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Nonalcoholic fatty liver disease (NAFLD) is characterized by simple
hepatic steatosis (SS), nonalcoholic steatohepatitis (NASH), hepatic
fibrosis, and cirrhosis. Dysregulated fatty acid metabolism in the
liver plays a critical role in the pathogenesis of NAFLD. Cytochrome
P450 omega-hydroxylase 4A14 (CYP4A14) is a homolog of human
CYP4A hydroxylase that catalyzes omega-hydroxylation of medium-
chain fatty acids and arachidonic acid in mice. The goal of this study
was to determine the role of CYP4A14 in the development and the
progression of NAFLD. Here, we showed that hepatic CYP4A expres-
sion was up-regulated in the livers of patients and three murine
models of NAFLD. Adenovirus-mediated overexpression of CYP4A14
in the livers of C57BL/6 mice resulted in a fatty liver phenotype with
a significant increase in hepatic fatty acid translocase (FAT/CD36)
expression. In contrast, CYP4A14 gene-deficient mice fed a high-
fat diet or a methionine and choline-deficient (MCD) diet exhibited
attenuated liver lipid accumulation and reduced hepatic FAT/CD36
expression. In addition, hepatic inflammation and fibrosis was
markedly ameliorated in MCD diet-fed CYP4A14-deficient mice.
Collectively, CYP4A14 plays an important role in the pathogenesis
of both SS and NASH and may represent a potential therapeutic
target for the treatment of NAFLD.

NAFLD | arachidonic acid | fatty acid | inflammation | hepatic fibrosis

ith the increasing incidence of obesity, diabetes, and

metabolic syndrome in the general population, nonalco-
holic fatty liver disease (NAFLD) is emerging as one of the most
common causes of chronic liver disease (1). NAFLD manifests as
a histological spectrum of diseases, starting with steatosis (SS)
and then possibly progressing to nonalcoholic steatohepatitis
(NASH). Hepatic SS is generally thought to be a benign liver
lipid accumulation in the absence of histological evidence of
hepatocellular injury. However, NASH refers to hepatic steatosis
with varying degrees of inflammation, hepatocyte damage, and
progressive fibrosis (2). It is generally believed that an imbalance
between lipid availability (from circulating lipid uptake or de
novo lipogenesis) and lipid disposal (via fatty acid oxidation or
triglyceride-rich lipoprotein secretion) initiates hepatic lipid ac-
cumulation, which eventually triggers oxidative stress, meta-
bolic inflammation, hepatocyte injury, and extracellular matrix
accumulation (3).

The hepatic cytochrome P450 (CYP450) enzyme family pos-
sesses NAPDH monooxygenase activity and catalyzes the oxida-
tive metabolism of many exogenous and endogenous chemicals.
Increasing evidence demonstrates that some members of the
CYP450 family may contribute to the pathogenesis of NAFLD.
For example, it has been reported that CYP2E1 plays an impor-
tant role in promoting the development of NASH by initializing
lipid peroxidation due to increased reactive species production
(4). The CYP4 family of cytochrome P450s catalyzes omega-
hydroxylation of saturated, branched chain, and unsaturated
fatty acids. The cytochrome P450 4A (CYP4A) subfamily is one

WWww.pnas.org/cgi/doi/10,1073/pnas.1700172114

of 18 subfamilies that constitute the CYP4 family and consists of
20 individual forms in nine different mammalian species (5, 6).

In mice, the CYP4A family has four members designated as
CYP4A10, CYP4A12a, CYP4A12b, and CYP4A14 (5, 7-9).
Mouse CYP4A14 has shown strain-specific expression pattern and
is female-predominant in the liver, where its expression is selec-
tively induced by peroxisome proliferator-activated receptor alpha
(PPARa) (6, 10, 11). It has also been reported that hepatic
CYP4A14 expression levels were significantly increased in ob/ob
mice and db/db mice, two murine models of spontaneous
nonalcoholic fatty liver disease (12-14). In addition, in two diet-
induced mouse models of NAFLD, including high-fat diet (HFD)-
induced simple steatosis (SS) or methionine and choline-deficient
diet (MCD)-induced NASH, CYP4A14 levels were markedly up-
regulated in the liver (7, 8, 15). Inhibition of CYP4A attenuates,
whereas induction of CYP4A promotes, hepatic ER stress, insulin
resistance, and apoptosis in diabetic mice (16). Moreover, similar
to CYP2EI1, CYP4A enzymes, especially CYP4A14 and CYP4A10,
have been reported to be alternative initiators of oxidative stress in
experimental NASH (4). These findings suggest that CYP4A, in
particular CYP4A14, may have an important role in the patho-
genesis of insulin resistance and NAFLD.

To date, the role of CYP4A in the regulation of hepatic lipid
metabolism and in the development of NAFLD remains largely
unclear. In this study, we tested the hypothesis that hepatic CYP4A14
plays a critical role in the pathogenesis of SS and NASH. We found
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that CYP4A14 was markedly up-regulated in both patients and
murine models with NAFLD. We then demonstrated that hepatic
overexpression of CYP4Al4 increased lipid accumulation in the
livers of wild-type mice, whereas CYP4A14 gene deficiency pre-
vented the development of SS and NASH in HFD- and MCD-
induced NAFLD in mice. Together, our findings provide evidence
that CYP4A14 is critical for the development of SS and NASH.

Materials and Methods

Animals and Treatments. Wild-type 129/Sv) breeders were purchased at
8 weeks of age from the Jackson Laboratory. CYP4A14 gene knockout
(cyp4a14~'") mice were a gift from J. Capdevila at Vanderbilt University,
Nashville, TN. Animals were housed under a 12:12-h light/dark cycle and
permitted ad libitum consumption of water and diet. Eight-week-old male
C57BL/6 mice (Department of Experimental Animals, Peking University) were
used to determine CYP4A14 expression in the liver. All procedures were
approved by the Institutional Animal Care and Use Committee of Peking
University Health Science Center. To overexpress CYP4A14 in the liver, 1.0 x
10° plaque-forming units (pfu) of Ad-CYP4A14 or Ad-GFP were injected into
the tail veins of C57BL/6 mice. On the seventh day after viral injection, the
animals were killed for further experimental analysis. A 45% high-fat diet
(HFD; MD12032) and an otherwise identical diet with 10% fat (control diet;
MD12031) were purchased from Medicience Ltd. (Yangzhou, China). Mice
were fed either the control diet or the HFD ad libitum for 8 wk. In addition, a
methionine and choline-deficient diet MCD diet (MCD; MD12052) and an
otherwise identical diet sufficient in methionine and choline (MCD control;
MD12051) (Medicience) were obtained to feed C57BL/6 mice ad libitum
for 4-8 wk. The mice were not fasted before sample collection. After
performing isoflurane anesthesia, blood was collected from the vena cava to
isolate serum. Sections of livers from the left lateral lobes were fixed in
4% (wt/vol) paraformaldehyde, then fixed in 20% (wt/vol) sucrose, and fi-
nally embedded in paraffin or optimal cutting temperature (OCT) com-
pound. The remaining livers were snap-frozen in liquid nitrogen.

Measurement of Hepatic Triglyceride and Serum Chemistry. Hepatic triglyc-
eride levels were analyzed as described (17). The activity of serum alanine
aminotransferase (ALT) and aspartate aminotransferase (AST) were mea-
sured at the Third Hospital of Peking University.

Analysis of Hepatic Malondialdehyde Levels. The extent of lipid peroxidation
in the liver homogenate was evaluated by measuring the concentration of
the thiobarbituric acid-reactive product, malondialdehyde (MDA), using an
MDA assay kit (Beyotime Biotechnology).

Immunohistochemistry. Liver samples from patients with NAFLD were pro-
vided by J. Fan at Shanghai Jiaotong University School of Medicine, Shanghai,
China. The use of human samples was approved by the Institutional Human
Ethical Committee of Xinhua Hospital and informed consent was obtained.
Mouse livers were fixed, dehydrated, and embedded in paraffin wax. Fixed
liver sections (5 pm) were incubated with an anti-CYP4A antibody (1:100)
or an anti-a-SMA antibody (1:400) overnight at 4 °C and then with a
polyperoxidase-conjugated goat anti-rabbit IgG (Zhongshan Golden Bridge)
for 30 min at 37 °C. The slides were counterstained with hematoxylin.

Quantitative RT-PCR Analysis. Total RNA was extracted from the frozen liver
tissues by using a High Purity Total RNA Extraction Kit (BioTeke). Five mi-
crograms of total RNA from each sample were reverse-transcribed into
complementary DNAs (cDNAs). Each cDNA sample was diluted by a factor of
1:100, and 5 pL were used as a template in each PCR (Thermo). The quan-
titative PCR was performed on an Agilent Mx3000P PCR System (Agilent
Technologies) by using the TransStart Top Green qPCR SuperMix (Transgen).
Expression levels of the target genes were normalized against an endoge-
nous reference gene, glyceraldehyde 3-phosphate dehydrogenase (GAPDH).
For each sample and each gene, PCR was carried out in duplicate and re-
peated a few times. The specific primer sequences are listed in Table S1.

Western Blot Analysis of Hepatic Proteins. To determine the expression levels
of selected proteins, 80 pg of liver protein was separated by 8% (wt/vol) SDS
gel. Western blot analysis was performed as described (17) by using anti-
bodies including anti-EIF5 (1:3,000, SC-282; Santa Cruz), anti-CYP4A14
(1:500, SC-46087; Santa Cruz), anti-CD36 (1:1,000, AB-133625; Abcam), anti-
COL1A2 (1:1,000, BS-1530), anti-a-SMA (1:1,000, SIGMA-A2547; Sigma). An
immunoblot was performed, and the membrane was developed with en-
hanced chemiluminescence (ECL).
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Statistical Analysis. The significance of variability was evaluated by unpaired
two-tailed Student'’s t test. P < 0.05 was considered statistically significant.

Results

Up-Regulation of Hepatic CYP4A14 in Murine Models of NAFLD. To
test the possibility that hepatic CYP4A is involved in the patho-
genesis of NAFLD, we measured hepatic CYP4A14 expression
levels in three murine models of NAFLD. We first tested
CYP4A14 expression in two murine models of simple steatosis
(SS), i.e., HFD-fed mice and db/db mice. After feeding normal
C57BL/6 mice with a HFD, hepatic CYP4A14 protein levels were
increased ~threefold compared with the mice fed with a normal
diet (Fig. 14). Similarly, in db/db mice, a genetic model of
NAFLD, CYP4A14 protein expression was significantly increased
in the livers compared with db/m control mice (Fig. 1B). Then, we
generated a mouse model of NASH by feeding the mice with a
MCD diet (18), which exhibited a marked increase in hepatic
CYP4A14 protein levels (Fig. 1C). Furthermore, enhanced he-
patic CYP4A14 protein expression was accompanied with a sig-
nificant increase in CYP4A14 mRNA levels in all three murine
models of NAFLD (Fig. 1 D-F). Collectively, these findings sup-
port the possibility that increased CYP4A1l4 expression may
contribute to the development of SS and NASH in mice.

To further investigate the correlation between CYP4A and
NAFLD, we also examined expression levels of CYP4A, a ho-
molog of mouse CYP4A14, in liver samples of healthy humans
and patients with NAFLD. As shown in Fig. S1, both Western
blot (Fig. S14) and immunohistochemistry (Fig. S1B) assays
showed that CYP4Al11 expression was significantly up-regulated
in the livers of patients with NAFLD. Together, these findings
suggest CYP4A family may play an important role in the path-
ogenesis of NAFLD in both mice and human.

Overexpression of Hepatic CYP4A14 Causes Hepatic Lipid Accumulation.
To further demonstrate that CYP4A14 is involved in the devel-
opment of NAFLD, we overexpressed CYP4A14 in the livers of
wild-type mice via an adenovirus-based approach. Hepatic over-
expression of CYP4A14 was achieved by tail vein injection of an
adenovirus expressing CYP4A14 (Ad-cyp4al4), which was vali-
dated by a significant increase in CYP4A14 mRNA and protein
levels (Fig. 2 A and B). CYP4Al4-overexpressing livers exhibited
excessive neutral lipid deposition as assessed by Oil Red O
staining (Fig. 2C) and a significant increase in hepatic triglyceride

A ND__ _HFD B dbim _dbidb C ND_MCD
cypaaldfE S cYpAl[E T meme— N~ T |
EIFs [ ELFS S ey ]

*e

ND db/m db/db MCD

ND HFD B db/m db/db ND MCD

Fig. 1. Up-regulation of CYP4A14 expression in the livers of three murine
models of NAFLD. (A—C) Western blot analysis showing a significant increase in
hepatic CYP4A14 protein expression in HFD-fed mice (4), db/db mice (B), and
MCD-fed mice (C), respectively. *P < 0.05, **P < 0.01, n = 3. (D-F) Real-time PCR
assay demonstrating that CYP4A14 mRNA expression was significantly in-
creased in HFD-fed mice (D), db/db mice (E), and MCD-fed mice (F), respectively.
**P < 0.01, n = 6. Data are presented as mean + SEM. ND, normal diet.
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content (Fig. 2D). To elucidate the underlying mechanism respon-
sible for CYP4Al4-induced hepatic lipid accumulation, we de-
termined expression levels of genes involved in hepatic lipogenesis
(FAS and ACC1), lipid p-oxidation (CPT-1lo and AOX), lipid se-
cretion (MTP and apoB), and fatty acid uptake (FAT/CD36 and
LFABP). Among these genes, only FAT/CD36 was found to be up-
regulated in CYP4A14-overexpressing livers (Fig. 2E). Consistently,
protein expression of FAT/CD36 was also significantly increased in
the livers with CYP4A14 overexpression (Fig. 2F).

CYP4A14 Gene Knockout Mice Are Resistant to HFD-Induced Hepatic
Steatosis. To further determine the role of CYP4A14 in hepatic
lipid metabolism, we fed wild-type and CYP4A14 gene knockout
(cyp4al4~'7) mice with a high-fat diet for 2 mo. Compared with
HFD-fed wild-type mice, cyp4al4~'~ mice exhibited a significant
reduction in hepatic lipid contents as assessed by Oil Red O
staining (Fig. 34) and liver triglyceride measurements (Fig. 3B).
Although mRNA expression of FAS, AOX, and FAT/CD36 was
induced in the livers of both genotypes after HFD feeding, the
levels were much lower in cyp4al4~~ mice than in wild-type mice
(Fig. 3C). Consistently, HFD-induced hepatic FAT/CD36 pro-
tein expression was significantly reduced in cyp4al4~'~ mice
compared with wild-type mice (Fig. 3D). Interestingly, in the
livers of cyp4al4~'~ mice, mRNA expression of CYP4A10 and
CYP4A12 was significantly reduced (Fig. S2).

To further test the role of CYP4A14 in hepatic lipid uptake,
mouse liver cells were cultured by using wild-type and cyp4al4 ™~
mice. CYP4A14 gene deficiency significantly reduced the uptake
of free fatty acid (Fig. S3 4 and B) and the expression of palmitic
acid-induced FAT/CD36 mRNA and protein (Fig. S3 C and D).
In addition, because it has been reported that CYP4A14 gene is
sexually dimorphically expressed and may exhibit phenotypic sex
differences (19), we also determined the effect of HFD on he-
patic lipid metabolism in female mice. As shown in Fig. S4,
female CYP4A14 knockout mice were also resistant to HFD-
induced hepatic steatosis.

**

Ad-GFP Ad-4A14 Ad-GFP Ad-4A14

*

Ad-GFP Ad-4A14

Ad-GFP Ad-CYP4AL4

CAd-GFP
- WAd-4A14

0
FAS ACCl1 CPTla AOX CD36 LFABP apoB MTTP

Lipogenesis FA oxidation FA uptake VLDL secretion

Ad-GFP Ad-4A14

Fig. 2. Hepatic CYP4A14 overexpression increased hepatic triglycerides ac-
cumulation. Male C57BL/6 mice were i.v. injected with 1.5 x 10° pfu control
adenovirus (Ad-GFP) (n = 7) or a CYP4A14 (Ad-cyp4a14) expressing adenovirus
(n =7) for 7 d. (A) Western blot analysis of CYP4A14 protein expression in the
liver. **P < 0.01, n = 4. (B) Quantitative RT-PCR analysis of CYP4A14 mRNA
levels in the liver. **P < 0.01, n = 7. (C) Oil Red O staining showing increased
neutral lipid accumulation in Ad-CYP4A14-infected livers. (Magnification:
200x.) (D) Levels of hepatic triglycerides. *P < 0.05, n = 7. (E) Quantitative
RT-PCR analysis of mRNA levels of genes involved in hepatic lipid metabolism.
*P < 0.05, n = 7. (F) Western blot _analysis demonstrating increased CD36
protein expression in Ad-CYP4A14-infected livers. *P < 0.05, n = 4. Data are
presented as mean + SEM. FA, fatty acid; VLDL, very low-density lipoprotein.
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Fig. 3. CYP4A14 gene deficiency ameliorated HFD-induced hepatic stea-
tosis. Male wild-type littermates and CYP4A14 gene knockout mice
(cyp4a14"‘) were fed a normal diet (ND) or HFD for 8 wk. (A) Oil Red O
staining showing a marked attenuation in HFD-induced hepatic steatosis in
cyp4al4™~ mice. (Magnification: 200x.) (B) Cyp4a14~'~ mice exhibited a
significant reduction of hepatic triglycerides levels. n = 6-7. (C) Quantitative
RT-PCR analysis demonstrating that CD36 mRNA levels were significantly
decreased in the livers of HFD-fed cyp4a14"‘ mice. n = 6-7. (D) Western blot
analysis showing a reduced hepatic CD36 protein expression in the livers of
HFD-fed cyp4al4™~ mice. n = 3. Data are presented as mean + SEM.
*P < 0.05, **P < 0.01 vs. WT on ND; *P < 0.05 vs. WT on HFD.

Ablation of CYP4A14 Gene Attenuates MCD-Induced Steatohepatitis.
To test the role of CYP4A14 in the pathogenesis of NASH, wild-
type and cyp4al4~'~ mice were fed with a MCD diet for 4 wk.
Both morphological examination and Oil Red O staining showed
excessive lipid accumulation in the livers of wild-type mice. In
consistence, hepatic triglyceride contents were also significantly
increased in MCD-fed wild-type mice (Fig. 4 4 and B). However,
ablation of CYP4A14 gene markedly attenuated MCD diet-
induced hepatic steatosis (Fig. 4 4 and B). Among many genes
involved in hepatic lipid metabolism, FAT/CD36 was the gene
robustly induced by the MCD diet in both genotypes (Fig. 4 C
and D). However, MCD-induced FAT/CD36 mRNA and protein
expression was significantly attenuated in cyp4al4~/~ mice
compared with wild-type mice (Fig. 4 C and D). These findings
suggest that attenuated MCD-induced steatosis may be associ-
ated with down-regulated FAT/CD36 expression in the livers of
cyp4al4™'~ mice.

As expected, serum ALT and AST activity was increased in
mice fed with an MCD diet compared with mice fed with a
control diet (Fig. 4 E and F). Surprisingly, compared with wild-
type mice, CYP4A14 gene deficiency significantly decreased
serum ALT and AST activity (Fig. 4 E and F), suggesting that
ablation of CYP4A14 gene reduced hepatocellular injury in mice
fed with an MCD diet. In addition, CYP4A14 gene deficiency
markedly ameliorated lipid peroxidation in the livers of mice fed
with an MCD diet, as reflected by a marked reduction in hepatic
malondialdehyde (MDA) content (Fig. 4G). Importantly, MCD-
induced hepatic expression of inflammatory genes including
TNFa, MCP1, MIP2, 1P10, IL-1a, and IL-1f was also signifi-
cantly attenuated in cyp4al4~'~ mice (Fig. 4H).

To further test the role of CYP4A in hepatic steatosis, male
Sprague-Dawley rats on MCD diet were treated with TS-011, a
selective inhibitor of the synthesis of CYP4A metabolite 20-
HETE. We found that MCD diet-induced hepatic steatosis and
dysfunction were markedly attenuated by TS-011 treatment for
2 wk (Fig. S5). In addition, similar to the effect in male mice,
global deletion of CYP4A14 gene also attenuates MCD-induced
steatohepatitis in female mice (Fig. S6).
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Fig. 4. CYP4A14 deficiency ameliorated MCD-induced steatohepatitis and
liver injury. Male wild-type (WT) littermates and cyp4a’4~'~ mice were fed
with an ND (normal diet) or MCD diet for 4 wk. (A) Oil Red O staining
showing that cyp4al4~'~ mice were resistant to MCD-induced lipid accu-
mulation in the livers. (Magnification: 200x.) (B) Biochemical assay showing
that hepatic triglycerides levels were significantly lower in MCD-fed
cyp4a14”’ mice than that in MCD-fed WT mice, n = 8-9. (C) Quantitative
RT-PCR analysis showing that hepatic CD36 mRNA levels were significantly
reduced in MCD-fed cyp4a14~~ mice compared with MCD-fed WT mice, n = 8-9.
(D) Western blot analysis demonstrating that hepatic CD36 protein levels
were much lower in MCD-fed cyp4a’4~~ mice than that in MCD-fed WT
mice, n=3. (Eand F) Cyp4a14”’ mice exhibited reduced serum ALT and AST
levels after receiving a MCD diet, n = 8-9. (G) Hepatic levels of malonaldehyde
(MDA) in the liver, n = 8-9. (H) Quantitative RT-PCR analysis of mRNA levels of
proinflammatory genes in the livers, n = 8-9. *P < 0.05, **P < 0.01 vs. WT on
ND, *P < 0.05 vs. WT on MCD. Data are presented as mean + SEM.

Loss of CYP4A14 Function Reduces Hepatic Fibrosis in Mice Fed an
MCD Diet. As revealed by Masson’s staining, wild-type mice fed
with MCD diet for 8 wk exhibited portal and perisinusoidal fi-
brosis (Fig. 54). However, CYP4A14 gene deficiency significantly
attenuated hepatic fibrosis (Fig. 54). To evaluate the involvement
of CYP4A14 in the activation of hepatic stellate cells (HSC), the
expression of a-SMA (smooth muscle actin), an activated HSC
marker, was examined via an immunohistochemical assay and
Western blot analysis. Protein expression of a-SMA was markedly
increased in wild-type mice, however, only a slight increase was
observed in cyp4al4~~ mice (Fig. 5 B and C). Because of a key
role of activated HSC in hepatic fibrosis, this finding suggests that
CYP4A14 gene deficiency may suppress hepatic fibrosis by
blocking HSC activation. In support, MCD diet-induced gene
expression of profibrotic and fibrosis-related genes (COL1Al,
COL1A2, a-SMA, and TGFp1l) was markedly attenuated in
cyp4al4™"~ mice (Fig. 5 C and D). Similar to the effect in male
mice, global deletion of CYP4A14 gene also attenuates MCD-
induced hepatic fibrosis in female mice (Fig. S7).

Discussion

CYP4Al14 is a hydroxylase that catalyzes omega-hydroxylation of
medium-chain fatty acids and arachidonic acid in mice. It is
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highly expressed in the liver and kidneys. Increasing evidence has
suggested that CYP4A14 plays an important role in the patho-
genesis of hypertension (19). However, its biological function in
the liver remains largely unknown. In this study, we tested the
hypothesis that hepatic CYP4A14 plays a critical role in the
pathogenesis of NAFLD. We found that CYP4A14 was mark-
edly up-regulated in both patients and murine models with
NAFLD. We then demonstrated that hepatic overexpression of
CYP4A14 increased lipid accumulation in wild-type mouse liv-
ers. Finally, we provided evidence that CYP4A14 gene deficiency
prevented the development of HFD-induced SS and MCD-induced
NASH in mice. Collectively, these findings demonstrate a critical
role of CYP4A14 in the development of SS and NASH.

CYP4A14 is abundantly expressed in the liver. Consistent with
previous reports (7, 8, 15), the present study also showed that
hepatic CYP4A14 expression was markedly up-regulated in
three murine models of NAFLD, including db/db mice and
HFD- and MCD-induced fatty liver disease. Importantly, we
found that patients with NAFLD exhibited a marked increase in
CYP4A protein expression, which is in line with a previous
finding that CYP4A levels were significantly increased in hepatic
lipid droplets of patients with NAFLD (20). Together, these
studies indicate an important role of CYP4A in the pathogenesis
of simple steatosis and NASH.

The goal of the present study was to determine the role of
CYP4A14 in the development and the progress of NAFLD. By
using an adenovirus-based approach, we found that over-
expression of CYP4A14 in the livers of C57BL/6 mice resulted in
a fatty liver phenotype, with increased hepatic triglyceride con-
tent. In contrast, CYP4A14 gene-deficient mice fed with an HFD
exhibited markedly attenuated liver lipid accumulation. In ad-
dition, hepatic inflammation and fibrosis was markedly amelio-
rated in CYP4A14 gene-deficient mice on an MCD diet. These
findings provide clear evidence that CYP4A14 plays an impor-
tant role in the liver lipid homeostasis regulation and in the
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Fig. 5. CYP4A14 deficiency ameliorated MCD-induced hepatic fibrosis. Male wild-
type (WT) and cyp4al4™~ mice were fed with an ND (normal diet) or MCD diet for
8 wk. (A) Masson'’s staining indicating that MCD-induced hepatic fibrosis was sig-
nificantly attenuated in c¢yp4a’4”’~ mice. a, WT on ND; b, WT on MCD;
¢, CYP4A147~ on ND; d, CYP4A147~ on MCD. (Magnification: 200x.) (8) CYP4A14
gene deficiency markedly attenuated MCD-induced o-SMA protein expression in
the livers as assessed by an immunostaining analysis. n = 5-7. a, WT on ND; b, WT
on MCD; ¢, CYP4A147~ on ND; d, CYP4A147~ on MCD. (Magnification: 200x.) (C)
Western blot assay demonstrating reduced protein levels of COL1A2 and aSMA in
the livers of qyp4al4™~ mice. n = 3. (D) Quantitative RT-PCR analysis showing re-
duced mRNA levels of collagen 1a1, collagen 1a2, a-SMA, and TGFB1 in the livers of
cyp4al4™~ mice. mRNA levels of related genes of hepatic fibrosis, n = 5-7. *P <
0.05 vs. WT on ND; #P < 0.05 vs. WT on MCD. Data are presented as mean + SEM.
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pathogenesis of both SS and NASH. Therefore, CYP4A14 may
represent a potential therapeutic target for the treatment
of NAFLD.

One of the most striking findings in the present study is that
overexpression of CYP4A14 resulted in a significant increase in
hepatic FAT/CD36 expression at both the mRNA and protein
levels. Liver FAT/CD36 expression was significantly increased in
mice fed with an HFD or MCD diet. However, hepatic HFD-
and MCD-induced FAT/CD36 expression was almost completely
abolished in mice deficient for the CYP4A14 gene. These re-
sults demonstrate that CYP4A14-induced liver fat accumula-
tion may be mediated via increased expression of FAT/CD36
(21). FAT/CD36 is a membrane glycoprotein mediating cellular
long chain fatty acid uptake and a receptor for various ligands
including collagens type I and IV, VLDL, and oxidized LDL (3,
22). Recent studies indicate that increased FAT/CD36 localization/
stabilization at the plasma membrane may be a key to enhanc-
ing hepatic fat uptake and, thus, play an important role in the
progression of NAFLD with age (23). In addition, hepatic FAT/
CD36 up-regulation is associated with insulin resistance, hyper-
insulinaemia, and increased steatosis in patients with NASH (24).
More importantly, forced expression of hepatic CD36 increases
hepatic triglyceride storage in wild-type mice (25), whereas
hepatocyte-specific disruption of CD36 attenuates fatty liver in
mice on an HFD (26). Therefore, induced FAT/CD36 expression
is likely responsible for CYP4Al4-associated hepatic steatosis.
However, the underlying mechanism by which CYP4A14 enhances
hepatic FAT/CD36 expression remains unclear and warrants
further investigation.

The present study also unveils the important role of CYP4A14
in the development of NASH. In MCD-induced NASH mice,
CYP4A14 gene deficiency markedly attenuated not only lipid
accumulation, but also hepatic inflammation and fibrosis. In
both male and female mice receiving MCD diet, CYP4A14 gene
deficiency resulted in a marked reduction in mRNA levels of
inflammatory genes in the livers including IL1, TNFa, MCP1,
MIP2, and IP10. In addition, hepatic gene expression of collagen
I and a-SMA was also significantly attenuated in MCD diet-fed
CYP4A14 gene knockout mice compared with their wild-type
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littermates. Although the mechanisms by which CYP4A14 pro-
motes the development of NASH remain unclear, a previous
report that CYP4A14 may represent an alternative initiator of
oxidative stress in experimental NASH suggests oxidative stress
may be involved in this process (4). Oxidative stress has been
considered as an important “secondary hit” for NASH devel-
opment, which can promote the deterioration of liver function in
NAFLD (27). In the present study, we found that hepatic MDA
levels were significantly increased in MCD-fed wild-type mice
but were markedly attenuated in CYP4A14 gene-deficient mice.
Therefore, suppressed oxidative stress may be responsible for
improved liver function, inflammation, and fibrosis in CYP4A14
gene-deficient mice. In addition, reduced hepatic FAT/CD36
expression may also contribute to the improvement of NASH in
CYP4A14 gene knockout mice, because up-regulation of FAT/
CD36 has been reported to be associated with liver damage and
fibrosis in patients with NASH (28).

It has been reported that the CYP4Al4 gene is sexually
dimorphically expressed and may exhibit phenotypic sex differ-
ences (19). In the present study, we determined the effect of an
HFD and MCD on hepatic lipid accumulation, inflammatory,
and fibrotic processes in both genders and found almost identical
phenotypic changes in the liver. Therefore, CYP4A14 may play a
similar role in hepatic lipid homeostasis regulation and in the
pathogenesis of NAFLD in both sexes.

In summary, this study provides a link between CYP4A14 and
NAFLD. Overexpression of CYP4A14 promotes, whereas gene
disruption of CYP4A14 attenuates, HFD- and MCD-induced liver
lipid accumulation. Ablation of CYP4A14 gene markedly atten-
uates liver damage, inflammation, and fibrosis in MCD-induced
NASH. Thus, CYP4A14 may represent a potential therapeutic
target for the treatment of fatty liver, especially NASH.
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