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Abstract: Objective — To assess the antioxidant activity of rat liver after systemic ischemia reperfusion (IRP).

Material and Methods — The study was conducted on 70 male rats. For all animals of the treatment group (n=35) under ether anesthesia,
we were stopping stopping systemic circulation for five minutes. After that, the animals were given an external cardiac massage and
artificial lung ventilation. We did not perform circulatory arrest after ether anesthesia in animals of the control group (n=35). In all animals,
we were measuring the levels of serum hormones (corticosterone, aldosterone), the content of glucocorticoid and mineralocorticoid
receptors in liver homogenates, and the activity of enzymes of the antioxidant system (superoxide dismutase and catalase). We were
making control measurements on days 1, 3, 5, 7, 14, 21, and 35 after the simulated IRP.

Results — On day 1 after simulation of IRP development, the levels of cortisol and aldosterone in the serum of treatment group rats were
significantly higher, by 14.3% and 33.5%, respectively, compared with the control group. In response to stress (IRP), we observed the
highest concentration of cortisol in the blood of treatment group rats on day 3 (p=0.0002), which decreased afterwards. On day 1 after IRP,
there was a reduction in the activity of superoxide dismutase and catalase in treatment group rats, by 50.3% and by 29%, respectively
(p<0.0001). The lowest antioxidant activity in the rat liver after IRP was observed on days 3-7.

Conclusion — Systemic IRP is associated with pronounced changes in the dynamics of corticosteroid receptors in the liver, which leads to a
reduction in the activity of key antioxidant enzymes.
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released, which leads to the multiple organ failure [5]. With IRP, a
large amount of reactive oxygen species is formed, which
aggravate reperfusion damage to tissues. Free oxygen radicals
cause the oxidation of cell membrane phospholipids, thereby
further increasing cell damage [6]. Consequently, systemic
ischemia leads to a cascade of pathological reactions, starting with
a tissue hypoxia, cell apoptosis, and an increase in the content of
reactive oxygen species.

Introduction

Ischemia of a post-reperfusion organ is a common cause of its
functional insufficiency development, which may even result in
death. Ischemia-reperfusion injury often occurs after surgical
interventions. Accordingly, in the contemporary literature, cases of
ischemia-reperfusion damage to the liver are described, which is
often observed when performing operations in the hepatobiliary
region using the Pringle maneuver [1]. The latter presumes
temporary compression of the hepatoduodenal ligament blood
vessels [2], followed by dissection of the liver parenchyma within

However, despite the fact that the key stages of the local and
systemic IRP pathogeneses are known, there are many ambiguous

the ischemic zone (5-10 mm from the demarcation line). This tactic
is used during the surgeries, such as liver resection, and in the
course of organ transplantation. However, perpetrating even
temporary local liver ischemia may result in a significant risk of
organ damage due to the IRP development [3].

Some cases of IRP development in the liver after the
hemorrhagic shock are known as well [4]. Hemorrhagic shock is a
dangerous condition developing due to extensive bleeding. Even if
resuscitation efforts with hemorrhagic shock were effective, the
patient often has IRP of vital tissues and organs [4]. With systemic
IRP, hormones and numerous proinflammatory mediators are

issues regarding the correction of this condition. The IRP
development often impedes performing liver resection and
transplantation [7]. The state of the post-IRP hepatocyte
antioxidant system has not been fully studied as yet.

Objective. To evaluate the liver antioxidant activity in rats with
a low resistance to hypoxia after the systemic IRP.

Material and Methods

The study was performed on 70 sexually mature male white
rats. All animals included in the study were not resistant to
hypoxia. To comply with this inclusion criterion, we determined
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the resistance of each rat to acute hypobaric hypoxia: during the
simulated ‘ascent’ of a pressure chamber to an ‘elevation’ of 9000
m, which constituted the threshold for rats with ailments, we
identified animals with the greatest inhibition of their motor
activity and postural reflexes [5].

Next, under ether anesthesia, we squeezed the vascular
bundle of the heart in the treatment group animals (n=35),
thereby simulating a five-minute arrest of systemic circulation.
Then, these rats were given an external cardiac massage and
artificial lung ventilation. We did not perform circulatory arrest
after ether anesthesia in animals of the control group (n=35).

All animals were tested for plasma hormones content
(corticosterone, aldosterone), the content of glucocorticoid and
mineralocorticoid receptors in liver homogenates, and the activity
of antioxidant system enzymes (superoxide dismutase and
catalase). We performed control measurements on days 1, 3, 5, 7,
14, 21, 35 after the simulated IRP.

The levels of corticosterone and aldosterone in the blood
serum was investigated via the immunoradiometric method, using
standard test systems from IMMUNQOTECH (France). The densities
of glucocorticoid and mineralocorticoid receptors in liver
homogenates were determined by enzyme-linked immunosorbent
assay (ELISA) on the StatFox 2100 analyzer (USA).

We were evaluating liver antioxidant activity via measuring the
activity levels of superoxide dismutase and catalase by the ELISA
method on the StatFox 2100 analyzer (USA), using standard
RANSOD test systems from Randox Laboratories Ltd. (Great
Britain).

When performing all manipulations, we complied with the
ethical principles of the European Convention for the Protection of
Vertebrate Animals Used for Experimental and Other Scientific
Purposes (Strasbourg, 1986). The study protocol was approved by
the local Ethics Committee at Bashkir State Medical University of
the Russian Federation Ministry of Healthcare. In our study, all
animals were kept in similar conditions: 6-7 rats per cage, natural
lighting, air temperature of 20-22 °C, and unlimited access to
water and food.

Statistical processing of our data was conducted using
Statistica 8.0 software. Descriptive statistics included calculation of
means (medians), standard deviations (interquartile ranges via
indicating lower and upper quartiles). For categorical variables, the
results were also presented as numbers and percentages. The
nonparametric Kruskal-Wallis (H) and Mann-Whitney (U) criteria
were used for intergroup comparisons. The differences were
considered statistically significant at p<0.05.

Table 1. Serum hormone levels in rats with a low resistance to hypoxia in the post-resuscitation period, Mo

Corticosterone, nmol/L

Aldosterone, pg/mL

Days
Treatment group Control group Treatment group Control group
Day 1 232.35154.62 199.12+40.08 466.13+115.63 310.20+82.70
p=0.0493 p=0.0023
Day 3 334.37+43.18 181.10+£32.01 453.26+83.05 307.17+79.40
p=0.0002 p=0.0025
Day 5 154.23+29.10 183.09+41.2 399.19+43.03 308.22+80.56
p=0.0126 p=0.0032
Day 7 154.16+24.40 192.11+38.05 395.60+65.87 308.91+64.60
p=0.0126 p=0.0342
Day 14 127.75+27.44 195.09+39.02 402.50+65.55 300.35+78.80
p=0.0004 p=0.0101
Day 21 189.05+27.00 201.1+36.04 466.82+95.92 311.21+81.50
p=0.8206 p=0.0025
Day 35 223.36%28.79 198.06+41.02 473.63+54.79 310.20+82.70
p=0.0494 p=0.0036

Table 2. Dynamics of the corticosteroid receptor content in the liver of rats unresistant to hypoxia in post-resuscitation period, Mo

GR, mcg per g of protein; % in relation to the control group

MR, ng per g of protein; % in relation to the control group

Days Treatment group Control group Treatment group Control group

Day 1 34.61+4.30 30.10+6.45 81.23+9.21 117.36+5.06
p=0.0494 p=0.0012

Day 3 29.20+7.08 30.08+6.12 104.50+9.16 118.09+4.01
p=0.4963 p=0.0125

Day 5 28.15+6.98 28.87+5.76 139.50+10.01 118.44+5.02
p=0.5233 p=0.0002

Day 7 25.88+6.01 26.53+5.91 129.19+10.82 118.31+4.63
p=0.1306 p=0.0065

Day 14 22.86+4.47 23.32+5.04 150.21+27.55 117.83+4.50
p=0.1156 p=0.0052

Day 21 26.49+9.68 27.15+7.34 163.12+10.82 117.62+4.31
p=0.2988 p=0.0012

Day 35 32.52+12.86 31.09+8.41 187.76+15.16 117.54+4.22
p=0,6967 p=0,0002

MR, mineralocorticoid receptors; GR, glucocorticoid receptors.
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Table 3. Dynamic indicators of the antioxidant system activity in the rat liver of both groups

Superoxide dismutase, units per mg of protein

Catalase, mmol/min per mg of protein

Monitoring period
8P Treatment group

Control group

Treatment group Control group

Day 1 14.84+3.50 29.85+6.95 5.28+1.44 7,43+1,98
p <0.0001 p <0.0001

Day 3 12.49+2.80 28.98+7.02 4.37£1.01 7,11+2,07
p<0.0001 p <0.0001

Day 5 13.9243.90 29.16%6.88 5.40£1.40 7,15+1,92
p <0.0001 p <0.0001

Day 7 12.22+3.33 29.2616.64 5.91+1.47 7,18+1,94
p <0.0001 p =0.0016

Day 14 18.30+4.87 29.75%5.81 6.87£1.71 7,22+2,03
p <0.0001 p =0.5988

Day 21 17.7043.67 30.04+5.92 5.67+1.39 7,31£2,15
p <0.0001 p =0.0002

Day 35 23.01%5.55 29.8516.95 7.30£1.99 7,39£2,09
p <0.0001 p =0.9998

Results trend of recovery by day 35, whereas in the control group, these

We presented the blood plasma dynamics of corticosterone
and aldosterone levels in rats during early and late post-
resuscitation periods in Table 1. On day 1 after the IRP simulation,
the levels of cortisol and aldosterone in the blood serum of the
treatment group rats were significantly higher, by 14.3% and
33.5%, respectively, compared with the control group. In response
to stress (IRP), we observed the highest concentration of
corticosterone in the blood of treatment group rats on day 3
(p=0.0002), which gradually decreased afterwards and virtually
reached the initial levels.

Also, from day 3 on, we have been observing a gradual
increase in the blood level of aldosterone in treatment group rats.
From day 5 on, we have been detecting a distinct predominance of
mineralocorticoid concentration over glucocorticoids.

The dynamics of the corticosteroid receptor content in the
liver of rats unresistant to hypoxia in the post-resuscitation period
is shown in Table 2. The maximum density of glucocorticoid
receptors was established in the treatment group rats on day 1
after the IRP (p=0.0494), while the minimum density was detected
on day 14. On all other remaining control measurement days, the
values of this indicator in both groups (treatment and control)
were similar.

The content of mineralocorticoid receptors in the treatment
group rats significantly differed throughout the entire observation
period (Table 2). On day 1, we recorded the smallest number of
receptors, whereas from day 3 on, there was a gradual increase in
this indicator, and from day 5 on, mineralocorticoid receptors
explicitly prevailed, in terms of their numbers, over glucocorticoid
receptors.

Over the period, encompassing days 14 through 35, we
revealed a strong positive correlation between the aldosterone
level and the numbers of mineralocorticoid receptors: day 14 —
R=0.78, (p=0.0022); day 21 — R=0.80, (p=0.0018); day 35 — R=0.82,
(p=0.0008).

Indicator values of the hepatocyte antioxidant system activity
in rats of both groups in the early and late post-resuscitation
period are demonstrated in Table 3. On day 1 after the IRP, a
significant reduction in the activity of superoxide dismutase and
catalase was observed in rats of the treatment group: by 50.3%
and by 29%, respectively (p<0.0001). The lowest values of
superoxide dismutase and catalase activity in the liver of
treatment group rats were observed on days 3-7, with a further

indicators did not change significantly. Hence, rats unresistant to
post-IRP hypoxia were characterized by a lower level of
antioxidant protection.

Discussion

It is well-known that even a short period of ischemia in organs
and tissues, followed by the restoration of blood flow, causes
damage to tissues and cells, known as IPR injury [5]. In response to
damage, hepatocytes produce cytokines, chemokines, and
proteases, which contributes to the development of hepatocellular
necrosis and apoptosis [8-11]. The liver is among the most
sensitive to IRP organs [12]. Consequently, such interventions, as
liver resection and transplantation, are accompanied by a
pathological process of IRP injury [13]. Liver damage as a result of
IRP may lead to the organ dysfunction, including graft rejection,
which negatively affects the outcome of patient surgery and
rehabilitation. Therefore, investigating the damage severity and
timing of the post-IRP liver recovery remains a crucial issue of
contemporary hepatology.

Rushing et al. showed that against the background of
hemorrhagic shock in rats, occurring in response to IRP, the
production of serum corticosterone is stimulated, which, in turn,
triggers a cascade of processes: production of tumor necrosis
factor (TNF-a), release of cytokines and reactive oxygen species,
etc. [14]. Stimulation of mineralocorticoid receptor expression in
the liver against the background of IRP causes pro-inflammatory
and profibrotic effects. It was discovered that an increase in the
mMRNA level in the liver significantly correlates with the expression
of pro-inflammatory and profibrotic genes, while use of a specific
mineralocorticoid receptor blocker, eplerenone, weakens these
effects [15, 16]. Our study has demonstrated that in rats,
characterized by the low resistance to hypoxia, the vectors of
fluctuations in the corticosterone concentrations, as well as in the
numbers of its target receptors, were multidirectional on day 3
after the IRP: an increase in the corticosteroid level was
accompanied by a reduction in the mineralocorticoid content.
From the end of the second week of the post-resuscitation period,
in the treatment group of animals, i.e., in those unresistant to
hypoxia, the corticosterone level declined sharply while high
aldosterone concentration in blood plasma was observed.

We have also established a strong direct statistically significant
correlation between the aldosterone level and mineralocorticoid
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receptor content. Such pattern persisted until the end of the
experiment, which allowed the aldosterone effects to manifest
themselves. That is why, no significant increase in liver enzymes
and TNF-a was observed in rats injected with aldosterone
antagonists 30 minutes prior to the IRP simulation [17]. Therefore,
we conclude that an increase in aldosterone after systemic IRP
stimulates liver damage, while its antagonists have
hepatoprotective properties.

Many authors pointed out the oxidative stress formation
against the background of IRP. E.g., the study by Popov KA, et al.
demonstrated high lability of the functional state of mitochondria
with liver IRP [18]. The authors revealed a substantial decrease in
the membrane potential of hepatocyte mitochondria after a 25-
minute compression of the liver vessels [18]. Kunak CS, et al
reported a decrease in the activity of glutathione peroxidase and
glutathione transferase after the liver IRP injury [19].

Our data suggested that rats, unresistant to post-IRP hypoxia,
had a low level of antioxidant protection, compared with the
control group. The lowest activity values of superoxide dismutase
and catalase in the liver of rats were observed in the first week
after the simulation of a systemic IRP. Therefore, it is during these
particular periods that the body needs an antioxidant support.

To prevent and correct the oxidative stress, it is necessary to
use antioxidant medications, e.g., vitamin E and ascorbic acid,
which have long been recognized as antioxidants [20]. The results
of the study by Dossi CG, et al implied that in mice, treated with a-
tocopherol for 15 minutes before the simulation of liver IRP,
mitochondrial function and superoxide dismutase activity did not
decrease to critical levels, compared with the control group [8]. As
stated by Cheung E, et al, zinc preparations reduce the degree of
damage to hepatocytes under the IRP injury: 24 hours after the
liver IRP, ALT and AST were 1.5-2 times lower in animals, treated
with zinc the day before, compared with the control group
(p=0.025) [7].

Hence, liver injury and recovery against the background of IRP
requires further investigation, particularly, studying the IRP
pathogenesis and liver failure correction on long-term ischemic
simulation models.

Conclusion

In animals, unresistant to hypoxia, systemic liver IRP was
associated with pronounced changes in the dynamics of
corticosteroid receptors, which led to high activity of the free
radical oxidation and a reduction in the activity of key
antioxidants. Starting from the second week, ischemia-reperfusion
injury of the liver was accompanied by hypocorticosteronemia and
hyperaldosteronemia, = which  created prerequisites for
hyperstimulation of mineralocorticoid receptors. Therefore, the
systemic ischemia reperfusion led to an oxidative damage to the
liver, which required medicamentous correction in both early and
late follow-up periods.

Limitations

Our study was limited by the sample size (number of rats) and
duration of IRP simulation.
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