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ABSTRACT

Aim. To identify early morphological changes in the heart and aorta of rats with experimental metabolic syndrome 
induced by a high-fat and high-carbohydrate diet (HFHCD).

Materials and methods. The study was carried out on male Wistar rats. The animals were divided into two 
groups: a control group (n = 10) and an experimental group (n = 10). The rats from the control group were fed with 
a standard laboratory diet. The rats from the experimental group received HFHCD for 12 weeks. Body weight, 
blood pressure (BP), and individual parameters of carbohydrate and lipid metabolism were assessed in the rats.  
A histologic examination of the heart and aorta in the animals was performed.

Results. Feeding rats with HFHCD led to an increase in body weight, elevation of BP, obesity, hyperglycemia, 
and triglyceridemia. The histologic examination of the heart in the rats of the experimental group showed signs 
of vascular disease, lipomatosis, and focal myocardial degeneration. Lipid accumulation in the cells of the media, 
hyperplasia of adipocytes in the adventitia, and depletion and fragmentation of the elastic lamina were revealed in 
the aortic wall of the rats receiving HFHCD.

Conclusion. The study indicated that HFHCD is an effective way to model metabolic syndrome. Structural disorders 
in the heart and aorta may be the mainstay for the development of cardiomyopathy and arterial hypertension in 
diet-induced metabolic syndrome.
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Морфологические изменения в сердце и аорте крыс  
при диет-индуцированном метаболическом синдроме

Бирулина Ю.Г., Иванов В.В., Буйко Е.Е., Быков В.В., Дзюман А.Н., Носарев А.В.,  
Григорьева А.В., Гусакова С.В.

Сибирский государственный медицинский университет (СибГМУ) 
Россия, 634050, г. Томск, Московский тракт, 2

РЕЗЮМЕ

Цель – выявить ранние морфологические изменения в сердце и аорте крыс при экспериментальном мета-
болическом синдроме, вызванном высокожировой и высокоуглеводной диетой (ВЖВУД).

Материалы и методы. Исследование выполнено на самцах крыс линии Wistar, которые были распределе-
ны на контрольную (n = 10) и экспериментальную (n = 10) группы. Крысы контрольной группы получали 
стандартный корм. Крысы экспериментальной группы в течение 12 нед находились на ВЖВУД. У живот-
ных определяли массу тела, артериальное давление (АД) и отдельные параметры углеводного и липидного 
обмена. Выполняли гистологическое исследование тканей сердца и аорты животных.

Результаты. Установлено, что ВЖВУД вызывает у крыс увеличение массы тела, ожирение, повышение 
АД, гипергликемию, триглицеридемию. При гистологическом исследовании сердца крыс эксперимен-
тальной группы выявлены признаки сосудистого поражения, липоматоза, очаговой дистрофии миокарда.  
В стенке аорте крыс, получавших высокожировой и высокоуглеводный рацион, выявлено накопление ли-
пидов в клетках медии, гиперплазия жировых клеток в адвентиции, истончение и разволокнение эластиче-
ских мембран. 

Заключение. Исследование показало, что ВЖВУД является эффективным способом моделирования ме-
таболического синдрома. Обнаруженные структурные изменения в тканях сердца и аорты могут лежать в 
основе развития кардиомиопатии и артериальной гипертензии при диет-индуцированном метаболическом 
синдроме. 

Ключевые слова: высокожировая и высокоуглеводная диета, метаболический синдром, миокард, аорта, 
ожирение
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INTRODUCTION

Over the past decades, the prevalence of cardio-
vascular diseases (CVDs) has increased dramatically 
around the world. According to experts, CVDs would 
be the cause of more than 23 million deaths around the 
world by 2030 [1]. Recent epidemiologic studies have 
shown a relationship between the nature of nutrition 

and an increase in the prevalence of CVDs [2, 3]. The 
studies have shown that dietary fats play an important 
role in the development of cardiovascular disease [4]. 
Currently, 49% of patients with CVDs are overweight 
and obese. These components are crucial in metabol-
ic syndrome (MS) along with hyperglycemia, insulin 
resistance, arterial hypertension, and atherogenic dys-
lipidemia [5, 6].
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Recent studies have proven the possibility and 
mechanisms of myocardial lipotoxic injury in obesity,  
which alters both the structure and the functional 
state of the myocardium [7, 8]. Systemic inflamma-
tion and oxidative stress that occur in MS result in 
myocardial fibrosis and are associated with damage 
to the endothelial and smooth muscle cells of the 
vascular wall [9]. In addition, obesity and vascular 
dysfunction accelerate the development of arterial 
hypertension, which increases the risk of heart fail-
ure [10].

Experimental diet-induced MS models are the 
most accessible way to study the morphofunctional 
features of the impact of metabolic disorders on the 
cardiovascular system [11, 12]. In recent years, a com-
bined high-fat and high-carbohydrate diet has become 
widespread, since it most closely resembles a diet of 
a modern person and is considered appropriate for 
reproducing the pathogenetic factors and phenome-
nology of MS [13, 14]. A detailed description of the 
histologic changes that occur in the myocardium and 
blood vessels at early stages of MS may contribute 
to the development of potential approaches to CVD 
treatment in metabolic disorders. 

The aim of the study was to identify early mor-
phological changes in the heart and aorta of rats with 
experimental MS induced by HFHCD.

MATERIALS AND METHODS
The studies were carried out in compliance with 

the principles of humanity set out in the directives 
of the European Community (86 / 609 / EEC) and 
the Declaration of Helsinki. The rats were kept at a 
constant room temperature (23º C) and exposed to  
12 h : 12 h light : dark cycles with free access to food 
and water. Male Wistar rats (20 rats, average weight 
270.6 ± 30.1 g, 6 weeks old) were randomly divid-
ed into a control group (n = 10) and an experimental 
group (n = 10). The rats of the control group (CG) were 
fed with a standard diet (Chara, Assortiment-Agro, 
Russian Federation, the ratio of proteins, fats, and 
carbohydrates was 26%, 5%, and 45%, respectively). 
The rats of the experimental group (EG) received a 
specially designed HFHCD (the ratio of proteins, fats, 
and carbohydrates was 16%, 22%, and 54%, respec-
tively) containing a standard food with the addition of 
animal fat (lard, 17%), fructose (17%), and cholester-
ol (0,25%). Drinking water was replaced with a 20% 
fructose solution. The duration of the experiment was 
12 weeks, after which the animals were euthanized via 
CO2 inhalation.

To confirm MS in the rats fed with HFHCD, body 
weight and blood pressure (BP) were measured at the 
end of the experiment (Systola, Neurobotics, Russian 
Federation). In the euthanized animals, whole blood 
was taken from the heart; visceral adipose tissue, the 
heart, and the thoracic aorta were removed. Serum for 
biochemical studies was obtained by centrifugation 
of the whole blood (3,000 rpm, 10 min) and stored 
at −20° C for further analysis. The levels of glucose, 
triacylglycerols (TAG), and cholesterol (CHOL) in 
the blood serum were determined by enzymatic col-
orimetric methods (Chronolab Systems SL., Spain). 
The concentrations of TAG and CHOL in the aorta 
(in mg / g of tissue) were measured photometrical-
ly using test kits (Chronolab, Spain) after extraction 
of the lipid fraction from the tissue samples with a 
chloroform – methanol mixture. Before the analy-
sis, a 20% solution of Thesit (Sigma-Aldrich, USA)  
dissolved in chloroform was added to the organ-
ic phase. Chloroform was removed with a stream 
of nitrogen, and emulsified lipids were dissolved in 
distilled water. Working reagents from the TAG and 
CHOL assay kits were added to the resulting aqueous 
emulsion.

To study structural changes, the heart and thorac-
ic aorta were fixed in 10% neutral buffered formalin 
(BioVitrum, Russian Federation) for 24 h, washed 
from the fixative, and then dehydrated in an isopropa-
nol-based solution IsoPrep (BioVitrum, Russian  Fede- 
ration). The prepared objects were embedded in the 
Histomix paraffin medium (BioVitrum, Russian Fede- 
ration), and thin (5–6 µm) sections were made on the 
HM355 S automatic microtome (Thermo Fisher Sci-
entific, USA). The sections were stained with hema-
toxylin (BioVitrum, Russian Federation), eosin (Bio-
Vitrum, Russian Federation), and orcein (Bio Vitrum, 
Russian Federation) to identify elastic units of the 
aorta. To detect lipids, the aortic samples were frozen 
at –80° C. Then, they were poured into a cryogel, and  
20 µm thick sections were made on the HM525 NX 
cryostat (Thermo Fisher Scientific, USA) at –25° C. 
The sections were mounted on poly-L-lysine-coated 
slides and stained with Sudan III according to Herx-
heimer (BioVitrum, Russian Federation). Microprepara-
tions were examined using the AxioSkop 40 microscope 
(Carl Zeiss, Germany). Digital images of the sections 
were obtained using the AxioVision 4.6 software. In 
histology specimens of the aorta, the thickness of the in-
tima, media, and adventitia (in µm) was measured.

The data were analyzed using the SPSS Statistics 
23 software. Normally distributed data were presented 
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as the mean and standard deviation (M ± SD). Non-nor-
mally distributed variables were presented as the 
median and the interquartile range Me (Q1; Q3). The 
Student’s t-test or the Mann – Whitney U-test were 
used to identify differences between the samples. The 
differences were considered statistically significant at 
p < 0.05. 

RESULTS
Feeding rats with HFHCD for 12 weeks resulted 

in an increase in body weight, systolic and diastolic 
BP, specific gravity of abdominal fat, including mes-
enteric, epididymal, and retroperitoneal adipose tissue 
in the EG rats. HFHCD led to hyperglycemia, an in-
crease in TAG in the blood serum, as well as an in-
crease in the levels of TAG and CHOL in the aortic 
wall (Table 1).

T a b l e  1
Physiological and biochemical indicators in rats, M ± SD

Indicator
Group

control (n = 10) experimental (n = 10)
Body weight, g 415.3 ± 35.6 466.1 ± 32.1 (р = 0.002)
Systolic BP, mm Hg 129.1 ± 8.4 138.2 ±8.1 (р = 0.005)
Diastolic BP, mm Hg 92.3 ± 8.2 110.4 ± 12.6 (р = 0.04)
Adipose tissue weight /
body weight ratio, g 2.2 ± 0.3 4.8 ± 1.3 (р = 0.001)

Glucose (serum),  
mmol / l 4.1 ± 0.5 5.6 ± 0.7 (р = 0.002)

TAG (serum), mmol / l  1.2 ± 0.8 3.2 ± 0.9 (р = 0.001)
CHOL (serum),  
mmol / l 2.2 ± 0.3 2.9 ± 0.4 (р = 0.055)

TAG (aorta), mg / g 4.2 ± 1.2 6.8 ± 1.4 (р = 0.001)
CHOL (aorta), mg / g 1.1 ± 0.4 2.6 ± 0.6 (р = 0.03)

Note :  here and in Table 2: р – significance of differences compared 
with the control group.

The heart wall in the CG rats had normal struc-
ture. Ventricular cardiomyocytes had an elongated 
cylindrical shape, with distinguishable longitudinal 
and transverse striations; they lacked pathological tor-
tuosity. The interstitium was represented by a few ves-
sels, which were single arteries in the right ventricle  
(Fig. 1, A). The interstitium of the left ventricular 
myocardium was more pronounced due to plethora of 
capillaries, dilatation and emptying of venules, and the 
presence of optically empty slit-like spaces between 
the cardiomyocytes of the middle and inner layers of 
the myocardium (Fig. 1, B). 

Compared with the CG, the micropreparations of 
the right ventricle obtained from the experimental 
rats showed local aggregates of adipocytes in the epi-
cardium of the right ventricle (Fig. 1, C). In the wall 
of the left ventricle, foci of fragmented cardiomyo-

cytes and cardiomyocytes with intense cytoplasm 
staining and loss of longitudinal and transverse stri-
ations were identified. Areas of myocardial disarray 
were found (Fig. 1, D). The changes in the vessels 
described for the CG persisted, but they were more 
pronounced: increased number of erythrocytes and 
vascular dilatation were more common; they were 
present in all small vessels and in larger arteries and 
veins, in some of the latter, blood separation was not-
ed and the lumen of such veins was filled with plas-
ma (Fig. 1, D).

The aortic wall in the CG rats had normal architec-
ture in all three layers (Fig. 2, A). In the EG, the struc-
ture of the aortic wall was preserved, but aggregates 
of adipocytes appeared in the adventitia. Besides, in 
the cytoplasm of many interstitial cells (fibroblasts, 
smooth muscle cells), multiple small, irregularly 
shaped, optically empty inclusions were noted, and 
the interstitial cells took the form of foam cells (Fig. 
2, B). The arrangement of the foam cells varied ac-
cording to the depth of the wall: they were almost al-
ways localized in the media closer to the adventitia, 
less often – in the middle and outer parts of the media. 
The morphometric study revealed an increase in the 
thickness of the middle and outer layer of the aortic 
wall (Table 2).

T a b l e  2

Thickness of aortic wall layers, μm, Me (Q1; Q3)

Group Intima Media Adventitia

Control,  
n = 10 5.2 (4.6; 6.9) 63.4 (60.7; 0.4) 10.5 (9.5; 13.1)

Experimental, 
n = 10 6.1 (5.1; 7.3) 71.6 (67.1; 78.5) 

(p = 0.01)
14.8 (13.3; 16.5) 

(p = 0.001)

In the frozen sections of the CG rat aorta, stained 
with Sudan III according to Herxheimer, Sudan III-
stained components were detected exclusively in li-
pocytes of the adventitia (Fig. 3, A) and were not 
numerous. In the EG, adipocytes in the adventitia of 
the aorta were characterized by abundant Sudan III-
stained inclusions, which were also detected in small 
amounts in the cells of the outer part of the media  
(Fig. 3, В).

The aortic wall of the CG rats stained with orcein 
revealed elastic units, such as membranes and fibers, 
with a normal structure (Fig. 4, A). In the EG, signs 
of elastolysis were observed, such as a decrease in 
staining, thinning, and defibrated fenestrated elastic 
laminae. The tortuosity of the elastic components of 
the media also increased, and their mutual parallel ar-
rangement was disturbed (Fig. 4, B). 
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Fig. 1. Effect of HFHCD on the morphological structure of rat myocardium. A – fragment of the right ventricular wall of the rat in 
the CG: plethora of the artery (a), absence of epicardial lipomatosis (b). B – fragment of the left ventricular wall of the rat in the 
CG: plethora of the capillaries (a), interstitial edema (b). C – fragment of the right ventricular wall of the rat in the EG: epicardial 
lipomatosis (a). D – fragment of the left ventricular wall of the rat in the EG: plethora and plasma stasis in the vessels (a), myocardial 

disarray and striations in cardiomyocytes (b) ×200. Here and in Fig. 2, staining with hematoxylin and eosin

Fig. 2. Effect of HFHCD on the morphological structure of the aortic wall. A – transverse section of the CG rat aorta: endothelium 
(a), fenestrated elastic laminae (b), interstitial cells (c), adventitia (d) have a normal structure. ×200. B – transverse section of EG 

rat aorta: xanthomatous cells in the media (a), adipocytes in the adventitia (b). ×100

Bulletin of Siberian Medicine. 2022; 21 (3): 13–21
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Fig. 4. Changes in the elastic lamina in the aortic wall of the rats fed with HFHCD. A – transverse section of the CG rat aorta. 
Normal structure of fenestrated elastic laminae (black arrow). B – transverse section of the EG rat aorta. Increase in tortuosity (a), 

disturbed parallel arrangement of fenestrated elastic laminae (b). A, B – orcein staining. 200x

Fig. 3. Accumulation of lipids in the aortic wall of the rats fed with HFHCD. A – transverse section of the CG rat aorta. Localization 
of Sudan III-stained components (lipids) in the adypocytes of the adventitia (black arrow). B – transverse section of the EG rat aorta. 
Accumulation of Sudan III-stained components (lipids) in the adipocytes of the adventitia and cells of the media (black arrow). A, 

B – Sudan III staining according to Herxheimer. ×200
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DISCUSSION
Animal models represent some of the most effec-

tive and available tools for understanding the patho-
physiological mechanisms underlying MS. One way 
to model MS is to use specially designed diets [3, 
11]. Diets containing both high-fat and high-carbo-
hydrate components have been reported to be more 
clinically representative than single-component diets 
alone [12, 15].

In the present study, MS in the rats was induced 
with HFHCD. Feeding the animals with HFHCD for 
12 weeks resulted in an increase in animals’ body 
weight, obesity, increased BP, development of hyper-

glycemia, and a rise in the concentration of TAG in 
the blood serum. The data obtained indicate that feed-
ing the rats with a HFHCD contributes to the forma-
tion of MS [4, 13].

Disorders of carbohydrate and lipid metabolism 
that occur in MS, in combination with chronic inflam-
mation and oxidative stress, lead to the development 
of pathomorphological changes in the cardiovascular 
system [16, 17]. It is known that dysregulation of en-
ergy homeostasis in the heart in MS is associated with 
various adaptations and changes in the structure and 
function of the myocardium, which occur with abnor-
mal lipid accumulation and adipose tissue hyperpla-

Birulina J.G., Ivanov V.V., Buyko E.E. et al. Morphological changes in the heart and aorta of rats with diet-induced metabolic
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sia [18].  Studies on rats receiving high-fat and (or) 
high-carbohydrate diet also showed that oxidative 
stress is a potential mechanism for obesity-induced 
cardiotoxicity [8, 19]. In the cardiac muscle of the ani-
mals fed with such a diet, the absence of myofilaments 
and / or their disorganization, dilatation of the sarco-
plasmic reticulum vesicles, a decrease in the diameter 
of myofibrils, intracellular vacuolization, the presence 
of lipid inclusions, hypertrophy, and signs of fibrotic 
changes are morphologically determined [10, 14, 20], 
the latter being most pronounced with an increased 
content of saturated fatty acids in food. 

At the same time, it has been noted that HFH-
CD-induced vascular endothelial dysfunction in MS 
[16] provokes stasis of formed elements and dilatation 
of the vascular lumen in the myocardium. Our find-
ings, namely focal lesions of cardiomyocytes in the 
left ventricle in the form of striations and fragmenta-
tion, lipomatosis in the epicardium, and microcircu-
latory disorders (hyperemia) in the hearts of the EG 
rats are consistent with the known data. However, the 
revealed changes were not pronounced.

The histologic study of the micropreparations of the 
EG rat aorta showed the beginning of atherosclerotic 
vascular wall remodeling, which to a greater extent af-
fected the media and adventitia. A decrease in orcein 
staining, discontinuity of fenestrated elastic laminae, 
the presence of foam cells, the emergence of Sudan  
III-stained inclusions in the interstitial cells of the me-
dia, and hyperplasia of adipocytes in the adventitia may 
be the cause of the increase in the aortic wall thickness 
in the animals receiving HFHCD, which is also charac-
teristic of experimental MS [9, 21, 22]. Similar morpho-
logical changes in the aorta are manifested by changes 
in its mechanical properties, including a decrease in  
elasticity and an increase in wall stiffness [23]. This is 
due to elastolysis and a decrease in production of elastic  
components with a simultaneous rise in collagen  
production, resulting in an increase in the collagen / elas- 
tin ratio. Thickening of the aortic wall and its stiff-
ness due to an increase in the collagen level, as well as  
degeneration of smooth muscle cells can be a struc-
tural basis that contributes to arterial hypertension. At 
the same time, accumulation of TAG in the aorta can 
be considered as an additional prognostic criterion for  
vascular wall stiffness [24].

CONCLUSION
The study showed that HFHCD is an effective way 

to simulate MS in rats, causing obesity, increased BP, 
hyperglycemia, and triglyceridemia. Morphological 

changes in the heart wall that occur in MS are char-
acterized by damage to the vascular bed, lipomatosis, 
and focal myocardial degeneration. In the aorta, signs 
of media remodeling, lipid infiltration of interstitial 
cells of the media, hyperplasia of adipocytes, and  
defibrated elastic membranes were revealed. The  
detected structural disorders may underlie the deve- 
lopment of cardiomyopathy and hypertension in diet- 
induced MS. The resulting experimental model can 
be used to study the mechanisms of development of  
metabolic and hemodynamic disorders in MS, as well 
as to test potential cardioprotective and angioprotec-
tive pharmacological agents.
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