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ABSTRACT. Pulmonary artery hypertension is a syndrome that shows similar clinical and pathophysiological fea-
tures characterized by elevated pulmonary arterial pressure and resistance. There have been a series of hypotheses
trying to describe the development of pulmonary artery hypertension; however, none of them perfectly explains
its pathogenesis. To highlight the pathogenesis, novel vasomotorial cytokines including hypoxia-inducible factor-
1, endothelin-1, urotensin II, Kriippel-like factor 4, calcitonin gene-related peptide, angiopoietins and serotonin
closely related to pulmonary artery hypertension are discussed. The development of the new agents relating to these
cytokines may improve the relevant treatment strategies.
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Pulmonary arterial hypertension (PAH) is defined as an
elevation in mean pulmonary arterial pressure above 25
mmHg at rest or 30 mmHg with exercise [1]. PAH develops
as a result of the pulmonary arterial lumen occlusion due
to promoted smooth muscle cell (SMC) proliferation and
migration [2]. A series of hypotheses have been proposed
to explain this vascular disorder; however, none of them
has perfectly interpreted its pathogenesis.

It has been noted that right heart failure is a common cause
of death of patients with severe PAH, and right ventricu-
lar dysfunction has also been associated with increased
mortality in patients with left ventricular failure [3].
Pathogenic pathways, involving right ventricular hyper-
trophy and evolving toward right heart failure, have been
found in myocardium in relation to substrate use, oxidative
phosphorylation and high-energy transfer mechanisms [4].
Moreover, in the failing right ventricle, the genes encod-
ing the proteins of the ubiquitin proteasome pathways are
highly overexpressed. Treatment with carvedilol, one of
the B-blockers, had cardioprotective and preventive effects
on monocrotaline-induced lung remodeling and brought
about an increase of right ventricular fetal gene reactiva-
tion, an increase of protein kinase G activity and areduction
of capillary rarefaction and fibrosis, leading to normal
expressions of the genes and the proteins. Metoprolol had
similar, but less pronounced cardioprotective other than
lung remodeling protective effect. These results reflected
a highly activated ubiquitin proteasome system in the right
ventricular failure patients [5, 6].

Nowadays, attention has been focused on how the vaso-
motorial cytokines function in the underlying signaling

pathways that govern the cellular activities (figure I).
Imbalance between the vasodilating and vasoconstrictive
cytokines is regarded as an initiating step of development
of PAH. Nonetheless, the causal and/or protective roles
that the vasomotorial cytokines play in the development
of PAH have not been fully elucidated. This article is to
discuss some novel vasomotorial cytokines relating to the
pathogenesis of PAH.

HYPOXIA-INDUCIBLE FACTOR (HIF)-1

The pathogenesis of hypoxic PAH has been investigated
toward the pivotal role of HIF-1a in the pulmonary vas-
cular remodeling and the progression of PAH, which
are considered to be probably through the regulation of
endothelin (ET)-1 and adrenomedullin (ADM) expressions
atthe transcription level [7]. HIF-1a involves the transcrip-
tional regulation of ADM by binding to the correspondent
promoter. This has been evidenced in the experiments
in adult rats where ADM mRNA was upregulated under
hypoxic conditions, with the expressions being the most
notable in the arterial endothelial and vascular SMCs.
Enhanced ADM expressions abated vascular tension as
well as the hypoxia-induced damage to the lung tissues.
The early hypoxic induction of upregulation of HIF-1a
and ADM mRNA expressions probably explains the casu-
ally direct relationships between HIF-1ae and ADM mRNA
expressions, by which synthesis and secretion of ADM in
the endothelium and SMCs are increased. Cellular adapta-
tion to prolonged hypoxia may cause vascular remodeling
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Figure 1
Functions of vasomotorial cytokines: +: enhance; -: attenuate; ET: endothelin; Ang: angiopoietin; PDGF: platelet-derived growth factor; FGF:
fibroblast growth factors; NO: nitric oxide; PGI,: prostacyclin; PKC: protein kinase C; MAPK: mitogen activated protein kinase; SMC: smooth

muscle cell; PAH: pulmonary artery hypertension.

and endothelial damage leading to a gradual decrease of
ADM synthesis and inhibition of ADM on vascular SMC
proliferation [7]. ADM is a newly discovered vasoactive
peptide, composed of 52 amino acids. ADM is a kind of
endothelium-derived relaxing factor, and ADM mRNA is
expressed in vascular SMC [8]. The 16th and 21st cys-
teines form a disulfide bond further forming a circular
structure with 6 amino acids. Along with amidation of
C-terminal tyrosine residues, these structures show sim-
ilarity to those of calcitonin gene-related peptide (CGRP)
and amylin. Besides, the amino acid sequences of ADM
and CGRP share mild homology. Therefore, they all are
considered to belong to the CGRP family, and the impor-
tant sites for ADM to bind receptors and to stimulate the
production of cyclic adenosine monophosphate. It has been
discovered that multiple mechanisms are involved in the
regulation of ADM. The cyclic adenosine monophosphate
levels regulate the synthesis of ADM; thrombin, vasoactive
intestinal peptide, and interferon-y inhibit ADM synthesis;
angiopoietin (Ang)-2, ET-1, bradykinin, and substance P
stimulate vascular SMC to produce ADM; glucocorticoid
and thyroid hormone upregulate the expression of ADM
mRNA in the vascular endothelial cells and vascular SMC
[8]. Vascular wall pressure can also induce the upregula-
tion of ADM mRNA in a time- and intensity-dependent
fashion. In the hypoxic PAH rats, ADM and its receptors
in the lung tissue were observed to be upregulated and
their serum levels were also increased. Continuous admin-
istration of ADM to the hypoxic rats could alleviate the
pulmonary vascular remodeling and the development of
PAH (figure 2) [9].

It suggests that ADM might become a new agent for
the treatment of PAH. Besides, Ang-2, prostacyclin,
vasoactive intestinal peptide, vascular endothelial growth
factor, epidermal growth factor, fibroblast growth factor,

transforming growth factor, platelet-activating factor and
urotensin IT (UTII) are also involved in the development of
PAH. Endothelial damage inevitably results in imbalance
between vasoconstrictor and vasodilator, for instance, the
significant decrease of nitric oxide and prostacyclin, and
the increase of ET-1 through different signaling pathways,
leading to imbalance between proliferation and apoptosis
of pulmonary arterial SMC. The abnormal proliferation
and diminished apoptosis of pulmonary arterial SMC cause
pulmonary vascular stenosis and occlusion, and eventually
PAH [8].

Under normal oxygen conditions, the syntheses and
expressions of HIF-la last in the cytoplasm; whereas
rapid degradations occur when affected by the ubiquitin-
mediated degradation pathway that regulates both normal
and abnormal cellular processes. Nevertheless, under
hypoxia, the expressions of HIF-la grow at an expo-
nential rate and nucleolus accumulations of HIF-la
become prominent as a result of inhibition of hydrox-
ylation and proteolytic degradation. The expressions of
HIF-1aa mRNA could be highly upregulated during the
early hypoxic period; however, with the hypoxic progres-
sion till seven days thereafter, the expressions of HIF-1a
mRNA were significantly decreased to a level similar to
those of the control. In neonatal rats subjected to a low-
concentration oxygen, remarkably elevated expressions of
HIF-1a mRNA were seen in the lung tissues, but dramatic
weakening expressions followed in a later stage of the
PAH development [7]. In hypoxia, HIF-1a and HIF-2a
are induced in adventitial fibroblasts. HIF-1a and HIF-2«
then interact with common and specific targets that medi-
ate the specific effects on proliferation and migration of
adventitial fibroblasts [10]. Systemic loss of a single HIF-
la allele has been shown to attenuate hypoxic PAH [11].
HIF-1a is a master regulator of transcription in hypoxic
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Regulations of adrenomedullin: 4: production increased; +: enhance; -: attenuate; ADM: adrenomedullin; Ang: angiopoietin; cAMP: cyclic
adenosine monophosphate; cGMP: cyclic guanosine monophosphate; ET: endothelin; IFN: interferon; NO: nitric oxide; SMC: smooth muscle
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cells, upregulating genes involved in energy metabolism,
proliferation and extracellular matrix reorganization [11].
HIF-1a plays a role in maintaining the normally low pul-
monary vascular tone by decreasing myosin light chain
phosphorylation (pMLC) in SMCs to alleviate the occur-
rence of hypoxic PAH. Loss of HIF-1a in pulmonary artery
SMCs increased pulmonary vascular tone and pMLC in
both normoxia and hypoxia [12]. Similarly, observations
also showed that selective deletion of HIF-1a in SMCs
increased pulmonary vascular tone under both normoxic
and hypoxic conditions as well. Therefore, downregulation
of HIF-1a expression in the pulmonary vasculature may
precipitate the development of PAH. Consecutively, cell-
specific modulation of HIF-1a could represent a potential
therapeutic strategy for PAH.

ET-1

ET is a potent vasoconstrictor that constricts blood ves-
sels and elevates blood pressure [13]. The pleiotropic
effects of ET-1 involved in the autocrine and paracrine
signaling pathways are responsible for the basal vascular
tone [14]. ET-1 is increasingly secreted by the damaged
endothelial cells. As is mentioned above, at an early
hypoxic stage, it promotes the secretion of HIF-1«, fur-
ther inducing the significant expressions of the HIF-lo
target genes including ET-1. The severe endothelial dam-
age even at the late hypoxic stage also contributes to a
sustained low-level secretion of ET-1, followed by a less
severe degradation of ET-1 in the lung tissues. It is also

conversely the same as ET-1 increases HIF-1a expres-
sion in pulmonary artery SMCs, which is dose dependent.
ET-1 regulates calcineurin, a calcium- and calmodulin-
dependent serine/threonine protein phosphatase, also in a
dose-dependent manner. ET receptor A, one of the vaso-
constrictor subtypes, has specific effects for mediating
ET-1 [15]. Enhanced ET activity is closely related to PAH
severity, and the potential ET receptor antagonists are
already in clinical use for the treatment of PAH [16]. In
PAH, the body produces excess ET, contributing to the
constriction of blood vessels and affecting the blood pres-
sure in the lungs. Although ET is present in healthy people,
high concentrations of the substance have been found in
the plasma and lungs of patients with PAH suggesting it
is capable of causing PAH or increasing the symptoms
of PAH. Two separate receptors of ET have been identi-
fied: type A receptors, which induce vasoconstriction by
increasing intracellular calcium, most commonly found on
vascular SMCs; and type B receptors, located on endothe-
lial cells, stimulate the release of vasodilating agents, such
as nitric oxide and prostacyclin. Theoretically, either selec-
tive blocking of ET type A receptors alone or nonselective
blocking of both ET type A and ET type B receptors
together has vasodilating functions as a result of relax-
ation of vascular SMCs [17]. Evidence suggested that ET
was overexpressed in the lungs of patients with PAH and
elevated plasma ET concentrations were associated with
poor prognosis [18].

ET receptor antagonists are a new class of drugs for the
treatment of many diseases, including PAH. ET recep-
tor antagonists are potent vasodilators and antimitotic



substances, which could specifically dilate and remodel
the pulmonary artery, and have recently been proposed as
an alternative therapy [17]. ET receptor antagonists have
become the mainstays of the treatment of PAH. Three sub-
stances are currently available for the treatment of PAH.
One of these substances, bosentan, blocks both ET type
A and type B receptors; whereas two other compounds,
sitaxsentan and ambrisentan, are more selective blockers
of the ET receptor [19].

vl

Human UII is a cyclic undecapeptide, mediated by a
specific cell surface G-protein-coupled receptor, the UII
receptor, called UT [20, 21]. UII is considered to be the
strongest endogenous vasoconstrictor with similar phys-
iological mechanisms to ET-1. UII also impacts broadly
on alternative systems in terms of proliferations of SMCs,
fibroblasts, and cancer cells. There has been increasing
evidence for UII’s role in regulating respiratory physiol-
ogy [22, 23]. Similarly, UII receptor expression has been
localized to rat airway SMCs where it functions as a growth
factor [24, 25]. Furthermore, UII can mediate smooth mus-
cle contraction in isolated respiratory tract and pulmonary
arteries in primates [26-28]. Elevated plasma levels of UII
as well as increased UII and urotensin expressions have
been observed in a number of diseased conditions, includ-
ing PAH as well as other cardiovascular and systemic
disorders [29]. UII is highly expressed in the endothelial
cells and lymphocytes, stimulating vascular cell adhesion
molecule-1 and intercellular adhesion molecule-1 expres-
sions in the endothelium. UII produces reactive oxygen
species through nicotinamide adenine dinucleotide phos-
phate (NADPH) oxidase activation in human vascular
SMCs, and thus stimulates SMC proliferations especially
showing a synergistic effect in the combination of reac-
tive oxygen species, oxidized low-density lipoprotein and
serotonin [30]. UII, by binding to the G-protein-coupled
UII receptor, regulates the vascular tone and the signal-
ing cascades of reactive oxygen species and nitric oxide,
activates mitogen-activated protein (MAP) kinases, mod-
ulates gene expression, stimulates proliferative processes
and affects the extracellular matrix [31]. Human UII is a
novel activator of NADPH oxidase in human pulmonary
artery SMCs, upregulating the expressions of the NADPH
oxidase subunits p22phox and NOX4 and reactive oxygen
species. These substances can be annihilated by trans-
fecting p22phox or NOX4 antisense vectors, which may
contribute to a series of complex Ull-induced signaling
pathways involving extracellular signal-regulated kinase
1/2, p38 MAP kinase, c-Jun N-terminal kinase and Akt,
increase the expression of plasminogen activator inhibitor-
1 and enhance pulmonary artery SMC proliferation in
an NADPH oxidase- and kinase-dependent manner [32].
Rong et al. [33] investigated the UII protein expression in
patients with congenital heart disease with PAH and found
that UII in the lung tissue of the mild PAH group patients
was higher than that of patients with a normal pulmonary
pressure, but less than that of the severe or moderate PAH
group patients.

In a rat model of PAH, palosuran, an antagonist of
UIl, significantly reduced the UIIl as well as the ET-
1 and transforming growth factor-f3; levels, indicating
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that palosuran might be an optional treatment alterna-
tive for PAH [34]. GSK1440115 is a potent, competitive
and selective inhibitor of UII, which mediates UII-
induced systemic pressor response in anesthetized cats
[35].

KRUPPEL-LIKE FACTOR 4 (KLF4)

KLF4 is a transcriptional factor expressed in the vascular
endothelium. It promotes anti-inflammatory and anticoag-
ulant states, and increases nitric oxide synthase expression
in the endothelium. KLLF4 is expressed in the arterial and
venous endothelial cells of the pulmonary circulation, and
that KLF4 upregulates the expression and increased the
activity of endothelial nitric oxide synthase [36]. KLF4
knockdown resulted in increased pulmonary expression
of ET-1 and decreased expression of endothelial nitric
oxide synthase, ET type B receptor and prostacyclin syn-
thase. Significant reductions of KLF4 mRNA and protein
were noted in the lung tissues of the patients with idio-
pathic PAH in comparison with the normal control [37, 38].
After hypoxia, right ventricular and pulmonary artery pres-
sures were significantly higher in the KLF4 knockdown
animals than in the controls. Knockdown animals also
had more severe pulmonary vascular muscularization and
right ventricular hypertrophy. KLF4 knockdown resulted
in increased pulmonary expression of ET-1 and decreased
expression of endothelial nitric oxide synthase, ET type B
receptor and prostacyclin synthase [37]. Endothelial KLF4
was proved to be a regulator of neointimal hyperplasia
induced by vascular damage through anti-inflammatory
and antiproliferative profiles, possibly due to the inhibi-
tion of nuclear factor-kB and by affecting some of the
coactivators including vascular cell adhesion molecule-1
[39].

CGRP

Similar to nitric oxide, CGRP is a potent vasodilator,
inhibiting hypoxia-induced proliferation of pulmonary
artery SMCs dose-dependently, decreasing significantly
the expressions of phosphorylated ERK1/2 and collagens
I and III, thereby inhibiting phosphorylation of ERK1/2
and alleviating the collagen accumulation of pulmonary
arteries [40]. CGRP is believed to play an important
role in maintaining low pulmonary vascular resistance
and may be involved in modulating the pulmonary vas-
cular response to chronic hypoxia [41]. The increase in
pulmonary arterial pressure, pulmonary vascular resis-
tance, right ventricular mass and pulmonary vascular
remodeling in response to chronic hypoxia was attenu-
ated in animals overexpressing CGRP [41]. CGRP has a
potent vasodilatory effect in the pulmonary arteries and
veins contributable to its receptors in the endothelium
of the pulmonary artery. CGPR leads to a concentration-
dependent relaxation of the pulmonary artery and dilation
of precontracted pulmonary artery [42]. Sensory CGRP
depletion in PAH rats resulted in decreased p27 and
increased phosphorylated ERK1/2, c-fos and c-myc expres-
sions; on the contrary, exogenous CGRP application was
associated with increased p27 expression and decreased
expression of phosphorylated ERK1/2, c-fos, and c-myc,
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indicating that CGRP inhibits hypoxia-induced prolifer-
ation of pulmonary artery SMCs via the ERK1/2/p27/c-
foslc-myc pathway [43]. In the hypoxic rat models, blood
CGRP was reduced, and reexposure to hypoxia was accom-
panied by a further decrease of blood CGRP [44]. Bartosik
et al. [45] found that the patients with elevated pulmonary
artery pressure showed higher plasma CGRP than those
with normal pulmonary artery pressure. There was a posi-
tive relation between plasma CGRP and pulmonary artery
pressure or erythrocyte sedimentation rate. These results
provided with solid evidence of CGRP in the pathogenesis
of PAH.

ANGS

Angs are a family member of growth factor, playing special
roles in angiogenesis and vascular structural maturation.
Ang-1 is one of the Angs, encoded by the ANGPTI gene,
with important properties in vascular development and
angiogenesis. During the vascular remodeling process in
PAH subjects, Ang-1 was significantly decreased in the
pulmonary arteries along with a reduction of Tie-2, a novel
endothelium-specific receptor tyrosine kinase, essential for
the embryonic vasculature development, and of vascular
endothelial growth factor while Tie-2 receptor was inacti-
vated in the lung tissues [46]. It was hypothesized that tonic
activation of Tie-2 might play an important role in protect-
ing the pulmonary vasculature by preventing endothelial
cell activation in response to toxic stimuli. Moreover, alter-
ations in expression of components of the Ang system,
specifically an increase in Ang-2 or a decrease in Tie-2,
might contribute to the development of PAH. The downreg-
ulated pulmonary Tie-2 expression and variable changes in
Ang-1 and Ang-2 have been found increased after expo-
sure to hypoxia [47]. Increased Ang-1 in PAH subjects
reflected an insufficient compensatory response [48]. Clin-
ical studies demonstrated a negative correlation between
serum Ang-1 levels and the degree of PAH [49]. Ang-1
and associated activation of its Tie-2 receptor could not be
detected in normal human lung samples, but were highly
elevated in lung samples from the patients with PAH [48].
Histological investigations illustrated upregulated expres-
sions of Ang-2 mRNA and protein in the plexiform lesions
from the lung tissues of idiopathic PAH patients. Hence,
Ang-2 might also be involved in the pathogenesis of idio-
pathic PAH, and plasma Ang-2 might serve as a promising
novel biomarker for evaluating the disease severity and the
response to treatment in the patients with idiopathic PAH
[50]. The expression of Ang-3 was significantly increased
in the vascular intima in the condition of hypoxia. Down-
regulations of both Ang-1/Tie-2 and vascular endothelial
growth factor and upregulation of Ang-3 appeared to be
involved in the rarefying vasculature and hypoxic PAH
evolution [46]. It was reported that Tie-2 receptor was
fourfold higher in lungs and pulmonary endothelial cells
from the patients with idiopathic PAH than in those from
the control. No significant differences were noted in the
Ang-1 and Ang-2 expressions between the lung tissues,
pulmonary endothelial cells, and pulmonary artery SMCs.
Therefore, the Ang-1/Tie-2 pathway might contribute to
pulmonary artery SMC hyperplasia through the activation
of the growth factor synthesis in the endothelium of the
pulmonary arteries [51].

SEROTONIN AND RECEPTORS

Serotonin is another vasoconstrictor as well as a mitogen
of vascular SMCs, participating in the proliferation and
remodeling of pulmonary arterial SMCs during the pro-
gression of PAH [52]. Serotonin is synthesized, through
tryprophan hydroxylase 1, in the endothelial cells of
the pulmonary artery and can then act on underlying
pulmonary arterial SMCs and fibroblasts in a paracrine
fashion causing constriction and remodeling [53]. Sero-
tonin exerts bidirectional modulatory effects. First, it can
induce the corresponding receptor in the cell signal trans-
duction mechanism, such as calcium ion increase, and
activation of phosphatidylinositol, protein kinase C and
mitogen-activated protein kinase (MAPK), etc., and upreg-
ulate the expression of c-myc gene, thereby promoting
the proliferation of vascular SMC; on the other hand, it
can increase the numbers of cyclic adenosine monophos-
phate receptors on the cellular surface by which it inhibits
the proliferation of vascular SMC [8]. Serotonin induces
pulmonary vasoconstriction through the interaction with
serotonin 1B receptors, less so with serotonin 2A recep-
tors, which seem to be predominantly involved in systemic
vasoconstriction and proliferation [54]. Ang-1 increases
the amounts of serotonin available to SMCs and fibroblasts
[55]. Raised serum serotonin levels, enhanced expres-
sions of serotonin transporters and serotonin transporter
genetic polymorphism were susceptible to clinical PAH
[52]. Prolonged exposure to serotonin may lead to PAH by
activating constrictor serotonin 1B receptors and prolifer-
ative serotonin 2B receptors [56]. The immunoreactivity
for serotonin 1B receptors was increased in the media of
the pulmonary arteries in 3-week hypoxic rats, especially
in those adjacent to the adventitia [57]. Serotonin may
promote pulmonary artery SMC proliferation, pulmonary
arterial vasoconstriction and local microthrombosis forma-
tion [58]. Alterations in platelet serotonin reserve and/or
increased platelet depletion may, however, initiate the
development of primary PAH [59]. Serotonin may enter
pulmonary artery SMCs through the interaction with a spe-
cific transporter, resulting in proliferation. Mice lacking the
serotonin transporter or treated with serotonin transporter
inhibitors are protected against hypoxic PAH [54].

CONCLUSIONS

PAH is a syndrome with similar clinical and pathophysio-
logical features with complex mechanisms. The cytokines
that might participate in the pathogenesis of PAH as
mentioned above can be regarded as either a vasoconstric-
tor or a vasodilator, playing important pathogenic roles
through key signaling pathways, particularly the growth
factor signaling pathways. The possible mechanisms of the
vasomotorial cytokines for vascular remodeling process
become more conspicuous by studying the regulations of
ADM and ET, the two commonly involved in the signaling
pathways relating to PAH development. The regulations
of the cytokines are crucial to the vascular damage and
remodeling of the pulmonary arteries. Imbalance between
the vasodilating and vasoconstrictive cytokines is regarded
as an initiating step of development of PAH. Better under-
standing of the nature and properties of the cytokines in
the development of PAH would be helpful in generating



new agents that may antagonize or analogize the path-
ways responsible for PAH, and may enhance the treatment
strategies.
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