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Patients with congenital heart defects and increased pulmonary blood flow are at 
risk to develop pulmonary arterial hypertension (PAH). This is a proliferative pul-
monary vascular disease, in which inward remodeling of the pulmonary vasculature 
increases pulmonary vascular resistance. If pulmonary arterial hypertension is left 
untreated, vascular remodeling gets irreversible and progresses even after closure of 
the original cardiac defect. The resulting increased right ventricular workload leads 
to right ventricular hypertrophy and failure. PAH carries a poor prognosis 1 and is 
an important cause of morbidity and mortality in patients with congenital heart 
defects 2-4.
No curative treatment strategy for pulmonary arterial hypertension exists so far. The-
oretically, treatment strategies can be aimed at achieving different goals. Dilating the 
pulmonary vasculature helps to reduce pulmonary vascular resistance and thereby 
right ventricular afterload. Diminishing or regressing right ventricular remodeling 
is another optional treatment strategy. Right ventricular remodeling in increased 
loading conditions involves hypertrophy of cardiomyocytes, decreased oxygen avail-
ability and increased fibrosis, leading to a malfunctioning myocardium 5. Thera-
peutic strategies aimed at improving right ventricular function and preferably also 
reducing remodeling could contribute to survival. Although much experience had 
been gained in the field of the treatment of left ventricular function and reduction of 
left ventricular remodeling, translation to the right ventricle is not straightforward, 
as the ventricles differ in function, shape and composition. Finally, strategies aimed 
at the reversal of pulmonary vascular remodeling, targeting the basis of the disease, 
will probably be most beneficial. 
In order to develop effective treatment strategies, knowledge of pathophysiological 
alterations contributing to the development of pulmonary vascular remodeling in 
PAH is mandatory. A better understanding of the molecular and cellular events con-
tributing to pulmonary vascular and right ventricular remodeling would help de-
signing appropriate treatment modalities able to slow, arrest or preferentially reverse 
this condition. Pulmonary vasoconstriction, thrombosis, inflammation and prolif-
eration are the key pathofysiologic components in the pulmonary vascular remodel-
ing process. In patients, increased expression of vasoconstrictive, pro-inflammatory, 
thrombotic and pro-proliferative agents as endothelin, serotonin and thromboxane 
has been demonstrated. Concurrently, the formation of vasodilating, antithrombotic, 
anti-inflammatory and anti-proliferative agents is decreased (for review see 6;7).  
Recently, new treatment options have emerged. Epoprostenol is an analogue of the 
vasodilator prostacyclin, that has to be administered intravenously. Bosentan is a 
blocker of the receptors for the vasoconstrictor endothelin. Furthermore, sildenafil, 
a phosphodiesterase-inhibitor, has been registered for use in PAH. Phosphodies-
terase is involved in the breakdown of the second messenger cGMP, which causes 
vasodilatation downstream in the NO-signaling cascade. Newer drugs are awaiting 
registration. Examples of these drugs are sitaxsentan, a selective endothelin receptor 
antagonist, and treprostinil and beraprost, prostacyclin analogues suitable for other 
modes of delivery. Although these treatment options have proven to be effective in 
PAH, none of these drugs is able to cure the disease 8.
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Characterization and follow-up of patients
The group of patients with congenital heart defects and associated PAH is very het-
erogeneous, since many different heart defects, with associated varieties in hemo-
dynamics, can lead to the occurrence of the disease. This heterogeneity complicates 
the standardization of research and treatment protocols. On the Second World Sym-
posium on Pulmonary Arterial Hypertension in 1998, the symptom pulmonary hy-
pertension, defined as a mean pulmonary arterial pressure of more than 25 mmHg 
at rest or 30 mmHg during exercise, was grouped into five different classes, accord-
ing to aetiology. PAH is the first of these five classes, which separates itself from the 
other groups by the occurrence of a specific histopathological pattern, plexogenic 
arteriopathy, which is exclusively seen in patients with PAH. Besides congenital heart 
defects, other conditions in which PAH occurs are collagen vascular diseases, HIV 
infection and portal hypertension. Additionally, PAH can occur idiopathically. 
Further subclassification of the heterogenous group of patients with PAH and con-
genital heart disease is required to be able to describe an individual patient and to 
define all characteristics of a patient that are of importance for diagnosis, prognosis 
and therapy. By accurately designing and implementing such a subclassfication, the 
design, execution and interpretation of clinical studies could be performed in a 
more effective way. In chapter 2 of this thesis, characteristics of such a classification 
are proposed based on type of the defect, dimensions of the defect, the direction of 
the shunt, whether it is a pre-tricuspid or post-tricuspid lesion, whether the lesion 
is restrictive or not, whether the lesion is corrected or not and whether additional 
extracardiac abnormalities are present. It should be realized that the majority of 
therapeutic clinical trials in PAH are performed in patients with idiopathic PAH, 
or in a mixture of patients with PAH due to different origins. The beneficial effects 
of therapies in idiopathic PAH, however, can not be automatically translated to pa-
tients with PAH associated with congenital cardiac lesions, because of differences in 
the evolution of the pulmonary vascular disease, in circulatory pathofysiology, the 
variability of prognosis and the difference in consequences of vasodilating therapy. 
Although the effects of prostacyclin analogues, endothelin receptor antagonists and 
phosphodiesterase inhibitors are not as extensively studied in patients with congeni-
tal heart disease, the available results do show effectiveness of these new treatments 
in this population as well. 
In adult therapeutic trials in PAH, functional parameters and hemodynamic variables 
are the cornerstones in characterizing disease progression. Unfortunately, these vari-
ables have their limitations in pediatric patients. In order to obtain right ventricular 
hemodynamic data, cardiac catheterization under general anesthesia needs to be 
performed, which is hazardous in these children. Exercise testing in young children 
is motivation dependent and not feasible in the very young. Thus, there is a need for 
appropriate, easily obtainable markers that are related to know prognostic factors as 
right atrial pressure, right ventricular pressure, pulmonary vascular resistance and to 
mortality itself. In chapter 3, serum markers that have been validated in adult patients 
with pulmonary hypertension are evaluated in our pediatric patient population. In 
30 patients, N-terminal pro-BNP, uric acid, norepinephrine and epinephrine are re-
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lated to invasively obtained hemodynamic parameters, to functional exercise testing 
when available and to mortality. In this patient population, ranging in age from 1 
month to 17 years old, both serum levels of NT-proBNP and of norepinephine were 
sensitive and specific predictors of mortality. The level of NT-proBNP was further 
correlated with the amount of meters patients were able to walk within six minutes 
and with the functional classification of patients with PAH as defined by the world 
health organisation. Further, a relation was found between uric acid and the hemo-
dynamic variables mean pulmonary arterial pressure, pulmonary vascular resistance 
and cardiac index. Finally, NT-proBNP levels decreased after initiation of treatment. 
These results provide convincing arguments to implement serum screening for NT-
proBNP, norepinephine and uric acid in the standard follow-up of pediatric patients 
with PAH. In our study, serum marker levels were obtained both from treated and 
untreated patients, either with the idiopathic form of PAH or with PAH due to an 
underlying congenital heart defect. It is conceivable that a separate analysis would 
lead to even more sensitive cut-off values in predicting adverse outcome. Moreover, 
it would be interesting to explore whether different treatment options have different 
effects on serum marker levels and to what extent the response of serum levels to 
treatment initiation is related to the improvement of outcome parameters. 

The development of a suitable animal model
The presence of increased pulmonary blood flow distinguishes patients with PAH 
and congenital heart defects from those with another form of PAH. Increased pul-
monary blood flow inflicts increased shear stress upon the pulmonary vascular en-
dothelium, which leads to the activation of a cascade of remodeling events 9. Indeed, 
patients with a cardiac defect causing a solitary increase in pulmonary pressure rare-
ly display severe pulmonary vascular remodeling, while pulmonary vessel disease is 
most often noted in those cardiac patients that have high pulmonary arterial pres-
sures with a concomitant increase in pulmonary blood flow. Patients with an exclu-
sively increased pulmonary blood flow, as occurs for example in the presence of an 
atrial septal defect, develop pulmonary hypertension at a significantly slower pace. 
This has led to the hypothesis that increased pulmonary blood flow is a prerequisite 
in the signaling cascade leading to the activation of inappropriately dividing cells. 
Our aim was to employ an animal model in which the pulmonary vascular bed 
was exposed to increased pulmonary blood flow and that displayed the advanced 
pulmonary vascular remodeling that is seen in patients with PAH. Therefore, we 
chose to combine the monocrotaline rat model, a classical rat model for increased 
pulmonary arterial pressure, with an abdominal aortocaval shunt to increase pul-
monary blood flow. In chapter 4 of this thesis, the effects of a sole increase in 
pulmonary flow induced by an abdominal aortocaval shunt and a sole increase in 
pulmonary arterial pressure induced by monocrotaline were studied and compared 
to the combination model of both increased pulmonary arterial pressure and in-
creased pulmonary blood flow. The effects of these interventions on pulmonary 
arterial pressure, right ventricular remodeling, right ventricular failure and pulmo-
nary vascular remodeling were studied in this chapter, while the effects of increased 
pulmonary blood flow on a molecular level are described in chapter 5. Intra-acinar 
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pulmonary vessel remodeling and occlusion occurred to a similar extent in shunted 
and non-shunted monocrotaline-treated rats. However, at similar pulmonary arte-
rial pressures, rats that both had an increase in pulmonary arterial pressure and 
in pulmonary blood flow displayed higher mortality, higher pulmonary-to-sys-
temic arterial pressure ratios, and more pronounced right ventricular hypertrophy 
compared to non-shunted monocrotaline-treated rats. Rats that only had increased 
pulmonary blood flow did not display significant alterations in pulmonary arterial 
pressures, in pulmonary vascular remodeling or in right ventricular hypertrophy. 
The effects of additional flow and its consequent increase in shear stress a molecular 
level were determined employing a microarray set-up. This technique allows study-
ing and comparing the expression of over 25 thousand genes in one experiment. 
Increased pulmonary blood flow specifically led to increased expression of activat-
ing transcription factor 3 (ATF3) and early growth response protein 1 (Egr-1). 
Both are transcription factors which activation contributes to vascular and cardiac 
dysfunction. Interestingly, it has been shown that the promoter of the bone mor-
phogenetic protein type 2 receptor, a receptor in which mutations are described 
in patients with PAH, contains Egr-1 binding sites 10. The Wnt family contributes 
to lung development and to a variety of pulmonary pathological processes, in-
cluding pulmonary inflammation and proliferation. In our study, we found several 
components of the Wnt system to be changed. Frizzled related protein B (FrzB), 
an inhibitor of Wnt-signaling, was increased in the rats that received monocrota-
line and a shunt. Carboxypeptidase Z, a stimulator of Wnt-signaling was increased 
in the monocrotaline-treated rats, while it decreased when increased pulmonary 
blood flow was added. Furthermore, increased expression of mast cell markers 
was demonstrated after the administration of monocrotaline. Activated mast cells 
are presumed to contribute to vessel remodeling by the release of specific serine 
proteases from their granules. Thus, both monocrotaline and increased pulmonary 
blood flow caused changes in pulmonary gene expression that could conceivably 
contribute to the pathogenesis of PAH in humans.
In conclusion, the combination of monocrotaline and an abdominal aortocaval 
shunt in the rat leads to the creation of a model in which the pulmonary vascular 
bed is exposed to shear stress similarly as in patients with congenital heart defects 
and in which advanced pulmonary vascular lesions comparable to those in plexo-
genic arteriopathy are present. The detailed study of molecular biological altera-
tions in this model provides additional information on pathways possibly involved 
in the pathogenesis of flow-associated PAH. 

Effects of pharmacological intervention
The rat model for flow-associated PAH as described above was used to evaluate 
the therapeutic mechanism in flow-associated pulmonary arterial hypertension of 
known effective treatment strategies. Prostacyclin administration has proven to be 
a successful treatment in flow-associated PAH 11. However, its mechanism of action 
has not been studied in this condition. Further, we hypothesized that decreasing 
concentrations of the vasoconstrictor thromboxane by the administration of aspi-
rin would lead to similar benefical effects as the administration of the vasodilator 



186

prostacyclin. Pulmonary hypertensive rats were either treated with low-dose aspirin, 
known to inhibit thromboxane formation, or with the prostacyclin analogue ilo-
prost, as described in chapter 6. As expected, both interventions diminished the in-
cidence of dyspnea and pleural fluid. To our surprise, however, these effects were not 
accompanied by obvious alterations in pulmonary vascular remodeling, as has been 
reported in a limited amount of experimental studies, but rather with an improve-
ment in right ventricular capillarisation. At a molecular level, iloprost treatment in-
creased the expression of several genes from the Wnt-signaling pathway. The net 
effect of these regulations is difficult to determine, since the upregulation involved 
both stimulators and inhibitors of Wnt signaling. Additionally, mast cell number 
was diminished after iloprost administration. These are interesting new therapeutic 
mechanisms, which deserve further exploration. 
A disadvantage of iloprost administration is its short half-life. Treprostinil is a pros-
tacyclin analogue with a longer half-life, suitable for subcutaneous administration. 
Its effects on pulmonary hemodynamics and pulmonary vascular remodeling are 
presented in chapter 7. Treprostinil decreased mean pulmonary arterial pressure, 
but as in treatment with iloprost, this was not associated with reversed structural 
remodeling of the pulmonary vasculature, suggesting possible effects on myocardial 
contractility or vascular capacitance, rather than structural effects. 
Endothelin-receptor antagonism has also recently been discovered to be effective 
in the treatment of PAH in patients with congenital heart defects, or more specifi-
cally, Eisenmenger syndrome 12. Chapter 8 describes the effects of dual endothelin 
receptor antagonism, blocking both the endothelin-A receptor and the endothelin-B 
receptor, in flow-associated PAH. Pulmonary vascular remodeling was significantly 
diminished by dual receptor blockade in this model with advanced pulmonary vas-
cular lesions. At the same time, bosentan decreased pulmonary arterial pressure and 
right ventricular hypertrophy and improved right ventricular contractility. This was 
accompanied by increased myocardial capillarisation. This could be due to direct 
inhibition of the myocardial endothelin system. On the other hand, it is also pos-
sible that improved myocardial performance is the consequence of a diminished 
afterload. 
Finally, bosentan treatment resulted in an increased endothelin-A to endothelin-B 
receptor expression ratio both in pulmonary and in right ventricular tissue. This can 
possibly be regarded as a contra-regulatory effect, since bosentan has a somewhat 
higher affinity for the endothelin-A receptor than for the endothelin-B receptor. 
Recent clinical study findings are interesting in that respect 13. It was shown that en-
dothelin-receptor antagonists are improving peak oxygen consumption and exercise 
duration at treadmill test, and walking distance and Borg dyspnoea index at a 6-min-
ute walking test 4 months after the initiation of treatment, while all exercise param-
eters appeared to return to their baseline values at 2 years of follow-up. Speculating, 
altered endothelin receptor expression might play a role in this. Further, it raises the 
question if altered endothelin-A to endothelin-B receptor expression changes out-
come in patients who discontinue the drug. Since endothelin receptor signaling of A 
and B type receptors involves interreceptor cross-talk, receptor heterodimerization, 
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desensitization, and a dual role for endothelin-B receptor signaling, mRNA expres-
sion levels alone do not provide sufficient information to draw conclusions on clini-
cal relevance. Nevertheless, these findings stress the need for studies on localization 
and function of endothelin receptors in order to better comprehend the effects of 
endothelin receptor antagonism in patients.
In chapter 9 of this thesis, a new treatment modality was explored. Erythropoietin 
(EPO) is a hypoxia-induced hormone that leads to the proliferation and differentia-
tion of erythroid precursor cells. Besides that, erythropoietin possesses cytoprotec-
tive and pro-angiogenic properties. Therefore, EPO is currently being investigated for 
its role in ischemic left ventricular failure. Interestingly, increased EPO production 
appears to protect against the development of hypoxic pulmonary hypertension 14, 
while absent EPO signaling had accelerated the development of the disease 15. There-
fore, we studied the effects of erythropoietin in flow-associated PAH. Intriguingly, 
EPO increased right ventricular capillary density and decreased pulmonary vascular 
occlusion. However, these effects were not accompanied by significant alteration in 
pulmonary hemodynamics. Theoretically, different mechanisms could mediate the 
effects of EPO. These deserve further investigation. First, endothelial progenitor cells 
that are mobilized from the bone marrow by EPO administration could incorporate 
into the neo-endothelium, facilitating endothelial repair 16. Secondly, it has been 
suggested that the anti-oxidant and anti-apoptotic effects of EPO are linked with 
the activation of heme oxygenase-1 (HO-1) 17. HO-1 is an inducible enzyme with 
potent anti-oxidant and anti-apoptotic activities. Decreased expression of HO-1 has 
been shown in human pulmonary hypertension 18, whereas increasing HO-1 in the 
experimental situation is beneficial  19;20.

In summary, studies with prostacyclin analogues in our rat model for flow-associ-
ated PAH showed improvement of survival and hemodynamics, without obvious ef-
fects on pulmonary vascular remodeling. Interestingly, effects on cardiac remodeling 
of both intervention with iloprost and aspirin were described, most probably caused 
either by direct modulation of myocardial angiogenesis, or secondary by improving 
right ventricular loading conditions. Modulation of pulmonary vascular proliferat-
ing cells seems of less importance in prostacyclin therapy. 
In contrast, treatment with either erythropoietin or with an endothelin receptor 
antagonist reduced pulmonary vascular occlusion, either by causing regression of 
already present lesions or by preventing the formation of new proliferations. Ad-
ditionally, bosentan treatment was shown to improve right ventricular functioning 
and remodeling. 

Future therapeutic perspectives
Since there is no curative treatment for PAH, it is mandatory to look for further 
therapeutic options. Microarray experiments in this thesis provided several clues for 
such pathways. Interference with the effects of the transcription factor Egr-1 might 
antagonize some of the effects of increased shear stress. Further, mast cell inflam-
mation is apparently important in pulmonary vascular remodeling. Fortunately, mast 
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cell inhibitors are readily available for testing. Also, interference in the Wnt signaling 
cascade may reverse the progression of PAH. However, this system is more complex, 
and developing pharmacological modalities to influence it will be more challenging. 
This study provides interesting clues for further therapeutic directions. 
In patients, small studies have been performed evaluating the additive effect of 
combining treatment regimes. Addition of sildenafil in patients already treated with 
bosentan improved 6-minute walking distance 21. Further, the combination of in-
haled iloprost therapy with oral sildenafil was more effective in reducing pulmonary 
vascular resistance than either of the drugs alone 22;23. The combination of treatment 
regimes needs to be further explored in order to optimize therapy of the individual 
patient facing this still catastrophic disease. Our study results indicate that by com-
bining the effects of drugs with effects on cardiac function with a drug with mainly 
pulmonary vascular anti-remodeling properties, a more beneficial effect might be 
achieved. 

Conclusions
In pediatric PAH, serum screening for NT-proBNP, norepinephine and uric acid pro-
vides additional information on hemodynamics, exercise tolerance and prognosis. 
In the future, the use of serum markers might partially replace more invasive deter-
minants to evaluate the status of the individual patient.
By combining monocrotaline injections with increased pulmonary blood flow a rat 
model was created in which the pulmonary vascular bed is exposed to shear stress 
similarly as in patients with congenital heart defects and in which advanced pulmo-
nary vascular lesions comparable to those in plexogenic arteriopathy are present. 
Microarray analysis provided new pathways possibly involved in the pathogenesis 
of flow-associated PAH. 
Intervention with prostacyclin analogues or thromboxane inhibition in this rat mod-
el for flow-associated PAH showed improvement of survival, hemodynamics and  
cardiac remodeling, without obvious effects on pulmonary vascular remodeling. On 
the contrary, treatment with either erythropoietin or with the endothelin receptor 
antagonist bosentan reduced pulmonary vascular occlusion. Additionallly, bosentan 
treatment was shown to improve right ventricular functioning and remodeling. 
Finally, several new possible pathways for intervention are suggested in this thesis. 
Further experiments are needed to study these new therapeutic targets.
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