et al., 2019). The effectiveness of MT as a means of 
protection against oxidative stress and structural changes in 
the liver and pancreas tissue was revealed in rats with surgi-
cal pinealectomy (Sahna et al., 2004; Col et al., 2010). There 
is strong evidence that MT has the ability to prevent oxida-
tive damage to liver cell mitochondria in rats with diabetes 
and obesity (Agil et al., 2015). The question of the effect of 
this unique hormone on apoptosis is extremely interesting. 
MT treatment of rats kept under 24-hour lighting during two 
weeks leads to an increase in the antiapoptotic Bcl-2 protein 
in the liver (Borodin et al., 2012).

Our use of the melatonin-containing complex in the treat-
ment of animals with a model of obesity and type 2 diabetes 
mellitus showed its pronounced hepatotropic, lymphotropic 
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action and cytoprotective effect, which consists in stimulating 
the expression of the antiapoptotic Bcl-2 protein in liver cells 
against the background of a decrease in the proapoptotic Bad 
protein activity (Michurina et al., 2017, 2020). In the present 
study the revealed predominance of the antiapoptotic Bcl-2 
protein over the proapoptotic Bad protein, induced by the use 
of MT, indicates an increase in the antiapoptotic protection 
of liver cells, which blocks the development of the apoptosis 
“mitochondrial branch”. This is facilitated by the previous-
ly established ability of MT to increase the expression of  
the lymphatic vascular endothelial LYVE-1 marker in the 
liver sinusoid endothelial cells of db/db mice, which creates 
conditions for improving lymph drainage and prevents the 
development of tissue hypoxia and apoptosis of organ cells 
(Michurina et al., 2016). The protective properties of  MT, 
largely based on its antioxidant, antiapoptotic, and immu-
nomodulatory activity, place this hormone among the most 
effective lympho- and angioprotectors (Jing et al., 2017; Chen 
et al., 2020), which is especially important in the prevention 
and treatment of new coronavirus infection (Darenskaya et al., 
2020; El-Missiry et al., 2020). Thus, melatonin cytoprotec-
tive effect revealed by us in the liver cells of C57Bl/6 mice in 
the model of  light-induced functional pinealectomy may be 
a consequence of reduced damage to mitochondria and other 
intracellular structures.

Conclusion
Thus our results indicate a weakening of the antiapoptotic 
protection of liver cells of LIFP animals that creates condi-
tions for activation of the “mitochondrial branch” of apoptosis. 
Melatonin treatment of animals cancels the effect of LIFP, 
restoring the Bcl-2 expression area and increasing this protein 
concentration, which indicates an increase in antiapoptotic 
protection and creates conditions for blocking the develop-
ment of the “mitochondrial branch” of apoptosis in liver cells.
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Fig. 5. Relative areas of Bcl-2 (a) and Bad (c) protein expressions and the brightnesses of zones stained for these proteins (b – Bcl-2, d – Bad) in the liver 
of the “Placebo”, “24hL+Placebo” and “24hL+MT” mice.

Notations on the box diagrams: lines  – median, boxes  – 25–75  %, ●  arithmetic mean, *  differences are statistically signif icant between the “24hL+Placebo” 
and “Placebo” groups, # differences are statistically signif icant between the “24hL+MT” and “24hL+Placebo” groups, ∆ the differences are statistically signif icant 
 between the “24hL+MT” and “Placebo” groups; the Mann–Whitney U-test ( p < 0.05).
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