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Abstract Urolithiasis, a disease characterized by the formation of urinary stones, is influ-
enced by immune system dysregulation and metabolic factors. This study investigated the
interplay between specific immune cell characteristics and blood metabolites in urolithiasis
based on Mendelian randomization. We further explored the potential mediating effects of
genetically predicted blood metabolites based on mediation analysis. We employed a two-sam-
ple Mendelian randomization analysis to examine the association between immune cell prop-
erties, blood metabolites, and urolithiasis risk. Genetic instruments for immune cell
characteristics and blood metabolites were used to assess causal relationships and mediating
pathways. Our results indicate that 10 immune cell characteristics had a unidirectional causal
association with urolithiasis risk. We also detected 13 blood metabolites associated with uro-
lithiasis. We identified 4 pathways through which genetically predicted blood metabolites
partly mediated the association between specific immune cell characteristics and urolithiasis
risk. This suggests potential mechanistic links where altered blood metabolites may play a role
in developing urolithiasis through immune system modulation. This Mendelian randomization
study highlights the complex relationship between immune responses, blood metabolites,
and urolithiasis. The findings underscore the importance of considering both immune cell fea-
tures and metabolic factors in understanding the pathogenesis of urolithiasis, offering insights
into novel therapeutic targets and diagnostic strategies for this disorder.
ª 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.,
Ltd. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).
Introduction

As an intricate disease influenced by genetic and environ-
mental factors, urolithiasis is highly prevalent worldwide
and affects 10%e15% of the world’s population, whose
prevalence indicates a growing trend and ranges from 5% to
9%, especially in Europe.1e3 In addition to significantly
lowering patients’ quality of life, the high recurrence rate
of urolithiasis raises the risk of fractures, renal insuffi-
ciency, and cardiovascular disorders, which adds to their
disease burden.4 A systematic review indicates that uro-
lithiasis puts a significant physical and psychological strain
on the stone formers in addition to their financial burden,
and it is projected that by 2030, the annual cost of treating
urolithiasis in the US will rise by $1.24 billion per year.5,6

Numerous factors, such as genetics, environment, diet,
obesity, gut microbiota, infection etc., might influence the
development of urolithiasis.7e9 Exploring the correlation
and mechanism between pathogenic factors and the
occurrence of urolithiasis is an important means of pre-
venting and monitoring urolithiasis.

Previous studies have shown that increased gene
expression linked to immunological, complement, and in-
flammatory pathways in renal tissue is linked to the devel-
opment of urolithiasis.10 Calcium oxalate (CaOx) crystals
have been shown to promote urolithiasis formation by
causing M1 macrophage polarization and triggering mono-
cyte inflammatory response.11 The animal model of uro-
lithiasis constructed by Kumar et al found that hydroxy-L-
proline induced an increase in markers of inflammation and
changes in the renal immune system, revealing the possible
role of immune cells in the formation of urolithiasis.12 In
reality, inflammation in urolithiasis disease can occur either
as a downstream consequence or as an upstream pathogenic
component. Despite the information presented above,
further study is required to completely comprehend the
immune system and immunity in urolithiasis.

Recent studies have shown that urolithiasis is increas-
ingly seen as a chronic metabolic condition.13,14 Most non-
infectious stones include CaOx, the most prevalent chemi-
cal composition,15,16 whose formation is closely related to
high urinary calcium (hypercalciuria) and oxalate (hyper-
oxaluria).17,18 However, there is evidence to suggest that
some metabolites have a protective effect on the formation
of stones. Zhang et al found that succinate may play a
protective role against stone formation by reducing
inflammation, preventing cell adhesion, and promoting
osteogenic differentiation.13 The impact of metabolism on
urolithiasis is still controversial and multifaceted.19

Therefore, studies on how urolithiasis forms based on
metabolism may be very valuable for treating this illness.

In this study, we used Mendelian randomization (MR) to
investigate if immune cell features are risk factors for
urolithiasis. MR is a popular genetic epidemiology method
that studies the possible causative relationship between
risk factors and urolithiasis using single nucleotide poly-
morphisms (SNPs) as instrumental variables (IVs). Because
alleles are randomly divided during meiosis, confounding
variables (such as behavior and environmental exposure)
are less likely to influence MR. Because genetic variation
occurs before illness and cannot be reversed, MR may also
lessen the reverse causation bias inherent in observational
research.20,21 Therefore, we used MR mediation to look for
putative mediators between immune cell features and
urolithiasis to better understand the pathophysiological
modulators of immune celleurolithiasis interactions.

http://creativecommons.org/licenses/by/4.0/
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Figure 1 Flowchart of study.
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Methods

Study design

Figure 1 shows the general arrangement of this study. The
methods used in the study met the requirements of STROBE-
MR, or Strengthening the Reporting of Observational Studies
in Epidemiology-Mendelian Randomization. In step 1, we
conducted an analysis to examine the causative impacts of
731 immune cell characteristics on urolithiasis. In step 2, we
investigated the causal effects of 1400 blood metabolites on
urolithiasis. Finally, in step 3, we employed mediation
analysis to investigate the role of blood metabolites in the
pathway linking immune cell characteristics to urolithiasis.
SNPs were designated as instrumental variables (IVs). MR
relied on three fundamental assumptions: i) The IVs had a
strong correlation with the exposure factors; ii) The IVs were
not correlated with any confounding factors; iii) The IVs did
not have a direct impact on the result, and their influence on
the outcome was solely through exposure.

Genetic instruments for metabolites and immune
cell characteristics

The genome-wide association study (GWAS) summary data
for each immunological feature may be accessed publicly
from the GWAS Catalog. The accession numbers range from
GCST0001391 to GCST0002121.22 There was a total of 731
immunophenotypes included in the study. These included
389 median fluorescence intensities, which indicate surface
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antigen levels, 118 absolute cell counts, 32 morphological
traits, and 192 relative cell counts. B cells, conventional
dendritic cells (CDCs), mature T cells, monocytes, myeloid
cells, TBNK (T cells, B cells, natural killer cells), and Treg
panels make up the immune traits including median fluo-
rescence intensity, relative cell count, absolute cell count.
However, the TBNK and CDC panels are part of the immune
trait, morphological parameters. The initial GWAS on
immunological variables included data from 3757 people of
European descent, with no cohorts that shared partici-
pants. Around 22 million SNPs were genotyped using high-
density arrays and then imputed using a Sardinian
sequence-based reference panel.23 The GWAS Catalog
(https://www.ebi.ac.uk/gwas/) contains summary data on
different metabolites from several GWAS studies. The
accession numbers for European GWASs are
GCST90199621e90201020. The data provided encompasses
a comprehensive set of 1400 blood metabolites. We con-
ducted a search utilizing the GWAS summary data (http://
gwas.mrcieu.ac.uk), which encompasses an extensive
compilation of summary statistics from various GWASs. We
used publicly accessible summary statistic information from
a GWAS on persons of European descent who were diag-
nosed with urolithiasis. The specific dataset we employed is
ebi-a-GCST90018935, which includes a total of 488,346 in-
dividuals. Among them, there were 6223 cases and 482,123
control cases.

Selection of instrumental variables

Based on current research, the importance level of IVs for
each immunological characteristic was established at
1 � 10�5. The PLINK program (version 1.90) was utilized to
perform the clumping technique on these SNPs. The SNPs
were pruned based on a linkage disequilibrium R2 threshold
of less than 0.001 at a distance of 1000 kb. The linkage
disequilibrium R2 values were obtained using the 1000 Ge-
nomes Projects as a reference panel. In the case of uro-
lithiasis, we modified the significance threshold to
5 � 10�8. The proportion of variance in phenotypes
explained (PVE) by available genotypes or SNP heritability,
and F statistics were computed for each IV to assess the
strength of the IV and prevent any potential bias caused by
weak instruments.

Statistical analysis

To evaluate the causative association between 1400 blood
metabolites and urolithiasis, as well as 731 immunopheno-
types, we mainly used the “TwoSampleMR” software
(version 4.2.1) to perform MR-Egger, weighted median,
weighted mode, inverse variance weighting (IVW), and
simple mode techniques. The Cochran’s Q statistic and its
accompanying p-values were utilized to assess the hetero-
geneity among the chosen IVs. If the null hypothesis is
rejected, the fixed-effects IVW method was replaced by the
random-effects IVW method. To account for the impact of
horizontal pleiotropy, a widely employed technique called
MR-Egger was utilized. This approach detects the existence
of horizontal pleiotropy if its intercept term is shown to be
statistically significant. Considering that the majority of our
GWAS summary results are derived from European pop-
ulations, it is imperative to acknowledge the potential for
sample overlap.24 The mediation analysis included immune
cell features and blood metabolites that had substantial
causal impacts on urolithiasis, as determined by the two-
sample study. We looked at any possible links between blood
metabolites and immune cell properties. If such a relation-
ship exists, we would do a mediation analysis to examine if
blood metabolites serve as mediators in the pathway from
immune cell characteristics to urolithiasis. We conducted
Cochran’s Q test to assess the heterogeneity of each SNP.
Additionally, we created scatter plots to depict the re-
lationships between SNPs and both exposure and outcome
variables, to present the findings of MR analysis. A leave-
one-out analysis was conducted to analyze the impact of
each SNP on the results. This involved progressively elimi-
nating each SNP and using the IVW approach to the
remaining SNPs to evaluate the possible influence of a spe-
cific variation on the estimations. Furthermore, we
employed MR-PRESSO and MR-Egger regression techniques to
examine the possible impact of horizontal pleiotropy. The
MR-PRESSO method was employed to identify and eliminate
significant outliers, hence correcting the horizontal plural
effect. The studies were conducted using the R (version
4.2.1) statistical program. The multiplicity tests utilized the
“MR_PRESSO” program.

Results

Screening the causal effect of immune cell
characteristics on urolithiasis

Table S1 provides SNP-related information. As shown in
Figure 2 and Table S2, MR analysis was conducted on 731
immune cell signatures and urolithiasis. The heatmap pre-
sented the results of IVW p-values < 0.1. Then, we filtered
the above results for inconformity using the following
standards: i) IVW p-value < 0.01; ii) Five MR models had
consistent direction; iii) Pleiotropy p-value < 0.05 (Table
S3). There were 10 suggestive immunophenotypes identi-
fied, of which 3 were in the B cell panel, 2 in the Treg
panel, 1 in the maturation stage panel, 3 in the CDC panel,
and 1 in the TBNK panel (Table S4). For B cell panel, three
traits were linked with increased urolithiasis risk: IgD-CD24-
%lymphocyte (IVW: odds ratio/OR Z 1.054; 95% confidence
interval/CI: 1.019, 1.090; p Z 0.002), CD24 on transitional
B cells (IVW: OR Z 1.068; 95% CI: 1.020, 1.117; p Z 0.005),
and CD25 on IgDþ CD38-naı̈ve (IVW: OR Z 1.041; 95% CI:
1.010, 1.073; p Z 0.009). For the Treg cell panel, two traits
were linked with increased urolithiasis risk: CD4 Treg %T
cell (IVW: ORZ 1.060; 95% CI: 1.015, 1.108; pZ 0.009) and
activated and resting Treg AC (IVW: OR Z 1.058; 95% CI:
1.018, 1.100; p Z 0.004). In the maturation stages of the T
cell panel, CD3 on TD CD4þ was linked with decreased
urolithiasis risk (IVW: OR Z 0.963; 95% CI: 0.939, 0.986;
p Z 0.002). In the CDC panel, CD11c on myeloid DC (IVW:
OR Z 1.045; 95% CI: 1.013, 1.077; p Z 0.006) was linked
with increased urolithiasis risk. Two traits were linked with
decreased urolithiasis risk: HLA DR on plasmacytoid DC
(IVW: ORZ 0.972; 95% CI: 0.955, 0.988; pZ 0.001) and HLA
DR on DC (IVW: OR Z 0.970; 95% CI: 0.949, 0.991;

https://www.ebi.ac.uk/gwas/
http://gwas.mrcieu.ac.uk
http://gwas.mrcieu.ac.uk


Figure 2 The heatmap depicting the association between immune cell characteristics and urolithiasis. It shows all the results
with IVW p-value < 0.01. The outer circle represents the names of immune cell characteristics, while the inner circle uses different
colors to indicate the odds ratio of five Mendelian randomization models.
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p Z 0.006). In the TBNK panel, HLA DR on B cells was linked
with decreased urolithiasis risk (IVW: OR Z 0.964; 95% CI:
0.940, 0.989; pZ 0.004). Remarkably, all of the B cell traits
and Tregs traits were risk factors, including IgD-CD24-%
lymphocyte, CD24 on transitional B cells, CD25 on IgDþ

CD38-naı̈ve, CD4 Treg %T cell, and activated and resting
Treg AC (Fig. 3A and Table S5).

Then, we conducted the reverse MR analysis to explore
the causal effects of urolithiasis on immune cell charac-
teristics (Fig. 3B and Table S6). For the criteria used to
select significant SNPs for urolithiasis in the reverse MR
analysis, we employed SNPs with a mutation frequency
(minor allele frequency � 5%) at a linkage disequilibrium
threshold R2 < 0.001 and predicted the exposure signifi-
cantly at the genetic level (p < 5 � 10�8). Urolithiasis
demonstrated the non-statistical significance of the above
10 immune cell characteristics, indicating the inexistence
of reverse causal relationships.
Screening the causal effect of blood metabolites on
urolithiasis

1400 metabolites and 34,123 independent SNP-component
instrumental factors were gathered for this investigation.
Table S7 displays an overview of the SNPs that were utilized
as genetic tools. The estimated IVs’ minimum F-value was
more than 10, suggesting that the 1400 metabolites’ IVs
were reliable for MR analysis. As shown in Figure 4, the
volcano plot illustrates the MR analysis results between
1400 blood metabolites and urolithiasis risk. IVW p-value <
0.01 was considered statistically significant. Then, we
filtered the above results for inconformity using the
following standards: i) IVW p-value <0.01; ii) Five MR
models had consistent direction; iii) Pleiotropy p-value
<0.05 (Table S8). As shown in Figure 5, 13 metabolites
associated with urolithiasis were detected through the IVW
method (p < 0.01), including 6 lipids, 1 amino acid, 3 car-
bohydrate, and 3 metabolite ratios. For the metabolites of
lipids, one trait was linked with increased urolithiasis risk:
Glycolithocholate levels (IVW: OR Z 1.071; 95% CI: 1.023,
1.122; p Z 0.003); five traits were linked with decreased
urolithiasis risk: stearidonate (18:4n3) levels (IVW:
OR Z 0.907; 95% CI: 0.849, 0.968; p Z 0.004), sphingo-
myelin (d18:2/23:0, d18:1/23:1, d17:1/24:1) levels (IVW:
OR Z 0.894; 95% CI: 0.824, 0.970; p Z 0.007), 1-(1-enyl-
palmitoyl)-2-arachidonoyl-gpc (p-16:0/20:4) levels (IVW:
OR Z 0.943; 95% CI: 0.908, 0.979; p Z 0.002), hex-
adecadienoate (16:2n6) levels (IVW: OR Z 0.854; 95% CI:
0.763, 0.956; p Z 0.006), and 1-stearoyl-2-arachidonoyl-
gpc (18:0/20:4) levels (IVW: OR Z 0.939; 95% CI: 0.909,
0.970; pZ 0.0001). For the metabolites of amino acids, one
trait was linked with increased urolithiasis risk: O-cresol
sulfate levels (IVW: OR Z 1.064; 95% CI: 1.022, 1.108;



Figure 3 Bidirectional Mendelian randomization of immune cell characteristics and urolithiasis. (A) Causal effects of immune
cells characteristics on urolithiasis. (B) Causal effects of urolithiasis on immune cells characteristics. CI, confidence interval; OR,
odds ratio; SNP, single nucleotide polymorphism.

6 C. Wei et al.
p Z 0.003). For the metabolites of carbohydrate, one trait
was linked with decreased urolithiasis risk: N-acetyl-beta-
alanine levels (IVW: OR Z 0.947; 95% CI: 0.912, 0.983;
p Z 0.004), two traits were linked with increased urolith-
iasis risk: 4-hydroxychlorothalonil (4-OH-CHT) levels (IVW:
ORZ 1.112; 95% CI: 1.048, 1.180; pZ 0.001), and 1-oleoyl-
2-linoleoyl-GPE (18:1/18:2) levels (IVW: OR Z 1.070; 95%
CI: 1.028, 1.115; p Z 0.001). For the metabolite ratio, two
traits were linked with increased urolithiasis risk: uridine to
cytidine ratio (IVW: OR Z 1.124; 95% CI: 1.037, 1.218;
p Z 0.004) and adenosine 50-monophosphate to isoleucine
ratio (IVW: OR Z 1.087; 95% CI: 1.022, 1.156; p Z 0.008).
One trait was linked with decreased urolithiasis risk:
adenosine 50-monophosphate to serine ratio (IVW:
OR Z 0.892; 95% CI: 0.818, 0.972; p Z 0.010).

Investigation of the relationship between immune
cell properties and blood metabolites associated
with urolithiasis

Based on the screening results, we identified 13 urolith-
iasis-related blood metabolites. Then, we analyzed the



Figure 4 The volcano plot illustrating the link between 1400 blood metabolites and urolithiasis risk. The X-axis represents the
logarithmic odds ratio (OR) with a base of 2, and the Y-axis represents the IVW logarithmic p-value with a base of 10. p < 0.01 is
considered statistically significant.
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immune cell characteristics and urolithiasis-related blood
metabolites using two-sample MR (Table S9). We filtered
the above results for inconformity using the following
standards: i) IVW p-value <0.05; ii) Five MR models had
consistent direction; iii) Pleiotropy p-value < 0.05. As
shown in Figure 6, we found four groups with statistical
significance: CD24 on transitional B cells was positive
linked with glycolithocholate levels (IVW: bZ �0.092; 95%
CI, 0.045e0.138; p Z 0.0001), CD4 Treg %T cell was
negative associated with 4-OH-CHT levels (IVW:
b Z �0.061; 95% CI: 0.101, �0.021; p Z 0.02), HLA DR on
DC was negative associated with glycolithocholate levels
(IVW: b Z �0.039; 95% CI: 0.077, �0.001; p Z 0.04), HLA
DR on B cell was negative associated with 1-oleoyl-2-
linoleoyl-GPE (18:1/18:2) levels (IVW: b Z �0.032; 95% CI:
0.062, �0.003; p Z 0.03). Then, we conducted the het-
erogeneity test (Table S10) and the pleiotropy test (Table
S11), which indicated the existence of heterogeneity and
pleiotropy.
Blood metabolites partly mediate the association
between immune cell characteristics and
urolithiasis

Mediation analysis was used to evaluate the mediation ef-
fect between immune cell characteristics and urolithiasis
by blood metabolites (Table S12). We found four group
mediation effects with statistical significance, which illus-
trated the potential pathogenesis of urolithiasis (Fig. 7).
First, we found 4-OH-CHT partly negatively mediated the
associations between CD4 Treg %T cells and urolithiasis, and
the proportions were �11.1%. Then, glycolithocholate
levels partly positively mediated the associations between
CD24 on transitional B cells and HLA DR on DC with
urolithiasis, and the proportions were 9.64% and
8.84%, respectively. Last, 1-oleoyl-2-linoleoyl-GPE
(18:1/18:2) partly positively mediated the associations
between HLA DR on B cells and urolithiasis, and the
proportions were 5.8%.



Figure 5 Causal effects of blood metabolites on urolithiasis. CI, confidence interval; OR, odds ratio; SNP, single nucleotide
polymorphism.
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Sensitivity analysis

To further confirm the MR causal relationships, we per-
formed pleiotropy and heterogeneity tests (Table S13, 14).
No definite indication of pleiotropy was found by the MR-
PRESSO study (all p > 0.05) (Table S15). Furthermore, no
SNP was responsible for the discovered causal relationships,
according to the leave-one-out analysis (Fig. S1, 2).

Discussion

MR study confirmed the causal associations
between immune cell characteristics and
urolithiasis

The prevalence of urolithiasis is rising in the United States
and across the world, yet little is known about urolithia-
sis’s precise mechanisms.25 Despite all this, the genetic
effect on stone formation remains significant. Through
GWAS and candidate gene studies, it has been shown that
a variety of genes and biological mechanisms increase the
risk of stone development.26 Therefore, we use MR as a
genetic epidemiological method to explore possible risk
factors for urolithiasis, which is a tool that can effectively
verify causal effects, because confounding factors are less
likely to have an impact on MR. In this study, we explore
the causal relationships and potential mediators between
immune cell characteristics and urolithiasis from a genetic
perspective.

The development of stones is intimately linked to the
immune-inflammatory response. Prior research has
demonstrated that proinflammatory cytokine production,
immune cell counts, and cellular apoptosis in the tissue of
Randall’s plaques accelerate the development and pro-
gression of stones.27 Our finding that B cell traits, Tregs
panel, and one trait of CDC panel were linked with
increased urolithiasis risk, including IgD-CD24-%lympho-
cyte, CD24 on transitional B cells, CD25 on IgDþ CD38-naı̈ve,
CD4 Treg% T cell, activated and resting Treg AC, and CD11c
on myeloid DC. However, only CD24 on transitional B cells
and CD4 Treg% T cells may promote the formation of stones
through blood cell metabolites.

Maintaining immunological homeostasis and preventing
autoimmune illnesses requires CD4 Treg %T cells, which are
a subset of CD4 T cells that express high levels of the
interleukin (IL)-2 receptor a-chain (CD25).28e30 Williams et
al revealed that sustained forkhead box P3 (Foxp3)
expression is necessary for mature Treg cells to maintain
their suppressor function,31 while mice and humans with a
loss-of-function mutation in the Foxp3 gene may suffer
from disorders manifested by diabetes and cytokine
storms.32 Similarly, patients with chronic kidney disease
often have CD4þ Treg dysfunction.33 Zhang et al con-
structed an immune landscape in nephrolithiasis models,
which indicates that the inflammatory response induced by
CaOx in CD4þ T cells and M1 macrophages can promote the
formation of stones, revealing the complex relationships
between CD4 Treg%T cells and urolithiasis.34 CD24 on
transitional B cells represents a central developmental
stage in B-cell maturation, producing high levels of IL-10,
which is considered to be related to chronic inflammatory
and autoimmune diseases,35,36 including multiple sclerosis,
rheumatoid arthritis, and systemic lupus erythematosus.37

Urolithiasis is increasingly recognized as a systemic disease
and is associated with systemic disorders, including auto-
immune diseases and metabolic syndrome,38,39 renal
tubular metabolic acidosis, and hypoparathyroidism.40,41

Based on the above evidence, CD4 Treg% T cells and CD24
on transitional B cells may affect the occurrence and
development of stones by affecting the body’s autoimmune
homeostasis.



Figure 6 Scatter plots of immune cell characteristics on blood metabolites. (A) The negative direction of CD4 Treg %T cell and 4-
hydroxychlorothalonil levels. (B) The positive direction of CD24 on transitional B cells and glycolithocholate levels. (C) The negative
direction of HLA DR on DC and glycolithocholate levels. (D) The negative direction of HLA DR on B cells and 1-oleoyl-2-linoleoyl-GPE
(18:1/18:2) levels.
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Beyond that, we also screened out HLA DR on DC and
HLA DR on B cells as protective factors for urolithiasis. The
strongest genetic association with autoimmunity is the HLA
complex. One class of HLA molecules is MHC class II (HLA
DP/DQ/DR) which is predominantly present in professional
antigen-presenting cells (dendritic cells, B cells, and mac-
rophages).42,43 Research has shown that HLA is associated
with many autoimmune diseases, including autoimmune
liver diseases, ankylosing spondylitis, type 1 diabetes mel-
litus, and autoimmune central nervous system dis-
orders.44e46 However, in the King’s College study, HLA
demonstrates its protective effect on autoimmune hepati-
tis.47 Similarly, in adults with AIH, HLA DRB1*1501 was
associated with protection from disease.48 Immune cells
expressing HLA-DR are expected to become protective
predictive markers for urolithiasis, although the mecha-
nisms need further exploration.
The causal relationships between blood
metabolites and urolithiasis were validated by an
MR investigation

Obesity, diabetes, hypertension, and metabolic syndrome
can all have an impact on the complicated etiology of uro-
lithiasis,14 and non-infectious stones are closely associated
with metabolic disorders.49 Approximately 80% of stones are
composed of pure calcium oxalate or mixed with calcium



Figure 7 Estimated proportion of the association between immune cell characteristics and urolithiasis mediated by blood me-
tabolites. (A) CD4 Treg %T cell mediated by 4-hydroxychlorothalonil. (B) CD24 on transitional B cells mediated by glycolithocholate
levels. (C) HLA DR on DC mediated by glycolithocholate levels. (D) HLA DR on B cells mediated by 1-oleoyl-2-linoleoyl-GPE (18:1/
18:2). IE, indirect effect; DE, direct effect. ***p < 0.001.
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phosphate.25 We have identified 13 metabolites related to
urolithiasis by MR study, which include 6 lipids, 1 amino acid,
3 carbohydrate, and 3 metabolite ratios. Wherein, glyco-
lithocholate, N-acetyl-beta-alanine, 4-OH-CHT, 1-oleoyl-2-
linoleoyl-GPE, the uridine-to-cytidine ratio, and the adeno-
sine-50-monophosphate-to-isoleucine ratio were linked with
increased urolithiasis risk. Stearidonate, sphingomyelin, 1-
(1-enyl-palmitoyl)-2-arachidonoyl-gpc, hexadecadienoate,
1-stearoyl-2-arachidonoyl-gpc, and O-cresol sulfate were
linked with protective urolithiasis risk.

There is too much evidence to prove that metabolism is
closely related to urolithiasis, and investigations into uro-
lithiasis continue to benefit from metabolic screening.14

Previous research indicates that hypercalciuria is the most
common metabolic abnormality in idiopathic calcium oxa-
late stone formers.50 The formation of calcium oxalate
stones is positively correlated with hyperoxalemia, as ox-
alate can bind to calcium to form calcium oxalate, which is
more common in inflammatory bowel disease, small bowel
resection, and gastric bypass surgery.51 In addition,
reducing the intake of fat and dairy products in the diet can
reduce the risk of urolithiasis by reducing urinary oxalate
excretion.52 However, if the intake of fresh fruits, vegeta-
bles, and potassium is increased, the risk of stones can be
reduced by reducing urate excretion and alkalizing urine.53

In summary, metabolism and stones have a very complex
interaction relationship, and their specific mechanism
needs further clarification.
MR study confirmed the causal associations
between immune cell characteristics and blood
metabolites

We investigated the causal relationships between geneti-
cally predicted immune cell features and putative media-
tors that are strongly linked to urolithiasis before doing the
mediation analysis. Using two-sample MR, we found four
groups with statistical significance, which are mainly
focused on the B cell panel, Treg cell panel, CDC panel, and
metabolites of lipids and carbohydrates.

Immune and metabolic factors are both high-risk factors
for urolithiasis. It has been proven that inflammation
damages the kidneys by promoting changes in the body’s
metabolism, including the formation of CaOx crystals.54,55

Studies have shown that activation of NLRP3 (NLR family
pyrin domain containing 3) inflammasomes during acute
kidney injury can promote the formation of CaOx crystals,
thereby exacerbating acute kidney injury.55 After blocking
the NLRP3 inflammasome, there was less oxidative damage
and higher anti-inflammatory infiltration in the kidneys of
experimental mice, which exhibits the potential prospects
of immunotherapy in the treatment of urolithiasis.56

A study based on the urolithiasis-fecal microbiota
transplantation rats’ model also revealed the close associ-
ation between immune regulation, metabolic disorders,
and stone formation.3,57 Gut dysbiosis has been proven to
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correlate with increased endotoxins, especially lipopoly-
saccharides.58 Lipopolysaccharides can cause immunolog-
ical homeostasis to be disrupted and increase intestinal
epithelial permeability by overactivating antigen-present-
ing cells such as dendritic cells and macrophages, which
elevate serum oxalate levels and contribute to the forma-
tion of calcium oxalate crystals in the kidneys.59,60

Additionally, recent studies have also demonstrated how
the immune system influences metabolites such as oxalate
crystals thereby affecting the progression of stones. A study
using animal models has shown that M1 macrophages in-
crease the expression of pro-inflammatory chemicals,
which facilitates the adherence of CaOx crystals on renal
tubular cells and the development of CaOx stones, whereas
M2 macrophages have the opposite effect.11,61 The trans-
formation of monocytes into M1 macrophages can be ach-
ieved by recognizing CaOx crystals, which is mediated by
lipopolysaccharides.11,34 However, the overproduction of
reactive oxygen species in monocytes caused by oxalate
and CaOx can damage their mitochondria and impair the
clearance of crystals in patients with immunological
dysfunction.62 In summary, the connection between the
renal immune system and blood metabolites is intricate and
variable, requiring further exploration to clarify their
relationship.
The possible factors mediating immune cells-
induced urolithiasis

Finally, we conducted the mediation analysis to clarify the
relationship between immune cells, blood metabolites, and
urolithiasis. The findings indicated that 4-OH-CHT, glyco-
lithocholate, and 1-oleoyl-2-linoleoyl-GPE might play
crucial roles in immune cell-induced urolithiasis.

Aquatic species have been shown to be toxically
affected by 4-OH-CHT, a major intermediate product of the
breakdown of toxic fungicides.63 There are different routes
of exposure to 4-OH-CHT for the general population, such
as ingestion, respiration, and skin contact.64 As of right
now, research has shown that exposure to specific chem-
icals, such as pesticides and herbicides like N,N-Diethyl-
meta-toluamide, may raise the risk of developing urolith-
iasis.9,65 Furthermore, the 4-OH-CHT enhanced pro-inflam-
matory cytokine production in keratinocytes compared
with the photodegraded products, which may also
contribute to the formation of urolithiasis.66

As one of the bile acids, glycolithocholate participates in
the progression of various metabolic diseases, especially
metabolic dysfunction-associated steatotic liver disease
and intrahepatic cholestasis.67,68 Bile acids may induce in-
flammatory cytokines, gut microbiota imbalances, and
hyperendotoxemia to promote the development of dis-
eases,69 and a review indicates that glycolithocholate is
related to metabolic-related diseases such as hepatobiliary
disorders and diabetes.70 Obese patients who undergo
gastric bypass surgery (Roux-en-Y) have an increased risk of
stones due to disturbed enterohepatic bile circulation.71

Existing evidence suggests that there is a definite associa-
tion between metabolic syndrome and urolithiasis disease,
implying a potential connection between glycolithocholate
and urolithiasis.72
1-oleoyl-2-linoleoyl-GPE is one of the lipid metabolites
and their derived signaling molecules, which is regarded as
the risk factor for Crohn’s disease. However, we have not
found any reports on the relationship between 1-oleoyl-2-
linoleoyl-GPE and stones, which encourages us to explore
more about it.73

In summary, our findings suggest a strong relationship
between immune cells and blood metabolites in the
development of urinary stones, with immune cells either
mediating or promoting stone formation and advancement
or providing protection through blood metabolites. The
specific mechanism needs further exploration.

Strengths and limitations of this study

In general, our study has several advantages. First, in
observational settings, MR research can simulate the costly,
laborious, and time-consuming character of randomized
controlled trials. Second, MR investigations, compared with
other observational studies, are less prone to confounding
between exposure and outcome and can prevent the
reverse causal effect. Third, the findings were novel. When
employed more extensively in clinical practice, the meta-
bolic pathway of blood metabolites in mediating the influ-
ence of immune cells on urolithiasis risk may aid in
understanding the effect and processes. Certain re-
strictions and shortcomings are unavoidable. First, although
the random effects IVW model is applied to limit the in-
fluence of heterogeneity in MR research as much as
possible, the results of heterogeneity testing show that
there is still some degree of variability among IVs in the
investigations. Second, due to the inclusion of only patients
of European heritage, there may be limitations to the
applicability of our research findings to other de-
mographics. Meanwhile, since MR is a preliminary causal
inference based on large data, proving its results requires a
more detailed design, so further proof is not so easy.

Conclusion

This MR research shows the intricate connection between
urolithiasis, blood metabolites, and immune responses. The
findings emphasize the importance of considering both
immune cell features and metabolic factors in under-
standing the pathogenesis of urolithiasis, offering insights
into novel therapeutic targets and diagnostic strategies for
this disorder.
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