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Abstract
The high-fat (HF) diets can be used to generate a valid rodent model for metabolic syndrome (METS). The aim of this study was to 
compare three different diets, namely a high-fat, high-carbohydrate diet (HF-HCD), a high-fat lard-based diet (HFD), and a cafeteria 
diet (CFD), in terms of the ability to induce METS. The next step was to characterize the syndrome according to the biochemical 
and histopathological changes in the liver and pancreas, and to determine the optimal animal model. As a result, all diets disturbed 
significantly the serum biochemical parameters. HF-HCD and CFD increased the uric acid levels and reduced the weight gain in 
comparison with the standard chow diet (SCD) and HFD. The HFD and CFD induced the highest fasting glycemia levels. Although 
the animals fed with HF-HCD had the lowest body weight, the most serious histopathological changes in the pancreas, hypertension, 
and oxidative stress were noted in them.
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Introduction

Metabolic syndrome (METS) is a multifactorial patho-
logical condition characterized by the simultaneous oc-
currence of at least three of the following five risk factors: 
obesity, especially visceral obesity, dyslipidemia with 
high triglycerides, low level of high-density lipoprotein 
(HDL) cholesterol, hypertension, and fasting hyperglyce-
mia (Alberti et al. 2006). The risk factors characterizing 
METS are predictive for both cardiovascular diseases and 
type 2 diabetes, and affect between 20% and 30% of adult 
populations in most countries. Moreover, METS causes an 

increased risk of non-alcoholic fatty liver disease (Vanni 
et al. 2010), cancer (liver, pancreas, breast and bladder) 
(Johansen et al. 2010), kidney and pancreatic dysfunction 
(Panchal and Brown 2011).

The METS reasons are complex and resulted from an 
association between genetic, environmental and epigen-
etic factors. The main mechanisms that contribute to its 
development are insulin resistance and the abundance of 
circulating free fatty acids. These factors may have a ge-
netic origin or could be caused by aging alterations but are 
often associated with obesity or at least an enlarged waist 
circumference, due to a sedentary lifestyle (Fuentes et al. 
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2013). Adipose tissue produces pro-inflammatory cyto-
kines responsible for the insulin resistance, lipolysis and 
liver production of pro-thrombotic factors. Thus, the in-
flammatory chronic state, elicited by obese adipose tissue 
through an abnormal adipokine production, results in en-
dothelial dysfunction and a pro-thrombotic state (Fuentes 
et al. 2013). Lipolysis occurs in expanded subcutaneous 
adipose tissue as well as in hypertrophied visceral fat, in 
both cases affecting the hepatic metabolism with glucose 
production and synthesis of very low-density lipoproteins. 
The subsequent hypertriglyceridemia supports a change 
in the HDL composition, resulting in a decreased choles-
terol content and increased clearance from the circulation. 
High levels of free fatty acids and reduced insulin activity 
may both lead to hyperglycemia, and contribute not only 
to increased glucose production by the liver but also to 
a reduced glucose uptake by muscle and adipose tissue 
(Eckel et al. 2005).

Recently, numerous reasons for the severe increase in 
overweight and obesity prevalence are presented. Genetic 
factors appear to be responsible for 40–70% of the varia-
tion of body mass index (BMI) (Pigeyre et al. 2016). How-
ever, the environmental factors play an important role for 
the weight gain and obesity. One of the most important 
factors is the lifestyle changes and diets that have oc-
curred over the last three decades (Blüher 2019). Example 
of obesogenic diet is the excessive consumption of highly 
appetizing sugar and fat laden foods, often in the forms 
of “junk” or “fast” food, and it plays a key role in the de-
velopment of obesity in humans (Mozaffarian et al. 2011; 
Basu et al. 2013).

The METS harmful effects attract research efforts in 
developing new interventions to reduce its weight on 
the healthcare system. Due to its multifactorial nature, 
selecting an adequate experimental model that best rep-
resents the pathophysiology of METS in humans can be 
rather challenging. Rats and mice are the most common 
animal models used for the METS investigating. Some of 
the various approaches used to induce METS in rodents 
include dietary manipulation, genetic modification and 
drugs (Wong et al. 2016). Numerous dietary approaches 
capable to induce METS in animals have been reported. 
They comprise the use of a single type of diet or a combi-
nation of diets, such as high fructose (HF), high-sucrose 
(HS), high-fat (HF), high fructose/-high-fat (HF-HF), or 
high-sucrose-high-fat (HS-HF) diets (Panchal and Brown 
2016). A lot of studies have revealed that HF diets pro-
mote hyperglycemia and whole-body insulin resistance, 
and numerous researchers have examined their effects on 
muscle and liver physiology, and on insulin signal trans-
duction. Based on this experience, it is generally accept-
ed that HF diets can be used to generate a valid rodent 
model for the metabolic syndrome with insulin resistance 
and compromised β-cell function. However, these dietary 
interventions are not standardized, and the HF-induced 
phenotype varies distinctly among different studies. The 
question which HF diet type is best to model the meta-

bolic deterioration seen in human obesity remains unclear 
(Buettner et al. 2007).

Another used diet is the cafeteria diet (CFD). CFD 
model for animal experiments contains of the same tasty 
but unhealthy food products that people eat (e.g. hot dogs, 
muffins, cookies), and considers variety, novelty and sec-
ondary food features, such as smell and texture, and which 
can be easily obtained from supermarkets and fast food 
restaurant. For this reason, it is also called the “Junk Food 
Diet” restaurants, “Supermarket Diet” or “Western Diet”. 
Therefore, the CFD model mimics a certain pattern of 
problematic human consumption. Thus, this model mim-
ics human eating patterns better than other models. Using 
CFD, the metabolic and behavioral causes of eating junk 
food are the same in rodents and humans, as both share 
the same etiology.

The object of this study is to compare three different 
diets in terms of the ability to induce the METS and to 
characterize the syndrome according to the profile of the 
MS components and thus, to determine the optimal ani-
mal model. We aimed to compare biochemical and histo-
pathological changes in the liver and pancreas obtained 
with different HF diet approaches.

Materials and methods
Animals, study design and diets
Animals

An interventional comparative study was designed. The 
experiments were conducted according to the Guide-
lines for Animal Care. The Animal Care Ethics Com-
mittee approved the study protocol and issued an ethical 
clearance (No. 346 of 28.02.2023) from the Bulgarian 
Food Safety Agency.

The rats were housed, maintained and euthanized in 
accordance with the relevant international rules and rec-
ommendations as outlined in the European Convention 
for the Protection of Vertebrate Animals used for Experi-
mental and other Scientific Purposes (ETS 123).

Sixteen male Wistar rats at three months of age (200–
300 g) were used. Rats were housed in Plexiglas cages (4 
per cage) in a 12/12 light/dark cycle under standard lab-
oratory conditions (ambient temperature 20 ± 2 °C and 
humidity 72 ± 4%). All animals were purchased from the 
National Breeding Center, Sofia, Bulgaria and allowed a 
minimum of 7 days to acclimate to the new conditions 
before the start of the study. Food and fresh drinking wa-
ter were available ad libitum throughout the experimental 
period of 10 weeks.

Experimental design

The rats were divided into four groups with four animals 
in each (n=4):

Group 1 (SC) - control group fed with a standard chow;
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Group 2 (HF-HC) - rats fed with high fat - high car-
bohydrates diet (prepared in the Department of Pharma-
ceutical Technology at the Faculty of Pharmacy, Medical 
University - Sofia)

Group 3 (HFD) - rats fed with a lard-based high-fat 
diet (Gancheva et al. 2015).

Group 4 (CFD) - rats fed with fat- and sugar-rich su-
permarket foods, or cafeteria diet (Hristov et al. 2020).

Groups 2, 3, and 4 received an additionally 10% Fruc-
tose for drinking.

The body weight and the blood glucose level of the 
experimental animals were measured once a week for 
10 weeks.

At the end of the experimental period, after overnight 
starvation, the animals were sacrificed with a laboratory 
guillotine, blood was collected, and serum biochemical 
parameters were measured. Afterwards, the livers were 
taken to assess the oxidative stress biomarkers malone di-
aldehyde (MDA) and glutathione (GSH), the activity of 
the antioxidant enzymes glutathione peroxidase (GPx), 
catalase (CAT) and superoxide-dismutase (SOD). Small 
pieces from the livers and pancreas were taken and fixed in 
10% buffered formalin for histopathological investigation.

Diets

The rats in the control group were fed a standard diet ap-
propriate to their species and age, and had access to clean 
drinking water in unlimited quantities. The diet of rats in the 
HFD group was prepared by mechanically mixing standard 
rodent chow with 17% lard. The rats of the third group (HF-
HC) received a diet formulated by the Department of Phar-
maceutical Technology. The fourth group of rats was fed a 
so-called cafeteria diet, which included a variety of packaged 
foods such as wafers, corn balls, fried peanuts, potato chips, 
and others purchased from the supermarket. The nutrient 
composition of CFD and HFD is presented in Table 1.

Preparation of fat and carbohydrates 
enhanced diet (HF-HCD) for rat feeding

The HF-HCD (Table 2) was prepared by moulding from 
a melt. Preparation of the base started with the melting 
of lard at 40 °C. Then cocoa butter was added, which 
should be melted at 35–36 °C because of the presence 

of a significant amount of oleic acid that causes unsta-
ble crystalline modifications. Suppose that the tempera-
ture regime is not observed after cooling. In that case, 
the melting temperature of the cocoa butter drops to 
23–24 °С, and it isn’t easy to apply and store the resulting 
food at room temperature.

As sucrose, fructose, starch, protein, and standard rat 
chow are insoluble in the base (lard and cocoa butter), 
they are suspended in the melted base.

Pouring in the moulds is carried out in the so-called 
“cream” state when the processes of recrystallization in 
the base have already started. This method guarantees the 
absence of sedimentation of the dispersed materials in the 
base and their uniform distribution throughout the entire 
volume of the mould.

The displacement value (f) of solid substances in the 
base is initially determined to ensure the exact amounts of 
ingredients by using the formula:

f
100 N E Gn

Gn X

where,
N – number of pieces
E – the average mass of one piece without dispersed sub-
stances, g;
Gn – total mass of pieces with dispersed substances, g;
X – the content of dispersed substances in weight %.

The formula determines the calculation of the required 
amount of base using the displacement value:

M = F – (f1.S1+ f2.S2+……fn.Sn) ,

where,
M - the amount of base for preparing the exact number of 
flat cylinders;
F - the capacity of the mould (g);
f - displacement coefficient of the substances that will be 
included in the base;
S - the amount of substance included in the base

Assessment of serum biochemical pa-
rameters

The weekly measurement of blood glucose levels was per-
formed using a blood drop from the tail vein and mini 
glucometer Accu-Chek® (Roche diagnostics).

Table 1. Nutrient composition of standard rat show (SC), cafeteria (CF) and high fat (HF) diets.

Food item Energy density (kcal) Protein (g) Total fat (g) Total Carbohydrate (g) Sugars (g) Fibers (g)
SC 272 20.09 1.75 42.2 3.8 6.7
Roasted and salted peanuts 634 24 22 50 ND 4
Fried potato chips 530 5,60 35 48 ND ND
Corn balls 452 7.40 20.70 59 ND ND
Bruschette Maretti® 466 8,80 65,50 18,80 ND 2.30
Popcorn with butter 518 9 57.10 28.10 ND ND
Waffle with chocolate filling 544 3.40 30.20 64.70 1.01 ND
HFD (SC + Lard) 902 20.09 18 42.2 3.8 6.7

ND – no data.
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Biochemical markers such as glucose, urea, creatinine, 
uric acid (UA), total protein, albumin, transaminases 
L-aspartate aminotransferase (ASAT) and L-alanine ami-
notransferase (ALAT), total bilirubin, direct bilirubin, 
amylase, total cholesterol, triglycerides, creatine kinase 
(CK), and creatine kinase-myocardial band (CK-MB) 
were assessed using commercial kits for biochemical anal-
yser “Mindray BS-120” as described by the manufacturer.

Measurement of arterial blood pressure

The blood pressure and the heart rate were measured at 
the beginning and at the end of the experiment using 
CODA non-invasive blood pressure system from Kent Sci-
entific. Changes in the tail volume are detected using vol-
ume-pressure recording technology. Those changes corre-
spond to systolic and diastolic blood pressure. The method 
relies to two tail-cuffs to measure blood pressure: occlu-
sion cuffs (O-cuff) and volume-pressure recording cuffs 
(VPR-cuff). At the beginning, the animals are restrained 
in specific cages to limit their ability to move. The place-
ment of the animals in the restraining cages should be very 
gentle to minimize the stress of the animals. The animals 
are left for 5 to 10 minutes to acclimatize and calm down. 
During this time, the restraining cage, together with the 
animals are put on a heating plate in order to increase the 
temperature in the tail for more accurate measurement of 
the blood pressure. The heating plate is set at 35 degrees, 
and the testing animals are covered with a specific blanket 
to maintain this temperature. The measurement consists 
of 15 cycles, with 5 seconds between the cycles. Mean val-
ues of the blood pressure and heart rate are than calculated 
and used to compare between the groups (Daugherty et al. 
2009; DiPetrillo 2009; Wang et al. 2017).

Measurement of lipid peroxidation 
(LPO) in liver homogenate

Lipid peroxidation was determined by measuring the for-
mation rate of thiobarbituric acid (TBARS) (expressed as 
malondialdehyde (MDA) equivalents) as described by Po-
lizio and Pena (2005). The amount of MDA was calculated 
and expressed in nmol/g wet tissue.

Measurement of reduced glutathione 
(GSH) in liver homogenate

GSH was estimated by measuring non-protein sulfhydryls 
after protein precipitation with trichloracetic acid (TCA) 
using the method described by Bump et al. (1983). Ab-
sorbance was determined, and results were expressed in 
nmol/g wet tissue.

Preparation of liver homogenates for an-
tioxidant enzyme activity measurement

The excised livers were rinsed in ice-cold physiologi-
cal saline and minced with scissors. 10% homogenates 
were prepared in 0.05 M phosphate buffer (pH=7.4), 
centrifuged at 7,000 × g, and the supernatant was used 
for antioxidant enzymes assay. The protein content of 
liver homogenate was measured by the method of Low-
ry (1951).

Catalase activity (CAT) (Aebi 1974). Briefly, 10 µL of 
homogenate was added to 1990 µL of H2O2 solution. CAT 
activity was determined by measuring the decrease in ab-
sorbance at 240 nm. The enzyme activity was expressed as 
nmol/mg/min.

Superoxide dismutase activity (SOD) was measured 
according to the method of Misra and Fridovich (1972), 
following spectrophotometrically the autoxidation of epi-
nephrine at pH=10.4 at 30 °C, using the molar extinction 
coefficient of 4.02 mM-1cm-1.

Glutathione peroxidase activity (GPx) was measured 
by NADPH oxidation, using a coupled reaction system 
consisting of glutathione, glutathione reductase and cu-
mene hydroperoxide (Tappel 1978). Results are expressed 
as nmol/mg/min.

Histopathological studies

For light microscopic evaluation, liver tissues and pan-
creas were fixed in 10% buffered formalin, and, then, thin 
sections (4 μm) were subsequently stained with hema-
toxylin/eosin to determine general histological features 
(Bancroft et al. 2008). Sections were studied under a light 
microscope Leica DM 500.

Table 2. Composition and caloric content of HF-HCD.

Content Kilocalories (kcal)
g/piece (2 g) g/100 g 1 piece (2 g) 100 g

Fats 1.15 57.5 35.72 1786
Cocoa butter 0.65 32.5 17.68 884
Lard 0.50 25.0 18.04 902

Carbohydrates 0.65 32.5 22.12 1106
Sucrose 0.20 10 7.74 387
Fructose 0.20 10 7.36 368
Wheat starch 0.25 12.5 7.02 351

Protein (milk) 0.10 5.0 7.34 367
Rat chow 0.10 5.0 5.44 272
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Results and discussion
Weekly blood glucose level monitoring

Weekly monitoring of blood glucose levels showed that at 
the end of the experimental period, blood glucose was el-
evated to the highest degree in animals fed HF-HCD and 
CFD by 32% and 53% respectively, compared to the con-
trol animals. In the past, peaks of postprandial hypergly-
cemia were attributed only to simple carbohydrates such 
as mono- or disaccharides like fructose or sucrose, but in 
recent years it has been found that some complex carbo-
hydrates can exhibit the same hyperglycemic peaks when 
rapidly digested (Bessesen et al. 2001). The rapid catab-
olism of the highly refined corn starch used to make the 
corn balls, as well as the wafers administered in CFD, may 
explain the high fasting glucose levels seen in this group 
of animals.

Serum biochemical parameters

Serum biochemical parameters are presented in Table 3. 
Urea was lowered by 66%, 44%, and 70% in the HF-HC, 
HFD, and CFD-fed animals, respectively, relative to con-
trols, but within the reference range. The uric acid level 
was higher in HF-HCD and in CFD by 44% and 102%, 
respectively, relative to control rats, probably due to high 
fructose intake which normally is metabolized to uric 
acid. Increased serum uric acid levels are commonly seen 
in patients with metabolic syndrome and are widely ac-
cepted as risk factors for hypertension, gout, non-alcohol-
ic fatty liver disease, chronic kidney disease (CKD), and 
cardiovascular diseases. The high values of total protein 
and albumin are remarkable. Total protein was increased 
by 19, 21, and 24% relative to controls in HF-HCD, HFD, 
and CFD, respectively, and albumin was elevated by 61, 
70, and 59%, respectively (Cho et al. 2012) found that the 
higher serum albumin levels are positively associated with 

METS, probably through increased abdominal obesity, 
high fasting blood glucose, and triglycerides. Transami-
nases were also elevated relative to both controls and ref-
erence values. ALAT activity was increased by more than 
200% in all diet groups, and ASAT activity was increased 
by more than 300% in all groups of experimental ani-
mals. Studies have demonstrated the association of METS 
with elevated ALAT and ASAT levels (Hanley et al. 2005; 
Liangpunsakul et al. 2005; Andre et al. 2007; Nikniaz et 
al. 2018).

Total bilirubin was elevated by 71% relative to con-
trol only in the group fed with the diet prepared by our 
Faculty. Amylase activity was many times lower, rela-
tive to control, by about 90% in all groups. Low serum 
amylase activity has been reported in certain common 
conditions such as obesity, diabetes (regardless of type), 
and metabolic syndrome, all of which appear to have a 
common etiology of insufficient insulin action due to 
insulin resistance and/or diminished insulin secretion 
(Nakajima et al. 2016). All these abnormalities in bio-
chemical parameters indicate an extremely severe im-
pairment of renal, hepatic, and pancreatic function, as 
well as damage to the musculoskeletal system and con-
nective tissue, probably associated with myositis, rhab-
domyolysis, and hence renal involvement. These results 
reveal a very severe nutritional and metabolic disorder, 
probably with endocrine dysfunction and hypothyroid-
ism, which is also reflected in the weight change of the 
animals (Fig. 1).

It is worth noticed that cholesterol and triglycerides 
were in the normal reference range in all animal groups, 
which is most likely related to body weight reduction 
(Fig. 1).

The activity of CK and CK-MB fractions was extremely 
elevated in all groups of animals, which is probably relat-
ed to the method of euthanasia and the abrupt release of 
these fractions from the muscle tissue of the animals be-
fore decapitation (O’Brien et al. 1997).

Table 3. Effect of the different diets on biochemical parameters, compared to reference values (n=6).

Parameters SCD HF-HCD HFD CFD References
GLU mmol/L 5.23 ± 0,22 6.89 ± 0.33ad 5.81 ± 0.3bd 7.99 ± 0.28abce 4,2–7,5
UREA mmol/L 9.41 ± 0,32 3.18 ± 0.28ac 5.31±0.3abd 2.82 ± 0.18ac 3.8–9.5
CREAT µmol/L 48.83 ± 3,3 38.05 ± 4.1adе 45.35 ± 4.4 49.6 ± 3.8 30–48
UA mmol/L 45 ± 2,9 65 ± 2.5acde 40.5 ± 3.2bd 91 ± 2.1 abc 12–54
TP g/L 58.8 ± 1.2 70.15 ± 1.5ae 70.9 ± 1.8ae 73.1 ± 1.2ae 53–63
ALB g/L 26.4 ± 1.8 42.6 ± 1.3ae 44.8 ± 1.8ae 42 ± 2.2ae 26–29
ASAT U/L 48.7 ± 4,5 231.6 ± 4.2ae 204.3± 4.3ae 231.4 ± 6.2 ae 49–98
ALAT U/L 28.3 ± 2,8 89.3 ± 2.2ae 87.9 ± 2.2ae 80.7 ± 1.8 ae 23–50
T-Bil µmol/L 7.2 ± 0,42 12.3 ± 0.38 ae 6.1 ± 0.51 10.1 ± 0.56 a 3.9–9.6
D-Bil µmol/L 2.4 ± 0,22 4.3 ± 0.41a 5.0 ± 0.35ad 3.3 ± 0.28 0–6.8
AMYL U/L 1390.8 ± 12,3 163.4 ± 8,4acdе 295.15±9,5abde 51.05±3,5acd 1371–3207
CHOL mmol/L 1.01 ± 0.23 1.21 ± 0.31 1.19 ± 0.26 1.44 ± 0.42 1.1–2.1
TRIG mmol/L 0.4 ± 0.03 0.65 ± 0.02ac 1.05±0.04abd 0.72 ± 0.02 ac 0.3–2.1
CK U/L 3915.5 ± 16,3 2672.5 ± 123 4058.5±136 3928.5 ± 115 100–900
CK-MB pg/ mL 1164 ± 11.2 1193.5 ± 83.3 1053 ± 74.6 767.5 ± 36.6 30–50

ap< 0.05 vs control SCD; bp< 0.05 vs HF-HC diet; cp< 0.05 vs HFD; dp< 0.05 vs CFD; ep< 0.05 vs reference value (Boehm et al. 2007).
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Body weight changes

The change in body weight of the experimental animals 
is reflected in Fig. 2. At the beginning of the experi-
ment, all the animals included in the four study groups 
had similar body weights. Body weight gain in the HFD 
group was progressively higher than in the other groups 
and showed weight gain, about 42%, respectively, from 
baseline weight. The animals fed the normal rodent chow 
without any other supplements gained by 29% (p< 0.05) 
compared to the beginning of the experiment. The HF-
HCD and CFD groups showed a reduction of the weight 
with 18% and 16%, respectively compared with the first 
day of the experiment. We assumed that the weight loss in 
these groups is related to the intake of a small amount of 
food due to the unpleasant taste and lack of consistency of 
the food they are used to. Differences in the consistency of 
the food produced differences in food consumption when 
compared to standard chow (SC) and HFD, which in fact 
was a normal SC covered with lard.

Blood pressure measurement

The measurement of arterial blood pressure at the begin-
ning and at the end of the experiment showed that systolic 
blood pressure (SBP) was increased to the highest degree 
in animals fed HF-CD and HFD, by 36 and by about 20%, 
respectively (Table 4). Hypertension is one of the main 
constituents of METS. Hypertension is strongly associat-
ed with metabolic syndrome through the pathophysiolo-
gy, which involves obesity (Stanciu et al. 2023). Dietary 
fat contributes to the elevation of blood pressure and in-
creases the risk of stroke and coronary artery disease. The 
increase of plasma fatty acids may contribute to the devel-
opment of hypertension via a process involving the eleva-
tion of Ca2+ current density and an alteration of channel 
kinetics in the vascular smooth muscle membrane (Wilde 
et al. 2000).

Level of MDA and GSH

In the HF-HCD group, the amount of MDA (Fig. 3) was 
the highest by 188% compared to the controls and to a 
smaller extent to other groups, while the level of GSH 
(Fig. 4) was the lowest (75%), compared to the controls, 
indicating that this group was the most affected by oxi-
dative stress. This pro-oxidant state was confirmed by the 
data obtained by measuring the activity of antioxidant en-
zymes (Fig. 5).

Antioxidant enzyme activity

The activities of the antioxidant enzymes CAT, SOD, and 
GPx were statistically significantly reduced in the group 
fed HF-HCD by 26%, 22%, and 28%, respectively, com-
pared to control animals (Fig. 5). In the HFD group, we 
also observed an albeit smaller decrease in the activity 
of these enzymes, by 10, 15, and 12%, respectively. Many 
pieces of evidence suggest that increased oxidative stress 
may be considered the key to the generation of insulin re-
sistance, diabetes, and cardiovascular disease. Data sup-
port the concept that free radical overgeneration may play 
an important role in METS and related manifestations 
(Ceriello et al. 2004; Mahjoub et al. 2012).

Oxidative stress could be an early event in the pathol-
ogy of these chronic diseases rather than merely a conse-
quence (Roberts et al. 2009). No change in the activity of 
antioxidant enzymes was observed in CFD-fed animals. 
This is probably related to the availability of antioxidant 
supplements to these foods available in supermarkets.

Table 4. Initial and terminal systolic blood pressure (SBP).

Group Initial SBP Terminal SBP % change vs the initial SBP
SCD 122.5 ± 6.3 137.6 ± 8.2 12.3
HF-HCD 126.8 ± 9.1 172.5 ± 6.2 36*
HFD 118.7 ± 8.8 142.3 ± 4.6 19.9*
CFD 123.3 ± 6.6 127.4 ± 9.8 3.3

Figure 1. Weekly blood glucose (mmol/L) changes. Abbreviations: SCD (control group fed with a standard chow), HFD (lard-based 
high-fat diet), HF-HCD (high fat - high carbohydrates diet), and CFD (fat, salt, and sugar-rich supermarket foods (cafeteria diet). 
ap< 0.05 vs control SCD; bp< 0.05 vs HFD diet; cp< 0.05 vs HF-HCD; dp< 0.05 vs CFD.
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Figure 2. Weekly body weight changes (in grams). Abbreviations: SC (control group fed with a standard chow), HF-HC (high 
fat - high carbohydrates diet), HFD (lard-based high-fat diet), and CFD (fat, salt, and sugar-rich supermarket foods (cafeteria diet). 
ap< 0.05 vs control SCD; bp< 0.05 vs HF-HC diet; cp< 0.05 vs HFD; dp< 0.05 vs CFD.

Figure 3. Malondialdehyde quantity in the liver homogenate 
from rats fed with different diets; ap< 0.05 vs control SCD; 
bp< 0.05 vs HF-HC diet; cp< 0.05 vs HFD; dp< 0.05 vs CFD.

Figure 4. Level of reduced glutathione (GSH) in the liver ho-
mogenate from rats fed with different diets; ap< 0.05 vs control 
SCD; bp< 0.05 vs HF-HC diet; cp< 0.05 vs HFD; dp< 0.05 vs CFD.

Figure 5. Changes (%) in the activity of antioxidant enzymes catalase (CAT), superoxide dismutase (SOD), and glutathione per-
oxidase (GPx) in the liver homogenate from rats fed with different diets, compared with control rats, fed with the normal rat chow. 
ap< 0.05 vs control SCD; bp< 0.05 vs HF-HC diet; cp< 0.05 vs HFD; dp< 0.05 vs CFD.



Petrova A et al.: Metabolic syndrome: comparison of three diet-induced experimental models1546

Histopathological studies

Morphological changes in the livers and pancreas are 
presented in Fig. 6. In the control animal group, histo-
pathological changes in both investigated organs were 
not seen. The liver and Langerhans islets of the pancreas 
were without fatty deposits, and the structure of organs 
was normal. In the HF-HCD group fatty and glycogen 
degeneration was seen. Massive deposition of adipose 
tissue between the pancreatic lobules was visible. Non-
alcoholic steatohepatitis (NASH) is considered the he-
patic manifestation of METS. In the HFD group, weak 

morphological changes in the liver were shown. Slightly 
increased fatty tissue between the pancreatic lobules was 
also visible (Patton et al. 2010). The fatty pancreas also 
showed a strong correlation with metabolic syndrome. 
Animal studies reported that lipid deposition in pancreas 
islet cells due to a high fat/high glucose diet could damage 
pancreatic beta cells and make them hyperglycemic (Yin 
et al. 2004). Metabolic conditions give rise to pancreatitis 
(Kota et al. 2013). CFD group was presented with slight 
degenerative changes in hepatocytes, predominantly in 
the periphery of the lobules, and the pancreas was with 
preserved structure.

Figure 6. Histological profile.
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Conclusions
All three compared diets affected significantly the liver 
and serum biochemical parameters. The most serious his-
topathological damage, hypertension, and oxidative stress 
were caused by HF-HCD prepared in the Department of 
Pharmaceutical Technology, Faculty of Pharmacy, Medi-
cal University - Sofia. According to our study, this type of 
diet is most suitable for inducing metabolic syndrome and 

the comorbid complications that accompany it, in exper-
imental animals.
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