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Abstract

For decades, stem cell therapies for pulmonary hypertension (PH)
have progressed from laboratory hypothesis to clinical practice.
Promising preclinical investigations have laid both a theoretical and
practical foundation for clinical application of mesenchymal stem
cells (MSCs) for PH therapy. However, the underlying mechanisms
are still poorly understood. We sought to study the effects and
mechanisms of MSCs on the treatment of PH. For in vivo
experiments, the transplanted GFP1MSCs were traced at different
time points in the lung tissue of a chronic hypoxia–induced PH
(CHPH) rat model. The effects of MSCs on PH pathogenesis were
evaluated in both CHPH and sugen hypoxia–induced PH models.
For in vitro experiments, primary pulmonary microvascular
endothelial cells were cultured and treated with the MSC
conditioned medium. The specific markers of endothelial-to-
mesenchymal transition (EndMT) and cell migration properties
were measured. MSCs decreased pulmonary arterial pressure and

ameliorated the collagen deposition, and reduced the thickening
and muscularization in both CHPH and sugen hypoxia–induced
PH rat models. Then, MSCs significantly attenuated the hypoxia-
induced EndMT in both the lungs of PH models and primary
cultured rat pulmonary microvascular endothelial cells, as reflected
by increased mesenchymal cell markers (fibronectin 1 and
vimentin) and decreased endothelial cell markers (vascular
endothelial cadherin and platelet endothelial cell adhesion
molecule-1). Moreover, MSCs also markedly inhibited the
protein expression and degradation of hypoxia-inducible factor-2a,
which is known to trigger EndMT progression. Our data suggest that
MSCs successfully prevent PH by ameliorating pulmonary
vascular remodeling, inflammation, and EndMT. Transplantation
of MSCs could potentially be a powerful therapeutic approach
against PH.
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Pulmonary hypertension (PH) is a
progressive, fatal disease syndrome, which
results in increased pulmonary vascular
resistance and pulmonary pressure, right
ventricular (RV) hypertrophy, heart failure,
and even death (1). As is well known, PH is
characterized by a series of structural
changes in the pulmonary arteries (PAs),
including increased adventitial and medial
thickness, eccentric and concentric intimal
thickening, and in situ thrombosis. In the
vascular lesions, increased numbers of
ACTA2-positive cells were thought to be
responsible for the vascular remodeling (2).
It has been traditionally thought that such
smooth muscle (SM)–like cells were derived
from proliferative expansion of the
dedifferentiation of resident vascular media
SM cells or the differentiation of adventitial
fibroblasts (3). However, in addition to the
adventitial and medial, many investigators
have recently turned to the resident
endothelial cells within the intima, which
may delaminate from their organized layer
of cells in the vessel lining, transition to
mesenchymal or SM-like phenotype in a
process called endothelial-to-mesenchymal
transition (EndMT), and migrate to their
underlying tissue (4).

EndMT is a process of endothelial cells
transformed into mesenchymal cells, by
which endothelial cells lose their endothelial
characteristics and gain a mesenchymal-like
phenotype (4). Recent studies have proved
that loss of endothelial cell–cell contacts is a
trigger for EndMT. Many factors or stimuli,
such as hypoxia and inflammation, initiate
the loss of cell–cell contacts through
activating metalloproteinase and serine
protease family members. HIF-2a
(hypoxia-inducible factor-2a) has recently
been proven to upregulate the expression of
members of the SNAI family, such as Snail
1/2 (5), which is one of the transcription
factors actively involved in suppression of
endothelial-specific proteins (VE [vascular
endothelial]-cadherin, PECAM [platelet
endothelial cell adhesion molecule]-1, etc.)
and upregulation of mesenchymal-specific
proteins (fibronectin [FN] 1, vimentin,
etc.), after the interruption of cell–cell or
cell–matrix contact. The recent discoveries
of EndMT in different diseases suggest that
modulation of EndMT may represent a
promising new treatment strategy (2–4, 6).

Possible mechanisms for the
therapeutic role of mesenchymal stem cells
(MSCs) include: 1) cell replacement—
transplanted MSCs differentiate into

damaged tissue cells for tissue damage
repair; 2) paracrine mechanisms—
transplanted MSCs promote the healing of
wounds by secreting biologically active
substances; 3) immunoregulation
mechanisms—MSCs have capabilities of
self-renewal and multidirectional
differentiation for therapeutic purposes.
Due to their low immunogenicity,
multilineage potential, and scalability for
clinical trials, MSCs seem to be an ideal cell
type for developing stem cell–based
therapeutic strategies (7). Indeed, studies in
an MCT-PH rat model have indicated that
transplantation of MSCs would attenuate
PA pressures, RV hypertrophy, and
pulmonary vascular remodeling (8–11).
Interestingly, some researchers believe that
only a small population of the MSCs can
differentiate into target cells and the
process is relatively slow (10). In recent
years, experimental studies and clinical
trials have shown that MSC-mediated
therapeutic benefits may depend, to a large
extent, on the secretion of growth factors
and cytokines (12). Therefore, the paracrine
mechanism of MSCs is believed to play an
essential therapeutic role despite low levels
of cell persistence. Some researchers have
reported that MSC treatment can attenuate
EndMT in a variety of diseases, such as
myocardial infarction and unilateral
ureteral obstruction (13, 14). Thus, based
on these previous observations, whether
MSCs could also affect the EndMT during
PH and if MSC-based transplantation has
the potential to lead to a new avenue in PH
therapy remain open questions.

In this study, we assessed the effects of
MSCs on the development of PH in both
chronic hypoxia (CH)–induced PH
(CHPH) and sugen hypoxia–induced
(SuHx) PH (SuHx-PH) rat models, as well
as in primarily isolated and cultured rat
pulmonary microvascular endothelial cells
(PMECs), to comprehensively evaluate the
potential therapeutic roles of MSC
transplantation on these two well-
established PH models, and validate the
potential regulation of MSCs on the
EndMT during PH pathogenesis.

Methods

Culture of MSCs
Bone marrow–derived MSCs of Sprague-
Dawley rat (Cyagen Bioscience) were
purchased at passage 2. The details of

characterization and culture methods are
provided in the data supplement. Cells at
passage 3–6 were used for experimentation.

Animal Model
The CHPH rat model has been well
established and used by our group
extensively in previously published work
(15, 16). Descriptions of the SuHx-PH rat
model and the hypoxic exposure and
treatment protocols are provided in the
data supplement (see also Figure E2 in the
data supplement). All procedures were
approved by the Animal Care and Use
Committee of Guangzhou Medical
University.

Hemodynamic Parameter
Measurement and Histological
Staining
RV systolic pressure (RVSP) was measured
using the same methods as we described
previously (17). Intrapulmonary vessels
were visualized by histological staining on
formalin-fixed and paraffin-embedded lung
cross-sections of 5 mm thickness. Details
are provided in the data supplement.

Lung Tissue Immunofluorescence
and Flow Cytometry Analysis
Lung tissue immunofluorescence was
performed as previously described. Details
are provided in the data supplement.

Hydroxyproline Assay
The protein levels of hydroxyproline in lung
tissue homogenates were measured by
hydroxyproline assay kits (Abcam). Details
are provided in the data supplement.

MSC Conditioned Medium
Preparation
MSCs at passage 3–6 were grown to greater
than 80% confluency, the medium
discarded, and the cells rinsed three times
with PBS. Cells were then cultured with
serum-free medium (Eagle’s minimum
essential medium [a-MEM]) for 24 hours.
After 24 hours, supernatants from MSC
cultures were collected and centrifuged at
5,000 rpm for 5 minimum to remove
remaining cells. MSC conditioned medium
(MSC-CM) was collected and filtered
through a 0.22-mm filter to remove cellular
debris. MSC-CM was temporarily frozen at
2208C. Serum-free a-MEM was the vehicle
control.
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The Culture and Treatment of Rat
PMECs
Rat PMECs were cultured and identified as
previously described (5). The hypoxic
exposure and treatment protocols are
provided in the data supplement.

RNA Extraction, cDNA Generation,
and Quantitative PCR
Total RNA was isolated from frozen tissue
and cells using TRIZOL reagent (Invitrogen)
as previously described (18, 19). Quantitative
PCR was performed using Scofast EvaGreen
SuperMix (Bio-Rad) in a CFX96 real-time
system (Bio-Rad) according to the
manufacturer’s instruction. Details are
provided in the data supplement.

Western Blot
Both rat lung tissues and PMECs
were sonicated and lysed in
radioimmunoprecipitation assay buffer
(RIPA buffer) (GBCBIO Technologies)
containing 1% PMSF and protease
inhibitor cocktail II and III. Total protein
concentrations were measured by a BCA
protein assay kit (Pierce). After being
denatured with the addition of a loading
buffer and heating at 1008C for 10
minutes, protein expression was
measured by IB assay as previously
described (15, 17, 20). Details are
provided in the data supplement.

Cell Migration Assay
To quantify cell migration, Transwell
polycarbonate filter with 8-mm pores was
used in our study. Details are provided in
the data supplement.

Statistical Analysis
The results are expressed as means (6SEM)
from at least five independent experiments.
The statistical differences between two or
more different experimental groups were
determined using Student’s t test or one-
way ANOVA, as appropriate. Differences
were considered to be significant at a
P value less than 0.05.

Results

Homing of Intravenously Injected
MSCs in CHPH Rats
To determine the homing distribution of
MSCs, cells were labeled with GFP by
lentiviral transfection, and lung sections of
CHPH and normal rats were obtained

3 hours, 1 day, 3 days, 7 days, and 14 days after
intravenous injection, as was the flow
cytometry of GFP1 cells. As shown in Figures
1A and 1B, the number of positive cells in the
lung reached a peak at Day 7 (18.2 cells/high-
magnification field) after the MSC
administration, and gradually decreased at
Day 14 (9.8 cells/high-magnification field).
Compared with the normoxic control group,
the number of GFP1 cells was much higher
in the lungs of CHPH rats, indicating that
MSCs are more likely homing to the injured
tissues. In parallel, we observed a similar
pattern by using flow cytometry (Figure 1C).
However, by double staining of GFP (green)
and vonWillebrand factor (vWF; red), we did
not find obvious colocalization of MSCs with
the pulmonary vasculature, suggesting that
the transplanted MSCs were distributed
throughout the lung tissue rather than
accumulating around the vessels and
differentiating into endothelial cells
(Figure 1D).

MSCs Decreased RV Pressure and
Remodeling in CHPH and SuHx-PH
Rat Models
As shown in Figure 2, rats exposed to CH
(10% O2, 21 d) established typical PH
pathogenesis, characterized by elevated
RVSP, RV hypertrophy (RV/(LV1 S)),
and distal PA remodeling (Figures 2A and
B). Similar results were also obtained in
the SuHx model rats (Figures 2C and D).
However, in the CHPH rat model,
transplantation of MSCs (CH1MSC)
decreased the RVSP to 36.10 (62.02) mm Hg
(compared with 44.586 1.97 mm Hg in
the CH group; P, 0.01; n = 7–15) and
normalized the RV/(LV1 S) to 0.402
(60.01) (compared with 0.4626 0.02 in
the CH group; P, 0.01; n = 7–15). In
parallel, we measured the effects of MSCs
by using the SuHx-PH model, which
showed even more significant therapeutic
effects on the PH index. In detail, the
RVSP decreased to 42.96 (61.56) mm Hg
in SuHx plus MSCs (compared with the
SuHx group: 61.566 4.33 mm Hg;
P, 0.01; n = 10–14), RV/(LV1 S) to 0.441
(60.02) (compared with the SuHx group:
0.5276 0.02; P, 0.01; n = 10–14).
Histological staining showed a significant
increase of the pulmonary vascular wall
area and thickness after 21 days of CH
exposure, whereas MSC treatment could
significantly attenuate the CH-induced PA
wall thickening and muscularization in all
vessels with a diameter within the ranges

of 0–25 mm, 25–50 mm, and 50–100 mm
(Figures 2E, 2F, and 2I). MSC treatment
also gained significant effects in the PA
remodeling of SuHx-PH model rats,
indicating that the MSC exerts its beneficial
effects in both CHPH and SuHx-PH rat
models (Figures 2G, 2H, and 2J). In
comparison, there were no significant
differences in the PH index and vascular
wall thickness after transplantation of
fibroblast in either the CHPH or SuHx-PH
models.

MSCs Ameliorated the Collagen
Deposition around the PA Vasculature
in Both CHPH and SuHx-PH Rat
Models
We then used Masson’s trichrome to
determine whether MSCs could impact the
collagen deposition in both CHPH and
SuHx-PH rat models. Collagen deposition
was found in both the CHPH and SuHx-PH
model rats. However, MSC treatment
effectively attenuated the collagen
deposition in both models, as indicated by
reduced collagen-positive staining area
(blue). Immunohistochemistry showed
upregulation of MMP2 and MMP9 in
both PH model groups, which was
significantly reduced by MSC
treatment (Figures 3A and 3F). We
also examined the expression level of
MMP2 and MMP9 at both mRNA
(Figures 3B and 3G) and protein levels
(Figures 3D, 3E, 3I, and 3J) in the
lung tissues, which provided similar
results as those obtained from
immunohistochemistry. Then, as
shown in Figures 3C and 3H,
treatment of MSCs also markedly
inhibited the increased levels
of hydroxyproline of lung tissue from both
the CHPH and SuHx-PH model rats.
Collectively, these data indicate that
MSCs can ameliorate the collagen
deposition in both the CHPH and
SuHx-PH rat models.

MSCs Reduced EndMT in the Lung
Vasculature from Both CHPH and
SuHx-PH Rats
To determine the presence of transitional
EndMT cells in the endothelium of
remodeled small PAs from both CHPH and
SuHx-PH rats, the distribution and
expression of mesenchymal cell marker,
a-SMA (green fluorescent signals), and
endothelial cell marker, vWF (red
fluorescent signals), were analyzed by
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indirect immunofluorescence double-
staining assay. As seen in Figure 4,
double-positive staining for vWF
and a-SMA (represented by merged
yellow fluorescence) was distributed in
the partial endothelium of remodeled small
PAs in CHPH (Figure 4A) and SuHx-PH
(Figure 4B) rats, and the colocalization was
reduced upon the treatment of MSCs.
Moreover, we observed significant
upregulation of FN1, vimentin, Snail, and
Twist1 as downregulation of VE-cadherin
and PECAM-1 (CD31) at the protein level
in the lung tissues of both CHPH (Figures
5A and 5B) and SuHx-PH (Figures 5C and
5D) rats, which can be reversed by MSC
transplantation.

MSC-CM Attenuated Hypoxia-
induced EndMT in Primary Cultured
PMECs
To further validate the effects of MSCs
on EndMT, primary cultured PMECs

were treated with either MSC-CM or
plain a-MEM control, then subjected
to CH (3% O2) for 7 days (Figure E2B).
We found that hypoxia treatment
induced the PMECs to transit into a
fibroblast-like, spindle-shaped form
compared with the cobble stone appearance
of nontreated cells, and these changes
were inhibited when incubated with
MSC-CM (Figure 6A). Next, we detected
the expression levels of both endothelial
and mesenchymal markers in PMECs. As
shown in Figures 6B and 6C, Western
blot analysis revealed significant decreases
in VE-cadherin and PECAM-1 protein
expression in PMECs exposed to hypoxia
compared with normoxic cells (P,0.05),
whereas incubation with MSC-CM
significantly normalized these trends.
In addition, hypoxia exposure significantly
increased FN1, vimentin, and Snail protein
expression in PMECs compared with
normoxic cells (P, 0.05). This effect was

significantly attenuated by treatment with
MSC-CM. Vehicle control, which was
treated with MSC basic medium, had no
effect on the EndMT induced by hypoxia
(Figures 6B and 6C).

MSC-CM Attenuated Hypoxia-
induced Migration in Cultured PMECs
Because EndMT will induce cell
migration and proliferation (21),
transwell migration assays were performed
in PMECs under normoxia and treated
with or without MSC-CM under hypoxia.
After 24 hours of hypoxia exposure, the
ratio of migrated cells to total cells was
increased in the hypoxia control group
compared with the normoxic controls,
whereas these changes were attenuated
in the cotreatment with MSC-CM
(Figure 6D), which suggests that hypoxia-
induced migration in PMECs was
decreased by MSC-CM.
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MSC-CM Inhibited Hypoxia-induced
HIF-2a Expression by Promoting Its
Protein Degradation
Because previous studies have proven
that HIF-2a could contribute to the

EndMT by upregulating the expression
of Snail 1/2, we assumed that the
suppression of MSCs on the expression
of Snail is likely mediated by targeting
HIF-2a expression or activity. As

shown in Figure 7A, we found that,
in both the CHPH and SuHx-PH
model, the upregulation of HIF-2a
protein in the lung tissue can be normalized
by MSC transplantation. Moreover, as
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Figure 3. MSCs ameliorated the collagen deposition in the CHPH and SuHx-PH rat models. (A and F ) Light-field microscopic analysis of Masson’s trichrome
staining and immunohistochemical staining for MMP2 and MMP9 expression of lung sections from normal rats and the CHPH/SuHx-PH models with or without
MSC treatment. (B and G) mRNA expression of lung collagen I and collagen III from normal rats and CHPH/SuHx-PH models with or without MSC treatment
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Protein expression of lung MMP2 and MMP9 from normal rats and CHPH/SuHx-PH models with or without MSC treatment (D, E, I, and J). Error bars represent
means6SEM (n=5 in each group). *P,0.05, **P,0.01, and ***P,0.001. Scale bars: 50 mm and 200 mm. Col = collagen; MMP = matrix metallopeptidase.
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Figure 4. Endothelial-to-mesenchymal transition (EndMT) is present in the CHPH and SuHx-PH rat models. (A and B) Confocal laser microscopy analysis
shows representative images of vWF (red) and a-SMA (green) double staining in lung sections from normal rats and CHPH/SuHx-PH models with or
without MSC treatment. Double-positive staining for vWF and a-SMA are represented by yellow fluorescence (n=5 in each group). Scale bars: 12 mm and
50 mm. a-SMA = a-smooth muscle actin.
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shown in Figures 7B and 7C, in
primary cultured rat PMECs, we
further demonstrated that MSCs
could effectively reduce the protein
half-life of HIF-2a, reflected by a
cycloheximide chase experiment.
Basically, we cocultured PMECs with
MSC-CM in both the normoxia and

hypoxia conditions, then the cells
where maintained in the presence
of cycloheximide (CHX; 20 mg/ml),
which blocked protein synthesis.
We found that HIF-2a was barely
expressed under normoxic conditions
with or without MSC-CM treatment
(Figure 7B). While under hypoxic

conditions, the expression of HIF-2a
was upregulated, started to decrease
within 20 minutes, and virtually
disappeared within 1 hour after chase
of CHX in the MSC-CM–treated group,
which was obviously faster than the
group without MSC-CM treatment
(Figures 7B and 7C).
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Figure 5. MSC reduced EndMT in the lung vasculature from both CHPH and SuHx-PH rats. (A and D) Western blot analysis shows FN (fibronectin) 1,
CD31, Snail, Twist1, VE (vascular endothelial)-cadherin, and vimentin protein expression levels in lung tissues from CHPH (A) and SuHx-PH (D) models
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Figure 6. MSC conditioned medium (MSC-CM) attenuated hypoxia-induced EndMT in primary cultured pulmonary microvascular endothelial cells
(PMECs). (A) Light microscopy analysis showing the morphologic changes (left panel) and summarized cell length (right panel) of PMECs treated
with hypoxia control (Hyp1Veh) or with hypoxia and MSC-CM (Hyp1MSC-CM) simultaneously, compared with normoxia control cells (Nor1Veh).
Western blots (B) and graphs (C) showing the protein expression levels of FN1, CD31, Snail, VE-cad, and vimentin in PMECs of normoxia control and
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% migrated cells to total cells. Error bars represent means6SEM (n=5 in each group). *P,0.05, **P,0.01, and ***P, 0.001. Scale bars: 200 and
400 mm. Veh= vehicle.
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Discussion

Recently, cell-based therapy has proven to
be a promising approach for many human
diseases, including PH, and has the potential
to be a novel strategy for PH therapy.
Promising preclinical investigations that
examined the therapeutic potential of MSCs
have demonstrated safety and efficacy, and
provided the foundation for clinical trials.
However, the underlying mechanisms are
still poorly understood (7, 22). In the
present study, we found that MSCs could
reverse the PH pathogenesis in both the
CHPH and SuHx-PH rat models, which
was indicated by decreased mean RVSP, RV

hypertrophy, and tunica media thickening
of pulmonary arterioles. Interestingly, we
have found that the treatment effects of
MSCs on the SuHx-PH model is more
significant than that in the CHPH model,
which may indicate that the effects of MSCs
might be related to the endothelial pathway.
Therefore, we sought to determine whether
MSC therapy could affect EndMT in the
lung vasculature of experimental PH
models, which showed protective effects.

Despite the in vitro and in vivo
evidence for therapeutic effects of MSCs,
the mechanisms by which MSCs exert their
immunomodulatory and reparative effects
remain unclear; however, this process likely

involves multiple pathways, including
direct effects (transdifferentiation and
regeneration), paracrine effects, and
immune regulatory effects (23). One of the
characteristics of MSCs is their homing
property to the sites of damaged tissue.
Previous study has demonstrated that
transplantation of MSCs could accumulate
in the lung tissue and transform into
vascular endothelial cells and SM cells,
which may increase the total area of
pulmonary vascular bed, improving the
pulmonary blood supply, and effectively
attenuating PH (9). However, other
researchers reported that MSCs were not
detected in the wall of pulmonary vessels,
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Figure 7. MSC-CM inhibited hypoxia-induced HIF-2a (hypoxia-inducible factor-2a) protein expression. (A) The protein expression of HIF-2a in lung
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suggesting a potential role for a paracrine
mechanism rather than for differentiation
into vascular cells in the arterial wall (10).
In this study, we continuously monitored
GFP-labeled MSCs in the lung tissue at
3 hours, 1 day, 3 days, 7 days, and 14 days
after intravenous injection, and found
that MSCs homing to injured lung
tissue reached peak at 7 days after
transplantation, and gradually decreased in
2 weeks. By double staining, the
transplanted cells were found located
among the lung tissue rather than
accumulated around the pulmonary
vasculature, which suggests that MSCs
might exert therapeutic effects through a
paracrine mechanism rather than direct
physical cell–cell contact and cell
differentiation.

To date, the majority of cell therapy in
PH studies was conducted in the MCT-PH
rat model (8, 24). However, the MCT-PH
model is not able to mimic the all the
complex features observed in human PH.
In contrast to the MCT-PH model, the
SuHx-PH model establishes angio-
obliterative lesions in the pulmonary
arterioles, which yields more severe PH
characteristics with more similar
hemodynamic and histological features to
human PH, especially in the plexiform
lesions that are also found in human
patients with idiopathic PA hypertension
(25–27). By using the SuHx-PH rat model,
our study, for the first time, evaluated
the therapeutic potential of MSC
transplantation. Because sugen is the
inhibitor of VEGFR2, which is recently
reported to be closely related to the
EndMT process (26), our data, in
combination, indicate that the protective
roles of MSCs on PH might be due to its
action on endothelial protection through
normalizing EndMT. Notably, because
MSC transplantation exerts significant
preventive roles in attenuating the disease
pathogenesis of both the CHPH and
SuHx-PH models, we have also performed
an interventional model study, in which
MSCs were transplanted at Week 3 and
lasted for 2 weeks (as seen in Figure E2A).
However, compared with the prevention
model (MSC transplantation at Week 1
and lasting for 2 wk), our results represent
mild effects of MSCs on the disease
pathogenesis of SuHx-PH models,
suggesting that the effects of MSC
transplantation on the reversal
of established PH are less competitive,

or requires a longer treatment course
(Figure E3).

To date, although the pathogenesis of
PH is not fully understood, endothelial
dysfunction is widely recognized as the
initial event of PH development, and then
further manifested as some histological and
functional abnormalities, such as intimal
hyperplasia and fibrosis, medial SM cell
hypertrophy and hyperplasia, extracellular
matrix inflammatory cell infiltration, and/or
increased collagen deposition caused by
endothelial damage and dysfunction at the
level of the intra-alveolar (precapillary)
arteriole (26–28). In this study, we observed
reduced EndMT in the lung vasculature
of experimental PH models by
immunofluorescence double-staining assay.
We also observed significant upregulation
of FN1, vimentin, Snail, and Twist1, and
downregulation of VE-cadherin and
PECAM-1 at the protein expression levels
of lung tissue isolated from CHPH and
SuHx-PH model rats, which can be largely
normalized by the MSC treatment. The
basal lamina is mainly composed of type IV
collagen and laminin. The increased levels
of MMPs lead to the excessive secretion of
extracellular matrix composed of type I and
type III collagen and FN, which promotes
the cell motility (29). We also detected the
collagen deposition in CHPH and SuHx
rats, and found that these rats all
represented obviously higher collagen
deposition than control rats, which could
be attenuated by the treatment of MSCs.
Moreover, MSCs downregulated the
increased expression of MMP2 and
MMP9 in the lung tissue of model rats,
as well as Collagen I and III. These
observations strongly indicate that MSC
treatment ameliorates the EndMT process
in vivo.

In addition to the enhanced EndMT in
rats with SuHx-induced PH, we also
demonstrated that EndMT was enhanced in
primary cultured PMECs when exposed to
prolonged hypoxia. After an exposure to
hypoxia for 7 days, the morphology of
PMECs transformed from a cobblestone to a
spindle-shaped, fibroblast-like appearance,
and such phenotypic changes could be
reversed by MSC-CM treatment. It has been
hypothesized that EC apoptosis is also a
trigger for the emergence of apoptosis-
resistant and growth-dysregulated vascular
cells (28, 29). Researchers have also
reported that EndMT is present in the lung
vascular endothelial cells from patients with

idiopathic PA hypertension, which
might account for the highly
proliferative phenotype of these cells
(18). Our data show that MSC-CM
treatment could effectively reduce the
migration and proliferation of PMECs,
providing solid evidence that MSC
treatment can suppress the EndMT
process in vitro.

HIF-2a, a member of the HIF
family, had been proven to be connected
with EndMT in the previous study (5).
In our experiments, we also found
that MSC treatment could obviously
attenuate the upregulation of HIF-2a at
the protein levels of lung tissue isolated
from both CHPH and SuHx-PH
model rats. Therefore, we hypothesized that
MSC treatment suppressed the EndMT
process, likely, at least partly, by
modulating the expression or activity of
HIF-2a. Then, in cultured rat PMECs, we
further demonstrated that treatment with
MSC-CM significantly shortened the
protein half-life of HIF-2a upon
cotreatment with the protein synthesis
inhibitor, CHX, indicating that MSCs
could inhibit HIF-2a protein expression
by promoting its protein degradation
through the ubiquitin–proteasome system.
However, the underlying mechanism
remains unclear and needs further
investigation.

In summary, in our study, we
demonstrated that MSC transplantation
represents the ideal therapeutic effects
to inhibit PH pathogenesis in two
well-established PH rat models (CHPH
and SuHx-PH), likely by ameliorating
the pulmonary vascular remodeling,
inflammation, and EndMT. Moreover,
in primary cultured PMECs, MSC-CM
could also preserve the endothelial
cell property by normalizing hypoxia-
induced EndMT. Our data suggest that
MSCs could be a potential therapeutic
approach against PH, which deserves
further evaluation and validation in
our future studies. As far as we know,
the present study is the first report to
demonstrate that MSCs could inhibit
EndMT in PH rats. However, the specific
molecular mechanisms by which MSCs
exert anti-EndMT function remain largely
unknown, and require further
determination. n
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