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Abstract

BACKGROUND

Hyperuricemia (HUA) is a public health concern that needs to be solved urgently.
The lyophilized powder of Poecilobdella manillensis has been shown to significantly
alleviate HUA; however, its underlying metabolic regulation remains unclear.

AIM

To explore the underlying mechanisms of Poecilobdella manillensis in HUA based
on modulation of the gut microbiota and host metabolism.
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METHODS

A mouse model of rapid HUA was established using a high-purine diet and potassium oxonate injections. The
mice received oral drugs or saline. Additionally, 165 rRNA sequencing and ultra-high performance liquid chroma-
tography with quadrupole time-of-flight mass spectrometry-based untargeted metabolomics were performed to
identify changes in the microbiome and host metabolome, respectively. The levels of uric acid transporters and
epithelial tight junction proteins in the renal and intestinal tissues were analyzed using an enzyme-linked
immunosorbent assay.

RESULTS

The protein extract of Poecilobdella manillensis lyophilized powder (49 mg/kg) showed an enhanced anti-trioxy-
purine ability than that of allopurinol (5 mg/kg) (P < 0.05). A total of nine bacterial genera were identified to be
closely related to the anti-trioxypurine activity of Poecilobdella manillensis powder, which included the genera of
Prevotella, Delftia, Dialister, Akkermansia, Lactococcus, Escherichia_Shigella, Enterococcus, and Bacteroides. Furthermore,
22 metabolites in the serum were found to be closely related to the anti-trioxypurine activity of Poecilobdella
manillensis powder, which correlated to the Kyoto Encyclopedia of Genes and Genomes pathways of cysteine and
methionine metabolism, sphingolipid metabolism, galactose metabolism, and phenylalanine, tyrosine, and
tryptophan biosynthesis. Correlation analysis found that changes in the gut microbiota were significantly related to
these metabolites.

CONCLUSION
The proteins in Poecilobdella manillensis powder were effective for HUA. Mechanistically, they are associated with
improvements in gut microbiota dysbiosis and the regulation of sphingolipid and galactose metabolism.

Key Words: Gut microbiota; Metabolism; Multi-omics; Poecilobdella manillensis; Sphingolipid metabolism pathway;
Galactose metabolism pathway; Hyperuricemia

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: This study reveals the novel therapeutic potential of Poecilobdella manillensis in treating hyperuricemia (HUA)
through a dual mechanism: The direct modulation of uric acid levels and restoration of renal and intestinal barriers.
Importantly, it highlights the role of proteins in Poecilobdella manillensis in rectifying gut microbiota dysbiosis and
adjusting key metabolic pathways, most notably, sphingolipid and galactose metabolism. These findings highlight the multi-
target, multi-channel effects of Poecilobdella manillensis treatment for HUA and provide fundamental data for the clinical
use of HUA treatments.

Citation: Liu X, Liang XQ, Lu TC, Feng Z, Zhang M, Liao NQ, Zhang FL, Wang B, Wang LS. Leech Poecilobdella manillensis
protein extract ameliorated hyperuricemia by restoring gut microbiota dysregulation and affecting serum metabolites. World J
Gastroenterol 2024; 30(29): 3488-3510

URL: https://www.wjgnet.com/1007-9327/full/v30/i29/3488.htm

DOI: https://dx.doi.org/10.3748/wjg.v30.i29.3488

INTRODUCTION

Hyperuricemia (HUA) is a metabolic disorder characterized by abnormally elevated levels of uric acid (UA) in the
bloodstream. HUA, often caused by purine metabolism disorders and UA metabolism disorders, tends to induce gout,
and may also affect the urinary system[1]. A report detailing the trends in HUA and gout within China indicated that
approximately 13.3% of the population is impacted by HUA, equating to around 177 million individuals[2]. Globally, the
increasing incidence of HUA has resulted in it becoming one of the most common basal metabolic diseases|[3].
Furthermore, accumulating evidence has shown that HUA plays a pivotal role not only in the development of gout, but
also in diabetes mellitus, cardiovascular disease, hypertension, and chronic kidney disease[3]. Some studies have shown
that HUA and gout are risk predictors of all-cause mortality from cardiovascular disease[4]. Given the harmful effects of
HUA, there is an urgent need for a scientific understanding of the HUA pathogenesis and the identification of new
therapeutic drugs.

The gut microbiota is crucial for the metabolism of HUA. Changes or imbalances in the composition of gut microbiota
can lead to metabolic disorders throughout the body[5]. Approximately 70% of UA is eliminated via the kidneys, while
the rest is primarily excreted in the feces or is further broken down by the gut microbiota[6]. A high-purine diet may
influence the physiological state of the host through interactions with the gut microbiota[7]. Host metabolic function has
been shown to be affected by changes in the structure and composition of the gut microbiota[8]. Exploring the patho-
genesis of HUA using the gut microbiota as an entry point has become a new research hotspot worldwide. Early studies
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have confirmed the relationship between the gut microbiota and metabolic changes in HUA[9-11], suggesting that
changes in serum metabolism caused by the gut microbiota is a suitable strategy for HUA research.

Currently, medications for treating HUA comprise xanthine oxidase (XOD) inhibitors [such as allopurinol (AP) and
febuxostat], recombinant urate oxidase (rasburicase), and promoters of UA excretion (benzbromarone)[12,13]. Although
these drugs exhibit clinical efficacy, their side effects frequently restrict their usage in clinical settings. For instance, AP
can provoke a deadly hypersensitivity syndrome[14], benzbromarone may cause hepatotoxicity[13], and rasburicase is
known to trigger rapid hypersensitivity reactions[15,16]. Therefore, it is necessary to find valid, promising, and
economical therapies for the treatment of HUA. Leeches (Hirudo) are part of traditional Chinese medicine, first seen in
the “Shennong Materia Medica”, a pharmacological treatise published in the Eastern Han Dynasty[17]. Poecilobdella
manillensis, commonly known as the Philippine cattle leech or medical vermiculite in Manila, belongs to the genus of
medicinal vermiculite leeches[18]. This larger species of leech is widely distributed throughout Southeast Asia, including
regions in China, such as Guangxi. In China, medicinal vermiculite leeches that feed on animal blood include Poecilobdella
manillensis and Hirudonipponia whitma[19]. Some studies have reported that their pharmacological effects include
analgesic, anti-inflammatory, platelet-inhibitory, anticoagulant, and thrombin-regulatory functions, in addition to
degradative effects on the extracellular matrix[18,20,21]. Limited studies have been performed to explore the efficacy of
Poecilobdella manillensis on HUA and gout. Dong et al[22] reported that Poecilobdella manillensis lyophilized powder
significantly reduced UA levels in HUA mice, whilst also proving to be safe for use. However, the active anti-HUA
components, the in vivo metabolic mechanisms, and the molecular mechanisms of this treatment are not fully understood.
In recent years, further research on leeches has identified the main components of leeches, which include proteins,
polypeptides, some small molecular compounds, and trace elements[23]. Most studies have focused on the effect of single
isolated polypeptides, such as hirudin[24,25], but not a mixture of different proteins, such as the leech total protein (LTP).
Therefore, the mechanism by which LTP lowers UA has not yet been clarified, and no studies on the treatment of HUA
with LTP currently exist.

To the best of our knowledge, there are no metabolomics and microbiome studies on the effects of LTP in HUA
animals. Here, we aimed to reveal host serum metabolic changes, in addition to gut microbial changes, in the cecal
contents of HUA mice. Furthermore, we aimed to reveal to possible mechanism through a combination of gut microbiota
and metabolomics analyses.

MATERIALS AND METHODS

Chemicals and reagents

Experimental leech Poecilobdella manillensis freeze-dried powder (Place of origin: Pingnan of Guangxi, China) was
supplied by Guangxi Fuxinyi Biological Technology Co., Ltd. (Pingnan, China). Potassium oxonate (PO) (purity = 98.0%,
P137112) and AP (purity = 98.0%) were purchased from Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai,
China). The high-purine diet consisted of mice feedstuff (100 g), yeast extract (40 g), and yeast ribonucleic acid (2 g),
which were re-granulated after melting the above ingredients, supplied by Jiangsu Xietong Pharmaceutical Bio-
engineering Co., Ltd. (Nanjing, China). UA (C012-2-1), XOD (A002-1-1), creatinine (CRE, C011-2-1), and blood urea
nitrogen (BUN, C013-2-1) biochemical test kits were purchased from Nanjing Jiancheng Bioengineering Institute
(Nanjing, China). Enzyme-linked immunosorbent assay (ELISA) kits for glucose transporter 9 (GLUT9, RX201243M),
ATP-binding cassette transporter G2 (ABCG2, RX200182M), urate transporter 1 (URAT1, RX200399M), occludin
(RX202826M), and zonula occludens-1 (ZO-1, RX202825M) were obtained from Quanzhou Ruixin Biotechnology Co., Ltd.
(Quanzhou, China). The Enhanced bicinchoninic acid assay (BCA) Protein Assay Kit, catalogued as P0010S, was sourced
from Beyotime Biotechnology, headquartered in Shanghai, China.

Extraction of LTP from Poecilobdella manillensis lyophilized powder

First, Poecilobdella manillensis lyophilized powder was dissolved in phosphate-buffered saline (PBS) at a concentration of
39 mg/mL. The extraction was then performed using the ammonium sulfate saturation precipitation technique. Gradual
ammonium sulfate salting-out stages were implemented to selectively harvest crude protein within the 30%-80% range.
The procedural parameters are delineated in Supplementary Table 1. The protein activity of each fraction underwent
meticulous examination. The methodology is outlined as follows: The solution was immersed in ammonium sulfate at
30% saturation, allowing it to rest in a refrigerated environment at 4 °C for 6 hours. Next, the solution underwent centri-
fugation at 8000 rpm for 20 minutes to remove precipitated impurities. These steps were repeated using 80% saturated
ammonium sulfate, including centrifugation and harvesting of the resulting precipitate. The resolubilized and precip-
itated crude protein underwent further processing through centrifugal ultrafiltration, utilizing Millipore Amicon® Ultra
3KD tubes at 14000 rpm for 20 minutes, thereby facilitating ultrafiltration and desalination. The desalted crude protein
solution (LTP) was meticulously amassed, appropriately concentrated, and stored at 4 °C[26-28].

Animals

Kunming mice (male, specific pathogen-free, 20-25 g) were provided by Tianqgin Biotechnology Co., Ltd. (Changsha,
China). Before the onset of the experimental procedures, all mice underwent a 1-week acclimation period in the
designated animal facility, which was rigorously maintained at a temperature of 24 + 2 °C, a humidity level of 50% + 5%,
and subjected to a 12 hours light/dark cycle. Throughout this preparatory phase, the subjects had unrestricted access to
food and water, ensuring their physiological and psychological readiness for the forthcoming studies. All experimental
procedures complied with the United Kingdom Animals (Scientific Procedures) Act 1986 and associated guidelines and
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were approved by the Medical Ethics Committee of Guangxi University.

Animal treatment

For the induction of HUA and renal dysfunction, mice were provided with a high-purine diet and intraperitoneal
injection of 200 pL PO for 7 consecutive days. The high-purine diet consisted of mice feedstuff (100 g), yeast extract (40 g),
and yeast ribonucleic acid (2 g), which were re-granulated after melting the above ingredients. Potassium oxyate was
dissolved in 0.5% sodium carboxymethyl cellulose solution at a concentration of 52.5 mg/mL.

In the study, 36 mice were randomly allocated into four parallel groups (8-10 mice in each group), comprising a normal
control group (CON), a PO-induced HUA model group (HUA), a group treated with leech Poecilobdella manillensis total
protein extract (LTP, receiving 49 mg/kg/day via intragastric administration), and a positive control group (AP, receiving
5 mg/kg/day AP by intragastric administration). The CON group was provided with a normal diet and intraperitoneal
injection with 200 pL 0.5% sodium carboxymethyl cellulose, while the HUA group was provided with a high-purine diet
and intraperitoneal injection with 200 pL PO. The modeling methods adopted by the LTP group and AP group were
consistent with those of the HUA group. Animal modeling and pharmacotherapeutics commenced concurrently. The
protein concentrations in the leech Poecilobdella manillensis lyophilized Powder and LTP were determined with the BCA
method[29-32]. All groups of mice were anesthetized with isoflurane after the last pharmaceutical intervention. Urine and
blood samples were collected to measure UA, CRE, and BUN. Hepatic tissue supernatant (detailed methods in “Detection
of hepatic XOD activity” of Materials and Methods) was employed for the assessment of XOD. The supernatant derived
from kidney and jejunum tissues was utilized for the evaluation of UA transporters, including URAT1, GLUTY, and
ABCG?2, in addition to the epithelial tight junction proteins ZO-1 and occludin.

Urinate collection
After 7 days of treatment, the mice were transferred to a clean and empty cage individually for the collection of urine,
which was then centrifuged at 3500 rpm for 10 minutes. The supernatant was used for UA and CRE analyses directly.

Collection of serum and tissue samples

Animals were anesthetized using diethyl ether 1 hour after the last treatment, and blood was collected to obtain serum for
the UA and CRE assays. Kidney and liver tissues were dissected quickly on ice and stored in liquid nitrogen for the
following analyses.

Evaluation of UA, CRE, and BUN in the serum and urine

Blood and urine specimens were spun at 3500 rpm for 15 minutes at 4 °C to clear any sediment and extract the
supernatant. UA concentrations were measured with an enzymatic colorimetric technique, as per the given guidelines.
CRE levels were analyzed using a sarcosine oxidase-based CRE assay kit, following the provided instructions. Similarly,
the level of BUN was assessed using a urea nitrogen assay kit following the urease method specified in the kit
instructions.

Detection of hepatic XOD activity

To create a 10% liver homogenate, liver tissues were first washed with chilled PBS (0.01 mol/L, pH = 7.4) to eliminate
residual blood. After weighing, the tissues were finely chopped on ice, and mixed with PBS at a specific ratio of 10 mg of
tissue to 100 pL of PBS, effectively making 1 mL of buffer equivalent to 0.1 g of tissue. Protease inhibitors were added to
the PBS to prevent protein degradation. The mixture was then homogenized using a pre-cooled tissue grinder. To further
break down the tissue and cells, the homogenate underwent ultrasonication according to our experimental procedures.
Following homogenization, the tissues were centrifuged at 7228 rpm for 8 minutes at -4 °C to separate the supernatant.
Protein concentrations were quantified using an Enhanced BCA Protein Assay Kit. Liver XOD activity was then
measured using an XOD test kit, according to the instructions.

Assessment of UA transporters and epithelial tight junction proteins

For the extraction of supernatant, tissue specimens were prepared by homogenizing jejunal and kidney tissues using a
pre-cooled tissue grinder, as described above (“Detection of hepatic XOD activity”). Following homogenization, the
tissues were spun at 7228 rpm for 8 minutes, and the supernatant was subsequently collected at -4 °C. The analysis of UA
transporters (including URAT1, GLUTY9, and ABCG2) and epithelial tight junction proteins (including ZO-1 and occludin)
was performed using ELISAs, following the kit instructions.

Histological examination

Renal tissues were prepared for histological analysis using hematoxylin and eosin (HE) staining: (1) Fixation and
embedding: Mouse kidney tissues were longitudinally sectioned, and immediately fixed in 4% paraformaldehyde. After
72 hours, the tissues were rinsed with running water for 15 minutes, dried with sterile gauze, and placed in dehydration
trays; (2) Dehydration: Tissues underwent dehydration using an increasing series of ethanol concentrations in a
dehydration device. This included 75% ethanol for 4 hours, followed by 85% for 2 hours, and then 90%, 95%, and absolute
ethanol stages I and II for 1.5 hours, 1 hour, and 30 minutes, respectively; (3) Clearing and infiltration: Post-dehydration,
the tissues underwent clearing in xylene, which facilitates better paraffin infiltration due to its miscibility with both
ethanol and paraffin. Subsequently, the tissues were infiltrated using a graded series of paraffin wax at 60 °C to ensure
complete penetration; (4) Sectioning: The embedded tissues were sectioned at 4 pm thickness using a microtome, floated
in a 40 °C water bath for expansion, and mounted on adhesion slides. The slides were then dried in a 60 °C oven for 3
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hours to adhere the sections; and (5) Staining: (a) Deparaffinization: Sections were deparaffinized in xylene and
rehydrated through a graded series of ethanol to water; (b) Staining: Sections were stained in Mayer’s hematoxylin for 5
minutes, washed, and differentiated in 1% hydrochloric acid in ethanol for 2-3 seconds. After rinsing, sections were blued
in 0.6% ammonia water and then stained with 1% aqueous eosin for 5 minutes; and (c) Dehydration and clearing:
Ultimately, sections underwent dehydration in alcohol, were cleared using xylene, and were mounted in neutral resin for
microscopic analysis.

Untargeted metabolomics analysis using ultra-high performance liquid chromatography with quadrupole time-of-flight

mass spectrometry
Metabolomics instrument: Q-Exactive Quadrupole-Orbitrap High-Resolution Mass Spectrometer (Thermo Scientific,
United States), UltiMate 3000 Ultra High-Performance Liquid Chromatography System (Thermo Scientific, United States).

Chromatography conditions: The chromatographic analysis employed an ACQUITY UPLC BEH C18 column with
dimensions of 50 mm by 2.1 mm and a particle size of 1.7 pm. The column was kept at a constant 30 °C, while the
autosampler was cooled to 10 °C. For both positive and negative ion modes, the mobile phases were 0.1% formic acid in
water (Phase A) and methanol (Phase B). The gradient elution was structured as follows: From 0 to 2 minutes, 95% Phase
A; over the next 11 minutes, decreased linearly to 0% Phase A; held at 0% Phase A from 13 to 16 minutes; rapidly reverted
to 95% Phase A within 0.1 minutes; and held at 95% Phase A from 16.1 to 19 minutes. The chromatography utilized a flow
rate of 0.3 mL/min and an injection volume of 2 pL.

Mass spectrometry conditions: Ionization used a heated electrospray source at 350 °C. The spray voltage for negative ion
mode was 3.0 kV. The transfer capillary temperature was at 320 °C, the sheath gas pressure was 35 psi, and the auxiliary
gas flow was 10 psi. Full mass scan (MS) and data-dependent MS/MS scan mode was used, covering a mass range of 200
to 2000 m/z. Resolutions were 70000 for first-stage and 17500 for second-stage scans, with high-purity nitrogen as the
collision gas.

Workflow for cecal microbiota analysis

Cecal content specimens were procured from the cecal regions. Genomic DNA was extracted employing the Cetyltri-
methylammonium Bromide methodology[33]. After extraction, the concentration and purity of the DNA were meticu-
lously evaluated via electrophoresis conducted on a 1% agarose gel, a standard procedure to ensure the integrity and
quality of the genetic material for downstream applications. This step is crucial in molecular biology workflows to
ascertain the suitability of DNA samples for further analyses. Following the assessment, DNA was diluted to a standard
concentration of 1 ng/pL utilizing a sterile aqueous solution for the amplification process.

Amplification of the 165 rRNA gene sequences, specifically targeting the V3-V4 regions, was achieved using primers
341F (5'-CCTAYGGGRBGCASCAG-3") and 806R (5'-GGACTACNNGGGTATCTAAT-3’), each appended with a unique
barcode. The polymerase chain reaction (PCR) amplifications were executed within a reaction volume of 15 pL,
incorporating Phusion® High-Fidelity PCR Master Mix, sourced from New England Biolabs, Beijing, China. This reaction
mixture also included 2 pmol/L concentrations of both the forward and reverse primers, alongside an approximate 10 ng
quantity of template DNA. The thermal cycling protocol was initiated with a denaturation phase at 98 °C for 1 minute.
This phase was succeeded by 30 cycles, each comprising a denaturation step at 98 °C for 10 seconds, an annealing step at
50 °C for 30 seconds, and an elongation step at 72 °C for 30 seconds. The cycling protocol was finalized with an elongation
phase at 72 °C, extending for 5 minutes, to ensure the completion of DNA synthesis. This methodological approach
ensures the fidelity and specificity of the amplified DNA sequences, which is integral for subsequent molecular analyses.

Following amplification, the PCR products underwent electrophoresis within a 2% agarose gel matrix, utilizing a 1X
Tris-acetate-EDTA bulffer, to evaluate the results of amplification. Subsequently, PCR products were pooled at equimolar
concentrations and the pooled products were purified using the Universal DNA Purification Kit (TianGen, Beijing,
China). The generation of sequencing libraries was meticulously conducted utilizing the NEB Next® Ultra DNA Library
Prep Kit (Illumina, headquartered in San Diego, United States), adhering stringently to the guidelines provided by the
manufacturer. Following library preparation, index codes were appended to facilitate the identification and multiplexing
of samples. The assessment of library integrity and quality was performed using the Agilent 5400 Bioanalyzer (Agilent
Technologies, California, United States), ensuring optimal library standards before sequencing. Upon satisfactory
evaluation of library quality, sequencing was undertaken on the Illumina sequencing platform. This process yielded 250
bp paired-end reads, allowing for comprehensive coverage and depth of the genomic regions.

Bioinformatics and statistical analysis

Bioinformatics analysis of the gut microbiome: Bioinformatics analysis followed the “Atacama Soil Microbiome
Tutorial” from Qiime2docs, supplemented with custom scripts. Raw FASTQ data were imported into QIIME2, then
underwent quality control, trimming, denoising, and chimeric sequence removal using the dada2 plugin, resulting in an
amplicon sequence variant feature table. The taxonomic classification used the GREENGENES 13_8 99% Operational
Taxonomic Unit database, with V3-V4 region alignment via QIIME2 plugins, excluding mitochondrial and chloroplast
DNA. Statistical tools, including ANCOM, ANOVA, and DESeq2, were used to identify differentially abundant bacteria
across samples. Microbial diversity within samples (alpha diversity) and between samples (beta diversity) was assessed
using QIIME2 indices and was visualized through principal coordinate analysis (PCoA). Partial least squares
discriminant analysis (PLS-DA), through “mixOmics” and “vegan” R packages, respectively, explored the impact of
microbiota variations and environmental factors. Spearman’s rank correlations highlighted taxa associations, visualized
in network plots. Functional predictions of microbial communities were estimated with Phylogenetic Investigation of
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Communities by Reconstruction of Unobserved States, adhering to default parameters for consistent and reproducible
analysis, in line with top-tier microbiome research standards.

Metabolomics data processing and analysis: Data processing was conducted using CD 3.1 software for peak detection,
alignment, and normalization based on retention times and m/z values, forming two-dimensional data matrices. These
were analyzed in MetaboAnalyst 6.0 for pattern recognition, employing the 80% rule to refine data for statistical
evaluation. PLS-DA and orthogonal PLS-DA (OPLS-DA) methods were pivotal in variance analysis and identifying
metabolomic differences between groups, with validation through permutation tests and K-fold cross-validation. VIP
scores from OPLS-DA, indicating significant metabolite contributions, guided the identification of differential metabolites
with VIP > 1, P <0.05, and significant fold changes (FC), FC 2 1.5, or FC <0.67.

Differential metabolites were identified using the Human Metabolome Database and METLIN databases, ensuring
accuracy by matching molecular mass and ionization details closely with experimental data. This facilitated the
elucidation of metabolites linked to HUA. MetaboAnalyst 6.0 further explored the metabolic pathways affected by these
metabolites, visualizing pathway impact and significance through bubble charts, and highlighting pathways with P < 0.05
as significantly altered. This comprehensive approach provided insights into the metabolites’ roles and their implications
in HUA, enhancing the understanding of the condition’s metabolic underpinnings. PLS-DA, PCoA, and O2-PLS models
were used to integrate the metabolome and microbiome datasets, which are described in detail above. The model was
calculated on paired data sets; significant variables were then selected based on their correlation with the model score (P
<0.01).

Analysis of non-omics data: For numerical variables adhering to a normal distribution, descriptive statistics were
articulated as means with standard deviations. Group comparisons were conducted using the t-test for two groups and
ANOVA for more than two groups. Upon detecting significant differences between groups, the least significant
difference technique was applied for subsequent pairwise comparisons. In instances where the assumption of normality
was violated, descriptive statistics were presented as medians accompanied by interquartile ranges. Comparative analysis
between two independent samples was conducted using the Mann-Whitney U test, whereas the Kruskal-Wallis H test
facilitated comparisons across multiple groups. Upon identifying statistically significant disparities among groups, the
Dunn’s Sidak-Correction Factor method was employed for post-hoc multiple comparisons.

RESULTS

LTP ameliorated disruptions in UA and renal function in PO-induced HUA mice

The effect of LTP in terms of lowering urate was investigated in HUA mice. After 7 days of modeling, the HUA mice had
considerably higher serum and urine UA and XOD levels than mice in the CON group, demonstrating that the HUA
mouse model had been successfully constructed (Figure 1A-C). Compared with the HUA mice, mice in the LTP and AP
groups had significantly decreased serum levels of UA (P < 0.0001) and liver XOD activity (P < 0.01) (Figure 1A and C).
To assess renal function in HUA mice, serum CRE and BUN levels were analyzed. Serum CRE levels were significantly
increased in the HUA mice, which were decreased by LTP (P < 0.05) (Figure 1D). Serum BUN levels showed a decreasing
trend; however, this was not statistically significant between groups (Figure 1E). HE staining highlighted the differences
in the renal morphology among the groups. The CON group exhibited well-organized tubules, clear lumens, and intact
glomeruli. In contrast, the HUA model group showed severe renal damage, including tubular swelling, atrophy, and
disordered epithelial alignment with disrupted glomeruli, in addition to pronounced inflammatory infiltration and
vascular congestion. The LTP and AP treatment groups demonstrated significant protective effects; LTP notably reduced
inflammation and restored the renal structure to that closely resembling the CON group, while AP was slightly less
effective in alleviating congestion and glomerular changes (Figure 1F).

LTP promoted UA excretion by modulating urate transporters

Urate transporters are mainly responsible for UA excretion. Compared with the CON group, the concentrations of the
renal tissue reabsorption transporters URAT1 and GLUT9 were elevated in the HUA group, while the concentration of
the renal tissue secretory transporter ABCG2 was decreased in the HUA group. Following interventions with LTP and
AP, reversals of these observations were seen in the LTP and AP groups (Figure 2A-C). Similarly, the concentrations of
URAT1 and GLUT9 were upregulated in the jejunal tissues of the HUA group compared to the CON group, and there
were decreases in URAT1 and GLUT9 after LTP treatment; however, these differences were not statistically significant
(Figure 2D and E). The trend of ABCG2 expression in jejunal tissue was consistent with that in renal tissue (Figure 2F).

LTP ameliorated renal and intestinal barrier impairment in HUA mice

Epithelial tight junction proteins in renal and jejunal tissues were assessed to further investigate the extent of renal and
intestinal barrier impairment. Compared with the CON group, the concentrations of the renal tissue epithelial tight
junction proteins ZO-1 and occludin were decreased in the HUA group (P < 0.05) (Figure 3A and B). However, following
treatment with LTP and AP, the concentrations of ZO-1 and occludin in renal tissues showed an increasing trend (P <
0.01) (Figure 3A and B). The concentrations of ZO-1 and occludin in jejunum tissue showed a similar trend as in renal
tissue. Notably, the increase in jejunal tissue ZO-1 was statistically significant only in the LTP group (P < 0.05), whereas
there was no statistically significant difference in the AP group (P = 0.062) (Figure 3C and D).
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Figure 1 Effect of leech Poecilobdella manillensis total protein extract treatment on hyperuricemia. A: Serum uric acid levels; B: Urine uric acid
levels; C: Liver xanthine oxidase activity; D: Serum creatinine levels; E: Blood urea nitrogen levels; F: Renal tissue hematoxylin and eosin staining pathology under
200 x magpnification. Statistical significance determined by ANOVA is indicated as follows: 2P < 0.05 vs hyperuricemia model group (HUA); ®P < 0.01 vs HUA; °P <
0.001 vs HUA; P < 0.05 vs normal control group (CON); ¢P < 0.01 vs CON; P < 0.001 vs CON. CON: Normal control group; HUA: Hyperuricemia model group; AP:
Allopurinol treatment group; LTP: Leech Poecilobdella manillensis total protein extract treatment group; XOD: Xanthine oxidase; BUN: Blood urea nitrogen.

LTP remodeled gut microbiota composition in HUA mice

To further analyze the UA-lowering potential of LTP, cecum content samples were subjected to 16S rRNA gene
sequencing. Cecum microbiota communities were profiled using 16S rRNA gene V3-V4 pyrosequencing. The amount of
sequencing data was sufficient to cover almost all micro-organisms, judging from the alpha rarefaction curve of all
samples (Supplementary Figure 1A and B). First, the a diversity (including Shannon and Simpson indices) and B diversity
were used to analyze the differences in microbial diversity within and between groups. The Shannon and Simpson
indices in the HUA group were lower when compared to the CON group. However, the above indices in the LTP group
were higher than those in the HUA group, with the results for Shannon’s index being statistically different (P < 0.05)
(Figure 4A and B), suggesting that LTP could improve the richness and diversity of the gut microbiota in HUA mice. To
assess the differences in gut microbial composition, PCoA and PLS-DA were performed. The PLS-DA analysis showed
that the cluster of the HUA group was separated from that of the CON and LTP groups (Figure 4C, Supplementary
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Figure 2 Effect of leech Poecilobdella manillensis total protein extract on facilitating uric acid excretion, evaluated by enzyme-linked
immunosorbent assay. A: Renal urate transporter 1 (URAT1) concentration level; B: Renal glucose transporter 9 (GLUT9) concentration level; C: Renal ATP-
binding cassette transporter G2 (ABCG2) concentration level; D: Jejunum URAT1 concentration level; E: Jejunum GLUT9 concentration level; F: Jejunum ABCG2
concentration level. Statistical significance determined by ANOVA is indicated as follows: 2P < 0.05 vs hyperuricemia model group (HUA); °P < 0.01 vs HUA; °P <
0.001 vs HUA; ¢P < 0.05 vs normal control group (CON); ®P < 0.01 vs CON; P < 0.001 vs CON. Sample sizes: Renal tissue n = 6 for each group; Jejunum tissue n =
4 for each group. CON: Normal control group; HUA: Hyperuricemia model group; AP: Allopurinol treatment group; LTP: Leech Poecilobdella manillensis total protein
extract treatment group; URAT1: Urate transporter 1; GLUT9: Glucose transporter 9; ABCG2: ATP-binding cassette transporter G2.

Figure 1C). PCoA plots showed that the cluster of the CON group was separated from that of the HUA group, while the
LTP group was partially separated from the HUA group, and there was a significant difference (P < 0.01) among the three
groups, as analyzed using permanova statistics (Figure 4D, Supplementary Figure 1D-G), indicating that LTP treatment
altered the composition and distribution of the gut microbiota in HUA mice.

At the phylum level, the gut microbiome was dominated by Firmicutes, Bacteroidota, Proteobacteria, Desulfobacterota,
Verrucomicrobiota, Campilobacterota, and Patescibacteria, which differed among the CON, HUA, and LTP groups
(Figure 4E). Compared with the CON group, HUA group mice had a lower ratio of Firmicutes to Bacteroidota (F/B). After
LTP treatment, the F/B ratio was significantly higher (Figure 5A), restoring gut microbial abundance and showing a
similar microbial distribution to the CON group. The structural changes in the gut microbiota at the genus level were
studied (Figures 4F and 5A-C). The absolute abundances of Lactobacillus, Clostridium_sensu_stricto_1, Bifidobacterium,
Prevotella, and Escherichia_Shigella in the HUA group were remarkably lower than those in the CON group, while
Bacteroides, Alloprevotella, and Sphingomonas were significantly enriched in the HUA group. LTP treatment reversed these
changes and remodeled the bacterial abundance similar to that in the CON group. In addition, the LTP group showed a
specific increase in the abundance of Enterococcus, Dialister, Delftia, Faecalibacterium, and Akkermansia (Figure 5A-C). Linear
discriminant analysis effect size (LEfSe) analysis was used to compare the differences between the three groups at the
phylum and genus level; with the threshold of the logarithmic linear discriminant analysis score as 4.0 and P < 0.01, it
revealed that Firmicutes, Bacteroidota, Proteobacteria, and Verrucomicrobiota were significantly different species at the
phylum level (Figure 4G). The LEfSe analysis also revealed that the abundance of Bacteroides, Akkermansia,
Escherichia_Shigella, Prevotella, Sphingomonas, Parabacteroides, and Alloprevotella in the HUA and LTP groups significantly
differed at the genus level (Figure 4H). Collectively, these results indicate that LTP modulated the gut microbiota of HUA
mice, thereby alleviating PO-induced microecological dysregulation. Based on the Phylogenetic Investigation of
Communities by Reconstruction of Unobserved States, the possible functions of the altered gut microbiota (CON vs HUA
and HUA vs LTP) were analyzed. Figure 4] and ] show the primary metabolic pathways with significant differences (P <
0.05).
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Figure 3 Effect of leech Poecilobdella manillensis total protein extract on epithelial tight junction proteins, evaluated by enzyme-linked
immunosorbent assay. A: Renal zonula occludens-1 (ZO-1) concentration level; B: Renal occludin concentration level; C: Jejunum ZO-1 concentration level; D:
Jejunum occludin concentration level. Statistical significance determined by ANOVA is indicated as follows: 2P < 0.05 vs hyperuricemia model group (HUA); °P < 0.01
vs HUA; °P < 0.001 vs HUA; P < 0.05 vs normal control group (CON); P < 0.001 vs CON. Sample sizes: Renal tissue n = 6 for each group; Jejunum tissue n = 4 for
each group. CON: Normal control group; HUA: Hyperuricemia model group; AP: Allopurinol treatment group; LTP: Leech Poecilobdella manillensis total protein
extract treatment group; ZO-1: Zonula occludens-1.

LTP altered the serum metabolite composition in PO-induced HUA mice

We analyzed the serum metabolic profiles using ultra-high performance liquid chromatography with quadrupole time-
of-flight mass spectrometry. The results of the PLS-DA score plot showed that the quality control samples were well-
clustered in both positive and negative ion modes (Supplementary Figure 2A-F), indicating that the analytical method
had good stability and reliability, which could be applied for the subsequent analysis of serum metabolites. As shown in
the PLS-DA score plot (Figure 6A and B, Supplementary Figure 2G and H), the HUA and CON groups were separated,
indicating significant differences in the metabolites of the two groups of mice. The LTP group and HUA group were
separated, indicating that the LTP treatment could regulate the PO-induced alterations in serum metabolites. On the other
hand, OPLS-DA was applied to further identify potential biomarkers with significant changes in concentration. The
OPLS-DA results indicated a significant trend of separation in pairwise comparisons between CON and HUA groups, as
well as between HUA and LTP groups (Figure 6C-F). As shown in Supplementary Table 2, using the criteria of VIP > 1
and FC < 0.67 or > 1.50, we screened a total of 98 common differential metabolites. The volcano map shows changes in
serum metabolites between the HUA and CON groups; supplementation with LTP not only partially reversed some of
these changes induced by HUA but also introduced new alterations in the serum metabolites (Figure 6G and H).

In total, 22 potential biomarkers were discovered by consulting both the Human Metabolome Database and the Kyoto
Encyclopedia of Genes and Genomes (KEGG) database, as outlined in Supplementary Table 3. Heatmaps were generated
to demonstrate global trends in differential metabolites between groups (Figure 7A). Sphinganine, D-glucose, L-tyrosine,
ophthalmic acid, arachidonic acid, docosahexaenoic acid, 20-hydroxyeicosatetraenoic acid, and 8,11,14-eicosatrienoic acid
were significantly increased in the HUA group compared to the CON group, while stearic acid and 5'-methyl-
thioadenosine were significantly decreased. LTP treatment significantly reversed the changes in the above metabolites
(Figure 7B). Further, KEGG pathway analysis of differential metabolites revealed that sphingolipid metabolism, tyrosine
metabolism, primary bile acid biosynthesis, steroid hormone biosynthesis, starch and sucrose metabolism, galactose
metabolism, and purine metabolism were significantly altered in the HUA group when compared with the CON group;
while LTP significantly modulated cysteine and methionine metabolism, starch and sucrose metabolism, sphingolipid
metabolism, galactose metabolism, and phenylalanine, tyrosine, and tryptophan biosynthesis, when compared with the
HUA group (Figure 61 and J).
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Figure 4 Leech Poecilobdella manillensis total protein extract alters the gut microbiota in potassium oxonate-induced hyperuricemia
mice. A: Shannon index across three groups; B: Simpson index across three groups; C: Partial least squares discriminant analysis of three groups; D: Principal
coordinate analysis of three groups; E: Distribution plot of relative abundance at the phylum level of bacteria; F: Distribution plot of relative abundance at the genus
level of bacteria; G: Cladogram from linear discriminant analysis effect size (LEfSe) analysis identifying highly differentiated taxa from phylum to genus levels; H:
Linear discriminant analysis graph from LefSe analysis identifying highly differentiated taxa from phylum to genus levels; I: Predicted functional pathways of gut
microbiota in hyperuricemia model group (HUA) vs leech Poecilobdella manillensis total protein extract treatment group; J: Predicted functional pathways of gut
microbiota in normal control group vs HUA. Statistical significance is indicated as follows: 2P < 0.05 vs hyperuricemia model group. Sample size: n = 6 per group.
CON: Normal control group; HUA: Hyperuricemia model group; LTP: Leech Poecilobdella manillensis total protein extract treatment group; LDA: Linear discriminant
analysis.
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Figure 5 Effect of leech Poecilobdella manillensis total protein extract on vital microbial genus. A: The absolute abundance of vital microbial
genera in all groups, assessed through the Kruskal-Wallis ANOVA; B and C: Significant differences between each two groups at the genus level of gut microbiota,
determined by DESeq2 method [B: normal control group vs hyperuricemia model group (HUA); C: HUA vs leech Poecilobdella manillensis total protein extract
treatment group; n = 6 for each group). Statistical significance is indicated as follows: 2P < 0.05 vs hyperuricemia model group (HUA); °P < 0.01 vs HUA; °P < 0.001 vs
HUA; %P < 0.05 vs normal control group (CON); ¢P < 0.01 vs CON. CON: Normal control group; HUA: Hyperuricemia model group; LTP: Leech Poecilobdella
manillensis total protein extract treatment group.

Correlation analysis between the gut microbiota and metabolites

When integrating the results of the microbiome and metabolome analysis, we found that the sphingolipid metabolism
and galactose metabolism pathways coexisted in both the microbiota and metabolome (Figures 41 and ], 61 and ]). To
further elucidate the influential gut microbiota in the metabolite alterations from all groups, Pearson correlation analysis
was employed to explore potential associations between gut bacterial composition and host metabolites (Supplementary
Figure 3, Supplementary Tables 4 and 5). The findings indicated a substantial relationship between the LTP regulatory
effects on metabolites and the abundance of Bacteroides, Enterococcus, Faecalibacterium, Alloprevotella, Prevotellaceae_ UCG_
001, Lactococcus, Dialister, Delftia, Clostridium_sensu_stricto_1, Escherichia_Shigella, Dialister, Akkermansia, and Prevotella
(Figure 8). In particular, sphinganine - a metabolite within the sphingolipid metabolic pathway - exhibited significant
negative correlations with Delftia, Dialister, Clostridium_sensu_stricto_1, Escherichia_Shigella, Enterococcus, and Prevotella,
while indicating a notable positive correlation with Bacteroides. Furthermore, D-glucose - a metabolite within the galactose
metabolism pathway - exhibited significant negative correlations with Escherichia_Shigella, Akkermansia, Lactococcus,
Enterococcus, Delftia, Dialister, and Prevotella, while indicating a notable positive correlation with Bacteroides (Figure 8,
Supplementary Tables 6 and 7). In conclusion, alterations in metabolites following LTP treatment were found to be
intricately correlated with the regulation of gut microbiota, specifically Prevotella, Delftia, Dialister, Akkermansia,
Lactococcus, Escherichia_Shigella, Enterococcus, and Bacteroides. Furthermore, LTP exhibited the potential to ameliorate HUA
by modulating gut microbiome-dependent metabolism within the sphingolipid metabolic and galactose metabolic
pathways.

Correlation analysis between gut microbiota and HUA-related parameters

To examine the relationship between the gut microbiome and HUA-related biochemical indicators, urate transporters,
and epithelial tight junction proteins, the Pearson correlation coefficients were investigated. Bifidobacterium,
Clostridium_sensu_stricto_1, Enterococcus, Delftia, Escherichia_Shigella, Prevotella, Dialister, and Faecalibaculum displayed
strong negative correlations with serum UA and serum CRE (P < 0.05), while Bacteroides, Alloprevotella, Bilophila, and
Bryobacter showed strong positive correlations with serum UA and serum CRE (P < 0.01). Delftia, Enterococcus, Lactococcus,
and Dialister displayed strong negative correlations with liver XOD concentration (P < 0.01), while Bryobacter,
Alloprevotella, and Bacteroides displayed strong positive correlations with hepatic XOD concentration (P < 0.01). The results
of the correlation analysis demonstrated that the absolute abundance levels of Delftia, Enterococcus, Enterococcus,
Clostridium_sensu_stricto_1, Escherichia_Shigella, Prevotella, Dialister, Alloprevotella, and Bacteroides were closely related to
the changes in renal and intestinal urate transporters and epithelial tight junction proteins. This suggests that the above
gut microbiota contributed to the occurrence and recovery of HUA (Figure 9, Supplementary Table 8 and 9).

DISCUSSION

HUA has become a public health concern that needs to be solved urgently. Many of the previous studies have focused on
the therapeutic effects of hirudin[24,25]; however, the associated mechanism has not been clarified, and no experiments
on the reduction of UA by LTP have been reported. Based on verification of the effectiveness of Poecilobdella manillensis
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Figure 6 Leech Poecilobdella manillensis total protein extract alters the plasma metabolites in potassium oxonate-induced hyper-
uricemia mice. A and B: Partial least squares discriminant analysis (PLS-DA) score plots for normal control group (CON), hyperuricemia model group (HUA), and
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leech Poecilobdella manillensis total protein extract treatment group (LTP) in positive and negative ion mode, respectively; C and D: Score plots and permutation
tests of orthogonal PLS-DA (OPLS-DA) between the HUA and CON groups; E and F: Score plots and permutation tests of OPLS-DA between the LTP and HUA
groups; G: Volcano plot showing most significant metabolites identified by univariate analysis between the HUA and CON groups; H: Volcano plot showing most
significant metabolites identified by univariate analysis between the LTP and HUA groups; I: Summary plot for pathway analysis of CON vs HUA; J: Summary plot for
pathway analysis of LTP vs HUA, a pathways coexisted in both the microbiota and metabolome. CON: Normal control group; HUA: Hyperuricemia model group; LTP:
Leech Poecilobdella manillensis total protein extract treatment group; FC: Fold change.

lyophilized powder in the treatment of HUA in previous experiments, we extracted leech protein from leech Poecilobdella
manillensis freeze-dried powder, and conducted an experiment focused on lowering UA through the administration of
LTP to HUA mice. Consequently, the mechanism was expounded in relation to the gut microbiota and metabolites. We
demonstrated the excellent curative potential of LTP with respect to lowering UA levels by decreasing urate synthesis
and increasing renal urate excretion (summarized in Figure 10). To our knowledge, this is the first study to reveal that
LTP could ameliorate the progression of HUA by re-programming the gut microbiome and metabolome.

LTP ameliorated disruptions in UA and renal function

Employing a yeast-based high-purine diet in conjunction with PO can emulate disturbances in purine metabolism,
elevating UA levels and, thereby inducing an HUA model[34]. Our study employed PO alongside a yeast-based high-
purine diet to successfully establish an HUA model in mice. Our findings provide evidence that LTP (as a lowering
treatment for UA) induced beneficial physiological alterations in HUA-treated mice, manifesting as a noteworthy
reduction in HUA-associated biochemical parameters (e.g., serum UA, BUN, and CRE). Prior research has underscored
the efficacy of hirudin in lowering serum UA and BUN levels and mitigating renal pathological damage[24]. Consistent
with prior investigations, our study observed elevated serum CRE and BUN in the HUA mice; however, LTP treatment
notably attenuated these levels, indicating that LTP ameliorated the disruptions in UA metabolism and mitigated the
renal function impairment induced by HUA.

LTP enhanced UA excretion by decreasing urate synthesis and increasing renal urate excretion, thus ameliorating

renal and intestinal barrier impairment

Our initial investigation into the impact of LTP on UA production unveiled its ability to attenuate XOD activity,
consequently diminishing UA synthesis - a potential performance akin to AP. Our investigation highlighted that LTP not
only reduced the renal concentrations of URAT1 and GLUT9 but also elevated kidney and jejunum ABCG2 proteins, in
line with previous research[35]. This is related to the fact that renal UA clearance is mainly dependent on different
transporters, including URAT1, GLUT9, and ABCG2[36]. Notably, the observation of the ABCG2 protein concentration in
the jejunum in our study is consistent with previous reports showing that the ABCG2-encoded transporter BCRP plays a
role in the gut[1]. In essence, our results delineate the dual action of LTP, i.e., attenuating UA synthesis by inhibiting XOD
activity and enhancing UA excretion by modulating distinct UA transporters in both the renal and intestinal domains.

Our investigation revealed decreases in ZO-1 and occludin levels in the renal tissue of HUA mice (P < 0.05). Following
LTP treatment, a notable upward trend in the concentration of these proteins was observed (P < 0.01), signifying the
ameliorative effect of LTP on renal barrier impairment in HUA mice. This aligns with previous findings suggesting that
alterations in tight junctions play a crucial role during the repair of renal injury and participate in the pathophysiological
processes involved in renal recovery[37]. The reason for this might be that aberrations in tight junctions lead to
compromised integrity in the intestinal or renal epithelium, culminating in absorption and secretion disorders,
consequently affecting UA excretion[38]. Likewise, our observations revealed a parallel correlation between ZO-1 and
occludin within the jejunum tissue and the kidney tissue of the LTP group. However, the observed elevation of ZO-1 in
the jejunum tissue of the AP group did not exhibit statistical significance. These outcomes suggest the concurrent impact
of LTP on the tight junction proteins present in both the jejunum and kidney.

In this study, we particularly focused on the histological changes in liver and kidney tissues induced by the HUA
model. The experimental results showed significant pathological changes in the renal interstitium of HUA mice,
including swelling and atrophy of the renal tubules, irregular tubular lumens, and significant infiltration of monocytes
and lymphocytes in the interstitium, which are clear signs of an inflammatory response. In contrast, the renal interstitial
pathological structure of the LTP group showed a significant improvement. These observational findings confirm the
potential efficacy of LTP in repairing renal barrier impairment caused by HUA.

Modulatory effects of LTP on the gut microbiota

The gut microbiome, which is often regarded as the ‘second genome’ acquired by the human body, constitutes a
remarkably rich and functionally pivotal ecosystem, encompassing an estimated 10-100 trillion micro-organisms,
including bacteria and viruses, residing within the human intestinal tract[39]. Disruptions in the structure of this
intestinal flora could trigger metabolic dysregulation, which is intricately linked with HUA and gout[39]. The interplay
between the intestinal flora and kidney diseases disrupts the equilibrium of gut microbes, leading to renal impairment
[40]. In rat models of renal failure, a significant reduction in renal excretion triggers an adaptive discharge of UA into the
intestinal lumen[41]. This process leads to marked changes in the composition and quantity of the gut microbiota[41]. In
this study, our exploration of disease pathogenesis utilized the gut microbiota as a pivotal starting point. Given the
intricate composition of intestinal micro-organisms, the impact of different microbial entities diverges significantly.
Consequently, the efficacy of LTP in reducing UA levels cannot be solely attributed to the actions of a singular bacterium.
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Figure 7 Effect of leech Poecilobdella manillensis total protein extract on vital metabolites. A: Heatmaps showing the trends in differential
metabolites between groups; B: The concentrations of vital metabolites for all groups, assessed through the Kruskal-Wallis ANOVA. Statistical significance is
indicated as follows: 2P < 0.05 vs hyperuricemia model group (HUA); °P < 0.01 vs HUA; °P < 0.001 vs HUA; 9P < 0.05 vs normal control group (CON); ®P < 0.01 vs
CON; P < 0.001 vs CON. CON: Normal control group; HUA: Hyperuricemia model group; LTP: Leech Poecilobdella manillensis total protein extract treatment group.

Alterations in the microbiota structure have been observed in both human and animal models of HUA, notably at the
phylum and genus levels[42,43]. The o- and B-diversity analyses of gut microbes conducted in this investigation
showcased the capacity of LTP to enhance gut microbial diversity and influence the microbial structure in HUA mice.
Specifically, at the phylum level, LTP administration led to a reduction in Bacteroidota and an elevation in the relative
abundance of Firmicutes. This adjustment resulted in the restoration of the Bacteroides to Firmicutes ratio to a level akin to
that in the CON group, thereby exerting a favorable influence on the restoration of the intestinal flora. These findings
align with the conclusions drawn by Cao et al[44], emphasizing the pivotal role of the Bacteroidetes to Firmicutes ratio in
preserving normal intestinal homeostasis and its association with HUA. It has been documented that Faecalibacterium,
Lactobacillus, and Bifidobacterium represent pivotal core and physiological flora within the gastrointestinal tract of both
humans and animals[45,46], which are capable of producing short-chain fatty acids, thereby fostering intestinal health
through the reduction in oxidative stress, autophagic processes, and inflammation[45-47]. Additionally,
Clostridium_sensu_stricto_1 has demonstrated effective regulation of intestinal flora, being characterized as a dominant
strain in cases of type 2 diabetes mellitus[48]. Escherichia_Shigella exhibited significant enrichment among long-lived
healthy individuals[49]. Conversely, Sphingomonas species have been identified as opportunistic pathogens[50,51]. A
study indicated that Alloprevotella is associated with inflammatory markers and represents a risk factor for sepsis[52]. In
our study, a decline was observed in the relative abundance of Lactobacillus, Faecalibacterium, Clostridium_sensu_stricto_1,
Bifidobacterium, and Escherichia_Shigella in HUA mice. Meanwhile, the relative abundance of Alloprevotella and
Sphingomonas increased. Notably, the increase in Alloprevotella and Sphingomonas, alongside the observed changes in
epithelial tight junction proteins, may suggest a potential weakening of the intestinal barrier, which could subsequently
heighten the risk of intestinal inflammation and increase susceptibility to pathogenic invasion[53]. However, LTP
treatment successfully reversed these shifts in the gut microbiota, notably augmenting the relative abundances of
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Figure 8 Correlation analysis between the gut microbiota and metabolites from hyperuricemia and leech Poecilobdella manillensis total
protein extract groups. The R values are represented by gradient colors, where purple cells indicate positive correlations and green cells indicate negative
correlations, respectively. Statistical significance is denoted as follows: P < 0.05, °P < 0.01, °P < 0.001.

beneficial probiotics such as Lactobacillus, Faecalibacterium, and Bifidobacterium. This indicates the potential role of LTP
treatment in enhancing the integrity of the intestinal barrier by increasing the concentration of tight junction proteins,
which may indirectly contribute to mitigating conditions associated with gut microbiota dysbiosis. Prevotella, a prominent
member of the gut microbiome[54], exhibited a significantly lower abundance in HUA mice and a higher abundance in
CON group mice. In particular, following LTP treatment, the relative abundance of Prevotella notably increased. This
aligns with conclusions linking Prevotellaceae LICG-001 to anti-inflammatory effects on immune cells and the inhibition of
potential invasive pathogens[55]. Dialister was enriched following LTP treatment, consistent with clinical findings on
beneficial bacteria related to depression[56]. Akkermansia, which was also notably enriched in the LTP group, belongs to a
class of probiotics capable of enhancing the barrier function of the intestinal mucosa and reinforcing the host immune
response[57]. In this study, the disruption of the balance of Bacteroides - which constituted a significant proportion in the
genus - in HUA mice was evident when compared to the CON group. However, LTP intervention restored the relative
abundance of Bacteroides to levels observed in the CON group, thus re-establishing the original balance of the gut
microbiota. Spearman correlation analysis showed that Enterococcus, Escherichia_Shigella, Delftia, Dialister, Prevotella, and
Bacteroides were strongly correlated with serum UA, serum CRE, liver XOD, URAT1, ABCG2, occludin, and ZO-1. In
conclusion, LTP treatment not only fortified beneficial bacteria but also curtailed the relative abundance of harmful
bacteria, restoring the equilibrium of intestinal microflora dominated by the largest bacterial proportion. These compre-
hensive analytical results highlight the dual role of LTP in the protection of both the renal and intestinal barriers, which is
particularly important in addressing HUA and its complications. This finding provides an important theoretical basis for
future clinical studies, especially when exploring LTP as a potential therapy for treating HUA and its related complic-
ations.

LTP demonstrated a modulatory impact on serum metabolites

Serum metabolomics analysis exhibited a notable amelioration in disturbed serum metabolism with LTP treatment. The
screening process identified 22 metabolites linked with HUA, which were predominantly engaged in amino acid, lipid,
and energy metabolism. Furthermore, these alterations were effectively reversed following LTP treatment in HUA mice.
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Figure 9 Correlation analysis between gut microbiota and hyperuricemia-related parameters. The R values are represented by gradient colors,
where purple cells indicate positive correlations and green cells indicate negative correlations, respectively. Statistical significance is denoted as follows: 2P < 0.05, °P
<0.01, °P < 0.001. BUN: Blood urea nitrogen; UUA: Urinary uric acid; ZO-1: Zonula occludens-1; URAT1: Urate transporter 1; GLUT9: Glucose transporter 9;
ABCG2: ATP-binding cassette transporter G2; XOD: Xanthine oxidase; SCRE: Serum creatinine; SUA: Serum uric acid.

These findings highlight the metabolic pathways intertwined with HUA and the capacity of LTP to enhance pertinent
markers.

LTP reversal of HUA-induced lipid metabolic alterations: In this study, we focused on the alterations in sphinganine
levels in the HUA model mouse. Sphinganine, a key intermediate metabolite in the sphingolipid metabolic pathway,
showed a significant increase in the serum of HUA mice. This not only suggests a potential disruption in the regulatory
functions of sphingolipid metabolism but also reflects a deeper biomarker of the metabolic disorder. Previous research
has shown that metabolites from sphingolipids function as signaling molecules. These molecules regulate various
processes associated with immune responses and inflammation[58]. Furthermore, there is evidence linking HUA with
immune reactions and inflammatory processes[59]. Therefore, the sphingolipid metabolic pathway may contribute to the
onset of HUA through its effects on immunity and inflammation, potentially due to elevated sphinganine levels
increasing the synthesis of ceramide, a bioactive lipid signaling molecule known to significantly influence cellular
signaling and inflammation control[60]. Recent studies have demonstrated that sphingolipids from intestinal bacteria can
traverse the intestinal-epithelial barrier, thereby altering the sphingolipid metabolism of the host[61].

Our findings indicate that LTP treatment significantly ameliorated the increase in sphinganine, suggesting that
modulation of the sphingolipid metabolic pathway by LTP could offer potential therapeutic effects on HUA. Specifically,
LTP may decrease the production of sphinganine or enhance its clearance, thus influencing UA synthesis and excretion.
Future research should further explore how LTP specifically affects sphinganine and related metabolites to deepen our
understanding of its regulatory mechanisms on UA levels.

Furthermore, we observed significant negative correlations between specific microbial populations in the gut
microbiota - such as Delftia, Dialister, Clostridium_sensu_stricto_1, Escherichia_Shigella, Enterococcus, and Prevotella - while
Bacteroides showed a positive correlation. This suggests that the interaction between sphingolipid metabolism and gut
microbiota may play a crucial role in the therapeutic effects of LTP on HUA, primarily through the modulation of gut
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microbial communities affecting the sphingolipid metabolic pathway. These results not only provide new insights into
the pathophysiological mechanisms of HUA but also offer a biological foundation for the development of novel
therapeutic strategies based on the regulation of sphingolipid metabolism.

LTP reversed HUA-induced alterations in energy metabolism: LTP effectively reversed the disruptions in energy
metabolism caused by high UA levels, as evidenced by our comprehensive functional enrichment analysis of the serum
metabolome and gut microbiome. This analysis particularly highlighted the involvement of the galactose metabolism
pathway, underscoring its pivotal role in mediating the therapeutic effects of LTP on HUA. LTP is suggested to exert its
UA-lowering effects by modulating the gut microbiota, which, in turn, influences the galactose metabolic pathway
intimately connected with glucose metabolism. This modulation may correct metabolic irregularities and restore
metabolic equilibrium, offering a promising avenue for treating HUA.

In our study, elevated levels of D-glucose observed in HUA mice were significantly reduced following LTP treatment,
suggesting LTP’s potential role in regulating key metabolic pathways, such as the galactose metabolism pathway,
alongside reducing UA levels. Although the direct link between galactose metabolism and UA levels has not been
extensively documented in the literature, our findings may indicate a novel area of interest for further investigation into
how specific metabolic pathways influence UA homeostasis. Notably, D-glucose - a critical metabolite within the
galactose pathway - demonstrated significant correlations with various gut microbiota. It showed negative correlations
with Enterococcus, Escherichia_Shigella, Lactococcus, Delftia, Dialister, Prevotella, and Akkermansia, and a positive correlation
with Bacteroides.

These findings suggest that shifts in D-glucose levels may influence, or be influenced by, changes in the composition of
the gut microbiota. LTP selectively enhances the abundance of these microbiota, potentially through the modulation of
the galactose metabolic pathway, which is linked to glucose metabolism. This highlights a complex interplay between
metabolic pathways and microbiota that may be key to developing new treatments for metabolic diseases.
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CONCLUSION

In conclusion, based on the results of multiple omics studies, LTP was found to play a therapeutic role in HUA by
regulating gut microbial homeostasis and serum metabolites. We found that LTP might influence the gut microbiota to
act on sphingolipid metabolism and galactose metabolism pathways, facilitating UA-lowering therapy. Our findings are
expected to promote further research on the regulatory effects of LTP on the gut microbiome and serum metabolomics,
providing new insights into microbiome-based HUA treatment strategies.
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