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ABSTRACT

Aim. The study is focused on development of high-fat, high-carbohydrate diet-induced experimental model of 
metabolic syndrome (MS) in rats.

Materials and methods. The 6-week old Wistar rats (n = 20) were used for study. Rats were separated into control 
and experimental groups. The rats from the control group were fed standard rat chow. The rats from the experi-
mental group had a high-fat, high-carbohydrate diet rich in lard (17%) and fructose (17%) and drank 20% fructose 
solution. At the end of the study, body weight and blood pressure (BP) were assessed. After 12 weeks of a diet load, 
an oral glucose tolerance test (GTT) and insulin tolerance test (ITT) were carried out. Lipid and protein biochemical 
parameters in plasma were analyzed. Adipose tissue and liver were measured at the end of the study. The levels of 
triacylglycerol (TAG) and cholesterol (Сh) in the liver were determined by enzymatic methods. 

Results. High-fat, high-carbohydrate diet feeding in rats for 12 weeks led to BP elevation and increase in the ad-
ipose tissue/body weight ratio. Hyperglycemia, impaired glucose tolerance and insulin resistance were found in 
rats with MS by means of GTT and ITT. Elevation of plasma TAG level was observed in the experimental group, 
although plasma total Сh and HDL-Ch did not differ from those of controls. Liver/body weight ratio and the level 
of TAG and Ch in the liver were elevated in rats with MS. 

Conclusion. Experimental rat model of diet-induced MS reproduces many aspects of MS in humans. This model 
may be useful for studying the pathophysiology of MS and methods for its prevention and treatment.

Key words: metabolic syndrome, high-fat, high-carbohydrate diet, obesity, dyslipidemia, hyperglycemia, insulin 
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РЕЗЮМЕ

Цель.  Разработать экспериментальную модель метаболического синдрома (МС) у крыс на основе 
высокожировой и высокоуглеводной диеты.

Материалы и методы. Исследование выполнено на 20 самцах крыс линии Вистар, которые были 
распределены на контрольную и опытную группы. Крысы контрольной группы находились на стандартной 
диете. Крысы опытной группы в течение 12 нед получали высокожировую и высокоуглеводную диету, 
содержащую животный жир (17%), фруктозу (17%) и 20%-й раствор фруктозы вместо питьевой воды. 
В конце исследования у животных измеряли массу тела, артериальное давление (АД), проводили 
глюкозотолерантный (ГТТ) и инсулинотолерантный (ИТТ) тесты. В плазме крови определяли отдельные 
показатели липидного обмена, в печени – содержание триацилглицеролов (ТАГ) и холестерина (ХС).

Результаты. Содержание животных на высокожировой и высокоуглеводной диете в течение 12 нед 
приводило к повышению АД, увеличению удельной массы висцеральной жировой ткани. Выполнение 
ГТТ и ИТТ позволило выявить у крыс с МС гипергликемию, нарушение толерантности к глюкозе и 
инсулинорезистентность. Было обнаружено увеличение концентрации ТАГ в плазме крови крыс опытной 
группы, при этом уровень общего ХС не отличался от контроля. У крыс с МС наблюдалось увеличение 
удельной массы печени, а также содержания в ней ТАГ и ХС. 

Заключение. Полученная экспериментальная модель диет-индуцированного метаболического синдрома 
воспроизводит большинство типичных признаков МС у человека и может быть полезна в изучении 
патофизиологических основ развития МС и методов его профилактики и лечения.

Ключевые слова: метаболический синдром, высокожировая и высокоуглеводная диета, ожирение, 
дислипидемия, гипергликемия, инсулинорезистентность.
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INTRODUCTION
The prevalence of metabolic syndrome (MS) in 

modern society has been increasing rapidly over the 
last few years, which has caused an increase in morbid-
ity and mortality. According to the International Dia-
betes Federation (IDF), 25–68% of people worldwide 
suffer from MS [1, 2]. Significant factors in the devel-
opment of MS are abdominal obesity and insulin resis-
tance [3, 4]. IDF defines MS as a condition of visceral 
obesity and at least two of the following parameters: 
high levels of triacylglycerols (TAG), low levels of 
high-density lipoproteins (HDL), high blood pressure 
(BP) and hyperglycemia [1]. Thus, MS is a complex of 
metabolic, hormonal and hemodynamic disorders that 
increases the risk of type 2 diabetes, non-alcoholic fat-
ty liver disease and cardiovascular diseases [3, 5, 6]. 

To study the pathophysiological mechanisms of 
the MS development and methods for its prevention 
and therapy, it is necessary to develop accessible ex-
perimental models [7, 8, 9]. One of these approaches 
is focused on the use of animals with a genetic de-
fect causing the development of various MS-typical 
pathological changes. Additionally, there is another 
approach to induce these disorders using special di-
ets [7]. In recent years, the combination of a high-fat 
diet with a high content of carbohydrates (also re-
ferred to as the “Western diet”, “the cafeteria diet”) 
has become widespread [10, 11, 12]. It was shown 
that animal fats (lard or beef fat) are more effective 
for MS modeling compared with vegetable fats [11]. 
Glucose [12], fructose [13, 14] or sucrose [15] can 
be used as carbohydrates added to the diet. Such a 
diet is similar to the nutrition of a modern person and 
is considered as the most adequate for MS modeling 
and reproducing of the pathogenetic factors and the 
phenomenology of metabolic disorders in MS.

In this regard, the aim purpose of the study was to 
develop an experimental model of MS in rats based 
on a high-fat, high-carbohydrate diet.

MATERIALS AND METHODS
The MS model was performed using male Wistar 

rats (20 animals with weight of 200–250 g, 6 weeks-
old). The studies were carried out in compliance with 
the principles of the European Community Directives 
(86/609/EEC) and the Declaration of Helsinki. Ani-
mals were fed ad libitum and housed in a 12-h light/
dark cycle. Rats were separated into control (n = 8) 
and experimental (n = 12) groups. The rats from the 
control group were fed with standard chow for labo-

ratory rats (“Delta Feeds”, Biopro, Russia, total ca- 
lories 3000 kcal/kg). The rats from the experimental 
group were fed with a high-fat, high-carbohydrate 
diet rich in lard (17%), fructose (17%) and drinking 
water was replaced with a 20% fructose solution (to-
tal calories 4,400 kcal/kg, 54% energy from fat). 

Before and at the end of the study body weight and 
BP (“Systola”, Neurobotics, Russia) were assessed. 
In the last week of the experiment, glucose tolerance 
(GTT) and insulin tolerance (ITT) tests were carried 
out [11, 16]. Fasted animals (12 h of food deprivation) 
were injected intragastrically with a glucose solu-
tion at a dose of 2 g/kg (D-glucose, Sigma-Aldrich, 
USA) or subcutaneously injected with short-acting 
insulin at a dose of 0.75 IU/kg (“NovoRapid Penfil”, 
Denmark). The glucose concentration in the blood 
obtained from the rat’s tail vein was determined 
after 0, 15, 30, 60, 90, and 120 min by spectropho-
tometric enzymatic method using a commercial kit 
(“Glucose-Novo V-8054”, Vector-Best, Russia). The 
glucose utilization rates (KITT, % glucose/min) were 
calculated as KITT = (0.693/t1/2) × 100, t1/2 – the time of 
the reduction of plasma glucose concentration by half 
after insulin administration [17]. Blood plasma was 
obtained by centrifugation (4 °C, 8,000 g, 6 min) and 
stored at −20 °C for subsequent analysis. The TAG, 
total cholesterol (Ch), and HDL-Ch plasma concen-
trations were measured with a biochemical analyzer 
(RX Imola, Randox, Japan). 

At the end of the experiment the rats were eutha- 
nized by CO2 asphyxiation. Visceral adipose tissue 
and liver were obtained and weighed using analytical 
balance, the ratios of their weight regarding to the 
body weight were calculated. The concentrations of 
TAG and Ch in the liver (mg/g of tissue) were deter-
mined after the extraction of the lipid fraction from 
the liver samples (50 mg) with chloroform-metha-
nol (2:1) by the method of J. Folch [18]. The TAG 
and Ch levels in extracted lipids were determined by 
enzymatic methods using commercial kits (Chrono-
lab, Spain). Before the analysis, a 20% chloroform 
solution of Thesit detergent (Sigma-Aldrich, USA) 
was added to the chloroform phase. Chloroform was 
removed by a stream of nitrogen; emulsified lipids 
were dissolved in distilled water. Reagents from the 
kits for the TAG and Ch determination were added 
directly to the aqueous emulsion. The Atherogenic 
Index of Plasma (AIP) was calculated [19].

Data were presented as mean and standard devi-
ation (M ± SD). The correspondence of the obtained 
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quantitative indicators to the normality was deter-
mined using the Shapiro-Wilk W-test. For statistical 
significance measuring between two groups the Stu-
dent t-test was performed using the IBM SPSS Sta-
tistics 21 software. The alpha level of significance for 
all experiments was set at p < 0.05.

RESULTS
Experimental models of MS reproduce most of 

the specific signs of the human metabolic syndrome 
such as excess weight, visceral obesity, insulin resis-
tance, impaired glucose tolerance, dyslipidemia, and 
arterial hypertension [8, 9].

High-fat, high-carbohydrate diet feeding of rats 
for 12 weeks led to systolic blood pressure (SBP) 
and diastolic blood pressure (DBP) elevation and 
increase in the adipose tissue/body weight ratio and 
liver/body weight ratio (Table 1). 

One of the typical features of MS is central obesi-
ty. However, feeding the animals with a special diet 
does not always lead to a significant increase in the 
body weight [11, 12, 20]. In our experiment the fi-
nal body weight did not differ between control and 
experimental groups. A possible explanation of this 
finding is the fact that animals of the experimental 
groups consumed less of the food enriched in fat and 
fructose, probably due to the higher caloric intake 
with this diet.

T a b l e  1

 Effect of high-fat and high-carbohydrate diet on the 
physiological parameters of rats from the control and 

experimental group (Metabolic syndrome model), M ± SD

Parameter
Group

Control 
(n = 8)

Metabolic syndrome  
(n = 12)

Body weight, g 425.8 ± 25.6 463.1 ± 22.4 (р = 0.101)
SBP, mm Hg 124.1 ± 9.2 136.2 ± 8.3 (р = 0.007)
DBP, mm Hg 87.4 ± 10.2 100.3 ± 13.6 (р = 0.036)
Adipose tissue/body 
weight ratio, g 2.4 ± 0.3 4.9 ± 1.3 (р = 0.001)

Liver/body weight ratio, g 2.7 ± 0.4 3.5 ± 0.3 (р = 0.002)
Food intake, g/day/group 130.2 ± 8.4 101.7 ± 9.8 (р = 0.005)
Fluid intake, ml/day/group 249.5 ± 11.9 347.5 ± 12.6 (р = 0.011)

Note .  Here and in the Table 2: р – the level of statistical significance 
of differences in comparison with control.

At the same time, the adipose tissue/body weight 
ratio of the experimental rats, including mesente- 
ric, epididymal and retroperitoneal fat, increased 
for more than 2 times, which is also an important 
symptom of MS. Obtained experimental data indi-

cates the presence of obesity in rats of the experi-
mental group (Table 1). This information is consis-
tent with data from other diet-induced models of MS  
[12, 14, 21]. 

Feeding of experimental rats with high-fat, 
high-carbohydrate diet for 12 weeks led to hypergly-
cemia. It can be evidenced by an increased fasting 
plasma glucose level (Table 2). According to GTT, 
at 30 min after glucose administration, the blood glu-
cose level in rats of the experimental group exceeded 
the level in the control group by 25.2% (p = 0.005). 
After 60 min, the blood glucose level in rats of the 
control and experimental groups began to gradually 
decrease, remaining high in the group of rats with MS 
model: the difference was 32.4% (p = 0.003). After 2 
hours, the glucose level in the control group almost 
returned to the initial level, while in the experimen-
tal group it remained increased by 10% (p = 0.093)  
(Fig. 1, a). The area under the curve of glucose con-
centration – time (AUC0-120) in the experimental 
group was 809.9 ± 81.9 mmol/l × 120 min and excee- 
ded the control group value (585.5 ± 53.1 mmol/l ×  
120 min, p = 0.001) (Fig. 1, b).

It is known that ITT can detect a change in the 
target cells response to insulin, which may be caused 
by a decrease in the sensitivity or number of insu-
lin receptors [5, 22]. A gradual decrease of the glu-
cose concentration in the blood of animals of the 
control and experimental groups was observed af-
ter subcutaneous injection of insulin. However, its 
level remained higher in the experimental group at 
the point of 30 min after the injection of insulin (the 
difference after 30 min was 30.1% (p = 0.002), after  
60 min – 32.5% (p = 0.001), after 2 hours – 25.7%  
(p = 0.011) (Fig. 2, a)). The area under the curve 
“glucose concentration – time” (AUC0-120) in the ex-
perimental group was 440.9 ± 57.4 mmol/l × 120 min 
and exceeded the same parameter in the control group 
(307.1 ± 31.1 mmol/l × 120 min, p = 0.004).

The progression of insulin resistance in the group 
of animals with MS model was confirmed by the 
study of KITT. It was found that KITT in rats fed a high-
fat and high-carbohydrate diet was 1.3 ± 0.7% glu-
cose/min, which is 36.5% lower than that parameter 
in the control group (2.1 ± 0.7 % glucose/min, p = 
0.001) (Fig. 2, b). Thus, hyperglycemia, along with 
glucose tolerance and insulin resistance, indicates the 
development of MS in animals.

Dyslipidemia as the characteristic of MS demon-
strates both quantitative and qualitative changes in the 
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blood lipoproteins composition. The most important 
signs of dyslipidemia are: an increased level of TAG 
in very low-density lipoproteins (VLDL-Ch), which 
are the main transporters of endogenous fat synthe-
sized in the liver. At the same time, the level of Ch in 
low-density lipoproteins (LDL-Ch) increases, and also 
decreases in high-density lipoproteins (HDL-Ch) [4]. 

In this study, rats of the experimental group had 
shown an increase in plasma TAG concentration by 

2.1 times compared with the control group. This phe-
nomenon may occur due to the excessive consump-
tion of fructose with the diet that leads to the activa-
tion of lipogenesis in the liver [13, 23]. The total Ch 
level in animals fed with high-fat, high-carbohydrate 
diet did not significantly increase. At the same time, 
the level of atherogenic LDL-Сh increased in rats of 
the experimental group, while the level of HDL-Сh 
did not change (Table 2). 

Fig. 1. Dynamics of the blood glucose concentration in rats (a) and the area under the curve “glucose concentration-time” (b) in 
the oral glucose tolerance test. Here and in Fig. 2: the control group (solid line) and experimental group (dashed line). *р < 0.05 in 

comparison with the control group

Fig. 2. Dynamics of insulin-stimulated decrease in blood glucose concentration in rats (a) and glucose disposal rate (b) in the insulin 
tolerance test

а  						      b

а  						      b

T a b l e  2 

Effect of high-fat and high-carbohydrate diet on the biochemical parameters of plasma in rats from the control and experimental 
groups (Metabolic syndrome), M ± SD

Group
Parameter

Fasting glucose, mmol/l TAG, mmol/l Total Ch, mmol/l HDL-Ch, mmol/l LDL-Ch, mmol/l

Control (n = 8) 4.0 ± 0.5 1.8 ± 0.8 2.4 ± 0.5 0.9 ± 0.3 1.3 ± 0.3

Metabolic syndrome (n = 12) 5.3 ± 0.6
(р = 0.021)

3.7 ± 0.9
(р = 0.001)

2.8 ± 0.7
(р = 0.062)

0.8 ± 0.1
(р = 0.201)

1.9 ± 0.5
(р = 0.044)
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The literary data on changes in the Ch levels and 
HDL-Сh, LDL-Сh levels in the blood of animals 
with diet-induced MS differ significantly. Some re-
searchers have noted an increase in the total Ch con-
tent in plasma, for example, in experiments with diets 
rich in fructose or fats and fructose [10, 24]. Others 
noticed an absence of any changes in the level of Ch 
[12]. Data on the content of HDL-Ch in plasma also 
vary, with a predominance of facts on its reduction 
[15]. AIP of rats fed with a high-fat and high-carbo-
hydrates diet had increased threefold (0.2 ± 0.1 in the 
control group versus 0.6 ± 0.2 in the experimental 
group, p = 0.001). This indicator is widely used in 
clinical medicine in case to assess cardiovascular risk 
in patients. This parameter is considered as a poten-
tial biomarker for early cardiovascular diseases diag-
nosis [25].

It is known that feeding of animals with high-fat 
[14] or high-fat and high-carbohydrate [21, 26] diets 
leads to the significant metabolic changes in the liver, 
as it can be noticed during a non-alcoholic steatohep-
atosis. In our experiment, there was an increase in the 
liver/body weight ratio in animals with the MS mod-
el, as well as an increase in the liver TAG level by  
1.8 times (4.3 ± 1.5 mg/g in the control group versus  
7.8 ± 3.4 mg/g in the experimental group, p = 0.005).  
Ch liver level had increased by 2.4 times (1.1 ±  
± 0.4 mg/g in the control group versus 2.6 ± 0.6 mg/g 
in the experimental group, p = 0.020). Thus, the re-
sults of the study demonstrate that a high-fat and 
high-carbohydrate diet can contribute to the develop-
ment of fatty liver disease. 

CONCLUSION

It has been established that the use of the pro-
posed high-fat and high-carbohydrate diet in rats re-
produces most of the typical MS features: obesity, 
increased blood pressure, hyperglycemia, decreased 
glucose tolerance, insulin resistance, and dyslip-
idemia with triglyceridemia. This diet is similar to 
the high-calorie diet of a modern man. This model 
of diet-induced MS may be useful in studying the 
causes of the metabolic and hemodynamic disorders 
development and progression in the state of MS, as 
well as in exploring the potential approaches to its 
prevention and treatment. 
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