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Substance P accelerates wound healing in type 2
diabetic mice through endothelial progenitor cell
mobilization and Yes-associated protein activation
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Abstract. Wound healing is delayed in diabetes due to a
number of factors, including impaired angiogenesis and
poor dermal healing. The present study demonstrated that
subcutaneous administration of substance P (SP) accelerates
wound healing in db/db type 2 diabetic mice (db/db mice).
SP injection (10 nM/kg, subcutaneously) enhanced angiogen-
esis, induced the mobilization of endothelial progenitor cells
(EPCs) and increased the number of EPC-colony forming
units (EPC-CFUs) in the bone marrow of db/db mice.
Immunohistochemistry was performed to check the effects of
SP on the cellular proliferation and the subcellular localiza-
tion of Yes-associated protein (YAP) in the wound dermis. SP
also upregulated cellular proliferation in the injured dermis of
db/db mice. Compared with the control group, an increased
number of cells in the wound dermis of SP-treated mice
exhibited nuclear localization of YAP, which induces cellular
proliferation. The results of the current study indicate that
subcutaneous administration of SP may be a promising thera-
peutic strategy to treat diabetic wounds exhibiting impaired
angiogenesis and dysfunctional dermal wound healing.

Introduction

Wound healing is an essential biological process in the main-
tenance of tissue and organ homeostasis (1). Various events
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are regulated during wound healing, including inflammation,
angiogenesis, cell proliferation, cell migration, cell death
and the synthesis and reorganization of extracellular matrix
(ECM) (1,2). Wound healing is delayed in chronic conditions
such as diabetic wounds, and defects in multiple processes
associated with the wound healing process are responsible for
this delay (3). For example, angiogenesis and dermal wound
healing are dependent upon the proliferation and migration of
dermal cells and ECM accumulation, and these processes are
severely impaired in diabetic wound healing (3).

In response to various factors, endothelial progenitor
cells (EPCs) are mobilized and recruited by injured tissues,
where they differentiate into endothelial cells and induce new
blood vessel growth to accelerate wound healing and regen-
eration (4-6). Compared with the normal injury response, the
mobilization and recruitment of EPCs are impaired in diabetic
wounds, and reduced levels of stromal cell-derived factor-1 at
the wound may be implicated in this impairment (7,8).

The Hippo signaling pathway regulates various impor-
tant biological phenomena, including cell proliferation, cell
death, cell polarity and mechanotransduction (9,10). The
Yes-associated protein (YAP) is one of the terminal effectors
in the Hippo pathway and it regulates the transcription of
target genes in the nuclei by interacting with the transcrip-
tional enhancer associated domain family of transcription
factors (9). YAP activity is primarily regulated by subcellular
localization following phosphorylation (11). When the Hippo
signaling pathway is activated, YAP is phosphorylated by
upstream kinases, large tumor suppressor kinase 1 (LATSI)
and LATS2, and the phosphorylated YAP is retained in the
cytoplasm via physical interaction with 14-3-3 proteins (11).
However, unphosphorylated YAP enters the nucleus and acti-
vates target genes that induce cell proliferation (9-11). Wound
healing requires YAP activation in epithelial and dermal
tissues (12).

Substance P (SP) is a peptide composed of 11 amino
acids that was identified as a neurotransmitter in the central
nervous system associated with pain sensation. It has been also
demonstrated that SP acts as an immune modulator and injury
messenger in various peripheral tissues (13). Furthermore, SP
mobilizes mesenchymal stem cells (13) and EPCs (6) in the
bone marrow, and induces them to migrate into the injured
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peripheral tissues where they are involved in regeneration. It
has also been demonstrated that SP accelerates the normal
acute and chronic wound healing processes (14-16). Notably, a
previous study demonstrated that subcutaneous administration
of SP accelerates the normal acute wound healing response
via increased angiogenesis resulting from SP-mediated
EPC mobilization (17). By contrast, serum levels of SP are
decreased in diabetic patients (18), and the SP degradation
activity of neutral endopeptidase is increased in chronic
diabetic wounds (19). These results indicate that the decrease
in SP may be implicated in impaired diabetic wound healing.

The present study used db/db type 2 diabetic (db/db)
mice to determine whether subcutaneous administration of
SP accelerates healing in an acute diabetic wound model. In
addition, the current study also investigated whether impaired
EPC mobilization in diabetic wounds could be rescued in
db/db mice through the subcutaneous administration of SP.
Furthermore, the present study investigated whether YAP
activation was involved in the SP-mediated acceleration of
diabetic dermal wound healing.

Materials and methods

Mice. A total of 9 male db/db mice (7-17 weeks-old; 20-25 g)
were purchased from Nara Biotech (Seoul, Korea) and were
maintained under a 12 h light:dark cycle at a controlled
temperature (25+2°C) in a humidified atmosphere (40-70%)
with unlimited access to food and water. All procedures
were approved by the Kyung Hee University Medical Center
Institutional Animal Care and Use Committee (Seoul, Korea).
The mice were randomly divided into two groups; 4 mice for a
control group and 5 mice for the SP treated group.

Wound healing model. After hyperglycemia was confirmed in
16-week-old db/db mice (484-600 mg/dl), full-thickness skin
wounds were created. Mice were anesthetized using ketamine
(8 mg/kg; Yuhan Co., Ltd., Seoul, Korea) and Rompun®
(Xylazine; 5.6 mg/kg; Bayer Korea Ltd.; Bayer AG, Leverkusen,
Germany). The dorsal skin was shaved and a wound was
created using a 4 mm biopsy punch. Hydrogel (Pluronic F127,
Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) was
applied to the wounds. Subsequently, the wounds were dressed
with Mepitel® (Mdlnlycke Health Care, Gothenburg, Sweden)
and Tegaderm™ (3M; Maplewood, MN, USA). Substance P
(10 nM/kg; EMD Millipore, Billerica, MA, USA) was subcu-
taneously injected once a day into the flanks of the mice for 2
consecutive days after wound creation. Digital images of the
wounds were obtained at 7 days and wound size was analyzed
using Adobe Photoshop CS6 software (Adobe Systems, Inc.,
San Jose, CA, USA). The animals were sacrificed by cervical
dislocation and the wound tissues were harvested for further
analysis.

Tissue processing and histological analysis. Harvested wound
tissues were collected and fixed overnight in 4% paraformal-
dehyde (PFA; 3 M) at 4°C. The fixed tissues were embedded
in paraffin according to standard procedures and the tissue
paraffin blocks were sectioned at a thickness of 4 ym. To
perform histological analysis, the sections were stained with
hematoxylin and eosin (Sigma-Aldrich; Merck KGaA). Images
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were collected using an Olympus BX41 light microscope
(Olympus Corporation, Tokyo, Japan).

Immunohistochemistry. Immunostaining against a-smooth
muscle actin (aSMA), proliferating cell nuclear antigen
(PCNA) and YAP was performed according to standard
procedures. Briefly, paraffin sections (4 ym) were deparaf-
finized and dehydrated. The dehydrated sections were
subsequently incubated in peroxidase blocking solution (0.5%
H,0, in methanol) to inhibit endogenous peroxidase activity
and antigen retrieval was performed by boiling in sodium
citrate buffer (10 mM; pH 6.0). The sections were blocked
with 5% nonfat milk (BD Biosciences, Franklin Lakes, NJ,
USA) in phosphate-buffered saline containing 0.2% Tween-20
(PBST) for 30 min at room temperature. Then, the sections
were incubated in PBST containing 5% nonfat milk for 1.5 h
using the following primary antibodies: Anti-aSMA (M0851;
1:200; Dako; Agilent Technologies, Inc., Santa Clara, CA,
USA), anti-PCNA (sc-56; 1:50; Santa Cruz Biotechnology, Inc.,
Dallas, TX, USA) and anti-YAP (14,074; 1:100; Cell Signaling
Technology, Inc., Danvers, MA, USA). Non-fluorescent
staining was performed using the VECTASTAIN® Elite® ABC
kit (Vector Laboratories, Inc., Burlingame, CA, USA) and the
DAB peroxidase (HRP) substrate kit (Vector Laboratories,
Inc.), according to the manufacturer's protocols. Nuclei
were stained in pink with Vector® Nuclear Fast Red (Vector
Laboratories, Inc.) or purple with hematoxylin. Images were
collected using an Olympus BX41 light microscope (Olympus
Corporation, Tokyo, Japan). If required, the total tissue area
in each image was measured using Adobe Photoshop CS6
software (Adobe Systems, Inc.).

In vivo Matrigel plug assay and EPC-colony forming unit
(CFU) assay. Following anesthetization, 0.2 ml growth
factor-reduced Matrigel (BD Biosciences, Franklin Lakes, NJ,
USA) combined with heparin (40 U/ml; Sigma-Aldrich; Merck
KGaA) and murine basic fibroblast growth factor (0.5 pg/ml;
R&D Systems, Inc., Minneapolis, MN, USA) was injected
subcutaneously into the dorsal skin of 11-week-old db/db mice
(301-458 mg/dl). For mice assigned to the SP-treatment group,
SP (10 nM/kg) was injected subcutaneously into the flank
for 2 days after injection of the Matrigel mixture. Matrigel
plugs were harvested 7 days after injection and fixed in 4%
PFA for 4 h on ice. After preparing cryosections (12 ym), the
sections were blocked with 5% nonfat milk (BD Biosciences)
in PBST for 30 min at room temperature. Then the sections
were treated with the secondary antibody (goat anti-rat Alexa
Fluor® 488-conjugated IgG; A-11006; 1:500; Invitrogen;
Thermo Fisher Scientific, Inc.) for 45 min at room temperature
following the incubation with primary antibody (rat anti-CD31
monoclonal antibody; CBL1337; 1:100; Chemicon; EMD
Millipore, Billerica, MA, USA) for 2 h at room temperature
to analyze endothelial cells in the sections. Images were
captured using a Zeiss LSM 700 confocal microscope (Zeiss
AG, Oberkochen, Germany). Following retrieval of the
Matrigel plugs, bone marrow cells obtained from the femur
of each mouse were flushed with a-minimal essential media
(Sigma-Aldrich; Merck KGaA) and 20% heat-inactivated fetal
bovine serum (Invitrogen; Thermo Fisher Scientific, Inc.) (20),
and a cell suspension (1x10° cells/ml) was made with medium
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Figure 1. SP-enhanced wound contraction. (A) Representative images of wounds in the db/db con and db/db SP groups 7 days after wound creation. Arrows
indicate the wound locations. (B) Wound closure of db/db con (n=4) and db/db SP groups (n=5). Data are presented as the mean + standard deviation. (C) H/E
staining of wound tissue in db/db con and db/db SP groups. Representative results are presented; arrows indicate borders between re-epithelialized and
non-epithelialized wound surfaces. (D) Immunohistochemistry of aSMA, representative results are presented. Arrow heads indicate aSMA-positive signals
in the dermis. Scale bar, 100 #m. SP, substance P; db/db con, control diabetic mice; db/db SP, SP-treated diabetic mice; H/E, hematoxylin and eosin; aSMA,

a-smooth muscle actin.

prepared using the endothelial Cell Growth Medium EGM™ -2
Bulletkit (Lonza Group AG, Basel, Switzerland). Cells were
seeded on 35 mm tissue culture dishes at a density of 1x10*
cells/dish using MethoCult™ media (Stemcell Technologies,
Inc., Vancouver, BC, Canada) and three dishes were prepared
for each mouse. At 9 days after seeding, the cell culture media
were carefully washed out and the number of adherent colo-
nies was analyzed using a Nikon ECLIPSE TS 100 inverted
microscope (Nikon Corporation, Tokyo, Japan).

Statistical analysis. Data are presented as the mean + standard
deviation. Student's t-test was used to evaluate differences
between sample means. P<0.05 was considered to indicate a
statistically significant difference. All statistical analyses were
performed using GraphPad Prism 5.01 (GraphPad Software,
Inc., La Jolla, CA, USA)).

Results

SP accelerates wound closing in dbldb type 2 diabetic mice.
A previous study demonstrated that subcutaneous injection

of SP accelerates the wound healing process in normal
mice (17). Therefore, the present study investigated whether
subcutaneous administration of SP (10 nM/kg) also affects
wound healing in a db/db type 2 diabetic mouse model. At
7 days after wound creation, full-thickness closure of the
excision wound was significantly enhanced in db/db mice
with SP treatment (59.06+18.62%; n=6) compared with
control mice (21.48+6.99%; n=4; Fig. 1A and B). In addi-
tion to wound contraction, increased re-epithelialization
was observed in the SP-treated mice compared with control
mice (Fig. 1C). aSMA-positive myofibroblasts have an
important role in wound contracture (21), and the detec-
tion of aSMA-positive cells is delayed in diabetic wounds
compared with non-diabetic wounds (22). Notably, SP
injection increased the number of aSMA-positive cells in
wounds of SP-treated mice compared with the control group
(Fig. 1D), thereby enhancing wound contraction. Collectively,
the results indicate that subcutaneous injection of SP may
accelerate wound closure by increasing the number of
aSMA-expressing myofibroblasts in a db/db mouse model of
type 2 diabetes.
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Figure 2. SP-enhanced cellular proliferation and YAP activation. (A) Immunohistochemistry analysis of PCNA, arrows indicate PCNA-positive cells in the
dermis of db/db con and db/db SP groups. (B) Quantitative analysis of dermal cells expressing PCNA. (C) Immunohistochemistry analysis of YAP, arrows
indicate dermal cells expressing YAP in the nuclei. (D) Quantitative analysis of YAP-positive dermal cell nuclei. The percentage represents the number of
PCNA-positive dermal cells or YAP-positive dermal cell nuclei in a random wound tissue section image divided by the total number of dermal cell nuclei.
Results are presented as the mean + standard deviation. Black, broken lines indicate wound edges. Scale bars, 100 gm. SP, substance P; YAP, Yes-associated
protein; PCNA, proliferating cell nuclear antigen; db/db con, control diabetic mice; db/db SP, SP-treated diabetic mice.

SP enhances cellular proliferation and YAP activation in the
wound dermis. YAP is one of the key effectors in the Hippo
signaling pathway that controls various important biological
phenomena, including cellular proliferation, cell survival and
organ size determination (9,23). Notably, it has been previously
demonstrated that YAP controls skin wound healing (12).
Post-translational stability and nuclear localization of YAP
are required for it to function as a transcriptional activator that
increases cellular proliferation (9). YAP is also required for
skin wound healing in normal mice (12). Therefore, the current
study investigated the effects of SP administration on YAP
expression in wounds. SP significantly increased the number of
PCNA-positive proliferating cells in the dermis of db/db mice
compared with control mice (32.3+1.60% vs. 3.30+0.46%;
Fig. 2A and B). In addition, YAP was detected in a significantly
higher percentage of dermal cell nuclei in the SP-treated mice
compared with control mice (7.47+1.52% vs. 2.06+0.43%;
Fig. 2C and D). Overall, the results indicate that subcutaneous
administration of SP may promote accelerated wound healing
by inducing YAP-mediated cellular proliferation.

SP enhances angiogenesis in dermal wounds and induces
mobilization of EPCs. A previous study demonstrated that
subcutaneous SP treatment increases angiogenesis and the
mobilization of EPCs in normal mice (17). In the present study,
subcutaneous SP injection significantly increased the frequency
of CD31-positive cells in the wounded dermis of db/db mice,
compared with the control (control, 1.77+0.35,n=4 vs. SP-treated,
5.33+1.20, n=4; Fig, 3A and B). EPC mobilization is important
for angiogenesis and wound healing (8,24), and its function is
impaired in diabetes (8). In order to confirm the mobilization of
EPCs, Matrigel plug assays were performed in uninjured db/db
mice, and subcutaneous SP treatment significantly increased

the number of CD31-positive cells in uninjured db/db mice by
~2-fold (control, 43.84+5.57% vs. SP-treated, 91.20+2.97%;
Fig. 4A and B). In addition to the SP-mediated increase in EPC
mobilization, SP treatment also resulted in a 2-fold increase in
the number of EPC-CFUs in the bone marrow of db/db mice
(control, 30.75+5.07, n=2 vs. SP-treated, 62.00+8.82, n=3;
Fig. 4C). Therefore, subcutaneous treatment with SP may
increase EPC mobilization, which may contribute to enhanced
angiogenesis in the wound dermis and an increase in the EPC
population within the bone marrow of db/db mice.

Discussion

The present study demonstrated that subcutaneous administra-
tion of SP accelerated diabetic wound healing. Furthermore, it
was also observed that subcutaneous injection of SP increased
EPC mobilization in diabetes and increased the activation
of YAP in the wound dermis of db/db mice. Increased EPC
mobilization and YAP activation may contribute to accelerated
diabetic wound healing through enhanced angiogenesis and
increased fibroblast proliferation, respectively. The results of
a previous study (17) and the current study demonstrated that
systemic SP treatment by subcutaneous injection induced EPC
mobilization in normal and diabetic acute wounds. Notably,
diabetic mice treated with SP exhibited a similar rate of wound
closure compared with the normal wound healing process in
normal mice (data not shown). However, the efficiency of EPC
mobilization mediated by subcutaneous SP injection in the
diabetic and normal wound environments was not compared.
Furthermore, the mechanisms responsible for SP-mediated
mobilization of EPCs remain undefined, and it is not estab-
lished whether EPC migration in db/db mice is mediated by
the same mechanisms involved in normal acute wound healing.



MOLECULAR MEDICINE REPORTS 15: 3035-3040, 2017

A
CcD31 | DAPI I Merge
o
<
o
o
o]
& A, S
o
o
o
7]
) 4y .!
B 10 1 p<0.024

g &

ke

7 6]

w

e

o 4 t

(=]

(=]

@ 2

0 -
db/db con  db/db SP

Figure 3. SP-induced angiogenesis in db/db mice wounds.
(A) Immunohistochemistry analysis of CD31 (green). Nuclei were stained in
blue with DAPI. White arrows indicate CD31-positive signals in the wounds
of db/db con and db/db SP mice. Scale bar, 100 ym. (B) Density of blood
vessels in the wounds presented as a fold-change value. The number of blood
vessels in a random image from a tissue section in the center of the wound
was counted. The total area of the tissue in the analyzed image was used as
the internal control for the number of blood vessels. Data for db/db con (n=4)
and db/db SP (n=4) mice are presented as the mean + standard deviation. SP,
substance P; db/db con, control diabetic mice; db/db SP, SP-treated diabetic
mice.

Further studies are required to address these questions. In the
diabetic wound dermis, subcutaneous treatment with SP not
only increased the number of cells expressing nuclear YAP,
but also increased the number of proliferating cells. In addi-
tion, the number of aSMA-positive cells was increased in
the diabetic wound dermis. Collectively, YAP activation, as a
result of subcutaneous administration of SP, may lead to the
upregulation of aSMA-positive cell proliferation, which may
subsequently accelerate wound contracture. Notably, primary
cultured dermal fibroblasts of db/db mice expressed lower levels
of YAP mRNA compared with normal mice (data not shown).
Therefore, it is important to determine whether SP controls only
YAP activation through post-translational regulatory processes,
or if it influences YAP activation and its transcriptional level
activity.
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