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The liver is the main organ having the key enzymes that 
regulate oxidative stress.[1,2] Ischemia/reperfusion (I/R) 
injury in the liver occurs after a prolonged period of ischemia 
followed by restoration of hepatic blood perfusion.[3] During 
the surgery of abdominal aorta, I/R injury causes damage 
not only to lower extremities but also to many organs and 
tissues, including lungs, kidneys, heart, and especially liver.[4] 
Various pathologic responses are involved in liver I/R injury, 
including oxidative stress, inflammation, and mitochondrial 

damage.[5] The other pathologic responses are Kupffer cell 
activation, endothelial cell damage, abnormal release of nitric 
oxide (NO), vasoconstriction, and inadequate vasodilatation 
due to diminished NO.[6,7] Hepatic I/R triggers a cascade 
of inflammatory mediators. Activated Kupffer cells release 
pro‑inflammatory cytokines, including tumor necrosis 
factor (TNF‑a) and interleukin (IL‑6). These cytokines 
increase the inflammatory responses in the I/R liver, which 
results in hepatocellular dysfunction due to hepatic necrosis 
and apoptosis.[8]

Topi ramate  (TPM) i s  a  su l famate‑subst i tuted 
monosaccharide drug that is used to treat epilepsy and 
migraine.[9] TPM is an effective antioxidant that has 
been demonstrated to decrease TNF‑α and oxidative 
stress.[10‑12] Arginase I is a cytosolic enzyme found 
mainly in the liver. It is the key enzyme in urea cycle 
and has arginine as substrate.[13] It competes with NO 
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synthetase (NOS) enzyme for arginine.[14] So inhibition of 
arginase leads to the elevation of NO level, on the contrary 
its overexpression leads to reduction of NO level, which 
increases asymmetric dimethyl arginine (ADMA).[15,16] 
Carbonic anhydrase (CA)‑II is a zinc metalloenzyme, which 
reversibly catalyzes the hydration reaction of CO2 to form 
carbonic acid (H2CO3).[17] This enzyme is found in many 
tissues, including liver. Overexpression of CA‑II may lead to 
the formation of carbonate radicals.[18] A previous study has 
shown TPM to be a very potent inhibitor of human CA‑II.[19]

In this study, we aimed to evaluate whether TPM prevents 
cellular damage during I/R and whether it has an effect on 
arginase‑I and CA‑II enzymes.

MATERIALS AND METHODS

In this study, we used 30 Wistar albino male rats weighing 
250–300 g (12–15 weeks old). The rats were divided into three 
groups: An I/R group (n = 10), a TPM‑preconditioned I/R 
group (n = 10), and a control group (n = 10). The study was 
approved by the institutional Ethics Committee (approval 
numbers: 2012/19)

Rats included in the control groups received saline 
solution. After the exploration of their abdominal aorta 
neither ischemia nor treatment was given to the rats of 
the control group. After the laparotomy of I/R group 
rats, infrarenal abdominal aorta (IAA) was clamped for 
120 min then reperfusion was carried out for 120 min. 
TPM (100 mg/kg/day, Topamax®, Johnson and Johnson) 
was orally (via gastric gavage) given to I/R + TPM group 
for seven consecutive days before I/R.[20] By the end of these 
seven days, 120 min of ischemia and 120 min of reperfusion 
was applied to I/R + TPM group.

Aortic ischemia/reperfusion
The I/R model was designed similar to the previous 
studies.[15] Intraperitoneal injection of 50 mg/kg ketamine 
hydrochloride (Ketalar, 50 mg/kg intramuscularly; Eczacibasi, 
Istanbul, Turkey) was used to anesthetize the rats. The 
rats were placed supine on a heated mat in standard room 
conditions, then the surgery was performed. Ten milliliters 
per hour of sterile saline was injected subcutaneously into 
the neck of the rats to replace surgical fluid losses from 
evaporation. After performing a midline laparotomy, a 
minimum dissection of the retroperitoneum was made to 
expose the infrarenal aorta; then a microvascular clamp was 
placed across the IAA. After that the abdomen was closed 
and the wound was covered with plastic wrap to prevent the 
loss of heat and fluid. After 120 min, the microvascular clamp 
on the IAA was removed and the lower limb reperfusion was 
maintained for 120 min. Aortic occlusion and reperfusion 
was confirmed by observing the loss and reappearance of the 

pulsation on the distal aorta. After ending the reperfusion, 
a median sternotomy was performed and the blood 
samples were drawn from the right ventricles of all rats for 
biochemical analyses.

Tissue homogenates
The sample was homogenized in phosphate buffered 
solution (PBS), pH 7.4, and centrifuged at 10,000 g for 
20 min and then the aliquot of the supernatant was put into 
tubes and frozen at −80°C. The parameters were examined 
within one month.

Measurement of protein
Tissue homogenate protein assay is a turbidimetric procedure 
that uses benzethonium chloride as a protein denaturing 
agent. A protein in the fine suspension is quantitated 
turbidimetrically at 404 nm (Architect c 16000, Abbott 
Laboratories, Illinois, USA).

Tumor necrosis factor‑α
The level of TNF‑α was measured by enzyme‑linked 
immunosorbent assay (ELISA) method. We used 
commercially available rat TNF‑α ELISA kit (eBioscience, 
Vienna, Austria). The ELISA method was applied 
according to the instructions provided by the manufacturer. 
Absorbance was measured at a wavelength of 450 ηm 
using ELISA reader. The levels of TNF‑α are expressed 
as pg/mL. The intra‑assay and interassay coefficients of 
variation were <5% and <10%, respectively. The limit of 
detection (LOD) for the TNF‑α assay was 11 pg/mL. When 
dividing the obtained values by protein levels, the final 
results were obtained as μmol/g protein. When dividing 
the values we have gotten by protein levels, the final results 
were obtained as μmol/g protein.

Interleukin‑6
The level of IL‑6 was measured by ELISA method. We used 
commercially available rat IL‑6 ELISA kit (Invitrogen, CA, 
USA). The ELISA method was applied according to the 
instructions provided by the manufacturer. Absorbance 
was measured at a wavelength of 450 ηm using ELISA 
reader. The levels of IL‑6 are expressed as pg/mL. The 
intra‑assay and interassay coefficients of variation were 
3.5% and 6.3%, respectively. The LOD for the IL‑6 assay 
was <5 pg/mL. When dividing the values we obtained by 
protein levels, the final results were expressed as μmol/g 
protein.

Asymmetric dimethyl arginine
The concentration of ADMA was measured using ELISA 
method. We used commercially available ADMA Elisa 
kit (DLD diagnostika GMBH, Hamburg, Germany). The 
ELISA method was applied according to the instructions 
provided by the manufacturer. Absorbance was measured 
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at a wavelength of 450 ηm using ELISA reader. The levels 
of ADMA are presented as μmol/L. The intra‑assay and 
interassay coefficients of variation were 6.1% and 9.4%, 
respectively. The LOD for the ADMA assay was 0.05 μmol/L. 
When dividing the values we obtained by protein levels, the 
final results were expressed as μmol/g protein.

Biochemical parameters
The blood samples (10 mL) were collected into tubes. 
The blood was separated by centrifugation at 3000 rpm 
for 10 min after standing at room temperature for 
15 min. Aspartate aminotransferase (AST) and alanine 
aminotransferase (ALT) were checked by using the 
determined commercial kits (Architect c 16000, Abbott 
Laboratories, Illinois, USA).

Histologic evaluation
The liver tissue obtained from all the rat groups were 
given label code numbers and names of the group 
and then left in 10% neutral formaldehyde solution. 
After waiting in the fixative for 24 h, they were washed 
by streaming water for 4–6 h. After that they were 
dealt with ethanol–xylene (50%–100%) before being 
automated by tissue tracking (Citadel 2000, Thermo Fisher 
Scientific Shandon, England) and embedded in paraffin. 
Tissues were cut into 3–4 μm thick sections. The light 
microscopic examination was performed with different 
magnifications and appropriate views were photographed. 
Immunohistochemical staining steps started by cutting the 
tissues into 3–4 μm thick sections and followed by leaving 
them for 20 min in xylene before the application of alcohol 
series (50%–100%) then leaving them in 3% H2O2 solution 
for 10 min. After PBS washing, they were heated in citrate 
buffer solution by 800 W power for 4 × 5 min, then stand 
in secondary blocker substance for 20 min.

Each slide was allowed to stand for 75 min in different 
dilutions of primary antibody (liver arginase 1 μg/mL 
and carbonic anhydrase‑II 1/250–/500] before being 
stained by anticarbonic anhydrase II (cod: ab124687, 
Abcam plc, Cambridge, UK) and anti‑liver arginase 
antibody (Cod: ab91279, Abcam plc, Cambridge, UK). 
Diaminobenzidine solution was used as a chromogen and for 
counterstain, Mayer’s hematoxylin was applied for 3–5 min. 
We used PBS as a negative controller. Preparations were 
photographed after being covered with appropriate covering 
materials. Immunohistochemical staining preparations 
were categorized into four items according to the tissues 
percentage of immunopositive reaction areas as mild (+), 
moderate (++), severe (+++), and very severe (++++). 
The blocked tissues were cut into 4–5 μm thick sections 
before being stained by hematoxylin and eosin (H and E). 
All histologists slides were reviewed by two histologist who 
were blinded for the rat groups.

Statistical analyses
The results are presented as mean ± SD. The Kruskal–Wallis 
test was used to compare the groups. A Bonferroni adjusted 
Mann–Whitney U test was used to compare the two groups. 
Statistically significant differences were obtained at a P value 
of less than 0.05.

RESULTS

Biochemical parameters
The I/R group’s TNF‑α levels (428.7 ± 95.9 pg/mg 
protein) were significantly higher than those of the 
control (358.8 ± 48.6 pg/mg protein, P = 0.010) and I/R + TPM 
groups (353.3 ± 55.3 pg/mg protein, P = 0.010). I/R group’s 
IL‑6 levels (569.0 ± 91.7 pg/mg protein) were significantly 
higher than those of the control (443.6 ± 44.6 pg/mg protein, 
P = 0.002) and I/R + TPM groups (454.4 ± 39.9 pg/mg protein, 
P = 0.002). I/R group’s ADMA levels (0.05 ± 0.002 μmol/g 
protein) were significantly higher than those of the 
control (0.02 ± 0.001 μmol/g protein, P = 0.015) and 
I/R + TPM groups (0.03 ± 0.007 μmol/g protein) but 
were not statistically significant. The control group’s AST 
levels (43.8 ± 5.3 IU/L) were significantly higher than those 
of the I/R (73.5 ± 10.0 IU/L, P < 0.001) and I/R + TPM 
groups (66.0 ± 6.9 IU/L, P < 0.001). The control group’s ALT 
levels (41.4 ± 9.7 IU/L) were significantly higher than those 
of the I/R (58.0 ± 11.8 IU/L, P = 0.006) and I/R + TPM 
groups (53.6 ± 10.0 IU/L) but were not statistically 
significant. All the results of biochemical parameters are 
shown in table 1.

Histologic evaluation
No textural or cellular deformity has been found in the 
histopathological examination of the liver tissue of the 
control group animals stained by immunohistochemical 
and H and E methods. The morphologic structures of the 
cells and tissues were observed to have normal histologic 
appearance [Figure 1a and Table 2].

Hepatocellular necrosis, cellular damage with intensive 
degenerations, and cellular loss were observed in the 
histopathological examination of the I/R group animals 

Table 1: Biochemical results of the three groups
Parameters Control I/R I/R+TPM
AST IU/L 43.8±5.3 73.5±10.0* 66.0±6.9*
ALT IU/L 41.4±9.7 58.0±11.8¶ 53.6±10.0
TNF-α pg/mg protein 358.8±48.6 428.7±95.9M,α 353.3±55.3
IL-6 pg/mg protein 443.6±44.6 569.0±91.7¥,β 454.4±39.9
ADMA μmol/g protein 0.02±0.001 0.05±0.002┼ 0.03±0.007
I/R: Ischemia/reperfusion, TPM: Topiramate, TNF-α: Tumor necrosis factor-alpha, 
IL-6: Interleukin-6, ADMA: Asymmetric dimethyl arginine. *P<0.001, ¥P=0.002, 
¶P=0.006, MP=0.010, ┼P=0.015 vs. control group. αP=0.002, βP=0.010 vs. 
I/R+TPM group
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Table 2: Histopathological results of the three 
groups

Mean±sd
Control I/R group I/R+TPM group

Cell loss 1.2±0.6 2.9±0.7¶,β 1.9±0.3α

Vacuolization 0±0 2.9±0.7*,# 2.1±0.3*
Hepatocyte degeneration 0.8±0.4 3.2±0.4*,β 2.2±0.6*
Sinusoid dilatation 0±0 3.2±0.4*,¥ 1.8±0.4*
Lymphocytes	infiltration 0±0 2.8±0.4*,¥ 1.2±0.4*
Antiliver arginase reactivity 2.0±0.5 3.3±0.8α,x 2.2±0.8
Anti-CA-II reactivity 2.0±0.7 3.4±0.5*,# 2.4±0.7
I/R: Ischemia/reperfusion, TPM: Topiramate, CA: Carbonic anhydrase. 
*P<0.001, ¶P=0.001, αP=0.002 vs. control group. ¥P<0.001, βP=0.001, #P=0.003, 
XP=0.011 vs. I/R+TPM group

stained by H and E method [Figure 1b]. In the acute 
phase of reperfusion, there was intensive vasoconstriction 
related to degenerations and vacuolization of muscles 
of the vessel walls. Many histopathologic changes have 
been demonstrated in the portal region and adjacent 
sinusoids including an increase in leukocytes, scattered 
platelet aggregation in the sinusoids, endothelial cells 
swelling related to intracellular edema, and cellular 
shedding. Additionally, there were projections and recess 
deformities on the surface of endothelial and Kupffer 
cells, intensive vacuolization of vessel wall myocytes, 
and cellular degenerations. Eosinophil granulocytes and 
neutrophil granulocyte infiltrations were detected around 
the large vessels of the portal area. There were partial 
dilatations of the sinusoidal walls and Kupffer cells were 
rounded, flat, and bulging with protrusion into the lumen. 
There were intensive necrotic cells and shedding related 
to hepatocyte degenerations in both central vein and 
portal regions. In acute phase, there was an increase in 
the number of neutrophil granulocytes in the connective 
tissue surrounding the areas of severe congestion in liver 
capillaries [Figure 1b and Table 2].

The histopathological examination after H and E stain 
method in ischemic reperfusion and TPM applied group 
revealed lower tissue and cellular deformity than ischemic 
reperfusion group [Table 1 and Figure 1c]. The intensive 
sinusoidal dilatations of I/R group were lower in the 

control group. However, the two groups have similar 
elongated sinusoidal structures. When compared with 
the I/R group, Kupffer cells settling the sinusoidal walls 
were observed to be more flat and stained deep basophilic. 
Vacuolization of the hepatocytes were lower in this 
group. However, they were observed around the portal 
region [Figure 1c]. The immunopositivity of CA‑II in the 
hepatic tissues of the control and application groups was 
more intensively positive in sinusoidal walls and in the 
surroundings of the central vein. Although there was a 
decrease in immunoreactivity in progress to portal regions, 
it had a continuous course. Although immunoreactivity 
of the control group showed homogeneous distribution, 
it showed a decrease in the homogeneity and positivity 
when moving away from the central vein in the application 
group [Figure 2]. The immunopositivity of antiliver 
arginase in the hepatic tissues of the control group has 
low immunoreactivity in the surroundings of central vein. 
Although there was a decrease in immunoreactivity in 
progress to portal regions, it was lower in the periphery of 
the portal region. There was an extreme decrease in the 
antiliver arginase immunoreactivity [20% (+)] in necrotic 
and degenerative hepatocytes [Figure 3]. Histopathological 
results are shown in table 2.

DISCUSSION

In our study, TNF α, IL 6, and ADMA levels in the hepatic 
tissue from the I/R group were higher than both the control 
and TPM applied groups. TNF‑α and IL‑6 levels were found to 
be similar in the TPM applied group and the control group. In 
the I/R group, the levels of AST and ALT were high. AST, ALT, 
and tissue ADMA levels of TPM applied group were lower 
than those of the I/R group. The examined tissue stained 
by H and E revealed intensive cellular damage in I/R group,  
contrary to TPM applied group, which had lower cellular 
damage. In the tissues stained immunohistochemically, 
arginase and CPS‑1 enzyme activities of I/R group were 
strongly higher than TPM applied group. Although the 
inflammatory cytokine levels of I/R group were obviously 
higher with intense histopathological damage, TPM group 
had lower histopathological damage with inflammatory 
cytokines level similar to the control group.

Figure 1: Histopathologic examination of liver tissue by light microscopy. (a) Control group, (b) ischemia/reperfusion (I/R) applied group, 
(c) I/R+ topiramate applied group. d, Dilatation; h, hepatization; I, lymphocyte accumulation; v, vacuolization; H&E stain

cba
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NO as a vasodilator may maintain perfusion and prevent 
endothelial injury. It can accept other electrons as a 
free‑radical scavenger. However, an excessive production 
of NO, especially by NOS is cytotoxic and may produce 
toxic peroxynitrite via its reaction with superoxide.[21] NO 
is synthesized from arginine. The extensive production of 
ADMA could deteriorate the balance between NO and 
endothelin leading to vasoconstriction that affects the liver 
functions under I/R.[22] It has been reported that ADMA as an 
inhibitor may have a role in overproduction of NO mainly by 
regulating NOS activity.[23] Similar results have reported that 
in various pathological conditions there was an increase in 
ADMA level and a decrease in arginine level.[24] NO inhibits 
the proliferation of liver tissues and adhesion of monocytes 
and leukocytes to endothelium. Additionally, it acts as an 
inhibitor by lowering vascular production of superoxide 
radicals leading to decreased low‑density lipoprotein 
oxidation.[6,7] ADMA itself may lead to severe endothelial 
dysfunction. The release of ADMA from an ischemic organ 
during the reperfusion stage competes with arginine for the 
active binging site in the center of NOS.[25] ADMA level is 
increased in response to oxidative stress during I/R. In our 
study, increased oxidative stress might lead to an increase 
in the ADMA level. Increased ADMA level may decrease 
NO‑related endothelial vasodilatation by inhibiting NOS 
synthase. Additionally, excessive leukocyte accumulation in 
the endothelium may occur due to low NO level.

Arginase‑I is found primarily in the cytosol of hepatocytes and 
catabolizes the hydrolysis of l‑arginine to produce l‑ornithine 
and urea. Arginine is a substrate for both NO synthase and 
arginase enzymes. There is a balance between arginase 
and NOS.[26] Decreased arginase enzyme‑related activities 
increased NO level, whereas increased arginase‑related 

activities were associated with decreased NO level.[15] 
Arginase inhibitors have been shown to have a preventive 
effect in experimental I/R models. The inhibition of 
arginase during ischemia increases NO level, which leads to 
vasodilatation and lower ischemic damage.[27] In our study, 
arginase enzyme activities and ADMA level were high in the 
I/R group. High levels of arginase and ADMA inhibit NOS 
enzyme ending in low NO level that may lead to severe 
vasoconstriction. Arginase level in the TPM group was similar 
to the control group, and ADMA level was lower. TPM 
treatment during I/R inhibits arginase, which may maintain 
the balance of NO level and prevent the increase of ADMA. 
CA is a ubiquitous metalloenzyme, which catalyzes the 
hydration reaction of carbon dioxide to bicarbonate.[17] CA 
has 12 active and highly homologous catalytic isoforms in the 
human body. CA‑II is abundant in many tissues, including 
the liver. It is responsible for catalyzing the reversible 
reaction between carbon dioxide and bicarbonate.[28] 
Overexpression of CA‑II increases Cl−/HCO3

 − exchange 
activity, which increases intracellular bicarbonate, which 
leads to carbonate radicals.[29‑31] A previous study has shown 
that the reaction of nitrogen dioxide and carbonate radicals 
with carbohydrates and proteins could form a number of 
nitration and nitrosation products in the endothelial cells 
of the vessels during reperfusion injury.[32] A previous study 
has shown peroxymonocarbonate, which was released from 
a spontaneous reaction of bicarbonate with H2O2, to be 
an intermediate metabolite of superoxide dismutase and 
peroxidase and a precursor of carbonate radical anions.[33] 
Our study has shown that high CA‑II enzyme activity in I/R 
group indicates a high carbonate radical leading to liver tissue 
damage. TPM treatment may decrease carbonate radical by 
preventing overexpression of CA‑II enzyme.

Figure 3: Histopathologic evaluation of kidney tissue stained by immunoperoxidase method by light microscopy. (a) Control group, (b) I/R applied 
group, (c) I/R+TPM applied group. de, Degeneration; v, vacuolization; immunoperoxidase–stained antiliver arginase antibody

cba

Figure 2: Histopathologic examination of kidney tissue stained by immunoperoxidase method by light microscopy. (a) Control group, 
(b) ischemia/reperfusion (I/R)applied group, (c) I/R+ topiramate applied group. d, Degeneration; v, vacuolization; arrow, Kupffer cells; 
immunoperoxidase–stained anticarbonic anhydrase II antibody

cba
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During the early phase of I/R, hepatocytes are damaged 
by lipid peroxidation, protein oxidation, mitochondrial 
dysfunction, and DNA damage.[34] Previous studies have 
shown that TNF‑α and IL‑6, which are responsible for 
apoptotic pathway activation, to be elevated during I/R.[35] In 
our study, intensive release of TNF‑α and IL‑6 was observed 
in I/R group, whereas these cytokines were suppressed in 
TPM group and their levels were similar to those in the 
control group. The current study has shown that increased 
production of TNF‑α and IL‑6 during I/R may lead to 
strong oxidative stress and severe cellular damage. TNF‑α 
suppressive effect of TPM is known. Our study has shown 
TPM to prevent liver tissue damage by reducing cytokine 
release during I/R. ALT and AST levels may increase due to 
liver tissue damage. The lower damage seen in TPM applied 
group may be related to the antioxidant effect of TPM that 
may decrease the production of pro‑inflammatory cytokine 
and prevent I/R‑induced liver tissue damage. Additionally, it 
may decrease I/R injury by the inhibition of cytokine release 
and maintenance of NO balance.

In our study, there were intensive histopathological changes 
observed in the liver tissue of I/R group such as cell loss, 
degeneration, vacuolization, sinusoidal dilatation, and 
lymphocytic infiltration. Histopathological damage of 
TPM applied group was obviously lower than I/R group. 
Neutrophil and macrophage infiltration has an important 
role in I/R damage. In this study, we did not use special 
stain for macrophages as this study is a pilot study and the 
present findings support the preventive effect of TPM against 
I/R injury. Additionally, in this study there was no intensive 
infiltration of neutrophils. I/R injury can be caused by many 
mechanisms.[36] In addition, lymphocytes also are known to 
cause severe liver damage.[37] Our results confirmed that 
TPM significantly reduce lymphocyte accumulation in I/R 
injury. Also, elevated levels of cytokines and peroxynitrite 
that lead to reactive oxygen species formation are in the 
forefront in the present study.

CONCLUSION

Overproduction of cytokines during I/R leads to liver tissue 
damage. High or low levels of NO can lead to tissue damage. 
TPM treatment decreases liver damage during I/R injury 
through a preventive effect by maintaining the balance 
of tissue NO level and antioxidant effect by decreasing 
cytokines release.
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