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Pretreatment of cardiac progenitor cells
with bradykinin attenuates H2O2-induced
cell apoptosis and improves cardiac
function in rats by regulating autophagy
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Abstract

Background: Previous studies have demonstrated that human cardiac c-Kit+ progenitor cells (hCPCs) can effectively
improve ischemic heart disease. However, the major challenge in applying hCPCs to clinical therapy is the low
survival rate of graft hCPCs in the host heart, which limited the benefit of transplanted hCPCs. Bradykinin (BK) is a
principal active agent of the tissue kinin-kallikrein system. Our previous studies have highlighted that BK mediated
the growth and migration of CPCs by regulating Ca2+ influx. However, the protective effect of BK on CPCs,
improvement in the survival rate of BK-pretreated hCPCs in the infarcted heart, and the related mechanism remain
elusive.

Methods: HCPCs were treated with H2O2 to induce cell apoptosis and autophagy, and different concentration of
BK was applied to rescue the H2O2-induced injury detected by MTT assay, TUNEL staining, flow cytometry, western
blotting, and mitoSOX assays. The role of autophagy in the anti-apoptotic effect of BK was chemically activated or
inhibited using the autophagy inducer, rapamycin, or the inhibitor, 3-methyladenine (3-MA). To explore the
protective effect of BK on hCPCs, 3-MA or BK-pretreated hCPCs were transplanted into the myocardial infarcted rats.
An echocardiogram was used to determine cardiac function, H&E and Masson staining were employed to assess
pathological characteristics, HLA gene expression was quantified by qRT-PCR, and immunostaining was applied to
examine neovascularization using confocal microscopy.

Results: The in vitro results showed that BK suppressed H2O2-induced hCPCs apoptosis and ROS production in a
concentration-dependent manner by promoting pAkt and Bcl-2 expression and reducing cleaved caspase 3 and
Bax expression. Moreover, BK restrained the H2O2-induced cell autophagy by decreasing LC3II/I, Beclin1, and ATG5
expression and increasing P62 expression. In the in vivo experiment, the transplanted BK- or 3-MA-treated hCPCs
were found to be more effectively improved cardiac function by decreasing cardiomyocyte apoptosis, inflammatory
infiltration, and myocardial fibrosis, and promoting neovascularization in the infarcted heart, compared to
untreated-hCPCs or c-kit- cardiomyocytes (CPC- cells).
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Conclusions: Our present study established a new method to rescue transplanted hCPCs in the infarcted cardiac
area via regulating cell apoptosis and autophagy of hCPCs by pretreatment with BK, providing a new therapeutic
option for heart failure.
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Background
Heart failure (HF) is a frequent complication of myocar-
dial infarction (MI), found in approximately 25% of pa-
tients with MI [1]. Cardiac c-Kit+ progenitor cell (CPC)
therapy is a potentially novel approach to treat HF
caused by ischemic cardiomyopathy [2]. The falsification
of data related to CPCs by a Harvard laboratory has
been a veritable tragedy. However, at least 50 studies
from 26 laboratories independent of the Harvard
groups have reported beneficial effects of CPCs in
mice, rats, pigs, and cats [3–7]. Although preclinical
studies and clinical trials have demonstrated the po-
tential of CPCs to alleviate chronic heart failure, the
utmost potential of these cells has not been realized
because of poor engraftment and survival. Local
(intramyocardial or intracoronary injection) or sys-
temic delivery of stem or progenitor cells may trigger
loss of a considerable amount of cells (up to 90%)
owing to either mechanical damage in the needle or
apoptosis when the cells are administered to ischemic
and inflamed tissues [8]. Thus, exploring an effective
strategy that enhances CPC survival rate after adop-
tive transfer would have enormous therapeutic impli-
cations for ischemic heart disease.
Bradykinin (BK) is a classic endogenous vasoactive

peptide that protects cells against senescence or other
damage by acting as a B2 receptor [9, 10]. Our previ-
ous findings demonstrated that BK-mediated B2R ac-
tivation promotes cell cycle progression and migration
in hCPCs by regulating Ca2+ via IP3R3 and SOCE
channels as well as activating PLC, PKC, pERK1/2,
pAkt, and cyclin D1 signaling pathway [11, 12]. How-
ever, whether BK can protect of CPCs against H2O2-
induced cell apoptosis and autophagy and whether
transplantation of BK-pretreated-CPCs can improve
myocardial infarction remain unknown and will be
explored.

Methods
Materials
BK was procured from Sigma-Aldrich (St Louis, MO,
USA). Annexin V-FITC apoptosis detection Kit, 2′7′-
dichlorofluorescein diacetate (DCFH-DA), α-modified
Eagle’s medium (α-MEM), Iscove’s modified Dulbecco’s
medium (IMDM), and fetal bovine serum (FBS) were
purchased from Thermo Fisher Scientific (MA, USA).
The Masson’s Staining kit was procured from Nanjing

Jiancheng Bioengineering Institute (Nanjing, Jiangsu,
China). MitoSOX red mitochondrial superoxide indica-
tor was bought from Yeasen Biotech Co., Ltd. (Shanghai,
China). Rat Bradykinin ELISA kit was bought from
Elabscience Biotechnology (Wuhan, China). The anti-
Bcl-2 (Ab59348) and anti-Bax (Ab32503) primary anti-
bodies were purchased from Abcam Biotechnology. The
anti-caspase-3 (#9662), anti-cleaved caspase 3 (#9661),
anti-ATG5 (#12994S), anti-Akt (#9272S), anti-Sox2
(#3579), and anti-phosphorylation Akt (#4060S) primary
antibodies were obtained from Cell Signaling Technol-
ogy, and anti-Beclin-1 (PRS3616) primary antibody was
from Sigma-Aldrich (St. Louis, Missouri, USA). The
anti-LC3 I/II (18725-1-AP) and anti-P62 primary
(18420-1-AP) primary antibodies are products of Protein
Tech, whereas the anti-β-actin (SC-47778) primary anti-
body, anti-CD117 (SC-13508), anti-Oct-3/4 (SC-5279),
and PECAM-1 Alexa fluor® 647 (SC-18916-AF647) were
obtained from Santa Cruz (Dallas, TX, USA). A
hematoxylin-eosin (H&E) staining kit (G1120) was
bought from Solarbio Life Sciences (Beijing, China).

Isolation of human cardiac c-Kit+ progenitor cells
Human cardiac c-Kit+ progenitor cells (hCPCs) were iso-
lated from human atrial specimens derived from 5 pa-
tients (The demographic details of them are shown in
Table 1.) who received cardiac surgery from Xiamen car-
diovascular hospital, Xiamen University. The tissue col-
lection was approved by the Ethics Committee of
Xiamen cardiovascular hospital with informed consent.
The cell isolation protocol is the same as described pre-
viously [11–13]. Briefly, tissues were immediately trans-
ported in oxygenated cardioplegic, washed with cold
phosphate buffer saline (PBS), and minced into 1-mm
pieces. The minced tissues were digested with 0.2% tryp-
sin and 0.1% collagenase II at 37°C for 60 min with agi-
tation. After centrifuging at 5000 rpm for 5 min, the cell
pellet was cultured in a 6-well plate with α-MEM con-
taining 10% FBS, 100 U/ml penicillin, 100 mg/ml
streptomycin, 2 mM L-glutamine, 0.1 mM 2-
mercaptoethanol, 5 ng/ml human basic fibroblast growth
factor, and 5 ng/ml human epidermal growth factor. The
c-kit-positive cells were sorted with a rabbit anti-c-kit
(CD117) primary antibody (Santa Cruz Biotech, Santa
Cruz, CA) and a goat anti-rabbit secondary antibody
conjugated with magnetic beads (Miltenyi, Auburn, CA).
The harvested cells were incubated with the anti-c-
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kit (CD117) primary antibody for 10 min and then incu-
bated with magnetic beads. Cells were put into the
MACS columns which were placed in the magnetic field
of the MACS separator (Miltenyi) and rinsed with MACS
buffer thrice to exclude un-labeled cell fraction (c-kit
negative cardiomyocytes, CPC- cells) and then removed
from the magnetic field of the separator, and rinsed with
the MACS buffer to collect the effluent solution contain-
ing magnetically retained c-kit positive cells. The collected
hCPCs cells and CPC- cells were seeded into flasks or
plates with IMDM containing 10% FBS, 100 U/ml penicil-
lin, 100 mg/ml streptomycin, 2 mM L-glutamine, 0.1 mM
2-mercaptoethanol, 5 ng/ml human basic fibroblast
growth factor, and 5 ng/ml human epidermal growth fac-
tor. The isolated hCPCs were validated using flow cytome-
try with PE-connected CD8A, CD29, CD34, CD45,
CD133, and CD117) and immunostaining with CD117,
SOX2, and Oct-3/4 primary antibodies (Supplemental fig-
ure 1). These character of hCPCs are consistent with pre-
vious reports [4, 13, 14]. All the cells used in this study
were pooled from 5 patients, and all the experiments were
performed with the cells from passages 2–6.

Cell viability assays
The 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetra-
zolium bromide (MTT) assay was applied to analyze the
hCPCs viability. Cells were plated onto 96-well plates in
200 μL IMDM normal cultured medium for 12 h.
After pretreated with different concentrations of BK (1,
3, and 10 nM) for 1 h, cells were then induced by H2O2

(500 μM) in IMDM with 1% FBS. After 24 h incubation,
the PBS-buffered MTT stock solution was applied to
each well. Then, the plates were incubated for an add-
itional 4 h. The medium was discarded, and dimethyl
sulfoxide (Sigma) was added to each well. After the for-
mazan crystals were dissolved, the optical density (OD)
values were read on a microplate spectrophotometer
(Bio-Tek Instruments, Winooski, VT).

Western blotting
Western blotting was used to determine the expression
of apoptosis- and autophagy-related proteins, such as
pAkt, Akt, Bax, Bcl-2, caspase-3, cleaved caspase-3, LC3-
I/II, Becline-1, ATG5, P62, and β-actin, with a different
treatment on cultured hCPCs as described in previous

studies [11–13, 15–17]. Briefly, the cells were plated in
6-well plates in 2 mL IMDM medium with 1% FBS over-
night and pretreated with different concentrations of BK
(1, 3, and 10 nM) or 3-methyladenin (3MA) (10 μM) for
1 h and then treated with H2O2 (500 μM) or rapamycin
(10 μM) for additional 24 h. After treatment, cells were
lysed by protein extraction radioimmunoprecipitation
assay (RIPA) buffer (Solarbio, Beijing, China) with vari-
ous protease inhibitors. Protein concentration was de-
tected using the bicinchoninic acid (BCA) protein assay
Kit (Solarbio, Beijing, China). The protein samples were
mixed and denatured with loading buffer and separated
via 10% or 12% polyacrylamide gel electrophoresis and
transferred onto polyvinylidene fluoride membranes.
After that, membranes were blocked with nonfat milk in
Tris-buffered saline Tween-20 (TBST) buffer and then
incubated with corresponding primary antibodies. After
incubating with Horseradish Peroxidase (HRP)-conju-
gated secondary antibodies for 1 h, the membranes were
washed and exposed using enhanced chemiluminescence
(ECL) with a detection system (FluoChem E, CA, USA).
The target proteins band were quantitatively analyzed
using the ImageJ analysis software (NIH Image).

Flow cytometry analysis
The cell apoptosis and intracellular reactive oxygen spe-
cies (ROS) production in hCPCs were determined using
a flow cytometer (Cytoflex, Beckman Coulter, USA). For
apoptotic analysis, after pretreating with different con-
centrations of BK (1, 3, and 10 nM) or 3-methyladenine
(3-MA; 10 μM) for 1 h, the hCPCs were treated with
H2O2 (500 μM) or rapamycin (10 μM) for additional 24
h. Then, the cells were collected and stained using the
Annexin V-FITC Apoptosis Detection Kit (Dojindo Mo-
lecular Technologies, Japan) according to the manufac-
turer’s instructions.
For ROS production determination, after different

treatments, cells were collected and incubated with
DCFH-DA (10 μM) at 37°C for 30 min, then the intra-
cellular ROS level was determined using a flow cyt-
ometer (Cytoflex, Beckman Coulter, USA).

TUNEL assays
A kit of terminal deoxynucleotidyl transferase (TdT)-
mediated dUTP nick end labeling (TUNEL) from Roche

Table 1 Demographic details of the human atrial sample donors

Patient number Age Gender Disease Medications

1 1 year 2 Congenital heart disease No

2 1 year and 3 months 1 Congenital heart disease No

3 6 months 2 Congenital heart disease No

4 1 year and 3 months 1 Congenital heart disease No

5 5 months 1 Congenital heart disease No
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was used to determine cell apoptosis in vivo and
in vitro. The procedures were performed according to
the manufacturer’s protocol (Roche, Germany). Briefly,
after treatment with BK or 3MA for 1 h, the hCPCs
were exposed to H2O2 or rapamycin for 24 h and then
washed with DNase-free water. Cells or slides were then
incubated in TdT which was labeled with FITC-
conjugated secondary antibody and stained with DAPI
for nucleus staining. The percentage of apoptotic cells
was calculated as the ratio of TUNEL-positive cells to
the total nuclei which were analyzed with the ImageJ
software (NIH Image).

Mitochondrial superoxide assay
Approximately, 1x 105 hCPCs/ml were seeded onto 6
well plates. After treatment with different concentrations
of BK or/and H2O2, cells were incubated with a 5-μM
MitoSOX reagent (Yeasen, Shanghai Chain). After 10
min of incubation at 37°C in the dark, the plates were
washed three times using HBBS washing buffer and
fixed with 4% PFA. The images were obtained using a
fluorescence microscope (Thermo Fisher Scientific,
USA). The fluorescence intensity of images was quanti-
fied using the ImageJ analysis software (NIH Image).

Animal experiments
The healthy male Sprague–Dawley (SD) rats (aged 8–10
weeks, weighing 250–300g, purchased from the Shanghai
SLAC Laboratory Animal Co., Ltd., Shanghai, China)
were bought for our experiments. All experiments com-
plied with the guiding principles of laboratory animals in
Xiamen University and were approved by the Committee
for Animal Experimentation. For the rat myocardial in-
farction (MI) model, the rats were anesthetized and the
left anterior descending coronary artery was ligated. The
limb leads of ECG recordings were employed to deter-
mine the success of MI surgery with ST-segment ele-
vated. The sham-operated rats were subjected to the
same surgery except for the snare, which was left untied.
Preconditioned-hCPCs were collected and resuspended
in PBS for the following transplantation after treatment
with BK or 3-MA for 24 h. After 15 min of ischemia, the
heart was injected with 1×106 hCPCs based on previous
literature showing therapeutic benefit [18]. The injected
cells or vehicle (PBS) was delivered in the free wall of
the left ventricle (LV) under direct vision with 5 points
which mirrored the region of the heart most affected by
MI. Six weeks after CPC-transplantation, the echocar-
diographic assessment was conducted to estimate left
ventricular function. After that, all the rats were eutha-
nized by blood withdrawal in deep anesthesia with iso-
flurane, and the heart tissues and blood were collected.

Echocardiographic assessment
Six weeks after the MI surgery, an echocardiographic as-
sessment (Vevo 2100 Imaging System of Visual Sonics
Inc.) was conducted to assess the rat cardiac structure and
function. The echocardiographic parameters including left
ventricular ejection fraction (LVEF), left ventricular short-
ening fraction (LVFS), left ventricular end-diastolic diam-
eter (LVEDd), and left ventricular end-systolic diameter
(LVESd) were determined by M-mode and LV long-axis
view. Subsequently, the rats were euthanized and the
hearts were rapidly excised, weighed, and used for histo-
logical examination.

Hematoxylin-eosin (H&E) staining
After echocardiographic data assessed, rats were eutha-
nized by blood withdrawal in deep anesthesia with iso-
flurane. The myocardial tissues were fixed in a tissue
freezing medium with optimal cutting temperature com-
pound, then frozen in liquid nitrogen for a few seconds,
stored in −80° refrigerator, and sectioned 6-μm thick for
the experiment. H&E staining was used to assess cardiac
morphology. The sections were fixed in 4% paraformal-
dehyde, washed with ddH2O, stained with hematoxylin,
differentiated in 1% HCl-ethanol, washed thoroughly,
soaked in ammonia water till the nucleus color became
blue, and stained in eosin. Then, the sections were dehy-
drated by gradient alcohol, made transparent in xylene
twice, and then sealed with neutral resin. Finally, the tis-
sues were dried for 48–72 h and then photographed.
The morphometric parameters in five slices of each
heart including total LV area and scar area were blindly
analyzed, and the scar size was calculated as the total
scar area divided by the LV area.

Masson’s staining
Masson’s trichrome staining was applied to determine
myocardial fibrosis. The heart samples were sectioned
and fixed. The sections were subjected to Masson’s
staining based on the instructions of the Masson’s Stain-
ing Kit (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China). The fibrotic size was determined as the
average ratio of the fibrotic area to the LV area using
the ImageJ analysis software (NIH Image).

Quantitative real-time PCR analysis for HLA-A gene
expression
The total RNA was isolated from the rat heart tissue
using the TRIZOL reagent (Thermo Fisher). A total
RNA of 1 μg was used to reverse-transcribe to cDNA
with the First-Strand cDNA Synthesis Kit (TAKARA
Biomedical Technology), and Quantitative Reverse Tran-
scription PCR was performed using the SYBR Green
PCR Kits (TAKARA Biomedical Technology) on Bio-
Rad CFX96 Real-Time System. The relative HLA-A gene
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expression was normalized to GAPDH. The primer se-
quences are as follows: human HLA-A (F: 5′-ATCATT
GCTGGCCTGGTTCTC-3′; R: 5′-CACACAAGGCAG
CTGTCTCAC-3′), GAPDH (F: 5′-TGACAACTCCCT
CAAGATTGTCA-3′; R: 5′-GGCATGGACTGTGGTC
ATGA-3′).

Immunofluorescence staining
The heart sections were fixed with acetone for 15 min on
ice, then blocked in normal goat serum for 60 min after
permeabilization with 0.3% Triton X-100 in PBS for 10
min, and then sections were incubated with PECAM-1
(CD31) antibody (MEC 13.3) (1:200) which was coupled
with Alexa Fluor® 647 fluorescence secondary antibody
(Santacruz, San Francisco, USA) for 1 h. Finally, DAPI
(Solarbio, Beijing, China) was used to stain the nucleus.
For proliferated hCPC detection, the human-specific
rabbit c-kit antibody and the proliferation-related protein
Ki67 staining were applied. Briefly, after fixation with acet-
one for 15 min, the sections were blocked and perme-
abilized with 0.3% Triton X-100. The c-kit primary
antibody (SC-13508) and Ki67 primary antibody
(ab16667) were used to incubate the section overnight at
4°C. After washing with PBS, the sections were incubated
with Alexa Fluor® 488- or PE-conjunctsecondary anti-
bodies for 1 h and DAPI was used for staining the nucleus.
The fluorescence intensity of images was quantified using
an ImageJ software.

Statistical analysis
All the data were analyzed and organized using Graph-
Pad Prism 8.0 (GraphPad Software, Inc., San Diego, CA,
USA). The results of at least three independent experi-
ments are presented as mean ± SEM. One-way ANOVA
followed by the Tukey-test was used for comparisons of
multiple groups. A value of P < 0.05 was considered sta-
tistically significant.

Results
Effects of BK on H2O2-induced hCPC death and apoptosis
We first explored whether BK had a protective effect on
H2O2-induced hCPC death. A high amount of hCPC
death was induced by H2O2 in a concentration-
dependent manner, especially at 500 μM, and the cell
viability decreased to approximately 70% (P < 0.01 vs.
control) (Fig. 1A). We, therefore, utilized 500 μM H2O2

in the subsequent experiments to investigate whether
BK could protect hCPCs from H2O2-decreased cell viabil-
ity. After pretreating with different concentrations of BK
(1, 3, and 10 nM), the percentage of cell viability signifi-
cantly increased in a concentration-dependent manner (P
< 0.01 vs. H2O2-treated hCPCs) (Fig. 1B). In our previous
study, we found that BK exerts its effect via the B2 recep-
tor (B2R); hence, we also observed the expression of B2R

under H2O2 stress. The results showed that treatment
with H2O2 did not affect the expression of B2R in hCPCs
(Fig. 1C, D). These results indicated that BK ameliorated
H2O2-decreased hCPC viability and B2R was not involved
in this process.
TUNEL staining and flow cytometry with Annexin V-

FITC Apoptosis Detection Kit were utilized to further
explore the protective effect of BK on H2O2-induced
apoptosis in hCPCs. As shown in Fig. 1E, BK at 3 and 10
nM significantly decreased the proportion of TUNEL-
positive cells induced by H2O2. In addition, flow cytome-
try detection showed that the number of viable cells was
significantly decreased and late and early apoptotic cells
were increased in H2O2-treated hCPCs; however, when
pre-treated with BK, these effects of H2O2 were reversed
(Fig. 1F).
It is widely recognized that ROS plays a crucial role in

mediating cell viability and cell apoptosis especially after
exposure to H2O2. To further explore whether the pro-
tective effect of BK is related to the inhibition of intra-
cellular ROS production, we examined the ROS level in
hCPCs induced by H2O2 in the presence or absence of
BK by flow cytometry and mitochondrial superoxide
assay. As shown in Fig. 1G and H, ROS production and
mitochondrial superoxide level were greatly increased in
the H2O2-treated hCPCs. When pre-treated with BK,
this increase in ROS level was significantly decreased by
BK. These results demonstrate that BK effectively pro-
moted cell viability and decreased late and early apop-
tosis as well as the cellular ROS level induced by H2O2

in hCPCs.

Signal molecules involved in the anti-apoptosis effect of
BK in hCPCs
The molecular proteins related to apoptosis were deter-
mined by western blotting. The results showed that ex-
posure to H2O2 downregulated phosphorylation of Akt
(Fig. 2A) and Bcl-2 (Fig. 2C), and upregulated Bax (Fig.
2B) and cleaved caspase 3 (Fig. 2D), whereas BK re-
versed the effect of H2O2 in a concentration-dependent
manner, especially at 10 nM. These results illustrated
that BK regulates cell apoptosis by upregulating anti-
apoptosis proteins Bcl-2 and pAkt and downregulating
pro-apoptosis proteins cleaved caspase-3 and Bax.
Autophagy is an important regulator in the progress of

cell apoptosis. We also analyzed the signal molecular
proteins related to autophagy involved in BK-regulated
cell apoptosis. The results of western blotting showed
that compared to the control group, LC3-II/I (Fig. 2E),
Beclin1 (Fig. 2F), and ATG5 (Fig. 2G) levels in the
H2O2-treated hCPCs were significantly increased and
P62 (Fig. 2H) expression was dramatically decreased. In
contrast to the H2O2-treated cells, BK reversed H2O2-in-
duced autophagy in hCPCs in a concentration-
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dependent manner. These results demonstrate that cell
autophagy may involve BK-regulated hCPC apoptosis via
regulating autophagy-related proteins.

Autophagy was involved in the role of BK in hCPC
apoptosis
To further validate whether autophagy is involved in BK-
regulated cell apoptosis, autophagy activator rapamycin

(Rapa) and inhibitor 3-MA were introduced in the subse-
quent experiments. Interestingly, similar to the effect of
BK, the H2O2- or Rapa-induced TUNEL-positive cells as
well as the late and early apoptosis cells can be dramatic-
ally reversed by 3-MA, and BK also decreased the autoph-
agy activator Rapa-induced cell apoptosis (Fig. 3A, B, and
C). We further explored signal molecules involved in BK-
regulated autophagy and the effect of the activator and

Fig. 1 BK alleviated H2O2-induced cell apoptosis and ROS production in hCPCs. A Relative viability of hCPCs in the presence of different
concentrations of H2O2 (100, 200, 300, 400, and 500 μM) detected with MTT. B Relative viability of the H2O2-induced hCPCs upon treatment with
BK (1, 3, 10 nM) detected with MTT. C–D Representative image and quantitative analysis of B2 receptor in H2O2-induced hCPCs detected by
western blot assay. E Representative image and quantitative analysis of TUNEL staining in hCPCs induced by H2O2 and treatment with 1, 3, 10 nM
BK (Green staining cells indicated TUNEL-positive cells). F Representative image and quantitative analysis of in hCPCs induced by H2O2 and
treatment with BK (1, 3, 10 nM) detected by Annexin V assay with flow cytometry. G Representative of image and quantitative analysis of flow
cytometry detected the ROS production in hCPCs induced by H2O2 and treatment with BK (1, 3, 10 nM). H Representative of image and
quantitative analysis of mitoSOX in hCPCs induced by H2O2 and treatment with BK (1, 3, 10 nM). (Data are shown as mean ± SEM, n = 5, *P <
0.05, **P < 0.01 VS. Control; #P < 0.05, ##P < 0.01 VS. H2O2.)
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inhibitor of autophagy on the molecules of cell apoptosis
and autophagy. Similar to the results of the TUNEL assay
and Annexin V Flow cytometry detection, the expression
levels of pro-apoptosis protein Bax and cleaved Caspase3
were decreased and the level of anti-apoptosis protein Bcl-
2 was increased by BK or 3-MA in H2O2- or Rapa-
induced apoptosis (Fig. 3D). In addition, H2O2- or Rapa-
induced expression alteration of LC3 II/I, Beclin1, and
P62 can be significantly reversed by BK or 3-MA (Fig. 3E).
These results indicated that autophagy is involved in BK-
regulated apoptosis in hCPCs.

BK-treated hCPCs significantly improved the cardiac
function of MI rats
To examine the in vivo protective effect of BK on hCPCs
in MI, we transplanted the BK-pre-treated CPCs into MI
rats and explored the effect of BK-pre-treated hCPCs on
MI cardiac function, inflammation, and cardiac fibrosis;
c-kit-negative cardiomyocytes (CPC- cells) and PBS-
treated-hCPCs were employed as the control cells. The
echocardiographic function including LVFS, LVEF,
LVIDs, and LVIDd in rats transplanted with different
treatments of hCPCs was detected before the rats were
euthanized. In contrast to the CPC- cells-transplanted
rats, the levels of LVFS (Fig. 4B), LVEF (Fig. 4C), LVIDs
(Fig. 4D), and LVIDd (Fig. 4E) were slightly improved in

the PBS-treated-hCPC transplanted group (CPCs). Inter-
estingly, these indicators of LV function were signifi-
cantly improved by the BK or 3-MA-treated hCPCs.
A similarly protective effect of BK-treated hCPCs was

observed in pathological results, such as H&E staining,
Masson’s staining, and TUNEL staining. As shown in
Fig. 5, transplantation with BK- or 3-MA-treated CPCs
in MI rats showed significantly decreased inflammatory
cell infiltration (Fig. 5A and B), cardiac fibrosis (Fig. 5C
and D), and cardiomyocyte apoptosis (Fig. 5E and F) in
the infarcted area, compared to CPC- cells or hCPC-
transplanted MI rats. These results suggested that BK-
pretreated hCPCs have a more protective effect than
CPC- cells or hCPCs on cardiac function in myocardial
infarction rats by restrained inflammatory cell infiltra-
tion, myocardial fibrosis, and cardiomyocyte apoptosis.

Pretreatment with BK on hCPCs significantly promoted
the survival rate of hCPCs in MI heart
To determine the role of BK in myocardial infarction,
we first detected the concentration of BK in serum at
the baseline and 24 h after inducing MI in rats. The re-
sults showed that the serum concentration of BK in the
MI group was decreased slightly but without a signifi-
cant difference (Fig. 6A), which indicated that BK may
play an important role in MI-induced injury. Previous

Fig. 2 BK regulated the H2O2-induced apoptosis- and autophagy-related proteins. Representative of image and quantitative analysis of western
blot assay detected apoptosis-related proteins, pAkt (A), Bax (B), Bcl-2 (C), and cleaved-caspase 3 (D) in hCPCs induced by H2O2 and treatment
with BK (1, 3, 10 nM). Representative of image and quantitative analysis of western blot assay detected autophagy-related proteins, LC3II/I (E),
Beclin 1 (F), ATG5 (G), and P62 (H) in hCPCs induced by H2O2 and treatment with BK (1, 3, 10 nM). (Data are shown as mean ± SEM, n = 5, *P <
0.05, **P < 0.01 VS. Control; #P < 0.05, ##P < 0.01 VS. H2O2)
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studies have reported that grafted CPCs showed a
low survival rate in the first few days after trans-
plantation in MI hearts. To determine the survival
rate of transplanted BK-treated hCPCs in the MI
heart, we determined the expression of human-
specific gene HLA-A after transplantation at 24 h,

48 h, 72 h, 7 days, and 42 days. The expression of
HLA-A in the heart which was transplanted with
BK- or 3-MA-treated hCPCs showed a higher ex-
pression compared to that in rats transplanted with
untreated-hCPCs after transplantation at 24 h, 48 h,
72 h, 7 days, and 42 days (Fig. 6B).

Fig. 3 Autophagy participated in the BK-regulated apoptosis induced by H2O2 in hCPCs. A–B Representative image and quantitative analysis of
TUNEL staining in hCPCs induced by H2O2 or rapamycin and treatment with BK or 3-MA. C Quantitative analysis of Annexin V flow cytometry
assay in hCPCs induced by H2O2 or rapamycin and treatment with BK or 3-MA. D Apoptosis-related protein expression, including Bax, Bcl-2,
cleaved caspase 3, induced with H2O2 or rapamycin, and treatment with BK or 3-MA. E Autophagy-related protein expression, including LC3II/I,
Beclin 1, and P62, induced with H2O2 or rapamycin and treatment with BK or 3-MA. (Data are shown as mean ± SEM, n = 5, *P < 0.05, **P < 0.01
VS. control; #P < 0.05, ##P < 0.01 VS. H2O2; &P < 0.05, &&P < 0.01 VS. Rapa)
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To examine the mechanism involved in the protection
of BK-treated hCPCs in MI rats, we determined the pro-
liferated hCPCs in the border area of the infarcted heart
using a human-specific c-kit primary antibody and a
marker of proliferation-related protein Ki67 24 h after
transplantation. As shown in Fig. 6C, we did not find c-
kit- or Ki67-positive cells in PBS or c-kit-negative cells
(CPC- cells) transplanted hearts. However, a few c-kit-

positive cells were observed in hCPC-transplanted rats
and exhibited a slightly proliferative character. Inter-
estingly, the BK- or 3-MA-treated hCPC group
showed more c-kit-positive cells and Ki67-positive
cells compare to other groups. These results indicated
that BK-treated hCPCs exhibit a higher survival rate
than that of un-treated hCPCs in MI rats by inhibit-
ing cell autophagy.

Fig. 4 BK-treated hCPCs improved left ventricular function in MI rats. A Representative image of the echocardiography detected at 6 weeks after
MI. Data analysis of the left ventricular fractional shorting (LVFS) (B), ejection fraction (LVEF) (C), left ventricular internal diameter at end-systole
(LVIDs) (D), and left ventricular internal diameter at end-diastole (LVIDd) (E) were showed in the sham group (Sham), MI rats treated with the PBS
group (PBS), MI rats transplanted with the hCPC-negative cell group (hCPC- cells), MI rats transplanted with the hCPC group (hCPCs), MI rats
transplanted with the BK-treated hCPC group (BK-hCPCs), and MI rats transplanted with the 3-MA-treated hCPC group (3-MA-hCPCs). (Data are
shown as mean ± SEM, n = 6, **P < 0.01 VS. Sham; #P < 0.05, ##P < 0.01 VS. MI; &P < 0.05 VS. hCPCs-MI)
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Fig. 5 (See legend on next page.)
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(See figure on previous page.)
Fig. 5 BK-preconditioned hCPCs reduced myocardial inflammation, fibrosis, and cell apoptosis in MI rats. Representative images (A) and
quantitative analysis (B) of H&E staining 6 weeks after MI in the sham group (Sham), MI rats treated with the PBS group (PBS), MI rats transplanted
with the hCPC-negative cell group (hCPC- cells), MI rats transplanted with the hCPC group (hCPCs), MI rats transplanted with the BK-treated hCPC
group (BK-hCPCs), and MI rats transplanted with the 3-MA-treated hCPC group (3-MA-hCPCs). Representative images (C) and quantitative analysis
(D) of Masson’s staining 6 weeks after MI. Representative protein expression (E) and quantitative analysis (F) of TUNEL staining in corresponding
groups. (Data are shown as mean ± SEM, n = 6, **P < 0.01 VS. Sham; #P < 0.05, ##P < 0.01 VS. MI; &P < 0.05, &&P < 0.01 VS. CPCs-MI.)

Fig. 6 BK elevated hCPCs survival rate and revascularization in MI heart. A ELISA assay showed the concentration of bradykinin in sham and MI
rats. B RT-qPCR detection showed the human-specific gene expression in rat hearts at 24 h, 48 h, 72 h, 7 days, and 42 days after transplantation
in different groups. C Representative of fluorescence images of c-kit and Ki67 in the border area of MI rat hearts after transplanted 24 h.
Representative of fluorescence (D) images and quantitative analysis (E) of CD31 in the border area of MI hearts 42 days after transplanted with
different cells. (Data are shown as mean ± SEM, n = 6, *P < 0.05, **P < 0.01 VS. MI; #P < 0.05, ##P < 0.01 VS. CPCs-MI)
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Several previous studies demonstrated that CPCs have
an angiogenic effect on MI, but whether BK-treated
hCPCs exhibit a higher angiogenic effect than untreated
hCPCs has not yet been explored. Interestingly, although
the transplanted cells exhibit a small amount 42 days
after grafting, neovascularization was much more prom-
inent in rats transplanted with BK- or 3-MA-treated
cells than in those transplanted with untreated-hCPCs
(Fig. 6D and E). These results indicated that although
BK-preconditioned hCPCs exhibited a low survival rate
after transplantation for a long time in MI rats, owing to
their paracrine role, hCPCs may exert a sustained effect
on revascularization in the ischemic heart.

Discussion
Cardiac stem/progenitor cells are a heterogeneous group
of cells distributed throughout different regions of the
heart, including the ventricle, atria, pericardium, or epi-
cardium [19]. Among the various cardiac stem/progeni-
tor cells, cardiac c-Kit+ progenitor cells (CPCs) play an
important role and offer greater growth potential than
other cardiac progenitor cells [20]. For the past decade,
CPC therapy has been regarded as a promising approach
for ischemic heart disease [14]. Clinical trials reported
that human CPC transplantation in patients with acute
MI injury or heart failure have expanded worldwide.
However, one of the major challenges associated with
stem/progenitor cell therapy is the new consensus that
directly transplanted stem/progenitor cells do not sur-
vive too long in the host ischemic heart [5]. Therefore,
finding a new approach to prolong the survival rate of
CPCs to improve the host cardiac function is an import-
ant challenge for researchers. Various approaches have
been used to overcome this problem, including precon-
ditioning stem cells by genetic or pharmacologic manip-
ulations or exposing them to in vitro conditions that
mimic the harsh environment of an ischemic heart, such
as preconditioning with cobalt protoporphyrin in CSCs
[21], cobalt chloride in human ESCs [22], pioglitazone in
MSCs [23], argon in human cardiac myocyte-like pro-
genitor cells [24], overexpression of Pim-1 in hCPCs
[25], and pretreatment of CSCs with MSC exosome [26].
Although all of these approaches showed a potential role
in improving cardiac function, the quantitative compari-
son of transplanted cells in the host heart and their anti-
apoptosis and pro-angiogenesis effect has not been
demonstrated.
BK is a major kinin substance of the Kallikrein-Kinin

System (KKS) that acts in conjunction with the target
cells. The BK receptors B1Rs and B2Rs, which are G-
protein-coupled receptors, are involved in a variety of sys-
tems and organs [27, 28]. Accumulation of evidence cor-
roborates that the protective effect of KKS on the ischemic
heart was mainly achieved by B2 receptors [29, 30].

Experimental MI in rats induces complex degradation in
the metabolism of exogenous BK, which results in an in-
creased relative contribution of neutral endopeptidase after
infarction [31]. This finding is consistent with our results
that the concentration of BK slightly decreased in MI rats
after 24 h. Another study reported that BK reduced the ex-
tent of MI via B2 receptor signaling because of the increase
in regional myocardial blood flow around the ischemic le-
sion [32], which indicated that preconditioning with BK
may have the beneficial potential to protect stem/progeni-
tor cells. Interestingly, several independent research groups
reported the potential protective role of BK in stem/pro-
genitor cells, including endothelial progenitor cells (EPCs),
neural progenitor cells (NPCs), and CPCs. In vitro, BK was
applied to protect CPCs from high-glucose-induced senes-
cence [10], and EPCs from oxidative stress-induced senes-
cence [33], as well as enhance neuron-generating division
of NPCs [34]. In addition, two other studies determined the
protective effect of BK on EPCs in vivo; one of them
showed that BK-treated EPCs showed robust cell anti-
apoptosis, reduction in infarct size, and significant improve-
ment in cardiac function [35], and the other one showed
that BK preconditioning increased EPC migration, tube for-
mation, and neovascularization and improved cardiac func-
tion following transplantation [36].
Our previous studies have showed that hCPCs

expressed B2 receptors but not B1 receptors, and treat-
ment of hCPCs with BK promoted cell proliferation and
migration by regulating Ca2+ influx via the IP3 receptor
and SOCE channel as well as the PLC/Akt/ERK pathway
[11, 12]. However, whether BK exerts an anti-apoptotic
effect in vitro and whether transplantation of BK-
preconditioned hCPCs in infarcted myocardium results
in a significant increase in hCPC numbers and improves
the left ventricular (LV) functional in vivo remain un-
clear. This study was undertaken to answer these ques-
tions. In the present study, in vitro, we found that BK
exerts a formidable anti-apoptotic effect on cultured
CPCs by inhibiting pro-apoptosis protein Bax and
cleaved caspase 3 and increases the expression of anti-
apoptosis protein, Bcl-2. These protective effects of BK
in vitro are consistent with the findings of the above-
mentioned in vitro studies on the effect of BK on high-
glucose-induced senescence of CPCs [10], oxidative
stress-induced senescence of EPCs [33], and NPCs [34].
Autophagy has emerged as an important intracellular

signaling pathway for the regulation of cellular activities
including cell apoptosis [37]. Accumulated evidence
showed that dysfunction of autophagy may be closely re-
lated to an imbalance in cellular metabolism, including
mitochondrial dysfunction, ROS overload, and cell apop-
tosis [38]. In the present study, the results demonstrated
that H2O2 significantly induced dysfunction of autoph-
agy in hCPCs by increasing the autophagosome

Wu et al. Stem Cell Research & Therapy          (2021) 12:437 Page 12 of 15



formation markers LC3II/I and Beclin-1 expression and
decreasing P62. Interestingly, the H2O2-induced autoph-
agy dysfunction of hCPCs can be reversed and protected
by BK. The results of the pro-autophagy effect of H2O2

in CPCs are consistent with previous evidences, such as
H2O2-induced autophagy dysfunction in c-Kit+ CPCs
can be reversed by miR-143 via targeting Atg7 [39], and
H2O2 induced autophagy dysfunction in cardiac Sca-1+

cells [40]. Moreover, we corroborated the viewpoint that
the protective role of BK in apoptosis is regulated by tar-
geting autophagy using an autophagy inhibitor 3-MA
and inducer rapamycin. The results showed that H2O2-
induced cell apoptosis and autophagy can be restrained
by 3-MA, while the rapamycin-induced cell apoptosis
and autophagy have been reversed by BK. These results
confirmed the concept that the anti-apoptosis effect of
BK on hCPCs is linked to the BK-regulated autophago-
some formation. The concept that inhibition of excessive
autophagy in hCPCs can attenuate damage of progenitor
cells and suppression of excessive autophagy can im-
prove myocardial injury in our present study is consist-
ent with many other results, such as rapamycin
treatment of endothelial progenitor cells (EPC) induces
apoptosis and autophagy and 3-MA inhibits the prolifer-
ation and promotes apoptosis of EPC [41], monotropein
promotes angiogenesis and inhibits oxidative stress-
induced autophagy in endothelial progenitor cells [42],
hesperidin reduces myocardial I/R injury by suppressing
excessive autophagy via PI3K/Akt/mTOR pathway [43],
and inhibition of autophagy results in improved protec-
tion of ischemia precondition against diabetic myocar-
dial ischemia/reperfusion injury [44].
The most extensive characteristics of myocardial infarc-

tion are excessive oxidative stress, apoptosis, and over au-
tophagy of cardiomyocytes. Previous reports have
demonstrated that after graft of progenitor/stem cell to
the infarcted myocardium, almost all of the cells were
dead after transplanted in the ischemia circumstance with
excessive oxidative stress and excessive inflammatory fil-
tration [3, 19, 45]. However, little is known about whether
the anti-apoptotic effect of BK on CPCs can improve car-
diac function in MI rats. In our present study, the protect-
ive effect and the regulation mechanism of BK on CPCs
in vivo were explored by intra-cardiac injection with BK-
treated CPCs in the MI rats. The results showed that
LVEF, LVFS, LVIDd, and LVIDs were slightly increased in
hCPC-transplanted rats (CPCs), whereas these echocar-
diographic parameters showed significant improvement in
the BK-treated CPC group or 3-MA-treated CPC group.
Our results also corroborate that BK-treated hCPCs con-
tribute to exert anti-inflammatory infiltration, anti-cardiac
fibrosis, and inhibiting cardiomyocyte apoptosis in the in-
farct area of the MI rat heart, which may be relevant to
the role of BK in regulating cell autophagy.

There are still many limitations to the present study.
First, further mechanisms of BK-regulated autophagy of
hCPCs were not explored. Second, although we have ob-
served transplanted-hCPCs promoted angiogenic effect in
MI rats after 42 days and speculated that the paracrine
role of hCPCs may play a key role in revascularization in
hCPC-transplanted MI heart, the deep mechanisms of the
BK-promoted paracrine effect on hCPCs were not investi-
gated in this study. Lastly, the angiogenic effect of the BK-
treated hCPCs should be further verified through in vitro
and in vivo experiments, such as tube formation detection
in endothelial cells and in hind-limb ischemic mice.

Conclusions
Collectively, the findings of the present study can be
summarized as follows: (a) BK attenuates H2O2-induced
CPCs apoptosis and ROS production in a concentration-
dependent manner, which promoted the levels of pAkt
and Bcl-2 as well as reduced cleaved caspase 3 and Bax;
(b) The anti-apoptotic effect of BK is related to the regu-
lation of cell autophagy by decreasing LC3II/I, Beclin1,
and ATG5 levels, which was confirmed using the au-
tophagy inhibitor 3-MA and autophagy activator rapa-
mycin; (c) We also found that grafting with the BK-
treated CPCs or 3-MA-treated CPCs can significantly
improve cardiac function by decreasing cardiomyocyte
apoptosis, inflammation infiltration, and myocardial fi-
brosis in myocardial infarction rats; (d) Most interest-
ingly, BK-preconditioning elevated the survival rate of
hCPCs after transplantation, and although small quan-
tities of CPCs have been found after 42 days of trans-
plantation, the revascularization in BK-treated CPC-
grafted rats was significantly increased, which indicated
the paracrine role of BK-treated CPCs that may exert a
protective effect. Our present study found a new method
to rescue transplanted CPCs in the infarcted heart by
inhibiting CPC apoptosis and autophagy as well as pro-
moting revascularization by treatment with BK, which
will provide a novel therapeutic approach for MI.
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