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Abstract 

Hepatocellular carcinoma (HCC) is one of the most common types of primary liver 

cancer and the third most frequent cause of cancer death worldwide. Diethylnitrosamine 

(DEN) is one of the recognized risk factors for hepatocarcinogenesis likely due to 

cytochrome P450 2E1 (CYP2E1)-mediated metabolic activation. However, CYP2E1-

mediated DEN metabolic activity in non-neoplastic liver tissue from HCC patients has 

not been determined; the role of CYP2E1 activity, in particular CYP2E1 constitutive 

activity and CYP2E1 inhibited activity, with respect to the hepatocarcinogenesis 

induced by DEN is yet not clear. Herein, we determined CYP2E1-mediated DEN 

metabolic activity in non-neoplastic liver tissue from HCC patients and found that 

CYP2E1-mediated DEN metabolic activity was significantly elevated with a 43.3% 

positive rate and clinico-pathological parameters did not affect the activity. Then, using 

a Sprague-Dawley rat liver tumor model induced by DEN, the relationship between 

CYP2E1 constitutive/inhibited activity and hepatocarcinogenesis was explored. The 

results showed that the CYP2E1 constitutive activity was strongly correlated with 

tumor incidence and severity of liver tumorigenesis (nodule numbers and size), while 

inhibition of CYP2E1 activity decreased hepatocyte proliferation, liver injury, and liver 

carcinogenesis in the presence of DEN. In conclusion, the higher CYP2E1 activity 

would lead to an increased incidence of HCC as a result of CYP2E1-mediated DEN 

activation. Therefore, higher CYP2E1 activity might be a risk factor for HCC induced 

by DEN. 
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Introduction 

Hepatocellular carcinoma (HCC) is one of the most common types of primary liver 

cancer and the third leading cause of cancer-related deaths globally (El-Serag and 

Rudolph, 2007; McClendon et al., 2011; Su et al., 2015). In addition to chronic infection 

with hepatitis B virus (HBV) and hepatitis C virus (HCV), chemical carcinogens (eg., 

N-alkylnitrosamines, aflatoxin B1, etc.) are also risk factors for HCC, especially in 

China and other developing countries (Bosetti et al., 2008; Ferlay et al., 2010; Abu 

Dayyeh et al., 2011; El-Serag, 2011; Yoshimoto et al., 2013; Nault et al., 2015). There 

is considerable evidence to support the view that N-alkylnitrosamines, which are some 

of the most potent chemical carcinogens and are present widely in the environment, can 

induce various cancers in animals and maybe even in humans(Bartsch and Montesano, 

1984; Hoffmann and Hecht, 1985; Mirvish, 1995). Of the many N-alkylnitrosamines 

found in food and the environment, diethylnitrosamine (DEN) is a level Ⅰ carcinogen 

and has been found widely in various products, such as meat (Herrmann et al., 2015), 

tobacco smoke (Hengstler et al., 2003), and food color additives (Tsuda et al., 2001). 

Although diet contributes greatly to DEN exposure, only a handful of people will 

develop HCC. Why there is this discrepancy between exposure and induction of cancer 

is largely unknown.  

Cytochrome P450 2E1 (CYP2E1), mainly expressed in liver, plays a critical role in 

the activation of many known environmental toxicants as well as cancer suspects, such 

as benzene, ethanol, carbon tetrachloride, and vinyl chloride (Guengerich et al., 1991; 

Gonzalez, 2005; Kang et al., 2007; Zanger and Schwab, 2013). Because of the especial 

relevance of CYP2E1 for toxicology due to its role in the metabolic activation of 

procarcinogens, a growing body of research has focused on the association of CYP2E1 

with various cancers (Yu et al., 1995; Druesne-Pecollo et al., 2009; Trafalis et al., 2010; 
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Wang et al., 2010; Boccia et al., 2015). In addition, CYP2E1 has been suggested to be 

one of the major enzymes involved in the metabolic activation of dimethylnitrosamine 

and DEN to genotoxic products, which alkylate nucleic acids irreversibly, in rat liver 

microsomes and recombinase systems (Yoo et al., 1990; Yamazaki et al., 1992; Kushida 

et al., 2000). Given CYP2E1-mediated nitrosamine activation can lead to 

hepatocarcinogenesis, some research studied the association of CYP2E1 with HCC (Yu 

et al., 1995; Kang et al., 2007; Liu et al., 2014; Boccia et al., 2015). However, there are 

some questions given that CYP2E1 content rather than CYP2E1 activity was linked to 

hepatocarcinogenesis (Kang et al., 2007; Kim et al., 2015). Actually, there was only 

weak correlation between CYP2E1 content and its activity (Gao et al., 2016b). 

Therefore the importance of CYP2E1 activity in hepatocarcinogenesis induced by DEN 

will be explored in this study. 

Our previous studies found that CYP2E1-mediated probe drug (chlorzoxazone, CZX) 

clearance revealed 20.3-fold and 13.1-fold individual variations in control subjects and 

HCC patients (Gao et al., 2016b; Zhou et al., 2016), respectively. CYP2E1-mediated 

probe clearance was markedly increased in HCC patients, while metabolism by 

CYP2C9 and CYP2D6 did not change, and probe drug clearance for CYP1A2, 

CYP2A6, CYP2B6, CYP2C8, CYP2C19, and CYP3A4/5 was decreased in these 

patients (Gao et al., 2016a). However, several studies have reported that CYP2E1 

activity in vitro and in vivo was clearly decreased or unchanged in patients with simple 

hepatic cirrhosis (George et al., 1995; Frye et al., 2006). This raises two questions: Is 

CYP2E1-mediated DEN metabolism also increased in non-neoplastic liver tissue from 

HCC patients; and does higher CYP2E1-mediated DEN metabolism correlate with 

hepatocarcinogenesis induced by DEN. 

To explore the above questions, we first characterized the CYP2E1-mediated DEN 
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metabolic activity in non-neoplastic liver tissue from HCC patients. Next, using a rat 

liver tumor model induced by DEN, we examined the correlation between CYP2E1 

constitutive activity and hepatocarcinogenesis, and investigated the effect of inhibition 

of CYP2E1 activity on hepatocarcinogenesis.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on February 21, 2018 as DOI: 10.1124/jpet.117.245555

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #245555 

7 
 

Methods 

Patients and samples  A total of 67 patients undergoing radical resection of HCC 

were identified based on imaging criteria on ultrasonography or computer tomography, 

and further confirmed by histopathological analysis between March 14, 2013 and July 

14, 2014 at First Affiliated Hospital of Zhengzhou University, Affiliated Provincial 

People’s Hospital of Zhengzhou University, and the Affiliated Cancer Hospital of 

Zhengzhou University. Non-neoplastic liver specimens which were about 2 cm distant 

from the tumor tissues from these same HCC patients were obtained and stored in liquid 

nitrogen within 30 min of resection and until use. Normal human liver tissue samples 

(n=95), confirmed by histopathological examination, were collected from subjects with 

liver hemangioma, metastatic carcinoma, cholelithiasis, or gallbladder cancer between 

March 29, 2012 and September 19, 2013 at the above hospitals. These liver tissues were 

used as normal liver controls, and these subjects were considered as “control subjects”. 

The Medical Ethics Committee of Zhengzhou University, Zhengzhou, China approved 

the tissue collection and in vitro metabolism studies, and patients provided written 

informed consent for the use of all surgically-removed tissue specimens used in this 

study. 

CYP2E1 content  CYP2E1 content was estimated by enzyme-linked immunosorbent 

assay. Briefly, 30 mg liver tissue stored in liquid nitrogen was defrosted on ice and 

weighed. Phosphate-buffered saline (0.01 M, pH=7.0) was added 1:20 (W:V) and then 

homogenized at 4 °C, followed by centrifugation at 6000 g for 10 min, recovering the 

supernatant fraction. A 10 μl aliquot of supernatant was diluted 40-fold for analysis, 

performed according to standard procedures provided by the manufacturer (Wuxi 

Donglin Sci & Tech Development Co., Ltd.). 
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Serum alpha fetoprotein (AFP)  Serum AFP levels were measured by an 

electrochemiluminescence immunoassay (E170 Analytics; Roche Diagnostics, 

Indianapolis, Indiana, USA). The AFP data included in this analysis were 

measurements obtained before surgery. 

Experimental animals  Male Sprague–Dawley (SD) rats (160±20 g, 

No.11400700149357), 5 weeks of age, were supplied by Beijing Vital River Laboratory 

Animal Technology Co., Ltd. All animals were housed in a virus-free facility and 

maintained in a standard temperature- and light-controlled animal facility and had free 

access to standard laboratory chow and water. Experiments were initiated after 

acclimation to these conditions for 1 week. All animal experiments were undertaken in 

accordance with the National Institute of Health Guide for the Care and Use of 

Laboratory Animals, with the approval of the Medical Ethics Committee of Zhengzhou 

University, Zhengzhou, China. 

CYP2E1 activity  CZX was purchased from the National Institute for the Food and 

Drug Control (China), 6-hydroxychlorzoxazone was from Sigma-Aldrich (St. Louis, 

MO, USA). DEN was from TCI Shanghai. Aldehyde and 2,4-dinitrophenylhydrazine 

were from Aladdin®. 

Human liver microsomes were prepared using the hypothermal differential 

centrifugation method (Zhang et al., 2015). Microsomal protein concentration was 

determined according to the Bradford method (Bradford, 1976). The CYP2E1 activities 

of normal liver samples from control subjects and non-neoplastic liver tissue from HCC 

patients were determined at a single concentration in individual assays by incubation of 

0.3 mg microsomal protein, 100 mM phosphate buffer (pH 7.4), and substrate (500 μM 

CZX or 160 mM DEN). The mixture was incubated for 5 min at 37 °C and the reaction 

initiated by adding 1 mM NADPH. Each reaction was terminated after the specified 
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incubation period by adding 1 ml ethyl acetate (CZX) or 10 μl perchloric acid (DEN). 

Incubation conditions were ensured to yield linear metabolite formation with respect to 

reaction time and protein concentration. The 6-hydroxychlorzoxazone was extracted 

using 1 ml ethyl acetate, extract concentrated to dryness under nitrogen, dissolved in 

mobile phase for analysis by high-pressure liquid chromatography (HPLC) using a 

Diamonsil C18 column (5 μm, 4.6 mm×200 mm; Dikma Technologies, China). Samples 

were eluted with methanol/water (55:45; v/v) at a flow rate of 1.0 mL/min. The eluates 

were monitored by an ultraviolet detector at 287 nm. Known quantities of 6-

hydroxychlorzoxazone, added to incubation mixtures in the absence of cofactors, were 

used as standards. For aldehyde determinations, 100 μl aliquots of supernatant after 10 

μl perchloric acid precipitation were added in tubes containing 50 μl of 1 mg/mL 2,4-

dinitrophenylhydrazine in 6 M HCl , 2 mL isooctane, and 2 mL of 3 M sodium acetate. 

The tubes were vigorously shaken for 20 min at 60 °C. A 1.6 mL of the isooctane layer 

was dried under nitrogen, dissolved in 200 μl mobile phase for analysis by HPLC using 

a Diamonsil C18 column (5 μm, 4.6 mm×200 mm; Dikma Technologies, China). 

Samples were eluted with acetonitrile/water (75:25; v/v) at a flow rate of 1.0 mL/min. 

The eluates were monitored by an ultraviolet detector at 356 nm. Known quantities of 

aldehyde, added to incubation mixtures in the absence of cofactors, were used as 

standards. 

The CYP2E1 constitutive activity of each rat was determined by measuring 

toxicokinetic parameters (half-life, t1/2; apparent clearance, CL/F; area under curve, 

AUC0-t) of DEN (50 mg/kg) which was administered by intraperitoneal injection to 

healthy male rats. Blood samples (0.5 mL) were collected before DEN dosing and at 1, 

4, 10, 25, 60 min, 2.5, 4.5, 7, 10, and 24 h after DEN dosing by orbital bleeding into 

heparinised tubes. Plasma was obtained by centrifugation at 4500 rpm for 10 min at 
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4 °C. The plasma was precipitated by 10 μl perchloric acid, vortex for 60 s, 

centrifugation at 4 °C and 12,000 rpm for 10 min, 10 μl supernatant was analyzed by 

HPLC using a Diamonsil C18 column (5 μm, 4.6 mm×200 mm; Dikma Technologies, 

China). Samples were eluted with methanol/water (50:50; v/v) at a flow rate of 1.0 

mL/min. The eluates were monitored by an ultraviolet detector at 240 nm. Known 

quantities of DEN, added to incubation mixtures in the absence of cofactors, were used 

as standards. 

The CYP2E1 inhibited activity in the presence of clomethiazole (CMZ) was 

determined by measuring the toxicokinetic parameters of DEN metabolism (50 mg/kg) 

which was injected intraperitoneally immediately after CMZ (10 mg/kg or 100 mg/kg) 

to healthy male rats. Other experiments were as described above. 

Rat liver tumor models induced by DEN  Six-week-old male SD rats were injected 

intraperitoneally with DEN (50 mg/kg) twice a week in the first four weeks and once a 

week over the next ten weeks. Saline was used as a vehicle control and was injected 

into “control” rats at the time of DEN administration. CMZ was used as a CYP2E1 

inhibitor in the intervention experiment, in which DEN (50 mg/kg) was injected 

immediately after CMZ administration (10 mg/kg or 100 mg/kg). At the 19th week, the 

animals were killed and liver nodules (≥5 cm) were counted and measured(Naito et al., 

1986), and the liver was photographed, sectioned and fixed in 10% formalin. The 

remaining portions of the liver were instantly frozen and stored in liquid nitrogen until 

use. 

Histology and immunohistochemistry  Formalin-fixed samples were embedded in 

paraffin, cut into 5 µm-thick sections and stained with hematoxylin and eosin and 

Masson’s trichrome according to standard procedures. Trichrome-stained sections were 

analyzed to score fibrosis staging according to the method of Ishak (Ishak, 1994). 
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Additional sections were stained with antibodies specific for Ki67 (Abcam, ab29) and 

proliferating cell nuclear antigen (PCNA) (Abcam, ab15580). After staining for Ki67 

and PCNA, positive cells were morphometrically quantified with image processing 

software (Image-pro-plus) 

Toxicokinetics parameters and statistical analysis  The Drug and Statistics DAS 

3.2.6 (DAS 3.2.6, Mathematical Pharmacology Professional Committee of China, 

Shanghai, China) was used to calculate t1/2, CL/F and AUC0-t using a one-compartment 

model. All data were analyzed using the appropriate statistical analysis methods as 

specified in the table notes or figure legends, with SPSS software (version 17.0). For 

data with Gaussian distributions, parametric statistical analysis was performed using a 

one-way analysis of variance (ANOVA) with Tamhane’s T2 analysis for data with 

heteroscedasticity. For data sets with skewed distributions, nonparametric statistical 

analysis was performed using the Mann-Whitney U test for two groups; the Kruskal–

Wallis test followed by Dunn’s test was utilized for multiple comparisons. In addition, 

significant correlations were determined using two-tailed Pearson correlation 

calculations. The chi-square test was used for comparing clinic-pathological 

characteristics in humans and the tumor incidence in rats. A P value of 0.05 or less was 

considered to indicate statistical significance. All graphs were generated using the 

Adobe Photoshop CC 2014 and GraphPad Prism 5.04 software package. 
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Results  

Trial populations 

Most of the HCC patients were men (83.6%) and carriers of hepatitis B virus (95.5%), 

had large tumor size (75.4%), a single tumor nodule at the time of resection (60.0%), 

grade III or IV tumors (55.4%), no metastasis (93.8%), no portal vein tumor thrombus 

(75.4%), and no splenomegaly (72.3%) (Table 1). 

CYP2E1 activity was elevated in non-neoplastic liver tissue from HCC patients 

Using the enzyme velocity of CYP2E1 for DEN (VDEN) in human liver microsomes, 

we observed higher CYP2E1 activity in the HCC patients than in the control subjects 

(P=6.95E-14), which was similar to the pattern observed for probe metabolism 

(P=2.48E-16). Additionally, there was a strong correlation in values of VDEN and VCZX 

in the control subjects and HCC patients (Fig. 1A). Therefore, DEN is mainly 

metabolized by CYP2E1 in human liver microsomes. Because CYP2E1 activity in 

control subjects was not normally distributed, the one-sided 95% reference value was 

calculated by adopting the percentile method. The data showed that CYP2E1 positivity 

in 43.3% (29 of 67) of the HCC patients analyzed, albeit with various levels of activity. 

In addition, analysis of the effect of demographic and clinico-pathological 

characteristics for the VDEN showed that CYP2E1 activity was not affected by the above 

parameters (Fig. 1B). The correlation analysis showed that there was no correlation 

between CYP2E1 content and VDEN, whether in control subjects or HCC patients (Fig. 

1C). 

Altogether, our findings that CYP2E1-mediated DEN metabolic activity was 

increased and clinico-pathological characteristics had no effect on CYP2E1-mediated 

DEN metabolic activity in HCC patients indicate that higher CYP2E1 activity might 

correlate with hepatocarcinogenesis induced by DEN. 
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Higher CYP2E1 constitutive activity correlated with hepatocarcinogenesis 

induced by DEN 

To test the hypothesis based on the human data, the causal relationship between 

CYP2E1 constitutive activity and hepatocarcinogenesis was explored using the SD rat 

liver tumor model induced by DEN.  

At week 19 the tumor incidence was 64.9% (24 of 37) in liver tumor models. 

Macroscopically, there were significant differences in liver weight (% body weight), 

nodule numbers, and size of nodules in control, non-tumor, and tumor groups (Fig. 2A 

and 2B). Histopathologic examination revealed that control liver demonstrated a 

structured homomorphic architecture with distinctly arranged hepatocytes; non-tumor 

livers were characterized by centrilobular atypia and multiple larger dysplastic foci; and 

tumor livers displayed thickened trabeculae and a focal adenoid pattern, as well as 

enhanced cytologic atypia and mitotic figures (Fig. 2C and 2D left panels). Hepatocyte 

proliferation was assessed by immunohistochemical staining for PCNA and Ki-67 (Fig. 

2C and 2D right panels). The results showed that hepatocyte proliferation was 

significantly increased in liver tumor models. 

Beginning with the establishment of liver tumor models (at week 0), the CYP2E1 

constitutive activity of each rat was determined by measuring toxicokinetic parameters 

(half-life, t1/2; apparent clearance, CL/F; area under curve, AUC0-t) of DEN. We found 

that CYP2E1 constitutive activity in rats developing liver tumors was observably higher 

than that in the control group (Fig. 3A and 3B). The higher constitutive activity was 

associated with higher tumor incidence (Fig. 3C). Further, higher CYP2E1 constitutive 

activity led to more severe tumorigenesis (nodule numbers and size) and correlation 

analysis indicated that the CYP2E1 constitutive activity was significantly positively 

correlated with nodule numbers and size of nodules in liver tumor models (Fig. 3D-3F). 
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Taken together, these data showed that normal rats with higher CYP2E1 activity have 

a greater likelihood of tumorigenesis, which suggests that higher CYP2E1 activity at 

week 0 (normal stage) correlates with hepatocarcinogenesis induced by DEN.  

Inhibition of CYP2E1 prevented DEN-induced hepatocarcinogenesis  

To further confirm the possibility of higher CYP2E1 activity correlates with 

hepatocarcinogenesis induced by DEN, clomethiazole (CMZ), known as a CYP2E1 

inhibitor in vivo and in vitro, was used in this intervention experiment to examined the 

effect of inhibition of CYP2E1 activity on hepatocarcinogenesis using the SD rat liver 

tumor model induced by DEN. 

After administration of CMZ (10 mg/kg or 100 mg/kg), liver weight (% body weight), 

nodule numbers, size of nodules, and tumor incidence at week 19 are shown (Fig. 4A 

and 4B). The results indicated that tumor incidence, nodule numbers, and size of the 

nodules was dramatically reduced in the 100 mg/kg group as compared with model 

(control) group. For the 10 mg/kg group, 100 mg/kg group, and model group, the 

number of rats showing tumors were 6 (50.0%), 1 (10.0%), and 24 (64.9%), 

respectively; the nodule numbers were 2 (0~7), 1 (0~3), and 4 (0~9), respectively; the 

size of nodules (cumulative volume) were 0.38 (0~9.21) cm3, 0.063 (0~1.51) cm3, and 

0.69 (0~13.69) cm3, respectively. In addition, CMZ (100 mg/kg) could markedly 

suppress hepatocellular malignant proliferation in DEN-treated rats, as evidenced by a 

33.9% decrease in the amount of PCNA-positive cells (Fig.4C and 4D). These data 

were corroborated by Ki67 staining (Fig. 4C and 4D). These finding suggests that CMZ 

(100 mg/kg) decreased hepatocyte proliferation, liver injury, and hepatocarcinogenesis.  

Simultaneously, the CYP2E1 activity in vivo with or without CMZ treatment was 

determined using toxicokinetic parameters. Indeed, the plasma concentration profiles, 

t1/2, AUC0-t, and CL/F with or without CMZ treatment in the DEN-induced liver 
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tumor-model rats were significantly different (Fig. 4E and 4F). For the 10 mg/kg group, 

100 mg/kg group, and model group, the values of CL/F were 0.12 (0.10~0.14) L/h/kg, 

0.063 (0.051~0.075) L/h/kg, and 0.19 (0.15~0.28) L/h/kg, respectively; the values of 

AUC0-t were 395.6 (363.8~496.5) mg/L*h, 753.5 (668.3~893.7) mg/L*h, and 234.5 

(158.1~285.5) mg/L*h, respectively; the values of t1/2 were 3.56 (3.02~4.38) h, 4.41 

(4.03~12.78) h, and 2.78 (0.79~3.92) h, respectively (Fig. 4F). In addition, the 

inhibition by CMZ of CYP2E1 activity yielded a dose-dependent inhibition pattern, as 

verified by a self-controlled test (Table 2), which was consistent with the above findings.  

Taken together, CMZ may decrease hepatocarcinogenesis by inhibiting CYP2E1 

activity, suggesting that inhibition of CYP2E1 activity could prevent 

hepatocarcinogenesis induced by DEN. 
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Discussion 

In this study we found that CYP2E1 mediated-DEN metabolic activity significantly 

increased in non-neoplastic liver tissue from HCC patients with a 43.3% positive rate. 

Using the SD rat liver tumor model induced by DEN, the causal relationship of CYP2E1 

activity and hepatocarcinogenesis was confirmed with evidence that CYP2E1 

constitutive activity (at normal stage) was positively correlated with tumor incidence 

and severity of tumorigenesis (nodule numbers and size); simultaneously, inhibition of 

CYP2E1 activity decreased hepatocyte proliferation, liver injury, and liver 

carcinogenesis. Taken together, these data argue that higher CYP2E1 activity correlates 

with hepatocarcinogenesis induced by DEN. 

HCC is diagnosed in more than half a million people worldwide is associated with a 

poor prognosis (El-Serag, 2011; Nault, 2017). As level Ⅰ carcinogen, DEN is recognized 

as a susceptibility factor for hepatocarcinogenesis in experimental animals and in 

humans and has been found widely in the environment and numerous products (Ko et 

al., 1987; Gonzalez, 2001; Garcia-Suastegui et al., 2017). DEN oxidation initially by 

cytochrome P450 enzymes may be critical to exert its genotoxicity. Although other 

cytochrome P450 enzymes (CYP2A6 and CYP3A4) are involved in the metabolic 

activation of DEN in vitro (Camus et al., 1993; Bellec et al., 1996), the contribution of 

CYP2E1 is larger than that of other cytochrome P450 enzymes (Yoo et al., 1990; 

Yamazaki et al., 1992; Kushida et al., 2000). Furthermore, CYP2E1 is also mainly 

involved in the metabolic activation of DEN in vivo (Verna et al., 1996; Hengstler et 

al., 2003; Kang et al., 2007; Zhang et al., 2013; Bergmann et al., 2017). In the present 

study, we found that there was a positive correlation in values of VDEN and VCZX 

(CYP2E1 probe substrate) in the control subjects and HCC patients. Therefore, DEN 

should be mainly metabolized by CYP2E1. 
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For patients with simple hepatic cirrhosis, CYP2E1-mediated probe (CZX) 

metabolic activity in vivo and CYP2E1-mediated N, N-dimethylnitrosamine N-

demethylase activity in vitro were clearly decreased or unchanged (George et al., 1995; 

Frye et al., 2006). However, our previous and present studies found that CYP2E1-

mediated probe and DEN activities were both markedly increased in HCC patients. In 

the present study, we also found that age, gender, and clinico-pathological 

characteristics had no effect on CYP2E1-mediated DEN metabolic activity in HCC 

patients. In addition, there is considerable evidence to support the view that DEN is one 

of the most potent chemical carcinogens for hepatocarcinogenesis in experimental 

animals and is present widely in the environment (Bartsch and Montesano, 1984; 

Hoffmann and Hecht, 1985; Ko et al., 1987; Mirvish, 1995; Gonzalez, 2001; Garcia-

Suastegui et al., 2017). These observations raise the question as to whether higher 

CYP2E1 activity correlates with hepatocarcinogenesis induced by DEN. In the light of 

this, inhibition of CYP2E1 might be useful for treatment of hepatocarcinogenesis 

induced by DEN. 

Of particular relevance, Kang et al found that Cyp2e1-null mice show lower tumor 

incidence and multiplicity compared with wild-type mice in the DEN-induced 

hepatocarcinogenesis model (Kang et al., 2007). In addition, the deletion of the 

CYP2E1 gene also decreased the development of alcoholic steatohepatitis 

(Abdelmegeed et al., 2013), non-alcoholic steatohepatitis (Seth et al., 2014), and fast 

food-mediated hepatofibrosis (Abdelmegeed et al., 2012). Although the pathological 

role of CYP2E1 in liver disease has been suggested previously, none of previous studies 

explored the relationship between CYP2E1 activity and hepatocarcinogenesis. Due to 

the lack of correlation between CYP2E1 content and its activity in the current study, it 

is very important to measure CYP2E1 activity rather than its content in 
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hepatocarcinogenesis. 

Because DEN was mainly metabolized by CYP2E1 in vivo (Verna et al., 1996; 

Hengstler et al., 2003; Kang et al., 2007; Zhang et al., 2013; Bergmann et al., 2017), 

CL/F is the volume of plasma containing DEN that is removed from the body per unit 

time, t1/2 refers to the time required to eliminate half of DEN in the body, and AUC0-t 

reflects the amount of DEN entering the blood circulation, therefore, the CYP2E1 

activity at week 0 was determined by measuring toxicokinetic parameters (CL/F, AUC0-

t, and t1/2) of DEN to keep the rat alive and complete the liver tumor model. Our data 

showed that CYP2E1 constitutive activity was positively correlated with tumor 

incidence and severity of liver tumor (nodule numbers and size) and higher CYP2E1 

constitutive activity resulted in a greater likelihood of tumorigenesis, which confirmed 

the possibility that higher CYP2E1 activity correlates with hepatocarcinogenesis 

induced by DEN.  

To further verify the hypothesis based on the human data, the effect of inhibition of 

CYP2E1 activity on DEN-induced hepatocarcinogenesis was evaluated. CMZ, 

previously described as an inhibitor of rat and human CYP2E1 both in vitro and in vivo 

(Chen et al., 2014; Stresser et al., 2016) was used in this intervention experiment. 

Although CYP2E1 activity was inhibited by about 80 percent by CMZ at 100 mg/kg, 

this inhibition could decrease but not stop hepatocarcinogenesis. The most likely 

reasons are that the extent of inhibition of CMZ at this dose and the intermittent dosing 

schedule are insufficient to maintain full inhibition of CYP2E1. We tried to increase 

the CMZ dose, but the idea was dropped due to the toxicity of this chemical. Therefore, 

safe and efficient inhibitors of CYP2E1 will be needed to pursue this line of 

investigation. Nonetheless, inhibition of CYP2E1 activity decreased hepatocyte 
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proliferation, liver injury, and liver carcinogenesis, providing support for the possibility 

that higher CYP2E1 activity correlates with hepatocarcinogenesis induced by DEN. 

Multiple risk factors (e.g., HBV, HCV, alcohol, non-alcoholic fatty liver disease, 

diabetes, tobacco, etc.) also contribute to HCC. A frequent risk factor for HCC is 

chronic HBV infection, and 95.5% HCC patients were carriers of HBV in the present 

study, which indicate that HBV and high CYP2E1 activity might work synergistically 

to increase the risk of HCC.  

In conclusion, we confirmed that higher CYP2E1 activity correlates with 

hepatocarcinogenesis induced by DEN based on the findings that HCC patients had 

higher CYP2E1 activity and that higher CYP2E1 constitutive activity results in a 

greater likelihood of hepatocarcinogenesis induced by DEN and inhibition of CYP2E1 

activity could prevent hepatocarcinogenesis induced by DEN. As a consequence, these 

findings might be helpful for screening high-risk individuals for HCC and for 

identifying new preventative strategies for hepatocarcinogenesis induced by DEN. 
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Figure legends 

Fig. 1. CYP2E1 activity in control subjects (n=95) and HCC patients (n=67). (A) 

DEN is predominantly metabolized by CYP2E1 and CYP2E1 activity increased in 

HCC patients. (B) Clinico-pathological parameters do not affect CYP2E1 activity. (C) 

There was no correlation between CYP2E1 content and VDEN. Green circles represent 

control subjects and red circles represent HCC patients in (A) and (C). Data are 

expressed as the median with interquartile range; by Mann-Whitney U test, where 

significant correlations were determined using two-tailed Pearson correlation 

calculations. 

 

Fig. 2. Macroscopic and microscopic findings on control (n=11) and DEN-induced 

hepatocarcinogenesis (non-tumor, n=13; tumor, n=24) in male rats. (A) 

Representative rat livers at week 19. (B) Liver weight, nodule numbers and size of 

nodules at week 19. Data are expressed as the median with interquartile range (*P<0.05, 

**P<0.01, ***P<0.001 compared to control group; #P<0.05, ##P<0.01, ###P<0.001 

compared to non-tumor group; by Kruskal–Wallis test followed by Dunn’s test). (C) 

Representative haematoxylin-eosin (H&E) and Masson’s trichrome staining of liver 

tissue (scale bar, 50 μm) and representative photomicrographs of liver sections were 

stained for Ki67 and PCNA (scale bar, 100 μm). (D) H&E stains of liver sections were 

scored for each rat by the method of Ishak. Masson, Ki67, and PCNA staining from 

each rat was quantified. Data are expressed as the mean ± S.D. (*P<0.05, **P<0.01, 

***P<0.001 compared to control group; #P<0.05, ##P<0.01, ###P<0.001 compared to 

non-tumor group; by one-way ANOVA with Tamhane’s T2 analysis). 

 

Fig. 3. CYP2E1 constitutive activity is associated with risk of liver tumor. Control 
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group (n=20), non-tumor (n=13), tumor (n=24). (A) Time course of the plasma 

concentration of DEN in the DEN-induced HCC model at week 0. (B) Toxicokinetic 

parameters of DEN (50 mg/kg) after i.p. administration in the control, non-tumor, and 

tumor groups at week 0. Data are expressed as the median with interquartile range 

(*P<0.05, **P<0.01, ***P<0.001 compared to control group; by Kruskal–Wallis test 

followed by Dunn’s test). (C) The incidence of liver tumor induced by DEN in rats was 

influenced by CYP2E1 constitutive activity (low, n=18; high, n=19). *P<0.05 

compared to low group; by Chi-square test. (D, E & F) CYP2E1 constitutive activity 

expressed by t1/2, AUC0-t, and CL/F of DEN is associated with severe tumorigenesis 

(nodule numbers and size). Mann-Whitney U test and Two-tailed Pearson correlation 

calculations were used. 

 

Fig. 4. Inhibition CYP2E1 activity suppressed by CMZ prevented DEN-induced 

liver tumor development. Model group (n=37), 10 mg/kg CMZ (n=12), 100 mg/kg 

CMZ (n=10). (A) Representative rat livers at week 19. (B) Liver weight, nodule 

numbers, size of nodules, and tumor incidence at week 19. (C) Representative H&E 

and Masson’s trichrome staining of liver tissue (scale bar, 100 μm) and representative 

photomicrographs of liver sections were stained for Ki67, and PCNA (scale bar, 100 

μm). (D) H&E stain of liver sections were scored from each rat by the method of Ishak. 

Masson, Ki67, and PCNA staining from each rat was quantified. (E) Time course of the 

plasma concentration of DEN at week 0. (F) Toxicokinetic parameters of DEN in liver 

tumor models treated with saline or CMZ (10 mg/kg or 100 mg/kg). Rats received DEN 

(50 mg/kg) via intraperitoneal injection together with CMZ, DEN was given 

immediately after the injection of CMZ. Data are expressed as the median with 

interquartile range (*P<0.05, **P<0.01, ***P<0.001 compared to model group; 
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#P<0.05, ##P<0.01, ###P<0.001 compared to CMZ (10 mg/kg) group; by Kruskal–Wallis 

test followed by Dunn’s test). 

 

Tables 

Table 1 Demographic and clinico-pathological characteristics of the control 

subjects (n=95) and HCC patients (n=67). 

Clinico-pathological characteristics Control HCC P-Value 

Gender     

 Male (n, %) 33 (34.7) 56 (83.6) <0.0001 

 Female (n, %) 62 (65.3) 11 (16.4)  

Age, year    0.011 

 ≤50 (n, %) 63 (66.3) 31 (46.3)  

 >50 (n, %) 32 (33.7) 36 (53.7)  

Body Weight (kg) Median (range) 63.5 (30-92) 66 (35-101) 0.11 

HBsAg    <0.0001 

 Negative (n, %) 95 (100) 3 (4.5)  

 Positive (n, %) 0 (0) 64 (95.5)  

HCV    0.23 

 Negative (n, %) 95 (100) 66 (98.5)  

 Positive (n, %) 0 (0) 1 (1.5)  

Diagnosis     

  liver hemangioma (n=61) HCC (n=67)  

  metastatic carcinoma (n=9)   

  Cholelithiasis (n=7)   

  gallbladder cancer (n=13) 

Other (n=5) 

  

Serum AFP (ng/ml)    <0.0001 

 ≤600 (n, %) 54 (100) 31 (52.6)  

 >600 (n, %) 0 (0) 28 (47.4)  

Tumor size (cm)    

 ≤5 (n, %)  16 (24.6)  
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 >5 (n, %)  49 (75.4)  

Multinodular tumors     

 Yes (n, %)  26 (40.0 )  

 No (n, %)  39 ( 60.0)  

Tumor grade     

 I & II (n, %)  29 (44.6)  

 III & IV (n, %)  36 (55.4)  

Metastasis     

 Yes (n, %)  4 (6.2)  

 No (n, %)  61 (93.8)  

Portal vein tumor thrombus    

 Yes (n, %)  16 (24.6)  

 No (n, %)  49 (75.4)  

Splenomegaly Yes (n, %)  18 (27.7)  

 No (n, %)  47 (72.3)  

HCC, hepatocellular carcinoma; HBsAg, hepatitis B surface antigen; HCV, hepatitis C virus; AFP, 

alpha-fetoprotein.  

Mann-Whitney U test and chi-square test were used. 
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Table 2 Toxicokinetic parameters of DEN (50 mg/kg) before and after treatment 

with CMZ (10 mg/kg or 100 mg/kg). 

Group CL/F (L/h/kg) AUC0-t (mg/L*h) t1/2 (h) 

Group 1 (n=12) DEN  0.30 (0.23~0.37) 166.9 (135.8~219.3) 0.89 (0.66~1.82) 

DEN+CMZ 0.12 (0.10~0.14)*** 395.6 (363.8~496.5) *** 3.56 (3.02~4.38) *** 

 Inhibition ratio (%) 58.47 (39.56~66.78) 58.33 (39.91~66.21) 72.49 (46.06~82.00) 

Group 2 (n=10) DEN  0.35 (0.24~0.40) 143.3 (124.7~208.8) 0.81 (0.67~1.45) 

 DEN+CMZ 0.06 (0.05~0.08)***### 753.5 (668.3~893.7) ***### 4.41 (4.03~12.78) ***### 

 Inhibition ratio (%) 80.72 (72.69~85.54) 79.69 (72.75~85.52) 82.90 (77.68~94.80) 

DEN, diethylnitrosamine; CMZ, clomethiazole; CL/F, apparent clearance; AUC0-t, area 

under curve; t1/2, half-life. 

Group 1 was administrated by DEN (50 mg/kg) or DEN (50 mg/kg) + CMZ (10 mg/kg). 

Group 2 was administrated by DEN (50 mg/kg) or DEN (50 mg/kg) + CMZ (100 

mg/kg). ***P<0.001 compared to DEN group, by Paired t test; ###P<0.001 compared to CMZ (10 

mg/kg) group, by Mann-Whitney U test. 
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Fig. 1 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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