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BACKGROUND: Ischemia/reperfusion (I/R) injury is an inevitable consequence of organ transplantation
and a major determinant of patient and graft survival in heart transplantation. Bone marrow–
mesenchymal stromal cell (BM-MSC) treatment is a potentially effective cell therapy for cardiac
disease. We investigated the effects of intravenous delivery of BM-MSCs in the acute phase post-
transplant in a heterotopic heart transplantation (HHT) model associated with I/R injury.
METHODS: Hearts of wild-type Lewis (WT LEW) rats were harvested and transplanted heterotopically
into the necks of recipient WT LEW rats. Forty-eight hours after HHT, BM-MSCs were injected
intravenously into animals in the experimental group, whereas controls received normal saline (NS).
RESULTS: Eight days after BM-MSC injection, fractional shortening of transplanted hearts was
significantly higher and left ventricular systolic diameter was lower in the BM-MSC group compared
with controls, whereas no differences were found 28 days after infusion. A reduction in ventricular
remodeling and cardiac fibrosis was observed by histochemical analysis and confirmed by cardiac
magnetic resonance imaging in the BM-MSC group. The perivascular stromal cells’ density and the
number of capillaries were increased whereas the number of apoptotic cells decreased significantly in
transplanted hearts in the BM-MSC group compared with the NS group.
CONCLUSIONS: We showed early improvement in cardiac function and subsequent enhanced
ventricular remodeling, reduced cardiac fibrosis, augmented neo-vascularization and decreased
cardiomyocyte apoptosis of the transplanted heart in a heterotopic transplantation model after
intravenous infusion of BM-derived MSCs. Our data suggest that clinical studies with BM-MSCs are
warranted to understand their effects on cardiac graft and transplant recipient survival.
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Cardiac transplantation is an established therapy for
patients with end-stage heart failure (HF).1 From 3,500 to
5,000 heart transplants are reported annually to the registry
of the International Society for Heart and Lung Trans-
plantation (ISHLT) worldwide, but numbers have not
increased over the past 2 decades due to donor shortage,
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despite the increase in number of HF patients.2 Although
1- and 5-year survival rates of 85% and 75%, respectively,
appear promising, in 5% to 10% of recipients the cardiac
graft fails early after transplantation.3

Primary graft dysfunction and acute graft failure after
cardiac transplantation remain poorly understood.4 There is
increasing evidence that, in addition to immunologic factors,
non-immunologic mechanisms, such as ischemia/reperfusion
(I/R) injury, play an important role in primary graft dys-
function. I/R injury is known to promote various disease
processes, including inflammation, apoptosis and acceleration
of allograft rejection or chronic allograft dysfunction; thus, a
reduction in cardiac I/R injury would have a significant impact
on improving short- and long-term graft function and survival.5

Mesenchymal stromal cells are multipotent stromal cells
that have been investigated on an increasing basis for the
repair of injured tissue. Recent reports have demonstrated
the safety and effectiveness of bone marrow–derived
mesenchymal stromal cell (BM-MSC) treatment in improv-
ing ischemia-related organ dysfunction in solid-organ
transplantation.6,7 These studies have shown that admin-
istration of BM-MSCs improve kidney,8 liver,9 intestine and
lung10 functional recovery in the acute phase of post-I/R
injury.11 However, less information is available on the
therapeutic potential of BM-MSCs for treating I/R injury
associated with cardiac organ transplantation.12

Heterotopic heart transplantation (HHT) models are
widely used in transplant immunology, transplant pathology
and organ protection research.13 HHT combines the safety
of a non–life-supporting graft with the benefits of a working
heart model. Cervical heart transplantation using a suture-
less “cuff technique” was introduced by Heron and
associates in 1971 and their technique is currently being
used with technical modifications by several investigators.14

Rat heart transplantation into the cervical region has several
advantages compared with transplantation into the abdomi-
nal cavity.15 These advantages include easy vascular
dissection, shorter operating time, reduced blood loss,
decreased cold ischemia time of the donor heart, and easy
graft monitoring.13

In this study, we used a cervical HHT model in rats to
mimic I/R injury in transplanted cardiac grafts and
investigated the therapeutic potential of BM-MSCs in the
acute phase of post-I/R injury. The adoption of a syngeneic
transplant model avoided immune-rejection issues and
enabled us to focus on graft survival and recovery based
on I/R injury. We hypothesized that the systemic admin-
istration of BM-MSCs during the acute phase of I/R injury
would be associated with beneficial effects, including
improvement of graft myocardial function, reduction of
cardiomyocyte apoptosis, enhanced vascularization and
positive ventricular remodeling. We found that BM-MSCs,
systemically infused 48 hours after HHT, increased the
cardiac function of the transplanted heart 8 days post-
infusion. These findings were associated with decreased
organ fibrosis and ventricular remodeling 28 days after
infusion. Also at 28 days, BM-MSC–treated animals
exhibited enhanced angiogenesis and decreased apoptosis
in the transplanted heart.
Methods

Readers are referred to the Supplementary Materials and Methods
and Supplementary Figure S1, Figure S2, Figure S3 available
online at www.jhltonline.org.

Results

Properties of BM-MSCs

Cell isolation, expansion, characterization and differentiation
of rat BM-MSCs has been established elsewhere.16 Wild-type
(WT, n ¼ 3) and green fluorescent protein–positive (GFPþ,
n ¼ 3)17 adult BM-MSCs were characterized using criteria
provided by the International Society of Cellular Therapy
(ISCT).18 BM-MSCs from all 6 donors presented typical
MSC morphology. The cells displayed MSC cell surface
antigen expression (60.4% CD90, 68.2% CD29, 37.7%
CD49e) by flow-cytometry analysis and were negative for
hematopoietic surface markers CD11b and CD45 (Figure S4
in Supplementary Materials). The cells differentiated in vitro
into adipocytes, osteoblasts and chondroblasts using standard
protocols (Figure S5 in Supplementary Materials).

Distributions of transplanted GFPþ BM-MSCs

To determine the bio-distribution of BM-MSCs and evaluate
whether BM-MSCs could be found in the transplanted heart
after intravenous (IV) delivery, 3 � 106 GFPþ BM-MSCs
were infused 48 hours after HHT. Forty-eight hours after
GFPþ BM-MSC infusion, GFP expression was largely
confined to the lungs (3.78 � 2.82% positive cells per total
cells), indicating that the transplanted cells were trapped in
pulmonary capillaries (n ¼ 6). GFP expression was also
detected in liver (0.2 � 0.2%) and spleen (0.11 � 0.06%)
by quantitative polymerase chain reaction. Interestingly,
GFP sequences were also detected within the transplanted
heart at low percentages (1.2 � 0.87%); however, some
labeled cells were also observed within the host heart, where
there was no I/R injury (0.75 � 0.51%) (Figure 1A). These
findings correlated with bio-distribution results obtained by
immunohistochemistry analysis (Figure 1B–F).

BM-MSCs infusion improved short-term cardiac
function

In this study, 14 WT rats received HHT from WT donors
and were randomly assigned to experimental groups: 7 rats
received normal saline (NS) IV infusion and 7 rats received
WT BM-MSCs (3 � 106 cells/rat). The IV infusions were
given 48 hours after HHT and after baseline echocardiog-
raphy in the host heart. Heart function of the donor and host
hearts was assessed by echocardiography 8 and 28 days
after infusion. Representative echocardiographic videos of
the transplanted heart 8 days post-infusion are provided in
Video S1 (HHT/MSC) and Video S2 (HHT/NS) in the
Supplementary Materials.

In the transplanted heart, 8 days after IV infusion of BM-
MSCs (10 days post-HHT), fractional shortening (FS)
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Figure 1 Survival and distribution of BM-MSCs in treated animals 48 hours after intravenous infusion. (A) Quantitative assessment
(polymerase chain reaction) of engrafted GFPþ BM-MSCs/total cells at 48 hours post- infusion in different organs. (B–F) Representative
images from immunostaining of grafted GFPþ BM-MSCs at 48 hours after injection (original magnification: 20�). Representative images are
shown of the following organs: (B) lung; (C) host heart; (D) heterotopic transplanted (HHT) heart; (E) spleen; (F) liver. Arrows: GFPþ cells.
Black scale bar ¼ 100 mm; blue scale bar ¼ 50 mm.
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decreased significantly from baseline (pre-transplant) in
both the BM-MSC–treated (56.51 � 2.06% to 41.73 �
2.26%, p o 0.001) and NS-infused (52.27 � 1.04% to
21.24 � 4.26%, p o 0.001) groups (Figure 2A). Although
no significant difference was observed in FS between 8 days
and 28 days in either group (p 4 0.05), we observed a
significant decrease from baseline to 28 days in both BM-
MSC–treated (56.51 � 2.06% to 35.13 � 3.94%, p o
0.001) and NS-treated (52.27 � 1.04% to 28.23 � 3.73%,
p o 0.001; Figure 2A) groups. The key result is that
infusion of BM–MSCs after 8 days significantly increased
Figure 2 Changes in echocardiographic parameters in the transpl
ventricular size, as quantified by echocardiographic parameters: (A, D)
dimension (LVIDs); and (C, F) left ventricular internal diastolic dimens
transplanted donor heart. (D–F) Host heart. Data are presented as mean�
vs BM-MSC group. FS ¼ left ventricular fractional shortening (as a pe
(in millimeters); LVIDd ¼ left ventricular internal dimension in diastole
post-ischemic myocardial function in the transplanted heart
compared with control as exhibited by improved FS (HHT/
BM-MSCs 41.73 � 2.26% vs HHT/NS 21.24 � 4.26%,
p o 0.001; Figure 2A).

A trend toward increased myocardial recovery compared
with NS controls 8 days after infusion of BM-MSCs was
also noted with respect to improved left ventricular internal
dimension (LVID) in systole (HHT/BM-MSCs 2.09 � 0.23
mm vs HHT/NS 3.52 � 0.50 mm, p o 0.01; Figure 2B),
whereas no significant changes were measured in LVID in
diastole (p 4 0.05; Figure 2C).
anted heart after BM-MSC infusion. Cardiac function and left
fractional shortening (FS); (B, E) left ventricular internal systolic
ion (LVIDd) at 8 and 28 days after treatment. (A–C) Heterotopic
SEM. ***po 0.001 for BM-MSC vs NS group; **po 0.01 for NS
rcentage); LVIDs ¼ left ventricular internal dimension in systole
(in millimeters).



Figure 3 Representative echocardiographic images at 8 days
after BM-MSC or NS infusion. (A, B) Representative hetero-
topically transplanted heart M-mode traces in a transplanted heart
8 days after infusion of (A) BM-MSCs and (B) normal saline (NS).
(C) Representative M-mode traces of host heart (no difference
between treated and untreated groups).
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In contrast, in the host hearts, global cardiac function
remained unchanged; there was no significant change in FS
between the 2 groups over time (p 4 0.05; Figure 2D).
Also, no difference in end-systolic (Figure 2E) and end-
diastolic (Figure 2F) LVID was observed in either the BM-
MSC or control groups in the host hearts (p 4 0.05).
Figure 4 Degree of fibrosis and left ventricular wall thickness at 28
Representative Masson’s trichrome staining of recipient (host) (A) and het
infusion of normal saline (NS) (A, B) or BM-MSCs (C). Scar tissue staine
total heart area (host 2.9 � 0.2% vs BM-MSC treated 15.1 � 1.8% vs N
0.1 vs BM-MSC treated 2.3 � 0.2 mm vs NS 1.3 � 0.4 mm). Data repre
In general, injection of BM-MSCs appeared to protect
cardiac contractility in donor hearts subjected to acute I/R in
the short term (8 days; Figure 3A and B), whereas no
significant difference was found 28 days post-infusion
within the 2 groups (HHT/BM-MSCs 35.13 � 3.94% vs
HHT/NS 28.23 � 3.73%, p 4 0.05) and no significant
difference was found within the 2 groups in the host heart at
any time-point (Figure 3C).
BM-MSC infusion reduced myocardial fibrosis and
improved ventricular remodeling in transplanted
hearts

Masson’s trichrome staining on the heterotopic transplanted
heart performed 28 days after BM-MSC or NS infusion
demonstrated modest myocardial fibrosis in both the
untreated and treated groups. Representative heart sections
of the host heart and of the transplanted heart 28 days after
infusion with BM-MSCs or NS are shown in Figure 4A–C.

Despite these findings, quantitative analysis demon-
strated that the collagen volume fraction in the BM-MSC–
treated group was significantly smaller than that in the
untreated group (HHT/BM-MSC 13.8 � 1.6% vs HHT/NS
22.6� 1.7%, po 0.05; Figure 4D). The anterior wall in the
BM-MSC group was thicker than that of the control group,
indicating a reduction in ventricular remodeling (HHT/BM-
MSCs 2.3 � 0.2 mm vs HHT/NS 1.8 � 0.2 mm, p o 0.05;
Figure 4E) in the BM-MSC–treated group.
days after BM-MSC or normal saline infusion in cardiac tissue.
erotopically transplanted (B, C) heart tissue in animals 28 days after
d blue. Scale bar ¼ 2 mm. (D) Fibrotic area quantified as percent of
S 22.6 � 1.7%). (E) Left ventricular wall thickness (LVWT; 2.6 �
sent mean � SEM (n ¼ 7); *p o 0.05, **p o 0.01, ***p o 0.001.
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Cardiac magnetic resonance imaging (MRI) documented
a decrease in expansion of scar tissue and left ventricular
(LV) remodeling at 28 days after BM-MSC injection
compared with NS injection (Figure 5A and B). The
anterior wall measurements confirmed the previous findings
(HHT/BM-MSCs 2.0 � 0.2 mm vs HHT/NS 1.3 � 0.1 mm,
p o 0.05; n ¼ 3) (Figure 5C). Representative videos (to be
played in loop mode) of the transplanted heart are provided
in Video S3 (4-chamber view) and Video S4 (ventricles
view) in the Supplementary Materials.
Figure 5 Magnetic resonance imaging (MRI) of the trans-
planted heart. Representative MRI data for transplanted heart at 28
days after BM-MSC treatment (A) or normal saline infusion
(B) (n ¼ 3). RA ¼ right atrium; LA ¼ left atrium; RV ¼ right
ventricle; LV ¼ left ventricle; TV ¼ tricuspid valve; white star ¼
left ventricular wall. Experiments performed on a horizontal
magnet dedicated to small animal (70/30 USR BioSpec; Bruker).
(C) Left ventricular wall thickness (LVWT; BM-MSCs 2.0 �
0.2 mm vs NS 1.3 � 0.1 mm, *p o 0.05). Data represent mean �
SEM (n ¼ 3).
Infusion of BM-MSCs significantly induced
neo-vascularization and reduced apoptosis
in transplanted hearts

The perivascular stromal cell densities (α-smooth muscle
actin [α-SMA]–positive stromal cells) (Figure 6A–D) and
microvessel density (MVD; CD34þ cells) (Figure 6E–H)
were increased in transplanted hearts receiving BM-MSCs
compared with NS, and both transplanted groups showed an
increased presence of perivascular stromal cells and vessels
in comparison to the host heart due to the surgical procedure
itself.

The results show that distribution of most of the α-SMA–
positive cells and vascular endothelial cells overlapped,
indicating major co-localization on vascular walls. The
density of these areas was determined by considering the
areas stained brown (α-SMAþ area) in comparison to areas
of interest of the heart sections with the results expressed as
an index (mm2/mm2). The data show that the BM-MSC–
treated group had a greater density area index of α-SMAþ

cells compared with the NS-treated group (host 4.3 � 0.3 vs
HHT/NS 6.6� 0.5 vs HHT/BM-MSCs 8.4� 0.4, po 0.05
and p o 0.001) (Figure 6D).

The number of capillaries (CD34þ cells) stained brown
and were expressed as the MDV. In transplanted hearts
receiving BM-MSC infusion, the MDV was greater than
that of the NS group (host 1.3 � 0.2 vessels/mm2 vs HHT/
NS 3.9 � 0.2 vessels/mm2 vs HHT/BM-MSCs 5.0 �
0.2 vessels/mm2, p o 0.05 and p o 0.001) (Figure 6H).

As is shown in representative caspase-3 activity images
(Figure S6A in SupplMat), the percentage of apoptotic cells
was significantly higher in the transplanted versus host heart
group (host 0.44 � 0.02% vs HHT/NS 1.56 � 0.15%, p o
0.001, and host 0.44 � 0.02% vs HHT/BM-MSC 0.83 �
0.06%, p o 0.05). Decreased apoptosis was noted in the
BM-MSC group compared with the NS group (HHT/NS
1.56 � 0.15% vs HHT/BM-MSC 0.83 � 0.06%, p o
0.001), indicating that BM-MSC infusion could suppress the
apoptosis induced by I/R injury due to the transplant
procedure (Figure S6B in Supplementary Materials).
Discussion

Although ischemia itself is a serious condition, reperfusion
of ischemic tissue paradoxically confers further tissue
injury, especially after prolonged ischemia. In fact, restora-
tion of blood flow and re-oxygenation is frequently
associated with a worsening of tissue injury and the
profound inflammatory response of I/R injury.19 In heart
transplantation, I/R injury after cold preservation is a critical
non-immunologic antigen-independent factor that influences
graft outcome, triggering innate and adaptive immune
responses20 due to rapid restoration of physiologic pH at
the time of reperfusion, oxidative stress, intracellular Ca2þ

overload and inflammation.21

Because of their anti-inflammatory, immunomodulatory
and tissue-reparative features, BM-MSCs were tested in
various experimental animal models of I/R injury and also in



Figure 6 Representative perivascular stromal cell densities and microvessel density (MVD) measured by immunostaining for alpha-
smooth muscle actin (α-SMA) and CD34 in heart sections. (A–D) α-SMA density and (E–H) MVD CD34 values. Representative staining of
(A, E) recipient (host) and (B, C, F, G) heterotopic transplanted (HHT) heart tissue in animals at 28 days post-infusion of (B, F) NS or (C, G)
BM-MSCs. α-SMA and CD34 stained brown (original magnification 10x using NDPVIEW2 imaging software). Scale bar ¼ 100 μm. (D, H)
Average α-SMA density and MVD of host, with transplanted hearts receiving NS or BM-MSCs. Analysis was done using the Visiopharm
Integrator System. Data represent mean � SEM (n ¼ 7); *p o 0.05, ***p o 0.001.
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initial clinical trials of solid-organ transplantation.22 How-
ever, the role of BM-MSCs in cardiac I/R injury associated
with heart transplantation remains to be established.23

In our study, we infused BM-MSCs early after cardiac
transplantation to investigate their therapeutic effects on I/R
injury using a syngeneic cervical rat HHT model and
showed early improvement in cardiac function and sub-
sequent enhanced ventricular remodeling, reduced cardiac
fibrosis, augmented neo-vascularization and decreased
cardiomyocyte apoptosis of the transplanted heart.

Echocardiography was used to assess left ventricular
(LV) dysfunction in both host and transplanted heart up to
28 days post-infusion. We found that, when BM-MSCs
were systemically injected, further loss in myocardial
function was prevented in the transplanted heart without
any impact on host heart function. Importantly, we observed
a significant difference in FS and LV dimension in systole at
8 days after infusion between the treated and untreated
groups. We also noted a reduced frequency of apoptotic
cells 28 days post-infusion in the transplanted hearts of
animals receiving BM-MSCs. Because the hemodynamic
improvements assessed by echocardiography at 8 days post-
infusion were not observed at 28 days post-infusion, one
hypothesis is that the initial functional beneficial effect may
be induced by MSC-derived microvesicles (MSC-MVs),
which have been reported to affect I/R injury by transferring
RNA and providing adenosine triphosphate (ATP) through
mitochondrial transfer to ischemic tissue.24 Energy transfer
mediated by MSC-MVs may provide a reasonable explan-
ation of the observed beneficial effects of MSCs measured in
the early phase of I/R injury.25 In fact, restoration of ATP
supply in damaged cells represents a key step in the repair
process of ischemic tissues in the acute phase,26 but this may
not be sufficient to sustain an overall improvement in cardiac
function. Our report suggests the possibility of testing
consecutive cell infusions to monitor cardiac function over
the longer term to document more sustained improvement.
MSC-MVs have also been reported to induce pro-
survival genes and down-regulate pro-apoptotic genes,27

which may provide a reasonable explanation for the
observed beneficial effects of MSCs in reducing the
frequency of apoptotic cells in the transplanted heart.

In recent studies, it was found that BM-MSCs are able to
actively transmigrate into inflamed tissue and become
partially integrated in the endothelial layer.28 In general,
BM-MSCs were shown to physically participate only at low
frequency in the regeneration of the target tissue or organ.
Our cell-tracking experiment revealed that GFPþ BM-MSCs
administered IV were transiently present in the transplanted
heart before clearance from the circulation and did not
correlate with functional assessment. We attribute this
transient presence to a lack of engraftment and hypothesize
that an early energy transfer may be responsible for the
transiently observed repair of I/R injury.

Our study also showed that BM-MSCs infused at the early
stage of reperfusion improved LV remodeling, decreased
fibrotic myocardial region formation, enhanced neo-vascula-
rization, and reduced the frequency of apoptotic cells in the
transplanted heart of animals undergoing cell treatment, when
compared with the control group. This suggests a potentially
therapeutic effect of BM-MSCs in mitigating I/R injury and
improving the overall quality of the transplanted heart.
Together with early energy transfer, we suggest that
protection from I/R injury occurring in heart transplantation
afforded by BM-MSCs may be mediated largely by the
paracrine effects of cytoprotective growth factors and
cytokines produced by the infused cells.29 It is known that
BM-MSCs activate endogenous cellular repair programs,
including stimulation of proliferation and angiogenesis,
which we observed in the transplanted hearts 28 days after
infusion. When infused in an inflammatory environment,
BM-MSCs can modulate or alter inflammatory responses by
releasing different mediators and, for this reason, can generate
a local anti-inflammatory, pro-reparative cellular state.30
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Recent publications from several groups, including ours,
have also shown that BM-MSC treatment after ischemic
injury promotes macrophages to switch to an anti-
inflammatory M2 phenotype.31 Further investigation of
our model will be valuable to determine whether infusion of
BM-MSCs can promote macrophages to shift toward an
anti-inflammatory phenotype 8 days after infusion, the time
at which we detected an improvement in cardiac function in
the treated group, thus contributing to the functional repair.

In addition to the aforementioned immunomodulatory
actions, BM-MSCs can also promote regulatory T-cell
induction, which may reduce allograft rejection and provide
additional rationale for the therapeutic use of BM-MSCs in
the mitigation of I/R injury.32 It would be helpful to confirm
whether BM-MSCs can ameliorate acute rejection by
reducing T-cell infiltration into cardiac allografts.

A major limitation of the HHT model is that the graft
only maintains blood circulation in the coronary system,
which differs significantly from normal cardiac physiology.
For example, the ease of LV unloading leads to donor heart
atrophy and thrombus formation in donor heart cavities.
Several researchers have described modified techniques, but
the issue of LV loading of grafts has not been fully
addressed. These models are considered “non–volume-
loaded” (NL), and have been utilized in almost 90% of
published studies since 2000.33 Brinks et al34 identified the
kinetics of load-dependent regulation of myocardial com-
position over time in a pre-clinical model to investigate
strategies that potentially enhance myocardial recovery.
They demonstrated that the HHT model in rats is relevant
for human disease. Brinks et al and others also showed that
unloaded hearts undergo rapid loss of myocardial mass,
generating detrimental effects, such as diminished cardiac
output and increased myocardial stiffness, with contractile
function being preserved.35 Other groups have also
demonstrated that hemodynamic unloading enhances the
self-regeneration of an injured heart and that atrophy-
induced apoptosis may have implications for recovery of
cardiac contractile function—one of the factors potentially
counterbalancing beneficial unloading effects.36

In our model we were able to separate the effect of I/R
injury from the progression of graft rejection, a separation
that is difficult to assess clinically. We believe that the
syngeneic HHT model followed by BM-MSCs, as used in
our study, can be suitably modified to assess allogeneic
grafts between major histocompatibility complex (MHC)
fully mismatched rats. In fact, changing from a syngeneic to
an allogeneic model will more accurately represent clinical
heart transplantation and the extent to which BM-MSC
infusions can mitigate I/R injury. Finally, given that BM-
MSCs appear to be well tolerated and lack adverse effects,37

our data suggest that a clinical trial of BM-MSCs to mitigate
I/R injury in heart transplantation is warranted.

Taken together, the findings suggest that early infusion of
BM-MSCs may improve post-transplant cardiac recovery
and provide a novel and potentially effective approach in the
treatment of acute cardiac I/R injury. This, in turn, may
enhance graft survival and increase the number of accept-
able donor organs.
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Supplementary data

Supplementary data associated with this article can be found
in the online version at www.jhltonline.org.
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