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Abstract: Wound healing is a highly coordinated process which leads to the repair and regeneration
of damaged tissue. Still, numerous diseases such as diabetes, venous insufficiencies or autoimmune
diseases could disturb proper wound healing and lead to chronic and non-healing wounds, which
are still a great challenge for medicine. For many years, research has been carried out on finding new
therapeutics which improve the healing of chronic wounds. One of the most extensively studied
active substances that has been widely tested in the treatment of different types of wounds was
Substance P (SP). SP is one of the main neuropeptides released by nervous fibers in responses to
injury. This review provides a thorough overview of the application of SP in different types of wound
models and assesses its efficacy in wound healing.

Keywords: substance P; wound healing; chronic wounds; acute wounds; animal wound model; dia-
betes

1. Introduction

Tissue damage is repaired by wound healing. This process is made of a well-orchestrated
and highly coordinated set of biochemical microprocesses. There are four overlapping
phases that characterize wound healing: hemostasis, inflammation, cell proliferation and
tissue reconstruction/remodeling. Each of these steps is strictly regulated by different
types of cells and signaling molecules. The involved cells release various growth factors
and cytokines at the wound site, and these coordinate the complex machinery of wound
healing [1,2].

The wound healing process is highly efficient in healthy individuals, but in specific
groups of patients it may become problematic. This is particularly true for people affected
with diabetes or other metabolic diseases, venous insufficiencies, autoimmune diseases
and also those using certain groups of medications (e.g., chemotherapeutic drugs, systemic
steroids). These and other pathological states lead to significant unbalancing in one or
a few phases of the wound healing process which may eventually result in hard-to-heal
chronic wounds [3,4].

Chronic wounds are defined as wounds that fail to proceed through the normal phases
of wound healing in an orderly and timely manner [5]. Their effective healing is a major
unmet medical need from the standpoint of both affected individuals and the economic
impact on the healthcare systems. The global wound treatment cost for all wound types
was valuated in 2014 in the range from USD 28.1 to USD 96.8 billion a year, wherein the
cost of care of diabetic foot ulcers accounted for USD 18.7 billion a year [6]. These costs
include additional hospital or clinic visits, hospital stays, dressing changes and nursing
care. Unfortunately, the healthcare cost of patients with chronic/non-healing wounds are
likely to keep growing. It is estimated that about 20 million people in the world have
problem with chronic wounds. Additionally, estimates are that 1 to 2% of the population
will experience a chronic wound during their lifetime in developed countries [7]. Moreover,
it can be expected that as the populations of elderly individuals, obese people and diabetic
patients increase in Western societies, this will be followed by an increasing incidence of
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chronic wounds, for there is a clear relationship between wound closure problems and age,
obesity or diabetes [3,8,9].

Many therapeutic approaches to improve wound healing have been devised. These
include advanced therapeutic dressings [10], laser therapy [11], negative pressure wound
therapy [12], electrical stimulation [13], hyperbaric oxygen [14], skin grafting [15,16], etc. None
of these approaches are completely satisfactory, thus explaining the continuous research into
the development of new dressings or the use of known therapeutic agent/pharmaceuticals
for the treatment of wounds. In these endeavors, a good deal of attention was devoted
to Substance P (SP). This review provides an overview of over 20 years of studies of the
application of SP in different types of wound models and assess its efficacy in wound healing.

2. Substance P

Substance P (SP) is an 11-amino-acid neuropeptide (of sequence: Arg-Pro-Lys-Pro-Gln-
Gln-Phe-Phe-Gly-Leu-Met-NH2), a member of the tachykinin family of neuropeptides. SP
is an endogenous agonist for neurokinin-1 receptor (NK1R) with which it binds with high
affinity. NK1R is a transmembrane receptor belonging to the family of G-protein-coupled
receptors (GPCRs) [17–19]. As is typical for GPCR agonists, SP binding to NK1R initiates
the intracellular signal transduction in which the receptor’s interactions with the G-proteins,
the activation of phospholipase C, cAMP, the increase in cytosolic calcium concentration,
etc. are involved.

As a neuropeptide, SP is present in the central and the peripheral nervous system
(CNS and PNS, respectively) [19], but it is also outside the nervous system that SP is
produced. The nonneural cell types that were found to produce SP were as different as
endothelial cells, bone marrow stromal cells, epithelial cells and inflammatory cells such as
macrophages or neutrophils.

SP plays a role as a neurotransmitter and neuromodulator associated with pain and
central responses to anxiety and stress. Moreover, the release of SP increases gastrointestinal
and pulmonary secretion [20]. It also results in the contraction of smooth muscles. Most
importantly from the standpoint of the current review, SP was also found to be involved in
angiogenesis [21], cell proliferation [22–24], and immune responses [25–29]. As to the latter,
SP (interacting with NK1R) is generally thought to intensify inflammatory responses [20].
The activation of NK1R by SP is associated with the activation of NF-kB. It was also found to
enhance the production of proinflammatory cytokines, including IL-1, IL-6, TNF-a, MIP-1B,
IFN-g [30,31].

There are many studies indicating that Substance P is involved in tissue regeneration,
although the underlying mechanisms have not been fully understood. In damaged tissue,
SP is released by sensory nerve fibers and inflammatory cells [32–35]. SP interacts directly
and indirectly with NK1R on nerves, epithelial cells, and inflammatory cells such as
mast cell, macrophages, and T lymphocytes to execute its functions in skin repair and
regeneration. These functions include stimulation of the production of many cytokines
(including those mentioned above) and growth factors important for wound healing [19,36].
Figure 1 and Table S1 in the Supplementary Materials summarize the effect of SP on
different phases of wound healing.
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Figure 1. Overview outlining the role of SP after tissue injury. Upper panel shows which cells se-
crete SP after injury, lower panel shows the effect of SP on different phases of wound healing. 
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The in vivo studies of the wound healing process are difficult for its complexity. The 

regeneration and repair of damaged tissue integrates the action of many different cells 
such as neutrophils, macrophages, fibroblasts, keratinocytes and endothelial cells, and 
includes a series of overlapping phases: hemostasis, inflammation, cell proliferation and 
tissue remodeling [1,2]. Due to the anatomical and physiological differences, none of the 
animal models proposed in the literature fully reflects all features of a wound in humans, 
this being particularly true of chronic wounds.  

Nonetheless, researchers were able to develop various animal wound healing mod-
els that enabled them to study the complex cellular and biochemical process of wound 
repair and to evaluate the efficacy and safety of potential new therapeutic agents [37,38]. 
Among these models, one can choose models of acute wounds obtained by incision, ex-
cision or burning of the skin, and models of chronic wounds. The latter are created from 
acute wounds by inducing diabetes (either pharmacologically using streptozotocin, STZ 
which induces type 1 diabetes or genetically modified animals with type 2 diabetes), 
mechanical pressure or reperfusion injury and ischemia [37]. The animals chosen for 
studying the wound healing were as different as mice, rats, rabbits, zebrafish, and in 
some cases, pigs [37–39]. Several reviews have discussed in detail the advantages and 
limitations of particular animal wound healing models [31,37,38,40,41].  

It is notable that Substance P is the one of the most extensively studied active sub-
stances with respect to wound healing. So far, the effect of substance P has been widely 
studied in the therapy of skin and corneal wounds, of both acute and chronic types (Ta-
bles 1 and S2 in Supplementary Materials).  

  

Figure 1. Overview outlining the role of SP after tissue injury. Upper panel shows which cells secrete
SP after injury, lower panel shows the effect of SP on different phases of wound healing.

3. Animal Wound Healing Models

The in vivo studies of the wound healing process are difficult for its complexity. The
regeneration and repair of damaged tissue integrates the action of many different cells
such as neutrophils, macrophages, fibroblasts, keratinocytes and endothelial cells, and
includes a series of overlapping phases: hemostasis, inflammation, cell proliferation and
tissue remodeling [1,2]. Due to the anatomical and physiological differences, none of the
animal models proposed in the literature fully reflects all features of a wound in humans,
this being particularly true of chronic wounds.

Nonetheless, researchers were able to develop various animal wound healing models
that enabled them to study the complex cellular and biochemical process of wound repair
and to evaluate the efficacy and safety of potential new therapeutic agents [37,38]. Among
these models, one can choose models of acute wounds obtained by incision, excision or
burning of the skin, and models of chronic wounds. The latter are created from acute
wounds by inducing diabetes (either pharmacologically using streptozotocin, STZ which
induces type 1 diabetes or genetically modified animals with type 2 diabetes), mechan-
ical pressure or reperfusion injury and ischemia [37]. The animals chosen for studying
the wound healing were as different as mice, rats, rabbits, zebrafish, and in some cases,
pigs [37–39]. Several reviews have discussed in detail the advantages and limitations of
particular animal wound healing models [37,38,40–42].

It is notable that Substance P is the one of the most extensively studied active sub-
stances with respect to wound healing. So far, the effect of substance P has been widely
studied in the therapy of skin and corneal wounds, of both acute and chronic types
(Table 1 and Table S2 in Supplementary Materials).
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Table 1. The different types of animal wound healing models used to study the effect of substance P.

Animals Model Administration and Dose of SP Reference

CUTANEOUS WOUND

C57BL/6J WT male mice/diabetic induced by STZ
New Zealand White rabbit/diabetic induced by alloxan topical 32 µg per wound; for 10 days [26]

ICR male mice/diabetic induced by STZ i.v, 5 nmol/kg; for 2 weeks [43]

Wistar male rat/diabetic induced by STZ topical, 1 µM; for 19 days [44]

Wistar male rat/diabetic induced by STZ topical, 0.5 µM
mixed with 0.15% of curcumin; for 19 days [31]

Sprague-Dawley male rat/diabetic induced by STZ injection, 100 nM; for 4 days [45]

Sprague-Dawley male rat/diabetic induced by STZ topical; 5µg per wound; for 21 days [46]

C57BL/KsJ-ms+/+Lepr db injection, 300µL of 1 nM; for 7 days [47]

Db/db male mice s.c injection, 10 nM/kg; for 2 days [48]

Wistar male rats topical, 1 mM; for 21 days [49]

Sprague-Dawley male rat s.c injection, 100 nM–100 µM [50]

Sprague-Dawley male rat s.c injection, 1 nM; for 3 days [51]

C57BL/6J male mice
s.c injection, 10 nmol/kg; for 2 days
s.c injection, 10 nmol/kg; for 2 days

i.v injected thiorphan (5 mg/kg) for 5 days
[52,53]

Wistar male rats topical, 100 nM; for 14 days [44]

New Zealand white rabbit, i.v, 5 nmol/kg, 50 nmol/kg or 250 nmol/kg [54]

C57BL/6J male mice topical, 0.5µg; for 1 day [55]

Balb/c male mice/ i.v, 5 nmol/kg/ twice a week [56]

Balb/c-nu Slc male mice injected into ischemic zone or i.v, 200 µL of 5 µg [57,58]

CORNEAL WOUND

C57BL/6J male mice/diabetic induced by STZ topical, 5 µL of 1 mmol/L; for 4 days [59]

Brown Norway male rats topical, 5µL 1µg/mL with 1µg/mL of IGF-1; for 2 weeks [60]

Sprague-Dawley male rat/diabetic induced by STZ topical, 5 µL of 1 mmol/L FGLM-NH2 with IGF-1
1µg/mL; for 3 days [61]

New Zealand albino female rabbits topical, 250 µg/mL with IGF-1 25 ng/mL; for 6 weeks [62]

Balb/c male mice topical, 1 mM of FGLM-NH2 with 100 nM SSSR; for 1 day [63]

New Zealand white rabbits topical, 5 mM, 500 µM, 50 µM; four times a day for 42 h [64]

Sprague-Dawley male rat topical, 25 pg/mL–250 µg.mL; for 84 h [65]

STZ—streptozotocin, i.v—intravenously, s.c—subcutaneously.

4. Effect of Substance P on Cutaneous Wounds
4.1. Models Using Diabetic Animals

Chronic wounds are uncommon in animals. Still, it is relatively easy to obtain a
chronic wound animal model in laboratory animals by inducing diabetes [37–39]. The
pathophysiological relationship between diabetes and wound healing is rather complex.
The most common complications associated with delayed wound healing in diabetes
include: a reduction in chemotactic and phagocytic ability of neutrophils [66], decreased
angiogenesis [67], decreased vasculogenesis [68], reduction in endothelial nitric oxide
synthase (eNOS) activity [69], elevated levels of oxidative stress [70], reduced levels of
substance P [71], decreased collagen formation and a reduced level of various growth
factors. The diabetic wound environment is characterized by prolonged inflammation,
abnormal angiogenesis and impaired re-modeling phase.
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In humans, a frequent consequence of diabetes mellitus is retinopathy, nephropathy,
peripheral neuropathy and peripheral vascular disease (e.g., peripheral artery disease),
which could lead to diabetic ulceration, the main cause of amputation in non-healing
wounds in diabetic patients [4,72].

One of the most frequently chosen animal models of chronic wounds is that with type
1 diabetes (T1D) induced by administration of streptozotocin (STZ) or alloxan. Obtaining
this model of diabetes is simple and cheap, but the disadvantage of this model is that it is
not completely representative of diabetes in humans [38]. The effect of Substance P on the
healing wound in these types of animal models was tested by some groups [26,31,43,44,46].

Leal et al. [26] used the STZ-induced diabetic mice with excisional wounds on the
dorsal skin and alloxan-induced diabetic rabbits with neuroischemic wounds created in
the ear to assess the effect of substance P on the inflammatory phase of the wound healing
process. They found that topical treatment with substance P (32 µg) promotes wound
healing by inducing an acute inflammatory response, which enables progression to the
proliferative phase and modulates macrophage activation toward the M2 phenotype.

Additionally, these authors investigated the effect of substance P on wound healing in
the two genetically modified mouse models: (1) mice deficient in the TACR1 gene encoding
NK1R (NK1RKO mice) and (2) mice deficient in the TAC1 gene encoding SP (TAC1KO
mice). In NK1RKO and TAC1KO groups treated with SP, the characteristics of the healing
process were similar to the control (wounds in diabetic mice without any treatment). These
characteristics included an overall impaired wound healing, increased expression of IL-6,
KC (mouse homolog of human IL-8) and TNF-α. This suggested that the effect that SP
has on wound healing is indeed mediated by NK1R (NK1RKO mice). It seems further-
more that SP deficiency may promote the chronic proinflammatory condition in diabetes
(TACK1O mice) [26].

Park et al. [43] studied the effect of the systemically administered SP on the inflam-
matory phase of impaired wound healing. They used T1D mice with dorsal wounds.
Compared with the vehicle-treated group, in the group treated intravenously with 5
nmol/kg SP, a reduced infiltration of leukocytes was observed, along with suppression of
injury-mediated enlargement of the spleen and mesenteric lymph nodes. Furthermore, SP
reduced the levels of TNF-α (tumor necrosis factor-alpha) and increased IL-10 levels. SP
was also able to elevate the pool of M2 monocytes and vascular endothelial growth factor
(VEGF) levels in the blood. Furthermore, they observed that SP is capable of restoring
the mesenchymal stem cell pool (MSC) in the bone marrow to normal levels observed
in nondiabetic mice. The latter is very important for proper wound healing because in
diabetes the ability of stem cells for repopulation and mobilization is very low, and it is
probably responsible for an unfavorable environment in wounds in diabetes [43].

The effect of SP on the inflammatory phase in wound healing was also studied in
animals with type 2 diabetes (T2D). Type 2 diabetes can be obtained through systemic single-
gene missense mutations expressing either diabetes (db/db) or obese (ob/ob) metabolic
syndrome The db/db model is close to the human disease, as these animals naturally
develop hyperglycemia as a consequence of obesity and exhibit many of the symptoms
observed in T2D patients [38].

Scott et al. [47] studied the effect of topically administered SP on impaired inflammatory
phases in wound in C57BL/6J-m+Leprdb (db/db) mice. The SP at a dose of 1 nM increased
the overall cell density in wounds (11.3 × 107 cells/g tissue). In particular, in the SP-treated
group, significant increases in leukocyte density (2.1 × 107 vs. 1.8 × 107, 3 days after
wounding) and macrophage density (2.9 × 107 vs. 1.3 × 107, 7 days after wounding) were
observed. The effect of SP was observed in the early inflammatory phase of wound healing,
and the differences in endothelial cell, leukocytes and macrophage density in the later time
were not significant [47].

The effect of SP on impaired and reduced angiogenesis, proliferation and migration of
cells and the re-modelling phase was studied in models with STZ-induced T1D and T2D
by a few groups [31,44–46,48].
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Kant et al. tested the influence of SP [44] and of an SP/curcumin combination [31]
on the production of various cytokines, growth factors and other proteins involved in
wound healing in the proliferation phase. Substance P, applied topically alone or with
curcumin at a dose of 1 µM [44] or 0.5 µM [31] significantly accelerated wound closure and
decreased mRNA expressions of TNF-α (tumor necrosis factor-alpha), IL-1β (interleukin-1
beta), and MMP-9 (matrix metalloproteinase-9). At the same time, SP markedly increased
the expression of IL-10 (interleukin-10), VEGF (vascular endothelial growth factor), TGF-β
1 (transforming growth factor-beta1), HIF-1 α (hypoxia-inducible factor 1-alpha, SDF-1α
(stromal cell–derived factors-1alpha), HO-1 (heme oxygenase-1) and eNOS (endothelial
nitric oxide synthase). SP was also found to stimulate activities of SOD (superoxide dismu-
tase), CAT (catalase), and GPx (glutathione peroxidase) in healing tissue. SP also caused
better extracellular matrix formation with increased fibroblast proliferation, improved colla-
gen deposition and increased microvessel density, and a greater number of GAP-43-positive
nerve fibers [31,44].

Improvements during the remodeling phase upon SP administration were found by
Zhu et al. [45]. These authors analyzed the effects of s.c injection of SP at a dose of 100 nM on
the center of the wound after transplantation with an amniotic membrane incubated with
epidermal stem cells. They found that SP increased the tissue content of collagen I, while
decreasing the content of collagen III. SP also had a positive effect on nerve regeneration
on the wound area [45].

Kim et al. [46] showed that topical administration of SP conjugated to a self-assembled
peptide (SAP), dubbed RADA16, significantly accelerated wound closure in STZ-induced
T1D rats. Specifically, this treatment increased the proliferation and differentiation of
keratinocytes, enhanced collagen synthesis and deposition, and promoted the formation
of mature vascular structures with acceleration of the formation of granulation tissue.
Furthermore, these authors confirmed the ability of SP-RADA conjugate to promote the
recruitment of intrinsic MSCs (mesenchymal stem cells) [46].

In T2D mice (db/db mice), Um et al. [48] demonstrated that subcutaneous adminis-
tration of substance P at a dose of 10 nM/kg accelerated wound healing. SP treatment
enhanced angiogenesis, induced the mobilization of endothelial progenitor cells (EPCs)
in the bone morrow and also increased the number of cells expressing the nuclear Yes-
associated protein (YAP) and number of proliferating cells [48].

Inspired by the demonstrated positive influence of SP on wound healing, Muchowska
et al. wanted to see if such an effect could be found for a related peptide, AWL3106 [49].
This compound is an analgesic hybrid peptide, whose structure contains fragments coming
from an opioid peptide dermorphine and a C-terminal five amino acid sequence of SP.
AWL3106 was tested as to its influence on wound healing in rats with T1D. Here, the chronic
wound was created on the dorsum by excision of burned skin. The topical administration of
keratin scaffolds incrusted with 1 nM AWL3106 enhanced wound healing by acceleration
of wound closure, acceleration of the inflammatory progression and decrease in persistent
inflammation as compared to diabetic rats with untreated wounds. The compound was
also found to improve the shape and number of blood vessels as well as to ameliorate
collagen organization. Unfortunately, in this study it has not been investigated whether
AWL3106 promotes wound healing through the NK1R.

4.2. Models Using Non-Diabetic Animals

The second type of chronic wounds to be discussed are cutaneous wounds prepared
by induced ischemia, denervation of skin or by prolonged mechanical pressure. Among
them, the hind-limb ischemic ulcer (created by ligation and excision of femoral artery and
its branches) in mice and an ear ischemic wound model (created by ear vessel ligation) in
rabbits are used most frequently.

Delgado et al. [50] described the effects of topically administered SP on wound repair
in a CO2 laser-induced, deep-skin wound model with destroyed neurite in rats. Gross and
histological examination of laser-induced injury revealed that s.c injection of SP at doses of
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100 nM or 100 µM improved wound healing via neurite outgrowth, increased expression
of the α5β1 integrin molecule which mediates the binding of cells to fibronectin in the
extracellular matrix and also increased leucocyte infiltration [50].

A similar wound-healing model with sensory-impaired areas obtained by dissection
of the spinal hemicord was used by Ishikawa et al. [51] for investigating the effect of local
injection of SP at 10 nM. In this case, SP improved the wound contraction and epithelializa-
tion in denervated skin in the early stage of wound healing. However, the effect of SP on
restoring the nerves was not studied [51].

The effect of SP on angiogenesis in open excision wounds after s.c injection was
tested by Um et al. [52,53]. These authors showed that SP accelerated the wound healing
in the skin via better reconstitution of blood vessels [52]. The SP treatment increased
both the population of circulating endothelial progenitor cells in the peripheral blood
and in CD31-positive cells. Furthermore, SP accelerated wound closing, increased the
population of α-smooth muscle actin positive myofibroblasts and increased extracellular
matrix deposition at the wound site [52]. In another paper [53] it was reported that the
inhibition of endogenous neutral endopeptidase (NEP) activity by thiorphan treatment
modulates the effects of SP treatment, specifically by accelerating angiogenesis during
wound healing [53].

In another study, Kant et al. [44] analyzed the effect of topical administration of SP
on open deep excised wounds in rats. In this model, SP at dose of 100 nM significantly
increased the levels of tumor necrosis factor-α (TNF-α) and decreased the levels of inter-
leukin 10 (IL-10) on day 3 of the experiment. On the contrary, on day 7, the level of TNF-α
decreased and that of IL-10 increased. The mRNA and protein expression of vascular
endothelial growth factor (VEGF) and transforming growth factor-β1 (TGF-β1) increased
on days 3 and 7 and decreased on day 14 in SP-treated wounds. Moreover, histopatholog-
ical analysis showed that SP treatment resulted in increased early leukocyte infiltration,
fibroblast proliferation, angiogenesis, collagen deposition and re-epithelialization [44].

Lee et al. [54] demonstrated that the i.v injected SP at 5 nmol/kg in a rabbit neurois-
chemic wound model (New Zealand white rabbit) increased the CD29 expression and early
maturation of the stroma without increasing the wound contraction [54].

The effect of Substance P on wound healing under conditions mimicking the nutrient-
and oxygen-poor environment of wounds in pressure ulcers (PUs) was tested in vitro
and in vivo by Kumar et al. [55]. In in vitro studies, the effects of SP on keratinocyte
proliferation and wound closure after a scratch injury were studied under normoxia (pO2
~21%) or hypoxia (pO2 ~1%) and in the presence of normal serum (10% v/v) or low serum
(1% v/v) concentrations. The results showed that hypoxia and low serum significantly
decreased cell proliferation and wound closure. However, addition of 100 nM SP to cell
cultures significantly enhanced cell proliferation and wound closure rate. In in vivo studies
(in male and female mice), the topically applied SP at dose of 0.5 µg enhanced wound
healing via cell proliferation and migration [55].

A very interesting animal wound model based on induced hind limb ischemia was
used in studies by Kim JH et al., [57], Kim JE et al., [58] and Kim S [56]. Kim JH et al. [57] and
Kim JE et al. [58] demonstrated that topical and systemic administration of SP conjugated
with RADA, a self-assembled peptide consisting of 16 amino acids (at a dose of 5 µg),
induces recruitment of MSCs to the injury site, prevent fibrosis, improve the angiogenesis
and enhance tissue perfusion. On other hand, Kim S et al. [56] showed that systemically
administered SP (at 5 nmol/kg) promoted ischemic wound repair in mice by suppressing
inflammation. They observed promotion of wound healing by restoration of blood flow
within ischemic zone, inducing the vascular formation and reduction of TNF-α, and
increasing of interleukin-10 levels.

5. Effect of Substance P on Corneal Wounds

An important wound type, yet very different from cutaneous wounds, is wounds of
the corneal tissue. It is also here that the healing influence of Substance P was studied. The
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cornea is the most innervated tissue in the body. The corneal nerve fibers play an important
role in the maintenance of the corneal epithelium homeostasis. Consequently, any damage
to the corneal nerve fibers as a result of viral or bacterial infections, surgery or diabetes
can lead to epithelial defects, which may cause the neurotrophic keratitis. In the cornea,
there are various neurotransmitters, including Substance P, calcitonin gene-related peptide
(CGRP) or neuropeptide Y, that have the potential to modulate the growth and migration
of cells and in this way, they may be involved in wound healing [73–75]. Among them, SP
plays an important role in wound healing [73,75].

In vitro studies showed that SP is expressed in the corneal epithelium and stromal
keratocytes. SP was also found to increase the synthesis of interleukin-8 both in human
corneal epithelial cells and in primary human keratocytes through NK-1R [76,77]. In another
work, it was shown that SP is distributed in corneal nerve endings and tears [73,74].

In vivo studies of Yang et al. [59] showed that SP improves the diabetic corneal epithe-
lial wound healing process through NK1R. They demonstrated that topical administration
of 1 mmol/L of SP promoted epithelial wound healing, recovery of corneal sensation, im-
provement of mitochondrial function and reactivation of protein kinase B (Akt), epidermal
growth factor receptor (EGFR) and sirtuin 1 (Sirt1). SP also increased reactive oxygen
species (ROS) scavenging capacity, both in vivo in epithelium of STZ-induced diabetic
mice, as well as in vitro in high glucose-treated corneal epithelial cells. Importantly, the
s.c injected NK1R antagonist, L-733,060, (administered before topical application of SP)
inhibited the positive effects of SP on diabetic corneal epithelial wound healing.

Nagano et al. [60] examined the effect of a combination of SP and insulin-like growth
factor 1 (IGF-1) on corneal wound healing. These authors chose a new rat model of neu-
rotrophic keratopathy which was obtained by corneal denervation upon thermocoagulation
of the ophthalmic branch of the trigeminal nerve. They demonstrated that application of
eye drops containing both 1 mM SP and 1µg/mL IGF-1 improved corneal epithelial barrier
function and stimulated corneal epithelial wound healing in this model [60]. A similar
effect was observed in spontaneous chronic corneal epithelial defects (SCCED) in dogs [78].

Likewise, Ghiasi et al. [62] demonstrated that topical administration of SP together
with insulin-like growth factor-1 (IGF-1) can improve corneal healing, but in this case after
photorefractive keratectomy (PRK) in rabbits.

Apart from testing the properties of SP, the effect of SP-related peptides on wound
healing was studied, too. One of the tested analogs of SP was an FGLM-NH2, which is
a C-terminal four amino acid sequence of SP. Nakamura et al. [61] demonstrated that a
combination of this peptide and IGF-1improved the corneal epithelial wound healing in
rats with STZ-induced diabetes.

Yanai et al. [63] studied the mechanism by which the FGLM-NH2 peptide and SSSR
peptide (the peptide being a C-terminal four amino acid sequence of IGF-1) promote
corneal epithelial wound healing in a mouse model of neurotrophic keratopathy. FGLM-
NH2 and SSSR treatment suppressed the production of IL-1α (interleukin-1 alpha), MIP-
1α (macrophage inflammatory protein-1 alpha), and MIP-1β (macrophage inflammatory
protein-1 beta) and upregulated Akt signaling induced by corneal epithelial injury in
this model. Additionally, these authors demonstrated that FGLM-NH2 promoted the
corneal wound healing in an NK1R-dependent manner. They observed that in a group
that had received s.c injection of an NK1R antagonist (L-7333,060) 24 h before FGLM-NH2
treatment, the epithelial defects were significantly larger than in mice without L-7333,060
pretreatment [63].

Contrary to what was found in the works described above, topical application of SP
showed no effect on promoting the corneal wound healing process in the rabbit model [64]
and galactosemic rats [65]. Kingsley et al. [64] showed that the topical application of SP
(at doses of 50 µM, 500 µM and 5 mM) or of an NK1 receptor antagonist (CP-99,994-01) at
a dose of 500 nM had no significant effect on the rate of corneal epithelial wound closure
in rabbits with epithelial lesions produced by using the n-heptanol technique. A similar
effect was observed by McDermott et al. [65], where the topical application of SP at doses
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in the range from 25 pg/mL to 250 µg/mL, alone or combined with IGF-1 or with vasoac-
tive intestinal polypeptide (VIP), had no influence on corneal re-epithelialization in rats
with galactosemia.

6. Advanced Formulations of Substance P for Topical and Systemic Delivery

Therapeutic applications of Substance P have been limited by its low stability. SP tends
to be degraded by various proteases, including, for example, NEP, matrix metalloproteinase,
chymotrypsin and angiotensin-converting enzymes [79–83]. Additionally, due to oxidative
reactions, which reduce the SP activity by up to 3-fold, Substance P is unstable during
the production and storage [84]. The half-life time of SP is very short, from seconds to
minutes [85–87]. Therefore, it is necessary to develop new SP formulations to improve
its stability.

One of the ways of formulating new active substances is to prepare a hydrogel. Hydro-
gels are hydrophilic, three-dimensional polymeric networks that are able to absorb large
amounts of water or biological fluids. They are formed by polymerization and crosslinking.
Advantages of hydrogels include biocompatibility, biodegradability and their ability to
entrap large amounts of molecules. For these reasons, hydrogels are often chosen for the
delivery of certain pharmaceuticals.

With respect to SP, Kim et al. [88,89] studied the stability and release of SP in a gel
formulation (SP-based hydrogel). For preparation of the gel formulation, they mixed the
antioxidative sodium thiosulfate with surfactant polysorbate 80 and added hydroxyethyl
cellulose (HEC) gelling agent. They demonstrated that SP at doses of 1 to10 µg.mL in an SP-
based hydrogel was stable at various temperatures (4 ◦C, 37 ◦C and 60 ◦C) for up to 4 weeks.
In vitro, SP in the SP gel exhibited more potential as a candidate wound-healing agent
than solution of SP. SP gel increased the proliferation and migration of human epidermal
keratinocytes (HEK) and of human dermal fibroblasts (HDF). In vivo analysis revealed that
SP treatment enhanced the healing of wounds. In comparison with wounds treated with a
solution of SP, the area of re-epithelization was larger and the density of granulation tissue,
fibroblast and collagen was higher in the group treated with SP gel formulation [88].

The positive effect of the stability of SP in a gel formulation without any loss of bi-
ological properties of SP was confirmed by the same group in an in vitro study on the
anti-aging potential of SP, where a 3D human skin model was used [89]. The toxicity tests
performed on human dermal fibroblasts (HDFs) and on a reconstructed 3D human skin
model showed that SP-based hydrogel is safe for long-term use, without causing any irrita-
tion even at high concentrations. In vitro experiments indicated that SP-based hydrogels
elicited stronger collagen production than SP solution and promoted anti-inflammatory
effects. Additionally, SP gel did not induce melanin synthesis in a keratinocyte-melanocyte
co-culture system [89].

Another group which used the gel formulation for improving the stability of SP
was Serres-Berard et al. [90]. They created a novel formulation, a Laponite nanodisc, by
suspending the Laponite and sodium polyacrylate and adding the SP in two different
concentrations, 100 µM or 10 µM (preparations dubbed HSP1 and HSP2, respectively).
The in vitro studies in tissue-engineered skin showed that one-time application of HSP2
hydrogel containing SP at 10 µM induced 98% wound closure within 16 days. This re-
sult indicated that SP was successfully released from the hydrogel and stimulated the
keratinocytes to proliferate and migrate, leading to re-epithelialization [90].

Kim et al. [57,58] studied the therapeutic effect of SP conjugated to a self-assembled
peptide (SAP) called RADA16. As mentioned above (Section 4.1), the results indicated
that effect of SP on wound healing in an ischemia hind limb model was better when SP
was conjugated with RADA16. Additionally, they demonstrated that improving the MCS
recruitment into the ischemic region and acceleration of wound healing was caused by the
fact that SP was slowly released from RADA-SP conjugate over the 28-day period [57,58].

Another way of creating new SP formulations that was tested is by using chitosan, a
chitin derivative that is characterized by many favorable physicochemical and biological
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properties including a polycationic character, non-toxicity, biodegradability and biocompat-
ibility. Due to its poor solubility in water, a hydrochloride salt (chitosan hydrochloride) is
used for adsorption of pharmaceuticals [91–93].

Mengoni et al. [94], prepared a novel formulation which contained chitosan hydrochloride-
coated liposomes loaded with SP in three concentrations: 100 nM, 1 µM, 100 µM (SP-CH-LP).
The efficacy of SP-CH-LP was examined in vitro and revealed that when SP was encapsu-
lated within the liposomal formulation, it had better efficacy than free SP, probably due to
the delayed and slower release of SP. The SP-CH-LP was not toxic for HaCaT keratinocytes
and stimulated their proliferation in a concentration-dependent manner.

In a study by Li et al. [95], SP was conjugated to chitosan hydrochloride and mixed
with hydroxylethyl cellulose (HEC). SP-conjugated chitosan hydrochloride hydrogel (CSCl-
SP) provided a stable (in vitro) delivery system for SP. The released SP promoted the
proliferation and migration of HUVEC (human umbilical vein endothelial cells) cells and
caused the tube formation, as well as the expression of genes and proteins related to
angiogenesis. CSCl-SP also stimulated the proliferation, migration, and production of
anabolic growth factor in human fibroblasts. Moreover, CSCl-SP significantly promoted
the neurite outgrowth in Neuro-2A cells. In in vivo studies, CSCl-SP strengthened the
vascularization, extracellular matrix deposition and remodeling, and nerve regeneration,
promoting efficient recovery of the skin defects in rats’ acute wounds.

Another very interesting way of improving the stability and delivery of SP, especially
in wound environments, is the loading of SP onto zeolite imidazolate framework-8 (ZIF-8)
nanoparticles and coating these with polyethylene glycolthioketal (PEG-TK) to obtain an
ROS-sensitive biomaterial. The ROS responsiveness of the new dressing called SP@ZIF-8-
PEG-TK@CA nanoparticles was assessed by drug-release assay. The results showed that
stimulation of the SP@ZIF-8-PEG-TK@CA nanoparticles with H2O2 led to the release of the
loaded SP from the pores of the nanoparticles. Considering that ROS is generated at the
wound site, these nanoparticles could sustainably release SP into the wound environment.
In in vitro tests, the SP@ZIF-8-PEG-TK@CA nanoparticles promoted the proliferation of
human dermal fibroblasts (HDF), upregulated expression levels of inflammation-related
genes in macrophages, and showed favorable cytocompatibility. The in vivo study con-
firmed that SP@ZIF-8-PEG-TK@CA dressings had excellent wound-healing efficacy by
promoting an early inflammatory response and subsequent M2 macrophage polarization
in the wound-healing process [96].

7. Conclusions

Due to the differences in tissue structure between animals and humans, none of the
animal models described in the literature reproduces all the features of a chronic wound in
human. Nevertheless, animal experiments are necessary before a new therapeutic might
become approved as a drug. Over 20 years of studies which were devoted to examining
the effect of Substance P on the healing process in chronic wounds using animal models
has proven the safety and efficiency of this neuropeptide in wound healing. Each of the
used animal wound models provided important information about the wound healing
after administration of SP, about its effective dose, route and scheme of the administration
and the molecular mechanism of activity of SP.

The results obtained in recent years showed that SP accelerated wound healing by
improving each of the phases of this process, especially by modulating the inflammatory
phase. The modulation of the inflammatory phase seems to be the most important in the
proper wound healing process because it affects the progression of all the other phases.

Due to short half-life of SP, the main goal in further research should be to increase the
stability of SP by synthesizing modified analogues with improved stability. Moreover, a
promising avenue is the development of new formulations for effective delivery of SP to
the wound environment. Since it was shown in at least some cases that the positive effects
of SP on wound healing are exerted through the NK1R, it is tempting to look for small
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molecular agonists of the receptor that could have the same positive effect as SP, but at the
same time, they could be devoid of the typical liabilities of peptide therapeutics.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
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