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1  | INTRODUC TION

Transplantation of mesenchymal stem cells (MSCs), also known as 
multipotent stromal cells, is performed to repair intractable tissue 
in the bone, skin, eye, heart and kidney.1-9 MSCs can affect different 
components of the immune system to ameliorate severe inflamma-
tory responses, presumably by secreting various paracrine factors, 
including interleukin-10, transforming growth factor β1 (TGF-β1), 

indoleamine 2, 3-dioxygenase and prostaglandin E2.10-17 In addition 
to their immunosuppressive role, MSCs share markers specific to 
pericytes and act as pericytes,18 indicating the direct involvement 
of MSCs in vascularization. Accordingly, the immune modulation and 
angiogenic potential of MSCs has been regarded as the main operat-
ing mechanisms of MSC therapy.

In spite of the mounting evidence for the therapeutic effects 
of MSCs, the low differentiation potential to damaged tissue and 
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Abstract
Bone marrow mesenchymal stem cell (MSC) therapy acts through multiple differ-
entiations in damaged tissue or via secretion of paracrine factors, as demonstrated 
in various inflammatory and ischaemic diseases. However, long-term ex vivo culture 
to obtain a sufficient number of cells in MSC transplantation leads to cellular senes-
cence, deficiency of the paracrine potential, and loss of survival rate post-transplan-
tation. In this study, we evaluated whether supplementation of MSCs with substance 
P (SP) can improve their therapeutic potential. SP treatment elevated the secretion 
of paracrine/angiogenic factors, including VEGF, SDF-1a and PDGF-BB, from late 
passage MSCs in vitro. MSCs supplemented with SP accelerated epidermal/dermal 
regeneration and neovascularization and suppressed inflammation in vivo, compared 
to MSCs transplanted alone. Importantly, supplementation with SP enabled the in-
corporation of transplanted human MSCs into the host vasculature as pericytes via 
PDGF signalling, leading to the direct engagement of transplanted cells in compact 
vasculature formation. Our results showed that SP is capable of restoring the cellular 
potential of senescent stem cells, possibly by modulating the generation of paracrine 
factors from MSCs, which might accelerate MSC-mediated tissue repair. Thus, SP 
is anticipated to be a potential beneficial agent in MSC therapy for inflammatory or 
ischaemic diseases and cutaneous wounds.
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transient persistence of transplanted MSCs have emerged as crucial 
problems that need to be addressed. A sufficient number of MSCs 
are required for transplantation, which in turn requires long-term 
ex vivo culture and makes transplantation of late-passage MSCs 
inevitable. During ex vivo culture, MSCs become senescent, with 
aberrant biological characteristics such as morphological changes, 
reduced proliferation rate, deficient immunosuppressive function 
and insufficient production of cytokines/growth factors such as 
stromal cell-derived factor-1 alpha (SDF-1α) or vascular endothelial 
growth factor (VEGF). 19-23 Moreover, because senescent MSCs en-
counter severe inflammatory environments in vivo post-transplan-
tation, they do not survive long term. Therefore, transplanted MSCs 
have impaired therapeutic function. To address these problems, the 
current research focuses on ways to enhance viability and inhibit 
senescence of MSCs using specific growth factors, co-culture with 
supportive cells, hypoxic conditions and genetic modification.22-25 
However, effective methods to improve the efficacy of stem cell 
therapy in vivo have not been optimized.

Substance P (SP), an endogenous neuropeptide known to be in-
volved in neuro-immune modulation, can also promote cell prolifera-
tion and inhibit cell apoptosis.26-28 Hong et al demonstrated that SP 
can induce mobilization of MSCs into the circulation by repopulating 
MSCs in the bone marrow, leading to tissue repair.29 SP promotes 
anti-inflammatory responses that ameliorate disease progression in 
cases of corneal wounds, rheumatoid arthritis, radiation-induced in-
testinal damage and spinal cord injury.29-33 When MSCs are treated 
with SP in vitro, the production of VEGF and fibronectin in MSCs 
increases.29 Recent studies have demonstrated that SP can restore 
the immunosuppressive function of late-passage MSCs by blocking 
senescence-induced reduction of cytokine secretion from MSCs.23

Our approach was based on the hypothesis that the addition of 
SP to transplanted MSCs adequately enhances the efficacy of MSC 
therapeutics in vivo, possibly by modulating the secretion of para-
crine factors and enhancing the survival of MSCs at the injured site.

To determine the effect of SP on the paracrine potential of se-
nescent MSCs, late-passage human MSCs were treated with SP and 
changes in neovascularization-related growth factors were evaluated 
by ELISA in vitro. To elucidate the beneficial effect of SP on MSC-
mediated neovascularization and wound repair in vivo, late-pas-
sage MSCs were transplanted with SP into full-thickness cutaneous 
wounds, and wound healing was assessed by analysing epidermal and 
dermal recovery, collagen deposits, immune cell infiltration, neovas-
cularization and systemic inflammatory responses, in comparison to 
wounds treated with vehicle or MSC transplantation without SP.

2  | MATERIAL S AND METHODS

2.1 | Materials

MSCGM was purchased from Lonza (Basel, Switzerland); phosphate-
buffered saline, (PBS), Welgene (Daegu, Korea); SP, Sigma-Aldrich 
(St. Louis, MO, USA). ELISA kits for SDF-1α, platelet-derived growth 

factor-BB (PDGF-BB), and VEGF were obtained from R&D systems 
(Minneapolis, MN, USA). Tegaderm Film was purchased from 3M 
Health Care (St. Paul, MN, USA) and Mepitel, from Molnlycke Health 
Care (Gothenburg, Sweden).

2.2 | Experimental animals

Five-week-old nude mice were obtained from DBL (Daehan Bio Link, 
Seoul, Korea). Animals were maintained under a 12-h light/dark il-
lumination cycle in the animal facility and allowed to acclimatize to 
the new environment for 1 week. All animal studies were approved 
by the Ethical Committees for Experimental Animals at Kyung Hee 
University (KHMC-IACUC-14-010).

2.3 | MSC culture

A bone marrow sample was obtained from healthy human donor 
(age: 45-65 years, 6 donors. 3 females, 3 males). Human bone mar-
row aspirates (BMAs, 10 mL) were obtained with the written consent 
of patients and the protocol was approved by the St. Peter's Hospital 
Institutional Review Board (IRB#: KPH 2010-01).

Primary MSCs were harvested by separating mononuclear cells 
from the bone marrow sample via density-gradient centrifugation: 
Human bone marrow specimens were diluted in PBS, overlaid on 
Ficoll-Paque solution (GE Healthcare, Buckinghamshire, UK) and 
centrifuged at 2200 rpm for 20 min. The mononuclear cell layer at 
the interface was harvested and washed twice with PBS. Cells were 
suspended in MSC growth medium (MSCGM) and cultured under 5% 

CO2 at 37°C. After 48 h, erythrocytes and non-adherent cells were 
eliminated via a PBS wash. On approaching 70% confluence, cells 
were detached with 0.25% trypsin/ EDTA (Welgene, Daegu, Korea) 
and sub-cultured at 2.5 × 105 cells per 100-mm dish.

2.4 | Cytokine measurements

Secretion of SDF-1α, PDGF-BB and VEGF from MSCs was quantified 
using ELISA kits in accordance with the manufacturer's instructions. 
In brief, MSCs were seeded in 24-well plates at 2 × 104 cells/well 
and treated with SP (100 nM) or PBS (control) for 48 h. Conditioned 
media were harvested and centrifuged to eliminate cell debris. To 
quantify cytokine levels, conditioned media and standards were 
added to 96-well plates coated with anti-SDF-1α, anti-PDGF-BB 
and anti-VEGF antibodies, followed by incubation for 2 h. After four 
washes with PBS, horseradish peroxidase-conjugated secondary 
antibodies were added to each well for 2  h at room temperature. 
After three more washes, the substrate solution was added and the 
reaction was allowed to proceed for 30  min; thereafter, the reac-
tion was terminated using stop solution. Absorbance was measured 
at 450  nm with an EMax Endpoint Microplate Reader (Molecular 
Devices, Sunnyvale, CA, USA).
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2.5 | Establishment of a mouse model of a full-
thickness skin wound

Nude mice (25 g, male, BALB/c nude mice, N = 8 for each group) 
were randomly divided into 4 groups: Untreated, vehicle-treated, 
MSC (p8)-treated and MSC (p8)  +  SP-treated groups. A dorsal 
8-mm-thick wound was inflicted under anaesthesia with keta-
mine (100 mg/kg, Yuhan co., Korea) and rumpun (1.2 mg/kg, Bayer 
Healthcare, Korea). The wound was covered with Mepitel and 
Tegaderm.

2.6 | Cell transplantation

At day 3 post-wound infliction, 5 × 105 MSCs in hydrogel (Poloxamer 
407, BASF, Lutrol F 127, volume 0.04 ml, 2.5 g/ml) with or without 
SP (final, 100 nM) were transplanted topically, using hydrogel as the 
vehicle. AG1295 (2  μM, PDGF tyrosine receptor kinase inhibitor, 
Santa Cruz, Dallas, TX, USA) was co-treated with SP to inhibit PDGF-
PDGFR signalling in transplanted MSCs. The safety of AG1295 was 
then assessed (Figure S1).

2.7 | Haematoxylin & Eosin (H&E) staining

At days 2 and 7 post-transplantation, mice were euthanized and the 
skin and spleen were harvested for further quantitative and histo-
logical analysis. The skin and spleen were fixed in 3.7% formalde-
hyde for 24 h and embedded in paraffin, and the paraffin-embedded 
tissue blocks were processed with a TP1020 tissue processor (Leica 
Biosystems, Wetzlar, Germany). For histological analysis, 4-μm-thick 
sections were deparaffinized in xylene and rehydrated using an al-
cohol gradient. For H&E staining, nuclei were stained with haema-
toxylin (Sigma-Aldrich, St. Louis, MO, USA) for 1  min, after which 
the sections were washed in running water for 5 min, and then, the 
cytoplasm and extracellular matrix were stained with eosin Y (Sigma-
Aldrich) for 10 s.

2.8 | Masson trichrome (MTC) staining

To observe collagen deposition in the wound region, MTC Staining 
(IHC World, Woodstock, MD, USA) was performed in accordance 
with the manufacturer's instructions. In brief, paraffinized tissue 
sections (4-μm thick) were deparaffinized, hydrated and fixed in 
Bouin's solution (Sigma-Aldrich) for 1  h at 56°C. After washing in 
distilled water, the samples were stained with Weigert's haematoxy-
lin for 10 min, Biebrich scarlet-acid fuchsin for 2 min, phosphomo-
lybdic-phosphotungstic acid solution for 10  min, and Aniline Blue 
for 10 min. After washing with distilled water, samples were treated 
with 1% acetic acid (Sigma-Aldrich) for 5 min and then dehydrated 
and observed using a microscope.

2.9 | Immunohistochemical staining

Immunohistochemical staining was carried out using the 
VECTASTAIN ABC Kit (Vector Laboratories, Burlingame, CA, USA) 
in accordance with the manufacturer's instructions. Samples were 
treated with 0.5% H2O2 to block endogenous peroxidase activity 
for 10 min and permeabilized with 0.3% Triton-X100. Non-specific 
binding was inhibited by incubating samples with 1% normal horse 
serum for 1  h at room temperature (RT). Primary mouse anti-
CD31, anti-F4/80 and anti-SDF-1α antibodies (Abcam, Cambridge, 
MA, USA) were added. After three PBS washes, samples were in-
cubated with a biotin-conjugated secondary antibody for 1  h at 
RT. After washing with PBS, the substrate solution was added and 
the reaction was allowed to proceed at RT for 40  min. To visu-
alize the reactive area in the tissue, samples were treated with 
dimethyl-aminoazobenzene (DAB; Vector Laboratories), coun-
terstained with Fast Red (Vector Laboratories) for 10  min and 
mounted. Finally, samples were observed using a Nuance Multiplex 
Biomarker Imaging System (Cambridge Research Instrumentation, 
Woburn, MA, USA).

2.10 | Immunofluorescence staining

Wounded tissues were embedded in optical cutting compound (OCT 
compound, Sakura Finetek, Tokyo, Japan) and cut into 4-μm-thick 
sections. To eliminate OCT compound, sections were washed thrice 
with PBS and incubated in 20% normal goat serum to block non-
specific binding. Sections were probed with anti-mouse CD31 anti-
body (Abcam) for 2 h at RT, followed by FITC-conjugated secondary 
antibody for 1  h. After two washes, anti-human α-SMA antibody 
(Dako, DK) was added, followed by Texas Red-conjugated secondary 
antibody (Vector Laboratories). Thereafter, samples were mounted 
with Vectashield mounting medium (Vector Laboratories with DAPI) 
and observed using a Nuance Multiplex Biomarker Imaging System 
(Cambridge Research Instrumentation).

2.11 | Quantitative histological analysis of the 
wounded area

For quantitative histologic analysis, the wounded area was assessed 
using previously described methods, with certain modifications16 
Cell migration in the epithelial layer was analysed by measuring the 
path length of epithelial cells from the non-wounded edge to the 
centre of the wound. Granulation tissue formation was evaluated 
on the basis of the invasion of endothelial cells, fibroblast influx, 
collagen deposition and additional macrophage accumulation. The 
thickness of the granulation tissue was measured with respect to the 
underlying muscle fascia. Wound repair is expressed as an absolute 
value. All quantitative analyses were performed using ten adjacent 
fields on temporal slides.
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2.12 | Statistical analysis

All data are presented as the mean  ±  standard deviation (SD). 
Student's t test (for comparisons between two groups) and one-
way analysis of variance (ANOVA; for comparisons of three or 
more groups, followed by Tukey's post-hoc test) were performed. 
Probability values less than 0.05 were interpreted to indicate statis-
tically significant differences (*P < .05, **P < .01, ***P < .001).

3  | RESULTS

3.1 | SP stimulates the secretion of paracrine/ 
angiogenic factors in late-passage MSCs

Paracrine factors from MSCs, rather than the MSCs themselves, 
are chiefly responsible for tissue repair. SDF-1α is the primary 
chemokine that supports mobilization of pro-angiogenic cells, in-
cluding endothelial progenitor cells, and is capable of accelerating 
vascularization.34 VEGF, a mitogen highly specific for vascular en-
dothelial cells, induces proliferation, promotes migration and inhibits 
apoptosis of endothelial cells. MSCs are known to secrete SDF-1α 
and VEGF constitutively, but the secretion of these paracrine factors 
reduces as the passage number increases; this might be the main 
cause of the low efficacy of MSC therapeutics until now.14

Before SP treatment, activity of BM MSC was evaluated accord-
ing to passage number. BM MSCs at early (p3) and late passage (p8) 
were characterized by FACS analysis and then treated with SP. FACS 
analysis indicated no differences in cell surface marker expression 
between the early- and late-passage MSCs (Table S1). Cellular senes-
cence was determined by beta galactosidase staining. Even though 
its portion was not as high, beta galactosidase  +  cells appeared 
from passage 5 BM MSC and it was undeniable at passage 8 BM 
MSC. That is, passage 8 BM MSC might undergo senescent states 

(Figure  S2). Moreover, cellular activity was reduced and doubling 
time was firmly elevated at passage 8 BM MSC. Moreover, immune 
suppressive function was clearly impaired at passage 8 BM MSC, 
comparing to passage 3 BM MSC (Figure S3 and Figure S4).

To determine whether SP can affect the secretion of paracrine/
angiogenic factors from late-passage MSCs, passage 8 BM MSC was 
treated with SP in this study.

Levels of SDF-1α and VEGF in the culture supernatant were deter-
mined by ELISA. As the passage number increased, the release of SDF-1α 
and VEGF by MSCs decreased (Figure S5). SP treatment increased the 
secretion of SDF-1α and VEGF in late-passage MSCs to levels resembling 
early-passage MSCs (Figure 1A and B). SP effect was dose-dependent.

Pericytes regulate vasoconstriction and vasodilation within capil-
lary beds to control vascular diameter and capillary blood flow.18,35,36 
Dysfunctional and leaky blood vessels that lack pericytes contribute 
to the development of pathological conditions in vivo. PDGF-BB is 
involved in the recruitment of pericytes to a variety of vascular beds 
such as the brain, kidney, heart, lung and adipose tissue, 35,37,38 lead-
ing to the formation of a healthy and compact vasculature encircled 
with pericytes. Moreover, PDGF-BB is found to protect MSCs against 
apoptosis and senescence. Inhibition of platelet-derived growth factor 
receptor suppressed the proliferation and altered the differentiation of 
MSCs.39,40 Both of early- and late-passage MSCs secreted PDGF-BB 
at undetectable levels (data not shown). With the addition of SP to 
late-passage MSCs, the secretion of PDGF-BB was elevated (Figure 1C).

These data suggest that cell surface markers are not good surro-
gates to represent the cellular state. The secretion of paracrine fac-
tors from MSCs was significantly lower during ex vivo term culture, 
but SP treatment could restore the ability to produce paracrine fac-
tors, including SDF-1α, VEGF and PDGF-BB, in late-passage MSCs 
in dose-dependent manner, corresponding with neovascularization 
through migration of vascular endothelial cells and the incorporation 
of pericytes. In addition, because VEGF and PDGF-BB are known 
to increase the survival of transplanted MSCs, the combination of 

F I G U R E  1   SP promotes secretion of angiogenic factors in late passage MSCs in vitro. MSCs at passages 8 were inoculated in 24-well 
plates at a concentration of 2 × 104 cells/well. SP (1, 10, 100 and 1000 nM) was added to p8 MSCs and 24 h later, conditioned medium 
was collected. The amounts of SDF-1α (A), VEGF (B) and PDGF-BB (C) in the MSC-conditioned medium were measured using ELISA. 
Values of P < .05 were considered statistically significant (*P < .05, **P < .01, ***P < .001). The data are represented as mean ± SD of three 
independent experiments
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MSCs and SP was expected to augment the therapeutic effect of 
transplanted MSCs by extending MSC survival. Based on Figure 1, 
we have selected 100nM as a dose of SP for the further experiment.

3.2 | SP can improve MSC-induced cutaneous 
wound healing

SP has been shown to accelerate proliferation and restore the im-
mune modulatory function of MSCs in vitro.23 As shown in Figure 1, 

SP promoted the production of paracrine/ angiogenic factors by 
MSCs. To examine the beneficial role of SP in MSC therapy, cutaneous 
wounds of full thickness were generated, followed by transplantation 
with late passage MSCs with or without SP at day 3 post-wound, when 
severe inflammatory responses develop (Figure  2A). Wound closure 
was monitored for 7 days post-transplantation (10 days post-wounds). 
Photographs were taken to document the time-dependent reduction 
in wound size (Figure  2B). MSC transplantation accelerated wound 
closure compared with vehicle-treated wounds, and the addition of 
SP to MSCs promoted even faster wound closure (Figure 2C; day 7 

F I G U R E  2   SP enhances MSC-mediated wound closure. (A) Experimental scheme for cell transplantation. (B) Gross views of wound 
areas on day 7 post-MSC transplantation with or without SP. Black dotted lines indicate wound area (C) Quantification of wound areas. 
Values of P < .05 were considered statistically significant (*P < .05, **P < .01, ***P < .001). The data are represented as mean ± SD of three 
independent experiments. N = 8 for each group

F I G U R E  3   SP accelerates the regeneration of wound tissue by hastening MSC-induced recovery of the epidermis and dermis at 2 days 
post-transplantation. Histological analysis of wounded tissue was performed. (A) Samples of 4-μm thickness were stained with haematoxylin 
and eosin. (B) Collagen deposition was detected by Masson trichrome staining. N = 8 for each group. Scale bar: 100 μm
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post-transplantation, vehicle: 27.4  ±  4 mm2, MSC: 20.2  ±  2.4mm2, 
MSC + SP: 16.2 ± 1.4 mm2, MSC vs. MSC + SP P < .05), supporting the 
effect of SP in facilitating MSC-induced wound closure.

Next, wound healing was evaluated based on the histology of 
the injured site. At day 2 post-transplantation, vehicle-treated mice 
showed poor coverage of the epidermal layer and a sparse dermis 
structure, while MSC-transplanted wounds were partially covered 
with epidermis with scant recovery of the dermis. On day 2, dif-
ferences between the vehicle and MSC-transplanted wounds were 
barely detected. Meanwhile, the combination of MSCs and SP facil-
itated epidermal migration and dermal regeneration with increased 

collagen deposition (Figure 3). On day 7 post-transplantation, vehi-
cle-treated wounds had a thin epidermal layer and showed haemor-
rhaging in the dermis (Figure 4), whereas MSC-treated wounds had 
increased collagen synthesis in the dermis and full coverage with an 
epidermal layer with minimal infiltration of immune cells. The effi-
cacy of MSC transplantation was reliably improved at day 7 by the 
presence of SP, with an intact epidermal/ dermis layer and mature 
collagen fibres (Figure 4A and B). The recovery of the injured site 
was described according to epithelial coverage and granulation tis-
sue thickness (Table 1). Immunostaining for the F4/80 (+) inflamma-
tory macrophages showed that MSC transplantation lessened F4/80 

F I G U R E  4   SP accelerates regeneration of wound tissue by hastening MSC-induced recovery of the epidermis and dermis at 7 days post-
transplantation. Histological analysis of wounded tissue at day 7 post-wound was performed. (A) Samples of 4-μm thickness were stained 
with haematoxylin and eosin. (B) Collagen deposition was detected by Masson trichrome staining. Scale bar: 100 μm. N = 8 for each group. 
Scale bar: 100 μm

TA B L E  1   SP-enhanced wound healing by accelerating epithelial migration, wound coverage and promoting formation of granulation 
tissue

Day post-transplantation

Epithelial migration (mm) Wound coverage (mm2) Granulation tissue thickness (m)

Day 2 Day 7 Day 2 Day 7 Day 2 Day 7

Vehicle 3.72 ± 0.82 4.8 ± 2.4 10.86 ± 0.5 18.08 ± 1.8 589.6 ± 83.0 896.0 ± 203.6

MSC 4.51 ± 1.16 7.2 ± 1.1 15.97 ± 0.8 40.69 ± 0.4 654.9 ± 91.8 911.8 ± 129.8

MSC + SP 4.89 ± 1.92 7.9 ± 0.2 18.09 ± 1.5 48.99 ± 0.04 861.9 ± 164 990.6 ± 171.4

Note: Wound area was analysed based on the histological analysis. Epithelial migration was measured from wound edge to the epithelium covered 
wound region. Wound coverage was expressed based on epithelial migration length and defect area. Granulation tissue formation was evaluated 
based on the invasion of endothelial cells, influx of fibroblasts, collagen deposition and accumulation of additional macrophages. The data are 
represented as mean ± SD of three independent experiments. N = 8 for each group.
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(+) macrophage infiltration into injured sites, which was further less-
ened by the addition of SP (Figure S6).

This data suggests that the late MSC transplantation accelerated 
wound healing by stimulating epidermal migration and granulation 
tissue regeneration while suppressing inflammation. Importantly, 
all outcomes from MSC transplantation were enhanced by co-treat-
ment with SP.

3.3 | SP accelerates angiogenesis by MSCS at the 
wound site

Next, we explored whether MSC  +  SP-induced fast wound heal-
ing was accompanied by neovascularization. Angiogenesis at the 

wound site was determined by immunohistochemical staining 
for CD31, specific for mouse vascular endothelial cells and vas-
cular density was quantified by counting CD31  +  vasculature per 
area (Figure  5A-C). Compared to vehicle-treated wounds, MSC-
transplanted wounds displayed a higher density of CD31 + vascula-
ture, but the difference was not statistically significant. In contrast, 
MSC + SP-transplantation promoted significantly more angiogenesis 
than MSC transplantation alone (CD31 +  vessel/mm2, day 2 post-
transplantation, vehicle: 71.6 ± 54.9, MSC: 149.1.9 ± 9.2, MSC + SP: 
220.3 ± 5.7, MSC vs. MSC + SP P < .05; day 7 post-transplantation, 
vehicle: 60.69 ± 10.6, MSC: 81.1 ± 12.7, MSC + SP: 107.2 ± 5.3, MSC 
vs. MSC + SP, P < .05).

Among angiogenesis factors, SDF-α plays a critical role in neo-
vascularization. SP was observed to stimulate the production of 

F I G U R E  5   SP improves MSC-induced angiogenesis at the wound site. Histological analysis of wounded tissue at day 7 post-wound was 
performed. (A) Histological analysis of the vasculature was performed via staining for CD31 (B-C) Quantification of CD31 (+) vasculature 
was performed at days 2 and 7 post-transplantation. (D) Immunofluorescence staining of skin tissues with anti-human α-SMA and anti-
mouse CD31 to detect the localization of transplanted MSCs at the host vasculature. (E) Transplanted human α-SMA (+) MSCs-encircled 
vessels of total mouse CD31 (+) vessels were quantified. α-SMA (+) human MSCs was shown in red and CD31 (+) mouse vascular endothelial 
cells are shown in green. Values of P < .05 were considered statistically significant (*P < .05). The data are represented as mean ± SD of 
three independent experiments. N = 8 for each group. Scale bar: 100 μm
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SDF-α from MSCs in vitro (Figure 1). As the transplantation of MSCs 
supplemented with SP augmented vascular density, expression of 
SDF-1α within the wound site was likely to be elevated. As expected, 
SDF-1α expression in the vehicle-treated and MSC-transplanted 
wounds was seldom detected, but the combination of MSCs and SP 
led to an SDF-1α-enriched wound environment (Figure S7).

These results suggest the possibility that SP remotely contrib-
utes to neovascularization by MSCs through the induction of angio-
genic factors, such as SDF-1α, within the wound site.

3.4 | SP contributes to incorporation of transplanted 
MSCS into the host vasculature

Pericyte attachment and migration require PDGF-BB and TGF-β 
signalling. SP stimulates TGF-β23,41 and PDGF-BB secretion 
(Figure 1C) in the MSCs. Accordingly, we anticipated that the com-
bination of MSC and SP would result in the formation of pericyte-
encircled vasculature by transplanted MSCs. Mouse vasculature 

was identified through immunostaining with mouse CD31-specific 
antibody (stained in green), and transplanted human MSCs were 
detected using anti-human alpha-smooth muscle actin antibody (α-
SMA, stained in red). The specificity of each antibody was deter-
mined by staining mouse skin with anti-human α-SMA antibody or 
human MSCs with anti-mouse CD31 antibody (Figure  S8). In the 
absence of SP, transplanted MSCs were seldom detected in wound 
sites (Figure 5D). Meanwhile, in the presence of SP, α-SMA + human 
MSCs encircled CD31  +  mouse vasculature as pericytes, and per-
ceptible level of human MSCs were detected in the wound bed 
(Figure 5D). The proportion of α-SMA + human MSCs that encircled 
CD31 + mouse vasculature was quantitatively analysed (Figure 5E). 
The MSC  +  SP-transplanted wounds had approximately fourfold 
more α-SMA  +  cell-encircled vessels than the MSC-transplanted 
wounds (MSC: 4.33  ±  8.4%, MSC  +  SP: 48.33  ±  18.9%, MSC vs. 
MSC + SP P < .05).

Collectively, these results imply that SP induces the formation 
of mature vessels by promoting the incorporation of transplanted 
MSCs into newly forming vessels as pericytes.

F I G U R E  6   SP promotes the coverage of vasculature by transplanted MSCs via PDGF-PDGFR signalling. (A) AG1295 was added to MSCs 
with SP to inhibit PDGF-PDGFR signalling. Immunofluorescence staining of skin tissues with anti-human α-SMA and anti-mouse CD31 to 
detect localization of transplanted MSCs in the host vasculature. (B) Transplanted human α-SMA (+) MSCs encircling vessels of total mouse 
CD31 (+) vessels were quantified. (C) Histological analysis of the vasculature was performed via staining for CD31 (D) Quantification of 
CD31 (+) vasculature was performed at 7 post-transplantation. (E) Immunofluorescence staining of skin tissues with anti-human α-SMA and 
anti-mouse CD31 in AG1295-treated mice. Values of P < .05 were considered statistically significant (*P < .05). The data are represented 
as mean ± SD of three independent experiments. N = 8 for each group. Scale bar100 μm. Yellow arrow head: Transplanted human α-SMA 
(+) MSCs- encircled vessels. White arrow head: vessel without transplanted human α-SMA (+) MSCs
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3.5 | PDGF-PDFGR signalling in human MSCS 
is closely associated with the engagement of 
transplanted cells during neovascularization

PDGF-BB is known to be secreted from activated macrophages as 
well as endothelial cells and binds to the PDGF receptor (PDGFR) 
in pericytes to control migration and attachment of pericytes in 
the vasculature. In the presence of SP, transplanted MSCs were at-
tached to the host vasculature as pericytes, implying the activation 
of PDGF-BB/ PDGFR signalling in human MSCs.

To determine whether the attachment of transplanted MSCs to 
mouse vasculature was mediated by PDGF-PDGFR signalling, MSCs 
supplemented with SP were treated with a PDGFR protein kinase 
inhibitor, AG1295, prior to transplantation. At day 7 post-transplan-
tation, vascular structure at the wound site was analysed by immu-
nofluorescence staining. Treatment of AG1295 reduced the overall 
proportion of α-SMA +  human cell-covered vasculature compared 
to the vascular structure in MSC +  SP-treated wounds (Figure 6A 
and B, MSC + SP: 50.12 ± 13.3%, MSC + SP+AG1295: 7.12 ± 7%, 
MSC vs. MSC + SP, P < .05). In addition, AG1295 treatment did not 
affect the total vessel density at all (Figure 6C and D), indicating that 
the blockage of PDGF-PDGFR signalling did not influence quantity 
of vessel.

Consistent to previous reports, PDGF-BB is capable of stimulat-
ing repopulation of MSC (Figure S9). Thus, the lack of human MSC-
covered vasculature in AG1295-treated group is likely due to the 
reduced survival of transplanted MSCs. However, we found that the 
transplanted MSCs were scattered in the dermis instead of cover-
ing the host vasculature in AG1295-treated mice (Figure 6E). Thus, 
the lowered density of human MSC-covered vasculature in AG1296 
treated mouse is not due to the decrease in survival of transplanted 
cells but the lack of attachment to the host vasculature.

This result suggests that the activation of PDGF/PDGFR signal-
ling in transplanted human MSCs is essential for the attachment of 
MSCs in the vasculature.

3.6 | Transplantation of MSCS with SP provokes 
suppression of systemic inflammation

Full-thickness cutaneous wounds can trigger both systemic and local 
inflammation. To determine whether MSCs and SP affected systemic 
inflammation during wound healing, spleen weight and serum cy-
tokines, indicators of the systemic inflammation, were analysed.31 
Spleen size was not different by day 5 post-wound (day 2 post-
transplantation), but enlargement of the spleen owing to the wound 
became evident at day 10 post-wound (day 7 post-transplantation). 
Contrary to our expectations, MSC transplantation did not block 
spleen enlargement, whereas the combination of MSC and SP mark-
edly inhibited enlargement of the spleen, maintaining a size similar 
to that of the normal (Figure 7A). Analysis of the white pulp area in 
the spleen, which consists of germinal centres and peripheral T-cell 
compartments, indicated that the MSC with SP interrupted the ex-
pansion of the white pulp area in response to the wound, whereas 
MSC transplantation alone was unable to do so (Figure S10). TNF-
α, a cytokine representative of inflammation, was also quantita-
tively assessed using ELISA. The level of TNF-α in the serum was 
remarkably elevated because of the wound from day 2 post-trans-
plantation in vehicle-treated mice. MSC transplantation somewhat 
reduced TNF-α levels at day 2 post-transplantation, but this effect 
was not maintained by day 7 post-transplantation. In contrast, MSC 
with SP reduced TNF-α levels from day 2 post-transplantation, 
and the lower levels were sustained at day 7 post-transplantation 
(Figure  7B, day 2 post-transplantation, normal: 27.4  ±  2.4  pg/ml, 
vehicle: 124.3  ±  11.5  pg/ml, MSC: 107.5  ±  7.1  pg/ml, MSC  +  SP: 
85.1  ±  11.4  pg/ml, MSC vs. MSC  +  SP P  <  .05; day 7 post-trans-
plantation, vehicle: 106.6  ±  6.4  pg/ml, MSC: 95.9  ±  12.1  pg/ml, 
MSC + SP: 46.3 ± 3.8 pg/ml, MSC vs. MSC + SP P < .001).

These data reveal that the addition of SP provokes the suppres-
sion of systemic inflammatory responses owing to the cutaneous 
wounds following transplantation of late passage MSCs, contribut-
ing to the faster repair.

F I G U R E  7   SP systematically improved MSC-mediated immunosuppression. (A) As an indicator for systemic inflammation, spleen weight 
per body weight was assessed at days 2 and 7 post-MSC transplantation. (B) Quantification of TNF-α in serum was carried out by ELISA at 
days 2 and 7 post-MSC transplantation. Values of P < .05 were considered statistically significant (*P < .05, **P < .01, ***P < .001). The data 
are represented as mean ± SD of three independent experiments. N = 8 for each group
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4  | DISCUSSION

Transplantation of ex vivo-expanded MSCs improves tissue repair 
in vascular and inflammatory diseases, including infarcted hearts.5-9 
However, ex vivo culture causes cellular senescence and reduces the 
release of paracrine factors in MSCs, damping the effect of MSC 
therapy. Moreover, as stem cells are transplanted into an inflamma-
tory site and account for apoptotic sign as DAMP, it may be diffi-
cult for transplanted cells to survive for long periods. Accordingly, 
strategies are needed to enhance cellular survival and the activity 
of MSCs. As a way to improve the efficacy of MSC transplantation, 
we employed SP, a small endogenous peptide known to modulate 
vascular activity by affecting vasodilation and endothelial cell prolif-
eration42 and provoke the secretion of angiogenic factors, including 
VEGF, in stem cells.29 In addition, SP was reported to restore the im-
munosuppressive function of late-passage MSCs by elevating TGF-
β1 secretion.23 Based on these actions of SP, we hypothesized that 
the addition of SP can exert a supplemental effect on MSC therapy 
and facilitate MSC-mediated healing.

We confirmed the deficiency of paracrine factor production in 
late-passage MSCs and SP-induced restoration of paracrine poten-
tial in senescent MSCs in vitro. To check the effect of SP on the 
efficacy of late-passage MSCs in vivo, we transplanted late-passage 
MSCs with insufficient paracrine/angiogenic potential, together 
with SP. Although transplantation of late-passage MSCs yielded 
faster cutaneous wound healing than treatment with vehicle alone, 
the combination of late-passage MSCs and SP resulted in further im-
provements in wound closure with well-organized tissue regenera-
tion, compared to MSCs alone.

Neovascularization is chiefly mediated by angiogenic factors, in-
cluding SDF-1α, PDGF-BB and VEGF. The secretion of these factors 
in MSCs was elevated by SP treatment in vitro, suggesting that SP 
is indirectly involved in MSC-mediated neovascularization in vivo. 
This study proved that SP could enhance MSC-mediated neovas-
cularization, possibly by providing an SDF-1α-enriched wound bed. 
Interestingly, transplanted MSCs encircled the host vasculature 
as pericytes. This finding demonstrates the direct engagement of 
transplanted MSCs in vascular formations, which might be mediated 
by SP.

The coverage of vasculature by pericytes is modulated by PDGF-
PDGFR signalling. The blockage of PDGF-PDGFR signalling during 
the transplantation of MSCs with SP decreased the amount of ves-
sels covered with transplanted MSCs in vivo, even in the presence of 
SP. In this case, transplanted cells were observed at the dermis, not 
attaching to host vessels. This means that PDGF-PDGFR signalling is 
involved in the migration and attachment of MSCs to the vasculature 
as pericytes.

Because the PDGF-BB amino acid sequences of human and 
mouse have high homology, the cellular source of PBGF-BB may be 
unclear. Considering that the source of PDGF-BB is chiefly macro-
phages and endothelial cells and we transplanted MSCs and SP in 
the inflammatory phase which lacks endogenous vessels, activated 
macrophages that contacted with SP were inferred to be the one 

of sources of PDGF-BB for MSCs, except for transplanted human 
MSCs. However, SP could not promote the secretion of PDGF-BB 
from activated mouse macrophages in vitro (Figure  S11). Thus, it 
could be surmised that the PDGF-BB that binds to the PDGFR of 
human MSCs is obtained from transplanted human MSCs affected 
by SP and that human PDGF-BB functions via autocrine activation 
to promote the attachment of transplanted MSCs to the vascular 
surface.

Cutaneous wounds were accompanied by systemic inflamma-
tion. These inflammatory responses were barely suppressed by 
late-passage MSCs, likely due to the weakened activity of senescent 
MSCs. However, the combination of MSCs and SP alleviated sys-
temic inflammation by reducing spleen size and the serum level of 
TNF-α. This phenomenon led to improved wound healing.

Although topical treatment with SP has been shown to stimu-
late skin wound healing,30 we did not observe the same effect in our 
study, possibly because we only administered SP once (Figure S2) 
and SP is degraded rapidly at wound site. The previous study involv-
ing the local treatment with SP for cutaneous wound healing em-
phasized the need for repeated daily treatment with SP for complete 
healing. Thus, we attribute the MSCs  +  SP-induced tissue repair 
seen in this study to the SP-enhanced therapeutic potential of MSCs 
rather than the direct effect of SP.

SP-enhanced therapeutic potential of MSCs was occurred by re-
storing paracrine action of BM MSC in this study. The exact mecha-
nism of SP for blockage of cellular senescence is unclear. However, 
senescence of MSC was explored broadly. Notably, RAP1/NFkb sig-
nalling pathway was proved to be chiefly involved in immune mod-
ulatory function of MSC.43,44 ERBB4 can rejuvenate aged MSC to 
promote for tissue repair through PI3K/ Akt and MAPK/Erk path-
ways.45,46 SP could activate NFkb signalling and also active Akt/ Erk 
signalling to suppress cellular apoptosis.29,47-49 Considering previous 
reports, the effect of SP on inhibition of BM MSC senescence may 
be ratiocinated and the related mechanism may be uncovered. This 
should be explored for further study.

The therapeutic effects of systemically administered SP have 
been reported in diverse diseases. However, to the best of our 
knowledge, this is the first study to establish the supplemental 
effects of SP on stem cell therapy in vivo. The combination of SP 
and MSCs will solve some of the challenges underlying MSC ther-
apeutics. The safety of SP as a drug was recently documented50 
and, so, administration of SP with MSCs is not expected to cause 
toxicity.

Collectively, our findings support the development of SP as a 
supplemental agent for MSC therapy in inflammatory or ischaemic 
diseases. Further detailed study of the effects of SP supplementa-
tion on other stem cell subsets in a variety of diseases is planned.

5  | CONCLUSIONS

Our findings demonstrated that the supplementation of SP im-
proved the efficacy of MSCs.
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