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Dual Suppression of TGF-/1 Signaling and the
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Background: Hypertrophic scar (HS) arises from aberrant cutaneous wound healing, characterized by uncontrolled myofibrob-
last proliferation and disproportionate extracellular matrix (ECM) accumulation. Breviscapine, a natural compound, suppresses
inflammation and fibrosis. This study aimed to evaluate breviscapine as a therapeutic avenue against HS and unravel its molec-
ular basis.

Methods: In vivo, a rabbit ear HS model was established and treated with different doses of breviscapine. Scar morphology was
macroscopically evaluated. Fibrosis-related markers (collagen type I alpha 1 [COL1A1], collagen type III alpha 1 [COL3A1],
actin alpha 1, skeletal muscle [ACTA1], alpha-smooth muscle actin [a-SMA]) were quantified by quantitative real-time PCR
(qRT-PCR) and Western blotting. «-SMA expression, collagen fiber organization and transforming growth factor-31 (TGF-/1)
levels were assessed by immunofluorescence staining, Masson staining, and immunohistochemistry/Western blotting, respec-
tively. In vitro, HS fibroblasts (HSFs) were exposed to breviscapine, and cell counting kit-8 (CCK-8) assay, Sirius red staining
and Western blotting were separately performed to determine cell viability, collagen production, and the expression of fibrosis-
related markers, TGF-/1, and the Akt-mTOR pathway.

Results: In vivo, breviscapine treatment attenuated rabbit ear scar formation, while diminishing COL1A1/COL3A1/ACTA1
mRNA levels and collagen I/collagen III/a-SMA/TGF-51 protein levels and improving collagen fiber density and arrangement
(p < 0.001). In vitro, breviscapine inhibited HSF viability, reversed TGF-31-stimulated collagen overproduction, and suppressed
the protein expression of fibrosis-related markers (p < 0.05). Notably, breviscapine attenuated the protein expression of TGF-51
and the Akt-mTOR pathway in HSFs (p < 0.01).

Conclusion: Breviscapine exerts anti-HS effects by targeting the TGF-/1 signaling and the Akt-mTOR pathway, providing a
novel natural therapeutic candidate for HS management with anti-fibrotic, anti-proliferative, and pathway-targeted effects. Fur-
ther investigation is warranted to validate its efficacy in clinical settings and to explore its long-term safety and optimal delivery
strategies.
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Introduction Transforming growth factor-51 (TGF-£1) is pivotal

in wound healing and HS formation [10]. A previous

Hypertrophic scar (HS), an extremely common der-
mal fibroblast hyperplasia, occurs frequently after burns,
surgery or other trauma that affects the deep dermis [1,2],
and is mainly manifested by excessive collagen and mas-
sive deposition of extracellular matrix [3,4]. The advance-
ment of medical technology has yielded different therapeu-
tic avenues for HS, with artesunate, silicone gel sheeting,
intralesional bleomycin and pulsed laser as the mainstream
[5-7]. However, a long-term systematic study revealed that
HS is characterized by an extremely high recurrence rate
and a lack of curative treatment [8]. Consequently, devel-
oping novel, effective therapeutic strategies remains a clin-
ical priority for enhancing the survival environment for HS
patients [9].

study showed that TGF-31 increased the production of fi-
bronectin and collagen in cultured epithelial cells via tran-
scriptionally activating corresponding genes. The sub-
cutaneous injection of TGF-£ could effectively promote
not only collagen accumulation but also fibrotic tissue re-
sponses [11]. Notably, TGF-81 expression is increased
in pathological scar fibroblasts [12,13]. Recent research
has highlighted TGF-$1 as a therapeutic target to deci-
pher the roles of specific genes and agents, such as bo-
tulinum toxin type A, in HS formation [13,14]. Beyond
TGF-f1, emerging evidence underscored the significance
of the phosphatidylinositol 3-kinase (PI3K)/Akt and the
mechanistic target of rapamycin (mTOR) signaling path-
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ways in HS progression. The Akt-mTOR pathway is a
key regulator of cell proliferation, survival, protein synthe-
sis, and autophagy. Existing studies have shown that in-
hibiting the Akt/mTOR pathway activation blocks prolif-
eration, migration, extracellular matrix deposition and fi-
brosis of HS fibroblasts [15—18]. TGF-£1 can activate the
Akt-mTOR cascade, which in turn stabilizes the myofi-
broblast phenotype and fuels a pro-fibrotic feedback loop
[19]. This crosstalk between TGF-31 and Akt-mTOR sig-
naling presents a promising multi-target intervention point
for anti-fibrotic therapy.

As reported, the mainstream agents for HS are clas-
sified into two types, adrenocorticosteroids and anti-tumor
drugs [20,21]. However, their clinical application is limited
by side effects, underscoring the urgent need for safer and
more effective therapeutic agents with improved safety pro-
files. Breviscapine is isolated from the distinctive flavonoid
herb, breviscapus, which is known for anti-inflammatory
and anti-fibrotic properties but low systemic toxicity [22—
25]. In recent years, it has attracted much attention by
virtue of its valuable functions, including but not limited to
promoting microcirculation, lessening blood viscosity, en-
hancing fibrinolysis and inhibiting cancer [22]. Therefore,
breviscapine has been widely used not only in treating cere-
bral infarction and hypertension, but also in suppressing the
development of tumors through inhibition of proliferation
and angiogenesis [26]. In addition, preliminary research
suggested that breviscapine can modulate both the TGF-
B1 and Akt pathways in some diseases [23]. However, its
specific effects on HS and the underlying mechanisms, par-
ticularly those concerning the TGF-81/Akt-mTOR signal-
ing axis, remain entirely unexplored. To our knowledge,
this study is the first to investigate the therapeutic poten-
tial of breviscapine in HS and to verify the novel hypoth-
esis that its efficacy is related to the concurrent inhibition
of TGF-51 and Akt-mTOR signaling pathways. By eluci-
dating this dual-pathway mechanism, our research aims to
position breviscapine as a novel, multi-target natural candi-
date for HS management.

Materials and Methods

Ethics Statement

As per current regulations and standards of the China
Council on Animal Care and Use, all experimental animals
were raised in solitary cages. Male New Zealand white rab-
bits (aged 3 months, n = 30, 2.5-3.0 kg, Shanghai SLAC
Laboratory Animal Co., Ltd., China) were maintained at 25
°C and 55% humidity with a 12-h light/dark cycle and ad
libitum access to food and water. The experimental proto-
col was approved by the Laboratory Animal Ethics Review
Committee of Shandong Provincial Hospital Affiliated to
Shandong First Medical University (No. HSRF (prelimi-
nary application) 2024-0027). All possible steps were taken
to actively minimize animal suffering and discomfort.

Rabbit Ear HS Model Establishment and Therapy

The rabbit ear HS model was employed owing to
its well-established relevance for investigating human HS
pathophysiology [27]. This model reliably reproduces key
features of human HS, including prolonged inflammation,
excessive collagen deposition, and raised scar morphol-
ogy. Based on the established methodology, the rabbit ear
HS model was established. Briefly, 30 rabbits were allo-
cated into five groups (n = 6 per group) using a random
number table: control, HS, breviscapine-low dose (BE-
L), breviscapine-medium dose (BE-M) and breviscapine-
high dose (BE-H). Breviscapine (WKQ-0004798-20 mg,
Chengdu Biaoxiang Biological Technology Co., Ltd.,
China) was dissolved in DMSO (D8370, Solarbio, China).

For modeling, rabbits were anesthetized with 1% pen-
tobarbital sodium (30 mg/kg; STY667, Zzsiji, China). On
the ventral side of every single ear, the epidermis, dermis
and perichondrium were carefully removed. Then six circu-
lar full-thickness wounds (diameter: 10 mm) were created
to build an HS rabbit ear model. On postoperative day 14,
the wounds were completely re-epithelialized. Based on a
previous study [28], breviscapine was administered at three
doses: 5, 10, and 20 mg/kg. In the BE-L, BE-M and BE-
H groups, after modeling, 5, 10, and 20 mg/kg breviscapine
(0.2 mL) were subcutaneously injected into the rabbit ear on
the 14th day (once a week; 4 times), respectively. The con-
trol rabbits received no treatment. Post-experimentally, the
rabbits were euthanized by intravenous injection of an ex-
cessive dose of 1% pentobarbital sodium (STY667, Zzsiji,
China) (150 mg/kg), in line with the 3R principle of animal
experiments. Next, HS tissues were harvested for subse-
quent tissue and molecular analyses.

Cell Culture

Human HS fibroblasts (HSFs, XG-X4642, Shanghai
Sig Biotechnology Co., Ltd., China) were confirmed to
be mycoplasma-free and authenticated by STR detection.
HSFs were cultured (37 °C) in a humidified 5% CO; incu-
bator (E2398, Beyotime, China) with Dulbecco’s Modified
Eagle’s Medium (DMEM, 30-2020, ATCC, USA) contain-
ing 10% fetal bovine serum (FBS, 30-2020, ATCC, USA).

Cell Viability Assay

Following cell exposure to breviscapine at 0, 2.5, 5, 10
or 15 uM, cell viability was determined using Cell Counting
Kit-8 (CCK-8, ab228554, Abcam, UK). Briefly, cells in a
96-well plate were treated with 100 pLL CCK-8 solution (37
°C, 5% COa, 3 h, in the dark), and observed at time points
of24 and 48 h. Afterwards, relative cell viability was exam-
ined using a microplate reader (SpectraMax 190, Molecular
Devices, USA) at 460 nm.
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Cell Grouping

Combining existing methodology and the results of
cell treatment [13], a 48-h exposure to 15 uM breviscapine
was therefore selected for subsequent experiments. After
much deliberation, HSFs were assigned into control (nor-
mal culture), TGF-g1 (48-h stimulation of TGF-31 (0.08
nM; HY-P7118, MCE, USA)), and TGF-51+BE (48-h co-
stimulation of 15 uM breviscapine and TGF-31) groups.

Quantitative Real-Time PCR (qRT-PCR)

Total RNA was extracted from tissues by TRIzol
Reagent (15596018, Romics, China), and transcribed
into cDNA by PrimeScript RT reagent Kit (Perfect Real
Time) (RR037B, Takara Biotechnology, Japan). SYBR
Green Real-time PCR Master Mix (XY-9A-QPK-201,
XYBiotechnology, China) was utilized with the ABI
7500 thermocycler (Shanghai Tusen Vision Technology,
China) for quantifying collagen type I alpha 1 (COL1A1),
collagen type III alpha 1 (COL3Al) and actin alpha 1,
skeletal muscle (ACTA1). The primers are listed 5’ to 3’
as follows: COL1A1l (F) CATAAAGGGTCACCGTG-
GCT, (R) GTCATCTGCCCGGTAGTAGC; COL3A1 (F)
AACAATGGTAGTCCTGGCGG, (R) CACCGTTCT-
TACCGGGTTCA; ACTAl (F) GAGCGCAGCA-
GAAACCAGA, (R) TTACCAGGCCAGAGCCATTG;
B-actin  (F) ATTCATGCGGCCAAAGAGGA, (R)
GAGCGCCAAATCAAGCAGAG. [-actin was used
to normalize the relative expression of the three genes.
The experiment was repeated in triplicate, and the relative
fold-change was calculated using the 2~ 22¢ method [29].

Western Blotting

Cellular proteins and proteins in tissues (WB Super
RIPA Lysis Buffer; XY9501, XYBiotechnology, China)
underwent concentration measurement, where Collagen I,
Collagen III, alpha-smooth muscle actin (a-SMA), TGF-
B1, phosphorylated-Akt (p-Akt), Akt, mammalian target
of rapamycin (mTOR), phosphorylated mammalian tar-
get of rapamycin (p-mTOR) and S-actin were measured
with BCA Assay Kit (P0012, Beyotime, China). Equal
amounts of protein samples were separated by electrophore-
sis on 6% sodium dodecyl sulfate-polyacrylamide (SDS-
PAGE) gels (P0676-500 mL, Beyotime, China), and sub-
sequently transferred onto PVDF membranes (10600023,
Cytiva, China). Primary antibody information is as follows:
TGF-£1 (MAS5-16949, 1:1000, 50 kDa, Invitrogen, USA),
collagen I (14695-1-AP, 1:3000, 130 kDa, Proteintech,
USA), collagen III (68320-1-Ig, 1:5000, 139 kDa, Protein-
tech, USA), a-SMA (67735-1-Ig, 1:6000, 43 kDa, Protein-
tech, USA), p-Akt (#4060, 1:2000, 60 kDa, CST, USA),
Akt (#4685, 1:1000, 60 kDa, CST, USA), mTOR (#2983,
1:1000, 289 kDa, CST, USA), p-mTOR (#5536, 1:1000,
289 kDa, CST, USA), 5-actin (MA5-15739-HRP, 1:900, 42
kDa, Invitrogen, USA). Secondary antibody information is
as follows: Goat Anti-Mouse IgG H&L (ab205719, 1:7000,
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Abcam, UK), Goat Anti-Rabbit IgG H&L (ab205718,
1:3000, Abcam, UK). All these primary antibodies were
incubated with membranes (4 °C, overnight). After wash-
ing with TBST (B1009-TBST, APPLYGEN, China) thrice,
the membranes were separately incubated with their cor-
responding secondary antibody at room temperature (RT)
for 1 h. Protein bands were visualized using an Efficient
Chemiluminescence (ECL) Kit (10145-100 mL, Proand,
China) and scanned using an ImageQuant densitometric
scanner (BH-2, OLYMPUS, Japan), followed by quantifi-
cation using ImageJ (version 1.52; National Institutes of
Health, Bethesda, MD, USA) software. Every experiment
was conducted three times.

Immunofluorescence Staining Assay

a-SMA expression was measured using immunofluo-
rescence staining in vivo, after 28-day treatment with bre-
viscapine. First, tissues were fixed with 4% paraformalde-
hyde (G0528, GBCBIO, China) (10 min), rinsed with PBS
(C0221A, Beyotime, Shanghai, China), permeabilized us-
ing 0.1% Triton X-100 (C03-03003, Bioss, USA) (15 min),
and blocked in 5% bovine serum albumin (BSA, A4628-
100ML, Sigma-Aldrich, USA) (1 h). Next, the tissues
were incubated with diluted alpha smooth muscle actin
Polyclonal antibody (14395-1-AP, 1:350, 43 kDa, Protein-
tech, USA) (overnight, RT), washed 3 times with PBS, and
then incubated with Goat Anti-Rabbit [gG H&L (ab205718,
1:3000, Abcam, UK) (RT, 1 h). DAPI (4083S, CST, USA)
was used for nuclear staining. Using a microscope (E400,
Nikon, Japan), the images of the wound area (magnifi-
cation x400, scale bar = 50 pm) were immediately dis-
sected using Image-Pro Plus 6.0 software (Media Cyber-
netics, Rockville, MD, USA).

Masson Staining Assay

Trichrome Stains (Masson) (HT15), comprising
Biebrich Scarlet-Acid Fuchsin Solution, Working Phospho-
tungstic, Phosphomolybdic Acid Solution and Aniline Blue
Solution, was used to detect collagen fibers. Initially, the
slices were deparaffinized, rehydrated with distilled wa-
ter, incubated with preheated Bouin’s solution (HT10132)
(56 °C, 15 min), and then cooled in tap water (20 °C).
After thorough washing to remove yellow coloration, the
slices were stained with Weigert’s iron hematoxylin solu-
tion (HT1079) (5 min), and rinsed in tap water (5 min)
followed by deionized water (SL2240-100 mL, Coolaber,
China). Later, color development with Biebrich Scarlet-
Acid Fuchsin Solution (5 min) and washing with deion-
ized water were performed. Subsequently, the slices were
immersed in Working Phosphotungstic/Phosphomolybdic
Acid Solution (5 min), dyed with Aniline Blue Solution (5
min), and immersed in Acetic Acid (45745) diluted to 1% (2
min). After dehydration in an alcohol series, the slides were
dehydrated and mounted. All the reagents except deionized
water were obtained from Sigma-Aldrich (USA). Besides,
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Fig. 1. The effects of breviscapine on scar appearance and the mRNA and protein expression of fibrosis-related markers in vivo.
(a) The chemical structure of breviscapine. (b) The appearance of scar tissues after 28-day treatment with breviscapine on the rabbit
ear HS model, including the control (n = 6), HS (n = 6), BE-L (n = 6), BE-M (n = 6), and BE-H groups (n = 6). (c—e) The mRNA
expression levels of fibrosis-related markers (collagen type I alpha 1 (COL1A1), collagen type I alpha 1 (COL3Al), actin alpha 1,
skeletal muscle (ACTA1) (qQRT-PCR, S-actin as the internal reference). (f,g) The protein expression levels of fibrosis-related markers
(collagen I, collagen III, and alpha-smooth muscle actin (a-SMA)) (Western blotting, S-actin as the housekeeping gene). All experiments
were performed in triplicate, with data presented as mean & SD (n = 6 rabbits/group). ***p < 0.001 vs. Control; *'p < 0.001 vs. HS.
Abbreviation: HS, hypertrophic scar; BE-L, breviscapine-low dose; BE-M, breviscapine-medium dose; BE-H, breviscapine-high dose;
gRT-PCR, quantitative real-time PCR.

the images depicting the wound area (magnification x 100,  Immunohistochemical Assay
scale bar = 50 pm) were observed under the microscope us-

Pri . histochemi . i
ing the Image-Pro Plus 6.0 software (Media Cybernetics, tions vl:;re:to ;:lr;l;zo lit?t(;reglls;ﬁffshi:;tsizr :;Zufljl?c-
Rockville, MD, USA). prepared. P Y

dration, antigenic repair was performed. Next, the sec-
tions were exposed to 3% hydrogen peroxide (10 min),
blocked with BSA (RT, 10 min), and incubated with
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diluted TGF beta-1 Monoclonal Antibody (MA5-16949,
1:100, Invitrogen, USA) (overnight, RT). Following three
washes with PBS and culture in Goat Anti-Mouse IgG H&L
(ab205719, 1:7000, Abcam, UK) (RT, 15 min), the sections
were colored with Aminoethyl Carbazole (AEC, 001122,
ThermoFisher Scientific, USA) and counterstained with
Mayer’s Hematoxylin (AR-0712, Beijing DingGuoChang-
Sheng Biotech, China). Using the microscope, the images
of the wound area (magnification x 100, scale bar = 50 pm)
were immediately analyzed using the Image-Pro Plus 6.0
software.

Sirius Red Staining Assay

To quantify collagen production in vitro, a Picro-Sirius
Red staining assay was performed. HSFs were seeded in
24-well plates and treated with TGF-£1 or breviscapine (48
h) based on grouping. After two washes with PBS, cells
underwent fixation (4% paraformaldehyde; 30 min, RT),
washing (PBS; twice), and staining (Picro-Sirius Red So-
lution; ab246832, Abcam, UK; 37 °C, 90 min). The plates
were rinsed in tap water and then dried in air. Then, Sirius
Red staining solution was dissolved in 0.1 M Sodium hy-
droxide solution (58300C, Sigma-Aldrich, USA). Finally,
the absorbance was measured at 540 nm using a Spectra-
Max 190 microplate reader.

Statistical Analysis

Statistical analyses were performed using GraphPad
8.0 software (GraphPad Software, Inc., San Diego, CA,
USA). All data are expressed as mean =+ standard deviation
(SD). The normality of data was assessed using the Shapiro-
Wilk test. No significant deviation from normality was de-
tected. Multi-group comparisons were implemented using
one-way analysis of variance (one-way ANOVA), followed
by Tukey post-hoc test. p-values < 0.05 were deemed sta-
tistically significant.

Results

Breviscapine Attenuated Scar Formation and
Reduced the mRNA and Protein Expression of
Fibrosis-Related Markers in Vivo

In this study, the effects of breviscapine on HS in vivo
were investigated by establishing a rabbit ear HS model.
Fig. 1a shows the chemical structure of breviscapine. Af-
ter 28 days of treatment with breviscapine, we preliminar-
ily observed the appearance of scar tissues. In the control
group, rabbit exhibited normal, scar-free ears; in the HS
group, the scar was stiff, red and prominent; in the BE-
L group, the scar was reduced and still raised with light
red; in the BE-M group, the scar was significantly reduced,
softer, and less obvious; in the BE-H group, the scar was al-
most invisible, with color nearly matching the surrounding
normal tissue (Fig. 1b). The mRNA expression levels of
fibrosis-related markers (COL1A1, COL3A1 and ACTA1)
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were quantified by qRT-PCR and found to be upregulated
after modeling (p < 0.001, Fig. 1c—e). In contrast, af-
ter breviscapine treatment, the relative mRNA expression
levels of the fibrosis-related markers were decreased (p <
0.001, Fig. 1c—e). The relative protein expression levels
of fibrosis-related markers, including collagen I, collagen
II1, and a-SMA, were measured using Western blotting,
which were markedly elevated in the HS group (p < 0.001,
Fig. 1f,g). However, their expression levels were lower in
the BE-L, BE-M and BE-H groups than in the HS group (p
< 0.001, Fig. 1f,g).

Breviscapine Reduced a-SMA and TGF-S1
Expression, and Ameliorated the Excessive Density
and Irregular Arrangement of Collagen Fibers in
Vivo

a-SMA expression in vivo was observed using im-
munofluorescence staining. The data revealed a-SMA
level was enhanced after HS induction, which was reversed
by breviscapine dose-dependently (»p < 0.001, Fig. 2a,b).
Masson trichrome staining data indicated the collagen
fibers were normal in the control group, but exhibited high
density and irregular arrangement in the HS group. All
breviscapine treatment groups showed reduced fiber den-
sity and more orderly arrangement (Fig. 2¢). The colla-
gen area was significantly elevated in the HS group rela-
tive to the control group (p < 0.001, Fig. 2d); in contrast,
it was markedly reduced in the BE-L, BE-M and BE-H
groups compared to the HS group (p < 0.001, Fig. 2d). Im-
munohistochemistry data confirmed that TGF-51 expres-
sion was significantly increased due to modeling, but was
dose-dependently diminished by breviscapine (p < 0.001,
Fig. 2e,f). Through western blotting, we detected that TGF-
B1 expression was decreased in the BE-related groups, rel-
ative to the HS group (p < 0.001, Fig. 2g,h).

Breviscapine Inhibited Cell Viability and Reversed
the Stimulating Effect of TGF-$3 on Collagen
Production in HSFs

Different concentrations of breviscapine (2.5, 5, 10,
15 uM) were used to treat HSF's, and cell viability detection
was conducted with a CCK-8 assay at 24 and 48 h. Since
breviscapine decreased cell viability dose-dependently (p
< 0.05, Fig. 3a), 15 uM of breviscapine was used to treat
HSFs for 48 h in the subsequent experiments. The rel-
ative collagen production was detected using Sirius Red
staining, revealing that the production was significantly en-
hanced by TGF-f1 intervention (p < 0.001, Fig. 3b,c),
whereas breviscapine markedly attenuated this effect (p <
0.001, Fig. 3b,c). Western blotting indicated that fibrosis-
related marker protein expression levels were increased in
the TGF-51 group (p < 0.01, Fig. 3d,e); in contrast, the ex-
pression levels were reduced in the TGF-51+BE group (p
< 0.05, Fig. 3d,e).
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Fig. 2. The effects of breviscapine on a-SMA and TGF-£1 expression, and the density and arrangement of collagen fibers in vivo.
(a,b) After 28-day breviscapine treatment, the images of alpha-smooth muscle actin (a-SMA) (red) in scar tissues on the rabbit ear HS
model, including the control (n = 6), HS (n = 6), BE-L (n = 6), BE-M group (n = 6), and BE-H groups (n = 6) (immunofluorescence
staining assay; magnification x400, scale bar = 50 um). (c,d) Collagen fibers after 28-day breviscapine treatment (Masson staining
assay; magnification x 100, scale bar = 50 um). (e,f) Transforming growth factor-31 (TGF-$31) expression (immunohistochemistry;
magnification x 100, scale bar = 50 pM) after breviscapine treatment. (g,h) TGF-31 protein expression (Western blotting, 3-actin as the
housekeeping gene). All experiments were performed in triplicate, with data presented as mean £ SD (n = 6 rabbits/group). ***p < 0.001
vs. Control; AMp < 0.001 vs. HS. Abbreviation: HS, hypertrophic scar; BE-L, breviscapine-low dose; BE-M, breviscapine-medium dose;
BE-H, breviscapine-high dose.
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Fig. 3. The effects of breviscapine on cell viability and collagen production induced by TGF-31 in HSFs. (a) Cell viability in
HSFs (CCK-8). (b,c) The relative collagen production (Sirius Red staining; magnification x 100, scale bar = 50 um). (d,e) The protein
expression levels of fibrosis-related markers (collagen I, collagen IIT and a-SMA) (Western blotting, -actin as the housekeeping gene).
Data are presented as mean + SD. Each experiment was repeated thrice independently (n = 3). *p < 0.05; #p < 0.01; *p < 0.001 vs.
0; **p < 0.01; ***p < 0.001 vs. Control;™p < 0.05; T*p < 0.01; **p < 0.001 vs. TGF-S1. Abbreviation: HSFs, hypertrophic scar
fibroblasts; CCK-8, cell counting kit-8.

Breviscapine Dampened the Protein Expression of were decreased (p < 0.01), and those of Akt and mTOR
TGF-31 and the Akt-mTOR Pathway in HSFs remained unchanged (Fig. 4a,b). Moreover, TGF-/31 inter-
vention resulted in elevated ratios of p-mTOR/mTOR and
p-Akt/Ak (p < 0.01), while the ratios were decreased by
co-treatment of breviscapine (p < 0.01, Fig. 4c,d).

We confirmed through Western blotting that the pro-
tein expression levels of TGF-£1, p-Akt and p-mTOR
were increased (p < 0.001), and those of Akt and
mTOR remained unchanged following TGF-/1 interven-
tion (Fig. 4a,b). Due to the co-treatment of breviscapine, the
protein expression levels of TGF-S1, p-Akt and p-mTOR
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Fig. 4. The effects of breviscapine on the protein expression of TGF-31 and Akt-mTOR pathway. (a,b) Protein expression levels
of TGF-f1, p-Akt, p-mTOR, Akt and mTOR (Western blotting, 5-actin as the housekeeping gene). (c,d) Ratios of p-mTOR/mTOR and
p-Akt/Ak (-actin as the housekeeping gene). Each experiment was repeated thrice independently (n = 3), with data expressed as mean
+ SD. **p < 0.01; ***p < 0.001 vs. Control; T*p < 0.01; T™*p < 0.001 vs. TGF-B1. Abbreviation: p-Akt, phosphorylated-Akt;
mTOR, mammalian target of rapamycin; p-mTOR, phosphorylated mTOR.

Discussion

HS represents a persistent clinical challenge and af-
fects the health of millions of people both physically and
psychologically, thus drawing global attention [30,31]. De-
spite advances in current medical management and research
results, countless HS patients continue to experience sub-
stantial pain and suffering every year. Interestingly, ac-
cumulating evidence indicates that breviscapine generates
anti-inflammatory and anti-fibrotic effects in several dis-
eases, including cardiovascular diseases [32]. Owing to
these established properties, breviscapine has been widely
recognized as a valuable ingredient in clinical treatment
[33,34]. To clarify the influence of breviscapine on HS, we
constructed a rabbit ear HS model and found that brevis-
capine dose-dependently reduced scars, making them softer
and less obvious.

TGF-$1, implicated in both physiological repair and
collagen accumulation, was originally identified in the

study of cancer cell processes [35]. Our study confirmed
that breviscapine effectively downregulated TGF-£1 in HS
tissues and HSFs, while inhibiting cell viability and revers-
ing the stimulating effect of TGF-31 on collagen produc-
tion in HSFs. These findings aligned with the reported ac-
tion of other natural compounds in HS, such as curcumin,
artesunate and ellagic acid, which also exert anti-fibrotic ef-
fects through TGF-31 suppression. For instance, curcumin
inhibits fibroblast activation and tissue inflammation to mit-
igate HS [36]; in a rabbit ear HS model, artesunate has been
shown to achieved the promotion of wound healing, allevi-
ation of path morphologial change in scar tissue, and reduc-
tion of ECM production by suppressing the TGF-/31/Smad3
signaling pathway [37]; likewise, ellagic acid suppresses
the formation of HS by suppressing TGF-/3/Smad signal-
ing pathway activity [38]. In addition, ACTA1 belongs to
the human actin family, which is associated with muscle
contraction and is one of the markers of fibrosis [39]. Col-
lagen proteins, COL1A1 and COL3Al, also serve as es-
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sential biomarkers in wound healing assays [40]. a-SMA,
a hallmark of myofibroblasts, has the ability to promote
scar recovery [41]. Therefore, in our experiment, we fo-
cused on these fibrosis-related markers such as ACTAI, a-
SMA, COL1A1 and COL3A1. In vivo, breviscapine signif-
icantly downregulated key fibrotic markers at both mRNA
(COL1A1, COL3A1, ACTA1) and protein (collagen I, col-
lagen III, a-SMA) levels, and improved collagen fiber ar-
chitecture. The in vitro data further supported these find-
ings, showing that breviscapine inhibited HSF proliferation
and TGF-g1-induced collagen overproduction.

This study first evidenced that breviscapine concur-
rently suppressed the Akt-mTOR pathway and TGF-31 axis
in HS. Reportedly, the Akt-mTOR pathway is implicated in
the regulation of the actin cytoskeleton and autophagy [42].
The activation of the Akt pathway could also accelerate the
formation of HS [43]. Gluconic acid binds to PLODI, at-
tenuates p-AKT signaling, and enhances autophagy to al-
leviate HS formation [44]. Additionally, breviscapine re-
duces fibrosis by suppressing inflammation and mediating
TGF and Smad signaling pathways, and the role of TGF in
abdominal adhesion cannot be underestimated [28]. Bre-
viscapine has also been reported to block the Akt pathway
[45]. TGF-S1-induced up-regulation of the Akt pathway
is repressed by pentoxifylline in HS [46]. The crosstalk
between TGF-51 and Akt-mTOR signaling forms a potent
pro-fibrotic axis. Breviscapine was observed to suppress
both TGF-81 and p-Akt/p-mTOR in our in vitro experi-
ments, representing a distinct and potentially more compre-
hensive mechanism compared to agents targeting a single
pathway.

The precise upstream molecular target of breviscapine
responsible for this dual inhibition warrants further inves-
tigation. We proposed several plausible mechanisms based
on existing literature: (1) Breviscapine may directly or indi-
rectly modulate upstream membrane receptors of both path-
ways, such as TGF-S receptors or integrins, thereby at-
tenuating initial signal activation. (2) It may activate up-
stream negative regulators like PTEN (a phosphatase that
inhibits PI3K/Akt) or AMPK (an energy sensor that inhibits
mTORC1), leading to downstream suppression. (3) Its an-
tioxidant properties could mitigate reactive oxygen species
(ROS), which are known activators of both TGF-81 and
PI3K/Akt signaling in fibrotic contexts. However, these
proposed mechanisms still require further analysis in future
studies.

Several limitations in this study should be acknowl-
edged. Firstly, the rabbit ear HS model, while well-
established, does not fully recapitulate the complex patho-
physiology and chronic progression of human HS, particu-
larly the role of immune cells and tension over larger body
surfaces. Secondly, the therapeutic regimen was limited
to localized subcutaneous injection, which may not reflect
systemic or topical delivery routes. The efficacy and safety
of these alternative formulations require additional investi-
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gation. Thirdly, the long-term safety profile of breviscap-
ine, potential systemic effects, and the durability of its anti-
scarring effects beyond the observation period remain un-
known. In addition, we did not perform experiments using
specific agonists of TGF-S1 and Akt-mTOR pathways to
determine whether reactivating the pathways could reverse
the anti-fibrotic effects of breviscapine. Finally, the precise
mechanism by which breviscapine interacts with the TGF-
B1 and Akt-mTOR pathways remains unexplored, and fur-
ther studies are needed to clarify its primary molecular tar-
get(s).

To advance its clinical translation, future research
should focus on: (1) developing and optimizing patient-
friendly topical or sustained-release delivery systems; (2)
conducting comprehensive evaluations regarding long-term
efficacy and systemic safety in relevant animal models;
(3) employing rescue experiments with pathway agonists
to conclusively validate the causal role of TGF-51/Akt-
mTOR inhibition in breviscapine’s mechanisms; (4) and
elucidating the precise upstream molecular target(s) of bre-
viscapine to enable potential structure-based optimization.

Conclusion

Collectively, our findings demonstrate that breviscap-
ine attenuates HS formation by inhibiting the key pro-
fibrotic TGF-31 signaling and the Akt-mTOR pathway,
thereby reducing myofibroblast activation and collagen
overproduction, and improving scar morphology. This
dual-target strategy offers a new perspective for the devel-
opment of multi-target anti-scarring agents and highlights
breviscapine as a uniquely promising candidate worthy of
further translational investigation.
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