
Nonalcoholic fatty liver disease (NAFLD) is a con-

dition in which excessive lipid or hepatic abnormalities

accumulate in hepatocytes [1]. NAFLD is widely recog-

nized as the most common driving force that eventually

progresses to liver cirrhosis or hepatic carcinoma [2, 3].

Several lines of evidence have suggested that oxidative

stress may play a key role in the progression of lipid per-

oxidation in NAFLD. Mitochondrial oxidation is the

principal oxidative pathway for the deposition of fatty

acids under normal physiologic conditions. As an alterna-

tive method, ω-hydroxylation of fatty acids can be uti-

lized to prevent lipid overload under the condition of

defective oxidative phosphorylation of mitochondria [4,

5]. In the process of oxidation of fatty acids, microsomes

leak excessive reactive oxygen species (ROS) when there

is an excessive production of ROS, the balance between

intrahepatic antioxidants and oxidants is broken, surplus

ROS abstract a hydrogen atom from polyunsaturated fatty

acids, resulting in the formation of 4-hydroxynonenal

(HNE) and malondialdehyde (MDA) [6, 7]. HNE and

MDA have longer half-lives than ROS, and they can dif-

fuse from their original sites to distant intracellular and

extracellular targets [8], thereby amplifying the effects of

oxidative stress. Lipid peroxidation causes cell death and

increases collagen synthesis, which promotes the progres-

sion from steatosis to fibrosis.

Cytochrome P450 (CYP450) family enzymes are

involved in the oxidation of fatty acids and toxins present

in the diet and environment [9, 10]. Fer et al. [11]

demonstrated that cytochrome P450 1A1 (CYP1A1) is

the ω-hydroxylases of polyunsaturated fatty acids, and it

is reported that CYP1A1 can use an electron from

NADPH to reduce O2, leading to production of H2O2 and

superoxide anion radical [12, 13]. Moreover, it has also

been reported that CYP1A1 induction is responsible for

the enhancement of oxidative stress and increasing of the

physiological generation of ROS in human skin [14, 15].

These previous studies demonstrated that CYP1A1 could

induce oxidative stress as a result of excessive generation

of ROS. However, it remains unclear whether CYP1A1 is
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fection analysis indicated that CYP1A1-siRNA inhibited the lipid peroxidation in OA-treated HepG2 cells. Additionally,

compared with siRNA-transfected and benzo[a]pyrene (BaP)-OA-induced HepG2 cells, overexpression of CYP1A1 by BaP

further accelerated the lipid peroxidation in OA-treated HepG2 cells. These observations reveal a regulatory role of CYP1A1

in liver lipid peroxidation and imply CYP1A1 as a potential therapeutic target.
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implicated in hepatic oxidative stress, especially in regu-

lating the fate of lipid.

For a long time, CYP1A1 has been documented as a

pivotal regulator and therapeutic target in breast cancer,

coronary artery disease, and arthritis [16-18].

Consistently, many pharmacological inhibitors of

CYP1A1 have been identified with promising properties

for the administration of these conditions [19]. Recently,

it received renewed attention in liver diseases. Under this

condition, increased CYP1A1 mRNA and protein levels

were determined in the liver of high-fat and high-sucrose

diet rats, while a low level of CYP1A1 could be detected

in a model of NAFLD in vivo, implying its essential roles

in NAFLD [20, 21].

Although NAFLD is the predominant cause of some

severe types of liver disease, the mechanisms of its pro-

gression remain incompletely understood. At present,

there is no approved and reliable treatment for NAFLD

[22]. In this study, we found a relationship between

CYP1A1 and NAFLD by analyzing the functional role of

CYP1A1 in oleic acid (OA)-treated human hepatoma

(HepG2) cells. The role of CYP1A1 in the lipid peroxida-

tion of OA-treated HepG2 cells was confirmed. These

studies enhance our understanding of CYP1A1 in

NAFLD and provide valuable information about devel-

oping therapeutic strategies against NAFLD.

MATERIALS AND METHODS

Cell culture. HepG2 cells were acquired from the

Shanghai Cell Bank at the Chinese Academy of Sciences.

The HepG2 cells were maintained in DMEM medium

containing 10% FBS in a 95% humidity incubator with

5% CO2 at 37°C.

Cytotoxicity. Treatment with OA induces morpho-

logical similarities to hepatic steatosis [23]. Therefore,

the present study recreated a cellular model of NAFLD in

vitro using HepG2 cells treated with OA. HepG2 cells

were seeded in a 96-well plate at 1·104 cells/well, cultured

for 24 h, then supplemented with medium containing dif-

ferent concentrations of OA solution (0.1, 0.2, 0.5, 1.0,

and 2.0 mM) and cultured for another 24 h. The medium

without OA but containing bovine serum albumin (BSA)

was selected as the control. The suitable dosage was eval-

uated by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-di-

phenyltetrazolium bromide) assay.

OA-induced steatosis. HepG2 cells were cultured in

6-well plates at 5·105 cells/well. The cells were treated

with 0.2 mM OA solution for 24 h and used for laborato-

ry analyses. Oleic acid (Sigma-Aldrich, USA) was dis-

solved at a concentration of 10 mM in  (0.1 M NaOH)

that contained 10% fatty acid-free BSA (MP Biomedi-

cals, USA).

Staining using Oil Red O. After incubation of HepG2

cells (5·105 cells/well) with OA solution (0.2 mM) for

24 h, the cells were washed three times with phosphate-

buffered saline (PBS) and fixed in 4% paraformaldehyde

at room temperature for 40 min. After removing the fixa-

tive, the cells were washed three times with PBS, then

stained with a freshly prepared working solution (3 : 2) of

Oil Red O for 20 min at room temperature. After remov-

ing the Oil Red O working solution, the cells were washed

with 60% isopropanol for 5 s and finally observed under

an inverted fluorescence microscope (Olympus, Japan).

Measurement of lipid accumulation. The HepG2 cells

were lysed using an ultrasonic cell disintegrator (power

300 W, 5 s each time, 30 s interval, repeat 5 times) on an

ice bath. The broken cells were directly measured without

centrifugation. Levels of triacylglycerides (TAGs) were

measured using a triglyceride determination reagent kit

(Dongou, China) according to manufacturer’s protocol.

RNA interference analysis. Small interfering RNA

(siRNA) oligonucleotides against the CYP1A1 gene was

designed and synthesized by Shanghai Gena Pharma

Corporation (China). The sequences were as follows:

CYP1A1-siRNA (human) (sense: 5′-GUGAGCACU-

UCCAAAUGCATT-3′, and antisense: 5′-UGCAUU-

UGGAAGUGCUCACTT-3′); negative control (NC)

(sense: 5′-UUCUCCGAACGUGUCACGUTT-3′, and

antisense: 5′-ACGUGACACGUUCGGAGAATT-3′).

HepG2 cells were cultured in antibiotic-free DMEM for

24 h and then transfected with siRNA using

LipofectamineTM 2000 (Invitrogen, USA) according to

manufacturer’s protocol. The OA solution was added to

the concentration of 0.2 mM after transfection. Cell cul-

ture medium and cell protein supernatants were harvest-

ed and kept at –20°C for the quantification of several

parameters. Knockdown efficiency was determined by

Western blot analysis. The cells were divided into the fol-

lowing groups: control group, OA group, OA + CYP1A1-

NC group, and OA + CYP1A1-siRNA group.

Benzo[a]pyrene (BaP) activation. Among polycyclic

aromatic hydrocarbons, BaP is the most commonly rec-

ognized CYP1A1 agonist [24, 25]. BaP was purchased

from Shanghai Macklin Biochemical Company (China).

Transfected or primary HepG2 cells were exposed to

0.2 mM OA solution for 24 h. Subsequently, HepG2 cells

were treated with BaP (5 µM) for another 24 h. Cells were

divided into the following groups: OA group, OA + BaP

group, OA + BaP + CYP1A1-siRNA group, OA + BaP +

CYP1A1-NC group.

Measurement of oxidative stress. Oxidative stress can

be detected by the measurement of superoxide dismutase

(SOD), an enzyme used to prevent lipid peroxidation

[26]. SOD activities (total SOD) in cell protein super-

natant were measured through WST-8 (tetrazolium salt).

SOD was determined by a SOD Assay Kit (Beyotime,

China) according to manufacturer’s instructions. Protein

concentration in lysates was determined using a BCA

Protein Assay Kit (Beyotime), and the results are

expressed as U/mg protein.
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Besides, oxidative stress was also measured by the

level of ROS from cells [27]. The fluorescence probe 2′,7′-

dichlorofluorescein (DCFH-DA) was used to quantify

ROS levels in the HepG2 cells. The fluorescence intensity

was proportional to the ROS level within the cytosol. The

HepG2 cells were incubated with DCFH-DA for 20 min

at 37°C in the dark. The fluorescence signal of DCFH-DA

was excited at 488 nm, and emission was detected at

525 nm using the inverted fluorescence microscope.

Measurement of lipid peroxidation. The thiobarbi-

turic acid (TBA) assay was applied to determine lipid per-

oxidation [28]. Sample homogenates or MDA standards

were incubated at 37° for 1 h before the addition of

trichloroacetic acid, TBA, and acetic acid. Then the

reaction mixtures were boiled for 15 min. A microplate

plate reader was used to determine optical density at

532 nm. The protein concentration was determined using

a BCA protein assay kit. The results are expressed

as nmol/mg protein. HNE in the cell culture supernate

was analyzed using an ELISA kit (R&D Systems, USA).

The microplate plate reader was used to read the optical

density at 450 nm. The results are expressed as µmol/liter.

Total RNA isolation and real-time quantitative PCR

(RT-qPCR). Total RNA was isolated from HepG2 cells

using TRIZOL reagent (Invitrogen, USA), and the first-

strand cDNA was synthesized using a ThermoScript RT-

PCR Synthesis Kit (Fermentas, Canada) according to the

manufacturer’s instructions. Real time PCR was per-

formed in a detection system with SYBR-Green Master

Mix (TaKaRa, Japan). The fold-change for mRNA rela-

tive to β-actin was determined using the formula: 2–∆∆Ct.

RT-PCR primers were purchased from Invitrogen. The

primers used were as following: CYP1A1 (human) (for-

ward: 5′-TCGGCCACGGAGTTTCTTC-3′; reverse: 5′-

GGTCAGCATGTGCCCAATCA-3′), CYP1A2 (human)

(forward: 5′-TTCGCTACCTGCCTAACCC-3′; reverse: 5′-

CTCAGGCTTGGTCACAAGGTA-3′), H-actin (human)

(forward: 5′-GACAGGATGCAGAAGGAGATTACT-3′;

reverse: 5′-TGATCCACATCTGCTGGAAGGT-3′).

Western blot analyses. HepG2 cells were lysed with

RIPA lysis buffer (Beyotime). Protein concentration was

determined using a BCA protein assay kit. Total protein

(50 mg) from samples was separated on 10% SDS-PAGE

and then transferred onto polyvinylidene fluoride mem-

branes (PVDF; Millipore, USA). After blocking in 5%

nonfat milk, the membranes were washed in TBS-Tween

20 buffer (TBST; Boster, China) and incubated with spe-

cific primary antibodies at 4°C overnight. Then the mem-

branes were washed three times with TBST buffer before

incubation with specific secondary antibodies for 1 h.

Rabbit polyclonal anti-CYP1A1 (Proteintech, USA) was

diluted at 1 : 500, and mouse monoclonal anti-β-actin

was diluted 1 : 200. The protein blots were detected using

the ECL Chemiluminescent Kit (ECL; Thermo

Scientific, USA). The primary antibodies were as follows:

CYP1A1 (Cell Signaling Technology, USA); recombinant

cytochrome P450 1A1 (30 ng/lane; Cloud Clone, USA);

CYP1A2 (Cell Signaling Technology); β-actin (Bioss,

China).

Statistical analysis. The data are presented as the

mean ± SD. Analysis of variance (ANOVA) was used to

evaluate the differences among groups. All experiments

were repeated three times. Statistical significance was set

at p < 0.05. All statistical analyses were performed with

SPSS software (version 17.0).

RESULTS

Lipid accumulation in OA-treated HepG2 cells. The

effect of different concentrations of OA on the prolifera-

tion of HepG2 cells was measured by the MTT assay (Fig.

1a). By contrast with the 0.1, 0.2, and 0.5 mM, OA solu-

tion at 1 and 2 mM concentrations significantly reduced

proliferation of HepG2 cells by about 60%. Cell viability

greater than 90% was considered as nontoxic concentra-

tion. Thus, it is considered that 0.2 mM OA medium was

sufficient to induce lipid accumulation.

Oil Red O staining provided evidence that OA signif-

icantly increased lipid accumulation in HepG2 cells

compared with the control group (Fig. 1b), and this was

further reflected in cellular TAG level, which was

markedly elevated in the OA group compared with con-

trol group (Fig. 1c). Thus, the data gave solid evidence for

the successful modeling of NAFLD in vitro.

Increased expression of CYP1A1 in OA-treated

HepG2 cells. To detect the expression of CYP1A1 in

NAFLD, we treated the cells with OA medium (0.2 mM)

for 0, 12, 24, and 48 h, respectively. Western blot and real-

time PCR analysis demonstrated that the expression of

CYP1A1 was elevated in the model groups (Fig. 1, d and

e). Level of CYP1A1 in the control group was relatively

low (Fig. 1, d and e).

Reduced expression of CYP1A1 after CYP1A1-

siRNA transfection in OA-treated HepG2 cells. To inves-

tigate the role of CYP1A1 in OA-treated HepG2 cells,

siRNA specific for CYP1A1 was used to silence CYP1A1

expression. Western blot and real-time PCR analysis

demonstrated that CYP1A1-siRNA noticeably decreased

the expression of CYP1A1 (Fig. 2, a and b). Protein stan-

dards for CYP1A1 were loaded at 30 ng/lane. As shown in

Fig. 2a, the target protein is at the same level with the

standard, indicating that the measured protein is

CYP1A1. The protein and mRNA expression of CYP1A2

in the model group showed no significant difference com-

pared with the control group (Fig. 2, a-c).

Blockade of CYP1A1 inhibited the OA-induced

hepatic oxidative stress and lipid peroxidation in HepG2

cells. To identify whether CYP1A1-siRNA could amelio-

rate lipid peroxidation and oxidative stress, the contents

of ROS and SOD were determined. These were selected

as measurements of oxidative stress. MDA and HNE were
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a b c

d e

Fig. 1. Lipid accumulation in OA-treated HepG2 cells. The HepG2 cells were treated with OA solution (0.2 mM) for 12, 24, and 48 h. a)

Proliferation of OA-induced HepG2 cells was tested by the MTT assay. b) Lipid droplets in HepG2 cells were stained with Oil Red O. c) TAG

content in OA-induced HepG2 cells. d) The protein level of CYP1A1 was assessed by Western blot. e) The mRNA level of CYP1A1 was exam-

ined by real-time PCR; ** p < 0.01 compared with the control group.

Fig. 2. Effects of changes in the expression of CYP1A1 and CYP1A2 in OA-treated HepG2 cells. After CYP1A1-siRNA or CYP1A1-NC trans-

fection, the HepG2 cells were exposed to OA solution (0.2 mM) for 24 h. a) The protein level of CYP1A1 and CYP1A2 was assessed by Western

blot. b, c) The mRNA level of CYP1A1 and CYP1A2 was examined by real-time PCR. The results are expressed as relative expression against

β-actin expression; ** p < 0.01 compared with the control group; ## p < 0.01 compared with the OA group.

a

b c

100 mm

100 mm
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selected as signs of lipid peroxidation. Our results

revealed that on downregulation of CYP1A1 expression,

the levels of MDA and HNE were also decreased in OA-

stimulated HepG2 cells (0.2 mM) compared with the

model groups (Fig. 3, d and e). According to the results of

fluorescence measurements, the level of ROS was

reduced, while the level of SOD was upregulated in the

transfection group compared with the model groups (Fig.

3, a-c). These findings demonstrate that CYP1A1-siRNA

can decrease lipid peroxidation, probably due to the reg-

ulation of oxidant ROS molecules and antioxidant SOD.

Overexpression of CYP1A1 aggravates oxidative

stress and lipid peroxidation in OA-treated HepG2 cells.

OA-treated HepG2 cells stimulated by BaP were analyzed

to compare the influence of the CYP1A1 genes transcrip-

tion on lipid peroxidation in OA-treated HepG2 cells. As

presented in Fig. 4, a and b, CYP1A1-siRNA decreased

the protein and mRNA expression of CYP1A1 in BaP-

OA-induced HepG2 cells. However, it still showed higher

expression than in the OA group. Compared with BaP-

OA-activated cells, the level of SOD in transfected groups

was slightly increased (Fig. 4d). Additionally, contents of

MDA were reduced in the transfected groups, which fur-

ther confirmed that CYP1A1 plays a role in lipid peroxi-

dation (Fig. 4c). The data indicate that overexpression of

CYP1A1 significantly aggravated lipid peroxidation in

OA-treated HepG2 cells.

Together, these results suggest that downregulation

of CYP1A1 expression attenuated the lipid peroxidation

of OA-treated HepG2 cells, and CYP1A1 might be a

potential target to reverse hepatic lipid peroxidation.

DISCUSSION

NAFLD is a progressive hepatic disorder and has

become the most common cause of liver disease in

Western countries. Oxidative stress is the key mechanism

promoting NAFLD progression to NASH (nonalcoholic

steatohepatitis) and even liver cirrhosis and hepatocellu-

lar carcinoma. Accordingly, NAFLD patients have

increased levels of oxidative stress and lipid peroxides,

and either depleting of antioxidant enzymes or increasing

production of oxidative factors can occur in NAFLD

200 mm

100 mm

100 mm

100 mm

a b

c

d

e

Fig. 3. OA-induced hepatic oxidative stress and lipid peroxidation in primary HepG2 cells and CYP1A1-siRNA-transfected HepG2 cells.

a) The level of ROS was analyzed by fluorescence. Representative views from each group are presented (×10). b) Quantification of ROS con-

tent. c) Effects of changes in the levels of SOD in the experimental groups. d, e) Effects of changes in the levels of MDA and HNE in the

experimental groups; ** p < 0.01 compared with the control group; ## p < 0.01 and # p < 0.05 compared with the OA group.
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[29]. Therefore, inhibition of oxidative stress and blockade

of lipid peroxidation in the fatty liver are important strate-

gies for the therapeutic intervention of NAFLD [30].

CYP1A1 is a central player in the bioactivation of

precarcinogen. Therefore, it has been proposed as a ther-

apeutic target against cancers and cardiovascular disease

[31]. Nevertheless, the functions of CYP1A1 are not lim-

ited to precarcinogen metabolism. In the last few years,

numerous studies focused on the functions of CYP1A1 in

liver disease have been published [32]. However, the exact

role of CYP1A1 in the degree of liver lipid peroxidation

has not been elucidated.

Fig. 4. Transfected relatively low expression of CYP1A1 alleviated the oxidative stress and lipid peroxidation in BaP-OA-induced HepG2 cells.

a) The protein level of CYP1A1 assessed by Western blot. b) The mRNA level of CYP1A1 examined by real-time PCR. c, d) Effects of changes

in the levels of MDA and SOD in the experimental groups; ** p < 0.01 compared with the control group; ## p < 0.01 compared with the OA

group.

a b

c d

Fig. 5. Overview of the role of CYP1A1 in catalysis of lipid oxidation. CYP1A1 modulates ROS activity by the consumption of NADPH. ROS

abstract hydrogen atoms from PUFA, resulting in the formation of HNE and MDA.
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Nevertheless, emerging evidence indicates the

potential role of CYP1A1 in promoting the development

of oxidative stress. CYP1A1-catalyzed metabolism of its

substrates is known to lead to increased ROS. О2
•– and

H2O2 are byproducts of the normal P450 catalytic cycle.

It was reported that CYP1A1 shows high ability for con-

suming NADPH and generating superoxide anion [33].

These studies suggest that a peroxide-induced reaction

might be catalyzed readily by CYP1A1. In this regard, the

present study was designed to reveal whether CYP1A1

plays an essential role in the formation of lipid peroxida-

tion in NAFLD (Fig. 5).

With respect to NAFLD, OA-induced HepG2 cells

serve as a model of NAFLD in vitro. Results of Oil Red O

staining indicated extensive lipid droplet accumulation

after OA addition. Analysis of TAG results reflects the

uptake of OA, and it is entirely consistent with lipid

droplets staining with Oil Red O. Therefore, OA-induced

HepG2 cell steatosis is a valuable model to study the

pathogenesis of NAFLD.

To the best of our knowledge, CYP1A1 is expressed in

HepG2 cells at relatively low levels but is upregulated in

OA-treated HepG2 cells. To explore the expression of

CYP1A1 in NAFLD, we established an NAFLD model in

vitro at a set of time points. Here, our study provided the

evidence that CYP1A1 is dramatically increased in OA-

treated HepG2 cells. We and others have found that

CYP1A1 is highly induced in NAFLD [34]. In addition,

our study found that the protein expression of CYP1A1 in

HepG2 cells is slightly decreased at 48 h, even though it still

shows higher protein expression than the control group.

These results can be explained by an oxidative repression

effect on the CYP1A1 gene. The increased CYP1A1 activ-

ity generates ROS that can bind to a transcription factor of

the Nuclear Factor I (NF-I) family, which in turn is

released from the promoter of CYP1A1 gene. Thus, the

expression of the CYP1A1 protein can be decreased [35].

HepG2 cells transfected with CYP1A1-siRNA fol-

lowed by exposure to OA solution were used to study the

effect of CYP1A1 on lipid peroxidation. On one hand, the

experimental results showed that blockade of CYP1A1

partially suppressed the deposition of MDA and HNE,

indicating that the loss of CYP1A1 could alleviate the

excess deposition of lipid peroxides. On the other hand,

our experiments provided information on the amount of

lipid peroxidation metabolites in cells treated only with

OA. Furthermore, treatment of HepG2 cells with

CYP1A1-siRNA was shown to influence the concentra-

tion of ROS and SOD. Our results demonstrate that

CYP1A1 regulates lipid peroxidation by affecting the lev-

els of ROS and SOD.

Based on our literature review, CYP1A2 and

CYP1A1 have very high structural similarity and

immunoreactivity [36], so it is possible that CYP1A2

serves as an oxidative catalyst in nonalcoholic fatty liver.

To clarify this issue, we used the standards of CYP1A1 to

show that the protein expression is referred to CYP1A1.

In Fig. 2a, the target band has the same molecular weight

as the CYP1A1 standard. This shows that the measured

protein is CYP1A1. The protein and mRNA expressions

of CYP1A2 in the normal group, model group, and trans-

fection group did not change significantly. This further

shows that CYP1A1 plays a major catalytic role in lipid

peroxidation in NAFLD.

BaP is an important inducer of CYP1A1, and several

studies have shown that BaP is involved in redox cycling via

CYP1A1 [37, 38]. In contrast with the OA-BaP-CYP1A1-

siRNA group, we further found that the overexpression of

CYP1A1 increased the level of MDA and decreased the

concentration of SOD, revealing the potential importance

of CYP1A1 in lipid peroxidation. This finding is consistent

with the finding that CYP1A1-siRNA decreased the lipid

peroxidation in OA-treated HepG2 cells.

Together, the data of the present study suggest that

blockade of CYP1A1 inhibited OA-induced peroxidation

in HepG2 cells, while overexpression of CYP1A1 aggra-

vated the peroxidation in OA-induced HepG2 cells.

These results indicate that CYP1A1 is a potential thera-

peutic target for treatment of NAFLD. Pharmacological

inhibition of CYP1A1 might be perspective for treatment

of NAFLD. Nevertheless, the fundamental role of

CYP1A1 in NAFLD is not fully examined in animal

models, so studies using in vivo techniques should be

urgently conducted.
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