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Abstract: Chronic liver injury is an important clinical problem which eventually leads to cirrhosis, hepatocellular car-
cinoma and end-stage liver failure. It is well known that cell damage induced by reactive oxygen species (ROS) is an 
important mechanism of hepatocyte injure. N-acetylcysteine (NAC), a precursor of glutathione (GSH), is well-known 
role as the antidote to acetaminophen toxicity in clinic. NAC is now being utilized more widely in the clinical setting 
for non-acetaminophen (APAP) related causes of liver injure. However, the mechanisms underlying its beneficial ef-
fects are poorly defined. Thus, Aim of the present study was to investigate potential hepatic protective role of NAC 
and to delineate its mechanism of action against carbon tetrachloride (CCl4)-induced liver injury in models of rat. Our 
results showed that the alanine aminotransferase (ALT) and aspartate aminotransferase (AST) activities as well as 
malondialdehyde (MDA) contents decreased significantly in CCl4-induced rats with NAC treatment. GSH content and 
superoxide dismutase (SOD) activities remarkably increased in the NAC groups compared with those in CCl4-induced 
group. Treatment with NAC had been shown to an increase in nuclear factor erythroid 2-related factor 2 (Nrf2) and 
heme oxygenase-1 (HO-1) mRNA levels. In conclusion, these results suggested that NAC upregulated HO-1 through 
the activation of Nrf2 pathway and protected rat against CCl4-induced liver injure. The results of this study provided 
pharmacological evidence to support the clinical application of NAC. 
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Introduction

Oxidative stress has been implicated in the 
pathogenesis and progression of various 
hepatic disorders. Reactive oxygen species 
(ROS) are normally produced by mitochondrial 
respiratory chain during metabolic reactions, 
and have important roles in cell signaling and 
homeostasis. However, ROS levels can increase 
dramatically during oxidative stress. Liver can 
maintain a dynamic equilibrium between pro-
duction and elimination of ROS in normal condi-
tions. This equilibrium is disrupted when organ-
ism is subjected to stress conditions. Excessive 
accumulation of ROS will result in hepatocyte 
injuries, including protein oxidation, lipid peroxi-
dation, and DNA damage. Therefore, cellular 
antioxidant defense systems play important 
roles in counteracting these deleterious effects 
of ROS. Antioxidant enzymes, called phase II 
detoxifying enzymes, including heme oxygen-

ase-1 (HO-1), NADPH quinone oxidoreductase 1 
(NQO1) and glutathione S-transferase (GST), 
provide efficient cytoprotection by regulating 
the intracellular redox state. The nuclear factor 
erythroid 2-related factor 2 (Nrf2) is essential 
for the induction of such enzymes through the 
antioxidant response element (ARE) [1]. The 
Nrf2/ARE system has been proved to be the 
important regulator of cellular defense against 
oxidative stress. Recent study demonstrated 
that Nrf2/HO-1 signal pathway could represent 
an important target in protecting the liver from 
the damage induced by alcohol [2]. Several 
antioxidants are able to exert protective effects 
not only by free radical scavenging, but also by 
augment expression of cytoprotective and/or 
antioxidant genes via Nrf-2 signaling pathway 
[3].

N-acetylcysteine (NAC) is a thiol-containing 
compound that has been used for over 30 years 
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as the antidote for acetaminophen (APAP) toxic-
ity in man [4]. The clinical benefits of NAC are 
well documented. There are a wide range of 
therapeutic applications for NAC. For example, 
NAC is widely used to treat contrast-induced 
nephropathy, chronic obstructive pulmonary 
disorder and pulmonary fibrosis [5, 6]. With 
ROS linked to carcinogenesis, recent reports 
indicate that NAC is beneficial to chemopreven-
tion [7].

NAC also modulates inflammatory response 
through signaling pathways that control pro-
inflammatory nuclear factor (NF)-κB activation 
[8, 9]. These benefits attribute to NAC’s func-
tionality as a precursor of the main cellular anti-
oxidant glutathione (GSH), an antioxidant, a 
free radical scavenger, and to other as yet 
unidentified mechanisms [10]. Our previous 
study showed NAC raised the antioxidant 
capacity in hepatic tissue of rat administering 
alcohol [11]. In this paper we investigated the 
antioxidant activity of NAC in an animal model 
of liver injure induced by CCl4 and on the exami-
nation of selected parameters of oxidative 
stress in rats. NAC might upregulate phase II 
and antioxidant gene expression via activating 
Nrf2/HO-1 signaling pathway to protect CCl4-
induced liver injury.

Materials and methods

Chemical products

NAC was purchased from Sigma-Aldrich 
Chemical Company (St. Louis, MO). Olive oil 
was obtained from Sinopharm Chemical 
Reagent Co., Ltd. (Shanghai China). Carbon tet-
rachloride was purchased from Shanghai 
Lingfeng Chemical Reagent Co., Ltd. (Shanghai 
China). All other chemicals were analytical 
grade products. 

mals were feed with standard lab chow, drink-
ing water ad labium, and were acclimated for 
one week prior to the treatment. The rats were 
randomly divided into five groups: the control 
group (n=8 per group), CCl4-induced liver injure 
group, CCl4 induction with NAC of 50, 100 and 
200 mg/kg body weight treatment groups. 
Rats were given subcutaneous injection of 25% 
CCl4 mixed with olive oil twice a week at a dose 
of 1 ml/kg for 4 weeks. The control mice 
received an equal volume of olive oil only. NAC 
was given by intraperitoneal (IP) injections for 
rats once a day with CCl4 induction. Animals 
were weighed once a week. Rats were general 
anesthesia with sodium pentobarbital at the 
fourth week and blood samples were collected 
from the inferior vena cava. Serum was 
obtained following blood clotting and centrifu-
gation to analyze. At the same time, livers and 
other organs were excised, weighed, and fur-
ther processed as described below. Portions of 
livers from control and NAC-treated rats were 
snap-frozen in liquid nitrogen and stored at 
-80°C for the further analysis. 

Determination of ALT and AST production

The blood samples were centrifuged (Beckman 
GS-6R, Germany) at 4°C for 15 minutes to sep-
arate serum. Serum ALT and AST activity levels 
were measured according to the manufactur-
er’s protocols.

Measurement of GSH, MDA, SOD

The GSH levels were quantified using reduced 
glutathione assay kit (Jiancheng Biochemical 
Inc, Nanjing, China). The sulfhydryl group of 
GSH reacts with DTNB (5, 5’-dithio-bis-2-nitro-
benzoic acid) and yields a yellow colored chro-
mophore 5-thio-2-nitrobenzoic acid (TNB). The 
rate of TNB production is proportional to this 
reaction which is in turn directly proportional to 

Table 1. Changes in body weight (g) for each group during study 
period 

Baseline 1 week 2 weeks 3 weeks 4 weeks
Control 225±3 261±6 309±4 332±5 361±6
CCl4 227±3 258±5 262±7a 276±6a 289±8a

NAC (50 mg/kg)+CCl4 230±6 269±4 278±6 294±7 297±6
NAC (100 mg/kg)+CCl4 224±5 263±6 276±5 298±6 321±7b

NAC (200 mg/kg)+CCl4 225±4 264±6 283±7 309±5b 337±8b

NAC, N-acetylcysteine; CCl4, carbon tetrachloride. ALT, alanine aminotransferase; 
AST, aspartate aminotransferase. Data are expressed as means ± standard error 
(n=8). aP<0.05, vs. the control group. bP<0.05, vs. the CCl4-treated group.

Animals and treatments

The animal experiment was con-
ducted with approval from the 
Institutional Animal Care and Use 
Committee of the Zhejiang Aca- 
demy of Medical Sciences. Ten-
week old male. Sprague-Dawley 
rats weighing 223-246 g were 
housed in plastic cages on a bed-
ding of wood chips maintained at 
20-24°C, 50-60% relative humidi-
ty, a 12 h light-dark cycle. The ani-
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the concentration of GSH in the sample. 
Measurement of the absorbance of TNB at 412 
nm provides an accurate estimation of GSH in 
the sample. The protein concentrations of the 
supernatant were determined by the bicincho-
ninic acid (BCA) protein assay kit (Jiancheng 
Biochemical Inc, Nanjing, China).

The level of lipid peroxidation in the tissues was 
determined by the thiobarbituric acid assay of 
MDA according to the method described by 
Ohkawa et al [12]. The method was based on 

the spectrophotometric measurement of the 
red color produced during the condensation 
reaction of MDA with thiobarbituric acid. The 
organic layer was transferred into a clear tube 
and was quantified by the absorbance of 532 
nm. A standard curve was constructed extrapo-
lating the amount to the measured absorbance. 
The content of MDA was expressed in terms of 
nmol/mg protein.

The activity of SOD was determined with a kit 
(Jiancheng Biochemical Inc, Nanjing, China). 

Figure 1. Effect of NAC on CCl4-induced elevations in serum liver enzyme activities in rats. A. ALT in CCl4-treated 
rats with different doses of NAC for four weeks. B. AST in CCl4-treated rats with different doses of NAC for four 
weeks. The data were expressed as means ± standard error of the mean of eight rats in each group. *P<0.05, vs. 
the control group, #P<0.05, vs. the CCl4 group, as determined by one-way analysis of variance and Dunnett’s test. 
NAC, N-acetylcysteine; CCl4, carbon tetrachloride; ALT, alanine aminotransferase; AST, aspartate aminotransferase. 

Figure 2. Effects of NAC on CCl4-in-
duced histopathological alterations 
(HE staining, ×100). A. The control 
group; B. The CCl4-induced group; 
C. 50 mg/kg NAC treatment group; 
D. 100 mg/kg NAC treatment 
group; E. 200 mg/kg NAC treat-
ment group. NAC, N-acetylcysteine; 
CCl4, carbon tetrachloride; HE, He-
matoxylin and eosin.
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The method uses the SOD’s ability to inhibit 
WST formazan dye by superoxide anions which 
were produced from the xanthine-xanthine oxi-
dase system. The reaction product level in sam-
ples was examined with a spectrophotometer 
at 550 nm. SOD activity was determined as the 
amount of enzyme ability that caused a 50% 
reduction and was expressed as per protein mg 
in liver tissue homogenates [13].

Hematoxylin and eosin staining

Hematoxylin and eosin (HE) staining was used 
to evaluate the degree of inflammation. The 
harvested liver samples were fixed in 10% (v/v) 
buffered formalin for 24 h. After dehydration 
with an ethanol solution and clearing with 
xylene, the liver tissues were embedded in 
paraffin and sliced into sections (5 μm thick). 
These sections were then stained with HE for 
histological assessment by two registered his-
topathologists unaware of the treatments.

Nrf2, HO-1 gene expression analysis

Expression of the tissue Nrf2 and HO-1 mRNA 
levels were examined by reverse transcription 
polymerase chain reaction (RT-PCR). Total RNA 
of livers was extracted using nucleic acid purifi-
cation kit (Axygen Scientific Inc., USA) following 
the manufacturer’s directions. RNA concentra-
tion was determined by measuring the absor-
bance of a diluted sample at the 260 nm and 
280 nm with a spectrophotometer (Shimadzu 
Co., Ltd., Tokyo, Japan). RNA was reversely tran-
scribed into cDNA in a 20 μL reaction volume 
using PrimeScript RT reagent kit (TaKaRa 
Biotechnology Co., Ltd.) according to the manu-
facturer’s manuals. The synthesized cDNA was 
stored at -20°C until use. The primer sequenc-
es for tested genes were as follows: Nrf2, F: 
5’-GCT ATT TTC CAT TCC CGA GTT AC-3’, R: 5’-C- 
TG TCC ATC TCT GTC AG-3’, HO-1, F: 5’-CTT TCA 

cycles at 95°C for 15 s, annealing at 57°C for 
20 s, and extension at 72°C for 29 s. In addi-
tion, GAPDH was used as an internal control. 
The PCR signal intensities were calculated by 
scanning the gels using the StepOne Software.

Statistical analysis

The experimental data were expressed as the 
mean ± standard error. Statistical analysis was 
performed using the SPSS 16.00 statistical 
analysis package program (SPSS, Chicago, IL, 
USA). Statistical analyses were performed 
using one-way analysis of variance, followed by 
Tukey’s post hoc test for multiple comparisons. 
The P<0.05 value was considered as statisti-
cally significant.

Results

General characteristics of rats after CCl4 induc-
tion

No dead rat was observed during the 4 weeks 
treatment. The body weight of rats in each 
group was shown in Table 1. The body weight 
gain in the control group administrated with 
olive oil was the most obvious, but was small in 
the other groups. The weight of CCl4-treated 
group significantly reduced as compared with 
that of the control group for two weeks (P<0.05). 
The treatment with 50 mg/kg NAC produced a 
slight increase in body weight, but was not sta-
tistically significant (P>0.05). However, the 
body weight significantly increased administrat-
ed with 200 mg/kg NAC for three weeks. These 
results indicated that NAC intake may protect 
rats from CCl4-induced damage.

Effects of NAC on hepatic damage induced by 
CCl4 

To evaluate the effects of NAC on liver injure 
induced by CCl4 in rats, the serum levels of ALT 

Table 2. Effects of NAC on CCl4-induced hepatic oxidative stress 
MDA 

(nmol/mg protein)
SOD 

(U/mg protein)
GSH 

(nmol/mg protein)
Control 3.25±0.45 278.7±19.7 17.7±1.2
CCl4 7.49±0.58a 156.3±12.4a 6.3±0.5a

NAC (50 mg/kg)+CCl4 6.72±0.48 175.8±14.5b 7.9±0.6b

NAC (100 mg/kg)+CCl4 6.12±0.52b 190.4±17.6b 8.7±0.8b

NAC (200 mg/kg)+CCl4 5.37±0.41b 217.1±19.2b 10.6±0.8b

MDA, malondialdehyde; SOD, superoxide dismutase; GSH, glutathione. Data are ex-
pressed as means ± standard error (n=8). aP<0.05, vs. the control group. bP<0.05, vs. 
the CCl4-treated group.

GAA GGG TCA GGT GTC-3’, 
R: 5’-TGC TTG TTT CGC TCT 
ATC TCC-3’, GAPDH, F: 5’- 
TGT TGA AGT CGC AGG AGA 
CAA CCT-3’, R: 5’-AAC CTG 
CCA AGT ATG ACA TCA-3’. 
PCR reactions were perfor- 
med using a real-time PCR 
system (Bio-Rad, Hercules, 
CA, USA). The cycling para- 
meters were as follows: ini-
tial denaturation at 95°C 
for 10 min, followed by 40 
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and AST were measured. As shown in Figure 1, 
the levels of ALT and AST were significantly 
increased in the CCl4-treated group. After the 
administration of NAC, there were a significant 
reduction in ALT and AST (P<0.05) compared 
with the CCl4-induced group. Liver injure 
seemed to attenuate more frequently in rats 
treated with higher concentrations of NAC than 
that with a lower one. 

Effects of NAC on CCl4-induced histopathologi-
cal alterations

Paraffin sections were utilized to investigate 
the protective effect of NAC in the present 
experiment. The results were presented in 
Figure 2. The structure of the liver tissue was 
normal in the control group, with hepatocytes 
in ordered arrangement and no pathological 
changes area. In contrast, hepatocytes in CCl4 
treatment were characterized by hepatic lobule 
impairment and inflammatory infiltration. 
Interestingly, NAC treatment significantly 
reduced the percentage of necrotic area in the 
liver tissue, which the improved conditions 
were involved in hepatic cell increment, cytoar-
chitecture repair and inflammatory reduction. 
Compared with the CCl4-treated group, no 
areas of cell necrosis were observed in the 
high-dose group. This indicated that NAC atten-
uated the intensity of CCl4-induced liver 
damage.

Effects of NAC on CCl4-induced hepatic oxida-
tive stress

To evaluate the effects of NAC on CCl4-induced 
hepatic oxidative stress in rats, the contents of 
MDA and GSH were determined, as well as the 
activity of SOD. As shown in Table 2, a significant 
increase was observed in the level of lipid per-
oxidation in rats exposed to CCl4 as compared 
to control rats. Interestingly, NAC treatment 
significantly decreased MDA levels compared 
to rats treated with CCl4 alone.

The levels of GSH and SOD were significantly 
decreased in the liver of rats exposed to CCl4. 
NAC administration rats treated with CCl4 
significantly increased the activities of antioxi-
dant enzyme and GSH content in the liver as 
compared to CCl4 induction rats. The effects 
exhibited dose-dependent relationships. These 
results suggested that NAC may be associated 
with decreased oxidative stress damage in rats 
treated with CCl4.

Effects of NAC on CCl4-induced hepatic Nrf2/
HO-1 pathway

To determine whether the Nrf2 and HO-1 mRNA 
were upregulted in NAC treatment rats induced 
by CCl4, RT-PCR analysis was carried out to 
examine the expression in different groups. 
The results were showed in Figure 3. Compared 

Figure 3. Effects of NAC on CCl4-induced hepatic Nrf2/HO-1 pathway. A. Nrf2, HO-1 and GAPDH mRNA expression 
in rat livers. B. Assessment of the results was done by measuring the levels of Nrf2, HO-1 and GAPDH mRNA ex-
pression. I, The control group; II, The CCl4-induced group; III, 50 mg/kg NAC treatment group; IV, 100 mg/kg NAC 
treatment group; V, 200 mg/kg NAC treatment group. The results were analyzed using one-way analysis of variance 
and Dunnett’s test and the data were expressed as means ± standard error of the mean of 3 mice in each group. 

*P<0.05, vs. the control group, #P<0.05, vs. the CCl4 group, as determined by one-way analysis of variance and Dun-
nett’s test. NAC, N-acetylcysteine; CCl4, carbon tetrachloride; Nrf2, nuclear factor erythroid 2-related factor 2; HO-1, 
heme oxygenase-1; GAPDH, glyceraldehydes phosphate dehydrogenase.
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with the control group, the expression levels of 
Nrf2 and HO-1 mRNA were significantly lower in 
rats induced by CCl4. Strikingly, with the treat-
ments of NAC, Nrf2 and HO-1 mRNA expres-
sions were increased in the liver. The effects of 
NAC (50, 100 and 200 mg/kg) treatments 
exhibited a dose-effect relationship. These 
data suggested that NAC upregulated the anti-
oxidant defense genes through the activation 
of the Nrf2 pathway.

Discussion 

The liver is an important organ which plays a 
central role in the metabolism, detoxification 
and excretion of various endogenous and exog-
enous substances such as xenobiotics. Liver 
injury can be caused by bacterial and viral 
infections, alcohol abuse, environmental pollut-
ants, and several other factors [13]. Despite 
different etiology, liver injuries are frequently 
associated with excess oxidative stress. In 
recent decades, the pharmaceutical applica-
tion potential of NAC supplement has attracted 
much interest from researchers in treating liver 
damage. NAC exerts its antioxidant action by 
facilitating glutathione biosynthesis and scav-
enging the ROS formed during oxidative stress 
[14]. In this study, we used CCl4 induction rat’s 
model to study the effect and mechanism of 
NAC.

Hepatic injury induced by CCl4, a classic experi-
mental model, has been extensively used for 
evaluation of hepatoprotective activity. The 
mechanism is involved in free radicals which 
are generated during CCl4 metabolism by 
hepatic cellular cytochrome P450, including tri-
chloromethyl and oxygen-centered lipid radi-
cals, lipid peroxidation, mitochondrial damage, 
DNA modification and even cell death in organ-
isms. In the present study, the results showed 
that body weight of CCl4 intoxicated rats 
decreased compared to the control group. NAC 
treatment for 4 weeks with CCl4 injection 
significantly prevented body weight reduces in 
a dose-dependent manner.

The levels of ALT and AST in the serum, com-
monly referred as liver enzymes which are 
released from damaged hepatocytes, have 
been widely recognized as useful quantitative 
markers to study the extent and type of hepato-
cellular damage. In our experiment, the results 
showed that CCl4 induced severe hepatic dam-

age as represented by the significantly elevated 
levels of the hepatic enzymes and by the 
marked histopathological alterations. However, 
Administration of NAC along with CCl4 markedly 
restored levels of the hepatic enzymes and 
significantly improved the histopathology of the 
liver, in accordance with previous study the 
report demonstrating that NAC attenuates liver 
injure in rats induced by CCl4, dimethylnitrosa-
mine and trichloroethylene [15, 16]. NAC has 
also been shown to offer protection against 
liver damage induced by various chemical hep-
atotoxins such as ethanol [17] and methanol 
[18]. NAC significantly attenuated the elevated 
serum levels of ALT and AST indicating that the 
proportion of damaged hepatocytes was 
reduced as a direct result of NAC admini- 
stration.

The enzymatic antioxidant defense system is 
the nature protector against excessive free rad-
icals. SOD, a scavenger of superoxide, acts as a 
key ROS scavenge that prevents generation of 
hydroxyl radical and protects the cellular con-
stituent from oxidative damage [19]. GSH is the 
important scavenger to protect against oxida-
tive stress in the liver, and its depletion in hepa-
tocytes could endanger the antioxidant defense 
system, leading to accumulation of ROS [20]. 
Previous studies have indicated that CCl4 
decreased activities of antioxidant enzymes 
[21-23]. In this study, the levers of SOD and 
GSH in the liver of CCl4-induced group rats were 
significantly lower than those in the normal con-
trol group, suggesting that the decrease in anti-
oxidant scavenging capacity occurred in CCl4-
treated severe stress injury. NAC markedly ele-
vated the levels of SOD and GSH, indicating 
that inhibition of the oxidative cascading stress 
was one of the main mechanisms in CCl4-
induced rats. Elevated levels of MDA reflect an 
enhanced lipid peroxidation leading to liver tis-
sue damage and failure of antioxidant defense 
mechanisms [24]. A significant increase in MDA 
level was observed in the CCl4-treated rats 
compared with the control group. However, NAC 
treatments significantly decreased the level of 
lipid peroxidation induced by CCl4, indicating 
that the protective effect of NAC on CCl4-
induced liver injury were related to the alleviat-
ed lipid peroxidation. The results are in accor-
dance with those of our earlier study that NAC 
treatment was able to ameliorate oxidative 
stress and cytotoxicity in HepG2 cells [25]. 



N-acetylcysteine protects against liver injure via Nrf2/HO-1 pathway

8661	 Int J Clin Exp Pathol 2015;8(7):8655-8662

Antioxidants play an important role in protect-
ing against liver injury induced by CCl4. NAC, an 
excellent source of sulfhydryl compound, is 
actively transported into hepatocytes and con-
verted into metabolites capable of stimulating 
GSH synthesis. NAC treatment provides suffi-
cient cysteine to promote detoxification and 
eliminates directly reactive oxygen species.

Oxidative stress is an important contributing 
factor in the pathogenesis of CCl4-induced liver 
injure, suggesting that therapeutic strategies 
directed against ROS might be particularly valu-
able for the prevention of liver injure. There is 
increasing evidence showing that induction of 
the endogenous Nrf2/HO-1 antioxidant path-
way can confer protection against liver injury. 
Targeting the Nrf2 pathway presents an attrac-
tive opportunity since this intrinsic cellular 
pathway can be dynamically modulated.

Several studies have highlighted the ability of 
antioxidants to protect against liver damage via 
activation of the Nrf2 defense pathway [26-28]. 
NAC is often referred to as a powerful antioxi-
dant which elevates the synthesis of intracellu-
lar GSH. In this study, we have demonstrated 
that NAC can activate the Nrf2 pathway protect 
liver against CCl4-induced damage. HO-1 
belongs to a family of cytoprotective and 
detoxification genes that possess AREs in their 
regulatory regions. HO-1 enzyme is well known 
for its key role in maintaining antioxidant 
homeostasis during cellular stress [27]. Nrf-2 is 
a transcription factor and its activation can 
coordinately enhanced expression of several 
antioxidative enzymes such as quinone oxido-
reductase [NQO1], γ-glutamatecysteine ligase 
(γ-GCS) and HO-1 [29]. As compared to rats of 
the control group, the expression of HO-1 mRNA 
was significantly downregulated in rats induced 
by CCl4 alone. The co-administration of NAC 
with CCl4 resulted in a significant increase in 
the expression of HO-1 mRNA. The protective 
mechanism by NAC is believed to be attribut-
able to its ability to regenerate GSH stores due 
to its capacity to increase in dissociation cyste-
ine concentrations. This study provides the 
experimental evidence that NAC affords protec-
tion against liver damage via activation of the 
Nrf2/HO-1 pathway. Our observation supports 
a previous report demonstrating that NAC 
attenuated dimethylnitrosamine induced oxida-
tive damage through the Nrf2/ARE signaling 
pathway in rats [15]. Further extensive study is 
highly warranted to disclose this mechanism. 

In conclusion, our present study shows that 
NAC possessed beneficial anti-oxidative effects 
that could attenuate the severity of liver injury 
treated by CCl4 via activation of the Nrf2/HO-1 
pathway.
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