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Abstract. Obesity and diabetes mellitus are known to lead to the development of metabolic syndrome and non-al-
coholic fatty liver disease (NAFLD). The mechanisms of programmed cell death are actively involved in maintaining
cellular homeostasis along development of NAFLD. Proteins of the BCL-2 family are key regulators of physiological
and pathological apoptosis. Homozygous males of BKS.Cg-Dock7™Lepr®/+/+/J mice (db/db mice) are characterized
by progressive obesity and the development of type 2 diabetes mellitus (DM2) with severe hyperglycemia at
4-8 weeks and organ lesions at 8-10 weeks of age. The aim of this research was to study the expression of molecular
cell regulators of apoptosis in liver cells of db/db mice males at different stages of obesity and diabetes develop-
ment (at the age of 10 and 18 weeks). Imnmunohistochemical analysis (using the indirect avidin-biotin peroxidase
method) and morphometric evaluation of the expression of the antiapoptotic protein Bcl-2 and the proapoptotic
protein Bad in liver cells of studied animals at different stages of obesity and DM2 were carried out. An excess of the
value of the Bcl-2 protein staining area over the Bad protein staining area was revealed in the liver of 10-week-old
animals. The Bcl-2/Bad expression area ratio in 10-week-old animals was twice as high as in 18-week-old animals,
which indicates the presence of conditions for blocking apoptosis in the liver of younger db/db mice. At the 18th
week of life, db/db mice displayed an almost threefold increase in the expression area of the Bad protein against the
background of an unchanged expression of the Bcl-2 protein. The decrease in the Bcl-2/Bad staining area ratio in
18-week-old animals was due to the increase in the Bad expression area, which indicates the absence of antiapop-
totic cell protection and creates conditions for activation of the mitochondrial pathway of apoptosis in the liver of
male db/db mice with pronounced signs of obesity and DM2.
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AHHoTauuA. /I3BeCTHO, UTO OXKMpPEHVE 1 CaxapHbli AnabeT NPUBOAAT K PasBUTMIO MeTabonnyeckoro CMHAPOMa
1 HEaNKOroJiIbHOW »KMPOBOI 60Ne3HM NeyeHn. B nopaepkaHny KNeToYHOro roMeocTasa npu HeanKorosbHOM Xu-
poBoWi 601€3HU NeYeHV NPYHUMAIOT aKTUBHOE yyacTe MexXaHM3Mbl 3anporpaMmMrUpOBaHHON KneTouHow rnbenu.
Benku cemeiictBa BCL-2 ABNAOTCA KtOUeBbIM perynatopom GU3nMonornyeckoro 1 natonornyeckoro anontosa. c-
nonb3yemble B UCCAeA0BaHNMN FOMO3UTOTHbIE CaMLibl Mbiluel nnHun BKS.Cg-Dock7™Leprd®/+/+/) (mblwn db/db) xa-
paKTEPU3YIOTCA NPOrpeccMpyoLLUM OXMPEHNEM U Pa3BUTNEM caxapHoro AnabeTa 2-ro Tuna (C[2), BbipaxeHHOW
runepriavikeMmnen ¢ 4-8-i Heflenu Xmn3HY 1 Pa3BUTUEM OpPraHHbIX MopaxeHunit nocne 8-10-i1 Hepgenu. Lienbio pabo-
Tbl GbIIO N3YUUTb SKCNPECCUIO MOSIEKYTAPHO-KNETOYHbIX PEryNATOPOB anonTo3a B K/eTKax NeyeHn camLoB MblLLei
db/db Ha pa3HbIx cpoKax pPa3BUTUA OXKMPEHUA 1 caxapHoro anabeta (B Bo3pacte 10 n 18 Hep). NpoBeaeHbl M-
MYHOTMCTOXUMMYECKINI aHanm3 (C MOMOLLbIO HEMPAMOro aBUANH-OMOTMHOBOIO NEPOKCAA3ZHOMO METOAa) U MOp-
bomeTpryecKasn oLeHKa SKCNpeccnm aHTranonToTuyeckoro 6enka Bcl-2 n npoanontotnyeckoro npoTerHa Bad B
KneTKax neyeHun nccieayemMblX XMBOTHBIX Ha Pa3HbIX CPOKax pa3BuTuA oxunpeHua n C12. B neueHun nccnegyembix
camuoB B Bo3pacTe 10 Hep yCTaHOB/IEHO MPEeBbILIEHNE 3HaYeHUA NOLWAAN OKpaluBaHuaA Ha 6enok Bcl-2 Hap 6en-

© Michurina S.V., Ishchenko 1.Yu., Arkhipov S.A., Cherepanova M.A., Vasendin D.V., Zavjalov E.L., 2020

This work is licensed under a Creative Commons Attribution 4.0 License



S.V. Michurina, I.Yu. Ishchenko, S.A. Arkhipov
M.A. Cherepanova, D.V.Vasendin, E.L. Zavjalov

Apoptosis in the liver of male db/db mice during
the development of obesity and type 2 diabetes

kom Bad. iHpekc cooTHowweHnA nnowagen skcnpeccun Bel-2/Bad y 10-HefenbHbIX »KMBOTHbIX OKa3ancA B ABa pa3a
BbllLE MO CPaBHEHMIO C 18-HefeNbHbIMU 0COOAMY, UTO CBULAETENLCTBYET O HANUUMK YCNOBUIA ANst 6OKMPOBaHKA
NpoLEeCccoB anonTo3a B neyeHn mbiweii db/db 6onee paHHero Bo3pacTa. Ha 18-11 Heflene Xn3HM y CamMLiOB MblLUeit
db/db obHapyxeHO NouTn TpexKpaTHOe yBesnyeHne niowaamn skcnpeccumn 6enka Bad Ha doHe HensmeHumBLLeNcA
aKkcnpeccun 6enka Bel-2. CHUKeHre 3HaueHNa COOTHOLLEHNA NoLwaaen okpawmeaHusa Bcl-2/Bad y 18-HepenbHbIX
XKMBOTHbIX MPOU30LLIIO 3a CYET POCTa Mo SKcnpeccumn Bad, uto noaTBEPKAAET OTCYTCTBME aHTMAMNONTOTHAYE-
CKOW 3aLLUTbl KNETOK 1 CO3[aeT YCNOBUA ANA aKTMBaLUN MATOXOHLAPUANIbHOW «BETBU» anonTo3a B NeYeHN CamLoB
Mbliwert db/db c BbipaxKeHHbIMY MpU3Hakamu oxunpenna n CA2.

KntoueBble cnoBa: mbiwn db/db; oxunpeHne; caxapHblil anabet 2-ro Tmna; NeyeHb; SHOOTENNOLMTDI; renaToLuTbl;

Bcl-2; Bad.

Introduction

Mechanisms of programmed cell death are actively involved
in maintaining cell homeostasis in the development of non-
alcoholic fatty liver disease (NAFLD) (Schuppan, Schatten-
berg, 2013). Obesity and related metabolic disorders, including
lipid accumulation in the liver and inflammation, play an
important role in liver carcinogenesis. Recent data indicate
that obesity and diabetes lead to the development of metabolic
syndrome and NAFLD, which can progress in patients with
this disease to non-alcoholic steatohepatitis, which includes
the risk of cirrhosis and hepatocellular carcinoma (Shimizu
etal., 2011). Proteins of the BCL-2 family are key regulators
of physiological and pathological apoptosis. According to
the modern model of apoptosis regulation, the ratio of the
apoptosis regulator proteins Bcl-2, Bad and Bax determines
the sensitivity of cells to the effects of apoptotic factors and
is a “molecular switch” that determines whether tissue growth
or atrophy will occur (Sun et al., 2015). Molecular features of
the development of the mitochondrial pathway of apoptosis
in the liver of male db/db mice in postnatal ontogenesis at
different development stages of obesity and type 2 diabetes
mellitus (DM2) have not yet been studied.

The aim of this research — to study the expression of apo-
ptosis molecular cell regulators from the BCL-2 family pro-
teins: the antiapoptotic protein Bcl-2 and the proapoptotic
protein Bad in liver cells of male db/db mice at different
stages of obesity and DM2 development (at the age of 10 and
18 weeks).

Materials and methods

The experiments were carried out in the SPF Vivarium of the
Institute of Cytology and Genetics, SB RAS, on homozygous
males of BKS.Cg-Dock7"+/+Lepr@t/J mice (db/db mice). Ho-
mozygous individuals of this strain have a defect of the leptin
receptor (spontaneous mutation Lepr?) and are characterized
by polyphagia, progressive obesity from 3—4 weeks of life,
severe hyperglycemia from 4-8 weeks of life, the development
of organ lesions after 8—10 weeks. Animals were stored in a
room with a regular light cycle (14 h light/10 h darkness), a
constant room temperature of 24+2 °C and a relative humidity
0f 45+10 %. The mice were kept on a standard food (Ssniff,
Germany) and water ad libitum.

Studies were conducted on mice aged 10 (» = 7) and 18
(n = 7) weeks, which is comparable to 10 and 18 years of
man age, respectively (Flurkey et al., 2006). Animals were
sacrificed by cranio-cervical dislocation and liver samples
were taken for light-optical and immunehistochemical stud-
ies. All experiments were performed in compliance with the
principles of humanity and carried out in accordance with the

“Rules for the Use of Experimental Animals” (the Annex to the
order of the Ministry of Health of the USSR from 12.08.1977,
No. 755) and the European Unity Directive (86/609/EEC). The
study was approved by the local ethics committee (Protocol
No. 128 of 15 March 2017).

The liver pieces were fixed in 10 % buffered formalin (Bio-
Vitrum, Russia) for 48 h, dehydrated in a series of alcohols
of increasing concentration and enclosed in histomix (Bio-
Vitrum). The organ slices 3 um in thickness were obtained
using a LEICA RM2155 microtome (Germany) Liver prepa-
rations were stained with Mayer hematoxylin and eosin for
light-optical examination.

An immunohistochemical study of the Bcl-2 and Bad
protein expression was performed on liver paraffin sections
using the indirect avidin-biotin-peroxidase method using the
VectaStain Universal Elite ABC Kit (Vector Laboratories,
Catalog Number PK-7200). At the last stage, immunohisto-
chemical staining was carried out in a chromogenic substrate
containing diaminobenzidine (the solution is prepared ex tem-
pore from the components of the InmPACT DAB kit, Vector
Laboratories, Catalog Number SK-4105). Some sections
were stained with Mayer hematoxilin, washed with distilled
water and, after dehydration, mounted under the cover glass.
To quantify the expression of Bcl-2 and Bad in the mouse
liver, a computer-assisted morphometric analysis of digital
photographs obtained using a LEICA DM 2500 microscope
with a LEICA DFC425C video camera (Germany) at x400
magnification was performed. Using the Image J software
program, the average area of the staining zones on Bcl-2 and
Bad was determined on digital images. The ratio of Bcl-2
expression area to Bad expression area was calculated.

Statistical processing of research results was carried out
using Statistica 6.1 (serial number AXXR101E832903FA). To
analyze the data obeying the normal distribution (the average
staining area of Bcl-2 and Bad proteins), the arithmetic mean
and standard error of the arithmetic mean were calculated; the
significance of differences between the studied groups was
established using Student’s #-test. The significance of data
differences other than the normal distribution (the ratio of
Bcl-2 expression area to Bad expression area) was determined
using the nonparametric Mann—Whitney test. Differences
between the values compared were considered statistically
significant at p < 0.05.

Results

In the liver of the male mice studied at the age of 10 weeks,
stagnations in the interlobular veins, dilatation of lymphatic
vessels and bile ducts were detected. Signs of protein dystro-
phy and lipid accumulations, mainly of small droplet nature,
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Fig. 1. The liver of db/db mice aged 10 weeks: a - poorly marked immunohistochemical staining for the proapoptotic protein Bad
with subsequent Maier’s hematoxylin staining; b - pronounced immunohistochemical staining for the antiapoptotic protein Bcl-2
with subsequent Maier’s hematoxylin staining.

Here and in Fig. 3: black arrows point to immunohistochemically colored sinusoidal capillaries in the liver; white arrows point to immuno-
histochemically colored hepatocytes. Magnification is x400.

were found in some hepatocytes and in groups of parenchymal
cells located mainly in the intermediate zones of the hepatic
lobules.

Immunohistochemically, a weak Bad-positive signal was
identified in individual hepatocytes and in the heterogene-
ous population of sinusoidal cells of liver blood capillaries
(Fig. 1, a) involved in the formation of the blood-lymph bar-
rier in the liver, including endotheliocytes, Kupffer cells, Ito
cells and Pit cells (Michurina et al., 2016a). At the same time,
pronounced immunohistochemical staining was also observed
in liver cells for the antiapoptotic protein Bcl-2. In the hepatic
lobules, the marker studied was accumulated mainly in the
endothelial cells of the lining of blood sinusoidal capillaries
and in single hepatocytes (see Fig. 1, b).

Quantitative evaluation of the expression of the antiapop-
totic protein Bcl-2 and the proapoptotic protein Bad showed
an excess of the immunohistochemical staining area for the
Bcl-2 protein over the value of this parameter for the Bad
protein in the liver of db/db mice males aged 10 weeks (Fig. 2).

In the liver of male db/db mice at the age of 18 weeks, signs
of nonalcoholic fatty liver disease (NAFLD) development
were more pronounced than in animals aged 10 weeks. Dif-
fuse accumulation of medium-sized and large lipid droplets
was found in parenchymal cells of all hepatic lobule zones.
It developed against the background of disturbances in micro-
circulation, intraorgan bile transport, a significant dilatation of
blood and lymph vessels in the triad system and central veins.

M Bcl-2

Area of staining, pixels sq.

10 18
Age of animals, week

Fig. 2. Areas of Bcl-2 and Bad protein staining in the liver of db/db mice
aged 10 and 18 weeks.

* The differences were significant between groups of “10 weeks” and
“18 weeks” (p < 0.05).

The study of the expression of apoptosis molecular-cell
regulators of BCL-2 family proteins in the liver of male db/db
mice at the age of 18 weeks revealed a pronounced immuno-
histochemical staining for the proapoptotic protein Bad of
endothelial cells of blood sinusoidal capillaries. A strong Bad-
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Fig. 3. The liver of db/db mice aged 18 weeks: a - pronounced immunohistochemical staining for the proapoptotic protein Bad
with subsequent Maier’s hematoxylin staining; b — weak immunohistochemical staining for the antiapoptotic protein Bcl-2 with

subsequent Maier’s hematoxylin staining.

20 -
— Median
B 25-75%
® Arithmetic mean

0.6

The area ratio index Bcl-2/Bad

0.4

10 18
Age of animals, week

Fig. 4. The Bcl-2/Bad staining area ratio.

*The differences are significant between the groups “10 weeks”and “18 weeks”

(p < 0.05).

positive signal was detected in hepatocytes located mainly in
periportal zones and around central veins (Fig. 3, a) as well as
in the ductal epithelium of triad bile ducts. At the same time,
weak immunohistochemical staining for the antiapoptotic
protein Bel-2 was detected in cells of the blood-lymph barrier
in the liver and in single hepatocytes of epy animals studied
at the age of 18 weeks (see Fig. 3, b).

Morphometric analysis of the liver of 18-week-old animals
showed an increase in the Bad protein expression area, com-
pared to 10-week-old mice. At the same time, the staining
Bcl-2 protein area did not change in comparison with the
animals at the age of 10 weeks (see Fig. 2).

Evaluation of the ratio of Bcl-2/Bad expression areas
revealed a significant decrease in this index in 18-week-old
db/db mice compared to 10-week-old animals (Fig. 4), due to
an increase, mainly, in the Bad expression area in the animals
aged 18 weeks. Data obtained indicate the absence of antiapop-
totic cell protection of organ cells, which creates conditions
for activation of the mitochondrial pathway of apoptosis in
liver cells of the db/db mice at the age of 18 weeks.

Discussion

It is known that the development of programmed cell death is
influenced by posttranslational modifications of BCL-2 family
proteins. One of the ways to regulate the activity of apoptosis-
inducing proteins is the phosphorylation/dephosphorylation
process, which affects their ability to form heterodimers with
other members of the BCL-2 family proteins. According to
current data, the induction of the antiapoptotic protein Bcl-2
expression causes the closure of mitochondrial membrane
channels and prevents the release of the protease AIF (apo-
ptosis inducing factor) and cytochrome C, thereby protecting
the cell from apoptosis. At the same time, Bel-2 blocks lipid
peroxidation reactions in cell membranes, protecting cells
from damage by free radicals and thus preventing the deve-
lopment of apoptosis (Chevalier et al., 2000; Paltsev, 2002;
Mushkambarov, Kuznetsov, 2007; Dewanjee et al., 2015). We
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had previously found that db/db mice were already obese by
10 weeks of age and had severe hyperglycemia with plasma
glucose levels of 506 mg/dL (28.1 mmol/L) and higher. There
were no significant differences in glucose, triglyceride, total
cholesterol, ALT, or GGT levels in the db/db mice aged 10 and
18 weeks (Michurina et al., 2016b). At the same time, as was
found in this study, the expression area of the antiapoptotic
protein Bcl-2 exceeded the value of the imunohistochemical
staining area of the proapoptotic protein Bad in the liver of the
10-week-old animals. Results obtained indicate the presence
of antiapoptotic protection of liver cells at this stage of the
NAFLD development.

We have previously identified ultrastructural disorders
of the energy and protein-synthesis apparatus in liver cells,
carbohydrate and fat metabolism disturbances in the liver
of 18-week-old male db/db mice with DM2, which leads to
the development of protein and fat dystrophy in hepatocytes
(Michurina et al., 2016b).

Disorders of blood circulation and lymph flow in the db/db
mouse liver lead to a disruption in the morphological orga-
nization of the blood-lymph barrier in the liver, and cause
a decrease in LYVE-1 receptor expression on endothelial
sinusoid cell membranes. Such morphological rearrangements
contribute to the development of tissue hypoxia, oxidative
stress and mitochondria damage, which are the inducers of
cell death (Eckert et al., 2003; Michurina et al., 2016b). Under
these conditions, the mitochondrial pathway of cell apoptosis
is launched using the BCL-2 protein family. When the outer
membrane of mitochondria is disturbed, a thermolabile fac-
tor is also released from the intermembrane space, catalyzing
reactions with O, and leading to the development of oxida-
tive stress. In this case, reactive oxygen species (ROS) are
formed that destroy mitochondria and are powerful inducers
of apoptosis (Kolesnikov et al., 1999; Dewanjee et al., 2015).

The development of microvesicular steatosis is also con-
sidered to be a consequence of severe mitochondrial dys-
function (Begriche et al., 2011). The same mitochondrial
disorders are thought to be a common cause of small-bubble
steatosis and apoptosis development in obese mice (Trak-
Smayra et al., 2011).

In this study, we identified the greatest changes in the en-
dothelial cells of the liver blood sinusoidal capillaries. We are
just beginning to understand the complexity of the endothelial
cell functions. It is now proven that these cells control liver
regeneration as “a spatiotemporal rheostat”. Dynamically
regulating the angiopoietin-2 expression, they coordinate their
own regeneration and proliferation of hepatocytes, support the
restoration of connective tissue, and control the maturation
and resting state of blood vessels (Hu et al., 2014). The en-
dothelium acts as the first line of defense against invasion by
pathogenic microorganisms, and also regulates vascular tone
and permeability. Since damaged endotheliocytes can separate
from their basement membrane and circulate freely in the
blood, the possibility of detecting endothelial apoptosis in vivo
was discussed. The degree of development of vascular injuries
directly correlates with organ trauma in critically ill patients
(Hutchins et al., 2013). The pronounced immunohistochemical
staining revealed by us in the liver of the 18-week-old male
db/db mice for the proapoptotic protein Bad of endothelial
cells of the blood sinusoid capillaries with a low level of the

AnonTo3 B neyeHun camuoB Mbiweln db/db 2020
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antiapoptotic protein Bcl-2 expression in them indicates the
development of a mitochondrial pathway of apoptosis in the
cells of the blood-lymph barrier in the liver under NAFLD
(Shimizu et al., 2011; Hutchins et al., 2013).

Since apoptosis is triggered through the inactivation of
Bcl-2 upon its binding to the Bad protein, the increase in the
proapoptotic Bad staining area established by us indicates
the absence of antiapoptotic protection and the apoptosis
development along the mitochondrial pathway in liver cells.
This is also confirmed by a decrease in the Bcl-2/Bad liver
expression area ratio in the male db/db mice at the 18th week
of life.

Conclusion

Immunohistochemical analysis and morphometric evalua-
tion of the expression of apoptosis molecular-cell regulators
of BCL-2 family proteins — the antiapoptotic protein Bcl-2
and the proapoptotic protein Bad — in the liver cells of male
db/db mice were carried out at different stages of obesity and
type 2 diabetes mellitus development. An excess of the value
of the Bcl-2 protein staining area over the Bad protein stain-
ing area was revealed in the liver of 10-week-old animals.
The Bcl-2/Bad expression area ratio was twice as high in the
10-week-old animals as in the 18-week-old animals, indicating
the presence of conditions for blocking apoptosis in the liver
of younger mice. At the 18th week of life, mice displayed an
almost threefold increase in the expression area of the Bad
protein against the background of an unchanged expression
of the Bcl-2 protein. The decrease in the ratio of Bcl-2/Bad
staining areas in the 18-week-old animals was due to the in-
crease in the Bad expression area. The obtained results indicate
the absence of antiapoptotic cell protection and the creation
of conditions for activation of the mitochondrial pathway of
apoptosis in the liver of the male db/db mice with pronounced
signs of obesity and DM2.
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