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Abstract

Background/Aims: Chronic myocardial infarction (MI) results in the formation of arrhythmogenic substrates, causing lethal
ventricular arrhythmia (VA). We aimed to determine whether mesenchymal stem cells (MSCs) carrying a hepatocyte growth
factor (HGF) gene modification (HGF-MSCs) decrease the levels of arrhythmogenic substrates and reduce the susceptibility
to developing VA compared with unmodified MSCs and PBS in a swine infarction model.

Methods: The left descending anterior artery was balloon-occluded to establish an MI model. Four weeks later, the
randomly grouped pigs were administered MSCs, PBS or HGF-MSCs via thoracotomy. After an additional four weeks,
dynamic electrocardiography was performed to assess heart rate variability, and programmed electrical stimulation was
conducted to evaluate the risk for VA. Then, the pigs were euthanized for morphometric, immunofluorescence and western
blot analyses. Results: The HGF-MSC group displayed the highest vessel density and Cx43 expression levels, and the lowest
levels of apoptosis, and tyrosine hydroxylase (TH) and growth associated protein 43 (GAP43) expression. Moreover, the HGF-
MSC group exhibited a decrease in the number of sympathetic nerve fibers, substantial decreases in the low frequency and
the low-/high- frequency ratio and increases in the root mean square of successive differences (rMSSD) and the percentage
of successive normal sinus R-R intervals longer than 50 ms (pNN50), compared with the other two groups. Finally, the HGF-
MSC group displayed the lowest susceptibility to developing VA.

Conclusion: HGF-MSCs displayed potent antiarrhythmic effects, reducing the risk for VA.
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Introduction

Ventricular arrhythmia (VA), particularly including ventricular

tachycardia (VT) and ventricular fibrillation (VF), is a challenging

complication during myocardial infarction (MI). A large amount of

data suggest that sustained VT and VF are responsible for the

majority of sudden cardiac death (SCD), which is predominantly

caused by coronary heart disease [1]. Therefore, candidate

interventions that may reduce the risk for VA represent

encouraging study topics.

Despite the limitations of current clinical antiarrhythmic

interventions, such as the limited effect of antiarrhythmic drugs

and the unaffordable cost of implantable cardioverter defibrillator

(ICD), a variety of stem cell treatments have been developed. It

has been reported that MSCs not only exert a cardioprotective

effect but may also decrease the high risk of VA following MI

[2,3]. This cell population has been widely used for cellular

replacement therapy and tissue engineering because of the ease of

its collection and transfection with exogenous genes [4]. However,

most MSCs have been found to exhibit poor viability several days

after cell engraftment, limiting their reparative effects [5].

It has been discovered that MSCs strongly express c-met, the

well-characterized receptor of hepatocyte growth factor (HGF).

HGF, originally recognized as a pro-angiogenic factor and an

endothelial chemoattractant [6,7], has been applied in cardiac

ischemic diseases, as it induces neovascularization in ischemic

tissues [8]. Previous results have also demonstrated that HGF

protects MSCs from apoptosis [9], facilitating cell survival and
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proliferation after MSC transplantation [10]. This evidence

renders HGF gene modification an ideal strategy for MSC

treatment [11].

‘‘Arrhythmogenic substrate’’ has been proposed in recent years

in the field of electrophysiological study, especially for clinical

arrhythmias. Arrhythmogenic substrate refers to the basis medi-

ating the cardiac electrical activity that are likely to facilitate

arrhythmias. The potential arrhythmogenic substrates includes the

impaired myocardium, the electrical coupling disturbance, the

conduction abnormality, the autonomic unbalance, the ischemic

and fibrotic tissue, the body fluid and the endocrine factors. In this

study, we postulated that HGF modification might endow

transplanted MSCs with a more potent capacity to repair pro-

arrhythmic substrates and a stronger potential to decrease the

susceptibility to developing VA in a swine MI model.

Materials and Methods

Ethics Statement
Healthy male swine averaging 3 months of age (weighing

3065 kg) were supplied by the Jiangsu Provincial Academy of

Agricultural Sciences. All procedures were performed in accor-

dance with institutional guidelines and were approved by the

Institutional Animal Care and Use Committee of Nanjing Medical

University.

Cell Culture and Preparations
Prepared MSCs carrying an HGF gene modification (HGF-

MSCs) were kindly provided by Professor Wu and his group

(Beijing Institute of Radiation Medicine, Chinese Academy of

Military Medical Sciences, Beijing, China), who also advised us

regarding their use. Human MSCs were isolated, expanded in

culture and transduced with an adenovirus carrying human HGF

(Ad-HGF) as previously described [10–14], according to the

ethical standards of their local ethics committee.

Establishment of a Chronic Ischemia Model
A total of 36 pigs were initially sedated using ketamine (10 mg/

kg) and then maintained under anesthesia using a 3% sodium

pentobarbital solution. Next, under fluoroscopy, a balloon-tipped

coronary angioplasty catheter was percutaneously advanced over a

guide wire to the distal LAD. Then, the balloon was inflated to a

completely occlusive pressure for 90 minutes to induce transmural

cardiac infarction (Fig. 1A). Following the successful establishment

of a swine model in which the heart was ischemically impaired, the

swine (n = 28) were randomly allocated to three groups as follows:

HGF-MSC group (n = 9): these animals received HGF-MSC

transplantation four weeks after LAD occlusion; phosphate buffer

solution (PBS) group (n = 10): these animals received PBS injection

four weeks after LAD occlusion; MSC group (n = 9): these animals

received MSC transplantation four weeks after LAD occlusion.

Cell Labeling
To observe HGF-MSCs in the impaired porcine heart after

engraftment, 5-ethynyl-29-deoxyuridine (EdU) was applied as a

marker to label the HGF-MSCs in vitro during culture prepara-

tion. Samples from the infarcted border zone (IBZ) of the HGF-

MSC group were examined using an EdU kit (Ruibo, Guangzhou,

China).

HGF-MSC Transplantation In Vivo
Four weeks after the induction of ischemia, open-chest

operations were performed. After intubation, general anesthesia

was maintained using sodium pentobarbital, and analgesia was

maintained via hourly intravenous administration of fentanyl.

Succinylcholine, a muscle relaxant, was administered every twenty

minutes during the open-chest surgery. The pigs in the HGF-MSC

and MSC groups received a total intramyocardial injection of

56107 HGF-MSCs or MSCs, respectively, suspended in 2 ml of

sterile PBS, which were scattered at 10 sites in the IBZ of the

infarction. The same volume of pure PBS was injected at the

corresponding sites in the PBS group.

Two-Hour Dynamic Electrocardiography (ECG)
The methods are detailed in Text S1.

Electrophysiological Examination
The methods are detailed in Text S1.

Animal Euthanasia and Specimen Processing
Once the indicated live animal experiments had been

performed, all of the pigs were euthanized using a lethal dose of

pentobarbital sodium (100 mg/kg) via intravenous injection.

Then, their hearts were extracted from the porcine thorax. The

left ventricular myocardium within 20 mm of the scar margin was

defined as the IBZ [15]. The myocardial region more than 20 mm

from the scar margin was defined as the remote zone, and the

region within the infarcted scar was recognized as the infarct zone.

The isolated individual tissue samples were packaged in a freezing

tube and preserved in liquid nitrogen at 2196uC for further

applications.

Western Blot and Immunofluorescence Analyses
The expression of connexin 43 (Cx43), tyrosine hydroxylase

(TH), growth associated protein 43 (GAP43), acetylcholinesterase

(AChE), Bcl-2 and Bax was detected via western blotting of the

total protein fraction prepared from the IBZ at eight weeks post-

infarction. (Detailed in Text S1).

TUNEL Assay
To label cell death in situ, the Terminal dUTP nick end-

labeling (TUNEL) assay was performed using an In Situ Cell

Death Detection Kit, POD (11684817910, Roche). The apoptotic

index was calculated in five fields in each section as: (apoptotic

nuclei/number of total nuclei) X 100.

Triphenyltetrazolium chloride (TTC) Staining
TTC staining was used to determine the infarcted and non-

infarcted portion. The protocol is detailed in Text S1.

Statistical Analysis
The continuous variables were expressed as the mean 6

standard deviation. Student’s t-test was performed to compare two

groups. The categorical variables were expressed as percentages,

and the Chi-square test was applied to compare the groups. P,

0.05 was considered to be statistically significant.

Results

Establishment of the Chronic MI Model
The confirmation of successful model establishment depended

on substantial ST segment elevation based on ECG, at least in

leads V1–V3 (Fig. 1B), resulting from the complete occlusion of

the distal LAD for 90 minutes (Fig. 1A). Eight pigs experienced

repeated refractory VT or VF during the coronary plugging phase

and ultimately died. For further evidence of successful model

establishment, all pigs underwent ventriculography at 4 weeks

Stem Cell Transplantation and Cardiac Arrhythmia
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post-infarction, and ventricular aneurysm was detected. The

confirmed authentication of successful model establishment was

revealed by positive TTC staining of the isolated swine heart in

vitro (Fig. 1C).

Confirmation of the Viability of the HGF-MSCs
The HGF-MSCs delivered to the damaged myocardium

partially survived and displayed redistribution, proliferation and

differentiation, which were detected based on green fluorescence

following EdU kit treatment. White regions indicated double-

staining of both EdU (green) and vWF (red) (Fig. 2 A–D),

suggesting that the HGF-MSCs exhibited the potential to

differentiate into vascular endothelial cells, although there was a

lack of evidence supporting the cardiomyogenic differentiation of

HGF-MSCs in this experiment (Fig. 2 E–H).

Alteration of Vascularization and Apoptosis
One potential beneficial effect of HGF-MSC transplantation

was investigated by evaluating the difference in the vascularization

of the post-MI hearts after treatment. Immunofluorescence

staining for vWF indicated significant angiogenesis, and a higher

vessel density was present in the IBZ of the HGF-MSC-treated

hearts than the MSC- and PBS-treated hearts (Fig. 3 A–C),

although the MSC group displayed a significant angiogenic effect

compared with the PBS group. Quantitative analysis of the

number of vWF-positive vessels per high-power field (406)

revealed a significantly greater vessel density in the HGF-MSC

group than in the MSC and PBS groups (Fig. 3D). In addition, the

HGF-MSC group displayed a larger decrease in Bax expression

levels and increase in Bcl-2 expression levels than the MSC group

when they were respectively compared with the PBS group (Fig. 3

E–F). The TUNEL assay results showed that only 1.29% nuclei

were TUNEL-positive in the HGF-MSC group, whereas 2.00%

nuclei stained TUNEL-positive in the MSC group (Fig. S1, P,

0.05). When compared with the PBS group, the apoptotic index in

both HGF-MSC and MSC groups displayed a remarkable

decrease (Fig. S1, P,0.01). This proved that HGF overexpression

could protect cardiomyocytes from apoptosis.

Autonomic Nerve Spatial Re-innervation and Relevant
Protein Expression Levels

GAP43, a protein expressed in the growth cones of sprouting

axons, is a marker of nerve sprouting. TH is a marker of

sympathetic nerves. The detected TH-immunostained nerve fibers

appeared to be oriented along the longitudinal axis of adjacent

myofibers. The TH-positive density was significantly reduced in

the HGF-MSC and MSC groups compared with the PBS group

(Fig. 4 A–C and Table 1). However, the pigs in the HGF-MSC-

treated group displayed a lower TH-positive density in the IBZ

than those in the MSC-treated group. Similar to the results

obtained for TH, GAP43 immunostaining was significantly

reduced in the HGF-MSC and MSC groups compared with the

PBS group. Overall, the GAP43-positive nerve density was even

more attenuated in the HGF-MSC group than in the MSC group

(Fig. 4 D–F and Table 1). However, no significant difference in

the AChE-immunostaining signal was detected (Fig. 4 G–I and

Table 1). The differences in protein expression between the groups

were further determined via western blot analysis (Fig. 4 J–K).

Electrical Remodeling
Cx43 is the major gap junction-associated protein. In the IBZ of

post-MI hearts, Cx43 expression is typically disturbed, including

showing lateralization and a reduction of the area of expression.

Here, although these aspects of Cx43 expression in the IBZ of the

HGF-MSC group were markedly ameliorated and normalized,

respectively, in the myocardium compared with the PBS group

(Fig. 5), these effects were significantly reduced and not detected,

respectively, in the MSC group (Fig. 5).

Figure 1. Model establishment and verification. (A) Balloon occlusion was performed to induce MI. (B) A substantial elevation of the ST
segment was detected based on ECG. (C) TTC-positive staining demonstrated successful model establishment.
doi:10.1371/journal.pone.0111246.g001
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Dynamic ECG Monitoring
Heart rate variability (HRV) has gained wide-spread acceptance

as a clinical tool for evaluating cardiac autonomic changes in

patients [16,17]. In the present study, all of the examined HRV

indices were evaluated via dynamic ECG. As summarized in

Table 2, four weeks after cell transplantation, no significant

difference in the standard deviation of the normal-to-normal R-R

intervals (SDNN), the coefficient of variance (CV), the standard

deviation of the averaged normal-to-normal R-R intervals

(SDANN) or high frequency (HF) was observed between the

groups (P.0.05). The HGF-MSC group exhibited a substantial

enhancement of the root mean square of successive differences

(rMSSD) and the percentage of successive normal sinus R-R

intervals longer than 50 ms (pNN50), along with a considerable

Figure 2. The fate of engrafted HGF-MSCs. (A–D) Double-immunofluorescence staining for viable HGF-MSCs in the infaction border zone four
weeks after transplantation. The merged fluorescence indicates colocalization of EdU and vWF, suggesting that the HGF-MSCs exhibited a tendency
to differentiate into vascular endothelial cells. (E–H) There was a lack of evidence of cardiomyogenic differentiation based on the absence of a-SARC/
EdU colocalization.
doi:10.1371/journal.pone.0111246.g002

Figure 3. Alterations of vascularization and apoptosis. (A–C) Immunofluorescence staining to detect vascularization (vWF-positive staining) in
the different experimental groups. (D) Quantification of the number of vWF-positive vessels at a 400X magnification in the different groups. *, P,0.01
vs. the PBS group; #, P,0.01 vs. the MSC group. (E–F) There was a significant decrease in the Bax protein expression level and a significant increase in
the Bcl-2 expression level in the HGF-MSC group compared with the other two groups.
doi:10.1371/journal.pone.0111246.g003
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Figure 4. Neural remodeling. (A–C) Sympathetic nerve fibers were detected based on TH-positive immunostaining. (D–F) The GAP43 expression
profile was specific for nerve sprouting. (G–I) The AChE-positive fibers indicated the parasympathetic distribution. MI-induced sympathetic sprouting
and hyper-innervation were significantly attenuated in the HGF-MSC group compared with the PBS group. These effects appeared to be weaker
between the MSC and PBS groups. However, the parasympathetic nerves displayed no substantial differences between the groups. (J–K) Western
blot analysis confirmed a decrease in TH and GAP43 protein expression levels in the HGF-MSC group compared with the other two groups. A similar
but smaller effect was detected in the MSC group compared with the PBS group. All values were normalized to that of the control. *, P,0.01 vs. the
PBS group; #, P,0.01 vs. the MSC group.
doi:10.1371/journal.pone.0111246.g004

Table 1. Density of Nerve Staining in the Infarction Border Zone at 4 Weeks after Cell Delivery.

Marker HGF-MSC group PBS group MSC group

TH (mm2/mm2) 2863.116122.48
ab

6532.506371.26 3324.446150.08
a

GAP43 (mm2/mm2) 1094.786133.23
ab

6419.406647.53 1777.006453.13
a

AChE (mm2/mm2) 2497.896359.86 2222.006215.78 2460.006239.14

a, P,0.01 vs. the PBS group;
b, P,0.01 vs. the MSC group.
doi:10.1371/journal.pone.0111246.t001
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decrease in low frequency (LF) and the LF/HF ratio, compared

with the MSC and PBS groups. However, these effects were

significantly decreased in the MSC and PBS groups, indicating

that the modulatory activity of the ANS that was eliminated or

diminished during the chronic phase after infarction was

significantly recovered after HGF-MSC, but not MSC, injection.

Programmed Electrical Stimulation (PES) of the Ventricles
In Vivo

To further elucidate the physiological effects of HGF-MSC

transplantation, PES was performed. Some pigs experienced non-

sustained VT (Fig. 6A), sustained VT (Fig. 6B) or VF (Fig. 6C)

during PES. While the arrhythmia score for evoked VA in the PBS

group was quite high, this score was significantly reduced in the

HGF-MSC and MSC groups (HGF-MSC group 1.1161.17 vs.

PBS group 4.9061.37, P,0.01; MSC group 2.5661.13 vs. PBS

group 4.9061.37, P,0.01) (Fig. 6D). This reduction in VA

appeared to be significantly weaker in the MSC group than in the

HGF-MSC group (MSC group 2.5661.13 vs. HGF-MSC group

1.1161.17, P,0.05) (Fig. 6D).

Discussion

Previous studies have demonstrated that the survival of

transplanted stem cells in vivo is dependent on the focal ischemic

and hypoxic microenvironment [18–20]. Possible mechanisms

leading to the death of engrafted cells include ischemic injury or

activation of the apoptotic pathway [18]. Wu and colleagues found

that HGF-MSCs induce substantial neovascularization in ischemic

cardiac tissue [11], facilitating the long-term survival of these

Figure 5. Electrical remodeling. (A–I) The myocardial infarction-induced disturbance of Cx43 expression, including lateralization and a reduction
in area, was significantly restored and ameliorated, respectively, by HGF-MSC transplantation. MSC engraftment resulted in a similar but significantly
weaker effect. (J–K) Cx43 expression levels were compared between the groups via western blot analysis. *, P,0.01 vs. the PBS group; #, P,0.01 vs.
the MSC group.
doi:10.1371/journal.pone.0111246.g005
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transplanted cells in the scarred region [21]. Our results provide

further evidence of the survival of engrafted HGF-MSCs after

transplantation and of the adaptation of these cells to the host

environment. Moreover, our experiment indicated that the

injected HGF-MSCs were able to differentiate into vascular

endothelial cells or integrate into the developing vasculature,

although there was insufficient evidence of cardiomyocyte

differentiation [3,21–23].

A series of investigations have revealed that certain cell types

initiate apoptosis when they lose contact with the extracellular

matrix [24]. The Bcl-2/Bax/caspase pathway has been shown to

be involved in this pathological change. In our experiment, we

detected increased Bcl-2 expression, decreased Bax expression,

and a lower propensity for VA in HGF-MSC-treated hearts,

compared with both MSC- and PBS-treated hearts. TUNEL

staining has also demonstrated less apoptosis in the HGF-MSCs

group than the other two groups. This apoptosis resistance effect

could be due to either the enhancement of Bcl-2 expression or the

inhibition of caspase activity [25], potentially via HGF-MSC

transplantation. In addition, the HGF-MSC-treated IBZ regions

displayed the greatest vessel density among the different groups,

indicating that the focal blood flow and oxygen supply were

substantially restored after HGF-MSC transplantation. Thus, the

injected HGF-MSCs may serve as an anti-arrhythmic agent by

attenuating MI-induced apoptosis and improving ischemic sub-

strates.

Reentry, which is the cause of most VAs following MI in a

chronic setting, is associated with electrical remodeling in the

infarcted heart [26]. PES, the optimal assay for inducing reentry-

mediated VA, has been widely applied to evaluate the risk of VA

after cell therapy [2,27–29]. It has been well established that the

remodeling of gap junctions is an important pathological process

in the occurrence of VAs. Anatomic or functional deficiency of

Cx43, the major constituent of ventricular gap junctions,

inevitably causes a delay in ventricular conduction, spontaneously

inducing VA [30]. In this study, the MI-induced decrease in the

area and lateralization of Cx43 expression in the IBZ was largely

alleviated after HGF-MSC, but not MSC transplantation. These

beneficial effects on Cx43 expression may lead to the amelioration

of focal conduction and repolarization in the IBZ. Thus, it is not

surprising that the HGF-MSC-treated hearts, which displayed the

least electrical remodeling, exhibited the lowest propensity for VA

among the three experimental groups.

Proliferative regeneration of Schwann cells and axons has been

reported to be a consequence of necrotic injuries to the nervous

system [31]. The coupling of increased sympathetic nerve

sprouting with electrical remodeling of the myocardium may

cause VT, VF and SCD [32]. Previous studies have found that MI

Table 2. Results of Dynamic ECG Recording for Each Group.

Parameter HGF-MSC group PBS group MSC group

Time domain

SDNN (ms) 97.00632.01 106.90670.91 108.33647.74

CV (%) 10.5663.71 20.43615.81 13.5266.85

SDANN (ms) 84.22629.41 81.60648.85 100.89651.27

rMSSD (ms) 35.2269.23
ab

12.6062.88 21.44610.97
a

pNN50 (%) 11.0666.19
ab

0.6960.54 5.0265.34
a

Frequency domain

LF 44.29616.12
ab

93.59623.33 57.7668.02
a

HF 35.34616.83 21.37614.25 22.54613.49

LF/HF 1.6861.11
ab

5.5062.59 3.1161.17
a

a, P,0.05 vs. the PBS group;
b, P,0.05 vs. the MSC group.
doi:10.1371/journal.pone.0111246.t002

Figure 6. Electrophysiological examination to evaluate the propensity for VA. (A) Induced non-sustained ventricular arrhythmia. (B)
Induced sustained ventricular arrhythmia. (C) Ventricular fibrillation evoked by additional stimuli. (D) The susceptibility to developing VA, as indicated
by the obtained arrhythmia scores, was lower in the HGF-MSC-treated hearts than in the PBS- and MSC-treated hearts. *, P,0.05 vs. the PBS group; #,
P,0.05 vs. the MSC group.
doi:10.1371/journal.pone.0111246.g006
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induces an excessive and heterogeneous sympathetic nerve

distribution in the IBZ [33]. According to our findings, compared

with the PBS group, this heterogeneity was partially restored based

on the significantly decreased sympathetic nerve sprouting and re-

innervation observed in the HGF-MSC and MSC groups,

especially in the former group.

In addition to the changes in the local nerve structure described

above, we assessed the functional alterations at a global level

between the different groups via dynamic ECG. The recordings

obtained using this approach reflect the actual heart rate activity

under social stress [34]. Finally, we detected a substantial

enhancement of rMSSD and pNN50, along with a dramatic

decrease in LF and LF/HF, in the HGF-MSC and MSC groups

compared with the PBS group. This result is consistent with the

findings of Ajijola, who demonstrated the occurrence of remod-

eling of the sympathetic innervations of the entire heart [35].

However, intramyocardial transplantation of HGF-MSCs signif-

icantly narrowed and minimized the MI-induced amplification of

the sympathetic tone and reduction of the parasympathetic tone,

indicating that HRV was clearly recovered in the HGF-MSC-

treated hearts. Thus, HGF-MSC transplantation effectively

suppressed the sympathetic tone and enhanced the parasympa-

thetic tone, thereby recovering the homeostasis of the ANS.

Numerous studies have shown that any intervention that elicits an

increase in cardiac sympathetic activity also enhances the

development of lethal cardiac arrhythmia [32,36–39]. Moreover,

interventions that reduce sympathetic activity are considered to

protect against arrhythmia [39,40]. Indeed, enhanced cardiac

sympathetic activity has been associated with malignant VA in

patients suffering from ischemic heart disease [41]. A study by

Ajijola revealed that in a state of an enhanced sympathetic tone, a

previously dormant channel in scar tissue may exhibit conduction

during sympathetic activation, markedly altering the electrical

properties of the scar and facilitating reentry-mediated VA

[35,42,43]. Following HGF-MSC treatment, the risk for VA was

remarkably reduced. Thus, attenuation of the heterogeneity of

sympathetic nerve remodeling and rebalancing of the autonomic

tone, thereby ameliorating neural remodeling, may represent the

mechanisms underlying the HGF-MSC-mediated prevention of

VA in a post-MI swine model.

In summary, the present study explored the antiarrhythmic

effects of HGF-MSC transplantation after MI for the first time.

Our findings suggested that intramyocardial transplantation of

HGF-MSCs effectively reduces the susceptibility to developing

VA, possibly through a mechanism involving the improvement of

pro-arrhythmic substrates by ameliorating the electrical coupling

between cardiomyocytes, attenuating neural remodeling, enhanc-

ing the blood and oxygen supply, and suppressing apoptosis in

cardiac tissue. In short, HGF-MSC transplantation, which displays

a robust restorative effect on cardiac function as well as potent

anti-arrhythmic characteristics, is an ideal and promising strategy

meriting further clinical investigation.

Supporting Information

Figure S1 TUNEL analysis in the infarcted border zone.
(A) HGF-MSC group. (B) PBS group. (C) MSC group. (D)

Apoptotic index of different groups. TUNEL-positive nuclei were

significantly decreased in the HGF-MSC group compared with

other groups. * P,0.01 vs. the PBS group; # P,0.05 vs. the

MSC group.

(TIF)

Text S1 Supporting Materials and Methods.

(DOCX)

Acknowledgments

The authors acknowledge Yong-Hong Yong, Feng Xiao, and Bang-xia Liu

for their kind efforts and assistance.

Author Contributions

Conceived and designed the experiments: KJC JZ. Performed the

experiments: JZ LLW WD WZJ YLM YC ZDW WJG FXZ. Analyzed

the data: JZ YCY. Contributed reagents/materials/analysis tools: HW

CTW XRL. Wrote the paper: JZ.

References

1. Myerburg RJ, Castellanos A (2006) Emerging paradigms of the epidemiology

and demographics of sudden cardiac arrest. Heart rhythm: the official journal of

the Heart Rhythm Society 3: 235–239.

2. Mills WR, Mal N, Kiedrowski MJ, Unger R, Forudi F, et al. (2007) Stem cell

therapy enhances electrical viability in myocardial infarction. Journal of

molecular and cellular cardiology 42: 304–314.

3. Wang D, Zhang F, Shen W, Chen M, Yang B, et al. (2011) Mesenchymal stem

cell injection ameliorates the inducibility of ventricular arrhythmias after

myocardial infarction in rats. International journal of cardiology 152: 314–320.

4. Lee K, Majumdar MK, Buyaner D, Hendricks JK, Pittenger MF, et al. (2001)

Human mesenchymal stem cells maintain transgene expression during

expansion and differentiation. Molecular therapy: the journal of the American

Society of Gene Therapy 3: 857–866.

5. Mangi AA, Noiseux N, Kong D, He H, Rezvani M, et al. (2003) Mesenchymal

stem cells modified with Akt prevent remodeling and restore performance of

infarcted hearts. Nature medicine 9: 1195–1201.

6. Ono K, Matsumori A, Shioi T, Furukawa Y, Sasayama S (1997) Enhanced

expression of hepatocyte growth factor/c-Met by myocardial ischemia and

reperfusion in a rat model. Circulation 95: 2552–2558.

7. Lohr JW, Lee TP, Farooqui M, Mookerjee BK (2000) Increased levels of serum

hepatocyte growth factor in patients with end-stage renal disease. Journal of

medicine 31: 131–141.

8. Funatsu T, Sawa Y, Ohtake S, Takahashi T, Matsumiya G, et al. (2002)

Therapeutic angiogenesis in the ischemic canine heart induced by myocardial

injection of naked complementary DNA plasmid encoding hepatocyte growth

factor. The Journal of thoracic and cardiovascular surgery 124: 1099–1105.

9. Liu HJ, Duan HF, Lu ZZ, Wang H, Zhang QW, et al. (2005) Influence of

hepatocyte growth factor on biological characteristics of bone marrow-derived

mesenchymal stem cells. Zhongguo shi yan xue ye xue za zhi 13: 1044–1048.

10. Ha X, Dong F, Lv T (2010) Modification and activity observation of hepatocyte

growth factor gene on bone marrow mesenchymal stem cells. Zhongguo xiu fu
chong jian wai ke za zhi 24: 613–617.

11. Duan HF, Wu CT, Wu DL, Lu Y, Liu HJ, et al. (2003) Treatment of myocardial
ischemia with bone marrow-derived mesenchymal stem cells overexpressing

hepatocyte growth factor. Molecular therapy: the journal of the American
Society of Gene Therapy 8: 467–474.

12. Bian L, Guo Z-K, Ai H-S, Wang H, Meng E-H, et al. (2006) Hepatocyte growth
factor gene modification enhancing immunosuppressive activity of human bone

marrow-derived mesenchymal stem cells. Bull Acad Mil Med Sci 30: 323–328
(in Chinese).

13. Bian L, Guo ZK, Wang HX, Wang JS, Wang H, et al. (2009) In vitro and in
vivo immunosuppressive characteristics of hepatocyte growth factor-modified

murine mesenchymal stem cells. In Vivo 23: 21–27.

14. Wang H, Yang YF, Zhao L, Xiao FJ, Zhang QW, et al. (2013) Hepatocyte

growth factor gene-modified mesenchymal stem cells reduce radiation-induced
lung injury. Hum Gene Ther 24: 343–353.

15. Franz MR, Flaherty JT, Platia EV, Bulkley BH, Weisfeldt ML (1984)
Localization of regional myocardial ischemia by recording of monophasic

action potentials. Circulation 69: 593–604.

16. Billman GE (2009) Cardiac autonomic neural remodeling and susceptibility to

sudden cardiac death: effect of endurance exercise training. American journal of

physiology Heart and circulatory physiology 297: H1171–1193.

17. Thayer JF, Yamamoto SS, Brosschot JF (2010) The relationship of autonomic
imbalance, heart rate variability and cardiovascular disease risk factors.

International journal of cardiology 141: 122–131.

18. Reinecke H, Zhang M, Bartosek T, Murry CE (1999) Survival, integration, and

differentiation of cardiomyocyte grafts: a study in normal and injured rat hearts.

Circulation 100: 193–202.

19. Teng CJ, Luo J, Chiu RC, Shum-Tim D (2006) Massive mechanical loss of

microspheres with direct intramyocardial injection in the beating heart:

Stem Cell Transplantation and Cardiac Arrhythmia

PLOS ONE | www.plosone.org 8 October 2014 | Volume 9 | Issue 10 | e111246



implications for cellular cardiomyoplasty. The Journal of thoracic and

cardiovascular surgery 132: 628–632.
20. Maurel As, Azarnoush K, Sabbah L, Vignier N, Le Lorch M, et al. (2005) Can

Cold or Heat Shock Improve Skeletal Myoblast Engraftment in Infarcted

Myocardium? Transplantation 80: 660–665.
21. Tomita S, Li RK, Weisel RD, Mickle DA, Kim EJ, et al. (1999) Autologous

transplantation of bone marrow cells improves damaged heart function.
Circulation 100: II247–256.

22. Davani S, Marandin A, Mersin N, Royer B, Kantelip B, et al. (2003)

Mesenchymal progenitor cells differentiate into an endothelial phenotype,
enhance vascular density, and improve heart function in a rat cellular

cardiomyoplasty model. Circulation 108 Suppl 1: II253–258.
23. Zhang F, Song G, Li X, Gu W, Shen Y, et al. (2014) Transplantation of iPSc

Ameliorates Neural Remodeling and Reduces Ventricular Arrhythmias in a
Post-Infarcted Swine Model. J Cell Biochem 115: 531–539.

24. Cardone MH, Salvesen GS, Widmann C, Johnson G, Frisch SM (1997) The

regulation of anoikis: MEKK-1 activation requires cleavage by caspases. Cell 90:
315–323.

25. Frisch SM, Vuori K, Kelaita D, Sicks S (1996) A role for Jun-N-terminal kinase
in anoikis; suppression by bcl-2 and crmA. The Journal of cell biology 135:

1377–1382.

26. Pinto JM, Boyden PA (1999) Electrical remodeling in ischemia and infarction.
Cardiovascular research 42: 284–297.

27. Roell W, Lewalter T, Sasse P, Tallini YN, Choi BR, et al. (2007) Engraftment of
connexin 43-expressing cells prevents post-infarct arrhythmia. Nature 450: 819–

824.
28. Kuhlmann MT, Kirchhof P, Klocke R, Hasib L, Stypmann J, et al. (2006) G-

CSF/SCF reduces inducible arrhythmias in the infarcted heart potentially via

increased connexin43 expression and arteriogenesis. The Journal of experimen-
tal medicine 203: 87–97.

29. Fernandes S, Amirault JC, Lande G, Nguyen JM, Forest V, et al. (2006)
Autologous myoblast transplantation after myocardial infarction increases the

inducibility of ventricular arrhythmias. Cardiovascular research 69: 348–358.

30. Gutstein DE, Morley GE, Tamaddon H, Vaidya D, Schneider MD, et al. (2001)
Conduction slowing and sudden arrhythmic death in mice with cardiac-

restricted inactivation of connexin43. Circulation research 88: 333–339.
31. Nori SL, Gaudino M, Alessandrini F, Bronzetti E, Santarelli P (1995)

Immunohistochemical evidence for sympathetic denervation and reinnervation

after necrotic injury in rat myocardium. Cell Mol Biol (Noisy-le-grand) 41: 799–

807.

32. Chen PS, Chen LS, Cao JM, Sharifi B, Karagueuzian HS, et al. (2001)

Sympathetic nerve sprouting, electrical remodeling and the mechanisms of

sudden cardiac death. Cardiovascular research 50: 409–416.

33. Oh YS, Jong AY, Kim DT, Li H, Wang C, et al. (2006) Spatial distribution of

nerve sprouting after myocardial infarction in mice. Heart rhythm: the official

journal of the Heart Rhythm Society 3: 728–736.

34. Bocchi L, Savi M, Graiani G, Rossi S, Agnetti A, et al. (2011) Growth factor-

induced mobilization of cardiac progenitor cells reduces the risk of arrhythmias,

in a rat model of chronic myocardial infarction. PloS one 6: e17750.

35. Ajijola OA, Yagishita D, Patel KJ, Vaseghi M, Zhou W, et al. (2013) Focal

myocardial infarction induces global remodeling of cardiac sympathetic

innervation: neural remodeling in a spatial context. American journal of

physiology Heart and circulatory physiology 305: H1031–1040.

36. Billman GE (2006) A comprehensive review and analysis of 25 years of data

from an in vivo canine model of sudden cardiac death: implications for future

anti-arrhythmic drug development. Pharmacology & therapeutics 111: 808–835.

37. Cao JM, Fishbein MC, Han JB, Lai WW, Lai AC, et al. (2000) Relationship

between regional cardiac hyperinnervation and ventricular arrhythmia.

Circulation 101: 1960–1969.

38. Cao JM, Chen LS, KenKnight BH, Ohara T, Lee MH, et al. (2000) Nerve

sprouting and sudden cardiac death. Circulation research 86: 816–821.

39. Rubart M, Zipes DP (2005) Mechanisms of sudden cardiac death. The Journal

of clinical investigation 115: 2305–2315.

40. Held P, Yusuf S (1989) Early intravenous beta-blockade in acute myocardial

infarction. Cardiology 76: 132–143.

41. Falcone C (2005) Rapid Heart Rate Increase at Onset of Exercise Predicts

Adverse Cardiac Events in Patients With Coronary Artery Disease. Circulation

112: 1959–1964.

42. Kocovic DZ, Harada T, Friedman PL, Stevenson WG (1999) Characteristics of

electrograms recorded at reentry circuit sites and bystanders during ventricular

tachycardia after myocardial infarction. Journal of the American College of

Cardiology 34: 381–388.

43. Tung R, Mathuria N, Michowitz Y, Yu R, Buch E, et al. (2012) Functional

pace-mapping responses for identification of targets for catheter ablation of scar-

mediated ventricular tachycardia. Circ Arrhythm Electrophysiol 5: 264–272.

Stem Cell Transplantation and Cardiac Arrhythmia

PLOS ONE | www.plosone.org 9 October 2014 | Volume 9 | Issue 10 | e111246


