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ABSTRACT

Bone marrow-derived mesenchymal stem cells (BMSCs) have emerged as a promising therapeutic
strategy for cardiovascular disease. However, there is no evidence so far that BMSCs can heal patho-
logicalmyocardial hypertrophy. In this study, BMSCswere indirectly coculturedwith neonatal rat ven-
tricular cardiomyocytes (NRVCs) in vitro or intramyocardially transplanted into hypertrophic hearts in
vivo. The results showed that isoproterenol (ISO)-induced typical hypertrophic characteristics of car-
diomyocyteswere preventedbyBMSCs in the coculturemodel in vitro andafter BMSC transplantation
invivo. Furthermore, activationof theCa2+/calcineurin/nuclear factorofactivatedT cells cytoplasmic3
(NFATc3) hypertrophic pathway in NRVCs was abrogated in the presence of BMSCs both in vitro and in
vivo. Interestingly, inhibition of vascular endothelial growth factor (VEGF) release from BMSCs, but
not basic fibroblast growth factor and insulin-like growth factor 1, abolished the protective effects
of BMSCs on cardiomyocyte hypertrophy. Consistently, VEGF administration attenuated ISO-induced
enlargement of cellular size; the upregulation of atrial natriuretic peptide, brain natriuretic peptide,
and b-myosin heavy chain expression; and the activation of Ca2+/calcineurin/NFATc3 hypertrophic
pathways, and these pathways can be abrogated by blocking VEGFR-1 in cardiomyocytes, indicating
thatVEGF receptor 1 is involved in the antihypertrophic roleof VEGF.We further found that theample
VEGF secretion contributing to the antihypertrophic effects of BMSCs originates from the crosstalk of
BMSCs and cardiac cells but not BMSCs or cardiomyocytes alone. Interplay of mesenchymal stem
cells with cardiomyocytes produced synergistic effects on VEGF release. In summary, crosstalk be-
tweenmesenchymal stem cells and cardiomyocytes contributes to the inhibition ofmyocardial hy-
pertrophy via inhibiting Ca2+/calcineurin/NFATc3 hypertrophic pathways in cardiac cells. These
results provide the first evidence for the treatment of myocardial hypertrophy using BMSCs.
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SIGNIFICANCE

This study found thatmesenchymal stem cells may crosstalk with cardiomyocytes, which causes a syn-
ergistic vascularendothelial growth factor (VEGF) release frombothkindsofcells and then inhibitspath-
ological cardiac remodeling following hypertrophic stimulation in cardiomyocytes in vitro and in vivo.
Blockage of VEGF release from bone marrow-derived mesenchymal stem cells (BMSCs) abolishes the
antihypertrophic actionsofBMSCs invitro and in vivo.On the contrary,VEGFadministrationattenuates
hypertrophic signaling of calcineurin/ nuclear factor of activated T cell cytoplasmic 3 signal pathways.
This study provides the first evidence for the treatment of myocardial hypertrophy using BMSCs.

INTRODUCTION

Regeneration of themyocardium in which irrevers-
ible cell loss occurs as a result of myocardial infarc-
tion and other forms of cardiac conditions has been
a utopian goal of cardiologists [1, 2]. Bonemarrow-
derived mesenchymal stem cells (BMSCs) have the
capacity to differentiate into cardiomyocytes and
endothelial cells [3]. The therapeutic potential of
BMSCshas alsobeen implicated in certainheart dis-
eases including myocardial infarction [4], diabetic

cardiomyopathy [5, 6], dilated cardiomyopathy
[7], etc. These factorsmade BMSCs one of themost
attractive adult-derived cell populations for cardio-
vascular repair in heart diseases [8]. In addition to
these injuredcardiac conditions,whether stemcells
can also be applied to treat hypertrophic growth of
myocardium remained unexploited.

Cardiac hypertrophy, a stereotypic response
of the heart to increased workload and thereby
wall stress, is a thickening of heart walls caused
by increased mass of myocardium to maintain
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cardiac output [9, 10]. It has traditionally been considered as an
adaptive response of heart in the face of stress, and in the past
decades, major research and therapeutic efforts have beenmade
to impede the transition from hypertrophy to failure. However,
accumulating evidence fromstudies in animalmodels andpatients
suggests that in most instances hypertrophy is amaladaptive process
rather than a compensatory response to the change in mechanical
load [9]. In response to pathological stimuli, prolonged hypertrophy
is amajor risk factor for the development of heart failure and car-
diac sudden death, independent of the underlying causes of hy-
pertrophy [9–11]. Accordingly, reversal of myocardial hypertrophy
without adversely affecting contractile function has now been con-
sideredasanauspiciousapproachinthepreventionandtreatmentof
heart failure [12].

Here we show that coculture of BMSCs with cardiomyocytes
is able to inhibit the hypertrophic growth and other deleterious
changes of cardiomyocytes in response to isoproterenol (ISO)
stimulation, and consistently intramyocardial injection of BMSCs
is able to prevent adverse structural remodeling and restore
contractile functions in hypertrophied hearts of rats. This
antihypertrophy effect of BMSCs is ascribed to the inhibition of
Ca2+/calcineurin/nuclear factor of activated T cells cytoplasmic 3
(NFATc3) signaling pathway by vascular endothelium growth fac-
tor (VEGF) that is amply secreted from both BMSCs and cardiac
cells. The interplay between BMSCs and cardiomyocytes triggers
and sustains the secretion of VEGF from these two cell types and
in turn inhibits pathological myocardial hypertrophy.

MATERIALS AND METHODS

Experimental Animals

Male SD ratsweighing 230–280 gwerepurchased from the Exper-
imental Animal Center of the Affiliated Second Hospital of Harbin
Medical University (Harbin, China, http://www.hrbmush.edu.cn/).
The rats were housed under conditions of constant temperature
and controlled illumination (light on between 7 hours 30 minutes
and 19 hours 30 minutes). Food and water were available ad libi-
tum throughout the study. Animal experimental protocols were
approved by the Institutional Animal Care and Use Committee of
Harbin Medical University (No. HMUIRB-2011-09). The investiga-
tion conforms to the Guide for the Care and Use of Laboratory An-
imals published by theU.S. National Institutes of Health. Hearts for
ventricular myocyte isolation were from neonatal rats. For BMSC
transplantation and cardiac functional detection, the rats were
anesthetized with sodium pentobarbital (60mg/kg, intraperitone-
ally) and maintained by administrating 2% isoflurane. For the ex-
periments of BMSC isolation, morphological detection, real-time
reverse-transcription polymerase chain reaction (PCR), and West-
ern blot, rats were anesthetized with sodium pentobarbital
(100 mg/kg), and confirmation of death was by exsanguination.
The depth of anesthesia was monitored by toe pinch, respiratory
rate, and heart rate.

Bone Marrow-Derived Mesenchymal Stem Cells

BMSCs were isolated and expanded from young male SD rats
(weighing 1006 20 g) as previously described [13]. Briefly, bone
marrow cells were collected from the femurs and tibias of SD rats
and then plated in mesenchymal stem cells basal medium
(StemCell Technologies, Vancouver, BC, Canada, http://www.
stemcell.com) supplemented with mesenchymal stem cell

stimulatory supplements (StemCell Technologies), and penicillin
(100 U/ml)/streptomycin (100 U/ml) in culture flasks at 37°C
in 5% CO2, 95% air in a humidified incubator. Three days later,
nonadherent cells were washed out, and the adherent cells
were expanded continuously. All the cells used in this study were
then harvested when reaching 80% confluence by 0.25% trypsin
(Sigma) at passage 3.

Neonatal Rat Ventricular Cardiomyocytes

The protocol for isolating and culturing neonatal rat ventricular
cardiomyocytes (NRVCs)was as described previously [13]. Briefly,
neonatal rat ventricles were cut into 1–2 mm3 cubes after the
hearts were rapidly removed and then dissociated in 0.25% tryp-
sin at 37°C. Heart tissues were trypsinized until the tissues disap-
peared, and cell suspensions were collected by centrifugation
at 1,500 rpm for 145 seconds. The collected cells were then
resuspended in Dulbecco’s modified Eagle’s medium (DMEM;
HyClone, Logan, UT, http://www.hyclone.com) supplemented
with 10% fetal bovine serum (Gibco, Grand Island, NY, http://
www.invitrogen.com) and penicillin (100 U/ml)/streptomycin
(100 U/ml), and cultured at 37°C in 5% CO2, 95% air in a humid-
ified incubator. After 90 minutes for fibroblast adherence, the
cell suspension were plated into a 6-well plate at 33 105 cells
per well. Three days later, NRVCs were cocultured with BMSCs.

Coculturing of BMSCs With NRVCs

To observe the influence of BMSCs on NRVCs, a coculture model
of BMSCs and NRVCs was established in vitro as previously de-
scribed with some modifications [14, 15]. Briefly, BMSCs and
NRVCs were indirectly cocultured in a 1:10 ratio by using a semi-
permeable membrane of Transwell insert (pore size, 0.4 mm)
(Corning Company), which separates two kinds of cells but allows
the diffusion of secreted factors. Coculture was maintained with
DMEM supplemented with 10% fetal bovine serum in humidified
incubator at 37°C and 5% CO2. Monocultured NRVCs in the same
medium were taken as control group.

Transfection of siRNAs

VEGF small interfering RNA (siRNA), insulin-like growth factor 1
(IGF-1) siRNA, basic fibroblast growth factor (bFGF) siRNA, and
anonsense siRNA (negative control)werepurchased fromSangon
Biotech (Shanghai, China, http://www.life-biotech.com/company/
about_us.html), synthesized at Ambion (Austin, TX, http://www.
ambion.com), and used in a final concentration of 300 pM. Trans-
fectionofBMSCsorNRVCswithVEGF,bFGF, and IGF-1siRNAswere
diluted with OptiMEM (Invitrogen, Carlsbad, CA, http://www.
invitrogen.com), incubated with Xtreme transfection reagent
(Roche, Indianapolis, IN, http://www.roche.com) in a six-well
plate according to the manufacturer’s protocol.

Administration of Drugs

VEGF was injected into the heart via intramycoardial delivery
way at five sites (upper, lower, left, right, and center, a dosage
of 2 mg/kg for per injection site). To elucidate the subtypes of
VEGF receptors (VEGFRs) that account for the beneficial actions of
VEGF in ISO-induced cardiomyocyte hypertrophy, VEGFR-1 inhibitor
(AMG-706, 2 nM), VEGFR-2 (VEGFR2-I, 70 nM), and VEGFR-3
blockers (MAZ-51, 10 mM) were applied to NRVCs before VEGF
administration, respectively.
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Measurement of Cell Surface Area

Cultured NRVCs in the slides were fixed with 4% paraformalde-
hyde for 0.5 hour. After rinsing, the sections were penetrated
with 0.4% Triton X-100 for 1 hour and blocked in normal goat se-
rum for 1 hour at room temperature. Then the sections were in-
cubated with mouse anti-sarcomeric actinin antibody at 4°C
overnight, washed, incubated with fluorescein isothiocyanate-
conjugated goat anti-mouse antibody for 1 hour, washed again,
and mounted in a fluorescencemicroscope (80i; Nikon, Tokyo, Japan,
http://www.nikon.com). The surface areas of NRVCs were mea-
sured using Image-Pro Plus analysis software.

Cardiac Hypertrophy Model

Themethod to establish ISO-induced cardiomyocyte hypertrophy
modelwasessentially the sameaspreviousdescriptionwith some
modification [16]. Male SD rats were randomly divided into five
groups, including the isoproterenol group (ISO at a concentration
of 2.4mg·kg21·day21 s.c. was administered for 10 days to induce
cardiac hypertrophy;n=20), ISO/BMSCgroup (BMSCswere intra-
myocardially transplanted into ventricular myocardium at a dose
of 13106prior to ISO2.4mg·kg21·day21;n =10), ISO/BMSCs+VEGF
siRNA group (n = 10), ISO/BMSCs+VEGF siRNA control group (n =
10), and ISO+VEGF group (n = 10). After 10 days of treatment, af-
ter anesthesia, the hearts were removed for assessment. The
hearts were sectioned across the ventricles for histological
analyses.

BMSC Transplantation

BMSCswere transplanted into the hearts of SD rats before ISO in-
jection. The heart was accessed through the fourth intercostal
space after anesthesia. Intramyocardial injection of BMSCs
(13106BMSCs into50ml of culturemedium)withdifferent treat-
ment ormediumalone (50ml)wasperformedusing a syringewith
a 30-gauge needle 1 day before ISO injection. Five injection sites
(upper, lower, left, right, and center; 0.23 106 cells in 10 ml for
each site) in the left ventricle were chosen to deliver cells. Sham-
operated animalswere subjected to the same surgical procedure.

Echocardiography Measurements

Left ventricular (LV) function was assessed in anesthetized animals
with two-dimensional guidedM-mode andDoppler echocardiogra-
phy with a 13-MHz linear probe (GE Medical Systems, Milwaukee,
WI, http://www.ge.com) after 10daysof ISO injection. For anesthe-
sia, rats were injected with isoflurane and received continuous in-
haled anesthetic (2%) for the duration of the imaging session. The
animals were placed in the supine or lateral position on a warming
pad.Numeric imagesof theheartwereobtained inbothparasternal
long-axis and short-axis views. Two-dimensional end-diastolic and
end-systolic long-axis views of the LVwere standardized as follows:
inclusion of the apex, the posterior papillary muscle, the mitral
valve, and the aortic root. End-diastolic and end-systolic areaswere
obtainedbyhand tracingsof theLVendocardial contours,according
to theAmericanSocietyof Echocardiography leading-edgemethod.

ELISA

The culturemedia or cell sampleswere collected fromBMSCs and
NRVCs alone or coculture. The levels of VEGF, bFGF, and IGF-1 in
the media or cell samples were measured by using the ELISA kits
(purchased from, respectively, R&D Systems Inc., Minneapolis,

MN, http://www.rndsystems.com and Wuhan Boster, Pleasan-
ton, CA, http://www.bosterbio.com) according to the manufac-
turers’ instructions.

Hematoxylin & Eosin Staining

The left ventricle tissues of rat hearts near BMSC injection sites
were obtained at the indicated time, fixed in 10% formalin con-
taining phosphate-buffered saline, and embedded in paraffin. Se-
rial 5-mmheart sections fromeach groupwere analyzed. Samples
were stained with hematoxylin & eosin (H&E) trichrome.

Quantitative Real-Time PCR

Real-time quantitative reverse transcriptase PCRwas used for the
quantificationofmRNA levels as previously described [17, 18]. To-
tal RNA sampleswere extracted fromculturedNRVCs using TRIzol
reagent. After DNase I treatment, RNA was reverse-transcribed
with reverse transcriptase (ReverTra Ace; Toyobo, Osaka, Japan,
http://www.toyobo.co.jp/e). To detect the levels of atrial natri-
ureticpeptide (ANP),brainnatriureticpeptide (BNP),andb-myosin
heavy chain (b-MHC) mRNAs, quantitative real-time PCR was per-
formed on ABI 7500 Fast Real Time PCR system (Applied Biosys-
tems, Foster City, CA, http://www.appliedbiosystems.com). The
results were standardized to control values from glyceraldehyde-
3-phosphate dehydrogenase (GAPDH).

Measurement of [Ca2+]i
NRVCswere loadedwith Fluo-3andFuraRed (Molecular Probes) at
37°C for 45minutes and thenwashedwith Tyrode’s solution three
times. After loading with Fluo-3 and Fura Red, the cultured NRVCs
were transferred into a recording chamber and superfused with
Tyrode’s solution. Fluorescent changes of cells loaded by Fluo-3
and Fura Red were detected using a flow cytometer (FACSCalibur;
BD Biosciences, San Diego, CA, http://www.bdbiosciences.com) at
530nmand670nm, respectively. Quantitative changesof intracel-
lular Ca2+ level were inferred from the ratio of the Fluo-3/Fura Red
fluorescence.

Western Blot

Total protein samples were extracted from the left ventricle of
rats and cultured NRVCs with the procedures as previously de-
scribed [19]. Nuclear protein samples were extracted using a
Transfactor Extraction Kit (BD Biosciences, Clontech, Mountain
View, CA, http://www.clontech.com) according to the manufac-
turers’ instructions. Protein concentration was determined using
the BCAmethod as recommended by themanufacturer. After be-
ing boiled for 5minutes, the collected protein samples were frac-
tionated by SDS-PAGE (10%–15% polyacrylamide gels) and
transferred to polyvinylidene difluoride membrane (Millipore,
Bedford, MA, http://www.millipore.com). The samples were
blocked with milk powder for 2 hours at room temperature
and then incubated with the primary antibodies ANP, BNP,
b-MHC (Santa Cruz Biotechnology Inc., Santa Cruz, CA, http://
www.scbt.com), calcineurin (Santa Cruz Biotechnology), and
NFATc3 (Santa Cruz Biotechnology) at 4°C overnight. After
washing, themembraneswere incubatedwith a secondary rabbit
polyclonal and purchased from Santa Cruz Biotechnology for 1
hour at room temperature. Western blot bands were quantified
using Odyssey v1.2 software by measuring the band intensity for
each group and normalizing to GAPDH or lamin B as an internal
control.
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Data Analysis

All values are expressed as means6 SEM. The data from exper-
imental groups were compared by Student’s t test or analysis of
variance followed by a post hoc analysis. A value of p, .05 was
considered statistically significant.

RESULTS

BMSCs Inhibited ISO-Induced Hypertrophy of
Cardiomyocytes in Vitro

We first treated NRVCs with a b-adrenergic receptor agonist ISO
(10 mM) for 24 hours in the culture media to induce cardiomyo-
cyte hypertrophy (Fig. 1A). Typical phenotypes of hypertrophy
were consistently observed (Fig. 1A, 1B). Strikingly, these hyper-
trophic responses were virtually absent in the NRVCs that had
been cocultured with BMSCs for 24 hours. Cardiac hypertrophy
is thought to be promoted by the persistent enhancement of
intracellular Ca2+ concentration [Ca2+]i, which can activate a
Ca2+/calmodulin-dependent protein phosphatase calcineurin (CaN)
known as a specific hypertrophic activator [20, 21]. The key reg-
ulatory targets of CaN are the nuclear factor of activated T cells
(NFATc) family of transcription factors, which when dephosphory-
lated by CaN can be translocated into the nucleus to activate

transcription of hypertrophic target genes [22]. Furthermore, we
observed a significant increase in [Ca2+]i of NRVCs exposed to
ISO (Fig. 1C), but this ISO-induced Ca2+ overload was absent in
NRVCs cocultured with BMSCs, consistent with the inhibition of
cardiomyocyte hypertrophy. Similarly, the upregulation of CaN
proteins seen in ISO-treated NRVCs was also attenuated after
cocultured with BMSCs (Fig. 1D). As a downstream effector of
the CaN-dependent hypertrophic signaling pathway, the expres-
sionofNFATc3protein in thenucleuswas downregulated inNRVCs
coculturedwith BMSCs (Fig. 1D). These data suggest that blockage
of the Ca2+/CaN/NFATc3 pathway contributes to the antagonizing
effects of BMSCs on ISO-induced cardiomyocyte hypertrophy.

BMSC Transplantation Prevented Cardiac Hypertrophy
in Vivo

We then went on to examine the antihypertrophic effect of BMSCs
under in vivo conditions with rats by transplanting BMSCs into left
ventricular myocardium via intramyocardial delivery 1 day before
ISO injection. The rats with ISO treatment for 10 days showed a sig-
nificantaugmentationofheart size, heart/bodyweight ratio, thicken-
ing of left ventricle walls, severe impairment of cardiac functions in
rats with ISO treatment as revealed by echocardiographic examina-
tion, and enhanced expression of hypertrophic marker genes (Fig.
2A–2C). These adverse alterations were clearly ameliorated after

Figure 1. BMSCs inhibit ISO-induced cardiomyocyte hypertrophy. (A): BMSC coculturing suppresses the hypertrophic growth of neonatal rat
ventricular cells (NRVCs) induced byb-adrenoceptor agonist ISO, as indicated by reduced cell surface area. The images represent immunostain-
ing with a-actinin antibody (red signal; magnification3200, at least 10 randomly selected fields in three separate experiments), and the bar
charts are averaged cell surface area. (B):BMSC coculturing suppresses ISO-inducedexpression of thehypertrophicmarker genesANP, BNP, and
b-MHC at both mRNA and protein levels in NRVCs, measured by quantitative polymerase chain reaction and immunoblotting analyses, respec-
tively. (C): BMSC coculturing suppresses ISO-induced Ca2+ overload as indicated by the lowering of intracellular Ca2+ concentration ([Ca2+]i) in
NRVCs. (D): BMSC coculturing suppresses ISO-induced upregulation of CaN (left) and NFATc3 (right) proteins in the nuclei of NRVCs. The data
were obtained from three independent experiments. p, p, .05 versus Ctl; #, p, .05 versus ISO. Abbreviations: BMSC, bone marrow-derived
mesenchymal stem cell; CaN, calcineurin; Ctl, control; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; ISO, isoproterenol; b-MHC, b-myosin
heavy chain; NFATc3, nuclear factor of activated T cells cytoplasmic 3.
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BMSC transplantation. Most strikingly, BMSCs engrafted in the left
ventricle were found also able to inhibit hypertrophic remodeling
process occurring in the right ventricle (Fig. 2D). This finding suggests
that theobservedbeneficialeffectsofBMSCswere likelymediatedby
secretion of certain antihypertrophic factors from BMSCs, cardiac
cells, or both.

VEGF Was Involved in the Antihypertrophic Actions
of BMSCs

The above results established the efficacy of BMSCs in inhibit hy-
pertrophic phenotypes both in vitro and in vivo. We then turned
todecipher theunderlyingmechanisms for theprotective effects.
BMSCs have been known to play a central role in the repair of im-
pairedhearts throughparacrinemechanism [23, 24]. Several anti-
apoptotic and anti-inflammatory factors such as VEGF, IGF-1, and
bFGF can be released by BMSCs after engraftment [7, 24, 25].We
first measured the level of secreted VEGF, IGF-1, and bFGF in the

culture media of NRVCs and BMSCs. Notably, the concentrations
of VEGF, IGF-1, andbFGF secreted into themedia from the coculture
ofNRVCs andBMSCswere remarkably higher than those summed
from both NRVCs and BMSCs origins (Fig. 3A), indicating that
BMSCs and NRVCs mutually promote the release of these factors
during coculturing. We then investigated whether increased
VEGF, IGF-1, and bFGF secretion accounted for the antihypertro-
phic effects of BMSCson ISO-treatedNRVCs. Interestingly, thede-
crease of VEGF production by siRNA interference abrogated the
protective effects of BMSCs on the enlargement of cellular size;
the augment of ANP, BNP, and b-MHC expression; and the acti-
vation of Ca2+/calcineurin/NFATc3 hypertrophic pathway in NRVCs
after ISO treatment (Fig. 3B–3E). Nevertheless, the depletion of
IGF-1 and bFGF by their respective siRNAs failed to inhibit the
antihypertrophic action of BMSCs. These observations suggest
that the increase in VEGF plays a central role in the antihypertro-
phic effect of BMSCs.

Figure 2. BMSC transplantation attenuated ISO-induced cardiac structure remodeling in vivo. (A): BMSC transplantation prevents ISO-induced
enlargement of heart size, increase of the heart/body weight ratios, and enlargement of cell size (at least 10 randomly selected fields in three
separate experiments) as revealed by H&E staining of the left ventricular myocardium in rats. (B): BMSC transplantation ameliorates the abnor-
malities of cardiac structural and impairment of diastolic function in ISO-treated rats. Top: Representative echocardiographic images of showing
thickening of left ventricle wall and interventricular septum and enlargement of left ventricular chamber at diastole. Bottom: Averaged data on
selected echocardiographic parameters including LVPWd, IVSd, and LVIDd. (C): BMSC transplantation suppresses expression of hypertrophic
marker genes ANP, BNP, and b-MHC in rats. The data were obtained from three independent experiments. (D): BMSC transplantation inhibits
ISO-induced enlargement of cell size as revealed by H&E staining of the right ventricularmyocardium (at least 10 randomly selected fields in three
separateexperiments). Thedatawereobtained from five rats of each group.p,p, .05 versusCtl; #,p, .05 versus ISO. Abbreviations: BMSC, bone
marrow-derived mesenchymal stem cell; Ctl, control; ISO, isoproterenol; H&E, hematoxylin & eosin; IVSd, interventricular septal thickness at di-
astole; LVIDd, left ventricular internal dimension-diastole; LVPWd, left ventricular posterior wall dimension; b-MHC, b-myosin heavy chain.
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Inhibition of VEGF Release Abrogated the
Antihypertrophic Effects of BMSCs

We further test the preventive role of VEGF in cardiomyocyte hy-
pertrophy in vitro. NRVCs treatedwith VEGF 0.1 and 0.5 ng/ml for
24 hours did not affect ISO-induced cardiomyocyte hypertrophy.
However, significant inhibition of cardiomyocyte hypertrophy
was observed after VEGF 1.0 and 5.0 ng/ml treatment (Fig. 4A).
These results are consistent with VEGF secretion experiments
performed in BMSCs and NRVCs. The VEGF contents were
2.25 6 0.55 ng/ml in coculture medium and 0.37 6 0.06 ng/ml

and 0.176 0.03 ng/ml in BMSCs and NRVC monoculture media,
respectively (as shown in Fig. 3A), which was less than 1.0 ng/ml
and not sufficient to inhibit ISO-induced hypertrophy. In all sub-
sequent experiments, we chose to use 5.0 ng/ml VEGF, which
dramatically reduced ISO-induced hypertrophic changes as de-
scribed above (Fig. 4B–4D). VEGF is known to stimulate cellular
responses by binding to cell surface tyrosine kinase receptors
(VEGFR-1, VEGFR-2, and VEGFR-3) [26]. We found that VEGFR-1
inhibitor obviously abrogated the beneficial effects of VEGF on in-
tracellular Ca2+ overload, but VEGFR-2 and VEGFR-3 blockers

Figure 3. VEGF involves the reversal of cardiomyocyte hypertrophy by BMSCs. (A): Coculture of neonatal rat ventricular cardiomyocytes (NRVCs)
withBMSCs increases thecontentsofVEGF,bFGF,andIGF-1 in themedium.p,p, .05versusNRVCmonocultureorBMSCmonoculture. (B):Silencing
of VEGF, butnot bFGF and IGF-1, by siRNAs (300pM) in BMSCs abolishes the amelioration of ISO-induced enlargement of cardiac cell sizebyBMSCs.
BMSCswerepretreatedwith siRNAsby transfection and then coculturedwithNRVCs. Left: Representative images ofNRVCs (3200magnification, at
least10 randomlyselectedfields in threeseparateexperiments)witha-actinin staining.Right:Averagedcell surfaceareaofNRVCs.ThescrambledNC
siRNA failed toproduce theeffectsagainstBMSCs. siRNAswere transfected intoBMSCs. (C):VEGF siRNAabolishes the inhibitoryeffects ofBMSCson
the ISO-inducedexpressionofhypertrophicmarker genesANP,BNP, andb-MHCmRNAs inNRVCs. (D):VEGFsiRNAabolishes the inhibitoryeffectsof
BMSCs on the ISO-induced increase of [Ca2+]i in NRVCs. (E): VEGF siRNA abolishes the inhibitory effects of BMSCs on the ISO-induced upregulation
and activation of CaN and nuclear NFATc3 proteins in NRVCs. The datawere obtained from four independent experiments. p, p, .05 versus ISO; #,
p, .05 versus BMSCs; +, p, .05 versus BMSCs transfected with VEGF siRNA. Abbreviations: ANP, atrial natriuretic peptide; bFGF, basic fibroblast
growth factor; BMSC, bonemarrow-derivedmesenchymal stemcell; BNP, brain natriuretic peptide; CaN, calcineurin; Ctl, control; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; IGF-1, insulin-like growth factor 1; ISO, isoproterenol;b-MHC,b-myosinheavy chain;NC, negative
control; NFATc3, nuclear factor of activated T cells cytoplasmic 3; siRNA, small interfering RNA; VEGF, vascular endothelial growth factor.
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failed (Fig. 4E). It strongly suggests that VEGF mediates the ben-
eficial effects of BMSCs mainly through acting on VEGFR-1.

VEGF Mediated the Antihypertrophic Effects of BMSCs
in Rats

We then investigated whether secretion of VEGF by BMSCs con-
tributes to the prevention of hypertrophy in vivo.Our data showed
an enormous increase in the myocardial content of VEGF with
BMSC transplantation and abolishment of this increase when
BMSCs had been pretransfected with VEGF siRNA (Fig. 5A). In par-
allel, bothBMSC transplantation andVEGFadministration by intra-
mycoardial delivery prevented ISO-induced hypertrophic growth
(Fig. 5B, 5D) and functional abnormality of the rat hearts (Fig.
5C, 5E).Moreover, the antihypertrophic effects of BMSCs were se-
verely mitigated if pretreated with VEGF siRNA to silence VEGF
expression (Fig. 5A–5E). The role of VEGF inmediating the antihy-
pertrophic actionof BMSCswas further evidencedby the fact that

the BMSCs pretransfected with a negative control VEGF siRNA
retained their ability to suppress hypertrophic remodeling. Con-
sistently, intramyocardial injection of VEGF (10 mg/kg) produced
the same effects as BMSCs (Fig. 5A–5E).

CrosstalkBetweenBMSCsandNRVCsCauses Synergistic
Secretion of VEGF

Wethenwanted tounderstandwhatmakes the positive synergis-
tic increase in VEGF content in the coculture with NRVCs and
BMSCs. To this end, we first clarified the source of VEGF: whether
the VEGF measured from the culture medium was secreted from
NRVCs or from BMSCs or both. Our data shown in Figure 6A indi-
cate that NRVCs and BMSCs when cultured separately both could
independently secrete VEGF, but its concentration is not suffi-
cient to play an inhibitory role in cardiomyocyte hypertrophy
as suggested in Figure 4A. Nevertheless, when cultured together,
the amount of secreted VEGF was significantly greater than
the sum from two separate cell sources and reached the

Figure 4. VEGF prevents ISO-induced cardiomyocytes hypertrophy. (A): Effects of different concentrations of VEGF on enlargement of cell size
in neonatal rat ventricular cardiomyocytes (NRVCs) treated with ISO (at least 10 randomly selected fields in three separate experiments). (B):
VEGF (5 ng/ml) prevents the expression of the hypertrophicmarker genes ANP, BNP, andb-MHC at bothmRNA (left) and protein (right) levels in
ISO-treatedNRVCs. (C):VEGFprevents ISO-induced the increaseof [Ca2+]i inNRVCs, examinedwith Fluo-3/FuraRed fluorescencedetectedusing
a flow cytometer. (D): VEGF attenuates the upregulation of CaN and nuclear NFATc3 proteins in ISO-treated NRVCs. p, p , .05 versus Ctl; #,
p, .05 versus ISO, unpaired t test. (E): Inhibition of VEGFR-1 by its antagonist AMG-706 (2 nM), but not by VEGFR-2 (VEGFR2-I, 70 nM) and
VEGFR-3 (MAZ-51, 10 mM) inhibitors, prevents the increase of [Ca2+]i in ISO-treated NRVCs. The data were obtained from three independent
experiments. p, p, .05 versus ISO; #, p, .05 versus BMSCs; +, p, .05 versus VEGF. Abbreviations: ANP, atrial natriuretic peptide; BNP, brain
natriuretic peptide; CaN, calcineurin; Ctl, control; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; ISO, isoproterenol; b-MHC, b-myosin
heavy chain; NFATc3, nuclear factor of activated T cells cytoplasmic 3 VEGF, vascular endothelial growth factor.
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concentration required for the inhibition of hypertrophic growth
inNRVCs. Intriguingly, such a synergistic increase inVEGF concen-
tration was not seen in the coculture of NRVCs with HEK293 cells
nor in the coculture of BMSCs with HEK293 cells (Fig. 6A). These
data indicate there is a specific crosstalk between NRVCs and
BMSCs to amplify the VEGF secretion. To test this notion, we sub-
sequently treated NRVCs with VEGF siRNA to deplete the cardio-
myocyte VEGF and then cocultured these VEGF-free NRVCs with
BMSCs. After 24 hours, we measured the VEGF level in the me-
dium. Thismaneuver completely eliminated the increase of VEGF
content (Fig. 6B). On the other hand, when the BMSCs pretreated
with the VEGF siRNA were cocultured with nontreated NRVCs, a

similar loss of the increase of VEGF content was observed. These
results indicate that intracellular VEGF in both NRVCs and BMSCs
is necessary for the synergistic increase of extracellular VEGF in
themedia. We finally made an effort to measure the intracellular
levels of VEGF protein in NRVCs and BMSCs with or without
coculturing. Our results demonstrated that the intracellular
VEGF level was significantly elevated in NRVCs, but not in
BMSCs,aftercoculturing(Fig.6C).Thedata indicatethat the interplay
of BMSCswith NRVCs not only enhances the secretion of VEGF from
BMSCs but also indirectly upregulates the intracellular VEGF level in
NRVCs,whichtogether leadstotheobservedelevationofextracellular
VEGF content and in turn produces the antihypertrophic actions.

Figure 5. VEGF mediates the reversal of cardiac hypertrophy by BMSCs. (A): BMSC transplantation or VEGF treatment reduces heart size in
hypertrophic rats induced by ISO. The data were obtained from five rats from each group. (B): Typical examples of cross-sections of ventricular
myocardiumwithH&Estaining showing thenormalization of enlarged cell surface areabyBMSC transplantationorVEGF injection in ISO-treated
rats (at least 10 randomly selected fields in three separate experiments). (C): Reprehensive echocardiography image from ISO-treated hearts
with BMSCs, BMSC VEGF siRNA, or VEGF. (D, E): Reduction of the heart/body weight ratio and improvement of cardiac structure and diastolic
function by BMSCs or VEGF in ISO-treated rats. The data were obtained from five rats from each group. Top: representative images of echo-
cardiogram. Bottom: normalization of echocardiographic parameters LVPWdand IVSdbyBMSCsor VEGF.p,p, .05 versus ISO; #,p, .05 versus
ISO+BMSCs; +,p, .05 versus ISO+BMSCs+VEGF siRNA.Abbreviations: BMSC, bonemarrow-derivedmesenchymal stemcell; ISO, isoproterenol;
H&E, hematoxylin & eosin; IVSd, interventricular septal thickness at diastole; LVPWd, left ventricular posterior wall dimension; siRNA, small
interfering RNA; VEGF, vascular endothelial growth factor.
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DISCUSSION

The main finding of the present study is that the interplay be-
tween BMSCs and NRVCs is capable of ameliorating the pheno-
types of pathological cardiac hypertrophy by inhibiting the
adverse remodeling processes in hypertrophic myocardium and
ventricular cells. This is, to our knowledge, the first study to reveal
theantihypertrophic efficacy ofmesenchymal stemcells via inter-
playing with cardiomyocytes, although stem cells have been pre-
viously found to alleviate myocardial infarction and heart
ischemia [7]. This finding may revise our current concept of stem
cells: the crosstalk of stem cellswith host cardiomyocytes beyond
a one-sided action of stem cells on heart is not only capable of re-
storing the myocardial injuries by replacing dead cells in the de-
generative pathological settings but also capable of inhibiting
remodeling of myocardial hypertrophy. This study also helps to
provide insight into stem cell pharmacology.

Plenty of studies demonstrate that BMSCs have a high capac-
ity to differentiate into cardiomyocytes and endothelial cells [3].
Accordingly, BMSCs become a very attractive adult-derived cell
population for cardiovascular repair and have displayed enor-
mous therapeutic potential for heart diseases [7]. To date, accu-
mulated evidence from preclinical and clinical studies has
confirmed that the implantation of culture-expandedBMSCs con-
ferredbiological and functional protections inmyocardium infarc-
tion [23, 27], diabetic cardiomyopathy [5], acute myocarditis [28],
and dilated cardiomyopathy [7], although the concern about
proarrhythmic potential was recently raised [29]. Akt [23], GSK-
3b [30], Hif-1 [31], and Noth1 signaling [32] of BMSCs has been
shown to be critical for cardiac repair in ischemic heart diseases.
Nevertheless, the effects of transplanted BMSCs on pathological
myocardial hypertrophy and its underling mechanisms were
largely unknown.

Here, our data revealed that BMSCs exhibited significant in-
hibitory effects on ISO-induced hypertrophic growth of ventricu-
lar myocytes and the upregulation of hypertrophic marker ANP,

BNP, and b-MHC both in vitro and in vivo. So, using BMSCs to in-
hibit hypertrophy might be a superior therapeutic strategy for
preventing heart failure to any other interventions implemented
at later stages. Consistently, recent evidence also supports that
BMSCs implantationmay improve regional cardiac remodeling in-
cluding cardiomyocyte apoptosis and hypertrophy after cardiac
infarction in ovine infarction model, although in vitro study sug-
gests that BMSCs possibly played a potentiating role in the hyper-
trophy of hypoxia-treated cardiomyocytes [33, 34]. We also
observed that replacing BMSCs, HEK293 cells cocultured with
NRVCs did not exert the preventive effects on cardiomyocytes hy-
pertrophy, suggesting that the antihypertrophic action is attrib-
uted to and the specific for BMSCs and not available for other
typesof cells suchasHEK293. Strikingly, itwas firstly revealed that
the BMSCs engrafted in the left ventricular wall were able to pre-
vent the hypertrophic response in the right ventricle, indicating a
role of transmittable factors.

It is well documented that intracellular Ca2+/calmodulin-
dependent signaling stimulates the expression of hypertrophic
genes in cardiomyocytes through mediating calcineurin and
NFATc3 [20, 21]. In the present study, Ca2+/calcineurin/NFATc3
hypertrophic pathway was also shown activated by ISO, whereas
BMSC coculture or transplantation can block this hypertrophic
pathway signal both in vitro and in vivo. Further study was nec-
essary to clarify how BMSCs regulate hypertrophic pathway of
both local and remote cardiomyocytes. Growing evidence dem-
onstrates that paracrine effects make main contributions to the
repair of heart injury by BMSC transplantation [23, 25]. A multi-
tude of paracrine factors such as VEGF, bFGF, and IGF-1 are ob-
served secreted into the microenvironment by BMSCs and then
lead to cellular regeneration via neovascularization, anti-
inflammation, antiapoptosis, antifibrosis, antiremodeling, and
the activation of resident cardiac stem cells [13, 25, 35]. Con-
sistent with these reports, our results unravel that the anti-
hypertrophic effects of BMSCs critically depends on the
synergistic secretion of VEGF, which inhibits the activation of

Figure 6. BMSCs and NRVCs crosstalk to induce synergistic enhancement of VEGF secretion. (A): Comparisons of VEGF contents in the culture
media of NRVCs or BMSCs alone or cocultures of these cells with human kidney cell line HEK293. Note that only NRVC/BMSC coculture boosts
VEGFproduction. (B):Pretreatmentof eitherNRVCsorBMSCswithVEGF siRNA, labeledNRVCs/siRNAorBMSCs/siRNA, eliminates the increases
ofVEGFcontents in themediumofNRVCs/BMSCcocultures. (C): IntracellularVEGFcontentswithmonocultureofNRVCsorBMSCsandcoculturesof
NRVCs and BMSCs. The data were obtained from four independent experiments. p, p, .05 versus NRVCmonoculture; #, p, .05 versus BMSC
monoculture; +,p, .05 versusNRVC/BMSC coculture. Abbreviations: BMSC, bonemarrow-derivedmesenchymal stemcell; NRVC, neonatal rat
ventricular cardiomyocyte; VEGF, vascular endothelial growth factor.
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the Ca2+/calcineurin/NFATc3 hypertrophic signaling pathway in
cardiac cells, but not on IGF-1 and bFGF. VEGF has been widely
reported on its beneficial impact on vascular growth and protec-
tion against myocardial ischemia. Consistently, our study also
found that BMSCs with VEGF siRNA has no ability to increase
the number of vessels in the heart, indicating that BMSCs pro-
moted vascular growth (supplemental online Fig. 1). However,
its influence on hypertrophywas not broadly reported. This study
represents the first report that VEGF is able to inhibit the hyper-
trophic remodeling via blocking Ca2+-activatedhypertrophy path-
way. In agreement, it was reported that enhanced activation of
VEGFR-1 signaling by VEGF contributes to copper-induced inhibi-
tion of cardiomyocyte hypertrophy. Previous studies demon-
strated that VEGF can retard the transition from hypertrophy
to heart failure [36], or VEGF-induced neovascularization may re-
verse cardiac fibrosis and functions before advanced disease
stages [37]. These reports supported the antihypertrophic role
of VEGF in cardiomyocytes, but in vitro reports show that VEGF
contributed to ET-1-induced hypertrophy of neonatal rat ventric-
ular myocytes [38]. This suggests that the different hypertrophic
stimuli or models may be quite important in determining the in-
fluences of VEGF on hypertrophic growth.

The presence of transplanted BMSCs in ISO-treated hearts
was identified by bromodeoxyuridine labeling, and the level
of VEGF was confirmed increased in BMSC-treated hearts
(supplemental online Fig. 2). More interesting, we found that
the ample VEGFs not only originate from BMSCs but also from
cocultured or host cardiac cells. Our study show that the coculturing
of either NRVCs or BMSCs with HEK293 failed to enhance VEGF
release, and silencing VEGF from either of these two cell origins
renders a loss of the antihypertrophic action of BMSCs. These re-
sults support that the synergistic VEGF secretion that confers the
antihypertrophic efficacy of BMSCs is owing to a specific crosstalk
between cardiac cells and BMSCs. This finding further suggests
that application of BMSCs should not be considered simply a “cell
replacement” therapy; rather BMSCs serve to trigger activationof
the signaling pathway through activating a gene expression pro-
gram to boost production of VEGF in cardiac cells, which in turn
facilitates VEGF secretion in BMSCs, leading to an antihypertro-
phic effect. Although the present study does not aim to elucidate
how BMSCs and NRVCs interplay to amplify VEGF secretion, it is
speculated that BMSCsmight release a certain factor to stimulate
VEGF secretion from both cardiomyocytes and BMSCs. This issue
merits future detailed studies.

It should be clarified that this finding is limited to ISO-
induced heart hypertrophy, and whether this finding will apply
to other forms of hypertrophy is not clear. It has been reported
that BMSCs promoted cardiac hypertrophy via hypoxia-induced
paracrine mechanisms or promote more adaptive compensa-
tory hypertrophy in the mice myocardial infarction model [34,
39]. However, a recent trial study showed that BMSC therapy
has a positive effect on maladaptive hypertrophy after acute
myocardial infarction measured by cardiac MRI cell [40]. The
particular hypertrophic stimulus might play an important role
in determining the impact of BMSCs. In addition, SDF-1 is an-
other important cytokine factor released by BMSCs. The contri-
bution of SDF-1 to antihyptrophic effects of BMSCs required
further study (supplemental online Fig. 3).

CONCLUSION

We showed that crosstalk between BMSCs and cardiomyocytes
caused substantial inhibition of molecular remodeling and re-
stored cardiac functions in hypertrophic hearts, which is attrib-
uted to the secretion of VEGF from interplay of two kinds of
cells and the consequent inhibition of the Ca2+/calcineurin/
NFATc3 signaling pathway.
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