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Background: Chronic itch is the most prominent symptom of atopic dermatitis (AD), which severely impacts the quality of life of
patients and persists even after medication. Gut microbiota dysbiosis is considered to contribute to AD, however, the roles of gut
microbiota in the modulation of chronic pruriceptive processing currently remain unclear. The present study aimed to elucidate the
potential regulatory role of the gut microbiota in AD-associated chronic itch.

Methods: In this study, the 1-fluoro-2,4-dinitrobenzene (DNFB)-induced mouse model of AD-associated chronic itch was established.
Differences in gut microbiota composition between model and healthy controls were analyzed using high-throughput 16S rRNA gene
sequencing. In addition, we performed oral fecal microbiota transplantation (FMT) from model mice to antibiotic cocktail-treated
healthy mice and observed whether they could induce itch behavior. Furthermore, feces from healthy mice were transplanted into
model mice to evaluate their effects on itch symptoms and skin inflammation.

Results: The DNFB induced significantly itch behaviors and an altered gut microbiota composition. The gut microbiota from chronic
itch mice through oral administration could induce itch behaviors in antibiotic cocktail-treated healthy mice. While, oral FMT from
healthy mice to chronic itch mice not only significantly alleviated scratching behavior but also ameliorated skin damage and
inflammation. Following FMT administration from healthy donors, remarkable alterations were observed in the metabolomic profiles
of mice with DNFB-induced chronic itch.

Conclusion: These findings highlight the potential link between gut microbiota dysbiosis and chronic itching in AD, suggesting that
targeting the gut microbiota may be a therapeutic strategy for chronic itch.
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Introduction
Atopic dermatitis (AD) is a recurrent, chronic, non-infectious inflammatory skin disease characterized by persistent
itching of the skin.' > The prevalence of AD is approximately 20% in children and about 10% in adults.*> According to
clinicians, persistent itching is the chief complaint of 87% of AD patients and the first symptom of AD, regardless of its
specific phenotype. Despite treatment, it remains poorly relieved, disrupting daily activities, causing insomnia, and
significantly impairing quality of life.*'® Although not fully understood, it is widely believed that genetic disorders,
epidermal barrier defects, immune response alterations, and disturbances in the skin microbiota balance are the most
important mechanisms underlying the development of AD."''* However, the relationship between gut microbiota and
chronic itch in AD has yet to be fully elucidated, leaving key mechanisms incompletely understood. Moreover, the
development of safe and effective antipruritic therapies has proven challenging, resulting in inadequate management of
chronic itch for many AD patients in clinical settings.

Studies have reported the presence of gut microbiota dysbiosis in AD.'*'" Infants and children with AD exhibit
significantly lower gut microbiota diversity compared to healthy controls, which is closely associated with an increased
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risk of developing AD.'®!'” The gut microbiota in early life is associated with the age of onset, severity, flare-ups,
remission, and phenotype of AD. In addition to the diversity of the gut microbiota itself, interactions between specific gut
microbiota, the established immune system, and the coordination between the gut microbiota and the host may play a role
in the development of AD.'® Furthermore, metabolites of the gut microbiota, namely short-chain fatty acids, have been
found to be significantly reduced in AD patients.'*?° These metabolites can circulate through the bloodstream and affect
inflammation in distant parts of the body.

Chronic itching is a key feature of AD. While several studies have been conducted on the role of gut microbiota
in AD, the exact impact of gut microbiota on chronic itching in AD remains unclear. Investigating the effect of gut
microbiota on AD related itch phenotypes and the possible molecular mechanisms could contribute to the development of
new treatment strategies for alleviating chronic itching in AD patients.

Recent studies increasingly indicate that the gut microbiota may be involved in the onset and modulation of chronic
itch. For example, significant alterations in gut microbial composition have been observed in a mouse model of chronic
itch.?' Clinical evidence further suggests that gut dysbiosis often accompanies chronic itch in multiple diseases and is
associated with itch severity.”® In addition, studies in patients with liver cirrhosis complicated by chronic itch have
demonstrated that those with more severe itch exhibit significantly different fecal and salivary microbial profiles
compared with patients with mild itch, and these alterations are not directly concordant with the decompensated status
of cirrhosis.?® These findings suggest that specific alterations in the gut microbiota may be independent of overall disease
severity and closely associated with the development of the itch phenotype. Notably, other studies have reported that
patients with primary biliary cholangitis accompanied by pruritus do not exhibit significant differences in baseline gut
microbiota composition compared with control groups.>*?* This suggests that whether the gut microbiota can serve as
a primary driving factor of chronic itch requires further investigation, and the causal relationship between the two
remains unclear.

The present study sought to comprehensively examine the involvement of the gut microbiota in AD-related chronic
itch. Accordingly, gut microbiota composition in AD mice was initially compared with that of healthy controls using 16S
rRNA amplicon sequencing to characterize global structural differences. Subsequently, antibiotic-mediated gut micro-
biota depletion and fecal microbiota transplantation (FMT) were employed to further validate the causal effects of
microbiota alterations on the chronic itch phenotype. Given that 1-fluoro-2,4-dinitrobenzene (DNFB) has been widely
used to establish experimental models of atopic dermatitis and has been shown to reliably and reproducibly induce
chronic itch-related behaviors, a DNFB-induced AD mouse model was selected for this study.?**’ Overall, this design
advances insight into gut microbiota—mediated mechanisms underlying AD-related chronic itch and supports micro-
biome-based therapeutic strategies.

Methods

Materials

Vancomycin hydrochloride (V105495), ampicillin sodium (A105483), neomycin sulfate (N109017), and metronidazole
(M109874) were obtained from Aladdin (Shanghai, China). These antibiotics were used for microbiota depletion prior to
fecal microbiota transplantation. 1-fluoro-2,4-dinitrobenzene (DNFB) and olive oil were purchased from MCE (USA).
DNFB was applied to induce atopic dermatitis-like symptoms in mice, with olive oil and acetone serving as its solvents
during the sensitization and challenge phases. Acetone was sourced from China National Pharmaceutical Group
Chemical Reagent Co., Ltd. (China).

Animals

Specific-pathogen-free 8-week-old male BALB/c mice (weight 19-23 grams) were acquired from Zhejiang Vital River
Laboratory Animal Technology Co., Ltd. All animals were housed in a 23+2°C environment with a 12-hour light/dark
cycle, and were given free access to food and water. The experiments strictly followed the guidelines of the Nanjing
Medical University Animal Welfare and Use Committee (license number IACUC-2406065) and the Animal Ethics
Review Committee.
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Before the start of the experiments, mice were acclimatized for at least 7 days. They were then randomly assigned to
different experimental and control groups using a computer-generated random number sequence. To minimize potential
confounding factors, animals from each group were randomly distributed across cages, and experimental procedures and
measurements were performed in a randomized order. The experimental unit was defined as an individual mouse.
Inclusion and exclusion criteria were predefined during the experimental design stage. All healthy mice with successful
model establishment were included in the final analysis; mice were to be excluded if unexpected death, severe infection,
or failure of model induction occurred during the experiment. No animals were excluded in the present study. A total of
64 mice were used in this study and were randomly assigned to the experimental groups, with eight mice per group.
Sample size determination was based on previously published literature and the experimental experience of our research
group with similar animal models, to ensure reliable and reproducible results within ethical constraints. Group sizes
varied (n = 6-8 per group) depending on the experimental assay, and the exact number of animals used for each analysis
is indicated in the corresponding figure legends. The experimental allocation was performed by a separate investigator
who was not involved in treatment administration, outcome assessment, or data analysis. To minimize observer bias,
behavioral assessments, histological analyses, and data analyses were all performed in a blinded manner by investigators
who were unaware of the group allocations.

Establishment of the Chronic Itching Model and Evaluation of Scratching Behavior
According to the schematic, DNFB dissolved in a 4:1 mixture of acetone and olive oil was repeatedly applied to the shaved
skin of the mice to establish the chronic itching model.>” Two days before the application of DNFB, hair removal was
performed on the mouse’s abdomen and the dorsal neck region, approximately 2 cm? in area. During the sensitization phase,
50 pL of 0.5% DNFB solution was applied to the depilated abdominal skin. On the fifth day after sensitization, the challenge
phase began, and 30 pL of 0.25% DNFB solution was applied to the depilated neck and back skin every other day (on days 6,
9, 11, and 13). The control group mice underwent the same procedure, but only solvent was applied.

Behavioral assessments were conducted on experimental days 1, 5, 7, 10, 12, and 14. Before each assessment, mice
were individually placed in transparent plastic cages and allowed to acclimatize to the environment for 30 mins. After the
acclimation period, spontaneous scratching behavior was continuously recorded for 1 h using a video monitoring system.
Quantitative measures of scratching behavior included the number of scratching events and the total scratching duration.
Scratching behavior was defined using a standardized operational criterion: a single scratching bout was defined as
a mouse lifting a hind paw and repeatedly scratching the DNFB-treated skin area until the hind paw was withdrawn and
returned to the floor or transitioned to another behavior, such as paw licking. If the interval between two consecutive
scratching movements was >1 s, they were counted as two independent scratching events. All behavioral data were
analyzed based on video playback by investigators who were blinded to the group allocations.

Fecal Collection and 16S rRNA Gene Sequencing Analysis

Fresh fecal samples were collected, placed in sterile centrifuge tubes, immediately frozen, and stored at —80°C. DNA
extraction from fecal samples and 16S rRNA analysis were conducted by Shenzhen BGI Genomics Co., Ltd. PCR
amplification was used to amplify the bacterial 16S rRNA gene targeting the V3-V4 region. Alpha-diversity analysis was
evaluated using the Shannon entropy index, Simpson’s diversity index, Pielou’s evenness index, and observed species
count. Beta-diversity was determined through principal coordinate analysis (PCoA). Statistical significance was tested by
analysis of similarities (ANOSIM). A heatmap cluster analysis at the genus level was performed based on bacterial
abundance data. The analysis was conducted using the pheatmap package in R (version 4.3.2), with the Euclidean
distance metric and the complete linkage method. The top 10 most abundant genera were selected, and their average
relative abundances along with the statistical significance of differences between groups were displayed.

Non-Targeted Metabolomics Detection Method

Metabolomics detection was performed using the Q Exactive HF high-resolution mass spectrometer from BGI
Genomics (Shenzhen, China), based on liquid chromatography-tandem mass spectrometry (LC-MS/MS) technology.
To maximize metabolite detection coverage, data acquisition was performed in both positive (ESI") and negative
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(ESI') electrospray ionization modes, with mass spectrometry data collected in full-scan mode. To ensure data quality
and system stability, quality control samples were periodically inserted at fixed intervals throughout the sample run to
monitor instrument response reproducibility and data consistency. Raw mass spectrometry data were processed
uniformly using Compound Discoverer 3.1 software. The analysis workflow included peak extraction, peak alignment,
peak integration, and noise reduction, with all parameter settings following the software’s recommended standard
procedures and kept consistent across all samples. Metabolite identification was based on accurate mass, retention
time, and MS/MS fragmentation patterns, and involved cross-referencing multiple databases, including the BGI in-
house standard library (BGI Library), mzCloud, and ChemSpider (integrating HMDB, KEGG, and LipidMaps). Peak
extraction and metabolite identification were performed on the raw mass spectrometry data to obtain peak areas and
identification results. The exported results were further preprocessed using metaX to generate compounds and
quantitative values suitable for formal analysis.

Antibiotic Cocktail Therapy and Fecal Microbiota Transplantation

The antibiotic cocktail (ABX) was composed of vancomycin hydrochloride (0.5 g/L), ampicillin sodium (1 g/L), neomycin
sulfate (1 g/L), and metronidazole (1 g/L), which were mixed into the drinking water of the mice at the specified
concentrations. Fresh fecal samples from mice were collected prior to antibiotic treatment. One gram of feces was placed
in a sterilized screw-cap EP tube containing 10 mL of sterile PBS, vortexed thoroughly, and centrifuged at 4°C and 2000 r.
p.m. for 5 minutes. The pellet was discarded, and the supernatant was transferred to a new sterile tube and stored at —80°C
for future use. Mice were continuously treated with ABX for 14 days. A 1-day washout period (ABX cessation) was applied
before the first FMT. The experimental group of mice was then orally gavaged with the supernatant or PBS for 7
consecutive days, at a dose of 100 puL per mouse.

Histological and Immunohistochemical Analyses

Skin lesion tissues and colon tissues from each group of mice were fixed overnight in 4% paraformaldehyde, followed by
routine dehydration, paraffin embedding, and sectioning. Paraffin sections were stained with hematoxylin and eosin
(H&E) according to the manufacturer’s instructions. Quantitative analysis of epidermal thickness was performed using
Image] software. Epidermal thickness was defined as the vertical distance from the basal layer to the top of the stratum
corneum and was measured in micrometers (um). For each section, three measurement points were randomly selected for
multipoint assessment, and the mean value was calculated as the epidermal thickness.

Skin tissue sections were stained with toluidine blue for mast cells and processed for immunohistochemistry to
evaluate the expression and spatial distribution of IL-4, IL-13, and IL-31. Mast cell toluidine blue staining was performed
according to the manufacturer’s instructions to evaluate mast cell infiltration. For immunohistochemistry, sections were
deparaffinized, rehydrated, subjected to heat-induced antigen retrieval, and blocked with serum, followed by incubation
with primary antibodies (IL-4: Proteintech, 84758-5-RR; IL-13: Affinity, DF6813; IL-31: Omnimabs, OM281946), then
with the corresponding secondary antibodies and developed.

Evaluation of Skin Lesions

Clinical skin scores were recorded based on four criteria: erythema/bleeding, scarring/dryness, edema, and scaling/
erosion. Each criterion was scored from 0 to 3 based on lesion severity (0: none; 1: mild; 2: moderate; 3: severe, with
higher scores indicating more severe symptoms). The assessment of each item was based on clinical features such as the
extent and intensity of lesions, and the presence of exudation or structural changes in the skin. The clinical skin score was
then calculated as the sum of the four individual scores, yielding a total score ranging from 0 to 12.

Enzyme-Linked Immunosorbent Assay Analysis

Lipopolysaccharides (LPS), IL-6, IL-1B, TNF-a, and IgE were measured using ELISA kits (obtained from Xinbosheng
Biotechnology Co., Ltd., Shenzhen, China, and Huamei Bioengineering Co., Ltd., Wuhan, China). All experimental
procedures were performed strictly in accordance with the manufacturers’ instructions. Optical density (OD) at 450 nm
was measured using a microplate reader (Agilent, USA) to determine analyte concentrations.
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Statistical Analysis

All data were analyzed using GraphPad Prism (version 9.5.0) and expressed as mean +SEM. Comparisons between two
independent experimental groups were performed using a two-tailed unpaired Student’s #-test. Comparisons among three
or more groups were performed using one-way ANOVA, followed by post-hoc correction using Fisher’s least significant
difference method. Multiple group comparisons with two independent variables were performed using two-way ANOVA,
followed by post-hoc testing with Tukey’s honest significant difference method. The sample size for each experiment and
detailed statistical analysis methods is provided in the figure legends. A p-value < 0.05 was considered statistically
significant. Data were first assessed for normality using the Shapiro—Wilk test and for homogeneity of variance using
Levene’s test. If the assumptions were not met, appropriate non-parametric tests were applied (eg, Mann—Whitney U-test
or Kruskal-Wallis test).

Results
Successful Establishment of the DNFB-Induced Chronic Itch Model in Mice

To establish a mouse model of DNFB-induced chronic itch, a standardized protocol was used involving skin sensitization
followed by repeated DNFB challenges (Figure 1A). Behavioral assessments were conducted at designated time points to
evaluate pruritic responses, such as scratching frequency and total scratching duration. Compared with control mice
(NC), DNFB-treated mice exhibited significantly increased scratching frequency and prolonged scratching duration
(Figure 1B). In addition, DNFB-induced chronic itch was associated with prominent dermatitis-like skin lesions,
including erythema, dryness, excoriation, and scaling, as illustrated by representative images (Figure 1C). Quantitative
analysis of clinical skin scores revealed significantly greater dermatitis severity in the DNFB group compared to controls
(Figure 1D). H&E staining showed marked epidermal hyperplasia and inflammatory cell infiltration in the DNFB group
(Figure 1E), along with significantly increased epidermal thickness compared to the control group (Figure 1F). There was
no statistically significant difference on focal epithelial damage or submucosal inflammatory cell infiltration in the
colorectal tissues between the DNFB group and NC group (Figure 1G).

Alterations in Gut Microbiota Composition and LPS Levels in DNFB-Induced Chronic
Itch Mice

To explore the differences in gut microbiota composition between chronic itching mice and healthy wild-type mice,
fecal samples were collected from the mice and sequenced to analyze the characteristics of their gut microbiota. As
shown in Figure 2A, the species richness, Shannon diversity index, Simpson diversity index, and Pielou’s evenness
index were decreased in the chronic itching mice, suggesting that alpha-diversity analysis was significant differences
between the two groups. Subsequently, beta-diversity analysis, which quantifies the similarity or difference between
groups, revealed a significant difference in the gut microbiota composition between chronic itching mice and wild-type
mice (Figure 2B).

Bray-Curtis matrix analysis showed significant differences in dominant species between the two groups. Further
analysis of the Jaccard index revealed significant differences between chronic itching mice and their littermate wild-type
controls. Comparison of genus-level relative abundance across groups revealed that the relative abundances of
Prevotellamassilia (P < 0.05) was decreased in DNFB-treated mice compared to controls, while Flintibacter (P <
0.01), Anaerotignum (P < 0.01), and Schaedlerella (P < 0.01) were increased (Figure 3A and B). Meanwhile, the
serum LPS concentration was significantly increased in DNFB-treated mice (Figure 3C).

Fecal Microbiota Transplantation from Mice with DNFB-Induced Chronic Itch Can
Induce Chronic Itching in Healthy Mice

To further investigate the relationship between the development of chronic itching and gut microbiota, we performed FMT
from DNFB-induced mice into healthy mice to explore the influence of abnormal gut microbiota on chronic itching
phenotype. As shown in Figure 4A, mice were first pretreated with an antibiotic cocktail for 7 days to deplete the gut
microbiota. Following this, they received normal drinking water for 1 day to permit recovery of the gut microenvironment.
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Figure | Successful establishment of the DNFB-induced chronic itch model in mice. (A) Schematic illustration of the experimental protocol used to establish DNFB-
induced chronic itch in mice. (B) Behavioral assessment schedule evaluating pruritic responses: (i) number of scratching bouts; (i) total scratching time. (C) Representative
images showing dermatitis-like skin lesions in mice. (D) Quantitative analysis of dermatitis severity based on clinical skin scores across groups. (E and F) Histological
examination of skin tissue (scale bar = 200 pm) (E) and the quantification of epidermal thickness in each group (F). (G) H&E-stained colon tissue sections from each group
(scale bar = 200 um). *P < 0.05, **P < 0.0l; n = 8.

6 httpsi/idoi.org/10.2147/)IR.S573709 Journal of Inflammation Research 2026:19



Xiong et al

540 ° 7.00
°
6.75
530
° c
g 2
£ 520 s
5 .- =
(74
°
6.25
510
o
°
6.00
500
ol®
NC DNFB NC DNFB
0.775
°
%o
0.98
0.750 hd
°
I X
5 0.725
0.97
2 3
[
- [ -
o
»n o) 0.700
0.96 °
0.675 g
° )
0.95 0.650
NC DNFB NC DNFB
Bray-Curtis Jaccard
® NC
® ¢}
® DNFB
° 02 { g
o
0.1 °
9 z o
S - 3
< ® o o ®
= =
~ 00
N N 0.0
(8]
g ° o °
® 0 ) 0
@ -0.1
-0 ®
[ ]
-0.2 L
([ ] [ ]
-0.2 -0.1 0.0 01 -0.3 -0.2 -0.1 0.0 01 0.2
PC1 (33.7%) PC1 (27.35%)
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Figure 4 Effect of fecal microbiota transplantation from chronic itch to healthy mice on the chronic itching phenotype. (A) Experimental design diagram. Both groups of
mice were treated with broad-spectrum antibiotics (ABX) in drinking water for 7 days, followed by FMT for 7 days with a |-day interval. The experimental group received
FMT derived from DNFB-induced chronic itch mice (NC+ABX+DNFB_F), whereas the control group received saline (NC+ABX). (B) Time points for behavioral assessment
of scratching: (i) Number of scratching bouts; (ii) Duration of scratching. *P < 0.05, **P < 0.0l; n = 8.

Finally, a 7-day FMT was conducted, after which scratching frequency and duration were evaluated. The findings indicated
that compared with the control group (NC+ABX), FMT from DNFB-treated mice (NC+ABX+DNFB_F) induced an
increased number of scratches and a longer scratching duration (P < 0.05, Figure 4B). Notably, no skin damage was
observed in the NC+ABX+DNFB_F group (Supplementary Figure S1).

Fecal Microbiota Transplantation from Healthy Mice Alleviates Scratching Behavior and

Inflammatory Responses in DNFB-Induced Chronic Itch Mice

To explore whether remodeling the gut microbiota in DNFB mice has a regulatory effect on chronic itching, we performed FMT
from healthy mice into DNFB-induced chronic itch mice (DNFB+ABX+NC F). The experimental procedure was consistent
with the previous protocol: recipient mice received a 14-day antibiotic pretreatment, followed by a 1-day interval, after which the
7-day FMT was commenced. The results showed that FMT from healthy mice (DNFB+ABX+NC _F) significantly reduced the
number of scratches and the duration of scratching in DNFB-induced chronic itch mice (P < 0.05, Figure 5). To further evaluate
the effects of FMT derived from healthy mice on skin pathological damage and local inflammatory responses in DNFB-induced
chronic itch mice, histological and immunohistochemical analyses were performed on skin tissues from different groups. The
results showed that, compared with the DNFB group, gut microbiota transplantation from healthy donors significantly
ameliorated skin lesions and reduced epidermal thickening and inflammatory infiltration (Figure 6A-D).

In light of the critical involvement of mast cell infiltration and various pruritogenic and type 2 inflammatory mediators in
chronic itch pathogenesis, we next assessed related indicators in the skin. The results showed an increase in mast cell
accumulation in the skin of DNFB-induced chronic itch mice, which was attenuated after transplantation of microbiota from
healthy mice (Figure 6E). Meanwhile, immunohistochemical staining revealed that IL-31, IL-4 and IL-13 expressions were
upregulated in the skin of the DNFB group, which was efficiently inhibited by FMT from healthy mice (Figure 6F—H),
suggesting that restore gut microbiota has potential to improve skin structural impairment and inhibits local inflammatory in
chronic itch.
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Figure 5 Fecal microbiota transplantation from healthy donor mice alleviates chronic itching in DNFB-induced chronic itch mice. *P < 0.05, **P < 0.01, compared with
controls (NC+ABX); #P < 0.05, ##P < 0.01, compared with mice with chronic itch (DNFB+ABX); n = 8.

As shown in Figure 7, compared with the control group, serum levels of IgE, IL-6, IL-1B, and TNF-a were
significantly elevated in mice with DNFB-induced chronic itch, indicating a pronounced allergic immune response and
systemic inflammatory activation. FMT from healthy mice markedly decreased serum levels of these inflammatory
markers compared to the mice with DNFB-induced chronic itch. These results suggested that partially restored the gut

microbiota may contribute to alleviate systemic inflammation in chronic itch.

The Impact of FMT on the Metabolomics of Mice with DNFB-Induced Chronic ltch

Furthermore, we observed the untargeted metabolomics differences between chronic itch mice receiving fecal transplantation
from healthy wild-type donor mice (DNFB+ABX-+NC F) and the chronic itch mice. In Figure 8, the results showed that the
base peak chromatograms of quality control (QC) samples were highly overlapping, and correlation analysis demonstrated
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Figure 7 Fecal microbiota transplantation from healthy mice attenuates inflammatory responses in mice with chronic itch AD. (A-D) Serum levels of IgE, IL-6, IL-1p, and
TNF-0. measured by ELISA in each group of mice. *P < 0.05, **P < 0.0l; n = 8.

strong consistency among QC samples. In addition, the coefficients of variation (CV) for most metabolites in QC samples
were below 30%, indicating good analytical reproducibility. Overall, these findings confirmed the robustness of the Liquid
Chromatography—Mass Spectrometry platform and support the reliability of downstream metabolomic analyses. Untargeted
metabolomics analysis was used to select differential metabolites between the two groups based on a #-test (criteria: p < 0.05,
Variable Importance in Projection (VIP) > 1, Fold Change > 1.2 or < 0.83), and a volcano plot of these metabolites was
generated. Simultaneously, a volcano plot of differential metabolites was generated based on VIP and fold change (Figure 9A).
A total of 254 differential metabolites were identified, with 51 metabolites upregulated and 203 metabolites downregulated in
chronic itch mice receiving fecal microbiota transplantation compared to the chronic itch group, based on multiple testing
correction (Figure 9B). Pathway enrichment analysis of differential metabolites based on the KEGG database indicated
significant enrichment in several metabolic pathways, including linoleic acid metabolism, carbon metabolism, central carbon
metabolism in cancer, bile secretion, and biosynthesis of amino acids (Figure 9C). Among them, the linoleic acid metabolism
pathway demonstrated the most pronounced enrichment, coupled with a high enrichment factor (RichFactor), indicating
substantial metabolic alterations in this pathway following FMT treatment. To further elucidate the directional trends of these
pathways, a differential abundance score-based analysis was performed. As shown in Figure 9D, the linoleic acid metabolism,
carbon metabolism, and amino acid biosynthesis as well as cofactor biosynthesis pathways were generally downregulated after
treatment, whereas the bile secretion pathway was significantly upregulated in response to the intervention.

Discussion

Our study reveals the critical role of the gut microbiota in AD-associated chronic itching. Transplantation of fecal
microbiota from DNFB-induced chronic itch mice into antibiotic-treated healthy mice induced chronic itching in the
recipients. Furthermore, FMT from healthy donors into mice with DNFB-induced chronic itch effectively alleviated
pathological scratching, epidermal thickening, and reduced inflammation in the recipient mice. We conclude that altered
gut microbiota has a role in the pathogenesis of AD-associated chronic pruritus, highlighting it as a promising target for
therapeutic interventions.

Gut microbiota, comprising the vast community of commensal microorganisms residing in the gastrointestinal tract,
has been shown to play critical roles in numerous physiological and pathological processes. The role of gut microbiota in
the pathophysiology of AD has gained increasing attention.”®*’ Previous studies have reported dysbiosis of the gut
microbiota in AD patients.’®>? The link between gut microbiota dysbiosis and chronic itch in AD is supported by our
experiments. Transplantation of gut microbiota from AD-induced chronic itch model mice into healthy recipient mice
successfully provoked significant scratching behavior in the recipients. This finding suggests that AD-associated pruritus
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Figure 8 Metabolomic quality control (QC) analysis of a chronic itch mouse model modulated by fecal microbiota transplantation from healthy donors. (A) Base peak
chromatograms: The base peak chromatograms of QC samples in both positive and negative ion modes were highly overlapping, indicating good stability of instrument
response intensity and retention time. (B) QC correlation analysis: Spearman correlation analysis among QC samples revealed overall correlation coefficients approaching I,
indicating minimal system error and good data reproducibility. (C) Coefficients of variation of metabolites in QC samples: The distribution of metabolite CV in QC samples
showed that most metabolites had CV values below 30%, indicating good analytical stability and reliability.

is not merely a localized cutaneous symptom but is systemically regulated by gut microbial ecology. Dysregulated
microbiota alone can act as a pathogenic factor, independent of primary skin inflammation, to drive itch-related behavior.

Interesting, transferring gut microbiota from DNFB-treated donors to healthy recipient mice did not result in obvious
skin lesions. This observation suggests that without direct chemical irritation of the skin, fecal microbiota transplantation
alone cannot entirely reproduce the morphological features of atopic dermatitis. In DNFB-induced models, the devel-
opment of skin lesions relies on several factors, such as repeated hapten exposure, localized disruption of the skin barrier,
and continuous activation of skin immune responses. Although gut microbiota-mediated phenotypic transfer is partial and
does not fully recapitulate the complete disease state, we observed a significant increase in scratching behavior following
fecal microbiota transplantation. This result aligns with existing literature and suggests that specific gut microbial
alterations may operate independently of overall disease severity and are closely linked to the emergence of the itch
phenotype. These findings are consistent with the concept that the gut microbiota can serve as a primary driver in the

pathogenesis of chronic itch.”*?*
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Figure 9 Fecal microbiota transplantation from healthy donors modulates the metabolomic profile in a mouse model of chronic itch. (A) Volcano plot of differential metabolites:
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LPS, a surface glycolipid of Gram-negative bacteria, is widely recognized for its role in acute inflammatory
responses. Beyond this acute context, LPS is also implicated in the development of chronic inflammation. In such
chronic settings, the primary source of LPS is typically not an external infection, but rather an increase in endogenous
production, which is often influenced by the gut microbiota. Our results showed a significant elevation in serum LPS
levels in DNFB-treated mice, suggesting that microbiota dysbiosis may contribute to the initiation of systemic inflam-
matory responses. However, the functional contribution of specific microbial taxa to LPS elevation and the mechanistic
links to chronic itch remain to be fully elucidated, warranting further experimental investigation.

Moreover, in the DNFB-induced disease model with ABX administration, compared to the mice treated with saline
(DNFB+ABX+saline), mice treated with FMT from healthy mice (DNFB+ABX+NC F) showed a significant reduction
in scratching behavior, as well as the inflammatory responses. The findings suggest that the amelioration of scratching
behavior is mainly due to FMT-mediated recovery of gut microbiota function. In this study, the results provide
experimental evidence suggesting that modulation of the gut microbiota may contribute to the attenuation of certain
pathological features observed in DNFB-induced chronic itch. This supports further investigation into its potential as
a targeted therapeutic strategy. It is noteworthy that microbiota depletion can prevent the development chronic painful
conditions with nerve injury, chemotherapy and diabetic neuropathy,” while the ABX effects on chronic itch remain
more explores. Importantly, antibiotic-mediated microbiota depletion may influence baseline itch-related responses and
immune homeostasis, which could in turn affect the sensitivity of the DNFB-induced chronic itch model. Although these
baseline effects were not specifically dissected in the present study, they warrant further investigation in future work.

Notably, linoleic acid metabolism exhibited the most significant enrichment, with a relatively high enrichment factor.
Furthermore, DA score-based directional analysis revealed a marked reduction in metabolites associated with this
pathway following FMT treatment, suggesting a potential downregulation of linoleic acid metabolism in response to
microbial intervention. Linoleic acid is a polyunsaturated fatty acid of the n-6 series, and its metabolites (such as 13-
HODE and 9-HODE) have been shown to induce inflammatory pain by activating TRPV1 ion channels. Given that both
pain and itch are transmitted via overlapping TRP channels, these findings suggest that linoleic acid metabolites may
drive itch through similar mechanisms;***> however, this hypothesis was not directly tested in the present study. In
addition, previous studies have shown that dysregulated linoleic acid metabolism is associated with impaired skin barrier
integrity and increased transepidermal water loss, which may exacerbate cutaneous inflammation and pruritus.’® The
alterations in linoleic acid-related metabolites observed after FMT in this study suggested that the gut microbiota may
alleviate AD-associated chronic itch by modulating linoleic acid metabolism. It should be noted that the exploration of
the underlying mechanisms in the present study remains at a preliminary stage and requires further validation and
clarification. Further mechanistic studies are warranted to elucidate the downstream molecular pathways linking micro-
bial regulation of lipid metabolism with itch sensation and cutaneous inflammation.

Conclusion

This study demonstrates that the gut microbiota plays a crucial regulatory role in AD-related chronic itching. Our
experimental results indicate that dysbiosis or restoration of gut microbiota composition significantly influences both
scratching behavior and inflammation responses in mice with DNFB-induced chronic itch. These findings provide a new
perspective for elucidating the mechanisms underlying chronic itching and may serve as a theoretical foundation for
developing microbiota-targeted therapeutic strategies.
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ABX, antibiotic cocktail, AD, atopic dermatitis; CV, coefficients of variation; DA-score, differential abundance-score;
DNFB, 1-fluoro-2,4-dinitrobenzene; FMT, fecal microbiota transplantation; LPS, lipopolysaccharide; PCoA, principal
coordinate analysis; QC, coefficients of variation.
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