Am J Physiol Heart Circ Physiol 316: H1005–H1013, 2019.
First published March 1, 2019; doi:10.1152/ajpheart.00091.2018.

RESEARCH ARTICLE

Translational Physiology

Beneficial effects of mesenchymal stem cell delivery via a novel cardiac
bioscaffold on right ventricles of pulmonary arterial hypertensive rats
Eric G. Schmuck,1 Timothy A. Hacker,1 David A. Schreier,2 Naomi C. Chesler,1,2 and X Zhijie Wang2,3
1

Department of Medicine, University of Wisconsin, Madison, Wisconsin; 2Department of Biomedical Engineering, University
of Wisconsin, Madison, Wisconsin; and 3Department of Mechanical Engineering, Colorado State University, Fort Collins,
Colorado
Submitted 2 February 2018; accepted in final form 20 February 2019

Schmuck EG, Hacker TA, Schreier DA, Chesler NC, Wang Z.
Beneficial effects of mesenchymal stem cell delivery via a novel
cardiac bioscaffold on right ventricles of pulmonary arterial hypertensive rats. Am J Physiol Heart Circ Physiol 316: H1005–H1013,
2019. First published March 1, 2019; doi:10.1152/ajpheart.00091.
2018.—Right ventricular failure (RVF) is a common cause of death in
patients suffering from pulmonary arterial hypertension (PAH). The
current treatment for PAH only moderately improves symptoms, and
RVF ultimately occurs. Therefore, it is necessary to develop new
treatment strategies to protect against right ventricle (RV) maladaptation despite PAH progression. In this study, we hypothesize that
local mesenchymal stem cell (MSC) delivery via a novel bioscaffold
can improve RV function despite persistent PAH. To test our hypothesis, we induced PAH in adult rats with SU5416 and chronic hypoxia
exposure; treated with rat MSCs delivered by intravenous injection,
intramyocardial injection, or epicardial placement of a bioscaffold;
and then examined treatment effectiveness by in vivo pressurevolume measurement, echocardiography, histology, and immunohistochemistry. Our results showed that compared with other treatment
groups, only the MSC-seeded bioscaffold group resulted in RV
functional improvement, including restored stroke volume, cardiac
output, and improved stroke work. Diastolic function indicated by
end-diastolic pressure-volume relationship was improved by the local
MSC treatments or bioscaffold alone. Cardiomyocyte hypertrophy and
RV fibrosis were both reduced, and von Willebrand factor expression was
restored by the MSC-seeded bioscaffold treatment. Overall, our study
suggests a potential new regenerative therapy to rescue the pressureoverload failing RV with persistent pulmonary vascular disease,
which may improve quality of life and/or survival of PAH patients.
NEW & NOTEWORTHY We explored the effects of mesenchymal
stem cell-seeded bioscaffold on right ventricles (RVs) of rats with
established pulmonary arterial hypertension (PAH). Some beneficial
effects were observed despite persistent PAH, suggesting that this
may be a new therapy for RV to improve quality of life and/or
survival of PAH patients.
cardiac patch; paracrine effect; pulmonary hypertension; regenerative
medicine; right heart

INTRODUCTION

Right ventricular failure (RVF) is a common cause of death
in patients suffering from chronic pulmonary pressure overload
caused by pulmonary arterial hypertension (PAH), an incurAddress for reprint requests and other correspondence: Z. Wang, Colorado State Univ., 1301 Campus Delivery, Fort Collins, CO 80523 (e-mail:
Zhijie.Wang@colostate.edu).
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able, rapidly developing fatal disease (57). While current
treatments for PAH focus on pulmonary vascular endothelial
dysfunction and pulmonary arterial vasoconstriction, the clinical successes with these therapies only moderately improve
symptoms, and the gradual deterioration in right ventricle (RV)
function remains severe, so that organ transplantation is often
the last resort (52). The unmet need to rescue the failing right
heart necessitates new treatment strategies to protect against
RV maladaptation and reduce patient mortality.
Studies of stem cell therapy on PAH have reported improvements in RV functions due to ameliorated pulmonary vascular
remodeling (3, 43, 45, 47, 49, 51, 65) and have been recently
reviewed (54). Biodistribution studies of intravenously administered cells reveal that most of the cells traffic to the lungs
rather than to the heart (3, 43), thus further suggesting that the
therapeutic benefit mainly arises from the recovery of the
pulmonary disease. However, all of these studies employed a
rat model of PAH induced by monocrotaline (MCT) injection,
which lacks angio-obliteration formation in the pulmonary
vasculature, a hallmark of PAH in humans. In addition, MCT
can result in confounding side effects, including myocarditis of
the left and right ventricles (44). Moreover, the therapeutic
effects of stem cells in lungs are not completely clear and with
uncertain physiological relevance (46, 54).
To date, only a limited number of studies have examined
stem cell therapy specific for the failing RV. These studies
have involved the use of mesenchymal stem cells (MSCs) in a
neonatal porcine model (62), cardiac progenitor cells (CPCs) in
a juvenile athymic rat model (2), and human umbilical cord
blood-derived mononuclear cells (UCBMNC) in athymic nude
mice model (38). Interestingly, all of these studies adopted
pulmonary artery banding to induce pressure overload [acutely
(62) or chronically (2, 38)] in the RV and delivered stem or
progenitor cells directly into the RV by intramyocardial injections. To our knowledge, no study has investigated the therapeutic effect of stem cells in a persistent pressure-overloaded
RV due to PAH, an acquired, adult disease.
From the research on left ventricle (LV), we have learned
that delivery of cellular therapies to the myocardium is complicated by the contractile nature of the heart. Tracking of cells
administered either systemically (intravenously or intracoronarily or locally (intramuscularly or intramyocardially) has
demonstrated poor myocardial retention (20 –22, 41). Systemic, as well as local, IM delivery of cells has been shown to
result in a rapid washout of the cells to the lungs, liver, and
spleen (8, 20, 40). Therefore, despite numerous positive results
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from prior LV studies, it is believed that the low engraftment
rate restricts the treatment effectiveness, and other delivery
approach, such as bioscaffold patches, may fulfill the clinical
need (67). To improve cell retention and localize biodistribution to the myocardium, a novel bioscaffold [cardiac fibroblastderived extracellular matrix (CF-ECM)] has been tested as a
cell retention agent (42). CF-ECM is a cell-secreted matrix that
self-attaches to the epicardial surface of the ventricle and has
been shown to effectively transfer MSCs to the LV (42).
The goal of the present study is to explore the treatment
effects of MSCs with various delivery methods for RVF secondary to PAH using a well-established adult rat model of PAH, the
SU5416!hypoxia (SuHx) model (5, 44). We hypothesize that
local MSC delivery via CF-ECM will improve RV performance despite persistent pressure overload. Our results demonstrated that MSC-seeded bioscaffold improved RV function
despite persistent pressure overload, whereas this effect was
absent in both intravenous and intramyocardial MSC injection groups.
MATERIALS AND METHODS

Animal handling. All procedures were approved by University of
Wisconsin Institutional Animal Care and Use Committee. To induce
irreversible PAH (1, 11), 5– 6-wk-old male Sprague-Dawley rats
(Harlan, Indianapolis, IN) were treated with a single subcutaneous
injection of SUGEN (SU5416; Millipore Sigma) at a dose of 20
mg/kg and then housed in hypoxia chamber (10% O2) for 4 wk and in
normal room air for another 2 wk (5). SUGEN/SU5416 is a vascular
endothelial growth factor (VEGF) receptor inhibitor. The PAH rats
were randomized and then treated with MSCs via three delivery
methods (intravenous, intramyocardial, and cell-seeded bioscaffold).
Intravenous and intramyocardial MSC treatment groups were tested,
being common delivery methods in the field (67). Finally, a group of
animals were treated with the bioscaffold alone to test the effect of the
CF-ECM material on RV recovery. Three weeks posttreatment, all
groups were examined for RV function and structure, as described
below. Identical measurements were performed in healthy rats and
untreated PAH rats at a similar age.
Bioscaffold manufacturing and MSC delivery. A novel bioscaffold
was employed for RV MSC delivery using previously described methods
(42). Briefly, to induce bioscaffold formation, rat cardiac fibroblasts from
passages 2 and 3 were plated at a density of ~1.1 " 105 to 2.2 " 105
per cm2 in high-glucose DMEM ! 10% FBS and 1% penicillin/
streptomycin for 10 –14 days. Then, cardiac fibroblasts and secreted
ECM were incubated with 2 mM EDTA solution at 37°C. To remove
remaining cells, the bioscaffold sheet was incubated in alternating
hyper/hypotonic Tris-buffered saline followed by 48-h incubation
with 1% tri-n-butyl-phosphate (TnBp) at 4°C with constant agitation.
Contaminating DNA was removed by 1-h incubation with DNase 1.
Finally, the bioscaffold was rinsed in 100% ethanol followed by
washes with sterile water and PBS.
EGFP!rMSCs (cat. no. RASMX-0110) were purchased from Cyagen Biosciences (Santa Clara, CA) and expanded per the manufacturers’ protocols. 2 " 106 cells were suspended in 50 #l of Plasmalyte
A and seeded on top of the bioscaffold for 2 h just before implantation. After the rat was anesthetized and the chest was open, scaffolds
with and without MSC seeding were gently rinsed in Plasmalyte A,
inverted, and placed on the right heart (cell side down). The bioscaffold used in this study is self-adhesive; thus, it eliminates the need to
glue or suture the patch onto the RV (42). In another group of rats,
2 " 106 MSCs were delivered to the RV by direct intramyocardial
injections at two or three sites. In a third group of rats, the same
amount of MSCs was injected systemically via a jugular vein.

In vivo pressure-volume loop measurements. In vivo RV pressurevolume (PV) relationships were obtained using similar methods as
previously (31, 60, 61). Briefly, rats were anesthetized with urethane
(1.2 g/kg), intubated, and ventilated followed by a ventral midline skin
incision. After the RV was exposed, a 1.9-Fr admittance polyvinyl
catheter (Transonic Scisense, Ithaca, NY) was introduced into the
apex of the RV. The steady-state signals were recorded, and then at
least three transient (~1 s) preload reductions were induced by
entrapping and occluding the inferior vena cava with a suture. The
end-diastolic pressure-volume relationship (EDPVR) and two preload
independent contractility indices— end-systolic pressure-volume
relationship (ESPVR, or Ees) and preload-recruitable stroke work
(PRSW)—were derived from the occlusion PV loops. Data were
recorded and analyzed using commercially available software (Notocord Systems, Croissy Sur Seine, France). Animals were euthanized
by exsanguination, and the RV free wall, LV, and septum were
harvested and weighed. RV hypertrophy was assessed by 1) the Fulton
index as the weight ratio of RV and (LV!septum) and 2) the ratio of
RV weight to body weight (RV/BW).
Hemodynamic data analysis. The PV loops were recorded, and at
least 10 consecutive cardiac cycles free of extra systolic beats were
selected and used for the analysis (60). Standard hemodynamic variables,
including heart rate (HR), RV systolic pressure (RVSP), total pulmonary
vascular resistance (TPVR, estimated as RVSP/cardiac output) and common RV function parameters, such as stroke volume (SV), cardiac
output (CO), ejection fraction (EF), and effective arterial elastance
(Ea) were obtained from the steady-state PV loops. RV contractile
function was quantified in these indices: stroke work (SW), slope of
ESPVR/Ees, PRSW, dP/dtmax, and preload adjusted maximal power
(PAMP, estimated as maximal power PWRmax divided by enddiastolic volume) (53). RV diastolic function was further measured by
dP/dtmin, end-diastolic volume (EDV), and the slope of EDPVR.
Finally, the RV-pulmonary vascular interaction was evaluated by
ventricular-vascular coupling (VVC), a well-accepted parameter for
RV function assessment in animal and clinical studies (15, 48), as 1)
the ratio of Ees to Ea and 2) the ratio of SV/ESV, where ESV is the
end-systolic volume. All parameters were analyzed and exported
directly by Notocord or calculated as described above.
Echocardiography. In the bioscaffold-treated rats with and without
MSCs seeding, transthoracic echocardiography was performed with a
17.5-MHz transducer (RMV 707B; Visual Sonics, Toronto, ON, Canada)
to assess RV function at baseline (week 0), after PAH development (week
6) and 3 wk after treatment (week 9), using methods previously described
(13). Typical geometrical and functional parameters of the RV, including
fraction shortening (FS) and tricuspid annular plane systolic excursion
(TAPSE) indicative of the systolic function, were measured in the
rats (25).
Histology and immunohistochemistry. After euthanasia, RVs were
harvested, fixed in 10% formalin, and stained with H&E and Sirius
Red (37). RV cardiomyocyte morphology was measured by the cell
area under the cross-sectional orientation and the cell width under the
longitudinal orientation (60). RV fibrosis was measured by the collagen area percentage in the tissue. To quantify myocardial perfusion,
immunohistochemistry was performed to examine the expression
levels of von Willebrand factor (vWF) using a similar method, as
described previously (60).
Statistics. All parameters derived from invasive pressure-volume
loops, RV tissue hypertrophy, histology, and immunohistochemistry
were analyzed by one-way ANOVA with a Fisher’s least significant
difference post hoc test. RV echocardiography was analyzed with
repeated-measures, one-way ANOVA with a Tukey’s post hoc analysis. All analyses were performed with Prism 7 (GraphPad, San
Diego, CA). All results are expressed as means $ SD. P % 0.05 was
considered statistically significant.
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Fig. 1. Right ventricle systolic pressure (RVSP; A) and hypertrophy index (Fulton Index; B) measurements in the experimental groups. Results are shown as
means $ SD; n & 8 for control, PAH, and Scaffold!mesenchymal stem cell (MSC) groups, and n & 5 for scaffold only, intravenous (IV) MSC, and
intramyocardial (IM) MSC groups. *P ! 0.05 vs. control; #P ! 0.05 vs. PAH; $P ! 0.05 vs. scaffold only; &P ! 0.05 vs. Scaffold!MSC.
RESULTS

Persistent RV pressure overload and tissue hypertrophy in
all treatment groups. We examined the degree of PAH by the
changes in pulmonary arterial pressure. As shown in Fig. 1, the
RVSP was significantly elevated in the SuHx (PAH) group,
and the elevation in RVSP was not reduced by any of the
treatment groups. The examination on the entire pulmonary
arterial afterload, such as Ea and total pulmonary vascular
resistance (Table 1), confirmed a similar trend of persistent
increase in RV afterload in all treatment groups. These results
indicate that PAH was not alleviated by any treatment group.
RV hypertrophy at the tissue level was quantified by the
Fulton Index (Fig. 1) and the ratio of RV tissue weight to body
weight (RV/BW; Table 1). All treatment groups resulted in
milder but persistent hypertrophy, except for the MSC-seeded
bioscaffold treatment group (Fig. 1).
MSC-seeded bioscaffold treatment improved overall RV
function. Even with persistent PAH and RV pressure overload,
improvements in RV function were observed with MSCseeded bioscaffold treatment. In contrast, the therapeutic effect
was absent or marginal in all other treatment groups. As shown
in Fig. 2, we have observed significant reduction in RV SV and
CO in the untreated PAH group compared with control, and the

restoration of them to control levels occurred only in the MSCseeded bioscaffold treatment group (P % 0.05; Fig. 2, A and B). A
trend toward improved RV EF was observed in the bioscaffoldtreated groups (with and without MSCs), but the changes were
insignificant (Table 1). We did not observe marked differences in
HR, EDV, or ESV between treatment groups (Table 1).
MSC-seeded bioscaffold treatment differently affected the contractility indices. We examined the RV contractile function by
SW, Ees, PRSW, PAMP, and dP/dtmax. We found that while
PAH development tended to increase RV SW, the MSC-seeded
bioscaffold treatment further increased the SW significantly
(P % 0.05, Fig. 2C), suggesting an enhanced overall RV
contractility. In contrast, no other treatment group increased
the RV SW compared with the untreated PAH group (Fig. 2C).
Furthermore, because SW is preload-dependent, we examined
another relevant but preload-independent contractility index,
PAMP (53). We observed similarly increased PAMP with the
MSC-seeded bioscaffold treatment (P % 0.05, Table 1).
PRSW and dP/dtmax were consistently increased in all PAH
groups, except for the scaffold-only treatment group, and there
were no significant alterations in these parameters with any of
the treatment (Table 1). In the Ees measurement, the untreated
PAH group and MSC-seeded bioscaffold-treated group had

Table 1. RV tissue hypertrophy and hemodynamic measurements in all experimental groups
Control

RV/BW
tPVR, mmHg·min'1·ml
RV EDV, #l
RV ESV, #l
EF, %
HR, bpm
PAMP, mWatt/#l
dP/dtmin, mmHg/s
dP/dtmax, mmHg/s
PRSW
Ees, mmHg/#l
Ea, mmHg/#l
VVC, Ees/Ea
VVC, SV/ESV

0.58 $ 0.03
0.3 $ 0.1
352 $ 50
114 $ 80
73 $ 15
320 $ 40
0.67 $ 0.65
'1,325 $ 300
2,544 $ 681
26 $ 10
0.26 $ 0.09
0.13 $ 0.03
2.4 $ 1.3
3.7 $ 2.5

PAH

1.58 $ 0.23*
0.8 $ 0.3*
391 $ 118
199 $ 117
49 $ 16*
335 $ 25
0.60 $ 0.35
'3,580 $ 1,186*
4,502 $ 580*
68 $ 20*
0.44 $ 0.18*
0.24 $ 0.06*
1.7 $ 0.6
1.3 $ 1.0*

Scaffold!MSCs

1.45 $ 0.18*
0.7 $ 0.2*
474 $ 68
162 $ 83
63 $ 12
332 $ 39
1.46 $ 1.21*†
'3,033 $ 575*
4,854 $ 992*
63 $ 21*
0.46 $ 0.13*
0.24 $ 0.07*
1.8 $ 0.6
2.1 $ 1.3

Scaffold Only

1.28 $ 0.35*
0.6 $ 0.2
380 $ 84
128 $ 58
66 $ 14
337 $ 49
2.12 $ 3.01
'2,440 $ 897*
4,213 $ 2,400
67 $ 34
0.47 $ 0.10
0.23 $ 0.10
2.7 $ 1.6
2.5 $ 1.6

IV MSCs

IM MSCs
†

1.05 $ 0.28*
0.9 $ 0.2
407 $ 36
182 $ 69
55 $ 15
345 $ 31
0.38 $ 0.18
'3,147 $ 933*
4,642 $ 529*
56 $ 17*
0.51 $ 0.23
0.28 $ 0.11
2.4 $ 1.9
1.5 $ 1.1*

0.92 $ 0.18*†
1.0 $ 0.3*
393 $ 36
191 $ 43
51 $ 7*
336 $ 23
0.78 $ 0.57
'2,853 $ 519*
4,602 $ 1,140*
58 $ 25*
0.32 $ 0.09
0.34 $ 0.11*
1.0 $ 0.4
1.1 $ 0.3*

Values are means $ SD; n & 8 for control, PAH and Scaffold!MSCs groups, and n & 5 for all other treatment groups. BW, body weight; EDV, end-diastolic
volume; EF, ejection fraction; ESV, end-systolic volume; HR, heart rate; PAMP, preload adjusted maximal power; PRSW, preload recruitable stroke work; RV,
right ventricle; RV/BW, the ratio of RV tissue weight over body weight; SV, systolic volume; tPVR, total pulmonary vascular resistance; VVC,
ventricular-vascular coupling. *P % 0.05 vs. control. †P % 0.05 vs. PAH.
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Fig. 2. Right ventricle stroke volume (RV SV; A), right ventricle cardiac output (RV CO; B), stroke work (SW; C), and end-diastolic pressure-volume relation
(EDPVR; D) measurements in the experimental groups. RV function improvement post-mesenchymal stem cell (MSC)-seeded bioscaffold treatment is evident.
Results are shown as means $ SD; n & 8 for control, pulmonary arterial hypertension (PAH), and Scaffold!mesenchymal stem cell (MSC) groups, and n &
5 for scaffold only, intravenous (IV) MSC and intramyocardial (IM) MSC groups. *P ! 0.05 vs. control; #P ! 0.05 vs. PAH; $P ! 0.05 vs. scaffold only; &P !
0.05 vs. Scaffold!MSC; !P ! 0.05 vs. IV MSC; %P ! 0.05 vs. IM MSC.

similarly elevated Ees, but such change was absent in other
treatment groups (Table 1). This suggests that with the continuously increased RV afterload (Ea), the MSC-seeded bioscaffold group was able to maintain RV contractility (Ees), while
the other treatment groups failed to do so.
Improved RV EDPVR in “local” treatment groups. Diastolic
function was examined by EDPVR, RV end-diastolic volume
(EDV), and dP/dtmin. While PAH led to significantly increased
EDPVR, this parameter was reduced to the control levels in all
“local” treatment groups (P % 0.05, Fig. 2D), suggesting an
improvement in diastolic function. We did not observe significant
changes in RV EDV among all experimental groups (Table 1).
Similar to the changes in dP/dtmax, dP/dtmin (the absolute value)
was increased in all diseased groups, and none of the treatment
groups affected the increase in dP/dtmin (Table 1).
Potential improvement in cardiopulmonary coupling in the
bioscaffold treatment groups. Ventricular-vascular coupling
(VVC) of the RV was evaluated by two established methods:
Ees/Ea and SV/ESV. Because of the large variation in Ees/Ea,
we did not observe significant changes in all experimental
groups (Table 1). When estimated by SV/ESV ratios, we found
that PAH significantly reduced VVC (P % 0.05; Table 1), and
the reduction in VVC was absent in both bioscaffold treatment
groups (with and without MSCs). In contrast, intravenous and
intramyocardial MSC groups showed persistently low VVC
compared with the control RV (P % 0.05, Table 1).
Temporal changes in RVs of the mesenchymal stem cell-seeded
bioscaffold or bioscaffold-only treatment groups. We performed
serial echocardiography measurements in the rats treated by

MSC-seeded bioscaffold and bioscaffold only. We found that
RV FS was significantly reduced with the PAH development
(P % 0.05) and that neither the MSC-seeded bioscaffold
treatment nor the bioscaffold-only treatment rescued this reduction (Tables 2 and 3). RV chamber size was significantly
enlarged with PAH development, and neither MSC-seeded
bioscaffold nor bioscaffold-only treatments ameliorated the
enlargement (P % 0.05, Tables 2 and 3). Finally, we did not
observe significant changes in TAPSE in either the MSCseeded bioscaffold or bioscaffold-only group.

Table 2. Echocardiography measurements at multiple time
points for the same rats treated with MSC-seeded bioscaffold
FS
TAPSE, mm
RV ID, s, mm
RV ID, d, mm
RV ID/LV ID, s
RV ID/LV ID, d

Baseline

PAH

Scaffold!MSCs

0.57 $ 0.07
1.87 $ 0.2
1.60 $ 0.21
2.87 $ 0.26
0.28 $ 0.05
0.38 $ 0.03

0.32 $ 0.11*
1.58 $ 0.36
2.82 $ 0.28*
3.88 $ 0.35*
0.45 $ 0.06*
0.47 $ 0.04*

0.30 $ 0.09*
2.15 $ 0.58
3.15 $ 0.57*
4.22 $ 0.52*
0.43 $ 0.06*
0.47 $ 0.04*

Values are means $ SD; n & 8. Baseline, before SuHx treatment; d,
diastole; FS, fractional shortening; LV ID, LV inner diameter; PAH, pulmonary arterial hypertension after 6 wk of SuHx treatment; RV ID, RV inner
diameter; Scaffold!MSCs, after 3 wk of MSC-seeded bioscaffold treatment; s,
systole; TAPSE, tricuspid annular plane systolic excursion. All parameters
were measured at three time points in the same animal except for TAPSE, with
which the measurement was unavailable for rat 3 during the baseline and PAH
measurements. *P % 0.05 vs. baseline.
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Table 3. Echocardiography measurements at multiple time
points for the same rats treated with bioscaffold alone
FS
TAPSE, mm
RV ID, s mm
RV ID, d mm
RV ID/LV ID, s
RV ID/LV ID, d

Baseline

PAH

Scaffold Only

0.42 $ 0.10
2.27 $ 0.7
1.75 $ 0.35
2.69 $ 0.49
0.28 $ 0.06
0.36 $ 0.07

0.29 $ 0.09*
2.40 $ 0.25
2.62 $ 0.36*
3.53 $ 0.61
0.35 $ 0.05
0.40 $ 0.07

0.27 $ 0.05*
1.88 $ 0.62
2.81 $ 0.52*
3.66 $ 0.55*
0.35 $ 0.05*
0.39 $ 0.04

Values are means $ SD; n & 6. Baseline, before SuHx treatment; d, diastole;
FS, fractional shortening; LV ID, left ventricle inner diameter; PAH, pulmonary
arterial hypertension after 6-wk SuHx treatment; Scaffold Only, after 3-wk
bioscaffold only treatment; RV ID, right ventricle inner diameter; s, systole;
TAPSE, tricuspid annular plane systolic excursion. All parameters were
measured at three time points in the same animal. *P % 0.05 vs. baseline.

Structural changes in RVs of the mesenchymal stem cell-seeded
bioscaffold treatment group. We examined RV collagen content
and RV cardiomyocyte morphology with routine histology staining. PAH led to increases in RV collagen content, and the
MSC-seeded bioscaffold mildly reduced the collagen deposition in the diseased RVs (P % 0.05, Fig. 3A). PAH also led to
RV cardiomyocyte enlargement evidenced by increased cell
size and width. Interestingly, the degree of RV cardiomyocyte
enlargement was reduced by the MSC-seeded bioscaffold treatment (P % 0.05, Fig. 3, B and C).
We further measured the expression of vWF in blood vessels
in these RVs. As vWF is expressed by healthy endothelial cells,
the amount of vWF expression is a good indicator of coronary
artery perfusion (64, 68). As shown in Fig. 4, PAH led to
decreased vWF expression in the RV, and the MSC-seeded
bioscaffold treatment reversed the reduction (P % 0.05). Thus,
myocardial perfusion is likely improved with the treatment.
DISCUSSION

In the current study, we investigated the therapeutic effects of
MSCs on pressure-overloaded RVs via different delivery methods
(intravenous, intramyocardial, and cell-seeded bioscaffold). We
found that local MSC delivery via engineered bioscaffolds significantly improved RV performance, as evidenced by restored CO
and SV. In addition, overall RV contractility (SW and PAMP)
was enhanced and diastolic function (EDPVR) was improved
by this treatment. Biological examination suggests that the
mechanism of these beneficial effects may be a result of

B

reduced RV fibrosis and cardiomyocyte hypertrophy, as well as
increased coronary perfusion. To our knowledge, this is the
first study to investigate MSC therapy for adult RVF secondary
to PAH, as well as the first study to demonstrate beneficial
effects of MSCs on failing RVs delivered via a novel selfadherent cardiac bioscaffold.
MSC-seeded bioscaffold improves global RV function despite persistent pressure overload. This study suggests that,
despite persistent pressure overload, treatment with MSC-seeded
bioscaffold improves global RV function by restoring SV and
CO to control levels. The overall improvement may be explained, in part, by the increased SW and PAMP, the contractility
indices of the total work power generated per heartbeat. Cardiac
contractility is the intrinsic ability of the heart to generate force
(24). It has been previously reported that in the infarcted LV, IM
delivery of MSCs improves cardiac contractility (41, 63). The
exact mechanism by which MSCs improve cardiac contractility
in the LV following ischemic injury is not fully known, but
reports of neoangiogenesis and reduction in scar size have been
cited (14, 18, 26, 50). Although stem cells have been reported
to improve RV function in volume-overload or pressure-overload RV models in neonatal sheep and pigs (9, 62, 66), to our
knowledge, this study is the first to investigate the effect of
RV-specific MSC therapy using the SuHx PAH model.
In this study, we chose to test both conventional (intravenous, intramyocardial) and nascent (bioscaffold) cell delivery
methods to determine the optimal cell delivery method. While
intravenous and intramyocardial cell deliveries have been widely
tested in various cardiac disease models, we found that they failed
to improve RV function or reverse deleterious remodeling. In fact,
intravenous MSC therapy in MCT-induced PAH rats has yielded
mixed results (45, 49, 51). Although the efficacy and safety of
MSC therapy to reverse pulmonary vascular remodeling remain
unclear (46), our results suggest that intravenous delivery of
MSCs is not optimal for RV failure. Unexpectedly, our results
showed that not only did intramyocardial MSC treatment fail to
improve RV function, but instead, resulted in the worst RV
contractility (Ees) and VVC among all treatment groups (Table
1). While it is unclear why intramyocardial MSC therapy resulted
in worsening RV function, it is likely that rapid washout of MSCs
coupled with potential damage caused by the act of injecting
cells into an already weakened RV may have contributed to
this result. Finally, the bioscaffold-only treatment was tested.
Interestingly, the bioscaffold alone improved diastolic func-
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Fig. 3. Right ventricle (RV) histology measurements on collagen area percentage (A), cardiomyocyte cross-sectional area (B), and cardiomyocyte width (C) in
control, pulmonary arterial hypertension (PAH) and mesenchymal stem cell (MSC)-seeded bioscaffold treatment groups, respectively. Results are shown as
means $ SD; n & 8 per group. *P ! 0.05 vs. control; #P ! 0.05 vs. PAH.
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A

Fig. 4. Right ventricle (RV) myocardial perfusion measurement by von Willebrand factor
(vWF) expression. A–C: representative images of RVs stained for vWF expression (red
color) in control, PAH, and MSC-seeded bioscaffold treatment groups, respectively. Arrows indicate blood vessels found in RV tissues. D: vWF expression level changes in
these RVs. Results are shown as means $ SD;
n & 8 per group. *P ! 0.05 vs. control; #P !
0.05 vs. PAH.

B

100 µm

C

tion, as shown by a reduction in EDPVR (Fig. 2D). However,
other key functional improvements, such as the restoration of
SV, CO, and enhanced SW were absent. Thus, we attribute
these beneficial effects of the MSC-seeded bioscaffold to the
MSCs rather than the bioscaffold itself.
Potential mechanism of MSC-seeded bioscaffold treatment:
promoting angiogenesis and reducing fibrosis in the RV. While
the exact mechanism by which MSCs convey benefit is still
debated, evidence strongly suggests that paracrine signaling
through cytokines, growth factors, and microvesicles is involved.
Paracrine signaling has been shown to promote angiogenesis (16,
19, 23, 35), beneficially modulate the immune system (6, 10,
36), and reduce fibrosis (28, 34). All three of these MSC
properties could be beneficial to the RV. Capillary rarefaction,
resulting in reduced blood flow, is a well-documented phenomenon in the RVF (56, 58, 59). We observed increased vWF
expression in the RV, which may improve cardiac perfusion
(Fig. 4), suggesting that the proangiogenic properties of MSCs
may be a potential mechanism leading to improved RV function. Our results also indicated that treatment with MSCseeded bioscaffold reduces RV fibrosis (Fig. 3A), which is
consistent with previous findings in failing LVs (30). Additionally, histological examination showed ameliorated cardiomyocyte hypertrophy with the treatment (Fig. 3, B and C). This
finding is also consistent with previous reports that MSCs
reduce myocyte hypertrophy in vitro (7), as well as in vivo, in
a myocardial infarction rat model (33), suggesting another
potential mechanism by which MSCs restore cardiomyocytes
at the cellular level.
Implications in regenerative therapy for RV failure. Although the aim of regenerative therapy is to halt/reverse RV
failure, an unsolved issue in the field is the definition of RV
failure, which is likely to be distinct from LV failure (12).
Presently, there is no clear clinical definition of RV failure,
probably due to the lack of detailed cellular and molecular
mechanisms to explain RVF (55, 57). RV failure has been

D

identified by reduction in CO, SV, and/or EF, RV wall dilation,
decreased contractility, or VVC. But not all of these parameters
are able to consistently predict RV failure: in some cases, RV
contractility increases as an adaptive response, but SV or CO
decreases, fulfilling a definition of failure (29); in other cases,
the failing RV has reduced EF and diastolic dysfunction yet
preserved CO (39). Therefore, it is essential to understand the
progression of RV failure to better guide therapeutic goals.
An emerging area in the regenerative medicine arises from
the discovery of beneficial effects of stem cells from their secretome or exosomes (17). Exosomes are extracellular vesicles
secreted from stem cells or stem cell-derived cardiomyocytes,
and they have been reported to reduce the size of infarctions
and improve organ function (4, 27, 32). Despite the benefits,
the mechanism of the exosomes in the failing LVs has not been
fully clarified. In the present study, it is also possible that the
RV improvement, including the biological changes, was a
result of the paracrine effects of exosomes from the MSCs.
Because of the potentially different mechanisms between LV
and RV failure, future investigations should consider the
unique components of the exosomes that are specific for
failing RVs.
Limitations. There are several limitations in the present
study. First, we have not directly measured the pulmonary
vascular remodeling by lung histology or immunohistochemistry. Instead, we indirectly infer that pulmonary arterial afterload was not altered by functional parameters (Ea and tPVR).
Second, the measurement of EF was not carried out by cardiac
MRI, which is considered the gold standard for this functional
parameter. Third, the organ level measurement of RV hypertrophy was not consistent with the microscopic level measurement. It is known that the entire organ wet weight is dependent
on multiple factors, and single myocyte hypertrophy is only
one of them. Future studies should distinguish the cause for the
difference between organ-level and cellular-level measurements of muscle hypertrophy. Fourth, we did not fully examine
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the functional and structural changes in every control group as
we performed for the MSC-seeded bioscaffold group. For the
treatment groups with “absent” functional improvements, we
did not perform histological examination or temporal echocardiography. As a result, it is not fully clear whether and to what
extent the bioscaffold itself may alter the remodeling of the
RV, or whether the bioscaffold has an impact on the MSCs
besides the proposed “vehicle” function. Finally, although we
observed some beneficial effects of the MSC-seeded bioscaffold treatment, the improvement is not optimal. This may be
part of the reason that the changes in different contractility
indices were not identical. Future research should seek to
optimize the treatment with varied dose or timing of delivery of
MSCs.
In summary, our results showed beneficial effects of localized MSC delivery to the failing RV via a novel bioscaffold.
The restoration of SV and CO and improved SW and PAMP
indicated a global improvement in the RV function. Biological
examination showed that the degrees of cardiomyocyte hypertrophy and RV fibrosis were reduced, and coronary perfusion
was increased by the MSC-seeded bioscaffold treatment. However, how exactly the local MSCs delivery via a bioscaffold led
to RV myocardium recovery awaits further investigation. Refinement of the cell-seeded bioscaffold treatment may eventually provide novel treatment for RVF secondary to PAH and
improve quality of life for PAH patients, even under persistent
pulmonary vascular disease.
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