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    Chapter 3   
 Pathogenesis of Pulmonary Arterial 
Hypertension 

             Aaron     W.     Trammell       and     Anna     R.     Hemnes     

    Abstract     Pulmonary arterial hypertension (PAH) is a rare disease of the  pulmonary 
vasculature characterized by progressive vascular obliteration, right heart failure, 
and ultimately death. Basic science has focused for the past several decades on 
identifi cation of underlying molecular causes of this disease, and multiple potential 
derangements have been identifi ed and some have led to development of drugs to 
treat PAH. Unfortunately, however, there is no cure for PAH and research continues 
to identify common mechanisms of development of pulmonary vascular disease and 
to develop new, more effective therapies. This chapter highlights much of our under-
standing of the basic pathobiology underlying PAH including genetic underpin-
nings, vasoactive substances, alterations in cell proliferation and apoptosis, 
infl ammation, thrombosis, and endocrine factors.  
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   5-HT    5-Hydroxytryptamine or serotonin   
  5-HTT    5-Hydroxytryptamine (serotonin) transporter   
  ADMA    Asymmetric dimethylarginine   
  ALK    Activin receptor-like kinase   
  AVM    Arteriovenous malformation   
  bFGF    Basic fi broblast growth factor   
  BMP    Bone morphogenic protein   
  BMPR2    Bone morphogenic protein receptor type 2   
  Cav-1    Caveolin-1   
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  cGMP    Cyclic guanosine monophosphate   
  COPD    Chronic obstructive pulmonary disease   
  CTD    Connective tissue disease   
  CTEPH    Chronic thromboembolic pulmonary hypertension   
  DDAH    Dimethylarginine dimethyaminohydrolase   
  EC    Endothelial cell   
  EGF    Epidermal growth factor   
  EGFR    Epidermal growth factor receptor   
  ENG    Endoglin   
  ET    Endothelin   
  GDF    Growth/differentiation factor   
  HHT    Hereditary hemorrhagic telangiectasia   
  HHV-8    Human herpesvirus 8   
  HIF    Hypoxia-inducible factor   
  HIV    Human immunodefi ciency virus   
  HPAH    Heritable pulmonary arterial hypertension   
  IPAH    Idiopathic pulmonary arterial hypertension   
  IV    Intravenous   
  K V     Voltage-gated potassium channel   
  NO    Nitric oxide   
  NOS    Nitric oxide synthase   
  PA    Pulmonary artery   
  PAH    Pulmonary arterial hypertension   
  PAP    Pulmonary arterial pressure   
  PASMC    Pulmonary artery smooth muscle cell   
  PDE5    Phosphodiesterase type 5   
  PDGF    Platelet-derived growth factor   
  PH    Pulmonary hypertension   
  PPARγ    Peroxisome proliferator-activator receptor gamma   
  PVR    Pulmonary vascular resistance   
  RV    Right ventricle   
  siRNA    Small interfering RNA   
  SIV    Simian immunodefi ciency virus   
  SMC    Smooth muscle cell   
  SSRI    Selective serotonin reuptake inhibitors   
  TFG-α    Transforming growth factor α   
  TGF-β    Transforming growth factor β   
  VEGF    Vascular endothelial growth factor   
  VEGFR    Vascular endothelial growth factor receptor   
  vSMC    Vascular smooth muscle cell   
  vWF    von Willebrand factor   
  WHO    World Health Organization   
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          Genetic Background 

 No single mechanism has been shown to be suffi cient to cause PAH in man. Rather, 
a combination of factors likely contributes to disease development and risk. While 
most PAH develops sporadically, registry data show that ≥6 % of subjects with PAH 
have a fi rst-degree relative with the disease (familial or heritable PAH, HPAH) and 
these subjects are clinically indistinguishable from those without a family history 
(sporadic or idiopathic PAH) [ 1 ]. Females are disproportionately affected at a 3:1 
ratio [ 2 ,  3 ]. An autosomal dominant inheritance pattern with reduced penetrance 
(10–20 %) was demonstrated prior to discovery of a genetic locus. Early registry 
data also suggested genetic anticipation, but later reanalysis with more families and 
longer follow-up intervals suggest that genetic anticipation is not a feature of famil-
ial PAH [ 4 ]. Early study of HPAH carried hopes of elucidating the underlying 
genetic and pathobiologic basis of the disease [ 5 ,  6 ]. 

 Through genetic linkage analysis, the locus for inheritance of HPAH was found 
to be on the long arm of chromosome 2 [ 7 ,  8 ], and later narrowed to a segment of 
2q33 [ 9 ,  10 ]. In 2000, using information from the Human Genome Project, candi-
date genes in this chromosomal region were sequenced in multiple kindreds of 
HPAH by two independent groups. Heterogeneous mutations in the gene for bone 
morphogenic protein receptor type II (BMPR2) were discovered including frame-
shift, missense, and nonsense mutations which span the  BMPR2  gene and resultant 
TGF-β family protein [ 11 – 13 ]. Given that patients with familial and sporadic PAH 
are clinically indistinguishable [ 5 ,  6 ], genotyping was undertaken in patients with 
sporadic disease. Fifty patients with sporadic PAH (defi ned as having no family his-
tory suggestive of PAH) were genotyped.  BMPR2  mutations were found in 13 of 50 
patients including 11 different mutations [ 14 ]. With parental genetic analysis, some 
mutations were de novo while others were demonstrated in a parent despite exclu-
sion of family history of clinical disease by detailed pedigrees. We now know that 
 BMPR2  mutations are present in up to 80 % of subjects with familial PAH and 15 % 
of those with sporadic PAH [ 1 ,  15 – 17 ]. 

 BMPR2 is a member of the TGF-β receptor superfamily which is split into type 
I and type II receptors; BMPR2 is a type II receptor. All type II receptors are consti-
tutively active serine/threonine kinases. BMPR2 is distinguished from other type II 
receptors by a long cytoplasmic tail following the kinase domain. There are more 
than a dozen extracellular ligands which typically have high affi nity for the type I 
receptor and lower affi nity for BMPR2. In the presence of extracellular ligand, the 
type I receptor dimerizes and recruits a type II receptor, forming a functional hetero-
tetrameric receptor complex. The type I receptor is phosphorylated by the constitu-
tively active kinase domain of BMPR2 (or other type II receptor). This signaling 
family exhibits tissue specifi city likely mediated by the specifi c extracellular ligand 
and the other receptor proteins present within the heterotetramer as well as multiple 
known BMP receptor inhibitors (e.g., Noggin, Chordin, Smurf 1). The canonical 
pathway of downstream signaling involves phosphorylation of Smad1, -5, and -8 by 
the activated type I receptor. These Smads activate Smad4, a transcription factor. 
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While this is the most ubiquitous description of BMP signaling in the literature, 
other pathways have been reported and, thus, BMP signaling is much more complex 
than the canonical pathway alone. BMP signaling also involves mitogen-activated 
protein kinases (p38 MAPK , p42/44 MAPK  also known as Erk1/2) which activate other 
nuclear transcription factors, and LIMK which regulates actin polymerization and 
therefore the cytoskeleton, Tetex-type I, NF-κB, and Src among others [ 18 – 21 ] 
(Fig.  3.1 ).  

 Interestingly, it is clear that not all persons with  BMPR2  mutation develop PAH 
and within the same family there is variation in age of onset and disease severity. 
This variability suggests a “second hit,” perhaps an environmental exposure or 
additional genetic factor modulating risk of disease development [ 22 ]. Recent work 
has suggested that alterations in expression of the estrogen-metabolizing enzyme 
CYP1B1 favoring 16-hydroxyestrone over 2-methoxyestradiol may underlie devel-
opment of PAH in many patients with  BMPR2  mutation [ 23 ]. Alternative splicing 
of the normal BMPR2 allele in heterozygous mutation carriers may affect pulmo-
nary vascular disease development [ 24 ]. 

 Although  BMPR2  mutation is found in many cases of HPAH and some sporadic 
PAH, we now know that BMPR2 expression is depressed in many forms of PAH 
including IPAH not associated with mutation [ 25 ]. Despite over a decade of research 
on BMPR2, the exact mechanism through which altered BMPR2 signaling results 
in the clinical phenotype of pulmonary vascular disease is unknown. Recent work 
has highlighted the potentially important role that cytoskeletal abnormalities as a 
function of rac1 defects and metabolic derangements regulated by BMPR2 signal-
ing may play in PAH development [ 26 ]. Work continues to explore these and other 
hypotheses in the development of pulmonary vascular disease related to  BMPR2  
mutation and signaling depression. Downstream effects of BMPR2 signaling will 
follow later in this section. 

 Hereditary hemorrhagic telangiectasia (HHT) is another heritable vascular disor-
der linked to the TGF-β signaling pathway. Prior to discovery of  BMPR2 -associated 

  Fig. 3.1    Signaling pathways downstream of BMPR2       
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PAH, mutations in two TGF-β signaling proteins (ALK-1 and endoglin) were 
 demonstrated as the genetic basis of HHT [ 27 – 29 ]. Unlike its more common pheno-
type, a minority of subjects with HHT have PAH that is clinically indistinguishable 
and pathologically similar to those with IPAH [ 30 ,  31 ]. Mutations of endoglin or 
ALK-1 have been identifi ed in those families affected by HHT and PAH [ 29 ,  31 ,  32 ]. 
PAH in children is often secondary to congenital heart disease, but when this is 
excluded, they may be more likely to carry an identifi able genetic mutation in 
BMPR2, endoglin, or ALK-1, reconfi rming that different mutations in the TGF-β 
signaling pathway are often indistinguishable from one another and are frequently 
found in patients with idiopathic disease [ 33 ] (Table  3.1 ).

   Most recently, whole-exome sequencing was used in a family with multiple 
PAH-affected members in whom no identifi able mutation had been found. All 
affected family members, and some unaffected members, carried a mutation in the 
gene encoding caveolin-1 ( cav - 1 ), a protein important in formation of caveolae 
which are cell surface invaginations that modulate cell surface protein endocytosis 
and recycling. An additional sporadic case of IPAH secondary to  cav - 1  mutation 
was also discovered [ 34 ]. This study suggests that mutations in  cav - 1  are a rare 
cause of PAH and is the fi rst mutation known that does not involve TGF-β signaling 
directly. Caveolin-1 is known to be important in vascular biology and physiology 
because it is a crucial negative regulator of eNOS activity [ 35 ,  36 ]. Recent studies 
using cav-1 and eNOS knockout mice suggest that the lack of cav-1 results in 
 excessive eNOS activity associated with generation of ROS and inactivation of 

   Table 3.1       Evidence for abnormal signaling pathways in PAH   

 Proposed signaling 
pathway 

 Evidence in 
cell culture 

 Evidence in 
animal models 

 Abnormal in 
human subjects 

 Therapeutic targets 
readily available 

 BMPR2  Yes  Yes (genetic 
models) 

 Yes  No 

   Smad  Yes  Yes  Yes  No 
   MAPKK/MAPK  Yes  Yes  Yes  No 
   LIMK  Yes  Yes  Lack of evidence  No 
   Src  Yes  Yes  Limited data  No 
 Nitric oxide  Yes  Yes  Yes  Yes, FDA approved 
 Prostacyclin  Yes  Yes  Yes  Yes, FDA approved 
 Endothelin-1  Yes  Yes  Yes  Yes, FDA approved 
 Serotonin  –  Yes  Yes (confl icting 

data) 
 Yes 

 VEGF  Yes  Yes  Yes (confl icting 
data) 

 Yes 

 PDGF  Yes  Yes  Yes (kinase 
inhibitors) 

 bFGF  Yes  No  Yes  Yes (kinase 
inhibitors) 

 EGF  Yes  Yes  No  Yes (kinase 
inhibitors) 
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PKG (the major downstream target of NO-generated cGMP) by nitrosylation [ 37 ]. 
Cav-1 knockout mice develop cardiovascular disease including spontaneous PAH 
and RV failure when exposed to chronic hypoxia [ 38 – 40 ].  

    Vasoactive Substances and Imbalance 

 The hallmarks of pulmonary hypertension are elevated pulmonary arterial pressure 
(PAP) and vascular resistance (PVR). Patients with what is now categorized as 
IPAH were described early on in biopsy and autopsy series as those with normal 
lung parenchyma and pathologic fi ndings limited to the small muscular arteries 
[ 41 ]. A logical area of investigation was the balance of vasoactive substances. 

 Vascular smooth muscle (SMCs) and endothelial cells (ECs) participate in regu-
lation of blood fl ow in both the systemic and pulmonary vascular bed. The regula-
tion of pulmonary circulation is unique to that of the systemic circulation especially 
in regard to hypoxic pulmonary vasoconstriction (see Chap.   4    ). While hypoxic pul-
monary vasoconstriction is effective and necessary to maintain homeostasis in 
health and disease, chronic lung diseases featuring hypoxemia are a common cause 
of PH (WHO Group 3). While there is still debate as to the mechanism of hypoxic 
pulmonary vasoconstriction, research in this area has led to a better understanding 
of pulmonary physiology and a wealth of knowledge that has been adapted to the 
study of pulmonary vascular disease broadly. 

 It has long been known that histologic specimens from patients with PAH 
show normal lung parenchyma but intimal and medial thickening of the vascular 
wall and intraluminal fi ndings of cellular proliferation and often thrombotic mate-
rial [ 41 – 43 ]. In addition to pathologic fi ndings limited to pulmonary vessels, an 
early observation was an acute response to administration of pulmonary vasodila-
tors leading to the theory that the underlying pathobiologic mechanism was a 
 “vasoconstrictive factor” [ 44 – 46 ]. 

    Nitric Oxide 

 In the 1950s Paul Wood developed a classifi cation scheme for PH not dissimilar to 
our current WHO classifi cation. He was interested in vasoconstriction as a possible 
cause of elevated PAP and PVR. In a subject with mitral stenosis and PH, he admin-
istered acetylcholine, a known vasodilator. He noted that PAP and PVR fell and 
systemic pressure increased, presumably from increased cardiac output. This was 
shown to be reproducible in patients with PAH and PH secondary to mitral stenosis 
or COPD, but not in Eisenmenger’s syndrome [ 46 ]. Through elegant experiments in 
several labs over the ensuing three decades, acetylcholine’s effect was demonstrated 
to be via an endothelial dependent mechanism with the effector compound being 
nitric oxide (NO) from ECs and the target being the vascular SMC [ 47 ,  48 ]. 
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Subsequently it was shown that strips of excised but still endothelialized PA from 
patients with Eisenmenger’s syndrome and chronic lung disease with secondary PH 
had blunted vasodilatory responses to acetylcholine, but preserved response to 
nitroprusside (an NO donor) [ 49 ,  50 ]. Endothelial dysfunction was proposed as the 
mechanism. 

 Nitric oxide is a short-lived powerful vasodilator produced from metabolism of 
 L -arginine by the enzyme nitric oxide synthase (NOS). In the lung, endothelial NOS 
(eNOS) is the predominant isoform. Nitric oxide exerts its effect by increasing 
cyclic guanosine monophosphate (cGMP) within PASMCs which causes relaxation 
by activating cGMP-dependent protein kinase (PKG) that then acts on a variety of 
downstream targets to decrease intracellular calcium concentration. Inhaled NO 
reduces PAP and PVR in some subjects with PH [ 51 ]. Lung specimens from subjects 
with PAH show reduced or absent eNOS expression. Also, eNOS and endothelin- 1 
(a vasoconstrictor discussed below) have inverse staining patterns in the endothe-
lium of PAH subjects compared with controls [ 52 ]. Subjects with PAH also have 
higher levels of ADMA (an eNOS inhibitor) and reduced expression of DDAH2 (an 
enzyme which metabolizes ADMA) in lung specimens compared to controls [ 53 ]. 
Taken together, these fi ndings suggest that endothelial derived NO is reduced in 
PAH. Whether reduced NO availability is a cause or effect of pulmonary vascular 
disease is uncertain, but it has led to development of pharmacologic agents designed 
to increase pulmonary vascular cGMP levels. A family of phosphodiesterases (PDE) 
degrade cGMP and cAMP. PDE5 is the predominant isoform in pulmonary vascular 
smooth muscle and PDE5-specifi c inhibitors such as sildenafi l and tadalafi l have 
been shown to reduce PAP in animal models of pulmonary hypertension and in 
humans with PAH [ 54 – 56 ].  L -arginine has been used with limited success in the 
treatment of PAH and has been shown to reduce PAP and PVR in some subjects [ 57 , 
 58 ]. Recently, soluble guanylate cyclase stimulators that act synergistically with NO 
to increase cGMP synthesis have also been approved for the treatment of PAH (see 
Chap.   15     for more discussion on cGMP modifi ers for the treatment of PAH).  

    Prostacyclin 

 Prostacyclin is also produced by ECs and relaxes pulmonary and systemic smooth 
muscle [ 56 ]. Rubin administered prostacyclin to subjects with PAH and reported 
favorable acute hemodynamic changes [ 59 ] and later a favorable randomized trial of 
continuous IV prostacyclin therapy [ 60 ]. Despite the effi cacious effects of prostacy-
clin (see Chap.   13    ), it was not known at that time whether abnormalities of prosta-
cyclin synthesis contributed to the pathophysiology of PAH. Further studies found 
that thromboxane, that is derived from the same synthetic pathway as prostacyclin, 
but is a known procoagulant and vasoconstrictor, is increased in subjects with PH, 
whereas prostacyclin metabolites are decreased. The ratio of thromboxane:prostacyclin 
is increased in subjects with PH of any cause relative to controls [ 61 ]. This suggests 
increased platelet activation and lends further support to the presence of endothelial 
dysfunction in subjects with PH.  
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    Endothelin-1 

 Endothelins (ET-1, ET-2, and ET-3) are another potent mediator of pulmonary 
 vasoconstriction and are also SMC mitogens. Endothelin receptors ET A  and ET B  are 
both present in the pulmonary vasculature, although their relative expression varies 
depending on vessel size [ 62 ]. The action of ET-1 on ET A  receptor on PASMCs 
causes vasoconstriction and mitogenesis. The ET B  receptor has a less clear role in 
vascular tone, but plays an important role in clearance of ET-1. ET A  receptor block-
ade in experimental conditions reliably attenuates endothelin-induced vascular 
SMC mitogenesis [ 62 – 66 ] and improves symptoms, exercise tolerance, and hemo-
dynamic parameters in patients [ 67 – 71 ]. 

 In vivo, plasma levels of ET-1 are higher in subjects with PAH or secondary PH 
compared to controls and are higher in the arterial than venous circulation [ 72 ,  73 ] 
suggesting increased production or reduced clearance within the pulmonary bed. 
Compared to controls, PAH subjects have increased ET-1 gene and protein expres-
sion in lung tissue which is concentrated in areas of vascular remodeling, especially 
plexiform lesions [ 74 ,  75 ]. Endothelin effects clearly contribute to pulmonary vas-
cular disease but whether ET-1 overexpression initiates or only propagates pulmo-
nary vascular disease is unknown. Likely, initial endothelial injury results in 
maladaptive ET-1 release which promotes mitogenesis of vascular SMCs and fi bro-
blasts in patients already prone to uncontrolled cellular proliferation (i.e., those with 
 BMPR2  mutation) or in those in whom endothelial injury is constantly present (i.e., 
congenital cardiac shunt). Regardless of mechanism, inhibition of the endothelin 
system has offered another attractive therapeutic target in the treatment of pulmo-
nary hypertension (see Chap.   14    ).  

    Serotonin 

 The “serotonin hypothesis” of PAH was borne out of the observation that certain 
serotonergic medications are associated with PAH development [ 76 – 79 ]. Serotonin 
or 5-hydroxytryptamine (5-HT) causes intense vasoconstriction of systemic and 
pulmonary vessels and also acts as a mitogen for vascular SMCs [ 80 ,  81 ]. Within 
the circulation 5-HT exists almost exclusively within platelets for release “on 
demand,” and plasma levels are normally very low. After release from activated 
platelets, 5-HT is transported into cells including ECs and SMCs via the 5-HT 
transporter (SERT or 5-HTT) and metabolized by monoamine oxidase. 5-HT 1B  is 
the receptor most important for pulmonary vasoconstriction [ 82 ,  83 ]. 

 Experimental disruptions of the 5-HT system have yielded some understanding 
of its role in human PAH but have not resulted in any therapeutic breakthroughs. 
Some studies have shown subjects with PAH to have higher concentrations of 5-HT 
in plasma and within platelets compared to controls which persist after lung trans-
plantation [ 84 ]. Polymorphisms of the 5-HTT (the “LL” variant) are likely not 
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 associated with PAH in the largest and most recent studies [ 85 – 87 ]. PASMCs from 
subjects with PAH have higher expression of 5-HTT and are more susceptible to 
5-HT-mediated mitogenesis which is reduced by 5-HTT inhibition [ 85 ]. 
Experimental overexpression of 5-HTT causes worsened PH phenotype in animals 
[ 88 ], and 5-HTT knockout mice are protected from pulmonary vascular disease 
[ 89 ]. There are various medications which target the 5-HTT with varying affi nities, 
these being the selective serotonin reuptake inhibitors (SSRIs) commonly 
employed in the treatment of depression and anxiety. Proliferation of vascular 
SMCs in response to 5-HT in vitro is inhibited by SSRIs [ 85 ,  90 ]. SSRIs protect 
against PH in the chronic hypoxia mouse model [ 91 ]. In terms of receptors, it is 
known that the 5-HT 1B  receptor is involved in pulmonary vasoconstriction and 
sumatriptan, an FDA-approved medication for treatment of migraine and 5-HT 1B/D  
receptor agonist, causes acute rise in PA pressure [ 83 ,  92 ]. Knockout of the 5-HT 2B  
receptor and knockout or antagonism of the 5-HT 1B  receptor protect rodents from 
PH [ 93 ,  94 ]. Further study of the serotonin system and its role in pulmonary vas-
cular disease is ongoing.  

    Solute Channels 

 Potassium channels regulate resting membrane potential and voltage-gated Ca 2+  
infl ux. Calcium is essential for both vascular SMC contraction and proliferation and 
higher cytosolic Ca 2+  concentration leads to both. Subjects with IPAH have reduced 
PASMC expression and activity of voltage-gated K V  channels [ 95 ,  96 ] which pro-
motes membrane depolarization and Ca 2+  infl ux. Resting and stimulated cytosolic 
Ca 2+  concentrations are known to be higher in PASMCs from subjects with IPAH 
than controls [ 95 ,  97 ] and this is likely due to both the K V  channel defect and upreg-
ulation of several Ca 2+  channels and regulators [ 97 – 100 ]. 

 Multiple circulating and autocrine vasoactive substances, some having mito-
genic potential, are altered in subjects with PAH. The nitric oxide, endothelin, and 
prostacyclin systems have met realization of clinically useful pharmacologic tar-
gets. Further study of other vasoactive mediators may lead to additional treatment 
options which are sorely needed. There is substantial interaction of vasoconstriction 
and cellular proliferation which is discussed in the next section.   

    Cellular Proliferation and Vascular Remodeling 

 In addition to vasoconstriction, cellular proliferation is one of the major underlying 
commonalities of PAH pathogenesis. Pulmonary vascular remodeling and prolifera-
tion are manifested in all components of the vessel wall: media thickening with 
vascular smooth muscle cell (SMC) hypertrophy and proliferation, intimal thicken-
ing and fi brosis, and intraluminal obstruction of proliferative endothelial cells (ECs) 
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and plexiform lesions. Regulation of the growth and differentiation of ECs and 
 vascular SMCs has been studied extensively in health and disease. Multiple media-
tors are known, some affecting both ECs and SMCs. Several of these with a focus 
on their specifi c role in pulmonary vascular disease will be reviewed herein. Some 
small molecules, such as 5-HT and ET-1, with prominent pulmonary vasoconstric-
tion properties which have already been discussed also modulate growth and 
differentiation. 

    Vascular Endothelial Growth Factor 

 Vascular remodeling with cellular proliferation is most apparent at plexiform lesions. 
These histologic lesions are unique to PAH (WHO Group 1). They are composed of 
proliferating and apoptosis-resistant ECs and other cellular components which have 
been debated to be myofi broblasts, SMCs, or undifferentiated mesenchymal cells 
[ 98 ]. Within plexiform lesions expression of vascular endothelial growth factor 
(VEGF), its receptor (VEGFR), HIF-1α, and other remodeling genes are increased 
[ 101 – 103 ]. VEGF is also increased in plasma samples from subjects with IPAH 
compared to controls [ 104 ]. While VEGF and VEGFR are required for normal 
angiogenesis, they are also an exploited pathway of malignant-transformed cells. 
Given increased expression of VEGF and VEGFR within plexiform lesions a cancer 
paradigm of PAH developed, suggesting that excessive angiogenesis due to a molec-
ular defect within a clone of cells leads to the clinically manifest disease. Preclinical 
research on VEGF signaling and PH has given confl icting data and has not yet 
arrived at a therapeutic modality. Experimental overexpression of VEGF is protec-
tive in some PH models [ 105 ,  106 ]. Consistent with this, VEGFR inhibition via 
receptor blockade (with SU5416) in the chronic hypoxia model results in worsened 
PH and increased EC proliferation [ 107 ]. A different VEGF signaling inhibitor, the 
multikinase inhibitor sorafenib, reduces progression of established PH in monocro-
taline-treated rats [ 108 ] and prevents PH development in rats exposed to chronic 
hypoxia and SU5416 [ 109 ]. Taken together, this indicates that VEGF signaling is 
important in vascular maintenance and interrupting the pathway can worsen pulmo-
nary vascular disease phenotype. However, some downstream effects of VEGF sig-
naling may ultimately be maladaptive. The complex relationship of VEGF signaling 
in pulmonary vascular disease animal models and varying results of treatment 
approaches has recently been reviewed [ 110 ]. Further study is needed in this intrigu-
ing area before clinical application can be developed for treatment of PAH.  

    Mitogens 

 Several mitogens have been evaluated in PAH including platelet-derived growth fac-
tor (PDGF), basic fi broblast growth factor (bFGF), and epidermal growth factor 
(EGF). While the precise function of PDGF in vivo is still somewhat of a question, it 
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is known as a potent vascular SMC mitogen in vitro which also causes SMC and 
fi broblast migration. It has been implicated in the pathogenesis of multiple vascular 
and fi broproliferative diseases [ 111 ]. PDGF and its receptor (PDGFR) are increased 
in vessels of lung specimens from subjects with PAH [ 112 ,  113 ]. bFGF is another 
mitogen for ECs and vascular SMCs and has been found to be increased in patient 
samples [ 114 ] and overexpressed in patient-derived PA ECs. Interference of bFGF 
signaling via siRNA for bFGF reduces PASMC proliferation in vivo and in vitro 
[ 115 ]. EGF and TGF-α both activate EGFR and cause growth and vascular remodel-
ing, a pathway exploited in some tumors and targeted pharmacologically. 
Overexpression of TGF-α leads to pulmonary vascular disease in mice through EGFR 
signaling [ 116 ], and EGFR is overexpressed in the monocrotaline PH model. 
Inhibition of this pathway is effective in vitro [ 117 ] and prevents development of 
monocrotaline-induced PH in rats, but is ineffective in a chronic hypoxia model [ 118 ]. 
In addition, EGFR expression is no different in clinical specimens of PAH patients 
versus controls [ 118 ]. EGF inhibition therefore has limited therapeutic promise.  

    Tyrosine Kinases 

 Many of the above substrates and receptors signal through tyrosine-kinase mecha-
nisms. Multiple tyrosine-kinase inhibitors exist. One of the earliest, imatinib 
(Gleevec), has been studied in basic and clinical studies of PAH. Imatinib blocks 
PDGF-mediated PASMC proliferation. However, it does not mitigate the effects of 
many other known growth factors (VEGF, EGF, bFGF). In monocrotaline-treated or 
chronic hypoxic rats, imatinib improves pulmonary vascular disease via reduced 
downstream signaling of PDGF [ 113 ]. There are several clinical case reports of 
benefi cial effect of treatment with imatinib (Gleevec) [ 119 – 121 ]. A small phase II 
study in PAH demonstrated a decline in PVR with imatinib compared to placebo 
[ 122 ]. A subsequent phase III study in PAH patients already on combination PAH 
therapy demonstrated improvement in 6-min walk distance and in PVR, but there 
was a greater incidence of hospitalization in the imatinib group and increased risk of 
cerebral hemorrhage in imatinib-treated patients who also were receiving warfarin 
therapy [ 123 ]. Other multi-targeted tyrosine kinase inhibitors have been considered 
in PAH, but predicting their clinical effects and avoiding off-target effects remain of 
concern. The importance of such considerations is exemplifi ed by the fi nding that 
dasatinib can cause pulmonary hypertension and pleural effusions in patients being 
treated for malignancy [ 124 ]. These issues are discussed further in Chap.   17    .  

    TGF-β Signaling 

 As discussed previously, mutations in the gene encoding BMPR2 are the genetic 
basis of disease in most cases of familial and many cases of sporadic PAH [ 1 ,  11 ,  12 ]. 
The TGF-β family of receptors including BMPR2 is highly evolutionarily conserved. 

3 Pathogenesis of Pulmonary Arterial Hypertension

http://dx.doi.org/10.1007/978-1-4939-2636-7_17


48

BMPR2 is required for embryogenesis and alteration of signals downstream of 
BMPR2 result in defects in angiogenesis [ 125 ]. BMP signaling has been studied 
extensively since the discovery of a link between  BMPR2  mutation and PAH. The 
major downstream pathways of BMPR2 include (1) Smad1/5/8 which signals 
through the common Smad2 transcription factor, (2) p38 MAPK  and Erk1/2, (3) Src, 
and (4) LIMK, among others. Smad 1/5/8 signaling is facilitated by cGMP activa-
tion of PKG. Activated PKGI binds to and phosphorylates BMPR2. In response to 
ligand binding, PKG1 detaches from BMPR2 and associates with activated Smads 
and then translocates to the nucleus where it regulates transcription as a nuclear 
cofactor for Smads [ 126 ]. Recent studies demonstrate that Smad signaling is 
impaired in mice with reduced PKG expression and activation of PKG by cGMP 
improves Smad signaling in a rat model of PAH [ 127 ]. 

 The cellular effects of BMP stimulation and its disruption are dependent on cell 
type. It is helpful to review the effects of normal and abnormal BMP signaling in 
SMCs and ECs separately. 

 In proximal PASMCs, BMP inhibits proliferation, and promotes apoptosis and 
SMC phenotype differentiation [ 128 – 130 ]. Peripheral PASMCs may have a differ-
ent response to BMP stimulation, responding with proliferation [ 130 ]. BMP’s effect 
on control of proliferation is mediated through Smad signaling [ 128 ,  130 ]. Subjects 
with IPAH have less Smad1 activation than controls and unchanged p38 MAPK /Erk 
activation, resulting in an unopposed proliferative stimulus [ 128 ,  130 ]. 

 In contrast to the predominant effect on PASMCs, BMPR2 activation in endothe-
lial cells promotes survival, proliferation, and migration [ 131 ,  132 ]. This effect is 
also mediated through Smad signaling.  BMPR2  gene silencing results in EC apop-
tosis and makes the endothelium susceptible to damage. In vivo, this loss of endo-
thelial integrity may allow PASMCs to be exposed to serum growth factors and 
proliferate in the absence of BMPR2-mediated growth regulation. In addition, 
increased endothelial apoptosis may select for apoptosis-resistant clones which 
have been demonstrated in plexiform lesions of PAH subjects [ 98 ].  

    Notch Signaling 

 The Notch family of receptors are single transmembrane proteins which bind to 
ligands on the surface of adjacent cells. Upon this stimulus, the intracellular portion 
of Notch is cleaved and translocates to the nucleus where it acts as a transcription 
factor. Notch ligands are primarily expressed on ECs and the receptors allow cell- 
cell communication affecting vascular development [ 133 ]. There are four known 
Notch receptors (Notch1–4). Notch3 is expressed only in arterial vascular SMCs 
and is crucial for development of normal arterial morphology, as evidenced by the 
study of Notch3-null mice which lack a normal arterial muscular layer [ 134 ,  135 ]. 
Notch3 overexpression results in vascular SMC proliferation that continues post- 
confl uence in vitro [ 136 ]. Li et al. [ 137 ] have studied the association of Notch3 and 
PAH in both humans and animal models, fi nding increased expression at an mRNA 
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and protein level as well as increased HES-5, a downstream effector. Inhibition of 
this pathway is protective in the chronic hypoxic PH model. Notch is also known to 
interact with other pertinent signaling pathways including Smad1, HIF-1α, and 
VEGF [ 133 ,  138 ]. 

 The components of the vessel wall are under constant stress and appropriate 
regulation of proliferation, migration, and apoptosis are required to maintain 
homeostasis in health and under insults of disease. Cellular regulation of these pro-
cesses is complex and varies not only by cell type, but also by tissue bed. VEGF, 
VEGFR, BMPR2, and Notch are required for formation of normal vessels during 
development. When injury to the vascular wall occurs, autocrine and paracrine sig-
nals such as VEGF, ET-1, PDGF, EGF, 5-HT, and BMP (and likely many others) 
respond to direct cellular response. Dysregulation of these adaptive signals in PAH 
subjects leads to abnormal PASMC and EC proliferation. The number of PAH ther-
apies that target these pathways is minimal. A greater molecular understanding of 
the intricate balance of this proproliferative/antiproliferative balance has been 
attained in the last two decades, but research is ongoing and translation to clinical 
care is still needed.   

    Infl ammation and Infection 

 Within WHO Group 1, there is a subset of patients with associated infl ammatory, 
immune, or infectious conditions known to result in pulmonary vascular disease 
[ 139 ]. The most common of these are the connective diseases (CTD) and infectious 
diseases HIV and schistosomiasis. The study of pulmonary vascular disease associ-
ated with these diseases has uncovered links with infl ammation and immunity. At 
the same time, study of patients with IPAH and HPAH has also revealed elements of 
dysregulated infl ammation. Thus, there appears to be a strong infl uence of the 
immune system on pulmonary vascular disease onset and progression. 

 Pulmonary hypertension is a frequent manifestation of multiple autoimmune 
conditions [ 139 ] with systemic sclerosis being the most common. Up to 12–40 % of 
patients with systemic sclerosis will develop PAH and this complication portends a 
poor prognosis [ 140 ,  141 ]. Systemic sclerosis and other CTDs are characterized by 
circulating autoantibodies, and clinical evaluation for these conditions is indicated 
in a patient with newly diagnosed PAH. Study of patients with IPAH has also 
revealed the presence of autoantibodies, primarily anti-Ku, which in one study was 
found in 23 % of presumed IPAH patients. Raynaud’s phenomenon, a common fea-
ture of systemic sclerosis, was frequently seen (39 %) in the same study [ 142 ]. 

 Infl ammation is a prominent feature of the pathology of pulmonary vascular dis-
ease. Pathologic review of several cohorts has demonstrated B- and T-lymphocytes 
(CD8+ and CD4+), macrophages, mast cells, and dendritic cells concentrated near 
areas of vascular remodeling [ 143 – 145 ]. Subjects with IPAH have increased circu-
lating regulatory T-cells compared with subjects with CTEPH or normal controls 
but lower numbers of them in lung specimens [ 144 – 146 ]. There may also be 
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 alterations in natural killer (NK) cell population and function [ 147 ]. Any of these 
changes in circulating immune cell populations may result in altered cytokine 
response and inadequate control of immune activation manifested in the pulmonary 
vascular bed. In fact, multiple cytokines are known to be increased in PAH 
[ 148 – 150 ]. IL-6 levels are increased, correlate with clinical outcome, and do so bet-
ter than hemodynamics or 6-min walk distance in some studies [ 149 ,  150 ]. Injection 
of IL-6 [ 151 ] or IL-6 overexpression [ 152 ] in mice results in PH, and knockout of 
IL-6 is protective against chronic hypoxic PH [ 153 ]. CX 3 CL1 (also known as frac-
talkine) and its soluble receptor (CX 3 CR1) are increased in the plasma and pulmo-
nary endothelium of subjects with IPAH. CX 3 CL1 and CCL2 expression are 
elevated in plasma and in pulmonary ECs of PAH patients compared to controls. 
These chemokines increase leukocyte adhesion to ECs, further propagating perivas-
cular infl ammation. Increased cytokine production may be a central component of 
PAH but its temporal relation to disease development is uncertain. 

 Some infectious diseases are causally related to PAH development. In the USA, 
HIV is the most common, whereas schistosomiasis may be the most common cause 
of PAH worldwide. Up to 1 in 200 AIDS patients will develop PAH, meaning that 
HIV patients have up to a 600-fold higher incidence of PAH than the general popu-
lation; [ 154 ,  155 ]. These patients have plexiform lesions indistinguishable from 
those seen in IPAH. However, the HIV virus has not itself been identifi ed in pulmo-
nary vessels [ 156 ,  157 ]. Indirect effects of HIV infection, either mediated by 
immune dysregulation or viral proteins, are proposed as mechanisms of pulmonary 
vascular disease. Several pertinent HIV proteins have been implicated, the most 
studied being the protein Nef. The predominant animal model of HIV, simian immu-
nodefi ciency virus (SIV)-infected macaques, has a low penetrance of pulmonary 
vascular disease. When infected with a chimeric HIV-SIV virus containing HIV 
Nef, they develop plexiform lesions containing Nef [ 158 ]. Nef, which has a soluble 
form, can enter non-HIV-infected cells via the chemokine receptor, CXCR4. In 
addition to lymphocytes, CXCR4 is present on ECs and may allow entry of Nef 
without direct infection of ECs by HIV virus [ 159 ]. Indeed, Nef has been demon-
strated in pulmonary ECs of HIV-associated PAH subjects [ 150 ]. Nef increases IL-6 
expression and multiple proproliferative signals including p38 MAPK  [ 155 ] which 
could promote PH development. More recently, study of the HIV envelope protein 
(Env) using SHIV- env  in macaques also showed increased pulmonary vascular 
lesions in those animals compared to SIV-infected animals [ 160 ]. Exogenous Env 
protein has been shown to induce endothelial cell ET-1 expression. It is uncertain if 
this or another mechanism may underlie its role in HIV-associated PAH develop-
ment. HIV proteins gp120 and Tat affect pulmonary ECs in vitro and could play a 
role, but data is preliminary [ 161 ,  162 ]. 

 HHV-8 is a gamma-herpesvirus associated with Kaposi’s sarcoma which is a 
proliferative vascular lesion seen in patients with HIV infection. HHV-8 encodes a 
protein similar to IL-6 which induces VEGF expression explaining its disease man-
ifestation. One group reported HHV-8 detected in lung specimens of 10 of 16 
patients with IPAH and none of a matched secondary PAH cohort [ 163 ]. Since this 
study, multiple groups have failed to identify HHV-8 infection in various PAH 
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cohorts [ 164 – 168 ]. As it stands, HHV-8 is felt to be unlikely to cause pulmonary 
vascular disease on its own. 

 Schistosomiasis is rare in the USA, but probably the most common cause of PAH 
worldwide. In chronic infections, endemic  Schistosoma  blood fl ukes reside in the 
mesenteric venous system and shed eggs and antigens causing an intense 
 granulomatous reaction. This results in periportal fi brosis and portal hypertension, 
a syndrome known as hepatosplenic schistosomiasis [ 169 ,  170 ]. Hepatosplenic 
schistosomiasis precedes pulmonary vascular disease development, but the stepwise 
progression is uncertain. Regardless of cause, the histology is similar to that of other 
forms of PAH [ 171 ]. Mechanistic studies of PAH secondary to schistosomiasis are 
limited. One study of lung specimens from subjects with schistosomiasis and PAH 
failed to demonstrate the presence of egg antigens in pulmonary vessels, but it is 
uncertain whether antihelmenthic treatments may have eliminated their parasite 
burden [ 169 ,  171 ,  172 ]. Intense infl ammation in this disorder may result in early 
pulmonary vascular changes and with continued immune activation, progression to 
an irreversible vasculopathy of the pulmonary bed. IL-13 has recently been impli-
cated as a mediator of pulmonary vascular disease in schistosomiasis-associated 
PAH [ 173 ]. Schistosomiasis-associated PH is further discussed in Chap.   7    .  

    Thrombosis and Hypercoagulability 

 Thrombosis has been a proposed central mediator or pulmonary vascular disease for 
decades. Pulmonary vascular thrombosis and thrombotic arteriopathy are common 
pathologic fi ndings of PAH, found in 30–56 % of specimens [ 43 ,  174 – 176 ]. While 
incomplete evaluation for CTEPH in some studies may reduce the true incidence of 
thrombotic lesions, it is clear that many subjects with IPAH have some degree of 
pulmonary vascular thrombosis. Similar thrombotic lesions have been demonstrated 
in patients with congenital heart disease complicated by PAH, portopulmonary 
hypertension, and aminorex use [ 177 ]. These lesions are described as eccentric with 
post-thrombotic intimal fi brosis and recanalization. These changes are felt to be the 
same whether the cause was embolus or in situ thrombus formation [ 42 ,  178 ]. Much 
debate exists as to whether these real pathologic fi ndings are an epiphenomenon of 
pulmonary vascular disease or rather a true contributor to disease development and/
or progression. 

 In addition to circulating coagulation factors, the endothelium and its interaction 
with platelets are integral components of both prothrombotic and antithrombotic 
pathways [ 177 ]. While characterized inherited hypercoagulable states are no more 
common in patients with PAH or CTEPH than the general population [ 179 ], multi-
ple studies demonstrate abnormalities in the prothrombotic and antithrombotic sys-
tems. In general, the pro/antithrombotic balance is tipped in favor of coagulation. 
Circulating von Willebrand factor (vWF) is increased in all forms of PAH [ 180 ], but 
its function may be reduced due to alterations of vWF multimer distribution [ 177 , 
 180 – 182 ]. High shear stress in the pulmonary vasculature may contribute to 
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 depletion of high-molecular-weight multimers of vWF in PAH, akin to what occurs 
in the setting of left ventricular assist devices. vWF abnormalities due to endothelial 
dysfunction may promote platelet dysfunction and release of multiple mediators. 
For example, patients with IPAH have higher urinary thromboxane metabolites [ 61 ] 
and plasma 5-HT [ 83 ,  84 ]. Markers of thrombin action and fi brin formation 
(d-dimers, fi brinopeptide A, fi brin degradation products) are also elevated, but so 
are the anticoagulant/fi brinolytic factors such as thrombomodulin, tissue factor 
pathway inhibitor, and PAI-1, a fi brinolytic inhibitor [ 180 ,  183 ,  184 ]. 

 Control of hemostasis is a complex, highly regulated system. The endothelium is 
a central component of this system and must balance both constant free-fl owing 
blood and the possibility of endothelial disruption. Multiple lines of evidence sug-
gest that pulmonary vascular disease, especially IPAH or HPAH, demonstrate mul-
tiple abnormalities of these systems which may lead to a procoagulant phenotype. 
Circumstantial evidence that anticoagulation may be benefi cial in patients with 
PAH [ 185 ,  186 ] suggests that a procoagulant phenotype may at least play a role in 
continued or worsening pulmonary vascular disease.  

    Endocrine Factors 

 Rising rates of obesity and metabolic disease in the developed world coupled with 
recent registry data showing high rates of obesity in PAH [ 187 ] has brought intense 
interest into how endocrine factors may affect the pulmonary vasculature. The fi rst 
observations were of high incidence of insulin resistance and glucose intolerance in 
subjects with PAH [ 188 ,  189 ], but other data has recently suggested that dyslipid-
emia may also play a role [ 190 ]. Animal models of PAH have been used to help 
defi ne if these endocrine factors may play a role in disease promotion. Animal mod-
els of obesity, such as adiponectin-defi cient mice and ApoE knockout mice, sponta-
neously develop PH [ 191 ,  192 ]. Moreover, pulmonary vascular disease is reversed 
by peroxisome proliferator activator receptor gamma (PPARγ) activation with rosi-
glitazone. BMPR2 signaling has been shown to be a key downregulator of PPARγ-
mediated transcription and likely plays a role in promotion of insulin resistance in 
PAH [ 193 ]. Recently, we have demonstrated that in a model of HPAH using trans-
genic overexpression of mutant BMPR2, insulin resistance is present and worsened 
insulin resistance through a high-fat diet results in increased pulmonary vascular 
disease [ 194 ]. How insulin signaling is modifi ed by  BMPR2  mutation is currently 
under investigation, and it is presently unknown if reversing insulin resistance in 
humans with PAH may be a therapeutic option for this disease. 

 Other endocrine factors, such as estrogen signaling, are also implicated in 
PAH. The impressive female predominance in PAH has led to the hypothesis that 
estrogen may promote PAH development [ 2 ,  3 ,  195 ]. While there is extensive data 
in chronic hypoxic and monocrotaline models that estrogen and its metabolite 
2-methoxyestradiol attenuate PH [ 196 – 200 ], these fi ndings have not been replicated 
in human specimens or transgenic models of PAH. Indeed, there is growing  evidence 
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that estrogen may worsen pulmonary vascular disease in certain animal models that 
may more closely recapitulate human disease [ 80 ,  201 – 203 ]. At the same time, 
recent studies suggest that in patients with PAH, female sex is associated with better 
right ventricular ejection fraction, cardiac index, and pulmonary hemodynamics 
than male sex [ 204 – 206 ] and that estrogen and its metabolites may improve right 
ventricular function in healthy patients and those with cardiovascular diseases 
[ 207 ]. These fi ndings may explain the better overall survival in women than in men 
with PAH [ 208 ]. Further study is needed to reconcile the potentially benefi cial 
effects of estrogens in some animal models with detrimental effects in others and 
the female predominance of PAH in human disease.  

    Conclusion 

 In summary, there are many signaling cascades, exposures, and molecules impli-
cated in PAH development and promotion. While advances have been made in 
developing successful drug therapy for this disease, none has resulted in a cure. 
Unfortunately, we do not understand the critical initiating event in PAH, nor how 
to interrupt it. Another unknown is whether human pulmonary vascular disease is 
reversible once established. These fundamental questions will need to be answered 
before curative or disease-altering therapy is available to patients with this 
 devastating disease.     
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