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Purpose: This study aimed to investigate the underlying treatment mechanism of Radix Astragali (RA) in hyperuricemia from the 
perspective of microbiota and metabolomics.
Methods: We used potassium oxyazinate (PO) to induce hyperuricemia mice, and we determined serum alanine aminotransferase/ 
aspartate aminotransferase (ALT/AST), xanthine oxidase (XOD), creatinine (CRE), uric acid (UA), blood urea nitrogen (BUN) levels, 
liver XOD levels and assessed the kidney tissue histopathology. The therapeutic mechanism of RA in hyperuricemic mice was studied 
by 16S rRNA, metagenomic sequencing and metabolomics.
Results: Our research showed that RA has therapeutic effect in hyperuricemia mice, such as slow the weight loss, repair kidney 
damage, and downregulate serum UA, XOD, CRE, ALT/AST, BUN, and liver XOD levels. RA restored the disturbance structure of 
the microbiota in hyperuricemia mice by increasing the relative abundances of beneficial bacteria (Lactobacillaceae and Lactobacillus 
murine) but decreasing the relative abundances of pathogenic bacteria (Prevotellaceae, Rikenellaceae and Bacteroidaceae). Meanwhile, 
we found that RA directly regulated the metabolic pathway (such as linoleic acid metabolism and glycerophospholipid metabolism) 
and indirectly regulated bile acid metabolism by mediating microbiota to ameliorate metabolic disorders. Subsequently, there was 
a robust correlation between specific microbiota, metabolites and the disease index.
Conclusion: The ability of RA to protect mice against hyperuricemia is strongly linked to the microbiome-metabolite axis, which 
would provide evidence for RA as a medicine to prevent or treat hyperuricemia.
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Introduction
Hyperuricemia is a disease caused by irregular purine metabolism, which is always accompanied by excessive production or 
abnormal excretion of uric acid (UA).1 Most notably, the overall incidence of hyperuricemia in China has been increasing over 
the past decade with the westernization of eating habits.2,3 However, there are blind spots and misunderstandings in its 
diagnosis, prevention and treatment.4 Obviously, there are several only UA-lowering medicines in the clinic, such as 
allopurinol (ALL) and benzbromarone.5 Unfortunately, these chemical drugs are not suitable for a long-term and effective 
therapeutic schedule due to the reported side effects,6 especially hepatorenal toxicity. Hence, it is necessary to seek a safer and 
more valid strategy to treat hyperuricemia.
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Many scholars have proposed the concept of the gut-kidney axis. Indeed, evidence suggests that kidney diseases are 
inextricably linked to the gut and even the gut microbiome.7,8 Interestingly, UA, as the final product of purine 
metabolism in vivo, is generally produced and excreted in a dynamic balance, with 2/3 excreted by kidney and 1/3 
decomposed through the intestine.9 More importantly, much evidence has shown that the intestinal microflora is involved 
in purine-to-UA metabolism.10 For example, the absorption of purine in intestinal cells can be lessened for utilization and 
consumption by Lactobacillus. In addition, XOD, an enzyme that can catalyze the generation of hypoxanthine to UA, 
induces Shiga toxigenic Escherichia coli to increase virulence.11,12 In conclusion, disorders of the gut microbiota play an 
important role in the occurrence and development of hyperuricemia. Hence, maintaining the homeostasis of intestinal 
flora and restoring the altered microbial metabolism might be a promising strategy for treating hyperuricemia.

Radix Astragali, the roots of Astragalus membranaceus Bge. var. mongholicus (Bge.). Hsiao is one of the most widely used 
medicinal and edible homologous Chinese herbs.13,14 Indeed, RA was used as an ingredient for soup, tea and other daily eatables 
for its health efficacy, especially in southern China. More excitingly, many studies have reported that RA can treat 
hyperuricemia.15,16 However, RA is composed mainly of flavonoids, saponins and polysaccharides, which are difficult to absorb 
directly in the digestive tract.17,18 Therefore, it is important to understand the mechanism of RA in improving hyperuricemia.

This study aimed to explore the mechanism of RA on hyperuricemia from the perspective of the microbiota and its 
metabolites. We first employed a hyperuricemia model induced by PO and detected the levels of UA, CRE, BUN, XOD, 
ALT/AST and HE staining to verify the treatment efficacy of RA. Then, the structural shifts of the gut microbiota in 
response to RA treatment were determined by 16S rRNA and metagenes sequencing technology. Especially, the predicted 
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metabolic pathways by PICRUSt analysis were further verified by off-target metabolomic technology. In summary, this 
research provides a scientific basis for the development and application of RA as a medicinal and edible homologous 
Chinese herb to lower UA in the future.

Materials and Methods
Herbs and Chemicals
ALL was supplied by Sigma-Aldrich Co. Ltd. (St. Louis, MO, USA) and RA (Trade name: Astragalus Formula Granules) 
was produced by Tianjiang Pharmaceutical Co., Ltd. (batch number: 21081951) was purchased from Guangdong Provincial 
Hospital of Traditional Chinese Medicine. PO (purity ≥ 97%). RA solution was analyzed by ultra-performance liquid 
chromatography coupled to hybrid Quadrupole-Exactive Orbitrap mass spectrometry (UPLC-Q-Orbitrap HRMS) with an 
electrospray ionization interface. Chromatographic separations were performed by a Thermo Hypersil GOLD C18 (100 
x 2.1 mm, 1.9 μm, USA). The mobile phase consisted of solvents A (0.1% formic acid-water) and B (methanol). The 
gradient program was optimized as follows: 0–2 min, 5% B; 2–8 min, 5–20% B; 8–20 min, 20–95% B; 20–25 min, 95–95% 
B; 25–25.1 min, 95–5% B; 25.1–30 min, 5–5% B. The flow rate was set at 0.3 mL/min. The injection volume of RA solution 
was 2 μL. The column temperatures were maintained at 40°C, respectively. The Spray voltage was 5 kV, and the capillary 
temperature was set at 320°C. Nitrogen was used as both the sheath gas (30 psi) and auxiliary gas (10 psi). In the Full MS 
scan range, MS spectra were scanned in the range of m/z 70–1050. Acquired MS/MS spectra and precursor m/z were used 
for identification in mzCloud and mzVault. The analysis of RA constitutes used UPLC-Q-Orbitrap HRMS as shown in 
Figure S1 and Table S1.

Animal Modeling and Treatment
C57BL/6J mice (male, 18~22 g) were purchased from Guangdong Provincial Medical Laboratory Animal Center with 
License No. SCXK (YUE) 2020-0051. Animals were raised under specific special pathogen-free (SPF) conditions. The 
temperature was kept at 20~25°C, the light and dark were alternated for 12 hours, the relative humidity was set at 60% 
~70%, and the sterile water and standard food were strictly maintained.

After 7 days of adaptive feeding, mice were randomly divided into 5 groups (n = 8), including the control group, the 
model group, the ALL group, and the low-dose RA (RA-L) and high-dose RA (RA-H) groups. Mice in the control group 
were intraperitoneally injected with 0.5% CMC-Na solvent (0.2 mL/10 g), while the others mice were intraperitoneally 
injected once with PO (300 mg/kg) dissolved in 0.5% CMC-Na (PO is a chemical uricase inhibitor, which can inhibit the 
uricase activity in mice, so that the uric acid in the animal cannot be decomposed, resulting in increased production of serum 
uric acid in the body, and finally the formation of hyperuricemia animal model). Then, mice in the RA low (RA-L) and high 
(RA-H) dose groups were administrated with RA (dissolved in double-distilled water, crude herb dose: 1.54 or 6.17 g/kg) 
orally while the ALL group were administrated with ALL (5 mg/kg) orally for the following 14 days. After the successful 
modeling and the preventive intervention, mice in the ALL, RA-L and RA-H groups implemented the corresponding 
interventions for 14 consecutive days. Throughout the process, the mice in the control and model groups were administered 
an equal volume of sterile water by gavage.

Sample Collection
Mice feces were collected after the last administration and stored at −80°C. After fasting for 16 hours, the body weight of 
all animals was recorded, and the mice were treated with CO2 inhalation anesthesia. Subsequently, the blood samples 
were collected and centrifuged (3000 rpm, 4°C) for 10 min. Then, the upper serum was extracted and stored at −80°C. 
The kidneys were weighted and partly fixed in the 4% paraformaldehyde solution. The contents of ileocecal tract of mice 
were collected on ice and stored at −80°C.

Biochemical Examination
The contents of UA, XOD, ALT/AST, CRE and BUN in serum and XOD in liver of mice in each group were determined 
according to the instructions of the kit, which were purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, 
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China). Serum samples can be used directly for testing. Liver tissue samples need to be added with 9 times the volume of 
PBS at a ratio of weight (g): volume (mL)=1:9, ground, and centrifuged to obtain the supernatant for testing. During the 
test, a catalyst and chromogenic agents were added and incubated at 37°C for 20 minutes, measure the absorbance value 
at a wavelength of 530 nm, and finally calculate the XOD enzyme activity according to the formula.

Histopathological Analyses of Kidney
The kidneys of mice were taken out from 4% paraformaldehyde, cut into slices with a thickness of 4 μm~5 μm, stained 
with hematoxylin and eosin (HE). And the pathological changes of kidney tissue were observed under a light microscope 
(Olympus, Japan) at 200× and 400× magnifications.

16S rRNA Gene and Metagenomic Sequencing
Fresh fecal samples of the three groups of mice (the control, model, and RA-H groups) were collected for 16S rRNA 
gene (n = 6) and metagenomic sequencing (n = 3). The high throughput sequencing method and data processing were 
conducted as previously reported,19 the fecal samples of all groups were extracted using the EZNA® Soil DNA Kit 
(Omega Bio-tek, USA), and it should be noted that the RA group referred to the RA-H group. Subsequently, the variable 
region V3~V4 of the bacterial gene was amplified with primer pairs 338F (5’-ACTCCTACGGGAGGCAGCAG-3’) and 
806R (5’-GGACTACHVGGGTWTCTAAT-3’) by an ABI GeneAmp® 9700 PCR thermocycler (ABI, CA, USA). The 
purified PCR products were constructed using the NEXTFLEX Rapid DNA-Seq Kit, and sequenced using the Miseq 
PE300 platform of Illumina (Shanghai Meiji Biomedical Technology Co., Ltd.). The purified amplicons were sequenced 
in equimolar quantities by paired-end sequencing according to the standard protocols by Majorbio Bio-Pharm 
Technology Co. Ltd. (Shanghai, China). All data analysis were performed by using the Majorbio platform at http:// 
www.majorbio.com. The raw sequencing reads were uploaded to the NCBI Sequence Read Archive (SRA) database with 
the 16S rRNA accession number as PRJNA816671 and metagenomic accession number as PRJNA833146.

UPLC-Q/TOF-MS Analysis
The chromatographic resolution was successfully implemented on a Acquity HSS T3 column (100 mm×2.1 mm, 1.8 μm) 
by utilizing a mobile phase comprising of 0.1% (v/v) formic acid aqueous solution (A) and 0.1% (v/v) formic acid 
acetonitrile solution (B). The gradient elution procedure was conducted as shown below: 1% B at 0~2 min, 1%→15% 
B at 2~3.5 min, 15%→25% B at 3.5~7.5 min, 25%→35% B at 7.5~9 min, 35%→99% B at 9~11.5 min, 99% B at 
11.5~17 min, 99%→1% B at 17~17.1 min, 1% B at 17.1~20.1 min. The column temperature was maintained at 40°C and 
the autosampler temperature was maintained at 4°C.

The HPLC system was coupled to a Xevo G2-S Q-TOF/MS (Waters) with a Q-Trap™ 4000 MS/MS system. Tandem mass 
spectrometer was manipulated under the positive and negative electrospray ionization (ESI) mode. The mass-to-charge ratio 
range of data acquisition was set at 50~1000 m/z. N2 was used as the drying gas, and the flow rate was 1.5 L/min. The 
temperature of N2 was 350°C. The capillary voltages of the positive and negative ion modes were set at 2500 V and 2000 V, 
respectively. And the ion source temperature was set at 120°C, the cone voltage was set at 40 V. The collision energy was set at 
20 eV-50 eV. Moreover, in order to obtain the accurate mass of each compound, we used leucine-enkephalin (m/z 556.2771) as 
the locked mass solution. The UPLC-Q/TOF-MS conditions were applied to fecal samples in all groups, and the RA group was 
referred to as the RA-H group. All data were acquired and processed by the Waters MasslynxTM V4.1 software.

Statistical Analysis
The data were expressed as mean ± SEM (Standard error of mean), and all statistical analysis and graphing were 
performed using SPSS 26.0 (SPSS, Armonk, USA) and Graph Prism 8.0.2 (GraphPad, San Diego, USA). Differences 
among groups were determined using the one-way analysis of variance (ANOVA), and Tukey’s test was used for post hoc 
comparisons. P<0.05 was considered as significant difference. Spearman correlation coefficients between the UA-related 
indicators of the gut microbiome and metabolome were also determined.
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Results
RA Lowered Serum UA and Improved Liver-Kidney Function of Hyperuricemia Mice
The mouse-experimental schedule is shown in Figure 1A. Compared with the control mice, the hyperuricemia mice lost 
weight, which was reversed to a certain extent after RA intervention (Figure 1B). HE pathological showed that compared 
with the controls, the model mice exhibited several characterized histologic alterations, including serious renal tubular 
lumen dilatation (the red circle shows the renal tubule in Figure 1C). Interestingly, RA-H rather than ALL notably 
reversed the above-mentioned situations in which the overall structure of the mouse kidney basically returned to normal. 
Although the improvement was not as significant as that of RA-H, the administration of RA-L also had a certain 
protective effect on kidney morphology (Figure 1C).

The kit results disclosed that compared with the control group, the level of serum UA in the model group was 
significantly increased, indicating that the hyperuricemia model was successfully established. As expected, the level of 
serum UA was decreased after RA-H administration, while RA-L treatment showed a weak trend. Meanwhile, the levels of 
other UA-related indicators such as serum XOD, liver XOD, serum CRE and serum BUN were considerably reduced 
following the intervention with RA-L and RA-H, which were not always obviously decreased in the ALL group. 
Surprisingly, treatment with RA-H rather than ALL had a distinct protective effect on the liver function of hyperuricemia 
mice, as evidenced by the decreased levels of AST and ALT (Figure 1D). In conclusion, RA ameliorated the symptoms 
caused by hyperuricemia in a dose-dependent manner.

RA Modified the Structure and Composition of Gut Microbiota in Hyperuricemia 
Mice
Accumulating evidence has indicated the pivotal role of gut dysbiosis in hyperuricemia. We thus performed 16S rRNA 
analysis to evaluate the potential influence of RA on the intestinal flora in hyperuricemia mice. The clustering diagram of 
PCoA showed that the cluster from the model group was far away from the controls, while the cluster tended to normal 
after the intervention of RA. The results suggested that the structure of the intestinal microbiota of hyperuricemia mice 
was remarkably changed by PO modeling, but was restored by RA (Figure 2A). Compared with the model group, the 
Shannon index (representative species diversity and richness) of the control and RA groups was significantly increased 
(Figure 2B). The microbe abundance analysis showed different microbial taxonomic signatures in fecal samples collected 
from three groups. At the phylum level, the relative abundance of Firmicutes was higher in controls and RA-treated mice, 
while that was lower in models. However, the relative abundance of Bacteroides in each group was opposite to that of 
Firmicutes (Figure 2C). Besides, the Bacteroidetes/Firmicutes (B/F) value of the untreated hyperuricemia mice was 
higher than that of the controls, while the value was significantly decreased by RA administration (Figure S2A). At the 
family level, the relative abundance of Lachnospiraceae and Lactobacillaceae was pointedly lower in the model group but 
higher in the control and RA groups (Figure S2B). At the genus level, compared with the control and RA groups, the 
relative abundance of norank_f_norank_o_Clostridia_UCG-014, Ileibacterium, Prevotellaceae_UCG-001 and Alistipes 
was richer in the model group (Figure 2D).

The LEfSe results indicated that Firmicutes were significantly enriched in the control group, Bacteroidota and 
Proteobacteria were significantly enriched in the model group, and Bacilli was significantly enriched in the RA group 
(Figure 2E). Moreover, linear discriminant analysis (LDA) estimated the magnitude of abundance of each species on the 
divergence. The LDA results showed that Oscillospiraceae, Peptostreptococcaceae and Eubacterium coprostanoligenes were 
expressed at a higher abundance in the model group (LDA>3.0), while Lactobacillaceae, Lachnoclostridium, Ileibacterium 
and Peptococcaceae were expressed at a higher abundance in the control and RA groups (LDA>3.0) (Figure 2F).

RA Regulated the Functions of the Gut Microbiome in Hyperuricemia Mice
Key microorganisms can regulate various functions, pathways and physiological processes in the body to improve the disease.20 

As expected, the results of phylum- and genus-level analysis in the metagenome were consistent with those of 16S rRNA 
(Figures 3A and S3A). At the species level, compared with the model group, the relative abundances of 
Lachnospiraceae_bacterium_A4, Clostridiaceae_bacterium, unclassified_o_Clostridiales, Muribaculaceae_bacter 
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Figure 1 Effects of RA on serum UA level and liver-kidney function in hyperuricemia mice. (A) Schematic diagram of the mouse experimental design. (B) Change of body 
weight. (C) In a histopathological analysis of kidney tissues, the red circle shows the renal tubule (200× and 400×). (D) The contents of serum UA, ALT, AST, BUN, XOD, 
CRE and liver XOD. Data are shown as mean ± SEM. *P < 0.05, **P < 0.01.
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Figure 2 Effects of RA on gut microbiota structure and composition in hyperuricemia mice. (A) Weighted UniFrac-based PCoA of the fecal microbiota. (B) Shannon box 
plot. (C and D) Bacterial taxonomic profiling at the phylum and genus levels resulted from different groups. (E) Cladogram of the control, model, and RA groups. (F) LDA 
value distribution histogram (LDA>3). Data are shown as mean ± SEM. *P < 0.05, **P < 0.01.
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Figure 3 Metagenome revealed differential microbe functions after RA intervention in hyperuricemia mice. (A and B) Bacterial taxonomic profiling at the phylum and 
species levels of intestinal bacteria resulted from different groups. (C) PcoA analysis of each group. (D and F) Barplot and Circos of species and functional contribution 
analysis. (E) Cluster analysis of the top 25 strains altered by RA in hyperuricemia mice.
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ium_Isolate-013_(NCI), unclassified_f_Lachnospiraceae, and Lactobacillus murine were significantly increased in the control 
and RA groups (Figure 3B). Corresponding to this result, the clustering diagram of PCoA showed that the cluster of the model 
group was far away from the controls, while the cluster tended to normal after the intervention of RA (Figure 3C).

More deeply, the functional contribution analysis showed that 6 kinds of functions were different among groups at the 
genus level, including metabolism, environmental information processing, genetic information processing, cellular 
processes, human diseases and organismal systems (Figure S3B). At the species level, compared with the model 
group, Lactobacillus_murinus, Acetatifactor_muris and Lachnospiraceae_bacterium made a greater contribution to the 
functions including metabolism, environmental information processing, genetic information processing, cellular pro-
cesses, human diseases and organismal systems in the control and RA groups, while the contribution of 
Akkermansia_muciniphila was the opposite (Figure 3D).

To further explore the relationship between these bacteria and organism function, a correlation network was used to 
show that the main species involved were Lactobacillus murinus, Lachnospiraceae_bacterium and 
Muribaculaceae_bacterium. And they participate in dominant functions involved in regulation of endocrine and metabolic 
disease, amino acid metabolism, glycan biosynthesis and metabolism, metabolism of terpenoids and polyketides, metabo-
lism of cofactors and vitamins, nucleotide metabolism, immune system, circulatory system, digestive system, cardiovas-
cular disease, neurodegenerative disease, membrane transport, development and regeneration, etc. (Figure S3C).

Cluster analysis of the top 15 strains with different abundances showed that the control and RA groups were classified 
into one group, while the model group can be classified into another group (Figure 3E). The Circos sample and species 
function diagram can clearly describe the corresponding relationship between the abundance of samples and species 
function (Figure 3F). The results showed that the function of microbial regulation was primarily metabolic pathways 
(Figure 3F), which was consistent with the results presented above. PICRUSt analysis was performed to further elucidate 
the effect of altered microbes. The metabolism of differential microbes between the RA group and the model group was 
mostly enriched in lipid metabolism (such as glycerolipid metabolism) (Figure S4).

RA Restored Metabolic Disorders Caused by Hyperuricemia
In order to observe the changes in fecal metabolomics among the groups, the data were normalized and analyzed by 
multivariate statistical analysis. Fecal samples of each group were clearly separated by orthogonal partial least squares 
discrimination analysis (OPLS-DA) score maps (Figure 4A), indicating that there were significant differences in metabolites 
among the control, model and RA groups. Meanwhile, the results showed that the values of R2 and Q2 in the OPLS-DA model 
were close to or greater than 0.5 and were validated with a permutation test (n=200) (Figure S5A), indicating that the model 
was reasonable and stable. Furthermore, we used S-plot analysis based on the correlation coefficient loading plots to obtain the 
differential metabolites. The points displayed in the S-plot were all differential metabolites with VIP values>1 and P<0.05 
(Figure S5B and C).

More specifically, we identified 20 differential metabolites in feces between the model versus control groups and model 
versus RA groups, of which 13 metabolites were increased but 7 metabolites were decreased in the model group compared 
with the controls (Table 1). Moreover, compared with the control group, these metabolites were altered in the feces of 
hyperuricemia mice and returned to normal after RA intervention. Interestingly, we found 5 bile acids (including primary bile 
acid and second primary bile acid) in these 20 metabolites (Figure 4B), of which 4 bile acids (chenodeoxycholic acid, 
sulfolithocholylglycine, 3α, 6β, 7β-trihydroxy-5β-cholanoic acid and nutriacholic acid) were decreased in the model group, 
and increased after RA intervention. Moreover, one bile acid (3α,7α-dihydroxycoprostanic acid) was increased in the model 
group, and decreased after RA intervention.

Then, the data of potential markers were used to obtain the differential metabolic pathways. The bubble charts indicated 
that RA administration resulted in the regulation of lipid metabolism pathways in feces (such as glycerophospholipid 
metabolism, linoleic acid metabolism and other fatty acid-related metabolism pathways), bile acid metabolism pathway 
(metabolism primary bile acid biosynthesis) and key amino acid metabolism pathways (e.g., tryptophan metabolism, taurine 
and hypotaurine metabolism, phenylalanine metabolism, cysteine and methionine metabolism) (Figure 4C). The production of 
bile acids in the intestine is usually related to the intestinal flora, so we believe that RA not only directly regulates the metabolic 
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Figure 4 Effects of RA on metabolites in hyperuricemia mice. (A) OPLS-DA score plots of the UPLC-Q/TOF-MS spectra from feces. (B) The proportion of different 
metabolites in feces of mice in each group. (C) Analysis of metabolic pathways related to hyperuricemia (the ordinate represents the metabolite p-values, and the abscissa 
represents the pathway impact factor. The lower the p-values, the darker the red and the larger the circles, which represents a higher pathway impact factor, and redder and 
larger circles manifest that the pathway is obviously influenced).
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pathway (such as linoleic acid metabolism), but also indirectly regulates the microbiota to regulate the bile acid metabolism to 
ameliorate metabolic disorder in hyperuricemia mice.

Crosstalk Among Gut Microbiome-Metabolome-Hyperuricemia Axis
Furthermore, we investigated the connections between the UA-related indicators, metabolites and intestinal flora in 
a heatmap by the Spearman correlation coefficient. The result showed that metabolites regulated by RA were positively 
or negatively associated with species that were restored by RA (Figure 5A). Moreover, all the metabolites and most of 
intestinal flora were significantly related to hyperuricemia (Figure 5B and C). It could be inferred that the hyperuricemia- 
ameliorated effects of RA were robustly associated with the discriminative gut microorganisms and fecal metabolites.

Taken together, RA could repair liver and kidney damage, reduces uric acid levels, and reshape the structure of 
intestine flora in hyperuricemia mice, especially increasing the abundance of beneficial bacteria and decrease the 
abundance of pathogenic bacteria. Moreover, RA could accelerate lipid metabolism and amino acid metabolism, and 
promote the production of bile acid. In the end, the correlation network of the gut microbiome-metabolome- 
hyperuricemia axis presented the overall correlativity during RA treatment, RA attenuated hyperuricemia by crosstalk 
between the gut microbiota and concomitant host cometabolites.

Discussion
In clinical practice, the first-line drugs typically used for hyperuricemia are associated with severe liver and kidney 
damage, thereby limiting their safe application.6 Fortunately, RA is a natural medicinal and edible Chinese medicine with 
a long history of application in the treatment of metabolic disorders.21,22 More importantly, contemporary pharmacolo-
gical investigations have indicated that RA can be used to lower UA. However, whether the gut microbiota plays 
a crucial role in the mechanism of RA in hyperuricemia remains to be elucidated. As expected, the present study 
confirmed that RA-treated mice exhibited considerable improvement, such as reduced serum levels of UA, CRE and 

Table 1 Identified Different Metabolites Among Groups in Feces

Number Differential Metabolite HMDB Number Molecular Formula Trend Trend

Model  
versus Control

RA versus  
Model

1 Ercalcitriol HMDB0006225 C28H44O3 ↑*** ↓#

2 Dodecanedioic acid HMDB0000623 C12H22O4 ↑*** ↓#

3 5a-Cholestane-3a,7a,12a,25-tetrol HMDB0000520 C27H48O4 ↑*** ↓##

4 3-(3-Hydroxyphenyl) propanoic acid HMDB0000375 C9H10O3 ↑*** ↓##

5 Chenodeoxycholic acid 3-sulfate HMDB0002586 C24H40O7S ↓*** ↑##

6 PC (14:0/22:4(7Z,10Z,13Z,16Z)) HMDB0007889 C44H80NO8P ↑** ↓#

7 Hippuric acid HMDB0000714 C9H9NO3 ↑** ↓##

8 2-Isopropylmalic acid HMDB0000402 C7H12O5 ↑** ↓#

9 Traumatic acid HMDB0000933 C12H20O4 ↓** ↑##

10 Sulfolithocholylglycine HMDB0002639 C26H43NO7S ↓** ↑#

11 PC (14:1(9Z)/P-18:1(11Z)) HMDB0007930 C40H76NO7P ↑** ↓##

12 4-(2-Aminophenyl)-2,4-dioxobutanoic acid HMDB0000978 C10H9NO4 ↑** ↓##

13 3a,6b,7b-Trihydroxy-5b-cholanoic acid HMDB0000415 C24H40O5 ↓** ↑#

14 Nutriacholic acid HMDB0000467 C24H38O4 ↓** ↑#

15 Adrenic acid HMDB0002226 C22H36O2 ↓** ↑##

16 2-Hydroxyhexadecanoic acid HMDB0031057 C16H32O3 ↓** ↑#

17 L-Cysteine HMDB0000574 C3H7NO2S ↓* ↑##

18 3alpha,7alpha-Dihydroxycoprostanic acid HMDB0000359 C27H46O4 ↑* ↓#

19 PC (14:0/20:2(11Z,14Z)) HMDB0007880 C42H80NO8P ↑* ↓#

20 Xanthine HMDB0000292 C5H4N4O2 ↑* ↓#

Notes: ↑ and ↓ mean the metabolites up- and down-regulated in the model vs control, RA vs model; *Represents significant difference between model and control groups; 
#Represents significant difference between RA and model groups; *p < 0.05, **p < 0.01, and ***p < 0.005, #p < 0.05 and ##p < 0.01.
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Figure 5 Correlation analysis. (A) Spearman correlation between gut microbiota (species level) and metabolic factors. (B) Spearman correlation between gut microbiota 
(species level) and UA-related indicators. (C) Spearman correlation between metabolic factors and UA-related indicators. *p < 0.05, **p < 0.01, and ***p < 0.005.
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BUN and improved kidney injury. Excitingly, we found that RA can protect the kidneys by inhibiting the activity of 
XOD, an enzyme that converts purines to UA. In line with the data in the former part, the appropriate decrease in 
excessive XOD levels attenuated oxidative stress in renal tubular epithelial cells, alleviated tubular damage and restored 
renal function.23 Ingeniously, the decrease in the ALT/AST index indicated that RA even ameliorated the liver damage 
caused by the modeling agent PO. In summary, we found that RA has the effect of treating hyperuricemia.

The 16S rRNA sequencing showed that the richness and diversity of the gut microbiota in untreated hyperuricemia mice were 
decreased, while these effects were reversed by RA administration. Hyperuricemia leads to disorders of the intestinal flora, but 
RA can regulate the structure of the intestinal flora to lower UA.24 More specifically, given that the relative abundance of 
Firmicutes and Bacteroidetes dominated the microecology,25 we speculated that RA might treat hyperuricemia by upregulating 
the abundance of beneficial bacteria in Firmicutes (Lactobacillus, Lachnospiraceae, Ileibacterium and Peptococcaceae) and 
downregulating pathogenic bacteria in Bacteroidetes (Prevotellaceae, Rikenellaceae and Bacteroidaceae). Moreover, 
Lactobacillus and Lachnospiraceae were reported to be able to protect the intestinal mucosal barrier and against the inflammatory 
response by increasing acetate content.26,27 Ileibacterium and Peptococcaceae have been reported to be positively correlated with 
metabolic diseases.28,29 Next, at the species level, in line with our heatmap of correlation observation, the relative abundances of 
Lactobacillus murine, Lachnospiraceae_bacterium_MD335 and Lachnospiraceae_bacterium_A4 were increased after RA 
intervention compared with untreated mice. In addition, the correlation analysis suggested that murine Lactobacillus was 
involved in inhibiting XOD activity in serum and improving liver and kidney functions. Murine Lactobacillus has been reported 
to be able to improve immunity to prevent late-onset sepsis and reduce diabetes and obesity.30,31 In addition, the literature 
reported the negative correlation of Lachnospiraceae_bacterium with metabolic diseases, including type 2 diabetes and 
obesity.32–34 Meanwhile, Lachnospiraceae_bacterium and Lachnospiraceae bacterium 28_4 were previously reported to be 
enriched in healthy controls compared to hyperuricemia groups, and the authors implied that the treatment effect of the bacteria 
may be related to its protection of the intestinal barrier.35 Moreover, Lachnospiraceae_bacterium_A4 has been reported to be the 
key bacterial species in obesity-resistant mice.36 Indeed, evidence suggests that XOD is likely to be an intermediate factor in the 
gut-kidney axis.37 Overall, we determined that RA can increase the abundance of beneficial bacteria and decrease the abundance 
of pathogenic bacteria in hyperuricemia mice.

We used off-target metabolomics techniques to confirm the predicted metabolic pathways. The results indicated that 
RA ameliorated hyperuricemia by regulating metabolic disturbances. In the gut, bile acids are involved in lipid transport 
and can affect the condition of the body by modulating the gut microbiota.38 RA upregulated the level of chenodeoxy-
cholic acid 3-sulfate, sulfolithocholylglycine, 3a,6b,7b-Trihydroxy-5b-cholanoic acid and nutriacholic acid. 
Coincidentally, evidence has shown that chenodeoxycholic acid reduces liver damage by regulating inflammation.39 

We speculated that RA protected liver tissue in hyperuricemia mice, possibly by regulating the abundance of cheno-
deoxycholic acid 3-sulfate. As bile acids promote the absorption of lipids and their metabolic intermediates (eg, 
glycerophospholipids and linoleic acid), we then turned our attention to lipid metabolism. Some scholars reported 
previously that disorders of glycerophospholipid metabolism can be a marker of hyperuricemia,40,41 which were 
improved by RA in the present study. Glycerophospholipids can be hydrolyzed by phospholipid enzymes such as 
phospholipase A (2) (PLA2) in vivo and UA can induce the activity of PLA2.42 Phosphatidylcholine (PC) participates 
in the circulation by PLA2.43 In particular, we found that the content of PC (14:0/22:4 (7Z, 10Z, 13Z, 16Z)) and PC (14:1 
(9Z)/P-18:1(11Z)) was elevated in hyperuricemia mice but was downregulated after RA intervention. This result was 
consistent with previous research showing that the levels of PC were negatively related in patients with hyperuricemia, 
and the authors believed that the substances could be used as indicators for patient detection.44 In our research, the level 
of hippuric acid in hyperuricemia was deduced by RA but increased L-cysteine. A previous study investigated whether 
hippuric acid was regarded as the target metabolite in hyperuricemia patients and whether L-cysteine was involved in the 
construction of peptides that inhibit XOD activity from inhibiting UA production.45,46 We speculated that abnormal 
metabolism of glycerophospholipids, bile acids and amino acids could provide new insights into the mechanism of RA in 
the treatment of hyperuricemia.
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Conclusion
This study indicates that RA has a therapeutic effect on hyperuricemia mice, which is mostly attributed to the modulation 
of gut microbiota and metabolism. Our finding reveals a novel biochemical mechanism of RA against hyperuricemia, 
which has a certain indication on the dietary structure of people with hyperuricemia.
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