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ABSTRACT

Aim. To evaluate the relationship between the expression of vascular endothelial growth factor receptor 2
(VEGFR2) in the myocardium and its association with morphological changes in cardiac muscle cells in rats on a
high-carbohydrate high-fat diet with regard to the age using the immunohistochemical method.

Materials and methods. The study was conducted on male Wistar rats aged 5 and 18 months, some of which were
fed with a standard diet, while the other previously received a high-carbohydrate and high-fat diet (HCHFD) for
90 days. VEGFR2 was detected by immunohistochemical staining of myocardial sections, signs of myocardial
damage were assessed by the presence of perinuclear depletion (edema) of the sarcoplasm and contracture changes
in cardiac muscle cells, karyopyknosis, and changes in the specific volumes of the stroma.

Results. An increase in the specific volume of VEGFR2 positive cardiomyocytes occurs in young (5 months old)
rats on HCHFD, in old (18 months old) rats on a standard diet, and, to the greatest extent, in aged animals receiving
HCHFD. The change in the proportion of cardiomyocytes expressing VEGFR2 correlates with the content of
cardiomyocytes with morphological signs of damage in the form of karyopyknosis, contracture, and depletion of
the perinuclear zone of sarcoplasm. According to multiple regression analysis, karyopyknotic disorders made the
greatest contribution to the change in VEGFR2 expression in cardiomyocytes in older animals.

Conclusion. HCHFD induces predictable changes in VEGFR2 expression in cardiac muscle cells, depending
on age and the severity of myocardial damage. The study results suggest that the protective effect of VEGFR2
expression may be disrupted in HCHFD and with age.
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PE3IOME

eJsb: ¢ TOMOIIBI0 UIMMYHOIHCTOXMMHUYECKOIO METOJIa OLIEHUTh B3aUMOCBA3b HKCIPECCUH PELIENTOpa-2 COCyAU-
cToro sHjoTenuanbsHoro gakropa pocra (VEGFR2) B Muokapzae u ¢ MOphoI0rnueckuMy U3MEHEHHUSIMH Kap.IHo-
MHOLUTOB y KPBIC Ha BBICOKOYIJICBOJAHON BBICOKOXKUPOBOH JIUETE B BO3PACTHOM aCIIEKTe.

MarepuaJsl u MeTOABbI. VccnenoBanue MpoBeieHO Ha caMIlax Kpbic TuHUM Bucrap B Bozpacte 5 u 18 mec, ogHa
4acTh KOTOPBIX COJIepKaiach Ha CTaHAapPTHOM MHUIIEBOM PaIloHe, IpyTas — IPeIBapUTEIBHO HAXOJMIach Ha BbI-
COKOYTJIEBOAHOH U BhICOKOXHpoBoi quete (BYBXK/I) B Teuenne 90 nueit. VEGFR2 BEIIBISIM PN IMMYHOTH-
CTOXMMHYECKOM OKPAIIMBAHUH CPE30B MHOKapia, MPU3HAKH MMOBPEKACHUS MHUOKap/a OLUCHHBAIN N0 HATMYUIO
MEPUHYKJICapHOTO OITyCTOIICHHUs (0TeKa) CApKOIIIa3Mbl H KOHTPAKTYPHBIX H3MEHEHUI KapAHOMUAOLIUTOB, Kapho-
MMUKHO3a, U3MEHEHUH yIeIbHBIX 00HEMOB CTPOMBI.

PesyabTathl. YBenmuuenue yaensHoro oobema VEGFR2 mMMyHOrHCTOXMMHUYECKH MO3UTUBHBIX KapIHOMHOIIN-
TOB BO3HHUKAeT y MonoabIxX (5 mec) kpbic Ha BYBXK/I, y ctapsix kpsic (18 Mec) Ha cTraHmapTHOI AueTe U, B Hau-
OoJpLICH CTENICHHU, Y BO3PACTHBIX KHUBOTHBIX, colepkaBimxcs Ha BYBXK/I. MI3sMenenne 1oim KapAHOMHUOLUTOB,
skcnpeccupyromux VEGFR2, koppenupyeT ¢ conepxanueM KapAHOMHOILUTOB ¢ MOP(HOJIOTHIECKUMH IPH3HAKA-
MH TOBPEXKICHUS B BU/I€ KAPUOMHMKHO3a, KOHTPAKTYPHI M OIyCTOIEHHS IEPHHYKIIeapHOi 30HBI capKorutasMel. [1o
JTAaHHBIM MHOKECTBEHHOTO PErpecCHOHHOTO aHANN3a, y CTApbIX KWBOTHBIX HAHOONBIINH BKJIAA BO BIUSHUE Ha
n3menenue sxcnpeccurt VEGFR2 B kapauomuonurax okasain KapuOMUKHOTHYECKHE HAPYIICHHSL.

3aximoyenne. BYBXK/] BoI3piBaeT 3akoHOMepHble u3MeHeHus skcnpeccur VEGFR2 B xapaunomuonurax, 3aBu-
csIIKe OT BO3pacTa U CTENIEHU MOPAXKeHUS MUOKapAa. Pe3ynbTaThl Ucciief0BaHUs I03BOJIAIOT NIPEIIOIaraTh, YTo
MPOTEKTOpHAs! HarpaBieHHOCTh dkcnpecc VEGFR2 moxxer ObiTh Hapymena mpu BYBXK/] u ¢ Bo3pactom.

KiroueBble c10Ba: BO3pacTHbIC U3MEHEHUS MUOKAp/a, BEICOKOYTJIEBOIHAs BEICOKOKHMPOBAs AUETA, PELEITOP-2
cocyaucroro sHporenransHoro gakropa pocra (VEGFR2), konTpakTypHbIe H3MEHEHHS KapIMOMHOIIITOB

KoHdaukT uHTEpecoB. ABTOPHI ACKIAPHUPYIOT OTCYTCTBUE SBHBIX U MOTCHIHATIBHBIX KOH(PIUKTOB HHTEPECOB,
CBSI3aHHBIX C MyOJUKAIME HACTOSIICH CTaThH.
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INTRODUCTION

Cardiovascular diseases are largely the result of an
unhealthy lifestyle, including an unbalanced diet with
high levels of fats and carbohydrates, which affects
both general metabolism and endothelial metabolism
in particular [1, 2]. A key link in this process is
impaired angiogenesis and endothelial dysfunction,
which has been shown in experiments with metabolic
disorders in animals: a decrease in microvessel
density and VEGFR2 expression underlies the process
of disruption of signaling along the VEGF/VEGFR
pathway in cardiac endothelial cells [2, 3]. Moreover,
an imbalance in the VEGF system, which acts as a key
regulator of angiogenesis and cardiomyocyte survival,
can aggravate the course of cardiovascular diseases
[4]. The importance of the VEGF/VEGFR pathway
is highlighted by the fact that bidirectional signaling
between endothelial cells and cardiac muscle cells via
VEGFR2 coordinates physiological cardiac growth,
and its disruption contributes to the transition to
pathological hypertrophy and heart failure [2].

Inthe myocardium, cardiac muscle cellsare asource
of VEGF, along with the endothelium [4]. Saturated
fatty acid overload increases cardiac muscle cells
apoptosis in vitro [5], while lipotoxic effects on the
myocardium are mitigated by VEGF overexpression,
significantly restoring cardiac muscle cells viability.
The protective effect of VEGF in combating cardiac
muscle cell apoptosis may identify therapeutic targets
in diseases caused by fatty acid stress [6].

However, the effect of a high-carbohydrate high-fat
diet (HCHFD) on VEGFR2 expression in the myo-
cardium remains unstudied. Identification of this link
is critical for complete understanding of the patho-
genesis and the development of new strategies for the
treatment and prevention of cardiovascular complica-
tions in metabolic disorders associated with excessive
consumption of saturated fatty acids and carbohydrates,
which determines the high relevance of this study.

The aim of this work is to evaluate, using the
immunohistochemical method, the relationship
between VEGFR2 expression in the myocardium and
morphological changes in cardiac muscle cells in rats
on HCHFD with regard to age.

MATERIALS AND METHODS

The study was conducted on male Wistar rats
aged 5 and 18 months. All procedures complied with
Directive 2010/63/EU of the European Parliament and
the FASEB statement on the use of animals in research

and education. The study was approved by the Ethics
Committee of Cardiology Research Institute of Tomsk
NRMC (Protocol No. 201 dated July 30, 2020).

The experimental groups were formed as follows:
group 1 (n = 14) — intact 150-day-old (5-month-old)
rats receiving a standard diet for 90 days (starting at
60 days of age); group 2 (n = 14) — 150-day-old rats
receiving a HCHFD for 90 days (starting at 60 days of
age); group 3 (n = 14) — intact 540-day-old (18-month-
old) rats fed with a standard diet for 90 days (starting at
450 days of age). Group 4 (n = 14) included 540-day-
old rats maintained on a high-frequency intrauterine
fluid (HIF) for 90 days (starting at 450 days of age).
The HCHFD contained 16% protein, 21% fat, 46%
carbohydrates, including 17% fructose, and 0.125%
cholesterol. Water was replaced with a 20% fructose
solution. Rats from groups 1 and 3 (intact animals)
were given standard rodent chow (24% protein, 6%
fat, 44% carbohydrates) and clean water ad libitum.

Animals were sacrificed from the experiment
by decapitation after preliminary anesthesia with
chloralose (100 mg/kg intraperitoneally). For
histologic examination, the heart wall was cut into
2-3-mm-thick slices, fixed in 10% buffered formalin
for 24 h, washed in running water, and dehydrated in
Izoprep (BioVitrum, St. Petersburg), a solution for
histological processing based on absolute isopropyl
alcohol. After dehydration, the myocardial samples
were embedded in BioPlast homogenized paraffin
embedding medium (BioOptica, Italy).

Histological sections (5-7 um thick) obtained
using HM 325 rotary mechanical microtome (Thermo
Scientific, USA) were stained with hematoxylin
and eosin according to Van Gieson’s stain (stains
from BioVitrum, St. Petersburg). Expression of
VEGFR2 in cardiac muscle cells was assessed by
immunohistochemistry  using rabbit polyclonal
antibodiesata 1:50dilution (E3712, Spring Bioscience,
USA) according to the manufacturer’s instructions.
3,3’-Diaminobenzidine was used as a chromogen,
and counterstaining was performed with hematoxylin.
Stained preparations were embedded in BioMount
synthetic mounting medium (BioOptica, Italy) and
examined under Axio Lab.Al light microscope
(Carl Zeiss, Germany). Micrographs of histological
preparations were obtained using Axiocam 105 color
camera (Carl Zeiss, Germany).

In the left ventricular myocardium, the average
number of cardiac muscle cells with karyopyknosis,
perinuclear depletion (edema) of the sarcoplasm,
and contracture changes, as well as the number of
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unchanged cardiac muscle cells, were counted per
field of view. Cardiac muscle cells were counted in
20 independent fields of view of each left ventricular
myocardium section at 400x magnification; the field
of view area was 0.196 mm2. Using the ocular grid
proposed by Avtandilov, we determined the specific
volumes (%) of myocardial stromal connective
tissue stained according to Van Gieson’s stain
technique and VEGFR2-positive cardiac muscle
cells, the expression of which was detected during the
immunohistochemical reaction.

Statistical data processing was performed using
STATISTICA 13.0 (StatSoft Inc., USA). The
obtained data were tested for compliance with the
normal distribution using the Shapiro—Wilk test. Data
that did not correspond to the normal distribution
were presented as the median and interquartile range
(Me (Q,~Q,)). Homogeneity of variances was tested
using Levene’s test. The statistical significance of
differences in indicators between groups was assessed
using the the Mann-Whitney test with Bonferroni
correction for multiple comparisons. For six pairwise
comparisons, differences were considered statistically
significant at p = 0.05, if the hypothesis of equality of
the mean values of the indicators was rejected at p =
0.05/6 = 0.0127.

To assess the relationship between the indicators,
the Spearman’s rank correlation coefficient was
calculated. Multiple regression analysis was
performed to identify the dependence of VEGFR2
expression in cardiac muscle cells on such variables as
karyopyknosis, contracture, perinuclear depletion of
the cytoplasm of cardiac muscle cells, and the specific
volume of stroma. A standardized regression model
was built using indicators pre-transformed so that the
mean value of each indicator is 0, and the standard
deviation is 1:

VEGF = B, x X, + B, x X,+ B, x X,+ B, x X,,

where X, is karyopyknosis, X, is perinuclear
cytoplasmic depletion (edema), X, is contracture, and
X, is stroma.

In this case, the coefficients B, allow us to estimate
the relative contribution K, of each independent
variable to the prediction of the dependent variable
VEGF as a percentage using the formula:

RESULTS

In Group 1 (5 months old, standard diet),
immunohistochemical analysis of VEGFR2 expression
revealed weak staining of a small proportion of cardiac

muscle cells and more intense staining of endothelial
cells in some myocardial capillaries (Fig. 1, a). The
proportion of VEGFR2-positive cardiac muscle cells
was 15.3% (13.2-16.3%). In Group 2 rats (5 months
old, on HCHFD), immunohistochemical staining was
mosaic. Light-brown stained cardiac muscle cells
alternated with unstained myocardial cells, with a
generally distinct border between them (Fig. 1, b).

The proportion of VEGFR2-positive cardiac muscle
cells increased compared to Group 1 and was 32.2%
(27.2-34.8%) (p,,= 0.048). In group 2, an increase in
the number of cardiac muscle cells with karyopyknosis
t0 1.3 (1.2—1.5) in the field of view versus 0.4 (0.3-0.4)
ingroup 1 (p, ,= 0.0003) was revealed using histologic
examination. It also revealed a rise in the number of
cardiac muscle cells with lytic changes in the form of
depletion (edema) of the cytoplasm in the perinuclear
zone to 1.2 (0.9-1.3) in the field of view versus
0.5 (0.3-0.6) in group 1 (p = 0.0003).

These morphological changes were illustrated
in one of our previous reports [11]. The number of
cardiac muscle cells with contracture changes was
0.1 (0.1-1.0) in the field of view; there were no
significant differences in this indicator in groups 1
and 2. In general, the content of cardiac muscle cells
with damage to the nucleus and cytoplasm in group 2
increased to a level of 8% of all cardiac muscle cells
versus 3% in group 1.

In group 3 (18 months, standard diet), the content,
staining pattern, and distribution of VEGFR2-positive
cardiac muscle cells were comparable with those
observed in group 2, and their specific volume was
36.4%(33.6-38.2%; p, ,=0.018). In group 3, compared
with groups 1 and 2, the content of karyopyknotic
cardiac muscle cells significantly increased to
2.5% (2.2-2.7%; p,, = 0.0003), the proportion of
cardiacmuscle cells with lytic changes rose to 1.5%
(1.4-1.5%; p, , = 0.0003), and the content of cells with
contracture per field of view increased to 1.1% (1.1-
1.5%; p,, = 0.0003). In total, altered cardiac muscle
cells in group 3 accounted for approximately 16%.

In group 4, the specific volume of VEGFR2-
positive cardiac muscle cells (Fig. 1, c) increased to
79.4% (62.0-82.2%; p, , < 0.0001; p, , = 0.00264; p, ,
> 0.05). In this group, the content of karyopyknotic
cardiac muscle cells was 3.1 (1.9-6.0; p, , = 0.025) per
field of view, with lytic changes in the cytoplasm — 1.4
(1.2-2.1; p, ,=0.6), and with contracture changes — 1.3
(0.9-2.5; p, , = 0.3). Along with cardiac muscle cells,
immunopositive staining for VEGFR2 characterizes
the cytoplasm of a significant proportion of endothelial
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cells in myocardial arterioles, capillaries, and venules
(Fig. 1, d). Overall, damaged cardiac muscle cells in
group 4 accounted for 19% of the total population.

Correlation analysis revealed significant positive
and negative associations between various parameters
in group 1 (Fig. 2).

Fig. 1. Immunohistochemical detection of VEGFR2 in rat myocardium: a — myocardium of 5-month-old rats receiving a standard
diet (group 1), weak VEGFR2 expression in cardiac muscle cells and more intense staining of the hemocapillary endothelium
(arrow); b —mosaic VEGFR2-positive staining of cardiac muscle cells in 5-month-old rats receiving a HCHFD; ¢ — intense VEGFR2
staining of the majority of cardiac muscle cells in 18-month-old rats receiving a HCHFD (group 4); d — VEGFR2 expression in
cardiac muscle cells and endothelium of blood vessels of the myocardium of 18-month-old rats receiving a HCHFD (group 4).
Magnification: x400

Karyoipyknosis

Perinuclear
edema

Fig. 2. Structural diagram of correlation links for group 1: solid

lines — positive correlation coefficient, dotted lines — negative

correlation coefficient; thick lines — strong link |#| > 0.7, thin lines —
average link 0.3<|r| <0.7.

Thus, a strong positive correlation was noted cytoplasm (Spearman’s » = 0.89; p = 0.0001), an

between the content of cardiac muscle cells with
karyopyknosis and their lytic changes in the form
of depletion (edema) of the perinuclear zone of the

average positive correlation was observed between
karyopyknotic disorders and contracture of the
cytoplasm (»=0.69; p=0.0136), but a strong negative
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correlation was observed between the content of
cardiac muscle cells with karyopyknosis and the
specific volume of cardiac muscle cells with VEGF
expression (r=-0.80; p =0.017). An average negative
correlation was observed between lytic changes in
the form of depletion of the perinuclear zone of the
cytoplasm and VEGFR2 expression (r = —0.66; p =
0.0193), as well as between contracture of cardiac
muscle cells and the specific volume of myocardial
stroma (r =-0.61; p = 0.0349).

In groups 2-4, the correlations between the
parameters were moderate or weak, and they were
not statistically significant, often at the trend level.
Thus, in group 4, positive correlations of moderate
strength were recorded between karyopyknosis and
VEGF expression (r = 0.36; p = 0.2769), and between
contracture and VEGFR2 (r = 0.38; p = 0.2466).

Figure 3 shows the relative contribution of X, for
each independent variable to predicting the dependent
variable VEGFR2 in the study groups. If the K,
coefficient is positive, then the higher the parameter,
the higher the VEGFR2 value, and vice versa.

Fig. 3. Multiple regression analysis to identify the dependence

of VEGF on the indicators: X, —karyopyknosis, X, —perinuclear

depletion (edema) of the cytoplasm, X, — contracture, X, —
stroma (specific volumes).

Thus, in group 1, contracture of cardiac muscle
cells had the greatest positive effect at 27.4%,
while a relatively low level of karyopyknosis had a
negative effect on VEGFR2 expression. In group 2,
the increase in stromal specific volume increased to
33%, while karyopyknosis demonstrated a negative
correlation (-42.4%). In groups 3 and 4, with
aged (18 months) animals, the positive correlation
between karyopyknosis and VEGFR2 expression
increased. Thus, in groups 3 and 4, the contribution
of karyopyknosis was 16.6 ans 54.2%, respectively.

While fibrotic changes in the stroma had a negative
effect on VEGFR2 expression, in groups 3 and 4 the
stromal contribution was 23.9 and 40.9%, respectively.

DISCUSSION

A large body of evidence has accumulated
indicating that VEGF receptor expression is not
limited to endothelial cells and that their ligands
perform a variety of fundamental functions in other
cell types. Non-angiogenic functions of VEGF include
the ability to prevent neuronal death due to ischemia
and stimulate neurogenesis, stimulate hepatocyte
regeneration after liver injury, and stimulate osteoblast
migration and differentiation [7—10].

Cardiac muscle cells are a source and target of
VEGF-A and express its receptors VEGFR1 and
VEGFR2 on their cell surface. It should be noted that
although VEGFRI1 strongly binds VEGF-A, it has a
much weaker kinase activity compared to VEGFR2.
Therefore, the biological effect of VEGF-A through
VEGFRI activation is much weaker than that exerted
through VEGFR2 in metabolic syndrome [1, 3]. We
would like to emphasize that one of our previous
reports provided data showing that maintenance on
HIF a similar experiment modeled the development
of metabolic syndrome in old rats with an increase
in the weight of animals, the mass of adipose tissue,
an increase in serum glucose, insulin, endothelin 1,
insulin resistance, and other indicators of carbohydrate
metabolism disorders, as well as destructive changes
in the aortic wall and persistent hypertension [11, 12].

The function of VEGF-A in the myocardium is
multivector. On the one hand, VEGF-A activates
cardiac muscle cells, inducing morphogenesis,
contractility, and regeneration, causes vasculogenesis
[13], recruitment of stem cells [14], reduction of
apoptosis [15], and enhancement of vasodilation [16].
On the other hand, VEGF-A is produced by cardiac
muscle cells during inflammation, mechanical stress,
and cytokine stimulation. High concentrations of
VEGF-A have been found in patients with various
cardiovascular diseases and often correlate with the
prognosis and severity of the disease [4].

In this study, we identified a relationship between
VEGFR2 expression, age, and diet. The specific
volume of VEGFR2-positive cardiac muscle cells
significantly increased in 18-month-old rats compared
to 6-month-old animals. The use of HCHFD resulted
in an increase in this parameter in both 6-month-old
and, to a significantly greater extent, 18-month-old
animals.
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Using correlation and multiple regression analysis,
we established the relationship between VEGFR2
expression and the type of structural damage to
cardiac muscle cells and its severity in HCHFD in
relation to age. Distinct and quantifiable changes, such
as karyopyknosis, contracture, and lytic disorders of
cardiac muscle cells, and stromal fibrosis, were used
as histological criteria for myocardial alteration. The
total content of variously altered cardiac muscle cells
across the experimental series was approximately
3% in group 1, 8% in group 2, 16% in group 3, and
19% in group 4. Accordingly, the specific volume of
VEGFR2-positive cardiac muscle cells was 15.3 (13.2—
16.3)% in group 1, 32.2 (27.2-34.8)% in group 2, 36.4
(33.6-38.2)% in group 3, and 79.4 (62.0-82.2)% in
group 4. Consequently, a direct positive relationship
is evident between the degree of cardiac muscle cells
damage and VEGFR2 expression. At the same time, it
is noteworthy that the proportion of VEGFR2-positive
cardiac muscle cells in all experimental groups was
significantly higher than that of cardiac muscle cells
with signs of damage. This indicates that VEGFR2
expression encompasses cardiac muscle cells adjacent
to the affected ones. Thus, the proportion of cardiac
muscle cells with karyopyknosis, which is an indicator
of cell death by both apoptosis and necrosis, in group
4 with the most severe myocardial damage was 3.1
(1.9-6.0) per field of view, or approximately 10.5%,
while the specific volume of VEGF-positive cardiac
muscle cells was 79.4%.

In 6-month-old animals receiving a standard
diet, which can be considered controls, the content
of VEGFR2-positive cardiac muscle cells was
low — 15.3%. This is consistent with literature data
on the low level of VEGF expression in normal
cardiac muscle cells and an increase in the content
of VEGF-positive cardiac muscle cells in various
pathologies, in particular, with VEGFR2 expression
in cardiopathy caused by antitumor drugs [18] and in
acute myocardial ischemia induced by coronary artery
ligation [19]. VEGFR2-immunopositivity of cardiac
muscle cells, as a rule, has a spotty mosaic character,
and immunopositive cardiac muscle cells alternate
with unstained cells.

Thus, in acute  myocardial infarction,
immunohistochemical staining of cardiac muscle cells
was intense in the ischemic zone without necrosis, weak
inthe area of coagulative necrosis without inflammatory
infiltration, and absent in the foci of developed necrosis
with inflammatory infiltration. Forensic studies show
“patchy” myocardial immunopositivity for VEGF in

cases of rapid death due to a stab wound to the heart,
limited to the area surrounding the wound, but no
VEGF staining in cases of asphyxia, drowning, or in
cases of sudden cardiac arrest without prior ischemic-
related cardiac pathology. The authors conclude that
ischemic myocardial changes precede the development
of VEGF immunopositivity in cardiac muscle cells,
which is often accompanied by eosinophilia of cardiac
muscle cells [20].

In this study, the relationship between VEGFR2
expression in cardiac muscle cells and contracture
changeswasassessed. Of particular noteisthe increased
sarcoplasmic eosinophilia observed in cardiac muscle
cells, typically in the form of wide transverse bands.
This is a characteristic type of morphological change
in cardiac muscle cells, described in literature as
contracture band necrosis, which occurs during
reperfusion following hypercontraction and leads
to sarcolemmal rupture [21]. The mechanism by
which reperfusion of ischemic heart muscle induces
contracture necrosis involves the influx of calcium
after a period of relative deprivation. A sudden influx
of calcium, associated with excessive amounts of
locally released norepinephrine, can cause irreversible
contractures leading to necrosis.

In the present study, a moderate positive
correlation between contracture and VEGFR2
expression in cardiac muscle cells was found in
18-month-old animals fed with HCHFD (group 4).
In young rats (6 months) receiving a standard diet,
VEGFR?2 expression showed the greatest correlation
with contracture changes, according to multiple
regression analysis. Meanwhile, in aged rats receiving
the HCHFD, karyopyknotic changes had the greatest
impact on VEGFR2 expression.

The identified clear positive correlation between
the specific volume of cardiac muscle cells expressing
VEGFR2 and the content of alternatively altered
cardiac muscle cells likely indicates an adaptive-
compensatory role of VEGFR2 in myocardial injury.
Thus, it is known that intramyocardial injection of
VEGF165 ¢cDNA can significantly improve cardiac
function, stimulate angiogenesis, reduce infarct
size and apoptosis of cardiac muscle cells, inhibit
the expression of myocardial p53, Fas and Bax, and
increase the expression of VEGF and Bcl-2 in the
myocardium in an acute infarction model [22-24].
However, the exact mechanism by which VEGF DNA
causes these effects is still unclear.

At the same time, a number of studies have
shown that VEGF reduces damage to cardiac muscle
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palmitate, via the JNK signaling pathway. High-fat
diet induced JNK activation [25], which was abolished
by TLR4 knockout [26-28]. Cellular ceramide
accumulation activated JNK signaling and apoptosis,
which was prevented by ceramide synthase 5 knockout
[29, 30]. JNK activation was observed in palmitate-
treated cardiac muscle cells and was attenuated by
protein kinase R inhibition [31-33]. Enhanced cardiac
muscle cells apoptosis upon saturated fatty acid
overload may lead to myocardial infarction and cardiac
dysfunction. However, viability of cardiac muscle cells
was restored by VEGF overexpression during 0.5 mM
palmitate treatment. This process was accompanied
by a decrease in the apoptosis rate and the expression
of caspase 3, Bax, and NF-kB p65. These results
indicate protective effects of VEGF in combating
lipotoxicity-induced cardiac muscle cells apoptosis
and may identify therapeutic targets for cardiovascular
protection in combating fatty acid stress [6].

CONCLUSION

HCHFD induces predictable changes in VEGFR2
expression in cardiac muscle cells, depending on age
and the degree of myocardial injury. An increase in
the proportion of VEGFR2-immunohistochemically
positive cardiac muscle cells occurs in young (6
months) rats fed with HCHFD, in old rats (18 months)
receiving a standard diet, and, to the greatest extent,
in older animals maintained on HCHFD. Changes
in the proportion of cardiac muscle cells expressing
VEGFR2 correlate with the proportion of cardiac
muscle cells with morphological signs of injury, such
as karyopyknosis, contracture, and depletion of the
perinuclear zone of sarcoplasm. According to multiple
regression analysis, karyopyknotic abnormalities had
the greatest impact on changes in VEGFR2 expression
in cardiac muscle cells in old animals.
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