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Background Pulmonary arterial hypertension (PAH) is characterised by remodelling in vascular smooth muscles, and

switching from contractile (differentiated) to synthetic (dedifferentiated) phenotype. This study aimed to

investigate the effect of a mutated caveolin-1 (Cav1F92A) gene from bone marrow mesenchymal stem cells

(rBMSCs) on phenotypic switching in the smooth muscle cells during PAH.

Methods Human pulmonary smooth muscle cells (HPASMCs) were treated with monocrotaline (MCT,1 mM), and

co-cultured with Cav1F92A gene modified rBMSCs (rBMSCs/Cav1F92A). The nitric oxide (NO) production,

cell adhesion, cell viability and inflammatory cytokines expression in rBMSCs was measured to evaluate the

survival rate of rBMSCs and the changes of inflammatory cytokines. The concentration of NO/cGMP (nitric

oxide/Guanosine-3’,5’-cyclic monophosphate), the tumour necrosis factor-alpha (TNF-a), transforming

growth factor-beta1 (TGF-b1) mRNA, the expression of contractile smooth muscle cells (SMCs) phenotype

markers (thrombospondin-1 and Matrix Gla protein, MGP), the synthetic SMCs phenotype markers
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(H-caldesmon and smooth muscle gene SM22 alpha, SM22a), cell migration and the morphological changes

in rBMSCs/Cav1F92A co-cultured HPASMCs were investigated.

Results Cav1F92A increased NO concentration, cell adhesion, cell viability, anti-inflammatory cytokines interleukin-

4 (IL-4), and interleukin-10 (IL-10), but decreased the inflammatory cytokines interleukin-1a (IL-1a),
interferon-g (INF-g) and TNF-a expression in rBMSCs. rBMSCs/Cav1F92A activated the NO/cGMP,

down-regulated TNF-a, TGF-b1, thrombospondin-1 and MGP expression, up-regulated SM22a and H-

caldesmon expression, restored cell morphology, and inhibited cell migration in MCT treated HPASMCs.

Conclusions rBMSCs/Cav1F92A inhibits switching from contractile to synthetic phenotype in HPASMCs. It also inhibits

migration and promotes morphological restoration of these cells. rBMSCs/Cav1F92A may be used as a

therapeutic modality for PAH.

Keywords Nitric oxide � Human pulmonary artery smooth muscle cells � Rat bone marrow mesenchymal stem

cells � Mutation caveolin-1(Cav1F92A) � Phenotypic switching
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Introduction
Pulmonary arterial hypertension (PAH) is characterised by

smooth muscle remodelling of the pulmonary arteries [1].

The homeostatic imbalances, such as phenotypic dedifferen-

tiation in pulmonary smooth muscle cells, are considered a

primary cause for PAH [2]. Pulmonary smooth muscle cells

maintain the ability of proliferation during switching from

contractile to synthetic phenotype [3], which plays a critical

role for the development of PAH [4]. Phenotypic switching in

pulmonary smooth muscle cells leads to structural remod-

elling, enhanced cell proliferation and migration [5]. These

changes result in concentric medial thickening of small arte-

rioles, neovascularisation of nonmuscular capillary-like ves-

sels, and structural changes in larger pulmonary arteries [4].

Therefore, regulating phenotypic switching of pulmonary

smooth muscle cells may be a useful strategy in the preven-

tion or treatment of PAH.

Current evidence suggests that inflammation plays a signif-

icant role in various types of PAH [6,7]. Inflammatory infil-

trates in the lungs could stimulate the structural remodelling in

the vasculature [8], and contribute to the pathogenesis of PAH

by mediating phenotypic switching in pulmonary smooth

muscle cells [9]. Nitric oxide (NO) has been shown to reduce

lung inflammation [8], and regulate vascular smooth muscle

cells proliferation, migration and differentiation [10,11]. Cav-

eolin-1 (Cav1) plays an important role in suppressing endo-

thelial nitric oxide synthase (eNOS) activity, and leading to

decreased NO production [12]. Our recent study showed that

substitution of alanine for phenylalanine produces a noninhi-

bitory and mutated caveolin-1 (Cav1F92A), which modifies rat

bone marrow mesenchymal stem cells (rBMSCs), increasing

endothelial nitric oxide synthase (eNOS) expression and NO

production [13]. The mutated caveolin-1 (Cav1F92A) also inhib-

its proliferation of smooth muscle cells in the pulmonary vas-

culature, and improves pulmonary haemodynamics [13].

Therapies with mesenchymal stem cells (MSCs) is an

attractive option for the management of cardiovascular dis-

ease such as PAH [14,15]. The effect of Cav1F92A gene
modified rBMSCs (rBMSCs/Cav1 ) on phenotypic

switching in Human Pulmonary Artery Smooth Muscle Cells

(HPASMCs) has not yet been studied. Monocrotaline (MCT)

is a poisonous crystalline alkaloid extracted from a legumi-

nous plant of the genus Crotalaria (C. spectabilis) or the same

genus of other plants. It can result in dysfunction of pulmo-

nary artery endothelial cells and smooth muscle cells, which

leads to intimal hyperplasia of the pulmonary artery and

vascular remodelling[16]. MCT induced PAH is similar to

human PAH [17]. In the present study, we investigated the

effect of rBMSCs/Cav1F92A on phenotypic switching in

HPASMCs treated with MCT in vitro, to provide evidence

for in vivo studies on PAH in the future.
Materials and Methods

Cell Culture
Human pulmonary artery smooth muscle cells were obtained

from Sciencell (Sciencell Research Laboratories, Inc., San Diego,

CA, USA), and cultured with Smooth Muscle Cell Growth

Supplement. (Sciencell Research Laboratories, Inc., Beijing

Solarbio Science & Technology Co., Beijing, China). Rat bone

marrow mesenchymal stem cells were isolated, cultured as we

described previously [13]. Briefly, rBMSCs were cultured in

Dulbecco’s Modified Eagle Media/Nutrient Mixture F12

(DMEM/F-12) (M&C Gene Technology [Beijing] LTD., Beijing,

China), supplemented with 10% fetal bovine serum (FBS,

Hyclon) and 1% penicillin/streptomycin (Beijing Solarbio Sci-

ence & Technology Co., LTD., Beijing, China). Cells were main-

tained in 37 �C at a humidified atmosphere of 5% CO2. The wild

type Cav1-GFP plasmid was purchased from Addgene (Cam-

bridge, MA, USA). The lentiviral packaging plasmids psPax2,

pRSV-Rev, VSV-G were given as a kind gift by Dr Padraig

Strappe (Central Queensland University, Rockhampton, Qld,

Australia). The pLVX-mCMV-mCherry lentiviral vector back-

bone, pLVX- Cav1-mCMV-ZsGreen (LV-Cav1) and pLVX-

Cav1F92A-mCMV-mCherry (LV-Cav1F92A) lentiviral vector

was purchased from Biowit Technologies (Shenzhen, China).
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Identification of rBMSCs
The cultured rBMSCs (1 � 106/ml) were trypsinized, washed

with PBS and stained for 30 minutes at 37 �C in the dark with

the following antibodies: anti-CD29-BV421TM, anti-CD 34-

PE, anti-CD44-FITC, anti-CD 45-PE, anti-CD 73-V450TM

and anti-CD 90-BV480TM (all from BD Biosciences PharMin-

gen, San Diego, CA, USA). Cell surface markers were ana-

lysed by flow cytometry (Becton, Dickinson, NJ, USA) and

data analyses were conducted using BD FACSDiva (BD Bio-

sciences, San Jose, CA, USA) software.

For osteogenic differentiation, rBMSCs (2 � 105/ml) were

cultured with complete Dulbecco’s Modified Eagle Media

(DMEM) medium (Shanghai Biotech Co., Shanghai, China),

containing 10% FBS and 1% penicillin/streptomycin supple-

mented with dexamethasone(100 nM),beta-Glycerolphosphate

(10 mM) and ascorbic acid 2-phopshate (200 mM, all from

Sigma–Aldrich, St. Louis, MO, USA). The media were changed

every 3 days. Calcium deposits were detected in the extracellular

matrix with 2% Alizarin Red S (Sigma–Aldrich) after 21 days of

osteogenic differentiation, and stained for bright orange-red. For

adipocyte differentiate, cells (2 � 105/ml) were incubated with

adipogenic induction media (containing complete DMEM

medium supplemented with dexamethasone (1 mM), 3-isobu-

tyl-1-methylxanthine (IBMX, 0.5 mM), insulin [10 mg/ml], rosi-

glitazone [0.5 mM], and indomethacin [100 mM, all from Sigma–

Aldrich]) for 3 days, and incubated with maintenance medium

(containing complete DMEM medium) supplemented with

insulin (10 mg/ml) for 14 days until fat droplets appeared.

rBMSCs differentiation to adipocytes were confirmed by Oil

Red O (Sigma–Aldrich) staining. Both Alizarin Red S and Oil

Red O staining were visualised by light microscopy.

Lentiviral Vector Packaging and
Transduction
Lentiviral vector packaging and transduction was performed

as we described previously [18]. Briefly, lentiviral plasmids

expressing the genes of interest (7 ug), together with pack-

aging plasmids (3 ug pRSV-Rev, 3 ug VSV-G, 7 ug psPax2)

were co-transfected into 293T cells (60–80% confluent),

respectively, by lipofectamine 2000 (Thermo Fisher Scien-

tific, MA, USA), per the manufacturer’s instructions for

the generation of LV-Cav1, LV-Cav1F92A, or negative control

LV-mCherry lentivirus (transfected with pLVX-mCMV-

mCherry). The lentiviral particles were harvested at 48 hours

and 72 hours post-transfection, and virus particles were con-

centrated by the PEG-it virus precipitation solution, follow-

ing the manufacturer’s instructions (SBI, New York, NY,

USA). For rBMSCs transduction, the rBMSCs that grew at

an exponential phase were randomly divided into the five

groups: Control group, rBMSCs/Vector group (transduced

with LV-mCherry lentivirus), rBMSCs/Cav1 group (trans-

duced with LV-Cav1 lentivirus), rBMSCs/Cav1F92A group

(transduced with LV-Cav1F92A lentivirus) and rBMSCs/

Cav1F92A + L-NAME group (transduced with LV-Cav1F92A

lentivirus and treated with L-NAME (2 mM, Beyotime Bio-

technology, Jiangsu, China). The transduction efficiency was
observed under fluorescent microscopy (CKX71, Olympus)

5 days post transduction.

NO Production, Cell Viability and
rBMSCs Adhesion Assay
The nitrite, a stable end production of NO in the rBMSCs

supernatants, was measured using a Nitric Oxide Colorimet-

ric Assay Kit (Biovision, Milpitas, CA, USA) by Griess reac-

tion and detected at 540 nm by Multiskan MK3 microplate

reader. Cell viability in rBMSCs was detected by CCK-8 (Cell

Counting Kit, Beyotime). The optical density of the well was

measured at 450 nm using microplate reader. All experi-

ments were performed in triplicate at least three times.

For cell adhesion assay, the Matrigel (BD Biosciences Phar-

Mingen, San Diego, CA, USA) was diluted with cold serum-

free DMEM/F-12 at the ratio of 1:3. The mixed solution was

added to 96-well plates (50 ml/well), and washed by PBS, then

incubated with PBS containing 1% BSA in 37 �C. Each group of

cells (2 � 104 cells/ml) was plated on matrigel-coated wells,

then centrifuged (400 g � , 2 min) and incubated at 37 �C in 5%

CO2. After incubation for 20 minutes, the plate was vibrated

twice (30 s/per each). After being washed with PBS, cells were

fixed with100 ml paraformaldehyde for 15 minutes, stained

with crystal violet for 15 minutes, washed with distilled water,

and then 2% SDS was added in each well. The optical density

(OD) was measured at 590 nm using a Multiskan MK3 micro-

plate reader (Thermo Fisher Scientific, MA, USA). The experi-

ment was performed in triplicate and repeated three times.

Cytokines Concentration in rBMSCs
The effect of rBMSCs/Cav1F92A on the inflammatory cyto-

kines concentration was measured by flow cytometry analy-

sis. The supernatants in each group were collected after

5 days of transduction, cytokines concentration was mea-

sured using Cytometric Bead Array (CBA) Flex Set (BD

Biosciences PharMingen, San Diego, CA, USA). The concen-

tration of interleukin-4 (IL-4), interleukin-10 (IL-10), inter-

feron-g (INF-g), interleukin-1a (IL-1a) and tumour necrosis

factor-a (TNF-a) in cell supernatants were measured using

flow cytometry. The data was analysed with a calibration

curve prepared from serial dilutions of standard solution.

Each experiment was repeated three times.

Co-Culture
HPASMCs were cultured in the lower compartment of a

Millipore transwell-plate (Costar 3412, Corning Incorpo-

rated, NY, USA) and treated with MCT (1 mM) for 24 hours.

Each group of rBMSCs (post-transduced 5 days) was placed

onto 0.4 mm pore size polycarbonate membranes of the

upper compartment in the transwell plate. Human pulmo-

nary smooth muscle cells were evenly divided into six

groups according to co-cultured rBMSCs transduced with

different lentivirus in the upper compartment: Control

group (only HPASMCs), Model group (only MCT-

HPASMCs), Vector group (MCT-HPASMCs in the lower

compartment and co-cultured with rBMSCs/Vector), Cav1

group (MCT-HPASMCs in the lower compartment and
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co-cultured with rBMSCs/Cav1), Cav1F92A group (MCT-

HPASMCs in the lower compartment and co-cultured with

rBMSCs/Cav1F92A), Cav1F92A + L-NAME group (MCT-

HPASMCs in the lower compartment and co-cultured with

rBMSCs/Cav1F92A and treated with eNOS inhibitor L-

NAME).

NO Detection
The NO production in each group of HPASMCs was detected

at 540 nm using Multiskan MK3 microplate reader. The rela-

tive content of NO in the cells was detected by a Nitric Oxide

Colorimetric Assay Kit (Biovision Inc., Milpitas, CA, USA)

using a Griess reaction. The concentration of nitrite was

calculated using a linear calibration curve prepared from

serial dilutions of nitrite standard solution. The experiments

were performed in triplicate at least three times.

Quantitative Real-Time PCR (qPCR)
Total RNA was obtained from each group of HPASMCs by

Trizol reagent (Tiangen Biotech Co., LTD, Beijing, China),

then 1 mg of RNA was converted to cDNA and amplification

was performed using Prime ScriptTM RT Master Mix (Takara

Biotechnology, Dalian, China). Quantitative real-time PCR

assays were performed in an Applied Biosystems 7500 (ABI

7500, USA) using SYBR Premix Ex TaqTM (TAKARA Biotech-

nology, Dalian, China). The relative genes expression was

normalised to the GAPDH housekeeping gene by the 2-44CT

method. Each experiment was repeated three times. All the

Primers were purchased from Sangon Biotech, Shanghai,

China. The sequences for Guanosine-3’,5’-cyclic monophos-

phate (cGMP), 50- TGG AGG AGA ATA CTG GCA AGG �30

(Sense) and 50- TGG CTC TCT CCA CTG CTT CA �30 (anti-
sense), TNF-a, 50- ACC TCC TCT CTG CCA TCA AG �30

(Sense) and 50- CTG AGT CGG TCA CCC TTC TC �30

(antisense), transforming growth factor-beta1 (TGF-b1), 50-
GCA AGT GGA CAT CAA CGG GTT C �30 (Sense) and 50-
CGC ACG CAG CAG TTC TTC TC �30 (antisense), Throm-

bospondin-1, 50- TCC TCC TCA CCC TTG ACA AC �30

(Sense) and 50- TGG ACA GCT CAT CAC AGG AG �30

(antisense), Matrix Gla protein (MGP), 50- CCC AGG AAT

CAC ATG AAA GC �30 (Sense) and 50- TTC TCG GAT CCT

CTC TTG GA �30 (antisense), smooth muscle gene SM22

alpha (SM22a), 50- TCC AGG TCT GGC TGA AGA AT

�30 (Sense) and 50- GCT CCA TCT GCT TGA AGA CC

�30 (antisense), H-caldesmon were 50- CTC GGA TCT TCC

TGT TCC TG �30 (Sense) and 50- TTC AAG CCA GCA GTT

TCC TT �30 (antisense). All the primers were synthesised by

the Shenggong Biological engineering technology company

(Shanghai, China). The quality of primers was analysed by

melting curve analysis. The melting curve was done showing

no primer dimer and no other specific product. Each experi-

ment was evaluated with three PCR reactions and each

experiment was repeated three times.

Western Blot
The protein extracts were prepared by homogenisation in an

ice cold lysis buffer including PMSF (Beyotime
Biotechnology), then centrifuged (5 min, 4 �C and 12,000 g)

before transferring the supernatant to new tubes. The protein

concentration was analysed by BCA Protein Assay Kit (Beyo-

time Biotechnology). Equal amounts of protein (15 mg) were

then separated by 10% SDS-PAGE and were electro-trans-

ferred to polyvinylidene difluoride (PVDF) membranes

(Millipore Corp, Billerica, MA, USA) after electrophoresis.

The PVDF membranes were incubated with 5% skimmed

milk in TBST at room temperature for 1 hour, then incubated

overnight at 4 �C with polyclonal antibody TNF-a (1:200

dilution, Boster Biological Technology, Wuhan, China),

monoclonal antibody TGF-b1 (1:1000 dilution, Abcam, Cam-

bridge, UK) and b-actin antibody (1:1000 dilution, Abcam).

The PVDF membranes were incubated with goat anti-rabbit

or goat anti-mouse IgG/HRP secondary antibodies (Beyo-

time, Biotechnology), respectively, diluted at a ratio of 1:1000

for one hour before washing with TBST three times. Protein

bands were visualised using ECL western blotting kit (Beyo-

time Biotechnology). The intensity of resulting bands was

measured by a densitometer, and analysed with AlphaView

analysis software (ProteinSimle, San Jose, CA, USA). The

values for proteins expression were normalised using

b-actin.

Morphological Changes of HPASMCs
and HPASMCs Migration Assay
Morphological changes of HPASMCs was investigated and

photographed under fluorescent microscopy (CKX71,

Olympus) after HPASMCs co-cultured with different gene

modified rBMSCs for 72 hours. For HPASMCs migration

Assay, 200 ml tips were utilised to draw the centreline of

each well at the bottom of plates after the HPASMCs were

co-cultured with each group of rBMSCs for 24 hours. The

images were taken at 0 hours and 24 hours after scratch. The

distance of wound healing was measured by Image-Pro Plus

6.0 software (Media Cybernetics, Silver Spring, MD, USA).

Wound healing was calculated by the formula: wound heal-

ing (%) = [1-(wound area at T24 h/wound area at T0 h)] �
100%. A total of five areas were selected randomly from

each well and the cells in three wells of each group were

quantified.

Statistical Analysis
The values were expressed as means � SD. The statistical

significance of difference was calculated by one-way

ANOVA, followed by SNK-q test using the SPSS 16.0 statis-

tical package (IBM SPSS Statistics for Windows, Chicago, Il,

USA). P value < 0.05 was considered statistically significant.
Results

Expression of Cell Surface Markers and
Differentiation Ability of rBMSCs
Rat bone marrow mesenchymal stem cells surface

markers CD34 (3.7%) and CD45 (23.9%), representing
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haematopoietic cell-specific markers, were lower than in

the isotype control. The percentage of the mesenchymal

stem cell-specific markers CD29, CD73 and CD90 positive

cells were more than 90%, and CD44 positive cells were

nearly 90% (Figure 1A). Alizarin Red staining is one

method that determines the osteogenic differentiation

capability of rBMSCs, and the Alizarin red calcium depo-

sition, the formation of calcium salt nodules was detected

at day 21 after culture in osteoblast induction medium

(Figure 1B). For adipogenic differentiation, a significant

increase in Oil Red O absorbance was observed after

14 days incubated with adipogenic medium (Figure

1C). The imagines demonstrated that rBMSCs can differ-

entiate to osteoblasts and adipocytes.
Figure 1 rBMSCs characterisation and transduction efficiency
showed that the positive mesenchymal stem cell markers CD29 

haematopoietic marker CD34 and CD45 positive cells were le
adipogenic differentiation of rBMSCS. rBMSCs were stained 

Bar = 10 mm. D. Lentiviral vector transduction efficiency at 5 d
Abbreviations: rBMSCs, bone marrow mesenchymal stem cells
Lentiviral Vector Transduction Efficiency
Five (5) days post-transduction, the green fluorescence protein

(ZsGreen) expression was detected in Cav1 groups. The

expression of red fluorescence protein (mCherry) was detected

in Vector groups and Cav1F92A groups. The transduction effi-

ciency was greater than 80% in all groups (Figure 1D).
Cav1F92A Increased NO Production and
cGMP mRNA Expression
Nitric oxide production was increased both in rBMSCs and

HPASMCs by introduction of Cav1F92A or co-cultured with

rBMSCs/Cav1F92A. Nitric oxide production in rBMSCs trans-

duced with Cav1F92A lentivirus was higher than control and
. A: The expression of cell surface markers in rBMSCs. It
(+), CD90 (+), CD44 (+) and CD73 (+) were about 90%. The
ss than 4% and 24% respectively. B–C: Osteogenic and
with Alizarin Red (B) and Oil Red O (C) respectively.
ays post-infection (10 � ).
.



Table 1 The effect of Cav1F92A on NO production, cell adhesion and cell viability in rBMSCs (mean � SD).

Groups NO production

(mM)

Cell adhesion

(OD)

Cell viability

(OD)

Control 4.836 � 0.723 1.080 � 0.075 1.069 � 0.052

rBMSCs/Vector 5.153 � 0.625a 1.231 � 0.164a 1.188 � 0.067a

rBMSCs/Cav-1 5.279 � 0.674a 1.297 � 0.205a 1.118 � 0.072a

rBMSCs/Cav1F92A 8.762 � 0.127cf 2.105 � 0.072cf 1.385 � 0.056ce

rBMSCs/Cav1F92A + L-NAME 3.872 � 0.323adi 1.125 � 0.079adi 1.167 � 0.108adh

ap>0.05, cp<0.01 vs. control groups, dp>0.05, ep<0.05, fp<0.01 vs. rBMSCs/Cav-1, hp<0.05, ip<0.01 vs. rBMSCs/Cav1F92A.

Abbreviations: rBMSCs, bone marrow mesenchymal stem cells; Cav1F92A, caveolin-1; OD, optical density; NO, nitric oxide.
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rBMCSs/Cav1 groups (p < 0.05, Table 1). The same results

were also found in HPASMCs, manifested above two-fold

increase of NO level after HPASMCs co-cultured with

rBMSCs/Cav1F92A, compared to model groups (p < 0.05,

Table 2). The NO production was decreased after HPASMCs

co-cultured with rBMSCs/Cav1F92A and treated with eNOS

inhibitor L-NAME.

Nitric oxide has an impact on the pulmonary circulation

mainly through the second messenger cGMP [8,19], and

cGMP mRNA expression was elevated about 3.9-fold in

HPASMCs co-cultured with rBMSCs/Cav1F92A compared

with model groups, but reduced after L-NAME treatment

(p < 0.05, Table 2).

Cav1F92A Enhanced Cell Adhesion and
Viability in rBMSCs
Cell adhesion and viability was increased about two-fold and

1.3-fold, respectively, in rBMSCs/Cav1F92A groups (p < 0.05,

Table 1). They were both inhibited after L-NAME treatment

(p < 0.05, Table 1).
Table 2 The effect of rBMSCs/Cav1F92A on NO pro-
duction and cGMP mRNA expression in MCT treated
HPASMCs (mean � SD).

Group NO production

(mM)

Folds change

of cGMP

Control 3.389 � 0.313 1.000 � 0

Model 1.616 � 0.088c 0.607 � 0.016c

Vector 3.708 � 0.196cf 1.072 � 0.146af

Cav1 3.470 � 0.204af 1.172 � 0.069af

Cav1F92A 7.460 � 0.385cfi 2.374 � 0.206cfi

Cav1F92A + L-NAME 3.195 � 0.104afgl 1.210 � 0.054afgl

ap>0.05, cp<0.01 vs. control groups, fp<0.01 vs. model groups, gp>0.05,
ip<0.01 vs. Cav-1 groups, lp<0.01 vs. Cav1F92A groups.

Abbreviations: Cav1F92A, caveolin-1; rBMSCs, bone marrow mesenchymal

stem cells; MCT, monocrotaline; HPASMCs, human pulmonary smooth

muscle cells; NO, nitric oxide; cGMP, Guanosine-3’,5’-cyclic

monophosphate.
The Effect of rBMSCs/Cav1F92A on the
Expression of Inflammatory Cytokines
The IFN-g, IL-1a and TNF-a were decreased while anti-

inflammatory cytokine IL-4 and IL-10 were increased in

rBMSCs/Cav1F92A groups compared with the other four

groups (Figure 2). Moreover, the levels of pro-inflammatory

cytokines TNF-a, TGF-b1 mRNA and protein expression

were increased in HPASMCs model groups (MCT-

HPASMCs) (Figure 3), but were suppressed in HPASMCs

co-cultured with rBMSCs/Cav1F92A (Figure 3). The anti-

inflammatory effect of Cav1F92A was blocked by the eNOS

inhibitor L-NAME in rBMSCs and HPASMCs groups (Fig-

ures 2, 3).

rBMSCs/Cav1F92A Inhibited the
HPASMCs Morphological Changes,
Phenotypic Switching and Migration
In MCT-HPASMCs groups, the cells are fibroblasts-like and

larger in volume, while the cells in control groups are spin-

dle-shaped with smaller size. However, the cells were more

spindle-shaped and smaller in HPASMCs co-cultured with

rBMSCs/Cav1F92A than in the model groups (Figure 4A). The

expression of synthetic smooth muscle-specific marker

thrombospondin-1 and MGP was up-regulated, but the

SM22a and H-caldesmon were down-regulated in model

groups compared with control groups (Figure 4B). Interest-

ingly, MCT induced phenotypic switching from contractile to

synthetic phenotype in HPASMCs was inhibited by co-cul-

ture with rBMSCs/Cav1F92A, however, the L-NAME inhib-

ited the function of rBMSCs/Cav1F92A (Figure 4).

Furthermore, for wound healing assay, the migration dis-

tance covered in model groups was narrower (migrated

about 41.4% of the scratch) than that of the cells in the control

groups at 24 hours. The cell migration was inhibited in

rBMSCs/Cav1F92A groups after HPASMCs co-cultured with

rBMSCs/Cav1F92A (Figure 5).
Discussion
The pathological phenotype of vascular wall in PAH seems

to be triggered by different environmental stresses and



Figure 2 The effect of Cav1F92A on the inflammatory cytokines expression in rBMSCs. A. The linear standard curves were
established per the manuscript instruction. B. The concentration of inflammatory cytokines was calculated by the standard
curves. ap > 0.05, bp < 0.05, cp < 0.01 vs. Control groups, dp > 0.05, ep < 0.05, fp<0.01 vs. rBMSCs/Cav-1, hp < 0.05, ip < 0.01
vs. rBMSCs/Cav1F92A.
Abbreviations: Cav1F92A, caveolin-1; rBMSCs, bone marrow mesenchymal stem cells.

Figure 3 rBMSCs/Cav1F92A reduced the TNF-a and TGF-b1 expression in MCT treated HPASMCs. A. The changes of
TNF-a and TGF-b1 mRNA expression. B. The protein expression of TNF-a and TGF-b1. 1. Control group, 2. Model group, 3.
Vector group, 4. Cav1 group, 5. Cav1F92A group, 6. Cav1F92A + L-NAME group. ap > 0.05, bp < 0.05, cp < 0.01 vs. Control
groups, fp < 0.01 vs. Model groups, gp > 0.05, ip < 0.01 vs. Cav-1 groups, lp < 0.01 vs. Cav1F92A groups.
Abbreviations: Cav1F92A, caveolin-1; rBMSCs, bone marrow mesenchymal stem cells.
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Figure 4 The effect of rBMSCs/Cav1F92A on cell morphological changes and the phenotype marker genes expression in
MCT treated HPASMCs. A. Cell morphological changes in MCT treated HPASMCs (20�). B: The change of SMCs
phenotype markers expression. The contractile SMCs phenotype markers thrombospondin-1 and MGP was down-regu-
lated, but the synthetic SMCs phenotype markers SM22a and H-caldesmon was up-regulated by rBMSCs/Cav1F92A.
ap > 0.05, bp < 0.05, cp < 0.01 vs. Control groups, ep < 0.05, fp < 0.01 vs. Model groups, gp > 0.05, ip < 0.01 vs. Cav-1 groups,
lp < 0.01 vs. Cav1F92A groups.
Abbreviations: SMCs, smooth muscle cells; Cav1F92A, caveolin-1; rBMSCs, bone marrow mesenchymal stem cells; MCT,
monocrotaline; HPASMCs, human pulmonary smooth muscle cells; MGP, matrix Gla protein.
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injuries, including increased inflammation [20]. Endothelial

cells injury and apoptosis is one of the first events to occur

[20], leading to endothelial dysfunction, phenotypic change

of cells and decreased NO release [20,21]. A previous study

has found that mutation of Cav1 scaffold domain phenylala-

nine at position 92 (F92) to alanine has been shown to reduce

inhibitory actions of Cav1 toward eNOS, and enhance NO

generation [12]. Nitric oxide exhibits diverse physiological

actions, including vasodilation, anti-inflammation, anti-

platelet, inhibiting proliferation and migration [22]. Pheno-

typic changes of SMCs from contractile to synthetic pheno-

type is one of the characteristics of PAH. In the present study,

we found that rBMSCs/Cav1F92A inhibited the phenotypic

switching from contractile to synthetic phenotype in MCT

treated HPASMCs by enhanced NO production.

Mesenchymal stem cells treatment is a promising strategy

for PAH due to its multidirectional differentiation and
proliferative ability [14], but the low survival rate of trans-

planted cells limited its application [23]. Therefore, it is

important to enhance MSCs adhesion to promote cell sur-

vival [24]. Our results showed that Cav1F92A promoted the

NO generation and the adhesion of rBMSCs, resulting in

increased cell viability. This increased cell survival rate

may have significant implications for stem cell therapy for

PAH and other cardiovascular disorders.

Activation of inflammatory processes is associated with

development of PAH [25]. The present study found that

Cav1F92A had an inhibitory effect on inflammatory cytokines,

down-regulating expression of pro-inflammatory cytokines

IL-1a, INF-g, and TNF-a, but up-regulating the expression

of anti-inflammatory cytokines IL-4 and IL-10 in rBMSCs/

Cav1F92A groups. Furthermore, pro-inflammatory cytokines

TNF-a and TGF-b1 in HPASMCs co-cultured with rBMSCs/

Cav1F92A were also decreased. The pro-inflammatory



Figure 5 Cell migration in HPASMCs. Images were taken at 0 h and 24 h after scratching (10 � ). cp < 0.01 vs. control
groups, fp < 0.01 vs. model groups, gp > 0.05, ip < 0.01 vs. Cav-1 groups, lp < 0.01 vs. Cav1F92A groups.
Abbreviations: Cav1F92A, caveolin-1; HPASMCs, human pulmonary smooth muscle cells.
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cytokines INF-g, IL-1a, TNF-a and TGF-b1 were associated

with pulmonary inflammation [26,27]. The macrophages,

activated by IFN-g and TNF-a, exert tumouricidal effects

by producing IL-12p40 [26], which contributes to the inflam-

matory response [28]. In addition, the activated macrophages

can synthesise inflammatory cytokines, such as IFN-g, TNF-

a, IL-6, which sustain the chronic inflammation [26]. TNF-a
expression correlates with TGF-b1 mRNA expression and

induction of TGF-b1 [29]. TGF-b1 stimulates pulmonary

inflammation, fibrosis, myofibroblast accumulation and alve-

olar destruction [30]. Therefore, the increased TNF-a and

TGF-b1 in MCT treated HPASMCs may lead to severe

inflammation. The inflammation in pulmonary disease

resulted from epithelial injury, mediating phenotypic switch-

ing in pulmonary vascular smooth muscle cells, contributing

to lung remodelling [9,31]. IL-4, IL-10 were the anti-inflam-

matory cytokines, among which IL-10 is a pleiotropic anti-

inflammatory cytokine with vascular protective properties

[32]. Moreover, IL-10 can antagonise IFN-g activated macro-

phages and TNF-a production by its suppressive effect on

immunity [33]. Therefore, the elevated anti-inflammatory
cytokines IL-4, IL-10 and reduced pro-inflammatory cytokine

INF-g, IL-1a and TNF-a in rBMSCs/Cav1F92A, together with

the increased concentration of NO and elevated cGMP in

HPASMCs, may lead to less inflammation, less vascular

tension and phenotypic switching.

Phenotypic switching of HPASMCs plays a crucial role in

the pathogenesis of PAH [3]. In the present study, the mor-

phological restoration, the up-regulated HPASMCs contrac-

tile genes (thrombospondin-1, MGP), the down-regulated

synthetic (or differentiated) genes (SM22a, H-caldesmon),

and the repressed HPASMCs migration manifested the

inhibited phenotypic switching in MCT treated HPASMCs

by rBMSCs/Cav1F92A. Smooth muscle cells possess a

remarkable phenotypic plasticity that allows rapid adapta-

tion to fluctuating environmental cues [34]. Persistent pul-

monary hypertension results in vascular wall fibrosis by

inducing a phenotypic switching from contractile SMCs to

synthetic SMCs, various phenotypic states are reflected by

the expression of a distinct set of markers. It was reported

that the SM22a, H-caldesom, smooth muscle alpha-actin (SM

alpha-actin), smooth muscle myosin heavy chain (SM-MHC)
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tropoelastin, a matrix protein, alpha-smooth muscle (SM)

actin, calponin and phospholamban were all associated with

the contractile function of contractile (differentiated) vascu-

lar SMCs, and the thrombospondin-1 and matrix Gla protein

(MGP), osteopontin were associated with synthetic (dedif-

ferentiated) function of the dedifferentiated vascular SMCs

[35,36]. In our results, the reduced thrombospondin-1, MGP

and elevated SM22a, H-caldesom in MCT-HPASMCs co-

cultured with rBMSCs/Cav1F92A manifested the regulation

effect of rBMSCs/Cav1F92A on phenotypic switching by

increased NO production.

It has been suggested that NO has an impact on the

progression of PAH by mediating phenotypic switching

induced by inflammation [37]. Phenotypic switching leads

to migration and proliferation in pulmonary vascular

smooth muscle cells, both contributing to the pathogenesis

of PAH [37]. Matrix Gla protein (MGP) was involved in

regulating the calcification that commonly occurs in vascu-

lar lesions [35]. For thrombospondin-1, it was involved in a

number of cellular processes which regulate cell behaviour,

including migration, mitogenesis, attachment and differen-

tiation [38]. The increased thrombospondin-1 could enhance

the migration and proliferation of SMCs [39]. Consistent

with above studies, MCT-HPASMCs co-cultured with

rBMSCs/Cav1F92A inhibited cell migration and reduced

thrombospondin-1 expression, suggesting rBMSCs/

Cav1F92A may reduce the HPASMCs migration by regulat-

ing the contractile genes or synthetic genes. Moreover, the

cell morphology changed significantly in MCT-HPASMCs

groups; they were fibroblast-like and larger in volume,

while the cells are spindle-shaped with smaller size in

MCT-HPASMCs co-cultured with rBMSCs/Cav1F92A, sug-

gesting that the cells’ morphological restoration was pro-

moted by rBMSCs/Cav1F92A. The SM22a and H-caldesom

are the differentiated SMCs markers and characterised by its

SMCs-specific expression pattern [40]. SM22-a is involved

in maintaining and remodelling of smooth muscle cytoskel-

eton and contractility, and H-caldesmon is involved in reg-

ulation of SMCs contraction [40]. Such a phenotype is

characterised by a spindle-shaped morphology, and con-

tractile gene expression [40]. Thus, the decreased expression

of SM22a and H-caldesom in MCT-HPASMCs groups

exhibited an immature phenotype, but the phenotype was

more mature in MCT-HPASMCs co-cultured with rBMSCs/

Cav1F92A, indicating that rBMSCs/Cav1F92A had an inhibi-

tory function on morphological changes.
Conclusions
The present study demonstrated that rBMSCs/Cav1F92A

inhibits switching from contractile to synthetic phenotype

in human pulmonary arterial smooth muscle cells, by acti-

vating NO signalling pathways, stimulating anti-inflamma-

tory cytokines, and suppressing the expression of pro-

inflammatory cytokines. rBMSCs/Cav1F92A inhibiting

also inhibits migration and promotes morphological
restoration of the human pulmonary arterial smooth muscle

cells. These results suggest that rBMSCs/Cav1F92A plays a

central role in the pathogenesis of MCT-induced pulmo-

nary hypertension, and may be used as a therapeutic

modality for pulmonary hypertension or other cardiovas-

cular diseases.
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