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Abstract
Background and Purpose—Cytochrome P450 epoxygenase metabolites of arachidonic acid
(EETs) have multiple cardiovascular effects, including reduction of blood pressure, protection
against myocardial ischemia-reperfusion injury, and attenuation of endothelial inflammation and
apoptosis. The present study was aimed to determine potential neuroprotective roles for EETs in
cerebral ischemia.

Methods—Transgenic mice with endothelial overexpression of CYP2J2 (Tie2-CYP2J2-Tr) were
subjected to global cerebral ischemia induced by bilateral common carotid artery occlusion
(BCCAO) for 10 minutes, Cerebral EET production, infarct size, and apoptosis were examined
after 24 hours of reperfusion. The action mechanisms of EETs on cerebral ischemia was also
studied in cultures of astrocytes and Neuro-2a cells exposed to oxygen-glucose deprivation
(OGD).

Results—In Tie2-CYP2J2-Tr mice, CYP2J2 expression and 14, 15-EET production in both brain
tissue and plasma significantly increased while brain infarct size and apoptosis after ischemia
decreased, accompanied increased activation of the PI3K/AKT and ERK1/2 pathways, decreased
activation of JNK, and higher ratios of Bcl-2/Bax and Bcl-xl/Bax in ischemic brain compared to
wild type mice. In cells, addition of exogenous EETs or CYP2J2 transfection attenuated OGD-
induced apoptosis by activation of ERK1/2 and PI3K/AKT pathways, inhibition of JNK, which
were reduced by pretreatments with inhibitors of the PI3K (LY294002), the MAPK (PD98059)
and EETs (EEZE), respectively.

Conclusions—We conclude that CYP2J2 overexpression exerts marked neuroprotective effects
against ischemic injury by a mechanism linked to increased level of circulating EETs and
reduction of apoptosis. These data suggests the possibility for clinical therapy of cerebral ischemia
by enhancing EET levels.
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INTRODUCTION
Arachidonic acid (AA) is a polyunsaturated fatty acid normally found esterified to cell
membrane glycerophospholipids. AA can be released by phospholipases in response to
many stimuli such as ischemia 1. Free AA is then available for metabolism by
cyclooxygenases, lipoxygenases and cytochrome P450 (CYP) monooxygenases to generate
numerous metabolites, collectively termed eicosanoids 2, 3. CYP epoxygenases metabolize
AA to four biologically active, regioisomeric epoxyeicosatrienoic acids (5,6-, 8,9-, 11,12-
and 14,15-EETs). EETs synthesized in cells are hydrolyzed to the corresponding and less
biologically active dihydroxyeicosatrienoic acids (DHETs) by epoxide hydrolases. Previous
work has demonstrated that soluble epoxide hydrolase (sEH or EPHX2) is the main enzyme
involved in the in vivo hydrolysis of the EETs. Thus, changes in the expression and/or
activity of specific CYP epoxygenase or epoxide hydroxylase enzymes can alter the delicate
balance between EETs and DHETs 4.

EETs can induce multiple signal transduction pathways to produce a variety of effects in
many different tissues 4. In the endothelium, EETs have anti-inflammatory and anti-
apoptotic actions through activation of a PI3K/AKT, ERK1/2 and endothelial nitric oxide
synthase (eNOS) 5, 6. Either exogenous EET application or cardiomyocyte-specific CYP2J2
overexpression enhance cardiac functional recovery and decrease infarct size after ischemia
and reoxygenation 7.

Cerebral ischemia or stroke is a major cause of death and disability of adults in worldwide,
especially in China 8, 9. The factors and mechanisms of cerebral tissue damage after
ischemia are very complex. Mounting evidence supports the fact that apoptosis of cells in
brain may be a major contributor to the injury which occurs following cerebral ischemic
injury and PI3K/AKT plus MAPK/Erk1/2 signaling pathways play a critical role in the
protection of cultured cerebral cortical astrocytes against ischemic injury 10.

In the brain, EETs are synthesized by astrocytes through a mechanism that is linked to
mGluR and adenosine A (2B) receptors 11. EETs also reduce brain ischemia and infarct size
in stroke 2, 12. In the brain, EETs play an important role in cerebral blood flow (CBF)
regulation and neurovascular coupling 11, 13. Furthermore, ischemic preconditioning
increases the expression of P450 epoxygenases in brain, and protects against ischemic stroke
induced in rat by middle cerebral artery occlusion (MCAO). More recently, it had been
demonstrated that EETs protect neurons 14 and astrocytes 15 against ischemic cell death
induced in vitro by oxygen-glucose deprivation (OGD). Soluble epoxide hydrolase gene
deletion is protective against experimental cerebral ischemia in the absence of changes in
CBF suggesting that EETs exert a cytoprotective effect independent of blood vessel
dilation 2, 16, 17.

In humans, a major enzyme involved in the production of EETs is the CYP2J2 epoxygenase
which preferentially metabolizes AA to 11,12- and 14,15-EETs. Transgenic mice with
cardiomyocyte-specific overexpression of CYP2J2 demonstrated improvement in heart
functional recovery and decreased infarct size after ischemia/reperfusion injury 7, 18, 19. This
data suggests a potentially promising role for CYP2J2 in cerebral ischemia/reperfusion. We
hypothesized that mice with endothelial overexpression of CYP2J2 would have increased
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cerebral vascular EET biosynthesis and this would lead to reduced apoptosis and less
infarction after global brain ischemia. In the current study, we subjected mice with
endothelial overexpression of CYP2J2 (Tie2-CYP2J2-Tr) and wild type (WT) control mice
to sham operations or bilateral common carotid artery occlusion (BCCAO). We compared
CYP2J2 protein expression, DHET levels, infarct size, and various signaling pathways in
WT and Tie2-CYP2J2-Tr mice. Furthermore, in the cultures of primary cortical astrocytes
and Neyro-2a cells subjected to oxygen-glucose deprivation (OGD) with exogenous addition
of EETs or CYP2J2 overexpression, we confirmed protective effects of EETs and identified
related signaling pathways. Our findings suggest that endothelial CYP2J2 expression is
protective against ischemic brain injury. This protection is linked to the increased generation
of EETs and activation of pro-survival signaling pathways, including ERK1/2 and PI3K/
AKT.

MATERIALS AND METHODS
Materials

Dulbecco’s modified Eagle’s medium (DMEM)/Ham’s nutrient mixture F-12 (F-12)
medium, DMEM medium and fetal bovine serum were purchased from Gibco BRL (Grand
Island, NY, USA). PI3K, Phosphor-p42/p44 ERK, phosphor-JNK, and phosphor-(Thr308)-
Akt antibodies were from Cell Signaling (Beverly, MA). Akt, JNK, Bcl-2, Bcl-xl, Bax, c-
Jun and phosphor-c-Jun were from Santa Cruz (Santa Cruz, CA). Antibody against CYP2J2
was purchased from Abcam Inc (Cambridge, MA), Horseradish peroxidase (HRP)-
conjugated secondary antibodies (goat anti- mouse IgG and goat anti-rabbit IgG) were
purchased from KPL (Gaithersburg, MA). Polyvinylidene difluoride (PVDF) membranes,
prestained protein markers, and SDS-PAGE gels were from Bio-Rad, Inc. (Hercules, CA). 8,
9-, 11, 12- and 14, 15-EET were purchased from Sigma Chemical Co. (St. Louis, MO).
PI3K inhibitor-LY294002 and ERK inhibitor-PD98059 were from Cayman Chemical Co.
(Ann Arbor, MI), EET inhibitor EEZE was gift from Dr. J.R. (Camille) Falck (University of
Texas Southwestern Medical Center), Bicinchoninic acid (BCA) protein assay reagent was
from Pierce (Rockford, IL). Enzymes and other chemicals were from Sigma (St. Louis,
MO).

Animal preparation
Mice with Tie2 promoter-driven, endothelial-specific CYP2J2 transgene overexpression
were generated at NIEHS/NIH on a pure C57BL/6 background as described 20. Transgenic
mice were identified by two polymerase chain reactions using tail genomic DNAs 21, 22. All
studies used heterozygous Tie2-CYP2J2-Tr mice and age/sex-matched WT littermate
control mice. All studies were performed in accordance with principles outlined in the NIH
Guide for the Care and Use of Laboratory Animals. Mice were housed in an isolator caging
system in air-conditioned animal room at room temperature. All experimental procedures
described were approved by the Experimental Animal Research Committee of Tongji
Medical College, Huazhong University of Science and Technology.

Furthermore, we evaluated whether selective inhibitor of CYP2J2, compound 26 (C26),
blocked EETs production and attenuated the protective effect of CYP2J2 overexpression on
cerebral infarction in BCCAO. C26 dissolved in dimethyl sulfoxide was administered orally
to CYP2J2-Tr mice (n=6) for 14 days at a dose of 0.25 mg/kg/day before BCCAO 23.

Bilateral common carotid artery occlusion model in mice
Transient global cerebral ischemia (GCI) was induced in adult male mice (4 to 8 weeks old,
20 to 25 g body weight) by bilateral common carotid artery occlusion (BCCAO) as
previously described 14, 24–27. Briefly, mice were deeply anesthetized with 2% sodium
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pentobarbital (50 mg/kg body weight). A femoral artery was cannulated with a polyethylene
tube (PE-10) to monitoring blood pressure. Body temperature was strictly regulated at 37°C
for the duration of the procedure. A midline cervical incision was made and both common
carotid arteries were exposed. Both common arteries were isolated using 4/0 silk thread,
taking care not to damage the vagus nerve. After a 3-minute stabilization period, both
arteries were occluded using microaneurysm clips applied bilaterally for 10 minutes. Both
clips were then removed and restoration of blood flow was confirmed before the incision
was sutured closed. After surgery, mice were placed in an incubator (28°C) for 1 hour before
being returned to the standard animal housing unit. Exposure of bilateral common carotid
arteries without BCCAO was used in sham-control animals. Equal numbers of WT and
CYP2J2 mice were randomly operated on the same day.

Evaluation of cerebral infarction
After BCCAO, mice were observed and allowed to recover for 24 hours. Infarct size was
measured in 2-mm thick coronal brain sections (5 total) using 2, 3, 5-triphenyltetrazolium
chloride (TTC) staining and digital image analysis as previously described 2, 14. Briefly,
after reperfusion, animals were reanesthetized by intraperitoneal injection of 2% sodium
pentobarbital, and brains were quickly removed and frozen for 20 minutes at −20°C.
Coronal slices (2 mm in thickness) were prepared from the frozen brain, incubated in 2%
TTC in PBS for 30 minutes at 37°C, and then fixed in 4% formalin for 4–6 hours. The areas
of infarcted (white) and uninfarcted (red) were quantified with MCID software (InterFocus)
for each slice. The volumes of infarcted and noninfarcted brain were calculated by
multiplying the area times the 2 mm slice thickness. Infarct size was expressed as the
percentage of infarcted tissue relative to total brain tissue.

Protein extraction and western blotting
Protein extraction was performed as described previously with some modification 1, 28. 50–
60mg samples were obtained from the ischemic brain tissue and incubated in lysis buffer (50
mM Tris-Cl, pH 7.6, 5 mM EDTA, 100 mM NaCl, 50 mM NaF, 1 mM Na3VO4, 1% Triton
X-100, 5% NP-40, 1mM PMSF, 10 µg/ml aprotinin, 10 µg/ml leupeptin) for 30 minutes on
ice. After the incubation, the brain tissue was homogenized and cleared by centrifugation at
12,000 × g at 4°C for 30 minutes. The protein concentration of the supernatant was
determined using the Bradford method to ensure equal loading. Protein samples (30µg) were
separated by SDS-polyacrylamide gel electrophoresis, transferred to PVDF membranes and
blocked with 5% nonfat dry milk in TBS-T (10 mM Tris-Cl, pH 7.5, 100 mM NaCl, 0.1%
Tween 20). Blots were incubated at 4°C overnight with the primary antibodies (1:2000
dilution), washed and incubated with peroxidase-conjugated secondary antibodies for 2–3
hours. The ECL system was used to visualize the separated proteins. Autoradiograms were
scanned and band optical densities quantified with QuantityOne software (BioRad). Blots
were stripped and reprobed with antibodies to β-actin or respective non-phosphorylated
kinases as a loading control.

14, 15-DHET ELISA
14,15-DHET, the stable metabolite of 14,15-EET, was measured in plasma using a
commercial ELISA kit (Detroit R&D, Inc, Detroit, Mich) as described previously 2, 14.
Briefly, plasma was extracted 3 times with equal volume of ethyl acetate before acidification
at room temperature for 18 hours with glacial acetic acid (pH 3 to 4). Samples were dried
and extracted 3 times with ethyl acetate and resuspended in DMF. 14, 15-DHET
concentrations were measured according to the manufacturer’s instructions. The ELISA was
also used to measure levels of 14, 15-DHET in brain homogenates.
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TUNEL staining for apoptosis evaluation
Apoptosis was determined in situ by terminal deoxynucleotidyl transferase (TdT)–mediated
dUTP-biotin nick end-labeling (TUNEL) staining of fragmented DNA 29. Paraffin sections
of ischemic brain were processed for histologic evaluation of neuronal injury.
Deparaffinized and rehydrated sections were treated with 20 mg/ml proteinase K for 15–30
minutes at 37°C and then with 3% hydrogen peroxide in methanol for 10 minutes at room
temperature. The sections were incubated in the TdT reaction solution for 1 hour at 37°C
and immersed in streptavidin-HRP at 37°C for 30 minutes, followed by reaction with
diaminobenzidine and hydrogen peroxide for 10 minutes. Sections were counterstained with
hematoxylin for 30 minutes.

Cell culture
Primary astrocyte and Neuro-2a cells were maintained in DMEM/F12 and DMEM
supplemented with 10% FBS, 2 mM glutamine, and penicillinstreptomycin, respectively.
The mouse neuroblastoma cell line, Neuro-2a was obtained from American Type Culture
Collections (ATCC) (Rockville, MD, USA), while Rat primary astrocytes were prepared as
previously described with minor modifications 30, 31. Briefly, forebrains of newborn
Sprague-Dawley rats were removed aseptically from the skulls, freed of the meninges,
dissociated by trypsinization and mechanically disrupted in DMEM/F12 containing
penicillin (100U/ml) and streptomycin(100 µg/ml). The cells were seeded into poly-L-
lysine-coated culture flasks. After in vitro culture for 10 days, highly purified astrocytes
were isolated by shaking of the culture flasks for 48h by rotary shaker (150 rpm) at 37 °C
with the floating cells discarded and reseeded into 6-well plates for assays. The purity of
astrocyte cultures was greater than 90%, as determined by glial fibrillary acidic protein
(GFAP) immunofluorescence staining. The passage 2–4 cells were used in all experiments.

Hypoxia–reoxygenation model and treatments of cultured cells
Oxygen-glucose deprivation (OGD) is established and used according to the reported
method 32. Briefly, plated cells were grown for 24 h in culture to reach 80–90% confluence
in an environment of 5% CO2–95% air (balanced nitrogen and 85% humidity). For
experiment groups, culture plates were given fresh DMEM medium without glucose and
serum and placed in a gas-tight humidified chamber flushed with 1% O2 -5% CO2-95% N2
at 37°C. After 8 h of hypoxia, the media of all the plates were changed and the cells were
recovered in normal conditions for the next 24 h. The cells were pretreated with various
inhibitors, LY494002 (10 µM), PD98059 (50 µ M), and EEZE (100 nmol) for 60 min prior
to the addition of EET (100 nmol), which were applied 60 min before OGD to the end of
experiments. Normal control cells underwent the same procedures except for OGD. The
cultures were used for Western Blot analysis and assay of caspase-3 activity

Cell survival via trypan blue staining
Primary astrocytes and Neuro-2a (3×105) were seeded in six well plates. Cells were
trypsinized and then stained with 0.4% trypan blue after OGD. Vital cells (white) and dead
cells (blue) were counted and a minimum of 100 cells per count were analyzed 33.

Recombinant Adeno-Associated Virus and Gene Transfection
The recombinant adeno-associated virus (rAAV) vector was used to pack into rAAV
containing CYP2J2 cDNA (rAAV-2J2) as described previously 3. Neuro-2a was infected
with rAAV-CYP2J2 or rAAV-GFP (~50 virions/cell) in six-well plates in triplicate and
cultured for one week to obtain maximal expression, the percent of cells infected by rAAV-
GFP was over 60% according to routine microscopic observation 5.
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Apoptosis assay by flow cytometric assay
To further identify the effect of CYP2J2 overexpression on apoptosis of Neuro-2a, we
analyzed cell apoptosis after treatment with EEZE and after infection with rAAV-2J2 3.
After OGD and EEZE added as above, transfected cells were resuspended and stained with
fluoresce in isothiocyanate-conjugated annexin V and fluorescent dye propidium iodide (PI)
and analyzed by flow cytometry (FACS, Vantage, BD, USA). The relative number in
apoptotic cells was calculated as a percentage in rAAV-2J2 or rAAV-GFP infected cells
with or without EEZE.

Assay of Caspase-3 Activity
The activity of caspase-3 was determined using a colorimetric protease assay kit ((R&D
System, UK) 34. Cell lysates were prepared, lysed and centrifugated at 10,000 g for 1 min. A
proteolytic reaction was carried out in a reaction buffer containing 50 µg of cytosolic protein
extract and 200 µM of N-acetyl-Asp-Glu-Val-Asp-p-nitroanilide (Ac-DEVD-pNA). The
reaction mixture was incubated at 37°C for 2 h and the formation of p-nitroanilide (pNA)
was measured at 405 nm using a microtiter plate reader. The level of caspase-3 activity,
proportional to the colorreaction intensity was expressed as a percentage of control.

Statistical Analysis
All values are expressed as mean ± SEM. Differences in infarct size, DHET levels and blood
pressure were analyzed with a t-test for two groups. Analysis of variance (ANOVA)
followed by post hoc Newman-Keuls multiple range tests was used for multiple groups.
Significance was defined as p≤0.05 in all statistical analyses.

Results
CYP2J2 overexpression in transgenic mouse brain

We previously reported the generation of Tie2-CYP2J2-Tr mice with endothelial
overexpression human CYP2J2 20. Endothelial cells from these mice have increased EETs
levels, and this leads to vasodilation and reduced blood pressure after angiotensin II
treatment 20. To examine transgene expression in the brains of WT and Tie2-CYP2J2-Tr
mice, we performed immunoblotting on brain homogenates using a selective antibody to
human CYP2J2. A prominent band corresponding to human CYP2J2 was detected at
approximately 55 kDa in the Tie2-CYP2J2-Tr mice but not in WT mice. These data confirm
overexpression of the CYP2J2 transgene in Tie2-CYP2J2-Tr mouse brain. Brain expression
of the CYP2J2 transgene was not altered after ischemia and administration of C26 did not
affect protein expression of CYP2J2 (Fig. 1A and Supplementary Fig. 1A), which was
consistent with previous report 23.

14, 15-DHET levels in brain and plasma
Ischemia resulted in increased levels of 14, 15-DHET in WT mouse brain and plasma
compared to control (sham). Brain 14, 15-DHET levels were significantly higher in Tie2-
CYP2J2-Tr mice than in WT mice under both control and post-ischemic conditions (176 ±
30 pg/mg in Tie2-CYP2J2-Tr mice vs. 79 ± 11 pg/mg in WT mice under control conditions,
p<0.05; 537 ± 60 pg/mg in Tie2-CYP2J2-Tr mice vs. 283 ± 40 pg/mg in WT mice under
ischemic conditions, p<0.05) (Fig. 1B and Supplementary Fig 1B). Plasma levels of 14, 15-
DHET were also increased in Tie2-CYP2J2-Tr mice compared to WT mice after ischemia
(404 ± 11 ng/ml vs. 305 ± 33 ng/ml, p<0.05) (Fig. 1C and Supplementary Fig 1C), and, as
expected, C26 caused a significant decrease in the level of 14, 15-DHET either in brain or
plasma under ischemic conditions (295 ± 36 pg/mg vs. 537 ± 60 pg/mg in brain, p<0.05;
326 ± 24 ng/ml vs. 404 ± 11 ng/ml, p<0.05 in plasma) (Fig. 1B and 1C), which indicated
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C26 reduce production of DHET by inhibiting CYP2J2. These data indicate that the Tie2-
CYP2J2-Tr mice have increased brain AA epoxygenase activity after ischemia.

Evaluation of cerebral infarction after BCCAO
Transient global cerebral ischemia was induced in Tie2-CYP2J2-Tr and WT mice by
BCCAO and the amount of viable and infarcted brain tissue was estimated using 2,3,5-
triphenyltetrazolium chloride (TTC) staining. The amount of infarcted brain was less in
Tie2-CYP2J2-Tr mice than in WT mice. Likewise, the percentage of infarcted brain tissue
was significantly less in Tie2-CYP2J2-Tr mice compared to WT mice after BCCAO (23 ±
6% vs. 55 ± 5%, p<0.05) and this effect was attenuated by oral administration of C26 in
Tie2-CYP2J2-Tr mice (23 ± 6% vs. 43 ± 3%, p<0.05) (Fig. 1D). These data indicate that
Tie2-CYP2J2-Tr mouse brains are protected from infarction after global cerebral ischemia,
which consistant with previous results (Supplementary Fig. 1D) and the inhibition in EETs
production (Fig. 1B and 1C), suggesting the inhibition of CYP2J2 abolished the protective
effect of CYP2J2 overexpression on infarction after cerebral ischemia.

Effect of CYP2J2 overexpression on PI3K/AKT and MAPK signaling pathways after BCCAO
To investigate the mechanisms through which CYP2J2 overexpression protects against
cerebral infarction, we examined activation of MAPK and PI3K/AKT signaling pathways
after BCCAO. Protein extracts from hippocampus were used for immunoblotting analysis.
BCCAO increased phosphorylation of AKT and PI3K expression compared to control in
WT mouse brains (Fig. 2A and Supplementary Fig. 2A). Interestingly, CYP2J2
overexpression enhanced AKT activation and PI3K expression after ischemia (p<0.05).
ERK1/2 phosphorylation also increased after ischemia in WT mouse brains, an effect that
was potentiated by CYP2J2 overexpression (Fig. 2B and Supplementary Fig. 2B). In
contrast, while c-Jun (Fig. 2C and Supplementary Fig. 2C and JNK phosphorylation (Fig.
2D and Supplementary Fig. 2D) increased after ischemia in WT mice, phosphorylation of
these proteins was reduced in mice with CYP2J2 overexpression (p<0.05). However,
pretreated with C26 reduced these effects of CYP2J2 (Fig. 2). These data indicate that
ischemia leads to activation of PI3K/AKT, ERK1/2 and c-Jun/JNK signaling pathways, and
that overexpression of CYP2J2 is associated with enhanced PI3K/AKT and ERK1/2
activation, and reduced c-Jun/JNK activation.

Effect of CYP2J2 overexpression on the levels of Bcl-2, Bcl-xl, Bax, and caspase-3 after
BCCAO

To investigate the effects of CYP2J2 overexpression on apoptosis in this model, we
examined the apoptosis-related proteins Bcl-2, Bcl-xl, Bax and caspase-3 in brain. Ischemia
increased brain expression of both anti-apoptotic (Bcl-2 and Bcl-xl) and pro-apoptotic (Bax
and caspase-3) proteins. Tie2-CYP2J2-Tr brains showed augmented levels of the anti-
apoptotic Bcl-2 and Bcl-xl and decreased levels of the pro-apoptotic Bax after ischemia
compared to WT brains (Fig. 3A). The ratios of Bcl-2/Bax and Bcl-xl/Bax were significantly
higher in Tie2-CYP2J2-Tr brains than in WT brains after ischemia (Fig. 3B). Conversely,
Tie2-CYP2J2-Tr mice exhibited an attenuated rise in caspase-3 after ischemia compared to
WT mice (Fig. 3C). However, pretreated with C26 attenuated these effect of CYP2J2.
Together, these data indicate that cerebral ischemia activates apoptotic signaling pathways,
and that overexpression of CYP2J2 has anti-apoptotic effects.

TUNEL staining
We also examined neuronal apoptosis by TUNEL staining. Many TUNEL-positive cells
were observed in the cortex and hippocampus of WT mice. In contrast, TUNEL-positive
cells were significantly less abundant in the cortex and hippocampus of Tie2-CYP2J2-Tr
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mice (Fig. 4A). Thus, the percentage of apoptotic cells was significantly lower in Tie2-
CYP2J2-Tr mice than in WT mice in both the cortex (10.2 ± 3.3% vs. 34.7 ± 9.8%, p<0.05)
(Fig. 4B) and hippocampus (8.4 ± 7.0% vs. 48.9 ± 15.3%, p<0.05) (Fig. 4C).

EETs or CYP2J2 overexpression decreases OGD-induced cell death or apoptosis
Trypan blue staining was performed for astrocytes and Neuro-2a after OGD. Compared with
EETs treatment, OGD resulted in a significant reduction of vital cells in astrocytes (68.55 ±
2.78% vs. 89.57 ± 7.12%, p < 0.05) and in Neuro-2a group (68.38 ± 1.3% vs. 87.78 ± 1.67
%, p < 0.05), respectively. Additional application of EETs inhibitor EEZE attenuated the
effects of EETs and led to a marked reduction of cell viability (73.77 ± 3.20% vs. 89.57 ±
7.12%, p<0.05 in astrocytes and 70.45 ± 1.8% vs. 87.78 ± 1.67 %, p<0.05 in Neuro-2a,
respectively). Similarly, inhibitors of PI3K LY294002 and MAPK PD98059 also inhibited
effects of EETs (Fig. 5A and Supplementary Fig. 4). Furthermore, we overexpressed
CYP2J2 in Neuro-2a cells via transfected with rAAV-CYP2J2 and also observed effects of
EETs blocker EEZE (Fig. 5B). Results showed that CYP2J2 overexpression significantly
reduced apoptosis induced by OGD (10.75 ± 1.794 vs. 20.66 ± 3.4%, p<0.05), and in
contrast, EEZE markedly attenuated the antiapoptic effects of CYP2J2 (17.66 ± 1.54% vs.
10.75 ± 1.794, p<0.05) (Fig. 5C). These data suggest that EETs have important protective
role in cerebral ischemia and CYP2J2 functions via increased EETs level.

Involvement of PI3K/AKT and MAPK activation in EETs against cell death
To evaluate the possible involvement of PI3K/AKT signaling pathway in CYP2J2 induced
protection against cerebral ischemia, we pretreated primary cortical astrocytes and Neuro-2a
with the PI3K inhibitor LY294002 (10µM), the MAPK kinase inhibitor PD98059 (50µM) or
the EETs inhibitor EEZE (100nM) respectively and then evaluated related signaling
molecules including apoptosis related protein levels by immunoblotting. Under OGD
conditions, p-Akt, PI3K and MAPK1/2 were slightly increased in comparison with
normoxia in astrocytes. Interestingly, exogenous EETs caused a significant activation of p-
Akt, PI3K (Fig. 6A,) and MAPK1/2 further (Fig. 6B,), which was in consistence with
finding in animals. EETs-dependent PI3K/Akt and MAPK activation was significantly
depressed by pretreatment with PI3K inhibitor LY294003 and ERK1/2 inhibitor PD98059
(Supplementary Fig. 5), respectively. Furthermore, addition of EETs inhibitor EEZE
completely reversed EETs-induced activation of these signaling pathways (Fig. 6 A–B).
These effects were also observed in Neur0-2a (Supplementary Fig. 7). These results suggest
that PI3K/AKT and MAPK signaling pathways involved in anti-ischemia effect of EETs.

Role of Bcl-2, Bcl-xl, Bax expression in EETs against cell death
As is known, the importance of PI3K/AKT pathway in cell growth and survival has been
widely documented 35, one important downstream target of the PI3K/Akt cell survival
pathway is the Bcl-2 family 36. We determined the expression of Bcl-2, Bcl-xl and Bax
protein in astrocytes exposed to OGD and results showed that OGD suppressed expression
of Bcl-xl and Bcl-2, but promoted the expression of Bax in cultured astrocytes, which were
all attenuated by EETs treatments. Such changes were reversed by LY294002
(Supplementary Fig. 6A) and PD98059 (Supplementary Fig. 6B) as well as EEZE (Fig. 6C).
The same effects appeared in Neuro-2a (Supplementary Fig. 8A–C). These results suggest
that in cultured neurons one of the intracellular targets mediating the protective effect of
EET is Bcl-2 family, further confirm that activation of PI3K/AKT and ERK function
upstream of EET-induced apoptosis.
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CYP2J2 transfection inhibited OGD-mediated Neuro-2a apoptosis
Western blot analysis revealed that the effect of rAAV-CYP2J2 transfection was similar
with EETs, that is, CYP2J2 significantly increased the level of Bcl-2 and Bcl-xl, decreased
the level of Bax compared with OGD alone or rAAV-GFP transfeced group exposed to
OGD, but EEZE treatment effectively attenuated the effect of CYP2J2, not rAAV-GFP
group (Supplementary Fig. 8D), which indicated CYP2J2 mediated the protective effect
against cerebral ischemia.

Influence of EET on Caspase-3 Activity
We examined role of caspase-3 activation in OGD-induced cell death. Exogenous EETs
caused reduction in increased caspase-3 activity in astrocytes as well as in Neuro-2a cells
exposed to OGD, its effect was inhibited by PD98059, LY294002 and EEZE (Fig. 6D,
Neuro-2a cell data not shown). These data further suggested that EETs decreased injury and
apoptosis in cells exposed to hypoxia, and PI3K/AKT plus ERK1/2 intracellular signaling
pathways involved in this effect.

Discussion
In the present study, we tested the hypothesis that endothelial-specific overexpression of
human CYP2J2 can protect the brain from global ischemic damage in mice. Our results
show that Tie2-CYP2J2-Tr mice have increased AA epoxygenase activity in brain and
plasma following ischemia. After ischemia/reperfusion, infarct size was significantly
reduced in the Tie2-CYP2J2-Tr mice compared to WT mice. Immunoblotting demonstrated
that CYP2J2 overexpression enhanced activation of ERK1/2 and PI3K/AKT in the ischemic
brain. In contrast, activation of the pro-inflammatory c-Jun/JNK pathway was reduced in
Tie2-CYP2J2-Tr mice compared to WT in the ischemic brain. In addition, CYP2J2
overexpression increased levels of the anti-apoptotic proteins Bcl-2 and Bcl-xl, and
attenuated the rise in pro-apoptotic proteins Bax and caspase-3. These results parallel
histopathological analyses showing that neurons in Tie2-CYP2J2-Tr mouse brains were
well-preserved after ischemia. To confirm the specific role of the PI3K/AKT and MAPK/
Erk1/2 kinase signaling pathway in the mechanism of EETs action, the effect of the PI3K
inhibitor LY294002 (10 µM), Erk1/2 inhibitor PD98059 (50 µM) and EETs inhibitor EEZE
(100nM) were examined. The addition of PD98059 to the culture medium of cells exposed
to OGD and EETs resulted in a significant decrease in EETs induced up-regulation of
Erk1/2 expression. LY294002 and EEZE resulted in strong attenuation of PI3K/AKT and
ERK1/2. Moreover, EETs effectively protected astrocytes and Neuro-2a cells against OGD-
induced apoptosis through increased Bcl-xl, Bcl-2 expression plus decreased Bax expression
with attenuation of caspase-3 activity, these effects were blocked by three inhibitors,
indirectly indicating the involvement of PI3K/AKT and Erk1/2 in EETs protective role.
Together, these results indicate that CYP2J2 exerts significant neuroprotective effects
against ischemic injury and suggest that CYP2J2 and its metabolites have therapeutic
potential in management of ischemic brain injury.

The infarction produced by global ischemia includes not only neuronal damage but also
damage to astrocytes, oligodendrocytes, and endothelial cells. Furthermore, circulatory
disturbances may be critical to expansion of cerebral infarction after global ischemia 37, 38.
The release of arachidonic acid and the protective effect of sEH gene disruption on transient
global cerebral ischemia have been previously reported 2. EETs protect neurons and
astrocytes against ischemic cell death induced in vitro by oxygen-glucose deprivation,
suggesting that EETs may exert a cytoprotective effect independent of their effects on
cerebral blood flow. However, there have been no reports showing that overexpression of
CYP2J2 was protective against selective neuronal vulnerability after global ischemia in
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vivo. CYP2J2 overexpression may protect against cerebral infarction in several ways, with
activation of pro-survival kinases and suppression of apoptotic signaling molecules as
primary effectors. Activation of PI3K/AKT and ERK1/2 signaling pathways protect
endothelial cells from apoptosis 5. AKT is known to play a critical role in controlling the
balance between survival and apoptosis. The upregulation of Bcl-2 and Bcl-xl in cultured
neurons has been shown to be protective against various noxious stimuli which induce
apoptosis 37. In addition, enhanced neuronal survival in Tie-CYP2J2-Tr neurons was
associated with increased epoxygenase activity, as measured by levels of the stable EET
metabolite, 14, 15-DHET. There is substantial evidence supporting the involvement of
apoptosis in infarction following cerebral ischemia 39–42. Suppression of apoptosis by
CYP2J2 overexpression may be a key to neuronal protection after transient global ischemia.
The observed decreased number of TUNEL positive cells in the Tie2-CYP2J2-Tr mice is
consistent with the importance of apoptosis in neuronal injury after ischemia.

In addition to anti-apoptotic actions, some signal molecules, such as Bcl-2, have been shown
to act as antioxidants 43. Since reperfusion after transient cerebral ischemia produces oxygen
free radicals 44, 45, Bcl-2 upregulation may play a second important role. Neuronal death can
be significantly reduced through treatment with superoxide dismutase or other
antioxidants 46. Thus, the antioxidant actions of Bcl-2 may contribute, at least in part, to the
neuroprotection observed in our study.

EETs are known to have anti-inflammatory effects, which may also play a role in protection
against ischemic neural damage. Indeed, EETs have been show to inhibit NF-κB activation
and upregulation of endothelial adhesion molecules 47. Our results show that CYP2J2
overexpression also reduces activation of the JNK pathway which is involved in the
production of pro-inflammatory cytokines 48. Thus, EETs may limit secondary inflammation
and thus reduce infarction after ischemia.

This study demonstrates that CYP2J2 overexpression is associated with altered signaling of
multiple pathways after ischemia/reperfusion. However, the precise molecular mechanisms
through which CYP2J2 or EETs activate these pathways remain unclear. EETs are thought
to bind a G-protein-coupled-receptor, although no such receptor has been identified 4. There
are also additional questions regarding the precise mechanisms of neuroprotective
downstream of EETs. For instance, increased levels of Bcl-2 and Bcl-xl are protective, but
the mechanisms are not clear 49. Our results imply that PI3K/AKT and ERK1/2 signaling
pathways are activated after transient ischemia. Further studies are needed to clarify the
whether CYP2J2 overexpression also influences other events including superoxide radical
production, output of excitatory amino acids, calcium overload, activation of nitric oxide
synthase, appearance of inflammation, as well as activation of signaling pathways other than
PI3K/AKT, ERK1/1 and c-Jun/JNK after ischemia.

In conclusion, our results suggest a possible therapeutic potential for CYP2J2
overexpression after ischemia in the brain. The post-ischemic neuroprotective effects of
CYP2J2 and its products reported in this paper have important implications with respect to
development of novel therapeutic approaches for the management of stroke patients. Future
studies should further explore the mechanisms underlying CYP2J2 neuroprotection.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Tie2-CYP2J2-Tr mice have overexpressed CYP2J2, increased 14, 15-DHET levels in brain
and plasma and smaller brain infarcts than WT mice after BCCAO with or without C26. (A)
Immunoblotting of brain lysates from WT and Tie2-CYP2J2-Tr (2J2-Tr) mice under control
(sham) conditions and after BCCAO (ischemia) with or without C26 with the rabbit anti-
human CYP2J2 antibody. WT brain lacks CYP2J2 immunoreactivity, while a prominent 55-
kDa band is observed in brains of Tie2-CYP2J2-Tr mice and C26 cannot change the
expression of Tie2-CYP2J2. (B, C) 14,15-DHET levels are significantly higher in brain
homogenates (panel B) and Plasma (panel C) of Tie2-CYP2J2-Tr (2J2-Tr) mice compared
to WT mice under both control and ischemic conditions while C26 decreased 14,15-DHET
levels in Tie2-CYP2J2-Tr mice. (D) Representative TTC–stained brain slices from WT mice
(left) and Tie2-CYP2J2-Tr (2J2 Tr) mice with (right) or without C26 (middle) after global
ischemia and 24 hours reperfusion. White area indicates infarction and red area represents
viable brain tissue. Infarct size (panel B) was significantly smaller in Tie2-CYP2J2 Tr mice
than in WT mice. C26 increased the infarct size reduced in Tie2-CYP2J2 Tr mice. Results
are representative of three independent experiments. N=6 mice per group, *p<0.05 vs. WT
of same treatment group; #p<0.05 vs. Tie2-CYP2J2 under BCCAO group.
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Figure 2.
Endothelial CYP2J2 overexpression increases PI3K/ AKT activation and altered ERK1/2
and c-Jun/JNK activation after BCCAO after BCCAO. (A) Immunoblotting (upper) of p-
AKT ,total AKT and PI3K and densitometric analysis (bottom) using nuclear extract
isolated from cortex 24 hours after BCCAO. p-AKT and PI3K protein upregulation after
ischemia was augmented in Tie2-CYP2J2 Tr (2J2 Tr) mice, C26 inhibited the level of p-
AKT and PI3K up regulated in 2J2 Tr mice. (B, C, D) Phospho-ERK1/2, ERK1/2,
phosphor-c-Jun, c-Jun, phosphor-JNK and total-JNK expression in brain homogenates was
assessed by immunblotting and densitometric analysis. Phospho-ERK1/2 (panels B) was
significantly increased after BCCAO in Tie-CYP2J2-Tr (2J2 Tr) mice compared to WT.
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Phosphorylation of c-Jun (panels C) was increased after ischemia in WT but not in Tie2-
CYP2J2 Tr brains. Phosphorylation of JNK (panels D) was increased after ischemia in WT
but not in Tie2-CYP2J2-Tr brains. However, applied C26 reduced these effect. Blots are
representative of three independent experiments. *p<0.05 vs. WT ischemia; #p<0.05 vs.
Tie2-CYP2J2 ischemia.

Li et al. Page 18

Prostaglandins Other Lipid Mediat. Author manuscript; available in PMC 2012 December 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Tie2-CYP2J2-Tr mice have altered levels of Bcl-2, Bcl-xl, Bax and caspase-3 after BCCAO.
Immunoblots of brain homogenates show that CYP2J2 overexpression increases levels of
Bcl-2 and Bcl-xl (panels A) compared to WT after ischemia. Ischemia results in increased
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expression of Bax (panels A) and caspase-3 (panels C), an effect that is attenuated in Tie2-
CYP2J2-Tr (2J2-Tr) mice. Ratios of Bcl-2/Bax and Bcl-xl/Bax (panel B) are reduced in WT
mice after ischemia, but significantly higher in Tie2-CYP2J2-Tr mice. The above effects of
CYP2J2 were inhibited by C26, the increased level of Bcl-2 and Bcl-xl (panels A) were
decreased with the level of Bax up regulated in Tie2-CYP2J2 Tr mice applied C26
compared to Tie2-CYP2J2-Tr mice alone. Ratios of Bcl-2/Bax and Bcl-xl/Bax (panel B) are
reversed when Tie2-CYP2J2-Tr mice administrated C26. Blots were scanned and relative
protein levels normalized to β-actin were determined from three independent experiments.
*p<0.05 vs. WT ischemic; #p<0.05 vs. Tie2-CYP2J2 ischemia.
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Figure 4.
TUNEL staining of coronal brain sections after BCCAO. Brains from WT and Tie2-
CYP2J2-Tr (2J2-Tr) mice were stained with TUNEL (panels A). There were abundant
TUNEL-positive apoptotic cells in the cortex and hippocampus of WT mice. TUNEL-
positive cells were much less frequent in the cortex and hippocampus of the Tie2-CYP2J2-
Tr mice. The fraction of apoptotic cells in the cortex (panel B) and hippocampus (panel C)
was significantly lower in Tie2-CYP2J2-Tr mice compared to WT. More than 5 fields of
view at 40X magnification from WT and Tie2-CYP2J2-Tr mice (n=4 for each) were
examined for TUNEL-positive cells. Data are expressed as percentage of apoptotic cells in
total number of cells. *p<0.05 vs. WT ischemic.
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Figure 5.
The protective effect of EETs in astrocytes and Neuro-2a exposed to OGD. (A) The viability
of primary astrocyte determined by Trypan blue staining with PI3K inhibitor LY294002,
MAPK inhibitor PD98059 and EETs inhibitor EEZE. Treatment with EETs reversed the
reduction of vital cells induced by OGD, However, pretreatment cells with PI3K inhibitor
LY294002, MAPK inhibitor PD98059 and EETs inhibitor EEZE attenuated this protective
effect of EETs. Bar graph: mean ± SEM, n =3. *p < 0.05 versus OGD, #p < 0.05 versus
EETs combined with inhibitors, &p < 0.05 versus control cells. (B) Representative results of
flow cytometry plots by annexin-V-FITC/propidium iodide (PI) staining to show the
apoptosis of Neuro-2a exposed to OGD. Cells with negative staining of both PI and annexin
V are living; PI-negative and annexin V-positive staining are early apoptotic cells; PI-
positive and annexin V-positive staining are cells in a late stage of apoptosis. (C) Average
percentage of apoptotic cells from three independent flow cytometry experiments and the
values shown are mean ± SEM ; &p < 0.05 vs. normoxia; *p<0.05 vs. OGD; #p<0.05 vs.
OGD + rAAV- 2J2.
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Figure 6.
Representative Western blots showing protective effects of EETs and CYP2J2
overexpression in astrocytes. (A–C) Cell lysates were analyzed by immunoblotting using
antibodies against PI3K, p-AKT (A), p-Erk1/2 (B) and antibody recognizing Bcl-2, Bcl-xl
and Bax (C) and densitometric analysis of band intensity of these signaling molecules to
their internal controls were calculated respectively. The data from three independent
experiments are given as mean ± SEM; &p < 0.05 vs. normoxia; *p<0.05 vs. OGD; #p<0.05
vs. OGD + EETs. (D) Effect of EETs on caspase-3 activity in cultured cortical astrocytes
exposed to OGD and inhibitors. The results are shown as percentages of the control value in
the normoxia conditions. Each value is mean ± SEM from five independent experiments; &p
< 0.05 vs. normoxia; *p < 0:05 vs. OGD; #p < 0.05 vs. OGD + EETs.

Li et al. Page 27

Prostaglandins Other Lipid Mediat. Author manuscript; available in PMC 2012 December 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


