1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

s NIH Public Access
Y,

Author Manuscript

Published in final edited form as:
J Hypertens. 2010 February ; 28(2): 201-212. doi:10.1097/HJH.0b013e328332bcdb.

Nitric Oxide, Oxidative Stress and Inflammation in Pulmonary
Arterial Hypertension

Patrick Crosswhite and Zhongjie Sun
Department of Physiology, College of Medicine, University of Oklahoma Health Sciences Center,
Oklahoma City, OK 73104, USA

Abstract

Pulmonary arterial hypertension (PAH) is a chronic and progressive disease characterized by a
persistent elevation of pulmonary artery pressure accompanied by right ventricular hypertrophy
(RVH). The current treatment for pulmonary hypertension is limited and only provides symptomatic
relief due to unknown etiology and pathogenesis of the disease. Both vasoconstriction and structural
remodeling (enhanced proliferation of VSMC) of the pulmonary arteries contribute to the progressive
course of PAH, irrespective of different underlying causes. The exact molecular mechanism of PAH,
however, is not fully understood. The purpose of this review is to provide recent advances in the
mechanistic investigation of PAH. Specifically, this review focuses on nitric oxide (NO), oxidative
stress and inflammation and how these factors contribute to the development and progression of
PAH. This review also discusses recent and potential therapeutic advancements for the treatment of
PAH.

Keywords

pulmonary arterial hypertension; pulmonary arterial remodeling; nitric oxide; cGMP; oxidative
stress; NADPH oxidase; inflammation; cytokines; chemokines

1. Introduction

Pulmonary arterial hypertension (PAH) is a severe and life-threatening disease with still largely
unknown pathogenesis. The development of PH is multi-factorial, with genetic background
and environmental stress as two critical components. PAH is defined as a persistent elevation
in pulmonary artery (PA) blood pressure (>25 mmHg at rest or >30 mmHg with exertion)
(1). PAH is characterized by symptoms of dyspnea, chest pain, and syncope. PAH results in
right ventricular hypertrophy (RVH), progressive right heart failure, low cardiac output, and
ultimately death if left untreated (2,3). A patient diagnosed with PAH must meet specific
hemodynamic criteria including a mean pulmonary artery pressure >25mm Hg at rest, a
pulmonary capillary wedge or left ventricular end diastolic pressure <15mm Hg and a
pulmonary vascular resistance value of 3 Wood units or greater (4). Mean diagnosis of a patient
with PAH is relatively high with reports ranging between 36-41 years of age (4). This is most
likely due to the vague symptoms reported during physical examinations and the relatively
slow progression of symptoms. Further complicating this issue are the relatively nonspecific
symptoms that are associated with PAH such as angina, dyspnea, syncope and dizziness (5).
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The current classification system of PAH was last revised by the World Health Organization
in 2003 and it includes 5 categories of PAH (5). The first group includes idiopathic (sporadic),
familial, associated PH and persistent PH of the newborn. Idiopathic PAH or IPAH is diagnosed
when PAH develops spontaneously, for an unknown cause. Familial PAH (FPAH) is diagnosed
when PAH occurs in 2 or more members of the same family. Patients with certain conditions
or diseases are at an increased risk to develop PAH. In particular, patients with connective
tissue diseases, portal hypertension or human immunodeficiency virus (HIV) are at risk to
develop PAH. Group 2 includes patients who develop PAH as a result of left heart disease.
Group 3 comprises patients who develop PAH as a result of a lung disease or hypoxemia.
Patients with PAH that suffer from chronic thrombotic and/or embolic disease comprise Group
4. And the last classification group of PAH includes patients who develop PAH from
miscellaneous conditions (some examples are sarcoidosis and lymphangiomyomatosis).

PAH by definition is a rare disease, with only 2-5 persons per million diagnosed per year (5).
The incidence of PAH associated with other diseases or conditions however, increases the
overall incidence of PAH. For example, in connective tissue disorders such as scleroderma,
estimates vary but as many as 35% of patients have been reported to develop PAH (6). In
systemic sclerosis, PAH has an estimated prevalence of 25% (7). HIV associated PAH is
estimated between 0.1 and 0.5% with the Sub-Saharan Africa, South Asia and Southeast Asia
representing more than 80% of these cases (4,6). Rates for patients suffering from portal
hypertension to develop PAH are between 1 and 6% (4). A comprehensive evaluation is
necessary to accurately diagnosis PAH and tests include pulmonary function exams,
echocardiography, connective tissue disease serology and cardiac catheterization (4). Currently
the standard in diagnosing PAH is right heart catheterization (5) but is usually performed only
after preliminary tests indicate PAH and exclude other possible conditions such as
thromboembolic disease. Initial estimates of survival after diagnosis of PAH are as low as 2.8
years (7) but this number was estimated prior to recent disease-specific targeted therapeutics
and is now likely to be significantly higher.

Our current understanding of the pathogenesis of PAH has increased significantly in recent
years which has resulted in an increase in available treatments and an improved prognosis but
unfortunately there is no cure for the disease. Current approved therapeutics target the
endothelin-1, nitric oxide and prostacyclin pathways (8). Recently combination therapy has
attracted much attention and while early results have been promising, the transition into
practical clinical settings has been limited. Although there are many factors involved in the
pathogenesis of PAH, this review will focus on three specific areas; nitric oxide (NO), oxidative
stress and inflammation and how these factors contribute to the development and progression
of PAH. This review will also discuss current treatment of PAH, the recent therapeutic
advancements made, the effects they are having on treatment of PAH and the potential for
development of novel therapeutics in these areas.

2. Current Strategies for the Treatment of PAH

First line treatment for PAH is general and supportive healthcare including oxygen
supplementation, calcium channel blockers, diuretics and avoiding physical exertion (9). In
addition to primary care, the introduction of specific treatments directed at the pathogenesis
of PAH has resulted in an improved quality of life for patients. Therapeutics currently approved
for the treatment of PAH include; endothelin receptor antagonists, phosphodiesterase type-5
inhibitors and prostacyclin analogues.

2.1. Endothelin Receptor Antagonists

Currently there are three endothelin-1 receptor antagonists approved by the Food and Drug
Administration (FDA) for use in various WHO classified PAH patients; bosentan, ambrisentan

J Hypertens. Author manuscript; available in PMC 2011 February 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Crosswhite and Sun

Page 3

and sitaxsentan. These drugs act to reduce the activation of endothelin-1 receptors located on
pulmonary vascular smooth muscle cells (ET a receptors) and pulmonary vascular endothelial
cells (ETa and ETg) (10). A decrease in activation of endothelin receptors ultimately results
in the reduction of intracellular calcium release thereby reducing vasoconstrictive effects. In
addition to potent vasoconstrictive effects, endothelin-1 also acts as a powerful mitogen,
inducing cell proliferation in a number of cell types (10). Endothelin receptor antagonists
therefore also reduce the pro-mitogenic effects of endothelins on pulmonary arterial smooth
muscle cell proliferation.

2.2. Phosphodiesterase Inhibitors

Phosphodiesterase type-5 (PDE-5) is an enzyme that is primarily expressed in the arterial walls
of the lungs and penis. PDE-5 acts to decompose the second messenger cGMP that induces
vasodilation. The first PDE-5 inhibitor, sildenafil citrate, was originally approved for the
treatment of erectile dysfunction but in 2005 the FDA approved it for the treatment of PAH.
It is marketed under the name of Revatio. Most PDE inhibitors have anti-inflammatory
properties (68)

2.3. Inhibitors of cell proliferation

An important strategy for the treatment of PAH is to inhibit pulmonary artery smooth muscle
cell (SMC) proliferation. Several growth factors including platelet-derived growth factor
(PDGF) has been shown to be involved in the pathogenesis of PAH (69,70,88). Inhibition of
PDGF suppresses inflammation, decreases pulmonary arterial SMC proliferation, and reverses
PAH (88). Prostacyclin, a potent pulmonary vasodilator, also acts to inhibit SMC proliferation
and platelet aggregation (11). Currently, prostacyclin synthetics are a vital form of treatment
for PAH. There are several synthetic prostacyclins available for treatment of PAH,
Epoprostenol (Flolan), Treprostinil (Remodulin) and Iloprost (Ventavis) (9).

Notably, the three strategies above have strong implications for reducing oxidative stress levels
and increasing NO bioavailability. Activation of the endothelin system has been demonstrated
to contribute to oxidative stress and endothelin receptor antagonists were shown to decrease
levels of oxidative stress (12,13). PDE-5 inhibitors have been shown to decrease oxidative
stress levels by virtue of inhibiting superoxide production through decreasing levels of NADPH
oxidase (14-16). Inhibition of PDEs increases intracellular cGMP levels, which is similar to
activation of the NO signaling pathway. Prostacyclins and their analogues have also been
demonstrated to reduce oxidative stress levels and improve cardiac functions in addition to
providing beneficial effects in vascular endothelium (17-19). Recent studies indicate that
inflammation may play an important role in the pathogenesis of hypertension. This review will
discuss the role of nitric oxide, oxidative stress and inflammation and their relationship in the
pathogenesis of PAH.

3. Oxidative Stress and PAH

Oxidative stress is characterized by an increase in oxidants (e.g. hydrogen peroxide and
superoxide) with or without a decrease in antioxidants or antioxidant enzymes (20). Oxidants
cause direct damage in tissue by the oxidation of certain biological molecules; known
mechanisms include lipid peroxidation (breakdown of biological membranes) and DNA
damage. Oxidant damage can also occur in the form of alteration of transcription factors such
as nuclear factor-kB (NF«kB) or hypoxia-inducible factor-1(HIF-1) (20). In cardiovascular
tissue, oxidative stress has been implicated in the pathogenesis of conditions such as heart
failure, ventricular hypertrophy and both systemic and pulmonary hypertension (21).
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3.1. NADPH Oxidase

NADPH oxidase, or nicotinamide adenine dinucleotide phosphate, is a molecular complex
known to generate reactive oxygen species such as superoxides within vascular endothelial
and smooth muscle cells by transferring their terminal electron to available oxygen molecules.
NADPH oxidases play vital roles in many biological processes including host defense, cell
signaling, post-translational modification and hormone synthesis (22,23). Other superoxide
producing complexes in cardiovascular tissue include xanthine oxidase, the mitochondrial
transport chain and the uncoupled nitric oxide synthase (NOS) (21). Known activators of
NADPH oxidases include hormones, growth factors, cytokines and shear stress (21).
Gp91Phox (Nox2), was the first superoxide generating NADPH oxidase to be discovered and
initially was only considered to function in phagocytes for the purpose of host defense (23).
Upon further investigation, superoxide production by Nox2 was also found in non-phagocytic
cells, as well as additional Nox family members with homology to Nox2. Currently five
mammalian oxidases (Nox1-5) have been identified (23).

The production of superoxides has implication in the cardiovascular system because the
generation of ROS has been demonstrated to be important regulators of vascular tone and
function (23). Additional studies have shown that ROS generating systems stimulate both
pulmonary artery smooth muscle cell (PASMC) and systemic arterial smooth muscle cell
proliferation (23). Both vasoconstriction and structural remodeling (enhanced proliferation of
vascular smooth muscle cells or VSMCs) of the pulmonary arteries contribute to the
progressive course of PAH, irrespective of different underlying causes (24,25). Administration
of antioxidants, such as superoxide dismutase, has been demonstrated to significantly attenuate
pulmonary vasoconstriction caused by hypoxia (26). In animal models where PAH is induced
by means of chronic hypoxia, ROS production has been directly linked to vascular remodeling
(27,28). These data implicate a role for the generation of ROS species in vascular remodeling
and the pathogenesis of PAH (Fig. 1).

3.2. Mitochondrial-derived ROS

3.3. HIF-1

Mitochondria are an additional major source for the production of ROS and recent data suggest
that ROS produced by NADPH oxidase may contribute to the alteration in mitochondrial
function (29). ROS generated by NADPH oxidase activity can interact with NO to form
peroxynitrite that can damage respiratory complexes leading to mitochondrial dysfunction and
release of additional ROS (29). This ROS can then activate more NADPH oxidases to release
additional ROS creating a positive feedback system(29). An increase in ROS can lead to a
decreased NO bioavailability that could attribute to vascular endothelial dysfunction and
vascular remodeling. The data supporting mitochondrial dysfunction contributing to additional
ROS production and endothelial dysfunction suggest that antioxidant therapeutics aimed
specifically at mitochondria may be beneficial in the study of the pathogenesis of PAH.

Hypoxia-inducible factor-1 (HIF-1) is a transcription factor responsible for mediating
physiological responses due to hypoxia and is found in a wide variety of organisms. The
HIF-1a domain is thought to be an oxygen sensing domain and in the presence of oxygen allows
for the eventual degradation of HIF-1 by the ubiquitin-proteosome pathway (30). The absence
of oxygen results in a decrease in degradation, allowing HIF-1 to accumulate in the cell which
activates transcription of genes. It is thought that HIF-1 in addition to being oxygen sensitive
is oxidant and redox sensitive as well (31) and therefore it is thought that oxidants generated
by oxygen sensors, such as NADPH oxidase, eventually lead to the activation of HIF-1. HIF-1
causes an increase in transcription of certain genes referred to as “early-response genes” which
have been demonstrated to modulate cardiovascular function and vascular remodeling in the
lung (30,32,33).
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3.4. ROS Overproduction

Vasoconstriction, through means of nitric oxide (NO) reduction, has also been observed in
systems that overproduce ROS. This reduction in available NO is achieved when enough ROS,
such as superoxide, are produced to start reacting readily with NO to form the intermediate
peroxynitrite (34). Peroxynitrite can react with protein tyrosines to form 3-nitrotyrosine that
can cause lung epithelial damage. In support of this, it was discovered that an increase in INOS
expression, causing an increase in NO production, is associated with an increase in 3-
nitrotyrosine concentrations in the lungs (35). The uncoupling of eNOS has also been
demonstrated to cause a reduction of available NO through its interaction with the protein cav-1
(See 4.6). Wunderlich et al propose that in cav-1 knockout animals, the interrupted interaction
between cav-1 and eNOS leads to the uncoupling of eNOS that results in the production of
superoxides instead of NO (36).

3.5. Hydrogen Sulfide

The term gasotransmitter is a relatively new term that is used to describe gaseous molecules
that are synthesized within an organism and act as a neuromodulator and signal transmitter
(37). Hydrogen sulfide (H»S), NO and carbon monoxide are a few examples of
gasotransmitters. Recent evidence suggests that H,S acts as an antioxidant and may play a role
in the regulation of oxidative stress in chronic hypoxia induced hypertension (38). H,S in the
cardiovascular system is thought to act through the scavenging of oxygen-free radicals and
attenuation of damage from lipid peroxidation (39). In support of this hypothesis, Zhang et
al demonstrated a reduction of endogenous H»S in chronic hypoxia exposed rats and that
delivery of exogenous H,S successfully attenuated pulmonary hypertension compared to
controls (40).

3.6. Serotonin

Through its ability to induce pulmonary vascular vasoconstriction and PASMC proliferation,
serotonin (5-HT) has been recognized as a major contributing factor to the development of
PAH (41). In PAH animal models, high levels of 5-HT were observed compared to controls
but more importantly in human patients with PAH, higher 5-HT levels were observed as well
(42). Also, 5-HT was shown to promote generation of ROS in PASM cells (41). In the right
heart, 5-HT was demonstrated to promote protein carbonlylation (an oxidation process) which
would support the idea of protein oxidation occurring in the right heart leading to oxidative
stress. The exact mechanism of how this might be occurring unfortunately remains unclear at
this time. Initially it was proposed that the generation of ROS by 5-HT was occurring through
a decrease of the mediator MAO-A (a protein that degrades 5-HT and promotes production of
the superoxide and hydrogen peroxide) in the right heart (41). The application of clorgyline,
an MAO-A inhibitor, did not attenuate right ventricular protein carbonlylation however and
suggests MAO-A may not be the mediator of 5-HT protein oxidation (41). Although the
mechanism is still unclear, 5-HT remains as an attractive therapeutic target for the treatment
of PAH.

3.7. Isoprostanes

Recently, a new group of compounds called isoprostanes have gained attention in lung vascular
pathology. Isoprostanes, isomers of prostanoids, are formed when ROS products (particularly
peroxynitrite) react with unsaturated bonds of membrane lipids such as arachodonic acid
(43). In many vascular diseases, isoprostanes were found to significantly accumulate during
oxidative stress and have since been used as indicators of severity of disease state. New
evidence has been produced however exploring a causal role for isoprostanes in pulmonary
vascular diseases instead of a simple disease marker. While the mechanisms remain unclear,
isoprostanes have been shown to have powerful vasoconstrictor effects upon the pulmonary
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artery and can induce pulmonary endothelium to release the potent vasoconstrictor endothelin
(44). Isoprostanes have also been suggested to cause lung inflammation through increases in
production of pro-inflammatory cytokines in smooth muscle and endothelial cells that can lead
to vascular remodeling (43). Importantly, isoprostane levels have been found to be elevated in
patients with PAH as well as animals with hypoxia induced PAH (43). Due to their biological
diversity, it is possible that isoprostanes could be contributing to many vascular diseases,
including PAH. Currently, many questions remain unanswered such as the mix of isoprostanes
produced during disease states and potential sub-types that could be contributing to disease
that have not been tested pharmacologically.

4. Nitric Oxide Pathway and PAH

It is well accepted that nitric oxide (NO) is the primary pulmonary vasodilator which is both
produced and released by the endothelium. The primary function of NO is the regulation of
vascular tone, inhibition of VSMC proliferation and platelet aggregation (45). Also it has long
been believed that one factor in the progression of PAH is an imbalance between the
vasodilation and vasoconstriction of the pulmonary circulation (46). This is most likely due to
a decrease in the amount of available NO and prostacyclin, accompanied by an increase in
production of vasoconstrictors such as endothelin and thromboxanes (46). Indeed lower levels
of NO and higher levels of thromboxanes (A, specifically) have been reported in PAH patients
compared to controls (6). The imbalance of vasoactive mediators (e.g. NO) can lead to
endothelial cell dysfunction and when accompanied by VSMC proliferation, results in the
chronic obstruction of small pulmonary arteries, resulting in PAH (47) (Fig.1).

4.1. NO Production

NO is produced by a family of enzymes called nitric oxide synthases (NOS). Currently three
isoforms of NOS have been identified; endothelial (eNOS), inducible (iNOS) and neuronal
(nNNOS) (48). Studies have indicated that eNOS is the primary mediator of vasodilation in the
pulmonary circulation (48). The NOS enzymes convert the amino acid L-arginine into two
products; NO and L-citrulline (45). Upon its release by endothelium, NO diffuses into VSMCs
where it acts to stimulate production of the second messenger cyclic guanosine monophosphate
(cGMP) from guanylyl cyclase ultimately leading to dilation of blood vessels via
dephosphorylation of myosin light chain. Along with its dilatory actions, NO also has the ability
to inhibit VSMC proliferation (6).

4.2. eNOS Knockout

Interestingly, eNOS knockout (ko) animals have yielded surprising results. Studies have shown
that eNOS ko animals result in only slight pulmonary pressure increases (45). But under
pathophysiological conditions, such as hypoxia where vasoconstriction occurs, pulmonary
pressure was significantly higher in eNOS ko animals compared to controls (45). These results
provided key insight into PAH, demonstrating that NO is not only involved in maintaining low
pulmonary vascular tone but plays an important role in pulmonary vascular responses to
environmental stress as well (45).

4.3. Phosphodiesterases

Several other factors in the NO pathway could be contributing to the decreased NO effect. An
up-regulation of phosphodiesterases (PDE), key enzymes that regulate the intracellular
concentration of cGMP, has been suggested to play a role in patients with PAH (48). PDE
enzymes play an important role in regulating intracellular signals by degrading the second
messengers such as cGMP and cAMP. PDE 5 and 1 have especially been implicated due to
their tissue distribution (48). PDE 5 is expressed throughout human tissues but is especially
abundant in the lungs and pulmonary vasculature (48). Although PDE 1 is expressed in
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relatively low amounts in pulmonary tissues under normal conditions, a significant increase in
expression is observed in proliferating pulmonary vasculature (48). Together, findings have
implicated that the up-regulation of PDEs play a role in pulmonary vasculature remodeling
and as aresult several drugs have been developed aimed at inhibiting endogenous PDE activity.
Sildenafil, tadalafil and vardenafil are three examples of such drugs and all have been approved
for use in humans.

4.4. L-arginine

Dietary supplement of L-arginine has been shown to attenuate pulmonary arterial pressures in
patients with PAH (45). This is most likely due to the fact that L-arginine is used by NOS to
produce NO. Increased production of NO in these patients can be demonstrated by the increase
in circulating levels of L-citrulline, the alternate product produced by the enzymatic reaction
of NOS (45). Infusion of L-arginine or oral administration of the amino acid have resulted in
a decrease in pulmonary vascular resistance, a decrease in mean pulmonary arterial pressure
and an improvement in physical exercise capacity in PAH patients (45).

4.5. Inhaled NO

Before the development of specific therapeutics, inhaled NO was one of the few treatments
available to patients with PAH. Inhaled NO was demonstrated to produce vasodilation in the
pulmonary system without any adverse effects on the systemic circulation. This is attributed
to the fact that inhaled NO is delivered primarily to the lungs causing an increase in perfusion
in areas that can participate in gas exchange (46). Despite this benefit, there are still concerns
with the administration of inhaled NO to PAH patients. Examples include the cost of treatment,
short effects, methemoglobinemia concerns, alteration in the immune system and the potential
for “rebound PH” (46). Currently, inhaled NO therapy is only approved for use in infants who
have respiratory distress syndrome (46).

4.6. Caveolin-1

Caveolin-1 (cav-1) is the major resident protein that provides structural integrity to caveolae.
Caveolae are flask-shaped invaginations of the surface plasma membrane enriched in lipids
and cholesterol that are found in many cells including endothelial and smooth muscle cells
(49). Caveolae facilitate the endocytosis of particles involved in vesicular trafficking. In
addition to providing structural support to caveolae, cav-1 has been demonstrated to be
involved in regulating intracellular signaling pathways. Cav-1 can associate with many
signaling associated proteins that reside in the caveloae resulting in the modulation of
enzymatic processes, usually in an inhibitory manner (49). Cav-1 in normal functioning
animals also plays a role in inhibiting growth factor activation and subsequent downstream
signaling pathways as well as the negative regulation of smooth muscle cell proliferation
(49). eNOS was demonstrated to be one such protein that associates with caveolae (50). Cav-1
ko mice have exhibited significant cardiac defects including increased right ventricular volume
and hypertrophy, systemic hypotension and cardiac fibrosis (49). Despite systemic
hypotension, cav-1 ko animals develop significant pulmonary hypertension and RVH (51).
Endothelial cell specific reconstitution of cav-1 in ko animals restored pulmonary and vascular
defects evidenced by the reversal of pulmonary hypertension and RVH (51).

Cav-1 ko animals display an increase in expression of eNOS in cardiac tissue as well as an
increase in NO production and release from vascular smooth muscle cells (49). Just as a
decrease of NO can have significant effects on the cardiovascular system, too much NO can
be harmful as well. When NO is present at high rates, it can readily react with available reactive
oxygen species resulting in the formation of peroxynitrite. This highly reactive molecule can
cause cellular damage but it also reacts with tyrosine residues to form nitrotyrisine that can
impair lung epithelial cells and further promote the development of PAH (45). Along with
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these discoveries, a decrease in cav-1 expression has been observed in lungs of patients with
PAH compared to controls. These results indicate that the loss of cav-1 in PAH patients results
in smooth muscle cell proliferation and vascular damage induced by an overproduction of NO.

4.7. Recent NO Research

Most recent research involving NO and its use in treating PAH patients has been aimed at
combination therapies. The goal of combination therapy is that when two drugs are combined,
they produce a synergistic effect that achieves better results than when the drugs are
administered alone. Some of the recent therapies being studied include the combination of
inhaled NO, PDE inhibitors and prostacyclin analogues. VVoswinckel et el showed that the
combination of sildenafil (PDE-5 inhibitor) with inhaled treprostinil (prostacyclin analogue)
resulted in a reduction of pulmonary vascular resistance and mean arterial blood pressure
accompanied by an increase in cardiac output (52). Currently phase I11 trials are underway.
Similar improvements in pulmonary hemodynamics have been reported when inhaled nitric
oxide was combined with milirinone, a PDE-3 inhibitor (53). And finally there are several
drugs currently undergoing clinical trials that are targeted at stimulating NO-independent
soluable guanylyl cyclases. These drugs are aimed at a critical subunit in NO-mediated signal
transduction pathway in the pulmonary but not systemic circulation that ultimately leads to an
increase in cGMP release initiating vasodilation (54).

5. Inflammation and PAH

Within the last decade, an increasing amount of evidence has been produced supporting the
role of inflammation in the progression of PAH. In patients who suffer from systemic
inflammatory diseases such as systemic lupus erythematosus or scleroderma, PAH is a
common associated symptom (47). In fact, histological examinations of lung tissue in systemic
inflammation patients are similar to those of PAH patients (47). The most prominent
observations are pulmonary arterial medial hypertrophy, intimal lesions and plexiform lesions
(47). In 1994, Tuder et al were the first to identify inflammatory infiltrates within the plexiform
lesions of PAH patients (55). Later, Cool et al reported the presence of mononuclear
inflammatory cells surrounding vascular sites of plexiform growth but not in extra-vascular
lung structures (56). In parallel with these data, other studies have reported an up-regulation
of inflammatory mediators such as intracellular adhesion molecule-1 (ICAM-1) and
endothelial leukocyte adhesion molecule-1 (ELAM-1) in patients with PAH (57).
Autoimmunity has also been implicated in PAH patients. Isern et al showed detectable levels
of circulating antinuclear antibodies as well as elevated levels of pro-inflammatory cytokines
in PAH patients (58). These findings indicate that inflammation may play a role in the
pathogenesis or progression of PAH (Fig. 1).

5.1. Chemokines

Currently, the role of chemokines has been implicated in almost every step of the inflammatory
process. In particular, the chemokine fraktalkine (FKN/CX3CL1) and its receptor (CX3CR1)
have been suggested to play critical roles in monocyte/T-cell recruitment to the vessel wall
(59,60). Recent studies by Dorfmuller et al (61) and Balabanian et al (62) have shown that
CX3CR1 was up-regulated in circulating T-cells from PAH patients compared to controls,
elevated soluble FKN plasma concentrations were found in PAH patients compared to controls,
an increase in FKN mRNA expression was detected in PAH patients compared to controls and
that pulmonary artery endothelial cells from PAH patients expressed FKN.

RANTES (Regulated upon Activation, Normal T-cell Expressed and Secreted) another
chemoattractant for monocytes and T-cells, has been studied for its role in PAH by causing an
induction of vasoconstrictors such as endothelin-1 and mitogenic activators such as endothelin-
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converting enzyme-1 (63). Studies have shown a detectable expression of RANTES mRNA
in control patients as well as PAH patients but noticeably that the number of RANTES mRNA
copies was significantly elevated in PAH patients (47). The authors also confirmed that the
major source of RANTES in PAH patients was endothelial cells from lung tissue (47). Since
elevated levels of RANTES were found in lung tissues of PAH patients, it would be logical to
hypothesize an increase in endothelin-1, a potent vasoconstrictor, as well as endothelin-
converting enzyme, a mitogenic activator that could be contributing to vascular proliferation
and to the progression of PAH.

The hypothesis that chemokines potentially play a role in PAH pathogenesis was further
supported by the work of Sanchez et al. Increased levels of monocyte chemotactic protein
(MCP)-1, also known as CCL2 was demonstrated to be elevated in plasma and lung tissue of
patients (64). Also, compared to controls, PA SMCs from patients demonstrated stronger
migratory and proliferative responses to CCL2 (64).Taken together, these reports strongly
support the role of chemokines in the pathogenesis of PAH.

5.2. Cytokines

Cytokines are proteins that are involved in inflammatory signaling. Both hematopoietic and
non-hematopoietic cells can release cytokines. Cytokines can act in an autocrine (acts on itself),
paracrine (acts on cells in the immediate vicinity) or endocrine (acts on cells throughout the
body) manner. Cytokines regulate a variety of processes including immune cell proliferation
and differentiation (both B and T-cells) and hematopoiesis. Therapeutically, anti-cytokine
treatment presents a novel target in treatment of many inflammatory diseases and potentially
PAH. Currently, cytokine antagonists have only been tested in the monocrotaline-induced PAH
models in rats. Monocrotaline is a drug used to induce PAH and is thought to act by inducing
inflammation of lung tissue, stimulating inflammatory cells such as neutrophils and the
production of endothelin-1 and other vasoconstrictors (34). Studies have been conflicting, for
example repeated injections of an antagonist for the pro-inflammatory cytokine IL-1 receptor
reduced PAH and RVH in the monocrotaline-induced PAH accompanied by hypoxia rat model
but not in the chronic hypoxia model alone (65). Nevertheless, considering the potential of
anti-cytokine treatment and the numerous possible mechanisms and pathways involved in
inflammation, further studies in anti-cytokine treatment is needed. Other examples of
chemoattractants and cytokines that have been studied in PAH models include
interleukin-1p, transforming growth factor-p1, bradykinin and leukotrienes (66).

5.3. Phosphodiesterases and Inflammation

It has been well studied that PDE inhibitors have anti-inflammatory properties by virtue of
their ability to increase intracellular levels of cAMP or cGMP, depending on the PDE subtype
(67). PDE subtype 4 has attracted the most attention in developing anti-inflammatory
therapeutics, especially those targeted toward inflammatory pulmonary diseases such as
asthma and COPD due to its identification as one of the major cAMP metabolizing enzymes
in immune cells such as T and B lymphocytes, leukocytes and dendritic cells (68). The
inhibition of PDE-4 has multiple biological consequences in immune cells such as the
inhibition of cytokine release, inhibition of cell adhesion molecules (CAMs) and inhibition of
TNF-a (68). Several drugs aimed at PDE-4 inhibition have been developed over the last two
decades but all have been hampered by their dose limiting side effects including nausea and
diarrhea. Several PDE-4 inhibitors have even been linked to complications such as heart failure
and arrhythmias but in phase 1l and 111 clinical trials of two recent PDE-4 inhibitors, cilomilast
and roflumilast, none of these events have materialized and offer promise for PDE-4 inhibitors
(68).
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5.4. Growth Factors and Inflammation

Growth factors such as platelet-derived growth factor (PDGF), vascular endothelial growth
factor (VEGF) and epidermal growth factor (EGF) act as potent mitogens and chemoattractants
for smooth muscle cells (SMCs), endothelial cells (ECs), fibroblasts and can cause resistance
to apoptosis (69)As such, growth factors have strong implications in the proliferation and
migration of pulmonary artery vascular cells.

PDGF can be synthesized in SMCs, ECs and macrophages and have been demonstrated to
stimulate proliferation and migration of SMCs and fibroblasts (69). Increased levels of PDGF
and its receptor, PDGFR were found to be elevated from lungs of IPAH patients supporting
its role in the pathogenesis of PAH (70). Increased levels of VEGF were also found to be highly
expressed in ECs of plexiform lesions in PAH patients (71). In the same study, decreased levels
of C-Scr kinase, a VEGF mediator, were observed. Also, the EGF receptor inhibitor PK1166
reversed MCT-induced PH in rats (72). Combined, these studies provide evidence for the role
of growth factors contributing to the pro-inflammatory condition observed in PAH.

Imatinib (Gleevac) was originally designed for anti-cancer therapeutics due to its tyrosine
kinase inhibitor activity. However, imatinib is not strictly specific and was found to inhibit
PDGFR as well. As such, clinical trails have been initiated examining the potential for use in
PAH therapy. Sunitinib and sorafenib are two other drugs recognized for their ability to inhibit
PDGF and VEGF signaling and are currently being evaluated for safety and tolerability for use
in PAH patients (69).

5.5. Immunosuppression

5.6. PBEF

With the implication of treating inflammation in PAH patients, the use of immunosuppressive
therapy has been discussed but is generally considered only in PAH patients associated with
connective tissue disorders (47). There has not been a large, placebo controlled study performed
in humans to date so most data has been collected from case reports and observations in small
groups (47). Inthe monocrotaline rat model however, two drugs have initially showed promise;
rapamyecin and triptolide. Rapamycin is a macrolide immunosuppressant currently used for
chronic allograft rejection and triptolide is a traditional herb used in Chinese medicine to treat
rheumatoid arthritis and other autoimmune diseases (47). According to the studies, both drugs
showed significant results in lowering the mean pulmonary arterial blood pressure compared
to control animals (73). In addition to lowering the arterial blood pressure, significant less RVH
was observed (73). Immunosuppressant therapy provides a potential avenue for the
development of novel therapeutics to treat PAH but considering the potential side effects and
complications, extreme caution must be taken.

A relatively new protein, pre-B-cell colony-enhancing factor (PBEF), has been implicated in
a number of inflammatory processes due to its localization in lung epithelium, endothelium
and leukocytes (74). Although most research involving PBEF and pulmonary inflammation
has been studied in acute lung injuries, PBEF may have implications for PAH as well. Zhang
and colleagues showed that PBEF plays a role in the generation of ROS in pulmonary artery
and endothelial cells (75). Indeed, over-expression of PBEF increased ROS leading to oxidative
stress that could be attenuated by the electron chain transport inhibitor rotenone (75). Also,
PBEF has been shown to significantly increase pro-inflammatory cytokines such as IL-6 and
IL-8 in the pulmonary vasculature (76,77). Liu et al further demonstrated that knockdown of
PBEF by siRNA attenuated the increase of cytokine production (76). PBEF was also shown
to lead to NF«B activation which is a well known activator of inflammatory cascades (74). In
a murine model, PBEF was also demonstrated to play a role in lung tissue damage by virtue
of its neutrophil chemotactic property inducing leukocyte migration into the lungs and also by
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stimulating expression of other chemoattractants and macrophage inflammatory proteins (74,
76). Future studies, such as the over-expression or knockdown of PBEF combined with the
available PAH animal models could be useful in investigation the potential role of PBEF in
the development of PAH.

While oxidative stress and its role in the pathogenesis of PAH is not a new discipline, there
are several areas that are producing new potential therapeutic targets. The discovery of new
antioxidants (e.g. H,S) and their potential as oxygen scavengers that could mediate the NO
bioavailability in PAH patients, presents new therapeutic targets. Also the discovery of novel
compounds that appear to be oxidant/redox sensors (e.g. HIF-1) and how they play a role in
contributing to oxidative stress in PAH have opened up new possibilities. Also, the research
of cav-1 interactions with nitric oxide synthases is relatively new field that could produce new
targets for treatment in PAH. In the case of both serotonin and isoprostanes, more research is
needed to determine their basic mechanisms and how they may contribute to the development
of PAH but the preliminary results are promising for potential therapeutic targets. Lastly,
sildenafil, the PDE inhibitor already approved for human use, has provided benefits to PAH
patients when combined with other therapies, such as inhaled NO.The potent pulmonary
vasodilator NO and its effect on the pulmonary circulation are well documented but NO also
has effects as an inhibitor of platelet activation and smooth muscle cell proliferation. Studies
indicate that endothelial dysfunction is the result of an imbalance of vasodilators such as NO
and vasoconstrictors such as endothelin-1 and can lead to the progression of PAH. NO effects
the pulmonary circulation primarily through the second messenger cGMP and its downstream
signaling partners. Recent experiments with the amino acid arginine have demonstrated to
effect the level of NO in the pulmonary circulation but more investigation is necessary before
any clinical studies are performed. Also, a drug that stimulates guanylate cyclase independent
of NO has been reported that results in an increase in cGMP levels (78) but the lack of specificity
has limited its use in the clinical setting. As more research is directed at caveolin and eNOS,
we will learn more about the exact interactions taking place. This could in turn lead to the
potential for therapeutics targeted specifically to this interaction, possibly limiting the cell
proliferation and endothelial dysfunction that is occurring in PAH patients.

The similarities observed in lung morphology between patients with PAH and systemic
inflammation disorders indicate the potential role for the activation of inflammatory cascades
in PAH patients. Inflammatory infiltrates in the lungs could stimulate the observed structural
remodeling in the vasculature. Preliminary studies involving pro-inflammatory cytokines have
yielded promising results as means of preventing inflammation in PAH patients. Anti-
chemokine studies also show promising targets for novel therapies as indicated by the
fracktalkine and RANTES studies. Immunosuppressive studies have shown promise but
protocols for therapy vary wildly and mixed results have been observed. Currently there are
clinical trials underway determining the safety and use of anti-PDGF therapy for PAH patients.
Many hurdles remain in developing effective PDE inhibitors aimed at treating pulmonary
conditions. For example, most PDE inhibitors are designed for oral administration but the
inhaled route would be preferred to directly target cells in the lung and minimize complications
occurring systemically (68). There is also evidence that PDE-4 inhibitors exhibit some pro-
inflammatory activities in the lung so this could limit their potential to developing effective
therapeutics (79). Further complicating the matter is that PDE-4's main target, cCAMP, has such
a profound role in many downstream pathways that it could be difficult to achieve specific
therapeutic results in PAH patients without adverse side effects. Finally, the relatively novel
protein PBEF could also provide novel information for the role of inflammation in PAH. PBEF
has been linked to an increase in production of superoxides and as an activator of pro-
inflammatory cascades, both processes that have strong implications in the progression of PAH.
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Nitric oxide signaling, oxidative stress and inflammation represent three heavily studied
disciplines of PAH research. While the roles of each have strongly been attributed to the
pathophysiology of PAH, information explaining how these areas intimately interact and
contribute to PAH development is however lacking. For example, after disruption of the
endothelial lining (e.g. shear stress) the infiltration of inflammatory mediators (cytokines,
leukocytes etc.) can activate not only inflammatory cascades but can also contribute to the
development of oxidative stress. Pro-inflammatory mediators (such as interleukin-6) can
activate oxidative stress mechanisms such as NADPH oxidases leading to generation of ROS
(80). Excess ROS can lead to mitochondrial dysfunction further promoting oxidative stress.
As stated earlier, an increase in ROS levels can significantly decrease the bio-availability of
NO and ultimately lead to a reduction in NO-induced vasodilation of the pulmonary
vasculature, promoting development of PAH. This is just one example of how an alteration in
one process can lead to a disruption in another process promoting PAH development. (Fig. 1).
Therefore, there remains a need to develop strategies to target not just one individual
component of PAH but multiple components simultaneously. Recently the role of resveratrol,
a polyphenic compound known to exert anti-oxidant and anti-inflammatory effects in the
systemic circulation, was evaluated in a PAH animal model (81-83). It was shown to decrease
pro-inflammatory cytokine expression, leukocyte infiltration and prevent PASMC
proliferation while also increasing eNOS expression (82).

Perspectives on the Treatment for PAH

Recent advancements in the pathogenesis of PAH have resulted in new therapeutic strategies
for treatment but the poor survival rate for patients diagnosed with PAH demonstrates the need
for alternative therapeutics that are safer and more effective than those available today. As we
continue to research and understand the pathogenesis of PAH, the more we are realizing that
PAH represents a complex multi-factorial disease that appears to be initiated and sustained by
a number of biological pathways. The complexity of PAH indicates that a number of drugs
may be necessary for effective treatment. Currently approved drugs for treatment of PAH
include the phosphodiesterase inhibitors, prostacyclin analogues and endothelin-1 antagonists.
Future drugs for successful treatment of PAH will probably include drugs that not only target
the vasodilation aspects of the disease but also the structural remodeling that occurs. Recently,
intravenous injection of circulating endothelial progenitor cells (EPCs) was demonstrated to
attenuate monocrotaline-induced PAH in rats and dogs (84-86). More importantly, it was
demonstrated that injection of EPCs was not only a potential treatment but also effectively
decreased certain hemodynamic criteria in human PAH patients (84). Certainly long term,
randomized, placebo controlled studies need to be completed to ascertain the feasibility of
treating PAH patients with EPCs. Angiotensin-converting enzyme 2 (ACE2) has also been
suggested as a novel therapeutic target demonstrated by its ability to attenuate increases in right
ventricular systolic pressure in a PAH rat model (87). Drugs that would be successful in
attenuating the smooth muscle cell proliferation are of particular interest. Drugs that target
vasodilation in the pulmonary but not systemic circulation, such as the NO-independent
soluable guanylyl cyclase stimulators, also provide promise in future therapeutics for PAH.
These drugs could offer the pulmonary specific treatments that many drugs in the past have
failed to provide.
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Figure 1.

Nitric Oxide, Oxidative Stress and Inflammation in Pulmonary Hypertension. Despite
advancements in PAH research in the last 20 years, the initiating factors in most patients
remains unclear. Whatever the initiating insult, endothelial cell activation occurs leading to an
increase in expression of cell adhesion molecules and production of chemokines and cytokines.
Infiltration of inflammatory mediators (lymphocytes, monocytes and macrophages) occurs as
well as production of growth factors. Disturbance of the endothelial cells also results in the
alteration of nitric oxide signaling leading to a decrease in eNOS expression and NO
production. Shear stress on vascular wall and inflammatory infiltrates can lead to the activation
of oxidative stress mechanisms such as superoxide generating NADPH oxidases,
mitochondrial reactive oxygen species (ROS) production, decreases in hydrogen sulfide (H2S)
levels and increases in serotonin (5-HT) levels. These mechanisms act cumulatively causing
a decrease in vasodilators (NO, prostacyclins) and a increase in vasoconstrictors (ET-1,
thromboxanes). This imbalance of vasoactive substance leads to endothelial cell dysfunction
and smooth muscle cell proliferation and hyperplasia eventually causing vascular remodeling
and narrowing of the pulmonary arteries. Occlusion of the pulmonary arteries increases
pulmonary vascular resistance (PVR) and pulmonary artery blood pressure (PABP) leading to
pulmonary arterial hypertension.
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