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Abstract

Pulmonary arterial hypertension (PAH) is a lung vascular disease characterized with a progressive 

increase of pulmonary vascular resistance and obliterative pulmonary vascular remodeling 

resulting in right heart failure and premature death. In this brief review, we document the recent 

advances in identifying genetically modified murine models of PH, with a focus on the recent 

discovery of the mouse model of Tie2Cre-mediated deletion of prolyl hydroxylase 2, which 

exhibits progressive obliterative vascular remodeling, severe PAH, and right heart failure, thus 

recapitulating many of the features of clinical PAH. We will also discuss the translational potential 

of recent findings arising from experimental studies of murine PH models.
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Introduction

Pulmonary arterial hypertension (PAH) is characterized by progressive increase in 

pulmonary vascular resistance and arterial obliteration leading to right heart failure and 

premature death [1–3]. Intimal, medial and adventitial thickening, vascular fibrosis, 

augmented oxidative/nitrative stress, vascular occlusion, and formation of complex 

plexiform lesions are histopathological features of clinical PAH including idiopathic PAH 

(IPAH) [4–6]. Current therapies targeting abnormalities in the prostacyclin, nitric oxide, and 

endothelin signaling pathways result in only modest improvements in morbidity and 

mortality [1,3]. None of these therapeutic agents target the underlying mechanisms of 
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obliterative vascular remodeling. Although two rat PH models induced by either 

monocrotaline (MCT) challenge or chronic hypoxia plus Sugen 5416 treatment (best known 

as an inhibitor of vascular endothelial growth factor receptors 1 and 2) exhibit severe 

vascular remodeling and are widely used for preclinical studies of PH, these treatments fail 

to induce severe PH with stable obliterative vascular remodeling in mice. Thus, the 

identification of mouse model(s) with severe PH and obliterative vascular remodeling (i.e. 

recapitulating the pathological features of clinical PAH) is critical in order to delineate the 

molecular mechanisms that are responsible for obliterative vascular remodeling, and thereby 

provide valuable druggable targets and novel therapeutic approaches for PAH patients.

Here we review recent advances in murine models of PH since 2012 (based on ref [7]) and 

highlight a novel mouse model established by our group with pathology resembling clinical 

PAH. The mouse model of Tie2Cre-mediated disruption of Egln1 [encoding prolyl-4 

hydroxylase 2 (PHD2)], designated Egln1Tie2, is the first mouse model of PAH exhibiting 

spontaneous progressive PAH with extensive pulmonary vascular remodeling including 

stable vascular occlusion and complex plexiform-like lesions [8]. As seen in PAH patients, 

these mice also die of right heart failure. We also discuss the obligatory role of HIF-2α 
signaling in the pathogenesis of PH and potential novel therapeutic strategies for the 

treatment of PAH.

Recent Advances in Murine Models of PH

A number of genetically engineered mouse models have been generated to study the 

pathogenesis of PH (Table 1) since the publication of a preceding review in 2012 [7]. 

Hemodynamic measurement shows that 14 of the 23 mouse models have basal right 

ventricular systolic pressure (RVSP) of more than 30 mmHg, while 4 of these 14 have an 

RSVP of more than 50 mmHg. These 4 recently identified mouse models are Erg−/− mice 

(WT:KO, 20:50 mmHg) [9], Hif2aG536W/G536W knockin mice (28:66 mmHg) [10], 

Cdh5Cre-mediated Egln1 knockout mice (Egln1Cdh5) (25:54 mmHg) [11], and Tie2Cre-

mediated Egln1 knockout mice (Egln1Tie2) (22:72 mmHg) [8]. The latter 3 of these models 

target the same pathway. Intriguingly, both Erg and its downstream target, Apelin receptor, 

are also downregulated in the lungs of Egln1Tie2 mice [8]. Although all of these mouse 

models show increased muscularization of the distal pulmonary arterioles, only a few of 

them show evidence of occlusive pulmonary vascular remodeling. Horita et al. reported that 

smooth muscle cell (SMC)-specific deletion of Pten in mice resulted in marked pulmonary 

vascular remodeling including occlusion of small pulmonary arteries when exposed to 

chronic hypoxia but not under normoxic condition [12]. The RVSP of these mice after 4-

week exposure of hypoxia is less than 40 mmHg with a right ventricular hypertrophy index 

(RV/LV+S ratio) of 0.42. No evidence of right heart failure was observed in these mice. 

Lathen et al. showed that mice with deficiency of either Erg or Aplnr developed occluded 

pulmonary venues but not arterioles [9]. Erg−/− mice develop an RVSP as great as 50 mmHg 

and all die by the age of 3 months. These mice also develop RV hypertrophy (RV/LV+S ratio 

~0.5), but it is unknown whether they die of right heart failure, given that no 

echocardiography or hemodynamic measurement of RV function have been carried out. In 

an experimental rat model of PAH, it has been shown that endothelial cell apoptosis is a 

trigger for the development of severe PAH induced by chronic hypoxia combined with 
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Sugen5416 treatment. A recent study employing a mouse model with Fas-induced apoptosis 

of ECs showed evidence of occlusive vascular remodeling [13]. However, only a small 

portion (~20%) of these mice developed mild PH with scarce occlusive lesions. Previously, 

Steiner et al. have shown occlusive vascular remodeling in transgenic mice overexpressing 

IL-6 following 3-weeks exposure to hypoxia but not under normoxic conditions [7,14]. 

Although these models are helpful for us to understand the mechanisms that regulate 

pulmonary vascular remodeling, none of them fully resembles the pathology of clinical 

PAH. We recently demonstrated for the first time that Tie2Cre-mediated deletion of Egln1 in 

ECs and hematopoietic cells spontaneously induces severe PAH with progressive vascular 

remodeling including vascular occlusion and the formation of complex plexiform-like 

lesions, recapitulating clinical PAH.

Discovery of the First Murine Model of Progressive PAH Recapitulating 

Clinical PAH

As pointed out by Gomez-Arroyo, et al., an ideal animal model of clinical PAH should 

display some or all of the key features found in humans, including markedly increased RVSP 

(>60 mmHg), pulmonary artery lumen obliteration, formation of plexiform-like lesions, 

severe RV hypertrophy (RV/LV+S ratio > 0.45), RV chamber dilation, and RV failure [7]. 

The Egln1Tie2 mouse model is the only mouse model that closely resembles many clinical 

features of severe PAH in patients [8]. Under basal conditions, Egln1Tie2 mice develop 

progressive PAH with RVSP levels ranging from 60 to 90 mmHg at the age of 3.5 months. 

As seen in patients, these mice die progressively (i.e. starting at the age of 2 months and 

with 80% mortality by the age of 6 months). Remarkably, these mice also develop 

unprecedented RV hypertrophy (RV/LV+S ratio ranging from 0.75 to 1.1). 

Echocardiography reveals a 3-fold increase in RV wall thickness, a marked dilatation of the 

RV chambers, and a decrease in RV fraction area change indicating RV dysfunction. 

Pulmonary artery dysfunction is evidenced by a marked decrease in the ratio of pulmonary 

artery acceleration time:ejection time (Figure 1 and ref [8]). Molecular analysis also shows 

induced expression of atrial natriuretic factor and skeletal α-actin in the RV, indicating heart 

failure [15]. These data demonstrate that Egln1Tie2 mice develop spontaneous progressive 

PAH that results in RV failure and premature death as seen in patients with severe PAH.

Histological examination of lung sections from Egln1Tie2 mice demonstrates various forms 

of vascular remodeling, including thickening of intima, media and adventitia, and neointima 

occlusion as well as the formation of plexiform-like lesions (Figure 1). Pulmonary vascular 

obliterative remodeling is prominent in both large and small vessels, and this remodeling is 

progressive and irreversible. Proliferation of vascular cells including both ECs and SMCs is 

evident in the lesions. Besides CD11b+ monocyte infiltration in the lesions, we also 

observed increased expression of IL-6 (indicating inflammation), vascular fibrosis, and 

increased oxidative/nitrative stress in Egln1Tie2 lungs (unpublished observations). These are 

also the characteristic features of the pathology of clinical PAH [4,6,16–18]. In human, it 

was shown that female gender is a risk factor for PAH, but that men with PAH have high 

mortality [19,20]. In Egln1Tie2 mice, however, we did not observe significant differences in 

RVSP or RV hypertrophy between genders.
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In support of the concept that Egln1Tie2 mice may be the long-sought-after murine model of 

clinical PAH, expression of many of the PH-causing genes is altered in Egln1Tie2 lungs. 

Expression of Arg1, Lcn2, Slc39α12, Il13, Retnla, Ngf, Serpine 1, Il6, cxcl12, Csf2, Ptger3, 
Arg2, Eln, Edn1, Trpv4, and Sphk1 is upregulated while Aplnr, Ccr7, Ccr2, Bmpr2, Cav1, 
EphA1, Erg, Apln, Prkg1, Acvr2b, Acvr11, and Eng expression is downregulated. It remains 

unclear whether altered expression of these genes collectively causes severe PAH in 

Egln1Tie2 mice. Nevertheless, we have shown that upregulated Cxcl12 (also named SDF-1) 

expression in lung ECs (secondary to PHD2 deficiency) is partially responsible for increases 

in SMC proliferation and the development of severe PAH in Egln1Tie2 mice, given that 

genetic deletion of Cxcl12 attenuates PAH in Egln1Tie2 mice. Consistently, altered 

expression of some of these genes has been reported in lung tissues of IPAH patients, and 

some of them such as BMPR2 [21], ACVRL1 [22], ENG [23], and CAV1 [24], have been 

shown mutations in IPAH patients. Importantly, PHD2 expression is diminished in ECs of 

occlusive pulmonary vessels of IPAH patients, but not in ECs of vessels without occlusive 

remodeling [8]. These findings provide clear evidence about the important pathogenic role 

of PHD2 deficiency in ECs in obliterative vascular remodeling in Egln1Tie2 mice and PAH 

patients.

In summary, different from other mouse models, Egln1Tie2 mice exhibit markedly elevated 

RVSP (> 60 mmHg), progressive pulmonary vascular remodeling including vascular 

occlusion and formation of plexiform-like lesions, severe RV hypertrophy (RV/LV+S >0.75) 

and RV failure, irreversible PAH and progressive mortality. As seen in IPAH lungs, 

expression of many of the PH-causing genes is also altered in Egln1Tie2 lungs. Thus, the 

Egln1Tie2 mice appear to be the long-sought-after mouse model of clinical PAH. Discovery 

of this unique mouse model of clinical PAH is potentially useful for delineating the 

molecular mechanisms underlying the complex vascular remodeling of clinical PAH, and 

thereby enabling identification of valuable druggable targets and development of novel 

therapeutic approaches for PAH patients.

Synergistic Role of PHD2 Deficiency in ECs and Hematopoietic Cells in 

Mediating Obliterative Vascular Remodeling

Several lines of evidence suggest that multiple cell types derived from bone marrow 

(including macrophages, T cells and progenitor cells) are recruited to the plexiform lesions 

in PH, and contribute to the progression of pulmonary vascular remodeling [25–28]. Bone 

marrow abnormality is also shown in clinical PAH. Asosingh et al. demonstrate that CD133+ 

cells from PAH patients exhibit more multipotency and greater myeloid commitment and 

engraftment in the pulmonary vascular bed compared with healthy controls [29]. They also 

show that hypoxia inducible factor (HIF) and its transcription targets such as CXCL12, HGF 

and SCF may cause the proliferation of the multipotent hemangioblasts in the bone marrow, 

and mobilization of progenitor cells from bone marrow [30].

Kapitsinou, et. al. have studied the Egln1Cdh5 mice with Cdh5Cre-mediated disruption of 

Egln1[11]. Surprisingly, Egln1Cdh5 mice exhibit much weaker PH compared to Egln1Tie2 

mice. Egln1Cdh5 mice don’t exhibit obliterative vascular remodeling except increased 
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muscularization of distal pulmonary arterioles. RV hypertrophy is much weaker in the 

Egln1Cdh5 mice (i.e. RV/LV+S ratio is less than 0.5) compared with the Egln1Tie2 mice, and 

there is no evidence of RV failure in the Egln1Cdh5 mice. The more complex vascular 

remodeling and severe PAH phenotype observed in Egln1Tie2 mice versus Egln1Cdh5 mice 

indicates the importance of the bone marrow abnormality in the severity of PH given that 

both of them have PHD2 deficiency in ECs. In fact, transplantation of bone marrow cells 

from wild type mice to lethally irradiated Egln1Tie2 mice results in marked decreases of 

RVSP, pulmonary vascular remodeling, and RV hypertrophy. Furthermore, no occlusive 

vascular lesions are observed in these chimeric mice. These data provide unequivocal 

evidence that PHD2 deficiency in bone marrow cells induced by Tie2Cre markedly 

contributes to the severity of PAH in Egln1Tie2 mice. The difference between these two 

models might be due to the distinct expression patterns of Tie2 versus Cdh5 promoters. 

Although both promoters drive Cre expression in ECs, Tie2Cre also drives gene expression 

in the majority of hematopoietic cells in adult mice [31], whereas Cdh5Cre used in 

Kapitsinou et al. studies affects only 50% of adult hematopoietic lineages [11,32]. Thus, 

future studies are warranted to identify the distinct cell subpopulation(s) in the bone marrow 

responsible for the obliterative vascular remodeling.

As both Tie2Cre and Cdh5Cre induce gene deletion in ECs, these studies demonstrate that 

PHD2 deficiency in ECs is essential for inducing PH. Indeed, transplantation of bone 

marrow cells from Egln1Tie2 mice to lethally irradiated WT mice fail to induce PH. 

Mechanistically, we have shown that PHD2-deficient human lung vascular ECs release 

CXCL12, which induces pulmonary vascular SMC proliferation (likely via activation of the 

CXCL12 receptor, CXCR4, which is also expressed in SMCs). Tie2Cre-mediated genetic 

deletion of Cxcl12 in Egln1Tie2 mice attenuates PH and pulmonary vascular remodeling. 

One possible mechanism for this observation is that deletion of Cxcl12 results in inhibition 

of SMC proliferation and pulmonary vascular remodeling induced by PHD2-deficient ECs. 

However, it is also possible that Cxcl12 released from PHD2-deficiecnt ECs plays an 

important role in recruiting bone marrow cells to the lesions, and promoting their 

proliferation within the lesions. Other factors such as Endothelin-1 (upregulated) or Apelin 

(downregulated), which are released by PHD2-deficient ECs are also likely to be involved in 

the pathogenesis of severe PAH seen in Egln1Tie2 mice. Both preclinical and clinical studies 

have demonstrated the pathogenic role of increased Endothelin-1 in PAH [33]. Defective 

Apelin/Apelin receptor signaling is also shown to induce PH in mice [9,34]. These data 

together suggest endothelial PHD2 deficiency plays a prerequisite role in initiating PH, and 

that bone marrow PHD2 deficiency enhances pulmonary vascular remodeling thereby 

promoting the severity of PH (Figure 2).

Obligatory Role of HIF-2α Not HIF-1α in the Pathogenesis of Severe PH

As oxygen sensors, PHDs (PHD1-3) use molecular O2 as a substrate to hydroxylate specific 

proline residues of the α subunit of HIFs (including HIF-1α, HIF-2α, and HIF-3α). 

Hydroxylation promotes HIF-α binding to the von Hippel-Lindau ubiquitin E3 ligase, which 

leads to HIF-α ubiquitination and subsequent degradation by the proteasome [35,36]. 

Inhibition of PHD activity, such as under hypoxic conditions, results in stabilization and 

accumulation of the α-subunit of HIF in the nucleus, and therefore formation of a HIF 
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heterodimer with the constitutive HIF-1β subunit. The HIF heterodimer consequently 

activates expression of multiple HIF target genes that regulate angiogenesis, erythropoiesis, 

metabolism, inflammation, and vascular responses [37,38]. As expected, genetic deletion of 

Egln1 results in stabilization of both HIF-1α and HIF-2α, the 2 major HIF-α isoforms, in 

lungs of Egln1Tie2 mice. Although previous studies have shown the important role of 

HIF-1α in mediating hypoxia-induced PH, genetic deletion of Hif2a but not Hif1a 
normalizes the PH phenotype in Egln1Tie2 mice [8] as well as in Egln1Cdh5 mice [11]. 

Expression of PH-causing genes including Bmpr2, Cav1, Edn1, Il6, Cxcl12, Apln/Aplnr, 
and Erg are normalized in the Egln1Tie2/Hif2aTie2 double knockout mice. These studies 

provide unequivocal evidence for the critical role of HIF-2α in the pathogenesis of PH. 

Consistently, mice with genetic knockin of an activation mutation (G536W) of Hif2a also 

develop severe PH with RVSP of 66 mmHg [10]. The residue G536 is located close to the 

primary prolyl hydroxylation site for PHDs. G537W mutation of human HIF2A (equivalent 

to G536W in mice) is also shown to be associated with severe PAH in patients [39]. A recent 

study also shows the superior role of endothelial HIF-2α versus endothelial HIF-1α in 

mediating chronic hypoxia-induced pulmonary vascular remodeling and PH. Mice lacking 

HIF-2α but not HIF-1α in lung endothelium (L1Cre) are completely resistant to chronic 

hypoxia-induced PH [40]. Chuvash polycythemia patients who have an R200W mutation in 

the von Hippel-Lindau (VHL) tumor suppressor protein are susceptible to development of 

PAH [41]. Consistently, mice with Vhl R200W mutation (VhlR200W) develop PH, which is 

rescued by a heterozygous deletion of Hif2a but not Hif1a [42]. Intriguingly, genome-wide 

studies of Tibetan high attitude adaptation have identified mutations at both EGLN1 and 

HIF2A loci [43,44]. Tibetans have blunted pulmonary response to hypoxia probably because 

of the coding region variants in EGLN1, which result in increased hydroxylase activity 

under hypoxic conditions [45,46]. Taken together, these studies suggest that HIF 

hydroxylase signaling, specifically the PHD2/HIF-2α axis, is critical in regulating 

pulmonary vascular homeostasis. Although endothelial HIF-2α plays a critical role in the 

pathogenesis of PH, it remains unclear which HIF-α isoform(s) (HIF-2α or HIF-1α or both) 

in the bone marrow cells whose activation secondary to PHD2 deficiency contributes to 

obliterative vascular remodeling and severe PH.

Translational Potential

Current therapies for PAH mainly focus on the abnormalities in the prostacyclin, nitric 

oxide, and endothelin signaling pathways, including five classes of drugs, endothelin 

receptor antagonists, phosphodiesterase-5 inhibitors, soluble guanylate cyclase activators, 

prostacyclin analogues, and prostacyclin receptors agonists [1,3]. Although substantial 

therapeutic advances have been achieved over the past 25 years in PAH patients, currently-

approved drugs fail to markedly improve morbidity and mortality. The identification of 

novel druggable targets therefore remains critical for the development of novel effective 

therapeutic agents. The essential role of PHD2/HIF-2α signaling in the development of 

obliterative pulmonary vascular remodeling and severe PAH suggest that targeting the 

dysregulated PHD2/HIF-2α signaling represents a novel effective therapeutic strategy.

Given the critical role of HIF-2α in the pathogenesis of PAH, it will be crucial to identify 

HIF-2α-selective inhibitors for the treatment of PAH. Although transcription factors are 
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difficult to target, there are several studies reporting the development of small molecules 

targeting HIF-2α. Zimmer, et al. have identified small molecules (e.g., compound 76) that 

selectively decrease HIF-2α translation by enhancing the binding of iron-regulatory protein 

1 to the 5′-untranslated region of HIF2A but not HIF1A [47]. It has been shown that 

inhibition of HIF-2α by compound 76 suppresses VHL-associated diseases including 

erythrocytosis, and pathologic angiogenesis in zebrafish [48]. Our recent studies also show 

that compound 76 attenuates RVSP and RV hypertrophy as well as pulmonary vascular 

remodeling in Egln1Tie2 mice (unpublished observation). It would be interesting to 

determine whether compound 76 is also effective in inhibiting PH in other animal models of 

PAH such as the Sugen/Hypoxia rat model. Other groups have also developed different 

classes of HIF-2α inhibitors [49–51]. It would be pertinent to determine whether these 

HIF-2α inhibitors also inhibit PAH in Egln1Tie2 mice.

Pharmacological activation of PHD2 by small molecules may be another potential 

therapeutic approach to suppress HIF in the pathogenesis of PH. Choi et al. screened a small 

molecular library based on an in vitro hydroxylation assay and identified KRH102053 as a 

potent PHD2 activator. KRH102053 and its more effective analogue, KRH102140, 

downregulate HIF-1α protein and its downstream target genes [52]. It is unclear whether 

KRH102140 also downregulates HIF-2α. In another study, Temes et al. identified a 

diacylglycerol kinase inhibitor, R59949, that stimulates the activity of PHDs without 

affecting PHD expression levels [53]. One possible caveat with PHD2 activators is their 

limited ability to activate PHD2 in PAH patients, given that PHD2 expression is diminished 

in occlusive pulmonary vascular ECs of IPAH lungs. Delineation of the signaling 

mechanisms underlying downregulation of PHD2 in the occlusive pulmonary vascular ECs 

may provide an important approach to restore PHD2 expression and activity in occlusive 

pulmonary vascular ECs, and thereby potentially reverse obliterative vascular remodeling.

Conclusions and Perspectives

Recent studies have provided fundamentally important information regarding the molecular 

mechanisms of obliterative pulmonary vascular remodeling. Most excitingly, the Egln1Tie2 

mice may be the long-sought-after mouse model of clinical PAH. These mice exhibit many 

of the pathological features of clinical PAH including severely elevated progressive RVSP, 

extensive pulmonary vascular occlusion, formation of complex plexiform-like lesions 

associated with vascular fibrosis, augmented oxidative/nitrative stress and inflammation, 

increased proliferation of pulmonary vascular cells, and severe right heart hypertrophy and 

failure. Egln1Tie2 mice also exhibit marked alteration of expression of many PH-causing 

genes as seen in lung tissues of clinical PAH, and ultimately, progressive mortality. 

Discovery of the first mouse model of clinical PAH will help us to understand the molecular 

basis of obliterative vascular remodeling and develop novel therapeutic approaches to 

effectively treat PAH in patients and promote survival.

Future studies should be directed to: 1) delineating the molecular mechanisms of obliterative 

vascular remodeling, including identification of the subpopulation(s) of bone marrow cells 

responsible for obliterative vascular remodeling; 2) elucidating the signaling pathways that 

mediate the transcriptional regulation of PHD2 expression; 3) determining whether the 
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obliterative vascular remodeling seen in Egln1Tie2 mice is reversible by pharmacotherapies 

such as HIF-2α inhibitors; and 4) developing novel HIF-2α inhibitors and/or PHD2 

activators/inducers to test their efficacies in inhibiting PAH and promoting survival in 

Egln1Tie2 mice as well as in rat models of PAH such as the Sugen/hypoxia model. 

Collectively, these studies will lead to a comprehensive understanding of the mechanisms 

that control obliterative vascular remodeling, and subsequently, development of novel 

therapeutic agents for effective treatment of PAH and promotion of survival of PAH patients.
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Figure 1. Spontaneous severe PAH with obliterative pulmonary vascular remodeling in Egln1Tie2 

mice
(A) Marked increase of RVSP. (B) Unprecedented RV hypertrophy. (C) Echocardiography 

demonstrating marked thickness of RV wall (double arrow) and enlarged RV chamber. LV, 

left ventricle. (D) Decreased RV fraction area indicating RV dysfunction. (E) Representative 

micrographs of Russel-Movat pentachrome staining demonstrating thickening of the intima, 

media, and adventitia; occlusion of the large and small vessels (black arrowheads); and 

plexiform-like lesions (red arrowheads) in 3.5-month-old Egln1Tie2 mice. Data are expressed 

as mean ± SD. ***, P < 0.001. (Adapted from ref. 8).
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Figure 2. Synergistic role of PHD2 deficiency in ECs and hematopoietic cells in mediating 
obliterative vascular remodeling and severe PAH
Through HIF-2α activation, PHD2 deficiency induces dysregulation of multiple signaling 

pathways (directly or indirectly) in mouse lungs. PHD2 deficiency in hematopoietic cells 

also contribute to the molecular changes. Collectively, these molecular changes coupled with 

the effects of PHD2 deficiency on hematopoietic cell (inflammatory cells, progenitor cells, 

etc.) recruitment, engraftment, differentiation, proliferation, and cross-talk with pulmonary 

vascular cells and adventitial fibroblasts induce obliterative pulmonary vascular remodeling 

as well as vasoconstriction and thereby severe PAH, which leads to RV failure and 

premature death. Thus, targeting the dysregulated PHD2/HIF-2α signaling may represent a 

novel therapeutic strategy to reverse obliterative vascular remodeling and thereby effectively 

treat PAH and promote survival.

Dai and Zhao Page 13

Trends Cardiovasc Med. Author manuscript; available in PMC 2018 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Dai and Zhao Page 14

Ta
b

le
 1

R
ec

en
t M

ou
se

 m
od

el
s 

of
 p

ul
m

on
ar

y 
hy

pe
rt

en
si

on
 p

ub
lis

he
d 

si
nc

e 
20

12

M
ou

se
 s

tr
ai

n
G

en
et

ic
 m

od
if

ic
at

io
n

R
V

SP
, m

m
H

g
R

V
/L

V
+S

H
is

to
lo

gy
R

ef
N

or
m

ox
ia

H
yp

ox
ia

N
or

m
ox

ia
H

yp
ox

ia
N

or
m

ox
ia

H
yp

ox
ia

C
57

B
L

6/
J

Pr
kg

1−
/−

43
N

/A
N

/A
N

/A
↑M

us
c

N
/A

Z
ha

o(
20

12
)

C
57

B
L

6/
J

Il
13

 T
g

38
N

/A
0.

31
N

/A
↑M

us
c

N
/A

C
ho

(2
01

3)

C
57

B
L

6/
J

Ir
p1

−
/−

36
N

/A
N

/A
N

/A
N

/A
N

/A
G

ho
sh

 (
20

13
)

C
57

B
L

6/
J

E
C

 S
m

ad
1−

/−
28

N
/A

0.
29

4
N

/A
↑M

us
c

N
/A

H
an

(2
01

3)

SM
C

 S
m

ad
1−

/−
25

N
/A

0.
31

3
N

/A
↑M

us
c

N
/A

C
57

B
L

6/
J

C
cr

2−
/−

30
47

0.
28

0.
41

↑M
us

c
↑M

us
c

Y
u(

20
13

)

C
cl

2−
/−

26
42

0.
27

0.
42

N
/A

N
/A

C
57

B
L

6/
J

So
d1

−
/−

34
34

0.
32

0.
41

↑M
us

c
N

/A
R

am
ir

o-
D

ia
z(

20
13

)

C
57

B
L

6/
J

SM
C

 P
te

n−
/−

30
35

0.
27

0.
42

↑M
us

c
O

cc
lu

si
ve

 in
tim

a 
of

 
sm

al
l P

A
H

or
tia

 (
20

13
)

C
57

B
L

6/
J

E
C

 G
at

a6
−

/−
27

33
0.

31
0.

48
N

or
m

al
↑M

us
c

G
ha

tn
ek

a 
(2

01
3)

C
57

B
L

6/
J

H
if

2a
G

53
6w

 k
no

ck
 in

66
N

/A
0.

61
N

/A
↑M

us
c

N
/A

Ta
n(

20
13

)

C
57

B
L

6/
J

U
cp

2−
/−

25
(m

PA
P)

28
(m

PA
P)

N
/A

N
/A

↑M
us

c
N

o 
di

ff
er

en
ce

D
ro

m
pa

ri
s 

(2
01

3)

C
57

B
L

6/
J

E
C

 K
lf

4−
/−

24
34

0.
28

0.
40

N
or

m
al

↑M
us

c
Sh

at
at

 (
20

14
)

C
57

B
L

6/
J

A
pl

nr
−

/−
35

N
/A

0.
38

N
/A

O
cc

lu
de

d 
PV

N
/A

L
at

he
n 

(2
01

4)

E
C

 A
pl

nr
−

/−
35

N
/A

0.
38

N
/A

O
cc

lu
de

d 
PV

N
/A

E
rg

−
/−

50
N

/A
0.

48
N

/A
O

cc
lu

de
d 

PV
N

/A

C
57

B
L

6/
J

Si
rt

3−
/−

30
(m

PA
P)

N
/A

0.
33

N
/A

↑M
us

c
N

/A
Pa

ul
in

 (
20

14
)

C
57

B
L

6/
J

SM
C

 F
ox

o1
−

/−
30

35
0.

24
0.

28
↑M

us
c

↑M
us

c
Sa

va
i (

20
14

)

C
57

B
L

6/
J

E
ph

a2
−

/−
25

32
(H

x)
 3

5 
(S

uH
x)

0.
25

0.
42

(H
x)

 0
.4

7(
Su

 H
x)

N
or

m
al

N
o 

di
ff

er
en

ce
R

ho
de

s 
(2

01
5)

C
57

B
L

6/
J

E
C

 F
as

-i
nd

uc
ed

 a
po

pt
os

is
-E

FI
A

29
N

/A
0.

27
N

/A
O

cc
lu

si
ve

 s
m

al
l P

A
N

/A
G

ol
dt

ho
rp

 (
20

15
)

C
57

B
L

6/
J

E
gl

n1
C

dh
5C

re
54

N
/A

0.
5

N
/A

↑M
us

c
N

/A
K

ap
its

in
o 

(2
01

6)

C
57

B
L

6/
J

E
gl

n1
Ti

e2
C

re
72

N
/A

0.
85

N
/A

↑M
us

c,
 o

cc
lu

si
ve

 s
m

al
l 

an
d 

la
rg

e 
PA

, p
le

xi
fo

rm
 

le
si

on
s

N
/A

D
ai

(2
01

6)

C
57

B
L

6/
J

E
C

 A
m

pk
−

/−
27

38
0.

2
0.

37
N

or
m

al
↑M

us
c

O
m

ur
a 

(2
01

6)

H
x,

 h
yp

ox
ia

; M
us

c,
 m

us
cu

la
ri

za
tio

n 
of

 d
is

ta
l p

ul
m

on
ar

y 
ve

ss
el

s;
 m

PA
P,

 m
ea

n 
pu

lm
on

ar
y 

ar
te

ri
al

 p
re

ss
ur

e;
 N

/A
, n

ot
 a

na
ly

ze
d;

 P
A

, p
ul

m
on

ar
y 

ar
te

ry
; P

V
, p

ul
m

on
ar

y 
ve

in
; S

uH
x,

 S
ug

en
54

16
/h

yp
ox

ia
.

Trends Cardiovasc Med. Author manuscript; available in PMC 2018 May 01.


	Abstract
	Introduction
	Recent Advances in Murine Models of PH
	Discovery of the First Murine Model of Progressive PAH Recapitulating Clinical PAH
	Synergistic Role of PHD2 Deficiency in ECs and Hematopoietic Cells in Mediating Obliterative Vascular Remodeling
	Obligatory Role of HIF-2α Not HIF-1α in the Pathogenesis of Severe PH
	Translational Potential
	Conclusions and Perspectives
	References
	Figure 1
	Figure 2
	Table 1

