
ABSTRACT – Pulmonary arterial hypertension
frequently occurs secondary to common cardio-
pulmonary diseases, and more rarely as a
primary condition. Observations in animals and
man have suggested genetic influences under-
lying the susceptibility to pulmonary hyperten-
sion. A gene underlying many cases of familial
and apparently sporadic cases of primary
pulmonary hypertension has now been identified,
and a genetic approach to hypoxia-induced
pulmonary hypertension promises to reveal new
insights into the unique nature of the pulmonary
circulation. The exploration of potential candi-
date genes influencing susceptibility and the
identification of new genes promise new thera-
peutic approaches to the treatment of pulmonary
hypertension.

The unique nature of the pulmonary
circulation

The main role of the pulmonary circulation is to
deliver deoxygenated blood to the alveolar capillaries
where gas exchange occurs. To achieve this vital role
the pulmonary circulation has developed as a high
flow, low resistance vascular bed to protect the thin
blood-gas barrier from high intravascular pressures
that would otherwise promote alveolar oedema
formation. Consequently the mean pulmonary
arterial pressure (~13mmHg) is approximately one
fifth of the systemic arterial pressure, and because of
the great capacity of the pulmonary circulation to
recruit normally closed vessels, rarely rises above
30mmHg even at very high levels of cardiac output1.
In contrast to the systemic circulation, the normal
pulmonary circulation exhibits minimal resting tone,
and appears to be almost maximally dilated under
resting conditions. The maximum resistance in 
the pulmonary circulation lies in the precapillary
arterioles, the site of some of the earliest pathological
changes during the development of pulmonary
hypertension. One of the intriguing features of the
pulmonary circulation is vasoconstriction to
hypoxia2, whereas the systemic circulation responds
by vasodilatation. This mechanism, when localised to
a particular lung segment or lobe, serves to preserve

arterial oxygenation by reducing blood flow to
underventilated lung regions, for example in pneu-
monia or acute asthma3. However, the importance of
this role should not be overestimated, since it is only
about 50% efficient at preserving arterial oxygena-
tion in man and the intensity of hypoxic pulmonary
vasoconstriction varies greatly between species.
Indeed, it could be argued that the mechanism is a
vestigial response representing the equivalent of the
amphibian reflex that diverts blood flow from the
lungs to the skin, which serves as an alternative organ
of gas exchange during hibernation4!

Hypoxia-induced pulmonary hypertension

When alveolar hypoxia involves most of the lung and
is prolonged, any usefulness of acute hypoxic
pulmonary vasoconstriction is offset by a rise in
pulmonary arterial pressure. This is accompanied by
structural changes in small peripheral pulmonary
arteries, consisting of increased wall thickness of
muscular arteries and the appearance of new muscle
in normally non-muscular arteries5,6. Such changes
occur in the lungs of patients with chronic obstruc-
tive airways disease and in populations living at high
altitude7.

Evidence for genetic susceptibility to 
hypoxia-induced pulmonary hypertension

A genetic component to hypoxia-induced
pulmonary hypertension has been suggested by
observations in several animal species. It was noted
some years ago that imported Hereford cows reared
at altitude in the high plains of the Colorado Rocky
Mountains in the United States were susceptible to
high altitude pulmonary hypertension8. This mani-
fested as ‘brisket disease’ where the region at the
front of the cow’s chest (the brisket) becomes
oedematous. This trait affected only a minority of
the cows and was found to be inherited8. It was
subsequently possible to breed the trait out of the
herds by only breeding from resistant animals. In an
early and elegant embryo transfer experiment, the
genetic component was confirmed by transferring
hypoxia-susceptible embryos to hypoxia-resistant
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heifers. The calves when born retained the susceptibility to
hypoxia-induced pulmonary hypertension, excluding the
maternal uterine environment as an important factor9.

Different strains of rat have different susceptibilities to
hypoxia-induced pulmonary hypertension10,11. For example, the
Fisher rat is more resistant to hypoxia-induced pulmonary
hypertension than the Wistar-Kyoto rat strain (Fig 1A)12. This
does not seem to be due to a difference in oxygen sensing
because the rats exhibit a similar degree of polycythaemia in
response to chronic hypoxia. Furthermore, the anatomy of their
small pulmonary arteries is similar under normoxic conditions,
but the Wistar-Kyoto rat develops more severe pulmonary
vascular remodelling and right ventricular hypertrophy during
chronic hypoxia13. Analysis of pulmonary artery pressures after
three weeks’ exposure to chronic hypoxia in the parental strains
shows clear separation of the pulmonary artery pressures (Fig
1B). In a cross breeding experiment the F1 generation demon-
strates intermediate values for pulmonary arterial pressures,
whereas inter-sibling mating of this F1, to produce the F2
generation, results in animals with a range of pulmonary artery
pressures that span the original parental values. A genomic
screen using polymorphic microsatellite markers has revealed a
quantitative trait locus (QTL) on rat chromosome 17 that is
linked to right ventricular hypertrophy in these animals14.
Further proof that this region is involved in the differential
susceptibility will involve the production of congenic rat strains
in which the QTL is introduced into the resistant Fisher strain,
thereby conferring susceptibility. A search for potential candi-
date genes in this region may be assisted by the identification of
genes differentially expressed in hypoxic rat lung.

Large differences have been reported between individuals in
the magnitude of the pulmonary artery pressor response to
acute hypoxia. In addition, studies in the town of Leadville
(3100m above sea-level) in the Colorado Rockies showed that
the degree of pulmonary hypertension measured at right heart
catheterisation varied widely between subjects, with some indi-
viduals demonstrating marked elevation of pulmonary arterial
pressure15.

These observations are consistent with differing genetic
susceptibilities to hypoxia-induced pulmonary hypertension.
Measurements of pulmonary artery pressure in different popu-
lations living at high altitude also suggest genetic factors in the
control of the pulmonary vascular response to hypoxia16. There
is significant variation in the magnitude of pulmonary hyper-
tension between different high altitude populations. For
example, the Tibetans exhibit less pulmonary hypertension 
than the inhabitants of the Peruvian Andes, who in turn are 
less susceptible than recent immigrants to high altitude, such as
Caucasian Americans, and the Han Chinese in Tibet.
Interestingly the least susceptible population is the Tibetans
whose ancestors have lived at altitude for more than 50,000
years17. It would seem from these studies of peoples living at
high altitude that it is genetically advantageous to exhibit a
blunted cardiovascular response to chronic hypoxia, and that
the susceptibility to hypoxia-induced pulmonary hypertension
is bred out over many generations.

Study of high altitude populations may provide the best
means for identifying the genes that confer susceptibility to
hypoxia-induced pulmonary hypertension in man. These
studies are at an early stage, though an association has been
reported between a common polymorphism in the gene for
angiotensin converting enzyme (the I allele) and susceptibility
to high altitude pulmonary hypertension in highlanders from
the Kyrgyz Republic in Central Asia18.

Mechanisms of hypoxia-induced pulmonary hypertension

Although circulating factors modulate tone in the pulmonary
circulation, the capacity to constrict to hypoxia is a property
that is intrinsic to the pulmonary artery smooth muscle cell.
Thus smooth muscle cells isolated from peripheral pulmonary
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Fig 1. Pulmonary arterial pressures in two rat strains. 
Graphs showing the mean pulmonary arterial pressure (a) in the
Fisher (F344) and Wistar-Kyoto (WKY) rat strains demonstrating
the greater increase in pulmonary arterial pressure (PAP) in the
WKY strain after 3 weeks of chronic hypoxia. The range of mean
pulmonary arterial pressures in individual animals is shown in (b).
When the two parental strains are cross-bred the resulting F1
generation has values of mean PAP intermediate between the
parental strains. Inter-sibling mating generates the F2 generation
with pressures that span the original parental values. 

Illustration by Doig Simmonds from Pulmonary Circulation: Basic
Mechanisms to Clinical Practice, Imperial College Press, 2001
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arteries depolarise and contract when bathed in hypoxic cell
culture media19. Acute hypoxia causes a rapid (within seconds)
constriction of the pulmonary circulation which is inhibited by
L-type Ca2+ channel blockers and enhanced by calcium channel
openers such as BAY K 864420. This indicates that hypoxia
causes membrane depolarisation and Ca2+ influx via voltage-
gated Ca2+ channels. The initial membrane depolarisation is
associated with an inhibition of outward potassium current (IK),
demonstrated by whole-cell patch-clamp studies in freshly
dispersed smooth muscle cells isolated from resistance arteries21.
These electrophysiological studies have mostly indicated that the
potassium channel inhibited at the initiation of acute hypoxic
pulmonary vasoconstriction is of the KDR subdivision of the KV

family22. This sequence of events is similar to that involved in O2

chemotransduction in carotid body glomus cells.
With more prolonged hypoxia (minutes to hours) changes in

gene expression occur within pulmonary vascular cells. Hypoxia
can alter various cellular functions secondary to metabolic
changes, but it is also clear that hypoxia has effects independent
of anaerobic metabolism that seem to be a direct effect of low
oxygen concentrations on gene expression. One of the best
known examples of hypoxia-induced gene expression is the
regulation of erythropoietin synthesis in the kidney and liver23.
Hypoxaemia stimulates erythropoietin gene expression and the
release of hormone into the blood stream. Erythropoietin
stimulates red cell production from the bone marrow to increase
oxygen delivery to the tissues. This results in the polycythaemia
seen in some patients with chronic hypoxaemia.

The promoter regions of the erythropoietin gene and other
hypoxia-inducible genes contain a consensus sequence for the
binding of the transcription factor, hypoxia-inducible factor-124

(Fig 2)25. Hypoxia-inducible factor-1 (HIF-1) is a heterodimer
of HIF-1a and HIF-1b, which form part of a family of basic-
loop-helix DNA binding proteins. Of these two subunits it is the
binding of the a subunit that is critical for the oxygen dependent
response26. Whereas HIF-1b, which is also known as the aryl
hydrocarbon receptor nuclear translocator (ARNT), can
dimerize with several different basic loop helix transcription

factors, HIF-1a is unique to HIF-1. HIF-1 messenger RNA and
protein is widely expressed in mammalian cells and probably
represents a ubiquitous mechanism for regulation of oxygen
sensitive genes. It acts in concert with other transcription
factors, for example the DNA binding complex termed activator
protein-1 (AP-1) and nuclear factor-kb (NF-kb), to determine
the activation of a functional transcriptional complex and the
level of gene expression.

Endothelin-1 (ET-1) is a potent vasoconstrictor, the expres-
sion of which is regulated by hypoxia27. Patients with
pulmonary hypertension, either idiopathic or secondary to
underlying cardiopulmonary disease, have elevated plasma ET-
1 levels28. Endothelin-1 has been implicated in the development
of pulmonary hypertension and acts as a comitogen to stimulate
proliferation of cultured human pulmonary artery smooth
muscle cells29. Increased ET-1 and ppET-1 mRNA levels have
been reported in lungs of chronically hypoxic rats13, and differ-
ences in lung ET-1 expression may partly explain the differences
in susceptibility to hypoxia-induced pulmonary hypertension
between rat strains. Immunohistochemical studies have shown
that ET-1 immunoreactivity is restricted to endothelial cells and
less than 10% of bronchial epithelial cells in extra-acinar air-
ways. In contrast, in chronically hypoxic rats, the bronchial
epithelium stains intensely and uniformly, and small pulmonary
arterioles show enhanced staining of the endothelium13.

Angiotensin II (ANG II) is also a powerful vasoconstrictor in
the pulmonary circulation and can stimulate activation of
mitogen activated protein kinases and hypertrophy of human
pulmonary artery smooth muscle cells via the ANG II type 1
receptor30. Angiotensin converting enzyme (ACE) is the main
enzyme responsible for the generation of ANG II from ANG I,
though other enzymes (e.g. human heart chymase) may also
lead to production of ANG II independent of ACE. In the
chronically hypoxic rat the expression of ACE mRNA and
protein is increased in small peripheral pulmonary arteries
undergoing remodelling31. In addition, right ventricular ACE
activity and expression is increased during chronic hypoxia,
particularly in fibrotic regions of the myocardium32.
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Fig 2. Schematic diagram of a gene promoter 
region showing the involvement of HIF-1 in hypoxia-
inducible gene transcription. Hypoxia induces the 
formation of HIF-a, which dimerizes with the 
constitutuvely expressed HIF-1b to form the HIF-1 
transcription factor. The presence of bound HIF-1,
together with other transcription gactors (eg AP-1, 
NF-kb), activates the transcriptional complex including
RNA ploymerase leading to mRNA transcription. 

Illustration by Doig Simmonds from Pulmonary Circulation:
Basic Mechanisms to Clinical Practice, Imperial College Press,
2001
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Studies in knockout mice harbouring a targeted gene disrup-
tion have begun to provide important clues regarding the role of
vasodilators (e.g NO, atrial natriuretic peptide) in susceptibility
to pulmonary hypertension. Complete deficiency of atrial
natriuretic peptide (ANP) or endothelial nitric oxide synthase
(eNOS)33 leads to a small (~20%) increase in basal pulmonary
artery pressure. When mice lacking key factors such as ANP or
its receptor, NPR-A34, or eNOS33 are exposed to a hypoxic envi-
ronment for prolonged periods (>1 week) they develop more
severe pulmonary hypertension, vascular remodelling and right
ventricular hypertrophy than wild type mice. Thus alterations in
the level of expression of these mediators (Fig 3), perhaps due to
underlying genetic polymorphisms, could conceivably alter sus-
ceptibility to hypoxia-induced pulmonary hypertension in man.

Primary pulmonary hypertension

Primary pulmonary hypertension (PPH) is a rare disorder with
an estimated incidence of 1–2 per million per year. It is more
common in women (F:M sex ratio = 2.3:1), occurring especially

in the reproductive years (mean age of onset 36 years). Primary
pulmonary hypertension is a progressive, often fatal disorder
with a median survival of only 2.8 years from diagnosis35. The
disease is characterised by vascular cell proliferation and obliter-
ation of small pulmonary arteries, leading to severe pulmonary
hypertension and right ventricular failure. Typical morpho-
logical appearances include increased muscularisation of small
(<200mm diameter) arteries and thickening or fibrosis of the
intima (Fig 4). In severe cases dilatation of small arterioles is
seen, and sometimes fibrinoid necrosis36,37. The term plexogenic
arteriopathy is used because of the existence of plexiform lesions
(200–400mm diameter) which are a tangle of capillary-like
channels adjacent to a small pulmonary artery38. Plexiform
changes may also be observed in other causes of severe
pulmonary hypertension, such as that due to congenital heart
disease. However, the endothelial cells comprising plexiform
lesions in PPH appear to be due to a monoclonal proliferation
of cells, whereas lesions in secondary PH are of polyclonal
origin39.

Several environmental factors are thought to contribute to the
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Fig 3. Vasoconstriction and vasodilatation in
the pulmonary circulation. In the normal 
pulmonary circulation, there is a balance between
the mediators of vasoconstriction and 
vasodilatation, maintaining minimal resting tone.
In the hypertensive pulmonary circulation 
there is upregulation of vasoconstrictor pathways
and reduced production of nitric oxide (NO) and
prostacyclin (PGI2). Although there are increased
circulating levels of the vasodilators atrial 
natriuretic peptide (ANP) and adrenomedullin,
this is insufficient to counteract the effect of
vasoconstrictors, the net result being increased
pulmonary vascular tone and vascular 
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Illustration by Doig Simmonds from Pulmonary
Circulation: Basic Mechanisms to Clinical Practice,
Imperial College Press, 2001

Fig 4. Vascular remodelling of
pulmonary arteries. 
Sequence of changes in the
process of vascular remodelling
of muscular pulmonary arteries
leading to increased thickness 
of the adventitia and media and
formation of the neointima. 

Illustration by Doig Simmonds 
from Pulmonary Circulation: Basic
Mechanisms to Clinical Practice,
Imperial College Press, 2001



pathogenesis of PPH. A clear association exists with the
ingestion of appetite suppressant drugs, particularly of the
fenfluramine/dexfenfluramine group40–42. There is also an
association with the ingestion of Spanish toxic rape seed oil.
There is an unusually high prevalence of PH (~0.5%), patho-
logically and clinically identical to PPH, in patients with HIV
infection.

Genetics of primary pulmonary hypertension

Dresdale first described the occurrence of PPH in two sisters in
195443. Its extreme rarity, and the observation that the majority
of cases appear to be ‘sporadic’ have hampered systematic
documentation of the familial incidence of this disease. In the
United States, the National Institutes of Health established a
National Registry for cases of PPH in the 1980s44 and 6% of
cases were clearly familial. Indeed, some cases of apparently
sporadic idiopathic pulmonary hypertension were distantly
related45. From scrutiny of family pedigrees the most likely
mode of inheritance was autosomal dominant46. Even so, the
number of affected individuals within families is less than
predicted, implying incomplete penetrance of the gene.
Approximately 80% of those who inherit the abnormal gene will
not develop symptoms of disease.

In 1997 sufficient pedigrees with familial PPH were available
to allow investigators to perform a whole genome screen using
polymorphic microsatellite markers. Linkage was established

between familial PPH and a region on the long arm of chromo-
some 2 (2q33)47,48. Sequencing of positional candidate genes
revealed heterozygous mutations involving the gene encoding
the type II bone morphogenetic protein receptor (BMPR-II), a
member of the transforming growth factor-b superfamily of
receptors49,50. The heterogeneous mutations include frameshift,
nonsense and missense. The frameshift and nonsense mutations
predict premature truncation of the 1038 amino acid protein.
Missense mutations occur at highly conserved and functionally
important sites that are predicted to perturb ligand binding or
disrupt the kinase domain of the receptor (Fig 5). Interestingly,
the same mutations underlie 26% of apparently sporadic cases
of PPH, some of which are in fact familial, the remainder arising
de novo51. The techniques used to detect mutations in these
studies could have missed large gene deletions or rearrange-
ments, and may therefore underestimate the frequency of
BMPR-II mutations in familial and apparently sporadic PPH.

Cellular mechanisms in the pathogenesis of primary
pulmonary hypertension

Bone morphogenetic proteins (BMPs) belong to the TGF-b
superfamily (TGF-bs, activin A, BMPs and growth/differentia-
tion factors {GDFs}), and were originally identified as molecules
regulating growth and differentiation of bone and cartilage52.
However, the BMPs have been shown to be multifunctional
cytokines with biological activity in a variety of cells types,
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including monocytes, epithelial cells, mesenchymal and
neuronal cells52. Two BMP type I receptors (BMPRIA and
BMPRIB) and a single BMP type II receptor have been identified
in mammals that are both serine/threonine kinase receptors53.
In in vitro cell systems the BMPR-II receptor binds BMP2,
BMP4, BMP7, and GDF5 and 6, a process that is facilitated by
the presence of the type I receptor54. The formation of
heteromeric complexes with one of the 6 TGF-b superfamily
type I receptors determines the specificity of ligand-receptor
activation. Following ligand binding to the BMPR-II, the type II
receptor complexes with and phosphorylates the type I receptor
(Fig 5). This phosphorylation of a glycine-serine rich domain on
the proximal intracellular portion of the type I receptor activates
the type I receptor kinase domain initiating phosphorylation of
cytoplasmic signalling proteins, termed Smads, which are
responsible for TGF-b superfamily signal transduction55. BMPs
signal via activation of a specific set of Smad proteins (Smad1, 5
and 8, termed R-Smads), which must complex with the co-
Smad, Smad4 to function optimally52. The complex of R-Smad
and co-Smad translocates to the nucleus where they can directly
regulate gene transcription.

The identification of inactivating heterozygous mutations of
the BMPR-II gene in familial and sporadic PPH underscores the
importance of the TGF-b superfamily in the regulation of
vascular development and integrity. In man, mutations in the
gene encoding endoglin (a TGF-b receptor complex accessory
protein) and the putative TGF-b type 1 receptor, ALK-1, have
been identified in hereditary haemorrhagic telangiectasia, a
condition characterised by arteriovenous malformations56,57.
The main effects of TGF-b on vascular cells are growth inhibi-
tion, cell differentiation58 and stimulation of collagen synthesis.
BMP7 inhibits proliferation of human aortic smooth muscle
cells and increases expression of smooth muscle cell differentia-
tion markers59, and BMP2 inhibits vascular smooth muscle cell
proliferation following balloon injury in rats60.

How then might dysfunctional signalling through the 
BMPR-II pathway, as a consequence of the heterozygous
mutation, result in primary pulmonary hypertension? We know
from immunohistochemical studies that BMPR-II is localised
mainly to endothelial cells, but also smooth muscle cells in the
distal pulmonary circulation. The heterozygous nature of the
mutation would result in half the amount of normal receptor
protein on the surface of pulmonary vascular cells. However,
since the type II receptors must form heteromeric complexes
with type I receptors in order to signal, the presence of mutant
uncomplexed BMPR-II on the cell surface may act as a
dominant negative, binding but not signalling in response to
BMPs, and decreasing the availability of BMPs to the wild-type
receptor complex. In this way the functional defect in signalling
would be much greater than predicted by the heterozygous
mutation alone. Failure of growth inhibitory and pro-apoptotic
signals via BMPs may account for the vascular cell proliferation
that characterises PPH.

Whilst it is clear that mutations in the gene encoding 
BMPR-II predispose to PPH, the precise genetic mechanisms
leading to the pathogenesis of the disorder require further

experimental investigation. For example, what is the mechanism
for the low disease gene penetrance characteristic of familial
PPH? And why is the process of vascular obliteration selective
for the pulmonary circulation? Interestingly, acquired somatic
mutations in other components of the TGF-b superfamily, for
example the TGF-b type II receptor, are well recognised in pan-
creatic and colonic tumours61 as well as in atherosclerotoic
lesions58. These somatic mutations lead to loss of the growth
suppressive effects of TGF-b. It is possible that the acquisition of
a further somatic mutation in this or a related pathway, either
spontaneously or resulting from environmental exposure, is
necessary for the full clinical manifestation of the disease.

New treatments for pulmonary hypertension

Medical treatments for PPH include anticoagulation, Ca2+

channel blockers and continuous intravenous, or nebulised,
prostacyclin analogues, which may improve survival but are not
curative35,62,63. Many patients require lung or heart-lung trans-
plantation. The identification of genetic mutations or suscepti-
bility genes underlying the pathogenesis of pulmonary hyper-
tension may immediately suggest novel treatments for this
condition, or provide a platform for the development of
targeted gene therapy. Knowledge of the key mediators that
regulate vascular cell tone and growth in the pulmonary circula-
tion also suggests pharmacological targets. For example, many
of the growth inhibitory effects of nitric oxide and prostacyclin
rely on intracellular signalling via cyclic nucleotides64.
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Key Points

Genetic influences in susceptibility to hypoxia-induced
pulmonary hypertension are suggested by ‘brisket disease’
in cattle, the identification of chromosomal regions in rats
that are linked to right ventricular hypertrophy, and
interindividual differences in susceptibility to high altitude
pulmonary hypertension in man.

The capacity of pulmonary arteries to contract in response to
alveolar hypoxia is intrinsic to the pulmonary artery
smooth muscle cell, and involves Ca2+ influx, probably as a
result of membrane depolarisation following closure of
voltage gated K+ channels.

Hypoxia leads to changes in pulmonary vascular cell gene
expression, partly dependent on the induction of hypoxia-
inducible factor-1 (HIF-1), altering the expression of
growth promoting and growth inhibiting factors.

A heterozygous mutation in the gene encoding the bone
morphogenetic protein type II receptor (BMPR-II), a
member of the transforming growth factor-b family of
receptors, underlies many familial and apparently sporadic
cases of primary pulmonary hypertension.

It is likely that a failure of the growth inhibitory and pro-
apoptotic signals from bone morphogenetic proteins
contributes to the vascular cell proliferation and arterial
obliteration that characterise primary pulmonary
hypertension.



Potentiation of the effects of cyclic nucleotides by inhibition of
cyclic nucleotide phosphodiesterases may provide a convenient
and effective way to inhibit or reverse pulmonary vascular
remodelling. Novel approaches to the treatment of hypoxia-
induced pulmonary hypertension would include inhibition of
hypoxia-stimulated growth signals or KV channels. The role of
long-term inhibition of key vasoconstrictors and growth factors
such as angio-tensin II65,66 and endothelin-1 by specific receptor
antagonists, requires urgent evaluation in patients with primary
and secondary pulmonary hypertension.

Conclusions

We are entering a new era in our understanding of the patho-
physiology of pulmonary hypertension, based on the identifica-
tion of specific genetic mutations and susceptibility factors. In
addition, a clearer understanding is emerging of the molecular
mechanisms involved in the response of the cell to hypoxia.
Much work remains to be done to translate these discoveries
into developments in clinical practice, though already new
treatments are beginning to evolve as a direct result of studies in
cultured cells and animal models.
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