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Abstract Pulmonary artery endothelial plexiform lesion is
responsible for pulmonary vascular remodeling (PVR), a
basic pathological change of pulmonary arterial hyperten-
sion (PAH). Recent evidence suggests that epoxyeicosa-
trienoic acid (EET), which is derived from arachidonic acid
by cytochrome p450 (CYP) epoxygenase, has an essential
role in PAH. However, until now, most research has focused
on pulmonary vasoconstriction; it is unclear whether EET
produces mitogenic and angiogenic effects in pulmonary
artery endothelial cells (PAEC). Here we found that 500
nM/1 8,9-EET, 11,12-EET, and 14,15-EET markedly aug-
mented JNK and c-Jun activation in PAECs and that the acti-
vation of c-Jun was mediated by JNK, but not the ERK or
p38 MPAK pathway. Moreover, treatment with 8,9-EET,
11,12-EET, and 14,15-EET promoted cell proliferation and
cell-cycle transition from the G0/G1 phase to S phase and
stimulated tube formation in vitro. All these effects were
reversed after blocking JNK with Sp600125 (a JNK inhibi-
tor) or JNKI1/2 siRNA. In addition, the apoptotic process
was alleviated by three EET region isomers through the
JNK/c-Jun pathway.lll These observations suggest that 8,9-
EET, 11,12-EET, and 14,15-EET stimulate PAEC prolifera-
tion and angiogenesis, as well as protect the cells from
apoptosis, via the JNK/c-Jun pathway, an important under-
lying mechanism that may promote PAEC growth and angio-
genesis during PAH.—Ma, J., L. Zhang, W. Han, T. Shen, C.
Ma, Y. Liu, X. Nie, M. Liu, Y. Ran, and D. Zhu. Activation of
JNK/c-Jun is required for the proliferation, survival, and
angiogenesis induced by EET in pulmonary artery endothe-
lial cells. J. Lipid Res. 2012. 53: 1093-1105.
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Pulmonary arterial hypertension (PAH), of which the
etiology and pathogenesis of the vascular alteration are
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still largely unknown, is characterized histologically by the
tremendous changes that are associated with functional
impairment of the endothelium in increasing vascular re-
sistance and pressure as well as flow that occurs in the
pulmonary circulation, ultimately overloading the right
ventricle (1, 2). Endothelial dysfunction, including
disordered endothelial cell (EC) proliferation, along with
concurrent neoangiogenesis leads to the formation of
plexiform lesions as a common pathological feature of
PAH (3, 4). Endothelial cell proliferation in PAH is of fun-
damental importance with major implications regarding
its pathogenesis and diagnosis. Many other recent reports
provide evidence that the growth of endothelial cells and
the tumorlets and plexiform lesions composed of prolifer-
ated endothelial cells, which obliterate medium-sized ar-
teries, are observed in the pulmonary artery of patients
with PAH (1).

Many arachidonic acid products, such as eicosanoids
and leukotrienes, serve as markers and mediators of lung
damage and are generated during acute lung injury (2).
But there is no evidence about role of epoxyeicosatrienoic
(EET) acids, metabolized by the CYP epoxygenase path-
way of arachidonic acid, in lung injury and plexiform
lesions of vascular endothelial cells. Intracellular EETs
(5,6-EET, 8,9-EET, 11,12-EET, and 14,15-EET) are regu-
lated by the activity of the CYP epoxygenases and by the
soluble epoxide hydrolase (sEH) (5). So far, most research
has focused on the anti-inflammatory properties of EETs
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1ng, SD, serum deprivation.
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or vasodilatation in the systemic circulation and pulmo-
nary circulation (5), but less is known regarding the prolif-
erative and angiogenic properties of EETs in pulmonary
artery endothelial cells (PAEC) and the mechanisms of
EETs on pulmonary vascular remodeling (6).

c-Jun N-terminal kinase (JNK), a member of the mito-
gen-associated protein kinase (MAPK) family, is encoded
by three genes: JNK land JNK 2, which are ubiquitously
expressed, and JNK3, which is limited to the testis, heart,
and brain (7). Broad varieties of stress stimulate JNK acti-
vation and in turn phosphorylate several transcription fac-
tors, such as c-Jun, JunB, and ATF-2, required for cell
survival, proliferation, transformation, and death (8, 9).
Previous observations suggest a potential role for JNK in
allergic airway diseases and fibrosis and show that the
phosphorylation of JNK is elevated in the airway epithe-
lium and pulmonary endothelium of patients with idio-
pathic pulmonary fibrosis (10). However, the linkage
among JNK, pulmonary hypertension, and endothelium
growth requires more study.

On the basis of the possible roles of EET and JNK/c-Jun
pathway in pulmonary hypertension, we hypothesized
that pulmonary artery endothelial plexiform lesions and
lumen narrow were mediated by EETs through JNK/c-Jun
pathway. We demonstrated that EETs (8,9-EET, 11,12-
EET, and 14,15-EET) promoted cell proliferation and
angiogenesis in a JNK-dependent manner. Moreover,
EETs promoted the cell transition from G0/G1 phase to
S phase by regulating the cell-cycle regulatory proteins
and attenuated a series of apoptotic events, which were
reversed by the JNK inhibitor or silencing of JNK 1/2
genes. Protective and angiogenic effects of EETs on
PAECs would be considered an important underlying
mechanism for improving the therapy of PAH and ob-
structive pulmonary disease.

MATERIALS AND METHODS

5,6-EET, 8,9-EET, 11,12-EET, and 14,15-EET were purchased
from Cayman Chemical Co. (Ann Arbor, MI). Growth factor-re-
duced Matrigel and the CycleTEST™ PLUS DNA Reagent Kit
were obtained from BD Biosciences (Bedford, MA). Bromode-
oxyuridine (BrdU) proliferation assay kit was from Roche Ap-
plied Science (Indianapolis, IN). KinaseSTAR™ JNK Activity
Assay Kit was purchased from BioVision Inc. (Mountain View,
CA). Antibodies against PCNA, Cyclin A, P21, p27, c-Jun, B-actin,
JNKI, and JNK2 were purchased from Santa Cruz Biotechnology
Inc. (Santa Cruz, CA). Cyclin D1 antibody was obtained from Cell
Signal Corporation. SP600125, SB203580, U0126, JC-1 probe,
and Caspase-3 activity kit were obtained from Beyotime Institute
of Biotechnology (Haimen, China). All other reagents were from
common commercial sources.

Cell culture

Fresh bovine PAECs were isolated as previously described (11).
The pulmonary tissues were obtained from a local slaughter-
house with all protocols reviewed and approved by the Ethical
Committee of Laboratory Animals at Harbin Medical University.
The identity was confirmed by typical endothelial cell morphol-
ogy and by positive anti-factor-VIII staining.
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JNK activity assay

We used KinaseSTAR™ JNK  Activity Assay Kit (catalog
#K431-40, BioVision) to detect JNK activity according to the
manufacturer’s instruction. Briefly, after treatment with EETs
(8,9-EET, 11,12-EET and 14,15-EET), we prepared the cell
lysate of each group and then used JNK-specific antibody to
immunoprecipitate JNK, followed by Western immunoblotting
with anti-phospho-c-Jun (Ser 73)-specific antibody to detect ki-
nase activity.

Bromodeoxyuridine incorporation

PAECs were plated in 96-well plates at the density of 5,000
cells/well, and then subjected to growth arrest for 24 h before
treatment with different agents in 1% FBS DMEM. We measured
BrdU incorporation according to the Roche BrdU proliferation
assay kit instructions. Briefly, after treatment, 10 pM BrdU label-
ing solution was added per well for 24 h at 37°C, and then incu-
bated for 30 min in FixDenat solution at room temperature.
Flicking off the FixDenat solution thoroughly, we added anti-
BrdU-POD working solution 200 wl/well for 90 min at room
temperature. Each well was rinsed three times with 200 wl wash-
ing solution and incubated for 10 min in 100 pl/well substrate
solution. The absorbance of the samples was recorded in an
ELISA reader at 370 nm.

MTT assay

PAECs at passage 2 were cultured at a density of 5,000 cells/
well in a 96-well culture plate and then treated with 5,6-EET (500
nmol/1); 8,9-EET (500 nmol/1); 11,12-EET (500 nmol/1); 14,15-
EET (500 nmol/1); Sp600125 (5 wmol/1); and EETs plus
Sp600125 in DMEM with 1% FBS. Ethanol and DMSO were
added at the indicated concentrations. At the end of incubation
at 37°C, the cells were incubated for 4 h in a medium containing
0.5% 3-[4, 5-dimethylthiazol-2-y1]2, 5-diphenyl-tetrazolium bro-
mide (MTT), the yellow mitochondrial dye. The amount of blue
formazan dye formed from MTT is proportional to the number
of survival cells. The reaction was terminated after adding 150 pl
DMSO and incubating the cells for 10 min. Absorbance at 540 nm
was recorded by an ELISA plate reader.

Cell cycle and DNA analysis

The CycleTEST PLUS DNA Reagent Kit was used for exam-
ining whether the cell cycle was regulated by EETs. PAECs
were treated in groups as indicated and then harvested with
trypsin and fixed using 70% ethanol. The ethanol was re-
moved, and the cells were incubated in 200 nl PBS. The cells
were stained according to the kit protocol. DNA fluorescence
was measured and flow cytometry was performed using BD
FACSCalibur Flow Cytometer (Bedford, MA). For each sam-
ple, 2 x 10" events were accumulated in a histogram. The pro-
portions of cells in the different phases of the cell cycle were
calculated from each histogram.

Immunocytochemistry

PAECs were cultured on a cover glass (15 mm diameter). After
treatment, cells were fixed with 4% paraformaldehyde in PBS at
room temperature for 15 min, permeabilized with 0.5% Triton
X-100 for 10 min, blocked with 3% normal bovine serum in PBS
at 37°C for 30 min, and incubated with anti-phospho-JNK pri-
mary antibody (1:50) in PBS at 4°C overnight. After washing
three times with PBS, the cells were incubated with FITC-conju-
gated secondary antibody (1:100) diluted with PBS at 37°C for
2 h away from light. Slides were then examined with a micro-
scope (Nikon, Japan), and images were recorded by digital pho-
tomicrography (Olympus, Japan).



Tube formation assay

For the tube formation assay, 96-six-well culture plates (Costar,
Corning) were coated with 30 pl growth factor-reduced Matrigel
(BD Biosciences) and solidified for 30 min at 37°C. Then PAECs
were trypsinized and resuspended at 5 x 10* per milliliter, fol-
lowed by adding 200 pl of this cell suspension into each well.
Vehicle or reagents at the indicated concentrations were added
to the appropriate well. Tube formation was observed under an
inverted microscope (Nikon, Japan). Tube length was measured
using the Image-Pro Plus 6.0.

Measurement of caspase-3 activity

Cleavage of Ac-DEVD-pNA (acetyl-Asp-Glu-Val-Asp p-nitroa-
nilide), a caspase-3 substrate, was examined for caspase-3 activity
according to the manufacturer’s protocol (12). The specific cas-
pase-3 activity was normalized for total protein and then ex-

pressed as the fold of the baseline caspase-3 activity of control
cells cultured in DMEM with 20% FBS.

siRNA and CYP 2]2 plasmid design and transfections

PAECs were transfected with JNK 1/2 small interfering RNA
(siRNA), which was designed and synthesized by GenePharma.
Nontargeted control siRNA (siNC) was used as negative con-
trol. The sequences of siRNA against JNK 1, JNK 2, and non-
targeted control sequences were JNK 1 (sense: 5-GGCA-
UGGGCUAUAAAGAAATT-8’, anti-sense: b-UUUCUUUGUA-
GCCCAUGCCTT-3"); JNK 2 (sense: 5-GCCAGAGACUUAUUA-
UCAATT-%, anti-sense: 5-UUGAUAAUAAGUCUCUGGCTT-3');
and NC control (sense: 5-UUCUCCGAACGUGUCACGUTT-%’,
anti-sense: 5-ACGUGACACGUUCGGAGAATT-3"). The CYP
2]2 plasmid was kindly provided by Dr. Darryl Zeldin (National
Institute of Environmental Health Sciences, Research Trian-
gle Park, NC). PAECs were cultured until 30-50% confluence,
and then 1.5 ug siRNA or plasmid and 7.5 pl X-treme Gene
Transfection Reagent were diluted in serum-free Opti-MEM-1
medium, respectively, and then mixed them together gently.
The mixture was incubated at room temperature for 20 min
and added directly to the cells. After transfection, cells were
quiescent for 24 h and then used as required.

Western blot analysis

The proteins were extracted from PAECs as previously re-
ported (12). The protein samples (20-50 pg) were fractionated
by SDS-PAGE (12% polyacrylamide gels) and transferred onto
nitrocellulose membrane. After incubation in a blocking buffer
(Tris 20 mM, pH 7.6, NaCl 150 mM, and Tween 20 0.1%) con-
taining 5% nonfat dry milk powder, the appropriate antibodies
at suitable concentrations were incubated overnight at 4°C, fol-
lowed by reaction with horseradish peroxidase-conjugated sec-
ondary antibodies and enhanced chemiluminescence reagents,
with 3-actin as an internal control.

RT-PCR

PAEC RNA was extracted using Trizol reagent and then re-
verse-transcribed using SuperScriptTM First-Strand Synthesis Sys-
tem followed by amplification in a DNA thermal cycler (PxG20809,
Thermo Electron Co.), applying Taq polymerase. The RT-PCR
products were visualized by ethidium bromide-stained agarose
gel electrophoresis. The images were recorded and the band in-
tensities were analyzed using the gel imaging analysis system
(Gene Genius, Syngene, United Kingdom). The gene-specific
primers were designed from coding regions and the nucleotide
sequences of primers were as follows: JNK 1 (GenBank accession
number NM_001192974.1, sense: 5" -AAGAATGTCCTACCT-

JNK/c-Jun is required for PAECs growth induced by EETs

GCTC-¥, anti-sense: 5-TTCCCTTTCATCTAACTGCGC-3’, 661 bp);
JNK 2 (GenBank accession number NM_001046369.1, sense:
5-TTTGGTATGACCCTGCTGA-3’, antisense: 5-CATTGATG-
GACGACGACTG-3', 216 bp); Cyclin A (GenBank accession number
NM_001075123.1, sense: 5" -AAATGTAAGCCTAAAGTGG-3’,
anti-sense: 5- GATAACTGACGGCAAATAC-3’, 492 bp); Cyclin D
(GenBank accession number NM_001046273.1, sense: 5" -GTCGC-
TGGAGCCCGTGAAA-, anti-sense: 5-GGGCGGGTTGGAAAT-
GAA-3’,334bp); P21 (GenBank accession number NM_001098958.1,
sense: 5-TGCCGCTGCCTCTTTGGT-3, antisense: 5-TGCTGGTC-
TGCCGCCGTTT-3, 379 bp); P27 (GenBank accession number
NM_001100346.1, sense: 5-CTAACGGGAGTCCGAGCCT-3, an-
tisense: 5- ATGCGTGTCCTCTGGGTTT-3, 368 bp); and B-actin
(GenBank accession number NM_173979.3, sense: 5-AACT-
GGGACGACATGGAGAA-3, antisense: 5-TCCTGCTTGCTGATCC-
ACAT-3’, 851 bp). B-actin was used as an internal control.

Mitochondrial depolarization assay

We monitored the mitochondrial membrane potentials by de-
termining the relative amounts or dual emissions from both mito-
chondrial 5,5,6,6"-tetrachloro-1,1’3,3"-tetraethylbenzimidazolcar
bocyanine iodide (JC-1) monomers (green) and aggregates (red)
by using an Olympus fluorescent microscope under Argon-ion
488 nm laser excitation. Images obtained by a fluorescent micro-
scope of PAECs reacted with JC-1 were analyzed for green and
red fluorescence. Mitochondrial depolarization was expressed by an
increase in the intensity ratio of green/red fluorescence.

Statistical analysis

The composite data are expressed as means + SEM. Statistical
analysis was performed with chi-square test, Student #test or one-
way ANOVA followed by Dunnett’s test where appropriate. P <
0.05 was considered statistically significant.

RESULTS

EETs induced the activation of JNK and nuclear
translocation of phospho-JNK in PAECs

To test whether EETs (8,9-EET, 11,12-EET, and 14,15-
EET) are capable of activating JNK pathway in cultured
PAECs, we first examined the phosphorylation of JNK and
JNKactivity. We found that 500 nM/1EETs greatly induced
the expression of phospho-JNK and increased JNK activity
(n =3, P<0.05; Fig. 1A, B). As shown in Fig. 1C, although
phospho-]NK was distributed in both cytosol and nucleus
in the normal group, treatment with EETs could render
the phospho-]JNK redistribution and accumulation in the
cellular nucleus. These results showed that activation of
JNK by EET stimulation was associated with phospho-JNK
translocation into the cellular nucleus.

Activation of c-Jun by EET is mediated by JNK but not by
ERK or p38 MAPK

c-Jun, a major substrate of JNK, was also determined in
our study. We first treated PAECs with 11,12-EET at dif-
ferent time points, and we found that phosphorylation of
cJun was increased after stimulating with 11,12-EET for
5 min, and it arrived at the peak at 15 min, indicating that
the phosphorylation of c-Jun by EET was time-dependent
(n =3, P<0.05; Fig. 2A). And as shown in Fig. 2B, there
was an increase of the c-Jun phosphorylation in the
presence of EETs, but the promotive effect of EETs on
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Activation of JNK and nuclear translocation of phospho-JNK were induced by EETs in PAECs. A: Exogenous EETs increased the

protein expression of phospho-JNK (n = 3, ¥*P < 0.05). B: The JNK activity was increased after treatment with EETs as determined by the
JNK activity assay kit (n = 3, *P < 0.05). C: EETs stimulated the phospho-JNK translocation into the cellular nucleus as determined by im-

munocytochemistry (n = 6).

phospho-c-Jun was weakened after depressing the JNK
activation with Sp600125. However, no notable reduction
of the c-Jun phosphorylation stimulated by EETs was ob-
served in the presence of ERK pathway inhibitor (U0126)
or p38 MAPK pathway inhibitor (SB203580) (n = 3, P<
0.05; Fig. 2C).

To exclude the possible nonspecific inhibition caused
by the chemical inhibitor, we used specific siRNA to silence
the JNKI1 or JNK2 gene expression in PAECs. RT-PCR and
Western blot analyses were performed to ensure the ade-
quate knocking down of JNKI1 or [NK 2 (n = 3, P< 0.05;
supplementary Fig. I-A). As shown in Fig. 2D, the effects of
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EETs on c-Jun phosphorylation were significantly attenu-
ated in PAEGs treated with transient transfection of

JNKI1/2siRNA. These results certify that c-Jun is phosphory-

lated by JNK at the N-terminal site to promote the tran-
scriptional activity in PAECs and that the ERK and p38
MAPK pathways are not involved in this process.

EETs promote PAECs proliferation through JNK/
c-Jun pathway

To examine whether the effects of EETs on PAEC prolif-
eration are dependent on the JNK/c-Jun pathway, cell vi-
ability was determined by MTT assay. Our results showed
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that although three region-isomeric epoxides (8,9-EET,
11,12-EET, and 14,15-EET) could reverse the decrease of
cell viability caused by 1% serum, the cell viability of incu-
bating with EETs in 1% serum medium were slightly
weaker than that of the control group (containing 20%
serum). Moreover, the protective effects of EETs were par-
tially weakened by the usage of 5 uM/1 Sp600125 (n = 6,
P<0.05; Fig. 3A) or knocking down the JNK 1/2 gene with
siRNAs (n = 6, P< 0.05; Fig. 4A). To ascertain the role of
EETs and the JNK pathway in PAEC proliferation, BrdU
incorporation assay and expression of proliferating cell
nuclear antigen (PCNA) were examined in our study. The
results showed that EETs enhanced the BrdU incorpora-
tion and induced the expression of PCNA in the medium
containing 1% serum and that the effects were markedly
abolished in the presence of the JNK pathway inhibitor
(n=3, P<0.05; Fig. 3B) or siRNA sequences of JNK1/2 (n =
3, P < 0.05; Fig. 4B, C). Furthermore, PAEC proliferation
induced by EETs was not attenuated by ERK and p38
MAPK pathway inhibitors as determined by the BrdU in-
corporation (n = 3, P< 0.05; Fig. 3C).

In addition, CYP2]2, which is expressed in the vessel
endothelial cell and metabolized arachidonic acid to

JNK/c-Jun is required for PAECs growth induced by EETs

EET, was overexpressed by stable transfection of the
pcDNA3.1 CYP2]2 plasmid into PAECs (13). The pro-
tein expression of CYP2]2 was studied to confirm the
plasmid of CYP 2]J2 had been transfected into PAECs
(n =3, P<0.05; supplementary Fig. I-B). We found that
CYP2]2 overexpression enhanced the BrdU incorpora-
tion and PCNA expression and that the proliferative ef-
fects were eliminated by administration of the JNK
inhibitor, consistent with applying exogenous EETs (n = 3,
P <0.05; Fig. 3D).

As BSA (BSA) in the medium served as the lipid car-
rier, we repeated the experiments in the presence of
100 uM albumin to make sure the promotive effects and
mechanism of EETs on PAEC proliferation presented
above were not confounded by cell toxicity. The data
showed that EETs promoted the cell growth, BrdU incor-
poration, and PCNA expression through the JNK path-
way even in the presence of a high concentration of BSA,
which was similar to the experiments carried out in the
medium containing 1% serum (n = 3, P< 0.05; Fig. 3E, F).
All of these results indicate that EETs indeed induce
PAEC proliferation through the activation of the JNK/c-
Jun pathway.
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EETs promote the cell growth in a concentration-
dependent manner

MTT assay was applied to determine the prosurvival ef-
fects of EETs at different concentrations in PAECs. We ob-
served that the cell viability was apparently increased after
the incubation with 100 nM 8,9-EET and that the peak re-
sponse concentration of 11,12-EET or 14,15-EET was 500 nM
(n = 3, P<0.05; Fig. 4D-F). The results suggest that the
responses provoked by EETs on cell viability are concen-
tration-dependent.

EETs regulate cell-cycle-related proteins and promote
the cell transition from G0/G1 phase to S phase via the
JNK/c-Jun pathway

As shown in Fig. 5, the amount of S-phase cells became
significantly increased and the percentage of GO/Gl-phase
cells was reduced in EET-treated PAECs. Compared with
untreated vehicle cells, the percentage of cells in S phase
was increased by 17.08%, accompanied with a concomi-
tant reduction of cells in the GO/G1 phase from 85.6% to
69.86% after treatment with 14,15-EET for 24 h. The ef-
fects of other two EETs on cell-cycle progression were
slightly weaker than that of 14,15-EET. However, the pro-
motive role of EETs in cell-cycle progression was relieved
by the JNK inhibitor.

The expression of cell-cycle regulatory proteins was also
detected in both transcriptional and translational levels.
We found EETs increased both the protein and mRNA of
cyclin A and cyclin D1 and coincided with a decrease in
the expression of p21; these effects of EETs were signifi-
cantly attenuated after inhibiting the JNK pathway with
Sp600125 (n = 3, P< 0.05; Fig. 6A-C). With regard to p27,
although its protein and mRNA expressions were deceased
by EETs, no detectable upregulation was observed in the
group treated with Sp600125+EETs compared with the
group treated with EETs alone (n = 3, P < 0.05; Fig. 6D).
The data reveal that p21 is critical to the cell-cycle transi-
tion by EETs in a manner that depends on activation of
JNK/c-Jun, but that p27 is not important to this process.

EETs inhibit apoptosis of pulmonary artery smooth
muscle cells via the JNK/c-Jun pathway

Now that JNK and c-Jun activation by EETs lead to PAEC
proliferation, we further studied whether EETs also inhibit
PAEC apoptosis. We applied serum deprivation (SD) for
making a cell apoptotic model (12). The mitochondrial
membrane potential and caspase-3 activity were examined
in the starved PAECs. We used JC-1 probe to assess the
changes of mitochondrial potential among groups. A sig-
nificant increase in the green (low A¥m) to the red (high
AWm) ratio was observed in SD-treated cells compared with
untreated cell (grown in the medium containing 20% se-
rum), and the green fluorescence was decreased when

treating the starved cells with EETs. However, the inhibitory
effects of EETs on mitochondrial membrane potential re-
duction were blocked in the presence of Sp600125 (n = 6,
P<0.05; Fig. 7A). The results show that EETSs protect against
mitochondrial dysfunction induced by SD and maintain mi-
tochondrial integrity via the JNK/c-Jun pathway.

As shown in Fig. 7B, we examined the activity of cas-
pase-3, which is considered an important regulator of the
cell apoptosis. We found that SD enhanced the activation
of caspase-3 and that a treatment of starved cells with EET's
significantly decreased caspase-3 activity, but EETs did not
further inhibit the activation of caspase-3 after blocking
the JNK pathway with Sp600125 or silencing the JNK gene
with JNK1/2 siRNA in PAECs (n = 3, P< 0.05; Fig. 7B, C).
Furthermore, the activation of caspase-3 was eliminated
after transfecting the CYP2]2 plasmid into starved PAECs
via the JNK pathway (n =3, P<0.05; Fig. 7D). These results
show that EETs protect PAECs against apoptosis via the
JNK/c-Jun pathway.

EET-induced tube formations in vitro are mediated by
JNK/c-Jun pathway in PAECs

To elucidate whether JNK/c-Jun pathway is involved in
EET-nduced angiogenic events, we performed the tube
formation assay. We found exogenous EETs stimulated the
tube formation of PAECs in vitro, which was reversed by the
JNKpathwayinhibitor (n=3, P<0.05; Fig. 8A). Furthermore,
the tube formation induced by CYP2J2 overexpression was
mediated by the JNK pathway in PAECs (n = 3, P< 0.05; Fig.
8B). These results demonstrate that CYP2]2 or EETs stimu-
late matrigel plug angiogenesis by a mechanism involving
the activation of the JNK/c-Jun pathway.

DISCUSSION

Previous studies have indicated that hypoxia, one major
reason of PAH, induces the expression of CYP and EET
formation (14), and EET plays an important role in pul-
monary vasoconstriction as a vasoconstriction factor (15-17).
Trigger of EC proliferation and plexiform lesion forma-
tion by proliferating ECs are important pathological
changes in PAH (18). However, whether EETs are respon-
sible for the tumorlets of endothelial cells that obliterate
pulmonary arteries, as well as the relative mechanisms, re-
mains unclear. New evidence is provided by present study
that the activation of the JNK/c-Jun pathway is involved in
the processes by which EETs (8,9-EET, 11,12-EET, and
14,15-EET) stimulate cell proliferation, inhibit cell apo-
ptosis, and motivate angiogenesis in PAECs.

PAH is a disease of the small pulmonary arteries char-
acterized by sustained vasoconstriction and vascular

were examined after using a JNK inhibitor in PAECs (n = 3, ¥P < 0.05). C: EET-induced proliferation was not mediated by the ERK or p38
MAPK pathway (n = 3, *P < 0.05). D: BrdU incorporation and PCNA expression were studied after overexpression of CYP2J2 in PAECs
(n=3,*P<0.05). E: EETs increased the cell viability and BrdU incorporation in the presence of 100 M albumin in PAECs, which was at-
tenuated by Sp600125 (*P< 0.05). F: EETs induced the PCNA expression through JNK pathway even after incubation with 100 uM albumin

(n=3,#P<0.05).

JNK/c-Jun is required for PAECs growth induced by EETs
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remodeling (19). Accumulating evidence suggests that EETs
and sEH are determinants of PAH (20). The effects of
EETs on vasoconstriction have been widely studied. There
are reports that EETs constrict isolated rabbit pulmonary
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arteries and that pulmonary vasoconstriction increased
by sEH inhibition is abolished by pretreatment with CYP
epoxygenase inhibitors or EET antagonists (15), but di-
rect evidence that EETs affect PVR was lacking until now.
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Fig. 5. EETs promoted the cell transition from G0/G1 phase to S phase and regulated cell-cycle-related proteins via the JNK/c-Jun path-
way in PAECs. The number of cells in each phase of the cell cycles was examined by FACS analysis among groups (n = 2). The results showed
that EETs increased the percentage of cells in S phase through the JNK/c-Jun pathway, which was accompanied with a concomitant reduc-
tion of cells at GO/G1 phase. “Vehicle” means the cells cultured in 1% serum medium.

By using JNK inhibitor (Sp600125) or specific siRNA of
JNK1/2 in this study, we observed that exogenous EETs or
overexpression of CYP2]2 motivates the proliferation and
survival of PAECs by activating the J]NK/c-Jun pathway. To
the best of our knowledge, this is the first systematic study
to associate JNK and c-Jun activation with plexiform le-
sions composed of endothelial cells and PVR in EET
stimulation.

In addition, an interesting phenomenon is found that
EETs have no notable effects on PASMC proliferation
and survival, the major components of the pulmonary
vascular media (supplementary Fig. III-A, B). Because
EETs are mainly hydrolyzed by sEH and become inac-
tive, there is a higher expression of sEH in PASMCs than
that in PAECs (supplementary Fig. III-C). It is possible
that the inconsistent results are due to different ratios
of EET metabolism between PASMCs and PAECs, which
is proved by our results that EETs promoted the prolif-
eration of PASMCs after inhibiting the activity of sEH
with an sEH inhibitor (AUDA; supplementary Fig.
III-D). These results show that EETs mainly influence

JNK/c-Jun is required for PAECs growth induced by EETs

the growth of PAECs, but not of PASMCs, in the pro-
gression of PVR.

Different signaling cascade systems and mediators act
on the angiogenic and mitogenic effects of EETs in vascu-
lar endothelial cells, such as induction of growth factor
expression [epidermal growth factor (EGF), vascular EGF
(VEGF), etc.], activation of PI3K/AKT, endothelial nitric-
oxide synthase (eNOS) and sphingosine kinase-1, upregu-
lation of EphB4 expression, and stimulation of tyrosine
phosphorylation (21-27). Intriguingly, although the JNK
signal pathway plays an important role in regulating angio-
genesis, the effects of JNK on cell proliferation and sur-
vival are complex and not always consistent in previous
studies. The activation of the JNK pathway contributes to
the growth inhibitory effect of glucose in ECs, and the pro-
liferation of human ECs is enhanced by decreasing the
JNK activity (28, 29). However, in other studies, dominant
negative JNKI1 or preventing JNK translocation inhibited
VEGF-induced bovine aortic EC proliferation (30). Fur-
thermore, induced JNK/c-Jun mediated by growth factor
activates prosurvival signaling in ECs (31), and activation
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Fig. 6. EETs regulated the cell-cycle regulatory proteins to promote the cell-cycle transition through the JNK/c-Jun pathway. A: Protein
and mRNA expressions of cyclin A after EET treatment (n = 3, ¥*P < 0.05). B: Protein and mRNA expressions of cyclin D1 after treating
PAECs with EETs (n = 3, *P< 0.05). C: Protein and mRNA expressions of p21 after adding exogenous EETs to PAECs (n = 3, ¥*P< 0.05). D:
Protein and mRNA expressions of p27 with treatment of exogenous EETs (n = 3, *P< 0.05).

of JNK is a critical molecule in PASMC proliferation and
tumor cell growth (32, 33). In the present study, we ob-
served that EETs promote the nuclear translocation of
JNK and activate the JNK/c-Jun pathway, leading to the
increase of PAEC growth and angiogenesis. Possible expla-
nations for these controversial responses might be differ-
ent stimului, species, or cell types used in the research.
Now that we have shown that the JNK pathway is involved
in growth factor-induced endothelium proliferation, EETs
are likely to activate the JNK/c-Jun pathway via modulat-
ing some growth factors in PAECs; this conclusion requires
further study.

As c-Jun phosphorylation and transcriptional activa-
tion have been shown to be mediated by members of the
MAPK family, including JNKs, ERKs, and p38 MAPK
(34, 35), it should be identified whether c-Jun activation
and proliferation induced by EETs are mediated by all
or only some of them. We find that only the JNK inhibi-
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tor attenuates the phosphorylation of c-Jun and prolif-
eration induced by EETs. These data demonstrate that
ERK and p38 MAPK are not necessary for c-Jun activa-
tion by EETs in bovine PAECs and that JNK plays a par-
ticularly unique role in mediating EET-induced PAECs
proliferation.

Cell-cycle progression and cell proliferation, con-
trolled by cyclins, cyclin-dependent kinases (CDK), and
cyclin-dependent kinase inhibitors (CDKI), are carefully
regulated to ensure that the appropriate numbers of
cells are produced (36, 37). We find that EETs promote
the cell transition from GO0/Gl phase to S phase in a
JNK/c-Jun-dependent manner. Cell-cycle progression
from the first gap phase (G1 phase) to the DNA replica-
tion phase (S phase) in mammalian cells is regulated by
the accumulation of cyclin A and cyclin D1. Moreover,
lecrm and p27Km, two important CDKIs, almost inhibit
transition of the cell cycle at all stages. Therefore, their
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Fig. 7. EETs inhibited PAECs apoptosis via the JNK/c-Jun signaling pathway. A: EETs protected against the loss of mitochondrial mem-
brane potentials evoked by SD in a JNK-dependent manner. PAECs were stained with JC-1 probe and imaged by the fluorescent micro-
scope and quantitative analysis of the shift of mitochondrial green fluorescence to red fluorescence from six randomly selected fields
obtained from each group (n = 6; ¥*P < 0.05). B: Activation of Caspase-3 induced by starvation was repressed by adding EETs in bovine
PAECs, which was relieved by a JNK inhibitor (n = 3, *P < 0.05). C: Inhibitory effects of EETs on caspase-3 activation were reversed by si-
lencing the JNK 1/2 gene (n = 3, *P<0.05). D: CYP2]2 overexpression repressed the activation of caspase-3 by SD through the JNK path-
way (n =3, ¥P<0.05).

protein and mRNA expressions were examined in our EETs belong to a series of region- and stereospecific epox-
study. The results indicate that EETs increase the expres- ides, but there is a difference among them in promoting
sion of cyclin A and cyclin D1 and decrease the expres- PAEC proliferation. We find that 11,12-EET and 14,15-
sion of p21 to advance cell-cycle progression and make EET are slightly more efficacious than 8,9-EET in promot-

more cells enter into DNA endoreduplication through ing PAEC proliferation, whereas 5,6-EET has no detectable
the JNK/cJun pathway. Our data also show that p27 effect; the results suggest that the role of EETs in PAEC

seems not to be critical for EET-induced proliferation proliferation and survival depends on the EET’s chemical
because the inhibition of EET-induced proliferation by  structure (supplementary Fig. II).

the JNK inhibitor is not associated with the upregulation Although we have demonstrated that only JNK in the
of p27 mRNA and protein expression. And p21, a key =~ MAPK pathway participates in EET-induced proliferation
transcriptional target of c-Jun, may be directly regulated in PAEGs, further studies are needed to evaluate whether

and repressed by c-Jun, consistent with published data other parallel signaling pathways, such as ROCK and
describing a role for c-Jun in negative regulation of the PI3K/AKkt, are also involved. Furthermore, as our study was

p21 promoter (38, 39). carried out only in cultured cells in vitro, relevant in vivo
The balance between cell apoptosis and proliferationis  experiments should be addressed in future studies.
responsible for maintaining normal function of tissues In summary, our data imply that the JNK/c-Jun signal-
and organs (40). Enhanced endothelial cells growth is ing pathway mediates the proliferation and survival of pul-
likely to be a major reason leading to endothelial hyper- ~ monary arterial endothelial cell by EETs, contributing to
trophy and plexiform lesions (5). In our experiments, we  tumorlet formation and lumen obliteration. These obser-
find EETs or CYP2]2 overexpression promotes prolifera-  vations raise a novel therapeutic potential target to treat
tion and affords protection from starvation-induced apo-  pulmonary artery hypertension and improve therapeutic

ptosis in PAECs in a JNK-dependent manner. These four efficacy in the future Hl

JNK/c-Jun is required for PAECs growth induced by EETs 1103
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