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Abstract. Adipose tissue-derived stem cells (ADSCs) hold 
great potential for the stem cell-based therapy of cutaneous 
wound healing. Stromal cell-derived factor-1 (SDF-1) activates 
CXC chemokine receptor (CXCR)4+ and CXCR7+ cells and 
plays an important role in wound healing. Increasing evidence 
suggests a critical role for SDF-1 in cell apoptosis and the 
survival of mesenchymal stem cells. However, the function of 
SDF-1 in the apoptosis and wound healing ability of ADSCs 
is not well understood. The aim of this study was to analyze 
the effect of SDF-1 on the apoptosis and therapeutic effect of 
ADSCs in cutaneous chronic wounds in vitro and in vivo. By 
flow cytometric analysis, it was found that hypoxia and serum 
free promoted the apoptosis of ADSCs. When pretreated with 
SDF-1, the apoptosis of ADSCs induced by hypoxia and serum 
depletion was partly recovered. Furthermore, in vivo experi-
ments established that the post-implantation cell survival 
and chronic wound healing ability of ADSCs were increased 
following pretreatment with SDF-1 in a diabetic mouse model 
of chronic wound healing. To explore the potential mechanism 
underlying the effect of SDF-1 on ADSC apoptosis, western 
blot analysis was employed and the results indicate that SDF-1 
may protect against cell apoptosis in hypoxic and serum‑free 
conditions through activation of the caspase signaling 
pathway in ADSCs. This study provides evidence that SDF-1 
pretreatment can increase the therapeutic effect of ADSCs in 
cutaneous chronic wounds in vitro and in vivo.

Introduction

Chronic wounds are open wounds of the skin taking longer 
than 8 weeks to heal. An impaired healing process is often 
associated with chronic wounds (1). As an ongoing chal-
lenge in advanced wound care, chronic wounds can lead to 
severe outcomes, including infection, amputation and even 
mortality (2). Evidence has emerged that adipose tissue-derived 
stem cells (ADSCs) hold great potential in the stem cell-based 
therapy of chronic wounds (3,4). ADSCs, which are also 
referred to as adipose mesenchymal stromal cells or adipose 
tissue-derived stromal cells, are adult stem cells that are 
derived from adipose tissue stroma, possess considerable 
self-renewal ability and can differentiate into various types of 
functional cells. ADSCs show a greater ability to reconstitute 
hematopoiesis and repair tissue than bone marrow stromal 
stem cells (5,6). However, a significant barrier to the successful 
use of mesenchymal stem cells (MSCs) in any potential cell 
therapy has been post-implantation cell survival in cutaneous 
chronic wound models (7). When cells are transplanted into 
damaged cutaneous tissue where they experience a harsh 
wound environment, including hypoxia, inflammation, oxida-
tive stress or other adverse conditions, this inevitably leads to 
the poor survival of seed cells following implantation, which 
markedly disturbs the therapeutic effects of MSCs (8). Various 
strategies have been used to improve cell survival following 
implantation (9,10). However, simple and efficient interventions 
are required to strengthen the resistance of cells to apoptosis 
and increase the therapeutic effect of ADSCs.

Stromal cell-derived factor-1 (SDF-1) is an important 
chemokine that plays a central role in tissue repair and angio-
genesis. SDF-1 exerts its biological function by binding to 
two G-protein-coupled receptors: CXC chemokine receptor 
(CXCR)4 and CXCR7 (11). SDF-1 functions in the mobiliza-
tion and recruitment of stem and progenitor cells, including 
hematopoietic stem cells, MSCs and other CXCR4-expressing 
cells (11,12). Increasing evidence suggests that the interaction 
of SDF-1 with CXCR4 and CXCR7 is critical in maintaining 
the proliferation and survival of MSCs in response to 
stress (13,14). Studies have confirmed that SDF-1 can enhance 
the proliferation, migration, secretion and anti-apoptotic 
capacity of MSCs and improve cell transplant survival (15-17). 
However, very little is known about the effect of SDF-1 on 
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ADSC apoptosis and survival. The current authors have 
previously shown that the interactions of SDF-1 with CXCR4 
and CXCR7 are important in the paracrine actions, prolifera-
tion and migration of ADSCs (18). In the present study, the 
function of SDF-1 as an apoptosis inhibitor in vitro and the 
survival rate and therapeutic effect of ADSCs administered to 
the chronic wounds of diabetic nude mice were investigated. 
To the best of our knowledge, this is the first study to investi-
gate whether SDF-1 improves the ability of ADSCs to repair 
chronic wounds.

Materials and methods

ADSC culture. Human ADSCs were isolated from subcuta-
neous adipose tissue samples obtained from the liposuction 
aspirates of patients undergoing cosmetic liposuction as previ-
ously described (19). Three healthy female patients with 
abdominal fat accumulation who underwent liposuction 
surgery at the Affiliated Hospital of Xuzhou Medical College 
(Xuzhou, China) were selected. This study was performed 
using a protocol approved by the Institutional Review Board 
of the Affiliated Hospital of Xuzhou Medical College and 
all examinations were performed after obtaining written 
informed consent from the patients. ADSCs were maintained 
in L-Dulbecco's modified Eagle's medium (DMEM; Invitrogen 
Life Technologies, Carlsbad, CA, USA) containing 10% fetal 
bovine serum (FBS; Invitrogen Life Technologies). Cells were 
cultured in a 37˚C humidified incubator with 95% air and 
5% CO2. Prior to experimental use, it was confirmed that the 
ADSCs possessed the ability to differentiate into osteoblasts 
and keratinocytes.

Hypoxic and serum‑free conditions. ADSCs from the same 
passage were obtained from six flasks and randomly divided 
into three groups. These were the control group (L-DMEM 
containing 10% FBS, normoxic conditions), apoptosis model 
group (L-DMEM containing 1% FBS, hypoxic conditions) 
and SDF-1 treatment group (L-DMEM containing 1% FBS 
and 0.5 mg/l SDF-1). In the SDF-1 treatment group, ADSCs 
were initially cultured with L-DMEM containing 10% FBS 
and 0.5 mg/l SDF-1 (R&D Systems, Minneapolis, MN, USA) 
in normoxic conditions for 1 h. The cells were then rinsed 
twice with PBS and exposed to hypoxic and serum‑free condi-
tions with 0.5 mg/l SDF-1 for 6 h. The apoptosis model and 
SDF-1 treatment group ADSCs were put into a hypoxic incu-
bator (Forma Series II 3110 Water-Jacketed CO2 Incubator; 
Thermo Fisher Scientific, Waltham, MA, USA) and main-
tained in 1% O2 to culture the cells under hypoxic conditions.

Western blot analysis. Following the treatments, total protein 
from the cells was extracted using radio-immunoprecipitation 
assay lysis buffer (Santa Cruz Biotechnology, Inc., Dallas, 
TX, USA) containing 60 µg/ml phenylmethylsulfonyl 
fluoride. Protein concentrations were assessed using a bicin-
choninic acid protein assay kit (Wuhan Boster Biological 
Technology, Ltd., Wuhan, China). Proteins were separated on 
SDS-polyacrylamide gel, then transferred to a nitrocellulose 
membrane and incubated overnight at 4˚C with the following 
antibodies: Rabbit monoclonal anti-procaspase 3 (1:1,000; 
cat. no. 9665), anti‑cleaved caspase 3 (1:1,000; cat. no. 9664), 

anti-poly ADP ribose polymerase (PARP; 1:1,000; 
cat. no. 9532) and anti‑cleaved PARP (1:1,000; cat. no. 5625) 
and mouse monoclonal anti-β-actin (1:5,000; cat. no. 3700) 
(Cell Signaling Technology, Inc., Beverly, MA, USA). Blots 
were washed four times with TBS containing 0.1% Tween-20 
(TBST), and then incubated with horseradish peroxidase 
(HRP)-linked horse anti-mouse and anti-rabbit secondary 
antibodies (1:200; cat. no. 7076 and 7074S respectively; Cell 
Signaling Technology, Inc.) at room temperature for 1 h. 
Antibody binding was detected using a SuperSignal West Pico 
Chemiluminescent Substrate kit (Pierce Biotechnology, Inc., 
Rockford, IL, USA) according to the manufacturer's instruc-
tions.

Measurement of apoptosis by Annexin V analysis. Following 
treatment, ADSCs were collected and dual staining with 
Annexin V-fluorescein isothiocyanate (FITC) and propidium 
iodide (PI) was performed according to the manufacturer's 
instructions (Nanjing KeyGen Biotech Co., Ltd., Nanjing, 
China). In brief, the collected cells were briefly washed 
with ice-cold phosphate-buffered saline (PBS) twice and 
resuspended in 200 µl 1X binding buffer (Beyotime Institute 
of Biotechnology, Haimen, China) containing 5 µl Annexin 
V-FITC for 15 min followed by 300 µl 1X binding buffer 
containing 5 µl PI for 5 min at room temperature in the dark. 
Following incubation, the cells were analyzed using a FACStar 
flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA). 
An inverted fluorescence microscope (Olympus Corporation, 
Tokyo, Japan) was used to observe the cells in the early and 
late stages of apoptosis.

Dermal chronic wound model. The diabetic chronic skin 
wound model was established according to a previously 
described procedure with certain improvements (20). A 
total of 8 female mice were used that were housed with a 
constant humidity of 50‑60% and a temperature of 22‑24˚C 
with a 12h/12h light/dark cycle and access to food and water 
ad libitum.

Diabetes was induced in nude mice (Shanghai SLAC 
Laboratory Animal Co., Shanghai, China) by the intraperito-
neal injection of streptozotocin (STZ; Sigma-Aldrich, St. Louis, 
MO, USA), dissolved in sodium citrate buffer (0.01 M; pH 4.5). 
Control mice were treated with DMEM only. Blood glucose 
levels >250 mg/dl in two consecutive measurements separated 
by an interval of 48 h were considered to indicate that the 
animals were diabetic. After anesthetizing the animals, a full 
thickness skin defect of 1-cm diameter was made on the back. 
The wound was covered with a sterile dressing, and 10 days 
later the granulation tissue was debrided, to re-establish a 
1-cm-diameter wound. Following each surgery, 4,000 units 
penicillin sodium was injected intramuscularly to prevent 
infection.

ADSC survival assay in vivo. ADSCs were marked with 
5‑bromo‑2'‑deoxyuridine (5-BrdU; Sigma‑Aldrich) prior to 
injection. Cells suspended in serum-free DMEM were treated 
with BrdU solution at a final concentration of 10 mmol/l 
at 37˚C for 48 h. 1x106 ADSCs that were pretreated with 
0.5mg/l SDF-1 or untreated were injected around the wound 
bed. The animals were sacrificed 7 days after treatment, and 
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wounds were harvested with the surrounding tissue. The 
specimens were fixed with 4% paraformaldehyde for 24 h 
and embedded in paraffin for histological sectioning. FITC 
immunofluorescence staining was performed according to the 
manufacturer's instructions (Beijing Zhongshan Golden Bridge 
Biotechnology Co., Ltd., Beijing, China); primary mouse 
monoclonal anti‑BrdU antibodies (1:1,000; cat. no. sc‑51514; 
Santa Cruz Biotechnology, Inc.) and FITC-labeled goat 
anti‑mouse secondary antibodies (1:1,000; cat. no. sc‑2010; 
Santa Cruz Biotechnology, Inc.) were added in sequence. 
Immunofluorescence microscopy was used, and the green 
fluorescence indicated 5-BrdU-labeled ADSC nuclei. Counting 
was conducted in 10 immunofluorescent images per group to 
determine the survival rate.

Cutaneous wound repair analysis. The animals were sacri-
ficed by cervical dislocation 10 days after treatment. The 

wound area was analyzed by tracing the wound margin and 
calculating the area using ImageJ software (version 1.38; 
National Institutes of Health, Bethesda, MD, USA). The 
percentage of wound closure was calculated as follows: Wound 
closure index (%) = (original wound area ‑ unhealed wound 
area)/original wound area) x 100. Tissue specimens were 
embedded in paraffin for sectioning. The 4‑mm sections were 
stained with hematoxylin and eosin. Using a light microscope, 
the re-epithelialization length of each specimen was measured 
from the marginal skin to the end of the neoepithelium on each 
side of the cross-section.

Statistical analysis. Data are expressed as mean ± standard 
deviation and were statistically analyzed using a Student's 
t-test performed with SPSS software, version 11.5 (SPSS, Inc., 
Chicago, IL, USA). P<0.05 was considered to indicate a statis-
tically significant difference.

Figure 1. Hypoxia and serum‑free conditions induce apoptosis in ADSCs. (A) ASDCs were stained with Annexin V-FITC/PI and immediately analyzed by 
flow cytometry. (B) Early and late apoptosis in ADSCs were detected by staining with Annexin V-FITC (green) and PI (red) under hypoxia and serum-free 
conditions. *P<0.05 vs. the control group. ADSC, adipose tissue‑derived stem cell; FITC, fluorescein isothiocyanate; PI, propidium iodide.

Figure 2. SDF-1 attenuated the apoptosis of ASDCs induced by hypoxic and serum‑free conditions. (A) ASDCs were stained with Annexin V-FITC and PI and 
immediately analyzed by flow cytometry. (B) Effect of SDF-1 on the early and late apoptosis of ASDCs was detected by staining with Annexin V-FITC (green) 
and PI (red), respectively. *P<0.05 vs. the control group; #P<0.05 vs. the hypoxia and serum‑free group. SDF‑1, stromal cell‑derived factor‑1; ASDC, adipose 
tissue‑derived stem cell; FITC, fluorescein isothiocyanate; PI, propidium iodide.

  A   B

  A   B
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Results

Hypoxia and serum depletion induce apoptosis in ADSCs. To 
determine the effect of hypoxia and serum depletion on cell 
apoptosis, ADSCs were exposed to hypoxic and serum‑free 
conditions for 6 h. Flow cytometry was then performed using 
cell binding of the fluorescent dye Annexin V-FITC, which 
marks the early stage membrane change in apoptosis, and PI 
staining of the nucleus, which labels late apoptotic events and 
necrosis. As shown in Fig. 1, hypoxia and serum depletion 
evidently induced the number of apoptotic cells (P<0.05).

SDF‑1 inhibits the hypoxia and serum depletion‑induced 
apoptosis of ASDCs. To explore the effect of SDF-1 on the 
apoptosis of ADSCs induced by hypoxia and serum deple-
tion, ADSCs were treated with SDF-1 prior to induction, 
then collected and analyzed by flow cytometry. As shown 
in Fig. 2, the number of apoptotic cells was increased in 
the hypoxia and serum depletion (apoptosis model) group 
compared with that in the control group (P<0.05); however, 
in the SDF-1 treatment group the numbers of early and late 
apoptotic cells were clearly decreased compared with those 
in the apoptosis model group. This suggests that SDF-1 

Figure 4. SDF-1 promotes ADSC survival and improves chronic wound healing in vivo. (A) ADSCs marked with 5-BrdU were injected into the chronic 
wounds; green fluorescence indicates 5-BrdU‑labeled ADSCs nuclei. Immunofluorescence staining shows that only a few cells survived in the wound bed 
7 days after transplantation in the ADSC group. The number of surviving cells significantly increased in the SDF-1-treated group. (B) Gross appearance of 
the skin wounds 10 days after treatment. In the SDF-1 group, wound areas were smaller, and the wound closure index was superior to that in the ASDC and 
control groups. (C) Histological results. H&E staining of the wounds shows that SDF-treated ADSCs promote chronic wound repair, increase dermal collagen 
levels and the numbers of fibroblasts and capillaries, and result in an re-epithelization length superior to that in the ASDC and control groups. *P<0.05 vs. the 
control group; #P<0.05 vs. the ADSC group. SDF‑1, stromal cell‑derived factor‑1; ADSC, adipose tissue‑derived stem cell; 5‑BrdU, 5‑bromo‑2'‑deoxyuridine.

Figure 3. The caspase pathway is involved in the inhibitory effect of SDF-1 on the hypoxia and serum depletion-induced apoptosis of ADSCs. Western blot 
detection of the levels of procaspase-3, cleaved caspase-3, PARP and cleaved PARP following exposure to hypoxia and serum‑free conditions for 6 h in 
(A) ADSCs and (B) ADSCs pretreated with SDF-1 (0.5 mg/l) for 2 h. SDF‑1, stromal cell‑derived factor‑1; ADSC, adipose tissue‑derived stem cell; PARP, 
poly ADP ribose polymerase.

  A   B

  A

  B

  C
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suppresses the apoptosis of ADSCs induced by hypoxia and 
serum depletion.

Caspase‑3 and PARP activation are involved in the 
inhibitory effect of SDF‑1 on the hypoxia and serum 
depletion‑induced apoptosis of ASDCs. To further determine 
whether hypoxia and serum depletion‑induced apoptosis is 
associated with activation of the caspase signaling pathway 
in ADSCs, caspase-3 and PARP were detected after induc-
tion. As shown in Fig. 3A, compared with that in the control 
group, the procaspase-3 level decreased following induction. 
By contrast, the cleaved caspase-3 level increased compared 
with that in the control group. Similar changes were observed 
for PARP. However, when pretreated with SDF-1, procas-
pase-3 and PARP protein levels partly recovered and cleaved 
caspase-3 and PARP protein levels decreased compared with 
those in the apoptosis model group. This shows that SDF-1 
protects ADSCs from apoptosis under hypoxic and serum‑free 
conditions by activating the caspase signaling pathway.

SDF‑1 promotes ADSC survival in vivo. To investigate whether 
SDF-1 inhibits ASDC apoptosis in vivo, ADSCs marked with 
5-Brd were injected into the chronic wounds of diabetic mice. 
It was found that only a few cells survived in the wound bed 
7 days after cell transplantation. SDF-1 pretreatment exhibited 
a protective effect on ADSC survival. As shown in Fig. 4A, 
the number of surviving cells was significantly higher in the 
SDF-1 treatment group than in the apoptosis model group, 
suggesting that SDF-1 suppresses ADSC apoptosis in vivo.

SDF‑1‑pretreated ADSCs improve chronic wound healing 
in vivo. To further determine whether SDF-1 is able to promote 
the wound healing ability of ASDCs in diabetic mice, the 
healing of wounds was evaluated 10 days after treatment. The 
wound area was significantly smaller in the two groups treated 
with ADSCs than in the control group, and the wound closure 
index for SDF-1-pretreated ADSCs was significantly better 
than that in the other two groups (Fig. 4B). Histological results 
for hematoxylin and eosin staining of the wounds indicate that 
SDF-1-pretreated ADSCs can promote chronic wound repair in 
diabetic mice, as is shown by increased dermal collagen levels, 
fibroblast numbers and capillary density. The re-epithelization 
length in the SDF-1-pretreated ADSC group was significantly 
greater than that in the ADSC group and the control (Fig. 4C).

Discussion

In physiological cutaneous wound healing, MSCs are mobi-
lized from host sources and localize to the site of injury, 
persisting to improve angiogenesis and support tissue repair 
and immunomodulation in cutaneous wounds (21). Despite 
somewhat challenging conditions in the wound bed, these 
host MSCs are able to perform normal functions. However, 
in the case of cell therapy where MSCs are administered to 
the wound bed, due to a lack of oxygen and nutrients and 
the effects of free radicals and inflammation, >99% of the 
administered cells die following implantation (7,14,22). Poor 
post-implant cell numbers often lead to the absence of more 
definitive results. Therefore, a significant barrier to the effec-
tive use of ADSCs in cell therapy has been the insufficient 

post-implant cell survival. As the benefits of ADSC therapy 
for cutaneous wound healing are dependent on cell survival 
in the wound bed, strategies to improve survival following 
implantation, such as hypoxic pretreatment (11) or genetic 
modification (10,19) have received some attention. The present 
study identified for the first time, to the best of our knowledge, 
that SDF-1 pretreatment protects ADSCs from apoptosis in 
a hypoxic and serum-free environment. Furthermore, in vivo 
experiments established that the post-implant cell survival 
and chronic wound healing ability of ADSCs were increased 
following pretreatment with SDF-1 in a diabetic mouse model 
of chronic wound healing.

A number of studies have confirmed that SDF-1 enhances 
the proliferation, migration and secretion capacity of BMSCs 
and cardiac stem cells so as to improve the cell therapeutic 
effect in vivo (16,17,23). For cell apoptosis, Yin et al found 
that SDF-1 inhibits hypoxia and serum deprivation-induced 
apoptosis in MSCs through phosphoinositide 3-kinase/Akt 
and extracellular signal‑regulated kinase 1/2 signaling path-
ways (24). Herberg et al demonstrated that SDF-1 mediates 
MSC survival through the enhancement of autophagy (14). 
Therefore, it was hypothesized that SDF-1 pretreatment may 
promote the activity and survival of ADSCs in an oxygen and 
nutrient‑deficiency environment. In the present study, harsh 
ischemic microenvironment stress was mimicked by the use 
of serum‑free and hypoxic conditions and these were found to 
induce marked apoptosis of ADSCs within 6 h. Moreover, it 
was found that the apoptosis induced in hypoxic and serum-free 
conditions was ameliorated by SDF-1. Furthermore, the 
caspase-3 and PARP signaling pathway may be involved in the 
inhibition of cell apoptosis by SDF-1.

SDF-1 is a chemokine considered to play an important role in 
CXCR4+ and CXCR7+ progenitor cell mobilization and homing 
for ischemic or damaged tissues. It is secreted by endothelial 
and reticular cells and upregulated in acute cutaneous wounds 
for several days following trauma (25). SDF-1 upregulation in 
acute wounds takes part in the initial localization, retention and 
support of CXCR4+ stem cells, thus playing a critical role in 
physiological cutaneous wound healing (26). However, SDF-1 
is expressed at low levels in chronic wounds, and may be hydro-
lytically inactivated by matrix metalloproteinases, leading to 
an SDF-1/CXCR4, CXCR7 axis disorder, hindering the migra-
tion and homing of cells and resulting in chronic healing or 
an absence of healing (27,28). Therefore, in the cell therapy 
of chronic wounds, the wound environment becomes increas-
ingly harsh, with excessive inflammation and an environment 
that is not conducive to angiogenesis (29,30). The deficiency 
in the normal physiological process of cell mobilization and 
activation that SDF-1 induces leads to poor ADSC survival and 
homing. Therefore, it was hypothesized in the present study 
that pretreatment with SDF-1 may simulate the physiological 
process of cell mobilization to a certain extent and promote 
the therapeutic effect of ADSCs in cutaneous chronic wounds. 
Thus, ADSCs, either untreated or pretreated with 0.5 mg/l 
SDF-1, were administered by injection in a diabetic chronic 
wound model. It was found that the surviving cell number was 
significantly higher, and the wound closure index and length of 
re-epithelization were improved by SDF-1 pretreatment of the 
ADSCs, indicating a significant promoting effect of SDF-1 on 
the survival and therapeutic effect of ADSCs in vivo.
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In conclusion, the present study demonstrated that the 
chemokine SDF-1 is important for ADSC survival and the 
prevention of apoptosis. Pretreating ADSCs with SDF-1 prior 
to local administration or intravenous transplantation may 
significantly enhance cell survival and the therapeutic effect 
of ADSCs in cutaneous chronic wounds. 
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