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EETs and CYP2J2 inhibit TNF-a-induced apoptosis in
pulmonary artery endothelial cells and TGF-p1-induced
migration in pulmonary artery smooth muscle cells
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Abstract. Cytochrome P450 epoxygenase-derived epoxyeico-
satrienoic acids (EETs) have multiple biological functions in
cardiovascular homeostasis. The anti-inflammatory, anti-migra-
tory and pro-proliferative effects of EETs suggest a possible
beneficial role for EETs in the apoptosis, proliferation and
migration of pulmonary vascular cells. In this study, we investi-
gated the effects of exogenous EETs and cytochrome P450 2J2
(CYP2J2) overexpression on tumor necrosis factor-o. (TNF-a)-
induced pulmonary artery endothelial cell (PAEC) apoptosis,
and transforming growth factor-f1 (TGF-B1)-induced pulmo-
nary artery smooth muscle cell (PASMC) proliferation and
migration. PAECs and PASMCs were cultured from porcine
pulmonary arteries. Our findings indicated that EETs or
CYP2J2 overexpression significantly protected the PAECs from
TNF-a-induced apoptosis, as evaluated by cell viability and
flow cytometry. Two mechanisms were found to be involved
in these important protective effects: firstly, EETs and CYP2J2
overexpression inhibited the decrease in the expression of the
antiapoptotic proteins, Bcl-2 and Bcl-xL, as well as the increase
in the expression of the pro-apoptotic protein, Bax, mediated
by TNF-a; secondly, they activated the phosphoinositide
3-kinase (PI3K)/Akt and extracellular signal-regulated kinase
(ERK) signaling pathways. We also found that 11,12-EET and
14,15-EET significantly inhibited TGF-f1-stimulated PASMC
migration. However, EETs did not suppress TGF-p1-induced
PASMC proliferation in vitro. These data may represent a
novel approach to mitigate pulmonary vascular remodeling in
diseases, such as pulmonary arterial hypertension.
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Introduction

Pulmonary vascular remodeling is one of the most important
pathological changes in patients with pulmonary arterial
hypertension (PAH). Endothelial cells are recognized as major
regulators of vascular function. The balance between endothelial
cell survival and death is critical in various processes, such as the
regulation of vasoconstriction and vasodilation, smooth muscle
cell growth and migration, thrombotic formation, intravascular
inflammation and vascular remodeling (1,2). Inflammation is
one of the main features of PAH, and circulating levels of cyto-
kines, including tumor necrosis factor-o (TNF-a), are elevated
in patients with PAH (3,4). During the early stages of vascular
remodeling, inflammatory infiltration directly participates in
the apoptosis of endothelial cells. Considerable experimental
evidence suggests that the apoptosis of endothelial cells induces
the release of mediators, in particular, transforming growth
factor-p1 (TGF-B1), which induces the proliferation and migra-
tion of vascular smooth muscle cells (5,6). Sturrock et al (7)
demonstrated that TGF-f1 is abundantly expressed in patients
with pulmonary hypertension, and promotes pulmonary
artery smooth muscle cell (PASMC) proliferation in low
serum medium. The inhibition of TGF-B1 signaling has been
demonstrated to attenuate pulmonary vascular remodeling and
increase right ventricular pressure in animal models (8).
Arachidonic acid (AA) is an essential polyunsaturated
fatty acid which is esterified to membrane phospholipids.
Four epoxyeicosatrienoic acid (EET) regioisomers (5,6-, 8,9-,
11,12- and 14,15-EET) are the metabolites of AA by the cyto-
chrome 450 (CYP) monooxygenase pathway (9,10). Similar to
many eicosanoids, EETs have multiple biological functions,
including the regulation of cardiovascular inflammation, the
reduction of blood pressure, as well as anti-atherosclerotic
functions in multiple model systems. EETs inhibit endothelial
activation and leukocyte adhesion by suppressing nuclear
factor (NF)-«xB activation (11), thus activating peroxisome
proliferator-activated receptor (PPAR)-a and PPAR-vy (12-14),
and increasing heme oxygenase (HO)-1 expression (15). In addi-
tion to their potent vasodilatory action and anti-inflammatory
effects, EETs have been associated with a number of physiolog-
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ical functions, such as vascular protection and cardiovascular
homeostasis. EETs upregulate endothelial nitric oxide synthase
(eNOS) expression and activity (16), and stimulate angiogenesis
and endothelial cell growth (17,18).

Evidence suggests that EETs exert many protective effects
on systemic vascular homeostasis (19). However, the precise
mechanisms responsible for the effects of EETs on pulmonary
vascular homeostasis remain to be elucidated. Our group
recently demonstrated the protective effects of gene delivery
with cytochrome P450 2J2 (CYP2J2) on monocrotaline-induced
PAH in rats (20). In the present study, porcine pulmonary
artery endothelial cells (PAECs) and PASMCs were used to
evaluate the effects of exogenous EETs or CYP2J2 overexpres-
sion on TNF-a-induced PAEC apoptosis and TGF-f1-induced
PASMC proliferation and migration. In other words, this model
was utilized to examine the hypothesis that exogenous EETs
or CYP2J2 overexpression may attenuate pulmonary vascular
remodeling.

Materials and methods

Experimental reagents. FBS, DMEM and trypsin were
purchased from Invitrogen (Carlsbad, CA, USA). Collagenase 11
and the cell counting kit-8 (CCK-8) were purchased from
Beyotime Biotechnology (Shanghai, China). TNF-a, TGF-fl1,
phosphoinositide 3-kinase (PI3K) inhibitor (LY294002),
mitogen-activated protein kinase (MAPK) inhibitor (apigenin)
and extracellular signal-regulated kinase (ERK) inhibitor
(PD98059) were obtained from Sigma-Aldrich (St. Louis, MO,
USA). EETs were from Cayman Chemical Co. (Ann Arbor, MI,
USA). Antibody against CYP2J2 was purchased from Abcam
Inc. (Cambridge, MA, USA). Antibody directed against PI3K
was obtained from Cell Signaling Technology, Inc. (Beverly,
MA, USA). Other antibodies used in this study were from
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). The
Annexin V-FITC Apoptosis Detection Kit was purchased from
KeyGen Biotech, Co. (Nanjing, China), and the Annexin V
PE Apoptosis Detection Kit was from eBioscience, Inc. (San
Diego, CA, USA). All other reagents were purchased from
standard commercial suppliers unless otherwise indicated.

Cell culture and experimental incubation. PAECs and
PASMCs were cultured from porcine pulmonary arteries as
previously described (18,21). PAECs and PASMCs, which
were used between passages 2 and 6, were isolated from
porcine pulmonary arteries obtained from a local abattoir
within 1 h of slaughter. Endothelial cells were digested with
1.7 mg/ml collagenase II, then the pulmonary arteries were
cut open along the longitudinal axis, and the residual endo-
thelium was gently removed by scraping the luminal surface
and washed away with phosphate-buffered saline (PBS). The
adventitia layer was removed by blunt dissection, and the
medial smooth muscle tissue was minced into 1 mm?® explant
pieces. PAECs and the explant pieces of smooth muscle were
maintained in Dulbecco's modified Eagle's medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), penicillin
(100 U/ml), streptomycin (100 U/ml), 5 mM L-glutamine and
1.5 g/l sodium bicarbonate. The medium was changed every
2 days. The cells were cultured in an incubator at 37°C and
maintained in a humidified atmosphere with 5% CO,. The
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purity and identity of the endothelial cells and smooth muscle
cells were verified by their typical morphological patterns and
by immunofluorescent staining for factor VIII-related antigen
and a-smooth muscle actin (a-SMA), respectively (16,21).
All passages were performed using 0.05% trypsin and 0.02%
EDTA. Cell viability was assessed using the CCK-8 assay.

Treatment of PAECs and PASMCs. Prior to each experiment,
the PAECs and PASMCs were quiesced for 24 h in DMEM
without serum. The PASMCs were treated with TGF-f1 in
low serum (0.4%), and PAECs were treated with TNF-a in
10% FBS in the presence/absence of a physiologically relevant
concentration [as previously described (22)] of EETs (250 nM)
for 24 h. Alternatively, the PAECs were infected with recom-
binant adeno-associated viral vector (rAAV)-green fluorescent
protein (GFP) or rAAV-CYP2J2 for 5 days to obtain maximal
expression and then incubated with TNF-a. To investigate the
anti-apoptotic effects of CYP2J2 or EETs and the possible
signaling mechanisms involved, the infected PAECs were
treated for 45 min with/without PI3K inhibitor (LY294002,
20 uM), ERK inhibitor (PD98059, 20 uM) or MAPK inhibitor
(apigenin, 20 uM), followed by incubation with TNF-o. (10 ng/ml)
for 24 h. Alternatively, following pre-treatment with/without
LY294002, PD98059 or apigenin, the cells were incubated with
14,15-EET (250 nM) for 30 min prior to treatment with TNF-a.

Recombinant adeno-associated virus. The PAECs were
infected with rAAV-CYP2J2 or rAAV-GFP (~50 virions/
cell), packed and purified as previously described (16,18), and
grown for 5 days to obtain maximal expression. Recombinant
adeno-associated viral vectors containing GFP or CYP2J2,
pcDNA3.1-GFP plasmids and pcDNA3.1-CYP2J2 plasmids
were prepared as previously described (23). The transfection
efficiency of rAAV-GFP was detected by flow cytometry and
fluorescence microscopy at 5 days post-infection.

Cell viability assay. Cell viability was measured using the
CCK-8 assay, in which cellular dehydrogenase activity in the
living cells was detected. Cell viability was expressed as a
percentage of the value in the untreated control culture (24,25).
All experiments were performed in triplicate on 3 separate
occasions.

Flow cytometric analysis of apoptosis. As previously
described (26,27), apoptotic responses were assessed by flow
cytometry (Annexin V-FITC, propidium iodide and binding
buffer) following the treatment of PAECs with 14,15-EET. As
the emission wavelength of GFP and Annexin V-FITC are
similar, we used the eBioscience Annexin V PE apoptosis
detection kit (Annexin V-PE,7-A AD viability staining solution,
and binding buffer) to detect the apoptosis of virus-infected
PAECs. All flow cytometry analyses were performed using
commercially-available CellQuest software (BD Biosciences,
San Jose, CA, USA).

Western blot analysis. The total expression levels and phosphor-
ylation levels of signal transduction molecules were measured
by western blot analysis as previously described (20). Protein
expression was quantified by densitometry and normalized to
[-actin expression.
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Figure 1. Effects of exogenous epoxyeicosatrienoic acids (EETs) on the viability of pulmonary artery endothelial cells (PAECs) and pulmonary artery smooth
muscle cells (PASMCs). Cell viability was measured using the cell counting kit-8 (CCK-8) assay. (A) Effects of EETs on the cell viability of PAECs. (B) Effect
of tumor necrosis factor-a (TNF-o) on cell viability of PAECs. (C) Effect of the combination of EETs and TNF-a on cell viability of PAECs. (D) Effect of EETs
or transforming growth factor-p1 (TGF-f1) on cell viability of PASMCs. (E) Effect of the combination of EETs and TGF-f1 on cell viability of PASMCs. Data
are presented as a percentage of untreated controls £ SEM (n=5); ("P<0.05 vs. control: “P<0.05 vs. TNF-a or vs. TNF-a + DMSO).

Ki-67 staining. The PASMCs were seeded on a 12-well plate
to 80% confluence, then incubated with TGF-p1 and EETs as
indicated above. After 24 h, the PASMCs were probed with
anti-Ki-67 antibody as described previously (28). Hematoxylin
was used to counterstain the nuclei. In all assays, negative
controls were prepared using PBS instead of anti-Ki-67 anti-
body in order to exclude non-specific staining.

Cell migration assay. Migration assay was performed using
Transwell chambers (Corning, Lowell, MA, USA) with a pore
size of 8 ym (19,29,30). Briefly, the PASMCs were suspended
in DMEM with 0.4% FBS at a concentration of 5x10° cells/ml,
and 0.2 ml aliquots of the cell suspension (1x10° cells) were
added to the upper chambers. The cells in the upper chamber
were incubated with EETs at 37°C for 30 min, then TGF-f}1
was added to the medium of the lower chamber that contained
0.6 ml of DMEM, 0.4% FBS. The migration lasted for 4 h at
37°C in a CO, incubator. In order to determine the number of
migrated cells, the cells on the upper surface of the filters were
carefully scraped off with a cotton swab. The cells that had
migrated through the filters were fixed to the membrane using
4% paraformaldehyde for 30 min, then stained with 0.1% crystal
violet for 10 min at room temperature, and finally examined and
photographed under a microscope (x200 magnification). The
quantification of migrated cells was performed (5 randomly

selected fields/Transwell from at least 3 Transwells/experi-
ment).

Statistical analysis. All data was presented as the means + SEM.
Statistically significant differences between 2 groups were
calculated using the Student's t-test, and one-way ANOVA was
used to certify statistical differences among 3 groups; a P-value
<0.05 was considered to indicate a statistically significant
difference.

Results

Effects of exogenous treatment with EETs on viability of
PAECs and PASMCs. Proliferation and apoptosis were
measured using the CCK-8 assay. We wished to determine
the effects of exogenous EETs on the viability of PAECs and
PASMCs by comparing the responses of the 2 primary cell
types to apoptosis or proliferation. In the PAECs, the physi-
ologically relevant concentration of EETs (250 nM) had no
significant effects on the cell viability of the control PAECs
(Fig. 1A). TNF-a (5-10 ng/ml) induced a significant reduction
in the number of viable cells (Fig. 1B), and EETs reversed the
reduction in TNF-a. (10 ng/ml)-induced cell viability (Fig. 1C).
In the PASMCs, TGF-p1 (5-10 ng/ml) induced a significant
increase in the number of viable cells (Fig. 1D). However, EETs
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Figure 2. Effects of epoxyeicosatrienoic acids (EETs) and CYP2J2 overexpression on the apoptosis of pulmonary artery endothelial cells (PAECs). (A) CYP2J2
expression was measured by western blot analysis. (B) The transfection efficiency was maintained over 34% for 5 days post-transfection. (C) Density plots
of Annexin V-FITC/PI staining based on flow cytometry. (D) Graph represents the mean number of apoptotic cells as a percentage of the control untreated
cells £ SEM (n=3). The data are representative of 3 independent assays. (E) Density plots of Annexin V PE/7-AAD staining based on flow cytometry. (F) Graph
represents the mean number of apoptotic cells as a percentage of the control untreated cells + SEM. The data are representative of 3 independent assays ('P<0.05
vs. control or vs. rAAV-GFP; #P<0.05 vs. TNF-a + DMSO or vs. TNF-o. + rAAV-GFP; P<0.05 vs. TNF-a + 14:15-EET or vs. rAAV-CYP2J2 + TNF-q).
TNF-a, tumor necrosis factor-a; rAAV, recombinant adeno-associated viral vector; GFP, green fluorescent protein.

(250 nM) did not reverse the increase in TGF-p1-induced cell
viability (Fig. 1E). These data suggest that EETs inhibit PAEC
apoptosis, but do not suppress PASMC proliferation.

EETs and CYP2J2 overexpression inhibits TNF-a-induced
apoptosis of PAECs. To determine the transfection efficiency
of rAAV-CYP2J2 in PAECsS, the uptake of fluorescently labeled
rAAV-GFP was detected by flow cytometry at 5 days post-
transfection. The results revealed a high transfection efficiency
(>34% cells displayed green fluorescence with rAAV-GFP)
(Fig. 2B). The protein expression of CYP2J2 was examined by
western blot analysis (Fig. 2A). CYP2J2 expression induced a
marked increase in the protein levels in the rA AV-CYP2J2 group
compared with rAAV-GFP. We also evaluated the effects of
exogenous EETs and CYP2J2 overexpression on the apoptosis of

PAEC:s by flow cytometry. Our results indicated that 14,15-EET
partially abolished the apoptosis of PAECs induced by TNF-a
(Fig. 2C and D). Likewise, the rAAV-CYP2J2 + TNF-a group
showed significantly reduced cell apoptosis compared with the
rAAV-GFP + TNF-a group (Fig. 2E and F). The anti-apoptotic
effects of 14,15-EET or CYP2J2 overexpression were attenu-
ated by LY294002 (PI3K inhibitor), PD98059 (ERK inhibitor)
or apigenin (MAPK inhibitor) (Fig. 2C-F). These results
demonstrate that the anti-apoptotic effects of EETs and CYP2J2
overexpression are mediated, at least in part, through the activa-
tion of PI3K, ERK and MAPK.

Effects of 14,15-EET and CYP2J2 overexpression on apop-
tosis-regulating protein expression in PAECs. The incubation
of PAECs with a physiologically relevant concentration of
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Figure 3. Effects of 14:15-EET and CYP2J2 overexpression on apoptosis-regulating protein expression in pulmonary artery endothelial cells (PAECs).
(A and B) Representative western blots and densitometry results showing altered levels of Bcl-2, Bel-xL and Bax following the exogenous administration of
14,15-EET, and the effects of LY294002, PD98059 or apigenin. (C and D) Representative western blots and densitometry results showing the altered levels
of Bcl-2, Bel-xL and Bax following CYP2J2 overexpression, and the effects of LY294002, PD98059 or apigenin (‘P<0.05 vs. control or vs. rAAV-GFP;
"P<0.05 vs. TNF-a + DMSO or vs. rAAV-GFP + TNF-q; $P<0.05 vs. TNF-o. + 14:15-EET or vs. rAAV-CYP2J2 + TNF-a). TNF-a, tumor necrosis factor-a;
rA AV, recombinant adeno-associated viral vector; GFP, green fluorescent protein.

14,15-EET had no effects on the baseline levels of Bcl-2, Bel-xL
and Bax, but significantly attenuated the TNF-a-induced
downregulation of Bcl-2 and Bcel-xL expression, and prevented
the upregulation of Bax (Fig. 3A and B). The overexpression
of CYP2J2 in the PAECs induced a significant increase in the
expression Bcl-2 and Bcel-xL, as well as a significant decrease
in the baseline levels of Bax. Moreover, it also significantly
inhibited the TNF-a-induced downregulation of Bcl-2, Bel-xL
and the TNF-a-induced upregulation of Bax (Fig. 3C and D).
Furthermore, the effects of 14,15-EET and CYP2J2 overex-
pression were attenuated by LY294002, PD98059 or apigenin
(Fig. 3), supporting the role of the ERK and PI3K/Akt signaling
pathways in the EET-mediated regulation of apoptosis.

Effects of 14,15-EET and CYP2J2 overexpression on PI3K-
dependent Akt phosphorylation and ERKI1/2 pathway in
PAECs. The treatment of PAECs with TNF-a inhibited the
expression of PI3K and PI3K-dependent Akt phosphoryla-
tion; 14,15-EET did not significantly increase PI3K protein
expression and Akt phosphorylation in the control cells,
whereas 14,15-EET significantly increased PI3K protein
expression and Akt phosphorylation in the presence of TNF-a
(Fig. 4A and B). The effects of 14,15-EET were inhibited when
the cells were pre-treated with LY294002 (a PI3K inhibitor)
(Fig. 4A and B). Similarly, the overexpression of CYP2J2
significantly increased the expression of PI3K protein and
Akt phosphorylation in the presence and absence of TNF-a,
compared with the uninfected and rA AV-GFP-infected control

cells. This effect was blocked by LY294002 (Fig. 4C and D).
TNF-a also significantly reduced the phosphorylation of
ERK1/2 in the PAECs. 14,15-EET did not significantly induce
ERK1/2 phosphorylation, while 14,15-EET significantly
induced ERK1/2 phosphorylation in the presence of TNF-a
(Fig. 4A and B). The overexpression of CYP2J2 significantly
increased ERK1/2 phosphorylation in the presence and
absence of TNF-a (Fig. 4C and D). Furthermore, the effects
of 14,15-EET and CYP2J2 overexpression on ERK1/2 phos-
phorylation were inhibited by PD98059 (an ERK inhibitor) and
apigenin (a MAPK inhibitor) (Fig. 4C and D). Taken together,
these results suggest that exogenous 14,15-EET and CYP2J2
overexpression activates the PI3K/Akt and ERK signaling
pathways, which may contribute to the anti-apoptotic effects
observed in the PAECs.

Effect of Ki-67 staining following stimulation of PASMCs with
TGF-f1. There was a small percentage (~20%) of PASMCs
entering the cell cycle in the untreated control cell culture
(Fig. 5). However, there was a significant increase (~50%) in
the number of Ki-67-positive cells after TGF-f1 (10 ng/ml)
was administered for 24 h. However, EETs (250 nM) did not
reverse the increase in the number of TGF-B1-induced Ki-67-
positive cells (Fig. 5). These findings suggest that EETs does
not suppress PASMC proliferation.

Effect of EETs on TGF-f1-induced PASMC migration. To
investigate the effects of EETs on TGF-B1-induced PASMC
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Figure 4. Effects of 14,15-EET and CYP2J2 overexpression on the activity of PI3K/Akt and extracellular signal-regulated kinase (ERK)1/2 in pulmonary
artery endothelial cells (PAECs). (A and B) Representative western blots and densitometry results of PI3K/B-actin, phospho-Akt/Akt and phospho-ERK1/2/
ERK1/2 upon 14,15-EET with or without LY294002, PD98059 or apigenin. (C and D) Representative western blots and densitometry results of PI3K/B-actin,
phospho-Akt/Akt and phospho-ERK1/2/ERK1/2 upon CYP2J2 overexpression with or without L'Y294002, PD98059 or apigenin ("P<0.05 vs. control or vs.
rAAV-GFP; P<0.05 vs. TNF-a + DMSO or vs. rAAV-GFP + TNF-q; $P<0.05 vs. TNF-o + 14:15-EET or vs. rAAV-CYP2J2 + TNF-a). TNF-a, tumor necrosis
factor-a; rAAV, recombinant adeno-associated viral vector; GFP, green fluorescent protein.

migration, a modified Transwell apparatus was used. The
stimulation of the PASMCs with TGF-$1 (10 ng/ml) caused a
~3-fold increase in PASMC migration (Fig. 6B). At a concen-
tration of 250 nM, 11,12-EET and 14,15-EET significantly
inhibited the TGF-B1-induced PASMC migration. By contrast,
8,9-EET had no significant effect (Fig. 6B). These findings
suggest that 11,12-EET and 14,15-EET attenuate the migration
potential of PASMC:s in vitro.

Discussion

Pulmonary vascular remodeling is characterized by endo-
thelial dysfunction, abnormal muscularization of pulmonary
arterioles, the upregulation of inflammatory cytokines and
leukocyte infiltration (31,32). Inflammation plays an important
role in various types of human PAH (33). TNF-a has been
demonstrated as a key pro-inflammatory cytokine in severe
pulmonary hypertension. Fujita ef al (34) demonstrated that
the overexpression of TNF-a results in severe pulmonary
hypertension in mice. During the early stages of vascular
remodeling, inflammatory cells infiltration directly partici-
pates in the apoptosis of endothelial cells. A body of evidence
has demonstrated that the apoptosis of endothelial cells is an
initiating mechanism for pulmonary vascular remodeling, and
directly leads to microvascular obliteration (35,36). Moreover,
increasing evidence suggests that pulmonary vascular remod-
eling may be reversed by inhibiting the apoptosis of endothelial

cells during the early stages of PAH (37-39). In another study,
Sakao et al (6) reported that the apoptosis of endothelial
cells induces the release of mediators, in particular TGF-f31,
which activates the proliferation and migration of vascular
smooth muscle cells. Liu er al (40) showed that TGF-$1
increased the progression of cells from the GO/G1 phase to the
G2/M + S phase and regulated the cell cycle progression of
PASMC:s. Considerable experimental evidence suggests that
TGF-p1 mediates human PASMC proliferation in persistent
hypoxia-induced PAH (41). However, it is not clear whether
EETs exert anti-apoptotic effects on PAECs, particularly in the
case of apoptosis induced by inflammatory cytokines (such as
TNF-a). Moreover, the anti-proliferative and anti-migratory
effects of EET on PASMCs remain elusive. Thus, in this study,
we sought to evaluate the potential effects of exogenous EETs
and CYP2J2 overexpression on TNF-a-induced PAEC apop-
tosis and TGF-p1-induced PASMC proliferation and migration.

Our findings demonstrated that EETs significantly reversed
the TNF-o-induced reduction in cell viability. Moreover, EETs
and CYP2J2 overexpression effectively protected the PAECs
from TNF-a-induced apoptosis, as evaluated by FACS anal-
ysis. EETs and CYP2J2 overexpression significantly inhibited
the downregulation of TNF-a-induced Bcl-2 and Bcl-xL
protein expression, and the upregulation of TNF-a-induced
Bax protein expression. These effects were attenuated by the
addition of LY294002 (a PI3K inhibitor), PD98059 (an ERK
inhibitor) and apigenin (a MAPK inhibitor). Furthermore,
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Figure 5. Effect of Ki-67 staining following the stimulation of pulmonary artery smooth muscle cells (PASMCs) with transforming growth factor-f1 (TGF-f1).
(A) Representative Ki-67 immunohistochemical staining results of TGF-f1 stimulation of primary PASMCs. The specimens are shown at x200 magnification.
(B) Data are presented as the means = SEM (5 randomly selected fields/group). All experiments are performed in triplicate on 3 separate occasions ('P<0.05

vs. control or vs. vehicle).
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Figure 6. Effect of epoxyeicosatrienoic acids (EETs) on transforming growth factor-f1 (TGF-p1)-induced pulmonary artery smooth muscle cell (PASMC)
migration. (A) 11,12-EET and 14,15-EET attenuated the TGF-f1-induced migration of PASMCs in vitro. Representative images of the mobility assay are
shown (x200). (B) Bar graph of the mobility assay. Bar represents the mean number of the cells/field ("P<0.05 vs. control or vs. vehicle; “P<0.05 vs. TGF-$1 or
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EETs and CYP2J2 overexpression significantly induced
PI3K protein expression, Akt phosphorylation and ERK1/2
phosphorylation in the presence of TNF-a, and these effects
were attenuated by the addition of LY294002, PD98059 and
apigenin, respectively. These anti-apoptotic effects were
significantly attenuated by the inhibition of the PI3K/Akt and
MAPK signaling pathways, suggesting that the anti-apoptotic
effects of EETS are mediated, at least in part, through the
activation of the PI3K/Akt and MAPK signaling pathways.

The monocrotaline-induced primary pulmonary hyper-
tension model, which has previously been used by Revermann
et al (42), is highly toxic to endothelial cells in the lungs. It
induced endothelial cell apoptosis, vascular inflammation,
cellular proliferation and vascular remodeling. We have
previously reported that CYP2J2 overexpression, which is
known to increase EET biosynthesis, significantly amelio-
rated monocrotaline-induced PAH in rats (20). We found that
CYP2J2 overexpression attenuated right ventricle systolic
pressure (RVSP) and hypertrophy of the right ventricle (RV)
and pulmonary vessel walls in vivo. However, our results did
not favor any role of the anti-proliferative effects of EETs on
TGF-p1-induced PASMCs in vitro, indicating that a more
complex mechanism of inflammation may be present for
PASMC proliferation. These results were supported by those
from previous studies in cultured rat PASMCs, showing that
11,12-EET and soluble epoxide hydrolase (sEH) inhibition
have no effect on platelet-derived growth factor (PDGF),
serum or serotonin-induced smooth muscle cell prolifera-
tion (19). In addition, we also discovered that at a concentration
of 250 nM 11,12-EET and 14,15-EET significantly inhibited
the TGF-B1-induced PASMC migration. Taken together, these
data indicate that EETs suppress pulmonary vascular remod-
eling mainly through the inhibition of PASMC migration, and
not by inhibiting proliferation; it could also be speculated that
the anti-proliferative effects of EETSs in vivo are indirect in
nature.

In conclusion, the present study reveals a novel role for
the protective effects of EETs against pulmonary vascular
remodeling. EETs exerted potent anti-apoptotic effects, mark-
edly attenuating the TNF-a-induced apoptosis of pulmonary
arterial endothelial cells. Two mechanisms were found to be
involved in these important protective effects: firstly, EETs and
CYP2J2 overexpression inhibited the decrease in the expres-
sion of the anti-apoptotic proteins, Bcl-2 and Bcl-xL, and the
increase in the expression of the pro-apoptotic protein, Bax,
mediated by TNF-a; secondly, EETs activated the PI3K/Akt
and ERK signaling pathways. In addition, EETs inhibited the
TGF-pl-induced PASMC migration. Our findings suggest that
EETs may be a novel approach to the treatment of pulmonary
vascular remodeling complications in diseases such as PAH.
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