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Abstract 

Nitrosodiethylamine (NDEA) is a potent carcinogen widely existing in the environment. Our 
previous study has demonstrated that garlic oil (GO) could prevent NDEA-induced hepatocar-
cinogenesis in rats, but the underlying mechanisms are not fully understood. It has been well 
documented that the metabolic activation may play important roles in NDEA-induced hepato-
carcinogenesis. Therefore, we designed the current study to explore the potential mechanisms by 
investigating the changes of hepatic phase Ⅰ enzymes (including cytochrome P450 enzyme (CYP) 
2E1, CYP1A2 and CYP1A1) and phase Ⅱ enzymes (including glutathione S transferases (GSTs) and 
UDP- Glucuronosyltransferases (UGTs)) by using enzymatic methods, real-time PCR, and western 
blotting analysis. We found that NDEA treatment resulted in significant decreases of the activities 
of CYP2E1, CYP1A2, GST alpha, GST mu, UGTs and increases of the activities of CYP1A1 and 
GST pi. Furthermore, the mRNA and protein levels of CYP2E1, CYP1A2, GST alpha, GST mu and 
UGT1A6 in the liver of NDEA-treated rats were significantly decreased compared with those of 
the control group rats, while the mRNA and protein levels of CYP1A1 and GST pi were dra-
matically increased. Interestingly, all these adverse effects induced by NDEA were simultaneously 
and significantly suppressed by GO co-treatment. These data suggest that the protective effects of 
GO against NDEA-induced hepatocarcinogenesis might be, at least partially, attributed to the 
modulation of phase I and phase II enzymes. 

Key words: Garlic oil; Nitrosodiethylamine; Cytochrome P450 enzyme; Glutathione S transferase; 
UDP-glucuronosyltransferase. 

Introduction 
N-nitroso compounds are well-known hepatic 

carcinogens [1-2]. These compounds are considered to 
be critical environmental factors influencing cancer 
risk in humans, as they widely exist in the environ-
ment, in certain occupational settings, in food stuffs 
such as meat products and milk, as well as an en-
dogenous formation in the human body from dietary 
components [3]. A variety of studies have demon-
strated that N-nitroso compounds could cause a wide 
range of tumors in many animal species [4-6]. Nitro-

sodiethylamine (NDEA) is one of the most potent 
chemical hepatocarcinogens of this class, which can 
induce a variety of liver lesions in rodents. NDEA 
exposure occurs through diet, as it is detectable in 
edible vegetable oil, alcoholic drinks, steamed and 
fried fish [7]. 

It has been well recognized that NDEA under-
goes redox reactions catalyzed by cytochrome P450 
enzymes (CYPs) to produce reactive alkylating 
agents, leading to the alkylation of DNA, which may 
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ultimately result in oncogenesis [8-9]. NDEA is pri-
marily metabolized to α-hydroxy derivative 
(ethyl-acet-oxyethyl-nitrosamine) by CYPs, especially 
CYP2E1. The intermediate could either be conjugated 
by phase I enzymes to produce an ethyl-diazonium 
ion, which can react with nucleophilic sites of DNA to 
generate adducts [10]. The formation of DNA adducts 
is recognized as the initial step in NDEA-induced 
carcinogenesis. Accordingly, blocking the formation 
of DNA adducts would be the first line of defense 
against NDEA-induced carcinogenesis. Furthermore, 
some phase II enzymes, such as glutathione S trans-
ferases (GSTs), UDP-glucuronosyltransferases 
(UGTs), NAD(P)H: quinone oxidoreductase-1 
(NQO1), could inactivate chemical carcinogens to less 
toxic or inactive metabolites through reduction of 
DNA adducts formation [11]. Therefore, compounds 
with phase II enzymes inducing effects could theo-
retically block NDEA-induced hepatocarcinogenesis. 

Garlic has been used as a folk medicine as well as 
a flavor enhancer since ancient time in many countries 
[12]. The anti-cancer effects of garlic have been pro-
posed since ancient times [13-14]. In view of the epi-
demiological studies conducted in the last 30 years, 
there is convincing evidence that consumption of gar-
lic can reduce the risk of colorectal, stomach, lung and 
esophageal cancers [15]. Garlic oil (GO), usually pre-
pared by steam distillation, is one of the commercial 
garlic products, and has been demonstrated to pre-
vent many chemicals-induced liver injury [16-18]. 
Chemical analysis reveals that GO contains more than 
30 organosulfur compounds (OSCs) [19], which are 
believed to be the major anti-cancer active constitu-
ents of garlic [20-23]. In our previous study, we have 
demonstrated that GO could effectively inhibit 
NDEA-induced hepatocarcinogenesis in male Wistar 
rats [24]. In that study, we found that GO counter-
acted NDEA-induced oxidative stress in rat liver ev-
idenced by the decrease of the malondialdehyde 
(MDA, a wildly used oxidative stress biomarker) level 
and the increase of the antioxidant glutathione (GSH) 
level. Furthermore, GO also promoted the apoptosis 
of tumor cells by decreasing the mRNA and protein 
levels of Bcl-2, Bcl-xl, and β-arrestin-2 and increasing 
the mRNA and protein levels of Bax and caspase-3 
[24]. 

Considering the important roles of metabolic ac-
tivation in the pathogenesis of NDEA-induced hepa-
tocarcinogenesis, it would be interesting to further 
investigate whether the protective effects of GO were 
associated with the modulations of phase I and phase 
II enzymes. Therefore, in the current study, the activ-
ities, mRNA and protein levels of phase I enzymes 
(including CYP2E1, CYP1A2 and CYP1A1) and phase 

II enzymes (including GSTs and UGTs) were investi-
gated in order to better understand the underlying 
mechanisms for the protective effects of GO against 
NDEA-induced hepatocarcinogenesis. 

Materials and Methods 
Materials 

GO (drug grade) was purchased from Xuchang 
Yuanhua Biotechnology, Inc. (Xuchang, CN). Primary 
antibodies against CYP2E1, CYP1A2, CYP1A1, 
GST-alpha, GST-mu, GST-pi, UGT1A6 and β-actin 
were supplied by Abcam (Cambridge, UK). Western 
blotting detection reagents (ECL kits) were provided 
by Millipore Corp. (Bedford, MA, USA). BCATM pro-
tein assay kits were purchased from Pierce Biotech-
nology, Inc. (Rockford, IL, USA). All other chemicals 
and reagents used were obtained from Sigma (St. 
Louis, MO, USA) unless indicated otherwise. 

Animals and treatments 
60 Male Wistar rats, weighing 120-140g, were 

provided by Laboratory Animal Center of Shandong 
University. Rats were housed individually with a 
standard laboratory diet and distilled water ad libi-
tum. The animal room was maintained at 23±1 ℃ and 
50% relative humidity with a 12 h (7:00-19:00) 
light/dark cycle. After 1 week of basal diet for accli-
mation, the animals were randomly divided into 4 
groups, i.e. control group, NDEA group, and two GO 
co-treatment groups. 

The rats in GO co-treatment groups were treated 
with GO (20 or 40 mg/kg.bw) by gavage for 21 weeks 
(5 times/week), while other animals received equal 
volume of corn oil. From the second week, the rats in 
NDEA and GO co-treatment groups were orally re-
ceived NDEA (10 mg/kg.bw, 5 times/week), while 
the animals in control group were administered equal 
volume of saline. At the end of week 21, all animals 
were sacrificed by decapitation. The liver tissue was 
excised and snap-frozen in liquid nitrogen before 
storing at -80℃. All of the experiments were con-
ducted according to the guidelines of the Ethical 
Committee of School of Public Health, Shandong 
University, China. 

Preparation of the liver microsomal and cy-
tosolic fractions 

The liver microsomal and cytosolic fractions 
were prepared as we previously described [25]. 
Briefly, the liver tissue was homogenized in 4 vol-
umes of ice-cold TMS buffer (50 mM Tris-HCl, 6.4 mM 
MgCl2, 0.2 M saccharose, pH 7.5). The homogenates 
were centrifuged at 12,000g for 15 min, and the su-
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pernatants were further centrifuged at 105,000 g for 60 
min. The obtained supernatant was considered as the 
cytosolic fraction. The microsomal pellet was 
re-suspended in the above buffer. The protein levels 
were quantified using BCATM protein assay kits. All 
the procedures were conducted at 4 ℃. 

Phase I and phase II enzymes activities assay 
The activity of CYP2E1 in liver microsomes was 

measured with aniline as the substrate [25]. The ac-
tivities of CYP1A2 and CYP1A1 in liver microsomes 
were determined by measurement of the dealkylation 
of methoxyresorufin and ethoxyresorufin using Hi-
tachi fluorescence spectrophotometer (Hitachi 
High-Technologies Corporation, Japan) [26]. The ac-
tivities of cytosolic GST alpha, GST mu and GST pi 
were determined using the substrates of cumene hy-
droperoxide (CuOOH), 2, 4-dichloro-1-nitrobenzene 
(DCNB) and ethacrynic acid, respectively [27]. The 
activities of cytosolic UGTs were determined with 
p-nitrophenol (PNP) as the substrate [28]. 

RNA extraction and cDNA synthesis 
Total RNA was isolated from the rat liver using 

Trizol reagent (Invitrogen, USA) according to the 
manufacturer’s instructions. The RNA pellet was 
dissolved in DEPC water. The concentration and in-
tegrity of total RNA was measured using NANO 
DROP 2000c spectrophotometer (Thermo, USA) and 
Agilent 2100 Bioanalyzer (Agilent, Germany). Com-
plementary DNA was synthesized using the Re-
vertAidTM First Strand cDNA Synthesis Kit (Fermen-
tas, UK) according to the manufacture’s protocol. 

Real-time PCR analysis 
The levels of gene expression in rat liver were 

quantified by real-time PCR. The primers were syn-
thesized by Sangon Biotech Co., Ltd (Shanghai, Chi-
na) (Table 1). All PCR reactions were performed us-
ing Maxima SYBR Green qPCR Master Mix (Fermen-

tas), and were carried out under the following condi-
tions using Mastercycler ep realplex 4 (Eppendorf, 
Westbury, NY, USA): initial denaturation at 95℃ for 
10 min followed by 40 cycles of 15 s at 95℃, 30 s at 
60℃ and 30 s at 72℃. Each sample was analyzed in 
triplicate. Differences in gene expression between 
groups were calculated using the △△Ct (cycle time, 
Ct) method [29], which were normalized against 
glyceraldehydes-3-phosphate dehydrogenase 
(GAPDH) and expressed as relative mRNA levels 
compared with controls. 

Western blotting analysis 
The liver tissue was homogenized in RIPA lysis 

buffer (50 mM Tris-HCl, 150 mM NaCl, 1% Triton 
X-100, 1% sodium deoxycholate, 0.1% sodium do-
decyl sulfate [SDS], 1mM phenylmethylsulfonyl fluo-
ride [PMSF] and 1% cocktail protease inhibitors 
(Sigma)). The homogenate was centrifuged at 14, 000 
g for 15 min to obtain the whole protein extract [30]. 
The protein samples (20-100 μg) were separated on 
10% or 12% SDS-polyacrylamide gels. Proteins were 
transferred to polyvinylidene fluoride (PVDF) mem-
branes (Millipore Corp., Bedford, MA, USA), im-
munoblotted with primary antibodies overnight at 
4℃, followed by the incubation with horseradish pe-
roxidase (HRP)-conjugated anti-rabbit or anti-mouse 
antibodies for 2 h at room temperature. The signals 
were detected by ECL detection reagents. The relative 
optical densities of the bands were quantified using 
Kodak Imaging Program and Image-Pro Plus soft-
ware. 

Statistical analysis 
SPSS13.0 was used for the statistical analysis. All 

data were expressed as mean ± SD, and were ana-
lyzed by one-way ANOVA, followed with LSD for the 
multiple comparisons. P < 0.05 was considered sig-
nificant.

 

Table 1. Sequences of primers used for the real-time PCR analysis. 

Gene symbol Forward primer Reverse primer 
CYP2E1 CCT TTC CCT CTT CCC ATC C AAC CTC CGC ACA TCC TTC C 
CYP1A1 GGG AGG TTA CTG GTT CTG G ATG AGG CTG TCT GTG ATG TC 
CYP1A2 CAT CTT TGG AGC TGG ATT TG CCA TTC AGT GAG GTG TCC 
GST-alpha1/2 CCA CCT GCT GGA ACT TCT CCT CTA T AGG CTG CTG ATT CTG CTC TTG AAG G 
GST-mu GGC GAC GCT CCC GAC TAT GAC AGA A AAT CCG CTC CTC CTC TGT CTC TCC A 
GST-pi TTG AGG CAC CTG GGT CGC TCT TTA G GGT TCT GGG ACA GCA GGG TCT CAA A 
UGT1A1 GCCATGCAGCCTGGATTT CTCTTGGGCACGTAGGACAAC 
UGT1A6 CCGCTATCGCTCCTTTGG CTGTACTCTCTTAGAGGAGCCATCAG 
GAPDH GAT GGT GAA GGT CGG TGT G ATG AAG GGG TCG TTG ATG G 

 



Int. J. Biol. Sci. 2013, Vol. 9 

 
http://www.ijbs.com 

240 

Results 
Effects of GO and NDEA on the activities, 
mRNA and protein levels of phase I enzymes 

The changes of the activities, mRNA and protein 
levels of the CYP2E1, CYP1A2 and CYP1A1 were 
presented in Table 2 and Figure 1. 

As shown in Table 2, NDEA treatment resulted 
in the dramatic reduction of the CYP2E1 and CYP1A2 
activities, and the significant increase of the CYP1A1 
activity. Compared with those of the control group, 
the activities of CYP2E1 and CYP1A2 in rats of NDEA 
group were decreased by 72% and 89%, respectively, 
while the activity of CYP1A1 was increased by 66% 
(P<0.01) (Table 2). The changes of mRNA and protein 

levels of the above three phase I enzymes were paral-
leled with those of the activities (Figure 1). Interest-
ingly, all these adverse effects induced by NDEA were 
significantly suppressed by GO co-treatment. The 
protein level of CYP1A1 in rats of NDEA group was 
about 50 fold of the control value, which was only 
about 30 and 9.5 fold of the control value in rats 
treated with 20 and 40 mg/kg.bw GO, respectively. 
GO co-treatment also significantly inhibited 
NDEA-induced decreases of CYP2E1 and CYP1A2 
protein levels. Similarly, GO co-treatment also signif-
icantly inhibited the increases of the activities and 
mRNA levels of CYP1A1, as well as the decreases of 
the activities and mRNA levels of CYP2E1 and 
CYP1A2. 

 

Table 2. Effects of GO and NDEA on hepatic CYP2E1, CYP1A1 and CYP1A2 activities. 

Groups CYP2E1 
(nmol/min/mg proteins) 

CYP1A1 
(μmol/min/mg proteins) 

CYP1A2 
(μmol/min/mg proteins) 

Control 57.79±17.48 0.59±0.09 2.51±0.68 
NDEA 16.03±5.32** 0.98±0.19** 0.27±0.08** 
NDEA+GO (low) 32.49±8.77*## 0.72±0.22*# 1.10±0.28*## 
NDEA+GO (high) 56.19±12.74## 0.67±0.14## 1.34±0.26## 
Compared with control group, *P<0.05, **P<0.01; compared with NDEA group, #P<0.05, ##P<0.01. 

 

 
 

 
Figure 1. Effects of GO and NDEA on the mRNA and protein levels of hepatic CYP2E1, CYP1A1 and CYP1A2. (A) The mRNA levels 
were quantified by real-time PCR analysis with GAPDH as an internal control, and expressed as % of control. (B) The protein levels were 
quantified by western blotting method with β-actin as an internal control, and expressed as % of control. *P<0.05, **P<0.01, compared 
with control group; #P<0.05, ##P<0.01, compared with NDEA group. 
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Effects of GO and NDEA on the activities, 
mRNA and protein levels of different GSTs in 
rat liver 

GSTs constitute a superfamily of ubiquitous, 
multifunctional enzymes which play a key role in 
cellular detoxification, protecting macromolecules 
from attack by reactive electrophiles, including envi-
ronmental carcinogens, reactive oxygen species and 
chemotherapeutic agents. The important anticarcino-
genic roles of GSTs have been well documented [11, 
31]. Among the seven identified classes of GSTs, GST 
alpha, GST mu and GST-pi are the three mostly in-
vestigated isoforms. Therefore, the activities, mRNA 
and protein levels of these three GST isoforms were 
investigated. 

The activities of different isoforms of GSTs in 
different groups were presented in Table 3. As shown 
in Table 3, the activities of GST alpha and GST mu in 
the rat liver of NDEA group were slightly but signif-
icantly decreased compared with those of the control 
group rats, while the activity of GST pi was obviously 
increased (about 3.08 fold) (P<0.01). However, GO 
co-treatment significantly inhibited the increase of 
GST pi activity, and the decreases of GST alpha and 
GST mu activities (P<0.01). 

The changes of the mRNA and protein levels of 
GSTs were similar to those of the activities (Figure 2). 

Compared with those of control group rats, the 
mRNA levels of GST alpha and GST mu in the liver of 
NDEA group rats were decreased by 37% and 24%, 
respectively, while the mRNA level of GST pi was 
increased by 170% (P<0.01). NDEA treatment also 
reduced the protein levels of GST alpha and GST mu 
in the liver of rats. The GST pi protein could not be 
detected in control group rat liver, but was abun-
dantly expressed in the liver of NDEA group rats. 
However, all these adverse effects induced by NDEA 
were simultaneously attenuated and even abrogated 
in GO co-treated rats liver. 

 

Table 3. Effects of GO and NDEA on hepatic GSTs activ-
ities. 

Groups GST alpha 
(nmol 
NADPH/min/mg 
protein) 

GST mu 
(pmol/min/
mg protein) 

GST pi 
(nmol/min/mg 
protein) 

Control 21.11±2.18 21.43±4.49 3.44±0.68 
NDEA 13.36±2.23** 15.84±1.34* 10.61±2.47** 
NDEA+GO 
(low) 

19.78±3.28## 27.86±5.98## 6.12±1.13*## 

NDEA+GO 
(high) 

21.09±4.29## 25.75±2.83## 5.31±1.44## 

Compared with control group, *P<0.05, **P<0.01; compared with NDEA 
group, #P<0.05, ##P<0.01. 

 
 

 
Figure 2. Effects of GO and NDEA on the mRNA and protein levels of GST alpha, GST mu and GST pi. (A) The mRNA levels were 
quantified by real-time PCR analysis with GAPDH as an internal control, and expressed as % of control. (B) The protein levels were 
quantified by western blotting method with β-actin as an internal control, and expressed as % of control. *P<0.05, **P<0.01, compared 
with control group; #P<0.05, ##P<0.01, compared with NDEA group. 
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Figure 3. Effects of GO and NDEA on the activity, the mRNA and protein level of UGTs in liver. (A) The activity of hepatic UGTs. (B) The 
mRNA level was quantified by real-time PCR analysis with GAPDH as an internal control, and expressed as % of control. (C) The protein 
levels were quantified by western blotting method with β-actin as an internal control, and expressed as % of control. *P<0.05, **P<0.01, 
compared with control group; #P<0.05, ##P<0.01, compared with NDEA group. 

 

Effects of GO and NDEA on the activities, 
mRNA and protein levels of UGTs in rat liver 

UGTs are the other major detoxifying enzymes 
for many carcinogens. The effects of GO and NDEA 
on the activity, mRNA and protein levels of UGTs are 
shown in Figure 3. NDEA treatment resulted in sig-
nificant decrease of the UGTs activity, which was 
significantly inhibited by GO co-treatment. As 
UGT1A1 and UGT1A6 are the major members of the 
rat UGTs, the mRNA levels of UGT1A1 and UGT1A6 
were detected by real-time PCR. Compared with the 
control group, the mRNA level of UGT1A6 was de-
creased by 35% (P<0.01), while no significant altera-
tion of the mRNA level of UGT1A1 was observed. 
Therefore, we only examined the protein level of 
UGT1A6, and found that GO also suppressed 
NDEA-induced the decrease of the protein level of 
UGT1A6. 

Discussion 
NDEA is a potent carcinogenic compound 

widely existing in the environment. Our previous 
study has demonstrated that GO could effectively 
prevent NDEA-induced hepatocarcinogenesis via 
modulation of the antioxidant capacity and promo-

tion of the apoptosis [24]. In the current study, we 
examined the changes of the activities, mRNA and 
protein levels of phase I enzymes (including CYP2E1, 
CYP 1A2, and CYP 1A1) and phase II enzymes (in-
cluding GSTs and UGTs) for a better understanding of 
the protective effects of GO against NDEA-induced 
hepatocarcinogeneis. We found that GO significantly 
suppressed NDEA-induced the decreases of the pro-
tein levels of CYP2E1, CYP1A2, GST alpha, GST mu, 
UGT1A6, as well as the increases of the protein levels 
of CYP1A1 and GST pi. The changes of the activities 
and mRNA levels of the above enzymes were paral-
leled well with those of the protein levels. These data 
suggested that the modulation of hepatic phase I and 
II enzymes by GO might also contribute to its protec-
tion against NDEA-induced hepatocarcinogenesis. 

It has been well documented that 
NDEA-induced hepatocarcinogenesis requires meta-
bolic activation by some forms of CYP450s, especially 
CYP2E1. The critical role of CYP2E1 in the pathogen-
esis of NDEA-induced hepatocarcinogenesis has been 
demonstrated by using Cyp2e1-null mice [32]. In ad-
dition to CYP2E1, CYP1A2 was also reported to be 
participated in the metabolic activation of NDEA [33]. 
Thus, it is plausible that agents with CYP2E1 and 
CYP1A2 inhibitory characteristics might possess abil-
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ity to suppress NDEA-induced hepatocarcinogenesis 
by reducing its bioactivation. Our previous study 
showed that GO could inhibit the activities and pro-
tein levels of CYP2E1 and CYP1A2 in normal mice 
liver [25], therefore, it could be speculated that GO 
may also modulate the metabolic activation of NDEA 
[34-35]. In the current study, NDEA treatment was 
found to dramatically reduce the activities, mRNA 
and protein levels of CYP2E1 and CYP1A2. In a re-
cently published in vitro study, the CYP2E1 mRNA 
levels were decreased when rat hepatocytes were 
treated with non-cytotoxic concentrations of NDEA 
(0.21-21 μg/ml), while decreased mRNA levels of 
CYP2E1 was observed when hepatocytes were treated 
with higher dose of NDEA (100 μg/ml) [36]. There-
fore, it may be speculated that low dose of NDEA 
might induce the expression of CYP2E1, while high 
dose of NDEA could inhibit expression of CYP2E1. 
Interestingly, GO co-treatment significantly sup-
pressed the decreases of the activities, mRNA and 
protein levels of CYP2E1 and CYP1A2 induced by 
NDEA treatment. CYP1A1 is a key participant in the 
bioactivation of numerous procarcinogenic substanc-
es such as carcinogenic polycyclic hydrocarbons and 
aromatic amines. Although CYP1A1 is primarily ex-
pressed in the liver, the hepatic level of CYP1A1 is 
very low in normal liver [37]. However, the hepatic 
expression of CYP1A1 could be induced by NDEA 
treatment [35, 38]. Inconsistent with these previous 
studies, the hepatic CYP1A1 activity, mRNA and 
protein levels in NDEA-treated rats were sharply in-
creased compared with the control group. However, 
GO co-treatment significantly suppressed the 
NDEA-induced the activation of CYP1A1. These data 
indicated that GO could modulate phase I enzymes 
involved in NDEA metabolic activation. 

In addition to phase I enzymes, phase II enzymes 
could conjugate the toxic metabolites to nontoxic en-
dogenous molecules, and thus also play important 
roles in cancer-protection by reducing the DNA ad-
ducts formation[11, 39]. Among these phase II en-
zymes, the important anticancer roles of the GSTs and 
UGTs superfamily have been well documented 
[40-41]. GSTs can catalyze the conjugation of toxic and 
carcinogenic electrophilic molecules with glutathione 
and thereby protect cellular macromolecules from 
damage. In recent years, it is generally considered that 
an important mechanism of cancer prevention is the 
induction of GSTs by dietary naturally-occurring an-
ticarcinogens [42-43]. At present, seven distinct clas-
ses of cytosolic GSTs have been identified (alpha, mu, 
pi, sigma, theta, delta, and zeta) [44]. Among these 
GSTs, GST alpha, GST mu and GST-pi are the three 
mostly investigated isoforms. In the current study, we 

found that NDEA treatment significantly reduced the 
mRNA and protein levels of GST alpha and GST mu, 
which were significantly blocked by GO co-treatment. 
In contrast, the mRNA and protein levels of GST pi 
were dramatically increased in NDEA-treated rats, 
which have also been observed in other studies [31]. 
However, GO co-treatment also significantly inhibit-
ed the increase of GST pi protein levels. These data 
suggested that the induction of GST alpha and GST 
mu and the inhibition of GST pi by GO might be also 
involved in the protective effects of GO against 
NDEA-induced hepatocarcinogenesis. 

The UGTs belong to a superfamily of membrane 
bound proteins, localized to the endoplasmic reticu-
lum, which are responsible for glucuronidation of 
many endobiotics and xenobiotics. Glucuronidation 
reaction could render the hydrophobic substrates into 
more polar ‘glucuronides’, leading them easier for 
elimination via biliary or renal route [40]. Because 
UGTs facilitate the excretion of potentially carcino-
genic compounds, activation of UGTs may reduce 
cancer risk [45]. UGTs consist of two multigene su-
perfamilies, designated UGT1 and UGT2. As UGT1A1 
and UGT1A6 are the major members of the rat UGTs, 
we firstly examined the activity of UGTs, and then the 
mRNA levels of UGT1A1 and UGT1A6. The results 
showed that the activity of UGTs and the mRNA level 
of UGT1A6 in rats of NDEA group were significantly 
decreased compared with those of control group. GO 
co-treatment significantly suppressed NDEA-induced 
decreases of UGTs activity and UGT1A6 mRNA and 
protein levels in rat liver. However, the mRNA level 
of UGT1A1 did not differ significantly among the four 
groups (P>0.05). These data suggested that the pro-
tection of GO against NDEA might be also related to 
the induction of UGT1A6. 

Under normal circumstances, the protein level 
was related to the protein synthesis and degradation. 
The present study showed that the mRNA level of 
CYP2E1 in rats of NDEA group was reduced by 29% 
compared with those of the control group, while the 
protein level of CYP2E1 was decreased by 97%. Simi-
lar phenomenon was also observed for the CYP1A2. 
These data indicated that the declines of CYP2E1 and 
CYP1A2 protein levels can not be completely at-
tributed to the declines of the mRNA levels, and the 
post-translational degradation may play an important 
role in the decreases of CYP2E1 and CYP1A2 protein 
levels in NDEA-induced hepatocarcinogenesis. Pre-
vious studies have demonstrated that CYP1A2 and 
CYP2E1 could be degraded by the ubiqui-
tin-dependent proteasomal degradation system (UPS) 
[46-47]. Carbon tetrachloride (CCl4), a typical hepatic 
toxicant, could induce the decrease of the protein level 
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of CYP2E1 [48], which might be related to the induc-
tion of the post-translational degradation [49]. We 
speculated that NDEA treatment might also result in 
the activation of UPS, and accelerate the 
post-translational degradation of CYP2E1 and 
CYP1A2. GO co-treatment might suppress the activa-
tion of UPS, and thus inhibit the degradation of 
CYP2E1 and CYP1A2. The exact molecular mecha-
nisms need to be further studied. 

In summary, this study demonstrated that GO 
modulated phase I enzymes (including CYP2E1, 
CYP1A2 and CYP1A1) and phase II enzymes (in-
cluding GSTs and UGTs) involved in NDEA metabo-
lism, which might partially contribute to the protec-
tive effects of GO against NDEA-induced hepatocar-
cinogenesis in rats. 
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