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ARTICLE INFO ABSTRACT

Keywords: Chronic recurrent itch and skin inflammation are prominent features of atopic dermatitis (AD),
Fraxinellone which is closely related to the immune response driven by T-helper type 2 (Th2) cells. The
Atopic dermatitis expression of interleukin 31 (IL-31) is positively correlated with the severity of dermatitis. Anti-
itgiRA IL-31 receptor o (IL-31RA) targeted drugs have been used to treat AD, however, they are
TRPV1 expensive and have side effects. Fraxinellone (FRA) is one of the main limonoid components in

TRPA1 the dried root bark of Dictamnus dasycarpus Turcz.; however, its anti-inflammatory and antipru-
ritic effects on atopic dermatitis (AD) have not been previously reported. In this study, we
investigated the anti-dermatitis effect of FRA and its potential mechanism of action using a 2,4-
dinitrofluorobenzene (DNFB)-induced AD-like mouse model and lipopolysaccharide (LPS)-stim-
ulated HaCaT cells. FRA significantly inhibited chronic pruritus, epidermal thickening, and in-
flammatory infiltration in AD mice. FRA not only inhibited the levels of IL-31 in the serum and
lesioned skin of AD mice but also significantly downregulated the mRNA expression and protein
levels of IL-31, IL-31RA, transient receptor potential (TRP) V1, and TRPA1 in the lesioned skin
and dorsal root ganglion (DRG) of AD mice. In LPS-stimulated HaCaT cells, FRA inhibited the
production of iNOS and COX2, as well as the protein levels of IL-31, IL-31RA, TRPV1 and TRPA1,
showing significant anti-inflammatory effects. In summary, our findings suggest that FRA exerts
antipruritic and anti-inflammatory effects in AD by regulating the IL-31 pathway, and may hold
promise for the clinical treatment of AD.

1. Introduction

Atopic dermatitis (AD) is an inflammatory skin disease that is prone to recurrent episodes and accompanied by intense pruritus [1].
AD has a high incidence rate in both developed and developing countries, affecting approximately 10 % of adults and 20 % of children
[2,3]. Severe AD increases the risk of autoimmune diseases [4]. Pruritus, a hallmark symptom of AD, not only causes social
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embarrassment and sleep difficulties, but also compromises the overall quality of life and increases the financial burden [5].

Current research indicates that AD is a systemic disease primarily orchestrated by T-helper type 2 (Th2) responses, and the cy-
tokines released by activated Th2 cells play pivotal roles in driving skin inflammation and pruritus. Interleukin 31 (IL-31), a short-
chain four-helix bundle cytokine, is mainly produced by activated Th2 cells, keratinocytes, mast cells, dendritic cells, and macro-
phages. It has been positively correlated with the severity and activity of AD and participates in itch and skin inflammation [6-8].
Increased IL-31 mRNA and protein levels are found in the serum and skin of patients with dermatitis, chronic spontaneous urticaria,
cutaneous T-cell lymphomas, and prurigo nodularis [9-12]. IL-31, which co-opts with transient receptor potential (TRP) V1 and
TRPA1, can also act as a neuro-immune link to drive sensory pathways through the activation of IL-31 receptor a (IL-31RA) on sensory
neurons, resulting in itch [13]. The administration or overexpression of IL-31 can markedly induce scratching behavior in mice [7,14],
which is attenuated in TRPV1 and TRPA1 knockout mice [15]. In addition, local application of 1.0 % capsaicin can inhibit the intense
and prolonged scratching induced by IL-31 by desensitizing C-fibers and reducing the mRNA levels of IL-31RA in the dorsal root
ganglion (DRG) [16]. Therefore, targeting the IL31-TRPV1/TRPA1 axis may be a promising strategy for the treatment of dermatitis.

Traditional Chinese medicine has long been used in the clinical treatment of dermatitis, and because of its low cost, good efficacy
and safety, traditional Chinese medicine as a complementary and alternative medicine is of great significance in the development of AD
treatment drugs. Cortex Dictamni, the dried root bark of Dictamnus dasycarpus Turcz., a perennial herb of the Rutaceae family, has been
widely used to treat asthma, jaundice, coronary atherosclerosis, rheumatism, and multiple skin diseases including eczema, urticaria,
and scabies for thousands of years [17-21]. Fraxinellone (FRA), one of the main active limonoid components of Cortex Dictamni,
exhibits significant pharmacological properties, including anti-inflammatory, neuroprotective, anti-fibrotic, and anti-cancer effects
[22-26]. However, research on the anti-dermatitis effects of FRA targeting IL-31 is rare. In this study, we aimed to evaluate the
antipruritic and anti-inflammatory effects of FRA in AD through in vitro and in vivo experiments and to reveal its underlying
mechanism.

2. Materials and methods
2.1. Reagents and chemicals

FRA (cat: A0488) was purchased from Mansite Biotechnology Co. Ltd. (Chengdu, China). 2,4-dinitrofluorobenzene (DNFB; cat:
F830061) and carboxyl methyl cellulose (CMC-Na; cat: 9004-32-4) were purchased from Macklin (Shanghai, China). IL-31 (cat:
SRP3209), lipopolysaccharide (LPS; cat: L8274) and toluidine blue (TB; cat: 89640) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). A hematoxylin and eosin (H&E) staining kit (cat: G1120, Solarbio), mouse IL-31 enzyme-linked immunosorbent assay
(ELISA) kit (cat: EK1100, Boster), mouse IL-4 ELISA kit (cat: TW10973, Tongwei), mouse Thymic stromal lymphopoietin (TSLP) ELISA
kit (cat: E-EL-M0646, Elabscience) were used. For western blotting, primary antibodies against IL-31 (cat: PA5-115415, Thermo
Scientific), IL-31RA (cat: YT5091, ImmunoWay), TRPV1 (cat: ab6166, Abcam), TRPA1 (cat: NB110-40763, Novus), iNOS (cat: 18985-
1-AP, Proteintech), COX2 (cat: 12282T, Cell Signaling Technology) and B-actin (cat: 4970T, Cell Signaling Technology) were used. For
the quantitative real-time polymerase chain reaction (RT-qPCR) experiment, the RNA Purification Kit (cat: 12183018A, Thermo
Scientific), HiScript-Q-RT-SuperMix for qPCR Kit (cat: R123-01, Vazyme), and AceQ Universal SYBR Green qPCR Master Mix kit (cat:
Q511-02/03, Vazyme) were used. The HaCaT cells (cat: ZQ0044) were purchased from Xinzhou Zhonggiao (Shanghai, China).

2.2. Mice

Male 6-8-week-old C57BL/6 mice were purchased from Yangzhou University Laboratory Animal Center (Jiangsu, China). The mice
were housed in a specific pathogen-free (SPF) environment at 23 + 2 °C, with a 12-h light-dark cycle and freedom to eat and drink
(Irradiation-sterilized maintenance feed). All experiments were performed in accordance with the guidelines established by the
Institutional Animal Care and Use Committee of the Yangzhou University under a Project License (No. YXYLL-2022-161).

2.3. Acute itch behavior experiment

The mice were placed in a box for more than 30 min before the start of the experiment. After 2 h of intragastric administration of
FRA (2.5, 5, and 10 mg/kg, 200 pl) or CMC-Na (0.5 %, 200 pl), the mice were administered IL-31 (19 ng, 100 pl) via subcutaneous
injection into the nape and were immediately recorded for 30 min [27]. No treatment was given to the normal group. A researcher who
was unaware of the experiment counted the number of scratches.

2.4. DNFB-induced AD-like mouse model and FRA treatment

A DNFB-induced AD-like mouse model was established, as previously described [28]. The abdominal hair of the mice was shaved
on day —5. On day —3, the hair on the nape was shaved, and 100 pl of 0.5 % DNFB (dissolved in a 4:1 mixture of acetone and olive oil)
was applied to the exposed abdomen. From days 0-14, the mice were stimulated with 50 pl of 0.2 % DNFB every 2 days, to induce an
AD-like mouse model (Fig. 2A). In this study, the mice were randomly divided into: normal group, vehicle group, DNFB group, FRA
(2.5, 5, and 10 mg/kg FRA) group, and DEX (1 mg/kg DEX) group. FRA and DEX were dissolved in 0.5 % CMC-Na for oral gavage. The
DNFB group was treated with an equal volume of CMC-Na solution. No treatment was given to the normal group, and the vehicle group
was stimulated with a mixture of acetone and olive oil without DNFB. Behavioral videos were recorded every two days during the
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experimental period. After the mice were euthanized under isoflurane anesthesia, the blood, nape-lesion skin, and DRG were collected
for further examination.

2.5. Dermatitis score, weight assessment, and splenic index

The nape-lesioned skin of the mice was assessed once every two days during the experiment. Skin lesions were scored based on the
severity of skin lesion symptoms (erythema/hemorrhage, edema, excoriation/erosion, and scaling/dryness), and can be classified into
four levels as follows: 0 (absent), 1 (mild), 2 (moderate), and 3 (severe) [29]. Photographs of the skin lesions were captured using a
high-resolution camera on days 0, 7, and 14. The mice were weighed every two days. The splenic index was calculated as = spleen
weight (mg)/[body weight (g) x 10] [30].

2.6. Histological staining

Skin samples were fixed with 4 % paraformaldehyde (PFA) overnight, followed by dehydration in 20 % and 30 % sucrose solutions
until the skin samples sank to the bottom. Subsequently, the skin samples were embedded in an optimal cutting temperature (OCT)
medium and sectioned (10 pm) by a cryostat (Leica, CM1900) [31]. The skin sections were stained with H&E and TB to detect the
epidermal thickness and number of mast cells, respectively.

2.7. ELISA

Blood was centrifuged at 3500 rpm for 15 min to obtain serum. The lesioned skin samples were treated with PBS and centrifuged at
3000 rpm for 15 min to obtain a protein homogenate. IL-31, IL-4, and TSLP levels were measured using ELISA Kkits, following the
manufacturer’s protocol [30]. The reaction products were measured using a microplate reader at a wavelength of 450 nm.

2.8. qRT-PCR

Total RNA was extracted from the lesioned skin and DRG tissues using RNA purification kits, and RNA was reverse-transcribed
using HiScript-Q-RT-SuperMix for qPCR. Next, the AceQ qPCR SYBR Green Master Mix kit was used for qRT-PCR with 3 replicate
wells for each sample [28]. The relative gene expression levels of the mRNAs were calculated using the 2722¢T method. PCR primers
used in this study are as follows: IL-31 forward (F): CCACACAGGAACAACGAAGCCT and reverse (R): CCCGGTCCAGGCTGAAACACG;
IL-31RA forward (F): CCAGAAGCTGCCATGTCGAA and reverse (R): TCTCCAACTCGGTGTCCCAAC; TRPV1 forward (F): CGAG-
GATGGGAAGAATAACTCACTG and reverse (R): GGATGATGAAGACAGCCTTGAAGTC; TRPA1 forward (F): GTCCAGGGCGTTGTC-
TATCG and reverse (R): AGCACTTCACACGAAGAACCA; and GAPDH forward (F): AGGTCGGTGTGAACGGATTTG and reverse (R):
GGGGTCGTTGATGGCAACA.

2.9. Western blotting

HaCaT cells were preincubated with or without the indicated concentrations of FRA for 2 h and then stimulated with LPS (1 pg/ml)
for 24 h. Total proteins were extracted from mouse skin tissues, the DRG, and HaCaT cells and were quantified using a BCA protein
assay kit. Protein lysates were separated using 10 % sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). After
SDS-PAGE, a 0.45 pm polyvinylidene fluoride (PVDF) membrane was used for protein transfer and blocked with 5 % bovine serum
albumin (BSA), then incubated with the primary antibodies against p-actin (1:2000), IL-31 (1:2000), IL-31RA (1:1000), TRPA1
(1:1000), TRPV1 (1:1000), iNOS (1:600), and COX2 (1:1000) at 4 °C overnight. Membranes were then incubated with a secondary
antibody (1:5000) for 2 h. An ECL detection kit and a gel imaging instrument (Bio-Rad, Hercules, CA, USA) were used to visualize the
protein bands. Gray values were quantified using the ImageJ software. All data were normalized by the value of p-actin [32].

2.10. Cell culture and cell viability assay

HaCaT cells were cultured in DMEM (Solarbio, China) supplemented with 10 % FBS and 1 % penicillin-streptomycin. Cell viability
was measured by MTT assay. HaCaT cells were seeded into 96-well cell culture plates at a density of 5 x 10° cells/well. After 24 h, cells
were treated with 0, 6.25, 12.5, 25, 50, and 100 pM FRA for 24, 48, and 72h. Then, MTT (20 pl, 0.5 mg/ml) was added to each well and
cultured for 4 h. The culture medium was removed, and DMSO (150 pl/well) was used to dissolve the formazan crystals, which were
measured at 490 nm using a microplate reader (PerkinElmer, USA) [33].

2.11. Statistical analysis

GraphPad Prism 8 was used to analyze all data. Data are presented as mean + standard error of the mean (SEM). Different
treatment analyses among groups were analyzed using an unpaired Student’s t-test or one-way analysis of variance (ANOVA) with
Dunnett’s test. P-values < 0.05 were considered statistically significant.
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3. Results
3.1. FRA administration inhibited IL-31-induced acute scratching behavior

IL-31 induces severe scratching in mice and plays a pivotal role in AD-related itch [7]. To investigate the role of FRA in
IL-31-induced itch, FRA (Fig. 1A) or CMC-Na was administered to mice, followed by subcutaneous injection of IL-31 in the nape of the
neck. The scratching behavior caused by IL-31 was noticeable (171.3 + 8.8, n = 6). However, the strong scratching behavior induced
by IL-31 was dose-dependently inhibited by FRA (138.3 + 7.9, 114 + 5.5, and 66.0 + 5.9 scratching counts for 2.5, 5, and 10 mg/kg of
FRA, respectively. n = 6) (Fig. 1B and C). These findings suggest a potential inhibitory role of FRA in IL-31-mediated itching.

3.2. FRA reduced chronic itch, lesion skin scores, and splenic index values in DNFB-induced AD-like mice

To determine whether FRA could alleviate chronic itch and inflammation induced by AD, all mice, except for those in the control
groups, were modeled and treated as shown in Fig. 2A. Compared with the control group, the number of scratches progressively
increased in the DNFB group (i.e., those treated with CMC-Na) throughout the experiment, but was significantly suppressed in the FRA
and DEX groups. On day 14, scratching counts in the DNFB group were 182.83 + 15.0 (n = 12); however, the scratching counts in FRA
groups were decreased in a dose-dependent manner (2.5, 5, and 10 mg/kg of FRA had scratching counts of 109.8 &+ 12.3, 61.2 + 7.3,
and 43.0 + 4.7, respectively. n = 11) (Fig. 2C and D). The skin lesions of AD mice in each group on days 0, 7 and 14 are shown in
Fig. 2B. DNFB-induced AD-like mice exhibited increasingly severe dermatitis lesions, such as crusting, epidermal peeling, skin
thickening, and skin dryness, as the modeling time progressed. The skin lesion scores in the DNFB group were significantly higher than
those in the FRA (5 mg/kg, and 10 mg/kg) and DEX groups on day 14; however, there was no significant difference compared to the
low-concentration FRA group (Fig. 2E and F). Additionally, the splenic index showed that the spleens of mice in the FRA (5 mg/kg, and
10 mg/kg) groups were significantly smaller than those in the DNFB group (Fig. 2G-H). Moreover, the FRA group showed sustained
weight gain throughout the experimental period (Fig. 2I and J). This indicated that FRA could alleviate chronic itch in AD mice and
mitigate the severity of skin lesions in AD mice.

3.3. FRA restricted the epidermal thickening and inflammatory response in DNFB-induced AD-like mice

Repeated scratching can lead to epidermal thickening and infiltration of inflammatory cells. To evaluate the effect of FRA on the
epidermal thickness and number of mast cells in AD mice, the lesion skin was stained with H&E and TB, respectively. As shown in
Fig. 3A and C, compared with the control group, the epidermal thickness was markedly increased in the DNFB group, whereas FRA
treatment notably reduced it. The TB staining results were consistent with these findings. In the FRA group, the increase in the number
of mast cells was significantly inhibited (Fig. 3B and D).

Cytokines play a crucial role in regulating immune responses. Studies have shown that serum levels of IL-31 are positively
correlated with the severity of AD [8]. To verify whether FRA can inhibit the levels of IL-31 in AD mice, serum IL-31 levels were
measured using an ELISA kit. As expected, the serum levels of IL-31 in AD mice were markedly increased, and FRA treatment had a
significant inhibitory dose-dependent effect on IL-31 levels. Moreover, the increased levels of IL-31 in the lesioned skin were also
inhibited in the FRA groups (Fig. 4A and D). In addition, IL-31 can promote the release of some pro-inflammatory factors, such as IL-4
[34] and is positively correlated with TSLP levels in AD patients [35]. Therefore, the IL-4 and TSLP levels were measured. The results
showed that the increased levels of IL-4 and TSLP in the lesion skin and serum of AD mice were also significantly reduced by FRA
treatment (Fig. 4B, C, 4E, and 4F). These findings indicate that FRA effectively mitigated inflammation in AD mice.

3.4. FRA inhibited the IL-31 pathway in the lesion skin and DRG of DNFB-induced AD-like mice

By binding to IL-31RA, IL-31 activates TRPV1"/TRPA1" sensory neurons, activates or sensitizes TRP channels, and plays an
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Fig. 1. Fraxinellone (FRA) inhibits the acute itch induced by IL-31. (A) Chemical structure of FRA. (B) Line chart of scratching behavior induced by
IL-31 over 30 min. (C) Quantification of scratching behavior induced by IL-31 following administration of different concentrations of FRA (*P <
0.05, ***P < 0.001, compared with IL-31 group; #p < 0.05, ##P < 0.01 comparison between groups; n = 6).
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Fig. 2. Fraxinellone alleviates the symptoms of DNFB-induced AD-like mice. (A) Schematic representation of DNFB-induced AD-like mouse model.
(B) Clinical manifestations of AD-like mice induced by DNFB in each group on days 0, 7, and 14. (C-D) Scratching behavior over time and
quantification of scratching behavior of each group on day 14. (E-F) Skin severity scores during the experiment and the skin score on day 14. (G-H)
Photographs of spleens of DNFB induced AD-like mice and the splenic index. (I-J) Changes of mouse body weights in different groups over time and
comparison of body weights on day 14 (*P < 0.05, **P < 0.01, ***P < 0.001, versus DNFB group; #p < 0.05, ##p < 0.01, ###p < 0.001, com-
parison between groups; N.S, not significant; n = 6-12).

important role in AD pathogenesis [13]. In order to investigate whether FRA exerts anti-dermatitis effects through the
IL-31-TRPV1/TRPA1 pathway, we detected the mRNA expression and protein levels of IL-31, IL-31RA, TRPV1, and TRPA1 in the
lesion skin and DRG of AD mice. As shown in Fig. 5, FRA treatment significantly inhibited the mRNA and protein levels of IL-31,
IL-31RA, TRPV1, and TRPAL in the lesioned skin compared to those in DNFB group (Fig. 5A and C). Similarly, FRA treatment sup-
pressed the upregulated mRNA and protein levels of IL-31RA, TRPV1, and TRPAL1 in the DRG of AD mice (Fig. 5B and D).

3.5. Effect of FRA on LPS-induced iNOS and COX2 production and IL-31, IL-31RA, TRPV1, and TRPA1 protein levels in LPS-stimulated
HaCaT cells

HaCaT cells have also been used to study AD-related inflammatory responses [33,36,37]. To further investigate the anti-dermatitis
effects of FRA and the effects of FRA on the IL-31 pathway and the production of iNOS and COX2, we performed in vitro experiments
using LPS-stimulated HaCaT cells. The MTT assay showed that FRA had no significant cytotoxic effects on HaCaT cells at concen-
trations of 0-50 pM (Fig. 6A). After stimulation by LPS (1 pg/ml), the iNOS and COX2 production increased in HaCaT cells, but
treatement with 6.25, 12, and 25 pM FRA significantly inhibited the protein levels of iNOS and COX2 (Fig. 6B). To further explore the
inhibitory effect of FRA on the IL-31 pathway, we measured the protein levels of IL-31, IL-31RA, TRPV1, and TRPA1. Consistent with
the in vivo animal experiments, the protein levels of IL-31, IL-31RA, TRPV1 and TRPA1 were significantly reduced by FRA treatment in
LPS-stimulated HaCaT cells (Fig. 6C), which further confirmed the inhibitory effect of FRA on the IL-31 pathway.

4. Discussion

In this study, we demonstrated that FRA regulates the IL-31-TRP pathway by exerting antipruritic and anti-inflammatory effects
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Fig. 5. Fraxinellone inhibits the mRNA expression and protein levels of IL-31, IL-31RA, TRPV1, and TRPAL in the skin and DRG of DNFB-induced
AD-like mice. (A) The relative mRNA expression of IL-31, IL-31RA, TRPV1, and TRPA1 in lesion skin. (B) The relative mRNA expression of IL-31RA,
TRPV1, and TRPA1 in DRG. (C) The protein levels of IL-31, IL-31RA, TRPV1, and TRPAL in lesion skin. (B) The protein levels of IL-31RA, TRPV1 and
TRPA1 in DRG (*P < 0.05, **P < 0.01, ***P < 0.001, versus DNFB group; P < 0.05, “*P < 0.01, *##P < 0.001, comparison between groups; N.S,
not significant; n = 4).

using a DNFB-induced AD-like mouse model and LPS-stimulated HaCaT cells.

IL-31, as a cytokine, not only directly induces scratch behaviors, but also aggravates and amplifies the inflammation and itch in AD
[38]. For chronic itch caused by moderate-to-severe AD, antihistamines are less effective [39]. Accumulating evidence indicates that
Th2 cell-derived cytokines, including TSLP, IL-31, IL-13, IL-33, and IL-4 play an important role in AD-induced pruritus and inflam-
mation, and the development of anti-cytokine drugs has become a research hot spot [40]. To investigate whether FRA could act on
IL-31 to inhibit AD, we first observed the inhibitory effect of FRA on IL-31-induced itch. Interestingly, FRA significantly inhibited
IL-31-induced scratching behaviors (Fig. 1).

Subsequently, we validated the antipruritic effects of FRA in a DNFB-induced AD-like mouse model. Consistent with our conjecture,
FRA exhibited significant anti-dermatitis effects, effectively reducing chronic itch, skin scores, and inflammatory infiltration (Figs. 2
and 3). The chain reactions of recurrent scratching, skin barrier dysfunction, and allergic inflammation are closely associated with the
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Fig. 6. Fraxinellone inhibits the inflammation response induced by LPS in HaCaT cells. (A) The effects of fraxinellone on HaCaT cells viability were
measured using the MTT assay. HaCaT cell were preincubated with fraxinellone for 2 h, and then treated with LPS for 24 h. (B) LPS-induced iNOS
and COX2 levels in HaCaT cells were determined using Western blotting. (C) The protein levels of IL-31, IL-31RA, TRPV1, and TRPA1 in LPS-
stimulated HaCaT cells (*##P < 0.001, versus the control group; *P < 0.05, **P < 0.01, ***P < 0.001, versus the LPS-stimulated group; n = 4).

severity of AD. In particular, the vicious “scratch-itch-scratch” cycle involves not only the initiation and maintenance of AD skin
inflammatory infiltration and damage, but is also the malignant result of AD [41]. In DNFB-induced AD-like mice, the skin showed
obvious dryness, redness, swelling, exudation, and scabbing, with the increased number of scratching. FRA treatment, significantly
improved skin lesions in DNFB-induced AD-like mice. Additionally, epidermal thickening and mast cell numbers were significantly
inhibited. FRA has been suggested to exert protective effects on the skin barrier. Moreover, the treatment of FRA had no obvious effect
on the body weight of AD mice, suggesting that FRA may have minor side effects.

Previous studies have shown that FRA inhibits the activation of various inflammatory molecules in the pancreas, thereby inhibiting
acute pancreatitis [42]. FRA can also suppress the production of IL-17 and Th17 cell-related transcription factors, and significantly
inhibit the activation of the STAT3 signaling pathway [43]. However, few studies have explored the anti-inflammatory effects of FRA
on AD. Our findings revealed that FRA significantly reduced the levels of IL-31 in the serum and lesioned skin of DNFB-induced AD-like
mice. Furthermore, FRA treatment decreased IL-4 and TSLP levels (Fig. 4), indicating its ability to attenuate inflammatory responses in
DNFB-induced AD-like mice.

FRA treatment inhibited the decrease in IL-4 and TSLP levels, indicating its ability to attenuate the inflammatory response in AD
mice. Th2 cytokines can activate or sensitize TRP channels to participate in the pathological development of AD via different
mechanisms under different pain and itch conditions [40]. Previous studies have shown that IL-31 induces pruritus and regulates the
pathogenesis of AD by activating TRPV1'/TRPA1" sensory neurons and even sensitizing TRPV1 channels in a fast mode [13,40]. Our
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results show that the mRNA and protein levels of IL-31, IL-31RA, TRPV1 and TRPA1 in the skin and DRG of DNFB-induced AD-like
mice were inhibited by FRA treatment (Fig. 5). This further supports the notion that FRA exerts its anti-inflammatory and antipruritic
effects in AD by modulating IL-31. TRPV1 and TRPA1 are expressed in sensory neurons and skin cells and play key roles in the
transduction of inflammation, pain and itch signals [44-46]; we speculated that FRA may also have an inhibitory effect on some
pain-related inflammatory diseases, such as enteritis and arthritis. However, this hypothesis requires further validation.

The anti-inflammatory effects of FRA and its inhibitory effect on the IL-31 pathway were further verified in LPS-stimulated HaCaT
cells. Keratinocytes are one of the main cellular components and effector cells involved in inflammatory responses. Stimulating HaCaT
cells with LPS can activate NO, and PGE2 production, and is an excellent model for anti-inflammatory drug screening [32]. The in-
flammatory response in the pathologic progression of AD plays a vital role. An imbalance in the production of the inflammatory
mediators NO and PGE2, which are synthesized by iNOS and COX2 enzymes, is associated with the inflammatory response in AD. As
shown in Fig. 6B, FRA significantly inhibited iNOS and COX2 protein levels in LPS-stimulated HaCaT cells. FRA has been reported to
exert inhibitory effects on iNOS and COX2 production in LPS-stimulated RAW264.7 cells by inhibiting NF«B signal transduction [47];
however, in our study, we first confirmed the inhibitory effect of FRA on LPS-stimulated HaCaT cells. Importantly, the protein levels of
IL-31, IL-31RA, TRPV1, and TRPA1 were inhibited by different FRA concentrations in LPS-stimulated HaCaT cells (Fig. 6C). This is
consistent with the results of the animal experiments, thereby further elucidating the inhibitory effect of FRA on IL-31 and its
downstream TRP channels.

Importantly, previous studies have demonstrated that oral administration of 100 mg/kg FRA dose not induce significant toxico-
logical reactions in the vital organs of mice, including the liver, heart, kidney, lung and spleen [48]. No significant side effects of FRA
were observed during the experiment. This indicates that FRA may have significant anti-inflammatory and antipruritic effects with
minimal adverse effects in AD treatment, and has high research and development value in the clinical treatment of
inflammation-related skin diseases.

However, some limitations of this study should be acknowledged. Although we clarified the inhibitory effect of FRA on IL-31, IL-
31RA, TRPA1, and TRPV1, further investigations are warranted to delineate the precise mechanisms by which FRA acts on IL-31RA or
TRP channels (e.g., whether FRA can inhibit or sensitize TRP channels).

5. Conclusion

We demonstrated the antipruritic and anti-inflammatory effects of FRA in DNFB-induced AD-like mice and LPS-stimulated HaCaT
cells. FRA significantly inhibited chronic itch, epidermal thickening, and skin inflammation in DNFB-induced AD-like mice by regu-
lating IL-31 and its downstream TRP pathway. These results suggest that FRA holds promise as a potential drug for the clinical
treatment of AD.
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