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Background: Soluble epoxide hydrolase (sEH) is a cytosolic enzyme whose pharmacological inhibition or targeted deletion
in mice has beneficial effects, including improved insulin signaling in liver and adipose tissue.
Results: sEH inhibition or deficiency attenuates high fat diet- and chemical-induced endoplasmic reticulum (ER) stress in mice
and cells, respectively.
Conclusion: sEH modulates ER stress in a cell-autonomous manner.
Significance: sEH may be a therapeutic target for mitigating complications associated with the metabolic syndrome.

Soluble epoxide hydrolase (sEH) is a cytosolic enzyme whose
inhibition has beneficial effects in cardiovascular, inflamma-
tory, and metabolic diseases in murine models. Mice with tar-
geted deletion or pharmacological inhibition of sEH exhibit
improved insulin signaling in liver and adipose tissue. Herein,
we assessed the role of sEH in regulating endoplasmic reticulum
(ER) stress in liver and adipose tissue. We report that sEH
expressionwas increased in the livers and adipose tissue ofmice
fed a high fat diet, the adipose tissue of overweight humans, and
palmitate-treated cells. Importantly, sEH deficiency or inhibi-
tion in mice attenuated chronic high fat diet-induced ER stress
in liver and adipose tissue. Similarly, pharmacological inhibi-
tion of sEH in HepG2 cells and 3T3-L1 adipocytes mitigated
chemical-induced ER stress and activation of JNK, p38, and cell
death. In addition, insulin signaling was enhanced in HepG2
cells treated with sEH substrates and attenuated in cells
treated with sEH products. In summary, these findings dem-
onstrate that sEH is a physiological modulator of ER stress
and a potential target for mitigating complications associated
with obesity.

Obesity and metabolic syndrome result from excess calorie
intake and genetic predisposition. Obese individuals exhibit a
higher risk of chronic diseases such as type 2 diabetes and car-
diovascular disease (1–3). The mechanisms by which excess
nutrients and adiposity trigger changes that lead to these
chronic diseases are still being elucidated. A growing body of

evidence indicates that endoplasmic reticulum (ER)3 dysfunc-
tion is a contributor tometabolic disease (4, 5). The ER is highly
responsive to nutrients and energy status of the cell and plays an
important role in folding and maturation of newly synthesized
proteins.When the folding capacity of the ER is exceeded, mis-
folded proteins accumulate and lead to ER stress (6). Of note,
high fat feeding and genetic obesity inmice lead to increased ER
stress in liver and adipose tissue (4). In addition, obese individ-
uals exhibit increased expression of multiple markers of ER
stress (7). Thus, understanding the role of ER stress in adiposity
and insulin resistance may be of therapeutic potential for the
treatment of metabolic diseases.
Cells use adaptive mechanisms to mitigate ER stress and to

restore homeostasis known as the unfolded protein response.
Unfolded protein response signaling consists of three branches
initiated by the ER transmembrane proteins PKR-like ER-reg-
ulated kinase (PERK), inositol-requiring enzyme 1� (IRE1�),
and activating transcription factor 6 (ATF6) (5, 8, 9). These
sensor proteins respond to changes in protein folding status in
the ER and convey information to activate distinct and some-
times overlapping pathways. PERK phosphorylates the �-sub-
unit of eukaryotic translation initiation factor 2 (eIF2�) at Ser51,
leading to rapid and transient attenuation of protein synthesis
(10–12). IRE1� activation leads to the unconventional splicing
of X-box-binding protein 1 (XBP1) mRNA, leading to the syn-
thesis of a nuclear XBP1 form that induces the transcription of
genes encoding ER chaperones and ER-associated protein deg-
radation (13–15). The third canonical branch includes ATF6�,
which, uponER stress, traffics to theGolgi apparatus, where it is
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cleaved to liberate a fragment that translocates to the nucleus to
induce genes encoding ER chaperones and ER-associated pro-
tein degradation functions (16, 17). The distant unfolded pro-
tein response arms synergize to attenuate stress by increasing
the folding capacity of the ER, translational attenuation, ER
biogenesis, and ER-associated protein degradation (6). How-
ever, if the compensatorymechanisms fail to facilitate the adap-
tation of cells to ER stress, induction of the unfolded protein
response can lead to apoptosis (18, 19).
Soluble epoxide hydrolase (sEH) is a cytosolic enzyme with

C-terminal epoxide hydrolase and N-terminal lipid phospha-
tase activities (20, 21). sEH inhibition has beneficial effects in
cardiovascular, renal, and inflammatory diseases in murine
models (22, 23). Endogenous substrates for sEH include epoxy
fatty acids such as epoxyeicosatrienoic acids (EETs). EETs are
arachidonic acid metabolites produced by cytochrome P-450
epoxygenases. sEH plays a key role in regulating the levels of
EETs by effectively degrading them into more polar and usu-
ally less potent metabolites, dihydroxyeicosatrienoic acids
(DHETs) (24, 25). sEH-selective inhibitors (sEHI) stabilize
EETs and other epoxy fatty acids by preventing their conver-
sion to DHETs or the corresponding diols (26). The stabilized
EETs are anti-hypertensive, anti-inflammatory, and anti-hy-
peralgesic in both inflammatory and neuropathic pain models
(27–29). In addition to their salutary effects in the vasculature,
EETsmay have beneficial effects on lipid metabolism and insu-
lin sensitivity. sEH activity is increased in epididymal fat pads of
mice fed a high fat diet (HFD) (30).Moreover, sEH expression is
increased in obese Zucker rats, a commonly used animal model
of obesity and insulin resistance (31). Furthermore, in a type 1
diabetes model, genetic and pharmacological inhibition of sEH
results in increased insulin secretion and attenuation of hyper-
glycemia (31). Finally, sEH deficiency or pharmacological inhi-
bition in mice improves systemic glucose tolerance and
enhances insulin signaling in liver and adipose tissue (32). In
this study, we determined the effects of sEH deficiency and
pharmacological inhibition on ER stress signaling in liver and
adipose tissue and investigated the underlying molecular
mechanism.

EXPERIMENTAL PROCEDURES

Reagents—DMEM, G418, penicillin/streptomycin, puromy-
cin, newborn calf serum, FBS, and trypsin were purchased from
Invitrogen. Antibodies for sEH were generated by in the Ham-
mock laboratory (28). Antibodies for tubulin were purchased
from Upstate Biotechnology. Antibodies for phospho-PERK
(Thr980), PERK, phospho-eIF2� (Ser51), eIF2�, spliced XBP1
(sXBP1), ATF6, IRE1�, BiP, GADD34, phospho-c-Jun (Ser73),
c-Jun, phospho-insulin receptor (IR) (Tyr1162/Tyr1163), and IR
were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA). Antibodies for phospho-p38 (Thr180/Tyr182), p38, phos-
pho-JNK (Thr183/Tyr185), JNK, phospho-AKT (Ser473), AKT,
and cleaved caspase-3 were from Cell Signaling (Beverly, MA).
Antibodies for phospho-IRE1� (Ser724) were purchased from
Abcam (Cambridge,MA).HRP-conjugated secondary antibod-
ies were purchased fromBioResources International (Carlsbad,
CA). EET, epoxyoctadecenoic acid (EpOME), and their corre-
sponding diol products (DHET and dihydroxyoctadecenoic

acid (DiHOME), respectively) were prepared in the Hammock
laboratory as described previously (33). Unless indicated other-
wise, all other chemicals were purchased from Sigma.
Mouse Studies—Mice with a targeted disruption in exon 1 of

the Ephx2 gene (34) were back-crossed onto a C57BL/6 back-
ground (The Jackson Laboratory) 10 generations prior to use in
this study (32).Miceweremaintained on a 12-h light/dark cycle
in a temperature-controlled facility with free access to water
and food. For experiments assessing nutritional regulation of
sEH expression (see Fig. 1),micewere fed aHFD (60%kcal from
fat; D12492, Research Diets, New Brunswick, NJ) for the indi-
cated times. For all other studies, Ephx2 knock-out (KO) and
WT mice were fed a regular chow diet (13.5% kcal from fat;
Purina LabDiet 5001) at weaning or a HFD (42% kcal from fat;
Harlan Teklad TD.88137) at 6 weeks of age. In addition, mice
were treatedwith a selective sEHI, 1-(1-(methylsulfonyl)piperi-
din-4-yl)-3-(4-(trifluoromethoxy)phenyl)urea (TUPS). Mice
were provided TUPS (10 �g/ml in 1% polyethylene glycol 400)
in drinking water starting from 6 weeks of age throughout the
study, and control mice were provided drinking water contain-
ing 1% polyethylene glycol 400 as described previously (32). All
mouse studies were approved by the Institutional Animal Care
and Use Committee of the University of California, Davis.
Cell Culture—HepG2 cells were maintained in 5% CO2 at

37 °C in DMEM supplemented with 10% FBS, 100 units/ml
penicillin, and 100 �g/ml streptomycin. 3T3-L1 cells were
maintained in high glucose (25mM)DMEMsupplementedwith
10% newborn calf serum and penicillin/streptomycin. Conflu-
ent 3T3-L1 cells were cultured in differentiation medium (1.7
�M insulin and high glucose DMEM supplemented with 10%
FBS). After 2 days, cells were cultured in inductionmedium (1.7
�M insulin and high glucose DMEM supplemented with 10%
FBS, 1�Mdexamethasone, and 0.5mM3-isobutyl-l-methylxan-
thine) for 48 h. After induction, cells were cultured in differen-
tiationmedium until they exhibited a differentiated phenotype.
ER stress was induced in cells by treatment with thapsigargin
(TG; 2�M) for 2 h or palmitate (0.5mM) for the indicated times.
Palmitate was freshly prepared in HEPES/DMEM buffer con-
taining 10.5% fatty acid-free BSA. When indicated, cells were
pretreated with TUPS (1 �M) alone or in combination with
EET, EpOME, DHET, or DiHOME (1 �M each) (35, 36) for 1 h,
and then ER stress was induced by treating cells with palmitate
(0.5 mM) for 24 h. For insulin signaling experiments, HepG2
cells were starved overnight in low glucose (5.5 mM) medium
containing TUPS (1 �M) alone or in combination with 4-phe-
nylbutyric acid at 20 mM or with EET, EpOME, DHET, or
DiHOME at 1 �M and then stimulated with 100 nM insulin for
10 min.
Biochemical Analyses—Mouse tissues were dissected and

immediately frozen in liquid nitrogen. Tissues were ground in
the presence of liquid nitrogen and lysed using radioimmuno-
precipitation assay buffer (10 mM Tris-HCl (pH 7.4), 150 mM

NaCl, 0.1% SDS, 1% Triton X-100, 1% sodium deoxycholate, 5
mM EDTA, 1 mM NaF, 1 mM sodium orthovanadate, and pro-
tease inhibitors). Lysates were clarified by centrifugation at
13,000 rpm for 10 min, and protein concentrations were deter-
mined using a bicinchoninic acid protein assay kit (Pierce).
HepG2 cells, 3T3-L1 adipocytes, and human abdominal subcu-
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taneous adipose tissue (from the National Human Tissue
Resource Center) were lysed using radioimmunoprecipitation
assay buffer. Proteins were resolved by SDS-PAGE and trans-
ferred to PVDF membranes. Immunoblotting was performed
with the relevant antibodies, and proteins were visualized using
LuminataTM Forte (Millipore, Billerica, MA). For quantitation
purposes, pixel intensities of immunoreactive bands from blots
that were in the linear range of loading and exposure were
quantified using FluorChem 9900 (Alpha Innotech).
RNA was extracted from liver and subcutaneous white adi-

pose tissue using TRIzol reagent (Invitrogen). cDNA was gen-
erated using a high-capacity cDNA archive kit (SuperScriptTM
III reverse transcriptase, Invitrogen). mRNAs fromBiP, sXBP1,
and CHOP were assessed by RT-PCR (iCycler, Bio-Rad)
and normalized to TATA box-binding protein. For RT-PCR,
ABsolute Blue qPCR premix (Thermo Scientific) was mixed
with each primer. The primers used were as follows: CHOP,
5�-CCCTGCCTTTCACCTTGG-3� (forward) and 5�-CCGC-
TCGTTCTCCTGCTC-3� (reverse); BiP, 5�-ACTTGGGGAC-
CACCTATTCCT-3� (forward) and 5�-ATCGCCAATCAGAC-
GCTCC-3� (reverse); sXBP1, 5�-GGTCTGCTGAGTCCGCAG-
CAGG-3� (forward) and 5�-AGGCTTGGTGTATACATGG-3�
(reverse); and TATA box-binding protein, 5�-TTGGCTAGG-
TTTCTGCGGTC-3� (forward) and 5�-TGCTGTAGCCGTA-
TTCATTG-3� (reverse).

Statistical Analyses—Data are expressed as means � S.E. All
statistical analyses were performed using JMP Statistical Dis-
covery (SAS Institute). Comparisons among multiple groups
were made using one-way analysis of variance and the Bonfer-
roni-Holmes method for post hoc analysis. For experiments on
cells, statistical analyses were performed using Student’s t test.

RESULTS

Chronic ER Stress Increases sEH Protein Levels in Liver and
Adipose Tissue—We evaluated sEH expression in the livers and
adipose tissue ofmice fed a regular chow diet (Purina lab chow)
versusmice fed a HFD (60% kcal from fat) for 5 and 10 months
to induce chronic ER stress. Consistent with published data (4,
7, 37), high fat feeding led to elevated ER stress in liver and
adipose tissue. Immunoblot analyses indicated that BiP expres-
sion was increased in lysates of liver and subcutaneous adipose
tissue of mice fed a HFD compared with those fed a regular
chow diet (Fig. 1A). In addition, sEH protein expression was
increased in liver (1.8- and 2.6-fold) and adipose tissue (1.9- and
3.4-fold) after 5 and 10 months of high fat feeding, respectively
(Fig. 1A). To investigate whether chemical-induced ER stress
also leads to comparable alterations in sEH expression, HepG2
cells and 3T3-L1 adipocytes were treated with palmitate, which
induces ER stress through degradation of carboxypeptidase E
(38). Palmitate treatment led to increased BiP and sEH protein

FIGURE 1. HFD- and chemical-induced ER stress increases sEH protein expression. A, liver (upper panel) and subcutaneous adipose tissue (lower panel) were
isolated from male mice fed a regular chow diet or a HFD (60% kcal from fat) for 5 and 10 months, and lysates were immunoblotted for sEH, BiP, and tubulin.
Each lane represents a sample from a separate animal. The bar graph represents normalized data expressed as arbitrary units (A.U.) for sEH/tubulin from six mice
per group and presented as means � S.E. *, p � 0.05, significant difference between mice fed a HFD and those fed a regular chow diet for the corresponding
duration; **, p � 0.01. B, HepG2 cells (upper panel) and differentiated 3T3-L1 adipocytes (lower panel) were treated with palmitate for the indicated times, and
lysates were immunoblotted for sEH, BiP, and tubulin. C, adipose tissue lysates from lean and overweight human male subjects were immunoblotted for sEH,
BiP, and tubulin. BW, body weight.
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levels in HepG2 cells and 3T3-L1 adipocytes (Fig. 1B). Finally,
to determine whether findings from rodent and cell models
translate to humans, we analyzed sEH expression in human
adipose tissues from lean and overweight subjects. Immunoblot
analyses revealed increased sEH protein levels in lysates of adi-

pose tissue from overweight subjects compared with lean con-
trols (Fig. 1C). Together, these findings indicate that obesity
induces an increase in sEH expression in vivo. Moreover, these
results identify HepG2 and 3T3-L1 as suitable cell models for
the assessment of sEH function in ER stress.

FIGURE 2. sEH deficiency and pharmacological inhibition mitigate HFD-induced ER stress in vivo. sEH KO and WT mice were fed a regular chow diet or a
HFD for 10 months as described under “Experimental Procedures.” In addition, KO and WT mice were treated with a sEHI (TUPS) or vehicle control (PEG 400) in
drinking water for 10 months. Lysates from liver (A) and subcutaneous adipose tissue (C) were immunoblotted for phospho-PERK (Thr980), PERK, phospho-
eIF2� (Ser51), eIF2�, phospho-IRE1� (Ser724), IRE1�, sXBP1, cATF6�, GADD34, BiP, and tubulin. Each lane represents a sample from a separate animal. The bar
graphs represent normalized data expressed as arbitrary units (A.U.) for phospho-PERK/PERK, phospho-eIF2�/eIF2�, phospho-IRE1�/IRE1�, sXBP1/tubulin,
ATF6�/tubulin, and GADD34/tubulin from three independent experiments and presented as means � S.E. BiP, CHOP, and sXBP1 mRNAs from liver (B) and
subcutaneous adipose tissue (D) were measured by quantitative real-time PCR and normalized against TATA box-binding protein. Data represent means � S.E.
of six mice. *, p � 0.05, significant difference between sEHI-treated and non-treated mice fed a regular chow diet; **, p � 0.01; #, significant difference between
sEHI-treated and non-treated mice fed a HFD diet; ∧, significant difference between KO and WT mice fed the same diet.
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sEH Regulates ER Stress Signaling in Vivo—The increased
sEH expression upon HFD- and chemical-induced ER stress
raised the possibility that sEH may play a role in regulating ER
stress in liver and adipose tissue. To test this, we determined the
effects of sEHdeficiency and pharmacological inhibition onHFD-
inducedERstress in vivo. sEHKOandWTmicewere fed a regular
chow diet and a HFD for 10 months as described previously (32).
As a complementary approach for assessing the role of sEH in ER
stress, pharmacological inhibition was achieved by treating mice
with a sEHI (TUPS) (32). TUPS is an effective sEHI (IC50 � 5 and
3nM formurine andhuman sEH, respectively) (21, 39). TheTUPS
concentration in the plasma of treated mice was higher than its
IC50, as we reported previously (32). Mice exhibited comparable
bodyweights when fed a regular chow diet (WT, 32.7� 1.5 g; and
KO, 33.5 � 1.1 g) and a HFD (WT, 48.5 � 1.7 g; and KO, 47.8 �
2.2 g). In addition, TUPS treatment did not significantly alter the
body weights of mice fed a regular chow diet (WT, 34.7 � 1.5 g;
KO, 34.2 � 1.9 g) and a HFD (WT, 47.8 � 2.5 g; and KO, 48.7 �
2.1 g). Thus, any alterations in ER stress signaling upon sEH defi-
ciency and inhibition are likely primary effects and not secondary
to differences in body weight.
Theeffectsof sEHdeficiencyandpharmacological inhibitionon

ER stress signaling were evaluated in the livers and subcutaneous
adipose tissue of mice fed a regular chow diet and a HFD. As
reported previously (37, 40, 41), prolonged high fat feeding
inducedERstress, as evidencedby increasedPERK(Thr980), eIF2�
(Ser51), and IRE1� (Ser724) phosphorylation and increased sXBP1
and cATF6 expression in liver lysates of WT and KO mice fed a
HFD compared with those fed a regular chow diet (Fig. 2A, white
versus light graybars). ExpressionofGADD34 (aneIF2�phospha-
tase)was reduced inWTmice fed aHFDcomparedwith those fed
chow, in line with published data (42), but was elevated in KO
mice, in line with eIF2� phosphorylation (Fig. 2A). Importantly,
sEH KO mice exhibited attenuated hepatic ER stress compared
with WT mice fed a regular chow diet, and this attenuation was
more apparentwhenmicewere fed aHFD (Fig. 2A). Notably, sEH
pharmacological inhibition also attenuated hepatic ER stress.
sEHI-treatedWTmice fed a regular chow diet and a HFD exhib-
ited attenuated ER stress compared with non-treated WT mice
(Fig. 2A). Inaddition, sEHI-treatedKOmiceexhibitedcomparable
ER stress signaling, for most but not all markers, to non-treated
KO mice (Fig. 2A). In line with these findings, hepatic mRNAs
fromBiP, sXBP1, andCHOPwere decreased upon sEHdeficiency
and inhibition compared with controls, indicating attenuated ER
stress (Fig. 2B). Finally, similar to what was observed in liver, sEH
deficiency and pharmacological inhibition mitigated HFD-in-
duced ER stress in adipose tissue (Fig. 2, C and D). Collectively,
these findings indicate a role for sEH in regulatingERstress in liver
and adipose tissue.
sEH Regulates ER Stress Signaling in Vitro—To establish

whether the observed effects of sEH on ER stress in vivo were
cell-autonomous, we determined the effects of sEH inhibition
on ER stress in HepG2 cells and 3T3-L1 adipocytes. Cells were
treated with the sEHI TUPS, and then ER stress was induced
with TG as described previously (43, 44). Under basal condi-
tions (without TG), sEH inhibition led to mild attenuation of
several markers of ER stress in both cell lines (Fig. 3, A and B).
As expected, TG treatment led to a significant increase in the

three subarms of ER stress signaling. Importantly, sEH inhibi-
tion led to significant attenuation of TG-induced ER stress sig-
naling in both cell lines (Fig. 3,A and B). Similarly, inhibition of
sEH using another inhibitor, 3,4,4�-trichlorocarbanilide (an
antimicrobial agent that is a potent inhibitor of recombinant
murine and human sEH in vitro) (33, 45), also attenuated TG-
induced ER stress (data not shown). This indicates that the
effects of sEH inhibition on TG-induced ER stress are not
unique to a specific inhibitor. Collectively, these findings dem-
onstrate that pharmacological inhibition of sEH attenuates
chemical-induced ER stress in a cell-autonomous manner.
sEH Inhibition Mitigates ER Stress-mediated Inflammation

and Apoptosis—ER stress is deployed by hepatocytes and adi-
pocytes to cope with nutrient-induced changes in protein syn-
thesis and secretion and to balance newly synthesized protein
load against the ER folding capacity. However, excessive ER
stress has been linked to inflammatory responses and eventu-
ally cell death (46). We investigated the effects of sEH pharma-
cological inhibition on the inflammatory response of HepG2
cells and 3T3-L1 adipocytes after TG-induced ER stress. Con-
sistent with previous reports, TG treatment induced JNK phos-
phorylation in HepG2 cells (47) and 3T3-L1 adipocytes (48)
(Fig. 4, A and B). Importantly, sEH inhibition reduced TG-in-
duced phosphorylation of JNK, its substrate c-Jun, and p38 in
both cell lines (Fig. 4, A and B). Caspase-3 is implicated in ER
stress-induced cell death (49, 50). After exposure to apoptotic
stimuli, cells activate initiator caspases that proteolytically cleave
and activate effector caspases (such as caspase-3) to dismantle the
dying cell. Accordingly, we determined ER stress-induced expres-
sion of caspase-3 in control versus sEHI-treated cells. As expected,
TG treatment led to a significant increase in caspase-3 expression
(Fig. 4, A and B). However, sEH inhibition significantly decreased
TG-inducedcaspase-3expression.Together, these results indicate
that sEH inhibition can be a protective mechanism against ER
stress-induced inflammation and apoptosis.
EETandEpoxy Fatty AcidTreatment Enhances, whereasDiol

Treatment Attenuates Insulin Signaling in Vitro—sEH plays a
key role in regulating the levels of EETs by degrading them into
less potent metabolites, DHETs (24, 25). sEHIs stabilize EETs
and other epoxy fatty acids, such as EpOMEs from linoleic acid,
by preventing their conversion to DHETs or the corresponding
diols (Fig. 5A) (26). To gain insight into the molecular mecha-
nisms underlying sEH action, we determined the effects of
treatment with EET and EpOME and their corresponding diols
(DHET and DiHOME, respectively) on chemical-induced ER
stress in HepG2 cells. As expected, sEH inhibition attenuated
palmitate-induced ER stress, as evidenced by decreased PERK,
eIF2�, and IRE1� phosphorylation to levels comparable with
basal levels (Fig. 5B, control (Ctrl)). EET and EpOME treatment
did not further attenuate palmitate-induced ER stress and
exhibited comparable effects on ER stress signaling to control
cells. On the other hand, DHET and DiHOME treatment
increased ER stress and counteracted the effects of sEH inhibi-
tion (Fig. 5B).
We reported previously that sEH deficiency and pharmaco-

logical inhibition in vivo enhance insulin signaling in liver and
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adipose tissue (32). To investigate the molecular mechanisms
underlying regulation of insulin signaling by sEH inhibition, we
determined the effects of treatment with the substrates (EET
and EpOME) and products (DHET and DiHOME) on insulin
signaling in HepG2 cells. In line with our previous report (32),
sEH inhibition enhanced basal and, more robustly, insulin-
stimulated IR and AKT phosphorylation (Fig. 5C, control
(Ctrl)). Importantly, EET and EpOME treatment enhanced IR
andAKTphosphorylation,whereasDHETandDiHOME treat-
ment significantly attenuated insulin signaling (Fig. 5C).
Remarkably, mitigation of ER stress using the chemical chaper-
one 4-phenylbutyric acid (51) enhanced the response ofDHET-
andDiHOME-treated cells to insulin (Fig. 5D). Taken together,

these findings implicate sEH activity in the regulation of ER
stress and insulin signaling.

DISCUSSION

The role of sEH in modulating ER stress and the physiologi-
cal significance have heretofore remained largely unexplored.
In this study, we demonstrated that HFD- and chemical-in-
duced ER stress increased sEH expression in vivo and in vitro,
respectively. Importantly, sEH deficiency or pharmacological
inhibition attenuated HFD-induced ER stress in liver and adi-
pose tissue and chemical-induced ER stress in cells. Moreover,
epoxy fatty acid treatment enhanced and diol treatment atten-
uated insulin signaling in vitro. Together, these findings dem-

FIGURE 3. sEH pharmacological inhibition mitigates chemical-induced ER stress in vitro. HepG2 cells (A) and differentiated 3T3-L1 adipocytes (B) were
pretreated with a sEHI (TUPS) or vehicle control (dimethyl sulfoxide (DMSO)) for 1 h. ER stress was induced by treating cells with TG (2 �M) for 2 h. Lysates were
immunoblotted for phospho-PERK (Thr980), PERK, phospho-eIF2� (Ser51), eIF2�, phospho-IRE1� (Ser724), IRE1�, sXBP1, cATF6�, BiP, and tubulin. The bar graphs
represent normalized data expressed as arbitrary units (A.U.) for phospho-PERK/PERK, phospho-eIF2�/eIF2�, phospho-IRE1�/IRE1�, sXBP1/tubulin, and
ATF6�/tubulin from three independent experiments and presented as means � S.E. *, p � 0.05, significant difference between TG-treated and non-treated
cells; **, p � 0.01; #, significant difference between sEHI-treated and non-treated cells; ##, p � 0.01.

FIGURE 4. Modulation of ER stress-induced apoptosis signaling by sEH inhibition in vitro. HepG2 cells (A) and differentiated 3T3-L1 adipocytes (B) were
pretreated with a sEHI (TUPS) or vehicle control (dimethyl sulfoxide (DMSO)) for 1 h. ER stress was induced by treating cells with TG (2 �M). Lysates were
immunoblotted for phospho-JNK (Thr183/Tyr185), JNK, caspase-3, phospho-c-Jun (Ser73), c-Jun, phospho-p38 (Thr180/Tyr182), p38, and tubulin. The bar graphs
represent normalized data expressed as arbitrary units (A.U.) for phospho-JNK/JNK, phospho-c-Jun/Jun, phospho-p38/p38, and caspase-3/tubulin from three
independent experiments. *, p � 0.05, significant difference between TG-treated and non-treated cells; **, p � 0.01; ##, significant difference between
sEHI-treated and non-treated cells.
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onstrate that sEH is a physiologically relevant regulator of ER
stress and a potential therapeutic target for mitigating compli-
cations associated with the metabolic syndrome.
HFD- and chemical-induced ER stress increased sEH expres-

sion. Chronic high fat feeding significantly increased hepatic
and adipose sEH protein expression in mice. These findings
appear to translate to humans because overweight subjects
exhibited increased adipose sEH expression. However, it is not
clear if the increased sEH expression in overweight/obese
rodents and humans can be directly attributed to obesity or
other factor(s) such as an elevated proinflammatory response to
a HFD. In addition, the regulatory point(s) for ER stress-in-
duced sEH protein expression remains to be determined and
could be due to increased expression and/or pre-translational
alterations. The current findings are in line with a previous
study that reported increased hepatic sEH expression in mice
fed a HFD (60% kcal from fat) for 16 weeks (52). On the other
hand, another study indicates that high fat feeding (for 20
weeks) does not alter adipose sEH expression (but elevates adi-
pose sEH activity) (30). The discrepancy in adipose sEH expres-
sion could be due to differences in HFDs (42% kcal from fat
versus 60% kcal from fat used in this study) and/or duration of
the challenge. Of note, acute exposure to a hypolipidemic drug,
the peroxisome proliferator clofibrate, leads to increased
hepatic sEH expression and activity inmice (53, 54). The effects
of clofibrate-induced increases in sEHonER stress remain to be
determined andwarrant additional investigation. Nevertheless,
the increased expression of sEHafter prolongedhigh fat feeding
raises the possibility that hepatic and adipose sEH inhibition
might mitigate chronic ER stress.
sEH deficiency or pharmacological inhibition attenuated

HFD-induced ER stress in liver and adipose tissue and chemi-
cal-induced ER stress in cells. The three subarms of ER stress
signaling (PERK, IRE1�, and ATF6) were affected by sEH inhi-
bition. Importantly, in vivo studies demonstrated that the
effects of sEH inhibition on ER stress were primary and not
secondary to body weight differences because KO and sEHI-
treated mice exhibited comparable body weights to control
mice. In addition, in vitro studies established that the effects of
sEH inhibition on ER stress were cell-autonomous. Moreover,
inhibition of sEH hydrolase activity using two inhibitors (TUPS
and 3,4,4�-trichlorocarbanilide) yielded comparable effects on ER
stress, indicating that they were not unique to one inhibitor. Col-
lectively, genetic andpharmacological studies clearly demonstrate
that sEHmodulates ER stress in a cell-autonomousmanner.

These studies provided new insights into the molecular
mechanism underlying regulation of ER stress by sEH. Hydrol-
ysis of epoxygenated fatty acids is regulated by sEH, which
degrades them into less potent metabolites. sEHIs stabilize
EETs and other epoxy fatty acids by preventing their conver-
sion toDHETs or the corresponding diols. Therefore, the sEHI-
induced increase in EETs and other epoxy fatty acids and/or
decrease in the corresponding diols will presumably attenuate
ER stress. However, treatment of HepG2 cells with EET/
EpOME failed to attenuate ER stress (Fig. 5). The underlying
reason(s) is not known and could be due to rapid degradation of
the added EET and EpOME, and additional studies examining
various concentrations and treatment periods are warranted.
Notably, DHET and DiHOME treatment increased ER stress
and counteracted the effects of sEH inhibition (Fig. 5). Thus,
the observed increase in sEH expression in liver and adipose
tissue after chronic HFD feeding (Fig. 1) will likely increase the
concentration of diols and contribute to elevated ER stress.
ER dysfunction is a contributor to chronic metabolic deteri-

oration, and sEH inhibition-mediated attenuation of ER stress
likely contributes to a favorablemetabolic status, including, but
not limited to, enhanced insulin signaling. Chemical alleviation
of ER stress improves insulin sensitivity in animal models (55,
56) and, more importantly, in obese humans (57, 58). The
mechanism by which ER stress impairs insulin action is com-
plex and likely involves integration of ER stress response and
inflammatory signaling cascades (4, 59, 60). We reported pre-
viously that sEH deficiency and inhibition lead to increased
insulin signaling in liver and adipose tissue (32). In line with
these observations, sEH inhibition enhanced basal and insulin-
stimulated signaling in HepG2 cells. In addition, cells treated
with epoxy fatty acids exhibited increased insulin signaling.
Whether this is due to decreased ER stress and/or other mech-
anism(s) such as attenuation of inflammatory signaling remains
to be determined. Conversely, cells treated with diols exhibited
blunted insulin signaling that could be mitigated by the atten-
uation of ER stress using a chemical chaperone. Together, these
findings implicate sEH activity in regulation of insulin signal-
ing. It is important to note that sEH-mediated regulation of ER
stress can modulate glucose and lipid metabolism independent
of insulin action. For example, XBP1 suppresses hepatic gluco-
neogenesis through interaction with FOXO1 (61), and hepatic
Xbp1 deficiency prevents steatosis (62). sEH inhibition attenu-
atesHFD-induced hepatic steatosis due to a reduced inflamma-
tory state (52); however, mitigation of ER stress cannot be

FIGURE 5. Epoxy fatty acid treatment enhances and diol treatment attenuates insulin signaling in vitro. A, chemical structure of sEH substrates (EET and
EpOME) and their conversion to the corresponding diols (DHET and DiHOME) by sEH. B, HepG2 cells were pretreated with a sEHI (TUPS) alone or in combination
with EET, EpOME, DHET, or DiHOME (1 �M each) for 1 h, and then ER stress was induced by treating cells with palmitate (0.5 mM) for 24 h. Lysates were
immunoblotted for phospho-PERK (Thr980), PERK, phospho-eIF2� (Ser51), eIF2�, phospho-IRE1� (Ser724), IRE1�, and tubulin. The bar graphs represent normal-
ized data expressed as arbitrary units (A.U.) for phospho-PERK/PERK, phospho-eIF2�/eIF2�, and phospho-IRE1�/IRE1� from six independent experiments and
presented as means � S.E. *, p � 0.05, significant difference between palmitate-treated and non-treated randomly growing (RG) cells; **, p � 0.01; #, significant
difference between palmitate (Pal)-treated and palmitate/sEHI (Pal � sEHI)-treated cells. Ctrl, control. C, HepG2 cells were starved overnight in medium
containing sEHI in combination with EET, EpOME, DHET, or DiHOME and then stimulated with insulin for 10 min. Lysates were immunoblotted for phospho-IR
(Tyr1162/Tyr1163), IR, phospho-AKT (Ser473), and AKT. The bar graphs represent normalized data expressed as arbitrary units for phospho-IR/IR and phospho-
AKT/AKT from six independent experiments and presented as means � S.E. *, p � 0.05, significant difference between sEHI-treated and non-treated (starved)
cells; #, significant difference between sEHI-treated and sEHI/insulin-treated cells. D, HepG2 cells were starved overnight in medium containing sEHI in
combination with DHET or DiHOME and then stimulated with insulin for 10 min. Where indicated, 4-phenylbutyric acid (4-BPA; 20 mM) was added. Lysates were
immunoblotted for phospho-IR (Tyr1162/Tyr1163), IR, phospho-AKT (Ser473), and AKT. The bar graphs represent normalized data expressed as arbitrary units for
phospho-IR/IR, and phospho-AKT/AKT from five independent experiments and presented as means � S.E. *, p � 0.05, significant difference between control
and DHET/DiHOME-treated cells without 4-phenylbutyric acid; #, significant difference between 4-phenylbutyric acid-treated and non-treated cells.
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excluded as a contributing factor andwarrants additional inves-
tigation. Finally, ER stress has been proposed as a regulator of
adipogenesis, although its precise function has not been fully
elucidated (63, 64). Thus, it is reasonable to hypothesize that
attenuation of ER stress by sEH inhibition in adipocytes affects
adipogenesis. Indeed, treatment of adipocyte stem cells with
sEHI suppresses differentiation (65, 66).
In summary, in this study, we have identified sEH as a regu-

lator of ER stress and provided new insights into the underlying
molecular mechanism and metabolic implications. A better
understanding of sEH function may provide new therapeutic
targets for mitigating complications associated with obesity
and metabolic syndrome.
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