
12351 November 21, 2015|Volume 21|Issue 43|WJG|www.wjgnet.com

ORIGINAL ARTICLE

Francielli Licks, Renata Minuzzo Hartmann, Elizângela 
Schemitt, Universidade Federal do Rio Grande do Sul, Porto 
Alegre, RS 90040-060, Brazil

Camila Marques, Instituto de Tecnologia do Paraná, Curitiba 
90040-060, Brazil

Josieli Raskopf Colares, Mariana do Couto Soares, Juliana 
Reys, Camila Fisher, Juliana da Silva, Norma Possa Marroni, 
Universidade Luterana do Brasil, Canoas 92425-900, Brazil

Author contributions: Licks F, Hartmann RM, Marques 
C, Schemitt E, Colares JR, Soares MC, Reys J and Fisher C 
contributed equally to this work; Marroni NP designed the 
research; Licks F, Hartmann RM, Schemitt E, Colares JR and 
Soares MC performed the research; Reys J, da Silva J contributed 
new reagents/analytic tools; Licks F and Hartmann RM analyzed 
the data; and Licks F wrote the paper.

Supported by Brazilian agencies Coordenação de Aper
feiçoamento de Pessoal de Nível Superior, Conselho Nacional de 
Desenvolvimento Científico e Tecnológico, Fundo de Incentivo à 
Pesquisa e Eventos - Hospital de Clínicas of Porto Alegre (FIPE 
project nº 11-0293); the Laboratory of Experimental Hepatology 
and Gastroenterology (HCPA/UFRGS), Universidade Federal do 
Rio Grande do Sul; and the Oxidative Stress and Antioxidants 
Laboratory, Universidade Luterana do Brasil.

Institutional review board statement: The study was 
reviewed and approved by the Hospital de Clínicas de Porto 
Alegre and Universidade Luterana do Brasil’s Institutional 
Review Board.

Institutional animal care and use committee statement: All 
procedures involving animals were reviewed and approved by the 
Institutional Animal Care and Use Committee of the Hospital de 
Clínicas de Porto Alegre (11-0293). 

Conflict-of-interest statement: The authors of the present study 
declare no conflict-of-interest.

Data sharing statement: Technical appendix, statistical code, 
and dataset available from the corresponding author at francielli.
licks@gmail.com. Participants gave informed consent for data 
sharing. No additional data are available.

Open-Access: This article is an open-access article which was 
selected by an in-house editor and fully peer-reviewed by external 
reviewers. It is distributed in accordance with the Creative 
Commons Attribution Non Commercial (CC BY-NC 4.0) license, 
which permits others to distribute, remix, adapt, build upon this 
work non-commercially, and license their derivative works on 
different terms, provided the original work is properly cited and 
the use is non-commercial. See: http://creativecommons.org/
licenses/by-nc/4.0/

Correspondence to: Francielli Licks, MSc, Universidade 
Federal do Rio Grande do Sul, Porto Alegre, RS 90040-060, 
Brazil. francielli.licks@gmail.com.br
Telephone: +55-51-33598937

Received: March 25, 2015
Peer-review started: March 27, 2015
First decision: April 24, 2015
Revised: May 14, 2015
Accepted: July 18, 2015
Article in press: July 18, 2015
Published online: November 21, 2015

Abstract
AIM: To evaluate the antioxidant effect of N-acetyl
cysteine (NAC) on the stomach of rats with portal 
hypertension.

METHODS: Twenty-four male Wistar rats weighing ± 
250 g were divided into four experimental groups (n  = 
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6 each): Sham-operated (SO), SO + NAC, partial portal 
vein ligation (PPVL), and PPVL + NAC. Treatment with 
NAC in a dose of 10 mg/kg (i.p.) diluted in 0.6 mL of 
saline solution was administered daily for 7 d starting 
8 d after the surgery. Animals from the PPVL and SO 
group received saline solution (0.6 mL) for the same 
period of time as the PPVL + NAC and SO + NAC 
group. On the 15th day the animals were anesthetized 
and we evaluated portal pressure by cannulating 
mesenteric artery. After, we removed the stomach for 
further analysis. We performed immunohistochemical 
analysis for endothelial nitric oxide synthase (eNOS), 
vascular endothelial growth factor (VEGF), and nitro
tirosine (NTT) proteins in stomach. We also evaluated 
eNOS and VEGF by Western blot analysis and assessed 
DNA damage in blood samples by the comet assay.

RESULTS: The portal hypertension group exhibited 
increases in portal pressure when compared to SO 
group (29.8 ± 1.8 vs  12.0 ± 0.3 mmHg) (P < 0.001). 
The same was observed when we compared the eNOS 
(56.8 ± 3.7 vs  13.46 ± 2.8 pixels) (P < 0.001), VEGF 
(34.9 ± 4.7 vs  17.46 ± 2.6 pixels) (P < 0.05), and 
NTT (39.01 ± 4.0 vs  12.77 ± 2.3 pixels) (P < 0.05) 
expression by immunohistochemistry of the PPVL 
animals with the SO group. The expression of eNOS 
(0.39 ± 0.03 vs  0.25 ± 0.03 a.μ) (P  < 0.01) and VEGF 
(0.38 ± 0.04 vs  0.26 ± 0.04 a.μ) (P  < 0.01) were also 
evaluated by Western blot  analysis, and we observed 
an increase of both proteins on PPVL animals. We 
also evaluated the DNA damage by comet assay, and 
observed an increase on damage index and damage 
frequency on those animals. NAC decreased portal 
pressure values in PPVL + NAC animals (16.46 ± 2 
vs  29.8 ± 1.8 mmHg) (P < 0.001) when compared to 
PPVL. The expression of eNOS (14.60 ± 4.1 vs  56.8 ± 
3.7 pixels) (P < 0.001), VEGF (19.53 ± 3.2 vs  34.9 ± 4.7 
pixels) (P  < 0.05) and NTT (21.84 ± 0.7 vs  39.01 ± 4.0 
pixels) (P  < 0.05) evaluated by immunohistochemistry 
were also reduced in PPVL + NAC animals. Also, when 
evaluated by Western blot  eNOS expression (0.32 
± 0.03 vs  0.39 ± 0.03 a.μ) (P  < 0.05) and VEGF 
expression (0.31 ± 0.09 vs  0.38 ± 0.04 a.μ) (P  < 0.01). 
Furthermore, NAC modulated DNA damage in PPVL + 
NAC animals.

CONCLUSION: In view of these results, we believe 
NAC is able to protect the stomach from the alterations 
induced by the PPVL procedure.

Key words: N-Acetylcysteine; Portal hypertension; 
Gastropathy; Oxidative stress; Antioxidant
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Core tip: Portal hypertension (PH) is a syndrome with 
serious manifestations as ascites, hepatic encepha
lopathy and development of collateral circulation, 
characterized by vasodilation and angiogenesis. This 
mechanism, intended to divert blood from the site 

of obstruction, is the leading cause of death among 
these patients, since it leads to upper gastrointestinal 
bleeding. Therapies that may contribute to control 
the development of collateral circulation are been 
investigated in an attempt to improve the quality of life 
of PH patients. This paper proposes a novel therapy, 
using an antioxidant effective in reducing this collateral 
circulation in an animal model of portal hypertension.
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INTRODUCTION
Portal hypertension (PH) is characterized by a 
progressive increase in pressure within the hepatic 
portal system, with development of hyperdynamic 
circulation and a pressure gradient in the portal system 
(the difference between the pressure in the portal vein 
and the hepatic veins) exceeding 5 mmHg[1].

Conditions in which portal blood flow is reduced 
or obstructed by an anatomic obstacle are the deter­
minants of PH pathogenesis. When an anatomic 
obstacle arises, vascular resistance to flow increases, 
contributing to the development of PH[2]. Depending 
on the location of this obstacle to blood flow, PH 
may be classified as pre-hepatic (portal or splenic 
vein thrombosis), intra-hepatic (cirrhosis), or post-
hepatic (inferior vena cava thrombosis), among other 
examples[3].

The result of increased vascular resistance in the 
splanchnic circulation is increased pressure within 
the portal system. This leads to the development of 
a collateral circulation in an attempt to decompress 
the system, shunting blood directly into the systemic 
circulation, and increasing local venous blood flow 
through vasodilation[4]. Vasodilation in the splanchnic 
territory leads to the development of varices, par­
ticularly in the stomach. Gastric varices can be located 
from the fundus to the upper third of the stomach, and 
are caused by exacerbated dilation of blood vessels 
secondary to PH[5].

Among the various vasoactive substances imp­
licated in the development of a splanchnic collateral 
circulation, nitric oxide is the key mediator involved 
in this process. Vasodilation and the formation of 
portosystemic collaterals contribute to increased blood 
flow and worsen PH, increasing the risk of upper 
gastrointestinal bleeding[6]. Nitric oxide derived from 
endothelial nitric oxide synthase (eNOS) plays a major 
role in the pathophysiology of PH. Nitric oxide is a 
potent vasodilator, and acts not only on the splanchnic 
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circulation but also on the arterial circulation. It diffuses 
into smooth muscle cells and activates guanylate 
cyclase, producing cyclic guanosine monophosphate 
and thus contributing to the excessive vasodilation 
observed in PH[7].

The pathways of eNOS activation include endothelial 
stimuli such as shear stress, proinflammatory cy­
tokines, and vascular endothelial growth factor 
(VEGF)[8,9].

The angiogenesis process, characterized by the 
formation of new blood vessels from preexisting ones, 
also contributes to the development and persistence 
of the collateral circulation. The role of VEGF in this 
process has been established by experimental studies 
in which it was shown to be the main angiogenic 
mediator in rats with PH. VEGF appears to contribute to 
the deterioration of PH by stimulating the development 
of portosystemic collaterals and increasing the 
permeability of the mesenteric microvasculature[10,11].

The role of oxidative stress in the vascular dys­
function of PH has been well established in the 
literature[12,13]. The overproduction of nitric oxide 
caused by the vascular abnormalities present in 
portal hypertension facilitates the reaction of NO to 
superoxide anion radical (O2

-º) and forms peroxynitrite 
(ONOO-) contributing to an increase in oxidative 
phenomena[14]. The reactive oxygen species that 
characterize oxidative stress have the potential to 
bind to proteins, break DNA, and induce cell damage 
by interactions with various cell components. This 
phenomenon is associated with a series of disorders, 
including PH[15].

N-Acetylcysteine (NAC) is a compound that has 
been widely used in clinical practice for decades: as 
a mucolytic agent; in the management of ischemia-
reperfusion injury; in acute respiratory distress 
syndrome and bronchitis; in the treatment of para­
cetamol toxicity and heavy metal poisoning; in HIV; 
and in psychiatric disorders. Its broad indications are 
due to its extensive antioxidant effects, which are 
attributable to its ability to react rapidly with •OH, •NO2, 
CO•−, and thiyl radicals, as well as to replenish vital cell 
components depleted by injury[16].

Within this context, the aim of the present study 
was to assess the effects of the antioxidant NAC in a 
rat model of PH, while evaluating the involvement of 
oxidative stress, vascular damage, and DNA damage 
in PH.

MATERIALS AND METHODS
Ethics
All animal-related procedures were performed in 
compliance with the guidelines of the Research Ethics 
Committee of Hospital de Clínicas de Porto Alegre 
(HCPA), state of Rio Grande do Sul, Brazil, and with 
the United States National Academy of Sciences 
Principles for Research Involving Animals[17].

Animals
We used 24 male Wistar rats, weighing 250 g each, 
obtained from the HCPA vivarium. All were kept in 
plastic bin cages, measuring 47 cm × 34 cm × 18 
cm and lined with wood chips, under a 12-h dark/
light cycle (lights on from 7 a.m. to 7 p.m.), at a 
controlled temperature of 22 ± 4 ℃. The rats were fed 
commercially available chow (Purina® - Nutripal, Porto 
Alegre, RS, Brazil), 16 g/d, and had access to water ad 
libitum.

Groups and treatment protocols
Animals were divided into four experimental groups 
(n = 6 each): sham-operated (SO), SO + NAC, partial 
portal vein ligation (PPVL) and PPVL + NAC. NAC 
(Sigma Chemical Co., St. Louis, MO, United States; 
CAS registry number 616-91-1) was administrated 
at a dose of 10 mg/kg, intraperitoneally, dissolved in 
0.6 mL of normal saline solution (0.9% NaCl). This 
dose was based on previous studies performed by our 
research group[18]. Treatment was administered once 
daily for 7 d, starting on day 8 after surgery. Animals 
in the PPVL and SO groups received the same volume 
of saline solution, for the same period, instead of NAC. 

Induction of portal hypertension
The animals were initially anesthetized with ketamine 
hydrochloride (100 mg/kg i.p.) and xylazine hydro­
chloride (10 mg/kg i.p.). After induction of anesthesia, 
a midline laparotomy was performed and the bowels 
were gently retracted with a gauze pad soaked in 
saline. Briefly, the portal vein was isolated using 3-0 
silk and a 20G needle was placed in front of it to 
establish PPVL. Both the portal vein and the needle 
were tied using the silk suture and the needle was 
withdrawn. The SO group underwent a sham version 
of the same procedure, in which the portal vein was 
not ligated[19].

Euthanasia
On day 15 after surgery, animals were anaesthetized 
with ketamine hydrochloride (100 mg/kg) and xylazine 
hydrochloride (10 mg/kg i.p.). Blood was collected 
from the retro-orbital plexus using a heparinized 
capillary tube and stored in heparinized Eppendorf 
microtubes for later assessment of DNA damage[20,21]. 
After blood sampling, the abdomen was shaved 
and a laparotomy performed. Portal pressure was 
measured by cannulation of the mesenteric vein with 
a catheter coupled to a polygraph (Poligraph 2006, 
Letica Scientific Instruments, Barcelona, Spain)[19]. The 
animals were then killed by exsanguination under deep 
anesthesia[22] and we collected the stomach for the 
posterior analyzes. A piece of the stomach sample was 
frozen and stored at -80 ℃ and another piece was cut 
and fixed in 10% buffered formalin for 24 h. Paraffin 
blocks were cut with a rotatory microtome to create 
3-mm sections.

Licks F et al . N-acetylcysteine in portal hypertensive rats
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Immunohistochemistry
Expression of eNOS, VEGF, and nitrotyrosine (NTT) 
antibody in stomach tissue was determined by 
immunohistochemical analysis. Antigen retrieval was 
performed using buffer at 100 ℃, and endogenous 
peroxidase activity was blocked by incubation with 
absolute methanol. Slides were incubated with 
rabbit polyclonal antibody (NOS3 C-20 (sc-654), 
1:200, Santa Cruz Biotechnology, Santa Cruz, CA, 
United States), mouse monoclonal antibody (VEGF 
C-1 (sc-7269), 1:200, Santa Cruz Biotechnology, 
Santa Cruz, CA, United States), and rabbit polyclonal 
antibody (Nitro-Tyrosine Antibody (#9691), 1:200, Cell 
Signaling Technology) overnight at 4 ℃, then washed 
with buffer and incubated with secondary antibodies 
for eNOS (goat anti-rabbit IgG-HRP 2004), VEGF (goat 
anti-mouse IgG-HRP 2005), and NTT (anti-rabbit 
IgG-HRP 7074) for 30 min at room temperature. The 
slides were analyzed by a pathologist without prior 
knowledge of group allocation using a microscope 
coupled to a digital camera. Images were captured 
using Image-Plus software (Media Cybernetics, 
Bethesda, MD, United States). Quantification of eNOS, 
VEGF, and NTT antibody expression was performed 
via digital analysis in Adobe Photoshop® CS3 Extended 
10.0 and involved counting pixels of areas stained 
by the immunohistochemical reagents. The level of 
expression was determined by multiplying the average 
density of the image by the percentage of positively 
stained areas (areas of brown staining)[23].

Western blot analysis
Western blot analysis was performed in cytosolic 
extract prepared from stomach homogenates. The 
supernatant fraction was collected and stored at 
80 ℃ in aliquots until use. Protein concentration 
was measured as described by Bradford (1976). 
Lysate proteins were fractionated by sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred to polyvinylidene fluoride 
(PVDF) membranes[24,25]. The membranes were then 
blocked with 5% nonfat dry milk in Tris-buffered saline 
containing 0.05% Tween 20 (TTBS) for 1 h at room 
temperature and probed overnight at 4 ℃ with rabbit 
polyclonal antibody [NOS3 C-20 (sc-654), Santa Cruz 
Biotechnology, Santa Cruz, CA, United States], mouse 
monoclonal antibody [VEGF C-1 (sc-7269), Santa 
Cruz Biotechnology, Santa Cruz, CA, United States], at 
1:200-1000 dilution with TTBS in 5% nonfat dry milk, 
and anti-β-actin (42 kDA) antibody (Sigma Aldrich, 
St. Louis, MO, United States) at 1:1000 dilution with 
TTBS in 5% nonfat dry milk. After washing with TTBS, 
the membranes were incubated for 1 h at room 
temperature with secondary HRP-conjugated antibody 
(Santa Cruz Biotechnology, Santa Cruz, CA, United 
States, 1:4.000). Protein detection was performed 
via chemiluminescence using a commercial ECL kit 
(Amersham Pharmacia Biotech, Little Chalfont, Great 

Britain)[26]. The density of the specific bands was 
quantified with imaging densitometry software (Scion 
Image, Maryland, MA).

Comet assay
The alkaline comet assay was carried out as described 
elsewhere[20], with minor modifications[21]. Blood 
samples (50 μL) were placed in 5 μL of anticoagulant 
(heparin sodium, 25000 IU, Liquaemin®). Blood 
cell suspensions (5 μL) were embedded in 95 μL of 
0.75% low melting point agarose (Gibco BRL) and 
spread on agarose-precoated microscope slides. After 
solidification, slides were placed in lysis buffer (2.5 
mol/L NaCl, 100 mmol/L EDTA, and 10 mmol/L Tris, 
pH 10.0), with freshly added 1% Triton X-100 (Sigma) 
and 10% DMSO for 48 h at 4 ℃. The slides were 
subsequently incubated in freshly prepared alkaline 
buffer (300 mmol/L NaOH and 1 mmol/L EDTA, pH 
> 13) for 20 min at 4 ℃. An electric current of 300 
mA and 25 V (0.90 V/cm) was applied for 15 min to 
perform DNA electrophoresis. The slides were then 
neutralized (0.4 mol/L Tris, pH 7.5), stained with 
silver, and viewed under a microscope. Images of 100 
randomly selected cells (50 cells from each of two 
replicate slides) from each animal were analyzed. Cells 
were also visually scored according to tail size into five 
classes, ranging from undamaged (0) to maximally 
damaged (4), resulting in a single DNA damage score 
for each animal and, consequently, for each studied 
group. The damage index (DI) could thus range from 
0 (completely undamaged, 100 cells × 0) to 400 
(maximum damaged, 100 cells × 4). The damage 
frequency (%) was calculated on the basis of the 
number of tailed versus tailless cells.

Statistical analysis
All data are presented as mean ± SE. Statistical 
significance was calculated using GraphPad InStat, 
version 3.0 for Windows. Analysis of variance and 
the Student-Newman-Keuls method were used for 
multiple analysis. For the comet assay, the normality 
of variables was evaluated using the Kolmogorov-
Smirnov test, and statistical differences between 
groups were analyzed using the nonparametric two-
tailed Kruskal-Wallis test with Dunn’s correction for 
multiple comparisons. Student’s t-test was used to 
compare damage between negative and positive 
controls. The critical level for rejection of the null 
hypothesis was considered to be a P value of < 0.05 
(i.e., a significance level of 5%).

RESULTS
Portal pressure measurement
We observed a statistically significant increase in portal 
pressure values in the PPVL group as compared to SO 
animals (P < 0.001). In the NAC-treated group, these 
values were significantly decreased (P < 0.001) (Figure 
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1).

Immunohistochemistry
Immunohistochemical analyses for eNOS (Figure 2A; P 
< 0.001), VEGF (Figure 2B; P < 0.05) and NTT (Figure 
2C; P < 0.05) showed that animals in the PPVL group 
had samples markedly positive for all three proteins. 
NAC treatment reduced expression of eNOS, VEGF, 
and NTT in stomach tissue.

Western blot analysis
Expression of eNOS (Figure 3A; P < 0.05) and VEGF 
(Figure 3B; P < 0.01) was increased in PPVL animals as 
compared with the SO group. Conversely, expression of 
these proteins was reduced in the PPVL + NAC group 
when compared with the PPVL group.

Comet assay
The comet assay revealed an increased DNA damage 
index (Figure 4A) and increased frequency of damage 
in blood samples (Figure 4B) in PPVL group animals. 
NAC treatment reduced both of these parameters, 
thus demonstrating the ability of NAC to modulate 
DNA damage in this experimental model.

DISCUSSION
PHis the main complication of cirrhosis, and is one of 
the leading causes of mortality in patients with chronic 
liver disease. The increased vascular resistance and 
blood flow present in PH are determining causes 
that elevate the portal pressure gradient, shunting 
blood from the liver into the systemic circulation. The 
subsequent formation of collateral vessels due to the 
NO overproduction is implicated in gastroesophageal 
bleeding, hepatic encephalopathy, and sepsis[27].

The search for medications that can prevent or 
mitigate this increase in portal pressure is extremely 
relevant. In the present study, we sought an alter­
native based on the close relationship between PH and 
oxidative stress and on the involvement of nitric oxide 
in this setting.

NAC is an antioxidant with a well-established 
mechanism of action, based on its ability to res­
tore glutathione levels and act as a free radical 

scavenger[28]. Furthermore, NAC modulates nitric oxide 
through interactions of its thiol component with NO to 
form nitrosothiol[29].

The increased portal pressure observed in rats 
subjected to PPVL corroborates the findings of previous 
studies[30,31] and demonstrates the efficacy of the 
experimental model used in this study. NAC treatment 
effectively reduced pressure in the portal system in 
PPVL + NAC animals (Figure 1). Similar results were 
obtained in a prior study by our research group, 
in which NAC was found to reduce portal system 
pressures as a result of its ability to modulate nitric 
oxide and its antioxidant properties[32].

The ability of NAC to modulate nitric oxide 
bioavailability led to a reduction in eNOS expression 
in the gastric mucosa of portal hypertensive rats 
treated with NAC (PPVL + NAC), as assessed by 
immunohistochemistry (Figures 2A-C) and Western 
blot analysis (Figures 3A and B).

NO synthases are enzymes that play an essential 
role in the control of nitric oxide biosynthesis. The 
three main isoforms are inducible NO (iNOS) and two 
constitutive forms, nNOS and eNOS[33]. Nitric oxide 
produced by endothelial cells (eNOS) plays a major 
role in vascular smooth muscle relaxation. Under 
physiologic conditions, NO release is stimulated by 
acetylcholine, bradykinin, and adenosine triphosphate, 
among other mediators. Furthermore, the friction of 
circulating blood cells against vessel walls triggers 
eNOS-mediated nitric oxide synthesis via a shear 
stress mechanism to increase nitric oxide[34].

In PH, development of a hyperdynamic circulation 
is associated with nitric oxide overproduction, and 
portal hypertensive gastropathy is associated with the 
hemodynamic changes caused by NO triggering[35]. In 
the present study, the PPVL model caused an increase 
in portal system pressure and, consequently, increased 
eNOS immunoreactivity and expression in the gastric 
mucosa of rats in the PPVL group (Figures 2A and 
3A). In a previous study, NAC reduced splanchnic 
vasodilation by reducing NO levels in an experimental 
model of cirrhosis induced by common bile duct 
ligation[36]. Our research group found a similar effect of 
NAC in rats with hepatopulmonary syndrome[18].

Nitric oxide toxicity is particularly prevalent in 
oxidative stress settings. The high reactivity of NO 
with molecules such as the superoxide anion (O2

-º) 
produces highly injurious compounds, such as per­
oxynitrite (ONOO-), which may trigger nitrosative 
stress[37]. As PH is directly associated with oxidative 
stress and nitric oxide overproduction, it is to be 
expected that synthesis of reactive metabolites will 
occur, potentiating the pathophysiological changes 
observed in this syndrome.

This finding was proven by analysis of immuno­
reactivity to NTT in the gastric mucosa of study 
animals. We observed increased NTT reactivity in 
PPVL group animals (Figure 2C). The peroxynitrite 
generated during interactions of nitric oxide with the 
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figure 2  Immunohistochemistry for endothelial nitric oxide synthase, vascular endothelial growth factor and nitrotyrosine. A: Effects of partial portal vein 
ligation (PPVL) and N-acetylcysteine (NAC) administration on eNOS immunoreactivity in gastric mucosa, bP < 0.001 (n = 6); B: Effects of partial PPVL and NAC 
administration on VEGF immunoreactivity in gastric mucosa, aP < 0.05 (n = 6); C: Effects of PPVL and NAC administration on NTT immunoreactivity in gastric mucosa, 
aP < 0.05 (n = 6). SO: Sham-operated group; PPVL: Partial portal vein ligation group; PPVL + NAC: Partial portal vein ligation group treated with NAC. Original 
magnification × 400.
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superoxide anion reacts with tyrosine residues and 
free tyrosine to produce NTT. In addition, the tyrosyl 
radical generated by ROS-mediated activation of 
tyrosine oxidizes nitric oxide, generating NTT[37-39]. 
The importance of NTT as a marker is based on the 
hypothesis that nitric oxide production will have been 
great enough to yield observable products such as 
NTT, as in the experimental model used in the present 
study[40].

NAC treatment effectively reduced NTT immuno­
reactivity in PPVL animals as compared with controls 
(Figure 2C), which demonstrates not only the antio­
xidant effect of NAC as a free radical scavenger 
but also its effects on NO production. Fernando et 
al[41] found that NAC administration was effective in 
reducing oxidative stress in PPVL animals as assessed 
by measurement of F2-isoprostanes and NO levels. In 

the present study, reductions in NO bioavailability and 
free radical generation may have enabled reduction 
of the peroxynitrite levels observed in the gastric 
mucosa of experimental animals, and may explain the 
protection afforded by NAC therapy.

The collateral vasculature characteristic of 
hyperdynamic circulation is formed by dilatation of 
preexisting vessels and by the angiogenesis process, 
which is modulated by vascular growth factors 
such as VEGF[42]. This process is also an alternative 
pathway of nitric oxide production, mediated by VEGF 
activation[38].

We assessed VEGF production in this experimental 
model by means of immunohistochemistry tech­
niques and Western blot analysis. Rats in the PPVL 
group exhibited increased VEGF expression and 
immunoreactivity (Figures 2B and 3B) as compared 
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figure 3  Western blot analysis. A: Effects of partial portal vein ligation (PPVL) and N-acetylcysteine (NAC) administration on eNOS expression, aP < 0.05 (n = 6); 
B: Effects of PPVL and NAC administration on VEGF expression. SO: Sham-operated group; PPVL: Partial portal vein ligation group; PPVL + NAC: Partial portal vein 
ligation group treated with NAC, aP < 0.01 (n = 6).
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with control animals. This demonstrates the presence 
of a stimulus for development of a collateral circulation 
in rats subjected to PPVL. NAC effectively reduced 
VEGF expression in the PPVL + NAC group, as 
demonstrated by both techniques employed.

Inhibition of VEGF receptor-2 has been shown to 
reduce hyperdynamic circulation and development of 
collaterals in rats with PH[10], and NAC has been shown 
to effectively reduce VEGF and p-VEGFR2 expression 
in the mesenteric vasculature of cirrhotic rats[36]. The 
results of the present study corroborate these findings.

Oxidative stress damages membrane lipids, 
proteins, and DNA[43]. The present study demonstrated 
an increase in DNA damage index (Figure 4A) and 
damage frequency (Figure 4B), as assessed by the 
comet assay, in PPVL animals as compared with 
controls. NAC reduced DNA damage when admini­
stered to PPVL animals.

NAC has antigenotoxic effects and detoxifies free 
radicals, which cause cellular DNA damage and has 
been reported to reduce cyclophosphamide-induced 
genotoxicity as assessed by the micronucleus assay[44]. 
The present study demonstrated a DNA-protective 
effect of NAC as shown by the comet assay. A previous 
investigation conducted by our research group 
evaluated the actions of NAC in rats with CCl4-induced 
cirrhosis and found antigenotoxic effects associated 
with its antioxidant properties[18].

In view of these findings, we conclude that NAC 
protects the gastric mucosa from the oxidative damage 
and hemodynamic changes related to nitric oxide 

overproduction in rats subjected to PPVL. NAC was 
able to reduce nitric oxide and thus decrease portal 
system pressure. This effect, added to its antioxidant 
and antiangiogenic properties, led to a reduction of 
the hyperdynamic collateral circulation and had a 
protective action on the gastric mucosa.
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