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Disseminated intravascular coagulation leads to the development of multiple organ failure syndromes with a mortality 
rate higher than 50 %. We examined the pathogenetic mechanisms of formation of systemic reperfusion syndrome in a rat 
model of reperfusion syndrome for 6, 12, and 24 hours. A total of 60 white Wistar rats, with a weight of 180–200 g, were 
studied. We found that morphological changes in the liver were manifested by formation of triggers for hepatocyte damage, 
including activation of apoptosis and initiation of pro-inflammatory damage pathways. These changes did not lead to severe 
alterations in functional activity of the liver. Disturbances in the blood coagulation system that developed with reperfusion 
syndrome with a potential threat of developing DIC were associated with increased consumption of coagulation factors. 
These disturbances in the blood coagulation system were also associated with inhibition of synthetic function of the liver to 
a lesser extent.
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The liver plays a fundamental role in direct and 
indirect regulation of almost all aspects of the 
hemostatic system and synthesizes the bulk of 

coagulation factors [1]. The compensatory abilities of 
the blood coagulation system noticeably weaken with 
liver pathology of various etiologies [2]. Depending 
on the situation, this leads to development of 
bleeding or thrombosis. Occurrence of hemorrhagic 
complications is a common clinical problem in 
patients not only with direct liver pathology, but 
also in extreme conditions of the body [3–5]. 
Moreover, liver damage during extreme conditions is 
a serious problem. Additionally, the condition of the 
blood coagulation system is considered essential 
for development of disseminated intravascular 
coagulation (DIC). DIC leads to development of 
multiple organ failure syndromes with a mortality rate 
higher than 50 % [6–9].

Notably, some researchers have questioned 
development of DIC in a classical form [10, 11]. 
Therefore, the problem of consumption coagulopathy 
in critical conditions remains relevant [11, 12]. The 
pathogenesis of DIC, including the relationship of 
morphofunctional changes in the liver with indicators of 
the hemocoagulation system, remains debatable. This 
issue needs to be solved by performing experimental 
studies of extreme conditions using the model of  
ischemia-reperfusion [13, 14] with the multiparameter 
assessment of liver function and coagulation status.

Therefore, this study aimed to determine the general 
patterns of morphofunctional changes in the liver and 
the blood coagulation system with the development of 
experimental reperfusion syndrome.

Material and Methods. A total of 60 white Wistar 
rats, with a weight of 180–200 g, were studied. The 
rats were kept in identical standard conditions, which 
were required to create the groups. The V. I. Vernadsky 
Crimean Federal University, Medical Academy named 
after S. I. Georgievsky Ethics Committee approved the 
study protocol (protocol № 2, September 11, 2015).

The model of reperfusion syndrome (RS) was used to 
examine pathogenetic changes in the blood coagulation 
system, and nonspecific proteinases and their inhibitors. 
This model was created by applying rubber bands to both 

hind limbs of the rats at the level of the inguinal fold for 
6 hours [13, 14]. The width of the cross-clamping of the 
tissue was 2–3 mm. An indication of a correct tourniquet 
was the absence of edema in the extremities and a 
pale appearance. Revascularization was performed 
simultaneously by cutting the bundles 6 hours after their 
restriction. Euthanasia of rats was performed under 
thiopental anesthesia by decapitation after 6 hours of 
ischemia, and within 6, 12, and 24 hours after reperfusion. 
A group of intact rats was used as a control. 

Blood of rats was obtained by a single cardiopuncture 
of 4 ml in disposable syringes. The blood was stabilized in 
a solution of 0.05 M ethylenediaminetetraacetic acid and 
then centrifuged for 15 minutes at 5000 × g.

Biochemical blood tests were performed using 
an automatic analyzer (Targa BT 3000; Biotechnica 
Instruments, Italy) with standard commercial kits 
(DiaSys Technologies SARL). We measured the following 
biochemical parameters: aspartate transaminase 
(AST), alanine transaminase (ALT), gamma-glutamyl 
transpeptidase (GGT), total protein, albumin, and 
glucose.

The following parameters were determined to 
evaluate the state of the coagulation system: international 
normalized ratio (INR), activated partial thromboplastin 
time (aPTT), soluble fibrin monomer complex (SFMC), 
plasminogen (PG), and antiplasmin (APL). Hemostatic 
parameters were measured on an automatic 
coagulometer (CA 1500; Sysmex, Japan) using standard 
commercial reagent kits (Siemens, Germany). Clotting 
methods were used to measure the INR and aPTT. 
Chromogenic methods were used to determine APL 
activity and PG concentrations. The content of the SFMC 
was assessed by the paracoagulatie manual method [3] 
using Technology-standard (Russia) kits.

A phased morphological study was carried out, 
including a standard histological study using hematoxylin 
and eosin staining and subsequent immunohistochemical 
(IHC) examination. Immunohistochemistry was performed 
on serial paraffin sections that were 4-µm thick (automatic 
rotational microtome, Leica RM 2255; Germany), 
and sections were then placed on adhesive slides 
(Leica Biosystems, UK). Antibodies for the apoptosis 
regulator BCL-2 protein (NCL-LBCL-2; Novocastra, 

В результате проведенных экспериментальных исследований по изучению патогенетических механизмов фор-
мирования системного реперфузионного синдрома в течение 6, 12 и 24 часов установлено, что морфологические 
изменения печени проявляются формированием пусковых механизмов повреждения гепатоцитов, включая актива-
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ALT	 – alanine transaminase
APL	 – antiplasmin 
aPTT	 – activated partial thromboplastin time 
AST	 – aspartate transaminase
DIC	 – disseminated intravascular coagulation 

GGT	– gamma-glutamyl transpeptidase 
INR	 – international normalized ratio 
PG	 – plasminogen 
RS	 – reperfusion syndrome 
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Great Britain) at a dilution of 1:100 and a marker of Fas 
receptors (CD95; BD Biosciences, UK) at a dilution of 
1:100 were used. The solution for dilution of primary 
antibodies was from Leica Biosystems. We also used 
monoclonal antibodies to the markers CD45 (X16/99; 
Leica Biosystems, UK), CD8 (4B11; Leica Biosystems, 
UK), CD68 (514H12; Leica Biosystems, UK), and CD56 
(CD564; Leica Biosystems, UK). The Polymer Refine 
Detection System (Leica Biosystems, UK) was used. The 
reaction was carried out using an automated Bond Max 
IH staining system (Leica Biosystems Melbourne Pty, 
Australia). In each series, an additional response with 
negative and positive control tissues with the indicated 
antibodies was performed. Sections were viewed at a 
magnification of 400× in 10 fields of view. The Aperio CS2 
drug scanner (Leica Biosystems, Germany) with Aperio 
ImageScope software was used for analysis. Viewing 
and taking digital photographs of micropreparations 
were carried out with an Olympus C 5050Z digital camera 
mounted on an Olympus CX-41 microscope (Japan). 
Morphometric analysis of the obtained data was carried 
out using ImageJ licensed software.

All measurements were performed using measuring 
equipment that underwent metrological verification. 
Furthermore, auxiliary equipment was used that passed a 
certification based on the Center for the Collective Use of 
Scientific Equipment «Molecular Biology» of the Medical 
Academy named after S. I. Georgievsky of Crimean 
Federal University named after I. N. Vernadsky.

The data obtained during the study were processed 
using a certified MedStat computer processing package 
for working in the Windows environment. Values are 
shown as mean (M), an error of the mean (m), and 
standard deviation. A comparison between groups was 
carried out using the Student’s parametric criterion taking 
into account preliminary verification of data for normal 
distribution using the Shapiro – Wilk test. Results were 
considered statistically significant at p<0.05. The results 
of indicators of the hemostatic system are presented as 
relative differences with data in the control group shown 
as percentages.

Results and Discussion. Previous studies have 
shown that morphological changes in the liver in RS 
are characterized by different types of dystrophy, 
hemorheological disorders, and alterative-dystrophic 
processes of varying severity [4, 7]. In our study, in 
rats with development of 6-hour limb ischemia, central 
venous congestion and petechial hemorrhage in liver 
tissue were observed. Additionally protein and partial 
hydropic dystrophy in hepatocytes were found [8].

In the current study, after a 6-hour reperfusion, 
more significant disturbances in hemorheology, such 
as centrilobular hyperemia, petechial hemorrhage, 
foci of hemorrhage in the central parts of lobules, and 
focal interstitial edema were found. We also observed 
hydropic degeneration and focal microvesicular fatty 
degeneration, mainly in the first zone of the acini.

Prolongation of reperfusion to 12 and 24 hours 
resulted in severe disorders of hemorheology, 
manifested by the development of centrilobular and 
sinusoidal capillaries, as well as by the presence of 
focal petechial hemorrhage in the center of the hepatic 
lobules. Additionally, there was extension of the lumen of 
central veins, plasma output, large foci of hemorrhage in 
the parenchyma, and stasis and sludge in the capillaries 
(Fig. 1). The increase in degenerative processes in 
hepatocytes was accompanied by the presence of 
diffuse intraplate edema, plates decomplexation, and 
monocellular and centrilobular necrosis. Focal, diffuse, 
and micro- and macrovesicular fatty dystrophy was 

observed in hepatocytes in all areas of acini. In the group 
of RS with a 24-hour reperfusion period, we found the 
diffuse extension of the Disse space with sinusoidal 
hyperemia, moderate diffuse leukocyte infiltration, and 
lymphocytes in the portal tracts and liver parenchyma. 
Furthermore, there were signs of central endotheliitis, as 
well as multiple foci of cholestasis.

Fig. 1. (A) Rat liver tissue in the experimental group after  
12 hours of reperfusion. Expansion and high density of vessels, 

plasma output, perivascular edema, and focal microvesicular 
fatty degeneration can be seen. Hematoxylin and eosin stain; 

magnification, ×100. (В) Rat liver tissue in the experimental 
group 24 hours after reperfusion. Macrovesicular fatty 

dystrophy and centrilobular necrosis can be seen. Hematoxylin 
and eosin stain; magnification, ×200

Investigation of inflammatory and apoptotic markers 
in the development of RS using immunohistochemistry 
showed the following. Reaction with the Fas CD95 
receptor marker showed biphasic activation of apoptosis 
with a gradual increase in the number of positively stained 
elements (hepatocytes and endothelial cells) in rats with 
RS compared with the control group. The presence of 
single CD95+ hepatocytes was observed, with a mean 
number of 5.01±0.61 cells, in liver tissue in the control 
group. In rats with 6-hour ischemia, there was a higher 
than three-fold increase in the number of death receptor 
carrier cells. In rats with 6-hour ischemia complicated by 
a similar time of reperfusion, an even more significant 17-
fold increase in the number of death receptor carrier cells 
was found, as shown by expression of endotheliocytes of 
sinusoidal veins and nearby hepatocytes. The peak of 
Fas-dependent apoptosis was observed in reperfusion at 
12 hours compared with controls (Fig. 2).

In IHC, BCL-2 indicated short-term activation of 
apoptosis blockers in acute liver injury syndrome. This 
finding was probably protective in association with the 
simultaneous increase in CD95+ cell numbers. However, 
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even in the group with 6 hours of reperfusion, there was 
a marked reduction in antiapoptotic factors compared 
with controls (Fig. 3). Additionally, along with activation of 
proapoptotic molecules and progression of necrobiotic 
changes, there was a significant increase in the number 
of CD68+ macrophages, CD56 in natural killer cells, CD8 
in cytotoxic lymphocytes, and CD45 of the total leukocyte 
factor in tissue with maximally expressed quantitative 
indicators after 24 hours of reperfusion.

Fig. 2. Immunohistochemistry with the CD95 marker  
in the control (A) and experimental (B) groups with reperfusion 

of 12 hours. A positive nuclear reaction in hepatocytes  
can be seen. Magnification, ×20

These results of IHC reactions and pathomorpholo-
gical changes in hepatic parenchyma suggest that 
cross-molecular and cross-cellular interactive reactions 
occur in the development of RS in the liver. Changes 
in the early stages of RS lead to the induction of Fas-
dependent apoptosis of hepatocytes and endothelial 
cells. Subsequently, an increase in duration of RS leads to 
progression of other secondary disorders. This is actively 
caused by migration of macrophages and lymphocytes 
of which their cytotoxic effects cause necrotic damage 
of hepatocytes.

We also investigated the changes in biochemical blood 
parameters for characterizing the functional state of the 
liver. During the development of RS, we did not observe 
a decrease in the levels of proteins that are synthesized 
in the liver. Total protein and albumin levels were slightly 
decreased by 6 hours of reperfusion, but then returned to 
their original levels.

During ischemia and at early reperfusion, there were 
no changes in serum AST and ALT concentrations. At 24 
hours of reperfusion, serum AST and ALT concentrations 
were significantly (both p<0.05) higher compared 
with controls. This finding suggests that necrotic 
changes in the liver were not yet critical and did not 
lead to massive accumulation of intracellular proteins 

in the blood. However, gamma-glutamyl transpeptidase 
levels decreased with the development of reperfusion 
syndrome. Blood glucose levels were slightly reduced 
after 6 hours of reperfusion, but then remained at the 
level of control values after this time.

Fig. 3. Immunohistochemistry with the marker BCL-2 in the liver 
of rats in the control (A) and experimental (B) groups during 

reperfusion for 6 hours. A cytoplasmic positive response  
can be seen. Magnification, ×40

In contrast, more significant (p<0.01) changes were 
found in the study of rat hemostasis with the RS model. 
Six hours of ischemia did not cause significant changes 
in hemostasis, and only the INR was increased. However, 
there were obvious changes in external and internal 
clotting tests by the 6th hour of developing reperfusion 
injury. At this time, the INR value was significantly 
(p<0.01) higher and the aPTT was prolonged by 170 % 
compared with the control group. 

We observed a significant decrease in the content of 
soluble fibrin monomer complexes by 62  % compared 
with the control group. Additionally, blood plasminogen 
levels were increased, with a reduction in blood APL 
levels in rats. Prolongation of the aPTT indicated 
excessive consumption of blood coagulation factors (i.e., 
hypercoagulation). Hypercoagulation is associated with 
intensive formation of an active prothrombinase complex 
by the internal mechanism of hemocoagulation.

At 12 hours of RS, the increase in INR continued, and 
it was two-fold higher than control values. Additionally, at 
this time, the aPTT was further prolonged and was five-
fold longer than control values. More intensive plasmin-
induced cleavage of peptide bonds in fibrin and fibrinogen 
was accompanied by accumulation of fibrin degradation 
products (fibrinogen), which were 1.2-fold higher than 
control levels. Two-fold higher INR levels characterized 
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prolongation of reperfusion up to 24 hours, and a five-
fold rise in the duration of the aPTT duration compared 
with controls. Stable high SFMC concentrations were 
also observed with reperfusion up to 24 hours.

Analysis of coagulation system dynamics showed 
significant differences in hemostasis system reactions 
at different time intervals of ischemia-reperfusion. In 
the short term, at 6-hours of reperfusion, there was 
activation of blood clotting factors with a predominance 
of hypercoagulation. This finding can be explained by 
systemic activation of plasma systems in response to 
acute stress damage. Prolongation of RS to 12–24 

hours resulted in hypocoagulative changes in hemostatic 
parameters. This may have been associated with depletion 
of blood clotting factors and termination of their entry into 
systemic blood flow because of inhibition of liver function.

Conclusions. Our study indicates that morphological 
changes in the liver during the first day of development 
of RS involve stimulation of pro-inflammatory pathways 
of damage to hepatocytes, including activation of 
apoptosis. Disruption of the blood coagulation system 
is largely associated with increased consumption of 
coagulation factors, and to a lesser extent, with inhibition 
of the synthetic function of the liver.
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