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ABSTRACT

Objective(s): Allergic contact dermatitis (ACD) is a T cell-mediatec' type IV hypersensitivity reaction
to haptens. Its pathogenesis involves keratinocyte dysfunction a 1 dysregulation of the Signal
Transducer and Activator of Transcription 3 (STAT3)-signaling pathway. However, the specific role of
keratinocyte produced STAT3 in ACD remains unclear. To invesuga. » the effect of keratinocyte (KC)-
specific STAT3 conditional knockout on 1-Chloro-2,4-dinitrobe xzene 'DNCB)-induced ACD in mice.
Materials and Methods: We generated keratinocyte-specific cTA,_ zonditional knockout (cKO) mice
(K14-Cre*; STAT3o¥flx) and subjected them to DNCB- nduce 1 ACD, with STAT3fe¥flx |ittermates
as controls. Epidermal barrier function (transepidertial = ‘ate: loss and electrolyte permeability),
histopathological inflammation (H&E and toluic ~e L te staining), and expression of inflammatory
mediators (IL-1B, IL-6) were assessed. In- *ro, ,TATs5 was knocked down by siRNA in HaCaT
keratinocytes prior to stimulation with TNF-a/1. M-y, followed by evaluation of inflammatory markers
and STAT3 phosphorylation.

Results: Keratinocyte-specific STAT3 de ~tion sigrificantly ameliorated ACD severity, evidenced by
reduced TEWL values, enhanced epiciern. | barrier function, decreased dermatitis scores, reduced
clinical dermatitis scores, decreased derm.i inflammatory infiltration, lower spleen index, and
attenuated mast cell degranulation. Mc.__dlar analysis revealed down-regulation of inflammation-
related factors (IL-1B, IL-6, TNF-a jAK2) and significant inhibition of STAT3 phosphorylation. In vitro,
STAT3 knockdown significa.. 'v su., essed IL-1B, IL-6, JAK2, Caspase-3, and MMP-3 expression in
HaCaT cells and reduced ZTAT. nhosphorylation.

Conclusion: Keratinocyt>-specific STAT3 deletion alleviates epidermal barrier impairment and skin
inflammation in ACZ by ‘=k'biting STAT3 phosphorylation and its downstream pro-inflammatory

signaling.
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Introduction

Allergic contact derm atitis (ACu) is a common
inflammatory dermatosis, ' ffecting approximately 7% of
the global population, with ir.c2"<ice continuing to rise (1,
2). Its pathology is characterized by abnormal keratinocyte
(KC) proliferation, epidermal barrier dysfunction, and
infiltration of immune cells (3, 4). During ACD onset, KCs
play a dual role: they maintain skin barrier integrity and
actively regulate immune responses by releasing cytokines
and chemokines that initiate and amplify inflammation
(5, 6). For instance, KCs secrete pro-inflammatory factors
such as interleukin (IL)-1B and IL-6, promote maturation
of Langerhans cells, and drive T cell-mediated cytotoxic
immune responses (7-10). 2,4-Dinitrochlorobenzene
(DNCB), a classic hapten, reliably induces a pathological
model closely resembling human ACD, making it a widely
used tool for studying disease mechanisms and evaluating
therapeutic interventions (4, 5, 11).

Signal transducer and activator of transcription 3 (STAT3)
is a critical mediator in cytokine signaling and plays a
central regulatory role in skin inflammation (12, 13). Under
physiological conditions, STAT3 contributes to epidermal
homeostasis and wound repair. However, persistent STAT3
activation is closely linked to inflammatory dermatoses
(14, 15). In psoriatic dermatitis models, sustained STAT3
activation in KCs can spontaneously induce hallmark
pathological changes such as epidermal hyperplasia and
loss of the stratum granulosum (16, 17). In ACD, KC
dysfunction is accompanied by parakeratosis and infiltration
of neutrophils and lymphocytes in the papillary dermis
(12, 18). Notably, specific inhibition of STAT3 activation
alleviates these pathological changes, underscoring STAT3’s
pivotal role in inflammatory dermatoses (15, 19, 20).
Mechanistically, STAT3 activation regulates the expression
of various inflammatory mediators. For example, IL-
17A induces STAT3 phosphorylation, which promotes
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transcription of key cytokines such as IL-13 and IL-23 were housed 3-5 per cage with ad libitum access to standard
in KCs, creating a positive feedback loop that amplifies maintenance feed and sterile water. Litter-matched 8-week-
inflammation (5, 17, 21-27). Whether KC-derived STAT3 old male mice were selected for experiments.

plays a central role in ACD pathogenesis and represents a

viable therapeutic target remains unclear. This study aims to Animal group management and model preparation
investigate the effect of KC-specific conditional knockout of Eight-week-old male SPF-grade mice were used for the
STAT3 on the pathological progression of a DNCB-induced study. Mice were divided into two genotypes: KC-specific
mouse model of ACD, and to further validate the functional STAT3 knockout transgenic mice (K14-Cre+/STAT3%") and
impact of STAT3 knockdown in HaCaT cells in vitro. littermate control mice (STAT3%). Each genotype group

These findings may provide a novel therapeutic strategy for included 10 mice, which were further divided equally into
targeted ACD treatment. the DNCB group (n=5) and the vehicle control (Acetone/
olive oil solution, AOQO, n=5).

Materials and Methods Skin preparation and sensitization protocol: One day

Experimental animals and diets before modeling, mice were anesthetized with isoflurane,
All animal experiments were conducted in strict and the dorsal skin was shaved to an area of approximately

accordance with ethical guidelines and were approved by 5 cm? without injuring the skin.

the Laboratory Animal Ethics Committee of North China On day 1, the/ vehicle (Veh) group was treated with

University of Science and Technology. The experimental AOO to both ears . «d the back, and the DNCB group was
animals were purchased from The Jackson Laboratory sensitized with 1% LNCB. On days 6-14, the Veh group

(Strain: B6-STAT3tm1Xyfu/Nju). received an AOG apruication, while the DNCB group
Breeding Process: K14-Cre™ male mice were mated with received 0.5% 1™NCE for 9 consecutive days. The condition
STAT3"" female mice to produce F1 generation offspring of the back a1 ! both ears of all treated mice was recorded

(K14-Cre*/STAT3""). These F1 mice were subsequently daily bZio. ~ adrainistration, and the mice were sacrificed on
mated with STAT3%" mice to generate K14-Cre*/STAT3"1 Go - 14 “or tissue collection (Figure 1A)(28).
(conditional knockout, cKO) and STAT3"" (control, Ctrl)

mice. Genotyping was performed via PCR using genomic Ml processing and grouping

DNA extracted from the mouse tail tissue. Primer sequernc s 1.aCaT cells were obtained from Wuhan Bode

are provided in Table 1 of the Supplementary Materials. Bioengineering Co., Ltd. (Wuhan, China). Briefly, the cells
Mice were housed in a specific pathogen-free (SI'¥) were seeded into 6-well culture plates at 2x10° cells/well and

facility under controlled conditions: temperature 24:+2 °C, cultured in complete HaCaT cell medium (ZYPYG0027,
relative humidity 30-40%, and a 12-hr light/darl “ya. Ty Boster, Wuhan, China), consisting of 90% MEM basal
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Figure 1. Schematic representation of mice experimental grouping and treatment

(A) Schematic illustration of animal experiment grouping and modeling. Kc-specific STAT3 knockout mice (K14-Cre+/STAT3"") and littermate control mice (STAT3"!) were
exposed to DNCB (sensitized on day 1 and challenged on days 6-14) or vehicle (AOO), n=5 in each group. Skin phenotypes were observed daily and samples were taken on day
14. *normal feeding group. (B) Schematic diagram of the cell experiment grouping and treatment. HaCaT cells were cultured to 80-90% confluence and then grouped. Specific
groups (n=3) included: transfection of siNC or siSTAT3 with or without inflammatory stimulation with 10 ng/mL IFN-y+TNF-q, respectively. Among them, siSTAT3 transfection
lasted for 48 hours and inflammatory stimulation lasted for 24 hr. At the end of the experiment, cell samples were collected, total RNA and total protein were extracted, and frozen
at -80 "C. *normal control group

Ctrl- Veh: Contrl- Vehicle; Ctrl- DNCB: Contrl- DNCB (1-Chloro-2,4-dinitrobenzene); cKO- Veh: cKO- Vehicle; siNC-Veh: siNC- Vehicle; siSTAT3- Veh: siSTAT3- Vehicle; AOO:
Acetone/olive oil solution; TBO: Toluidine Blue O; THC: Immunohistochemistry; WB: Western Blot; H&E: Hematoxylin and Eosin
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medium, 10% fetal bovine serum, and 1% penicillin-
streptomycin. When cell confluence reached 80-90%, cells
were assigned to the following experimental groups, with
three biological replicates per group: 1. siNC-Veh group:
siNC: Small-interfering RNA negative control: transfected
with small-interfering RNA negative control (siNC, Gemma
Gene, China) for 72 hr and inflammatory stimulation none,
as a blank control; 2. siNC-IFN-y+TNF-a group: after
transfection with siNC for 72 hr, inflammatory stimulation
was performed with 10 ng/mL IFN-y+TNF-a (Proteintech,
China); 3. siSTAT3-Veh group: STAT3 small interfering
RNA (siSTAT3, Gemma Gene) was transfected for 72 hr
to induce STAT3 conditional knockdown, inflammatory
stimulation None; 4. siSTAT3-IFN-y+TNF-a group: After
siSTAT3 transfection for 72 hr, the medium containing
10 ng/mL IFN-y+TNF-a was replaced and cultured for
another 24 hr. Lipofectamine 2000 transfection reagent
(Gemma Gene, China) was used for transient transfection
of siRNA or plasmid, following the instructions provided by
the manufacturer. The effects of transfection were assessed
72 hr post-transfection. The siRNA primer sequences are
shown in Table 2 in the Supplementary material.

After treatment, total RNA and total protein were
extracted, and samples were stored at -80 °C for subsequent
analysis (28, 29)(Figure 1B).

Histological processing and staining procedure

Skin specimens were fixed in 4% neutral buffered
formalin (paraformaldehyde) for 48 hr. Following fixation,
tissues underwent gradient ethanol dehydration (70%, 80%,
95%, and 100% ethanol, 1 hr each) and xylene clearing
(two changes, 30 min each). Samples were then infiltrated
with paraffin wax at 56-58 °C (three changes, 1 hr eac.).
Paraffin-embedded tissues were sectioned into 5-um-uick
serial sections using a rotary microtome (Leica RM.2235/,
baked at 60 "C for 2 hr, and stained with hematoxyi.n—ccoin
(H&E). The staining procedure included: dew xi g se :tions
in xylene (twice, 10 min each time), follow. 1 by gradient
ethanol hydration (100%, 95%, 80%, an<. 70% ¢ ianol for 5
min each), then immersed in hemates; 'in ¢ 2ining solution
for 5 min, differentiated in 1%-..ydr( chloi ¢ acid ethanol for
10 sec, blued in running v ater for 1 wzin, counterstained
with eosin staining solutio.  for 8 sec, and finally subjected
to gradient ethanol dehyd. *ion(80%, 95%, and 100%
ethanol for 3 min each) and xylene clearing (twice, 5 min
each time), and, finally, mounted with neutral balsam.

Pathological scoring

On day 14 after modeling, macroscopic images of the
dorsal skin were captured using a digital camera (Canon,
Tokyo, Japan). Two independent evaluators performed
scoring in a double-blind manner based on the Scoring
Atopic Dermatitis (SCORAD) criteria. The average score
from both evaluators was taken as the final severity score
(see Supplementary Material Table 4 for scoring details).

Image acquisition

Stained tissue sections were imaged using an Olympus
BX53 optical microscope equipped with a DP74
digital imaging system (Olympus Corporation, Japan).
Representative fields of view were selected at 200x and 400x
magnifications, with each sample containing at least three
non-overlapping regions.
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Immunohistochemistry (IHC)

Primary antibodies used included IL-1p (1:200, 26048-1-
AP, Proteintech), TNF-a (1:200, 17590-1-AP, Proteintech),
IL-6 (1:200, 26404-1-AP, Proteintech), JAK2 (1:200,
AF6022, Affinity, China), p-STAT3 (1:200, 60479-1-IG,
Proteintech), and STAT3 (1:200, 10253-2-AP, Proteintech).
The paraffin sections were deparaffinized and rehydrated,
followed by antigen retrieval with 0.05% trypsin at 37 °C for
30 min. Endogenous peroxidase activity was blocked with
3% H,O, for 10 min at room temperature. Sections were
washed with PBS for 30 min and incubated overnight at 4
'C with the primary antibodies. The following day, sections
were incubated with a secondary antibody (2414D1020,
ZSBG-Bio, China), followed by DAB chromogenic reaction,
hematoxylin counterstaining, dehydration, and sealing. For
analysis, the epidermis and dermis were selected as regions
of interest (ROI). The average intensity of optical density
(IOD/mm?) was calculated as the integrated optical density
divided by the area analyzed at 10x magnification. Image
] software was used to qua) ‘ify the percentage of positive
staining area (Area%) for each . ~rget protein.

Enzyme-linked imm ¢ orb.nt assay (ELISA)

After anesthes'a, biyod was collected by enucleation
of the eyeballi, t.''awed by centrifugation at 3000 xg
for 15°m.  '1.e serum supernatant was collected for
analysi. . Tle levels of TNF-a (RXW202412M-6), IL-6
(RXW205 19M-6), and IL-1p (RXW203063M-6) were
quutified using commercial ELISA kits (Ruixin Bio, China)
@cco.ing to the manufacturer’s instructions. Absorbance
(YD value) was measured at 450 nm using a microplate
reader. Concentrations of inflammatory cytokines were
dculated from standard curves generated with known
concentrations of each cytokine, allowing assessment of
inflammation levels.

Real-time quantitative reverse transcription polymerase
chain reaction (qRT-PCR)

Total RNA was extracted from skin tissues or cultured
cells. The full-thickness skin tissues were ground into
powder under liquid nitrogen, while cells were harvested
using a scraper. RNA extraction was performed using
TRNzol Universal Reagent (TIANGEN, DP424, China),
followed by reverse transcription into complementary DNA
(cDNA) using the SYBR® Premix Ex Taq™ II kit (Takara,
Kusatsu, Japan). qRT-PCR was conducted on an FTC-
3000 real-time PCR system (Funglyn Biotech, Canada) to
quantify mRNA expression of IL-1p, MMP3, TNF-a, IL-6,
JAK2, and STAT3. The expressions were normalized to the
housekeeping gene GAPDH using the 2A-AACt method,
and expressed relative to the sham group. Primer sequences
are listed in Supplementary Table 3. The PCR conditions
were as follows: 94 °C for 5 min, followed by 35 cycles of 94
°C for 30 sec, 52-58 °C for 30 sec and 72 "C for 30 sec.

Western blotting (WB)

Total protein was extracted using RIPA lysis buffer
(Solarbio, Beijing, China) containing protease and
phosphatase inhibitors. Protein concentration was
determined by the bicinchoninic acid (BCA) assay
(Thermo Fisher Scientific, USA). Equal amounts of
protein (30 pg) were separated on 10% SDS-PAGE gels
and electrophoretically transferred onto PVDF membranes
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(Millipore, USA), after which the membranes were blocked
with 5% non-fat milk for 1 hr at room temperature and
incubated overnight at 4 °C with primary antibodies against
IL-6 (1:1000), IL-1p (1:1000), p-STAT?3 (1:1000), and STAT'3
(1:1000)(Proteintech, China). The membranes were washed
and incubated with HRP-conjugated goat anti-rabbit IgG
secondary antibody (1:5000, Boster Biological Technology)
at 37 °C for 2 hr. Protein bands were visualized using ECL
luminescence and imaged with a Bio-Rad gel imaging
system (USA). Image] software (NIH, USA) was used to
quantify grayscale values of target proteins relative to the
internal control GAPDH (1:5000, Boster, China). Relative
protein expression was calculated as the ratio of target
protein to GAPDH signal intensity.

Statistical analysis

Data are presented as meantstandard deviation (SD).
Statistical analyses were performed using SPSS 23.0 (IBM
Corp., USA). One-way analysis of variance (ANOVA)
was used to compare differences between groups when
data satisfied normality and homogeneity of variance
assumptions. Significant ANOVA results (P<0.05) were
followed by pairwise comparisons using LSD post hoc tests.
Sample size was n=5 per group. Statistical significance
was defined as *P<0.05, **P<0.01, and ***P<0.001. Exact
P-values are reported in figure legends. Error bars in figures
represent mean+SD. Comparisons between groups are
detailed in figure legends or accompanying notes. The term
“significant” is reserved for results meeting the statistical
threshold of P<0.05.

Results
KC-specific knockout of STAT3 protects against DNCB-
induced skin barrier injury and inflammatory reaction
The SCORAD score revealed that on day 14 of modeling,
dermatitis severity and auricular swelling peaked in/the
Ctrl-DNCB group. In contrast, the cKO-DNCB /griup
exhibited significantly reduced inflammatory ~es onses
(P<0.01), indicating that STAT3 deletion in KC. effect. vely
inhibits DNCB-induced skin inflammation {I'. re 2A-C).
GPskin Barrier® (GPOWER Inc., Szwth Krea) « ssessment
demonstrated a significant increase in trans e [ érmal water
loss (TEWL) after DNCB treatmer - (P<0.01). Compared to
the Ctrl-DNCB group, TEWL in the ¥OQ.DNCB group was
significantly decreased (Figure 2D). Moreover, skin barrier
function scores were significantly improved in the ¢KO-
DNCB group (P<0.05)(Figure 2E). These results suggest
that KC-specific STAT3 deletion is effective.

STAT3 deficiency in KC ameliorates DNCB-induced skin
pathology and mast cell accumulation

H&E staining revealed that DNCB treatment
caused epidermal thickening of the stratum spinosum,
hyperkeratosis, and disordered stratum granulosum,
accompanied by significant inflammatory cell infiltration in
the papillary dermis. In the cKO-DNCB group, epidermal
thickening and inflammatory cell infiltration were markedly
reduced compared to the Ctrl-DNCB group (P<0.05)
(Figure 3A).

Toluidine blue staining further revealed that, when
compared with the Ctrl-Veh group, the number of mast cells
in the superficial papillary dermis and perivascular tissues
of the DNCB group was significantly increased, and that
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Figure 2. I tective efiect of STAT3 KC-specific knockout on mouse
DNCB-inciucec. ~kin barrier injury and inflammatory reaction
(A) Macrot opic c. aracterization of murine skin; (B) Clinical dermatitis score
(SCCRA »); ' Tuantitative analysis of the skin barrier function indices in each
grou D) ear thickness measurement of mice in each group; (E) Transepidermal
rater . o< /7 ZWL) measurement results of mice in each group. Data are presented as
i n+SD (n=5). One-way analysis of variance (ANOVA) was used for comparison
betw .1 groups, and LSD post hoc test was used if homogeneity of variance was met.
Tl e error line in the figure represents the standard deviation (SD). *P<0.05, **P<0.01,
* *P<0.001, exact P-values are shown in figure notes

the degree of degranulation was significantly enhanced. In
the cKO-DNCB group, both the number of mast cells and
the degree of degranulation were significantly decreased
in comparison with the Ctrl-DNCB group (P<0.01). These
results suggest that the absence of STAT3 in KCs may
attenuate DNCB-induced skin inflammation, potentially
by contributing to the inhibition of mast cell degranulation
and its activation pathway (Figure 3B).

STAT3 deletion inhibits the JAK2/STAT3-signaling
pathway and alleviates the inflammatory reaction in ACD

IHC results revealed that, when compared with the
Veh group, the expressions of JAK2 and STAT3 in the
DNCB-treatment group were significantly up-regulated,
accompanied by an increase in the phosphorylation level
of STAT3. Meanwhile, the expression of pro-inflammatory
cytokines such as IL-1B, IL-6, and TNF-a in the epidermis
was also significantly increased. Compared with the Ctrl-
DNCB group, the p-STAT3/STAT3 ratio was significantly
reduced in the cKO-DNCB group (P<0.001), demonstrating
that keratinocyte-specific STAT3 deletion suppresses STAT3
phosphorylation. Together, these results confirmed that,
in ACD, the JAK2/STAT3-signaling pathway is activated
and further mediates the abnormally high expression of
inflammatory factors in KCs, which then promotes the
pathological progression of ACD (Figure 4).
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(A) Representative images of H&E staining of skin tissues of mice in each group (scale bar: 200 um) and the results of quantitative an=!, "> of sk thickness (vernier caliper
measurement); (B) Representative images of toluidine blue staining of the skin tissues in each group (scale bar: 200 pum; local magnific' tion or he inset: 100 pm) and statistical
plot of mast cell count (number of toluidine blue positive cells/high-power field or per square millimeter). Data are presented as meana "D (n='). One-way analysis of variance
(ANOVA) was used for comparison between groups, and LSD post hoc test was used if homogeneity of variance was met. The errc. “ne ... «he figure represents the standard
deviation (SD). *P<0.05, **P<0.01, ***P<0.001, exact P-values are shown in figure notes

IL1B
Ctrl+Veh
} %k k * %k k -
@ cuibNeB
b ¢KO+Veh
@ «xo+DNCB
IL-6
TNF-a
*kk *kk -
Ps X
S 1
5 g
© - :
3 £
1 g 3
= 4 [
STAT3 JAK2
sokok kK
g 20
< g §« 15
g ]
= 5 S -1
: g
@ @ 5
s &
g o
=
p-STAT3/STAT3
n . 18
m a\,? *kK Kk g
= g 12
< g 5
g * >
= = 06
7] 3 2
a o o

e
°

Figure 4. KC STAT3 deletion reprograms mouse JAK/STAT-signaling axis and inhibits inflammatory factor cascade amplification

(A) Immunohistochemical staining was performed to detect the expression and localization of IL-1f, IL-6, TNF-a, JAK2, STAT3, and p-STAT3 in the skin tissues (scale bar: 50
pm). The brown deposition indicated a positive expression. (B) Semi-quantitative analysis of immunohistochemical staining intensity based on Image] software. Data are presented
as mean+SD (n=5). One-way analysis of variance (ANOVA) was used for comparison between groups, and LSD post hoc test was used if homogeneity of variance was met. The
error line in the figure represents the standard deviation (SD). *P<0.05, **P<0.01, ***P<0.001, exact P-values are shown in figure notes
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Deletion of STAT3 in KCs alleviates DNCB-induced
splenomegaly and systemic inflammatory reaction by
inhibiting the JAK2/STAT3 signaling axis

When compared with the Veh group, the mice in the
DNCB treatment group showed significantly increased
spleen volume, darker color, and significantly increased
spleen index (spleen weight/weight ratio)(P<0.05). In the
cKO-DNCB group, the spleen volume was significantly
reduced relative to that in the Ctr]l-DNCB group, and the
spleen index was also significantly decreased (P<0.05)
(Figure 5A&B).

Serum ELISA analysis demonstrated that DNCB
stimulation could significantly increase the levels of pro-
inflammatory cytokines (TNF-a, IL-6, and IL-1f) in mouse
serum (P<0.05). When compared with the Ctrl-DNCB
group, the expressions of these factors in the cKO-DNCB
group were significantly decreased (P<0.05), indicating
that the deletion of STAT3 in KCs inhibited inflammation-
related hypersplenotrophy and alleviated the systemic
inflammatory state caused by ACD (Figure 5C).

STAT3 deletion in KCs alleviates skin inflammation by
suppressing the JAK2/STAT3-signaling axis

Western blotting demonstrated that DNCB stimulation
significantly increased STAT3 and p-STAT3 protein levels in
skin tissue. These levels were markedly reduced in cKO mice
compared to the Ctrl-DNCB group (P<0.05). Similarly, IL-
1B, IL-6, and TNF-a protein levels were significantly down-
regulated in the cKO-DNCB group (P<0.05), indicating
effective inhibition of STAT3-mediated inflammator
signaling. Keratinocyte-specific STAT3 deletion significapt'y
suppressed STAT3 phosphorylation, as evidenced by the
markedly reduced p-STAT3/STATS3 ratio in the cKC-ONI™
group compared to the Ctrl-DNCB group (P<0.9(Y). gRT-
PCR results confirmed that DNCB treatmen!  ignincantly
up-regulated mRNA expression of JAK2  STA.?2; IL-1(,
IL-6, and TNF-a in skin tissue, reflecting activation of
the JAK2/STAT3-signaling patbway. KC- pecific STAT3
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deletion significantly reduced these transcripts compared to
Ctrl-DNCB (P<0.05), demonstrating that STAT3 deletion
inhibits transcriptional activation of pro-inflammatory
genes by blocking this pathway (Figure 6).
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Figure 6. Absence of STAT3 in KCs alleviated mouse contact dermatitis by
mbhibiting the JAK2/STAT3-signaling axis and disrupting the transcription-
translational cascade

(A&B) Western blotting was performed to detect the related proteins in the mouse
skin tissues, and Image] was used for semi-quantitative statistical analysis. (C) qRT-
PCR was used to detect the mRNA expressions of IL-1p, IL-6, STAT3, and other
factors in the skin tissues. Data are presented as mean+SD (n=5). One-way analysis of
variance (ANOVA) was used for comparison between groups, and LSD post hoc test
was used if homogeneity of variance was met. The error line in the figure represents
the standard deviation (SD). *P<0.05, **P<0.01, ***P<0.001, exact P-values are shown
in figure notes
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Figure 5. Deletion of STAT3 in KCs alleviates mouse DNCB-induced splenomegaly and systemic inflammatory reaction by inhibiting the JAK2/STAT3-

signaling axis

(A) Gross morphology of spleen in each group; (B) The spleen index of mice in each group; (C) The serum concentrations of IL-1B, IL-6, and TNF-a in each group, as quantified
by enzyme-linked immunosorbent assay (ELISA). Data are presented as mean+SD (n=>5). One-way analysis of variance (ANOVA) was used for comparison between groups, and
LSD post hoc test was used if homogeneity of variance was met. The error line in the figure represents the standard deviation (SD). *P<0.05, **P<0.01, ***P<0.001, exact P-values

are shown in figure notes
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Knockdown of STAT3 in HaCa T cells alleviates skin
inflammation by inhibiting the JAK2/STAT3-signaling
pathway and downstream pro-inflammatory factors
Figure 7A shows the growth status of Haca T cells
from day 1 to day 3. Assessment of STAT3 knockdown
by quantitative PCR 72 hr post-transfection in HaCaT
cells validated a silencing efficiency of approximately 30%
(Figure 7B). Western blotting results further verified that
the combined stimulation with IFN-y and TNF-a could
significantly promote the protein expression of IL-1p and
IL-6, as well as the phosphoric acid activation of STAT3 in
HaCaT cells. In comparison with the siNC-IFN-y+TNF-a
group, the protein expressions of IL-6, IL-1f, total STAT?3,
and phosphoric acid STAT3 (p-STAT3) in the siSTAT3-
IEN-y+TNF-a group were significantly decreased (P<0.01).
Compared with the siNC-IFN-y+TNF-a group, the
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Figure 7. Knockdown of STAT3 in HaCa T cells alleviates mouse skin
inflammation by inhibiting the JAK2/STAT3-signaling pathway and
downstream pro-inflammatory factors

(A) The proliferation status of HaCaT cells from days 1 to 3; (B) Successful STAT3
gene silencing in HaCaT cells, as quantified by qPCR 72 hr post-transfection. (C)
Western blotting results; (D) Image]J software was used to semi-quantitatively analyze
the gray value of western blotting bands; (E) The mRNA expressions of IL-1p, IL-
6, STAT3, and other factors in HaCa T cells were detected by qRT-PCR. Data are
presented as mean+SD (n=5). One-way analysis of variance (ANOVA) was used
for comparison between groups, and LSD post hoc test was used if homogeneity of
variance was met. The error line in the figure represents the standard deviation (SD).
*P<0.05, **P<0.01, **P<0.001, exact P-values are shown in figure notes
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p-STAT3/STAT3 ratio was significantly decreased in the
siSTAT3-IFN-y+TNF-a group (P<0.001), indicating that
STAT3 knockdown inhibits its phosphorylation in HaCaT
cells (Figure 7C&D).

qRT-PCR analysis revealed that when compared with the
Veh group, the mRNA expressions of IL-1p, IL-6, TNF-a,
JAK2, and STAT3 in HaCa T cells were significantly up-
regulated after stimulation, whereas, in the siSTAT3-IFN-
y+TNF-a group, the relative mRNA expressions of these
factors as well as those of caspase-3 and MMP-3 were
significantly lower than those in the Ctrl-IFN-y+TNF-a
group (Figure 7E).

Discussion

This study established a KC-specific STAT3 knockout
mouse model to systematically elucidate the critical
regulatory role of the STAT3-signaling pathway in the
onset and progression of ACD. Our experimental results
demonstrate that STAT3 celetion markedly ameliorates
DNCB-induced skin barrier . sfunction and inflammatory
responses. The underlyine m -hanisms involve three
major aspects: promoting sk n barrier repair, inhibiting
inflammatory reactiez2 a. 4 rcgulating mast cell activation.

In terms of skn ba rier function, following DNCB
challenge, mic> in %2 Ctrl-DNCB group exhibited a
significeat 1 crea > in transepidermal water loss (TEWL)
and a a.rcased comprehensive barrier function index,
indicating 1. ~tked skin barrier disruption. In contrast, the
cKC DNCB ‘group showed significant improvements in
TEWL and barrier function index, suggesting that STAT3
e, tior, contributes to epidermal barrier restoration and
attenuates ACD-related inflammation (30-34) Inflammatory
__gulation was evident from the markedly reduced skin
swelling and dermatitis scores in the cKO-DNCB group
compared to the Ctrl-DNCB group. This effect may be
correlated with decreased expression of pro-inflammatory
factors such as IL-1p, IL-6, and TNF-a in KCs. IHC revealed
that the DNCB challenge significantly up-regulated key
molecules in the JAK2/STAT3 pathway, including JAK2,
STAT3, and phosphorylated STAT3 (p-STAT3). This may be
related to amplifying the secretion of cytokines such as IL-6,
establishing a positive feedback loop of interaction between
the epidermis and immune cells, and thus aggravating the
inflammatory response (35-38). STAT3 deletion may be
disrupted this feedback loop by inhibiting JAK2-mediated
STAT3 phosphorylation (reflected in a decreased p-STAT3/
STAT3 ratio) and attenuating MMP-3-mediated extracellular
matrix degradation, thereby repressing inflammation via
multiple pathways (14, 39-41).

Evaluation of the splenomegaly index revealed marked
splenic enlargement in DNCB-treated mice, consistent
with a systemic immune activation state. The significant
attenuation of this splenomegaly in cKO-DNCB mice
compared to Ctrl-DNCB controls suggests that STAT3
deficiency in keratinocytes mitigated the systemic immune
response (42, 43).

Histomorphological observation identified that the
number of mast cells in the superficial dermis and the
degranulation ratio of mice in the DNCB group were
significantly increased, suggesting that STAT3 possibly
promoted the exocytosis of mast cells (44). In contrast, in the
cKO-DNCB group, the number of mast cells was reduced, the
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degranulation rate was decreased, and the cell morphology
was more intact, indicating that STAT3 deletion may be
inhibit its phosphoric acid process, reduce the expression of
downstream inflammation factors, and block the activation
signal transduction of mast cells (45-47). When compared
with the Ctrl-DNCB group, the cKO-DNCB group
significantly alleviated pathological manifestations such as
epidermal stratum spinosum thickening, hyperkeratosis,
and inflammatory cell infiltration in the dermal papillary
layer, which further confirmed the regulatory role of STAT3
in skin inflammation.

In terms of molecular mechanism, the deletion of
STAT3 significantly inhibited the activation of the JAK2/
STAT3-signaling pathway and down-regulated the
expression of downstream pro-inflammatory factors IL-
1B, IL-6, and TNF-q, indicating that STAT3 is a key driver
for the amplification of ACD-inflammatory reaction
in KCs. In addition, the reduction in the spleen index
and serum inflammatory factor levels further indicated
that the deletion of STAT3 in KCs not only exerted anti-
inflammatory effects locally but also significantly alleviated
the systemic inflammatory state. Notably, recent studies
showed that STAT3 maintained its own activation through
positive feedback loops such as the SIPR3-STAT3 axis. In
this study, the activation of mast cells was inhibited after
STAT3 deletion, suggesting a potential paracrine interaction
between KCs and immunological cells (such as mast cells),
which may be one of the important pathways for STAT3 to
coordinate inflammatory reactions (48).

Cell-level experiments confirmed that STAT3 knockdown
via siRNA significantly inhibited the expression of JAK2, IL-
1B, IL-6, Caspase-3, and MMP-3 in HaCaT cells. Moreove1
STAT3 knockdown effectively blocked IFN-y and TNF-
a-induced STAT3 phosphorylation, further valideting
the regulatory role of STAT3 in ACD pathogenesis .t (o
molecular level (49-51).

The critical role of STAT3 in the pathoger. sis 0. .xCD
revealed in this study provides a theor<tical hasis for
the development of therapeutic stratecies ‘argeting this
pathway. Notably, multiple pntural co.apounds have
been demonstrated to exert anti-infla amatory effects by
inhibiting STAT3 activity. ( ak wood vinegar has been
shown to significantly reduc IgE production, immune
cell infiltration, and iNOS expression, as well as alleviate
skin thickness and inflammatory responses, by inhibiting
STAT3 phosphorylation in a DNCB-induced mouse model
of contact dermatitis (52). Resveratrol not only attenuates
inflammation by inhibiting STAT3 activity but has also
been recently confirmed to suppress cutaneous mast cell
activation and reduce inflammatory cell infiltration upon
topical application (53). Curcumin has likewise been shown
to inhibit STAT1/3/6 activation and down-regulate JAK2
phosphorylation (54). These natural products share the
common feature of modulating inflammatory responses
through multi-target mechanisms and exhibit better safety
profiles compared to synthetic inhibitors, rendering them
suitable for long-term topical application.

However, the clinical translation of natural STAT3
inhibitors faces challenges such as low bioavailability and
poor skin penetration, underscoring the critical importance
of rational drug delivery system design. Commonly
employed delivery strategies for topical treatment of ACD
include: hydrogel formulations composed of water-soluble
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polymers, which provide favorable skin adhesion and
drug release properties, making them suitable for topical
delivery of hydrophilic natural compounds (55); water-in-
oil or oil-in-water emulsions that enhance skin penetration
of hydrophobic drugs (e.g., curcumin) while exerting
occlusive moisturizing effects that aid in repairing damaged
skin barriers (56); vesicular systems such as liposomes,
ethosomes, or transfersomes that significantly improve
transdermal penetration rates, enabling epidermal-targeted
delivery while reducing systemic absorption (57). Studies
have confirmed that cationic liposomes enable co-delivery
of curcumin and STAT3 siRNA, exerting synergistic anti-
tumor effects in deep skin layers (up to 160 pum)(58);
thermodynamically stable microemulsion systems can
simultaneously solubilize lipophilic and hydrophilic drugs,
increasing local drug concentrations (59). It is worth
emphasizing that our finding that STAT3 deletion promotes
skin barrier repair suggests thet nerapeutic strategies should
integrate the dual functions « €'drug delivery and barrier
restoration—combining STAT5 inhibitors with barrier-
repair components (such’as -era.nides, free fatty acids,
and cholesterol) in formt'atiors may produce synergistic
therapeutic effects (60).

This study systcn. “ically demonstrates for the first time
that KC-spzi. “co . "AT3 knockout mitigates ACD progression
through™ nuli.ple «cilular and molecular mechanisms.
These findiy. s provide a robust theoretical foundation for
dev'oping no. i therapeutic strategies targeting the JAK2/
STA1 5 signaling pathway. Future studies should investigate
the trans.ational potential of STAT3-targeted inhibitors,
their saiety profile, and any potential toxic side effects in the
tre2' ment of ACD.

Conclusion

In conclusion, this study demonstrates that
keratinocyte-specific STAT3 deletion alleviates epidermal
barrier impairment and skin inflammation in ACD.
Mechanistically, STAT3 deficiency in keratinocytes inhibits
STAT3 phosphorylation and down-regulates the expression
of downstream pro-inflammatory cytokines, including IL-
1B, IL-6, and TNF-a. These findings highlight the critical
role of keratinocyte STAT?3 signaling in ACD pathogenesis
and suggest that targeting STAT3 may represent a promising
therapeutic strategy for inflammatory skin disorders
characterized by barrier dysfunction.
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