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BACKGROUND AND PURPOSE

Sirtuin1 (SIRTT), the founding member of mammalian class Ill histone deacetylases, is reported to be a drug target involved in
fibrotic diseases. However, whether it is an effective drug target in hypertrophic scar treatment is still not known.

EXPERIMENTAL APPROACH

In the present study, we observed that SIRT1 localized to both the epidermis and the dermis of skin tissues by
immunohistochemistry. After knock-down of SIRT1 by shRNA or up-regulating SIRT1 by resveratrol, the expression of a-SMA,
Col1 and Col3 in fibroblasts were detected by western blots. A mouse excision wound healing model was used to observe the
changes in collagen fibre associated with the different expression levels of SIRT1.

KEY RESULTS

SIRT1 expression was inhibited in hypertrophic scar tissue. The down-regulation of SIRTT resulted in an increased expression of a-
SMA, Col1 and Col3 in hypertrophic scar-derived fibroblasts. In contrast, the up-regulation of SIRT1 not only inhibited the ex-
pression of a-SMA, Col1 and Col3 in hypertrophic scar-derived fibroblasts but also blocked the activation of TGF#1-induced
normal skin-derived fibroblasts. In the mouse model of wound healing, the deletion of SIRT1 resulted in denser collagen fibres and
a more disordered structure, whereas resveratrol treatment led to a more organized and thinner collagen fibre, which was similar
to that observed during normal wound healing.

CONCLUSIONS AND IMPLICATIONS
The results revealed that SIRT1 negatively regulates TGFB1-induced fibroblast activation and inhibits excessive scar formation and
is, therefore, a promising drug target for hypertrophic scar formation.

Abbreviations

a-SMA, a-smooth muscle actin; Coll, collagen 1; Col3, collagen 3; DAB, 3,3’-diaminobenzidine; ECM, extracellular matrix;
EMT, epithelial-mesenchymal transition; HDACs, histone deacetylases; SIRT1, sirtuin 1; TSA, trichostatin A
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Tables of Links

Collagenase 1 (MMP1)
HDACs
Sirtuin 1

Collagen 1 (ColT) TGFB1

Collagen 3 (Col3) Trichostatin A

Resveratrol

These Tables list key protein targets and ligands in this article which are hyperlinked to corresponding entries in http://www.guidetopharmacology.
org, the common portal for data from the [IUPHAR/BPS Guide to PHARMACOLOGY (Pawson et al., 2014) and are permanently archived in the Concise

Guide to PHARMACOLOGY 2015/16 (Alexander et al., 2015).

Introduction

Hypertrophic scars are characterized by the excessive produc-
tion and deposition of extracellular matrix (ECM) proteins.
They usually develop after burn injury, trauma and surgery,
and cause not only cosmetic but also functional problems
(Gurtner et al., 2008; Hsu et al., 2010; Gauglitz et al., 2011;
Tyack et al., 2012). Although extensively studied, the mecha-
nism of hypertrophic scar formation is still currently unclear,
and treatment remains a great challenge. It is widely accepted
that the major characteristic of hypertrophic scars is the ex-
cessive deposition of collagen-based ECM proteins. Under
normal conditions, the dynamic balance between the synthe-
sis and degradation of collagen is regulated by matrix metal-
loproteinase, tissue inhibitor of metalloproteinase and
various cytokines, such as TGFf1. The balance is broken after
skin injuries, which leads to increased synthesis and deposi-
tion of collagen, and the skin then recovers and becomes nor-
mal after wound healing (Sternlicht and Werb, 2001; Park
etal., 2004; Armour et al., 2007). However, prolonged inflam-
mation and other chronic stimuli may result in the overpro-
duction of collagen, finally leading to hypertrophic scar
formation (Armour et al., 2007; van der Veer et al., 2009).
Among the various cell types in skin, fibroblasts are
responsible for the synthesis of collagen and other ECM
proteins and play a critical role in wound healing and scar
formation. After skin injuries, fibroblasts transdifferentiate
into myofibroblasts, which are characterized by the
expression of a-smooth muscle actin (a-SMA) and an
increased propensity to synthesize and secrete collagen and
thus facilitate wound healing. However, the persistence of
fibroblasts/myofibroblasts after wound healing may result in
the formation of hypertrophic scars (Hinz, 2010; Sidgwick
and Bayat, 2012; Klingberg et al., 2013). Although it is not
fully understood, current evidence suggests that the
fibroblast-to-myofibroblast transition is primarily regulated
by TGFB1 (Sarrazy et al., 2011; Pakyari et al., 2013). In addi-
tion to a-SMA, various fibrosis-related proteins are transcrip-
tionally regulated by TGFp1, including collagen 1 (Coll)
and collagen 3 (Col3) (Kohan et al., 2010; Conte et al., 2011;
Conte et al., 2013). Given their critical role in scar formation,
myofibroblasts have been considered as an anti-fibrosis/scar
target (Penn ef al.,, 2012). Recently, it was reported that
histone deacetylases (HDACs) play an important role in the
transcriptional regulation of collagen, partly by binding to
the proximal promoters of the collagen gene with other
transcription factors and co-factors (Xia et al., 2012); thus,
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they might be a potential therapeutic strategy for hypertro-
phic scars (Li et al., 2010; Huang et al., 2014).

Sirtuins, the class III HDACs that function through the
deacetylation of histone and non-histone substrates, are in-
volved in ageing, epigenetics, inflammation, cancer and a variety
of other cellular processes (Michan and Sinclair, 2007). Among
the seven members of the class IIl HDAC family, sirtuin 1 (SIRT1)
is best characterized. SIRT1, the mammalian orthologue of yeast
silent information regulator 2, is involved in a large number of
cellular activities, including metabolism (Chang and Guarente,
2014), proliferation, differentiation, survival and apoptosis (Xia
etal., 2011), and it plays a key role in chronic diseases, including
diabetes (Kitada and Koya, 2013), chronic inflammatory pulmo-
nary diseases (Arunachalam et al., 2010), neurodegeneration
(Herskovits and Guarente, 2013) and chronic renal diseases
(Kitada et al., 2014). Recently, it has been reported that SIRT1
might be involved in the formation and development of fibrotic
diseases (Schuetze et al., 2014; Williams ef al., 2014). In kidney
epithelial cells, SIRT1 inhibits TGFp-driven epithelial-
mesenchymal transition (EMT) and suppresses kidney fibrosis
(Simic et al., 2013). The overexpression of SIRT1 attenuates
TGFp1-induced ECM expression, probably by binding to Smad3,
as well as the deacetylation of PPAR-y coactivator-1a (Planavila
et al., 2011; Huang et al., 2014). Moreover, resveratrol (3,5,4'-tri-
hydroxy-trans-stilbene), the agonist of SIRT1, up-regulates both
the expression (Costa Cdos et al., 2010) and enzyme activity of
SIRT1 (Howitz et al., 2003; Hubbard et al., 2013a), and has been
reported to inhibit renal fibrosis, liver fibrosis and bleomycin-
induced pulmonary fibrosis (Lee et al., 2010; Akgedik et al.,
2012; Liang et al., 2014). However, the expression pattern of
SIRT1 in hypertrophic scars and its effects on the fibrotic re-
sponses of fibroblasts and scar formation are poorly understood.

In the present study, we investigated the role of SIRT1 during
fibroblast activation and scar formation. We found that the expres-
sion of SIRT1 decreased in the hypertrophic scar tissues, and the
up-regulation of SIRT1 induced by resveratrol blocked TGF31-
induced dermal fibroblast transition and led to an improvement
in the density and the arrangement of collagen fibres in a mouse
model of wound healing. It was concluded that SIRT1 is a promis-
ing therapeutic target for the treatment of hypertrophic scars.

Methods

Hypertrophic scar tissues and cell culture
Hypertrophic scar samples and adjacent full-thickness nor-
mal skin tissues from nine patients with no previous
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treatment were obtained during plastic surgery (Supporting
Information Table S1). Diagnosis was confirmed by routine
pathological examination. Before surgery, all of the patients
were informed of the purpose and procedure of this study
and agreed to donate excess tissue. Written informed consent
was obtained from all participants involved in this study. All
of the protocols were approved by the Ethics Committee of
Xijing Hospital, affiliated with the Fourth Military Medical
University (China). The protocol number is XJYYLL-
2013190. Each sample was divided into three parts for West-
ern blot analysis, immunohistochemistry and cell culture.
To isolate the fibroblasts from the tissue, the dermal parts of
the tissues were rinsed repeatedly with PBS and were then
minced and incubated at 37 °C for 3 h in a solution contain-
ing type I collagenase (0.1 mg - mL ™', Sigma, Germany).
The fibroblasts were pelleted and grown in DMEM (Waltham,
MA, Gibco, USA), supplemented with 10% fetal calf serum
(Gibco), 100 U - mL ™" penicillin and 100 U - mL™" streptomy-
cin. The cells were incubated at 37 °C in a 5% (v - v ') CO,
humidified atmosphere. All experiments were performed
using cells between the 3rd and 5th passages.

Mouse cutaneous excision model

All animal experiments were performed in accordance with
the guidelines from the Administration of Animal Experi-
ments for Medical Research Purposes issued by the Ministry
of Health of China, which is in accordance with the principle
of ARRIVE (Kilkenny et al., 2010; McGrath and Lilley, 2015).
The protocol was approved by the Animal Experiment Ad-
ministration Committee of the Fourth Military Medical Uni-
versity (no: XJYYLL-2013190). All surgical procedures were
performed under 1% sodium pentobarbital anaesthesia (0.5-
mL - 100 g * bodyweight) and in a clean surgical room with
sterilized instruments. All efforts were made to minimize
the suffering of the mice during the experiments. The hair
was shaved from the dorsum of the mice, and the skin was
treated with iodine solution. Full-thickness excisional
wounds of 1 cm x 1 cm were created using a template on
the dorsal skin of 7-week-old Balb/C mice (Outtz et al.,
2010). No antibiotics were used as the incision was clean.
No analgesics were used as the mice seemed active after resus-
citation. One hundred microlitres of SIRT1 shRNA at 100 nM
or resveratrol (4.4 mM, 0.5 mL - 100 g~ ' bodyweight) was ad-
ministered i.d. and circumferentially around the wounds at 1,
3, 5 and 7 days after the wound was established. After 4 weeks,
the wound tissues and the normal skin around the wounds
were harvested and fixed in 10% formaldehyde for Masson’s
trichrome staining to assess wound healing, collagen produc-
tion and distribution. Twenty-four Balb/C mice were used in
the experiment.

Lentiviral transfection in vivo

The recombinant lentiviral vector for silencing of SIRT1
expression (SIRT1 shRNA), negative control lentiviral vector
containing non-specific ShRNA (mock), lentiviral expressing
SIRT1 (Lv-SIRT1) and control lentiviral (Lv-NC, mock)
were purchased from Shanghai Gene Chemistry Company
(Shanghai, China). All vectors were labelled with GFP, which
served as a marker. Hypertrophic scar-derived fibroblasts,
grown to 70-80% confluence, were incubated for 12 h in

Sirtuin 1 is a target for hypertrophic scar treatment

BJP.

serum-depleted medium and transfected with SIRT1 shRNA
(33 nM) for 48 h to generate stable SIRT1 knock-down cells.
The efficiency of sShRNA infection was measured by Western
blot analysis.

Real-time PCR

Total RNA from cultured cells was extracted using an RNA-
isolation kit (Takara, Kusatsu, Japan). Five hundred nano-
grams of total RNA was reverse-transcribed using a
PrimeScript™ RT reagent Kit (Takara). The cDNA obtained
was then amplified by the Bio-Rad IQS real-time system
(Bio-Rad, Hercules, CA, USA), using SYBR®Premix Ex Taq"
Kit (Takara) with specific primers (Supporting Information
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Figure 1

Decreased SIRT1 expression in hypertrophic scar tissues. (A) Repre-
sentative immunohistochemical staining for SIRT1 in normal skin
(NS) and hypertrophic scar (HS) tissues (scale bar = 50 um). The av-
erage SIRT1-positive cell rate was calculated (n = 6). (B) SIRT1 and
ColT mRNA expression levels in NS and HS tissues were analysed by
real-time PCR and normalized to GAPDH (n = 6). (C) Representative
western blot analysis for SIRT1 and Coll in NS and HS tissues
(n=6). The results represent the mean + SEM of six independent ex-
periments. *P < 0.05.
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Figure 2

SIRT1 shRNA treatment up-regulated Col1, Col3 and a-SMA expres-
sion in hypertrophic scar fibroblasts. (A) The effects of SIRTT shRNA
on SIRT1, Col1, Col3 and 0-SMA mRNA levels in fibroblasts derived
from hypertrophic scars were analysed by real-time PCR and normal-
ized to GAPDH (n = 6). (B) Representative western blot analysis for
SIRT1, Col1, Col3 and a-SMA protein levels in hypertrophic scar-de-
rived fibroblasts after SIRT1 down-regulation by shRNA treatment
(n=6). The results represent the mean + SEM of six independent ex-
periments. *P < 0.05.

Table S2). The PCR conditions were 95 °C for 30 s, followed by
40 cycles of 95 °C for 30 s and 60 °C for 10 s, and elongation at
72 °C for 15 s. The results from three independent vials were
used to determine the relative expression levels of the target
genes, which were normalized against the expression level
of GAPDH.

Western blotting
Fifty micrograms of total protein was subjected to SDS-PAGE
and transferred onto PVDF membranes. The membranes were
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Figure 3

SIRT1 up-regulation by resveratrol treatment down-regulated Col1
Col3, and o-SMA expression in hypertrophic scar fibroblasts. (A)
The effects of resveratrol on the mRNA levels of SIRT1, Col1, Col3
and a-SMA were analysed by real-time PCR and normalized to
GAPDH (n = 6). (B) Representative western blot analysis for SIRT1,
ColT1, Col3 and o-SMA protein levels after the up-regulation of SIRT1
by resveratrol (n = 6). Resv, resveratrol. The results represent the
mean = SEM of six independent experiments. *P < 0.05.

blocked with 5% non-fat milk at room temperature for 3 h
and were then incubated with rabbit anti-human a-SMA
(1:1000, Epitomics, Burlingame, CA, USA), rabbit anti-
human Coll (Colle2, 1:1000, Abcam, Cambridge, UK),
rabbit anti-human Col3 (1:1000, Abcam), mouse anti-human
SIRT1(1:800, Abcam) and rabbit anti-human B-actin (1:1000,
Abcam) antibodies at 4 °C overnight. Then, the membranes
were incubated with HRP-conjugated secondary antibodies
diluted at 1:3000 (Boster, Wuhan, China) at 37 °C for 1 h.
The proteins were visualized with an ECL Kit (Millipore,
Billerica, MA, USA) and FluorChemFC (Alpha Innotech, San
Leandro, CA, USA).
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The overexpression of SIRT1 inhibited the expression the Col1, Col3 and a-SMA. After the infection of SIRT1 shRNA, resveratrol did not change the
expression of the three molecules. (A) The effects of Lv-SIRT1 infection on the expression of Col1, Col3 and a-SMA in hypertrophic scar-derived
fibroblasts were detected by western blot (n = 6). (B) Representative western blot analysis for Col1, Col3 and a-SMA protein levels after treatment
with SIRTT shRNA and resveratrol (n = 6). Resv, resveratrol. The results represent the mean + SEM of six independent experiments. *P < 0.05.

Immunohistochemistry and
immunocytochemistry

Hypertrophic scar and normal skin tissues were fixed in 10%
formaldehyde. The paraffin-embedded sections were
dewaxed, and endogenous peroxidase activity was quenched
with 3% hydrogen peroxide. After being blocked with goat se-
rum for 30 min, the sections were incubated at 4 °C overnight
with mouse anti-human SIRT1 antibody (1:100, Abcam).
Then, the sections were incubated with biotinylated
antibody, and streptavidin-biotin-HRP and 3,3’-diamin-
obenzidine (DAB) were used for signal amplification and
staining, respectively. Finally, the sections were counter-
stained with haematoxylin. A negative control was achieved
using an isotype-matched IgG in each of the immunostaining
conditions.

Fibroblast samples were fixed in 4% formaldehyde and
were permeabilized with 1% Triton X-100. After being
blocked with 1% BSA, the samples were incubated with
rabbit anti-human o-SMA antibodies (1:500, Epitomics).
Cy3-conjugated goat anti-rabbit IgG antibody (1:100,
Cwbiology, Beijing, China) was used as a secondary antibody,
and DAPI was used for nuclear staining. An image was ob-
tained and analysed using the Image-Pro Plus system.

Statistical analysis

The results are presented as the mean + SEM of six indepen-
dent experiments. Statistical analysis was performed using
ANOVA or Student’s t-test as appropriate using the spss
(Statistical Package for the Social Sciences) 13.0 programme
(IBM, Chicago, IL, USA). P < 0.05 was considered statistically
significant. The data and statistical analysis comply with the
recommendations on experimental design and analysis in
pharmacology (Curtis et al., 2015).

Results

The expression of SIRT1 is decreased in
hypertrophic scars

To determine the localization and expression level of SIRT1
in hypertrophic scars and normal skin tissues, immunohisto-
chemistry was performed. The results showed that SIRT1 was
localized to both the epidermal and dermal layers of skin
tissues. DAB staining showed that the intensity of SIRT1 in
hypertrophic scar tissues was lower than that in normal skin
tissues (Figure 1A). To further validate these observations,
the mRNA and protein levels of SIRT1 were analysed by real-
time PCR and western blot. As shown in Figure 1B and
Figure 1C, similar to the immunochemistry results, the
mRNA and protein levels of SIRT1 decreased significantly in
hypertrophic scars compared with normal skin tissues
(P < 0.05).

SIRT1 shRNA up-regulated the expression of
Coll, Col3 and a-SMA in hypertrophic
scar-derived fibroblasts

To investigate the role of SIRT1 during hypertrophic scar forma-
tion, shRNA was used to reduce SIRT1 expression. The inhibitory
effects of four types of SIRT1 shRNA are shown in Supporting
Information Fig. S1. The shRNA No.2214 was chosen in the
following experiments. Twenty-four hours after the transfec-
tion, the relative SIRT1 mRNA level decreased hypertrophic
scar-derived fibroblasts compared with the non-specific ShRNA
(mock) group (P < 0.05, Figure 2A). Furthermore, the mRNA
levels of Col1, Col3 and a-SMA were up-regulated in both kinds
of fibroblasts (P < 0.05) (Figure 2A). Similarly, 48 h after
SIRT1 shRNA transfection, the protein levels of SIRT1
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SIRT1 shRNA treatment led to a further increase in Col1, Col3 and a-SMA expression in TGFB1-induced fibroblasts. (A) The effects of SIRT1 knock-
down on TGFf1-induced Col1, Col3 and a-SMA transcription were analysed by real-time PCR and normalized to GAPDH (n = 6). (B) Representa-
tive western blot analysis for Col1, Col3 and o-SMA protein levels in the presence of SIRTT shRNA with or without TGFB1 (n = 6). (C) Representative
immunocytochemical staining for 0-SMA shows that SIRT1 down-regulation by SIRT1 shRNA treatment led to a further increase in TGF-p1-in-
duced a-SMA expression (scale bar = 100 um) (n = 6). The results represent the mean + SEM of six independent experiments. *P < 0.05.

decreasedsignificantly, whereas the protein levels of Coll, Col3
and a-SMA were markedly up-regulated (P < 0.05, Figure 2B).

The up-regulation of SIRT1 suppressed the
expression of a-SMA, Coll and Col3 in
hypertrophic scar-derived fibroblasts

As the expression of SIRT1 was decreased in the hypertrophic
scar tissue, we further investigated whether the up-regulation
of SIRT1 by its agonist resveratrol as well as Lv-SIRT1 could
reverse the elevated expression of a-SMA, Coll and Col3 in
hypertrophic scar-derived fibroblasts. After stimulating the
fibroblasts with resveratrol at doses of 2.5, 5, 10, 20 and
40 pM, the protein levels of SIRT1 were detected by western blot.
With increasing resveratrol concentrations, the protein level of
SIRT1 was up-regulated and reached a maximum elevation at
20 uM (Supporting Information Fig. S2). Hence in the following
experiments, the concentration of resveratrol used was 20 uM.
We further observed that 24 h after 20 uM resveratrol was added,
the mRNA levels of Coll, Col3 and a-SMA were significantly
down-regulated (Figure 3A). The relative protein levels were
also&#146down-regulated at 48 h after resveratrol administra-
tion or Lv-SIRT1 transfection (Figures 3B and 4A).
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Resveratrol, the agonist of SIRT1,
down-regulates the expression of Coll, Col3
and a-SMA through up-regulating SIRT1

SIRT1 shRNA were first added into the medium of hypertrophic
scar-derived fibroblasts for 48 h, followed by the application of
resveratrol. Forty-eight hours later, the protein levels of SIRT1,
Coll and Col3 were detected. As shown in Figure 4B, compared
with the control and mock group, the resveratrol group showed
a significant increasing in SIRT1 and decrease in Coll, Col3 and
SMA. Whereas in the shRNA + resveratrol group, the expression
of SIRT1 was inhibited, and the expressions of Coll, Col3 and
SMA were similar to those in the sShRNA group (Figure 4B).

The expression of SIRT1 was elevated during
the TGF-p1-induced
fibroblast-to-myofibroblast transition

To measure the expression of SIRT1 during TGFp1-induced
fibroblast activation, normal skin-derived fibroblasts were
seeded in 60 mm culture dishes and stimulated with TGFp1
(5 ng - mL™!) for 48 h. After TGFB1 stimulation, the relative
mRNA levels of Coll, Col3 and o-SMA were significantly up-
regulated (Supporting Information Fig. S3), which indicated



the transdifferentiation of fibroblasts into myofibroblasts.
Additionally, the relative SIRT1 mRNA level was increased
by approximately 55% (P < 0.05, Supporting Information
Fig. S3) compared with the control group.

SIRT1 shRNA led to a further increase in Coll,
Col3 and o-SMA in the TGFp1-induced
fibroblasts

SIRT1 shRNA was used to investigate the role of SIRT1 in the
TGFB1-induced fibroblast-to-myofibroblast transition. Normal
skin-derived fibroblasts at 70-80% confluence were divided into
five groups. Fibroblasts were treated with vehicle, SIRT1 shRNA
(33 nM), mock RNA, TGFB1 (5 ng - mL ™) + SIRT1 shRNA
(33 nM) and TGFp1 (5 ng mL™") + mock RNA, respectively.
Twenty-four hours after TGFf1 application, the mRNA levels
were detected by real-time PCR. Forty-eight hours after TGFp1
application, the protein levels were detected by western blot,
and the intracellular expression of a-SMA was observed by
immunofluorescence.

Asshown in Figure SA, compared with the control and mock
groups, SIRT1 shRNA led to a further increase in the mRNA
levels of Col1l, Col3 and a-SMA, with increases of approximately
81% (P < 0.05), 48% (P < 0.05) and 39% (P < 0.05), respectively.
The Coll, Col3 and o-SMA protein expression levels were
also significantly elevated after SIRT1 knock-down (P < 0.05,
Figure 5B). In addition, immunocytochemistry showed
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that compared with the control group, TGFp1 led to a sig-
nificant increase in o-SMA-positive fibroblasts, indicating
the fibroblast-to-myofibroblast transition. Moreover, SIRT1
shRNA resulted in a further elevation of the optical
density of the immunocytochemical staining for o-SMA
compared with TGFp1 alone (Figure 5C, Supporting
Information Fig. S4).

Resveratrol inhibited the TGFf1-induced
transdifferentiation of fibroblasts into
myofibroblasts

To further validate the role of SIRT1 during the TGFp1-
induced fibroblast-to-myofibroblast transition, resveratrol
was used in combination with or without TGFB1. Real-time
PCR and western blot were used to evaluate the mRNA and
protein expression levels of Coll and Col3 and o-SMA.
Immunofluorescence was used for the detection of a-SMA
expression. Resveratrol treatment led to a significant
increase in SIRT1 expression at both the mRNA and protein
levels (Figure 6A, B). When used in combination with TGFf1,
resveratrol inhibited the TGFp1-induced increase in mRNA
(P < 0.05, Figure 6A) and protein levels (P < 0.05, Figure 6B)
of Col1, Col3 and 0-SMA. In addition, immunocytochemistry
showed that the optical density of a-SMA decreased after the
up-regulation of SIRT1 by resveratrol (Figure 6C, Supporting
Information Fig. S4).
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Resveratrol treatment inhibited the TGFB1-induced transdifferentiation of fibroblasts into myofibroblasts. (A) Resveratrol up-regulated SIRTT ex-
pression and inhibited TGFB1-induced increase in Col1, Col3 and a-SMA mRNA expression, as analysed by real-time PCR and normalized to
GAPDH (n = 6). (B) Representative western blot analysis for Col1, Col3 and a-SMA protein levels in the presence of resveratrol with or without
TGFB1 (n = 6). (C) Representative immunocytochemical staining for a-SMA shows that SIRT1 up-regulation by resveratrol treatment blocked
TGFB1-induced increase in a-SMA expression (scale bar = 100 um) (n = 6). Resv, resveratrol. The results represent the mean + SEM of six indepen-

dent experiments. *P < 0.05.
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Resveratrol improved the dermal architecture in
a mouse cutaneous excision model

To assess the effects of SIRT1 on the continuous process of
wound healing and scar formation, cutaneous excision
wound models were established in Balb/C mice, which were
treated with i.d. injections of either SIRT1 shRNA or resvera-
trol. The pictures of wound healing process are shown in
Supporting Information Fig. S6. The wound tissues were har-
vested 4 weeks later and subjected to Masson’s staining. As
shown in Figure 7, treatment with SIRT1 shRNA resulted in

Figure 7
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a more disordered structure and denser collagen fibres com-
pared with the control group. In contrast, the up-regulation
of SIRT1 by resveratrol led to more neatly arranged and thin-
ner collagen fibres compared with the SIRT1 shRNA group.
The former was similar to the normal tissue. We detected
the phosphorylation of Smad2 through immunohistochem-
istry. As shown in Figure 7D-F, SIRT1 shRNA significantly
inhibited the expression of SIRT1 and increase the expression
of 0-SMA, and simultaneously, the phosphorylation of Smad2
was increased. In contrast, resveratrol increased the

D SIRT1

H
E

E a-SMA

Resveratrol treatment improved the dermal architecture after wound healing. (A) As described in the Methods section, a mouse excision model
was established, and either SIRT1 shRNA or resveratrol was administered i.d. and circumferentially around the wounds. The wound tissues and
the adjacent normal skin were harvested 4 weeks later. Representative Masson'’s trichrome staining is shown (n = 6) (Scale bar = 50 um). (B) Rep-
resentative western blot analysis for SIRT1 at 4 weeks after wound healing (n = 6). (C) Histogram quantifying the relative area of collagen fibres in
(A) using Image-Pro Plus 6.0 software (n = 6). (D) Representative immunohistochemical staining for SIRT1 in hypertrophic scar tissue. SIRTT shRNA
led to the inhibition of SIRT1 while resveratrol led to an up-regulation of SIRT1 (n = 6). (E) Representative immunohistochemical staining for a-SMA
in hypertrophic scar tissue. The inhibition of SIRT1 led to increased expression of a-SMA while resveratrol led to decreased expression of a-SMA
(n = 6). (F) Representative immunohistochemical staining for p-Smad in hypertrophic scar tissue. The inhibition of SIRT1 led to increased phos-
phorylation of Smad2. In contrast, the up-regulation of SIRT1 led to decreased phosphorylation of Smad2 (n = 6). Resv, resveratrol. The results
represent the mean + SEM of six independent experiments. *P < 0.05.
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expression of SIRT1 and decreased the expression of a-SMA,
during which the phosphorylation of Smad2 was signifi-
cantly decreased.

Discussion and conclusion

Hypertrophic scarring after burn injury and trauma is a fi-
brotic disease that is characterized by the excessive deposi-
tion of ECM components (Gurtner et al., 2008; Hsu et al.,
2010; Gauglitz et al., 2011; Tyack et al., 2012). So far, there is
no satisfactory therapeutic option for hypertrophic scar. Re-
cently, it has been reported that SIRT1 plays a role in amelio-
rating fibrotic disease and may thus represent a therapeutic
target in anti-fibrosis treatment (Li et al., 2010; Xia ef al.,
2012; Huang et al., 2014). Our study was aimed at determin-
ing whether SIRT1 is a potential therapeutic target for hyper-
trophic scars. Fibroblasts are the main components that
synthesize and secrete collagen in skin (Hinz, 2010; Sidgwick
and Bayat, 2012; Klingberg et al., 2013). During the normal
wound healing process, fibroblasts around the wound are ac-
tivated and transdifferentiate into myofibroblasts. Then they
migrate into the wound area, and facilitate wound healing by
increasing the synthesis and secretion of collagen. After
wound healing, myofibroblasts are removed by apoptosis
(van der Veer et al., 2009; Hinz, 2010; Klingberg et al., 2013).
However, under pathological conditions, such as prolonged
inflammation and infection, myofibroblasts persist in the
wound, which results in the excessive deposition of ECM pro-
teins and hypertrophic scar formation (van der Veer et al.,
2009; Hinz, 2010; Klingberg et al., 2013). Thus, the inhibition
of collagen synthesis and secretion is of great importance for
the treatment of hypertrophic scars. Among the various cyto-
kines that are secreted during wound healing, TGF81 plays a
key role in scar formation by regulating the transcription of
collagen (Sarrazy et al., 2011; Pakyari et al., 2013).

HDAGC:S are a group of enzymes that catalyse the removal
of acetyl from the lysine residues of histone and non-histone
proteins, thereby regulating their function. There are 18 dif-
ferent HDACs in humans, and they can be divided into four
separate classes depending on their sequence similarity and
cofactor dependency (Michan and Sinclair, 2007; Shakespear
et al., 2011; Chang and Guarente, 2014). Class I, II and IV
HDAGC:s are zinc-dependent and share a similar structure. In
contrast, the class III HDACs, which belong to the sirtuin
family, contain seven members (SIRT1-7) that show no se-
quence resemblance to the other three classes and require
nicotinamide adenine dinucleotide as a cofactor. HDACs
have multiple functions in many cellular processes, such as
the cell cycle, apoptosis, proliferation and differentiation,
and may be involved in various pathological processes, in-
cluding cancer, inflammatory disorders, cardiovascular dis-
eases and lung diseases (Shakespear et al., 2011; Reichert
et al., 2012). Recently, it has been reported that HDACs play
a key role in fibrotic diseases, including systemic sclerosis
and cardiac fibrosis, and thus represent a potential therapeu-
tic target for fibrotic diseases (Li et al., 2010; Van Beneden
et al., 2013; Huang et al., 2014; Schuetze et al., 2014). Simic
et al. demonstrated that in HMLER breast cancer, SIRT1
inhibited the EMT whereas the loss of SIRT1 in the tubular
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epithelial cells aggravated injury-induced renal fibrosis (Simic
et al., 2013). In addition, SIRT1 and resveratrol counteract
age-related diseases, and could therefore underlie changes in
wound healing that occur during natural ageing (Bhullar
and Hubbard, 2015). The up-regulation of SIRT1 by its ago-
nist resveratrol has been shown to inhibit the renal fibrosis,
liver fibrosis and pulmonary fibrosis induced by bleomycin
(Lee et al., 2010; Akgedik et al., 2012; Liang et al., 2014).
Furthermore, Ikeda et al. (2013) reported that in keloid-
derived fibroblasts, resveratrol significantly down-regulates
the expression of Col1l, a-SMA and TGF-1. However, the pro-
liferation of fibroblasts also decreased after stimulation with
resveratrol (Ikeda et al., 2013). Hence, the role of SIRT1 in skin
fibroblast activation after skin injury and the pathological
process of hypertrophic scar formation remain unclear.

In the present study, the expression pattern of SIRT1 in
hypertrophic scars, normal skin tissues as well as TGFp1-
induced fibroblast-to-myofibroblast transition was analysed,
and we observed that SIRT1 localized to both the epidermal
and dermal parts of the skin tissues. Compared with normal
skin tissues, a decreased expression level of SIRT1 in hypertro-
phic scars was observed by immunohistochemistry and west-
ern blot. In addition, the mRNA and protein levels of SIRT1
also increased significantly after TGFp1 stimulation. These
observations indicate that SIRT1 is involved in the formation
of hypertrophic scars. To elucidate the role of SIRT1 during
scar formation, SIRT1 shRNA was transduced into hypertro-
phic scar-derived fibroblasts. Notably, the expression levels
of a-SMA, Col1l and Col3 were significantly up-regulated after
the depletion of SIRT1. Moreover, SIRT1 knock-down led to a
further increase in Coll, Col3 and oa-SMA expression in
TGFp1l-induced fibroblasts, which suggests that SIRT1 may
negatively regulate the expression of these fibrotic makers.

Previous studies have shown that HDAC inhibitors can
block tissue fibrosis in multiple organs. Williams et al. re-
ported that selective inhibition of class I HDACs potently
suppresses angiotensin II-mediated cardiac fibrosis by
targeting cardiac fibroblasts and bone marrow-derived
fibrocytes. (Liu et al., 2008; Williams et al., 2014). In liver fi-
brosis, the HDAC inhibitor trichostatin A (TSA) suppressed
a-SMA, Coll and Col3 expression and reduced the migration
of stellate cells (Niki et al., 1999). TSA also inhibited
mesangial cell proliferation and the synthesis of collagen
and o-SMA in renal fibrosis (Freidkin et al., 2010). Further-
more, a recent study using a rabbit ear model showed that
TSA led to decreased Col1l and fibronectin synthesis and that
it inhibited hypertrophic scar formation (Diao et al., 2013).
These results indicate that HDAC inhibitors could be used
to treat fibrotic diseases. However, as a member of the Class
III HDAGC:s, the activity of sirtuins was not affected by TSA or
the other inhibitors used in the above studies. Thus, in the
present study, SIRT1 shRNA was used to knock-down SIRT1,
and the results suggest that SIRT1 may have different effects
from those of other HDACs on scar formation.

To further verify this hypothesis, resveratrol, which has
been found to be an agonist of SIRT1, up-regulates both the
expression (Costa Cdos et al., 2010) and enzyme activity
(Howitz et al., 2003; Hubbard et al., 2013b) of SIRT1, and
was used in the present study. The anti-fibrotic effects of res-
veratrol have been reported in organ fibrosis, including he-
patic fibrosis, pulmonary fibrosis and renal fibrosis (Chavez
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et al., 2008; Lee et al., 2010; Akgedik et al., 2012; Liang et al.,
2014). However, there are no reports regarding its effects on
hypertrophic scar formation. In the present study, we
observed that resveratrol led to an obvious decline in the
expression of a-SMA, Coll and Col3 in hypertrophic scar-
derived fibroblasts. To confirm that resveratrol plays a role
in anti-scar formation through the up-regulation of SIRT1,
the expression of SIRT1 was inhibited through shRNA, and
it was found that after the transfection of SIRT1 shRNA,
resveratrol did not change the expression of Coll, Col3 and
a-SMA. To further confirm these results, SIRT1 was up-
regulated through Lv-SIRT1 in hypertrophic scar-derived fi-
broblasts. It was shown that the up-regulation of SIRT1
through Lv-SIRT1 led to the inhibition of the expression of
Coll, Col3 and o-SMA. Furthermore, resveratrol blocked
TGFB1-induced transdifferentiation of fibroblasts into
myofibroblasts, as seen by the significant inhibition of a-
SMA, Coll and Col3 expression. To investigate the effects of
up-regulating SIRT1 in vivo, a cutaneous excision model was
established in mice, and both SIRT1 shRNA and resveratrol
were injected i.d. around the wounds. SIRT1 shRNA resulted
in a more disordered structure and denser collagen fibres in
the tissue after wound healing compared with the mice that
were injected with resveratrol instead. So far, there are no
widely-accepted animal models that perfectly mimic human
hypertrophic scars, as hypertrophic scar tissue seldom forms
in other mammals (Ramos et al., 2008). The rabbit ear model
(Mortris et al., 1997; Zhu et al., 2008) and nude mouse model
of transplanted human skin (Honardoust et al., 2013) have
been used to investigate hypertrophic scarring and the effects
anti-fibrotic drugs. An ideal animal model should match hu-
man hypertrophic scarring in its clinical appearance, histo-
logical aspects, biochemistry, immunology, molecular
biology and clinical behaviour. Despite the large number of
scientific publications using mice, rabbits and other animals
to study hypertrophic scarring, the wound healing process
in these species presents significant differences when com-
pared with human scarring (Ramos et al., 2008). In our exper-
iments, the mouse cutaneous excision model was used, as we
focused on the continuous process of wound healing and scar
formation. The most important pathological characteristic of
the hypertrophic scar is the overexpression of ECM as well as
the transdifferentiation of fibroblasts into myofibroblasts
(Hinz, 2010). The mouse cutaneous excision model benefits
from similar pathological changes to those of wound healing
and hypertrophic scars (Shi et al., 2013). That is why we
choose this model in our experiments. Notably, resveratrol
could improve wound healing in animals (Yaman et al.,
2013), shown as an increased tensile strength of the
wound, and an up-regulated expression of Coll and other
ECM proteins. During this period, resveratrol reduced the
inflammation of the wound, which is supposed to be the
key effect for improving wound healing. It is known that
rapid and efficient wound healing reduces scar formation.
Hence, it is reasonable to assume that increasing the level
of SIRT1 has beneficial effects on wound healing and can
inhibit scar formation. Although the up-regulation of SIRT1
by resveratrol improved wound healing in the mouse
cutaneous excision model, the anti-scarring properties of
SIRT1 still need to be confirmed in more animal models
in the future.
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It is known that the TGFp1/Smad pathway is one of the
most important pathways involved in scar formation
(Profyris et al., 2012). We detected the phosphorylation of
Smad2 through immunohistochemistry, which showed that
the phosphorylation of Smad2 could be suppressed by resver-
atrol but increased by SIRT1 shRNA. These results indicate
that the TGFp1/Smad pathway is affected by SIRT1. However,
further exploration of this effect is still needed.

Taken together, our present results demonstrate that the
expression of SIRT1 is decreased in hypertrophic scar tissues
compared with normal skin. SIRT1 may negatively regulate
TGFBl-induced fibroblast-to-myofibroblast transition, as
demonstrated by the decreased expression of a-SMA, Coll
and Col3 after resveratrol treatment. In addition, treatment
with resveratrol in the mouse cutaneous excision model im-
proved the dermal structure, as shown by the appearance of
more organized and thinner collagen fibres. Future studies
will focus on the exact molecular mechanisms of the anti-
fibrotic properties of SIRT1.
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Figure S1 The inhibition effects of four types of SIRT1
shRNA. To investigate the role of SIRT1 during hypertrophic
scar formation, the inhibition effects of four types of SIRT1
shRNA including shRNA1075, shRNA1251, shRNA1961 and
shRNA2214 were examined by western blot. The results rep-
resent the mean + SEM of six independent experiments.
*P < 0.0S.

Figure S2 Resveratrol promotes the expression of SIRT1 in
hypertrophic scar fibroblasts. The protein levels of SIRT1 in
hypertrophic scar fibroblasts after administration of different
doses of resveratrol were determined by western blot analysis.
The results represent the mean + SEM of six independent ex-
periments. *P < 0.05.

Figure $3 TGF-B1 upregulates the mRNA expression levels of
Coll, Col3, a-SMA and SIRT1 in normal skin fibroblasts. Nor-
mal skin derived fibroblasts were treated with or without
TGEF-B1, the mRNA levels of Coll, Col3, a-SMA and SIRT1
were determined by real-time PCR. The results represent the
mean *+ SEM of six independent experiments. *P < 0.05.
Figure $4 Effects of SIRT1 shRNA on the expression of a-SMA
induced by TGF-pl. Normal skin derived fibroblasts were
treated with or without TGF-p1 and SIRT1 shRNA, the expres-
sion of a-SMA were determined by immunocytochemical
staining. The positive cells rate and optical density mean
were calculated by using the Image-Pro Plus system. The re-
sults represent the mean + SEM of six independent experi-
ments. *P < 0.05.

Figure S5 Resveratrol inhibits the TGF-p1 induced expres-
sion of a-SMA. Normal skin derived fibroblasts were treated
with or without TGF-B1 and resveratrol, the expression of a-
SMA were determined by immunocytochemical staining,
The positive cells rate and optical density mean were calcu-
lated by using the Image-Pro Plus system. The results repre-
sent the mean + SEM of six independent experiments.
*P < 0.05.
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Figure $6 The wound healing process of mouse cutaneous SIRT1 shRNA or resveratrol. Data shown are the wound man-
excision model. To assess the effects of SIRT1 on the continu- ifestation among different groups at 0, 7, 14 and 16 days after
ous process of wound healing and scar formation, cutaneous the operation.

excision wound models were established in Balb/C mice, Table S1 Demographic data of patient samples used.
which were treated with intradermal injections of either Table S2 Primer sequences used for real-time-PCR analysis
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