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Botulinum toxin type A prevents the phenotypic transformation of
fibroblasts induced by TGF-p1 via the PTEN/PI3K/Akt
signaling pathway
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Abstract. Hypertrophic scar (HS) is a common type of
dermatosis. Botulinum toxin type A (BTXA) can exert an
anti-HS effect; however, the regulatory mechanisms under-
lying this effect remain unclear. Thus, the aim of this study
was to examine the effects of BTXA on phosphatase and
tensin homolog deleted on chromosome ten (PTEN) expres-
sion and the fibroblast phenotypic transformation induced by
transforming growth factor (TGF)-f1, which is an important
regulatory factor involved in the process of HS. For this
purpose, fibroblasts were treated with various concentra-
tions of BTXA and then treated with 10 ng/ml of TGF-f1
with gradient concentrations of BTXA. The proliferation
and apoptosis of fibroblasts were measured by cell counting
kit-8 assay (CCK-8) and flow cytometry, respectively. PTEN
methylation was analyzed by methylation-specific PCR (MSP)
and DNA methyltransferase (DNMT) activity was determined
using a corresponding kit. RT-qPCR and western blot analysis
were performed to detect the transcription and translation
levels. The results revealed that BTXA suppressed the prolif-
eration and increased the apoptosis of fibroblasts treated with
TGF-f1 in a dose-dependent manner. BT XA in combination
with TGF-B1 suppressed the expression of molecules related
to the extracellular matrix (ECM), epithelial-mesenchymal
transition (EMT) and apoptosis. BTXA reduced the PTEN
methylation level and downregulated the expression levels
of methylation-associated genes. BTXA also inhibited the
phosphorylation of phosphoinositide 3-kinase (PI3K) and Akt.
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On the whole, the findings of this study indicate that BTXA
may inhibit fibroblast phenotypic transformation by regulating
PTEN methylation and the phosphorylation of related path-
ways. The findings of this study can provide a theoretical basis
for HS treatment.

Introduction

Skin scars could be divided into several categories, for example,
hypertrophic scar (HS), keloid scar and atrophic scar (or sunken
scar). Among these, HS, a benign hyperproliferative growth
of dermal collagen, originates from unbalanced fibroblast
cellular dynamics that result from an elevated proliferation
and a reduced apoptosis of fibroblasts (1). HS is an aberrant
healing response, secondary to traumatic injuries, empyrosis
and surgical trauma (2). The formation of HS has been demon-
strated to be relevant to a proliferative stage of wound healing,
during which dermal tissue hyperplasia and the over-deposition
of extracellular matrix (ECM) proteins derived from fibroblasts
can cause durative fibrosis and inflammation (3).

Fibroblast-to-myofibroblast transformation is a vital event
during wound healing and hypertrophic scar formation (4).
Fibroblasts arise at the wound site at the ultimate inflammatory
stage and the initial proliferative phase of healing wound (5).
Myofibroblasts, which are differentiated from fibroblasts, are
primitively produced in the local derma and hypodermal tissues
around the injured skin in HS (6) in addition to other origins,
for instance, bone marrow-derived fibrocytes (7), tissue-specific
stem cells (8), pericytes and vascular smooth muscle cells (9)
and tubular epithelial cells with epithelial-mesenchymal transi-
tion (EMT) (10). Myofibroblasts in granulation tissues can lead
to HS formation; however, the roles of these myofibroblasts in
the pathogenesis of HS remain unclear.

Transforming growth factor-p (TGF-f) may serve as a
therapeutic target for HS and may be an important regulatory
factor in the process of HS (4). TGF-p1/Smad2 signaling can
promote collagen synthesis and enhance the proliferation of
human HS fibroblasts (11). A previous study revealed that
TGF-f can exert differential temporal effects on HS forma-
tion (12). Moreover, TGF-B1 is able to induce Smad2 nuclear
translocation, finally causing the transcription of target genes,
including collagens I and IIT (13). Moreover, the silencing of
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Smad2 can prevent type I and III collagen overproduction in
HS fibroblasts (14). Recently, multiple agents, such as baica-
lein (15), loureirin B (16), tetrandrine (17) and botulinum toxin
type A (BTXA) (1), have been reported to exert anti-HS effects
by inhibiting TGF-B1 signaling.

Botulinum toxin is an effective neurotoxin generated
from Clostridium botulinum and it has been shown to have
potential for use in the treatment of wounds following trauma,
burns or surgery (18). BTXA is available for clinical use in a
number of countries as its safe and has effective properties in
the treatment of hypertrophic scarring (20). Rasaii reported
that triamcinolone in combination with BTXA was ineffec-
tive for keloid scars (21), while BTXA was demonstrated to
attenuate HS growth and improve the symptoms of HS in
clinical practice (22). Currently, an increasing number of
studies have demonstrated that BTXA can alleviate fibrosis
by regulating fibroblast behaviors in HS and capsular contrac-
ture. For instance, BTXA can attenuate HS and capsular
contracture by suppressing the phenotypic transformation
of fibroblasts to myofibroblasts, according to in vitro and
in vivo experiments (1,19). BTXA can markedly reduce the
collagen deposition in HS (22-24). Furthermore, BTXA has
been demonstrated to inhibit fibroblast proliferation and to
reduce the level of a-smooth muscle actin (a-SMA) (25,26).
Furthermore, BTXA can also regulate the expression levels
of matrix metalloproteinase (MMP)-2 MMP-9, and collagen
types I and I11, in addition to inhibiting capsule formation (27).

HS fibroblasts have been reported to possess malignant
characteristics, including hyperproliferation, anti-apoptosis
and atypical differentiation (28-31). Tansdifferentiation,
proliferation and apoptosis have been demonstrated to be
regulated by the phosphatidylinositol 3-kinase (PI3K)/Akt
signaling pathway in HS fibroblasts (32-34). Moreover, Akt
is also involved in cell motility and ECM deposition (35,36).
Phosphatase and tensin homologue deleted on chromosome
ten (PTEN) protein has reported as a tumor suppressor and it
can negatively regulate Akt signaling to inhibit the prolifera-
tion of HS fibroblasts (37). Inactive PTEN expression has been
observed in several fibrotic diseases (38-40). Therefore, HS
may be relevant to the antagonistic association between PTEN
and Akt. In the present study, our aim was to explore the
potential mechanisms involved in PTEN//PI3K/Akt signaling
and the effects of BTXA on the phenotypic transformation of
fibroblasts induced by TGF-B1. Our findings are expected to
provide a theoretical basis for the treatment of HS.

Materials and methods

Fibroblast culture and morphological identification. Murine
1929 fibroblasts (41) (Cat no. CC-Y2049, ATCC) were main-
tained in the Dulbecco's minimal Eagle's medium with 10%
fetal bovine serum, penicillin (100 U/ml) and streptomycin
(100 mg/ml) at 37°C with 5% CO, (all purchased from
Invitrogen; Thermo Fisher Scientific). The morphological
changes of the fibroblasts were observed using an inverted
microscope (Nikon). For vimentin identification, the fibroblasts
were fixed with 4% paraformaldehyde for 0.5 h and incubated
in 0.5% Triton X-100 (Sigma-Aldrich) for 20 min. After being
blocked in bovine serum albumin (BSA; Solarbio), the fibro-
blasts were incubated with anti-vimentin antibody (M00235-1,
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1:100; BosterBio) for 1 h at room temperature. The fibroblasts
were then incubated with goat anti-rabbit IgG H&L secondary
antibodies (1:5,000; ab6721; Abcam) for 1 h. The nuclei were
stained with Hoechst 33258 (Beyotime) for 20 min at 37°C
in the dark and the stained fibroblasts were observed under a
fluorescence microscope (Nikon).

Fibroblast treatment and viability assay. Fibroblasts (2x10°)
were maintained in 96-well plates for 24 h, and fresh media
were then added with various concentrations of BTXA
(0,0.125,0.25,0.5, 1 and 2 Ul/ml; Lanzhou Biochemical Co.).
Cell counting kit-8 (CCK-8; Beyotime) solution (20 pl), with the
original concentration in the kit, was incubated with the fibro-
blasts for an additional 2 h at 37°C when the fibroblasts were
incubated for 12, 24 and 48 h, respectively. Thereafter, other
fresh fibroblasts were incubated with TGF-f1 (10 ng/ml) (4)
for 3 h, and the fibroblasts were subsequently treated with
low, medium and high concentrations of BTXA (0.25, 0.5
and 1 Ul/ml, respectively). Subsequently, 20 u1 CCK-8 were
incubated with the fibroblasts for an additional 2 h at 37°C,
for the determination of fibroblast viability. The absorbance of
450 nm was determined using a multimode detector (BioTek
Instruments).

Apoptosis analysis. Apoptosis was detected according to
the protocol of the Annexin V-fluorescein isothiocyanate
(FITC)/propidium iodide (PI) apoptosis detection kit (KeyGEN).
The results were analyzed using a FACSCalibur flow cytom-
eter (BD Biosciences). The cells were then identified using
Annexin V-FITC/PI double fluorescence staining as follows:
Unlabeled, viable cells; PI-stained cells, necrotic cells;
Annexin V-FITC-bounded cells, early apoptotic cells; and
double-labeled cells, late apoptotic cells.

Immunofluorescence assay. Fibroblasts were fixed with 4%
paraformaldehyde for 20 min and washed with PBS. After
being blocked in bovine serum albumin (BSA), the fibroblasts
were incubated first with anti-a-SMA antibody (A03744,1:200;
BosterBio) overnight at 4°C and then with Cy3-conjugated goat
anti-rabbit secondary antibodies (BA1032, 1:500; Beyotime)
for 0.5 h. Subsequently, the fibroblasts were stained with
4'6-diamidino-2-phenylindole (DAPI; Beyotime) and images
were captured under a fluorescence microscopy (Nikon).

Methylation-specific PCR (MSP). DNA was isolated using the
DNeasy tissue kit (Qiagen) and then analyzed by MSP using
bisulfite-modified DNA. A total of 1 ug purified DNA was
treated according to the CpGenome DNA Modification kit
(Intergen). CpGenome Universal Methylated DNA (Intergen)
and normal mouse fibroblast DNA served as methylated and
unmethylated controls, respectively. The amplification for
methylated (M) PTEN (forward, 5" TTGATTAACGCGGTT
AGTTAGTTC-3' and reverse, 5'-“AACGCATATCCTACC
GCAATAC-3") and unmethylated (U) PTEN (forward, 5'-GTG
TTGATTAATGTGGTTAGTTAGTTT-3' and reverse, 5'-CCA
AACACATATCCTACCACAATAC-3") was performed under
the following conditions: At 94°C for 2 min, then 36 cycles
at 94°C for 30 sec, at 54°C for 30 sec and at 72°C for 45 sec,
and finally 7 min at 72°C. PCR products were analyzed on a
2% agarose gel with ethidium bromide.
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Table I. Sequences of primers used for RT-qPCR assays.
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Gene name Forward (5'-3") Reverse (5'-3")

Collagen I ACTGTCTTGCCCCAAGTTCC TGGGCATCTGGTTTAGCCTT
Collagen III ACGTAGATGAATTGGGATGCAG GGGTTGGGGCAGTCTAGTG

a-SMA AGGGGAATGAAAAGCCGGAA TAGGATATGCCTGGGGGTC

MMP-2 ACCATCGAGACCATGCGG CTCCCCCAACACCAGTGC

MMP-9 TTCTGCCCTACCCGAGTGGA CATAGTGGGAGGTGCTGTCGG
PTEN AATTCCCAGTCAGAGGCGCTATGT GATTGCAAGTTCCGCCACTGAACA
DNMT1 AGTGCAAGGCGTGCAAAGATATGG TGGGTGATGGCATCTCTGACACAT
DNMT3a GCCGAATTGTGTCTTGGTGGATGACA CCTGGTGGAATGCACTGCAGAAGGA
DNMT3b TTCAGTGACCAGTCCTCAGACACGAA TCAGAAGGCTGGAGACCTCCCTCTT
GAPDH GTAGAGGCAGGGATGATGTTCT CTTTGGTATCGTGGAAGGACTC

0o-SMA, o smooth muscle actin; MMP, matrix metalloproteinase; PTEN, phosphatase and tensin homolog deleted on chromosome ten;

DNMT, DNA methyltransferase.

DNA methyltransferase (DNMT) activity. The nuclear protein
was extracted from the fibroblasts using the Nuclear Extract kit
(Active Motif). Total DNMT activity was measured according
to the protocol of the EpiQuik DNMT Activity/Inhibition
Assay Ultra kit (Epigentek).

RNA extraction, cDNA synthesis and reverse transcription-
quantitative PCR (RT-gPCR). Total RNA was extracted
from the mouse fibroblasts using TRIzol reagent (Invitrogen;
Thermo Fisher Scientific). In brief, TRIzol reagent and chlo-
roform were added to the samples and mixed for 5 min, and
the supernatant was recovered by centrifugation, at 10,000 x g,
at 4°C for 20 min. The supernatant was then incubated with
an equal volume of isopropyl alcohol and then centrifuged for
10 min. After dislodging the supernatants, 75% ethanol was
added to wash the precipitate and the RNA was eluted with
nuclease-free water. The purity and content of the reverse
transcription was determined using a NanoDrop 2000 spec-
trophotometer (Thermo Fisher Scientific). cDNA was obtained
by RNA with mixture in the PrimeScript™ 1st Strand cDNA
Synthesis kit (Takara). The reactions (primers are listed
in Table I) were conducted with a LightCycler system (Roche
Applied Science) using the following parameters: at 95°C for
10 min, 40 cycles at 95°C for 15 sec and at 60°C for 60 sec.
GAPDH was used as the internal control and the results were
calculated using the 2244 method (42).

Western blot analysis. The fibroblasts were lysed in lysis
buffer (Beyotime) and centrifuged for supernatant recovery.
The protein concentrations were determined using a BCA
kit (Beyotime). After being separated by 10% SDS-PAGE,
the proteins (20 pg) were transferred onto nitrocellulose
membranes (Millipore) and blocked with 5% non-fat dry
milk for 1 h at room temperature. The membranes were then
first incubated at 4°C overnight with anti-PTEN (1:200; cat.
no. 9188), anti-DNMT1 (1:1,000; cat. no. 5032), anti-DNMT?3a
(1:1,000; cat. no. 49768), anti-DNMT3b (1:1,000; cat.
no. 48488), anti-PI3K (1:1,000; cat. no. 4255), anti-p-PI3K
(1:1,000; cat. no. 4228), anti-Akt (1:1,000; cat. no. 4685),
anti-p-Akt (1:1,000; cat. no. 4056), anti-MMP-2 (1:1,000; cat.

no. 87809) (all from Cell Signaling Technology), anti-a-SMA
(1:350; cat. no. A03744, BosterBio), anti-MMP-9 (1:500;
sc-21733), anti-caspase-3 (1:200; sc-271759), anti-collagen I
(1:1,000; sc-376350), anti-collagen III (1:1,000; sc-271249)
and anti-f-actin (1:1,000; sc-58673) (all from Santa Cruz
Technology) antibodies and then with secondary antibodies
[goat anti-rabbit IgG H&L (HRP) (1:5,000; ab6721, Abcam)]
for 2 h at room temperature. The proteins were visualized
using an ECL kit (Amersham Biosciences, Germany), and
analyzed with the Bio-Rad ChemiDoc™ XRS+ System and
Image Lab™ Software version 4.1 (Bio-Rad Laboratories,
Inc., Hercules, CA, USA).

Statistical analysis. All results are presented as the means =+ stan-
dard deviation. All statistical analyses were performed with
SPSS 17.0 software (SPSS, Inc.), and the differences between two
groups were analyzed by a t-test or by one-way ANOVA with
Dunnett's post hoc test for multiple group comparisons. P<0.05
was considered to indicate a statistically significant difference.

Results

Effect of BTXA on the viability of mouse L929 fibroblasts.
The fibroblasts exhibited spindle-like, ellipse and irregular
shapes with large nuclei and transparent cytoplasms (Fig. 1A).
Moreover, vimentin expression was significantly positive in
the fibroblasts (Fig. 1B). However, BTXA was found to inhibit
the viability of the fibroblasts in a dose- and time-dependent
manner (Fig. 1C).

TGF-f1 is a crucial factor for the induction of the trans-
formation of fibroblasts into myofibroblasts. In this study, the
proliferation of fibroblasts treated with TGF-1 was markedly
increased. However, the increased viability of the fibroblasts
induced by TGF-p1 was significantly inhibited by BTXA in a
concentration-dependent manner (P<0.05; Fig. 2A). Moreover,
the apoptosis of the fibroblasts was markedly increased by
BTXA (P<0.01; Fig. 2B).

BTXA prevents over-deposition of ECM components in
fibroblasts. The mRNA expression levels of collagen I,
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Figure 1. Effect of BTXA on the viability of mouse 1929 fibroblasts. (A) The morphological changes of fibroblasts observed under a microscope. (B) The
vimentin identification of fibroblasts with Hoechst 33258 was determined by immunofluorescence assay. (C) BTXA inhibited fibroblast viability, which
was detected by cell counting kit-8 assay in a dose- (0, 0.125, 0.25, 0.5, 1 and 2 IU/ml) and time- (12, 24 and 48 h) dependent manner. “P<0.01 vs. control.

BTXA, botulinum toxin type A.

collagen 11T and a-SMA were notably enhanced by TGF-f1;
however, the increased mRNA levels of these molecules were
evidently reduced by treatment with gradient concentrations
of BTXA (P<0.01; Fig. 3A). Similarly, BTXA suppressed
the high protein levels of collagen I, collagen III and a-SMA
induced by TGF-p1 (P<0.01; Fig. 3B). Furthermore, a-SMA
was found to be acutely expressed in fibroblasts by treatment
with TGF-B1; however, a-SMA expression was markedly
inhibited by treatment with medium and high concentrations
of BTXA (Fig. 3C).

BTXA suppresses the expression of MMP-2 and MMP-9. To
explore the potential role of BTXA in EMT, we detected the
levels of MMP-2 and MMP-9. TGF-31 significantly enhanced
the mRNA expression levels of MMP-2 and MMP-9. However,
BTXA inhibited these expression levels in a dose-dependent
manner (P<0.01; Fig. 4A). Moreover, the elevated protein
levels of MMP-2 and MMP-9 induced by TGF-f1 were also
notably suppressed by BTXA (P<0.01; Fig. 4B).

BTXA enhances PTEN expression and inhibits apoptosis. The
expression of PTEN was significantly reduced by TGF-{1,
while BTXA markedly increased PTEN expression at the
transcriptional and translational level (P<0.01; Fig. 5A and B).
Additionally, the protein level of cleaved caspase-3 was
notably inhibited by TGF-p1, whereas, BTXA markedly
increased cleaved caspase-3 expression. The expression of
cleaved caspase-3 in the fibroblasts treated with a high concen-
tration of BTXA (1 Ul/ml) did not differ significantly from
that in the untreated fibroblasts. Nevertheless, the expression
of pro-caspase-3 exhibited an opposite trend (P<0.01; Fig. 5B).

BTXA blocks PTEN methylation. To further elucidate the
mechanisms of action of BTXA in fibroblasts, we measured
the methylation level of PTEN. PTEN methylation was
induced by TGF-p1, but prevented by BTXA (Fig. 5C).
Moreover, we detected DNMT activity and determined the
expression levels of several genes related to DNA meth-
ylation. DNMT activity was intensified by TGF-f1, and
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Figure 2. BTXA suppresses fibroblast viability and promotes apoptosis. (A) BTXA suppressed the high fibroblast viability induced by TGF-f1. (B) BTXA
increased the apoptosis of fibroblasts induced by 10 ng/ml of TGF-f1. Dotted line separation represents whether or not fibroblasts were treated with TGF-31.
Data are shown as the means + SD, n=3. *P<0.05 and *P<0.01 vs. control without TGF-B1; "P<0.05 and “"P<0.01 vs. control with TGF-B1. BTXA, botulinum
toxin type A; TGF-f1, transforming growth factor-p1.
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Figure 3. BTXA prevents extracellular matrix (ECM) over-deposition in fibroblasts. BTXA decreased the high expression levels of collagen I, collagen 11T and
a-SMA induced by 10 ng/ml of TGF-f1 in fibroblasts. The mRNA and protein levels of collagen I, collagen III and a-SMA were detected by (A) RT-qPCR
and (B) western blot analysis, respectively. (C) a-SMA expression was determined by immunofluorescence. 3-actin was used as an internal control. Dotted line
separation represents whether or not fibroblast were treated with TGF-f1. Data were shown as the means + SD, n=3. *P<0.05 and **P<0.01 vs. control without
TGF-f1; "P<0.05 and "'P<0.01 vs. control with TGF-B1. BTXA, botulinum toxin type A; TGF-1, transforming growth factor-p1.
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Figure 4. BTXA suppresses the expression levels of MMP-2 and MMP-9. BTXA decreased the high expression levels of MMP-2 and MMP-9 induced by
10 ng/ml of TGF-f1 in fibroblasts. The mRNA and protein levels of MMP-2 and MMP-9 were respectively detected by (A) RT-qPCR and (B) western blot
analysis, respectively. f-actin was used as an internal control. Dotted line separation represents whether or not fibroblast were treated with TGF-$1. Data are
shown as the means + SD, n=3. *P<0.05 and *P<0.01 vs. control without TGF-f1; "P<0.05 and "'P<0.01 vs. control with TGF-1. BTXA, botulinum toxin
type A; TGF-f1, transforming growth factor-f1; MMP, matrix metalloproteinase.

was attenuated by BTXA (P<0.05; Fig. 6A). Moreover, the
enhanced mRNA and protein levels of DNMT1, DNMT3a
and DNMT3b induced by TGF-f1 were evidently decreased
by BTXA (P<0.05; Fig. 6B and C).

BTXA inactivates the phosphorylation of PI3K and Akt. The
expression levels of total PI3K and Akt remained unaltered in
the fibroblasts (Fig. 7A). However, the levels of phosphorylated
(p)-PI3K/PI3K and p-Akt/Akt were markedly increased by
TGF-p1 (Fig. 7B and C). Moreover, BT XA notably suppressed
the ratio of p-PI3K/PI3K and p-Akt/Akt (P<0.01).

Discussion

BTXA has been widely applied in clinical therapies including
hyperhidrosis, spasticity, facial muscular hypertrophy and
muscular contraction in humans (43). Recently, studies have
demonstrated that BTXA is involved in the pathogenesis of
dermal fibrosis. BTXA can effectively prevent the differen-
tiation of fibroblasts into myofibroblasts by inhibiting a-SMA
expression (19). Moreover, BTXA is able to notably suppress
the proliferation of fibroblasts in scar tissue by inhibiting
o-SMA and myosin II expression (25). BTXA has also been
demonstrated to attenuate HS by preventing collagen deposi-
tion (23,26). In this study, BT XA inhibited the expression levels
of ECM-related molecules and suppressed PTEN methylation.
We also found that PI3K/Akt was involved in the regulatory
mechanisms of BTXA in mouse fibroblasts.

The formation and remodeling of HS has been revealed
to be relevant to aberrant fibroblast proliferation and differ-
entiation (44). In this study, we found that BTXA inhibited
fibroblast viability in a dose-dependent manner. Furthermore,
TGF-f has been shown to be associated with HS. For instance,
a TGF-f1 inhibitor has been demonstrated to alleviate scars
and improve HS morphological characteristics in xenograft
mice with human HS (45). The antagonist peptide of TGF-3
has been reported to improve the fibrotic behaviors of human
fibroblasts derived from HS (46). In this study, TGF-f1
enhanced fibroblast viability and inhibited apoptosis. However,
BTXA partially reversed the effects of TGF-f1 on fibroblasts.

The accumulated fibroblasts and myofibroblast caused by
proliferation, activation and differentiation can induce massive
collagen deposition, resulting in ECM deposition below the
derma. These activated fibroblasts can be identified by an
increased expression of a-SMA (43). a-SMA expression is
relevant to the phenotypic transformation of fibroblasts into
myofibroblasts during the wound healing process (44). The
decreased ratio of collagen I/collagen III has been found in
human HS (47). Furthermore, collagen I expression in human
HS-derived fibroblasts has been shown to be significantly
suppressed by the knockdown of TGF-f3 receptor I and wound
scars were also shown to be decreased in rabbits (48). In this
study, the elevated expression levels of collagen I, collagen III
and a-SMA induced by TGF-f1 were suppressed by BTXA.
Additionally, fibroblasts have been reported to degrade fibrin
clots by generating MMPs and their inhibitors (TIMPs),
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Figure 5. Effect of BTXA on PTEN and caspase-3 expression, as well as PTEN methylation. (A) Effect of treatment of fibroblasts, which were cultured with
or without 10 ng/ml of TGF-p1, with various concentrations (0.25,0.5 and 1 UI/ml) of BTXA on the mRNA expression of PTEN, as determined by RT-qPCR.
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PTEN, phosphatase and tensin homolog deleted on chromosome ten.

leading to a disorder of matrix formation and degradation (49).
The enhanced expression levels of MMP-2 and MMP-9 have
been shown to be associated with decreased levels of collagen I
and collagen III in HS tissues (50). In this study, we found
that TGF-P1 significantly increased the MMP-2 and MMP-9
expression at the transcriptional and translational levels.
However, BTXA treatment markedly altered these trends.
PTEN has been reported to inhibit the proliferation and
functions of HS fibroblasts (37). A recent study revealed that

PTEN overexpression was involved in the inhibition of glial
scar formation (51). In this study, we also found that PTEN
expression was inhibited by TGF-f1 and was upregulated by
BTXA in fibroblasts, indicating that BTXA may suppress HS
formation in vitro. Moreover, PTEN is also a key regulator of
apoptosis (52). The apoptosis is detected based on the activa-
tion of caspase-3, which occurs in apoptotic death (53). In
this study, we found that the pro-caspase-3 expression was
elevated, while the cleaved-caspase-3 level was decreased by



668

DNTM activity [OD/(h*gm)]

@]

DNMT1

DNMT3a

DNMT3b

pB-actin

Control Control BTXA1

ZHANG et al: BTXA PREVENTS THE FIBROBLAST PHENOTYPIC SWITCH

B DNMT1 DNMT3a DNMT3b
34 oA 59 H 41
= L g ; £
5 : e =] = 3
- o 1
2, : A £ 2
E ! A % =
g : = 2
—_ ! [
81 = 2 &
=2 i < < 14
2 : g £
g :
E : E €
. ] ol
+TGF-B1 +TGF-B1 +TGF-B1 +TGF-B1
+TGF-B1 DNMT1 DNMT3a DNMT3b
15 . . : = Control
025 Ulml 0.5 UUml 1Ulml ; - ;
= ; - . =0.25 Ul/ml BTXA1
BTXA1 BTXA1 g : = [ =2 0.5 Ul/ml BTXA1
Srema-—— | i e
§' . ; ] o
[ | s |
g ; wn ] ;
- - — | 5 i -
0ol =l —
+TGF-B1 +TGF-B1 +TGF-B1

Figure 6. BTXA inhibits the activities of DNMTs. (A) The high DNMT activity induced by 10 ng/ml of TGF-f1 was decreased by BTXA. (B and C) The
mRNA and protein levels of DNMT1, DNMT3a and DNMT3b were determined by RT-qPCR and western blot analysis, respectively. $-actin was used as an
internal control. Dotted line separation represents whether or not fibroblasts were treated with TGF-f1. Data are shown as the means + SD, n=3. *P<0.05 and
*P<0.01 vs. control without TGF-B1; "P<0.05 and ""P<0.01 vs. control with TGF-B1. BTXA, botulinum toxin type A; TGF-1, transforming growth factor-p1;
DNMT, DNA methyltransferase.

p-PI3K/PIZK

Caontrol

p-PI3K

PI3K

p-Akt

Akt

p-actin

"o

+TGF-B1
0.25 Ul/ml 0.5 Ulkml 1 Uliml
Control BTXA1 BTXA1 BTXA1

Control  Control 0.25 Ulml 0.5 Uiml 1 Ul/mi
BTXA1 BTXA1 BTXA1
+TGF-B1

p-AkUAKt

w
i

44

34

24

Control  Control 0.25 Uliml 0.5 Ulml 1 Ul/ml
BTXA1 BTXA1 BTXAl
+TGF-p1

Figure 7. BTXA inactivates the phosphorylation of PI3K and Akt. (A) The protein expression of p-PI3K, PI3K, p-Akt and Akt was examined by western blot
analysis. (B) BTXA notably suppressed the ratio of p-PI3K/PI3K. (C) BTXA notably suppressed the ratio of p-Akt/Akt. 3-actin was used as an internal control.
Dotted line separation represents whether or not fibroblasts were treated with TGF-f1. Data are shown as the means + SD, n=3. *P<0.05 and *P<0.01 vs. control
without TGF-f1; ""P<0.01 vs. control with TGF-f1.



INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 44: 661-671, 2019

TGF-p1. BTXA reversed this expression pattern. These results
suggest that BT XA promotes fibroblast apoptosis.

Abnormal promoter methylation often accounts for the
transcriptional inactivation of various molecules associated
with apoptosis and tumor suppression (54). DNMTs can
catalyze the methylation of CpG dinucleotides, which are
involved in DNA methylation. It has been demonstrated that
the decreased expression of PTEN is accompanied by an
enhanced level of DNMT]1, which is associated with PTEN
promoter hypermethylation (55). Moreover, DNMT3a and
DNMT3b can methylate non-methylated DNA as de novo
methyltransferases (56). In this study, the high DNMT activity
induced by TGF-f1 was significantly reduced by BTXA.
Additionally, the levels of DNMT1, DNMT3a and DNMT3b
were also inhibited by BTXA, suggesting that BTXA may
prevent PTEN methylation.

The PI3K/AKT pathway has been reported to be negatively
regulated by PTEN (57). The reduced expression of PTEN has
been reported to activate the PTEN/AKT pathway and to be
associated with the pathogenesis of HS (37). The activation of
the PI3K/AKT pathway has been demonstrated to promote cell
viability and inhibit apoptosis (58). The abnormal PI3K/AKT
pathway activation may result in multiple diseases, including
HS (59). Moreover, the activated PI3K/AKT pathway can
enhance the accumulation of dermal fibroblasts (60). In this
study, we found that the expression levels of p-PI3K and p-Akt
were significantly increased by TGF-f1. However, BTXA
can inhibit the phosphorylation of the PI3K and Akt, and this
expression pattern is opposite to PTEN expression, indirectly
suggesting that the loss of PTEN can activate the PI3K/AKT
pathway (61).

In this study, there were still some limitations; for example,
the lack of fibroblasts derived from HS in animal models or
derived from skin, the absence of one more cell line and the
lack of verification experiments with the application of the
corresponding PTEN/PI3K/Akt pathway inhibitor. Therefore,
further studies on the effects of BT XA on scars of other nature,
as well as studies using animal models treated with BTXA,
and one more cell line or skin-derived cell line with validation
experiments including a signaling inhibitor are required in
order to validate our findings.

In conclusion, the findings of this study demonstrated that
BTXA inhibited the viability and promoted the apoptosis of
fibroblasts induced by TGF-p1. The enhanced expression levels
of molecules associated with ECM and EMT, which were
induced by TGF-1, were suppressed by BTXA. Furthermore,
PTEN methylation triggered by TGF-f1 was prevented by
BTXA and the activities of DNMTs were also suppressed.
Moreover, BTXA blocked the phosphorylation of PI3K and
Akt. The findings of this study provide a molecular basis for
the role of BTXA in the fibroblast phenotypic transformation
and a theoretical basis for HS treatment.
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