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Pulmonary Arterial Hypertension is a progressive and devastating disease char-
acterized by dysfunction and remodeling of the pulmonary vasculature, lead-
ing to increased pulmonary vascular resistance, compensatory right ventricu-
lar remodeling and eventually dilatation and heart failure. To find an effective 
treatment for Pulmonary Arterial Hypertension, animal models are used to 
simulate the disease.
In this thesis, Michiel Alexander de Raaf and colleagues describe and character-
ize the disease progression of such animal model; the Sugen Hypoxia model. 
Several treatments were tested and evaluated on their efficacy. As both lungs 
and heart use mutual pathways for disease progression as well as for compen-
satory remodeling against the disease, the treatment paradox ‘what might be 
beneficial for the lungs, could harm the right ventricle’ was evaluated.
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“We choose to go to the moon. We choose to go to the moon in this 
decade and do the other things, not because they are easy, but because 
they are hard, because that goal will serve to organize and measure the 
best of our energies and skills, because that challenge is one that we are 
willing to accept, one we are unwilling to postpone, and one which we 

intend to win, and the others, too.”

John F. Kennedy, September 12, 1962,  
Rice University, Houston, TX, USA.
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Chapter 1: Pulmonary Arterial Hypertension and the evolution of animal models
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“Primary Pulmonary Hypertension has been called the 
cardiologist’s cancer” 
Greg Elliott in personal conversation with Norbert Voelkel, early 80’s
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Pulmonary Arterial Hypertension and the evolution of animal models

Pulmonary Arterial Hypertension (PAH) can be a rapidly progressive and dev-
astating disease characterized by dysfunction and remodeling of the pulmonary 
vasculature, leading to increased pulmonary vascular resistance. The increased 
vascular resistance pushes the right ventricle (RV) into adaptive compensatory 
remodeling by hypertrophy, but eventually RV dilatation, heart failure and death 
of the patient become inevitable [1, 2].  Today, 3 pathways are targeted in PAH 
treatment: the nitric oxide-cyclic guanosine monophosphate pathway, the endo-
thelin pathway and the prostacyclin pathway [3]. Although treatments affecting 
these pathways delay disease progression and increase survival rates [3, 4], they do 
not cure PAH [3].  The pathogenic paradigm of PAH has shifted from pulmonary 
vasoconstriction driven by smooth muscle cells to vascular remodeling affecting 
all vessel wall layers. In this chapter, a brief overview will be given of how PAH 
research has converged on the role of the endothelial cell (EC). Due to the appre-
ciation of the central role of the EC in both pathogenesis and pathobiology, an-
imal models, like the Sugen hypoxia (SuHx) rat model, resembling EC vascular 
remodeling were developed. However, the SuHx rat model was not characterized 
and formed the basis for this thesis. In respect to the intima remodeling observed 
in the SuHx model, several treatments targeting endothelial proliferation were 
tested in the model.
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The first WHO classification of Pulmonary Hypertension took place in 1972, 
following on the first attempts of morphologic characterizations of the pul-

monary hypertensive lung, for example by Wagenvoort et al. [5, 6], followed by 
the first WHO classification of Pulmonary Hypertension in 1972. In this classi-
fication, the pathological focus in PAH, then called Primary Pulmonary Hyper-
tension, was on the vascular media of the pulmonary arterioles, featuring hyper-
trophied and hyperplastic pulmonary artery smooth muscle cells (PASMC) [1, 
2, 7]. The “vascular media paradigm” of PAH ascribed a major pathogenic role 
to sustained pulmonary vasoconstriction and was fueled by two PAH outbreaks 
related to the use of the appetite suppressants Aminorex (Menocil®) and fenflu-
ramine (Ponderal®) in the late 60’s and 80’s. Both drugs are serotonin transport-
er substrates acting on the PASMC and promote vasoconstriction and PASMC 
hypertrophy and proliferation. At that time, the signature plexiform lesion was 
regarded as an epiphenomenon. Attempts to understand these lesions better and 
to correlate these with for example blood flow were made at that time, but the 
lack of scientific methodology and gaps in knowledge on endothelial biology 
hampered progress in this direction. 

The description of idiopathic PAH as ‘the cardiologist’s cancer’ in the early 80’s 
meant at that time that PAH and cancer shared a common clinical and scientif-
ic context. Both conditions were untreatable due to a profound lack of under-
standing and absence of technologies to study pathogenesis and pathobiology. 
As dedicated research did not lead to a medical cure for PAH, the idea that oth-
er vascular wall cells than smooth muscle cells were also involved in the disease 
was gradually accepted. For a better understanding of PAH, it was necessary to 
study the cellular and molecular aspects of the disease. An expanding research 
effort revealed the mechanisms by which PAH is characterized today: endothe-
lial dysfunction, PASMC hypertrophy and hyperplasia, persistent inflammation 
and dysimmunity and dysregulated intra- and extracellular cell signaling in 
the cells of all layers of the pulmonary vessel bed, leading to pulmonary vessel 
remodeling [8–10]. Endothelial dysfunction is reflected in increased activity 
of contractive vasoactive agents as endothelin-1, serotonin, angiotensin II and 
decreased activity of dilative vasoactive agents as nitric oxide and prostacyclin, 
shifting the balance to persistent vasoconstriction. The hyperproliferative 
endothelium in PAH disobeys the “law-of-the-monolayer” and has a monoclo-
nal origin in plexiform lesions [11–13]. This hyperproliferation is mediated by 
increased activity of growth factors as fibroblast growth factor-2, platelet derived 



17

Pulmonary Arterial Hypertension and the evolution of animal models

growth factor and epidermal growth factor and is accompanied by apoptopic 
resistance [14–17]. Also in the PASMC the increased activity of growth fac-
tors and apoptosis resistance are observed. As in the EC, hyperproliferation of 
PASMC is connected to deregulated BMPRII signaling, for example due to the 
germline BMPRII-mutation, which has a penetrance of approximately 75% 
in hereditary familial PAH [10, 14, 15] and is also present in other forms of 
PAH.  Another germline mutation in PAH is found in the KNCK3 gene, which 
decreases the activity of TWIK-related acid-sensitive K+ channel-1 [15]. KNCK3 
mutations and alterations in other ion channels (the voltage-gated K+ channel, 
transient receptor potential 1 and 6 and calcium sensing receptor) contribute to 
the hyperpolarization, contraction and proliferation of the PASMC [9, 18, 19]. 
Moreover, the PASMC in PAH goes through an energetic shift to glycolysis [20], 
also found in fibroblasts of the pulmonary vascular adventitia [21], which is also 
referred to as the Warburg effect. These, and other, dysregulated mechanisms 
contribute to the abnormal cell signaling leading to disordered angiogenesis  
[16, 17, 23]. These mechanisms in the pulmonary vasculature perhaps recruit 
inflammatory cells which can release cytokines and chemokines as for example 
interleukin 1 and 6 [11, 15, 24–26]. It is now recognized that all layers of the 
vessel wall contribute to pulmonary vascular remodeling in PAH; including the 
hyperproliferative endothelium, and the plexiform lesion is no longer neglect-
ed as a hallmark of PAH [27, 28]. Many of the observations made during the 
study of pulmonary vascular remodeling in PAH, echoed the description of 
the hallmarks of cancer as described by Hanahan and Weinberg [28–31]. This 
expansion in knowledge gave rise to the exploration of potential treatment 
targets, which were already studied for their efficacy in cancer, such as Histone 
DeACetylase inhibitors (HDACis) and Tyrosine Kinase Inhibitors (TKIs) [32].

Experimental models to resemble pulmonary arterial 
hypertension.

Translational research on the development of pulmonary hypertension and 
potential treatments of the disease has relied on animal models that replicate 

one or more important aspects of the disease [33–36]. Reeves and Grover were the 
first to use hypoxia induced pulmonary hypertension as a model of the human 
condition when they studied Brisket disease in cattle kept at high altitude [37, 
38]. Exposure to hypoxia was soon also used to study pulmonary hypertension in 
rats. In addition, an animal model based on the administration of monocrotaline 
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was first used in 1967 [39, 40].  The monocrotaline and chronic hypoxia animal 
models of pulmonary hypertension both exhibit profound remodeling of the 
vascular media and hypertrophy of PASMC. Because these phenomena were con-
sidered singularly important in human pulmonary hypertension, and scientific 
methodology was lacking to create endothelial focussed animal models, there 
was no progress to develop alternative animal models.

The expansion in pathobiological knowledge of PAH has coincided with the es-
tablishment of new animal models of the disease. When in 2001 the Sugen Hy-
poxia model (SuHx) of PAH was discovered [41], the striking resemblance was 
appreciated between the pathological changes in the SuHx rat and the human 
PAH lung. More specifically, it was noted that the intima remodeling and oblit-
erative vascular remodeling that is typical of human PAH, was mimicked by the 
lung vascular changes found in the SuHx rat [35, 41, 42]. The SuHx model also 
brought the understanding that the emergence of a proliferative endothelium 
could require an initial phase of endothelial apoptosis, as it could be  prevented 
by a broad spectrum caspase inhibitor [41, 43].

Despite increasing popularity, the SuHx model has not (yet) become a ‘gold stan-
dard’ for animal research in PAH. In comparison to the classic animal models, 
the SuHx model is more complex, has not been thoroughly characterized and 
is more difficult to implement and harmonize among laboratories.  In addition, 
a vast amount of translational studies has been performed with the chronic hy-
poxia and monocrotaline models and this body of work is a heritage of historical 
literature to which new data is conveniently compared. Therefore, many transla-
tional studies are still performed using the traditional animal models. Remark-
ably, many potential treatments adopted from the cancer field, are still explored 
in the classic animal models that do not represent the pathobiology of angio-ob-
literative PAH nor offer a hyperproliferative endothelium as a treatment target. 
This might explain why therapeutic interventions seem curative in animal stud-
ies whereas human PAH remains refractory to treatment [44, 45].
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Conclusion

Due to the ineffectiveness of vasodilating drugs and aided by many cellular 
and molecular findings, the pathogenic paradigm of PAH has shifted from 

vasoconstriction towards vessel remodeling with resemblances to malignancy. 
Concurrently, novel animal models have evolved, which feature the human hall-
mark of PAH, a hyperproliferative endothelium, that is not found in more tradi-
tional animal models. Therefore, when these traditional animal models are used 
to assess anti-proliferative drug targets of the endothelium, they become unpre-
dictable in their translational value. Of course, due to the unknown pathogenesis 
of PAH, it is paradoxically true that no animal model can resemble PAH com-
pletely. However, with the increasing realization and evaluation of the different 
pathobiologies resembled by animal models [33–35], the selection of the used 
animal model should be explicitly motivated. 
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The thesis part I: Characterization

The need for characterization and harmonization of the SuHx rat model 
formed the basis for this thesis and this work is reported in Chapter 2 [42]. 

The main finding of the characterization study described in this chapter is that 
media changes, consisting of hypertrophic and/or hyperplastic PASMCs, may 
play a minor role in late disease progression in the SuHx model [42]. This is in 
accordance to the morphologic characterization of lungs from end-stage PAH 
patients performed by Stacher et al., who showed that vascular remodeling in 
end-stage PAH consists mostly of intima thickening, not medial remodeling [46]. 
Minor changes in the media in advanced PAH may explain why current treat-
ments acting on PASMCs are unable to cure PAH. At the same time, it is well 
known that the onset of PAH may be triggered by changes in the media. For 
example, PAH can develop after the use of appetite suppressing drugs, which are 
serotonin transporter inhibitors, acting on the PASMC. We tested the hypothesis 
that an intact serotonin pathway is not only sufficient, but also required for the 
development of intima remodeling in Chapter 3. By exposing a knock-out rat 
with an impaired serotonin pathway to the SuHx intervention, we showed that 
an intact serotonin pathway is not required for the development of severe an-
gio-obliterative experimental PH.
Several animal models are available to induce angioobliterative lesions. In addi-
tion to the SuHx model, models are available based on the combined exposure 
to increased blood flow and monocrotaline (for example monocrotaline plus 
aortic-caval shunt and monocrotaline plus pneumonectomy) [47, 48]. More-
over, rats also develop such lesions after their combined exposure to ovalbumin 
and sugen [49]. To test the hypothesis that hypoxic media remodeling is not 
required to generate angio-obliterive PH, we combined Sugen administration 
with pneumonectomy to induce pulmonary hypertension. In Chapter 4 we 
report that using this intervention, severe pulmonary hypertension with similar 
angio-obliterative lesions develops, again without a major contribution of 
changes in the medial wall.

The thesis part II: Treatments
Similar signaling pathways are involved in the functional and structural chang-
es in the right ventricle and lungs in PAH [50]. Medication hampering  remod-
eling in the pulmonary vasculature may at the same time worsen right ventric-
ular adaptation [51–55]. As cardiac function is the most prognostic parameter 
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in human PAH [4, 56], meticulous care should be given in PAH to improve, or 
at least conserve, cardiac function. We evaluated the potential cardiotoxicity as 
well beneficial treatment effects in the pulmonary vasculature of different treat-
ments. In Chapter 5 we evaluated the treatment outcome of Histone Deacety-
lase Inhibitors (HDACis) in experimental PH [50] and tested the treatment of 
trichostatin A (TSA), a HDACi, in the SuHx model, which appeared to be not 
effective. The tyrosine Kinase Inhibitor (TKI) BIBF1000 was evaluated for po-
tential cardiotoxicity in the isolated cardiac pressure-overload pulmonary artery 
banding PAB model and for the potential treatment response in the pulmonary 
vasculature in the SuHx model in Chapter 6. BIBF1000 showed mild beneficial 
treatment effects in both lungs as heart. To improve the observed therapeutic 
effect, the study was repeated with the related TKI Nintedanib, which has an 
increased specificity and sensitivity in comparison to BIBF1000. In Chapter 7, 
we evaluated the treatment potential of nintedanib, and showed again a mild 
therapeutic effect, and functional cardiac improvement. In Chapter 8, the use 
of Endothelin-1 Receptor Antagonists (ERA’s) was reviewed. ERA’s hamper 
pathological remodeling of the pulmonary vasculature and as such exert ben-
eficial effects in PAH. However, they also disturb fetal development of cardio-
pulmonary tissues, which may affect RV adaptation to the increased pulmonary 
vascular resistance. Finally, in Chapter 9, the collected results and conclusions 
of the studies described in this thesis are discussed.
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Abstract: 

The SU5416 combined with hypoxia (SuHx) rat model features angio-ob-
literative pulmonary hypertension resembling human pulmonary arterial 

hypertension (PAH). Despite increasing use of this model, a comprehensive he-
modynamic characterization in conscious rats has not been reported. We used 
telemetry to characterize hemodynamic responses in SuHx-rats and associated 
these with serial histology. 
Right Ventricular Systolic Pressure (RVSP) increased to 106±7 mmHg in response 
to SuHx and decreased but remained elevated at 72±8 mmHg upon return to 
normoxia. Hypoxia-only exposed rats showed a similar initial increase in RVSP, 
a lower maximum RVSP and near-normalization of RVSP during subsequent 
normoxia. Progressive vascular remodeling consisted of a fourfold increase in in-
tima thickness, while only minimal changes in media thickness were found. The 
circadian range in RVSP provided an accurate longitudinal estimate of vascular 
remodeling. 
In conclusion, in SuHx-rats re-exposure to normoxia leads to a partial decrease 
in pulmonary artery pressure in SuHx-rats, with persisting hypertension and pul-
monary vascular remodeling characterized by progressive intima obstruction. 
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Introduction

Pulmonary Arterial Hypertension (PAH) is a progressive and fatal disease 
characterized by remodeling of the lung vessels, increased pulmonary vascu-

lar resistance and, ultimately, dysfunction of the right ventricle (RV)[1]. Animal 
models of pulmonary hypertension have provided critical insights that help to 
explain the pathobiology of the disease and have served as a platform for drug 
development[2]”container-title”:”American journal of physiology. Lung cellular 
and molecular physiology”,”page”:”L1013-1032”,”volume”:”297”,”issue”:”6”,”sour-
ce”:”NCBI PubMed”,”abstract”:”At present, six groups of chronic pulmonary hy-
pertension (PH. Traditionally, two animal models have been popular for pre-
clinical testing of new PAH pharmacotherapies: the chronic hypoxia-induced 
pulmonary hypertension and the monocrotaline-lung injury model[2]”contain-
er-title”:”American journal of physiology. Lung cellular and molecular physiol-
ogy”,”page”:”L1013-1032”,”volume”:”297”,”issue”:”6”,”source”:”NCBI PubMed”,”ab-
stract”:”At present, six groups of chronic pulmonary hypertension (PH. More 
recently, new animal models based on vascular endothelial growth factor recep-
tor (VEGF-R) blockade with the tyrosine kinase inhibitor SU5416 have been in-
troduced and the SU5416 plus chronic hypoxia (hereafter SuHx) model is now 
being extensively used [3, 4]. Indeed, several investigators have demonstrated that 
the SuHx model represents many salient features of human PAH, such as severe 
pulmonary hypertension obliterative vascular lesions, RV dysfunction, decreased 
exercise endurance and treatment refractoriness [5–7]dramatic right ventricu-
lar hypertrophy, and pericardial effusion. Our recently published rat model of 
SPH recapitulates major components of the human disease. We used this mod-
el to develop new treatment strategies for SPH. SPH in rats was induced using 
VEGF receptor blockade in combination with chronic hypoxia. A large variety 
of drugs used in this study, including anticancer drugs (cyclophosphamide and 
paclitaxel. Plexiform-like lesions emerge in the pulmonary vasculature of SuHx 
rats when the normoxic re-exposure protocol is extended to 10 weeks or longer 
[4, 8].. Whereas histological changes in the lungs and RV of SuHx-rats have been 
described in much detail [8–10], a hemodynamic characterization of the model 
has been restricted to RV catheterizations in groups of anesthetized rats at dif-
ferent time-points [11]. Longitudinal hemodynamic measurements in conscious 
rats, as can be obtained using telemetry, are important to provide a context for 
the histological changes and to ascertain the value of the model for preclinical 
drug testing. Therefore the aim of this study is to characterize the hemodynamic 
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responses in conscious SuHx-rats and to associate these with morphological data 
obtained by serial histology. We show the feasibility of a longitudinal character-
ization of the hemodynamic changes in conscious and freely moving SuHx-rats 
and rats exposed to hypoxia alone, by measuring RV systolic pressure (RVSP) 
nearly continuously by means of an implanted telemetry device. Our study re-
veals a previously unappreciated but only partial reversibility of pulmonary hy-
pertension in SuHx-rats, which may interfere with the interpretation of preclin-
ical drug studies. Despite this partial reversibility in pulmonary hypertension, 
serial histology showed a progressive remodeling of the pulmonary vascular wall, 
in particular the intima layer. 
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Material and methods

Animal model
Ten male Sprague Dawley rats (Crl:CD(SD), Charles River, Sulzfeld, Germany) 
underwent implantation of a telemetric pressure sensor in the RV as described 
before [12]. To prepare SU5416 solution, 5 mg SU5416 was dissolved in 0.5 mL 
0.5% cmc (carboxymethylcellulose). Subsequently, the tube was placed on a plate 
shaker for ~2 hours to dissolve and homogenize the solution. Within 3 hours 
after preparation of the SU5416 solution, it was administered in a dose of 25mg/
kg subcutaneously in the neck. Five rats were exposed to hypoxia only (Hx) and 5 
rats to SuHx. Eight additional groups of 4 SuHx-rats were used for serial measure-
ments of RV hypertrophy, histology and hematocrit  at baseline and after every 
subsequent week. SuHx mediated pulmonary hypertension was induced accord-
ing to the protocol published previously [4, 13]. SU5416 (Tocris Bioscience, Bris-
tol, UK) was administered to rats weighing <200 grams as a single subcutaneous 
injection (25 mg/kg) [14], 5-7 days after sensor implantation. SuHx (at day of 
injection) and Hx-rats were housed for four weeks in 10% oxygen (Biospherix 
Ltd. New York, USA) maintained by a nitrogen generator (Avilo, Dirksland, The 
Netherlands) and subsequently re-exposed to normoxia for three weeks. The 
study was approved by the local Animal Welfare committee (VU-Fys 11-16).

Telemetry
Telemetry implantation
Implantation surgery was performed as described previously [12]; a telemetry 
transmitter TA11PA-C40, (DSI, St. Paul, MN) was implanted by a transdiaphrag-
matic approach allowing insertion of the tip of the catheter into the RV, while the 
transmitter body was placed in the abdomen (survival rate was ~90%). Animals 
were allowed to recover for one week prior the induction of SuHx (Figure 1).
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Figure 1: A schematic drawing of the telemetry implantation. The tip of the catheter is 
inserted in the right ventricle, while the transmitter device is placed in the abdominal 
cavity (drawing perform by Ingrid Schalij).

Telemetry acquisition and analyses
Telemetry data acquisition consisted of averaged recordings of one minute dura-
tion recorded every hour. The analysis was based on the RVSP at 10pm at baseline 
and at the end of every subsequent week. At the same time points, the circadian 
range in the RVSP (ΔRVSPmax-min) was determined. In addition, acute changes in 
RVSP upon a four minute exposure to hyperoxia were recorded weekly. 

Technical methodology of telemetry acquisition and analyses
The transmitter emits data to a receiver which is connected to the acquisition 
computer. Throughout the entire study, 1-minute acquisition bins of ~200-400 
cardiac beats were collected every hour (DSI, St. Paul, MN). Every data bin used 
underwent a quality assessment before averaging. The morphology of the blood 
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pressure waveforms was visually assessed (Figure 1). Signals were only used when 
clear from technical deviations, which can be induced by electrical interference, 
(e.g. spikes derived from electromagnetic fields from the surroundings), signal 
dampening (e.g. due to clot formation on the tip of the catheter) and unexpected 
offset changes (e.g. due to kinking of the fluid filled catheter). When the signal 
did not meet the quality criteria, data from that time point onwards was exclud-
ed from further analysis, as recommended [17, 25, 26]. Parameters derived from 
telemetric monitoring were RVSP and Heart Rate (HR). Due to the sensitivity 
to gravity of the system, which may cause a pressure deviation of maximally four 
mmHg, RV diastolic pressure is not reported.
To account for circadian rhythm-induced changes, the 10PM bin of RVSP data 
was used for daily RVSP representation. Animals are active at this time and not 
affected by the possible stress due to biotechnical handlings. For assessing the 
reversible component of the RVSP increase, every week animals were briefly (5 
minutes) exposed to 60% oxygen plus anesthesia in a small single-rat anesthesia 
induction chamber. 1% isoflurane was given for animal welfare reasons. The 4 
subsequent 1 minute acquisition bins during the hyperoxic exposure were com-
pared with the last RVSP acquisition bin measured prior to hyperoxia exposure 
(measured in the conscious animal in his ‘home cage’). To assess daily circadian 
ranges in RVSP, maximum and minimum one-minute RVSP averages were deter-
mined and their difference, defined as delta RVSP (ΔRVSPmax-min), was averaged 
over a week. RVSP did not show a clear sinusoid day/night rhythm (7AM to 
7PM light/dark cycle), but multiple fluctuations in pressure throughout the day. 
The incidence of fluctuations was not different between groups (control (Figure 
6A), hypoxia (Figure 6B) and SuHx (Figure 6C)) or between time point (before 
hypoxia, at end of hypoxia and at end of study).  However, the magnitude of the 
fluctuations was significantly different between groups and time points.

Echocardiography
To measure RV end diastolic diameter (RVEDD) and tricuspid annular plane 
systolic excursion (TAPSE), animals underwent weekly  echocardiographic as-
sessments (Prosound SSD-4000 & UST-5542, Aloka, Tokyo, Japan), as published 
before[12].

Histological and morphometric analyses
Four μm slides of lung tissue were prepared and stained with Elastica van Gie-
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son, for specific coloration of the elastic laminae, and scanned (3DHISTECH, 
Budapest, Hungary). A field of ~ 5 billion μm2 on every slide was fully evalu-
ated. Because media hypertrophy and neo-muscularisation manifest during the 
development of PAH, small arteries and arterioles were divided into three classes, 
based on external diameters. The ranges of these classes were chosen to allow 
distinction of effect size and generation diameters of the pulmonary arteries in 
rats, as described by Hislop et al. [15]: <30 μm vessels represent pre-capillaries 
(intra-acinar, neomuscularisation and intima remodeling), 30-60 μm vessels rep-
resent  alveolar duct or respiratory bronchiole arteries (intra-acinar, medial hyper-
trophy and intima remodeling) and 60-100 μm vessels represent terminal bron-
chiole (axial, pre-acinar) arteries. Concordant to human PAH, we hypothesized 
no changes in the latter class of vessels [18]. Only vessels with an approximate 
circular profile were included. Media and intima wall thickness were measured as 
described previously [4, 9, 16]. In each vessel, the diameter of the external elastic 
lamina, the diameter of the internal elastic lamina and the diameter of the lumen 
were determined. These values were used to calculate the relative medial wall 
thickness and intima thickness. Media thickness was measured in duplo by calcu-
lating (100*(diameter external elastic lamina– diameter internal elastic lamina))/
(diameter external elastic lamina)[16]. Intima thickness was measured twice in 
each vessel by calculating (100*(diameter internal elastic lamina - diameter lu-
men)/(diameter external elastic lamina)).  Hence, media and intima thickness are 
represented as averages. Completely obliterated vessels were also observed and 
included in the analyses. Representative images (supplemental figure 3) show 
vascular lesions in rows during wk0 through wk7.

Necropsy
Animals were exsanguinated under anesthesia after blood was taken to measure 
hematocrit. Lungs and hearts were weighed after separation of the heart into 
RV and left ventricle plus septum (LV+S). Tissues were fixed in formalin and 
embedded in paraffin. To preserve the integrity of the telemetry catheter, it was 
not possible to determine the RV/(LV+S) of the animals with a telemetry catheter 
inserted. From the non-telemetry animals, RVSP was measured using a Millar 
pressure catheter (Millar,Houston,TX, USA), as published before [12] (supple-
mental figure 4). The left lung lobe was inflated with low-melt 0.5% agarose 
on 25 cm H2O pressure, fixed in formalin and embedded in paraffin. Four μm 
slides of lung tissue were prepared and stained with H&E and EvG and scanned 
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(3DHISTECH, Budapest, Hungary).

Statistical analyses
Parametric variables were compared between groups using appropriate ANOVA 
with Bonferroni post-hoc tests. Correlations were determined using Pearson cor-
relation tests (Graphpad, La Jolla, CA). Data is presented as mean ± SD.

Results

Telemetric RVSP and RV hypertrophy measurements
Telemetry was feasible for the measurement of RVSP in conscious rats up 

to, at least, 8 weeks (Figure 2A-B). The RVSP remained constant in a control rat, 
which confirms the accuracy of the telemetric method. There was no peri-opera-
tive or post-operative mortality. However, recordings in one Hx-rat did not meet 
quality criteria and were therefore excluded from the analyses [17].  
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Figure 2: Panel A shows a representative tracing of the telemetic RVSP acquisition. 
Panel B shows all pressure recordings (one minute average for every hour of acquisition) 
in one representative rat exposed to hypoxia only (Hx; blue) and one rat exposed to 
SU5416 and hypoxia (SuHx; red). Every square represents one hour of data acquisition. 
The data of one control rat (normal range of RVSP) is depicted in gray. 

The RVSP increased upon exposure to hypoxia in Hx-rats and SuHx-rats and both 
groups showed a comparable rise during the first 2 weeks of hypoxia (Figure 
3A). Subsequently, SuHx-rats showed a trend to a progressively greater increase 
in RVSP to values above 100 mmHg, while Hx-rats showed an increase to about 
maximally 80 mmHg. Immediately upon re-exposure to normoxia, a rapid 20% 
decrease in RVSP was observed (Figure 3B). Hx-rats showed a significant but less 
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pronounced decrease in RVSP (Figure 3C).  After this decrease, a mild reduction 
of pressure followed in both groups and at 6 and 7 weeks RVSP stabilized. At 
stabilization, RVSP in the SuHx-rat remained elevated and significantly higher 
as compared to Hx-rats. Echocardiography in SuHx-rats showed an increase in 
RVEDD and decrease in TAPSE during the hypoxic period, followed by a partial 
recovery during in the first two weeks of normoxic re-exposure and a subsequent 
further worsening in the last week of the protocol (Figure 3D). RVEDD was 
temporarily increased in Hx-only rats, whereas TAPSE was unaffected by hypoxia 
(Figure 3E).
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Figure 3: A. Mean right ventricular systolic pressure (RVSP) throughout the entire 
study period in rats exposed to hypoxia only (n=4, Hx; blue) and exposed to SU5416 
and hypoxia (n=5, SuHx; red). Significant differences from baseline are shown at differ-
ent time-points (* = p<0.05, *** = p<0.001), as well as the differences between Hx and 
SuHx-rats (# = p<0.05). Panel B shows that re-exposure to normoxia results in an acute 
20% decrease in RVSP within one hour in a representative SuHx-animal (data points 
each hour). To visualize the acute decrease in RVSP upon normoxic re-exposure, panel 
C shows significant differences between the mean RVSP measured during the last day 
of hypoxia and the first four normoxia time points in SuHx and Hx-rats (* = p<0.05, 
** = p<0.01). Echocardiographic measurements of RV end-diastolic diameter (RVEDD) 
and tricuspid annular plane systolic excursion (TAPSE) are shown in panels D and E.

In Hx- and SuHx-rats alike, brief exposure to hyperoxic conditions revealed an 
acute reversibility in pressure (Figure 4A). This finding was confirmed by cathe-
terizations in the non-telemetry animals (histology groups) during termination, 
which showed lower RVSP values than those obtained in telemetry rats (Figure 
4B). The acute decrease in pressure equaled the pressure increase over the first 
week. With continuous re-exposure to normoxia, this vasoreactive response to 
hyperoxia disappeared. 
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Figure 4: Panel A: Right ventricular systolic pressure (RVSP) changes following an 
acute hyperoxic challenge in rats exposed to hypoxia only (Hx; blue) and rats exposed 
to SU5416 and hypoxia (SuHx; red). * = p <0.05, ** p<0.01, *** p <0.001. The RVSP 
change in week 3 was significantly different between Hx and SuHx-rats (# = p<0.05). 
The telemetric measured RVSP of conscious animals was compared with non-telemetric 
RV catheterizations in panel B.
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RV hypertrophy (RV/(LV+S)) in the SuHx-group increased progressively during 
hypoxia and partially decreased upon normoxic re-exposure (Figure 5A). The 
RV/(LV+S) correlated with the RVSP throughout the entire study period (Figure 
5B). The hematocrit in SuHx-rats increased significantly during the hypoxic pe-
riod and normalized within one week after re-exposure to normoxic conditions 
(Figure 5C). Hematocrit correlated with RVSP during the hypoxic period only 
(Figure 5D). 

Figure 5: Panel A shows weekly progression of right ventricular (RV) hypertrophy (ex-
pressed as RV weight over left ventricular plus septal weight, or RV/(LV+S)) in rats ex-
posed to SU5416 and hypoxia (SuHx). Panel B shows a strong correlation, between RV/
(LV+S) in hypoxia and after normoxic re-exposure, determined in 32 rats from 8 consec-
utive histology groups) and right ventricular systolic pressure (RVSP) (n=5; telemetry) 
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at corresponding time-points (as indicated by study week number). Panel C shows the 
hematocrit of SuHx-rats. Panel D shows the correlation, during the hypoxic period only, 
between hematocrit and RVSP (telemetry) at corresponding time points (as indicated by 
study week number). Hypoxic period is shown by black squares and normoxic period by 
open squares. RVSP and hematocrit were not related during the normoxic re-exposure.

Circadian range in RVSP (ΔRVSPmax-min)
During their hypoxic exposure, both groups showed a progressive increase in 
ΔRVSPmax-min, while upon normoxic re-exposure the ΔRVSPmax-min decreased in 
Hx-rats but continued to increase in SuHx-rats (Figure 6). 
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Figure 6: Panel A: Daily ranges in right ventricular systolic pressure (ΔRVSPmax-min) 
during the course of the experimental period in rats exposed to hypoxia only (Hx, blue) 
and rats exposed to SU5416 and hypoxia (SuHx, red). ΔRVSPmax-min increased signifi-
cantly during the hypoxic period in Hx and SuHx-rats alike, but after return to normox-
ia decreased in Hx-rats and continued to increase in SuHx-rats. Significant differences 
are shown for the comparisons between baseline and subsequent weeks (* = p<0.05 and 
** = p<0.01) and between Hx-rats and SuHx-rats (# = p<0.05 and ## = p <0.01. Panel 
B-D shows representative tracings of week 0, 4 and 7; baseline, end of the hypoxic expo-
sure and after 3 weeks of normoxia, respectively.

0 1 2 3 4 5 6 7
0

10

20

30

40

Hx-only delta
SuHx delta

time (weeks)
Δ

RV
SP

m
ax

-m
in

(m
m

H
g)

NORMOXIA

** **
**

****
**

**

HYPOXIA

** **
#

##
#

0 1 2 3 4 5 6 7
0

10

20

30

40

Hx-only delta
SuHx delta

NORMOXIA

** **
**

****
**

**

HYPOXIA

** **
#

##
#

time (weeks)
D R

VS
P

m
ax

-m
in

(m
m

H
g)

0 2 4 6 8 10 12 14 16 18 20 22 24
0

25

50

75

100

125

wk4
wk7

wk0

control

time (hour)

RV
SP

 (m
m

H
g)

0 2 4 6 8 10 12 14 16 18 20 22 24
0

25

50

75

100

125

wk4
wk7

wk0

Hx-only

time (hour)

RV
SP

 (m
m

H
g)

0 2 4 6 8 10 12 14 16 18 20 22 24
0

25

50

75

100

125

wk4
wk7

wk0

SuHx

time (hour)

RV
SP

 (m
m

H
g)

A

B C

D



45

Reversibility and vascular remodeling in SuHx.

Vessel morphology
In Figure 7A representative examples are shown of changes in ~40μm vessels in 
SuHx-rats (Figure 7A). No changes in intima thickness were seen in arteries of 
60-100 μm (Figure 7B), in contrast to an increase in intima thickness in smaller 
vessels (30-60 μm vessels in Figure 7C and <30 μm vessels in Figure 7D)). Upon 
return to normoxia, the intima remained thickened in vessels with a diameter up 
to 60 μm, resulting in a progressive narrowing of the lumen. Media thickness in-
creased during the first week of hypoxia in <30 and 60-100 vessels, but decreased 
upon return to normoxia. A very strong correlation was observed between rela-
tive wall thickness (intima plus media) of <30 μm vessels and ΔRVSPmax-min (Fig-
ure 8).
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Figure 7: Histology of pulmonary vessels in rats exposed to SU5416 and hypoxia 
(SUHx). Panel A shows representative Elastica van Giesson stains of small pulmonary 
arteries (~40 um) at different time-points. Cumulative time courses of the thickening of 
the intima (orange) and media (red) were expressed as percentage of the diameter of the 
external elastic lamina and calculated per vessel class. Panel B shows 60-100 μm vessels, 
panel C 30-60 μm vessels and panel D <30 μm vessels. The medial layer was significant-
ly thickened (p <0.05) during hypoxia and at week 7. Media and intima thickness are 
represented as averages; completely obliterated vessels were also observed and included 
in the analyses. Statistical significance from baseline, using repeated ANOVA, are de-
noted by: * = p< 0.05, ** = p <0.01, *** p = <0.001. The media thickness of 60-100 μm 
vessels was significantly different between baseline and week 1(** = p<0.01).
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Figure 8: Pearson correlation between the relative vessel wall thickness (intima plus 
media) of the smallest vessel class (<30 μm) and the daily range in right ventricular 
systolic pressure (ΔRVSPmax-min). Average values were taken from the histology and te-
lemetry groups at corresponding time points. The grey numbers indicate the week of 
data collection.
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Discussion

The SuHx model is a model in which the combined exposure of rats to hypox-
ia and a VEGF-R antagonist induces angio-obliterative pulmonary hyper-

tension [3]. By intima thickening mainly in the small arteries and limited neo-
muscularization, the SuHx model reproduces many aspects of the pathobiology 
of human PAH [18]. Here, we evaluated the time-course of vascular remodeling 
by histology and the evolution of hemodynamic changes using telemetry. Telem-
etry allowed several important observations in SuHx-rats. First and surprisingly, 
the RVSP was higher than anticipated in conscious, freely moving Hx animals. 
Second, we showed that after return to normoxia the SuHx-model regresses to 
a milder but persistent form of pulmonary hypertension. Third, while acutely 
reversible hypoxic vasoconstriction is an important component of pulmonary 
hypertension during the first phase of the model, the second phase is character-
ized by intima remodeling, which was progressive even after return to normoxic 
conditions. Fourth, we found a progressive increase in the circadian RVSP range 
in SuHx-rats, which can be used as a surrogate marker for the severity of vascular 
remodeling.

Serial Hemodynamic and histological characterization
Serial pressure measurements revealed an RVSP of 80 mmHg in Hx-rats (and 
even higher in SuHx-rats), which was higher than expected. Telemetry allowed 
measurements without anesthesia, during physical activity and without the need 
of removing rats from their hypoxic environment. Although the in vitro induc-
tion of endothelial proliferation by SU5416 starts within 3 days [19], a trend to 
significant hemodynamic differences between SuHx and Hx-rats did not become 
apparent until after two weeks of hypoxic  exposure. The development in SuHx-
rats of a RVSP that exceeded the pressure in Hx-rats was paralleled by the emer-
gence of intima remodeling and a decrease in vasoreactivity in week 4. Together, 
these findings suggest the emergence of vascular remodeling in SuHx-rats three 
weeks after the administration of SU5416. As expected, RVSP in Hx-rats decreased 
further, but not completely, to normal values in the successive weeks after return 
to normoxia. The RVSP also decreased in SuHx-rats upon return to normoxia, 
but stabilized at a new plateau (Figure 3A). This up-and-partially-down pressure 
response in the SuHx model was not previously appreciated and contrasts with 
the findings of Toba et al., who showed persistent pulmonary hypertension in 
SuHx rats after return to normoxia [11]. This difference is likely explained by the 
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use of anesthesia, because we also found much lower RVSPs in separate groups 
of anesthesized SuHx rats prior to termination for tissue harvesting. Other than 
by the use of anesthesia, differences in pressure responses between our study and 
the study by Toba may be explained by differences in husbanding, animal han-
dling and diet, including dietary copper content [20]. It is unlikely that technical 
complications of the telemetry method would explain differences in pressure re-
sponses, as the quality of all signals was carefully checked and signals in normal 
rats were stable. Clots at the site of telemetry implantation, which could possibly 
interfere with pressure recordings, were not observed. Abe et al. followed SuHx-
rats, without telemetry, up to 14 weeks after the initial SU5416 administration 
and showed that vascular remodeling was driven by vessel obliteration [8]. This 
suggests that SuHx induced pulmonary hypertension is not fully reversible and 
that a longer telemetric follow-up of our rats would have likely revealed stable 
or progressive pulmonary hypertension. The major implication of partial and 
temporal reversibility of pulmonary hypertension in SuHx rats is the fact that 
treatment studies need to be carefully planned and require sufficient numbers of 
animals to avoid any false positive results.

RVSP in SuHx rats with telemetry showed a linear correlation with RV/(LV+S) in 
SuHx rats without telemetry (Figure 5B). This confirms that telemetry implan-
tation does not affect the development of experimental pulmonary hypertension 
[4, 12]. The hematocrit in SuHx-rats increased significantly during the hypoxic 
period, which has been reported to be related to a combined effect of diure-
sis and intensified erythropoiesis [21]. The correlation between hematocrit and 
RVSP during the exposure to hypoxia suggests that some of the pressure increase 
in SuHx-rats is related to an increase in blood viscosity. It is interesting that, de-
spite the progressive increase in pulmonary vascular remodeling, RV function, 
e.g. TAPSE, improves upon normoxic re-exposure. This suggests that hypoxic va-
soconstriction and erythrocytosis significantly contribute to RV remodeling in 
the initial stages of the model.

During the hypoxic exposure, Hx- and SuHx-rats exhibited a progressively greater 
circadian range in RVSP (Figure 6A). Upon normoxic re-exposure, ΔRVSPmax-min 
recovered in Hx-rats but not in SuHx-rats. Interestingly, we demonstrated a strong 
correlation between ΔRVSPmax-min and wall thickness of <30μm vessels, which 
suggests that ΔRVSPmax-min could be used as a marker of remodeling of resistance 
vessels. In this setting, the lung circulation fails to accommodate a temporary 
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elevation in blood flow (which occurs during activity or stress), and as this class 
of vessels plays a major role in pulmonary vascular resistance [22, 23], RVSP in-
creases substantially. This is in keeping with the previously published correlation 
between RVSP and the percentage of obliterative vessels [10, 14]. Further studies 
to understand the mechanism of this hemodynamic phenomenon and its re-
sponse to treatment are warranted.

Comparison to human PAH
Although the hyperproliferative characteristics of the pulmonary endothelium in 
the SuHx-rat resembles similar changes in the human PAH lung, the mechanisms 
of action of SU5416 and hypoxia in this model have not been precisely identified. 
Therefore, potential treatment responses in this model may not be reproduced in 
human PAH. Unlike PAH patients and despite severe pulmonary vascular remod-
eling and RV dysfunction, SuHx rats exhibit low mortality rates. Serial histology 
of SuHx-rats showed vascular remodeling predominantly of vessels up to 60 μm. 
Moreover, the tunica media was relatively unaffected. This reflects the findings 
in human PAH provided by Stacher et al., who showed a large overlap between 
the media thickness of healthy controls and patients with end-stage human PAH 
[18]. As such, end stage human PAH and the SuHx model share features of fixed 
pulmonary hypertension and a histological pattern dominated by intima thick-
ening. These changes may occur after an initial phase of vasoconstriction and 
media hypertrophy and may explain why PAH targeting treatments have varying 
degrees of success during distinct phases of the evolution of the pulmonary vas-
cular disease in SuHx-rats and PAH patients. 

Use of telemetry
Telemetry has become the ‘gold standard’ for blood pressure measurements in 
conscious, freely moving animals [24, 25], as continuous hemodynamic param-
eters can be acquired unaffected by the use of anesthesia or mechanical venti-
lation. Here we show that telemetry is highly informative for the longitudinal 
tracking of the RVSP in SuHx-rats. Having established the natural history of 
the development of PAH in this model, it is now feasible to monitor the RVSP 
during treatment interventions. The magnitude of the circadian range in RVSP, 
as revealed by telemetry, underscores the importance of meticulous attention to 
measurement protocols when using animals for cardiovascular research. A disad-
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vantage of the method is that reliable measurements could not be obtained past 
8 weeks after the implantation of the transmitter, when ~70% of its battery life 
is consumed. When telemetric pressure measurement could be combined with 
cardiac output measurements, this would strengthen the benefit of this method 
for assessing treatment responses.

Conclusion:

The SuHx-rat model is a unique experimental model reproducing a significant 
number of pathobiologically important features of human PAH. The present 

study shows that in the model, an initial phase of partially reversible hypoxic va-
soconstriction and polycythemia, is followed by severe pulmonary hypertension 
developing in association with progressive remodeling of the intima. Withdrawal 
from hypoxia is associated with rapid reversal of polycythemia and a less rapid 
decrease in pressure, while pulmonary vascular remodeling progresses. Careful 
observation of the different phases of the SuHx model will now permit the test-
ing of drugs during different stages of disease development. Telemetry studies as 
described here in this animal model of severe PAH can facilitate the design of 
preclinical studies to further improve our understanding of drug actions in PAH.
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Abstract: 

Increased serotonin serum levels have been proposed to play a key role in Pul-
monary Arterial Hypertension (PAH) by regulating vessel tone and vascular 

smooth muscle cell proliferation. An intact serotonin system, which critically de-
pends on a normal function of the serotonin transporter (SERT), is required for 
the development of experimental pulmonary hypertension in rodents exposed 
to hypoxia or monocrotaline. While these animal models resemble human PAH 
only with respect to vascular media remodeling, we hypothesized that SERT is 
likewise required for the presence of lumen-obliterating intima remodeling, a 
hallmark of human PAH reproduced in the Sugen/hypoxia (SuHx) rat model 
of severe angioproliferative pulmonary hypertension. Therefore, SERT wild type 
(WT) and knock-out (KO) rats were exposed to the SuHx-protocol. 
SERT-KO rats, while completely lacking SERT, were hemodynamically indistin-
guishable from WT rats. After exposure to SuHx, similar degrees of severe an-
gioproliferative pulmonary hypertension and right ventricular hypertrophy de-
veloped in WT and KO rats (right ventricular systolic pressure 60 vs 55 mmHg, 
intima thickness 38 vs 30%, respectively). 
In conclusion, despite its implicated importance in PAH, SERT does not play an 
essential role in the pathogenesis of severe angio-obliterative pulmonary hyper-
tension in rats exposed to SuHx. 
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Introduction

Pulmonary Arterial Hypertension (PAH) is characterized by progressive re-
modeling of the pulmonary vessels, increased vascular resistance and, even-

tually, fatal dysfunction of the right ventricle (RV) [1]. Since the outbreaks of 
PAH caused by the administration of the appetite suppressants fenfluramine 
(Ponderal®) and Aminorex (Menocil®), which are serotonin transporter (SERT) 
substrates and indirect serotonergic agonists, the serotonin pathway has been 
attributed a key role in the pathogenesis of PAH [2–4]. Disturbances in the sero-
tonin pathway in PAH patients include increased expression of SERT [2, 5, 6] and 
tryptophan hydroxase-1 (TPH1: the protein responsible for serotonin synthesis), 
increased extracellular serotonin levels [7, 8] and increased expression of the sero-
tonin receptor 5-HT1B [6, 9]. Serotonin causes pulmonary vasoconstriction and 
pulmonary artery smooth muscle cell proliferation [9].  The many clinical associ-
ations between PAH and the serotonin system have been investigated in preclin-
ical studies of rats exposed to monocrotaline and hypoxia. These animal models, 
however, only resemble PAH with respect to remodeling of the medial layer of 
the small pulmonary vessels (Table 1) [10]. Therefore, they provide no insight 
into the role of the serotonin pathway in intima proliferation, which is another 
critical characteristic of PAH [11–14]. In-vivo studies of models which display 
angioproliferation would address the question whether the serotonin pathway is 
essential in the pathogenesis of endothelial cell disease in PAH. We hypothesized 
that (increased) presence of SERT is required in the pathogenesis of severe angi-
oproliferative pulmonary hypertension in the Sugen Hypoxia (SuHx) rat model 
of pulmonary hypertension. The SuHx-model is based on the combined expo-
sure of rats to the vascular endothelial growth factor (VEGF)-inhibitor Sugen 
and chronic hypoxia [15–17]. The SuHx rat model develops angioproliferative 
remodeling of the intima with the formation of plexiform like angio-obstructive 
lesions and leads to RV dysfunction [15, 18–21]. Here, we used Slc6a41Hubr+ 
(SERT wildtype, WT) and Slc6a41Hubr– SERT knock out (KO) rats to study the 
impact of a functional impairment of the serotonin system on the development 
of angioproliferative pulmonary vascular remodeling induced by Sugen plus hy-
poxia [22]. Our study reveals that SERT KO does not prohibit the development of 
progressive intima remodeling and pulmonary hypertension in SuHx rats. While 
an overactive serotonin system may be sufficient to induce pulmonary vascular 
muscularization, our findings suggest that intact serotonin signaling is not re-
quired for the development of angioobliterative pulmonary arterial disease.
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Table 1: Experimental models of pulmonary hypertension.  

*PA pressures have been calculated to RVSP [37], % data was not shown, # FHR= 
Fawn Hooded Rat  ♀ = study was performed in female animals, ♂♀ = study was 
performed in both genders.

Species
animal model

PH 

stimulus

RVSP  in mmHg

(WT/control à
GMO/treatment)

5-HT

synthesis

SERT 5-HT 

receptor
Mouse Tph1 -/ - Hypoxia

SuHx

20 à 14 

47 à 38

[23]

[24]
SERT -/ - Hypoxia 45 à 35 [25]
SERT -/ - unchanged % [26]

Overexpression 35 [27, 28]

Overexpression Hypoxia 31à46 ♀ [29]
Inhibitor

(LP533401)

Overexpression 35à27 [27]

Inhibitor(citalopram) Hypoxia 36à33 [27]

inhibitor(citalopram) Hypoxia 32à28 [30]

inhibitor (fluoxetine) Hypoxia 32à26 [30]

Inhibitor

(LP533401)

Hypoxia 36à32 [27]

5-HT2B -/ - Hypoxia 42à25 ♀ ♂ [6]

5-HT1B -/ - Hypoxia 21à18 [31]

Rat Inhibitor (fluoxetine) MCT 60à30* [32]

5-HT2B 
inhibitor (C-
122)

MCT 42à28 [33]

5-HT2A 
inhibitor 
(sarpogrelat
e)

MCT 55à21* [34]

5-HT1B 
inhibitor 
(GR127935)

Hypoxia 66à54* [31]

(FHR)# Increased Increased susceptible [35, 36]
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The SERT KO rat 

The full SERT KO rat was generated by N-ethyl-N-nitrosurea (ENU)-driven 
target-selected mutagenesis, by which method the DNA of spermatogonial 

stem cells was subjected to a point mutation and, by subsequent mating, a full 
knock-out was bred [38, 39]. By sequencing, it was found that a codon in the 
third exon was transferred from encoding cysteine to a stop codon [22]. This stop 
codon served as a full knock-out of the SERT assembly in the SERT KO rat. The 
lack of SERT and the absence of serotonin uptake in tissues were confirmed by 
the absence of SERT expression in tissues, the absence of d-fenfluramine induced 
hypothermia, absence of citalopram binding in the brain and by the increased 
bleeding times due to the absence of serotonin in blood platelets, which are ful-
ly dependent on SERT for the uptake of serotonin [22, 40, 41]. Matondo et al. 
measured that the serotonin level in the blood of the SERT KO rat is about 1-6% 
of that in the wild type [41].Homberg et al. phenotyped the SERT KO rat for 
neuroscientific use [22]. In the brain, due to the lack of SERT, intracellular sero-
tonin level was decreased and extracellular serotonin was increased. No changes 
in TPH2 expression were found. Changes in compensatory systems for the sero-
tonin system, such as dopamine and noradrenaline were not observed, which led 
to the conclusion that in respect to neurobiology, the phenotypic alterations were 
limited to serotonin alone [22]. The SERT KO rat has impaired object memory 
[42].  The systolic blood pressure was not altered in SERT KO rats [40]. The fe-
male SERT KO rat has more abdominal fat in comparison to the male [43].
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Material and methods

Animal model
12 male Slc6a41Hubr – WT rats (SERT WT) and 12 (Slc6a41Hubr – KO) (SERT KO) 
male rats (Radboudumc, Nijmegen, The Netherlands) were allocated to 2 differ-
ent groups: naïve control and SuHx exposed animals.  SuHx mediated pulmo-
nary hypertension was induced according to the protocol published previously 
[15, 17, 44]. Sugen (SU5416; Tocris Bioscience, Bristol, UK) was administered 
to rats weighing <200 grams as a single subcutaneous injection (25 mg/kg) [17, 
45]. SuHx rats were housed from the day of injection and during the next three 
weeks in 10% oxygen (Biospherix Ltd. New York, USA) maintained by a nitro-
gen generator (Avilo, Dirksland, The Netherlands). SuHx-rats were subsequently 
re-exposed to normoxia for three weeks [17]. The study was approved by the local 
Animal Welfare committee (VU-Fys 12-15). 

Echocardiography and hemodynamics
On the day of necropsy, all animals underwent  echocardiographic assessments 
to measure RV wall thickness (RVWT) , RV end diastolic diameter (RVEDD), tri-
cuspid annular plane systolic excursion (TAPSE), stroke volume (SV), heart rate 
(HR), cardiac output (CO), pulmonary artery acceleration time (PAAT) and cycle 
length (cl) (Philips Sonos 7500 with a S12 phased array  transducer, Andover, 
MA, USA), as published previously [17, 46]. On the day of necropsy, RV systolic 
pressure (RVSP), mean pulmonary artery pressure (mPAP), end systolic elastance 
(Ees) and arterial elastance (Ea) (Millar Instruments, Houston, Texas) were mea-
sured, as published previously [47]. Total pulmonary resistance (TPR) was calcu-
lated as mPAP/CO and arterial ventricular coupling was derived as Ees/Ea.

Histological and morphometric analyses
After necropsy, the hematocrit was measured and heart and lungs were weighed 
before processing for histology. Following examination of stained histological 
sections, small pulmonary arteries were divided into three classes, based on ex-
ternal diameters: <30 μm, 30-60 μm and 60-100 μm [17, 48]. Media and intima 
wall thickness and percent of obliteration were measured and recorded accord-
ing to previously published protocols [15, 17, 49, 50], in which closed vessels are 
>80% obliterated and open vessels are unaffected. Lungs were homogenized and 
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supernatants were extracted. According to the supplier’s manual, a Western blot 
was performed to quantify cell proliferation (proliferating cell nuclear antigen, 
PCNA (FL-261): sc-7907, 1:1000 (Santa Cruz Biotechnology, Dallas, Texas), 2nd an-
tibody HRP Anti-goat, 1:5000 (DAKO, Glostrup, Denmark)). Novex ECL chemi-
luminescent (Invitrogen, Carlsbad, California) was used for protein detection. 
Optical densities were measured and standardized with β-actin (A3854, 1:20000, 
Sigma, St. Louis, Missouri).

Serotonin, SERT and serotonin receptor measurements
Blood was centrifuged for 5 minutes at 1500 g to obtain plasma. Serotonin was 
determined in plasma and in lung tissue by using a serotonin ELISA kit (Abcam, 
Cambridge, UK), according to the instruction manual. ELISA measurements 
of plasma serotonin were confirmed by HPLC with electrochemical detection. 
Reagents, calibrators and internal standard (n-methylserotonin) were obtained 
from Chromsystems (Gräfelfing, Germany). The inter-assay variation was 5% at a 
level of 0.82 µmol/L. The lower limit of quantification was 0.06 µmol/L.  5-HIAA 
level was measured by LC-MS/MS (Waters Xevo TQ-MS, Milford, MA, USA). The 
expression of SERT in lungs was determined by Western blot; ST(C-20):sc-1458 
(Santa Cruz Biotechnology, Dallas, Texas), 2nd antibody HRP Anti-goat, 1:5000 
(DAKO, Glostrup, Denmark)). Novex ECL chemiluminescent (Invitrogen, Carls-
bad, California) was used for protein detection. Optical densities were measured 
and standardized with β-actin (A3854, 1:20000, Sigma, St. Louis, Missouri). Pres-
ence of SERT in pulmonary vasculature was determined by immunofluorescence; 
ST(C-20):sc-1458 (Santa Cruz Biotechnology, Dallas, TX USA), 2nd antibody Alexa 
Fluor 488 anti-goat, 1:100 (ThermoFisher Scientific, Waltham, MA, USA), mono-
clonal anti-actin anti-smooth muscle – Cy3 antibody (Sigma Aldrich, St. Louis, 
MO, USA) and Slowfade Gold Antifade Mountant with DAPI (ThermoFisher 
Scientific, Waltham, MA, USA).
The expression of tryptophane hydroxylase 1 (TPH1, responsible for serotonin 
synthesis) and the receptors 5HT1B and 5HT2A were determined by QPCR (Go-
Taq® qPCR Master Mix (Promega Benelux b.v. Leiden, The Netherlands). Primers 
were designed using Primer3 online software (http://frodo.wi.mit.edu). QPCR 
reactions were performed on a 7500 Fast Real Time PCR System (Applied Biosys-
tems, Foster City, CA, U.S.A) using the SYBR Green fluorescence quantification 
system. Using reference genes Ywhaz and Hprt, the cDNA content of the samples 
was normalized.
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Statistical analyses
After confirmation of a normal distribution, parametric variables were compared 
between groups using appropriate two-way ANOVA with Bonferroni post-hoc 
tests. Data is presented as mean ± SEM (Graphpad, La Jolla, CA, USA).
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Results

Animal strain
Clinical observation of the animals throughout the study protocol did not reveal 
obvious differences between WT and KO rats. Body weight was about 5-10% 
lower in all KO animals during the entire study. SERT expression was not pres-
ent in lung tissue nor SERT was present in the pulmonary vasculature (Figure 
1A,B), which confirms, in line with the conclusions by Smits et al. and Homberg 
et al. [22, 38],  the full knock out of this strain. Using HPLC or ELISA, serotonin 
could not be detected in the plasma of SERT KO rats, while ELISA did not show 
presence of serotonin in lung tissue (Figure 2A-C). 5-HIAA levels were similar 
in KO and WT rats and were not altered by the SuHx protocol  (Figure2D). WT 
rats, but not KO rats, showed a trend of increased TPH1 expression after SuHx 
exposure (Figure 2E). Receptor densities of 5HTR1B and 5HTR2A in the lung 
were not altered (Figure 2F,G). 
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Figure 1: Serotonin transporter expression in lungs (panel 1A) and presence of the Se-
rotonin transporter in pulmonary vasculature (panel 1B, approximate vessel diameter 
is 40 micron) of wild type (WT) and knock-out (KO) rats, in naïve condition. Green 
(FITC) = SERT, Red (CY3) = Smooth muscle actin (SMA), Blue (DAPI) = nuclei. ### = 
p<0.001 for comparison between WT vs. KO; n = 6/group 
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Figure 2: Serotonin plasma levels measured by ELISA (panel 2A) and in lung tissue 
(panel 2B) of wild type (WT) and knock-out (KO) rats, in naïve condition and after 
exposure to Sugen Hypoxia (SuHx). Serotonin plasma levels were confirmed by HPLC 
(panel 2C), while 5-HIAA plasma levels were confirmed by GCMS (panel 2D). mRNA 
expression of TPH1 (panel 2E), receptor 5HT1B (panel 2F) and receptor 5HT2A (panel 
2G). ### = p<0.001 for comparison between WT vs. KO; n = 6/group. 

Echocardiography and hemodynamics
Right heart remodeling after SuHx exposure was similar in WT and KO rats. All 
the animals showed an increase in RVWT and RVEDD and a trend towards a 
decrease in TAPSE (Figure 3A-C). PAAT/cl was decreased after SuHx exposure, 
but there were no differences between rat strains (Figure 3D). The CO was sig-
nificantly lower in the SERT KO when exposed to SuHx, which was caused by a 
significantly lower HR (Figure 4A-B). SV was not different between WT and KO 
rats (Figure 4C). SuHx exposure resulted in a significant increases in RVSP, mea-
sured by right heart catheterization, in comparison to naïve control conditions 
(Figure 5A), but the RVSP was not different between SERT WT and SERT KO 
rats. TPR was increased in SuHx rats, WT and KO rats alike (Figure 5B).
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Figure 3: Echocardiographic parameters in wild type (WT) and knock-out (KO) rats, 
in naïve condition and after exposure to Sugen Hypoxia (SuHx). Right Ventricular Wall 
Thickness (RVWT, panel A), Right Ventricular End Diastolic Diameter (RVEDD, pan-
el B), Tricuspid Annular Plane Systolic Excursion (TAPSE, panel C) and Pulmonary 
Artery Accelaration Time corrected for RR-cycle length (PAAT/cl, panel D) are not dif-
ferent between WT and KO rats, whereas significant differences were observed between 
naïve rats and SUHx rats. Panel E shows representative echocardiographic images of 
control, SuHx WT and SuHx KO rats. *** = p<0.001 for comparison between naïve vs. 
SuHx; n = 6/group. 

Figure 4: Cardiac Output (CO, panel A), Stroke Volume (SV, panel B) and Heart Rate 
(HR, panel C) measured by echocardiography in wild type (WT) and knock-out (KO) 
rats, in naïve condition and after exposure to Sugen Hypoxia (SuHx). # = p<0.05 and 
### = p<0.001 for comparison between WT vs. KO; n = 6/group. 
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Figure 5: Right Ventricular Systolic Pressure (RVSP, panel A) and Total Pulmonary Re-
sistance (TPR, panel B) in wild type (WT) and knock-out (KO) rats, in naïve condition 
and after exposure to Sugen Hypoxia (SuHx). *** = p<0.001 for comparison between 
naïve vs. SuHx; n = 6/group.

Pressure volume relationships
Ees and Ea (Figure 6A-B) were increased in the two SuHx groups, but not sig-
nificantly different between WT and KO rats. Ees/Ea was not different between 
groups (Figure 6C). 
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Figure 6: End Systolic Elastance (EES, panel A), Arterial Elastance (EA, panel B) and 
arterial-ventricular coupling (EES/EA, panel C) in wild type (WT) and knock-out 
(KO) rats, in naïve condition and exposed to Sugen Hypoxia (SuHx). * = p<0.05 and 
*** = p<0.001 for comparison between naïve vs. SuHx; n = 6/group.
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Hematocrit and Fulton index
Hematocrit and Fulton index (RV/(LV+S)) were increased in SuHx rats, but not 
different between SERT WT and KO rats (Figure 7). 

Figure 7: Hematocrit (panel A) and fulton index (RV/LV+S, panel B) of wild type 
(WT) and knock-out (KO) rats, in naïve condition and after exposure to Sugen Hypoxia 
(SuHx). *** = p<0.001 in comparison between naïve vs. SuHx; n = 6/group.

Pulmonary vascular remodeling
Vascular remodeling after SuHx exposure was similar in SERT WT and KO rats, 
with comparable degrees of medial wall and intima thickening and percent of 
obliteration in all vessel classes (Figure 8A-C). A representative overview (Figure 
8D) and examples are shown of changes in 40μm vessels in SuHx-rats (Figure 
8C). Western blot of proliferation marker PCNA showed no differences between 
WT and KO in naïve control and SuHx (Figure 9).
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Figure 8: Histology of medial wall thickness (panel A), intima  thickness (panel B) 
and obliteration rate (panel C) in  wild type (WT) and knock-out (KO) rats, in naïve 
condition and after  exposure to Sugen Hypoxia (SuHx), in vessel classes 0-30 micron, 
30-60 micron and 60-100 micron. Representative Elastica van Gieson stains of a SuHx 
lung tissue (panel D) and ~40 micron pulmonary vessels (panel E). No significant dif-
ferences; n = 6/group.
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Figure 9: Expression of the proliferation marker PCNA in wild type (WT) and knock-
out (KO) rats, in naïve condition and after exposure to Sugen Hypoxia (SuHx).No 
significant differences; n = 6/group.
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Discussion

The main result of this study is that the absence SERT did not prevent the 
development of severe angioproliferative pulmonary hypertension in rats 

exposed to Sugen and hypoxia. SERT expression was not present in the lungs, 
indicating that a severely impaired serotonin system does not preclude the de-
velopment of intima remodeling and vascular obliterations. A comparable in-
crease in RVSP was found in WT and SERT KO SuHx rats, and this was reflected 
by similar changes in lung histology and functional cardiac measurements. A 
decrease in intima proliferation in SERT KO rats could have been postulated 
because serotonin is a known angiogenic factor [24, 51], but did not occur. In 
contrast to the SuHx study in TPH1 KO mice [24], the knock-out of SERT in the 
rat could not prevent the induction of vascular lesions and elevation of RVSP by 
SuHx. As a powerful regulator of vessel tone, “a serum-tonis regulator” [52], the 
effect of serotonin is directed towards the medial layer by vasoconstriction and its 
stimulation of smooth muscle cell proliferation [9].  It has been reported that in 
the mouse, the increase in RVSP upon exposure to hypoxia was partially prevent-
ed by knocking out SERT (Table 1) [25, 29]. The relative importance of intact 
serotonin signaling may even be greater in the monocrotaline model (MCT) of 
pulmonary hypertension, as MCT rats showed a profound up-regulation of SERT, 
and medial hyperplasia was fully inhibited in MCT rats treated with inhibitors 
of SERT and also with inhibitors of other components of the serotonin path-
way (Table 1) [25, 32, 53]. In the SuHx model, intima remodeling plays a more 
dominant role in comparison to medial remodeling [17], which concentrates 
the desired effect on the intima solely. Here we show that SuHx induced intima 
remodeling and angio-obliteration is not impaired in SERT KO rats, which have 
a complete functional absence of SERT and undetectable levels of serotonin in 
plasma and lung tissue.

In the rat strain used in our study, SERT is lacking due to an impaired translation 
[22, 38, 39]. Because SERT is essential for transcellular transport of serotonin, 
platelets from SERT KO rats are serotonin free [40]. Here we confirm previous 
findings in mice that KO of SERT is also associated with undetectable levels of 
serotonin in the plasma [25]. This finding seems unrelated to altered synthesis, 
metabolism or degradation of serotonin because TPH1 expression and 5HIAA 
levels were unchanged, which is in line with the SERT KO mouse, published by 
Eddahibi et al. [25]. Using HPLC or ELISA, serotonin could not be detected in 
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the plasma of SERT KO rats, while ELISA and immunofluorescence did not show 
presence of serotonin nor SERT in lung tissue, respectively. Due to the protocol 
used, the plasma was probably not completely platelet free and the presence of 
ruptured platelets might have caused the increased level of serotonin in plasma 
of the WT rats. Because the platelets in the SERT KO rat were unable to take up 
serotonin, as was published previously [40], the serotonin level in plasma of KO 
rats was below the detectable level of 0.06 µmol/L. This result was already shown 
for this SERT KO rat, as in whole blood measurements the concentration of se-
rotonin was about 1-6% of that compared to the SERT WT rat and was also re-
ported earlier in SERT KO mice [25, 41]. Because 5-HIAA levels were not altered 
in KO rats, true platelet free serum concentrations of serotonin were probably 
normal in KO rats.Whereas undetectable plasma serotonin in SERT KO rodents 
remains unexplained, it does indicate a severely impaired serotonin system. The 
effect of SERT KO on circulating serotonin is opposite to what is observed after 
treatment with Selective Serotonin Re-uptake Inhibitors (SSRI’s): by inhibiting 
SERT function in platelets SSRI’s induce increased levels of circulatory serotonin 
[2]. It is possible that in our experimental set-up, very low concentrations of se-
rotonin, although undetectable by HPLC, were still present and exerted vascular 
effects. 5HT1B expression was not altered in SERT KO rats, but it is possible that 
an increased sensitivity to receptor stimulation by serotonin could compensate 
for a loss of SERT. To fully address this question, future experiments using TPH1 
inhibitors could be performed.  

Our finding that the lack of SERT did not modify the hemodynamics or structur-
al remodeling in the SuHx model, indicates that the pulmonary vascular changes 
in this rat model of severe PAH do not require a fully intact serotonin system. We 
have shown previously that changes in the medial layer in the SuHx-model are 
rather modest [17]. As such, the SuHx model mirrors findings in end stage PAH 
of major changes in the intima and not in the media of small pulmonary vessels 
[17, 54]. In our study, intima remodeling was present to the same degree in SuHx 
WT and SuHx KO rats, which implies that in this model an intact serotonin 
pathway does not play an essential role in the development of hyperproliferative 
angio-obliterative intimal lesions. We cannot exclude the possibility that this sit-
uation only applies to male rats, as we did not include female rats in our study. 
Recent publications have pointed to an increased sensitivity to alterations in the 
serotonin pathway in female compared to male mice [55–57]. Female smooth 
muscle cells have higher concentrations of serotonin and show higher prolifer-
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ation in response to serotonin administration than male smooth muscle cells 
[58]. Estrogens are known to increase the protein expression of 5-HT1B receptor 
in smooth muscle cells [59] and therefore it has been suggested that serotonin 
based treatments are only, or at least more, effective in female patients [55, 58]. As 
indicated above, the major changes in the SuHx model take place in the vascular 
intima and sex differences in endothelial cell responses to serotonin signaling 
have not been explored. Although one could speculate that angioproliferative 
remodeling in the SuHx model is driven by serotonin independent mechanisms 
in male rats only, there is no evidence to support this hypothesis. 

Serotonin has been attributed a positive inotropic action [60] and in chronic 
heart failure, the density of 5-HT2A and 5-HT4 receptors is increased [61, 62]. 
However, it is unclear whether the serotonin system directly affects cardiac func-
tion in pulmonary hypertension. The available data is inconclusive, because all 
studies in this context have been performed using interventions that primarily 
affect the pulmonary circulation. Experiments of pulmonary arterial banding 
would be better suitable to address cardiac specific effects of the serotonin system 
in a situation of pressure overload.  We observed a lower CO in SERT KO SUHx 
rats, while all other parameters of cardiac function were not different between 
SERT WT and KO rats. The effect of SERT KO on CO was driven by a decrease in 
heart rate. Serotonin is known to regulate the autonomic regulation of heart rate 
[63], and although no differences in heart rate were observed in the naïve SERT 
KO rat, bradycardia was observed after exposure to the SuHx protocol. A mecha-
nism to explain these findings is currently lacking. Paradoxically, the lack of SERT 
in the brain locally leads to increased concentrations of extracellular serotonin, 
which is produced by TPH2 [22]. Apparently this feedback mechanism is lacking 
outside the brain, as we found serotonin to be completely absent from the blood 
plasma and lungs. 

Despite these new findings in SuHx rats, the fact that the serotonin pathway 
affects human PAH is well established [2]. In PAH patients, increased circulatory 
serotonin levels [8] were observed and increased SERT expression was measured 
in the lungs from PAH patients [5]. High intracellular serotonin levels trigger 
vasoconstriction and smooth muscle cell proliferation [64]. Increased serotonin 
signaling has been implicated in the development of PAH after use of serotonin 
re-uptake inhibitors or serotonin receptor agonists (the anorexigens dexfenflu-
ramine and aminorex; antidepressants e.g. fluoxetine) and illicit drugs (for ex-
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ample, amphetamines and cocaine) [65–68]). However, as only a fraction of the 
population taking these compounds will develop PAH, a second hit, in addition 
to excessive serotonin signaling, is apparently required. MacLean and Dempsie 
suggested combined inhibition of SERT and serotonin receptors as a new treat-
ment option for PAH [2]. Our findings of unhindered angioproliferative remod-
eling even in absence of SERT and with undetectable levels circulatory serotonin 
question this therapeutic approach, within the limits of translating from animal 
models to the human disease. In conclusion: a fully intact serotonin system does 
not play an essential role in the pathobiology of severe angio-obliterative pulmo-
nary hypertension in the rat SuHx model.
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Abstract

The SU5416+Hypoxia (SuHx) is a now rather commonly used model of se-
vere pulmonary arterial hypertension (PAH). Previous studies have suggest-

ed that pulmonary hypertension in this model is partly reversible after return to 
normoxia. We tested whether an increased blood flow to one (right) lung, after 
left pneumonectomy, combined with SU5416 (SuPNx), is sufficient to induce 
irreversible PH.  
Sprague Dawley rats were subjected to either a SuHx or SuPNx protocol. Com-
parisons between models were made at week 2 and 6 utilizing echocardiography 
to determine cardiac morphometry and function, right ventricle (RV) catheter-
izations to determine RV blood pressure and RV-arterial coupling and tissue and 
molecular analysis to examine pulmonary vascular remodeling, proliferation, 
apoptosis and inflammation.

Both SuHx and SuPNx models displayed obliterative vascular remodeling lead-
ing to an increased right ventricular systolic pressure at week 6. Increased prolif-
erative activity and rates of apoptosis were accompanied by inflammation in the 
lung vasculature in both models
The combination of SU5416 and PNx causes severe angio-obliterative pulmo-
nary hypertension involving cell proliferation and apoptosis. This model features 
progressive and irreversible PAH at 6 weeks and is a suitable alternative to the 
SuHx model. 
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Introduction

Pulmonary Arterial Hypertension (PAH) is a group of progressive diseases, 
characterized by angio-obliterative lesions of the small precapillary resistance 

vessels resulting in increased pulmonary vascular resistance ultimately leading 
to right heart failure and death [1]. The arterial changes are based on pathobio-
logical mechanisms that are to some degree shared with cancer including hyper-
proliferative angiogenesis and altered endothelial cell biology [2, 3]. At the same 
time it is well accepted that a disturbed blood flow may be important in the 
pathogenesis and pathobiology of PAH, in particular in those forms associated 
with congenital systemic to pulmonary shunts [4, 5] This concept is supported by 
animal studies based on disturbed blood flow, such as the monocrotaline (MCT) 
+ pneumonectomy rat model [6, 7] and the MCT + aorta-caval shunt rat model 
[4, 8]. A ‘wound healing gone awry’ concept can connect the concepts of qua-
si-malignancy and flow–dependent alterations in the development of PAH [9]. 

Recently, we have characterized the Sugen-Hypoxia (SuHx) model by perform-
ing longitudinal histology and telemetric monitoring of the Right Ventricular 
Systolic Pressure (RVSP) [10, 11]. We showed partial reversibility of pulmonary 
hypertension and RV hypertrophy in this model after return to a normoxic en-
vironment and also that subsequent disease progression in the model was not 
dependent on remodeling of the lung vascular media. As such, hypoxia-induced 
changes in pulmonary artery smooth muscle cells seemed not required to main-
tain the obliterative vascular phenotype in rats with advanced SuHx induced PAH 
[11]. It can be hypothesized that the exuberant lumen obliterating cell growth in 
the SuHx lung vasculature is only partly and temporarily driven by hypoxic up 
regulation of HIF-1α protein expression. Changes in pulmonary blood flow ve-
locity, first driven by hypoxic vasoconstriction and later by vascular obliteration, 
may play an additional causative role in the evolution of abnormal vascular cell 
phenotypes in the SuHx model. 

The fact that hypoxia is not an obligatory secondary hit in SU5416 induced an-
gio-obliterative PAH is exemplified by the development of other SU5416 mediat-
ed animal models that lack the stimulus of hypoxia, such as the Sugen Ovalbumin 
model [12]. The aim of the present study was to evaluate whether the combina-
tion of VEGF receptor blockade by SU5416 and an increase in pulmonary blood 
flow velocity, is sufficient to induce lung vascular cell proliferation and severe 
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angioobliterative pulmonary lesions. To achieve this, the hypoxic component of 
the SuHx model was substituted by a left pneumonectomy, to create a Sugen 
Pneumonectomy (SuPNx) model. In addition to disease progression, functional 
endpoints were monitored and compared with the SuHx model. 
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Materials and methods
Animals
All experiments were approved by the Institutional Animal Care and Use Com-
mittee of the VU University and were conducted in accordance with the Europe-
an Convention for the Protection of Vertebrate Animals used for Experimental 
and Other Scientific Purposes, and the Dutch Animal Experimentation Act. Male 
Sprague Dawley rats (n= 60, 6-8 weeks, Charles River, Sulzfeld, Germany) were 
group housed (4/cage) under controlled conditions (22°C, 12:12 h light/dark cy-
cle). Food and water were available ad libitum. All rats that developed signs of 
right heart failure (>15% loss of body mass in 2 days, lethargy, cyanosis and/or 
respiratory distress) were killed before the defined end of the protocol in accor-
dance with the animal care committee protocol (FYS12-18, FYS-13-01). 

Study design
Rats were randomly divided between five groups: Control (Con), SU5416 (SU), 
Pneumonectomy (PNx), SU5416 + hypoxia (SuHx) and SU5416 +PNx (SuPNx), 
(see (Figure 1) for an overview). The SuHx protocol was employed as previous-
ly described [11]. Briefly, animals were injected with SU5416 (25 mg/kg, Tocris 
Bioscience, #3037, Bristol, United Kingdom) dissolved in carboxymethycellulose 
(CMC) and exposed to hypoxia (10%) for four weeks followed by re-exposure 
to normoxia. PNx animals underwent a left pneumonectomy. Two days follow-
ing PNx-surgery an injection of SU5416 was administered (25 mg/kg).The Con-
group received only the solvent CMC.
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Figure 1: Study design. 5 groups of N=12 (6 per time point). SuHx= SU5416+Hypoxia; 
SuPNx= SU5416+Pneumonectomy. 

Surgical Procedure
Thirty minutes prior to anaesthesia (Isoflurane; 4.0/2.5% induction/maintance; 
1:1 O2/Air mix) and intubation (Teflon tube, 16 gauge) rats received an injec-
tion of buprenorphine analgesia (0,1 mg/kg). Rats were ventilated at a rate of 
70/minute with a peak pressure of 10 cmH2O and placed in half supine position 
on a heating pad. The surgical site was shaved and cleaned with chlorhexidine 
digluconate in 70% ethanol (Addedpharma, Oss, Netherlands). Heart rate, satu-
ration, carbon dioxide levels and temperature were monitored at all times during 
the surgery. Thoracotomy was performed by opening the third intercostal space. 
Ventilation was briefly interrupted for a maximum of 30 seconds to fix the lung 
outside off the chest cavity with the use of Q-tips. Bronchus, artery and veins 
were ligated and the lung was removed. The thorax was closed by suturing of the 
muscular and dermal layers. After cessation of isoflurane administration animals 
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were extubated and received an additional injection of sterile saline (3 ml) and 
Carprofen (4.0 mg/kg) subcutaneous (Rimdadyl, Pfizer, Capelle aan den IJssel, 
the Netherlands). 

Echocardiography
Echocardiography was utilized at baseline, week two and week six. Measurements 
(ProSound SSD-4000, 13-MHz linear transducer #UST-5542, Aloka, Tokyo, Japan) 
were performed on anesthetized rats (2,5% isoflurane, 1:1 O2/Air mix). Measured 
parameters were pulmonary artery acceleration time (PAAT), right ventricular 
wall thickness (RVWT) and end diastolic diameter (RVEDD), cycle length (CL) 
and tricuspid annular plane systolic excursion (TAPSE). Derived parameters were 
cardiac output, total pulmonary resistance (TPR), PAAT/CL, heart rate (HR) and 
stroke volume (SV). Analysis was performed offline (Tomtec Imaging systems, 
Unterschleisscheim, Germany). 

Right ventricle pressure measurements
Two and six weeks post-surgery/post-hypoxia animals were anesthetized and right 
ventricle (RV) and left ventricle (LV) pressure measurements via catheterization 
were performed via an open-chest RV catheterization under general anesthesia in 
all animals (2.5% isoflurane, 1:1 O2/air mix). Before the procedure, rats were intu-
bated (Teflon tube, 16 gauge) and attached to a mechanical ventilator (Micro-Ven-
tilator, UNO, Zevenaar, the Netherlands; ventilator settings: breathing frequency, 
70 breaths per minute; pressures, 12/0 cm H2O; inspiratory/expiratory ratio, 1:1). 
RV pressures were recorded by use of a microtip pressure-volume conductance 
catheter (Millar Instruments, Houston, TX). Analyses were performed when 
steady state was reached over an interval of at least 10 seconds. Animals were 
killed via exsanguination and organs were weighed and processed for analysis. 

Histology and morphometry
Lungs were weighed and the airways of the right middle lobe were filled with 
0.5% low-melt agarose in saline under constant pressure of 25 mmHg and stored 
in formaline (#4169-30, Klinipath BV, Duiven, The Netherlands). The remaining 
lobes were stored in liquid nitrogen for further processing. The heart was per-
fused with tyrode solution, weighed, dissected, snap-frozen in liquid nitrogen 
and stored in -80°C. Transversally cut lung sections (4μm) were stained with elas-
tica van Gieson and hematoxylin - eosin (H&E) for analysis of vascular dimen-
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sions for week two and six. Occlusion rate was determined by counting the pres-
ence of open, partially closed and fully closed vessels (total of 50) in randomly 
selected high power fields. For immunofluorescence staining, lung sections were 
deparaffinized and epitope retrieval was performed by immersing the slides in 
antigen unmasking solution (H3300, Vector Laboratories) for 40 minutes in a 
pressure cooker. Blocking steps with 1% bovine serum albumin were performed, 
before labeling with the primary antibody Von Willebrand Factor (VWF, ab8822, 
Abcam) O/N in 4oC, except for negative control. Subsequent labeling with ap-
propriate secondary antibody, anti-actin α-smooth-muscle-actin – Cy3 (α-SMA, 
C6198, Sigma), and 4’6-diamidino-2-phenylindole (DAPI, H-1200, Vector Labs) 
counterstaining followed. Image acquisition was performed on a ZEISS Axiovert 
200M Marianas inverted microscope. 

Statistical Analysis
All analyses were performed in a blinded fashion. All data were verified for nor-
mal distribution. A p-value <0,05 was considered significant. All data are present-
ed as mean ±SEM. Parameters were analysed by two-way ANOVA with Bonfer-
roni post-hoc testing (GraphPad Prism for Windows 5.01, San Diego CA). 
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Results

Effect of SU5416- or pneumonecomty alone. 
Results of the effects of SU5416- and pneumonectomy alone are summarized in 
tables I and II (Table 1 and 2). Right lung mass was found to be increased in the 
pneumonectomy group compared to control both after 2 and 6 weeks of initia-
tion experiment. CD68 (macrophage) was found to be increased in the SU-group 
compared to control at week 2. 

Table 1: overview of echocardiography, hemodynamics and pulmonary vascular remod-
eling in control situation and after 2 weeks of exposure to SU5416 or pneumonectomy 
alone.

2 weeks

CON SU PNX P-VALUE

PAAT/CL 13,7 ± 4,9 16,9 ± 4,4 13,1 ± 2,1 n.s.
RVWT (mm) 1,0 ± 0,3 ± 0,1 0,9 ± 0,4 n.s.
RVEDD (mm) 2,3 ± 0,4 3,0 ± 0,3 2,8 ± 0,2 n.s.
TAPSE (mm) 3,2 ± 0,2 3,2 ± 0,3 2,9 ± 0,5 n.s.
ESP (mmHg) 2,5 ± 2,5 23,5 ± 1,9 29,6 ± 8,2 n.s.
EES (mmHg/ml) 55,6 ± 22,2 52,3 ± 25,1 42,0 ± 17,3 n.s.
EED (mmHg/ml) 3,1 ± 0,9 2,1 ± 0,9 3,4 ± 3,1 n.s.
EA (mmHg/ml) 101,0 ± 33,0 143,0 ± 31,0 120,0 ± 32,5 n.s.
SV (ml) 0,2 ± 0,06 0,2 ± 0,03 0,2 ± 0,06 n.s.
HR (bpm) 409,0 ± 23,6 384,7 ± 21,5 370,9 ± 23,0 n.s.
CO (ml) 88,2 ± 20,2 64,4 ± 10,4 80,3 ± 18,4 n.s.
TPR (mmHg/ml.min) 0,3 ± 0,1 0,3 ± 0,1 0,3 ± 0,1 n.s.

Intima fraction (%) 7,9 ± 1,3 10,1 ± 2,8 8,8 ± 0,5 n.s.
Media fraction (%) 10,5 ± 1,5 12,8 ± 1,3 14,1 ± 2,0 n.s.
Right lung mass (gr) 24,2 ± 3,1 41,9 ± 8,4 54,1 ± 13,5 * 0,05
Fulton/RV/(LV+S) 0,3 ± 0,1 0,4 ± 0,2 0,4 ± 0,1 n.s.

1,0
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Table 2: overview of echocardiography, hemodynamics and pulmonary vascular remod-
eling in control situation and after 6 weeks of exposure to SU5416 or pneumonectomy 
alone.

6 weeks
CON SU PNX P-VALUE

PAAT/CL 15,5 ± 3,5 11,8 ± 3,9 12,5 ± 2,2 n.s.
RVWT (mm) 1,1 ± 0,2 1,2 ± 0,3 1,4 ± 0,2 n.s.
RVEDD (mm) 3,9 ± 0,8 4,4 ± 0,9 4,9 ± 1,1 n.s.
TAPSE (mm) 2,6 ± 0,5 2,7 ± 0,6 2,7 ± 0,4 n.s.
ESP (mmHg) 22,9 ± 4,5 24,0 ± 6,3 25,2 ± 2,3 n.s.
EES (mmHg/ml) 30,4 ± 10,0 33,9 ± 11,0 31,0 ± 11,8 n.s.
EED (mmHg/ml) 2,3 ± 0,9 2,6 ± 0,8 1,8 ± 0,7 n.s.
EA (mmHg/ml) 94,4 ± 52,9 112,3 ± 47,7 101,5 ± 24,4 n.s.
SV (ml) 0,2 ± 0,05 0,2 ± 0,04 0,2 ± 0,03 n.s.
HR (bpm) 345,0 ± 8,0 333,0 ± 42,0 383,0 ± 23,0 n.s.
CO (ml) 80,9 ± 19,9 72,9 ± 15,6 69,7 ± 11,9 n.s.
TPR (mmHg/ml.min) 0,2 ± 0,1 0,3 ± 0,0 0,4 ± 0,1 n.s.

Intima fraction (%) 7,6 ± 0,1 12,0 ± 1,5 12,2 ± 1,6 n.s.
Media fraction (%) 12,0 ± 2,8 16,7 ± 2,4 21,2 ± 8,2 n.s.
Right lung mass (gr) 26,3 ± 2,2 30,5 ± 4,8 43,9 ± 12,5 * 0,05
Fulton/RV/(LV+S) 0,2 ± 0,0 0,2 ± 0,1 0,3 ± 0,1 n.s.
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Progressive pulmonary hypertension in SuHx and SuPNx rats.
RVSP was significantly elevated after two weeks in the SuHx model compared to 
Con and SuPNx, whereas no differences in RVSP were observed between SuPNx 
and control animals. Six weeks after initiation of the protocol both SuHx and 
SuPNx demonstrated an increased RVSP when compared to Con (Figure 2A). 
RV afterload (Ea) was significantly increased in both SuHx and SuPNx after six 
weeks (Figure 2B). RV Contractility (Ees) significantly increased in SuHx at 
week two compared to Con and SuPNx. SuPNx Ees at six weeks was significantly 
higher than Con, while no significant differences between groups in RV stiffness 
(Eed) were observed (Figure 2C-D). Coupling (Ees/Ea) was not significantly dif-
ferent between groups. 
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Figure 2: Pressure-volume measurements. A: Right ventricle systolic pressure (RVSP); 
B: RV afterload (Ea); C:RV Contractility (end systolic elastance/Ees); D:RV stiffness 
(end diastolic stiffness/Eed) E: Coupling (Ees/Ea) ; Con= Control; SuHx= SU5416+Hy-
poxia ; SuPNx= SU5416+Pneumonectomy;  * = p<0,05; *** = p<0,001; ††=p<0,01; 
†††=p<0,001; §= p<0.05; (*= SuHx/SuPNx vs. Con 2 weeks; †= Suhx/SuPNx vs. Con 
6 weeks; §= SuHx vs. SuPNx)

Total pulmonary resistance (TPR) was increased in SuHx and SuPNx rats after 
week six, which was in accordance with the increased Ea (Figure 3A). No dif-
ferences in stroke volume index (SVI) were observed between groups (Figure 
3B). The minor differences in heart rate at week two (Figure 3C) did not result 
in differences in cardiac index (Figure 3D). Pulmonary artery acceleration time 
/ cycle length (PAAT/CL) was reduced in both SuHx and SuPNx at week six 
compared to Control animals (Figure 3E). RV wall thickness (RVWT) and end 
diastolic diameter (RVEDD) were increased at week two in SuHx rats when com-
pared to both Controls and SuPNx, whilst after six weeks, RVWT and RVEDD 
were increased in SuHx and SuPNx rats alike (Figure 3F-G). Tricuspid annular 
plane excursion time (TAPSE) was decreased in SuHx at week two compared to 
Control animals. Both SuHx and SuPNx showed a further decline in TAPSE over 
time (Figure 3H)
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Figure 3: Echocardiography parameters A: Total pulmonary resistance (TPR); B: Stroke 
volume index (SVI); C: Heart rate (HR); D: Cardiac index (CI); E: Pulmonary artery 
acceleration time / cycle length (PAAT/CL); F: Right ventricle wall thickness (RVWT); 
G: Right ventricle end diastolic diameter (RVEDD); H: Tricuspid annular plane systolic 
excursion (TAPSE); Con= Control; SuHx= SU5416+Hypoxia; SuPNx= SU5416+Pneu-
monectomy; * = p<0,05; ** = p<0,01; ††=p<0,01; †††=p<0,001; §= p<0.05; (*= SuHx/
SuPNx vs. Con 2 weeks; †= Suhx/SuPNx vs. Con 6 weeks; §= SuHx vs. SuPNx)

Right lung mass was increased at both time points in the SuPNx group, com-
pared to Con and SuHx (Figure 4A). Suhx left lung mass was increased compare 
to Con at week two and six. At week two, the Fulton index in SuHx was higher 
when compared to Control and SuPNx animals. At week six both SuHx and 
SuPNx showed an increased Fulton index compared to Control animals (Figure 
4B). The hematocrit levels were increased in the SuHx model at week two (hy-
poxic period) (Figure 4C). Bodymass of SuHx and SuPNx was significantly lower 
compared to Con at week two and six. SuHx bodymass mass at week two was 
lower compared to SuPNx (Figure 4D).
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Figure 4:  Lung mass, Fulton index, Hematocrit and Body mass. A: Right and left 
lung mass. Left lung indicated by striped pattern; B: Fulton index (RV/LV+S)(%); 
C: Hematocrit (%); D: Bodymass (gr); Con= Control; SuHx= SU5416+Hypoxia; 
SuPNx= SU5416+Pneumonectomy; *= p<0,05; ***= p<0,001; †=p<0,05; ††=p<0,01; 
†††=p<0,001; §§§= p<0.001; (*= SuHx/SuPNx vs. Con 2 weeks; †= Suhx/SuPNx vs. 
Con 6 weeks; §= SuHx vs. SuPNx)

Increased intimal fraction accompanied by obliterative lesions in SuHx and 
SuPNx
The vascular wall media fraction was already increased in SuPNx at week two, 
when compared to Con and SuHx, with similar elevated fractions of both SuHx 
and SuPNx at week six. By contrast, the intimal fraction increased earlier in the 
SuHx group, with equal fractions between SuHx and SuPNx at week six (Figure 
5A-C). Overviews (10x magnification) of lung morphology reveal obliterative le-
sions in SuHx and SuPNx at week six (Figure 5D-F). 

2 weeks 6 weeks
0.0

0.2

0.4

0.6

0.8

§§
§

***
†††

Fu
lto

n 
in

de
x 

(R
V/

LV
+S

 (%
))

2 weeks 6 weeks
40

45

50

55

60

* §§§

H
em

at
oc

rit
 (%

)

2 weeks 6 weeks
0

200

400

600

††

Bo
dy

m
as

s (
gr

am
s)

0

50

100

150

2 weeks 6 weeks

***

indicates le� lung mass

SuPNx
SuHx
Con

*** †
†††

indicates right lung mass

§§§ §§§

Le
� 

+ 
rig

ht
 lu

ng
 m

as
s (

gr
am

s)

A B

C D



104

CHAPTER 4

0

20

40

60

80

2 weeks 6 weeks

†††
*

***

†††
Con
SuHx
SuPNx

ve
ss

el
s o

cc
lu

de
d 

(%
)

2 weeks 6 weeks
0

10

20

30 Con
SuHx
SuPNx

*

†††

§

M
ed

ia
 fr

ac
tio

n 
(%

/v
es

se
l d

ia
m

et
er

)

2 weeks 6 weeks
0

10

20

30

40

50

** §§
†††
†††

In
tim

a 
fra

ct
io

n 
(%

/v
es

se
l d

ia
m

et
er

)

Control SuHx

SuPNx

vWF
αSMA
DAPI

A

C

B

D

F

E



105

Angio-obliterative lesions in the Sugen plus pneumonectomy model.

Figure 5: Vascular remodeling A: Media fraction thickness; B: Intima fraction thick-
ness; C: vessels occluded (%); Con= Control; SuHx= SU5416+Hypoxia; SuPNx= 
SU5416+Pneumonectomy; *= p<0,05; **= p<0,01; ***= p<0,001; †††=p<0,001; §= 
p<0.05; §§= p<0.01; n.s.= not significant (*= Suhx/SuPNx vs. Con 2 weeks; †= Suhx/
SuPNx vs. Con 6 weeks; §= SuHx vs. SuPNx). Overview (magnification 100x) of lung 
vasculature Green = von-Willebrand Factor (ECs); Red = α-smooth-muscle-actin (SMC); 
Blue = DAPI (nuclei) in D: Control, E: SuHx and F: SuPNx. White arrows indicate oc-
clusions. 
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Discussion

To our knowledge this study is the first full report on the combined lung 
vascular effects of pneumonectomy and SU5416 in rats. In the current study, 

several important hallmarks of human PAH were detected in the rat model that 
combines PNx and one single injection of the VEGF receptor antagonist SU5416. 
These include severe pulmonary hypertension, angio-obliterative vascular lesions 
and increased rates of proliferation and pro-apoptotic signaling of lung endothe-
lial and smooth muscle cells and RV dysfunction which shows many similarities 
to the SuHx model. The present study confirms that an increase in pulmonary 
blood flow velocity, combined with VEGF receptor blockade, is sufficient to es-
tablish PAH in rats. Additionally, our study supports the two-hit hypothesis of 
severe PAH, similar to previous studies in which PNx was paired with the admin-
istration of MCT [13, 14]. Other SU5416 based interventions that induce a sim-
ilar vascular phenotype are the models of SU5416 plus chronic hypoxia (SuHx) 
[15–17] and SU5416 plus immune deregulation [12, 18].

SU5416 combined with pneumonectomy induces severe PH
As determined by echocardiography and pressure-volume analysis of the RV, the 
combination of SU5416 and PNx caused RV dysfunction as is frequently ob-
served in severe PAH. Measurements of RVEDD and RVWT confirmed increased 
RV hypertrophy and dimensions, which findings were confirmed by an increase 
in RV/LV+S. In addition, the systolic function of the RV was affected as shown by 
a significant decrease in TAPSE. TPR was increased due to extensive pulmonary 
vascular changes. We found an increase in right lung mass in SuPNx which is 
possibly explained by compensatory lung growth and/or influx of inflammatory 
cells after pneumonectomy [19, 20]. 

The increase in TPR in SuPNx rats was associated with an increased pulmonary 
arteriolar mean wall thickness. Pneumonectomy combined with MCT[13, 16] 
induces neotintimal proliferation as does the combination of MCT with an 
abdominal aortacaval shunt [23]. Although MCT models are extensively used, 
concerns have been raised with regard to their translational value [24]. Besides 
the systemic side effects caused by the MCT as liver toxicity, the model shows a 
beneficial treatment response, while similar treatments are refractory in human 
disease. The vascular lesions observed in the SuPNx model show a great similar-
ity with the characteristic lesions observed in the SuHx model. A hypothetical 
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explanation for the similarities between these models is that pneumonectomy 
(through a reduction in pulmonary vascular bed) and hypoxic exposure (through 
vasoconstriction) both exert their effects via an increased pulmonary blood flow 
velocity. We propose that the shear stress-induced activation and injury of lung 
vascular endothelial cells cannot be repaired when SU5416 impairs signaling 
via VEGF receptors, which is required for the homeostatic maintenance of lung 
vessels [25]. Since VEGFR2 and VEGFR3 are both part of a mechanosensory 
complex in endothelial cells it can be argued that SU5416 interferes with this 
complex, thereby hampering EC mechanosensing [26, 27]. A failure of normal 
adaptation to changes in shear stress may be crucial to the development of pul-
monary vascular remodeling. 

Comparison of SuHx and SuPNx
The SuHx model is a now frequently utilized model of severe angio-oblitera-
tive  PAH[11]. In comparison to the SuHx-model, the combination of pneumo-
nectomy with VEGF receptor blockade showed several important differences in 
disease progression.  Although the vascular lesions in the SuPNx model are very 
similar to the SuHx-model, the hyperproliferation of endothelial cells and the 
resulting obliterative lesions as a consequence of high flow in the SuPNx model, 
indicate that the endothelial dysfunction and injury do not necessarily require 
metabolic pathways activated by hypoxia. This might suggest that the hypoxic 
exposure within the SuHx protocol is important for increasing the blood flow by 
its mechanical loss of vascular lumen and explains the efficacy of monocrotaline 
or SU5416 in hyper flow based animal models. SU5416, by itself, damages endo-
thelial  cells, but without a second hit SU5416 does not cause angio-obliterative 
luminal changes[15]. By design in the SuHx model, temporal exposure to hypox-
ia and reversal of hypoxic vasoconstriction and hemoconcentration upon return 
to normoxia results in a partial reversibility of pulmonary hypertension [11]. This 
aspect of reversibility is reflected by a decrease in RVSP and hypoxia after the hy-
poxic period and complicates drug treatment studies when using the SuHx mod-
el. Because the SuPNx model lacks elements of hypoxic vasoconstriction and 
hemoconcentration, the RVSP after pneumonectomy increases gradually over 
time, which may be a better representation of the human disease.  The ultimate 
body mass is equally lowered in SuHx and SuPNx rats, although SuHx rats show 
a temporal more profound decline in bodymass in comparison to SuPNx rats in 
week two. This phenomenon is probably explained by a combination of hypoxia 
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induced diuresis and anorexia which lowers body mass [28]. 
A major advantage of the SuPNx model in comparison to the SuHx model is that 
the hematocrit in SuPNx rats is unaffected. In SuHx hematocrit increases during 
the hypoxic exposure and influences pulmonary vascular resistance and cardiac 
adaptation [11]. The normalization of hematocrit, in orchestra with the acute 
reversible hypoxic vasoconstriction, results in a partial decrease of RVSP upon 
normoxic re-exposure, while intimal wall thickening progressively increases. This 
means that within the time course of the SuHx protocol, the RV is not always re-
flecting the condition of pulmonary vascular remodeling and might question the 
efficacy of RV assessments, for example treatment studies, in the early phase upon 
normoxic re-exposure. In regard to cardiac remodeling, the SuPNx model has the 
advantage over the SuHx model, as pulmonary vascular remodeling is gradually 
progressive, as it is in the human condition. Within the time course chosen, the 
SuPNx study does not show signs of cardiac reversibility. Reversibility in a later 
phase of the model was not determined, but also not expected as the survival was 
affected upon 8 weeks after SU5416 injection.

The limitation of the SuPNx model is that a surgery is required, which may in-
duce inflammatory processes. The mechanism of action of SU5416 is poorly un-
derstood, and might therefore complicate the interpretation of VEGF or tyrosine 
kinase mediated treatments. 

In summary, we have shown that the combination of SU5416 and PNx causes 
severe angio-obliterative pulmonary hypertension, without the need of hypoxia. 
This SuPNx model can serve as an alternative model of severe angio-obliterative 
PAH when the equipment needed for chronic hypoxic exposure is not available. 
Our study together with previous studies on experimental models of pulmonary 
hypertension, shows that the typical histological findings of PAH, including 
obliterative lesions, inflammation and increased cell turnover, represent a final 
common pathway of a disease that can come about after a variety of insults to 
the lung vasculature. These insults may share increased shear stress and/or an 
impaired adaptive response to changes in shear stress as a common denominator.
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Abstract:

Pulmonary Arterial Hypertension (PAH) is a rapidly progressive and devas-
tating disease characterized by remodeling of lung vessels, increased pulmo-

nary vascular resistance and eventually right ventricular hypertrophy and failure. 
Because Histone deacetylase (HDAC) inhibitors are agents hampering tumor 
growth and cardiac hypertrophy, they have been attributed a therapeutic poten-
tial for patients with PAH. Outcomes of studies evaluating the use of HDAC 
inhibitors in models of PAH and right ventricular pressure overload have been 
equivocal, however. Here we describe the levels of HDAC activity in the lungs 
and hearts of rats with pulmonary hypertension and right heart hypertrophy or 
failure, experimentally induced by monocrotaline (MCT), the combined expo-
sure to the VEGF-R inhibitor SU5416 and hypoxia (SuHx), and pulmonary artery 
banding (PAB). We show that HDAC activity levels are reduced in the lungs of rat 
with experimentally induced hypertension, whereas activity levels are increased 
in the hypertrophic hearts. In contrast to what was previously found in the MCT 
model, the HDAC-inhibitor trichostatin A had no effect on pulmonary vascular 
remodeling in the SuHx model. When our results and those in the published 
literature are taken together, it is suggested that the effects of HDAC inhibitors in 
humans with PAH and associated RV failure are, at best, unpredictable. Signifi-
cant progress can perhaps be made by using more specific HDAC-inhibitors, but 
before clinical tests in human PAH can be undertaken, careful preclinical studies 
are required to determine potential cardiotoxicity.
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Introduction

Pulmonary Arterial Hypertension (PAH) is a rapidly progressive and devas-
tating disease, characterized by obstructive remodeling of lung vessels. If 

left untreated –and often despite treatment, the increased pulmonary vascular 
resistance eventually results in right ventricular (RV) dysfunction, heart failure 
and death [1]. After linking biological hallmarks of cancer [2, 3] with some of 
the abnormalities found in the PAH lung, the hypothetical etiological focus of 
PAH shifted from the concept of vasoconstriction to concepts of quasi-malignan-
cy [4]. Endothelial cell proliferation is currently given a more prominent role 
in the pathogenesis of the disease and the view on vasodilators has changed, as 
these treatments are incapable of curing PAH [4–6]. Newer treatments are being 
developed which aim to reduce pulmonary vascular resistance by reversing the 
quasi-malignant behavior of cells in the pulmonary vascular wall of PAH patients 
[7]. Unfortunately, antiproliferative treatment of PAH with the tyrosine kinase 
inhibitor Imatinib was associated with adverse events in clinical trials (particu-
larly subdural hematoma), despite very promising initial preclinical and clinical 
studies [8, 9].

As the insight developed that epigenetic modifications play a major role in the 
pathogenesis and behavior of several tumors [10, 11], Histone DeACetylases In-
hibitors (HDACis) were shown to have therapeutic effects in  malignant disease, 
including promotion of  growth arrest, cell differentiation and apoptosis [12]. 
Although additional studies are necessary, HDACis were well tolerated by pa-
tients with urological cancers and were shown to have the potential to arrest 
tumor growth [10]. At the same time, it was discovered that class IIa Histone 
DeACetylases (HDACs) are involved in cardiac hypertrophy and that HDACis 
could regulate hypertrophic responses [13].

The combination of anti-malignant effects and suppressive effects on cardiac 
hypertrophy makes HDAC inhibitors attractive candidates for the treatment of 
PAH. Beneficial responses were observed in rats with monocrotaline (MCT) and 
chronic hypoxia induced pulmonary hypertension [14, 15]. Unlike human PAH, 
these experimental models do not exhibit endothelial hyperproliferation, how-
ever, which makes their use in the clinical situation unpredictable. Moreover, 
we have shown that HDAC inhibition induces a functional deterioration in the 
pressure overloaded right ventricle (RV), which was associated with the devel-
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opment of fibrosis and capillary rarefaction [16]. Lungs and heart have different 
adaptation strategies and their own specific roles in the pathophysiology and 
outcome of PAH. While hampering remodeling in the lungs might be a benefi-
cial effects of HDACis, they may also worsen the adaptive processes in the heart 
[14, 16, 15, 17]. 

To contribute to a better assessment of the therapeutic potential of HDACi in 
PAH, we determined HDAC activities in lung and right ventricular tissue derived 
from two models of experimental PH and one model of isolated RV pressure 
overload. In addition, to determine the effect of HDAC inhibition on lung endo-
thelial hyperproliferation, the key hallmark of human PAH, we assessed the ther-
apeutic efficacy of Trichostatin A in the Sugen/hypoxia (SuHx) model. This mod-
el is based on the combined exposure of rats to the VEGF-R inhibitor SU5416 
and hypoxia and shows a striking hemodynamic and histological resemblance to 
human severe PAH.
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Material and methods
Animal models
Male Sprague Dawley rats, weighing 180-200 grams at the start of the experi-
ments, were exposed to MCT or Sugen plus 10% hypoxia, as described previously 
[18, 19] . MCT and SuHx rats were terminated after 28 days. To induce a fixed RV 
pressure overload insensitive to drug treatment, another group of rats underwent 
Pulmonary Artery Banding (PAB), as described earlier[18, 20]. Control animals 
were housed under similar conditions as the other groups and sacrificed after 
four weeks. Lungs and hearts were collected and immediately placed in liquid 
nitrogen to be stored at -80 degrees Celsius. The study was approved by the local 
Animal Welfare committee (VU Fys 11-11, Fys 11-16 & Fys 12-08).

HDAC activity
HDAC activity was determined by using the Fluor-de-Lys HDAC kit (Enzo Life 
Sciences, New York, USA), according to their instruction manual and recommen-
dations.

Echocardiography, hemodynamics, fulton index and histology
Transthoracic echocardiography (Vevo770 imaging system, VisualSoncis, Toron-
to, ON, Canada) allowed assessment of Triscupid Annular Plane Systolic Excur-
sion (TAPSE) and Right Ventricular Inner Diameter (RVID/d). Hemodynamics 
were measured invasively using a 4.5-mm Millar conductance catheter, which was 
inserted into the right ventricular outflow tract, in order to measure Right Ven-
tricular Systolic Pressure (RVSP). After hemodynamic assessments, hearts were 
excised and after removal of atria and the great arteries, the right ventricle (RV) 
was separated from the residual left ventricle plus septum (LV+S). RV-weight and 
LV+S weights were both determined and the Fulton index (FI = RV/LV+S) was 
calculated. Lung tissue was fixated in formalin, processed and slides were stained 
with H&E. 

TSA treatment study in Sugen hypoxia
Severe angioproliferative pulmonary hypertension was induced in two groups of 
four male Sprague Dawley rats by their combined exposure to a subcutaneous 
injection of SU5416 (20 mg/kg) suspended in CMC and subsequent housing in 
10% oxygen, for the duration of four weeks [20, 21]. In one of the SuHx groups, 
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TSA was administered (450 mg/kg) for five times a week intraperitoneally start-
ing on the day of sugen administration and lasting for four weeks; the other 
SuHx group received vehicle only. On the last day of hypoxia (study day 28), 
RV function was evaluated by transthoracic echocardiogram, hemodynamics and 
Fulton Index. A naïve control group, without induction of sugen hypoxia or TSA 
treatment, consisting of 4 animals, was included.

Statistical analyses
After confirmation that data were normally distributed, variables were compared 
between groups using two-way ANOVA with Bonferroni post-hoc tests. 

Results
In comparison to normal rats, lung HDAC activity was significantly lower in the 
two models of experimental PH (Figure 1). All experimental models showed an 
increased HDAC activity in cardiac tissues in comparison to control rats.

Figure 1: HDAC activity was decreased in lung tissue (panel A) of monocrotaline and 
sugen hypoxia (SuHx) exposed rats. Lung tissue after pulmonary artery banding (PAB) 
was not affected. HDAC activity was increased in the pressure overloaded right ventricle 
of all experimental models used (panel B). Comparisons with controls are denoted by * 
(p<0.05), ** (p<0.01) and *** (p<0.001).
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RVSP and FI were significantly increased in SuHx-rats and unaffected by TSA 
administration. Echocardiography showed a decreased TAPSE and increased 
RVID/d in SuHx rats and, again, TSA treatment did not change these parameters 
(Figure 2). Likewise, lung histology of SuHx rats was unaltered after TSA treat-
ment, with significant presence of occlusive vascular lesions and media hypertro-
phy (Figure 3). 

Figure 2: Echocardiographic assessment and Fulton index of control rats and rats ex-
posed to Sugen and hypoxia (SuHx), with or without treatment with trichostatin A 
(TSA). Tricuspid Annular Plane Systolic Excursion (TAPSE), Right Ventricular Inner 
Diameter (RVID/d) and Right Ventricular Systolic Pressure (RVSP) were altered due 
to the induction of experimental pulmonary hypertension by SuHx, but no differences 
were seen between the SuHx group and SuHx group with TSA treatment The Fulton 
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index showed similar results. Comparisons with controls are denoted by *(p<0.05) and 
** (p<0.01).

Figure 3: Pulmonary vessel remodeling was seen in rats exposed to Sugen and hypoxia 
(SuHx) and consisted of medial hypertrophy and intima hyperproliferative lesions in 
small arteries (arrowheads and arrows). Trichostatin A (TSA) treatment in SuHx rats 
did not affect pulmonary vessel remodeling (column SuHx + TSA). H&E, magnifica-
tion 40x, lowest panel 200x. 

Discussion

This study shows that HDAC activity is decreased in the lungs of rats with 
experimentally induced PH, whereas HDAC activity is increased in the pres-

sure overloaded RV. Furthermore, we show that the pan-HDAC inhibitor TSA 
has no therapeutic or beneficial effects in SuHx induced PH, as it neither affected 
pulmonary vascular remodeling nor improved cardiac function. 

control SuHx + vehicle SuHx + TSA
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Gene expression is regulated by folding and defolding of the DNA by histones. 
Defolding is controlled by Histone AcetylTransferases (HATs) and facilitates ex-
pression of specific genes [22]. Hampering of expression is caused by folding 
which is regulated by Histone DeACetylases (HDACs) [22]. In various cell types, 
HDACis exert therapeutic effects by direct suppression of overexpressed genes or, 
through the release from effects of suppressor genes, by increasing transcriptional 
activity of silenced genes. Additional effects of HDACis are related to acetylation 
of other substrates than histones, including proteins and enzymes [12, 23, 24]. Via 
these mechanisms, HDAC inhibitors affect proliferation, apoptosis and differen-
tiation, as well as cardiac hypertrophy. This combination of effects makes HDAC 
inhibitors seemingly attractive candidate drugs for the treatment of PAH. 

To study the preclinical efficacy of HDACis in PH, several experimental models 
are available [25, 26].  PH was reversed by the HDACis Valproic acid (VPA) and 
suberoylanilide hydroxamic acid (SAHA) in two of these models, namely the 
chronic hypoxia and MCT model[25, 27].) (Figure 4) [14, 28].
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Figure 4: Conclusive figure; whereas the physiological response on HDAC activity 
(blue) decreases in the lung, left panel, cardiac HDAC activity (right panel) increases 
(blue) upon different experimental PH exposures. Treatment of HDAC inhibitors was 
beneficial in hypoxia (and MCT) (green), was neither worsening nor beneficial in sugen 
hypoxia (orange) and detrimental for pulmonary artery banding in the heart (red).

However, given the fact that HDAC activity was low in all PH models we tested, 
even without treatment, it seems unlikely that the therapeutic effect of SAHA 
and VPA were mediated by a further reduction in HDAC activity levels. The 
treatment effects of HDACis in chronically hypoxic and MCT rats may have re-
sulted from the deacetylation of non-histone protein substrates, including those 
involved in hypoxic angiogenesis via Hypoxia Inducible Factor 1 alpha (HIF-1α) 
related signaling pathways[12].  Lung HIF-1α protein expression is increased in 
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MCT and chronically hypoxic rats and is thought to play a role in the vascular 
remodeling in these experimental models [29]. It has been suggested that TSA re-
duces the gene expression DNA-binding activity of HIF-1α in a non-histone relat-
ed fashion, which would lead to a reduction in VEGF expression and inhibition 
of hypoxic angiogenesis [30]. The reduced overall HDAC activity we observed in 
the SuHx and MCT lung seems at odds with the previously reported increased 
protein expression of several specific HDACs in the lungs of MCT and chronical-
ly hypoxic rats [14]. Unfortunately, HDAC activity levels have never been deter-
mined in human PAH lung tissue. A discrepancy between human HDAC protein 
expression and activity could point to dysfunction of specific HDAC enzymes, 
which were not studied at this time. A limitation of the current study is that, 
using an activity kit, it remains unknown which specific HDACs are responsible 
for overall HDAC activity. 

We chose to test TSA in the SuHx model, as this model features intima remod-
eling in the arterioles and pre-capillaries and thereby gives new insights into 
the pathobiology and treatment of PAH [21, 25, 31]. A therapeutic effect of TSA 
in this model was not observed (Figure 2 & 3). As the TSA dose level and dos-
ing strategy used in this study caused detrimental cardiac effects in PA-banded 
rats[16], we can’t attribute the absence of a treatment effect in SuHx rats to inef-
fective HDAC inhibition. This discrepancy with the therapeutic effects of HDAC 
inhibitors in other PH models is perhaps explained by the fact that the HIF-
VEGF signaling pathway in this model is inhibited by SU5416, thereby render-
ing the model insensitive to further inhibition of HIF-1α related pathways [21]. 

Several investigators have shown that left ventricular hypertrophy, induced by 
stimuli varying from  pressure overload to overexpression of pro-hypertrophic 
genes and continuous agonist infusion, is reduced or prevented by HDAC in-
hibitors [13, 14, 32–34]. In preclinical studies, it is clear that HDACis are active-
ly lessening myocardial hypertrophy [14, 15]. HDACis were almost exclusively 
tested in preventive treatment strategies. Studying the effects of HDACis on RV 
function and hypertrophy in MCT or chronically hypoxic rats is problematic, 
as the treatment simultaneously changes RV afterload. To assess the therapeutic 
effect of HDACs on cardiac hypertrophy per se, PA-banding has shown to be an 
important tool [35], as this model only induces RV hypertrophy, without affect-
ing the pulmonary vasculature [18, 20]. In PA-banded or aortic banded (TAC) 
animals, HDACis have resulted in controversial outcomes (Figure 4) [16, 17, 28].  
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We showed that the adaptive cardiac hypertrophy as induced by PAB, requires 
upregulation of HDAC activity and that TSA or VPA treatment leads to a deteri-
oration of cardiac function [16]. 

When the RV is pushed towards hypertrophy, major shifts in fetal gene expres-
sion are taking place in order to remodel the ventricle into a high pressure pump 
[20, 34, 36, 37].  This compensatory gene response needs HDAC activity; blocking 
these fetal genes indirectly by HDACis prevent cardiac hypertrophy [38, 39]. In 
line with this hypothesis, we found an increased HDAC activity in RV tissue. 
Furthermore, Sano et al, observed a bimodal pattern in gene expression during 
the hypertrophic response; with an initial increase in HIF-1α expression early in 
the hypertrophic process, followed by a later decrease in HIF-1α expression due 
to p53 accumulation when hypertrophy is established [40]. The bimodal pattern 
has also been confirmed in monocrotaline induced RV hypertrophy [41]. The 
shift in expression during established hypertrophy hampers angiogenesis and the 
fetal remodeling program. Growth and maintenance of the capillary network are 
critical for the adaptation of the RV to pressure overload [18] and the inhibition 
of angiogenic pathways seems critical for the induction of RV failure by HDACis 
[16]. 

To date, preclinical work in models of pulmonary hypertension and RV pressure 
overload has relied on the exclusive use of rather unselective HDACis. Significant 
progress can perhaps be made by using more specific isoform-selective HDACis, 
which are currently under development[13] and have been used with success 
in left heart disease animal models[42]. When isoform-specific HDACis do not 
provoke failure of the pressure overloaded RV, they would be worth considering 
for the treatment of PAH. 

Conclusions
Essential differences are found in HDAC activity between heart and lung. As 
lung HDAC activity is decreased in several experimental PH models, remodeling 
of the pulmonary vascular vessel seems not to require a continued increase in 
HDAC activity. In SuHx rats, HDAC inhibition by TSA did not lead to a reduc-
tion in pressure overload. RV HDAC activity was increased in several models of 
RV hypertrophy, which suggests that HDAC activity plays an important role in 
the compensation to pressure overload. The clinical implication of our findings 
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is that the effects of HDAC inhibitors in humans with PAH are unpredictable 
and may include RV functional deterioration, especially when a reduction in 
pulmonary vascular resistance is not feasible.
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Abstract: 

BIBF1000 is a small molecule tyrosine kinase inhibitor targeting Vascular En-
dothelial Growth Factor Receptor (VEGFR), Fibroblast Growth Factor Re-

ceptor (FGFR) and Platelet Derived Growth Factor Receptor (PDGFR) and a 
powerful inhibitor to treat fibrogenesis. BIBF1000 is very similar to BIBF1120 
(Nintedanib) which was recently approved for the treatment of Idiopathic Pul-
monary Fibrosis (IPF). A safety concern pertaining to VEGFR, FGFR and PDG-
FR inhibition is the possible interference with right ventricular (RV) responses 
to an increased afterload, which could adversely affect clinical outcome in IPF pa-
tients who developed pulmonary hypertension. We tested the effect of BIBF1000 
on the adaptation of the RV in rats subjected to mechanical pressure overload.
BIBF1000 was administered for 35 days in pulmonary artery banded (PAB) rats. 
RV adaptation was assessed by echocardiography, pressure volume loop analysis, 
histology and determination of atrial natriuretic peptide (ANP) expression. 
BIBF1000 treatment resulted in growth attenuation but had no effects on RV 
function after PAB, given absence of changes in cardiac index, end systolic elas-
tance, connective tissue disposition and capillary density. We conclude that in 
this experimental model of increased afterload, VEGFR, FGFR and PDGFR inhi-
bition does not hamper RV adaptation to pressure overload.
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Introduction

Idiopathic Pulmonary Fibrosis (IPF) is characterized by progressive fibroblast/
myofibroblast accumulation resulting in increased deposition of extracellular 

matrix components like collagen in the lungs. These pathogenic mechanisms are 
partly driven by growth factor signaling through Vascular Endothelial Growth 
Factor (VEGF), Platelet Derived Growth Factor (PDGF) and Fibroblast Growth 
Factor (FGF) receptors (2, 15, 38). BIBF1000, a potent tyrosine kinase inhibitor 
of VEGF, PDGF and FGF receptor signaling (6), attenuated pulmonary fibrosis 
in an animal model of lung fibrosis resembling aspects of IPF (11). Nintedan-
ib (BIBF1120) and BIBF1000 are indolinone derivatives designed during the 
same chemical lead optimization program and are very similar with respect to 
the kinase specificity profile (6, 11). Nintedanib has anti-tumor activity and like 
BIBF1000 anti-fibrotic activity in animal models of IPF (14, 19, 36, 43). Because 
Nintedanib slows the decline in lung function in patients with IPF (34), the drug 
was recently approved for the treatment of IPF in the United States and Europe 
(44).

IPF is complicated by pulmonary hypertension (PH) in about 45% of patients 
(10, 37). To adapt to the increased pulmonary vascular pressures, the right ven-
tricle (RV) undergoes progressive adaptation through increased contractility and 
hypertrophy, processes involving VEGF, PDGF and FGF signaling. Upregulation 
of VEGF in the pressure overloaded heart is required to maintain capillary den-
sity and systolic function (23, 35). Intact PDGF signaling contributes to cardio-
myocyte survival and cardiac adaptation through activation of cardiomyocyte 
progenitor cells (5, 45). In models of acute myocardial infarction, enhanced 
PDGF signaling is cardioprotective (12, 20). FGF induces hypertrophic responses 
in cardiomyocytes, for example by activation of mitogen-activated protein kinase 
(MAPK) (22, 30). FGF-2 deficient mice develop dilated cardiomyopathy at nor-
motension and do not show compensatory hypertrophy when hypertensive (30). 
Because cardiac remodeling involves VEGF, PDGF and FGF receptor signaling, 
the question may be raised whether BIBF1000 and nintedanib could hamper 
cardiac adaptation. This question is critically important because RV function is 
an important determinant of prognosis in IPF (16, 39, 42). The aim of this study 
was to assess the effect of VEGF, PDGF and FGF receptor inhibition on RV adap-
tation to pressure overload in rats subjected to Pulmonary Artery Banding (PAB). 



134

CHAPTER 6

Material and methods (467/500)
Animal model
Thirty-two male Sprague Dawley rats (Crl:CD(SD), Charles River, Sulzfeld, Ger-
many), 180-200 grams body weight (BW) underwent PAB (n=16), or sham sur-
gery (n=16) as described previously (8). Via a left thoracotomy, a silk suture was 
tied tightly around an 18-guage needle alongside the pulmonary artery. After sub-
sequent rapid removal of the needle, a fixed constricted opening was created in 
the lumen equal to the diameter of the needle. One week after surgery, animals 
were randomized to vehicle or BIBF1000 treatment (n=8/group). Clinical signs 
and body weights were measured daily. The study was approved by the local An-
imal Welfare committee (VU-Fys 11-11).

Test substance formulation and dosing
The citrate salt of BIBF1000 (IUPAC-code 35113576) (Boehringer Ingelheim 
Pharma, Biberach Germany) was dissolved in deionized water (MilliQ, Milli-
pore) to reach a concentration of 10 mg/mL (on basis of the free base) and stored 
at room temperature to a maximum of 7 days. BIBF1000 was administered at a 
dose of 50 mg/kg body weight once daily by oral gavage for 35 days. Dose calcu-
lation was adjusted to the individual body weights twice weekly. 

Echocardiography
On the day of necropsy, animals underwent echocardiography using a ProSound 
system (Prosound SSD-4000) equipped with a 13-Mhz linear transducer (UST-
5542, Aloka, Tokyo, Japan), as described previously (28). The following parame-
ters were acquired: cardiac index (CI), tricuspid annular plane systolic excursion 
(TAPSE), RV wall thickness (RVWT) and RV end diastolic diameter (RVEDD). 

Hemodynamics and pressure volume (PV)-loops
Just before necropsy, animals received isoflurane 2-3% in 1:1 O2/air mixture (60% 
oxygen) for anesthesia. Hematocrit was determined by centrifugation and frac-
tional measurement. The chest was opened through the diaphragm. RV cathe-
terization was performed using a Millar catheter (AD instruments, Bella Vista, 
Australia) for measuring right ventricular systolic pressure (RVSP) and pres-
sure-volume measurements. For collecting end systolic elastance (EES), end di-
astolic elastance (EED) and arterial elastance (EA), the vena cava was occluded 
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with a tightened string placed around the abdominal vena cava, as described 
previously (28). 

Histological and morphometric analyses
After necropsy, cardiac tissues and organs were weighed and processed for histol-
ogy. Organ weights were corrected for tibia length. Tissues were fixed in formalin 
and embedded in paraffin. Four micron slices of heart tissue were prepared and 
stained. To assess the presence of connective tissue, a Masson’s trichrome stain 
was performed. CD31 and CD45 immunohistochemical stains were performed 
to evaluate capillary density and inflammation, respectively.

Atrial natriuretic peptide (ANP) protein expression
According to the suppliers manual, a western blot on RV homogenizations was 
performed (ANP(N-20):sc-18811, 1:200 (Santa Cruz Biotechnology, inc., Dallas, 
Texas), 2nd antibody polyclonal Goat Anti-Rabbit immunoglobin E0432, 1:5000 
(DAKO, Glostrup, Denmark). Novex ECL chemiluminescent (Invitrogen, Carls-
bad, California) was used for protein detection. Optical densities were measured 
and standardized with β-actin.

Statistical analyses
All data are presented as mean ± S.E.M. of n animals. Parametric variables were 
compared between groups using appropriate ANOVA with Bonferroni post-hoc 
tests (GraphPad Prism, GraphPad Software Inc, La Jolla, CA USA.). A p value of 
less than 0.05 was considered significant.
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RESULTS
Body weight gain and clinical signs
Increasing with time BIBF1000 treatment resulted in reduced body weight 
gain in sham treated (Figure 1A) and PAB-treated animals (Figure 1B). One 
BIBF1000-treated PAB-animal underwent necropsy one day before its scheduled 
necropsy due to significant weight loss and clinical signs. 

Figure 1: Body weight gain in vehicle- and BIBF1000-treated groups of sham-operated 
(panel A) and Pulmonary Artery Banding (PAB)-operated (panel B) rats. Mean plus 
SEM, ** = p<0.01, *** = p<0.001. 

Echocardiography
PAB resulted in an increase of RVWT (Figure 2A) and RVEDD (Figure 2B) 
compared to sham treated animals. BIBF1000 did not significantly reduce the 
increased RVWT and RVEDD but effectuated a trend toward a reduction. No 
differences were found between the different treatment groups in TAPSE (Figure 
2C) or CI (Figure 2D). 
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Figure 2: Echocardiographic parameters in vehicle- and BIBF1000-treated groups of 
sham-operated and Pulmonary Artery Banding (PAB)-operated rats; Right Ventricu-
lar Wall Thickness (RVWT, panel A) and Right Ventricular End Diastolic Diameter 
(RVEDD, panel B), Tricuspid Annular Plane Systolic Excursion (TAPSE, panel C) and 
Cardiac Index (CI, panel D). Mean plus SEM, ** = p<0.01, *** = p<0.001.
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Hemodynamics and pressure volume (PV)-loops
RVSP, EES and EA (Figure 3A-C) were significantly increased in the PAB-treated 
animals. BIBF1000 did not significantly change the increase in RVSP, EES and 
EA.   Ventriculo-arterial coupling (EES/EA), EED and stroke volume index (SVI) 
(Figure 3D-F) were not affected by either PAB or BIBF1000 treatment.
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Figure 3: Right Ventricular Systolic Pressure (RVSP, panel A), End Systolic Elastance 
(EES, panel B), Aterial Elastance (EA, panel C),  ventriculo-arterial coupling; (EES/EA, 
panel D), End Diastolic Elastance (EED, panel E) and Stroke Volume Index (SVI, panel 
F) in vehicle- and BIBF1000-treated animals of sham-operated and Pulmonary Artery 
Banding (PAB)-operated rats. Mean plus SEM, *** = p<0.001.
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Necropsy
The hematocrit remained within physiological ranges (Figure 4A). Heart weight 
was increased in the PAB-treated animals, due to an increase of both right ven-
tricular weight (RV/tibia) (Figure 4B) and, to lesser extent, left ventricular plus 
septum weight ((LV+S)/tibia) (Figure 4C). Heart weights were normalized with 
the tibia length to account for growth retardation. The ratio in RV/(LV+S) in-
creased dramatically in the PAB-treated animals describing severe right ventric-
ular hypertrophy (Figure 4D). In sham-treated as well as PAB-treated animals 
BIBF1000 induced a trend towards a decrease in RV/(LV+S) ratio indicating a 
possible reduction in right heart hypertrophy.

Figure 4: Hematocrit (panel A) and organ weights in vehicle- and BIBF1000-treated 
animals of sham-operated and Pulmonary Artery Banding (PAB)-operated rats. RV 
weight was corrected by tibia length regarding growth retardation (RV/tibia, panel B), 
as well the Left Ventricle ((LV+S)/tibia, panel C). RV weight divided by left ventricle 
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plus septum weight based on the tibia corrected values (RV/(LV+S), panel D). Mean 
plus SEM, * = p<0.05, ** = p<0.01, *** = p<0.001.

Histological and morphometric analyses of the heart
PAB induced an increase in cardiomyocyte cross sectional area (CSA), indicating 
hypertrophy. BIBF1000 treatment significantly prevented the increase in CSA  
(Figure 5A). The number of capillaries per cardiomyocyte was increased after 
PAB in vehicle-treated rats, but not in BIBF1000-treated rats (Figure 5B). In com-
parison to the vehicle-treated animals with PAB the BIBF1000 treatment did not 
significantly reduce the number of capillaries per mm2 (Figure 5C). No differ-
ences were seen among groups regarding amounts of connective tissue (Figure 
5D) or inflammation (Figure 5E).
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Figure 5: Histological analyses in vehicle- and BIBF1000-treated animals of sham-oper-
ated and Pulmonary Artery Banding (PAB)-operated rats; Cross Sectional Area (CSA, 
panel A), capillaries (CD31+ cells per cardiomyocyte, panel B), capillaries (CD31+ cells 
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per mm2, panel C), collagen tissue (panel D) and Inflammatory density (CD45+ nuclei 
per mm2, panel E). Mean plus SEM, * = p<0.05, *** = p<0.001.

ANP protein expression
PAB resulted in a non-significant increase in ANP protein expression in vehicle 
treated rats, but not in BIBF1000-treated rats (Figure 6).

Figure 6: ANP-protein expression measured by Western blot in vehicle- and 
BIBF1000-treated animals of sham-operated and Pulmonary Artery Banding (PAB)-op-
erated rats. Mean plus SEM, * = p<0.05.
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Discussion 
Our study shows that VEGF, FGF and PDGF receptor inhibition by BIBF1000 
does not adversely affect the morphology or RV function of rats subjected to 
PAB. TAPSE, ESP, EES and CI were not different between groups. The load in-
dependent index of RV function EES/EA was not significantly different between 
groups. BIBF1000 treatment of PAB rats resulted in a trend toward less RV dilata-
tion and less RV hypertrophy. Despite a decrease in number of capillaries per car-
diomyocyte, the number of capillaries per surface area -which is most represen-
tative for myocardial oxygen transport- was not altered. As a marker for cardiac 
stress, ANP was increased in PAB-animals, but this increase was attenuated after 
administration of BIBF1000. No alteration in connective tissue disposition was 
observed after BIBF1000 administration in PAB rats, which finding was probably 
due to the fact that collagen disposition is minimal in this experimental model 
of adaptive RV hypertrophy (8). In summary, these findings suggest that it would 
be unlikely that inhibition of VEGFR, FGFR and PDGFR, either by BIBF1000 or 
by the very similar indolinone derivative nintedanib, result in a deterioration of 
RV function in IPF patients with secondary pulmonary hypertension. However, a 
clinical study to confirm these effects in human IPF with PH is warranted.

IPF is a progressive disease characterized by marked, patchy fibrosis in the lung 
parenchyma and loss of pulmonary function (31). In the pathophysiology of the 
disease, increased expression of FGF, PDGF and VEGF have been implicated (9, 
21, 44). PH develops in approximately 45% of IPF patients and severely impacts 
functional status (10, 37). For example, the need for additional oxygen (L/min) 
was increased by 26% of the patients with PH in IPF and the cardiac index was 
decreased when mean pulmonary artery pressure exceeded 40 mmHg (37). Im-
portantly, RV function is the most conclusive determinant of prognosis in IPF 
patients with secondary PH (42). The existence of PH in patients with IPF in-
creases the 1-year mortality to 28% compared to 5.5% in IPF patients without PH  
(26, 37). Currently no treatment targeting PH in patients with IPF is approved 
(10). Hence, it is of paramount importance that treatment options approved for 
patients with IPF have no detrimental effects on RV function. This safety concern 
could particular apply to nintedanib, which was recently approved for the treat-
ment of IPF. 

At the start of our study a dosing rationale was available for BIBF1000 in rats (6) 
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but not for the very similar BIBF1120 (nintedanib) which is now approved for 
the treatment of IPF in US and the EU (34). BIBF1000 at 50 mg/kg attenuated 
the deposition of collagen and the expression of pro-fibrotic genes in an animal 
model of bleomycin-induced lung fibrosis (6). Nintedanib and BIBF1000 are 
very similar with respect to their kinase specificity and potency (4, 5). The com-
bined inhibitory activity of FGFR, PDGFR and VEGFR by both compounds is 
assumed to target lung fibrosis (5, 9, 11).  FGFR1 and 2 are expressed on various 
cells in the lungs of patients with IPF (21), and  FGF-2 stimulates proliferation of 
lung fibroblasts from patients with IPF (18). In vivo abrogation of FGF signaling 
reduces bleomycin-induced pulmonary fibrosis and improves survival in bleomy-
cin-treated mice (46). PDGF was shown to have an important role in fibroblast/ 
myofibroblasts proliferation, migration and survival and acts as a stimulator of 
collagen synthesis (3, 9, 24, 29). Inhibition of PDGFR with specific compounds 
reduced pulmonary fibrosis in various animal models of lung fibrosis (1, 4, 27, 33, 
41). VEGFR was assumed to be implicated in aberrant neovascularization (13, 32) 
and anti-VEGF gene therapy was shown to attenuate bleomycin-induced fibrosis 
in mice (17). In the heart, the same growth factors play a key role in cardiac adap-
tation and remodeling (14, 19, 22, 30). Inhibition of VEGF and PDGF signaling 
could lead to vascular rarefaction (7, 12, 20, 23, 35), while PDGF and FGF inhibi-
tion could theoretically lead to an insufficient RV hypertrophic response (7, 22, 
30). As such, the use of nintedanib in patients with IPF complicated by PH could 
be potentially detrimental to RV function.  At the time of our study, we had no 
access to nintedanib because the drug was still being evaluated in the registration 
process for the treatment of IPF. As first pre-clinical evidence, our translational 
study shows no cardiac dysfunction in PAB rats after treatment with BIBF1000.  

A few previous studies addressed the effects of tyrosine kinase inhibitor (TKI)s 
on RV adaptation to pressure overload. Kojonazarov et al. (25), showed in mono-
crotaline treated and PAB rats that  the multi kinase inhibitors Sunitib (PDGFR, 
VEGFR and c-Kit inhibition) and Sorafenib (raf, VEGFR and PDGFR inhibi-
tion) reduced RV hypertrophy, fibrosis and vascular remodeling. Importantly, the 
degree of pressure overload in these studies was diminished after TKI treatment, 
while a load independent assessment of RV function was not made. As such firm 
conclusions pertaining to the effects of these TKIs on cardiac adaptation can-
not be made. A decrease in RVSP after PAB is most likely explained by growth 
inhibition, as the pressure gradient over a stenosis with a fixed diameter is de-
termined by blood flow. In the normal and well-adapted heart, cardiac output is 
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strongly related to body weight. In fact, we observed that treatment with 50 mg/
kg BIBF1000 hampered body weight gain which also decreased cardiac output, 
whereas CI was unchanged. This finding indicates that our dosing strategy was 
sufficiently rigorous, and that the absence of cardiac side effects was not due to 
under-dosing. Additionally, the finding stresses the fact that a proper evaluation 
of RV function in a PAB study should include load-independent parameters of 
RV function. Although no significant differences in RVSP were observed be-
tween treated and non-treated PAB rats, it can be speculated that the diminished 
RV hypertrophy and ANP expression after BIBF1000 treatment was not a direct 
pharmacological effect, but rather due to a relatively lower load due to the im-
paired body weight gain. Because we also show that the EES/EA ratio (a load 
independent indicator of RV function) was unaffected by BIBF1000 treatment, 
we can conclude that the drug does not adversely affect RV function, even in the 
presence of pulmonary hypertension. Within the limits of this animal model, 
a trend towards decreased capillary density (n/mm2) was noted. In a potential 
confirmatory clinical trial in patients with IPF and concomitant PH the determi-
nation of RV capillary flow reserve would be the best prognostic measurement if 
RV deterioration is suspected (40).

Conclusion
Given the absence of differences in cardiac index, RV arterial coupling, connec-
tive tissue disposition and capillary density, BIBF1000 treatment has no effects 
on the pressure overloaded RV. We conclude that in this experimental model, 
concomitant inhibition of VEGFR, FGFR and PDGFR does not hamper cardiac 
adaptation to pressure overload. 
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Abstract:

Deregulated growth factors, such as fibroblast growth factor (FGF), plate-
let derived growth factor (PDGF) and vascular endothelial growth factor 

(VEGF), contribute to the pulmonary vascular remodeling in Pulmonary Arteri-
al Hypertension (PAH). Nintedanib is a tyrosine kinase inhibitor targeting pri-
marily the receptors for FGF, PDGF and VEGF and is approved for the treatment 
of patients with idiopathic pulmonary fibrosis (IPF). The aim of this study was to 
examine the treatment efficacy in a rat model of pulmonary arterial hypertension 
(PAH). 
PAH was induced in male Sprague Dawley rats by subcutaneous injection of su-
gen (SU5416) and subsequent exposure to 10% hypoxia for 4 weeks (SuHx mod-
el). After hypoxia, animals were re-exposed to normoxia for 7 weeks (n=8/group). 
Nintedanib (50 mg/kg p.o.) or vehicle was administered once daily during weeks 
8-11. 
Nintedanib treatment decreased the intimal thickness of pulmonary vessels (in 
vivo). Nintedanib improved the right arterial ventricular coupling significantly, 
which finding was in line with improved histology and reduced protein expres-
sion of ANP and collagen IV. 
Nintedanib treatment resulted in a mild but beneficial attenuation of pulmo-
nary intima remodeling and improved right ventricular adaptation to pressure 
overload. A clinical study might confirm the therapeutic potential of nintedanib 
in PAH.
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Introduction

Pulmonary arterial hypertension (PAH) is a rare disease characterized by un-
controlled growth of endothelial cells, smooth muscle cells and fibroblasts 

located in the pulmonary vascular wall [1]. This uncontrolled growth leads to 
obliterative lesions in pre-capillary arterioles, an increase in pulmonary vascular 
resistance and, ultimately, right heart failure and death [2]. Today, PAH is still 
incurable despite treatment with vasodilating drugs, such as prostacyclins, en-
dothelin receptor antagonists and phosphodiesterase type 5 (PDE) 5 inhibitors 
[2]. None of these medications directly inhibit the mitotic activities of the cell 
populations in the pulmonary vascular wall and mortality rates are only partially 
decreased by these drug classes. There is an ongoing search for novel medications 
which directly inhibit or reverse abnormal cell growth, for example by inhibiting 
growth factor receptors. Vascular endothelial growth factor (VEGF), platelet-de-
rived growth factor (PDGF) and fibroblast growth factor (FGF) pathways are 
known to be upregulated in human PAH [3], and based on positive results in 
PAH animal models, a number of phase 2 and 3 trials are currently performed to 
evaluate different tyrosine kinase inhibitors (TKIs) in PAH. The PDGF-R inhibi-
tor imatinib was not effective in all PAH patients, which may have been related to 
ongoing signaling through the VEGF and FGF receptors [4]. Because nintedanib 
inhibits all three kinase receptors, a higher treatment efficacy may be expected. 
Importantly, nintedanib has only low affinity to inhibit Src, which is one of the 
main targets of dasatinib: a drug known to be able to provoke PAH [5]. A gen-
eral concern with all growth factor receptor inhibitors is that although these 
drugs may appear to be effective in reducing pulmonary vascular remodeling, 
they may also push the right ventricle towards failure by inhibiting myocardial 
adaptive hypertrophy and angiogenesis [6–9]. In a previous study, we show that 
nintedanib’s sister compound BIBF1000 does not interfere with right ventricular 
adaptation to pressure overload (see chapter 6).
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Material and methods 
Animal model
Progressive pressure-overload in conjunction with angioproliferative pulmonary 
vascular remodeling was induced by the combined exposure to the tyrosine ki-
nase inhibitor SU5416 and hypoxia. This SuHx model is characterized by pulmo-
nary vascular lesions which resemble those found in human PAH and the model 
was described in detail by our group previously [10]. Briefly, male Sprague-Daw-
ley rats weighing 200 g received a single injection of SU5416 (25 mg/kg s.c.) and 
were exposed to a simulated altitude of 5000 m in a nitrogen dilution chamber 
for 4 weeks; thereafter the animals were kept at the sea level for another 7 weeks 
[10]. Clinical signs and body weights were measured daily. Eight animals were 
dosed with nintedanib for 3 weeks, starting in week 8. The study was approved 
by the local Animal Welfare committee (VU-Fys 13-14).

Test substance formulation and dosing
The ethanesulfonate of nintedanib (Methyl (3Z)-3-{[(4-{methyl[(4-methylpiper-
azin-1-yl)acetyl]amino}phenyl)amino](phenyl)methylidene}-2-oxo-2,3-dihydro-
1H-indole-6-carboxylate) (Boehringer Ingelheim Pharma, Biberach Germany) 
was dissolved in deionized water (MilliQ, Millipore) to reach a concentration of 
2.8 mg/mL (on basis of the free base) and stored at room temperature to a maxi-
mum of 7 days. Nintedanib was administered at a dose of 41.5 mg/kg (50.0 mg/
kg with ethanesulfonate) body weight once daily by oral gavage for 21 days, at 
a safe dose level based on the available results of 28-day or 90-day repeated dose 
toxicity studies (according ICH guidelines). Dose calculation was adjusted to the 
individual body weights twice weekly.

Echocardiography
On the day of necropsy, animals underwent echocardiography using a ProSound 
system (Prosound SSD-4000) equipped with a 13-Mhz linear transducer (UST-
5542, Aloka, Tokyo, Japan), as described previously [10–12]. The following param-
eters were acquired; cardiac output, tricuspid annular plane systolic excursion 
(TAPSE), RV wall thickness (RVWT) and RV end diastolic diameter (RVEDD) 
and functional parameters such as cardiac output (CO), pulmonary artery accel-
eration time divided by cycle length (PAAT/cl) and stroke volume (SV) were mea-
sured. TAPSE was measured during systole in the four chamber view of the heart 
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and expresses the displacement of the lateral tricuspid annulus towards the apex.

Hemodynamics and pressure volume (PV)-loops
Just before necropsy, animals received isoflurane 2-3% in 1:1 O2/air mixture (60% 
oxygen) for anesthesia. Hematocrit was determined by centrifugation and frac-
tional measurement. The chest was opened through the diaphragm. RV cathe-
terization was performed using a Millar catheter (AD instruments, Bella Vista, 
Australia) for measuring right ventricular systolic pressure (RVSP) and pres-
sure-volume measurements. For collecting end systolic elastance (EES), end di-
astolic elastance (EED) and arterial elastance (EA), the vena cava was occluded 
with a tightened string placed around the abdominal vena cava, as described 
previously [10–12]. Total pulmonary resistance (TPR) was calculated by dividing 
RVSP by CO.

Histological and morphometric analyses
After necropsy, lungs and cardiac tissues were weighed and processed for histol-
ogy. Organ weights were corrected for tibia length. Tissues were fixed in forma-
lin and embedded in paraffin. Four μm slides of lung tissue were prepared and 
stained with Elastica van Gieson, for specific coloration of the elastic laminae, 
and scanned (3DHISTECH, Budapest, Hungary). As described previously [10], 
only small arteries and arterioles with an approximate circular profile were in-
cluded and divided into three classes based on external diameters, to distinguish: 
pre-capillaries, alveolar duct or respiratory bronchiole arteries and terminal bron-
chiole arteries. Averaged media and intima wall thickness were measured as de-
scribed previously [10, 12, 13]. Completely obliterated vessels (>80% occlusion) 
and partially occluded vessels (0<x<80% occlusion) were included. Regarding the 
heart, four micron slices of tissue were prepared and stained. To assess the pres-
ence of connective tissue, a Masson’s trichrome stain was performed. TIE2 (G-17, 
Santa Cruz, Dallas, TX,USA) and CD45 (550566, BD Pharmingen, San Jose, CA, 
USA) immunohistochemical stains were performed to evaluate capillary density 
and inflammation, respectively.

Protein expression
According to the suppliers manual, a western blot on RV homogenizations was 
performed (ANP(N-20):sc-18811, 1:200 (Santa Cruz Biotechnology, inc., Dallas, 
TX USA) and collagen 4 (COLIV, Rockland, inc. Limerick, PA USA), 2nd antibody 
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polyclonal Goat Anti-Rabbit immunoglobin E0432, 1:5000 (DAKO, Glostrup, 
Denmark). Novex ECL chemiluminescent (Invitrogen, Carlsbad, California) was 
used for protein detection. Optical densities were measured and standardized 
with β-actin. 

Statistical analyses
All data are presented as mean ± S.E.M. of n animals. Parametric variables were 
compared between groups using appropriate ANOVA with Bonferroni post-hoc 
tests (GraphPad Prism, GraphPad Software Inc, La Jolla, CA USA.). A p value of 
less than 0.05 was considered significant.
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Results

Clinical signs and body weight
In the nintedanib treated group, 3 animals showed reduced body weight gain, 
one animal showed pilo erection, ungroomed fur and paleness. In the vehicle 
treated group also reduced body weight gain was observed in 3 animals (Table 
1). One animal died due to a technical dosing failure.

Echocardiography
A trend towards an increase in cardiac output was seen in the nintedanib group. 
Two dimensional parameters as tricuspid annular plane systolic excursion 
(TAPSE), RV wall thickness (RVWT) and RV end diastolic diameter (RVEDD) 
were not changed. Pulmonary artery acceleration time corrected for cycle length 
(PAAT/cl) and stroke volume (SV) were not different. A small trend towards a 
reduction of the TPR was observed in the nintedanib treated group.

Pressure Volume loops: 
RV systolic pressure (end systole) was not different between vehicle and nin-
tedanib treated animals. Nintedanib treatment resulted in an increase in the End 
Systolic Elastance (EES) which nearly reached statistical significance. As Arterial 
Elastance (EA) showed also a trend towards a small decrease in the nintedanib 
group, arterial ventricular coupling (EES/EA) was significantly increased in the 
nintedanib group (Table 1). Total pulmonary resistance (TPR) was not different 
between vehicle and nintedanib treated animals.

Ex-vivo measurements
The hematocrit was not different in comparison between vehicle treated and 
nintedanib treated animals (Table 1). Heart weight, RV weight, LV weight and 
fulton index (RV/(LV ± S), were not different between vehicle and nintedanib 
treated animals (Table 1). The Fulton index showed a trend towards an increase 
in the nintedanib group, but without reaching statistical significance (Table 1).
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Table 1: overview of body weight, echocardiographic, pressure volume loops and ex-vivo 
measurements in comparison between vehicle treated and nintedanib treated animals 
exposed to the Sugen hypoxia model.

Lung histology  
Medial and intimal thickness in all vessel classes was not different between ve-
hicle and nintedanib treated animals (Figure 1AB).  Regarding the occlusion 
rate, in the nintedanib group more open (O) vessels and less partially (P) or fully 
closed (C) were found in comparison to the vehicle group (Figure 1C).

Parameter vehicle
treated

nintedanib
treated Significance

terminal body weight (g) 440 ± 12.. 403 ± 16.. ns

echocardiography

TAPSE (mm) 2.8 ± 0.1 2.5 ± 0.2 ns
RVWT (mm) 2.1 ± 0.5 2.0 ± 0.1 ns
RVEDD (mm) 4.4 ± 0.3 5.9 ± 0.3 ns
PAAT/cl (%) 7.9 ± 0.5 7.8 ± 0.6 ns
TPR (mmHg/mL/min) 0.4 ± 0.1 0.4 ± 0.1 ns
SV (mL) 0.3 ± 0.1 0.4 ± 0.1 ns

pressure volume loops

RVSP (mmHg) 61.4 ± 8.03 66.4 ± 5.60 ns
EES (mmHg/mL) 74.8 ± 19.7 126 ± 18.. ns (p = 0.076)
EA (mmHg/mL) 227 ± 66.. 205 ± 30.. ns
EES/EA (fraction) 0.34 ± 0.05 0.80 ± 0.15 * (p = 0.0129)
EED (mmHg/mL) 2.44 ± 0.54 2.78 ± 0.76 ns

ex-vivo measurements

Hematocrit (%) 44.2 ± 1.32 39.7 ± 2.56 ns
Heart (grams) 2.42 ± 0.13 2.24 ± 0.19 ns
RV (grams) 0.47 ± 0.11 0.50 ± 0.15 ns
LV (grams) 0.98 ± 0.02 0.87 ± 0.05 ns
Fulton index (RV/(LV+S)) 0.48 ± 0.04 0.58 ± 0.06 ns
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Figure 1: Medial wall thickness (panel A), intimal wall thickness (panel B), in different 
vessel classes of 0-30, 30-60 and 60-100 micron in outer diameter, and occlusion rate 
(panel C) in vehicle treated and nintedanib treated animals. Mean plus SEM.

Right ventricular histology and protein expression 
RV capillary density was not altered between vehicle and nintedanib treated an-
imals (Figure 2A). Masson trichrome staining showed that the presence of col-
lagen was significantly decreased in the nintedanib group, in comparison to the 
vehicle group (Figure 2B-C). Inflammation, CD45, was not different between 
the vehicle treated and nintedanib treated group (Figure 2D). Western blots for 
Collagen IV and Atrial Naturetic Peptide (ANP) were performed. Both analyses 
show no differences between the nintedanib and vehicle group (Figure 2E).
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Figure 2: Histological and protein analyses in vehicle- and nintedanib-treated animals 
in SuHx; Capillary density (endothelial cells per mm2, panel A), collagen tissue (panel 
B-D), Inflammatory density (CD45+ nuclei per mm2, panel E-F) and ANP expression 
(panel G). Mean plus SEM, * = p<0.05.

Discussion

In the current study, we show that a 21-day repeated dosage of nintedanib in the 
advanced stage of the SuHx-model resulted in a mild decrease of the intima in 

the pulmonary vasculature. This finding was reflected in a decreased presence of 
partially and fully closed lung vessels in the range up to 40 micron. The treatment 
effect was, however, not prominently reflected in a change in TPR or EA. In re-
spect to the literature regarding assessment of TKI’s in experimental PH-models 
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[14–16, 16–19], the mild effect might be due to the fact that in this advanced stage 
of our SuHx-model, the medial thickness is completely normalized and benefi-
cial treatment effects to the media are therefore limited [10]. 

The mild treatment effect in the lungs was reflected by a small (but not signifi-
cant) improvement in cardiac output, and in improved arterial-ventricular cou-
pling. These findings however, were not associated with improvements in RV hy-
pertrophy, dilatation or inflammatory infiltration. Also, the cardiac stress marker 
ANP was similarly expressed in the nintedanib and vehicle groups. Histology 
showed a significant reduction in degree of RV fibrosis. Hematocrit and other 
parameters as for example body weight, clinical symptoms, are confirmative that 
no side effects have influenced the outcome of the cardiopulmonary results. 

Nintedanib is a small molecule tyrosine kinase inhibitor targeting also PDGFR, 
FGFR and VEGFR and might have potential as a therapy for patients with PAH 
by its anti-tumor activity, anti-proliferative, and anti-fibrotic activity in animal 
models of IPF [20–24]. Nintedanib have showed to hamper the decline in lung 
function in patients with IPF [25], resulting in the approval of nintedanib as 
treatment of IPF in the United States and Europe [24]. 

Nintedanib treatment resulted in a mild beneficial attenuation of occlusion rate 
and in functional improvement of the right ventricle by increased cardiac out-
put, contractility and arterial ventricular coupling. Nintedanib supported right 
ventricular adaptation to pressure overload by decreasing fibrosis. To assess if this 
mild treatment potential of nintedanib is of sufficient efficacy in PAH, further 
research is warrant, prior to perform clinical studies in order to confirm the ther-
apeutic potential of nintedanib for PAH treatment.
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Abstract

The Pregnancy Prevention Program (PPP) is in place to prevent drug-induced 
developmental malformations. Remarkably, among the ten PPP-enlisted 

drugs are three endothelin-1 (ET-1) receptor antagonists (ERA’s: ambrisentan, 
bosentan and macitentan), which are approved for the treatment of Pulmonary 
Arterial Hypertension (PAH). This review describes the effects of ERA’s in PAH 
pathobiology and cardiopulmonary fetal development. While ERA’s hamper 
pathological remodeling of the pulmonary vasculature and as such exert bene-
ficial effects in PAH, they disturb fetal development of cardiopulmonary tissues. 
By blocking ET-1-mediated positive inotropic effects and myocardial fetal gene 
induction, ERA’s may affect right ventricular adaptation to the increased pulmo-
nary vascular resistance in both the fetus and the adult PAH patient. 
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Introduction

It is known that some medications induce severe fetal disorders when adminis-
tered during pregnancy. The Pregnancy Prevention Program (PPP) was estab-

lished to prevent these drug-induced developmental malformations by prevent-
ing the patient to become pregnant while using these medications. The program 
interdicts to start or continue a PPP-enlisted drug treatment in a pregnant pa-
tient and calls for adequate contraception in all female patients of reproductive 
age during treatment. Based on the patient information provided by the pharma-
ceutical companies, it is advised to use two forms of birth control concurrently 
and to perform pregnancy testing every month [1–3].

From the ten enlisted drugs in the PPP [4], three compounds are endothelin re-
ceptor antagonists (ERA’s): ambrisentan, bosentan and macitentan. These ERA’s 
are all approved for the treatment of Pulmonary Arterial Hypertension (PAH).  
PAH is a progressive and devastating disease, characterized by vasoconstriction, 
remodeling of the pulmonary vasculature and in situ thrombosis [5]. These pul-
monary alterations lead to an increased vascular resistance and an increase in 
right ventricular (RV) pressure, demanding adaptive compensatory remodeling 
by RV hypertrophy [5, 6]. RV function is the most important prognostic deter-
minant in pulmonary hypertension [7, 8]. In addition to ERA’s, 3 other classes 
of medication are currently approved for PAH treatment: phosphodiesterase 5 
inhibitors, soluble guanylate cyclase stimulators and prostacyclin analogues [9]. 

The purpose of this review is to describe the role of endothelin-1 (ET-1) in embry-
onic and fetal development and in the pathobiology of PAH. Parallels are drawn 
between the teratogenic effects of ERA’s in utero and their therapeutic effect in 
adult PAH patients.
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Endothelin-1 and endothelin-1 receptors

Endothelin is a peptide consisting of 3 isoforms, of which ET-1 is identified as 
an important player in cardiovascular homeostasis through strong vasocon-

stricting and positive inotropic effects [10]. ET-1 also has a mitogenic effect in the 
vascular wall which is important in angiogenesis and tissue repair [11]. Although 
endothelial cells are the predominant source of ET-1, pulmonary arterial smooth 
muscle cells and lung fibroblasts are additional potential producers of ET–1 [12, 
13]. ET-1 responses are mediated by 2 receptor subtypes: ET-A and ET-B. Binding 
of ET-1 to ET-A and ET-B receptors on pulmonary artery smooth muscle cell pro-
motes vasoconstriction, whereas activation of ET-B on pulmonary endothelial 
cells causes vasodilation [14] via increased endothelial secretion of prostacyclin 
and nitric oxide [10]. The endothelial ET-B receptor in the lungs is also respon-
sible for the clearance of ET-1 [15, 16]. ET-1 and ET-A (but not ET-B) are both 
expressed in the healthy RV and even more so in patients with RV hypertrophy 
[17]. There are two classes of ERA’s: selective antagonists of either the ET-A recep-
tor or ET-B receptor and non-selective ERA’s that inhibit both receptors [10, 16]. 

Endothelin-1 in embryonic and fetal development

ET-1 is important during early embryonic development. The neural crest is a 
transient embryonic structure unique to vertebrates that is generated at the 

lateral borders of the neural plate. The neural crest delaminates from the dorsal 
neural tube and subsets of neural crest cells migrate to various parts of the em-
bryo, where they differentiate into a wide variety of cell types, including most of 
the craniofacial skeleton, cartilage, neurons and glia of the peripheral nervous 
system, connective tissue, neuroendocrine cells, and melanocytes [18]. The de-
velopment of the neural crest is mediated by complex interactions of multiple 
signals and transcription factors. Bonano et al. [19], showed that early induction, 
migration and maintenance of neural crest specification require the ET-1/ET-A 
receptor signaling pathway. Thus, when endothelins and/or their receptors are 
affected, this will affect normal embyo-fetal development (see Figure 1 for an 
overview). Mice carrying targeted homozygous mutations for the ET-A receptor 
or ET-1 were viable to term but died shortly after birth due to severe defects in the 
formation of neural crest derivatives [20–22]. Malformations mainly consisted of 
craniofacial deformities and defects in the cardiovascular outflow tract. Develop-
mental toxicity studies with ERA’s in the rat confirmed these malformations [23, 
24]. The pattern of fetal cardiovascular malformations is caused by the effect of 
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ERA’s on specific neural crest cells in pharyngeal arches 3, 4 and 6 that migrate 
to the cardiac outflow tract. These cells express ET-A receptors and are involved in 
maturation of the great arteries and of the outflow septation complex. The ET-1/
ET-A receptor system is essential for the correct development of cardiac neural 
crest cells by means of an endothelium-mesenchyme interaction [22]. Also, the 
impaired migration of neural crest cells leads to craniofacial malformations

Figure 1: Craniofacial and cardiac neural crest cells migrate from the neural tube to 
the craniofacial and cardiac region of the embryo. Considered as a class effect, Endo-
thelin-1 receptor antagonists (ERA’s)and homogenous mutations to Endothelin-1 or 
Endothelin-1 receptor A hamper the migration of these neural crest cells and lead to 
cardiovascular malformations and severe abnormalities of the skull bone or craniofacial 
region [23, 24]. Due to these preclinical teratogenic observations, both FDA and EMA 
strongly contraindicate the treatment of ERA’s during pregnancy as the risk involved 
outweigh beneficial treatment effects. 

In the undeveloped fetal lung, ET-1 plays an important role in the maintenance 
of a high vascular resistance and a low blood flow. The fetal lung endothelium 
regulates pulmonary artery smooth muscle cell growth and proliferation via reg-
ulation of nitric oxide, prostacyclin and ETs [25]. Levy et al., showed an increase 
of ET-1 expression during gestation, which was decreased after birth [26]. This 
is probably due to the deployment of pulmonary tissue after birth, which at-
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tenuates hypoxic pulmonary vasoconstriction. While ET-A receptor expression 
is strong both pre- and postnatally, expression of the ET-B receptor is low during 
early lung development, and increases and stabilizes in the last phases (saccular 
and alveolar stages) pre-natally and after birth [26]. By facilitating vasodilation 
and ET-1 clearance, the development of the ET-B receptor in the late fetal stage 
prevents muscularisation of the pulmonary pre-capillaries. ET-A receptor inhi-
bition in the ovine fetus decreased pulmonary artery pressure, decreased right 
ventricular hypertrophy and attenuated the muscularization in small pulmonary 
arteries [27]. ET-B receptor inhibition increased pulmonary arterial pressure, in-
creased pulmonary vascular resistance, increased right ventricular hypertrophy, 
increased muscularization of the small pulmonary arteries and maintained ele-
vated ET-1 levels in the fetal lamb [28]. Indeed, impaired clearance of ET-1 in the 
early post-natal phase resulting in increased ET-1 plasma levels in humans is as-
sociated with Persistent Pulmonary Hypertension of the Newborn (PPHN) [25], 
characterized by a cardiac malformation which is caused by impaired closure of 
the cardiac septum resulting in a systemic-to-pulmonary shunt and high pressure 
in the pulmonary circulation. Animal studies showed that ET-B receptor stim-
ulation prevents PPHN, while ET-A receptor stimulation provokes PPHN  [29, 
30]. This might suggest that normal RV development requires an ET-1 mediated 
high fetal pulmonary vascular resistance. Indeed, during fetal development the 
RV is relatively hypertrophic and undergoes major changes from the pre-natal to 
post-natal phase. After birth, when the lungs deploy and the pulmonary circula-
tion becomes uncoupled from the systemic circulation, the RV is acting as a low 
pressure pump. After birth, the RV shows a lower weight increase compared to 
the left ventricle [31], which regresses the RV hypertrophy. 
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Pulmonary arterial hypertension and the pregnancy 
prevention program

Pregnancy is contraindicated in female PAH patients [32], because cardiopul-
monary changes during pregnancy and around delivery are associated with 

significant rates of disease progression and maternal death in PAH [33]. During 
normal pregnancy, the cardiac output increases due to a 50% increase in circu-
latory blood volume and an increase in heart rate of about 10-20 beats per min-
ute [33]. To accommodate this increase in cardiac output without an increase in 
pulmonary artery pressure, dilatation and recruitment of additional pulmonary 
vessels is needed. Failure of these mechanisms is thought to be responsible for the 
progression of PAH during pregnancy as well as for a perceived high frequency of 
new PAH cases becoming manifest during pregnancy.
ERA treatment during pregnancy is contraindicated by the PAH guideline, the 
PPP and the pharmaceutical companies [32, 34], and ERA’s are indexed as cate-
gory X in the FDA pregnancy labelling categories [35]. A category X label is given 
when animal or human studies showed evidence of fetal risk outweighing the 
potential benefits of the drug [35].  When pregnancy is not terminated, treatment 
needs to be switched to a PDE-5 inhibitor and/or prostacyclin analogues imme-
diately [36]. Even on treatment, PAH pregnancies are associated with high rates 
of premature delivery and neonatal mortality [37].There have been no reports 
that the teratogenic character of ERA’s found in animal studies [16, 38] translates 
to birth defects in children of mothers with PAH using ERA’s in the first days of 
their pregancy. 

Influences of Endothelin-1 on the pulmonary vascula-
ture in Pulmonary Arterial Hypertension

ET-1 is a key contributor to the pathogenesis of PAH. Higher than normal 
plasma and lung ET-1 levels were reported in PAH patients [10] and these in-

creased circulating ET-1 levels correlated with PAH severity and disease prognosis 
[39]. ET-1, ETA, and ET-B expressions are increased in the lungs of animals with 
experimental pulmonary hypertension [40–42]. It has also been demonstrated 
that administration of ERA’s in several animal models resembling characteristic 
features of PAH prevents and reverses the elevated pulmonary artery pressure 
[43–47]. 
The three approved ERA’s are the ET-A antagonist ambrisentan and the two dual 
ET-A and ET-B antagonists bosentan and macitentan [9, 16]. Because the ET-B 
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receptor on the endothelial cell induces vasodilation and ET-1 clearance, the ben-
eficial treatment mechanism of ERA’s inhibiting both ET-A and ET-B receptors, 
is more complex in comparison to the inhibition of ET-A receptor alone [48]. 
Clinical trials evaluating bosentan and ambrisentan showed functional improve-
ments including decreases in pulmonary artery pressure and pulmonary resis-
tance and an increase in cardiac output [9, 49–51]. Administration of ERA’s  can 
be associated with increased hepatic aminotransferase levels and these need to be 
monitored closely [9]. Sitaxsentan, a dual ERA, was withdrawn from the market 
in 2010 due to concerns of liver toxicity. Despite the suggested higher efficacy of 
non-selective ERA’s [52, 53], there are no proven differences in clinical outcome 
when comparing selective ET-A inhibition (ambrisentan) with non-selective ET-A 
and ET-B inhibition (bosentan). In theory, inhibition of the ET-B receptor also 
hampers ET-1 clearance. This is seen in clinical studies, where ET-1 plasma levels 
increased significantly after bosentan administration [54]. Recently, macitentan, 
a new potent non-peptide non-selective ERA with a 50-fold higher affinity for 
ET-A than for ET-B receptors, was approved for the long-term treatment of PAH 
patients in WHO functional class II–III [55, 56].

Influence of ET-1 on the RV in PAH

In post-natal health, right ventricular pressures are one-fifth in comparison to 
the systemic circulation. In patients with pulmonary hypertension, the RV 

needs to remodel ‘backwards’ into a high pressure pump, and to accomplish this, 
the RV re-enters a fetal gene program [57, 58].  There is evidence to suggest that 
ET-1 plays a direct role in the regulation of a fetal gene program in cardiomyo-
cytes [59]. PAH patients, as well as animals with experimental RV hypertrophy, 
show an upregulated ET-1 axis in the myocardium of the RV [17].  Because the 
fetal gene program is active in the developing fetal RV as well as in the adult RV 
adapting to an increased pulmonary vascular resistance, the use of ERA’s could 
have similar effects in both situations. ET-1 is also known to directly affect car-
diac contractility [10, 17, 57, 60]. Via the ET-A receptor on cardiomyocytes, ET-1 
increases intracellular calcium and calcium influx [61]. In that respect, ERA’s 
have been experimentally shown to induce a negative inotropic effect on the 
myocardium [17]. If these observations are relevant to patients with PAH remains 
unproven, but it is striking in this respect that ERA’s worsened disease progres-
sion in patients with left heart failure [62, 63]. 
Based on clinical trial data, Nagendran et al. suggested that the observed reduc-
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tion in vascular tone in patients treated with ERA’s, are not always reflected in a 
proportional improvement in cardiac output [17, 64–68]. In animal models with 
RV hypertrophy, ERA’s did not always improve RV function [69–71]. Nagendran 
et al. pointed to the negative inotropic effect of ERA’s in the RV, which could 
potentially worsen disease progression in PAH patients with hypertrophied and 
compensated RV’s [17].  The clinical relevance of these observations is unclear, 
however and further research is warranted. In most PAH patients, there is a de-
lay between disease onset and diagnosis and therefore ERA treatment is usual-
ly only given after the process of RV adaptation to pressure overload has taken 
place. Upon ERA treatment, any negative effects on the RV could be negated by 
the beneficial decrease in pulmonary vascular resistance. Even if ERA’s would 
worsen RV function, this effect may be easily overcome by using combination 
treatments, such as the PDE-5 inhibitor sildenafil and the ERA bosentan or tada-
lafil and the ERA ambrisentan, which showed improvement of cardiac index in 
experimental and human PAH [72, 73]. Treatment with the recently approved 
ERA macitentan showed a 30% decrease in pulmonary vascular resistance and an 
11% increase in cardiac index, resulting in a decreased morbidity and mortality 
[55]. In comparison to other ERA’s, it could be speculated that negative inotropic 
effect by macitentan is minor in comparison to the major beneficial decrease of 
pulmonary vascular resistance. 

The use of ERA’s in PAH post-partum

Hemodynamic normalization after an uncomplicated delivery takes approx-
imately six weeks [33, 74, 75]. Post-partum fluid shifts and a temporary de-

terioration of myocardial function are particular risks to female PAH patients in 
the first days after delivery [33, 74]. If ERA’s have a negative inotropic effect on the 
RV, this would be of particular importance during the post-partum period. There 
is no clinical data to guide optimal timing of (re-) starting ERA therapy after 
pregnancy in a PAH patient. It seems well-advised to carefully monitor post-par-
tum hemodynamics and RV function prior to initiating ERA treatment. 
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Other parallels between vasoactive signals in fetal devel-
opment and PAH pathophysiology

In addition to ET-1, other vasoactive signals play a mutual regulating role in 
the fetal circulation as well in the pathobiology of PAH. Bone marrow protein 

(BMP) is a key factor in pulmonary vasculogenesis and it has been suggested that 
dysfunctional BMP signaling due to a mutation of the BMP receptor II, leads to 
abnormal lung development which contribute to the pathogenesis of PAH [76]. 
An intact Rho kinase pathway is required for major morphogenetic events, also 
particularly in the heart, during embryonic development and teratogenicity was 
reported due to inhibition of Rho kinase[77, 78].  Prostaglandins, nitric oxide 
(NO), and endothelium derived NO (EDNO) play an important role in regulat-
ing vessel tone of the fetal pulmonary circulation and are of pivotal importance 
during the pre- to postnatal transition of lungs and heart [48, 79]. In PAH, the 
production of NO and prostacyclin is decreased and increasing the production 
by nitric oxide, phosphodiesterase 5 inhibitors or prostacyclin analogues bene-
ficially affects vadodilatation and antiproliferation [9]. Fasudil is a Rho kinase 
inhibitor and regresses PAH disease progression in several animal models and 
has been  proposed as PAH treatment [80–83]. Due to these many parallels and 
the safety labelling of these compounds, a safe PAH treatment for both mother 
as fetus during pregnancy cannot be assured. Also for non-vasoactive compounds 
which are associated as PAH treatment by hampering vessel remodeling, such as 
tyrosine kinase inhibitors of growth factors or histone deacetylase inhibitors, the 
possible teratogenicity should be considered. When a female PAH patient choos-
es to continue pregnancy, ERA treatment should be terminated immediately and 
attention to the recommendations in the review by  Martínez and Rutherford is 
strongly advised [33]. They evaluated that most pregnant PAH patients receive 
prostacyclin analogues and summarized successful treatments in pregnant PAH 
patients [33]. 



179

ET-1 and ERA in fetal development and PAH

Conclusion

The role of ET-1 in the pulmonary vasculature and in the RV in embryo-fetal 
life and in PAH shows many parallels (Figure 2), of which an increased pul-

monary vascular resistance and an active state of the fetal gene program in the RV 
are the most prominent. Regarding embryo-fetal life, ERA’s disturb the develop-
ment of cardiopulmonary tissues and due to the induction of these severe mal-
formations ERA treatment during pregnancy is strongly discouraged. The fetal 
parallels explain the beneficial treatment response of ERA’s in the PAH lung, but 
could theoretically also translate into some degree of RV functional deterioration 
when a decrease in pulmonary vascular tone is not achieved. A high maternal 
mortality signifies that pregnancy in PAH is contraindicated, also without ERA 
treatment. When a female PAH patient nonetheless chooses to bring a pregnancy 
to full term, the use of ERA’s is contraindicated due to the risk of fetal malfor-
mations and ERA treatment should be avoided or terminated immediately. More 
research is required to guide optimal timing of (re-) initiation of ERA treatment 
after delivery.

Figure 2: Conclusive figure regarding the parallels in pre-natal development and Pul-
monary Arterial Hypertension (PAH). In the embryo neuro crest cells migrate from 
the neural tube towards the cardiac region. Endothelin-1 Receptor Antagonists (ERA) 
hamper the migration of these neuro crest cells, resulting in cranio facial and cardiac 
malformations. During fetal development, the pulmonary vascular resistance (PVR) 
is increased by which the right ventricle (RV) can develop optimally. Administration 
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of ERA’s lower the PVR, which hampers RV development. In healthy adolescence the 
PVR is a 5-fold lower in comparison to the fetal PVR. The RV is now functioning as 
a low-pressure pump. In PAH the PVR increases to pathophysiological ranges. The de-
manded pressure-overload pushes the RV back into a fetal gene program for inducing 
hypertrophic adaptation. ERA’s in PAH lower the PVR which lowers the needed RV 
systolic pressure. However, ERA’s have also a direct negative inotropic effect on RV con-
tractility and hamper the adaptive fetal gene program.
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The aims of this thesis were to characterize the SuHx rat model and to evaluate in 
this model the effects of new treatments on remodeling of the lung vasculature, 
in particular the intimal layer.

Characterization of the Sugen Hypoxia model

The characterization of the SuHx model, (Chapter 2), led to several new in-
sights into the specifics of this animal model. The hemodynamic changes 

in the SuHx model are partially reversible upon normoxic re-exposure, through 
immediate regression of hypoxic vasoconstriction and a gradual normalization 
of the hematocrit. However, intima remodeling is progressive in the model and 
culminates into the development of angio-obliterative lesions. Based on these 
findings, figure 1 shows a hypothetical overview of the evolution of disease in 
the SuHx model. The transient role of medial hypertrophy in the SuHx mod-
el is interesting, because in most other experimental models of pulmonary hy-
pertension, such as the chronic hypoxia (CH) and monocrotaline (MCT) mod-
els, medial thickening is considered an important factor in the initiation and 
maintenance of the phenotype. Many interventions to prevent or reverse media 
remodeling have been shown effective in CH and MCT, in particular interrup-
tion of serotonin signaling. Serotonin has been thought to play a key role in the 
pathogenesis in PAH by regulating pulmonary vascular tone and the mitogenic 
properties of the medial layer. Genetic knock-down of serotonin signaling was 
shown to prevent hypoxic pulmonary vascular remodeling in mice. Altered sero-
tonin signaling was implicated in two PAH outbreaks caused by the administra-
tion of serotonin re-uptake inhibitors Aminorex (Menocil©) and fenfluramine 
(Ponderal©) [1–3]. Surprisingly, in chapter 3 we showed that knock-out of the 
serotonin transporter did not prevent the induction of angio-obliterative intima 
remodeling in the SuHx model (Chapter 3). This finding suggests that while up-
regulated serotonin is perhaps sufficient, it is not required to induce pulmonary 
hypertension.   
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Figure 1: The results of the characterization of the Sugen hypoxia (SuHx) protocol is 
visualized in this schematic overview. The ‘vessel’ shows both histological remodeling of 
the vessel wall (upper part) and Right Ventricular (RV) Systolic Pressure response, which 
is influenced by reversibility of acute hypoxic vasoconstriction and the normalization of 
hematocrit upon normoxic re-exposure [4].

At this point, it is difficult to say whether or not media remodeling is required at 
all for the development of pulmonary hypertension in the SuHx model. It could 
be postulated that in the absence of the serotonin transporter, hypoxia exerts its 
effects on the vascular media via other mediators than serotonin. Alternatively, 
the role of hypoxia as a second hit in the SuHx model could involve other mech-
anisms than media remodeling.  To further study the role of hypoxia in the SuHx 
model, we studied its substitution by increased blood flow/shear stress via a left 
pneumonectomy in Chapter 4, developing the so-called SuPNx model. A loss of 
vascular bed after pneumonectomy is assumed to result in an increase in blood 
flow velocity and elevated shear stress and this has been the rationale for devel-
oping experimental models combining pneumonectomy with subcutaneous ad-
ministration of monocrotaline. This model, together with a model of combined  
aortocaval shunting and pneumonectomy, is sufficient to induce angio-oblitera-
tive intima remodeling [5–8]. Indeed, we were able to reproduce a similar model 
combining Sugen administration with pneumonectomy. It is possible that in-
creased shear stress on endothelial cells is the common denominator in all these 
experimental PH models. The role of hypoxia in the SUHx model may be simply 
to reduce the inner diameter of the small pulmonary vessels (through hypoxic 
vasoconstriction), thereby forcing an unchanged flow through narrowed vessels 
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and increasing shear stress. High blood flow and shear stress make endothelial 
cells (EC) prone to endothelial dysfunction, hyperproliferation and disobedience 
to the “law of the monolayer” [9–12].  It can be hypothesized that increased blood 
flow velocity and shear stress are important mediators in the disease progression 
of experimental and human PAH.

The characterization of the SuHx model showed a central role of intimal remod-
eling, which is paralleled by descriptions of the hyperproliferative endothelial 
cell in human PAH [13]. Therefore, in the second part of this thesis, several com-
pounds inhibiting endothelial proliferation were tested in the SuHx model. As 
these compounds may affect the remodeling of the lungs and heart simultane-
ously, I will also discuss a cardiopulmonary treatment paradox in PAH.

Targeting endothelial dysfunction in the SuHx model

Endothelial dysfunction in PAH leads to a hyperproliferative phenotype of the 
endothelium and characteristic angio-obliterative lesions in the pulmonary 

circulation. As the SuHx model features lesions that resemble the angio-obliter-
ative lesions in PAH patients, this animal model is valuable for investigating the 
treatment effect of compounds inhibiting endothelial proliferation. We choose 
to hamper proliferation via a treatment acting on epigenetic gene regulation and 
growth factor receptor signaling. Dependent on the scientific question and the 
characteristics of the intervention to answer this question, minor adjustments to 
the SuHx protocol were made.

Gene regulation is regulated by folding and defolding of the DNA by histones 
[14]. Histone DeACetylase inhibitors (HDACis) are constitutional proteins that 
deacetylate histones and thereby regulate DNA transcription. Aberrant HDACs 
hamper cellular differentiation, leading in to proliferation. As these processes 
are important in hypertrophy and angiogenesis, HDACis are attractive for PAH 
as they are known to hamper the expression of proliferation, apoptosis and dif-
ferentiation in several tumors [15–17]. In chapter 5, HDAC Trichostatin A (TSA) 
showed not to be successful in the SuHx model [18]. A possible explanation for 
this could be the fact that HDAC activity was already decreased in the MCT and 
SuHx lung, indicating that remodeling of the pulmonary vasculature does not 
seem to require a continued increase in HDAC activity [18]. Growth factors such 
as Vascular Endothelial Growth Factor (VEGF), Platelet Derived Growth Factor 
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(PDGF) and Fibroblast Growth Factor (FGF) are activating vascular remodeling 
and are known to be upregulated in human PAH [19]. Tyrosine Kinase Inhibi-
tors (TKI) hampering these growth factor pathways have been a treatment can-
didate for PAH for several years. Nintedanib, a TKI inhibiting VEGF, PDGF and 
FGF, has potential as a PAH treatment for its anti-proliferative feature [20–24]. 
Therefore, in chapter 8, nintedanib was tested in the SuHx model. Treatment of 
nintedanib resulted in a mild but beneficial attenuation of pulmonary intima re-
modeling, by hampering the thickening of the pulmonary vascular intimal wall 
and showed functional improvement of the right ventricle by increased cardiac 
output, contractility and arterial ventricular coupling. From these two studies 
we can conclude that pulmonary vascular remodeling in the SuHx model is not 
regressed by gene regulation via HDACi TSA and mildly affected by inhibition 
of cell signaling via VEGF, PDGF and FGF receptor via TKI nintedanib. A better 
understanding of the pathways involved in endothelial dysfunction will lead to 
new and more effective approaches to treat PAH [25].
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Considering lungs and heart as one functional unit; par-
allels and treatment paradoxes

The right ventricle in PAH is required to adapt to an increased pulmonary vas-
cular resistance [26, 27]. Because cardiac function is the strongest prognostic 

parameter in PAH patients [28, 29], meticulous care should be given to improve, 
or at least conserve, cardiac function, when PAH patients are treated. Many of 
the signaling pathways that cause angio-obliterative vascular remodeling in the 
PAH lung, are also invoked in the adaptive response of the pressure overloaded 
right ventricle [25, 26, 30–33]. This brings the field to an important treatment 
paradox: drugs that are predicted to be beneficial to the lungs, might be harmful 
for the right ventricle. To assess the right ventricular in response to such a treat-
ment in an animal model, right ventricular remodeling is preferably induced and 
maintained independently from any medication induced changes in pulmonary 
vascular resistance. If a treatment is beneficial in the lungs, mild cardiotoxicity 
in the heart could be overruled by the beneficial effects in the lungs which affect 
the heart indirectly [18, 34–36]. The pulmonary artery banding model is supe-
rior for right ventricular assessments as it features a mechanical stenosis which 
gradually increases related to body weight gain. The compounds investigated 
in this thesis are examples harboring such a treatment paradox. In chapter 5, 
the treatment paradox of HDACis was discussed [18]. HDACis were reported to 
be beneficial in the MCT and chronic hypoxia model [34, 37, 38], while in the 
pulmonary artery banding model, the same HDACis were previously shown to 
be detrimental to the right ventricle, with increased disposition of connective 
tissue and hypovascularization [18, 35, 36]. A similar treatment paradox may be 
at play when it comes to Endothelin-1 Receptor Antagonists (ERA’s). ERA’s are 
registered to treat human PAH [32, 39–41]. Despite the beneficial responses in 
the pulmonary vessel bed, ERA’s also inhibit the positive inotropic effects of en-
dothelin-1 and hamper the fetal gene programming of the right ventricle, which 
program seems required for adequate pressure adaptation. We  discuss potential  
concerns about cardiac function during ERA treatment in chapter 8 [42, 43]. In 
the process to improve specificity and efficacy of new medications, the direct 
assessment of right ventricular adaptation in animal models is essential for the 
development of successful therapies for PAH.  Therefore, we assessed in chapter 6 
first the right ventricular adaptation during treatment with the TKI BIBF1000, a 
more toxic chemical analog of nintedanib, and evaluated the treatment potential 
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of nintedanib for the lungs in the SuHx model in chapter 7. We show that a mild 
regression of pulmonary vascular remodeling together with improved right ven-
tricular function, which indicates that Nintedanib is safe and potentially effective 
in human PAH. 

Conclusion

In conclusion, the SuHx model was demonstrated to exhibit a partial reversibil-
ity after re-exposure to normoxia, due to a normalization of acute reversible 

hypoxic vasoconstriction. Driven by the temporal response of the media in the 
evolution of the disease progression in SuHx rats, we explored the influence of 
the media in the disease progression in the SuHx model. The lack of the sero-
tonin transporter, a key regulator for the pulmonary medial layer, did not in-
fluence vascular remodeling in the model. Also, exposure to hypoxia was suc-
cessfully substituted by flow increasing pneumonectomy, which suggests that, in 
symphony with SU5416, the increase of blood flow and/or shear stress might be 
the initiation to pulmonary vascular remodeling.
The treatments tested and evaluated in this thesis are targeting endothelial hyper-
proliferation via gene regulation and cell signaling, both not leading to normal-
ization of the pulmonary vasculature. Such treatments affect lungs but also the 
right ventricle. To maintain cardiac function under treatment, right ventricular 
adaptation should be assessed in animal models by which right ventricular re-
modeling is not derived from an increased pulmonary vascular resistance. 
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Summary

Pulmonary Arterial Hypertension is a progressive and devastating disease 
characterized by dysfunction and remodeling of the pulmonary vasculature, 

leading to increased pulmonary vascular resistance, compensatory right ventric-
ular remodeling and eventually dilatation and heart failure. To find an effective 
treatment for Pulmonary Arterial Hypertension, animal models are used to sim-
ulate the disease. 

In this thesis, Michiel Alexander de Raaf and colleagues describe and charac-
terize the disease progression of the Sugen Hypoxia model, an animal model 
that simulates Pulmonary Arterial Hypertension and is induced by exposure to 
VEGF-inhibition and chronic hypoxia. The dependence of an intact serotonin 
pathway in this animal model was tested and chronic hypoxia was substituted 
by pneumonectomy to understand the interchangeability of the methodology.  
Several treatments, as histone deacetylase inhibitors, tyrosine kinase inhibitors 
and endothelin-1 receptor antagonists were tested and evaluated on their efficacy. 
As both lungs and heart use mutual pathways for disease progression as well as 
for compensatory remodeling against the disease, the treatment paradox ‘what 
might be beneficial for the lungs, could harm the right ventricle’ was evaluated.
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