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Abstract

Introduction: Oxidative stress can cause intestinal disease. Soluble epoxide
hydrolase (sEH, Ephx2) is related to cell apoptosis. The effect of Ephx2 on the
H,O,-induced oxidative damage remains unclear. Thus, we aimed to explore the
effect of Ephx2 on oxidative damage and the underlying potential mechanism.
Material and methods: The cell viability was determined using cell counting
kit-8 (CCK-8) assay. The reactive oxygen species (ROS), apoptosis, and mito-
chondrial membrane potential (MMP) were examined using flow cytometry
analysis. Commercial kits were applied to respectively determine the lactate
dehydrogenase (LDH) leakage, malondialdehyde (MDA) content, and super-
oxide dismutase (SOD) activity. The expressions of target factors were mea-
sured by conducting quantitative reverse transcription-polymerase chain
reaction (QRT-PCR) and western blot.

Results: We found that knockdown of Ephx2 enhanced the viability of
H,0,-treated IEC-6 cells, and that si-Ephx2 reduced the ROS level, MMP loss,
and apoptosis in comparison to the H,0, model group. Knockdown of Ephx2
was found to decrease LDH activity and MDA content, and to improve the
SOD activity in comparison to those in the H,O, model group. Knockdown of
Ephx2 reduced the expressions of Fas, Fasl, Bax, and cleavedcaspase-3 and
elevated the expression of Bcl-2 in H,O,-treated IEC-6 cells. Furthermore,
we observed that knockdown of Ephx2 enhanced the phosphorylation of
PI3K, Akt, and GSK3p, which were reduced by the treatment of H,0,. In addi-
tion, the anti-apoptotic effect of si-Ephx2 was enhanced in the presence of
AUDA-pharmacological Ephx2 inhibitor.

Conclusions: Ephx2 silencing inhibited H,0,-induced oxidative damage. The
PI3K/Akt/GSK3B pathway was related to the effect of si-Ephx2. Our study
provided a potential target for the prevention of intestinal injury.
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Introduction

Reactive oxygen species (ROS) refers to a cluster of short-lived, high-
ly reactive molecules; for example, peroxides, superoxide, hydroxyl free
radical, and singlet oxygen. Caused by excessive ROS, oxidative stress
can result in cell damage [1-3]. The over-accumulation of ROS in the
gastrointestinal tract is considered to participate in the pathogenesis of
intestinal diseases [4]. Intestinal epithelial cells (IECs) can act as a phys-
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ical barrier in pathogen invasion [5]. It has been
reported that intestinal epithelia damage may
result from oxidative stress caused by increased
ROS levels and collapsed antioxidant defences
[6-9]. Thus, it is crucial to preserve physiological
redox balance, and this balance can alleviate tis-
sue injury in diseases characterised by pathologic
oxidative stress.

Apoptosis can be triggered by the death receptor
pathway and the mitochondrial pathway [10]. Re-
search revealed that PI3K/Akt signal pathway could
inhibit apoptosis and promote cell viability [11]. The
phosphatidylinositol3-kinase (P13K)-dependent pro-
duction of phosphatidylinositol-triphosphate (PIP3)
helps protect cells from apoptotic cell death [12].
Protein kinase B (Akt), a direct downstream target
of PI3K, can be activated by PIP3 [13]. The p-Akt
can phosphorylate glycogen synthase kinase 3B
(GSK3B), which can regulate many cellular func-
tions, including apoptosis [14, 15]. Furthermore,
a recent study has proven that GSK3 can regulate
key steps in both the mitochondrial pathway and
the death receptor pathways [16].

Soluble epoxide hydrolase (sEH, Ephx2) is a ma-
jor enzyme that metabolises epoxyeicosatrienoic
acids (EETs) to dihydroxyeicosatrienoic acids [17,
18]. An increasing number of studies have pointed
out that EETs could suppress apoptosis [19-25]. It
is suggested that the Ephx2 inhibition might also
be related to cell apoptosis. Moreover, it has been
reported that several signalling pathways, includ-
ing PI3K/AKkt, also take part in producing the anti-
apoptotic effects of EETs [26]. However, to the best
of our knowledge, whether Ephx2 silencing could
attenuate the oxidative damage remains unclear.
Thus, this study aimed to explore the effect of
Ephx2 silencing on the H,O,-induced oxidative
damage in IECs.

Material and methods
Cell culture

IEC-6 cells (rat-derived intestinal epithelial cells)
were purchased from the American Type Culture
Collection (ATCC, CRL-1592, Manassas, VA, USA).
Cells were maintained in Dulbecco’s Modified Ea-
gle’s Medium (DMEM, Thermo Scientific) contain-
ing 10% fetal bovine serum (FBS, Thermo Scientific,
UT, USA), 100 mg/ml of streptomycin, and 100 U/ml
of penicillin (Cologne Gmbh, Germany) at 37°C with
5% CO, in an incubator. After being cultured for
24 h, the morphology of cells was observed by an
inverted microscope (Olympus optical).

Cell transfection and grouping

Cells (~4 x 10°) were seeded in six-well plates.
After being cultured for 24 h, the medium was re-
placed with Opti-MEM (Invitrogen, Grand Island,

NY, USA) and the plasmids were transfected fol-
lowing Lipofectamine 2000 protocol (Invitrogen).
The pSUPER vector (Oligoengine, Seattle, WA)
was used for small interfering RNA against Ephx2
(si-Ephx2). Next, after being incubated for 48 h,
the treated cells were divided into six groups as
follows: control group (cells with no treatment);
NC group (cells transfected with negative vector);
H,0, model group (cells treated with 100 uM H,0,
for 12 h); NC + H,0, group (cells transfected with
empty vector and treated by 100 uM H,0, for 12 h);
and si-Ephx2 + H,0, group (cells transfected with
siRNA-Ephx2 and treated by 100 uM H,O, for 12 h).
The12-(3-adamantan-1-yl-ureido)-dodecanoicacid
(AUDA) was purchased from Cayman. The stock
solution was prepared in dimethyl sulphoxide
(DMSO0). According to previous studies [27, 28],
the concentration of AUDA was selected as 5 uM
and the incubation duration was set for 15 min.

Cell counting kit-8 assay

Cells (2 x 10°) were cultivated in 96-well plates,
and cell viability was detected using Cell Count-
ing Kit-8 (CCK-8) (Beyotime, Beijing, China). After
performing H,0, treatment and transfection, the
CCK-8 was added and incubated for another 3 h
at 37°C. The absorbance was measured at 450 nm
using a MultiSkan 3 ELISA Reader (Thermo Fisher
Scientific, USA).

Determination of reactive oxygen species
and mitochondrial membrane potential

The ROS production was detected using 2’,7’-di-
chlorodihydrofluorescein diacetate (DCFH-DA, Sig-
ma-Aldrich, Merck KGaA). The cells were stained
with DCFH-DA at 37°C for 30 min. In the presence
of ROS, DCFH-DA was transformed into DCF, which
can give a fluorescent signal. The fluorescence of
DCF reflected the ROS level. The changes in mi-
tochondrial membrane potential (MMP) were de-
tected using Rhodamine 123 dye (Sigma Aldrich,
Merck KGaA), which can penetrate the cell mem-
brane. The cells were stained with Rhodamine 123
(10 pg/ml) at 37°C for 30 min without light. Next,
the fluorescence was measured using flow cytom-
etry (Guava Technologies, Inc., Millipore, USA).
1 uM AUDA (Cayman, USA) was used to treat the
cells at 37°C for 2 h in order to test the function
verification of Ephx2.

Detection of cell apoptosis using flow
cytometry

Cell apoptosis in each group was analysed
using flow cytometry (Guava Technologies, Inc.),
according to the protocol of the Annexin V-FITC/
Pl Apoptosis Detection kit (KeyGEN Biotechnol-
ogy, Nanjing, China). Data were analysed by FCS
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Express V3 software (De Novo Software, Los An-
geles, CA). By using Annexin V-FITC/PI double
fluorescent staining, cells in each group were
identified as follows: unlabelled viable cells, An-
nexin V-FITC-bound cells (early apoptotic cells),
Pl-stained cells (necrotic cells), and double-la-
belled cells (late apoptotic cells). Annexin V-pos-
itive cells were considered as the apoptotic pop-
ulation.

Determination of lactate dehydrogenase,
methane dicarboxylic aldehyde, and
superoxide dismutase

The lactate dehydrogenase (LDH) release,
methane dicarboxylic aldehyde (MDA) content,
and superoxide dismutase (SOD) activity were de-
termined using LDH assay kit, MDA assay kit (TBA
method), and superoxide dismutase (SOD) assay
kit (WST-1 method) (all purchased from the Insti-
tute of Jiancheng Bioengineering, Nanjing, China),
following the manufacturer’s protocol. The activi-
ty of LDH was shown as U/l. The content of MDA
was expressed as uM/g protein, while the activi-
ty of SOD was expressed as U/l. The absorbance
was measured using a Multiskan MK3 microplate
reader (Thermo Fisher Scientific, Inc.).

Quantitative reverse transcription-
polymerase chain reaction (qRT-PCR)

The total RNA of cells (5 x 10°) in each group
was extracted using Trizol reagent (Invitrogen,
Carlsbad, CA). Briefly, chloroform (200 ul) was
added after the cells had been homogenised in
TRIZol reagent (1 ml). Next, the samples were in-
cubated at room temperature for 2 min. After be-
ing centrifuged (12,000 g at 4°C for 15 min), the
supernatant was carefully drawn into a new tube.
The ice isopropyl alcohol was added and incubat-
ed at room temperature for 20 min. Posterior to
the centrifugation (12,000 g at 4°C for 10 min) the
supernatants were removed completely and the
precipitate was washed twice by 75% ethanol. Fi-
nally, nuclease-free water was added to elute the
RNA. The concentration and purity were detected
using NanoDrop 2000 (Thermo Fisher Scientific,
Waltham, MA, USA). Next, cDNA was obtained by

Table 1. Primers for the gPCR

conducting reverse transcription with FastQuant
RT Kit (Tiangen, China), according to the manufac-
turer’s protocol. In total, 2 pg RNA was incubat-
ed with 5 x g DNA buffer (total 10 ul) at 42°C for
3 min. The mixture (FQ-RT Primer Mix, 10 x fast RT
buffer and RT enzyme mix) was then added and
incubated first at 42°C for 15 min and then at 95°C
for 5 min. The obtained cDNAs were prepared for
conduction of gPCR and the reactions were per-
formed in the ABI 7500 real-time PCR system
(Applied Biosystems, Foster City, CA, USA) under
the following conditions: 95°C for 5 min, 40 cycles
at 95°C for 15 s, at 60°C for 20 s, and at 72°C for
15 s. GAPDH served as a reference gene, and data
analyses were performed by the 2-24% method. The
specific primers were used as in Table I. Each sam-
ple was detected at least three times.

Western blotting

The cells were lysed by NP40 lysis buffer (Bey-
otime, Beijing, China). Lysates were incubated on
ice for 30 min and then sonicated for 15 s twice.
The protein concentrations were determined us-
ing BCA protein assay kit (CWBIO, China). Total
proteins were separated by 10% SDS-PAGE gel
and then transferred onto polyvinylidene difluo-
ride membranes (GE Healthcare, Little Chalfont,
UK). After being blocked with 5% skimmed milk
solution for 1 h, the membranes were incubat-
ed overnight at 4°C with the following primary
antibodies: anti-sEH (1 : 100, Cayman Chemical),
anti-GAPDH (1 : 500, Santa Cruz Biotechnology),
anti-Fas, anti-Fasl (1 : 500, Bioworld Technology,
Inc., Louis Park, MN), anti-Bcl-2, anti-Bax (1 : 500,
Abcam, Cambridge, USA), anti-cleavedcaspase-3
(1 : 500, Abcam, Cambridge, USA), anti-p-PI3K
p85-a (phospho Y607) (1 : 500, abcam, USA), an-
ti-PI3K (1 : 500, Abcam, USA), anti-p-Akt (phospho
S473) (1: 500, Cell Signaling Technology, Danvers,
USA), anti-Akt (1 : 1000, Cell Signaling Technology,
USA), anti-GSK3p (1: 1000, Cell Signaling Technolo-
gy, USA), and anti-p-GSK3p (phospho S9) (1 : 1000,
Abcam, USA). Next, the membranes were incu-
bated with HRP-conjugated secondary antibodies
(1 : 3000, Zhongshan Golden Bridge Biotechnolo-
gy, Beijing, China). The bands were determined us-
ing a Molecular Imager VersaDoc MP 5000 System

Gene Forward primers (5’-3)

Reverse primers (5’-3’)

Ephx2 AAGATTTAGCCAGTGGCGTGTC

ATCACTGCTGGCAAAAGAACG

Fas TATCACCACTATTGCTGGAGTCATG

TCAATGTGTCATACGCTTCTTTCTT

Fasl CTCTGGAATGGGAAGACACCTATG GCAAGATTGACCCCGGAAGTATA
Bcl-2 GGAGCGTCAACAGGGAGATGT GCCAGGAGAAATCAAACAGAGG
Bax GCGAATTGGAGATGAACTGGAC CTAGCAAAGTAGAAGAGGGCAACC
GADPH CCAGCCTCGTCCCGTAGAC ATGGCAACAATCTCCACTTTGC
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(Bio-Rad, Hercules, CA). The densitometry was de-
termined using a Quantity One (Bio-Rad).

Statistical analysis

Data are shown as the mean + SEM. All statisti-
cal analyses were performed using SPSS software
(version 15.0, SPSS, Chicago, IL, USA). One-way
analysis of variance (ANOVA) following Turkey’s
test was performed to study statistical differences
among groups. A value of p < 0.05 was considered
as statistically significant.

Availability of data and material

The analysed datasets generated during the
study are available from the corresponding author
upon reasonable request.

Results

Ephx2 silencing improved viability of
intestinal epithelial cells induced by H,0,

The IEC-6 cells were observed under an inverted
microscope (Figure 1 A). The efficiency of transfection
was confirmed by an obvious inhibition of the Ephx2
at protein and the mRNA levels (Figures 1 B, C). The
cells were also treated with 100 uM H,0, for 48 h,
and the results showed that the cell viability was re-
duced by H,0, in a time-dependent manner. However,
the knockdown of Ephx2 rescued the viability of the
H,0,-treated cells. After being incubated with H,0, for
12 h, the cell viability was decreased by nearly 30%.
Thus, 12-h incubation with 100 pM H,0, was set as
the condition for inducing cell injury in the subse-
quent experiments (Figure 1 D).

Ephx2 silencing attenuated reactive
oxygen species accumulation, suppressed
apoptosis, and recovered mitochondrial
membrane potential in IEC-6 cells

The knockdown of Ephx2 was found to mark-
edly reduce the H,0,-induced ROS generation
(Figure 2 A). Furthermore, the inhibition of Ephx2
evidently improved the level of MMP impaired by
H,0, (Figure 2 B). Meanwhile, when the cells were
exposed to H,0,, we found that the total apoptotic
cells were increased by approximately 20%, while
Ephx2 silencing inhibited cell apoptosis by about
13% (Figure 2 Q).

Effects of Ephx2 silencing on the lactate
dehydrogenase leakage, methane
dicarboxylic aldehyde level, and superoxide
dismutase activity

The LDH release, MDA content, and SOD activ-
ity were measured in order to evaluate the role of
Ephx2 inhibition in H,0,-induced oxidative stress.

An evident increase of LDH leakage was observed
in [ECs treated by H,0,, compared with the control
group. However, Ephx2 silencing reduced the LDH
release (Figure 2 D). Similarly, noticeably increased
levels of MDA induced by H,0, could be mitigated
by Ephx2 inhibition (Figure 2 E). Additionally, the
activity of SOD clearly decreased in the H,0, mod-
el group. However, Ephx2 silencing could partly
recover the decreased content of SOD (Figure 2 F).

Ephx2 silencing regulated
the apoptosis-related molecules
in intestinal epithelial cells

We detected several apoptotic molecules in or-
der to explore the role of Ephx2 inhibition in the
apoptosis. The mRNA levels of Fas (Figure 3 A), Fasl
(Figure 3 B), and Bax (Figure 3 C) were increased
by H,0, We found that the expression of Bcl-2
(Figure 3 D) was decreased by H,0,and was then
reversed by Ephx2 knockdown. Also, the western
blot results showed similar protein expressions
(Figures 3 E-l), and the protein level of cleaved
caspase-3 was increased by H,0, and inhibited by
Ephx2 silencing (Figure 3 J).

Ephx2 silencing enhanced the levels
of p-PI3K, p-Akt, and p-GSK3p

To further study the potential mechanism
of Ephx2 in H,0,-induced IECs, the proteins ex-
pressions of p-PI3K (phospho Y607), PI3K, p-Akt
(phospho S473), Akt, p-GSK3B (phospho S9), and
GSK3pB were determined in IEC-6 cells. We found
that Ephx2 knockdown remarkably raised the ra-
tios of the p-PI3K/ PI3K (Figure 4 A), p-Akt/Akt
(Figure 4 B), and p-GSK3B/GSK3B (Figure 4 Q),
compared to H,0,.

AUDA reduced the apoptosis of intestinal
epithelial cells caused by H,0,

12-(3-adamantan-1-yl-ureido)-dodecanoic acid
(AUDA) is considered as a pharmacological inhi-
bitor of Ephx2 [28]. Therefore, we used AUDA to
further prove the effect of Ephx2. As shown in
Figure 5, we found that H,0, induced apoptosis of
IECs. However, the treatment of AUDA or si-Ephx2
reduced the apoptosis of IECs in comparison to
that in the H,0, group. Moreover, the combined
treatment of AUDA and si-Ephx2 was found to
produce a synergy effect on inhibiting H,O,-indu-
ced apoptosis in IECs.

Discussion

Researchers found that H,0, could induce oxi-
dative stress in cells, therefore leading to apopto-
sis [29]. Soluble epoxide hydrolase (sEH) is encod-
ed by Ephx2 gene. A previous study pointed out
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that Ephx2-knockout mice did not develop heart
failure and arrhythmia [30]. Studies also showed
that specific sEH inhibitors could decrease blood
pressure and repair damage in some organs, for
example in heart, kidney, or vessels [31, 32]. Thus,
it is interesting to explore the role of Ephx2 gene
in H,0,-induced IEC injury. In this study, we found
that Ephx2 silencing could attenuate H,0-induced
oxidative damage in intestinal epithelial cells.
Moreover, Ephx2 inhibition was found to reduce

the ROS level and apoptosis rate and reserved the
MMP loss. In addition, our results showed Ephx2
silencing increased the expressions of Fas, Fas|,
and Bax. By contrast, Ephx2 silencing inhibited
the expressions of Bcl-2 and cleaved caspase-3.
Furthermore, Ephx2 silencing might enhance the
phosphorylation of PI3K, Akt, and GSK3p.
Researchers also reported that inhibiting sol-
uble epoxide hydrolase (sEH) or knocking down
Ephx2 could prevent islet cell apoptosis [33]. An-
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other study also found that excessive H,0, in intes-
tinal epithelial cells contributed to the damage of
colonic barrier function structures [5]. In this study,
we found that Ephx2 silencing could improve the
viabilities of IECs that were treated with H,O,. As
a major component of ROS, H,0, can induce apop-
tosis of different cell types [34]. In cells, H,0, can
trigger the overproduction of intracellular ROS,
leading to the MMP loss [35]. The collapsed MMP
can release cytochrome c, therefore causing apop-
tosis [36]. Our results showed that H,0, could im-
prove ROS accumulation, reduce MMP and increase
the apoptosis rate, suggesting that Ephx2 inhibition
might attenuate H,0_-induced apoptosis in IECs.
Lactate dehydrogenase is associated with cell
viability and membrane integrity, and MDA is the
production of lipid peroxidation and can be used
to evaluate oxidative stress [37, 38]. Our results
showed that the LDH leakage was extended by
H,O, treatment, suggesting that H,0, could im-

**referred top < 0.01,n =4

pair cellular membranes and cause LDH leakage.
We also found that Ephx2 silencing could atten-
uate the increased LDH release and reverse the
MDA activity. As one of the main antioxidant en-
zymes, SOD produced a protective effect on the
oxidative stress-induced injury by eliminating ROS
[39]. During the experiment, IEC in combination
with Ephx2 silencing was found to recover the de-
creased SOD activity, which was induced by H,0,.
These results suggested that Ephx2 silencing might
alleviate the H,0_-induced oxidative damage.

The impairment of MMP and ROS generation
was believed to be able to contribute to apop-
totic signalling in multiple cells [40]. Apoptosis is
caused via the extrinsic and intrinsic pathways
[41]. The former could be initiated mainly by Fas
and Fas ligand (Fasl), which can ultimately activate
caspase-3, therefore causing apoptosis [42]. The
latter can be regulated by the Bcl-2 family includ-
ing Bcl-2 (anti-apoptotic gene) and Bax (pro-apop-
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totic gene) [43, 44]. The crumble mitochondrial
membrane caused by radiation and free radicals
can release a pro-apoptosis protein cytochrome ¢
from mitochondria to cytosol [45, 46]. The release
of cytochrome c into the cytosol can activate pro-
caspase-9 by forming the apoptosome, and then
the cleaved caspase-9 will regulate the activity of
caspase-3 [47]. In the final stage, both pathways
initiated the apoptosis by activating effect or
caspases such as caspase-3 [48]. We found that
H,O, increased the expression levels of Fas, Fasl,
Bax, and cleaved caspase-3 but reduced Bcl-2 ex-
pression. However, Ephx2 silencing could suppress
the Fas, Fasl, Bax, and cleaved caspase-3 expres-
sions and enhance the level of the Bcl-2. This phe-
nomenon indicated that the inhibition of Ephx2
might suppress the H,0,-induced apoptosis.

Apoptotic induced by H,0, may activate the
PI3K/Akt pathway, which functions critically in
IEC survival and differentiation [49]. The p-Akt
promotes cell survival by phosphorylation and
inactivation of pro-apoptosis molecules such as
GSK3B [50]. Moreover, p-Akt directly phosphor-
ylates GSK3p at Ser9. This phosphorylation neg-
atively regulates the kinase activity of GSK3p.
Thereafter, p-GSK3pB can suppress the opening of
mitochondrial permeability transition pores [51].
Sustained inhibition of GSK3p is associated with
the attenuation of apoptosis [52]. Moreover, Bax
is considered as a direct target of GSK3, the in-
hibition of which could promote Bcl-2 expression
[53, 54]. In this study, we found that the expres-
sions of p-PI3K (phospho Y607), p-Akt (phospho
S473), and p-GSK3p (phospho S9) were decreased
by H,O, treatment. It has been reported that the
PI3K-dependent GSK3B-phosphorylation is per-
tinent to intestinal epithelial cell wound-healing
and repair. Noticeably, the wounding induces the
expression of p-GSK3f mediated by PI3K [55], sug-
gesting that the phosphorylation of PI3K can help
protect against epithelial cell injury. In our study,
Ephx2 silencing improved the ratios of p-PI3K/
PI3K, p-Akt/Akt, and p-GSK3B/GSK3pB, compared
to the H,0, model group. These data suggest that
the knockdown of Ephx2 protects the epithelial
cells from H,0, -induced injury. As a pharmaco-
logical Ephx2 inhibitor [29], AUDA could stabilise
and increase the epoxyeicosatrienoic acids levels
and is increasingly used in various diseases mod-
els [56] to further investigate the role of Ephx2 in
H,O,-treated IECs. The results showed that the
treatment of AUDA inhibited the apoptosis caused
by H,0,. These data further proved the protective
role of si-Ephx2 in IECs.

In conclusion, we found that Ephx2 silencing
could attenuate H,0,-induced oxidative damage
in intestinal epithelial cells by suppressing ROS
levels. We also found that Ephx2 silencing could

inhibit the loss of MMP and regulate the levels of
apoptosis-related molecules so as to reduce the
apoptosis of IECs, and that Ephx2 silencing might
enhance the phosphorylation of PI3K, Akt, and
GSK3p. Furthermore, the inhibitor of Ephx2 was
observed to be able to reduce H,0,-induced IECs
injury. These results showed a possible mechanism
of the anti-apoptosis effect of Ephx2 inhibition.
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