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ABSTRACT
BACKGROUND: One of the priority areas of modern medicine, which unites the interests of various specialists (therapists, 
cardiologists, gastroenterologists, endocrinologists), is the study of the pathogenesis and clinical manifestations of non-
alcoholic fatty liver disease, which is widespread and of unconditional social significance. A search for non-alcoholic 
fatty liver disease adequate experimental model is of utmost importance for the studies of its etiology and pathogenesis. 
To understand all pathogenetic peculiarities of this pathology elaboration of hypercaloric hepatopathogenic diet rich in 
carbohydrates model is of utmost interest.
AIM: The aim of the study was to assess biochemical profile changes including antioxidant system significant markers 
in rat fructose-induced non-alcoholic fatty liver disease model.
MATERIALS AND METHODS: Two non-alcoholic fatty liver disease model versions were used: a light one — non-alco-
holic steatosis and a severe variant — non-alcoholic steatohepatitis.
RESULTS: Both were characteristic of bilirubinemia, cholesterolemia, lipid peroxidation activation and antioxidation 
mechanisms suppression, cytolitic and cholestatic syndromes.
CONCLUSIONS: The extent of metabolic disorders proved to depend on non-alcoholic fatty liver disease model severity.
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АННОТАЦИЯ
Обоснование. Одним из приоритетных направлений современной медицины, объединяющим интересы различных 
специалистов (терапевтов, кардиологов, гастроэнтерологов, эндокринологов), является изучение патогенеза и клини-
ческих проявлений неалкогольной жировой болезни печени, которая широко распространена и имеет безусловную со-
циальную значимость. Поиск адекватных экспериментальных моделей неалкогольной жировой болезни печени имеет 
важнейшее значение для изучения ее этиологии и патогенеза. Для понимания всех патогенетических особенностей 
данной патологии представляет интерес разработка модели гиперкалорийной гепатопатогенной диеты, богатой угле-
водами.
Цель  — оценка изменений биохимического профиля, в том числе значимых маркеров антиоксидантной системы, 
на модели неалкогольной жировой болезни печени, индуцированной фруктозой у крыс.
Материалы и методы. Использовали два варианта модели неалкогольной жировой болезни печени: легкий  — 
неалкогольный стеатоз и тяжелый — неалкогольный стеатогепатит.
Результаты. Для обеих моделей были характерны билирубинемия, холестеринемия, активации перекисного окисле-
ния липидов и подавление антиоксидантных механизмов, развитие цитолитического и холестатического синдромов.
Заключение. Степень метаболических нарушений зависела от тяжести модели неалкогольной жировой болезни пече-
ни и была максимально выраженной у животных с неалкогольным стеатогепатитом.

Ключевые слова: неалкогольная жировая болезнь печени; гепатит; стеатоз печени; метаболизм.
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INTRODUCTION
Non-alcoholic fatty liver disease (NAFLD) is a clinical 

and laboratory syndrome characteristic of profound lipid 
metabolism disorders, morphologically apparent by storage 
of lipids within hepatocytes [1]. Nowadays NAFLD besides 
being a prevailing hepatic pathology in the world is also a 
component of metabolic syndrome [2–4]. Contemporary 
classification of NAFLD includes three stages: non-alcoholic 
steatosis (NAS), non-alcoholic steatohepatitis (NASH), and 
cirrhosis. Excessive lipid accumulation within hepatocytes 
occurs due to decreased free fatty acids (FFA) oxidation in 
mitochondria as well as increased delivery of FFA into the 
liver. Progressive buildup of FFA causes direct damage of 
cell membranes, lipid peroxidation (LP) activation, oxidative 
stress, chronic inflammation (NASH), collagenogenesis and 
progressive fibrosis.

Recently screening studies in Russia have yielded 27% of 
people with NAFLD; 80% of these patients had NAS, 17% — 
NASH and in 3% cirrhosis was revealed [5]. Up to 80% of all 
cirrhosis cases in Russia are directly caused by NAFLD [6]. 
Manifestations of NAFLD and metabolic syndrome are found in 
30% of all therapeutic patients in Russia [7]. Increased NAFLD 
rates directly correlate with elevated cardiovascular and en-
docrine pathology [8–10]. NAFLD rates constantly grow due to 
current tendencies in diet and sedentary lifestyle [11].

Lack of effective methods of NAFLD treatment and pro-
phylaxis results from inadequate understanding of its eti-
ology and pathogenesis. Although liver biopsy can produce 
evidence of NAFLD progress it’s impossible to use it in all 
patients [12]. Hence the test-systems reproducing various 
components of NAFLD pathogenesis in in vivo experiment 
model should focus at profound studies of laboratory blood 
parameters.

Aim  — to study biochemical blood parameters and the 
antioxidant system changes in two most popular fructose-
induced NAFLD model in rats.

MATERIALS AND METHODS
Prior to the experiment, the study plan, standardized op-

erating procedures and accompanying documentation were 
subjected for ethical review and subsequently approved by 
the Local Ethical Committee of the Ministry of Health of Rus-
sian Federation.

The study involved 100 male albino rats with body mass 
220–240 g divided into 3 groups:

1. Controls (n=12), intact healthy animals tested for ref-
erence blood parameters. They were fed with standard food 
rations and had free access to drinking water;

2. “Liver steatosis” (n=44), rats that were fed with stan-
dard rations identical to those of the controls but received 
10% fructose solution instead of drinking water.

3. “Steatohepatitis” (n=44), rats that throughout the 
entire study were fed with food briquettes consisting of 
21% protein, 5% animal fat, 60% fructose, 8% cellulose, 

5% minerals and 1% vitamins. This routine was shown in our 
previous morphologic studies to cause in 3–4 weeks severe 
hepatic fibrosis [13].

Blood samples (6 ml) were collected into vacutainers 
through a transcutaneous heart puncture the animals be-
ing subsequently euthanized. Samples from control animals 
were taken on the first day of the experiment and from the 
rats of “Liver steatosis” and “Steatohepatitis” groups — on 
the 21st, 28th and 37th day of the experiment.

Blood biochemical studies were performed by conven-
tional methods and included glucose concentration (Glu), 
total plasma proteins (TProtein), total bilirubin (TB) and di-
rect bilirubin (DB), alanine aminotransferase (ALT), aspartate 
aminotransferase (AST), lactate dehydrogenase (LDG), base 
phosphatase (BP), homocysteine (HC), total cholesterol (TC), 
triacylglycerides (TAG) levels. LP intensity and the state of 
antioxidant system was evaluated by blood catalase, super-
oxide dismutase (SOD) and malonic aldehyde (MDA) levels.

Histological examination was carried out by light mi-
croscopy, hematoxylin-eosin staining, magnification 20×. 
A different degree of severity of morphological changes in the 
experimental groups was revealed. All experimental groups 
share signs of fatty degeneration of hepatocytes.

All the results were statistically processed with the help 
of SPSS for Windows 13.0 package. All the resulting data 
are presented as mean ± mean error (М±SЕ). Cholmogorov–
Smirnov criterion was used to determine the character of 
data distribution. Student t-criterion was used to compare 
the mean values of independent samples in case of normal 
distribution and Mann–Whitney U-criterion — in case of dis-
tribution different from normal. Dispersion ANOVA analysis 
was used to compare mean values of dependent samples 
(in case of normal distribution); р <0.05 (95% or higher prob-
ability) was considered to be valid difference level which is 
standard for biomedical experiments.

RESULTS AND DISCUSSION
The lethality rate can be used as an integral parameter 

for the assessment of pathologic process severity and the 
intensity of the studied models. The high-carb diet (60% of 
fructose by mass) saturated with lipids caused fast develop-
ment of pathologic processes in cardiovascular system yield-
ing 32% lethality rate by the end of the experiment (37th day). 
The exact cause of death (acute cardiovascular insufficiency) 
with minimum changes of internal organs was substantiated 
only in two out of 14 deceased animals from “Steatohepatitis” 
group. “Drinking” model of NAFLD causes slower moderate 
changes of liver functioning (NAS). Therefore, two deaths in 
this group must rather be due to individual peculiarities than 
directly associated with hepatic lesion.

The assessment of biochemical blood parameters of ex-
perimental animals characterizing the state of the liver also 
confirms the validity of fructose-induced NAFLD model. Con-
siderable discrepancy in the dynamics of these parameters 
between groups with different severity of the process was 
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revealed. Hepatic functions in “Steatohepatitis” group were 
much deeper impaired than in “Liver Steatosis” one: pigment 
and lipid metabolism disorders as well as cytolytic and cho-
lestatic syndrome and hyperhomocysteinemia in the former 
group were much more severe than in the latter.

Starting from day 21st the animals from “Steatohepatitis” 
group displayed total bilirubin blood plasma concentration 
increase due to direct bilirubin fraction that demonstrated 
a valid constant increment during the entire experiment 
(p <0.01). This increment to appears to reflect a progressive 
hepatic dysfunction alongside steatohepatitis development. 
The absence of statistically valid parallel increase of total 
bilirubin blood concentration during the entire experiment in 
comparison to control group (p=0.363) confirms this thesis.

Liver steatosis unlike steatohepatitis had caused moder-
ate impairment of pigment metabolism with slow but reliable 
total bilirubin blood concentration increase (p=0.045) without 
substantial fluctuations of direct bilirubin concentration testi-
fying to mild hepatocytes dysfunction development.

BP blood levels in “Steatohepatitis” group demonstrated 
a reliable moderate increase in comparison with the control 
group (p <0,001) which is a cholestatic syndrome biochemical 
marker. Glucose levels in “Steatohepatitis” group grew slow-
ly during the experiment and demonstrated a valid difference 
with control (p=0.015), while Glu levels in “Liver Steatosis” 
group did not differ statistically from those in the control 
group. (Fig. 1). Homocysteine blood concentration increase, 
an important hepatic and endothelial dysfunction marker was 
statistically valid in “Steatohepatitis” group (p=0.001) but not 
in “Liver steatosis” one.

Fatty liver dystrophy in both experimental models as-
sessed in the present study is based on profound metabolic 
disorder with hypercholesterolemia and hypertriglyceridemia. 
(Fig. 2) Total cholesterol blood concentration in “Steatohepa-
titis” group increased considerably in comparison to control 
from the very beginning of the experiment (p <0.001) with 
a parallel even more substantial rise of TAG blood levels 
(p<0.001); TAG/TC ratio increasing from 0.53 on day 21 up to 
9.79 on the 37th day (TAG/TC ratio in control group was 0.52).

The rats in “Liver steatosis” group also demonstrated an 
increase of TС and TAG blood levels. (Fig. 2) However, the 
increase was slower and not as high as in “Steatohepatitis” 
group (TC: p=0,003; TAG: p=0.002). TAG/TC ratio in this group 
changed from 0.46 on day 21 to 0.67 on the 37th day of the 
experiment.

The analysis of data on the activity of cellular enzymes 
characterizing cytolytic liver impairment in blood of animals 
with steatohepatitis (ALT and AST) had revealed a synchro-
nous reliable increase reaching a statistically valid level of 
difference in comparison to the control group from the very 
beginning of the experiment (ALT: p <0.01; AST: p <0.01), with 
a continuous increment during the entire experiment. (Fig. 2)

Hepatic transaminases activity in “Liver steatosis” group 
demonstrated a slow increase. It was only on the 37th day 
that they have reached statistically valid difference from the 
control group (ALT: p=0.001; AST: p=0.002). Cytolytic syn-
drome intensity in case of steatosis was much lower which 
was confirmed by a lower ALT and AST level in the animals 
of this group in comparison with “Steatohepatitis” group 
(AST level lower by 8,5 IU/l (p=0.011), ALT level — 13,4 IU/l 
(p=0.004)). (Fig. 1) This fact confirms validity of two chosen 
NAFLD models of varying severity.

LDG blood levels in “Steatohepatitis” group demonstrated 
a reliable moderate increase (p <0.001). LDG blood levels in 
“Liver steatosis” group did not substantially differ from those 
of the control animals. Comparison of mean LDG blood lev-
els in “Steatohepatitis” and “Liver steatosis” groups revealed 
that LDG values in rats with liver steatosis were reliably 
lower by 13.4 IU/l than in the animals with steatohepatitis 
(p=0.026).

Serious metabolic disorders accompanying the develop-
ment of NAFLD in experimental animals were reflected by 
biochemical blood plasma changes causing lipid peroxidation 
and considerable antioxidant system depression. These dis-
orders were represented by a progressive increase of MDA 
blood concentration in both NAS and NASH models with a 
parallel decrease of basic antioxidant system enzymes acti
vity (catalase, SOD). (Table 1)

Fig. 1. Total cholesterol (TC), triacylglycerides (TAG), glucose (Glu) and 
homocysteine (HC) level changes (mmol/L) in rats with liver steatosis 
and steatohepatitis.
Рис. 1. Динамика уровней общего холестерина (ОХ), триглицери-
дов  (ТГ), глюкозы и гомоцистеина (Hcy) у крыс с неалкогольным 
стеатозом и стеатогепатитом (ммоль/л)

Fig. 2. Alanine aminotransferase (ALT), aspartate aminotransferase (AST) 
and lactate dehydrogenase (LDG) level changes (IU/l) in rats with liver 
steatosis and steatohepatitis.
Рис. 2. Динамика уровней аланинаминотрансферазы (АЛТ), аспарта-
таминотрансферазы (АСТ) и лактатдегидрогеназы (ЛДГ) у крыс с не-
алкогольным стеатозом и стеатогепатитом (МЕ/л)
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MDA blood concentration in “Steatohepatitis” group grew 
quickly and reliably (p<0,001) from the very beginning of the 
experiment reflecting increased lipid peroxidation (table 1). 
The intensity of LP in the rats from “Liver steatosis” group 
was way lower than in the animals with NASH: MDA blood 
concentrations in rats with NAS grew slowly but by the end 
of the study (day 37) MDA mean value statistically higher 
by 9,6 mmol/l than in the control group (p=0.001) although 
lower by 11,9 mmol/l than in rats with NASH (p=0.001).

Parallel to lipid peroxidation activation in both experimen-
tal groups basic antioxidant system enzymes (SOD and cata-
lase) considerably decreased their activity. SOD blood activity 
in “Steatohepatitis” group demonstrated a precipitous drop 
(p <0.001) with a synchronous decrease of blood catalase 
concentration from the very beginning of the experiment 
(p=0.001).

The same enzymes’ blood activity in “Liver steatosis” 
group decreased slower (SOD: at 28th day (p=0.002); cata-
lase: at day 37th (p=0.009)) and not as substantial.

In the experimental group “Liver steatosis”, large drop-
let fatty degeneration is observed, which is characterized 
by the presence of large lipid droplets in the cytoplasm of 
hepatocytes with a displacement of the nucleus to the cell 
periphery. (Fig. 3)

Signs of liver tissue degeneration are most pronounced 
in the “Steatohepatitis”. (Fig. 4) Signs of balloon dystrophy, 
apoptosis of hepatocytes are noticeable in comparison with 
the control (Fig. 5) and the “Liver steatosis” group. Small 
droplet fatty degeneration was revealed: there are a lot of 
small lipid droplets in hepatocytes, the nucleus is located 
in the center of the cell. Hepatocytes are also found in a 
state of balloon dystrophy. Focal centrilobular necrosis often 

Fig. 3. Histological changes in “Liver steatosis”: a, hematoxylin-eosin 10×; 
b, hematoxylin-eosin 40×.
Рис. 3. Гистологические изменения в группе «Стеатоз», окраска ге-
матоксилином и эозином: а — ×10; b — ×40.

Fig. 4. Histological changes in “Steatohepatitis”: a, hematoxylin-eosin, 
10×; b, hematoxylin-eosin, 40×.
Рис. 4. Гистологические изменения в группе «Стеатогепатит», окра-
ска гематоксилином и эозином: а — ×10; b — ×40.

Fig. 5. Histological changes in Control group: a, hematoxylin-eosin, 10×; b, hematoxylin-eosin, 40×.
Рис. 5. Гистологические изменения в группе «Контроль», окраска гематоксилином и эозином: а — ×10; b — ×40.

Table 1. Antioxidant system enzymes activity and peroxidation intensity in rats with two NAFLD models (M±SE)

Таблица 1. Антиоксидантная система и активность перекисного окисления липидов у крыс при моделировании НАЖБП различной степени тяжести (М±SE)

Groups Day of the 
experiment n

Biochemical parameters

SOD, IU/ml Catalase, mmol/L MDA, mmol/L

Control 0 12 6,8±0,10 0,18±0,01 10,3±0,14

“Steatohepatitis”

21 12 5,9±0,191 0,15±0,01 16,6±1,441

28 10 5,7±0,151 0,11±0,011 23,1±2,081

37 12 4,9±0,231 0,09±0,011 31,8±3,631

“Liver steatosis”

21 15 6,2±0,26 0,15±0,01 14,5±0,74

28 15 5,9±0,071 0,15±0,01 17,9±0,901

37 16 5,5±0,101 0,13±0,011 19,9±0,281,2

Note. *Difference from control is valid (p <0.05); **difference from “Steatohepatitis” is valid (p <0.05).
Примечание. Разница с контролем достоверна (p <0,05); **разница со «стеатогепатитом» достоверна (p <0,05).

a a

a

b b

b
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develops with small droplet steatosis. Hyaline bodies of Mal-
lory are detected with different frequency. The inflammatory 
infiltrate inside the lobules contains neutrophils, lympho-
cytes, and histiocytes.

The used models of steatosis and steatohepatitis were 
characterized by the development of fatty liver in experimen-
tal animals, bilirubinemia, cholesterolemia, activation lipid 
peroxidation and suppression of antioxidant mechanisms, 
cytolytic and cholestatic syndromes. The severity of meta-
bolic disorders depended on the severity of the disease being 
modeled.

The applied high-carbohydrate (60% fructose of the to-
tal feed mass — the “Steatohepatitis” group) and lipid-rich 
diet leads to the rapid formation of pathological processes 
(5 weeks) compared to other models used [14–16]. However, 
there is a formation of serious pathological conditions of the 
cardiovascular system and liver of rats, which is confirmed 
by 30% lethality of animals at the time of completion of the 
study (day 37). No mortality has been reported in studies by 
other authors [17–19].

Analysis of the activity of markers of the cytolytic syn-
drome in the blood of experimental animals (ALT and AST) 
revealed the fact of a simultaneous, moderate increase 
in their activity, which was significantly pronounced in 
groups with steatohepatitis (by  34.3% and 27.3%, respec-
tively). In studies by other authors, high levels of ALT and 
AST in the experimental groups were similar to our data 
[20–23].

It is believed that the pathogenesis of NAFLD is based on 
a severe imbalance of lipid metabolism with the formation 
of hypercholesterolemia and hypertriglyceridemia [24, 25]. 
In our studies, on the 37th day of observation, the level of TG 
in the Steatohepatitis group became 300% higher than in the 
Control group. This is somewhat higher than in the experi-
ment by Ackerman Z. [17]: on the 35th day of observations, 
the indicator increased by 223%. The TC level increased by 
167% by the end of the experiment, while in the studies of the 
same author this indicator increased by 89% [17].

Metabolic disorders of the animal body accompanying the 
development of NAFLD in our studies lead to a decrease in 
the activity of the antioxidant system of the body and activa-
tion of LPO [26]. This is reflected in a progressive increase in 
the level of MDA in the blood of rats in both models of NAFLD 
and a decrease in the content of the main antioxidant en-
zymes (catalase, SOD), which is comparable with the results 
of studies by other authors [27]. Pereira et al. and Mendez et 
al. a significant decrease in the level of antioxidant enzymes 
SOD and catalase was also observed against the background 
of NAFLD [28].

CONCLUSIONS
Both of the studied NAFLD models caused disorders 

of hepatobiliary, endocrine and cardiovascular systems. 
The intensity of these disorders proved to depend on the 
severity of the model utilized and was maximum in case 

of the toughest one (60% of fructose in diet  — “Stea
tohepatitis”) and less grave in case of a lighter model 
(10% fructose solution instead of drinking water  — 
“Liver steatosis”).

High enough lethality rates in both NAFLD models con-
firm adequate severity of both as well as direct correlation 
of dysmetabolic changes and compensatory mechanisms’ 
disorders.

Hepatic functions proved to be impaired in rat steatohep-
atitis model to a much greater extent than in case of liver 
steatosis; this difference was manifested in more serious 
symptoms of pigment and lipid metabolism disorders, cyto-
lytic and cholestatic syndromes, substantial lipid peroxidation 
activation and antioxidant system depression.

The results of the study confirm the validity of choice 
of NAFLD models varying in severity. The data yielded by 
these experiments can be adequately extrapolated on hu-
man pathology for they reflect all components of NAFLD 
(hypercholesterolemia, insulin-resistance, metabolic 
syndrome).

The present study also demonstrates appropriate-
ness of NAFLD biochemical markers (ALT, AST, TProtein, 
TAG, MDA, SOD) for determination of the disease severity 
(NAS or NASH) and timely diagnostics and treatment of 
metabolic disorders.
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