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Arctigenin suppresses fibroblast activity and
extracellular matrix deposition in hypertrophic scarring
by reducing inflammation and oxidative stress
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Abstract. Hypertrophic scars (HSs) are a progressive fibro-
proliferation disorder caused by abnormal tissue repair after
deep skin injury, and are characterized by continuous activa-
tion of fibroblasts and excessive deposition of extracellular
matrix. Arctigenin (ATG), a phytomedicine derived from
certain plants, displays antifibrotic effects in certain diseases,
such as oral submucous fibrosis and peritoneal fibrosis. In the
present study, to determine the antifibrotic potential of ATG in
HS, a bleomycin (BLM)-induced skin fibrosis murine model
was established. C57BL/6 mice were randomly divided into
Control group, BLM group and BLM+ATG group. At 1 day
post-bleomycin induction, the BLM+ATG group was intraper-
itoneally injected with 3 mg/kg/day ATG for 28 consecutive
days. Pathological changes in the skin tissues were observed by
hematoxylin and eosin staining. Collagen content was deter-
mined using a Sircol Collagen assay kit. Immunofluorescence
staining was performed to detect the expression of TGF-31
and a-SMA. The expression changes of various factors were
detected by reverse transcription-quantitative PCR, western
blotting and ELISA. Compared with the BLM group, ATG
treatment significantly alleviated skin fibrosis by reducing
dermal thickness, collagen content and expression levels of
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extracellular matrix-related genes (collagen type I al chain,
collagen type I a2 chain, connective tissue growth factor and
plasminogen activator inhibitor-1) in BLM-induced fibrotic
skin. ATG also inhibited the transformation of fibroblasts
into myofibroblasts in vivo and decreased the expression
of TGF-p1 in BLM-induced fibrotic skin. Furthermore, the
contents of proinflammatory cytokines, including IL-1f3, IL-4,
IL-6, TNF-a and monocyte chemoattractant protein-1, were
significantly decreased in the BLM+ATG group compared
with the BLM group. Redox imbalance and oxidative stress
were also reversed by ATG in BLM-induced fibrotic skin, as
demonstrated by the upregulation of antioxidants (glutathione
and superoxide dismutase) and downregulation of oxidants
(malondialdehyde) in the BLM+ATG group compared with
the BLM group. Moreover, the results indicated that the anti-
oxidant effect of ATG may occur via activation of the nuclear
factor erythroid-2-related factor 2/heme oxygenase-1 signaling
pathway. Collectively, the present study indicated that ATG
could ameliorate skin fibrosis in a murine model of HS, which
was partly mediated by reducing inflammation and oxidative
stress. Therefore, ATG may serve as a therapeutic agent for
HS:s.

Introduction

Hypertrophic scars (HSs) are the pathological result of
abnormal tissue repair after deep skin injury, with typical clin-
ical symptoms manifesting as redness, thickening, stiffening,
itching and tenderness (1). In patients with severe skin trauma
or burn, the incidence of HS is relatively high (30-72%) (2,3).
When HSs occur in the face, joints, hands and other important
tissues, fibrotic contracture causes functional limitations and
aesthetic disfigurement, which can result in a physiological
and psychological burden on patients (4). At present, there are
a number of treatment strategies available for the prevention
and treatment of HSs, including corticosteroids, cryotherapy,
pressure therapy, laser, radiation and surgery (5), but the thera-
peutic effects are not satisfactory. Therefore, the development
of effective therapeutic drugs is important.

HSs are a progressive fibroproliferation disorder that are
characterized by continuous activation of fibroblasts and
excessive extracellular matrix deposition (1). Following skin
injury, fibroblasts surrounding the wound can be transformed
into myofibroblasts, which synthesize and secrete extracellular
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matrix, serving a substantial role in wound contraction and
physical support (6). Under normal circumstances, when
wound healing is complete, myofibroblasts gradually undergo
apoptosis, resulting in the restoration of the synthesis and
degradation of extracellular matrix to a dynamic equilibrium
state. However, under pathological conditions, due to high
levels of inflammation and oxidative stress, excessive myofi-
broblasts cannot be removed and thus remain in a proliferative
and activated state, leading to the synthesis and secretion of
large amounts of extracellular matrix, ultimately generating
thick and hardened scars (1,6).

Arctigenin (ATG), a phenylpropanoid dizbenzylbuty-
rolactone lignin, is derived from certain plants, such as
Arctium lappa, Torreya nucifera and Bardanae fructus (7).
ATG is primarily used as a component of compound prescrip-
tions in China and other Asian countries for the treatment of
inflammatory diseases, including anemopyretic cold, cough,
measles and syphilis (8). Numerous studies have demonstrated
that ATG displays a variety of biological activities, including
anti-inflammatory, antioxidant, and antineoplastic proper-
ties (9-12). In addition, ATG has also been reported to reduce
fibrosis in various fibrotic diseases (13-17). For instance, in
oral submucous fibrosis, ATG prevents arecoline-induced
myofibroblast transdifferentiation and dysregulated activities
potentially by downregulating the LINC00974-mediated
TGF-p/phosphorylated (p-) Smad2 signaling pathway (13). In
a peritoneal fibrosis model using an in vitro cell culture model
of TGF-P1-stimulated human peritoneal mesothelial cells,
ATG suppressed TGF-pl-induced epithelial mesenchymal
transition in a dose-dependent manner, partly by enhancing the
activity of the AMP-activated protein kinase/NF-kB signaling
pathway and inhibiting the expression of plasminogen activator
inhibitor-1 (PAI-1) (14). However, whether ATG can alleviate
hypertrophic scarring is not completely understood.

Materials and methods

Animal and ethics statement. A total of 30 SPF-grade healthy
female C57BL/6 mice (age, 7-8 weeks; weight, 23+3 g) were
purchased from Shanghai SLAC Laboratory Animal Co., Ltd..
Mice were housed at 22-25°C with 50-60% humidity, 12-h
light/dark cycles, ad libitum access to food and water, and
adaptive feeding for one week before conducting experi-
ments. All animal experiments were approved by the Ethics
Committee of Chongqing University Central Hospital
(approval no. 2018-032).

Animal model. A bleomycin (BLM)-induced skin fibrosis
murine model of HS was established as previously
described (18). Briefly, a 3 cm? area of hair on the back
of the mice was removed using depilatory cream. BLM
(Sigma-Aldrich; Merck KGaA) was dissolved in PBS
(Wuhan Boster Biological Technology, Ltd.) and sterilized by
filtration. BLM (100 pl; 1 mg/ml) was subcutaneously injected
into a 1 cm? area on the hair removal area using a 27-gauge
needle. The injections were administered daily for 21 consecu-
tive days.

Experimental design. A total of 30 C57BL/6 mice were
randomly divided into three groups (n=10 per group):
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i) Control (Con); ii) BLM; and iii) BLM+ATG. HS modeling
was established in the BLM and BLM+ATG groups, whereas
the Con group was subcutaneously injected with saline daily
for 21 consecutive days. For the Con group, the same injection
volume was applied to the same hair removal area of dorsal
skin. At 1 day post-bleomycin induction, the BLM+ATG group
was intraperitoneally injected with 3 mg/kg/day ATG
(Sigma-Aldrich; Merck KGaA) for 28 consecutive days (10,15).
ATG was dissolved into a stock solution at a concentration of
12 mg/ml using DMSO and diluted to a total concentration
of 0.3 mg/ml with saline before administration. The Con
and BLM group were intraperitoneally injected with saline
(230 pl) daily for 28 consecutive days. At the end of treatment,
mice were anaesthetized with an intraperitoneal injection of
pentobarbital sodium solution (1%; 40 mg/kg) and sacrificed
by cervical dislocation prior to collection of skin tissue
samples. Then, skin tissue samples were collected from the
defined area (1 cm?) injected with BLM. A schematic diagram
of the experiment is presented in Fig. 1A.

Histologic examination. Hematoxylin and eosin (H&E)
staining of skin tissues was performed for pathological
examination. Skin tissue samples were fixed in 4% parafor-
maldehyde at 4°C for 24 h, embedded in paraffin and cut into
4-ym thick sections. The sections were stained with hema-
toxylin for 5 min and eosin for 3 min at room temperature.
Calculation and analysis of dermal thickness were performed
according to Sekiguchi et al (19). Briefly, dermal thickness
was calculated as the distance from the epidermis-dermis
junction to the dermis-subcutaneous tissue junction. Stained
skin tissues were observed in six randomly selected fields
of view using an Axio Scan.Z1 light microscope (magnifica-
tion, x100; Carl Zeiss AG). ImageJ software (version 1.51,
National Institutes of Health) was used to analyze dermal
thickness.

Quantitative detection of collagen content. Collagen content
in skin tissues was measured using a Sircol Collagen Assay
kit (Biocolor, Ltd.) according to previous reports (20,21)
and the manufacturer's instructions. For analysis, skin was
homogenized in 0.5 M acetic acid containing 0.1 mg/ml
pepsin (Sigma-Aldrich; Merck KGaA) with TissueLyser II LT
(Qiagen, Inc.) at 4°C, after which the supernatants were
collected through centrifugation (3,000 x g, 10 min, 4°C) and
assayed.

Immunofluorescence staining. For immunofluorescence
staining, full-thickness skin samples were dissected, attached
to filter paper and fixed in 4% buffered paraformaldehyde
overnight at 4°C. The samples were embedded in optimal
cutting temperature compound and prepared into 10-ym
thick sections using a CM3000 cryostat (Leica Microsystems
GmbH). After blocking for 30 min at room temperature
with 10% goat serum (Sigma-Aldrich; Merck KGaA), the
sections were incubated with anti-TGF-B1 (1:100; Santa Cruz
Biotechnology, Inc.; cat. no. sc146) and anti-a-SMA (1:100;
Abcam; cat. no. ab32575) primary antibodies overnight at
4°C. After washing with 0.01 M PBS three times, the sections
were incubated with Alexa Fluor 488 conjugated anti rabbit
secondary antibodies (1:1,000; Abcam; cat. no. ab150077) for
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Figure 1. ATG alleviates BLM-induced dermal fibrosis in a murine HS model. (A) Schematic diagram of the experiment. (B) Representative images of H&E
staining of skin tissues. (C) Dermal thickness was calculated by measuring the distance from the epidermis-dermis junction to the dermis-subcutaneous
tissue junction of H&E stained sections. (D) Collagen content in the skin was detected using the Sircol collagen assay kit. (E) Extracellular matrix-related
gene expression levels were measured via reverse transcription-quantitative PCR. “P<0.01. ATG, arctigenin; BLM, bleomycin; HS, hypertrophic scar; H&E,
Hematoxylin and eosin; Collal, collagen type I al chain; Colla2, collagen type I a2 chain; CTGF, connective tissue growth factor; PAI-1, plasminogen

activator inhibitor-1; Con, Control.

1 h at room temperature. Subsequently, cell nuclei were stained
with DAPI (Sigma-Aldrich; Merck KGaA) for 10 min at room
temperature. Stained sections were visualized using a TE2000
inverted fluorescence microscope (magnification, x200; Nikon
Corporation) in at least six randomly selected fields of view.

Reverse transcription-quantitative PCR (RT-qPCR).
Total RNA was extracted from skin tissues using TRIzol®
(Invitrogen; Thermo Fisher Scientific, Inc.). Total RNA was
reverse transcribed into cDNA using the PrimeScript RT
reagent kit (Takara Biotechnology Co., Ltd.). The tempera-
ture protocol for reverse transcription was: 37°C for 15 min,
followed by 85°C for 5 sec. Subsequently, qPCR was performed
using SYBR Premix Ex Taq (Takara Biotechnology Co.,
Ltd.) and an ABI StepOne Plus Real-Time PCR machine

(Applied Biosystems; Thermo Fisher Scientific, Inc.). The
following thermocycling conditions were used for gPCR: An
initial denaturation at 95°C for 30 sec; followed by 40 cycles
at 95°C for 5 sec and 60°C for 30 sec; a final dissociation at
95°C for 60 sec, 55°C for 30 sec and 95°C for 60 sec. The
primer sequences used for qPCR are presented in Table I. The
2-24%% method was used to calculate the relative gene expres-
sion levels (22).

Western blotting. Total proteins were extracted from skin
tissues using RIPA (1% PMSF) tissue lysate (Beyotime
Institute of Biotechnology). Nuclear proteins were extracted
using nuclear and cytoplasmic protein extraction kit (Beyotime
Institute of Biotechnology). A bicinchoninic acid assay kit was
used to measure the protein concentration. Proteins (40 ug


https://www.spandidos-publications.com/10.3892/mmr.2020.11539

4786

Table I. Sequences of primers used for reverse transcription-
quantitative PCR.

Gene Sequence (5'—3")
Collal F: GCTCCTCTTAGGGGCCACT

R: ATTGGGGACCCTTAGGCCAT
Colla2 F: TCGTGCCTAGCAACATGCC

R: TTTGTCAGAATACTGAGCAGCAA
CTGF F: GGCCTCTTCTGCGATTTCG

R: GCAGCTTGACCCTTCTCGG
PAI-1 F: GGCCTCTTCTGCGATTTCG

R: GCAGCTTGACCCTTCTCGG
a-SMA F: AGAAACGGGACAAACTTCGTC

R: GTCTTGCACTGTATAGCCGAG
TGF-p1 F: CCACCTGCAAGACCATCGAC

R: CTGGCGAGCCTTAGTTTGGAC
IL-1B F: GAAATGCCACCTTTTGACAGTG

R: TGGATGCTCTCATCAGGACAG
IL-4 F: CCCCAGCTAGTTGTCATCCTG

R: CAAGTGATTTTTGTCGCATCCG
IL-6 F: CTGCAAGAGACTTCCATCCAG

R: AGTGGTATAGACAGGTCTGTTGG
TNF-a F: CAGGCGGTGCCTATGTCTC

R: CGATCACCCCGAAGTTCAGTAG
MCP-1 F: TAAAAACCTGGATCGGAACCAAA

R: GCATTAGCTTCAGATTTACGGGT
GAPDH F: AGGTCGGTGTGAACGGATTTG

R: GGGGTCGTTGATGGCAACA

Collal, collagen type I alpha 1 chain; Colla2, collagen type I
alpha 2 chain; CTGF, connective tissue growth factor; PAI-1,
plasminogen activator inhibitor-1; a-SMA, a-smooth muscle actin;
MCP-1, monocyte chemoattractant protein-1; F, forward; R, reverse.

per lane) were separated via 10% SDS-PAGE gels and trans-
ferred onto PVDF membranes (EMD Millipore). Then, the
membranes were blocked for 2 h at room temperature using
5% skimmed milk powder. After blocking, the membranes
were incubated overnight at 4°C with primary antibodies (all
purchased from Abcam) targeted against: a-SMA (1:1,000;
cat. no. ab5694), TGF-B1 (1:1,000; cat. no. ab92486), nuclear
factor erythroid-2-related factor 2 (Nrf2; nuclear; 1:1,000;
cat. no. ab62352), heme oxygenase-1 (HO-1; 1:1,000;
cat. no. ab13248) and GAPDH (1:2,000; cat. no. ab9485). After
washing three times with TBS-T (TBS with 0.1% Tween-20)
for 5 min each, the membranes were incubated with
HRP-conjugated secondary antibodies (1:3,000; ProteinTech
Group, Inc.; cat. no. SA0O0001-2) for 1 h at room tempera-
ture. Protein bands were visualized with ECL WB detection
reagent (Beyotime Institute of Biotechnology) and imaged
using the ChemiDoc™ XRS Imaging System (Bio-Rad
Laboratories, Inc.). Protein expression levels were semi-quan-
tified using ImageJ software (version 1.51, National Institutes
of Health) with GAPDH as the loading control.
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ELISA. The extracted skin tissues were weighed, minced,
and homogenized using a TissueLyser II LT (Qiagen, Inc.)
in 10 ml cold phosphate-buffered saline, which included
1 mmol/l phenylmethylsulfonyl fluoride (Beyotime
Institute of Biotechnology), 1% protease inhibitors
cocktail (Sigma-Aldrich; Merck KGaA), 0.5% sodium deoxy-
cholate (Sigma-Aldrich; Merck KGaA) and 1% Triton X-100
(Sigma-Aldrich; Merck KGaA). After incubation at 4°C for
1 h, the homogenized mixtures were centrifuged at 10,000 x g
for 20 min at 4°C. The supernatants were collected and stored
at -80°C prior to use. IL-1f, IL-4, IL-6, TNF-a, and monocyte
chemoattractant protein-1 (MCP-1) contents in skin tissue
homogenate supernatants were measured using ELISA kits
(Jingmei Biotechnology; IL-1p, cat. no. IM-02323M1; IL-4,
cat. no. JM-02448M1; IL-6, cat. no. IM-02446M1; TNF-a.,
cat. no. JM-02415M1; and MCP-1, cat. no. JM-02365M1)
according to the manufacturer's protocol.

Determination of oxidative stress levels. Superoxide
dismutase (SOD) activity, glutathione (GSH) concentration
and malondialdehyde (MDA) levels in skin tissue homogenate
supernatants, obtained by the aforementioned method, were
measured spectrophotometrically at 450, 420 and 532 nm
according to previous reports (23,24) and the manufac-
turer's protocol (Nanjing Jiancheng Bioengineering Institute;
SOD, cat. no. A001-3-2; GSH, cat. no. A006-1-1; MDA,
cat. no. A003-1-2).

Statistical analysis. Statistical analyses were performed using
SPSS software (version 21.0; IBM Corp.). Data are presented
as the mean + SD. Comparisons among multiple groups
were analyzed using one-way ANOVA followed by the LSD
post hoc test. P<0.05 was considered to indicate a statistically
significant difference. All experiments were repeated at least
three times.

Results

ATG alleviates BLM-induced dermal fibrosis in a murine
HS model. To evaluate the antifibrotic effect of ATG on
HSs in vivo, BLM-induced skin fibrosis model mice were
treated with ATG to examine its effects on dermal thick-
ness, collagen content and extracellular matrix-related gene
expression. H&E staining suggested that BLM significantly
induced dermal thickening compared with the Con group,
whereas ATG significantly inhibited the fibrotic effect of BLM
(Fig. 1B and C). Additionally, Sircol collagen detection also
suggested that BLM-induced increases in collagen content
were significantly suppressed by ATG treatment (Fig. 1D).
In addition, Collal, Colla2, CTGF and PAI-1, which are
important fibrotic components in the extracellular matrix,
are overexpressed in HS (25). The RT-qPCR results indicated
that the relative expression levels of the four aforementioned
genes were significantly decreased in the BLM+ATG group
compared with the BLM group (Fig. 1E). Collectively, the
results indicated that ATG inhibited BLM-induced dermal
fibrosis in vivo.

ATG inhibits the transformation of fibroblasts into myofi-
broblasts in vivo. By investigating the mechanism underlying
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Figure 2. ATG inhibits the transformation of fibroblasts into myofibroblasts in vivo. (A) Representative fluorescence images of skin sections stained against
a-SMA (green) to identify myofibroblasts. Nuclei were counterstained with DAPI (blue). Scale bar, 30 gm; magnification, x200. (B) a-SMA mRNA expression
levels were measured via reverse transcription-quantitative PCR. (C) a-SMA protein expression levels were measured via western blotting. “P<0.01. ATG,

arctigenin; a-SMA, a-smooth muscle actin; BLM, bleomycin; Con, control.

HSs, it has been reported that myofibroblasts influence skin
fibrosis (6). Myofibroblasts are primarily derived from activated
fibroblasts and also have the characteristics of smooth muscle
cells, with a-SMA serving as hallmark (26). Therefore, a-SMA
has been demonstrated to serve as the primary biomarker for
the phenotypic transformation of fibroblasts into myofibro-
blasts (26). In the present study, the expression level of a-SMA
in skin tissues was detected via immunofluorescence staining
(Fig. 2A), RT-gqPCR (Fig. 2B) and western blotting (Fig. 2C).
The expression level of a-SMA was markedly upregulated
in the BLM group compared with the Con group, whereas
a-SMA expression levels were notably downregulated in the
BLM+ATG group compared with the BLM group (Fig. 2A-C).
The results indicated that ATG inhibited the differentiation of
fibroblasts into myofibroblasts in vivo.

ATG downregulates the expression of TGF-f1 in BLM-
induced skin fibrosis model mice. TGF-f1, a profibrotic
growth factor, serves as the primary effector molecule in
skin fibrosis (27). Immunofluorescence staining (Fig. 3A),
RT-qPCR (Fig. 3B) and western blotting (Fig. 3C) were
performed to analyze the expression of TGF-f1. Compared
with the Con group, BLM markedly increased TGF-f1
expression levels, which were reversed by ATG treatment
(Fig. 3A-C). The results suggested that ATG could reverse
elevated TGF-P1 expression levels in BLM-induced skin
fibrosis model mice.

ATG reduces the inflammatory response in BLM-induced
skin fibrosis model mice. Increasing evidence has demon-
strated that inflammation is a key mechanism underlying the
initiation and maintenance of pathological fibrosis, including
HSs (28,29). Multiple cytokines, such as IL-1f, IL-4, IL-6,
TNF-a and MCP-1, serve a central role in orchestrating
chronic inflammation (30). To study the anti-inflammatory
effects of ATG, the expression levels of the aforementioned
inflammatory factors were measured. The RT-qPCR results
indicated that the mRNA expression levels of IL-1p, IL-4,
IL-6, TNF-a and MCP-1 were significantly increased in
the BLM group compared with the Con group, but ATG
treatment significantly inhibited BLM-induced mRNA
expression levels (Fig. 4A). ELISAs were also conducted to
further investigate the aforementioned results (Fig. 4B). The
ELISA results were consistent with those of RT-qPCR, indi-
cating that reducing the inflammatory response may serve
as a mechanism underlying ATG-mediated amelioration of
skin fibrosis.

ATG reduces oxidative stress in BLM-induced skin fibrosis
model mice. Previous studies have demonstrated that elevated
oxidative stress and redox imbalance exacerbate the pathogen-
esis of skin fibrosis (31,32). Therefore, identifying the effect of
ATG treatment in modulating oxidative stress requires investi-
gation. The present study indicated that the BLM+ATG group
displayed significantly increased SOD activity and GSH
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concentration, but significantly decreased MDA levels
compared with the BLM group, which may be attributed to the
antioxidant effect of ATG (Fig. 5A).

To further investigate the antioxidant mechanism under-
lying ATG, the expression of components of the Nrf2/HO-1
signaling pathway, which serves a critical negative regula-
tory role in oxidative stress, was assessed (33,34). BLM
significantly downregulated the protein expression levels
of Nrf2 (nuclear) and HO-1 compared with the Con group
(Fig. 5B). Nrf2 and HO-1 expression levels were significantly
increased in the BLM+ATG group compared with the BLM
group. Collectively, the results indicated that ATG effectively
resolved skin fibrosis by reducing oxidative stress via activa-
tion of the Nrf2/HO-1 signaling pathway.

Discussion

HSs are a progressive fibroproliferation disease character-
ized by the continuous activation of fibroblasts and excessive
deposition of extracellular matrix (1). At present, no effective
treatment strategy for HS has been established, which is
primarily attributed to the complicated pathological processes
mediated by a series of underlying mechanisms (5). A variety
of biologically active compounds derived from natural prod-
ucts have been developed into drugs due to their potential
pharmacological activities and reduced side effects (35,36).
Among these, ATG has received increasing attention due to
its reported antifibrotic potential in several diseases, including
oral submucous fibrosis, peritoneal fibrosis, obstructive
nephropathy and liver fibrosis (13-17). However, the antifi-
brotic effects of ATG on HSs are not completely understood.
To the best of our knowledge, the present study was the first
to provide evidence for ATG as a potential therapeutic agent

against skin fibrosis in HS via reducing inflammation and
oxidative stress.

In the present study, the inhibitory effect of ATG on skin
fibrosis was investigated by performing histological staining and
collagen content determination. Subsequently, the expression of
extracellular matrix-related genes in the skin, including Collal,
Colla2, CTGF and PAI-1, was measured. Collal and Colla2 are
two genes involved in the biosynthesis of type 1 collagen (37),
CTGF is a key factor in maintaining profibrotic milieu (38) and
PAI-1 functions as a suppressor of fibrinolysis (39). The results
of the present study indicated that Collal, Colla2, CTGF and
PAI-1 expression levels were decreased in the BLM+ATG group
compared with the BLM group. The excessive accumulation of
extracellular matrix is attributable to the pathological recruit-
ment of fibroblasts to injured sites and their transformation
to a-SMA-expressing myofibroblasts (6,26). Although the
regulatory mechanisms underlying fibroblast activation are not
completely understood, numerous studies have demonstrated
that TGF-$1 serves as the main effector (40-42). The present
study indicated that ATG treatment significantly decreased the
expression of o-SMA and TGF-B1 in BLM-induced fibrotic skin,
suggesting that the antifibrotic effect of ATG was associated
with suppression of TGF-B1-mediated ECM gene transcription
and fibroblast activation.

Despite extensive efforts to elucidate the possible mecha-
nisms underlying fibrosis, the understanding of the initiation
and progression of fibrosis is limited. A number of studies
have demonstrated that inflammation is essential in modu-
lating several pathological processes of skin fibrosis (28,29).
In the early stage, immune cells are activated by various
stimuli, which leads to the secretion of inflammatory factors
that induce the expression of adhesion molecules on the
surface of endothelial cells. Endothelial cell-specific adhesion
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molecules interact with immune cells, recruiting the cells to
sites of injury. Therefore, chronic inflammation may be evoked
and sustained by a positive feedback loop (43). It has been
previously reported that the levels of inflammatory factors
are higher in fibrotic skin compared with healthy skin (29).
The results of the present study supported the aforementioned
finding. Moreover, the results indicated that ATG treatment
decreased BLM-induced upregulation of mRNA expression
levels of several inflammatory factors. Collectively, the results
suggested that the antifibrotic effects of ATG might be related
to its anti-inflammatory effects.

Recent studies have demonstrated that oxidative stress
is enhanced in BLM-induced skin fibrosis, which has been
hypothesized to be associated with fibroblast activation and
the generation of inflammatory factors (23,44,45). MDA is
a product of reactive species-induced lipid peroxidation and
is an indicator of oxidative stress (46). In addition, GSH and
SOD, which are intracellular antioxidant enzymes, can be
consumed by free radicals (47). The results of the present study
indicated that ATG reduced oxidative stress in BLM-induced
fibrotic skin, as demonstrated by the upregulation of antioxi-
dants (GSH and SOD) and downregulation of oxidants (MDA)
in the BLM+ATG group compared with the BLM group. It
has been reported that activation of the Nrf2/HO-1 signaling
pathway serves a pivotal role in antioxidative defense (33,34).
As a redox-sensitive transcription factor, activated Nrf2
can translocate from the cytoplasm into the nucleus and
bind to antioxidant response elements (AREs) on the HO-1
promoter (48). In the present study, compared with the BLM
group, ATG promoted nuclear translocation of Nrf2 and
increased the expression of HO-1 in BLM-induced fibrotic
skin, suggesting that the antioxidant mechanism underlying
ATG might be associated with activation of the Nrf2-mediated
signaling pathway.

The present study primarily focused on the antifibrotic
effects of ATG on HSs without considering the route of admin-
istration. In the present study, ATG was administered via
intraperitoneal injection, which had the advantage of avoiding
the first-pass metabolism effect and improving bioavailability
as a parenteral administration method. However, intraperi-
toneal administration is not a suitable for use in the clinic.
Zhong et al (9) recently reported that oral gavage is also a
suitable application route for ATG, which had been shown to
exert a protective effect in diabetic kidney disease. In addi-
tion, it was hypothesized that if ATG could be formulated
into a plaster and applied to the skin surface, it may display
an improved therapeutic effect; however, low transdermal
ability remains a challenge. In addition, the timing and dose
of administration require further investigation. Moreover,
the animal model of BLM-induced skin fibrosis used in the
present study did not cause skin ulceration, thus, the healing
time could not be assessed. Future studies should establish an
animal model of skin resection to evaluate the effect of ATG
on healing time.

In summary, the present study indicated that ATG
ameliorated skin fibrosis in a murine HS model. The antifi-
brotic effects of ATG may be mediated in part by reducing
inflammation and oxidative stress. Therefore, the present
study suggested that ATG may serve as a therapeutic agent
for HSs.
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