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Pulmonary arterial hypertension (PAH), is highly ruinous condition
that targets the endothelial cells of pulmonary arteries resulting in
vasoconstriction and vascular remodeling which has become rampant
and perpetuating. Pulmonary hypertension is also a predictor of various
adverse effects. Subsequently, preclinical experimental settings are
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organized to investigate the PAH in animal models and new strategies
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for patient with PAH are needed. The pathogenesis of the disease is
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poorly understood due to its complicated structure. Animal models
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have improved current understanding of the complex pathophysiology
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of the disease and contributed to understand its underlying mechanisms
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which help in the development of therapeutic targets. Chronic hypoxia
and the monocrotaline-induced rat models are the most widely used

animal models of pulmonary arterial hypertension. It is amazing that rodent models, such as
monocrotaline and pneumonectomy and left pneumonectomy plus Su5416 yield more severe
PH than single stimuli models which is similar to human pathophysiology. There are also
new

models such as endothelin B receptor deficiency, bleomycin induced pulmonary

hypertension and some other models are used which are based on endothelial cell
proliferation due to some growth factors. Ren2 model is also a new model which is based
on renin angiotensin system. However the cumulative literature for animal models for
pulmonary hypertension is inadequately available. In the present review, we have discussed
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various experimental models of pulmonary hypertension.
KEYWORDS: Pulmonary hypertension; chronic hypoxia; endothelium dysfunction;
vascular remodeling; rat models; Vascular remodeling.
INTRODUCTION
Pulmonary arterial hypertension (PAH) is defined as a mean pressure in the pulmonary artery
(mPAP) is more than 25 mmHg.[1] There are many different clinical reasons that can cause
pulmonary hypertension in different ways such as congenital heart defects, chronic lung
disease, autoimmune disease, HIV infection, hepatic disorders, thrombotic, pulmonary
vasculitis, longstanding left ventricular failure, mitral valve stenosis/insufficiency and drugs,
etc. There are five distinct group of classification of Pulmonary hypertension recognizes by
WHO describing a mean pulmonary artery pressure > 25mmHg.[2] These groups have
therapeutic implication and shared pathophysiological, haemodynamic and, histological
features. The main advantage of using different kinds of models is to understand the
pathophysiology of human PH economically and safely. Most of the characteristic features of
human PH are relevant to the animal models such as increased proliferation, decreased
apoptosis and hypertrophy of pulmonary artery smooth muscle cells (PASMC), increased
apoptosis of endothelial cells and vasoconstriction are responsible for obstructive pulmonary
vascular remodeling, with narrowing and obliteration of the vascular lumen.[3] In addition
there is distal muscularisation and medial hypertrophy of small PAs, adventitial thickening,
oedema and haemosiderosis, distal extension of PASMC and medial hypertrophy of small
PAs, interstitial ﬁbrosis, emphysema etc.[5]
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ANIMAL MODELS
MONOCROTALINE INDUCED PULMONARY HYPERTENSION
MCT is derived from the seeds of the plant of Crotalaria spectabilis. MCT fed rats induces a
pulmonary vascular injury, pulmonary vasculitis, RV hypertrophy and endothelial cell
apoptosis only after converted to monocrotaline pyrrole in liver (6-8). However, the response
is variable among species, strains, and even animals to MCT because of differences in the
hepatic metabolism by cytochrome P-450. Currently, the rat is the preferred species for the
study of monocrotaline-induced PH.[9] It is the most widely used animal model of Group I
pulmonary hypertension considered by WHO. Early evidence suggested monocrotaline
involved alterations of cellular metabolism and oxygen consumption with the systemic
toxicity.[10] Guarnieri and Muscari recognized the monocrotaline toxicity towards cardiac
mitochondria in 1988, which found reduction in complex I, II, and IV activities as well as
increased superoxide production in cardiac mitochondria following high-dose (105 mg/kg)
monocrotaline treatment.[11] Monocrotaline has been shown to upregulate aerobic glycolysis
in cardiomyocytes and in hepatocytes.[12-14] Compounds thought to inhibit fatty acid oxidation
and restore more normal glucose oxidation (e.g., trimetazidine) have been shown to be
beneficial in monocrotaline induced PAH, similar to pyruvate dyhydrogenase kinase inhibitor
(e.g., Dichloroacetate). Monocrotaline is most accurately described as a model of pulmonary
multiorgan system toxicity along with pulmonary fibrosis, hepatic injury, immunotoxicty and
DNA cross linking.[15] It has been suggested that several different metabolic modulators are
present which may be beneficial in human PAH, induced by a large number of agents that
have not been beneficial in human disease.[16-19]
CHRONIC HYPOXIA
Chronic hypoxia is one of the animal models which have been used to induce PH in rats. It
can be achieved to high altitude (Group 3.6 PH) by placing rodents either in hypobaric or
normobaric hypoxia chambers. Normally, 10% or 12% O2 is used, for three to five weeks.
This is reliable to increase in RVSP of roughly in rats, with right ventricular hypertrophy and
pulmonary vasculature remodelling. The main advantage to hypoxia is its simplicity and
reliability. According to WHO it is often used in for all forms of PH, for many of which it is
probably molecularly irrelevant. Further, because it is dependent on not just vasoreactivity,
but also inflammation, metabolism, and proliferation.[20, 21]
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MONOCROTALINE AND PNEUMONECTOMY MODEL OF PULMONARY
HYPERTENSION
Monocrotaline plus pneumonectomy creates a medial hypertrophy being accompanied by
neointimal lesions.[22, 23] Left pneumonectomy[24] when combined with MCTP-induced injury,
the changes in blood ﬂow and minimal increases in pressures caused by the pneumonectomy
were found to be sufﬁcient to induce intimal remodeling in the distal pulmonary arteries. It
had been suggested that shear stress, rather than stretch or distention, was responsible for the
neointimal formation in the presence of MCTP injury. Many new drugs treatment has been
tested by the investigators in this model. Importantly, simvastatin has been found to attenuate
the development of PH and to reverse established disease and promote survival in this
model.[25-26]
CHRONIC HYPOXIA + SUGEN 5416
SUGEN 5416 (SU-5416) and chronic hypoxic was used by Taraseviciene-Stewart et al. for
the development of the model of PAH in rats.[27] Originally, adult male Sprague–Dawley rats
were injected subcutaneously with 200 mg/kg of SU-5416 three times per week for 3-weeks
along with chronic hypoxia. Progression of PAH occurred even after return to normoxia. The
PH in this model is severe, with RVSP of 96 mmHg.[28] These rats had severe PH and
developed a plexiform arteriopathy that was indistinguishable from human PAH. In this
model rats developed pulmonary hypertension with right ventricular systolic pressure 100
mm Hg and severe pulmonary arteriopathy, including concentric neointimal and complex
plexiform-like lesions. Immunohistochemical analyses showed that these structures closely
resembling human plexiform lesions. This model provides a new and rigorous approach for
investigating the genetic abnormalities, hemodynamic effects, and reversibility of plexiform
and other occlusive lesions in pulmonary arterial hypertension.[29]
ENDOTHELIN
Endothelin-1 (ET1, EDN1) is a 21 amino acid peptide, expressed primarily in endothelial
cells by. It acts as a potent vasoconstrictor, through endothelin A (ET-A) and endothelin B
(ET-B). Bosentan, a current treatment for PAH, is an endothelin receptor blocker. Knockout
mice for both receptor ETA and ETB have been die of respiratory failure at birth, with
additional craniofacial developmental abnormalities.[30] Although, overexpression of ET1 in
transgenic mice does leads to hypertrophy, increased oxidant stress,[31] and vascular
inflammation.[32] However, both overexpression and deletion still have important role in
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regulating development, angiogenesis and inflammation which further improves vascular
tone.[33, 34]
BLEOMYCIN INDUCED LUNG FIBROSIS
Bleomycin, is an antibiotic obtained from Streptomyces verticillus. Bleomycin has been used
as an animal model of pulmonary hypertension through inhibition of ROS generation and
RhoA/Rho kinase activation.[35,

36]

A single dose of bleomycin (3.75 U/kg) was given to

wistar rat intratracheally to induce lung injury, increases pulmonary arterial pressure and
pulmonary vascular resistance. BH4 (20mg/kg) or vehicle (control) was administered orally
once a day, during 21 days. The last day of the treatment period, jugular vein was cannulated
to reach the pulmonary artery through the right ventricle. Rats were sacrificed and plasma,
lungs and heart were removed. Plasmatic BH4 concentration was measured by high
performance liquid chromatography. RV/LV + S ratio was calculated to provide an index of
right ventricular hypertrophy, by dissecting the right ventricular (RV) wall of the heart and
weighed along with the left ventricle wall plus septum (LV + S). The wall thickness was
calculated by the external perimeter. TGF-β1 and ET-1 gene and protein expression were
measured in lung homogenates as pulmonary vascular remodeling markers by real time-PCR
and western blotting. Bleomycin reduced ~2.3-fold the BH4 plasmatic levels, augmented the
pulmonary hypertension and RV/LV + S ratio 1,7-fold and 1,3-fold respectively and
increased the ET-1 and TGF-β1 gene expression to ~2-fold and ~6-fold versus control
respectively. Oral BH4 suppressed pulmonary hypertension and right ventricular
hypertrophy. BH4 supplementation improved wall thickness and reduced the ET-1 and TGFβ1 gene and protein expression to control levels.[37]
ANGIOPOIETIN 1 OVEREXPRESSION MODEL
Angiopoietin 1 is a protein which play important role in angiogenesis. Ang-1 is critical for
vessel maturation, adhesion, migration, and survival.[38, 39] It has been documented that overexpression of Ang-1 protein developed PH, including hypertrophy and hyperplasia of the
arteries. The right ventricular systolic pressure (RVSP) in high levels Ang-1 rats increased
i.e. from 27 mmHg to 48 mmHg. Du et al. found there was an upregulation of expression of
angiopoietin-1 in the lungs of PH patients and phosphorylation of TIE2, its endothelialspeciﬁc receptor. They concluded that disease severity is directly correlated with the Ang-1
expression.[40] Furthermore, Kugathasan et al. noted that transfer of Ang-1 gene improved
PAH.[41] A rat model of PH has been developed by injecting 2·1010 genomic particles of
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adeno-associated virus-angiopoietin-1 (AAV-Ang-1) into the RV outﬂow tract of
anaesthetized, 12-week old Fischer rats.[42] The animals are sacriﬁced 1–2 months after
infection. Survival was decreases in rat having high levels of angiopoietin 1 as compared to
control rats after injection (i.e. 5.2 months v/s 12 months).[41]
PULMONARY HYPERTENSION IN ATHYMIC RATS
Athymic nude rnu/rnu rats are T-cell lacking rats that exhibit less inflammation and have only
a mild elevation in pulmonary artery pressure. These animals was not required to develop
severe pulmonary hypertension but developed significantly worse pulmonary vascular
disease to the extent that exposing them to hypoxic conditions. Inflammation was worse in
these athymic animals; this inflammation is mainly consisting of macrophages, B cells, and
evidence of anti- endothelial antibodies.[43] It has been known for decades that severe PAH is
also occurs in a relatively high incidence in virally-infected individuals such as in patients
with HIV/AIDS.[44] In these clinical PAH conditions and in the Su5416/hypoxia model of
pulmonary hypertension, pulmonary inflammation is particularly prominent. Subsequently, it
had been investigated with the help of Su5416 model whether this inflammation was directly
contributing to pulmonary hypertension pathogenesis. In this model inbred euthymic (T-cell
replete) and athymic rats were used for checking the anti-inflammmatory Treg activity in
athymic rat and it has been found that T cell deficient rats develop inflammation in response
to Su5416 due to the lack of anti- inflammatory treg activity and pulmonary hypertension
occurs in T-cell-deficient and and not T- cell replete rats.[45] It was found that animals lacking
T-cells would actually exhibit less inflammation and therefore have only a mild elevation in
pulmonary artery pressures. Anti- inflammatory activity was most strongly exhibited in
CD4+T-cells. Immune reconstitution of athymic rats with CD4+CD25hi T-cells that were
also strongly forkhead box P3 (FOXP3) positive (i.e.,”classic” Tregs), effectively attenuated
the development of pulmonary hypertension. CD4+CD25-cells injected into athymic rats also
excerpted regulatory activity in preventing disease. The presence of Tregs in animals being
treated with Su5416 is associated with the limitation of peri-arteriolar inflammation and
endothelial apoptosis, as well as the upregulation of vascular bone morphogenetic protein
receptor-2 (BMPR2). The clinical significance of these findings is that it provided an
explanation of why patients with autoimmune diseases or viral infections, who also have
abnormal Treg activity and immune dysregulation, are susceptible to producing PAH
following vascular injury.[46]
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SEVERE PULMONARY HYPERTENSION IN THE SU5416/OVALBUMIN MODEL
Daley et al.[47] demonstrated that repeated immunization of mice with ovalbumin causes a
striking muscularization of pulmonary arterioles which is T-cell-dependent. However the
mice do not develop an elevation in pulmonary artery pressures, right ventricular
hypertrophy, or endothelial cell-driven lumen obliteration. OVA immunization has been
shown to increase the lung levels of HIF-1α protein similar to hypoxia.[48] Mice treated with
Su5416 and immunized with OVA did not develop pulmonary hypertension (unpublished
data). It has been hypothesized that a combination of OVA immunization with VEGFR
blockade-induced lung cell apoptosis would produce severe angio-obliterative pulmonary
hypertension. As noted above, the issues and problems of mouse models of pulmonary
hypertension have been recently reviewed.[49] However when wild type Sprague-Dawley rats
were subjected to combine Su5416/OVA treatment, severe pulmonary hypertension
developed, and 20% of the animals died after eight weeks from right ventricular failure.[50].
The lung tissue expressed high levels of IL-6, especially in the endothelial cells of the
pulmonary arteriolar lesions. Unexpectedly, depletion of B cells using an anti-rat CD20
antibody prevented increase in pulmonary artery pressure, indicating that B cells are involved
in the development of pulmonary hypertension in this model.
SEVERE PULMONARY HYPERTENSION IN A MODEL OF SU5416 COMBINED
WITH LUNG TISSUE OVEREXPRESSION OF TGF-Β
When the (adenovirus) AdTGF-β1 model of lung fibrosis and pulmonary hypertension was
combined with a single injection of the VEGFR inhibitor Su5416, the results were ruination
of small pulmonary arteries with von Willebrand Factor+cells, a further reduction of lung
capillarization, and a much more severe increase in pulmonary artery pressure.[51,52] However,
elevated pulmonary artery pressures and changes of lung vascularization have been show in
human idiopathic pulmonary fibrosis; additionally moderate pulmonary hypertension
associated with endothelial cell apoptosis, vascular rarefaction, and increased pulmonary
artery muscularization is present in AdTGF-β1 related experimental lung fibrosis.[53] Even
though anti-angiogenic tyrosine kinase inhibitors are currently investigated as a potential
therapy for idiopathic pulmonary fibrosis, the combination of lung tissue over expression of
active TGF-β1 and Su5416 did not prevent the development of lung fibrosis, but preferably
increased the fibrotic activity and pulmonary angioproliferation found in this AdTGFβ1/Su5416 model. The degree of pressure overload is usually mild in pulmonary
hypertension patient with idiopathic pulmonary fibrosis, and angioproliferative lesions are
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rarely seen in these patients. The AdTGF-β1/Su5416 may be used to model the disease of this
subdivision of severe pulmonary hypertension and PH with idiopathic pulmonary fibrosis.
REN2 MODEL OF PAH
This model of PAH was developed in the Ren2 which is a derivative of the Sprague-Dawley
(SD) rat. This type of rats expresses the mouse renin gene in renal and extra renal sites
resulting in increased synthesis of Ang II via the local RAS in tissues, that result in PAH in
the Ren2 due in part to oxidative stress. It was reported that lung expresses mouse renin and
other RAS components in 8 to 9 week old male Ren2 rats. It also showed that there is
increase in intrapulmonary NADPH oxidase activity, superoxide, RVSP, and resistance of the
pulmonary arterioles due to increase in the synthesis of Ang II.[54] It is well documented that
Ang II stimulates NADPH oxidase-generated ROS in the vasculature.[55,56], via protein kinase
C59 and more prolonged stimulation via growth factors transactivation.[57,58] Further, it causes
redox- sensitive XO activation, eNOS uncoupling in vascular tissue and increases in
superoxide levels.[59,

60]

The superoxide dismutase/catalase mimetic, tempol, reverses PAH

and pulmonary vascular remodeling. Lastly, it showed that PAH developed prior to the onset
of LV dysfunction and was not due to hypoxemia.[61] These studies supported the concept
that activation of renin- angiotensin system (RAS) may be responsible for PAH as a result of
oxidative stress induced by NADPH oxidase. With the help of this concept, other laboratories
demonstrated the potential efficacy of gene therapy targeting the RAS for treatment of
PAH.[62,63] It is likely that therapies specifically targeting the RAS will reduce the oxidative
stress in the pulmonary vasculature system, as well as in the RV.[54, 61]
Table 1.
Experimental model

Pathological similarity to PAH
Pulmonary vascular remodeling and elevated PAP, right ventricular
Monocrotaline (MCT)
hypertrophy, vascular lesions
Chronic hypoxia (CH)
Pulmonary artery muscularization, medial and adventitial thickening
Monocrotaline and
Pathological changes same as MCT plus, Medial hypertrophy
pneumonectomy
accompanied by neointimal lesions.
As for CH plus severe pulmonary arteriopathy, including concentric
Chronic hypoxia + sugen 5416
neointimal and complex plexiform-like lesions
Exacerbate CH induced PH when ETB deficient rats exposing to
Endothelin B (ETB) receptor
CH.With MCT it produces PH with Neointimal lesions similar to those
deﬁciency
observed in humans and mean PAP increases
Bleomycin induced lung
Right ventricular hypertrophy, vascular remodelling and arterial wall
fibrosis
thickness
Angiopoietin 1 overexpression complex plexiform lesions resulting from intimal hyperplasia which
model
leads to luminal occlusion and arteriolar pruning, including medial
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hypertrophy and muscular hyperplasia of the arteries
Pulmonary hypertension in
athymic rats
Su5416/ovalbumin model
Su5416 combined with lung
tissue overexpression of tgf- β
Ren2 model of PAH

Pulmonary inflammation
Pulmonary artery muscularization, right ventricular failure, pulmonary
arteriolar lesions, pulmonary vascular remodeling and an increase in
pulmonary artery pressure
obliteration of small pulmonary arteries reduction of lung capillarization,
severe increase in pulmonary artery pressure
Increase in right ventricular systolic pressure, and medial layer
thickening of pulmonary resistance arterioles

CONCLUSION
It has been concluded that animal models are employed to facilitate a better understanding of
the pathophysiology of different form of pulmonary arterial hypertension. In the present
review it is more apparent that animal models have provided, and will continue to provide the
several mechanisms involved in the structural and functional abnormalities, that contribute to
the development of pulmonary hypertensive disease process. On the other hand, it is also
expected that a preclinical model of human PAH will develop which reproduces complete
spectrum of changes observed in PH patient. Use of these several types of animal models will
aided to continue to test new assumption about pathogenesis and also assess the ability of
newly developed agents to clinically prevent the reverse established disease. It has been
concluded that animal model of pulmonary hypertension shares many features which are
universal to human pulmonary hypertension. However, these models are not reproduces the
full spectrum of changes observed in PH patients, but they are excellent tools to study
pulmonary hypertension. This review has also focused on the new models which employing
recent advances in pathophysiology of pulmonary hypertension. Hopefully, current
investigations with these developing models can be used to better discriminate particular
mechanisms of disease which are usually applicable to different form of clinical PAH.
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