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ABSTRACT

Aim: Hepatic ischemia-reperfusion (IR) injury is a major complication associated with liver
transplantation and surgery. The aim of this study is to investigate the cytoprotective effects
of nitrite on hepatic IR injury.

Methods: Groups were arranged as follows: control, sham, IR protocol (45 minutes ischemia,
5 hours reperfusion) and study groups administered with 4 different concentrations of sodium
nitrite given 12 and 24 hours prior to protocol. After IR protocol, serum transaminase and
lactate dehydrogenase (LDH) enzyme activities were determined as quantitative indices of
liver damage. Malondialdehyde (MDA) levels, glutathione levels and antioxidant enzyme
activities were determined in liver tissues of all study groups. Additionally inflammatory and
tissue remodeling processes were investigated. Histological evaluations were also performed.
Results: Serum transaminase and LDH activities were found to be increased in IR group
compared to control group. Glutathione content and ratio of reduced glutathione to oxidized
glutathione were found to be significantly decreased; oxidized glutathione and MDA content
significantly increased in the IR group. All antioxidant enzyme activities were found to
be lowered in IR group. TNF-a, IL-1B, IL-6, IL-8, IL-12, MMP-2 and MMP-9 levels were
significantly increased in IR group compared to control group. In all nitrite administered
groups, all parameters which were found to be changed with IR protocol were decreased to
control levels depending on the concentration of nitrite. Total histological damage score at
light microscope level was significantly higher in IR group. Nitrite improved histological
damage scores by receiving similar scores with the control group.

Conclusion: Based on findings, nitrite administration was found to have cytoprotective
effects on hepatic IR injury.
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OZET

Amag: Karaciger iskemi-reperfiizyon (IR) hasari, karaciger transplantasyonu ve cerrahisiyle
iliskili 6nemli bir komplikasyondur. Bu ¢aligmanin amact, nitritin karaciger IR hasarindaki
koyucu etkilerini aragtirmaktir.

Yontemler: Gruplar kontrol, sham, IR protokolii (45 dakika iskemi, 5 saat reperfiizyon) ve
protokolden 12 ve 24 saat 6nce 4 farkli konsantrasyonda sodyum nitrit uygulanan ¢aligma
gruplar1 seklinde belirlenmistir. IR protokliinden sonra, karaciger hasarinin gostergeleri
olan serum transaminaz ve laktat dehidrogenaz (LDH) enzim aktiviteleri belirlenmistir.
Tim calisma gruplarinin karaciger doku 6rneklerinde malondialdehit (MDA) seviyeleri,
glutatyon seviyeleri ve antioksidan enzim aktiviteleri belirlenmistir. Ek olarak enflamatuar
ve doku yeniden diizenlenim siirecleri de arastirilmistir. Sonuglar histolojik bulgularla da
desteklenmistir.

Bulgular: Serum transaminaz ve LDH aktivitelerinin, kontrol grubuyla kiyaslandiginda
IR grubunda arttig1 gorilmistiir. IR grubunda rediikte glutatyon igerigi ve rediikte/okside
glutatyon orani belirgin bigimde azalmis; okside glutatyon ve MDA igeriklerinin belirgin
bigimde arttig1 bulunmustur. IR grubunda tiim antioksidan enzim aktivitelerinin azaldigi
gosterilmistir. IR grubunda kontrol grubuna kiyasla TNF-a, IL-1f3, IL-6, IL-8, IL-12, MMP-
2 ve MMP-9 seviyeleri belirgin olarak artmistir. Biitiin nitrit uygulanan gruplarda, IR
protokoliiyle degistigi belirlenen tiim parametreler, uygulanan nitrit konsantrasyonuna bagl
olarak azalmistir. Isik mikroskobu seviyesinde toplam histolojik hasar skoru IR grubunda
belirgin bigimde yiiksekti. Nitrit, kontrol grubuyla benzer skorlar1 gostererek, histolojik
hasar skorunu iyilestirmistir.

Sonu¢: Bulgulara dayanarak, nitrit uygulamasinin karaciger IR hasarinda koruyucu
etkilerinin oldugu belirlenmistir.

Anahtar Kelimeler: [skemi-reperfiizyon hasari, karaciger, fare, nitrit.

Cikar Catismasi: Yazarlar arasinda ¢ikar ¢atismasi bulunmamaktadir.
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Introduction

Hepatic ischemia-reperfusion (IR) injury is a pathophysi-
ological problem commonly observed in surgical proce-
dures. Hepatic ischemia followed by reperfusion is resul-
ted in tissue injury that contributes mainly to morbidity
and mortality associated with shock, thermal injury, li-
ver transplantation and resectional surgery [1]. The early
phase of injury occurs in the absence of leukocyte infilt-
ration and is thought to be initiated by a rapid change in
the redox state of the tissue in favor of a more oxidative
environment. The late phase of injury is dependent upon
the production of several different cytokines and chemo-
kines that promote the infiltration of large numbers of
leukocytes into the tissue [3-5]. Extravasated polymorp-
honuclear leukocytes (PMNs) become metabolically ac-
tivated and release large amounts of reactive oxygen spe-
cies (ROS) together with extracellular matrix degrading
enzymes such as collagenase and matrix metalloprotea-
ses [6]. The net result of this inflammatory infiltrate is an
amplification of the acute injurious responses resulting
in extensive inflammatory tissue injury.

Mitochondrial dysfunction is known to contribute to the
progression of IR and a number of cytoprotective agents,
including the protective ischemic preconditioning, medi-
ate their action through mechanisms that converge at the
level of the mitochondrion. NO is a well-characterized
modulator of mitochondrial function and has been impli-
cated in the signaling of ischemic preconditioning. Para-
doxical reports have been published on effects of NO in IR
injury. Some studies showed that NO worsens IR injury [7,
8] on the other hand some of them reported that NO has
a protective role in IR. Various studies were performed
concerning the exact cause of this paradoxical situation
and it was reported that the concentration of released NO
is important; high concentrations of NO may lead to the
formation of reactive nitrogen species that enhance IR
injury whereas lower concentrations of NO has protecti-
ve effect [9-11]. The purpose of the present study was to
evaluate the role of preconditioning with nitrite which is
identified as an endocrine reservoir of NO [12, 13] in he-
patic IR injury in mice and also to support findings with
histological studies. Furthermore we aimed to determine

Table 1. Study groups of nitrite administration.

effects of nitrite on antioxidant enzyme systems, cytoki-
nes and extracellular matrix degrading enzymes.

Material and Methods

Materials

All chemicals were purchased from Sigma Chemical Co.
(Germany).

Liver IR Protocol in Mice

This study was approved by the Animal Ethics Commit-
tee of Hacettepe University (2006/15-13) and was per-
formed in compliance with the Ethical Guidelines for
Animal Studies. Study groups were randomly assigned
as control, sham and IR protocol (Table 1). Each group
consisted of 6 mice.

Male Albino mice (8—10 weeks) with body weights of 25—
30 g were obtained from the Animal House of Hacettepe.
The mice were maintained under conditions of a 12 hours

light/dark cycle and had free access to food and water.

Partial mouse liver ischemia was performed according to
the method of Abe et al. [14]. The median and left lateral
lobes (approximately 70% of the liver) showed signifi-
cant blanching after 45 minutes of ischemic period. Ab-
domen was closed and the animal was allowed to recover
for 5 hours of reperfusion period. Immediately after the
reperfusion period, the blood and tissues were collec-
ted from the anesthetized mouse. The right atrium was
punctured and blood was aspirated with a syringe. Blood
samples were centrifuged at 3500 x g for 10 min, and the
obtained serum was stored at —20 °C. The hepatic lobes
were promptly resected, weighted, washed in cold saline
and kept at —80°C. Liver tissues were homogenized in
cold potassium phosphate buffer (50 mM, pH 7.4); cent-
rifuged at 3500 x g for 10 min at 4°C, and the supernatant
was used for the determination of lipid peroxidation, glu-
tathione content and antioxidant enzyme levels.

Determination of Serum Transaminase and
LDH Activities

Serum alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) activities were determined as

Group 1 Mice administered with 1.65 pg/kg sodium nitrite 12 hours prior to IR protocol
Group 2 Mice administered with 16.5 pg/kg sodium nitrite 12 hours prior to IR protocol
Group 3 Mice administered with 165 pg/kg sodium nitrite 12 hours prior to IR protocol
Group 4 Mice administered with 1650 pg/kg sodium nitrite 12 hours prior to IR protocol
Group 5 Mice administered with 1.65 pg/kg sodium nitrite 24 hours prior to IR protocol
Group 6 Mice administered with 16.5 pg/kg sodium nitrite 24 hours prior to IR protocol
Group 7 Mice administered with 165 pg/kg sodium nitrite 24 hours prior to IR protocol
Group 8 Mice administered with 1650 pg/kg sodium nitrite 24 hours prior to IR protocol
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quantitative indices of liver damage according to the
colorimetric method of Reitman [15]. Serum LDH acti-
vities were determined according to a method based on
monitoring the conversion of NADH to NAD* at 340 nm
[16]. Activities were expressed as U.L".

Determination of Plasma and Tissue Nitrite
and Nitrate Levels

Plasma and tissue nitrite and nitrate levels were deter-
mined according to a method based on Griess reaction
[17]. Plasma nitrite and nitrate levels were expressed as
pumol.L" and tissue nitrite and nitrate levels were expres-
sed as nmol.g tissue™.

Determination of Lipid Peroxidation in Liver
Homogenates

Lipid peroxidation in liver tissues was determined ac-
cording to the method of Ohkawa et al. [18] based on the
reaction of MDA with thiobarbituric acid. Results were
expressed as nmol.mg.

Determination of Reduced and Oxidized Glu-
tathione Levels

Reduced (GSH) and oxidized (GSSG) glutathione levels
in liver tissues were determined according to the method
of Sanchez-Alvarez et al. [19]. Glutathione levels were
expressed as nmol.mg™.

Determination of Antioxidant Enzyme Activi-
ties in Liver Homogenates

Catalase (CAT) activities in liver tissues were deter-
mined according to the method of Ueda ef al. [20] and
activities were expressed as nmol.mg!. Glutathione
S-transferase (GST) activities in liver tissues were de-
termined spectrophotometrically by monitoring the
formation of 1-chloro-2,4-dinitrobenzene (CDNB) and
GSH conjugate at 340 nm [21] and activities were exp-
ressed as U.mg'. Glutathione reductase activities were
determined according to the method of Carlberk and

Table 2. Scoring System for Light Microscopy.

Mannevrik [22]; activities were expressed as nmol.mg"
!. Glutathione peroxidase (GPx) and superoxide dismu-
tase (SOD) activities were determined by Glutathione
Peroxidase (Cayman Chemicals, Ann Arbor, Mich.) and
Superoxide Dismutase (Cayman Chemicals, Ann Arbor,
Mich.) assay kits respectively and activities were expres-
sed as U.mg™.

Determination of Myeloperoxidase Activities
in Liver Homogenates

Myeloperoxidase (MPO) activities in liver tissues were
determined according to the method of Ferreira et al.
[23]. MPO activities were expressed as U.mg.

Determination of Plasma Cytokine Levels

Plasma TNF-a and plasma IL-1B levels were deter-
mined by Mouse TNF-a ELISA Kit (BD BioSciences,
USA) and Mouse IL-18 ELISA Kit (BD BioSciences,
USA) respectively and expressed as pg.ml”'. Plasma IL-
6, IL-8 and IL-12 levels were determined by Mouse IL-6,
IL-8 and IL-12 ELISA Kits (All from BD BioSciences,
USA), respectively and expressed as pg.ml™.

Determination of Plasma MMP Levels

Plasma MMP-2 and MMP-9 levels were determined by
MMP-2 and MMP-9 ELISA Kits (AbFrontier, Korea)
and expressed as ng.ml"'.

Light Microscopy on Paraffin Sections

Liver samples were fixed in phosphate buffered forma-
lin and embedded in paraffin. Five to seven microme-
ter thick heamatoxylin & eosin and periodic acid schiff
(PAS) stained sections were semi quantitatively evalua-
ted with a Leica DMR microscope; DC500 digital camera
by using Leica application suite (LAS) software (Westlar
Germany). In brief 40 sections were examined in a blin-
ded manner for each liver and a score from 0 to 3 or 4
was given to each liver section for the extent of sinusoidal
congestion and hepatic cytoplasmic vacuolation infiltra-
ting polymorphonuclear leukocytes, liver necrosis and

Sinusoidal congestion and cytoplasmic Polymorphonuclear . . .
Score vacuolation leukocyte infiltration Liver necrosis and steatosis
0 No congestion and/or no cytoplasmic vacuola- None Absence of necrosis and/or <5%
tion in hepatocytes steatosis
Mild (dilation of the centrolobular vein and/ Spotty necrosis (scattered necrotic
1 or cytoplasmic vacuolation in rare perivenular Rare cells hepatocytes at zona 3) and/or mild
hepatocytes) (33%) steatosis
Moderate (dilation of the centrolobular vein Focal necrosis (periportal or peri-
plus sinusoidal dilation of zone 3 and/or cyto- SIS (perip P
2 ) . ; Focal venular or midacinar necrosis) and/
plasmic vacuolation of numerous perivenular or moderate (33% - 66%) steatosis
hepatocytes) ° °
Severe (dilation of the centrolobular vein, sinu- Multifocal necrosis (necrosis in
3 soidal dilation and/or cytoplasmic vacuolation Multi focal more than one acinar zone) and/or
of the hepatocytes of zone 3 and zone 2 severe (>66%) steatosis
4 . Diffuse and uniformly B
intense
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steatosis according to Giovanardi et al [24] (Table 2).

Transmission Electron Microscopy on Plastic
Sections

Liver samples were fixed in gluteraldehyde in Soren-
sons’ phosphate buffer; post-fixed in osmium tetroxide
and embedded in araldite (EMS, Germany). Semi-thin
sections were stained with methylene blue-Azur II; thin
sections were stained with uranyl acetate and lead citra-
te, analyzed on a transmission electron microscope (Jeol,
JEM1400) attached Orius digital camera for acute tubu-
lar necrosis criteria. Ultrathin sections were examined
in a blind manner (unaware of the groups). In order to
check the presence of mitochondrial swelling, the width
of the hepatocyte mitochondria was measured on at least
3 pictures, at five points on each picture, and the average
values were taken. A total of minimum 100 mitochond-
ria were measured for each sample [24, 25].

Statistical Analysis

Biochemical Data: All enzyme activities were expres-
sed as mean £+ SD of at least three independent expe-
riments and analyzed by SPSS software for windows
version 16.0. Mann-Whitney U test and Kruskal-Wal-
lis were used for comparison of groups of the variab-
les. Correlations between variables were assessed with
Pearson’s correlation coefficients (r), and P<0.05 was
considered as statistically significant.

Histological Data: Independent variables were the gro-
ups and the dependent variables were the histology and
biochemical blood test parameters for histological analy-
sis. The normality of distribution was established using
the Shapiro-Wilk test. All parameters were analyzed by
nonoparametric tests Kruskal-Wallis was used for mul-
tiple comparison and Dunn as post-hoc test. Correlation
between the histology and biochemical measurements
was assessed by using Spearman test. Friedman test
and its posthoc test were used to assess the difference
in time. Descriptive statistical values were expressed as
median, minimum and maximum. The difference was
considered significant if P<0.05 in Dunn’s test.

Results

Increased ALT, AST and LDH levels are typically con-
sidered as existence of acute hepatic injury. In our study
deprivation of blood flow of liver in mice for 45 minutes
followed by 5 hours of reperfusion caused a dramatic
increase in liver injury as assessed by increases in serum
ALT, AST and LDH levels. Serum ALT, AST and LDH
levels were significantly increased in IR group compa-
red to control and sham groups (p<0.001). Nitrite admi-
nistration at 12 and 24 hours prior to IR protocol caused
a dose dependent decrease in ALT, AST and LDH levels
compared to IR group (p<0.001) (Table 3).

Plasma nitrite levels decreased in IR group compared
to control and sham groups. Plasma nitrite levels of low
dose nitrite administered study groups were similar

Turk J Biochem, 2012; 37 (4) ; 392—404.

395

with the physiological nitrite levels whereas in high do-
ses of nitrite, plasma nitrite levels were increased (Table
4). Similarly, liver nitrite levels of IR groups decreased
compared to control and sham groups while liver nitrite
levels of sodium nitrite administered study groups, es-
pecially in high doses of nitrite, significantly increased
(Table 4). Compared to control and sham groups, plasma
and liver nitrate levels of IR group decreased while sodi-
um nitrite administration at 12 and 24 hours prior to IR
protocol caused a dose dependent significant increase in
plasma and liver nitrate levels (Table 4).

MDA concentration, as an indice of lipid peroxidation,
significantly increased in IR group when compared to
the control and sham groups. Nitrite administration at
12 and 24 hours prior to IR protocol caused a dose de-
pendent decrease in MDA levels compared to IR group
(Table 5). Increased MDA levels following IR protocol
indicate liver dysfunction. Nitrite administration dec-
reased the MDA levels and liver functions were almost
identical with control group.

GSH content and GSH/GSSG ratio significantly decre-
ased whereas GSSG content significantly increased in
IR group. As expected, with nitrite administration GSH
content and GSH/GSSG ratio was found to be increased
and GSSG content was found to be decreased compared
to IR group (Table 5).

All antioxidant enzyme activities (GST, GR, GPx, CAT,
SOD) significantly lowered in IR group compared to
control and sham groups, possibly resulting from the
depletion of the antioxidant pool, which is used to re-
move excess ROS produced during IR. Antioxidant enz-
yme activities of study groups, which were administered
with sodium nitrite at 12 and 24 hours prior to IR pro-
tocol showed distinct increases, compared to IR group
(Table 5).

MPO activities of liver tissue increased in IR group
compared to control and sham groups. Besides, study
groups of nitrite administration at 12 and 24 hours prior
to IR protocol showed significant dose dependent dec-
rease in MPO activity compared to IR group (Table 5).

Increased TNF-a, IL-1B, IL-6, IL-8 and IL-12 cytoki-
ne levels due to IR injury dose dependently decreased
to control levels with nitrite administration. Plasma
TNF-a, IL-1B, IL-6, IL-8 and IL-12 levels of IR group
were found to be significantly increased compared to
control and sham groups. Sodium nitrite administration
at 12 and 24 hours prior to IR protocol caused a dose
dependent decrease in plasma TNF-a, IL-1p, IL-6, IL-8
and IL-12 levels compared to IR group (Table 6).

According to our results, MMP-2 and MMP-9 protein le-
vels are significantly increased following IR injury and
they decreased to control levels with nitrite administra-
tion (Table 6).

Histology and Histomorphometry
At both light microscope (LM) and the electron micros-
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Table 3: Serum ALT, AST and LDH activities as indices of liver damage in study groups (*** P<0.001 versus control, YWY P<0.001 versus IR
group). Each group consists of 6 mice and values represent the mean+SD of three independent experiments.

ALT (U.L) AST (U.L") LDH (U.L")

Control 45.40+0.52 51.530.50 486.70+20.01

SHAM 45.51x0.72 51.70+0.28 503.40+8.02
IR Group 5938.00+102.99 *** 6117.00110.37 *** 6300.00+598.40 ***
Group 1 3477.00+146.06 5044.00+44.27 3627.00+900.90
Group 2 3004.11+107.15 3180.20+57.00 2054.00+98.53
Group 3 661.08+46.99 736.58+40.08 1093.00+176.10
Group 4 93.27+4.31 102.05+11.51 713.70+108.60
Group 5 1991.00+151.75 2204.00+116.87 2802.00+221.62
Group 6 1066.00£82.96 1194.00+88.60 1234.00+169.17
Group 7 295.90+8.86 314.30+9.48 725.50+138.00
Group 8 45.96+1.30 51.85+2.86 504.50+9.00

Table 4. Plasma and liver tissue nitrite and nitrate levels of control, sham, IR and study groups administered with so-
dium nitrite 12 and 24 hours prior to IR protocol (Values represent the mean+SD of three independent experiments;
***p<0.001, ** P<0.05, ¥*P<0.01 versus control group; n=6).

Liver tissue nitrite Liver tissue nitrate
Plasma nitrite levels Plasma nitrate levels
levels levels
(nmol/L) (nmol/L)
(nmol/g tissue) (nmol/mg tissue)
Control 0.50+0.02 5.84+1.38 50.83+6.41 75.11£8.90
SHAM 0.50+0.13 5.82+2.01 53.10<12.00 74.27+9.67
IR Group 0.36+0.01** 3.52+40.56%** 38.72+4.23%%* 42.84+9.01**
Group 1 0.46+0.05 4.7240.18** 40.3743.04%** 54.76x10.08**
Group 2 0.53+0.06 4.82+0.27* 41.2042.76%** 77.58+9.26
Group 3 0.53£0.05 4.5240.12%* 42.1843.02%* 96.32+9.13%*
Group 4 0.57+0.02%* 4.19+0.22%** 43.9043.89%** 144.3+£10.07%**
Group 5 0.52+0.03 5.32+0.59 53.10+4.05 74.83+12.48
Group 6 0.52+0.05 5.14+0.42 73.85+4.10%** 91.91+16.01
Group 7 0.55+0.06 4.92+0.68* 87.99+6.61*** 136.0+6.45%**
Group 8 0.60+£0.03%** 4.81+0.42%* 107.2+10.04*** 194.5+18.23%**
Turk J Biochem, 2012; 37 (4) ; 392—-404. 396 Ciftei et al.
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Table 6. TNF-o, IL-1f, IL-6, IL-8, IL-12, MMP-2 and MMP-9 levels of control, sham, IR and study groups administered with sodium nitrite 12
and 24 hours prior to IR protocol (*** P<0.001 versus control; YWY P<0.001 versus IR, n=6).

TNF-0 IL-10) IL-6 IL-8 IL-12 MMP-2 MMP-9
(pg-ml) (pg.ml) (pg.ml7) (pg.ml") (pg.ml) (ng.ml) (ng.ml)
Control 0.46+0.18 0.3467+0.128 9.53+1.29 158.117.41 60.64+8.35 0.03+0.009 0.02+0.002
Sham 0.50+0.05 0.300020.11 9.22+2.93 155.1+13.59 59.61+25.71 0.03+0.02 0.02+0.005
IR Group 1028+301.30™ 308.4+26.51" 687.3+167.23™ 1593+152.69™ 1134+204.38™ 35.34+12.54™ 33.70+5.31™
Group 1 | 465.8+87.43 136.1£32.75 379.7+£35.47 902.0+87.31 735.0+104.27 14.60+5.21 10.40+2.85
Group 2 | 192.0+65.23 71.48+7.51 190.6+57.21 435.0+57.34 454.8+54.62 5.72+1.84 3.59+0.59
Group 3 16,55+2.87 9,22+1.34 99,13+15.34 251.7+38.18 229.5+113.28 1.54+0.27 1.83+0.12
Group 4 | 1.27x0.42 0.6320.21 19.51£7.49 175.9+9.38 70.35+8.35 0.09+0.021 13.54+28.53
Group 5 | 383.1+27.36 101.1£43.12 370.7+147.87 680.3+31.79 643.7+149.17 9.99+0.86 7.26+1.26
Group 6 90.54+19.34 41.26+5.67 115.1+28.51 337.7+34.75 273.4+62.73 3.30+0.59 2.37+0.49
Group7 | 8.70+1.85 6.832.97 64.00+16.41 216.7+32.57 109.3+15.32 0.99+0.17 0.95+0.13
Group 8 | 0.59+0.12 0.33+0.09 12.11+2.95 158.0+8.51 56.33+7.93 0.04+0.007 0.02+0.002

cope (EM) level, liver samples exhibited mild to mo-
derate alterations in all experimental groups. IR injury
consisted of mild to moderate sinusoidal congestion
with the dilation of centrolobular vein and the sinuso-
ids; the cytoplasmic vacuolization or blebbing of hepa-
tocytes, focal polymorphonuclear leukocyte infiltration
and mild spotty liver necrosis and steatosis. IR group
received significantly (P<0.05) higher score (Median:3;
min,max: 2,3) for sinusoidal congestion and the hepa-
tocytic cytoplasmic vacuolization when compared to
control/sham group (Median:0; min,max: 0,1). Individu-
al cell necrosis with loss of nuclei was observed in peri-
venular hepatocytes of IR groups. Control and sham gro-
ups exhibited healthy morphology in all samples. High
doses (165 pg/kg of 12 hours, 165 and 1650 pg/kg of
24 hours) of nitrite administered livers received similar
histological scores regarding the sinusoidal congestion
and the cytoplasmic vacuolization when compared to
control. IR group received higher sinusoidal congestion
(Median:3; min,max: 2,3) and hepatocyte cytoplasmic
vacuolization scores comparing to that of the high doses
(1650 pg/kg) of nitrite administered groups of both 12
and 24 hours (For 12 hours Median:1; min,max: 1,2; For
24 hours Median:1; min,max: 1,2).

The infiltration of polymorphonuclear leukocytes obser-
ved in the sinusoids was statistically (P<0.05) higher in
IR group (Median:2; min,max: 2,3) compared to that of
control/sham group (Median:0; min,max: 0,0). The le-
ukocyte infiltration was significantly decreased in the
high doses (1650 pg/kg of 12 hours, 165 and 1650 pg/
kg of 24 hours) of nitrite administered group receiving
statistically similar scores with control/sham group (For
1650 pg/kg of 12 hours Median:1; min,max: 1,2; For 165
ng/kg of 24 hours Median:1; min,max: 1,2; For 1650 pg/
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kg of 24 hours Median:1; min,max: 1,1). The nitrite ad-
ministration improved PMNs infiltration score in a dose
dependent manner (almost all doses) of 12 and 24 hours
comparing to IR group (Median:2; min,max: 2,3).
Minimum spotty or focal necrosis and steatosis was ob-
served in IR group (Median:1; min,max: 1,2) and nitri-
te administered IR groups. The necrosis and steatosis
scores were improved within some nitrite administe-
red groups 12 or 24 hours before IR protocol (For 1650
ng/kg nitrite of 12 hours Median:0; min,max: 0,1; For
1650 pg/kg nitrite at 24 hours Median:0; min,max: 0,1).
Some nitrite administered groups received significantly
(P<0.05) lower steatosis and necrosis scores compared
to IR group (For 1.65 pg/kg nitrite of 12 hours Median:1;
min,max: 0,1; For 1650 pg/kg nitrite at 12 hours Me-
dian:0; min,max: 0,1; For 165 pg/kg nitrite of 24 hours
Median:0; min,max: 0,1; For 1650 pg/kg nitrite of 24 ho-
urs Median:0; min,max: 0,1).

The total histological damage score at LM level was
significantly (P<0.05) higher in IR group (Median:6;
min,max: 5,8) when compared to that of the control/sham
(Median:0; min,max: 0,1). Nitrite improved histological
damage scores by receiving statistically similar scores
with the control/sham at both 12 and 24 hours. 165 and
1650 pg/kg of nitrite administered before 12 hours and all
of the nitrite doses (from 1.65 to 1650 pg/kg) that were
administered before 24 hours significantly (P<0.05) imp-
roved the total histological scores comparing to those of
IR group (For 165 ng/kg nitrite of 12 hours Median:4;
min,max: 3,5; For 1650 pg/kg nitrite of 12 hours Medi-
an:2; min,max: 2,5; For 1.65 pg/kg of nitrite of 24 hours
Median:4; min,max: 3,5; For 16.5 pg/kg nitrite of 24 ho-
urs Median:4; min,max: 4,6; For 165 ug/kg of nitrite at 24
hours Median:3; min,max: 2,5; For 1650 pg/kg of nitrite
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Figure 1. Light microscope images of liver tissues from control, sham, IR and nitrite administered study groups. Control and sham sections

represented healthy images. In all IR protocol groups, mild

to moderate sinusoidal dilatation and congestion (asterisk) and hepatocyte vacuolization (arrow) were observed. It was detected that injury was
improved with high dose nitrite administration (C: Central vein. HE: Hematoxylen eozin, PAS: Periodic asid schiff).

at 24 hours Median:2.5; min,max: 2,3) (Figure 1).

At the EM level, all of the study groups exhibited different
ranges of mitochondrial swelling comparing to that of the
control/sham group. Although the mitochondrial memb-
rane was generally intact in all groups; loss of cristae and
a decrease in matrix density were prominent in IR group.
The lesser mitochondrial diameter observed in this study
was significantly increased in IR group relative to control/
sham group (P<0.05). The hepatocyte mitochondria exhi-
bited a healthy ultra structure with an orderly mannered
arrangement in control/sham groups. 1.65 and 1650 pg/kg
of nitrite administration both before 12 and 24 hours and
the 165 pg/kg of nitrite administration before 24 hours
improved the mitochondrial ultra structure by receiving
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statistically similar lesser diameters relative to the control/
sham group (For 1.65 pg/kg of nitrite of 12 hours Medi-
an:0.9; min,max: 0.6,1.1; For 1.65 pg/kg of nitrite 24 hours
Median:0.9; min,max: 0.7,1.1; For 1650 pg/kg of nitrite of
12 hours Median:0.5; min,max: 0.1,0.8; For 1650 pg/kg
of nitrite of 24 hours Median:0.6; min,max: 0.4,0.8; For
165 pg/kg nitrite of 24 hours Median:0.9; min,max: 0.5,1).
Both the 165 and 1650 pg/kg nitrite administered groups
24 hours before and the 1650 pg/kg nitrite administered
group 12 hours before received significantly better scores
related to mitochondrial swelling when compared to IR
group (Figure 2).

Individual cell shrinkage with nuclear fragmentation
(apoptosis) and/or necrotic degenerative cellular changes
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Figure 2. Electron microscope images of liver tissues from control, sham, IR and nitrite administered study groups. In all IR groups significant
swelling in hepatocyte mitochondria (m) and deletion of mitochondria membranes are observed. Hepatocyte nucleus (N) seems healthy in all
groups. In nitrite administered groups, less mitochondrial swelling and conserving mitochondria cristas are observed.

could be observed in some of the individual hepatocy-
tes belonging to IR groups. However these degenerative
changes did not uniformly involve all of the hepatic lo-
bules and zones within the same lobule. Especially high
doses of nitrite administered groups revealed several
healthy lobules.

Evaluation of the Correlation Between Bioc-
hemical and Histological Measurements:

AST and ALT levels exhibited positive correlations with
the sinus congestion and hepatocyte cytoplasmic vacuo-
lization (r=0.583, P=0.00 for AST and r=0.592, P=0.00
for ALT), PMNs infiltration (r=0.486, P=0.00 for ALT
and r=0.519, P=0.00 for AST respectively), hepatic stea-
tosis and necrosis (r=0.351, p=0.00 for ALT and r=0.379,
P=0.00 for AST). The total LM histological score that
is received by making the sum of the three histological
measurements gave again a positive correlation with
the AST and ALT levels (r=0.557, P=0.00 for ALT and
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r=0.587, P=0.00 for AST). The mitochondrial width me-
asurement at the EM level revealing the mitochondrial
damage exhibited a positive correlation with the bioc-
hemical ALT and AST levels (r=0.477, P=0.00 for ALT
and r=0.532, P=0.00 for AST).

Discussion

Hepatic IR injury is an important problem in clinical
conditions such as liver surgery for tumor excision,
transplantation, trauma and liver failure accompanying
hemorrhagic shock [26, 27]. Blood flow needs to be
cut off partially or completely during liver surgery [28].
During this period, secretion of intracellular enzymes,
calcium uptake into cells, lipid peroxidation in biologi-
cal membranes and finally necrosis occur [29]. Various
mechanisms such as rapid formation of ROS, PMNL ac-
tivation, endothelial and complement system activation
take part in injury observed during reperfusion period
[30]. Membrane lipids, proteins and nucleic acids are
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shown to be the most sensitive components to reperfu-
sion injury. But it is known that this process includes
local and systemic inflammatory response and causes
local and systemic permanent damage [31]. Ischemic
preconditioning of an organ may induce protection aga-
inst the injury caused by longer duration of ischemia and
subsequent reperfusion. Since the cellular mechanisms
of ischemic preconditioning have been elicited, researc-
hers intend to mimic the effects of this phenomenon by
chemical agents and generate a pharmacological condi-
tioning [32].

NO is an important mediator, which can be synthesi-
zed by most of the cell types and takes part in several
physiological and pathological processes in the body. It
has been shown that NO, NO donors, NO activation or
transgenic over expression of NO have protective effects
on various IR models [33, 34]. NOS-independent NO
resources are known to play a critical role in protecti-
on during ischemia or hypoxia and recent studies have
reported that inorganic nitrite can be good NO resour-
ce [35, 36]. As nitrite reduces to NO enzymatically or
non-enzymatically during hypoxia or acidosis it can be
used as a new and efficient treatment to replace NO in
disorders related to tissue ischemia. Studies supporting
this idea have reported that administration of nitrite in
physiological concentrations can protect tissues in vivo
in hepatic and cardiac IR injury and nitrite-derived NO
plays an important role in this cytoprotective effect [36].
Similarly, nitrite is reported to be efficient in hypoxia-
induced pulmonary vasoconstriction and haemorrhagic
shock model and hypochloric acid-induced chondrocyte
toxicity in isolated cardiac IR injury model [37]. Despi-
te the studies regarding the protective effects of nitrite
administration before ischemia on hepatic IR injury in
recent years [38, 39] the mechanism of this effect is still
controversial. In this study, protective effects of nitrite
treatment against hepatic IR injury, in 4 different con-
centrations administered 12 and 24 hours before ische-
mia, were evaluated.

Nitrite is a natural oxidation product of NO and can be
reduced back to NO under hypoxic conditions [40]. Plas-
ma concentration of nitrite varies between 300 nM and
500 nM in different species [41]. Tissue nitrite concent-
ration varies between 0.5 uM and 20 pM [42]. Thus the
nitrite dose that will be administered for increasing its
plasma and tissue concentration should be carefully de-
cided and it was determined that the administered dose
may not be observed directly in plasma. Consequently,
in this study plasma nitrite and nitrate levels were deter-
mined both in IR and nitrite administered groups.

Increased ALT and AST levels are accepted as indices
of liver injury. In nitrite administered groups, ALT and
AST levels were decreased to control group levels in a
dose dependent manner. Furthermore, the effect of nit-
rite administration 24 hours before IR injury on ALT
and AST levels were determined to be more effective
compared to administration 12 hours before IR injury.
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These results were supported with histological analyzes
and LDH enzyme level which is another indices of liver
injury. Lipid peroxidation in liver tissue was determined
by MDA level, which is a product of lipid peroxidation.
Increased MDA levels following IR injury have indica-
ted hepatic dysfunction. Nitrite administration caused
a decrease almost to control levels. Reducing effect of
nitrite administration on ALT, AST, LDH and MDA le-
vels indicated that nitrite administration has a protective
effect against ischemia in a dose dependent manner.

GSH depletion in IR is thought to be observed as a result
of consumption of free radicals by GSH.

Neutrophils and monocytes contain MPO, a heme enz-
yme, in their primary lysosomal granules. This enzyme
is in communication with oxygen dependent mecha-
nisms. In presence of MPO, formed peroxide and chlori-
de ions are converted into hypochloric acid. Leukocyte
activation and inflammatory mediators that are trigge-
red by IR injury cause tissue edema and increase vascu-
lar permeability. Our results show that nitrite administ-
ration prevents neutrophil activation and infiltration and
reduce the inflammatory response. Possible mechanism
for this effect may be the decrease in ROS production as
a result of nitrite administration. Hence, H,0, and -OH
will not be formed; chloride ions will not be converted
into hypochloric acid and inflammation will not be trig-
gered. Furthermore, antioxidant enzyme activities such
as CAT, GST, GR, GPx and SOD and GSH levels were
found to be decreased after hepatic IR protocol in mice
compared to control group; and nitrite administration
before ischemia were determined to cause an increase
in antioxidant enzyme activities. In nitrite administered
study groups, lipid peroxidation and GSSG levels were
found to be decreased; GSH levels, GSH/GSSG ratio,
CAT, GST, GR, GPx and SOD activities were found to
be increased to control levels. Therefore the protecti-
ve effect of nitrite can be thought to be related to ROS
production mechanisms and antioxidant enzyme levels.
Rapid increase in hepatic GSH levels during hepatic IR
injury was suggested to be a result of neutralization ef-
fect of GSH on ROS.

Cytokines play important role in IR injury by inducing,
mediating and determining severity of inflammatory
response [43, 44]. These cytokines increase the expres-
sion of adhesion molecules and lead to leucocyte-sinu-
soidal endothelial cell interaction [45, 46], which result
in increase in cytokine production. TNF-a is a cytokine,
which is known to play a role in cellular injury in IR [6].
IL-12 mediates leucocyte activation [47] and acts as a
primary trigger of cytokine cascade induced by hepatic
IR injury. Increased IL-1 levels were reported following
hepatic vascular occlusion performed for partial hepa-
techtomy in human [48]. Furthermore, isolated rat Kupf-
fer cells are known to maintain IL-1 secretion spon-
taneously after reperfusion injury [49]. IL-6 induces
generation of acute phase proteins such as serum amylo-
id A, C-reactive protein, complement C3, fibrinogen and
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macroglobulin in hepatocytes [50]. There are inconsis-
tent reports regarding the role of IL-6 during inflamma-
tory process. Although some researchers have reported
that liver regeneration is failed in IL-6 gene knock-out
mice [51, 52], others have claimed that IL-6 has a pro-
tective effect on hepatic injury during liver regeneration.
Pro-inflammatory mediators such as TNF-a, which ap-
pear during the early phase of liver injury, induce CXC
chemokine formation [53-56]. IL-8 is a CXC chemokine
and has a role on neutrophil recruitment to the injured
tissue during IR [57]. All studies reporting the roles of
cytokines on IR injury support that the inflammatory
process before or after injury is complicated. Therefore
various anti-inflammatory treatment strategies were de-
veloped for administration after liver transplantation to
relieve the inflammatory process [58]. Effects of nitrite
on these cytokine levels were determined in this study.
Increased TNF-a, IL-1p3, IL-6, IL-8 and IL-12 cytoki-
ne levels due to IR injury decreased dose dependently
to control levels with nitrite administration. This result
proved that the cytoprotective effect of nitrite is not only
over antioxidant systems but also on inflammatory pro-
cesses. Consistent with other results, response to nitrite
is more effective when nitrite is administered before 24
hours of ischemia compared to 12 hours. On the basis of
our results it is determined that nitrite has cytoprotecti-
ve effect not only on antioxidant systems but also has an
effect on inflammatory process.

Following the inflammatory process observed during
tissue injury, fibrosis is observed. MMPs and their tis-
sue inhibitors TIMPs are basic enzymes that have role
in this fibrosis process. Studies showed that MPPs have
important roles on IR injury [59]. Fibrosis is believed
to occur as a result of imbalance between MMPs and
TIMPs [60]. MMPs are zinc-dependent endopeptidases
and belong to an enzyme family of proteases. They play
a role in cell response to their microenvironment. The
most important response is the ability of degrading ext-
racellular matrix components [61]. In this study, MMP
levels in hepatic IR injury performed in mice and effects
of nitrite administration on these levels were determi-
ned. MMP-2 and MMP-9 are important for liver due to
their degradation ability of collagen IV and fibronectin,
two important components of space of disuse [62-64].

MMP-2 and MMP-9 are expressed not only by non-
parenchymal liver cells such as Kupffer cells or sinu-
soidal endothelial cells but also by hepatocytes [65, 66].
Our findings suggest that nitrite administration before
ischemia has a protective effect also via extracellular
matrix components.

In summary, our results clarified that a significant ROS-
mediated tissue injury occurs during hepatic IR and nit-
rite administration either 12 or 24 hours before ischemia
has a protective effect against injury. This is the only
study that considers effects of nitrite preconditioning on
antioxidant enzyme activities and at the same time on
cytokine and MMP levels in the same group of mice.
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