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The recent Venice Classification of pulmonary hypertension1

includes diseases that are definitely or possibly genetic and
associated with the development of pulmonary hypertension.
These include “other” or “miscellaneous” diseases, includ-
ing Gaucher disease, hemoglobinopathies, myeloprolifera-
tive disorders, thyroid disorders, sarcoidosis, Langerhans
cell histiocytosis (histiocytosis X), and lymphangioleiomy-
omatosis. Other genetic diseases associated with the devel-
opment of pulmonary arterial hypertension include heredi-
tary hemorrhagic telangiectasia and are addressed in anoth-
er article in this issue. There are also the potential genetic
contributions to our interactions with the environment such
as high altitude and chronic hypoxemic lung diseases such
as COPD and alveolar hypoventilation that may also predis-
pose certain individuals to the development of pulmonary
hypertension in these settings. The purpose of this review is
to consider some of the potential genetic contributions that
may underlay the development of pulmonary hypertension in
association with other disorders. While some of these dis-
eases can be defined by a single gene mutation, more fre-
quently, associations between certain genes and suscepti-
bility to pulmonary hypertension have been reported.

Hemoglobinopathies
The spectrum of known hemoglobinopathies associated with
pulmonary hypertension is wide and may suggest a role of
chronic hemolysis and/or splenectomy in the pathogenesis
of pulmonary arterial hypertension. Indeed, many patients
with inherited hemoglobin or red cell disorders are surgical-
ly or functionally asplenic, which may be a risk factor for the
development of pulmonary arterial hypertension.2

Thalassemia
The thalassemias are a group of inherited disorders in hemo-
globin characterized by hemolysis of varying severity. Alpha-
thal is due to deletion of one of the alpha alleles of hemo-
globin resulting in decreased alpha-chain synthesis. Alpha-
thal is most common in persons from Asia and in the most
severe form (missing all but one allele) the disease is called
hemoglobin H (the hemoglobin formed when excess beta
chains form tetramers). Beta-thalassemias are caused by
point mutations and most frequently affect persons of
Mediterranean descent. The genetic defect results in

decreased transcription of the gene or premature chain ter-
mination. The net result is a decrease in beta-chain hemo-
globin and increase in other hemoglobin forms including A
and F. Additionally, the excess beta-chains precipitate in the
red cell membrane leading to intramedullary and intravas-
cular hemolysis.  

Beta-thal is the most severe form of thalassemia but with
a variable clinical course likely representing the severity of
the underlying gene defect. Cardiomyopathy from iron over-
load as a result of repeated transfusions is the most common
cardiopulmonary complication seen in patients with beta-
thal. However, isolated pulmonary hypertension, not due to
left ventricular dysfunction, is increasingly recognized in
patients with beta-thal. While the numbers of patients who
develop pulmonary hypertension is not clear, incidences
ranging from 10% to 66% have been reported.3,4 Factors
associated with the development of pulmonary arterial
hypertension in these patients include a history of splenec-
tomy, thrombocytosis, severity of anemia, elevated nucleat-
ed red blood cells, hepatic cirrhosis, and iron overload.
Some investigators have also reported an association with
pulmonary thromboembolism.5-9

How these patients with thalassemia and pulmonary
hypertension should be managed is not clear, as there have
been no clinical trials performed in this patient population.
General care includes maintaining near normal hematocrits,
antiplatelet therapy (ie, aspirin), and consideration of anti-
coagulation. 

Sickle cell anemia
Sickle cell anemia is the most common inherited hemoglo-
binopathy worldwide, affecting millions of individuals pri-
marily of African descent. In the United States, the inci-
dence is estimated at 1 in 400 to 600 African Americans.
The molecular abnormality, a single amino acid substitution
in the hemoglobin gene that is inherited in an autosomal
recessive manner, results in the clinical syndrome of sickle
crisis with microvascular occlusion and marked episodic
intravascular hemolysis. 

There is considerable variation in the clinical course
between affected individuals. Chronic complications include
avascular necrosis of long bones, iron overload states,
thrombosis, chronic infections, cardiomyopathy, hepatic cir-
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rhosis, and pulmonary hypertension.
Factors associated with the develop-
ment of pulmonary hypertension in
patients with sickle cell anemia include
older age, hypertension, ongoing
intravascular hemolysis, and lower fetal
hemoglobin concentrations.10,11 The
incidence of pulmonary hypertension is
estimated between 20% and 40% of
patients with sickle cell anemia and is
associated with a higher likelihood of
death (50% at 2 years, Figure).10-12

There is considerable debate as to
whether pulmonary hypertension in sick-
le cell anemia is a primary pulmonary
vascular process or a secondary process
related to a number of complications of
sickle cell anemia, including direct
endothelial injury due to sickle cells,
recurrent acute chest syndrome, chronic
pulmonary infections, high-output states
due to anemia thrombosis and, more
recently described, decreased nitric
oxide bioavailability due to scavenging
by hemoglobin and superoxide.13 There-
fore, whether the development of pul-
monary hypertension is a surrogate marker
for advanced heart and lung disease
resulting from the sequelae of sickle cell anemia or whether
pulmonary hypertension per se is a risk factor for increased
mortality is uncertain. It is evident that at least a significant
percentage of patients included in studies of sickle cell ane-
mia-associated pulmonary hypertension have evidence of
elevated postcapillary pressure indicating that the pul-
monary hypertension in these patients is a secondary, reactive
process. Half of the patients with pulmonary hypertension in
one study demonstrated an elevated pulmonary wedge pres-
sure (PWP) as high as 28 mm Hg, whereas none of 14 pa-
tients without pulmonary hypertension had a PWP of >15.12

Pathologically, lung vessels demonstrate medial and inti-
mal hypertrophy/hyperplasia, fibroelastic degradation of
small arteries, arterioles, and venules, and thrombosis with
recanalization. One autopsy study of 20 patients with sickle
cell anemia reported that 60% of patients had evidence of
plexiform lesions, a change characteristic of advanced pul-
monary arterial hypertension, in lung sections.14 While the
pathogenesis of sickle cell anemia-associated pulmonary
hypertension remains uncertain, and is likely multifactorial
in most patients, greater numbers of patients and more
detailed investigation are needed to accurately determine
the role of pulmonary vascular disease in sickle cell anemia.

Treatment of patients with sickle cell anemia-associated
pulmonary hypertension is also not clear. Supportive treat-
ment is currently the mainstay of therapy for patients with
sickle cell anemia, which includes folate supplementation,
hydration, oxygen, transfusions, and measures aimed at
increasing fetal hemoglobin levels (such as hydroxyurea).
One report suggested that enhancing nitric oxide production
with arginine supplementation may be helpful.15

Other red cell defects
Pulmonary arterial hypertension has also
been associated with other, more rare
defects in red cells. A common factor in
these diseases is hemolytic anemia, as it
is in the thalassemias and sickle cell
anemia, and frequency of splenectomy,
either surgical or due to splenic infarcts.
Hereditary spherocytosis is due to an
autosomal dominant defect in the red
cell membrane protein spectrin that
leads to a change in cell configuration
from a bi-concave disc to a rounded
phenotype. This in turn leads to poor dis-
tensability of the red cell and hemolysis
primarily within the spleen. The disease
presents with variable severity and has
been associated with pulmonary arterial
hypertension in a few individuals in
whom other causes of pulmonary arterial
hypertension have been excluded.16

Paroxysmal nocturnal hemoglobin-
uria is an acquired stem cell disorder.
There is a genetic mutation leading to
the inability of a group of cell surface
proteins, complement-regulating surface
proteins, to bind to cell membranes. The
corresponding gene PIGA (phosphatidyli-

nositol glycan class A) is on the X chromosome, and several
mutations, from deletions to point mutations, have been
reported. These changes increase the susceptibility of red
cells to intravascular lysis by complement components. The
disorder is manifest by episodic episodes of hemolysis, usu-
ally occurring at night, and can lead to severe anemia or
pancytopenia. The syndrome is also associated with throm-
bosis, especially of the mesenteric and hepatic veins. The
development of pulmonary arterial hypertension has been
reported in association with paroxysmal nocturnal hemoglo-
binuria.17

Chronic Hypoxia
Hypoxia-induced pulmonary hypertension occurs in a wide
variety of pulmonary diseases ranging from airways diseases,
parenchymal lung diseases, high altitude exposure, and ven-
tilatory control problems. While some of these diseases may
have clearly defined genetic links (ie, alpha-1-antitrypsin
caused emphysema), others may involve genes important in
modifying the host response to chronic hypoxia (angiotensin
converting enzyme and endothelial nitric oxide synthase
gene polymorphisms, long-term population residence at high
altitude, etc). 

High-altitude exposure
Hints that moving to higher altitude may cause pulmonary
hypertension come from both animal and population stud-
ies. In both situations, differences in genetic backgrounds
and in physiologic adaptation to hypoxia are discernable. In
the early 20th century, two Colorado veterinarians, George
Glover and Isaac Newsom, reported the development of
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Figure—Kaplan-Meier survival of patients
with sickle cell anemia with and without 
pulmonary hypertension. The upper line is
the survival estimate for sickle cell anemia
patients without pulmonary hypertension,
that is, with normal MPAP. The lower line is
the survival estimate for sickle cell anemia
patients with pulmonary hypertension, that
is, with MPAP more than 25 mm Hg. The 
x-axis measures months of follow-up after
cardiac catheterization. From: Castro O,
Hoque M, Brown BD. Pulmonary hyperten-
sion in sickle cell disease: cardiac catheteri-
zation results and survival. Blood. 2003;101:
1257-1261. Copyright American Society of
Hematology, used with permission.
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“brisket disease” in cattle grazing on high Colorado
plateaus. Brisket disease is edema of the dependent brisket
and is associated with severe pulmonary hypertension and
enlargement of the right ventricle. They noted that this dis-
ease was more common in cattle brought to the region for
grazing than in the offspring of disease-free animals residing
at high altitude.18 In studies completed 50 years later using
breeding of susceptible and resistant cattle, a genetic pre-
disposition to the development of brisket disease was iden-
tified.19-21 What this gene or genes are remains unknown. 

The physiologic mechanism for this susceptibility to high
altitude-induced pulmonary hypertension is, in part, related
to an exaggerated acute hypoxic pulmonary pressor
response. Interestingly, other mammals with a history of
high altitude cultivation, including the llama and yak, which
are resistant to the development of high altitude-induced
pulmonary hypertension, have markedly blunted acute
hypoxic pulmonary pressor responses.22,23

Increasingly, humans are extending their range of alti-
tudes to include higher elevations for long-term residence.
The development of pulmonary hypertension related to
hypoxia varies considerably among distinct human popula-
tions living at high altitudes and may be related in part to
the number of generations of high altitude living. Residents
of Tibet, with the longest history of high altitude living, have
a blunted hypoxic pulmonary pressor response compared to
Andean Indians, who, in turn, have a blunted response com-
pared to relative high altitude newcomers in the Rocky
Mountains. Other physiologic differences more pronounced
in Tibetans include blunted hypoxic ventilatory responses,
higher lung diffusing capacities, higher hemoglobin concen-
trations, and slightly larger lungs, all suggesting long-term
genetic adaptation to the environment. However, the nature
of these genetic adaptations is largely unknown. Several
hypotheses such as alterations in oxygen-sensing molecules,
ion channel expression, redox states, and degree of muscu-
larization of pulmonary vessels have been proposed.22,23

While the above discussion pertains to chronic exposure
of populations at high-altitude, the acute adaptation to high
altitude may also have a genetic component. Acute mal-
adaptation to high altitude includes a spectrum of disease
ranging from the relatively mild acute mountain sickness to
more severe and life-threatening high altitude pulmonary
edema (HAPE) and high altitude cerebral edema (HACE).
Several gene polymorphisms have been purported to be
associated with the development of HAPE, including poly-
morphisms in the rennin-angiotensin system, endothelial
nitric oxide synthase, and the major histocompatibility com-
plex. Polymorphisms in the angiotensin converting enzyme
have been associated with the development of chronic
hypoxic pulmonary hypertension with the I/I genotype over-
represented24,25 while other studies have failed to find a role
of these polymorphisms in HAPE.26,27 Polymorphisms in
endothelial nitric oxide synthase and major histocompatibil-
ity complexes HLA-DR6 and -DQ4 are overrepresented in
persons who develop HAPE.28,29 Interestingly, the HLA-DR6
polymorphisms are also associated with hypoxic pulmonary
hypertension.29 While these associations are interesting,
unfortunately they only begin to hint at the possible mecha-

nisms for genetic susceptibility to hypoxia-induced pul-
monary vascular disease. 

How chronic exposure to higher altitude should be taken
in the context of a diagnosis of pulmonary hypertension
must be determined on a case-by-case basis. Many pul-
monary hypertension specialists recommend that patients
living at higher altitudes consider relocating to remove this
as a confounding factor. 

Hypoxia due to lung disease
Chronic hypoxia is a consequence of many different lung
diseases and is thought to underlie the development of pul-
monary hypertension in some of these patients. However,
not all patients with hypoxemic lung disease develop pul-
monary hypertension. Pulmonary hypertension in association
with diseases such as chronic obstructive pulmonary disease
(COPD) is therefore likely associated with other modifying
conditions, which might be genetic in nature. The develop-
ment of pulmonary hypertension in association with COPD
can be clinically variable and carries a poor prognosis.
Several genetic modifiers have been proposed to contribute
to the development of pulmonary hypertension in some
patients with COPD. 

Involvement of the serotonin transporter has been impli-
cated in the development of pulmonary hypertension in
patients with COPD (see article by Eddahibi and Adnot in
this issue).30 The BB genotype of a polymorphism in intron
2 of the endothelial nitric oxide synthase gene has also been
associated with more severe pulmonary hypertension in
COPD patients compared to the AA or AB genotypes.31

Polymorphisms in the angiotensin converting enzyme
gene have also been implicated in some studies of COPD-
associated pulmonary hypertension. However, as opposed to
chronic hypoxia-induced pulmonary hypertension, where the
II genotype is overrepresented, the DD genotype appears to
correlate with more severe COPD-associated pulmonary
hypertension.32 Patients with the DD genotype demonstrat-
ed more exercise impairment and higher pulmonary arterial
pressures and were less likely to improve with treatment with
angiotensin converting enzyme inhibitors or with oxygen.33-36

While these observations may suggest potential mecha-
nisms for the apparent variable course of patients with simi-
lar impairment of lung function, to date clinical treatment
decisions based on these genotypes are not available. At pres-
ent, for COPD-associated pulmonary hypertension, cessation of
smoking, treatment of airway obstruction, and supplemental
oxygen remain the mainstays of therapy for all patients.

Hypoxia due to disorders of ventilation
Impaired ventilatory control can lead to alveolar hypoxemia
and pulmonary hypertension. The most common situation in
which this occurs is in nocturnal hypoventilation associated
with sleep apnea. However, hypoventilation syndromes can
also occur during waking hours and may be associated with
pulmonary hypertension.

Sleep apnea is common and is frequently found in fami-
lies. While this may be associated with the presence of obe-
sity, which also occurs more frequently in families, there
may be a genetic predisposition to sleep apnea. Recently, a
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whole genome scan identified a susceptibility loci in a region
on chromosome 8q that was associated with increased
apnea-hypopnea indexes in an African American family
cohort.37 Others have also identified polymorphisms in the
haptoglobin gene and found that patients with the 2-2 geno-
type had a 2.3-fold risk of cardiovascular complications of
sleep apnea compared to patients with the 2-1 genotype.38

Thus, genetic modifiers may play a role not only in the devel-
opment of sleep apnea, but also in the complications of
sleep apnea. To date, potential associations with, or modi-
fiers of, the development of pulmonary hypertension in asso-
ciation with sleep apnea have not been identified.

Congenital central hypoventilation syndrome, also known
as Ondine’s curse, is associated with mutations in the
PHOX2B gene family. Mutations in this gene lead to
impaired noradrenergic neuronal development.39 This
results in significant central hypoventilation as well as other
abnormalities of autonomic nervous innervation, in particu-
lar, Hirschsprung disease of the intestine. The syndrome is
frequently associated with significant cor pulmonale likely
due to severe alveolar hypoxemia.  

Metabolic Diseases
The presence of pulmonary arterial hypertension in association
with rare genetic metabolic diseases suggests the possibility
that the mechanisms for the development of pulmonary arterial
hypertension may include other previously unknown metabolic
pathways or alternative effects of known genetic mutations.

Gaucher disease
Gaucher disease is a lysosomal storage disease due to inher-
ited deficiency of glucocerbrosidase enzyme activity leading
to accumulation of lipid-laden cells (Gaucher cells) in mul-
tiple organs including the central nervous system, spleen,
liver, lymph, and lung. It is an autosomal recessive disease
with variable clinical expression thought in part to be due to
genetic heterogeneity of the mutations with the L444P
mutation most commonly associated with pulmonary com-
plications40 and non-N370S mutations associated with the
development of pulmonary arterial hypertension.41

Pulmonary arterial hypertension in Gaucher disease may be
related to direct pulmonary vascular involvement with
Gaucher cells42 as well as chronic hepatic dysfunction and
portal hypertension. Splenectomy is also associated with
pulmonary arterial hypertension in these patients.41,43

Interestingly, the presence of the ACE I allele is associated
with pulmonary arterial hypertension in these patients as
well.41 Enzyme replacement therapy has been reported to
decrease rates of disease and has been associated with
regression of pulmonary arterial hypertension.41

Other Metabolic Diseases
Type Ia glycogen storage disease has been reported in asso-
ciation with pulmonary arterial hypertension.44 It is an auto-
somal recessive disorder leading to deficiency of the glu-
cose-6-phosphatase enzyme. It is associated with dyslipi-
demias and hepatic steatosis, hepatic adenomas, and
increased rates of vascular thrombosis. While the occurrence
of pulmonary arterial hypertension in these patients is rare,

it may be related to the presence of hepatic dysfunction,
portosystemic shunts, and in a recent report, markedly
increased levels of plasma serotonin.44 Unfortunately, in the
patients with type-1a glycogen storage disease and pul-
monary arterial hypertension, rapid progression of right heart
with failure and death has been observed.  

Serotonin may also play a role in the report of pulmonary
arterial hypertension in a patient with familial platelet stor-
age pool disease. This disease is an autosomal dominant,
rare disease characterized by normal platelet counts but
impaired platelet aggregation and decreased numbers of
dense granules. This leads to decreased platelet, but
increased plasma, serotonin levels among other defects. In
a single patient with pulmonary arterial hypertension and
familial platelet storage pool disease, treatments with a
serotonin receptor antagonist, ketanserin, improved his pul-
monary vascular resistance.45

Summary
The genetic contributions that may hint at the pathogenesis
of pulmonary hypertension are expanding at a rapid pace.
While in some instances, such as familial pulmonary arteri-
al hypertension or in HHT-related pulmonary arterial hyper-
tension, a specific gene has been identified, we are also
beginning to recognize the important contributions that
other modifier genes may have in susceptible individuals (ie,
angiotensin converting enzyme, endothelial nitric oxide syn-
thase, etc). We are also beginning to expand our hypotheses
regarding the pathogenesis of pulmonary hypertension by
considering the metabolic and physiologic derangements
that characterize other genetic disorders that are associated
with its development (ie, hemoglobin disorders, metabolic
disease). Pharmacogenomic studies, wherein a patient is
characterized both clinically and genetically in order to iden-
tify the treatment most likely to be of benefit to that partic-
ular individual, are increasingly being conducted.
Unfortunately, we are still a long way from this type of direct-
ed therapy; however, each new genetic and clinical associa-
tion brings us closer to this goal. 
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