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Combination treatment of adipose-derived stem cells and
adiponectin attenuates pulmonary arterial hypertension
in rats by inhibiting pulmonary arterial smooth muscle cell
proliferation and regulating the AMPK/BMP/Smad pathway
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Abstract. The present study aimed to assess the effects of
therapy with adiponectin (APN) gene-modified adipose-
derived stem cells (ADSCs) on pulmonary arterial hypertension
(PAH) in rats and the underlying cellular and molecular
mechanisms. ADSCs were successfully isolated from the rats
and characterized. ADSCs were effectively infected with the
green fluorescent protein (GFP)-empty (ADSCs-V) or the
APN-GFP (ADSCs-APN) lentivirus and the APN expression
was evaluated by ELISA. Sprague-Dawley rats were admin-
istered monocrotaline (MCT) to develop PAH. The rats were
treated with MCT, ADSCs, ADSCs-V and ADSCs-APN. Then
ADSCs-APN in the lung were investigated by confocal laser
scanning microscopy and western blot analysis. Engrafted
ADSCs in the lung were located around the vessels. Mean
pulmonary arterial pressure (mPAP) and the right ventricular
hypertrophy index (RVHI) in the ADSCs-APN-treated mice
were significantly decreased as compared with the ADSCs
and ADSCs-V treatments. Pulmonary vascular remodeling
was assessed. Right ventricular (RV) function was evaluated
by echocardiography. We found that pulmonary vascular
remodeling and the parameters of RV function were exten-
sively improved after ADSCs-APN treatment when compared
with ADSCs and ADSCs-V treatment. Pulmonary artery
smooth muscle cells (PASMCs) were isolated from the PAH
rats. The antiproliferative effect of APN on PASMCs was
assayed by Cell Counting Kit-8. The influence of APN and
specific inhibitors on the levels of bone morphogenetic protein
(BMP), adenosine monophosphate activated protein kinase
(AMPK), and small mothers against decapentaplegia (Smad)
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pathways was detected by western blot analysis. We found that
APN suppressed the proliferation of PASMCs isolated from
the PAH rats by regulating the AMPK/BMP/Smad pathway.
This effect was weakened by addition of the AMPK inhibitor
(compound C) and BMP2 inhibitor (noggin). Therefore,
combination treatment with ADSCs and APN effectively
attenuated PAH in rats by inhibiting PASMC proliferation and
regulating the AMPK/BMP/Smad pathway.

Introduction

Pulmonary arterial hypertension (PAH) aggressively threatens
human health with high morbidity and mortality due to its
diverse etiologies. Unfortunately, current strategies are inef-
fective to prevent and cure PAH. In recent years, multipotent
stem cells, such as adipose-derived stem cells (ADSCs), bone
marrow mesenchymal stem cells, and endothelial progenitor
cells (EPCs), have been employed as a promising strategy
for PAH therapy (1-3). These studies have revealed that
stem cells play crucial roles in the prevention and treatment
of PAH by repairing endothelial cells and angiogenesis and
inhibiting pulmonary arterial remodeling (1-3). Moreover, our
previous study also demonstrated that ADSCs attenuated PAH
and ameliorated pulmonary arterial remodeling in rats with
PAH ).

Generally, due to the complex pathogenesis of PAH, cell
transplantation alone cannot solve all the issues. Cell-based
gene therapy has been found to be effective in preclinical
models of PAH (5,6). Several studies have indicated that
prepro calcitonin gene-related peptide (CGRP)-transfected
EPCs, vascular endothelial growth factor-transfected EPCs,
and hypoxia inducible factor la-transfected EPCs could
effectively attenuate PAH and reverse pulmonary vascular
remodeling (7-9). A PHACET clinical trial reported that
short-term hemodynamic improvement and the associated
long-term benefits in functional and quality of life were
evidenced in patients with PAH by delivering endothelial
NO-synthase (eNOS) gene-enhanced EPCs (10). Therefore,
combination treatment is more effective than single stem cell
transplantation. Stem cell transplantation combined with gene
therapy may be an extremely promising treatment for PAH.
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Adiponectin (APN), a 30-kDa multimeric protein produced
by fat cells, has multiple biological functions including
anti-oxidation, anti-atherosclerosis, anti-inflammation and anti-
proliferation activity (11-13).It can protect blood vessels through
various mechanisms. APN-deficient mice (APN™) suffer
from PAH accompanied by infiltration of proinflammatory
cells and overexpression of endothelial E-selectin (14-16).
Nakagawa et al reported that upregulation of APN significantly
suppressed pulmonary arterial wall thickening and right
ventricular (RV) hypertrophy induced by chronic hypoxia in
mice (17). Nevertheless, APN treatment for PAH and the under-
lying mechanisms have not been well probed.

Abnormal proliferation of pulmonary artery smooth
muscle cells (PASMCs) is a common pathologic feature of
pathological pulmonary vasculature (18). Bone morphoge-
netic protein (BMP) receptor type 2 (BMPR?2) is a member
of the transforming growth factor-pf (TGF-p) receptor
superfamily. Its mutations were confirmed in the majority of
patients with heritable PAH (19,20). In PAH models induced
by monocrotaline (MCT) and hypoxia, BMPR2 expression
was downregulated and the BMP signaling pathway was
disordered (21,22). Enhancement of the BMPR2 pathway
could inhibit the proliferation and promote the apoptosis of
PASMCs (23), which may be ultilized for the treatment of
pathological pulmonary vasculature.

Therefore, this study aimed to probe the therapeutic
efficacy of APN gene-modified ADSCs for PAH in rats and
elucidate the underlying cellular and molecular mechanisms.

Materials and methods

Materials and animals. Adenosine monophosphate activated
protein kinase (AMPK) inhibitor compound C (CC) was
purchased from Merck (Darmstadt, Germany). APN, rabbit
anti-o-smooth muscle actin (a-SMA) antibody (ab5694),
rabbit anti-AMPK antibody (ab32047), and mouse anti-BMP2
antibody (ab6285) were obtained from Abcam (Cambridge,
UK). BCA protein assay kit and rabbit anti-Smad1/5/8/9
antibody (PA1-41238) were from Pierce (Rockford, IL, USA).
BMP?2 inhibitor noggin was purchased from R&D Systems
Inc. (Minneapolis, MN, USA). Cell Counting Kit-8 (CCK-8)
was from Dojindo (Kumamoto, Japan). CD29 (102205),
CD45 (202205) and CD90 (202517) antibodies were from
BioLegend (San Diego, CA, USA). CD31 antibody (ab119339),
rat APN enzyme-linked immunosorbent assay (ELISA) kit and
adiponectin antibody were from Abcam. Collagenase type I
and MCT were purchased from Sigma-Aldrich (St. Louis,
MO, USA). 3,3'-Diaminobenzidine tetrahydrochloride
hydrate (DAB) was from Zhongshan Goldenbridge (Beijing,
China). 4',6-Diamidino-2-phenylindole (DAPI) was obtained
from Beyotime Institute of Biotechnology (Jiangsu, China).
Dulbecco's modified Eagle's medium (DMEM), DMEM-F12
medium, and fetal bovine serum (FBS) were obtained from
HyClone (Logan, UT, USA). Enhanced chemiluminescent
(ECL) reagent was from Amersham (Piscataway, NJ, USA).
Goat anti-rabbit IgG was obtained from ZSGB-Bio (Beijing,
China). Optimal cutting temperature compound (OCT) was
obtained from Miles Scientific (Naperville, IL, USA). Rabbit
anti-p-AMPK (2535S) and rabbit anti-p-Smad1/5/8/9 (9511S)
antibodies were purchased from Cell Signaling Technology

(Danvers, CO, USA). Rabbit anti-B-actin (sc-10731) and
CD34 (sc-65261) antibodies were obtained from Santa Cruz
Biotechnology, Inc. (Dallas, TX, USA). SD rat ADSC func-
tional identification kit was bought from Cyagen Biosciences,
Inc. (Guangdong, China).

Male Sprague-Dawley (SD) rats (8-weeks of age) were
obtained from Slaccas Co. Ltd. (Shanghai, China) (certificate
no. 20120003). All animals were raised with food and water
ad libitum. The study protocol was reviewed and approved
by the Institutional Animal Care and Use Committee, The
First Affiliated Hospital of Fujian Medical University, China
and was in accordance with the guidelines established by the
Chinese Council of Animal Care.

Isolation and characterization of ADSCs. ADSCs were
isolated from the rats as described in our previous study (4).
Briefly, bilateral inguinal subcutaneous adipose tissue was
excised, minced, and digested with 0.1% collagenase type I for
60 min at 37°C. The mixture containing the ADSC fraction was
filtered through a mesh and centrifuged for 10 min at 1,000 x g.
The resultant pellet was resuspended and cultured in DMEM-
F12 media containing 15% FBS at 37°C in 5% CO,. After 3 to
4 days, the culture medium was completely changed. All cells
were cultured for another 14 days with a change of the culture
media every 3 days. The multipotency of ADSCs was assessed
via adipogenic and osteogenic differentiation assays by using
the SD rat ADSC functional identification kit according to the
manufacturer's instructions for use. ADSCs were incubated
with CD31, CD29, CD34, CD45 and CD90 antibodies and
then assayed by using flow cytometry (BD FACSCalibur;
BD Biosciences, Franklin Lakes, NJ, USA).

Infection of ADSCs with the APN lentiviral vector. After being
cultured for 14 days, ADSCs were infected with green fluo-
rescent protein (GFP)-empty (ADSCs-V) or APN-expressing
lentiviral vector (ADSCs-APN) at a multiplicity of infec-
tion (MOI) of 10. The GFP-empty lentivirus served as a negative
control. Rat APN-GFP cDNA was cloned in the GV287 vector
from GenePharma Co, Ltd. (Shanghai, China). Primers for
rat APN were forward, ACTCAGCATTCAGCGTAGGG and
reverse, CGTCGCCGTCCAGCTCGACCAG. After incuba-
tion for 12 h, the medium was replaced by fresh DMEM and
the cells were cultured for another 72 h. Supernatants were
collected for the quantification of APN protein using the rat
APN ELISA kit according to the manufacturer's instruction
for use. The absorbance was determined at 450 nm with a
sensitivity of 1.5 ng/ml.

Animal treatments. Forty SD rats were randomly divided into
five groups (n=_8): normal control (Ctr), PAH, ADSCs, ADSCs
infected with the GFP empty lentiviral vector (ADSCs-V),
and APN-GFP gene-modified ADSCs (ADSCs-APN). Rats in
the PAH, ADSCs, ADSCs-V and ADSCs-APN groups were
intraperitoneally administered 40 mg/kg MCT, while those in
the Ctr group were injected with an equal volume of saline.
After 2 weeks, 1.0x10° ADSCs, ADSCs infected with the
GFP empty lentiviral vector, and APN-GFP gene-modified
ADSCs were injected into the left jugular vein of the rats,
respectively. Three weeks later, mean pulmonary arterial pres-
sure (mPAP) was measured as described below. Then the rats
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were euthanized, and the lung and heart tissues were collected
for following analyses.

ADSCs-APN in the lung. To determine the location of the ADSCs
in the lung, GFP-labeled ADSCs were evaluated by confocal
laser scanning microscopy. The right upper lobe of the lung was
dissected and washed with phosphate-buffered saline (PBS).
The tissue was perfused with a mixture of formalin and OCT,
embedded in OCT, and quickly frozen in liquid nitrogen. Then
the frozen tissue was sectioned. Cryostat sections were fixed
with formalin for 10 min and incubated with DAPI for 10 min.
The sections were examined using FlowView software (V2.0c)
on a confocal laser scanning microscope (FV1000) (both from
Olympus, Tokyo, Japan) for determining the distribution of the
GFP-labeled ADSCs in lung tissue. Images were captured in the
XYZ scan mode from top to bottom of the section. GFP was
excited at 488 nm and DAPI was excited at 405 nm.

The expression of APN in the lung was detected by
western blot analysis. Lung tissue was homogenized and lysed
in a protein extraction buffer containing the protease inhibitor
phenylmethylsulfonyl fluoride. The protein concentration
was determined using a BCA protein assay kit. Proteins were
separated using 10% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE), and then transferred to a
polyvinylidene fluoride (PVDF) membrane. The membrane
was incubated with the adiponectin antibody (1:1,000) and the
subsequent secondary antibody. The membrane was analyzed
on a gel imaging system (ChemiDoc™ XRS; Bio-Rad,
Hercules, CA, USA). The optical densities of protein strips
were evaluated with a Gel-Pro analyzer software (Media
Cybernetics, Rockville, MD, USA).

Measurement of mPAP and RV hypertrophy index (RVHI).
After treatments, rats were anesthetized with 10% chloral
hydrate (400 mg/kg). mPAP was recorded as described previ-
ously (4,24). In brief, polyethylene micro-catheters (Chinese
Peking Union Medical Physiology) were inserted into the
pulmonary artery via the right external jugular vein and
connected to a transducer. The mPAP data were collected and
analyzed by Powerlab-ML221 (AD Instruments, New South
Wales, Australia). RVHI was assessed by weighing the RV sepa-
rately from the left ventricle (LV) with the septal wall (SW).

Pulmonary vascular remodeling analysis. Paraffin-embedded
sections were prepared and stained with hematoxylin and
eosin (H&E). Pulmonary arteriolae between 50 and 200 ym
in external diameter (ED) were chosen for morphological
analysis. Wall thickness (WT) and ED of the pulmonary
arteries were measured using IPP 6.0 image analysis software
(Media Cybernetics). The remodeling of pulmonary arterioles
was calculated as WT% = 2 x WT/ED x100% (4,24). For
immunohistochemical analysis, sections were incubated with
0o-SMA antibody at 4°C overnight followed by the secondary
antibody. Subsequently, they were incubated with DAB as a
chromogen to visualize the antigen-antibody reaction and with
hematoxylin for the counterstain of the nuclei.

RV function. The rats were sedated and laid in the supine posi-
tion. Transthoracic echocardiography was performed using a
GE Vivid-E9 ultrasound device (General Electric Co., Fairfield,
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CT, USA) with a 12.0 MHz linear array transducer. During
the ultrasonic examination, the lead electrocardiogram was
recorded and the heart rate (HR) was monitored. Pulmonary
artery acceleration time (PAAT) was measured by a pulsed-
wave Doppler in the parasternal short-axis view and defined
as the time interval from onset to the maximal velocity of
pulmonary artery forward flow. Since PAAT is HR-dependent,
we corrected the PAAT using the revised formula PAAT/
HR. Right ventricular WT (RVWT), right ventricular end
systolic diameter (RVESD), and right ventricular end diastolic
diameter (RVEED) were obtained from the apical 4-chamber
view. Tricuspid annular plane systolic excursion (TAPSE) was
measured by M-mode tracings. The echocardiographic param-
eters were analyzed with Echo software by a sonographer who
was blinded to the hemodynamic and morphological data.
Three representative cycles were conducted.

Prepartion of PASMCs. Pulmonary artery tissues were
isolated from the rats in the PAH group. The pulmonary
arteries were separated from the connective tissues, minced
to a size of ~Ixl mm, placed into a dish, and incubated
with DMEM supplemented with 15% FBS. PASMCs were
identified as having a smooth muscle phenotype by positive
immunofluorescence with the anti-a-SMA rabbit antibody.
After 3-5 cell passages, the cells were used for the following
experiments.

Cell proliferation assay. The anti-proliferative effect of APN
on PASMCs was evaluated by the CCK-8 assay. PASMCs
(2x10* cells/well) were seeded in 96-well plates containing
100 1 DMEM supplemented with 15% FBS per each well
and cultured for 24 h. Cells were washed twice with PBS.
Subsequently, cells were starved for 24 h in serum-free
medium and treated with 200 ng/ml noggin and/or 10 ug/
ml APN. Cells without any treatments served as the control.
Following a 24-h incubation, 10 yul of CCK-8 was added to
each well for 2 h. The plates were submitted to a microplate
reader (Bio-Rad 550; Leading Biological Technology Co. Ltd.,
Shanghai, China) for absorbance determination at 450 nm.

APN intervention. To investigate the effect of APN on the
expression of BMP2 in PASMCs, the cells (1x10°/ml) were
seeded in 6-well plates. After confluence reached ~70-80%,
the cells were exposed to different concentrations (0, 1.0, 5.0,
10.0 and 20.0 ug/ml) of APN for 1 h. In addition, cells were
exposed to APN at 10 ug/ml for 0,5, 15 and 30 min, 1, 6,24 and
36 h (15,25). The expression of BMP2 was detected by western
blot analysis. To probe the effect of APN on the expression
of Smad, phosphorylated (p)-Smad (p-Smad), AMPK, and
p-AMPK in PASMCs, before exposure to APN (10 ug/ml),
the cells were starved in serum-free medium for 24 h, washed
twice with PBS, and treated with 200 ng/ml BMP2 inhibitor
noggin and AMPK inhibitor CC for 4 h, respectively.

Western blot analysis. After treatments, PASMCs were lysed with
ice-cold RIPA lysis buffer for 10 min and centrifuged for 15 min
at 12,000 x g and 4°C. The supernatants were collected. The
protein concentration was determined by using a BCA protein
assay kit. Proteins were separated on 6 or 10% SDS-PAGE and
then transferred to a PVDF membrane. The membrane was
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Figure 1. Adipose-derived stem cell (ADSC) characterization and adiponectin (APN) expression. (A) ADSCs isolated from rats had spindle-shaped and
fibroblast-like morphological features. (B) After adipogenic induction, intracellular lipid accumulation was observed by Oil Red O staining. (C) After osteo-
genic induction, extracellular matrix calcification was detected by Alizarin red staining. (D) APN expression in the various groups. (E) APN protein expression
in the lung was evaluated by western blot analysis. (F) Representative fluorescence microscopy image of green fluorescent protein (GFP)-expressing ADSCs
in vitro (green). (G) Distribution of intravenously administered ADSCs in lung tissue. GFP-expressing rat ADSCs (green) were incorporated into walls of

pulmonary vascular beds. Nuclei were stained by DAPI. Scale bars, 25 ym.

blocked with 5% nonfat milk for 1 h at room temperature and then
incubated with rabbit anti-p-AMPK (1:1,000), rabbit anti-AMPK
(1:1500), mouse anti-BMP2 (1:1,000), rabbit anti-p-Smad1/5/8/9
(1:500), rabbit anti-Smad1/5/8/9 (1:1,000), and rabbit anti-3-
actin (1:1,000) antibodies at 4°C overnight. After washing, the
membrane was incubated with horseradish peroxidase (HRP)-
conjugated secondary antibody (X-Y Biotechnology Co., Ltd.,
Shanghai, China) in TBS-T for 1 h and then incubated with ECL
reagent at room temperature. The membrane was analyzed on a
gel imaging system (ChemiDoc™ XRS; Bio-Rad). The optical
densities of protein strips were assessed with a Gel-Pro analyzer
software (Media Cybernetics).

Statistical analysis. Data are expressed as mean + standard
error of the mean (SEM). Comparisons among groups were
made using one-way ANOVA followed by the Newman-Keuls
test for post hoc testing on SPSS 20.0 software. A significant
difference was defined as P<0.05.

Results

Characterization of ADSCs and transfection of APN into
ADSCs. ADSCs isolated from rats exhibited spindle-shape
and fibroblast-like morphological features (Fig. 1A). ADSCs
were able to differentiate into adipogenic and osteogenic cells
after appropriate induction (Fig. 1B and C). Flow cytometry
showed that these ADSCs were positive for mesenchymal
stem cell markers CD90 (97.9%) and CD29 (87.6%), but nega-
tive for hematopoietic/endothelial cell markers CD45 (6.2%),
CD31 (0.9%) and CD34 (37.9%) (data not shown).

After transfection of the GFP empty vector (ADSCs-V)
or APN-GFP vector (ADSCs-APN) into ADSCs, the APN
concentration in the ADSC supernatant was measured by
ELISA for determining the secretion rate of APN. We found
that the APN concentration was invariably not elevated in
the ADSCs and ADSCs-V groups (Fig. 1D). However, in the
ADSCs-APN group, the APN concentration began to increase
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Figure 2. Effect of cell-based gene transfer on hemodynamic parameters and pulmonary vascular remodeling in the rats with pulmonary arterial hyperten-
sion (PAH). (A) Mean pulmonary arterial pressure (mPAP). (B) Wall to lumen thickness (WT%) in the Ctr, PAH, adipose-derived stem cells (ADSCs),
ADSCs-V and ADSCs-adiponectin (APN) groups. 'P<0.05 vs. Ctr group; “P<0.05 vs. PAH group; “P<0.05 vs. ADSCs group. (C) Representative pulmonary
arteries with H&E staining. Scale bars, 50 ym. (D) Representative pulmonary arteries immunostained with a-smooth muscle actin (a-SMA) antibody. Scale

bars, 50 ym. .

2 days after transfection and it reached the peak value on
day 7.

ADSCs-APN in the lung. Western blot analysis was used to
measure APN protein expression in the lung of rats after various
treatments (Fig. 1E). It was demonstrated that expression of
APN protein was obviously increased after ADSCs-APN
transplantation (ADSCs-APN group) as compared with levels
in the ADSCs and ADSCs-V groups. The location of GFP in
ADSCs was evaluated by fluorescence microscopy (Fig. 1F).
Twenty-four hours after APN gene transfection into ADSCs,
the green fluorescence of GFP was observed within the cells
and GFP was active after several passages. The frozen section
with double fluorescence analysis was employed to evaluate the
location of ADSCs-APN in the lung of rats (Fig. 1G). Results
revealed that the green fluorescene of APN-GFP and the blue
fluorescence of the cell nuclei were merged, suggesting the
engraftment of ADSCs-APN across lung tissues of rats. The
blue nuclei outlined the vascular wall and the green ADSCs
were located around the vessels.

ADSCs-APN attenuate PAH. The mPAP results are depicted
in Fig. 2A. In the Ctr group, mPAP was 16.38+0.91 mmHg.
After MCT administration, PAH was well established with
the mPAP of 32.62+1.77 mmHg. Compared to the PAH group,

moderate decreases in mPAP were noted in the ADSCs and
ADSCs-V groups with 27.11+£2.12 and 26.44+2.91 mmHg,
respectively. Notably, although the mPAP in the ADSCs-APN
group (21.44+0.89 mmHg) was still significantly higher than
that in the Ctr group, it was effectively reduced in comparison
with the ADSCs and ADSCs-V groups (P<0.05). These results
indicated that ADSCs-APN rather than ADSCs and ADSCs-V
were capable of strongly attenuating PAH.

ADSCs-APN reverse pulmonary vascular remodeling. To
determine the effect of ADSCs-APN on vascular remod-
eling, the WT of the pulmonary arteriolae in the rats was
examined (Fig. 2B and C). Compared to the Ctr group, the
WT% was markedly elevated in the PAH group (P<0.05),
suggesting the progression of wall thickening in the pulmo-
nary arterioles. However, the WT% in both the ADSCs and
ADSCs-V groups was significantly lower than that in the PAH
group (P<0.05). The WT% was further significantly reduced
in the ADSCs-APN group as compared with the ADSCs and
ADSCs-V groups (P<0.05), suggesting that ADSCs-APN
transplantation further prevented arteriolar wall thickening.
a-SMA is a positive marker for smooth muscle cells
(SMCs). The proliferation of pulmonary arterioles was
evaluated by a-SMA expression analysis. Morphometric
immunostaining of lung sections demonstrated that a-SMA
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Table I. Echocardiographic parameters of the PAH rats after various treatments.

Ctr PAH ADSCs ADSCs-V APN-ADSCs
TAPSE (mm) 2.87+0.23 1.4820.10° 1.97+0.13 1.87+0.08* 2.43+0.070¢
RVEDD (mm) 2.55+0.18 4.23+0.58" 3.670.58° 3.700.32° 3.71+0.32°
RVESD (mm) 2364023 3.1120.22° 2.68+0.53 2.72+0.18 284044
RVWT (mm) 2.41£0.26 2.94+0.23° 2.68+0.27 2.69+0.29 2.68+0.27
PAAT/HR 0.2520.02 0.1420.02° 0.18+0.02:* 0.1820.02 0.2220.02>¢

*P<0.05 vs. Ctr group; "P<0.05 vs. PAH group; “P<0.05 vs. ADSC group. PAH, pulmonary arterial hypertension; ADSCs, adipose-derived stem
cells; APN, adiponectin; TAPSE, tricuspid annular plane systolic excursion; RVEDD, right ventricular end diastolic diameter; RVESD, right
ventricular end systolic diameter; RVWT, right ventricular wall thickness; PAAT, pulmonary artery acceleration time; HR, heart rate.

Ctr PAH

ADSCs ADSCs-V ADSCs-APN

Figure 3. Effect of cell-based gene transfer on right ventricle function. (A) Index of right ventricular hypertrophy (RVHI%) in the Ctr, pulmonary arterial
hypertension (PAH), adipose-derived stem cells (ADSCs), ADSCs-V and ADSCs-adiponectin (APN) groups. "P<0.05 vs. Ctr group; “P<0.05 vs. PAH group.
(B) Pulmonary artery acceleration time (PAAT) by pulsed wave-Doppler echocardiography. Representative pulmonary artery flow in the short axis view at the

level of the parasternal in the Ctr, PAH, ADSCs, ADSCs-V and ADSCs-APN groups.

expression in the PAH group was obviously higher than that
in the Ctr group (Fig. 2D). After ADSCs and ADSCs-V treat-
ments, slight suppression of a-SMA expression was found.
Importantly, the a-SMA expression in the ADSCs-APN group
was notably inhibited in comparison with the PAH, ADSCs
and ADSCs-V groups. Thus, the increase in WT of pulmonary
arterioles was positively associated with the enhancement of
SMC proliferation. These results suggested that ADSCs-APN
rather than ADSCs and ADSCs-V was able to powerfully
reverse pulmonary vascular remodeling.

ADSCs-APN improve RV function. MCT treatment resulted in
severe RV hypertrophy with a sharp increase in RVHI value
as compared with the Ctr group (P<0.05) (Fig. 3A). There was
no significant difference in the RVHI values between the PAH
and ADSCs/ADSCs-V groups (P>0.05). However, compared
to the PAH group, the RVHI value was significantly reduced
by the ADSCs-APN transplantation (P<0.05).

Fig. 3B shows the pulmonary artery forward flow and
the PAAT of rats after diverse treatments. In the Ctr group,
the blood flow through pulmonary arteries had a typical
‘rounded’ shape. However, in the PAH group, the velocity
profile of the pulmonary artery was altered to a ‘spike and
dome’ morphology with reduced PAAT. After the ADSC and
ADSCs-V treatments, the echo profiles showed that both PAAT
and ejection time were obviously increased. Furthermore,
this profile in the ADSCs-APN group was further improved

and almost similar to the Ctr group with similar PAAT and
morphology. It was suggested that ADSCs-APN rather than
ADSCs and ADSCs-V vigorously attenuated the high resis-
tance of the pulmonary artery.

The hemodynamic and structural characteristics including
TAPSE, RVEDD, RVESD, RVWT and PAAT/HR measured
by echocardiography are documented in Table I. TAPSE and
PAAT/HR in the PAH group were significantly decreased as
compared with the Ctr group (P<0.05), and this decrease was
reversed to a relative high level in the ADSCs and ADSCs-V
groups. ADSCs-APN further significantly raised the TAPSE
and PAAT/HR as compared with the ADSCs and ADSCs-V
groups (P<0.05). As for RVEDD, it was notably increased in
the PAH group, and it was similar among the PAH, ADSCs,
ADSCs-V and ADSCs-APN groups. RVESD and RVWT in
the PAH group were significantly higher than those in the Ctr
group (P<0.05), but after ADSCs, ADSCs-V and ADSCs-APN
treatments, they were non-significantly reduced to relative low
levels. There was no significant difference in all parameters
between the ADSCs and ADSCs-V groups.

APN suppresses the proliferation of PASMCs via the AMPK/
BMP/Smad signaling pathway. PAMSCs were isolated from
the rats bearing PAH and they were presented as spindle
shapes under phase contrast microscopy (Fig. 4A, left). The
right image in Fig. 4A shows the immunofluorescence of
PASMCs with a-SMA marking.
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Figure 4. Effect of adiponectin (APN) on pulmonary artery smooth muscle cells (PASMCs). (A) Left, typical ‘hill and valley’ appearance of rat PASMCs under
phase contrast microscope; right, positive immunofluorescent identification of a-smooth muscle actin (a-SMA). (B) Cell proliferation was analyzed by Cell
Counting Kit-8 (CCK-8) assay. (C and D) PASMCs were incubated with APN (0-20 gg/ml) for 1 h and bone morphogenetic protein-2 (BMP2) expression was
measured by western blot analysis. "P<0.05 vs. 0 ug/ml group; “P<0.05 vs. 5 ug/ml group. (E and F) PASMCs were incubated with 10 #g/ml APN for indicated
time intervals and BMP2 expression was measured by western blot analysis. "P<0.05 vs. 0 min group; “P<0.05 vs. 30 min group. (G-N) Adiponectin (APN)
exerted antiproliferative effects by modulating the AMPK/BMP/Smad signaling pathway. (G-J) Rat PASMCs were exposed to APN (10 yg/ml) and/or noggin
(200 ng/ml) and BMP2, p-Smad and Smad expression was analyzed with western blot analysis. (K-N) PASMCs were treated with compound C (20 gmol/l)
and/or APN (10 yg/ml) and BMP2, p-AMPK and AMPK expression was analyzed by western blot analysis. CC, Compound C. ‘P<0.05 vs. Ctr group;

"P<0.05 vs. APN group.

PASMC:s isolated from the rats with PAH were exposed
to APN (10 ug/ml) and/or a specific BMP2 inhibitor noggin
(200 ng/ml) and the viability of PASMCs was analyzed
by CCK-8 assay (Fig. 4B). A similar absorbance was found
between the Ctr and noggin groups. APN markedly reduced
the absorbance as compared with the Ctr and noggin groups
(P<0.05). However, after the combination treatment of APN
and noggin, the absorbance was significantly reversed to

a relative high level in comparison with the APN group
(P<0.05). These results implied that APN inhibited the growth
of PASMC:s from the rats bearing PAH and that the inhibitory
effect of APN was weakened by the BMP2 inhibitor.

The effect of APN on BMP2 protein expression was
determined by qualitative and quantitative western blot
analysis (Fig. 4C and D). The expression of BMP2 was upreg-
ulated along with the increase in the APN dosage (0, 1, 5 and
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10 ug/ml), reaching a peak at 10 ug/ml of APN. There was no
significant difference in the BMP2 expression between treat-
ment with 10 and 20 yg/ml of APN. Therefore, the optimum
dosage of APN was found to be 10 pg/ml. PASMCs were then
incubated with APN (10 pg/ml) for varying time intervals
and BMP?2 protein expression was measured by western blot
analysis again (Fig. 4E and F). APN elevated the expression
of BMP2 in a time-dependent manner between 0 and 6 h and
a peak value was found at 6 h. Next, it gradually decreased
and returned to the baseline level at 36 h. These results indi-
cated that APN upregulated the BMP2 protein expression in
PAMSC:s in dosage- and time-dependent manners.

In an attempt to identify the influence of APN on the
BMP/Smad-related signaling pathways, the expression of
BMP2, Smad, p-Smad, AMPK and p-AMPK after treat-
ment with APN, noggin and CC was evaluated by western
blot analysis (Fig. 4G-N). We found that APN treatment
increased the expression of BMP2 and p-Smad proteins, while
noggin downregulated their high expression levels induced
by APN (Fig. 4G-I). Similarly, APN treatment elevated the
expression of BMP2 and p-AMPK proteins, while CC down-
regulated their strong expression induced by APN (Fig. 4K-M).
There was no difference in the expression of Smad and AMPK
proteins among the above groups (Fig. 4] and N).

Discussion

PAH is a progressive disease characterized by increased
pulmonary arterial pressure, pulmonary vascular remodeling,
and RV dysfunction, which finally leads to right heart failure
and death. The pathogenesis of PAH is still poorly understood,
but it is intensely associated with excessively proliferative
smooth muscle cells that disturb the balance among vasoactive
substances and occlude the pulmonary arterial lumen (26). How
to repair these damaged cells and restore their function are a
major challenge for tissue regeneration engineering. In recent
years, stem cells and cell-based gene therapy have become
the most promising therapeutic strategies (27). Our results
revealed that ADSCs were successfully isolated from rats and
the APN gene was effectively transfected into the ADSCs.
ADSCs were labeled with GFP to investigate the location of
the ADSCs in the lung and we found that engrafted ADSCs
in the lung were located around vessels. After the effective
transplantation of ADSCs-APN into the rats presenting PAH,
mPAP and RVHI were significantly decreased as compared
with the ADSCs and ADSCs-V treatments. The WT of the
small pulmonary arteries, which represents vascular remod-
eling, was also significantly reduced after ADSCs-APN
treatment. Hyperplastic smooth muscle cells were evaluated
by H&E and a-SMA immunohistochemical staining of tissue
sections, and PAAT and echocardiographic parameters such
as PAAT/HR, RVWT, RVESD, RVEED and TAPSE were
more effectively improved by the ADSCs-APN treatment
rather than ADSCs and ADSCs-V. These results suggest that
antiproliferative activity plays a crucial role in the APN and
ADSC combination therapy for PAH.

Many previous studies have investigated cell therapy such
as EPCs and mesenchymal stromal cells for PAH (28,29).
ADSC:s are attractive cells for PAH therapy due to their easy
achievement, low immunogenicity, multilineage differentia-

tion potential, and abundant supply in the body. We found that
ADSCs attenuated PAH and pulmonary arterial remodeling,
which was in agreement with a previous study (30). ADSCs
originate from adipose and have the ability to differentiate into
vascular endothelial cells, vascular smooth muscle cells, and
peripheral blood cells, thus promoting angiogenesis and graft
survival (31). Moreover, ADSCs secrete a variety of cytokines
and angiogenic factors to improve the tissue microenviron-
ment (31,32). ADSCs also recruit host stem cells to the site of
injury and activate the self-repair function (33).

However, other researchers have reported that ADSCs have
no significant beneficial effect on MCT-induced PAH rats (6),
which may be due to the differences in MCT dosage and admin-
istration method. In this study, we injected 40 mg/kg MCT to
induce the PAH model and mPAP was elevated to ~33 mmHg,
whereas the authors of the previous study administered 60 mg/
kg MCT and mPAP reached up to 55 mmHg. It was possible
that the higher pressure in the pulmonary artery largely
weakened the positive effect of ADSC treatment. Moreover,
we administrated ADSCs via the jugular vein, whereas they
used intratracheal injections. Capillary beds are abundant in
the lung tissues, which are beneficial for ADSC colonization.
Therefore, it is speculated that intratracheal administration
would not effectively improve the effect of ADSCs on PAH.

Increasing knowledge concerning the relationship between
obesity and pulmonary vascular diseases has emerged. An
autopsy study of 76 obese subjects revealed that the obese
group had more extensive pulmonary hypertensive changes as
compared with the control group (34).In addition,the REVEAL
registry, the largest PAH database in the USA, indicated a
higher prevalence of overweight and obese individuals among
those with idiopathic forms of PAH (35). APN is one of the
most important adipocytokines secreted from adipose tissue,
which possesses biological pleiotropic actions in metabolism,
immune regulation, and antiproliferative activities (36). APN
may influence the progression of PAH. The WT of pulmonary
vessels and RV hypertrophy were significantly increased and
severe PAH was developed in the APN-deficient (APN™)
mice (14,15). APN overexpression was found to ameliorate
pulmonary arterial remodeling and suppress elevated pulmo-
nary artery pressure (17). In this study, after treatment with
the ADSCs-APN, the hemodynamic changes and vascular
remodeling of PAH were greatly attenuated. Furthermore,
the combination of APN and ADSC therapy was much more
effective than ADSC therapy alone.

To explore the underlying mechanisms in the PAH therapy
here, we evaluated the thickness of the smooth muscle layer
in the lung by examining the immunohistochemical expres-
sion of a-SMA. Compared to the Ctr group, all the treatment
groups had a significantly smaller WT of pulmonary vascu-
lature. The ADSCs-APN group had a thinner vascular wall
than the ADSCs and ADSCs-V groups. It was suggested that
APN attenuated the MCT-induced PAH and pulmonary arte-
rial remodeling via ameliorating the wall thickening of the
pulmonary arterioles. Moreover, APN was found to directly
suppress the proliferation of PASMCs (25,37). The accumula-
tion of smooth muscle cells in vessel walls was found to be
enhanced and APN suppressed PAH by directly inhibiting
PASMC proliferation in APN-deficient mice (14,15,17).
Therefore, we hypothesized that the mechanism of reversing
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vascular remodeling was associated with the anti-proliferation
of PASMCs by APN and we probed the molecular mecha-
nisms involved in this anti-proliferation process. It is well
known that BMPs interact with receptors and trigger Smad
phosphorylation to propagate the signals into the nucleus
and regulate target gene expression (38). BMPs were found
to inhibit the proliferation of smooth muscle cells through a
Smad-dependent pathway (39,40). A dysfunctional BMP/Smad
signaling pathway was found to be an important risk factor for
hyperproliferative PASMCs (22,41-43). Therefore, we hypoth-
esized that APN suppresses the proliferation of PASMCs via a
BMP/Smad-dependent pathway.

In the present study, we found that APN partly reversed the
defect of the BMP-stimulated Smad pathway in PASMCs with
PAH. This indicated that the BMP/Smad signaling pathway
plays a crucial part in the anti-proliferation of PASMCs by
APN. The major downstream pathway of APN is the AMPK
phosphorylation pathway. AMPK is not only involved in the
regulation of glucose and lipid metabolism, but also has a
variety of other biological activities, such as inhibition of tumor
cell proliferation, autophagy, stress response and polarity
regulation (44). Activation of AMPK was found to arrest the
cell cycle in the GO/G1 phase and restrain tumor growth by
increasing p53 expression (45). Additionally, AMPK activation
may also suppress the proliferation of vascular smooth muscle
cells via an mTOR-dependent pathway (46). Here, we demon-
strated for the first time an involvement of the AMPK pathway
in the BMP/Smad-dependent induction of proliferative inhibi-
tion by APN. Therefore, these results indicate that BMP/Smad
may function as a downstream signaling pathway of AMPK in
APN regulation. Taken together, our findings confirmed that
APN suppressed PASMC proliferation via the AMPK/BMP/
Smad pathway.

Besides the canonical BMP/Smad pathway, other non-Smad
pathways such as MAPK kinases and PI3K kinase/Akt may
also be involved in PAH pathogenesis (47-51). Here, we only
evaluated the effect of APN on the Smad signaling pathway. It
is yet unclear whether a non-Smad pathway is also involved in
APN-mediated inhibition of PASMC proliferation and whether
there is cross-talk between Smad and non-Smad pathways. This
illustrates the complexity of understanding the BMP pathway
and these issues will be investigated in our future studies.

We also confirmed that RV function was more effectively
improved by ADSCs-APN transplantation rather than ADSC
therapy alone. Although the observed beneficial effects of
APN are incompletely understood, it is generally believed to
exert its effects by decreasing oxidative stress of myocardial
cells (52). Further studies are necessary to elucidate these
gene-related mechanisms in myocardial cell lines.

In conclusion, transplantation of ADSCs attenuated
MCT-induced PAH in rats, and transfection of APN into
ADSCs further promoted this therapeutic effect in vivo. The
main mechanism of this effect was that the anti-proliferation
of PASMCs by APN based on the regulation of the AMPK/
BMP/Smad pathway suppressed the hyperplasia of the pulmo-
nary vascular wall. ADSCs are useful and effective vehicles
with which to deliver therapeutic genes intravenously to the
lung to treat PAH. At present, no effective therapeutic options
are available for PAH. This study has important implications
for PAH therapy and provides solid evidence to support future
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investigation of regenerative cell-based gene strategies for the
treatment of patients with severe PAH and congenital heart
disease. Therapies restoring APN signaling may present novel
modalities to prevent PAH progression and its complications.
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