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Pulmonary arterial hypertension (PAH) is a complex and progressive disorder, which almost 

always leads to right heart failure and death1. PAH is invariably associated with a spectrum 

of structural changes in the pulmonary arteries: increased adventitial and medial thickness, 

eccentric and concentric intimal thickening, the obliteration and recanalization of arteries 

and the appearance of dilation lesions. Virtually all of these changes are characterized, to a 

greater or lesser degree, by increased numbers of cells expressing α-smooth muscle (SM)-

actin. However, neither the origins of these cells nor the molecular mechanisms operating to 

cause their accumulation have been fully elucidated. Traditionally it has been thought that 

the α-SM-actin expressing (SM)-like cells that accumulate in the above-mentioned vascular 

lesions were derived from proliferative expansion of resident vascular media SM cells 

(SMCs) or adventitial fibroblasts through the processes of de-differentiation of the former or 

differentiation of the latter. Through the years, however, this concept has been challenged by 

experimental data in not only the lung but also in the heart, kidney, and liver, demonstrating 

many possible sources of α-SM-actin expressing cells, including differentiation of resident 

vascular progenitor cells, recruitment of circulating progenitors or multi-functional 

inflammatory cells (fibrocytes), and finally the possibility that endothelial cells can 

transition into mesenchymal SM-like phenotype in a process recapitulating their 

developmental capabilities2, 3. Studies by Ranchoux et al.4, and now by Hopper et al. in this 

issue of Circulation5, provide convincing experimental evidence that endothelial-to-

mesenchymal transition (EndMT) occurs in the setting of PAH/PH in both humans and 

animal models and potentially constitutes a target against which specific therapeutic agents 

could be utilized to abrogate the process and improve the status of the patient with PAH.
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The potential of endothelial cells to undergo transition toward a mesenchymal-like 

phenotype is similar to that of epithelial cells, which have been long known to undergo 

epithelial-to-mesenchymal transition (EMT)6. EMT and EndMT have many regulatory 

pathways in common and both yield to a cell type capable of producing and remodeling 

extracellular matrix (ECM). In the process of EndMT, initially endothelial cells in a 

monolayer detach from to their surrounding cells and develop the ability to migrate (Figure 

1). As cells migrate away from the monolayer, their cortical cytoskeleton is rearranged to 

enable cell motility via developing actin-rich projections such as lamellipodia or filopodia. 

Loss of endothelial markers, such as vascular endothelial cadherin (VE-cadherin), platelet 

endothelial cell adhesion molecule (PECAM-1 or CD31), corresponds to loss of cell-cell 

adhesion, increased migration, and “de-differentiation” of the endothelial cell2, 3, 7. It is well 

described that as the cells move away from the monolayer and into an ECM rich 

environment, they develop the ability to not only produce but to remodel existing ECM. 

Important functional indicators of EndMT are increased expression of collagens and elastin, 

as well as production of ECM-degrading enzymes, such as matrix metalloproteinase-2 

(MMP)-2 and MMP-9 (Figure 1). The gain of myofibroblast markers, such as α-SM-actin 

and type-1 collagen, correspond to a newly acquired ability to produce and remodel ECM. 

The pathways, through which EndMT is induced, can be many in number as is carefully 

pointed out by Hopper et al., including vascular stresses on top of a potentially abnormal 

genetic background, and converge on several signaling proteins, such as Snail, Twist, Slug, 

and zinc finger E-box protein homeobox-1 (ZEB1) (Figure 1)8. These transcription factors, 

commonly used as markers of EndMT, play an essential role in downregulating expression 

of the proteins maintaining cell-cell adhesion, such as integrins and focal adhesion kinase 

(FAK), and upregulation of proteins involved in cell migration and ECM production. Some 

studies have suggested that besides these transcription factors, EndMT also requires 

downregulation of glycogen synthase kinase 3-β (GSK3β to decrease Snail degradation9. 

This distinct control of EndMT appears to be consistent with the current study of Hopper et 

al., and may differ from the EMT, where Snail alone has been suggested as sufficient for 

induction9. Findings of Hopper et al., raise the possibility that Slug activation alone in the 

context of BMPR2 knockdown, leads to EndMT.

Regulation of EndMT can involve changes in growth factors, inflammatory signaling, and 

the mechanical in situ environment. At present, the best described inducers of EndMT are 

members of the TGFβ super-family10. High levels of TGFβ in the microenvironment lead to 

the phosphorylation of SMAD2 and SMAD3 by ALK5, which appears critical at least in 

some forms of EndMT11. Yet, low levels of TGFβ will activate SMAD1, SMAD5, and/or 

SMAD8 through ALK1, which can then attenuate ALK5 signaling and therefore inhibit 

EndMT11. Hopper et al. now clearly demonstrate that high mobility Group AT-hook-1 

(HMGA1), a member of a family of architectural factors that bind AT-rich regions of DNA 

and alter the chromatin structure to influence transcriptional activity, is a critical intracellular 

molecule regulating the ability of the cells to undergo EndMT5. It will therefore be essential 

to understand the environmental stimuli or microenvironmental cues that control HMGA1 

expression in endothelial cells. In this light, it is important to note that microRNAs, which 

are clearly under the control of TGFβ signaling and potentially under the control HMGA1, 

have been implicated in the induction or inhibition of EndMT. For instance, miR21, which 
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has been reported to be overexpressed in the setting of vascular remodeling associated with 

PAH/PH, has been shown to be involved in TGFβ-induced EndMT via PTEN/Akt-dependent 

pathway12. In vivo, the antifibrotic effects of miR21 antagonists are partly mediated through 

blocking EndMT12. A number of other miRNAs, including miR155, miR29 family 

members, and miR195, have also been implicated in this process3. However, consistent with 

the complexities of the EndMT process, Hopper et al. did not find that miR21 or miR26a 

regulated expression of HMGA1 in human pulmonary artery endothelial cells.

PAH is also consistently characterized by early and persistent increases in inflammatory 

signaling and oxidative stress, as well as significant changes in the mechanical factors 

imposed on the blood vessel. The inflammatory microenvironment observed in PAH 

contains a myriad of signaling proteins such as tumor necrosis factor-α (TNFα), 

interleukin1-β (IL-1β), IL-6, and reactive oxygen species (ROS). Each may have individual 

effects on the EndMT process, but ultimately the combination of factors will dictate the 

outcome. For example, oxidative stress can increase the expression and secretion of TGFβ1 

and β2. Recent work has also demonstrated that H2O2 can induce EndMT potentially 

independent of the effects of oxidative stress or TGFβ signaling13. Interestingly, hypoxia, 

which is often associated with inflammatory signaling, has also been shown to induce Snail 

expression through HIF1α, at least in mice14. Hypoxia has also been shown to induce other 

transcription factors such as STAT3, NFKβ, interferon regulatory factor-1 (IRF-1), and β-

catenin, that can interact with HIF to drive changes in endothelial function and EndMT.

PAH progression is associated with changes in the shear stresses imposed on the vascular 

wall, which can include high shear, high pulse intensity and disturbed flow. Endothelial cells 

are capable of responding to different patterns of flow in a number of ways as they sense 

flow through adhesion molecules, cytoskeletal deformation, nuclear displacement, and cilia. 

Interestingly both embryonic endothelium and adult endothelium are capable of responding 

to high shear patterns with EndMT through what looks principally like TGFβ/ALK5 

signaling3. This supports the idea that high flow may play a major role in vascular 

remodeling and potentially, in part, through EndMT. Recent studies have demonstrated that 

high pulsatile flow, which has been shown to exist in the pulmonary circulation secondary to 

stiffening of the large pulmonary arteries, can promote vascular fibrosis by triggering 

EndMT, as well as fibroblast activation15.

Since decreased expression and abnormal function of bone morphogenetic protein receptor 

(BMPR)-2 is observed in PAH16, Hopper et al. analyzed the link between BMPR2 

deficiency and EndMT. They demonstrated that both events are linked through an HMGA1-

Slug axis. Ranchoux et al. also analyzed the relationship between BMPR2 deficiency and 

EndMT, using the first-ever Bmpr2 mutant rats4. These rats, spontaneously displayed 

pulmonary vascular remodeling associated with pulmonary neoexpression of Twist-1 and 

phosphorylation of vimentin4. They also demonstrated that the decrease in pulmonary 

BMPR2 expression preceded Twist-1 related EndMT and severe vascular remodeling in 

MCT-induced PH. Noteworthy is the fact that both EndMT and BMPR2 deficiency have 

previously been implicated in the vascular remodeling observed in experimental models of 

PH induced by either MCT or chronic hypoxic exposure17, 18. In one instance, the EndMT 

process observed in MCT-treated mice was reverted in IKBα mutant MCT-treated mice, 
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suggesting an important role of NFKβ in the process17. In lung microvascular endothelial 

cells, IKBα mutant plasmid restored the decreased BMPR2 protein levels and reversed the 

EndMT process induced by TGFβ117. In another study, EndMT was partially ameliorated by 

stimulating BMPR2 signaling with rh-BMP2 and rh-BMP7 even in the presence of 

TGFβ118. Collectively, these studies support a strong link between abnormalities in BMP 

signaling and EndMT.

On the other hand, it could be argued that EndMT is an epiphenomenon in the PAH-

remodeled pulmonary vasculature, without a significant biological relevance. For instance, 

histologic assessment of lungs from patients with systemic sclerosis-associated PAH and 

from Sugen+hypoxia murine model identified the presence of von Willebrand factor/α-SM-

actin double-positive “transitional” endothelial cells in about 5% of pulmonary vessels19. 

Though this is a low prevalence, it must be kept in mind that the analyzed samples are 

human lungs at the end stage of disease evolution. Actually, even vascular cell proliferation, 

that is one of the paradigms of PAH, is a rare event in late-stage human lungs, with the 

exception of plexiform lesions (PLs). PLs are angio-proliferative glomeruloid-like vascular 

structures pathognomonic of PAH, whose hemodynamic effect is still debated. An 

immunohistochemical analysis of human PAH lungs for the proliferation nuclear marker 

Ki67, revealed that even though there is marked cell proliferation in PLs, only single 

endothelial cells stained positive for Ki67 in the adjacent arteries20. And last but not least, 

one must also keep in mind that EndMT can be detected only in a narrow time window, 

during the transitional stage when endothelial cells express both endothelial and 

mesenchymal markers. Once endothelial cell markers are lost, the cells are hardly 

distinguishable from other mesenchymal-like cells.

In conclusion, the recognition of EndMT as a new paradigm in PAH pathobiology will open 

exciting opportunities for anti-remodeling therapeutic interventions summarized in Figure 1 

with a potentially limited effect on adult healthy tissues.
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Figure 1. 
Schematic diagram illustrating potential mechanisms involved in endothelial-mesenchymal 

transition. Many initiating factors, all of which can lead to loss of cell-cell contacts, have 

been described. These factors are capable of activating metalloproteinase and serine protease 

family members and are important in loss of cell-cell contact. Following this interruption of 

cell-cell or cell-matrix contact, there is activation of transcription factors, which are actively 

involved in suppression of E-cadherins and other endothelial-specific proteins. Upregulation 

of a mesenchymal gene program follows. Importantly, in some situations, this process may 

be reversible leading to restoration of endothelial cells (EC) function.
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