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healing, but its effect in diabetic skin wounds is unclear. We examined the effect of exogenous SP
delivery on diabetic mouse and rabbit wounds. We also studied the impact of deficiency in SP or its
receptor, neurokinin-1 receptor, on wound healing in mouse models. SP treatment improved wound
healing in mice and rabbits, whereas the absence of SP or its receptor impaired wound progression in
mice. Moreover, SP bioavailability in diabetic skin was reduced as SP gene expression was decreased,
whereas the gene expression and protein levels of the enzyme that degrades SP, neutral endopeptidase,
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throughout the healing process. SP treatment induced an acute inflammatory response, which enabled
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phenotype that promotes wound healing. In conclusion, SP treatment reverses the chronic proinflammatory
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Diabetic foot ulceration is one of the most serious and
debilitating complications of diabetes mellitus (DM)." Pe-
ripheral neuropathy associated with deficiency of neuropep-
tides,”* vascular disease, chronic inflammation, increased
expression of matrix metalloproteinase (MMP)-9, and aber-
rant growth factor expression has been associated with dia-
betic foot ulceration development and failure to heal.”
Substance P (SP) belongs to the tachykinin neuropeptide
family encoded by the Tacl gene and is one of the main
neuropeptides released by C-nociceptive fibers in response
to injury. SP exerts its effects mainly via its high-affinity
neurokinin-1 receptor (NKI1R) and is degraded by the
enzyme neutral endopeptidase (NEP).” SP enhances the de-
livery and accumulation of leukocytes,” induces interleukin
(IL)-8 and IL-6" "’ expression, and is mitogenic toward
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smooth muscle cells, fibroblasts, and endothelial cells.'® > SP
promotes wound healing in nondiabetic and diabetic corneal
wounds that mainly involve epithelial cells'”'* and in
nondiabetic cutaneous wounds.'”'® However, there is little
information regarding its effect in diabetic skin wounds that are
characterized by chronic inflammation, neuroischemia, and
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Table 1  Weight and Blood Glucose Levels in Various Experimental Mice

Weight (g) Blood glucose (mg/dL)
Mouse type Before diabetes induction Before wound healing Before diabetes induction Before wound healing
WT 27.1 £ 0.2 29.0 + 0.3* 149.4 + 3.3 152.1 + 3.4
DM WT 27.4 £ 0.2 27.1 £ 0.2 150.6 £ 3.5 490.1 + 8.8*
NK1RKO 27.0 + 0.4 29.1 + 0.4* 147.7 £ 6.3 152.0 £ 6.3
DM NK1RKO 26.5 £ 0.3 25.6 = 0.5 150.9 £ 5.8 498.2 + 11.9*
TAC1KO 27.3 £ 0.6 29.5 + 0.6* 149.4 £+ 4.5 150.3 £ 5.1
DM TAC1KO 27.2 £ 0.4 26.5 + 0.3 152.3 £ 4.4 488.5 £+ 9.4*

Weight and blood glucose levels were measured in control and diabetes mellitus (DM) groups of wild-type (WT) mice, mice deficient in neurokinin-1 receptor
(NK1RKO), and mice deficient in the Tac gene (TAC1KO) before DM induction and after 8 weeks, before the wound healing experiment. Data are expressed as

means + SEM of at least 12 animals.
*P < 0.001 for the t-test (compared with the initial measurement).

increased expression of MMPs that degrade proteins, including
growth factors.”

During normal wound healing, macrophages demonstrate
transitions in phenotype and function in tissue repair pro-
gression, although the factors that regulate these transitions
remain poorly defined. Thus, during the inflammatory
phase, M1 activated macrophages initiate an acute inflam-
matory response, whereas during the proliferative phase M2
macrophages promote angiogenesis and granulation tissue
formation.'”~'” Previous studies in our unit have found
reduced neuropeptide expression in the skin of diabetic
rabbits, which was accompanied by a chronic proin-
flammatory state, indicated by a high M1/M2 macrophage
ratio and an elevated proinflammatory cytokine expression,
as well as impaired wound healing.””" In this study, we
investigated the effect of SP in wound healing and related
chronic inflammation in wild-type (WT) nondiabetic and
diabetic mouse and neuroischemic diabetic rabbit models.

Materials and Methods
Mouse Model

We used 16- to 18-week-old male C57BL/6] WT mice,
NkIr~"= (provided by Dr. Norma Gerard, Children’s Hospital,
Boston, MA), and Tacl™'~, B6.Cg-Tacl<tmlBbm>/J)
(Jackson Labs, Bar Harbor, ME). All experiments were
approved by Beth Israel Deaconess Medical Center Institu-
tional Animal Care and Use Committee.

Diabetes Mouse Model

A subset of mice received 50 mg/kg of streptozotocin in 0.1
mol/L. citrate buffer by i.p. injection once a day for 5
consecutive days to induce diabetes. The mice with blood
glucose levels above 250 mg/dL were considered diabetic.
Wound experiments were performed 8 weeks after diabetes
induction. NPH insulin, 0.1 to 0.2 units, was administered as
needed to avoid weight loss. Body weight and blood
glucose levels were not different between WT and trans-
genic mice (Table 1).
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Wound Healing Model and Treatments

The mice were anesthetized with 100 mg/kg of i.p. ketamine
and 10 mg/kg of i.p. Xylazine. After removing the hair from
the back of the mice, two 6-mm full-thickness excisional
wounds were biopsied. The wound area was traced every day
onto acetate paper to follow the rate of wound closure up to
10 days after wounding. The wound size was determined
with ImageJ version 1.46r (NIH, Bethesda, MD). The data
were presented as a percentage of the original wound (day 0).
One of the wounds was treated daily with SP (32 pg per
wound dissolved in saline), and the other wound was treated
with saline until the day of euthanasia. The animals were
sacrificed at day 3 or day 10 after wounding.

Diabetic Rabbit Ear Model

New Zealand White rabbits (3.0 to 3.2 kg; Millbrook Farms,
Ambherst, MA) were made diabetic for 30 days before a
neuroischemic ear wound was created.”®! Briefly, central
and rostral arteries were ligated along with central and rostral
nerve resection creating the neuroischemia. After surgery,
four full-thickness circular wounds were created using a
6-mm punch biopsy. The cartilage was kept intact because it
minimizes tissue contracture to <3%, allowing the wound to
heal mostly by reepithelialization. The wound closure was
monitored for 10 days. Wounds were either left untreated or
treated with 90 pL of alginate gel alone or with 32 g per 90
pL of SP. The wounds were photographed using a medical
hyperspectral imaging camera (Hypermed Inc., Burlington,
MA), and the wound area was measured. All experiments
were approved by Beth Israel Deaconess Medical Center
Institutional Animal Care and Use Committee.

Tissue Harvesting in Mice

The skin was collected at day O and at the day of sacrifice;
the wounds were excised with the wounds margins. For
immunohistochemistry (IHC) in paraffin, the tissue was
fixed in 10% formalin and embedded in paraffin, and for
gene and/or protein expression, the tissue was snap frozen in
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liquid nitrogen or frozen in optimal cutting temperature
compound and kept at —80°C.

IHC

IHC-Paraffin

Paraffin sections (5 pwm) were stained with rabbit anti-NEP
antibody (Millipore, Billerica, MA). Three separate sections
were analyzed from each wound by a masked observer (A.K.)
and quantified using two random high-powered fields.

IHC-Frozen

Frozen skin sections (5 pum) were co-stained for detection of
M1 macrophages, with CD68 (AbCam, Cambridge, MA)
and tumor necrosis factor (TNF)-a. (Serotec, Oxford, UK),
or for detection of M2 macrophages, with CD68 and CD206
(Santa Cruz Biotechnology, Santa Cruz, CA). The nuclei
were stained with DAPI (Sigma, St. Louis, MO). A masked
observer (A.K.) counted the number of cells in two random
fields using a fluorescent microscope.

Real-Time PCR

Total RNA was isolated from skin tissue from days 0, 3, and
10 after surgery using an RNeasy Mini Kit (Qiagen,
Valencia, CA), following the manufacturer’s instructions.
cDNA was prepared from 1 pg of RNA using the iScript
System (BioRad, Hercules, CA). Real-time PCR was per-
formed using Brilliant III Ultra-Fast SYBR Green real-time
PCR Master Mix Reagent with a Stratagene MX3000P real-
time PCR thermal cycler (Agilent Technologies, Santa
Clara, CA). The primer sequences (Table 2) were obtained
from Integrated DNA Technologies (Coralville, IA). The
gene expression was determined by the “*CT method of

Table 2  Primers Sequences Used in RT-PCR

relative quantification obtained as 2~ **CT and normalized
to the TATA box binding protein. The data are presented as
the fold change over the gene expression in the skin from
WT control mice at baseline (day 0).

Western Blot Analysis

The skin samples were homogenized in T-PER tissue
protein extraction reagent (Thermo Scientific, Rockford,
IL) supplemented with 1 mmol/L dithiothreitol (Sigma),
phosphatase, and protease inhibitor cocktails (Boston
BioProducts, Ashland, MA). Lysates were kept at 4°C for
15 minutes and centrifuged at 13,000 x g for 15 minutes,
and the supernatant was used for Western blot analysis.
The protein content was quantified using the bicinchoninic
acid protein assay (Pierce, Rockford, IL) according to the
manufacturer’s instructions.

The proteins were denatured by adding Laemmli’s SDS
sample buffer (Boston BioProducts, Ashland, MA) and heat-
ing the samples for 5 minutes at 95°C. Equal amounts of
protein, 40 pg, were resolved by SDS-PAGE using 4% to 20%
polyacrylamide gels (BioRad). The resultant gels were elec-
trophoretically transferred to polyvinylidene difluoride mem-
branes by a semidry electroblotting system (BioRad). The
membranes were blocked for 1 hour at room temperature in
Tris-buffered saline containing 0.1% Tween 20 and 5% low-
fat milk. The incubation with the primary antibodies rabbit
anti—-MMP-9 (1:2000; Cell Signaling Technology, Danvers,
MA) or mouse anti—-actin (1:5000; Sigma), was performed
overnight at 4°C. After washing for 1 hour in TBS-T, the
membranes were incubated for 1 hour at room temperature
with the appropriate antifluorescein alkaline phosphatase
conjugate (1:5000; Santa Cruz Biotechnology). Protein signals
were detected using the ECF substrate kit (GE HealthCare Life

Primer Forward primer Reverse primer
Mouse
SP 5'-TGGACATGGCCAGATCTCTCACAA-3' 5'-GCATCGCGCTTCTTTCATAAGCCA-3’

NEP 5'-CAGCCTCAGCCGAAACTACA-3’

NK1R 5'-GCCAGAACATCCCAACAGG-3’

IL-6 5'-TGGCTAAGGACCAAGACCATCCAA-3’

TNF-o 5/ -TTCCGAATTCAGTGGAGCCTCGAA-3'

KC 5'-ATTAGGGTGAGGACATGTGTGGGA-3’

MCP-1 5'-ACTGCATCTGCCCTAAGGTCTTCA-3'

MMP-9 5/-TCCAACTCACTCACTGTGGTTGCT-3’

IL-10 5'-CCCTTTGCTATGGTGTCCTTTC-3'

IL-12 5'-CTCAGGATGGAAGAGTCC-3'

IFN-y 5 -CTTCTTGGATATCTGGAGGAACTG-3’

TBP 5'-ACCCTTCACCAATGACTCCTATG-3’
Human

SP 5 -TGTGTCTCAGGGCTGAAATG-3’

NEP 5'-GATGACAATGGCAGAAACTT-3’

NK1R 5'-TTGGCCCACAAGAGAATGAGGACA-3’

TBP 5'-TTCCACTCACAGACTCTC-3'

5'-GCAAAAGCCGCTTCCACATA-3’
5'-GGCGAAGGTACACACAACCA-3’
5/-AACGCACTAGGTTTGCCGAGTAGA-3’
5'-TGCACCTCAGGGAAGAATCTGGAA-3'
5'-AATGTCCAAGGGAAGCGTCAACAC-3’
5'-AGAAGTGCTTGAGGTGGTTGTGGA-3’
5'-AGACTGCCAGGAAGACACTTGGTT-3'
5'-ATCTCCCTGGTTTCTCTTCCC-3'
5'-CAAGTGGAATGCTAGAATATC-3'

5 -GGTGTGATTCAATGACGCTTATG-3’
5'-TGACTGCAGCAAATCGCTTGG-3'

5'-TATGGAACCACAAACCGTGA-3’
5/-CTTGAAATTGCCTGGACTGT-3’
5/'-AGTACCACTCGTTGTGGACAGCAT-3’
5'-ACAATCCCAGAACTCTCC-3'

IFN-vy, interferon-vy; KC, skin keratinocyte—derived cytokine; MCP-1, monocyte chemoattractant protein-1; MMP-9, matrix metalloproteinase-9; NEP, neutral
endopeptidase; NK1R, neurokinin receptor-1; SP, substance P; TBP, TATA box binding protein; TNF-o;, tumor necrosis factor-a.
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Figure 1  Substance P (SP) plays an
important role in wound healing. A: Repre-
sentative images of the wounds at baseline
(day 0) and day 10 of wild-type (WT)
nondiabetic mice, WT mice with diabetes
mellitus (DM), WT diabetic SP-treated wound
(DM + SP) mice, and mice deficient in
neurokinin-1 receptor (NK1RKO). B: SP ac-
celerates wound closure in WT and DM mice.
C: Non-DM and DM NK1RKO mice have
delayed wound closure. D: Non-DM and DM
mice deficient in the Tacl gene (TAC1KO)
have delayed wound closure. E: Neuro-
ischemia (NI) wound healing rabbit model.
1, Untreated; 2, vehicle; and 3, SP. F: SP
improved wound healing in an NI diabetic

T
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Sciences, Pittsburgh, PA), as described in the manufacturer’s
instructions. The membrane was visualized using a VersaDoc
imaging system (model 3000; BioRad), and the band density
was evaluated with the Quantity One version 4.5.2 (BioRad).
Protein quantification was normalized with actin.

Multiplex Serum Analysis

Immediately after collection, blood was centrifuged at
20,000 x g, at 4°C for 20 minutes. Serum was then collected
and stored at —80°C until analysis. Serum protein levels of
inflammatory cytokines and biochemical markers of endo-
thelial function were measured using a Luminex 200 appa-
ratus (Luminex, Austin, TX) and Millipore multiplex
immunoassay panels (Millipore, Chicago, IL).

Statistical Analysis

The statistical analysis was performed using Minitab (Mini-
tab, State College, PA). Differences among experimental
groups were analyzed using the #-test or the one-way analysis
of variance followed by Fisher’s post hoc test. The results are
expressed as means == SEM.
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Results

SP Treatment Improves Wound Healing in the Diabetic
Mouse and Rabbit Models

WT diabetic mice had impaired wound healing when
compared with WT nondiabetic mice after day 5 after
wounding (Figure 1, A and B). SP treatment accelerated
wound closure from day 8 to day 10 in both WT nondiabetic
and diabetic mice (Figure 1B). In addition, SP treatment
significantly reduced rabbit diabetic neuroischemic wound
size, which mimics the neuropathy and ischemia common to
human diabetic foot ulcerations (Figure 1, E and F). These
results suggest that pharmacological levels of SP improve
wound healing in diabetes.

The Absence of SP or Its Receptor Affects Wound
Healing

To further investigate the role of SP in wound healing, we
used two genetically modified mouse models: mice defi-
cient in NK1R (NK1RKO mice; official name Tacrl) and
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Figure 2  Substance P (SP) acts mainly through the neurokinin 1 re-

ceptor (NK1R). The lack of SP or its NK1R delays dermal repair. A: SP
treatment does not alter wound closure progression in mice deficient in
neurokinin-1 receptor (NK1RKO mice). B: SP treatment accelerates wound
closure in mice without diabetes mellitus (DM) and DM mice deficient in the
Tacl gene (TAC1KO). Data are expressed as means + SEM of at least 12
animals. *P < 0.05 compared with NK1RKO or TAC1KO; TP < 0.05 compared
with DM NK1RKO or DM TAC1KO mice for one-way analysis of variance
followed by Fisher’s post hoc test.

mice deficient in the Tacl gene that encodes for SP and
other tachykinins (TAC1KO mice). Both nondiabetic and
diabetic NK1RKO and TACIKO mice had impaired
wound healing throughout the 10-day experimental period
when compared with their respective WT controls
(Figure 1, C and D).

NK1R Mediates the Effect of SP in Wound Healing

To evaluate whether the effect of SP in wound healing was
mediated mainly by NK1R rather than NK2R or NK3R, SP
was applied to the wounds of NK1RKO mice. SP did not
change wound closure kinetics in NK1RKO mice (Figure 2A).
SP accelerated wound closure in both nondiabetic and diabetic
TACI1KO mice (Figure 2B), suggesting that SP is the main
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tachykinin expressed by the Tacl gene involved in the wound
healing process.

SP Gene Expression Is Reduced in Diabetic Skin

At baseline, SP gene expression was lower in the skin of WT
diabetic than WT nondiabetic mice. When compared with
baseline, SP gene expression was increased in WT nondiabetic
mice atday 3 and day 10 after wounding (Figure 3A). A similar
but not as pronounced response was observed in the WT dia-
betic mice. Diabetic NK1RKO mice had higher SP expression
than WT diabetic mice at day O and day 10 (Supplemental
Figure STA). Local SP treatment of WT nondiabetic wounds
reduced SP gene expression at day 10. Nk/r gene expression at
day 0 was increased in diabetic TAC1KO mice when compared
with their WT controls (Supplemental Figure S1B). These re-
sults indicate that SP skin expression is reduced in diabetes
during all phases of wound healing, whereas there is a
compensatory increase in mice with deficiency in NK1R.

NEP Gene and Protein Expression Is Increased in the
Skin of WT Diabetic and NK1RKO Mice but Not in
TAC1KO Mice

At baseline, the gene and protein skin expression of NEP,
the enzyme that breaks down SP, was increased in WT
diabetic mice and in both nondiabetic and diabetic
NK1RKO mice (Figure 3, B—E).

In WT nondiabetic wounds, NEP levels increased at day
3 but returned to prewounding levels by day 10. In contrast,
in WT diabetic mice, NEP levels remained elevated at day
10, indicating that this is an additional factor leading to
reduced SP bioavailability.

SP Promotes the Acute Inflammatory Response to Skin
Injury

In WT nondiabetic mice, the IL-6 gene (/l/6) expression
peaked at day 3 and returned to baseline levels at day 10, but
in WT diabetic mice it was persistently increased (Figure 4A).
SP treatment further increased day 3 1I6 gene expression in
WT nondiabetic mice and reduced it at day 10 in WT diabetic
mice. A pronounced increase in /6 gene expression was also
observed in both nondiabetic and diabetic NK1RKO and
TACIKO mice at baseline when compared with their
respective WT controls (Figure 4B). Similar results were
observed for skin keratinocyte—derived cytokine (KC), the
mouse homolog for human IL-8 (Supplemental Figure S2, A
and B), and TNF-a gene (Tnfa) expression (Supplemental
Figure S2, C and D).

Serum IL-6 levels were increased in the diabetic NK1RKO
and diabetic TAC1KO mice at baseline compared with WT
diabetic mice (Figure 4C). At day 3, IL-6 circulating levels
increased in all phenotypes compared with baseline. Of in-
terest, at day 10, IL-6 levels remained increased in WT dia-
betic and NK1RKO diabetic mice, whereas levels returned to

The American Journal of Pathology m ajp.amjpathol.org

baseline in all other conditions. Similarly, higher levels of
KC, granulocyte colony-stimulating factor, and the tissue
plasminogen activator inhibitor-1 were observed in WT
diabetic and/or transgenic mice (Supplemental Figure S3).
The above results indicate that diabetes and deficiency of SP
or its receptor are associated with a chronic low-grade inflam-
mation before wounding, an inability to mount a robust acute
inflammatory response in the early stages of wound healing, and
a persistence of low-grade inflammation at the later phases of
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Figure 4  Substance P (SP) promotes the acute inflammatory phase of
wound healing. Il6 gene expression in wild-type (WT) (A) and mice defi-
cient in neurokinin-1 receptor (NK1RKO) and mice deficient in the Tac1
gene (TAC1KO) (B). C: IL-6 serum levels. The gene expression data are
presented as fold change over the WT mice without diabetes mellitus (DM)
at baseline and are expressed as means & SEM of eight animals (A and B).
Data represent the means + SEM of at least eight animals (C). *P < 0.05
for one-way analysis of variance followed by Fisher's post hoc test (com-
parisons represented in the figure).

1643


http://ajp.amjpathol.org

Leal et al

A Control

Diabetic

M1 [CD68 + TNF-a + DAPI]

M2 [CD68 + CD206 + DAPI]

O

30

?

20

WTdo

WT DMdO
WTd3

WT SPd3
WTd10

WT SPd10
WT DMd10
WT DM SPd10

MCP1 mRNA
(fold change)
o B
|>(-
WT DMd3 |-|
WT DM SPd3 '—l
\*
—*

Figure 5

[

*

M1/M2
—F]
L

WTdO
WTd3
WT SPd3

WT DMdO
WTd10

WT DMd3 '
WT DMd10 b
WT DM SPd10 '

WT DM SP d3
WT SPd10

(@)

g B
1*

M1/M2

WTd3
NK1R KOd3

[=E-N-]
T T T
|~ eXe)
SX¥
£3
ZF

WT DMdo
NK1R KO DMdO
TAC1 KO DMdo

WT DMd3
NK1R KO DMd3

WTd10
NK1R KOd10
TAC1 KOd10

WT DMd10

NK1R KO DMd10
TAC1 KO DMd10

m

30

20

10|—| I_I

MCP1 mRNA
(fold change)
*
*

WTd3
NK1RKOd3

888
= O
£3

WT DMd0
NK1RKO DMd0
TAC1KO DMdO

WT DMd3
NK1RKO DMd3

WTd10
NK1RKOd10
TAC1KOd10

WT DMd10
NK1RKO DMd10
TAC1KO DMd10

Substance P (SP) regulates macrophage function during wound healing. A: M1 and M2 representative images in control and diabetic mouse skin at

baseline. M1/M2 ratio in wild-type (WT) (B) and mice deficient in neurokinin-1 receptor (NK1RKO) and mice deficient in the Tac1 gene (TAC1KO) (C). The M1/M2 ratio
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analysis of variance followed by Fisher’s post hoc test (comparisons represented in the figure). Original magnification: x100 (A). Scale bar = 100 um (A).

healing. SP treatment promotes an acute inflammatory response
that enables progression to the proliferative phase.

SP Modulates Macrophage Phenotype during Wound
Healing

We evaluated the M1 and M2 macrophage polarization
in wound healing progression and calculated the M1/M2
ratio that best reflects the inflammatory state of the wound
(Figure 5 and Supplemental Figure S4). Diabetes increased
the skin M1/M2 ratio at baseline (Figure 5B). In WT
nondiabetic mice, the ratio increased at day 3 and returned
to baseline levels by day 10, whereas there were no post-
wounding changes in WT diabetic mice. At day 10, SP
treatment reduced the diabetes-induced high M1/M2 ratio.
Similarly to WT diabetic mice, nondiabetic and diabetic
NKIRKO and TACI1KO mice had a persistent high M1/M2
ratio through wound healing progression (Figure 5C).

The gene expression of the monocyte chemoattractant
protein (MCP)-1, which recruits monocytes to areas of

1644

inflammation where they are differentiated to macrophages,
was increased at day 3 in WT nondiabetic and diabetic mice
when compared with day 0. At day 10, MCP-1 skin
expression was significantly reduced in WT nondiabetic and
diabetic mice when compared with respective day 3.
However, MCP-1 expression was significantly higher in
WT diabetic mice when compared with WT nondiabetic
mice at day 10 (Figure 5D). SP treatment increased MCP-1
expression at day 3 and reduced it at day 10 in both WT
nondiabetic and diabetic wounds. TAC1KO nondiabetic and
diabetic mice exhibited higher MCPI gene expression at
day O when compared with WT control and WT diabetic
wounds, respectively (Figure 5E).

We also evaluated the skin gene expression of IL-12 and
interferon IFN)-y that promote M1 activation and of IL-10
that promotes M2 activation. SP treatment increased IL-12
expression in WT diabetic wounds at day 3 (Supplemental
Figure S5A). IL-12 was elevated in nondiabetic and dia-
betic NK1RKO and TAC1KO mice at day 0 and in diabetic
NKIRKO and TACIKO mice at day 10 (Supplemental
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expression. SP treatment reduces MMP-9 skin expression in DM. MMP-9 skin gene expression in wild-type (WT) (A) and mice deficient in neurokinin-1 receptor
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animals (C-E). *P < 0.05 for one-way analysis of variance followed by Fisher’s post hoc test (comparisons represented in the figure).

Figure S5B). Similar results were observed in IFN-y and IL-
10 (Supplemental Figure S5, C—F). These results indicate
that, similar to diabetes, SP or NK1R deficiency results in
proinflammatory activation of skin macrophages before
wounding. SP treatment plays a major role in shifting mac-
rophages to the M2 phenotype, promoting wound healing
during the proliferative phase. Furthermore, SP increases the
expression of MCP-1 during the early stages of wound
healing but reduces it in the later stages.

MMP-9 Skin Expression Is Increased in Diabetic and SP
or NK1R Deficient Mice, Whereas SP Reduces MMP-9
Wound Expression

At day 0, skin Mmp9 gene expression was increased in the
WT diabetic mice (Figure 6A). At day 3, both WT nondia-
betic and diabetic mice had increased Mmp9 expression
compared with baseline. However, this increase was higher
in diabetic wounds. SP treatment reduced Mmp9 expression
in the diabetic wounds at day 3. Mmp9 skin gene expression
was increased at day O in nondiabetic NKIRKO and
TACI1KO mice when compared with WT control wounds
(Figure 6B).

Similar results were found regarding MMP-9 protein skin
expression. Thus, MMP-9 protein was increased in WT
diabetic mice at day 0. It increased from baseline at day 3 in
both WT nondiabetic and diabetic mice and returned to
lower levels at day 10 (Figure 6C). However, at day 10,
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MMP-9 protein expression was higher in WT diabetic than
in WT nondiabetic wounds, whereas SP treatment further
reduced it in the WT nondiabetic mice. NK1RKO wounds
had a decrease in MMP-9 levels at day 10 compared with
WT nondiabetic wounds (Figure 6D). In contrast, diabetic
TACI1KO wounds had an increase at day 3 and day 10 when
compared with WT diabetic wounds (Figure 6E). The above
results indicate that deficiency in SP or its receptor leads to
chronically elevated skin MMP-9 expression, whereas SP
treatment reduces it.

Discussion

Normal wound healing is divided into three phases with
limited overlap: coagulation-inflammation, proliferation,
and remodeling.zz*24 In diabetic foot ulceration, this linear
progression from one phase to the next is absent, resulting in
persistence of a chronic proinflammatory state that is present
most of the wound area.”””>*® Previous studies have found
that SP can improve acute skin wound healing in nondia-
betic'® and corneal healing in nondiabetic and diabetic ani-
mals.'* However, its effect on diabetic skin wounds, where a
deficient interplay of multiple cell types and chronic proin-
flammatory environment persist, has not been investigated.
Our results indicate that SP improves cutaneous wound
healing mainly by acting during the inflammatory phase,
when it increases the local and systemic expression of IL-6,
KC (mouse equivalent of human IL-8), and other
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inflammatory cytokines that are known to play a pivotal role
in this phase.”’ Furthermore, SP treatment reduced the
expression of these proinflammatory cytokines at day 10,
clearly indicating resolution of inflammation and progression
to the proliferative phase. On the other hand, lack of SP and/
or its receptor, in TAC1KO and NKI1RKO mice, respec-
tively, had effects similar to diabetes, namely, increased basal
cytokine expression, inability to mount a robust acute in-
flammatory response at day 3, and persistence of a low-grade
proinflammatory state by day 10. This is, to the best of our
knowledge, the first study to find that lack of SP is associated
with the chronic proinflammatory state and the failure to
mount an adequate acute inflammatory response to injury that
occur in diabetes.

We also present evidence that SP affects macrophage
activation phenotype during the various phases of wound
healing. Studies have found that manipulating the phenotype
of endogenous macrophages may be a promising therapeutic
option for improving tissue repair.”**’ In nondiabetic mice,
the M1/M2 ratio peaked at day 3 and returned to baseline
levels at day 10, suggesting progression to the proliferative
phase of healing. In contrast, and in similarity with the
proinflammatory cytokine profile, the baseline M1/M2 ratio
was increased in WT diabetic mice and in NK1RKO and
TACIKO mice. A similar M1 polarization, which is asso-
ciated with a chronic proinflammatory state, has also been
reported in chronic venous ulcers.”” SP treatment at day 10
reduced the M1/M2 ratio in the WT diabetic mice and had a
similar effect on MCP-1 skin expression, which is implicated
in macrophage recruitment in adipose tissue.'®' A possible
mechanism of action of SP is by reducing oxidative stress. In
the presence of increased oxidative stress, macrophages tend
to adopt a more proinflammatory phenotype.’ In addition,
SP reduces oxidative stress in corneal wound healing.”” In
our mouse model, the skin proinflammatory condition at
baseline in WT diabetic mice and in NK1RKO and TAC1KO
mice was also associated with an elevated M1/M2 ratio.
Thus, it is possible that substance P leads to a reduction in
oxidative stress along with a decrease in inflammatory
markers and consequently to a polarization toward the M2
phenotype. However, additional studies will be required to
further investigate this mechanism.

SP treatment also affected the skin expression of MMP-9,
an extracellular protein that is involved in the breakdown of
matrix proteins and growth factors.”” Timely expression of
MMP-9 and other matrix metalloproteinases promotes heal-
ing in acute wounds and other inflammatory conditions,”* ~”
and our data suggest that SP plays an important role in this
pathway.

An additional important finding is that in nonwounded
kin, NK1IRKO and TAC1KO mice mimicked the chronic
proinflammatory state that was present in the skin of WT
diabetic mice, including increased IL-6, KC, TNF-o,, MMP-
9, M1 macrophages, and M1/M2 ratio. These findings
suggest that SP deficiency may be a major factor in pro-
moting the chronic proinflammatory state in diabetes.

1646

There is currently no satisfactory animal model of diabetic
wound healing, and the current consensus it that more than one
animal model should be studied for reliable results. We
confirmed our mouse findings in the neuroischemic diabetic
rabbit ear model that heals with minimal contraction, is char-
acterized by chronic inflammation and increased baseline M1/
M2 ratio,”’ and is probably the closest animal model to the
human neuroischemic diabetic foot ulceration.” ' Because SP
had a similar effect in both mouse and rabbit models, we believe
that they satisfactorily represent the human condition and that the
data support the progression to phase 1/2 clinical trials.

This study has its limitations. We studied only animal
models of type 1 diabetes. However, there are no differences
in diabetic foot ulceration pathophysiology and natural
history between human type 1 and type 2 diabetes, whereas
the chosen models allowed us to study the effect of diabetes
in the transgenic mice. In addition, we did not apply
splinting in the mouse wounds to influence possible healing
by contraction because previous studies found that modu-
lation of extracellular and intracellular tension may inad-
vertently affect wound healing.”” In addition, in our studies
the wound size of diabetic mice tended to increase the first 3
days, indicating reduced contraction. Furthermore, the
confirmation of the observed results in the rabbit model that
heals mainly by reepithelialization with minimal contraction
clearly indicates that the lack of splinting was not a major
factor for the observed results.

Our findings suggest mechanisms related to impaired
wound healing in diabetes that are depicted in Figure 7 and

Diabetes

JSP skin levels

Inflammation (V'SP Expression, TNEP)

~N S

Chronic Prewounding Skin Proinflammatory State
(T IL-6, IL-8, MMP-9, MCP-1, M1/M2 ratio)

|

Inability to Mount Acute Inflammatory Response
In Early Phases of Wound Healing

|

Wound Healing Failure, Chronic Wound

Systemic

Figure 7  Mechanisms of impaired wound healing in diabetes. Systemic
inflammation and reduced substance P (SP) skin bioavailability result in a
chronic skin proinflammatory state that leads to the inability to mount an
acute inflammatory response, culminating in failure to heal and develop-
ment of a chronic wound. MCP-1, monocyte chemoattractant protein-1;
MMP-9, matrix metalloproteinase-9; NEP, neutral endopeptidase.
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can lead to the development of new diabetic foot ulceration
treatments. Thus, systemic inflammation and reduced SP
skin bioavailability result in a chronic skin proinflammatory
state that results in the inability to mount an acute inflam-
matory response, leading to healing failure and the devel-
opment of a chronic wound. NEP inhibitors have been
proposed as possible treatments, but their use is hampered
by the fact that they result in hydrolysis of a large number of
peptides and are associated with serious adverse effects,
such as angioedema.‘“’42 However, local treatment with SP
or SP analogs has the potential not only to promote diabetic
foot ulceration healing but also to reverse the chronic
proinflammatory state present in diabetic skin without major
adverse effects expected.
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