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Abstract. Adipose tissue‑derived stem cells (ASCs) are bene-
ficial for myocardial regeneration. The physiological oxygen 
content of human organs is estimated to range between 1 and 
11%. However, in the majority of previous in vitro studies with 
cultured ASCs, the O2 concentration was artificially set to 21%. 
The present study aimed to compare the protective effects of 
rat ASCs on neonatal rat ventricular myocytes (NRVMs) under 
normoxic (21% O2) and physioxic (5% O2) conditions. Rat 
NRVMs cultured under normoxia or physioxia were treated 
with H2O2 or left untreated, and further co‑cultured with ASCs 
in 21% or 5% O2. The apoptosis of NRVMs was evaluated by 
Annexin V staining and quantitating the protein levels of Bcl‑2 
and Bax by western blotting. The oxidative stress of NRVMs 
was determined by a glutathione/oxidized glutathione assay kit. 
The concentrations of secreted vascular endothelium growth 
factor (VEGF), insulin like growth factor‑1 (IGF‑1) and basic 
fibroblast growth factor (bFGF) in the culture medium were 
quantified by enzyme‑linked immunosorbent assay. Under 
both normoxia and physioxia, co‑culture with ASCs protected 
H2O2‑exposed NRVMs from apoptosis and significantly alle-
viated the oxidative stress in NRVMs. The protective effects 
of ASCs were associated with increased secretion of VEGF, 
IGF‑1 and bFGF. ASCs cultured in 5% O2 exhibited certain 
cardioprotective effects against H2O2 stress. The results of 
the present study suggested that O2 concentrations influenced 
the cardioprotective effects of ASCs. VEGF, IGF‑1 and bFGF 
may serve a role in the myocardial regeneration mediated by 
transplanted ASCs.

Introduction

Myocardial infarction (MI) is a leading cause of death in 
the world; annually, 27% of people who experience an MI 
die in the US (1). Current pharmaceutical agents or medical 
devices can rescue the dying cardiomyocytes to some extent; 
however, there are no effective therapeutic means that can be 
used to directly repair the necrotic myocardium (2). Increasing 
evidence suggests that adult stem cells can be applied to 
accelerate myocardial regeneration and improve cardiac func-
tion, including skeletal myoblasts (3) and bone marrow stem 
cells (4), but the difficulties in acquisition and low numbers of 
stem cells limit their clinical application. In 2001, Zuk et al (5) 
reported that a fibroblast‑like population of cells from the 
human adipose tissue differentiated in vitro into multilineage 
cells in the presence of lineage‑specific induction factors, and 
hypothesized that human adipose tissue may represent an 
alternative stem cell source to bone marrow‑derived mesen-
chymal stem cells. Subsequent studies have confirmed that 
adipose‑derived stem cells (ASCs) exist and have the capacity 
of self‑renewal and differentiation into multiple types of 
cells (6,7). The population of ASCs represents a promising cell 
source for tissue regeneration due to their easy accessibility.

Previous studies have demonstrated that ASCs improve 
ventricular thickness and cardiac function of infracted rat hearts. 
For example, Wang et al (8) and Schenke‑Layland et al (9) 
have demonstrated the therapeutic efficacy of ASCs on 
infarcted rat heart by ligation of the left anterior descending 
artery. In another study, using a mouse model of myocardial 
infarct, Yang et al (10) revealed that both human ASCs and 
ASC‑conditioned medium significantly reduced the myocar-
dial infarct size and improved cardiac function. One recent 
clinical study reported that autologous ASCs were feasible and 
scalable for the treatment of ischemic cardiomyopathy (11). 
Increasing preclinical and clinical evidence indicates that 
ASC‑mediated myocardial regeneration may be due to the 
paracrine effects of ASCs, such as anti‑apoptosis, anti‑cardiac 
remodeling and promotion of angiogenesis.

ASCs can secrete cytokines such as vascular endothelial 
growth factor (VEGF), transforming growth factor (TGF), 
hepatocyte growth factor (HGF), basic fibroblast growth 
factor (bFGF), placenta growth factor (PGF), granulocyte 
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macrophage colony stimulating factor (GM‑CSF), insulin 
like growth factor‑1 (IGF‑1) and angiopoietin (Ang) (12,13). 
Suga et al (14) have studied the paracrine mechanism of ASCs 
by isolation and culturing of ASCs from transgenic mice that 
express luciferase and green fluorescent protein. By injecting 
these cells into the inguinal fat pads of wild‑type mice to 
observe the fate of transplanted ASCs, the effects of ASC 
transplantation and cellular events after transplantation, they 
reported that ASCs exerted an angiogenic effect by activating 
endothelial cells through secreted cytokines HGF and VEGF 
in both in vitro cultured cells and in vivo mice hearts (14). 
As an important angiogenic factor, VEGF can promote cell 
migration during the process of angiogenesis (15). IGF‑1 can 
promote proliferation and prevent apoptosis (16), and bFGF 
serves a significant role in promoting cell proliferation and 
differentiation  (17). The roles of VEGF, IGF‑1 and bFGF 
have been extensively studied in stem cell transplantation. For 
instance, ASC treatment in aged rats can improve aging‑related 
erectile dysfunction partially through the secretion of IGF‑1, 
bFGF and VEGF (18).

The physiological O2 content of human organs is estimated 
to range between 1 and 11% (19). However, in the majority of 
the in vitro studies concerning the paracrine effects of cultured 
ASCs, the O2 level was artificially set as 21% (irrespective of 5% 
CO2 supplementation), corresponding to the air oxygen content 
rather than the unique tissue normoxia, which was referred to 
as ‘physioxia’ by Carreau et al (19). It is estimated that the 
oxygen content of venous blood and ventricular myocytes in 
the human body is ~5% (19). ASCs reside in anatomical sites 
that are relatively oxygen deficient, and hypoxia may provide 
signals conducive to the maintenance of definitive ASC 
properties (20). Since oxygen is a crucial component of the 
stem cell niches that influence cell proliferation and cell‑fate 
commitment (21), elucidating the mechanisms on the cardio-
protective effects of ASCs under physioxic (5% O2) conditions 
rather than the artificial normoxia (21% O2) is essential, as 
it may more accurately reflect the bona fide molecular and 
cellular changes in the body.

Therefore, the aim of the present study was to compare 
the protective effects of rat ASCs on neonatal rat ventricular 
myocytes (NRVMs) under normoxia and physioxia. In addi-
tion, several secreted soluble factors involved in the paracrine 
effects of ASCs were evaluated to determine the cardioprotec-
tive effects of ASCs.

Materials and methods

Animals. A total of 10 adult Sprague‑Dawley (SD) rats 
(100‑120 g, male) (22) and 12 neonatal SD rats (1‑3 days old) 
were obtained from the Animal Experiment Department at 
Shanxi Medical University (Jinzhong, China). The rats were 
housed in a controlled environment (20‑22˚C, 12 h light/dark 
cycle and 50% relative humidity) and had ad libitum access 
to food and water. All experiments involving the use of 
animals were approved by the Animal Experimentation Ethics 
Committee of Shanxi Medical University.

Isolation and culture of rat ASCs and NRVMs. The isola-
tion and culture of ASCs were performed as previously 
described (23). Briefly, adult SD rats were anesthetized with 

sodium pentobarbital (30 mg/kg) by intraperitoneal injection, 
and their inguinal fat pads were removed, followed by cervical 
dislocation. Fat pads were rinsed several times with D‑Hanks' 
solution. Blood vessels and fibrous tissues were excised 
under a dissecting microscope and discarded. The remaining 
adipose tissues were minced into ~1 mm3 sections, digested 
with 0.2% type  II collagenase (cat.  no. 17101‑015; Gibco; 
Thermo Fisher Scientific, Inc.) for 10 min and agitated for 1 h 
at 37˚C. Following centrifugation at 168 x g for 10 min at 4˚C, 
the cell pellet was resuspended in the ASC culture medium 
(Dulbecco's Modified Eagle's Medium supplemented with 
15% fetal bovine serum, 100 U/ml penicillin and 100 µg/ml 
streptomycin; all from Thermo Fisher Scientific, Inc.). The 
ASCs were transferred into culture flasks and incubated with 
5% CO2 at 37˚C. The medium was changed 24 h after plating 
and replaced every 2 days. ASCs at passage 3 were used in the 
following experiments.

The isolation and culture of cardiomyocytes were 
conducted as previously described (24). Cardiac tissue was 
derived from the hearts of neonatal SD rats aged 1‑3 days. 
Animals were sacrificed with carbon dioxide (10‑30% volume 
displacement/min) followed by cervical dislocation. The hearts 
were removed and washed in ice‑cold PBS. The left ventricles 
of the rats were collected and digested with type II collage-
nase. The NRVMs were plated at a density of 1x105 cells/ml 
in cell culture medium (Dulbecco's Modified Eagle's Medium 
supplemented with 10% fetal bovine serum, 100  U/ml 
penicillin and 100 µg/ml streptomycin) containing 0.1 mM 
bromodeoxyuridine (cat. no. B9285; Sigma‑Aldrich; Merck 
KGaA) to inhibit the proliferation of non‑cardiomyocytes. The 
NRVMs exhibited spontaneous contraction and synchronous 
beat frequency was examined under microscope. The purity of 
cardiomyocytes was examined under a microscope by immu-
nocytochemical identification of specific sarcomeric α‑actin. 
NRVMs in the primary culture were used in the following 
experiments, and the cells were cultured in the incubator with 
5% CO2 and 21% O2 or 5% CO2 and 5% O2 at 37˚C.

Co‑culture of NRVMs and ASCs. NRVMs were inoculated 
into 10 cm culture dishes and cultured for 48 h under normoxic 
(21% O2, normoxia group) or physioxic (5% O2, physioxia 
group) conditions. NRVMs were treated with 0, 50, 100, 200, 
400 and 800 µM H2O2 for 3 h at 37˚C (25). For co‑culture, 
NRVMs were transferred into 6‑well plates, and ASCs were 
inoculated into the chambers nested in the 6‑well plates. ASCs 
and NRVMs were co‑cultured at a ratio of 1:5 in ASC culture 
medium. NRVMs in the normoxia group were co‑cultured 
with ASCs overnight under normoxia and further cultured 
under normoxia for 24 h. To facilitate cell adherence, NRVMs 
in the physioxia group were first co‑cultured with ASCs 
overnight under normoxia, and subsequently cultured under 
physioxia for 24 h.

Immunofluorescence staining. NRVMs were cultured on glass 
slides, fixed with 4% paraformaldehyde for 10 min at 37˚C 
and washed with PBS. The cells were incubated with an 
anti‑sarcomeric α‑actinin antibody (1:200 cat. no. ab137346; 
Abcam) in PBS supplemented with 1% bovine serum 
albumin (cat.  no.  0332; Amresco, Inc.) overnight at 4˚C. 
Following washing with PBS, the cells were incubated with 
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a FITC‑conjugated goat anti‑rabbit IgG secondary antibody 
(1:1,000; cat. no. ab6717; Abcam) for 30 min at 37˚C. Finally, 
the cells were stained with 10 µg/ml DAPI for 10 min at room 
temperature and observed under a Nikon Ni‑U fluorescence 
microscope (magnification, x200) (Nikon Corporation, Japan), 
and three fields were analyzed per sample.

Flow cytometry. The phenotypic markers of ASCs (CD29 and 
CD44) (26) and the negative markers of ASCs (CD31, CD106, 
CD184, CD34 and CD45) were detected by flow cytometry to 
identify rat ASCs. Following washing with PBS containing 3% 
FBS, ASCs (200 µl; 3x106 cells/ml) were incubated with 2 µl 
phycoerythrin (PE)‑labeled anti‑rat CD29 (cat. no. sc‑9970; 
Santa Cruz Biotechnology, Inc.) or PE‑labeled anti‑rat CD44 
(cat. no. sc‑53069; Santa Cruz Biotechnology, Inc.) at 4˚C for 
1 h away from light. After washing with PBS supplemented 
with 3% FBS twice, ASCs were centrifuged at 168 x g for 
5 min at 4˚C and resuspended in PBS. A corresponding isotype 
control antibody (cat. no. sc‑2855; Santa Cruz Biotechnology, 
Inc.) was used to set up the staining background. Cells 
were analyzed using a FACSCalibur flow cytometer (BD 
Biosciences), and the results were analyzed with the CellQuest 
acquisition software (BD Biosciences).

The apoptotic rate of NRVMs was assessed by the Annexin 
V‑FITC Apoptosis Detection kit (Beyotime Institute of 
Biotechnology) according to the manufacturer's protocol (25). 
Briefly, NRVMs were washed with ice‑cold PBS and resus-
pended at a density of 1x106 cells/ml in 100 µl binding buffer. 
The cells were incubated with 5 µl Annexin V‑FITC solu-
tion in the dark for 15 min at room temperature. Following 
washing with PBS, the cells were resuspended in 100 µl PBS, 
mixed with 5 µl propidium iodide solution and analyzed by 
flow cytometry as aforementioned.

ELISA. To estimate the concentrations of secreted VEGF, 
IGF‑1 and bFGF, the conditioned medium of untreated 
and H2O2‑treated NRVMs cultured alone or co‑cultured 
with ASCs under normoxia or physioxia was collected 
and subjected to ELISA. ELISA was performed using the 
VEGF Rat ELISA kit (Beijing Jiamay Biotech Co., Ltd.), 
Mouse/Rat IGF‑I Quantikine ELISA kit (R&D Systems, 
Inc.) and Mouse/Rat FGF basic Quantikine ELISA kit (R&D 
Systems, Inc.) according to the manufacturers' protocols.

Myocardial glutathione (GSH) measurement. Following 
co‑culture, NRVMs were minced and broken up with 
PBS. After centrifugation at 2,054 x g for 10 min at 4˚C, 
the supernatant was collected to measure the levels of total 
GSH and oxidized glutathione (GSSG) using the total 
Glutathione/Oxidized Glutathione Assay kit (cat. no. A061‑1; 
Nanjing Jiancheng Bioengineering Institute) according to 
the manufacturer's instructions. The GSH/GSSG ratio was 
calculated to determine the levels of oxidative stress in 
NRVMs.

Western blotting. NRVMs were collected, washed with PBS, 
lysed in 1% Cell Lysis Buffer (Abcam) and centrifuged for 
10 min at 24,149 x g. The protein concentration was determined 
using a BCA Protein Assay kit (Thermo Fisher Scientific, Inc.). 
A total of 30 µg protein/lane was loaded onto 12% SDS‑PAGE 

and transferred to a PVDF membrane. Following blocking 
with 5% non‑fat dry milk, the membrane was incubated with 
a rat anti‑Bcl‑2 monoclonal antibody (1:500; cat. no. sc‑7382; 
Santa Cruz Biotechnology, Inc.), mouse anti‑Bax monoclonal 
antibody (1:500; cat. no. sc‑493; Santa Cruz Biotechnology, 
Inc.) or rabbit anti‑rat β‑actin polyclonal antibody (1:1,000; 
cat. no. ab8227; Abcam) overnight at 4˚C. The membranes 
were then washed with TBS + 0.5% Tween‑20 and incubated 
with horseradish peroxidase‑conjugated secondary antibodies 
(goat anti‑rat/mouse/rabbit; 1:4,000; cat. no. A0208; Beyotime 
Institute of Biotechnology). The ECL kit (Thermo Fisher 
Scientific, Inc.) was used to visualize the bands. The intensi-
ties of the protein bands were quantified using a Gel Doc XR+ 
Photo‑Image System with Quantity One software version 4.6 
(Bio‑Rad Laboratories, Inc.). The western blot experiments 
were repeated three times.

Statistical analysis. SPSS 17.0 (SPSS, Inc.) was used for 
statistical analysis. Data are presented as the mean ± standard 
deviation. Comparisons between two groups were performed 
using Student's t‑test, whereas one‑way ANOVA with 
Bonferroni post hoc test was used for comparisons among 
multiple groups. P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

Characterization of rat ASCs. Rat ASCs were round with 
floating lipid vesicles in the culture medium when initially 
inoculated into the culture dishes (Fig. 1A). The cells gradually 
extended and exhibited a short fusiform shape after 3 days. 
On day 7‑8 after inoculation, the ASCs began to proliferate 
and exhibited a fibroblast‑like appearance. After the primary 
ASCs were cultured for 3‑5 passages, they proliferated with 
adherence and formed a monolayer during further culture for 
3‑4 days. Then, ASCs displayed uniform spindle shape and 
‘whirlpool‑like’ growth at different magnification after four 
days (Fig. 1A). Flow cytometry analysis revealed that the 
ASCs were positive for the surface expression of CD29 and 
CD44 (Fig. 1B) and negative for that of CD31, CD106, CD184, 
CD34 and CD45 (Fig. 2).

Characterization of NRVMs. The isolated NRVMs were vali-
dated by characterizing their morphology, unique property of 
spontaneous contraction and muscle tissue‑specific expression 
of sarcomeric‑α actinin. The NRVMs were adherent at 24 h 
post‑plating (Fig. 1C). The NRVMs exhibited spontaneous 
contraction with synchronous beat frequency of 80‑150 beats per 
minute. The cells were long rod‑, polygonal or spindle‑shaped 
with concentric or radial growth. Immunofluorescence 
staining of sarcomeric α‑actinin confirmed that the purity of 
the cultured NRVMs was >90% (Fig. 1D).

Co‑culture with ASCs protects H2O2‑treated NRVMs from 
apoptosis under normoxia or physioxia. In order to deter-
mine whether ASCs may exert the protective effects on 
damaged NRVMs, treatment with H2O2

 was used to induce 
injury in NRVMs. First, the toxicity of H2O2 was tested at 
various concentrations (50, 100, 200, 400 and 800 µM). The 
results demonstrated that treatment with >100 µM H2O2 for 
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4 h resulted in the death of the majority of NRVMs (data 
not shown). Therefore, 100 µM H2O2 was selected to induce 
damage in NRVMs in subsequent experiments.

A NRVM/ASC co‑culturing system was established to 
evaluate the protective roles of ASCs on 100 µM H2O2‑injured 
NRVMs. The morphology analysis of the co‑cultured NRVMs 
revealed that co‑culture with ASCs facilitated the recovery 
of damaged NRVMs; the viability of NRVMs was increased 
in the co‑culture with ASCs group compared with that of the 
H2O2‑injured NRVMs. This effect was more evident under 
physioxia compared with normoxia (Fig. 3A).

The apoptotic rate of NRVMs following co‑culture was 
detected by flow cytometry. The apoptotic rate of NRVM 
following 100 µM H2O2 treatment was significantly increased 
under normoxia (17.54%) and physioxia (14.31%) compared 
with that of the untreated control (1.05%) (P<0.05; Fig. 3B). 
The extent to which NRVMs were damaged by H2O2 (as 
reflected by the apoptotic rate) did not differ significantly 
under normoxia or physioxia conditions. When co‑cultured 
with ASCs under normoxia, the apoptotic rate of NRVMs 
was significantly decreased compared with that of NRVMs 
cultured alone (4.77% vs. 21.42%, respectively; P<0.05; 

Figure 1. Characterization of rat ASCs and NRVMs. (A) Representative images demonstrating the morphology of cultured primary rat ASCs after four days 
under a light microscope. Images captured under different magnifications are presented. Scale bar (left to right), 100, 50 and 20 µm. (B) Representative 
histogram profiles of the surface expression of CD29 and CD44 on rat ASCs determined by flow cytometry. (C) Representative images demonstrating the 
morphology of cultured primary rat NRVMs under a light microscope. Images captured under different magnifications are presented. Scale bar (left to right), 
100, 50 and 20 µm. (D) Representative image of the immunofluorescence staining of sarcomeric α‑actinin (green) in primary rat NRVMs. The nuclei were 
stained with DAPI (blue). Scale bar, 20 µm. ASCs, adipose tissue‑derived stem cells; NRVMs, neonatal rat ventricular myocytes.

Figure 2. Immunophenotyping of the ASCs. Representative flow cytometry histogram profiles demonstrated the surface expression of (A) control, (B) CD31, 
(C) CD106, (D) CD184, (E) CD34 and (F) CD45 on rat ASCs. ASCs, adipose tissue‑derived stem cells.
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Fig.  3C), suggesting that ASCs exerted a cardioprotec-
tive effect in normoxia. The apoptotic rate of NRVMs was 
decreased when NRVMs were co‑cultured with ASCs under 
physioxia (data not shown).

The protein levels of the pro‑apoptotic protein Bax 
and the anti‑apoptotic protein Bcl‑2 were determined by 
western blotting to evaluate the apoptotic status of NRVMs 
co‑cultured with ASCs. In H2O2‑injured NRVMs, the level 
of Bcl‑2 protein was significantly decreased, but the level of 
Bax protein exhibited no significant difference in normoxia 
compared with untreated cells (Fig. 4A). Under physioxia, 
the level of Bax protein was further increased, whereas the 
level of Bcl‑2 protein was further decreased in H2O2‑injured 
NRVMs compared with untreated cells under normoxia 
(Fig.  4A). In the H2O2‑injured NRVMs co‑cultured with 
ASCs, the protein expression of Bax was downregulated, and 
the protein expression of Bcl‑2 was upregulated in normoxia 
compared with H2O2‑injured NRVMs cultured alone 
(Fig.  4B). Of note, in H2O2‑injured NRVMs co‑cultured 
ASCs, the apoptotic rate of NRVMs appeared to be more 
inhibited under physioxia compared with normoxia, as 
evidenced by the reduced expression of Bax protein and 
increased expression of Bcl‑2 protein in NRVMs co‑cultured 
with ASCs in 5% O2 (Fig. 4C).

Co‑culture with ASCs under physioxia significantly alleviates 
the oxidative stress in H2O2‑injured NRVMs. It has been 
observed that oxidative stress increases in the injured 
myocardium (27). The GSH/GSSG ratio, a measure of overall 
cellular oxidative stress (28), was used in the present study to 
evaluate the degree of myocardial injury in NRVMs cultured 
under various conditions. As presented in Fig. 5A, exposure 
to 100 µM H2O2 significantly increased the levels of oxida-
tive stress in NRVMs cultured alone or co‑cultured with 
ASCs. Under normoxia, the GSH/GSSG ratio was lower in 
H2O2 stimulated NRVMs compared with that in untreated 
NRVMs (P<0.05); compared with the H2O2‑injured NRVMs 
cultured alone, the GSH/GSSG ratio was not increased in the 
NRVMs co‑cultured with ASCs (Fig. 5A). However, under 
physioxia, the GSH/GSSG ratio was significantly increased 
in H2O2‑treated NRVMs co‑cultured with ASCs compared 
with those cultured alone (P<0.05; Fig. 5B). Taken together, 
these results suggested that co‑culture with ASCs in physioxia, 
but not normoxia, alleviated the oxidative stress in damaged 
NRVMs.

Co‑culture of H2O2‑injured NRVMs with ASCs increases 
the secretion of VEGF, IGF‑1 and bFGF under normoxia or 
physioxia. To explore whether the paracrine mechanism of 

Figure 3. Co‑cultured rat ASCs protect H2O2‑injured NRVMs from apoptosis. (A) Representative images of the morphological changes in non‑treated or 
H2O2‑treated NRVMs co‑cultured with rat ASCs under normoxia (21% O2) or physioxia (5% O2). Scale bar, 10 µm. (B and C) Apoptotic rates of NRVMs 
non‑treated or H2O2‑treated NRVMs under normoxia or physioxia (B) alone or (C) co‑cultured with rat ASCs were detected by flow cytometry. The apoptotic 
rate was defined as the percentage of FITC‑Annexin V positive population (UR + LR). UL, upper left; UR, upper right; LL, lower left; LR, lower right; ASCs, 
adipose tissue‑derived stem cells; NRVMs, neonatal rat ventricular myocytes.
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ASCs contributed to their cardioprotective effect, the levels 
of soluble factors VEGF, IGF‑1 and bFGF in the co‑culture 
medium were measured. Under normoxia, the level of VEGF 

in the culture supernatant was decreased after the NRVMs 
(cultured alone or co‑cultured with ASCs) were treated with 
H2O2 compared with untreated cells. Compared with the 

Figure 4. The expression levels of apoptosis‑related proteins Bax and Bcl‑2 in NRVMs were determined by western blotting. (A) Expression levels of Bax 
and Bcl‑2 proteins in untreated and H2O2‑treated NRVMs under normoxia (21% O2) and physioxia (5% O2). (B) Comparison between the expression levels of 
Bax and Bcl‑2 proteins in H2O2‑treated NRVMs cultured alone or co‑cultured with ASCs under normoxic conditions (C) Comparison between the expression 
levels of Bax and Bcl‑2 proteins in H2O2‑treated NRVMs co‑cultured with ASCs under normoxia and physioxia. β‑actin was used as loading control. Data are 
representative of three independent experiments. *P<0.05, **P<0.01 and ***P<0.001. ASCs, adipose tissue‑derived stem cells; NRVMs, neonatal rat ventricular 
myocytes.
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NRVMs cultured alone, untreated or H2O2‑injured NRVMs 
co‑cultured with ASCs exhibited significantly increased 
levels of VEGF in the supernatant (P<0.001; Fig. 6A). Under 

physioxia, when the H2O2‑injured NRVMs were co‑cultured 
with ASCs, the VEGF concentration in the medium was 
significantly increased compared with that in the medium 

Figure 5. Co‑culture with ASCs under physioxic conditions alleviates oxidative stress in H2O2‑injured NRVMs. (A and B) The GSH/GSSG ratio in untreated 
and H2O2‑treated NRVMs under normoxia (21% O2) and physioxia (5% O2). (A) Exposure to 100 µM H2O2 significantly decreased the GSH/GSSG ratio 
in NRVMs cultured alone or co‑cultured with ASCs. (B) Under physioxia and H2O2 exposure‑mediated NRVMs injury, the GSH/GSSG ratio was signifi-
cantly increased when NRVMs were co‑cultured with ASCs. *P<0.05. ASCs, adipose tissue‑derived stem cells; NRVMs, neonatal rat ventricular myocytes; 
GSH, glutathione; GSSG, oxidized glutathione.

Figure 6. Co‑culture of H2O2‑injured NRVMs with ASCs increases the secretion of VEGF, IGF‑1 and bFGF under normoxia or physioxia. (A) The levels of 
VEGF in the culture supernatant of untreated and H2O2‑treated NRVMs under normoxia (21% O2) and physioxia (5% O2). (A‑a) The levels of secreted VEGF 
in different groups under normoxia. (A‑b) Under physioxia, ASCs co‑cultured with injured NRVMs increased the secretion of VEGF. (B) The levels of IGF‑1 
in the culture supernatant of untreated and H2O2‑treated NRVMs under normoxia and physioxia. (B‑a) The levels of secreted IGF‑1 in different groups under 
normoxia. (B‑b) Under physioxia, ASCs co‑cultured with injured NRVMs increased the secretion of IGF‑1. (C) The levels of bFGF in culture supernatant 
of untreated and H2O2‑treated NRVMs under normoxia and physioxia. (C‑a) The levels of bFGF in different groups under normoxia. (C‑b) Under physioxia, 
ASCs co‑cultured with injured NRVMs increased the secretion of bFGF. *P<0.05, **P<0.01 and ***P<0.001. ASCs, adipose tissue‑derived stem cells; NRVMs, 
neonatal rat ventricular myocytes; VEGF, vascular endothelial growth factor; IGF‑1, insulin‑like growth factor; bFGF, basic fibroblast growth factor.
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of NRVMs cultured alone (Fig. 6A). Co‑culture with ASCs 
slightly increased the secretion of IGF‑1 in H2O2‑injured 
NRVMs under normoxia compared with NRVMs cultured 
alone, although the difference was not significant (Fig. 6B). 
However, under physioxia, co‑culture of injured H2O2‑NRVMs 
with ASCs significantly increased IGF‑1 secretion into the 
culture medium compared with that in NRVMs cultured alone 
(P<0.05; Fig. 6B). Similarly, under normoxia, the exposure 
of NRVMs to H2O2 reduced the concentration of secreted 
bFGF to an undetectable level, whereas co‑culture with ASCs 
significantly increased the level of soluble bFGF compared 
with NRVMs cultured alone (P<0.05; Fig. 6C). Consistently, 
when cells were cultured in 5% O2, co‑culture with ASCs 
increased the bFGF content in the culture supernatant of the 
H2O2‑injured NRVMs compared with NRVMs cultured alone 
(P<0.01; Fig. 6C). Collectively, these results indicated that the 
elevated levels of soluble factors VEGF, IGF‑1 and bFGF in 
the co‑culture condition may contribute to the cardioprotective 
effect of ASCs.

Discussion

Nearly half of patients with cardiovascular disease die from 
ischemic heart failure, and most of them suffer from myocar-
dial infarction  (29). The necrotic myocardium cannot be 
repaired or reversed, and the current treatment is limited to the 
approach of recovering with blood reperfusion, which does not 
consistently result in a favorable outcome (29). Transplantation 
of stem cells for myocardial repair therapy is a promising 
treatment method that has attracted wide attention (29). ASCs 
have been demonstrated to possess the ability of multiple 
lineage differentiation (30) with the potential to treat myocar-
dial infarction. However, the cardioprotective effects of ASCs 
under physioxia, which represents the oxygen content of 
venous blood and ventricular myocytes, have not been inves-
tigated. The present study established an in vitro NRVM/ASC 
co‑culture model to compare the protective effects of ASCs 
on H2O2‑injured NRVMS under 21 and 5% O2 conditions. The 
results demonstrated that ASCs in 5% O2 exerted a stronger 
protective effect against H2O2‑induced damage on NRVMs 
compared with ASCs in 21% O2 in terms of apoptosis inhibi-
tion in NRVMs and paracrine secretion of soluble factors such 
as VEGF, IGF‑1 and bFGF.

As ASCs are derived from the fat tissue and their acquisition 
induces less pain compared with bone marrow‑derived mesen-
chymal stem cells, the clinical and translational application of 
ASCs has become a research hotspot, especially in the field of 
treating myocardial infarction (31,32). A previous study has 
demonstrated that ASC transplantation promotes angiogenesis 
and improves myocardial remodeling after myocardial infarc-
tion to improve cardiac function (33). In the majority of the 
studies concerning the beneficial effects of in vitro cultured 
ASCs, the oxygen condition was either artificially set as 
normoxia or hypoxia (<5% O2). For example, Sadat et al (34) 
reported that in an in vitro neonatal rat cardiomyocyte and 
ASC co‑culture system, the anti‑apoptotic effect of ASCs was 
observed under hypoxic conditions (a humidified atmosphere 
with 95% N2 and 5% CO2 gas mixture). Consistent with the 
results of the present study, a previous study demonstrated that 
the ASCs markedly suppressed oxygen deprivation‑induced 

cardiomyocyte cell death, and the oxygen content in their cell 
culture condition was also set as 5% O2 (35). To the best of 
our knowledge, the present study is the first report directly 
comparing the beneficial effects of ASCs under normoxia and 
physioxia on ventricular myocytes following oxidative stress. 
The results of the present study suggested that oxygen depri-
vation may influence the molecular and cellular behavior of 
ASCs, particularly their paracrine effects.

ASCs can differentiate into mature adipocytes, myocar-
dium and vascular endothelium under certain conditions (36). 
However, further understanding obtained in recent years 
poses a challenge to this view; a number of studies have 
suggested that mesenchymal stem cells cannot differentiate 
into cardiomyocytes and vascular cells, and their therapeutic 
functions may be dependent on their paracrine effects (37,38). 
This implies that the paracrine mechanism in the therapeutic 
effect of ASCs serves an important role. To further clarify 
the paracrine mechanism of ASCs, a model of H2O2‑induced 
NRVMs injury was established in the present study to evaluate 
the effects of ASCs on NRVM apoptosis. The results demon-
strated that ASCs significantly reduced H2O2‑induced NRVM 
apoptosis in normoxia. Similarly to other stem cells, ASCs 
secrete a variety of soluble factors such as VEGF, HGF and 
IGF‑1, which may participate in the cardiac repair process, 
including the reduction of myocardial apoptosis, the promotion 
of angiogenesis, increasing the survival rate of transplanted 
cells, reducing inflammation and mobilizing endogenous 
cardiac stem cells (39,40).

In the present study, notably increased secretion of 
VEGF, IGF‑1 and bFGF was observed after co‑culture of 
NRVMs and ASCs compared with that in NRVMs cultured 
alone, which may help explain the protective role of ASCs by 
paracrine secretion of VEGF, IGF‑1 and bFGF. A previous 
study has demonstrated that ASCs promote the secretion of 
VEGF and HGF in a hypoxic environment, and a moderate 
or low amount of active oxygen can improve ASC expan-
sion, migration and regeneration  (41). The present study 
confirmed the protective effects of ASCs on cardiomyocytes 
under physioxia, for which 5% oxygen was chosen. However, 
whether VEGF, IGF‑1 and bFGF also contributed to the acti-
vation of ASCs themselves in the co‑culture system under 
the 5% O2 condition needs to be further studied. The main 
limitation of the present study was that an ASC culture group 
was not used as a control; additional experimental groups 
and soluble factors are required to verify the cardioprotective 
role of ASCs by paracrine secretion. In addition, although 
the clinical application of ASCs appears promising, the main 
mechanisms of how ASCs improve cardiac function have 
not been fully elucidated. Further in vivo experiments with 
multiple animal models are warranted to provide insights on 
the translational use of ASCs in the clinic.

In conclusion, using an in vitro rat ASC/NRVM co‑culture 
system, the cardioprotective effects of ASCs were evaluated 
under 21 and 5% O2 conditions. The results demonstrated 
that oxygen concentrations influenced the cardioprotective 
effects of ASCs. VEGF, IGF‑1 and bFGF may serve a role in 
the myocardial regeneration mediated by transplanted ASCs. 
The present study highlights the crucial roles of the paracrine 
effects of ASCs in treating myocardial diseases such as 
myocardial infarction.
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