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Abstract. – OBJECTIVE: To investigate the im-
provement effect of adipose-derived stem cells 
on neovascularization in an ischemic flap in di-
abetes mellitus (DM), and to explore the mecha-
nism of hypoxia-inducible factor 1α (HIF-1α)/vas-
cular endothelial growth factor (VEGF) pathway. 

MATERIALS AND METHODS: A total of 60 
male Sprague-Dawley (SD) rats were divided in-
to control group, model group, and adipose-de-
rived stem cells (ADSCs) group. The surviv-
al rate of the flap and the number of new blood 
vessels were measured. The content of VEGF 
was determined by enzyme-linked immunosor-
bent assay (ELISA) kit. Then, the expressions of 
HIF-1α and VEGF in each group were measured 
by immunohistochemistry. Reverse transcrip-
tase polymerase chain reaction (RT-PCR) meth-
od and Western blotting assay were used to de-
tect the mRNA and protein expression of HIF-1α 
and VEGF in each group.

RESULTS: Compared with control group, the 
flap survival rate of model group was decreased 
significantly, and the number of new blood ves-
sels was also decreased significantly. Com-
pared with model group, the flap survival rate 
of ADSCs group was increased significantly, 
and the number of new blood vessels was al-
so increased significantly. The results of ELI-
SA showed that compared with control group, 
the level of VEGF in model group was lower than 
that in model group, and the level of VEGF in the 
ADSC group was significantly higher than that in 
the model group. IHC results showed that both 
HIF-1α and VEGF proteins were decreased sig-
nificantly in model group, whereas the expres-
sion of HIF-1α and VEGF in the ADSCs group 
was increased significantly. The results of RT-
PCR and the Western blotting showed the mRNA 
and protein expressions in model group were 
all decreased, while those in ADSCs group were 
significantly increased (p < 0.05). 

CONCLUSIONS: ADSCs can improve the neo-
vascularization of diabetic ischemic skin by reg-
ulating the HIF-1α/VEGF pathway.
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Introduction

Diabetic mellitus (DM) is a kind of very com-
mon chronic metabolic dysfunction. DM micro-
angiopathy is a common and severe complica-
tion of DM, severely affecting the life quality of 
the patients1. Flap transplantation is one of the 
most effective methods for treatment of tissue 
injury in plastic surgery2. However, necrosis of 
transplanted flaps caused by distant ischemia 
has been occasionally identified3. Therefore, it is 
urgent to search for an effective method to solve 
the ischemic necrosis during flap transplanta-
tion. ADSCs, as a kind of mature stem cells, are 
derived from the adipose tissues with the poten-
tial of multi-directional differentiation. Various 
studies have been identified that adipose-derived 
stem cells (ADSCs) have a definite inducing ef-
fect on differentiation of vascular endotheli-
al cell4,5. However, the effect of ADSCs on the 
angiogenesis of ischemic flap in DM has been 
scarcely reported5. In this study, we investigated 
the role of ADSCs in hypoxia inducible factor 
1α (HIF-1α)/vascular endothelial growth factor 
(VEGF) pathway, and explored how ADSCs im-
proved the angiogenesis of ischemic flap in DM. 

Materials and Methods

Experiment Animals and Grouping
A total of 60 male Sprague-Dawley (SD) with a 

weight of (200 ± 20) g were purchased from Bei-
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jing Vital River Laboratory Animal Technology 
Co., Ltd. (Beijing, China). After one week of ac-
climatization with free access to food and water, 
these rats were randomly divided into three groups: 
blank control group (n=20), DM model group 
(n=20) and ADSCs group (n=20). For rats in blank 
control group, they were fed normally, and those in 
the DM model group and the ADSCs group were 
used for establishing the DM models and preparing 
the flap on the back. In addition, rats in the AD-
SCs group also received the local intervention with 
ADSCs. This study was approved by the Animal 
Ethics Committee of The Second Hospital Affiliat-
ed to Soochow University Animal Center.

Major Reagents
VEGF enzyme-linked immunosorbent assay 

(ELISA) kit (Shanghai Yu Bo Biological Tech-
nology Co., Ltd., Shanghai, China); bicinchoninic 
acid (BCA) protein quantification kit (Beyotime, 
Shanghai, China); TRIzol kit for extraction of 
total RNA (Tiangen, Beijing, China); reverse 
transcription kit for Real-time polymerase chain 
reaction (RT-PCR; Tiangen, Beijing, China); im-
munohistochemistry (IHC) kit (Boster, Wuhan, 
China); anti-glyceraldehyde-phosphate dehydro-
genase (GAPDH), HIF-1α and VEGF monoclo-
nal antibodies and secondary antibodies (Abcam, 
Cambridge, UK). 

Experiment Methods

Preparation of ADSCs
ADSCs were prepared from the cells isolated 

from the adipose tissues collected from SD rats 
and amplified in vitro. 

Model Establishment
In model group and ADSCs group, DM rat mod-

els were prepared through intraperitoneal injection 
of streptozotocin in small dose in combination 
with the high-glucose and -lipid feedstuff followed 
by establishment of flaps on the back. Additionally, 
local transplantation was performed for the isch-
emic flaps in DM rats in the ADSCs group. 

Detecting the Level of VEGF Through 
ELISA Method

In each group, 6 rats were taken for collecting 
the blood through the abdominal blood. Then, in 
accordance with the instruction of kit, we assayed 
the level of VEGF in local tissues and peripheral 
blood with microplate reader and ELISA kit. 

IHC Staining 
Paraffin-embedded sections in each group 

were placed in the xylene (10 min/time, twice), 
and then treated with the ethanol in gradient con-
centrations for 5 min. After antigen retrieval, sec-
tions were rinsed with phosphate buffered saline 
(PBS; 3 min/time, three times). Streptavidin-per-
oxidase staining method was applied followed by 
rinsing with PBS (3 min/time, 3 times). Then, the 
PBS was removed, and the normal goat serum 
working solution was used for incubation of sec-
tions at room temperature followed by treatment 
with antibodies of HIF1α and VEGF in a wet box 
at 4°C refrigerator overnight. After sections were 
washed with PBS (5 min/time, 3 times), second-
ary antibodies were added on the sections for in-
cubation at 37°C for 15 min followed by rinsing 
with PBS (5 min/time, 3 times) and incubating 
with working solution. Then, sections were incu-
bated at 37°C for 15 min, and washed with PBS 
(5 min/time, 3 times). With the freshly prepared 
diaminobenzidine (DAB) solution, color devel-
opment of sections was observed and controlled 
under the microscope followed by re-dyeing with 
the hematoxylin, 1% hydrochloric acid alcohol 
differentiation for 20 s, bluing and dehydration in 
gradient ethanol. Sections were mounted with the 
neutral balsam, and placed under the microscope 
(200×; Nikon Eclipse TE2000-U, Nikon, Japan) 
for observation and analysis. 

Real-Time Polymerase Chain Reaction 
(RT-PCR) Analysis

Tissue samples in all groups were rapidly trans-
ferred into the Eppendorf (EP: Hamburg, Ger-
many) tubes supplemented with 1.5 mL RNAiso 
plus, and placed at room temperature for 5 min for 
sufficient lysis of samples. After centrifugation at 
12000 g for 5 min at 4°C, supernatant was taken, 
where 0.2 mL chloroform was added and well 
mixed followed by placing at room temperature for 
5 min. Next, tubes were again centrifuged at 12000 
g for 15 min at 4°C, and in the supernatant, we 
added the isopropanol in the same volume. After 
the solution was well mixed, it was placed at room 
temperature for 10 min followed by centrifugation 
at 12000 g for 5 min at 4°C with the supernatant 
being discarded carefully; this step was repeated 
for one more time. After the RNA sediment was 
fully rinsed, the liquid was completely removed, 
and RNase-free water was added. Then, the solu-
tion of total RNA (1 μg/μL) was prepared with 
RNase-free water, and used to prepare the reaction 
solution of reverse transcription in accordance with 
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the instruction of RT reagent kit with gDNA Eras-
er. In the solution, RNA samples were added for 
obtaining cDNA that was later preserved at -20°C. 
Thereafter, in accordance with the instruction of 
SYBR®Premix Ex Taq™ II (Tli RNaseH Plus), we 
assayed the level of mRNA. The corresponding 
RNA primers are listed in Table I. 

Western Blotting Analysis
Tissues in all groups were rinsed with the icy 

normal saline, and prepared for assaying the pro-
tein concentrations with the BCA kit followed 
by preservation at -80°C. In accordance with ex-
traction kit of total protein, immunoprecipitation 
(IP) cell lysis buffer (containing phenylmethane-
sulfonyl fluoride and protease inhibitor), the tis-
sues were sufficiently grinded on ice. Thereafter, 
tissues were centrifuged for 10 min at 4°C and 
12000 g for homogenization, and the superna-
tant was centrifuged again for 20 min at 4°C and 
12000 g. The supernatant was used for quantifi-
cation of protein in accordance with the protein 
kit instruction. Protein sample containing the 
same volume of protein was loaded in the sam-
pling holes for electrophoresis under 220 V un-
til the bromophenol blue reached the bottom of 
gel. According to the molecular weight of target 
proteins, gel was cut and placed in the transfer 
buffer. Polyvinylidene difluoride (PVDF) mem-
brane was also cut based on the size of gel. Then, 
the PVDF membrane was soaked in methanol for 
10 s, and transferred into the transfer buffer to-
gether with the filter paper. In sequence of posi-
tive electrode, filter paper, PVDF membrane, fil-
ter paper and negative electrode, these materials 
were sequentially placed in the membrane-trans-
ferring machine for membrane transfer under a 
constant voltage of 110 V to transfer the protein 
on gel to the membrane. Thereafter, PVDF mem-
brane, together with the transferred protein, was 
blocked with 5% skimmed milk on a shaker for 3 
h, and incubated with the corresponding prima-
ry antibody (1:1000) overnight at 4°C. Next, the 

membrane was sufficiently rinsed with Tween 
20 and Tris-buffered saline (TTBS; 10 min/time, 
3 times), and incubated with secondary antibody 
(1:2000) for 1 h at room temperature followed 
by rinsing with TTBS (10 min/time, 3 times). 
Thereafter, enhanced chemiluminescence (ECL) 
reagent was added for color development and 
photographing. 

Statistical Analysis
Statistical Product and Service Solutions 

(SPSS) 17.0 software (SPSS Inc., Chicago, IL, 
USA) was applied in statistical analysis, and ex-
periment data were presented as mean ± standard 
deviation (SD). As for data analysis, One-way 
ANOVA test was used for comparison between 
groups followed by Least Significant Difference 
(LSD). p < 0.05 suggested that the difference had 
statistical significance.

Results

Survival Rate of Flaps and Number of 
New Vessels

As shown in Figure 1, compared with blank 
control group, the survival rate of flaps and quan-
tity of new vessels in model group were signifi-
cantly decreased. Compared with model group, 
we found that those two indexes in the ADSCs 
group were also increased. 

Detecting the Level of VEGF 
Through ELISA

As shown in Figure 2, we found that compared 
with blank control group, the level of VEGF in mod-
el group was significantly decreased. Meanwhile, 
compared with model group, the level of VEGF in 
the ADSCs group was significantly increased. 

IHC Results of HIF-1α and VEGF Proteins
As shown in Figure 3, we performed IHC ex-

periment for HIF-1α and VEGF proteins in each 
group, and found that compared with blank 
control group, the expressions of HIF-1α and 
VEGF in model group were significantly de-
creased. However, when compared with mod-
el group, the expressions in the ADSCs group 
were increased. 

MRNA Expressions of HIF-1α and VEGF
Compared with blank control group, we 

found that the mRNA expressions of HIF-1α 
and VEGF in model group were significantly 

Table I. Primer sequences of corresponding genes in RT-PCR 
analysis.

	Gene	 Primer sequence

HIF-1α	 5’-3’ AAGTCTAGGGATGCAGCAC
	 3’-5’ CAAGATCACCAGCATCTAG
VEGF	 5’-3’ ATGGCAGAAGGAGGAGGG
	 3’-5’ CGAAACGCTGAGGGAGGCT
β-actin	 5’-3’ AGTGTGACGTGGACATCCGCAAAG 
	 3’-5’ ATCCACATCTGCTGGAAGGTGGAC
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decreased. In comparison with model group, 
the mRNA expression levels of HIF-1α and 
VEGF in the ADSCs group were significantly 
elevated (Figure 4). 

Western Blotting Results of HIF-1α and 
VEGF Proteins

Western blotting results showed the protein 
expressions of HIF-1α and VEGF. As shown in 
Figure 5, we found that, in comparison with blank 
control group, the protein expressions of HIF-1α 

and VEGF in model group were significantly de-
creased. At the same time, comparison with mod-
el group showed that the protein expressions of 
HIF-1α and VEGF in the ADSCs group were sig-
nificantly elevated. 

Discussion

In recent years, with the gradual increase in 
the living condition, tremendous changes have 
been seen in life style and diet of people, which 
have rapidly increased the incidence rate of DM6. 
DM, as a kind of chronic metabolic disorder se-
verely threatening the health of human beings7, 
can lead to various serious complications, and 
also severely affect the life quality of human be-
ings. In clinical practice, complications of skin 
or soft tissue caused by DM are frequent, and 
it is urgent to find out an effective method for 
treatment of DM8-10. 

However, pathogenesis of DM remains un-
clear, and the ischemic flaps caused by DM are 
also a problem that should be solved urgently. 
In recent years, flaps have become one of the 
repairing methods in surgery, especially the 
plastic surgery11-13. ADSCs are the somatic stem 
cells isolated from the adipose tissues, and have 
the potential of multi-directional differentiation 
and many functions14-17. It has been confirmed 
that HIF-1α and VEGF, secreted by ADSCs, can 
promote the vascular regeneration, and improve 

Figure 1. Results of the survival rate of flaps and quantity of new vessels in all groups. A, Survival rate of flaps: compared 
with blank control group, the survival rate of flaps in model group is significantly decreased, ##p < 0.01; compared with model 
group, the survival rate of flaps in the ADSCs group is also remarkably increased, **p < 0.01. B, Quantity of new vessels: 
compared with blank control group, the quantity of new vessels in model group is significantly decreased, ##p < 0.01; compared 
with model group, the quantity of new vessels in the ADSCs group is also remarkably increased, **p < 0.01.

Figure 2. Level of VEGF. Compared with blank control 
group, the level of VEGF in model group is significantly 
decreased, ##p < 0.01; while compared with model group, 
the level of VEGF in the ADSCs group is significantly 
increased, **p < 0.01.
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the local blood supply18-20. In summary, HIF-1α/
VEGF pathway may serve as a new direction in 
treatment of ischemic flaps in DM. 

In this experimental study with the SD rats, we 
divided those rats into three groups: blank control 
group, model group and ADSCs group. We mea-
sured the survival rate of flaps and the quantity 
of new vessels, and assayed the content of VEGF 

through ELISA method. Furthermore, we per-
formed the IHC assay to detect the expressions 
of HIF-1α and VEGF in each group. RT-PCR ex-
periment and Western blotting were also carried 
out to detect the mRNA and protein expressions 
of HIF-1α and VEGF in each group. Our results 
showed that compared with control group, the flap 
survival rate of model group was decreased sig-

Figure 3. IHC results of HIF-1α and VEGF proteins (200×). Compared with blank control group, the expressions of HIF-1α 
and VEGF in model group are significantly decreased; however, when compared with model group, the expressions in the 
ADSCs group are increased.

Figure 4. mRNA expressions of HIF-1α and VEGF. Compared with blank control group, mRNA expressions of HIF-1α and 
VEGF in model group are significantly decreased, ##p < 0.01; in comparison with model group, the mRNA expressions of HIF-
1α and VEGF in the ADSCs group are elevated, **p < 0.01.
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nificantly, and the number of new blood vessels 
was also decreased significantly. Compared with 
model group, the flap survival rate of ADSCs 
group was increased significantly, and the num-
ber of new blood vessels was also increased sig-
nificantly. The results of ELISA showed that com-
pared with control group, the level of VEGF in 
model group was lower than that in model group, 
and the level of VEGF in the ADSC group was 
significantly higher than that in model group. IHC 
results showed that both HIF-1α and VEGF pro-
teins were decreased significantly in model group, 
whereas the expression of HIF-1α and VEGF in 
the ADSCs group was increased significantly. 
The results of RT-PCR and the Western blotting 
assay showed the mRNA and protein expressions 
in model group were all decreased, while those in 
ADSCs group were significantly increased. 

Conclusions

We suggest that ADSCs can improve the neo-
vascularization of diabetic ischemic skin by reg-
ulating the HIF-1/VEGF pathway, which can pro-
vide new orientation for the treatment of ischemic 
flaps in DM. 

Acknowledgements
This study was supported by Youth Workers Pre-research 
Fund of The Second Hospital Affiliated to Soochow Uni-
ver-sity (SDFEYQN1602), Suzhou Science and Technol-
ogy Development Plan (No. SYS201623), National Natu-
ral Science Foundation of China (No. 81703157) and Su-
zhou Science and Education Program for Promoting Health 
(KJXW2016015).

Conflict of Interest
The Authors declare that they have no conflict of interests.

References

  1)	 Bilir B, Ekiz BB, Yilmaz I, Soysal AN, Yildirim T, Ka-
ra SP, Gumustas SA, Orhan AE, Aydin M. Associa-
tion of apelin, endoglin and endocan with diabetic 
peripheral neuropathy in type 2 diabetic patients. 
Eur Rev Med Pharmacol Sci 2016; 20: 892-898. 

  2)	 Vija L, Farge D, Gautier JF, Vexiau P, Dumitrache C, 
Bourgarit A, Verrecchia F, Larghero J. Mesenchy-
mal stem cells: stem cell therapy perspectives for 
type 1 diabetes. Diabetes Metab 2009; 35: 85-93.

  3)	 Epstein SE, Kornowski R, Fuchs S, Dvorak HF. Angio-
genesis therapy: amidst the hype, the neglected 
potential for serious side effects. Circulation 2001; 
104: 115-119.

Figure 5. Protein expressions of HIF-1α and VEGF. Compared with blank control group, the protein expressions of HIF-1α 
and VEGF in model group are decreased, ##p < 0.01; in comparison with model group, the protein expressions of HIF-1α and 
VEGF in the ADSCs group are significantly increased, **p < 0.01.



W.-Y. Yu, W. Sun, D.-J. Yu, T.-L. Zhao, L.-J. Wu, H.-R. Zhuang

16

  4)	 Liu DC, Yang XN, Huang CZ, Sun YG, Dai XM. Ex-
perimental study on co-culturing adipose-derived 
stem cells with osteoblasts under different con-
ditions. Eur Rev Med Pharmacol Sci 2016; 20: 
3535-3543.

  5)	 Chang EI, Loh SA, Ceradini DJ, Chang EI, Lin SE, Bas-
tidas N, Aarabi S, Chan DA, Freedman ML, Giaccia 
AJ, Gurtner GC. Age decreases endothelial pro-
genitor cell recruitment through decreases in hy-
poxia-inducible factor 1alpha stabilization during 
ischemia. Circulation 2007; 116: 2818-2829.

  6)	 Ceradini DJ, Yao D, Grogan RH, Callaghan MJ, Edel-
stein D, Brownlee M, Gurtner GC. Decreasing in-
tracellular superoxide corrects defective isch-
emia-induced new vessel formation in diabetic 
mice. J Biol Chem 2008; 283: 10930-10938.

  7)	 Zhang T, Gong W, Li Z, Yang S, Zhang K, Yin D, Xu 
P, Jia T. Efficacy of hyperbaric oxygen on survival 
of random pattern skin flap in diabetic rats. Under-
sea Hyperb Med 2007; 34: 335-339.

  8)	 Lu F, Mizuno H, Uysal CA, Cai X, Ogawa R, Hyaku-
soku H. Improved viability of random pattern skin 
flaps through the use of adipose-derived stem 
cells. Plast Reconstr Surg 2008; 121: 50-58.

  9)	 Potier E, Ferreira E, Dennler S, Mauviel A, Oudina 
K, Logeart-Avramoglou D, Petite H. Desferrioxam-
ine-driven upregulation of angiogenic factor ex-
pression by human bone marrow stromal cells. J 
Tissue Eng Regen Med 2008; 2: 272-278.

10)	 Lyden D, Hattori K, Dias S, Costa C, Blaikie P, Butros 
L, Chadburn A, Heissig B, Marks W, Witte L, Wu Y, 
Hicklin D, Zhu Z, Hackett NR, Crystal RG, Moore 
MA, Hajjar KA, Manova K, Benezra R, Rafii S. Im-
paired recruitment of bone-marrow-derived endo-
thelial and hematopoietic precursor cells blocks 
tumor angiogenesis and growth. Nat Med 2001; 7: 
1194-1201.

11)	 Catrina SB, Okamoto K, Pereira T, Brismar K, 
Poellinger L. Hyperglycemia regulates hypoxia-in-
ducible factor-1alpha protein stability and func-
tion. Diabetes 2004; 53: 3226-3232.

12)	 Galiano RD, Tepper OM, Pelo CR, Bhatt KA, Cal-
laghan M, Bastidas N, Bunting S, Steinmetz HG, 

Gurtner GC. Topical vascular endothelial growth 
factor accelerates diabetic wound healing through 
increased angiogenesis and by mobilizing and re-
cruiting bone marrow-derived cells. Am J Pathol 
2004; 164: 1935-1947.

13)	 Grunewald M, Avraham I, Dor Y, Bachar-Lustig E, 
Itin A, Jung S, Chimenti S, Landsman L, Abramovitch 
R, Keshet E. VEGF-induced adult neovasculariza-
tion: recruitment, retention, and role of accessory 
cells. Cell 2006; 124: 175-189.

14)	 Westerweel PE, Teraa M, Rafii S, Jaspers JE, White IA, 
Hooper AT, Doevendans PA, Verhaar MC. Impaired 
endothelial progenitor cell mobilization and dys-
functional bone marrow stroma in diabetes melli-
tus. PLoS One 2013; 8: e60357.

15)	 Chen HT, Huang AB, He YL, Bian J, Li HJ. Wnt11 
overexpression promote adipose-derived stem 
cells differentiating to the nucleus pulposus-like 
phenotype. Eur Rev Med Pharmacol Sci 2017; 21: 
1462-1470.

16)	 Haws MJ, Erdman D, Bayati S, Brown RE, Russell RC. 
Basic fibroblast growth factor induced angiogene-
sis and prefabricated flap survival. J Reconstr Mi-
crosurg 2001; 17: 39-42.

17)	 Lerman OZ, Galiano RD, Armour M, Levine JP, Gurt-
ner GC. Cellular dysfunction in the diabetic fibro-
blast: impairment in migration, vascular endothe-
lial growth factor production, and response to hy-
poxia. Am J Pathol 2003; 162: 303-312.

18)	 Thangarajah H, Yao D, Chang EI, Shi Y, Jazayeri L, Vi-
al IN, Galiano RD, Du XL, Grogan R, Galvez MG, 
Januszyk M, Brownlee M, Gurtner GC. The molecu-
lar basis for impaired hypoxia-induced VEGF ex-
pression in diabetic tissues. Proc Natl Acad Sci U 
S A 2009; 106: 13505-13510.

19)	 Gurunluoglu R, Meirer R, Shafighi M, Huemer GM, 
Yilmaz B, Piza-Katzer H. Gene therapy with adeno-
virus-mediated VEGF enhances skin flap prefab-
rication. Microsurg 2005; 25: 433-441.

20)	 Gao W, Qiao X, Ma S, Cui L. Adipose-derived stem 
cells accelerate neovascularization in ischaemic di-
abetic skin flap via expression of hypoxia-inducible 
factor-1alpha. J Cell Mol Med 2011; 15: 2575-2585.


