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Summary
We show that hepatic soluble epoxide hydrolase disruption
and pharmacologic inhibition ameliorate injury, inflamma-
tion, and steatosis caused by ethanol feeding in a mouse

model of alcohol-associated liver disease. In addition, solu-
ble epoxide hydrolase genetic and pharmacologic inactiva-
tion is associated with an altered lipid epoxide/diol ratio
and attenuation of ethanol-induced oxidative and endo-
plasmic reticulum stress.

BACKGROUND & AIMS: Alcohol-associated liver disease (ALD) is a
significant cause of liver-related morbidity and mortality worldwide
and with limited therapies. Soluble epoxide hydrolase (sEH; Ephx2) is a
largely cytosolic enzyme that is highly expressed in the liver and is
implicated in hepatic function, but its role in ALD is mostly unexplored.

METHODS: To decipher the role of hepatic sEH in ALD, we
generated mice with liver-specific sEH disruption (Alb-Cre;
Ephx2™"™). Alb-Cre; Ephx2™" and control (Ephx2™") mice were
subjected to an ethanol challenge using the chronic plus binge
model of ALD and hepatic injury, inflammation, and steatosis were
evaluated under pair-fed and ethanol-fed states. In addition, we
investigated the capacity of pharmacologic inhibition of sEH in the
chronic plus binge mouse model.

RESULTS: We observed an increase of hepatic sEH in mice
upon ethanol consumption, suggesting that dysregulated he-
patic sEH expression might be involved in ALD. Alb-Cre;
Ephx2™"" mice presented efficient deletion of hepatic sEH with
corresponding attenuation in sEH activity and alteration in the
lipid epoxide/diol ratio. Consistently, hepatic sEH deficiency
ameliorated ethanol-induced hepatic injury, inflammation, and
steatosis. In addition, targeted metabolomics identified lipid
mediators that were impacted significantly by hepatic sEH
deficiency. Moreover, hepatic sEH deficiency was associated
with a significant attenuation of ethanol-induced hepatic
endoplasmic reticulum and oxidative stress. Notably, pharma-
cologic inhibition of sEH recapitulated the effects of hepatic sEH
deficiency and abrogated injury, inflammation, and steatosis
caused by ethanol feeding.

CONCLUSIONS: These findings elucidated a role for sEH in ALD
and validated a pharmacologic inhibitor of this enzyme in a
preclinical mouse model as a potential therapeutic approach.
(Cell Mol Gastroenterol Hepatol 2021;11:815-830; https://
doi.org/10.1016/j.jcmgh.2020.10.002)
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hronic excessive alcohol intake is a social, economic,

and clinical burden,? and a significant contributor
to alcohol-associated liver disease (ALD).> ALD is a major
cause of liver-related morbidity and mortality worldwide
and has a broad manifestation of hepatic pathologies that
include steatosis, hepatocellular injury, inflammation, and
progressive fibrosis.*” The majority of heavy drinkers
develop fatty liver, often being asymptomatic at the early
stages, while 30% of these develop more severe forms of
ALD.° The pathogenesis of ALD remains incompletely un-
derstood, and effective treatments currently are lacking.*’
Identifying novel targets is critically needed for the devel-
opment of mechanism-based pharmacotherapies to advance
the management of this disease.

Soluble epoxide hydrolase (sEH) is a largely cytosolic
enzyme that is highly expressed in the liver, acting mostly
in the arachidonic acid cascade. sEH hydrolyzes the anti-
inflammatory epoxyeicosatrienoic acids (EETs) and
other epoxy fatty acids (EpFAs) into the less biologically
active or even proinflammatory dihydroxyeicosatrienoic
acids and corresponding fatty acid diols.® ' Genetic
disruption and pharmacologic inhibition of sEH stabilizes
EETs and other EpFAs.'' Notably, sEH deficiency in vivo
yields beneficial outcomes in rodent disease models,
rendering it an attractive therapeutic target,'*'*® and
pharmacologic inhibitors of sEH are undergoing clinical
trials in human beings for different diseases.'* Compel-
ling genetic and pharmacologic evidence implicates sEH
in hepatic function. In particular, sEH inactivation ame-
liorates diet-induced hepatic steatosis,'” *® mitigates he-
patic fibrosis caused by carbon tetrachloride (CCl,),"**°
and attenuates diet-induced endoplasmic reticulum (ER)
stress.”"** However, the role of sEH in ALD is largely
unexplored.

In the present study, we deployed tissue-specific genetic
disruption, pharmacologic inhibition, and targeted metab-
olomics to decipher the role of sEH in ALD. We provide
evidence that hepatic sEH disruption consistently mitigated
injury, inflammation, and steatosis caused by ethanol
feeding in a mouse model of ALD. Notably, pharmacologic
inhibition of sEH ameliorated ethanol-induced injury,
inflammation, and steatosis. Furthermore, sEH genetic and
pharmacologic inactivation attenuated ethanol-induced he-
patic ER and oxidative stress. The current findings impli-
cated hepatic sEH in ALD and identified this enzyme as a
potential therapeutic target.

Results
Hepatic sEH-Deficient Mice

We determined the expression of hepatic sEH in the
chronic plus binge mouse model of ALD, which simulates
several features of human alcoholic hepatitis.”® Briefly,
female mice were acclimated to a liquid diet for 5 days,
then fed an ethanol diet or pair-fed for 10 days, followed
by a single gavage and euthanized after 9 hours. We
observed a modest but significant increase in hepatic sEH
protein and Ephx2 messenger RNA (mRNA) in mice fed an
ethanol diet compared with pair-fed animals (Figure 14
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and B). These observations suggested that dysregulated
hepatic sEH expression might be implicated in ALD. To
investigate the role of sEH in ALD, we generated mice
with liver-specific disruption by breeding Ephx2™" mice
with those expressing the Alb-Cre transgene.”* The sEH
protein expression was ablated specifically in the livers of
the Alb-Cre; Epthﬂ/ﬂ mice, but not in other tissues,
including the kidney and adipose tissue (Figure 1C). Liver
lysates from Ephx2™" and Ephx2-null mice served as
positive and negative controls, respectively (Figure 10).
Similarly, immunostaining of liver sections for sEH pre-
sented a reduction in staining in Alb-Cre; Ephx2"/"
compared with Ephx2"/" mice (Figure 1D). In keeping
with these findings, Alb-Cre; Epthﬂ/ﬂ mice showed a
significant reduction in hepatic sEH activity and corre-
sponding alterations in the lipid epoxide/diol ratio
(Figure 1E and F). These findings showed an efficient and
selective deletion of hepatic sEH in Alb-Cre; Ephx2™ mice
with concomitant changes in enzyme activity and sub-
strate/product ratio.

Hepatic sEH Disruption Mitigates Ethanol-

Induced Injury, Inflammation, and Steatosis

To investigate the effects of hepatic sEH deficiency
in ALD, Ephx2" and Alb-Cre; Ephx2™” female mice
were fed an ethanol diet using the chronic plus binge
model. Then, hepatic injury, inflammation, and steatosis
were evaluated under pair-fed and ethanol-fed states.
In these studies, there were no differences in the body
weight observed among groups (Figure 24). In addition,
ethanol feeding significantly and comparably increased
liver/body weight of Ephx2™" and Alb-Cre; Ephx2™”
mice (Figure 2B). Hepatic injury was assessed by serum
alanine aminotransferase (ALT), which was increased
upon ethanol feeding, but to a significantly lower level
in Alb-Cre; Ephx2/" compared with Ephx2"/" mice
(Figure 2C€). Inflammation was evaluated by deter-
mining the hepatic mRNA of interleukin 18 (IL1p),

*Authors share co-first authorship.

Abbreviations used in this paper: ADH, alcohol dehydrogenase; ALD,
alcohol-associated liver disease; ALDH, aldehyde dehydrogenase; ALT,
alanine aminotransferase; CYP, cytochrome P450; DMSO, dimethyl
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Figure 1.Increased hepatic sEH in a mouse model of ALD and generation of mice with hepatic sEH disruption.
(A) Immunobilots of sEH and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (n = 6/group) in liver lysates from pair-fed
and EtOH-fed Ephx2™" mice. Each lane represents a tissue from a different animal, and sEH expression was normalized with
GAPDH. *P < .01 pair vs EtOH. (B) Ephx2 mRNA in liver samples from pair-fed and EtOH-fed Ephx2™" mice. *P < .05 pair vs
EtOH. (C) Immunoblots of SEH and actin in lysates of the liver, kidney, and adipose tissue from Alb-Cre; Ephx2™" and the liver
lysates from Ephx2ﬂ/  and Ephx2-null mice. Each lane represents a tissue from a different animal. (D) Confocal images of liver
sections from Ephx2™™ and Alb-Cre; Ephx2™" mice immunostained for murine sEH. (E) sEH activity (n = 5-6/group), and s

epoxide/diol ratio (n = 8/group) in liver samples from pair-fed Ephx2™" and Alb-Cre; Ephx2™" mice. *P < .05, *P < .01 Ephx2™"

vs Alb-Cre; Ephx2™. AU, arbitrary unit. Scale bar: 50 um.

monocyte chemotactic protein 1 (MCP1), tumor necro-
sis factor-« (TNFa), adhesion G-pro-
tein-coupled-receptor E1 (F4/80), and lymphocyte
antigen 6 complex, locus G (Ly6G), which showed a
significantly lower ethanol-induced increase in Alb-Cre;
Ephx2™" compared with Ephx2"/" mice (Figure 2D). In
addition, circulating TNFa concentration was increased
substantially by ethanol feeding in Ephx2"//" mice, but
with minimal increase in Alb-Cre; Epthﬂ/ﬂ animals
(Figure 2E). Immunostaining of liver sections for F4/80
showed an increase in Kupffer cells upon ethanol
feeding, and that was more in Epthﬂ/ﬂ than Alb-Cre;
Ephx2™" mice (Figure 2F). Moreover, the ethanol-
induced increase in hepatic nuclear factor-«B (NF-«B)
phosphorylation was significantly lower in Alb-Cre;
Ephx2™" compared with Ephx2™" mice (Figure 2G).
Next, we determined if sEH deficiency ex vivo mimics
sEH disruption in vivo and attenuates ethanol-induced
inflammation. To this end, we isolated primary hepa-
tocytes from Ephx2" and Alb-Cre; Ephx2/" mice, and
then monitored the effects of ethanol treatment on NF-

kB activation. Indeed, the ethanol-evoked increase in
NF-«kB phosphorylation was mitigated in sEH-deficient
hepatocytes compared with those isolated from
Ephx2™" mice (Figure 2H). Notably, treatment of pri-
mary hepatocytes isolated from wild-type mice with the
sEH substrate, EETs, attenuated ethanol-induced NF-«B
phosphorylation (Figure 2H).

A central and early aspect of ALD is the dysregulation of
lipid metabolism and excessive hepatic fat accumu-
lation.”®*” Ethanol feeding increased hepatic triglycerides
as expected, but to a significantly lower extent in Alb-Cre;
Ephx2"" compared with Ephx2"" mice (Figure 3A4).
Consistent with this finding, we observed corresponding
alterations in the expression of lipogenesis and fatty acid
uptake genes. The ethanol-induced up-regulation of he-
patic mRNA of peroxisome proliferator-activated receptor-
v (PPARY), sterol regulatory element-binding protein 1c
(SREBP1c), cluster of differentiation 36 (CD36), stearoyl-
CoA desaturase (SCD), and fatty acid synthase (FAS) was
significantly lower in Alb-Cre; Ephx2™" compared with
Ephx2"" mice (Figure 3B). In addition, histologic
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evaluation established accentuated hepatic steatosis in months) Alb-Cre; Ephx2’V" female mice (Figure 4). Collec-
mice fed an ethanol diet, with lipid vacuoles and hepato- tively, these findings showed that hepatic sEH deficiency
cyte ballooning, that was smaller in Alb-Cre; Ephx2”"  conferred a significant, albeit partial, protection from
compared with Ephx2"//' mice (Figure 3C). Comparable injury, inflammation, and steatosis caused by ethanol
findings were observed in another cohort of older (11 jntake.
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SEH Deficiency Altered the Oxylipin Profile and lipoxygenase pathways that were decreased by ethanol
Increased Epoxides in the Liver feeding of Ephx2/" mice and pair-fed and ethanol-fed

SEH is an established modulator of natural epoxides Alb-Cre; Ephx2" mice compared with the control
derived from cytochrome P450 (CYP) activity.”®?° We group. On the other hand, epoxides in the second cluster
used liquid chromatography-mass spectroscopy (LC/MS- (15,16-epoxyoctadecadienoic  acid ~ [EpODE],  19,20-
MS)-based metabolomics to quantitate hepatic oxylipins ~epoxydocosapentaenoic acid [EpDPE], 14,15-
of Ephx2""" and Alb-Cre; Ephx2™"" mice under pair-fed epoxyeicosatrienoic  acid  [EpETrE], ~and  17,18-
and ethanol-fed states. In total, we detected 63 oxy- €poxyeicosatetraenoic acid [EpETE]) were increased
lipins, of which 22 showed significant differences significantly in pair-fed and ethanol-fed Alb-Cre; Ephx2""
(Figure 5A and Supplementary Table 1). We performed and, to a lower extent, in ethanol-fed Ephx2™" mice
further analysis using hierarchical clustering (Ward’s compared with the control group. The third cluster,
minimum variance method) and heatmap visualization. including 4,5-dihydroxydocosapentaenoic acid (DiHDPE),
Data were expressed as log, fold change to the control 9,10-EpODE, and EpDPEs (7,8-, 10,11-, 13,14-, and 16,17-)
group (pair-fed, Ephx2™™), and the statistically significant ~Wwere increased by ethanol feeding in both genotypes. This
oxylipins were divided into 3 clusters (Figure 5B). The approach identified lipid mediators impacted significantly
first cluster included diols from the CYP pathway and by hepatic sEH deficiency under pair-fed and ethanol-fed
metabolites derived from the cyclooxygenase and conditions.

Figure 2. Decreased ethanol-induced injury and inflammation in mice with hepatic sEH deficiency. (A) Mouse body
weight (n = 8/group) during the course of ethanol feeding. (B) Liver/body weight ratio of pair-fed or EtOH-fed Ephx2™" and Alb-
Cre; Ephx2™" mice (n = 8/group). (C) Serum ALT concentration (n = 5-8/group) in pair-fed or EtOH-fed Ephx2™" and Alb-Cre;
Ephx2™™ mice. (D) mRNA expression of interleukin 18 (IL16), monocyte chemotactic protein 1 (MCP1), tumor necrosis factor-a
(TNF«), adhesion G-protein—coupled-receptor E1 (F4/80), and lymphocyte antigen 6 complex, locus G (Ly6G) (n = 6/group) in
liver samples from pair-fed or EtOH-fed Ephx2™" and Alb-Cre; Ephx2™" mice. (E) Serum TNFa concentration (n = 5-6/group) in
pair-fed or EtOH-fed Ephx2™" and Alb-Cre; Ephx2™" mice. (F) Confocal images of liver sections from Ephx2™" and Alb-Cre;
Ephx2™" mice immunostained for F4/80. Boxed areas (#1 and #2) are enlarged, as shown in the right panels. Scale bar: 50 um.
(G) Representative immunoblots of phosPho—NF—KB (PNF-«B) p65-S536 and NF-«xB p65 (n = 6/group) in livers from pair-fed or
EtOH-fed Ephx2™" and Alb-Cre; Ephx2™" mice. Each lane represents lysate from a different animal, and the pNF-«xB p65-S536
level was normalized with NF-«B p65. (H) Immunoblots of pNF-«B p65-S536 and NF-«B p65 in primary hepatocytes isolated
from Ephx2™™ and Alb-Cre; Ephx2™" mice (left panel) and wild-type mice (right panel). Cells were treated with EtOH (100 mmol/
L) alone (left panel) and co-cultured without (DMSQO) and with EETs mixture (2 umol/L) (right panel) for various time points as
indicated. *P < .05, **P < .01 pair vs EtOH. TP < .05, TP < .01 Ephx2™" vs Alb-Cre; Ephx2™". AU, arbitrary unit.
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Decreased Ethanol-Induced Hepatic ER and
Oxidative Stress in Mice With sEH Deficiency

We assayed key signaling pathways that might
contribute to sEH action in hepatocytes under ethanol
feeding. We discerned whether hepatic sEH deficiency
affected ethanol metabolism by measuring the expression of
the alcohol-metabolizing enzymes cytochrome P450 2E1
(CYP2E1), alcohol dehydrogenase (ADH), and aldehyde de-
hydrogenase (ALDH).*"*? Ethanol feeding caused a com-
parable induction in CYP2E1 protein expression in Ephx2"/"
and Alb-Cre; Ephx2”""" mice, whereas ADH and ALDH protein
expression was not altered between groups under pair-fed
and ethanol-fed conditions (Figure 6A4). These observa-
tions suggested that ethanol metabolism likely was com-
parable between the 2 genotypes.

In hepatocytes, ethanol and its metabolites impair
proper protein folding within the ER lumen and disturb
its redox status, leading to ER stress.®®* This is coun-
tered by the unfolded protein response, which includes 3
branches controlled by the ER transmembrane proteins
protein kinase R-like ER kinase (PERK), inositol-requiring
enzyme-la (IREla), and activating transcription factor
6.%>° Immunoblots of hepatic lysates showed a trend for
increased PERK phosphorylation in Ephx2/" mice upon
ethanol feeding and attenuation in Alb-Cre; Epthﬂ/ﬂ mice
(Figure 6B). In addition, phosphorylation of PERK’s
downstream target eukaryotic initiation factor 2« (elF2«)
was increased upon ethanol feeding in Epthﬂ/ﬂ and
attenuated significantly in Alb-Cre; Ephx2/" mice. On the

Ephx2™  Alb-Cre
Ephx2f
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other hand, comparable phosphorylation of hepatic IRE1«
was observed in Ephx2" and Alb-Cre; Ephx2™"" mice
upon ethanol feeding. Nevertheless, Alb-Cre; Ephx2™/
showed a significantly lower ethanol-induced cleaved
Caspase 3 protein expression compared with Ephx2"/"
mice (Figure 6B).

Ethanol metabolism increases oxidative stress and the
generation of reactive oxygen species (ROS), contributing to
hepatocyte injury.’”*® We monitored the effects of sEH
deficiency on hepatic oxidative stress and lipid peroxidation.
Ethanol feeding attenuated endothelial nitric oxide synthase
(eNOS) phosphorylation and up-regulated nicotinamide
adenine dinucleotide phosphate oxidase 2 (NOX2) and
NOX4 protein expression, which were mitigated in Alb-Cre;
Ephx2" mice (Figure 7A). In line with these findings,
an ethanol-induced decrease of superoxide dismutase-1
(SOD-1) protein expression was mitigated by hepatic sEH
deficiency (Figure 7A4). A marker of oxidative stress is
the formation of protein adducts with 4-hydroxynonenal (4-
HNE).*® Consistent with the diminished oxidative stress in
Alb-Cre; Ephx2"" mice, lipid peroxidation, assessed by 4-HNE
immunostaining, was significantly lower in these mice
compared with Ephx2™/" mice (Figure 7B). Moreover, the basal
and ethanol-induced ROS concentrations, assessed by chlor-
omethyl dichlorodihydrofluorescein diacetate, were signifi-
cantly lower in primary hepatocytes isolated from Alb-Cre;
Ephx2™" than those from Ephx2"" mice (Figure 7C). Thus,
hepatic sEH deficiency was associated with a significant
attenuation of ethanol-induced ER and oxidative stress.
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Figure 5. Targeted metabolomic profiling of hepatic oxylipins in Ephx2™" and Alb-Cre; Ephx2™" mice. (A) Sixty-three
oxylipins were detected in liver samples from pair-fed and EtOH-fed Ephx2™" and Alb-Cre; Ephx2™" mice, 22 were statistically sig-
nificant (red dots, analysis of variance test with an adjusted false discovery rate cut-off, P = .05). Oxylipins without statistical sig-

nificance were presented as blue dots. The raw data are listed in Supf)
significant oxylipins in liver samples from pair-fed and EtOH-fed Ephx2”

lementary Table 1. (B) Heat map showing the statistically
" and Alb-Cre; Ephx2™" mice (n = 7-8/group).
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Figure 6.Decreased ethanol-induced ER stress in mice
with hepatic sEH disruption. Immunoblots of (A) CYP2ET1,
actin, ADH, ALDH1/2, and glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) (n = 3/group), and (B) representative
immunoblots of phospho-PERK-T981, PERK, phospho-
elF2a-S51, elF2«, phospho-IRE1«, IRE1«, cleaved Caspase
3 (cCasp3), and GAPDH (n = 6/group) in liver samples from
pair-fed or EtOH-fed Ephx2™" and Alb-Cre; Ephx2™" mice.
Each lane represents a tissue from a different animal. cCasp3
expression was normalized with GAPDH, and phosphoryla-
tion of PERK, elF2«, and IRE1a were normalized with their
respective protein. *P < .05, **P < .01 pair vs EtOH. TP < .01
Ephx2™" vs Alb-Cre; Ephx2™". AU, arbitrary unit.

Targeting sEH Ameliorated Hepatic Injury,
Inflammation, and Steatosis Caused by Ethanol
Feeding

Given the beneficial effects of genetic deficiency of he-
patic sEH, we evaluated the impact of pharmacologic

Cellular and Molecular Gastroenterology and Hepatology Vol. 11, No. 3

inhibition of this enzyme in the chronic plus binge model. To
this end, mice were treated with the selective sEH phar-
macologic inhibitor 1-trifluoromethoxyphenyl-3-(1-
propionylpiperidin-4-yl)urea (TPPU)*’ (Figure 84). Briefly,
female mice were fed a 5% (v/v) ethanol diet with or
without TPPU as outlined (Figure 8B). We detected signifi-
cantly increased concentrations of TPPU in the treated mice
compared with nontreated controls (Figure 8C). TPPU-
treated mice did not show differences in body weight,
liver/body weight ratio, and hepatic triglycerides levels
compared with nontreated animals (Figure 8D-F). In addi-
tion, TPPU-treated mice showed a trend for decreased ALT
and hepatic total cholesterol compared with nontreated
animals (Figure 8G and H). Furthermore, pharmacologic
inhibition of sEH significantly decreased hepatic mRNA
expression of inflammatory (TNF«) and lipogenic (PPARY)
genes compared with nontreated animals (Figure 8I).
Notably, pharmacologic inhibition of sEH, comparable with
hepatic sEH deficiency, attenuated ethanol-induced inflam-
mation and stress as evidenced by alterations in the phos-
phorylation of PERK, elF2«, NF-«B, and eNOS, as well as the
protein expression of NOX2/4, SOD-1, and cleaved Caspase
3 in TPPU-treated vs nontreated mice (Figure 8J). These
findings established the protective effects of pharmacologic
inhibition of sEH in a preclinical mouse model of ALD and
suggested a potential benefit in targeting sEH.

Discussion

Advancing therapies for ALD has been limited by an
incomplete understanding of the underlying mechanisms,
identification of novel targets for intervention, and the
development of effective pharmacotherapies. Herein, we
report that ethanol feeding up-regulated hepatic sEH in the
chronic plus binge model of ALD, whereas hepatic sEH
deficiency ameliorated ethanol-induced liver injury,
inflammation, and steatosis. In addition, sEH deficiency
attenuated hepatic ER and oxidative stress under the
ethanol challenge. Furthermore, pharmacologic inhibition of
sEH recapitulated the effects of hepatic sEH disruption.
Altogether, these findings elucidated a role for sEH in ALD
and validated a pharmacologic inhibitor of sEH in a pre-
clinical mouse model as a potential therapeutic approach.

The ethanol-induced increase of hepatic sEH in a mouse
model of ALD is in keeping with the enhanced expression of
this enzyme in murine models of liver injury.'>*"*! We
postulate that the up-regulation of sEH upon ethanol feeding
decreases epoxides and increases diols, and may contribute
to disease. Of note, alterations in the epoxide/diol ratios
have been linked qualitatively to the pathogenesis of several
diseases.”*! Indeed, the epoxide/diol ratio was increased in
the Alb-Cre; Epthﬂ/ﬂ mice that ameliorated the adverse
effects of ethanol feeding. A limitation is that the modulation
of sEH expression in a mouse model may not simulate the
human alcoholic hepatitis, and comprehensive studies are
warranted to evaluate sEH expression during disease pro-
gression in humans. In addition, the present study did not
address the factors influencing sEH up-regulation. To wit,
angiotensin II induces ER stress in coronary artery
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Figure 7. sEH deficiency attenuates ethanol-induced oxidative stress. (A) Representative immunoblots of phospho-eNOS-
S1177, eNOS, NOX2, NOX4, SOD-1, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (n = 6/group), and (B) im-
munostaining of 4-HNE in liver samples from pair-fed or EtOH-fed Ephx2™" and Alb-Cre; Ephx2™" mice. Each lane represents
a tissue from a different animal. Protein expression of NOX2, NOX4, and SOD-1 was normalized with GAPDH, and peNOS-
S1177 was normalized with eNOS expression. Boxed areas (#1 and #2) were enlarged, and the intensity of 4-HNE staining was
quantified using Imaged and presented in the bar chart. Statistical significance in (A) and (B) was considered as *P < .05, “*P <
.01 pair vs EtOH. TP < .05, TTP < .01 Ephx2™™ vs Alb-Cre; Ephx2™". Scale bar: 25 um. (C) Intracellular ROS levels as measured
by chloromethy! dichlorodihydrofluorescein diacetate (CM-H2DCFDA) in primary hepatocytes isolated from Ephx2™" and Alb-
Cre; Ephx2™™ mice. Hepatocytes were treated without (Ctrl) and with ethanol (100 mmol/L) for 60 minutes. The CM-H2DCFDA
fluorescence was plotted in the bar chart. Statistical significance in (C) was considered as **P < .01 Ctrl vs EtOH. TP < .01

Ephx2"" vs Alb-Cre; Ephx2™. AU, arbitrary unit.

endothelial cells and enhances sEH expression, whereas
mitigation of stress decreases sEH.*” Given that ethanol
metabolites lead to ER stress,>>*® it is reasonable to spec-
ulate that ethanol-induced ER stress may contribute to sEH
up-regulation. At any rate, the findings herein suggested
that the dysregulation of hepatic sEH and the subsequent
alteration in the lipid epoxide/diol ratio might contribute to
the pathogenesis of ALD.

Hepatic sEH disruption ameliorated ALD in independent
cohorts of female mice. Using a genetic loss-of-function
approach, we generated mice with efficient and liver-
specific sEH deficiency. Importantly, the ablation of hepat-
ic sEH correlated with attenuation of enzyme activity and
alteration in the lipid epoxide/diol ratio. The choice of mice
with the Alb-Cre transgene was prompted by its efficiency,
although deletion in nonparenchymal hepatic cells is un-
likely.”* The mitigation of ethanol-induced hepatic injury in
Alb-Cre; Ephx2™" mice is consistent with the hep-
atoprotective effects of genetic and pharmacologic inacti-
vation of sEH.'>19-21:41 Similarly, the attenuation of ethanol-
induced inflammation in Alb-Cre; Ephx2™" mice is in line
with the compelling body of evidence showing that sEH
deficiency mitigates challenge-induced inflammation.?*** In

addition, the amelioration of inflammation by sEH deficiency
was cell-autonomous because it was reproduced in sEH-
deficient primary hepatocytes, but the potential contribu-
tion of other hepatic cells and tissues in vivo cannot be
excluded. Importantly, treatment of hepatocytes with the sEH
substrate, EETs, diminished ethanol-induced NF-«B activation
in keeping with the anti-inflammatory properties of these
lipid mediators.*>*® Furthermore, sEH deficiency amelio-
rated the effects of ethanol that promote hepatic fatty acid
uptake and de novo lipid synthesis, dysregulates fatty acid
oxidation, and impairs lipid export, which culminate in
hepatic steatosis.””?”*” This observation is in accordance
with diminished diet-induced hepatic steatosis upon
pharmacologic inhibition of sEH."”'® It is noteworthy that
hepatic sEH deficiency may affect other tissues. Indeed,
modulation of hepatic sEH alters the 14,15-epoxyeicosatrienoic
acid (14,15-EpETrE) plasma level that, in turn, targets astro-
cytes to impact depression.*” Herein, targeted metab-
olomics identified lipid metabolites that were altered upon
sEH deficiency and provided a potential link between the
metabolites and the evaluated parameters. sEH activity
correlated positively with FA diols dihydroxyicosatrienoic
acid (5,6-, 8,9, 11,12-, and 14,15-) and
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dihydroxydocosapentaenoic acid (7,8-, 13,14-), and nega-
tively with EpFA (19,20-epoxydocosapentaenoic acid,
17,18- epoxyeicosatetraenoic acid, 15,16-
epoxyoctadecadienoic acid, and 14,15-EpETrE). The EpFA
correlated negatively with hepatic IL16 and TNFe, suggesting
that the increase in these epoxides may mediate some of the
effects of sEH deficiency. Moreover, a negative correlation
between hepatic triglycerides and cholesterol with hydrox-
yeicosatetraenoic acids (HETEs) was noted. This finding is in
keeping with alterations in 5-, 8-, and 11-HETEs in lean mice
upon ethanol consumption.*” Therefore, hepatic sEH defi-
ciency confers limited protection against ethanol intake that
may be mediated, at least in part, by an increase in sEH
substrates.

The molecular mechanisms underlying ALD pathogen-
esis are complex and multifactorial. Herein, we showed that
hepatic sEH deficiency likely did not affect ethanol meta-
bolism given the comparable expression of the inducible
and noninducible alcohol-metabolizing enzymes in Ephx2™"
and Alb-Cre; Ephx2™" mice. Significantly, sEH deficiency and
pharmacologic inhibition modulated signaling pathways that
are implicated in ALD, namely ER and oxidative stress.
Consistent with the reported effects of sEH deficiency in
mitigating metabolically-induced ER stress,”**° sEH inactiva-
tion ameliorated xenobiotic-induced ER stress. Attenuation of
the PERK-elF2« but not the IREle branch of the unfolded
protein response upon sEH inactivation suggested potential
selective modulation that warrants additional investigation.
Moreover, the ethanol-induced oxidative stress, a significant
contributor to hepatocyte injury, was abrogated upon sEH
inactivation, as evidenced by eNOS phosphorylation, NOX2/4,
and SOD-1 expression, ROS levels, and the consequential
reduction of lipid peroxidation. These observations are in line
with the effects of SEH deficiency in mitigating oxidative stress
in multiple tissues.”>°**! The intricate mechanisms governing
the modulation of ethanol-induced ER and oxidative stress
require additional investigation, but these pathways emerged
herein as contributors to the salutary effects of sEH inactiva-
tion. Nonetheless, the role of other pathways cannot be
excluded with the inhibition of sEH attenuating ethanol-
induced cardiac fibrosis by affecting autophagy flux.”*

Pharmacologic inhibition of sEH using TPPU recapitu-
lated the effects of genetic disruption of sEH, ameliorating
ethanol-induced injury, inflammation, steatosis, and atten-
uating oxidative and ER stress. TPPU likely engaged hepatic
as well as nonhepatic sEH given the systemic delivery, and
presumably conferred protection against ethanol con-
sumption in multiple tissues. Nevertheless, the outcome of
pharmacologic inhibition of sEH did not appear more robust
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than hepatic sEH deficiency. The underlying reason(s) re-
mains to be determined, and a possibility includes a thor-
ough ablation of sEH in the liver using the genetic approach.
In addition, off/other target effects of TPPU cannot be
excluded, although unlikely given the validation of this in-
hibitor.” Moreover, the present study solely evaluated the
preventative capacity of targeting sEH in a preclinical ALD
model. However, the assessment of the treatment capability
of sEH inhibition was precluded by the rapid recovery in the
mouse model used herein. Given the seemingly over-
whelming challenges of sustaining lifestyle changes and
chronic excessive alcohol intake, an intervention that en-
compasses pharmacologic inhibition of sEH may help
address an unmet need for ALD.

Materials and Methods

Reagents

Antibodies for (-actin (sc-47778), elF2a (sc-133132),
phospho-PERK-T981 (sc-32577), phospho-eNOS-S1177 (sc-
21871-R), eNOS (sc-376751), SOD-1 (sc-271014), ADH (sc-
133207), and ALDH1/2 (sc-166362) were from Santa Cruz
Biotechnology (Dallas, TX); NOX2 (ab129068), NOX4
(ab216654), 4-HNE (ab46545), and CYP2E1 (ab28146)
were from Abcam (Cambridge, MA); phospho-elF2a-S51
(9721), PERK (3192), IREla (3294), phospho-NF-kB p65-
Ser536 (3033), NF-kB p65 (8242), cleaved Caspase 3
(9664), F4/80 (70076), and glyceride-3-phosphate dehy-
drogenase (GAPDH, 3683) were from Cell Signaling Tech-
nology (Beverly, MA); and phospho-IRE1«¢-S724 (NB100-
2323) was from Novus Biologicals (Littleton, CO). Dr Ham-
mock’s laboratory provided antibodies for mouse sEH,’’
EETs mixture (8,9-EpETrE [16.9%], 11,12-EpETrE
[52.9%], 14,15-EpETrE [30.2%]), and the sEH pharmaco-
logic inhibitor TPPU.** All other chemicals, unless indicated,
were from Sigma (St. Louis, MO).

Mouse Studies

Mice with hepatic sEH disruption were generated by
breeding Ephx2"/" mice (kindly provided by Dr Darryl Zel-
din, National Institute of Environmental Health Sciences)
with mice expressing the Alb-Cre transgene (The Jackson
Laboratory, Bar Harbor, ME). Both strains were on a C57BL/
6] background. Genotyping for the Ephx2 floxed allele and
Cre gene was performed by polymerase chain reaction using
DNA extracted from tails. Mice were maintained under
standard conditions with access to water and food (Purina
lab chow, #5001; St. Louis, MO). For the ethanol challenge,
Ephx2™" and Alb-Cre; Ephx2™" female mice (6 and 11

Figure 8. (See previous page). Pharmacologic inhibition of sEH attenuates hepatic ethanol-induced injury, inflamma-
tion, steatosis, and stress signaling. (A) Structure of the sEH pharmacologic inhibitor TPPU. (B) Timeline of pharmacologic
inhibition of sEH in the chronic plus binge model of ALD. (C) Serum TPPU (n = 4-5/group), (D) body weight (n = 5-6/group), (E)
liver/body weight ratio (n = 5-6/group), (F) hepatic triglycerides (TGs, n = 5-6/group), (G) serum ALT (n = 4-5/group), (H)
hepatic total cholesterol (TC, n = 4-5/group), (/) hepatic mRNA expression of monocyte chemotactic protein 1 (MCP1), TNFq,
sterol regulatory element-binding protein 1¢c (SREBP1c), and PPARYy (n = 4/group), and (J) hepatic immunoblots of phospho-
PERK-T981, PERK, phospho-elF2a-S51, elF2«, phospho-IRE1«, IRE1«, phospho-NF-xB p65-S536, NF-«kB p65, phospho-
eNOS-S1177, eNOS, NOX2, NOX4, SOD-1, cleaved Caspase 3 (cCasp3), and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (n = 4-5/group) in Ephx2™" mice without (EtOH) and with SEH inhibitor (EtOH + TPPU). Phosphorylation of PERK,
elF2«, IRE1a, NF-kB p65, and eNOS were normalized with their respective protein, and protein expression of NOX2, NOX4,
SOD-1, and cCasp3 were normalized with GAPDH. *P < .05, **P < .01 EtOH vs EtOH + TPPU. AU, arbitrary unit.
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Table 1.List of Primer Sequences Used for Polymerase Chain Reaction Studies

Targets Forward Reverse
mouse-Ephx2 flox TGCCACCAGATCCTGAT GGCAACTTTGTGATGTTC
general Cre recombinase ATGTCCAATTTACTGACCG CGCCGCATAACCAGTGAAAC
mouse-Ephx2 GGACGACGGAGACAAGAGAG CTGTGTTGTGGACCAGGATG
mouse-interleukin 18 TAGCTTCAGGCAGGCAGTATC TAAGGTCCACGGGAAAGACAC
mouse-tumor necrosis factor-« TGACGTGGAACTGGCAGAAGAG TTGCCACAAGCAGGAATGAGA
mouse-monocyte chemotactic protein 1 CCCAATGAGTAGGCTGGAGA TCTGGACCCATTCCTTCTTG
mouse-adhesion G-protein-coupled-receptor E1 CTTTGGCTATGGGCTTCCAGTCC GCAAGGAGGACAGAGTTTATCGTG
mouse-lymphocyte antigen 6 complex, locus G TGCGTTGCTCTGGAGATAGA CAGAGTAGTGGGGCAGATGG
mouse-sterol regulatory element-binding protein 1c GAGCCATGGATTGCACATTT CTCAGGAGAGTTGGCACCTG
mouse-peroxisome proliferator-activated receptor-y TCTTAACTGCCGGATCCACAA GCCCAAACCTGATGGCATT
mouse-cluster of differentiation 36 GATGACGTGGCAAAGAACAG TCCTCGGGGTCCTGAGTTAT
mouse-stearoyl-CoA desaturase TTCTTGCGATACACTCTGGTGC CGGGATTGAATGTTCTTGTCGT
mouse-fatty acid synthase GGAGGTGGTGATAGCCGGTAT TGGGTAATCCATAGAGCCCAG
mouse-TATA-box binding protein TGAGAGCTCTGGAATTGTAC CTTATTCTCATGATGACTGCAG
months of age) were fed ethanol following the chronic plus  Immunoblot Analysis

single binge model.”* Mice were fed a control liquid diet

(F1259SP; Bio-Serv, Flemington, NJ) ad libitum for 5 days
for acclimation. During the next 10 days, mice were fed
either an ethanol liquid diet (F1258SP; Bio-Serv) containing
5% (v/v) ethanol ad libitum or pair-fed with the isocaloric
control liquid diet. On the morning of day 16, ethanol-fed
and pair-fed mice were gavaged orally with ethanol (5 g/
kg body weight) or isocaloric maltose-dextrin solution,
respectively, then euthanized after 9 hours. For studies with
the pharmacologic inhibitor of sEH, Ephx2™ female mice (8
months old) were treated daily with TPPU (1.5 mg/kg).**""
TPPU was dissolved in polyethylene glycol 400, then diluted
in Lieber-DeCarli ethanol liquid diet (1:100), and adminis-
tered concomitantly with ethanol until the mice were
sacrificed and then tissues were collected and stored
at —80°C. In addition, liver tissue was fixed in 4% para-
formaldehyde for histologic analysis.

Biochemical Analyses

ALT was determined using the ALT/serum glutamate
pyruvate transaminase enzymatic colorimetric kit (Teco
Diagnostics, Anaheim, CA) according to the manufacturer’s
instructions. Cytokines were determined by the V-PLEX
Mouse Cytokine kit (K152A0H-1; Meso Scale Discovery,
Rockville, MD) according to the manufacturer’s instructions.
For hepatic triglyceride measurement, approximately 25 mg
of liver homogenate was mixed with chloroform/methanol
solution (2:1 v/v), followed by vigorous shaking for 3 mi-
nutes. The mixture was centrifuged at 10,000 x g for 10
minutes at room temperature, and the bottom chloroform
layer was collected and dried overnight. The resulting pellet
was resuspended in isopropanol, and the triglyceride con-
centration was measured with the Infinity Triglycerides
Reagent enzymatic colorimetric kit (TR22421; Thermo Sci-
entificc, Waltham, MA) according to the manufacturer’s
instruction.

Frozen tissues were ground in liquid nitrogen and
proteins were extracted by radioimmunoprecipitation
assay buffer containing 10 mmol/L Tris-HCl (pH 7.4),
150 mmol/L NaCl, 0.1% sodium dodecyl sulfate, 1%
Triton X-100, 1% sodium deoxycholate, 5 mmol/L EDTA,
20 mmol/L sodium fluoride, 2 mmol/L sodium orthova-
nadate, and protease inhibitors. Lysates were centrifuged
at 12,000 x g for 10 minutes, and protein concentrations
were determined using the bicinchoninic acid protein
assay kit (Pierce, Rockford, IL). Proteins were resolved by
sodium dodecyl sulfate-polyacrylamide gel electropho-
resis and then transferred to polyvinylidene difluoride
membranes. Immunoblotting was performed with the
indicated antibodies, then visualized using the HyGLO
Chemiluminescent horseradish-peroxidase detection re-
agent (Denville Scientific, Metuchen, NJ).

Quantitative Real-Time Polymerase Chain
Reaction

Total RNA was extracted from the liver using TRIzol
reagent (Invitrogen, Carlsbad, CA). Complementary DNA
was generated using a high-capacity complementary DNA
reverse-transcription kit (Applied Biosystems, Foster
City, CA). Quantitative real-time polymerase chain reac-
tion was performed by mixing samples and SsoAdvanced
Universal SYBR Green Supermix (Bio-Rad, Hercules, CA)
to each primer pair and using the CFX96 Touch Real-Time
Polymerase Chain Reaction Detection System (Bio-Rad).
mRNAs of Ephx2, interleukin 16, monocyte chemotactic
protein 1, tumor necrosis factor-«, adhesion G-protein-
coupled-receptor E1, lymphocyte antigen 6 complex,
locus G, PPARY, sterol regulatory element-binding pro-
tein 1c, cluster of differentiation 36, stearoyl-CoA desa-
turase, and fatty acid synthase were normalized to
TATA-box binding protein. The primers sequences are
listed in Table 1.
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Histology

Liver samples were embedded, sectioned, and H&E-
stained by the UC Davis Anatomic Pathology Service. The
slides were imaged using an Olympus (Center Valley, PA)
BX51 microscope. For immunofluorescence, liver sections
from Ephx2™" and Alb-Cre; Ephx2""" mice were fixed (4%
paraformaldehyde), embedded in paraffin, and deparaffi-
nized in xylene. Sections were stained with antibodies for
sEH and F4/80 overnight at 4°C. Detection was performed
with appropriate Alexa Fluor secondary antibodies (Thermo
Scientific), and visualized using Olympus FV1000 laser
scanning confocal microscopy.

SEH Activity

Hepatic sEH activity was measured using [*H]-labeled
trans-diphenyl propene oxide as a substrate as described”*
with minor modifications. Briefly, the liver extract was ob-
tained by homogenizing tissue samples in 250 uL. of RPMI
medium (1 mmol/L dithiothreitol and 500 umol/L phenyl-
methylsulfonyl fluoride) and centrifuging at 10,000 x g for
20 minutes at 4°C. Two sets of 100-uL liver extracts were
prepared from each sample for further isooctane and hex-
anol extractions. The liver extract was incubated with [*H]-
labeled trans-diphenyl propene oxide for 20 minutes at
37°C, and the reactions stopped by adding 60 uL methanol.
Then, 200 uL isooctane (reflects sEH activity + glutathione
transferase activity) or hexanol (reflects glutathione trans-
ferase activity only) was added to the tube and thoroughly
mixed until an emulsion formed. Phases were separated by
centrifugation at 1,500 x g for 5 minutes at room temper-
ature. A 40-uL sample of the bottom aqueous phase was
collected and radioactivity was measured with a liquid
scintillation counter (Tri-Carb 2810TR; Perkin Elmer, Wal-
tham, MA). The sEH activity was determined by subtracting
the amount of radiation from the hexanol extraction from
the value resulting from the isooctane extraction, which
then was corrected for incubation time and normalized for
protein amount.

Measurement of sEH Inhibitor

The concentration of TPPU in blood was determined as
described.”® In short, 10 uL blood was collected and added
into 50 uL 0.1% EDTA water solution. Samples were
analyzed by multiple reaction-monitoring modes on the
4000 QTRAP mass spectrometer (Sciex, Framingham, MA)
and referenced to an internal standard. The optimized pa-
rameters of mass spectrometers for monitoring this sEH
inhibitor are described as follows: transition from first
quadrupole to third quadrupole was 358.2 to 175.9 mass-
to-charge ratio, declustering potential was -125 V, entrance
potential was -10 V, collision energy was -22 eV, collision
cell exit potential was -11 V, and LOD was <0.49 nmol/L.

Oxylipins Extraction
Oxylipins were analyzed as described previously.”” In
brief, liver samples (~50 mg) were treated with 200 uL
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cold methanol extraction solution (0.1% acetic acid and
0.1% butylated hydroxytoluene), added to 10 uL of
deuterated (d) internal standard solution (500 nmol/L
mixture of d11 11,12-EpETrE, d11 14,15-DiHETrE, d8 9-
hydroxyoctadecadienoic acid, d4 leukotriene B4, d4
prostaglandin E2, d4 thromboxane B2, d6 20-
hydroxyeicosatetraenoic acid, d4 6-keto prostaglandin Fle,
and d8 5-HETE; Cayman Chemical, Ann Arbor, MI). Samples
were stored at -80°C for 30 minutes. Then, the samples
were homogenized using Retsch MM301 ball mills (Retsch
GmbH, Newtown, PA) at 30 Hz for 10 minutes and stored at
-80°C overnight. On the next day, homogenates were
centrifuged at 16,000 x g for 10 minutes, the supernatant
was collected, and the remaining pellets were washed with
100 uL ice-cold methanol extraction solution and centri-
fuged for 10 minutes. Supernatants acquired in the previous
steps were combined and diluted with 1 mL H,0 and loaded
onto Waters Oasis HLB 3cc solid-phase extraction car-
tridges. The LC/MS-MS analysis was performed with an
Agilent (Santa Clara, CA) 1200SL Ultra High Performance
Liquid Chromatography system interfaced with a 4000
QTRAP mass spectrometer (Sciex). Separation of oxylipins
was performed with the Agilent Eclipse Plus C18 150 x 2.1
mm 1.8-um column with mobile phases of water with 0.1%
acetic acid as mobile phase A, and acetonitrile/methanol
(84/16) with 0.1% acetic acid as mobile phase B. Therefore,
LC separation conditions and all parameters on the MS were
optimized with pure standards (Cayman Chemical) under
negative mode.”’

Primary Hepatocyte Isolation and Culture

Mouse hepatocyte isolation and culture were performed
as reported58 with few modifications, as we described.”® For
the measurement of ROS, the primary hepatocytes were
incubated  with  6-chloromethyl-2',7'-dichlorodihydro-
fluorescein diacetate, acetyl ester (50 ug/24-well plates;
Thermo Scientific) for 30 minutes at 37°C. Then, the cells
were treated with ethanol (100 mmol/L) for an additional
60 minutes at 37°C. The ROS level was measured by exci-
tation at 492-nm and emission at 522-nm wavelengths us-
ing BioTek’s Synergy H1 (Winooski, VT). For EETs
treatment, primary hepatocytes were pre-incubated without
(dimethyl sulfoxide [DMSO]) and with 2 umol/L EETs
mixture for 30 minutes at 37°C. The cells then were co-
cultured with 100 mmol/L ethanol and 2 umol/L EETs
mixture or DMSO for an additional 60 minutes at 37°C.
DMSO was used as a vehicle control with the same volume
of the EETs mixture.

Statistical Analysis

Data are expressed as means + SEM. All statistical ana-
lyses were performed using JMP software (SAS Institute,
Cary, NC). Comparison among multiple groups was made
using a 1-way analysis of variance with the post hoc Tukey
test and a 2-tailed t test for comparing 2 groups. Differences
were considered significant at P < .05, and highly significant
at P < .01.
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