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CYP4A11 is involved in the development of nonalcoholic fatty
liver disease via ROS-induced lipid peroxidation and inflammation
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Abstract. Nonalcoholic fatty liver disease (NAFLD) is a fat
metabolism disorder that occurs in liver cells. The develop-
ment of NAFLD is considered to be associated with hepatic
oxidative stress. The present study aimed to investigate the role
of cytochrome P450 4A11 (CYP4All) in the pathogenesis of
NAFLD. The levels of plasma CYP4A11 and lipid peroxidation
products levels exhibited a high correlation, and were increased
significantly compared with those from normal subjects.
Further in vitro studies demonstrated that the expression levels
of CYP4A11 and the content of reactive oxygen species (ROS)
were increased in free fatty acid (FFA)-stimulated HepG2
cells. Clofibrate, a CYP4A11 inducer, aggravated cell damage.
Opposite results were observed for the CYP4A11 inhibitor
HETO0016, which attenuated apoptosis in FFA-treated cells.
Furthermore, CYP4A1l gene overexpression and silencing
were used to investigate the effects on inflammatory cytokine
secretion. The data demonstrated that CYP4A1l promoted an
increase in the mRNA expression of tumor necrosis factor a,
interleukin (/L)-1f3 and IL-6 in response to FFA. In addition,
western blot analysis highlighted that CYP4A11 caused an
upregulation of phosphorylated p65 levels and therefore
affected the NF-«xB signaling pathway. The data demonstrated
that CYP4A11l may metabolize fatty acids to promote the
production of ROS and accelerate the progression of NAFLD.

Introduction
Non-alcoholic fatty liver disease (NAFLD) is a progressive

chronic liver disorder that is a global public health problem.
The disease has exhibited increased prevalence due to the
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increasing rates of obesity and diabetes. NAFLD increases the
risk of developing nonalcoholic steatohepatitis, liver fibrosis
and liver cancer, due to the accelerated rates of inflammation
and hepatocyte injury (1,2). In China, sedentary lifestyles and
excessive dietary fat intake are becoming the leading causes of
obesity, metabolic syndrome and NAFLD (3). Oxidative stress
has been proposed to be the primary mechanism of hepatocel-
lular damage (4). Intracellular oxidative damage to cellular
macromolecules is based on the disruption of the homeostasis
between oxidative and antioxidative chemical species (5).
This condition results from the release of toxic substances and
inflammatory cytokines and contributes to the induction of
hepatocyte apoptosis (4).

CYP4A is a member of the CYP4 enzyme family and
is involved in the metabolism of medium- and long-chain
fatty acids, such as arachidonic acid, palmitate, laurate and
compounds with highly regionally selective hydroxylated
terminal w-carbon (6). CYP4A is considered to serve a crucial
role in the pathogenesis of NAFLD (7). CYP4A exhibits
different pattern of metabolism across different species. Human
CYP4A11 and CYP4A22, and mouse CYP4A10, CYP4A12
and CYP4A14 are responsible for the w-hydroxylation of fatty
acids (8). CYP4All primarily metabolizes endobiotics and
catalyzes the w-hydroxylation of fatty acids in human liver and
kidney tissues. CYP4A11 is a functionally active member of
the human CYP4A family of enzymes (9).

In patients with NAFLD, triglyceride (TG) synthesis was
identified to be increased compared with that of the TG export
from the liver cells (10). Liver free fatty acids (FFAs) that are
derived from circulating non-esterified fatty acids (NEFAs)
are stored as TGs. NEFAs are released from adipose tissues,
hepatic de novo lipogenesis and the remnants of the TG rich
lipoproteins, namely very-low-density lipoproteins (VLDL)
and chylomicrons (11). These FFAs enter the mitochondria
and undergo (-oxidation in order to produce ATP equivalents.
Alternatively, they are esterified to triglycerides (TGs) and
subsequently expelled from the hepatocytes as VLDLs (12).
During the mitochondrial dysfunction caused by NAFLD, the
CYP4-mediated w-hydroxylation of fatty acids is markedly
increased (13). This process results in the excessive produc-
tion of reactive oxygen species (ROS) (13). Cytochrome P450
(CYP) enzymes primarily depend on NADPH to produce
superoxide and hydrogen peroxide (14). ROS serve a central
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role in activating NF-«B. In addition, oxidative stress increases
the release of pro-inflammatory cytokines and is associated
with activation of the NF-kB signaling pathway (15,16).
Therefore, ROS production by CYP4A11 metabolism of fatty
acids may cause inflammatory reactions.

In the present study, the CYP4A1l protein content was
determined in the plasma of patients with NAFLD. In addition,
the study aimed to investigate the regulation of oxidative stress
and lipid peroxidation (LPO) by CYP4Al11 in a cell line mode
of NAFLD. These interactions were examined by inducing
and inhibiting CYP4A expression in a cell line model, in order
to affect the production of ROS.

Materials and methods

Patients and study design. In the present study, 59 patients
with NAFLD and 30 normal healthy subjects were enrolled
between March 2019 and April 2019. The study protocol
was approved by The First Affiliated Hospital of the Anhui
Medical University Institutional Review Board. Blood samples
were collected at The First Affiliated Hospital of the Anhui
Medical University following provision of informed consent
for scientific research from the patients on March 4, 2019. The
criteria for patient selection were as described previously (17):
i) No history of alcohol consumption, or alcohol intake per
week was <140 g in men and <70 g in women; ii) no presence
of specific diseases that may result in fatty liver, such as viral
hepatitis, drug-induced liver disease, total parenteral nutrition
and Wilson's disease; iii) besides clinical manifestations of
the primary disease, other non-specific symptoms and signs,
such as fatigue, dyspepsia, dull liver pain and hepatospleno-
megaly occur; iv) symptoms of metabolic syndromes, such as
overweight and visceral obesity, hyperglycemia, blood lipid
disorder and hypertension occur; v) mild to moderate increases
in serum levels of transaminase and y-glutamyl transpeptidase
(<5-fold the upper normal limit), usually presenting as an
increase of alanine aminotransferase (ALT); vi) the results of
the liver imaging studies met the imaging diagnostic criteria of
diffuse fatty liver. In addition, laboratory tests were performed,
including Color Doppler and blood biochemistry. The patients
with liver disease selected did not suffer from kidney disease.

Biochemical analysis. After blood samples were centrifuged
at 1,006 x g at 4°C for 15 min, the serum concentrations of
TG, alanine aminotransferase (ALT) and aspartate amino-
transferase (AST) were measured separately using TG (cat.
no. A110-1-1), ALT (cat. no. C009-1-1), and AST commer-
cial analysis kits (cat. no. C010-1-1; all Nanjing Jiancheng
Bioengineering Institute Co., Ltd.).

Analysis of plasma levels of lipid peroxidation products (LPO)
and of CYP4All expression. Laboratory investigations were
performed using plasma samples. Following centrifugation at
1,341 x g at4°C for 20 min, the plasma supernatant was collected
and stored at -20°C. LPO and CYP4A11 levels were quantified
in plasma by the human LPO ELISA kit (cat. no. JL12392;
Shanghai Jianglai Biological Technology Co., Ltd.) and the
human CYP4A11 ELISA kit (cat. no. YX-032516H; Shanghai
Preferred Biotechnology Co., Ltd.), respectively following a
5-fold dilution, according to the manufacturer's protocol.
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FFA-induced steatosis. The liver cancer HepG2 cell line
was purchased from Shanghai GeneChem Co., Ltd., and was
seeded in a 6-well plate. A total of 2.5x10° cells were plated
and maintained in normal growth conditions for 24 h. The
cells were then treated with 1 mM FFA for an additional 24 h.
The FFA solution used in the present study was a mixture of
oleic acid (Sigma-Aldrich; Merck KGaA) and palmitic acid
(Sigma-Aldrich; Merck KGaA) at a specific concentration
ratio (2:1) as previously described (18). The expression of
CYP4Al1l was regulated by simultaneous treatment of the
cells with 100 mM clofibrate (Dalian Meilun Biotechnology
Co., Ltd.) and FFA solution. HepG2 cells were incubated with
1 M HETO0016 (Cayman Chemical Company) for 1 h at 37°C
prior to the addition of FFA.

Oil Red O staining. After incubation of HepG2 cells with
FFA solution for 24 h, the cells were washed gently with PBS
and fixed with 10% neutral formaldehyde for 30 min at room
temperature. The cells were then stained with freshly diluted
Oil Red storage solution (3:2 ratio of Oil Red:deionized water)
at room temperature for 10 min. After the Oil Red O working
solution was removed, the cells were washed with 60% isopro-
panol for 5 sec. Finally, the cells were observed under a
fluorescent inverted microscope (Olympus Corporation).

Cell transfection. The small interfering RNA (siRNA) oligo-
nucleotides against the CYP4All gene and the plasmids for
CYP4All overexpression were both designed and synthe-
sized by Shanghai Sangon Biotech Corporation. The siRNA
sequences were as follows: Human CYP4A11-siRNA sense,
5'-CCGUGUGAGGAAUGCCUUUTT-3"; and antisense:
5'-AAAGGCAUUCCUCACACGGTT-3"; negative control
(NC) sense: 5'-UUCUCCGAACGUGUCACGUTT-3"; and anti-
sense: 5'-~ACGUGACACGUUCGGAGAATT-3". HepG2 cells
were seeded at a density of 80-90% and were transfected with
20 uM CYP4A1l small interfering RNA (siRNA) or 20 uM
CYP4All plasmid using Lipofectamine 2000 (Invitrogen;
Thermo Fisher Scientific, Inc.) according to the manufacturer's
protocol. Following 6 h, the culture medium was changed and
the FFA (1 mM) solution was added to the cells for 24 h.

Western blot analysis. HepG2 cells were lysed with RIPA
lysis buffer (Beyotime Institute of Biotechnology) containing
1 mM phenylmethylsulfonyl fluoride. The upper supernatant
was collected following centrifugation at 4,024 x g at 4°C for
30 min. The supernatant was quantitatively administered using
a BCA protein kit. The protein (10 pl/lane) was separated by
10% SDS-PAGE. The proteins were electrotransferred to
PVDF membranes (EMD Millipore). The membranes were
washed in TBS-0.5% Tween-20 buffer following blocking
with 5% fat free milk powder for 2 h at room temperature
and incubated with the specific primary antibodies at 4°C
overnight. Horseradish peroxidase-conjugated goat anti-rabbit
IgG or anti-mouse IgG antibodies(1:5,000, cat. nos. ZB-2301
or ZB-2305; Beijing Zhongshan Golden Bridge Biotechnology
Co., Ltd.; OriGene Technologies, Inc.). were used for 1 h at
room temperature for signal detection. The membrane was
developed with enhanced chemiluminescence (Thermo Fisher
Scientific, Inc.). Quantitative densitometric analyses of western
blot gel images were performed using Image J 1.45s software
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Table I. Clinical and biochemical features of the patient cohort.
Parameters Control group NAFLD group P-value
Sex (male/female) 25/5 44/15 -
Age, years (range, 24-91) 54.57+17.30 52.53+15.79 0.58
ALT, U/l (9-50)* 25.37+13.81 30.56+16.47 0.09
AST, U/l (15-40)* 20.47+6.98 22.76+6.38 0.03°
BMI, kg/m? 21.43+1.83 25.53+2.37 0.06
TG, mmol/l (0.56-1.70) 1.52+1.69 247+1.60 0.04°
VLDL, mmol/1 (0.21-0.60)* 0.56+0.26 0.92+0.56 0.04°

"The values in the brackets represent the normal range. °P<0.05 vs. control. The data are expressed as the mean + standard deviation. ALT,
alanine transaminase; AST, aspartate transaminase; BMI, Body Mass Index; TG, triglyceride; VLDL, very-low-density lipoprotein cholesterol.

(National Institutes of Health). The following primary anti-
bodies were used: CYP4AL11 (1:1,000; cat. no. DF4749; Affinity
Biosciences), p65 (1:500; cat. no. 21014; Signalway Antibody
LLC), phosphorylated (p)-p65 (1:500, 11014; Signalway
Antibody LLC), and (-actin (1:1,000; cat. no. TA-09; Beijing
Zhongshan Golden Bridge Biotechnology Co., Ltd.; OriGene
Technologies, Inc.).

Measurement of oxidative stress activity. ROS levels were
measured using a ROS kit (Shanghai Beibo Biotechnology Co.,
Ltd.) according to the manufacturer's protocol. The fluorescent
probe 2'.7'-dichlorofluorescein (DCF) diacetate was added to
HepG2 cells at 10 xM and the cells were collected following
incubation for 20 min at 37°C in the dark. The fluorescence
intensity of DCF was excited at 488 nm and the emission was
detected at 525 nm using an inverted fluorescence microscope
(magnification x10). Fluorescence intensity was quantified
using Image J.

Measurement of malondialdehyde (MDA) and superoxide
dismutase (SOD) levels. Following cell collection, the HepG2
cells were lysed and centrifuged at 4,024 x g for 30 min at 4°C
to obtain the supernatant samples. The levels of MDA were
determined using an MDA assay kit (Beyotime Institute of
Biotechnology) and SOD was measured using a SOD assay
kit (Beyotime Institute of Biotechnology) according to the
manufacturer's protocol. The protein concentration levels in
the lysates were determined using a BCA protein assay kit
(Beyotime Institute of Biotechnology). The results from the
MDA and SOD assays are presented as nmol/mg and U/mg
protein, respectively.

Determination of mRNA levels using reverse transcrip-
tion-quantitative polymerase chain reaction (RT-qPCR).
Total RNA was extracted from cultured HepG2 cells using
the TRIzol reagent (Invitrogen; Thermo Fisher Scientific,
Inc.). The RNA was eluted with RNase-free water and the
concentration was measured by UV detection at 260 nm.
Subsequently, cDNA was synthesized using the Transcriptor
First-Strand cDNA Synthesis kit (Takara Bio, Inc.). gPCR
was performed with SYBR-Green Master Mix (Takara Bio,
Inc.). The thermocycling conditions were as follows: Initial
denaturation at 95°C for 30 sec, followed by 40 cycles of 95°C

for 10 sec and 60°C for 30 sec. The RT-qPCR primers were
purchased from Sangon Biotech Co., Ltd. The fold-change
for mRNA relative to 3-actin was determined using the 2-44%
method (19). The specific primer sequences were as follows:
CYP4A1l (human) forward, 5~ACGGCTTGCTCCTGTTGA
ATGG-3'; CYP4All reverse, 5-AGAGGTCAGGCTGTAGAT
GGTGTC-3"; IL-6 (human) forward, 5'-CACACAGACAGC
CACTCACC-3'; IL-6 reverse, 5-AGTGCCTCTTTGCTG
CTTTC-3"; TNF-a (human) forward, 5'-AACCTCCTCTCT
GCCATCAA-3"; TNF-a reverse, 5'-CTGAGTCGGTCACCC
TTCTC-3'; IL-1f forward, 5'-GGACAAGCTGAGGAAGAT
GC-3'; IL-1p reverse, 5-TCGTTATCCCATGTGTCGAA-3"
fB-actin forward, 5" TTGCTGACAGGATGCAGAA-3'; and
B-actin reverse, 5'-~ACCAATCCACACAGAGTACTT-3".

Statistical analysis. The data are expressed as the mean =+ stan-
dard deviation. Pearson correlation analysis was used to analyze
correlation between variables. A Student's t-test, or one-way
analysis of variance followed by Tukey post hoc test were used
to compare the differences among the various groups. P<0.05
was considered to indicate a statistically significant difference.
All statistical analyses were performed with the SPSS v.16.0
software (SPSS, Inc.).

Results

Detection of LPO and CYP4All levels in plasma samples.
The clinical and biochemical characteristics of the patients
with NAFLD and of the control subjects involved in the
present study are presented in Table I. A total of 77.5% of the
participants were male, with an age range of 24-91 years. No
significant differences were noted in the ALT levels between
the patients with NAFLD and the control subjects, whereas
the AST levels were slightly increased in the patients with
NAFLD. However, this increase was not significant, and the
levels were within the normal range of reference values. In
contrast to these results, the mean BMI value of the patients
with NAFLD was significantly increased compared with
that noted for the healthy subjects, and this value exceeded
the threshold of obesity according to the body-mass index for
Asian populations (20). Plasma VLDL and TG levels in the
patients with NAFLD were significantly increased compared
with those of the control subjects.
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Figure 1. Linear association between plasma CYP4All and LPO levels in patients with NAFLD. Plasma samples were used to compare the changes in
CYP4A11 and LPO between the patients with NAFLD and healthy controls. (A and B) Plasma (A) CYP4A11 and (B) LPO levels were determined by ELISA.
(C) Correlation plots with linear regression comparing changes in the levels of CYP4A11 and LPO. The results are presented as the mean =+ standard deviation.
“P<0.01 vs. control. CYP4A11, cytochrome P450 4A11; LPO, lipid peroxidation products; NAFLD, nonalcoholic fatty liver disease.

Plasma LPO levels were apparently elevated in the patients
with NAFLD compared with those observed in the control
subjects (Fig. 1). The plasma levels of CYP4A1l in the patients
with NAFLD were significantly increased compared with those
noted in control subjects. The levels of LPO were increased in
a similar trend as that observed in the CYP4Al1 levels in the
patients with NAFLD. Further linear regression mapping indi-
cated that these two parameters were closely associated (r=0.86).

Lipid accumulation in FFA-treated HepG2 cells. The effects
of FFA treatment on lipid accumulation were confirmed by Oil
Red O staining (Fig. 2A). The results indicated that the intracel-
lular lipid deposition in the FFA-treated group was considerably
increased compared with that of the control group. However,
following the addition of HET0016 to the FFA-treated HepG2
cells, the level of lipid deposition was significantly decreased.
The highest degree of lipid deposition was observed in the pres-
ence of clofibrate + FFA solution. The levels of the intracellular
TGs followed the same trend (Fig. 2B).

Effect of FFA on the transaminase levels of HepG2 cells.
Following FFA stimulation of the cells for 24 h, the cell super-
natant was collected for ALT and AST determination and the
results are shown in Fig. 2C. The results demonstrated that the
levels of ALT and AST in the supernatant were increased in the
FFA-treated HepG2 cells compared with those noted in the normal
control group. HET0016 treatment decreased FFA-induced ALT
and AST activity, whereas clofibrate promoted the FFA-induced
activity of ALT and AST.

Detection of CYP4All expression in FFA-treated HepG?2
cells. CYP4AL11 levels were detected following FFA treatment
of HepG2 cells. The protein and mRNA expression levels of
CYP4AL11 were elevated in FFA-treated HepG2 cells compared
with those of the normal control group (Fig. 2D and E).
In addition, western blot analysis and RT-qPCR analysis
demonstrated that clofibrate treatment resulted in a significant
upregulation in the expression level of CYP4All. In addition,
FFA-induced CYP4All expression in HepG2 cells was inhib-
ited by HET0016 treatment.

Association between CYP4All and oxidative stress.
Pre-treatment of the HepG2 cells with FFA for 24 h increased
the intracellular ROS content compared with that observed in
the control group. In addition, the levels of ROS were signifi-
cantly increased in the clofibrate group, as demonstrated by
fluorescence detection. Conversely, HET0016 significantly
inhibited the intracellular ROS production compared with that
of the clofibrate group (Fig. 3A and B). The changes noted in
the MDA levels were in accordance with the trend noted for the
ROS levels among the different treatment groups. In contrast
to the ROS and MDA levels, SOD levels were decreased
following an increase in ROS levels (Fig. 3C and D).

Effects of CYP4All on inflammatory cytokine produc-
tion in FFA-treated HepG2 cells. The expression levels
of CYP4A1l were elevated following the transfection of
pcDNA3.1-CYP4A11 into the HepG2 cells, as determined by
western blot analysis and RT-qPCR. The levels of CYP4A11 in
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Figure 2. Effects of FFA, clofibrate and HET0016 on Oil Red staining, TG and CYP4A11 synthesis in HepG2 cells. HepG2 cells were treated with FFA (1 mM)),
FFA + clofibrate (100 #M) or FFA + HETO0016 (1 xM) solution for 24 h. (A) Lipid droplets in HepG2 cells were stained with Oil Red O. Scale bar, 200 pym.
(B) The effects of these treatments on TG content in HepG2 cells was measured. (C) ALT and AST level in FFA-induced HepG2 cells. (D) The mRNA level
of CYP4A11 was examined by reverse transcription-quantitative polymerase chain reaction. (E) The protein level of CYP4A11 was assessed by western blot
analysis. The results are presented as the mean + standard deviation. “P<0.05 and “"P<0.01 vs. control. “P<0.05 and *P<0.01 vs. HET0016 group. FFA, free fatty
acids; TG, triglyceride; CYP4AL11, cytochrome P450 4A11; ALT, alanine aminotransferase; AST, aspartate aminotransferase.

the pCDNA3.1-CYP4A11 group were significantly increased
compared with those of the model group (Fig. 4A and B).
Moreover, the expression levels of the inflammatory cytokines
TNF-a, IL-6 and IL-1f were examined by RT-qPCR. The
expression levels of TNF-a, IL-6 and IL-1f were significantly
increased in the pCDNA3.1-CYP4A11 group (Fig. 4E). The
role of CYP4A11 on the secretion of inflammatory cytokines
was further confirmed by transfection of siRNA-CYP4All.
The results demonstrated that the mRNA and protein expres-
sion levels of CYP4All in the siRNA-CYP4All group were
significantly decreased (Fig. 4C and D). With regard to inflam-
matory cytokine secretion, RT-qPCR analysis demonstrated
that CYP4A11 gene silencing inhibited the expression levels of
TNF-a, IL-6 and IL-1p (Fig. 4F).

Effect of CYP4All on the NF-«B signaling pathway in vitro.
The expression levels of the primary protein associated with

the NF-«kB signaling pathway were detected by western
blot analysis. The levels of p-p65 were apparently increased
following the overexpression of CYP4A1l compared with
those of the vector group (Fig. 4B). CYP4A11-siRNA inhibited
the expression of p-p65 compared with that of the siRNA-NC
group (Fig. 4D).

Discussion

It has been demonstrated that CYP4A activity is mediated
via peroxisome proliferator-activated receptor o (PPAR«)
activation and that it is involved in hepatic fatty acid disposal,
leading to an increase in the levels of ROS and LPO (21).
A previous study considered CYP4A as a potential target
for the treatment of fatty liver disease (22). CYP4A induces
oxidative stress by enhancing NADPH-dependent superoxide
anion generation. The primary sources of ROS production
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Figure 3. Effects of FFA, clofibrate and HET0016 on the synthesis of ROS, MDA and SOD in HepG2 cells. FFA induced hepatic oxidative stress and lipid
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the experimental groups. The results are presented as the mean + standard deviation. "P<0.05 and “P<0.01 vs. control. “P<0.05 vs. HET0016 group. FFA, free
fatty acids; ROS, reactive oxygen species; MDA, malondialdehyde; SOD, superoxide dismutase.

that can cause oxidative stress damage to the cells are H,0,,
singlet oxygen and lipid hydroperoxides (23,24). Excessive
levels of ROS are the result of a disruption of the homeostasis
between ROS production and the antioxidant system (25).
Mitochondrial CYP2E] is a direct source of ROS and it has
also been demonstrated to have a greater ability to generate
ROS compared to CYP3A4 and CYPI1A1 (26,27). CYP2E1
and CYP4A are vital hepatic microsomal oxidases associ-
ated with fatty acid oxidation and the formation of ROS and
NOS (24). In addition, similar to CYP2E1, CYP4A is an
alternative initiator of oxidative stress and promotes LPO in
non-alcoholic steatohepatitis (NASH) (22). Although CYP4A
serves an important role in the regulation of oxidative stress
and LPO during a high-fat diet, it is not clear whether it
promotes the development of NAFLD. CYP4A11 is consid-
ered to be an active w-hydroxylase in the human liver and is
a major member of the human CYP4A family of enzymes.
Another member of the human CYP4A family is the enzyme
CYP4A22, which is not considered to serve a major role in the
metabolism of fatty acids, as its expression level is extremely
low in the human liver (28). In the present study, the functional
role of CYP4A11 was primarily investigated.

It was initially demonstrated that the expression levels
of CYP4A11 were increased in the plasma of patients with
NAFLD, as determined by ELISA. Although this method did

not directly determine the amount of protein per liver tissue,
it was considered to be a rough estimation of the changes that
occurred in the expression of CYP4A1l in the liver of patients
with NAFLD. This is due to the limited applications of liver
biopsy methods, which are not commonly used to detect the
presence of NAFLD. Therefore, it is particularly difficult
to obtain liver tissue. Plasma LPO levels were measured by
ELISA. The present study sought to identify a potential asso-
ciation between CYP4A11 expression and LPO levels in the
plasma of patients with NAFLD. CYP4A is associated with
hepatic microsomal LPO and previous studies have reported
that this enzyme may be responsible for the increase of
in vitro microsomal LPO (14,21). The present data indicated
that hepatic CYP4A11 was significantly increased and that the
plasma LPO levels were upregulated in patients with NAFLD.
The linear regression between CYP4A11 expression and LPO
levels indicated that they were highly correlated. The present
study suggested that CYP4A11 was involved in LPO in patients
with NAFLD.

The majority of the aforementioned studies involved animal
experiments. In order to further understand the mechanism of
the association between CYP4A11 expression and LPO levels
in vitro, cell-based assays were conducted in the present study.
An in vitro NAFLD model was established by pre-treating
HepG2 cells with FFAs, which was similar to certain previ-
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ously described in vivo NAFLD models (29). FFA is a suitable
stimulus for HepG2 cells as it is more steatogenic and causes
less damage compared with PA, thereby increasing intracellular
TG accumulation (18). In the present study, the results demon-
strated that the expression levels of CYP4A1l in HepG2 cells
treated with FFA were significantly increased, corresponding
to the high CYP4A expression induced by high-fat diet or
methionine and choline-deficient diet in animal models (30,31).
This is attributed to a large amount of FFA entering the cell that
can maximize B-oxidation in the mitochondria, leading to the
activation of the peroxisome [3-oxidation and the microsomal
w-oxidation pathways, which in turn increases CYP4All
expression (32). Clofibrate, a PPARa agonist, increases the
expression of CYP4A (33). The addition of clofibrate to FFA
will further increase the expression of CYP4A1l. HET0016
is a known CYP4 family inhibitor that selectively inhibits the
formation of 20-HETE (34). In the present study, the highest
expression level of CYP4All1 protein was observed following
addition of clofibrate, whereas HET0016 treatment decreased
the expression levels of CYP4A11 to approximately the same
levels as those noted for the normal group. CYP4A enzymes
have been demonstrated to induce liver fat accumulation by
increasing the expression of platelet glycoprotein 4 (22). The
present study demonstrated that the increase in the expression
levels of CYP4All increased the synthesis of TG, while the
inhibition of CYP4A11 expression decreased the synthesis
of TG. Therefore, CYP4A11 was closely associated with the
production of TG, affecting the lipid toxicity of HepG2 cells
and the increase in the levels of ALT and AST.

Elevated plasma FFA concentration leads to high intra-
cellular ROS production due to the metabolism of FFAs in
the mitochondria, peroxisomes and microsomes, which are
considered the primary sources of ROS that cause oxidative
stress (15,35). The present study demonstrated that clofi-
brate-induced CYP4A11 expression may increase ROS levels
by increasing FFA, while HET0016 attenuated ROS produc-
tion by inhibiting CYP4A11 expression. These data indicated
that CYP4A11l may promote the production of ROS. ROS
induces LPO of membranes leading to cell necrosis or apop-
tosis. If ROS scavengers are used, we hypothesize that ROS
scavengers will greatly decrease cytotoxic damage, but they
may have little effect on the CYP4A11 effect. MDA is released
as a result of LPO, which triggers a harmful immunological
response to liver cells (36). In the present study, the severity of
the antioxidant system disorders was reflected by the decrease
of SOD concentration and the increased deposition of MDA,
which were closely associated with the increase in ROS levels.

FFAs may be considered important mediators of lipo-
toxicity due to their potential cytotoxicity. In addition, they
can lead to excessive accumulation of lipids and further
stimulate TNF-a expression (37). ROS production and the
products of LPO have been identified as a trigger for the
production of proinflammatory cytokines, which in turn leads
to neutrophil chemotaxis and development of diverse lesions
in NASH subjects (38). The present study demonstrated that
the mRNA expression levels of TNF-a, IL-6 and IL-15 were
significantly increased in the FFA-treated HepG2 cells. The
expression levels of CYP4A11 were controlled at the genetic
level, in order to cause an amplification of its effect on the
expression of pro-inflammatory cytokines. The expression
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levels of TNF-a, IL-6 and IL-1p3 were increased following
pCDNA3.1-CYP4A11 transfection into the cells. In contrast to
this model, knockdown of CYP4A11 was achieved by siRNA
transfection. The mechanism by which CYP4A11 regulates the
expression of pro-inflammatory cytokines may be due to ROS
and lipid peroxide production induced by CYP4A11. Excess
ROS production and release of pro-inflammatory cytokines
can activate NF-Kb (39,40). ROS levels can activate and inhibit
NF-«B signaling. The interaction between ROS and the NF-«xB
pathway is complex (41). The present study further investigated
whether ROS induction by CYP4Al1 affected the activation of
the NF-«B signaling pathway. The data confirmed that upreg-
ulation of CYP4A11 by pCDNA3.1-CYP4A11 increased the
expression levels of the NF-kB signaling pathway-associated
protein p-p65. In addition, a reverse trend was noted in the
presence of si-CYP4A11. This result suggested that CYP4A11
may affect the activation of the NF-kB signaling pathway,
which may be mediated by ROS production (Fig. 5).

Taken collectively, the data of the present study demon-
strated the significant role of CYP4All in the metabolism of
fatty acids. CYP4A1l may serve as a mediator of oxidative
stress and LPO. However, additional experimental studies
are required to fully investigate the mechanisms of fatty acid
metabolism by CYP4A1l, in order to aid the development of
novel therapeutic strategies for the treatment of NAFLD.
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