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Melatonin promotes diabetic wound healing in vitro by
regulating keratinocyte activity
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Abstract: Diabetic patients are at high risk of developing delayed cutaneous wound healing. Proper keratinocyte
proliferation and migration are crucial steps during re-epithelialization. Melatonin (Mel) accelerates wound repair
in full-thickness incisional wounds; however, its role in diabetic wound healing is unknown. This study explored the
role of Mel in diabetic wound healing in vitro by using high glucose (HG)-cultured keratinocytes. Mel reduced the
HG-induced mRNA expression and release of pro-inflammatory cytokines, including tumor necrosis factor-a, inter-
leukin (IL)-1B, IL-6, and IL-8, in keratinocytes. Mel inhibited oxidative stress, as evidenced by reduced production
of reactive oxygen species and malondialdehyde and increased activity of superoxide dismutase in HG-stimulated
keratinocytes. Mel also inhibited HG-induced nucleotide binding oligomerization domain-like receptor family pyrin
domain-containing 3 inflammasome activation in keratinocytes. HG-induced reduced migration and proliferation
and increased apoptosis of keratinocytes were counteracted by Mel treatment. The pro-proliferative, pro-migratory,
and anti-apoptotic effects of Mel on HG-treated keratinocytes were mediated by extracellular signal-regulated ki-
nase signaling pathway. Results collectively suggested that Mel is an alternative therapeutic strategy to ameliorate
poor condition for diabetic wound healing by regulating keratinocyte activity.
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Introduction

Diabetes mellitus (DM) is a chronic inflamma-
tory disease. Diabetic foot ulcer (DFU) is a com-
mon and tiring complication of DM and the
leading cause of disability and mortality among
diabetics [1]. Up to 15% of diabetic patients
develop chronic DFU, and 84% of these cases
lead to amputation [1, 2]. Although therapy for
DFU was reinforced in the past few years,
improvement remains limited. Thus, novel
effective therapeutic treatments for this chron-
ic diabetes complication are urgently needed.

Keratinocyte is critical for wound closure
because of its role in re-epithelialization, which
is mediated by proliferation and migration of
keratinocytes [3]. Diabetic wound healing dif-
fers from the normal healing process [4].
Normal wound healing is a carefully orchestrat-
ed process involving proper induction of inflam-

matory cytokines. However, persistence of
inflammation is associated with impaired re-
epithelialization among diabetic patients [5].
Dysregulation of glucose homeostasis and ele-
vated glucose levels are the central etiologies
of diabetes [6]. Hyperglycemia increases the
levels of pro-inflammatory cytokines, such as
tumor necrosis factor-a (TNF-a), interleukin (IL)-
1B, and IL-6, and increases oxidative stress,
and these factors mainly cause impaired wound
healing [7, 8]. Excessive production of reactive
oxygen species (ROS), resulting in damages to
cellular membranes, lipids, proteins, and DNA,
becomes deleterious to wound healing [5, 9].
Studies have demonstrated that nucleotide
binding and oligomerization domain-like recep-
tor family pyrin domain-containing 3 (NLRP3)
inflammasome is activated in DM patients [10].
Sustained activation of NLRP3 inflammasome
in macrophages impairs wound healing in
humans and mice with type 2 diabetes [11]. A
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recent study has shown that high glucose (HG)
primes NLRP3 inflammasome in mesangial
cells via a ROS-mediated pathway [12]. In addi-
tion, HG stimulation promotes ROS generation
as well as inhibits the proliferation and migra-
tion and reduces the apoptosis of keratinocytes
[13, 14]. The role of extracellular signal-regulat-
ed kinase (ERK) signaling in specific aspects of
wound healing, including cell proliferation,
migration, and apoptosis, has begun to be
investigated [15]. ERK phosphorylation is sig-
nificantly suppressed in keratinocytes under
HG conditions [13]. Moreover, the proliferative
and migratory activities of adiponectin-stimu-
lated keratinocytes were inhibited by ERK inhib-
itors [16]. However, it remains unknown wheth-
er ERK signaling is involved in proliferation,
migration, and apoptosis of keratinocytes
under HG conditions.

Melatonin (Mel), an indoleamine synthesized
from tryptophan, is produced by the pineal
gland and other organs, including retina, gas-
trointestinal tract, and skin [17]. Mel possess-
es widespread neuroprotective, antioxidant,
and anti-inflammatory properties [18, 19].
Studies have demonstrated that Mel can pre-
vent several complications of diabetes, such as
pancreatic, renal, liver, neural, and corneal inju-
ries [20-24]. Mel notably accelerates wound
repair in full-thickness incisional wounds [25].
Although a range of protective effects of Mel
have been reported in diabetes-related diseas-
es, the underlying molecular mechanisms of its
action on diabetic wound healing have not yet
been fully evaluated.

By using a cultured keratinocyte cell model, we
found that Mel reduced HG-induced pro-inflam-
matory cytokine levels and oxidative stress.
Mel inhibited HG-induced NLRP3 inflamma-
some activation in keratinocytes. Mel promot-
ed the proliferation and migration and reduced
the apoptosis of HG-cultured keratinocytes.
The pro-proliferative, pro-migratory, and anti-
apoptotic effects of Mel on HG-cultured kerati-
nocytes were dependent on ERK signaling.
Overall, Mel accelerated diabetic wound heal-
ing in vitro by regulating keratinocyte activity.

Materials and methods
Keratinocyte isolation and culture

Primary keratinocytes were derived from neo-
natal SD rats (postnatal day 1) as previously
described [13]. The rats were successively
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washed with water, 5% polyvinylpyrrolidone,
and 70% ethanol and then rinsed with phos-
phate-buffered saline (PBS) at least thrice. Full-
thickness skins were cultivated from rat trunk
under aseptic conditions and soaked in penicil-
lin and streptomycin (all from Sigma-Aldrich, St.
Louis, MO, USA) for 15 min. The fat and mem-
branous materials were subsequently removed,
and the tissues were cutinto 1 cm x 1 cm piec-
es and incubated overnight in 2.5 mg/mL dis-
pase (Invitrogen, Carlsbad, CA, USA) at 4°C.
The epidermis was mechanically separated
from the underlying dermis, washed, minced,
digested with 0.25% trypsin-EDTA at 37°C for
30 min, and then cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM; Gibco, Carlsbad,
CA, USA) supplemented with 15% fetal bovine
serum (FBS; Gibco). The mixture was filtered
through a sterile 100 pm filter to remove the
undigested fragments. The acquired suspen-
sion was subsequently centrifuged, suspended
in DermalLife K Calcium-Free Medium and sup-
plements (Lifeline Cell Technology, Walkersuville,
MD, USA), and plated onto collagen |-coated
culture dishes (Becton Dickinson, Bedford, MA,
USA).

Keratinocyte treatment

The keratinocyte treatments included the fol-
lowing: (1) Control group: cells were cultured in
normal glucose (NG; 6 mM) medium; (2) HG
group: cells were cultured in 26 mM glucose
medium; (3) HG + Mel group: the cells were
incubated with 1 mM Mel for 24 h prior to HG
treatment. At the indicated time points after NG
or HG incubation, the cells and supernatants
were collected for subsequent experiments. In
blocking experiments, keratinocytes were pre-
treated with 10 uM ERK inhibitor (U0126; Cell
Signaling Technology, Danvers, MA, USA) for 30
min, washed, and incubated with different
treatments for the indicated time points.

Quantitative real-time PCR (qPCR)

Total RNA from keratinocytes was extracted
using the TRIzol method (Invitrogen) and pro-
cessed according to the manufacturer’s
instructions. Using a reverse transcription kit
(Promega, Madison, WI, USA), approximately 5
mg of RNA was reverse transcribed into cDNA,
which served as template for PCR. Amplification
and detection were performed on an ABI Prism
7500 sequence detection system (Applied
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Biosystems, Hammonton, NJ, USA). The fold
changes in mRNA level were calculated by
2-84¢t Glycerinaldehyd-3-phosphate dehydroge-
nase (GAPDH) was used as endogenous con-
trol. The primer sequences used are listed: for
TNF-a, 5-TTG ACCTCAGCGCTGAGTTG-3’ (for-
ward), and 5’-CCTGTAGCCCACGTCGTAGC-3’ (re-
verse); for IL-1B, 5-CAGGATGAGGACATGAG-
CACC-3’ (forward), and 5-CTC TGCAGACTCAA-
ACTCCAC-3’ (reverse); for IL-6, 5’-GTACTCCAGA-
AGACCAG AGG-3’ (forward), and 5-TGCTGG-
TGACAACCACGGCC-3’ (reverse); for IL-8, 5'-TCA-
ACGGGCAGAATCAAAGAG-3’ (forward), and 5™-
CTCAGACAGCGAGGC ACATC-3’ (reverse), and
for GAPDH, 5-AGGTCGGTGTGAACGGATTTG-3’
(forward), and 5-TGTAGACCATGTAGTTGAGGTC-
A-3’ (forward).

Enzyme-linked immunosorbent assay (ELISA)

Supernatants derived from keratinocytes culti-
vated for 72 h after NG or HG treatment were
collected and stored at -20°C. TNF-«, IL-18,
IL-6, and IL-8 productions were determined
using commercially available ELISA kits (R&D
Systems, Minneapolis, MN, USA) according to
the manufacturer’s instructions. Absorbance
was read on a microplate reader at 490 nm
(BioTek Instruments Inc., Winooski, VT, USA).

Measurement of intracellular ROS

Measurement of intracellular ROS was based
on ROS-mediated conversion of the non-fluo-
rescent 2’,7’-dichlorofluorescein diacetate (DC-
FH-DA) into fluorescent 2’,7’-dichlorofluoresce-
in (DCFH). Briefly, keratinocytes were seeded
into a 6-well plate at a density of 1 x 10* cells/
well. After performing different treatments,
DCFH-DA was added into each well at a final
concentration of 10 yM, and the plates were
incubated at 37°C for 30 min in the dark. The
cells were washed twice with PBS, and DCFH
fluorescence from each well was excited at 485
nm; fluorescence emission was measured at
520 nm by using a microplate reader (BioTek).

Measurement of superoxide dismutase (SOD)
and malondialdehyde (MDA) levels

SOD and MDA levels were determined using
commercially available kits (Nanjing Jiancheng
Biological Engineering Institute, Nanjing,
China). Briefly, following different treatments,
keratinocytes were lysed and centrifuged at
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12,000 g for 10 min at 4°C, and then the super-
natants were collected. SOD and MDA levels in
the supernatant were measured according to
the protocols and then analyzed on a micro-
plate reader (BioTek). The absorbance was read
at 450 (SOD) and 530 nm (MDA). The levels
were calculated using a standard calibration
curve and expressed in U/mL (SOD) and umol/
mg protein (MDA). Data were expressed rela-
tive to those of the control.

Cell viability assay

Cell viability was measured using the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetra-
zolium bromide (MTT) assay. Briefly, the kerati-
nocytes were seeded on 96-well plates at a
density of 1 x 10* cells/well and incubated with
different treatments for 72 h. MTT (Sigma; 0.5
mg/mL) was subsequently added into each well
and then incubated at 37°C for 4 h. The forma-
zan product was dissolved in 100 pL of dimeth-
yl sulfoxide at 37°C for 30 min, and absorbance
at 570 nm was measured with a microplate
reader (BioTek).

BrdU incorporation assay

Keratinocytes were seeded into 96-well plates
(1 x 10* cells/well) and cultured for 72 h under
different treatments. The cells were subse-
quently incubated with a medium containing
BrdU (Boster Biological Engineering, Wuhan,
China) for 2 h. BrdU incorporation was mea-
sured using a cell-proliferating ELISA kit (Roche
Diagnostics, Basel, Switzerland) according to
the manufacturer’s instructions.

Clonogenic assay

Keratinocytes were seeded on 6-well plates in
triplicate at a density of 1000 cells/well in 1.5
mL of DMEM containing 10% FBS under differ-
ent treatments. The cells were kept under
humidified atmosphere of 95% air and 5% CO,
at 37°C and allowed to grow for 14 days. The
culture medium was replaced every 3 days. The
cell colonies were fixed in 4% paraformalde-
hyde and stained with 0.5% crystal violet
(Sigma) followed by rinsing with PBS thrice.
Colonies consisting of more than 50 cells were
counted under a microscope (Olympus, Tokyo,
Japan). All colonies were photographed for sub-
sequent analysis, and area is measured using
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the Image J program (National Institutes of
Health, USA).

Wound healing assay

Keratinocytes were seeded on 6-well plates at
a density of 1 x 10* cells/well and cultured for
72 h under different treatments. After reaching
subconfluency, wounds were created at the
center of each well by scraping, and culture
debris was removed by washing with PBS. At O
and 24 h post-injury, keratinocyte migration
was observed under a phase-contrast micro-
scope (Olympus). Wound closure was deter-
mined by identifying the cell migration front
and by calculating the ratio of the migration
area to the area at time O h.

Transwell migration assay

Keratinocyte migration was quantitatively ass-
ayed on a Millicell chamber (8 um pores;
Transwell, Millipore, Billerica, MA). Subconfluent
keratinocytes were added into the upper wells
(4 x 10* cells/well), and a DMEM-containing
hepatocyte growth factor was added to the
lower chamber for chemotaxis. The chamber
was incubated for 72 h at 37°C in a humidified
air atmosphere with 5% CO,. The cells on the
upper surface of the membrane were mechani-
cally removed by scraping with a rubber blade,
and the migrated cells on the lower surface of
the membrane were fixed and stained with
0.5% crystal violet (Sigma). The total number of
migrated cells on the lower surface of the mem-
brane was counted under a microscope
(Olympus).

Flow cytometry

Keratinocyte apoptosis was measured via flow
cytometry by using an Annexin V-fluorescein
isothiocyanate (FITC)/propidium iodide (PI)
apoptosis detection kit (BD Biosciences, San
Jose, CA, USA) according to the manufacturer’s
instructions. Briefly, variously treated keratino-
cytes were harvested through trypsinization,
washed twice with PBS, and resuspended in
binding buffer. Annexin V-FITC and PI solution
were subsequently added to stain the cells
before analysis via FACScan flow cytometry (BD
Biosciences) by using FlowJo software v7.6
(Tree Star Inc.). Apoptosis ratio was defined as
the percentage of Annexin V-FITC-positive cells.
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Measurement of mitochondrial membrane po-
tential (MMP)

MMP of keratinocytes was measured using the
lipophilic cationic probe 5,5,6, ’'tetrachloro-
1,1’,3,3’-tetraethylbenzimidazol-carbocyanine
iodide (JC-1; Molecular Probes, Carlsbad, CA,
USA). JC-1 selectively enters into a mitochon-
drion, where it aggregates when the membrane
potential exceeds 80-100 mV, causing a shiftin
fluorescence from 530 nm (green) to 590 nm
(red). Briefly, following different treatments,
keratinocytes were incubated with 5 mM JC-1
at 37°C for 20 min. The cells were subsequent-
ly washed with PBS thrice and immediately ana-
lyzed with a fluorescence microscope (Oly-
mpus). The ratio of red to green fluorescence
intensity was measured, and data were ex-
pressed relative to those of the control group.

Caspase-3 and caspase-1 activity assay

Activities of caspase-3 and caspase-1 in kerati-
nocytes were measured using colorimetric
assay kits (BioVision, Palo Alto, CA, USA) accord-
ing to the manufacturers’ protocols. Briefly, fol-
lowing different treatments, keratinocytes (1 x
108) were lysed using Cell Lysis Buffer and cen-
trifuged at 10,000 g for 10 min at 4°C, and the
supernatants were collected. For caspase-3
and caspase-1 activity assays, 50 pyL of 2 x
Reaction Buffer and 5 uL of caspase-3 sub-
strate (DEVD-pNA, 4 mM) or caspase-1 sub-
strate (YVAD-AFC, 1 mM) were added into 50
uL of cell lysate. The reaction mixtures were
incubated at 37°C for 2 h, and absorbance was
read at 405 nm by a microplate reader (BioTek).
The activity of caspases was expressed in
micromole of pNA released per minute per mil-
liliter of cell lysate and compared with that of
the control.

Western blot analysis

Proteins from keratinocytes were extracted
through radioimmunoprecipitation assay buffer
(Beyotime Biotechnology, Haimen, China). The
proteins were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and
electrophoretically transferred onto polyvinyli-
dene difluoride membranes (Millipore, Bedford,
MA). After blocking with 5% nonfat milk in TBS
containing 0.1% Tween 20 for 2 h at 37°C, the
membranes were incubated overnight with pri-
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Figure 1. Mel reduced the mRNA expression and release of pro-inflammatory cytokines in HG-cultured keratino-
cytes. Keratinocytes were treated with or without 1 mM Mel 24 h prior to treatment with NG (6 mM) or HG (26 mM)
for 72 h. (A-D) mRNA expression of (A) TNF-a, (B) IL-1B, (C) IL-6, and (D) IL-8 was measured by qPCR assays. GAPDH
was used as endogenous control. (E-H) Release of (E) TNF-«, (F) IL-1B, (G) IL-6, and (H) IL-8 in the supernatants of
the cells were detected by ELISAs. Data are means + SD of three independent experiments. *P < 0.05 vs. NG group;
#P < 0.05 vs. HG group. NG: normal glucose; HG: high glucose; Mel: melatonin.
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Figure 2. Mel inhibited ROS and MDA generation and enhanced SOD activity in HG-stimulated keratinocytes. Kerati-
nocytes were treated with or without 1 mM Mel 24 h prior to treatment with NG (6 mM) or HG (26 mM) for 72 h. (A)
After treatment, the cells were labeled with DCFH-DA to detect ROS generation. (B and C) (B) MDA level and (C) SOD
activity were measured by specific commercial kits. Data are means + SD of three independent experiments. *P <
0.05 vs. NG group; *P < 0.05 vs. HG group. NG: normal glucose; HG: high glucose; Mel: melatonin.

mary antibodies against NLRP3, apoptosis- Statistical analysis
associated speck-like protein containing a cas-
pase activation and recruitment domain (ASC), All data were expressed as means * standard
caspase-1-p20 (all obtained from Santa Cruz deviation (SD). Statistical analysis was per-
Biotechnology, Santa Cruz, CA, USA), phosphor- formed using one-way ANOVA followed by
ylated (p)-ERKs, total ERK, p-p38 MAPK, p38 Dunnett’s post-hoc test. SPSS 16.0 software
MAPK, p-NK, JNK, and B-actin (all obtained (Chicago, IL, USA) was used for statistical anal-
from Cell Signaling, Beverly, MA) at 4°C. The ysis. Significance was accepted at P < 0.05.
membranes were subsequently incubated with

. . . Results
horseradish peroxidase-conjugated secondary
antibody (Cell Signaling Technology) for 1 h at Mel counteracts the increase in mRNA and
37°C. The proteins were visualized using a che- protein expression of pro-inflammatory cyto-
miluminescence detection system (Pierce, kines in HG-stimulated keratinocytes
Rockford, IL, USA). The blots were analyzed
using a FluorChem FC system (Alpha Innotech, DFU is accompanied by chronic inflammation.
San Jose, California, USA). To analyze the anti-inflammatory effects of Mel

4686 Am J Transl Res 2016;8(11):4682-4693



Melatonin reduces diabetic keratinocyte injury

A B 2.5+ +* C 5-
NG HG HG+Mel g — s x
g, B HG >4
NLRP3 e G SR. ¢ Bl HG+Mel £
g 154 B 3
ASC - : 3" - #
= :
Caspase-1-p20 [ D . © 'O 8 21
B-actin 2 0.54 § 14
T F
o 04
= NLRP3 ASC Caspase-1 NG HG  HG + Mel

Figure 3. Mel inhibited HG-induced activation of NLRP3 inflammasome in keratinocytes. Keratinocytes were treated
with or without 1 mM Mel 24 h prior to treatment with NG (6 mM) or HG (26 mM) for 72 h. (A) Western blot analyses
of NLRP3, ASC, and caspase-1-p20 in keratinocytes. B-actin was used as endogenous control. (B) Quantification of
NLRP3, ASC, and caspase-1-p20 in (A) was normalized to that of B-actin. (C) Caspase-1 activity in keratinocytes was
measured by a colorimetric assay kit. Data are means + SD of three independent experiments. *P < 0.05 vs. NG
group; *P < 0.05 vs. HG group.
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Figure 4. Mel increased the proliferation of HG-treated keratinocytes. (A and B) Keratinocytes were treated with or
without 1 mM Mel 24 h prior to treatment with NG (6 mM) or HG (26 mM) for 72 h. (A) Cell viability was assessed by
MTT assay. (B) Cell proliferation was measured by BrdU incorporation assay. (C and D) Keratinocytes were treated
with or without 1 mM Mel 24 h prior to treatment with NG (6 mM) or HG (26 mM). The cells were subsequently
cultured for 14 days, and the medium was replaced every 3 days. The cell colonies were stained and photographed.
(D) The number of colonies in (C) was counted. Data are means * SD of three independent experiments. *P < 0.05
vs. NG group; #P < 0.05 vs. HG group. NG: normal glucose; HG: high glucose; Mel: melatonin.

on HG-stimulated keratinocytes, we measured gure 1A-H). These results suggest that Mel
the mRNA expression and release of pro-inflam- reduced HG-induced mRNA expression and
matory cytokines by using qPCR and ELISAs. production of pro-inflammatory cytokines in
MRNA expression of TNF-a (Figure 1A), IL-13 keratinocytes.

(Figure 1B), IL-6 (Figure 1C), and IL-8 (Figure

1D) in cultured keratinocytes under HG condi- Mel alleviates oxidative stress in keratinocytes
tion for 72 h was significantly increased com- under HG condition

pared with that in the NG-treated keratinocytes.

The release of TNF-o (Figure 1E), IL-1B (Figure Increased oxidative stress is associated with
1F), IL-6 (Figure 1G), and IL-8 (Figure 1H) in the DFU. We used DCFH-DA fluorescent staining to
supernatants derived from the HG-treated determine whether Mel can inhibit HG-induced
keratinocytes was considerably higher than ROS generation in keratinocytes. As shown in
that in NG cultures. However, Mel treatment Figure 2A, intracellular ROS generation mark-
markedly reduced the increase in mRNA edly increased in HG-treated keratinocytes. In
expression and production of pro-inflammatory addition, the level of MDA, a surrogate marker
cytokines in HG-challenged keratinocytes (Fi- for estimation of damage induced by ROS, was
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Figure 5. Mel reduced the apoptosis of HG-treated keratinocytes. Keratinocytes were treated with or without 1 mM
Mel 24 h prior to treatment with NG (6 mM) or HG (26 mM) for 72 h. A. Apoptosis of keratinocytes was analyzed by
flow cytometry and the apoptotic rate was calculated. B. JC-1 staining was performed to evaluate the cell apoptosis.
C. Quantification of caspase-3 activity in keratinocytes. Data are means + SD of three independent experiments. *P
< 0.05 vs. NG group; *P < 0.05 vs. HG group. NG: normal glucose; HG: high glucose; Mel: melatonin.

significantly increased in HG-cultivated kerati-
nocytes compared with that in the control
(Figure 2B). However, Mel inhibited ROS and
MDA production in HG-stimulated keratino-
cytes. By contrast, the activity of SOD, an anti-
oxidative enzyme, was significantly reduced by
HG challenge and attenuated by Mel treatment
(Figure 2C). These results imply that Mel re-
lieved oxidative stress in HG-stimulated kera-
tinocytes.

Mel inhibits activation of NLRP3 inflamma-
some in HG-cultivated keratinocytes

To determine whether the activation of NLRP3
inflammasome was inhibited by Mel in keratino-
cytes under HG environment, we assessed the
expression of NLRP3, ASC, and caspase-1-p20
through Western blot analysis. The expression
of NLRP3, ASC, and caspase-1-p20 significantly
increased in the HG-treated keratinocytes,
although this trend was counteracted by Mel
treatment (Figure 3A and 3B). In addition, Mel
treatment reduced the increase in caspase-1
activity in HG-challenged keratinocytes (Figure
3C). These results indicate that Mel inhibited
HG-induced NLRP3 inflammasome activation
in keratinocytes.

Mel enhances the proliferation of HG-treated
keratinocytes

We investigated the effect of Mel on keratino-
cyte proliferation using MTT, BrdU, and colony
formation assays. MTT assay showed that Mel
increased the viability of HG-treated keratino-
cytes compared with that of the HG group
(Figure 4A). BrdU incorporation assay showed
that HG significantly inhibited keratinocyte pro-
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liferation, which was attenuated by Mel treat-
ment (Figure 4B). In addition, the number of
colonies was significantly reduced in HG-cha-
llenged keratinocytes compared with that in
the NG-treated cells. However, Mel treatment
increased the number of colonies (Figure 4C
and 4D). These data demonstrate that Mel pro-
moted cell growth of HG-cultured keratino-
cytes.

Mel inhibits HG-induced apoptosis of keratino-
cytes

To evaluate the role of Mel in the apoptosis of
HG-cultured keratinocyte, we performed flow
cytometry, JC-1 staining, and caspase-3 activi-
ty assays. As shown in Figure 5A, apoptosis
increased in HG-stimulated keratinocytes,
whereas Mel treatment negatively modulated
apoptosis. The inhibitory effect of Mel on kera-
tinocyte apoptosis was also confirmed by JC-1
staining (Figure 5B). In addition, Mel treatment
markedly reduced the activity of caspase-3 in
HG-challenged keratinocytes (Figure 5C).
These results collectively suggest that HG pro-
moted keratinocyte apoptosis, and this effect
was attenuated by Mel treatment.

Mel induces migration of HG-treated keratino-
cytes

Keratinocyte migration is critical in wound re-
epithelialization. We thus investigated the
effect of Mel on keratinocyte migration by using
two types of in vitro assay systems. Transwell
migration assay showed that Kkeratinocyte
migration was significantly inhibited in HG
medium, whereas Mel treatment significantly
accelerated cell migration (Figure 6A). Wound
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overnight, the migrated cells were counted. B. Scratch wound healing assay was performed to evaluate the effect
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ated by ERK signaling. A. Keratinocytes were treated with or without 1 mM Mel 24 h prior to treatment with NG (6

mM) or HG (26 mM) for 72 h. Representative Western blot results of ERK1/2, p-ERK1/2, JNK, p-JNK, p38 MAPK,
and p-p38 MAPK are shown. B-actin was used as endogenous control. B-D. Keratinocytes were preincubated with or
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without U0126 (10 pM) for 30 min. The cells were treated with or without 1 mM Mel 24 h prior to treatment with NG
(6 mM) or HG (26 mM) for 72 h. B. Keratinocyte proliferation was analyzed using the BrdU assay. C. Flow cytometry
was performed to measure apoptotic cells. D. Migration of keratinocyte was measured by Transwell migration assay.
Data are means + SD of three independent experiments. *P < 0.05 vs. NG group; #P < 0.05 vs. HG group. HG: high

glucose; Mel: melatonin.

healing assay also showed that Mel promoted
the mobility of HG-treated keratinocytes (Figure
6B). These results demonstrate that Mel could
reverse the impaired migration of keratinocytes
caused by HG stimulation.

ERK signaling is involved in Mel-promoted sur-
vival and migration of HG-treated keratinocytes

MAPKs, including ERK1/2, JNK, and p38 MA-
PK, enhance the proliferation and migration
and suppress apoptosis of keratinocytes [26].
Therefore, we investigated whether Mel could
induce MAPK activation in keratinocytes. HG
markedly inhibited the phosphorylation of
ERK1/2 in keratinocytes, whereas Mel induced
significant phosphorylation of ERK1/2. How-
ever, Mel exerted no effect on phosphorylation
of p38 MAPK and JNK (Figure 7A). To confirm
the role of ERK signaling in keratinocyte prolif-
eration, we incubated keratinocytes with
U0126 (10 uM) for 30 min prior to HG treat-
ment. As shown in Figure 7B, Mel-enhanced
proliferation of HG-challenged keratinocytes
was attenuated by UO126 pretreatment. We
subsequently investigated whether ERK signal-
ing is involved in anti-apoptotic effect of Mel in
HG-treated keratinocytes. We found that prein-
cubation with U0126 significantly counteracted
the Mel-induced inhibition of apoptosis of
HG-treated keratinocytes (Figure 7C). In addi-
tion, the pro-migratory effect of Mel on
HG-treated keratinocyte was weakened by
U0126 administration (Figure 7D). These
results indicate that ERK signaling mediated
Mel-induced keratinocyte proliferation, apopto-
sis resistance, and migration in HG-treated
keratinocytes.

Discussion

The current study demonstrated the essential
role of Mel in diabetic wound healing. Our key
findings were as follows: First, Mel reduced the
MRNA expression and release of pro-inflamma-
tory cytokine in keratinocytes under HG condi-
tion. Second, Mel reduced HG-induced oxida-
tive stress in keratinocytes. Third, HG-induced
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activation of NLRP3 inflammasome was inhib-
ited by Mel treatment. Last, Mel-induced en-
hanced proliferation and migration as well as
reduced apoptosis of keratinocytes were medi-
ated by ERK signaling. Thus, all data confirmed
that Mel contributes to important events in dia-
betic wound healing, including inflammation
suppression, oxidative stress attenuation, pro-
liferation and migration promotion, and apopto-
sis inhibition in keratinocytes under HG con-
dition.

Diabetic wounds are generally chronic wounds
characterized by sustained inflammatory
phase. Prolonged inflammation may lead to
permanent residence of neutrophils and mac-
rophages in wound microenvironment, thereby
abrogating normal healing and transforming
wounds into non-healing chronic ulcers [27,
28]. Wound bed of a diabetic wound is overpop-
ulated by several pro-inflammatory cells and
cytokines [29]. Pro-inflammatory cytokines,
such as TNF-«, IL-1B, and IL-6, are primarily
released by immune cells early in wound heal-
ing, and they act as effectors for keratinocytes
and fibroblasts, stimulating tissue deposition
and epithelialization [30, 31]. Diabetic individu-
als are more susceptible to both wound infec-
tion and hyperinflammation because of elevat-
ed levels of pro-inflammatory cytokines, includ-
ing TNF-a and IL-6 [32]. High levels of these
cytokines are indeed found in diabetic ulcers
[33]. Prolonged inflammation may be attributed
to hyperglycemia and endogenous ligands [34].
Recent reports suggest that activation of
NLRP3 inflammasome is a key contributor to
delayed healing of diabetic wounds [10, 35].
NLRP3 inflammasome has been proposed to
sense and mediate downstream inflammatory
events of “glucotoxicity” during pathogenesis of
type 2 diabetes and thus is responsible for a
constant pro-inflammatory status [36]. Mirza et
al. [11] demonstrated that sustained activation
of NLRP3 inflammasome in macrophages
impairs wound healing in type 2 diabetic
humans and mice. Mel alleviates acute lung
injury by inhibiting activation of NLRP3 inflam-
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masome [37]. The present study found that Mel
inhibited pro-inflammatory cytokine levels and
NLRP3 inflammasome activation in keratino-
cytes under HG condition, suggesting that Mel
exerts anti-inflammatory effect during diabetic
wound healing.

Oxidative stress is prevalent in diabetes.
Excessive ROS causes damage to proteins, lip-
ids, and DNA in different cells, ultimately lead-
ing to cell death and tissue dysfunction [5, 9].
Hyperglycemia leads to oxidative stress when
ROS production exceeds antioxidant capacity
[38]. ROS accumulation participates in the
development of complications of diabetes and
propagates excessive inflammatory cascade,
which is deleterious to wound healing and
impedes formation of new tissues [5, 9, 39,
40]. Consistent with these reports, our results
demonstrate that keratinocytes cultivated in
HG environment showed increased levels of
ROS and MDA as well as reduced SOD activity.
However, Mel treatment reversed the altera-
tions of ROS and MDA production and SOD
activity, suggesting that Mel exerted an anti-
oxidative effect on HG-cultured keratinocytes.
ROS can function as a secondary signaling mol-
ecule in cancer cells, playing a key role in cell
proliferation, apoptosis, differentiation, migra-
tion, and invasion [41]. Furthermore, ROS is
overproduced in keratinocytes after HG stimu-
lation, and incubation of the ROS scavenger
N-acetyl-L-cysteine enhances the proliferation
and migration of keratinocytes, suggesting that
ROS induced by HG environment may impair
wound healing by suppressing the function of
keratinocytes [13, 14]. The present data dem-
onstrate that Mel enhanced the proliferation
and migration and inhibited the apoptosis of
keratinocytes under HG condition, suggesting
that Mel promotes diabetic wound closure by
regulating keratinocyte activity.

Multiple signaling pathways are involved in pro-
liferation and migration of keratinocytes, and
ERK signaling pathway has been extensively
investigated. Li et al. [13] showed that HG
caused oxidative stress, thereby inhibiting ERK
signaling pathways in keratinocytes. A recent
study has demonstrated that adiponectin regu-
lates cutaneous wound healing by promoting
keratinocyte proliferation and migration via the
ERK signaling pathway [16]. We conjectured
that ERK signaling pathway is involved in Mel-
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mediated enhancement of proliferation and
migration and in suppression of apoptosis in
HG-stimulated keratinocytes. ERK phosphory-
lation was significantly inhibited by HG treat-
ment but rescued by Mel treatment. The
increase in proliferation and migration and
reduction in apoptosis of keratinocytes were
specifically abolished by pretreatment with
U0126, a selective inhibitor of ERK. These
results demonstrated that increased migration
and proliferation and reduced apoptosis of
HG-stimulated keratinocytes caused by Mel
were dependent on ERK signaling pathway.

In summary, Mel promotes diabetic wound
healing in vitro by restricting the mRNA expres-
sion and release of pro-inflammatory cytokine,
by reducing oxidative stress, by inhibiting
NLRP3 inflammasome activation, by enhancing
proliferation and migration, and by reducing
apoptosis in HG-stimulated keratinocytes. The
pro-proliferative, pro-migratory, and anti-apop-
totic effects of Mel in HG-treated keratinocytes
were mediated by ERK signaling pathway.
Therefore, Mel is a potential therapeutic agent
for DFU by regulating keratinocyte activity.
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