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Metabolic syndrome (MS) is a complex of disorders closely associated with developing the non-alcoholic fatty liver 
disease (NAFLD) accompanied by a violation of the intestinal microbiota. An assessment of morphological changes in the 
liver and intestines during the development of experimental metabolic syndrome in rats was carried out. The study was 
performed on 32 Wistar white rats aged 10–12 months using a 60 % fructose feeding pattern for 16 weeks as the MS model.  
It has been established that the fructose feeding model in rats causes the development of NAFLD with the result of a violation 
of the bar structure of the lobules, moderate intralobular inflammation, and the formation of hepatocellular granular dystrophy 
and perisinusoidal fibrosis. In the intestinal villi, destruction of apical epithelial cells and changes in cell nuclei are observed. 
Thus, the development of MS in rats is accompanied by the formation of signs of non-alcoholic steatohepatosis and damage 
to intestinal cells, which confirms the involvement of these organs as the primary target organs in MS, and contributes to the 
development of metabolic, dysbiotic, and inflammatory disorders.
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Метаболический синдром (МС) представляет собой комплекс нарушений, тесно связанных с развитием неал-
когольной жировой болезньи печени (НАЖБП), сопровождающейся нарушением микробиоты кишечника. Проведе-
на оценка морфологических изменений в печени и кишечнике при развитии экспериментального метаболического 
синдрома у крыс. Исследование выполнено на 32 белых крысах линии Wistar возрастом 10–12 месяцев с исполь-
зованием 60 % фруктозной модели кормления на протяжении 16 недель в качестве модели МС. Установлено, что 
фруктозная модель кормления у крыс вызывает развитие НАЖБП с развитием нарушения балочной структуры долек, 
умеренным внутридольковым воспалением, а также формированием гепатоцеллюлярной зернистой дистрофии и 
перисинусоидального фиброза. В ворсинках кишечника наблюдается деструкция апикальных эпителиоцитов, из-
менения ядер клеток. Таким образом, развитие МС у крыс сопровождается формированием признаков неалкоголь-
ного стеатогепатоза и поражением клеток кишечника, что подтверждает вовлечение данных органов как основных 
органов-мишеней при МС, а также вносит вклад в развитие метаболических, дисбиотических и воспалительных на-
рушений. 

Ключевые слова: метаболический синдром, печень, кишечник, неалкогольная жировая болезнь печени, микро-
биота
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ER	 – endoplasmic reticulum
FA	 – fatty acid
HDL	– high density lipoproteins
IDF	 – International Diabetes Federation 
MS	 – metabolic syndrome

NAFLD	– non-alcoholic fatty liver disease
TC	 – total cholesterol
TG	 – triglycerides
WHO	 – World Health Organization

As a critical risk factor for the development of 
cardiovascular diseases, the problem of meta-
bolic syndrome (MS) is one of the highest priori-

ties and relevant in modern fundamental and clinical 
medicine [1]. This is due to the fact that MS contains 
several metabolic, inflammatory, hormonal and vas-
cular disorders, which significantly increase the risk 
of developing second-type diabetes mellitus and va- 
rious cardiovascular complications [2].

Of particular interest is the study of morphological 
changes in the histological structure of the liver and intes-
tines during the development of MS. Non-alcoholic fatty 
liver disease (NAFLD) affecting about 25 % of the world’s 
population. According to various studies, the increase in 
the prevalence of NAFLD occurs in parallel with the epi-
demic of obesity and MS [3]. The liver gradually passes 
through the stages of non-alcoholic steatosis, which pro-
gresses to alcoholic steatohepatitis and non-alcoholic 
cirrhosis or hepatocellular carcinoma [4].

In the study of MS, microbiota plays a significant role 
in determining the effective absorption of nutrients in the 
gastrointestinal tract. In this case, there are changes in 
the number of bacteria, both increasing and decreasing, 
depending on the type of bacteria [5]. At the moment, 
scientists are conducting research on the relationship 
between the problem of constipation with the develop-
ment of metabolic syndrome. Constipation-induced en-
dogenous intoxication is recognized as one of the prov-
en risk factors for many diseases, including metabolic 
syndrome and colorectal cancer. Endotoxemia can also 
form in liver lesions, resulting in increased production of 
proinflammatory cytokines and expression of their re-
ceptors (tumor necrosis factor-α, interleukin-6 and inter-
leukin-8), inhibition of antioxidant liver function, increase 
in altered forms of lipoproteins in the blood [6].

This study aims to evaluate morphological changes in 
the liver and intestines during the development of experi-
mental fructose-induced metabolic syndrome in rats.

Material and Methods. The experimental study was 
carried out on 32 white Wistar rats of the SPF category, 
aged 10–12 months, with body weights of 400–440  g. 
The animals were divided into two groups equally  – 
the control group and the comparison group with the 
experimental MS.

The MS uses a fructose-based model with 60 % fruc-
tose content based on standard solid feed (Research 
Diet, USA) [7]. The duration of the feeding was 16 weeks.

The development of the International Diabetes 
Federation (IDF, 2005). Central obesity was used as a 
critical attribute, as well as additional features such as 
hyperglycemia, hypertriglyceridemia, and the reduction 
of high-density lipoproteins (HDL). According to the WHO 
criteria system, hyperuricemia is a distinct MS trait, so 
the level of uric acid in the blood of experimental animals 
was also assessed.

All measurements were made using instrumentation 
equipment that had passed metrological verification.

Biochemical methods were used in the study — the 
levels of glucose, total cholesterol (TC), triglycerides 
(TG), HDL and uric acid (mmol/l) in blood plasma were 
assessed using an automatic biochemical analyzer ERBA 
XL-180 (Erba Lachema, Czech Republic) in beginning 
and end of the experiment. The blood was taken from the 
tail vein. To obtain serum, the unstable blood was pre-

cooled and then centrifuged for 15 minutes at 3000 rpm 
(604g). The analysis of biochemical markers was carried 
out according to the standard methodology. Blood plas-
ma was frozen in liquid nitrogen and stored at –80°C for 
further analysis.

The presence of visceral obesity was confirmed by 
weighing visceral fat (VLTE 500) after autopsy. Euthana-
sia was performed at the end of the experiment by inha-
lation of 96 % diethyl ether to study the histological struc-
ture of the liver and intestine.

The material for light microscopy was fixed in forma-
lin and then embedded in paraffin blocks. Sections were 
stained with hematoxylin-eosin. For electron microsco-
py, the material was fixed with osmium oxide, followed by 
poured into epoxy resin. Fixation, and pouring, for light 
and electron microscopy, was carried out according to 
the generally accepted method. Ultrathin sections were 
studied using a FEM-125K electron microscope (Indus-
trial Union LLC, Moscow). In morphometric counting 
was performed using the Aperio Image Scope program 
(Aperio Technologies Inc, USA), followed by statistical 
processing using the MedStat and Statistica 10.0 (Stat-
Soft, USA) The study a parametric Student’s t-test, the 
distribution does not differ from regular was used. Values 
above 0.05 were considered reliable.

Results and Discussion. The development of MS 
characteristic features accompanied experimental mo- 
deling of MS by feeding rats with 60  % fructose feed. 
A significant increase in visceral fat mass was found in-
the group of rats with experimental MS by 2.5 times 
(11.31±0.28 g, p<0.001). Biochemical studies of rat 
blood showed that by the 24th week of the experiment, 
the average blood glucose level in rats with induced MS 
was significantly higher by 12.5  % (p<0.01) than the 
average glucose level in the group of intact animals. 
Changes in the lipid profile accompanied experimental 
modeling of MS in rats: an increase in total cholesterol 
by 15.8 % (p<0.01), an increase in TG levels by 39.2 % 
(p<0.001), and a decrease in HDL by 36.9 % (p<0.001). 
There was also a significant increase in the level of uric 
acid by 44.8 % (p<0.001) in the blood plasma of rats with 
experimental MS (174.44±16.89 mmol/l) compared with 
the control group (120.48±15.12 mmol /l).

Morphology of the liver of rats in the control group 
and the simulation of MS. The histological structure of 
the liver of rats in the control group corresponds to the 
normal (Fig. 1 A). Modeling of experimental MS revealed 
the typical characteristics of NAFLD in the liver. Liver 
cells slightly increase in size, binuclear cells are found 
both in the central and peripheral zones, and the cellular 
composition is heterogeneous. In the central zone of the 
lobules, lipid inclusions in the cytoplasm of hepatocytes 
are more significant and tend to merge, while on the 
periphery, they are smaller, dust-like in areas (Fig. 1 B). 
A violation of the beam structure of the lobules with a 
chaotic, random arrangement of cells was also revealed. 
Moderately pronounced intralobular inflammation, cell 
edema, hepatocellular granular degeneration, there is 
perisinusoidal fibrosis (Fig. 1 C). 

In the peripheral parts of the cytoplasm, the ER cis-
terns undergo fragmentation agrER predominates. The 
number of free ribosomes is sharply reduced compared 
to the control. Mitochondria react most acutely: the integ-
rity of the inner and outer membranes is violated, cristae 
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are not visualized, and lipid inclusions are found in the cy-
toplasm near mitochondria. Accumulation of chromatin in 
the nuclei is characteristic, which may be a sign of poly-
ploidy as a compensatory tissue reaction aimed at activat-

ing regenerative processes. The cytoplasm is filled with 
fine-grained contents; the ER is poorly developed with 
signs of dystrophy. Mitochondria decrease in size, and 
the electron density of the matrix increases (Fig. 1 C, D).

D

а В

Fig. 1. Fragments of the liver of male rats of the control and experimental groups at the age of 10–12 months: light microscopy, 
stained with hematoxylin and eosin (A, B); electronic micrographs (C, D). A – Peripheral part of the lobule, triad, control group; 

×400; B – Central zone of the hepatic lobule, MS group. Violation of the histotopographic structure of the lobules, 
narrowing of the lumen of the sinusoidal capillaries, perisinusoidal fibrosis; ×400; C – A fragment of a hepatocyte 

in the initial stage of necrosis, MS group; ×6400; D – Hepatocyte fragment, MS group; ×8000

C

The accumulation of lipids is associated with their 
excessive synthesis, impaired TG secretion, and im-
paired protein metabolism during a carbohydrate diet. 
An essential factor in such a biochemical transforma-
tion of cells is the disruption of redox processes, which 
is confirmed by ultramicroscopic examination. This may 
also be associated with damage to mitochondrial mem-
branes and increased oxidation of fatty acids (FA) due to 
excessive accumulation in intact mitochondria and pe-
roxisomes. At the same time, the emerging toxic forms of 
oxidizing agents, in this case, hepatotropic (due to their 
localization and specific action) link. This triggers necro-
sis, the release of cytokines that activate a nonspecific 
aseptic inflammatory response and fibrosis involving Ito 
stellate and Kupffer cells [8, 9]. This pathogenetic chain 
is realized when the compensatory processes develo-
ping in the tissue are turned on as opposed to damage. 
Attention is drawn to the narrowing of the lumen of the 

sinusoidal capillaries, expressed over the entire area of 
the lobule on the cut; only in the central vein region do the 
final segments of the sinusoids have a visible lumen. Such 
a violation of the cytoarchitectonics of the liver affects its 
function, which is reflected in the results of biochemical 
studies.

According to the results of morphometric analysis 
of liver sections, the area of the parenchyma on liver 
preparations in rats of the experimental group is 2.97 % 
(p=0.002) higher than in rats of the control group. How-
ever, the average values of the diameter and area of ves-
sels and ducts in the hepatic lobules in rats of the control 
group are significantly higher (p<0.001) than in the group 
of rats with MS: central vein – by 49.47 % and 72.93 %; 
interlobular vein – by 15.94 % and 59.13 %; interlobular 
bile duct – by 29.65 % and 55.18 %, and interlobular ar-
tery – by 65.37 % and 87.77 % for the diameter and area, 
respectively (Fig. 2).
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This confirms the descriptive characteristics of mi-
cropreparations that narrow the perisinusoidal space 
and the development of perisinusoidal fibrosis described 
in the experimental MS group. This indicates the devel-
opment of initial fibrotic changes in the liver against the 
background of prolonged inflammation and damage.

Even though the human and white rat livers are sig-
nificantly similar in some morphological and functional 
parameters (poor contouring of the lobules, moderate 
development of the perilobular stroma, the presence 
of border plates, many binuclear cells and pronounced 
polyploidy, weak accumulation of lipids in the norm), the 
reaction to damage has its characteristics. So, talking 
about our experiment, an increase in the number of bi-
nuclear cells characteristic of a person as a compensa-
tion for a damaging alimentary factor was not revealed
(Fig. 3). On the contrary, the number of binuclear cells 
in rats became less; there was hypertrophy of mononu-
clear hepatocytes with the development of dystrophic 
processes.

Morphology of the intestines of rats in the control 
group and MS group.

The histological structure of the intestinal villi of rats 
in the control group corresponds to the normal. In the 
intestinal villi of rats with fructose-induced metabolic 
syndrome, the following morphological changes were 
revealed: at low magnification, the destruction of the api-
cal part of the villus epithelial cells and the release of the 
contents into the intestinal lumen were noticeable.

On a large increase, the lymphatic capillaries along 
the long axis of the villi, epitheliocytes and their nuclei 
become more elongated in shape, their cytoplasm, and 
the connective base more eosinophilic (Fig. 1 B). The cy-
toplasm of the goblet cells is still transparent and slightly 
eosinophilic. 

In the crypts, goblet cells are practically not ex-
pressed; the severity of Paneth cells and undifferentiated 
epitheliocytes does not change.

Synthesis organelles (EPS, Golgi complex, ribo-
somes) are developed in the Panet cell, and secretory 
granules are arranged in the apical part (Fig. 1 B). It is 
known that the epithelial stratum of the small intestine is 
completely renewed in 3 days, the epitheliocytes of the 
crypt – in 5 days, except for Pantet cells [10]. The lym-
phatic system was only found on the intestinal wall slices 
of the control group. Identified as solitary follicles with an 
area of 582 739.1 nm2 to 322 278.201 nm2 and grouped 
lymphoid formations with an area of 1 252 639 nm2.

Morphometry showed that the mean thickness of the 
villus epithelium in the experimental rat group was 4.48 % 
higher than the control group (p=0.784), as well as the 
thickness of the mucous membrane was 7.76 % (p=0.621), 
but these changes were not statistically reliable. The 
muscle layer of the intestinal wall of the control group is 

6.18  % thicker than the experimental group (p=0.782). 
There is a clear separation of the vividly eosinophilic lymph 
capillaries. The percentage of capillaries is 38 % higher in 
the control group (p=0.529). Control group rats’ villi are 
thicker than rat vortices experienced at 4.73 % (p=0.577). 
Some cases of blood circulation disorders in the form of 
full-blooded red blood capillaries.

When the membranes are damaged, mitochondria 
initiate necrosis and fibrosis with increasing liver size 
and histoarchitectonic impairment, moderate intralo- 
bular inflammation, hepatocellular grainy dystrophy, cell 
edema, contraction of sinusoid capillaries, chromatin 
build-up in nuclei. However, in our experiment, we have 
found an unnatural reduction in the number of bi-nuclear 
cells. These changes have developed against the back-
ground of disturbances in protein and lipid exchange 
during a fructose diet. Liver dystrophy is caused by ac-
cumulation in hepatocytes of TH due to an increase in the 
intrahepatic pool of free LCD released from adipose tissue 
as a result of insulin resistance resulting from a fructose 
diet, as well as an excessive synthesis of TH and violation 
of their disposal from hepatocytes [11]. This is based on 
the disruption of intracellular biochemical processes. Due 
to membrane damage, mitochondria in the surviving orga-
nelles (mitochondria and peroxisomes) compensate for 
increased oxidation of the LCD, resulting in hepatotoxic 
oxidant forms, which induce the initiation of necrosis, and 
release of cytokines and fibrosis involving perisinusoidal 
Ito and Kupfer cells [11, 12]. This indicates the develop-
ment of compensatory-adaptive reactions under patho- 
biochemically altered protein-lipid metabolism [13, 14].

Morphometric measurements of the intestine were not 
reliable. However, it has been shown that the form of epi-
theliocytes of villi of the intestine of rats and the nuclei of 
these cells becomes more elongated, and the cytoplasm of 
epitheliocytes becomes more elongated. The connective 
detached base is more eosinophilic. There is a destruction 
of apical epitheliocytes of villi and the exit of part of them 
into the lumen of the intestine. Zhou X. and so on. have re-
ceived similar morphological changes in their experiment 
in studying the gut structure of high carbohydrate and high 
lipid rats. Still, their results were also unreliable [15–17].

Conclusions. Thus, histological examination of the 
liver of rats with simulated MS showed signs of NAFLD 
and steatosis. However, the above changes indicate that 
the intestinal wall has been damaged, resulting in the de-
velopment of intestinal autoendogenous toxaemia, which 
exacerbates the endogenous endotoxemia characteris-
tic of MS. Since the mechanisms of MS development and 
organ damage due to its development are not yet fully 
disclosed by researchers, this topic represents a wide 
field for further study and discovery.

Informed consent. The basic rules for the mainte-
nance and care of experimental animals corresponded to 

Fig. 2. Parameters of liver vessels and bile duct.  
* – p<0,001
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the standards given in the Order of the Ministry of Health 
of the Russian Federation No. 708n of 23.08.2010 «On 

Approval of the Rules of 
Laboratory Practice in 
the Russian Federation», 
the ethical principles es-
tablished by the Euro-
pean Convention for the 
Protection of Vertebrates 
Used for Experimental 
and Other Scientific Pur-
poses (adopted in Stras-
bourg on 18.03.1986 and 
confirmed in Strasbourg 
on 15.06.2006). The Eth-
ics Committee approved 
the experiment.
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Fig. 3. Рathogenetics scheme of disorders in the liver and intestines in fructose-induced MS
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POSSIBILITIES FOR ASSESSING STIMULATION OF BONE TISSUE 
REGENERATION IN THE BACKGROUND OF EXPERIMENTAL STRESS
Sirak S. V., Shchetinin E. V., Romanenko R. G.

Stavropol State Medical University, Russian Federation

ВОЗМОЖНОСТИ ОЦЕНКИ СТИМУЛЯЦИИ РЕГЕНЕРАЦИИ 
КОСТНОЙ ТКАНИ НА ФОНЕ ЭКСПЕРИМЕНТАЛЬНОГО СТРЕССА
С. В. Сирак, Е. В. Щетинин, Р. Г. Романенко 

Ставропольский государственный медицинский университет, Российская 
Федерация

The results of an X-ray assessment of the dynamics of bone regeneration of postoperative defects in an experiment on 
rats using a stress-inducing device to form non-physiological occlusion of the jaws are presented. More effective and com-
plete restoration of the alveolar ridge after tooth extraction was shown in animals treated intraperitoneally with ethylmethyl-
hydroxypyridine succinate under chronic stress conditions. X-ray analysis of the bone regeneration confirmed the stimula-
tion of bone healing by the drug in terms of 30 and 60 days in the form of filling the defect with trabecular bone, which, in 
terms of quantitative and qualitative composition, can provide the function of a scaffold for newly formed vessels and nerves.

Keywords: radiography, experiment, osseointegration, chronic stress

Представлены результаты рентгенологической оценки динамики костной регенерации послеоперационных 
дефектов в эксперименте на крысах с использованием стресс-индуцирующего устройства для формирования не-
физиологической окклюзии челюстей. Показано более эффективное и полноценное восстановление альвеолярно-
го гребня после удаления зубов у животных, получавших внутрибрюшинно этилметилгидроксипиридина сукцинат 
в условиях хронического стресса. Рентгенологический анализ костного регенерата подтвердил стимуляцию пре-
паратом заживления кости в сроки 30 и 60 суток в виде заполнения дефекта трабекулярной костью, способной по 
количественному и качественному составу обеспечить функцию каркаса для новообразованных сосудов и нервов.

Ключевые слова: рентгенография, эксперимент, остеоинтеграция, хронический стресс
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SID – stress-inducing device

The emergence of new imaging techniques in 
clinical and experimental practice has signifi-
cantly expanded the possibilities for studying 

the mechanisms of osseointegration [1, 2]. At the 

same time, the possibilities of reparative bone for-
mation of postoperative jaw defects, including mo- 
deling of bone loss processes under conditions of 
chronic stress or osteoporosis, are far from being 


