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NED416, a novel synthetic Sirtl activator, promotes
cutaneous wound healing via the MAPK/Rho pathway

HUSSAIN MUSTATAB WAHEDI'?, JAE KHYUNG CHAE?, LALITA SUBEDI?,
MIN CHEOL KANG?, HYUNKYUNG CHO?, SANGHEE KIM?> and SUN YEOU KIM>*?

lDepartment of Biological Sciences, National University of Medical Sciences, C/O Military Hospital, Rawalpindi,

Punjab 46000, Pakistan; 2College of Pharmacy, Gachon University, Incheon 21936; 3College of Pharmacy,

Seoul National University, Seoul 08826; 4Gachon Institute of Pharmaceutical Science, Gachon University, Incheon 21936;
>Gachon Medical Research Institute, Gil Medical Center, Incheon 21547, Republic of Korea

Received October 5,2019; Accepted March 6, 2020

DOI: 10.3892/ijmm.2020.4564

Abstract. Cutaneous wound healing is a highly complex
biological process involving major events such as cell migra-
tion, angiogenesis, and tissue development. Sirtuin 1 (Sirtl)
and its regulators have been suggested to play a role in cell
migration and tissue repair. The aim of the present study was to
determine the effects of a novel Sirtl activator, the piper amide
derivative (E)-3-(2,4-dichlorophenyl)-N-phenylacrylamide,
also known as NED416, on cutaneous wound healing. The
effects of NED416 on Sirtl activity, Sirtl expression, and
angiogenesis were measured in skin and endothelial cells
(epidermal keratinocytes, dermal fibroblasts and vascular
endothelial cells) using a Sirtl activity assay kit, western blot
analysis and tube formation assays, respectively. The effects
of NED416 on the rate of wound closure and collagen deposi-
tion were measured via H&E staining and Masson's trichrome
staining, respectively. Levels of migration-related [Racl, cell
division cycle 42 (Cdc42) and a-p2l-activated kinase] and
mitogen-activated protein kinase (MAPK) signaling pathway
proteins were measured in hairless mice via western blot
analysis. NED416 significantly increased Sirtl activity in
dermal fibroblasts and epidermal keratinocytes to a greater
extent than resveratrol, leading to increased cell migration and
angiogenesis through Racl/Cdc42 and ERK/JNK activation.
Furthermore, NED416 accelerated wound closure, macrophage
infiltration, and epithelium and collagen formation in vivo.
The present study demonstrated a role of Sirtl in cutaneous
wound healing, and suggested that NED416 as a Sirtl activator
is more potent than resveratrol in promoting wound healing
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through Racl/Cdc42 and MAPK signaling without toxicity,
thus serving as a promising candidate for treatment.

Introduction

Wound healing is one of the most complex biological processes
and affects the whole organism, in addition to the site of
injury (1). The cutaneous wound healing process can be divided
into six phases: Hemostasis; inflammation; proliferation and
migration; angiogenesis; re-epithelialization; and synthesis
or remodeling (2-4); the three broad stages of the healing
process are inflammation, proliferation and remodeling. The
inflammation phase is characterized by the presence of tumor
necrosis factor-a and interleukin (IL)-6, which are released by
keratinocytes; this release leads to the infiltration of macro-
phages and neutrophils to the wound site (5). This infiltration
ensures the regulation of wound healing in the phases to
follow via proinflammatory cytokines such as IL-1f and IL-6,
as well as growth factors such as epidermal growth factor,
transforming growth factor §-1 (TGF-31) and platelet-derived
growth factor, which are released by macrophages (6). In the
next phase, known as the proliferation phase, the release of
critical cytokines and growth factors mediate key events such
as angiogenesis, re-epithelialization and endothelial prolifera-
tion (7). Polarization and migration of skin keratinocytes then
lead to stratification and differentiation, resulting in wound
contraction (8). Fibroblasts and keratinocytes also play a vital
role in this migration process (9). The migration of fibroblasts
and keratinocytes is initiated by intracellular polarization
induced via critical proteins such as Racl, cell division
cycle 42 (Cdc42) and a-p21-activated kinase (a-PAK) (10-12).
In the final stage of remodeling, TGF-f31 mediates the degra-
dation of granular tissue, and a scar containing substantial
quantities of type I collagen and immature blood vessels is
formed (13,14).

Sirtuins (Sirts) are class III histone deacetylases that
regulate numerous biological processes and diseases through
the deacetylation of histone and non-histone targets, including
aging, inflammation and cancer (15). Among the seven
members of the Sirt family of proteins, Sirtl is the most
studied and characterized; Sirtl plays critical roles in various
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important diseases and conditions, such as inflammation (16),
oxidative damage (17), apoptosis (18), diabetes (19) and
aging (20). Due to its diverse range of targets and functions,
certain studies have also elucidated the possible role of Sirtl
in wound healing and cell migration (21-25).

Our previous studies focused on identifying novel Sirt1 acti-
vators and evaluating their potential for skin wound healing and
regeneration (26,27). In the present study, a novel synthetic acti-
vator of Sirtl, (E)-3-(2,4-dichlorophenyl)-N-phenylacrylamide
(NEDA416; Fig. S1), was investigated for its effects on Sirtl
regulation and the process of cutaneous wound healing.

Materials and methods

Cell culture. Human umbilical vein endothelial cells
(HUVEG:s; cat. no. CRL-1730™) and normal human dermal
fibroblasts (NHDFs; cat. no. PCS-201-012™) were purchased
from the American Type Culture Collection, while HaCaT
epidermal keratinocytes were provided by Professor Tae Yoon
Kim from the College of Medicine of The Catholic University
of Korea. All the cell lines used in this study were tested for
mycoplasma contamination and used in experiments between
passage numbers 5 and 10. HaCaT cells were cultured in
high-glucose DMEM (Thermo Fisher Scientific, Inc.) with
10% fetal bovine serum (FBS) and 1% penicillin-strepto-
mycin. HUVECs were cultured in M200 medium (Invitrogen;
Thermo Fisher Scientific, Inc.) supplemented with 20% FBS
and 1% low-serum growth supplement (Invitrogen; Thermo
Fisher Scientific, Inc.). NHDFs were cultured in fibroblast
medium (ScienCell Research Laboratories, Inc.). Cultures
were at all times incubated in a humidified atmosphere at 37°C
and 5% CO,unless stated otherwise.

Preparation of NED416. A piper amide derivative, NED416,
was synthesized according to a previously reported
method (28), purified by silica gel column chromatography and
characterized. The spectral data obtained were consistent with
previously reported values (29). 'H-NMR (300 MHz, CDCl,):
08.17 (brs, 1H),8.00 (d,J=15.6 Hz, 1H), 7.65 (d,/=7.8 Hz, 2H),
748 (d,J=8.4Hz, 1H),7.38 (d,J=1.8 Hz, 1H), 7.29 (t, J=7.8 Hz,
2H), 7.15 (dd, J=8.0, 8.6 Hz, 1H), 7.08 (t, /=7.2 Hz, 1H), 6.67
(d, J=15.6 Hz, 1H). *C-NMR (100 MHz, CD,0OD): 6 165.7,
139.8,137.1,137.0, 136.4, 133.1, 130.9, 1299 (2C), 129.8, 128 9,
125.8, 125.5, 121.2 (2C; Fig. S2). HRMS (fast atom bombard-
ment): Calculated for C,;sH,;,C1,NO [(M)+] 292.0296, found
292.0299.

Cell treatment. Cells at 80% confluence were rinsed and treated
with 1, 5, or 10 uM NED416 solutions prepared and diluted in
dimethyl sulfoxide (DMSO; Thermo Fisher Scientific, Inc.)
and serum-free medium, respectively, after washing the cells
twice with PBS (PAA Laboratories GmbH; GE Healthcare).

Sirtl activity measurement. The Sirtl activity assay was
performed in triplicate by using a SIRT1 Direct Fluorescent
Screening Assay kit (Cayman Chemical Company). Briefly,
25 pl of assay buffer was added to each well of a 96-well plate
followed by 5 ul of Sirtl, 5 ul of NED416 or resveratrol solu-
tion, and 15 ul of Sirtl substrate solution. Background wells
were treated with solvent but not with Sirtl.
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Western blotting. Treated cells were harvested and lysed with
lysis buffer (150 mM NaCl, 1% NP-40, 0.5% sodium deoxy-
cholate, 0.1% SDS and 50 mM Tris-Cl). The concentration of
proteins in the supernatants of lysates was determined using
a Bio-Rad Protein Assay (Bio-Rad Laboratories, Inc.), with
bovine serum albumin (SERVA Electrophoresis GmbH) as the
standard. Protein samples (30 ug) were subjected to SDS-PAGE
on 8-15% polyacrylamide gels and transferred to nitrocellulose
membranes. Membranes were blocked for 1 h at room temper-
ature with a 5% (w/v) non-fat milk solution in TBS-0.05%
Tween-20. Membranes were then subjected to overnight incu-
bation at 4°C with the solutions of primary antibodies against
Sirtl (1:1,000; cat. no. sc-15404; Santa Cruz Biotechnology,
Inc.), p53 and acetylated p53 (1:1,000; cat. nos. 9282
and 2570; Cell Signaling Technologies, Inc.), a-tubulin
(1:1,000; cat. no. SAB3501072; Sigma-Aldrich; Merck KGaA),
Racl and phosphorylated (p)-Racl (1:1,000; cat. nos. 2465
and 2461; Cell Signaling Technologies, Inc.), Cdc42 and
p-Cdc42 (1:1,000; cat. nos. 2462 and 2461; Cell Signaling
Technologies, Inc.), a-PAK (1:1,000; cat. no. sc-166887;
Santa Cruz Biotechnology, Inc.), ERK and p-ERK (1:1,000;
cat. nos. sc-271291 and sc-136521; Santa Cruz Biotechnology,
Inc.), INK and p-JNK (1:1,000; cat. nos. sc-1648 and sc-6254;
Santa Cruz Biotechnology, Inc.), and p38 and p-p38 (1:1,000;
cat. nos. sc-136210 and sc-166182; Santa Cruz Biotechnology,
Inc.), followed by incubation at room temperature for 2 h with
horseradish peroxidase conjugated anti-rabbit and anti-mouse
secondary antibodies (1:500; cat. nos. sc-2357 and sc-516102;
Santa Cruz Biotechnology, Inc.). Bands were visualized
using a solution comprised of luminal (cat. no. 42586.A.01)
and hydrogen peroxide (cat. no. 42585.B.01; both SERVA
Electrophoresis GmbH) in a 1:1 mixture. The membrane was
incubated with this solution for 1 min, then bands were visual-
ized using a chemiluminescence detection system (Bio-Rad
Laboratories, Inc.); protein expression was quantified using
Alpha View SA Version 3.4.0.0 software (ProteinSimple, Inc.).

MTT assays. To determine cell viability, 1x10° HaCaT cells,
which were seeded in 6-well plates or 40-mm culture dishes,
were treated with 1, 5 or 10 uM solutions of NED416 prepared in
serum-free medium. The medium was removed after 24 h, and
2 ml of 500 ug/ml MTT solution was added. The cells were then
incubated at 37°C for 1 h. Then, MTT was replaced with 1 ml of
DMSO, and the plates were incubated on a shaker for 30 min at
room temperature. The absorbance at 570 nm was determined
using a microplate reader (Molecular Devices LLC).

Small interfering RNA (siRNA) knockdown. HaCaT cells
seeded in 96-well plates (~60% confluence) were transfected
with 100 nM (final concentration) of Sirtl siRNA or scramble
siRNA (Bioneer Corporation) dissolved in serum-free media
with an equal volume of a 1.4-1.5% solution of Lipofectamine®
(Invitrogen; Thermo Fisher Scientific, Inc.) prepared in
serum-free medium. Cells were then incubated for 6 h before
washing with PBS and then subjected to the cell migration
assay. The independent sequences used for silencing Sirtl
were as follows: Sequence 1, sense, 5'-"ACUUUGCUGUAA
CCCUGUA((TAT)-3' and antisense, 5'-UACAGGGUUACA
GCAAAGU(TdT)-3"; sequence 2, sense, 5'-AGAGUUGCC
ACCCACACCU(ATdT)-3" and antisense, 5'-AGGUGUGGG
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Table I. Criteria to evaluate the histological score of wound healing.

Score Epidermal and dermal regeneration Granulation tissue thickness
+1 Little epidermal and dermal organization Thin granulation layer
+2 Moderate epidermal and dermal organization Moderate granulation layer
+3 Complete remodeling of dermis and epidermis Thick granulation layer
+4 Very thick granulation layer
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Figure 1. NED416 increases Sirtl expression and activity in skin cells. (A) NED416 significantly enhanced the enzymatic activity of Sirtl in a concentra-
tion-dependent manner. (B) Acetylation of p53 after NED416 treatment. (C) NHDF cells treated with different concentrations of NED416 for 24 h showed
a dose-dependent increase in Sirtl expression in western blot analysis. (D) Quantification of Sirtl expression in NHDF cells following NED416 treatment.
(E) HaCaT cells treated with different concentrations of NED416 for 24 h exhibited a dose-dependent increase in the expression of Sirtl in western blot
analysis. (F) Quantification of Sirtl expression in HaCaT cells following NED416 treatment. Data are presented as the mean + SEM. "P<0.05, ““P<0.001 vs.
0 uM. NEDA416, (E)-3-(2,4-dichlorophenyl)-N-phenylacrylamide; Sirtl, sirtuin 1; NHDF, normal human dermal fibroblasts; resv., resveratrol.

UGGCAACUCU(TAT)-3'". The sequence for the scramble
siRNA was as follows: Sense, 5'-"AGAGUUCAAAAGCCC
UUCA(TAT)-3' and antisense, 5-UGAAGGGCUUUUGAA
CUCUTdT)-3".

Cell migration assays. HaCaT cells were seeded in 96-well plates
1 day before the assay. A wound was created in the cell layer using
a Wound Maker™ tool (Essen BioScience, Ltd.). Wounded cells
were incubated at 37°C for 24 h in the presence of NED416 or
serum-free medium. In the experiments demonstrating the effect
of the ERK pathway on cell migration, the wounded cells were
pretreated with 10 M of ERK inhibitors SP600125, SB203580
and U0126 (cat. nos. S5567, S8307 and U120; all Sigma-Aldrich;
Merck KGaA) for 1 h prior to treatment with NED416. Images
of the cells were captured every 4 h using IncuCyte ZOOM®
(magnification, x40; Essen BioScience, Ltd.) to monitor the
effects of NED416 on cell migration.

Endothelial cell tube formation assay. HUVECs were cultured
in M200 medium (Invitrogen; Thermo Fisher Scientific, Inc.)
supplemented with 20% FBS and 1% low-serum growth
supplement (Invitrogen; Thermo Fisher Scientific, Inc.)
at 37°C and 5% CO,. Each well of the 96-well plates was

coated with 50 ul of Matrigel matrix and incubated at 37°C
for 30 min. HUVECs were suspended in serum-free medium
containing 1X LGS, and 1x10° HUVECs were seeded in each
well of the 96-well plates pretreated with Matrigel matrix with
the vehicle (M200) or NED416 for 18 h. Tube formation was
captured using an inverted microscope (magnification, x40;
Nikon Corporation).

Ethical approval. All procedures for animal experiments
were reviewed and approved by the Animal Care Committee
of the Center of Animal Care and Use at the Lee Gil Ya,
Cancer and Diabetes Institute, Gachon University (permit
no. LCDI-2013-0022).

Full-thickness wounds and quantification of healing. SKH-1
hairless mice (5 weeks old, male, 25-30 g) were purchased
from Shizuoka Laboratory Animal Center and housed in a
temperature-controlled room (23°C) with 65% humidity and
a 12-h light/dark cycle. A total of 40 mice were randomly
divided into four groups: Vehicle (n=10); 0.05% NED416
(n=10); 0.1% NED416 (n=10); and 0.5% NED416 (n=10). Two
identical wounds were created on the posterior dorsal region
of each mouse using a 6-mm biopsy punch. NED416 solutions
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Figure 2. NED416 promotes skin cell migration. (A) Healing of wounded HaCaT cell monolayers following Sirtl siRNA-mediated knockdown resulted in a
slower rate of migration than control or scramble siRNA-treated cells. (B) Western blot showing siRNA knockdown of Sirtl. (C) Quantification of the average

wound confluence in control, scramble and Sirtl siRNA-treated HaCaT cells.

ok

P<0.001 vs. control. (D) HaCaT cells cultured in the presence of medium

only or NED416 after wounding showed that NED416 treatment increases cell migration in a concentration-dependent manner. (E) Quantification of wound
confluence in control and NED416-treated HaCaT cells. (F) NHDF cells cultured in the presence of medium only or NED416 after wounding revealed
that 5 uM NED416 induced the most pronounced wound healing, followed by 1 and 10 xM NED416. (G) Quantification of wound confluence in control
and NED416-treated NHDF cells. Data are presented as the mean + SEM. Magnification, x40 of images. "P<0.05, “P<0.01, “"P<0.001 vs. 0 mM. NED416,
(E)-3-(2,4-dichlorophenyl)-N-phenylacrylamide; Sirtl, sirtuin 1; NHDF, normal human dermal fibroblasts; si(RNA), small interfering (RNA).

(0.05, 0.1 and 0.5%) dissolved in a mixture of distilled water,
ethanol and propanediol (5:3:2, respectively) were applied topi-
cally to the wound every day for 10 days. The vehicle group

was treated with solvent only.

Histological analysis. Skin samples containing the central
part of the wound were collected on days 3, 5, 7 and 10 after
wound induction. Specimens were fixed in 10% formalin
for 18 h at room temperature. Fixed tissues were subjected
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Figure 3. NED416 promotes wound healing and tissue development in mouse skin. (A) Representative images of wounds from each group over 10 days after
wounding revealed a faster rate of closure in NED416-treated mice compared with in vehicle-treated mice. (B) Quantification of the average wound area at
different time points after injury. (C) Neo-epithelium regeneration in skin collected on days 5 and 10 post-injury monitored by H&E staining. Magnification,
x10. (D) Epidermal and dermal regeneration plotted as histological scores in tissue samples on days 5 and 10 post-injury. Histological score of epidermal and
dermal regeneration on days 5 and 10 post-wounding. (E) Histological scores of granulation thickness on days 5 and 10 post-wounding. (F) Skin sections
stained with Masson's trichrome show higher levels of collagen in NED416-treated mice at days 5 and 10 post-wounding than in vehicle-treated mice.
Magnification, x10. (G) Quantification of collagen deposition in mouse skin on days 5 and 10 post-injury. Data are presented as the mean + SEM (n=10/group).
"P<0.05, ""P<0.001 vs. vehicle. NED416, (E)-3-(2.4-dichlorophenyl)-N-phenylacrylamide.

to H&E and Masson's Trichrome staining as described by
Wahedi er al (27). Images were captured using an inverted
microscope (magnification, x10). For epidermal regeneration
and granulation, a semi-quantitative score system was used as
described in Table I (30).

Statistical analysis. Differences between groups were deter-
mined using one-way ANOVA with Dunnett's test or Tukey's
test as a post hoc test. P<0.05 was considered to indicate a
statistically significant difference. The results are presented
as the mean =+ standard error of the mean from three inde-
pendent experiments. Statistical analysis was performed using
GraphPad Prism version 6.01 (GraphPad Software, Inc.).

Results

NEDA416 increases the activity and protein expression of Sirtl.
The effect of NED416 on Sirtl activity was analyzed using an

enzymatic activity assay. It was shown that NED416 enhanced
the enzymatic activity of Sirtl in a concentration-dependent
manner. This effect of NED416 on Sirtl activity was greater
than that of resveratrol, a well-known Sirtl activator (Fig. 1A).
Western blot analysis showed that NED416 treatment resulted
in a concentration-dependent increase in the deacetylation of
p53, validating the assay results (Fig. 1B).

NEDA416 treatment increased Sirt] expression in NHDFs in
a concentration-dependent manner (Fig. 1C and D). A similar
concentration-dependent effect of NED416 was observed on
Sirtl expression in HaCaT cells (Fig. 1E and F). An MTT
assay showed that NED416 treatment did not significantly
decrease NHDF or HaCaT cell viability (Fig. S3).

NED416 promotes skin cell migration. To investigate the role
of Sirtl in the migration of HaCaT cells, Sirtl knockdown
was performed, followed by a migration assay in HaCaT cells.
Cells treated with Sirtl siRNA exhibited a slower rate of



154
A NED416 (uM)
0 1 5 10
PRACT | —-— — —
CUCA2 | e S S—— —
p-Cdes2 | HEG_: . S
T e — e ———
Tubulin
C 200 1
5 150 -
S £
g 2 1001
= =]
Qe 50
j=5
0 =
0 1 5 10
NED416 (uM)
E NED416 (uM)

WAHEDI et al: SYNTHETIC Sirtl ACTIVATOR PROMOTES WOUND HEALING

B 150

100 4

50 A

p-Rac1/Rac1
(% of normal)

0 1 5 10
NED416 (uM)

O

150 7

100 4

o-Pak/Tubulin
(% of normal)

50
0 =
0 1 5 10
NED416 (uM)
F 60-
=
T 40
S
@
L
[%]
[ =
S 20
m
04
0 1 5 10
NED416 (uM)

Figure 4. NED416 activates migration-related proteins in HaCaT cells and promotes angiogenesis. (A) Cellular levels of migration-related proteins, including
Racl, Cdc42 and their phosphorylated forms, as well as a-Pak, upon treatment with NED416 in HaCaT cells. Quantification of the expression profiles of
(B) p-Racl, (C) p-Cdc42 and (D) a-Pak. (E) Microscopic images of HUVECS indicating tube formation after treatment with NED416 and medium only.
Magnification, x40. (F) Quantification of the number of branches in HUVECS after 18 h of NED416 treatment. Data are presented as the mean + SEM.
“P<0.01 vs. 0 mM. NED416, (E)-3-(2,4-dichlorophenyl)-N-phenylacrylamide; p, phosphorylated; Cdc42, cell division cycle 42; a-PAK, a-p21-activated

kinase; HUVEC, human umbilical vein endothelial cell.

migration than the scramble siRNA-transfected and untreated
cells (Fig. 2A and B). These differences in the rates of migra-
tion were significant at 4, 8 and 12 h after treatment (Fig. 2C).
Moreover, cells grown in the presence of NED416 exhib-
ited faster growth rates than the cells grown in the absence of
NEDA416 (Fig. 2D). Treatment with NED416 resulted in faster
growth and migration rates, which were concentration-depen-
dent, than those of untreated cells. This difference in the rate
of migration was significant at 4 and 8 h (Fig. 2E). NHDF
cells grown in the presence of NED416 also exhibited faster
growth rates than the cells grown in the absence of NED416,
as observed in HaCaT cells (Fig. 2F). These differences in the
rates of migration were significant at 4 and 8 h (Fig. 2G).

NED416 promotes wound healing and tissue regeneration
in mouse skin. NED416 was investigated for wound healing
potential in a hairless mouse model. According to digital

photographs, hairless mice treated with different concentra-
tions of NED416 showed faster wound closure and dermal
regeneration than vehicle-treated mice (Fig. 3A). Up to day 2
of injury, wound size was not significantly different between
the vehicle and 0.1% NED groups; however, from day 3
onward, the difference was significant for both concentra-
tions of NED416 (Fig. 3B). NED416-treated mice showed
complete wound healing after 8 days, while the wounds in
vehicle-treated mice were not healed completely even after
10 days.

Skin tissues were stained with H&E to monitor tissue
development. The skin tissue of NED416-treated mice showed
faster and more complete development of granulation tissue
and neoepithelium when compared with the skin tissue of
untreated mice (Fig. 3C). Based on the criteria presented
in Table I, improved dermal and epidermal regeneration
was found in NED416-treated mice, along with improved
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Figure 5. NED416 activates mitogen-activated protein kinase signaling proteins. (A) Expression of p-ERK, p-JNK and p-p38 protein kinases after NED416
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granulation tissue formation, compared with in vehicle-treated
mice (Fig. 3D and E). Moreover, the deposition and organi-
zation of collagen improved in the skin tissue from the mice
treated with NED416 than in those from the mice treated with
vehicle only (Fig. 3F and G).

NEDA416 activates migration-related proteins and angiogenesis.
To confirm the finding that NED416 positively affects skin
cell migration, the expression and phosphorylation of cell
migration-related marker proteins (Racl, Cdc42 and a-Pak)
were measured after NED416 treatment of HaCaT cells
(Fig. 4A). Western blot analysis showed that expression
of Racl was not altered by NED416 (Fig. 4B). However,
the GTP-bound active form of Cdc42 was upregulated by
NEDA416 treatment (Fig. 4C), indicating the activation of
Cdc42. The expression of a-Pak was also not altered by
NEDA416 treatment (Fig. 4D).

To measure the effect of NED416 on angiogenesis,
HUVECs cultured with NED416 and medium only were
photographed to monitor the progress of tube formation.
Microscopic images captured 16 h post-treatment showed
that cells treated with NED416 exhibited notably enhanced
angiogenesis, in that the number of branches in these cells was
greater than in untreated cells (Fig. 4E). Although the effect of

NEDA416 was only significant at 10 xM, a notable trend towards
increased angiogenesis was also observed in 5 puM-treated
cells (Fig. 4F).

NEDA416 activates mitogen-activated protein kinase (MAPK)
signaling proteins. The expression of MAPKs was evaluated,
as they are intracellular signaling molecules that may interact
with Rho family proteins to mediate cell migration (31). As
determined via western blot analysis, skin samples treated
with NED416 exhibited increases in ERK and JNK activa-
tion (Fig. 5A), with significantly increased relative levels of
p-ERK1/2 (Fig. 5B) and p-JNK compared with the untreated
tissues (Fig. 5C). However, NED416 did not affect the expres-
sion of p-p38 (Fig. 5D). To confirm the role of MAPK signaling
in increased cell migration, ERK, JNK and p38 were blocked
by using their specific inhibitors in the presence of NED416
in cultured HaCaT cells. Each of the inhibitors reduced
NED416-mediated skin cell migration (Fig. S4).

Discussion
The present study aimed to reveal the effects of NED416 on

Sirtl activation and thus on the process of cutaneous wound
healing based on the fact that Sirtl and its regulators have been
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shown to play a role in cell migration and tissue healing (24,25).
The ability of NED416 to increase Sirtl activity, as well as
Sirtl expression, in NHDF and HaCaT cells indicated that it is
a Sirtl activator. NED416 promoted the cellular levels of Sirtl
and enhanced its enzymatic activity. At present, isoflavones
and resveratrol are the most widely known natural compounds
that can increase both the protein expression and activity of
Sirtl (32); most synthetic regulators of Sirtl only alter the activity
of Sirtl (33,34). NED416 not only enhanced Sirtl activity over
that of control cells but was more effective than resveratrol,
which is an established Sirtl activator (35). The MTT assay for
NED416 also showed that NED416 was not toxic at effective
concentrations in NHDF or HaCaT cells. The ability of NED416
to increase Sirtl activity and expression over that of resveratrol
suggests that its mode of action differs from that of resveratrol
and may provide a diverse approach to targeting Sirtl.

Knocking down Sirtl expression in skin keratinocytes
resulted in decreased migration, suggesting that Sirtl may
play a role in cell migration during wound healing. Treatment
with NED416 promoted the rate of migration in HaCaT cells.
Differences in migration rates were significant at all time
points between NED416-treated and untreated cells. Similar
results were found when the same experiment was performed
using NHDFs. Both skin fibroblasts and keratinocytes were
included in the study as they are involved in rejuvenation and
wound healing (9,36). Migration assays using NHDFs and
HaCaT cells revealed increased migration rates in the pres-
ence of NED416, proving it an effective Sirtl activator for its
effects on skin cell migration and pointing toward the involve-
ment of Sirtl in cell migration during wound healing. These
findings are consistent with the results of previous studies of
the involvement of Sirtl and its activators in tissue healing and
cell migration (24,25,27).

To confirm the in vitro effects of NED416 in an animal
model, its effects on cutaneous wound healing were tested
in hairless mice. As hypothesized, the differences in wound
healing were significant at all time points from day 2 onward
for animals treated with NED416 compared with vehicle.
Skin samples from the NED416-treated mice exhibited faster
neoepithelium, dermal and epidermal regeneration when
subjected to H&E staining. These results not only comple-
mented the results found in cultured keratinocyte and fibroblast
monolayers, but also offered insight into epithelial migration
facilitated by NED416 in injured skin tissue. Furthermore,
these findings demonstrated the wound healing potential
of NEDA416 in vivo as re-epithelialization is one of the most
critical and complex steps of wound healing (1). Thus, in addi-
tion to later stages such as migration and tissue remodeling,
NEDA416 positively regulated the early stages of wound closure
and inflammation. Resveratrol and juglone are Sirtl activa-
tors from plant sources that showed wound healing potential
in previous studies (27,37,38). Sirtl activators, including
NEDA416, regulate wound healing mainly in the later phases.
However, extracts from Aloe vera and Vitis vinifera regulate
the overall process of wound healing (38,39).

NED416 increased the quantity of collagen present
in skin tissue samples that were collected 5 and 10 days
after injury. The amounts of collagen deposited were also
significantly higher in the NED416-treated groups than in the
vehicle-treated group. This finding indicated that NED416
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promoted the generation and deposition of collagen, a marker
of the remodeling phase, and is consistent with the results of
previous studies in which collagen fibers and elastin indicate
the replacement and rearrangement of old and disorganized
collagen (7,40).

To confirm the wound healing effects of NED416, the
expression and phosphorylation levels of migration-related
proteins (Racl, Cdc42 and a-Pak) were monitored, as these
proteins play important roles in cell migration and thus the
promotion of wound healing (10-12). Protein expression
of Cdc42 induced by NED416 treatment was significantly
increased. The expression of Racl was not different between
its phosphorylated and unphosphorylated forms upon treat-
ment with NED416. However, the relative expression of
p-Cdc42 compared with its unphosphorylated form was
increased following treatment with NED416. The expression
of a-Pak was also not markedly increased. These findings
showed that NED416 promoted wound healing by enhancing
skin cell migration via the Rac1/Cdc42 pathway. The activa-
tion of Cdc42 is significant in the sense that activation of Racl
depends on Cdc42, and a-Pak is a downstream target of the
Cdc42/Racl complex (41).

Cdc42 is involved in controlling cell migration through
filopodia formation in actin filaments, whereas Racl and
a-Pak control lamellipodia and stress fiber formation, respec-
tively (42-47). Thus, Cdcd42 activation is the most significant
and vital event in cell migration induced by NED416 treatment.
Neoangiogenesis plays an essential role in the development
and nourishment of nascent tissue, and the removal of waste
from the wound area (48). The ability of NED416 to promote
angiogenesis in cultured HUVECs also supported the wound
healing potential of NED416.

Compared with vehicle treatment, NED416 treatment
activated MAPK signaling, as western blot analysis revealed
increased levels of ERK and JNK in their phosphorylated forms.
Of note, NED416 increased p-ERK and p-JNK expression in
a dose-dependent manner. However, phosphorylation of p38
was not increased. These findings regarding MAPK signaling
pathway activation by NED416 are of note as cell migration has
been shown to involve the ERK and JNK signaling pathways to
promote the process of wound healing (49,50).

In conclusion, NED416 is a novel synthetic Sirtl activator
that can increase Sirtl activity more than resveratrol, and
ameliorates the overall process of wound healing in cultured
skin cells and a mouse wound model, mainly in the later
processes of cell migration, angiogenesis and tissue remod-
eling. NED416 promotes these processes by regulating the
Racl/Cdc42 and MAPK signaling pathways. Future studies
with NED416 and other Sirtl activators not only have the
potential for developing new therapeutic strategies for wound
healing, but may also lead to a novel paradigm of research to
reveal the role of Sirtl in cutaneous wound healing, which is
one of the most complex and essential repair and regeneration
processes.
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