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Background: Tripterygium hypoglaucum (H. Lév.) Hutch. (THH) exerts anti- 

inflammatory and immunosuppressive effects against psoriasis. However, the 

extent to which and the mechanisms by which it ameliorates psoriasis-like 

dermatitis through modulation of the gut microbiota-metabolite axis 

remain unclear.

Methods: This study investigated the therapeutic effects and underlying 

mechanisms of THH in a murine model by employing 16S rRNA gene 

sequencing, intestinal metabolomic profiling, fecal microbiota transplantation 

(FMT), and co-housing experiments.

Results: Our results demonstrated that THH treatment significantly decreased 

PASI scores, alleviated epidermal hyperplasia and skin inflammation, and reversed 

IMQ-induced gut dysbiosis by restoring the Firmicutes/Bacteroidota ratio and 

modulating the abundance of beneficial and pathogenic bacteria. Metabolomic 

analysis revealed that THH normalized multiple metabolic pathways disturbed by 

IMQ, including arachidonic acid metabolism, sphingolipid metabolism, and 

primary bile acid biosynthesis. Correlation analyses further revealed significant 

associations among the altered gut microbiota, key metabolic pathways, and 

psoriasis-related phenotypic indices. Moreover, FMT from THH-treated mice 

conferred significant anti-psoriatic efficacy. Similarly, co-housing experiments 

resulted in the alleviation of skin lesions, reduction of spleen weight, and 

downregulation of inflammatory cytokines.

Conclusion: These findings demonstrate that THH attenuates psoriasis-like 

dermatitis partly by reshaping gut microbiota composition and regulating key 

metabolic pathways, supporting a potential gut-targeted therapeutic strategy for 

psoriasis.
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1 Introduction

Psoriasis represents a chronic, immune-mediated 

dermatological disorder affecting approximately 125 million 

individuals worldwide. Clinically, it manifests as erythematous, 

scaly plaques and systemic in ammation (Lebwohl, 2018; Greb 

et al., 2016), characterized histologically by hyperkeratosis, 

erythema, and scaling, alongside immunological features such as 

neutrophil microabscesses and the in,ltration of γδ+ T cells and 

Th17 cells into the skin. The pathophysiology is marked by 

epidermal hyperplasia, abnormal differentiation, vasodilation, and 

immune cell in,ltration (Takeshita et al., 2017; Korman, 2020). 

Excessive activation of the IL-23/IL-17 axis constitutes a central 

pathogenic mechanism. Environmental and genetic factors activate 

plasmacytoid dendritic cells, which, along with dendritic cells and 

macrophages, produce IL-23. This cytokine promotes Th17 cell 

differentiation and subsequent IL-17 secretion. IL-17 synergizes 

with TNF to induce keratinocyte proliferation and chemokine 

production, thereby recruiting additional Th17 cells to 

in ammatory sites. This self-perpetuating feedback loop sustains 

chronic in ammation and epidermal hyperplasia (Puig et al., 2022). 

Although biologic agents targeting speci,c cytokine pathways have 

revolutionized treatment for severe cases, therapeutic limitations 

persist. Disease relapse frequently follows drug discontinuation, and 

an increasing number of patients exhibit refractoriness to all 

available therapies, substantially amplifying the psychosocial and 

economic burdens imposed by psoriasis on individuals and society.

Intestinal microbial  ora is recognized as an indispensable 

“metabolic organ” that plays crucial roles in maintaining human 

health and initiating diseases, including digestion, nutrient 

absorption, energy supply, immune regulation, and disease 

resistance (Lin et al., 2018; Kelly et al., 2005; Xu et al., 2003). 

The intestinal microbial  ora comprises trillions of 

microorganisms that colonize the gastrointestinal tract and are 

involved in many local and systemic processes (Wang et al., 

2020; Mobeen et al., 2018). Many factors can in uence the 

composition and functions of intestinal microbiota, including 

dietary patterns, antibiotics, and the mode of delivery at birth, 

which plays an essential role in bacterial diversity (Kahleova 

et al., 2020; Tonon et al., 2021; Liou et al., 2019). Accumulating 

evidence indicates that perturbations in the gut microbiome and its 

in uence on metabolic and physiological functions may signi,cantly 

contribute to the development of human diseases. A reduction in the 

relative abundance of bene,cial microbiota and an increase in 

pathogenic bacteria can disrupt the homeostasis of intestinal 

microbial  ora composition and ecosystem, consequently 

in uencing the body’s immune function and promoting the 

development of chronic in ammatory diseases (Stecher, 2015; 

Zhao et al., 2023). Psoriasis is also associated with gut 

microbiota. Numerous studies linked gastrointestinal health to 

skin homeostasis, revealing that both the composition and 

function of the intestinal microbial  ora are disrupted in 

psoriasis patients. Some scholars have even suggested that 

psoriasis should be classi,ed as a gastrointestinal disease (Ely, 2018).

Tripterygium hypoglaucum (Lévêque) Hutch. (THH), a member 

of the Celastraceae family, is predominantly found in southwestern 

China and along the southern bank of the Yangtze River. Its primary 

chemical constituents include alkaloids, diterpenoids, and 

triterpenoids (Zhang et al., 2016). Clinically, its pharmacological 

effects, such as antitumor, immunosuppressive, and anti- 

in ammatory activities, are comparable to those of Tripterygium 

wilfordii Hook F (TwHF) (Liu, 2011; Lu et al., 2015) but with fewer 

side effects and lower toxicity (Zhao et al., 2021).

Our preliminary studies have demonstrated that THH-MeOH 

effectively inhibits M5-induced hyperproliferation of HaCaT cells, 

reduces skin lesions and serum in ammatory cytokine levels along 

with their mRNA expression, corrects the IMQ-induced imbalance 

in the RORγt/Foxp3 ratio, and suppresses the phosphorylation of 

IκBα, NF-κB p65, MAPK, and STAT3/JAK2 (Sun et al., 2024). Oral 

administration of THH inhibits NOD-like receptor pyroptosis- 

related protein 3 (NLRP3)-mediated pyroptosis in arthritis mice, 

thereby blocking in ammatory responses in bilateral joints and the 

colon. It also signi,cantly reshapes bile acid metabolism pattern in 

rheumatoid arthritis (RA) mice, demonstrating notable regulatory 

effects on intestinal microbial  ora structure and metabolic status 

(Zheng et al., 2023). Current research on the gut microbiota- 

mediated metabolic regulation mechanisms of THH in psoriasis 

treatment remains limited, highlighting the need for comprehensive 

studies to elucidate its metabolic pathways. Building upon this 

research foundation, our study systematically investigates the 

therapeutic mechanisms of THH in IMQ-induced psoriasis in 

mice using a combination of metabolomics and 16S rRNA 

sequencing of gut microbiota. By establishing fecal microbiota 

transplantation (FMT) mouse models and conducting co-housing 

experiments, we identi,ed THH-associated metabolic pathways and 

functional intestinal microbial  ora that improve psoriasis while 

observing microbial composition and metabolite changes across 

different treatment groups.

2 Methods and materials

2.1 Extraction and quality control of 
THH extract

THH was extracted using methanol according to the established 

protocol of the project team. Our preliminary research indicated 

that a dose of 500 mg/kg/day of THH is the most effective for 

treating psoriasis. Therefore, this study also administered the same 

dose via oral gavage (Sun et al., 2024). The THH were collected from 

Wafang Township, Longyang District, Baoshan City, Yunnan 

Province, China, on 3 November 2020. The plant material was 

authenticated by Kunming Caizhi Biotechnology Co. A voucher 

specimen (No. 20221103) was deposited in the Key Laboratory of 

Chemistry in Ethnic Medicinal Resources, Yunnan Minzu 

University, Kunming, China. The dried rhizomes were pulverized 

and extracted four times with 95% methanol via maceration. The 

combined extracts were ,ltered and concentrated under reduced 

pressure to obtain the crude THH methanol extract (THH-MeOH). 

The drug-extract ratio (DER) was 10:1 (10 kg of dried rhizomes 

yielded 1.1 kg of dried extract).

2.1.1 HPLC fingerprint and quantitative analysis

HPLC analysis was performed on an Agilent 1260 In,nity 

system equipped with a DAD detector. The separation was 
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achieved on an Agilent ZORBAX SB-C18 column (4.6 × 

250 mm, 5 μm) at 25 °C. The mobile phase consisted of 

0.05% phosphoric acid water (A) and acetonitrile (B) with 

gradient elution: 0–13 min: 25% B; 13–73 min: 25% → 90% 

B; 73–93 min: 90% → 100% B; The detection wavelength was 

214 nm,  ow rate was 1.0 mL/min, and injection volume was 

10 μL. The quantities of three marker compounds were 

determined as follows: triptolide, 0.79‰; celastrol, 0.46‰; 

and 3-O-acetyloleanolic acid, 0.76‰.

2.1.2 LC-MS fingerprint

LC-MS analysis was performed on a 6240 Triple Quad LC/MS 

(Agilent, United States) with an ESI source. The chromatographic 

FIGURE 1 

The effects of THH on IMQ-induced psoriasiform mouse models. (A) Experimental design flowchart; (B) Representative images of skin lesions in 

mice; (C) Comparison of PASI scores at the experimental endpoint; (D) Histopathological analysis of skin tissue; (E) Comparison of Baker scores among 

groups; (F) Dynamic changes in body weight during the experimental period; (G) Statistical analysis of spleen index (g/g) in each group; (H) Comparison of 

serum inflammatory factor levels among groups.
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conditions were consistent with HPLC. Mass spectra were recorded 

in positive ion mode with a scan range of m/z 100–1000. The total 

ion chromatogram (TIC) was used as the LC-MS ,ngerprint.

2.1.3 TLC fingerprint

TLC was performed on silica gel GF254 plates. The developing 

solvent system was petroleum ether–ethyl acetate at an optimized 

ratio. The spots were visualized under UV light at 254 nm and by 

heating the plates after spraying with a 10% sulfuric acid solution 

in ethanol.

2.2 Experimental animals and 
experimental design

Eight-week-old speci,c pathogen-free male C57BL/6J mice were 

purchased from SPF (Beijing) Biotechnology Co., Ltd. (Beijing, 

China), weighing (20 ± 2) g. They were housed in the barrier 

environment of the Center for Experimental Animals of the 

Yunnan Hospital of Traditional Chinese Medicine (SYXK (Dian) 

K2022-0007), which was maintained at a relative humidity of 40%– 

70%, a temperature of 22 °C ± 2 °C, and a 12-h light/dark cycle, with 

free access to sterile water and commercial chow during the adaptive 

feeding period. Animal experiments were conducted in accordance 

with the National Guidelines for Experimental Animal Welfare and 

were approved by The Animal Ethics and Welfare Committee of 

Yunnan Hospital of Traditional Chinese Medicine (DW-2024-059). 

Every effort was made to minimize the number of animals used and 

to reduce animal suffering. Psoriasis in mice was induced following a 

previously described method (Lu et al., 2021). The experimental 

protocols are illustrated in Figure 1A. Speci,cally, mice were 

randomly divided into six groups (n = 6): control (CON), IMQ, 

THH, THHFMT, methotrexate (MTX), and co-housing (psoriatic 

mice with THH mice). An amount of 62.5 mg of 5% imiquimod 

(Sichuan MingXin Pharmaceutical Co., LTD., H20030129) was 

evenly applied to the dorsal skin after shaving daily for 14 days 

to induce psoriasis in the mice. Mice in the MTX group were 

gavaged with 1.29 mg/kg/day of methotrexate (SPH Sine 

Pharmaceutical Laboratories, Shanghai, China) dissolved in 0.9% 

saline; 0.85% saline was administered to the mice in the control and 

IMQ groups; and 500 mg/kg/day of THH was orally administered to 

the mice in the THH group correspondingly (Figure 1A).

2.3 Fecal preparation and fecal microbial 
transplantation

Before FMT and co-housing, mice were administered an 

antibiotic cocktail to deplete the intestinal microbiota, a method 

proven to effectively reduce intestinal microbes in mice (Shao-Yu 

et al., 2025). The treatment lasted for 5 days, during which each 

mouse received 200 μL of an antibiotic cocktail (administered by 

oral gavage following a 6-h fast). This cocktail contained 1 g/L 

ampicillin, 0.5 g/L neomycin, 0.5 g/L vancomycin, and 1 g/L 

metronidazole. A sterile reduced: 0.5 g/L-cysteine solution and 

0.2 g/L Na2S were prepared by dissolving in PBS buffer, followed 

by ,ltrating through a 0.22 μm ,lter head for sterilization. After 

THH gavage treatment, feces were collected from therapeutic group 

mice (100 μg/10g) into 15 mL BD tubes. Three milliliters of sterile 

reduced PBS were added to the collected feces, and the mixture was 

stirred with a 1 mL sterile syringe until turbid. The turbid mixture 

was then ,ltered through a 70 μm sieve or centrifuged at 500 g for 

3 min to obtain the supernatant, discarding the fecal residue. A 

volume of 100 μL of supernatant per 10 g of body weight was 

administered to each FMT mouse via gavage, 2-3 times weekly for 

two consecutive weeks (Figure 2A). Intestinal content samples were 

collected at the end of the FMT period and stored at −80 °C for 16S 

rRNA gene sequencing.

2.4 Co-housing

Six IMQ-mice were co-housed with six THH mice per cage. After 

4 weeks of co-housing (Figure 2A), the mice were sacri,ced to harvest 

epidermis and spleen tissue. Blood samples were collected at the end of 

the co-housing period and stored at −80 °C for post hoc tests.

2.5 PASI, body weight and spleen index

An objective scoring system was employed based on the clinical 

psoriasis area and severity index (PASI). Erythema, scaling, and 

thickening were assessed independently on a scale from 0 to 4, where 

0 indicated none, 1 slight, 2 moderate, 3 marked, and 4 very marked. 

The level of erythema was evaluated using a scoring table with red 

taints. The cumulative score, which included erythema (0-4), scaling 

(0-4), and thickening (0-4), served as a measure of the severity of 

in ammation, with a total scale ranging from 0 to 12. Two scorers, 

who were blinded to the experimental groups, assessed the mice, and 

the average PASI scores were calculated. Mice were weighed once 

daily; following a 12-h fasting period, their fasting body weight was 

recorded. Subsequently, the mice were sacri,ced to collect the 

spleen, which was rinsed with pre-cooled normal saline. Excess 

water was absorbed with ,lter paper, and the wet weight of the 

spleen was obtained. The spleen index was calculated using the 

following formula: Spleen index = spleen wet weight (g)/ 

body weight (g).

2.6 Histological observation of murine 
skin lesions

Epidermis and spleen tissues were ,xed in 4% paraformaldehyde 

in PBS, embedded in paraf,n, sectioned, and stained with H&E for 

histopathological examination. Images were captured using an 

Olympus BX600 microscope. A pathological score based on the 

Baker score system was obtained to assess the severity of 

psoriasiform skin in ammation in epidermal tissues.

2.7 Serum cytokine measurements

Serum samples were collected and stored at −80 °C until analysis. 

After thawing, cytokine levels in the mouse plasma were measured. 

All ELISA kits were purchased from Bioswam Company, including 

those for IL-1β (Cat. no.: MU30369), IL-6 (Cat. no.: MU30044), and 

IL-17A (Cat. no.: MU30074). All procedures were conducted in 

accordance with the instructions provided with the kits. Finally, 

absorbance values were detected using a microplate reader, and the 

concentrations of the cytokines were determined based on 

standard curves.
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2.8 16S RNA gene sequencing analysis of gut 
microbiota

Genomic DNA was extracted from intestinal contents samples 

using the CTAB/SDS method. After passing quality control, the DNA 

was diluted and subjected to PCR ampli,cation with barcode-labeled 

universal primers targeting the V4 region (515F/806R), utilizing 

Phusion® High-Fidelity PCR Master Mix with GC Buffer. The 

ampli,ed products were puri,ed using a magnetic bead-based 

protocol, and target fragments were recovered with the Qiagen Gel 

Extraction Kit. Library construction was performed using the TruSeq® 
DNA PCR-Free Library Preparation Kit. Quali,ed libraries, veri,ed 

FIGURE 2 

The therapeutic effects of THH-FMT and co-THH on IMQ-induced psoriasiform mice. (A) Experimental design flowchart; (B) Representative images 

of skin lesions in mice; (C) Comparative analysis of PASI scores; (D) Histopathological analysis of skin tissue; (E) Comparison of Baker scores among 

groups; (F) Dynamic changes in body weight during the experimental period; (G) Statistical analysis of spleen index (g/g) in each group; (H) Comparison of 

serum inflammatory factor levels among groups.
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through quality inspection, were sequenced on the Illumina NovaSeq 

6000 platform with 250-bp paired-end (PE250) sequencing. Raw data 

were quality-,ltered using fastp to obtain high-quality paired-end 

reads, which were then assembled into Clean Tags using FLASH 

(v1.2.11). Chimeric sequences were removed by alignment against the 

SILVA database (v138.1) using vsearch (v2.27.1) to generate effective 

tags. Subsequently, operational taxonomic units (OTUs) were 

clustered using the Uparse algorithm with a 97% sequence 

similarity cutoff, and amplicon sequence variants (ASVs) were 

generated via the Deblur/DADA2 pipeline in QIIME 2. Taxonomic 

annotation was conducted using mothur through alignment against 

the SILVA database, covering taxonomic levels from phylum to 

species. After normalizing the annotation results, α-diversity indices 

(including Chao1, ACE, Shannon, and Simpson evenness indices) 

were calculated, and OTU rank abundance curves along with α- 

diversity rarefaction curves were plotted. Unifrac distances were 

computed using the R package phyloseq to construct UPGMA 

sample clustering trees. Meanwhile, PCA, Principal Component 

Analysis (PCA), Principal Coordinate Analysis (PCoA), and Non- 

metric Multidimensional Scaling (NMDS) plots were generated for 

beta-diversity analysis. Linear Discriminant Analysis Effect Size 

(LEfSe) was employed to identify differentially abundant taxa 

among groups, using a threshold Linear Discriminant Analysis 

(LDA) Score of 4.

2.9 Analysis of intestinal contents 
metabonomics

Pretreatment and analysis of intestinal contents samples were 

conducted by MetWare Biotechnology Co., Ltd. (Wuhan, China) 

using a liquid chromatography-mass spectrometry (LC-MS) 

platform. Chromatographic separation was achieved with a Waters 

ACQUITY Premier HSS T3 column (1.8 µm, 2.1 mm × 100 mm), and 

the column temperature was maintained at 40 °C. For the mobile phase 

in positive ion mode, 0.1% formic acid in water (phase A) was used 

alongside acetonitrile (phase B); in negative ion mode, 10 mM 

ammonium formate in water (phase A) was paired with acetonitrile 

(phase B). The gradient elution program was as follows: 0–1 min, 2% B; 

1–3 min, 2%→20% B; 3–9 min, 20%→60% B; 9–15 min, 60%→99% B; 

15–23.5 min, 99% B; 23.5–31.1 min, 99%→5% B; 31.1–40.1 min, 5% B. 

The  ow rate was set at 0.4 mL/min, and the injection volume was 4 μL. 

Raw mass spectrometric data were converted to mzML format using 

ProteoWizard, followed by peak extraction, peak alignment, and 

retention time correction via XCMS. After normalizing the total 

peak intensity, multivariate statistical analysis was performed using 

the ropls R package (v1.6.2): PCA was employed to evaluate inter- and 

intra-group sample differences; heatmaps were generated with the 

ComplexHeatmap R package after unit variance (UV) scaling to 

conduct hierarchical cluster analysis (HCA) of metabolite 

accumulation patterns; Orthogonal Partial Least Squares- 

Discriminant Analysis (OPLS-DA) was utilized to explore metabolic 

pro,le differences among groups; and one-way analysis of variance 

(ANOVA) was applied to test the signi,cance of metabolite content 

differences between groups. Differential metabolites were screened 

based on the criteria: Log2FC > 3, VIP >1.0, p < 0.05. Volcano plots 

were created to visualize the effects of THH and THHFMT treatments 

on potential biomarkers of intestinal contents metabolites in IMQ- 

induced psoriasis mice.

2.10 Pathway analysis

For microbial samples, the functional composition was inferred 

using PICRUSt2 software based on the taxonomic composition 

derived from 16S rRNA gene sequencing data, enabling the analysis 

of functional differences among various samples or groups (Douglas 

et al., 2020). The speci,c steps were as follows: First, to account for 

variations in 16S rRNA gene copy numbers across different species, 

normalization was applied to the generated OTU table. Subsequently, 

KEGG family annotation information was obtained by matching the 

GreenGene ID corresponding to each OTU. The abundance of KEGG 

functional families was further calculated, and relevant metabolic 

pathways were extracted from the KEGG database. For metabolite 

functional analysis, the differential metabolites identi,ed from 

intestinal contents metabolomics were imported into the 

MetaboAnalyst 4.0 online database (https://www.metaboanalyst.ca/) 

for pathway enrichment analysis. This database facilitates statistical 

analysis, functional annotation, and integrated analysis of metabolomic 

data. Prior to functional analysis, it automatically maps compound 

names to identi,ers in multiple databases, including KEGG, HMDB, 

MSEA, ChEBI, METLIN, and PubChem. Metabolic pathways with P < 
0.05 were selected as potential functional pathways through which 

THH affects IMQ-induced psoriasis in mice.

2.11 Correlation profiling

Pearson correlation analysis was conducted between altered 

metabolites identi,ed from intestinal contents metabonomics and 

perturbed gut microbial genera identi,ed from 16S rRNA gene 

sequencing analysis. Additionally, correlation analyses were 

performed between phenotypes and gut microbial genera as well 

as intestinal contents metabonomics. The criteria for screening 

included a correlation coef,cient |r| > 0.70 and P < 0.05. Finally, 

signi,cant correlations between metabolites and gut microbial genera 

were identi,ed and presented as heat maps (pP < 0.05, ppP < 0.01). 

Red indicates a positive correlation, while blue indicates a negative 

correlation.

2.12 Statistical analysis

The data were presented as the mean ± SD. Biochemical data 

were analyzed using SPSS 26.0. Comparisons between two groups 

were performed using an unpaired, two-tailed Student’s t-test, 

whereas differences among multiple groups were evaluated using 

ANOVA. GraphPad Prism 8.0 was employed for plotting. The 

results were expressed as mean ± SD. Groups marked with 

different lowercase letters were considered signi,cantly different 

(P < 0.05). P < 0.05 and P < 0.01 were regarded as signi,cant and 

highly signi,cant, respectively.

3 Results

3.1 THH ameliorated skin damage in IMQ- 
induced psoriasis like mice

Both THH and MTX treatments exerted protective effects to 

varying degrees on IMQ-induced psoriasis in mice (Figure 1B). 
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Compared to the IMQ group, the PASI score was reduced in the 

THH group (P = 0.000), demonstrating slightly superior ef,cacy 

relative to the MTX group (Figure 1C). HE staining of skin tissues 

revealed that the CON group exhibited an intact epidermis, a thin 

stratum corneum, and no in,ltration of in ammatory cells. In 

contrast, the IMQ group displayed marked epidermal 

hyperplasia, desquamation of the stratum corneum, and extensive 

in ammatory cell in,ltration. Both THH and MTX treatments 

mitigated acanthosis (Figure 1D). Histopathological scores 

indicated that the scores for the THH(P = 0.001) and MTX 

groups (P = 0.005) were signi,cantly lower than those of the 

IMQ group (Figure 1E). IMQ treatment resulted in a signi,cant 

decrease in body weight in mice from day 5 onwards (P = 0.001), 

whereas THH and MTX alleviated this trend, maintaining body 

weight above 20 g (Figure 1F). Additionally, the spleen index for the 

THH and MTX groups was lower than that of the IMQ group, with 

THH signi,cantly reducing spleen weight (P = 0.000), Figure 1G). 

An increase in spleen weight suggests the release of in ammatory 

mediators, such as cytokines. The body weight of mice with psoriasis 

decreases due to underlying pathological conditions and can be 

restored following treatment. Therefore, an increase in spleen 

weight is regarded as a marker of immune cell accumulation 

within the spleen, whereas an increase in body weight indicates a 

return to baseline levels (Sulthana et al., 2023).

Both THHFMT and co-THH exhibited comparable therapeutic 

effects on IMQ-induced psoriasis in mice (Figure 2B). In 

comparison to the IMQ group, the PASI score in the THHFMT 

group was signi,cantly reduced, demonstrating ef,cacy comparable 

to that of MTX (P = 0.000). The co-THH group alleviated skin 

lesions; however, no statistically signi,cant difference was observed 

(Figure 2C). HE staining results indicated that THHFMT 

signi,cantly attenuated acanthosis, while the degree of epidermal 

hyperplasia in the co-THH group was also mitigated compared to 

the IMQ group (Figure 2D). Histopathological evaluation revealed 

that the Baker score in the THHFMT group was signi,cantly 

decreased (P = 0.003), whereas the score in the co-THH group 

showed no signi,cant change (P = 0.376) (Figure 2E). Although 

neither THHFMT nor co-THH alleviated IMQ-induced weight loss 

(P = 0.000) (Figure 2F), both effectively reduced the spleen weight of 

the mice (P = 0.000) (Figure 2G). Additionally, THH, THHFMT, 

and co-THH demonstrated varying degrees of inhibitory effects on 

IL-1β, IL-6, and IL-17A in psoriasis mice (Figures 1H, 2H). FMT can 

directly reduce skin lesion scores, minimize epidermal thickening, 

and lower in ammatory cytokines such as IL-17 and IL-23, 

demonstrating that gut microbiota can independently in uence 

anti-psoriasis therapeutic ef,cacy.

3.2 Sequencing data quality assessment and 
alpha diversity analysis

To verify the suf,ciency of sequencing volume in covering the 

original microbial diversity, Alpha diversity analysis was performed 

based on 16S rRNA sequencing results with 97% similarity to assess 

the richness and evenness of intestinal  ora within groups. The 

analyzed indices included Ace, Chao1, Observed ASV, Shannon, 

Simpson indices, and PD-whole-tree (where Chao1, Observed ASV, 

and Ace indices measure species richness; Shannon and Simpson 

indices evaluate species diversity; PD-whole-tree re ects species 

richness, diversity, and phylogenetic information simultaneously). 

Results revealed that the Observed ASV, Chao1, and Ace indices 

were signi,cantly elevated in the CON group (Observed ASV ≈330, 

Chao1/Ace ≈350), decreased sharply in the IMQ group (Chao1, 

Observed ASV ≈ 270; Ace ≈2 80), and showed partial recovery in the 

THH and THHFMT groups (Supplementary Figure S1). This 

suggested that IMQ-induced psoriasis could lead to the loss of 

intestinal  ora species in mice, and THH treatment, along with 

corresponding FMT, could regulate  ora richness. Compared with 

the CON group, the Shannon and Simpson indices decreased in the 

IMQ group but recovered after THH treatment, with the THHFMT 

group showing the optimal recovery of  ora evenness, indicating 

that both interventions could regulate  ora diversity. Additionally, 

PD-whole-tree recovered after treatment, demonstrating that THH 

and THHFMT could promote the comprehensive restoration of the 

structure and function of the intestinal  ora ecosystem in 

psoriasis mice.

3.3 Beta diversity analysis

Beta diversity re ects the differences in microbial community 

structure among groups. The Adonis test revealed signi,cant inter- 

group differences (Figure 3A). PCA indicated that the intestinal 

microbiota composition of the IMQ group was distinctly separated 

from that of the CON, THH, and THHFMT groups (Figure 3B). 

This inter-group difference was further con,rmed by PCoA and 

NMDS analysis (Supplementary Figures S2A,B). Utilizing the Bray- 

Curtis distance matrix derived from the Beta diversity analysis, 

hierarchical clustering was conducted using the Unweighted Pair 

Group Method with Arithmetic Mean (UPGMA) via R software to 

assess the similarity of species composition among samples. A 

shorter distance and branch length between samples indicated a 

higher similarity in species composition. The results demonstrated 

that samples in the CON group clustered distinctly and were 

markedly separated from the IMQ group. Although samples in 

the THH and THHFMT groups were relatively scattered, they 

exhibited a high similarity in species composition (Figure 3C). 

The alteration in β-diversity induced by IMQ indicates that the 

gut microbiota in IMQ-induced psoriasis differs from that in a 

healthy state (Kim et al., 2025). Such gut microbiota may exacerbate 

skin in ammation by promoting Th17 responses (Kim et al., 2025) 

and disrupting the gut barrier (Yu et al., 2025). These changes in the 

microbiota are both a crucial aspect of the disease and a biological 

indicator for evaluating treatment ef,cacy.

3.4 Species annotation analysis and 
screening of significantly altered microbiota

Figures 3D,E illustrate the taxonomic annotation results of 

intestinal microbial  ora at the phylum and genus levels, as 

revealed by 16S rRNA sequencing, presenting only the top 

10 bacterial taxa with the highest relative abundance. At the 

phylum level, Firmicutes and Bacteroidota emerged as the two 

dominant phyla in the mouse gut microbiota, accounting for the 

highest proportion and demonstrating relative superiority across all 

samples. Compared to the CON group, the IMQ group exhibited a 

signi,cant decrease in Firmicutes, an increase in Bacteroidota, and a 

reduced Firmicutes/Bacteroidota (F/B) ratio; this alteration serves as 
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FIGURE 3 

The regulation of THH and THH-FMT on intestinal microbial flora composition in IMQ-induced psoriasiform mice. (A) Beta diversity reflects the 

differences in microbial community structure among groups; (B) PCA plot of gut microbiota; (C) Hierarchical clustering analysis of UPGMA among groups; 

(D) Stacked bar chart showing the relative abundance of intestinal microbial flora at the phylum level; (E) Stacked bar plot of microbial community 

composition at the genus level across groups; (F) ANOVA analysis of gut bacteria at the genus level. Denotes comparisons with the IMQ group, *P < 
0.05, **P < 0.01. ***P < 0.001.
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a marker of intestinal barrier impairment, consistent with the 

characteristic F/B ratio inversion observed in psoriasis patients 

(Wen et al., 2023). Previous studies have indicated that the 

imbalance between Firmicutes and Bacteroidota is primarily 

associated with energy metabolism disorders (Lin et al., 2018). At 

the genus level, in comparison to the CON group, the IMQ group 

displayed a signi,cant decrease in Odoribacter(P = 0.005), 

Muribaculum(P = 0.004), Alloprevotella(P = 0.000), 

Acetatifactor(P = 0.017), Colidextribacter(P = 0.000), 

Akkermansia(P = 0.000), and unidenti+ed Ruminococcaceae(P = 

0.028). Conversely, the IMQ group displayed a signi,cant increase in 

Alistipes(P = 0.002), unidenti+ed Muribaculaceae(P = 0.032), 

Dubosiella (P = 0.000), Lactobacillus(P = 0.003), 

Ligilactobacillus(P = 0.000), and Limosilactobacillus (P = 0.000) 

(Figure 3F). Speci,cally, Odoribacter, Muribaculum, 

Alloprevotella, Acetatifactor, and unidenti+ed Ruminococcaceae 

can ferment substrates such as dietary ,ber to produce short- 

chain fatty acids (SCFAs) including acetate, propionate, and 

butyrate, and participate in the decomposition and utilization of 

complex carbohydrates (Fouad et al., 2022; Thio, 2018). Odoribacter 

is capable of producing SCFAs (Li et al., 2025), while metabolites 

such as acetate produced by Acetatifactor can in uence keratinocyte 

proliferation, which is associated with elevated levels of IL-22, a 

cytokine that drives epidermal hyperplasia (Fouad et al., 2022). 

Colidextribacter is positively correlated with various SCFAs (e.g., 

acetate, propionate, isobutyrate, isovalerate), suggesting its potential 

involvement in the production or metabolic regulation of SCFAs. 

SCFAs play crucial roles in maintaining intestinal barrier function, 

exerting anti-in ammatory effects, and regulating energy 

metabolism (Xin et al., 2025; Wang Q. et al., 2022; Gao et al., 

2024). Akkermansia is closely related to mucosal barrier function; its 

reduced abundance in psoriasis patients may exacerbate intestinal 

permeability and affect regulatory T (Treg) cell function by 

modulating SCFA production (Wen et al., 2023). Alistipes may 

contribute to the progression of psoriasis by interfering with bile 

acid metabolism, disrupting amino acid metabolism, and increasing 

the levels of psoriasis-related pro-in ammatory cytokines (Fu et al., 

2024). Dubosiella can disrupt branched-chain amino acid (BCAA) 

metabolism, leading to BCAA accumulation in mouse colonic 

organoids. This mechanism may be associated with the 

progression of psoriasis complicated by obesity, as abnormal 

elevation of BCAA levels is often observed in obese psoriasis 

mice (Wang et al., 2024). Following THH and THHFMT 

treatments, the aforementioned differential genera were reversed: 

Firmicutes signi,cantly increased (P < 0.05), Bacteroidota decreased, 

and the F/B ratio was normalized. No signi,cant changes were 

observed in other phyla or genera, indicating that monotherapy has 

limited regulatory effects on the core gut phyla.

3.5 Predictive analysis of faecal microbial 
function and biomarker screening

KEGG pathway enrichment analysis revealed that the 

signi,cantly enhanced pathways in psoriasis mice included the 

circulatory system, xenobiotics biodegradation and metabolism, 

metabolism of other amino acids, lipid metabolism, and 

carbohydrate metabolism, while the immune system pathway was 

signi,cantly attenuated (Figure 4A). These PICRUSt2 analysis 

predicted that intestinal microbial  ora dysregulation, which 

leads to impaired immune system function and abnormal 

enhancement of related metabolic pathways, may play a crucial 

role in the pathogenesis of PSO. Additionally, after THH and 

THHFMT treatments, pathways associated with THH were 

identi,ed, including the immune system, immune disease, 

xenobiotics biodegradation and metabolism, metabolism of other 

amino acids, lipid metabolism, and carbohydrate metabolism. The 

color-labeled pathways in Figure 4A represent potential regulatory 

pathways linked to THH and THHFMT mediated changes in gut 

microbiota.

3.6 Intestinal contents metabolic pattern of 
THH in treating psoriasis-like mice

PCA score plots were utilized to analyze the principal 

components of intestinal contents metabolomes across the 

four groups. The results indicated that the principal 

components effectively distinguished the four groups: the 

CON, THH, and THHFMT groups were clearly separated 

from the IMQ group, and the metabolomic similarity between 

the THH/THHFMT groups and the CON group was 

signi,cantly higher than that between the THH/THHFMT 

groups and the IMQ group (Figure 5A). Hierarchical 

clustering heatmaps and Venn diagrams further illustrated 

the global differences in metabolic characteristics among the 

groups (Figures 5B,C). Furthermore, partial least squares 

discriminant analysis (PLS-DA), which possesses stronger 

discriminative power, was employed for metabolomic 

classi,cation. The PLS-DA model demonstrated a signi,cant 

clustering effect, con,rming notable metabolic differences 

between the IMQ group and the CON/THH/THHFMT 

groups (Figure 5D and Supplementary Figure S3 score plots). 

Differential metabolites were screened based on the criteria: 

VIP >1, Log2 fold change (FC) > 3, and P < 0.05. Speci,cally, 

compared to the CON group, the IMQ group exhibited 

273 upregulated and 172 downregulated metabolites; in 

comparison to the IMQ group, the THH group showed 

142 upregulated and 358 downregulated metabolites, while 

the THHFMT group had 287 upregulated and 

94 downregulated metabolites (Figure 5E). For the differential 

metabolites identi,ed in each group comparison, the top 

10 metabolites with the highest VIP values in the OPLS-DA 

model are presented in Supplementary Figure S3B. Following 

qualitative and quantitative analysis of all detected metabolites, 

the fold change differences among groups were compared, and 

Supplementary Figure S3C displays the top 20 metabolites with 

the largest fold changes in each group comparison. These results 

suggest that THH-reshaped microbiota may contribute to the 

anti-psoriatic effect, although the absence of a vehicle-FMT 

control (healthy donor microbiota) limits the speci,city of 

this conclusion.

3.7 Key metabolic pathway analysis for 
different metabolites from feces

IMQ-induced psoriatic mice exhibited systemic metabolic 

hyperactivity (Figure 5F), with core differential metabolic 
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biomarkers enriched in the following pathways: arachidonic acid 

metabolism, taurine and hypotaurine metabolism, sphingolipid 

metabolism, and primary bile acid biosynthesis. Speci,cally, 

arachidonic acid, an antecedent of in ammatory mediators such 

as prostaglandins and leukotrienes, is metabolically activated by 

cyclooxygenase to generate abundant pro-in ammatory factors, 

which directly exacerbate skin erythema, scaling, and pruritus in 

psoriasis, serving as a signature in ammation-driven pathway 

(Morin et al., 2023). Sphingolipids are precursors of key 

components (e.g., ceramides) in the skin’s stratum corneum 

barrier; dysregulation of this pathway impairs skin barrier 

integrity, facilitating the invasion of external stimuli and reversely 

activating immune-in ammatory responses (Bochenska and Gabig- 

Ciminska, 2020). After THH intervention, differential metabolites 

were primarily enriched in steroid hormone biosynthesis, primary 

bile acid biosynthesis, sphingolipid metabolism, neomycin, 

kanamycin, and gentamicin biosynthesis, metabolism of 

xenobiotics by cytochrome P450, and arachidonic acid 

metabolism. In contrast, differential metabolites following 

THHFMT intervention were concentrated in glutathione 

metabolism, drug metabolism via cytochrome P450, vitamin 

B6 metabolism, steroid hormone biosynthesis, purine 

metabolism, porphyrin and chlorophyll metabolism, beta-alanine 

metabolism, histidine metabolism, and alpha-linolenic acid 

metabolism.

Among the speci,c differential metabolites, the following 

compounds exhibited signi,cant differences among groups 

(Supplementary Figures S4 and S5): those involved in the steroid 

hormone biosynthesis pathway include cholesterol, 

dehydroepiandrosterone, aldosterone, progesterone, 20α- 

hydroxycholesterol, tetrahydrocorticosterone, and allopregnanolone; 

those in the primary bile acid biosynthesis pathway include cholesterol, 

25-hydroxycholesterol, glycine, taurine, and cholic acid; those in the 

sphingolipid metabolism pathway consist of sphingosine, sphingosine 

1-phosphate, phytosphingosine, sphinganine 1-phosphate, L-serine, 

and 3-dehydrosphinganine; the key metabolite in the arachidonic acid 

metabolism pathway is leukotriene B4; those involved in vitamin 

B6 and amino acid metabolism include pyridoxine, pyridoxal, 

pyridoxamine, carnosine, uracil, and L-histidine; and those in the 

drug toxicity metabolism pathway comprise naphthalene, endoxifen, 

morphine-6-glucuronide, 1-nitro-5,6-dihydroxy-dihydronaphthalene, 

and glutathione.

FIGURE 4 

The KEGG functional prediction analysis of intestinal microbiota. (A) The enrichment analysis of differential functional pathways between the CON 

and IMQ groups; (B) The enrichment analysis of differential functional pathways between the THH and IMQ groups; (C) The enrichment analysis of 

differential functional pathways between the THH-FMT and IMQ groups. The red horizontal line indicates the differences between THH, THH-FMT 

compared to IMQ, while the blue horizontal line indicates that THH-FMT exhibits distinct characteristics.
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3.8 Correlation analysis for differential 
metabolites and microbes

To elucidate the functional associations among intestinal 

microbial  ora dysbiosis, metabolic perturbations, and disease 

phenotypes in IMQ-induced psoriasis mice, Pearson correlation 

analysis was conducted to evaluate the relationships between 

13 differential gut genera and 24 key intestinal contents 

differential metabolites. These metabolites are enriched in 

pathways such as steroid hormone biosynthesis, primary bile acid 

biosynthesis, sphingolipid metabolism, arachidonic acid 

metabolism, vitamin B6 metabolism, amino acid metabolism, 

metabolism of xenobiotics by cytochrome P450, and drug 

metabolism (Figure 6A).

The results indicated that steroid hormone biosynthesis was 

positively correlated with Acetatifactor and Akkermansia, while it 

FIGURE 5 

The effects of THH and THH-FMT on intestinal content metabolites in IMQ-induced psoriasiform mice. (A) The PCA score plot among groups; (B) 

The heatmap showing hierarchical clustering of differential intestinal content metabolite relative abundances among groups; (C) The Venn diagram of 

intestinal content metabolites across the CON, IMQ, THH, and THH-FMT groups; (D) The OPLS-DA score plot of intestinal content metabolites among the 

CON, IMQ, THH, and THH-FMT groups; (E) VIP scatter plots of intestinal content metabolites in pairwise comparisons; (F) showcases metabolic 

pathway enrichment bar plots of intestinal metabolites among groups.
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exhibited a negative correlation with unidenti+ed Ruminococcaceae. 

Both primary bile acid biosynthesis and sphingolipid metabolism 

showed positive correlations with Alistipes, Dubosiella, 

Lactobacillus, Ligilactobacillus, and Limosilactobacillus, but 

negative correlations with Odoribacter, Muribaculum, 

Alloprevotella, Acetatifactor, Colidextribacter, unidenti+ed 

Ruminococcaceae, and Akkermansia. In contrast, arachidonic 

acid metabolism was negatively correlated with unidenti+ed 

Muribaculaceae, Alistipes, Dubosiella, Lactobacillus, 

Ligilactobacillus, and Limosilactobacillus, while it was positively 

correlated with Odoribacter, Alloprevotella, and Akkermansia. 

Both vitamin B6 metabolism and amino acid metabolism were 

negatively correlated with unidenti+ed Muribaculaceae, Alistipes, 

Dubosiella, Lactobacillus, Ligilactobacillus, and Limosilactobacillus, 

and positively correlated with Odoribacter, Alloprevotella, 

Acetatifactor, Colidextribacter, unidenti+ed Ruminococcaceae, and 

Akkermansia. The metabolism of xenobiotics by cytochrome 

P450 was positively correlated with Dubosiella and negatively 

correlated with Acetatifactor and unidenti+ed Ruminococcaceae; 

drug metabolism via cytochrome P450 was positively correlated 

with Alloprevotella and Akkermansia, but negatively correlated with 

Dubosiella and Limosilactobacillus.

Further analysis of the correlations between differential genera 

and disease phenotypes (Figure 6B) revealed that the PASI score, 

Baker score, spleen index, and levels of cytokines IL-17A, IL-6, and 

IL-1β were generally negatively correlated with Odoribacter, 

Muribaculum, Alloprevotella, Acetatifactor, Colidextribacter, 

unidenti+ed Ruminococcaceae, Akkermansia, as well as 

metabolites related to steroid hormone biosynthesis and vitamin 

B6 metabolism. In contrast, these phenotypic indices were generally 

positively correlated with unidenti+ed Muribaculaceae, Alistipes, 

Dubosiella, Lactobacillus, Ligilactobacillus, Limosilactobacillus, and 

metabolites involved in primary bile acid biosynthesis, sphingolipid 

metabolism, amino acid metabolism, metabolism of xenobiotics by 

cytochrome P450, and drug metabolism, although some correlations 

did not reach statistical signi,cance.

4 Discussion

The intestinal microbial  ora is characterized by a diverse 

collection of microorganisms residing in the digestive systems of 

humans. Compared to other regions of the body, it contains the 

highest number of microorganisms and the greatest variety of 

FIGURE 6 

Composite correlation analyses of differential bacterial genera, intestinal content metabolites, and disease phenotypes. (A) The correlation analysis of 

differential bacterial genera and intestinal content metabolites, (B) The correlation analysis of differential bacterial genera, intestinal content metabolites, 

and psoriasis-related disease phenotypes.
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species (Thursby and Juge, 2017). This collection primarily consists 

of bacteria; however, viruses and other eukaryotes begin to invade 

the gastrointestinal tract shortly after birth (Li et al., 2021; Kuang 

et al., 2016). The human intestinal microbial  ora starts to develop 

during the perinatal stage and is essential for the normal functioning 

of the host organism (Forsgren et al., 2017). It can produce various 

metabolic products that interact with the host, which can have both 

positive and negative impacts on human health. Disruption in the 

production of SCFAs may lead to a range of pathogenic 

consequences for the host (Zhuang et al., 2019). Furthermore, 

the metabolic products of the gut microbiota, such as fatty acids, 

also play a signi,cant role in maintaining intestinal mucosal health. 

Notably, levels of medium-chain fatty acids (MCFAs), including 

caprylic acid and capric acid, were found to be signi,cantly lower in 

intestinal contents samples from patients with psoriatic arthritis and 

psoriasis compared to healthy individuals. The antimicrobial 

properties of MCFAs are vital for sustaining intestinal microbial 

 ora homeostasis (Scher et al., 2015).

Numerous studies have demonstrated that psoriasis is 

associated with an imbalance in intestinal  ora. Recent data 

con,rm the presence of gut-derived bacterial DNA in the blood 

of psoriatic patients. The identi,ed species include Escherichia 

coli, Klebsiella pneumoniae, Enterococcus faecalis, Proteus 

mirabilis, Streptococcus pyogenes, and Shigella  exneri 

(Ramirez-Bosca et al., 2015). This ,nding underscores the 

association between the gut and psoriasis. Psoriasis patients 

exhibit dysbiosis of gut microbiota, characterized by a 

signi,cant increase in heterogeneity: the abundance of 

Bacteroidota is decreased, while Firmicutes and 

Actinobacteriota predominate. MD proposed that psoriasis 

could also be classi,ed as a type of intestinal disease (Ely, 

2018). Our IMQ-induced psoriasis model mice exhibited gut 

microbial dysbiosis, which was effectively reversed by THH and 

THH-FMT interventions. Pathway enrichment analysis revealed 

that the regulated genera primarily target immune-related 

pathways, xenobiotic metabolism, and lipid/amino acid 

metabolism, which are closely intertwined with the 

pathogenesis of psoriasis. Below, we focus on the molecular 

mechanisms underlying the therapeutic effects of THH, 

emphasizing the crosstalk between gut microbiota, metabolic 

pathways, and skin in ammation.

4.1 Sphingolipid metabolism

Akkermansia-mediated regulation of S1P signaling plays a 

crucial role in repairing the skin barrier. Sphingolipid 

metabolism is a core regulatory pathway in psoriasis, as its 

dysregulation directly impairs skin barrier function through 

reduced ceramide levels and promotes keratinocyte 

hyperproliferation and in ammation via elevated sphingosine-1- 

phosphate (S1P) (Cho et al., 2004; Nakajima et al., 2013), Mice with 

conditional knockout of serine palmitoyltransferase (SPT), the rate- 

limiting enzyme for sphingolipid synthesis, in keratinocytes (SPT- 

cKO) exhibit epidermal ceramide de,ciency and typical psoriatic 

dermatitis phenotypes (Nakajima et al., 2013), directly verifying the 

causal link between sphingolipid depletion and barrier impairment. 

Furthermore, S1P, a key product of sphingolipid metabolism, 

inhibits keratinocyte apoptosis and promotes excessive 

proliferation by activating downstream signaling pathways of S1P 

receptors (S1PRs), such as the ERK1/2 and PI3K/Akt pathways 

(Masuda-Kuroki et al., 2023; M et al., 2017). Clinical studies have 

shown elevated serum S1P levels and decreased total ceramide 

content in psoriasis patients. This metabolic imbalance may 

further exacerbate abnormal hyperplasia of lesional tissues 

through S1PR2-mediated pro-proliferative effects (M et al., 2017; 

Kozlowska et al., 2019), forming a pathological cycle. Additionally, 

sphingolipid derivatives (e.g., ceramides, S1P) can directly regulate 

immune cell function and in ammatory factor release. Sustained 

activation of the S1P-S1PR signaling axis in psoriatic lesions 

promotes Th17 cell differentiation and IL-17 production, driving 

downstream in ammatory cascades (Masuda-Kuroki et al., 2023; Li 

et al., 2020). Notably, anti-TNF-α therapy can partially correct the 

abnormal expression of circulating sphingolipid pro,les in patients, 

indicating a bidirectional regulatory relationship between 

sphingolipid metabolism and in ammatory pathways that 

collectively contribute to disease pathogenesis.

Gut microbiota-derived sphingolipids can be traced to the 

epidermal tissue via bioorthogonal labeling experiments. Mice 

colonized with sphingolipid synthesis-de,cient bacterial strains 

exhibit signi,cantly reduced levels of skin sphingolipids and 

abnormal expression of epidermal barrier-related genes (Lee 

et al., 2024). This alteration directly affects the substrate supply 

for host sphingolipid synthesis. Additionally, microbiota dysbiosis 

reduces the production of SCFAs, which are known to regulate skin 

in ammation via the FXR/NF-κB pathway (Wu et al., 2025) and 

inhibit IL-17 production by γδT cells, thereby indirectly impacting 

the in ammatory regulatory network associated with sphingolipid 

metabolism. Clinically signi,cant associations exist between 

differences in intestinal microbial  ora composition across 

various psoriasis subtypes and dysregulation of sphingolipid 

metabolism (Wang X. et al., 2022). Additionally, serum 

sphingolipid pro,le characteristics may serve as potential 

biomarkers for psoriatic arthritis (M et al., 2017). Furthermore, 

abnormalities in sphingolipid metabolism are more pronounced in 

obese psoriasis patients (Kozlowska et al., 2019; Mao et al., 2025), 

providing new insights for gut-targeted therapy. Fingolimod, which 

targets S1PR1/3/4/5, has been shown to exert anti-in ammatory 

effects and regulate keratinocyte proliferation in studies (Masuda- 

Kuroki et al., 2023).

Our study identi,ed a strong correlation between sphingolipid 

metabolism and speci,c gut genera, with Akkermansia (a mucus- 

protecting bacterium) showing a negative correlation with pro- 

in ammatory sphingolipids. We propose that THH exerts its 

therapeutic effects by restoring Akkermansia abundance, which 

modulates sphingolipid metabolism through two key 

mechanisms, which inhibiting S1P production or promoting its 

degradation, thereby reducing S1PR2-mediated keratinocyte 

hyperproliferation; and alleviating intestinal oxidative stress (via 

synergistic regulation of glutathione metabolism, as indicated by 

THH-FMT-enriched glutathione pathways), which reduces ROS- 

induced damage to the intestinal barrier and indirectly improves 

epidermal ceramide synthesis. This Akkermansia-sphingolipid axis 

ultimately repairs the skin barrier and suppresses Th17-driven 

in ammation, consistent with clinical observations that anti- 

TNF-α therapy can reverse abnormal sphingolipid pro,les in 

psoriasis patients.
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4.2 Arachidonie acid metabolism

Microbiota-driven imbalance of pro- and anti-in ammatory 

mediators associated with arachidonic acid (AA) metabolism 

contributes to the pathogenesis of psoriasis by generating pro- 

in ammatory derivatives like leukotrienes and prostaglandins, 

which amplify both local and systemic in ammation (Mayser 

et al., 2002; Vahlquist et al., 1985). The imbalance between pro- 

in ammatory ω-6 polyunsaturated fatty acids (PUFAs), such as AA, 

and anti-in ammatory ω-3 PUFAs, along with dysregulated fatty 

acid desaturase 2 (FADS2) activity, further exacerbates this 

in ammatory response (Mayser et al., 2002; Cai et al., 2025). 

Intestinal microbial  ora modulates AA metabolism primarily 

through the production of short-chain fatty acids (SCFAs), such 

as butyrate, which inhibit NF-κB and STAT3 pathways to suppress 

AA-mediated in ammation (Paine et al., 2023; Simancas-Racines 

et al., 2025). Conversely, microbiota-induced intestinal barrier 

disruption promotes lipopolysaccharide translocation and 

activates AA metabolism in immune cells (Hong et al., 2025). 

Our results indicate that THH and THH-FMT reverse AA 

metabolic dysregulation in psoriasis mice, closely associated with 

the restoration of SCFA-producing bacteria and the reduction of 

pro-in ammatory genera, such as Alistipes. Speci,cally, the 

recovery of butyrate-producing bacteria following intervention 

likely inhibits AA release from cell membranes and suppresses 

the lipoxygenase pathway, thereby reducing pro-in ammatory 

leukotriene production (Mayser et al., 2002; Paine et al., 2023). 

Additionally, THH-FMT-mediated restoration of glutathione, an 

important antioxidant, alleviates oxidative stress, which synergizes 

with the normalization of AA metabolism to reduce lipid 

peroxidation and in ammatory cytokine secretion (Sorokin et al., 

2018). This microbiota-AA metabolism crosstalk highlights the 

potential of gut-targeted interventions to modulate systemic 

in ammatory cascades in psoriasis.

4.3 Primary bile acid biosynthesis

As the end products of hepatic cholesterol metabolism, bile acids 

play essential roles in the emulsi,cation and absorption of dietary 

lipids, as well as in the regulation of glucose and lipid metabolism. 

They can modulate the cytokine expression of skin immune cells like 

keratinocytes, dendritic cells, and macrophages by activating the 

farnesoid X receptor (FXR) and the G protein-coupled bile acid 

receptor 1 (GPBAR1/TGR5) (Cai et al., 2022; Liu and Wang, 2019; 

Portincasa et al., 2020; Yu et al., 2023; Ticho et al., 2019). During 

enterohepatic circulation, primary BAs synthesized in the liver are 

metabolized by intestinal microbial  ora into secondary BAs, which 

exhibit anti-in ammatory properties and maintain intestinal barrier 

integrity. (di Gregorio et al., 2021; Foley et al., 2019; Hofmann and 

Hagey, 2008; Shi et al., 2022). In the pathological state of psoriasis, 

patients exhibit dysregulation of conjugated primary bile acids and 

glycodeoxycholic acid (Sorokin et al., 2018; Pietrzak et al., 2020), 

accompanied by an abnormal elevation of plasma cholesterol 

precursors. Microbiota dysbiosis reduces secondary BA 

production like UDCA/CDCA, leading to impaired FXR/ 

TGR5 signaling and increased IL-17A production. Experiments 

have con,rmed that the oral administration of secondary bile 

acids can reduce IL-17A production in IL-23-stimulated mouse 

T cells, inhibit CCL20 expression in keratinocytes, and decrease 

CCR6-positive Jurkat cells via TGR5/FXR-independent pathways, 

signi,cantly improving symptoms of psoriatic dermatitis without 

obvious hepatotoxicity (Shi et al., 2022). Additionally, SCFAs, 

metabolites of gut microbiota, indirectly regulate skin 

in ammation by inhibiting IL-17 production in γδT cells 

(Dupraz et al., 2021) and activating the FXR/NF-κB pathway 

(Chen et al., 2023). In vitro supplementation with 

Bi,dobacterium breve CCFM683 can restore the intestinal 

microbial  ora of psoriasis model rats, promote cholic acid 

production, regulate the FXR/NF-κB pathway, reduce pro- 

in ammatory cytokine secretion, modulate keratinocytes, and 

maintain epidermal barrier function to alleviate PSO(75).

Our present study revealed that THH and THH-FMT regulate 

primary BA biosynthesis by targeting three key genera, One is, 

Alistipes, whose overgrowth in psoriasis mice disrupts glycine- 

conjugated BA production and enterohepatic circulation, and the 

THH-mediated reduction of Alistipes restores BA conjugation and 

improves antioxidant capacity (via increased Carnosine levels). The 

other two are Akkermansia and Ruminococcaceae, whose depletion 

in psoriasis mice correlates with reduced cholesterol and S1P levels. 

Restoration of these genera by THH likely enhances cholesterol 

supply for BA synthesis and promotes secondary BA production, 

which acts on skin immune cells through two pathways: 

(TGR5 activation inhibits IL-17A production in T cells and 

CCL20 expression in keratinocytes, reducing CCR6-positive 

immune cell in,ltration into lesion, and FXR activation 

suppresses NF-κB signaling, thereby reducing pro-in ammatory 

cytokine (IL-6, TNF-α) secretion. This gut microbiota-BA-FXR/ 

TGR5 axis provides a novel mechanism by which THH ameliorates 

psoriasis through distal regulation of skin in ammation.

4.4 Steroid hormone biosynthesis

Cholesterol serves as the primary precursor for steroid 

hormones, which exert anti-in ammatory and 

immunomodulatory effects in psoriasis (Sarkar et al., 2017; 

Binayke et al., 2025). Psoriatic lesions display localized cortisol 

de,ciency, which impairs negative feedback on immune 

responses (Sarkar et al., 2017). Furthermore, reduced levels of 

testosterone and estrogen correlate with disease severity (Binayke 

et al., 2025; Kanda and Watanabe, 2005). Additionally, intestinal 

microbial  ora regulate steroid hormone biosynthesis by 

modulating intestinal lipid metabolism and cholesterol 

availability. Our present results demonstrate that THH and 

THH-FMT restore steroid hormone balance by targeting 

Acetatifactor and Akkermansia. Depletion of these genera in 

psoriasis mice leads to impaired intestinal lipid metabolism, 

reduced cholesterol synthesis, and insuf,cient steroid hormone 

precursors. THH-mediated restoration of Acetatifactor and 

Akkermansia enhances cholesterol supply through two 

mechanisms. Modulating lipid metabolic pathways to increase 

cholesterol biosynthesis; and repairing the intestinal barrier via 

Akkermansia to reduce cholesterol loss. The subsequent 

normalization of steroid hormone levels like progesterone and 

aldosterone, directly suppresses Th17 differentiation and IL-17A/ 

IL-6 secretion (Binayke et al., 2025), alleviating cutaneous 

in ammation. This ,nding highlights the role of intestinal 
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microbial  ora in regulating steroid hormone metabolism and 

provides a potential target for psoriasis therapy.

4.5 vitamin B6 metabolism and drug 
metabolism

Vitamin B6 (particularly its active form PLP) plays a protective 

role in psoriasis by inhibiting neutrophil in,ltration, reducing 

oxidative stress, and suppressing NF-κB activity (Bai et al., 2025; 

Ueland et al., 2015). Psoriasis patients exhibit reduced serum PLP 

levels and an increased 4-PA/PLP ratio (Bai et al., 2025),which 

correlates with disease severity. Vitamin B6 is obtained from the diet 

and gut microbiota (Said, 2015), indicating a potential link between 

microbial dysbiosis and vitamin B6 de,ciency in psoriasis. Our 

study identi,ed a positive correlation between Pyridoxamine (a 

Vitamin B6 vitamer) and bene,cial genera, such as Akkermansia 

and Alloprevotella, as well as a negative correlation with the PASI 

score and pro-in ammatory cytokines (IL-17A, IL-6, IL-1β). The 

THH and THH-FMT interventions restored both Pyridoxamine 

levels and the abundance of these bene,cial genera, suggesting that 

THH modulates the gut microbiota-Vitamin B6 axis to suppress 

systemic immune overactivation. Mechanistically, Pyridoxamine, as 

a precursor of PLP, enhances antioxidant capacity and inhibits NF- 

κB signaling, thereby reducing oxidative stress-induced skin damage 

and in ammatory cytokine secretion. These ,ndings support the 

notion that gut microbiota-targeted interventions can restore 

vitamin metabolism to alleviate psoriasis.

4.6 Drug metabolism: gut microbiota- 
mediated biotransformation of THH 
components via CYP450 and 
glutathione pathways

A critical ,nding of our integrated microbiome-metabolome 

analysis is the coordinated enrichment of the microbial secondary 

metabolite biosynthesis and drug metabolism-cytochrome P450 

(CYP450) pathways, which highlights the importance of intestinal 

microbial  ora in the biotransformation of THH components. THH 

contains over 120 natural compounds like triptolide, celastrol and 

wilforgine (Zhao et al., 2021), whose bioactivity and toxicity are 

highly dependent on metabolic modi,cations by intestinal microbial 

 ora and host enzymes. We propose a synergistic mechanism for 

THH metabolism involving the microbiota-CYP450-glutathione 

pathway. Intestinal microbial  ora biotransformation: 

Commensal bacteria convert THH components through 

hydrolysis, reduction, and dehydroxylation reactions. For 

example, triptolide undergoes de-epoxidation by Intestinal 

microbial  ora to enhance its anti-in ammatory activity, while 

celastrol is reduced to alleviate oxidative damage (Zhao et al., 

2021). This biotransformation step is critical for improving the 

bioavailability of THH components, as many natural compounds 

are poorly soluble or inactive in their parent form. THH 

components are further metabolized by CYP450 enzymes during 

enterohepatic circulation. CYP3A4 and CYP2C19 catalyze the 

epoxidation and ring-opening of Triptolide, producing 

derivatives with enhanced anti-in ammatory effects and reduced 

hepatotoxicity. Celastrol is metabolized by CYP1A2 and CYP2E1 to 

alleviate oxidative stress, while THH alkaloids undergo 

N-dealkylation via CYP2D6 to exert immunomodulatory effects. 

The metabolism of Vitamin B6, which is enriched in our study, 

provides PLP as a cofactor for CYP450 enzymes, thereby enhancing 

their catalytic activity. Additionally, THH-FMT-enriched 

glutathione metabolism scavenges reactive oxygen species (ROS) 

induced by Triptolide, synergizing with CYP450 to diminish 

hepatotoxicity. This integrated metabolic network not only 

elucidates the therapeutic ef,cacy of THH but also underscores 

the role of intestinal microbial  ora in optimizing the ‘ef,cacy- 

toxicity ratio’ of natural products. By mediating the 

biotransformation of THH components, intestinal microbial  ora 

enhances their anti-in ammatory activity while mitigating adverse 

effects, thereby providing a novel rationale for the clinical 

application of THH in psoriasis.

In conclusion, this study systematically investigates the speci,c 

interaction mechanisms of intestinal microbial  ora in psoriasis and 

the intrinsic regulatory mechanisms of THH on the intestinal 

microbial  ora of psoriatic mice through 16S rRNA gene 

sequencing analysis combined with intestinal content 

metabolomics. The 16S rRNA gene sequencing analysis reveals 

that psoriasis is associated with 13 distinct intestinal microbial 

 ora at the genus level, which are primarily involved in the 

circulatory system, xenobiotics biodegradation and metabolism, 

metabolism of other amino acids, lipid metabolism, and 

carbohydrate metabolism. The intestinal contents metabolomics 

analysis identi,es associations between IMQ-induced psoriatic 

mice and 445 differential metabolites, along with four potential 

metabolic pathways. These metabolites and pathways are primarily 

involved in arachidonic acid metabolism, taurine and hypotaurine 

metabolism, sphingolipid metabolism, and primary bile acid 

biosynthesis. However, THH mediates these microbial alterations 

to regulate metabolite levels, thereby achieving therapeutic effects 

against psoriasis. Our FMT study in THH-treated mice further 

demonstrates that THH can mediate 13 speci,c microorganisms 

and their associated metabolites involved in arachidonic acid 

metabolism, sphingolipid metabolism, and primary bile acid 

biosynthesis. Additionally, both THH and THHFMT can reduce 

intrinsic toxicity and exert therapeutic effects through steroid 

hormone biosynthesis, vitamin B6 metabolism, and drug 

metabolism.

Several limitations of this study warrant acknowledgment. 

Our FMT experiment lacked a vehicle-FMT control (healthy 

donor microbiota); thus, the therapeutic effect of THHFMT 

cannot be unequivocally attributed to THH-reshaped 

microbiota rather than a general reconstitution effect. In the 

co-housing experiment, microbial cross-colonization was not 

veri,ed via 16S sequencing; as a result, the observed phenotypic 

improvement might be confounded by other cage-sharing effects 

(e.g., stress, coprophagy). Although co-housing has been shown 

to transfer disease-associated microbiota and phenotypes, for 

instance, in ammatory bowel disease (IBD) microbiota can 

transfer pathogenic traits to wild-type mice (Leber et al., 

2018). Mice with IBD can transfer pathogenic microbiota and 

colitis susceptibility to wild-type healthy mice. The microbiota 

from in ammatory bowel disease mice lacking estrogen receptor 

β (ERβ) (Ma et al., 2022) can exacerbate colitis and anxiety-like 

behaviors in wild-type mice through co-housing. Healthy mice 

co-housed with Alzheimer’s disease (AD) model mice acquire 
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similar dysbacteriosis, leading to increased levels of brain 

amyloid-β42 and cognitive impairment (Yang et al., 2026; Li 

et al., 2024). However, direct evidence of such transfer within 

our speci,c model remains absent. Additionally, functional 

pathways were predicted from 16S data using PICRUSt2, a 

method that is inherently computational and constrained by 

database coverage and strain-level resolution; consequently, our 

interpretations of these pathways should be regarded as 

hypothesis-generating. Future investigations incorporating 

healthy-donor FMT controls, direct veri,cation of microbial 

colonization, and shotgun metagenomic analysis are warranted.
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