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ABSTRACT Objective: To systematically compare the differences in urinary organic acid metabolic pro-
files between patients with urinary calculi and non-calculi individuals, to screen disease-specific charac-
teristic metabolic biomarkers and key signaling pathways, and to elucidate the potential mechanism
underlying the occurrence and progression of urinary calculi at the metabolic level, so as to provide a
theoretical basis for basic research and screening of intervention targets for urinary calculi. Methods: A
total of 99 patients with urinary calculi and 57 non-calculi subjects were enrolled. Twenty-four-hour urine
samples were collected and subjected to untargeted urinary organic acid metabolomics detection by gas
chromatography-mass spectrometry ( GC-MS). Principal component analysis (PCA) and orthogonal partial
least squares discriminant analysis ( OPLS-DA) were used to analyze the differences in metabolic profiles
between the groups and the effects of clinical covariates. Volcano plot and variable importance in the pro-
jection ( VIP) analysis were applied to screen differential organic acids. The Kyoto Encyclopedia of
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Genes and Genomes (KEGG) database were used for metabolic pathway enrichment analysis. Machine
learning algorithms were adopted to screen the most representative core metabolite combinations and verify
the discriminatory efficacy of organic acids for disease status. Results; The urinary organic acid metabolic
profiles showed a significant separation trend between the calculi group and the non-calculi group ( OPLS-
DA: R2X =0.139, R2Y =0.48, (2 =0.457). Gender was an important covariate affecting metabolic
profiles , while diabetes, hypertension and stone recurrence status exerted no significant influence. A total
of 44 differential organic acids were screened (P <0.05), including 6 upregulated and 38 downregulated
metabolites. Ten core differential metabolites were identified via VIP analysis (P <0.001, all downregu-
lated). Differential organic acids were mainly enriched in energy metabolism pathways such as glyoxylate
and dicarboxylate metabolism, as well as amino acid metabolism pathways including tryptophan metabo-
lism. Among machine learning models, Gradient Boosting Machine and Random Forest exhibited the opti-
mal efficacy with an average area under the curve (AUC) of 0.996. Five core metabolites including pro-
pionylglycine, 5-hydroxyindole-3-acetic acid, kynurenic acid, orotic acid and fumaric acid were identi-
fied as the optimal combination. The nomogram model constructed based on this combination yielded an
AUC of 0.997 ; after calibration bias correction, the calibration curve was highly consistent with the ideal
curve, with a mean absolute error of 0. 022, which could effectively distinguish calculi patients from non-
calculi individuals. Conclusion: Patients with urinary calculi present obvious disorders in urinary organic
acid metabolism, which are mainly involved in energy and amino acid metabolic pathways and closely
associated with the pathogenesis of urinary calculi. The five core metabolites ( propionylglycine, 5-
hydroxyindole-3-acetic acid, kynurenic acid, orotic acid and fumaric acid) can effectively distinguish
calculi from non-calculi populations, and can serve as representative metabolic biomarkers to provide no-

vel targets for subsequent mechanism exploration and targeted intervention.
KEY WORDS Urolithiasis; Urinary organic acids; Metabolomics; Urology
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Table 1 Clinical and demographic characteristics of the study population

Clinical and demographic characteristics Stone group(n =99) Non-stone group(n =57) P
Male, n (%) 72(72.7) 21(56.1) 0.027
Age/years ,x + 56.8 £12.3 53.4 £11.7 0.087
Complicated with diabetes, n (% ) 23(23.2) 8(14.0) 0.120
Complicated with hypertension, n (% ) 31(31.3) 12(21.1) 0.126
Recurrence 28(28.3) - -
A PCA of urinary organic acid profiles PCA of urinary organic acid profiles PCA of urinary organic acid profiles
stone (n=99) vs. control (n=57) diabetes (n=36) vs. nodiabetes (n=120) male (n=89) vs. female (n=67)
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PCA of urinary organic acid profiles
hypertension (n=60) vs. nohypertension (n=96)
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recurrent-stone (n=27)

5 5 T s

3 -

50 g 0

= - = -5 Group

I Group & # Control

~-10] o Nohypertension ~-10( » Single-stone
# Hyperlension o ® Recurrent-stone °
-10 -5 0 5 10 15 -10 -5 0 5 10 15

PC1 (27.7% variance) PC1 (27.7% variance)

A, principal component analysis ( PCA) comparing stone patients (n =99, red) and healthy controls (n =57, blue), PCl (27.7% ) and PC2
(7.4% ) show a clear separation trend, indicating distinct metabolic profiles between stone patients and healthy controls; B, PCA stratified by diabetes
status, comparing stone patients with diabetes (n =36, red) and stone patients without diabetes (n =120, blue), and the extensive overlap of confi-
dence ellipses suggests that diabetes has minimal impact on the urinary organic acid profile; C, PCA stratified by gender, comparing males (n =89,
blue) and females (n =67, red), and the clear separation between groups indicates that gender is an important covariate affecting urinary organic acid
profiles; D, PCA stratified by hypertension status, comparing stone patients with hypertension (n =60, red) and stone patients without hypertension
(n=96, blue), and the extensive overlap suggests that hypertension is not a key covariate influencing the urinary organic acid profile; E, PCA
comparing healthy controls (n =57, blue) , single-stone patients (n =72, green), and recurrent-stone patients (n =27, red), and the controls are
clearly separated from both stone groups, while single-stone and recurrent-stone patients show substantial overlap, indicating similar metabolic profiles.
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Figure 1  Principal component analysis of urinary organic acid profiles in patients with urolithiasis and controls

R T e RAR ] 2% 55 0 i 3K B2 o B R
AR IR, IF it — 20 B0 TR 4 R) AR 0 22 = 1 4
AR, A3 T OPLS-DA £i%l, OPLS-DA f84)
PR T LB 7 T 485 40 4 (£060) S50 B () 7
T 3 B 43 R IE A8 2 B o R B S ELT B A B

PIAREA S 0 A XU AE L A D &, 3R
PRI F I 22 55 A e it 22 8 X, FETE IR 3l
O30T E I O AE A . BRGSO R2X =
0.139 R2Y =0. 48, Wil aE J1 =4 Q2 =0. 457, 3k
A B R 1) i R T R R e, A



i
- 742 -

Ok o e (
JOURNAL OF PEKING UNIVERSITY (HEALTH SCIENCES)

BE % W)
Vol.58 No.4 Aug. 2026

BREMAEME(F2) .

HEAT 325 BT LAVTAR I PR P02 % A 35 1% 1) 5%
ey, FEHE R AR A 53 2 19 PCA (I 1B) B, & IF 4
PRIGINEE A BB (n =36) 5 ARG I BRI Y 45 4 /&
H(n =120) FEAS T FE TS, S Ml IR X6 PR A HILIR
REHEREmE/N, M Z T, #5521 PCA
(B 1C) BB (n =89) 52t (n =67) FEALAAE
A S o3, B 1 ) 2 5 i A ik 1 R AR A
e MR 73 2 B9 PCA (& 1D) oK, & il
JEMZE A B (n=60) 5RG I & LRSS A B E
(n=96) FEAS 5 B 5 &, 457 & IR R IR A PR
RS O [ R, &, X LRSS A B
(n=57) BRGEABH(n=72) 5E R AEH
(n=27)8y PCA(JE 1E) B, JE45 1 B 5wk
S B W ey, MR S R A R A
Tk B, R G AR RN TR A ALIR A
FRIESZ IR/ o
2.3 A EBE SR A B 0 22 SR Y T e
¥ U TR R o A

JEF OPLS-DA A5 | b 2% 41 20 5 % B 20 1Y IR A
PLRRACE 3 4T T 22 AR i i o 1l &1 0 By
(E3A) BoR, 5XF BRI EL , 45 A RS0 1 44 Fh
BAGI 250 A PR (P <0.001) , Hr 6 fik
ik BE,38 PPk W N,

S PR 9K 2 PR 2H A5 40 5 ) OB , ik —
HATE T H VIP(H, B 3B B T VIP {HHEA T 30

& Significance * Down - No signifcant Up
20 |
18 o4
16 i

o 14 >

A BILIR , JHG rb Xt 2L 18] 7 75 D kB2 A i O T 10 A%
ORI B3 T IH (P <0.001), % VIP
{EA R BURARU A FLIE R R IR MEMIR (N-Z IR A
AR BRI B DR IR 3-P S 2R N-&
PEmE 2R  H BRI R

10
5
E Group
.g Control
S Stone
= -10
=20

-10 =5 0 5}

t_pred[1] (13.9% explained)

The OPLS-DA model clearly demonstrates the distribution of the stone
group (red) and control group (blue) along the predictive principal com-
ponent (t_pred[ 1], explaining 13.9% of variance) and the orthogonal
principal component (t_ortho[ 1]); A significant separation trend was
observed between the two groups along the t_pred[ 1] axis, with only mi-
nor overlap at the edges, indicating substantial differences in urinary or-
ganic acid metabolic profiles; The model fit parameters were R2X =0. 139,
R2Y =0.48, and the predictive ability parameter (2 =0.457, indicating
good explanatory power, predictive stability, and no significant overfitting.
OPLS-DA, orthogonal partial least squares discriminant analysis.
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Figure 2 Orthogonal partial least squares discriminant analysis score
plot of urinary organic acid profiles in urolithiasis patients and controls
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A, compared with the control group, a total of 44 organic acids with significant differences were identified in the stone group (P <0.05) , including 6
significantly up-regulated (red) and 38 significantly down-regulated ( blue) metabolites; B, the top 30 organic acids with the highest contribution to
metabolic separation between groups are shown; The top 10 key metabolites ranked by VIP value are: Orotic acid, kynurenic acid, N-acetylaspartic
acid, vanillic acid, fumaric acid, Succinic acid, 3-methyladipic acid, N-acetyltyrosine, glyceric acid, and suberic acid, which are the critical mole-
cules driving the metabolic differences between the two groups. VIP, variable importance in projection; FC, fold change.

&3

PR ZR G0 B ARG A B 22 5 A WU T 126 MR U A ) SRR EE A

Figure 3 Screening of differentially expressed organic acids and contribution analysis of key metabolites in urolithiasis patients vs. controls
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A, bar chart showing the KEGG pathways significantly enriched by the differentially expressed organic acids, the results show that glyoxylate and dicar-
boxylate metabolism, oxidative phosphorylation, and the citrate cycle (TCA cycle) are the most significantly enriched pathways, suggesting that the de-
velopment of urolithiasis is closely related to disturbances in energy metabolism and central carbon metabolism; B, bubble plot further illustrating the
characteristics of the enriched pathways, the glyoxylate and dicarboxylate metabolism pathway has the highest number of metabolites and the strongest sig-

nificance, while oxidative phosphorylation and the citrate cycle also show

significant enrichment, further confirming the central role of energy and central

carbon metabolism in the pathogenesis of urolithiasis. KEGG, kyoto encyclopedia of genes and genomes; TCA, tricarboxylic acid cycle; GABAergic,

gamma-aminobutyric acid-ergic.
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Figure 4 KEGG pathway enrichment analysis of differentially expressed organic acids
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Machine learning models

A, bar chart of mean AUC values for different machine learning models, GBM and RF achieved the highest mean AUC of 0. 996, followed by SVM, and
KNN, indicating that urinary organic acid metabolites can effectively distinguish stone patients from healthy controls; B, heatmap of consensus metabo-
lites (vote = 3); Key metabolites consistently selected by at least 3 models are shown, including orotic acid, kynurenic acid, succinic acid, and fu-
maric acid, which serve as core biomarkers for the diagnosis of urolithiasis. VIP, variable importance in projection; FC, fold change; AUC, area under

the curve; GBM, gradient boosting machine; RF, fandom forest; SVM,
LDA, linear discriminant analysis.
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Figure 5 Machine learning analysis of

support vector machine; KNN, K-nearest neighbors; LR, Logistic regression;
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A, bar chart of AUC values for consensus metabolites after covariate adjustment, N-acetyltyrosine achieved the highest AUC value of 0.912, while fu-
maric acid (0.887) and propionylglycine (0.885) also exhibited high diagnostic efficacy, indicating their potential as independent diagnostic biomark-
ers for urolithiasis; B, violin plot of co-identified differential organic acids, blue represents the control group, and pink represents the stone group, with
Z-score as the normalized expression level, all displayed metabolites showed significant differences between the two groups (P <0.001) , further validating
their reliability as diagnostic biomarkers for urolithiasis. #* % % P <0.001. AUC, area under the curve.
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Figure 6 AUC plot and violin plot of consensus urinary organic acids
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