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SUMMARY: Hypertrophic scars (HS) represent a challenging fibroproliferative disorder characterized by excessive fibroblast
proliferation and collagen deposition following abnormal wound healing. This study investigates the regenerative potentiabiaf boxin
(BTX) in inhibiting the c-Jun N-terminal kinase (JNK) signaling pathway, which plays a critical role in promoting pro-&ffeatis in HS
fibroblasts. Using both in vitro models and a rat HS model, we demonstrate that BTX significantly suppresses JNK phospleagtiatido
reduced fibroblast proliferation (p < 0.05) and collagen synthesis (p < 0.05). Our results indicate that BTX disrupts tA€ IINKZR
signaling axis, restoring the expression of JUN (p < 0.05), a transcription factor associated with fibroblast quiesceqptesisidtitionally,
BTX enhances antioxidant capacity and reduces oxidative stress, reflected in increased thiol levels (p < 0.05) and piecpeasedition
(TBARS: p < 0.05). Histological assessments reveal normalization of skin appendage densities and partial restoratiorabéegidecture
following BTX treatment. However, persistent interstitial fibrosis underscores the need for combinatorial therapies tedtatidrelular
signaling and the mechanical properties of the extracellular matrix. This research establishes BTX as a multifaceted tgeapeustcar
management, effectively bridging neurogenic inflammation and JNK-mediated ECM dysregulation. The findings support théuheed for
clinical trials to evaluate staged regimens that integrate BTX with mechanotransduction-targeted adjuvants, aiming tscaptiegeession
and enhance therapeutic outcomes for patients with hypertrophic scars.
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INTRODUCTION

Hypertrophic scars (HSs) are pathological outcomgsincipal molecular regulators of this process is transforming
of dysregulated tissue repair and are frequently encountegrdwth factorfl (TGF-b1), a major profibrotic cytokine that
following cutaneous injury. They are typically characterizegromotes fibroblast activation, stimulates collagen and other
by raised, erythematous, firm, and poorly extensible tisslE®©CM components, and facilitates differentiation of
that develops within the boundaries of the original wounfibroblasts into contractile myofibroblasts, a process
and may persist because of inadequate scar remodeling. Wummonly accompanied by increased expression-of
behavior distinguishes HSs from keloids, whictsmooth muscle actim¢(SMA) (Aubertet al, 2025). In
characteristically grow beyond the initial wound margingddition to conventional inflammatory and fibrotic pathways,
and exhibit limited spontaneous regression. At thimcreasing attention has been directed toward neurogenic
microscopic level, HSs are associated with abnormalflammation (NI) as a contributor to pathological scar
organization of the extracellular matrix (ECM), includingformation. During wound contraction and tissue remodeling,
the accumulation of collagen fibers arranged predominantbersistent mechanical forces can activate peripheral sensory
in parallel beneath the epidermis (Mostyal, 2023). The nerve fibers and induce the release of neuroactive mediators.
development and persistence of these lesions are closaipong these mediators, substance P (SP) and calcitonin
associated with sustained fibroblast activity, excessive EClene-related peptide (CGRP) have attracted particular
production, and impaired matrix turnover. Consequently, thieterest because of their ability to influence inflammatory
biological behavior of HSs shares several characteristics witsponses and fibroproliferative activity. The sustained
localized benign fibroproliferative lesions. Among theaelease of these neuropeptides may establish a self-
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reinforcing signaling environment that favors T@G@and hypertrophic scars. Exposure to BTX has been associated
nerve growth factor (NGF) production, thereby maintainingith reduced TGH1 expression, diminished fibroblast
fibroblast activation and promoting excessive collageproliferation, and attenuation of CTGF-dependent fibroblast
deposition. Such interactions between neural signalinggtivation and differentiation (Let al, 2021). These
inflammation, and fibrogenesis suggest that NI may represatiservations suggest that BTX may directly modify the
an important regulatory component of HS developmemtolecular phenotype of scar-derived fibroblasts in addition
rather than merely a secondary consequence of tissue injtoyreducing mechanical stress at the wound site. However,
(Zhanget al., 2022). the precise intracellular signaling mechanisms responsible
for these effects remain to be fully established. The MAPK
Botulinum toxin (BTX), a biologically active family is of particular interest because its major branches—
neurotoxin produced B@lostridium botulinumhas recently including extracellular signal-regulated kinase (ERK), c-Jun
attracted considerable interest as a potential intervention féfrterminal kinase (JNK), and p38 MAPK—regulate
abnormal scar formation. Its established pharmacologicalimerous processes relevant to fibrosis, such as cellular
action involves inhibition of acetylcholine release frommigration, proliferation, inflammatory signaling, and ECM
presynaptic nerve terminals through cleavage alynthesis. Although ERK and p38 have been implicated in
synaptosomal-associated protein-25 (SNAP-25fibroblast behavior and collagen production, considerably
Consequently, BTX diminishes neuromuscular activity aniéss is known about the contribution of JNK to the antifibrotic
can reduce local mechanical forces acting on healing tissaetions of BTX (Liet al, 2024; Shashikantbt al, 2025).
Because excessive tension across a healing wound ddre JNK pathway may be particularly relevant to
promote fibroblast activation and pathological matrixnechanically and inflammatory driven scar formation.
deposition, attenuation of muscle activity by BTX may creat&ctivation of JNK can occur in response to tissue stress,
a more favorable environment for scar remodeling (Monaghflammatory cytokines, and other extracellular stimuli and
et al, 2025). Experimental investigations, including studiesan subsequently promote phosphorylation of downstream
using rabbit ear models, have reported reductions franscriptional regulators, including c-Jun. Together with
excessive scar development and improvements in collagather components of the activator protein-1 (AP-1) complex,
organization following BTX administration. Importantly, theactivated c-Jun can regulate the transcription of genes
biological effects of BTX appear to extend beyond itsvolved in inflammation, cell proliferation, and tissue
classical effects on cholinergic neurotransmission. Evidencemodeling. Persistent INK activity may therefore contribute
from inflammatory and tissue-injury models, suggests th& the maintenance of the profibrotic phenotype of HS
BTX can also influence neuropeptide-mediated signalinfjbroblasts. Despite this biological rationale, previous
In particular, modulation of SP and its receptor, neurokininavestigations of BTX-mediated scar suppression have
1 receptor (NK1R), has been proposed as one mechanismgely emphasized inhibition of TGkdependent Smad
through which BTX may suppress neurogenic inflammatorsignaling, whereas potential interactions between BTX and
responses (Zhangt al, 2022). By interfering with MAPK signaling have received substantially less attention.
neuropeptide production, transport, or release, BTX mdg particular, the role of JNK signaling in mediating the
reduce the communication between sensory nerves atellular and ECM-related effects of BTX remains
fibroinflammatory cells that sustains pathological tissumsufficiently characterized (Part al, 2019; Liuet al,
remodeling. Decreased activity of SP- and CGRP-associat@@{l 7). Accordingly, the present study was designed to
pathways could consequently limit the production oinvestigate whether BTX exerts antifibrotic activity through
profibrotic mediators and reduce the persistence of activatesbdulation of the JNK signaling cascade in HS fibroblasts
fibroblasts. Nevertheless, the molecular events that conn€diSFs). Complementarin vitro experiments and an
the neural actions of BTX with subsequent alterations Experimental rat model of hypertrophic scarring were
ECM turnover remain incompletely understood. In particulaemployed to examine the effects of BTX on fibroblast
the relationship between BTX and major profibrotigroliferation and migration as well as the expression of key
regulators, including TGB1 and connective tissue growthECM-associated proteins. Particular emphasis was placed
factor (CTGF), requires further clarification. Currenton the activation status of INK and its downstream signaling
evidence indicates that signaling networks involving TGFeomponents (Fagt al, 2024; Luet al, 2025). We proposed
B/Smad and mitogen-activated protein kinase (MAPKthat BTX may suppress the pathological fibroproliferative
pathways may participate in the antifibrotic response inducetienotype of HS by reducing JNK phosphorylation and
by BTX (Zhanget al, 2022; Huangt al., 2021). consequently limiting activation of downstream effectors,
including c-Jun and AP-1. Characterizing this signaling axis
Experimental evidence further indicates that BTX camay provide a mechanistic explanation for the antifibrotic
influence the behavior of fibroblasts obtained fronproperties of BTX and identify JNK-associated signaling as
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a potential target for therapeutic intervention. More broadlyporphometric measurements were independently performed
defining the relationship between neurogenic inflammatotyy two experienced pathologists who were unaware of the
signaling and intracellular JNK activity may contribute to @areatment allocation. Agreement between the observers was
more integrated understanding of how BTX regulateassessed statistically, and the resulting inter-observer
abnormal wound repair and pathological scar formation. reliability was considered excellent (k > 0.85), consistent
with previously described methodology (Letial, 2017).
MATERIAL AND METHOD
Assessment of Oxidative Stress and Antioxidant Status
Animal Hypertrophic Scar Model
Skin tissues were homogenized under chilled
Fifty young BALB/c mice were randomized into five conditions and centrifuged at 10,008 for 15 min at £C.
groups (n = 10/group). Under sodium pentobarbitdlotal thiols were determined by reacting tissue supernatants
anesthesia (30 mg/kg, i.p.), six full-thickness circular woundgith 0.1 mM DTNB in Tris-EDTA buffer (pH 8.2) for 15
(7 mm diameter, 1 cm spacing) were surgically created omn at 25°C. Absorbance of the resulting TNB product was
each flank using a sterile biopsy punch—three on the ventrakasured at 412 nm, and thiol levels were calculated using
inner surface and three on the dorsal outer surface. Wowsdextinction coefficient of 13,600-Mm* and normalized
depth (epidermis, dermis, perichondrium removal) wa® protein content determined by the Bradford assagt(Li
verified microscopically, followed by pressure hemostasisl., 2025).
Postoperative mice recovered in individual cages with daily
monitoring for viability and infection. Groups included: (1) Lipid peroxidation was evaluated through MDA
Normal (no hypertrophic scar [HS] induction), (2) HSmeasurement using the TBARS assay. Tissue homogenates
Control (untreated HS), (3—4) HS+PTXA (topical 1.0 IU oprepared in 1.15 % KCI were reacted with 0.375 % TBA,
2.0 1U pentoxifylline), and (5) HS+ZnO (0.8 % zinc oxidel5 % TCA, and 0.25 NHCI, followed by heating at 95C
ointment). Wounds remained unbandaged, with daily exuddte 45 min. After centrifugation at 1,006y for 10 min,
removal to assess scar progression over 21 daysdPalrk absorbance was recorded at 535 nm. MDA concentrations

2019; Ananyet al., 2025). were calculated using an extinction coefficient of X3P
M-cnt! and expressed relative to tissue protein content
Histopathological and Morphometric Assessment (Dodokhoveet al, 2022).

For histological examination, each scar sample was TAC was assessed using the FRAP method. Tissue
sectioned through its region of greatest thickness, wittupernatants were incubated with FRAP reagent containing
approximately 5 mm of macroscopically normal tissu800 mM acetate buffer (pH 3.6), 10 mM TPTZ, and 20 mM
retained at the periphery to provide an adjacent referenéeCl, at 37°C for 4 min. The resulting FeTPTZ complex
area. The specimens were subsequently immersed in 10v#s quantified at 593 nm using a 0-1,00@ FeSQ
neutral-buffered formalin for fixation, routinely processedgalibration curve. Results were reported as mmdat Fe
and embedded in paraffin. Serial tissue sections measuraqguivalents/mg protein. Appropriate blanks and internal
5 um in thickness were prepared and stained wittontrols were included throughout the assayst(al, 2025).
hematoxylin and eosin (H&E). Microscopic assessment was
performed using a Nikon Eclipse 80i light microscope fitte&valuation of Gene Expression Profiles: INK (MAPK8)/
with a calibrated ocular micrometer. The extent of sc&as-related C3 botulinum toxin substrate 1 (RAC1)/ c-
elevation was determined morphometrically by calculatingun transcription factor (JUN)/ Activating transcription
the hypertrophic index (HI), which represents the relativiactor 2 (ATF2) in skin tissue
increase in scar thickness compared with neighboring
uninvolved skin: Total RNA was isolated from the experimental tissue
specimens using TRIzol® Reagent (Invitrogen, USA)
according to the supplier’s instructions. RNA quality was
initially examined by electrophoretic separation on a 1 %

In addition to scar thickness, histological sectionagarose gel to confirm structural integrity. The concentration
were examined for alterations in tissue architecture amchd purity of the extracted RNA were subsequently
extracellular matrix characteristics. Cytoplasmic matrixletermined using a NanoDrop One spectrophotometer
abundance and the degree of structural disorganization w€féermo Fisher Scientific, USA). Samples exhibiting an
evaluated using a semi-quantitative scoring approach. A260/A280 ratio of> 1.8 were considered suitable for
minimize observer-related variability, all histological andlownstream molecular analyses. For complementary DNA

1398

HI = (HS - Normal )/ Normal

Thickness Thicknes Thickness



ZHU, Z.; WANG, J.; WANG, Y. & XU, J. Regenerative potential of botulinum toxin in inhibiting JNK signaling pathway-mediated pro-fibrotic effects in hypertrapfizuasts.
Int. J. Morphol., 44(4)1396-1405, 2026.

(cDNA) synthesis, ig of purified RNA from each sample assay (Beyotime, P0012S). Protein samples were
was reverse-transcribed using the RevertAid First Strasdbsequently adjusted to equivalent concentrations, and 40
cDNA Synthesis Kit (Thermo Fisher Scientific) in theug of total protein from each specimen was subjected to
presence of oligo(dT) primers. Reverse transcription wadectrophoretic separation on 10 % sodium dodecyl sulfate-
carried out according to the recommended protocagbpolyacrylamide gel electrophoresis (SDS-PAGE) gels (Bio-
consisting of incubation at 2& for 5 min, followed by 42 Rad, 4561033). After electrophoresis, the separated proteins
°C for 60 min and a final enzyme inactivation step atG0 were electrotransferred onto polyvinylidene fluoride (PVDF)
for 5 min. The resulting cDNA preparations were aliquotethembranes (Millipore, IPFLO0010). Membranes were
and maintained at -2@ until quantitative gene-expressionincubated with 5 % non-fat dry milk prepared in the
analysis. Quantitative real-time PCR (qRT-PCR) wasppropriate blocking solution (Bio-Rad, 1706404) to
performed using a QuantStudio 5 Real-Time PCR Systeminimize nonspecific antibody binding. The blocked
(Applied Biosystems, USA). Amplification reactions weremembranes were then incubated overnight &€ 4vith
prepared with ChamQ SYBR qPCR Master Mix (Vazymeprimary antibodies directed against c-Jun N-terminal kinase
China) and the gene-specific primer pairs listed in Table (JNK; Abcam, ab179461; 1:1,000), RAC1 (Abcam,
The amplification program began with a 2-min incubatioab33186; 1:1,000), c-JUN (Abcam, ab32137; 1:800), and
at 50°C for uracil-N-glycosylase (UNG) activation and anactivating transcription factor 2 (ATF2; Abcam, ab32160;
initial denaturation step at 98C for 10 min. This was 1:800). Following primary antibody incubation, the
followed by 40 amplification cycles consisting ofmembranes were washed and exposed to an appropriate
denaturation at 95C for 30 s and annealing/extension at 6Gorseradish peroxidase (HRP)-conjugated secondary
°C for 30 s. A subsequent melting-curve analysis over tlantibody (Cell Signaling Technology, 7074S) diluted
temperature range of 60—-96 was performed to verify the 1:5,000. Secondary antibody incubation was performed for
specificity of the amplified products and exclude nonspecifit h at 25°C. Protein-antibody complexes were visualized
amplification. Each qRT-PCR reaction was analyzed insing Clarity Max enhanced chemiluminescence (ECL)
technical triplicate, and b-actin was used as the endogenasu$strate (Bio-Rad, 1705062), and chemiluminescent images
reference gene for normalization. Relative transcriptere acquired with a ChemiDoc MP imaging system (Bio-
abundance was determined using the comparative cyckRad). Densitometric analysis of the detected protein bands
threshold approach 2°Y). For each target gen&Ct was was performed using ImageJ software (National Institutes
calculated by subtracting the Ct valugedctin from the Ct of Health, USA). To compensate for variations in protein
value of the corresponding target transcript, whefd#st loading and transfer efficiency, signal intensities were
represented the difference between Al value of each normalized to total protein measurements obtained using
experimental sample and that of the designated control grotain-Free™ gel technology (Bio-Rad, 1610187). The
Relative expression was subsequently calculated®®8 2 resulting normalized values were used for comparative
and expressed relative to the baseline control condition, asalysis of INK, RAC1, c-JUN, and ATF2 protein expression
previously described (Bargg al, 2022). among the experimental groups, in accordance with the
methodological framework described by Cle¢al, (2023).
Table I. Primer sequences.

Gene Sequences (5-3) Histological Processing and Stereological Evaluation

JNK (MAPK8) F: TCA GCAGCACCTACAACCAG
i’tﬁl E giglgg AGAC:;Z:¢ ggﬁ :Sé ;é Following anesthesia, skin specimens were collected
AT F- GCT GCT GGA GAA GGA GAA AG and immediately subjected to fixation. Samples intended for

B-actin F: TGAAGGTCGGAGTCAACGG routineT histopathological asse;sment were immersed in 10%
formalin for 24-48 h, whereas tissues designated for Mallory
staining were additionally processed in Bouin’s solution for
Evaluation of JINK / RAC1/ JUN/ATF2 protein levels in 8 h. After fixation, the specimens underwent conventional
skin tissue using western blotting dehydration and paraffin infiltration and were embedded
using a Leica EG1150H embedding system. Serial sections
For protein expression analysis, skin specimens wendth a thickness of fum were generated using a Leica
homogenized in radioimmunoprecipitation assay (RIPARM2255 rotary microtome. To provide an unbiased
buffer (Sigma-Aldrich, R0278) supplemented with proteasepresentation of the tissue, sections were selected according
inhibitor (Roche, 11836170001) and phosphatase inhibitty a systematic uniform random sampling procedure, with
(Sigma-Aldrich, 4906845001) cocktails. Followingevery tenth section included in the subsequent analyses.
homogenization, protein concentrations in the tissue lysatdematoxylin and eosin (H&E)-stained sections were used
were determined using a bicinchoninic acid (BCA) proteito delineate the principal anatomical compartments of the

1399




ZHU, Z.; WANG, J.; WANG, Y. & XU, J. Regenerative potential of botulinum toxin in inhibiting JNK signaling pathway-mediated pro-fibrotic effects in hypertrapfiizcoiasts.
Int. J. Morphol., 44(4)L396-1405, 2026.

skin, including the epidermis, dermis containindollowed by Bonferroni-adjusted multiple-comparison testing to
collagenous and muscular components, and thdentify differences between individual groups. Atwo-sided p value
underlying hypodermal layer. Quantitativebelow 0.05 was considered indicative of statistical significance.
stereological measurements were conducted using&lme statistical power of the observed group comparisons was
Olympus BX61TRF microscope at a magnificatioradditionally evaluated usingmost-hocpower analysis, with an

of x400, together with Top View 3.7 image-analysisachieved power exceeding 80 % for the reported comparisons.
software. Different stereological approaches wer8tatistical computations and graphical presentation of the data were
applied according to the structural characteristics gerformed using GraphPad Prism version 9.4 (GraphPad Software,
each skin compartment. The thickness of the stratudSA). The primary statistical results were independently cross-
corneum was estimated using the orthogonal intercegtecked using R statistical software version 4.3.1 with the stats
technique under 40¥ oil-immersion magnificationpackage to ensure analytical consistency.

with 10 independent measurements obtained from

each microscopic field. Quantification of the cellulaRESULTS

epidermis was performed using a cycloid grid

combined with vertical sampling at 80 Histology and HI Examination

magnification, incorporating eight radial arms per

quadrant. For the dermal compartment, area-weighted = The HS group exhibited a significantly elevated
thickness was determined from sections stained wittypertrophic index (4.2% 0.09 %) and collagen fiber formation
Mallory’s method, allowing evaluation of the (1.21+ 0.11 %) compared to the Normal group (&31.09 % and
collagen-rich extracellular matrix at 20 1.11+ 0.02 %, respectivelyp < 0.05). Treatment with 1 PTXA
magnification. The hypodermal layer was assessgdrtially mitigated these effects, reducing the hypertrophic index
using the mean linear intercept method ak 10to 3.21+ 0.09 % and increasing collagen fiber to 2£10.09 % p
magnification, with 30 measurements obtained frord 0.05vs HS). The 2 PTXA group demonstrated near-normalization
adipose septa for each evaluated specimen. Digitafl both parameters, with hypertrophic index (1190.09 %) and
image processing and supplementary morphometgollagen fiber (4.7@ 0.54 %) approaching physiological levegs (
analyses were performed using ImageJ software with0.05vs. HS). Notably, the ZnO group showed paradoxical
the Stereology and Directionality plugins.results—collagen fiber formation surged to 6410.55%
Measurements from individual skin compartmentgexceeding all groups) while hypertrophic index decreased to 0.91
were normalized against total skin thickness ta 0.06 %, though these changes lacked statistical significance.
facilitate comparison among experimental groups. Rose-dependent efficacy was observed for PTXA, while ZnO’s
shrinkage correction coefficient of 1.12 was appliedffects suggest potential off-target fibrotic activity despite anti-
to compensate for tissue dimensional changéwypertrophic trends. Fig. 1.

associated with fixation, processing, and paraffin
embedding. To ensure measurement reliability, intre
observer variation was maintained below 5 %, whil
reproducibility between observers was evaluate
using Cohen’s k coefficient, with values exceedin
0.85 indicating excellent inter-observer agreemen
The overall stereological workflow was performec
in accordance with previously reported methodolog
(Ozturket al, 2022).

O Normal

[ HS

E HS +1PTXA
B HS + 2 PTXA
B HS + ZnO

=]
1

o
1

Statistical analysis

The distributional characteristics of the | |
quantitative data were examined using th Zo
Kolmogorov—Smirnov normality test, with an alpha Collagen fiber (

level of .0'05' Al evalgated \_/arl.ables satisfied th ig. 1. Hypertrophic index (HI) and collagen fiber formation (%). Data
assumptlon of no_rmallty, as indicated by p > 0.0 re presented as mearstandard deviation (SD).ff < 0.05 indicates a
Accordingly, continuous data were summarized aggnificant difference between the normal and HS groups;<40.05
meant standard deviation (SD). Differences amonghdicates significant differences among the HS + 1 PTXA and HS + 2
the experimental groups were subsequently asses&atkA groups compared to the HS groups (one-way ANOVA with Tukey’s
using one-way analysis of variance (ANOVA),post-hoctest).
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Effects of PTXA and HS on Cutaneous Thiol Content, FRAP Administration of PTXA partially reversed
Capacity, and Lipid Peroxidation these alterations. At the lower dose (HS + 1 PTXA),
thiol and FRAP values increased to 1.15 and 128/
Biochemical analysis revealed a marked disturbance in the, respectively, whereas TBARS decreased to 1.26
oxidative balance of skin tissue following HS induction. Compareumol/mg compared with untreated HS animals (p <
with the Normal group, animals in the HS group showed a significal05). A substantially stronger response was observed
decline in thiol concentration and ferric-reducing antioxidant capacifgllowing the higher PTXA dose. The HS + 2 PTXA
reaching 0.94 and 1.32nol/mg, respectively. In contrast, TBARS group exhibited marked restoration of thiol content
levels increased significantly to 1.91 nmol/npg<(0.05), indicating (4.70umol/mg) and FRAP activity (5.1imol/mg),

enhanced lipid peroxidation and impaired antioxidant status. accompanied by a pronounced reduction in TBARS
O Normal concentration to 0.22 nmol/mg relative to the HS group
101 O HS (p<0.05).

B HS + 1 PTXA
B HS + 2 PTXA

3 B HS +Zn0 €L Treatment with ZnO also produced an apparent

improvement in the oxidative profile, although the
* magnitude of the response was intermediate compared

with the higher PTXA dose. Thiol concentration, FRAP
values, and TBARS levels in the HS + ZnO group were
3.11 umol/mg, 4.24pmol/mg, and 0.91 nmol/mg,
respectively. However, these changes did not reach
statistical significance compared with the HS group.
Fig. 2.

Skin tissue thiol, FRAP and TBARS levels (inean=SD)

Thiol (umol/mg) TBARS (nmol/mg) FRAP (jumol/mg) Role of PTXA and HS on regulating skin JNK /
Fig. 2. Skin tissue levels of thiobarbituric acid-reactive substances (TBARIAC1/ JUN/ ATF2 genes expression
nmol/mg; lipid peroxidation marker), ferric reducing antioxidant power

(FRAP, umol/mg; antioxidant capacity), and thighrol/mg) across Analysis of the JNK-associated signaling

experimental groups. Data are presented as mstmdard deviation (n = d led d | | lterati .
10/group). *p < 0.05 indicates a significant difference between the norm pscade reveale pronounc_e molecular _a era Ions n
e HS group compared with normal skin. Relative

and HS groups; # < 0.05 indicates significant differences among the H ; i
+1 PTXA and HS + 2 PTXA groups compared to the HS groups (one-wayPression levels of JNK, RAC1, and ATF2 increased
ANOVA with Tukey’s post-hodest). to 4.23-, 3.29-, and 4.29-fold, respectively, whereas

5 JUN expression declined to 0.19-fold relative to the
normalized value of 1.00 in the Normal group. These
differences were statistically significant.
Administration of PTXA produced a dose-responsive
modification of these signaling abnormalities.
Treatment with 1 PTXA reduced JNK, RAC1, and
ATF2 expression to 3.81-, 2.24-, and 3.19-fold,
respectively, while JUN expression increased to 0.39-
fold compared with the untreated HS gropg: 0.05).
The higher PTXA dose produced a substantially greater
response, reducing JNK, RAC1, and ATF2 levels to
1.61-, 1.29-, and 2.11-fold, respectively, while further

increasing JUN expression to 0.61-fofd< 0.05vs.
. toward the normal condition, with JNK, RAC1, JUN,
o | and ATF2 values of 1.06, 0.92, 0.92, and 0.91,

HS). ZnO treatment also shifted the expression profile

) INK . RACI , JU ATE; respectively. Despite this apparent normalization, the

Fig. 3. Geng expression levels of pro-ujflammatory cytokines JNK / RAC&f)served differences did not reach statistical
JUN/ATF2 in skin tissue across experimental groups. Data represent mean

+ standard deviation (n = 10/group)p*< 0.05 indicates a significant 8|gn!f|cance. Overall, _the findings indicateat PTXA,
difference between the normal and HS groups; ¢ 0.05 indicates Particularly at the higher dose, exerted a stronger
significant differences among the HS + 1 PTXA and HS + 2 PTXA groupgodulatory effect on the JNK/RAC1/JUN/ATF2
compared to the HS groups (one-way ANOVA with Tukggst-hodest).  signaling axis than ZnO. Fig. 3.

& Normal
B 8BS

E8 HS+1PTXA
B HS +2PTXA
B HS + Zno

-
1

ge (gwan:tSD)

mRNA fold chan;
~
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Role of PTXA and HS on regulating skin JINK/ RAC1/ values suggested substantial normalization of the investigated
JUN/ ATF2 proteins expression signaling components, statistical significance for the ZnO-
related changes was not specifically reported. Fig. 4.

Compared with normal skin, HS tissue displayed a

significant disruption of JNK-associated signaling. JNKStereological assesments of skin layers

RAC1, and ATF2 expression increased to 2.51-, 4.29-, and

4.21-fold, respectively, whereas JUN expression was markedly =~ The HS group exhibited significant reductions in skin

suppressed to 0.16-fold relative to the normalized Normappendage densities compared to Normal controls, with sweat

group < 0.05). PTXA administration progressively reverseglands (0.155% 0.09vs. 0.411+ 0.11 mni), sebaceous glands

these molecular abnormalities. In animals receiving 1 PTXAQ.143+ 0.05vs. 0.311+ 0.11 mnd), and hair follicles (0.2%

JNK, RAC1, and ATF2 expression decreased to 2.11-, 2.80-08vs 0.62+ 0.06 mni; p < 0.05) all showing >60 %

and 2.91-fold, respectively, while JUN expression increaselcreases. Treatment with HS + 2 ZnO demonstrated the most

to 0.32-fold compared with untreated HS animpls 0.05). comprehensive recovery, achieving near-normalization of

The response was more evident at the higher PTXA dose.skebaceous gland density (0.263.09 mnd) and blood vessel

the HS + 2 PTXA group, JNK, RAC1, and ATF2 levels werglensity (0.33% 0.08 mnd), while HS + 2 PTXA specifically

reduced to 1.21, 1.45, and 1.41, respectively, whereas Jumproved hair follicle density by 56 % (0.390.08 mni vs

expression increased further to 0.62; all changes welisS; p < 0.05). Paradoxically, interstitial structure density—

significant relative to the HS group € 0.05). ZnO treatment elevated in HS (0.396 0.05 mni vs Normal 0.152+ 0.04

produced a profile approaching that observed in normal tissueny)—showed only partial correction across treatments, with

with corresponding expression values of 0.96 for JNK, 1.09S + 2 PTXA achieving 23% reduction (0.300.09 mni; p

for RAC1, 1.07 for JUN, and 0.91 for ATF2. Although theses 0.05) (Table II).
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Fig. 4. Protein expression levels of JINK / RAC1/ JUN/ ATF2 in skin tissue across experimental groups. Data repregent mean
standard deviation (n = 10/group)p*< 0.05 indicates a significant difference between the normal and HS groppsp#5
indicates significant differences among the HS + 1 PTXA and HS + 2 PTXA groups compared to the HS groups (one-way
ANOVA with Tukey’s post-hoctest).

N~
1

Ratio ?_t;JNK. RACI, JUN, and ATF?2 to p-actin (mean=SD)
1

Table Il. Density measurements (in Araf sebaceous glands, sweat glands, hair follicles, blood vessels, and
interstitial structures in the skin were assessed based on surface density (SV) and reference volume. Data are
presented as meanstandard deviation (SD).p¥ < 0.05 indicates a significant difference between the normal

and HS groups; @ < 0.05 indicates significant differences among the HS + 1 PTXA and HS + 2 PTXA groups
compared to the HS groups (one-way ANOVA with Tukeyst-hoctest).

Groups Sweat gland Interstitial structures Sebaceous gland Bloodvessels Hair follicle
Normal 0411 +0.11 0.152 +0.04 0311 +011 0432+009 062 +0.06
HS 0.155 + 0.09 0.390 + 0.05 0.143 + 0.05 0213+004 0.25+008
HS+1PTXA 0241+0.14 0.190 + 0.05 0.380 £ 0.10 0.362+003 052 +0.06
HS + 2 PTXA 0.229 +0.05 0.301 + 0.09 0.172 + 0.08 0272+007 039008

HS + 2ZnO 0341+ 0.07 0.173 £ 0.06 0.263 £ 0.09 0331+008 054 +£0.09
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HS-induced epidermal pathology featured reducepost-treatment) — likely through proteolytic cleavage of
cellular thickness (9.2 1.2vs Normal 24.3t 1.6 um; p < SNAP-25-dependent vesicular trafficking. The HS + ZnO
0.05) and hyperkeratinization (%10.9vs. 3.9+ 0.2um;p< group’s near-complete normalization of JNK pathway
0.05). HS + 2 ZnO restored cellular thickness to 22262 components (0.91-1.09-fold) despite lacking statistical
um (93 % of Normal) while reducing corneal thickness tsignificance hints at zinc's pleiotropic anti-fibrotic effects,
6.4+ 0.9um (p<0.05vs HS). Notably, HS + 1 PTXAinduced potentially via metalloproteinase-mediated ECM
epidermal hyperplasia (336 0.9 um; +265 %vs HS), remodeling, warranting dose-response investigations.
exceeding Normal values. Dermal recovery proved
challenging—even HS + 2 ZnO only reached 88 % of Normal Beyond JNK inhibition, BTX exhibited remarkable
dermal thickness (361216.1vs 411+ 21.1um; p< 0.05), antioxidant properties, reversing HS-induced oxidative
resulting in total skin thickness plateauing at 68 % of Normalamage through thiol replenishment (4v& 0.94 umol/
levels (289.7 16.1um) despite treatment (Table IlI). mg in HS; p < 0.05) and lipid peroxidation suppression

(TBARS: 0.22vs. 1.91 nmol/mg). This
Table IIl. Thickness measurements of skin layers (in mm). Data are presentedlédgns with recent insights into BTX's
meant standard deviation (SOF < 0.05 indicates a significant difference betweencapacity to sequester reactive oxygen
the normal and HS groups;p#< 0.05 indicates significant differences among thespecies (ROS) via upregulation of
HS + 1 PTXA and HS + 2 PTXA groups compared to the HS groups (O”e'W@}Utathione peroxidase and catalase, but

ANOVA with Tukey's post-hodest). introduces a novel dimension — epigenetic

Groups Epidemal thickness  permal thickness ~Total thickness modulation of redox-sensitive transcription
Normal 2C4€3”ulalr6 %Osranf%l 2 411 211 4231 +21.3 factors (Paret al, 2022). The 5.Lumol/

HS 92+12 91409  1911+1127  2112+184 rsnuggzlg’g‘tz eé?’;“g;;}g':fez Znig(é‘i ?rfo:cptzr
HS+1PTXA 336+09 53:02 4442211 48256 +12.9 )

HS+2PTXA 106+11° 62+04' 1914+152 2491112  Cc/ythroid 2-related factor 2 (Nrf2)
HS+22Zn0 226+22 64+09  3612+161 2897 + 161 (translocation, potentially explaining the

paradoxical JUN reactivation (0.62-fold
protein) despite JNK suppression. Nrf2-
DISCUSSION Keapl signaling is known to antagonize AP-1/JUN
degradation under oxidative stress, creating a feedback loop
The present study elucidates the central role of INihere antioxidant gene induction (e.g., heme oxygenase-1)
signaling in perpetuating fibrotic cascades withirsustains fibroblast quiescence (Ye¢ al., 2022).
hypertrophic scar fibroblasts (HSFs), while demonstratingurthermore, the HS + 1 PTXA group’s epidermal
botulinum toxin's (BTX) capacity to disrupt this pathwayhyperplasia (33.& 0.9 um cellular thickness) may reflect
through coordinated modulation of RAC1/JUN/ATF2 axiBTX's dose-dependent W@ttatenin activation — a pathway
components. Our data reveal that HS induction provokedmaplicated in both keratinocyte proliferation and collagen
4.23-fold upregulation of INK mRNA and 2.51-fold increaséattice reorganization (Fet al, 2025). These pleiotropic
in phosphorylated JNK proteiws. Normal controlsf§ < effects underscore BTX’s unique position as both a
0.05), corroborating prior observations that mechanical stressuromodulator and epigenetic remodeler in scar therapy.
from wound contraction activates JNK through RAC1-
mediated cytoskeletal reorganization. The concomitant While BTX effectively normalized appendage
suppression of JUN (0.19-fold mRNA; 0.16-fold proteindensities (HS + 2 ZnO: sebaceous glands 2689 mn;
and hyperactivation of ATF2 (4.29-fold mRNA; 4.21-foldhair follicles 0.54t 0.09 mn), interstitial structure density
protein) in HS tissues suggests JNK signaling bifurcates temained elevated (0.3810.09 mmivs Normal 0.152p <
preferentially activate ATF2-driven pro-fibrotic transcription0.05), revealing a critical divergence between biochemical
over c-Jun/AP-1-mediated apoptosis — a metabolic sh#ignaling and mechanical ECM properties. This phenomenon
favoring fibroblast persistence (Wet al, 2024). BTX echoes recent work on tensegrity networks in fibrotic tissues,
administration (2 PTXA) reversed this imbalancewhere residual collagen crosslinking perpetuates latent
normalizing JNK (1.61-fold mRNA; 1.21-fold protein) andtension despite cellular quiescence (Ellingsbal, 2022).
ATF2 (2.11-fold mRNA; 1.41-fold protein) while restoring The dermal thickness plateau (HS + 2 ZnO: 3@115.1
JUN to 0.62-fold protein levelgp(< 0.05vs HS). These pm vs Normal 411um; p < 0.05) further supports this,
findings align with emerging models where JNK-ATFZuggesting BTX primarily targets cellular activity rather than
complexes promote TGBL/CTGF synthesis, but extend established ECM architecture. However, the 23 % interstitial
them by demonstrating BTX's capacity to decouple JNIKeduction in HS + 2 PTXA groups implies mechanical
from RACL1 activation (1.29-fold mRNA,; 1.45-fold protein offloading enables gradual ECM turnover — a process
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potentially mediated by BTX-induced MMP-1/3 upregulatiordelivery systems and combination regimens tailored to scar
(Angelinaet al,, 2025). Intriguingly, HS + 1 PTXA's epidermal maturity and tension profiles.
hyperplasia (33.am) without dermal restoration (191un)
highlights epithelial-mesenchymal uncoupling, possibly This study elucidates the regenerative potential of
through BTX’s inhibition of acetylcholine-dependentbotulinum toxin (BTX) in mitigating hypertrophic scar (HS)
keratinocyte-fibroblast crosstalk. These layered interactiopsogression through dual modulation of JNK-mediated pro-
emphasize the need for combinatorial therapies addressfilgrotic signaling and oxidative stress pathways. By
both cellular signaling and biomechanical memory in matusuppressing JNK/RAC1/ATF2 activation and restoring JUN
scars. expression, BTX effectively disrupts collagen overproduction,
fibroblast proliferation, and neurogenic inflammation, while
The differential efficacy of PTXA (JNK-focuseds. concurrently enhancing antioxidant capacity (thiols, FRAP)
ZnO (broad-spectrum) regimens presents a strategic crossroaiold attenuating lipid peroxidation (TBARS). The observed
for clinical adaptation. HS + 2 PTXA's superior JNK pathwayormalization of skin appendage densities (sebaceous glands,
modulation (1.61-fold INK mRNA) versus HS + ZnQ’s globahair follicles) and partial restoration of epidermal architecture
normalization (0.96-fold JNK protein) suggests precisionnderscore BTX's capacity to recalibrate dermal-epidermal
targetingvs systems-level restoration approaches. For acuteosstalk. However, persistent interstitial fibrosis and
HS prevention, early BTX administration could exploit itancomplete dermal thickness recovery highlight the necessity
JNK/TGF{31 axis inhibition to avert fibroblast activation, for combinatorial therapies targeting both cellular signaling
while chronic HS may require ZnO's ECM-moadifying zincand biomechanical ECM remodeling. These findings position
ions to disrupt mature collagen bundles (Huahgl, 2024). BTX as a multifaceted therapeutic agent, bridging
The 68 % total thickness recovery ceiling in HS + 2 Zn@euromodulation with fibrotic pathway inhibition, and
groups underscores inherent limitations in monotherapgdvocate for clinical trials evaluating staged regimens
advocating for staged regimens: initial BTX to halt fibrosigntegrating BTX with mechanotransduction-targeted adjuvants
progression followed by adjuvant MMP activators (e.g.to optimize scar regression.
doxycycline) for architectural remodeling (Zteial,, 2022).
Furthermore, the lack of dose-dependence in HI improvemedonflict of interest. The authors declare that there is no
(HS + 1vs 2 PTXA) contrasts with gene/protein expressioconflict of interest.
gradients, implying a therapeutic threshold effect — critical _ )
for minimizing botulinum’s neuromuscular side effects. FuturEthical approval. The experimental protocols of this study
trials should integrate tension mapping and 3D elastograpWre approved by Bijie Hospital, Zhejiang Provincial People’s
to personalize BTX dosing based on scar biomechaniddospital, Bijie, Guizhou, China.

potentially enhancing the 56% hair follicle density recovery
observed here. %HU, Z.; WANG, J.; WANG, Y. & XU, J. Potencial regenerativo

de la toxina botulinica en la inhibicion de los efectos profibréticos
mediados por la via de sefializacion JNK en fibroblastos de cicatrices
hipertréficasint. J. Morphol., 44(4)1396-1405, 2026.

CONCLUSION

This study repositions BTX from a mere RESUMEN: Las cicatrices hipertréficas (CH) representan
neuromodulator to a multifaceted regulator of fibrogenign trastorno fibroproliferativo complejo caracterizado por una
signaling, bridging neurogenic inflammation with JINK-driverproliferacion excesiva de fibroblastos y depésito de colageno tras una
ECM dyéregulation By demonstrating BTX’s capacity tocicatrizacién anormal de la herida. Este estudio investiga el potencial

. L . . regenerativo de la toxina botulinica (BTX) en la inhibicién de la via
simultaneously inhibit RAC1-JNK-ATF2 signaling (pro- de sefializacion de la cinasa N-terminal de c-Jun (JNK), que desempefia

fibrotic) while reactivating JUN/Nrf2 (pro-regenerative),n papel fundamental en la promocién de efectos profibréticos en

pathway;, we resolve longstanding con.trove.rsi.es about jfsroblastos de CH. Mediante modeloitro y un modelo de CH en
mechanism in HS management. The dissociation betweeitas, demostramos que la BTX suprime significativamente la

cellular quiescence and ECM persistence highlights thesforilacion de JNK, lo que conlleva una reduccion de la proliferacion

necessity for hybrid therapeutic strategies — perhaps combinfiyfibroblastos < 0,05) y de la sintesis de colagepo<(0,05).

BTX with pulsed electromagnetic fields to induce C0||au‘:]e||§luestros resultados indican que la toxina botulinica (BTX) interrumpe

realignment. Furthermore, the epidermal-dermal respon? je de sefializacion INK/RAC1/ATF2, restaurando la expresion de
- ' ' . N (p < 0,05), un factor de transcripcién asociado con la quiescencia

dichotomy suggests compartmentalized treatment approac

. ) . . g’apoptosis de los fibroblastos. Ademés, la BTX mejora la capacidad
where topical BTX targets dermal fibroblasts while sparin ntioxidante y reduce el estrés oxidativo, lo que se refleja en un

epithelial stem Ce”S-_ As we advapce into an era of preCiSifaﬂmento de los niveles de tiolgs<(0,05) y una disminucién de la
scar therapy, these findings provide a roadmap for leveragipgroxidacién lipidica (TBARSp < 0,05). Las evaluaciones
BTX'’s dual biochemical/biomechanical actions through timetlistolégicas revelan la normalizacién de la densidad de los apéndices
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