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Chronic, nonhealing skin wounds, such as diabetic foot ul-
cers (DFUs), are common in patients with type 2 diabetes.
Here, we investigated the role of chemokine (C-C motif) li-
gand 28 (CCL28) and its receptor C-C chemokine receptor
type 10 (CCR10) in downregulation of endothelial nitric
(NO) oxide synthase (eNOS) in association with delayed
skin wound healing in the db/dbmousemodel of type 2 di-
abetes. We observed reduced eNOS expression and ele-
vated CCL28/CCR10 levels in dorsal skin of db/db mice
and subdermal leg biopsy specimens fromhuman subjects
with type 2 diabetes. Further interrogation revealed that
overexpression of CCR10 reduced eNOS expression, NO
bioavailability, and tube formation of human dermal mi-
crovascular endothelial cells (HDMVECs) in vitro, which
was recapitulated in mouse dorsal skin. In addition, incu-
bation of HDMVECs with CCL28 led to internalization of
the CCR10/eNOS complex and colocalization with lyso-
some-associated membrane protein 1. Finally, topical ap-
plication of myristoylated CCR10 binding domain 7 amino
acid (Myr-CBD7) peptide prevented CCR10-eNOS interac-
tion and subsequent eNOS downregulation, enhanced
eNOS/NO levels, eNOS/VEGF-R2+ microvessel density,
and blood perfusion, reduced inflammatory cytokine lev-
els, and importantly, decreased wound healing time in

db/db mice. Thus, endothelial cell CCR10 activation in
genetically obese mice with type 2 diabetes promotes
eNOS depletion and endothelial dysfunction, and tar-
geted disruption of CCR10/eNOS interaction improves
wound healing.

Vascular complications of type 2 diabetes greatly reduce
quality of life and likely underlie the 34% lifetime risk of
developing diabetic foot ulcers (DFUs), which precede am-
putation in up to 84% of cases (1,2). Patients with DFUs,
which are associated with a 42% mortality within 5 years,
were also found to have 2.5-fold increased risk of death
compared with patients with diabetes without foot ulcers
(3). The underlying causes of DFUs are multifactorial, with
impaired perfusion and chronic inflammation important
contributors (4). Diabetes and chronic inflammation are also
known to be associated with endothelial dysfunction and de-
fective endothelial nitric oxide (NO) synthase (eNOS)-NO
signaling that in turn result in defective neovascularization
and wound healing (5,6). Diabetic mouse wounds exhibit re-
duced or unproductive angiogenesis and significantly fewer
vessels despite the presence of proangiogenic factors (7). In
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addition, impaired wound healing and angiogenesis defects
have been observed in eNOS-deficient mice (8). However,
the underlying mechanisms of eNOS downregulation in pe-
ripheral microvascular endothelial cells (ECs) in type 2 diabe-
tes and whether these can be targeted therapeutically for
treatment of type 2 diabetes–related syndromes associated
with peripheral vascular disease, such as DFUs, remain to be
elucidated.

Defective wound healing in the mouse model of diet-
induced obesity (DIO) was overcome by increasing NO
production via overexpression of eNOS (9). Acarbose, a
widely used oral glucose-lowering drug prescribed exclu-
sively for patients with type 2 diabetes, increased NO pro-
duction and exhibited the potential to promote wound
healing and improve angiogenesis in diabetic db/db mice
(10). Matrix metalloproteinase 2 (MMP-2) activity, hydroxy-
proline content, and wound breaking strength were signifi-
cantly increased by the NO donor molsidomine, which
partially reversed impaired wound healing in diabetic rats
(11). Further, a statin-loaded tissue-engineered scaffold,
which promotes eNOS expression and NO synthesis, ac-
celerated vascularization, blood supply to wounds, and
decreased wound healing time in a rat model of diabe-
tes (12). Finally, we know that persistent inflammation is a
critical factor in the chronicity of DFUs (13,14) and that
eNOS-derived NO inhibits nuclear factor-kB activity and
thereby can reduce inflammation in animal models (15–17).
While these studies demonstrate the essential role of NO in
neovascularization and wound closure, they do not provide
a permanent solution due to limited bioavailability, oxidant
buffering mechanisms, and desensitization of NO targets
that ultimately negate the long-term effects of NO donors.
Rather, we reasoned that if we could define the etiology of
obesity and type 2 diabetes–linked eNOS downregulation
in the peripheral microcirculation, curative prevention or
treatment strategies for nonhealing skin wounds such as
DFUs, which focus on restoring eNOS expression and NO
bioavailability, may be possible.

Chemokine (C-C motif) ligand 28 (CCL28) was discovered
in 1994 as a ligand for C-C chemokine receptor type 10
(CCR10) (18,19). CCL28 is typically secreted from epithelial
cells, such as in the gut, lung, breast, and salivary gland (20).
Mucosa-specific CCL28 was reported to have a predominant
role in oral wound healing by increasing human gingiva fibro-
blast proliferation, migration, and secretion of interleukin
(IL) 6 and hepatocyte growth factor (21). Facciabene et al.
(22) showed that CCL28 facilitates hypoxia-induced homing
of regulatory T cells that foster tumor angiogenesis by accen-
tuating vascular endothelial (VE) growth factor (VEGF) pro-
duction. CCR10 has been shown to be expressed in primary
human dermal fibroblasts and microvascular ECs, and in
wound-infiltrating ECs in injured BALB/c mice, suggesting
the involvement of CCR10 in cutaneous wound healing (23).
Furthermore, Chen et al. (24) reported that stimulation of
human myeloid cells and ECs with lipopolysaccharide, IL-1b,

IL-6, IL-17, and tumor necrosis factor-a (TNF-a) increased
the expression of CCL28 and CCR10 mRNA.

Recently, we demonstrated that chemokine receptor
CCR10, which is highly expressed in human ECs, mediates
ligand CCL28-dependent EC migration (24), directly binds
to eNOS, and inhibits eNOS activity (25). Here we as-
sessed the hypothesis that upregulation of chemokine
CCL28 in type 2 diabetes and resultant persistent activa-
tion of its primary receptor CCR10 in dermal microvascu-
lar ECs leads to eNOS downregulation via a lysosomal
degradation pathway. We thus assessed levels of CCL28
in plasma and subdermal biopsy specimens from patients
with type 2 diabetes and spontaneous (leptin receptor
mutant, Leprdb) diabetic animals, as well as tissue levels of
CCL28, CCR10, and eNOS in the context of type 2 diabe-
tes and associated vascular dysfunction. In addition, we
hypothesized that topical application of a myristoylated 7
amino acid CCR10 binding domain peptide (Myr-CBD7)
(25) to full-thickness mouse dorsal skin wounds would block
EC CCR10-eNOS interaction in the db/db mouse, prevent or
reverse eNOS downregulation, and restore NO levels and
wound angiogenesis while simultaneously reducing proin-
flammatory cytokine levels and wound healing time. This
study thus tests the idea that targeting a protein-protein
interaction uniquely responsible for eNOS downregulation
in type 2 diabetes may be an effective future strategy for
treating DFUs.

RESEARCH DESIGN AND METHODS

Human Subjects
Participants were recruited from the Chicago, IL, metropoli-
tan area, and all subjects were screened via health history,
medical examination, resting electrocardiogram, and fasting
blood chemistry in the University of Illinois at Chicago Clini-
cal Research Center. Full experimental procedures have been
presented previously (26–28). Briefly, two groups of partici-
pants were recruited, a type 2 diabetes group (n = 8) and a
lean healthy control (LHC) group (n = 10). Following an
�12 h overnight fast, serum and plasma blood samples (an-
tecubital vein) and subdermal needle biopsy specimens of
the vastus lateralis were obtained under local anesthetic
(lidocaine HCl 2%) using a 5 mm Bergstrom cannula with
suction. Tissue was blotted, trimmed of adipose and con-
nective tissue if necessary, and processed according to as-
say. All studies were approved by the University of Illinois
at Chicago Institutional Review Boards and performed in
accordance with the Declaration of Helsinki. Written in-
formed consent was obtained from all research partici-
pants during the initial screening visit.

Mouse Healing Models
All animal procedures were performed in accordance with
the Guide for the Care and Use of Laboratory Animals
(National Institutes of Health). Wild-type (WT; C57BL/
6J) and eNOS�/� mice were purchased from Jackson Lab-
oratory (Bar Harbor, ME). CCR10�/� mice were generated
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in Dr. Na Xiong’s laboratory (UT San Antonio). Depending
on the duration and goal of each study, four 5-mm or two
8-mm full-thickness excisional wounds were made on the
dorsal skin of male mice (9 weeks old) using a standard
skin biopsy punch (Acuderm, Fort Lauderdale, FL) under
ketamine (100 mg/kg) and xylazine (5 mg/kg) anesthesia.
Myristoylated (Myr-) scrambled control peptide (Myr-Ctl-P)
or Myr-CBD7 peptides (25) were applied topically to
wounds in F-127 Pluronic gel (25% gel in saline; Sigma-
Aldrich, St Louis, MO) right after wounding (29). Wound
size was determined as previously described (25,30), and
wound tissues were collected at indicated times for bio-
chemical or histological analysis.

Reagents
F-127 Pluronic gel, dithiothreitol, BSA, and radioimmuno-
precipitation assay (RIPA) buffer were from Sigma-Aldrich
(St. Louis, MO). n-Octyl-b-D-glucopyranoside (ODG) was
from RPI Corp (Mt Prospect, IL). TransIT transfection re-
agent was from Mirus Bio (Madison, WI). Mouse anti-CCR10
and mouse anti-eNOS antibodies were from Santa Cruz Bio-
technology (Dallas, TX). Lipofectamine 2000, DMEM,
DAPI, fluorescently labeled secondary antibodies, TRIzol,
and SYBR Green PCR mix were from Thermo Fisher Scien-
tific (Waltham, MA). Mouse anti-eNOS and mouse anti-
actin antibodies, human recombinant CCL28, and Matrigel
matrix were from BD Biosciences (San Diego, CA). Rabbit
anti-EEA1 and VEGF-R2, mouse anti–lysosome-associated
membrane protein 1 (LAMP1), and eNOS antibodies, rab-
bit monoclonal anti-CD31, and Griess Reagent kit were
from Cell Signaling Technology (Danvers, MA). Nitrocellu-
lose membrane was from Bio-Rad Laboratories (Hercules,
CA). SuperSignal West Femto Kit and Restore Western
Stripping buffer were from Pierce (Rockford, IL). The skin
punch biopsy tool was from Acuderm (Fort Lauderdale,
FL). Mouse ELISA kits were purchased from R&D Systems
(Minneapolis, MN).

Construction of CCR10-GFP Plasmid
To generate the WT, C-terminal green fluorescent protein
(GFP)–tagged C-C motif in CCR10, full-length Homo sapiens
CCR10 cDNA (Addgene, Cambridge, MA) was used as a
DNA template in a PCR reaction with DNA Phusion High-
Fidelity Polymerase (New England BioLabs, Ipswich, MA).
The following primer pair lacking the stop codon was used:
CCR10-ATG-EcoRI-F: 50- AAAAAAGAATTCATGGGGACGG
AGGCCACAGAG-30 and CCR10-NoStop-KpnI-R: 50- AAAA
AAGGTACCAAGTTGTCCCAGGAGAGACTGTG-30. The re-
sultant PCR fragment was digested with restriction en-
zymes 50-EcoRI and 30-KpnI (italicized and underlined in
the primers) and ligated using T4 DNA Ligase (New En-
gland BioLabs) into pEGFP-N1 vector (Clontech, Mountain
View, CA) digested with the same restriction enzymes. The
ligated reaction was transformed into Subcloning Efficient
DH5a Competent Cells (Thermo Fisher Scientific).

Cell Culture and Transfection
Human dermal microvascular ECs (HDMVECs) were pur-
chased from Cell Biologics (Chicago, IL). EC growth me-
dium (EGM-2 plus Bullet kit) was from Lonza (Walkersville,
MD). HEK 293 cells were from the ATCC (Rockville, MD)
and were cultured in DMEM supplemented with 10% FBS
and 1% penicillin/streptomycin. Transfection of CCR10-
GFP cDNA in ECs was by TransIT and in HEK cells by Lipo-
fectamine 2000, as described previously (24,25,28). Cells
transduced with fluorescently tagged proteins were veri-
fied by fluorescence microscopy and immunoblot analysis.

Overexpression of CCR10 with Adenovirus CCR10 in
Dorsal Skin of WT Mice
After WT C57BL/6 mice (9 weeks old) were shaved, 100 mL
adenovirus (Adv)-CCR10 or control Adv (1 × 109 particles/
mL) was subcutaneously injected into four labeled areas of
dorsal skin per mouse. Wounds (5 mm) were produced at
each labeled area 3 weeks after Adv injection. Wound sizes
were measured daily, as described previously (25,30), and
wounds were collected on day 7 and prepared for further
measurements.

NO Measurement
Nitrite measurement of supernatants homogenates of cells
or tissues was analyzed by Griess Reagent, and nitrite level
was normalized to eNOS expression level in the corre-
sponding samples as described previously (30).

Coimmunoprecipitation and Western Blotting
For ECs, following serum starvation, control peptide or
Myr-CBD7 peptide was added 45 min prior to stimulation
for indicated times at 37�C, and cells were then collected
and lysed with RIPA buffer (for Western blotting) or in 2%
ODG in Tris buffer for coimmunoprecipitation (co-IP).
For both human and mouse tissues or excised wounds, at
indicated times, the dorsal skin or wounds were collected
and homogenized in RIPA buffer or in 2% ODG in Tris
buffer, and homogenates were then further prepared for
immunoblotting or co-IP experiments, as described previ-
ously (24,30).

EC Tube Formation
Nearly confluent HDMVECs were transfected with cDNA
of human CCR10-GFP. After 48 h, the cells were trans-
ferred to 96 well plates preloaded with Matrigel matrix,
and images were collected using an Olympus IX51 micro-
scope (Olympus-Life Science, Waltham, MA), as described
previously (24,25).

Synthesis of Myr-Peptides
Myr-scrambled peptide (MSIALKS) and CBD7 (KISASLM)
were synthesized as described previously (25); then,
10 mmol/L aliquots of Myr-peptides in DMSO were stored
at �80�C.
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Immunohistochemistry of Dorsal Wounds
Formalin-fixed mouse skin samples were processed with
an ASP300 S automated tissue processor (Leica Biosys-
tems, Lincolnshire, IL) using a standard overnight proc-
essing protocol and embedded into paraffin blocks. For
staining formalin-fixed paraffin-embedded tissue with
anti-CD31 (Cell Signaling, no. 92841) rabbit monoclonal
antibody (Ab), anti-eNOS mouse monoclonal Ab (BD Bio-
sciences, no. 610297), and anti-VEGFR2 rabbit monoclo-
nal Ab (Cell Signaling, no. 9698) to label ECs, sections
(5 mm) were deparaffinized, rehydrated, and stained on a
BOND RX automated stainer (Leica Biosystems) using a
preset protocol. In brief, for single chromogen immuno-
histochemistry with CD31 Ab, sections were subjected to
EDTA-based antigen retrieval (BOND ER2 solution, pH
9.0) for 20 min at 100�C. Endogenous peroxidase activity
and nonspecific binding was blocked by treating samples
with peroxidase block and protein block (Background
Sniper; Biocare Medical, Pacheco, CA) for 15 and 30 min
at room temperature, respectively. Sections were then in-
cubated with the primary Ab diluted at 1:200 for 30 min
at room temperature. BOND Polymer Refine Detection
kit (Leica Biosystems) was used for detection. All sections
were then counterstained with hematoxylin for 10 min
and mounted with Micromount media (Leica Microsys-
tems). Whole-slide images were acquired at ×20 magnifi-
cation on an Aperio AT2 digital automated scanner (Leica
Biosystems) or Zeiss LSM 880 confocal microscope, as de-
scribed above. For the sequential dual immunofluores-
cence staining with eNOS and VEGFR2, the sections were
subjected to the same antigen retrieval and then incu-
bated with eNOS (1:75) and VEGFR2 (1:100) Abs for 1 h
at room temperature, and the targets were detected with
the secondary Abs conjugated with Alexa-488 (1:400; Cell
Signaling, no. 4408,) and Alexa-555 (1:400; Cell Signaling,
no. 4413,) correspondingly. Nuclei were stained with DAPI
for 10 min at room temperature, and slides were mounted
with ProLong Diamond Antifade mounting media (Thermo
Fisher Scientific, no. P36961). High-power fields were
scanned on Vectra Polaris (Akoya Biosciences), and images
were unmixed in InForm software using the spectral library
prepared from Alexa-488, Alexa-555, and DAPI monostains
and a mouse skin tissue autofluorescent slide. The degree
of colocalization between eNOS and VEGFR2, and vascular
density represented as a percentage of total tissue area oc-
cupied by eNOS and VEGFR2 to the total area of the tissue
was analyzed using QuPath image analysis software.

Confocal Microscopy
For cellular immunostaining, confluent monolayers of cells
grown on coverslips were prepared, and fluorescent images
were obtained using a Zeiss LSM 880 confocal microscope,
as described previously (25,28). The colocalization coeffi-
cient in specified regions of interest (ROI) was determined
using Zeiss Zen software, as described previously (25). For
wound tissue analysis of eNOS and VEGF-R2 immuno-
staining, formalin-fixed, paraffin-embedded sections were

scanned at ×20 magnification with 488/555 nm laser exci-
tation; filtered emissions were collected at 1024 × 1024
pixel resolution with pinhole set to achieve 1 Airy unit and
analyzed using Zeiss Zen and ImageJ software.

Real-Time RT-PCR
Total cellular RNA from mouse skin wounds and human
tissue was extracted using TRIzol. mRNA level used to as-
sess relative gene expression was examined by real-time
RT-PCR using a SYBR Green PCR mix. All primers (listed
in Supplementary Table 1) were purchased from Integrated
DNA Technologies IDT (Coralville, IA). Relative gene ex-
pression was determined by the DDCt method based on
GAPDH levels, as described previously (31,32).

ELISA Measurement
Human tissue, mouse skin wounds, or blood serum were
collected, lysed, and prepared for ELISA measurement of
mouse CCL28, IL-6, TNF-a, IL-1b, and VEGF, according
to the manufacturer’s instructions.

Laser Speckle Contrast Analysis
Dermal perfusion of db/db mouse skin wounds treated with
scrambled control peptide or Myr-CBD7 peptide were ana-
lyzed on day 10 by laser speckle imager, as described previ-
ously (33,34). Blood perfusion was measured in a 100 mm2

surface area, which included the excisional wound, with a
PeriCam PSI System (PeriMed; resolution 0.54 × 0.54 mm,
working distance 10–20 cm).

Statistical Analysis
Data are expressed as mean ± SD. Statistical analysis was
performed using Prism 9.1.0 (GraphPad Software, San Di-
ego, CA). Comparison between two groups was by un-
paired, two-tailed t test with Welch correction for unequal
SDs. Comparison among three or more groups was by
one-way ANOVA. Comparison between two groups with
multiple time points was by two-way ANOVA. In all cases,
statistical significance was defined as P < 0.05.

Data and Resource Availability
The resources and data sets generated during the current
study are available from the corresponding author upon
reasonable request.

RESULTS

Reduced eNOS Expression and Elevated Levels of
CCL28 and CCR10 in Subdermal Tissue From Patients
With Type 2 Diabetes and Full-Thickness Skin Biopsy
Specimens From Genetically Obese and Diabetic
db/db Mice
In a previous study, we showed that the plasma NO con-
centration is higher in the basal state in LHC subjects com-
pared with subjects with type 2 diabetes (26). Here, we
extend this observation by assessing the expression level
of eNOS, an important endothelial marker protein and
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indicator of peripheral vascular health (35), in human sub-
dermal biopsy specimens. As shown in Fig. 1A, the protein
level of eNOS was significantly lower in patients with
type 2 diabetes compared with LHC subjects, consistent
with previous studies (26,28).

We also recently demonstrated that chemokine receptor
CCR10, which is highly expressed in human ECs, mediates
ligand CCL28-dependent EC migration (24), directly binds
to eNOS, and inhibits eNOS activity (25). Thus, we hypoth-
esized that upregulation of chemokine CCL28 in type 2
diabetes and chronic activation of its primary receptor
CCR10 in dermal microvascular ECs may promote eNOS
downregulation. We next assessed the expression level of

chemokine CCL28 and its receptor CCR10 in human
biopsy specimens. CCR10 was elevated significantly in sub-
jects with type 2 diabetes relative to LHC subjects (Fig. 1B;
see Supplementary Table 1 for details on primers). In addi-
tion, the CCL28 level in plasma (Fig. 1C) and subdermal bi-
opsy specimens was higher (Fig. 1D) in type 2 diabetes
compared with LHC subjects. The levels of eNOS and
CCR10 were also measured in diabetic db/db mice, which
exhibited increased body weight, high blood glucose, and
reduced VEGF levels in dorsal skin compared with WT
mice (Supplementary Fig. 1). In dorsal skin of db/db mice,
eNOS expression was significantly reduced (Fig. 1E), and
CCR10 mRNA was elevated (Fig. 1F). Consistent with
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Figure 1—Reduced eNOS expression and elevated CCR10 level in punch biopsy specimens from human subjects and db/db mice with
type 2 diabetes. A: Upper panel, subdermal biopsy specimens obtained from LHC donors and patients with type 2 diabetes were homog-
enized in RIPA buffer and prepared for Western blot. Bottom panel, normalized values of eNOS expression. B: Quantitative real-time
RT-PCR revealed upregulated CCR10 mRNA in type 2 diabetes compared with LHC donors. Elevated plasma level of CCL28 determined
by ELISA and mRNA by real-time RT-PCR in type 2 diabetes samples (C) compared with LHC (D). E: Less eNOS protein level in the dorsal
skin of db/dbmice. Mouse dorsal skin was collected and prepared for Western blotting, and normalized values are shown in the bar graph.
F: Quantitative PCR revealed elevated CCR10 mRNA in db/db mouse dorsal skin compared with WT mice. Increased levels of CCL28 in
plasma (G) and in dorsal skin (H) by ELISA measurement in db/db mice compared with WT mice. I–K: Comparison of mRNA levels of
CCL27 and CCL28 and their receptors CCR3 and CCR10 in dorsal skin tissue of WT and db/dbmice. I: Dorsal skin was collected and pre-
pared for real-time RT-PCR. CCL28 expression level was greater than CCL27 in both WT and db/db mouse skin, and CCL28 expression
was greater in db/db dorsal skin compared with WT. J: CCR10 expression was greater than CCR3 in both WT and db/db mice, while
higher CCR10 mRNA level was obtained in db/db dorsal skin compared with WT. R.U., relative units. K: The signaling pair of CCL28/
CCR10 (black box), rather than CCL27/CCR3, was thus chosen for further study in db/db mouse wound healing. Data are mean ± SD.
*P< 0.05, **P < 0.01, ***P< 0.001.
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human biopsy specimens, the plasma level of CCL28 and
that in dorsal skin was also significantly higher in db/db
mice (Fig. 1G and H). Taken together, patients and mice
with type 2 diabetes exhibit reduced eNOS and elevated
level of CCL28/CCR10. We next determined whether CCL28
activation of CCR10 and direct interaction between CCR10
and eNOS plays a role in the downregulation of eNOS in
type 2 diabetes.

Chemokines CCL27 and CCL28 can both bind to CCR3
(36) as well as CCR10 (18,37), and CCL27 and CCR3 were
reported to be important in wound healing (23,38). We thus
assessed their expression in dorsal skin tissue of C57BL/6
WT and diabetic db/db mice by real-time RT-PCR. mRNA
levels of CCL28 and CCR10 were higher than CCL27 and
CCR3 in both db/db and WT mice (Fig. 1I and J), respec-
tively. Thus, as CCL28/CCR10 (Fig. 1K) were the predomi-
nant isoforms expressed in mouse skin, they were the
primary focus of all subsequent studies.

Reciprocal Relationship Between eNOS and CCR10
Expression in Mouse Dorsal Skin
To better understand the relationship between CCR10
and eNOS, dorsal skin from eNOS�/�, db/db, WT, and

CCR10�/� mice was collected and prepared for determina-
tion of protein expression levels by Western blot. As shown
in Fig. 2A, we observed reduced eNOS and increased CCR10
expression in db/db mice, and interestingly, eNOS expres-
sion was elevated in CCR10�/� mice. On the contrary, the
CCR10 mRNA level in mouse skin was surprisingly elevated
in eNOS�/� mice (Fig. 2B). Thus, whenever CCR10 expres-
sion increases, eNOS level decreases, and vice versa. These
data indicate there may be a counterbalancing relationship
between eNOS and CCR10 and that overexpression and acti-
vation of CCR10 via CCL28 may downregulate eNOS expres-
sion in the skin of diabetic mice.

We next verified the wound healing phenotype of
the four mouse strains. Wounds were produced on the
dorsal skin, and images were collected daily (Fig. 2C).
The db/db mutant and eNOS�/� mouse lines showed sig-
nificantly delayed wound healing compared with WT mice,
and CCR10�/� mice showed only a slight delay in wound
healing (Fig. 2C and D). The db/db mice exhibited the slow-
est wound healing profile, which may be partly due to high
levels of proinflammatory cytokines IL-1b, IL-6, and TNF-a
in the skin (Fig. 2E), in addition to elevated CCL28/CCR10
levels (Fig. 1E–H).

A C E

B

D

Figure 2—Reciprocal relationship between eNOS and CCR10 expression. A: Dorsal skin from eNOS�/�, db/db, WT, and CCR10�/� mice
was collected and prepared for Western blotting to detect eNOS expression; normalized values are shown in the bottom panel. B: mRNA
level of CCR10 in dorsal skin by real-time RT-PCR. Note the expression levels of eNOS and CCR10 are opposite in mouse skin. R.U., rela-
tive units. C: Representative photomicrographs of wounds in WT, CCR10�/�, eNOS�/�, and db/db mice. Four 5-mm full-thickness exci-
sional wounds were made on the mouse dorsal skin, and wound images were acquired at indicated times. D, day. Scale bar, 5 mm.
D: Normalized wound size over time in WT, CCR10�/�, eNOS�/�, and db/dbmice. E: Levels of proinflammatory cytokines IL-1b, IL-6, and
TNF-a in dorsal skin of CCR10�/�, eNOS�/�, db/db, and WT mice were determined by ELISA. Data are presented as mean ± SD.
*P< 0.05, **P < 0.01, ***P< 0.001.
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Overexpression of CCR10 Reduces eNOS Expression
and Delays Wound Healing
To further assess whether the overexpression of CCR10
directly reduces eNOS expression in WT mice, we subcu-
taneously injected Adv-CCR10 in the dorsal skin. After 3
weeks, CCR10 mRNA was significantly elevated compared
with that observed after control Adv injection (Fig. 3A).
In addition, eNOS level was reduced (Fig. 3B), whereas lev-
els of IL-1b, IL-6, TNF-a (Fig. 3C–E), and CCL28 all in-
creased (Fig. 3F) in Adv-CCR10–infected mouse skin. These
mice also displayed delayed skin wound healing compared
with control Adv (Fig. 3G and H), indicating overexpression
of CCR10 induces eNOS downregulation and inflammation,
which may be causally linked to delayed wound healing.

Overexpression of CCR10 Reduces eNOS/NO Levels
and Angiogenesis in Human Dermal Microvascular
ECs and HEK/eNOS Cells
We previously showed that CCR10 was highly expressed in
human umbilical vein ECs (HUVECs) and human endothelial
progenitor cells (24). Following stimulation with 500 ng/mL
CCL28, CCR10 binding to eNOS in human dermal microvas-
cular ECs (HDMVECs) peaked at 5 min (Fig. 4A), similar to
that observed in HUVEC (25). Evidence of CCR10-eNOS in-
teraction was further shown by confocal microscopy (Fig. 4B).

Upon stimulation with CCL28 for 5 min, CCR10 (red) colocal-
ized to a greater extent with eNOS (green) on the plasma
membrane (yellow indicated by white arrows in Fig. 4B).

To better understand whether and how eNOS is regu-
lated by CCR10 in dermal ECs, CCR10-GFP cDNA was trans-
duced in primary culture HDMVECs. As shown in Fig. 4C,
with increasing amount of CCR10-GFP cDNA transfected,
eNOS expression level correspondingly was reduced, as was
EC tube formation in Matrigel (Fig. 4D). Transduction of
CCR10-GFP cDNA in stably selected eNOS-overexpressing
HEK cells (HEK/eNOS) (28) also reduced eNOS expression
and NO production (Fig. 4E and F). However, the reverse
was not also true (i.e., overexpression of eNOS had no effect
on CCR10 expression in stable HEK/CCR10-GFP cells)
(Supplementary Fig. 2). Taken together, these results sug-
gest that overexpression of CCR10 reduces eNOS expression
and NO production, potentially due to direct binding to
eNOS, which results in an attenuated angiogenic response.

Prevention of eNOS Internalization With Myr-CBD7
Peptide in HDMVECs Stimulated With CCL28 With
Myr-CBD7 Peptide
With persistent stimulation, G protein–coupled receptors
(GPCRs) are phosphorylated by G protein receptor kinases
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Figure 3—CCR10 overexpression delays dorsal skin wound healing. A: WT mice were injected subcutaneously in the four typical dorsal
wound regions with 100 mL empty vector Adv control (Adv-Ctl) or CCR10-expressing Adv (Adv-CCR10; 1 × 109 particles/mL), and the skin
was subsequently harvested and homogenized after 72 h. CCR10 mRNA, as determined by RT-PCR, was overexpressed approximately
threefold above basal control level. B: Adv-CCR10 reduced eNOS expression in dermal microvessels. Elevated mRNA levels of IL-1b (C),
IL-6 (D), TNF-a (E), and CCL28 (F) were observed in Adv-CCR10 infected mouse skin. R.U., relative units. G and H: Delayed skin wound
healing was also noted in Adv-CCR10 transfected mice. Four 5 mm full-thickness excisional wounds were produced on the mouse dorsal
skin, and wound images were taken at indicated times. D, day. Scale bar, 5 mm. Data are presented as mean ± SD. Average wound area
of four wounds/mouse is presented as mean ± SD (n = 6). *P < 0.05, **P< 0. 01, ***P< 0.001.
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(GRKs), which leads to the recruitment of b-arrestin and
receptor desensitization (39). Activated GPCRs are gener-
ally internalized via clathrin- or caveolae-mediated endo-
cytosis and either targeted to lysosomes for degradation
or dephosphorylated and recycled back to the cell surface
to enable a new round of activation (39). In a preliminary
study, we observed an increase in colocalization between
eNOS and early endosome antigen 1 (EEA1) in HDMVECs 90
min after treatment with 500 ng/mL CCL28 (Supplementary
Fig. 3), suggesting CCL28-activation of CCR10 in ECs leads
to eNOS internalization.

Recently, we reported that Myr-CBD7 peptide based on
the primary sequence of eNOS could block eNOS interaction
with CCR10, leading to an increase in eNOS activity in
HUVECs (25). Here, we tested whether Myr-CBD7 could
prevent eNOS internalization and degradation in HDMVECs
and determined whether this affected NO production.

Confocal microscopy revealed that eNOS (green) colocalized
(yellow) with LAMP1 (red) in the perinuclear region of cells
pretreated with control peptide (middle panel in Fig. 5A).
The increase in colocalization between eNOS and LAMP1
was abolished by pretreatment of Myr-CBD7 peptide in the
LAMP11 ROI (Fig. 5B), and eNOS remained on the plasma
membrane (indicated by white arrows in bottom panel of
Fig. 5A), similar to no treatment (top panel in Fig. 5A).
However, eNOS co-IP experiments further indicated that
both eNOS and CCR10 interact with LAMP1 (Fig. 5C–E),
suggesting that both proteins are internalized and targeted
for degradation in lysosomes. However, whereas pretreat-
ment of ECs with Myr-CBD7 reduced eNOS interaction
with LAMP1 in CCL28-stimulated cells (Fig. 5D), it had
no effect on CCR10-LAMP1 interaction, supporting the
premise that Myr-CBD7 prevents eNOS binding and in-
ternalization with CCR10 leading to its degradation.
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Figure 4—CCR10 overexpression downregulates eNOS and attenuates angiogenesis. A: Increased interaction between CCR10 and
eNOS in HDMVECs following treatment with 500 ng/mL CCL28. After treatment, the cells were collected and immunoprecipitated (IP) with
anti-eNOS Ab. Normalized ratios between CCR10 and eNOS are shown in the bottom panel. IB, immunoblot; R.U., relative units. Data are
presented as mean ± SD. *P< 0.05, **P< 0.01, ***P< 0.001 vs. time 0. B: Confocal microscopy reveals colocalization (white arrows) be-
tween CCR10 (red) and eNOS (green) in HDMVECs following stimulation with 500 ng/mL CCL28 for 5 min. DAPI (blue) is a nuclear marker.
NT, no treatment. Scale bar, 10 mm. Similar results were observed in five independent experiments. C: eNOS expression in HDMVECs
transduced with CCR10-GFP cDNA. Cells were collected 48 h after transfection with different amounts of CCR10-GFP cDNA and lysed
for Western blotting. Normalized expression of eNOS and CCR10 are shown in the bottom panel. D: Angiogenesis (tube formation) of
HDMVECs transfected with CCR10-GFP cDNA. Top panel, photomicrographs of EC tubes on Matrigel-coated plates 2 days after trans-
fection in culture medium supplemented with 500 ng/mL CCL28. Bottom panel, normalized EC tube number. Data are presented as
mean ± SD. **P < 0.01, ***P < 0.001 vs. 0 mg CCR10-GFP; P < 0.001 vs. 2 mg CCR10-GFP. Reduced eNOS expression level (E) and NO
production (F) in HEK/eNOS cells transduced with CCR10-GFP cDNA. Data are presented as mean ± SD. **P < 0.01, ***P < 0.001 vs.
0 mg CCR10-GFP; P< 0.001 vs. 2 mg CCR10-GFP.
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Protein levels of the samples prior to IP (loading con-
trols) were not different (Supplementary Fig. 4).

Furthermore, in HEK/eNOS cells transfected with CCR10-
GFP, NO production was elevated significantly by pretreat-
ment with Myr-CBD7 compared with control peptide (Fig.
5F). These data suggest that eNOS, due to its interaction
with CCR10, is internalized and degraded following ac-
tivation of ECs with CCL28. Myr-CBD7–mediated blockade
of eNOS-CCR10 interaction led to reduced degradation in ly-
sosomes, maintenance of eNOS expression and localization
at the plasma membrane, and greater NO production.

Topical Application of Myr-CBD7 to Dorsal Skin
Wounds on Diabetic db/db Mice Enhanced eNOS/NO
Levels, Microvessel Density, Blood Perfusion, and
Wound Healing
Two 8-mm full-thickness excisional wounds were made
on the dorsal skin of diabetic db/db mice, and then 50 mL
of 50 mmol/L Myr-CBD7 or scrambled control peptide

(Myr-Ctl-P) was topically administered. Myr-CBD7 pep-
tide treatment significantly decreased wound healing time
by 4 days (wound size on mice treated with control pep-
tide on days 8, 10, and 12 was equivalent to Myr-CBD7
treated wounds on days 4, 6, and 8, respectively). Myr-
CBD7 reduced wound size significantly starting on day 4
to a mean of 27.9% of the day 0 wound size as compared
with 51.5% of the original 8 mm wounds in the Myr-
Ctl-P treated group (P < 0.001 by two-way ANOVA for
repeated measures) on day 12 (Fig. 6A). Both eNOS expres-
sion (Fig. 6B) and NO production (Fig. 6C) were elevated
significantly in wounds on day 12 following treatment
with Myr-CBD7 peptide. Furthermore, we observed re-
duced CCR10-eNOS interaction in mouse wounds by co-IP
(Fig. 6D), and CD31 immunostaining of wound sections
revealed enhanced microvessel density on day 12 follow-
ing Myr-CBD7 treatment (Fig. 6F) relative to Myr-Ctl-P
(Fig. 6E). In other experiments, day 10 skin wounds in
db/db mice treated with Myr-CBD7 (Fig. 6G) exhibited a

A

C D E F

B

 (μ
m

ol
/L

)
Figure 5—Myr-CBD7 treatment prevents eNOS degradation by blocking eNOS-LAMP1 interaction in HDMVECs stimulated with CCL28.
A: In cells pretreated with control peptide, eNOS (green) internalization and colocalization with LAMP1 was observed following stimulation
with 500 ng/mL CCL28 for 3 h (middle panel), whereas eNOS remained associated with the plasma membrane of ECs pretreated with Myr-
CBD7 peptide (bottom panel), similar to no treatment (NT) (top panel). Scale bar, 10 mm. B: Enlarged images of white boxes in panel A. Bar
graph: colocalization coefficient between eNOS and LAMP1 in LAMP11 ROI (white boxes). Scale bar, 10 mm. (C) After the same treatment
as in A, cells were collected, and anti-LAMP1 Ab was used to immunoprecipitate (IP) cell lysates. IB, immunoblot. Normalized interaction be-
tween LAMP1 with eNOS (D) and CCR10 (E). R.U., relative units. (F) Effect of Myr-CBD7 peptide on NO production in HEK/eNOS cells trans-
fected with CCR10-GFP cDNAs. After pretreatment with 50 mmol/L Myr-control or CBD7 peptide, cells were further stimulated with 5 mmol/L
A23187 for 1 h at 37�C. Supernatants were assessed for total nitrite concentration. Data are presented as mean ± SD. *** P< 0.001.
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significant increase in blood perfusion (Fig. 6H) detected
by near-infrared laser speckle contrast analysis. These
data suggest Myr-CBD7 peptide treatment prevents eNOS
inhibition and internalization/degradation in association
with CCR10 and that this enhances NO production, mi-
crovessel density, and blood perfusion, which contributes
significantly to improving skin wound healing in obesity-
induced diabetic mice.

Alteration of Dorsal Skin Wound Microenvironment in
db/db Mice Following Topical Administration of
Myr-CBD7 Peptide
In addition to the observed increase in microvessel density
and blood perfusion in db/db mouse wounds following
treatment with Myr-CBD7 peptide, we also investigated
whether topical application of Myr-CBD7 affects key in-
flammatory factors associated with the wound healing

processes. Mouse wounds on day 3 (inflammation phase)
and day 12 (proliferation and remodeling phases) were
collected and prepared for determination of targeted fac-
tors by ELISA, immunohistochemistry, and real-time
RT-PCR (Fig. 7).

On day 3, wounds treated initially with Myr-CBD7 pep-
tide showed reduced CCL28 as well as proinflammatory cy-
tokines IL-1b, IL-6, and TNF-a (M1 markers) by ELISA
(Fig. 7A–D). In addition, mRNA levels of IL-6 and CCR10
were reduced (Supplementary Fig. 5). Interestingly, mRNA
level of arginase 1 (Arg1; M2 marker) (Fig. 7E) increased,
while transforming growth factor (TGF)-b1 (Fig. 7F), but
not TGF-b2 (Supplementary Fig. 5) was decreased in
Myr-CBD7 peptide–treated wounds.

On day 12, db/db mouse wounds treated with Myr-CBD7
showed an elevated level of VEGF (Fig. 7G), which was still
lower than that observed in WT mice (Supplementary Fig. 2).
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Figure 6—Topical application of Myr-CBD7 elevated eNOS/NO level and microvessel density in association with reduced db/db mouse
skin wound healing time. A: Representative photomicrographs of 8-mm full-thickness excisional wounds after treatment with 50 mL of
50 mmol/L Ctl-P or Myr-CBD7 peptide per wound. Scale bar, 8 mm. D, day. Myr-CBD7 peptide in Pluronic solution was topically applied
twice during the first 24 h after wounding, which reduced wound size significantly from day 4 onward. Myr-CBD7 increased eNOS expres-
sion (B) and elevated NO production (Griess reaction) (C) on day 12 after treating db/db mouse wounds with Myr-CBD7. R.U., relative
units. D: Myr-CBD7 reduced CCR10-eNOS interaction observed by co-IP from day 12 mouse wounds compared with control peptide. IB,
immunoblot. Immunohistochemical staining of CD31 (brown color) in dorsal wounds of db/dbmice after treatment with control peptide (E)
compared with Myr-CBD7 (F) on day 12 (representative of at least eight independent experiments). Blood perfusion measured by laser
speckle contrast analysis (G) in db/db mouse wounds (H) (same wounds that are shown in panel G) was significantly enhanced on day 10
in mice treated with Myr-CBD7 peptide. Scale bar, 5 mm. Data are presented as mean ± SD. *P< 0.05, **P < 0.01, ***P< 0.001.
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There was also an increase in the mRNA levels of anti-
inflammatory cytokines IL-13 and IL-4 (M2 markers) (Fig. 7H
and I), as well as insulin-like growth factor 1 (IGF-1) (Fig. 7J)
and extracellular matrix proteins collagen I (Col I) and Col III
(Fig. 7K and L). In addition, Myr-CBD7 treatment enhanced
microvascular eNOS and VEGFR2 protein expression and ves-
sel density (Fig. 7M) and mRNA expression of EC markers
eNOS, CD31, VEGFR2, and VE-cadherin (Supplementary Fig.
5D–G). Taken together, these data suggest that blocking
CCR10-eNOS interaction with Myr-CBD7 peptide upregulates
eNOS/NO production and that this leads to a switch
from the predominantly proinflammatory (M1) to an
anti-inflammatory (M2) environment conducive of an-
giogenesis required for accelerating the otherwise dys-
functional diabetic skin wound healing program (Fig. 8).

DISCUSSION

In this series of experiments, we established a novel
mechanism linking excessive CCL28/CCR10 signaling to

the downregulation of eNOS expression and NO produc-
tion associated with inflammation, dysfunctional vasore-
gulation, reduced angiogenesis, and delayed skin wound
healing in type 2 diabetes. First, we observed higher levels
of CCL28/CCR10 and less eNOS expression in subdermal
biopsy specimens from subjects with diabetes compared
with LHC subjects and from the dorsal skin of diabetic
mice. Next, confirming the above findings, we were able
to show that overexpression of CCR10 induces the down-
regulation of eNOS and that this leads to 1) reduced NO
production and angiogenesis in vitro and 2) increased in-
flammatory cytokine levels and delayed dorsal skin wound
healing in vivo. Finally, we demonstrated using a novel
peptide inhibitor of CCR10-eNOS interaction (Myr-CBD7)
(25) that disruption of CCR10-mediated eNOS downregu-
lation was sufficient to restore eNOS/NO levels, enhance
angiogenesis, and decrease wound healing time in the
db/db diabetic mice. Importantly, this innovative peptide
strategy of reversing endothelial pathobiology and im-
proving angiogenesis and skin wound healing in type 2
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Figure 7—Alteration of db/db mouse wound microenvironment by treatment with Myr-CBD7 peptide. Skin wounds of db/dbmice treated
with 50 mmol/L Myr-CBD7 or Myr- Ctl-P were collected on day 3 or day 12 and analyzed by ELISA or RT-PCR. By day 3, Myr-CBD7 re-
duced the levels of CCL28 (A) and proinflammatory cytokines TNF-a (B), IL-1b (C), and IL-6 (D), increased Arg1 mRNA (E), and decreased
TGF-b1 mRNA (F). R.U., relative units. By day 12, Myr-CBD7 treatment resulted in the upregulation VEGF (G) and anti-inflammatory cyto-
kines IL-13 (H) and IL-4 (I) as well as IGF-1 (J), Col I (K), and Col III (L) genes in db/dbmouse wounds.M: Fluorescent immunohistochemis-
try of eNOS and VEGFR2 in formaldehyde-fixed paraffin-embedded wound tissue sections following initial treatment with Myr-Ctl-P or
Myr-CBD7 at day 12. Note increase in vessel density and percentage of double-positive vessels in Myr-CBD7–treated wounds. Data are
mean ± SD (n = 6–8). *P < 0.05, **P< 0.01, ***P< 0.001.
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diabetes may provide a targeted therapeutic approach for
treatment of DFUs (Fig. 8).

In patients with diabetes and individuals with chronic
inflammatory vascular disease/peripheral vascular disease,
skin wound healing is delayed, resulting in chronic
“nonhealing” wounds (40). Persistent hyperglycemia in di-
abetes leads to EC dysfunction, which results in decreased
proangiogenic signaling and NO production (41) in both
macro- and microvascular beds in animals and human
subjects (42,43). A poor vasodilatory response in distal
tissues results in reduced blood flow and delivery of es-
sential cellular nutrients in DFUs (44). Decreased NO
and microvascular dysfunction in DFUs also contributes
to diabetic peripheral neuropathy with decreased sensa-
tion, often leading to an undetected tissue injury. Such
an injury is compounded by inflammation and vascular
dysfunction due to reduced eNOS/NO levels leading to
slower healing, high risk for infection, and limb/nerve is-
chemia (43–46). Although extensive studies have established

that inflammation, ischemia, and neuropathy contribute to
the development of DFUs, there is a lack of knowledge of
the cellular and molecular mechanisms associated with en-
dothelial dysfunction and pathological angiogenesis that
limits our ability to effectively treat DFUs (4).

Delayed wound healing observed in eNOS�/� mice was
strikingly similar to that observed in db/db mice. In addi-
tion to impaired wound healing (8), eNOS�/� mice also
exhibit abnormalities in vascular function, including insu-
lin resistance (47). The diffusible free radical NO partici-
pates in the orchestration of wound healing and critically
influences macrophage, fibroblast, and keratinocyte be-
havior (48,49) as well as vascular growth and remodeling
during repair (50,51). The beneficial effects of NO on
wound repair are attributed to the regulation of angiogen-
esis, inflammation, cell proliferation, matrix deposition,
and remodeling (51,52). NO donor or genetic augmenta-
tion of eNOS expression in rat or human vascular smooth
muscle cells enhanced vascular generation of VEGF (53,54),

Figure 8—Schematic hypothesis: Excessive CCL28-dependent CCR10-mediated eNOS downregulation in dermal microvessels of sub-
jects with type 2 diabetes. Left panel, overexpression of CCL28 activates its receptor CCR10, promoting direct binding to eNOS in ECs.
eNOS is internalized together with CCR10, a GPCR, into EEA11 and LAMP11 structures where it is presumed to be degraded. Thus, the
data indicate eNOS expression/NO production is reduced, leading to aberrant angiogenesis, inflammation, and delayed wound healing in
type 2 diabetes. Right panel, treatment with Myr-CBD7 blocks CCR10-eNOS interaction, upregulates eNOS expression and NO produc-
tion, and results in enhanced angiogenesis, normalized inflammation, and improved skin wound healing in subjects with type 2 diabetes.
PM, plasma membrane.
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one of the most potent proangiogenic agents (55). eNOS-
derived NO induces S-nitrosylation of p65 and subsequent
nuclear factor-kB inhibition (56). Topical application of the
NO donor S-nitrosoglutathione to wounds significantly in-
creased the mRNA expression levels of IGF-1 and acceler-
ated wound healing in C57BL/6 mice (57). The NO donor
S-nitroso-N-acetyl-penicillamine also enhanced collagen syn-
thesis by rat dermal fibroblasts (58).

Consistent with the above findings, we observed that
during the early phase (e.g., day 3) of the diabetic wounds,
Myr-CBD7 peptide reduced proinflammatory cytokines IL-
1b, IL-6, and TNF-a and increased the level of anti-inflam-
matory Arg1. At a later stage of wound healing (e.g., day
12), we observed increased levels of growth factors VEGF
and IGF-1, Col I and Col III, and anti-inflammatory cyto-
kines IL-13 and IL-4 that are essential for cell proliferation
and wound healing. Importantly, the effect of Myr-CBD7,
whose sequence is based on the CCR10 binding domain of
eNOS (19,25), is to specifically block eNOS degradation in
ECs and thereby upregulate NO bioavailability required for
angiogenesis and anti-inflammatory effects. Indeed, levels
of several EC markers (CD31, VEGFR2, and VE-cadherin)
were elevated in addition to eNOS, most likely reflecting
the increase in eNOS expression as well as EC number as-
sociated with a productive angiogenic response. While time
to complete wound closure was not determined in this
study, mean wound size was nearly double in diabetic
wounds treated with the control peptide compared with
Myr-CBD7–treated wounds on day 12. Overall, our study
highlights the potential of restoring eNOS-derived NO pro-
duction using an inhibitor of CCR10/eNOS protein-protein
interaction, Myr-CBD7. This novel and highly targeted
strategy for decreasing inflammation and increasing angio-
genesis in the dysfunctional diabetic wound microenviron-
ment may be able to accelerate diabetic wound healing.

There are potential limitations to our study. First and
foremost, we have targeted CCR10-mediated eNOS down-
regulation as a key determinant of nonhealing wounds,
and we know there are many other cells that respond to
CCL28 via CCR10 signaling as well as other mediators
that contribute to chronic inflammation associated with
nonhealing diabetic skin wounds. Thus, it would be infor-
mative to compare the effect of blocking excessive CCL28
signaling via monoclonal neutralizing Ab (thus preventing
CCL28 signaling in all responsive cell types in the wound),
to the effect of Myr-CBD7 peptide treatment of db/db
mouse wounds that targets the CCR10/eNOS interaction
in ECs. Ideally, this experiment would also be performed
in db/db mice treated with an eNOS inhibitor or following
eNOS depletion to be able to understand the role of
eNOS-derived NO production versus inhibition of other
CCR10-signaling mechanisms in the anti-inflammatory ef-
fects of Myr-CBD7 versus anti-CCL28 Ab. Second, we
have not measured the peptide concentration achieved by
our topical delivery protocol in vivo (in the wound or cir-
culation) during the first 24 h after skin wounding.

Establishing critical pharmacokinetic profiles of Myr-CBD7
and the scrambled control peptide will be important next
steps in the development of treatment protocols and for
establishing effectiveness and safety profiles prior to
first-in-human trials. Third, there are, of course, major
differences in wound size, depth, diffusion distances, and
the proteolytic environment between mouse and human
skin wounds. Nonetheless, we speculate, based on the ob-
served similarities in CCL28 upregulation and CCR10-
dependent eNOS downregulation, that topical application
of Myr-CBD7 will also stimulate wound healing of human
DFUs by enhancing NO bioavailability and thereby reduc-
ing inflammation and promoting angiogenesis.

In summary, we established a novel mechanism of
CCL28-mediated CCR10-dependent downregulation of
eNOS expression in diabetic dermal microvessels. In-
hibition of CCR10-eNOS interaction restored eNOS-derived
NO production, which normalized inflammation, enhanced
angiogenesis, and reduced skin wound healing time in dia-
betic mice, suggesting this mechanism has the potential
to be targeted pharmacologically for treating nonhealing
wounds such as DFUs.
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