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ABSTRACT. The purpose of this study was to investigate the 
mechanism behind adipose tissue wound healing (ATWH). The 
preadipocyte cell line 3T3-L1 was cultured and expression of adiponectin 
receptors (AdipoR1/2) was detected by immunohistochemistry and 
reverse transcription polymerase chain reaction. The concentration 
of adiponectin secreted at different cell densities was measured by 
enzyme-linked immunosorbent assay, while preadipocyte proliferation 
and migration were determined in vitro by MTT and wound 
closure assays. AdipoR1/2 were found to be expressed in 3T3-L1 
preadipocytes. There were no statistically significant differences in the 
concentrations of adiponectin secreted by cell solutions of different 
densities (P > 0.05). In addition, adiponectin was seen to promote the 
growth and migration of preadipocytes. In conclusion, adiponectin 
may regulate ATWH by promoting preadipocyte proliferation and 
migration, and its systemic and/or local application is proposed as a 
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promising therapeutic approach for the treatment of wounds incurred 
as a result of surgery.
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INTRODUCTION

The poor healing of incisions made during surgery constitutes the most common 
abdominal postoperative complication, with an incidence rate of 7 to 26% (Jeon et al., 
2011). Fat necrosis is also common and mainly occurs in overweight and obese patients. 
The typical wound healing process includes inflammatory, proliferative, and remodeling 
phases (Pradhan et al., 2011). Studies of wound models have predominately concentrated 
on impaired wound healing in diabetes, with a specific focus on scar formation, epithelial 
stem cell transformation, angiogenesis, and inflammation control (Lu et al., 2009; Liang et 
al., 2009; Cheng et al., 2011). Little research into adipose tissue wound healing (ATWH) 
has been carried out.

Adiponectin is an endogenous bioactive protein secreted by adipose cells (Kawada 
and Hasegawa, 2012) that performs a variety of roles in different tissue and cell types. For 
example, it has been implicated in insulin sensitivity, the anti-inflammatory response, and in 
mitigating the effects of atherosclerosis (Maeda et al., 2002; Okamoto et al., 2002, 2006). Be-
sides, mice lacking adiponectin show impaired wound healing and reduced keratinocyte pro-
liferation and migration. Cutaneous healing in adiponectin-deficient mice improved following 
treatment with adiponectin, while no obvious effect of such treatment was observed in normal 
controls, revealing that adiponectin promotes wound healing (Shibata et al., 2012). However, 
adiponectin’s function in ATWH remains unclear.

The aim of this study was to investigate the role of adiponectin in ATWH. We first 
established cultures of the mouse preadipocyte line 3T3-L1, as a model of ATWH, and subse-
quently tested the effect of adiponectin on the proliferation and migration of these cells. We 
aimed to provide an experimental basis for the use of adiponectin in the treatment of postop-
erative complications caused by cutaneous wounds.

MATERIAL AND METHODS

In vitro culture of the mouse preadipocyte line 3T3-L1 

Mouse preadipocytes were purchased from the American Type Culture Collection 
(Manassas, VA, USA) and were routinely maintained in a growth medium of Dulbecco’s 
modified Eagle’s medium (DMEM, St. Louis, MI, USA) supplemented with 10% fetal 
bovine serum (FBS, Gibco, Thermo Fisher Scientific Inc.) at 37°C in a humidified atmo-
sphere of 5% CO2. The medium was changed every 2 days and cell monolayers were de-
tached with 0.25% trypsin (Gibco, Thermo Fisher Scientific Inc.) prior to being passaged. 
Passaging was carried out at regular intervals until cells were used in experiments. Preadi-
pocyte morphology was observed using an inverted microscope (IX83, Olympus, Japan) 
and images were recorded.
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Inducing differentiation of mouse preadipocytes

All reagents were purchased from Sigma (St. Louis, MI, USA) unless stated other-
wise. Differentiation of 3T3-L1 preadipocytes was induced using the typical hormone cocktail 
method. Cells (6 x 104 cells/well) were plated on 6-well plates, and a sterilized cover glass was 
placed on each well. Then, cells were cultured in DMEM containing 10% FBS in a humidified 
5% CO2 atmosphere at 37°C. Two days after the cells had reached confluence, differentiation 
was induced by replacing the growth medium with an induction medium comprising DMEM, 
0.5 mM 3-isobutyl-1-methylxanthine (IBMX), 10 mg/mL insulin (INS), 1 mM dexamethasone 
(DEX), and 10% FBS. After 2 days, the induction medium was replaced by DMEM containing 
10 mg/mL INS and 10% FBS. After a further 2 days, this was substituted with fresh growth 
medium, which was replaced at 2-day intervals until day 8, at which point 90% cells appeared 
to have a phenotype typical of adipocytes.

Oil red O staining

On day 8, slides of cells were washed 3 times with phosphate buffered saline (PBS), 
and fixed with 4% formaldehyde-phosphate buffer for 1 h, before being rinsed 3 times with 
water and stained for 1 h with 60% isopropanol containing 0.5% oil red O (Beijing Solarbio 
Science & Technology Co., Ltd., Beijing, China). Cells were then counterstained with hema-
toxylin and washed with PBS. Images of cells were subsequently taken under a microscope.

Immunohistochemistry analysis of adiponectin receptor expression (AdipoR1/2)

Firstly, cell slides were made by placing a suspension containing 1 x 106 cells/mL on 
sterilized cover glasses and leaving them for 30 min. Then, growth medium was added and cells 
were incubated in a humidified 5% CO2 atmosphere at 37°C for 3 to 6 h. Cells were observed 
under a microscope to verify that they had attached to the slides, prior to being fixed in 4% 
formaldehyde-phosphate buffer for 30 min. This was followed by a 30 min, room temperature 
incubation in 30% H2O2 diluted 1 in 50 in pure methanol, and 3 washes with PBS, each last-
ing for 2 to 3 min. The slides were then blocked with 5% bovine serum albumin for 20 min. 
Monoclonal rabbit anti-AdipoR1 or polyclonal goat anti-AdipoR2 primary antibodies, diluted 
1 in 200, were incubated with cells overnight at 4°C. Goat anti-rabbit and donkey anti-goat 
secondary antibodies were subsequently added and slides were kept at 37°C for 20 min. Cells 
were then incubated with streptavidin-biotin complex at 37°C for a further 20 min. Finally, 
slides were stained with 3,3'-diaminobenzidine and counterstained with hematoxylin before 
being mounted and observed under a microscope. For the control group, PBS was used in place 
of primary antibodies. All antibodies were purchased from Abcam (Cambridge, MA, USA).

Reverse transcription PCR (RT-PCR) analysis of AdipoR1/2 expression

Total RNA was isolated using an RNAsimple Total RNA kit (TIANGEN Biotech Co., 
Ltd., Beijing, China) and cDNA synthesized with a ReverTra Ace qPCR RT Kit (Toyobo, 
Osaka, Japan). Conventional PCR reactions were then carried out with the following 
primers specific for AdipoR1: forward, 5'-GACAGGCCTAAGTGTCCAT-3'; and reverse, 
5'-GCATGCTTGTTCTTCT-3'. The primers used to amplify AdipoR2 were as follows: forward, 
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5'-TGACAACCACCACGGAGA-3'; and reverse, 5'-GTCCAAATGTTGCCCGTC-3'. All 
primers were synthesized by BGI Tech (BGI Tech Solutions Co., Ltd. Shenzhen, China). 
Thermal cycling was carried out with a 5 min denaturation step at 94°C, followed by 40 
cycles of 30 s at 94°C, 30 s at 60°C, and 60 s at 68°C. PCR products were separated by 
electrophoresis on a 1% agarose gel and visualized under ultraviolet light.

Enzyme-linked immunosorbent assay (ELISA) analysis of adiponectin secreted by 
different densities of 3T3-L1 cells

Preadipocyte cells were seeded on 6-well plates at a density of 5 x 105 cells/well and 
maintained in a humidified 5% CO2 atmosphere at 37°C for 12, 24, 48, and 72 h, over which 
periods it was not necessary to replace the culture medium. Cells were counted after each 
period and the concentration of adiponectin in the culture supernatant was quantified using an 
ELISA kit (Boster, Wuhan, China), according to the manufacturer protocol. Enzyme-labelling 
measuring instrument (SP-Max 3500FL, Shanghai Flash Spectrum Biological Technology 
Co., LTD) was used to measure the absorbance value of 450nm.

Influence of adiponectin on cell proliferative activity measured by 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay

Cells were seeded on 96-well plates at a density of 6 x 104 cells/well and cultured in 
a humidified 5% CO2 atmosphere at 37°C for 3 h. Then, cells were divided into 6 groups, and 
each group into 3 wells, and the following concentrations of adiponectin (CYT-280; ProSpec, 
East Brunswick, NJ, USA) were added: 0.625, 1.25, 2.5, 5, and 10 ng/mL. For the control 
group, culture medium was added in place of adiponectin. Cells were then cultured in a hu-
midified 5% CO2 atmosphere at 37°C for 72 h. Following this, 20 mL 5 mg/mL MTT was 
added to each well and after 4 h, cell proliferation was estimated according to the manufac-
turer protocol, with absorbance being measured at 490 nm.

Influence of adiponectin on cell migration measured by wound healing

Preadipocyte cells were seeded on 6-well plates at a density of 5 x 105 cells/well and 
cultured in a humidified 5% CO2 atmosphere at 37°C for 24 h, during the time confluency of 
cell monolayers was 70 to 80%. The single layer of cells was then lightly scratched with a 10 
mL volume aseptic pipette tip and plates were washed twice with PBS to remove loose cells. 
New culture medium was added, and cultures were divided randomly into 3 groups: 10% 
DMEM; 10% DMEM + 10% FBS; and 10% DMEM + 10% FBS + 25 mg/mL adiponectin. 
Wound healing status was then monitored at 0, 6, 12, and 24 h after scratching.

Statistical analysis

Statistical analysis was performed using SPSS version 17.0 (SPSS Inc., Chicago, IL, 
USA). Data are reported as means ± standard deviation (SD). The t-test was used to compare 
2 groups, while one-way ANOVA analysis was used for comparisons between more than 2 
groups. Differences with P values lower than or equal to 0.05 were considered to be statisti-
cally significant.
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RESULTS

Culture and maturation of 3T3-L1 preadipocytes

Preadipocyte morphology was observed under an inverted microscope after 3 passages. 
Cells were of uniform shape and size, with a spindle-like form and large projections. Their 
appearance was homogeneous and fibroblast-like, and they were seen to adhere to the wall of 
the container (Figure 1A). Preadipocytes began to transform into adipocytes after treatment 
with IBMX + INS + DEX. Cell volumes increased gradually and their shape changed from 
spindle-like to elliptic, quasi-circular, and round. After 8 days of differentiation, the 3T3-L1 
preadipocytes were dyed with oil red O, which revealed the merging of smaller lipid drops 
into larger ones. By this stage, most cells demonstrated adipocyte morphology, and our results 
suggest that cells had indeed differentiated (Figure 1B).

Figure 1. Morphology of 3T3-L1 preadipocytes before and after differentiation. (A) Undifferentiated 3T3-L1 
preadipocytes; (B) mature adipocytes identified by oil red O staining.

Expression of AdipoR1/2 in 3T3-L1 preadipocytes

Immunohistochemistry revealed the expression of AdipoR1/2 in 3T3-L1 preadipo-
cytes, which was consistent with our RT-PCR results (Figure 2).

Figure 2. Expression of AdipoR1/2 in 3T3-L1 preadipocytes identified by immunohistochemistry. (A) AdipoR1 
positive cells, 3,3'-diaminobenzidine (DAB) staining, 100X magnification; (B) AdipoR2 positive cells, DAB 
staining, 100X magnification; (C) PBS-treated control group, DAB staining, 200X magnification; (D) AdipoR1 
and AdipoR2 polymerase chain reaction products were in accordance with immunohistochemistry results.
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Adiponectin concentration in various densities of 3T3-L1 preadipocytes

Cell counts of 3T3-L1 preadipocytes cultured on 6-well plates (2 mL) for 12, 24, 48, 
and 72 h were 6 x 105, 9.9 x 105, 12.3 x 105, and 13.3 x 105 respectively. Optical density val-
ues as a measure of adiponectin concentration were 0.05515 ± 0.00025, 0.05835 ± 0.00021, 
0.05625 ± 0.00092, and 0.05855 ± 0.00049 respectively, while that for the control group, in 
which cell density was 0, was 0.05175 ± 0.00304. Differences between each group were not 
statistically significant, ensuring the legitimacy of subsequent experimental results.

Influence of adiponectin on 3T3-L1 preadipocyte cell proliferation 

Treatment with adiponectin increased the number of active preadipocytes in a dose-
dependent manner at lower doses. However, at concentrations above 1.25 ng/mL, this promo-
tive effect was reduced (Figure 3).

Figure 3. Influence of adiponectin on 3T3-L1 preadipocyte proliferation.

Influence of adiponectin on 3T3-L1 preadipocyte migration

No cell migration was observed 6 and 12 h after scratching in the 10% DMEM group, 
and signs of apoptosis were evident (Figure 4, panels A6 and A12), however, some migration 
had occurred after 24 h (Figure 4, panel A24). Movement of cells was seen 6 h after scratching 
in the 10% DMEM + 10% FBS group (Figure 4, panel B6) and this peaked at 12 h (Figure 4, 
panel B12). By 24 h, cells displayed apoptosis and migration had decreased (Figure 4, panel 
B24). An increasing level of cell migration was observed at each time point in the 10% DMEM 
+ 10% FBS + 25 mg/mL adiponectin group (Figure 4, panels C6 and C12) and the wound had 
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completely healed after 24 h (Figure 4, panel C24). This result suggests that adiponectin can 
promote cell migration in 3T3-L1 preadipocytes.

Figure 4. Influence of adiponectin on 3T3-L1 preadipocyte migration. Numbers represent 0, 6, 12, and 24 h after 
being lightly scratched with an aseptic pipette tip. Group A: cells cultured in 10% Dulbecco’s modified Eagle 
medium (DMEM); Group B: cells cultured in 10% DMEM + 10% fetal bovine serum (FBS); Group C: cells 
cultured in 10% DMEM + 10% FBS + 25 mg/mL adiponectin. In Group C, migration occurred continuously 
throughout the experiment (C0, C6, C12), with the wound appearing completely healed after 24 h (C24).

DISCUSSION

Preadipocytes are the precursors of adipocytes, the continuous proliferation and dif-
ferentiation of which are required for ATWH. Fat necrosis is a common problem in overweight 
and obese patients, for whom serum adiponectin levels tend to be lower than those of healthy 
people (Kadowaki and Yamauchi, 2005). Adiponectin is a plasma protein secreted exclusively 
by adipocytes (Arita et al., 1999; Kawada and Hasegawa, 2012) and is found at physiological 
concentrations between 3 and 30 mg/mL . Recently, studies on adiponectin have concentrated 
on insulin resistance, metabolic syndrome, and atherosclerosis (Maeda et al., 2002; Okamoto 
et al., 2002, 2006), while many others have established its role in wound healing in various tis-
sues. For example, adiponectin was used to treat damage resulting from alcoholic liver disease 
(Ouchi et al., 2011) and ethanol-induced gastric mucosal injury (Xu et al., 2003). In addition, 
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adiponectin-mediated repair of periodontal damage (Yamamoto et al., 2012) and hearing loss 
has been demonstrated, and it plays important roles in prostate cancer (Salathia et al., 2013) 
and colon carcinoma (Lu et al., 2012).

In this study, we established that AdipoR1/2 are expressed in 3T3-L1 preadipocytes using 
immunohistochemistry and RT-PCR. Furthermore, we showed that adiponectin concentration is 
not significantly affected by the density of preadipocytes, and demonstrated its ability to promote 
cell proliferation and migration, as well as wound healing in vitro. Therefore, we concluded that 
adiponectin should be conducive to the postoperative ATWH process to a certain extent.

The proliferation and migration of certain cell types depends on the targeting action of 
adiponectin. Globular adiponectin induces the migration of muscle satellite cells and promotes 
differentiation of skeletal muscle cells (Ogunwobi and Beales 2006), in addition to promoting 
the proliferation and differentiation of osteoblasts (Fiaschi et al., 2012). However, adiponectin 
appears to inhibit the growth and migration of human aortic smooth muscle cells (Luo et al., 
2005) and hepatic stellate cells (Arita et al., 2002). Moreover, it modulates the expression of 
transforming growth factor β and inhibits the proliferation and migration of keratinocytes, rep-
resenting a potential treatment for poor wound healing in diabetic patients. However, a recent 
paper described the somewhat contradictory finding that adiponectin promotes the growth and 
migration of keratinocytes via the ERK signal pathway during wound healing in skin (Shibata 
et al., 2012), a conclusion consistent with our results. Yet the mechanism behind its effect on 
ATWH is not clear and further studies are needed. Our results suggest an optimum adipo-
nectin concentration of 1.25 ng/mL for the promotion of preadipocyte proliferation, while its 
concentration in healthy people ranges from 3 to 30 mg/mL (Kawai et al., 2008). Therefore, 
physiological concentrations of adiponectin should be sufficient to promote ATWH, although 
this remains to be proved.

ATWH is a complex process, in which not only cell proliferation and migration, but 
also apoptosis and differentiation play a part (Collawn et al., 2012). Interestingly, we observed 
a more significant degree of apoptosis in the control groups than in the experimental group. It is 
unclear whether adiponectin inhibits apoptosis in 3T3-L1 preadipocytes, but the significant dif-
ferences between groups suggest that it may play a role in this process, although further investi-
gation is required. Besides, the present study consisted of only in vitro experiments. An animal 
model will be employed in our future study on adiponectin’s function in promoting ATWH.

In conclusion, the results of this study revealed that 3T3-L1 preadipocytes express 
AdipoR1/2 and secrete adiponectin, which promotes their proliferation and migration. Locally 
or systemically administered recombinant adiponectin may improve postoperative ATWH, but 
further primary research and clinical studies are needed.
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