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Chapter 1

Introduction and scope of this thesis
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Introduction

Pulmonary hypertension: introduction and classification of  
the disease

Pulmonary hypertension is a symptom that occurs in a variety of underlying condi-
tions. It is defined as a mean pulmonary arterial pressure of more than 25 mmHg at 
rest or more than 30 mmHg during exercise. During the Second World Symposium 
on Pulmonary Hypertension in 1998, a classification for these underlying con-
ditions was proposed. In this classification, five main categories are discriminated 
based on pathogenetic concepts (chapter 2, table 1). The first category is the cate-
gory of pulmonary arterial hypertension (PAH). This category includes conditions 
that share a typical pulmonary vascular histological pattern, the so-called plexogenic 
arteriopathy, which is exclusively seen in patients with pulmonary arterial hyperten-
sion. PAH is further divided into idiopathic PAH, familial PAH and PAH associated 
with a series of conditions, including congenital heart diseases with a systemic-to-
pulmonary shunt. In this latter population, pulmonary arterial hypertension occurs 
in 6-15% of patients 1;2. 
Pulmonary arterial hypertension is a debilitating disease, with progressive remodel-
ing of the pulmonary resistance vessels. After a certain point, this remodeling gets 
irreversible, even after surgical correction of the cardiac defect. Pulmonary vascular 
resistance increases, leading to increased right ventricular working load. The second-
ary right ventricular hypertrophy and failure that develop are an important cause of 
mortality in patients with congenital heart defects. Until now, no curative treatment 
exists for this disease. In the past decades, however, new therapeutic options have 
become available that do ameliorate prognosis 3;4. 
Besides pulmonary arterial hypertension, other conditions exist that cause an 
increase in pulmonary arterial pressure. However, in these disease forms, pulmo-
nary vascular histology is different from the plexogenic arteriopathy that is seen in 
patients with congenital heart defects. These conditions are grouped in the other 
four classes of pulmonary hypertension and will only be mentioned briefly. First, 
increased pulmonary arterial pressure can be the consequence of an increased left 
atrial pressure as is seen in left-sided heart or valvular disease. Besides, the presence 
of lung diseases as chronic obstructive pulmonary disease and interstitial lung dis-
eases and/or the presence of hypoxemia, that occurs for example during chronic 
exposure to high altitude, can lead to pulmonary vascular problems. Also the pres-
ence of embolic processes causes an increased pulmonary arterial pressure. These 
embolisms can be either thrombotic from origin, or can be composed of tumor 
or parasite material. Finally, a fifth miscellaneous category was proposed which 
contains sarcoidosis, histiocytosis X, lymphangiomatosis and compression of the 
pulmonary vessels 5. The current thesis is restricted to the category of pulmonary 
arterial hypertension as occurs in patients with congenital heart defects. 
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Pathofysiology of flow-associated pulmonary arterial hypertension
The evolvement of pulmonary vascular disease in patients with congenital heart 
defects differs from person to person depending on the type of underlying cardiac 
lesion. However, the presence of increased pulmonary blood flow seems to be an es-
sential trigger in the development of pulmonary arterial hypertension. Especially pa-
tients with extensive systemic-to-pulmonary shunts, whose pulmonary vascular bed 
is exposed to a combination of increased pulmonary arterial pressure and increased 
pulmonary blood flow, develop pulmonary arterial hypertension 2. More than half of 
patients with this type of lesion 6;7 develop irreversible pulmonary vascular disease 
in the first years of life 8;9, while this is 10 to 20% of patients that have an isolated 
increased pulmonary blood flow, as is seen in patients with atrial septal defects 10-12. 
Due to the pulmonary vascular remodeling, pulmonary vascular resistance increases. 
This increased right ventricular work load leads to right ventricular hypertrophy and 
eventually to right ventricular failure as is illustrated in figure 1. When as a result 
of ongoing pulmonary vascular remodeling pulmonary vascular resistance rises to 
systemic levels, and an intracardiac shunt is present, the original left-to-right shunt 
can reverse. This is called the Eisenmenger syndrome. 

Clinical history
Presenting symptoms of pulmonary arterial hypertension are often vague and there-
fore the disease might go unrecognized in the first stages. Patients mostly present 
with limited exercise tolerance and shortness of breath. Other common symptoms 
are syncope, angina pectoris and peripheral edema. None withstanding the recent 
development of new therapeutic modalities, survival after diagnosis is still limited. 
In patients with idiopathic pulmonary arterial hypertension, median survival in un-
treated patients is 2.8 years. Survival in patients with PAH associated with a congeni-
tal heart defect is somewhat better, with a number of Eisenmenger patients surviving 
into their fourth decade 13.

Pathological changes in the pulmonary vasculature
The pulmonary circulation serves several purposes. Gas exchange, the filtering of 
particles and the chemical processing of the blood all occur upon passage of cardiac 
output through the pulmonary vasculature. Normal pulmonary vascular resistance 
is only 10 percent of systemic vascular resistance.
The pulmonary vascular bed is a low pressure system and pulmonary vessels form a 
thin-walled vasculature. The pulmonary arterial system runs along the airways from 
the hila to the periphery.
The larger arteries are thin-walled, mainly elastic vessels. Arteries smaller than 2 mm 
are usually muscularized. Due to their smooth muscular content, they can adapt their 
diameter by vasoconstriction and dilatation, thus regulating blood flow to match 
local needs. Beyond a diameter of 30 to 50 μm, the muscular coat disappears and 
the pulmonary arterioles drain into an extensive capillary network. Consequently, 
most of the pressure drop occurs in the smaller arteries, and modest alterations 
in the diameter of these vessels cause a large change in vascular resistance. This 
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is illustrated by Poiseuille’s equation 
for the calculation of pulmonary vas-
cular resistance, where resistance = 
8ηL/πr4. The radius r is present to the 
fourth power in the denominator, in-
dicating that a small change is diam-
eter has enormous consequences for 
pulmonary vascular resistance. 
In the determination of vascular re-
sistance, the endothelium, as highly 
active metabolic organ which pro-
duces many vasoregulating substanc-
es, plays a crucial role. Endothelial 
dysfunction results in an altered balance between vasoconstrictive and relaxant fac-
tors. This imbalance favors vasoconstriction, proliferation of endothelial cells, vascu-
lar smooth muscle cells and fibroblasts and activation of thrombocytes. 
The pulmonary vascular pattern of plexogenic arteriopathy is composed of several 
histological alterations 14. Medial wall thickness of the muscular arteries increases, 
both by increasing number and by increasing size of smooth muscle cells. Moreover, 
muscularization extends into the smaller arterioles, which are normally non-mus-
cularized. Proliferation of endothelial and smooth muscle cells leads to the develop-
ment of neointima. Localized dilatation of pulmonary arteries may occur, causing 
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Figure 1. Schematic representation of the patho-
physiology of flow-associated pulmonary arterial 
hypertension that develops in patients with con-
genital heart defects. Exposure of the pulmonary 
vascular bed to increased pressure and flow caused 
by the intracardiac left-to-right shunt (VSD = 
ventricular septal defect) leads to pulmonary vas-
cular remodeling. Due to the increased pulmonary 
vascular resistance right ventricular hypertrophy 
develops. Eventually, pulmonary vascular resistance 
increases to suprasystemic levels, which leads to 
reversal of the intracardiac shunt. This situa-
tion is called Eisenmenger syndrome. RA = right 
atrium, RV = right ventricle, LV = left ventricle. 



Chapter  1
Introduction and scope of this thesis

13

the lumen to become wider, and the arterial wall to become thinner. Ultimately, this 
can lead to a vein-like appearance of the arteries. The pathognomonic plexiform 
lesion develops in supranumerary arteries, which branch from larger arteries and 
have no accompanying airway. The lesion consists of a segment of dilatation, with 
destruction of the arterial wall, rupture of the internal elastic membrane and loss of 
smooth muscle cells. In the dilated lumen, a cellular plexus with narrow commu-
nicating channels develops. This progressive remodeling of the pulmonary vessels 
causes the increased right ventricular work load that leads to the development of 
right ventricular hypertrophy and eventually failure. 

Hypertrophic cardiac response and right ventricular failure
Most of our current knowledge on cardiac failure originates from studies on left 
ventricular functioning. Since the right ventricle differs from the left ventricle in 
many respects, these results can not be automatically translated. Cross-section-
ally, the right ventricle has a crescent shape, which gives it a lower volume to 
surface ratio than the left ventricle. Since it also has a much thinner free wall, this 
results in a compliance that is greater than that of the left ventricle. In contrast to the 
left ventricle, ejection is sustained during pressure development and continues dur-
ing pressure decline. Because of the prolonged emptying against low pressure, the 
right ventricle is very sensitive to changes in afterload 15. To compensate for the in-
creased afterload that occurs in pulmonary arterial hypertension, the right ventricle 
dilates to maintain an adequate stroke volume 16. The isovolaemic contraction phase 
and ejection time are prolonged and consequently, myocardial oxygen consumption 
increases 17. Simultaneously, ventricular myocytes hypertrophy, resulting in a relative 
reduction of capillary density and an increased oxygen diffusion distance 18. Unfor-
tunately, right ventricular myocardial perfusion, which under normal physiological 
circumstances occurs during both diastole and systole, is reduced to the diastolic 
phase in pulmonary hypertension. Together, these alterations suggest a decreased 
oxygen supply under conditions of increased oxygen demand, causing a deteriora-
tion of cardiomyocyte metabolism and function 19. 

Genetic mutations leading to pulmonary arterial hypertension
In recent years, research in cohorts of patients with idiopathic pulmonary arterial 
hypertension has led to the discovery of several genetic mutations that either cause 
the disease or are associated with its development. These mutations occur in genes 
that are all part of the transforming growth factor beta (TGF-β) superfamily. 
Bone morphogenetic proteins (BMP’s) are growth factors with many functions that 
form a subgroup within the TGF-β family. BMP’s are involved in the regulation of 
proliferation, differentiation, migration and apoptosis of many cell types includ-
ing endothelial and vascular smooth muscle cells 20. The BMP type 2 receptor is 
part of a heteromeric receptor on vascular smooth muscle cells. About half of the pa-
tients with familial pulmonary arterial hypertension have a discovered mutation in 
this gene 21;22. Moreover, 26% of patients diagnosed as having idiopathic pulmonary 
arterial hypertension also display a mutation in this gene. In a cohort of 106 pa-
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tients with pulmonary arterial hy-
pertension (PAH) and congenital 
heart disease, there was a 6% mu-
tation frequency, which is higher 
than in the general population 23. 
The mutation causes and aberra-
tion in signal transduction, which 
most probably results in an altered 
apoptotic process favouring pro-
liferation. Further research revealed 
other mutations in the transforming 
growth factor β family.  Alk-1 is a re-
ceptor on endothelial cells, that has 
shown to be mutated in several patients with hereditary hemorrhagic telangiectasia 
and PAH 24. In pediatric patients with PAH, heterogenous mutations in the BMP type 
2 receptor, Alk-1 and in endoglin, a part of the transforming growth factor-beta 
receptor complex, were identified 25. 
Furthermore, mutations in other signaling pathways have been described. Serotonin 
(5-HT) is a potent vasoconstrictor. When vascular smooth muscle cells of patients 
with different forms of PAH are exposed to serotonin, they proliferate excessively 
26. This abnormal response to 5-HT can be attributed to overexpression of the sero-
tonin transporter (5-HTT). This overexpression is associated with the homozygous 
presence of the L-allelic variant of the 5-HTT gene promotor in the majority of 
patients with idiopathic PAH 26;27. 
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Figure 2. The involvement of nitric oxide, endo-
thelin-1, prostacyclin and thromboxane in the 
pathogenesis of pulmonary arterial hypertension. 
AC = adenylate cyclase, ATP = adenosine triphos-
phate, Big ET-1 = Big endothelin-1, cAMP = cyclic 
adenosine monophosphate, Ca = calcium, cGMP = 
cyclic guanosine monophosphate, ECE = endothe-
lin-converting enzyme, ET-A = endothelin type A 
receptor, ET-B = endothelin type B receptor, eNOS 
= endothelial nitric oxide synthase, GC = guanyl-
ate cyclase , GMP = guanosine monophosphate 
GTP = guanosine triphosphate, iNOS = inducible 
nitric oxide synthase, NO = nitric oxide, PDE5 = 
phosphodiesterase 5, PGIS = prostacyclin synthase.
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Molecular mechanisms and therapeutic interventions
Many vaso-active substances have been discovered to be associated with the patho-
genesis of PAH. The three most important pathways, the nitric oxide pathway, the 
endothelin pathway and the prostacyclin pathway are discussed below (figure 2). 

Nitric oxide pathway
Nitric oxide (NO) is a potent endothelium derived vasodilator that leads to a rise 
in intracellular cyclic GMP in the vascular smooth muscle cell, causing vasodilata-
tion by acting on potassium-channels. A reduction in NO availability caused by de-
creased nitric oxide synthase (NOS) activity has long been suspected to play a role 
in the pathogenesis of pulmonary hypertension 28. However, more recent research 
suggested that local NOS expression in vascular lesions might be increased 29. This 
increase in local NO was also noted in the plexiform lesions of patients with PAH 
and  congenital heart disease 30. Nevertheless, a decreased production of total body 
NO was demonstrated in patients with idiopathic PAH 31. Several mechanisms have 
been described that can account for this decreased NO availability. 
NO is formed from L-arginine. Arginase, an enzyme that degrades L-arginine, is 
increased in patients with PAH, thereby limiting the amount that is available for 
NO synthesis 32. Besides, endothelin-1 could be an NOS inhibitor in PAH, since in 
patients with idiopathic PAH treated with an endothelin receptor antagonist, NO 
production was restored to control levels 33. Reduced NOS activity might also be 
caused by an increase in the endogenous NOS inhibitor asymmetric dimethylargi-
nine (ADMA). ADMA concentrations are correlated with hemodynamic measure-
ments and with reduced survival in patients with pulmonary hypertension and 
sickle cell disease 34. Phosphodiesterases are enzymes involved in the inactivation of 
cGMP, thus abolishing the vasodilatative action of NO. PDE5 is a phosphodiesterase 
that is particularly expressed in the lung. Inhibition of PDE5, as can be achieved by 
sildenafil administration, improves exercise tolerance, hemodynamics and quality 
of life scores, both in patients with idiopathic PAH and in patients with PAH and 
congenital heart disease 35;36. 

Endothelin pathway
Endothelin-1 is the most potent vasoconstrictor known, that possesses mitogenic 
properties. It is produced by the endothelium 37, by cardiomyocytes, fibroblasts and 
macrophages 38-40. Its precursor protein pre-pro-endothelin is cleaved by furin-like 
proteases to form big-ET-1. Subsequently, big-ET-1 is processed by the endothelin 
converting enzyme (ECE) to form endothelin-1. Besides ECE, other proteases are 
also involved in the production of endothelin-1 41. Endothelin-1 regulates pulmo-
nary vascular tone and contributes to proliferation and fibrosis of the pulmonary 
vascular wall. Moreover, it also stimulates cardiomyocyte hypertrophy 42;43. 
Regulation of endothelin-1 is complex and involves many factors. Endothelin ex-
pression is increased by shear stress, hypoxia, angiotensin II and several growth 
factors and inhibited by nitric oxide and prostacyclin 44;45. 
Effects of endothelin-1 are mediated by two types of transmembrane domain recep-
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tors, the endothelin-A and endothelin-B receptors 46;47.  Activation of the endothe-
lin-A receptor leads to vasoconstriction and proliferation 48.   Activation of the B-type 
receptor when located on the endothelium leads to the release of nitric oxide and 
prostacyclin, thereby causing vasodilatation 49;50. Additionally, the pulmonary endo-
thelin-B receptor is responsible for the clearance of plasma endothelin-1 from the 
circulation 51. This suggests a potentially beneficial effect of endothelin-B receptor 
activity in pulmonary hypertensive conditions. Nevertheless, activation of endothe-
lin-B receptors that are located on vascular smooth muscle cells leads to vasocon-
striction and proliferation 52.
In the heart, both the endothelin-B receptor and the endothelin-A receptor are in-
volved in the development of cardiac fibrosis 53. Furthermore, activation of the en-
dothelin-B receptor stimulates aldosteron production, contributing to undesirable 
sodium retention in states of cardiac failure 54.  
Endothelin-1 levels are increased in patients with PAH 55;56. This increase in endothe-
lin-1 is related to changes in hemodynamics, and appears to have prognostic value, 
since it is inversely correlated with survival in patients with idiopathic PAH 57;58. 
Also in populations with PAH and congenital heart disease, endothelin-1 levels are 
increased 59;60. After surgical correction of the original cardiac defect, circulating 
endothelin-1 levels decline 61. 
Blockade of the endothelin-receptors has proven to be an effective strategy in the 
management of PAH, although discussion exists as to whether to block only endo-
thelin-A receptors or both receptor subtypes. Bosentan, a dual endothelin-recep-
tor antagonist, improves cardiac index, pulmonary vascular resistance and exercise 
tolerance 62-65. On the other hand, selective endothelin-A receptor antagonism also 
improves exercise tolerance and hemodynamics in a mixed population of patients 
with idiopathic PAH and PAH with congenital heart defects 66;67. Because cross-talk 
exists between the two receptor subtypes, blocking one type could potentially cause 
compensation by the other subtype 68. Hypothetically, this could mean that dual 
receptor antagonism is more effective. Experimental studies indeed suggest a better 
effectiveness of dual receptor blockade in the monocrotaline rat model for pulmo-
nary hypertension 69.

Prostacyclin pathway
Prostacyclin is a vasodilatory prostanoid that is produced from arachidonic acid by 
cyclo-oxygenase-activity. It acts by increasing levels of cyclic adenosine monophos-
phate (cAMP) via a membrane bound receptor, inhibiting platelet aggregation and 
proliferation of vascular smooth muscle cells. In a mixed population of patients with 
idiopathic and secondary PAH, a decrease of urinary prostaglandin F1α, the metabo-
lite of prostacyclin, was described 70. This might be explained due to decreased pul-
monary activity of prostacyclin synthase, as was demonstrated in idiopathic PAH 71.
Improved functional class, 6-minute walking distance and survival were described 
in patients with idiopathic PAH after administration of intravenous epopros-
tenol 72;73, a synthetic prostacyclin. Similar beneficial effects were described in pa-
tients with PAH associated with congenital heart disease 74. An important drawback 
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of epoprostenol is that because of its short half-life, continuous intravenous admin-
istration is obligatory. A short interruption of delivery causes immediate problems 
for the patient. Furthermore, infections and thrombo-embolic events complicate the 
use of intravenous administration. These complications are especially threatening in 
patients with an intracardiac right-to-left shunt. Therefore, analogues with a longer 
half-life were developed. Treprostinil has a half life of 4 hours and can be delivered 
subcutaneously or intravenously. Both modes of delivery improve exercise tol-
erance and hemodynamics 75;76. Inhaled iloprost has a half-life of 20 to 30 minutes 
77. Improved hemodynamics and exercise were reported. Beraprost is a stable pros-
tacyclin analogue suited for oral administration 78;79. Beneficial effects of this drug 
were mainly described during the early phases of treatment. 
Another vasoconstrictor involved in the pathogenesis of PAH is thromboxane 70;80. Its 
urinary metabolites are increased in patients with idiopathic and secondary PAH 70. 

Experimental animal models for PAH
Although many treatment options seem to be effective, curative treatment for PAH 
still does not exist. Due to the expanding knowledge of pathophysiological path-
ways, more treatment possibilities arise. Representative animal models for PAH are 
needed in order to study pathophysiology and treatment effects in flow-associated 
PAH in the most reliable way. 
The most often used animal models are the monocrotaline rat model 81 and the 
hypoxic rat model 82, both of which lead to increased pulmonary pressure. Unfortu-
nately, these models fail to induce the advanced lesions of PAH 81-84. 
The role of increased pulmonary blood flow in the pathogenesis of PAH has been 
explored in experimental models. One example of these models is a pig model, in 
which an anastomosis of the left subclavian artery to the pulmonary arterial trunk 
was created 85.  In rats, an abdominal anastomosis between the aorta and caval vein 
has been used 86. Although the disease-inducing stimulus in these models may be 
more representative for the patient situation, they usually show only a mild increase 
in pulmonary arterial pressures and a limited increase in medial wall thickness with-
out further associated remodeling 87-89. 
The combination of increased pulmonary arterial pressure caused by the injection 
of monocrotaline with increased pulmonary blood flow has been demonstrated to 
induce neointimal formation 90;91, mimicking characteristics of the typical pulmo-
nary vascular remodeling in PAH.  This combination of representative pulmonary 
vascular lesions and increased pulmonary blood flow makes this type of models 
especially suitable to study flow-associated PAH as is seen in patients with congenital 
heart defects. 
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Aims of this thesis

Aims of the current thesis are
 - to determine the prognostic value of serum markers for follow-  
   up in children with pulmonary arterial hypertension
 - to develop an animal model with increased pulmonary blood flow and   
    advanced pulmonary vascular lesions in order to specifically study flow-  
   associated pulmonary arterial hypertension as is seen in patients  
   with congenital heart defects
 - to characterize the pathological, hemodynamical and molecular conse- 
   quences of the presence of increased pulmonary blood flow in this  
   model
 - to determine the effects of therapeutic intervention on cardiac and pul- 
   monary vascular remodeling in flow-associated pulmonary arterial 
   hypertension 
 - to establish new treatment targets for this disease.

The presence of increased pulmonary blood flow separates patients with congeni-
tal heart disease from other patients with PAH. Chapter 2 highlights the specific 
characteristics of the patient with a congenital heart defect and PAH. It stresses the 
need for a good characterization and classification of the cardiac defects and pulmo-
nary hemodynamics in these patients. Various biomarkers, as NT-proBNP, uric acid, 
norepinephrine and epinephrine are currently used for follow-up in patients with 
left heart failure and in adult PAH. Since follow-up in patients with PAH is mainly 
based on invasively determined hemodynamics and exercise testing, and both have 
their specific drawbacks in children, we studied the applicability of these markers 
in chapter 3 in the population of pediatric patients with PAH and congenital heart 
disease.  
In chapter 4 and 5, we describe and characterize an animal model with increased 
pulmonary blood flow that displays advanced pulmonary vascular lesions. The he-
modynamical, morphological and histological characteristics of heart and lungs are 
studied in chapter 4, while the influence of increased pulmonary blood flow on a 
molecular level is described in chapter 5. In the chapters 6 to 8, we studied the effect 
of the vasodilating and antiproliferative agents iloprost, treprostinil and bosentan on 
hemodynamics and histopathology of the pulmonary vessels and right ventricle in 
this model of flow-associated PAH. 
Recently, the hematopoietic hormone erythropoietin has been studied for its bene-
ficial effects on myocardial function in cardiac failure. In chapter 9, the effects of 
erythropoietin treatment on right ventricular function and pulmonary histopatho-
logy is determined. Chapter 10, the general discussion, summarizes this thesis. It 
provides future perspectives in the unraveling of the pathophysiology of PAH and on 
the development of new treatment strategies. 
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