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CCL2-Mediated Reversal of Impaired
Skin Wound Healing in Diabetic Mice
by Normalization of Neovascularization
and Collagen Accumulation

Yuko Ishida1, Yumi Kuninaka1, Mizuho Nosaka1, Machi Furuta2, Akihiko Kimura1, Akira Taruya3,
Hiroki Yamamoto1, Emi Shimada1, Mariko Akiyama4, Naofumi Mukaida4 and Toshikazu Kondo1
Patients with diabetes frequently present with complications such as impaired skin wound healing. Skin wound
sites display a markedly enhanced expression of CCL2, a potent macrophage chemoattractant, together with
macrophage infiltration during the early inflammatory phase in skin wound healing of healthy individuals, but
the association of CCL2 with delayed skin wound healing in patients with diabetes remains elusive. In this
study, we showed that, compared with control mice, mice with streptozotocin-induced diabetes displayed
impaired healing after excisional skin injury, with decreased neovascularization, CCL2 expression, and
macrophage infiltration. Compromised skin wound healing in mice with diabetes was reversed by the
administration of topical CCL2 immediately after the injury, as evidenced by normalization of wound closure
rates, neovascularization, collagen accumulation, and infiltration of macrophages expressing vascular endo-
thelial growth factor, a potent angiogenic factor, and transforming growth factor-b. CCL2 treatment further
increased the accumulation of endothelial progenitor cells at the wound sites of mice with diabetes and
eventually accelerated neovascularization. Thus, the topical application of CCL2 can be an effective therapeutic
option for the treatment of patients with diabetes with defective wound repair, promoting neovascularization
and collagen accumulation at skin wound sites.
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INTRODUCTION
Inflammation is the first stage of wound repair, which is
initiated by clotting at the site of tissue injury and the sub-
sequent release of platelets and neutrophils. Subsequently,
macrophages infiltrate to clear debris from the wound. Che-
mokines play an important role in the normal wound healing
process by regulating the spatiotemporal recruitment of
distinct types of leukocytes (Ochoa et al., 2007b; Singer and
Clark, 1999). With cytokine and growth factor secretion,
recruited leukocytes can promote the next stage of wound
repair, the proliferative stage, which is characterized by
granulation tissue formation and neovascularization, pro-
cesses that are governed by fibroblasts and endothelial cells,
respectively (Singer and Clark, 1999).
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Accumulating evidence indicates an association of high
glucose levels with aberrant inflammatory response and poor
vascular regeneration (Falanga, 2005a). This association ac-
counts for the high frequency of impaired wound healing in
patients with diabetes. The impairment is accompanied by an
aberrant inflammatory cell infiltration in the early phase, with
the persistence of neutrophils and macrophages in chronic,
nonhealing wounds (Falanga, 2005a; Fang et al., 2010;
Ochoa et al., 2007b; Wood et al., 2014). Moreover,
wounds of genetically diabetic (db/db) mice retain a large
number of neutrophils and macrophages, with sustained
expression of proinflammatory cytokines IL-1b and tumor
necrosis factor-a, and chemokines CXCL8 and CCL2, which
are potent chemotactic agents for neutrophils and macro-
phages, respectively (Wetzler et al., 2000). Thus, aberrant
chemokine expression can lead to dysregulated inflammatory
cell infiltration. Moreover, chemokines can regulate the
recruitment and functions of many different cell types
including endothelial cells, fibroblasts, and keratinocytes,
which are involved in wound repair processes. Thus, the
dysregulated chemokine system in diabetic wound sites (Fang
et al., 2010; Nishimura et al., 2012; Ochoa et al., 2007b;
Wood et al., 2014;) can affect various aspects of diabetic
wound healing.

Macrophages can promote the healing process by clearing
cellular debris, destroying invading pathogens, and produc-
ing a multitude of cytokines, chemokines, and growth factors,
which can contribute to neovascularization, an essential
process for wound healing (Shaw and Martin, 2009).
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Figure 1. Delayed wound healing in mice with STZ-induced diabetes. (a) Kinetic analysis of skin excisional wound healing. Representative results from three

independent experiments with four animals per group are shown. (b) Changes in percentage of wound area at each time point compared with the original

wound area are shown. All values represent mean � SEM. **, P < 0.01, versus normal mice. (c) Morphological changes in the wounds of normal mice and mice

with diabetes. Representative results from six individual animals are shown. Scale bars ¼ 400 mm. (d) Immunohistochemical analysis with anti-CD31 mAb 3 and

6 days after the injury. Representative results from six individual animals are shown. Scale bars ¼ 200 mm. Scale bars in inserts ¼ 40 mm. (e) The vascular areas

were identified as CD31þ areas in wound beds with Adobe Photoshop. All values represent mean � SEM. **, P < 0.01, versus normal mice. SEM, standard error

of the mean; STZ, streptozotocin.
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Neovascularization can be further promoted by another bone
marrow (BM)ederived cell type, endothelial progenitor cells
(EPCs). In response to different stimuli such as tissue
ischemia, physical exercise, and growth factors, EPCs are
mobilized from the BM into the peripheral blood and sub-
sequently migrate to the damaged endothelium in an attempt
to restore its integrity, thereby contributing to endothelial and
cardiovascular homeostasis (Asahara et al., 1999a). Hence,
we investigated the changes in intra-wound macrophages
and EPCs in the wound healing process in mice with strep-
tozotocin (STZ)-induced diabetes. Infiltration of both types of
cells was depressed at the wound sites of mice with diabetes,
together with the depressed expression of a chemokine,
CCL2. Moreover, CCL2 administration induced recruitment
of both macrophages and EPCs into the wound sites of mice
with STZ-induced diabetes and subsequently accelerated
wound repair along with markedly increased expression of
growth factors such as vascular endothelial growth factor
(VEGF) and transforming growth factor-b1 (TGF-b1). Thus,
Journal of Investigative Dermatology (2019), Volume 139
CCL2 therapy could be an attractive strategy for promoting
neovascularization and subsequent tissue repair in diabetic
wound sites.

RESULTS
Delayed wound healing in mice with STZ-induced diabetes

Excisional skin wounds were made to evaluate the effects of
diabetes on skin wound healing in vehicle- or STZ-treated
mice. In vehicle-treated mice without diabetes, the wound
areas were reduced to <40% of the original wound size at 6
days after injury, with complete wound closure at 14 days
after the injury (Figure 1a and b). On the other hand, in mice
with diabetes, the wound areas still remained 55% of the
original injured areas at 10 days after the injury, and the
closure had not been completed until 14 days after the injury
(Figure 1a and b). Moreover, morphological abnormalities
were profound with impaired reepithelialization and granu-
lation tissue formation in mice with diabetes compared with
normoglycemic mice until 14 days after the injury
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(Figure 1c). Thus, diabetic mice exhibited delayed wound
healing, consistent with previous reports (Cianfarani et al.,
2006; Graiani et al., 2004; Luo et al., 2004; Sivan-
Loukianova et al., 2003; Yue et al., 1987). Neo-
vascularization, a critical step for wound healing, was
consistently depressed in the wound sites of mice with dia-
betes when compared with normoglycemic mice, as revealed
by CD31þ areas (Figure 1d and e). Thus, hyperglycemic
conditions can impair skin wound healing by depressing
neovascularization, a critical step for wound healing.

Impaired EPC and macrophage recruitment with reduced
VEGF and TGF-b expression in mice with diabetes

Accumulating evidence suggests that neovascularization can
be promoted in collaboration with several types of
hematopoietic-derived cell types, including EPCs and mac-
rophages (Asahara et al., 1999a; Minutti et al., 2017; Motegi
and Ishikawa, 2017). Hence, we next assessed EPCs and
macrophages in both normal mice and mice with diabetes.
We could not detect any differences between normal mice
and mice with diabetes in terms of Tie2þ c-Kitþ EPC numbers
in peripheral blood and BM until 4 days after the injury
(Supplementary Figure S1). Thus, it is unlikely that diabetic
conditions can have an impact on EPC generation in the BM.
In contrast, EPC numbers in skin wound sites were reduced in
mice with diabetes, compared with those in normoglycemic
mice (Figure 2a and b). F4/80þ macrophages started to in-
crease in skin wound sites in normoglycemic mice after 3
days post-injury, whereas the increase was delayed in mice
with diabetes (Figure 2cee). On the contrary, Gr-1þ gran-
ulocyte numbers in skin wound sites of normoglycemic mice
reached a maximum 1 day after the injury, decreasing
thereafter (Supplementary Figure S2). In contrast, in mice with
diabetes neutrophil recruitment was progressively increased
until 10 days post-injury, indicating the prolongation of the
inflammatory stage (Supplementary Figure S2). There was no
difference in T-cell recruitment between normoglycemic
mice and mice with diabetes (Supplementary Figure S3). The
gene and protein expression of an essential angiogenic factor,
VEGF, in skin wound sites was also diminished at the early
phase of the healing process (from 3 to 6 days after the injury)
in mice with diabetes, compared with normoglycemic mice
(Figure 2f and g). Given that macrophages are an important
source of VEGF in wounds (Okonkwo and DiPietro, 2017;
Singer and Clark, 1999; Werner and Grose, 2003), reduced
macrophage infiltration could be linked to the decrease in
angiogenesis in diabetic wounds. Consistent with this
assumption, a double-color immunofluorescence analysis
identified a major cellular source of VEGF in skin wound sites
as F4/80þ macrophages (Figure 2h). In addition, F4/80þ

macrophages expressed a potent fibrogenic molecule, TGF-
b1, as evidenced by a double-color immunofluorescence
analysis (Figure 2i). Furthermore, TGF-b1 expression was
diminished at both mRNA and protein levels in mice with
diabetes, compared with normoglycemic ones (Figure 2j
and k). These observations indicate that hyperglycemia can
dampen the infiltration of macrophages, which have the
capacity to express VEGF and TGF-b1, and additionally
suppress the recruitment of EPCs, which are presumed to be
crucially involved in neovascularization.
Depressed CCL2 expression in the diabetic wound healing
process

A double-color immunofluorescence analysis further
revealed that a specific receptor for CCL2, CCR2, was
expressed by F4/80þ cells and CD31þ cells (Figure 3a and b),
and to a lesser extent a-smooth muscle actinepositive cells
(Supplementary Figure S4), in skin wound sites of normo-
glycemic mice. These observations prompted us to evaluate
the expression of CCL2. Ccl2 mRNA and its protein expres-
sion were enhanced in skin wound sites in normoglycemic
mice later than 1 day after the injury, whereas the increments
were delayed in mice with diabetes (Figure 3cee). Moreover,
a double-color immunofluorescence analysis demonstrated
that CCL2 was expressed mainly by F4/80þ macrophages
and a-smooth muscle actinepositive cells (Supplementary
Figure S5). These observations would indicate that
hyperglycemia-mediated depressed CCL2 expression can
suppress the accumulation of CCR2-expressing cells with a
capacity to express CCL2, thereby forming a vicious cycle.

CCL2 treatment reverses wound healing impairment in mice
with STZ-induced diabetes

Depressed CCL2 expression in mice with diabetes encour-
aged us to examine the effects of exogenous CCL2 adminis-
tration on the wound healing process in these mice. The
topical application of CCL2 markedly accelerated wound
healing closure rates, reepithelialization, and granulation
tissue formation, to a level similar to that observed in nor-
moglycemic mice (Figure 4aec). CCL2 treatment expanded
intra-wound CD31þ vascular areas in mice with diabetes 6
days after the injury (Figure 4d and e). Concomitantly, CCL2
application promoted Col1a1 mRNA expression and hy-
droxyproline content, with increased a-smooth muscle
actinepositive myofibroblast numbers in mice with diabetes
(Figure 4feh). Although CCL2 promoted the migration of BM-
derived cells into skin wound sites (Figure 5a and b), CCL2
selectively increased the intra-wound numbers of EPCs
(Figure 5c and d) and macrophages (Figure 5e and f) but not
CD3þ T cells (Supplementary Figure S6). Moreover, CCL2-
treated mice with diabetes displayed enhanced expression
of VEGF and TGF-b1 at the wound sites, compared with
phosphate-buffered-salineetreated mice with diabetes
(Figure 5gej). Given that macrophages were a major cellular
source of VEGF and TGF-b1 in wound sites, topical CCL2
application could augment neovascularization and collagen
accumulation in mice with diabetes, by recruiting EPCs
and VEGF- and TGF-b1-expressing macrophages, thereby
reversing depressed skin wound healing in mice with
diabetes.

The effects of CCL2 on the expression of VEGF and TGF-b in
macrophages

The observation that macrophages were a major cellular
source of VEGF and TGF-b1 in wound sites (Figure 2h and i)
prompted us to examine in vitro effects of CCL2 on VEGF and
TGF-b1 expression in macrophages. CCL2 did enhance Vegf
and Tgfb1 mRNA expression in macrophages under high
glucose conditions, as well as under normal conditions
(Figure 6a and b). Thus, CCL2 can recruit macrophages, a
major cellular source of VEGF and TGF-b1, and can simul-
taneously enhance VEGF and TGF-b1 expression in the
www.jidonline.org 2519
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Figure 2. Impaired EPC and macrophage recruitment in mice with diabetes. (a) A double-color immunofluorescence analysis of Tie2þ c-Kitþ EPCs in wound

sites at 6 days after injury in normal mice and mice with diabetes. Representative results from six individual animals are shown. Scale bars ¼ 20 mm. (b) Number

of Tie2þ c-Kitþ EPCs per high-power microscopic field (original magnification �400). (c) Mice were killed 1, 3, 6, and 10 days after wounding to collect the

injured skin areas by using 8 mm diameter biopsy punches. Western blotting analysis was carried out using anti-F4/80 and anti-a-Tubulin mAbs. Representative

results from four independent experiments are shown. (d) Ratio of F4/80 to a-Tubulin. All values represent mean � SEM. **, P < 0.01, versus normal mice. (e)

Immunohistochemical detection of F4/80þ macrophages at wound sites in normal mice or mice with diabetes 3 and 6 days after the injury. Representative

results from 6 independent experiments are shown. Scale bars ¼ 200 mm. Scale bars in inserts ¼ 40 mm. (f) The ratios of Vegf to Actb at the wound sites were

calculated. All values represent mean � SEM. *, P < 0.05, versus normal mice. (g) The concentration of VEGF in the wounds of normal mice and mice with

diabetes. All values represent mean � SEM. **, P < 0.01 versus normal mice. (h) Cell types expressing VEGF. Representative results from six independent

experiments are shown (day 3 and 6). Signals merged digitally. Scale bars ¼ 400 mm. Scale bars in inserts ¼ 20 mm. (i) Cell types expressing TGF-b1.
Representative results from six independent experiments are shown (day 6). Signals merged digitally. Scale bars ¼ 40 mm. (j) The ratios of Tgfb1 to Actb at the

wound sites were calculated. All values represent mean � SEM. **, P < 0.01; *, P < 0.05, versus normal mice. (k) The concentration of TGF-b1 in the wound of

normal mice and mice with diabetes. All values represent mean � SEM. **, P < 0.01; *, P < 0.05, versus normal mice. EPC, endothelial progenitor cell; SEM,

standard error of the mean; TGF-b1, transforming growth factor-b1 VEGF, vascular endothelial growth factor.
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Figure 3. The kinetics of the CCL2-CCR2 axis expression at skin wound sites.

(a, b) A double-color immunofluorescence analysis of CCR2-expressing cells

in wound sites at 6 days after injury in normal mice. The analysis was

performed using (a) anti-CCR2 and anti-F4/80 or (b) anti-CD31, followed by

observation under a fluorescence microscope, and signals were merged

digitally. Representative results from six individual animals are shown. Scale

bars ¼ 20 mm. (c) The ratios of Ccl2 to Actb at the wound sites were

calculated. (d) Western blot analysis for CCL2 in the wound sites. Mice were

killed 1, 3, 6, and 10 days after wounding. Eight-millimeter diameter biopsy

punches were used to collect the injured skin area. Western blot analysis

using anti-a-Tubulin mAb confirmed that an equal amount of protein was

loaded onto each lane. Representative results from four independent

experiments with four animals in each group are shown. (e) Ratio of CCL2 to

a-Tubulin. All values represent mean � SEM. **, P < 0.01, versus normal

mice. SEM, standard error of the mean.
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recruited macrophages, thereby accelerating skin wound
healing in mice with diabetes.

In vitro migratory response of EPCs to CCL2 and VEGF

CCR2 was expressed on CD31þ endothelial cells as wells as
F4/80þ macrophages (Figure 3a and b), and several lines of
evidence indicated that EPCs also expressed CCR2 and Flk-1,
a receptor of VEGF (Ishida et al., 2012; Spring et al., 2005).
Hence, we examined the chemotactic activity of CCL2 and
VEGF for EPCs. By culturing BM mononuclear cells accord-
ing to the previously reported method (Asahara et al., 1999b;
Ishida et al., 2012), we obtained spindle-shaped EPCs with
Bandeiraea simplicifolia lectin I-binding and Dil-acetylated
low-density lipoprotein uptake abilities (Figure 6c). CCL2
and VEGF induced the migration of the resultant EPCs as
efficiently as a well-known EPC chemoattractant, GM-CSF
(Figure 6d and e), implying that both CCL2 and VEGF were
potent EPC chemoattractants.

DISCUSSION
Diabetes can induce depressed macrophage infiltration and
subsequently augment various tissue injuries. Thioglycollate
caused depressed macrophage infiltration into the peritoneal
cavity in db/db mice, when compared with control mice
(Maruyama et al., 2007). Similarly, infection with Listeria
monocytogenes aggravated liver injury in db/db mice,
together with impaired macrophage infiltration, when
compared with control mice (Ikejima et al., 2005). At the
later phase, although diabetic skin ulcers are characterized
by a sustained increase in inflammatory leukocytes and in
particular macrophages (Bjarnsholt et al., 2008; Blakytny and
Jude, 2006; Wetzler et al., 2000;), Wood et al. (2014)
demonstrated that diabetic wounds at the early phase
exhibited a decrease in macrophage infiltration . In agree-
ment with these observations, we demonstrated that mice
with STZ-induced diabetes displayed reduced macrophage
infiltration with delayed wound healing and that CCL2
administration reversed the reduced macrophage infiltration
and eventually the delay in wound healing in mice with
diabetes. Thus, in general, macrophages, which are pre-
sumed to be crucially involved in the healing process (Goren
et al., 2009; Lucas et al., 2010; Maruyama et al., 2007; Mirza
et al., 2009; Wood et al., 2014), can also have an important
role in the repair of diabetes-associated skin wounds.

Accumulating evidence has implied that the CCL2-CCR2
axis plays essential roles in mediating homing of monocytes/
macrophages to inflamed tissue in various tissue repair
models (Lu et al., 2011; Ochoa et al., 2007a; Saederup et al.,
2010). Moreover, Ccl2e/e mice exhibited delayed skin
wound healing together with depressed angiogenesis and
suspended wound re-epithelialization (Low et al., 2001),
suggesting a crucial role of CCL2 in the neovascularization
observed in skin wound healing. Consistent with this, Qian
et al. (2011) reported that the blockade of tumor
cellederived CCL2 inhibited CCR2þ macrophage-derived
VEGF production, eventually suppressing tumor metastasis
via reduced neovascularization. Thus, the CCL2-CCR2 axis
can have a crucial role in neovascularization by regulating
the infiltration of macrophages. This assumption encouraged
us to examine the effects of topical CCL2 application on
diabetic skin wound sites with depressed macrophage infil-
tration and CCL2 expression.

We observed that the administration of topical CCL2
reversed impaired wound healing in mice with diabetes.
However, CCL2 deficiency has previously been shown to
marginally, and not significantly, reduce macrophage
www.jidonline.org 2521
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Figure 4. The reversal of depressed wound healing in mice with diabetes that are treated with CCL2. (a) Macroscopic appearance of wound healing in mice

with diabetes administrated with recombinant CCL2 or vehicle alone. The wound sites were photographed at the time indicated. Representative results from 12

individual animals in each group are shown. (b) Changes in percentage of wound area at each time point compared with the original wound area. (c)

Morphological changes in the wounds of mice with diabetes mice treated with CCL2 or the vehicle. Representative results from 6 individual animals are shown.

Scale bars ¼ 400 mm. (d) Immunohistochemical analysis with anti-CD31 mAb 3 and 6 days after the injury. Representative results from six individual animals are

shown. Scale bars ¼ 200 mm. Scale bars in inserts ¼ 40 mm. (e) The vascular areas were identified as CD31þ areas in wound beds with Adobe Photoshop. All

values represent mean � SEM. **, P < 0.01, versus vehicle-treated mice with diabetes. (f) Real-time RT-PCR analysis of Col1a1 expression at the wound sites.

The ratios of Col1a1 to Actb are shown here. All values represent mean � SEM. **, P < 0.01, versus vehicle-treated mice with diabetes. (g) Hydroxyproline

contents in wound sites. All values represent mean � SEM. **, P < 0.01, versus vehicle-treated mice with diabetes. (h) Immunohistochemical analysis of a-SMA,

a key marker for myofibroblast differentiation, on wound tissue sections 6 days after injury. Representative results from six individual animals are shown. Scale

bars ¼ 100 mm. RT-PCR, reverse transcriptaseePCR; SMA, smooth muscle actin; SEM, standard error of the mean.

Y Ishida et al.
CCL2 Promotes Wound Healing in Diabetic Mice

2522
infiltration into wound sites (Low et al., 2001), in contrast to
our observation that topical CCL2 administration markedly
increased macrophage infiltration. These discrepancies may
be explained by the different efficacy of endogenous and
pharmacological doses of CCL2, in terms of effect on
macrophage infiltration. Alternatively, congenital CCL2
Journal of Investigative Dermatology (2019), Volume 139
deficiency in Ccl2e/e mice may induce compensatory
expression of other macrophage-tropic chemokines, which
could maintain macrophage infiltration. Nevertheless,
angiogenesis has been shown to be markedly impaired in the
wound sites of Ccl2e/e mice (Low et al., 2001), similar to that
observed in the diabetic wound sites of this study with
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reduced CCL2 expression. These observations would indicate
an association between reduced CCL2 expression and sup-
pressed angiogenesis in impaired skin wound healing.

Evidence further indicates that macrophages can produce
various growth factors such as the potent angiogenic factor
VEGF, and the potent fibrogenic factor TGF-b1 (Werner and
Grose, 2003). CCL2 could enhance in vitro VEGF and TGF-
b1 expression in macrophages, even under hyperglycemic
conditions. Consistent with this, the administration of topical
CCL2 markedly enhanced intra-wound VEGF and TGF-b1
expression at both gene and protein levels. Thus, CCL2
reversed impaired angiogenesis and collagen accumulation
in diabetic skin wound sites, at the very least by inducing the
migration of macrophages with a capacity to increase VEGF
and TGF-b1 expression in response to CCL2.

BM-derived progenitor cells can contribute to skin wound
healing in various organs through the formation of endothe-
lial cells, lymphatic endothelial cells, keratinocytes and
myofibroblasts (Falanga, 2009b). In addition, the topical
application of BM cells could improve impaired wound
healing (Badiavas and Falanga, 2003). Topical application of
VEGF to cutaneous wounds reversed the impaired neo-
vascularization observed in db/db mice, by mobilizing and
recruiting the BM-derived EPCs (Galiano et al., 2004).
Gallagher et al. (2007) demonstrated that ischemia induced
EPCs in the BM to migrate to hypoxic sites, under the guid-
ance of a concentration gradient of the chemokine CXCL12.
The recruited EPCs eventually participated in the formation of
new blood vessels. Nishimura et al. (2012) demonstrated that
the topical administration of AMD3100, a CXCR4 antagonist,
increased EPC counts in peripheral blood and CXCL12
expression at the wound site, leading to improved neo-
vascularization and wound healing. Consistent with this, we
previously demonstrated that, once migrated into wound
sites, EPCs differentiate into endothelial cells and simulta-
neously produce growth factors, which further induces the
accumulation of endothelial cells and subsequent neo-
vascularization, thereby accelerating wound healing (Ishida
et al., 2012). These observations indicate the crucial contri-
bution of EPCs to wound healing.

In human and animal models, diabetes is associated with a
decrease in EPCs in circulation and at wound sites, together
with decreased CXCL12 expression (Chen et al., 2007;
Gallagher et al., 2007; Tepper et al., 2002; Schatteman and
Ma, 2006). The administration of human EPCs or CXCL12
reversed impaired EPC recruitment into wound sites and
eventually impaired wound healing in genetically diabetic
mice (Galiano et al., 2004) and mice with STZ-induced
diabetes (Yue et al., 1987). Asai et al. (2006a, 2006b) re-
ported that dibutyryl cAMP and topical Sonic hedgehog gene
therapy could accelerate wound healing and promote
angiogenesis by enhancing incorporation of EPCs into
wounds, in db/db mice. Moreover, the same group demon-
strated that topical application of EPCs accelerated wound
repair and angiogenesis in a murine model of diabetes, in
part by providing a source of the growth factors VEGF and
basic fibroblast growth factor (Asai et al., 2013). Thus,
enhanced EPC migration into wound sites can reverse
impaired wound healing in mice with diabetes.
EPCs can express several chemokine receptors, including
CCR2 (Ishida et al., 2012; Walenta et al., 2011), and we
observed depressed expression of CCL2, a ligand for CCR2,
in wound sites of mice with STZ-induced diabetes. These
observations encouraged us to evaluate the effects of CCL2
administration on EPC dynamics in wound sites. We provided
strong evidence to suggest that CCL2 enhanced EPC migra-
tion into wound sites, with few effects on EPC numbers in the
BM and peripheral blood. Thus, the administration of CCL2
can promote neovascularization by affecting the migration of
EPCs, as well as macrophages, which have crucial impacts on
neovascularization. This was further supported by the obser-
vation that EPCs induced to migrate by the CCL2-CCR2 axis
could contribute to neovascularization, an indispensable
event sustaining newly formed granulation tissue (Kado et al.,
2018; Spring et al., 2005). Moreover, VEGF also induced
in vitro EPC migration as CCL2 did. Thus, the administration
of CCL2 promoted EPC recruitment directly through CCR2,
and indirectly by inducing VEGF expression in macrophages,
and ultimately enhanced neovascularization.

In conclusion, topical application of CCL2 can promote
neovascularization, collagen accumulation, and eventual
cutaneous wound healing in mice with diabetes. These ef-
fects can be mediated by its action on macrophages and
EPCs, cells that are crucially involved in angiogenesis and
collagen production, essential steps for the wound healing
process. Thus, topical CCL2 administration can supplement
the therapy for otherwise intractable diabetic skin wounds.

MATERIALS AND METHODS
Antibodies

Antibodies used in this study are described in the Supplementary

Materials and Methods.

Animals

Balb/c mice were obtained from Clea Japan (Tokyo, Japan) and

diabetes was induced by STZ (Sigma-Aldrich, Saint Louis, MO) as

described in the Supplementary Materials and Methods. All the mice

used for the experiments complied with the standards set out in the

Guidelines for the Care and Use of Laboratory Animals at

Wakayama Medical University.

Excisional wound preparation and macroscopic examination

Excisional skin wounds were made in the dorsal skin and obtained

as described in the Supplementary Materials and Methods (Ishida

et al., 2004, 2006, 2008a, 2012).

Recombinant CCL2 treatment of wounds

Recombinant CCL2 (R&D Systems, Minneapolis, MN) was injected

into each wound bed immediately after wounding as described in

the Supplementary Materials and Methods (Dipietro et al., 2001).

Treatment with PKH26-labeled BM cells in mice

Diabetic recipient mice intravenously received 5 � 106 PKH26-

labeled BM cells in a volume of 200 ml sterile phosphate buffered

saline under anesthesia to delineate the trafficking of BM-derived

cells, as described in the Supplementary Materials and Methods.

Quantitative reverse transcriptaseePCR analysis

Quantitative reverse transcriptaseePCR analysis was undertaken as

described in the Supplementary Materials and Methods (Ishida et al.,

2012).
www.jidonline.org 2523
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Figure 5. CCL2 promotes the migration of EPCs and macrophages into skin wounds. (a) BM cells from diabetic donor mice were labeled with the fluorescent

dye PKH26. Labeled cells were injected into the tail vein of diabetic recipient mice. Four weeks later, excisional wounds were generated accompanied by

topical administration of CCL2. Six days after the injury, wound sites were removed. The migration of PKH26-labeled BM cells to the wound sites was assessed

by fluorescent microscopic examination of thin frozen sections. Representative results from six individual animals are shown. Scale bars ¼ 50 mm. (b) The
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Figure 6. The effects of CCL2 on the

expression of VEGF and TGF-b in

macrophages. (a, b) Peritoneal

macrophages were incubated in the

presence or the absence of glucose

(30 mM) together with recombinant

CCL2 (50 ng/ml) or PBS for 24 hours.

Real-time RT-PCR was performed on

macrophages treated with CCL2. The

ratios of (a) Vegf and (b) Tgfb1 to Actb

were calculated. All values represent

mean � SEM. **, P < 0.01, *, P <

0.05 versus PBS; *, P < 0.05, versus

no-glucose with recombinant CCL2.

(c) Four days after the initiation of

in vitro culture, the resultant EPCs

were characterized with both AcLDL

uptake (Dil) and Bandeiraea

simplicifolia lectin I binding (FITC).

Scale bar ¼ 100 mm. (d, e) The effects

of CCL2 and VEGF on EPC migration.

(d) The cells that migrated into the

lower chamber were stained with

Giemsa (scale bar ¼ 100 mm), and (e)

were counted manually in five

random high-power fields (�100) in

each well. All values represent mean

� SEM from four independent

experiments. **, P < 0.01, versus

medium alone (control). EPC,

endothelial progenitor cell; RT-PCR,

reverse transcriptaseePCR; SEM,

standard error of the mean; TGF-b,
transforming growth factor-b; VEGF,

vascular endothelial growth factor
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Histopathological analysis of wound sites

Histopathological and immunohistochemical analyses of wound

specimens were performed as described in the Supplementary

Materials and Methods (Ishida et al., 2012).
=
number of PKH26-labeled BM cells per hpf (original magnification �200) were

mice with diabetes. (c) Quantitative evaluation of EPCs after injury by flow cyto

diameter biopsy punches were used to collect the injured skin area. Diabetic wo

from four independent experiments are shown. A number within the upper right

(d) Percentage c-KitþTie-2þ EPCs. Values represent mean � SEM. **, P < 0.01, ve

F4/80þ macrophages at wound sites in vehicle- or recombinant CCL2etreated m

independent experiments are shown. Scale bars ¼ 200 mm. Scale bars in inserts

magnification �200). All values represent mean � SEM. **, P < 0.01, versus ve

wound sites in CCL2- or vehicle-treated animals. The ratios of Vegf to Actb wer

vehicle-treated mice with diabetes. (i) Real-time RT-PCR analysis of Tgfb1 at the

were calculated. (j) The concentration of TGF-b1 at the wound sites of CCL2- or

0.01, versus vehicle-treated mice with diabetes. BM, bone marrow, EPC, endothe

SEM, standard error of the mean; TGF-b1, transforming growth factor-b1; VEGF,
Double-color immunofluorescence analysis

A double-color immunofluorescence analysis was conducted as

described in the Supplementary Materials and Methods (Ishida et al.,

2012).
counted. Values represent mean � SEM. **, P < 0.01, versus vehicle-treated

metric analysis. Mice were killed 6 days after wounding. Eight-millimeter

und sites were analyzed to determine c-KitþTie2þ EPCs. Representative results

panel in each plot denotes the percentage of cells in the double-positive gate.

rsus vehicle-treated mice with diabetes. (e) Immunohistochemical detection of

ice with diabetes 3 and 6 days after the injury. Representative results from 6

¼ 40 mm. (f) Number of F4/80þ macrophages per hpf (original

hicle-treated mice with diabetes. (g) Real-time RT-PCR analysis of Vegf at the

e calculated. (h) The concentration of VEGF at the wound sites of CCL2- or

wound sites in CCL2- or vehicle-treated animals. The ratios of Tgfb1 to Actb

vehicle-treated mice with diabetes. All values represent mean � SEM. **, P <

lial progenitor cell; hpf, high-power field; RT-PCR, reverse transcriptaseePCR;

vascular endothelial growth factor.
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Measurement of leukocyte and EPC numbers, and
neovascularization at wound sites

The number of leukocytes and EPCs and the intensity of neo-

vascularization were evaluated as described in the Supplementary

Materials and Methods (Ishida et al., 2012).

Western blotting analysis

Wound samples were subjected to western blotting analysis as

described in the Supplementary Materials and Methods (Ishida et al.,

2004a).

Determination of hydroxyproline content in skin wound
sites

Hydroxyproline content was measured as described in the

Supplementary Materials and Methods (Ishida et al., 2006).

Mononuclear cell isolation and flow cytometric analysis

Mononuclear cells were isolated from BM, peripheral blood, and

wound tissue homogenates, followed by flow cytometric analysis as

described in the Supplementary Materials and Methods (Ishida et al.,

2012).

ELISA for VEGF and TGF-b1 protein levels

Wound tissues were subjected to ELISA for the measurement of

VEGF and TGF-b1 protein levels as described in the Supplementary

Materials and Methods (Ishida et al., 2004, 2006, 2008a, 2012).

In vitro culture of peritoneal macrophages

Cells were collected from the peritoneal cavity of thioglycollate-

injected mice with diabetes, followed by subsequent analysis as

described in the Supplementary Materials and Methods (Ishida et al.,

2008b; Maruyama et al., 2007).

In vitro EPC migration assay

EPCs were isolated followed by a migration assay as described in the

Supplementary Materials and Methods (Asahara et al., 1999b; Yoon

et al., 2006).

Statistical analysis

Statistical analyses were performed as described in the

Supplementary Materials and Methods.
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SUPPLEMENTARY MATERIALS AND METHODS
Antibodies

The following mAbs and polyclonal antibodies (pAbs) were
used in this study: hamster anti-mouse CCL2 mAb (LifeSpan
BioSciences, Seattle, WA); goat anti-mouse CCR2 pAbs
(Santa Cruz Biotechnology, Dallas, TX); rat anti-mouse F4/80
mAb (Bio-Rad Laboratories, Hercules, CA); rat anti-mouse
CD31 mAb (BD Biosciences, San Jose, CA); rat anti-mouse
Gr-1 mAb (clone 1A8) (BD Biosciences); rabbit anti-mouse
Tie2 pAbs (Santa Cruz Biotechnology); goat anti-mouse c-
Kit pAbs (R&D Systems, Minneapolis, MN); rabbit anti-
human CD3 pAbs (DakoCytomation, Glostrup, Denmark),
which cross-reacts with mouse CD3; mouse anti-human a-
smooth muscle actin mAb (clone 1A4) (DakoCytomation),
which cross-reacts with mouse a-smooth muscle actin; goat
anti-mouse transforming growth factor-b1 (TGF-b1) pAbs
(Santa Cruz Biotechnology); rat anti-mouse Gr-1 mAb (clone
RB6-8C5) (BD Biosciences); mouse anti-mouse a-Tubulin
mAb (Santa Cruz Biotechnology); rabbit anti-mouse vascular
endothelial growth factor (VEGF) pAbs (Santa Cruz Biotech-
nology); cyanine dye 3econjugated donkey anti-rat, -rabbit,
-goat, and -mouse immunoglobulin G pAbs (Jackson Immu-
noResearch, West Grove, PA); and FITC-conjugated donkey
anti-rat, -mouse, -hamster, and -goat immunoglobulin G
pAbs (Jackson ImmunoResearch). For flow cytometric anal-
ysis, the following mAbs were commercially obtained: FITC-
conjugated rat anti-mouse c-Kit mAb (BD Biosciences) and
phycoerythrin-conjugated rat anti-mouse Tie2 mAb (Thermo
Fisher Scientific, Waltham, MA).

Animals

Pathogen-free 8- to 10-week-old male Balb/c mice were
obtained from Clea Japan (Tokyo, Japan). The mice were
provided with sterile food and water in an environmentally
controlled room. All the mice used for the experiments
complied with the standards set out in the Guidelines for the
Care and Use of Laboratory Animals at Wakayama Medical
University and were housed individually in cages under
specific pathogen-free conditions during the whole course of
the study. Diabetes was experimentally induced by a single
intraperitoneal injection of streptozotocin (Sigma-Aldrich,
Saint Louis, MO) at a dose of 200 mg/kg weight in 0.1 M
citrate buffer (pH 4.5). Nondiabetic control mice received an
equal volume of citrate buffer without streptozotocin. At 7
days after streptozotocin injection, the blood glucose level
was measured with a Fuji DRI-CHEM 3500V as instructed by
the manufacturer (FUJIFILM Medical Systems, Tokyo, Japan).
Only mice with a fasting blood glucose level of >300 mg/dl
were considered diabetic and subjected to the following
experiments.

Excisional wound preparation and macroscopic examination

Mice were anesthetized with ketamine-xylazine and full-
thickness excisional skin wounds were made in the dorsal
skin under sterile conditions. Briefly, after shaving and wiping
with 70% ethanol, the dorsal skin was picked up at the
midline and punched through two layers of skin with a sterile
disposable 4 mm in diameter biopsy punch (Kai Industries,
Tokyo, Japan). The same procedure was repeated 3 times,
generating a total of 6 wounds on each animal. Each wound
site was digitally photographed at the indicated time
Journal of Investigative Dermatology (2019), Volume 139
intervals, and wound areas were determined on photographs
using Adobe Photoshop (Adobe, San Jose, CA). Changes in
wound areas were expressed as a proportion of the initial
wound areas. Subsequently, wounds and their surrounding
areas, including the scab and epithelial margins, were cut for
further analysis with a sterile disposable biopsy punch with a
diameter of 8 mm at the indicated time intervals.

Recombinant CCL2 treatment of wounds

Recombinant CCL2 was commercially obtained from R&D
Systems. In some experiments, 100 ng of CCL2 in 25 ml of
vehicle (10 mg collagen/ml phosphate buffered saline [PBS])
or vehicle alone was injected into each wound bed imme-
diately after wounding. Thereafter, animals received a similar
injection each day for a period of up to day 2 after wound
preparation.

Treatment with PKH26-labeled bone marrow cells in mice

Bone marrow (BM) cells were collected from the femurs of
diabetic donor mice by aspiration and flushing and were
labeled with PKH26 (Sigma-Aldrich), a lipophilic red fluo-
rescent dye that stains the membrane of viable cells and is
distributed into each mitotic cells, according to the manu-
facturer’s instructions. It has an emission wavelength of 567
nm and a half-life of longer than 100 days. Diabetic recipient
mice intravenously received 5 � 106 PKH26-labeled BM
cells in a volume of 200 ml sterile phosphate buffered saline
under anesthesia to delineate the trafficking of BM-derived
cells. The recipients were fed normal chow and autoclaved
hyperchlorinated water for 4 weeks. Then, full-thickness skin
wounds were made and treated with CCL2 in the recipients
as described above. PKH26-labeled cells were visualized in
frozen sections of skin wounds using fluorescence micro-
scopy and the appropriate filter.

Quantitative reverse transcriptaseePCR analysis

Total RNA was extracted from injured and uninjured skin
samples using ISOGEN (NIPPON GENE, Toyama, Japan),
according to the manufacturer’s instructions. Total RNA was
reverse transcribed to cDNA using PrimeScript Reverse
Transcriptase (Takara Bio, Shiga, Japan) with oligo(deox-
ythymine)15 primers. Real-time PCR was carried out using
SYBR Premix Ex Taq II (Takara Bio) with specific primer sets
(Supplementary Table 1). Amplification and detection of the
amplified products were performed using the TP800 Thermal
Cycler Dice Real Time System (Takara Bio) according to the
manufacturer’s instructions. To standardize mRNA levels,
transcript levels of Actb were determined in parallel for each
sample, and relative transcript levels were corrected by
normalization based on Actb transcript levels.

Histopathological analysis of wound sites

Wound specimens were fixed in 4% formaldehyde buffered
with PBS and then embedded with paraffin. Sections were
stained with hematoxylin and eosin for histological analysis.
Immunohistochemical analysis was also performed using
anti-Gr-1, -F4/80, -CD31, -CD3, or -a-smooth muscle actin
antibodies (Abs). Deparaffinized sections were immersed in
0.3% hydrogen peroxide in methanol for 30 minutes to
eliminate endogenous peroxidase activities. The sections
were further incubated with PBS containing 1% normal
serum corresponding to the secondary Abs and 1% BSA to
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reduce nonspecific reactions. The sections were incubated
with Abs at a concentration of 1 mg/ml at 4�C overnight.
Normal rat, rabbit, goat, or mouse immunoglobulin G was
used as a negative control. After incubation with biotinylated
secondary Abs, immune complexes were visualized using the
Catalyzed Signal Amplification System (DakoCytomation)
according to the manufacturer’s instructions.

Double-color immunofluorescence analysis

A double-color immunofluorescence analysis was conducted
to identify the types of cells expressing CCR2, CCL2, VEGF,
and TGF-b1, and Tie2þ c-Kitþ endothelial progenitor cells
(EPCs) in the wounds. Thereafter, the sections were observed
under a fluorescence microscope.

Measurement of leukocyte and EPC numbers, and
neovascularization at wound sites

The wound bed was defined as the area surrounded by un-
injured skin and fascia, regenerated epidermis, and eschar.
The numbers of infiltrating F4/80þ macrophages, CD3þ T
cells, and Tie2þ c-Kitþ EPCs within the wound beds were
enumerated on 5 randomly chosen visual fields (F4/80þ

macrophages and CD3þ T cells, magnification �200; Tie2þ

c-Kitþ EPCs, magnification �400) of the sections, and the
average of the selected 5 fields was calculated. Using the
freehand tool of Adobe Photoshop, vascular areas, defined as
CD31-immunoreactive areas in the wound beds, were
measured and were expressed as the percentage of the entire
wound bed area. All measurements were performed by two
individual observers without prior knowledges on experi-
mental procedures.

Western blotting analysis

The wounds and their surrounding areas, including the scab
and epithelial margins, were cut with a sterile disposable
biopsy punch with a diameter of 8 mm at the indicated time
intervals. Wound samples were homogenized and the resul-
tant lysates (30 mg) were electrophoresed in a 7.5% SDS-
PAGE gel and transferred onto a nitrocellulose membrane.
The membrane was then incubated with Abs to F4/80, CCL2,
or Gr-1, diluted 1,000-fold. After the incubation of horse-
radish peroxidaseeconjugated secondary Abs, the immune
complexes were visualized using an ECL Plus System
(Amersham Biosciences, Piscataway, NJ) according to the
manufacturer’s instructions.

Determination of hydroxyproline content in skin wound
sites

At the indicated time intervals after the injury, skin wound
samples were obtained using a sterile disposable biopsy
punch as described above. Thereafter, hydroxyproline con-
tent was measured as an index of collagen accumulation at
the wound sites. Hydroxyproline content was calculated by
comparison to standards (Sigma-Aldrich) and expressed as
the amount per wound in micrograms.

Mononuclear cell isolation and flow cytometric analysis

Mononuclear cells were isolated from BM, peripheral blood,
and wound tissue homogenates. Contaminated red blood
cells were removed using ammonium chloride solution
(Imgenex, San Diego, CA). The resulting single cell suspen-
sions were incubated with a combination of phycoerythrin-
conjugated rat anti-mouse Tie2 and FITC-conjugated rat
anti-mouse c-Kit mAbs for 20 minutes on ice. Isotype-
matched control immunoglobulins were used to detect
nonspecific binding of immunoglobulin. The stained cells
were analyzed on a BD FACSCalibur flow cytometer (BD
Biosciences), and the obtained data were analyzed using BD
CellQuest Pro software (BD Biosciences). Tie2þ c-Kitþ cells
within the myeloid mononuclear cell population were
labeled as EPCs.

ELISA for VEGF and TGF-b1 protein levels

Wound tissues were obtained and were homogenized with
0.5 ml lysis buffer (10 mM PBS, 0.1% SDS, 1% Nonidet P-40,
and 5 mM EDTA) containing Complete Protease Inhibitor
Mixture (Roche Diagnostics, Indianapolis, IN). The homog-
enates were centrifuged at 18,000g for 15 minutes. VEGF and
TGF-b1 protein levels were measured with commercially
available Quantikine ELISA kits (R&D Systems) according to
the manufacturer’s recommendations. The detection limits for
each method were as follows: VEGF > 3 pg/ml; TGF-b1 > 7
pg/ml. The total protein in the supernatant was measured
with the commercially available Pierce BCA Protein Assay Kit
(Thermo Fisher Scientific). The data were expressed as growth
factor (in pg/ml) relative to total protein (in mg/ml) for each
sample.

In vitro culture of peritoneal macrophages

Cells were collected from the peritoneal cavity of
thioglycollate-injected diabetic mice. The resultant cells
were cultured for 24 hours at 37 �C in 5% CO2 (1 � 106 cells/
ml) in complete medium consisting of RPMI1640 medium
with 10% BSA and 1 � 10-5 M 2-mercaptoethanol, and
adherent cells were then harvested as macrophages. The
glucose-high medium was prepared by adding glucose to the
complete medium to a final concentration of 300 mmol/L.
Macrophages were cultured for 24 hours in the presence or
the absence of 50 mg/ml CCL2 (BD Biosciences) in the
glucose-high medium.

In vitro EPC migration assay

Whole BM cells were harvested by flushing femurs and tibias
with PBS, and mononuclear cells were isolated by
Histopaque-1083 (Sigma-Aldrich) density gradient centrifu-
gation. Isolated BM mononuclear cells were cultured in EBM-
2 BulletKit medium (Lonza, Walkersville, MD) supplemented
with 5% fetal bovine serum, antibiotics and growth factors
(EPC medium) on fibronectin-coated 6-well plates or
fibronectin-coated 4-well glass slides (BD Biosciences). Four
to 7 days after culture, the resultant attached spindle-shaped
cells were confirmed to express the markers of EPCs Dil-
acetylated low density lipoprotein (Invitrogen, Carlsbad,
CA) and Bandeiraea simplicifolia lectin I. Cultured EPCs were
subjected to migration analyses by using the chambers,
whose upper and lower chambers were separated by a pol-
ycarbonate filter (8 mm pore size). Mouse EPCs were resus-
pended at 5 � 104/100 ml in EBM-2 BulletKit medium
supplemented with 0.5% BSA and were seeded in the upper
compartment. Recombinant mouse CCL2 (50 mg/ml), VEGF
(100 mg/ml), and GM-CSF (50 mg/ml) were added to the lower
compartment. The chambers were incubated at 37�C in 5%
CO2 for 12 hours. The cells that had migrated into the lower
chamber were counted manually in 5 random high-power
www.jidonline.org 2527.e2
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microscopic fields (magnification �100) in each well. All
groups were studied at least in triplicate.

Statistical analysis

Data were expressed as the mean � standard error of the
mean. For the comparison between normal and diabetic mice
or vehicle-treated and CCL2-treated diabetic mice at multiple
Supplementary Figure S1.

Quantitative evaluation of EPCs after

injury in normal mice and mice with

diabetes. (aed) bone marrow (a, b)

and peripheral blood (c, d) were

analyzed to determine Tie2þ c-Kitþ

EPCs; (a, c) flow cytometric analysis;

(b, d) number of Tie2þ c-Kitþ EPCs.

Values represent mean � SEM (n ¼ 6).

EPC, endothelial progenitor cell; SEM,

standard error of the mean.

Journal of Investigative Dermatology (2019), Volume 139
time points, a 2-way ANOVA followed by Dunnett’s post-hoc
test was used. To compare the values between two groups,
unpaired Student t test was performed. P < 0.05 was
considered statistically significant. All statistical analyses
were performed using the Statcel3 software (OMS Publishing,
Saitama, Japan) under the supervision of a medical statisti-
cian, Dr. Toshio Shimokawa (Wakayama Medical University).



Supplementary Figure S2. Altered granulocyte recruitment in diabetic mice.

(a) Mice were killed 1, 3, 6, and 10 days after wounding. Eight-millimeter

diameter biopsy punches were used to collect the injured skin area. Western

blotting analysis was carried out using anti-Gr-1 and anti-a-Tubulin mAbs.

Representative results from four independent experiments are shown. (b)

Ratio of Gr-1 to a-Tubulin. All values represent mean � SEM. **, P < 0.01,

versus normal mice. SEM, standard error of the mean.

Supplementary Figure S3.

Immunohistochemical analysis with

anti-CD3 at wound sites of

normoglycemic and diabetic mice. (a)

Immunohistochemical detection of

CD3þ T cells at wound sites 3 and 6

days after the injury. Representative

results from six independent

experiments are shown. Scale bars ¼
100 mm. Scale bars in inserts ¼ 20 mm.

(b) The number of CD3þ T cells per

high-power microscopic field was

counted. All values represent mean �
SEM. SEM, standard error of the mean.
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Supplementary Figure S6.

Immunohistochemical analysis with

anti-CD3 at wound sites of vehicle- or

recombinant CCL2-treated mice with

diabetes. (a) Immunohistochemical

detection of CD3þ T cells at wound

sites 3 and 6 days after the injury.

Representative results from six

independent experiments are shown.

Scale bars ¼ 100 mm. Scale bars in

inserts ¼ 20 mm. (b) The number of

CD3þ T cells per high-power

microscopic field was counted.

Supplementary Table S1. Sequences of primers used
for real-time RT-PCR

Transcript Sequence

Ccl2 (F)1 50-GCATCCACGTGTTGGCTCA-30

(R)2 50-CTCCAGCCTACTCATTGGGATCA-30

Tgfb1 (F) 50-GTGTGGAGCAACATGTGGAACTCTA-30

(R) 50-TTGGTTCAGCCACTGCCGTA-3’

Col1a1 (F) 50-ATGCCGCGACCTCAAGATG-30

(R) 50-TGAGGCACAGACGGCTGAGTA-30

Vegf (F) 50-TCCAACATCACCATGCAGAT-30

(R) 50-CATCTGCAAGTACGTTCGTT-30

Actb (F) 50-CATCCGTAAAGACCTCTATGCCAAC-30

(R) 50-ATGGAGCCACCGATCCACA-30

Abbreviation: RT-PCR, reverse transcriptaseePCR.
1Forward primer.
2Reverse primer.

Supplementary Figure S4. Cell type expressing CCR2. A double-color

immunofluorescence analysis of CCR2-expressing cells in wound sites at 6

days after injury in normal mice. The analysis was performed using anti-CCR2

and anti-a-SMA followed by the observation under a fluorescence

microscopy, and signals were merged digitally. Representative results from six

individual animals are shown. Scale bar¼ 20 mm. SMA, smooth muscle actin.

Supplementary Figure S5. Cell type expressing CCL2. (a, b) A double-color

immunofluorescence analysis of CCL2-expressing cells in wound sites at 6

days after injury in normal mice. The analysis was performed using (a) anti-

CCL2 and anti-F4/80 or (b) anti-a-SMA, followed by the observation under a

fluorescence microscopy, and signals were merged digitally. Representative

results from six individual animals are shown. Scale bars ¼ 20 mm. SMA,

smooth muscle actin.
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