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Abstract 
The high recurrence rate of renal uric acid stone (UAS) poses a significant challenge for urologists, and potassium sodium 
hydrogen citrate (PSHC) has been proven to be an effective oral dissolution drug. However, no studies have investigated 
the impact of PSHC on gut microbiota and its metabolites during stone dissolution therapy. We prospectively recruited 37 
UAS patients and 40 healthy subjects, of which 12 patients completed a 3-month pharmacological intervention. Fasting 
vein blood was extracted and mid-stream urine was retained for biochemical testing. Fecal samples were collected for 16S 
ribosomal RNA (rRNA) gene sequencing and short chain fatty acids (SCFAs) content determination. UAS patients exhibited 
comorbidities such as obesity, hypertension, gout, and dyslipidemia. The richness and diversity of the gut microbiota were 
significantly decreased in UAS patients, Bacteroides and Fusobacterium were dominant genera while Subdoligranulum and 
Bifidobacterium were poorly enriched. After PSHC intervention, there was a significant reduction in stone size accompanied 
by decreased serum uric acid and increased urinary pH levels. The abundance of pathogenic bacterium Fusobacterium was 
significantly downregulated following the intervention, whereas there was an upregulation observed in SCFA-producing 
bacteria Lachnoclostridium and Parasutterella, leading to a significant elevation in butyric acid content. Functions related 
to fatty acid synthesis and amino acid metabolism within the microbiota showed upregulation following PSHC intervention. 
The correlation analysis revealed a positive association between stone pathogenic bacteria abundance and clinical factors for 
stone formation, while a negative correlation with SCFAs contents. Our preliminary study revealed that alterations in gut 
microbiota and metabolites were the crucial physiological adaptation to PSHC intervention. Targeted regulation of microbiota 
and SCFA holds promise for enhancing drug therapy efficacy and preventing stone recurrence.

Key points
• Bacteroides and Fusobacterium were identified as dominant genera for UAS patients
• After PSHC intervention, Fusobacterium decreased and butyric acid content increased
• The microbiota increased capacity for fatty acid synthesis after PSHC intervention
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Introduction

Urolithiasis is a globally prevalent disease, with reported 
prevalence rates ranging from 7 to 13% in North America, 
5 to 9% in Europe, and 1 to 5% in Asia based on epidemio-
logical studies (Abufaraj et al. 2022; Sorokin et al. 2017). 
However, a consistent upward trend in the overall incidence 
has been observed regions (Scales et al. 2012; Yasui et al. 
2008). Notably, the southern region of China has exhibited 
an alarming prevalence exceeding 10% (Ye et al. 2020). The 
composition of nephrolithiasis primarily consists of cal-
cium-containing stones, with calcium oxalate stones being 
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predominant and accounting for over 80%. Uric acid stones 
(UAS) account for 5 to 15% of all kidney stones (Ma et al. 
2018a). In the USA, the percentage of UAS has remained 
at approximately 10%, while in China, they account for 
about 5.1% of all stone components; however, this propor-
tion increases to more than 10% in the southern region (Ma 
et al. 2018b). These epidemiological differences suggest that 
geography, climate, race, and other factors may be linked to 
UAS formation.

Uric acid is the end product of purine degradation. 
Humans, unlike other mammals, lack the activity of uric 
acid oxidase, resulting in an inability to convert uric acid 
into its more soluble form allantoin and leading to the forma-
tion of UAS (Ramos and Goldfarb et al. 2022). The forma-
tion process is influenced by urine volume levels, pH levels, 
and uric acid concentrations. Persistent over-acidification 
plays a decisive role in this regard. Epidemiologic studies 
have shown that metabolic syndrome is strongly associated 
with UAS due to various metabolic and environmental fac-
tors promoting insulin resistance and stone formation within 
urine samples (Abou-Elela 2017; Bamberger et al. 2021; 
Xiao et al. 2020). Stone patients who are obese or diabetic 
tend to have higher proportions of total stones consisting 
of UAS compared to those who possess normal body mass 
indices (BMI) or serum glucose levels (Daudon et al. 2006a, 
2006b). The gut microbiota not only plays a pivotal role 
in digestion but also exerts a profound influence on the 
pathogenesis of metabolic disorders such as hypertension, 
diabetes mellitus, hyperlipidemia, and urolithiasis (Chen 
et al. 2021b; Hong et al. 2023). It has been observed that 
stone patients exhibit alterations in both diversity and spe-
cies composition of their gut microbiota, characterized by 
significant reductions in flora involved in oxalic acid degra-
dation and SCFA (short chain fatty acid) production (Chen 
et al. 2021a; Miller et al. 2019).

UAS is the only type of stone with definitive evidence 
supporting treatment with oral alkaline medications for dis-
solution. Potassium sodium hydrogen citrate (PSHC), the 
most representative alkaline citrate preparation, is recom-
mended as the preferred therapeutic agent for UAS patients 
(Turk et al. 2016), with oral dissolution rates ranging from 
73 to 100% (Nevo et al. 2020). Alkalizing urine can effec-
tively promote UAS dissolution by increasing uric acid solu-
bility approximately 20-fold as urine pH increases from 5.0 
to 7.0. Furthermore, PSHC remains a feasible option for 
residual stones after surgery and X-ray negative stones in 
cases where surgery is contraindicated (Elsawy et al. 2019).

Although extensive research has been conducted on the 
characteristics of gut microbiota and metabolites in patients 
with calcium oxalate stones, limited studies have explored 
these factors in individuals with UAS who undergo oral 
dissolution therapy with PSHC. Therefore, we conducted 
a preliminary study to analyze the gut microecological and 

biochemical features of UAS patients before and after PSHC 
intervention in order to investigate changes in gut micro-
biota, metabolites, and biochemical parameters.

Materials and methods

Subjects and sample collection

This study was approved by the Ethics Review Committee 
of Changshu Hospital affiliated with Soochow University. 
A prospective screening was conducted from September 
2019 to August 2022, including UAS patients and a healthy 
population as participants who provided informed consent. 
All stone patients were diagnosed using urologic ultrasonog-
raphy, kidney-ureter-bladder (KUB) X-ray, or abdominal 
computed tomography (CT). Stone samples were obtained 
through ureteroscopic lithotripsy (URSL), percutaneous 
nephrolithotomy (PCNL), or extracorporeal shock wave lith-
otripsy (ESWL). Stones were analyzed using an automated 
infrared spectroscopy system, LIIR-20 (Lanmode Scientific 
Instrument Co., Ltd., Tianjin, China), and the main com-
ponents were determined based on the most abundant sub-
stances listed in the report, which were classified as pure or 
mixed uric acid stones (anhydrous uric acid content > 50%). 
Patients with malignancy, chronic liver insufficiency, a his-
tory of statin use, and thyroid or parathyroid disease were 
excluded from the study. Similarly, individuals with a history 
of urolithiasis or dyslipidemia, as well as those who had used 
statins, were excluded from the control group. Participants 
were also excluded if they had taken antibiotics or immune 
suppressants within one month prior to fecal sampling, or 
had a history of chronic diarrhea or constipation, chronic 
enteritis, irritable bowel syndrome, gastrointestinal tumors, 
or intestinal surgery (Supplemental Fig. S1A).

PSHC granules (MADAUS GMBH, Cologne, Germany, 
2.5 g/packet) were administered to patients with residual 
stones (> 5 mm in diameter) after surgery or difficult-to-
remove stones in the infrarenal calyces for a 3-month inter-
vention period. The medication was taken as follows: one 
packet after breakfast, one packet after lunch, and two pack-
ets after dinner. Participants were instructed to abstain from 
alcohol consumption, smoking, and the use of any probiotics 
or medications that lower uric acid levels during the thera-
peutic period. They were also instructed to monitor prepran-
dial urine pH levels to maintain an effective range of 6.2–6.8 
(Kamphuis et al. 2019).

A total of 37 UAS patients were prospectively recruited 
(UAS group), and 40 non-stone subjects who underwent 
physical examination at Changshu Hospital affiliated 
with Soochow University were enrolled via age and gen-
der matching (NS group). Among the 37 UAS patients, 17 



Applied Microbiology and Biotechnology          (2024) 108:51 	 Page 3 of 15     51 

individuals diagnosed as pure anhydrous uric acid stone 
formers fulfilled the criteria for treatment with PSHC.

General characteristics, including height, weight, and 
past medical history, were collected from all participants. 
After consuming a standard diet provided for 3 days (Sup-
plemental Table S1), fasting venous blood (approximately 
5 ml) was drawn from each participant and mid-stream urine 
was retained for follow-up testing. Meanwhile, fresh fecal 
samples (5 g) were collected from the subjects and stored 
at − 80 °C in tubes preloaded with fecal DNA stabilizer until 
analysis.

Fecal 16S rRNA sequencing and SCFAs 
determination

The DNA was extracted from 200 mg of fecal samples using 
the QIAamp DNA kit (QIAGEN, Hilden, Germany). Subse-
quently, the extracted DNA was analyzed by 1.2% agarose 
gel electrophoresis to confirm its quality and integrity. For 
library construction, a two-step PCR amplification method 
targeting the V3-V4 region of the 16S rRNA gene was 
employed. The PCR amplification utilized universal prim-
ers 357F (5′-ACT​CCT​ACG​GRA​GGC​AGC​AG-3′) and 806R 
(5′-GGA​CTA​CHVGGGTW TCT​AAT​-3′). All resulting PCR 
products were subsequently purified using the AxyPrep-
DNA Gel Recovery Kit (AXYGEN, San Francisco, USA). 
Fluorescence quantification was performed using the FTC-
3000TM Real-Time PCR instrument (Funglyn, Shanghai, 
China), followed by PCR amplification and library construc-
tion. The constructed libraries were sequenced on a Novaseq 
6000 SP 500 Cycle Reagent Kit (Illumina, San Diego, 
USA) platform following standard protocols established 
by TinyGen Bio-Tech (Shanghai, China) Co., Ltd. Fecal 
SCFAs contents were quantified via gas chromatography-
mass spectrometry (GC–MS) analysis utilizing the Thermo 
Trace 1300 gas chromatograph and Thermo ISQ 7000 mass 
spectrometer (Thermo Fisher Scientific, Wilmington, USA). 
The components separated by chromatography were con-
tinuously introduced into the mass spectrometer, and a con-
tinuous scan of the mass spectrometer was conducted for 
data acquisition. A calibration curve was constructed using 
the concentration of the standard as the x-coordinate and 
the peak area ratio of the standard to the internal standard 
as the y-coordinate. Based on these established metabolite 
calibration curves, quantitative calculations were performed 
for all samples to determine the contents of SCFAs in each 
fecal sample (R2 > 0.99).

Statistical and bioinformatic analysis

The general characteristics and biochemical parameters of 
the subjects were analyzed using the SPSS 22.0 software 
(IBM, Armonk, NY, USA). Statistical significance was 

determined at a two-sided P < 0.05 level. Data normal-
ity was assessed using the Shapiro–Wilk test, and con-
tinuous variables that followed a normal distribution were 
presented as mean ± SD, while non-normally distributed 
variables were presented as median and interquartile range 
(IQR). Comparisons between continuous variables were 
conducted using either Student’s t-test or Mann–Whitney 
test, depending on data distribution. Categorical variables 
were evaluated using either chi-square test or Fisher’s 
exact test.

The 16S rRNA sequences were analyzed using mothur 
software (University of Michigan, Ann Arbor, USA, ver-
sion 1.33.3) in conjunction with R language (version 3.6.3; 
https://​cran.r-​proje​ct.​org/​bin/​windo​ws/​base/​old/). The 
sequences were clustered into operational taxonomic units 
(OTUs) at a 97% similarity threshold using the UPARSE 
software (University of Lyon, Lyon, France, usearch ver-
sion 8.1.1756; http://​drive5.​com/​uparse/) and R language 
(version 3.6.3). Taxonomic analysis of community species 
was performed at the kingdom, phylum, class, order, fam-
ily, genus, and species levels based on the National Center 
for Biotechnology Information (NCBI, Bethesda, Mary-
land, USA; https://​www.​ncbi.​nlm.​nih.​gov/) database and 
taxonomic information. Alpha diversity indices, including 
ACE, Chao, Shannon, and Simpson were computed using 
mothur software (version 1.33.3) and R language (version 
2.5–6; https://​cran.r-​proje​ct.​org/​web/​packa​ges/​vegan/​vegan.​
pdf). The UniFrac distance matrix was generated through 
Partial Least Squares Discriminant Analysis (PLS-DA) in 
R language (version 1.18.0; https://​bioco​nduct​or.​org/​packa​
ges/​relea​se/ bioc/html/ropls.html) to reflect the β-diversity 
of community differences between samples. Linear discrimi-
nant analysis Effect Size (LEfSe) was employed to identify 
significantly enriched microbiota in each group (Harvard 
University, Cambridge, MA, USA; https://​hutte​nhower.​sph.​
harva​rd.​edu/​lefse). In LEfSe analysis, linear discriminant 
analysis (LDA) was conducted with a cutoff value defined 
as 3.0 to screen for genera that had significant effects on 
inter-group differences. The functional prediction of gut 
microbiota based on 16S rRNA sequencing was conducted 
using the Phylogenetic Investigation of Communities by 
Reconstruction of Unobserved States (PICRUSt, Harvard 
University, Cambridge, MA, USA; https:// huttenhower.sph.
harvard.edu/picrust/) algorithm in the Kyoto Encyclopedia 
of Genes and Genomes (KEGG, Kyoto University, Kyoto 
City, Japan; https://​www.​genome.​jp/ kegg/) database. Spear-
man correlations between differentially abundant genera and 
biochemical features, as well as SCFA contents, were ana-
lyzed (psych package, version 1.8.12; https://​www.​rdocu​
menta​tion.​org/​packa​ges/​psych/ versions/1.8.12) and visual-
ized through heatmaps (pheatmap package, version 1.0.12; 
https://​www.​rdocu​menta​tion.​org/​packa​ges/​pheat​map/​versi​
ons/1.​0.​12/​topics/​pheat​map).

https://cran.r-project.org/bin/windows/base/old/
http://drive5.com/uparse/
https://www.ncbi.nlm.nih.gov/
https://cran.r-project.org/web/packages/vegan/vegan.pdf
https://cran.r-project.org/web/packages/vegan/vegan.pdf
https://bioconductor.org/packages/release/
https://bioconductor.org/packages/release/
https://huttenhower.sph.harvard.edu/lefse
https://huttenhower.sph.harvard.edu/lefse
https://www.genome.jp/
https://www.rdocumentation.org/packages/psych/
https://www.rdocumentation.org/packages/psych/
https://www.rdocumentation.org/packages/pheatmap/versions/1.0.12/topics/pheatmap
https://www.rdocumentation.org/packages/pheatmap/versions/1.0.12/topics/pheatmap
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Results

General characteristics and biochemical features 
of the study population

The prevalence of BMI (P < 0.001), hypertension 
(P = 0.044), and gout (P < 0.001) was significantly higher in 
patients with UAS compared to healthy controls. In terms of 
biochemical features, UAS patients exhibited elevated levels 
of serum triglycerides (TG) (P < 0.001), serum potassium 
(P = 0.044), serum creatinine, and serum uric acid (both 
P < 0.001). Additionally, they had lower levels of serum 
high-density lipoprotein cholesterol (HDL-C) (P < 0.001). 
Typical acidic urine was observed in UAS patients along 
with a significant increase in urinary leukocyte count 
(P < 0.001) (Table 1).

Analysis of gut microbiota richness and diversity 
in UAS patients compared to healthy controls

After eliminating repetitive and unclear sequences that could 
affect the quality of analysis, a total of 3,843,517 high-qual-
ity sequences with an average length of 419 were obtained 
through 16S rRNA high-throughput sequencing of 77 fecal 
samples. The sequencing identified a total of 934 OTUs, 
including one kingdom, 13 phyla, 22 classes, 30 orders, 50 
families, 150 genera, and 188 species. The Venn diagram in 
Fig. 1A illustrated the unique and shared OTUs among dif-
ferent groups. Out of the total 785 known OTUs, the UAS 
group exhibited a significantly lower number of OTUs com-
pared to the control group, indicating a reduced richness of 
gut microbiota in patients with UAS.

The α-diversity indices, including ACE, Chao, Shannon, 
and Simpson, reflected different aspects of microbial diver-
sity in a community. While the ACE and Chao indexes indi-
cated species richness, i.e., the number of species present in 
the community, the Shannon and Simpson indices were more 
indicative of species diversity. Our results showed signifi-
cantly lower gut microbiota richness and diversity in UAS 
patients compared to controls (Fig. 1B). PLS-DA visualiza-
tion analysis and Anosim non-parametric test (R = 0.176, 
P = 0.001) based on OTU level revealed significant differ-
ences in overall microbiota composition between the two 
groups (Fig. 1C–D).

Comparative taxonomic analysis of gut microbiota 
composition between the two groups

The taxonomic analysis based on OTUs revealed the 
species composition from phylum to species level. At 
the genus level, Bacteroides, Prevotella, Megamonas, 

Fusobacterium, and Faecalibacterium were identified as 
the most abundant genera; however, their relative abun-
dance differed significantly between the two groups. Spe-
cifically, Bacteroides and Fusobacterium were found to 
be significantly more prevalent while Subdoligranulum 
and Bifidobacterium were significantly less abundant in 
the UAS group compared to NS controls (Fig. 2A–B). 
The LDA and LEfSe analyses further revealed that, at the 

Table 1   Comparison of general characteristics and biochemical fea-
tures between UAS patients and NS controls

Statistical comparisons were performed using Student’s t-test, Mann–
Whitney U test, and two-sided chi-square test
UAS, uric acid stone; NS, non-kidney stone; BMI, body mass index; 
TG, triglycerides; TC, total cholesterol; HDL-C, high-density lipopro-
tein cholesterol; LDL-C, low- density lipoprotein cholesterol; Cr, cre-
atinine; UA, uric acid; WBC, white blood cell
Bold values indicate significant differences

Variables UAS patients NS controls P value
(n = 37) (n = 40)

Age (years, mean ± SD) 53.89 ± 13.93 49.08 ± 12.70 0.117
BMI (kg/m2, 

mean ± SD)
25.98 ± 2.90 23.30 ± 2.37  < 0.001

Gender (%) 0.576
Male 28 (75.68) 28 (70.00)
Female 9 (24.32) 12 (30.00)
Hypertension (%) 0.044
Yes 16 (43.24) 9 (22.50)
No 21 (56.76) 31 (77.50)
Diabetes (%) 0.419
Yes 4 (10.81) 2 (5.00)
No 33 (89.19) 38 (95.00)
Gout (%)  < 0.001
Yes 21 (56.76) 3 (7.50)
No 16 (43.24) 37 (92.50)
Serum lipid levels, mmol/L
TG 1.90 (1.36) 1.27 (1.00)  < 0.001
TC 4.95 ± 1.19 4.94 ± 0.82 0.967
HDL-C 1.16 ± 0.28 1.47 ± 0.36  < 0.001
LDL-C 2.91 ± 0.80 2.91 ± 0.74 0.965
Serum electrolyte levels, mmol/L
K 4.31 ± 0.61 4.09 (0.25) 0.044
Na 140.77 ± 2.57 140.16 ± 1.68 0.228
Cl 104.29 ± 3.30 103.60 ± 2.18 0.284
Ca 2.36 (0.13) 2.31 (0.21) 0.143
P 1.09 (0.31) 1.10 (0.13) 0.535
Mg 0.87 (0.09) 0.92 (0.06) 0.119
Serum Cr, μmol/L 98.57 ± 36.16 73.38 ± 16.95  < 0.001
Serum UA, μmol/L 512.84 ± 104.54 365.75 ± 91.69  < 0.001
Urinary pH 5.00 (1.00) 6.00 (0.50)  < 0.001
Urinary WBC count, /

μL
19.00 (82.00) 2.00 (3.50)  < 0.001
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genus and species levels, Bacteroides including its subspe-
cies, Fusobacterium and Lachnospira, were found to be 
the predominant strains in patients with UAS. Conversely, 
Subdoligranulum, Bifidobacterium and its subspecies, and 
Ruminococcus emerged as the dominant strains in the con-
trol group distinct from those observed in stone patients 
(Fig. 2C–D).

Modifications in the clinical features of UAS patients 
following intervention with PSHC

A total of 17 patients met the indications for PSHC 
therapy, while 4 patients failed to complete the 3-month 
therapy cycle. Additionally, one patient received alterna-
tive oral medications for a gouty flare-up. Consequently, a 

Fig. 1   Richness and diversity of gut microbiota between UAS 
patients and controls by using 16S rRNA. A The Venn diagram 
illustrated the shared and unique OTUs between UAS patients and 
controls based on 16S rRNA sequencing. B The α-diversity indices, 
including ACE index, Chao index, Shannon index, and Simpson 
index, were compared between UAS patients and controls using the 
Kruskal–Wallis test (*P < 0.05, **P < 0.01, ***P < 0.001). C PLS-

DA analysis revealed distinct clustering of samples from different 
groups based on their microbial composition variations represented 
by dots of different colors and shapes in a two-dimensional space 
defined by PC1 and PC2. D The Anosim test confirmed that inter-
group differences in species composition were significantly greater 
than intragroup differences, validating the rationality of the grouping 
methodology
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total of 12 eligible patients with pure anhydrous uric acid 
stones remained in the intervention group (Supplemen-
tal Fig. S1B). Comparison of clinical features between 
pre-intervention (preDT group) and post-intervention 
(DT group) by drug treatment (DT) revealed a signifi-
cant reduction in serum uric acid levels after dissolu-
tion therapy (P = 0.025), while no significant difference 
was observed in serum creatinine levels. The patients 
demonstrated notable improvement in urinary acidifica-
tion and a substantial decrease in stone size, indicating 

successful stone dissolution with oral administration of 
PSHC (Table 2).

Variation in community diversity, abundance 
of dominant genera, and SCFAs contents after PSHC 
intervention

Figure 3 exemplifies the diversity and richness variations 
in the gut microbiota of UAS patients around the time of 
drug treatment. The Venn diagram in Fig. 3A demonstrated 

Fig. 2   Comparison of relative abundance of flora in samples from 
UAS and control groups. A Results of community analysis at the 
genus level between UAS and control groups. B Histograms depict-
ing variations in the relative abundance of flora at the genus level 
between UAS and control groups, analyzed using the Kruskal–Wallis 

test (*P < 0.05, **P < 0.01, ***P < 0.001). C, D Histograms (Fig. 2C) 
and cladograms (Fig.  2D) illustrated gut microbiological charac-
teristics specific to UAS patients compared to those observed in the 
controls at both genus and species levels through linear discriminant 
analysis of effect sizes (LEfSe) analyses
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a significant increase in the number of species present in the 
gut microbiota of UAS patients following drug treatment. 
The median values of ACE, Chao, and Shannon indices 
showed an apparent elevation after oral dissolution therapy, 
but no statistically significant differences were observed 
(Fig. 3B). Both PLS-DA and Anosim analyses (R = 0.134, 
P = 0.034) based on OTU levels revealed substantial dispari-
ties in microbiota compositions before and after treatment 
(Fig. 3C–D).

The OTU-based taxonomic analysis revealed that the 
genera Bacteroides, Fusobacterium, Lachnoclostridium, 
Escherichia, Parasutterella, and Faecalibacterium exhib-
ited higher relative abundances at the genus level. However, 
certain genera displayed significant alterations in abundance 
following pharmacological treatment. As depicted in Fig. 4, 
Fusobacterium, which was the dominant genus in UAS 
patients, demonstrated a noteworthy down-regulation after 
PSHC therapy. Conversely, there was no difference observed 
in the abundance of Bacteroides, another dominant genus. 
Notably, Lachnoclostridium and Parasutterella exhibited a 
substantial upregulation after PSHC therapy. It was worth 
mentioning that these two upregulated genera were consid-
ered core genera involved in gut SCFA synthesis and regula-
tion of signaling pathways (Albuquerque Pereira et al. 2023).

The fecal concentrations of acetic acid, propionic acid, 
and butyric acid in UAS patients were observed to increase 
after PSHC therapy; however, a statistically significant dif-
ference was only found in the concentration of butyric acid 
(Fig. 4).

Prediction of functional and pathway alterations 
in gut microbiota after PSHC intervention

The functional alterations of gut microbiota in UAS patients 
after PSHC therapy were predicted using PICRUSt. KEGG 
pathway analysis at the second level indicated a signifi-
cant upregulation of biosynthetic and metabolic functions 
in the genera following the intervention (Fig. 5A). Further 

prediction of metabolism-related pathways at the third level 
revealed a significant upregulation in biosynthetic functions 
related to fatty acids, prodigiosin, and phenylpropanoid, as 
well as metabolic functions associated with amino acids 
such as alanine, aspartic acid, glutamic acid, glycine, serine, 
threonine, and histidine within the gut microbiota following 
the intervention (Fig. 5B).

Correlation between the abundance of dominant 
bacterial genera and clinical features, as well 
as SCFAs contents

Based on the sequencing data from all participants, we 
selected 10 genera out of the top 20 genera with significant 
differences in relative abundance with LDA values ≥ 3.0. 
Additionally, we included another 15 dominant gut genera 
for analysis together. The correlation between the abundance 
of these 25 genera and various factors such as BMI, serum, 
and urine biochemical parameters, and SCFAs contents were 
examined. The abundances of genera such as Bacteroides 
and Fusobacterium, which were significantly enriched in 
the gut of UAS patients, were positively correlated with 
BMI, serum uric acid, creatinine, triglycerides, and urinary 
leukocyte count, and negatively correlated with urinary pH 
levels. In contrast, the abundances of probiotic genera rep-
resented by Bifidobacterium, Subdoligranulum, Alistipes, 
Roseburia, and Ruminococcus exhibited negative correla-
tions with BMI, serum, and urinary parameters of stone risk 
factors, and displayed positive correlations with urinary pH 
levels. It was worth mentioning that these probiotic genera 
have been shown to directly synthesize SCFAs or modulate 
signaling pathways involved in SCFAs synthesis. Although 
not statistically significant, there existed some degree of 
positive correlation observed between these probiotic genera 
and fecal acetic, propionic, and butyric acid contents (Fig. 6, 
Supplemental Table S2).

Discussion

In our study, patients with UAS presented with metabolic 
disorders such as hypertension, hyperuricemia, hypertri-
glyceridemia, and reduced species richness and diversity 
of gut microbiota. Stone formers had significantly enriched 
Bacteroides and Fusobacterium in their gut while probiotic 
genera like Subdoligranulum and Bifidobacterium were rela-
tively absent. After 3 months of oral dissolution therapy with 
PSHC, accompanied by the dissolution of residual kidney 
stones, serum uric acid levels decreased and urine pH lev-
els increased gradually. The number of species in the gut 
significantly increased compared to pre-treatment although 
no differences were observed in species diversity. The 
abundance of the pathogenic bacterium Fusobacterium was 

Table 2   Clinical features of UAS patients prior to and after treatment 
with PSHC

Statistical comparisons were performed using both Student’s t-test 
and Mann–Whitney U test
UAS, uric acid stone; DT, drug treatment; Cr, creatinine; UA, uric 
acid
Bold values indicate significant differences

Variables preDT DT P value

Serum Cr, μmol/L 95.50 (42.25) 93.50 (19.75) 0.817
Serum UA, μmol/L 547.92 ± 90.99 469.17 ± 60.89 0.021
Urinary pH 5.00 (0.13) 6.50 ± 0.37  < 0.001
Maximum diameter 

of stone, mm
8.92 ± 2.99 4.33 ± 1.23 0.001
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downregulated after medication whereas Lachnoclostridium 
and Parasutterella involved in SCFA synthesis showed a 
significant increase in abundance leading to an upregulation 
of SCFAs contents especially butyric acid in feces post drug 
therapy. PICRUST functional prediction also verified that 
fatty acid synthesis capacity of gut microbiota was enhanced 
significantly after intervention of PSHC. Pathogenic bac-
teria represented by Fusobacterium and Bacteroides were 
positively correlated with clinical stone-forming risk factors 

while negatively correlated with SCFAs contents which con-
trasted results for probiotic genera like Bifidobacterium and 
Subdoligranulum completely.

Although the prevalence of UAS varies based on popula-
tion and geography characteristics, numerous epidemiologi-
cal studies have consistently demonstrated a strong associa-
tion between metabolic factors and UAS (Liu et al. 2018; 
Shen et al. 2023; Trinchieri et al. 2020). A large-scale cohort 
study conducted in China revealed a parallel increase in the 

Fig. 3   Richness and diversity of gut microbiota in UAS patients 
before and after the oral dissolution therapy. A The Venn diagram 
depicted the common and unique OTU species between pre-therapy 
(preDT) and therapy (DT) groups. B OTU level-based α-diversity 
indices between preDT and DT groups determined by Kruskal–Wallis 
test. C In PLS-DA analysis, dots of different colors and shapes repre-
sent samples within different groups, and PC1 and PC2 represent pos-

sible factors affecting the variation of microbial composition between 
groups. D The abscissa represents all samples (between group) and 
samples in each group. Anosim analysis revealed that the rank sum of 
the distance between samples in the between group was higher com-
pared to that in the other two groups, demonstrating that intergroup 
differences in sample species were greater than intragroup differences 
and validating the appropriateness of our grouping methodology
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incidence of UAS with obesity rates, suggesting that clini-
cal parameters related to metabolic disorders could serve as 
predictive indicators for their occurrence (Chen et al. 2022). 
Similarly, a French study observed a higher percentage of 
UAS among stone patients with a BMI > 30 kg/m2 compared 
to those with a BMI < 25 kg/m2, with these stones account-
ing for 24.1% of all cases in obese individuals (Daudon et al. 

2006a). Moreover, diabetic patients face an elevated risk 
of developing UAS (Abou-Elela 2017; Xiao et al. 2020). 
Daudon et al. (2006b) found that 35.7% of diabetic patients 
developed UAS compared to only 11.3% among non-dia-
betic stone patients. Additionally, dyslipidemia like hyper-
triglyceridemia and low HDL-cholesterolemia were preva-
lent among 117 UAS patients included in our single-center 

Fig. 4   Alterations in the relative 
abundance of dominant genera 
and fecal SCFAs contents after 
PSHC therapy were analyzed 
by the Kruskal–Wallis test 
(*P < 0.05)
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retrospective study, further supporting our hypothesis that 
high uric acid level combined with dyslipidemia may con-
tribute to the pathogenesis through mechanisms involving 
atherosclerosis and inflammation (Cao et al. 2022).

Previous studies on the pathogenesis of kidney stones 
have predominantly focused on the physicochemical process 
of crystallization formation. However, with advancements in 
high-throughput sequencing technology and metabolomics, 
increasing attention has been directed toward elucidating 
the role of gut microbiota in stone formation. In 2016, Stern 
et al. (2016) reported a 3.4-fold higher abundance of Bacte-
roides in stone patients compared to controls. Another study 
conducted in India also observed a higher abundance of Bac-
teroides within the gut microbiota of patients suffering from 
kidney stones, while there was a reduction in Prevotella, 
Faecalibaderium, and Dialister (Suryavanshi et al. 2016). 
Tang et al. (2018) conducted a comparative analysis of the 
gut microbiota in 13 patients with multiple kidney stones 
and 13 healthy individuals. They identified Phascolarcto-
bacterium, Parasutterella, Ruminiclostridium_5, Erysip-
elatoclostridium, Fusicatenibacter, and Dorea as specific 
genera associated with stone formation. In the same year, 
another study conducted a sequencing analysis of the gut 
microbiota in 52 patients with recurrent calcium-containing 

stones. The findings revealed a decreased diversity of gut 
microbiota in stone-afflicted patients, including the previ-
ously mentioned Prevotella and Faecalibaderium, as well as 
Enterobacter (Ticinesi et al. 2018). Additionally, Zhou et al. 
(2020) identified a significantly higher incidence of urolithi-
asis in mice by establishing an animal model of stone forma-
tion and feeding them fecal supernatant of stone patients, 
suggesting that alterations in gut microbiota accelerated 
renal tubular crystal formation. Another of our recent study 
found that Escherichia, Fusobacterium, and Epulopiscium 
were the predominant genera at the genus level in patients 
with recurrent calcium oxalate stones, while there was a 
notable decrease in the abundance of Faecalibacterium. 
Moreover, both Escherichia and Fusobacterium showed 
significant associations with biochemical indicators and die-
tary habits among stone-forming patients (Cao et al. 2023). 
Oxalobacter formigenes was also found to play a crucial role 
by promoting plasma oxalate transport to the intestine and 
degrading oxalate, thereby reducing urinary oxalate levels 
and preventing calcium oxalate stone formation (Pebenito 
et al. 2019). Furthermore, Miller et al. (2019) revealed that 
O. formigenes occupied a central position within an oxalate-
metabolizing microbial network involving specialized bac-
teria as well as parthenogenetic ones such as Lactobacillus 

Fig. 5   Predicting alteration of gut microbial function after PSHC 
intervention using PICRUSt. A KEGG pathway analysis at the second 
level revealed upregulation of biosynthetic and metabolic functions 
in the microbiota after drug intervention. B KEGG pathway analysis 

at the third level demonstrated significant upregulation of fatty acid 
synthesis and amino acid metabolism in the microbiota following 
PSHC intervention (analyzed using Kruskal–Wallis test, *P < 0.05, 
**P < 0.01, ***P < 0.001)
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and Bifidobacterium which inhibit stone formation. None-
theless, the research enthusiasm for O. formigenes has been 
questioned by subsequent studies. In a phase III trial, O. 
formigenes was found to be ineffective in reducing urinary 
oxalate compared to placebo (Milliner et al. 2018). It has 
been reported that there was no significant difference in the 
abundance of O. formigenes bacteria between patients with 
calcium oxalate kidney stones and healthy individuals (Yuan 
et al. 2022). Unfortunately, most of the aforementioned stud-
ies primarily focused on calcium-containing stones, lacking 
precise classification of stone composition and neglecting 
investigations into uric acid stones.

In the present study, we observed a reduction in micro-
biota diversity among UAS patients through 16S rRNA. 
Bacteroides and Fusobacterium emerged as the dominant 
genera in these patients, with the pro-inflammatory effect 
of Fusobacterium potentially contributing to the pathogen-
esis of UAS. Interestingly, previous studies have reported 
a significant increase in pro-inflammatory bacteria such as 
Megamonas and Escherichia among individuals with renal 
stones, suggesting that inflammation may play a crucial role 
in mediating the impact of intestinal flora on stone formation 
(Tang et al. 2018).

Gut microbiota metabolize dietary components to gen-
erate SCFAs, such as acetic acid, propionic acid, butyric 
acid, and valeric acid (Rios-Covian et al. 2016). These 
SCFAs play a crucial role in the pathophysiology of blood 
pressure regulation, acute kidney injury, and chronic kid-
ney disease, which are potentially associated with the 
development of renal stones (Pluznick 2016). Compara-
tive studies have demonstrated that patients with renal 
stones exhibit significantly reduced abundance of SCFA-
producing microbiota compared to control subjects and 
also display markedly lower fecal SCFAs contents. This 
suggests that the absence of SCFA may contribute to renal 
stone formation through modulation of the gut-kidney axis 
(Chen et al. 2021a; Hong et al. 2023). Animal experiments 
further support this notion by revealing that exogenous 
supplementation with SCFA effectively mitigates calcium 
oxalate crystal formation in rat kidneys (Liu et al. 2020b). 
Moreover, our investigation revealed a significant increase 
in the contents of SCFAs, particularly butyric acid, sub-
sequent to oral dissolution therapy utilizing PSHC among 
individuals with UAS. Although the precise underlying 
mechanism remains elusive and necessitates further inves-
tigation, these findings underscore the potential efficacy 

Fig. 6   Spearman correlation 
analysis was performed to 
investigate the relationship 
between dominant bacterial 
genera, clinical features, and 
SCFAs contents. Positive corre-
lations were represented by red 
cells while negative correlations 
were indicated by blue cells. 
The color depth reflected the 
degree of relevance, and stars 
denoted significant correla-
tion (*P < 0.05, **P < 0.01). 
For abbreviations, please see 
footnote of Table 1
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of SCFAs as innovative therapeutic agents for managing 
kidney stone formation.

Alkalizing the urine is the most crucial approach to pro-
mote uric acid stone dissolution. Currently, the primary sub-
stances capable of alkalizing urine include citrate, bicar-
bonate, carbonic anhydrase inhibitors, and certain citrus 
juice beverages (Cicerello 2018). Oral bicarbonate, which 
generates carbon dioxide in the presence of gastric acid, is 
less well-tolerated by patients due to its higher likelihood 
of causing severe gastrointestinal reactions. Carbonic anhy-
drase inhibition tends to induce calcium phosphate stone for-
mation as a result of excessive urinary alkalization. Citrate 
presently serves as a safe and effective agent for urine alkali-
zation (Elbaset et al. 2020; Kamphuis et al. 2019). Compared 
with sodium citrate and potassium citrate, PSHC exhibits 
a favorable potassium-to-sodium ratio and is less prone to 
causing electrolyte imbalances. In this study, patients who 
completed the 3-month pharmacologic intervention cycle 
experienced no adverse drug reactions except for mild gas-
trointestinal responses.

Salem et al. (2019) conducted a prospective study on 139 
patients with stone sizes ranging from 5 to 30 mm and stone 
computed tomography (CT) scan values < 600 Hounsfield 
unit (HU) who were treated with PSHC oral dissolution, 
which resulted in an overall effective rate of 64.8%. Mokh-
less et al. (2009) reported the results of treating 24 cases of 
radiolucent renal stones in children with oral PSHC stone 
dissolution combined with ESWL, achieving a 100% stone 
clearance rate. Elderwy et al. (2014) reported a stone-free 
rate of 73% at 1–3 months for radiolucent renal stones treated 
with PSHC, which is comparable to the outcomes achieved 
through ESWL. In our study, after completing 3 months of 
oral dissolution therapy, patients showed an approximately 
50% reduction in maximum diameter of stones and signifi-
cant improvement in urine pH above 6.0. Meanwhile, these 
patients exhibited moderate reductions in serum uric acid 
levels even in the absence of uric acid-lowering medications. 
The reason for this, in addition to the patients’ dietary man-
agement during treatment, warrants further investigation as 
to whether PSHC increases uric acid excretion.

After 3 months of PSHC intervention, our study revealed 
a significant decrease in the abundance of Fusobacterium, 
which is typically enriched in the gut of UAS patients. How-
ever, there was no notable change observed in the abun-
dance of another dominant genus, Bacteroides. Meanwhile, 
the core intestinal genera such as Lachnoclostridium and 
Parasutterella were upregulated. Lachnoclostridium is a 
Gram-positive genus that specializes in anaerobic fermen-
tation to produce SCFAs like butyric and acetic acids (Dou 
et al. 2023). These substances are crucial for renal protec-
tion due to their anti-inflammatory, anti-atherosclerotic, and 
antioxidant effects. The development of various metabolic 
diseases including obesity, hypertension, and diabetes have 

been closely linked to Lachnoclostridium (Zang et al. 2023; 
Zhao et al. 2023), which can be increased by GLP-1 receptor 
agonists used to treat diabetes (Tsai et al. 2021). Our study 
demonstrated that PSHC can also increase the abundance of 
Lachnoclostridium for the first time. Parasutterella, another 
core intestinal bacterial genus, exerts an impact on the host 
flora and metabolism by inducing changes in metabolites 
such as aromatic amino acids, bilirubin, purine, and bile 
acid derivatives within the mouse intestine. High abundance 
of Parasutterella has been associated with activation of the 
SCFA synthesis pathway in humans (Ju et al. 2019).

Fusobacterium represents Gram-negative anaerobic 
bacteria that can interact with other microorganisms, lead-
ing to opportunistic pathogenesis. With the advancement 
of microbiome technology, numerous diseases have been 
closely associated with Fusobacterium infection, including 
atherosclerotic cardiovascular disease (ASCVD) (Zhou et al. 
2022), inflammatory bowel disease (IBD) (Liu et al. 2020a), 
oral squamous cell carcinoma (He et al. 2023), gastrointes-
tinal cancers (Liu et al. 2019), and even kidney stones (Cao 
et al. 2023). Fusobacterium is a potent cytokine stimulating 
factor that causes persistent localized infections and induces 
upregulation of the inflammatory cascade response. Moreo-
ver, it promotes macrophage M1-type polarization by up-
regulating Toll-like receptors (TLRs) expression, enhances 
CD4 + T-cell proliferation and differentiation into Th1 and 
Th17 cells, and facilitates the progression of several sys-
temic diseases (Nejman et al. 2020). Several studies have 
demonstrated that SCFAs contents in particular butyrate 
which has therapeutic effects on stones are significantly 
negatively correlated with the abundance of Fusobacterium 
in the intestine (Calatayud et al. 2022; Du et al. 2022; Kong 
et al. 2023).

Moreover, the Spearman’s correlation heatmap revealed 
a positive correlation between stone-forming bacteria, such 
as Bacteroides and Fusobacterium, and stone risk factors 
including BMI, serum creatinine, serum uric acid, serum 
triglycerides, and urine leukocytes levels. Conversely, these 
bacteria were negatively correlated with protective factors 
like serum HDL-C and urine pH levels. In contrast to the 
stone-causing bacteria mentioned above, intestinal probiotic 
genera such as Bifidobacterium and Subdoligranulum exhib-
ited negative associations with the aforementioned risk fac-
tors but positive relationships with protective factors such as 
serum HDL-C and serum magnesium levels. Unfortunately, 
there were no significant upregulation in the abundance of 
Bifidobacterium and Subdoligranulum following PSHC 
intervention due to both small sample size limitations and 
uncertainties regarding drug action mechanisms.

Hyperuricemia exacerbates the burden of uric acid 
excretion in urine, leading to impaired ammonia secre-
tion and subsequent acidification of urine, which pro-
motes crystal deposition through inflammatory injury and 
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oxidative stress in renal tubular epithelial cells. Fusobac-
terium induces a pro-inflammatory micro-environment 
that inhibits SCFA synthesis, aggravating the inflamma-
tory response and immune stress in renal tubular epithe-
lial cells. This results in impaired ammonia secretion and 
urate transport. However, after PSHC intervention, the 
abundance of Fusobacterium is significantly suppressed, 
leading to upregulation of SCFAs such as butyric acid. 
The activation of specific signaling pathways by SCFA 
mitigates inflammatory injury in renal tubular epithelial 
cells, restores ammonia secretion function, and potentially 
accelerates urate transport and reabsorption while reduc-
ing urinary acidity and levels of urinary urate. The modu-
lation of SCFAs contents by Fusobacterium difficile has 
an impact on inflammation and oxidative stress in renal 
tubular epithelial cells. However, the precise mechanism 
through which inflammatory factors contribute to urine 
acidification and subsequent stone formation remains 
unclear. Could targeting the metabolic pathways associ-
ated with gut microbiota-SCFA enhance drug therapy 
efficacy? Further studies are required to validate these 
scientific inquiries.

There are several limitations to this study. Firstly, the 
sample size of included studies was insufficient due to the 
rarity of UAS patients and strict criteria for flora analysis. 
Specifically, in the PSHC intervention study, only 12 out of 
17 patients completed the 3-month treatment cycle, and fur-
ther validation is required by expanding the sample size and 
prolonging the treatment cycle in future studies. Secondly, 
owing to financial limitations, the contents of SCFAs were 
only measured in patients receiving pharmacological inter-
vention, whereas it was not evaluated among other partici-
pants. Thirdly, additional validation is required to establish 
a causal relationship between PSHC intervention and altera-
tions in gut microbiota as well as SCFA by constructing 
animal models of urolithiasis.

In conclusion, we investigated the diversity and composi-
tion of gut microbiota in UAS patients to gain insights into 
their characteristics. By implementing PSHC intervention in 
UAS patients, alternations in microflora diversity, abundance 
of core bacteria, and levels of fecal SCFAs were observed 
after treatment. Moreover, our investigation anticipated 
modifications in the metabolic function of microbiota post-
treatment and established the association between bacterial 
genera and clinical parameters. It is imperative to conduct 
large-scale, long-term, and multi-center cohort studies, as 
well as establish animal models for the purpose of validating 
the causal relationship between drug effects and gut micro-
biota as well as metabolites. This study offers novel per-
spectives and therapeutic targets for preventing and treating 
UAS. To our knowledge, this is the first prospective cohort 
study analyzing gut microbiota characteristics in PSHC-
treated patients with UAS.
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