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Abstract
Exogenous substance P accelerates wound healing in diabetes, but the mechanism remains poorly understood. Here, we established a rat 
model by intraperitoneally injecting streptozotocin. Four wounds (1.8 cm diameter) were drilled using a self-made punch onto the back, 
bilateral to the vertebral column, and then treated using amniotic membrane with epidermal stem cells and/or substance P around and in 
the middle of the wounds. With the combined treatment the wound-healing rate was 100% at 14 days. With prolonged time, type I col-
lagen content gradually increased, yet type III collagen content gradually diminished. Abundant protein gene product 9.5- and substance 
P-immunoreactive nerve fibers regenerated. Partial nerve fiber endings extended to the epidermis. The therapeutic effects of combined 
substance P and epidermal stem cells were better than with amniotic membrane and either factor alone. Our results suggest that the com-
bination of substance P and epidermal stem cells effectively contributes to nerve regeneration and wound healing in diabetic rats.
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Graphical Abstract

Substance P combined with epidermal stem cells promotes nerve regeneration in diabetic skin
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Introduction
Recent studies have shown that decreased substance P con-
tent and epidermal stem cell number and activity are im-
portant factors in diabetic wound healing (Edmonds and 
Foster, 2006; Liu et al., 2006; Rathur and Boulton, 2007; 
Fiorina et al., 2010; Guo et al., 2010). Substance P belongs to 
the tachykinin family, and is mainly present in sensory nerve 
endings of skin tissue. It has neurotransmitter, neuromod-
ulatory, and hormone effects, promoting cell division, and 
keratinocyte and fibroblast proliferation (O’Connor et al., 
2004; Kawana et al., 2006). Moreover, exogenous substance 
P accelerates epidermal stem cell migration and promotes 
wound healing (Li et al., 2003). Epidermal stem cells effec-
tively promote wound healing in diabetes mellitus cases. 
Therefore, the relationship between substance P, epidermal 
stem cells, and peripheral nerve regeneration is important in 
the diabetic environment. Substance P improves the micro-
circulation and promotes epidermal stem cell proliferation, 
differentiation, and migration. In addition, epidermal stem 
cells stimulate cellular secretion of substance P, while sub-
stance P and epidermal stem cells promote peripheral nerve 
regeneration (Guo et al., 2008; Zhong et al., 2010). Thus, this 
study investigated the promoting effect of substance P com-
bined with epidermal stem cells on diabetic wound healing 
and nerve regeneration.

Materials and Methods
Experimental animals
Sixty pathogen-free Sprague-Dawley rats (equal number 
of males and females, aged 3 months old, and weighing 
200–250 g) were provided by the Animal Center of the Med-
ical Department of Nanchang University of China (Animal 
Certificate No. 96021) and allowed to acclimate for 1 week. 

All animal experiments were carried out in accordance with 
the United States National Institutes of Health Guide for 
the Care and Use of Laboratory Animals (NIH Publication 
No. 85-23, revised 1996). All studies were approved by the 
Animal Care and Use Committee of First Affiliated Hospital 
of Nanchang University of China. All efforts were made to 
minimize pain and distress of the experimental animals. 

Epidermal stem cell isolation and culture
Type IV collagen (Sigma, Santa Clara, CA, USA) was diluted 
to a concentration of 100 mg/L (6–10 µg/cm2) with PBS, 
evenly spread on culture bottles, and air-dried on the bench-
top. Three healthy rats were intraperitoneally injected with 
3% sodium pentobarbital. The skin on their back was asepti-
cally removed and rinsed three times with D-Hank’s solution 
containing magnamycin 800 U/mL and streptomycin 100 U/
mL (5 minutes each time). Subcutaneous tissue was isolated 
using a blade, rinsed with D-Hank’s solution (three times, 5 
minutes each), and then sliced into 3.0–10.0 mm strips using 
eye scissors. Strips were placed in a culture bottle with 0.25% 
trypsin (Gibco, Carlsbad, CA, USA), and 0.02% ethylene-
diamine tetraacetic acid (EDTA) added at a volume ratio of 
1:5, followed by incubation at 4°C for 10–13 hours (digestion 
time in the diabetes group was 1–2 hours shorter than the 
normal group). Digestion was terminated by adding fetal bo-
vine serum. Samples were washed three times with D-Hank’s 
solution. The cuticle layer was removed using ophthalmic 
forceps, and the epidermis cut up. Digestion was terminated 
by adding serum-free keratinocyte medium. After repeated 
blowing, samples were filtered through a 200-mesh filter and 
centrifuged at 1,000 r/min for 5 minutes. After removal of 
the supernatant, cells were suspended in serum-free kerati-
nocyte medium. Type IV collagen was added and the mix-

Figure 1 Wounds in diabetic rats at 14 and 17 days after injury. 
(A) At 14 days after injury, wounds had healed: the surface was stripped and the wounds flat (a) in group A; the other three groups did not heal (b–
d), although the control group did. (B) At 17 days after injury, groups A, B, and C had healed. a–d: Groups A–D. Group A: Injection of substance P 
+ human amniotic membrane incubated with epidermal stem cells around and at the center of the wound; group B: injection of 250 µL PBS + hu-
man amniotic membrane incubated with epidermal stem cells around and at the center of the wound; group C: injection of substance P + human 
amniotic membrane without epidermal stem cells around and at the center of the wound; group D: injection of 250 µL PBS + human amniotic 
membrane without epidermal stem cells around and at the center of the wound. PBS: Phosphate buffered saline.

 B    A   
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Figure 2 Pathological changes of 
wound tissue at 4, 7, 14, 17, 23 days 
after injury (hematoxylin-eosin 
staining, × 200)
The skin was visibly wrinkled and ede-
ma present after injury in all groups. 
With prolonged time, fibroblast and 
endothelial cell proliferation appeared. 
The wounds healed at various time 
points. Healing was fastest in group A 
and slowest in group D. Granulation 
changes in group C were similar to that 
in group A. Keratinocyte coverage on 
wounds in group C was similar to that 
in group D. Granulation changes in 
group B were in-between groups A and 
D. Keratinocyte coverage on wounds 
in group B was similar to that in group 
A. Group A: injection of substance P + 
human amniotic membrane incubated 
with epidermal stem cells around and at 
the center of the wound; group B: injec-
tion of 250 µL PBS + human amniotic 
membrane incubated with epidermal 
stem cells around and at the center of 
the wound; group C: injection of sub-
stance P + human amniotic mem-brane 
without epidermal stem cells around 
and at the center of the wound; group D: 
injection of 250 µL PBS + human amni-
otic membrane without epidermal stem 
cells around and at the center of the 
wound. PBS: Phosphate buffered saline.

Figure 3 Effect of substance P combined with epidermal stem cells on collagen synthesis in granulation tissue from diabetic rats at 10 days after 
injury (Masson staining, × 400). 
(A) Group A: Darkly stained collagen, large area, and ordered arrangement; (B) group B: lightly stained collagen, large area, and ordered arrangement; (C) 
group C: darkly stained collagen, large area, and ordered arrangement; (D) group D: lightly stained collagen, small area, and disordered arrangement. 
Group A: injection of substance P + human amniotic membrane incubated with epidermal stem cells around and at the center of the wound; group B: 
injection of 250 µL PBS + human amni-otic membrane incubated with epidermal stem cells around and at the center of the wound; group C: injection 
of substance P + human amniotic membrane without epidermal stem cells around and at the center of the wound; group D: injection of 250 µL PBS + 
human amniotic membrane without epidermal stem cells around and at the center of the wound. PBS: Phosphate buffered saline.

 A    B    C    D   

ture incubated in a 5% CO2 incubator at 37°C with saturat-
ed humidity. The culture medium was discarded. Twenty 
minutes later, the cells were resuspended. Epidermal stem 
cell medium containing 10% fetal bovine serum, 10 µg/L 
epidermal growth factor (Shanghai Y-S Biotechnology Co., 
Ltd., Shanghai, China), and serum-free keratinocyte medi-
um was added, followed by incubation in a 5% CO2 incu-
bator at 37°C with saturated humidity. K19/β1-integrin was 
identified by immunocytochemical staining (Sun et al., 2007). 
Second passage epidermal stem cells were digested with 0.25% 
trypsin, centrifuged at room temperature, washed with PBS, 

suspended with serum-free keratinocyte medium, and seeded 
on a feeder layer in a 5% CO2 incubator at a constant tem-
perature of 37°C with saturated humidity (Reiisi et al., 2010; 
Zhong et al., 2011; Zhu et al., 2011).

Amniotic membrane construction
Fetal membrane was obtained from puerpera undergoing 
spontaneous deliveries. The chorion was bluntly removed 
with the back of a knife. The fetal membrane was flushed 
three times with PBS, and the amniotic membrane soaked 
in 0.25% trypsin and 0.02% EDTA (Gibco) digestive juice 
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for one hour at 37°C. Epidermal cells on the amniotic mem-
brane surface were gently wiped with the back of a knife, and 
rinsed in PBS solution to determine if they were still on the 
amniotic membrane surface. The amniotic membrane was 
cut into 2 cm × 2 cm blocks with a benchtop cutter, and the 
blocks placed flat into six-well culture plates. The epidermal 
surface was upwards and covered approximately 2/3 of the 
bottle. Culture plates were inverted in a 37°C incubator for 
3–4 hours to dry the amniotic membrane. Epidermal stem 
cell culture medium supplemented with 10% fetal bovine se-
rum and serum-free keratinocyte medium was added to the 
culture bottle overnight. For collection of fetal membrane, 
informed consent for puerpera was obtained from family 
members. The protocols were approved by the Institutional 
Review Board at First Affiliated Hospital of Nanchang Uni-
versity of China, and performed in accordance with the Dec-
laration of Helsinki. 

Second passage epidermal stem cells at 70% confluence 
were digested with 0.25% pancreatic enzyme at room tem-
perature, centrifuged, and washed with PBS. Cells were added 
to culture medium at a concentration of 1 × 106 cells/mL. A 
human amniotic membrane breeding layer was prepared 
and placed in a constant temperature incubator. Many round 
bright epidermal stem cells were distributed on the amniotic 
membrane surface. Good cell confluence accounted for ap-
proximately 40% of the amniotic membrane (Zhong et al., 
2010). 

Establishment of a diabetic skin injury model and combined 
treatment of substance P and human amniotic membrane
Using urine indicator paper and a Johnson glucose meter 
(Johnson & Johnson Medical (Shanghai) Ltd., Shanghai, Chi-
na), urine glucose and blood sugar in the normal range was 
determined in 57 rats. After fasting for 16 hours, rat models 
were established by intraperitoneally injecting streptozoto-
cin (65 mg/kg; Sigma) dissolved in 0.1 M citric acid buffer 
solution. Forty-eight hours later, urine glucose and blood 
sugar were determined, once a week. The standard for estab-
lishment of a successful diabetes model is three consecutive 
blood sugars higher than 16.7 mM and urine glucose readings 
of +++–++++ (Rees and Alcolado, 2005). Five rats were elim-
inated: three died because of failure and two did not reach the 
above standard. Thus, our model success rate was 85%.

Table 1 Interventions in each group

Group Interventions 

A Injection of substance P + human amniotic membrane 
incubated with epidermal stem cells around and at the center 
of the wound 

B Injection of 250 µL PBS + human amniotic membrane 
incubated with epidermal stem cells around and at the center 
of the wound

C Injection of substance P + human amniotic membrane 
without epidermal stem cells around and at the center of the 
wound

D Injection of 250 µL PBS+ human amniotic membrane 
without epidermal stem cells around and at the center of the 
wound

Forty-eight modeled rats were randomly taken and intra-
peritoneally anesthetized with 3% sodium pentobarbital. 
After disinfection and shaving, full-thickness dermal wounds 
(diameters of 1.8 cm) were made using a self-made punch. 
Each rat had four wounds. Bleeding was stopped. 

The 48 modeled rats were randomly divided into groups 
A–D (Table 1). In groups A and B, the wounds were coated 
with human amniotic membrane incubated with epidermal 
stem cells. In groups C and D, the wounds were coated with 
human amniotic membrane without epidermal stem cells. 
In groups A and C, 1 × 10–7 M substance P (Sigma; PBS as 
a solvent) (250 µL) was injected into eight points and the 
center of the wound after transplantation, twice a day, for 4 
consecutive days. In groups B and D, 250 µL of PBS was in-
jected. All wounds received pressure dressings. All rats were 
housed at room temperature for 3 days. 

Macroscopic observation of wound healing 
Wound healing was observed and recorded at 4, 7, 10, 14, 17, 
and 23 days. According to the following formula, the wound 
healing area percentage was calculated by (initial area – mea-
sured wound area)/initial area × 100%.

Sample collection 
Eight rats were randomly selected at 4, 7, 10, 14, 17, and 23 
days after injury. Each group had eight wounds. Rats were 
sacrificed by intraperitoneal injection with sodium pen-
tobarbital. Wound samples were harvested, fixed with 4% 
polyphosphate formaldehyde, embedded in paraffin, and 
sliced into 5 µm thick sections.

Hematoxylin-eosin staining
Slices were dewaxed, hydrated, stained with hematoxylin for 
5–10 minutes, treated with a mixture of hydrochloric acid/
alcohol with 1% ammonia, stained with eosin for 2 minutes, 
dehydrated, and permeabilized. The edges of tissue slices 
were cleaned using neutral resin and covered with covers-
lips. Pathological change was observed by light microscopy 
(Olympus (China) Co., Ltd., Shanghai, China).

Masson staining 
Masson staining was performed at 4, 7, and 10 days after 
injury. Sections were deparaffinized, hydrated, stained with 
hematoxylin for 5–10 minutes, washed with running water, 
treated with 1% hydrochloric acid, and washed again with 
running water for several minutes. Samples were stained 
with Masson composite staining solution (Zhongshan 
Golden Bridge Co., Ltd., Beijing, China) for 5–10 minutes, 
washed with distilled water, treated with 1% phosphowol-
framic acid for 5 minutes, directly stained with aniline blue 
dye for 5 minutes, treated with 1% glacial acetic acid for 1 
minute, dehydrated with 95% alcohol and absolute ethanol, 
treated with xylene, mounted with neutral resin, and ob-
served with a light microscope. 

Immunohistochemical staining 
Expression of types I and III collagen was detected at 4, 7, 
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and 10 days after injury. At 17 and 23 days, protein gene 
product 9.5 (PGP9.5), a nerve fiber marker (Sun et al., 2014; 
Zhu et al., 2014), and substance P expression were detected. 
Sections (5 or 20 µm) were dewaxed, hydrated, inactivated 
with 3% H2O2 at room temperature, retrieved by high pres-
sure heat, and blocked with normal goat serum. Samples 
were then incubated with mouse anti-type I collagen anti-
body (1:400; Zhongshan Golden Bridge Co., Ltd.) or mouse 
anti-type III collagen antibody (1:400; Zhongshan Golden 
Bridge Co., Ltd.) at 4°C overnight, or mouse anti-substance 
P antibody (1:200; Boster, Wuhan, Hubei Province, China) 
or mouse anti-PGP9.5 antibody (1:200; Abcam, Cambridge, 
UK) at 37°C for 120 minutes. All primary antibodies were 
followed by biotinylated goat anti-mouse IgG (ready-to-use; 
Zhongshan Golden Bridge Co., Ltd.) at 37°C for 20 minutes. 
All samples were visualized with 3,3′-diaminobenzidine at 
room temperature, counterstained with hematoxylin, then 
dehydrated, permeabilized, and mounted in neutral resin. 
Negative controls used PBS instead of primary antibody. 
Samples were observed using a light microscope (200× or 
400×). Image-Pro Plus 6.0 image analysis system was used 
to determine type I collagen, type III collagen, PGP9.5, and 
substance P expression. For types I and III collagen, the 
results were expressed as optical density percentages. For 
PGP9.5 and substance P, the results were expressed as a ratio 
of positively stained to total area. 

Statistical analysis 
All data were analyzed and processed using Microsoft Office 
Excel 2000 (Microsoft Corporation, Redmond, WA, USA) and 
SPSS 16.0 software (SPSS, Chicago, IL, USA). Data were ex-
pressed as the mean ± SEM. The difference among groups was 
compared using one-way analysis of variance. The difference 
between groups was compared using Student’s t-test. P-values 
less than 0.05 were con-sidered to be statistically significant. 

Results
Substance P combined with epidermal stem cells 
promoted wound healing in diabetic rats 
In group A, after injecting substance P, skin around the 
wounds was visibly wrinkled with edema present. At 4 days, 

there was thick granulation tissue, abundant inflammatory 
cell infiltration, and a severe early inflammatory reaction. 
Numerous epidermal cells were observed under the am-
niotic membrane with some cells showing a dual-nucleus 
mitotic phase. The wounds had visibly contracted at 7 days 
after injury. The number of infiltrated inflammatory cells 
in granulation tissue decreased. There was proliferation of a 
large number of fibroblasts and endothelial cells, which were 
densely arranged with apparent vascularization and evident 
epidermal growth around wounds. At 10 days, the number 
of capillaries was reduced, and regularly arranged fibroblasts 
secreted collagen. Fibroblasts and keratinocytes proliferated 
greatly. Keratinocytes crawled and extended from the edge to 
the middle of wounds. Epidermal stem cells proliferated and 
coated the wounds. At 14 days, the wounds had completely 
healed. In group D, without substance P injection, the skin 
was not wrinkled nor edema present around the wounds. At 
4 days, granulation tissue formed and a few inflammatory 
cells had infiltrated. At 7 days, the wounds began to shrink. 
Abundant inflammatory cell infiltration was observed in 
granulation tissue. A few fibroblasts and endothelial cells 
proliferated. The epithelium extended around the wounds. 
At 10 days, the wounds were noticeably smaller. A few in-
flammatory cells had infiltrated. Fibroblasts and endothelial 
cells proliferated to some extent. Fibroblasts were irregularly 
arranged. Part of the wounds was covered by keratinocytes, 
which crawled and extended from the edge to the middle of 
the wounds. At 23 days, the wounds had completely healed. 
In group C, the changes in granulation tissue were similar 
to that of group A. Keratinocyte coverage was similar to that 
in group D. At 17 days, the wounds had healed completely. 
In group B, the changes in granulation tissue were in-be-
tween that of groups A and D. Keratinocyte coverage on 
the wounds was similar to that in group A. At 17 days, the 
wounds had healed completely (Figures 1, 2). The wound 
healing area percentage was significantly higher in group A 
than in group D (P < 0.01), and significantly higher than in 
the single factor groups, B and C (P < 0.01; Table 2). 

Substance P combined with epidermal stem cells promoted 
collagen synthesis in granulation tissue in diabetic rats 
Masson staining showed that collagen synthesis was less at 

Table 2 Effect of substance P combined with epidermal stem cells on wound healing area percentage in diabetic rats 

Group 

Days after injury

4 7 10 14 17 23

A 40.6±2.0**## 68.9±2.3**## 88.3±2.4**## 100.0**## 100.0** 100.0

B 31.4±1.4** 56.4±2.8** 77.4±2.0** 94.6±0.5** 100.0** 100.0

C 35.4±1.2** 54.3±1.5** 79.3±1.9** 95.7±0.9** 100.0** 100.0

D 21.3±3.3 39.7±2.1 58.6±1.9 80.2±1.8 91.8±0.8 100.0

Data are expressed as the mean ± SEM, with eight rats in each group. The difference among groups was compared using one-way analysis of 
variance. The difference between groups was compared using Student’s t-test. **P < 0.01, vs. group D; ##P < 0.01, vs. group B. Group A: injection 
of substance P + human amniotic membrane incubated with epidermal stem cells around and at the center of the wound; group B: injection of 250 
µL PBS + human amniotic membrane incubated with epi-dermal stem cells around and at the center of the wound; group C: injection of substance 
P + human amniotic membrane without epidermal stem cells around and at the center of the wound; group D: injection of 250 µL PBS + human 
amniotic membrane without epidermal stem cells around and at the center of the wound. PBS: Phosphate buffered saline.
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Figure 4 Effect of substance 
P combined with epidermal 
stem cells on types I and III 
collagen immunoreactivities 
in wounds of diabetic rats 
at 4, 7, 10 days after injury 
(immunohistochemical 
staining, × 400) 
Type I collagen immunore-
activity gradually increased 
with time in each group. 
Type III collagen immu-
noreactivity was high in 
the early stage of injury, 
but gradually reduced with 
healing. Immunoreactivity 
is shown by a brown color. 
Group A: injection of sub-
stance P + human amniotic 
membrane incubated with 
epidermal stem cells around 
and at the center of  the 
wound; group B: injection 
of  250 µL PBS + human 
amniotic membrane incu-
bated with epidermal stem 
cel ls  around and at the 
center of the wound; group 
C: injection of substance P 
+ human amniotic mem-
brane without epidermal 
stem cells around and at the 
center of the wound; group 
D: injection of 250 µL PBS+ 
human amniot ic  mem-
brane without epidermal 
stem cells around and at the 
center of the wound. PBS: 
Phosphate buffered saline.

the site of injury in each group at 4 and 7 days after inju-
ry, therefore collagen stained could not be compared (data 
not shown). However, in groups A and C at 10 days, a large 
number of fibroblasts in granulation tissue, darkly stained 
collagen, a large positive area, and ordered cells were vis-

ible. Morever in group B, a few fibroblasts, lightly stained 
collagen, a moderate positive area, and ordered cells were 
observed. While in group D, abundant fibroblasts, many 
capillaries, lightly stained collagen, a small positive area, and 
disordered cells, were detected (Figure 3).  

Table 3 Effect of substance P combined with epidermal stem cells on types I and III collagen immunoreactivities (optical density percentage) in 
wounds of diabetic rats

Group 

Type I collagen Type III collagen

4 days 7 days 10 days 4 days 7 days 10 days

A 37.6±1.4**## 50.1±2.2**## 75.3±2.4**## 56.1±2.1**## 35.0±1.0**## 28.4±2.3**##

B 17.4±2.0 36.1±2.0 50.5±2.7 35.1±1.3 20.2±1.7 16.1±2.4

C 37.1±3.3**## 48.6±2.8**## 68.9±3.9**## 53.7±0.8**## 37.2±2.1**## 30.14±1.7**##

D 15.2±1.4 33.6±1.8 48.4±2.4 31.9±1.5 21.3±2.1 13.9±1.0

Data are expressed as the mean ± SEM, with eight rats in each group. The difference among groups was compared using one-way analysis of 
variance. The difference between groups was compared using Student’s t-test. **P < 0.01, vs. group D; ##P < 0.01, vs. group B. Group A: injection 
of substance P + human amniotic membrane incubated with epidermal stem cells around and at the center of the wound; group B: injection of 250 
µL PBS + human amniotic membrane incubated with epi-dermal stem cells around and at the center of the wound; group C: injection of substance 
P + human amniotic membrane without epidermal stem cells around and at the center of the wound; group D: injection of 250 µL PBS + human 
amniotic membrane without epidermal stem cells around and at the center of the wound. PBS: Phosphate buffered saline.
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Figure 5 Effect of substance P combined with epidermal stem cells on PGP9.5 and substance P immunoreactivities in wounds of diabetic rats 
at 17 and 23 days after injury (immunohistochemical staining, × 400).
In groups A and C at 17 days after injury, PGP9.5-immunoreactive fibers had regenerated and a large number of substance P-immunoreactive 
fibers were visible in healed wounds. In groups B and D, there were less regenerating fibers in healed wounds, and substance P-immunoreactive 
fibers were detected. In groups A and C at 23 days, PGP9.5-immunoreactive fibers were detected at the dermal and epidermal junction. Substance 
P-immunoreactive fibers had noticeably diminished. In groups B and D, the number of regenerating nerves had increased. Substance P-immuno-
reactive fibers were detected at the dermal and epidermal junction. Arrows show immunoreactivity. Group A: injection of substance P + human 
amniotic membrane in-cubated with epidermal stem cells around and at the center of the wound; group B: injection of 250 µL PBS + human am-
niotic membrane incubated with epidermal stem cells around and at the center of the wound; group C: injection of substance P + human amniotic 
membrane without epidermal stem cells around and at the center of the wound; group D: injection of 250 µL PBS + human amniotic membrane 
without epidermal stem cells around and at the center of the wound. PBS: Phosphate buffered saline; PGP9.5: protein gene product 9.5.

Immunoreactivities of types I and III collagen
In each group, type I collagen immunoreactivity gradually 
increased with prolonged time. In contrast, type III collagen 
immunoreactivity was high in the early stage of injury, but 
gradually decreased with healing. The optical density per-
centage for types I and III collagen was significantly higher 
in groups A and C than in group D (P < 0.01). The optical 
density percentage for types I and III collagen was similar 
between groups B and D (P > 0.05; Figure 4, Table 3). 

Substance P combined with epidermal stem cells 
promoted PGP9.5 and type III collagen immunoreactivity 
in granulation tissue of diabetic rats
In groups A and C, immunohistochemical staining revealed 
that PGP9.5-immunoreactive nerve fibers had noticeably re-
generated and extended towards the central injury site at 17 
days after injury. Regeneration of abundant nerve fibers was 
visible in the deeper part of the wound. Regenerating nerve 
fibers extended towards the epidermis. Simultaneously, dis-
tinctly regenerating substance P-immunoreactive fibers were 
observed in healed wounds, partially close to the epidermis. 
In groups B and D, nerve fibers seldom regenerated in healed 

Table 4 Effect of substance P combined with epidermal stem cells on 
number of PGP9.5 and substance P immunoreactive fibers (relative 
to total area) in wounds of diabetic rats 

Group 

PGP9.5 Substance P

17 days 23 days 17 days 23 days

A 3.86±0.25**## 7.03±0.28**## 2.01±0.14**## 1.19±0.11*#

B 1.48±0.30 3.01±0.43 0.85±0.17 1.34±0.21

C 3.64±0.31**## 6.57±0.25**## 2.12±0.32**## 1.14±0.13**##

D 1.46±0.23 2.84±0.29 0.74±0.15 1.30±0.17

Data are expressed as the mean ± SEM, with eight rats in each group. 
The difference among groups was compared using one-way analysis 
of variance. The difference between groups was compared using 
Student’s t-test. **P < 0.01, *P < 0.05, vs. group D; ##P < 0.01, #P < 
0.05, vs. group B. Group A: injection of substance P + human amniotic 
membrane incubated with epidermal stem cells around and at the 
center of the wound; group B: injection of 250 µL PBS + human 
amniotic membrane incubated with epidermal stem cells around and 
at the center of the wound; group C: injection of substance P + human 
amni-otic membrane without epidermal stem cells around and at 
the center of the wound; group D: injection of 250 µL PBS + human 
amniotic membrane without epidermal stem cells around and at the 
center of the wound. PBS: Phosphate buffered saline; PGP9.5: protein 
gene product 9.5.
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wounds and did not obviously extend. Substance P-immu-
noreactive fibers did not really regenerate. In groups A and C 
at 23 days, the number of regenerating nerves had increased, 
close to that in normal tissue. PGP9.5-immunoreactive fi-
bers were identified at the dermal and epidermal junction. 
The number of substance P-immunoreactive fibers was 
markedly diminished. In groups B and D, the number of 
regenerating nerves had increased, and PGP9.5-immunore-
active fibers were detected at the dermal and epidermal junc-
tion. Nevertheless, these fibers were noticeably less in groups 
B and D than in groups A and C (Figure 5, Table 4). 

Discussion
Substance P promotes wound repair and epidermal stem cell 
migration and neovascularization in diabetic skin (Edmonds 
and Foster, 2006; Rathur and Boulton, 2007; Fiorina et al., 
2010; Guo et al., 2010). To further study the effect of sub-
stance P and epidermal stem cells in skin wound healing and 
nerve regeneration following diabetes, we used streptozoto-
cin to induce a diabetic rat model, consistent with a previous 
study (Zhong et al., 2011). 

Our results show that in group A, wound healing ap-
peared early, granulation tissue rapidly formed early, type I 
collagen content was high with a large positive area, and dark 
collagen staining. These findings indicate that epidermal 
stem cells have growth characteristics and extend into the 
dermis with substance P treatment. Indeed, the healed skin 
was close to a physiological state and had high resistance. It 
was striking that in groups A and C, abundant PGP9.5- and 
substance P-immunoreactive nerve fibers regenerated, with 
some extending close to the epidermis. In groups B and D, 
there were less regenerating nerve fibers in healed wounds. 
Substance P can promote peripheral nerve repair and re-
generation, and is one of the important factors for diabetic 
wound healing. 

The mechanism underlying the promoting effect of sub-
stance P combined with epidermal stem cells on diabetic 
wound healing and nerve regeneration may be: (1) skin 
contains abundant sensory nerve fibers, which can release 
the neuropeptide substance P that belongs to the tachykinin 
family and is one of the first to appear in wound inflamma-
tion. After trauma, abundant substance P is released into 
local tissue to enhance the early inflammatory reaction and 
promote proliferation and migration of fibroblasts and en-
dothelial cells (Behjati and Hashemi, 2009; Li and Wang, 
2011), consequently forming granulation tissue. Simul-
taneously, substance P affects peripheral nerve repair and 
promotes epidermal stem cell proliferation, migration, and 
differentiation, thereby promoting wound healing (Ikeda et 
al., 2007; Wang et al., 2009). Low substance P synthesis and 
secretion in diabetes mellitus disrupts the entire repair pro-
cess and delays wound healing. Exogenous substance P not 
only directly improves partial substance P content, but can 
also activate keratinocytes, fibroblasts, endothelial cells, and 
inflammatory cells to secrete endogenous substance P. Addi-
tionally, exogenous substance P further increases substance 
P content and compensates for the dearth of substance 

P in diabetic wound tissue, which enhances early neuro-
genic inflammatory reactions, rapidly contracts the initial 
wound, reduces the wound surface area, and stabilizes the 
in vivo surroundings. In summary, substance P combined 
with epidermal stem cells promotes fibroblast proliferation, 
migration, and differentiation, increases synthetic collagen 
(especially synthesis of type IV collagen), provides support 
for epidermal stem cell adhesion and proliferation, simulta-
neously promotes proliferation, migration, and differentia-
tion of vascular endothelial cells, accelerates blood vessel and 
granulation tissue formation, improves vascular lesions and 
wound microcirculation, immediately protects wounds, and 
provides a good environment for epidermal cell proliferation 
and migration. (2) Epidermal stem cells are used as a source 
of skin grafts, and actively participate in wound repair (Kaur 
and Li, 2000; Velander et al., 2009) and promote reepithe-
lization. Moreover, substance P binds to the substance P-re-
lated receptors, NK1 and NK2, in skin stem cells, therefore 
the interaction between epidermal stem cells and substance 
P can improve the microenvironment of epidermal stem 
cells. From our study, we can infer that active chemokines 
generated by the interaction between exogenous epidermal 
stem cells and substance P support nerve endings extending 
to the epidermis, and accelerate epithelization and wound 
healing. (3) Substance P plays an important role in main-
taining sensory nerve integrity and regeneration. Substance 
P as an inflammatory neurotrophic factor increases mRNA 
expression of neurotrophic factors in endothelial cells and 
keratinocytes. Nerve growth factor is the most important 
nerve factor in nerve regeneration. Diabetes causes periph-
eral neuropathy, which prevents sensory nerve endings re-
leasing substance P, which in turn causes a decrease in nerve 
growth factor and induces disordered nerves, subsequently 
forming a vicious cycle. In addition, diabetes as a peripheral 
neuropathy reduces substance P secretion. Nervous break-
down and nerve deficit also reduce substance P secretion 
and impairs wound healing. Thus, exogenous substance P 
maintains sensory nerve integrity and promotes nerve re-
generation. Nerves secrete repair factors such as substance P, 
nerve growth factor, and cell factors, and accelerate wound 
healing (Dunnick et al., 1996; Matsuda et al., 1998; Scholzen 
et al., 1998; Kishi et al., 2006; Scott et al., 2008; Sahbaie et al., 
2009).  

Based on experimental results, we believe that skin nerve 
fiber regeneration is useful in improving the quality of 
wound healing and functional reconstruction. In recent 
years, artificial skin created using tissue engineering tech-
niques for the treatment of surgical wounds in severe burn, 
trauma, and diabetic ulcers is a new idea and trend (Mahjour 
et al., 2012; Soller et al., 2012; Biedermann et al., 2013; Blais 
et al., 2013; Wu et al., 2013; Du et al., 2014; Gardien et al., 
2014). However at the present stage, the skin created has not 
yet achieved functional nerve regeneration and restoration. 
If the skin structure is designed from the nerve regenera-
tion angle, and neurogenic cells, neurotrophic factors or 
substance P are introduced, greater effects in physiological 
healing and functional reconstruction of the skin may be 
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achieved. Additionally, promoting the effect of substance P 
on nerve regeneration and migration may prevent and treat 
peripheral neuropathy in diabetes.
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