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Abstract Mesenchymal stem cells (MSCs) show acceler-

ated regeneration potential when these cells experience hyp-

oxic stress. This ‘‘preconditioning’’ has shown promising

results with respect to cardio-protection as it stimulates

endogenous mechanisms resulting in multiple cellular

responses. The current study was carried out to analyze the

effect of hypoxia on the expression of certain growth factors in

rat MSCs and cardiomyocytes (CMs). Both cell types were

cultured and assessed separately for their responsiveness to

hypoxia by an optimized dose of 2,4,-dinitrophenol (DNP).

These cells were allowed to propagate under normal condition

for either 2 or 24 h and then analyzed for the expression of

growth factors by RT-PCR. Variable patterns of expression

were observed which indicate that their expression depends on

the time of re-oxygenation and extent of hypoxia. To see

whether the growth factors released during hypoxia affect the

fusion of MSCs with CMs, we performed co-culture studies in

normal and conditioned medium. The conditioned medium is

defined as the medium in which CMs were grown for re-

oxygenation till the specified time period of either 2 or 24 h

after hypoxia induction. The results showed that the fusion

efficiency of cells was increased when the conditioned

medium was used as compared to that in the normal medium.

This may be due to the presence of certain growth factors

released by the cells under hypoxic condition that promote cell

survival and enhance their fusion or regenerating ability. This

study would serve as another attempt in designing a thera-

peutic strategy in which conditioned MSCs can be used for

ischemic diseases and provide more specific therapy for car-

diac regeneration.
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Abbreviations

SCF Stem cell factor

TGF-b Transforming growth factor-b
VEGF Vascular endothelial growth factor

IL-7 Interleukin-7

HGF Hepatocyte growth factor

IGF Insulin-like growth factor

MSCs Mesenchymal stem cells

CM Cardiomyocytes

DNP 2,4-Dinitrophenol

Introduction

Cardiovascular diseases are still the major cause of mor-

bidity and mortality worldwide despite our continuous pro-

gress in the understanding of the molecular mechanisms

associated with the advancement of these diseases and their

treatment strategies [1, 2]. Heart has very limited regener-

ation capacity following myocardial infarction. This irrepa-

rable damage to cardiomyocytes occurs due to sudden

deprivation of oxygen supply to the heart [3]. A variety of
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cells e.g. embryonic stem cells, hematopoietic stem cells,

mesenchymal stem cells, cardiac stem cells, and endothelial

progenitor cells have shown improved cardiac function in

animal models [4, 5]. Mesenchymal stem cells (MSCs) are

the adult pluripotent stem cells. They have the ability to

differentiate into osteocytes, chondrocytes, adipocytes,

fibroblasts, myobalsts, endothelial cells and cardiomyocytes

[6]. This trans-differentiation property of MSCs makes these

cells an important source for the regulation of several

damaged tissues in tissue engineering processes [7].

It has been observed that MSCs show an accelerated

regeneration potential when they experience hypoxic stress

[8]. This phenomenon called ‘‘preconditioning’’ has shown

promising results for cardio-protection as it stimulates

endogenous mechanisms that result in multiple cellular

responses. These responses include activation of specific cell

surface receptors by growth factors and cytokines [2, 9]. A

number of endogenous processes are initiated in response to

tissue damage. Stem cell mobilization is the first step in the

tissue regeneration process. Stem cell factor (SCF) and

hypoxia inducing factor (HIF) mobilize stem cells towards the

site of injury [10]. Hepatocyte growth factor (HGF) becomes

up-regulated during tissue and organ damage and this may be

involved in the recruitment of expanded MSCs to the damaged

tissue [11]. Fibroblast growth factor (FGF) is involved in

differentiation of resident cardiac precursor cells into func-

tional cardiomyocytes [12]. IL-7 may promote a variety of

indispensable functions e.g. regeneration ability of injured

tissues by stimulating differentiation of resident stem-like

progenitor cells [13].

The present study was conducted to analyze the effect

of hypoxic stress on gene expression of some of the

cardio-protective growth factors in mesenchymal stem

cells (MSCs) and cardiomyocytes (CMs). Co-culture

study of MSCs and CMs were performed in conditioned

medium to observe whether fusion between these two

types of cells can be enhanced by the presence of hypoxia

induced growth factors in the conditioned medium. Var-

ious conditions of chemical hypoxia and re-oxygenation

were used prior to co-culture to see if there is any change

in the number of fused cells associated with the differ-

ences in the gene expression patterns of specific growth

factors.

Materials and Methods

Animals

All animal procedures were carried out in accordance with

the international guidelines for the care and use of labo-

ratory animals and approval from the local ethical com-

mittee. Sprague–Dawley (SD) rats weighing 200–300 g

were used throughout the study.

Table 1 Primers: sequences,

annealing temperatures and

expected product sizes

Primers Sequences Annealing

temperatures (�C)

Product

sizes (bp)

GAPDH(F) 50-GGA AAG CTG TGG CGT GAT GG-30 60 441

GAPDH(R) 50-GTA GGC CAT GAG GTC CAC CA-30

SCF (F) 50-CAA AAC TGG TGG CGA ATC TT-30 56 217

SCF (R) 50-GCC ACG AGG TCA TCC ACT AT-30

IL-7 (F) 50-GTG AAC TGC ACA AGC AAG GA-30 57 203

IL-7 (R) 50-GAA ACT TCT GGG AGG GTT CC-30

IL-7R (F) 50-TGA GAT TTC AGG CAG CAC AC-30 57 200

IL-7R (R) 50-GTT GAG GGA CAG TGC CAT TT-30

HGF(F) 50-TTC CCA GCT GGT CTA TGG TC-30 52 237

HGF(R) 50-TGG TGC TGA CTG CAT TTC TC-30

IGF(F) 50-GCA TTG TGG ATG AGT GTT GC-30 56 255

IGF(R) 50-GGC TCC TCC TAC ATT CTG TA-30

TGF Beta1(F) 50-TGC TTC AGC TCC ACA GAG AA-30 53 182

TGF Beta1(R) 50-TGG TTG TAG AGG GCA AGG AC-30

VEGF(F) 50-CAA TGA TGA AGC CCT GGA GT-30 49 211

VEGF(R) 50-TTT CTT GCG CTT TCG TTT TT-30

Table 2 Treatment groups for co-culture studies

Groups MSCs CMs Re-oxygenation

time (h)

Medium

Group 1 Normal Normal – Normal

Group 2 Normal Hypoxic 2 Normal

Group 3 Normal Hypoxic 2 Conditioned

Group 4 Normal Hypoxic 24 Normal

Group 5 Normal Hypoxic 24 Conditioned
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Fig. 1 Immunocytochemical

analysis of rat mesenchymal

stem cells (MSCs) at passage 1

(P1): a Cells were treated with

specific primary antibodies

against ckit, CD29, CD44,

CD90 and CD34 and Alexa

fluor 546 secondary antibody

while control was treated only

with the secondary antibody;

b Quantification of the number

of positive cells treated with

each of these specific antibodies

using ImageJ software
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Cell Culture

MSCs

MSCs were isolated from tibia and femur of SD rats.

Whole bone marrow was cultured in Dulbecco’s modified

eagle’s medium (DMEM; GIBCO, Boston, USA) supple-

mented with 10 % fetal bovine serum (FBS), 100 U/mL

penicillin, and 100 lg/mL streptomycin, 1 mM sodium

pyruvate and 4 mM L-glutamine. Culture was maintained

at 37 �C in a humidified atmosphere containing 5 % CO2.

Non-adherent hematopoietic cells were removed from the

adherent MSCs. Medium was changed after every 3 days.

The cells were observed under microscope regularly for

morphological examination and confluency. The cells were

sub-cultured when they reached approximately 70 % con-

fluence. The first sub-cultured population is termed

passage-1 (P1) cells. MSCs of passages 1–2 (P1 or P2)

were used throughout the study.

CMs

Cultures of neonatal cardiomyocytes were prepared from

the ventricles of 1–2 days old SD rats [14]. Briefly, whole

hearts were excised and immediately transferred into ice-

cold phosphate-buffered saline (PBS), followed by sterile

ice cold balanced salt solution (20 mM HEPES–NaOH;

pH 7.6, 130 mM NaCl,1 mM NaH2PO4, 4 mM glucose,

3 mM KCl). The ventricles were excised and minced in

0.05 % trypsin–EDTA. Cells were digested in 0.25 %

trypsin–EDTA at 37 �C for 2–4 min and centrifuged at

3,500 rpm for 10 min at 4 �C. The cell pellet was resus-

pended in a maintenance medium containing DMEM/

F12 (1:1) supplemented with FBS (20 %), penicillin

Fig. 2 Flow cytometry analysis

of rat bone marrow derived

MSCs: MSCs were positive for

a CD29, b CD 44 and c CD90.

MSCs were treated with anti rat

CD29, CD44 and CD90 and

Alexa fluor 546 goat anti mouse

secondary antibody. C80 % of

cells was positive for these

surface markers. MSCs treated

only with secondary antibody

was used as control. Data was

interpreted using Cell Quest

software. FSC was selected as

the threshold parameter and

threshold was set to a value of

52 to eliminate small debris. A

total of 10,000 events were

acquired from each sample to

calculate the percentages.

Experiments were repeated

three times for statistical

analysis
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(100 U/ml), streptomycin (100 mg/ml) and bovine insu-

lin (1 lg/ml).

Characterization of MSCs and CMs

Immuno-cytochemistry

Cultured MSCs were analyzed for the presence of surface

markers by immunostaining with antibodies against inte-

grin b1 (CD29), Thy-1 (CD90), homing associated cell

adhesion molecule (CD44) and c-kit (CD117) while rat

neonatal cardiomyocytes were analyzed for the presence of

cardiac specific proteins using antibodies against actin,

troponin T and GATA4. Cells were fixed in 4 % parafor-

maldehyde, and blocked in PBS containing 2 % BSA, 2 %

normal goat serum and 0.2 % Nonidet P-40 followed by

incubation with primary antibodies at 1:100 dilution in

blocking solution overnight at 4 �C. This was followed by

incubation with Alexa fluor 546 goat anti mouse secondary

antibody (invitrogen) for 1 h at room temperature. The

cells were counter-stained with DAPI and examined under

fluorescent microscope. Quantification of positive cells was

Fig. 3 Immunocytochemical

analysis of neonatal rat

cardiomyocytes (CMs) at

passage 1 (P1): a Cells were

treated with specific primary

antibodies against actin,

troponin T, and GATA4 and

Alexa fluor 546 secondary

antibody while control was

treated only with the secondary

antibody; b Quantification of

the number of positive cells

treated with each of these

specific antibodies using ImageJ

software
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Fig. 4 RT-PCR gene

expression analysis of growth

factors released in response to

hypoxia in CMs: Expression

levels of SCF, IL-7, IL-7 R,

HGF, IGF, TGFb, VEGF and

GAPDH after hypoxia induction

and a 2 h and b 24 h of re-

oxygenation. Lane 1: growth

factor expression in untreated or

normal MSCs and hypoxic

MSCs after 10 and 20 min

respectively. Bar diagram

showing densitometry analysis

of growth factors from each

group
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Fig. 5 RT-PCR gene

expression analysis of growth

factors released in response to

hypoxia in MSCs: Expression

levels of SCF, IL-7, IL-7 R,

HGF, IGF, TGFb, VEGF and

GAPDH after either 10 or

20 min DNP exposure for

hypoxia induction and a 2 h and

b 24 h of re-oxygenation. Lane

1: growth factor expression in

untreated or normal MSCs and

hypoxic MSCs after 10 and

20 min respectively. Bar

diagram showing densitometry

analysis of growth factors from

each group
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done by ImageJ, a public domain Java image processing

program [15]. Different images and within each image

several fields were selected and number of cells were

counted in terms of DAPI staining. Out of these, positive

cells were counted and percentage was calculated.

Flow cytometry

MSCs were also characterized for the presence of surface

markers by flow cytometry. Cells were suspended in FACS

solution (1 % BSA, 1 mM EDTA, 0.1 % sodium azide in

PBS). After treatment with blocking solution (1 % BSA in

PBS) for 2 min at room temperature, the cells were incubated

with specific primary antibodies against CD29, CD44 and

CD90 in 1:40 dilution for 30 min. Alexa fluor 546 goat anti

mouse secondary antibody was then added to each tube and

incubated on ice for 30 min. Finally, FACS solution was added

to each tube. Cells were analyzed in flow cytometer. MSCs

treated only with secondary antibody was used as control.

Analysis of Growth Factors Expressed in Response

to Hypoxia

Hypoxia

2,4-dinitrophenol (DNP) was used to induce hypoxia

chemically [16]. For optimization, different concentrations

(0.05–2 mM) of DNP were used at two different time

points i.e. 10 and 20 min. Cells were observed morpho-

logically and the number of dead cells were counted. Cy-

totoxity measurement was also performed to quantitate

number of dead cells by flow cytometry. After optimiza-

tion, 0.25 mM concentration of DNP was used throughout

the experiments for both time periods. Prior to DNP

treatment, cells were washed twice with glucose free

DMEM. Medium containing DNP was removed and cells

were re-oxygenated for either 2 or 24 h by incubating them

at 37 �C in humidified chamber with 5 % CO2. Untreated

cells were used as control.

PCR

Total RNA from treated and control groups were isolated

using RNeasy Mini Kit (Qiagen) according to the manufac-

turer’s protocol. 1 lg of RNA was reverse transcribed using

the Superscript RT Kit (invitrogen) and amplified using oli-

gonucleotide primers corresponding to genes specific for stem

cell factor (SCF), interleukin-7 (IL-7), IL-7 receptor (IL-7 R),

hepatocyte growth factor (HGF), insulin-like growth factor

(IGF), transforming growth factor-b (TGF-b), and vascular

endothelial growth factor (VEGF). Rat GAPDH gene was

used as an internal standard. The primer sequences used in

this study along with the expected product sizes and annealing

temperatures are listed in Table 1. The products of reverse

transcriptase reaction were denatured for 1 min at 94 �C,

followed by 35 cycles of amplification: denaturation at 94 �C

(1 min), annealing at 49–63 �C (1 min), and extension at

72 �C (1 min) and a final extension at 72 �C for 10 min. One-

fifth of each PCR product was electrophoretically resolved on

1 % agarose gel.

Analysis of Fusion Efficiency of MSCs and CMs

Hypoxia

CMs were treated with 0.25 mM DNP for 20 min and re-

oxygenated for either 2 or 24 h.

MSCs were grown in the normal medium as described

earlier. Prior to co-culture, MSCs and CMs were treated

with cell labeling dyes, PKH26 and PKH67 (sigma)

respectively according to the manufacturer’s instructions.

CMs were subjected to DNP treatment as described earlier.

Co-culture studies were performed either in the normal or

conditioned medium i.e. the medium used for the re-oxy-

genation of CMs after DNP treatment was kept and used

for co-culture.

Co-culture analysis was done by fluorescent microscopy

and flow cytometry. Different groups that were used for co-

culture studies are outlined in Table 2.

Fig. 6 Flow cytometry graphs showing co-culture of MSCs (labeled

with PKH26) and CMs (labeled with PKH67): The co-culture was

analyzed after a 5 days and b 15 days. The study includes anlaysis of

normal MSCs and normal CMs (control), normal MSCs and hypoxic

CMs after 2 h re-oxygenation in normal medium (Normal 2 h RO),

normal MSCs and hypoxic CMs after 2 h re-oxygenation in

conditioned medium (conditioned 2 h RO), normal MSCs and

hypoxic CMs after 24 h re-oxygenation in normal medium (normal

24 h RO), normal MSCs and hypoxic CMs after 24 h re-oxygenation

in conditioned medium (conditioned 24 h RO). Bar diagrams

showing statistical comparison within groups in c 5 and d 15 days

and e the overall comparison in all of the above mentioned groups

between 5 and 15 days of co-culture. Data was interpreted using Cell

Quest software. FSC was selected as the threshold parameter and

threshold was set to a value of 52 to eliminate small debris. Dot plot

with quadrant was made and FACS analysis was done on the basis of

percentages. A total of 10,000 events were acquired to calculate the

percentages. Two parameters displayed simultaneously in a plot; one

parameter FL1 530 (green fluorescence detector) was displayed on the

y-axis and the other parameter FL2 585 (red fluorescence detector)

was displayed on the x-axis. Merged cells which possess both red and

green fluorescence appeared in upper right region of 2-D plot.

Experiments were repeated three times. Data is presented as

means ± standard error of the means (SEM) and calculated using

Microsoft Excel. Statistical significance (*p \ 0.05; **p \ 0.01 and

***p \ 0.001) was determined by analysis of variance (ANOVA) and

bonferroni’s post hoc test for multiple comparisons using SPSS

software. (Color figure online)

c
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Statistical Analysis

Data is presented as means ± standard error of means

(SEM). Statistical analysis were performed by using one

way ANOVA and bonferroni’s post hoc test for multiple

comparisons. Value of p \ 0.05 was considered statisti-

cally significant.
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Results

Characterization of MSCs and CMs

Immunocytochemistry analysis of rat bone marrow MSCs

showed that almost all of the cultured cells expressed CD29,

CD44, CD90 and ckit cell surface markers (Fig. 1). Flow

cytometry analysis of MSCs showed that the expression was

C80 % for CD29, CD44 and CD90 (Fig. 2). CMs showed

positive expression of cardiac specific proteins, actin, tro-

ponin T and GATA4 (Fig. 3).

Growth factor expression analysis by RT-PCR

An optimized concentration (0.25 mM) of DNP at 10 and

20 min was selected to induce hypoxic stress. Different

concentrations (0.05–2 mM) of DNP were used for opti-

mization. Cells were examined morphologically for number

of dead cells. At 0.05 and 0.1 mM concentrations, no change

in the morphology of MSCs was observed. At 0.25 and

0.5 mM concentrations, cells were slightly shrunken but

regained normal morphology after re-oxygenation while

concentrations of 1 and 2 mM were toxic to cells and almost

all cells became dead. There was no significant difference in

the number of apoptotic cells in case of normal and hypoxic

cells after 24 h of re-oxygenation (results not shown). The

mRNA expression patterns of SCF, IL-7, IL-7 R, HGF, IGF,

TGF-b and VEGF were analyzed in case of both MSCs and

CMs by RT-PCR after exposing cells to DNP for 10 and

20 min and re-oxygenating them for either 2 or 24 h.

CMs

After 2 h of re-oxygenation, no significant change in the

mRNA expression of any of the growth factors was

observed when CMs were exposed to 10 min hypoxia

whereas, after 20 min of DNP treatment, the expression of

IGF was increased and that of IL-7 R was decreased sig-

nificantly (Fig. 4a). After 24 h of re-oxygenation, CMs

exposed to 10 min hypoxia showed significant increase in

the mRNA expression of IL-7. The mRNA expression of

VEGF was decreased when CMs were exposed to both 10

and 20 min hypoxia (Fig. 4b).

MSCs

MSCs exposed to 10 min hypoxia and 2 h re-oxygenation

showed significant down-regulation in the mRNA expression

of IL-7 while in case of 20 min hypoxia, they showed sig-

nificant down-regulation of IL-7, IL-7 R and HGF (Fig. 5a). In

Fig. 6 continued
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case of 24 h re-oxygenation, MSCs exposed to 10 min

hypoxia showed significant increase in the mRNA expression

of IL-7 while significant up regulation of SCF, IL-7, and IL-7

R was observed after 20 min of hypoxia (Fig. 5b).

Co-culture studies

The 5-day co-culture of MSCs and hypoxic CMs have shown a

significant increase in the number of fused cells when the con-

ditioned medium was used and the time of re-oxygenation was

increased from 2 to 24 h (Fig. 6a). The 15-day co-culture of

MSCs and hypoxic CMs have also shown a significant increase

in the number of fused cells both in case of normal and condi-

tioned medium. This increase in the number of fused cells was

observed both in case of 2 and 24 h re-oxygenation (Fig. 6b). In

all cases, the number of fused cells increased when the co-

culture period was increased from 5 to 15 days except in case of

normal (control) cells and in case where normal medium was

used and reo-oxygenation time period was 24 h after hypoxia

(Fig. 6c–e). We have observed several double labeled cells and

elongated cell projections in co-culture through fluorescent

microscopy which are indicative of cell fusion (Fig. 7). In some

cases, we also found elongated cell projections protruding from

different cells indicating that the cells are interacting with each

other. This most probably would result in direct cell to cell

connections in due course of time.

Discussion

Growth factors are released by cells in response to various

stimuli. A number of studies have been conducted to

analyze the up-regulation of various growth factors in

response to oxygen deprivation [17–21]. In this study, we

used 2,4-dinitrophenol (DNP) to induce hypoxia chemi-

cally. DNP is a known metabolic inhibitor used with suc-

cess to induce metabolic stress in different cell types [22,

23]. It decreases intracellular ATP production and induces

chemical hypoxia [24]. Growth factors released in response

to hypoxia were analyzed by RT-PCR. These growth fac-

tors could play important role during the process of myo-

cardial infarction. The concentration of the DNP was

Fig. 7 Co-culture analysis of MSCs (labeled with PKH26) and CMs

(labeled with PKH67) by fluorescent microscopy: a Normal MSCs

and normal CMs; b 5 days co-culture: MSCs and hypoxic CMs (2 h)

in normal medium; c 5 days co-culture: MSCs and hypoxic CMs (2 h)

in conditioned medium; d 15 days co-culture: MSCs and hypoxic

CMs (2 h) in normal medium; e 15 days co-culture: MSCs and

hypoxic CMs (2 h) in conditioned medium; f 5 days co-culture:

MSCs and hypoxic CMs (24 h) in normal medium; g 5 days co-

culture: MSCs and hypoxic CMs (24 h) in conditioned medium;

h 15 days co-culture: MSCs and hypoxic CMs (24 h) in normal

medium; i 15 days co-culture: MSCs and hypoxic CMs (24 h) in

conditioned medium
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optimized to obtain controlled hypoxia in which the cells

were not completely dead but revived shortly after re-

oxygenation process. We used two different time points to

see if there is any effect of the extent of hypoxia on these

growth factors. Earlier we have reported preliminary

studies done for optimization [25]. Here we report the

analyses of the mRNA expressions for SCF, IL-7, IL-7 R

HGF, IGF, TGF-b and VEGF in control and DNP treated

MSCs and CMs. In all cases, the re-oxygenation was

maintained for either 2 or 24 h. We observed mixed pattern

of expression in case of SCF, IL-7, IL-7R, HGF, IGF and

VEGF. In some cases up-regulation was observed only

after 20 min exposure to DNP indicating that the expres-

sion was dependent on the extent of hypoxia. Expression

pattern was also dependent on time of re-oxygenation; in

some cases significant changes in the expression was

observed only when re-oxygenation time was 24 h.

Whereas analysis was done only at two re-oxygenation

time points i.e. 2 and 24 h, it is highly likely that the

expression was induced at some mid-points as well. In this

study, change in SCF and IL-7 expressions was notewor-

thy; SCF was up-regulated in case of MSCs whereas IL-7

was up-regulated both in case of MSCs and CMs. The

response of growth factors varies with the extent of

hypoxia and time of re-oxygenation and if crucially mon-

itored, they can be beneficially used against many ischae-

mic conditions along with stem cells in cellular therapies.

Cell fusion is often observed in co-culture studies of

different cells in vitro [26–28]. It may lead to trans-differ-

entiation in vivo when stem cells are introduced in the

infarcted myocardium. It has been shown in previous studies

that MSCs can be differentiated into various cell types

including endothelial cells and cardiomyocytes as well as

bone, fat, cartilage, muscle, epithelium, and neural cells both

in vitro and in vivo [29–33]. To see the effect of precondi-

tioning on fusion between MSCs and CMs, we co-cultured

these cells in the normal and conditioned medium. As the

conditioned medium is the one which is taken after the re-

oxygenation of CMs for either 2 or 24 h, this medium is

expected to be rich in growth factors. Only CMs were used

for hypoxia treatment so as to mimic the ischemic condition

of myocardial infarction. At 5 days of co-culture, there was

a gradual increase in the number of fused cells in case of

conditioned medium as compared to the normal medium.

Significant increase in the percentage of fused cells was

observed in case of conditioned medium with 24 h re-oxy-

genation as compared to that of 2 h re-oxygenation. This

indicates that when cells were re-oxygenated for 2 h, there

might be lesser number of growth factors present in the

conditioned medium or some of the specific growth factors

that promote fusion or trans-differentiation of cells were not

present in the medium during that time. Similarly at 15 days

of co-culture, there was also a gradual increase in the number

of fused cells where conditioned medium was used. The

percentage of fused cells was significantly increased in case

of conditioned medium with both 2 and 24 h of re-oxy-

genation. In all cases, fused cells were more in case of

15 days as compared to 5 days of co-culture except where

normal medium was used and CMs used for co-culture were

earlier exposed to 24 h of re-oxygenation. The possible

reason may be that the normal medium does not consist of

the required growth factors. The time period of release of

growth factors should be between 2 and 24 h therefore CMs

exposed to 2 h of re-oxygenation in co-culture showed

significant increase in the number of fused cells even in the

normal medium. It can therefore be assumed that the growth

factors were still being released in the medium during the co-

culture. Through microscopy it was observed that elongated

cell projections were present protruding from various cells

in co-culture indicating that the cells are interacting with

each other. This most probably would result in direct cell to

cell connections in due course of time. It can be inferred

from these results that fusion efficiency of MSCs and CMs

can be enhanced by the addition of certain growth factors

released during hypoxia and this efficiency continues to

increase when the time of co-culture advances.

Growth factors released during hypoxia can promote the

fusion of transplanted MSCs with the host cardiomyocytes.

However, we still currently do not fully understand the

exact mechanism by which the interaction of these two

types of cells takes place and exactly which molecules

increase the fusion rate. It has been shown by clinical

studies that regeneration of myocardium restores cardiac

function after stem cell transplantation [34, 35]. However,

fusion of normal cells does have their limitations in terms

of survival as the fate of the fused cells is unknown.

Conclusion

The present study provides evidence that cell to cell fusion

can be increased by means of conditioned medium

obtained after hypoxia-re-oxygenation that may comprise

certain growth factors. The fused cells may proliferate and

contribute to the regeneration of damaged myocardium. As

the mechanisms whereby adult stem cells repair the dam-

aged myocardium are still unclear, it is important to

determine the contribution of various factors in the fusion

process so that a rational basis for the use of these cells for

the therapy for damaged heart can be determined. The

results of the present study suggest that various growth

factors are expressed at different levels. They may be able

to increase the fusogenic ability of cells in co-culture. This

study would aid in designing a therapeutic strategy in

which conditioned MSCs or MSCs over-expressed with

certain growth factors can be used for ischemic diseases.
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