Am J Transl Res 2019;11(2):655-668
www.ajtr.org /ISSN:1943-8141/AJTRO085206

Original Article

Metformin induces the M2 macrophage polarization
to accelerate the wound healing via regulating AMPK/
MTOR/NLRP3 inflammasome singling pathway

Liming Qing, Jinfei Fu, Panfeng Wu, Zhengbing Zhou, Fang Yu, Juyu Tang

Department of Hand and Microsurgery, Xiangya Hospital of Central South University, Changsha 410008, China

Received September 7, 2018; Accepted December 27, 2018; Epub February 15, 2019; Published February 28,
2019

Abstract: Background: Skin wound healing is a challenging problem, especially in aging or diabetic patients, which
becomes more difficult to heal, and easily results in considerable public health burden. The purpose of this study
was to investigate the effects of metformin on wound healing and explore its underlying mechanism. Methods:
Metformin was local topical application in rat skin defect models. Alterations in the wounded skin were observed,
and angiogenesis in the wound also was analyzed by immunohistochemical staining. The markers associated with
differentiation macrophage were analyzed by immunofluorescence staining. The roles of AMPK singling pathway
and the relative protein of NLRP3 inflammasome in wound were also analyzed by western blotting. In addition,
AMPK/mTOR/NLRP3 inflammasome signaling axis was investigated to further analyze the molecular mechanism of
metformin treatment on inducing M2 macrophage polarization in vitro. Results: Out results showed that metformin
improved wound healing and angiogenesis which was paralleled by M2 macrophage polarization. We also found
that the level of relative proteins of NLRP3 inflammasome was markedly decreased after metformin treatment.
Furthermore, blockage of AMPK or activation of mTOR abolished the effects of metformin treatment on depressing
NLRP3 inflammasome activation, M2 polarization and improving wound healing. It suggested that the treatment
effects of metformin on wound healing were through regulating AMPK/mTOR/NLRP3 inflammasome signaling axis.
Conclusion: Metformin regulated AMPK/mTOR singling pathway to inhibit NLRP3 inflammasome activation, which
boosted M2 macrophage polarization to accelerate the wound healing. These findings provided new insights into
the molecular mechanism of metformin therapy and its therapeutic potential in wound healing.
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Introduction

Wound healing is a complex process involving
overlapping stages of hemostasis, inflamma-
tion, tissue proliferation and remodeling. These
stages are necessary for the development of
normal wound healing [1-3]. If it could not be
developed with a timely and orderly manner
during the wound healing process, the wounds
will turn into chronic, non-healing wounds that
are a growing world health care issue. Macro-
phage was known as a critical role in in wou-
nd healing progress. Macrophages can polarize
in two predominate phenotypes when it was
upon activities. The two phenotypes of macro-
phages are the pro-inflammatory “classically”
activated (M1 macrophage) and the “alterna-
tively” activated (M2 macrophage). The M1 was

mainly associated with inflammation, whereas
M2 macrophage plays an important role in tis-
sue repair and regeneration. Accumulating evi-
dence suggested that M2 macrophages regu-
lated revascularisation, fibroblast regeneration,
myofibroblast differentiation and collagen pro-
duction [4]. Non-functional or dysfunctional M2
macrophages are collected with chronic, non-
healing wounds. Therefore, a timely and orderly
M2 polarization is critical for successful wound
healing.

It was reported that inflammasomes involves
in the innate immune response and promotes
inflammation [5]. NOD-like receptor protein 3
(NLRP3) inflammasome is the most common
inflammasome, and consists of NOD-like recep-
tor protein 3, apoptosis associated speck-like
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protein (ASC) and caspase-1. Emerging eviden-
ces indicate that NLRP3 inflammasome is a
critical component element in the wound prog-
ress [6, 7]. Down-regulating the NLRP3 inflam-
masome and cleaved IL-13 inhibited inflamma-
tion and improved wound healing [7, 8]. Chiu
and his colleagues indicated that suppress-
ed the NLRP3 inflammasome activities via
the activation of autophagy ameliorated burn
wound progression and improved wound heal-
ing in a rat burn model [9]. Previous study also
demonstrated that NLRP3 protein expression
in macrophages was up-regulated by lipopoly-
saccharide (LPS) in M1 macrophages but not in
M2 phenotype [10]. Besides, inhibition of the
NLRP3 inflammasome converts lipopolysacch-
aride (LPS)-stimulated M1 macrophages to-
ward an M2 phenotype [11]. Therefore, we pro-
pose that inducing M2 macrophage polariza-
tion through suppressing the NLRP3 inflamma-
some activities may be a new therapeutic tar-
get for improve the wound healing.

Metformin, a biguanide, is currently one of the
most commonly medication for the therapy of
type 2 diabetes [12, 13]. Despite metformin
was one of oldest prescribed hypoglycemic
agents for patients with type 2 diabetes, few
studies have investigated the potential for met-
formin to influence wound healing. Recently,
Metformin was received increasing attention
because of its anti-inflammatory properties
[13-16]. Emerging evidences in the literature
supported the novel hypothesis that metformin
has immune-modulatory features [4, 16]. Alth-
ough metformin present a potential to amelio-
rate inflammation, whether metformin treat-
ment can accelerate the wound healing and its
effects on macrophage polarization regulation
remains to be elucidated. In addition, whether
metformin can depress NLRP3 inflammasome
activation also requires further investigation.

Previous studies demonstrated that the pleo-
tropic effects of metformin were associated
with the activation of AMP-activated protein
kinase (AMPK) [17, 18]. Moreover, AMPK is kn-
own as the upstream of mTOR which play an
important role in the regulation of inflamma-
tion. Recent studies demonstrated that met-
formin suppressed immune responses mainly
through its direct effect on the cellular func-
tions of various immune cell types by induction
of AMPK and subsequent inhibition of mTOR
[4, 19]. Jing et al. [4] also found that metformin
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improved low-grade inflammation in obesity
and modulated macrophage polarization to
M2 phenotype via the activation of AMPK [4].
Therefore, we hypothesized that metformin can
improve the wound healing by inducing the
M2 macrophage polarization which involved in
AMPK/mTOR/NLRP3 inflammasome signaling
pathway.

The purpose of this study was to investigate the
effect of metformin treatment on wound heal-
ing and explore its underlying mechanism. In
this study, we found metformin treatment can
accelerate wound healing which was paralleled
by inducing the M2 macrophage polarization in
rat skin defect models. Our data also indicat-
ed that NLRP3 inflammasome was depressed
after metformin treatment. We further illustrat-
ed the AMPK/mTOR/NLRP3 inflammasome sig-
naling pathway involved in therapeutic effect of
metformin on wound healing. This study sup-
ported the translation of metformin as a thera-
peutic drug for accelerating wound healing.

Materials and methods
Animals

Sprague-Dawley rats (10 weeks old, weight
200-250 g) were obtained from department of
laboratory animals of central south university.
The rats were housed in the animal care center
of central south university and provided with
free access to food and water. Rats were kept
at a regulated temperature (21+3°C) and hu-
midity (55+5%), and a 12 h light/dark cycle. All
procedures involving animals were approved by
the central south university committee on labo-
ratory animals.

Excisional wounding and treatment

Wounds were created in the rat dorsal skin
under sterile conditions as it has been des-
cribed elsewhere [5, 8]. Briefly, animals were
anesthetized with pentobarbital sodium (50
mg/kg; Boster, Wuhan, China) through perito-
neal injection (i.p.). The dorsal skin was picked
up at the midline and punched with a sterile
biopsy punch (1 cm in diameter; Miltex, USA),
and generating two wounds on each side of
the midline. Wounds were treated with the met-
formin or AMPK inhibitor (compound C) as indi-
cated; treatment was initiated 3 days post-inju-
ry to allow the initial inflammatory response to
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proceed normally. Metformin (2 mM; solarbio,
China) and Compound C (10 uM) [17] were
applied topically to wounds every other day in
F-127 pluronic gel (50 mL of a 25% gel in saline)
[20]. Controls were treated with saline vehicle-
loaded gel. For animal wounds, healing was
assessed on day 10 post injury. The image J
software (Media Cybernetics) was used to
measure the wound areas. Changes in wound
areas were presented as the percentage of ini-
tial (day O) wound area.

Histology and Immunohistochemical analysis

Skin tissues samples were fixed in a 4% para-
formaldehyde solution and then dehydrated
using graded ethanol, following by embedding
in paraffin and sectioned at 5 um thick, and
then stained with hematoxylin/eosin (H&E)
using standard histology protocols. The sam-
ples were used to evaluate microvessel density
(MVD). For the immunohistochemical analysis,
the sections were incubated at 4°C overnight
with Rabbit anti-CD31 (1:50 dilutions, Abcam)
at 4°C. Rinse 3 x 5 min TBS 0.025% Triton with
gentle agitation at the next day. After washing,
the sections were incubated with an enzyme-
conjugated secondary antibody (Abcam) for 1 h
at room temperature. Slides were then rinsed
in PBS and were incubated with HRP-conjuga-
ted secondary antibody and counterstained
with hematoxylin. Flap tissues were imaged at
x 20 magnifications. Images were calculated
with Image-Pro Plus software (Media Cyberne-
tics, Rockville, MD, USA) for integral absorban-
ce quantitation of CD31-positive blood vessels
counting.

Cell culture and drug treatment

The RAW264.7 macrophage cell lines were pur-
chase from the Cell Bank of the Chinese Aca-
demy of Sciences (Shanghai, China). The cells
were cultured in 4.5% glucose DMEM supple-
mented with 10% FBS, 1% penicillin/streptomy-
cinat 37°Cin a humidified 5% CO, atmosphere.
For experiments, the cells were seeded at 3 x
10° cells/ml and treated with 100 ng/mL LPS
for 6 hours as it have been described in the
previously paper. The non-adherent cells were
removed with PBS. Adherent cells were further
culture with fresh medium containing inter-
vention condition for an additional 24 h. The
RAW264.7 cells were randomly divided into the
following four groups: (1) control group (LPS-
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stimulated cells); (2) metformin (2 mM) [4, 21]
group (LPS-stimulated cells treated with met-
formin); (3) metformin intervention+compound
C (10 pM) group [22] (LPS-stimulated cells
treated with metformin and compound C); (4)
metformin intervention+MHY1485 (10 uM)
[23] group (LPS-stimulated cells treated with
metformin and MHY1485). After the treat-
ment, the cells were collected and analyzed
as described below.

Immunofluorescence staining

After fixation with 4% paraformaldehyde and
punched with 0.3% Triton X-100, cutaneous
excised tissues or RAW264.7 cells were block-
ed with 5% normal BSA, and then incubated
with the desired primary antibodies against
the M1 marker CD86 (anti-Rat for the cells
1:100, Abcam; anti-mouse for the tissue sec-
tions 1:100, immunnoway Biotechnology Com-
pany) and the M2 marker CD206 (anti-Rabbit
1:100; Proteintech) overnight at 4°C, following
by Alexa Fluor-conjugated IgG secondary anti-
bodies (1:100; multiscience) for 90 min at room
temperature. After washing three times for 5
mines, the nucleus was stained with DAPI (Invi-
trogen, Carlsbad, CA) for 15 mins. The staining
slides were observed by fluorescent Nikon Ti-E
inverted microscope (Nikon, Kobe, Japan). For
quantification, 5 different fields from each sam-
ple preparation were randomly selected, and
then the CD86, CD206 and DAPI areas were
analyzed using Image J software (Media Cyber-
netics).

Western blotting analysis

Cells or frozen tissue sample were lysed in ice-
cold lysis buffer which includes 50 mM Tris-HCI
pH 8.0, 150 mM NaCl, 0.5% deoxycholate,1%
NP-40, 0.1% SDS, 10 mM NaF, 10 mM Na,P,0,,
10 mg/ml leupeptin, 1 mg/ml aprotinin, 1 mM
sodium vanadate, and 1 mM PMSF. Those sam-
ples were incubated for 20 minutes at 4°C, fol-
lowing centrifuged at 12,000 rpm, for 20 min at
4°C. The supernatants were collected for Wes-
tern blotting. A BCA protein kit (Bio-rad USA)
was used to measure the protein concentra-
tion. The lysates were loaded onto SDS-PAGE
and transferred to PVDF membrane (Bio-Rad).
They were subsequently transferred onto PVDF
membranes (Millipore, Bedford, MA, USA). The
membranes were blocked with 5% non-fat milk
in TBS with 0.1% Tween 20 for 1.5 hour at room
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temperature, and then were incubated with
primary antibody overnight at 4°C according
to the manufacturer’'s recommendations. The
membranes were washed with TBS for 5 min
three times at next day, and then incubated
incubation with horseradish peroxidase-cou-
pled secondary antibody. Signals were visual-
ized using the ChemiDicTM XRS+Imaging Sys-
tem (Bio-Rad). Quantification analysis was per-
formed using Image lab software.

Elisa

Interleukin-1f, IL-10, VEGF levels in cell cul-
ture supernatants were determined by ELISA,
according to manufacturer’s instructions (Ab-
cam, USA). The levels of IL-1B, IL-10, and VEGF
were calculated with reference to standard
curves of purified recombinant IL-13, 1L-10,
VEGF at various dilutions.

gRT-PCR analysis

Total RNA was isolated from sample using Trizol
Reagent (Invitrogen) according to the manu-
factures protocols. cDNA was synthesized by a
Revert Aid first-strand cDNA synthesis kit (Fer-
mentas, Life Sciences, Canada) from total RNA.
and these cDNA products were then amplified
using Real-time qPCR with SYBR-Green RT-PCR
kit (Bioteke, Beijing, China). B-actin served as
the reference, relative-expression levels of RNA
were quantified using (22%T) methods. The pri-
mers sequences of the Real-time qPCR used in
animal experiments are listed in Table S1. RNA
samples from cultured cells were reverse-tran-
scribed into cDNA using the SuperScript Il kit
(Invitrogen, USA), and these cDNA products
were then amplified using qPCR. The primers
sequences of the Real-time qPCR used in cell
experiments are listed in Table S2.

Statistical analysis

Statistical significance was performed using
the GraphPad Prism 6.0 soft tool (GraphPad
Software, La Jolla, CA, USA) and SPSS 19.0 sta-
tistical software. All values are presented as
the mean + SEM in the paper. Student’s t test
was utilized to evaluate the statistical signifi-
cance different between two experimental
groups. When multiple groups were compared,
data were statistical evaluated by using one-
way analysis of variance (ANOVA) and Dunnett’s
post hoc test. P values <0.05 were optioned to
consider statistically significant.
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Results

Metformin accelerated wound healing and an-
giogenesis

To demonstrate the effects of treatment with
metformin on wound healing, alterations in the
wounded skin were observed on alternate days
until day 10. The dates showed that metformin
treatment presented a markedly improvement
in wound healing compared with the control
group (P<0.05). Furthermore, wounds treated
with the AMPK inhibitor compound C reversed
this effect (Figure 1A, 1B). In order to further
understand the role of metformin therapy in
wound, the number of angiogenesis, indicated
by CD31 staining of the tissue which harvested
from the wound area, was observed. The capil-
lary formation was significantly increased in
metformin treatment group (P<0.05) compar-
ed with the control group. Capillary formation
in compound ¢ pretreatment was significantly
decreased compared with the treatment with
metformin group (P<0.05) (Figure 1C, 1D). The
relative mRNA expression of VEGF was signifi-
cant higher in the metformin treatment group
compare with in the control group, and inter-
fered with AMPK inhibitor compound ¢ can
reverse the effect of Metformin (Figure 1E).
Altogether the results indicated that metfor-
min treatment significantly accelerated wound
healing.

Metformin induced the M2 macrophage polar-
ization in the wound

Wound healing is known to require the partici-
pation of macrophages, previous studies dis-
played that inducing M2 macrophage polariza-
tion can improve angiogenesis and accelerates
wound healing [1-3]. To demonstrate whether
metformin treatment induces the M2 macro-
phage polarization in the wound healing pro-
cess, the molecular marker CD86 (M1) and
CD206 (M2) was used to identify the subpopu-
lation of macrophage by Immunofluorescence
staining. Immunofluorescence staining results
indicated that the density of M2 macrophages
was significantly increased, whilst M1 macro-
phages were markedly reduced in the metfor-
min treatment group on the day 7 (P<0.05). By
contrast, tissues obtained from rats treated
with compound c revealed reversal results (P<
0.05) (Figure 2A, 2B). We also have measured
the concentration of the anti-inflammatory cy-
tokines (IL-10) and proinflammatory cytokines
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Figure 1. Metformin treatment accelerates wound healing in a rat model. A dorsal skin wound was created via
a 1 cm circular punch biopsy and digital images of the wound were captured until day 10. A. Representative im-
ages of wound healing. B. Quantitative analysis of wound diameter. Metformin therapy accelerated wound healing
compared with control group, and interfered with AMPK inhibitor compound C can reverse the effect of Metformin.
*P<0.05 vs. Con or Cpd C group. C. Representative images of CD31 staining on day 7 and quantitative analysis.
Metformin therapy enhances wound angiogenesis in the rat model, and Cpd C reversed the effect of Metformin. Red
arrows indicate CD31-positive capillaries (magnification x 400). The HE staining results of mean vessels density
was available in Figure S1. D. Quantitative analysis of capillaries in each field demonstrated that wound capillar-
ies in metformin-treated group were increased on days 7 compared with the untreated rats, and interfered with
AMPK inhibitor compound C can reverse the effect of Metformin. The number of CD31 positive vessels in the con-
trol group was 9.200+1.158, in the the metformin treatment group was 22.20+1.497 and 11.40+0.9274 in the
Metformin+Compound C group. E. The relative mRNA expression of VEGF was significant higher in the metformin
treatment group compare with in the control group, and interfered with AMPK inhibitor compound C can reverse the
effect of Metformin. Values are expressed as the mean + SEM; *P<0.05 vs. Con or Cpd C group. Ctrl, control; Met,
metformin; Cpd C, compound C.

(IL-1B) by using the gRT-PCR. The results show- ment group compare with in the control group,
ed that the relative mRNA expression of 1L-10 in contrast, the relative mRNA expression of
was significant higher in the metformin treat- IL-1B was markedly decreased in the metformin
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Figure 2. Metformin improved wound healing involving in the M2 macrophage polarization. A. Representative im-
ages of immunofluorescence analysis of macrophage phenotype. Wound immunostained for the M1 marker (CD86
green) and M2 marker (CD206 Red); scale bar 50 um. B. Quantitative analysis of the M2 macrophage positive cell.
C. Representative images of the relative mRNA expression of I1L.-10 and IL-1B. IL-10 was significant higher in the
metformin treatment group, while IL-1[ significantly decreased with metformin treatment, and interfered with AMPK
inhibitor compound C can reverse the effect of Metformin. Data were presented as the mean + SEM. *P<0.05 vs.

Con or Cpd C group.

treatment group, and interfered with AMPK in-
hibitor compound C can reverse the effect of
Metformin (Figure 2C). All of these results indi-
cated that metformin treatment is an effective
therapeutic strategy for improving the wound
healing through AMPK protein regulates the M2
macrophage polarization.

Metformin suppressed NLRP3 inflammasome
in the wound via activating the AMPK

Previously studies indicated that NLRP3 in-
flammasome was associated with macrophage
plasticity, suppressing the NLRP3 inflamma-
some activation can facilitate the M1 macro-
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phage to M2 macrophage [24, 25]. Despite
accumulating evidences presented that met-
formin can modulate the inflammation [4, 15],
few studies presented the effects of metformin
on the NLRP3 inflammasome. To test whether
metformin regulated the NLRP3 inflammasome
complex activation for macrophage polarization
in the skin wound, the levels of p-AMPK, AMPK,
NLRP3, IL-13 and caspase-1 were analyzed by
western blotting. The results indicated that the
NLRP3, IL-13, and caspase-1 levels were mark-
edly decreased and the p-AMPK was increased
in the metformin therapy group compared with
in the control group, whereas AMPK inhibitor
compound C disturbed the influence of Met-
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Figure 3. Metformin attenuates NLRP3 inflammasome activation in the wound via activating the AMPK. A, B. Rep-
resentative images and quantitation of the western blot showing the protein expression of p-AMPK, AMPK. The
original images are available in Figure S2. C, D. Representative images and quantitation of the western blot show-
ing the protein expression of NLRP3, Pro-IL-18, IL-13, Pro-caspase-1, caspase-1. The original images are available
in Figure S2. Data are presented as the mean + SEM. *P<0.05 vs. Con or Cpd C group, **P<0.01 vs. Cpd C group.

Ctrl, control; Met, metformin; Cpd C, compound C.

formin (P<0.05) (Figure 3). These findings pre-
sented that the therapy effect of Metformin on
inducing M2 macrophage polarization is relat-
ed to suppress NLRP3 inflammasome.

Metformin converted inflammatory macro-
phage cells to M2 polarization via modulating
AMPK/mTOR signaling pathway

To further demonstrate the effect of metfor-
min on macrophage cells polarization, we also
investigated the therapy effect of metformin in
vitro. RAW246.75 cells were activated by LPS
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and treatment with metformin. Immunofluores-
cence staining was performed to display the
subpopulation of macrophages. Immunofluo-
rescence staining results indicated that the
density and distribution of M2 macrophages
was significantly increased in the metformin
treatment group (P<0.05). However, the AMPK
inhibitor compound ¢ prevented the effects of
metformin on RAW246.75 cells (P<0.05) (Fig-
ure 4A). It is reported that metformin inhibi-
ted mTOR by activating AMPK [13]. To further
determine whether metformin accelerated M2
macrophage polarization via regulating AMPK/
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Figure 4. Metformin converted inflammatory macrophage cells to M2 polarization via modulating AMPK/mTOR
signaling pathway. A. Representative images of immunofluorescence analysis of macrophage phenotype in vitro,
CD86 (M1 green) or CD206 (M2 red) were analysis. Scale bar 50 uym. B. Representative images of the western blot
showing the protein expression of p-AMPK, AMPK, p-mTOR, mTOR. C. Relative quantitation of p-AMPK, AMPK. D.
Relative quantitation of p-mTOR, mTOR. The original images are available in Figure S3. Data are presented as the
mean + SEM. *P<0.05 vs. Ctrl or Cpd C group. Ctrl, control; Met, metformin; Cpd C, compound C.

mTOR signaling pathway, western blot were ferentiation of macrophages to M2 via regulat-
performed to investigate the level of p-AMPK, ing the AMPK/mTOR signaling pathway.

AMPK, p-mTOR, mTOR. As the results shown,

metformin significantly increased the ratio of Metformin promotes M2 macrophage polar-
p-AMPK/AMPK (P<0.05), and significantly sup- ization via modulating AMPK/mTOR signaling
pressed activation of mTOR (P<0.05). By con- pathway to inhibit NLRP3 inflammasome in
trast, the ratio of p-AMPK/AMPK and p-mTOR/ vitro

mTOR in cells co-treated with metformin and

compound C, indicating that metformin inhibit- In order to further analyze the molecular mech-
ed mTOR by activating AMPK in LPS-induced anism of metformin inducing M2 macrophage
RAW264.7 cells (Figure 4B-D). To confirm that polarization, AMPK/mTOR/NLRP3 inflammaso-
metformin induces the M2 macrophage polar- me signaling axis was investigated. Recent
ization by suppressing mTOR signaling pathway, studies also demonstrated that mTOR was
mTOR activator MHY1485 was further added to associated with NLRP3 inflammasome [26]. To
metformintreatmentcells.Immunofluorescence test whether metformin modulate NLRP3 infla-
staining results also indicated that mTOR acti- mmasome complex activation through AMPK/
vator MHY1485 can also disturbed the effect mTOR signaling pathway, metformin, compound
of metformin treatment in the macrophage cul- C and MHY1485 were utilized to treat LPS-
ture (P<0.05) (Figure 5). Taken together, these simulated RAW264.7 cells. Western blot was
data demonstrate that metformin regulated the performed to investigate the level of NLRP3
macrophage polarization and facilitated the dif- and caspase-1 (P<0.05). Western blot analys-
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Figure 5. Metformin directs M2 macrophages polarization involved in mTOR signaling pathway. mTOR activator
MHY1485 can disturb the therapy effect of metformin. A. Representative images of immunofluorescence analysis
of macrophage phenotype in vitro. Scale bar 50 um. B, C. Representative images and quantitation of the western
blot showing the protein expression of p-mTOR, mTOR. The original images are available in Figure S4A. Data are
presented as the mean + SEM, *P<0.05 vs. Met group.

es revealed that the levels of NLRP3 and cas-
pase-1 were markedly decreased in metformin
treatment group, whereas compound C and
MHY1485 treatment group prevented the ef-
fects of metformin on NLRP3 inflammasome
(Figure 6A, 6B). The relative mRNA expression
of NLRP3, IL-1B and caspase-1 also significant-
ly decreased in the metformin treatment group,
and interfered with compound C or MHY1485
can reverse the effect of Metformin (Figure
6C-E). We also have measured the concentra-
tion of the anti-inflammatory cytokines (IL-10)
and proinflammatory cytokines (IL-1B) in the
supernatant of cell culture medium. The EILSA
results displayed that after metformin treat-
ment, macrophage dramatically produced more
anti-inflammatory cytokines (IL-10), and less
proinflammatory cytokines (IL-1B) (P<0.05)
(Figure 6F, 6G). We found that the concentra-
tion of VEGF also was significant increase in the
metformin treatment group (P<0.05). Treatment
of compound ¢ or MHY1485 had exactly the
reverse effect (Figure 6H). The results indicat-
ed that Metformin mediated NLRP3 inflamma-
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some activation is associated with upregula-
tion of AMPK and downregulation of mTOR sig-
naling, demonstrating that metformin induces
M2 macrophage polarization via modulating
AMPK/mTOR signaling pathway to inhibit NL-
RP3 inflammasome. All of these results indi-
cated that metformin mediate the modulation
of M2 macrophage polarization through AMPK/
mTOR/NLRP3 inflammasome regulatory signal-

ing.
Discussion

Metformin is a synthetic derivative of guani-
dine, extracted from the extracts of Galega of-
ficinalis, represents a worldwide milestone in
treatment of patients with type 2 diabetes [27,
28]. Recently, emerging evidences demonstrat-
ed that metformin inhibited the expression of
pro-inflammatory cytokines, protected against
oxidative damage and direct macrophage polar-
ization in vitro and in vivo [16, 17, 29]. Zhao and
his colleague [17] discovered that local admin-
istration of metformin accelerated wound heal-
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Figure 6. Metformin treatment facilitates M2 macrophages polarization via regulating AMPK/mTOR/NLRP3 inflam-
masome signaling axis. A, B. Representative images and quantitation analysis of western blot showing the pro-
tein expression of NLRP3, Pro-caspase-1 and caspase-1. The original images are available in Figure S4B. C-E.
The relative mRNA expression of NLRP3, IL-13 and caspase-1 significantly decreased in the metformin treatment
group, and interfered with compound C or MHY1485 can reverse the effect of Metformin. F-H. Pro-inflammatory
cytokines (IL-1B), anti-inflammatory cytokines (IL.-10) and VEGF levels were measured using ELISA kit. The expres-
sion level of IL-1B in the control, the metformin, the metformin+compound C and metformin+MHY1485 groups
was 242.7+10.23, 56.33+£2.917, 238.5+7.478 and 243.8+14.52, respectively. The expression level of IL-10 in
the control, the metformin, the metformin+compound C and metformin+MHY1485 groups was 53.83+2.960,
312.548.543,55.33+3.667 and 54.83+3.902, respectively. The expression level of VEGF in the control, the metfor-
min, the metformin+compound C and metformin+MHY1485 groups was 155.3+3.190, 602.8+26.40, 157.7+4.014
and 156.5%4.410, respectively. Data are presented as the mean + SEM. *P<0.05 vs. Ctrl or Cpd C or MHY1485
group. Ctrl, control; Met, metformin; Cpd C, compound C.

ing with improved epidermis, hair follicles, and
collagen deposition in young rodents. Despite
the potential for metformin to ameliorate in-
flammation and direct macrophage have been
descripted in the previous literature, However,
correlations among wound healing, macropha-
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ge polarization, NLRP3 inflammasome, and me-
tformin remain unknown. In the present study,
we investigated the treatment effect of met-
formin on wound healing and explore its under-
lying mechanism. Those results dates clearly
demonstrated that metformin treatment is an
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effective therapeutic strategy on improving the
wound healing through inhibition of NLRP3 in-
flammasome activation to direct macrophage
polarization. All of these results indicated that
metformin provides new therapeutic potential
in the treatment of wound healing.

Macrophages are a heterogeneous population
of cells that may undergo classical M1 or alter-
native M2 activation in response to various sig-
nals. Previous studies demonstrated that M1
macrophage polarization plays an important
role in the early stage of wound healing, which
contributes to an increased and sustained in-
flammatory response by producing high levels
of pro-inflammatory cytokines, as well as ROS
[1-3]. M2 macrophage polarization has been
indicated that it was associated with resolution
of tissue repair processes. Accumulating evi-
dences indicated that M2 macrophages regu-
late re-vascularisation, fibroblast regeneration
and myofibroblast differentiation and collagen
production in the wound healing processes [2,
3]. Previous studies also showed that reduced
M2 macrophage levels lead to a reduction in
growth factor levels (such as TGF-B, insulin-like
growth factor-1 (IGF-1) and vascular endothelial
growth factor (VEGF)) which regulate the prolif-
erative stage of repair in the diabetic wounds
healing process [30-32]. Moreover, high levels
of pro-inflammatory cytokines and mediators,
such as TNF, IL-1B, IL-17 and iNOS, contributed
to the non-healing phenotype [33, 34]. Since
M2 macrophage cells have been observed to
improve wound repairs, it has been proposed
that increasing M2 macrophage numbers in
the wound might accelerate wound closure. As
shown in our present study, metformin treat-
ment promotes alternative M2 macrophage
polarization in vivo and in vitro. Therefore, met-
formin therapy may be a therapeutic drug for
accelerating wound healing through directs
macrophage polarization.

To analyze the molecular mechanism of met-
formin inducing M2 macrophage polarization
during the wound healing process, we have fur-
ther investigated AMPK/mTOR/NLRP3 inflam-
masome signaling axis. In the present study,
we found that the metformin treatment sup-
pressed expression of NLRP3, IL-13, and cas-
pase-1 in vivo and vitro, whereas presented M2
macrophage polarization in metformin treat-
ment group, Furthermore, we also found that

665

p-AMPK inhibitor compound ¢ prevented the
effects of metformin on NLRP3 infammasome
activities. NLRP3 inflammasome is a multi-pro-
tein complex, including NLRP3, ASC and cas-
pase-1, which control caspase-1 activity and
the release of inflammation cytokine IL-13 and
IL-18 in the innate immune system. Inflamma-
some signaling and downstream cytokine res-
ponses mediated by the inflammasome have
been found to involve in wound healing pro-
cess [35]. Recently studies also strongly sug-
gest that blockade of the NLRP3 inflamma-
some is one of the key contributors to acceler-
ate wounds healing in diabetic mice [36]. It is
reported that NLRP3 inflammasome expres-
sion in macrophages was up-regulated by LPS
in M1 macrophages but not in M2. Besides,
inhibits NLRP3 inflammasomes activation pro-
motes macrophage polarization toward an M2
phenotype [11, 37]. Previous studies have
described that NLRP3 inflammasome activa-
tion may contribute to the delay wound healing
in the diabetic patients, whereas the negative
regulation of NLRP3 inflammasomes was a
potential therapeutic target for improving the
wound healing. Importantly, suppressing infla-
mmasome activity in wounds of mice using top-
ical application of pharmacological inhibitors
improved healing of these wounds, induced a
switch from pro-inflammatory (M1 macrophage)
to healing-associated macrophage (M2 macro-
phage) phenotypes, and increased levels of
pro-healing growth factors [20]. In accordance
with previous studies, we also provided evi-
dence supporting that metformin treatment is
an effective therapeutic strategy on inducing
the M2 Macrophage polarization through inhibi-
tion of NLRP3 inflammasome activation.

Metformin as an AMPK activator has long been
used to therapy diabetic hyperglycemia, which
substantially impairs wound healing. However,
controversial results exist regarding whether
AMPK activation by metformin improves heal-
ing of diabetic wounds [38, 39]. Recent studies
demonstrated that metformin suppresses im-
mune responses mainly through its direct effe-
ct on the cellular functions of various immune
cell types by induction of AMPK and subse-
quent inhibition of mTOR [4, 19]. Recent study
also identified NLRP3 as a binding partner of
mTOR, and the inhibition of mMTOR/NLRP3 sig-
naling pathway ameliorates intestinal inflam-
mation [26]. As shown in our present study,
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Figure 7. After the skin was injured to form a wound, the alarm signal has
bound and activated the NLRP3 inflammasome by damage-associated
molecular patterns (DAMPs) and pathogen-associated molecular patterns
(PAMPs). The activation of NLRP3 inflammasome sustained a pro-inflamma-
tory macrophage phenotype (M1) and inhibited upregulation of the pro-heal-
ing macrophage phenotype (M2). However, our studies results showed that
metformin regulated AMPK/mTOR/NLRP3 inflammasome signaling axis to
promote the M2 macrophages polarization which will accelerate the wound

healing.

metformin treatment promotes alternative M2
macrophage polarization by inducing the acti-
vation of AMPK. Activating and phosphorylating
AMPK can suppress mTOR/NLRP3 inflamma-
some signaling pathway activation. Therefore,
we supposed that the effect of metformin on
wound healing might be related to the altera-
tion of macrophage phenotype via regulating
AMPK/mTOR/NLRP3 inflammasome signaling
axis (Figure 7).

In our current study, we also found that angio-
genesis was markedly increased in the metfor-
min treatment group, and the levels of VEGF
also presented up regulation in the metformin
treat-LPS stimulated RAW264.7 cells. In addi-
tion, we found that the expression of IL-13 mar-
kedly decreased and the expression of IL-10
increased in the metformin treatment group.
Previous studies also found that locally appli-
ed metformin improved vascularization of the
wound beds, which were attributed to stimula-
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pro-IL-1B
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tion of adenosine mono-
. phosphate-activated protein

kinase (AMPK) pathway, the
key mediator of wound heal-
ing [40]. Interesting, some
authors also found that AM-
PK pathway was inhibited in
aged skin, thus, it easily im-
paired vasculature regenera-
tion and reduced wound heal-
ing ability for the old patients
[17]. Weinheimer-Haus et al.
[41] reported that angiogene-
sis and levels of the pro-an-
giogenic growth factor VEGF
were further reduced in IL-13
treated wounds, suggesting
that IL-1B3 has a negative ef-
fect on angiogenesis. IL-1p is
a very important marker for
M1 macrophage, and it also is
known as the downstream
molecular of NLRP3 inflam-
masome. Bitto and his col-
league [36] showed that the
diabetic mice exhibited in-
creased activation of NLRP3
inflammasome and a redu-
ced expression of VEGF dur-
ing wound healing progress.
Blocking activation of the
NLRP3 inflammasome decre-
ased the levels of pro-inflammatory molecules
and improved the impaired healing pattern
[36]. Taken together, these data demonstrate
that metformin facilitated the differentiation of
macrophages into M2 subtype which involved
in the AMPK/mTOR/NLRP3 inflammasome sig-
naling pathway, and then the M2 macrophage
improve the wound healing through releasing
VEGF.

Wound

5)
=

M2 Macrophage

¢

M1 Macfophage

In conclusion, this study detected the effects of
metformin treatment on wound healing, NLRP3
inflammasome activations, and macrophage
polarization after the skin injury. Our results re-
vealed that metformin regulates AMPK/mTOR
singling pathway to inhibit NLRP3 inflamma-
some activation which boosted M2 macropha-
ge polarization to accelerate the wound heal-
ing. These findings provide new insights into
the molecular mechanism of metformin thera-
py and its therapeutic potential in the treat-
ment of wound healing.
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Table S1. Primer sequences of Real-time quantitative PCR used in

animal experiments

Gene symbol Forward primer (5’-3") Reverse primer (5’-3")

IL-10 CAGAGCTCAGGAAACTGCTG  AGGCCTGGTCTTCTTTCAGA
VEGF CAGAAGAACTTTTGGGCCGT  ACTGTCCTGTGGTGACTTGT
IL-1B AGAACTCCAGGCGGTGTCTGT CCTTGTCCCTTGAAGAGAACC
B-actin GCTCGTCGTCGACAACGGCTC CAAACATGATCTGGGTCATCTTCTC

Table S2. Primer sequences of Real-time quantitative PCR used in

cell experiments

Gene symbol  Forward primer (5’-3") Reverse primer (5’-3")
NLRP3 TACGGCCGTCTACGTCTTCT  CGCAGATCACACTCCTCAAA
Caspase-1 CACAGCTCTGGAGATGGTGA  TCTTTCAAGCTTGGGCACTT
IL-1B TGGAAAAGCGGTTTGTCT ATAAATAGGTAAGTGGTTGCC
B-actin TCGCTGCGCTGGTCGTC GGCCTCGTCACCCACATAGGA
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Figure S1. Quantitative analysis of capillaries in each field demonstrated that wound capillaries in metformin-treat-
ed group were increased on days 7 compared with the untreated rats, and interfered with AMPK inhibitor compound
C can reverse the effect of Metformin. The MVDs in the control group and the metformin treatment group were
12.40+1.208 and 25.60+1.749, and 14.20+2.154 in the Metformin+Compound C group, respectively.
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Figure S2. Original western blot images for Figure 3A, 3C.
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Figure S3. Original western blot images for Figure 4B.
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Figure S4. A. Original western blot images for Figure 5B. B. The original image for Figure 6A.



