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Original Article 
Human umbilical cord derived mesenchymal stem cells 
suppress over-proliferation of pulmonary artery smooth 
muscle cells in a rat model of pulmonary hypertension 
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Abstract: Inflammation and over-proliferation of pulmonary artery smooth muscle cells (PASMCs) have been con-
sidered as the major pathological features of pulmonary hypertension (PH). Even though transplantation of mesen-
chymal stem cells (MSCs) could improve PH in many experimental animal models, the exact mechanism of MSCs to 
suppress inflammation associated over-proliferation of PASMCs is not completely clear. Here we aimed to determine 
that MSCs suppress over-proliferation of PASMCs in PH via TNF-α/CaN/NFAT pathway. By transplantation of Human 
umbilical cord derived MSCs (UC-MSCs) into monocrotaline (MCT) induced PH rats, and establishing a co-culture 
system in vitro consist of MSCs, activated T cells, PASMCs, we assessed the therapeutic effects of MSCs on PH 
and the changes of correlate factors in TNF-α/CaN/NFAT pathway. The results indicated that transplantation of 
MSCs could improve the hemodynamics and histology in the progression of PH induced by MCT. Furthermore, in the 
co-culture system in vitro, MSCs could suppress the TNF-α production of T cells, and then reduce the intracellular 
calcium level in PASMCs and the expression of CaN and NFATc2, suppress the CaN activity and NFATc2 activation, 
and could finally achieve the suppressive effect on proliferation of PASMCs. Similar regulatory effects with MSCs 
could be observed with the presence of infliximab in vitro, and recombinant TNF-α could still be able to promote 
the proliferation of PASMCs via CaN/NFAT pathway, even under the suppressive effect of MSCs. Taken together, our 
findings have suggested that MSCs suppress inflammatory associated over-proliferation of PASMCs and remodeling 
via TNF-α/CaN/NFAT pathway in PH.
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Introduction

Pulmonary hypertension (PH) is a serious lung 
disease with high mortality. The major function-
al and structural alterations of this disorder 
were increased pulmonary vascular resistance 
and pulmonary vascular remodeling. Pro- 
gressively increased pulmonary arterial pres-
sure would result in the overload of the right 
ventricle and heart failure eventually. Even 
though the clinical symptoms of PH could be 
relieved partly by targeted medicine such as 
bosentan and Sildenafil, long-term outcomes of 
this disorder are still not satisfying. Therefore 
more effective therapeutic protocols for this 
disease are of urgent demand. 

Along with the advancement in studies on 
mechanisms of PH, inflammation and over-pro-

liferation of pulmonary artery smooth muscle 
cells (PASMCs), as the major pathological fea-
tures of PH, have attracted more attention, and 
may be a promising target for the treatment of 
PH. In many animal models and PH patients, 
inflammatory infiltration, even tertiary lymphoid 
follicle composed of T cells, B cells and less 
dendritic cells were found around or near the 
remodeled pulmonary vessels [1-4]. Enormous 
cytokines and chemokines such as interleukin 
(IL)-6, tumor necrosis factor (TNF)-α, produced 
by these inflammatory cells could be found, and 
the level of certain cytokines acted as predic-
tive factors of outcome in PH patients [5]. It is 
yet uncertain whether inflammation initiates 
pulmonary vascular remodeling, or is just a 
bystander. But it has at least been explicited 
that the perivascular accumulation of inflam-
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matory cells is essential to hypoxia-induced 
pulmonary vascular remodeling [6].

Over-proliferation of PASMCs also plays a cru-
cial role in vascular remodeling. Activation of 
calcineurin (CaN)-nuclear factor of activated 
T-cells (NFAT), as the critical pathway of SMC 
proliferation, could be observed in many PH 
animal model and patients [7, 8], and may be 
therapeutical target for PH [8]. Stimulated by 
some cytokines for cell-surface receptors cou-
pled to phospholipase C, calcium mobilization 
and influx through specific channels on SMC 
membrane increased evidently. High levels of 
calcium in cytoplasm could active CaN-NFAT, 
and then initiated the proliferation of SMCs [9]. 
TNF-α could increase the levels of cytosolic ion-
ized calcium by influx of external calcium and 
release from endosomal stores in endothelial 
cells [10], but whether the same effect of TNF-α 
could be observed in SMCs is uncertain. TNF-α 
could promote the proliferation of SMCs [11], 
even though the exact mechanism is obscure, 
we speculate that activation of CaN-NFAT 
induced by increased cytoplasm calcium may 
be involved in this process partly. TNF-α, pro-
duced by inflammatory cells around pulmonary 
vessels in PH, could activate CaN-NFAT by 
increasing cytoplasm calcium of SMCs, thus ini-
tiating the over-proliferation of SMCs and pul-
monary vascular remodeling.

Mesenchymal stem cells (MSCs), as primitive 
cells with the potential of multi-lineage differ-
entiation and self-renewal, could evidently 
decrease the production of inflammatory cyto-
kines, such as TNF-α and IFN-γ, when co-cul-
tured with activated CD4+ T cells [12]. And this 
immunosuppressive effect of MSCs is highly 
related to their ability of immuno-regulatory 
cytokines and PGE2 secretion [12]. The immu-
nosuppressive effect of MSCs has attracted 
much attention for their potential application in 
immune disorders, such as autoimmune dis-
eases and graft-versus-host disease [13, 14]. 
Furthermore, it has also been confirmed that 
administration of MSCs could relieve PH in 
experimental animal model [15, 16]. However, 
to what extent of the therapeutic effects was 
accounted by immunosuppression of MSCs is 
still unknown. Nor is the mechanism through 
which MSCs suppress the over-proliferation of 
PASMCs.

In the present study, by using a rat model with 
monocrotaline (MCT) induced PH and co-cul-

tured umbilical cord derived MSCs (UC-MSCs) 
with PASMCs and concanavalin A (ConA) acti-
vated T cells, we assess the suppressing 
effects of UC-MSCs on over-proliferation of 
PASMCs. The correlative factors on TNF-α/
CaN/NFAT pathway, including the levels of 
TNF-α on lung tissue and supernatants of co-
cultured cells, the levels of cytoplasm calcium 
in PASMCs, the expression and activation of 
CaN, NFAT, were also evaluated. This helps bet-
ter understand the mechanism of MSCs on 
over-proliferation of PASMCs involved in PH.

Materials and methods 

Human UC-MSCs and experimental animals 

All studies were approved by the Institutional 
Review Board of Guiyang Medical College, and 
the donors have written informed consent. 
UC-MSCs were isolated and identified accord-
ing to the protocol described previously [17].

Female Sprague-Dawley (SD) rats with body 
weight of approximately 200 grams were 
housed in specific pathogen-free (SPF) units of 
the Laboratory Animals Center at Tianjin Blood 
Diseases Hospital. All animal studies were 
approved by the Institutional Animal Care and 
Use Committee of Guiyang Medical College.

Establishment of PH rat model and examina-
tion of hemodynamics and pathology 

Twenty-four rats were randomly divided into 
model group, MSCs transplantation group and 
control group, 8 rats in each group. Rats were 
given a single subcutaneous injection of MCT 
(60 mg/kg, sigma system, USA) to induce PH 
[18]. Phosphate buffered saline (PBS) was used 
as controls. Five days after injection of MCT, 
106 MSCs were transplanted into the rats via 
caudal vein for one time. To observe the distri-
bution of transplanted MSCs in lung, additional 
2 rats received transplantion of MSCs pre-
labeled with CM-DiI (Invitrogen, USA) under the 
same protocol. 

At days 21, the right ventricular systolic pres-
sure (RVSP) and mean aortic pressure (MAoP) 
of rats were detected [19]. Following that, 
peripheral blood sample was collected from 
right external jugular vein into EDTA-containing 
tubes. After centrifugation, plasma was collect-
ed and stored at -80°C. Rats were sacrificed by 
decapitation afterwards, the lung tissues were 
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removed, and fixed in 10% paraformaldehyde 
or embedded in OCT medium at -80°C. The 
examination of lung pathology and medial wall 
thickness of pulmonary arteriole (WT) was per-
formed according to previous study [19].

Immunohistochemistry staining for TNF-α in 
lung tissue  

Lung tissue sections were deparaffinized and 
rehydrated. After sequential incubation with 
0.3% Triton X-100 and 3% hydrogen peroxide, 
the sections were incubated overnight at 4°C 
with goat polyclonal primary antibody against 
TNF-α (1:400, Santa Cruz Biotecnology, USA). 
After incubated with the biotinylated rabbit 
anti-goat secondary antibody (1:100, Boster, 
China) for 30 minutes, the immunoreactivity 
was detected by a 3-amino-9-ethylcarbazole 
peroxidase substrate kit (Boster, China).

Isolation of rat PASMCs and T cells  

SD rat was sacrificed by decapitation, the pul-
monary arteries and spleen were harvested, 
and PASMCs were cultured in DMEM/F-12 
medium supplemented with 10% FBS and 100 
U/ml penicillin-streptomycin by tissue explant 
method. Identification of PASMCs was per-
formed by immunofluorescent staining for 
α-smooth muscle actin (1:100, Proteintech, 
USA). T cells were isolated from spleens by non-
adherence to nylon wool and frozen at -80°C 
for further study. 

Co-culture of PASMCs, T cells and MSCs

Cells were cultured in DMEM/F-12 medium 
supplemented with 10% FBS and 100 U/ml 
penicillin-streptomycin. Five groups were divid-
ed as: Group A (PASMCs alone), Group B 
(PASMCs + T cells), Group C (PASMCs + T cells 
+ MSCs), Group D (PASMCs + T cells + infliximab) 
and Group E (PASMCs + T cells + MSCs + TNF-
α). 104 PASMCs were seeded into 24-well plate 
and cultured for 24 h. The supernatant was dis-
carded, and then 105 T cells suspending in 700 
µl medium were added in. T cells were stimu-

lated by ConA (10 µg/ml, Sigma, USA). 104 

MSCs were resuspended with 300 μl medium 
in the upper chamber of a modified Boyden 
chamber (3 mm pore size), and placed in the 
24-well culture plate. Furthermore, infliximab 
(Essex Pharma, Germany), as TNF-α monoclo-
nal antibody, at concentration of 1 µg/ml, and 
recombined rat TNF-α (Prospect Biosystems, 
USA) at concentration of 10 ng/ml were added 
respectively.

Proliferation of PASMCs

After 3 days of culture, the supernatant was 
removed, and the PASMCs were washed 3 
times with PBS. 300 µl new medium containing 
15 µl 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy- 
methoxyphenyl)-2-(4-sulfophenyl)-2H-etrazoli-
um, inner salt (MTS, Promega, USA) were added 
and cells were incubated for 4 hours. The 
supernatant was collected and the optical den-
sity (OD) was read at 490 nm by microplate 
reader.

TNF-α level in plasma and supernatant of co-
cultured cells  

The plasma and co-cultured supernatant levels 
of TNF-α were measured by enzyme-linked 
immunosorbeny assay (ELISA) technique using 
the kit from Peprotech Company according to 
the supplier’s instruction.

Concentration of intracellular calcium  

The intracellular free calcium concentration of 
PASMCs was examined according the previous 
study [20].

RNA isolation, reverse transcription and real 
time PCR

Total RNA of PASMCs was extracted by E.Z.N.A. 
Total RNA Kit I (OMEGA, USA), and then reverse 
transcribed to cDNA by MLV RT kit (Invitrogen, 
USA). Real-time polymerase chain reaction 
(PCR) analyses for CaN and NFATc2 were per-
formed by Platinum® SYBR® Green qPCR 
SuperMix-UDG w/ROX (Invitrogen, USA) with 
Applied Biosystems 7300 Real-Time PCR 
System. The primers were listed in Table 1.

CaN activity  

PASMCs were treated in 1 ml lysate buffer, 
after repeated freeze/thaw 3 times, cell homog-
enate was centrifuged, and the supernatant 

Table 1. Primers for RT-PCR
Rat GAPDH forward 5’-CCATTCTTCCACCTTTGATGCT-3’
Rat GAPDH reverse 5’-TGTTGCTGTAGCCATATTCATTGT-3’
Rat CaN forward 5’-CAGAGGGTGCTTCGATTCTC-3’
Rat CaN reverse 5’-CCCCTAAGAAGAGGTAGCGA-3’
Rat NFATc2 forward 5’-CAGCAGATTTGGGAGATGGAAG-3’
Rat NFATc2 reverse 5’-GACTGGGTGGTAAGTAAAGTGC-3’
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was collected and used for measurement of 
protein and calcineurin phosphatease activity 
using calcineurin assay kit (Nanjing Jiancheng 
Company, China).

NFATc2 activation

PASMCs and serial 5 µm cryosections were 
fixed in 4% paraformaldehyde for 10 minutes. 
After sequentially incubated with 0.3% Triton 
X-100 and 1% bovine serum albumin (BSA), the 
sections were incubated overnight at 4°C with 
mouse monoclonal antibody against rat NFATc2 
(1:100, Novus Biologicals, USA). And then, the 
sections were incubated for 2 hours with fluo-
rescein isothiocyanate (FITC)-conjugated goat 
anti-mouse immunoglobulin G (1:100, Pro- 
teintech, USA). After 10 seconds incubation 
with DAPI (1 µg/ml), the sections were assessed 
by confocal laser scanning microscope. 

Statistical analysis

Data were presented as mean ± SD, and SPSS 
software (version 17.0) was used for statistical 
analysis. Differences were compared using 
One-Way ANOVA tests. P value < 0.05 was con-
sidered as statistically significant.

Results

Identification of MSCs and PASMCs

Human UC-MSCs have shown typical fibroblas-
tic shape (Figure 1A), and identified by the abil-

ity of osteogenic (Figure 1B) and adipogenic 
(Figure 1C) differentiation, and specific pheno-
type (Figure 1D).

Rat PASMCs have shown typical shape of “hill 
and valley” when cultured in vitro (Figure 1F) 
and identified by immunofluorescent staining 
for α-smooth muscle actin (Figure 1G).

MSCs improve the hemodynamic and histologi-
cal abnormality in PH rats 

Two days after transplantation of CM-DiI 
labeled MSCs, a few scattered distributed cells 
that were CM-DiI positive were found in the 
lung (Figure 2A). But more cells were found in 
the spleen (Figure 2B).

Twenty-one days after subcutaneous injection 
of MCT, The RVSP in the model group increased 
significantly compared to the control group 
(Figure 2D), and the MAoP decreased (Figure 
2E). Histological examination also indicated 
that, medial hypertrophy of pulmonary muscu-
lar arterioles was evident (Figure 2C), and the 
WT increased (Figure 2F). By transplantation of 
MSCs, the hemodynamic and histological 
abnormality could be improved evidently.

MSCs inhibit TNF-α and NFATc2 ativationin 
MCT induced PH 

In the model group, the levels of TNF-α in plas-
ma and lung tissue were all increased (Figure 

Figure 1. Identification of MSCs and PASMCs. A: MSCs Passage 3 cultured in vitro. B: Osteogenic differentiation. C: 
Adipogenic differentiation. D: Phenotype analysis of MSCs. E: PASMCs cultured for 5 days by tissue explant method. 
F: PASMCs Passage 3 cultured in vitro. G: Immunofluorescent staining of PASMCs for α-smooth muscle actin.
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Figure 2. The effects of MSCs on MCT induced PH. 
A: CM-DiI labeled MSCs distributed in lung. B: CM-
DiI labeled MSCs distributed in spleen. C: Optical 
photomicrographs of lung stained with hematoxy-
lin and eosin (a: Control group; b: Model group; c: 
MSCs transplantation group). D-F: The changes of 
RVSP, MAoP and WT in each group. Data are shown 
as mean ± S.D., n=8. *P<0.01 compared to the 
control group, #P<0.05 compared to the control 
group, **P<0.01 compared to the model group, 
##P<0.05 compared to the model group.
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Figure 3. TNF-α level and activation of NFATc2. A: Immunohistochemistry stain of lung for TNF-α in the control group 
(a), model group (b) and MSCs transplantation group (c). B: The levels of TNF-α in lung. C: The levels of TNF-α in 
plasma. Data are shown as mean ± S.D., n=8. *P<0.01 compared to the control group, **P<0.01 compared to the 
model group. D: The activation of NFATc2 in pulmonary artery in the control group (a), model group (b) and MSCs 
transplantation group (c).
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3A-C). Meanwhile, high expression of NFATc2 
could be observed in pulmonary arterioles, 
which were mostly distributed in the nucle-
us, thus indicating the activation of NFATc2 
(Figure 3D). By transplantation of MSCs, the 
levels of TNF-α decreased significantly, and 
the activation of NFATc2 also be inhibited.

MSCs suppressed TNF-α and the proliferation 
of PASMCs in co-culture system

In the co-culture system, ConA stimulated T 
cells could produce high level of TNF-α, and the 
proliferation potential of PASMCs co-cultured 
with them increased evidently compared to 
that of PASMCs cultured alone. But these 
effects could be inhibited effectively by MSCs 
or infliximab. However, even under the inhibi-
tion of MSCs, the presence of TNF-α still had 
the ability to stimulate the proliferation of 
PASMCs (Figure 4A, 4B).

MSCs decreased intracellular level of calcium 
in PASMCs and down-regulated the expression 
of CaN and NFATc2

When co-cultured with ConA stimulated T cells, 
the intracellular free calcium concentration of 
PASMCs increased evidently compared to that 
in PASMCs cultured alone. Moreover, the 
expression of CaN and NFATc2 were up-regulat-
ed. But these effects could be suppressed sig-
nificantly by MSCs or infliximab. However, TNF-α 
could still increase the intracellular free calci-
um concentration of PASMCs, and up-regulate 
the expression of CaN and NFATc2, even under 
the suppressive effect of MSCs (Figure 4C-E).   

MSCs suppressed CaN activity and NFATc2 
activation in PASMCs 

When co-cultured with ConA stimulated T cells, 
the intracellular CaN activity in PASMCs was 
up-regulated evidently, and majority of NFATc2 
was translocated to nucleus, which means the 
activation of NFATc2. MSCs or infliximab could 
all suppress the intracellular CaN activity and 
the activation of NFATc2 effectively. But TNF-α 
could still up-regulate the intracellular CaN 
activity in PASMCs and activate NFATc2 even 
under the suppressive effect of MSCs (Figure 
4F, 4G).

Discussion

In the present study, by using a rat model of PH, 
we have demonstrated that, transplantation of 

human UC-MSCs decreased the TNF-α level in 
the lung and inhibited the activation of CaN-
NFAT in pulmonary arterioles, which in turn sup-
pressed the over-proliferation of pulmonary 
arterioles SMCs and the vascular remodeling, 
thus the hemodynamic and histology were 
improved in the progression of MCT induced 
PH. To further illuminate the mechanism which 
MSCs suppressed the over-proliferation of 
PASMCs in PH, a co-culture system consisted 
of MSCs, T cells and PASMCs was established. 
Through the coculture system, we have demon-
strated that, MSCs suppressed the production 
of TNF-α in T cells, reduced the intracellular cal-
cium level in PASMCs, down-regulated the 
expression of CaN and NFATc2, and suppressed 
the CaN activity and NFATc2 activation, which 
finally led to the suppressive effect to prolifera-
tion of PASMCs.

As a subset of stromal stem cells, MSCs can be 
found in almost all tissues, and share the same 
biologic characteristics, including self-renewing 
and the potential of multi-lineage differentia-
tion. Although they were first isolated from 
bone marrow [21], MSCs have been reported to 
be isolated from umbilical cord [17], placenta 
[22], cord blood [23] and adipose tissue [24] so 
far. Among these MSCs with diverse origins, 
bone marrow derived MSCs have been pre-
ferred in many clinical trials and animal experi-
ments. However, the particular superiority of 
UC-MSCs in terms of less pain, non-invasive-
ness, harmless to donors, faster growth rate 
and greater expansion capability [17, 25] seems 
to warrant promising potential of their future 
application, despite of the fact that these cells 
have been rarely studied in clinical trials. 
Hence, in the present study, UC-MSCs were 
studied as a potential treatment of PH. The 
results have shown that, the transplantation of 
UC-MSCs significantly improve the hemody-
namic and histological parameters in the pro-
gression of MCT induced PH. Similar therapeu-
tic effects of UC-MSCs to PH have been 
described in previous studies [15, 16], while 
the exact mechanism have not been 
elucidated. 

The hypothesis that exogenous transplantation 
of MSCs could differentiate into lung tissue 
types during repair has been questioned, 
because the issue of niche for MSCs to reside 
during injury may be an obstacle to their 
engraftment or differentiation [26]. And MSCs 
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conditioned media could also substantially 
attenuate pulmonary injury that was induced by 
hypoxia [27]. Therefore the hypothesis that 
MSCs plays protective effects via paracrine 
mechanisms predominantly seems more 
acceptable. In previous study, we have already 
demonstrated that MSCs co-cultured with acti-
vated CD4+ T cells decrease the production of 
inflammatory cytokines evidently, and the 
immunosuppressive activity of MSCs is highly 

related to their ability for the secretion of immu-
noregulatory cytokines and PGE2 [12]. The 
present study in vivo has also demonstrated 
that exogenous transplantation of MSCs 
decrease the TNF-α level by its immunosup-
pressive activity, and on this background the 
medial hypertrophy of pulmonary muscular 
arterioles and romodeling were prevented. 
Meanwhile, as a crucial regulatory factor of 
SMCs proliferation, the activation of NFATc2 

Figure 4. The changes of TNF-α/CaN/NFAT in the co-culture system: A: The TNF-α level; B: The proliferation potential 
of PASMCs; C: The intracellular calcium level of PASMCs; D, E: The expression of CaN and NFATc2 in PASMCs; F: The 
CaN activity in PASMCs. Data are shown as mean ± S.D., n=8. *P<0.01 compared to (PASMCs + T Cells); #P<0.01 
compared to (PASMCs). G: The activation of NFATc2 in PASMCs in the co-culture system (a: PASMCs; b: PASMCs + 
T Cells; c: PASMCs + T Cells + MSCs; d: PASMCs + T Cells + infliximab; e: PASMCs + T Cells + MSCs + TNF-α. Merge 
with DAPI).
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was suppressed significantly. Because more 
MSCs were found in spleen but not in lung, this 
phenomenon may be able to partly confirm the 
hypothesis that MSC regulates the T cell 
response in an extrapulmonary site [25]. But 
whether the spleen, which as the reservoir of T 
cells, is one of the most important regulatory 
sites, is uncertain in the present study. 

To further elucidate how the immunosuppres-
sive activity of MSCs affect the activation, pro-
liferation of PASMCs and remodeling, a co-cul-
ture system in vitro consist of PASMCs, T cells 
and MSCs was established. By assessing fac-
tors associated with the proliferation of 
PASMCs in TNF-α/CaN/NFAT pathway, we could 
better understand the suppressive mechanism 
of MSCs on over-proliferation of PASMCs 
involved in PH. The results indicated that the 
TNF-α production of T cells increased signifi-
cantly under the stimulation of ConA. High lev-
els of TNF-α could increase calcium influx and 
intracellular calcium concentration in PASMCs, 
and then up-regulated the expression of CaN/
NFAT, increased the CaN activity, promoted the 
activation of NFATc2, thus initiating and accel-
erating the proliferation of PASMCs. Because of 
the superior immunosuppressive activity of 
MSCs, TNF-α production of T cells decreased 
significantly. The following factors associated 
with the proliferation of PASMCs mentioned 
above were all down-regulated. Thus the over-
proliferation of PASMCs was suppressed 
effectively.

To confirm it is the inhibitory action of MSCs to 
TNF-α, but not to other inflammatory cytokines, 
which plays a pivotal role in the regulation of 
proliferation of PASMCs, infliximab and recom-
bined human TNF-α were added in the co-cul-
ture system. Similar regulating effects with 
MSCs could be observed with presence of 
infliximab, thus demonstrating the important 
role of TNF-α during proliferation of PASMCs. In 
addition, TNF-α could still increase the intracel-
lular calcium level in PASMCs, up-regulate the 
expression of CaN and NFATc2, increase activi-
ty of CaN, and promote the activation of NFATc2, 
even under the suppressive effect of MSCs. 
Given all these results, in the regulating pro-
cess of MSCs to inflammation associated pro-
liferation of PASMCs, the significance of regula-
tion by TNF-α could be confirmed. 

Taken together, this study confirms for the first 
time that human UC-MSCs regulate the over-

proliferation of PASMCs in PH, and the regulat-
ing effect was accomplished by immunosup-
pressive activity of MSCs, especially for the 
suppression of TNF-α, and the following inhibi-
tory action for CaN/NFAT pathway of PASMCs. 
The long-term outcome of this regulating 
effects and potential side effects need to be 
confirmed in future study. 
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