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Aims Pulmonary hypertension (PH) is a devastating condition for which no disease-modifying therapies exist. PH is
recognized as proliferative disease of the pulmonary artery (PA). In the experimental newborn calf model of
hypoxia-induced PH, adventitial fibroblasts in the PA wall exhibit a heightened replication index. Because elevated
platelet-derived growth factor b receptor (PDGFb-R) signalling is associated with PH, we tested the hypothesis
that the activation of PDGFb-R contributes to fibroblast proliferation and adventitial remodelling in PH.

Methods
and results

Newborn calves were exposed to either ambient air (PB ¼ 640 mmHg) (Neo-C) or high altitude (PB ¼ 445 mm Hg)
(Neo-PH) for 2 weeks. PDGFb-R phosphorylation was markedly elevated in PA adventitia of Neo-PH calves as well
as in cultured PA fibroblasts isolated from Neo-PH animals. PDGFb-R activation with PDGF-BB stimulated higher
replication in Neo-PH cells compared with that of control fibroblasts. PDGF-BB-induced proliferation was dependent
on reactive oxygen species generation and extracellular signal-regulated kinase1/2 activation in both cell populations;
however, only Neo-PH cell division via PDGFb-R activation displayed a unique dependence on c-Jun N-terminal
kinase1 (JNK1) stimulation as the blockade of JNK1 with SP600125, a pharmacological antagonist of the JNK
pathway, and JNK1-targeted siRNA selectively blunted Neo-PH cell proliferation.

Conclusions Our data strongly suggest that hypoxia-induced modified cells engage the PDGFb-R-JNK1 axis to confer distinctively
heightened proliferation and adventitial remodelling in PH.
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1. Introduction
Pulmonary hypertension (PH) is a life-threatening disease for which
symptomatic treatments lack disease-modifying effects. PH is increas-
ingly recognized as a fibroproliferative disease of the pulmonary artery
(PA).1,2 In the experimental newborn calf model of hypoxia-induced
PH, adventitial fibroblasts exhibit a heightened replication index in
the remodelled PA wall.3,4 We and others have demonstrated that
cells of remodelled PA adventitia preserve the enhanced proliferative
responses in culture.5,6 Recently, we have also reported that the
increased replication rate of remodelled PA adventitial fibroblasts is
due to the lack of a replication repressor signal of the protein
kinase Cz isozyme.7 These phenotypically modified cells might be

the key participants in the PA adventitial remodelling process during
the progression of PH. Although platelet-derived growth factor b re-
ceptor (PDGFb-R) is a well-known contributor to the progression of
PH,8– 11 responses of the phenotypically altered adventitial cells to
PDGFb-R activation are unknown.

In spite of PDGFb-R overexpression in PA adventitial layer in PH
patients,12,13 the role of such an increase in receptor levels in the
regulation of adventitial cell responses in PH remains unexplored.
Since adventitial cells are important participants in the PA remodelling
process in PH,1,2,14 gaining knowledge of the precise molecular
mechanisms regulating adventitial cell proliferation in response to
PDGFb-R stimulation is the first critical step in the design of novel ef-
fective therapeutics for PH.
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Chronic hypoxia exposure instigates vascular remodelling and sub-
sequent PH through the generation of NADPH oxidase-derived re-
active oxygen species (ROS), which have been demonstrated to be
critical mediators of PDGFb-R activation and downstream prolifera-
tive signalling cascades in PA smooth muscle cells (SMCs).15 In sys-
temic sclerosis, PDGF has also been shown to generate ROS in
fibroblasts as a part of the process of fibroblast to myofibroblast
phenotype conversion,16,17 suggesting that PDGFb-R-ROS signalling
is an important regulator of fibroblast activation. However, the role
of this pathway in the regulation of PA adventitial fibroblast
phenotype during the development of hypoxia-induced PH awaits
exploration.

MAP kinases, including extracellular signal-regulated kinase1/2
(ERK1/2), c-Jun NH2-terminal kinase1/2 (JNK1/2), and p38 MAP
kinase, are the key intracellular signals for stimuli-induced cell prolifer-
ation, survival, and apoptosis.18,19 These signalling pathways also exert
powerful influence on the vascular remodelling processes.20– 22

Although PDGF-induced responses of vascular smooth muscle cells
and responses to hypoxia of PA adventitial fibroblasts are mediated
through the activation of ERK1/2, JNK1/2, and p38 MAP kinase,23– 26

the role of these MAP kinases in PDGFb-R-mediated PA adventitial
fibroblast activation has not been studied.

Therefore, we tested the hypothesis that heightened levels of
PDGFb-R-mediated ROS and MAP kinase activation are key regula-
tors of adventitial fibroblast replication in the PA during the develop-
ment of hypoxia-induced PH. We evaluated the levels of both
activated and total PDGFb-R in the PA in situ as well as in PA adven-
titial fibroblasts isolated and cultured from neonatal control (Neo-C)
and hypoxia-exposed (Neo-PH) calves. Proliferation, intracellular
ROS levels, and MAP kinase activation patterns upon PDGFb-R acti-
vation with PDGF-BB were then examined. We also used pharmaco-
logical inhibitors and siRNA antagonist strategies targeting JNK1 and
JNK2 to differentiate the role of these two JNK isoforms in adventitial
fibroblast replication in hypoxia-induced PH.

We found that hypoxia stimulates an increase in the levels and
activation of PDGFb-R in PA adventitial fibroblasts. While PDGF-
BB-induced proliferation was dependent on generation of ROS and
ERK1/2 activation in both Neo-C and Neo-PH cells, only proliferation
of the Neo-PH cells, which was higher than that of control cells, dis-
played a unique dependence on transient JNK1 phosphorylation. Our
results provide first-time evidence that chronic hypoxia exposure
activates the PDGFb-R-JNK1 axis as an integral process in fibroblasts
during adventitial remodelling in PH.

2. Methods
For detailed methods please see Supplementary material online.

2.1 Animals
This investigation conforms to the Guide for the Care and Use of Labora-
tory Animals published by the US National Institutes of Health (NIH
Publication No. 85-23, revised 1996) and was approved by the University
of Colorado Institutional Animal Care and Use Committee, #
41702005(07)2A. Veterinary care of newborn calves was conducted
according to the institutional guidelines at the Department of Physiology,
School of Veterinary Medicine, Colorado State University (Fort Collins,
Colorado). Briefly, 1-day-old Holstein calves were maintained at the
Fort Collins altitude (PB ¼ 640 mmHg) (Neo-C) (n ¼ 7) or in a hypobaric
chamber at simulated altitude (PB ¼ 445 mm Hg) (Neo-PH) (n ¼ 7) for

2 weeks to develop a model of severe PH. Calves were euthanized by
overdose of sodium pentobarbital (160 mg/kg body weight). Animal hand-
ling and lung extraction occurred according to the previously described
method.3

2.2 Isolation of PA adventitial fibroblasts in
culture
Cells from Neo-C and Neo-PH calves were isolated and maintained in
culture according to our previously described protocol.14 Briefly, adven-
titial tissue was isolated postmortem, carefully dissected free of blood
vessels and fat under a dissecting microscope, and cut into small pieces.
The tissue pieces were then dispersed with Hank’s Buffered Salt Solution
containing elastase, collagenase, albumin, and soybean trypsin inhibitor.
The isolated cells were passed through a 100 mm nylon cell strainer
(Falcon) to remove any undigested tissue pieces, diluted in the MEM
medium containing 10% foetal bovine serum (FBS) to inactivate the
enzymes, and centrifuged at 900 rpm for 10 min. Using a light microscope
and haemocytometer, we counted the cells and serially diluted the cell
suspension in the media containing 30% foetal conditioned media and
10% FBS. Cells were plated at a density of 0.5 cells/well/0.2 ml in the
96-well plates. The cells were maintained in 96-well plates for 2 weeks.
Once reached confluence, cells were trypsinized and transferred to
24-well culture dishes in the MEM medium containing 10% FBS. After
reaching confluence for the second time, cells were transferred sequen-
tially according to the growth rate into 12 wells followed by 6-well
culture dishes, and then into 25 mm followed by 75-mm culture flasks.
Each individual cell population was characterized first for their morpho-
logical appearance and then for the expression of SMC-specific markers
such as SMC-specific actin and SMC-specific myosin. Any population posi-
tive for SMC-specific myosin might represent SMC and no further studies
were performed on these cells. In addition, cells exhibiting a more epithe-
lioid or cobblestone morphology were considered endothelial cells and
were also not utilized in this study. In all experiments, fibroblasts were
studied at passages 3–7 after cloning and amplification procedures.

2.3 Immunohistochemistry
PDGFb-R and phosphoPDGFb-R levels in Neo-C and Neo-PH lungs
were assessed by staining of 5 mm thick paraffin-embedded lung sections.
Antibodies against PDGFb-R and phosphoPDGFb-R were used for lung
sections in the dilution of 1:100. Antigen-antibody binding in the lung
was visualized by immunoperoxidase reaction.

2.4 Immunoblot analysis
For the evaluation of PDGF-BB-induced activation of ERK1/2, JNK1/2, and
p38MAP kinase, quiescent Neo-C and Neo-PH cells were stimulated
with PDGF-BB (25 ng/mL) for different lengths of time. At the end of
the experimental period, cells were harvested with the lysis buffer.
Growth-arrested fibroblasts were also pre-incubated with either U0126
(inhibitor of MEK1/2) or SP600125 (JNK1/2 antagonist) for 1 h at 378C,
stimulated with PDGF-BB for 30 min and then cell lysates were collected
for the examination of attenuation of either ERK1/2 activation or c-jun
phosphorylation. Western blots for the detection of PDGFb-R,
phosphoPDGFb-R, ERK1/2, phosphoERK1/2, JNK1/2, phosphoJNK1/2,
p38MAP kinase, phosphop38MAP kinase, c-jun, and phosphoc-jun in the
lysates of Neo-C and Neo-PH cells were performed according to our pre-
viously described method.7

2.5 Proliferation assay
Cells were plated in either 96-well plates (4 × 103 cells/well) or 24-well
plates (20 × 103 cells/well) in 10% FBS containing media. After 72 h of
growth arrest in 0.1% FBS containing media, cells were stimulated with
PDGF-BB (25 ng/ml) for 48 h. Increase in cell numbers in response to
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PDGF-BB stimulation was evaluated by counting cells with haemocytom-
eter. To examine the role of ROS and MAP kinases in PDGF-BB-induced
fibroblast proliferation, quiescent cells were pre-incubated with ROS
scavengers N-acetyl cysteine (NAC) and 4-Hydroxy-2,2,6,6-tetramethyl-
piperidinyloxy, TEMPOL) and inhibitors of MAP kinases (U0126 and
SP600125) for 1 h and then stimulated with PDGF-BB for 48 h. Fibroblast
replication was evaluated either by Cell-Titer-96 Proliferation Assay
(Promega) or cell counting.

2.6 ROS measurement
Intracellular hydrogen peroxide (H2O2) and superoxide levels were
determined by dichlorofluorescein diacetate (DCFDA) and dihydroethi-
dium (DHE), respectively. Both Neo-C and Neo-PH cells were plated
in 96-well plates in 10% FBS containing media. After overnight incubation,
fibroblasts were growth arrested with 0.1% FBS/MEM for 72 h. Quiescent
cells were stimulated with PDGF-BB for 2 h. Either DCFDA or DHE (both
at the concentration of 5 × 1026 mol/L) was added to the cells for last
30 min of treatment. At the end of the experimental period, cells
were washed with PBS and fluorescence of DCFDA (522 nm) and DHE
(520/610 nm) were recorded.

2.7 siRNA transfection
Both Neo-C and Neo-PH fibroblasts were plated in 10% FBS containing
media. After allowing the cells to attach overnight, the media were
changed to 0.1% FBS/MEM. Fibroblasts were transfected with one of
the three constructs: (i) non-targeting (scrambled) siRNA control, (ii)
anti-JNK1 siRNA, or (iii) anti-JNK2 siRNA according to the manufacturer’s
protocol. siRNAs against bovine JNK1 (5′-GGAGCUAGAUCAUG
AAAGAUU-3′), JNK2 (5′-GGAAAGAGCUAAUUUACAAUU-3′), and
control siRNA (5′-UGGUUUACAUGUCGACUAA-3′) were used for
transfection. After 48 h of transfection, Neo-C and Neo-PH cells were
processed for either proliferation assay according to our above-
mentioned method or western blot analysis for evaluation of JNK1/2
and ERK1/2 levels.

2.8 Data analysis
All data are expressed as arithmetic means+ SEM. Differences between
groups were analysed by ANOVA followed by the Student–Newman–
Keuls post hoc test for multiple comparisons. Probability value ≤0.05
was regarded as significant.

3. Results

3.1 Activation of PDGFb-R increases
fibroblast proliferation in remodelled PA
adventitia
To evaluate the expression and activation of PDGFb-R in the PA
adventitia of Neo-C and Neo-PH calves, lung sections were
examined immunohistochemically with anti-PDGFb-R as well as
anti-phosphoPDGFb-R antibodies. Compared with Neo-C PA adven-
titia, which had weak staining intensity with these two anti-PDGFb-R
antibodies, both phosphorylated and total PDGFb-R levels were sub-
stantially increased in the remodelled PA adventitial compartment of
Neo-PH lungs (Figure 1A). These data suggest that chronic hypoxia
exposure leads to increased expression and activation of PDGFb-R
in PA adventitia.

To provide further evidence for the role of PDGFb-R in fibropro-
liferative responses in PH, fibroblast populations from PA adventitia of
Neo-C and Neo-PH calves were isolated and cultured. PDGFb-R

expression and activation were assessed by western immunoblot ana-
lysis in lysates from quiescent Neo-C and Neo-PH cells. Although
PDGFb-R levels were increased by only 1.3-fold in Neo-PH cells
compared with Neo-C populations, upregulation in basal PDGFb-R
phosphorylation in Neo-PH cells was much more pronounced
(3.0-fold) (Figure 1B). The PhosphoPDGFb-R/PDGFb-R ratio also
confirmed a significant (2-fold) increase in the activation of
PDGFb-R in Neo-PH cells compared with that in Neo-C fibroblasts
(Figure 1B). These results strongly suggest that PDGFb-R expression
and activation are stimulated in PA adventitial fibroblasts by chronic
hypoxia exposure.

To evaluate the role of PDGFb-R activation in PA adventitial re-
modelling, quiescent Neo-C and Neo-PH fibroblasts were stimulated
with the PDGFb-R ligand, PDGF-BB, and replication rate was deter-
mined. Neo-PH fibroblasts showed 3.0-fold increase in cell numbers
upon PDGF-BB stimulation compared with that of untreated cells
(Figure 1C). PDGF-BB also induced Neo-C proliferation, but at a
much lower rate (1.5-fold compared with 3.0-fold in Neo-PH popula-
tions) (Figure 1C). Taken together, these data suggest that hypoxia sti-
mulates PDGFb-R expression and activation to regulate augmented
fibroblast replication in remodelled adventitial compartment of PA.

3.2 ROS mediate PDGF-BB-stimulated PA
adventitial fibroblast proliferation
Intracellular H2O2 production in response to PDGFb-R activation
with PDGF-BB was measured after loading cells with DCFDA,
which is oxidized by H2O2 to a highly fluorescent dichlorofluorescein.
In both Neo-C and Neo-PH cells, PDGF-BB induced an increase in
the intracellular H2O2 levels; however, the magnitude of H2O2 gener-
ation was significantly greater in Neo-PH cells compared with that of
control fibroblasts (Figure 2A). Hydrogen peroxide generation in both
Neo-C and Neo-PH cells induced by PDGFb-R activation with
PDGF-BB was attenuated by an antioxidant, NAC as well as a super-
oxide dismutase mimetic, TEMPOL (Figure 2A).

Superoxide production in fibroblasts resulting from PDGFb-R acti-
vation was also detected by DHE, which is converted by superoxide
to fluorescent ethidium. The patterns of superoxide generation in
both Neo-C and Neo-PH fibroblasts (Supplementary material
online, Figure S1) mimic the findings for intracellular H2O2 production.
In contrast, however, only TEMPOL, but not NAC, attenuated
PDGF-BB-stimulated superoxide generation (Supplementary material
online, Figure S1). Although, taken together, these data suggest that
PDGFb-R activation up-regulates ROS (H2O2 and superoxide) gener-
ation in PA fibroblasts, the magnitude of the increase in the intracel-
lular ROS is substantially greater in Neo-PH cells compared with
control fibroblasts.

To evaluate whether observed increases in ROS affect proliferation,
PDGFb-R-mediated replication was assessed in the presence of either
NAC or TEMPOL by one of the two methods: cell counts (Figure 2B)
or measuring cell metabolic activity (Figure 2C). Treatment with either
NAC (Figure 2B) or TEMPOL (Figure 2C) inhibited PDGF-BB-induced
increase in cell numbers in both Neo-C and Neo-PH cells. Collective-
ly, these results suggest that PDGFb-R-stimulated PA adventitial fibro-
blast proliferation is mediated through intracellular ROS. However,
most importantly, the entirety of the PDGF-BB-induced proliferative
response in adventitial fibroblasts from hypoxia-exposed remodelled
PA can be explained by the greater magnitude in ROS levels.
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Figure 1 Chronic hypoxia exposure stimulates an increase in the levels of PDGFb-R, phosphoPDGFb-R, and PDGF-BB-stimulated proliferative
responses in PA adventitial fibroblasts. (A) Immunohistochemical staining of paraffin-embedded lung sections of Neo-C and Neo-PH calves was per-
formed using antibodies against PDGFb-R and phosphoPDGFb-R. Arrows indicate PA adventitia compartments of Neo-C animals. Arrowheads in-
dicate remodelled adventitial layers of PA of Neo-PH calves. Scale bar ¼ 50 mm. Representative photomicrographs are presented. Staining was
performed in lung sections of three different Neo-C and three different Neo-PH calves. (B) PDGFb-R and phosphoPDGFb-R levels were measured
by western immunoblot analysis in growth-arrested PA adventitial fibroblasts isolated from Neo-C and Neo-PH calves. Densitometric quantification
of the bands using NIH Image J program and normalized to b-actin is shown below each blot. pPDGFb-R levels were also normalized to the level of
PDGFb-R in both Neo-C and Neo-PH cells. Values are mean+ SEM from three independent experiments where cells isolated from three different
Neo-C and Neo-PH calves were used. *P , 0.01 vs. Neo-C value. (C ) Quiescent fibroblasts were stimulated with PDGF-BB (25 ng/mL) for 48 h and
then counted. The proliferation rate is represented as % of untreated cells. Data are mean+ SEM from three independent experiments using fibro-
blasts isolated from three different Neo-C and Neo-PH calves. *P , 0.01 vs. untreated Neo-C cells; **P , 0.01 vs. untreated Neo-PH cells and
PDGF-BB-treated Neo-C cells.
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3.3 Fibroblasts of remodelled adventitia
exhibit distinctly different JNK1 activation
patterns
To dissect the mechanisms responsible for heightened Neo-PH cell
replication, activation patterns of intracellular MAP kinases, ERK1/2,
JNK1/2, and p38MAP kinase, were evaluated by individually examining
the phosphorylation of each kinase. In control cells stimulated with
PDGF-BB, maximal ERK1/2 phosphorylation was observed at
10 min of treatment, maintained up to 30 min, and then returned to
baseline by 120 min (Figure 3A). In contrast, basal ERK1/2 phosphoryl-
ation levels of Neo-PH cells were nearly 2-fold greater than those of
Neo-C fibroblasts (Figure 3A). Despite these high basal activation
levels, Neo-PH cells remained responsive to PDGF-BB, albeit to a
lesser degree than the control cells. In these Neo-PH fibroblasts,
maximal ERK1/2 phosphorylation was observed after 30 min of
PDGF-BB stimulation and returned to the basal levels by 120 min
(Figure 3A).

JNK1/2 was strongly phosphorylated under basal conditions in both
Neo-C and Neo-PH cells (Figure 3B). Stimulation of control cells with
PDGF-BB caused a distinct decline in JNK1 activation (Figure 3B). In
contrast, JNK1 phosphorylation was sharply enhanced by PDGF-BB
treatment in Neo-PH cells (Figure 3B). Maximal increase (1.8-fold
compared with basal levels) in JNK1 phosphorylation levels was
observed after 30 min of stimulation. Dephosphorylation of JNK1 oc-
curred by 120 min of PDGF-BB treatment (Figure 3B). JNK2
phosphorylation was unaffected by PDGF-BB stimulation of either
Neo-C or Neo-PH cells (Supplementary material online, Figure S2).

Experiments examining the activation patterns of p38 MAP kinase
showed that this kinase is not likely to play a role in PDGF-BB-induced
proliferation of the adventitial fibroblasts. Specifically, p38 MAP kinase
phosphorylation was not altered by PDGFb-R activation in any of the
cells studied (Figure 3C). Taken together, our data reveal three novel
features regarding PDGFb-R-mediated activation of adventitial fibro-
blasts: (i) ERK1/2 phosphorylation is required for both Neo-C and
Neo-PH fibroblast stimulation, (ii) JNK1 activation occurs, but only
in the Neo-PH cells, and (iii) p38 MAP kinase is not activated
beyond its basal level during this activation phase.

3.4 ROS scavengers selectively attenuate
JNK1 phosphorylation in remodelled PA
adventitial fibroblasts
To examine whether ROS mediate their pro-proliferative effects in
adventitial fibroblasts by activating ERK1/2 and JNK1/2, phosphoryl-
ation patterns of these kinases were evaluated in the presence of
either NAC or TEMPOL in both Neo-C and Neo-PH cells. In
Neo-C cells, NAC pretreatment blocked ERK1/2 phosphorylation
at both 10 and 30 min of PDGF-BB treatment (Figure 4A). TEMPOL
also inhibited ERK1/2 activation in these cells, but only at 30 min
(Figure 4A). In Neo-PH populations, PDGF-BB-induced ERK1/2 phos-
phorylation (30 min) was reduced by both NAC and TEMPOL treat-
ments (Figure 4B).

In contrast to the nearly ubiquitous nature of NAC and TEMPOL
inhibitory effects on ERK1/2 in PDGF-BB-stimulated Neo-C and
Neo-PH adventitial fibroblasts, JNK1/2 phosphorylation was unaffect-
ed by either NAC or TEMPOL treatment in PDGF-BB-stimulated
Neo-C cells (Figure 4C). This necessarily relates to the fact that
PDGF-BB treatment reduces JNK1 phosphorylation in Neo-C cells

Figure 2 PDGF-BB stimulates PA adventitial fibroblast prolifer-
ation through generation of intracellular ROS. (A) H2O2 levels
were measured 2 h after PDGF-BB stimulation in both Neo-C and
Neo-PH cells using DCFDA fluorescent dye and are represented
as % of untreated cells. (B) Growth arrested cells were pretreated
with N-acetyl cysteine (NAC) for 1 h, stimulated with PDGF-BB
for 48 h, and counted. (C) Quiescent fibroblasts were stimulated
with PDGF-BB after pre-incubation with 4-Hydroxy-2,2,6,6-tetra-
methylpiperidinyloxy (TEMPOL), a SOD mimetic, for 1 h and prolif-
eration assay was performed after 48 h. Data are mean+ SEM from
three independent experiments using cells isolated from three differ-
ent Neo-C and Neo-PH calves. *P , 0.001 vs. untreated Neo-C
cells; **P , 0.01 vs. PDGF-BB treated Neo-C cells; †P , 0.01 vs. un-
treated Neo-PH cells; ††P , 0.01 vs. PDGF-BB treated Neo-PH cells.

E. Panzhinskiy et al.360

http://cardiovascres.oxfordjournals.org/lookup/suppl/doi:10.1093/cvr/cvs194/-/DC1


thereby making such response an unlikely candidate for regulation by
ROS, which appear to function by increasing (rather than decreasing)
kinase phosphorylation. This unresponsiveness of the JNK1 phosphor-
ylation to NAC and TEMPOL in Neo-C cells differs from a substantial
inhibition of PDGF-BB-stimulated JNK1 activation by NAC treatment
in Neo-PH fibroblasts (both at 10 and 30 min) (Figure 4D). JNK1 ac-
tivation in these cells was also significantly attenuated by TEMPOL,
but only at 30 min of stimulation (Figure 4D). Collectively, these
data suggest that PDGF-BB-induced ERK1/2 activation is mediated
through ROS in both Neo-C and Neo-PH cells. However, activation
of the PDGFb-R-ROS-JNK1 pathway occurs uniquely in fibroblasts of
hypoxia-induced remodelled PA adventitia.

3.5 Attenuation of JNK1/2 activity with
SP600125 selectively inhibits Neo-PH cell
replication
To substantiate further the role of ERK1/2 and JNK1 activation in
heightened proliferation of Neo-PH fibroblasts, pharmacological
antagonists, U0126 and SP600125, were used to block ERK1/2 and
JNK1/2 pathways, respectively. Consistent with the role of ERK1/2
in such proliferative responses, U0126, inhibitor of MEK1/2, selective-
ly attenuated PDGF-BB-induced ERK1/2 phosphorylation and replica-
tion in both Neo-C and Neo-PH cells (Figure 5A and B). In contrast, in
the presence of SP600125, proliferative response to PDGF-BB stimu-
lation was only blocked in Neo-PH fibroblasts (Figure 5B). Inhibitory
action of SP600125 on JNK1/2 activity was confirmed by assessing
the phosphorylation of c-Jun, a downstream target of JNK1/2. In
Neo-C as well as Neo-PH cells, both basal and PDGF-BB-induced
c-Jun phosphorylation levels were completely attenuated by
SP600125, but not by the ERK1/2 inhibitor, U0126 (Figure 5A).
Pharmacological inhibitor data provide further credence to the obser-
vations that PDGF-BB-induced Neo-C cell replication is mediated
solely through ERK1/2 activation and that a distinguishing characteris-
tic of stimulated Neo-PH cell proliferation lies in its regulation by

combined activities of two members of the MAP kinase family—
ERK1/2 and JNK1.

3.6 JNK1-targeted siRNA selectively
attenuates Neo-PH proliferation
To interfere with JNK1 signalling occurring during PDGFb-R activation
by PDGF-BB in a sequence-specific fashion, fibroblast replication was
evaluated in the presence of JNK1-targeting siRNA. In both Neo-C
and Neo-PH cells, JNK1 and JNK2 protein levels examined by immuno-
blots were decreased in the presence of JNK1- and JNK2-targeting
siRNAs, respectively (Figure 6A). Selectivity of the siRNAs toward
JNKs was confirmed in Neo-C and Neo-PH cells by evaluating total
ERK1/2 protein levels, which were unaffected by these siRNA treat-
ments (Figure 6A). Efficiency of siRNA transfection in fibroblasts was
assessed using siGLO Red, which indicated transfection of nearly
100% of the cells under conditions used here (Supplementary material
online, Figure S3). In concordance with above-mentioned experiments
in Neo-C fibroblasts employing pharmacological inhibition, PDGF-
BB-stimulated proliferation was not altered by either JNK1- or
JNK2-targeted siRNAs (Figure 6B). In addition, although, in Neo-PH
cells, either scrambled (control) or JNK2-targeted siRNA did not
affect replication (Figure 6C), JNK1-targeting siRNA selectively
blocked the PDGF-BB-induced increase in proliferation of these cells
(Figure 6C)—a result parallel to analogous blockade of proliferation
achieved with JNK1/2 inhibitor, SP600125 (Figure 5B). Collectively,
our results strongly support the idea that JNK1 activation plays an
important role in the regulation of fibroblast proliferation during PA
adventitial remodelling process in hypoxia-induced PH.

4. Discussion
The present study demonstrates that adventitial fibroblasts of
hypoxia-stimulated remodelled PA acquire the following three charac-
teristics not observed in control fibroblasts: (i) elevated expression
and activation of PDGFb-R, (ii) marked increase in PDGF-BB-induced

Figure 3 PDGF-BB selectively stimulates JNK1 phosphorylation in Neo-PH cells. Growth-arrested fibroblasts were treated with PDGF-BB for dif-
ferent lengths of time. Cell lysates were prepared and immunoblotted for phosphoERK1/2 (A), phosphoJNK1/2 (B), and phosphop38 MAP kinase (C).
Protein bands were quantified according to our above-mentioned method and normalized to the levels of appropriate total MAP kinases. Data rep-
resent mean+ SEM of three independent experiments using Neo-C and Neo-PH fibroblasts isolated from three different control and
hypoxia-exposed calves. *P , 0.001 vs. untreated Neo-C cells; **P , 0.01 vs. untreated Neo-PH cells; †P , 0.01 vs. Neo-PH cells stimulated with
PDGF-BB for 10 min and Neo-C cells treated with PDGF-BB for 30 min; ††P , 0.01 vs. Neo-PH cells treated with PDGF-BB for 30 min.
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Figure 4 Antioxidants abolish PDGF-BB-induced JNK1 phosphorylation in Neo-PH cells. Quiescent cells were pretreated with either NAC or
TEMPOL for 1 h and then stimulated with PDGF-BB (25 ng/mL) for 10 or 30 min. ERK1/2 and JNK1/2 phosphorylation levels were assessed by
western immunoblot analysis in Neo-C (A and C) and Neo-PH (B and D). Phosphorylated bands were quantified and normalized to those of total
ERK1/2 and JNK1/2. Values are mean+ SEM of three independent experiments using cells cultured from three different Neo-C and Neo-PH
calves. *P , 0.01 vs. control data.
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ROS generation, and (iii) greatly increased proliferation with
PDGF-BB-stimulation. We are also reporting for the first time that
fibroblasts from the remodelled PA obtain the unique capacity for se-
lective activation of JNK1 in a response to PDGFb-R activation with
PDGF-BB. Furthermore, we show that interference with the signalling
via this PDGFb-R-JNK1 axis with either SP600125 or siRNA-targeting
JNK1 selectively blocks replication of remodelled PA adventitial cells.
Therefore, our data strongly suggest that PDGFb-R-stimulated JNK1
might be the key intracellular mediator of fibroproliferative responses
in chronic PH. Therapeutic blockade of JNK1 selectively in fibroblasts
might consequently reduce or even prevent marked adventitial re-
modelling characteristic of hypoxia-induced PH and serve as a step-
ping stone toward restoration of vascular homeostasis in the PA.

Although increased levels of PDGFb-R have been reported in PA
adventitial cells of PH patients and experimental models of PH,12,13

the molecular mechanisms underlying adventitial fibroblast activation
by PDGFb-R remain unexplored. However, the knowledge regarding
the intracellular signalling pathways engaged in PDGFb-R-mediated
adventitial cell responses is absolutely critical for the development
of new ‘reverse remodelling’ strategies for PH as adventitial fibroblasts
have been shown to be the cells in the PA wall which are first to pro-
liferate in the earliest stages of hypoxia-induced PH. Findings of the
current study are further supported by our earlier reports,7,27

demonstrating that chronic hypoxia exposure induces phenotypic
alteration in PA adventitial fibroblasts. It is conceivable that
up-regulation in PDGFb-R phosphorylation in PA adventitial cells
might be in the future used as a marker of hypoxia-stimulated modi-
fication of adventitial fibroblast phenotype. This in turn encourages
questioning whether chronic hypoxia exposure stimulates PDGFb-R
activation in adventitial cells by either up-regulating tyrosine kinase ac-
tivity or down-regulating protein tyrosine phosphatase activity, or
affecting both. How actions of such receptor-regulatory moieties
might influence PH pathophysiology remains to be explored. Thus,
heightened PDGFb-R phosphorylation in adventitial cells might
underscore the presence of highly-activated specialized cell popula-
tions in hypoxia-induced remodelled PA adventitia.

Our findings that the PDGFb-R-ROS signalling is important for ex-
cessive cell proliferation in the PA of calves exposed to chronic
hypoxia are supported by a study in a murine model of PH, in
which chronic intermittent hypoxia stimulates generation of
NADPH oxidase-derived ROS, increases the activity of PDGFb-R,
and induces proliferation of smooth muscle cells.15 Our work,
however, provides novel progress toward understanding of the
mechanisms governing these responses with a focus on an adventitial
fibroblast. Furthermore, we present here a novel downstream mo-
lecular target of the PDGFb-R-ROS signalling axis, JNK1, a kinase

Figure 5 U0126 and SP600125 attenuate Neo-PH cell proliferation. (A) Growth-arrested fibroblasts were pretreated with either U0126 or
SP600125 for 1 h, stimulated with PDGF-BB (25 ng/mL) for 30 min, and then phosphorylation of ERK1/2 and c-jun was assessed by western immuno-
blot analysis. (B) Quiescent Neo-C and Neo-PH cells were pre-incubated for 1 h with either U0126 or SP600125, and then treated with PDGF-BB.
Cell proliferation assay was performed after 48 h stimulation. Values are mean+ SEM of three independent experiments done with three different
fibroblast populations cultured from three different control and hypoxia-exposed calves. *P , 0.01 vs. untreated Neo-C cells; **P , 0.01 vs.
PDGF-BB-treated Neo-C cells; †P , 0.01 vs. untreated Neo-PH cells; ††P , 0.01 vs. PDGF-BB-treated Neo-PH cells.

PDGFb receptor/JNK1 in adventitial fibroblasts 363



that is selectively responsible for major increases in fibroblast prolif-
eration observed in this model of severe PH.

In the present studies, we have also found that ROS production
upon PDGF-BB stimulation is significantly greater in Neo-PH cells
compared with that in the control fibroblasts. However, the magni-
tude of differences in ROS levels between Neo-PH and Neo-C fibro-
blasts is rather small. In contrast, the degree of differences in the
proliferative responses between these two fibroblast populations is
fairly large (Figure 2). In this case, the concentrations of ROS achieved
might dictate the type of corresponding cellular response. In support
of this notion is the fact that excessive production of ROS has been

shown to induce oxidative stress, a detrimental process that can
lead to cellular damage, whereas beneficial effects of ROS occur at
low/moderate concentrations and control healthy physiological
responses in cells.28 This report strongly supports our findings
showing that a modest increase in ROS generation might elicit a suf-
ficient signal, which in turn mediates replicative responses in Neo-PH
cells with a greater magnitude than the elevation in ROS itself. There-
fore, the small elevation in ROS production in Neo-PH cells might be
the key driver of heightened proliferative phenotype of adventitial
cells during the remodelling process in PH.

ERK1/2 phosphorylation is a major downstream signal activated by
stimulating PDGFb-R.29 In our study focusing on fibroblasts, we have
found that PDGFb-R activation induces conventional ERK1/2 phos-
phorylation via ROS generation in both Neo-C and Neo-PH cells,
a process that leads to replication of these cells. However, the
most striking finding of the current report points to JNK1 as the pro-
proliferative kinase in Neo-PH cells. JNK pathways have established
roles in apoptotic signalling, but might under certain circumstances,
including responses to hypoxic stimulation described here, also con-
tribute to cell proliferation and migration.25,30 In the present study,
we have found that inhibition of JNK1 with JNK1-targeting siRNA
blocks selectively PDGF-BB-stimulated increase in cell numbers in
Neo-PH cells, suggesting that JNK1 functions as a replication regula-
tor for these cells. Transient JNK1 phosphorylation induced by acti-
vating PDGFb-R in Neo-PH cells might be due to the phenotypic
modification caused by hypoxia, which in this model functions as a
stimulator of proliferation rather than an inducer of apoptosis as
seen in other cell types. In contrast, in Neo-C cells, JNK1 is not
phosphorylated by PDGFb-R. In the future studies, it will be import-
ant to investigate the pathways involved in differential
PDGFb-R-JNK1 activation patterns in adventitial cells to attempt
to find a more selective target to be pursued for therapeutic devel-
opment of novel PH treatments. Recent studies in JNK-deficient
mice demonstrating that JNK1 acts as a profibrogenic kinase during
hepatic fibrosis31 also support our data that identify JNK1 as a fibro-
blast activator. Since we have reported earlier that JNK regulates
hypoxia-induced differentiation of fibroblasts to myofibroblasts in
PA adventitia,26 we will next explore whether mice deficient in
JNK1 will develop blunted hypoxia-induced PH due to the interfer-
ence with the adventitial remodelling process.

Within the complex pattern of vessel remodelling in PH, adventitial
fibroblasts expressing increased levels of activated PDGFb-R contrib-
ute significantly to the observed pathology. Signalling events centred
on selective activation of JNK1 make this kinase an important molecu-
lar target for interventional strategies in PH. Both experimental and
clinical evidence of therapeutic efficacy of imatinib, a PDGFb-R inhibi-
tor, represent one novel and promising approach for the treatment of
PH.10,32 However, imatinib treatment may be complicated by signifi-
cant cardiotoxicity, which may result in overt heart failure.33 There-
fore, it is crucial to thoroughly characterize PDGF signalling
pathways specifically in adventitial cells of the vascular wall in order
to identify more specific targets for pharmacological intervention in
PH. Our present data strongly suggest that modulating the activity
of JNK1 selectively in fibroblasts is a case in point.

Supplementary data
Supplementary data are available at Cardiovascular Research online.

Figure 6 JNK1-targeting siRNA inhibits Neo-PH fibroblast prolif-
eration. Quiescent Neo-C and Neo-PH cells were transiently trans-
fected with either anti-JNK1 or anti-JNK2 or scrambled siRNA using
TransIT TKO. (A) Cell lysates were collected 48 h post-transfection
and immunoblotted for JNK1/2 and ERK1/2. (B and C) Transfected
Neo-C (B) and Neo-PH (C) cells were stimulated with PDGF-BB
for 48 h and then proliferation assay was performed. Values are
mean+ SEM of three independent experiments using fibroblasts iso-
lated from three separate Neo-C and Neo-PH calves. *P , 0.01 vs.
untreated control cells; **P , 0.01 vs. PDGF-BB treated cells.
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