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Yao L, Cao B, Cheng Q, Cai W, Ye C, Liang J, Liu W, Tan L,
Yan M, Li B, He J, Hwang SH, Zhang X, Wang C, Ai D,
Hammock BD, Zhu Y. Inhibition of soluble epoxide hydrolase
ameliorates hyperhomocysteinemia-induced hepatic steatosis by enhancing ␤-oxidation of fatty acid in mice. Am J Physiol Gastrointest
Liver Physiol 316: G527–G538, 2019. First published February 21,
2019; doi:10.1152/ajpgi.00148.2018.—Hepatic steatosis is the beginning phase of nonalcoholic fatty liver disease, and hyperhomocysteinemia (HHcy) is a significant risk factor. Soluble epoxide hydrolase
(sEH) hydrolyzes epoxyeicosatrienoic acids (EETs) and other epoxy
fatty acids, attenuating their cardiovascular protective effects. However, the involvement of sEH in HHcy-induced hepatic steatosis is
unknown. The current study aimed to explore the role of sEH in
HHcy-induced lipid disorder. We fed 6-wk-old male mice a chow diet
or 2% (wt/wt) high-metnionine diet for 8 wk to establish the HHcy
model. A high level of homocysteine induced lipid accumulation in
vivo and in vitro, which was concomitant with the increased activity
and expression of sEH. Treatment with a highly selective specific sEH
inhibitor (0.8 mg·kg⫺1·day⫺1 for the animal model and 1 M for
cells) prevented HHcy-induced lipid accumulation in vivo and in
vitro. Inhibition of sEH activated the peroxisome proliferator-activated receptor-␣ (PPAR-␣), as evidenced by elevated ␤-oxidation of
fatty acids and the expression of PPAR-␣ target genes in HHcyinduced hepatic steatosis. In primary cultured hepatocytes, the effect
of sEH inhibition on PPAR-␣ activation was further confirmed by a
marked increase in PPAR-response element luciferase activity, which
was reversed by knock down of PPAR-␣. Of note, 11,12-EET ligand
dependently activated PPAR-␣. Thus increased sEH activity is a key
determinant in the pathogenesis of HHcy-induced hepatic steatosis,
and sEH inhibition could be an effective treatment for HHcy-induced
hepatic steatosis.
NEW & NOTEWORTHY In the current study, we demonstrated
that upregulation of soluble epoxide hydrolase (sEH) is involved in
the hyperhomocysteinemia (HHcy)-caused hepatic steatosis in an
HHcy mouse model and in murine primary hepatocytes. Improving
hepatic steatosis in HHcy mice by pharmacological inhibition of sEH
to activate peroxisome proliferator-activated receptor-␣ was ligand
dependent, and sEH could be a potential therapeutic target for the
treatment of nonalcoholic fatty liver disease.
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INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD), characterized by
excess lipid accumulation in liver, is one of the most common
forms of chronic liver disease, ranging from simple steatosis to
steatohepatitis, advanced fibrosis, and cirrhosis (2). The overall
prevalence of NAFLD was reported to be 25.2%, with the
highest prevalence reported from South America (30.5%) and
the Middle East (31.8%) (57).
Methionine is an essential amino acid enriched in eggs,
chicken breast, fish, dairy products, and many vegetables.
Homocysteine is a toxic nonprotein sulfur containing amino
acid after removal of the methyl group from methionine on
S-adenosylmethionine (23). Individuals who consume a
large amount of animal protein may ingest 2–3 g of methionine, which results in postprandial Hcy concentrations ⬎20
mol/l (50). Genetic abnormalities, age, sex and various nutritional and hormonal determinants contribute to hyperhomocysteinemia (HHcy). HHcy, defined by elevated plasma Hcy
level (⬎15 M), is an important and independent factor
involved in several disorders, including atherosclerosis, diabetes, and immune activation (3, 8, 45). Epidemical study indicated a high prevalence of HHcy and NAFLD in Chinese
adults, 18% with plasma Hcy concentrations ⱖ16.0 M (16)
and over a quarter affected by NAFLD (12, 28, 53). Moreover,
elevated homocysteine levels were reported in patients with
NAFLD (15). Clinical studies also demonstrated elevated
homocysteine level positively associated with the prevalence of NAFLD (9, 10). Accumulating evidence revealed
that HHcy disturbs lipid metabolism in the liver. Cystathionine ␤-synthase deficiency causes severe HHcy and leads
to hepatic steatosis in mice (43, 52). We recently reported
that HHcy induced by a high-methionine diet (HMD) led to
hepatic steatosis by activating the aryl hydrocarbon receptorCD36 pathway (56). However, a treatment for HHcy-induced
hepatic steatosis is still lacking.
Soluble epoxide hydrolase (sEH) is a cytosolic enzyme with
epoxide hydrolase and lipid phosphatase activities that cata-
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Table 1. Composition of the experimental diets
Ingredient

Chow Diet, g/kg

HMD

Casein
Cornstarch
Dextrinized cornstarch
Sucrose
Cellulose
Soybean oil
Mineral mixture
Vitamin mixture
L-cystine
L-methionine
Choline bitartrate

200
397.5
132
100
50
70
35
10
3

200
382.7
132
100
50
70
35
10
3
14.8
2.5

2.5

HMD, 2% high methionine diet. Chow diet and HMD are based on
AIN-93G rodent diets. Note: casein contains 5.2 L-methionine.

lyzes the rapid hydrolysis of all four epoxyeicosatrienoic acid
(EET) regioisomers (5,6-; 8,9-; 11,12-; and 14,15-EET) to an
inactive or less active diol, respectively, in addition to many
other expoxy fatty acids (EpFAs) (33). We previously demonstrated that HHcy transcriptionally upregulated sEH, which
resulted in endothelial injury that may contribute to the development of atherosclerosis (59). Inhibition of sEH ameliorated
chronic high-fat diet-induced hepatic steatosis by reducing the
systemic inflammatory status in mice (31). As the metabolites
of the cytochrome-P450 oxidase pathway from arachidonic
acid, EETs have potent anti-inflammatory and cardiovascular
protective effects. Recently, EETs were found to participate in
regulating lipid metabolism (58). EETs protected HepG2
cells against palmitic acid-induced inflammation and oxidative stress in vitro (7). Collectively, these findings suggest
that increased sEH activity may contribute to HHcy-induced
hepatic lipid disorder.
Hepatic steatosis represents excess accumulation of triglycerides in hepatocytes. Perturbations affecting lipid availability
and disposal contribute to hepatic lipid disturbance (40). Fatty

Table 3. Related variable index in mice fed a chow diet or
high-methionine diet at 8 wk
Variable Index

Chow Diet

HMD

Body weight, g
Liver/body weight ratio
Plasma Hcy, M
Plasma TG, mM
Plasma Chol, mM

25.57 ⫾ 0.73
0.042 ⫾ 0.000
3.34 ⫾ 0.80
0.51 ⫾ 0.41
1.67 ⫾ 0.10

25.70 ⫾ 0.39
0.047 ⫾ 0.001**
20.58 ⫾ 2.18**
0.52 ⫾ 0.04
1.92 ⫾ 0.08

Data are means ⫾ SE. HMD, high-metnionine diet; Hcy, homocysteine; TG,
triglyceride; Chol, cholesterol. **P ⬍ 0.01 vs. chow diet (n ⫽ 6 for chow diet;
n ⫽ 8 for HMD).

acid ␤-oxidation regulated by peroxisome proliferator-activated receptor-␣ (PPAR-␣) is a critical event of consumption
of lipids in the liver (4, 5). PPAR-␣ regulates lipid homeostasis
by activating the transcription of a family of genes containing a PPAR-response element (PPRE). In essence, PPAR-␣
is a lipid sensor, and ineffective PPAR-␣ sensing can lead to
reduced energy expenditure, thereby leading to hepatic
steatosis (17). Importantly, EETs were verified as potent
activators of PPAR-␣ in primary rat hepatocytes (35). However, their role in HHcy-induced hepatic steatosis is unknown.
The aim of our study was to investigate the potential benefits
of sEH inhibition in HHcy-induced hepatic steatosis. Then, by
using an HHcy mouse model, we studied the effect of sEH on
hepatic lipid disturbance. Our findings indicated that upregulation of sEH is involved in HHcy-caused hepatic steatosis in
vivo and in vitro. Inhibition of sEH attenuates fatty liver by
activating PPAR-␣. Thus elevated levels of EETs are beneficial for HHcy-induced hepatic steatosis, and sEH could be a
potential therapeutic target for treating NAFLD.
MATERIALS AND METHODS

Reagents. L-methionine and DL-homocysteine were from SigmaAldrich (St. Louis, MO). RNA extraction kits were from BioTeke

Table 2. Mouse primer sequences
Gene

Sense

Antisense

sEH
Lxr␣
Srebp1
Fasn
Acc
Chrebp
PPAR-␣
Cpt1␣
Acox1
Scad
Mcad
Lcad
apoB
Mtp
PPAR-␥
CD36
Fatp1
Fatp2
Fatp5
Fabp1
␤-Actin

5=-GGACGACGGAGACAAGAGAG-3=
5=-TGCCATCAGCATCTTCTCTG-3=
5=-ACTTCTGGAGACATCGCAAAC-3=
5=-TGGGTTCTAGCCAGCAGAGT-3=
5=-TGGTCGTGACTGCTCTGTGC-3=
5=-TTACTGGAAGCGGCGCATCG-3=
5=-GTGGGTGGTTGAATCGTGAG-3=
5=-ACGTTGGACGAATCGGAACA-3=
5=-CCGTCGAGAAATCGAGAACT-3=
5=-ATGTGCCAGAGGAGCTGAGT-3=
5=-AACTAAACATGGGCCAGCGA-3=
5=-GCATCAACATCGCAGAGAAA-3=
5=-TCACCATTTGCCCTCAACCTAA-3=
5=-ATCATCATTGGAGCCCTGGT-3=
5=-ACCACTCGCATTCCTTT-3=
5=-TGGTCAAGCCAGCTAGAAA-3=
5=-CCGTATCCTCACGCATGTGT-3=
5=-GATGCCGTGTCCGTCTTTTAC-3=
5=-TCGGATCTGGGAATTCTACG-3=
5=-GCCAGGAGAACTTTGAGC-3=
5=-CTGTCCCTGTATGCCTCT-3=

5=-CTGTGTTGTGGACCAGGATG-3=
5=-GGCTCACCAGCTTCATTAGC-3=
5=-GGTAGACAACAGCCGCATC-3=
5=- ACCACCAGAGACCGTTATGC-3=
5=-GTAGCC GAGGGTTCAGTTCC-3=
5=-CCAAGCAGCACAGGCACCAC-3=
5=-GCAGTGGAGTTTGGGTTGG-3=
5=-GGTGGCCATGACATACTCCC-3=
5=-ATTGAGGCCAACAGGTTCCA-3=
5=-TGATCCACTGTTGCTTCTGC-3=
5=-CAGCTGCGACTGTAGGTCTG-3=
5=-ACGCTTGCTCTTCCCAAGTA-3=
5=-GAAGGCTCTTTGGAAGTGTAAAC-3=
5=-CATTCTTCAGGGCCAGCA-3=
5=-CACAGACTCGGCACTCA-3=
5=-CCCAGTCTCATTTAGCCAC-3=
5=-CTCCATCGTGTCCTCATTGAC-3=
5=-GACTTCAGACCTCCACGACTC-3=
5=-TTGGTTCTTTCGAACCTTGG-3=
5=-TTGACGACTGCCTTGACT-3=
5=-ATGTCACGCACGATTTCC-3=

sEH, soluble epoxide hydrolase; PPAR-␣, peroxisome proliferator-activated receptor-␣; Cpt1a, carnitine palmitoyl transferase 1a; Acox1, acyl-coenzyme A
oxidase 1; Scad, Mcad, and Lcad, short-, medium- and long-chain acyl-coenzyme A dehydrogenase; Fatp, fatty acid transporter protein; Fabp, fatty acid binding
protein.
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Fig. 1. Effect of hyperhomocysteinemia (HHcy) on lipid accumulation and soluble epoxide hydrolase (sEH) expression and activity in vivo. Male C57BL/6 mice
(6 wk old) were fed a standard chow diet or 2% (wt/wt) L-methionine diet for 8 wk. A: Oil-red O staining (top) and hematoxylin and eosin (H&E) staining
(bottom) of livers in representative sections. Images were taken at ⫻200 magnification. B and C: hepatic triglyceride and cholesterol content. D: Western blot
analysis of the specificity of sEH antibody by sEH blocking peptide in the control mice liver tissue (left). Ab, antibody. The ratios represented sEH antibody to
blocking peptide. Western blot analysis and quantification of sEH protein content (right) in the liver of mice fed a high-methionine diet (HMD). ␤-Actin was
an internal control. E: quantitative (q)PCR analysis of the mRNA level of sEH. F: sEH activity was evaluated by the metabolic rate of 11,12dihydroxyeicosatrienoic acid (DHET) to 11,12-epoxyeicosatrienoic acid (EET) by liquid chromatography with tandem mass spectrometry (LC-MS/MS). G:
LC-MS/MS analysis of each regioisomer of EET level in the liver (right). H: qPCR analysis of mRNA levels of genes involved in EETs synthesis. Data are
means ⫾ SE by unpaired t-test; n ⫽ 6 for chow diet; n ⫽ 8 for HMD. *P ⬍ 0.05; **P ⬍ 0.01 vs. Chow.
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(Beijing). Quantitative real-time PCR (qPCR) involved the use of
PTC-200 with reagents from Stratagene (Zhejiang, China). Antibodies
against sEH and PPAR-␣ were from Cayman Chemical (Ann Arbor,
MI); sEH blocking peptide was from Cayman Chemical; antibodies
against carnitine palmitoyl transferase 1a (Cpt1a), acyl-coenzyme A
oxidase 1 (Acox1), medium chain acyl-coenzyme A dehydrogenase
(Mcad), and ␤-actin were from Proteintech (Chicago, IL). An antirabbit or anti-mouse (Cell Signaling Technology, Boston, MA) IgG
horseradish peroxidase-conjugated secondary antibody was from Cell
Signaling Technology (Boston, MA). The luciferase reporter assay
system was from Promega (Madison, WI), and the transfection reagent Lipofectamine3000 was from Invitrogen (Carlsbad, CA). Small
interfering RNA (siRNA) targeting PPAR-␣ was from Santa Cruz
Biotechnology (Santa Cruz, CA).
Animals and treatments. The specific-pathogen-free C57BL/6 mice
from the Experimental Animal Centre of Military Medical Science
Academy (Beijing) were fed a standard laboratory chow diet under a
12-h:12-h light-dark cycle. Six-week-old male mice received the
control chow diet or a metnionine-enriched diet (Table 1) for 8 wk. To
study the effect of selective sEH inhibitor 1-trifluoromethoxyphenyl3-(1-propionylpiperidin-4-yl) urea (TPPU) on HHcy-induced metabolic disorders, mice were divided into three groups: mice were fed
the control diet or metnionine-enriched diet for 4 wk, and then half of
the metnionine-enriched diet fed mice were given TPPU (0.8
mg·kg⫺1·day⫺1 added in 1% final volume polyethylene glycol 400 for
sEH inhibition) from the fifth week. When the experiment ended, all
animals were deeply anesthetized with isoflurane and perfused transcardially with 10 ml isotonic saline. Blood serum was isolated after
centrifugation for measuring total Hcy level by the enzymatic recy-
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Fig. 2. Effect of hyperhomocysteinemia (HHcy)
on lipid accumulation and the expression of soluble epoxide hydrolase (sEH) in primary hepatocytes. Murine primary hepatocytes were cultured
and treated with Hcy (100 M) for 24 h. A:
Oil-red O staining of representative images (left)
and quantification (right) of intracellular lipid
deposition. Images were taken at ⫻200 magnification. B: Western blot analysis (top) and quantification (bottom) of sEH protein level. ␤-Actin
was an internal control. C: mRNA level of sEH in
Hcy-treated hepatocytes. D: sEH activity was
evaluated by the metabolic rate of 11,12-dihydroxyeicosatrienoic acid (DHET) to 11,12-epoxyeicosatrienoic acid (EET) by liquid chromatography with tandem mass spectrometry
(LC-MS/MS). E: LC-MS/MS analysis of
each regioisomer of EET level in hepatocytes. Data are means ⫾ SE of 3 independent
experiments by unpaired t-test. *P ⬍ 0.05;
**P ⬍ 0.01 vs. Ctrl.
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cling assay. Livers were removed and postfixed for immunohistochemistry. The investigation conformed to the Guide for the Care and
Use of Laboratory Animals by the National Institutes of Health (NIH
Publication No. 85-23, updated 2011). Study protocols and use of
animals were approved by Institutional Animal Care and Use Committee of Tianjin Medical University, Tianjin, China.
Culture of murine primary hepatocytes. Murine primary hepatocytes were isolated as described previously (51). Five- to 6-wk-old
male C57BL/6 mice were anaesthetized with isoflurane. The free
inferior vena cava was perfused with heparin, solution I (Krebs
solution ⫹ 0.1 mM EGTA), and solution II (Krebs solution ⫹ 2.74

Table 4. Related variables in chow- and HMD fed and
HMD ⫹ soluble epoxide hydrolase inhibitor (TPPU) mice
Variable Index

Chow Diet

HMD

HMD⫹TPPU

Body weight, g
Liver/body
Weight ratio
Plasma Hcy, M
Plasma TG, mM
Plasma Chol, mM

25.09 ⫾ 0.84

25.44 ⫾ 0.43

25.39 ⫾ 0.66

0.038 ⫾ 0.000
3.13 ⫾ 0.87
0.54 ⫾ 0.07
1.76 ⫾ 0.09

0.046 ⫾ 0.000**
27.79 ⫾ 3.71**
0.50 ⫾ 0.05
1.79 ⫾ 0.09

0.043 ⫾ 0.000#
25.90 ⫾ 4.95
0.52 ⫾ 0.09
1.94 ⫾ 0.13

Values are means ⫾ SE; n ⫽ 5 for chow diet; n ⫽ 7 for high-metnionine diet
(HMD); and n ⫽ 8 for HMD ⫹ 1-trifluoromethoxyphenyl-3-(1-propionylpiperidin-4-yl) urea (TPPU). C57BL/6 mice were fed a chow diet or HMD for 8
wk with or without TPPU in drinking water (0.8 mg·kg⫺1·day⫺1) for 4 wk.
Hcy, homocysteine; TG, triglyceride; Chol, cholesterol. **P ⬍ 0.01 vs. chow
diet; #P ⬍ 0.01 vs. HMD.
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Fig. 3. Inhibition of soluble epoxide hydrolase (sEH) prevented hyperhomocysteinemia (HHcy)-induced hepatic steatosis. Male C57BL/6 mice were fed a chow
diet or high-methionine diet (HMD) with or without 1-trifluoromethoxyphenyl-3-(1-propionylpiperidin-4-yl) urea (TPPU) in drinking water (0.8 mg·kg⫺1·day⫺1)
for 4 wk. A: representative Oil-red O staining for lipid deposition and hematoxylin and eosin staining for morphological changes in liver. Images were taken
at ⫻200 magnification. B and C: hepatic triglyceride (TG) and cholesterol (Chol) content. D: Western blot analysis (top) and quantification (bottom) of hepatic
sEH protein level in mice with 4-wk treatment. E: quantiative PCR analysis of the mRNA level of sEH. F: sEH activity was evaluated by the metabolic rate
of 11,12-dihydroxyeicosatrienoic acid (DHET) to 11,12-epoxyeicosatrienoic acid (EET) by liquid chromatography with tandem mass spectrometry (LC-MS/MS).
G: LC-MS/MS analysis of each regioisomer of EETs level in the liver. TG. Data are means ⫾ SE by one-way ANOVA; n ⫽ 5 for chow diet; n ⫽ 7 for HMD;
and n ⫽ 8 for HMD ⫹ TPPU. *P ⬍ 0.05, **P ⬍ 0.01.
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Fig. 4. Inhibition of soluble epoxide hydrolase (sEH) enhanced hepatic fatty acid ␤-Oxidation. C57BL/6 mice were fed a chow diet or high-methionine diet
(HMD) for 8 wk with or without 1-trifluoromethoxyphenyl-3-(1-propionylpiperidin-4-yl) urea (TPPU) in drinking water (0.8 mg·kg⫺1·day⫺1) for 4 wk. A and
C: quantitative PCR analysis of mRNA levels of genes involved in hepatic fatty acid uptake and fatty acid oxidation. C: Western blot analysis (left) and
quantification (right) of peroxisome proliferator-activated receptor-␣ (PPAR-␣) and target genes protein content in the liver. ␤-Actin was an internal control. D:
plasma level of ␤-hydroxybutyrate in mice. Cpt1a, carnitine palmitoyl transferase 1a; Acox1, acyl-coenzyme A oxidase 1; Scad, Mcad, and Lcad, short-, mediumand long-chain acyl-coenzyme A dehydrogenase; Fatp, fatty acid transporter protein; Fabp, fatty acid binding protein. Data are means ⫾ SE by one-way ANOVA.
n ⫽ 5 for chow diet; n ⫽ 7 for HMD; and n ⫽ 8 for HMD ⫹ TPPU. *P ⬍ 0.05, **P ⬍ 0.01.

mM CaCl2 ⫹ 0.05% collagenase I) to flow though the liver for
isolating hepatocytes. Hepatocytes were collected from the perfused
liver passing through a 400-screen size filter by centrifugation at 50 g
for 2 min, then resuspended and cultured in RPMI 1640 medium
containing 10% fetal bovine serum. After a 6-h attachment, cells were
need for the experiments described.
Transient transfection and luciferase activity assay. Murine primary hepatocytes were transfected with PPRE-luciferase reporter

plasmid by use of Lipofectamine3000 according to the manufacturer’s
protocol. The ␤-galactosidase plasmid was cotransfected as a transfection control. After transfection, cells were lysed in five times
reporter buffer and centrifuged at 12,000 g for 10 min. The supernatant was collected and used for luciferase activity measurement.
Lipidomic analysis. Hepatic tissue was prepared for lipidomic
analysis as described previously (11). Approximately 40 mg liver
tissue was homogenized and lysed with 500 l methanol spiked with
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Table 5. The mRNA levels of genes involved in lipogenesis and
triglyceride secretion in chow- and HMD-fed and HMD ⫹
soluble epoxide hydrolase inhibitor (TPPU) mice liver
Lipid Metabolism Genes

Lipogenesis
Lxr␣
Fas
Acc
Srebp1
Chrebp
Triglyceride secretion
ApoB
Mtp

Chow

HMD

HMD ⫹ TPPU

1 ⫾ 0.04
1 ⫾ 0.18
1 ⫾ 0.09
1 ⫾ 0.14
1 ⫾ 0.10

0.91 ⫾ 0.06
0.84 ⫾ 0.15
0.84 ⫾ 0.11
0.77 ⫾ 0.09
1.01 ⫾ 0.09

0.96 ⫾ 0.04
0.98 ⫾ 0.14
0.86 ⫾ 0.04
0.75 ⫾ 0.12
1.10 ⫾ 0.12

1 ⫾ 0.09
1 ⫾ 0.11

0.88 ⫾ 0.11
0.95 ⫾ 0.10

1.04 ⫾ 0.16
1.04 ⫾ 0.13

Values are means ⫾ SE; n ⫽ 5 for chow diet; n ⫽ 7 for high-metnionine diet
(HMD); and n ⫽ 8 for HMD ⫹ 1-trifluoromethoxyphenyl-3-(1-propionylpiperidin-4-yl) urea (TPPU). C57BL/6 mice were fed a chow diet or HMD for 8 wk with
or without TPPU in drinking water (0.8 mg·kg⫺1·day⫺1) for 4 wk.

IS mixture. After vigorous mixture and centrifugation, the supernatant
was collected and transferred to a new tube. Ethyl acetate was added
to further extract the sample, and then, the upper organic phase was
evaporated. The dried residue was dissolved in 100 l of 30%
acetonitrile. Samples were filtered by using centrifuge tube filters after
vigorous mixing before analysis. The ratio of 11,12- dihydroxyeicosatrienoic acid (DHET) to 11,12-EET by liquid chromatography with
tandem mass spectrometry (LC-MS/MS) was used to indicate sEH
activity.
Histology. Cryosections of liver tissue were excised and fixed in
4% paraformaldehyde for 6 h and dehydrated in 30% sucrose solution
overnight and then embedded and stained with 0.3% Oil-red O to
visualize lipid droplets. Another portion of the liver was fixed in 10%
neutral buffered formalin overnight and then embedded in paraffin
wax. Sequential 5-m paraffin-embedded sections were prepared and
stained with hematoxylin and eosin to evaluate morphological
changes. Oil-red O staining of hepatocytes was performed with cells
fixed in 4% paraformaldehyde for 10 min and stained with 0.3%
Oil-red O working solution for 30 min. Images of Oil-red O staining
for cells were quantified by using ImageJ.
Quantification of hepatic triglyceride and total cholesterol levels.
An amount of 50 mg mouse liver tissue was homogenized at 4°C and
extracted in 1 ml chloroform-methanol extraction buffer (2:1). After a
16-h extraction, liver samples were neutralized with 300 l deionized
water and then centrifuged at 12 000 g for 10 min. The supernatant
was collected, and dried lipid residues were dissolved in 200 l 5%
TritonX-100. Total cholesterol and triglyceride extractions were quantified by using triglyceride or cholesterol determination kits from
Thermo Scientific and Wako.
Quantitative PCR assay. Liver tissues and hepatocytes were homogenized, and total RNA was extracted and reverse transcribed to cDNA as
templates for qPCR. The levels of target genes were calculated by the
2⫺⌬Ct method and normalized to that of ␤-actin in normal control.
Sequences of primers used for qPCR are in Table 2.
Western blot analysis. Total protein was extracted and separated by
10% or 5% SDS-PAGE and transferred onto PVDF membranes. The
blots were incubated with primary antibodies (sEH, 1:1,000, rabbit
polyclonal antibody, no. 10010146; PPAR-␣, 1:1,000, rabbit polyclonal antibody, no. 101710; Cpt1a, 1:1,000, rabbit polyclonal antibody, no. 15184-1-AP; Acox1, 1:1,000, rabbit polyclonal antibody,
no. 10957-1-AP; Mcad, 1:1,000, rabbit polyclonal antibody, no.
55210-1-AP; and ␤-actin, 1:4,000, mouse monoclonal antibody; no.
66009-1-Ig). The specificity of antibody against sEH was tested by
use of sEH blocking peptide with different ratios of sEH antibody to
blocking peptide (no. 10010147; Cayman Chemical). An anti-rabbit
or anti-mouse IgG horseradish peroxidase-conjugated secondary antibody was diluted 1:2,000 in 5% milk and incubated for 1 h at
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room temperature. Densitometric analyses of Western blots were
performed using ImageJ software. The expression of selected
proteins was normalized to that of the ␤-actin.
Statistical analysis. Data are presented as means ⫾ SE. Differences
between groups were analyzed by unpaired t-test or one-way ANOVA
with Bonferroni posttest with comparison of more than two groups.
Statistical significance was set at P ⬍ 0.05. Statistical analysis involved
use of GraphPad Prism 5.01 (San Diego, CA).
RESULTS

HHcy induced hepatic steatosis and upregulated the expression of sEH in mouse liver. To investigate the role of sEH in
HHcy-induced hepatic steatosis, 6-wk-old male C57BL/6 mice
were given a chow diet or HMD for 8 wk to establish the HHcy
model. Plasma Hcy level was sixfold higher with the HMD
than control diet (20.58 ⫾ 2.18 vs. 3.34 ⫾ 0.80, P ⬍ 0.01)
(Table 3). Clinically, three ranges of HHcy are defined: moderate (15–30 mol/l), intermediate (31–100 mol/l), and severe (⬎100 mol/l). The mean plasma level of Hcy in NAFLD
patients was reported to be 15.74 mol/l (38). Thus our animal
model was a mimic of moderate HHcy in humans. High
methionine supplementation also resulted in increased liver/
body weight ratio, without altering body weight or plasma
cholesterol and triglyceride levels (Table 3). As we previously
reported, HHcy markedly induced lipid accumulation in the
liver (Fig. 1A) and increased hepatic triglyceride content (Fig.
1B). The hepatic level of cholesterol was not affected (Fig.
1C). The specificity of sEH antibody in the liver tissue was
verified by use of sEH blocking peptide with different ratios of
sEH antibody to blocking peptide (Fig. 1D). Importantly, the
expression and activity of sEH in the liver was significantly
increased by HHcy (Fig. 1, D and E).
EETs are largely hydrolyzed to their respective inactive diol
metabolites by sEH, which suggests that sEH activity is a
crucial determinant of EETs bioavailability. We next analyzed
the hepatic levels of EETs in mice fed a chow diet or HMD.
LC-MS/MS revealed decreased hepatic content of 11,12-EET
but not 5,6-; 8,9-; and 14,15-EET with HHcy (Fig. 1G). The
expression of major genes involved in EET biosynthesis was
not altered by HHcy (Fig. 1H), which suggests that the decreased 11,12-EET level was caused by increased hydrolysis
activity.
Then, we examined the effect of Hcy on lipid metabolism
and sEH expression in vitro. Hcy at 100 M markedly induced
intracellular lipid accumulation and sEH expression in primary
mouse hepatocytes (Fig. 2, A–C). In line with the in vivo study,
sEH activity was increased and 11,12-EET level decreased in
Hcy-treated hepatocytes (Fig. 2, D and E).
Inhibition of sEH protected against HHcy-induced hepatic
steatosis. To assess the contribution of sEH to disease progression, we fed mice an HMD for 8 wk. Half of the mice were
treated with TPPU (0.8 mg·kg⫺1·day⫺1 by drinking water) for
4 wk starting from the fifth week. TPPU treatment did not
affect body weight or plasma cholesterol and triglyceride levels
(Table 4) but greatly attenuated HHcy-induced hepatic lipid
deposition and triglyceride content (Fig. 3, A–C). However, the
HHcy-increased activity of sEH and HHcy-decreased level of
11,12-EET reverted toward normal with TPPU treatment (Fig.
3, F and G). These data suggest that sEH inhibition has a
protective effect on HHcy-induced steatosis by increasing the
levels of EETs.
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Fig. 5. Inhibition of soluble epoxide hydrolase (sEH) activated peroxisome proliferator-activated receptor-␣ (PPAR-␣) in hepatocytes. A–C: murine primary
hepatocytes were incubated with Hcy with or without 1-trifluoromethoxyphenyl-3-(1-propionylpiperidin-4-yl) urea (TPPU); 1 M) for 24 h. A: Oil-red O staining
of representative images (left) and quantification (right) of intracellular lipid deposition. Images were taken at ⫻200 magnification. B: sEH activity was evaluated
by the metabolic rate of 11,12-dihydroxyeicosatrienoic acid (DHET) to 11,12-epoxyeicosatrienoic acid (EET) by liquid chromatography with tandem mass
spectrometry (LC-MS/MS). C: LC-MS/MS analysis of each regioisomer of EET level in hepatocytes. D and E: hepatocytes were treated with Hcy with or without
TPPU for 24 h after siRNA transfection of PPAR-␣ (siPPAR-␣) or negative control (siNC) for 36 h. D: Western blot analysis (left) and quantification (right)
of PPAR-␣ and protein levels of target genes. ␤-Actin was an internal control. E: relative PPAR-response element (PPRE) luciferase activity. Cpt1a, carnitine
palmitoyl transferase 1a; Acox1, acyl-coenzyme A oxidase 1;, Mcad, medium-chain acyl-coenzyme A dehydrogenase. Data are means ⫾ SE of 3 independent
experiments by one-way ANOVA. *P ⬍ 0.05; **P ⬍ 0.01.
AJP-Gastrointest Liver Physiol • doi:10.1152/ajpgi.00148.2018 • www.ajpgi.org
Downloaded from journals.physiology.org/journal/ajpgi at Univ of California Davis (169.237.169.099) on April 21, 2021.

INHIBITION OF sEH AMELIORATES HHcy-INDUCED HEPATIC STEATOSIS

3

Relative of PPRE
-

A

*

2

1

0

B

Fig. 6. Activation of peroxisome proliferator-activated receptor-␣ (PPAR-␣)
depends on 11,12-epoxyeicosatrienoic acid (EET). A: primary hepatocytes
were transfected with PPAR-response element (PPRE)-luciferase reporter for
36 h, then treated with each regioisomer of EETs (100 nM) for 24 h. Data are
means ⫾ SE of 3 independent experiments by unpaired t-test. *P ⬍ 0.05 vs.
Ctrl. B: proposed mechanism of improvement of hyperhomocysteinemia
(HHcy)-induced hepatic steatosis by sEH inhibitor in liver. High levels of Hcy
induced fatty acid uptake by upregulating of CD36. Inhibition of soluble
epoxide hydrolase (sEH) prevented EETs degradation from HHcy. As an
endogenous activator of PPAR-␣, EETs promotes the binding of PPAR-␣ to
target genes, which facilitates the ␤-oxidation of fatty acids and lipid removal
from the liver. DHET, 11,12-dihydroxyeicosatrienoic acid; TPPU, 1-trifluoromethoxyphenyl-3-(1-propionylpiperidin-4-yl) urea.

Inhibition of sEH enhanced ␤-oxidation of hepatic fatty
acids. To understand how sEH inhibition alleviates HHcyinduced lipid disorder, we analyzed the expression of genes
involved in lipid metabolism, including lipogenesis, triglyceride secretion, fatty acid uptake and oxidation, in mouse liver.
Administration of the sEH inhibitor did not inhibit the HHcyupregulated CD36 and fatty acid transporter membrane 2, but
effectively activated PPAR-␣, as evidenced by elevated mRNA
levels of Cpt1a, Acox1, and Mcad (Fig. 4, A and B). In parallel,
the protein levels of Cpt1a, Acox1, and Mcad were increased
by sEH inhibition (Fig. 4C). The expression of other related
genes remained unchanged (Table 5). Notably, TPPU treatment augmented plasma ␤-hydroxybutyrate level, an indicator
of increased hepatic fatty acid ␤-oxidation in plasma, as
compared with HHcy mouse plasma (Fig. 4D). Moreover,
under the normal condition, TPPU had no effect on lipid
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deposition and hepatic content of cholesterol and triglycerides
with a significant reduction in sEH activity (data not shown).
Together, these data indicate that activation of PPAR-␣ by
TPPU facilitates hepatic fatty acid ␤-oxidation and alleviates
HHcy-induced hepatic steatosis.
Inhibition of sEH activated PPAR-␣ in the liver and promoted the ␤-oxidation of fatty acid. We next studied the
mechanism of sEH inhibition increasing the ␤-oxidation of
fatty acids by treating hepatocytes with Hcy or Hcy ⫹ TPPU.
Inhibition of sEH abolished Hcy-increased lipid accumulation,
sEH activity, and 11,12-EET level (Fig. 5, A–C). Consistent
with in vivo results, the expression of genes involved in the
␤-oxidation of fatty acids was reinforced in cultured hepatocytes with TPPU treatment, which was reversed by knockdown
of PPAR-␣ (Fig. 5D). To further determine the direct effect of
TPPU on PPAR-␣ activation, we transfected a PPRE-luciferase reporter plasmid in cultured hepatocytes with or without Hcy stimulation. TPPU greatly increased PPRE-luciferase
activity in Hcy-treated hepatocytes, which was inhibited by
PPAR-␣ knockdown (Fig. 5E) and suggests a key role for
PPAR-␣ in TPPU-induced ␤-oxidation of fatty acids in the
liver of HHcy mice.
Transcriptional activity of PPAR-␣ depends on 11,12-EET.
The PPAR-s have three isoforms, PPAR-␣, PPAR-␤/␦, and
PPAR-␥, which are expressed differentially in tissues with
various biological functions. Several studies provided a link
between arachidonic acid metabolism and PPAR activation,
with a focus on the proposed endogenous ligands produced by
the cytochrome -P450 oxidase pathway (54). PPAR-␣ has a
major role in the ␤-oxidation of the fatty acid pathway in the
liver-metabolizing lipids and lipoproteins (6). Of note, 11,12EET is a novel endogenous activator of PPAR-␣ in primary rat
hepatocytes (35). To definite which isoform of EETs was
essential for the activation of PPAR-␣, we incubated hepatocytes with the four isoforms of EETs (100 nM) to mimic the
function of endogenous EETs. 11,12-EET but not the other
three EETs significantly increased the luciferase activity in
hepatocytes transfected with PPRE (Fig. 6A). Hence, 11,12EET ligand dependently activates PPAR-␣ and plays an important role in the use of excess lipid induced by HHcy in the
liver.
DISCUSSION

sEH enzymatically catalyzes the conversion of EETs and
other EpFAs to the corresponding inactive or less active diols,
which are responsible for decreasing the levels of EETs and
EpFAs, thus diminishing their benefit for cardiovascular disease (18, 22). However, the role of sEH in modulating lipid
metabolism in the liver is unknown. Recently, inhibition of
sEH was found to attenuate high-fat diet-induced hepatic
steatosis (31), thus demonstrating that sEH is a potential
therapeutic target for lipid disturbance in the liver. HHcy is
a risk factor for fatty liver disease. Our previous study
showed that sEH participated in Hcy-induced endothelial
dysfunction (59).
In this study, we defined the role of sEH in Hcy-induced
hepatic steatosis and explored the underlying mechanism. Our
novel findings include that 1) HHcy upregulates sEH expression and activity in vivo and in vitro; 2) inhibition of sEH
alleviates HHcy-induced hepatic lipid accumulation by elevat-
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ing fatty acid ␤-oxidation; and 3) 11,12-EET is involved as
endogenous ligands for PPAR-␣ activation, which plays a vital
role in ameliorating HHcy-induced hepatic steatosis.
In the liver, the imbalance in lipid availability and disposal
leads to hepatic lipid accumulation. We previously reported
that HHcy enhanced CD36 expression and contributed to lipid
accumulation in the liver (56). However, simultaneous application of TPPU and HHcy had no effect on the upregulation of
CD36 by HHcy but significantly increased fatty acid ␤-oxidation gene expression. Notably, silencing PPAR-␣ expression
significantly reduced the expression of those genes caused by
simultaneous administration of TPPU and HHcy in hepatocytes, which suggests that sEH inhibition increases lipid oxidation in the liver. Our data support that PPAR-␣ plays an
essential role in maintaining lipid metabolism in the HHcy
mouse model.
The pharmacological potency of sEH inhibition is a combined function of the drug potency and the effective amount of
the drug at the target site. In the past few years, numerous sEH
inhibitors have been synthesized and applied to inhibit enzyme
activity of sEH (24, 25, 30, 32). Some early sEH inhibitors
were designed to mimic EETs with the amide or urea central
pharmacophore being isosteric with the epoxide and thus act
both as EpFA mimics and sEH inhibitors. One such compound is
12-(3-adamantan-1-yl-ureido)dodecanoic acid (13). 12-(3-Adamantan-1-yl-ureido) was later shown to have EET-like effects in
the absence of the sEH in a tissue (37). Later compounds such
as the selective sEH inhibitor TPPU we used do not have
structures anticipated to bind directly to a putative EET receptor and are highly selective sEH inhibitors of both mouse and
human sEH (29, 44). TPPU, a second-generation sEH inhibitor
from the Bruce Hommack laboratory, is one of the most
promising drug compounds for sEH inhibition. The potency of
TPPU to inhibit sEH is high (human IC50: 0.9 nM; rat IC50: 5
nM and mice IC50: 6 nM) and it has been used in several
animal disease models (41, 42, 46). Studies of the pharmacokinetic parameters of 11 sEH inhibitors in cynomolgus monkeys showed that TPPU had higher potency (IC50 in the low
nM range), physicochemical properties consistent with drug
likeness, pharmacokinetic properties with relatively rapid absorption, high area under the curve, and long half-life that
would facilitate long-term interventional studies (49).
Inhibition of sEH is potentially beneficial because it increases and prolongs the functional effect of EETs and other
EpFAs (14). As metabolites of arachidonic acid by sEH, EETs
have important anti-inflammatory effects and cardiovascular
protective effects. However, the role of EETs regioisomers is
different in different disease models. The serum level of
14,15-EET was decreased in the aging-related insulin-resistance mouse model (55). 5,6- and 8,9-EET induced de novo
vascularization and promoted the formation of functionally
intact vessels as angiogenic lipids in a subcutaneous sponge
model (39). Moreover, 11,12-EET had higher anti-inflammatory and vascular protective effects as compared with 14,15EET (36). In our study, we found that HHcy decreased the
level of 11,12-EET rather than the other three isoforms, so the
protective effect of the sEH inhibitor in HHcy-induced hepatic
steatosis was specifically mediated by 11,12-EET. Our results
were consistent with previous findings that 11,12-EET preferentially activated PPAR-␣ in rat hepatocytes (35). Therefore,

we propose PPAR-␣ as a potential target for 11,12-EET in the
liver.
A causal finding of the current study is that in the HHcyinduced liver injury model, HHcy treatment did not inhibit the
activation of PPAR-␣ although it reduced hepatic 11,12-EET
level. One reason for this finding is that fatty acids are also
known to activate PPAR-␣ in the liver, which may be caused
by a compensatory effect of lipid overload (47). For instance,
abdominally obese male humans had significantly higher fatty
acid ␤-oxidation of dietary fat than did lean males (19). In the
obese rat model, liver mitochondria exhibit higher fatty acid
␤-oxidation capacity (27). However, further enhanced fatty
acid ␤-oxidation was found an effective therapeutic strategy to
alleviate hepatic steatosis (1, 21, 47). Nevertheless, sEH inhibition significantly activated PPAR-␣ and favored hepatic fatty
acid ␤-oxidation, thereby improving hepatic lipid deposition.
Our study reveals that sEH inhibition is beneficial for HHcyinduced hepatic steatosis.
In summary, we have demonstrated that in the liver, sEH
plays a prominent role in HHcy-induced lipid disorder. Improving hepatic steatosis in HHcy mice by pharmacological
inhibition of sEH to activate PPAR-␣ was ligand dependent,
and sEH could be a promising target for treating HHcy-induced
hepatic steatosis.
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