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Background: Diabetic skin defect is difficult to manage in surgical clinics, and there is still 
lack of effective treatments for diabetic skin defects. Currently, autologous fat grafting 
(AFG) is promising in the field of reconstructive surgery, while macrophage infiltration in 
autologous adipose tissue is considered vital for tissue regeneration. But AFG is rarely 
applied to the treatment of diabetic skin defects, and whether macrophage infiltration assists 
AFG to promote wound healing is still unknown.
Methods: Full-thickness skin defect diabetic rats were divided into 3 groups: control group, 
autologous fat grafting (AFG) group and AFG with macrophage depletion (AFG+MD) 
group. We examined the amount of macrophages in the wounds bed and the expression 
level of inflammatory factors IL-10, IL-6, TNF-α, and also growth factors PDGF-β, TGF-β, 
IGF-1 at the same time. The content of collagen-I and α-smooth muscle actin protein in the 
wounds were determined by Western blot analysis. Finally, the healing of the wounds was 
evaluated.
Results: The AFG group showing more rapid healing, secreting more growth factors and 
more obvious vascularization in the healing process, compared with the control group. But, 
the secretion of growth factors and the construction of extracellular matrix (ECM) in the 
wounds were limited when macrophages were depleted after AFG.
Conclusion: AFG promotes the infiltration of macrophages to improve the healing envir-
onment of diabetic wounds by increasing the secretion of growth factors and revasculariza-
tion, which provides a potential method for the treatment of diabetic skin defects.
Keywords: diabetic skin defects, autologous fat grafting, wound healing, macrophage 
depletion

Introduction
Diabetic skin defects are common challenges in reconstructive surgery.1 The repair 
of skin defects is a complex, highly regulated process consisting of four stages: 
early inflammatory stage, mid proliferative stage and late remodeling stage, which 
involve interactions between skin cells, immune cells and extracellular matrix 
(ECM).2 The healing of skin defects is critical in maintaining the barrier function 
of skin and moderate the further deterioration of skin defects.3 With multiple 
disease processes, the cascade of events involved in the healing of diabetic skin 
defects can be affected and leading to arresting in chronic inflammatory phase, 
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further causing local ischemia, resulting in chronic, non- 
healing wounds that subject the patient to significant dis-
comfort and distress while draining the medical system of 
an enormous amount of resources.4–6 However, limited 
self-renewal ability of skin in severe chronic diabetic 
wounds necessitates the use of different skin grafting 
methods like full-thickness skin grafting including the 
whole dermis and epidermis.7,8 As chronic diabetic 
wounds have more necrotic tissues and ischemia, patients 
usually need to suffer a long process of skin debridement 
and the skin cannot be directly grafted.9 Except for the 
difficulty of flap transplantation which requiring experi-
enced surgeons, diabetic patients are still at risk of failure 
due to vascular disease.10 Besides that, skin substitutes 
have long been used in grafts for skin defects, but these 
biological engineered dressings are quite costly, represent-
ing a significant barrier to widespread adoption.11

Recent advances in tissue engineering approaches have 
provided promising treatment options to meet the chal-
lenges of impaired skin wound healing such as diabetic 
wounds.12 There is an abundance of literature supporting 
the efficacy of fat grafting in plastic and reconstructive 
cases, such as burn and scarring area.13,14 Adipose tissue is 
an abundant source of adipose-derived stem cells 
(ADSCs), which have shown an improved outcome in 
wound-healing studies.15,16 ADSCs are pluripotent stem 
cells with the ability to differentiate into different lineages 
and to secrete various cytokines initiating tissue regenera-
tion process.17,18 Whereas fat transplantation for the treat-
ment of diabetic skin defects rarely been evaluated, and its 
mechanism in treating chronic wounds is unclear.

It has been hypothesized that macrophage may have 
a positive effect on the survival and retention of fat grafts 
because of improved proliferation and differentiations of 
ADSCs, reduced inflammation, and improved 
vascularisation.19 There is also increasing interest in 
a possible synergistic effect of macrophage infiltration 
and adipose grafting in aspect of healing potential, 
although the evidence for this is very limited.20 Due to 
the ease of collection and affordable properties, adipose 
tissue is an attractive source and worthy of attention for 
clinical translation.21 Therefore, in this study, we evaluate 
the evidence of AFG on eliminating chronic inflammation, 
promoting the secretion of growth factors and revascular-
ization in diabetic skin defect rat models. At the same 
time, we constructed a macrophage depletion diabetic rat 
model to explore whether the recruitment of macrophages 
after AFG had an important impact on wound healing.

Materials and Methods
Animals and Skin Defect Model
All procedures were carried out in compliance with the 
guide for the care and use of laboratory animal resources 
and the national research council, and approved by the 
Animal Biosafety Level 3 Laboratory of Wuhan 
University Institutional Animal Care and Use Committee 
(2,019,201). 8 weeks of age, about 250 g SD rats were 
obtained at the Laboratory of Wuhan University Zhongnan 
Hospital and housed in a controlled environment (12 hours 
light/dark cycle at 21°C) with free access to water and 
standard chow diet. After 7 days of adjusting to the new 
environment, all rats received intraperitoneal injections of 
STZ (Streptozocin, Sigma, USA; 60 mg/kg), and then 
given free access to food and water.22 The weight and 
blood glucose level of all animals were measured 
every day after STZ administration. The glycemia of rats 
was measured by a glucometer in venous blood samples 
collected via tail veins. The day of the surgery (about 7 
days after STZ injection), blood glucose levels were again 
determined and only rats with blood glucose greater than 
300 mg/dl (16.7 mmol/L) were considered diabetic and 
included for subsequent experiments. The back of the 
diabetic rats was shaved, and using 70% alcohol and 
iodophor disinfectant solutions to disinfect the skin 
surgery area of SD rats. After anesthesia with 1% pento-
barbital sodium (40 mg/kg; i.p.), a 1.5 × 1.5 cm2 full- 
thickness skin and subcutaneous panniculus carnosus 
were removed.23

Study Groups
Forty-five diabetic rats were divided into 3 groups ran-
domly: the control (CON) group, the autologous fat grafting 
(AFG) group and the AFG with macrophage depletion 
(AFG+MD) group. The CON group rats were only covered 
with petrolatum gauze. For the AFG group rats, the auto-
logous adipose tissues of rats inguinal regions were dis-
sected using sterile surgical instruments, then rinsed with 
PBS (pH=7.4), minced with an ophthalmic scissors, and 
homogenized with PBS as well. The homogenized adipose 
tissue was then centrifuged in a test tube at 3,000 g for 3 
minutes to remove water and oil.24 The final products were 
transplanted to the skin defects. Likewise, the AFG wounds 
were covered with petrolatum gauze. Finally, for the AFG 
+MD group rats, before receiving AFG treatment, 100 μL 
Lipo-Clo (ClodronateLiposome, Netherlands; i.v.) was 
injected into rats using an insulin syringe every other day 
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for 2 weeks.25 Every time the AFG+MD group rats injected 
with Lipo-Clo, the other two groups of rats would receive 
100 μL of PBS solution as control.

Wound Closure Measurement
Gross wounds were observed and photographed at 0, 3, 5, 
7, 10, and 14 days after the operation. The wound area was 
measured by a 15-centimeter sterile measuring ruler and 
also traced the wound margin on photograph and calcu-
lated the pixel data using ImageJ software (National 
Institutes of Health, Bethesda, USA).

Histology and Morphology Studies
Four rats from each group were sacrificed at day 7 and day 
14 after surgery and the wound areas were excised for 
histological analysis. Sections of paraffin-embedded 
wounds were stained with Hematoxylin and Eosin 
(H&E) and were used to determine the thickness of gran-
ulation tissue and length of reepithelialization. The ree-
pithelialization length was defined as the distance from the 
advancing tip of the epithelialization tongue to the site of 
the first hair follicle at the wound margin. Measurements 
were made using ImageJ software. Masson trichrome 
staining was performed on day 14 specimens to observe 
the collagen fibril alignments.

Immunohistochemistry for CD68 and 
CD31
CD68 was used to identify and quantify macrophages and 
the angiogenesis was measured with immunohistochemis-
try by CD31 assay on day 14 wound sections. Paraffin- 
embedded sections were rehydrated and subjected to 
antigen retrieval by microwaving in 10 mM sodium citrate 
(pH = 6.0) for 10 minutes. Immunohistochemistry was 
then performed using standard protocols as described 
before.23 Primary antibodies used were as follows: anti- 
CD68 or anti-CD31 (Abcam, USA). Secondary antibody 
used was horseradish peroxidase-conjugated goat anti- 
rabbit IgG (Abcam). Primary antibodies were incubated 
at 4°C overnight and following secondary antibody label-
ing. Tissue sections were viewed using a Nikon ECLIPSE 
E600 microscope (Nikon, Japan).

Immunofluorescent Staining
Immunofluorescent staining was performed following pre-
viously described procedure26 with the following primary 
antibodies: anti-CD68 (1:100; Abcam), anti-alpha smooth 

muscle actin (1:200; Abcam), anti-Collagen I (1:200; 
Abcam). The following secondary antibodies were used for 
double staining: Goat polyclonal secondary antibody to rab-
bit IgG (FITC; Abcam) and donkey anti-goat IgG (Cy5 ®; 
Abcam). Nuclei were stained with DAPI (Sigma-Aldrich, 
USA). The specimens were pretreated through heating fol-
lowed by blocking with 1% BSA (Sigma-Aldrich) and then 
incubated with the primary antibody at 4°C overnight. After 
primary antibody staining, the specimens were washed with 
PBS, incubated with a secondary antibody, stained with 
DAPI and mounted on coverslips. Serial sections of the 
specimens were observed with a digital pathology scanner 
(APERIO VERSA 8; Leica).

Blood Vessel Density Quantitation
To quantify angiogenesis, blood vessel density of the 
wound beds on each tissue slides was determined. High- 
power (200×) images of CD31-stained sections were used 
for analysis. The neovascular area (CD31+ cells) was 
measured using ImageJ and expressed as the percentage 
of CD31+ area of the entire imaged area. Measurements 
were obtained using ImageJ software.

Quantitative Real-Time PCR Analysis
Skin samples including the wound and 4-mm margin of 
surrounding skin were harvested at day 3, 5, 7, and 14 
post-surgery and were snap-frozen in liquid nitrogen, and 
stored at −80°C for further real-time reverse-transcriptase 
polymerase chain reaction (PCR) studies. RNA was 
extracted using TRIzol reagent (Life Technologies, 
USA). Real-time polymerase chain reaction was per-
formed using the DyNAmo Flash SYBR Green qPCR 
Kit (Thermo Scientific, USA) on a real-time polymerase 
chain reaction detection system (Bio-Rad, USA). The pri-
mers designed for this study were shown in Table 1. The 
amount of each RNA sample was normalized to the house-
keeping gene GAPDH. To compare across all experimen-
tal groups, we further normalized the results against the 
values from the control group. Relative gene expression 
quantification was calculated according to the comparative 
threshold cycle method (2−∆∆Ct).

Western Blot Analysis
Total protein was extracted from the wound samples with 
RIPA (Beyotime, China) for at least 30 mins and the 
protein concentrations were determined using the BCA 
Protein Assay Kit (Beyotime) according to the manufac-
turer’s protocol. 40 μg of total protein samples per group 
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was heated with SDS-PAGE sample buffer and separated 
on a 12% SDS-PAGE gel. Proteins were then transferred 
to a PVDF membrane in transfer buffer, and blocked for 
1.5 h in 5% skim milk in TBST. The membranes contain-
ing the transferred proteins were incubated overnight at 
4°C with primary antibodies against α-smooth muscle 
actin (α-SMA), collagen-I (Col-Iα) or GAPDH (Abcam, 
UK; 1:1000). Next, membranes were washed in TBS 
washing buffer and incubated with peroxidase-conjugated 
secondary antibodies.

Statistical Analysis
All values were expressed as means ± SD. For data com-
parisons, two-tailed t-test assuming equal variance was 
used. The nonparametric Mann–Whitney test was used 
for statistical analysis of quantitative reverse transcription 
polymerase chain reaction data. Statistical significance 
was set at * P < 0.05, ** P < 0.01, *** P < 0.001.

Results
Blood Glucose Level and Body Weight of 
Diabetic Rats
Diabetic SD rats in each group exhibited an average blood 
glucose level of 341.3 ± 9.59 mg/dL, and these levels were 
2.8-fold higher than those observed in 8-week-old non- 
diabetic rats (121.3 ± 3.88 mg/dL). Diabetic SD rats exhib-
ited an average body weight of 373.1 ± 5.79 g and these 
body weights were 1.5-fold higher than nondiabetic rats 
(242.0 ± 4.63 g). The above results are shown in Figure S1.

Depletion of Macrophages in Diabetic 
Rats
To analyze the functional impact of macrophages during 
diverse phases of skin repair, we established a macrophage 

depletion skin defects rat model (see material and methods 
section). First, we used qPCR to detect the changes in gene 
expression of CD68 in the wound margins on day 3, 5, 7 
and 14 post surgery. The results showed that the expres-
sion of CD68 in wound margins increased with time, 
CD68 was rarely expressed in the CON group, and the 
expression of CD68 in the AFG group was significantly 
higher (* P < 0.05) than that in the AFG+MD group and 
the CON group as well at day 14 post surgery (Figure 1A). 
The qPCR results suggested that AFG could efficiently 
promote the infiltration of macrophages, but Lipo-Clo 
treatment depleted macrophages (by about 4-fold) at day 
14 post-grafting (*P < 0.05). Then, we performed an anti- 
CD68 immunohistochemistry assay on day 14 wound sec-
tions and CD68-positive areas were quantified using 
ImageJ. The results showed that the CD68+ cells mostly 
exhibited in AFG group and those cells mainly clustered 
around the transplanted adipose tissue (Figure 1B). Further 
anti-CD68 immunofluorescence assessment of the sur-
vived adipose tissue from transplantation confirmed that 
macrophages (CD68+; red) mainly infiltrated around trans-
planted adipose tissue, and the content of macrophages in 
the AFG+MD group decreased significantly compared 
with AFG group (Figure 1C; white arrow shows the fat 
droplets).

Wound Closure
Digital photographs of wound areas were obtained at 0, 3, 
7, 10, and 14 days after surgery (Figure 2A). Figure 2B 
intuitively showed the healing of all three groups of 
wounds at different time points. As revealed by the macro-
scopic analysis of wound closure (Figure 2C and D), 
depletion of macrophages (AFG+MD group) during the 
early inflammatory phase (Figure 2D; Day 0–3) resulted in 
significant delay of the early repair response compared 

Table 1 Custom Primer Sequences for Rat Gene Transcript Analyses

Genes Forward Reverse

GAPDH TACTGTTGTCCAGCTACGGC CGTCCAAATCCATTGATGCCC
CD68 CTGGACTCAGCAGCTCTACC TTTCCCTGTTCCTTGGGCTAC

IL-6 ACCGCTATGAAGTTCCTCTCTGCAA TGCAGGTTGCTCAAGCAGCA

IL-10 TCCGGGGTGACAATAACTGC GACACCTTTGTCTTGGAGCTTA
TNF-α TGATCCGAGATGTGGAACTGG CTCCTCCGCTTGGTGGTTT

TGF-β TACGCCAAAGAAGTCACCCG GCCCTGTATTCCGTCTCCTTG

PDGF-β CAAGACGCGTACAGAGGTGT GTTTGAGGTGTCTTGGCTCG
IGF-1 GACCCGGGACGTACCAAAAT TAGCCTGTGGGCTTGTTGAA

bFGF AAGCGGCTCTACTGCAAGAA GCTGTAGTTTGACGTGTGGG
FGF7 GCTTCCACCTCGTCTGTCTTGT CCACAATTCCAACTGCCACA
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with AFG group (* P < 0.05). Whereas at day 7 post- 
surgery the wound area was reduced to 54.4% of the 
original wound size in AFG group. Meanwhile, the 
wound size of AFG+MD group rats was reduced by only 
27.2%, and 29.3% in CON group (Figure 2D; Day 7). 
However, at the late stage of wound healing, all three 
groups showed almost the same healing rate (Figure 2D; 
Day 10–14). This validated that AFG can accelerate the 
healing of diabetic wounds compared with the CON 
group, however, depleted the macrophages (AFG+MD 
group) in the adipose tissue will delay the healing of the 
skin defect after AFG. Figure 2E demonstrates the distinct 
stages of skin repair response.

Histology
Above macroscopic findings were further confirmed by 
histological assessment. The sagittal sections of H&E– 
stained specimens collected on 7 days and 14 days post- 
surgery were presented in low-magnification microphoto-
graphs (Figure 3A). On Day 7, granulation tissue (g) was 
abundant in the AFG group (Figure 3A, b1), and neo- 
epithelial tongue (et) could be observed. However, the 

CON group had less granulation tissue (g) content, and 
no obvious re-epithelialization (Figure 3A, a1). Comparing 
the AFG+MD group with AFG group on day 7, granula-
tion tissue formation was noticeably reduced in the AFG 
+MD group and there was also no obvious epithelial 
tongue observed in AFG+MD wounds as well (Figure 
3A, c1). Furthermore, we measured the thickness of gran-
ulation tissue by ImageJ to indirectly reflect the differ-
ences in the content of granulation tissue of day 7 
wounds, and the measurement results were shown to be 
significant (* P < 0.05) between the AFG wounds and the 
other groups (Figure 3B). On the tissue images of day 14 
wounds (Figure 3A; Day 14), a black fold line (shows the 
distance from the advancing tip of the epithelialization 
tongue to the site of the first hair follicle) was used to 
indicate the length of re-epithelialized epithelial tongue 
(et). The AFG group (950.4 ± 30.02 pixels) had signifi-
cantly longer (* P < 0.05) et than that of the CON group 
(684.8 ± 49.27 pixels) and the AFG+MD group (576.4 ± 
35.99 pixels) as well, the quantitative statistics of et mea-
sured by ImageJ are shown in Figure 3C. Moreover, 
incompletely formed skin appendages were seen in AFG 
specimen (Figure 3A, b2; red arrowhead shows), which 
was essential for restoring skin function. Whereas, fibrotic 
and dense scar tissue was seen in the CON wounds on day 
14 post surgery (Figure 3A, a2), with no skin appendages 
observed. It could be seen that 14 days after surgery, the 
AFG+MD wounds had less extracellular matrix formation, 
indicating poor wound healing (Figure 3A, c2). The local 
magnified images (by 40× magnification) of day 14 
wounds showed the proliferating keratinocytes.

The Expression of Inflammatory Factors 
and Wound Healing Related Growth 
Factors
We tested the expression of inflammatory factor IL-10, IL-6 
and TNF-α in all three groups. As demonstrated in Figure 
4A, the expression of IL-10 was not statistically significant 
(P > 0.05) between the three groups. The expression of IL-6 
in the AFG group was less (* P < 0.05) than the other two 
groups in both early stage (Day 3) and late stage (Day 14) of 
wound healing. Compared with the CON group or AFG 
+MD group, AFG wounds expressed fewer (* P < 0.05) 
inflammatory factor TNF-α on day 14.

AFG were associated with a significantly higher 
mRNA expression level of growth factors PDGF-β and 
IGF-1 (*P < 0.05) when compared with the CON group 

Figure 1 The distribution and content of CD68-positive macrophages in diabetic 
wounds. (A) The relative quantitation of CD68 mRNA expression. (B) Anti-CD68 
immunohistochemistry images of wound beds at day 14. Scale bar = 50 μm. (C) 
Anti-CD68 immunofluorescent assays for the survived adipose tissue of AFG or 
AFG+MD rats at day 14 post surgery (the white arrowhead shows the lipid droplets 
of adipose tissue). Scale bar = 50 μm. * P<0.05.
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and AFG+MD group through all stages of wound healing 
(Figure 4B). The secretion of TGF-β in AFG group mainly 
increased (* P < 0.05) on day 7 compared with other 
groups. These results confirmed that AFG benefited the 
secretion of growth factors at the time of transplantation, 
and macrophage depletion hindered the ability of AFG 
wounds to secrete growth factors.

Immunohistochemistry, Manson 
Trichrome Staining, Western Blot and 
qPCR for the Determine of ECM 
Formation
Blood vessels were identified 14 days after surgery using 
CD31 immunohistochemical staining (Figure 5A) and the 
CD31 positive microvessels were stained in brown. The 
blood vessel density was quantified by ImageJ, and as 

shown in Figure 5B the vessel density increased in the 
AFG group compared with the CON group and AFG+MD 
group after 14 days (* P < 0.05). Macrophage depletion 
significantly affected the formation of new blood vessels 
in the wound after adipose tissue transplantation. We 
investigated proteins that involved in collagen formation 
and ECM formation. Showen by Figure 5D, the expression 
of α-SMA and Col-Iα protein in the AFG+MD wounds 
was significantly lower (*** P < 0.001) than those in the 
AFG group (the analysis results of Western blot displayed 
in Figure S2). In addition, Manson trichrome staining was 
subjected to evaluate the collagen alignment of wound bed 
(Figure 5C). There was an irregular and dense arrange-
ment of collagen bundles in the CON group, suggesting 
scar formation. Whereas, the collagen fibril of AFG wound 
bed arranged neatly and uniformly. And the AFG+MD 

Figure 2 Gross wound appearance presentation and analysis. (A) Digital images of representative wounds images at day 0, 3, 5, 7, 10, 14. Scale bar = 0.5 cm. (B) ImageJ 
software used to reappear wounds healing process. Scale bar = 2 cm. (C) Quantification of the wound area. (D) The percentage of wound closure are presented by a fold 
line diagram. (E) Schematic representation of distinct stages during the skin repair response. *P<0.05.
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wound showed an impaired collagen formation with 
reduction in ECM. Therefore, it could be considered that 
macrophage depletion hindered wound vascularization and 
the formation and remodeling of ECM.

As shown in Figure 5E and F, the wounds of the AFG 
+MD group secreted less fibroblast growth factors bFGF 
and FGF-7 (* P<0.05) than AFG and CON group. 
Previous studies had shown that bFGF and FGF-7 to be 
important during the later stages of neovascularization 
when luminal spaces and basement membranes are being 

developed,37 which was also critical for stabilization of 
ECM. These results also explained the poor vasculariza-
tion and ECM formation of the AFG+MD group in the late 
stage of wound healing.

Immunofluorescence Staining for the 
Evaluation of AFG Treating Effect
To investigate the treating effect of AFG, we performed 
immunofluorescent double labeling for CD68 and α-SMA 

Figure 3 Histology and morphology studies of wounds. (A) H&E staining (40×magnification, scale bar = 200 μm) of wounds specimens at 7 and 14 days post surgery. Black 
dashed line outlines granulation tissue; black arrowhead shows the first hair follicle from wounds edge; black folded a black fold line shows the distance from the advancing 
tip of the epithelialization tongue to the site of the first hair follicle; red arrowhead shows incompletely formed skin appendages. (B) The thickness analysis of granulation 
tissue (g) of day 7 H&E stained wound sections by ImageJ. (C) The length analysis of reepithelialization of day 14 H&E stained wound sections by ImageJ. *P<0.05, **P<0.01. 
Abbreviations: g, granulation tissue; e, epidermis; et, epithelial tongue; d, dermis; st, scar tissue; pc, panniculus carnosus.
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or Col-Iα (Figure 6). At day 7 post surgery, α-SMA (green), 
the signature mediator for myofibroblast differentiation, was 
abundantly expressed throughout the entire layer of the 
granulation tissue, especially in neovascular endothelium 
in AFG wounds, along with CD68 (red) labeled macro-
phages (Figure 6A; AFG). In contrast, wounds of CON 
group showed weak α-SMA staining in the scarce granula-
tion tissue at 7 d following surgery, and less expression of 
CD68 (Figure 6A; CON). The double staining of CD68 (red) 
and Col-Iα (green) showed that the CON wound presenting 
collagen aggregation on day 7 post surgery leading to early 
scar formation (Figure 6B; CON). In the AFG group, Col-Iα 
(green) were evenly distributed throughout the wound bed, 
resulting in an improvement of skin reconstruction quality.

Discussion
The healing of diabetic skin defects is delayed due to the 
imbalance of molecular interactions and cellular signal 
transduction, showing protracted inflammation, impaired 
angiogenesis and reduced growth factor levels.27,28 The 
reduction of new blood vessels and the persistence of 
chronic inflammation in diabetic skin defects affect the 
time and quality of wound healing. It can even develop 

into chronic non-healing wounds, causing a huge burden 
on the medical system.19,29

AFG is becoming a common procedure in face and 
body lipofilling surgeries, because of its high content of 
ADSCs and regeneration ability.30,31 Adipose tissue also 
has the characteristics of ease to harvest, biosafety and 
affordable, therefore AFG is considering an ideal strategy 
for reconstruction surgery.32,33 The adipose tissue contains 
various high-concentration growth factors, and those 
growth factors can cooperate with each other to expand 
the biological effect.34 Such growth factors include plate-
let-derived growth factor-β (PDGF-β), Insulin-like growth 
factor-1 (IGF-1) and transforming growth factor-β (TGF- 
β), which can not only regulate cell migration and prolif-
eration, but also transform the extracellular matrix (ECM) 
and promote angiogenesis to create a favorable environ-
ment for wound healing.35–37 Another study showed that 
monocytes begin migrating into the wound and then dif-
ferentiate into wound associated macrophages in the pro-
cess driven by factors in the extracellular milieu.38 And 
the high content of macrophages found in transplanted 
adipose tissue has the potential to promote ADSCs to 
differentiate into a wide range of regenerated tissue cells 
as well as improving proangiogenic qualities.39 Based on 

Figure 4 The relative quantitation for mRNA expression of inflammatory factors and wound healing related growth factors. (A) The mRNA expression of inflammatory 
factor IL-10, IL-6 and TNF-α. (B) The mRNA expression of growth factor PDGF-β, IGF-1, TGF-β. *P<0.05 (the AFG group versus the CON group or the AFG+MD group).
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the previous researches, we assumed that AFG may have 
the ability to impede chronic inflammatory response of 
diabetic wounds, promote vascularization and achieve 
skin defects reparation, and macrophage infiltration may 
play an important role in coordination with the AFG in 
wound-healing process.

In our study, we demonstrated the potential use of 
autologous fat grafting in the field of skin defect treat-
ments. Although autologous fat grafting was widely used 
in clinical, its optimal application in soft-tissue treat-
ments was still being explored. In the present study, the 
AFG group showed better and stronger healing of the 
wounds compared with the control group, this result 
was consistent with the previously reported results of 
using ADSCs to treat wounds.40 We analyzed the 
wound closure percentage, re-epithelization length, 

granulation tissue thickness and blood vessel density 
on day 14 wounds in order to evaluate the function of 
AFG to promote wound healing. The results revealed that 
AGF had the potential to settle the lack of growth factors 
and hypo-vascularization of diabetic skin defects. Also, 
the macrophage depletion hindered the AFG treatment 
effect by extending the wound-healing time. 
Furthermore, our CD68-labeled immunohistochemistry 
and immunofluorescence assessments results suggested 
that macrophages mainly infiltrate around the adipose 
tissue that survived after AFG, this finding suggested 
the possibility of a complementary effect of the AFG 
treatment and macrophages in treating diabetic skin 
defects. Our results showed that the expression of inflam-
matory factors in the AFG+MD group was lower than the 
AFG group, which revealed that macrophage depletion 

Figure 5 The analysis of ECM formation on day 14. (A) Anti-CD31 immunohistochemistry assays. Scale bar = 50 μm. (B) Quantification of blood vessel density by 
measuring the percentage of CD31-positive area. (C) Masson trichrome staining of day 14 wounds to evaluate the collagen formation. Scale bar = 50 μm. (D) Western blot 
assays of Col-Iα, α-SMA and GAPDH as an internal reference. (E) The relative quantitation of bFGF mRNA expression. (F) The relative quantitation of FGF-7 mRNA 
expression. *P<0.05.
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after AFG could not achieve the effect of reducing 
inflammatory responses. By decreasing the expression 
of wound healing related growth factors, the wound 
microenvironment deteriorates functionally after macro-
phage depletion.

We have also found that AFG and macrophage infiltra-
tion were crucial for stabilization of vascular structures 
using anti-CD31 immunohistochemistry assays. The fat 
grafted rats expressed significantly elevated levels of 
CD31 expression, indicating greater vascularity compared 
with non-grafted rats. Subsequently, we further evaluated 
the CD31 expression on the AFG+MD rats, the results 
showed that the macrophage depletion significantly hin-
dered the promoting effect of AFG to wound 
neovascularization.

Macrophages present at the late stage of the repair 
response impact tissue maturation and ECM formation. 
Collagens are the most abundant proteins in animals and 
constitute the main structural element of ECM.41 In the 
granulation tissue, fibroblasts are activated and acquire α- 
SMA expression and become myofibroblasts.42 These 

myofibroblastic cells synthesize and deposit the ECM com-
ponents that eventually replace the provisional matrix.43 As 
demonstrated in our study, the expression of Col-I and α- 
SMA dropped sharply in the AFG+MD group wounds com-
paring with the normal non-MD rats, suggesting a poor 
ECM formation and malunion of wound healing. Besides, 
in AFG+MD rat wounds, the expression of fibroblast growth 
factors bFGF and FGF-7 was restrained as well, resulting in 
a morphological change of the content of ECM decreased 
while the content of adipose tissue increased. Therefore, our 
studies provide evidence that macrophages cooperate syner-
gistically with AFG treatment during wound repair response 
and they orchestrate the natural sequence of repair phases in 
skin, which are essential to restore solid tissue homeostasis 
and integrity postinjury.

Overall, our study adds to previous knowledge on the 
AFG can help tissue regeneration, but also uncovers sev-
eral novel aspects. Firstly, for the first time, we verified 
that AFG can improve the lack of growth factors and 
ischemia of diabetic wounds, thereby promoting the heal-
ing of diabetic wounds and realizing functional wound 

Figure 6 Immunofluorescent double-staining analysis. (A) Immunofluorescent double labeling for CD68 (red) and α-SMA (green). Scale bar = 200 μm. (B) 
Immunofluorescent double labeling for CD68 (red) and Col-Iα (green). The white dotted circle shows the scar tissue on the CON group. Scale bar = 200 μm. 
Abbreviations: g, granulation tissue; e, epidermis; et, epithelial tongue; d, dermis; st, scar tissue; pc, panniculus carnosus.
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healing. Secondly, through pathological examination of the 
wounds, we found that macrophages mainly aggregated 
around the adipose tissue survived after AFG. Finally, we 
believe that macrophage infiltration is an important factor 
affecting wound healing, and likely to be a key factor for 
AFG treatment to achieve functional wound healing with 
relatively quick wound-healing time compared with stan-
dard wound management options. However, the process of 
wound healing and the mechanisms by which macro-
phages affect wound healing are very complicated. In 
order to explore the specific mechanism of the co- 
regulation of AFG and macrophages in the treatment of 
diabetic skin defects, further experimental studies are quite 
required.

Conclusion
This study demonstrates that AFG can improve ischemia 
of diabetic wounds and secrete growth factors to promote 
re-epithelialization and revascularization of wounds, 
which brings a new hope for the treatment of chronic non- 
healing wounds and difficult-to-heal diabetic skin defects. 
At the same time, we initially explored the role of macro-
phages in assisting AFG treating diabetic wounds, and 
found that AFG can promote the infiltration of macro-
phages to promote the secretion of wound-healing related 
growth factors and revascularization, which is crucial for 
improving the wound-healing environment and ECM 
reconstruction.
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