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Metabolomics combined with
metagenomics analysis reveals the
potential mechanism of Zhejiang
psyllium polysaccharides against
hyperuricemia in rats

Dan Wu'®, Jingjie Niu%5, Jianping Hu3, Hao Wang' & Haixue Kuang***

This study aimed to assess the anti-hyperuricemia efficacy of Zhejiang psyllium polysaccharides

(ZPP) in rats and to explore its underlying mechanism. Hyperuricemia was induced by intragastric
administration of potassium oxonate, hypoxanthine, and adenine. The serum levels of uric acid (UA),
creatinine (Cr), and blood urea nitrogen (BUN) were measured, and kidney pathology was examined.
Serum metabolomics was employed to monitor metabolic alterations following ZPP intervention.
Metagenomic analysis was conducted to investigate the impact of ZPP on the intestinal flora of
hyperuricemia rats. The results showed that ZPP could significantly reduce the serum UA level in
hyperuricemia rats and exhibited a certain renal protective effect. The metabolomics results indicated
that ZPP regulates uric acid levels in rats with hyperuricemia and ameliorates renal pathological
changes by modulating biomarkers associated with purine metabolism, amino acid metabolism, and
lipid metabolism. Metagenomic research also found that ZPP could increase the relative abundance of
uric acid metabolism-related probiotics, such as Limosilactobacillus reuteri and Lactobacillus murinus,
thereby improving intestinal flora imbalance in rats with hyperuricemia.
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UA is the final oxidative product of purine catabolism. Sustained elevation of uric acid in the human body can
lead to hyperuricemia'. Hyperuricemia is a metabolic disorder caused by disturbances in purine metabolism and
is associated with various risk factors, which can trigger a series of complications such as gout, cardiovascular
diseases, diabetes, and chronic kidney diseases®®. Genetic factors, obesity, and lifestyle factors contribute to
the prevalence of hyperuricemia®-S. Currently, the main treatments for hyperuricemia focus on inhibiting uric
acid synthesis and promoting uric acid excretion’. However, drugs used in the process of lowering uric acid
have varying degrees of side effects. For instance, the commonly used uric-lowering drugs allopurinol and
benzbromarone have been restricted due to hepatotoxicity®®. Increasingly, evidence shows that natural products
contribute to the control of uric acid with low side effects, providing a new basis for safe and effective uric-
lowering drug screening'®!!.

Metabolomics technology can identify metabolites with high throughput, analyze content changes, and
complete the screening of differential metabolites in the course of disease'2. This allows for the discovery of the
pathological mechanisms of disease. Hyperuricemia, as a metabolic disorder, is usually accompanied by abnormal
endogenous metabolites during its occurrence!*!4. Recent studies have confirmed that metabolomics has been
successfully applied to natural medicine in the mining of biomarkers and research on the mechanism of action
related to the treatment or improvement of hyperuricemia'>!¢. Metabolomics will help us to understand the
pathological process of hyperuricemia more deeply and may serve as a powerful tool to explore the mechanism
of action of anti-hyperuricemia drugs.
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The gut microbiota, composed of various microorganisms colonizing the human intestines, plays an
irreplaceable role in regulating human metabolism. Structural changes or imbalances in the gut microbiota
may lead to metabolic disorders within the organism!”!%. Taking intestinal flora as the entry point to explore
the pathogenesis of diseases has become a new research hotspot, especially in metabolic-related diseases such
as hyperuricemia!®. Genome-resolved metagenomics is a transformative approach in microbiome research,
allowing for the analysis of the DNA of mixed microbial communities to assemble and directly analyze individual
genomes from metagenomics data. This technology represents a significant advancement over traditional 16S
rRNA sequencing, offering a rich depth of understanding and unprecedented insights into the microbiome®.
The application of metagenomics technology to investigate the effect of drugs on hyperuricemia will provide
new ideas for the mechanism studies.

Zhejiang psyllium is derived from the dried mature seeds of the Plantago major L., it is a plant belonging
to the Plantain family. Along with the Plantago asiatica L. and the Plantago depressa Willd., Zhejiang psyllium
is commercially available as Plantaginis Semen in China and is recorded in “Zhejiang Traditional Chinese
Medicine Processing Norms (2015)”?!. Zhejiang psyllium is rich in polysaccharides, and in addition, it also
contains flavonoids, iridoids, phenylethanoid glycosides, and fatty acids®>-?°. Plantaginis Semen is often used
as a diuretic medication and is widely applied in the treatment of hyperuricemia. In recent years, more and
more studies have reported the preventive and therapeutic effects of Plantaginis Semen on hyperuricemia®?’.
Plantaginis Semen polysaccharides can also reduce kidney inflammation and protect the kidney from damage
in rats with gout nephropathy by regulating the expression of related proteins®®. Despite these studies, further
in-depth research is necessary to investigate the pharmacological effects of ZPP in improving hyperuricemia and
its associated renal damage, and to elucidate the underlying mechanisms.

In this study, a hyperuricemic rat model was induced using potassium oxonate, hypoxanthine, and adenine
to evaluate the therapeutic potential of ZPP. By employing integrated metabolomics and metagenomics
approaches, the underlying mechanisms involving metabolic and microbial modulation in hyperuricemia were
investigated. Consequently, this research aims to uncover novel approaches for the prevention and treatment of
hyperuricemia.

Materials and methods

Reagents

Potassium oxonate (batch number: K2228616), hypoxanthine (batch number: E2224054), adenine (batch
number: C2323028), benzbromarone (batch number: A2206687), and sodium carboxymethylcellulose (batch
number: D2311614) were purchased from Shanghai Aladdin Biochemical Technology Co., Ltd. UA (batch
number: 20231101), Cr (batch number: 20231105), and BUN (batch number: 20231213) reagent kits were
purchased from Nanjing Jiancheng Bioengineering Institute Co., Ltd. Acetonitrile, methanol, and isopropanol
were mass spectrometry grade. Anhydrous ethanol, petroleum ether, acetone, chloroform, and n-butanol were
analytical grade. All the aforementioned chemical reagents were purchased from Shanghai Aladdin Biochemical
Technology Co., Ltd.

Plant materials and preparation of ZPP

The seeds of Zhejiang psyllium were collected in Kaihua County, Quzhou City, and identified as the seeds of
Plantago major L. by Song Jianfeng, the chief pharmacist of traditional Chinese medicine at Quzhou Institute
for Food and Drug Control. The herbal specimen (No. 20221201) has been stored in the Herbarium of Quzhou
College of Technology.

The dried seed was added to distilled water 10 times its weight for 3 times of decocting extraction (packet
decocting), each lasting 2 h. After combining all the filtrates, the degreasing treatment was firstly conducted by
using petroleum ether, and then degreased filtrate was concentrated. The concentrated liquid was redissolved in
an appropriate amount of water, and 95% ethanol was slowly added while stirring until the ethanol concentration
of the supernatant reached 85%. This mixture was allowed to stand at 4 °C for 24 h, and then it was centrifuged
at 1200 x g for 20 min to obtain the precipitate. This ethanol precipitation process was repeated three times, with
the supernatants and precipitates from each time being combined separately. The precipitate obtained from the
three ethanol precipitations was dried and washed alternately with anhydrous ethanol and acetone. The washed
precipitate was redissolved in distilled water (at a ratio of 0.5 g of crude drug per mL). The chloroform and
n-butanol mixed solution was added to the solution, and it was shaken vigorously to remove proteins. It was
centrifuged again at 1200 x g for 20 min, the supernatant was taken, concentrated, and dried, and finally the ZPP
fraction was obtained.

Animals and drug administration

Male Sprague Dawley rats, aged 8 weeks and weighing (200+20) g, were purchased from Beijing Vital River
Laboratory Animal Technology Co., Ltd., with an animal license number of SCXK(Jing)2021-0006. The animal
room was maintained at a temperature of 24+ 2 °C, with a 12-h light-dark cycle, relative humidity of 45+ 5%,
and clean air circulation. The feed and distilled water were sterile-processed, and the rats were acclimated for
one week before the experiment.

Rats were randomly divided into six groups(8 rats in each group): control group, hyperuricemia model
group, benzbromarone group, low-dose ZPP group (400 mg/kg), medium-dose ZPP group (800 mg/kg), and
high-dose ZPP group (1600 mg/kg). Except for the normal control group, all other groups were established
as hyperuricemia models by administering a combination of potassium oxonate, hypoxanthine, and adenine.
Potassium oxonate (200 mg/kg), hypoxanthine (500 mg/kg), and adenine (50 mg/kg) were mixed in 0.5%
sodium carboxymethylcellulose to prepare a suspension. The modeling was conducted by continuous gavage
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administration for 21 days. The drug administration was performed 2 h after modeling and continued by gavage
for another 21 days.

Sample collection and preparation
After 21 days of modeling and drug administration, the experimental rats were fasted for 12 h before euthanasia
with free access to water. Before anesthesia, under sterile conditions, five feces pellets were collected from each
experimental rat and temporarily stored on dry ice. Within 2 h, the feces were transferred to sterile, pyrogen-
free Eppendorf tubes for metagenomics analysis. After an intraperitoneal injection of pentobarbital sodium
for anesthesia, blood was collected from the abdominal aorta, and the rats were immediately euthanized
via intravenous injection of pentobarbital sodium. Promptly extract the left kidney and place it in 4%
paraformaldehyde for fixation, intended for subsequent pathological observation, while the right kidney tissue
was temporarily stored in liquid nitrogen. The collected blood was allowed to sit for 1 h and then centrifuged
at 900 x g for 10 min. The supernatant (serum) was collected and aliquoted into sterile, pyrogen-free Eppendorf
tubes. The levels of UA, Cr, and BUN in the serum were measured according to the manufacturer’s instructions
provided with the assay kits. In serum metabolomics research, 100 pL of serum samples were thawed at 4 °C
before analysis. Serum proteins were precipitated with 300 pL of acetonitrile and subsequently removed by
centrifugation at 17,000 x g for 10 min. The supernatant was dried under nitrogen at 30 °C and then redissolved
in 100 pL of acetonitrile/water (80:20, v/v). Each resuspended sample was centrifuged at 17,000 x g for 10 min,
and the supernatant was transferred to injection vials for metabolomics analysis.

All methods were carried out in accordance with ARRIVE guidelines and ethical regulations for animal
experimentation of Tianjin University of Chinese Medicine.

Renal histopathological observation

After fixation with 4% paraformaldehyde, the kidney undergoes precise trimming, dehydration, embedding,
sectioning, staining with hematoxylin—eosin (HE), and mounting, following the standard operating procedure
(SOP) for pathological experiments. Subsequently, the sections were carefully examined under a microscope,
with details of the tissue sections observed at a magnification of 200 x.

UPLC-Q-TOF/MS instrument conditions

Chromatographic separation was performed using a UPLC system with an ACQUITY UPLC HSS T3 column
(100 mmx2.1 mm, 1.8 um). The injection volume was 2 pL; the flow rate was 0.3 mL/min; and the column
temperature was maintained at 40 °C. Mobile phase A consisted of water with 0.1% formic acid, while mobile
phase B was acetonitrile with 0.1% formic acid. The gradient elution conditions were as follows: 0 ~ 0.5 min, 95%
A; 0.5~9 min, 95% ~40% A; 9~12 min, 40% ~2% A; 12~17 min, 2% A; 17 ~17.1 min, 2% ~95% A; 17.1~20
min, 95% A.

The ESI ion source was selected in both positive and negative ion modes, with Information-Dependent
Acquisition (IDA) as the scan mode. The ion spray voltage was set at+5500/-4500 V, the nebulizer gas flow
rate was 50 psi, the desolvation gas flow rate was 55 psi, and the curtain gas flow rate was 35 psi. For TOF MS
conditions, the mass scan range was set from m/z 70 to 1300 Da, with a collection time of 0.25 s, a declustering
potential of 80V, and a collision energy of £ 10V.

Metabolomics analysis

Samples were analyzed using UPLC-Q-TOF/MS technology to obtain data, which were then imported into the
Progenesis QI software v2.1 (Nonlinear Dynamics, Newcastle upon Tyne, UK) workstation for preprocessing
steps including peak matching, noise filtering, peak area normalization, and scaling. The preprocessed data
were uploaded to the EZinfo 3.0 (Nonlinear Dynamics, Newcastle upon Tyne, UK) and SIMCA 14.1 (Umetrics
AB, Umea, Sweden) software for multivariate statistical analysis. Partial Least Squares Discriminant Analysis
(PLS-DA) was employed for multi-group comparisons to deeply explore potential information and classification
differences within the data. Permutation tests were used to verify the validity of the PLS-DA model. Significant
differential metabolites were screened based on the criteria of Variable Importance for the Projection (VIP)>1
and p-value <0.05. The selected differential metabolites were structurally identified using the Human Metabolome
Database (HMDB) based on scored > 30 (The score given to the compound identification by the search engine
used to provide it) and mass error <10 ppm (The difference between theoretical and measured mass, expressed
in parts per million). Pathway enrichment analysis was conducted using the Kyoto Encyclopedia of Genes and
Genomes (KEGG) database (http://www.kegg.jp/kegg/keggl.html) and the MetaAnalyst platform (http://www
.metaanalyst.ca)?*3,

Metagenomics analysis

Genomic DNA was extracted from fecal samples using the CTAB method and the extracted genomic DNA was
detected using 1% agarose gel electrophoresis. The instrument Covaris M220 was used to fragment the DNA to
a size of 350 bp. A PE library was constructed by attaching specific adapters to both ends of the DNA fragments,
and magnetic beads were used to screen and remove adapter-self-ligated fragments. PCR amplification was
performed to enrich the library template, followed by sodium hydroxide denaturation to produce single-
stranded DNA fragments. Bridge PCR was conducted to amplify the DNA molecules, ensuring high efficiency
and accuracy during sequencing. Illumina sequencing was performed as required, and the sequence of the
template DNA fragments was determined by collecting the fluorescence signals in each cycle. For data analysis,
the raw sequences were first optimized through splitting, quality trimming, and contamination removal. The
optimized sequences were then used for assembly and gene prediction. The obtained genes were annotated and
classified in terms of species and function to obtain valid data for subsequent analysis.
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Fig. 1. Effect of ZPP on Serum (A) UA level, (B) Cr level, (C) BUN level. All values are mean *standard
deviation(n=8). *p <0.05 and *p <0.01 compared with the Control group. *p <0.05 and **p <0.01 compared
with the hyperuricemia group.

Fig. 2. Representative H&E stained sections of rat kidney. Scale bar =100 um, original magnification 200 x.

Statistical analysis

Experimental data were analyzed using GraphPad Prism 10 software (GraphPad Software, San Diego, CA, USA)
to perform one-way analysis of variance (ANOVA) and Dunnett’s multiple comparisons test. The results are
presented as mean * standard deviation (SD).

Results

Effects of ZPP on serum UA, Cr, and BUN levels

By comparing the serum uric acid levels in rats from the hyperuricemia (HUA) group with those from the control
(CON) group, the results showed that the UA levels in the HUA group were significantly higher than those in the
CON group (p<0.01), confirming the successful establishment of the hyperuricemia model. Additionally, the
levels of Cr and BUN in the serum of rats in the HUA group were also significantly elevated (p <0.01, p<0.01),
indicating that the model rats exhibited notable hyperuricemia accompanied by renal function impairment.
Further experimental findings confirmed that ZPP exhibits a capacity to lower serum UA levels in rats suffering
from hyperuricemia (p<0.05, p<0.05, and p<0.01), regardless of whether administered at low, medium, or
high doses (Fig. 1A). Compared with the HUA group, the levels of Cr (p <0.05, p<0.01, and p<0.01) and BUN
(p<0.05, p<0.01, and p<0.01) in rats from all ZPP dose groups were significantly decreased (Fig. 1B,C). These
findings suggested that ZPP has a therapeutic effect on hyperuricemia to a certain extent and can improve renal
function indicators.

Effects of ZPP on kidney injury caused by hyperuricemia

In the renal tissue of rats in the control group, the number of cells in the glomeruli was normal, and the matrix
was uniform. The renal tubular epithelial cells were round and full, with neatly arranged and regular brush
borders. There was no significant interstitial hyperplasia, and no obvious inflammatory cell infiltration was
observed (Fig. 2). In contrast, the renal tissue of rats in the model group exhibited pathological symptoms such
as renal tubular dilation, edema of renal tubular epithelial cells, and interstitial connective tissue hyperplasia,
accompanied by inflammatory cell infiltration dominated by lymphocytes (Fig. 2). Notably, the degree of
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renal tissue pathology was improved in rats from all ZPP dosage groups, with a significant reduction in renal
tubular dilation and epithelial cell edema. The interstitial connective tissue hyperplasia was inhibited, and the
inflammatory cell infiltration was markedly decreased (Fig. 2).

Effects of ZPP on endogenous metabolites

Partial Least Squares Discriminant Analysis (PLS-DA) is a discriminant analysis technique within multivariate
data analysis. By employing PLS-DA to analyze the differences in metabolite expression profiles among the
blank CON group, HUA group, and ZPP intervention group, the aim is to explore the pathological mechanisms
of hyperuricemia and identify potential biomarkers for the response to ZPP. The PLS-DA score plot visually
demonstrates a clear distinction among the three groups of samples under both positive and negative ion
detection modes, validating the reliability of the hyperuricemia rat model and the effectiveness of ZPP in
modulating hyperuricemia serum metabolism (Fig. 3A,B). Further permutation test analysis reveals that the
model exhibits high explanatory power (R?Y =0.987) and predictive accuracy (Q?=0.865) in the positive ion
mode, while maintaining good performance (R*Y=0.978, Q*=0.826) in the negative ion mode (Fig. 3C,D).
These results fully demonstrate the robust capability of the PLS-DA model in handling complex biological data
and the robustness of the research conclusions, laying a solid foundation for subsequent biomarker discovery
and drug efficacy evaluation.

In both positive and negative ion modes, based on PLS-DA analysis of different metabolites in each group,
differential metabolites that met the criteria of VIP (Variable Importance in Projection)>1 (Fig. 3E,F) and
Pp<0.05 were screened out. A total of 23 potential endogenous biomarkers were identified through the HMDB
database (Table 1). The quantitative changes of these biomarkers were presented in the form of a heatmap (Fig. 4).
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Fig. 3. Metabolomics analyses of serum samples. (A, B) PLS-DA score plots of the three groups from the
CON, the HUA, and the ZPP group in positive mode and negative mode. (C, D) Permutation test from the
model and the drug-treated group in positive mode and negative mode. (E, F) VIP plots for PLS-DA models in
positive mode and negative mode. The red dot means VIP > 1.0.
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NO | Ionization method | Metabolite m/z Molecular formula | p VIP | CONvs. HUA | HUA vs. ZPP
1 |ESI+ Cholesterol 369.3511 | C,,H, 0 2.05x107 | 147 | | 1
2 |ESI- Deoxyinosine 287.0525 | C,;H,N,0, 576x107 | 2.46 | | 1
3 ESI- Lactic acid 89.0240 | C;H,O, 1.66x1072 | 1.41 | 1 l
4 | ESI- Palmitic acid 255.2323 | C,H,,0, 3.18x107* [7.80 | | 1
5 | ESI+ Sphinganine 3023050 | C,;H,,NO, 229x107* [ 1.52 | 1 !
6 |ESI- Sphingosine 1-phosphate 3782416 | C,4H,,NOP 1.99x1072 | 3.56 | 1 !
7 | ESI- Xanthosine 283.0687 | C,;H,N,O, 2.49x107° [2.88 | | 1
8 | ESI+ Arginine 175.1190 | C,H,,N,0, 1.05x107* | 1.58 | | 1
9 | ESI+ Glutamine 169.0582 | C;H, N,0, 2.09x107* [2.88 | | 1
10 | ESI- Hydroxypropionic acid 89.0241 | C;H.O, 1.59x107% | 3.19 |1 l
11 | ESI+ Indoleacrylic acid 205.0884 | C,;H,NO, 3.88x107° [2.99 |1 |
12 | ESI- Stearic acid 283.2638 | C H,0, 1.86x107 | 3.80 | 1 !
13 | ESI- Arachidonic acid 303.2321 | C, H,,0, 2.73x1072 | 4.94 | | 1
14 | ESI+ Deoxyuridine triphosphate 490.9643 | C,H,.N,0O, P, 6.41x107¢ |2.04 || 1
15 | ESI+ Allantoic acid 177.0612 | C,H,\N,0, 6.91x107* |3.82 | | 1
16 | ESI+ Theophylline 203.0526 | C,H,N,O, 2.84x107° [ 517 |1 !
17 | ESI- Eicosapentaenoic acid 301.2177 | C,,H,4,0, 293x1072 | 1.12 | 1 1
18 | ESI- 12-Keto-tetrahydro-leukotriene B4 | 337.2364 | C,(H,,0, 3.64x107° | 1.55 | | 1
19 | ESI- Estrone glucuronide 445.1907 | C,,H, O 2.51x1072 | 1.76 | | T
20 | ESI+ CE(20:4) 690.6200 | C,,H,.0O, 211x107 |2.77 |1 }
21 | ESI+ LysoPC(18:1) 522.3546 | C,H,,NO.P 3.62x107* [5.78 | 1 !
22 | ESI+ LysoPC(20:4) 544.3394 | C,,H,,NO.P 437x10% | 1.78 | 1 !
23 | ESI- LysoPE(18:0) 480.3096 | C,,H,,NO_P 538x107 [4.95 |1 !

Table 1. 23 identified regulated metabolites from ZPP using UPLC-Q-TOF/MS.

Effects of ZPP on the metabolic pathway of potential biomarkers

To evaluate the therapeutic effect of ZPP on hyperuricemia in rats and elucidate its mechanism of action,
we investigated the response of perturbed differential metabolites following ZPP treatment after model
establishment. The HMDB or KEGG IDs of the 23 identified regulated metabolites from ZPP were imported
into the MetaboAnalyst 6.0 platform for metabolic pathway analysis, and potential metabolic pathways were
screened based on p<0.05 or Impact>0 (Table S1). The metabolic pathways involved in hyperuricemia include
biosynthesis of unsaturated fatty acids, purine metabolism, arginine biosynthesis, sphingolipid metabolism,
steroid biosynthesis, arachidonic acid metabolism, alanine, aspartate, and glutamate metabolism, as well as
arginine and proline metabolism (Fig. 5).

Effects of ZPP on the structural dysregulation of the intestinal flora

Metagenomics relies on high-throughput sequencing of species’ gene sequences, enabling detailed focus on the
species level of the gut microbiota. Based on the gene sequences and relative abundances obtained through
sequencing, species annotation was conducted for the gut microbiota of rats in each group. At the phylum
level, Firmicutes, Bacteroidetes, unclassified_d__Bacteria, Actinobacteria, Candidatus_Saccharibacteria,
Proteobacteria, and Uroviricota were identified (Fig. 6A). Among them, Firmicutes and Bacteroidetes were the
dominant phyla. When compared to both the CON group and the ZPP group, the model group showed a higher
relative abundance of Bacteroidetes and a lower relative abundance of Firmicutes. The results suggested that
ZPP can regulate the composition and structure of the gut microbiota in HUA rats to a certain extent. At the
species level, compared to both the control group and the ZPP group, the model group exhibited decreased
relative abundances of Lachnospiraceae_bacterium, Oscillospiraceae_bacterium, Limosilactobacillus_reuteri,
Ligilactobacillus_murinus, Eubacterium_sp., and Bacilli_bacterium (Fig. 6B). Corresponding to these results, the
clustering plot of PCoA showed that the clustering of the model group was distant from the control group, while
after ZPP intervention, the clustering tended to normalize (Fig. 6C).

Effects of ZPP on the function of the gut microbiota
Linear Discriminant Analysis (LDA) estimated the abundance of each species in terms of taxonomic differences.
To screen out microorganisms with biological significance among different experimental groups from the vast
amount of gut microbiota data, and to assess their variability and effect sizes across groups, we conducted LDA
Effect Size (LEfSe) analysis, estimating the magnitude of impact each species had on the differential effects
(Fig. 7A). The LDA results showed that, in the HUA group, the more differentiated bacterial genera were
Eggerthellales order, Eggerthellaceae family, and Peptostreptococcaceae family. In the ZPP group, the more
differentiated bacterial genera were Eubacteriales order, Clostridia class, and Firmicutes phylum (Fig. 7B).

The Circos plot for samples and species functions provides a clear depiction of the correspondence between
sample abundance and species functions. The results indicate that ZPP primarily affects metabolic pathways such
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Fig. 4. Hierarchical clustering heat map of the 23 differential metabolites, with the degree of change marked in
red (up-regulation) and blue (down-regulation).
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Scientific Reports|  (2025) 15:24180 | https://doi.org/10.1038/s41598-025-09048-1 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

A

Community barplot analysis

Community barplot analysis

1M — — W Firmicutes 19 [ Lachnospiraceae_bacterium
5 I Bacteroidota 3 I Oscillospiraceae_bacterium
H M Actinobacteria H M Limosilactobacillus_reuteri
g 08 M unclassified_d__Bacteria 5 [M Lactobacillus_johnsonii
Bl 1 Uroviricota H 081 1 Liglactobacillus_murinus
°=' W Candidatus_Saccharibacteria « M Clostridia_bacterium
° Protecbacteria 5 Eubacterium_sp.
E 0.6 M Euryarchaeota § 064 W Bacteroidales_bacterium
T M Tenericutes 3 M Bacteroidaceae_bacterium
c
3 Verrucomicrobia 5 Clostridiales_bacterium
o
: W spirochaetes ﬁ o - W Bacilli_bacterium
§ 0.4 M unclassified_d_ Viruses %' 0.4 W Firmicutes_bacterium
H ) B
E M Candidatus_Melainabacteria E - M Candidatus_Saccharibacteria_
E Ml Fusobacteria E [ Siphoviridae_sp.
g .
50, Ml unclassified_d_unclassified g I Oscillbacter_sp.
£ i Streptophyta =027 1 Prevotella_sp.
§ H Chiorofiexi § I Clostridium_sp.
s
& M Synergistetes I M Dorea_sp.
o B Nematoda W Paludibacteraceae_bacterium
= 04 e
o Nl R robi Q [ Desulfovibrio_sp.
& N P I Elusimicrobia & & g ot
W others.
PCoA analysis
R=0.745, P=0.003
0.06
: @conN
H
H . HUA
H
0.05+ : ®zrP
H
H
H
0.04
= 0.024
> U.
o~
(2]
< ¢
n - .
B 0.01 :
~e H
N .
(8] .
o ()R T A S LT LT e e e
H
H
: H
H
H
H
H
'
-0.02 ‘
'
H
H
H
H
H
-0.03 4 :
- .
H
H
H
H
H
H
-0.04 :
'
T T T T U T T T T T T
S FFF ST EF SN N
g o o I\Y NS N Q° Q° Q° Q- Q-

PC1(77.89%)
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as Metabolic pathways, Biosynthesis of secondary metabolites, Microbial metabolism in diverse environments,
Biosynthesis of amino acids, Biosynthesis of cofactors, ABC transporters, Carbon metabolism, Two-component

system, Ribosome, and Purine metabolism in hyperuricemia rats (Fig. 7C).

Discussion
Potassium oxonate, as a uricase inhibitor, was widely used to create hyperuricemic rat models*'*2. Hypoxanthine

and adenine serve as biosynthetic precursors of uric acid in the body. Previous studies have reported that
adenine supplementation is used to induce hyperuricemia and kidney damage®***. Therefore, the combined
use of potassium oxonate, hypoxanthine, and adenine mimics hyperuricemia caused by purine metabolism
disorders in humans consuming a high-purine diet, leading to elevated serum uric acid levels, kidney tissue
damage, and changes in related indicators. In this study, potassium oxonate, hypoxanthine, and adenine were
administered continuously for 21 days, resulting in a steady increase in serum uric acid levels, as well as significant
abnormalities in serum Cr and BUN levels, which were related to kidney function. Furthermore, pathological
studies found tubular dilatation, tubular epithelial cell edema, interstitial connective tissue hyperplasia, and
inflammatory cell infiltration. This suggested that the replication method used in this study for inducing
hyperuricemia was successful. We found that ZPP effectively reduced serum uric acid levels in model animals,
prevented the increase in serum Cr and BUN levels, and ameliorated renal injury, demonstrating its favorable
uric acid-lowering and renal protective effects.

The occurrence and process of hyperuricemia is usually accompanied by abnormal endogenous
metabolites'>!*. To explore the role of ZPP in influencing metabolites, this study determined the changes of
differential metabolites and related metabolic pathways in serum by using UPLC-Q-TOF/MS metabolomics
technology and identified 23 significantly different relative abundance metabolites in ZPP high-dose group and
model groups. Moreover, multiple metabolic pathways were obtained involving purine metabolism, amino acid
metabolism, and lipid metabolism, suggesting the potential of ZPP in regulating metabolic pathways effect.

Abnormal purine metabolism is one of the important causes of hyperuricemia®. Our study showed that
levels of xanthine, deoxyinosine, L-glutamine, and allantoic acid, which involved in purine synthesis and
metabolism, were higher in hyperuricemia rats compared to normal rats. This difference was due to the
prolonged administration of potassium oxazinate, hypoxanthine, and adenine during the modeling process. The
levels of these four metabolites in the ZPP group were closer to those in the normal group, indicating that ZPP

could regulate purine metabolism disorders in hyperuricemia rats.

In addition to building proteins, amino acids involved in metabolic processes, including uric acid metabolism.
Studies have shown that there a positive correlation between amino acid levels and uric acid levels in the body®®”.
In this experiment, we also found that serum L-glutamine and L-arginine were elevated in hyperuricemia rats
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and returned to normal after ZPP intervention. It was suggested that serum amino acid metabolism markers
can be used as diagnostic indicators of hyperuricemia. After ZPP intervention, L-glutamine and L-arginine
returned to normal, suggesting that ZPP may alleviate hyperuricemia by regulating the disorder of amino acid
metabolism in vivo and reducing uric acid production.

Hyperuricemia is widely recognized as a key risk factor for dyslipidemia. Several studies have shown
a positive association between serum uric acid levels and lipid profiles in adult populations in China, Italy,
and the United States*®-%. In this study, hyperuricemia rats exhibited abnormalities in various lipid metabolic
pathways, including arachidonic acid metabolism, biosynthesis of unsaturated fatty acids, phospholipid
metabolism, sphingolipid metabolism, and steroid biosynthesis. Arachidonic acid, a common unsaturated fatty
acid, can be converted into various metabolites through three metabolic pathways: cyclooxygenase (COX),
lipoxygenase (LOX), and cytochrome P450 (CYP450). These metabolites can trigger different inflammatory
reactions*""*2. Studies have shown that arachidonic acid metabolism is closely related to kidney inflammation,
and Leukotriene B4, as a metabolite of arachidonic acid, is considered an inflammatory agent in gout*>**. We
found elevated levels of arachidonic acid and Leukotriene B4 in the serum of hyperuricemia rats, corresponding
to the symptoms of inflammatory cell infiltration observed in renal histopathology. ZPP could ameliorate the
abnormalities of arachidonic acid and its metabolites and relieve renal inflammation in hyperuricemia rats,
suggesting that ZPP has potential anti-inflammatory and renal protective effects. The phospholipid metabolites
LysoPC(20:4), LysoPE(18:0), LysoPC(18:1) and Sphinganine, Sphingosine were also found in the serum of rats
with high uric acid anormalities of 1-phosphate, which were consistent with some previous reports*>‘. After
ZPP intervention, these lipid metabolites approached the levels of the blank control group, suggesting that
phospholipid and sphingolipid metabolites can be used as diagnostic markers of hyperuricemia. In addition,
we found an increase in serum cholesterol and a decrease in its synthetic precursor CE(20:4) in model rats,
indicating increased cholesterol synthesis in hyperuricemia. ZPP was able to reverse this situation, suggesting
that it may inhibit the steroid biosynthesis pathway.

In recent years, numerous studies have indicated that patients with hyperuricemia suffer from intestinal
flora imbalance, and intestinal microorganisms play a significant role in the pathogenesis of hyperuricemia®’+3.
Metagenomics analysis revealed that, at the phylum level, the relative abundance of firmicutes in the gut
microbiota of untreated hyperuricemia rats was lower than that of normal rats and rats after ZPP intervention.
Meanwhile, compared with the ZPP group, Bacteroidetes were more abundant in hyperuricemia rats. This
result was consistent with the reported abnormal ratio of firmicutes to Bacteroidetes when intestinal flora was
disturbed in hyperuricemia?®>°. It has been shown that Limosilactobacillus reuteri has the ability to inhibit UA
biosynthesis by enhancing gastrointestinal barrier function and promote UA removal by upregulating uric
acid transporter°!. Ligilactobacillus murinus, a member of the Lactobacillus genus, a wide range of roles in host
intestinal metabolism and immune activity, and its numbers are strongly correlated with intestinal health®. In
this study, it was found that ZPP increased the relative abundance of two lactobacillus species, Limosilactobacillus
reuteri and Ligilactobacillus murinus, suggesting that ZPP may regulate uric acid metabolism in hyperuricemia
rats. Lachnospiraceae bacterium and Oscillospiraceae bacterium, which are responsible for producing short-chain
fatty acids, be negatively correlated with serum uric acid levels®>**. Additionally, we identified several probiotics
belonging to the phylum Firmicutes, such as Lachnospiraceae bacterium, and Oscillospiraceae bacterium, whose
relative abundances approached those of normal rats after ZPP intervention. The LEfSe analysis revealed that
the microorganisms exerting significant effects in the ZPP group were Firmicutes (phylum), Clostridia (class,
belonging to Firmicutes), and Eubacteriales (order, belonging to Clostridia). It can be summarized that ZPP
primarily reduces serum UA levels in hyperuricemia rats by enhancing the relative abundance of beneficial
probiotics within the Firmicutes phylum. Furthermore, the findings from this metagenomics study indicated
that ZPP regulatepurine and amino acid metabolism in hyperuricemia rats, aligning with the results obtained
from metabolomics analysis.

Conclusion

In summary, this study found that ZPP could reduce serum uric acid levels in hyperuricemia rats and improved
renal pathological indexes. Using UPLC-Q-TOF/MS metabolomics techniques, significant alterations in
differential metabolites and metabolic pathways were observed in hyperuricemia rats, particularly those
involved in purine metabolism, amino acid metabolism, and lipid metabolism. The study found that ZPP
was able to ameliorate these metabolic abnormalities, bringing the levels of key metabolites closer to those of
normal rats. Additionally, ZPP has also been shown to regulate gut microbiota, specifically by increasing the
relative abundance of probiotics within the Firmicutes phylum, which contributed to its uric acid-lowering
effects. Overall, these findings indicated that ZPP has potential functionin the prevention and treatment of
hyperuricemia, as it addressed metabolic disorders and gut microbiota imbalances associated with the condition.

Data availability

Sequence data that support the findings of this study have been deposited in National Library of Medicine with
the primary accession code PRINA1242895, https://trace.ncbi.nlm.nih.gov/Traces/?view=study&acc=SRP5738
47. The other data that support the findings of this study are available from the corresponding author, Haixue
Kuang, upon reasonable request.
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