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IN COMORBID PATHOLOGY

Vasyliuk V.M., Zhurakivska O.Ya.
Dnipro State Medical University, Dnipro, Ukraine

Understanding the age-related changes in myocardial blood supply under conditions of
diabetes mellitus and stress will help reveal the pathway of diabetic cardiomyopathy, consider-
ing the age aspect. Therefore, the aim of our work is to investigate the age-related morpho-
functional changes in the hemomicrocirculatory bed (HMB) of the myocardium in rats with
experimental streptozotocin-induced diabetes mellitus (SDM) under conditions of chronic im-
mobilization stress (CIS). The study used heart fragments and blood from 56 2-month-old and
6-month-old male white rats, which were divided into 3 groups: 1 group with comorbid pathol-
ogy, including modeled SDM and CIS, 2 group with SDM, and 3 — control group. The material
was collected 14™ and 56" days from the start of the experiment. According to our findings,
hyperglycemia, and stress on the 14™ day of the experiment lead to spasm of the arterioles of
the HMB and a significant deterioration in their permeability, as evidenced by a likely increase
in the Vongenwort index in the arterioles. On the 56" days, in the experimental groups of 6-
month-old rats, vacuolar dystrophy and coagulation necrosis of endotheliocytes and myocytes,
focal destruction of capillary walls, thickening, and proliferation of their basement membrane,
pronounced micro- and macroclasmatic changes, and capillarosclerosis are observed. In con-
trast, 2-month-old rats alongside destructive changes in HMB vessels show phenomena of ne-
ovascularization. Thus, SCD leads to the development of diabetic microangiopathy in the ves-
sels of the myocardium of rats of different age groups. In animals with comorbid pathology,
damage of HMB vessels are more pronounced on the 56" day of observation and is manifested
by: destruction of capillary walls, capillarosclerosis. In 2-month-old rats, alongside destruc-
tively changed capillaries, we found to former new vessels with a characteristic ultrastructure.
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Introduction

On February 24, 2022, russia atta-
cked Ukraine. The constant shelling of the
entire territory of our country and the oc-
cupation of some regions have led to the
fact that the majority of the population is
under constant stress. No one can live in
constant stress, as it can lead to chronic
pathological processes, one of which is
Diabetes Mellitus (DM), which causes great
social and economic damage, associated
with complications, disability and death.
A significant place among the complica-
tions of diabetes is occupied by diabetic
cardiomyopathy, which has no specific
clinical signs and often develops without
subjective symptoms [1-4]. Mortality from
myocardial infarction in DM is twice as
high as in other patients. Diabetes increa-
ses the absolute risk of coronary death in
men by 2.5 times, and in women by 4.7
times, compared to the general population
[5; 6]. The high incidence of atypical,
painless forms of chronic Coronary Heart
Disease (CHD) and myocardial infarction
poses a high risk of "sudden death”. Ac-
cording to the authors, almost one third of
patients hospitalised with heart failure ha-
ve diabetes mellitus [7; 8]. Some studies
have shown that CHD and myocardial in-
farction are the main macrovascular dis-
eases and causes of myocardial ischaemia
and, consequently, myocardial dysfunc-
tion with reduced ejection fraction in dia-
betes [9]. Although the mechanism by
which hyperglycaemia causes coronary
vascular damage is not fully understood,
oxidative stress, inflammation, and endo-
thelial damage caused by hyperglycaemia,
play a key role in the development of mi-
crovascular complications [10].

Considering the above, the aim of
our study is to investigate the age charac-
teristics of morpho-functional changes in
the hemomicrocirculatory bed of the my-
ocardium of rats with experimental strep-
tozotocin-induced diabetes mellitus (DM)

under conditions of chronic immobiliza-
tion stress (CIS).

Material and Methods

56 two- and six-month-old white
male rats were used for the study; they
were divided into 3 groups: group 1 — ani-
mals with experimental comorbidity (20
rats of different age categories), which in-
cluded simulated streptozotocin-induced
(STZ-induced) DM and CIS; group 2 — an-
imals with STZ-induced DM (20 rats of
different age categories); group 3 — control
animals (6 six-month-old rats and 10 two-
year-old rats). STZ-induced DM was mod-
elled by a single intraperitoneal injection
of streptozotocin "SIGMA" (USA) accord-
ing to our patented method [11], at the rate
of 6 mg/100 g of body weight for six-
month-old rats and 7 mg/100 g for two-
month-old rats. CIS was simulated by plac-
ing the animal in a closed plastic container
for 5 hours per day [12]. In group 1, STZ-
induced DM was simulated and, starting
from the 14th day of the experiment, CIS
was modeled. The material was collected
on the 14™ and 56" days from the begin-
ning of the experiment. To exclude the in-
fluence of the daily rhythm and biological
activity on the metabolism of rats, the ma-
terial was collected in the morning, before
feeding. For daily measurement of glucose
levels in the vivarium, we used a portable
glucose meter "Accu-Chek Active" ("Ro-
che Diagn. GH" (Germany)) with a stand-
ard set of test strips by taking a drop of
blood from the tail vein of a rat by making
superficial incisions in the tail area in the
morning on an empty stomach. Animal
studies were conducted in certified labora-
tories: "Educational and Scientific Labora-
tory of Morphological Analysis", on the
basis of the Centre of Bioelementology of
the lvano-Frankivsk National Medical Uni-
versity, in the laboratory "Diameb". Exper-
iments on rats were carried out in compli-
ance with all ethical requirements and in
accordance with the provisions of the Euro-
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pean Convention for the Protection of Ver-
tebrate Animals Used for and Other Scien-
tific Purposes (Strasbourg, 1986), Council
Directive 86/609/EEC (1986), the Law of
Ukraine "On Protection of Animals from
Cruelty" dated December 15, 2009 and or-
ders of the Ministry of Health of Ukraine
No0.690 dated September 23, 2009, N0.616
dated August 03, 2012 (expert opinion of
the Ethics Committee of the lvano-Frank-
ivsk National Medical University, protocol
No0.111/19 from 11.19.2019).

Immediately after the animals were
euthanised and blood was drawn into test
tubes at the Centre for Bioelementology of
the Ivano-Frankivsk National Medical Uni-
versity, glucose was determined by the
glucose oxidase method, using a set of re-
agents manufactured by "GLUCOZA-FCD"
(Ukraine). The level of glycated haemo-
globin and cortisol in the blood was deter-
mined in the laboratory "Diameb".

Histological (haematoxylin and eosin
staining, Masson’s trichrome staining), elec-
tron microscopic, biochemical and statis-
tical methods of investigation were used.
When sampling the myocardium of the
ventricles for electron microscopic exam-
ination, which was performed according
to the generally accepted method, the rules
of excision speed and atraumatisation of
the myocardium during cutting into pie-
ces, were observed [13].

For morphometric studies, photo-
graphs of histological sections were used
(the field of view of the Leica DM 750
light microscope was photographed using
a digital CCD camera with a 1200x1600
magnification and saved in *.tif format).
Morphometry was performed using Ima-
geJ software version 1.47t. Computer data
processing was performed using the statis-
tical package Stat.Soft.Inc; Tulsa, OK,
USA,; Statistica 10, USA. The sample pa-
rameters presented in the tables and text
below have the following designations: M —
sample mean, SD — standard deviation,

n—sample size (the size of the group under
analysis), and p — the level of statistical
significance achieved.

Results and Discussion

On the 14" day of the experiment, the
level of glucose and HbA1c in the blood of
six-month-old rats in group 1 is the highest,
compared to the control group and is
(15.21£1.33) mmol/I (p<0.001) and (7.78+
+0.58)% (p<0.01); in group 2 — (13.72+
+1.53) mmol/l (p<0.001) and (6.08+0.45)%
(p<0.01); in group 3 — (4.85+0.63) mmol/l
and (1.78+0.18)%. In two-month-old ani-
mals, the glucose and HbAlc levels were
as follows: in group 1 — (15.04+1.56) mmol/I
and (7.1840.37)% (p<0.05); in group 2 —
(14.03+£1.06) mmol/l and (7.09+0.51)%
(p<0.05); in group 3 — (3.21+0.31) and
(2.02+0.19)%. Such biochemical changes
in groups 1 and 2 indicate the development
of STZ-induced DM of moderate severity.
The level of cortisol in the blood was sig-
nificantly higher in all studied groups of
animals compared to the control values,
and accordingly was the following one in
six-month-old rats: in group 1 — (32.17+
+2.14) ng/ml; in group 2 — (18.29+2.27)
ng/ml; in the control group — (10.06+0.98)
ng/ml; in two-month-old rats: in group 1 —
(48.5£2.19) ng/ml; in group 2 — (41.01+
+3.12) ng/ml; in the control group — (11.45+
+1.13) ng/ml (in all cases p<0.05, compa-
red to the control values).

On the 14th day of the experiment, in
groups 1 and 2 of rats of different ages, hy-
peremia of capillaries, venules, and veins
is observed, while in the supply link of the
hemomicrocirculatory system, most vessels
have a slit-like space due to their spasm.
According to the morphometric analysis,
the area of arterioles significantly decrea-
ses in groups 1 and 2 due to the decrease in
the area of their lumen (Table 1). This mor-
phometric rearrangement of arterioles leads
to a sharp decrease in their carrying capac-
ity and is confirmed by a significant in-
crease in Wagenworth index (WI) in group
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Table 1. Morphometric characteristics of the vessels of the hemomicrocirculatory bed
of the myocardium in rats on the 14th day of the development of comorbid pathology

Group Micro-
- | hemo-ves- Vessel area Lumen area Wall area
of ani- ’ 2 ) WI, %
mals sels under (um®) (um®) (um®)
study
six-month-old rats
1 arteriole 234.12+£20.31* | 46.58+7.26%% | 187.54+11.28 | 402.62+39.15**
capillary 19.11+£1.48 8.93+0.95 10.18+1.07 114.11+£9.47
5 arteriole | 241.48+189.12* | 56.35+7.89* | 185.13+12.39 | 328.53+27.64*
capillary 19.06+£1.23 8.68+1.04 10.38+1.32 119.58+10.25
3 arteriole 331.23+£21.34 98.24+7.35 232.99+13.57 237.16+£21.04
capillary 18.56+1.17 8.42+1.14 10.44+1.35 123.99+11.48
two-month-old rats
1 arteriole 190.36+14.99* | 36.98+4.13*“ | 153.38+12.3 417.36+36.38%*
capillary 12.59+1.39 5.57+0.46 7.01£1.11 125.92+17.05
9 arteriole 198.61+7.11% 41.04+3.40* 157.56+6.39 386.26+£36.21*
capillary 11.53£1.25 5.44+0.40 6.09+1.27 112.79+£27.47
3 arteriole 224.424+13.57 67.32+4.58 157.£10.96 324.02+18.46
capillary 12.06+1.04 5.96+1.02 6.10+0.86 105.34+£24.74

Note: *p<0.05 — significance of values compared to group 3;
*p<0.05 — significance of values between groups 1 and 2.

1 by 1.7% and 1.3%, respectively, and in
group 2 — by 1.4% and 1.2% compared
with the control values (Table 1). At the
same time, no changes in the capillary link
were detected (Table 1). Such changes in
microcirculation are caused by metabolic
changes in the blood and high levels of
counterinsular hormones, in particular cor-
tisol [14].

At the ultrastructural level, the pecu-
liarities of the structural rearrangement of
endothelial cells in the capillaries of two-
month-old rats were revealed. Thus, in six-
month-old rats in each of the groups, the
capillary lumen is limited by "light" and
"dark™ endotheliocytes. Light-colored en-
dotheliocytes have a matrix of moderate
electron-optical density and a normal struc-
ture, while dark endotheliocytes are char-
acterized by an electron-dense matrix and
poorly differentiated organelles.

In two-month-old rats of groups 1 and
2, the vast majority of capillaries showed
increased electron-optical density of capil-
laries with numerous pinocytotic vesicles
(Fig. 1, a, b), which may indicate an in-
crease in trans-endothelial exchange in sim-
ulated pathologies. In addition, in two age
groups of animals, on the 14" day of the ex-
periment, in groups 1 and 2, erythrocyte
sludge, adhesion of erythrocytes and plate-
lets to the lumenal surface of endothelio-
cytes, and microclasmatosis appeared in the
capillaries (Fig. 1, a, b). Such changes in
the morphological structure of capillaries
lead to a deterioration in blood flow, and as
a consequence, to hemic hypoxia of tissues.

Based on the obtained results, these
values are higher in groups 1 and 2, com-
pared to the control group, but the glucose
level increases unreliably, while HbAlc
continues to increase. Such changes indi-
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Fig. 1. Morpho-functional reconstruction of myocardial capillaries of two-month-old rats
on the 14" (a, b) and 56™ (c, d) days of the experiment. Electron micrographs.

Designation: 1 — endotheliocyte nucleus, 2 — platelet, 3 — erythrocyte,
4 — micropinocytic vesicles, 5 — collagen fibres.
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cate the development of decompensated
DM of moderate severity. The level of
cortisol in the blood was significantly
higher in all studied groups in two-month-
old and six-month-old animals compared
to the control values and was as follows:
in group 1 — (20.16£2.17) ng/ml and
(14.174£2.14) ng/ml (in all cases p<0.05);
in group 2 —(24.16+2.09) ng/ml and (19.63+
+2.18) ng/ml (in all cases p<0.05); in the
control group —(10.23+£0.96) ng/ml (10.06+
+0.98) ng/ml. At the same time, compa-
ring with the previous term of the experi-
ment, the level of cortisol in the blood of all

experimental groups of animals is likely to
decrease (in all cases p<0.05) (Table 2).

In groups 1 and 2 of rats of different
ages, the hyperemia of all micro-hemo-
vessels is observed (Fig. 2) as a result of
their overflowing with erythrocyte sludge
and microthrombi. At the same time, the
area of all vessels of the hemomicrocircu-
latory bed increases compared with intact
values, which leads to an increase in WI in
the arterioles of two groups both in com-
parison with the control and with the pre-
vious period of the experiment (in all cases
p<0.05).

Fig. 2. Hyperemia of myocardial micro-hemo-vessels in two-month-old (a)
and six-month-old (b) rats.

Table 2. Morphometric characteristics of the vessels of the hemomicrocirculatory bed
of the myocardium in rats on the 56th day of the development of comorbid pathology

Group Micro-
of hemo-ves- Vessel 2area Lumenzarea Wall area (um?) W1, %
animals sels under (um?) (um?)
study
six-month-old rats
1 arteriole 344.12+20.31 45.58+7.26* | 298.54+11.28** | 654.98+37.1**¢
capillary 26.38+5.72** 5.53+0.92** 20.85+2.67** 377.03£13.47**
2 arteriole 341.48+18.12 51.35+7.89* 290.13+£10.38* 565.01+£27.13*
capillary 25.14+5.12* 5.24+0.92%*# 19.90+3.52*# 379.77+15.13*#
3 arteriole 326.17+31.12 89.16+8.12 237.01+31.53 265.82+36.05
capillary 19.27+2.54 8.39+1.27 10.88+2.23 129.68+7.82
two-month-old rats
1 arteriole | 320.46+15.63*%¢ | 43.16+3.7*%* | 277.29+16.44**¢ | 647.76+76.95**¢
capillary 24 33+5,5%% 5.81+1.45%* 18.52+4.12%% | 321.09+28.42%*¢
2 arteriole 300.32+£14.72* | 51.64+5.44*% | 248.68+11.37** | 485.51+45.63**
capillary 17.85+£4.22*# 5.05+1.42** 12.80+3.20** 260.05+58.01**
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Continuation of Table 2

Group Micro-
of hemo-ves- Vessel 2area Lumenzarea Wall area (um?) WI, %
. sels under (um?) (um?)
animals
study
3 arteriole 288.37+20.02 75.814+4.30 212.56+15.83 280.14+7.06
capillary 15.65+3.21 7.59+1.49 8.06+2.12 107.64+£25.71

Notes: "p<0.05 — significance of values compared to group 3;
#p<0.05 — significance of values with the previous study period within the same

age group;

"p<0.05 — significance of values between groups 1 and 2.

At the ultrastructural level, animals
of different age groups show pronounced
signs of diabetic microangiopathy, inclu-
ding hemorheological disorders and dam-
age to the vascular wall (Fig. 3). Hemo-
rheological disorders are manifested by
erythrocyte sludge in the lumen of micro-
hemo-vessels and microthrombi (Fig. 3,
b), adhesion of erythrocytes and platelets
to the lumenal surface of endotheliocytes,

and pronounced microclasmatosis (Fig. 3,
a). In endotheliocytes and myocytes, vac-
uolar dystrophy and colliquative necrosis
are noted. In animals of different ages of
group 1, focal desquamation of endothelio-
cytes and exposure of the basement mem-
brane, partial and complete destruction of
hemocapillaries (Fig. 1, c) and capillary
sclerosis (Fig. 1, d) were observed in micro-
hemo-vessels.

Fig. 3. Pronounced microclasmatosis (a) microthrombus in the lumen of the capillary (b)
of the six-month-old rat in group 1 on the 56" day of the experiment. Electron micrographs.
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According to the results of our studi-
es, from the 14" day of the development
of streptozotocin-induced diabetes, we
observe the first manifestations of diabetic
microangiopathy, which are demonstrated
by hemorheological disorders of microcir-
culation. Such changes are associated with
various factors. First of all, these are meta-
bolic changes that lead to glycation of he-
moglobin and, as a consequence, to chan-
ges in the shape of red blood cells and
their surface S-charges [15], which pro-
motes true capillary stasis, sludge and ag-
glutination of erythrocytes [16] It is known
that in DM, glycosylation end products
play a driving role in the development of
vascular damage through the induction of
oxidative stress and inflammation [17].
Glycosylation end products directly sup-
press the production of nitric oxide (NO)
by endothelial cells and increase endothe-
lial permeability, promoting the destruc-
tion of endothelial glycocalyx and disrupt-
ing tight junctions between endothelial
cells [18; 19]. The end products of glyco-
sylation can also activate endothelial cells,
which leads to the expression of pro-
thrombotic factors and the initiation of
a cascade of coagulation mechanisms and
formation of microthrombi [20], which we
found in myocardial micro-hemo-vessels
on the 56" day of the experiment. In addi-
tion, the end products of glycosylation in-
teract with their cellular receptors, such as
RAGE, to promote the production of ac-
tive oxygen species (AOS) and activation
of the nuclear factor-xB (NF-kB) signal-
ling pathway, which lead to endothelial
cell death through pyroptosis [21]. Glyco-
sylation end products trigger a chain reac-
tion of activation of pro-inflammatory cy-
tokines, chemokines and adhesion mole-
cules, promoting the migration of inflam-
matory cells and the continuation of in-
flammation in the vascular wall [22]. The
end products of glycosylation can also
promote the proliferation and migration of

vascular smooth muscle cells, contributing
to neointima formation and arterial remod-
elling in diabetes. They trigger the activa-
tion of mitogen-activated protein kinases
and the regulation of growth factors, such
as platelet-derived growth factor and trans-
forming growth factor B (TGF-), which
stimulate myocyte proliferation and migra-
tion [23; 24], which led to a significant
thickening of the arterial wall in animal
groups 1 and 2 on the 56" day of the ex-
periment in our studies. The end products
of glycosylation also increase myocyte ad-
hesion to the extracellular matrix by in-
creasing the expression of integrins and
other cell adhesion molecules [25], which
leads to fibrosis of micro-hemo-vessels,
according to our studies.

In our studies, we also noted the
death of endothelial cells in two ways:
apoptosis and necrosis. At the same time,
it should be noted that in two-month-old
rats, endotheliocyte apoptosis processes
prevailed, and newly formed capillaries
with certain morphological characteristics
were detected [16]. According to other au-
thors, the death of endotheliocytes in dia-
betes is considered a key factor contribu-
ting to vascular endothelial damage and
can occur through apoptosis, autophagy
and necrosis [22].

Conclusions

DM leads to the development of dia-
betic microangiopathy in the myocardial
vessels of rats of different age groups. In
animals with comorbid pathology (STZ-
induced DM and CIS), hemorheological
disorders and lesions of the microcircula-
tory vessels are more pronounced on the
56" day of observation and are manifested
by capillary wall destruction, capillary
sclerosis, and proliferation of the intima of
arterioles. In two-month-old rats, along
with destructively changed capillaries, we
found newly formed ones with a character-
istic ultrastructural structure.
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Prospects for further research promising, which will allow pathogenetic
Further comprehensive studies of substantiation of new methods of treatment
the molecular mechanisms of endothelial of diabetic cardiomyopathy and improve-
dysfunction of myocardial micro-hemo- ment of existing treatment regimens.
vessels and cardiomyocytes in comorbid
pathology in animals of different ages are Conflict of interests is absent.
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BIKOBI OCOBJIUBOCTI KPOBOITIOCTAYAHHS MIOKAPJA IIPU KO-
MOPBIJTHIN MMATOJIOTTI

3HaHHS BIKOBUX OCOOJIMBOCTEH 3MiH KPOBOIIOCTaYaHHs MiOKap/a 3a yMOB IIyKpPOBOTO Jia-
Oery i cTpecy J03BOJUTH PO3KPUTH MaTOMOpQorenes AiabeTuyHOi KapJioMionarii 3 BpaxyBaH-
HSIM BIKOBOT'O acreKTy. ToMy METO Hamioi poOOTH € AOCTIIUTH BIKOBI 0cOOIUBOCTI MOPdO-
(GYHKIIOHATBHUX 3MiH FeMOMIKpoIpKyiasTopHoro pycia (TMLIP) miokapaa urypis npu exc-
nepuMeHTaibHOMy crpento3orormHoBomy LIJ[ (CLIJI) 3a yMOB XpoHIYHOrO iMMOOILTi3arlii-
Horo ctpecy (XIC). MarepianoMm a1t AOCHIHKEHHS CIIyTyBalli IIMAaTOYKHU CepIls 1 KpoB 56-Tu
2-MICSIYHHMM 1 6-MiCSIYHMX OTMX IIypiB-CaMIIiB, sIK1 po3moauisiiucs Ha 3 rpynu: 1 rpyna i3
KOMOPOITHOIO TATOJIOTI€T0, 110 BKIItoUana B cebe moaensoBanuii CIJ] ta XIC, 2 rpyma i3 CI1/],
3 rpyma KOHTpOJNbHI TBapuHU. MaTtepian 3a0upanu yepe3 14 1 56 nHIB BiJ MOYaTKy €KCIEepH-
MEHTY. 3a JaHWUMH HaIUuX JOCIIHKEHb TilepriikeMis i ctpec Ha 14-Ty 100y eKCIepUMEHTY
MPU3BOASTH J10 cria3My puHocHuX cyauH ['MIIP Ta moripiieHHs iXHbOT POIyCKHOT 3JaTHOCTI
B Pa3u 110 MiATBEPIKY€ETHCS BIpOriAHUM 301IbIIEHHAM iHACKCY BorenBopTa B apTepionax. Ha
56 100y eKCrepruMEeHTY TinepriikeMis Ta BUCoki piBHi HbA 1¢ mpu3BOAsTE 10 PO3BHUTKY Jiade-
TUYHOI MIKpOAHTIOMNAaTii, iKa MPOSBISETHCS TEMOPEOJIOTIYHUMH MOPYIIEHHSIMHU KPOBOTOKY Ta
JeCTPYKTUBHUMH 3MiHaMH cTiHKHU cynuH [MIP. Y nocnigaux rpynax 6-mic. mypis crioctepi-
raroThCs: BaKyoJbHa AUCTPO]is Ta KOMIKIBAIIIHII HEKPO3 EHAOTENIOIUTIB 1 MIOIUTIB, BOTHU-
IeBE pyHHYBaHHs CTIHKM KamiJIsipiB Ta MOTOBLICHHS 1 mpodidepartis iXHpoi 6a3ambHOi MeM-
Opanu, Kaminsgpockiiepos. HaromicTs y 2-Mic HIypiB mopsia i3 1eKCTPYKTUBHUMH 3MIHAMH B CY-
muaax ['MLIP miokapaa Mu criocTepiraiu siBuiia HeoBackysiorenesy. Omxke, CL/] npusBoauts
JI0 PO3BUTKY J11a0€THYHOT MIKpOaHTrionaTii B CyJMHaX MiOKapja IIypiB pi3HOI BIKOBOI TPYIIH.
VY TBapuH 3 KOMOPOITHOIO TaTosoriero ypaxeHHs cyaud [MLIP e Ginbm BupaxxeHnMu Ha 56
100y CIOCTEPEKEHHS, 30KpeMa y 6-Mic IIypiB.

Knrwouoei cnosa: cepye, cepyesa neoocmamuicms, diabemuyna Kapoiomionamis, YyKpo-
suti diabem, cepyeso-cyOUuHHI 3aX80PHOBAHHS, 2EMOMIKPOYUPKYISIMOPHE PYCO.
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