
Molecular pathogenesis of pulmonary arterial hypertension

Marlene Rabinovitch

J Clin Invest. 2008;118(7):2372-2379. https://doi.org/10.1172/JCI33452.

Recent investigations have suggested that it might be possible to reverse the pathology of pulmonary arterial
hypertension (PAH), a disorder that can be rapidly progressive and fatal despite current treatments including i.v.
prostacyclin. This review will address the cellular and molecular processes implicated in clinical, genetic, and
experimental studies as underlying the pulmonary vascular abnormalities associated with PAH. Emerging treatments are
aimed at inducing apoptosis of abnormal vascular cells that obstruct blood flow and at promoting regeneration of “lost”
distal vasculature.

Science in Medicine

Find the latest version:

https://jci.me/33452/pdf

http://www.jci.org
http://www.jci.org/118/7?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/JCI33452
http://www.jci.org/tags/53?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/33452/pdf
https://jci.me/33452/pdf?utm_content=qrcode


Science in medicine

2372	 The	Journal	of	Clinical	Investigation      http://www.jci.org      Volume 118      Number 7      July 2008

Pulmonary arterial hypertension: the disease
Pulmonary  hypertension  (PH)  is  diagnosed  quite  simply  by 
observing an elevation in mean pulmonary arterial (PA) pressure 
above 25 mmHg at rest or 30 mmHg with exercise. Patients usu-
ally present with much higher levels of PA pressure but only vague 
and insidious symptoms of increasing fatigue and dyspnea. Some 
patients are diagnosed only after syncopal episodes, which can 
reflect suprasystemic levels of PA pressure and low cardiac out-
put. The causes of PH were reclassified in 2003 (as shown below) 
according to the clinical diagnosis (1), and some minor adjust-
ments are being made following the 4th World Symposium on 
Pulmonary Hypertension in 2008.

Category I PH, also known as PA hypertension (PAH), includes 
idiopathic PAH (IPAH), familial PAH (FPAH), and acquired PAH 
(APAH), the latter of which arises in association with collagen 
vascular disease, PA shunts, portal hypertension, HIV infection, 
drugs and other toxins, and other conditions that include thyroid 
disorders, hemoglobinopathies, and hereditary hemorrhagic tel-
angiectasia. This category can have significant venous or capillary 
involvement as a consequence of pulmonary veno-occlusive disease 
and pulmonary capillary hemangiomatosis, as well as persistent PH 
of the newborn. Analysis of data from a comprehensive registry in 
France has determined the prevalence of PAH to be 15 cases per 
million (2), with an average age at the time of diagnosis of 50 ± 15 
years, a female predisposition of 2:1, an average mean PA pressure of 
55 mmHg, and a mean pulmonary vascular resistance index (PVRI) 
of >20 Woods units related to a cardiac output of 2.5 l/min.

Category II PH is left-sided heart disease resulting from valvu-
lar disorders or myocardial dysfunction. Category III is associated 
with lung disease or hypoxemia. Category IV is associated with 
chronic thrombotic or embolic disease. Finally, category V includes 
a grouping of miscellaneous disorders that are more rarely associ-
ated with PH, including mediastinitis and sarcoid disease.

This review will focus on category I, PAH. In young children 
and in the neonate, PAH is associated with failure of the neonatal 

pulmonary vasculature to dilate at birth, in addition to abnormal 
muscularization of distal PAs and a striking reduction in arterial 
number. In older children and adults, in addition to loss of dis-
tal vessels and enhanced distal arterial muscularization, there is 
progressive intimal hyperplasia leading to occlusive changes in 
the pulmonary arteries and plexiform lesions, described below and 
illustrated in Figure 1. Endothelial alterations are observed in tis-
sues from patients with PH and are manifest as defective von Wil-
lebrand factor, a blood glycoprotein involved in coagulation and 
fibrinolysis. Muscularization of distal alveolar duct and wall pul-
monary arteries is associated with differentiation of pericytes into 
SMCs that subsequently proliferate (3). The progressive thickening 
of the wall of more proximal intra-acinar and pre-acinar muscular 
arteries and the obliteration associated with neointimal forma-
tion has been attributed to increased proliferation and migration 
of cells considered to be SMCs because they are α-SMA–positive 
cells (4). These cells may represent a specialized subpopulation of 
SMCs, they may have originated as stem cells or fibrocytes (5), or 
they may even have arisen from ECs (6). The loss of distal vessels 
could be due to alterations in ECs and/or pericytes resulting in 
apoptosis (7). Endothelial alterations have been noted in pulmo-
nary arteries of PAH patients (8) and in the experimental setting 
(9) to precede the development of muscularization of PAs. More-
over, in cell culture studies, it has been shown that ECs release fac-
tors such as FGF2, which stimulate the proliferation of SMCs (10). 
More recently, in PA ECs from patients with IPAH, an increase in 
Tie2 receptor expression and activation has been described that is 
related to release of serotonin from ECs. The consequence of this 
event can be serotonin-mediated SMC proliferation (11).

Later in disease, in association with the development of the plexi-
form lesion, there is also EC proliferation, leading to the forma-
tion of aberrant channels in the otherwise obliterated lumen of the 
vessel and in the adventitia. These channels are thought to reflect 
clonal expansion of apoptosis-resistant ECs (12), or they may 
be derived from circulating endothelial progenitor cells (EPCs) 
that accumulate at sites of endothelial denudation or injury and 
expand locally (13). PA ECs from patients with IPAH produce 
decreased amounts of NO. NO, synthesized largely by eNOS in 
ECs of the pulmonary circulation, is a vasodilator and suppressor 
of SMC proliferation. The reduction in NO is thought to be relat-
ed to high arginase levels (14) because l-arginine, the substrate of 
NO synthase, is required to produce NO. The ECs from patients 
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with PAH are highly proliferative in response to growth factors 
(13) and exhibit high rates of glycolysis (15), the significance of 
which is poorly understood. The increased proliferation described 
is, however, accompanied by poor formation of endothelial tubes 
in culture, in keeping with the fact that these cells fail to restore 
the precapillary vessels that have been occluded or lost.

In  addition  to  the  pathological  changes  discussed  above, 
additional features of PAH, including IPAH, consist of thicken-

ing of the pulmonary adventitia and venous hypertrophy (16). 
Immunohistochemical studies have revealed increased expression 
of TGF-β, matrix proteins (such as collagen, elastin, fibronectin, 
tenascin-C,  and  glycosaminoglycans)  (17),  macrophages,  and  
T cells (18) as well as inflammatory mediators such as S100A4 
(also known as metastasin 1 [Mts1]) (19) and fractalkine (20).

An imbalance between vasodilators  
and vasoconstrictors and PAH
Patients with PAH have reduced circulating levels of the vasodila-
tor and anti-SMC proliferative agent prostacyclin relative to lev-
els of the vasoconstrictor and pro-SMC proliferative compound 
thromboxane (21). This observation led to the institution of con-
tinuous i.v. prostacyclin as a therapy for PAH patients. This treat-
ment has often reduced pulmonary vascular resistance and has 
appreciably improved the quality of life and the survival of PAH 
patients (22). However, a recent meta-analysis has questioned the 
survival benefit of this and other therapies for PAH (23, 24).

Experimental studies in rats with hypoxia-induced PH (25), cou-
pled with clinical studies documenting an increase in expression 
of endothelin in the lungs of patients with PAH (26), suggest that 
this powerful vasoconstrictor that promotes SMC proliferation 
and inflammation may be an important therapeutic target. There 
are two endothelin receptor subtypes, ETA and ETB. ETA and ETB 
receptors are found in SMCs of blood vessels, and both can medi-
ate vasoconstriction, but ETB receptors on ECs may mediate vaso-
dilatation and endothelin clearance particularly in microvessels. 
Clinical trials are currently still underway comparing the effects of 
dual ET receptor blockers and more selective ETA receptor block-
ers. Recent results from studies using the dual endothelin receptor 
antagonist bosentan (27), as well as studies of a more selective ETA 
receptor antagonist (28), show alleviation of symptoms and slow-
ing in the progression of disease in some patients. The reduced 
expression of NO synthase, the enzyme that generates NO (29),	
suggests that treatment with phosphodiesterase V inhibitors such 
as sildenafil to prolong the NO-mediated increase in cGMP would 
be effective in dilating PAs (30) as well as in therapies for IPAH 
and APAH associated with collagen vascular disease (31), congeni-
tal cardiac left-to-right shunts (30), persistent PH of the newborn 
(32), PAH associated with hemoglobinopathies such as sickle cell 
disease (33), and PH related to thrombotic and embolic disorders 
(34). While one study reported that sildenafil can improve PAH 
in patients refractory to i.v. prostacyclin (35), there is no evidence 
thus far that the orally administered agents (sildenafil or ET recep-
tor antagonists) can improve upon long-term results obtained 
with i.v. prostacyclin. Direct comparison of sildenafil with a dual 
ET receptor antagonist showed comparable results of the two 
therapies (36). These therapies are used in combination with anti-
coagulants (37). Other therapies for PAH, such as calcium chan-
nel blockers, are used only in those patients that show a beneficial 
acute lowering of PA pressure and resistance.

Experimental studies have also tried other vasodilators such as 
adrenomedullin in an attempt to reverse PH, with good results, 
at least in rodents (38). Recent attention has also focused on 
vasoactive intestinal peptide as an important vasodilator and 
inhibitor of SMC proliferation in PH, since transgenic mice that 
are null for vasoactive intestinal peptide develop PH with remod-
eled distal arteries and both the hemodynamic abnormality and 
the pathology can be reversed with administration of vasoactive 
intestinal peptide (39).

Figure 1
Pathobiology of PH. Schema illustrating the different vascular abnor-
malities compared with normal pulmonary circulation, associated with 
PH. This schema depicts the abnormalities throughout the pulmonary 
circulation, including (i) abnormal muscularization of distal precapillary 
arteries, (ii) medial hypertrophy (thickening) of large pulmonary mus-
cular arteries, (iii) loss of precapillary arteries, (iv) neointimal formation 
that is particularly occlusive in vessels 100–500 μM, and (v) formation 
of plexiform lesions in these vessels.
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The idea that appreciably decreasing the level of PA pressure 
may in and of itself reverse even severe PAH is based upon both 
experimental and clinical studies. For example, previous studies 
have shown that transplantation of a rat lung, in which monocro-
taline had induced severe pulmonary vascular disease, into a nor-
mal rat was sufficient to reverse lung structural abnormalities (40). 
Regression of severe pulmonary vascular disease has been noted to 
occur in the original lung that remained in a PAH patient after sin-
gle-lung transplant (41). However, there is the possibility that the 
regression may have been induced by immunosuppressive agents 
rather than by the reduction in PA pressure. In the experimental 
setting, immunosuppressive agents can attenuate but not reverse 
experimental PH (42). The idea of using agents that can cause 
major cytoskeletal changes in order to drop PA pressure has been 
recently revisited. Studies showing vasodilatation and reversal of 
PH by Rho kinase inhibitors such as fasudil in rodents (43) sug-
gest that these agents should be developed for clinical use. Fasudil 
has indeed shown some benefit in acute testing of PAH patients 
(44). The systemic hypotensive side effects of these agents may be 
reduced when Rho kinase inhibitors are administered via inhala-
tion and will need to be addressed if these agents are to be useful in 
treating PAH patients for a prolonged period of time.

Bone morphogenetic protein receptor type II  
signaling and PAH
In concert with research leading to advances in the therapies for 
PAH came genetic studies showing that 60% or more of patients 
with FPAH (45, 46) and 10%–20% of patients with sporadic IPAH 

were heterozygous for a mutation in bone morphogenetic protein 
(BMP) receptor type II (BMPRII). BMPRII is a member of the TGF-β  
superfamily of growth factor receptors. Mutations in BMPRII can 
be found in the ligand-binding domain, in the kinase domain, or 
in the long cytoplasmic tail, all of which can affect the signaling 
mechanism as well as interaction of the receptor with the cytoskel-
eton. BMPRII is expressed ubiquitously and, in association with a 
coreceptor, usually BMPRIA, can signal through many different 
pathways. The best characterized downstream signaling molecules 
are pSmad1/5 (47), p38 (48), pERK, JNK, and Akt/PI3K (49, 50).

In FPAH, the penetrance of BMPRII mutations is only about 
20%. That is, 80% of family members that carry the mutation will 
never develop PAH. The presence of a mutation in BMPRII is much 
lower (6%–8%) in patients with APAH related to congenital left-to-
right shunts	(51), and BMPRII mutations have also been observed 
in patients with APAH associated with toxins (appetite suppres-
sants), but the frequency has not been established (52). Although 
the penetrance is low, the functional link between mutations in 
BMPRII and PAH is reinforced by the fact that, independent of a 
mutation in BMPRII, all IPAH patients have reduced BMPRII pro-
tein expression, as do, to some extent, patients with APAH (53). In 
addition, a reduction in the expression of the coreceptor, BMPRIA, 
is frequently observed in patients with IPAH (54).

The functional consequences of reduced or absent BMPRII/IA 
signaling in ECs and SMCs have been addressed by a number of 
laboratories (Figure 2). When loss of BMPRII is induced by RNA 
interference in PA ECs, they become susceptible to apoptosis (55). 
Thus it is possible that apoptosis of ECs is responsible for reduced 

Figure 2
Schema outlining factors that converge in the molecular pathogenesis of PAH and how these may interact with BMPRII dysfunction, a known 
genetic defect associated with PAH. This schema focuses on factors causing increased SMC and fibroblast proliferation as well as apoptosis 
of ECs, causing an initial reduction in vessel number, followed by proliferation of apoptosis-resistant ECs in plexiform lesions. It shows mul-
tiple levels of interaction, with numerous factors related as described in the text. For example, serotonin stimulates both PDGF-mediated and 
S100A4/Mts1-mediated SMC and fibroblast proliferation and it also reduces Kv channel function, as does hyperpolarized mitochondria. BMPRII  
dysfunction causes Kv channel dysfunction and enhances TRP channel activity, which increases intracellular calcium levels, and may (as 
reflected by question mark) induce elastase activity. Viruses of the herpes family can induce elastase activity. Elastase, via activation of MMPs 
and tenascin C (TN-C), upregulates growth factor (GF) receptors such as EGF receptors (EGFRs) and also triggers release of growth factors 
such as EGF from the extracellular matrix, all of which leads to SMC proliferation. BMPRII dysfunction can also increase PDGF activity, increase 
SMC proliferation by suppressing PPARγ, and increase TGF-β activity. BMPRII dysfunction can enhance inflammation via osteoprotegrin and 
IL-6. NFATc2 can suppress Kv channel function. Other inflammatory mediators such as fractalkine and MCP-1 can, in addition to osteoprotegrin 
and IL-6, increase SMC proliferation. BMPRII dysfunction can lead to EC apoptosis, as can elastase activity. EC apoptosis may predispose to the 
development of apoptosis-resistant ECs in plexiform lesions. MCP-1, mast cell proteinase 1; TRP, transient receptor potential Ca2+ channels.
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peripheral alveolar duct and wall arteries, causing rarefaction of 
the precapillary vasculature. Loss of BMPRII causes proliferation 
of PA SMCs in response to TGF-β1 and BMP2 (56), in contrast to 
inhibition of SMC proliferation (57) and susceptibility to apop-
tosis normally observed with expression of these cytokines. This 
observation is in keeping with the aberrant proliferative response 
of SMCs causing occlusive changes in intra-acinar PAs at the level 
of the respiratory and terminal bronchioli in PAH patients. BMP, 
in addition to being a negative regulator of PDGF signaling (58), 
is likely a negative regulator of other growth-promoting factors 
implicated in the pathobiology of PAH, such as EGF (59, 60).

In view of these studies in cultured cells, it is interesting that 
mice with haploinsufficiency of BMPRII (61) or with dominant-
negative BMPRII (62) develop PAH associated with a relatively 
unimpressive degree of structural remodeling. Strategies to induce 
apoptosis of SMCs through statin-mediated elevation in BMP2 
(63) have met with excellent experimental results  in rodents, 
but the clinical efficacy remains to be shown. Gene therapy with  
BMPRII (64), however, did not appear to be sufficient to reverse 
monocrotaline-induced PH.

It has also been shown that BMP4, a  ligand of BMPRII/IA, 
induces differentiation of fetal lung fibroblasts into SMCs and 
inhibits their proliferation (65), suggesting that lack of BMP4 
interaction with BMPRII might expand the fibroblast or myofi-
broblast population of cells, accounting for the adventitial and 
medial thickening of the PAs in PAH. It has become increasingly 
clear that an increase in the availability of ligands as well as a 
reduction in BMPRII/IA receptor signaling may lead to the devel-
opment of PAH (66). For example, loss of BMP4 protects against 
vascular remodeling in a hypoxia model (67), which could mean 
that too little BMPRII or too much BMP4 in disease can have a 
similar effect in causing aberrant signaling. In a recent experimen-
tal study, deletion of BMPRII in cultured PA SMCs resulted in 
gain-of-function signaling through activin receptor IIA in con-
junction with reduced BMP-2 and -4 and increased BMP-6 and -7 
signaling (68). It would be of interest to note how, in ECs, loss of 
BMPRII might also result in aberrant BMP signaling. Also, while 
loss of BMPR1A, the coreceptor for BMPRII, was believed to con-
tribute to the adverse pathology in IPAH patients, more recent 
experimental data suggest that loss of BMPRIA without concomi-
tant reduction in BMPRII may actually protect against abnormal 
muscularization and loss of PAs (69).

In addition, other BMP and TGF-β receptor family members, 
such as activin-like kinase type 1 (ALK1) and endoglin, that are 
mutated in hereditary hemorrhagic telangiectasia are also occa-
sionally mutated in patients with PAH (70, 71). Additional studies 
focusing on aberrations in this family of receptors revealed a mic-
rosatellite instability in TGF-β receptor II, resulting in its reduced 
expression and function, in patients with IPAH (72).

Thus, changes in the expression of BMPRII and BMPRIA, in the 
availability of ligands in concurrent abnormalities in downstream 
signaling events that influence gene expression, and in concur-
rent abnormalities in other members of the TGF-β superfamily of 
receptors may all be required in the development of PAH.

In fact, it has been suggested that it is the loss of BMPRII sig-
nals that leads to an exaggeration in TGF-β signals (73). While 
much attention has focused on changes in signaling patterns in 
response to BMPs when BMPRII is dysfunctional, few studies have 
specifically addressed the transcription factors and genes that are 
subsequently upregulated or suppressed. One candidate transcrip-

tion factor is inhibitor of DNA binding 1 (ID1) (74), and another 
appears to be PPARγ (58, 75).

There is evidence in cultured PA SMCs that BMP2 regulates 
PPARγ transcriptional activity (58), that apoE is a putative tran-
scription target of PPARγ, and that mice with deletion of apoE 
develop PH (76). In systemic, arterial SMCs, apoE can repress pro-
liferation by phosphorylating and internalizing the coreceptor of 
PDGF, namely the LDL receptor–related protein 1 (LRP1) (77). 
This is of further interest in light of work showing that repres-
sion of the PDGF receptor by imatinib can reverse monocrotaline-
induced PH in rats (78) and may improve outcome in patients 
with end-stage PAH (79). In addition to apoE, other transcription-
al targets of PPARγ, such as adiponectin, can sequester PDGF-BB 
(80) and repress PA SMC proliferation. In my laboratory, we have 
shown that treatment of Apoe–/– mice with the PPARγ agonist rosi-
glitazone reverses PAH as well as increases adiponectin levels (76). 
So it appears that while the antiproliferative effect of BMPRII/IA 
signaling in SMCs could be impeded in patients with a mutation 
or with impaired expression of BMPRII and/or BMPRIA, there is 
also the potential for rescue by activating downstream effectors 
such as PPARγ. BMP2 may also be a negative regulator of tran-
scription factors such as acute myelogenous leukemia factor 1 
(AML1), which regulates serine elastase (81), an enzyme my group 
has implicated in the pathobiology of PAH. Other interesting tar-
gets of BMPRII implicated in proliferation of PA SMC include 
osteoprotegrin (82) and tenascin-C (83).

Elastase activity and PAH
My group’s previous studies analyzing lung biopsy tissue from 
children with congenital heart defects and associated PAH suggest 
that elastolytic activity may be an early feature of this complication 
(8). Elevated serine elastase activity was subsequently documented 
in the monocrotaline-induced model of disease as well as in other 
rodent models of PH (84), and this led to the successful experi-
mental use of elastase inhibitors in preventing pulmonary vascu-
lar pathology (85, 86) (see Experimental therapeutic strategies for PH). 
The mechanism relating elastase activity to clinical PAH is also 
based upon studies in cultured PA SMCs showing that heightened 
activity of a serine elastase leads to the release of growth factors 
from the extracellular matrix (10), the activation of matrix metal-
loproteinases, and the induction of tenascin C — a glycoprotein 
associated with activation of growth factor receptors and survival 
pathways (59) (Figure 2). Further studies used elastase inhibitors 
not only to prevent but to also to reverse experimental monocro-
taline-induced PH by inducing apoptosis of SMCs (87). Regression 
of monocrotaline-induced PH was subsequently also achieved by 
blocking a downstream effector of elastase, the EGF receptor (60). 
In studies using either elastase inhibitors or EGF receptor block-
ers, my group was able to show that there was regeneration of the 
distal vasculature. Similarly,	treatment with a dominant-negative 
survivin construct (88) was highly successful in reversing PAH 
through SMC apoptosis.

K+ channel dysfunction, mitochondrial abnormalities, 
and PAH
Recent studies have related aberrant signaling through BMPRII 
to other abnormalities that are relevant to the pathobiology of 
PAH. For example, reduced expression and function of voltage-
gated K+ (Kv) channels, notably Kv1.5, is observed in PA SMCs 
from patients with IPAH as well as in APAH, and BMP2-mediated 
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BMPRII signaling has been directly related to expression of Kv 
channels (89). Reduced expression of Kv	channels favors an influx 
of intracellular calcium and promotes cell proliferation as well as 
vasoconstriction. Increased expression of Kv channels appears nec-
essary in mediating the apoptosis associated with BMP2 signaling 
in SMCs, and Kv channel openers like dichloroacetate (DCA) as 
well as gene transfer of Kv channels have been used as experimen-
tal strategies in animal models to prevent and reverse PAH (90, 91) 
(Experimental therapeutic strategies for PH).

It is of interest that the fawn-hooded rat, which has a defect in 
serotonin metabolism and develops PAH in response to relative 
alveolar hypoxia at mile-high altitude, also has abnormal oxy-
gen sensing in the mitochondria of SMCs, leading to reduced Kv 
channel function (92). Hyperpolarized mitochondria cause nor-
moxic stimulation of HIF-1α, leading to reduced cytochrome c  
oxidase and superoxide dismutase levels and impaired Kv chan-
nel expression and function (Figure 2). Reversal of the mitochon-
drial abnormality can be achieved through the pyruvate dehy-
drogenase kinase inhibitor DCA, described above as reversing 
Kv channel dysfunction (92). In addition it is reported that the 
serotonin can, in signaling through the 5HT2A receptor, directly 
inhibit rat PA Kv channels (93).

Transient receptor potential calcium channels
Recent work has implicated transient receptor potential 3 (TRP3) 
and TRP6 expression in highly proliferating PA SMCs from patients 
with IPAH, and these studies have shown that inhibition of these 
channels can repress the heightened proliferation observed in these 
cells (94). Moreover, it was also shown that inhibition of protein 
kinase A or activation of cAMP might have a similar effect (95).

Serotonin receptor and transporter and PAH
Elevated  serotonin  levels  and  serotonin  transport  have  been 
implicated in the pathology of PAH, based upon studies in ani-
mals and in humans. Serotonin results in increased vasoreactiv-
ity in the fawn-hooded rat (96), and there is attenuated severity 

of pulmonary vascular disease in mice lacking the gene encoding 
the serotonin transporter (97). In contrast, overexpression of the 
serotonin transporter in a transgenic mouse worsens hypoxia-
induced PAH (98), and when the serotonin transporter is selec-
tively overexpressed  in SMCs of  transgenic mice,  severe PAH 
ensues (99). Moreover, haploinsufficiency of BMPRII both in cul-
tured murine PA SMCs and in transgenic mice makes them more 
sensitive to the pro-proliferative effects of serotonin (100). Loss 
of BMPRII leads to impaired repression of PDGF-mediated pro-
liferation of SMCs (58),	and this disinhibition could be further 
compounded by increased activity of the serotonin transporter, 
since this also enhances PDGF receptor β–mediated signaling 
(101). Other studies have shown that serotonin-mediated stimu-
lation of the serotonin transporter and the serotonin receptors 
induces cyclins (102) and c-fos (103), which are critical to the PA 
SMC proliferative response (Figure 2).

Serotonin also  stimulates  the production of S100A4/Mts1, 
a member of the S100 family of calcium-binding proteins, by a 
mechanism that involves phosphorylation and nuclear transloca-
tion of the MAPK ERK1/2 and the induction of the transcription 
factor GATA4 (104). S100A4/Mts1 stimulates proliferation and 
migration of PA SMCs (104) and is increased in neointimal lesions 
from patients with IPAH and PAH associated with other condi-
tions. Moreover, a mouse that overexpresses S100A4/Mts1 spon-
taneously (albeit rarely) develops PAH (19).

In one study, a gain-of-function polymorphism in the serotonin 
transporter characterized by two long alleles was described in 65% 
of patients with PAH and only 27% of controls (105). This appar-
ent modifier, however, was not observed in other studies with dif-
ferent populations of PAH patients.

The proinflammatory state of the vessel wall and PAH
Increasing attention is being focused on the proinflammatory 
state of the vessel wall in the progression of PAH, but the mecha-
nisms involved remain poorly defined. The development of PAH 
in a subset of patients with HIV infection may be a function of the 
patient’s	HLA class II alleles, e.g., HLA-DR6 (106). Also, a link was 
made between expression of human herpes virus 8 (HHV-8), associ-
ated with Kaposi sarcoma, and IPAH (107) (Figure 2). Recently my 
group reported that the mouse that overexpresses S100A4/Mts1 
develops extensive and severe neointimal lesions following injection 
of the γ murine herpes virus-68 (the murine homolog of HHV-8)  
(108). The HIVnef gene was also recently implicated in plexogenic 
pulmonary vascular lesions associated with PAH in HIV-infected 
patients and SIV-infected nonhuman primates (109).

Advanced occlusive lesions similar to those seen in PAH patients 
have also been produced experimentally by an immune/inflamma-
tory T cell–dependent mechanism following injection of soluble 
antigens (110). Autoantibodies against B23, a cleavage product 
of a nuclear protein produced by the T cell enzyme granzyme B, 
can distinguish the subset of patients with scleroderma who also 
have PAH from patients with scleroderma without PAH (111). The 
mechanistic significance of this biomarker is not known.

In the experimental setting, haploinsufficiency of BMPRII is 
associated with an increase in PAH in response to an inflamma-
tory stimulus (112). Other experimental models of chronic inflam-
mation, such as repeated injections of endotoxin (113) or TNF-α 
(114), result in the development of pulmonary vascular changes. A 
recent study has shown that in the model of PAH in which loss of 
arteries is induced by the combination of hypoxia and SUGEN, an 

Experimental therapeutic strategies for PH

Elastase inhibition
Kv channel openers (e.g., DCA)
TRP channel suppressors
Dominant-negative survivin
StatinsA

PPARγ agonists
Growth factor (e.g., EGF, PDGF) receptor inhibitionA

Adrenomedullin
Rho kinase inhibitionA

EPCs with or without eNOSA

Cyclosporine

An increased understanding of PAH molecular pathogenesis leads 
to new therapeutic strategies to reverse PAH. A variety of new 
strategies have been developed to induce apoptosis of SMCs that 
have abnormally proliferated and to recruit ECs to regenerate distal 
vessels. The expectation is that SMC- or EC-directed strategies will 
have a positive impact on the other features of the disease. AThera-
py currently being evaluated in the clinical setting.
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inhibitor of VEGF (the principal growth factor for ECs),	depletion 
of  T cell subsets actually worsens the pathology (115). This adverse 
response has been attributed to unbalanced B cell activity.

Heightened circulating levels of cytokines and their receptors 
have been demonstrated in IPAH patients, including fractalkine 
(20) and its cognate receptor, both of which are associated with 
heightened  SMC  proliferation  (116).  Other  chemokines  and 
cytokines such as stromal derived factor 1 (SDF-1) and monocyte 
chemoattractant protein 1 (MCP-1) that are implicated in PAH 
have been found circulating in sera from PAH patients. An inter-
esting recent paper showed that loss of function of BMPRII leads 
to upregulation of the proinflammatory cytokine IL-6 (117).

Mononuclear fibrocytes have been identified as key contribu-
tors to the remodeling of the pulmonary vasculature. It is believed 
that these cells, which have characteristics of both fibroblasts and 
leukocytes, migrate into the vessel wall through the angiomata 
located in the expanding adventitia (5).

Most intriguing are recent studies suggesting that heightened 
expression of the transcription factor NFATc2 (118), which is asso-
ciated with inflammatory cells, may underlie PH. Increased nucle-
ar NFATc2 is observed in T cells from IPAH patients and in pul-
monary vascular lesions, and this can lead to repression of Kv1.5 
channel expression. NFATc2 can be inhibited by VIVT, a specific 
peptide inhibitor of calcineurin-mediated NFAT activation, and 
its nuclear translocation can be suppressed by cyclosporine. These 
agents can also attenuate monocrotaline-induced PAH.

Stem cells in the pathobiology and treatment of PAH
A major effort is being directed at understanding the mechanisms 
underlying pulmonary vascular regeneration following injury. 
In the mouse model of PAH induced by monocrotaline but not 
hypoxia, the recruitment of circulating stem cells appears to be 
protective (119). Mesenchymal stem cells can also be engineered 
to prevent the development of experimental PH in rodents,	as 
described in studies using the endogenous vasodilator calcito-
nin gene–related peptide (120). Mesenchymal cells have also been 
delivered intratracheally to attenuate monocrotaline-induced PH 
through an obscure mechanism. In addition, these cells have been 

engineered to improve myocardial performance following injec-
tion into the right ventricles in rodent PAH models (121). EPCs 
transfected with eNOS not only prevent but also reverse PAH in 
rats by reestablishing connections between proximal and distal 
pulmonary arteries (122). This strategy of genetically engineering 
endogenous EPCs to express eNOS has been recently embarked 
upon in a clinical trial in patients with advanced PAH. Nonengi-
neered EPCs have been used to treat clinical PAH in a pilot study 
showing some short-term efficacy (123). These results are at vari-
ance with studies indicating that EPCs may be the very cells that 
induce plexiform lesions in advanced PAH (13).

The proximal pulmonary arteries and the right ventricle
Although the focus in understanding the mechanism of PAH has 
been on the small pulmonary arteries (<500 μM), there is evidence 
that changes in impedance (124), resulting from stiffening of the 
more proximal pulmonary arteries, may also be a critical determi-
nant not only of the pressure but of the ability of the right ventricle 
to function (125). These studies also raise questions as to how BMP-
RII mutations associated with PAH influence the remodeling pathol-
ogy of the proximal PAs and of cardiomyocytes and fibroblasts.

Future directions
Important contributions from genetics that uncover abnormali-
ties in modifier genes of the BMPRII pathway will help elucidate 
the process by which IPAH develops and mechanisms regulating 
susceptibility in secondary forms of PAH. The role of chronic 
inflammation and autoimmunity will be important to pursue in 
novel models of PAH that recapitulate the features seen clinically. 
New clinical trials based upon “rescuing” altered metabolism and 
signaling in endothelial, smooth muscle, fibroblast, and inflam-
matory cells should follow from findings in experimental studies 
(see Experimental therapeutic strategies for PH).
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