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Multi-omics analysis

reveals the mechanism

of verbenalin in treating
gout via modulating purine
metabolism, gut microbiota,
and inflammatory pathways
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Pharmacy, Fujian University of Traditional Chinese Medicine, Fuzhou, Fujian, China

Background: Gout is a prevalent metabolic disorder characterized by
hyperuricemia and inflammation. Verbenalin, an iridoid glycoside from Verbena
officinalis, possesses anti-inflammatory properties; however, its therapeutic
potential and underlying mechanisms in gout remain underexplored.

Objective: This study aimed to evaluate the pharmacological effects and elucidate
the molecular mechanisms of verbenalin in a rat model of gout.

Methods: Hyperuricemia and acute gouty arthritis were induced in rats using
potassium oxonate/hypoxanthine and monosodium urate, respectively.
Verbenalin was administered orally for 7 days. Therapeutic efficacy was
assessed via physical symptom scores (inflammation, gait, swelling), renal/
hepatic function indices, and histopathology. Furthermore, a multi-omics
strategy integrating transcriptomics, metagenomics, and metabolomics,
combined with Western blotting, was employed to investigate the
pharmacological mechanisms.

Results: Verbenalin treatment significantly alleviated joint inflammation and
swelling while improving gait scores. It effectively lowered serum uric acid (UA),
creatinine, and BUN levels, inhibited hepatic xanthine oxidase (XOD) activity, and
promoted urinary UA excretion. Histopathological damage in the joints, kidneys,
and liver was markedly mitigated. Mechanistically, verbenalin downregulated the
expression of urate transporters (URAT1, GLUT9) and inflammatory mediators
(NLRP3, IL-1B) by inhibiting the PI3K-AKT and MAPK signaling pathways. Multi-
omics analysis further revealed that verbenalin restored gut microbiota diversity
and modulated purine metabolism, correlating with reduced UA levels.
Conclusion: These findings demonstrate that verbenalin may exert anti-gout
effects through the potential synergy of modulating purine metabolism, shifting
gut microbiota composition, and suppressing PI3K-AKT and MAPK inflammatory
signaling pathways. This study provides a preliminary scientific basis for further
investigation into verbenalin as a prospective multi-target therapeutic candidate.
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signaling (PI3K-AKT, MAPK).

1 Introduction

Gout has become an escalating global health concern,
particularly in rapidly developing Asia regions (1). Worldwide
epidemiological data reveal over 41 million cases, with an
alarming annual incidence increase of 5.5% (2). This metabolic
disorder, characterized by hyperuricemia (HUA) and recurrent
inflammatory arthritis, demonstrates particularly concerning
trends in China where prevalence has risen from 0.86% to 2.20%
in recent decades, with a notable shift toward younger populations
(3, 4). The pathogenesis of this disorder involves two distinct yet
interconnected mechanisms: (1) systemic urate homeostasis
disruption, resulting from either excessive production or reduced
excretion of uric acid (UA), which promotes monosodium urate
(MSU) crystal deposition; and (2) NOD-like receptor family pyrin
domain containing 3 (NLRP3) inflammasome activation and
subsequent pro-inflammatory cascade initiation upon MSU
crystal recognition.

Gout management includes rapid treatment of acute flares and
effective long-term management. The central strategy for long-term
management is reduction of serum urate to a concentration that
achieves dissolution of monosodium urate crystals (2). Guide-
recommended drugs, including xanthine oxidase (XOD) inhibitors
like allopurinol and febuxostat, uricosuric agents such as
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Verbenalin exerts anti-gout effects by synergistically modulating purine metabolism, restoring gut microbiota balance, and suppressing inflammatory

benzbromarone, which primarily focus on modulating urate
metabolism, and anti-inflammatory drugs such as colchicine, etc.
However, their clinical utility is constrained by significant limitations
(5). These include dose-dependent adverse effects (e.g.,
hepatotoxicity, hypersensitivity syndrome, gastrointestinal adverse
reactions) and single therapeutic effects of the drug. These
limitations emphasize the urgent need for safer treatment strategies
that concurrently address both HUA and inflammation (6).
Verbenalin, a bioactive iridoid glycoside derived from medicinal
plants of the Verbenaceae family, has emerged as a promising
multi-target therapeutic agent due to its broad pharmacological
properties (7). The compound demonstrates potent anti-
inflammatory activity through dual modulation of key
inflammatory pathways: (1) inhibition of nuclear factor kappa B
(NF-xB) nuclear translocation and subsequent transcriptional
activity, and (2) suppression of NLRP3 inflammasome assembly
and activation. These mechanisms collectively lead to significant
down regulation of pro-inflammatory mediators [tumor necrosis
factor-alpha (TNF-av), interleukin-6 (IL-6), interleukin-1 beta (IL-
1B)] and reduction in neutrophil recruitment (8, 9). Additionally,
verbenalin exhibits remarkable anti-apoptotic effects across
multiple pathological contexts. In neurodegenerative disorders, it
inhibits mitochondrial cytochrome C release and caspase-3
activation while modulating the Bcl-2/Bax protein balance.
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Notably, in acute lung injury, verbenalin exerts its protective effects
through GPR18 receptor-mediated suppression of macrophage
pyroptosis and inhibition of neutrophil extracellular trap (NET)
formation, thereby accelerating inflammation resolution (10). Our
preliminary investigations have demonstrated verbenalin’s efficacy
in MSU-induced macrophage inflammation models, suggesting its
potential therapeutic value for gout management (8). However, the
precise molecular mechanisms underlying its anti-gout effects and
comprehensive in vivo therapeutic efficacy remain to be
fully elucidated.

Recent advances in bioinformatics and high-throughput
sequencing technologies have propelled multi-omics analysis to
the forefront of biomedical research, providing unprecedented
capabilities for therapeutic target identification and mechanistic
investigation of complex diseases (11). These technological
breakthroughs have particularly revolutionized the study of
traditional Chinese medicine (TCM) compounds, with cutting-
edge histomics approaches now enabling systematic exploration
of their pharmacological mechanisms. The integration of multi-
omics platforms facilitates comprehensive monitoring of TCM-
induced modulations across multiple biological levels, including
dynamic changes in intracellular metabolite profiles, alterations in
metabolic pathway activity, shifts in gut microbiota composition,
and genome-wide gene expression regulation. This integrated
approach enables systematic mapping of TCM’s complex
regulatory networks in disease treatment, provides mechanistic
interpretation of its characteristic multi-target, multi-pathway
therapeutic actions, and effectively bridges traditional medicine
paradigms with modern systems biology frameworks (12-14).

Despite growing interest in verbenalin’s therapeutic potential,
current understanding of its pharmacological mechanisms remains
fragmentary, particularly regarding its integrated multi-target
effects spanning purine metabolic regulation, gut microbiota
modulation, and inflammatory signaling pathway inhibition.
Therefore, this study aimed to elucidate verbenalin’s therapeutic
mechanisms in gout through multi-omics analysis. By integrating
transcriptomic, Metagenomicand metabolomics data from gout
model rats, we identified potential targets and key signaling
pathways of verbenalin while experimentally confirming its anti-
inflammatory and urate-lowering effects. These findings could
support verbenalin’s therapeutic application for gout and justify
its further development as a potential treatment.

2 Materials and methods
2.1 Experimental materials and reagents

Verbenalin (B21831) was purchased from Shanghai Yuanye
Bio-Technology Co., Ltd. (Shanghai, China). Potassium oxonate
(PO, P831461), Hypoxanthine (HX, H811076), and MSU
(U886060) were purchased from Shanghai Macklin Biochemical
Co., Ltd (Shanghai, China). UA (C012-2-1), blood urea nitrogen
(BUN, C013-2-1), creatinine (CRE, C011-2-1), XOD (A002-1-1),
alanine aminotransferase (ALT, C009-1-1), and aspartate
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aminotransferase (AST, C010-1-1) assay kits were obtained from
Nanjing Jiancheng Bioengineering Institute (Nanjing, China). We
obtained the following antibodies: anti-XOD (55156-1-AP), anti-
glucose transporter 9 (GLUTY) (26486-1-AP), anti-urate
transporter 1 (URATI1) (14937-1-AP), anti-IL-1B (16806-1-AP),
anti-phosphoinositide 3-kinase (PI3K) (20584-1-AP), anti-protein
kinase B (AKT) (10176-2-AP), and anti-p-AKT (66444-1-Ig) from
Proteintech (Wuhan, China); anti-p-MAPK (HA722150) from
Hangzhou Hua’an Biotechnology (Hangzhou, China); anti-MAPK
(8690S) and anti-NLRP3 (15101S) from Cell Signaling Technology
(Massachusetts, USA); anti-p-PI3K (11508) from Signalway
Antibody (Maryland, USA); and anti-B-actin (P31029) from
TransGen Biotech Co., Ltd. (Beijing, China).

2.2 Animal modeling and treatment

All animal experiments received ethical approval (Approval No.
FJTCM IACUC, 2024113) from Fujian University of Traditional
Chinese Medicine’s Animal Ethics Committee. Procedures strictly
complied with the NIH Guide for the Care and Use of Laboratory
Animals and rigorously adhered to ARRIVE guidelines.

Sixty male Sprague-Dawley rats (6 weeks old, 220 + 20 g body
weight) were obtained from Shanghai Slyke Laboratory Animal Co.,
Ltd. [License No. SCXK (Hu) 2022-0004], acclimatized in specific
pathogen free facility under 12 h light/dark cycles. All rats had ad
libitum access to standard chow and sterilized water.

Following one week of acclimation, researchers randomly
divided the animals into five cohorts (10 rats per group): control
(CON) group, model (MOD) group, BEN-positive control (BEN)
group, and Verbenalin different doses groups [low-dose group
(Verbenalin-20) and high-dose group (Verbenalin-40)]. In the
study, the low- and high-dose groups received Verbenalin
interventions at dosages of 20 mg/kg and 40 mg/kg, respectively.

The experimental GA model was induced through a sequential
protocol commencing with daily intraperitoneal administration of
PO (300 mg/kg) combined with oral HX (300 mg/kg) to MOD,
BEN, and Verbenalin groups from days 1-7. MSU suspension (25
mg/L, 0.2 mL) was intraarticularly administered to the right ankle
joint on day 6 (15, 16). One hour after the PO and HX treatments,
the rats received daily oral administrations for 7 days as follows: the
BEN group received 4.5 mg/kg BEN; the low- and high-dose
Verbenalin groups received 20 mg/kg and 40 mg/kg Verbenalin,
respectively. The dose for treating the rats with Verbenalin was
determined in accordance with the guidelines provided by the
references (17-19). At the experimental endpoint, rats were
anesthetized with 3% pentobarbital sodium (intraperitoneal
injection) for serum and tissue collection.

2.3 Evaluation of ankle joint swelling in rats

On Day 6, after the injection of MSU, the degree of swelling of
rat ankles was evaluated at 4, 8, and 24 h by the foot or ankle
swelling measurement, and the arthritis and gait score. The swelling
rate of foot and ankle was calculated as follows: Foot or ankle
swelling rate (%) =(swelling foot diameter or ankle after the
injection of MSU at each timepoint/initial diameter of rat foot or
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ankle — 1) x 100% (20). The progression of gouty arthritis was
assessed through standardized measurements of right ankle joint
swelling, a hallmark pathological feature of this condition. Joint
inflammation was quantitatively assessed using an established 4-
point scale (0-3) to grade erythema and swelling severity, according
to the method described by Coderre et al (21). Concurrently,
locomotor impairment was assessed via gait analysis using a
validated 4-level scoring system (1-4), with evaluation criteria
based on previously published standards (21).

To ensure measurement consistency and minimize inter-
observer variability, all assessments were performed by a single
trained investigator throughout the study.

2.4 Sample collection and preparation

On 7 day, the abdominal aorta of rats was punctured under
anesthesia for blood testing. All blood samples were left at room
temperature for 1 h and centrifuged for 15 min at 4 °C and 3500 x g.
The serum was separated and then kept at -80 °C. Immediately after
death of the rats, the right ankle joint was incised and cut along the
median to expose the ankle joint cavity, which was preserved in 4%
paraformaldehyde solution. Tissues were quickly removed on an ice
rack, blotted dry on filter paper, weighed on an electronic analytical
balance, and renal coefficients were calculated. A portion of the
tissue was fixed with 4% paraformaldehyde and prepared for use,
while the remaining tissue was stored at -80 °C. A 10% tissue
homogenate was prepared by mixing tissue from each rat with cold
saline solution. All homogenized samples were centrifuged at 4 °C
and 3500 rpm for 10 min. Transfer the supernatant and store at
-80 °C until analysis.

2.5 Hematoxylin and eosin staining

Cut the tissue into approximately 4-8 pm sections and dewax in
xylene for 10 min. Then, transfer the sections into absolute ethanol for
5 min to remove residual xylene. Follow with three washes in PBS, each
for 5 min. Immerse the sections in 120 UL of hematoxylin solution and
stain for 10 min. After staining, rinse with distilled water to remove
excess dye. Differentiate the sections with 1% hydrochloric acid ethanol
to eliminate nuclear and cytoplasmic background staining.
Subsequently, dehydrate sequentially in 80%, 95%, and absolute
ethanol, each for 5 s to 2 min. After drying, mount the slides with
neutral resin and observe and photograph under a microscope.

2.6 Measurement of biochemical kit

Serum and urinary levels of UA, CRE, and BUN were measured
using commercial assay kits according to the manufacturer’s
instructions. Similarly, hepatic ALT, AST, and XOD levels were
determined using corresponding detection kits following
standard protocols.

2.7 RNA-seq analysis

RNA sequencing analysis of rat kidney and liver tissues was
conducted following standardized protocols. Total RNA was
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extracted from nine biological samples (three per group: CON,
MOD, and Verbenalin-L) using TRIzol reagent (Invitrogen, CA,
USA), followed by library preparation with the VAHTS Universal
V6 RNA-seq Library Prep Kit. After the library construction was
completed, the QubitTM 2.0 Fluorometer was used for preliminary
quantification first, diluting the library to 1.5ng/uL. Subsequently,
the Agilent 2100 bioanalyzer was used to detect the insert size of the
library. After the insert size met the expectations, RT-qPCR
accurately quantified the effective concentration of the library (the
effective concentration of the library was higher than 2 nM) to
ensure the quality of the library. After the library inspection is
qualified, different libraries are pooled according to the effective
concentration and the target data volume required for sequencing,
and 150 bp paired end readings are generated. Paired-end
sequencing was performed by Wekemo Tech Group Co., Ltd
(Shenzhen, China).

The image data of sequencing fragments measured by high-
throughput sequencers are converted into sequence data (reads)
through CASAVA base recognition. The files are in fastg format
and mainly contain the sequence information of the sequencing
fragments and their corresponding sequencing quality information.
The raw data obtained from sequencing contains a small number of
reads with sequencing headers or of low sequencing quality. To
ensure the quality and reliability of data analysis, it is necessary to
filter the original data. It mainly includes removing reads with
adapters, reads containing N(where N indicates that the base
information cannot be determined), and low-quality reads (where
the number of bases with Qphred <20 accounts for more than 50%
of the entire read length). All subsequent analyses are high-quality
ones based on cleandata. For data analysis, the reference genome
and annotations were retrieved from NCBI. Sequence alignment
was performed using HISAT2 (v2.0.5) after building the genome
index. Gene expression levels were quantified in FPKM values
through StringTie analysis. Differential expression analysis was
conducted using DESeq2 (v1.16.1) with a significance threshold
of adjusted p-value < 0.05 after Benjamini-Hochberg correction.
Functional enrichment analyses included Gene Ontology (GO) and
KEGG pathway analyses using the cluster Profiler package, with
corrected p-value < 0.05 considered statistically significant.

2.8 Metagenomic analysis

After the last administration, fresh cecum contents from rats
were collected in sterile tubes and stored at -80 °C until gut
microbiota analysis. Total genomic DNA of the microbial
community genomic was extracted from cecum contents using
the E.ZN.A.® soil DNA Kit (Omega Bio-tek, Norcross, GA, U.S.)
according to manufacturer’s instructions. Amplicon sequencing
was performed using the Illumina MiSeq PE300 platform/
NovaSeq PE250 platform (Illumina, San Diego, CA, USA)
according to the standard protocols of Wekemo Tech Group Co.,
Ltd. (Shenzhen China).

To ensure the reliability of the data, it is necessary to use
Kncaddata software to preprocess the Raw sequencing data. First,
remove the joint sequences from the original data and the sequences
with low quality (default quality threshold <20), as well as the
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sequences with a final length of less than 50bp. Considering that the
samples may have host contamination, it is necessary to align the
Clean Data to the host genome. By default, the Bowwtie2 software is
used to filter the sequences from the host and obtain valid sequences
for subsequent analysis. Finally, the rationality and effectiveness of
quality control were tested through FastOC. The sequence number
of species contained in the samples was calculated by comparing
Kraken2 with the self-built microbial nucleic acid database, and
then Bracken was used to predict the actual relative abundance of
species in the samples. The variation in the gut microbiota among
the CON, MOD, and Verbenalin-L groups was assessed via non-
metric multidimensional scaling (NMDS) analysis. Linear
discriminant analysis coupled with effect size (LEfSe) was
performed to identify the dominant microbiota from phylum to
genus, according to a standard LDA score of >2, p < 0.05 in
different groups.

2.9 Metabolomics analysis

The urine samples (100 puL) were placed in the EP tubes and
resuspended with prechilled 80% methanol by well vortex. Then the
samples were incubated on ice for 5 min and centrifuged at 15000 g,
4 °C for 20 min. Some of supernatant was diluted to final
concentration containing 53% methanol by LC-MS grade water.
The samples were subsequently transferred to a fresh Eppendorf
tube and then were centrifuged at 15000 g, 4 °C for 20 min. Finally,
the supernatant was injected into the LC-MS/MS system analysis.

LC-MS analyses were performed using a Vanquish UHPLC
system (Thermo Fisher, USA) coupled with an Orbitrap Q
ExactiveTM HF mass spectrometer or Orbitrap Q Exactive
TMHF-X mass spectrometer (Thermo Fisher, Germany). Samples
were injected onto a Hypersil Gold column (100 mm x 2.1 mm, 1.9
pum) using a 12-min linear gradient at a flow rate of 0.2 mL/min.
The eluents for the positive and negative polarity modes were eluent
A (0.1% formic acid aqueous solution) and eluent B (methanol).
The solvent gradient was set as follows: 0-1.5 min, 2% B; 1.5-3 min,
2%-85% B; 3-10 min, 85%-100% B; 10-10.1 min, 100%-2% B; 10.1-
12 min, 2% B. Q ExactiveTM HF mass spectrometer was operated
in positive/negative polarity mode with spray voltage of 3.5 kV,
capillary temperature of 320 °C, sheath gas flow rate of 35 psi and
aux gas flow rate of 10 L/min, S-lens RF level of 60, Aux gas heater
temperature of 350 °C.

The offline data files are converted into mzXML format through
ProteoWizard. First, XCMS is used for peak extraction and peak
quantification. Through parameters such as retention time and
mass-to-charge ratio, peak alignment is performed for different
samples, and the peak area of the first sample is corrected to make
the quantification more accurate. Then, based on the information
such as the 10ppm mass deviation and the added ions set, it is
compared with the high-quality secondary spectrum database for
metabolite identification. Subsequently, the blank sample was used
to remove background ions. The original quantitative results were
standardized according to the formula: original quantitative value of
the sample/(total quantitative values of sample metabolites/total
quantitative values of the first sample metabolites), and the relative
peak area was obtained. These metabolites were annotated using the
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KEGG database (https://www.genome.jp/kegg/pathway.html),
HMDB database (https://hmdb.ca/metabolites) and LIPID Maps
database (http://www.lipidmaps.org/).

2.10 Western blot assay

Kidney and liver tissue samples were homogenized in 200 pL
RIPA lysis buffer supplemented with 1% protein phosphatase
inhibitor cocktail. After centrifugation at 12,000 x g for 15 min at
4 °C, the supernatant was collected for protein quantification using
a BCA assay kit. Protein concentrations were normalized, and
samples were mixed with 5x loading buffer (20% of final volume).
Following denaturation at 100 °C for 10 min, proteins were
separated by SDS-PAGE and transferred onto PVDF membranes.
The membranes were blocked with 5% skim milk in TBST for 1.5 h
at room temperature. Following blocking, the membranes were
incubated overnight at 4 °C with primary antibodies targeting
GLUTY (1:1000), URATI1 (1:1000), XOD (1:1000), p-PI3K
(1:1000), PI3K (1:1000), p-AKT (1:1000), AKT (1:1000), p-MAPK
(1:1000), MAPK (1:1000), NLRP3 (1:1000), IL-1B (1:1000), B-actin
(1:5000), respectively. B-actin was served as loading control for
normalization of protein content across all immunoblot analyses.
After three TBST washes, membranes were probed with species-
matched HRP-conjugated secondary antibodies (1:5000 dilution;
goat anti-rabbit or goat anti-mouse) for 1.5 h at room temperature.
Following additional TBST washes, protein bands were visualized
using an ECL substrate (1:1 mixture of components A and B) and
imaged with an Amersham Image Quant 800 system. Band
intensities were quantified using Image Lab software.

2.11 Statistical analysis

All statistical analyses were performed using the GraphPad
Prism software 8.0 program. Measurements were expressed as
mean + standard deviation and the repeatability of each
experiment was greater than or equal to 3. One-way analysis of
variance (ANOVA) was used to compare normally distributed data
between multiple groups and repeated measures and two-way
ANOVA were used to analyze ankle swelling rate, foot swelling
rate, inflammation scores, and gait scores, with p < 0.05 being
considered statistically significant.

3 Results

3.1 Verbenalin ameliorates joint
inflammation and pathological changes in
a rat model of gout

Following intra-articular MSU injection, the right ankle joints
exhibited marked swelling (Figure 1A). The model group
increased significantly in foot swelling and toe volume
compared to controls, reaching the highest level within the
observation period at the 24th hour, confirming successful
model establishment (Figures 1B, C). Verbenalin treatment

frontiersin.org


https://www.genome.jp/kegg/pathway.html
https://hmdb.ca/metabolites
http://www.lipidmaps.org/
https://doi.org/10.3389/fimmu.2026.1761558
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Xiao et al.

significantly attenuated both ankle and foot edema at all observed
time points (4, 8, and 24 h). Concurrently, it reduced
inflammation scores (Figure 1D) and gait scores (Figure 1E),
demonstrating improved joint inflammation.

Histopathological analysis of H&E staining ankle joint sections
revealed distinct morphological changes among groups (Figure 1F).
Control animals displayed normal synovial morphology with well-

10.3389/fimmu.2026.1761558

organized cell layers and absent inflammatory infiltrates. Model
group specimens exhibited characteristic gout-associated pathology
including synovial hyperplasia (increased cell layers), disrupted
tissue architecture, and dense inflammatory cell infiltration.
Verbenalin treatment groups showed significant mitigation of
these pathological features, with dose-dependent reductions in
inflammatory infiltration and restoration of synovial tissue
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Verbenalin alleviated joint pathology in gout. (A) picture of the right ankle joint of rats 24 h after MSU suspension injection (n=6); (B) foot swelling rate
(n=6). (C) ankle swelling rate (n=6); (D) inflammation score (n=6); (E) gait score (n=6); (F) H&E staining of the ankle joint (scale bar =50um,
magnification x200, x400). *p < 0.05, ****p < 0.0001 vs. CON group; #p < 0.05, *p < 0.01, ##p < 0.001, **##p < 0.0001, vs. MOD group. The red
arrow indicates synovial hyperplasia tissue, while the yellow arrow indicates inflammatory cell infiltration.
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organization. These histological findings confirm verbenalin’s
therapeutic potential in alleviating MSU-induced joint pathology
in this gout model.

3.2 Verbenalin ameliorates renal
dysfunction and histopathological damage
in a rat model of gout

In the experiment, we assessed how verbenalin affected the liver
and kidney damage in gout-induced rats. Rats in the control group
had smooth, vermilion kidneys, as seen in Figures 2A, B. The kidney
tissue structure was normal, with clear tubules and glomeruli, a
regular lumen, and a well-organized cellular structure. In the model
group, the kidneys were enlarged in size, the surface was rough, and
white lesions could be seen. There were obvious inflammatory cell
infiltration in the kidney tissue, and the renal tubules were
disorganized with coarse vacuolated degeneration. The Baumann’s
capsule that encapsulated the glomeruli was dilated, and the
glomeruli inside the capsule cavity were not filled. Compared with
the model group, the kidney surface of rats in the verbenalin group
was smooth, the white lesion area was reduced, and the degree of
renal tissue lesions were all reduced to a certain extent.

Meanwhile, we detected UA level of blood and urine, a key
indicator of gout, as well as BUN and CRE, an indicator of renal
function, to evaluate the pharmacodynamic effect of anti-gout.
Compared with the control group, the model group showed a
significant increase in blood UA, urea nitrogen and CRE content
(Figures 2C-E), and a significant decrease in urinary UA, urea
nitrogen and CRE clearance (Figures 2F-H), whereas verbenalin
treatment effectively promoted UA excretion, reduced serum UA
content and improved renal function in gout-induced rats, with the
effect of the low-dose group of verbenalin being slightly superior to
that of the high-dose group.

3.3 Verbenalin improves hepatic function
and mitigates histopathological changes in
a rat model of gout

As shown in Figure 3A, the liver tissues of rats in the control
group were normal in structure, and the nuclei of liver cells were
clear, tightly and neatly arranged. In the model group, the
cytoplasm was loose and lightly stained. Compared with the
model group, the degree of liver tissue lesions in the verbenalin
group was reduced to a certain extent. Verbenalin could
significantly reduce the increase in liver AST and ALT levels
caused by the gout model, and improve the liver injury in rats
(Figures 3B, C). The results showed that the expression of XOD
(Figure 3D), a key enzyme related to purine production, was
significantly up-regulated in the model group, while the
expression was reversed in the verbenalin group, suggesting that
verbenalin may reduce UA production by inhibiting the activity of
key enzymes related to purine production. According to the
biochemical indexes and H&E staining results, we found that
verbenalin has a certain protective effect on liver injury caused by
gout, and can inhibit liver UA synthesis. Low dose verbenalin is
more effective than high dose verbenalin.
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As low-dose verbenalin has demonstrated sufficient efficacy in
reducing UA and key inflammatory indicators, and is slightly better
than the high-dose group, in order to explore the specific
mechanism of its therapeutic effect, this group was selected for
subsequent omics analysis.

3.4 Transcriptomics with western
validation reveals verbenalin ameliorates
gouty renal injury through PI3K/AKT
inhibition

Transcriptomics analysis was performed on rat kidneys,
compared with the control group, the samples from the model
and verbenalin groups were able to separate significantly, indicating
that there were significant differences in genes between the groups
(Figure 4A). Compared with the control group, 2416 DEGs were
identified in the model group, of which 1243 DEGs were up-
regulated and 1173 DEGs were down-regulated, and 2472 DEGs
were identified in the verbenalin group, of which 1283 DEGs were
up-regulated and 1189 DEGs were down-regulated, compared with
the model group (Figure 4B). Heat map clustering analysis
(Figure 4C) showed that these differentially expressed mRNAs
could well distinguish the verbenalin group from the model group.

GO enrichment analysis (Figure 4D) was performed on the
differential genes, which were mainly distributed in the extracellular
matrix, intracellular and other cellular components. Through
catalytic activity, binding and other mechanisms, they are
involved in cellular processes, organic metabolic processes, etc.
KEGG pathway analysis (Figure 4E) revealed that cancer
pathway, cell cycle, and PI3K-AKT signaling pathways were
significantly enriched. Among them, PI3K-AKT signaling
pathway is an important autophagy and inflammation-related
signaling pathway, which is closely related to the biological
processes of UA and lipid metabolism, and can affect the
expression of (URAT1) and (GLUTY) (22, 23). Verbenalin may
exert its therapeutic effect on the gout model by affecting the PI3K-
AKT signaling pathway. therapeutic effects. Therefore, WB
validation of key proteins of the PI3K-AKT signaling pathway
was performed, and it was found that verbenalin significantly
inhibited the expression of PI3K-AKT signaling pathway proteins
and significantly reduced the expression of URAT1 and GLUT9
(Figure 4F). Verbenalin may inhibit renal inflammation, reduce UA
reabsorption, and promote UA excretion by inhibiting the renal
PI3K-AKT signaling pathway.

3.5 Transcriptomics with western validation
reveals verbenalin inhibits the MAPK
signaling pathway in the liver

Transcriptomics analysis was performed on rat liver, compared
with the control group, the samples in the model and verbenalin
groups were able to separate significantly, indicating that there were
significant differences in genes between the groups (Figure 5A).
Compared with the control group, 1961 DEGs were identified in the
model group, of which 791 DEGs were up-regulated and 1170
DEGs were down-regulated; 817 DEGs were identified in the
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FIGURE 2

Verbenalin reduced kidney damage and promoted UA excretion. (A) picture of rat kidney (n=6); (B) renal H&E staining (scale bar =50um,
magnification X200, x400). The red arrow indicates dysplasia of the renal capsule, while the green arrow indicates renal tubular vacuolar

degeneration. (C) serum UA (n=6); (D) serum CRE (n=6); (E) plasma BUN (n=

6); (F) urine UA (n=6); (G) CRE clearance (n=6); (H) urine BUN (n=6). *

< 0.05, **p < 0.01, ****p < 0.0001 vs. CON group; #p < 0.05, *#p < 0.01, **p < 0.001, **#*#p < 0.0001 vs. MOD group.

verbenalin group, of which 283 DEGs were up-regulated and 534
DEGs were down-regulated, compared with the model group
(Figures 5B, C). Heat map clustering analysis (Figure 5D) showed
that these differentially expressed mRNAs could well distinguish the
verbenalin group from the model group.

GO enrichment analysis (Figure 5E) was performed on the
differential genes, which were mainly distributed in intracellular
components such as intracellular and intracellular organelles, and
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were involved in cellular processes, metabolic processes, and so on.
KEGG pathway analysis (Figure 5F) revealed that herpes simplex
virus infection, MAPK signaling pathway, lipids and atherosclerosis
were significantly enriched. UA is produced in the liver via purine
metabolism, and XOD plays a key role in purine metabolism,
catalyzing the oxidation of HX to xanthine, and then to UA (24).
The MAPK signaling pathway is one of the most important
pathways that are known to be closely related to the pathogenesis
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FIGURE 3
Verbenalin mitigated hepatic injury and suppressed UA synthesis. (A) rat hepatic H&E staining (scale bar =50um, magnification x200, x400); (B) Liver
ALT (n=6); (C) Liver AST (n=6); (D) Liver XOD (n=6). **p < 0.01, ***p < 0.001 vs. CON group; *p < 0.05, **p < 0.01 vs. MOD group.

of gout, and it has been demonstrated that phosphorylation of
MAPK promotes the expression of XOD (25). Therefore, WB
validation of key proteins of the MAPK signaling pathway was
performed, and verbenalin was found to significantly inhibit the
expression of MAPK signaling pathway proteins and significantly
reduce the expression of XOD (Figure 5G). Verbenalin may inhibit
hepatic inflammation and reduce UA production by inhibiting the
hepatic MAPK signaling pathway.

3.6 Metagenomic analysis reveals
Verbenalin modulates gout-associated gut
microbiota

Metagenomic analysis of rat feces and PCA results showed
significant differences in fecal flora between the control, model and
verbenalin groups, with samples from the control and model groups
being able to be significantly separated, and samples from the
verbenalin group being more similar to the control group
(Figure 6A). Compared with the control group, the model group
showed a decrease in the alpha diversity of the flora, with a
significant decrease in the shannon index and chaol index, and a
significant increase in the alpha diversity of the flora in the
verbenalin group, suggesting that verbenalin significantly
improved the richness of the intestinal flora species in gout-
induced rats (Figure 6B). Intergroup comparisons among the 3
subgroups were performed using LEfSe analysis, and the results are
shown in Figure 6C, which showed that the microbial communities
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of the 3 groups differed, with 25, 8, and 7 dominant taxa screened in
the control, model, and verbenalin groups, respectively. Among
these taxa, Lachnospiraceae, Eggerthellaceae, and Oscillospiraceae
were significantly more abundant in the control group, while
Acidaminococcaceae and Acetobacteraceae were more abundant in
the model group. In contrast, Peptostreptococcaceae, Alcaligenaceae
were more abundant in the verbenalin group. These phylogenetic
subtypes are essential for distinguishing the composition of the gut
microbiota in the three groups. In summary, verbenalin improved
the gut microbiota structure of gout-induced rats to some extent.
RDA analysis showed that ankle joint swelling was positively
correlated with blood UA level in rats, and ankle joint swelling and
blood UA level were significantly and positively correlated with the
levels of Phascolarctobacterium, Phocaeicola, Parabacteroides, etc., and
with Intestinimonas, Mediterraneibacter, Enterocloster, etc. were
significantly negatively correlated (Figure 6D). Therefore, we made
heat maps of the contents of gout associated bacteria in the three
groups (Figure 6E). The results showed that compared with the control
group, the abundance of gout negatively associated bacteria, such as
Duncaniella, Blautia and Dysosmobacter, decreased in the model
group, and Verbenalin treatment could increase the abundance of
these beneficial bacteria. KEGG pathway enrichment analysis showed
that the differential genes were mainly enriched in amino acid
biosynthesis, cofactor biosynthesis synthesis, and carbon metabolism
pathways, while purine metabolism pathway was significantly enriched
(Figure 6F). Purine metabolism disorder is an important cause of
abnormal UA level in the body. We conducted correlation analysis
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between these gout related flora and purine metabolites (Figure 6G),
and the correlation analysis results showed that the abundance of these
flora was significantly correlated with the content of purine metabolites,
and gout related flora could significantly regulate purine metabolism. It
was hypothesized that Verbenalin may regulate intestinal metabolism
and improve UA metabolism disorder by regulating the level
of intestinal.
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3.7 Untargeted urine metabolomics reveals
Verbenalin regulates purine metabolites in
gout model rats

Untargeted metabolomics analysis was used to study the

differences in urinary metabolites between the control, model and
verbenalin groups. According to the unsupervised multivariate
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analysis method PCA, the metabolites of all three groups were
significantly different, especially in the control and model groups,
and the samples of the verbenalin group were more similar to those
of the control group, which indicated that verbenalin could improve
the metabolic disorders in gout-induced rats (Figure 7A).
Metabolites with significant differences were selected based on the
VIP obtained from the OPLS-DA model and the p-value of the t-
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test, and metabolites with VIP>1 and p < 0.05 were significantly
different (Figure 7B). Among these metabolites, 477 differential
metabolites were obtained in relation to the model group compared
to the control group, including Aloesin, trans-3-Indoleacrylic acid,
and pseudo-Hydroxyalprazolam. in addition, 462 differential
metabolites were identified between the verbenalin group and the
model group, including Maltotetraose, Aloesin, and Maltotriose.
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Verbenalin modulated the gut microbiota associated with gout (n=4). (A) PCA plot; (B) a-diversity analysis; (C) LEfSe analysis; (D) RDA analysis plot;
(E) Heat map of gout associated flora; (F) KEGG pathway analysis; (G) Correlation analysis diagram of gout associated flora and purine metabolites.
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Notably, this differential metabolite returned to normal levels and
was greatly affected after verbenalin treatment (Figure 7C).

In order to explore the possible relevant metabolic pathways for
verbenalin treatment of gout, the differential metabolites screened by
OPLS-DA were imported into the metabolic analysis database for
KEGG pathway analysis, which screened 14 significantly enriched
significant metabolic pathways, and nucleotide metabolism and
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purine metabolism were the most significantly enriched differential
metabolic pathways, suggesting that verbenalin may decrease the level
of purine metabolism in vivo by modulating the level of UA
production (Figure 7D). HUA caused by purine nucleotide
metabolism disorders is the main cause of gout development (2).
Therefore, we calculated the urine purine metabolity-related
metabolites content and made a heat map (Figure 7E). The results
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showed that there were significant differences in purinine-related
metabolites between the model group and the blank group, and
verbenalin reversed this change. It is suggested that verbenalin may

reduce UA by regulating purine metabolism.

4 Discussion

Huazhuo Sanjie Chubi Decoction is an empirical formula that is
based on the understanding of the pathogenesis of gout and its
symptomatic characteristics and the pathogenesis of “spleen
deficiency, dampness, phlegm, stagnation, heat and stagnation”,
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and is summarized and condensed, with remarkable efficacy in the
clinical treatment of gout (26). Through quantitative and cellular
verification of the components of Huazhuo Sanjie Chubi Decoction,
the research group found that verbenalin has a good potential for
the treatment of gout, but its therapeutic effect and effect on gout
have not been fully explained. We used a rat model of HUA
combined with acute gouty arthritis in order to assess the
effectiveness of verbenalin. This model can more accurately depict
the entire pathological process in gout patients, from metabolic
abnormality to acute inflammatory attack (27). Histological analysis
revealed synovial tissue hyperplasia with a high number of
neutrophil infiltration and a significant increase in blood UA in
the joint tissues of the model group, demonstrating that the model
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construction was successful. The results demonstrated that MSU
crystal injection caused joint swelling, increased inflammation, and
improved gait scores in rats. Additionally, gout-induced rats
respond well to verbenalin treatment, which can effectively lower
serum UA levels, promote urine UA excretion, block the infiltration
of inflammatory cells into the synovium and joint cavity, and reduce
joint swelling to a level that is almost normal.

The direct cause and biochemical basis of gout is HUA, and
when serum UA concentration exceeds 6.5 mg/dL, serum sodium
urate crystals are oversaturated with MSU crystals, and MSU crystal
deposition in the organs leads to a series of inflammatory responses
and organ damage (28). Deposition of MSU crystals in organs
activates natural immune responses such as proliferation and
polarization of macrophages, monocytes, and neutrophils, as well
as release of inflammatory factors with induced activation of
inflammatory vesicles, resulting in an inflammatory cascade
response and organ damage (29). Cellular inflammatory
responses dominated by NLRP3 play an important role in the
course of gout, and activation of NLRP3 inflammatory vesicles and
release of large amounts of IL-1f are central to MSU-mediated
gouty attacks (30). Liver and kidney injury is a common
complication of gout, the kidneys are the main place of UA
excretion, the liver is the main place of purine metabolism and
UA synthesis, liver and kidney injury will not only lead to purine
metabolism disorders in vivo, but also caused by the degradation of
DNA provides a large number of purine precursors to promote UA
synthesis, which in turn further leads to HUA and gouty episodes
(31-33). Therefore, we also paid attention to the effect of the gout
model on the kidneys, and found that the urea nitrogen and CRE
levels were abnormal in the model group; the kidneys were
obviously enlarged, the tissues appeared to be lesions, and the
oxidative stress levels were abnormal. At the same time, we found
that the liver tissue of the model group showed lesions, and the ALT
and AST levels of the liver were significantly higher than those of
the control group, indicating that the gout model caused liver and
kidney damage, and the administration of verbenalin effectively
improved the renal function abnormality and the lesions of the
kidneys and liver tissue of the model rats, and lowered the oxidative
stress level of the kidneys and the transaminase level of the liver,
which indicated that the verbenalin had a protective effect on the
liver and kidney damage caused by gout.

The renal transcriptome results suggest to us that verbenalin may
affect the kidney may be related to the PI3K-AKT signaling pathway,
which is an important autophagy, inflammation-related signaling
pathway. It has been shown that the PI3K-AKT signaling pathway
mediates UA excretion by a mechanism related to the regulation of
URAT1 and GLUT9 UA transporter proteins (34). UA excretion in
the kidney mainly relies on UA transporter proteins, of which
URAT1 and GLUT9 are important carriers in the process of UA
reabsorption into the bloodstream. URAT]I is located in the apical
membrane of proximal tubular epithelial cells, which is an important
factor in the maintenance of UA levels, and it is mainly responsible
for recognizing and transporter of organic anions that mediate the
transfer of urate, and it can be used for the transfer of urate by the
proximal tubular cells through transmembrane potential gradient.
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The apical membrane of tubular cells is responsible for recognizing
and transporting organic anions that mediate the transport of urate
from the proximal tubule lumen through a transmembrane potential
gradient (35). URATI1 has a strong transport capacity and
approximately 90% of UA reabsorption in the body is mediated by
URAT1 (36). GLUTY, an important transporter promoting urate
reabsorption, is located in the outer basement membrane of the
proximal renal tubule and is mainly expressed in the kidney, liver,
placenta and cartilage (37). The results showed that verbenalin may
have a “synergistic impairment” effect by inhibiting the PI3K-AKT
signaling pathway: on the one hand, it reduces uric acid reabsorption
and improves hyperuric acid status by reducing the expression of
URATI1 and GLUTY; On the other hand, by inhibiting the
inflammatory response of NLRP3, it alleviates renal pathology to
protect kidney function and promote UA excretion.

The MAPK pathway is significant in regulating growth
signaling and is involved in cell proliferation, differentiation,
apoptosis, inflammation, and immunity by phosphorylating key
protein targets to cascade the activation of MAPK kinase, MAPK
kinase, and MAPK to transmit extracellular signals to the nucleus,
and subsequently regulating transcription of downstream
associated factors (38). The MAPK signaling pathway promotes
XOD expression, and use of the MAPK inhibitor can eliminate the
increased XOD expression (25, 39). UA is converted from purine
nucleosides and purines in the presence of XOD, which is a key
catalytic enzyme for UA production (40). The experimental results
of this study showed that verbenalin inhibited the MAPK signaling
axis, reduced XOD-mediated UA production, and alleviated
inflammation induced by a high UA environment, achieving the
dual effects of “inhibiting enzyme inhibition of UA production” and
“anti-inflammatory liver protection”.

Dysbiosis of the gut flora has been found to be strongly
associated with numerous metabolic diseases, especially gout, and
the gut microbiota is thought to influence the development of gout
and serum urate levels (41). Dysbiosis of gut flora can be used as a
non-invasive diagnostic marker for gout (42). The microflora
diversity index chaol and shannon in the model group were
significantly lower than those in the control group, while the
microflora diversity was restored after verbenalin treatment, and
verbenalin could improve intestinal flora disturbance caused by
gout. The results of RDA and microflora abundance heat map
showed that verbenalin could reverse some changes in the
abundance of gout associated microflora. It has been reported in
the literature that the abundance of beneficial bacteria such as
Adlercreutzia, Streptococcus, Blautia, Roseburia is significantly
reduced in gout related diseases, and verbenalin can increase the
abundance of these beneficial bacteria (43-46). Streptococcus is an
important UA depressant for intestinal health and can promote UA
degradation (47). Blautia, Dysosmobacter and Mediterraneibacter
are butyric acid-producing bacteria, which produce butyric acid
that maintains intestinal integrity, enhances the damaged intestinal
barrier function, and can inhibit the formation of HUA by reducing
the level of inflammatory factors (48, 49). Butyric acid is a short-
chain fatty acids (SCFAs), and SCFAs produced by the metabolism
of intestinal flora can alleviate intestinal inflammation and maintain
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the intestinal barrier (50). The results of KEGG enrichment showed
that many genes related to purine metabolism were enriched.
Therefore, we analyzed the correlation between these flora and
purine metabolites, and found that gout related flora can
significantly regulate purine metabolites. This exploratory study
indicates that verbenalin exert protective effects against gout and
UA metabolic dysfunction. These benefits may be associated with
the modulation of specific flora, the preservation of intestinal
barrier function, and the regulation of metabolic pathways.

We screened for biomarkers by multivariate statistical analysis of
urinary metabolites collected from samples. Urine metabolomics
analysis revealed that 462 differential metabolites were associated
with gout amelioration, mainly Maltotetraose, Aloesin, Maltotriose,
and Pseudo-Hydroxyalprazolam, as well as major metabolic
pathways, such as nucleotide metabolism and purine metabolism.
Most of the UA in the body is mainly the end product of exogenous
and endogenous purine metabolism, and purine is an important
product of nucleotide metabolism, and HUA caused by disturbances
in purine nucleotide metabolism is the main cause of gout (51).
Under physiological conditions, UA is derived from enzymatic
degradation of purine nucleotides. In the process of purine
nucleotide metabolism, guanine nucleotide (GMP) is converted to
guanine by nucleotidase, and guanine is converted to xanthine by
guanine deaminase. adenine nucleotide (AMP) is converted into HX
nucleic acid under the action of nucleotidase, and XOD eventually
oxidizes HX to xanthine and xanthine to UA (52, 53). We found that
verbenin significantly modulates purine nucleotide metabolism
disorders associated with gout, suggesting that verbenin potentially
reduces serum UA levels may by modulating the purine nucleotide
metabolic imbalances associated with gout.

5 Limitations

It should be noted that the mechanism described in the article
regarding the action of verbenalin through intestinal microorganisms is
still a theoretical conclusion. Although the metabolomics data and the
results of the microbiota analysis support this possibility, the direct
causal relationship between the two has not been confirmed in this
experimental system. Therefore, future research needs to conduct
experiments such as antibiotic treatment or fecal microbiota
transplantation, combined with targeted metabolomics analysis of
intestinal contents, to directly verify the necessity and mediating role
of the intestinal microbiota in regulating the host's UA metabolism
through verbenalin.Furthermore, although this study identifies a
significant modulatory effect on the microbiome and urinary
metabolome, the broader pharmacodynamic landscape remains to be
fully mapped. Specifically, the temporal dynamics and bidirectional
interplay between hepatic/renal impairment and urate metabolic
dysfunction warrant further clarification to determine whether these
pathological changes are primary drivers or secondary consequences.
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6 Conclusion

In conclusion, our exploratory findings suggest that verbenalin
help modulate purine nucleotide metabolic disturbances,
potentially through the regulation of intestinal microbiota and
UA-related metabolic proteins. Furthermore, verbenalin was
observed to attenuate inflammatory responses in the gout rat
model, by reinforcing the intestinal barrier and inhibiting
inflammatory signaling pathways. These results offer preliminary
insights that warrant further investigation into the potential role of
verbenalin in gout management.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The Animal Experimentation Ethics Committee at Fujian
University of Traditional Chinese Medicine granted ethical approval
for all procedures under protocol FJTCM IACUC 2024113.

Author contributions

YX: Methodology, Writing — original draft, Writing - review &
editing. TZ: Methodology, Writing - original draft, Writing -
review & editing. QC: Validation, Writing - original draft,
Writing - review & editing. YqZ: Validation, Writing - original
draft, Writing — review & editing. BC: Visualization, Writing -
original draft, Writing - review & editing. MW: Validation,
Writing - original draft, Writing - review & editing.
YjZ: Conceptualization, Writing — original draft, Writing - review
& editing. MH: Supervision, Writing — original draft, Writing -
review & editing. YS: Funding acquisition, Resources, Writing —
original draft, Writing - review & editing. JG: Project
administration, Writing — original draft, Writing — review & editing.

Funding

The author(s) declared that financial support was received for
this work and/or its publication. This work was supported by
National Key Research and Development Program of
China (2022YFC3501200).

frontiersin.org


https://doi.org/10.3389/fimmu.2026.1761558
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Xiao et al.

Conflict of interest

The author(s) declared that this work was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declared that generative AI was not used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial

References

1. Liu W, WuY, Ka Y, Wang A, Fan Y, Ding J, et al. Research progress on treatment of
gouty with traditional Chinese medicine. Chin Tradit Herb Drugs. (2023) 23:7895-906.

2. Dalbeth N, Gosling AL, Gaffo A, Abhishek A. Gout. Lancet. (2021) 397:1843-55.
doi: 10.1016/S0140-6736(21)00569-9

3. Dehlin M, Jacobsson L, Roddy E. Global epidemiology of gout: prevalence,
incidence, treatment patterns and risk factors. Nat Rev Rheumatol. (2020) 16:380-90.
doi: 10.1038/s41584-020-0441-1

4. Zhang M, Zhu X, Wu J, et al. Prevalence of hyperuricemia among Chinese adults:
findings from two nationally representative cross-sectional surveys in 2015-16 and
2018-19. Front Immunol. (2021) 12:791983. doi: 10.3389/fimmu.2021.791983

5. Fitzgerald JD. Gout. Ann Intern Med. (2025) 178:Itc33-itc48. doi: 10.7326/
ANNALS-24-03951

6. Bindu S, Mazumder S, Bandyopadhyay U. Non-steroidal anti-inflammatory drugs
(NSAIDs) and organ damage: a current perspective. Biochem Pharmacol. (2020)
180:114147. doi: 10.1016/j.bcp.2020.114147

7. Cao L, Miao M, Qiao J, Bai M, Li R. The protective role of verbenalin in rat model of
focal cerebral ischemia reperfusion. Saudi ] Biol Sci. (2018) 25:1170-7. doi: 10.1016/
j.5jbs.2017.10.005

8. Chen X, Zhong X, Guo J, Jin T, Guan H, Lin J, et al. Phytochemical characterization
and pharmacological mechanisms of Huazhuo Sanjie Chubi Decoction in treating
gouty arthritis: a multivariant approach. ] Ethnopharmacol. (2025) 347:119731.
doi: 10.1016/j.jep.2025.119731

9. Tao Z, ChenJ, SuJ, Wu S, Yuang Y, Yao H, et al. Quantitative proteomics analysis of
systemic responses and biological mechanisms of ShuFengJieDu Capsule using HIN1-
infected RAW264. 7 Cells ACS Omega. (2020) 5:15417-23. doi: 10.1021/
acsomega.0c01545

10. Yang L, Liu T, Zhou Y, Li D, Li D, Liu J, et al. Verbenalin alleviates acute lung
injury induced by sepsis and IgG immune complex through GPRI18 receptor. Cell
Signal. (2023) 109:110768. doi: 10.1016/j.cellsig.2023.110768

11. Hasin Y, Seldin M, Lusis A. Multi-omics approaches to disease. Genome Biol.
(2017) 18:83. doi: 10.1186/s13059-017-1215-1

12. Peng H, Lu C, Huang X, Huang S, Zhao M, Liu J, et al. Analysis of the current status
and prospects of multi-omics technologies in the field of traditional Chinese medicine.
Tradit Chin Med. (2024) 65:775-81. doi: 10.13288/j.11-2166/r.2024.08.002

13. Hu X, Qi C, Feng F, Wang Y, Di T, Meng Y, et al. Combining network
pharmacology, RNA-seq, and metabolomics strategies to reveal the mechanism of
Cimicifugae Rhizoma - Smilax glabra Roxb herb pair for the treatment of psoriasis.
Phytomedicine. (2022) 105:154384. doi: 10.1016/j.phymed.2022.154384

14. Xian M, Shen L, Zhan S, Chen S, Lin H, Cai J, et al. Integrated 16S rRNA gene
sequencing and LC/MS-based metabolomics ascertained synergistic influences of the
combination of acupuncture and NaoMaiTong on ischemic stroke. J Ethnopharmacol.
(2022) 293:115281. doi: 10.1016/j.jep.2022.115281

15. Lu M, Yin J, Xu T, Dai X, Liu T, Zhang Y, et al. Fuling-Zexie formula attenuates
hyperuricemia-induced nephropathy and inhibits JAK2/STAT3 signaling and NLRP3
inflammasome activation in mice. J Ethnopharmacol. (2024) 319:117262. doi: 10.1016/
j.jep.2023.117262

16. Chen L, Lan Z. Polydatin attenuates potassium oxonate-induced hyperuricemia
and kidney inflammation by inhibiting NF-kB/NLRP3 inflammasome activation via
the AMPK/SIRT1 pathway. Food Funct. (2017) 8:1785-92. doi: 10.1039/C6FO01561A

Frontiers in Immunology

10.3389/fimmu.2026.1761558

intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

17. Dong SM, Gao PH, Liang WH. Study on the intervention of verbascoside on airway
inflammation, airway smooth muscle cell proliferation, and RhoA expression in
bronchial asthma rats through NF-kB/MAPK signaling pathway. China Med Rev.
(2021) 27:23-7. doi: 10.13862/j.cnki.cn43-1446/r.2021.03.006

18. Zhu'Y, Yan G, Qiao Y, Han J. Study on the intervention of verbascoside in airway
inflammation and airway remodeling in asthmatic rats through the Wnt/B-catenin
signaling pathway. J Pract Med. (2018) 34:2880-3.

19. Xu Y, Wu TF, Gong Y]J. Mabanin alleviates airway inflammation in asthmatic rats
through the JAK3-STAT6 signaling pathway. Adv Anat. (2023) 29:181-3, 187.
doi: 10.16695/j.cnki.1006-2947.2023.02.019

20. Cai X, Hua S, Deng J, Du Z, Zhang D, Liu Z, et al. Astaxanthin activated the Nrf2/
HO-1 pathway to enhance autophagy and inhibit ferroptosis, ameliorating
acetaminophen-induced liver injury. ACS Appl Mater Interfac. (2022) 14:42887-903.
doi: 10.1021/acsami.2c10506

21. Coderre TJ, Wall PD. Ankle joint urate arthritis (AJUA) in rats: an alternative
animal model of arthritis to that produced by Freund’s adjuvant. Pain. (1987) 28:379-
93. doi: 10.1016/0304-3959(87)90072-8

22. Minseo K, Yerin K, Jihye L, John AM, Yang K, Yuri K. Neohesperidin
dihydrochalcone and neohesperidin dihydrochalcone-O-glycoside attenuate
subcutaneous fat and lipid accumulation by regulating PI3K/AKT/mTOR pathway in
vivo and in vitro. Nutrients. (2022) 14:1042. doi: 10.3390/nu14051087

23. Zhang M, Sun K, Guo X, Chen Y, Feng C, Chen J, et al. The antihyperuricemia
activity of Astragali Radix through regulating the expression of uric acid transporters
via PI3K/Akt signalling pathway. J Ethnopharmacol. (2023) 317:116770. doi: 10.1016/
i.jep.2023.116770

24. Xie ], Miao Q, Cui X, Wang J, Wang C, Tang L. Synthesis of flavonoid derivatives
and effect on activity of xanthine oxidase. Guizhou Med Univ. (2023) 48:1020-5.
doi: 10.19367/j.cnki.2096-8388.2023.09.004

25. Katherine JS, Laura ER, Mehdi AF, Lisa AP, Tatiana LO, Richard MW. Stress
activation of mammary epithelial cell xanthine oxidoreductase is mediated by p38
MAPK and CCAAT/enhancer-binding protein-beta. ] Biol Chem. (2006) 281:8545-58.
doi: 10.1074/jbc.M507349200

26. Guo J, Zhang Y, Xiao Y, Chen P, Su Y. Effect of Huazhuo Sanjie Chubi Decoction
and Huazhuo Sanjie Chubi Decoction combined with Allopurinol in treatment of
chronic gouty arthritis. Fujian Univ Tradit Chin Med. (2024) 55:12. doi: 10.13260/
j.cnki.jfjtcm.2024.03002

27. Patil T, Soni A, Acharya S. A brief review on in vivo models for gouty arthritis.
Metabol Open. (2021) 11:100100. doi: 10.1016/j.metop.2021.100100

28. Wang S, Zhang L, Hao D, Wang L, Liu J, Niu Q, et al. Research progress of risk
factors and early diagnostic biomarkers of gout-induced renal injury. Front Immunol.
(2022) 13:908517. doi: 10.3389/fimmu.2022.908517

29. Wang S, Liu W, Wei B, Wang A, Wang Y, Wang W, et al. Traditional herbal
medicine: therapeutic potential in acute gouty arthritis. J Ethnopharmacol. (2024)
330:118182. doi: 10.1016/j.jep.2024.118182

30. Li X, Gao J, Tao J. Purinergic signaling in the regulation of gout flare and
resolution. Front Immunol. (2021) 12:785425. doi: 10.3389/fimmu.2021.785425

31. Chen M, Ji H, Song W, Zhang D, Su W, Liu S. Anserine beneficial effects in
hyperuricemic rats by inhibiting XOD, regulating uric acid transporter and repairing
hepatorenal injury. Food Funct. (2022) 13:9434-42. doi: 10.1039/D2FO01533A

frontiersin.org


https://doi.org/10.1016/S0140-6736(21)00569-9
https://doi.org/10.1038/s41584-020-0441-1
https://doi.org/10.3389/fimmu.2021.791983
https://doi.org/10.7326/ANNALS-24-03951
https://doi.org/10.7326/ANNALS-24-03951
https://doi.org/10.1016/j.bcp.2020.114147
https://doi.org/10.1016/j.sjbs.2017.10.005
https://doi.org/10.1016/j.sjbs.2017.10.005
https://doi.org/10.1016/j.jep.2025.119731
https://doi.org/10.1021/acsomega.0c01545
https://doi.org/10.1021/acsomega.0c01545
https://doi.org/10.1016/j.cellsig.2023.110768
https://doi.org/10.1186/s13059-017-1215-1
https://doi.org/10.13288/j.11-2166/r.2024.08.002
https://doi.org/10.1016/j.phymed.2022.154384
https://doi.org/10.1016/j.jep.2022.115281
https://doi.org/10.1016/j.jep.2023.117262
https://doi.org/10.1016/j.jep.2023.117262
https://doi.org/10.1039/C6FO01561A
https://doi.org/10.13862/j.cnki.cn43-1446/r.2021.03.006
https://doi.org/10.16695/j.cnki.1006-2947.2023.02.019
https://doi.org/10.1021/acsami.2c10506
https://doi.org/10.1016/0304-3959(87)90072-8
https://doi.org/10.3390/nu14051087
https://doi.org/10.1016/j.jep.2023.116770
https://doi.org/10.1016/j.jep.2023.116770
https://doi.org/10.19367/j.cnki.2096-8388.2023.09.004
https://doi.org/10.1074/jbc.M507349200
https://doi.org/10.13260/j.cnki.jfjtcm.2024.03002
https://doi.org/10.13260/j.cnki.jfjtcm.2024.03002
https://doi.org/10.1016/j.metop.2021.100100
https://doi.org/10.3389/fimmu.2022.908517
https://doi.org/10.1016/j.jep.2024.118182
https://doi.org/10.3389/fimmu.2021.785425
https://doi.org/10.1039/D2FO01533A
https://doi.org/10.3389/fimmu.2026.1761558
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Xiao et al.

32. Ruilope LM, Garcia-Puig J. Hyperuricemia and renal function. Curr Hypertens Rep.
(2001) 3:197-202. doi: 10.1007/s11906-001-0038-2

33. Hidekatsu Y, Hiroki A, Mariko H, Hisayuki K. Molecular biological and clinical
understanding of the pathophysiology and treatments of hyperuricemia and its
association with metabolic syndrome, cardiovascular diseases and chronic kidney
disease. Int ] Mol Sci. (2021) 22:9221. doi: 10.3390/ijms22179221

34. Liu Y, Han Y, Liu Y, Huang C, Feng W, Cui H, et al. Xanthoceras sorbifolium
leaves alleviate hyperuricemic nephropathy by inhibiting the PI3K/AKT signaling
pathway to regulate uric acid transport. J Ethnopharmacol. (2024) 327:117946.
doi: 10.1016/j.jep.2024.117946

35. Hou Z, Ma A, Mao J, Song D, Zhao X. Overview of the pharmacokinetics and
pharmacodynamics of URAT1 inhibitors for the treatment of hyperuricemia and gout.
Expert Opin Drug Metab Toxicol. (2023) 19:895-909. doi: 10.1080/17425255.2023.2287477

36. Yuan Q, Cheng Y, Sheng R, Yuan Y, Hu M. A brief review of natural products with
urate transporter 1 inhibition for the treatment of hyperuricemia. Evid Based
Complement Alternat Med. (2022) 2022:5419890. doi: 10.1155/2022/5419890

37. Wu C, Hu Q, Peng X, Luo J, Zhang G. Marine fish protein peptide regulating
potassium oxonate-induced intestinal dysfunction in hyperuricemia rats helps alleviate
kidney inflammation. J Agric Food Chem. (2023) 71:320-30. doi: 10.1021/acs.jafc.2c04017

38. Kim EK, Choi EJ. Pathological roles of MAPK signaling pathways in human
diseases. Biochim Biophys Acta. (2010) 1802:396-405. doi: 10.1016/j.bbadis.2009.12.009

39. Pan W, Yu H, Huang S, Zhu P. Resveratrol protects against TNF-co.-induced injury in
human umbilical endothelial cells through promoting sirtuin-1-induced repression of NF-
KB and p38 MAPK. PloS One. (2016) 11:¢0147034. doi: 10.1371/journal.pone.0147034

40. Ritu O, Jagjeet S, Anu O, Harbinder S, Sahil S, Kunal N. An updated patent review:
xanthine oxidase inhibitors for the treatment of hyperuricemia and gout (2011-2015).
Expert Opin Ther Pat. (2017) 27:311-45. doi: 10.1080/13543776.2017.1261111

41. Abhay KS, Siva SKD, Ashok I, Leonard LW. Elucidating the role of gut microbiota
dysbiosis in hyperuricemia and gout: insights and therapeutic strategies. World |
Gastroenterol. (2024) 30:4404-10. doi: 10.3748/wjg.v30.i40.4404

42. Chu Y, Sun S, Huang Y, Gao Q, Xie X, Wang P, et al. Metagenomic analysis
revealed the potential role of gut microbiome in gout. NPJ Biofilms Microbiomes. (2021)
7:66. doi: 10.1038/s41522-021-00235-2

43. Kim D, Moon JS, Kim JE, Jang YJ, Choi HS, Oh I, et al. Evaluation of purine-
nucleoside degrading ability and in vivo uric acid lowering of Streptococcus

Frontiers in Immunology

17

10.3389/fimmu.2026.1761558

thermophilus IDCC 2201, a novel antiuricemia strain. PloS One. (2024) 19:e0293378.
doi: 10.1371/journal.pone.0293378

44. Pan L, Han P, Ma S, Peng R, Wang C, Kong W, et al. Abnormal metabolism of gut
microbiota reveals the possible molecular mechanism of nephropathy induced by
hyperuricemia. Acta Pharm Sin B. (2020) 10:249-61. doi: 10.1016/j.apsb.2019.10.007

45. Sheng S, Chen J, Zhang Y, Qin Q, Li W, Yan S, et al. Structural and functional
alterations of gut microbiota in males with hyperuricemia and high levels of liver
enzymes. Front Med (Laus). (2021) 8:779994. doi: 10.3389/fmed.2021.779994

46. Wu S, LiC, Li Y, Liu J, Rong C, Pei H, et al. SLC2A9 rs16890979 reduces uric acid
absorption by kidney organoids. Front Cell Dev Biol. (2023) 11:1268226. doi: 10.3389/
fcell.2023.1268226

47. Lin X, Zou X, Hu B, Sheng D, Zhu T, Yin M, et al. Bi Xie Fen Qing Yin decoction
alleviates potassium oxonate and adenine induced-hyperuricemic nephropathy in mice
by modulating gut microbiota and intestinal metabolites. BioMed Pharmacother.
(2024) 170:116022. doi: 10.1016/j.biopha.2023.116022

48. Tiphaine LR, Patrick VDS, Adrien P, Nathalie D, Giulio GM, Jean FC, et al.
Dysosmobacter welbionis gen. nov., sp. nov., isolated from human faeces and emended
description of the genus Oscillibacter. Int J Syst Evol Microbiol. (2020) 70:4851-8.
doi: 10.1099/ijsem.0.003547

49. Li M, Yue H, Wang Y, Guo C, Du Z, Jin C, et al. Intestinal microbes derived
butyrate is related to the immunomodulatory activities of Dendrobium officinale
polysaccharide. Int J Biol Macromol. (2020) 149:717-23. doi: 10.1016/
j.ijbiomac.2020.01.305

50. Laurence M, Tan J, Angelica TV, Katie L, Dragana S, Suzanne L, et al. Metabolite-
sensing receptors GPR43 and GPR109A facilitate dietary fibre-induced gut homeostasis
through regulation of the inflammasome. Nat Commun. (2015) 6:6734. doi: 10.1038/
ncomms7734

51. Yang S, Liu H, Fang X, Yan F, Zhang Y. Signaling pathways in uric acid
homeostasis and gout: from pathogenesis to therapeutic interventions. Int
Immunopharmacol. (2024) 132:111932. doi: 10.1016/j.intimp.2024.111932

52. Gutman AB, Yiu TF. Effect of ribomononucleotides given orally on uric acid
production in man. Adv Exp Med Biol. (1974) 41:401-5.

53. Wang X, Wang C, Hu Q, Lv Y, Zhang X, Ouyang Z, et al. The dual actions of
Sanmiao wan as a hypouricemic agent: down-regulation of hepatic XOD and renal
mURAT1 in hyperuricemic mice. ] Ethnopharmacol. (2010) 128:107-15. doi: 10.1016/
j.jep.2009.12.035

frontiersin.org


https://doi.org/10.1007/s11906-001-0038-2
https://doi.org/10.3390/ijms22179221
https://doi.org/10.1016/j.jep.2024.117946
https://doi.org/10.1080/17425255.2023.2287477
https://doi.org/10.1155/2022/5419890
https://doi.org/10.1021/acs.jafc.2c04017
https://doi.org/10.1016/j.bbadis.2009.12.009
https://doi.org/10.1371/journal.pone.0147034
https://doi.org/10.1080/13543776.2017.1261111
https://doi.org/10.3748/wjg.v30.i40.4404
https://doi.org/10.1038/s41522-021-00235-2
https://doi.org/10.1371/journal.pone.0293378
https://doi.org/10.1016/j.apsb.2019.10.007
https://doi.org/10.3389/fmed.2021.779994
https://doi.org/10.3389/fcell.2023.1268226
https://doi.org/10.3389/fcell.2023.1268226
https://doi.org/10.1016/j.biopha.2023.116022
https://doi.org/10.1099/ijsem.0.003547
https://doi.org/10.1016/j.ijbiomac.2020.01.305
https://doi.org/10.1016/j.ijbiomac.2020.01.305
https://doi.org/10.1038/ncomms7734
https://doi.org/10.1038/ncomms7734
https://doi.org/10.1016/j.intimp.2024.111932
https://doi.org/10.1016/j.jep.2009.12.035
https://doi.org/10.1016/j.jep.2009.12.035
https://doi.org/10.3389/fimmu.2026.1761558
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Multi-omics analysis reveals the mechanism of verbenalin in treating gout via modulating purine metabolism, gut microbiota, and inflammatory pathways
	1 Introduction
	2 Materials and methods
	2.1 Experimental materials and reagents
	2.2 Animal modeling and treatment
	2.3 Evaluation of ankle joint swelling in rats
	2.4 Sample collection and preparation
	2.5 Hematoxylin and eosin staining
	2.6 Measurement of biochemical kit
	2.7 RNA-seq analysis
	2.8 Metagenomic analysis
	2.9 Metabolomics analysis
	2.10 Western blot assay
	2.11 Statistical analysis

	3 Results
	3.1 Verbenalin ameliorates joint inflammation and pathological changes in a rat model of gout
	3.2 Verbenalin ameliorates renal dysfunction and histopathological damage in a rat model of gout
	3.3 Verbenalin improves hepatic function and mitigates histopathological changes in a rat model of gout
	3.4 Transcriptomics with western validation reveals verbenalin ameliorates gouty renal injury through PI3K/AKT inhibition
	3.5 Transcriptomics with western validation reveals verbenalin inhibits the MAPK signaling pathway in the liver
	3.6 Metagenomic analysis reveals Verbenalin modulates gout-associated gut microbiota
	3.7 Untargeted urine metabolomics reveals Verbenalin regulates purine metabolites in gout model rats

	4 Discussion
	5 Limitations
	6 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


