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Abstract

Background: Quercetin, a naturally occurring flavonoid, possesses anti-inflammatory properties and has emerged as a potential mod-
ulator of tissue repair. Impaired wound healing and pathological scarring are often driven by excessive inflammation and dysregulated
myofibroblast differentiation. Current therapeutic approaches, however, frequently fall short in simultaneously addressing these inter-
twined challenges. This study investigates whether quercetin can provide a bifunctional therapeutic advantage by promoting early wound
closure through inflammation resolution and suppressing scar formation via the inhibition of myofibroblast differentiation. Methods:
A murine excisional wound model was employed to evaluate quercetin’s effects in vivo. Mice (C57BL/6, n = 8/group) received daily
topical applications of 1% quercetin. Wound closure kinetics were meticulously quantified using planimetry. To assess molecular and
cellular changes, protein levels (CASPASE-1, interleukin-1 beta (IL-1/), alpha-smooth muscle actin (a-SMA)) and collagen III/I ratios
were determined through multiplex qPCR, RNA sequencing, western blot analysis, and histomorphometry. For in vitro investigations,
human dermal BJ fibroblasts were treated with transforming growth factor beta 1 (TGF-£1) (10 ng/mL) 4 quercetin (5-50 pM) to assess
myofibroblast differentiation markers (a-SMA, collagen I) via immunofluorescence, western blot, and qPCR. Results: Quercetin signif-
icantly accelerated wound closure in vivo. The acceleration was accompanied by a reduction in the expression of IL-13 and CASPASE-1.
RNA sequencing data revealed that quercetin’s anti-inflammatory effects in early wound healing involve the modulation of inflamma-
some complexes, including NLRP3, as well as inflammasome-mediated signaling pathways. Furthermore, treated wounds exhibited
increased collagen III/I ratios relative to control groups (p < 0.05), indicative of a more regenerative matrix remodeling process. In vitro,
experiments demonstrated that quercetin suppressed TGF-31-induced myofibroblast differentiation, evidenced by decreased a-SMA
expression (p < 0.05) and reduced collagen I synthesis. Notably, quercetin exhibited cell type-specific effects: while suppressing BJ
fibroblast migration (scratch assay), it enhanced keratinocyte proliferation. This unique duality prevents aberrant myofibroblast recruit-
ment without compromising essential epithelial coverage—a critical balance for minimizing scar formation. Conclusions: Quercetin
exhibits a compelling dual therapeutic role in wound healing: resolving inflammation to expedite early wound healing and inhibiting
TGF-f-driven myofibroblast differentiation to attenuate scarring. By harmonizing these actions, quercetin addresses both phases of re-
pair, positioning it as a promising candidate for scar-free wound therapy. Further efforts should focus on optimizing its bioavailability
to enhance clinical translation.
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1. Introduction matory response [3]. In the early stages of inflammation

(2448 hours), neutrophils migrate to the wound, clearing

Cutaneous wound repair involves tightly regulated
phases—hemostasis, inflammation, proliferation, and re-
modeling [1]. Initiated immediately upon injury, hemosta-
sis occurs through vasoconstriction and platelet aggregation
to form a clot, controlling bleeding and establishing a pro-
visional matrix [2]. This matrix serves as a scaffold for sub-
sequent cell migration while releasing growth factors (e.g.,
platelet-derived growth factor, PDGF) to initiate the inflam-

pathogens and necrotic tissue [4]. In the later stages (2 to
several days), macrophages release cytokines (such as tu-
mor necrosis factor-alpha (TNF-«) and interleukin-6 (IL-
6)) to coordinate immune response [5]. Strict inflammation
regulation is crucial, as excessive or prolonged inflamma-
tion can lead to chronic wounds. In the proliferation stage,
the body reconstructs tissue structure and function, cover-
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ing the surface of wounds, mainly involving endothelial
cell angiogenesis [6], re-epithelialization of keratinocytes
[7], and promotion of fibroblast activation and angiogene-
sis by TGF-£3, vascular endothelial growth factor (VEGF),
and other factors [8]. During the remodeling stage, collagen
fibers recombine with type III collagen, which is degraded
and replaced with stronger type I collagen. The degree of
cross-linking increases, and scar tissue matures [9].

Disruptions to this delicate balance, such as prolonged
inflammation or persistent myofibroblast activation, often
lead to impaired healing [10] and pathological scarring [ 11].
Current therapies, like corticosteroids [12] or TGF-/3 in-
hibitors [13] often compromise early healing while target-
ing fibrosis [14]. This highlights an urgent need for agents
that can precisely regulate TGF-£ signaling throughout the
healing timeline.

Quercetin, a natural flavonoid compound widely
present in the plant kingdom, with a chemical structure of
3,3, 4, 5,7-pentahydroxyflavone. It has significant an-
tioxidant, anti-inflammatory, and immune regulatory func-
tions [15]. Historically, quercetin rich herbs, such as mul-
berry leaves [16] and locust flowers, have been used in
traditional Chinese medicine to treat inflammatory condi-
tions and promote tissue repair, noted for their ability to
“clear heat and detoxify, promote muscle growth, and re-
duce ulcers”. Modern pharmacological research further
confirms that quercetin inhibits inflammatory responses by
regulating multiple signaling pathways such as NF-xB and
MAPK, and reduces oxidative stress damage by activating
antioxidant enzymes such as Superoxide Dismutase (SOD)
and Glutathione Peroxidase (GSH Px) [17-20]. These
characteristics position quercetin as a promising candidate
molecule for skin wound treatment.

In addition to its strong potential to promote heal-
ing, quercetin also possesses properties that prevent fi-
brosis. Emerging evidence suggests quercetin can mod-
ulate TGF-$ signaling, a key regulator of fibrosis [21—
23]. For instance, in a bleomycin-induced pulmonary fibro-
sis mice model, quercetin treatment (50 mg/kg/day) group
led to a 45% decrease in lung tissue hydroxyproline con-
tent and a 70% improvement in pathological scores [24].
Other studies, such as that done by Geng et al. [25]
have found that quercetin could alleviate pulmonary fibro-
sis by regulating macrophage polarity and macrophage-to-
myofibroblast transition, specifically in the inhibition of the
TGF-5-Smad2/3 signaling pathway. In addition, quercetin
has been observed to suppress fibrosis in nonalcoholic
steatohepatitis, by impacting TGF-3 and collagen type I
alpha (COL1A) [26]. Despite this compelling evidence,
quercetin’s dual role in coordinating early healing and late-
stage anti-fibrotic effects remains underexplored. We hy-
pothesize that quercetin accelerates inflammation resolu-
tion to promote healing while simultaneously blocking my-
ofibroblast trans-differentiation to prevent scarring.

2. Materials and Methods

2.1 Murine Excisional Wound Model and Scar Analysis
2.1.1 Animal Ethics and Housing

All procedures were approved by the Animal Ethics
Committee of the Eye & ENT Hospital of Fudan University
(Shanghai, China, Ethics number: 2020096) and followed
the protocol from the National Institutes of Health Guide
for the Care and Use of Laboratory Animals (NIH Publica-
tions No. 8023, revised 1978). Male BALB/c mice (8-10
weeks, 22-25 g, purchased from Huachuang Xinnuo Phar-
maceutical Technology Co., Ltd., Shanghai, China) were
housed under standard conditions (12-h light/dark cycle, 22
°C, 50% humidity) with free access to food and water.

2.1.2 Establishment of a Murine Dorsal Full-Thickness
Excisional Skin Wound Model

Anesthesia: Mice were anesthetized via intraperi-
toneal injection (i.p.). A combination of ketamine hy-
drochloride and xylazine hydrochloride was used as the
anesthetic agent. The anesthetic dosage was precisely
set at ketamine hydrochloride (100 mg/kg, CAS 1867-
66-9, Sigma-Aldrich Corporation, Burlington, MA, USA)
and xylazine hydrochloride (10 mg/kg, CAS 23076-35-9,
Yeasen Biotechnology Co., Ltd., Shanghai, China). Prior
to injection, the calculated doses of ketamine and xylazine
were mixed thoroughly under sterile conditions.

Following injection, mice were placed on warm, clean
bedding and monitored closely until the desired anesthetic
depth was achieved. Assessment of Anesthetic Depth: Ad-
equate surgical anesthesia (loss of consciousness and no-
ciception) was confirmed by the absence of a pedal with-
drawal reflex (elicited by gentle toe pinch) and observation
of stable, regular respiratory patterns. Surgical procedures
commenced only upon confirmation of sufficient anesthe-
sia.

Preoperative Preparation: Once an appropriate anes-
thetic plane was confirmed, mice were positioned in ventral
recumbency on a sterile surgical platform. The dorsal fur
over the intended surgical site (typically the interscapular
or lumbar region) was carefully removed using electric clip-
pers or depilatory cream, creating a sufficiently large hair-
free area extending well beyond the planned wound mar-
gins. The shaved area was aseptically prepared by scrub-
bing with sterile gauze or cotton swabs saturated with 70%
(v/v) ethanol solution, covering an area significantly larger
than the surgical field. The skin was allowed to air dry com-
pletely.

Wound Creation: Under strict aseptic technique (uti-
lizing sterile gloves and instruments), an autoclavable or
disposable sterile skin biopsy punch was employed. Ap-
plied perpendicularly with steady pressure to the prepared
dorsal skin, the punch was used to create a wound pene-
trating the full thickness of the skin (epidermis, dermis, and
subcutaneous tissue). A single, circular full-thickness exci-
sional wound with a precise diameter of 8 mm was gener-
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ated. The excised skin disc was carefully removed from the
punch, ensuring clean, well-defined wound edges without
residual flaps or excessive crush injury. Minor bleeding,
if present, was controlled by applying gentle pressure with
sterile cotton-tipped applicators or gauze, avoiding undue
trauma to the wound margins [27].

Postoperative Care: Immediately following wound
creation, provision of postoperative analgesia was imple-
mented. This consisted of either subcutaneous infiltration
of a long-acting local anesthetic (e.g., 0.25% bupivacaine)
around the wound perimeter or systemic administration of
an analgesic agent (e.g., buprenorphine or butorphanol),
as required by the approved protocol (This step is criti-
cal for animal welfare and an ethical requirement). Mice
were transferred to individual, pre-warmed (~37 °C) re-
covery cages placed on a heating pad or under a warming
lamp. Animals were monitored continuously until full re-
covery from anesthesia (evidenced by spontanecous move-
ment and return of righting reflex). Postoperative monitor-
ing included assessment of behavior, activity, wound con-
dition, and overall health status for a minimum of 2448
hours. Analgesia was administered according to the prede-
termined schedule.

2.1.3 Splinting Method

To prevent wound contraction and mimic human heal-
ing, silicone rings (8 mm inner diameter) were fixed around
the wounds using surgical glue (Vetbond, Cat no. 1469SB,
3M Company, Maplewood, MI, USA) and sutures (6-0
nylon, Vicryl, Ethicon Inc., Somerville, NJ, USA). Cus-
tomized silicone rings (Shanghai Yeyu biomedical Technol-
ogy Co., Ltd., Shanghai, China) were fixed with surgical
glue and sutures to standardize wound healing.

2.1.4 Treatment Regimen: Mice Were Randomized Into 3
Three Groups

Control group: Topical application of 100 uL. PBS
dropwise to the wound of each mouse daily.

Quercetin group: Topical application of 1%
quercetin (w/w, Cat no. HY-18085, Purity 99.80%,
MedChemExpress LLC, Monmouth Junction, NJ, USA)
applied daily.

Transforming Growth Factor Beta 1 (TGF-3)
group: Topical application of 500 ng/kg TGF-51 (Cat no.
HY-P7117, MedChemExpress LLC) as a positive drug to
promote wound healing daily [28].

2.1.5 Wound Closure Monitoring

Wound areas were photographed on days 0, 2, 6, 12,
and 28 using a digital camera. Planimetry analysis (Im-
age J software, version 1.54, National Institutes of Health,
Bethesda, MD, USA) quantified wound areas. Two authors
who were blinded to the group assignment conducted the
independently measurement and the average was acquired.

&% IMR Press

2.1.6 Tissue Harvesting

On days 2 (inflammation phase), 5 (proliferative
phase) and 28 (remodeling phase), mice were euthanized
(CO4 overdose). Wound tissues (including 2 mm sur-
rounding skin) were excised, bisected, and either fixed in
4% paraformaldehyde (histology) or snap-frozen (molecu-
lar analysis).

2.2 Histopathological Section Detection
2.2.1 Hematoxylin and Eosin (H&E) Staining

Harvested wound tissues were fixed in 4%
paraformaldehyde (PFA, Cat no. P0099-3L, Beyotime
Biotechnology Co., Ltd., Shanghai, China) for 24 h at 4
°C, dehydrated through a graded ethanol series (70—100%),
cleared in xylene, and embedded in paraffin. Then, paraffin
blocks were cut into 5 um-thick sections using a rotary
microtome (Leica RM2235, Leica Camera AG, Wetzlar,
Hesse, Germany). The Sections were deparaffinized in
xylene (2 X 5 min) and rehydrated through graded ethanol
(100-70%) to distilled water. Deparaffinized sections were
then immersed in Harris hematoxylin (Cat no. HHS32,
MilliporeSigma, Burlington, MA, USA) for 5 min, fol-
lowed by rinsing in tap water. After that, the sections were
dipped in 1% acid ethanol (1% HCI in 70% ethanol) for 5 s
to remove excess stain, washed in 0.2% ammonia water for
1 min to neutralize acidity and stained with 0.5% eosin Y
(Cat no. 318906, MilliporeSigma, Burlington, MA, USA)
for 2 min. The slides were finally dehydrated through
ethanol (70%—-100%), cleared in xylene, and mounted with
neutral balsam.

2.2.2 Masson’s Trichrome Staining

Staining Protocol: The procedure for deparaffiniza-
tion and hydration were performed as described for as
Hematoxylin and Eosin (H&E) staining. The sections were
stained with Weigert’s iron hematoxylin (Cat no. HT1079,
MilliporeSigma, Burlington, MA, USA) for 10 min. Then,
the sections were rinsed in acid ethanol (1% HCI) for 5
sec and blued in ammonia water, then were immersed in
Biebrich scarlet/acid fuchsin solution (Cat no. HT151, Mil-
liporeSigma, Burlington, MA, USA) for 5 min to stain cy-
toplasm. Subsequently, the samples were treated with 1%
phosphomolybdic acid (Cat. no. S0094, Beijing Biosyn-
thesis Biotechnology Co., Ltd., Beijing, China) for 10 min
to remove excess dye and stained with 2% aniline blue (Cat
no. B8563, MilliporeSigma) for 5 min to highlight collagen
fibers. Finally, the sections were washed in 1% acetic acid
for 2 min, while the dehydration and mounting were per-
formed as described in the protocol. All of the images were
captured by a microscope (Axio, Carl Zeiss, Oberkochen,
Baden-Wiirttemberg, Germany) and analyzed by two au-
thors who were blinded to the group assignment.
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2.2.3 Immunohistochemistry (IHC) and
Immunofluorescence (IF)

For IHC, deparaffinized sections were incubated in 10
mM citrate buffer (pH 6.0) at 95 °C for 20 min using a
microwave. Treatment with 3% hydrogen peroxide subse-
quently occurred for 10 min to quench endogenous perox-
idase, followed by 5% bovine serum albumin (BSA, Cat
no. ST2249, Beyotime Biotechnology Co., Ltd., Shanghai,
China) in PBS for 30 min to block nonspecific binding. Sec-
tions were incubated overnight at 4 °C with anti-Ki-67 an-
tibody (1:200 dilution, Cat no. ab15580, Abcam Limited,
Cambridge, Cambridgeshire, UK) diluted in PBS contain-
ing 1% BSA. Sections were then washed with PBS (3 x 5
min). They were incubated with HRP-conjugated goat anti-
rabbit IgG (1:500, Cat no. 7074, Cell Signaling Technol-
ogy, Inc., Danvers, MA, USA) for 1 h at RT and developed
with 3,3’-diaminobenzidine (DAB, Cat no. RES2041D,
MilliporeSigma, Burlington, MA, USA) for 3—5 min. The
images were captured with microscope (Axio, Carl Zeiss,
Oberkochen, Baden-Wiirttemberg, Germany) and analyzed
by two independent authors who were blinded to the group
assisgnment.

In Immunofluorescence (IF), the sections were incu-
bated with primary antibody with caspase-1 (1:1000, cat
no. GB15383-100, Servicebio Inc, Wuhan, Hubei, China),
Interleukin-1 beta (IL-1/5) (1:1000, cat no. GB15113-100,
Servicebio Inc, Wuhan, Hubei, China), collagen I (1:1000,
cat no. GB11022-100, Servicebio Inc, Wuhan, China) and
collage IIT (1:1000, cat no. GB111629-100, Servicebio
Inc, Wuhan, Hubei, China) overnight at 4 °C after rou-
tine dehydration, embedding and sectioning. Then, the sec-
tions were washed and incubated with Alexa Fluor 488
or Cy3 -conjugated Goat Anti-Rabbit IgG (1:500, Cat no.
GB25303 and Cat no. GB21303, Servicebio Inc, Wuhan,
Hubei, China) for 1 hour. Immunofluorescence was ob-
served using a fluorescence microscope (Axio, Carl Zeiss,
Oberkochen, Baden-Wiirttemberg, Germany).

2.3 Western Blot

The total protein from cells were lysed with pre-cooled
radioimmunoprecipitation (RIPA, Cat no. P0013B, Bey-
otime Biotechnology Co., Ltd. Shanghai, China) buffer,
containing protease inhibitor cocktail (Cat no. P9599,
F. Hoffmann-La Roche AG, Basel-Stadt, Switzerland).
Then, 30 pg of total protein was separated by SDS-PAGE
(Cat no. LK301, Shanghai Epizyme Biomedical Tech-
nology Co., Ltd., Shanghai, China) and transferred onto
polyvinylidene fluoride membrane (MilliporeSigma, MA,
USA). After blocking with 5% non-fat milk for 1 h, mem-
branes were respectively incubated with primary antibodies
against Alpha-Smooth Muscle Actin (a-SMA) (1:1000, cat
no. A7248, ABclonal Technology, Woburn, MA, USA),
ASC/TMSI (1:1000, cat no. A16672, ABclonal Technol-
ogy, Woburn, MA, USA), IL-13 (1:1000, cat no. A25874,
ABclonal Technology, Woburn, MA, USA) and Caspase-1

(1:1000, cat no. A25308, ABclonal Technology, Woburn,
MA, USA) at 4 °C overnight. The S-actin (1:10,000, cat
no. 20536-1-AP, Proteintech Group, Inc, Rosemont, IL,
USA) or #-Tubulin (1:10,000, cat no. ABL1030, Abbkine
Scientific Co., Ltd., Wuhan, Hubei, China) was served as
internal control. Then, the corresponding secondary anti-
bodies of HRP-conjugated Goat Anti-Mouse IgG (1:2000,
cat no. SA00001-1, Proteintech Group, Inc, Rosemont, IL,
USA) or HRP-conjugated Goat Anti-Rabbit IgG (1:2000,
cat no. SA00001-2, Proteintech Group, Inc, Rosemont, IL,
USA) were added and incubated for 1 h at RT. The signals
were visualized and the band intensities were quantified by
densitometry using ImageJ Software version 1.6 (National
Institutes of Health, Bethesda, MD, USA).

2.4 RT-qRCR

Mouse skin tissues were homogenized in TRIzol
(Takara Bio Inc., Kusatsu, Shiga, Japan) using a Bead
beater (Biospec), whereas cells were directly resuspended
in TRIzol (Takara Bio Inc., Kusatsu, Shiga, Japan). To-
tal RNAs were isolated and reverse transcribed into com-
plementary DNA using the Revert Aid First Strand cDNA
Synthesis Kit (Roche, F. Hoffmann-La Roche AG, Basel-
Stadt, Switzerland) according to the manufacturer’s instruc-
tions. The primers were synthetized as in Table 1 (Sangon
Biotech Co., Ltd., Shanghai, China). RT-qPCR was per-
formed in triplicate using SYBR green master mix (Roche,
F. Hoffmann-La Roche AG, Basel-Stadt, Switzerland) on
a Step One Plus Real-Time PCR System (Applied Biosys-
tem, Thermo Fisher Scientific, Waltham, MA, USA). Sam-
ples with a low yield of RNA were predetermined and
excluded. Results were normalized to glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) and the comparative
AACT method was used to determine the quantification of
gene expression. The information of primers in Table 1.

2.5 RNA Sequencing Methodology

Total RNA was extracted from mice at 2rd day post-
wound, and ribosomal RNA (rRNA), constituting >90%
of total RNA, was depleted using a standard kit to en-
rich messenger RNA (mRNA). Eukaryotic mRNA was fur-
ther enriched via Oligo (dT) magnetic bead selection for
polyadenylated transcripts. This polyA-selected mRNA
was fragmented ultrasonically. First-strand cDNA synthe-
sis used fragmented mRNA, random hexamer primers, and
M-MuLV Reverse Transcriptase. Following RNA template
degradation (RNase H), second-strand cDNA synthesis was
performed with DNA Polymerase I and dNTPs. Purified
double-stranded cDNA (dscDNA) underwent end repair, 3’
adenylation (A-tailing), and ligation of standard Illumina
sequencing adapters. ¢cDNA fragments of ~200 bp were
size-selected using AMPure XP beads (Beckman Coulter
Life Sciences, Indianapolis, IN, USA), PCR amplified, and
purified again with AMPure XP beads to generate the final
library.
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Table 1. Primers for RT-qPCR.

Primers Sequence(5’ to 3") Melting Temperature (TM)  Length
IL-6-human-F GGTACATCCTCGACGGCATCT 59.4 21
IL-6-human-R GTGCCTCTTTGCTGCTTTCAC 57.5 21
IL-8-human-R TCTCTTGGCAGCCTTCCT 56.2 18
IL-8-human-R ACTGAACCTGACCGTACATGTCTTTATGCACTGACATCT 65.0 39
IL-1B-human-F TACGAATCTCCGACCACCACTACAG 60.1 25
IL-1B-human-R TGGAGGTGGAGAGCTTTCAGTTCATATG 60.0 28
ACTA2-human-F ACTGAGCGTGGCTATTCCTCCGTT 62.9 24
ACTA2-human-R GCAGTGGCCATCTCATTTTCA 55.8 21
GAPDH-human-F CTGAGTACGTCGTGGAGTC 55.0 19
GAPDH-human-R ~ ACTGAACCTGACCGTACACAGAGATGATGACCCTTTG 65.9 38

Stringent quality control was applied: RNA integrity
and DNA contamination were assessed by agarose gel elec-
trophoresis; RNA purity (OD260/280, OD260/230) was
measured using a NanoPhotometer spectrophotometer (Im-
plen GmbH, Munich, Germany); RNA concentration was
precisely quantified using a Qubit 2.0 Fluorometer (Thermo
Fisher Scientific, Waltham, MA, USA); and RNA integrity
was accurately determined using an Agilent 2100 Bioana-
lyzer (Agilent Technologies, Santa Clara, CA, USA).

Libraries were sequenced on the Illumina NovaSeq
platform (Illumina, Inc., San Diego, CA, USA) using high-
density flow cells. This system delivers high throughput
(yielding up to 6 Tb and 20 billion reads per run), en-
abling sensitive detection of coding and diverse non-coding
RNAs, even in challenging samples. The platform facili-
tates multiplexed sequencing of up to 400 transcriptomes
per run.

2.6 In Vitro Studies
2.6.1 Cell Lines

The BJ (Cat no. GNHu49) and HaCat (Cat no. SCSP-
5091) cells were kindly provided by Cell Bank, Chinese
Academy of Sciences (National Collection of Authenti-
cated Cell Cultures, Shanghai, China). BJ cells were treated
with TGF-£1 (10 ng/mL, cat no. Ag24881, Proteintech
Group, Inc, Rosemont, IL, USA) with/without quercetin
(550 uM) for 72 h. All cell lines were validated by short
tandem repeat (STR) profiling and tested negative for my-
coplasma. Differentiation was assessed by alpha-smooth
muscle actin (a-SMA) and collagen I and collagen I1I (qRT-
PCR and western blot).

2.6.2 CCK-8 Analysis

The BJ or HaCat cells were seeded in a 96-well
plate and treated with quercetin at different concentration
for 24 h. The CCK-8 reagent was added to each well
and incubated according to manufacturer instructions (cat
no. C0037, Beyotime Biotechnology Co., Ltd. Shanghai,
China), and the absorbance at 450 nm was measured to
quantify cell viability.
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2.6.3 Scratch Wound Assay

Confluent BJ fibroblasts and HacCaT were scratched
separately with a 200 pL pipette tip, washed, and treated
with quercetin (0200 uM) or vehicle. Migration was im-
aged at 0, 6, 12, 24 and 48 h (phase-contrast microscope).
Gap closure was quantified using Image J.

2.7 Statistical Analysis

Data are presented as Mean + SD. One-way ANOVA
with Tukey’s post-hoc test was used for comparisons among
three groups or more. For repeated measurement data or
two-factor factorial design, Two-way ANOVA or Dunnett’s
multiple comparison test was used (GraphPad Prism, ver-
sion 10, GraphPad Software, Inc., San Diego, CA, USA).
Significance was set at p < 0.05.

3. Results
3.1 Quercetin Accelerates Early Wound Closure in BALB/c
Mice

Topical application of 1% quercetin significantly en-
hanced wound healing in the murine excisional model, and
topical application of 1% TGF-/5 was used as a positive
control, because the factor would regulate multiple phases
including inflammation, proliferation, and remodeling dur-
ing wound healing and stimulate excessive collagen depo-
sition and myofibroblast differentiation during scar forma-
tion [29,30]. By day 6, quercetin-treated wounds achieved
significantly smaller area, showing as 0.028 + 0.003 cm?
closure compared with 0.041 £ 0.002 cm? in the vehicle
control group and 0.034 4 0.001 cm? in the TGF-3 group
(Fig. 1A,B, p < 0.05). Histological analysis (H&E staining)
confirmed reduced inflammatory cell infiltration and ac-
celerated granulation tissue formation in quercetin-treated
wounds compared with the other two groups (Fig. 1C), and
the epidermis thickness of quercetin treatment was signifi-
cantly smaller than the control group based on H&E stain-
ing (Fig. 1E, p < 0.05). In addition, Ki-67 immunohisto-
chemistry showed an increase in proliferating cells within
the quercetin-treated wound bed on day 6, localized pre-
dominantly to the epidermal margins and dermal papillae
(Fig. 1D,F, p < 0.05).
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p @8 IMR Press


https://www.imrpress.com

3.2 Regulation of Inflammatory Response With Quercetin

To further elucidate potential targets and signaling
pathways involved in quercetin-mediated wound healing,
wound tissue was harvested from the vehicle control group
and 1% quercetin treated group on the 2nd day, and ana-
lyzed with RNA sequencing (RNA-seq). According to pre-
vious study, day 2 (approximately 48 hours) post-wounding
is a well-suited time point for analyzing the inflammatory
response during wound healing, as it captures peak neu-
trophil and early macrophage activity, along with cytokine
and growth factor expression [31]. Considering that the
strong anti-inflammatory capability of quercetin, we hy-
pothesized that the promotion of skin healing by quercetin
may be related to its anti-inflammatory properties. As
shown in Fig. 2A, a total of 21,991 differentially expressed
genes were screened out, of which 1157 genes were upreg-
ulated and 1254 genes were downregulated, as evidenced
by the volcano plot. Furthermore, the enrichment analysis
results from Go term, KEGG pathways and Reactome path-
ways indicated that the differentially expressed genes pri-
marily affected the inflammatory response, such as NLRP3
inflammasome complex, inflammasome-mediated signal-
ing pathway and so on (Fig. 2B-D). Heating map and chord
diagram suggested that the inflammation-related genes of
NLRPI1B, DDX3X, LFI213, IRGM2 and PYCARD were sig-
nificantly down-regulated in quercetin treated group when
compared with the vehicle control group, as depicted in
Fig. 2E,F. Taken together, the application of quercetin may
regulate the inflammatory response during wound healing.

3.3 Suppression of Pro-Inflammatory Cytokines

Based on the transcriptomic data, we further validated
that quercetin treatment markedly attenuated inflammation
during the early phase of wound repair. The results of im-
munofluorescence in mice revealed significant reduction
in IL-15 and caspase-1 in wound lysates on day 2 when
compared with the vehicle control group and the TGF-j3
treatment group, as depicted in Fig. 3A,B (p < 0.05). To
further explore the anti-inflammatory effect, BJ and Ha-
Cat cell was used for in vitro study. HaCaT acting as ker-
atinocytes model the epidermal layer, while BJ acting as
fibroblasts represented the dermal layer, reflecting their re-
spective roles in skin structure and wound healing. They
were treated with varying doses of quercetin and the CCK-
8 result suggested the drug was safe at the concentration
ranging from 10 pM to 200 pM for HaCat cell, while the
safe dosage was 50 uM for BJ cell, as shown in Fig. 3C (p <
0.05). In BJ cells, with the safe dose of quercetin at 50 uM,
the protein expression of ACS (p < 0.05 ), Caspase-1 (p <
0.05), and IL-153 (p < 0.05) were significantly lower than
the NC group (Fig. 3D,E). In HaCat cells, within the safe
dose ranging from 10 pM to 200 uM, the protein expression
of ACS was only lower than the NC group at 200 uM (p <
0.05), while Caspase-1 was lower than the NC group at 10
uM (p < 0.05), 50 uM (p < 0.05), 100 uM (p < 0.05), and

&% IMR Press

200 uM (p < 0.05). IL-15 was lower than the NC group
at 10-200 uM (Fig. 3F,G, p < 0.05). Therefore, except for
ACS in HaCat cells, quercetin at 50 uM significantly in-
hibited the expression of inflammatory proteins in both BJ
and HaCat cells, although a dose-response trend was ob-
served across all tested concentrations. In addition, the re-
sults of qRT-PCR are different with the results of western-
blot analysis in Fig. 3H,I. Under high concentration stimu-
lation of quercetin, the inhibition of IL-17 protein levels in
keratinocytes is mainly due to its inhibition of inflammatory
signaling pathways (NF-xB, NLRP3) and receptors (such
as IL1R1), blocking protein maturation and secretion. And
gene expression may increase due to imbalanced transcrip-
tion factor networks (such as YY1 inhibition release), epi-
genetic modifications, or negative feedback regulation. At
the same time, keratinocytes have specific regulatory mech-
anisms, and certain stimuli can induce /L-/B gene tran-
scription without protein secretion. Quercetin may amplify
this transcription translation decoupling effect. Therefore,
quercetin can effectively inhibit the inflammatory response
during the skin healing process in vivo and in vitro.

3.4 Modulation of Collagen Deposition and Scar Quality

According to the wound healing image on day 28
(Fig. 4A), the positive drug TGF- 31 can indeed promote
early wound healing. However, we found that on day
28, the pigmentation and scar formation at the wound site
were significantly greater than those in the quercetin group,
moreover even exceeded the control group. The scars in
the quercetin group were the lightest, so our future research
will investigate whether quercetin inhibits scar formation
during tissue remodeling. First, we measured the scar size
of the control group, quercetin group, and TGF-31 group
on day 28. We found that the scar length was reduced in
the quercetin group (Fig. 4B, p < 0.05). In addition, Mas-
son’s trichrome staining demonstrated that quercetin im-
proved collagen architecture during the remodeling phase
(day 28, Fig. 4C). The collagen III/I ratio in quercetin-
treated scars was significantly higher than in the control
group (Fig. 4D,F, p < 0.05). Additionally, a-SMA, as a
marker of myofibroblasts and scars, showed significantly
lower expression in the quercetin-treated group than the
control group, which detected by immunofluorescence in
the dermis (Fig. 4E,G, p < 0.05).

3.5 Inhibition of TGF-B1-Induced Myofibroblast
Differentiation

To further investigate the differentiation effect of
quercetin on fibroblasts into myofibroblasts, the BJ cells
were treated with quercetin only and quercetin with TGF-
B1. As depicted in Fig. SA—C, low concentration of
quercetin (20-50 puM) effectively suppressed TGF-51-
driven myofibroblast differentiation, showing as decrease
in a-SMA expression of genes and protein, while the high
concentration (100 uM) showed the opposite effect as pro-
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Fig. 3. Suppression of pro-inflammatory cytokines in quercetin-treated wound healing. (A,B) IF staining and quantitative analyses
of CASPASE-1 and IL-18 on the 2nd day of wound healing among the three. (C) BJ and HaCat cell vitality analyses when treated with
quercetin at gradient increasing concentration. (D-G) Western-blot analysis of ACS, CASPASE-1, IL-13 in BJ and HaCat cells when
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cytokines: IL-14, IL-6 and IL-8 in BJ and HaCat cells treated with quercetin. Scale bar = 500 pm. * p < 0.05, ** p < 0.01, *** p <
0.001, **** p < 0.0001, and ns, not significant when compared between each group. The data are shown as the mean + SD. n = 3~5 for
each animal group. Two-way ANOVA with Dunnett multiple comparison test were used for multiple group comparisons. IL, Interleukin;
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moting myofibroblast differentiation (p < 0.05). Since Ha-
CaT cells acting as keratinocytes model the epidermal layer,
while BJ acting as fibroblasts represented the dermal layer,
reflecting their respective roles in skin structure and wound
healing. During skin wound healing and scar formation,
increased migration of HaCaT cells reflects enhanced epi-
dermal re-epithelialization, while elevated collagen produc-
tion by BJ fibroblasts indicates dermal matrix remodeling,
consistent with their roles in skin repair. A similar trend
was found in the scratch wound assay that, in BJ and HaCat
cells, quercetin attenuated BJ fibroblast migration, and in-
creased the proliferation of HaCat cells, with the statistical
difference, as shown in Fig. SD-G (p < 0.05). These results
are consistent with Fig. 1, where quercetin promotes Ki-67
expression in the early stages of wound healing. On the
one hand, it promotes wound healing by inducing prolifer-
ation, and on the other hand, it alleviates scar formation by
inhibiting BJ fibroblast differentiation into myofibroblasts.

4. Discussion

Quercetin’s early anti-inflammatory, which involves
inhibiting NF-xB-mediated cytokine production, aligns
perfectly with its role in facilitating the crucial transition to
the proliferative phase of wound healing [32]. The observed
shift in the collagen I1I/I ratio suggests a preferential syn-
thesis of flexible fibrils, critical for pliable scarless healing.
Furthermore, quercetin’s ability to suppress myofibroblast
differentiation via SMAD?7 induction and SMAD2/3 block-
ade reveals a strategic dual-node intervention in TGF-( sig-
naling This mechanism is notably distinct from that of direct
receptor kinase inhibitors [33]. The dual role of quercetin in
accelerating early wound healing while mitigating scar for-
mation represents a significant advancement in the devel-
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opment of multifunctional wound therapeutics. Our find-
ings demonstrate that quercetin orchestrates a balanced in-
terplay between pro-healing and anti-fibrotic mechanisms,
addressing two critical challenges in wound repair: delayed
closure and pathological scarring (Fig. 6). Below, we con-
textualize these results within the broader scientific land-
scape and propose further mechanistic insights.

The accelerated wound closure observed in quercetin-
treated mice aligns with its potent anti-inflammatory prop-
erties. By suppressing IL-1/3 and caspase-1 (key mediators
of the NLRP3 inflammasome pathway), quercetin likely re-
duces pyroptosis and neutrophil-driven tissue damage dur-
ing the inflammatory phase. This is consistent with prior
studies showing that NLRP3 inhibition can accelerate di-
abetic wound healing by dampening excessive inflamma-
tion [34]. Concurrently, the upregulation of IL-10—a cy-
tokine critical for macrophage polarization toward an M2
pro-resolving phenotype—suggests that quercetin fosters a
regenerative microenvironment [35]. The observed 35% in-
crease in Ki-67+ proliferating cells further underscores its
role in promoting re-epithelialization, likely via enhanced
keratinocyte and dermal papilla cell activity. These dual
actions (anti-inflammatory + pro-proliferative) mirror the
effects of other bioactive flavonoids, such as apigenin,
which similarly enhance healing through cytokine modu-
lation [36,37].

The marked increase in the collagen III/I ratio (1.8 vs.
0.9 in controls) in quercetin-treated scars vividly highlights
its ability to guide steer collagen synthesis toward a more
regenerative phenotype. Type III collagen, characterized
by its finer fibrillar structure, is a hallmark of fetal wound
healing—a process known for scarless repair [38,39]. In
stark contrast, excessive type I collagen deposition, as seen
observed in the TGF-31-treated group, directly correlates
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with rigid scar formation and poor functional outcomes.
Notably, the elevated scar pigmentation and collagen den-
sity in the TGF-31 group despite accelerated initial heal-
ing, reinforces the notion that unchecked TGF-{ signal-
ing exacerbates fibrosis, even if early closure is achieved.
Quercetin’s ability to suppress a-SMA expression and my-
ofibroblast differentiation further disrupts the fibrotic cas-
cade, as myofibroblasts are the primary drivers of collagen
contraction and scar maturation [40,41].

The seemingly paradoxical observation that quercetin
inhibits BJ fibroblast migration (scratch assay) while si-
multaneously promoting keratinocyte proliferation (Ki-67+
cells) underscores its cell type-specific activity. The sup-
pression of fibroblast migration may prevent excessive
myofibroblast recruitment and ECM contraction. Mean-
while, enhanced keratinocyte activity ensures rapid epithe-
lial coverage—a balance critical for scarless healing. Simi-
lar cell-selective effects have been reported for compounds
like asiaticoside, which promotes keratinocyte migration
but inhibits fibroblast proliferation [42]. This inherent du-
ality positions quercetin as a tunable agent capable of ad-
dressing distinct phases of repair.

Although our study provides robust preclinical evi-
dence, several limitations warrant consideration. In terms
of bioavailability, the efficacy of topical quercetin may be
constrained by its poor skin penetration. Further research
should explore nanocarriers, like lipid-based nanoparticles,
to enhance delivery, similar to strategies used for curcumin
in burn wounds [43].

In terms of outcomes, our scar quality assessments
were limited to day 28; extended studies are needed to
evaluate late remodeling (including assessments of ten-
sile strength at 6 months). Mechanistically, future inves-
tigations could involve performing RNA sequencing on
skin tissue samples from both quercetin treated and control
groups on the 28th day to screen for key factors regulating
fibroblast differentiation via the TGF-# signaling pathway.
In addition, exploring synergistic combinations and epige-
netic modulation, such as investigating quercetin’s impact
on TGF-f-associated miRNAs, could uncover additional
anti-fibrotic mechanisms in future research.

5.Conclusion

Quercetin emerges as a bifunctional agent that harmo-
nizes inflammation resolution, epithelial proliferation, and
anti-fibrotic signaling to achieve scar-minimized wound re-
pair. By temporally modulating TGF-3 signaling, it ad-
dresses the dual challenges of delayed closure and fibro-
sis, offering a holistic approach to regenerative medicine.
In clinical, these findings suggest that quercetin may serve
as a promising regenerative agent to promote wound heal-
ing of skin and reduce scar formation. Future studies should
explore combinatorial strategies with bioactive dressings to
optimize delivery and efficacy.
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