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Abstract
Background: Hepatic ischemia reperfusion (IR) injury is considered as a main cause of liver damage and dysfunction.
The L-arginine/nitric oxide pathway seems to be relevant during this process of IR. Although acute intense exercise
challenges the liver with increased reactive oxygen species (ROS), regular training improves hepatic antioxidant status.
Also, oxytocin (Oxy), besides its classical functions, it exhibits a potent antistress, anti-inflammatory, and antioxidant
effects. This study was designed to evaluate the hepatic functional and structural changes induced by hepatic IR injury
in rats and to probe the effect and potential mechanism of moderate intensity exercise training and/or Oxy, in
comparison to a nitric oxide donor, L-arginine, against liver IR-induced damage.
Results: Compared to the sham-operated control group, the hepatic IR group displayed a significant increase in serum
levels of ALT and AST, plasma levels of MDA and TNF-α, and significant decrease in plasma TAC and nitrite levels
together with the worsening of liver histological picture. L-Arg, Oxy, moderate intensity exercise, and the combination
of both Oxy and moderate intensity exercises ameliorated these deleterious effects that were evident by the significant
decrease in serum levels of ALT and AST, significant elevation in TAC and nitrite, and significant decline in lipid
peroxidation (MDA) and TNF-α, besides regression of histopathological score regarding hepatocyte necrosis,
vacuolization, and nuclear pyknosis. Both the moderate intensity exercise-trained group and Oxy-treated group
showed a significant decline in TNF-α and nitrite levels as compared to L-Arg-treated group. The Oxy-treated group
showed statistical insignificant changes in serum levels of ALT, AST, and plasma levels of nitrite, MDA, TAC, and TNF-α
as compared to moderate intensity exercise-trained group.
Conclusion: The combination of both moderate intensity exercise and Oxy displayed more pronounced
hepatoprotection on comparison with L-Arg which could be attributed to their more prominent antioxidant and antiinflammatory effects but not due to their NO-enhancing effect.
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Background
Hepatic ischemia reperfusion (IR) injury is considered as
the main cause of liver damage and dysfunction or functional failure and contributes to a high morbidity and
mortality [1, 2]. Hepatic IR injury is commonly seen in
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hepatic surgery, such as in hepatectomy, liver transplantation, and resuscitation after shock [3, 4]. Also, abdominal
trauma, myocardial ischemia, stroke, and hemorrhagic
shock can cause insufficient liver blood flow, resulting in
liver IR injury after reperfusion [5, 6].
The pathophysiology of hepatic IR injury is complex
and multifactorial as it involves interaction with hepatocytes, liver sinusoidal and endothelial cells, Kupffer cells
(KCs), and hepatic stellate cells. Also, it results in
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infiltration of inflammatory cells, activation of platelets,
generation of reactive oxygen species (ROS), and reactive
nitrogen species due to ischemia as well as reperfusion,
increased levels of adhesion molecules, and release of cytokines and chemokines [7, 8].
During hepatic IR, the role of nitric oxide (NO) is ambiguous, because it may protect from the lesion owing to
its vasodilator, antiplatelet, and ROS scavenging effect,
or it may be a deleterious agent due to its interaction
with superoxide radicals, forming peroxynitrite radicals
[9, 10].
Exercise has been considered an important therapeutic
tool in preventing and treating many diseases including
obesity, non-alcoholic fatty liver disease, insulin resistance, type 2 diabetes, metabolic cardiovascular, and
gastrointestinal disorders [11–13]. On the other hand,
exercise may represent a physical stress that result in
transient disruption of homeostasis [14]. The liver is
considered the remarkably important organ during exercise outcomes due to its contribution in the modulation
of ROS and inflammatory mediators [15]. Although
acute intense exercise was found to challenge the liver
with increased ROS and inflammation onset, regular exercise was found to induce hepatic antioxidant and antiinflammatory improvements [16].
Oxytocin (Oxy), the hormone released from the posterior pituitary, besides its classical functions, was reported to exhibit a wide spectrum of central and
peripheral activities [17]. Oxy has been shown to stimulate social behaviors and exert a potent anti-stress effect
by reducing the activity in the hypothalamic-pituitary
adrenocortical axis and sympathetic nervous system, and
possess antioxidant and anti-inflammatory effects [18,
19]. Hekimoglu et al. [20] observed that Oxy protect
against renal IR-induced remote liver injury by increasing NO synthase activity and releasing NO from vascular
endothelium, suppression of inflammation, and regulation of oxidant-antioxidant status.
This study was carried out to investigate hepatic functional and structural changes induced by hepatic IR and
to evaluate the effect and potential mechanisms of moderate intensity exercise training and Oxy, together or
separately, in comparison to, a NO donor, L-arginine (LArg) in protecting the liver function from the damage
induced by hepatic IR.

daily at 8 am. Rats were fed standard rat diet. Rats were
kept for 7 days before the experimental procedures for
acclimatization. Animals included in the study were
adult males after successful induction of the designated
experiment and no animals were excluded.
Animal experiments were conducted in accordance to
the Guide for Care and Use of Laboratory Animals, and
the study protocol was approved by the Research Ethical
Committee of Faculty of Medicine, Ain Shams University (FMASU, MD 100/2018).

Methods
This study was carried out on 60 adult male albino rats,
initially weighing 250–300 g. Rats were purchased from
an animal farm in Helwan and were housed in the Faculty of Medicine, Ain Shams Research Institute (MASR
I), under standard conditions of boarding at room
temperature 22–25°C, 12-h light/dark cycle with free access to food and water. Regular meals were introduced

Group V: Oxytocin-treated hepatic ischemia-reperfusion
group (Oxy + IR group) (n=10)

Experimental animals

Rats were randomly allocated into the following six
groups:
Group I: Sham-operated control (sham group) (n=10)

In the first 3 weeks, rats were kept undisturbed in their
cages. In the fourth week, rats received L-Arg solvent
daily, at 9 am, by oral gavage. At the end of the 4 weeks,
rats were subjected to the same surgical procedures as
the hepatic IR group without portal triad clamping.
Group II: Hepatic ischemia-reperfusion group (hepatic IR
group) (n=10)

In the first 3 weeks, rats were kept undisturbed in their
cages. In the fourth week, rats received L-Arg solvent
daily, at 9 am, by oral gavage. At the end of the fourth
week, rats underwent hepatic IR procedure (30 min of
partial hepatic ischemia (70%) followed by 2 h of reperfusion) [21].
Group III: L-arginine-treated hepatic ischemia-reperfusion
group (L-Arg + IR group) (n=10)

In the first 3 weeks, rats were kept undisturbed in their
cages. In the fourth week, rats received L-Arg daily, at 9
am, by oral gavage in a dose of 100 mg/kg (7 days) [22].
Group IV: Exercise-trained hepatic ischemia-reperfusion
group (Ex + IR group) (n=10)

Rats in this group were studied after 4 weeks of exposure to swim exercise 2 h daily (from 10 am to 12 pm)
and 6 days/week [23]. In the fourth week, rats received
distilled water as in sham group. At the end of the
fourth week, rats underwent hepatic IR procedure.

In the first 3 weeks, rats were kept undisturbed in their
cages. In the fourth week, rats received distilled water as
in the sham group together with Oxy, daily at 9:30 am,
by subcutaneous (S.C.) injection in a dose of 3.6 μg/100
g BW [24]. At the end of the fourth week, rats underwent hepatic IR procedure.
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Group VI: Exercise-trained and oxytocin-treated hepatic
ischemia-reperfusion group (Ex + Oxy + IR group) (n=10)

Rats in this group were studied after 4 weeks of exposure to swim exercise as in Ex + IR group. In the fourth
week, rats received daily distilled water and S.C. Oxy as
in Oxy + IR group. At the end of the fourth week, rats
underwent hepatic IR procedure.
Experimental procedures
L-arginine treatment
L-Arg

was supplied as powder by the Qualikems Fine
Chemicals (New Delhi, India). A 100 mg of L-Arg was
dissolved in 2-ml distilled water to make the final concentration of 50 mg/ml. At the beginning of fourth week
of the study, rats received L-Arg, daily at 9 am by oral
gavage in a dose of 100 mg/kg for 7 days [22].

Exercise Swim Training Program

At the beginning of the program, the aquatically naive
rats were given the chance to stay in the water bath for
30 min in order to become familiar with water. This
period was progressively increased everyday by 30 min
till it reached 2 h per day, and this duration was maintained throughout the exercise period [25].
The dimensions of the swimming tank used were 70
cm in depth, 100 cm in length, and 70 cm in width. The
tank was filled with water to a depth of 50 cm. Swimming water temperature was maintained at a thermoneutral temperature of 31 + 1°C. The tank is equipped
with a fan with strong motor (1425 revolutions per minute) that stir strong water currents. This equipment
acts as a helping force to the rats to swim actively all the
time and ensure uniformity of temperature. After each
swimming session, the water was emptied from the tank
and the tank was thoroughly cleaned.
The protocol of swimming consisted of one session of
2 h (from 10 am to 12 pm), 6 days/week for 4 weeks,
which is considered a moderate intensity aerobic exercise [23].
Oxytocin treatment

Oxy was in the form of ampoules (10 IU/ml) supplied by
the Novartis Pharmaceuticals (Switzerland). At the beginning of fourth week of the study, Oxy was administered daily at 9:30 am, by S.C. injection in a dose of 3.6
μg/100 g BW for 7 days [24].
Hepatic ischemia-reperfusion procedure

Hepatic IR in the present study was a model of partial
hepatic ischemia (70% of liver mass) performed according to the method described by Shibamoto et al. [21].
The overnight fasted rats were weighed and anesthetized
by intraperitoneal (i.p.) injection of ketamine (EPICO) in
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a dose of 50 mg/kg and xylazine HCl (ADWIA) in a
dose of 10 mg/kg [26].
A midline longitudinal laparotomy was performed,
followed by section of the falciform ligament. Then, by
delicate digital maneuvers, the median hepatic lobe was
pushed upwards in cranial direction to allow the exposure of the hepatic pedicle. Partial hepatic ischemia was
induced by clamping the portal vein, hepatic artery, and
bile duct (portal triad) supplying the median and left
lobes with an atraumatic vascular clamp. In this method,
the blood supply to the right and caudate lobes
remained uninterrupted, attenuating intestinal congestion through portal flow bypass. Successful induction of
the hepatic IR procedure was determined by visually
comparing the ischemic lobes of liver (the median and
left lobes) which turned pale denoting establishment of
ischemia compared to non-ischemic lobes (right and
caudate lobes), and also, successful reperfusion was observed by turning the color of ischemic lobes back to
their pre-ischemic period and the non-ischemic lobes.
The abdomen was humidified with a saline solution in
order to avoid fluid loss through evaporation, and the
muscular layer was approximated with single stitches.
After 30 min of ischemia, reperfusion was initiated by
removing the clamp, and the abdomen was closed in a
single layer. The animals were, then, allowed to recover.
The reperfusion was allowed for 2 h.
The time of each procedure done was fixed throughout the study. All other groups—sham group, hepatic IR
group, Ex + IR group, Oxy + IR group, and Ex + Oxy +
IR group, also, received distilled water (L-Arg solvent)
orally by gavage at 9 am for the same duration given to
L-Arg + IR group in order to exclude the effect of the
solvent and the maneuver of gavage. In addition, at the
end of the study, the sham-operated control group was
subjected to the same surgical steps of hepatic IR procedure without clamping of the portal triad, to exclude
the effect of anesthesia, surgical incision, and the maneuver of hepatic pedicle exposure on the results obtained
from rats that underwent hepatic IR.
Animals were not exposed to unnecessary pain or
stress and animal manipulation was performed with
maximal care and hygiene.
At the end of the reperfusion, rats were anaesthetized
by i.p. injection of pentobarbital sodium (El-Gomhoreya
Co., Egypt), in a dose of 40 mg/kg [27].
Then, a midline abdominal incision was made, and the
abdominal aorta was exposed and cannulated. The blood
was collected from the aorta into two tubes, a heparinized tube and serum clot activator tube with gel and
then separated to plasma or serum and was stored at
−80°C for later determination of biochemical assays.
After blood collection, animals were euthanized by intraperitoneal injection of overdose of pentobarbital
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sodium (El-Gomhoreya Co., Egypt), in a dose of 200 mg/
kg.
Then, the liver was carefully dissected, and the left
lobe of the liver was fixed in 10% buffered formalin solution for subsequent histopathological examination. Animal remains disposal occurred by incineration.
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for Social Science (SPSS) statistical package (SPSS Inc.)
version 20.0. One-way ANOVA was used to test for differences among the studied groups followed by LSD
(least significant difference) to find inter-groupal significance. Results were expressed as mean and ± standard
error of the mean and considered significant at a level
P<0.05.

Biochemical analysis

Results
 Determination of serum levels of alanine transferase









(ALT) and aspartate transferase (AST) according to
Henry [28] and Tietz [29], by the kinetic method
optimized in accordance with I.F.C.C [30]., using
BioMed-GPT kits supplied by Egy-Chem for Lab
Technology, Egypt.
Determination of the plasma level of nitrite
according to Montgomery and Dymock [31], using
the colorimetric kit supplied by Bio-diagnostic,
Egypt.
Determination of plasma level of malondialdehyde
(MDA) according to Satoh [32] and Ohkawa et al.
[33] using the colorimetric kit supplied by Biodiagnostic, Egypt.
Determination of the plasma level of total
antioxidant capacity (TAC) according to Koracevic
et al. [34], using colorimetric kit supplied by Biodiagnostic, Egypt.
Determination of the plasma level of tumor necrosis
factor-alpha (TNF-α) by an enzyme immunoassay
(ELISA) technique (Stat Fax 2100, Awareness Technology Inc, USA), using Rat TNF-α ELISA kits supplied by RayBio® tech, Inc., USA (Catalog: ELRTNFa) according to the manufacturer instructions.

Histological examination of the liver tissue

The dissected specimens from the left lobe of the
liver were fixed with 10% formalin solution immediately after removal (for at least 1 week) and were
subjected to dehydration in ascending grades of alcohol, cleared in xylol, impregnated in pure soft paraffin, and embedded in hard paraffin [35]. Sections (8
μm) were cut and stained with hematoxylin and
eosin (H&E). For microscopic examination, a microscope (Leica, DM2500) was used, and the images
were taken at the Histology and Cell Biology Department, Faculty of Medicine, Ain Shams University,
using a Canon EOS 1100D Digital SLR camera at 10
(ocular) × 40 (object lens) magnification. The liver
histopathological changes were scored based on Suzuki et al. [36].
Statistical analysis

All statistical data, statistical significance, and correlations were performed by using the Statistical Program

Changes in serum levels of alanine transferase (ALT) and
aspartate transferase (AST) and plasma level of nitrite
(Table 1 and Fig. 1)

As compared to the sham group, the hepatic IR group
resulted in a significant increase in the serum levels of
ALT and AST. L-Arg + IR, Ex + IR, and Oxy + IR
groups showed a significant decrease in the serum levels
of ALT and AST compared to the hepatic IR group, but
were significantly increased compared to sham group. LArg + IR, Ex + IR, and Oxy + IR groups exhibited statistically insignificant changes in the serum levels of ALT
and AST when compared to each other.
Combined Ex + Oxy + IR group showed a significant
reduction in serum levels of ALT and AST as compared
to hepatic IR, L-Arg + IR, and Ex + IR groups. However,
when compared to the sham group, the ALT level was
significantly elevated, but the AST level was insignificantly changed.
As compared to the sham group, the hepatic IR group
showed a significant decrease in the plasma level of nitrite. All treated groups—L-Arg+ IR, Ex+ IR, Oxy + IR,
and combined Ex + Oxy + IR groups, showed a significant increase in the plasma level of nitrite as compared
to the hepatic IR group. In L-Arg + IR group, the plasma
level of nitrite showed a insignificant changes as compared to sham group. Both Oxy + IR and combined Ex
+ Oxy + IR groups showed statistically insignificant
changes in the plasma level of nitrite as compared to the
Ex + IR group, whereas in Ex + IR, Oxy + IR, and combined Ex + Oxy + IR groups, the nitrite level was significantly reduced compared to both the L-Arg + IR and
sham groups.
Changes in plasma levels of malondialdehyde (MDA),
total antioxidant capacity (TAC), and tumor necrosis
factor-alpha (TNF-α) (Table 2 and Fig. 2)

As compared to the sham group, the hepatic IR group
showed a significant increase in the plasma levels of
MDA and TNF-α, but significant decrease in the plasma
level of TAC.
Compared to the IR group, all the treated groups—LArg + IR, Ex + IR, Oxy + IR, and combined Ex + Oxy +
IR groups, the plasma levels of MDA and TNF-α were
significantly decreased, whereas the plasma level of TAC
was significantly increased.
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Table 1 Changes in the serum levels of alanine transferase (ALT) and aspartate transferase (AST), and the plasma level of nitrite in
the different studied groups
Parameters groups

ALT
U/ml

AST
U/ml

Nitrite
μmol/g

Sham-operated control

15.30 ± 0.955

21.30 ± 1.484

10.94 ± 0.596

Hepatic ischemia-reperfusion

51.70 ± 3.134 a

62.70 ± 4.475 a

2.879 ± 0.477 a

L-arginine-treated

28.00 ± 1.308 a,

32.30 ± 1.274 a, b

11.32 ± 0.886 b

hepatic ischemia-reperfusion

Exercise-trained hepatic ischemia reperfusion

26.70 ± 1.023

Oxytocin-treated hepatic ischemia-reperfusion

25.00 ± 1.528 a,

Exercise-trained and oxytocin-treated hepatic ischemia-reperfusion

20.50 ± 1.500

b

a, b
b

a, b, c, d

31.0 ± 2.066

a, b

31.30 ± 1.521 a, b
22.20 ± 1.705

b, c, d

6.240 ± 0.644 a, b,

c

5.240 ± 0.578 a, b,

c

7.790 ± 0.484

Results are expressed as mean ±SEM and calculated by LSD at P<0.05
a
Significance from the sham-operated control group
b
Significance from the hepatic ischemia-reperfusion group
c
Significance from the L-arginine hepatic ischemia-reperfusion group
d
Significance from the exercise-trained hepatic ischemia-reperfusion group

Fig. 1 Serum levels of alanine transferase (ALT), aspartate transferase (AST), and plasma level of the nitrite in the different studied groups. a
Significance from the sham-operated control group calculated by LSD at P<0.05. b Significance from the hepatic ischemia-reperfusion group
calculated by LSD at P<0.05. c Significance from the L-arginine-treated hepatic ischemia-reperfusion group calculated by LSD at P<0.05. d
Significance from the exercise-trained hepatic ischemia-reperfusion group calculated by LSD at P<0.05

a, b, c
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Table 2 Changes in the plasma levels of malondialdehyde (MDA), total antioxidant capacity (TAC), and tumor necrosis factor-alpha
(TNF-α) in the different studied groups
Parameters groups

MDA
nmol/g

Sham-operated control

25.94 ± 3.237

Hepatic ischemia-reperfusion

110.6 ± 5.978

a

67.70 ± 5.666

a, b

56.08 ± 4.002

a, b

Oxytocin-treated hepatic ischemia-reperfusion

63.00 ± 4.567

a, b

Exercise-trained and oxytocin-treated hepatic ischemia-reperfusion

40.96 ± 4.334

a, b, c, d

L-arginine-treated

hepatic ischemia-reperfusion

Exercise-trained hepatic ischemia reperfusion

TAC
mM/L

TNF-α
pg/ml

80.48 ± 5.427

56.43 ± 3.662

28.38 ± 2.584

a

145.2 ± 4.727

a

66.54 ± 3.784

a, b

96.24 ± 2.282

a, b

70.16 ± 3.938

b

85.52 ± 3.995

a, b, c

65.30 ± 3.711

a, b

77.51 ± 2.721

a, b, c

76.77 ± 3.853

b

73.68 ± 3.612

a, b, c, d

Results are expressed as mean ±SEM and calculated by LSD at P<0.05
a
Significance from the sham-operated control group
b
Significance from the hepatic ischemia-reperfusion group
c
Significance from the L-arginine hepatic ischemia-reperfusion group
d
Significance from the exercise-trained hepatic ischemia-reperfusion group

However, in all studied treated groups, the plasma
levels of MDA and TNF-α were still significantly higher
compared to the sham group, whereas the plasma level
of TAC was significantly decreased as compared to the
sham group. Moreover, all the treated groups showed
significantly lower plasma level of TAC except for Ex +
IR and combined Ex + Oxy + IR groups which showed
non-significant changes in TAC level.
Compared to the L-Arg + IR group, Ex + IR, and Oxy
+ IR groups showed a significant reduction in the
plasma level of TNF-α with insignificant changes in the
plasma levels of MDA and TAC, while the combined Ex
+ Oxy + IR group showed a significant reduction in the
plasma levels of both MDA and TNF-α with nonsignificant change in the plasma level of TAC.
Compared to the Ex + IR group, the Oxy + IR group
did not show any significant changes in the plasma levels
of MDA, TAC, and TNF-α, while the combination of exercise and Oxy showed significantly lower plasma levels
of MDA and TNF-α, but the plasma level of TAC exhibited an insignificant change.
Correlations between liver function parameters and other
parameters (Fig. 3)

In correlation studies, the results were obtained from
pooling of the different studied groups.
The serum levels of ALT and AST showed significant
positive correlations with the plasma levels of MDA and
TNF-α, but significant negative correlations with the
plasma levels of TAC and nitrite.
Histopathological studies
Microscopic examination of the liver (Figs. 4 and 5)

The photomicrography of liver tissue of the shamoperated control group (Fig. 2a) showed that the liver
was formed of acidophilic polyhedral hepatocytes having
large central vesicular nuclei. The hepatocytes are arranged in irregular branching and anastomosing plates

around a central vein (CV). The plates of hepatocytes
are separated from each other by blood sinusoids (↑).
The photomicrography of the liver tissue of the
hepatic IR group was shown in Fig. 4b, c. Figure 4b
showed a wide area of hepatocyte vacuolization (▲),
congestion of blood sinusoids (↑), and darkly stained
pyknotic nuclei (P) in most of the hepatocytes. Figure 4 c showed wide area of focal hepatic necrosis
(thick arrow) in which a number of adjacent hepatocytes are lost and replaced by inflammatory cells.
Photomicrography of the liver tissue of L-Arg group
(Fig. 5a) showed dilatation and congestion of blood sinusoids (▲) in between hepatocytic cords. Some sporadic
hepatocytes show condensed pyknotic nuclei (↑),
whereas a small focal area of hepatocytic necrosis (thick
arrow) is detected.
The photomicrography of the liver tissue of the Ex +
IR group (Fig. 5b) showed dilatation and congestion of
the blood sinusoids separating hepatocytes plates (▲).
Focal areas of hepatocytes necrosis (thick arrow) in
which the hepatocytes are replaced by inflammatory
cells. Some hepatocytes show cytoplasmic vacuolization
(↑).
Photomicrography of the liver tissue of the Oxy group
(Fig. 5c) showed the focal area of hepatic necrosis (thick
arrow) in which the hepatocytes are replaced by inflammatory cells. Some hepatocytes show vacuolation of
their cytoplasm (V).
Photomicrography of the liver tissue of the combined
Ex + Oxy group (Fig. 5d) showed a congestion of blood
sinusoids (▲). A small focal area of hepatic necrosis
(thick arrow) is detected where the hepatocytes are replaced by inflammatory cells.

Histopathological grading of the liver (Table 3)

As shown in Table 3, the histopathological grading for
liver changes included three parameters: congestion,
vacuolization, and necrosis. For all parameters, the
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Fig. 2 Plasma levels of malondialdehyde (MDA), total antioxidant capacity (TAC), and tumor necrosis factor-alpha (TNF-α) in the different studied
groups. a Significance from the sham-operated control group calculated by LSD at P<0.05. b The significance from the hepatic ischemiareperfusion group calculated by LSD at P<0.05. c The significance from the L-arginine-treated hepatic ischemia-reperfusion group calculated by
LSD at P<0.05. d The significance from the exercise-trained hepatic ischemia-reperfusion group calculated by LSD at P<0.05

hepatic IR group was the most affected and was graded
for the highest scores in all parameters.
As regards congestion, the hepatic IR group was the
most affected group followed by the L-Arg group and
Oxy group as 65%, 55%, and 50%, respectively, of examined fields showed congestion in zones 2 and 3 of most
lobules (score 3). On the other hand, the combined Ex +
Oxy group scored 2 as 55% of the examined fields
showed zone 3 sinusoidal congestion in some lobules.
The least affected group by congestion was the Ex
group, which scored 1 as 60% of the examined fields revealed scattered sinusoidal congestion.

Regarding hepatocellular vacuolization, the hepatic IR
group was the most affected group in which 55% of the
examined fields showed prominent clusters of hepatocellular vacuolization in most lobules (score 3). On the
other hand, L-Arg, Ex, Oxy, and Ex + Oxy groups were
all scored 1 but with variable percentages as 50%, 60%,
50%, and 60%, respectively, of the examined fields
showed scattered cell vacuolization in most lobules or
prominent cluster in one lobule.
Regarding the necrosis of the hepatocellular tissue, the
hepatic IR group was the most affected group and the
only group that scored 2, as 55% of the examined fields
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Fig. 3 Correlations between the serum levels of alanine transferase (ALT), aspartate transferase (AST), and plasma levels of malondialdehyde
(MDA), total antioxidant capacity (TAC), tumor necrosis factor-alpha (TNF-α), and nitrite in the different studied groups. o Sham-operated control
group. □ Hepatic ischemia-reperfusion group. x L-arginine-treated hepatic ischemia-reperfusion group. Δ Exercise-trained hepatic ischemiareperfusion group. + Oxytocin-treated hepatic ischemia-reperfusion group. ◊ Exercise-trained and oxytocin-treated hepatic
ischemia-reperfusion group
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Fig. 4 Photomicrograph of liver tissue sections: a Sham-operated control group and b, c hepatic ischemia reperfusion group). (H&E X400)

showed less than 30% necrosis. On the other hand, LArg, Ex, Oxy, and Ex + Oxy groups, scored 1 as 45%,
50%, 55%, and 55%, respectively, of the examined fields
in each group showed a single-cell necrosis in most
lobules.

Discussion
In this work, hepatic ischemia was successfully induced by 70% occlusion for 30 min followed by 2 h
reperfusion. Hepatic IR resulted in hepatic injury as
proved by increased level of liver enzymes. Hepatic IR

causes the disruption of the membrane stability of hepatocytes due to necrosis, cellular damage, and structural changes with release of large quantities of liver
enzymes [37–39].
Moreover, a histopathological study showed a corrupted hepatic architecture in the form of hepatocyte
vacuolization and necrosis, nuclear pyknosis, lymphocytic infiltration, and congestion of blood sinusoids.
These findings agree with the results of previous studies
by Peralta et al. [40], Serracino-Inglatt et al. [41], and
Crockett et al. [42].

Fig. 5 Photomicrograph of liver tissue sections of a L-arginine-treated hepatic ischemia-reperfusion group, b exercise-trained hepatic ischemiareperfusion group, c oxytocin-treated hepatic ischemia-reperfusion group, and d exercise-trained and oxytocin-treated hepatic ischemiareperfusion group. (H&E X400)
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Table 3 Liver histopathological scoring system showing number and frequency distribution (%) of each component examined in
two different field sections in 10 rats (20 fields/group)
Congestiona

Component

Necrosis∙

Vacuolizationa

Defined range Group

0

1

2

3

4 0

1

2

3

4 0

1

2

3

4

Sham-operated control group

16

3

1

0

0

1

0

0

0

2

0

0

0

11

4

0

80% 15% 5%
Hepatic ischemia-reperfusion group

2

2

3

95% 5%
13

0

10% 10% 15% 65%
L-arginine-treated

hepatic ischemia-reperfusion group

2

3

4

11

0

10% 15% 20% 55%
Exercise-trained hepatic ischemia-reperfusion group

3

12

3

2

2

4

4

10

0

3

11
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In component: necrosis, the defined ranges indicate; 0= No damage; 1=Single cell necrosis; 2= less than 30% necrosis; 3= less than 60% necrosis; 4= more than
60% necrosis
a
In components: Congestion and vacuolization, the defined ranges indicate; 0= No damage; 1=Minimal congestion, minimal vacuolization; 2= Mild congestion,
mild vacuolization; 3= Moderate congestion, moderate vacuolization; 4= Severe congestion, severe vacuolization

The present hepatic functional and structural damage
could be attributed to oxidative stress, increased ROS
production, and lipid peroxidation associated with decreased antioxidant defense. This is proved by the increased plasma MDA and decreased plasma TAC. The
decreased TAC could be explained by its over consumption to face the increased oxidative stress. Meanwhile,
liver enzymes showed a significant positive correlation
with MDA and a significant negative correlation with
TAC.
This view is in line with previous reports which
showed that reperfusion caused a generation of ROS that
reacts with lipids in the cell membranes and initiate lipid
peroxidation and is responsible for the IR injury [43, 44].
In addition, the initial stage of hepatic IR is reported
to mediate the oxidative stress, the production of
massive amounts of ROS, neutrophil activation, and its
adherence to endothelial cells and release of proteases
and finally induce death of hepatocyte [45].
In the current work, a significant positive correlation
between the plasma levels of MDA and TNF-α is observed which could be explained by the ability of ROS to
induce an inflammatory response via cellular signaling
[46, 47]. In addition to the significant increase in the
plasma level of TNF-α following hepatic IR and its significant positive correlations with liver enzymes in this
study, it denotes that TNF-α could be involved as an
underlying mechanism in the current hepatic dysfunction and structural damage [48].
Other studies demonstrated that IR results in increased gene expression of both nuclear factor kappa B
(NF-kβ) and Toll-like receptor 4 (a protein involved in
both innate and adaptive immune system response),

which constantly increased TNF-α leading to liver damage [38, 49].
TNF-α has been reported to induce inflammation by
several mechanisms. It interacts with other inflammatory
cytokines and chemokines and activates the production
of ROS [50]. In addition, TNF-α upregulates the expression of intercellular adhesion molecule-1 and vascular
cell adhesion molecule-1 on endothelial cells, activating
the transcription factor; NF-kβ resulting in the production of inflammatory mediators as TNF-α, interleukins
(IL); IL-1-B, IL-6, inducible nitric oxide synthase, and
cyclo-oxygenase with amplification of the process of inflammation [51–53].
The decreased plasma level of nitrite observed in hepatic IR rats provides an additional explanation for the
observed hepatic functional and structural damage. This
deduced from significant increase in the serum levels of
ALT and AST and their significant negative correlations
with the plasma level of nitrite.
In line with this, Taha et al. [54] reported that IR injury is associated with a remarkable decrease in the bioavailability of NO, which represents an important
initiating event in the pathophysiology of post-ischemic
injury in a variety of different tissues, including the liver.
Diminished NO levels within liver during IR was
found to be derived from both decreased production due
to downregulation of endothelial nitric oxide synthase
(eNOS) with hepatic IR, and increased scavenging by the
elevated levels of ROS produced during reperfusion [1,
55, 56]. This scavenging causes the formation of peroxynitrite, the free radical, that rapidly reacts with all components such as proteins, lipids, and DNA further damaging the cell [57].
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Insufficient NO production was assumed to be the
main cause for vasoconstriction during reperfusion
period, sinusoidal narrowing, and reduction of microcirculatory blood flow [58, 59]. Moreover, hepatic IR injury
was attributed to an imbalance in the ratio of endothelin
(ET) to NO, with an increase in the plasma levels of ET
and a concomitant fall in the plasma levels of NO in the
first few hours of reperfusion [53].
The significant negative correlation exerted between
the plasma nitrite and plasma MDA in the current work
suggests that the oxidative stress could be implicated in
reduction of nitrite plasma level.
Pretreatment with L-Arg attenuated hepatic IR injury
as evidenced by decreased liver enzymes and hepatic
damage. Hepatocytes had regression of necrosis, vacuolization, and nuclear pyknosis.
In this study, the favorable effects of L-Arg on hepatic
functional and structural alterations could be attributed
to the increased NO level deduced from the significant
increase in the plasma level of nitrite by L-Arg treatment
so that it reached the control values and the associated
significant negative correlations existed between plasma
level of nitrite and serum levels of ALT and AST.
This is in consistence with other studies, in which pretreatment with L-Arg resulted in activation of NO synthesis, increased concentrations of NO stable
metabolites nitrite, and nitrate anions in both the blood
and liver tissue and suppression of increased ALT and
AST activities [60]. In addition, the activation of eNOS
and the production of NO by this enzyme was found to
increase liver graft preservation and improve liver function after reperfusion [61, 62].
The beneficial effects of the modulation of L-Arg/NO
pathway was attributed before to the increase in NO bioavailability that acts by promoting microvasculature
vasodilatation, opposing vasoconstriction mediated by
ET, inhibition of platelet aggregation, and adhesion, as
well as the reduction of interaction between leukocytes
and endothelial surface resulting in the reduction of the
inflammatory activity, and inhibiting caspases to prevent
apoptosis, in addition to the superoxide scavenging
property and detoxification of ROS following L-Arg use
[63, 64].
It seems that L-Arg mediates its protective effect in
hepatic IR in the present study not only through NO,
but also has direct antioxidant effect deduced from the
significant decrease in the plasma level of MDA and the
significant increase in the plasma level of TAC. This assumption is supported by the significant negative correlations existed between nitrite and MDA, as well as the
significant positive correlation between nitrite and TAC.
In line with our assumption, in a rat model of carbon
tetrachloride-induced hepatotoxicity, pre- and posttreatment with L-Arg decreased the hepatic MDA
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content and enhanced the hepatic antioxidant enzymes;
these results were attributed either to NO ability to
function as scavenger or to the antioxidant effects of LArg itself [65].
The other protective mechanisms of L-Arg could be
attributed to its anti-inflammatory mechanism. This is
deduced from the suppression of TNF-α plasma level by
treatment as well as the significant negative correlation
between plasma levels of nitrite and TNF-α.
In agreement, NO was reported to inhibit proinflammatory cytokines, including TNF-α, IL-1B, IL-1α,
and IL-12, which may induce inflammatory cascade during liver IR injury [8, 54].
The exercise model encountered in this study was in
the form of chronic moderate swimming exercise, 2 h
daily and 6 days/week for 4 weeks. This exercise training
ameliorated hepatic injury and dysfunction induced by
hepatic IR, as revealed by a significant decrease in the
serum levels of ALT and AST and the plasma levels of
MDA and TNF-α, but a significant increase in TAC and
nitrite levels. Also, an improvement of hepatic morphology was demonstrated by the decreased score of necrosis, vacuolization, and congestion compared to
hepatic IR group.
These findings denote that exercise training abrogated
hepatic functional and structural impairment induced by
hepatic IR. These results are consistent with previous
studies [21, 66, 67].
Exercise training exerts more powerful antiinflammatory and antioxidant defense effects than L-Arg
with less hepatocellular injury. This is evidenced by significant decrease in plasma TNF-α and the increase in
plasma TAC that reached control values and better regression of scores of vascular congestion, hepatocyte necrosis, and vacuolization. Meanwhile, the serum levels of
ALT and AST and plasma levels of nitrite and MDA
were insignificantly changed.
The current proposed anti-inflammatory role of exercise training is supported by other studies [66, 68–70].
Similarly, Dallak et al. [71] showed that swim exercise
for 60 min three times per week, for 4 weeks, reduced
the serum levels of inflammatory biomarker, TNF-α in a
rat model of high fat diet, via reduction in visceral fat
mass with a subsequent decrease in adipokine release.
The decrease in final body weight and BW % change
recorded in the Ex + IR group (unpublished data) compared to the IR, L-Arg + IR, and sham groups could provide possible explanation for the reduction of plasma
TNF-α. The adipose tissue was found to be able to produce inflammatory cytokines such as TNF-α and IL-6
and several potent chemo-attractant cytokines [72]. The
accumulation of monocytes as macrophages in the adipose tissue is thought to be a major source of increased
systemic concentrations of inflammatory cytokines [73].
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Opposite to our work, the intense exercise was found
to induce muscle microtraumas, increase the release of
inflammatory cytokines into the bloodstream [74, 75],
and lead to tissue damage with increased production of
ROS and inflammatory mediators [76, 77] induce hepatic inflammation through inflammatory cell infiltration
in rats [78]. This contradiction could result from the use
of different intensities and durations of exercise models
other than the model used in the current study.
Exercise training in the present work had protective
effect not only through anti-inflammatory mechanisms
but also had antioxidant effect. Other studies showed
that regular exercise enhance hepatic antioxidant capacity, redox status, reduced the hepatic MDA level which
reflect lipid peroxidation [66, 67, 79, 80].
On the contrary to the present results, severe exercise
was found to mediate an oxidative effect and to increase
the hepatic MDA levels. The authors assumed that intense exercise increases oxygen consumption and may
produce an imbalance between ROS and antioxidants,
inducing oxidative stress [76].
Compared to L-Arg treatment, moderate intensity exercise did not differ significantly as regards the serum
levels of ALT and AST and the plasma levels of MDA
and TAC but showed only a significant decrease in the
plasma levels of TNF-α and nitrite which indicated that
the hepatoprotective effect of moderate intensity exercise was largely dependent of its anti-inflammatory effects and only dependent partly on increasing NO.
Compared to hepatic IR, Oxy pretreatment in the Oxy
+ IR group resulted in improvement of hepatic dysfunction which was observed from the significant reduction
in the serum levels of ALT and AST, plasma levels of
MDA and TNF-α together with significant increase in
TAC and nitrite and alleviated IR histopathological injury. However, such improvements did not reach the
control levels. These results are in agreement of other
studies [81–83].
The beneficial effect of Oxy against hepatic IR could
be attributed to suppression of oxidative stress as confirmed by the significant decrease in plasma level MDA
and the significant increase in the plasma level of TAC.
In addition to its anti-inflammatory effect as seen by decrease in plasma TNF-α.
The antioxidative effect of Oxy was attributed to its ability to break lipid peroxidation chain [82, 84, 85]. While its
anti-inflammatory effect was mediated by reduction of the
serum TNF-α, inhibition of neutrophils migration and
neutrophil-derived pro-inflammatory cytokines, parenchymal injury, and tissue inflammation [81].
Also, the increased plasma level of nitrite upon Oxy
treatment in the Oxy + IR group compared to the hepatic IR group, could be a third mechanism by which Oxy
can produce hepatoprotection during IR.
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However, the Oxy + IR group did not differ from the
+ IR group regarding the serum levels of ALT and
AST and the plasma levels of MDA and TAC but only
showed a significant reduction in the plasma levels of
TNF-α and nitrite which indicated that hepatoprotective
effect Oxy was mediated mainly through its antiinflammatory effect of but less on its NO producing
effect.
Combination of both exercise training and Oxy pretreatment in the Ex + Oxy + IR group resulted in the attenuation of the hepatic damage caused by hepatic IR
evidenced by the significant decrease in serum levels of
ALT and AST, and plasma levels of MDA and TNF-α
together with a significant elevation in the plasma levels
of TAC and nitrite and histopathological improvement.
On comparison with L-Arg, combination of both exercise and Oxy in this study displayed more pronounced
hepatoprotection evidenced by the significant decrease
in the serum levels of ALT and AST together with recession of histopathological injury, to a greater extent than
in L-Arg. Such superiority of combined treatment over
L-Arg could be attributed to their more prominent antioxidant and anti-inflammatory effects but not due to
their NO-enhancing effect as the plasma levels of MDA,
TNF-α, and nitrite were significantly lower than in LArg-treated group.
Compared to exercise only group (Ex + IR), the combination of exercise and Oxy in the Ex + Oxy + IR group
exerted additive effects which offered more hepatoprotection where the levels of ALT, AST, TNF-α, and MDA
were significantly lowered indicating dampening of the
inflammatory response and lipid peroxidation which is
independent on NO as its level did not differ significantly in both groups.
L-Arg

Conclusion
Hepatic IR impaired functional and structural integrity
of the liver. Pretreatment with L-Arg, Oxy, and exercise
training abrogated hepatic functional and structural impairment induced by IR. Exercise training exerts more
powerful anti-inflammatory and antioxidant defense effects than L-Arg, whereas Oxy acts as more powerful
anti-inflammatory agent, however, a less powerful NOinducing agent than L-Arg. Combination of both exercise and Oxy displayed more pronounced hepatoprotection on comparison with L-Arg on hepatic structural and
functional changes induced by hepatic IR and such superiority of combined treatment over L-Arg could be attributed to their more prominent antioxidant and antiinflammatory effects but not due to their NO-enhancing
effect.
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