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Abstract

Background: Diabetes is a metabolic disorder associated with biochemical and neurochemical changes in the
tissues. Diabetic neuropathy is attributed to the neurochemical changes and is the underlying cause of the impaired
diabetic wound healing. Substance P, a neuropeptide functions as a mediator of local inflammatory responses.

Aims: To study the expression of substance P in the peripheral nervous system and in the skin in a diabetic rat
model. Additionally, to study the effect of the topical application of substance P on the diabetic wound healing and
scarring.

Materials and Methods: Streptozotocin-induced diabetic rat model was used. Immunostaining was used to study
the expression of substance P, in the peripheral nervous system and in the skin from normal and diabetic
unwounded rats. Diabetic wound model was obtained by creating four incisional wounds at the back of the rats. Two
wounds were treated by topical application of substance P daily for two weeks and two wounds served as controls.
The tissues were harvested two, four and eight weeks postwounding. Macrophage invasion and inducible nitric
oxide synthase level (iNOS) were assessed by immunocytochemistry. Postwounding scarring was assessed by
Masson Trichrome.

Results: Substance P was expressed in the dorsal root ganglia, in the spinal nerves and peripheral dermal
nerves both in the diabetic and non-diabetic animals. However, the diabetic rat nerves showed downregulation of
substance P and degenerative changes. Diabetic skin showed a significant (P<0.02) downregulation of substance P.
Treatment by substance P promoted healing, reduced inflammation and significantly reduced wound macrophage
invasion (P<0.007) and iNOS levels (P<0.02). Interestingly, Substance P improved the scar quality and reduced
wound width significantly four (P<0.05) and eight (P<0.03) weeks postwounding.

Conclusion: This diabetic model was associated with neuropathic changes. Downregulation of substance P in
the diabetic nerves could be contributing to the development of diabetic neuropathy and delayed wound healing.
Topical application of substance P to the wounds can accelerate the healing, probably through enhancing the
vasculature of the skin and relieving diabetic neuropathy. This could provide a new line of treatment for surgical
diabetic wounds to achieve early healing with minimal scars.

Keywords: Diabetes; Wound healing; Diabetic wound healing;
Inflammation; Substance P; Neuropeptides

Introduction

Diabetes and wound healing
Impairment of diabetic wound healing is a major health problem

causing elevated hospital costs and poor quality of life for patients
[1-3]. Wound healing is an organised multiphase process [4-6] with
overlapping events; inflammation, reepithelialisation, angiogenesis,
collagen deposition and tissue remodelling [7]. These phases are
regulated by coordinated interaction between keratinocytes endothelial
cells, fibroblasts, macrophages at the wound site [7-9] and cells
infiltrating the wound [8]. These cells produce a plethora of biological

mediators at the wound site [9] that regulate different phases of
healing. Therefore, wound cells are the main players in the healing
process and their activities are regulated through paracrine and
autocrine routes by the biological mediators they produce locally.

Diabetic wounds and neuropeptides
The metabolic disorder associated with diabetes affects the cellular

and biochemical components of wound healing. This results in
dysregulation of the phases of healing with subsequent impairment of
healing [10,11]. Several studies considered the regulation and the role
of different biological/biochemical mediators in wound healing
[11,12]. In the last two decades, attention has been given to the
contribution of the neuronal mediators to the wound healing [13,14].
The nervous system responds to tissue injury by releasing neuronal
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mediators, neuropeptides such as substance P from the nerve ending at
the site of injury [15,16]. In diabetes, the reduction in NPs in nerves
contributes to the development of diabetic neuropathy and the
associated vascular disorder which are believed to contribute to the
delayed wound healing [17-22]. Substance P is a neurotransmitter
produced in nerve cell body and transmitted along the nerve axon to
be released at the nerve endings [23,24]. It has a diversity of effects on
different cell population; keratinocyte, endothelial cells, lymphocytes
and fibroblast [25,26]. It has a complex role in inflammation and tissue
trauma [27-29]. Substance P is upregulated in wound [30-32] but is
reduced in diabetic wound [33] and it was hypothesized that healing
can be promoted by substance P treatment [18,34-36], but the exact
mechanism is not fully understood.

Hypothesis: We hypothesise that the neurochemical changes
associated with diabetes contribute to the development of diabetic
neuropathy and contribute to the impairment of wound healing.
Therefore, we used a diabetic wound model in which there is a
combination of neuronal disorder and mechanical damage of the tissue
and nerve by wounding. This provides a good model to study the
contribution of the nervous system to the healing. We study the
neuronal histochemical changes in the peripheral nervous system in an
animal model of diabetes. Additionally, we study the effect of the
topical application of the neuropeptide substance P to diabetic wounds
on the healing course and the postwounding scar.

Materials and Methods

Diabetic model
Adult male Sprague Dawley rats, 225 to 250 g, age and weight

matched, (5 per group) were housed singly and a standard rat diet and
water were allowed for a week prior to the experiment. Diabetes model
was established. Briefly, after sixteen hours fasting a single dose (65
mg/kg) of streptozotocin (Sigma) dissolved in a solution of 0.1 M citric
acid buffer (pH 4.5), was injected intraperitoneally. Rats were
monitored 48 hours later by measuring urine glucose and blood
glucose levels once weekly for three weeks. The rats were considered
diabetic when they have three consecutive positive urine glucose and
blood glucose concentration higher than 16.7 mM.

Animal grouping
The animals were grouped into; unwounded groups including non-

diabetic group (5 rats) and diabetic group (5 rats) to study substance P
localization in the neurons and in the unwounded skin. The diabetic
wounded group including two, four and eight weeks wounded groups
(5 rats per time point) to study the effect of substance P topical
application on the wound healing.

Incisional wounds
Eight weeks after induction of diabetes, four full-thickness incisions

1 cm each was made at the back of the animals under halothane
anaesthesia. The left two wounds were treated with substance P and the
right two wound were treated with saline (control diabetic wounds). A
drop (50 µl) of normal saline was applied to the control wound
followed by a layer of Aquaphor to cover the wound. A drop (50 µl)) of
(0.5 mg/ml) substance P (Sigma) solution was applied followed by a
layer of 0.05% (0.5 mg/g) substance P-Aquaphor to cover the wound.
The treatment was applied topically to the wounds once daily for two
weeks. The wounds were un-sutured and allowed to heal by secondary

intention. The animals were housed in individual cages and allowed to
recover. Animals were kept under the same conditions until the end of
the experiment. The wounded animals were sacrificed two, four and
eight weeks post-wounding to study the resolution of inflammation,
wound remodeling and the scarring.

Photographing the wounds
Following the surgery, the wounds were examined regularly to

follow the rate of wound contraction and closure. The wounds were
photographed 1,3,7 and 14 days post-wounding. The two weeks
wounds were photographed from the dermal surface after harvesting
the wounds to show the wound vascularity. The scars were
photographed eight weeks post-wounding prior to rat scarification.

Animal scarification and tissue harvesting
Animals were sacrificed two, four and eight weeks post-wounding

by chloroform overdose followed by cervical dislocation. For the
wounded groups, the dorsal skin was removed using a sterile surgical
blade down to and including the panniculus carnosus muscle. The
entire wound plus a 1 mm margin of normal skin from each of the
treated and control diabetic wound sites on each animal was excised
and preserved. One wound was preserved in 10% formal saline for
histological and histochemical staining and the other wound was kept
in -20°C. Wounds for paraffin embedding were dissected, fixed in 10%
formalin for 48 hours and processed in the automated machine.
Paraffin blocks were sectioned at 5 microns thickness on poly L lysine
coated slides and used for the staining. Sampling of the wounds was
standardized by selecting at least 3 sections from identical sites within
the wounds for each staining. The unwounded, control and diabetic
animals were sacrificed and the dorsal skin, thoracic spinal dorsal root
ganglia and nerves were harvested. The skin was fixed for paraffin
embedding as above and the dorsal root ganglia and nerves were
embedded in OCT for sectioning by cryostat. OCT blocks were
sectioned at 10 microns thickness on poly L lysine coated slides and
kept in -20°C for immunostaining.

Immunohistochemical staining for localization of substance
P in neurons

Cryosections of the ganglia and nerves were rinsed briefly in TBS.
Endogenous peroxidases were blocked by treatment with 0.5%
hydrogen peroxide (H2O2) in methanol. Sections were incubated in the
diluted primary antibody (substance P 1:500) overnight at 4°C. The
staining was completed using Novolink kits (Leica Novolink Polymer
Detection System, Catalogue number: RE7150-K) and reagents were
prepared and used according to the manufacturer’s instructions.
Briefly, sections were incubated with post-primary (30 minutes at
room temperature) followed by polymer (30 minutes at room
temperature). Reactions were developed with 3.3’ diaminobenzidine
substrate (Sigma) dissolved in distilled water for the appropriate
period. Sections were then counterstained with haematoxylin and
dehydrated prior to mounting with DPX and cover-slipped for
microscopic examination. Negative control in which primary
antibodies were replaced with normal serum of the host species of the
secondary antibody was used with each run. Positive signals appear as
brown staining on the sections with the counterstaining in blue.
Specimens were viewed using a Leica DRRB microscope and images
were captured using a Spot RT Slider digital camera (Image Solutions)
using Spot RT software run on a PC.
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Immunofluorescent staining for detection of substance P,
iNOS and macrophages in the skin
Paraffin sections were dewaxed in xylene and hydrated through

alcohol gradient. Antigen retrieval was performed in 0.01 M sodium
citrate buffer (pH 6) for 20 minutes in a microwave at 750. Sections
were incubated with the primary antibody of interest (substance P
1:200, iNOS 1:1000, CD68 1:500) overnight at 4°C. Sections were
washed in TBS and incubated for one hour at room temperature with
the appropriate conjugated secondary antibody (TRITC conjugated for
substance P and CD68 and FITC conjugated for iNOS) diluted 1:100 in
TBS. For colocalising iNOS and CD68; the sections were stained for
iNOS as above, then sections were incubated with CD68 antibody
(1:500) for one hour at room temperature. Then sections were washed
and incubated for a further 30 minutes with a biotinylated secondary
antibody (1:500) and then with streptavidin–fluorescein (Amersham
Pharmacia Biotech, Buckinghamshire, UK), 1:100, in TBS for one hour
at room temperature. Sections were then mounted in polyvinyl
alcohol. Viewed using the Leica DMRB microscope operating in
fluorescence mode with appropriate filter sets and images were
captured.

Primary antibodies used: Substance P: Polyclonal Rabbit Anti-
Substance P antibody (ABCAM, ab216412). iNOS: Polyclonal Rabbit
Anti-iNOS/NOS Type II (BD Transduction Laboratories, 610332).
Macrophage Marker: CD68 mouse monoclonal antibody (Dako,
M0814).

Masson’s Trichrome staining for collagen and post-wounding
scar assessment

Sections were stained with Masson’s Trichrome to examine the
dermal connective tissue. Sections were dewaxed, rehydrated and
processed for the staining, distilled water was used for washing
through all the procedure. Sections were incubated in Harris’
Haematoxylin for three minutes and left in running water for two
minutes. The stained in picric acid for one minute followed one minute
washing. Then stained with 25% Biebrisch scarlet for one minute with
one minute washing, sections were then stained with phosphotungstic/
phosphomolybdic acid solution for three minutes, and then stained in
fast green for ten minutes. Slides were dehydrated and mounted in
Pertex mounting media and images were captured with bright field as
above.

Assessment of immunoreactivities
Image J software (developed at US National Institutes of Health)

was used to assess substance P, iNOS and CD68 immunoreactivities on
immunofluorescence stained slides in the field of a 20X objective. The
immunoreactivity was assessed by measuring the surface area covered
by the positive staining. In each animal, 3 sections were scored and the
distance between sections was 50 mm. Before starting the analysis, the
setting was adjusted on a test slide for each primary antibody and the
same setting parameters were used throughout the whole experiment
on all slides.

Wound width measurement
Using image analysis software, the slides stained with Masson

Trichrome were used to measure the wound width four and eight
weeks postwounding. The distances from the right side of the wound

to the left side just under the epithelium was measured. The wound
width measurements were performed on three sections from the
wound cut 500 microns apart.

Statistics
Statistical analyses were performed using IBM SPSS statistical

package. Results were expressed as the mean ± SEM. Expression data
were compared using Mann-Whitney U test comparing the expression
levels in each experimental group to those in the corresponding
control groups, with P<0.05 being considered as statistically
significant.

Results

Expression of substance P in the ganglia and nerves from
diabetic and non-diabetic rats

Immunostaining of the dorsal root ganglia showed substance P
expression in small size primary afferent neurons both in the diabetic
(Figure 1B) and non-diabetic (Figure 1A) rats. Spinal nerves showed
substance P immunoreactivity both in the diabetic (Figure 1D and 1F)
and the non-diabetic (Figure 1C and 1E) rats. Non-diabetic nerves
showed dense immunoreactivity and wide distribution in almost all the
axons within the nerve (Figure 1C and 1E). However, the diabetic
nerves exhibited reduced immunoreactivity in the term of staining
density and distribution (Figure 1D and 1F). Interestingly, spinal
nerves from the diabetic rats showed variable degree of degenerative
changes (Figure 1D and 1F) by comparison to nerves from non-
diabetic (Figure 1C and 1E). The degenerative changes mostly seen are
axonal atrophy, beading, cytoplasmic vacuolations and axonal
demyelination with increase inter-axonal spaces (Figure 1D and 1F).

Expression of substance P in the skin from diabetic and non-
diabetic rats

Substance P immunoreactivity was seen in the dermis both in the
diabetic and non-diabetic animals (Figure 2). The expression was
mainly in the dermal nerve fibres (Figure 2A and 2B). Image J analysis
demonstrated that the diabetic skin has a significant (P<0.004)
reduction in substance P expression by comparison to the non-diabetic
skin (Figure 2C).

Effect of substance P application on the diabetic wound
healing macroscopically

Gross examination of the wounds showed that both the control and
the treated diabetic wounds exhibited signs of inflammation at early
stages (Figure 3A-3C). The treated wounds showed signs of healing,
resolution of inflammation and wound contraction by day 14 (Figure
3D). However, the control diabetic wounds showed delayed healing,
persistence inflammation and delayed wound contraction (Figure 3D).
Examination of the visceral side of the wounds three weeks
postwounding, showed increase in the vascularity with newly formed
blood vessels seen growing toward the wound site in the treated group
(Figure 3F) but not in the control diabetic wounds (Figure 3E). Wound
closure was complete with formation of scar tissue four weeks
postwounding in both the control and the treated diabetic wounds.
Eight weeks postwounding there was remarkable improvement in the
post-wounding scar quality in the treated groups (Figure 3G and 3H).
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Figure 1: A representative photomicrograph showing the localisation of substance P in the dorsal root ganglia (A, B) and in the spinal nerves
(C-F) from non-diabetic (A, C, E) and diabetic animals (B, D, F). A, B) Dorsal root ganglia showing localisation of substance P in the small
size primary neurons (black arrows) but not in the large size neurons (red arrows). C, E) Non-diabetic nerve showing dense immunoreactivity
filling the axoplasm (black arrows). D, F) Diabetic nerves showing degenerative changes (Black arrows), demyelination (red arrows) and
apparent reduction in substance P immunoreactivity. The inserts in E, F are transverse sections of the nerves. Notice the increased spaces
between axons in the diabetic nerve (insert in F) due to the degenerative neuropathic changes by comparison to the control diabetic nerves
(insert in E). A, B)=X 40, C, D=X20; E, F=X100.
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Therefore, macroscopic examination showed that substance P effect
was most prominent two weeks postwounding with reduction of
inflammation and enhancement of early wound contraction (Figure
3D). Thus, this time point was considered as the time of resolution of
inflammation and beginning of wound remodelling. To study the effect

of substance P on the delayed inflammation in the diabetic groups, two
weeks wounds were evaluated microscopically by assessment of the
wound macrophages and wound iNOS using immunostaining and
image analysis for quantification.

Figure 2: A representative photomicrograph showing the expression of substance P in the control non-diabetic (A) and in the diabetic (B) rat
skin. Immunoreactivity is seen in the dermal nerves both in the diabetic (B) and non-diabetic skin (A) and in few dermal cells in the diabetic
skin. C) A graph showing that the level of substance P is significantly (P<0.02) downregulated in diabetic skin by comparison to the non-
diabetic skin.
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Figure 3: A representative photograph showing macroscopic
appearance of the wound and scars in diabetic wounds at different
time points: A-C) At early time points 1, 3 and 7 days post-
wounding (A-C) congestion, inflammation and scab formation are
seen both in the control diabetic and the treated wounds. D) Two
weeks post-wounding, the control diabetic wounds show open
wounds, inflammation and congestion. In contrast, substance P
treated wounds show markedly improved healing with wound
contraction, less congestion and less inflammation indicating the
resolution of inflammation now point. E, F) Two weeks wounds
seen from the dermal surface, the rostal and caudal ends of the
wound indicated by (arrows). The treated wounds (E) show blood
vessels sprouting from the rostal and the caudal ends of the wound
toward the centre. G, H) Eight weeks post-wounding, substance P
treated wounds show remarkable improvement in the formed scar
(arrows) which is not distinguishable from the adjacent unwounded
skin. H) A higher magnification showing that the control diabetic
wounds healed by scars (arrows) which are deep and clearly
distinguishable from the adjacent skin, however the treated diabetic
wounds healed by scars (arrows) which are indistinguishable from
the surrounding skin.

Effect of substance P application on wound inflammation
two weeks post-wounding

Immunostaining showed infiltration of both the control and the
treated diabetic wounds by macrophages (Figure 4A and 4B) and
showed expression of iNOS in the wound site (Figures 4C, 4D, 5A and
5B). Substance P treated wounds exhibited a significant reduction in
the wound macrophage (P<0.007) and wound iNOS (P<0.02)
immunoreactivities by comparison to the control diabetic wounds
(Figure 5C). Interestingly double immunofluorescent showed that
most of the macrophages at the wound site expressed iNOS (Figure 4E
and 4F). iNOS was widely distributed in the control (Figure 5A) by
comparison to the treated diabetic wounds (Figure 5B). The main
cellular source was vascular endothelial lining and inflammatory cells
infiltrating the wound (Figure 5A and 5B). Substance P local
application to the wound reduced the production of wound iNOS
probably by reducing the infiltrating inflammatory cells (Figure 5). The
main cellular source of iNOS in the control diabetic wounds was the
infiltrating inflammatory cells (Figure 5A), but in substance P treated
wound was the vascular endothelial cells (Figure 5B). Interestingly,
photographic images of the dermal surfaces of the wounds showed
increased vascularity and angiogenesis of the treated wound (Figure
3E) by comparison to the control diabetic wounds (Figure 3F).
Therefore, delayed inflammation in the control diabetic wounds is
associated with increase in macrophages infiltration and iNOS
production. Substance P treatment reduced macrophages infiltration of
the wound and subsequently reduced wound iNOS production.

Effect of substance P on wound remodeling and scarring four
and eight weeks post-wounding

Masson’s Trichrome was used to assess the wound remodelling and
the dermal architecture four and eight weeks post-wounding to
evaluate the effect of exogenous substance P on the scar quality. The
main criteria considered for assessing scar quality was; the stretch of
the epithelium overlying the scars, collagen fibres organisation,
orientation and spacing in between. Image J was used to measure the
wound width.

Control diabetic wounds: Showed a well-defined scar tissue in the
wound gap four (Figure 6A) and eight weeks (Figure 6B)
postwounding. The epithelium overlaying the scar was stretched. The
dermal architecture in the scar tissues was distinct from the adjacent
unwounded dermis. The collagen forming the scar showed lack of
spaces between the collagen fibres and between the collagen bundles.
Eight weeks post-wounding, the epithelium overlaying the scar was
less stretched and the collagen deposited compactly in an abnormal
pattern with obliteration of spaces in between (Figure 6B).

Substance P treated wounds: Four weeks scar showed spacing
between collagen bundles and between collagen fibres (Figure 6C). The
epithelium overlaying the scar was less stretched and shows a wavy
appearance. The dermal architecture in the scar tissues was slightly
distinct from the adjacent unwounded dermis. There was an apparent
increase in the vascularity in the wound gap and in the adjacent
dermis. Spaces between collagen bundles were filled with the newly
formed blood vessels (Figure 6C). Eight weeks scar showed marked
improvement in the quality of the postwounding scar. Collagen fibres
were deposited in a reticular network resembling the dermal
architecture of the adjacent unwounded dermis (Figure 6D).
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Figure 4: A representative photomicrograph showing double immunofluorescence staining for the colocalization of iNOS (FITC-Green) in
macrophages (TRITC-Red) in the control diabetic and substance P treated diabetic wounds two weeks post-wounding. A, B) CD68
(macrophage marker) immunoreactivity showed that substance P treated wounds (B) exhibited apparent decrease in macrophages infiltration
by comparison to the control diabetic wounds (A). C, D) iNOS immunoreactivity showed apparent reduction in iNOS expression in substance
P treated wounds (D) by comparison to the control diabetic wounds (C). E, F) Merging images A, C and B, D showed colocalization (yellow)
of iNOS in macrophages infiltrating the wounds. Delayed inflammation in the control diabetic wounds is associated with increase in
macrophages infiltration (Red) and iNOS (Green) production. Substance P treatment reduced macrophages infiltration of the wound and
subsequently reduced wound iNOS production.
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Figure 5: A representative photomicrograph of immunofluorescent staining showing the effect of substance P application on iNOS expression
in diabetic wound two weeks post-wounding. A) Control diabetic wounds showing iNOS immunoreactivity in numerous blood vessels (Vs)
and infiltrating inflammatory cells at the wound tissue. B) Ssubstance P treated diabetic wounds showing iNOS immunoreactivity in
numerous blood vessels (Vs) and few inflammatory cells at the wound site. C) A graph showing macrophage invasion and iNOS
immunoreactivity levels in substance P treated diabetic wounds by comparison to the control diabetic wounds. A significant decrease in
macrophage (P<0.007) invasion and iNOS immunoreactivity (P<0.02) is seen in the treated wounds.
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Figure 6: Representative photomicrographs of Masson Trichrome
collagen staining showing the effect of substance P application on
the wound gap (between brackets) and the scar formed four and
eight weeks post-wounding in diabetic rats. A, B) Control diabetic
wounds four (A) and eight (B) weeks postwounding showing a wide
wound gap filled up with dense compact collagen bundles with
obliteration of the spaces between collagen fibres and between
collagen bundles. Re-epithelialisation is a thin stretched layer of
epithelium (red arrow). C) Substance P treated wound four weeks
postwounding, showing marked reduction in the wound gap and
less dense collagen. Re-epithelialisation is a wavy thick layer of
epithelium (red arrow). Newly formed blood vessels (angiogenesis)
are seen extending from the side of the wound (black arrows)
toward the wound gap. D) Substance P treated wound eight weeks
postwounding, showing marked reduction in the wound gap.
Collagen fibres are arranged in a reticular pattern with spacing in
between resembling that of the normal dermis. E) A graph showing
the wound width in the control diabetic and substance P treated
diabetic wounds four and eight weeks post-wounding. Substance P
treated wounds exhibited a significant reduction in the wound
width by comparison to the control diabetic wounds four weeks
(P<0.05) and eight weeks (P<0.03).

Effect of substance P application on wound width four and
eight weeks post-wounding

Substance P treated wounds exhibited a significant reduction in the
wound width by comparison to the control diabetic wounds four weeks
(P<0.05, Figure 6E) and eight weeks (P<0.03 Figure 6E).

Therefore, the treated wounds showed marked improvement in the
postwounding scar which was not distinguished from the adjacent
unwounded skin (Figure 6D). In contrast, the control diabetic wounds
healed with a prominent, well-defined scar (Figure 6B). Therefore,
substance P promoted wound contraction which healed by narrower
scar resembling the dermal architecture of the adjacent unwounded
skin.

Discussion and Conclusion

Loss of nerve integrity and downregulation of substance P in
diabetic rats

We have shown that diabetic nerves exhibited disorganisation, lack
of integrity and reduction in substance P expression. These structural
and functional changes could account for the general neuronal
phenomena associated with diabetes that affect nerves and cause
neuropathy [37,38]. Therefore, our diabetic model is associated with
neuropathy indicating the success of developing the model. We have
shown low production of substance P in the ganglionic neurons and in
the peripheral nerves. The neuropathic changes in diabetic nerves
reduce the production of the neurotrophic factors particularly nerve
growth factor [17,39-41], this account for the neuronal and axonal
deficit with further reduction in substance P secretion in the peripheral
nerves. Indeed, this attribute to the reduced levels of substance P in the
diabetic skin seen in this study and in other studies [17,39-42]. Here,
showing fewer nerves expressing substance P in the diabetic skin by
comparison to control skin indicating the establishment of peripheral
neuropathy in our model [33].

Substance P in wound healing
Under normal condition, tissue injury stimulates the peripheral

nerve endings to release neuronal factors which accelerate wound
healing [43-48]. The release of substance P from the dermal nerve
endings causes an inflammatory response, cellular proliferation and
migration to the wound site [49,50]. Moreover, substance P enhances
early neurogenic inflammatory reactions, rapidly contracts the initial
wound, reduces the wound surface area, and stabilizes the in vivo
surroundings. Therefore, the inflammatory and the vascular changes at
the wound site are attributed to the release of substance P from the
nerve ending [51,52].

In diabetes, the neuropathy and hyperglycaemia affect angiogenesis
[53-56] and the vasodilatory response [57]. These restrict
inflammatory cell migration and invasion into the wound site and
delay onset of inflammatory phase. Therefore, in diabetes lack of
neuronal and vascular integrity affect the inflammatory phase leading
to the abnormalities in diabetic wound healing [58,59].

It has been demonstrated that peripheral nerves and cutaneous
neurobiology contribute to wound healing process [60]. Delayed
healing is characterized by chronic inflammation, impaired
angiogenesis and decreased collagen production. In diabetic foot ulcer,
the loss of peripheral sensory reduces the production of neuropeptides
that are important for proper wound healing [61]. Some neuropeptides
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namely, substance P has been topically applied to improve wound
healing [62,63]. As downregulation of substance P in diabetic skin is a
major contributing factor in the abnormities in healing, we
hypothesize that the exogenous application of substance P could
restore nerve integrity and achieve a normal healing.

After establishing the diabetes model in rat and demonstrating the
structural and functional neuronal changes, we studied the effect of
substance P topical application on the remodelling phase of wound
healing. Attention was paid to the remodelling phases and the
inflammation resolution phase which start two weeks postwounding.
Untreated diabetic wounds showed persistence of inflammation with
increased inflammatory cell infiltrate and iNOS expression at the
wound site. This delayed inflammatory response caused by the delayed
inflammatory cell migration to the wound site [64]. In diabetic wound,
macrophage showed unusual activities with reduced exocytotic activity
[65], and reduce apoptosis [66] leading to accumulation of dead cells at
the wound till late time point [67]. The disordered cellular element of
the wound is associated with disordered biochemical element with
higher expression of pro-inflammatory cytokines and lower expression
of anti-inflammatory cytokines [65] adding to the persistence of
inflammation. Substance P deficiency in diabetic wound cause delay
inflammatory response which is essential for wound progression [68].
Instead inflammation persists till late time points and impair the
healing. Therefore, the cytological and histochemical features seen in
the two weeks diabetic wounds are attributed to the delay in
inflammation onset and the delay in the resolution [68].

Substance P improved wound healing
Substance P topical application to the diabetic wounds remarkably

improved the healing. By two weeks there was wound contraction/
closure, resolution of inflammation as seen by reduction in
inflammatory cell infiltrate and wound iNOS expression. Therefore,
substance P application to the wound restores the normal healing
pathway by promoting early inflammatory response and resolution
[69]. We have shown here that substance P improved the
microcirculation by increasing wound vascularity. This could promote
peripheral nerve regeneration [70-74]. Indeed, increasing wound
vascularity and nerve regeneration are important factors for diabetic
wound healing which enhance cell migration to the wound site.
Moreover, increasing wound vascularity would increase inflammatory
cell circulation and clear the wound from the accumulated dead
macrophage [65-67] with enhancement of exocytosis and apoptosis to
clear the wound site for proper healing. This account for our
observation where we have shown accumulated macrophages at
wound site. Additionally, substance P affect the proliferative activities
of cells at the wound site; keratinocytes proliferation [75,76] would
result in reepithelialisation with early wound closure, fibroblast
proliferation [77-79] could account for the improvement in collagen
deposition and scar formation and endothelial proliferation [80-83]
increasing wound angiogenesis. Additionally, substance P accelerates
epidermal stem cell migration which promotes wound healing [79-84].
Therefore, substance P promotes important events for the healing such
as reepithelialisation, collagen deposition, angiogenesis and cell
migration. Substance P enhanced early wound closure this would be
the major factor in getting the good postwounding scars. Closure of
the wound minimises the infection and the associated tissue damage.
Substance P through enhancing fibroblast migration, proliferation and
collagen deposition [77-79] could be a major contributing factor in
getting wound contraction and the achievement of the narrow good
quality scar.

In conclusion, diabetic patient might benefit from the local
application of substance to acute incisional injuries resulting from
traumatic or surgical wounds. In addition to the achievement of early
wound closure this would also improve the post-wounding scar.
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