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patients with and without urinary stones [4]. Although the 
exact mechanisms underlying the interaction between gut 
and urinary microbiota remain unclear, the gut-kidney axis, 
particularly microbiota profiles, is believed to play a role 
in the pathophysiology of kidney stone formation [1, 4–6].

Metabolites, the byproducts of metabolic processes, are 
central to host-microorganism and microorganism-micro-
organism interactions, influencing overall health and con-
tributing to pathological conditions [6]. Specific metabolites 
absorbing key compounds such as sodium, calcium, and 
oxalates may contribute to kidney stone formation [6, 7]. 
Additionally, bacterial-derived metabolites or biomolecules 
may promote or inhibit stone formation, although their pre-
cise mechanisms remain largely unknown [4].

One such metabolite of interest is S-(−)7-hydroxy-3-(4′-
hydroxyphenyl)-chroman, or S-(−) equol (S-equol), a potent 
phytoestrogen derived from soy isoflavones and produced 
in the distal intestine and colon. Due to its structural simi-
larity to 17β-estradiol, S-equol exhibits significant biologi-
cal activity, including selective binding to estrogen receptor 
β and androgen-modulating effects in vivo, suggesting 
potential therapeutic applications in hormone-dependent 

Introduction

The human gut microbiota plays a crucial role in maintain-
ing health by modulating the immune system, protecting 
against pathogens, and regulating carbohydrate and lipid 
metabolism [1]. Alterations in the gut microbiome have 
been linked to the development of various diseases, includ-
ing urinary stone disease [2]. Notably, individuals with 
kidney stones tend to have a predominance of Bacteroides 
species, whereas Prevotella species are more dominant in 
healthy controls [3]. Similarly, distinct variations in uri-
nary microbiota composition have been observed between 
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conditions [8, 9]. Studies have highlighted soy’s various 
metabolic and cardiovascular benefits, particularly those 
related to S-equol [10, 11]. Moreover, dietary polyphenols 
have been shown to prevent oxidative damage and reduce 
urinary crystal concentrations in nephrolithiasis [12–14]. 
While microbial production of S-equol has been suggested 
to reduce urinary calcium excretion, its direct association 
with kidney stone disease remains unclear [6].

Another metabolite, indoxyl sulfate (IS), a gut-derived 
uremic toxin, has been implicated in glomerular sclerosis 
and interstitial fibrosis through oxidative stress and inflam-
matory pathways [10–15]. However, its role in urinary stone 
formation has yet to be determined.

Trimethylamine N-oxide (TMAO), a metabolite pro-
duced via the microbial metabolism of phosphatidylcholine, 
choline, and L-carnitine, is commonly associated with a 
Western diet rich in fat and red meat [16]. Elevated TMAO 
levels have been linked to an increased risk of thrombotic 
and cardiovascular diseases, as well as kidney dysfunction, 
including collagen deposition and tubulointerstitial fibrosis 
[16, 17]. However, its classification as a uremic toxin and its 
potential role in promoting urinary stone formation remain 
subjects of ongoing investigation [2].

In light of this background, this study aims to evaluate 
serum levels of S-equol, IS, and TMAO and assess their 
prognostic value in predicting stone formation in children 
with urinary stone disease.

Materials and methods

Study design

This prospective case-control study was approved by 
the local ethics committee (Approval Date: 01.04.2024, 
Approval Number: HRÜ/24.03.18) and conducted by the 
principles of the Declaration of Helsinki. Written informed 
consent was obtained from the legal guardians of all partici-
pating children.

Study population and sample

The study included consecutive children aged one month to 
18 years diagnosed with urinary stone disease and having 
normal renal function, as indicated by normal serum cre-
atinine levels, at Harran University Faculty of Medicine, 
Department of Child Health and Diseases—a tertiary refer-
ral center in Sanliurfa, Turkey—between April 2024 and 
August 2024. Urinary stone disease was diagnosed by renal 
ultrasonography and/or documented spontaneous stone 
passage [18]. Stones retrieved via spontaneous passage 
or interventional/surgical procedures were analyzed using 

X-ray diffraction at the Institute of Mineral Inspection and 
Research Laboratory, Ankara, Turkey.

Exclusion criteria included nephrocalcinosis, neuro-
pathic bladder, major congenital urinary tract anomalies, 
symptomatic urinary tract infection, hematuria, chronic 
kidney disease (CKD), prior major reconstructive bladder 
surgery requiring catheterization, and significant cardiac, 
pulmonary, gastrointestinal, or neurological conditions [19].

The control group was randomly selected from children 
attending the same outpatient clinic who had normal renal 
function and no significant systemic disease.

The minimum required sample size was calculated as 84 
participants (42 per group) based on an estimated medium 
effect size (d = 0.55), a 5% significance level, and 80% 
power, given the absence of prior comparable studies and 
the inability to conduct a pilot study. Ultimately, 44 children 
with urinary stone disease and 44 age- and sex-matched 
healthy controls were included.

Data collection

Demographic (age, gender) and clinical (consanguineous 
marriage, family history of stone disease, history of urinary 
tract infection) characteristics were collected prospectively. 
Laboratory tests included a complete blood count, serum 
creatinine, and blood urea nitrogen measurements.

Sample Collection and Urine Analysis.
Specimens were obtained from all subjects, includ-

ing both venous blood and spot urine samples. Follow-
ing collection, blood specimens underwent centrifugation 
at 3000  rpm for 10 min, with separated sera preserved at 
-80  °C pending metabolite analysis for S-equol, IS, and 
TMAO quantification.

Urine analysis included pH, specific gravity, and the cal-
culation of spot urine calcium, citrate, cystine, uric acid, 
and oxalate-to-creatinine ratios [20]. No dietary restric-
tions were imposed at the time of urine collection. None of 
the participants took medication for kidney stones or had a 
symptomatic urinary tract infection [18].

S-Equol, IS, and TMAO analyses

Serum S-equol, IS, and TMAO concentrations were mea-
sured using the Sandwich Enzyme-Linked Immunosorbent 
Assay (ELISA) method. Microelisa strip plates pre-coated 
with analyte-specific antibodies were used. After adding 
standards or samples, the analytes bound to the antibodies 
on the plate. A horseradish peroxidase (HRP)-conjugated 
secondary antibody was then introduced and incubated.

Following incubation, unbound components were washed 
away, and a tetramethylbenzidine (TMB) substrate solution 
was added. In the presence of the analyte-HRP complex, 
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the solution produced a blue color. The reaction was halted 
with a stop solution, changing the color to yellow. The opti-
cal density (OD) was measured spectrophotometrically at 
450 nm, with OD intensity directly proportional to the ana-
lyte concentration.

Analyte concentrations were determined by comparing 
sample OD values to a standard curve derived from known 
concentrations [21–24]. The analyses were performed using 
ELISA kits specific to S-equol (cat. no. SLD4188Hu), IS 
(cat. no. SL3200Hu), and TMAO (cat. no. SL3802Hu) from 
Sunlong Biotech Co., Ltd.

Statistical analysis

The study’s primary outcomes were the differences between 
the groups in serum S-equol, IS, and TMAO levels. For the 
statistical presentation, descriptive data were summarized 
as means ± standard deviations for normally distributed con-
tinuous variables, medians with minimum-maximum ranges 
for non-normally distributed continuous variables, and fre-
quencies with percentages for categorical variables. The 
normality assessment of variables employed various meth-
odological approaches tailored to data characteristics and 
sample size. Specifically, we utilized the Shapiro-Wilk test 
complemented by visual assessment tools including histo-
grams and quantile-quantile (Q-Q) plots for smaller sample 

groups (n < 50), ensuring robust evaluation of distribution 
patterns.

For between-group categorical variable comparisons, we 
employed Pearson’s chi-square test when analyzing 2 × 2 
contingency tables with expected frequencies ≥ 5, maximiz-
ing statistical reliability with adequate sample sizes. For 
smaller samples or RxC tables with expected cell counts < 5, 
we utilized the Fisher-Freeman-Halton test to maintain ana-
lytical validity.

For continuous variables, we applied the independent 
samples t-test for normally distributed data and the Mann-
Whitney U test for non-normally distributed metrics when 
comparing the two groups. Correlations between non-nor-
mally distributed variables were examined using Spear-
man’s rank correlation coefficient.

All statistical analyses were performed using Jamovi 
2.3.28 (2023, www.jamovi.org) and JASP 0.19.0 (2024, 
jasp-stats.org). Statistical significance was established at 
p ≤ 0.05 for all assessments.

Results

When comparing demographic characteristics, patient and 
control groups exhibited comparable age and gender dis-
tributions (p = 0.203 and p = 0.999, respectively). Despite 
the higher prevalence of parental consanguinity observed 
in the patient cohort compared to controls (31.8% versus 
15.9%), this difference did not reach statistical significance 
(p = 0.133), as detailed in Table 1.

Table  2 presents the characteristics of urinary stones, 
including localization, size, and number, as well as the 
results of stone composition analyses. The median maxi-
mum stone diameter was 5.54  mm, and solitary kidney 
stones were detected in 37 children (84.1%). Five (62.5%) 
had calcium oxalate stones among the eight children who 
underwent stone analysis.

Nearly half of the children with urinary stones (n = 21, 
47.7%) had a familial history of urinary stone disease. Addi-
tionally, 28 children (63.6%) had recurrent urinary tract 
infections, and 17 (38.6%) had a history of recurrent urinary 
stones.

The results of the laboratory tests are summarized in 
Table 3. A significant difference was observed between the 
groups in serum chloride levels (p < 0.001). However, cat-
egorical analysis of chloride levels did not reveal a statisti-
cally significant difference (p = 0.374). No other significant 
differences between the groups were found in serum labora-
tory parameters (p > 0.05).

Urine pH and composite urinary parameters differed sig-
nificantly between the groups (p < 0.05). Children with uri-
nary stones had significantly lower urine pH than healthy 

Table 1  Demographic and clinical characteristics of the groups
Group Stone
(n = 44)

Group Control
(n = 44)

p

Age (year)† 5.5 [1.0–17.0] 5.0 [1.0–16.0] 0.203
Sex‡

  Female 20 (45.5) 20 (45.5) 0.999
  Male 24 (54.5) 24 (54.5)
Consanguineous marriage‡ 14 (31.8) 7 (15.9) 0.133
†: Median [Min-Max], ‡: n (%)

Table 2  Clinical characteristics of children with urinary stones
Group Stone
(n = 44)

Maximum stone diameter (mm)† 5.5 [3.0–15.0]
Number of stones† 2.0 [1.0–6.0]
Children with single stone‡ 11 (25.0)
Stone localization‡

  Kidneys 37 (84.1)
  Ureters 3 (6.8)
  Urinary bladder 2 (4.5)
  Kidney + ureter 1 (2.3)
  Kidney + urinary bladder 1 (2.3)
Type of stones (n = 8)‡

  Calcium oxalate 5 (62.5)
  Hypoxanthine 1 (12.5)
  Cystine 2 (25.0)
†: Median [Min-Max], ‡: n (%)
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controls (p = 0.026). Additionally, median urinary ratios of 
calcium/creatinine, citrate/creatinine, cystine/creatinine, 
uric acid/creatinine, and oxalate/creatinine were signifi-
cantly higher in the patient group than in the control group 
(p < 0.05) (Table 3).

Serum S-equol and TMAO levels were significantly lower 
in the patient group than in the control group (p < 0.001). In 
contrast, the groups had no significant difference in serum 
IS levels (p = 0.246) (Table 4; Fig. 1).

Serum levels of S-equol, IS, and TMAO showed no 
significant correlation with age in either group (p > 0.05) 
(Table 5).

Discussion

This study demonstrated that children with urinary stone 
disease had significantly lower serum S-equol and TMAO 
levels than healthy children. Considering the potential role 
of these molecules in urinary stone formation, S-equol and 
TMAO-related metabolic changes may contribute to stone 
formation. However, further studies are needed to explore 
the underlying pathophysiological mechanisms.

Polyphenols, particularly catechins found in green tea, 
have been reported to inhibit kidney stone formation in exper-
imental models [12, 25]. Although flavonoids, a subgroup of 
polyphenols, have known health benefits, no clinical data 
exist regarding the impact of dietary flavonoids—especially 
soy flavanones and their microbial metabolite, S-equol—on 
urinary stone development [12, 13]. This study is the first to 
investigate this potential association.

While urine is a key marker of systemic isoflavone 
exposure in children, previous studies found no significant 
correlation between urinary and blood isoflavone concen-
trations [26]. This suggests that urinary concentrations may 
not accurately reflect systemic bioavailability, with blood or 
saliva possibly serving as better indicators [27, 28]. Given 
these considerations, we chose to measure serum S-equol 
levels. However, future research should assess urinary and 
serum levels of multiple metabolites to provide a more com-
prehensive understanding of isoflavone metabolism.

The “equol producer” status, defined by a log-trans-
formed equol/daidzein ratio of − 1.75 or higher in urine, 
denotes individuals who can produce S-equol after soy 
consumption [29]. This ability is influenced by genetic fac-
tors, maternal and environmental influences, and diet during 
early life [8, 29]. Significant geographical differences have 
been reported, with over 50% of adults in Japan, China, and 
Korea being equol producers, compared to only 25–35% in 
Western populations [8, 9].

The relationship between maternal and childhood equol 
production remains unclear. A study in Japan found that 

Table 3  The results of laboratory investigations of the study groups
Group Stone
(n = 44)

Group Control
(n = 44)

p

Blood
  Sodium (mmol/L) § 138.9 ± 1.9 138.1 ± 2.5 0.077
  Potasium (mmol/L) § 4.3 ± 0.5 4.2 ± 0.3 0.154
  Calcium (mg/dL) § 9.8 ± 0.6 9.7 ± 0.4 0.833
  Phosphorus (mg/dL) † 4.9 [2.0–7.3] 4.8 [3.5–6.7] 0.792
  Magnesium (mg/dL) † 2.0 [1.0–2.5] 2.0 [1.7–2.9] 0.351
  Creatinine (mg/dL) † 0.4 [0.2–1.1] 0.3 [0.2–0.8] 0.657
  Blood urea nitrogen 
(mg/dL) §

22.1 ± 7.8 22.6 ± 5.6 0.746

  Albumin (mg/dL) † 4.5 [3.7–5.2] 4.5 [4.0–5.1] 0.575
  Uric acid (mg/dL) † 4.0 [0.5–9.6] 3.8 [1.9–5.3] 0.332
  Vitamin D (ng/mL) † 24.5 

[5.4–80.0]
25.5 
[8.6–56.0]

0.924

  Parathyroid hormone 
(pg/mL) †

34.4 
[12.0–231.4]

36.9 
[23.0–72.4]

0.317

  Chloride (mmol/L) § 102.4 ± 3.1 105.8 ± 2.8 < 0.001
  Chloride groups ‡

    Low 1 (2.3) 0 (0.0) 0.374
    Normal 41 (95.3) 40 (90.9)
    High 1 (2.3) 4 (9.1)
Urine
  pH † 6.0 [5.5–8.0] 6.5 [6.0–7.0] 0.036
  Specific gravity (g/
mL) †

1010.0 
[1003.0–
1027.0]

1010.0 
[1002.0–
1019.0]

0.198

  Calcium/creatinine 
(mg/mg) †

0.16 
[0.01–2.10]

0.03 
[0.01–0.17]

< 0.001

  Citrate/creatinine (mg/
mg) †

1.25 
[0.14–7.30]

1.80 
[0.98–2.67]

0.043

  Cystine/creatinine 
(mg/mg) †

0.02 
[0.01–2.50]

0.01 
[0.01–0.03]

0.028

  Uric acid/creatinine 
(mg/mg) †

0.40 
[0.10–1.00]

0.06 
[0.04–0.30]

0.004

  Oxalate/creatinine 
(mg/mg)

0.04 
[0.01–1.20]

0.01 
[0.01–0.04]

< 0.001

§: Mean ± Standard Deviation, †: Median [Min-Max], ‡: n (%)
Bold p-values indicate statistical significance (p ≤ 0.05)

Table 4  Plasma S-equol, Indoxy sulphate, and trimethylamine N-oxide 
levels of the groups

Group Stone
(n = 44)

Group Control
(n = 44)

p

S-equol (ng/L) † 161.9 
[25.0–1434.2]

393.5 
[175.4–1559.2]

< 0.001

Indoxyl sulphate (pg/
ml) †

234.2 
[163.3–748.3]

264.2 
[208.3–406.7]

0.246

Trimethylamine N-oxide 
(pg/ml) †

35.6 
[8.3–106.8]

81.4 
[60.0–247.8]

< 0.001

†: Median [Min-Max]
Bold p-values indicate statistical significance (p ≤ 0.05)
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and equol production status to understand their roles in the 
development of stone disease.

Contradictory findings exist regarding the relationship 
between dietary isoflavone intake and equol production 
[9, 29]. While Wada et al. [29] found no significant asso-
ciation between dietary isoflavone intake and urinary flavo-
noid metabolites, Sosvorová et al. [9] reported that urinary 
S-equol levels increased after three months of phytoestro-
gen therapy. Additionally, a prospective study showed that 
S-equol was undetectable in the urine of 98% of breastfed 
infants, 95% of soy formula-fed infants, and 78% of cow’s 
milk formula-fed infants [26]. In the same study, S-equol 
concentrations in blood and saliva were below detection 
limits in all infant groups. Similarly, we observed signifi-
cantly lower serum S-equol levels in children with urinary 
stones, warranting further investigation into its role in stone 
formation.

Prior studies have reported elevated serum TMAO levels 
in patients with chronic kidney disease (CKD), particularly 
in diabetic individuals [16, 17]. Higher TMAO levels corre-
late with age, serum creatinine, and urinary albumin-to-cre-
atinine ratio, with an inverse correlation with the estimated 
glomerular filtration rate (eGFR) [17]. Dong et al. [30] also 
demonstrated that TMAO promoted calcium oxalate depo-
sition in hyperoxaluria.

In contrast to these findings, our study revealed lower 
serum TMAO levels in children with urinary stones. 
Although we did not measure urinary TMAO levels, they 
might be elevated, considering TMAO’s known role as a 
uremic toxin. Prospective studies evaluating blood and uri-
nary TMAO levels are needed to clarify its role in urinary 
stone formation further.

As a protein-bound, gut-derived uremic toxin, IS has 
been associated with reduced renal clearance and increased 
circulating levels in CKD [2, 10]. While we did not mea-
sure urinary IS levels, our study found comparable serum 
IS levels between children with and without urinary stones, 

35.5% of mothers and only 13.8% of their children were 
equol producers, suggesting maternal influence [29]. How-
ever, our study did not assess equol production frequency or 
maternal dietary factors. While it has been hypothesized that 
serum S-equol levels should increase with age due to greater 
soy flavonoid intake, we found no correlation between 
serum S-equol levels and age in either the patient or control 
group. Future studies should consider dietary intake, equol 
production status, and maternal influences to clarify their 
roles in stone disease development.

There is also some ambiguity about the relationship of 
equol production between children aged 5–7 years and their 
mothers. In a study investigating the relationship between 
equol producer status among Japanese mothers and their 
children, Wada et al. [29]found that 35.5% of mothers and 
13.8% of their children were equol producers, suggesting 
a potential maternal influence on equol production in chil-
dren. This study did not assess equol production frequency 
or maternal factors affecting equol production. Although it 
has been anticipated that serum levels of S-equol, which 
promotes equol production due to higher consumption of 
soy flavonoids, would increase with age, our results showed 
no correlation between serum S-equol levels and age in 
either the patient or control group. Therefore, future stud-
ies should better consider maternal factors, dietary intake, 

Table 5  Correlation of serum S-equol, Indoxy sulphate, and trimethyl-
amine N-oxide levels with age of the children in the groups

Group Stone
(n = 44)

Group Control
(n = 44)

Age Age
S-equol r -0.189 -0.107

p 0.219 0.488
Indoxyl sulphate r 0.046 0.027

p 0.766 0.864
Trimethylamine N-oxide r -0.131 -0.048

p 0.395 0.759

Fig. 1  Schematic representation of serum (A) S-equol, (B) indoxy sulphate, and (C) trimethylamine N-oxide levels in the groups

 

1 3

Page 5 of 7     68 



Urolithiasis           (2025) 53:68 

Conclusion

In conclusion, our findings suggest a potential link between 
serum S-equol and TMAO levels and urinary stone disease 
in children, underscoring the importance of further research 
into the metabolic factors contributing to kidney stone for-
mation. Understanding the relationships between metabolic 
factors and stone formation may lead to developing novel 
diagnostic and therapeutic approaches to managing this 
condition in pediatric populations.
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ronmental heterogeneities may be other limitations of our 
study. Future large-scale studies with more diverse popula-
tions are needed to corroborate our findings.
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