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1  |  INTRODUC TION

Pulmonary hypertension (PH) is a severe, progressive vascular disor-
der characterized by elevation in pulmonary arterial pressure (PAP) 
and pulmonary vascular resistance (PVR), finally leading to right 
heart failure and death. During the rise in PAP and PVR, vascular 
remodeling is accompanied by accumulation of pulmonary artery 
smooth muscle cells (PASMCs), endothelial cells (ECs), fibroblasts, 
myofibroblasts and pericytes in pulmonary arterial wall, which leads 
to thickening of the inner and outer linings of blood vessels, loss and 

obstructive remodeling of the pulmonary vascular bed and perivas-
cular inflammation.1- 3

Associated with multiple primary causes, PH encompasses a 
group of clinical entities. According to the latest classification pro-
posed by the Sixth World Symposium on PH, the disease can de-
velop due to pulmonary arterial disorder, left heart disease, lung 
disease or hypoxia, chronic thromboembolic disease and other un-
clear or multifactorial mechanisms.4 Though current treatments can 
improve clinical symptoms and hemodynamic abnormality to some 
extent, it is difficult to target pulmonary vascular remodeling and 

Received: 20 December 2021  | Revised: 11 February 2022  | Accepted: 20 February 2022

DOI: 10.1002/ame2.12220  

R E V I E W

Experimental animal models of pulmonary hypertension: 
Development and challenges

Xiao- Han Wu1  |   Jie- Ling Ma1 |   Dong Ding2 |   Yue- Jiao Ma2 |   Yun- Peng Wei1 |    
Zhi- Cheng Jing1

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in 
any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2022 The Authors. Animal Models and Experimental Medicine published by John Wiley & Sons Australia, Ltd on behalf of The Chinese Association for 
Laboratory Animal Sciences.

Xiao- Han Wu and Jie- Ling Ma contributed equally to this work. 

1Department of Cardiology, State Key 
Laboratory of Complex Severe and Rare 
Diseases, Peking Union Medical College 
Hospital, Chinese Academy of Medical 
Sciences and Peking Union Medical 
College, Beijing, China
2Medical Science Research Center, State 
Key Laboratory of Complex Severe and 
Rare Diseases, Peking Union Medical 
College Hospital, Chinese Academy 
of Medical Sciences and Peking Union 
Medical College, Beijing, China

Correspondence
Zhi- Cheng Jing, Department of 
Cardiology, State Key Laboratory of 
Complex Severe and Rare Diseases, 
Peking Union Medical College Hospital, 
Chinese Academy of Medical Sciences 
and Peking Union Medical College. No. 1, 
Shuaifuyuan, Dongcheng District, Beijing, 
100730, China.
Email: jingzhicheng@vip.163.com

Funding information
CAMS Innovation Fund for Medical 
Sciences (CIFMS): 2021- I2M- 1- 018.

Abstract
Pulmonary hypertension (PH) is clinically divided into 5 major types, characterized 
by elevation in pulmonary arterial pressure (PAP) and pulmonary vascular resistance 
(PVR), finally leading to right heart failure and death. The pathogenesis of this arte-
riopathy remains unclear, leaving it impossible to target pulmonary vascular remod-
eling and reverse the deterioration of right ventricular (RV) function. Different animal 
models have been designed to reflect the complex mechanistic origins and pathology 
of PH, roughly divided into 4 categories according to the modeling methods: non- 
invasive models in vivo, invasive models in vivo, gene editing models, and multi- means 
joint modeling. Though each model shares some molecular and pathological changes 
with different classes of human PH, in most cases the molecular etiology of human 
PH is poorly known. The appropriate use of classic and novel PH animal models is es-
sential for the hunt of molecular targets to reverse severe phenotypes.
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reverse the deterioration of right ventricular (RV) function, and to 
this end animal models are indispensable tools for mechanism re-
search.5 However, at present there is no single animal model that 
can fully replicate all the characteristics of human PH evolution, in-
cluding hemodynamic changes and pathological remodeling,6,7 and 
therefore a wide variety of experimental PH models have been de-
rived, which can be roughly divided into 4 categories according to 
the modeling types: non- invasive models in vivo, invasive models in 
vivo, gene editing models, and multi- means joint modeling.8- 10 In the 
following sections, we will briefly summarize some widely accepted 
PH animal models and discuss the challenges of their applications.

2  |  NON- INVA SIVE MODEL S IN VIVO

2.1  |  Chronic hypoxia

The chronic hypoxia- induced PH (CHPH) animal model is a classic 
experimental PH model with good predictability and repeatability.11 
Preclinical models of CHPH share some common pathologies while 
also displaying differences due to species and age. Rats and mice are 
the most commonly used hypoxic animals.7 Although in humans, hy-
pobaric hypoxia leads to more severe hypoxemia, hypocapnia, blood 
alkalosis and a lower O2 arterial saturation compared with normo-
baric hypoxia, few differences were seen in rats during these two 
types of hypoxia stress.12,13

Mice and rats are generally exposed to chronic hypoxia (CH) for 
3- 4 weeks for PH development, although both can survive longer at 
10% oxygen.14 Simple hypoxic modeling rarely causes a significant 
increase in pulmonary venous pressure of rats, but vascular remod-
eling, dysfunction and apoptosis of endothelial cells can be found 
in both small pulmonary arteries (PA) and pulmonary veins (PV).15 
Mice exposed to CH also develop pulmonary vascular remodeling 
and an increase in right ventricular systolic pressure (RVSP), usually 
milder than in rats.16 Most of these changes are reversible once the 
normoxic environment is restored, which makes the CHPH model 
highly suitable for investigation of less severe forms of PH, like those 
associated with chronic lung diseases.17

2.2  |  Sugen 5416

A modification of the CHPH model has been developed with the ad-
dition of the vascular endothelial growth factor receptor (VEGFR)- 2 
antagonist Sugen 5416 (SU5416; semaxanib) to mice or rats, which 
results in increased remodeling and development of plexiform lesions 
even after normoxia recovery.18,19 In 2001, Taraseviciene- Stewart 
et al. first combined SU5416 with chronic hypoxia for 3 weeks and 
then re- exposed models to Denver altitude conditions for an addi-
tional 3 weeks, causing severe PH and low hematocrit in adult male 
Sprague Dawley (SD) rats.20 Pathologically, PH in the rats mani-
fested as the closure of the anterior capillary artery lumen caused 
by the excessive proliferation of pulmonary arterial endothelial cells 

(PAECs) and PASMCs, and the appearance of pulmonary plexiform 
lesions, similar to that of pulmonary arterial hypertension (PAH) pa-
tients.18,21 Re- exposure to normoxia leads to rapid reversal of poly-
cythaemia and partial decrease in PAP, with persisting hypertension 
and pulmonary vascular remodeling characterized by progressive 
intima- obstruction.18,20,22 Another study showed that a single dose 
subcutaneous injection of SU5416 (20 mg/kg) in 1- day- old newborn 
rats could impair pulmonary vascular growth and postnatal alveolari-
zation, leading to long- term PH and abnormal lung structure persist-
ing even into adulthood.23

With a half- life of only 30 minutes, SU5416 is rapidly cleared in 
vivo and does not accumulate in major organs, especially in lungs. 
However, SU5416 can specifically bind to ECs, enriched in the mem-
brane and thence slowly released into the cytoplasm, which ensures 
long- term inhibition of VEGFR.24 Loss of EC growth signal, inflam-
mation and oxidative stress due to inhibition of VEGFR, TGF- β/BMP/
Smad, Hif- 1α, mitogen- activated protein kinase (MAPK), aryl hydro-
carbon receptor (AhR) and other signaling pathways are involved 
in the regulation of the SU5416/hypoxic (SuHx) PH model.21,25,26 
Sharing other hallmarks (concentric laminar and plexiform lesions) 
of human PAH, the rodent SuHx PH model is regarded as a more ap-
propriate preclinical model of occlusive PAH than the CHPH models, 
particularly for genetic modification or long- term intervention.27- 29

Rodent strains and gender differences affect the SuHx model-
ing. “Typical” SD rats have good survival in the SuHx model and are 
suitable for the study of novel therapies of established PAH, while 
Fischer rats reflect a strain- specific defect in RV adaptation in re-
sponse to the increased hemodynamic load, allowing the study of 
the mechanisms of RV remodeling; Lewis rats are not suitable for 
the SuHx model of PH, showing only a marginal response.30 As for 
gender, a supplement of female sex hormones given before SU5416 
challenge (without hypoxia) markedly reduced susceptibility to the 
severe PAH phenotype in a hyperresponsive rat strain (SDHR) due 
to a decline in SU5416- induced EC apoptosis, but could not reverse 
established severe PAH.31 This would suggest that sex hormones 
mainly contribute to the initiation of pulmonary vascular remodeling. 
More investigations on the precise protective role of sex hormones 
in the disease setting would provide novel therapeutic approaches 
for the early stage of PH.

Twenty years after the first report of the SuHx model, it is re-
garded as an important preclinical model of PAH, with many of its 
features replicated by numerous research groups. However, limita-
tions still exist.32 Some investigators insist that the model cannot 
represent all the important features of the severe forms of human 
PAH, and thus genetically engineered animals are better tools for 
future pulmonary vascular research.33 Moreover, injecting SU5416 
in mice does not completely recapitulate the pathological features 
in rats, perhaps due to differences in cytochrome P450 genes be-
tween the two rodent species.34 How SU5416 and hypoxia serve 
as two hits interacting on a cellular and molecular level during the 
pathogenesis of PAH is still uncertain, and the SD- hyperresponsive 
type that develops severe PAH with mono SU5416 may be helpful in 
addressing such questions.30
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Novel PH models combining SU5416 with other second hits have 
also been emerging. In athymic (T cell- deficient) rats, a single dose 
of SU5416 (10 mg/kg) is sufficient to induce severe and progressive 
PH even under normoxic conditions, with macrophages accumulat-
ing around occluded small to mid- sized pulmonary arterioles.35 The 
combination of abnormal pulmonary blood flow by left pneumonec-
tomy and SU5416 can also induce severe PH of rats.36 Ovalbumin 
immunized male SD rats treated with SU5416 result in severe angio- 
obliterative PAH, accompanied by increased IL- 6 expression in the 
lungs.37 Besides, a single subcutaneous injection of SU5416 (20 mg/
kg) and intraperitoneal injections of morphine (10 mg/kg, daily) for 
35 days can induce PAH in male SD rats that is similar to human 
PAH.38

2.3  |  Monocrotaline

Monocrotaline (MCT) is an 11- membered macrocyclic pyrrolizidine 
alkaloid derived from the seeds of the Crotalaria spectabilis plant. 
Lalich et al. first reported pulmonary arteritis produced in rat by 
feeding Crotalaria spectabilis in 1961, and in 1967 Crotalaria spectabi-
lis was first reported to establish MCT- induced PH in rats, together 
with RV hypertrophy and an increase in the medial thickness of pul-
monary arteries.39,40 Since then, the MCT- induced PH model has 
been widely used for nearly 60 years due to its simplicity, repro-
ducibility and low cost.8,41,42 MCT should be metabolized into the 
toxic metabolite MCT pyrrole (MCTP) by liver cytochrome P450 3A4 
(CYP3A4), which in turn leads to vascular EC damage and inflamma-
tion.8,9 MCT- induced PH has been described mainly in rats with a 
single subcutaneous injection of MCT (50– 80 mg/kg), and it is dif-
ficult to obtain the PH phenotype in mice even with a direct injection 
of MCTP.8,43,44

With its broad toxicity, MCT induces a syndrome characterized 
by hepatic venous occlusive disease, myocarditis, interstitial pulmo-
nary fibrosis, acute lung injury, necrotizing pulmonary arteritis, and 
renal insufficiency.44- 47 Therefore, although MCT is commonly used 
to induce a PH model, the pathogenic characteristics of this model 
are not totally in line with PAH in humans.

Pulmonary toxicity of MCT differs at different periods of lung 
development, related to alveolar growth and growth of the pulmo-
nary vascular bed.48 Recently, a novel MCT rat model was reported 
to be a good mimic of chronic neonatal PH characterized by reduced 
pulmonary microvascular growth, increased arterial muscularization, 
elevated RV systolic pressure, and RV hypertrophy.49 An influence 
of gender on PH severity was seen in obese MCT- injected Zucker 
rats, and differences in MCT- induced developmental toxicity and 
fetal hepatotoxicity may contribute to the selective CYP3A induc-
tion in female fetuses.50,51 Barrier- disruptive mechanisms may act as 
an earlier event in the MCT- PH model, increasing lung permeability 
related to early progression of PH in male rats than females.52

SuHx-  and MCT- induced PH models are the two main mod-
els used in PH with different pathophysiological characteristics: 

MCT- PH is associated with endothelial toxicity and marked 
by lung inflammation, while SuHx- PH is characterized by pul-
monary vascular proliferative lesions such as the formation of 
neointimal plexiform lesions. Single- cell RNA sequencing was 
leveraged to determine and prioritize dysregulated genes, path-
ways, and cell types in lungs of SuHx and MCT PH rat models, 
demonstrating their relevance to human PAH and utility for drug 
repositioning.53

2.4  |  Schistosome- related pah

Schistosome- related PAH (Sch- PAH) is a fatal complication of 
chronic schistosomiasis infection with unknown mechanism, and 
a leading cause of PAH- related morbidity and mortality world-
wide.54,55 Current evidence suggests that mechanical obstruction of 
lung vasculature by embolized eggs, systemic inflammation, pulmo-
nary vascular remodeling, and underlying liver disease might be the 
most relevant pathogenic mechanisms for Sch- PAH.56 Female C57/
BL6 mice can develop severe vascular remodeling from 12 weeks 
onwards after transcutaneous injection with a low dose (approxi-
mately 30 cercariae) of Schistosoma mansoni, characterized by 
perivascular inflammation, marked medial thickening and the for-
mation of plexiform- like lesions without significant PH.57 Female 
mice manifested a heavier worm burden than males during chronic 
infection, as the presence of testosterone results in decreased schis-
tosome survival and increased host survival in experimental infec-
tions, and the extent of pulmonary vascular remodeling correlated 
with levels of inflammatory cytokines and lung egg burden.58- 60 The 
complement systems of mice and rats are different, and rats have 
natural immunity to schistosomiasis infection, which suggests that 
the complement signaling system may play a critical role in regulat-
ing proinflammatory and pro- proliferative processes in the initiation 
of PH.61,62

Praziquantel can prevent development of Sch- PAH in female 
mice and reverse established pulmonary vascular remodeling, 
with significantly reduced mRNA expression of IL- 13, IL- 8, and 
IL- 4 in lungs.63 A bioinformatics study of Sch- PAH biomarkers 
based on mouse whole lung tissue RNA- Seq data found that 
Smad9, BMPR2 (bone morphogenetic protein type 2 receptor), 
endoglin, and IL4, as well as signal transduction, signal sensor 
activity, and immune system processes may play important roles 
in Sch- PAH, and VEGF signaling is necessary for the immune- 
stimulated vascular remodeling induced by Schistosoma egg ex-
posure in mice.64,65

Pulmonary vascular remodeling in PH is reported to be depen-
dent on increased TGF- β signaling.66 Il4−/−/Il13−/− mice were pro-
tected from Sch- PAH, suggested that a combined deficiency of IL- 4 
and IL- 13 is required for protection against TGF- β- induced pulmo-
nary vascular disease after Schistosoma exposure.67 In future, stud-
ies involving inhibition of these pathways might lead to potential 
novel therapeutic approaches for patients with Sch- PAH.
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2.5  |  Bleomycin

Bleomycin is used as a chemotherapeutic agent to treat a variety 
of cancers, but it has pulmonary toxicity, mainly driving pulmonary 
fibrosis and further leading to PH. Hence, intratracheal instillation 
of bleomycin in rodents is considered as a method to generate pul-
monary fibrosis, creating a secondary PH animal model.73.74 The 
bleomycin- PH models show significant increases in RVSP, evident 
medial thickening and vessel muscularization, filling the gap in PH 
associated with parenchymal lung disease research animal mod-
els.68,69 Bleomycin- induced downregulation of BMP9/BMPR2/Smad 
signaling in the PA endothelium may act as a trigger to induce PH, 
suggesting novel therapeutic strategies for the treatment of this 
subtype of PH.63

2.6  |  Mitomycin- c- induced pulmonary  
veno- occlusive disease

Pulmonary veno- occlusive disease (PVOD) is a rare form of PH 
caused by progressive blockage of the small veins in the lungs, with a 
poor prognosis. Chemotherapy is one of the risk factors for PVOD,70 
and the mitomycin- C(MMC)- induced PVOD rat is a successful model 
for human PVOD. In Wistar rats, PVOD develops with a single dose 
intraperitoneal administration of MMC at days 21– 35, and is charac-
terized by marked thickening and occlusion in small pulmonary veins 
and significantly elevated RV pressure.71 MMC- induced PVOD is 
associated with arterial and microvascular remodeling secondary to 
severe venous remodeling, suggesting that precapillary and capillary 
alterations may be initial events in PVOD.72 Female rats seem to be 
more sensitive to the toxicity of MMC.71

PVOD caused by MMC is associated with dose- dependent 
depletion of pulmonary GCN2 levels and decreased Smad1/5/8 
signaling in rats, which can be restored by amifostine.71 Recently, 
Zhang's group found that MMC could activate pulmonary vascular 
endothelial- to- mesenchymal transition and PVOD via a Smad3- 
dependent pathway in rats.73 Treatment with a selective Smad3 
inhibitor markedly prevented the pathogenesis of MMC- induced 
PVOD in rats. All these studies suggest novel strategies for PVOD 
therapy.

3  |  INVA SIVE MODEL S IN VIVO

Surgical invasive methods for PH models are not widely used be-
cause of the operative difficulty, mainly including pneumonectomy, 
pulmonary shunt and pulmonary artery binding (PAB), and associ-
ated high mortality. Pneumonectomy and vascular shunt lead to in-
creased blood flow in the remaining pulmonary arteries, which plays 
a key role in the development of PH. Moderate and sustained PH 
of SD rats after right lung pneumonectomy alone was reported re-
cently, with a perioperative mortality of <10%.74 In order to repro-
duce more human PAH phenotype, pneumonectomy is frequently 

combined with MCT or SU5416 for “two- hit model”.75,76 The sys-
temic artery- pulmonary artery shunt and the arteriovenous shunt 
are commonly used in left- to- right shunt- type PH models, of which 
the former uses the pressure difference between systematic and 
pulmonary arteries to establish a shunt, effectively shunting the 
blood of the systemic circulation to the pulmonary circulation, and 
the latter increases the return blood volume through the arterio-
venous shunt, increasing the pulmonary circulation blood flow and 
promoting the formation of PAH.77,78

Accumulating evidence shows that RV function is a robust indi-
cator of prognosis in PH.79,80 PAB is an ideal model for evaluating 
RV overload or failure, avoiding potential confounding effects of 
hypoxia, VEGF inhibition and MCT toxicity on RV.81,82 By changing 
the diameter of constriction, PAB can simulate adaptive and decom-
pensated RV failure based on demand.83 Sophisticated technical 
skill is needed to replicate the position of the constriction on the 
pulmonary trunk. One limitation of PAB is the inability to observe 
gradual increases of PVR in PH, which may be solved by using juve-
nile animals, since the constricting band steadily tightens with age 
to increase afterload.83,84 All the invasive and non- invasive methods 
for creating rodent PH models are summarized in Table 1.

4  |  GENE EDITING MODEL S

The past two decades have witnessed major advances in the field 
of genetic susceptibility to PH. A variety of genes such as BMPR2, 
KCNK3, SMAD9 have been identified as predisposing genes of fa-
milial pulmonary arterial hypertension (FPAH) and idiopathic pul-
monary arterial hypertension (IPAH) .85,86 The initial damage to the 
pulmonary artery in IPAH or FPAH may result from a combination 
of genetic susceptibility and environmental impact or epigenetic 
modulation.87,88 In addition to genetic predisposing genes, there are 
a variety of molecules with important effects on the development of 
PH, such as interleukin (IL)- 6, 5- hydroxytryptaphane (HT) transport-
ers, hypoxia- inducible factor (HIF) and prolyl hydroxylase domain 
enzymes (PHDs), giving rise to a group of associated gene- editing 
animals.

4.1  |  BMPR2

BMPR2 was the first PAH disease- associated gene to be identified, 
and thus is currently the most dominant PAH disease gene. In FPAH 
and IPAH patients, the frequency of BMPR2 mutation is 70– 80% 
and 15– 20%, respectively.89 The pathogenic mechanisms of BMPR2 
gene mutations mainly include dominant negative effects and haplo-
insufficiency, so that patients cannot maintain normal physiological 
functions, resulting in the appearance of disease phenotypes.90,91 
Due to the loss of exons 4 and 5, BMPR2ΔEx4−5/+ mice show mild PH 
under normoxia, with impaired ability of the pulmonary vascular sys-
tem to remodel under long- term hypoxia.92 BMPR2ΔEx2/+ mice also 
show high responsiveness to hypoxic stimulation.93 Mouse strains 
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expressing inducible, smooth muscle cell (SMC)- specific dominant 
negative alleles of the BMPR2 gene are more robust PAH models 
than knockout models. Using the rtTA system under the control of 
a SMC- specific promoter, different BMPR2 mutations are induc-
ible specifically in SMC. SM22- rtTA×TetO7- BMPR2R899X mice ex-
hibit dropout of small vessels, perivascular inflammation and partial 
RVSP increase after 8 weeks induction, while SM22- rtTA×TRE- 
Bmpr2Δx4+mice develop significant elevated RVSP without full pul-
monary vascular inflammation or remodeling.101102

BMPR2 mutant rats have recently been generated and show 
greater susceptibility to PH than mice. Hautefort et al. created the 
first rat line carrying a monoallelic mutation in BMPR2 and observed 
age- dependent spontaneous PH in partial rats, with high suscepti-
bility to chronic hypoxia and RV dysfunction.94 The RV dysfunction 
was notably characterized by reduced cardiomyocyte diameter, 
altered calcium transportation, decreased calcium sensitivity and 
shortened action potential duration.

4.2  |  KCNK3

Mutations in the KCNK3 gene encoding an outward rectifier K+ chan-
nel is associated with development of an aggressive form of PAH.95 
KCNK3 does not form a functional channel in mouse PASMCs, but 
in contrast is highly expressed in rat pulmonary vasculature.96,97 The 
first KCNK3- mutated rat model was established by Lambert's group, 
with mild spontaneous RVSP elevation and pulmonary vascular 
remodeling, highlighting KCNK3 loss of function as a determinant 
in pulmonary vascular remodeling.98 Heterozygous- Kcnk3Δ94ex1/+ 
rats are characterized by PA remodeling and peri- vascular collagen 
crosslinking while homozygous rats show PA remodeling and PA va-
soconstriction. This model provides new opportunities for develop-
ing therapeutic targets against PH.98

4.3  |  IL- 6

Proinflammatory factor IL- 6, the best studied cytokine that induces 
PH, is correlated with disease severity.99,100 Injection of mice with 
recombinant murine IL- 6 caused mild PH in normoxia, and exacer-
bated CHPH, whereas rats receiving recombinant IL- 6 presented 
PH associated with increased thrombi, occlusion of small muscular 
arteries, and localized hemorrhage.101,102 Knockout of IL- 6 has a 
protective effect on disease progression of chronic hypoxic mice.103 
IL- 6 overexpressing mice are typical inflammation driven PH models, 
with RV hypertrophy, pulmonary vascular muscularization and oc-
clusive neointimal angioproliferative lesions composed of ECs and 
T lymphocytes.104 Arterial lesion induced by IL- 6 is accompanied by 
activation of proangiogenic factor (VEGF), proproliferative kinase 
extracellular signal- regulated kinase, proproliferative transcription 
factors (c- MYC and MAX) and antiapoptotic proteins (survivin and 
Bcl- 2), as well as downregulation of growth inhibitor (transform-
ing growth factor- β) and pro- apoptotic kinases (JNK and p38), 

suggesting that IL- 6 promotes the occurrence and progression of 
PAH via pro- proliferation and anti- apoptotic mechanisms.104

4.4  |  5- HTT

5- HT is a pulmonary vasoconstrictor taken up by the 5- HT trans-
porter (5- HTT). Overexpression of 5- HTT leads to excessive prolif-
eration of PASMCs and pulmonary vasoconstriction, while 5- HTT 
knockout in mice provides a mildly protective function against 
CHPH.105,106 MacLean et al. generated a 5- HTT overexpressing 
mouse model by transfecting a yeast chromosome with the human 
5- HTT gene, which exhibited evident RVSP elevation both in nor-
moxic and hypoxic conditions compared with wild- type mice.107 
Subsequently, Guignabert et al. established a SMC- specific 5- HTT 
overexpression (SM22- 5- HTT [+]) mouse model.108 Eight- week- old 
mice exhibited PH with marked increases in RVSP and RV hypertro-
phy, but no changes in systemic arterial pressure. The phenotypes 
were more severe when the mice were exposed to chronic hypoxia 
or after MCT challenge, consistent with the proposal that the level 
of 5- HTT expression is an important modifier of PH despite etiology.

4.5  |  S100A4/Mts1

S100A4/Mts1 is involved in metastasis activities like angiogenesis, 
inflammation and motility, thus S100A4/Mts1 transgenic mice were 
initially created for studying metastatic tumor biology. However, this 
model presented mild increases in RVSP, pulmonary vascular remod-
eling and periarterial inflammatory responses, including the devel-
opment of plexiform- like lesions in a subset of mice.109 The specific 
mechanism by which S100A4 participates in plexiform lesion devel-
opment remains unclear. Furthermore, S100A4/Mts1 overexpress-
ing mice showed severe PH and RV hypertrophy under chronic 
hypoxia, which could not be reversed in normoxia.110 Both Mst1 and 
its receptor, receptor for advanced glycation end- products (RAGE), 
have been implicated in the pathogenesis of human PH.111,112

5  |  MULTI-  ME ANS JOINT MODELING

Compared with single factor induced models, PH models induced 
by multiple factors have a better correlation with more pheno-
typic features and severe human PH. In PH modality, invasive 
and non- invasive means in vivo and gene editing means are often 
used in combination, for example, in MCT/pneumonectomy rats, 
SU5416/pneumonectomy rats, SuHx models, IL- 6Tg+/hypoxia mice 
etc.111,113,114,115 Multi- means joint modeling increases the rate of de-
velopment of PH, but also increases the mortality of the animals. 
As PH patients usually have multiple severe clinical manifestations, 
multi- factor induction models are more beneficial for the discovery 
of relevant therapeutic targets for hemodynamic and structural 
changes in the pulmonary circulation.
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6  |  CONCLUSIONS

While it is clear that a perfect preclinical model of human PH is not yet 
available, there is no doubt that animal models have provided useful in-
sights into the occurrence and development of PH. The developmental 
history of PH models can be roughly divided into three stages in chron-
ological order. The first stage focused on reproducing the non- specific 
intima, adventitia thickening of the pulmonary artery and elevated RVSP 
as well as PAP, using simple methods, mainly including classical chronic 
hypoxia and MCT models. The MCT rat model is also a typical inflam-
mation mediated PH model, with pronounced medial hypertrophy. The 
second stage was to study the occurrence of plexiform lesions, vascular 
occlusion, and progressive PAP, and so the surgical shunt models, em-
bolization models, genetic modification models, SuHx models etc. came 
into being. The third stage has been to focus on the adaptive remod-
eling of animal models to the development of RV failure, represented 
by RV high- afterload models such as PAB, since a growing body of evi-
dence shows that RV failure has important effects on the prognosis of 
PH. These three stages cannot be completely separated. An interplay of 
metabolism, inflammation and oxidative damage also contributes to the 
development of RV failure, via as- yet unclear mechanisms.

It is critical to select an appropriate model for PH investiga-
tion, considering not only the pathophysiological mechanism of 
the method itself, but also the different responses to the modeling 
method of different animal species and genders. The fawn- hooded 
rat (FHR) is the only rat model that develops spontaneous PAH, 
evident in 68% of PAH offspring.116 Cattle are more sensitive to 
hypoxia than rats, but their use in CHPH models is greatly cost lim-
ited.117 Female animals are generally less susceptible in hypoxia-  or 
MCT- induced PH, but in mutant and transgenic rodents, sex- based 
differences in PH are occasionally complex and contradictory. Some 
models, such as S100A4/Mts1 overexpression mice, display a female 
bias with high penetrance and severity. Others may show the oppo-
site; for example, female mice lacking apolipoprotein E (ApoE) de-
velop a much less severe PH phenotype than the males.118,119

In general, PH is cardiopulmonary condition due to a variety of 
factors rather than one disease. Although there are similarities in 
the pulmonary vasculature alterations caused by different factors, 
the various triggers pinpoint the distinct lesion origin driving PH de-
velopment. Given the fact that right heart failure is regarded as a 
main consequence of PH and will ultimately lead to death, it is critical 
and necessary to seek molecular targets against existing pulmonary 
vascular remodeling and RV dysfunction using the most appropriate 
experimental animal models. The selection of animal model should 
be based on the research purpose and may involve a combination of 
both classic and novel modeling means.
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