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Metformin accelerates wound healing in type 2 diabetic db/db mice
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Abstract. Wound healing impairment is increasingly recognized
to be a consequence of hyperglycemia-induced dysfunction of
endothelial precursor cells (EPCs) in type 2 diabetes mellitus
(T2DM). Metformin exhibits potential for the improvement of
endothelial function and the wound healing process. However,
the underlying mechanisms for the observed beneficial effects of
metformin application remain to be completely understood. The
present study assessed whether metformin, a widely used thera-
peutic drug for T2DM, may accelerate wound closure in T2DM
db/db mice. Genetically hyperglycemic db/db mice were used as
the T2DM model. Metformin (250 mg/kg/day; intragastric) was
administered for two weeks prior to EPC collection and wound
model creation in db/db mice. Wound healing was evaluated by
alterations in the wound area and the number of platelet endo-
thelial cell adhesion molecule-positive cells. The function of the
isolated bone marrow-derived EPCs (BM-EPCs) was assessed
by a tube formation assay. The number of circulating EPCs, and
the levels of intracellular nitric oxide (NO) and superoxide (O,)
were detected by flow cytometry. Thrombospondin-1 (TSP-1)
expression was determined by western blot analysis. It was
observed that treatment with metformin accelerated wound
healing, improved angiogenesis and increased the circulating
EPC number in db/db mice. In vitro, treatment with metformin
reversed the impaired BM-EPC function reflected by tube
formation, and significantly increased NO production while
decreasing O, levels in BM-EPCs from db/db mice. In addition,
TSP-1 expression was markedly attenuated by treatment with
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metformin in cultured BM-EPCs. Metformin contributed to
wound healing and improved angiogenesis in T2DM mice,
which was, in part, associated with stimulation of NO, and
inhibition of O, and TSP-1 in EPCs from db/db mice.

Introduction

The prevalence of diabetes mellitus is likely to exceed 591.9
million by 2035, and is becoming a serious international
health crisis (1,2). The hallmark of diabetes mellitus is chronic
hyperglycemia, resulting in vascular complications, including
the impairment of angiogenesis, eventually resulting in disor-
ders of wound healing and the development of refractory low
extremity ulcerations (3,4).

A previous study demonstrated that circulating endothelial
precursor cells (EPCs), a multifunctional population derived
from bone marrow, are important for the promotion of angio-
genesis and the maintenance of vascular homeostasis (5).
An impairment in circulating EPCs may contribute to the
pathogenesis of diabetic vasculopathy (6-8). Also, it has been
observed that patients with type 1 and type 2 diabetes mellitus
(T2DM) exhibited marked dysfunction in EPCs (9,10). In addi-
tion, a marked reduction in circulating EPCs was observed
in diabetic patients (11-13). Preclinical experiments have
demonstrated impaired tube formation in the EPCs of diabetic
mice (14). These previous data indicated that the dysfunction
of EPCs may be association with a deterioration in wound
healing in diabetes (15,16).

Metformin, an oral antihyperglycaemic agent, is the
first-line drug in the clinic for patients with T2DM (17,18).
Studies have demonstrated that metformin is able to increase
the circulating EPC number in addition to improving the
cellular function of EPCs in patients with T2DM (8,19).
Thrombospondin-1 (TSP-1), a novel antiangiogenic adipokine,
has been reported to be expressed in animal models suscep-
tible to diabetes, including obesity and insulin resistance (20).
Genetically, augmented mRNA expression of TSP-1 has
been observed in diabetes mellitus (21,22). A previous study
demonstrated an apparent detrimental effect of TSP-1 on EPC
function, which was reported to be negatively-correlated with
nitric oxide (NO) regeneration in in vitro endothelial cells (23).
Although metformin has been reported to be a regulatory
factor for TSP-1 in patients with polycystic ovarian syndrome,
little data are currently available in diabetes (24).

Xie et al (25) reported that the function of EPCs is associated
with cellular oxidative stress. The study demonstrated that a
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decrease in the NO level or excess generation of superoxide
(0,) may result in a detrimental effect on EPCs, as indicated
by impaired angiogenesis and tube formation. Little data is
available concerning the role of metformin in improving
impaired wound closure in T2DM. The present study hypoth-
esized that metformin may be able to contribute to wound
healing in T2DM mice, and that this protective effect may be
partly attributed to an improvement in EPC function with the
involvement of TSP-1 and cellular oxidative stress.

Materials and methods

Animals. A total of 14 male C57BLKS/J db/db diabetic
mice (age, 6 weeks; weight, 32-36 g) were purchased from
Shanghai SLAC Laboratory Animal Co., Ltd. (Shanghai,
China) and 7 male C57BL/6J non-diabetic mice (age, 6 weeks;
weight, 16-18 g) were obtained from Sino-British SIPPR/BK
Lab Animal Ltd. (Shanghai, China). Mice were housed in a
well-ventilated holding room with a 12-h light-dark cycle at
an ambient temperature of 23+2°C and 70% humidity, with
free access to water and food. All studies were in accordance
with the Guide for the Care and Use of Laboratory Animals
published by the National Institutes of Health (Bethesda, MD,
USA). The present study was approved by the Animal Care
and Ethics Committee of Second Military Medical University
(Shanghai, China).

Experimental protocols. Male db/db mice with obesity
and hyperglycemia were used as a model of T2DM. Male
age-matched C57BL/6J mice were used as control non-diabetic
mice and received treatment with a vehicle. The db/db mice
were randomly divided into 2 groups, either receiving the
vehicle [0.5% carboxymethyl cellulose-Na; 10 ml/kg/day; intra-
gastric (i.g.)] or metformin (250 mg/kg/day; i.g.; Sigma-Aldrich;
Merck KGaA, Darmstadt, Germany) for 14 consecutive days.
Whole blood samples from the tail veins of the mice were used
for detecting blood glucose via a monitoring system (Maochang,
Taipei, China). The mice were used for wound healing experi-
ments, or anesthetized for the harvesting of bone marrow to
isolate EPCs (BM-EPCs) (Fig. 1).

Analysis of wound closure. A 6-mm circular wound was
produced by punch biopsy, and digital images of the wound
on the dorsum were captured every 2 days until the end of the
experiment for all experimental mice. The wound areas were
analyzed by tracing the wound margins and calculated using
Image-Pro Plus software version 6.0 (Media Cybernetics,
Rockville, MD, USA). The closure was expressed as a
percentage area of the original wound area (26).

Wound angiogenesis. Wounds were harvested from mice on
days 7 and 14 following the creation of the wound. Platelet
endothelial cell adhesion molecule (CD31) staining was used
to evaluate angiogenesis. Samples of skin at the wounded
area and surrounding tissue (~1 cm in diameter, ~2 mm in
thickness) were excised, bisected, and fixed in 10% formalin
for 6 h at room temperature. The samples were subsequently
embedded in paraffin. Following deparaffinization, rehydra-
tion with decreasing alcohol series, antigen retrieval (0.5 h at
90°C in 10 mM citrate buffer) and 5% serum blocking (3 h
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at room temperature; Chemicon International, Inc., Temecula,
CA, USA), the slides were incubated with an anti-CD31 anti-
body (2 pg/ml; cat. no. 550274; BD Biosciences, San Jose,
CA, USA) for 1 h at room temperature and subsequently
incubated with a biotinylated secondary antibody (1:500; cat.
no. BA-9200; Vectastain Elite ABC kit; Vector Laboratories
Ltd., Peterborough, UK) for 1 h at room temperature. The
samples were counterstained with hematoxylin for 2 min at
room temperature (27). CD31-positive tubular structures
were considered to be capillaries and the capillary density in
the wound healing area was quantified. One slide from each
mouse was examined and, for each slide, two high-power
fields (magnification, x200) were examined using a light
microscope. The capillaries were then counted.

Quantification of circulating EPCs. Circulating EPCs
were determined according to a previously-described tech-
nique (28). Peripheral blood was acquired by removing the
eyeballs from anesthetized mice. The samples were dissolved
in PBS (1:1), following which gradient centrifugation liquid
1083 (Sigma-Aldrich; Merck KGaA) was used for the sepa-
ration of peripheral blood mononuclear cells at 400 x g for
30 min. The mononuclear fraction was extracted and the eryth-
rocytes were lysed with red blood cell lysis buffer (Beyotime
Institute of Biotechnology, Haimen, China). Following
washing, the samples were suspended for incubation (0.5 h at
room temperature) using a buffer solution containing fluores-
cein isothiocyanate-ataxin-1 (Sca-1) (1:100; cat. no. 557405;
BD Biosciences) and phycoerythrin-vascular endothelial
growth factor receptor 2 (Flk-1) (1:100; cat. no. 555308; BD
Biosciences) antibodies for flow cytometry detection and
analyzed using FlowJo software version 7.6 (Tree Star Inc.,
Ashland, OR, USA). Sca-1/Flk-1 double-positive cells were
defined as circulating EPCs.

Isolation of the BM-EPCs. The isolation and culturing of
mouse BM-EPCs were in accordance with a previous tech-
nique (25). BM-EPCs were obtained from mouse tibias and
femurs and seeded in 6-well plates coated with vitronectin
(Sigma-Aldrich; Merck KGaA). Cells were cultured in endo-
thelial growth medium-2 (Cambrex Corp., East Rutherford,
NIJ, USA) supplemented with 10% fetal bovine serum (Gibco;
Thermo Fisher Scientific, Inc.) at 37°C, 5% CO,. A total of
4 days subsequent to cultivation, the culture medium, including
nonadherent cells, was changed for fresh medium and adherent
cells were subjected to further culturing for 3 days. The super-
natant was collected for western blot quantification and the
cells were used for in vitro studies.

In vitro cell assays

Evaluation of the function of BM-EPCs. A tube formation
assay, a previously described method, was adopted to evaluate
BM-EPC function (29). A total of 40,000 BM-EPCs were
seeded in 96-well plates which were precoated with 50 ul/well
growth factor-induced Matrigel (BD Biosciences). Following
8 h of incubation at 37°C, images of tube morphology were
captured using a computer-assisted microscope (Leica
Microsystems GmbH, Wetzlar, Germany). Tube numbers were
measured in five low power fields (magnification, x50) for each
sample at random.
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Figure 1. Illustration of experimental protocols. The blood glucose of db/db diabetic mice was monitored. Treatment with metformin (250 mg/kg/day; intra-
gastric) was administered for 14 consecutive days. Wound healing and BM-EPC function were measured. BM-EPC, bone marrow-endothelial precursor cell.
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Figure 2. Alterations in blood glucose concentration and body weight of db/db mice. (A) In db/db mice, blood glucose was significantly elevated compared

ok

with the control.

P<0.001 vs. Con. Metformin (250 mg/kg/day for 14 days; intragastric) significantly decreased (B) blood glucose, although it did not alter

(C) body weight in db/db mice. “"P<0.001 vs. Con; "*P<0.001 vs. db/db. Values are expressed as the mean + standard error of the mean (n=7 mice/group).

Con, control; Met, metformin.

Measurement of intracellular NO and O, . The intracel-
Iular NO level was determined using membrane-permeable
4-amino-5-methylamino-2', 7'-difluorofluorescein
(DAF-FM) diacetate (Invitrogen; Thermo Fisher Scientific,
Inc.). A total of 7 days subsequent to BM-EPC culturing, the
cells were harvested and incubated with DAF-FM diacetate
(10° mol/1) for 30 min at 37°C and an additional 30 min
at room temperature in dark. Following incubation, the
DAF-FM fluorescence intensity in cells was measured by
flow cytometry (25).

The intracellular O, level was detected using the
membrane-permeable dye dihydroethidium (DHE; Invitrogen;
Thermo Fisher Scientific, Inc.), which is oxidized to
ethidium bromide in the presence of O,". Following 7 days
of culturing, BM-EPCs were harvested and incubated with
DHE (0.5x10°% mol/l) for 30 min at room temperature in dark.
Following staining, the DHE fluorescence intensity in cells
was examined by flow cytometry (25).

Western blot analysis. Western blotting was performed as
previously described (30). TSP-1 secreted by BM-EPCs was
obtained by condensing the BM-EPC culture media using
a commercial filter device. The concentration of TSP-1 was
determined using a bicinchoninic acid assay (Thermo Fisher
Scientific, Inc.). For the western blotting experiments, ~30-ug
samples were loaded and run on an 8% SDS-PAGE gel. The
proteins were electrophoretically transferred to nitrocellulose
membranes. Subsequently, the membranes were blocked with
5% bovine serum albumin (Sigma-Aldrich; Merck KGaA)
in Tris-buffered saline containing 0.1% Tween 20 (TBST)
for 1 h at room temperature, washed and incubated with the
primary antibody for TSP-1 (1:500; cat. no. ab85762; Abcam,
Cambridge, UK) at 4°C overnight. IRDye 800-conjugated
rabbit anti-mouse IgG was used as the secondary antibody
(1:5,000; cat. no. 925-32212; LI-COR Biosciences, Lincoln,
NE, USA) and incubated for 0.5 h at room temperature. The

bands were obtained using an Odyssey infrared imaging
system (LI-COR Biosciences), and the expression levels of
TSP-1 protein were quantified using Quantity One software
version 4.2 (Bio-Rad Laboratories, Inc., Hercules, CA, USA).

Statistical analysis. Data are expressed as the mean + standard
error of the mean. Statistical significance was analyzed by
one-way analysis of variance followed by the Newman-Keuls
multiple comparison test, using GraphPad Prism Software
version 5 (GraphPad Software, Inc., La Jolla, CA, USA).
P<0.05 was considered to indicate a statistically significant
difference.

Results

Effect of metformin on blood glucose and body weight
in db/db mice. A significant increase in blood glucose
was observed in db/db mice compared with the control
(338.4+£27.6 vs. 112.1x1.5 mg/dl; P<0.001; Fig. 2A).
Pretreatment with metformin improved the blood glucose
level (Fig. 2B), although it did not modify body weight in
db/db mice (Fig. 2C).

Metformin accelerates wound healing and angiogenesis in
db/db mice. In order to examine the effects of pretreatment
with metformin on wound closure in db/db mice, alterations
in the wounded skin were observed on alternate days until
day 14. Fig. 3A exhibits the gross appearance of the wounds
during the 14 days following injury. Db/db mice exhib-
ited a marked delay in wound closure compared with the
control. By contrast, wounds in db/db mice pretreated with
metformin underwent gradual and progressive healing until
reaching complete closure (Fig. 3A). Statistically, treatment
with metformin significantly accelerated wound closure in
db/db mice when compared with the untreated db/db mice
(P<0.05; Fig. 3B).
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Figure 3. Metformin therapy accelerates wound closure in db/db mice. A dorsal skin wound was created via a 6-mm circular punch biopsy and digital images of
the wound were captured every 2 days until day 14. (A) Representative images of wound healing. (B) Metformin therapy accelerated wound closure compared
with control in db/db mice. "P<0.05 vs. Con; “P<0.05 vs. db/db. Values are expressed as the mean + standard error of the mean (n=5 mice/group). Con, control;
Met, metformin.
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Figure 4. Metformin therapy enhances wound angiogenesis in db/db mice. A dorsal skin wound was created via a 6-mm circular punch biopsy and wound
angiogenesis was measured on days 7 and 14. (A) Representative images of CD31 staining on day 7 and (B) quantitative analysis. (C) Representative images
of CD31 staining on day 14 and (D) quantitative analysis. Red arrows indicate CD31-positive capillaries (magnification, x200; scale bar, 50 ym). Quantitative
analysis of capillaries in each field demonstrated that wound capillaries in metformin-treated db/db mice were increased on days 7 and 14 when compared
with the untreated db/db mice. “P<0.001, “P<0.01 vs. Con; *P<0.01, “P<0.05 vs. db/db. Values are expressed as the mean =+ standard error of the mean (n=5
mice/group). Con, control; Met, metformin; hpf, high-power field.
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Figure 5. Metformin therapy ameliorates BM-EPC function in db/db mice. (A) Representative images of the tube formation assay of BM-EPCs. The number of
tubes in each sample was calculated from 5 fields (magnification, x50; scale bar, 100 ym) at random. Treatment with metformin ameliorated the tube formation
of BM-EPCs. (B) EPC numbers were detected by flow cytometry and the percentage of Sca-1*/Flk-1* cells was calculated. Metformin elevated the circulating
EPC number in db/db mice. "P<0.05 vs. Con; “P<0.05 vs. db/db. Values are expressed as the mean + standard error of the mean (n=7 mice/group). Con, control;
Met, metformin; BM-EPC, bone marrow-endothelial precursor cell; PE, phycoerythrin; FITC, fluorescein isothiocyanate; Sca-1, ataxin-1; Flk-1, vascular
endothelial growth factor receptor 2; Ipf, low-power field.
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Figure 6. Metformin therapy enhances intracellular NO and suppresses intracellular O, levels in BM-EPCs from db/db mice. (A) The intracellular NO level
was determined by DAF-FM-staining and flow cytometry. Metformin increased the NO level in BM-EPCs from db/db mice. (B) DHE fluorescence intensity
was determined by flow cytometry. Metformin decreased the intracellular O, level in BM-EPCs from db/db mice. “P<0.01 vs. Con; #P<0.01,*P<0.05 vs. db/db.
Values are expressed as the mean + standard error of the mean (n=6-7 mice/group). Con, control; Met, metformin; BM-EPC, bone marrow-endothelial
precursor cell; DAF-FM, 4-amino-5-methylamino-2', 7'-difluorofluorescein; DHE, dihydroethidium; O,", superoxide; NO, nitric oxide.
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Figure 7. Metformin inhibits the secretion of TSP-1 in BM-EPC culture
media from db/db mice. BM-EPCs were isolated and cultured from anes-
thetized mice. TSP-1 in BM-EPC culture media was subjected to western
blotting, and metformin significantly decreased the expression of TSP-1 in
BM-EPCs from db/db mice. "P<0.05 vs. Con;*P<0.05 vs. db/db. Values are
expressed as the mean + standard error of the mean (n=3 mice/group). Con,
control; Met, metformin; TSP-1, thrombospondin-1.

In order to further examine the role of metformin treatment
in skin neovascularization, the number of tubular structures,
indicated by CD31 staining of the skin tissue harvested from
the wound area, were calculated (Fig. 4). A significant decrease
in capillary formation was observed in db/db mice on days 7
(P<0.001; Fig. 4B) and 14 (P<0.01; Fig. 4D) compared with the
control. Capillary formation in db/db mice was significantly
improved on days 7 (P<0.01; Fig. 4B) and 14 (P<0.05; Fig. 4D)
following pretreatment with metformin.

Metformin improves BM-EPC function in db/db mice. In
order to further examine the mechanism underlying the role of

metformin in accelerating wound closure, the tube formation
capacity of EPCs from db/db mice was determined. Impaired
EPCs were observed in db/db mice compared with the control.
Pretreatment with metformin significantly improved tube
formation capacity in db/db mice (0.70+0.04 vs. 0.54+0.04;
P<0.05; Fig. 5A). A decrease in the circulating EPC number
was observed in db/db mice compared with the control,
which was partially reversed by pretreatment with metformin
(2.18+0.32% vs. 1.11+0.18%; P<0.05; Fig. 5B).

Metforminincreases intracellular NO production and decreases
the intracellular O, level in BM-EPCs from db/db mice. There
was significant decrease in intracellular NO in BM-EPCs from
db/db mice compared with the control (P<0.01; Fig. 6A), and
pretreatment with metformin significantly increased the intracel-
lular NO level of BM-EPCs in db/db mice (P<0.01; Fig. 6A). By
contrast, the intracellular O, level in BM-EPCs from db/db mice
was significantly elevated compared with the control (P<0.01;
Fig. 6B). However, pretreatment with metformin significantly
decreased the levels of intracellular O,” in BM-EPCs from db/db
mice (P<0.05; Fig. 6B).

Metformin inhibits TSP-1 secretion in BM-EPCs from db/db
mice. Elevated TSP-1 secretion was observed in BM-EPCs from
db/db mice, as indicated by western blot analysis of the super-
natant from the cell culture medium, when compared with the
control (P<0.05; Fig. 7). By contrast, a significant decrease in
TSP-1 was detected in the culture medium of BM-EPCs from
metformin-pretreated db/db mice (P<0.05; Fig. 7).

Discussion

The principal findings of the present study were as follows:
i) Metformin accelerated wound closure and improved
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angiogenesis in db/db mice; ii) metformin improved BM-EPC
function in db/db mice; iii) metformin augmented the decreased
NO level and reduced the increased O, production in the
BM-EPCs of db/db mice; and iv) metformin decreased the
serum TSP-1 level secreted from the BM-EPCs of db/db mice.

In the present study, db/db mice, with genetic hyper-
glycemia akin to adult-onset T2DM as a consequence of
an inactive gene mutation affecting leptin receptors, were
specifically selected as the T2DM model (31-33); this model has
been widely recognized to be well-established animal model
for investigating the association between hyperglycemia, EPC
function and wound closure (34). Wound healing following
tissue damage is a sophisticated pathophysiological process
which requires comprehensive interactions between cells and
a variety of signaling molecules (35). However, diabetes may
cause disorders in the tissue microenvironment, in addi-
tion to impairments in cellular function and wound healing.
Angiogenesis is important for promoting vessel formation
which, in turn, provides regenerating tissue with the required
oxygen and nutrients (35,36). CD31 is a typical marker for
tracing vascular and endothelial cells (37). It was observed
in the present study that healing capacity was decreased in
genetically diabetic db/db mice, as indicated by staining of
CD31, when compared with non-diabetic mice. These data
were consistent with a previous report (38).

Currently, regarding the role of metformin on EPC func-
tion and wound healing, the published literature is subjected
to a degree of controversy. For example, previous studies
have indicated that metformin contributed to accelerated
wound healing and an enhanced quantity of circulating EPCs
and BM-EPC function in diabetes (39,40). Another study held
the opposite opinion, that metformin treatment did not result
in any alterations in the circulating EPC number, and even
caused delayed wound healing in diabetes (41). The results of
the present study demonstrated that treatment with metformin
accelerated wound healing and improved angiogenesis.

EPCs, as precursors of endothelial cells, can mobilize from
the bone marrow into the circulation and have been impli-
cated in neovascularization following tissue injury (5,23,42).
Reduced EPC numbers and impaired EPC function have been
observed in diabetic patients (43). Metformin, a biguanide
family member, is a commonly applied therapeutic drug for
T2DM (44.,45). Studies have demonstrated that metformin
contributed substantially to increasing the circulating EPC
number and maintaining endothelial cell function in patients
with T2DM (19), while the associated mechanisms remain
largely unclear. In the present study, db/db mice pretreated
with metformin (250 mg/kg/day) for 2 weeks exhibited an
increased EPC number and improved EPC function.

Gao et al (46) demonstrated that NO serves an important
role in regulating tube formation in EPCs. Gallagher et al (16)
demonstrated that induced expression of NO in bone marrow
was highly correlated with increased mobilization of EPCs to
the circulation. In the present study, metformin contributed
to the elevation of NO levels in EPCs from db/db mice, in
addition to a significantly increased circulating EPC number
and improved EPC function. It has been demonstrated that a
decreased intracellular O, level may be accompanied by an
improvement in EPC dysfunction and an enhanced NO level
in EPCs (25,26). In the present study, it was observed that the
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generation of O, was increased, and treatment with metformin
was able to inhibit the production of O, in EPCs from db/db
mice.

TSP-1, an endogenous anti-angiogenic mediator, has been
demonstrated to be involved in vascular complications in
diabetes (47). In a T2DM animal model, TSP-1 in the vessel
walls was elevated at the mRNA and protein levels (22). In
addition, preclinical studies suggested that the proangiogenic
factor NO was a biological antagonist of TSP-1 (48.,49).
Ridnour er al (49) observed that the protective effect of NO on
endothelial cells was accompanied by TSP-1 downregulation.
Xu et al (50) reported that the TSP-1 level was upregulated
in impaired retinal capillaries provoked by nitrative stress in
diabetic rats. The results of the present study identified that
TSP-1 was increased and NO was decreased in db/db mice,
accompanied by wound healing delay, angiogenesis impair-
ment and EPC dysfunction. Treatment with metformin was
able to significantly alleviate disorders in wound healing,
stimulate angiogenesis and improve EPC function, with TSP-1
levels inhibited and NO levels upregulated in BM-EPCs from
db/db mice.

In conclusion, the results of the present study demonstrated
that wound healing, angiogenesis and EPC function were
impaired in db/db mice. Treatment with metformin was able
to accelerate wound healing, which was possibly associated
with an improvement in EPC function via a TSP-1/NO
pathway.
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