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Self-control study of multi-omics 2
in identification of microenvironment
characteristics in calcium oxalate kidney

stones
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Abstract

Background Perform proteomic and metabolomic analysis on bilateral renal pelvis urine of patients with unilateral
calcium oxalate kidney stones to identify the specific urinary microenvironment associated with stone formation.

Methods Using cystoscopy-guided insertion of ureteral catheters, bilateral renal pelvis urine samples are collected.
Liquid chromatography-tandem mass spectrometry (LC-MS/MS) is employed to identify differential proteins and
metabolites in the urine microenvironment. Differentially expressed proteins and differential metabolites are further
analyzed for their biological functions and potential metabolic pathways through Gene Ontology (GO) analysis, Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrichment analysis, Reactome pathway analysis and Biomolecular
Interaction Network Database protein-protein interaction (PPI) network analysis.

Results In the urine from the stone-affected side, 36 differential proteins were significantly upregulated, 4 differential
proteins were downregulated, and 10 differential metabolites were significantly upregulated. Functional and pathway
analyses indicate that the differentially expressed proteins are primarily involved in inflammatory pathways and
complement and coagulation cascades, while the differential metabolites are mainly associated with oxidative stress.

Conclusion The proteomic and metabolomic profiles of the urinary microenvironment in stone-affected
kidneys provide a more precise reflection of the pathophysiological mechanisms involved in stone formation and
development.
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Introduction

Urolithiasis is among the most common urologic diagno-
ses globally, with substantial burden and cost on health-
care systems worldwide [1, 2]. It is estimated that 80%
of kidney stones are composed of calcium oxalate and
calcium phosphate, 10% of struvite, 9% of uric acid, and
the remaining 1% consist of cystine or ammonium acid
urate. Despite its ancient origins, the pathogenesis of
urolithiasis remains incompletely understood [3]. Recent
advancements in proteomic and metabolomic techniques
have sparked new insights into the study of urolithiasis.
These developments aim to: (1) provide effective tools
for a deeper understanding of the mechanisms behind
stone formation, and (2) assist in the discovery of novel
biomarkers that could enhance the diagnosis, prevention,
and treatment of urolithiasis [4, 5].

Urine, as a critical specimen, plays an essential role in
exploring the composition and pathological and etiologi-
cal factors in kidney stone disease [6, 7].Previous studies
have compared proteomic and metabolomic profiles in
the urine of kidney stone patients and healthy individu-
als to identify differential proteins (DEPs) and differential
metabolites (DMs) [8—12]. However, numerous fac-
tors—such as diet, gender, age, medication, physiological
conditions, and even the timing of urine sample collec-
tion can profoundly impact the results. These variations
add complexity and potential errors to multi-omic urine
studies, thereby affecting the reliability of the findings
[13]. Hence, using a self-controlled method could signifi-
cantly reduce research errors.

A recent large cross-sectional study in China reported
that approximately 4.9% of kidney stone cases are uni-
lateral, representing about six-sevenths of all cases [14].
Clinically, it is common to see patients with recurrent
stone formation in one kidney while the other kidney
remains stone-free. This intriguing clinical observation
not only raises important questions but also provides a
valuable research opportunity. In this context, our study
collected urine from the renal pelvises of patients with
unilateral renal calcium oxalate stones. By applying pro-
teomics and metabolomics, we aimed to examine the
alterations in the urine microenvironment within the
renal pelvis of these patients, thus gaining insights into
the pathogenesis of kidney stones. Compared with pre-
vious studies, this research adopts an autologous control
method for kidney - stone patients. It aims to discover
the characteristics of the urine in the stone - containing
renal pelvis of patients with unilateral calcium oxalate
kidney stones, and to a certain extent, reveals the differ-
ences in the protein profiles and metabolic profiles of the
bilateral renal pelvis urine of patients with unilateral kid-
ney stones.
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Materials and methods

Patients

From May 2023 to July 2023, a total of eight patients
(7males and 1 female) diagnosed with unilateral kid-
ney stones via Computed Tomography (CT) scan were
recruited at the Affiliated Hospital of Qingdao Univer-
sity. Enrollment criteria included: (1) Age range of 18 to
80 years; (2) Presence of unilateral kidney stones, with a
maximum stone diameter exceeding 1 cm on CT scans;
(3) Postoperative stone analysis by infrared spectroscopy
confirming the presence of calcium oxalate stones. Exclu-
sion criteria were: (1) Patients with concurrent malig-
nant tumors, hematologic disorders, metabolic diseases,
or rheumatic immune diseases; (2) Individuals with uri-
nary diversion methods in place, such as those who have
undergone total cystectomy or kidney transplantation;
(3) Patients with other renal pathologies, including renal
tumors, previous kidney surgeries, solitary kidneys, renal
malformations (e.g., horseshoe kidney, duplicated kid-
ney), or acute and chronic renal diseases, including end-
stage renal failure; (4) Those with severe urinary tract
infections or a fever exceeding 37.5°C; (5) Patients expe-
riencing urinary tract obstructions and hydronephrosis.
We analyzed the composition of the stones using infrared
spectroscopy. The sensitivity of this technique dictates
that only components with a content exceeding 10% will
be explicitly reported. The content of calcium oxalate in
the stones exceeds 90%, making it the main component.
If the content of other components is below 10%, they do
not meet the reporting threshold.

All samples were collected prior to any medical or sur-
gical intervention. Written informed consent for publica-
tion was obtained from each participant before sample
collection. The study was conducted following ethical
approval by the Bioethics Committee of the Affiliated
Hospital of Qingdao University (Ethical number QYFY
WZLL 28907) and abide by the Declaration of Helsinki
principles.

Sample collection and preparation

Before the lithotripsy operation, 10 ml of urine was
obtained from each renal pelvis after bilateral ureteral
catheterization with F5 ureteral catheter through cys-
toscope (Fig. 1). The urine was centrifuged at 1000 rpm
for 15 min and then stored at -80°C. Then the lithotripsy
continues. 300 pL of 8 M urea was added to the sample
and the protease inhibitor was added at 10% of the lysate.
After centrifuging at 14,100xg for 20 min, the superna-
tant was collected. The protein concentration was deter-
mined using Bradford method, rest was frozen to -80°C.

Mass spectrometry conditions for urinary protein profile
For spectral library generation, samples were fraction-
ated using a high pH reversed-phase fractionator. Mass
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Fig. 1 Schematic representing the design of proteomics and metabolo-
mics profiling experiments

spectrometry were subjected to liquid chromatography-
tandem mass spectrometry (LC-MS/MS) using a 150 um
L.D. 25 cm C18 column, 1.9 um particle size and a 80 min
gradient: 8-95% solvent B (solvent A: 99.9% water, 0.1%
formic acid; solvent B: 80% acetonitrile, 0.1% formic
acid). The mass spectrometer was operated on a quad-
rupole Orbitrap mass spectrometer (Q Exactive HF-X,
Thermo Fisher Scientific, Bremen, Germany) coupled to
an EASY nLC 1200 ultra-high pressure system (Thermo
Fisher Scientific) via a nano-electrospray ion source. Full
details are provided in the Supplementary Material.

Data analysis of differentially expressed proteins (DEPs)

Gene Ontology (GO) was conducted using the inter-
proscan-5 program against the non-redundant protein
database, and the databases KEGG (Kyoto Encyclopedia
of Genes and Genomes) was used to analyze the protein
family and pathway. The probable interacting partners
were predicted using the STRING-db server (http://stri
ng.embl.de/) based on the related species. STRING is a
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database of both known and predicted protein-protein
interactions [15]. We utilized Cytoscape v3.10.2 to create
the protein-protein interaction (PPI) diagram. We anno-
tated the pathways of DEPs in Reactome and conducted
enrichment analysis. Reactome (https://reactome.org)
is an open source, peer-reviewed biomolecular pathway
knowledge database [16]. Upregulated proteins were set
as having a fold change (FC)>1.5, and downregulated
proteins were set as having a FC<0.67. The protein quan-
titative values in the comparisons were statistically ana-
lyzed using the paired T-test or Wilcoxon test, with a
P-value of <0.05 considered as statistically significant.

Mass spectrometry conditions for urinary metabolic profile
Mass spectrometric detection of metabolites was per-
formed on Orbitrap Exploris 120 (Thermo Fisher Scien-
tific, USA) with ESI ion source. Simultaneous MS1 and
MS/MS (Full MS-ddMS2 mode, data-dependent MS/
MS) acquisition was used. The parameters were as fol-
lows: sheath gas pressure, 40 arb; aux gas flow, 10 arb;
spray voltage, 3.50 kV and -2.50 kV for ESI(+) and ESI(-
), respectively; capillary temperature, 325 ‘C; MS1 range,
m/z 100-1000; MS1 resolving power, 60,000 full width at
half maxima (FWHM); number of data dependant scans
per cycle, 4, MS/MS resolving power, 15,000 FWHM;
normalized collision energy, 30%; dynamic exclusion
time, automatic.

Data analysis of metabolite and differential metabolites
(DMs)

Upregulated metabolites were set as having a FC>1.2,
and downregulated proteins were set as having a
FC<0.83. The metabolites quantitative values in the
comparisons were statistically analyzed using the paired
T-test or Wilcoxon test, with a P-value of <0.05 consid-
ered as statistically significant. Finally, combined with
P value and FC to screen biomarker metabolites. By
default, when P value <0.05 and FC>1.2 or FC<0.83, we
think that metabolite were considered to have significant
differential expression. Differential metabolites were sub-
jected to pathway analysis by MetaboAnalyst [17], which
combines results from powerful pathway enrichment
analysis with the pathway topology analysis. The iden-
tified metabolites in metabolomics were then mapped
to the KEGG pathway for biological interpretation of
higher-level systemic functions. The metabolites and cor-
responding pathways were visualized using KEGG Map-
per tool.

Result

Demographic and clinical data of the studied subjects

This study included a total of 8 patients diagnosed with
unilateral kidney stones. Bilateral renal pelvis urine was
collected from these individuals. Detailed participant


http://string.embl.de/
http://string.embl.de/
https://reactome.org

Xu et al. BMC Nephrology (2025) 26:104

Table 1 Demographic and clinical data of the studied subjects
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Number Age Gender BMI Plasma Num- Stone Hydronephrosis  Stone GFR(ml/min/1 .73m?) CRP(mg/L) WBC(1 0°/L)
(y) (kg/m2) Cr berof size side
(umol/L) stone (mm?2)
1 52 Male 26.6 74 Stag- 38x31 Mild Left 100.81 <0.50 5.57
horn
2 40  Male 19.5 67 1 15x6  Mild Left 114.25 <0.50 6.31
3 58 Male 227 85 1 20x 14 None Right 98.61 <0.50 5.76
4 58 Male 229 56 1 25x15 Mild Right 108.38 <0.50 3.66
5 31 Female 254 53 1 20x15 None Left 12149 <0.50 6.44
6 66  Male 239 68 3 32x18 Mild Left 109.36 <0.50 563
7 44 Male 235 76 Multiple 20x25 Severe Right 966 <0.50 503
8 42 Male 24.5 78 1 10x8 None Left 1054.8 <0.50 5.11

BMI, body mass index. Cr, Creatinine. GFR, glomerular filtration rate. CRP, C-reactive protein. WBC, white blood cell count

SG CG

39

Fig. 2 Number of proteins found in stone group (SG) and control group
(€C)

demographics and clinical characteristics are presented
in Table 1. All analyzed stones primarily consisted of cal-
cium oxalate.

Proteomic analysis of urine samples

A total of 4623 proteins were identified by LC-MS/MS
analysis of bilateral renal pelvis urine from the eight
patients. In this cohort, 4,584 proteins were detected in
the control group and 4,486 in the stone group, as shown
in Fig. 2. Utilizing criteria of FC>1.5 or <0.67 and a
P-value<0.05, we distinguished 40 differential proteins
between the groups; 36 were up-regulated, and 4 were
down-regulated, as detailed in Table 2.

GO analysis of deps

To explore the possible biological functions of dysregu-
lation proteins, we used the interproscan-5 program
against the non-redundant protein database. Results
demonstrated that the most enriched GO terms are
related to cellular component (extracellular exosome,
extracellular space, extracellular region), biological pro-
cess (innate immune response, antimicrobial humoral

immune response, defense response to fungus) and
molecular function (signaling receptor binding, heparin
binding) (Fig. 3).

KEGG pathway analysis of deps

The KEGG pathway enrichment analysis was conducted
to identify the functions of DEPs. The results showed
that DEPs in stone group compared with the control
group were involved in 274 KEGG pathways. As shown
in Fig. 4, the top ten significant pathways were as fol-
lows: Complement and coagulation cascades, Neutro-
phil extracellular trap formation, Staphylococcus aureus
infection, coronavirus disease 2019 (COVID-19), Cho-
lesterol metabolism, Vitamin digestion and absorption,
Amoebiasis, Fructose and mannose metabolism, African
trypanosomiasis, Leukocyte transendothelial migration.
The complement and coagulation cascades pathway was
the most representative pathway, including 8 DEPs, fol-
lowed by the Neutrophil extracellular trap formation and
Staphylococcus aureus infection, encompassing 6 and 5
DEDPs, respectively.

Reactome pathway analysis of deps

Reactome enrichment analysis demonstrated 108 path-
ways in DEPs. As shown in Fig. 5, the top five significant
pathways were as follows: Regulation of TLR by endog-
enous ligand, MyD88 deficiency (TLR2/4), IRAK4 defi-
ciency (TLR2/4), MyD88:MAL(TIRAP) cascade initiated
on plasma membrane, Common Pathway of Fibrin Clot
Formation.

Protein—protein interaction network of differentially
expressed proteins

To further uncover the regulatory role of DEPs in Cal-
culi - side renal pelvis urine and non - calculi - side
renal pelvis urine, interactions between any set of two
DEPs in this study were used to build a regulatory net-
work using STRING and Cytoscape (Fig. 6). The results
demonstrated that the DEPs constructed a compli-
cated regulatory network containing 38 nodes and 92
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Table 2 List of deps in the urine of bilateral renal pelvis in patients with unilateral kidney stones
Protein name Abbreviation Accession Mean  P-value Function Expres-
FC sion
Neutrophil defensin 1 DEFA1B P59665 9785 0012 Antibiotic Up
Galectin-10 CLC Q05315 61.58 0.012 Lectin Up
Eosinophil cationic protein RNASE3 P12724 5425 0012 Antibiotic Up
Protein S100-A9 S100A9 P06702 37.71 0.012 Antimicrobial, Antioxidant Up
Protein S100-A8 S100A8 P05109 3064  0.028 Antimicrobial Up
Coronin-T A CORO1TA P31146 29.73 0038 Actin-binding Up
Histone H1.5 H1-5 P16401 26.51 0.009 Receptor, Transducer Up
Apolipoprotein B-100 APOB P04114 2370 0018 Heparin-binding Up
C4b-binding protein alpha chain C4BPA P04003 2338 0016 complement activation Up
Integrin beta-2 ITGB2 P05107 17.31 0.026 Integrin, Receptor Up
Neutrophil defensin 3 DEFA3 P59666 16.56 0012 Antibiotic Up
Plastin-2 LCP1 P13796 15.75 0.004 DNA-binding Up
Fibrinogen beta chain FGB P02675 1468  0.043 Blood coagulation Up
Ras-related C3 botulinum toxin substrate 2 RAC2 P15153 1448  0.041 Ligand Up
Immunoglobulin heavy constant gamma 1 IGHG1 P01857 1334 0044 Adaptive immunity Up
Apolipoprotein A-l APOA1 P02647 1328  0.032 Lipid metabolism Up
Fascin FSCN1 Q16658 13.06 0012 Actin-binding Up
Fibrinogen gamma chain FGG P02679 1208  0.041 Blood coagulation Up
Lamin-B1 LMNB1 P20700 12.05  0.030 Intermediate filament Up
Apolipoprotein A-ll APOA2 P02652 1164 0030 Lipid transport Up
Complement factor H CFH P08603 11.51 0.014 Complement alternate Up
pathway
Coagulation factor XIII B chain F13B P05160 1098  0.045 Blood coagulation Up
Phosphatidylinositol-glycan-specific phospho-  GPLD1 P80108 1084 0014 Hydrolase Up
lipase D
Histidine-rich glycoprotein HRG P04196 960 0017 Heparin-binding Up
Complement component C8 alpha chain C8A P07357 8.01 0.011 Translocase Up
Fibrinogen alpha chain FGA P02671 735 0012 Blood coagulation Up
High mobility group protein B2 HMGB2 P26583 6.19  0.024 DNA-binding Up
RNA-binding protein Raly RALY Q9UKM9 492 0.004 Ribonucleoprotein, Up
RNA-binding
Calponin-2 CNN2 Q99439 468  0.008 Actin-binding, Up
Calmodulin-binding
Aldo-keto reductase family 1 member B10 AKR1B10 060218 429 0017 Oxidoreductase Up
Protein $100-A2 S100A2 P29034 413 0024 Ligand Up
Immunoglobulin lambda variable 6-57 IGLV6-57 PO1721 369 0012 Adaptive immunity Up
Actin, alpha skeletal muscle ACTA1 P68133 331 0.001 Hydrolase, Muscle protein Up
Protein kinase C beta type PRKCB PO5771 326 0.000 Kinase, Transferase Up
Glucose-6-phosphate 1-dehydrogenase G6PD P11413 308 0021 Oxidoreductase Up
EH domain-binding protein 1-like protein 1 EHBP1L1 Q8N3D4 243 0010 Unknown Up
Testican-1 SPOCK1 Q08629 054 0014 Unknown Down
Bile salt-activated lipase CEL P19835 0.52  0.002 Hydrolase, Serine esterase Down
GDP-mannose 4,6 dehydratase GMDS 060547 0.31 0.008 Lyase Down
Uridine phosphorylase 1 UPP1 Q16831 023 0.004 Glycosyltransferase Down

FC, Fold change

edges. Fibrinogen alpha chain and Fibrinogen gamma
chain were the most important hubs interacting with 13
proteins.

Metabolomics analysis of urine samples
A total of 323 metabolites were detected, identified and
quantified in 8 pairs of stone pelvis urine and healthy

kidney urine. We applied a dual criterion of P<0.05 and
FC>1.2 to detect common features in eight paired sam-
ples, leading to the identification of 10 upregulated DMs
(Table 3). Urinary metabolomics indicated that Adenos-
ine and N7-Methylguanosine were significantly up-reg-
ulated in the urine of the kidney on the calculous side,
and the FC was 12.15 and 10.36, respectively. In addition,
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The Most Enriched GO Terms
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Fig. 3 GO analysis of the 40 DEPs for functional classification. Green, yellow and blue bars represent biological processes, cellular components, and mo-
lecular functions, respectively. The horizontal axis represents the number of DEPs
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KEGG pathway enrichment
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Fig. 4 KEGG pathway enrichment analysis of DEPs with the ten highest enrichment scores. The left y-axis shows the pathways. The right y-axis colored
with gradient color is -log (P value) showing the enrichment score. The greater the enrichment score, the smaller the P value, signifying the significant

enrichment of DEPs within the specified pathways

eight different metabolites were significantly upregu-
lated in the lithic side samples, namely Methylmalonic
acid, 2-Phenylacetamide, 4-Guanidinobutanoic acid,
Acetaminophen, 2-Amino-3-phosphonopropionic acid,
3-Hydroxyanthranilic acid, 8-Methoxykynurenate and
3-Hydroxykynurenine.

KEGG pathway analysis of of dysregulated metabolites

The KEGG analysis shows that dysregulated metabolites
were enriched in Tryptophan metabolism, GMP-PKG
signaling pathway, Alcoholism, Morphine addiction
(Fig. 7). The Tryptophan metabolism pathway was the
most representative pathway.

Discussion

The pathogenesis of urinary calculi is complex and
remains an unresolved global health issue [18]. Pro-
teomic and metabolomic profiling of urine shows prom-
ising potential in diagnosing and treating kidney diseases.
However, the majority of existing research primarily
contrasts the urine composition between individuals
with kidney stones and those without, without delving
into comprehensive multi-omics investigations of the

bilateral renal pelvis urine in patients with unilateral kid-
ney stones. Urine is inherently unstable and varies greatly
due to factors such as diet, gender, age, medications,
and even the timing of urine collection. These variables
introduce significant complexity and potential errors in
multi-omics studies of urine, impacting the reliability of
the results [4]. In our study, we collected urine directly
from the renal pelvis of patients with unilateral kidney
stones using ureteral catheterization. This autologous
control approach allows for a more efficient and accurate
evaluation of the urinary microenvironment where stone
formation occurs. However, inserting the ureteral cath-
eter inevitably exerts certain mechanical stimulation on
the ureteral tissue. This kind of stimulation may trigger a
stress response in the local tissue, leading to an increase
in the release of some endogenous proteins or metabo-
lites. These additional substances generated by the stimu-
lation may mask the changes in proteins and metabolites
originally present in the sample that are related to the
research purpose, or interfere with their accurate detec-
tion. We have maximally removed cell debris and impuri-
ties from the samples during the pre - treatment process
to ensure the stability of the urine samples. During the
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Reactome Pathway enrichment
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Fig. 5 Reactome pathway enrichment analysis of DEPs with the ten highest enrichment scores. The left y-axis shows the pathways. The right y-axis col-

ored with gradient color is P value showing the enrichment score

pre - treatment of samples, we've made every effort to
remove cell debris and impurities from the samples,
ensuring the stability of the urine samples. However, col-
lecting urine via a ureteral catheter may still have some
potential impacts that can’t be completely avoided.

By performing quantitative analysis, P value <0.05 and
FC>1.5 as the screening criterion, a total of 40 proteins
with significant differences were identified (36 up-reg-
ulated and 4 down-regulated). The most highly upregu-
lated protein was Neutrophil defensin 1, with a mean
FC of 97.85, followed by Galectin-10, Eosinophil cat-
ionic protein, Protein SI00A9, and Protein S100A8, each
displaying an average FC above 30. The most notably
downregulated protein was Testican-1, followed by Bile
salt-activated lipase.

Neutrophil defensin 1 is a key component of the
innate immune system with broad-spectrum antimicro-
bial effects against bacteria, fungi, and other pathogens

[19]. S100 calcium binding protein A8 (S100A8) and A9
(S100A9) belong to the S100 family of calciumbinding
proteins, which are primarily secreted by neutrophils
and plays a prominent role in the regulation of inflam-
matory processes and immune response [20]. Research
shows that SI00A8 and S100A9 are the most abundant
components in the matrix of kidney stones, and their
expression is significantly increased in the renal tissues
of patients with urolithiasis [21]. Our study revealed
that in the urinary microenvironment where kidney
stones exist, the levels of SI00A8 and S100A9 were sig-
nificantly elevated, exceeding 30 times the levels found
in urine without stones. This suggests that both S100A8
and S100A9 play a crucial role in the formation and
progression of kidney stones. The eosinophil cationic
protein is a small polypeptide that originates from acti-
vated eosinophil granulocytes and exhibits antibacterial
activity [22]. Galactin-10 also known as Charcot-Leyden
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Fig. 6 Protein-protein interaction networks of the DEPs. PPl analysis was based on fold changes of protein expression. The gray colored lines represent
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crystal protein, is highly expressed in human eosinophils
and considered a biomarker of eosinophil involvement
in inflammation [23]. Eosinophilic cationic proteins and
neutrophil defense protein-1 were also found to be com-
mon components of the stone matrices [24, 25]. Thus, the
findings indicate that inflammatory responses within the
urinary microenvironment, particularly those involving
neutrophils and eosinophils, play an essential role in the
pathophysiology of kidney stone formation.

It is plausible to observe an elevation in blood mic-
roparticles within the urinary microenvironment in the
presence of stones. Components like fibrinogen and clot-
ting factors are likely to be increased due to the inherent
damage caused by stone. This damage typically induces
minor bleeding and initiates a coagulation cascade, con-
tributing to the presence of these microparticles. We
also noted that urine apolipoprotein levels were elevated
in the stone group, suggesting a possible disturbance in
lipid metabolism. Similarly, GO analysis revealed that
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Table 3 List of DMs in the urine of bilateral renal pelvis in patients with unilateral kidney stones
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Name Mz Formula KEGG p-value Mean FC
Adenosine 268.1046 C10H13N504 C00212 0.001 12.15
N7-Methylguanosine 298.1151 C11H16N505 C20674 0.018 10.36
3-Hydroxykynurenine 224.1247 C10HT2N204 02794 0.004 283
8-Methoxykynurenate 219.0477 C1THINO4 C05830 0.003 213
3-Hydroxyanthranilic acid 154.0503 C7H7NO3 C00632 0.001 213
4-Guanidinobutanoic acid 146.0818 C5H11N302 C01035 0.002 212
Methylmalonic acid 101.0717 C4H604 C02170 0.003 207
2-Phenylacetamide 1360762 C8HONO C02505 0.040 205
2-Amino-3-phosphonopropionic acid 152.0098 C3H8NO5P C05672 0.000 2.05
Acetaminophen 151.062 C8HINO2 C06804 0.001 203
Mz, mass-to-charge ratio. FC, Fold change
Tryptophan metabolism - &
cGMP-PKG signaling pathway - .
Alcoholism - .
Morphine addiction .
Regulation of lipolysis in adipocytes - .
Sphingolipid signaling pathway
Vascular smooth muscle contraction -
: ; Pvalue
Renin secretion - .
) . ;
c cAMP signaling pathway 0.1
< . . 0.2
Z Parkinson disease -
= 0.3
= Propanoate metabolism+
=
-—
g Valine, leucine and isoleucine degradation .
Count
Phenylalanine metabolism . Q>
Neuroactive ligand-receptor interaction - .
Phosphonate and phosphinate metabolism .
Pyrimidine metabolism- -
Arginine and proline metabolism- -
Purine metabolism+
ABC transporters -
Bile secretion - .
T T T T T
0.000 0.025 0.050 0.075 0.100
Impact

Fig. 7 KEGG pathway enrichment analysis of DMs with the ten highest enrichment scores
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most DEPs are mainly extracellular exosome and infec-
tion-related proteins. The KEGG analysis also suggested
that the renal pelvis urine on the calculus side was mainly
composed of coagulation cascade pathways, anti-infec-
tion-related pathways and cholesterol metabolism.

Previous research has indicated that the renal stones
can stimulate tubular epithelial and immune cells to
secrete inducible chemokines via TLR4 (Toll-like recep-
tor 4) pathway and TLR2 (Toll-like receptor 2) pathway.
This activation initiates a “chemokine to cytokine to che-
mokine” cascade, which may play a crucial role in uroli-
thiasis pathogenesis. In concordance with these findings,
our study has arrived at comparable conclusions. The
data presented in Fig. 6 illustrate that that DEPs in the
urine microenvironment are significantly enriched in the
endogenous ligand-regulated TLR pathway.

For DMs, we investigated the potential metabolic
pathways of metabolic alterations through the KEGG
database and found that Tryptophan metabolism, cGMP-
PKG signaling pathway, Alcoholism, Morphine addiction
are involved in the formation of kidney stones. Adenos-
ine and 7-Methylguanine were found to be significantly
more than 10-fold higher in the urine collected from the
calculous (stone-containing) side compared to the urine
from the non-calculous side. This observation led us to
hypothesize that the elevated levels of these compounds
were likely due to cell death or injury. When cells are
damaged or undergoing cell death, their internal com-
ponents, including nucleosides, may be released into the
surrounding fluid, such as urine. Furthermore, both ade-
nosine and 7-Methylguanine are known to be involved
in physiological processes such as immune response and
inflammation [26, 27].

3-Hydroxyanthranilic —acid, 8-Methoxykynurenate
and 3-Hydroxykynurenine are related products in the
kynurenine pathway of tryptophan metabolism. In
the human body, kynurenate metabolites regulate bio-
logical processes including host microbiome signaling,
immune cell responses, and neuronal excitability [28].
8-Methoxykynurenate has been found to be enriched
in COVID-19 patients. 3-Hydroxykynurenine and
3-Hydroxyyanthranilic acid have been shown to have
pro-oxidation activities, which can induce oxidative
stress through the production of free radicals [29]. Addi-
tionally, the kynurenine pathway of tryptophan metabo-
lism can produce Nicotinamide adenine dinucleotide
(NAD+), which is a coenzyme involved in many cellular
oxidation-reduction reactions [30].

Methylmalonic acid is an important intermediate in
carbohydrate and amino acid metabolism in the human
body. Studies have suggested that it may act as an endog-
enous neurotoxin, causing dilation of renal tubules,
swelling of mitochondrial tubular epithelia and disorga-
nization of cristae, which in turn leads to renal tubular
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damage [31, 32]. 4-Guanidinobutyric acid, an alkaloid
included in guanidino compounds, has stimulatory
effects on monocytes and granulocytes, and oxidative
burst activity has been observed in granulocytes [33].
Levillain, O et al. believe that the specific accumulation
of toxic guanidino compounds in the injured kidney
reflects disturbances in renal metabolism and function
[34]. Hydroquinone and Acetaminophen are the major
metabolite of aniline, which is an important intermediate
in the dye industry. Acetaminophen is considered a well-
known and widely used analgesic and antipyretic drug. In
some cases, it can cause nephrotoxicity through oxidative
stress. Research suggests that acetaminophen may cause
renal tubular damage via pathways such as the enhance-
ment of TNF-alpha levels, elevation in nitric oxide pro-
duction, involvement in oxidative-nitrosative stress,
and reduction in Na+/K+-ATPase activity [35-37]. This
kind of tubular damage may lead to increased adhesive-
ness of calcium oxalate crystals, thereby promoting the
aggregation of stones [38]. Researches have shown that
Hydroquinone can trigger pyroptosis and endoplasmic
reticulum stress through Ahr-regulated human lym-
phocyte oxidative stress [39]. Furthermore, it has been
proved that it has a unique antibacterial mechanism
against Staphylococcus aureus [40].

We have found that the majority of DMs are associ-
ated with oxidative stress, which has also been confirmed
by previous studies [41]. This may suggest that not only
is there an increase in oxidative stress products in the
kidneys of patients with stones, but even the urinary
microenvironment of the two kidneys (stone-bearing
and non-stone-bearing) within the same individual can
exhibit significant differences.

This study has several limitations. First, it didn’t explore
the DEPs and DMs in the urine of healthy individuals and
kidney stone patients. Second, the sample size is small.
The determination of unilateral kidney stones relied
only on patients’ CT scan images and medical histories,
unable to guarantee the contralateral kidney is stone -
free. Also, infrared spectral analysis of kidney stones can’t
ensure the calcium oxalate stone component in the sam-
ple exceeds 99%. Lack of follow - up research on postop-
erative patients makes it difficult to clarify whether these
differences emerged after kidney stone formation or
existed beforehand. Thus, it’s hard to tell whether inflam-
mation and oxidative stress cause kidney stone formation
or are the results.

Conclusion

Our study found that even in patients with unilateral
renal stones, significant differences exist in the proteins
and metabolites in the renal pelvis urine of both kidneys.
These DEPs and DMs primarily play a crucial role in the
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development and progression of renal stones through
inflammatory responses and oxidative stress.
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