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Abstract

Recently a great deal of progress has been made in our understanding of pulmonary hypertension 

(PH). Research from the past 30 years has resulted in newer treatments that provide symptomatic 

improvements and delayed disease progression. Unfortunately, the cure for patients with this 

lethal syndrome remains stubbornly elusive. With the relative explosion of scientific literature 

regarding PH, confusion has arisen regarding animal models of the disease and their correlation to 

the human condition. This short review uniquely focuses on the clear and present need to better 

correlate mechanistic insights from existing and emerging animal models of PH to specific 

etiologies and histopathologies of human PH. A better understanding of the pathologic processes 

in various animal models and how they relate to the human disease should accelerate the 

development of newer and more efficacious therapies.
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Introduction

Pulmonary hypertension (PH) refers to a mean pulmonary artery pressure at rest of greater 

than or equal to 25 mm Hg or greater than 30 mm Hg with exercise [1]. PH may arise as an 

idiopathic disorder, or more commonly, associated with secondary causes [2] and is a major 

worldwide health burden [3]. Sadly, there remains no cure despite major advances in our 

understanding of the pathogenesis of PH with respect to genetics [4], vasoreactivity [5], 

inflammation [6], and cell and molecular biology [7].
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On a more positive note, the last 30 years of research in PH has been nothing less than 

stunning in its breadth and depth of insight. This is evidenced by a dramatic increase in 

survival time and quality of life for patients with PH [8], brought about largely by 

incorporation of vasodilatory therapies developed from the research [5]. These advances 

have ushered in a “renaissance period’ of biomedical research aimed at understanding and 

better treating PH. As a testament to this, a PubMed search using date restrictions and with 

the search terms “pulmonary hypertension therapy” shows that in 1979 there were 11 

published reviews, and only 6 in 1980. In 2013, there were 247! While this is certainly 

dramatic quantitatively it may be too early to assess some of the qualitative aspects of such a 

spectacular increase in the scientific literature specific to PH. The enormity of the literature 

regarding PH and the proliferation of new journals publishing heart lung biomedical science 

are both potentially contributing to difficulties moving the field ahead towards the goal of 

better therapies. With this review we attempt to highlight some of these problems and to 

bring into sharper focus potential correlations between specific preclinical models to specific 

forms of human PH. Finally, we humbly submit process-based recommendations to our “PH 

community” of clinicians, basic and translational researchers, biotech and biopharma 

colleagues, with the goal of increasing the efficiency of our collective efforts to find a cure.

PH and the WHO Classification System

In 2008, the 4th World Symposium on Pulmonary Hypertension meeting at Dana Point, 

California [9] produced an updated clinical classification system for PH [10]. This system 

was based on earlier world symposia on PH in 1998 and 2003 [11]. As can be seen from 

Table 1, PH represents a very broad spectrum of disease etiology and pathobiology affecting 

not only the lungs and right ventricle directly, but also secondarily through other organ 

pathologies. Group I is pulmonary artery hypertension (PAH), Group II is PH associated 

with left heart disease, Group III is PH associated with lung disease and/or hypoxia, Group 

IV is PH associated with chronic thromboembolic disease, and Group 5 is PH associated 

with multifactorial mechanisms. Even within a single classification group, there are distinct 

mechanistic programs that contribute to PH, either on the arterial or venous side of the 

pulmonary circulation. It is obvious that no single preclinical model could be generated that 

would serve as an excellent surrogate to study the pathogenesis of PH, with the possible 

exception of high altitude PH modeled by chronic exposure to hypobaric hypoxia. It seems 

logical that to push forward the development of our understanding of human PH and to 

develop better therapies, more animal models need to be developed that recapitulate specific 

pathologies in ways that mirror the classification system for human PH.

Preclinical Models: Correlations to the Classification System

As can be seen, PH is not so much a specific disease entity as it is a syndrome that may 

result from a number of disparate pathobiological states. Although in general, no one animal 

model of PH recapitulates all aspects of the severe pathology of human disease [12], these 

experimental models support the idea that PH is elicited by variable stimuli and that the 

structural changes observed in the pulmonary vasculature are related to the type of inciting 

event [13]. The chief histological features of pulmonary hypertensive vascular disease in 

humans and in animal models have been summarized elsewhere [12]. The following review 
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of preclinical models is by no means exhaustive, but is instead meant to familiarize the 

reader with the main themes in the models. In mice, the classic model of chronic hypoxia 

produces PH with some variability across strains [14]. The development of PH is associated 

with varying degrees of mild to moderate muscularization of small pulmonary arterioles, 

likely due to hypertrophy and/or mild hyperplasia of smooth muscle cells (SMC). 

Adventitial thickening and infiltration by inflammatory cells into the adventitia are noted. 

These hypoxia-induced vascular changes are indeed mild and much less robust than in rat 

hypoxic PH models and reflect gene expression level differences [15]. Newer models in 

mice have begun to exploit the species’ capacity for genetic manipulation. For example, 

mice that are mutant for bone morphogenetic protein receptor type 2 (BMPR2), the most 

common gene mutated in human PAH to date [16], develop a mild PH in hypoxia [17]. 

Conditional deletion of endothelial cell BMPR2, while avoiding embryonic lethality, 

resulted in varying RV hypertrophy and vascular remodeling [18], implying that BMPR2 

loss is neither necessary nor sufficient for PH and RV failure [14]. Other genetically 

engineered mice have been generated that examine immune dysfunction. Mice that over-

express interleukin- 6 (IL-6) develop severe PH, neointimal proliferation, and RV 

hypertrophy upon chronic hypoxia exposure [19]. In humans with systemic sclerosis, PAH 

is one of the leading causes of death [20].

In mice transgenic for Fra-2 (Fos-related antigen-2, a Jun/Fos transcription factor family 

member), increases in metalloprotease activity and PASMC proliferation are exaggerated 

and contribute to pulmonary vascular remodeling [21]. Mice with mutations in vasoactive 

genes are also models of PH, as is the case for the moderate PH and RV hypertrophy 

observed in mice lacking vasointestinal peptide [22]. It should be noted that the gender 

differences in the incidence of human IPAH [3], are observed in at least one preclinical 

model used for the study of PH. For example, in mice overexpressing S100A4/MTS-1/

FSP-1, increased right ventricular systolic pressure is observed [23]. In approximately 5% of 

these mice, pulmonary vascular remodeling and the development of plexiform-like lesions 

occurs, almost exclusively in females [24]. Although beyond the scope of this review, the 

reader is directed towards excellent reviews on the subject of gender differences and PH 

[25,26].

Mouse models have begun to explore the role of the immune system in the pathogenesis of 

PH. Schistosomiasis-associated is one of the most common causes of PAH worldwide, with 

an estimated ~ 200 million infected persons of which about 1% develop the disease [27]. In 

mice with schistosomiasis-PAH, granulomatous lesions and pulmonary vascular remodeling 

is heterogeneously localized in the lung [28], and appears to require transforming growth 

factor beta and IL-4/IL-13 signaled myelomonocytic cells [29]. Fulminant Th2 

inflammatory responses and vascular remodeling in the lung have also been examined in 

mice sensitized with ovalbumin and further challenged in the airways [30] and with 

ovalbumin or Aspergillus antigen challenge in the peritoneal cavity [31]. Much of the 

histopathology in these models seems to be most prevalent in the more proximal airways 

and pulmonary vessels, in addition to changes at the level of resistance vessels. Intriguingly, 

the Th2 response determines the extent of pulmonary vascular remodeling, is sufficient to 

cause the lung remodeling, and may share common disease pathways and mediators with 

chronic hypoxia PH [32].
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An excellent summary table of mouse models from 1996–2011 and their respective 

pathologies is available [14]. Rats have been used for decades to study PH, particularly the 

chronic hypoxia and monocrotaline (MCT) models. Exposure of rats to hypobaric hypoxia 

causes a doubling of mean pulmonary artery pressure, progressive structural change in the 

pulmonary vasculature, is attended by influx of inflammatory cells (predominantly myeloid 

lineage), but RV failure is absent [3]. Strain differences are well appreciated, with the prime 

example of the fawn-hooded rat, which develops more severe PH and remodeling than most 

other strains when exposed to hypoxia [33]. MCT is a toxic alkaloid that has been used to 

induce experimental PAH for decades [34]. MCT causes a widespread pneumotoxicity [35] 

that is reflected as a increased index of cell proliferation, which varies in time and space 

among the vascular and airway structures, from alveolar regions to larger bronchovascular 

structures [36]. Sugen 5416 vascular endothelial growth factor receptor 2 (VEGFR2) 

blockade, in combination with hypobaric hypoxia (Su-Hx), induces a severe PH with 

elements of inflammation and angio-obliteration culminating in RV failure [37]. The 

underlying mechanism is thought to involve primarily pulmonary artery endothelial cell 

death followed by the emergence of an apoptosis-resistant cell [38]. Interestingly, Su-Hx 

rats returned to normoxia (Su-Hx-Nx) for 10–11 weeks develop neointimal lesions closely 

resembling human plexogenic arteriopathy [39]. The possibility that these neointimal lesions 

may be reversible [13,40], that they do not fully recapitulate human plexiform lesions [13], 

and the lack of death from RV failure development among some research groups (for 

example, “a few out of ~ 300 rats” [41]), warrants further detailed investigations. This report 

clearly demonstrates that the plexiform lesions develop in this rat model at very late stages, 

leading the authors to conclude that sustained exposure to high blood pressure may be the 

major factor required for their development [41]. This raises the possibility that the 

emergence of apoptosis-resistant and hyperproliferative EC by SU5416 is the result of 

exposure to high shear stress secondary to the pulmonary arterial remodeling [38]. Rat strain 

susceptibility, as in hypoxia alone, may explain differences in the incidence of RV failure in 

this model.

Newer rat models of PH have recently been published. As in mice, Th2 mediated 

inflammation leads to pulmonary vascular remodeling that can be quite severe. Sugen 5416 

blockade in combination with ovalbumin sensitization produced a robust angio-proliferative 

PAH that was preventable by 1) caspase inhibition, 2) dexamethasone, and 3) B lymphocyte 

depletion [42]. In contrast to the Th2 mouse models described above, Th2 inflammation and 

remodeling in the rat lung is associated with severe PAH [42]. Recently, a rat model of 

moderate PAH (~40 mm Hg or greater) was generated by passive transfer of autoantibodies 

purified from the plasma of MCT rats [43]. This was associated with pulmonary vascular 

remodeling, including intimal occlusion but without plexogenic arteriopathy. Intriguingly, 

bronchus-associated lymphoid tissues appeared to play a major role in the generation of 

autoantibodies [43]. Collectively, these models promote the idea that both the airways and 

the immune system are potentially important players in pulmonary vascular remodeling, 

thus deserving further study. With regard to the airways, a recent review summarized the 

current experimental and clinical findings that establish linkage between airway responses 

(ex: antigens, pollution) and the lung vasculature [44]. In any case, the possibility that the 

airways contribute somehow to certain forms of PH is beginning to be robustly explored.
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Ungulates, such as cows and sheep, have served as excellent models for PH. Seminal studies 

of the effects of high altitude in these animals conducted several decades ago established 

many of the fundamental tenets of cardiopulmonary biology [45]. Generally speaking, cattle 

exposed to hypoxia develop severe PH, while sheep do not [45]. Neonatal calves are 

particularly sensitive to chronic hypobaric hypoxia, and exhibit remarkable intimal 

thickening of the media and adventitia of pulmonary vessels with mononuclear cell 

infiltration. As is the case for rodents exposed to chronic hypoxia, these changes are 

reversible [3]. Gene expression and single nucleotide polymorphism studies in cows may 

provide clues as to genetic predisposition to high altitude PH [46]. Along with their many 

positive attributes as models of PH, large animals are uniquely challenging in many respects. 

For example, the performance of cell lineage tracing studies, or the testing of potential 

therapies are difficult given that large size and cost are prohibitive for many researchers. 

Overcoming such obstacles may be of great benefit to the understanding of the pathogenesis 

of PH.

A great deal of literature is available focusing on pulmonary artery hypertension, sometimes 

called ascites syndrome, in broiler chickens [47]. The broiler chicken model has been 

investigated for decades with regard to nearly every aspect of the pathobiology of human 

PH: vasoactive mediators [48], genetic susceptibilities [49], microparticles [50], plexogenic 

arteriopathy [51], right heart failure [52], inflammation [53], lipopolysaccharide exposures 

[54], myeloid cell biology [55], and serotonin [56]. One of the reasons why broiler chickens 

are so sensitive to the development of PH is the rate of rapid growth from chicks to adults. 

In an 8-week span, a 40 g chick develops into a 4,000g broiler, the equivalent of a 3 kg 

human newborn baby weighing 300 kg after 2 months [47]. Several investigations 

(summarized in [47]) point to the lack of pulmonary vascular capacity in chickens compared 

to humans. Despite extensive investigations into these areas and findings in the model that 

are very close to human PAH, this literature is predominantly cited by those in poultry 

sciences and almost never cited by other investigators (M. Yeager, unpublished Web of 

Science Citation Index v.5.13.2 search, April 23, 2014, search terms: pulmonary, 

hypertension, chicken).

As can be seen in Table 1, PAH can be associated with human immunodeficiency virus 

infection (HIV) (Group 1.4.2). The incidence of PAH is much higher in HIV-infected 

individuals, and its pathogenesis has been recently reviewed [57]. Macaque monkeys 

infected with SHIV-nef (a chimeric viral construct containing the HIV nef gene in a simian 

immunodeficiency virus [SIV] backbone) develop complex plexiform–like lesions [58]. 

These lesions appear very similar to those found in patients with HIVPAH [59]. Whether the 

pulmonary vascular remodeling in the SHIV-nef model is associated with PAH and/or 

contributes to RV failure is unknown, but evidence for RV hypertrophy was absent [58].

Several animal models are available to study congenital abnormalities and pulmonary 

hypertension in children. Congenital diaphragmatic hernia (CDH) occurs in about 1 in 3,000 

births and is associated with pulmonary hypoplasia and persistent pulmonary hypertension 

[60]. Surgical approaches [61], pharmacologic approaches [62], and genetic models [60] are 

in use to study the development of CDH-PAH. The lung histopathology in preterm baboon 

and preterm lamb models appears to closely recapitulate the histopathological appearance of 
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preterm infants with bronchopulmonary dysplasia (BPD) [63]. Congenital heart diseases in 

which pulmonary blood flow increases commonly lead to the development of pulmonary 

hypertension [64]. An excellent model for this has been developed by Fineman et al. in 

which an aortopulmonary shunt is created in late gestation fetal lambs [65]. By 1 month of 

life, shunted lambs reproduce the salient features of the human disease, namely postnatal 

pulmonary hypertension, increased pulmonary blood flow, and vascular remodeling [65]. 

The mechanisms that impel the disease in the lambs is largely attributed to reactive oxygen 

and reactive nitrogen species that drive the dysregulation of key signaling pathways in 

pulmonary artery endothelial and smooth muscle cells that leads to remodeling and 

increased pulmonary artery pressure [64]. Similar results have been published using a piglet 

model of PAH with right heart failure caused by prolonged overcirculation via an 

anastomosis between the left innominate artery and the pulmonary arterial trunk [66]. In this 

model, the development of PAH is speculated to be propelled by dysfunction of voltage-

gated potassium channels, angiogenic factors, and inflammation [66,67]. Chronic 

thromboembolic pulmonary hypertension (CTEPH) is caused by persistent organized clots 

in the pulmonary arterial tree and results in distal pulmonary vasculopathy [68]. The disease 

is thought to involve two compartments in the lung, the obstructed vascular bed and those 

unobstructed beds presumably exposed to higher fluid forces [68]. CTEPH is difficult to 

model since thrombi are notoriously fleeting due to the robust fibrinolytic capacity of the 

pulmonary vasculature [69]. The distal pulmonary vasculopathy found in CTEPH is similar 

to that seen in IPAH [70]. Recently, an excellent review of rat, mouse, pig, and primate 

models for CTEPH, with their strengths and weaknesses has been published [71].

To summarize, all preclinical models of PH share some common pathologies while also 

displaying unique differences. In Table 2, we remind the reader of the current 

histopathological classification system, which has continually developed out of the 

pioneering work of Wagenvoort [72,73] and Heath and Edwards [74]. In Table 3 we have 

attempted to correlate these pathologies to those of human PH and within the current 

classification system. Some models, such as the MCT rat, defy simple categorization 

because of multiple organ pathology, and/or complex and mixed histopathology.

Matching Rodent Models of PH to Human PH

Several recently published reviews regarding PH summarize novel and emerging therapies 

[75,76], pathology [13], clinical trial designs [77], and cell type-specific contributions to the 

disease process [78]. As a thought experiment in therapy development for PH, in the 

following section we compare and contrast the two most common animal models of PH. 

Currently, the aim of the majority of therapies for PH is increased pulmonary vasodilatation 

[75]. Many of the emerging therapies target inflammation and intracellular signaling 

pathways potentially operational in PAEC, PASMC and pulmonary artery fibroblasts [78]. 

In the past ~10 years, a hypothesis of pulmonary artery endothelial cell death and 

subsequent resistance to apoptosis and exuberant proliferation has been favored [79]. As 

such, the focus on PAEC and PASMC has only intensified. This hypothesis, which one of us 

has helped in small ways to push forward [80], is based on studies in human lung tissue 

from patients with PAH focusing on the plexiform lesion and in occlusive neointimal lesions 

more generally [81]. These data appear to be substantiated by studies in the MCT and 
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Sugen-hypoxia rat models in which PAEC and PASMC proliferation have been noted [3]. 

However, in the MCT model there is widespread pneumotoxicity [82], including airway and 

alveolar dysfunction [83,84], a feature also noted in human PAH [85,86]. To date, very few 

studies, if any, have explored the possibility that early bronchial epithelial cell death could 

contribute to the pathobiology in this model. Indeed, there may be substantial cell death at 

the level of the bronchus as well as the alveolus that occurs within 1–2 days after MCT 

administration (M. Yeager, unpublished observations). As a side note, the contribution of 

the hepatosplenomegaly seen in MCT rats, despite its nearly universal finding across 

studies, has never been mechanistically explored either. PAEC and PASMC apoptosis is of 

course observed, which led to the hypothesis that these cell types are likely the principal 

players in the disease process. However, it cannot be overstated that the MCT model 

represents a complex multi-organ disease process that culminates in PAH and RV failure 

[3]. The fact that so many therapeutic approaches appear to prevent and even reverse MCT 

PAH has been used to disdainfully criticize the model as a poor approximate for human 

PAH. A closer examination of these data reveals that most of the studies sacrificed the rats 

at ~ 4–5 weeks post MCT administration to reveal a lower grade of cardiopulmonary 

pathology (but still on a spectrum of pathology) and thus declared essentially as “cures”. 

Future studies should allow for MCT rats (or any animal model of PH) that are treated 

therapeutically to live out longer to test the true durability of the approach. Finally, it must 

be acknowledged that apoptosis of cells other than PAEC and PASMC may be critically 

important to the appropriate interpretation of data. For example, if an apoptosis inhibitor is 

used to reverse MCT PH, is the effect primarily upon PAEC and PASMC, or might other 

affected cell types be as or more important? These cells and the molecular pathological 

underpinnings may represent an untapped wealth of potential therapeutic targets.

The Sugen-hypoxia model is an important preclinical model of PAH [37], with many of its 

most salient features having been replicated repeatedly by numerous research groups. 

Several studies and reviews conclude that the pathological lesions present in the distal 

vasculature of the Su-Hx rats are “indistinguishable” from those in human PAH 

(summarized in [3]). However, recent reports directly assessing the pathology conclude that 

even the Su-Hx model lesions do not fully recapitulate plexogenic lesions in humans [13]. In 

summary, the findings that 1) in humans there is a spectrum of pathological change in the 

pulmonary vasculature even in “normal control” lungs, 2) ~ 70% of human PAH is 

associated with occlusive neointimal lesions [87,88] and are therefore not a requirement for 

PAH, 3) severity of PAH in the Su-Hx model does not directly correlate with the extent of 

occlusive lesions [13], and 4) the Su-Hx rat model may be reversible upon return to 

normoxia [13], reinforce the notion that the Su-Hx model, as is the case for any preclinical 

model, is best suited to study some forms of PAH and not ideally suited for others (as has 

been suggested previously [89]). Along a similar line of argument, as MCT rats do not 

recapitulate plexiform-like lesions, it may be unwise to study them for that purpose. 

However, the changes observed in the more proximal bronchovascular structures of MCT 

rats, including formation of active tertiary lymphoid tissues [43], very closely replicates 

some forms of human PH [90]. Recently, it was reported that idiopathic PAH recurred in a 

patient approximately 12 months following lung transplantation (Narula et al., CHEST, 

2014; 145(3_Meeting Abstracts:624A). This finding, and others like it following lung 
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transplants in IPAH (Muzaffar et al., CHEST, 2008; 134(4_Meeting Abstracts:c16002) and 

chronic granulomatous lung disease [91], if confirmed by larger, published studies, would 

call into question the assumption that the lung itself is the principal source of the disease 

process. Considering the medical axiom “ablata causa tollitur effectus” (if the cause is taken 

away, its effect will disappear), the assumption that there must be a lung-specific origin of 

the disease may be inappropriate, at least in some cases. Although the data are very limited, 

these studies point to the possibility that in IPAH, where there is no other obvious ongoing 

disease process, the phenomena of cell proliferation, apoptosis resistance, and pulmonary 

vascular remodeling may not be central drivers of the disease but are manifestations of a 

disease originating outside of the lung that somehow preferentially targets the lung and 

possibly the right ventricle.

Specific Recommendations

We share the collective goal of delivering improved therapies, preferably custom tailored to 

a PH patient’s particular apparent etiology. To accomplish this, it is our belief that several 

key changes (numbered in parentheses that follows) need to occur within the PH biomedical 

community.

(1) We assert that there is a need to increase the communication between basic 

scientists and clinicians in the workshops and symposia involved in the 

development and testing of new therapies for PH. Such contributions would 

hopefully lead to a more pervasive and comprehensive understanding of the 

latitude of lung, RV, and other organ injuries in the preclinical models.

(2) To do this, it is imperative for us to (more) closely document, compare, and 

contrast the pathobiological findings of the preclinical models. Doing so will 

more dramatically reveal similarities and differences in PH across the models in 

ways that mirror the differences observed in human PH.

(3) This will require research groups to adhere to the highest ethical standards of 

research practice, and more fully disclose the number of animals in experimental 

groups, the extent to which the investigators looked at specific effects 

(proliferation, apoptosis, etc.) in the lung and RV, and perhaps other organ 

systems, and the consistency of the findings.

Research findings submitted for publication and/or presented at conferences should be 

constructively evaluated by the PH scientific community, with an eye towards

(4) Placing the experimental results in the context of the preclinical models used 

vis-à-vis human PH. As a research community, of course we need to work 

towards new avenues of research but we should never discount the value of

(5) Validating (or not validating) other groups’ findings. Such efforts, whether they 

are in agreement or disagreement with other studies, should be welcomed for 

publication. Going forward, our goal of developing novel, personalized, and 

more efficacious therapies will be expedited by
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(6) Presenting data with a clear rationale for the preclinical model chosen (as has 

been suggested previously [89]), and framing the interpretation of the main 

findings in as accurate and complete historical context as possible.

With the advent of so many new journals, as well as the huge increase in the number of PH 

publications per year, the production and dissemination of high quality research will likely 

prove a formidable challenge.

References

1. Hoeper MM, Bogaard HJ, Condliffe R, Frantz R, Khanna D, et al. Definitions and diagnosis of 
pulmonary hypertension. J Am Coll Cardiol. 2013; 62:D42–50. [PubMed: 24355641] 

2. Simonneau G, Gatzoulis MA, Adatia I, Celermajer D, Denton C, et al. Updated clinical 
classification of pulmonary hypertension. J Am Coll Cardiol. 2013; 62:D34–41. [PubMed: 
24355639] 

3. Taichman DB, Mandel J. Epidemiology of pulmonary arterial hypertension. Clin Chest Med. 2013; 
34:619–637. [PubMed: 24267294] 

4. Elliott CG. Genetics of pulmonary arterial hypertension. Clin Chest Med. 2013; 34:651–663. 
[PubMed: 24267296] 

5. Tonelli AR, Alnuaimat H, Mubarak K. Pulmonary vasodilator testing and use of calcium channel 
blockers in pulmonary arterial hypertension. Respir Med. 2010; 104:481–496. [PubMed: 20004088] 

6. El Chami H, Hassoun PM. Immune and inflammatory mechanisms in pulmonary arterial 
hypertension. Prog Cardiovasc Dis. 2012; 55:218–228. [PubMed: 23009917] 

7. Malenfant S, Neyron AS, Paulin R, Potus F, Meloche J, et al. Signal transduction in the 
development of pulmonary arterial hypertension. Pulm Circ. 2013; 3:278–293. [PubMed: 
24015329] 

8. McGoon MD, Benza RL, Escribano-Subias P, Jiang X, Miller DP, et al. Pulmonary arterial 
hypertension: epidemiology and registries. J Am Coll Cardiol. 2013; 62:D51–59. [PubMed: 
24355642] 

9. Proceedings of the 4th World Symposium on Pulmonary Hypertension, February 2008, Dana Point, 
California, USA. J Am Coll Cardiol. 2009; 54:S1–117. [No authors listed]. 

10. Simonneau G, Robbins IM, Beghetti M, Channick RN, Delcroix M, et al. Updated clinical 
classification of pulmonary hypertension. J Am Coll Cardiol. 2009; 54:S43–54. [PubMed: 
19555858] 

11. Proceedings of the 3rd World Symposium on Pulmonary Arterial Hypertension. Venice, Italy, June 
23–25, 2003. J Am Coll Cardiol. 2004; 43:1S–90S. [No authors listed]. [PubMed: 15194171] 

12. Stenmark KR, Meyrick B, Galie N, Mooi WJ, McMurtry IF. Animal models of pulmonary arterial 
hypertension: the hope for etiological discovery and pharmacological cure. Am J Physiol Lung 
Cell Mol Physiol. 2009; 297:L1013–1032. [PubMed: 19748998] 

13. Tuder RM, Archer SL, Dorfmüller P, Erzurum SC, Guignabert C, et al. Relevant issues in the 
pathology and pathobiology of pulmonary hypertension. J Am Coll Cardiol. 2013; 62:D4–12. 
[PubMed: 24355640] 

14. Gomez-Arroyo J, Saleem SJ, Mizuno S, Syed AA, Bogaard HJ, et al. A brief overview of mouse 
models of pulmonary arterial hypertension: problems and prospects. Am J Physiol Lung Cell Mol 
Physiol. 2012; 302:L977–991. [PubMed: 22307907] 

15. Hoshikawa Y, Nana-Sinkam P, Moore MD, Sotto-Santiago S, Phang T, et al. Hypoxia induces 
different genes in the lungs of rats compared with mice. Physiol Genomics. 2003; 12:209–219. 
[PubMed: 12464684] 

16. Soubrier F, Chung WK, Machado R, Grünig E, Aldred M, et al. Genetics and genomics of 
pulmonary arterial hypertension. J Am Coll Cardiol. 2013; 62:D13–21. [PubMed: 24355637] 

17. West J, Fagan K, Steudel W, Fouty B, Lane K, et al. Pulmonary hypertension in transgenic mice 
expressing a dominant-negative BMPRII gene in smooth muscle. Circ Res. 2004; 94:1109–1114. 
[PubMed: 15031260] 

Colvin and Yeager Page 9

J Pulm Respir Med. Author manuscript; available in PMC 2015 February 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



18. Hong KH, Lee YJ, Lee E, Park SO, Han C, et al. Genetic ablation of the BMPR2 gene in 
pulmonary endothelium is sufficient to predispose to pulmonary arterial hypertension. Circulation. 
2008; 118:722–730. [PubMed: 18663089] 

19. Steiner MK, Syrkina OL, Kolliputi N, Mark EJ, Hales CA, et al. Interleukin-6 overexpression 
induces pulmonary hypertension. Circ Res. 2009; 104:236–244. 28p following 244. [PubMed: 
19074475] 

20. Steen VD, Medsger TA. Changes in causes of death in systemic sclerosis, 1972–2002. Ann Rheum 
Dis. 2007; 66:940–944. [PubMed: 17329309] 

21. Biasin V, Marsh LM, Egemnazarov B, Wilhelm J, Ghanim B, et al. Meprin β, a novel mediator of 
vascular remodelling underlying pulmonary hypertension. J Pathol. 2014; 233:7–17. [PubMed: 
24258247] 

22. Said SI, Hamidi SA, Dickman KG, Szema AM, Lyubsky S, et al. Moderate pulmonary arterial 
hypertension in male mice lacking the vasoactive intestinal peptide gene. Circulation. 2007; 
115:1260–1268. [PubMed: 17309917] 

23. Greenway S, van Suylen RJ, Du Marchie Sarvaas G, Kwan E, Ambartsumian N, et al. S100A4/
Mts1 produces murine pulmonary artery changes resembling plexogenic arteriopathy and is 
increased in human plexogenic arteriopathy. Am J Pathol. 2004; 164:253–262. [PubMed: 
14695338] 

24. Dempsie Y, Nilsen M, White K, Mair KM, Loughlin L, et al. Development of pulmonary arterial 
hypertension in mice over-expressing S100A4/Mts1 is specific to females. Respir Res. 2011; 
12:159. [PubMed: 22185646] 

25. Austin ED, Lahm T, West J, Tofovic SP, Johansen AK, et al. Gender, sex hormones and 
pulmonary hypertension. Pulm Circ. 2013; 3:294–314. [PubMed: 24015330] 

26. Dempsie Y, MacLean MR. The influence of gender on the development of pulmonary arterial 
hypertension. Exp Physiol. 2013; 98:1257–1261. [PubMed: 23625955] 

27. Graham BB, Bandeira AP, Morrell NW, Butrous G, Tuder RM. Schistosomiasis-associated 
pulmonary hypertension: pulmonary vascular disease: the global perspective. Chest. 2010; 
137:20S–29S. [PubMed: 20522577] 

28. Kolosionek E, King J, Rollinson D, Schermuly RT, Grimminger F, et al. Schistosomiasis causes 
remodeling of pulmonary vessels in the lung in a heterogeneous localized manner: Detailed study. 
Pulm Circ. 2013; 3:356–362. [PubMed: 24015336] 

29. Graham BB, Chabon J, Gebreab L, Poole J, Debella E, et al. Transforming growth factor-β 
signaling promotes pulmonary hypertension caused by Schistosoma mansoni. Circulation. 2013; 
128:1354–1364. [PubMed: 23958565] 

30. Törmänen KR, Uller L, Persson CG, Erjefält JS. Allergen exposure of mouse airways evokes 
remodeling of both bronchi and large pulmonary vessels. Am J Respir Crit Care Med. 2005; 
171:19–25. [PubMed: 15447945] 

31. Angelini DJ, Su Q, Yamaji-Kegan K, Fan C, Skinner JT, et al. Hypoxia-induced mitogenic factor 
(HIMF/FIZZ1/RELMα) in chronic hypoxia- and antigen-mediated pulmonary vascular 
remodeling. Respir Res. 2013; 14:1. [PubMed: 23289668] 

32. Daley E, Emson C, Guignabert C, de Waal Malefyt R, Louten J, et al. Pulmonary arterial 
remodeling induced by a Th2 immune response. J Exp Med. 2008; 205:361–372. [PubMed: 
18227220] 

33. Sato K, Webb S, Tucker A, Rabinovitch M, O’Brien RF, et al. Factors influencing the idiopathic 
development of pulmonary hypertension in the fawn hooded rat. Am Rev Respir Dis. 1992; 
145:793–797. [PubMed: 1554204] 

34. Kay JM, Harris P, Heath D. Pulmonary hypertension produced in rats by ingestion of Crotalaria 
spectabilis seeds. Thorax. 1967; 22:176–179. [PubMed: 6033385] 

35. Wilson DW, Segall HJ, Pan LC, Dunston SK. Progressive inflammatory and structural changes in 
the pulmonary vasculature of monocrotaline-treated rats. Microvasc Res. 1989; 38:57–80. 
[PubMed: 2503687] 

36. Meyrick BO, Reid LM. Crotalaria-induced pulmonary hypertension. Uptake of 3H-thymidine by 
the cells of the pulmonary circulation and alveolar walls. Am J Pathol. 1982; 106:84–94. 
[PubMed: 7055214] 

Colvin and Yeager Page 10

J Pulm Respir Med. Author manuscript; available in PMC 2015 February 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



37. Taraseviciene-Stewart L, Kasahara Y, Alger L, Hirth P, Mc Mahon G, et al. Inhibition of the 
VEGF receptor 2 combined with chronic hypoxia causes cell death-dependent pulmonary 
endothelial cell proliferation and severe pulmonary hypertension. FASEB J. 2001; 15:427–438. 
[PubMed: 11156958] 

38. Sakao S, Tatsumi K. The effects of antiangiogenic compound SU5416 in a rat model of pulmonary 
arterial hypertension. Respiration. 2011; 81:253–261. [PubMed: 21116108] 

39. Abe K, Toba M, Alzoubi A, Ito M, Fagan KA, et al. Formation of plexiform lesions in 
experimental severe pulmonary arterial hypertension. Circulation. 2010; 121:2747–2754. 
[PubMed: 20547927] 

40. de Raaf MA, Schalij I, Gomez-Arroyo J, Rol N1, Happé C1, et al. SuHx rat model: partly 
reversible pulmonary hypertension and progressive intima obstruction. Eur Respir J. 2014; 
44:160–168. [PubMed: 24791833] 

41. Toba M, Alzoubi A, O’Neill KD, Gairhe S, Matsumoto Y, et al. Temporal hemodynamic and 
histological progression in Sugen5416/hypoxia/normoxia-exposed pulmonary arterial hypertensive 
rats. Am J Physiol Heart Circ Physiol. 2014; 306:H243–250. [PubMed: 24240870] 

42. Mizuno S, Farkas L, Al Husseini A, Farkas D, Gomez-Arroyo J, et al. Severe pulmonary arterial 
hypertension induced by SU5416 and ovalbumin immunization. Am J Respir Cell Mol Biol. 2012; 
47:679–687. [PubMed: 22842496] 

43. Colvin KL, Cripe PJ, Ivy DD, Stenmark KR, Yeager ME. Bronchus-associated lymphoid tissue in 
pulmonary hypertension produces pathologic autoantibodies. Am J Respir Crit Care Med. 2013; 
188:1126–1136. [PubMed: 24093638] 

44. Grunig G, Marsh LM, Esmaeil N, Jackson K, Gordon T, et al. Perspective: ambient air pollution: 
inflammatory response and effects on the lung’s vasculature. Pulm Circ. 2014; 4:25–35. [PubMed: 
25006418] 

45. Grover RF. Pulmonary circulation in animals and man at high altitude. Ann N Y Acad Sci. 1965; 
127:632–639. [PubMed: 5217283] 

46. Newman JH, Holt TN, Hedges LK, Womack B, Memon SS, et al. High-altitude pulmonary 
hypertension in cattle (brisket disease): Candidate genes and gene expression profiling of 
peripheral blood mononuclear cells. Pulm Circ. 2011; 1:462–469. [PubMed: 22530101] 

47. Wideman RF, Rhoads DD, Erf GF, Anthony NB. Pulmonary arterial hypertension (ascites 
syndrome) in broilers: a review. Poult Sci. 2013; 92:64–83. [PubMed: 23243232] 

48. Wideman RF, Chapman ME, Hamal KR, Bowen OT, Lorenzoni AG, et al. An inadequate 
pulmonary vascular capacity and susceptibility to pulmonary arterial hypertension in broilers. 
Poult Sci. 2007; 86:984–998. [PubMed: 17435037] 

49. Rabie TS, Crooijmans RP, Bovenhuis H, Vereijken AL, Veenendaal T, et al. Genetic mapping of 
quantitative trait loci affecting susceptibility in chicken to develop pulmonary hypertension 
syndrome. Anim Genet. 2005; 36:468–476. [PubMed: 16293119] 

50. Wideman RF, Bowen OT, Erf GF, Chapman ME. Influence of aminoguanidine, an inhibitor of 
inducible nitric oxide synthase, on the pulmonary hypertensive response to microparticle injections 
in broilers. Poult Sci. 2006; 85:511–527. [PubMed: 16553284] 

51. Hamal KR, Erf GF, Anthony NB, Wideman RF. Immunohistochemical examination of plexiform-
like complex vascular lesions in the lungs of broiler chickens selected for susceptibility to 
idiopathic pulmonary arterial hypertension. Avian Pathol. 2012; 41:211–219. [PubMed: 
22515539] 

52. Chapman ME, Wideman RF Jr. Pulmonary wedge pressures confirm pulmonary hypertension in 
broilers is initiated by an excessive pulmonary arterial (precapillary) resistance. Poult Sci. 2001; 
80:468–473. [PubMed: 11297286] 

53. Hamal KR, Wideman RF, Anthony NB, Erf GF. Differential gene expression of proinflammatory 
chemokines and cytokines in lungs of ascites-resistant and -susceptible broiler chickens following 
intravenous cellulose microparticle injection. Vet Immunol Immunopathol. 2010; 133:250–255. 
[PubMed: 19698998] 

54. Wideman RF, Bowen OT, Erf GF. Broiler pulmonary hypertensive responses during 
lipopolysaccharide-induced tolerance and cyclooxygenase inhibition. Poult Sci. 2009; 88:72–85. 
[PubMed: 19096060] 

Colvin and Yeager Page 11

J Pulm Respir Med. Author manuscript; available in PMC 2015 February 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



55. Hamal KR, Wideman R, Anthony N, Erf GF. Expression of inducible nitric oxide synthase in 
lungs of broiler chickens following intravenous cellulose microparticle injection. Poult Sci. 2008; 
87:636–644. [PubMed: 18339983] 

56. Wideman RF Jr, Hamal KR. Idiopathic pulmonary arterial hypertension: an avian model for 
plexogenic arteriopathy and serotonergic vasoconstriction. J Pharmacol Toxicol Methods. 2011; 
63:283–295. [PubMed: 21277983] 

57. Almodovar S, Hsue PY, Morelli J, Huang L, Flores SC. Lung HIV Study. Pathogenesis of HIV-
associated pulmonary hypertension: potential role of HIV-1 Nef. Proc Am Thorac Soc. 2011; 
8:308–312. [PubMed: 21653533] 

58. Marecki JC, Cool CD, Parr JE, Beckey VE, Luciw PA, et al. HIV-1 Nef is associated with 
complex pulmonary vascular lesions in SHIV-nef-infected macaques. Am J Respir Crit Care Med. 
2006; 174:437–445. [PubMed: 16728715] 

59. Petitpretz P, Brenot F, Azarian R, Parent F, Rain B, et al. Pulmonary hypertension in patients with 
human immunodeficiency virus infection. Comparison with primary pulmonary hypertension. 
Circulation. 1994; 89:2722–2727. [PubMed: 8205687] 

60. van Loenhout RB, Tibboel D, Post M, Keijzer R. Congenital diaphragmatic hernia: comparison of 
animal models and relevance to the human situation. Neonatology. 2009; 96:137–149. [PubMed: 
19325248] 

61. deLorimier AA, Simpson EB, Baum RS, Carlsson E. Hepatic-artery ligation for hepatic 
hemangiomatosis. N Engl J Med. 1967; 277:333–337. [PubMed: 4378267] 

62. Migliazza L, Otten C, Xia H, Rodriguez JI, Diez-Pardo JA, et al. Cardiovascular malformations in 
congenital diaphragmatic hernia: human and experimental studies. J Pediatr Surg. 1999; 34:1352–
1358. [PubMed: 10507428] 

63. Albertine KH. Progress in understanding the pathogenesis of BPD using the baboon and sheep 
models. Semin Perinatol. 2013; 37:60–68. [PubMed: 23582959] 

64. Aggarwal S, Gross C, Fineman JR, Black SM. Oxidative stress and the development of endothelial 
dysfunction in congenital heart disease with increased pulmonary blood flow: lessons from the 
neonatal lamb. Trends Cardiovasc Med. 2010; 20:238–246. [PubMed: 22293025] 

65. Reddy VM, Meyrick B, Wong J, Khoor A, Liddicoat JR, et al. In utero placement of 
aortopulmonary shunts. A model of postnatal pulmonary hypertension with increased pulmonary 
blood flow in lambs. Circulation. 1995; 92:606–613. [PubMed: 7634475] 

66. Rondelet B, Dewachter C, Kerbaul F, Kang X, Fesler P, et al. Prolonged overcirculation-induced 
pulmonary arterial hypertension as a cause of right ventricular failure. Eur Heart J. 2012; 33:1017–
1026. [PubMed: 21606077] 

67. Belhaj A, Dewachter L, Kerbaul F, Brimioulle S, Dewachter C, et al. Heme oxygenase-1 and 
inflammation in experimental right ventricular failure on prolonged overcirculation-induced 
pulmonary hypertension. PLoS One. 2013; 8:e69470. [PubMed: 23936023] 

68. Moser KM, Bloor CM. Pulmonary vascular lesions occurring in patients with chronic major vessel 
thromboembolic pulmonary hypertension. Chest. 1993; 103:685–692. [PubMed: 8449052] 

69. Lang IM, Marsh JJ, Konopka RG, Olman MA, Binder BR, et al. Factors contributing to increased 
vascular fibrinolytic activity in mongrel dogs. Circulation. 1993; 87:1990–2000. [PubMed: 
8504514] 

70. Hoeper MM, Mayer E, Simonneau G, Rubin LJ. Chronic thromboembolic pulmonary 
hypertension. Circulation. 2006; 113:2011–2020. [PubMed: 16636189] 

71. Mercier O, Fadel E. Chronic thromboembolic pulmonary hypertension: animal models. Eur Respir 
J. 2013; 41:1200–1206. [PubMed: 23314897] 

72. Wagenvoort CA. The pathology of primary pulmonary hypertension. J Pathol. 1970; 101:Pi. 
[PubMed: 5504730] 

73. Wagenvoort CA. Plexogenic arteriopathy. Thorax. 1994; 49(Suppl):S39–45. [PubMed: 7974326] 

74. HEATH D, EDWARDS JE. The pathology of hypertensive pulmonary vascular disease; a 
description of six grades of structural changes in the pulmonary arteries with special reference to 
congenital cardiac septal defects. Circulation. 1958; 18:533–547. [PubMed: 13573570] 

75. Baliga RS, MacAllister RJ, Hobbs AJ. New perspectives for the treatment of pulmonary 
hypertension. Br J Pharmacol. 2011; 163:125–140. [PubMed: 21175577] 

Colvin and Yeager Page 12

J Pulm Respir Med. Author manuscript; available in PMC 2015 February 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



76. Pullamsetti SS, Schermuly R, Ghofrani A, Weissmann N, Grimminger F, et al. Novel and 
emerging therapies for pulmonary hypertension. Am J Respir Crit Care Med. 2014; 189:394–400. 
[PubMed: 24401129] 

77. Gomberg-Maitland M, Bull TM, Saggar R, Barst RJ, Elgazayerly A, et al. New trial designs and 
potential therapies for pulmonary artery hypertension. J Am Coll Cardiol. 2013; 62:D82–91. 
[PubMed: 24355645] 

78. Nogueira-Ferreira R, Ferreira R, Henriques-Coelho T. Cellular interplay in pulmonary arterial 
hypertension: implications for new therapies. Biochim Biophys Acta. 2014; 1843:885–893. 
[PubMed: 24491811] 

79. Sakao S, Taraseviciene-Stewart L, Lee JD, Wood K, Cool CD, et al. Initial apoptosis is followed 
by increased proliferation of apoptosis-resistant endothelial cells. FASEB J. 2005; 19:1178–1180. 
[PubMed: 15897232] 

80. Yeager ME, Halley GR, Golpon HA, Voelkel NF, Tuder RM. Microsatellite instability of 
endothelial cell growth and apoptosis genes within plexiform lesions in primary pulmonary 
hypertension. Circ Res. 2001; 88:E2–2. E11. [PubMed: 11139485] 

81. Tuder RM, Voelkel NF. Angiogenesis and pulmonary hypertension: a unique process in a unique 
disease. Antioxid Redox Signal. 2002; 4:833–843. [PubMed: 12470512] 

82. Bummer PM, Baughn JA, Sanders LP, Absher KR, O’Connor WN, et al. Surfactant disposition in 
rats with monocrotaline-induced pneumotoxicity. Toxicology. 1994; 90:53–62. [PubMed: 
8023342] 

83. Gillespie MN, Frederick WB, Altiere RJ, Olson JW, Kimmel EC. Pulmonary mechanical, 
ventilatory, and gas exchange abnormalities in rats with monocrotaline-induced pulmonary 
hypertension. Exp Lung Res. 1985; 8:191–199. [PubMed: 3928341] 

84. Valdivia E, Lalich JJ, Hayashi Y, Sonnad J. Alterations in pulmonary alveoli after a single 
injection of monocrotaline. Arch Pathol. 1967; 84:64–76. [PubMed: 6067497] 

85. Fernandez-Bonetti P, Lupi-Herrera E, Martinez-Guerra ML, Barrios R, Seoane M, et al. Peripheral 
airways obstruction in idiopathic pulmonary artery hypertension (primary). Chest. 1983; 83:732–
738. [PubMed: 6839814] 

86. Horn M, Ries A, Neveu C, Moser K. Restrictive ventilatory pattern in precapillary pulmonary 
hypertension. Am Rev Respir Dis. 1983; 128:163–165. [PubMed: 6870057] 

87. Haworth SG. Primary pulmonary hypertension. Br Heart J. 1983; 49:517–521. [PubMed: 6342634] 

88. Stacher E, Graham BB, Hunt JM, Gandjeva A, Groshong SD, et al. Modern age pathology of 
pulmonary arterial hypertension. Am J Respir Crit Care Med. 2012; 186:261–272. [PubMed: 
22679007] 

89. West J, Hemnes A. Experimental and transgenic models of pulmonary hypertension. Compr 
Physiol. 2011; 1:769–782. [PubMed: 23737202] 

90. Perros F, Dorfmüller P, Montani D, Hammad H, Waelput W, et al. Pulmonary lymphoid 
neogenesis in idiopathic pulmonary arterial hypertension. Am J Respir Crit Care Med. 2012; 
185:311–321. [PubMed: 22108206] 

91. Gabbay E, Dark JH, Ashcroft T, Milne D, Gibson GJ, et al. Recurrence of Langerhans’ cell 
granulomatosis following lung transplantation. Thorax. 1998; 53:326–327. [PubMed: 9741381] 

Colvin and Yeager Page 13

J Pulm Respir Med. Author manuscript; available in PMC 2015 February 19.

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

Colvin and Yeager Page 14

Table 1

Current Classification for Pulmonary Hypertension [2]

1. Pulmonary Arterial Hypertension (PAH)

1.1. Idiopathic (IPAH)

1.2. Heritable/familial (FPAH) 1.2.1. BMPR2

1.2.2. ALK1, Endoglin

1.2.3. Unknown

1.3. Drug and toxin-induced

1.4. Associated with (APAH)

1.4.1. Conective tissue disorders

1.4.2. HIV infection

1.4.3. Portal hypertension

1.4.4. Congenital heart diseases

1.4.5. Schistosomiasis

1.4.6. Chronic hemolytic anemia

1.5. Persistent pulmonary hypertension of the newborn (PPHN)

1′. Pulmonary veno-occlusive disease (PVOD) and pulmonary capillary hemangiomatosis (PCH)

2. Pulmonary hypertension with left heart disease

2.1. Systolic dysfunction

2.2. Diastolic dysfunction

2.3. Valvular disease

3. Pulmonary hypertension due to lung diseases and/or hypoxia

3.1. Chronic obstructive pulmonary disease (COPD)

3.2. Interstitial lung disease

3.3. Other pulmonary diseases with mixed restrictive and obstructive pattern

3.4. Sleep disordered breathing

3.5. Alveolar hyperventilation disorders

3.6. Chronic exposure of high altitude

3.7. Developmental abnormalities

4. Chronic thromboembolic pulmonary hypertension (CTEPH)

5. Pulmonary hypertension with indistinct, multi-factorial mechanisms

5.1. Hematological disorders (e.g. myeloproliferative disorders, splenectomy, hemoglobinopathies)

5.2. Systemic disorders (e.g. sarcoidosis, pulmonary Langerhans cell histocytosis, lymphangiomatosis)

5.3. Metabolic disorders (e.g. glycogen storage disease, Gaucher’s disease, thyroid disorders)

5.4. Others (e.g. tumoral obstruction, fibrosing mediastinitis, chronic renal failure and dialysis)
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Table 2

Major Histopathological Features of Pulmonary Hypertensive Vascular Disease by Dana Point 2008 Clinical 

Classification [3]

Group 1: PAH

1.1–1.4. Pulmonary plexogenic arteriopathy

Early phase:

• Medical hypertrophy

• Cellular intimal proliferation of muscular pulmonary arteries

• Appearance of muscle in normally nonmuscular arteries

Late phase:

• Concentric laminar intimal fibrosis

• Loss of luminal vascular volume

• Dilatation lesions (vein-like branches, angiomatoid lesions)

• Plexiform lesions

• Recanalization of arteries

• Fibrinoid necrosis

• Arteritis

Group 1′: PVOD

• Foci of intense congestion of pulmonary parenchyma

• Patchy hemosiderosis associated with areas of congestion

• Encrustation of elastin with iron and calcium salts in congested areas

• Duplication of elastic laminae

• Obliterative fibrosis of small veins and of venules, associated with congested areas

• Abnormalities set against a background of normal or near normal lung tissue

• Prominence of capillaries, associated with increased numbers of capillaries, often blurring the distinction from pulmonary capillary 
hemangiomatosis (group 1.4.2)

Group 1′: PCH

• Marked increase and prominence of capillary vessels in alveolar walls, interlobular septa, bronchovascular bundles, and pleura; masses of 
capillaries may bulge into lumina of airways and vessels

• Associated features of PVOD in some cases

Group 2: Pulmonary hypertension with left heart disease

• Arterialization of large or middle-sized pulmonary veins

• Interstitial edema and fibrosis

• Hemosiderosis

• Medial hypertrophy and adventitial thickening of pulmonary arteries

Group 3: Pulmonary hypertension associated with lung disease and/or hypoxemia

3.1 and 3.3–3.5. Hypoxic pulmonary vasculopathy

• Intimal proliferation; adventitial thickening

• Medial hypertrophy of muscular pulmonary arteries and arterioles, especially of smaller branches

• Longitudinally oriented intimal smooth muscle cells

• Slight medial hypertrophy of veins
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3.2. Pulmonary vasculopathy associated with interstitial lung disease

• Features of hypoxic pulmonary vasculopathy

• Eccentric intimal fibrosis of arteries and, to a lesser extent, veins

Group 4: Pulmonary hypertension due to chronic thrombotic and/or embolic disease

• Thromboembolic obstruction of distal pulmonary arteries

Eccentric intimal fibrosis

Recanalized organized thrombi forming bands and webs

Fresh thrombi very rare

Nota bene: lesion may be focal, requiring extensive search in multiple sections

• Nonthrombotic pulmonary embolism

Nonthrombotic material or tissue (foreign bodies, bone marrow)

Fat embolism: many dilated optically empty blood vessels (down to capillary size)

Group 5: Miscellaneous [sarcoidosis, compression of pulmonary vessels (adenopathy), tumor, fibrosing mediastinitis]

• Heterogeneous group of disorders, some showing the features of congestive vasculopathy, some with features of post-thrombotic 
vasculopathy, some with combinations
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Table 3

Correlation of Histopathological Features of Human Pulmonary Hypertensive Vascular Disease to Preclinical 

Models Human Animal Model

Human Animal Model

Group 1: PAH

Early phase:

• Medical hypertrophy

• Cellular intimal proliferation of muscular pulmonary arteries

• Appearance of muscle in normally nonmuscular arteries

OVA/Asp challenge mice; Su/OVA rat
BMPR2 mutant mice; VIP−/− mouse
Su-Hx; CDH/PPHN baboon/lamb
MCT rat; Autoab transfer rat
S100A4/MTS-1 over expressing mouse
Fra2 Tg mouse; IL-6 over expressing 
mouse
Schisto mouse; Neprilysin null mouse

Late phase:

• Concentric laminar intimal fibrosis

• Loss of luminal vascular volume

• Dilatation lesions (vein-like branches, angiomatoid lesions)

• Plexiform lesions

• Recanalization of arteries

• Fibrinoid necrosis

• Arteritis

Broiler chicken
Su-Hx-Normoxia
S100A4/MTS-1 over expressing mouse
MCT pneumonectomy rat
SHIV-nef

Group 1′: PVOD

• Foci of intense congestion of pulmonary parenchyma

• Patchy hemosiderosis associated with areas of congestion

• Encrustation of elastin with iron and calcium salts

• Duplication of elastic laminae

• Obliterative fibrosis of small veins/venules

• Abnormalities set against a background of near normal lung

• Prominence of capillaries MCT?
Su-Hx?

Group 1′: PCH

• Marked increase/prominence of capillary vessels in alveoli interlobular septa, 
bronchovascular bundles, and pleura; masses of capillaries may bulge into lumina of 
airways and vessels

• Associated features of PVOD in some cases

Group 2: Pulmonary hypertension with left heart disease

• Arterialization of large or middle-sized pulmonary veins

• Interstitial edema and fibrosis

• Hemosiderosis

• Medial hypertrophy/adventitial thickening of pulmonary arteries

Group 3: Pulmonary hypertension associated with lung disease and/or hypoxemia
3.1 and 3.3–3.5. Hypoxic pulmonary vasculopathy

• Muscularization of arterioles

• Medial hypertrophy of muscular pulmonary arteries

• Longitudinally oriented intimal smooth muscle cells

Broiler chicken
Chronic hypoxia-Neonatal calf
Su-Hx rat
Fawn Hooded rat
Chronic hypoxia-mouse
Chronic hypoxia-rat
Chronic hypoxia + MCT rat
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Human Animal Model

• Slight medial hypertrophy of veins

3.2. Pulmonary vasculopathy associated with interstitial lung disease

• Features of hypoxic pulmonary vasculopathy

• Eccentric intimal fibrosis of arteries and, to a lesser extent, veins

Group 4: Pulmonary hypertension due to chronic thrombotic/embolic disease

• Thromboembolic obstruction of distal pulmonary arteries

Eccentric intimal fibrosis

Recanalized organized thrombi forming bands and webs

Fresh thrombi very rare

• Nonthrombotic pulmonary embolism

Nonthrombotic material (foreign body/bone marrow)

Fat embolism

Vena cava ligation + thrombi-pig, rat, 
primate
Vena cava ligation + stenosis-mouse, rat,
De-endothelialization + 50–80% jugular 
vein
stenosis-pig

Group 5: Miscellaneous [sarcoidosis, compression of pulmonary vessels (adenopathy), tumor, 
fibrosing mediastinitis]

• Heterogeneous group of disorders, some showing features of congestive vasculopathy, 
some postthrombotic vasculopathy
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