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BACKGROUND AND PURPOSE
Pulmonary hypertension (PH) and pulmonary fibrosis (PF) are life threatening cardiopulmonary diseases. Existing
pharmacological interventions have failed to improve clinical outcomes or reduce disease-associated mortality. Emerging
evidence suggests that stem cells offer an effective treatment approach against various pathological conditions. It has been
proposed that their beneficial actions may be mediated via secretion of paracrine factors. Herein, we evaluated the therapeutic
potential of conditioned media (CM) from adipose stem cells (ASCs) against experimental models of PH and PF.

EXPERIMENTAL APPROACH
Monocrotaline (MCT) or bleomycin (Bleo) was injected into male Sprague–Dawley rats to induce PH or PF respectively. A subset of
MCT and Bleo animals were treated with ASCs or CM. Echocardiographic and haemodynamic measurements were performed at
the end of the study. Lung and heart tissues were harvested for RNA, protein and histological measurements.

KEY RESULTS
CM treatment attenuated MCT-induced PH by improving pulmonary blood flow and inhibiting cardiac remodelling. Further,
histological studies revealed that right ventricular fibrosis, pulmonary vessel wall thickness and pericyte distribution were signif-
icantly decreased by CM administration. Likewise, CM therapy arrested the progression of PF in the Bleo model by reducing
collagen deposition. Elevated expression of markers associated with tissue remodelling and inflammation were significantly
reduced in both PF and PH lungs. Similar results were obtained with ASCs administration.

CONCLUSIONS AND IMPLICATIONS
Our study indicates that CM treatment is as effective as ASCs in treating PH and PF. These beneficial effects of CMmay provide an
innovative approach to treat cardiopulmonary disorders.

Abbreviations
ASCs, adipose stem cells; AT/ET, acceleration time/ejection time; Bleo, bleomycin; BM-MSCs, bone marrow derived mes-
enchymal stem cells; CM, conditioned medium; ECHO, echocardiography; EPCs, endothelial progenitor cells; EDA, end
diastolic area; EF, ejection fraction; LV, left ventricle; MCT, monocrotaline; PF, pulmonary fibrosis; PH, pulmonary hy-
pertension; RV EDP, right ventricular end diastolic pressure; RVH, right ventricular hypertrophy; RVOT, right ventricular
outflow tract; RVOTVmax, right ventricular outflow tract, maximum velocity; RVSP, right ventricular systolic pressure; SD,
Sprague Dawley
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Introduction
Pulmonary hypertension (PH) is a devastating, cardiopulmo-
nary disorder that is associated with lung endothelial dys-
function, elevated pulmonary vascular resistance, and right
ventricular overload, which eventually lead to heart failure
and death (Schermuly et al., 2011). Despite advances in our
understanding of the disease pathology, and the availability
of several pharmacological interventions (O’Callaghan et al.,
2011), there has been no significant improvement in patient
survival or quality of life (Humbert et al., 2010). Thus, this un-
met medical condition necessitates the exploration of novel
approaches for PH therapy. Similar to PH, idiopathic pulmo-
nary fibrosis (IPF) is a fatal lung disease with poor prognosis,
and median survival time of 3 years after diagnosis (Raghu
et al., 2011). However, unlike PH, IPF is associated with repet-
itive damage to the alveolar epithelial cells, which progres-
sively results in tissue remodelling, extracellular matrix
deposition and respiratory failure (Fernandez and Eickelberg,
2012). Treatment options for PF remain very limited and the
management of IPF continues to pose significant challenges.
Over the last decade, stem cell therapy has been gaining
importance as a possible therapeutic strategy for treating
numerous diseases including PH and PF (Anversa et al., 2012).

Stem cells are self-renewing, multipotent undifferentiated
cells, which can restore the function of injured tissue either
by differentiating into various cell-types and/or by secreting
paracrine factors. Stem cells isolated from the bone marrow
(BM) include mononuclear, mesenchymal (BM-MSCs) and
endothelial progenitor origin (EPCs), all of which have been
investigated for their protective actions in experimental
models of PH (Anversa et al., 2012). Preliminary findings
using EPCs suggested a therapeutic potential in combating
PH; however, subsequent studies demonstrated that they pro-
vide only marginal benefit, and require genetic modification
to enhance their therapeutic efficacy (Zhao et al., 2005; Zhou
et al., 2013). Similarly, studies revealed modest effects with
BM-MSCs in decreasing pulmonary pressure, suggesting that
these cells may not be efficacious on their own, but can serve

as a vector to deliver therapeutic genes (Takemiya et al.,
2010). In fact, some reports have shown that the recruitment
of BM derived cells to the pulmonary vasculature may even
aggravate the disease condition (Kanki-Horimoto et al.,
2006; Nikam et al., 2010).

Adipose tissue has been identified as a repository of mes-
enchymal stem cells (MSCs), and these cells (ASCs - adipose
stem cells) may be a better clinical-candidate (Kim and Heo,
2014). Isolation or maintenance of ASCs is minimally inva-
sive and less laborious when compared with BM-MSCs or
EPCs. Moreover, comparison of BM-MSCs and ASCs indicate
that the latter may offer enhanced therapeutic benefits for
treating certain pathological conditions (Ikegame et al.,
2011; Paul et al., 2013). Recent reports have shown that
cultured mesenchymal or stromal cells isolated from adipose
tissue attenuate MCT-induced PH (Eguchi et al., 2014;
Somanna et al., 2014; Luo et al., 2015). Likewise, numerous
preclinical studies have been conducted using various
cell-types including alveolar epithelial type II cells (AECs),
BM-MSCs and induced pluripotent stem cells (iPSCs) to treat
Bleo-induced PF (McNulty and Janes, 2012). However, each of
these interventions has uncovered some complicating issues.
AECs were effective in preventing, attenuating or reversing
the severity of PF (Serrano-Mollar et al., 2007), but these cells
can be obtained only from lung biopsies or during lung
transplantation. In the case of BM cells, it was observed that
fibrocytes associated with the BM-MSC population contrib-
uted to lung damage and fibrosis (Phillips et al., 2004). With
regards to iPSCs, genomic instability, clinical safety and
ethical issues pose significant challenges (Okano et al.,
2013). In a recent study, ASCs were administered i.p. to treat
a rodent model of PF; however, the effective route of adminis-
tration is still debatable (Lee et al., 2014). Thus, there are
several limitations in using these stem cells.

It has been proposed that stem cells may exert their
therapeutic benefits in a paracrine-like fashion rather than
differentiating into specific cell-types (Salgado et al., 2010).
Paracrine mechanisms include the secretion of micro-vesicles/
exosomes in addition to bioactive molecules (Salgado et al.,
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2010; Sabin and Kikyo, 2014). To the best of our knowledge, no
investigation has been reported assessing the beneficial effects
of secretions of ASCs [conditioned medium (CM)] against PH
or PF. Therefore, we hypothesized that the administration of
CMalone could arrest the progression of PH or PF and attenuate
the associated cardiopulmonary dysfunctions in bothMCT and
Bleo animal models of lung injury.

Methods

Animals
All animal procedures were approved by the Institutional
Animal Care and Use Committee at the University of Florida
and complied with the National Institutes of Health
guidelines. All studies involving animals are reported in
accordance with the ARRIVE guidelines for reporting experi-
ments involving animals (Kilkenny et al., 2010; McGrath
and Lilley, 2015). The experimental protocols were carried
out on 8 week old rats after a week acclimatization period
within the animal care facility. Animals were housed in con-
ventional cages with a 12:12 h light–dark cycle with free ac-
cess to food and water. A total of 256 animals were used in
the experiments described here.

Study design
Eight-week old male Sprague Dawley (SD) rats obtained from
Charles River Laboratories, (Wilmington, MA, USA) were used
in this study. A preliminary study was conducted to identify
the best time to administer our therapeutic agents. PH was in-
duced by a single injection (50 mg·kg�1, s.c.) of MCT (n = 12).
Control animals were administered saline (n = 12). Every two
weeks after the MCT challenge, the right ventricular systolic
pressure (RVSP) measurement and echocardiographic assess-
ment (ECHO) was performed on six animals from each group.
In a subsequent study, 2 weeks after the MCT-insult, when the
RVSP was significantly elevated, animals were administered
eGFP-ASCs through a jugular catheter (MCT + A group, n = 8),
to compare against the MCT group (n = 8). For this study, donor
male rats [SD-Tg(UBC-eGFP)] ubiquitously overexpressing eGFP
were purchased from RRRC (Columbio, MO, USA). Another
group of animalswere administeredCM (MCT+CM, n = 8) after
14 days ofMCT-insult and compared against a group of animals
wherein, the same amount of concentrated plain media (no se-
rum)was administered (MCT +M group, n = 8). Two weeks after
the administration of ASCs or CM, RVSP measurement and
ECHO assessment was performed. Animals were killed and tis-
sues were harvested for RNA, protein, immunohistochemical
(IHC) and immunofluorescence (IF) analysis. In order to
validate the therapeutic benefits of ASCs or CM, we performed
another similarly designed experiment (Control, MCT,
MCT + M, MCT + DF, MCT + DF-CM, n = 7), wherein,
we used dermal fibroblast (DF), plain media (M) and DF
derived CM (DF-CM) in place of ASCs or ASCs-CM.

Similar to the PH experiments, we performed a preliminary
study to evaluate the progression of fibrosis and tissue remodel-
ling in PF. PF was induced by a single intratracheal injection
(2.5 U·mL�1) of Bleo (n = 15). Control animals were adminis-
tered saline (n = 15). After 3, 7 and 14 days of Bleo-instillation,
RVSPwasmeasured in 5 animals fromeach group. Animals were

killed and lung tissue was processed for histological measure-
ments. Based on the histological analysis, we decided to admin-
ister ASCs or CM after 3 (early phase) or 7 (late phase) days of
Bleo-instillation; 8–9 week-old donor male SD rats (n = 5) were
utilized to harvest the ASCs and prepare CM. For the early phase
study (n = 8), ASCs (BAD3 group) or CM (BCM3 group) was
administered through the jugular vein and compared against
the B (Bleo) or B + M (Bleo + plain media) group respectively.
In the late phase study (n = 8), ASCs (BAD7) or CM (BCM7)
was administered after 7 days of Bleo-instillation and compared
against B (Bleo) or B + M group respectively. A subsequent study
was performed for the early and late phase treatments where
whole lungs were collected to estimate the total lung collagen
deposition. As it was a repeat study, n = 5 was maintained in
each group. Since the ECHO, haemodynamic and histological
parameters were identical for both the B and B + M groups in
our previous experiments; we decided not to include the
B +M group in this study. In both studies, similar terminal proce-
dures were followed as described in the PH study. Rats were
assigned randomly to different experimental groups for all
in vivo studies. Two independent observers were blinded for data
collection and evaluation of all in vivo and in vitro experiments.

Isolation of adipose stem cells
ASCs were isolated from 10–11 week-old male SD eGFP rat for
the PH study and 8–9 week-old male rat for the PF study. In
brief, the inguinal fat pad was minced and digested in 0.1%
w v-1 type 1 collagenase (Worthington Biochemical Corpora-
tion, Lakewood, NJ, USA) for 45 to 60 min, with intermittent
shaking in a 37°C water bath. Subsequently, the digested cells
were neutralized with FBS, passed through 100 μm cell-
strainer, centrifuged and cultured in DMEM supplemented
with 10% FBS and 1% antibiotic solution. After 6–8 h,
unattached cells were removed by gentle washing and the
attached cells were fed with fresh medium. Cells at passage
2–5 were used for all the experimental purpose. Cells were
grown at 37°C incubator humidified with 5% CO2.

Characterization of rat ASCs – flow cytometry
A total of 0.5 × 106 of cultured ASCs were incubated with CD44,
CD90, CD34 and CD45 antibodies and analysed for their
presence by FACSort flow cytometer (BD Pharmingen, San Jose,
CA, USA). Flow data was analysed by BD FACSDIVA software,
version 6.1.2 BD Biosciences, San Jose, CA, USA. Cells were also
stained with the corresponding Isotype matched antibodies,
IgG1 and IgG2A to measure the background fluorescence.

Characterization of rat ASCs – adipogenic,
osteogenic and chondrogenic differentiation
In order to achieve adipocyte differentiation, confluent ASCs
were incubated with a cocktail containing 200 μM indometh-
acin, 500 μM IBMX, 250 nM dexamethasone and 10 μg·mL�1

insulin. Following 6–9 days of incubation, ASCs were differ-
entiated to mature oil-filled adipocytes. Adipocytes were
stained with Oil Red ‘O’ and images were photographed. For
osteocyte differentiation, confluent ASCs were incubated
with the commercial osteogenesis cocktail (Life Technolo-
gies) as per themanufacturer’s instructions. Differentiated os-
teocytes were stained with 2% Alizarin Red. For chondrocyte
differentiation, 0.3 × 106 ASCs were incubated with the
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commercial chondrogenesis cocktail (Life Technologies) as
per the manufacturer’s instructions in a ‘U’ bottom low at-
tachment, 96-well plate (Corning). Differentiated osteocyte
spheres were stained with Alcian Blue. Scale bar = 100 μm.

Preparation of conditioned medium (CM) from
ASCs
A total of 1 × 106 of cultured ASCs in a 10 cm culture dish at
passages 2–5 were washed three times in PBS to remove the
FBS content and subsequently serum-starved for 24 h in
6 mL of plain DMEM medium. Post 24 h, this medium was
collected, and centrifuged to remove any cell debris. Further-
more, this medium was concentrated to 100 μL using an
Amicon Ultra-4 Centrifugal filter unit (EMD Millipore) with
3KDa cut-off, to obtain CM. Then 100 μL of CM (from
1 × 106 of ASCs) was administered to each animal in the re-
spective CM groups through the jugular vein.

Characterization of ASCs-CM – rat cytokine
array assay
In order to characterize the presence of cytokines in the CM,
we used the Proteome Profiler Rat Cytokine Array Panel A Kit
(R&D Systems, MN, USA). Instructions were followed as de-
scribed in the kit.

Administration of ASCs or CM in MCTand
Bleo-challenged rats
In the PH preliminary studies, we found that the mortality
rate of animals was unacceptably high when we injected 3
or 5 × 106 ASCs as observed by others (Luo et al., 2015). There-
fore, for all subsequent studies, we scaled down the ASCs
administration to 1 × 106 cells. Animals were anaesthetised
under 2% isoflurane-oxygen mixture. The silastic cannula
was inserted into right descending jugular vein and advanced
to the right ventricle (RV). Then 1 × 106 of eGFP-ASCs in
100 μL of PBS was administered through the jugular vein in
the MCT + A group. To evaluate the possible paracrine effects
of ASCs, additional groups (MCT + CM) were utilized, where,
100 μL of CM, conditioned from 1 × 106 serum starved ASCs
was administered in a similar manner. A total of 6 mL of plain
culture medium without serum was concentrated to 100 μL
and administered in a separate group (MCT + M), which
served as a control for CM. After 2 weeks of ASCs or CM
administration, animals were subjected to echocardiographic
and haemodynamicmeasurements. For the early or late phase
PF study, either ASCs or CM were injected after 3 or 7 days of
Bleo-instillation through the jugular vein, and all other exper-
imental procedures were followed as explained earlier.

Transthoracic echocardiography
Transthoracic echocardiography was performed using a GE
vivid7 ultrasound machine with a 12-MHz transducer (GE
Healthcare, NJ, USA). Basal (Day-0), Day-14 and terminal
(Day-28) echocardiography was performed to assess the
ventricular dimensions, functions and pulmonary artery
flow. Animals were anaesthetised with 2% isoflurane-oxygen
mixture. Echomeasurements were recorded at the parasternal
short-axis view at the papillary muscle level to study the
ventricular geometry and function. At this level, M-mode
recordings were measured to investigate the left ventricular

cardiac function and to determine cardiac dimensions. Ejec-
tion fraction was calculated for both RV and left ventricle
(LV) and is presented as the ratio of right versus left, [RV/LV
ejection fraction (EF)]. EF was calculated using the following
formula: (end diastolic volume – end systolic volume/end di-
astolic volume) × 100. In the parasternal short axis view, the
transducer was slightly angled to record the video of both
RV and LV and this video was used to analyse the right and
left ventricular end diastolic area. End diastolic area (EDA) is
also presented as ratio between RV and LV. Pulsed Doppler
recordings were performed at parasternal short-axis view at
the base of heart to measure the right ventricle outflow tract
(RVOT) blood flow [right ventricular outflow tract, maximum
velocity (RVOTVmax), m·s�1]. RVOTVmax, is the maximum
velocity of blood flow through RVOT. RVOT is the region of
the RV, which carries blood from the RV to the pulmonary
artery in the anterior-superior direction. Pulmonary artery ac-
celeration and ejection time (AT and ET) were calculated from
Doppler images. AT is the time duration between the onsets of
blood flow and peak flow velocity in the RVOT, while ET is the
total time required for one cycle of blood flow in the RVOT.
Further, Doppler images were assessed for the appearance of
midsystolic notches, which is prominent in PH. ECG
recordings were performed simultaneously during all ECHO
assessments. All the ECHO recordings were performed in
triplicates. Three consecutive cycles from each recording
(total 9 cycles) was randomly chosen for the assessment of each
parameter. Following echo assessments, haemodynamics
were measured.

Haemodynamic measurements
Right ventricular systolic pressure (RVSP) was measured using a
fluid-filled silastic catheter. In brief, rats were anaesthetized by a
single s.c injection of a ketamine/xylazine cocktail (30 mg·kg�1

and 6mg·kg�1, respectively). The silastic catheter connected to a
pressure transducer thatwas interfaced to a PowerLab (AD Instru-
ments, Colorado Springs,CO,USA) signal transductionunitwas
inserted inside the right descending jugular vein and advanced
to the RV. The waveform was used to confirm the positioning
of the catheter in the RV; subsequently, wave signals of RVSP
were recorded. RVSP was calculated from the recordings using
the Lab Chart programme supplied along with PowerLab
system. Following the RVSP measurement, animals were killed,
and the organs were harvested for RNA, protein, histology and
hypertrophy assessments.

Right ventricular hypertrophy assessment
(Fulton’s index)
Immediately after RVSP measurements, a thoracotomy was
performed; after exsanguination, heart and lungs were
removed. To calculate right ventricular hypertrophy (RVH),
the wet weight of RV and LV + intra ventricular septum (S)
was determined. RVH was expressed as the ratio of
RV/(LV + S).

Collagen estimation – hydroxyproline assay
A hydroxy proline assay was performed to assess collagen in
the whole lungs. In brief, all five lobes of each animal were
dried at 65°C for 3 h, weighed and subjected to the collagen
estimation as explained in the kit (Biovision, Milpitas, CA,
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USA). The presence of total collagen in the all five lobes is
expressed as a molar concentration.

Real-time RT-PCR analysis
Real time RT-PCR was used to study the mRNA expression of
cytokines viz. TNFα, IL-1β, IL-6, inducible NOS, IL-10, IL-13,
collagen type 1 (COL1), collagen type 3 (COL3), connective
tissue growth factor (CTGF), MMP12, tissue inhibitor of
metalloproteinases-1 (TIMP-1), stromal derived factor-1α (SDF-
1α), G-CSF, monocyte chemotactic protein-1 (CCL2) and GFP.
Total RNA was isolated from punched tissues using TRIzol re-
agent (Invitrogen Corporation, Carlsbad, CA, USA) according
to the manufacturer’s specifications. In addition, RNA samples
were treated with DNase I (Ambion Inc, Austin, TX, USA) to re-
move any genomic DNA. First strand cDNA was synthesized
from 2 μg RNA with iScript cDNA synthesis kit (Bio-Rad Labora-
tories, Hercules, CA, USA). Real-time RT-PCR was performed
either in 96-well or in 384-well PCR plates using iTaq SYBR
Green Super mix with ROX (Bio-Rad) or Taqman Gene Expres-
sion System (Life Technologies) in triplicate using the ABI Prism
7900 sequence detection system (Applied Biosystems Corpora-
tion, Foster City, CA, USA). The PCR cycling conditions were
as follows: 50°C for 2min, 95°C for 3min, followed for 45 cycles
(15 s at 95°C, and 1 min at 60°C). To confirm the specific PCR
product, a dissociation step (15 s at 95°C, 15 s at 60°C, and
15 s at 95°C) was added to check themelting temperature. Gene
expression was measured by the ΔΔCT method, and data are
presented as relative fold change that of control animals.
Primers used in this study can be found in the Supporting
Information Table S1.

Immuno histochemical analysis (IHC)
Subsequent to RVH assessment, RV and a lung lobe were
processed immediately for the histological analysis. A single
lobe of left lung was perfused with PBS followed by 10%
neutral buffered formalin and stored in formalin overnight.
Similarly, RV was fixed and stored in formalin. The following
day, the fixed tissues were rinsed in 70% alcohol and proc-
essed for paraffin embedding. Paraffin embedded tissue sam-
ples were sectioned (4 μm), de-paraffined and stained with
picro sirius (PS) or haematoxylin–eosin (H&E). For the fibro-
sis staining, images were photographed at 10× magnification.
A minimum of 10 non-overlapping images from randomly
chosen fields was obtained. IMAGE J software (National Insti-
tutes of Health, Bethesda, MD, USA) was used for analysis.
In brief, the images obtained were converted to an 8 bit black
and white image, and a threshold was identified or adjusted
for the fibrosis, using the control lung or RV; this threshold
level is maintained when assessing the lung or RV fibrosis
across all the experimental groups. Results from each animal
were averaged for subsequent statistical analysis. To investi-
gate the pulmonary vessel wall thickness, sectioned lung
specimens were stained for α-smooth muscle actin (1:1000,
clone 1 A4, Sigma Aldrich), incubated in avidin and stained
with SigmaFast 3,3′-diaminobenzidine for a minute; αSMA-
positive smooth muscle cells stains brown in colour. Vessels
with an external diameter of < 50 μm were considered for
the assessment. A minimum of 8–10 vessels were
photographed and analysed, and results from each animal
were averaged. The % medial wall thickness was calculated
using the formula: % medial wall thickness = [(medial

thickness × 2)/external diameter] × 100 (n = 5 rats per group).
Media thickness was defined as the distance between the lam-
ina elastica interna and lamina elastica externa. Images were
analysed using the IMAGEJ programme from the National In-
stitutes of Health. To investigate the lung tissue remodelling,
sectioned lung specimens were stained with H&E. A mini-
mum of 10–12 non- overlapping images were randomly cho-
sen and photographed at 10×. The blinded Ashcroft scoring
(Ashcroft et al., 1988) system was adopted to grade the tissue
remodelling across all the experimental groups. Results of
each animal were averaged for subsequent statistical analysis.

Immuno fluorescence analysis (IF)
For identification of eGFP-ASCs, paraffin embedded (4 μm)
ASC treated MCT lung sections were de-paraffined. De-
paraffined lung sections were subsequently incubated in the
hybridization buffer containing anti-chicken GFP antibody
(1:250) at 4°C overnight. After the overnight incubation,
the slide was incubated with the corresponding secondary
antibody. Subsequently, a drop of DAPI, the nuclear staining
(Vectashield) mounting medium was added, and a cover slip
was laid over the lung section. The presence of eGFP-ASCs
in the pulmonary vasculature was observed under 400× mag-
nification, in 10 randomly chosen fields for each animal.
Images taken using the green channel (GFP), and blue (DAPI)
were merged using the IMAGE J software to produce the
composite or merged image. Scale bar is 50 μm.

For identificationof pericytes, paraffinembedded (4 μm) lung
sections were de-paraffined and incubated in sodium citrate (pH
– 6.0) at 80°C for 20min for antigen retrieval. Subsequently, lung
sections were incubated in 0.4% triton X in PBS for 30 min and
blocked in the 0.1% triton X in PBS containing 2% bovine
albumin and 5% normal goat serum for an hour. Following this,
the sections were incubated in the 0.1% triton X in PBS contain-
ing 2% bovine albumin and 1% normal goat serum, αSMA
(1:1000), NG2 (1:350) for overnight at 4°C. The following day,
the sections were incubated in the secondary antibody conju-
gated with goat anti-mouse Texas Red 594 and goat anti-rabbit
Alexa Fluor 488 for an hour, washed with 0.1% Triton-X and
mounted in the Vectashield DAPI mounting medium. Images
were taken using Olymbus DSU Spinning Disc Confocal Fluores-
cent Microscope running on SLIDEBOOK version 4.2 (Intelligent
Imaging Innovations Inc, Denver, CO, USA). Z stack images were
generated on water-based 60× objective lens. All the images were
processed and analysed using the SLIDEBOOK version 4.2. For the
image analysis, the NG2 stained cells covering the (DAPI stained)
nucleus were counted using SLIDEBOOK version 4.2. For the
statistical analysis, 10 vessels per lung section were imaged, and
the cell numbers were averaged for each animal and averaged
per group. Each group had five animals. Scale is 25 μm.

Western blot analysis
After the animals had been killed, each lobe of the right lung
was frozen for the protein work. The frozen right lung was
homogenized in radioimmunoprecipitation assay (RIPA)
buffer supplemented with protease inhibitor cocktail (Sigma
Aldrich). Protein concentration was estimated by the Brad-
ford method. Equal amounts of protein (30 μg for TLR-4 and
50 μg for TGFβ) were separated on 4–20% Mini-PROTEAN
TGX gel and transferred electrophoretically onto a nitrocellu-
lose membrane. The membranes were blocked with 5% non-
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fat milk solution in Tris-buffered saline (TBS) with 0.1%
Tween 20 (TBS-T) for 1 h. Subsequently, the membranes were
probed with the primary antibodies, anti-mouse TLR
antibody (3 μg·mL�1), anti rabbit TGFβ antibody (1:1000
dilution), anti-mouse β actin antibody (1:10 000) overnight
at 4°C. On the following day, the membranes were incubated
with horseradish peroxidase conjugated goat anti-mouse
(1:10 000) and goat anti-rabbit (1:10 000) and detected with
an enhanced chemiluminescence substrate (GE Healthcare
Bio-Sciences, Pittsburgh, PA, USA) and exposed to a photo-
graphic film. Developed film was scanned and the mean pixel
density of the images was analysed using the IMAGE J software.

Statistics
Data and statistical analysis comply with the recommenda-
tions on experimental design and analysis in pharmacology
(Curtis et al., 2015). GRAPH PAD PRISM, version 6.0 (La Jolla,
CA, USA) was used for statistical analysis. Two-way ANOVA
test was performed to analyse the statistical significance be-
tween treatment and time, wherever MCT treatment was
monitored for 4 weeks. One-way ANOVA data analysis
followed by Newman–Keuls test for multiple comparisons
was performed for end point parameters of the experiments.
The post hoc tests were performed only when the F-value
was significant P< 0.05, and there was no significant variance
in homogeneity. Values are represented as means ± SEM, P
values of ≤ 0.05 were considered statistically significant. Since
the preliminary experiments in the MCT or Bleo studies were
performed to identify the best time to administer our thera-
peutic agents, fewer animals (MCT, n = 6 and Bleo, n = 5, each
group) were utilized. However, for all the subsequent experi-
ments each group comprised of n = 8 animals based on our
preliminary studies and power analysis. Nonetheless, ‘n’
values in the experimental endpoints differed from the initial
design because of invalid tracings or animal death during
haemodynamic assessment or ASC/CM administration. As
RNA integrity is the critical step for RT-PCR analysis, we de-
cided to use only those RNA samples exhibiting an absor-
bance ratio (260/280) of more than 1.8. As a consequence,
the ‘n’ was reduced to 4 for some of our experimental groups.
For histology, RT-PCR and western blot analysis, randomly
chosen lung/hearts (n = 5, each group) were utilized in both
MCT and Bleo experiments, unless specified.

Reagents, antibodies and chemicals
Monocrotaline (MCT), α-smooth muscle actin (clone 1 A4)
and β-actin (clone AC-15) antibodies were purchased from
Sigma Aldrich (St. Louis, USA). Anti-GFP chicken antibody
was procured from Aves Lab (Tigard, OR, USA). NG2, TLR-4
and TGFβ (KLH coupled synthetic peptide) antibodies and
bleomycin were purchased from EMD Millipore (Billerica,
MA, USA), Abcam (Cambridge, MA, USA), and Cell Signalling
Technology (Danver, MA, USA), respectively. Goat anti-
mouse Texas Red 594 and goat anti-rabbit Alexo Fluor 488
were purchased from Life Technologies, NY, USA. Anti-rat
CD34, CD44, CD45 and CD90 were obtained from AbD
Serotec (Raleigh, NC, USA), and the corresponding isotype
matched antibodies were procured from Sigma Aldrich. FBS
was obtained from Atlanta Biologicals (Flowery Branch, GA,
USA). DMEM and antibiotic solution were purchased from
Cellgro (Manassas, VA, USA). Cytokine array kit was

purchased from R&D systems (Minneapolis, MN, USA). Pho-
tographic film was purchased from Denville Scientific (South
Plainfield, NJ, USA). A 4–20% Mini-PROTEAN TGX gel was
procured from Bio-Rad Laboratories (Hercules, CA, USA). Der-
mal fibroblasts were purchased from Cell Applications (San
Diego, CA, USA). All tissue culture requirements were pur-
chased from Corning (Tewksbury, MA, USA).

Results

Characterization of rat adipose stem cells
(ASCs)
We performed flow cytometry to characterize the mesenchy-
mal origin of ASCs. ASCs stained positive for theMSCmarkers,
CD44 (56%)andCD90 (92%),negative for thehaematopoietic
stem cell marker CD34, while CD45 (0.8%), the leukocyte
marker was observed in traces (Figures 1A–D). Further, the
differentiation assaywas performedwhereASCswere differen-
tiated to adipocytes, osteocytes and chondrocytes by chemical
induction (Figures 1E–H).

ASCs or CM treatment arrest the progression of
PH by improving ventricular dynamics and
attenuating cardiac remodelling
In the preliminary study, RV dynamics and cardiac function
was measured every 2 weeks. MCT-challenged rats demon-
strated a significant elevation of RVSP after 2 weeks
(P ≤ 0.05), which continued to rise (P ≤ 0.05) at 4 weeks
(Figure 2A). Further, the Fulton’s index (RV/LV + S) signified
a gradual increase in the RV hypertrophy (P ≤ 0.05) in the
MCT animals (Figure 2B). ECHO assessments demonstrated
a gradual enlargement of the RV and a concomitant shrinking
of the LV, resulting in structural modifications (P ≤ 0.05) in
the MCT animals (Figure 2C-D and Supporting Information
Movies S1–5 and 7). Eventually, this ventricular remodelling
resulted in a significant reduction in the RV/LV ejection frac-
tion (P ≤ 0.05) in theMCT animals (Figure 2E). Doppler ECHO
was performed to assess the pulmonary blood flow. MCT-
insult steadily decreased the AT/ET ( P ≤ 0.05), with an appear-
ance of a mid-systolic notch in the Doppler wave, which
eventually blunted the pulmonary blood flow (Figures 2F–H).
Since significant pathological damages were observed on
Day-14, we decided to administer ASCs or CM 2 weeks post
MCT-insult.

Two weeks after jugular vein administration of eGFP-ASCs
or CM, RVSP (Figure 3A) was significantly reduced (P ≤ 0.05).
In addition, the increased right ventricular end diastolic pres-
sure (RV EDP) was also significantly reduced in ASCs or CM
groups (Figures 3B). Similar to the haemodynamic data,
ECHO assessments demonstrated that ASCs or CM arrested
ventricular remodelling, improved cardiac function and en-
hanced pulmonary blood flow in the MCT animals (Table 1,
Supporting Information Figure S1 and Supporting Informa-
tion Movies S6 and 8). Consistent with other pathological
changes, the interstitial collagen deposition (Picro Sirius
staining) observed in the RV of MCT animals was also consid-
erably decreased by ASCs or CM treatment (Figures 3C and
D). Furthermore, the altered RV hypertrophy associated with
the PH animals was also significantly attenuated in the two
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treatment groups (Figure 3E). We repeated this study with DF
or DF-CM to ensure the specific therapeutic benefits of ASCs
or CM. As expected, DF or DF-CM did not elicit any improve-
ment in RVSP or RVH (Supporting Information Figure S2 A
and B).

ASCs or CM treatment improves the pulmonary
vascular remodelling associated with PH
To investigate the muscularization of pulmonary vessels,
lung sections were stained with α-smooth muscle actin
(αSMA). IHC analysis demonstrated the muscularization (2.7
fold) of the pulmonary vessels (< 50 μm) in the PH animals,
while ASCs or CM treatment arrested this event (Figures 4A
and C). To assess the pulmonary pericyte coverage, we
stained the lung sections with NG2 (pericyte) and αSMA.
Pericytes are polymorphic in nature, and they were counted
based on the nucleus encompassed by green stain. Distribu-
tion of pericytes (white arrows) around the endothelial lu-
men (L) was abundant in the MCT-injected animals
(Figures 4 B.g, and B.k). Treatment with either ASCs or CM
significantly reduced the distribution of pericytes (Figures 4

B.o and B.s). Further, the abundant distribution of αSMA
stained cells in the MCT-injected animals was also dimin-
ished in the presence of ASCs or CM (Figures 4 B.d, B.h, B.l,
B.p and B.t). Collectively, our results demonstrated that ASCs
or CM treatment equally improve pulmonary vascular re-
modelling in PH (Figure 4D).

ASCs or CMmodulate the cytokines involved in
the pathogenesis of PH
Real-time RT-PCR and Western blot experiments were
performed to study the effect of ASCs or CM on pulmonary
cytokines. Expression of markers of inflammation (TNFα;
4.3, IL-1β; 3.7 and IL-6; 12.3 folds), immune defence system
(TLR-4; 2.6 and iNOS; 3.4 fold) and tissue remodelling
(TGFβ, both precursor and matured protein; 4.7 fold) were
significantly up regulated in the MCT-injected animals
(Figures 5A-H). Furthermore, MCT animals exhibited a
decrease in the expression of the anti-inflammatory
cytokine IL-10 (Figure 5I). Our findings demonstrated that
treatment of PH animals with ASCs decreased the expres-
sion of markers associated with inflammation, immune

Figure 1
Characterization of ASCs; 0.5 × 106 of cultured ASCs at passage 2 were labelled with antibodies of specific cell surface phenotype markers for
30 min at 4°C and subjected immediately to flow analysis. Data represent the flow analysis of (A) CD44, (B) CD90, (C) CD34 and (D) CD45.
(E) ASCs resembled fibroblast in morphology. Cells were imaged, under bright field microscopy. (F) Adipocyte staining by Oil Red ‘O′. (G) Oste-
ocyte staining by Alizarin Red. (H) Chondrocyte staining by Alcian Blue. Scale bar = 100 μm.
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Figure 2
Time course analysis of PH-induced dysregulation of ventricular and pulmonary vascular remodelling. At 0, 14 and 28 days following the MCT-
insult, animals weremonitored for haemodynamic and cardiac parameters. (A), and (B) represent the kinetic profile of RVSP and RVH, respectively,
in controls and MCT-challenged rats. RVH is the ratio of RV to LV + S weights, [RV/(LV + S)]. (C) Parasternal short axis view of the ventricles for
control and MCT animals on Day-0, Day-14 and Day-28, demonstrating a shift in the IV septum. (D) Kinetic profile of RV/LV EDA in controls
and MCT-challenged rats. RV/LV EDA is the ratio of RV versus LV EDA. (E) Kinetic profile of RV/LV EF in controls and MCT-challenged rats. RV/LV
EF is the ratio of RV EF versus LV EF and EF is the ejection fraction. (F) Image of pulsed Doppler recordings. Mid-systolic notch is observed in the
MCT animals, as indicated by the white arrows. (G) and (H) represent the kinetic profile of AT/ET and RVOTVmax in the advancement of PH. AT/
ET is the ratio of acceleration time (AT) versus ejection time (ET). RVOTVmax is the velocity of pulmonary blood flow in the RVOT. Data presented
in (A), (B), (D), (E), (G) and (H) are mean ± SEM (n = 6). * P value of ≤ 0.05 when comparing MCT treatment against controls.
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defence or tissue remodelling and increased the expression
of anti-inflammatory cytokine, IL-10. Likewise, CM treated
animals also elicited similar protective effects, but in an
iNOS-independent fashion. The elevated expression of

SDF-1α (3.5 fold) or G-CSF (5.6 fold), which primarily mobi-
lizes the pro-inflammatory; progenitor/stem cells to the in-
jured site were also significantly attenuated in presence of
ASCs or CM (Figures 5J and K).

Figure 3
ASCs treatment improves the ventricular dynamics and cardiac function in PH in a paracrine fashion. ASCs or CM were injected through the jug-
ular cannula, 2 weeks following MCT-insult. Following 4 weeks of MCT-injection, ventricular haemodynamics, cardiac function and RV fibrosis
were measured. (A) and (B) represent the improvement in haemodynamic parameters, RVSP and RV EDP, in MCT animals in the presence of ASCs
or CM. (C) Representative images of RV fibrosis by PS staining. Scale bar = 200 μm. (D) Attenuation of RV fibrosis in the MCT animals by ASCs or
CM treatment. (E) Reduction in MCT-induced RVH by ASCs or CM therapy. Data presented in (A), (B), and (E) are mean ± SEM (n = 8). Data
presented in (D) are mean ± SEM (n = 5). * P value of ≤ 0.05, comparingMCT andMCT +M versus control. # P value of ≤ 0.05, comparingMCT + A
and MCT + CM versus MCT. @ P value of ≤ 0.05, comparing MCT + CM versus MCT + M.

Table 1
ASCs or CM attenuates cardiac and pulmonary vascular remodelling associated with PH

Con (n = 8) MCT (n = 8) MCT + M (n = 5) MCT + A (n = 8) MCT + CM (n = 8)

RV/LV EDA 0.29 ± 0.02 2.03 ± 0.28a 1.91 ± 0.37a 0.68 ± 0.17b 0.59 ± 0.06b,c

RV/LV EF 0.74 ± 0.02 0.37 ± 0.06a 0.35 ± 0.03a 0.63 ± 0.03b 0.56 ± 0.04b,c

AT/ET 0.37 ± 0.01 0.18 ± 0.02a 0.19 ± 0.01a 0.33 ± 0.02b 0.30 ± 0.01b,c

RVOT VMax 0.87 ± 0.03 0.56 ± 0.03a 0.55 ± 0.05a 0.74 ± 0.03b 0.76 ± 0.02b,c

ASCs or CM were injected via a jugular cannula, 2 weeks following the MCT insult. Following 4 weeks of MCT treatment, ECHO parameters were
assessed. Data demonstrate the improvement in cardiac function, RV/LV EDA and RV/LV EF and pulmonary blood flow, AT/ET and RVOTVmax by ASCs or
CM in PH. Data presented are mean ± SEM, Con (n = 8), MCT (n = 8), MCT + M (n = 5), MCT + A (n = 8) and MCT + CM (n = 8).
aP ≤ 0.05, comparing MCT and MCT + M versus control.
bP ≤ 0.05, comparing MCT + A and MCT + CM versus MCT.
cP ≤ 0.05, comparing MCT + CM versus MCT + M.
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Presence of eGFP-ASCs in the PH lung
After the animals had been killed, lung sections were stained
with GFP antibody to detect the presence of eGFP-ASCs. Lung
sections were randomly analysed at multiple fields (10 fields
per animal). IHC study demonstrated the presence of ~2–3
eGFP-ASCs (2.61 ± 0.43) per field and ~25 (24.7 ± 1.45)
eGFP-ASCs per lung section of the MCT animals treated with
cells (Supporting Information Figure S3 A-D). Furthermore,
we performed real time RT-PCR experiments to confirm the
presence of eGFP. The GFP product was observed around
the 10th cycle in the eGFP-ASCs administered MCT animals,
while no signal was observed in the controls. The housekeep-
ing product GAPDHwas observed around the 23rd cycle in all
the experimental groups (Supporting Information Figure
S3E). These observations signify a slight presence of eGFP-
ASCs in the MCT lung.

Kinetics of bleomycin-induced PH
In the preliminary study, following 3, 7, and 14 days of Bleo-
instillation, a subset of animals from each group was killed
and lung sections were stained with PS or H&E. PS staining
demonstrated a moderate but significant appearance of colla-
gen fibres after 3 days and a significant accumulation after 7
and 14 days (P ≤ 0.05). Consistent with the PS, H&E staining
also demonstrated an extensive lung tissue remodelling
(P ≤ 0.05) in the Bleo animals (Figures 6A-D). Based on the his-
tological analysis, a significant structural modification of
lung architecture was observed after 3 days, which was inten-
sified with time. Therefore, we decided to administer ASCs or
CM either after 3 (early) or 7 (late) days of Bleo-instillation.

ASCs or CM treatment attenuates lung tissue
remodelling and secondary PH in Bleo-induced
PF (early phase)
In the early phase study, ASCs or CM were administered
via the jugular vein after 3 days of Bleo-instillation. Follow-
ing 2 weeks of Bleo-instillation, haemodynamics were mea-
sured, animals were killed and lung sections were stained
with PS or H&E. IHC analysis of lung sections demonstrated
an extensive PS staining (in the Bleo lungs (Figures 7A and
C). This collagen deposition was verified in the subsequent
study where whole lung hydroxyproline content was deter-
mined (Figure 7D). In addition, a significant tissue remodel-
ling was observed in the Bleo animals (Figures 7B and E).
Treatment with either ASCs or CM equally prevented the
collagen deposition and lung tissue remodelling associated
with the PF animals (Figures 7A–E). The Bleo-treated animals
developed secondary PH, RV hypertrophy and cardiac
dysfunction, which were all significantly reduced with ASC
or CM treatment (Table 2).

ASCs or CM treatment arrests lung tissue
remodelling and secondary PH in Bleo-induced
PF (late phase)
In the late phase study, cells or CM was administered after
7 days of Bleo-instillation. All the end points were assessed
as described in the early phase study. Similar to the early
phase study, lung fibrosis, tissue remodelling, collagen accu-
mulation, secondary PH and cardiac dysfunction associated

with the Bleo animals were all significantly arrested in the
presence of ASCs or CM (Figures 8A–F, and Table 3).

ASCs or CM treatment reduce the fibrotic, tissue
remodelling and inflammatory markers in PF
(early and late phase)
As with the PH study, real-time RT-PCR measurements were
performed on the lung samples after 2 weeks of Bleo adminis-
tration. Primary targets involved in the fibrogenesis (CTGF; 7
fold), tissue remodelling (IL-13; 5, MMP12; > 18, and TIMP1;
4 fold), and inflammation (CCL2; > 11, and IL-6; 5 fold) were
all significantly up-regulated in the Bleo lungs (Figures 9A–F,
and Table 4). Many of these parameters increased further
with time after administration of Bleo (Table 4). Either ASCs
or CM treatment in both the early (Figure 9A-F) and late
(Table 4) phase groups attenuated the expression of all these
targets. Key markers of collagen synthesis (COL1; 5 and
COL3; 3 folds) were also significantly elevated in the PF lungs
(Figures 9G andH). ASCs demonstrated a trend in attenuating
the expression, while CM treatment significantly attenuated
COL1 and COL3 in the early phase group. Either the expres-
sion of COL1 or COL3 was not significantly reduced with
ASC or CM treatment in the late phase group (Table 4).

Characterization of the ASCs-CM
In order to characterize the contents of CM, we performed a
cytokine array assay. A total of 200 μg (285 μL) of CMwas used
for the cytokine analysis. A total of 285 μL of concentrated
plain media (without serum) was used as a control. Cytokine
profiling demonstrated the presence of chemokines (CINC-1,
CINC-2α, sICAM, LIX, MIP-1α and MIP-3α), TIMP-1 and
VEGF (Figures 10A–C) in the CM of ASCs.

Discussion
Although there have been recent reports demonstrating ben-
eficial effects of adipose stem cell therapy inmodels of PH and
PF (Eguchi et al., 2014; Lee et al., 2014; Somanna et al., 2014;
Luo et al., 2015), this is the first report to demonstrate that the
secretions of ASCs also result in similar therapeutic effects in
these diseases. This concept that secretions from stem cells
may be responsible for the observed beneficial effects of stem
cell therapy is now a prevalent theory (Blaber et al., 2012;
Sabin and Kikyo, 2014). Recently Salgado et al. (2010) identi-
fied several soluble factors within the ASC secretomes, some
of which are similar to those observed in our CM. The fact
that the CM from ASCs elicits therapeutic improvement of
both cardiac and pulmonary pathophysiology in the MCT
and Bleo models are supported by several studies that have
utilized secretions of ASCs to treat other pathophysiological
conditions. In an in vitro study, Ribeiro et al. (2012) demon-
strated that secretions from ASCs could ameliorate neuronal
injury in primary cultures. Jeon et al. (2013) also demon-
strated a neuroprotective effect of extracts from ASCs in
experimental stroke models. Cytosolic extracts from ASCs
have also been shown to protect mice from epilepsy (Jeon
et al., 2011), whereas neither boiled ASCs extract nor extract
from fibroblasts produced any such protective effects in this
epilepsy model. Likewise, dermal fibroblast or CM from these
cells did not produce any beneficial effect in the MCT-
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Figure 4
ASCs treatment improves pulmonary vascular remodelling in PH in a paracrine fashion. ASCs or CM were injected via a jugular cannula, 2 weeks
following the MCT insult. Following 4 weeks of MCT-insult, pulmonary vessel wall thickness was assessed by IHC and IF staining. (A) Pulmonary
vessel wall thickness. (B) Pericyte coverage; NG2 (green, pericyte marker), αSMA (red, smooth muscle marker). Immunofluorescence images were
viewed under a spinning disc confocal microscope. (B.a), (B.e), (B.i), (B.m) and (B.q) represent the DAPI staining. (B.b), (B.f), (B.j), (B.n) and (B.r)
represent the αSMA with DAPI staining. (B.c), (B.g), (B.k), (B.o) and (B.s) represent the NG2 with DAPI staining. (B.d), (B.h), (B.l), (B.p) and (B.t)
represent the merged image of αSMA and NG2 with DAPI. Inserts in (h) and (l) represent the contact point between αSMA and NG2 stained cells.
(C) and (D) represent the pulmonary vessel wall thickness and pericyte coverage in all the experimental groups. Data presented in (C) and (D) are
mean ± SEM, (10 randomly chosen fields from each animal and n = 5 animals). Scale bar is 25 μm. * P value of ≤ 0.05, comparingMCT andMCT +M
versus control. # P value of ≤ 0.05, comparing MCT + A, and MCT + CM versus MCT. @ P value ≤ 0.05, comparing MCT + CM versus MCT + M.
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injected animals, further supporting the view that factors
secreted by ASCs is most likely to mediate the observed ther-
apeutic effects. Therefore, the most significant finding of this
investigation is that CM from ASCs can arrest the progression
of PH or PF by attenuating inflammatory stress, and cardio-
pulmonary remodelling.

We and others (Brunner et al., 2002; Shenoy et al., 2010;
Shenoy et al., 2014) have demonstrated a right heart dysfunc-
tion following the induction of PH or PF by MCT or Bleo, re-
spectively. Right heart dysfunction is most likely a result of
the increased pulmonary pressure, resulting in elevated car-
diac workload (Jone et al., 2014). However, it has been

reported (Akhavein et al., 2007) that MCT can also have a di-
rect cardio toxic effect. In our study, treatment with either
ASCs or CM provided equivalent beneficial effects on numer-
ous indicators of cardiac function as well as lowering of pul-
monary pressures. Therefore, it is possible that the cardio
protective effects mediated by our interventions can be a re-
sult of either a direct action on the cardiac tissue or a second-
ary effect caused by lowering of pulmonary pressure, thereby,
preserving normal cardiac function, or both. Similar effects
were observed in the Bleo model of PF and secondary PH,
which confirms the therapeutic efficacy of ASCs or CM
against cardiopulmonary diseases.

Figure 5
ASCs or CM modulates the expression of pulmonary cytokines in PH. Lung tissue harvested at the termination of the study was analysed for the
expression of cytokines by RT-PCR and western blot analysis: (A) TNFα, (B) IL-1β, (C) IL-6, (D) TGFβ and TLR-4, (E) TGFβ (precursor, 50 KDa), (F)
TGFβ (mature, 25 KDa), (G) TLR-4, (H) iNOS, (I) IL-10, (J) SDF-1α, and (K) G-CSF. Data presented in (A)–(B) and (D)–(K) are mean ± SEM, n = 5
animals per group. The number of animals included per group in (C) are control (n = 5), MCT (n = 5), MCT + M (n = 4), MCT + A (n = 5) and MCT-
+ CM (n = 5), mean ± SEM. * P value of ≤ 0.05, comparing MCT and MCT + M versus control. # P value of ≤ 0.05, comparing MCT + A, and MCT-
+ CM versus MCT. @ P value of ≤ 0.05, when MCT + CM is compared against MCT + M.
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Pulmonary vascular resistance (PVR) is believed to be as-
sociated with hyper-proliferation of endothelial and vascular
smooth muscle cells (Sakao et al., 2006), while a recent study
suggests a possible role of pericytes in the pathogenesis of PH
(Ricard et al., 2014). Endothelial derived IL-6 or FGF-2 are the
key factors that transform quiescent pericytes to acquire
contractile, hyper-proliferative nature (Ricard et al., 2014),
which increases the PVR. Eventually, PVR obstructs the for-
ward pulmonary blood flow and enhances reverse flow from
the pulmonary artery to the RV (Dabestani et al., 1987). Inter-
estingly, ASCs or CM treatment of MCT animals reduced IL-6
expression, decreased pericyte coverage and improved the
pulmonary blood flow.

Infiltration of immune cells to the injured endothelium
increases the release of pro-inflammatory cytokines and the
suppression of reported anti-inflammatory cytokine (IL-10)
in the PH lung (Bauer et al., 2012; Price et al., 2012). Numer-
ous studies emphasize the critical role of TNFα, TLR-4 and
TGFβ in driving pulmonary vascular remodelling, which

advances the pathogenesis of PH (Zaiman et al., 2008; Bauer
et al., 2012; Hameed et al., 2012). It has been reported that
inflammatory macrophages secrete IL-10, when they have a
direct contact with stem cells (Nemeth et al., 2009). Further,
inhibition of TGFβ results in the generation of IL-10 produc-
ing T-helper cells (Dardalhon et al., 2008). Therefore, our
findings suggest that ASCs administered to PH animals may
similarly result in an increase of IL-10 and suppression of
inflammatory signals. Inhibition of iNOS arrests the inflam-
matory responses in many lung diseases (Hesslinger et al.,
2009). This may be one way ASCs mediate some of the bene-
ficial effects against PH. However, since this effect was not
observed in the CM treatment, it indicates that the reduction
of iNOS may not be the major process that produces the
beneficial effects. Similar to PH, infiltration of immune cells
to the injured epithelium in PF releases inflammatory signals,
which drive the proliferation and differentiation of fibro-
blasts to myofibroblasts with the concomitant collagen depo-
sition and tissue remodelling (Habiel and Hogaboam, 2014).

Figure 6
Time course analysis of lung fibrosis and tissue remodelling in the Bleo model. At 3, 7 and 14 days following the Bleo-insult, animals were killed,
and the harvested lungs were sectioned and stained with PS or H&E. (A), (C), and (B), (D) represent the kinetic profile of PS and H&E staining, for
controls and Bleo-challenged rats. Data presented in (C) and (D) are mean ± SEM (n = 5). *P value of ≤ 0.05 when comparing Bleo treatment
against controls.
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Figure 7
ASCs or CM treatment attenuates lung fibrosis and tissue remodelling in the Bleo animals (Early phase). ASCs or CM were injected through the
jugular vein after 3 days of Bleo-instillation. Following 2 weeks of Bleo-instillation, animals were sacrificed, and the lungs were stained with PS
and H&E staining to assess lung fibrosis and tissue remodelling. (A) and (C) represent the improvement of pulmonary fibrosis in the Bleo animals
in presence of ASCs or CM. Scale bar = 100 μm. (B) and (E) represent the improvement of lung tissue remodelling in the Bleo animals in presence of
ASCs or CM. Scale bar = 200 μm. (D) Demonstrates the attenuation of collagen deposition (hydroxyl proline) in the presence of ASCs or CM in the
Bleo animals. Data presented in (C)-(E) are mean ± SEM (n = 5). * P value of ≤ 0.05, comparing B and B + M animals against the controls. # P value
of ≤ 0.05, comparing BAD3 and BCM3 versus B. @ P value of ≤ 0.05, comparing BCM3 versus B + M.

Table 2
ASCs or CM treatment attenuates the cardiac dysfunction in PF (Early phase)

Con (n = 8) B (n = 8) B + M (n = 6) BAD3 (n = 7) BCM3 (n = 8)

RVSP 28.64 ± 1.04 45.55 ± 2.49a 46.98 ± 2.82a 33.29 ± 1.59b 34.84 ± 3.94b,c

RV/LV + S 0.27 ± 0.01 0.40 ± 0.02a 0.39 ± 0.02a 0.33 ± 0.02b 0.32 ± 0.01b,c

RV/LV EDA 0.31 ± 0.02 0.64 ± 0.05a 0.68 ± 0.05a 0.38 ± 0.02b 0.36 ± 0.02b,c

RV/LV EF 0.71 ± 0.01 0.53 ± 0.04a 0.54 ± 0.03a 0.65 ± 0.03b 0.64 ± 0.02b,c

ASCs or CM were injected through the jugular vein after 3 days of Bleo instillation. Following 2 weeks of Bleo instillation, ECHO and haemodynamic
parameters were assessed. Data demonstrate the improvement of cardiac function and haemodynamics in the Bleo animals in presence of ASCs or CM.
Data presented are mean ± SEM, Con (n = 8), B (n = 8), B + M (n = 6), BAD3 (n = 7), and BCM3 (n = 8).
aP ≤ 0.05, comparing B and B + M animals against the controls.
bP ≤ 0.05, comparing BAD3 and BCM3 versus B.
cP ≤ 0.05, comparing BCM3 versus B + M.
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Figure 8
ASCs or CM treatment arrests the progression of established lung fibrosis and tissue remodelling in Bleo animals (Late phase). ASCs or CM were
injected through the jugular vein after 7 days of Bleo-instillation. Following 2 weeks of Bleo-instillation, animals were killed, and the lungs were
stained with PS and H&E. (A) and (C) represent the anti-fibrotic effects of ASCs or CM. Scale bar = 100 μm. (B) and (E) improvement of lung tissue
remodelling in the Bleo animals in presence of ASCs or CM. Scale bar = 200 μm. (D) Attenuation of collagen deposition as measured by lung hy-
droxyl proline content by ASCs or CM treatment. Data presented in (C)–(E) are mean ± SEM (n = 5). * P value of ≤ 0.05, comparing B and B + M
animals against the controls. # P value of ≤ 0.05, comparing BAD7 and BCM7 versus B. @ P value of ≤ 0.05, comparing BCM7 versus B + M.

Table 3
ASCs or CM treatment arrests the cardiac dysfunction in PF (Late phase)

Con (n = 8) B (n = 8) B + M (n = 6) BAD7 (n = 7) BCM7 (n = 7)

RVSP 29.03 ± 1.25 45.71 ± 3.92a 48.03 ± 2.76a 36.22 ± 2.80b 32.11 ± 2.74b,c

RV/LV + S 0.25 ± 0.01 0.41 ± 0.02a 0.39 ± 0.01a 0.32 ± 0.01b 0.32 ± 0.01b,c

RV/LV EDA 0.31 ± 0.01 0.71 ± 0.04a 0.65 ± 0.05a 0.37 ± 0.01b 0.41 ± 0.02b,c

RV/LV EF 0.73 ± 0.01 0.56 ± 0.03a 0.53 ± 0.03a 0.69 ± 0.04b 0.67 ± 0.04b,c

ASCs or CM were injected through the jugular vein after 7 days of Bleo instillation. Following 2 weeks of Bleo instillation, ECHO and haemodynamic
parameters were assessed. Data demonstrate the improvement in cardiac function and haemodynamics in the Bleo animals in presence of ASCs or CM.
Data presented are mean ± SEM, Con (n = 8), B (n = 8), B + M (n = 6), BAD7 (n = 7), and BCM7 (n = 7).
aP ≤ 0.05, comparing B and B + M animals against the controls.
bP ≤ 0.05, comparing BAD7 and BCM7 versus B.
cP ≤ 0.05, comparing BCM7 versus B + M.
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Figure 9
ASCs or CM attenuates the expression of markers of tissue remodelling and inflammation in PF (Early phase). Lung tissue harvested at the termi-
nation of the study was utilized for RT-PCR analysis: (A) CTGF, (B) IL-13, (C) MMP12, (D) TIMP1, (E) CCL2, (F) IL-6, (G) COL1, and (H) COL3. The
number of animals included per group in (A)–(H) are control (n = 5), B (n = 5), B +M (n = 4), BAD3 (n = 5) and BCM3 (n = 5), mean ± SEM. * P value
of ≤ 0.05, comparing B and B + M animals against the controls. # P value of ≤ 0.05, comparing BAD3 and BCM3 versus B. @ P value of ≤ 0.05,
comparing BCM3 versus B + M.

Table 4
ASCs or CM attenuates the expression of markers of tissue remodelling and inflammation in PF (Late phase)

Con (n = 5) B (n = 5) B + M (n = 4) BAD7 (n = 5) BCM7 (n = 5)

CTGF 1.12 ± 0.24 7.10 ± 1.28a 8.83 ± 1.65a 2.25 ± 0.25b 2.1 ± 0.25b,c

IL13 0.81 ± 0.09 4.68 ± 0.67a 5.67 ± 1.42a 1.01 ± 0.47b 1.81 ± 0.37b,c

MMP12 1.18 ± 0.27 34.3 ± 6.58a 43.83 ± 9.89a 10.9 ± 3.21b 20.46 ± 3.22b,c

TIMP1 1.05 ± 0.13 4.12 ± 0.81a 3.63 ± 0.36a 1.78 ± 0.33b 1.28 ± 0.06b,c

CCL2 1.12 ± 0.19 15.93 ± 3.05a 23.17 ± 5.65a 6.07 ± 0.96b 5.41 ± 1.32b,c

IL-6 0.99 ± 0.81 4.68 ± 0.50a 5.88 ± 0.94a 1.70 ± 0.19b 1.43 ± 0.27b,c

COL1 0.90 ± 0.09 5.14 ± 1.48a 5.95 ± 1.49a 4.17 ± 0.82 5.32 ± 0.91

COL3 1.13 ± 0.20 4.19 ± 1.91 2.25 ± 0.49 1.45 ± 0.21 2.30 ± 0.32

Lung tissue harvested at the termination of the study was utilized for RT-PCR analysis. Data presented are mean ± SEM, Con (n = 5), B (n = 5), B + M
(n = 4), BAD7 (n = 5) and BCM7 (n = 5).
aP ≤ 0.05, comparing B and B + M animals against the controls.
bP ≤ 0.05, comparing BAD7 and BCM7 versus B.
cP ≤ 0.05, comparing BCM7 versus B + M.
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Administration of ASCs or CM in the Bleo animals
completely attenuated the signals associated with inflamma-
tion and tissue remodelling. COL1 and COL3 were moder-
ately attenuated in the early phase, although no significant
change was observed in the late phase study. This lack of ef-
fect may be related to the sampling technique utilized in this
study. Bleo or IPF lungs represent mixed fibrotic and non-
fibrotic patches in the lungs, and thus, there is a possibility
that the lung tissue chosen for the RT-PCR experiment may
be a combination of both patches. However, we utilized all
five-lung lobes for the estimation of hydroxyproline, and we
confirmed that both ASCs and CM attenuated collagen
accumulation.

Recent reports suggest that the activation of SDF-1 recep-
tor (CXCR4 receptor) in the disease state recruits
fibrocytes/inflammatory cells in addition to the
stem/progenitor cells, which advances the disease (Young
et al., 2009; Nikam et al., 2010). Inhibition of the SDF-
1receptor (CXCR4) improves the lung and heart dynamics
in PH (Young et al., 2009; Savai et al., 2012). G-CSF, which is
primarily expressed at the injured site, also mobilizes the
stem/progenitor cells (Weidt et al., 2007). Our results suggest
that ASCs or CM treatment could have either directly
inhibited those cytokines or repaired the tissue injury associ-
ated with the PH lung or heart, thus minimizing the stimulus
to recruit body’s defence systems. The cytokine array study of
the CM demonstrated the presence of chemokines and

growth factors (CXCL1, ICAM-1/2, CXCL5, CCL3, CCL20,
TIMP1 and VEGF), which promote chemotaxis and angiogene-
sis. Although chemokines are believed to participate in
chemotaxis, recent studies suggest that CXCL1 (CINC-1) from
ASC-CM induces neovascularization and protects the elastase
induced pulmonary emphysema (Furuya et al., 2012). Mem-
brane bound ICAMactivates the immune systems,while sICAM
inhibits the lymphocyte function at high doses (Meyer et al.,
1995). Similarly, low dose CCL3/20 (MIP-1α/3α) mobilize HSCs
(hematopoietic stem cells) to the inflammatory site, while its
mobilization is inhibited at higher doses (Shih et al., 2005).
CXCL5 (LIX) and VEGF present in the CM may have a
predominantly angiogenic function; however, VEGF can be
anti-angiogenic too, depending on the tissue micro-
environment (Voelkel and Gomez-Arroyo, 2014; D’Alessio
et al., 2015). Furthermore, the therapeutic benefit of VEGF in
PH is controversial and still under investigation. TIMP1, present
in the CMprimarily inhibits tissue remodelling by blockingma-
trix metalloproteinase (Vieillard-Baron et al., 2003). At present,
it is difficult to precisely determine how the markers of inflam-
mation, and tissue remodelling are reduced or how the CM
derived chemokines/growth factors ameliorate PF or PH, since
the RT-PCR experiment was performed at day 14 (PF) or 28
(PH), while ASCs or CM were administered on day 3 or 7 in PF
or on day 14 in PH.

Previously, the therapeutic benefit of stem cells was be-
lieved to be mediated by their differentiation into a specific

Figure 10
Characterization of ASCs-CM by cytokine array. In order to profile the contents of CM, we used the cytokine array system. CM, conditioned from
the serum-starved ASCs were analysed for the protein contents. A total of 200 μg of protein in 285 μL were loaded in the cytokine array, and the
instructions were followed as described in the kit. 285 μL of concentrated plain culture media (without serum) was used for the control array. (A)
Presence of different cytokines and growth factors in control media and in CM. (B) Mean pixel density of the respective cytokines and growth fac-
tors present in CM as compared with the control media. Mean pixel density is the average of duplicates. (C) X and Y axis coordinates of cytokine
array strip.
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cell-type at the injured site (Jopling et al., 2011). However,
recent investigations have questioned that dogma and the
reparative actions are attributed to secretions of stem cells
(Salgado et al., 2010; Blaber et al., 2012; Sabin and Kikyo,
2014). Secretions of ASCs include a wide range of bioactive
molecules like cytokines, chemokines, growth factors and
exosomes (Salgado et al., 2010; Blaber et al., 2012). Exosomes
secreted by stem cells carry specific mRNA or miRNA, which
could potentiate the reparative process and heal the injured
tissues (Sabin and Kikyo, 2014). Interestingly, ASCs derived
exosomes inhibited T cell activation, differentiation and pro-
liferation, which emphasize the anti-inflammatory role of se-
cretions of ASCs (Blazquez et al., 2014). These reports support
our findings that a single injection of CM is sufficient enough
to activate the cellular regeneration or molecular signals or
possibly mobilize endogenous stem/progenitor cells to sal-
vage the injured tissue. Since ASCs do not express the major
histocompatibility molecules, they can evade the host’s im-
mune surveillance and this properties make them “immune
privileged” (Gonzalez-Rey et al., 2010; Leto Barone et al.,
2013). CM could possibly evade the cell–cell contact in addi-
tion to host’s immune system; therefore, making them ‘super
immune privileged’.

While most of the pathological symptoms observed in pa-
tients with these pulmonary diseases are observed in theMCT
and Bleo animal models, angioproliferative plexiform lesion
formation is an exception. However, this exception cannot
be a limiting factor in defraying the therapeutic potential of
ASCs or CM. To conclude, we are the first to demonstrate that
either ASCs or CM treatment alone could halt the progression
of MCT- or Bleo-induced PH or PF. Our studies provide the
necessary information to further investigate the efficacy of
cell-based secretions, yet cell-free therapy in cardiopulmo-
nary diseases.
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Figure S1 ASCs or CM improves the pulmonary blood flow
in PH. (A) Image of pulsed Doppler recordings of all the exper-
imental groups. After two weeks of MCT-insult, ASCs or CM
was administered through the jugular vein. Pulsed Doppler
recordings were measured after 28 days of MCT-insult. ASCs
or CM treatment improved the pulmonary blood flow. Mid-
systolic notch observed in the PH animals (white arrows)
were absent in presence of ASCs or CM.
Figure S2 Dermal Fibroblasts (DF) or DF derived CM (DF-
CM) did not improve MCT- induced PH. DF (1×106) or-
DF-CM (harvested from 1×106 DF) were injected through-
a jugular cannula, 2 weeks following the MCT insult.
Following 4 weeks of MCT injection, ventricular
hemodynamics were measured. (A) and (B) represent the-
RVSP and RVH in MCT animals in the presence of DF or
DF-CM. Data represented in (A) and (B) are mean ± SEM,
Con (n = 7), MCT (n = 7), MCT + M (n = 7), MCT + DF
(n = 7), MCT + DF-CM (n = 6). * Indicates a P value of
≤ 0.05, comparing MCT and MCT + M vs. control.
Figure S3 Presence of eGFP-ASCs in PH lung. In the
MCT + A group, eGFP-ASCs were administered through
the jugular vein after 14 days of MCT-insult. After 28 days
of MCT-insult, lungs were collected, sectioned and ana-
lyzed for the presence of eGFP-ASCs by staining with
GFP antibody. Images were photographed at 400×. Images
represented (A) eGFP, (B) DAPI, and (C) Composite
(Merge). Scale bar is 50 μm. White arrows indicate the
DAPI stained eGFP-ASCs. (D) Average number of eGFP-
ASCs present in 10 randomly chosen field for three differ-
ent animals. Further to confirm the presence of eGFP, the
same three lung samples were analyzed by real time RT-
PCR. (E) Represents the CT values of GFP and GAPDH
product in RT-PCR.
Movie S1 Para-sternal short-axis ventricles view (papillary
muscle level) of the control animals on Day-0.
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Movie S2 Para-sternal short-axis ventricles view (papillary
muscle level) of the control animals on Day-14.
Movie S3 Para-sternal short-axis ventricles view (papillary
muscle level) of the MCT animals on Day-14.
Movie S4 Para-sternal short-axis ventricles view (papillary
muscle level) of the control animals on Day-28.
Movie S5 Para-sternal short-axis ventricles view (papillary
muscle level) of the MCT animals on Day-28.

Movie S6 Para-sternal short-axis ventricles view (papillary
muscle level) of the MCT + ASCs animals on Day-28.
Movie S7 Para-sternal short-axis ventricles view (papillary
muscle level) of the MCT + Media animals on Day-28.
Movie S8 Para-sternal short-axis ventricles view (papillary
muscle level) view of the MCT + CM animals on Day-28.
Table S1 Rat primers used for RT-PCR experiment.
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