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Abstract

Cardiomyocyte apoptosis is an important contributor to the progressive cardiac dysfunction that culminates in congestive heart failure. Bone
marrow cells (BMCs) restore cardiac function following ischaemia, and transplanted BMCs have been reported to fuse with cells of diverse tis-
sues. We previously demonstrated that the myogenic conversion of bone marrow stromal cells increased nearly twofold when the cells were
co-cultured with apoptotic (TNF-a treated) cardiomyocytes. We therefore hypothesized that cell fusion may be a major mechanism by which
BMCs rescue cardiomyocytes from apoptosis. We induced cellular apoptosis in neonatal rat cardiomyocytes by treatment with hydrogen perox-
ide (H2O2). The TUNEL assay demonstrated an increase in apoptosis from 4.5 ± 1.3% in non-treated cells to 19.0 ± 4.4% (P < 0.05) in treated
cells. We subsequently co-cultured the apoptotic cardiomyocytes with BMCs and assessed cell fusion using flow cytometry. Fusion was rare in
the non-treated control cardiomyocytes (0.3%), whereas H2O2 treatment led to significantly higher fusion rates than the control group
(P < 0.05), with the highest rate of 7.9 ± 0.3% occurring at 25 lM H2O2. We found an inverse correlation between cell fusion and completion
of cardiomyocyte apoptosis (R2 = 0.9863). An in vivo mouse model provided evidence of cell fusion in the infarcted myocardium following the
injection of BMCs. The percentage of cells undergoing fusion was significantly higher in mice injected with BMCs following infarction
(8.8 ± 1.3%) compared to mice that did not undergo infarction (4.6 ± 0.6%, P < 0.05). Enhancing cell fusion may be one method to preserve
cardiomyocytes following myocardial infarction, and this new approach may provide a novel target for cardiac regenerative therapies.
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Introduction

Cardiomyocyte apoptosis is an important contributor to the cardiac
dysfunction following myocardial ischaemic injury that eventually
results in heart failure [1]. Ischaemic necrosis initiates the loss of car-
diomyocytes, but progressive apoptosis participates in the cardiac
remodelling that results in ventricular thinning and dilatation. Inflam-
matory signals and oxidative stress caused by reactive oxygen spe-

cies (ROS) precipitate progressive cardiomyocyte apoptosis.
Therefore, regenerative treatments must limit the loss of cardiomyo-
cytes by apoptosis. Cell therapy was initiated to replace the lost myo-
cytes [2, 3], but subsequent studies demonstrated that cell therapy
prevented ventricular dysfunction by paracrine influences—inducing
angiogenesis, limiting matrix remodelling, recruiting stem cells and
reducing apoptosis [4]. However, the optimal cell type to limit myo-
cyte apoptosis has yet to be determined. Bone marrow cell (BMC)
therapy is a promising option to restore cardiac function following
acute myocardial infarction [5–7]. However, the mechanisms under-
lying the functional improvements are controversial because of the
limited long-term engraftment and differentiation of these cells.

Transplanted BMCs have been shown to fuse with cells of diverse
tissues, including epithelial cells, Purkinje neurons, cardiomyocytes
and hepatocytes [8–11], although the significance of these
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observations has been questioned because of the extremely low fre-
quency of fusion. However, using a mouse model of tyrosinemia type
I (mutated fumarylacetoacetate hydrolase gene), the transplantation
of wild-type BMCs was demonstrated to restore liver function by cell
fusion and to prevent death [12]. This study illustrates that cell fusion
can have significant beneficial effects. In addition, it has been shown
that chronic inflammation [9] and heat shock [11] greatly increase
the frequency of cell fusion. However, fusion of bone marrow stem
cells with cardiomyocytes has not been demonstrated to improve car-
diac function following ischaemia, and the effects of cell fusion on the
beneficial response to stem cell transplantation have not been demon-
strated. We previously reported that the myogenic conversion of bone
marrow stromal cells increased nearly twofold when the cells were
co-cultured with apoptotic (TNF-a treated) cardiomyocytes [13]. The
prominent increase in cell fusion during pathological events (e.g.,
inflammation and cell death) suggests that this process may be pro-
tective and one of several endogenous mechanisms for repair of
damaged tissue.

On the basis of previous evidence reported by us and others, we
hypothesized that cell fusion may be a mechanism by which BMCs
rescue cardiomyocytes from apoptosis. We induced apoptosis in neo-
natal rat cardiomyocytes by treatment with hydrogen peroxide (H2O2)
and then co-cultured the apoptotic cardiomyocytes with BMCs. We
found evidence of cell fusion and demonstrated an inverse correlation
between cell fusion and cardiomyocyte apoptosis. Furthermore, we
provide evidence of in vivo cell fusion in the infarcted heart of mice
following direct injection of bone marrow mesenchymal stromal cells
(BMSCs) into the border zone of the infarct.

Materials and methods

Experimental animals

Transgenic Wistar rats expressing GFP (supplied by Dr. Armand Keating,

University of Toronto) were used for isolation of BMSCs and haemato-

poietic stem cells (HSCs). Sprague-Dawley rats (1–2 days old; Charles
River Laboratories, Senneville, QC, Canada) were used for isolation of

cardiomyocytes. The mice used for the in vivo studies were obtained

from the Jackson Laboratory, Bar Harbor, ME, USA. The C57BL/6-Tg

(ACTb-EGFP) 1Osb/J mouse has a chicken cytoplasmic b-actin promoter
with cytomegalovirus enhancer elements driving the expression of an

enhanced GFP cDNA, and the Tg (CAG-DsRed*MST) 1Nagy/J mouse has

a chicken b-actin promoter with cytomegalovirus immediate early enhan-

cer elements driving the expression of an enhanced dishevelled red
(DsRed) cDNA. The study protocol was approved by the Animal Care

Committee of the University Health Network, and procedures were per-

formed according to the “Guide for the Care and Use of Laboratory Ani-
mals” (National Academy Press, revised 1996).

Cell isolation and culture

Bone marrow mesenchymal stromal cells were harvested from the fem-

ora and tibiae of GFP rats. After connective tissue was removed from

around the bone, both ends of the bone were cut. Bone marrow plugs
were flushed with Iscove’s Modified Dulbecco Medium supplemented

with 10% foetal bovine serum (FBS), 100 U/ml penicillin G and 0.1 mg/

ml streptomycin. Cells were plated and cultured in the same medium.

Three days later, the medium was changed, and non-adherent cells
were discarded. The medium was replaced every 3 days, and the cells

were subcultured when confluency exceeded 90%. Bone marrow mes-

enchymal stromal cells from passages two or three were used for the
studies. We have previously characterized the BMSCs as positive for

CD90.1, CD44 and Sca-1 and negative for CD34, CD45, CD117 and

CD31 [13].

Haematopoietic stem cells were harvested from the femora and tibiae
of GFP rats as mentioned above. Mononuclear cells were isolated by

density gradient centrifugation using histopaque-1077 (Sigma, Oakville,

ON, Canada) according to the manufacturer’s instructions. Biotin-conju-

gated CD90.1 (Thy-1.1) antibody (eBioscience, San Diego, CA, USA)
and EasySep Biotin Selection Kit (STEMCELL Technologies, Vancouver,

BC, Canada) were used to sort HSCs according to the instructions pro-

vided by the manufacturer.
Neonatal rat ventricular cardiomyocytes were prepared as described

previously [13]. Briefly, atria were removed from the hearts. The ventri-

cles were minced and digested with 0.15% trypsin (Life Technologies,

Burlington, ON, Canada) at 37°C, and the isolated cells were pre-plated
on a non-coated dish for 30 min to reduce contamination of cardiac fi-

broblasts. The cells were plated at a density of 1.5 9 105/cm2 in 1:1

DMEM and Ham F12 (Life Technologies) containing 10% FBS, 100 U/

ml penicillin G and 0.1 mg/ml streptomycin. BrdU (10 mM; Sigma) was
added to the cells on the first day to prevent the growth of non-myo-

cytes in the early stages of the experiment. After the first day of culture,

BrdU was removed, and the cells were cultured in the same medium

containing 8% FBS.

Cardiomyocyte labelling

Neonatal cardiomyocytes were labelled using the PKH26 Red Fluores-

cent Cell Linker Kit (Sigma) following the manufacturer’s instructions.

In brief, the single-cell suspension was loaded with a proper volume of

Diluent C and PKH26 (10 million cells with 1 ml Diluent C and 2 ll
PKH26) and incubated at 25°C for 5 min. The staining reaction was

stopped by adding an equal volume of FBS followed by an equal volume

of culture medium and centrifugation at 400 9 g for 10 min. The
labelled cells were washed three times with the culture medium and

subsequently plated at a density of 1 9 104/cm2.

BMC co-culture with apoptotic cardiomyocytes

Culture medium of the PKH26-labelled cardiomyocytes was replaced

with serum-free medium for about 18 hrs on the day after labelling.

Following serum starvation, cardiomyocytes were treated with H2O2

at various doses in serum-free medium for 18 hrs. H2O2-treated

cardiomyocytes were co-cultured with BMSCs or HSCs at a ratio of 2:1

in DMEM/F12 with 2% FBS. All analyses of apoptosis following co-
culture were performed on total cardiomyocytes.

The dual-chamber system consists of two chambers separated by a

semipermeable membrane with a pore size of 4 lm. Cardiomyocytes

treated with 25 lM H2O2 for 18 hrs were seeded in the lower chamber,
and BMSCs were seeded in the upper chamber (the insert) in a 2:1
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ratio. After 48 hrs or 72 hrs in culture, the cardiomyocytes were stained
for annexin V.

Immunocytochemistry

Immunofluorescent staining was performed to identify the cardiac spe-

cific marker a-sarcomeric actinin. In brief, cultured cells were fixed in

2% paraformaldehyde for 10 min, blocked in 5% bovine serum albumin
or 5% goat serum and then incubated with monoclonal anti-a-sarco-
meric actinin (1:800; Sigma), followed by an Alexa555 goat anti-mouse

IgG secondary antibody (1:200; Life Technologies). Nuclei were stained

with DAPI (Sigma). The cells were examined using a Nikon Eclipse
TE200 fluorescence microscope. Fused cells were identified as GFP/sar-

comeric actinin double positive.

Fluorescence-activated cell sorting

PKH26-prelabelled cardiomyocytes co-cultured with either BMSCs or

HSCs were harvested using 0.05% trypsin with EDTA (Gibco). For HSC
identification, one million cells were removed for antibody staining with

FITC-conjugated rat anti-mouse CD 90.1 (eBioscience). Antibody incuba-

tion was carried out for 30 min at 4°C in the dark. Isotype-identical IgG

served as controls (BD, Mississauga, ON, Canada). Cells were analysed
using a Beckman Coulter EPICS XL flow cytometer with EXPO32 ADC

software. The fluorescence intensity of 10,000 cells for each sample

was quantified.

Annexin V assay

Annexin V-FITC/propidium iodide (PI; BD) staining was used to evaluate
apoptosis and necrosis of the cardiomyocytes according to the manufac-

turer’s instructions. In apoptotic cells, the membrane phospholipid phos-

phatidylserine (PS) is translocated from the inner to the outer leaflet of

the plasma membrane, thereby exposing PS to the external cellular envi-
ronment. Annexin V is a 35–36 kDa Ca2+-dependent phospholipid-binding

protein that has a high affinity for PS and binds to cells with exposed PS.

Thus, it serves as a sensitive probe for flow cytometric analysis of cells
undergoing apoptosis. In brief, 5 ll annexin V-FITC and/or 5 ll PI was
added to 1 9 105 cells in 100 ll binding buffer. The mixture was gently

vortexed and incubated for 15 min at room temperature in the dark, and

400 ll of binding buffer was added to each sample. The samples were
analysed within 1 hr using flow cytometry.

TUNEL assay

The In Situ Cell Death Detection Kit (Roche, Laval, QC, Canada) was

used to label DNA strand breaks by terminal deoxynucleotidyl transfer-

ase (TdT), which catalyses polymerization of labelled nucleotides to free
3′-OH DNA ends in a template-independent manner (TUNEL reaction).

Adherent cells or cryopreserved heart sections were fixed with a freshly

prepared fixation solution (4% paraformaldehyde in PBS, pH 7.4) for

20 min at room temperature. After incubation with freshly prepared per-
meabilization solution (0.2% Triton X-100, 0.1% sodium citrate) for

15 min, the cells or heart tissue was labelled using the TUNEL reaction

mixture in a humidified atmosphere for 60 min at 37°C in the dark. The

cells or heart tissue was subsequently rinsed three times with PBS to
stop the reaction. Samples were directly analysed under a Nikon Eclipse

TE200 microscope.

In vivo study

Mice were intubated and ventilated with 2% isoflurane. Through a tho-

racotomy, the pericardium was opened and the left anterior descending
(LAD) coronary artery was ligated. Non-ligated (sham-operated) mice

underwent thoracotomy only. For cell transplantation, 3 9 105 BMSCs

were suspended in 15 ll of serum-free medium and injected immedi-

ately following ligation in three injections into the area around the
region subtended by the ligated coronary artery (border zone of the

infarct) in a predetermined series of manoeuvres that were consistent

among animals. The medium control group received 15 ll of serum-

free medium without cells. Hearts were collected 3 days after LAD
ligation, and the injured and non-injured left ventricular regions were

separated prior to digestion with 0.1% collagenase type II (Worthington,

Lakewood, NJ, USA) at 37°C for 30 min. After filtration through a
70 lm wire mesh and centrifugation, the cells were washed in PBS

supplemented with 2% FBS and 0.1% sodium azide and analysed by

flow cytometry. To identify the fused cardiomyocytes in vivo, heart tis-

sues were cryopreserved in OCT gel. GFP/RFP double-positive cells
were observed using an Olympus Fluoview 2000 laser scanning confo-

cal microscope.

Statistical analyses

Group data are expressed as mean ± SD. Data were compared between

experimental groups using unpaired t-tests or one-way ANOVA followed
by Tukey’s test (if the F ratio of the ANOVA was statistically significant).

Differences were considered significant at P < 0.05.

Results

Oxidative stress induces cardiomyocyte
apoptosis

We used H2O2, as a potent generator of ROS, to induce apoptosis in
neonatal rat cardiomyocytes. To assess apoptosis, we first examined
the morphological changes in the cardiomyocytes following H2O2

treatment (Fig. 1A). Before H2O2 treatment, most of the cardiomyo-
cytes beat spontaneously at a frequency of about 40 beats per min.
After H2O2 treatment, the cardiomyocytes remained adherent but
stopped beating. Some cells lost cell-cell contact as their cytoplasm
retracted and demonstrated pycnosis followed by karyorrhexis. Sec-
ond, we identified apoptotic cardiomyocytes using the TUNEL assay.
Cardiomyocytes were stained both for sarcomeric actinin and TUNEL
(Fig. 1A). The proportion of double-positive cells in the H2O2-treated
group was 19.0 ± 4.4%, which was significantly higher than that of
the control group (4.5 ± 1.3%, P < 0.05, Fig. 1A). We then used
annexin V flow cytometry to examine the effect of varying doses of
H2O2 treatment on cardiomyocyte apoptosis and varying incubation
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times following H2O2 treatment (Fig. 1B–D). As shown in Figure 1C,
the percentage of apoptotic cardiomyocytes treated with either
25 lM or 50 lM H2O2 was approximately three times higher than
that of the non-treated cardiomyocytes (P < 0.05), but there was no
difference between doses. Furthermore, the percentage of apoptotic
cardiomyocytes at 12 hrs after H2O2 treatment was significantly
higher than that of non-treated cardiomyocytes (P < 0.05, Fig. 1D),
and it further increased at 24 hrs (P < 0.01). Apoptosis reached its
peak at 48 hrs after H2O2 treatment. The results from both the TUNEL
and annexin V assays demonstrate that oxidative stress from H2O2

treatment induces apoptosis in neonatal rat cardiomyocytes.

BMSCs fuse with apoptotic cardiomyocytes

In an attempt to induce cell fusion, rat BMSCs expressing GFP were
co-cultured with H2O2-treated cardiomyocytes at a ratio of 1:2 for
72 hrs. To distinguish the two cell types, cardiomyocytes were pre-
stained with PKH26. PKH/GFP double-positive cells (Fig. 2A)
observed with fluorescent microscopy suggested that cell fusion had
occurred.

To validate our finding, the percentage of fused cells (cardiomyo-
cytes and BMSCs) was quantified using flow cytometry (Fig. 2B).
PKH26 pre-labelled, H2O2-treated cardiomyocytes were co-cultured

A

B

C D

Fig. 1 Reactive oxidative stress causes cardiomyocyte apoptosis (A) Representative micrographs (2009) show the morphology of the cultured car-

diomyocytes (left panels) and H2O2-treated apoptotic cardiomyocytes (right panels). Cardiomyocytes were stained for sarcomeric actinin (SARC;

red) and TUNEL (green) before and after H2O2 treatment (25 lM, 18 hrs). Arrows indicate double-positive cells. Quantification of the TUNEL+ car-
diomyocytes showed that the proportion of apoptotic cardiomyocytes was significantly increased after H2O2 treatment (n = 6/group). (B) Represen-

tative dual-coloured flow cytometry of control and H2O2-treated cardiomyocytes for annexin V (apoptotic cardiomyocytes) and propidium iodide (PI;

necrotic cardiomyocytes). For PI only staining, cardiomyocytes were treated with H2O2 (400 lM for 1 hr). (C) Quantification of the dose response

showed a significant increase in cardiomyocyte apoptosis after treatment with both 25 lM and 50 lM H2O2 (n = 3/group) compared to control, but
no significant difference between doses. Inset=enlarged tail of plot. (D) The percentage of apoptotic cardiomyocytes at different time-points after

H2O2 treatment (25 lM) was significantly different than the non-treated control group, but was further increased at 24 hrs post H2O2 treatment.

Cellular apoptosis plateaued at 48 hrs after H2O2 treatment (n = 3 to 5/group). Inset=enlarged tail of plot.
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with BMSCs, and the fused cells were identified as PKH/GFP double
positive. The cardiomyocytes were treated with increasing doses of
H2O2 (Fig. 2C). Fusion rarely took place in the non-treated control
cardiomyocytes (0.3%), whereas all H2O2 treatment groups showed
significantly higher fusion rates than the control group (P < 0.05).
We observed a H2O2 dose-dependent response from 6.25 lM to
25 lM; however, cell fusion was saturated at 25 lM as higher doses
showed no further increase in fused cells. At this dose, the rate of cell
fusion was 7.9 ± 0.3%, 26.3 times greater than that in the non-
treated control.

We then evaluated the time course of fusion between the H2O2-
treated cardiomyocytes and BMSCs. Cardiomyocytes treated with
25 lM H2O2 were co-cultured with BMSCs from 24 hrs to 96 hrs.
Cell fusion increased from 24 hrs to 72 hrs and then reached a pla-
teau (Fig. 2D). The percentage of fused cells in the H2O2 treatment

group was significantly higher than that of the non-treated control
group at all co-culture time-points (P < 0.05). From these studies,
we concluded that 25 lM was the optimal H2O2 dose and 72 hrs was
the optimal co-culture duration to induce cell fusion; therefore, these
parameters were used in the subsequent studies.

Fusion with BMSCs is associated with reduced
cardiomyocyte apoptosis

To evaluate whether cell fusion could ameliorate the H2O2-induced
apoptosis of cardiomyocytes, the cardiomyocytes were pre-stained
with PKH26 membrane fluorescent dye (red), treated with H2O2 and
co-cultured with BMSCs in a 2:1 ratio from 48 hrs to 96 hrs. PKH/
annexin V double-positive cells were identified as apoptotic

A

B

C D

Fig. 2 BMSCs fuse with H2O2-treated cardiomyocytes (A) Representative confocal images (6009) illustrate fusion of H2O2-treated cardiomyocytes

with BMSCs. Cardiomyocytes were pre-stained with PKH26 membrane fluorescent dye (red), treated with H2O2 and co-cultured with BMSCs

expressing GFP (green) for 72 hrs. Cell nuclei were stained with DAPI (blue). Merged image shows a triple-positive cell. (B) Flow cytometry pro-
vided the number of BMSCs fused with cardiomyocytes (GFP on the x axis, PKH26 on the y axis). Double negative: Cardiomyocytes mixed with

BMSCs in 2:1 ratio. PKH+: PKH26 pre-labelled cardiomyocytes mixed with BMSCs. GFP+: Cardiomyocytes mixed with BMSCs expressing GFP. Con-

trol: Pre-labelled cardiomyocytes co-cultured with GFP+ BMSCs in a 2:1 ratio. H2O2: PKH26 pre-labelled, H2O2-treated cardiomyocytes co-cultured
with GFP+ BMSCs. Fused cells were PKH/GFP double positive. (C) Quantification of flow cytometry results indicated that cell fusion between BMSCs

and cardiomyocytes was H2O2 dose dependent up to 25 lM (n = 4/group). (D) Quantification of flow cytometry also showed that the per cent

fusion between BMSCs and cardiomyocytes was greatest at 72 hrs of co-culture. The per cent fusion of the H2O2-treated cardiomyocytes was sig-

nificantly greater than that of the control cardiomyocytes at all co-culture time-points (*P < 0.05, n = 3 to 6/group).
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cardiomyocytes (Fig. 3A). Control group cells were treated with H2O2,
but without BMSC co-culture. The annexin V assay showed a step-
wise decrease in cardiomyocyte apoptosis as the co-culture time
increased (Fig. 3B). The percentage of apoptotic cells at each time-
point was significantly different from that of the control group
(P < 0.05) and from each other (P < 0.05).

To confirm our observations from the annexin V assay, the TUNEL
assay was used to detect the percentage of apoptotic cardiomyocytes
after co-culture with BMSCs. Similar results were observed with the
TUNEL assay (Fig. 3C). Apoptotic cardiomyocytes were identified
as sarcomeric actinin/TUNEL double positive. The percentage of apo-
ptotic cardiomyocytes in the co-culture group was 8.4 ± 3.4%, which
was a 55.8% decrease from that in the control group (19.0 ± 4.4%,
P < 0.05). Plotting fusion rates (Fig. 2D) against cardiomyocyte
apoptosis (Fig. 3A) from 48 hrs to 72 hrs of co-culture, we found an
inverse correlation between these two variables: as cell fusion
increased, cardiomyocyte apoptosis decreased (R2 = 0.9863,
Fig. 3D).

We used a dual-chamber system separated by a semipermeable
membrane to evaluate the potential of paracrine factors released from
the BMSCs to prevent cardiomyocyte apoptosis. This system allows
the diffusion of secreted factors, but prevents physical contact
between the cell populations. Cardiomyocytes treated with 25 lM
H2O2 were seeded in the lower chamber, and BMSCs were seeded in
the upper chamber. After 48 hrs or 72 hrs in culture, the cardiomyo-
cytes were stained for annexin V to assess apoptosis. We used our
usual cell co-culture system to evaluate the synergistic effect of cell
fusion and paracrine factors. We showed that at 72 hrs, apoptosis
was reduced by culturing cardiomyocytes and BMSCs in separate
chambers (P < 0.05, Fig. 3E), suggesting that apoptosis was reduced
by paracrine factors alone. However, the percentage of apoptotic cells
at both 48 hrs and 72 hrs was reduced further by the co-culture of
cardiomyocytes and BMSCs (P < 0.05, Fig. 3E), indicating that cell
fusion further reduced cardiomyocyte apoptosis.

Correlation of cell fusion and reduced
cardiomyocyte apoptosis also occurs with
hematopoietic stem cells

Mouse HSCs were isolated by magnetic cell sorting, as shown in Fig-
ure 4A. Haematopoietic stem cells expressing GFP were co-cultured
for 72 hrs with H2O2-treated cardiomyocytes immediately after sort-
ing. Cardiomyocytes were stained for sarcomeric actinin, and fused
cells were positive for both GFP and sarcomeric actinin (Fig. 4B).
Fused cells had yellow cytoplasm, and the nuclei appeared to be
merging.

We used the same co-culture method described above for
BMSCs to evaluate the fusion of HSCs with apoptotic cardiomyo-
cytes. PKH26 pre-labelled, H2O2-treated cardiomyocytes were co-
cultured with HSCs for 72 hrs, and the percentage of fused cells
was determined using flow cytometry (Fig. 4C). The per cent
fusion of H2O2-treated cardiomyocytes with HSCs was significantly
greater than that of non-treated cardiomyocytes (P < 0.05). There
was no significant difference in the percentage of fused cells for
H2O2-treated cardiomyocytes co-cultured with HSCs or BMSCs.
Thus, HSCs fused with apoptotic cardiomyocytes at the same fre-
quency as BMSCs. The annexin V assay was used to detect the
percentage of apoptotic cardiomyocytes after co-culturing with
HSCs (Fig. 4D). PKH26 pre-labelled, H2O2-treated cardiomyocytes
were co-cultured with HSCs for 72 hrs and the percentage of
PKH26/annexin V double-positive cells was quantified. Cardiomyo-
cyte apoptosis in the group treated with H2O2 and co-cultured with
HSCs was 6.5 ± 1.0%, which was not statistically different from
the group co-cultured with BMSCs (7.6 ± 0.4%); however, it was a
37.5% decrease compared to treated cardiomyocytes without co-
culturing (10.4 ± 0.8%, P < 0.05). Therefore, co-culture with HSCs
was also associated with reduced apoptosis of H2O2-treated cardio-
myocytes, to a level comparable to that of BMSCs.

Fig. 3 Fusion with BMSCs is associated with reduced cardiomyocyte apoptosis. Cardiomyocytes were pre-stained with PKH26 membrane fluorescent

dye (red), treated with H2O2 and co-cultured with BMSCs in a 2:1 ratio from 48 hrs to 96 hrs. PKH/annexin V double-positive cells were identified

as apoptotic cardiomyocytes. (A) Representative dual-coloured flow cytometry of control H2O2-treated cardiomyocytes or H2O2-treated cardiomyo-
cytes co-cultured with BMSCs. Annexin V on the x axis and PKH-labelled cardiomyocytes on the y axis. PKH-labelled cardiomyocytes without annex-

in V staining were used to set up the gate. (B) Annexin V assay demonstrated that the percentage of apoptotic cells in the co-culture groups at 48,

72 and 96 hrs was significantly different from each other and from the control group (H2O2-treated cardiomyocytes without BMSC co-culture, at

48 hrs; n = 3/group). Apoptosis decreased as the co-culture time increased. Inset=enlarged tail of plot. (C) Representative micrographs (2009) of
cardiomyocytes stained for sarcomeric actinin (SARC; red) and TUNEL (green) following H2O2 treatment, with and without BMSC co-culture, at

48 hrs. Arrows indicate double-positive cells. The percentage of apoptotic cells in the control group (no co-culture, n = 6) was significantly higher

that that of the co-culture group (n = 8). (D) The fusion of cardiomyocytes with BMSCs from 48 hrs to 72 hrs of co-culture was inversely corre-

lated with cardiomyocyte apoptosis. (E) H2O2-treated (25 lM, 18 hrs) cardiomyocytes were seeded in the lower chamber of a two-chamber system
separated by a semipermeable membrane, and BMSCs were seeded in the upper chamber (the insert) in a 2:1 ratio. After 48 hrs or 72 hrs in

culture, cardiomyocytes were stained for annexin V. For the usual co-culture system, cardiomyocytes were treated with H2O2 (25 lM, 18 h) and

co-cultured with BMSCs in a 2:1 ratio. Representative histogram plot (left panel) shows the control H2O2-treated cardiomyocytes (at 48 hrs), H2O2-
treated cardiomyocytes co-cultured with BMSCs (solid line) and H2O2-treated cardiomyocytes in the dual-chamber system with the BMSC insert

(dashed line) stained for annexin V. The percentage of apoptotic cells (right panel) in the co-culture groups at 48 hrs and 72 hrs was significantly

lower than that of both the control group and the respective insert group (*P < 0.05 vs. control, #P < 0.05 versus respective insert group; n = 3/

group).
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Fig. 4 Correlation of cell fusion and reduced cardiomyocyte apoptosis also occurs with HSCs (A) Representative histogram plots show mouse

CD90.1 (Thy-1.1) HSCs before and after magnetic cell sorting. (B) Representative micrographs (4009) illustrate fusion between HSCs expressing
GFP (green) and H2O2-treated cardiomyocytes. Cardiomyocytes were co-cultured with HSCs for 72 hrs and stained for sarcomeric actinin (SARC;

red). Cell nuclei were stained with DAPI (blue). (C) Flow cytometry demonstrated the fusion of HSCs with cardiomyocytes (GFP on the x axis,

PKH26 on the y axis). Double negative: Cardiomyocytes mixed with HSCs in 1:1 ratio. PKH+: PKH26 pre-labelled cardiomyocytes mixed with BMSCs.

HSC control: Pre-labelled cardiomyocytes mixed with BMSCs. Cells gated on PKH+ were also plotted for GFP. HSC: PKH26 pre-labelled, H2O2-treated
cardiomyocytes co-cultured with BMSCs for 72 hrs. Fused cells were PKH/GFP double positive. Quantification of flow cytometry results showed that

fusion of H2O2-treated cardiomyocytes with HSCs was significantly greater than that of non-treated cardiomyocytes (n = 4/group). There was no dif-

ference in the per cent of fused cells between HSCs and BMSCs. (D) Flow cytometry of annexin V assay showed that the percentage of apoptotic
cells in the H2O2-treated cardiomyocytes without co-culture was significantly higher than that of treated cardiomyocytes co-cultured for 72 hrs with

either HSCs or BMSCs (n = 3 to 4/group). Inset=enlarged tail of plot.
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Fusion between BMSCs and apoptotic
cardiomyocytes occurs in vivo

To investigate whether or not cell fusion would occur with apop-
totic cardiomyocytes in vivo, we transplanted BMSCs into trans-
genic mice expressing red fluorescent protein (RFP) following
myocardial ischaemia. The LAD coronary artery was ligated to
produce ischaemia and to induce cardiomyocyte apoptosis;
sham-operated animals did not undergo ligation. Bone marrow
mesenchymal stromal cells expressing GFP were injected into the
myocardium immediately following ligation; medium alone was
used as a control.

Cellular apoptosis was significantly lower in the ligated mice that
received BMSCs compared with the ligated mice that received
medium only (P < 0.05, Fig. 5A). Confocal microscopy showed the
in vivo cell fusion of BMSCs and cardiomyocytes in both ligated and
non-ligated mice that received BMSCs (Fig. 5B).

Single-cell suspensions were obtained 3 days following injec-
tion to assess cell fusion. Fused cells were RFP/GFP double
positive (Fig. 5C). The percentage of cells undergoing fusion was
significantly higher in non-ligated mice injected with BMSCs
(4.6 ± 0.6%) compared to ligated mice injected with medium
only (0.03 ± 0.07%, P < 0.05, Fig. 5C). Ligation and BMSCs pro-
duced the highest percentage of cell fusion (8.8 ± 1.3%). Our in
vivo data suggest that cell fusion between transplanted BMSCs

A

B

C

Fig. 5 Fusion between BMSCs and apoptotic cardiomyocytes occurs in vivo (A) Representative micrographs (2009) show cellular apoptosis in the

sham, ligation+medium, no ligation+BMSCs and ligation+BMSCs groups. Arrows indicate apoptotic cells. Cellular apoptosis was significantly lower

in the ligation+BMSCs group compared with the ligation+medium group (n = 5/group). (B) Confocal images (6009) show the in vivo cell fusion of

GFP+ BMSCs with the RFP+ cardiomyocytes in both the no ligation+BMSCs and ligation+BMSCs groups. Arrows indicate cells that underwent fusion.
Nuclei are stained with DAPI (blue). (C) Representative dual-coloured flow cytometry of single-cell suspensions collected 3 days after coronary

artery ligation and BMSC transplantation. RFP/GFP double-positive cells indicate cell fusion. The percentage of fused cells was significantly higher in

the no ligation+BMSCs group than in the ligation+medium group. However, the per cent of fused cells was significantly higher in the ligation
+BMSCs group than the no ligation+BMSCs group (n = 4 to 5/group).
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and cardiomyocytes was promoted by cardiomyocyte exposure to
ischaemia.

Discussion

The accepted paradigm of BMC therapy is that these cells home to
the site of injury and then either differentiate into the cell types of
the damaged tissue [7, 14, 15] or promote repair by creating a
microenvironment that is conducive to regeneration by endogenous
cells [16–18], such as the secretion of soluble factors that act
through paracrine signalling [4]. However, some studies suggest
that stem cells can adopt the phenotype of other cells via cell
fusion and have called into question the true plasticity of the stem
cells [19, 20]. On the basis of the results of our study, we propose
that cell fusion may be one mechanism by which injured cardio-
myocytes may be repaired.

Our in vitro studies demonstrated that co-culturing healthy cardio-
myocytes with BMCs resulted in an extremely low (0.3%) frequency
of spontaneous cell fusion. However, when BMCs were co-cultured
with cardiomyocytes that had suffered oxidative stress, in the form of
H2O2 treatment, the frequency of cell fusion increased more than 20-
fold. We found a significant correlation between increasing rate of cell
fusion and decreasing rate of cardiomyocyte apoptosis following
H2O2 treatment, indicating that BMCs can rescue cardiomyocytes
from apoptosis through cell fusion. On the basis of these results, we
suggest that cardiomyocyte damage may be a prerequisite to stimu-
late cell fusion.

The cardiomyocytes used in our in vitro studies suffered oxidative
stress by treatment with H2O2, which generates free radicals that are
harmful to the biomembranes and filaments of the cardiomyocytes
and results in FAS-mediated apoptosis. It has been shown that H2O2-
induced oxidative stress causes several cardiomyocyte abnormalities,
such as membrane phospholipid peroxidation, thiol oxidation and
ATP loss [21, 22]. There is also an increase in the turnover of cardio-
myocyte membrane constituents and lethal disruption of the cardio-
myocyte sarcolemma [21, 22]. The H2O2-treated cardiomyocytes in
our in vitro studies developed both morphological and functional
changes. They underwent pycnosis and karyorrhexis, lost cell-cell
contact as their cytoplasm retracted and stopped spontaneously
beating.

We found that both BMSCs and HSCs could fuse with apoptotic
cardiomyocytes, at a frequency of 7.9 ± 0.3% and 10.7 ± 1.0%,
respectively. Although our ability to observe the cell fusion process
was limited by lack of an immunofluorescent microscope with time-
lapse capability, we intermittently observed the co-cultured cells
under an immunofluorescent microscope. The BMSCs clung to the
apoptotic cardiomyocytes. Membrane contact occurred first, then the
cell plasma began to merge, suggesting that direct cell-cell contact
was a requirement for cell fusion. The fused cells assumed the char-
acteristic morphology of cardiomyocytes, and some of them under-
went nuclear fusion with the BMSCs. Although high-definition
microscopy was not employed, the cell fusion did not appear to be
overlap of the cells. First, the cell densities were low (1 9 104/cm2

for cardiomyocytes, 0.5 9 104/cm2 for BMCs) so that most cells

were in a monolayer; second, the cardiomyocytes and BMCs were
both adherent, growing cells; and, third, we also used flow cytometry
to estimate the extent of fusion, and the results of this assessment
are independent of overlapping cells.

The results of our in vivo mouse model support our in vitro data.
We demonstrated fusion of endogenous cardiomyocytes and trans-
planted BMSCs following ischaemic injury. We believe that the oxida-
tive stress (in vitro) and the inflammatory microenvironment
following myocardial ischaemia (in vivo) induced cardiomyocyte
apoptosis, which subsequently promoted cell fusion. Interestingly,
the mice that received BMSCs but did not undergo coronary ligation
also had evidence of cell fusion, although at a lower rate. The trauma
of the thoracotomy and intramyocardial injection of cells may have
activated local and systemic inflammatory responses, resulting in the
release of cytokines that may have subsequently promoted cardio-
myocyte apoptosis and stimulated cell fusion even in the absence of
ischaemic injury.

Other researchers have demonstrated that inflammation is a
potent stimulus for the induction of cell fusion. Fusion of BMCs with
Purkinje neurons, a cell type that cannot be regenerated, was signifi-
cantly increased in the presence of chronic inflammation during
experimental autoimmune encephalitis (a mouse model of multiple
sclerosis) [9]. Heat shock has also been shown to increase the rate of
cell fusion between BMCs and small airway epithelial cells in co-cul-
ture [11].

We found that cell fusion between injured cardiomyocytes and
BMCs reduced the incidence of, and may have rescued the cardio-
myocytes from, apoptosis. We propose that cell fusion may be one
way that cells repair themselves and that cell fusion may contribute
to cardiac regeneration. Cell fusion may be one mechanism by
which cell therapy improves cardiac function, regardless of whether
the cells engraft or undergo myogenic differentiation. Paracrine sig-
nalling with the release of soluble factors may also contribute to
cardiomyocyte regeneration. Therefore, the secretion of soluble fac-
tors by BMCs may be another potential mechanism for the
decrease in the number of apoptotic cardiomyocytes that we
observed. Using a dual-chamber culture system to prevent contact
between cell populations, we demonstrated that paracrine factors
from the BMSCs can reduce cardiomyocyte apoptosis after injury;
however, apoptosis was significantly further reduced by cell fusion.
The process of cell fusion should be further elucidated [23], but on
the basis of our study, we believe that cell fusion may be a protec-
tive response to cell injury. Future studies will be required to
characterize the fused cells with respect to their biochemistry,
electrophysiology and gene expression.

Maintaining the number of functioning cardiomyocytes is the ulti-
mate goal of therapy following myocardial infarction. Rather than try-
ing to regenerate cardiomyocytes, a feat that has proven difficult to
achieve, a novel alternative approach is to prevent cardiomyocyte
apoptosis. Our results demonstrate that the potential of BMSC trans-
plantation as cell therapy may be related to the fusion of BMSCs and
injured cardiomyocytes, opening up new therapeutic targets to
enhance fusion and increase cardiomyocyte survival following ischae-
mic injury. Future studies may increase cell fusion to achieve more
extensive preservation of the ischaemic cardiomyocytes.

3094 ª 2012 The Authors

Journal of Cellular and Molecular Medicine ª 2012 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd



Acknowledgements

This work was supported by grants from the Canadian Institutes of Health

Research (MOP102535 and MOP86661 to R-KL). R-KL holds a Canada
Research Chair in Cardiac Regeneration.

Author contributions are as follows: W-JY conducted experimental

procedures, collected and interpreted data, and assisted in writing the

manuscript. S-HL conducted experimental procedures, collected and inter-
preted data, and assisted in writing and revising the manuscript. RDW

helped design the research, interpret the data, and revise the manu-
script. S-ML designed the research. R-KL conceived and designed the

research, interpreted the data, revised the manuscript, and gave final

approval.

Conflicts of interest

The authors confirm that there are no conflicts of interest.

References

1. Dorn GW II. Apoptotic and non-apoptotic
programmed cardiomyocyte death in ven-

tricular remodelling. Cardiovasc Res. 2009;

81: 465–73.
2. Dowell JD, Rubart M, Pasumarthi KBS,

et al. Myocyte and myogenic stem cell

transplantation in the heart. Cardiovasc Res.

2003; 58: 336–50.
3. Itescu S, SchusterMD, Kocher AA.New direc-

tions in strategies using cell therapy for heart

disease. J Mol Med (Berl). 2003; 81: 288–96.
4. Gnecchi M, Zhang Z, Ni A, et al. Paracrine

mechanisms in adult stem cell signaling and

therapy. Circ Res. 2008; 103: 1204–19.
5. Hu X, Wang J, Chen J, et al. Optimal tempo-

ral delivery of bone marrow mesenchymal
stem cells in rats with myocardial infarction.

Eur J Cardiothorac Surg. 2007; 31: 438–43.
6. Lipinski MJ, Biondi-Zoccai GGL, Abbate A,

et al. Impact of intracoronary cell therapy
on left ventricular function in the setting of

acute myocardial infarction: a collaborative

systematic review and meta-analysis of con-
trolled clinical trials. J Am Coll Cardiol. 2007;

50: 1761–7.
7. Saito T, Kuang J-Q, Lin CCH, et al. Tran-

scoronary implantation of bone marrow
stromal cells ameliorates cardiac function

after myocardial infarction. J Thorac Cardio-

vasc Surg. 2003; 126: 114–22.
8. Alvarez-Dolado M, Pardal R, Garcia-

Verdugo JM, et al. Fusion of bone-

marrow-derived cells with Purkinje neurons,

cardiomyocytes and hepatocytes. Nature.
2003; 425: 968–73.

9. Johansson CB, Youssef S, Koleckar K, et al.
Extensive fusion of haematopoietic cells with

Purkinje neurons in response to chronic
inflammation. Nat Cell Biol. 2008; 10: 575–
83.

10. Lagasse E, Connors H, Al-Dhalimy M, et al.
Purified hematopoietic stem cells can differ-
entiate into hepatocytes in vivo. Nat Med.

2000; 6: 1229–34.
11. Spees JL, Olson SD, Ylostalo J, et al. Dif-

ferentiation, cell fusion, and nuclear fusion

during ex vivo repair of epithelium by human

adult stem cells from bone marrow stroma.

Proc Natl Acad Sci USA. 2003; 100: 2397–
402.

12. Vassilopoulos G, Wang P-R, Russell DW.
Transplanted bone marrow regenerates liver

by cell fusion. Nature. 2003; 422: 901–4.
13. He XQ, Chen MS, Li SH, et al. Co-culture

with cardiomyocytes enhanced the myo-

genic conversion of mesenchymal stromal
cells in a dose-dependent manner. Mol Cell

Biochem. 2010; 339: 89–98.
14. Ferrari G, Cusella-De Angelis G, Coletta M,

et al. Muscle regeneration by bone marrow-
derived myogenic progenitors. Science.

1998; 279: 1528–30.
15. Kotton DN, Ma BY, Cardoso WV, et al. Bone

marrow-derived cells as progenitors of lung
alveolar epithelium. Development. 2001;

128: 5181–8.

16. Hatzistergos KE, Quevedo H, Oskouei BN,
et al. Bone marrow mesenchymal stem cells

stimulate cardiac stem cell proliferation and

differentiation. Circ Res. 2010; 107: 913–22.
17. Hofstetter CP, Schwarz EJ, Hess D, et al.

Marrow stromal cells form guiding strands

in the injured spinal cord and promote

recovery. Proc Natl Acad Sci USA. 2002; 99:

2199–204.
18. Loffredo FS, Steinhauser ML, Gannon J,

et al. Bone marrow-derived cell therapy

stimulates endogenous cardiomyocyte pro-
genitors and promotes cardiac repair. Cell

Stem Cell. 2011; 8: 389–98.
19. Terada N, Hamazaki T, Oka M, et al. Bone

marrow cells adopt the phenotype of other
cells by spontaneous cell fusion. Nature.

2002; 416: 542–5.
20. Ying Q-L, Nichols J, Evans EP, et al. Chang-

ing potency by spontaneous fusion. Nature.
2002; 416: 545–8.

21. Janero DR, Hreniuk D, Sharif HM. Hydrogen
peroxide-induced oxidative stress to the
mammalian heart-muscle cell (cardiomyo-

cyte): lethal peroxidative membrane injury.

J Cell Physiol. 1991; 149: 347–64.
22. Li RK, Shaikh N, Weisel RD, et al. Oxyradi-

cal-induced antioxidant and lipid changes in

cultured human cardiomyocytes. Am J

Physiol. 1994; 266: H2204–11.
23. Chen EH, Olson EN. Unveiling the mecha-

nisms of cell-cell fusion. Science. 2005; 308:

369–73.

ª 2012 The Authors 3095

Journal of Cellular and Molecular Medicine ª 2012 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

J. Cell. Mol. Med. Vol 16, No 12, 2012


