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Abstract
Background: Timely and su�cient recruitment of M1 macrophages and M2 polarization are necessary
for �brous repair during cutaneous wound healing. The inherent mechanism of how M2 polarization
mediate wound healing is worth exploring and illustrating. Abnormally up-regulated connective tissue
growth factor (CTGF) is closely related with multiple organ �brosis, including cardiac, pulmonary, hepatic,
renal, and cutaneous �brosis. Previous studies have reported that M2-polarized macrophages contribute
to hepatic and renal �brosis by secreting CTGF. It is worth discussing if M2 macrophages regulate
�brosis through secreting CTGF in cutaneous wound healing.

Methods: We established the murine full-thickness excisional wound model and inhibited macrophages
during proliferation phase (mainly M2 and M1-M2 polarization) with clodronate liposomes to analyze
how M2 macrophages mediate wound healing rates, collagen deposition, collagen 1/3 expression, and
Ki67 expression in vivo. Furthermore, M2 polarization was induced by IL-4 and in vitro. F4/80+CD206+ M2
macrophages were measured by �ow cytometry. The morphological characteristics were observed.
Secretion of IL-6, TNF-α, IL-10, TGF-β1, and CTGF was tested by ELISA. CTGF gene of M2 was blocked
using siCTGF. Effects of M2 on proliferation and migration of �broblasts were detected by CCK8 and
cellular wound healing assay. Protein level of AKT, ERK1/2, and STAT3 pathway were assessed by
western blotting.

Results: Depletion of macrophages at proliferation phase (mainly M2 and M1-M2 polarization) resulted in
delayed cutaneous wound closure and down-regulation of wound healing rates, collagen deposition,
collagen 1/3 expression, and Ki67 expression. M2 polarization was induced, which producing more CTGF,
TGF-β1, and IL-6, as well as less TNF-α and IL-10. Blockade of CTGF in M2 macrophages deactivated
�broblast proliferation and migration. Addition of recombinant CTGF restored the promotional effects of
M2 macrophages on �broblast proliferation and migration. Blockade of CTGF in M2 mediate �broblasts
via down-regulating AKT, ERK1/2, and STAT3 signaling pathway.

Conclusion: Our research, for the �rst time, indicated that M2-polarized macrophages promoted
cutaneous wound healing by secreting CTGF, which further mediating proliferation and migration of
�broblasts via AKT, ERK1/2, and STAT3 signaling pathway.

1. Introduction
Fibrous repair generally happens after organ injury[1]. In plastic surgery, �brous repair is related to
pathological scars and chronic refractory wounds, including hypertrophic scar (HTS), keloid (K), as well
as diabetic ulcers. There are also many other skin diseases associated with �brogenic response, such as
scleroderma, nephrogenic systemic �brosis and skin �brosis after radiotherapy[1]. In adults, �brous repair
contains two periods, including �bre deposition and �bre degradation. The �rst period, named �bre
deposition, usually starts from the 4th or 5th day, remains active for about 1 week, and mitigates
gradually. This period is paralleled with the in�ammation phase and the tissue proliferation phase.
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Collagen-rich matrix initially begins to accumulate from wound-edge to internal site of the granulation.
The second period, named �bre degradation, mainly happened during the tissue remodeling phase.
Fibrogenesis during wound healing is a dynamic and complex process, but the mechanism is not clear
enough.

During wound healing, �brous repair plays an important role. In adults, an inevitable result of tissue
remodeling in wound healing is �brosis and scarring[2]. However, in embryonic and foetal mice, the
consequence is scarless healing. The differences might result from lacking in�ltration of macrophages in
E11.5, E12.5, E13.5 embryos. Later in E14.5 foetuses, macrophages are able to rapidly recruit to wound
sites within 12 hours post injury[3]. Similarly in adults, macrophages invade toward excisional wounds
within 6 hours[4]. However in PU.1 null mice, which is characterized by “macrophageless”, wound repair
appears scar-free as in embryos[5]. These researches reveal that early macrophages recruitment plays a
central role in wound healing, determining �brous repair and scar formation.

Macrophages recruit to wound site mainly from peripheral blood soon after the wound occurs. Large
amounts of M1 macrophages in�ltrate in the wound area at 1 to 2 days post injury[6]. M1 macrophages
further polarized to M2 macrophages at 3 days post injury[7]. The timely and su�cient polarization of
“pro-in�ammatory” M1 to “anti-in�ammatory” M2 macrophages is necessary for wound healing.
Blockade of M1-M2 polarization is found to be closely related to delayed wound healing[8]. In diabetic
wound healing, there are excessive M1 macrophages and inadequate M2 macrophages. Oppositively,
hypertrophic scar and keloid are overloaded with M2 macrophages[9]. Thus, M1 phenotype and M2
phenotype produce different effects in cutaneous wound healing.

Connective tissue growth factor (CTGF), also known as CCN2, is a secretory polypeptide belonging to
CCN family. CCN family is composed of three serum-induced immediate-early genes, containing CTGF,
Cysteine-rich 61 gene (CYR61), and Nephroblastoma over-expressed gene (NOV) [10, 11]. Till now,
abnormally up-regulated CTGF has been tested in multiple organ �brosis, including cardiac, pulmonary,
hepatic, and renal �brosis[12–15]. In several cutaneous �brosis, CTGF has also been suggested to exert
pro-�brotic effects[16–18]. In murine full-thickness excisional wound model as well as human burn
injuries, CTGF accumulated at the wound site from 0 to 7 days post injury[19]. It has been reported that
exogenous CTGF facilitated �brosis in diabetic wound healing[16, 20, 21]. Elevated level of CTGF was
de�ned in systemic sclerosis; however, inhibition of CTGF sharply reduced cutaneous �brosis[16, 20, 21,
22].

Previous studies have showed that CTGF can not only be secreted by human umbilical vein endothelial
cells (HUVEC) and �broblasts, but also be produced by M2 macrophages[22, 23]. CTGF secreted by M2
macrophages has been reported to contribute to hepatic and renal �brosis. In hepatic �brosis during
human schistosomiasis, M2 macrophages activated quiescent hepatic stellate cells (qHSC) to activated
HSC (aHSC) through secreting transforming growth factor-beta1 (TGF-beta 1), vascular endothelial
growth factor (VEGF), and CTGF. Moreover, TGF-beta 1 promoted aHSC proliferation via heat shock
protein 47. Differently, VEGF and CTGF directly stimulate aHSC proliferation, leading to collagen
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deposition, �brosis, cirrhosis, even carcinoma in liver schistosomiasis[24]. In renal �brosis during
immunoglobulin A nephropathy (IgAN), high expressions of CTGF in M2 macrophages were responsible
for glomerular collagen 1 deposition, matrix expansion, and glomerular/interstitial �brosis[25]. In chronic
allodraft nephropathy (CAN), M2 macrophages, which were identi�ed with high secretion of pro-�brotic
factors (TGF-beta 1, CTGF, and �broblast growth factor 2), might promote interstitial �brosis
progression[26]. Nevertheless, it is not clear if M2 macrophages promote �brosis through secreting CTGF
in wound healing.

In this research, we hypothesized that macrophages exerted essential functions in cutaneous excisional
wounds. Macrophages promoted cutaneous wound healing with the help of increased proliferation and
�brosis. Fibrous repair would be mainly dominated by M2 macrophages, but not M1 phenotype. Potential
mechanism was further assessed. Our study disclosed the role of M2 macrophages in wound healing,
providing new potential targets for promoting healing process.

2. Materials And Methods

2.1 Animals
C57BL/6 mice, provided by Shanghai Laboratory Animals Center, aged 6-8w, weighted 20-25g, were
applied in this research. Male mice, which were speci�c pathogen-free, were housed individually in cages
and bred. Our manipulations were supported by the Ethics Committee of Zhongshan Hospital Fudan
University.

2.2 Animal model and experimental groups
Before modeling, mice were �rstly intraperitoneal (i.p.) injected with 1% pentobarbital sodium at a dose of
50 mg/kg body weight. The dorsal skin were prepared by shaving with electronic razor and sterilized with
75% ethanol. A 6 mm full-thickness excisional wound was produced each mouse.

We randomly divided mice into two groups: (1) Control group (PBS): mice (n = 5) accepted an i.p. injection
of 200 µL 1×PBS at 4-day post injury and 100 µL 1×PBS at 6- and 8-day post injury. The skin tissues were
obtained at 9-day post injury and �xed in 4% paraformaldehyde solution for 24 hours. (2) Macrophage
depletion group (Clodronate liposome): mice (n = 5) received an i.p. injection of 200 µL clodronate
liposomes (FormuMax Scienti�c Inc., CA, USA) at 4-day post surgery and 100 µL clodronate liposomes at
6- and 8-day post injury. The skin tissues were obtained at 9-day post injury and �xed in 4%
paraformaldehyde solution for 24 hours.

2.3 Measuement of wound healing rates
The wound were taken photos at 0-, 5-, 7-, and 9-day post injury. The areas of wounds were assessed by
ImageJ software. The wound healing rates were measured by ([original wound area]-[wound
area])/[original wound area]×100%.

2.4 Masson’s trichrome staining
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At 9-day post injury, the wound tissues were obtained by scissors and �xed using 4% paraformaldehyde.
After dehydration, the wound tissues were soaked in dimethylbenzene. After embedding in parra�n, the
wound tissues were sectioned (3 µm/slice). Masson’s trichrome staining was further performed. The
collagen volume fraction (CVF) was determined at 200× magni�cation and based on the volume ratio of
collagen (stained blue) area in total area.

2.5 Immunstaining
At 9-day post injury, the wound tissues were obtained. Collagen 1 and collagen 3 were assessed by
immunohistochemistry (IHC). Brie�y, 3 µm parra�n-embedded slices of the wound tissues were dewaxed
and hydrated. To block endogenous peroxidase, the slices were embedded in fresh 3% hydrogen peroxide
(H2O2) at 37℃ for 30 minutes. Antigen retrieval was then completed by microwave oven with citric acid
buffer (0.01 M). After cooling, the slices were incubated in blocking reagent (#P0102, Beyotime,
Shanghai, China) at regular temperature (RT) for 1 hour. The slices were incubated with collagen 1
(#NB600-408, NOVUS Biologics, 1:250 dilution) and collagen 3 in dilution of 1:250 (#PA5-27828,
invitrogen) overnight at 4℃. After washing, the slices were treated with secondary antibody (Jackson
ImmunoResearch Laboratories, 1:200 dilution). The slices were successively stained with
diaminobenzidine and hematoxylin. After dehydration, the slices were transparented with
dimethylbenzene and coated with neutral balsam. Five different and random visual �elds were photoed
under optical microscope. The mean densities of collagen 1 and collagen 3 were estimated by Image-Pro
Plus 6.0 software.

At 9-day post injury, the wound tissues were obtained. CD206+ M2 macrophages were detected by
immuno�uorescence (IF). To measure proliferation, Ki67+ cells in the wound tissues were marked by IF
staining. After rewarming to RT, 5 µm optimal cutting temperature compound (OCT)-embedded frozen
sections of the wound tissues were incubated in blocking reagent (#P0102, Beyotime, Shanghai, China)
at RT for 1 hour. The sections were incubated with CD206 (#ab64693, Abcam, 1:500 dilution) and Ki67
(#9129, Cell Signaling Technology, 1:400 dilution) overnight at 4℃. The sections were washed and
incubated with anti-goat (for CD206) and anti-rabbit (for Ki67) secondary antibody in dilution of 1:200
(Jackson ImmunoResearch Laboratories). The sections were further stained with DAPI and �nally coated
with anti-fade mounting medium (#0100-01, SouthernBiotech). Five different and random visual �elds
were photoed under �uorescent microscope. The amounts of CD206 and Ki67 were detected by ImageJ.

2.6 Cell lines and cell culture
RAW264.7 (mouse macrophages) cell line and L929 (mouse �broblasts), which were purchased from the
Cell Bank of the Chinese Academy of Sciences (Shanghai, China), were harvested in incomplete Roswell
Park Memorial Institute (RPMI) 1640 medium (KeyGen BioTECH, China) supplemented with 10% fetal
bovine serum (#S711-001S, LONSERA, Uruguay) in the presence of 5% CO2 at 37℃.

Treatment of unstimulated RAW264.7 (M0 macrophages) with interleukin-4 (IL-4) (#214 − 14, PeproTech,
USA) was applied as a method for M2 macrophage polarization by incubation of RAW264.7 with 20
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ng/mL IL-4 in 37℃/5% CO2 for 24 hours.

2.7 Con�rmation of M2 macrophage polarization by �ow
cytometry
1×106 unstimulated RAW264.7 macrophages (non-IL-4 group) and IL-4-stimulated RAW264.7
macrophages (IL-4 group) were collected and washed with �ow cytometry staining buffer. After
centrifugation at 1500×g for 5 minutes, two groups of macrophages were dyed with PE rat anti-mouse
F4/80 (eFluor 570, #41-4801-80, invitrogen, 1:50 dilution) at 4℃in the dark for least 30 minutes. After
washing with �ow cytometry staining buffer and centrifugation, macrophages were dealt with reagent A
of �xation & permeabilization kit (#70-GAS003, MULTI SCIENCES (LIANKE) BIOTECH, China) at RT in the
dark for 15 minutes. After centrifugation, macrophages were incubated with rabbit anti-mouse CD206
(Alexa Fluor® 488, #ab195191, Abcam, USA), which was diluted in reagent B of �xation &
permeabilization kit. After washing and centrifugation, macrophages were resuspended in �ow cytometry
staining buffer and �ltered with 70 µm cellular �lter before testing. Macrophages were examined using a
�ow cytometer (BD FACSCanto , BD Biosciences). Percentages of F4/80+CD206+ M2 macrophages were
analyzed in FlowJo V10 software.

2.8 Morphological characteristics of M2 macrophage
polarization
After IL-4 stimulation, unstimulated RAW264.7 in non-IL-4 group (M0 macrophages) and IL-4-stimulated
RAW264.7 in IL-4 group (M2 macrophages) were observed under optical microscope. Representative
morphological characteristics of macrophages in two groups were observed at 200× magni�cation.

2.9 Detection of pro-�brotic and anti-�brotic factors by elisa
IL-10, TGF-β1, CTGF, IL-6, and TNF-α secreted by unstimulated RAW264.7 in non-IL-4 group (M0
macrophages) and IL-4-stimulated RAW264.7 in IL-4 group (M2 macrophages) were detected by Elisa kit
(Kingmorn, China). To further examine the inhibitory e�ciency of siCTGF in M2 macrophages, secreted
protein levels of CTGF in control siRNA group and siCTGF group were assessed by elisa.

Fresh FBS-free cellular supernatants of two groups were collected at 24 h and 48 h. To remove impurities
and granules, supernatants were centrifugated at 3000 rpm for 10 minutes. The microelisa stripe plates
were recovered to RT in the dark for 20 minutes. Six standard samples (50 µL/well) were set at 0, 125,
250, 500, 1000, and 2000 pg/mL. 10 µL supernatants of two groups and 40 µL diluent were added to
each well with three repetitions. Samples in each well were incubated with 100 µL HRP-conjugated
antibody at 37℃ in the dark for 1 h. After washing with 1×wash buffer for three times, the plates were
incubated with a mix substrate of 50 µL reagent A + 50 µL reagent B at 37℃ in the dark for 15 minutes.
After incubation with 50 µL stop solution per well, OD values were assessed by Epoch2 microplate reader
(BioTek Instruments, Inc., Winooski, VT, USA).

2.10 Blockade of CTGF by siCTGF
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To analyze if M2 macrophages regulate L929 via secreting CTGF, M2 macrophages were dealt with
siCTGF. Three kinds of siCTGFs were designed and synthesized by Genomeditech (Shanghai, China).
SiCTGF 1: 5’-CUAUGAUGCGAGCCAACUG-3’, 3’-CAGUUGGCUCGCAUCAUAG-5’; siCTGF 2: 5’-
CGCAAGAUCGGAGUGUGCA-3’, 3’-UGCACACUCCGAUCUUGCG-5’; siCTGF 3: 5’-GGGACAAUGACAUCUUUGA-
3’, 3’-UCAAAGAUGUCAUUGUCCC-5’. Brie�y, M2 macrophages were seeded into 24-well plates (2×105

cells/well) and cultured with 1640 + 10%FBS medium in the presence of 5% CO2 at 37℃. Macrophages
were utilized for further research at 80% con�uence. SiCTGF was diluted with Opti-MEM.
LipofectamineTM2000, diluted with Opti-MEM, stewed at RT for 5 minutes. A mixture of diluted siCTGF
and diluted lipofectamineTM2000 was created at RT for 18–20 minutes. Macrophages were dealt with the
mixture (100 µL/well). After 6 h, medium was replaced with fresh complete medium. Inhibitory e�ciency
of siCTGF were examined by western blotting (intracellular protein level) and elisa (secreted protein level).

2.11 Cell proliferation by CCK8 assay

To determine different effects of M0 and M2 macrophages on L929 (�broblasts) proliferation, FBS-free
supernatants of macrophages (24 h) were applied on L929. Cell proliferation of L929 was assessed at 0,
24, and 48 h using CCK8 assay. Brie�y, L929 (�broblasts) were seeded in 96-well plates (1000 cells/well)
and cultured with 1640 + 10%FBS medium at 37℃/5% CO2 for 24 h. After cell attachment, each well was
replaced with 10 µL CCK8 + 90 µL FBS-free 1640 medium. Reaction of CCK8 was performed at 37℃/5%
CO2 for 1.5 h. The values of OD were measured at 450 nm using Epoch2 microplate reader (BioTek
Instruments, Inc., Winooski, VT, USA), representing cell proliferation at 0 h. After washing with 1×PBS for
three times, free-PBS supernatants of M0 macrophages (non-IL-4 group) and M2 macrophages (IL-4
group) at 24 h were added to L929. As same as detection at 0 h, cell proliferation of L929 at 24 h and 48
h was assessed by CCK8 assay.

To analyze if M2 macrophages regulate L929 proliferation via secreting CTGF, M2 macrophages were
dealt with siCTGF. FBS-free supernatants of M2 macrophages (24 h) in control siRNA group and siCTGF
group were applied on L929. Cell proliferation of L929 was assessed at 0, 24, and 48 h using CCK8 assay
as described above.

For further con�rmation, recombinant CTGF was applied on �broblasts along with FBS-free conditioned
medium of M2 macrophages. Three groups were included: control siRNA group, siCTGF group, and
siCTGF + CTGF group. The terminal concentration of CTGF was 2.0 µg/mL. Cell proliferation of L929 was
assessed at 0, 24, and 48 h using CCK8 assay as described above.

2.12 Cell migration by wound healing assay

To determine different effects of M0 and M2 macrophages on L929 (�broblasts) migration, FBS-free
supernatants of macrophages (24 h) were applied on L929. Cell migration of L929 was assessed at 0, 24,
48, and 96 h using wound healing assay. Brie�y, L929 (�broblasts) were seeded into 6-well plates (2×105

cells/well) and cultured with 1640 + 10%FBS medium in the presence of 5% CO2 at 37℃ for 6–8 hours.
After cell attachment, the crossed straight scratches were induced by the tip of 200 µL pipette. To remove
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cell debris, L929 �broblasts were washed with uncompleted 1640 medium for three times. Fibroblasts
were added with FBS-free supernatants of unstimulated RAW264.7 (M0 macrophages) and stimulated
RAW264.7 (M2 macrophages), and then cultured in 5% CO2 at 37℃. The wound areas were photoed at 0,
24, 48, and 96 h. The wound closure rates were analyzed.

To analyze if M2 macrophages regulate L929 migration via secreting CTGF, M2 macrophages were dealt
with siCTGF. FBS-free supernatants of M2 macrophages (24 h) in control siRNA group and siCTGF group
were applied on L929. Cell migration of L929 was assessed at 0, 24, and 48 h as described above.

For further con�rmation, recombinant CTGF was applied on �broblasts along with FBS-free conditioned
medium of M2 macrophages. Three groups were included: control siRNA group, siCTGF group, and
siCTGF + CTGF group. The terminal concentration of CTGF was 2.0 µg/mL. Cell migration of L929 was
assessed as described above.

2.13 Western blotting

To determine different effects of M0 and M2 macrophages on AKT/STAT3 signaling pathway and
ERK1/2/STAT3 signaling pathway in L929 (�broblasts), FBS-free supernatants of macrophages (24 h)
were applied on L929. After 48 h induction, total protein levels of AKT, ERK1/2, STAT3 as well as
phosphorylation level of AKT, ERK1/2, and STAT3 were assessed by western blotting.

Brie�y, L929 �broblasts were washed with 1×PBS after treatment with FBS-free supernatants of
macrophages for 24 h. Fibroblasts were collected with 1×PBS and centrifuged at 1000 rpm for 5 min. The
sedimentation of �broblasts in the bottom of 1.5 mL centrifuge tube was further treated with 100 µL lysis
buffer on the ice for 30 minutes. Next, �broblasts were centrifuged at 12000×g for 15 minutes. The
supernatants were collected. The protein concentrations of supernatants were assessed by bicin-choninic
acid (BCA) assay. A volume of 20 µL 5×loading buffer was added for protein denaturation.

Extracted proteins were initially separated on 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) at 100 V. After separation, proteins were transferred onto the nitrocellulose
membrane (NCM) at 0.20 A. After 2 hours, the NCM was blocked in QuickBlock™ western block buffer
(#P0252-500ml, Beyotime, China) at RT. After 15 minutes, the NCM was incubated with primary
antibodies overnight at 4℃. Primary antibodies included: AKT (#4691, Cell Signaling Technology, USA,
1:1000 dilution), p-AKT (Ser473, #4060, Cell Signaling Technology, USA, 1:2000 dilution), ERK1/2 (#4695,
Cell Signaling Technology, USA, 1:1000 dilution), p-ERK1/2 (Thr202/Tyr404, #9101, Cell Signaling
Technology, USA, 1:1000 dilution), STAT3 (#9139, Cell Signaling Technology, USA, 1:1000 dilution), p-
STAT3 (Tyr705, #9145, Cell Signaling Technology, USA, 1:2000 dilution), and GAPDH (#60004-1-Ig,
proteintech, USA, 1:5000 dilution). After washing with 1×TBST, the NCM was further incubated with
secondary antibodies at RT. After 1 hour, the NCM was washed with 1×TBST three times. Finally, protein
bands were displayed using BeyoECL Star kit (#P0018AS, Beyotime, China). Relative band densities were
analyzed by ImageJ software.
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2.14 Statistical Analysis

All of the data were expressed as means ± standard deviation (SD). Evaluation of differences between
groups were addressed by one-way ANOVA test and unpaired t test using GraphPad Prism 7. Differences
were considered statistically signi�cant when P<0.05.

3. Results

3.1 Macrophages are associated with �brosis during
cutaneous wound healing
In order to evaluate how macrophages in�uence wound healing, we created a murine wound model as
previously described[27]. As shown in Fig. 1, the wound was established at 0-day post injury.
Macrophages were depleted with clodronate liposome at 4-, 6-, and 8-day post injury. The wound healing
rates were estimated according to the wound photos at 0-, 5-, 7-, and 9-day post injury. The wound tissues
were collected at 9-day post injury and stained for markers of collagen, macrophages, and proliferation in
Fig. 2. The wound healing delayed as a result of macrophage depletion (Fig. 2A). Depletion of
macrophages led to remarkable reduction of wound healing rates at 5-, 7-, and 9-day post injury
compared with those in control group (Fig. 2B). Differences were statistically signi�cant (P<0.01).

3.2 Clodronate liposome effectively depleted macrophages
During the 9-day observation, the macrophage depletion group of mice received clodronate liposome (or
PBS as control) at 4-, 6-, and 8-day post injury. The wound tissues at 9-day post injury were assessed for
macrophages. M2 macrophages, the pro�brotic phenotype, were stained by immuno�uorescence of
CD206. Control group exhibited extensive M2 macrophage in�ltration in wound tissues, which was
markedly attenuated following macrophage depletion (Fig. 2I). As shown in Fig. 2J, the number of
CD206+ M2 macrophages signi�cantly declined from (283 ± 39) to (112 ± 41). A signi�cant difference in
M2 number was observed in clodronate group and control group (P<0.01).

3.3 Macrophages promoted collagen deposition during
wound contraction
As the main component of extracellular matrix, collagen �bers deposite in granulation during wound
healing. Polymetric and monometric collagen �bers are highlighted by masson’s trichrome staining. The
wound tissues were stained for collagen 1 and collagen 3, representative collagen components in the
wound site.

The wound tissues depleted of macrophages during wound healing were assessed for collagen
components. The wound tissues were revealed by masson’s trichrome staining. Following depletion of
macrophages, collagen deposition decreased compared with control group (Fig. 2C). Collagen volume
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fraction was down-regulated from (43.14 ± 8.57)% to (30.73 ± 7.39)%. Differences were statistically
signi�cant (P<0.05).

Collagen 1 and 3 in the wound site and marginal area were stained by immunochemistry. Macrophage
depletion resulted in substantial attenuation of collagen 1 as well as elevation of collagen 3 compared
with those in control group (Fig. 2E and G). The mean densities of abnormal collagens in the wound and
margin altered in the absence of macrophages. Administration of clodronate liposome led to an
approximately 70% reduction of collagen 1 in the wound and an approximately 30% reduction in the
margin (Fig. 2F). Differences were statistically signi�cant (P<0.05). There was about 1.5 to 3.5 times of
collagen 3 following macrophage depletion (Fig. 2H). Differences were statistically signi�cant (P<0.05,
P<0.01).

3.4 Macrophages induced cellular proliferation in
granulation
During macrophage depletion, proliferating cells in granulation apparently decreased, indicating that
macrophages induced cellular proliferation during wound healing (Fig. 2K). The number of Ki67+ cells
signi�cantly decreased from (114 ± 12) to (67 ± 10) (Fig. 2L). A signi�cant difference in Ki67+ cell amount
was de�ned in clodronate group and control group (P<0.01).

3.5 Polarization of RAW264.7 macrophage to M2
phenotype
In order to investigate how M2 macrophages regulate wound healing, untreated RAW264.7 macrophages
(M0) was stimulate with 20 ng/mL IL-4 for 24 hours to generate M2 phenotype. To con�rm M2
polarization, we used �ow cytometry to measure the ratio of F4/80+CD206+ M2 macrophages (Fig. 3A).
As expected, the proportion was up-regulated from (6.36 ± 3.30)% to (76.33 ± 5.00)% (Fig. 3B). As shown
in Fig. 3C, F4/80+ macrophages were unaffected (P>0.05). There was effective change of the ratio of
CD206+ macrophages between non-IL-4 group and IL-4 group (P<0.01).

The morphological differences of M2 macrophage polarization were observed (Fig. 3D). Unstimulated
RAW264.7 macrophages (M0) in non-IL-4 group were oval and attached cells with cytoplasmic granules.
Stimulated RAW264.7 macrophages (M2) in IL-4 group were characterized with more pseudopods and
cytoplasmic granules as compared with M0 phenotype. These differences displayed effective M2
polarization for further research.

3.6 Different levels of anti-�brotic and pro-�brotic factors in
M0 and M2 macrophages
To further characterize M1 and M2 phenotypes, secretory levels of anti-�brotic and pro-�brotic factors
were examined using ELISA. Anti-�brotic factors include IL-6 and TNF-α. Pro-�brotic factors include IL-10,
TGF-β1, and CTGF. Concentration of IL-6 derived from M2 macrophage in conditioned medium was up-
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regulated as compared with M0 macrophage (Fig. 3E). Lower TNF-α concentration was observed in M2
macrophage (Fig. 3F). Expression of IL-10 derived from M2 macrophage displayed lower level than M0
macrophage (Fig. 3G). Secretory TGF-β1 expressed more abundantly in M2 macrophage conditioned
medium than M0 macrophage (Fig. 3H).

CTGF is suggested to be overproduced by M2 macrophage, which promotes �broblast proliferation,
migration, adhesion, and ECM production in hepatic �brosis[29]. In Fig. 3I, M2 macrophage was
distinguished by higher secreted CTGF level. Further detection of CTGF protein level by western blotting
con�rmed higher CTGF expression in M2 macrophages than M0 macrophages (Fig. 4A). CTGF
expression in M2 phenotype was 2.35-fold more abundant than that in M0 phenotype (Fig. 4B).

3.7 M2 macrophages elevated �broblast proliferation and
migration
Fibrosis is mainly completed by dermal �broblasts during wound healing[3]. As shown in the wound
model in vivo, macrophage depletion led to abundantly impaired collagen deposition in the wound sites.
In order to investigate how M2 macrophages affect �broblasts, FBS-free conditioned medium of M0 and
M2 macrophages was applied on L929 (mouse �broblasts). Proliferation and migration of L929 were
assessed.

As shown in Fig. 4C, CCK8 assay results indicated that higher OD values (450 nm) of �broblasts were
observed in IL-4 group (M2) as compared with non-IL-4 group (M0) at both 24 h and 48 h (P<0.01). Within
groups, signi�cant differences were displayed in the non-IL-4 group (M0) between 0 h and 24 h (P<0.05);
and IL-4 group (M2) between 0 h and 24 h (P<0.01).

Migration of L929 (�broblasts) was assessed by cellular wound healing assay (Fig. 4D and E). At 48 h
and 96 h, wound healing rates in IL-4 group (M2) were distinguished from those in non-IL-4 group (M0).
Within groups, signi�cant differences were displayed in IL-4 group (M2) between 48 h and 96 h (P<0.05).
These data indicated that M2 macrophages promoted �broblast proliferation and migration.

3.8 Blockade of CTGF in M2 macrophages deactivated
�broblast proliferation and migration
To ensure the hypothesis that M2 macrophages activate �broblast through secreting CTGF, M2
macrophages were transfected with small interfering RNA (siRNA). Administration of three kinds of
siCTGF (siCTGF 1, 2, and 3) signi�cantly reduced CTGF expression in M2 macrophages (Fig. 5A). CTGF
expression in control siRNA group was approximately 4-fold more abundant than that in siCTGF 1, 2, and
3 group (Fig. 5B). Thus, siCTGF 3 was selected for further research. As shown in Fig. 5C, siCTGF
signi�cantly reduced secreted CTGF level at both 24 h and 48 h (P<0.01). Within groups, signi�cant
differences were displayed in control siRNA group between 24 h and 48 h (P<0.01); and siCTGF group
between 24 h and 48 h (P<0.05).
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FBS-free conditioned mediums of macrophages in control siRNA group and siCTGF group were applied
on L929 (�broblasts). Proliferation and migration of L929 were assessed as described above. As shown
in Fig. 5D, CCK8 assay results indicated that lower OD values (450 nm) of �broblasts were observed in
siCTGF group as compared with control siRNA group at both 24 h and 48 h (P<0.01). Within groups, there
are signi�cant differences in control siRNA group between 0 h and 24 h (P<0.01); and siCTGF group
between 0 h and 24 h (P<0.05).

Migration of L929 (�broblasts) was assessed by cellular wound healing assay (Fig. 5E and F). At 24 h, no
signi�cant difference was found between control siRNA group and siCTGF group (P>0.05). At 48 h,
wound healing rates in siCTGF group decreased as compared with those in control siRNA group (P<0.05).
These results revealed that blockade of CTGF in M2 macrophages deactivated �broblast proliferation
and migration.

3.9 Recombinant CTGF restored �broblast proliferation and
migration
For further con�rmation, recombinant CTGF was applied on �broblasts along with FBS-free conditioned
medium of M2 macrophages. As shown in Fig. 6A, CCK8 assay results indicated that down-regulated OD
values (450 nm) of �broblasts were observed in siCTGF group as compared with control siRNA group at
both 24 h and 48 h (P<0.01). The OD values up-regulated in siCTGF + CTGF group as compared with
siCTGF group at both 24 h and 48 h (P<0.01). Within groups, there are signi�cant differences in siCTGF + 
CTGF group between 0 h and 24 h (P<0.01); and siCTGF + CTGF group between 24 h and 48 h (P<0.05).

Migration was assessed by cellular wound healing assay (Fig. 6B and C). At 24 h and 48 h, wound
healing rates in siCTGF group decreased as compared with those in control siRNA group (P<0.01).
Administration of CTGF elevated wound healing rates in siCTGF + CTGF group as compared with siCTGF
group (P<0.05). Taken together, recombinant CTGF restored the promotional effects of M2 macrophages
on �broblast proliferation and migration.

3.10 M2 macrophages secreted CTGF to mediate
�broblasts via activating AKT/ERK1/2/STAT3 pathway
CTGF has been reported to be closely related with tissue repair through enhancing phosphorylation of
p38, ERK1/2, JNK, and AKT in �broblasts. We assessed AKT/p-AKT, ERK1/2/p-ERK1/2, and STAT3/p-
STAT3 expressions in �broblasts by western blotting (Fig. 6D and E). Although total AKT, ERK1/2, and
STAT3 expressions were not signi�cantly changed among control siRNA group, siCTGF group, and
siCTGF + CTGF group, p-AKT, p-ERK1/2, and p-STAT3 were substantially reduced in the absence of CTGF
(P<0.01). Complement of CTGF restored p-AKT, p-ERK1/2, and p-STAT3 (P<0.05, P<0.01). Overall, these
observations illustrated that M2 macrophages secreted CTGF to mediate �broblasts via activating
ERK1/2/STAT3 and AKT/STAT3 signaling pathway.

4. Discussion
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Cutaneous wound healing comprises three successive and overlapping stages, containing in�ammation
phase, proliferation phase, and tissue remodeling phase. Fibrous repair is believed to be one of the most
vital pathophysiological processes during cutaneous wound healing. However, the underlying mechanism
is not clear enough. Even though recent studies have attempted to determine that macrophages
contribute to all stages of wound and repair, additional evidences are needed to better understand the role
of macrophages.

Dramatic phenotypic varieties of macrophages occur when exposing to external stimuli. Macrophages
are broadly classi�ed as M1 phenotype and M2 phenotype, depending on distinguished stimuli, surface
markers, along with secretory proteins. M1 macrophages are responded to Th1 cytokines, while M2
macrophages are responded by Th2 cytokines[28]. Subtypes of M2-polarized macrophages include M2a,
M2b, and M2c[29, 30]. M2a subtype, which is referred to be “alternatively activated macrophage”, is
stimulated by IL-4/IL-13 and characterized with markers, including CD206, CD163, and CD209. M2
phenotype is also be called “pro-�brotic macrophage”. M2 macrophages secrete TGF-beta and CTGF[30].
M2b subtype, which is referred to be “immunoregulatory macrophage”, is stimulated by IL-1,
lipopolysaccharide (LPS), and immunoglobulin (IgG) complex. M2b macrophages secrete IL-1, IL-6, IL-12,
and TNF-alpha. M2c subtype, which is referred to be “anti-in�ammatory macrophage”, is stimulated by IL-
10, C-X-C chemokine receptor 3 (CXCRL3), and TGF-beta[31, 32]. M2c macrophages are able to secrete IL-
10 and TGF-beta. Moreover, a speci�c subtype is de�ned as “�brolytic macrophage”. These �brolytic
macrophages are able to secrete degradative enzymes, such as matrix metalloproteinase 9 (MMP9) and
MMP13.

During cutaneous wound healing, macrophages recruit to wound site mainly from peripheral blood soon
after the wound occurs. Large amounts of M1 macrophages in�ltrate in the wound area at 1 to 2 days
post injury[6]. Most M1 macrophages further polarized to M2 macrophages at 3 days post injury[7].
Fibrosis is a common progression of organ injury and repair, in which M2 macrophages play a central
role. Previous researches have shown that M2 macrophages were strongly associated with renal
pathogenic �brosis [33]. Cardiac macrophages isolated from ischemic cardiac �brosis were characterized
with high M2 marker CD206 [34]. In non-healing wounds, mesenchymal stem cells induced their
polarization in M2 phenotype, leading to skin repair [35]. M2 macrophages promoted �brotic activities of
human dermal �broblasts in vitro [36]. In this research, we investigated that M2 macrophages depletion
with clodronate liposome at 4, 6, and 8 days post injury delayed wound healing rates. Consistent with this
phenomenon, depletion of M2 macrophages signi�cantly slashed the pro�brotic effect through inhibiting
collagen 1 and collagen 3 deposition at the wound site and the area around the wound.

In this research, we induced M2 polarization in vitro and identi�ed that M2 macrophages secreted
abundant CTGF. Moreover, M2 macrophages were veri�ed to promote proliferation and migration of L929
�broblasts via secreting CTGF. Previous studies suggested that CTGF enhanced renal �brosis through
activating ERK1/2 signaling pathway[37, 38]. CTGF promoted human corneal �broblast proliferation and
collagen contraction through stimulating ERK/STAT3 signaling pathway[39]. CTGF was found to be
closely related with tissue repair and �brosis via phosphorylating p38, ERK1/2, JNK, and AKT[40]. In our
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research, selective expression of connective tissue growth factor in �broblasts in vitro promotes systemic
tissue �brosis to elevate the phosphorylation of AKT, ERK1/2 and STAT3 in L929 �broblasts. Inhibition of
CTGF in M2 macrophages down-regulated p-AKT, p-ERK1/2 and p-STAT3 in L929 �broblasts, which were
possibly related with �brous repair in cutaneous wound healing.

Taken together, M2 macrophages regulated �brosis of cutaneous wound healing via secreting CTGF,
which further activating AKT, ERK1/2 and STAT3 phosphorylation in L929 �broblasts. Further studies are
necessary to better understand the mechanism.
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Figure 1

Schematic representation of macrophage depletion by clodronate liposome in cutaneous wound healing.
The wound model was established at 0-day post injury (dpi). Mice were injected (i.p.) with PBS or
clodronate liposome at 4, 6, and 8 dpi. The wound healing rates were estimated according to the wound
photos at 0, 5, 7, and 9 dpi. The wound tissues were collected at 9 dpi for further analysis.
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Figure 2

Macrophage depletion during wound healing impaired wound closure, granulation formation, collagen
deposition, and proliferation. (A) Macroscopic appearance of wound areas in control group (PBS) and
macrophage depletion group (clodronate liposome) at 0, 5, 7, and 9 dpi (5 mice for each time point). (B)
The wound sizes were determined by ImageJ software and represented as wound healing rates. (C)
Masson’s trichrome staining of the wound sites were performed at 9 dpi (n=5). Scale bar represents 100
μm. (D) The collagen volume fraction was assessed by ImageJ software. (E) Collagen 1 at 9 dpi was
stained brown by immunochemistry (n=5). Scale bar represents 200 μm. (F) The mean density of
collagen 1 was calculated by Image-Pro Plus 6.0. (G) Collagen 3 at 9 dpi was stained brown by
immunochemistry (n=5). Scale bar represents 200 μm. (H) The mean density of collagen 3 was estimated
by Image-Pro Plus 6.0 software. (I) CD206+ M2 macrophages at 9 dpi were stained red by
immuno�uroscence (n=5). Scale bar represents 200 μm. (J) Morphometric CD206+ M2 macrophages
was quanti�ed by ImageJ software. (K) Ki67+ cells in granulation were stained red by
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immuno�uroscence. Scale bar represents 20 μm. (L) Morphometric Ki67+ cells was quanti�ed by ImageJ.
Values were represented as mean±SD. # P 0.05, * P 0.01.

Figure 3

Polarization of RAW264.7 macrophage to M2 phenotype. (A) Polarized RAW264.7 macrophages by IL-4
stimulation were marked using F4/80 and CD206 by �ow cytometry. (B) Ratio of F4/80+CD206+
macrophages after IL-4 stimulation were assessed. (C) Ratio of F4/80+ macrophages and CD206+
macrophages after IL-4 stimulation were separately counted. (D) Morphologic charateristics of
macrophages in non-IL-4 group (M0) and IL-4 group (M2) were observed. (E) Concentration of IL-6 in FBS-
free conditioned medium of M0 and M2 macrophages were assessed at 24 h and 48 h by ELISA. (F)
Concentration of TNF-α in FBS-free conditioned medium of M0 and M2 macrophages were detected at 24
h and 48 h by ELISA. (G) Concentration of IL-10 in FBS-free conditioned medium of M0 and M2
macrophages were analyzed at 24 h and 48 h by ELISA. (H) Concentration of TGF-β1 in FBS-free
conditioned medium of M0 and M2 macrophages were assessed at 24 h and 48 h by ELISA. (I)
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Concentration of CTGF in FBS-free conditioned medium of M0 and M2 macrophages were detected at 24
h and 48 h by ELISA. Values were represented as mean±SD. * P 0.01.

Figure 4

M2 macrophages elevated �broblast proliferation and migration. (A) CTGF expressions of macrophages
in non-IL-4 group (M0) and IL-4 group (M2) were detected by western blotting. (B) The relative band
densities of CTGF and GAPDH were assessed by ImageJ software. (C) After administration of FBS-free
conditioned medium of M0 and M2 macrophages on L929, OD values at 450 nm were assessed at 0, 24,
and 48 h by CCK8 assay. (D) After administrating FBS-free conditioned medium of M0 and M2
macrophages on L929, L929 migration was detected at 0, 24, 48, and 96 h. (E) Wound closure rates were
calculated. Values were represented as mean±SD. # P 0.05, * P 0.01.
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Figure 5

Blockade of CTGF in M2 macrophages deactivated �broblast proliferation and migration. (A) Protein
levels CTGF in M2 macrophages after administration of siCTGF 1, siCTGF 2, and siCTGF 3. (B) The
relative band densities of CTGF and GAPDH were assessed by ImageJ software. (C) After administration
of siCTGF on M2 macrophages, concentration of CTGF in FBS-free conditioned medium was analyzed at
24 h and 48 h by ELISA. (D) After administrating FBS-free conditioned medium of M2 macrophages in
control siRNA group and siCTGF group, OD values at 450 nm were assessed at 0, 24, and 48 h by CCK8
assay. (E) After administrating FBS-free conditioned medium of M2 macrophages in control siRNA group
and siCTGF group, L929 migration was detected at 0, 24, 48 h. (F) Wound closure rates were calculated.
The values were represented as mean±SD. # P 0.05, * P 0.01.
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Figure 6

Recombinant CTGF restored �broblast proliferation and migration via activating AKT/ERK1/2/STAT3
pathway. (A) Recombinant CTGF was applied on �broblasts along with FBS-free conditioned medium of
M2 macrophages. OD values at 450 nm were assessed at 0, 24, and 48 h by CCK8 assay. (B) After
administrating FBS-free conditioned medium of M2 macrophages in control siRNA group, siCTGF group,
and siCTGF + CTGF group, L929 migration was assessed at 0, 24, and 48 h by CCK8 assay. (C) Wound
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closure rates were calculated. (D) AKT/p-AKT, ERK1/2/p-ERK1/2, and STAT3/p-STAT3 expressions in
�broblasts were assessed by western blotting. (E) Relative band densities of CTGF and GAPDH were
assessed by ImageJ. Values were represented as mean±SD. # P 0.05, * P 0.01.

Figure 7

Schematic representation: M2 macrophages secreted CTGF to mediate �broblasts via activating
AKT/ERK1/2/STAT3 pathway in cutaneous wound healing. In cutaneous wound healing, “pro�brotic” M2
macrophages mainly participate in �brosis. F4/80+CD206+ M2 macrophages can be polarized from
F4/80+ M0 and F4/80+iNOS+ “proin�ammatory” M1. Polarization of M1 macrophages is classically
induced by LPS and IFN-γ. Polarization of M2 macrophages is classically stimulated by IL-4/IL-13. M2
regulates �broblasts via secreting CTGF. CTGF further activates AKT/STAT3 and ERK1/2/STAT3
signaling pathway in �broblasts, thus improving cell proliferation, migration, and collagen deposition. Our
research suggested a prominent role of M2 macrophages in cutaneous wound healing and possible
mechanism.


