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Abstract: It has been validated that c-kit positive (c-kit+) cells in infarcted myocardium are from bone marrow (BM). 
Given the recent study that in the heart, estrogen receptor alpha (ERα) is involved in adaptive mechanisms by sup-
porting cardiomyocytes survival via post-infarct cardiac c-kit+ cells, we tested a novel hypothesis that membrane 
ERα (mERа) supports survival of BM c-kit+ cells and enhance protective paracrine function for cardiac repair. Our 
data showed that myocardial infarction (MI) leads to an increase in c-kit+ first in bone marrow and then specifically 
within the infarcted myocardium. Also up-regulated mERа in post-infarct BM c-kit+ cells was found in day 3 post MI. 
In vitro co-culture system, mERа+ enhances the beneficial effects of BM c-kit+ cells by increasing their viability and 
reducing apoptosis. Post-infarct c-kit+ mERа+ cells population expresses predominant ERα and holds self-renewal as 
well as cardiac differentiation potentials after MI. In vivo, BM c-kit+ cells reduced infarct size, fibrosis and improved 
cardiac function. In conclusion, BM c-kit+ mERа+ exerted significantly cardiac protection after MI. A potential impor-
tant implication of this study is that the manipulation of BM c-kit+ stem cells with ERа-dependent fashion may be 
helpful in recovering functional performance after cardiac tissue injury.
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Introduction

After acute myocardial infarction (AMI), heart 
function is impaired and cardiomyocytes in the 
AMI-effected region lose their functionality [1]. 
Bone marrow contains a varied assortment of 
stem cells with putative cardiac potential, 
opening the potential for the use of these cells 
in stem cell therapy [2]. Within the bone mar-
row, c-kit is the precursor to haemopoietic stem 
cells (HSCs) as well as the endothelial progeni-
tor cells (EPCs), and is expressed on hemangio-
blasts. Emerging evidence suggests that BM 
c-kit+ cells can improve cardiac function in ani-
mals and humans after injury [3], however, defi-
nite identification of the cell types and the 
underling cellular mechanisms relevant to car-
diomyogenesis are still unclear.

Estrogens are complex hormones with pleiotro-
pic effects that alter target gene transcription 

in both reproductive and non-reproductive tis-
sues including the cardiovascular system [4]. 
E2, as the most potent estrogen found in 
humans, has a wide range of effects on the 
heart, including preventing apoptosis and 
reducing damage after cardiac ischemia and 
reperfusion [5]. The biological effects of estro-
gen are mainly mediated by estrogen receptors 
(ER). Studies have shown that ERs, including 
ERα, ERβ, and GPR30, confer cardioprotective 
effects both in genomic and non-genomic 
mechanisms [6]. Patten et al. have shown that 
[7] acute E2 treatment reduces cardiomyocyte 
apoptosis and elicits cardioprotection via acti-
vation of PI3K/Akt signaling. Also the estrogen 
effects depend on the relative amount of ERα 
and ERβ in both blood vessels and myocardi-
um. Many studies have shown that ERα, but not 
ERβ, is responsible for estrogen-mediated car-
dio-protection in rodent models [8]. However, 
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most researches focused on estrogen-depen-
dent ER modulation for cardiac repair.

After myocardial infarction, ERа can mediate 
contribution of Bone Marrow-derived Endo- 
thelial progenitor cells to functional recovery 
[9]. Even in the absence of estrogen, ERα-
dependent activation, molecular regulation, 
and organ protection may occur [10]. Recent 
study has shown that many organs require 
membrane ERα to collaborate with nuclear ERα 
for normal development and function through 
specific signal transduction [11]. The previous 
study has showed that in response to acute 
myocardial infarction (MI), activation of ERα 
facilitates survival of adult cardiomyocytes 
through post-infarct cardiac c-kit+ cells. This 
may have a valid explanation for protective 
actions of ERα against cardiac injury [12]. 
Hence, it is possible that ERа mediate cell 
behaviors of BM c-kit+ cells through Estrogen-
dependent way.

In this study, we tested a novel hypothesis that 
membrane ERα supports survival of BM c-kit+ 
cells and enhance protective cardiac repair 
function. We here provide evidence that post-
infarct BM c-kit+ mERа+ cell population express-
es predominant ERα expression and holds self-
renewal, proliferation as well as cardiac differ-
entiation potentials after acute ischemic injury. 
c-kit+ mERа+ cells are easily survived with low 
apoptosis in vitro and reduce the post-MI dete-
rioration of cardiac function in vivo. These 
results have implication in promoting BM c-kit+ 
stem cells-mediated cardiac repair through 
ERа-dependent fashion after MI.

Materials and methods

Induction of myocardial infarction in adult 
mice

Myocardial infarction (MI) was induced in male 
C57BL/6 wild-type mice at 8-10 weeks of age 
(22-25 g) by coronary artery ligation as 
described previously [13]. Briefly, mice were 
anesthetized with gaseous isoflurane and then 
the left anterior descending coronary artery 
was tightened with a suture after thoracotomy. 
Sham-operated mouse underwent the same 
surgical procedure without coronary ligation.

In vitro isolation of post-infarcted bone mar-
row, spleen and myocyte cells

C57BL/6 mice were sacrificed, and their femurs 
and tibias were collected. Animals were per-

fused with phosphate buffered saline (PBS) 
under anaesthesia to remove blood from the 
heart. Cardiac cell populations were isolated 
using a Worthington neonatal cardiomyocyte 
isolation system [12]. Spleen was collected and 
spleen cells were isolated with the same way 
with Bone marrow cells.

The bones of each mouse were flushed with 
phosphate-buffered saline (PBS) containing 
10% Fetal Bovine Serum (FBS, Lot. S1810, 
Biowest). Then, the resulting cell aggregates 
were filtered through a 40 µm cell strainer and 
resuspended in PBS. BM-MNCs were isolated 
using Ficoll Lymphocyte Separation Medium 
(Lot. L0560, Biowest). A portion of the BM- 
MNCs were resuspended in Iscove’s Modified 
Dulbecco’s Medium (IMDM, Lot. 12440-053, 
Life technology) containing 10% FBS. All of the 
bone marrow, cardiac and spleen cells were 
collected and resuspended for use.

Flow Cytometry (FCM) analysis

Mouse BM-MNCs, spleen cells and myocyte 
cells were washed using 0.5% Bovine Serum 
Albumin (BSA) in PBS containing 2mM EDTA 
(Staining Buffer) and blocked with 1% BSA in 
PBS. Cell pellets were incubated with phycoery-
thrin (PE)-conjugated c-kit anti-mouse antibod-
ies (1:100, Cat. 130-097-978; BD); and Fluo- 
rescein isothiocyanate (FITC)-conjugated anti-
CD45 (1:200; Cat.553079, BD), anti-mouse 
CD34 FITC (1:200; Cat.553079, BD), FITC-
conjugated ERalpha antibodies (1:100, Milip- 
ore, 04-227) at 4°C for 30 minutes in the dark. 
Cells were then washed, re-suspended in PBS, 
and purity of the cells was determined via flow 
cytometric analysis using a BD Accuri C6 flow 
cytometer and the data subsequently analyzed 
using C-Flow Plus1.0 software.

Isolation and culture of post-infarct bone mar-
row c-kit+ membrane ERalpha (+) cells

Mouse BM-MNCs were washed and blocked 
similarly as that in FCM. Cells were resuspend-
ed and then incubated with phycoerythrin (PE)-
conjugated c-kit anti-mouse antibodies (1:100, 
Cat. 130-097-978; BD) and FITC-conjugated 
ERalpha antibodies (1:100, Milipore, 04-227) 
at 4°C for 20 minutes. BM c-kit+, membrane ER 
alpha+ cells and BM c-kit+ membrane ER alpha- 
cells were selectively collected was sorted and 
selectively collected by BD FACS Canto.
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Then, A portion of the BM cells were co-cultured 
with post-infarct myocytes (1000 cells/well)  
in 96-well plates, re-suspended in Iscove’s 
Modified Dulbecco’s Medium (IMDM, Lot. 
12440-053, Life technology) containing 10% 
FBS. Then, cell culture was performed in 
96-well culture plates for 2 days. All of the 
media contained 1% Penicillin Streptomycin 
(P/S, Lot. 1266328, Gibco). Cell behaviors were 
recorded by Nikon microscope.

Cell transplantation and immunohistochemis-
try (IHC) staining

After day 3 of MI, BM c-kit+ membrane ER alpha 
(mERа)– cells, BM c-kit+ mERа+ cells were iso-
lated and suspended in IMDM culture medium. 
Immediately after MI injury, 1×105 donor BM 
cells suspended in 50 μL IMDM culture medi-
um were injected through caudal vein.

After 7 days of AMI, the infarcted heart were 
collected as detailed in previous part and fixed. 
The heart was excised and cut into five 1-mm-
thick transverse slices, parallel to the atrioven-
tricular groove. Each slice was incubated in a 
1% solution of TTC at 37°C for 15 minutes to 
differentiate infarct area (pale) from viable 
(brick red) myocardial area. 

Formalin fixed hearts were processed, embed-
ded in paraffin and cut as 5 μm-thick sections. 
After deparaffinization and blocking, Masson 
Trichrome staining, and Sirius red staining were 
done on the same series of heart sections.

Apoptotic myocytes were evaluated by termin- 
al deoxynucleotidyltransferase-mediated dUTP 
nick end labeling (TUNEL) kit (Roche) and coun-
terstained with HE staining. The percentage of 
TUNEL positive cells was evaluated by viewing 
500-700 cells in 10 randomly chosen fields 
from each well at ×10 magnification.

Immunofluorescence staining

Paraffin slides and cultured cells were fixed by 
4% paraformaldehyde for 20 min at room tem-
perature. Fixed cells were incubated with block-
ing buffer containing 3% BSA for 30 min, treat-
ed with Rabbit c-kit antibody (Santa Cruz, 
SC5535), mouse ERα antibody (Santa Cruz, 
sc-787) overnight at 4°C. Then FITC-conjugated 
Goat-anti-rabbit IgG secondary antibody (1:500, 
Chemicon) or TRITC-conjugated Goat-anti-mou- 

se IgG (1:500, Gibico) were added for 1 h at 37 
°C in a humidified atmosphere of 5% CO2, then 
washed three times with 1 ml PBS for 5 min. To 
stain the cell nuclei, the cells were incubated in 
2 μg/mL Hoechst 33258, followed by rinsing 
with PBS. The images were recorded with a flu-
orescence microscope (Eclipse TE2000-E, 
Nikon).

Cell survival/apoptosis assay

After 1,3, 5,11 days co-culture, 4 kinds of 
cells(c-kit+ mERа+ cells, c-kit+ mERа- cells, c-kit- 
mERа+ cells, and c-kit- mERа- cells) were col-
lected respectively and analyzed by annexin V/
PI staining( Invitrogen, V13241) for cell survival 
and apoptosis. After staining a cell population 
with Alexa Fluor® 488 annexin V and PI in the 
provided binding buffer, apoptotic cells show 
green fluorescence, dead cells show red and 
green fluorescence, and live cells show little or 
no fluorescence. The rates of viable cells and 
apoptotic cells were determined via flow cyto-
metric analysis using a BD Accuri C6 flow 
cytometer and the data subsequently analyzed 
using C-Flow Plus1.0 software.

Reverse transcription-polymerase chain reac-
tion (RT-PCR) and real-time PCR

Total RNAs were extracted using TRIzol 
(RiboPure kit, Ambion, AM1924) following the 
manufacturer’s instruction. One microgram of 
total RNA per 20 μl of reaction volume was 
reverse transcribed into cDNA using the 
PrimeScript RT reagent Kit (Takara, RR037A). 
Real-time PCR reactions were performed and 
monitored using the SYBR Green PCR Master- 
mix and PCR apparatus (Takara, TP800). cDNA 
samples (2 μl for total volume of 25 μl per reac-
tion) were analyzed for gene of interest and for 
the reference gene glyceraldehyde-3-phosphat-
edehydrogenase (GAPDH). The level of expres-
sion of each target gene was then calculated  
as previously described. The results were nor-
malized to those of BM c-kit- ERalpha- cells. 
Each sample was repeated at least three times 
for each gene of interest. RT-PCR was per-
formed at 95°C for 2 min followed by 34 cycles 
of 30 s denaturation at 95°C, 30 s annealing at 
the primer specific temperature, and 1 min 
elongation at 72°C. The PCR primers were syn-
thesized by Shanghai Sangon Biotechnology 
co., LTD. The primers information is detailed in 
Supplementary Table 1.
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Echocardiography analysis

Echocardiography was performed to determine 
cardiac structure and function in conscious 
mice. Hearts were viewed in the short-axis 
between the two papillary muscles and each 
measurement was obtained with M-mode by 
averaging results from three consecutive heart 
beats. Fractional shortening (%FS) was calcu-
lated as follows: %FS = (LVIDd – LVIDs)/LVIDd × 
100, where LVIDd is diastolic LV internal diam-
eter and LVIDs is systolic LV internal diameter. 
Left ventricular ejection fraction (EF) was auto-
matically calculated by the echocardiography 
software according to the Teicholz formula. 
Parameters including LVIDd were measured to 
determine structural changes in cardiac 
morphology. 

Statistical analysis

Results are expressed as mean ± SEM. The 
two-tailed Student’s unpaired t test was used 
to analyze two-group comparisons with the 
software Graphpad Prism 5. Differences were 
considered to be significant at *P values <0.05 
for all procedures (*P values <0.05, **P values 
<0.01, *** P values <0.001).

Results

c-kit+ cells increase in infarcted myocardium 
and post-infarct BM cells

Acute myocardial infarction is associated with 
an increased metabolic activity and increased 

Apoptosis is thus suggested to be involved in 
the pathophysiology of heart failure. That is to 
say, in order to restore the cardiac functions 
post-AMI, the cell behaviors in early stage of 
AMI (1-7 days) is more important.

It has been validated that c-kit+ cells in infarct-
ed myocardium are from bone marrow [14]. 
However, the time point when BM cells started 
to migrate to infarcted myocardium are little 
evaluated. In this study, the dynamic expres-
sion of c-kit in BM, heart and spleen in day-1, 
day-3, day-5, day-7, day-11, and day-21 after 
AMI was stated in Figure 1. In general, the time 
evolution of c-kit+ cells rate are different among 
BM, heart and spleen cells over different days 
after AMI. ~3% expressed c-kit in spleen cells 
and kept alomost unchanged along with the 
time. While, in early stage of AMI (1 days, 
3days), c-kit expression was up-regulated in 
BM cells, and then slightly decreased from 
5-days to 11 days, finally a little increased in 
day-21 after AMI. As shwon in Figure 2, the per-
centage of c-kit+ cells in BM cells was as fol-
lows: day-1 (5.8±0.45%), day-3 (14.8±1.5%), 
day-5 (12.11±0.32%), day-7 (10.91±1.25%), 
day-11 (7.59±0.82%), day-21 (10.77%±1.8%) 
respectively. In heart cells, the percentage of 
c-kit+ cells consistently increases in the first 
week after AMI, while at later time, the c-kit 
expression decreased over time. As shown in 
Figure 2, the frequency of c-kit+ cells in post-
infarcted myocytes was: day-1 (6.5±0.66%), 
day-3 (8.6±0.7%), day-5 (12.4±0.6%), day7 
(20.33±1.6%), day-11 (15.56±1.0%), day-21 

Figure 1. The time lapse of c-kit-positive cells in mouse BM, spleen and heart 
after MI. Quantification of the number of c-kit+ cells over a time course after MI 
in wild-type mice showed that MI leads to an increase in c-kit+ first in bone mar-
row and then specifically within the infarcted myocardium.

levels of progenitor cells 
within days after AMI. The 
extent of the apoptosis and 
myocardial infarction was 
first determined by TUNEL 
staining of paraffinembed-
ded sections as shown in 
Supplementary Figure 1. 
TUNEL-positive cardiomyo-
cytes were clearly detected 
in the infarcted mouse he- 
art. TUNEL+ cardiomyocyte 
nucleus number was mod-
erately increased in infarct-
ed hearts and more signifi-
cantly increased in hearts 
at day-7 post-AMI. These 
results indicate that apop-
totic cardiomyocyte death 
is essentially taking place 
in the early stage of AMI. 
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(10.1±1.1%) respectively. As is shown above, 
MI leads to an increase in c-kit+ first in bone 
marrow and then specifically within the infarct-
ed myocardium, and BM c-kit+ cells is possible 
to paly the cardiac repair functions in the time 
before 7 days post-AMI.

Up-regulated membrane ER alpha (mERа) in 
post-infarct BM c-kit+ cells

Given the recent study that ERα-involved adap-
tive mechanisms in the heart by supporting car-
diomyocytes survival via post-infarct cardiac 
c-kit+ cells [12], it is also possible that ER may 
be involved in regulating the BM c-kit+ cells per-
formance. According to literature data, cardiac 
c-kit+ cells were also positive for CD105 and a 
majority of them was positive for CD31 and 
CD34 (83.7±8.6 and 75.7±11.4%, respectively) 
[15]. In this study, we first evaluated the kinet-
ics of CD34, mERа expression in BM cells and 
BM c-kit+ cells over time evolution. As shown in 
Figure 2, hematopoietic CD34+ rate increased 
gradually in BM cells along with the days post-
AMI; while mERа expression levels increased 

dramatically from day-1 (6.6%±0.4) to day 3 
(14.5±0.82%) post-AMI, over the period from 
day 5 to day 21, the mERа remained level at 
~5% in BM cells. It is interesting to note that, 
mERа accounted for not a great deal of differ-
ence between BM cells and BM c-kit+ cells. 
FCM analysis for BM cells (Figure 2C) show that 
double positive of membrane ER alpha (mERа) 
and c-kit is a new portion of BM stem cells. 
Moreover, the double positive cells collected 
from the mouse BM in early stage of AMI (espe-
cially day-3 post AMI) were better than that 
from the later time. The existence of double 
positive c-kit and mERа cells in BM-MNCs was 
confirmed by immunofluorescence staining 
(Supplementary Figure 2). These results show 
that double positive c-kit+ mERа+ cells isolated 
from day-3 post-MI mouse will be capable of 
functional BM stem cell sub-population.

c-kit+ mERа+ cells are easily survived with low 
apoptosis in vitro

A major obstacle associated with adult BM 
stem cells expansion is the loss of “stemness”, 

Figure 2. FCM analysis for BM cells 
showed that double positive of c-kit and 
membrane ER alpha (mERа) is a new 
portion of BM stem cells. A. CD34+ cells 
in BM MNCs after different days of AMI. 
B. mERа+ cells in BM MNCs after differ-
ent days of AMI. C. Quantification of c-kit+ 
CD34+ cells and c-kit+ mERа+ in total BM 
MNCs after different days post MI. The 
ratios show that after day 3 post MI, the 
double positive of c-kit and mERа is more 
than other days.
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or regenerative capacity, of freshly isolated 
cells, presumably due to the absence of the 
native cellular niches [16]. In this study, after 
loading the initially sorted c-kit+ mERа+ cells, 
c-kit+ mERа- cells, c-kit- mERа+ cells, and c-kit- 
mERа- cells onto in vitro co-culture system with 
post-infarct myocardium, the effects of c-kit 
and mERа on the cells behavior, survival, and 
apoptosis were studied.

Figure 3 shows the time course of changes in 
cells morphologies when co-cultured with post-
infarct myocardium in vitro. After 1-day in cul-
ture, the cells kept round and suspended in 
c-kit+ mERа+ cells, c-kit+ mERа- cells, c-kit-  
mERа+ cells; however, in c-kit- mERа- cells, cell 
adhesion was obvious. After 3-days in culture, 
the cell clusters were only found in c-kit+ mERа+ 
cells. In c-kit+ mERа- cells, most of the survived 
cells were attached to the cell culture plate. 
After 5-days in culture, cell proliferation without 
no obvious adhesion and spreading was still 
found in c-kit+ mERа+ cells, while cells spread-
ing are found in other 3 kinds of cells. During 
additional time in culture, cell apoptosis with-

out obvious cell proliferation were found in 
c-kit+ mERа- cells, c-kit- mERа+ cells, and c-kit- 
mERа- cells. In contrast, c-kit+ mERа+ cells has 
been reached over 70% confluency and pas-
saged successfully.

After 1, 3, 5, 11 days co-culture, 4 kinds of cells 
were collected respectively and analyzed by 
annexin V/PI staining for cell survival and apop-
tosis. As shown in Figure 4A, the viable BM 
cells ratio were deceased over the culture time 
in c-kit+ mERа- cells, c-kit- mERа+ cells, and 
c-kit- mERа- cells, except in c-kit+ mERа+ cells. 
The survived cells ratio is 82.46±3.23%, 
66.83±2.74%, 82.67±3.0%, and 75.33±3.0%% 
after 1, 3, 5, 11 days culture respectively. 
Meanwhile, the cell apoptosis rate increased in 
c-kit+ mERа- cells, c-kit- mERа+ cells, and c-kit- 
mERа-cells over culture time. After 11-days cul-
ture, apoptotic cells accounted for more than 
50%; while cell apoptosis was kept steady in 
double positive c-kit+ mERа+ cells and lower 
than 20% as shown Figure 4B. Because of high 
survival and low apoptosis characteristics of 

Figure 3. Time evolution of 4 kinds of BM cell portions co-cultured with post-infarct mouse adult myocytes: c-kit+ 
mERа+ cells, c-kit+ mERа- cells, c-kit- mERа+ cells, and c-kit- mERа- cells. All of the cells were collected from 1 day 
after AMI mouse. The proliferation of c-kit+ mERа+ cells is highly obvious, while c-kit- mERа- cells failed to proliferate 
in vitro. Scale bar =50 μm.
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the special cells population in vitro, it is 
assumed that BM c-kit+ mERа+ stem cells will 
be new seeds cells for cardiac repair after AMI.

Post-infarct BM c-kit+ mERа+ cells population 
with ERα predominance and self-renewal/dif-
ferentiation potentials

To determine whether the dynamic morpho- 
logical differences in c-kit+ mERа+ cells, c-kit+ 

mERа- cells, c-kit- mERа+ cells, and c-kit- mERа- 
cells corresponded to changes in the patterns 
of gene or protein expression, we firstly exam-
ined ERα and ERβ mRNA expression of these 4 
kinds of BM cells after 5 days culture, ERα 
mRNA was up-regulated 2.8 folds in BM c-kit+ 
mERа+ cells, compared to BM c-kit- mERа- cells, 
but ERβ mRNA remained unaltered in BM c-kit+ 
mERа+ cells population as shown by real-time 
PCR analysis (Figure 5A).

Figure 4. Cell survival and apoptosis analysis for 4 kinds of BM cells (c-kit+ mERа+ cells, c-kit+ mERа- cells, c-kit- 
mERа+ cells, and c-kit- mERа- cells) in different culture time. c-kit+ mERа+ cells are easily survived with low apoptosis, 
which indicated that this special portion of BM c-kit+ stem cells will be new candidate seeds cells for cardiac repair 
after MI.

Figure 5. Post-infarct BM c-kit+ mERа+ cells population with ERα predominance and self-renewal/differentiation po-
tentials. Gene expression of ERs, self-renewal and differentiation markers in 4 kinds of BM cells (c-kit+ mERа+ cells, 
c-kit+ mERа- cells, c-kit- mERа+ cells, and c-kit- mERа- cells) after 5 days culture were analyzed by real-time PCR. A. 
ERα and ERβ. B. GATA-4 and Sca-1 (transcription factors for cardiacdifferentiation). C. Tbx3 and ki67 (transcription 
factors for self-renewal and proliferation). D. Akt and Notch 1 (mediators of proliferation and survival). Expression 
levels were normalized to the expression of β-actin housekeeping gene. n=3; *P<0.05, **P<0.01 vs. c-kit- mERа- 
cell population.
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Furthermore, we evaluated the regulation of 
transcription factors implicated in cardiogenic 
fate decision of mesodermal cells (GATA-4, Sca-
1) and genes required for survival and prolifera-
tion (Ki67, Tbx3, Akt, Notch1) in ex vivo post-
infarct c-kit+ mERа+ cells, c-kit+ mERа- cells, 
c-kit- mERа+ cells, in comparison to c-kit- mERа- 
cells. As shown in Figure 5B, expression of 
GATA4, a critical transcription factor for proper 
mammalian cardiac development was up-regu-
lated in all 3 kinds of cells, significantly induced 
3.1-fold in c-kit+ mERа+ cells, compared to BM 
c-kit- mERа- cells. Expression of Sca-1 was 
slightly up-regulated on c-kit+ mERа+, c-kit- 
mERа+ cells, while showed slight down-regula-
tion on c-kit+ mERа- cells.

Figure 5C and 5D shows the expression of 
Ki67, Tbx3, and Akt was significantly induced 
9.5-fold, 2.8-fold, and 2.5-fold, respectively, in 
these post-infarct c-kit+ mERа+ cells, with the 
exception of Notch 1, which remained un- 
changed. These results demonstrated that 

c-kit+ mERа+ cells can favor cell survival and 
decrease cells apoptosis.

These data provided ex vivo data that post-
infarct c-kit+ mERа+ cells population express 
predominant ERα and holds self-renewal as 
well as cardiac differentiation potentials after 
acute ischemic injury.

Effects of transplantation post-infarct BM c-kit+ 
mERа+ cells on myocardial infarct size and car-
diac function

The extent of the myocardial infarction and 
fibrosis were evaluated at day 7 after cell trans-
plantation using TTC staining, Masson’s tri-
chrome staining and Sirus red staining (Figure 
6). A reduction in infarct area was noted among 
mice treated with c-kit+ mERа+ cells as com-
pared to PBS and c-kit+ cell alone. Masson’s 
trichrome staining showed that there were 
increased islands of viable cardiac muscle in 
the peri-infarct regions at day 7 after cell trans-
plantation. The fibrotic area reduced in BM 
cells treated hearts, and BM c-kit+ mERа+ cells 

Figure 6. Transplantation of BM c-kit+ mERа+ cells reduces infarct size and fibrosis. A. Representative images of TTC-
stained heart sections obtained from MI+PBS, MI+BM c-kit+ cells, and MI+ c-kit+ mERа+ cells groups at day 7 after 
transplantation. B. Representative images of fibrotic area in infarct border zone by Masson’s trichrome staining 
at day 7 post-MI. scale bar =50 μm. C. Collagen-specific Sirius Red stained heart sections obtained from MI+PBS, 
MI+BM c-kit+ cells, and MI+ c-kit+ mERа+ cells groups at day 7 after transplantation. Scale bar =50 μm.
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Figure 7. Transplantation of BM c-kit+ mERа+ cells improved improves cardiac function as comparison to BM c-kit+ cells or PBS. (A) Representative M-mode images 
showing cardiac function in each groups: hearts with MI at 3 weeks after PBS, BM c-kit+ cells and BM c-kit+ mERа+ cells injection. Scale bar: X axis: 0.1 second; Y 
axis: 0.2 cm. (B) Heart rates were controlled to be similar in different groups. (C-E) Fraction Shortening (C), Ejection Fraction (D) and LVIDd (E) at 3 weeks after cell 
transplantation. n=6 for each group. *P<0.05 versus MI+PBS group; **P<0.05 versus MI+PBS group.
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further reduced it from both Masson’s tri-
chrome staining and Sirius Red staining results.

Cardiac function was assessed using echocar-
diography at 21 d after induction of myocardial 
infarction and cell transplantation (Figure 7). 
Left ventricle rational shortening (FS) and ejec-
tion fraction (EF) were greater in post-MI hearts 
at 3 weeks treated with BM c-kit+ mERа+ cells 
than in post-MI hearts treated with BM c-kit+ 
cells or PBS. Moreover, BM c-kit+ mERа+ cells 
significantly limited the increase of diastolic left 
ventricle internal diameter (LVIDd) induced by 
MI, comparing with BM c-kit+ cells or PBS. 
These results show that BM c-kit+ cells with 
mERа reduce the post-MI deterioration of car-
diac function, and this cardioprotective effect 
is significantly greater than that of BM c-kit+ 
without mERа.

Discussions

Numerous Bone marrow-derived cell popula-
tions, including unselected bone marrow-
derived mononuclear Cells (BM-MNCs) and 
selected BM-MNCs (eg. CD34+ cells) have been 
suggested to enhance cardiac repair in experi-
mental animal models [17]. Emerging evidence 
suggests that BM c-kit+ cells can improve car-
diac function in animals and humans after inju-
ry [3], however, definite identification of the cell 
types and the underling cellular mechanisms 
relevant to cardiomyogenesis are still unclear. A 
recent study has suggested that cardiac ERα 
supports survival of cardiomyocytes through 
post-infarct cardiac c-kit+ cells [12]. In this 
study, we tested a novel hypothesis that mem-
brane ERα supports survival of BM c-kit+ cells 
and enhance protective cardiac repair.

Apoptosis has been implicated as the main 
contributor to the massive loss of donor cells 
[18]. Also, Apoptosis is recognized to partici-
pate in the pathophysiology of various cardiac 
diseases in adults including ischemia-reperfu-
sion, myocarditis, cardiomyopathy [19]. In our 
study, we are now trying to understand the cel-
lular mechanisms of heart failure difference by 
using animal models of myocardial infarction in 
adult mice. The results showed that mouse at 
day-7 post-AMI exhibit a higher incidence of 
cardiomyocyte apoptosis than sham group and 
other post-AMI mouse. This implies that period 
of acute myocardial infarction (AMI) is more 
susceptible for apoptosis than those with other 

periods. In other words, in order to restore the 
cardiac functions post-AMI, the cell behaviors 
in early stage of AMI (1-7 days) is more 
important.

There is little study about the time evolution of 
the influence of AMI on the progenitor cells 
residing in the BM, heart, and Spleen. Our data 
suggest that AMI increases the number of c-kit+ 
cells in BM, and heart within 7 days, while the 
c-kit+ cells in spleen was kept almost unchanged 
along with the time. The results are consistent 
with before [14] and confirmed that MI leads to 
an increase in c-kit+ first in bone marrow ane 
then specifically within the infarcted myocardi-
um, and BM c-kit+ cells is possible to paly the 
cardiac repair functions in the time before 7 
days post-AMI.

Although various studies have been confirmed 
that AMI stimulate various types of BM-drevided 
cells mobilization, the influence of AMI on the 
specified progenitor cells residing in the BM 
has not been clearly evaluated. In this study, 
CD34, hematopoietic and vascular-associated 
markers, and membrane ERα expressions  
were evaluated in mouse BM post-AMI. We 
observed that although hematopoietic CD34+ 
rate increased gradually in BM cells along with 
the days post-AMI, CD34 accounted for the 
overall decrease tendency in BM c-kit+ cells. 
The results is different from previous study in 
human that circulating CD34+ cell levels signifi-
cantly increase in patients with AMI, peaking 
around 7 days after ischaemic injury [20]. In 
contrast, mERа accounted for not a great deal 
of difference between BM cells and BM c-kit+ 
cells. The percentage of mERа+ cells in BM cells 
and BM c-kit+ cells upregulated in mouse post-
AMI, peaking around 3 day after AMI. In this 
study, we further sorted a new BM derived cell 
subtype with double positive of membrane ER 
alpha (mERа) and c-kit. The identification of 
mERа on BM cells was confirmed by immuno-
fluorescence and FCM analysis.

Previous studies have shown that membrane 
ERα on structures of cardiomyocytes have a 
critical role for the rapid (non-genomic) E2 
effects in heart [21]. After myocardial infarc-
tion, ERа can mediate contribution of Bone 
Marrow-derived Endothelial progenitor cells to 
functional recovery [9]. Even in the absence of 
estrogen, ERα-dependent activation, molecular 
regulation, and organ protection may occur 
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[10]. Hence, it is possible that mERа mediate 
cell behaviors of BM c-kit+ cells. In this study, 
we compared c-kit+ mERа+ cells, c-kit+ mERа- 

cells, c-kit- mERа+ cells, and c-kit- mERа- cells 
behaviors onto in vitro co-culture system with 
post-infarct myocardium. The co-culture sys-
tem mimics the in vivo hypoxia micro-environ-
ment of heart post AMI. The paracrine factors 
secreted by infarcted myocardium also stimu-
lated the cardiac repair function of BM cells. 
The observed high proliferation and low apop-
tosis were particularly obvious in double posi-
tive of BM c-kit+ mERа+ stem cells. The 
enhanced ERα expression in proliferating post-
infarct BM c-kit+ cells suggests that mERα may 
participate in cardiac adaptive mechanisms 
involving post-infarct BM c-kit+ cells in response 
to ischemic injury. Interplay between the dis-
ease condition, microenvironment, and types 
of stem cells will ultimately determine the func-
tional benefits.

Bone marrow contains a varied assortment of 
stem cells with putative cardiac potential, 
opening the potential for the use of these cells 
in stem cell therapy. One of the limitations of 
stem cell therapy for heart disease is the low 
survival rate of transplanted stem cells [22]. 
mERа+ enhances the beneficial effects of BM 
c-kit+ cells by increasing their viability and para-
crine function in vitro and in vivo. Transplanted 
BM c-kit+ with or without mERа reduce infarct 
size and fibrosis in post-MI hearts, likely by 
secreting paracrine factors that may protect 
cardiomyocytes. Hence, it is assumed that BM 
c-kit+ mERа+ stem cells will be new seeds cells 
for cardiac repair after AMI. However, the nature 
of the mobilizing, migration and homing signals 
for mERа+ and the mechanism of differentia-
tion and incorporation into the target tissues 
need to be explored further.

We here provide evidence that post-infarct  
BM c-kit+ mERа+ cell population expresses pre-
dominant ERα expression and holds self-renew-
al, proliferation as well as cardiac differentia-
tion potentials after acute ischemic injury. 
Mechanistically, activation of the PI3K/Akt sig-
naling cascade plays an important common 
role in ER-mediated acute signaling in cardio-
protection after MI, which would lead to down-
stream activation of NOS/NO/SNO signaling 
[7]. Further studies will be necessary to investi-
gate whether the mER-mediated beneficial 
effects on post-infarction remodeling and func-

tion involve BM c-kit+ cells, and to determine 
the mechanism whereby these double positive 
cells home to the infarcted myocardium in an 
ERа-dependent fashion.

In conclusion, acute myocardial infarction is 
associated with an increased metabolic activity 
and increased mERа levels of BM c-kit+ cells 
within 3 days after MI. Post-infarct c-kit+ mERа+ 
cells population express predominant ERα and 
holds self-renewal as well as cardiac differenti-
ation potentials after acute ischemic injury. BM 
c-kit+ cells with mERа reduce the post-MI dete-
rioration of cardiac function, and this cardio- 
protective effect is significantly greater than 
that of BM c-kit+ without mERа. A potential 
important implication of this study is that the 
manipulation of BM c-kit+ stem cells with ERа-
dependent fashion may be helpful in recovering 
functional performance after cardiac tissue 
injury.
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Supplementary Table 1. Oligonucleotide primers used for gene ex-
pression analysis by real-time PCR
Gene Primer sequences (5’-3’) Location
Gapdh Fwd: TGTGTCCGTCGTGGATCTGA 761-910

Rev: TTGCTGTTGAAGTCGCAGGAG
ERа Fwd: ACATGTTGCTGGCTACGTCA 1470-1798

Rev: GGGCACAACGTTCTTGCATT
ERβ Fwd: AATGTGCTAGTGAGCCGTCC 1239-1503

Rev: CCTCATCCCTGTCCAGAACG
Gata4 Fwd: CGGAAGCCCAAGAACCTGAATA 1562 -1659

Rev: TTGCTGGAGTTACCGCTGGAG
Tbx5 Fwd: AAGTTCCGAAGTGGGGTCAC 10-433
        Rev: GGAAGACGTGGGTGCAAAAC
Ki67 Fwd: CCTGCCCGACCCTACAAAAT 2248-2560

Rev: TCCGCCGTCTTAAGGTAGGA
Tbx3 Fwd: GAGGCCAAGGAACTTTGGGA 1669-2022

Rev: GCTTGGGAAGGCCAAAGTAA
Akt Fwd: CTGGAGGACAACGACTACGG 1331-1762

Rev: CTCACTGTCCACACACTCCAT
Notch Fwd: GCTCCGAGGAGATCAACGAG 3803-4070

Rev: TTGACATCACCCTCACACCG
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Supplementary Figure 1. TUNEL staining for heart sections from mouse in different days of AMI and sham mouse 
(A-E) TUNEL staining for heart sections from mouse in day 2, 3, 5, 7 and 11 after MI; (F) TUNEL staining for heart 
sections from Sham-operated mouse; (G) Analysis of TUNEL positive cells in heart sections after AMI. Scale bar =50 
μm.



mERа modulating cardiac repair by BM c-kit+ cells

3 

Supplementary Figure 2. Immunofluorescence staining images of c-kit and ERа in BM, Spleen and heart after 7 
days of AMI. After MI, ERα expressions were detected in BM, spleen and heart, especially in c-kit+ cells. Scale bar 
=25 μm.


