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a b s t r a c t

Colorectal cancer (CRC) is a common malignant tumor of the digestive tract and has become a seri-

ous threat to human health worldwide. As an important part of systems biology, metabolomics is an

effective tool to study the pathogenesis of diseases and search for potential biomarkers. Particularly, liq-

uid chromatography-high resolution mass spectrometry (LC-HRMS)-based untargeted metabolomics plays

crucial roles in the discovery of CRC biomarkers. However, previous studies still have some limitations,

such as small sample cohorts, lack of standardized procedures and independent validation. In this study,

LC-HRMS based non-targeted metabolomics analysis was performed to acquire metabolic profiling of 156

urine samples from healthy controls (HC, n=43), colorectal adenoma patients (CRA, n=51) and CRC pa-

tients (n=62) to reveal metabolite disturbance, and then differential metabolites were verified in another

sample set including 200 urine samples. Compared with CRA patients and HC, the levels of some lipids

and lipid-like molecules, organic acids and derivatives, and organic oxygen compounds were increased,

whereas the levels of most amino acids and derivatives, benzenoids, lipids and lipid-like molecules, nucle-

osides, nucleotides, and analogues, organic acids and derivatives, organoheterocyclic compounds as well

as phenylpropanoids and polyketides were significantly decreased in CRC patients. Moreover, a poten-

tial biomarkers panel consisting of 4 metabolites was defined and validated for CRC diagnosis, and high

area under the curve (0.963 for distinguishing CRC from non-CRC subjects) as well as good specificity and

sensitivity were obtained. Although further extensive validation with larger sample sizes in different pop-

ulations is needed before it can be recommended for clinical use, clinical diagnosis of CRC in the future

may benefit from the biomarkers panel developed in this study.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Colorectal cancer (CRC) is a common malignant tumor in the

world and the second leading cause of cancer-related deaths in

2020. The morbidity and mortality of CRC in developing countries

have shown a significant increase, which has increased the eco-

nomic burden on families and society [1]. Colonoscopy is widely

regarded as the gold standard for CRC screening, as it allows di-

rect visualization of the entire colon’s interior and has high diag-

nostic accuracy [2]. However, the screening compliance is low due

to the invasiveness of colonoscopy [3]. Besides, more clinical re-
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sources are required for colonoscopy screening. Hence, exploring

reliable, specific, and highly predictive biomarkers is critical for im-

proving CRC diagnosis and developing effective CRC treatments and

prevention strategies [4].

Metabolomics studies the metabolic networks of biological sys-

tems and their regulatory mechanisms through the characteriza-

tion, identification and quantification of metabolites in living or-

ganisms [5–16]. It is an important tool to detect metabolite dis-

turbance in the development of disease, screen disease diagnos-

tic biomarkers and identify new drug targets [17–22]. Evidence

suggests that metabolic disorders occur during the development

of CRC [23]. Previous studies have shown that metabolites re-

lated to redox status, energy metabolism, and amino acid, choline
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Fig. 1. (A) Workflow of non-targeted metabolomics analysis, and (B) schematic il-

lustration of the study design.

and nucleotide metabolism play significant roles in the progres-

sion of CRC [24–28]. Studies of rectal cell lines and tissue sam-

ples found that metabolites involved in glutamine breakdown,

tryptophan metabolism, pyrimidine, lipid and carnnitine synthesis

were elevated, while metabolites involved in glycero–3-phosphate

shuttling, urea cycle and oxidation reactions were decreased [29].

Metabolomics can reveal the changes of endogenous metabolites in

organisms, which reflect metabolic abnormalities in disease states,

and help us to understand the pathological mechanisms and dis-

cover early disease markers, so as to realize the screening and early

diagnosis of diseases [30–37]. However, the limitations of exist-

ing research lie not only in the small sample size [38], but also

in the lack of multiple non-CRC controls including colorectal ade-

noma patients (CRA) and other digestive diseases, in addition to

healthy controls (HC).

In this work, liquid chromatography-high resolution mass spec-

trometry (LC-HRMS) based non-targeted metabolomics was ap-

plied to acquire metabolic profiling of urine samples. A total of 356

participants were involved and assigned to a discovery set (n=156,

62 CRC subjects, 51 CRA subjects and 43 HC subjects) and a valida-

tion set (n=200, 62 CRC subjects, 56 CRA subjects, 38 other diges-

tive diseases subjects (including gastric cancer, haemorrhoids, diar-

rhea, appendicitis) and 44 HC subjects). This study was approved

by the Ethics Committee of The Second Affiliated Hospital, Zhe-

jiang University School of Medicine. The detailed clinical informa-

tion (the age and sex ratios) of the recruited participants and the

information of internal standards used for LC-HRMS analysis were

shown in Tables S1 and S2 (Supporting information), respectively.

As illustrated in Fig. 1, the metabolic characteristics and disordered

metabolite pathways of CRC were first investigated, and then the

candidate diagnostic markers for CRC diagnosis were screened and

validated.

Fig. 2. Identification of metabolites in QC samples. (A) Number of metabolites in

each chemical class, (B) percentage of metabolites in each chemical class, and (C)

RSD distribution of metabolites in QC samples in discovery set for evaluating the

method repeatability.

A total of 150 and 171 metabolites were identified from urine

metabolic profiles in positive and negative ionization modes, re-

spectively, and 25 metabolites were repeatedly detected. The peak

tables were matched and identified with MS-DIAL and the criteria

of metabolite identification were described in the supplementary

materials. These metabolites were defined into 9 chemical classes.

The number and percentage of metabolites in each chemical cate-

gory were shown in Figs. 2A and B. The stability of the instrument

and the repeatability of the data were evaluated by constructing

a map of the metabolite RSD% distribution in quality control (QC)

samples. Results from the discovery set demonstrated that >81%

metabolites had RSD% < 30% (Fig. 2C). For validation set, the RSD

values of 83% metabolites were <30% (Fig. S1 in Supporting in-

formation). These results reflected that the stability of instrument

and the repeatability of data acquisition were excellent.

Multivariate analysis was carried out to further investigate

metabolite disturbance at an overview level. Partial least squares

discriminant analysis (PLS-DA) model was built between CRC and

HC or CRA groups, and the PLS-DA score plot showed that HC and

CRA were clearly separated from CRC, respectively (Figs. 3A and B),

which indicated that the subjects with CRC had obvious metabo-

lite disorders. The overfitting of the PLS-DA model was evaluated

by R2-intercept and Q2-intercept from the cross validation. The re-

sults showed that no overfitting was observed (Fig. S2 in Support-

ing information).

2



Q. Chen, Z. Xu, J. Mu et al. Chinese Chemical Letters 37 (2026) 112327

Fig. 3. PLS-DA score plots for CRC vs. HC (A) and CRC vs. CRA (B) in discovery set. The heatmap of differential metabolites among HC, CRA and CRC patients in the discovery

set (C), and the values represent the normalized relative abundance of differential metabolites (blue and green indicate increased and decreased metabolites, respectively).

Volcano plots illustrating differential metabolites in CRC vs. HC (D) and CRC vs. CRA (E).

In view of the metabolite disorders revealed by multivariate

analysis, we further determine differential metabolites by compar-

ing CRC patients with HC and CRA patients, respectively. Accord-

ing to the results of multivariate analysis and Mann-Whitney U

test, metabolites with P<0.05 and false discovery rate (FDR) <

0.11 were considered as significant differential metabolites. The re-

sults revealed that 120 commonly altered metabolites were iden-

tified. In a previous study, Bonferroni correction was used [39].

Although this correction method reduces the risk of false posi-

tives, it may also filter out some metabolites that are truly as-

sociated with CRC risk. As illustrated in Fig. 3C, the levels of

some lipids and lipid-like molecules, organic acids and deriva-

tives, and organic oxygen compounds were significantly increased

in CRC patients compared with those in HC and CRA patients,

whereas the levels of most amino acids and derivatives, ben-

zenoids, lipids and lipid-like molecules, nucleosides, nucleotides

and analogues, organic acids and derivatives, organoheterocyclic

compounds as well as phenylpropanoids and polyketides were

decreased. Among these altered metabolites, 3-methyl-2-oxindole,

Ala-Gly and kynurenic acid were significantly upregulated, whereas

3-(3-hydroxyphenyl)propionic acid sulfate, umbelliferone sulfate,

4-acetamidobutyric acid, 3,4-dihydroxyphenylalanine, isethionate,

oxoproline and 3-hydroxyphenylacetic acid were notably downreg-

ulated in CRC patients, compared with both HC and CRA patients

(Figs. 3D and E). These significant changes might be related to

the tumorigenesis behaviors such as intestinal microbiota dysreg-

ulation [40], immune escape [41], DNA damage and gene muta-

tions [42] in CRC patients. In an independent validation set of 200

participants, the trends of changes were consistent for most sub-

stances, as plotted in Fig. S3 (Supporting information).

For CRC and HC groups, a total of 136 metabolites presented

significant differences in the discovery set (P<0.05, FDR < 0.11),

of which 83 metabolites were verified in the validation set, which

means that these 83 metabolites were not only identified but

also showed significant differences in the validation set. The de-

tails of these up-regulated and down-regulated metabolites were

shown in Fig. 4A and Table S3 (Supporting information). These

9 up-regulated and 74 down-regulated metabolites were sub-

jected to KEGG pathway enrichment analysis, and the results in-

dicated that arginine biosynthesis, histidine metabolism and ty-
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Fig. 4. Analysis of differential metabolites between CRC and HC groups. (A) A total of 83 metabolites exhibited significant differences, and (B) KEGG pathway enrichment

analysis using these 83 differential metabolites.

rosine metabolism were the significantly dysregulated pathways

in CRC vs. HC group (Fig. 4B). As a precursor for the synthesis

of polyamines, arginine is necessary for cell proliferation. There-

fore, activation of arginine metabolism contributes to the growth

and proliferation of CRC cells [43]. Our results also suggested that

the arginine metabolic pathway is overactive in CRC. Histidine is

metabolized by nitric oxide synthase (NOS) to produce nitric ox-

ide (NO). As a signaling molecule, NO can influence vasodilation,

platelet aggregation and immune response, and may promote tu-

mor angiogenesis and immune escape in the tumor microenviron-

ment. Abnormal histidine metabolism in CRC provides favorable

conditions for the growth and survival of tumor cells [44]. Protein

tyrosine phosphorylation is a post-translational modification that

regulates protein structure and is critical for the homeostasis and

function of organisms. This physiological process is regulated by

two families of enzymes: protein tyrosine kinases (PTKs) and pro-

tein tyrosine phosphatases (PTPs). Increased activity of PTKs in tu-

mor cells can promote the proliferation, survival and metastasis of

tumor cells. Abnormally activated PTKs may lead to hyperphospho-

rylation of receptors on the tumor cell surface, thereby enhancing

intracellular signaling. PTPs are responsible for dephosphorylation

of tyrosine residues, and reduced activity may lead to the persis-

tence of the phosphorylation state, affecting the cell cycle, apopto-

sis, and intercellular communication [45].

For CRC and CRA groups, a total of 170 metabolites presented

significant differences in the discovery set (P<0.05, FDR < 0.11), of

which 101 metabolites were verified in the validation set. The de-

tails of these up-regulated and down-regulated metabolites were

shown in Fig. 5A and Table S4 (Supporting information). These

15 up-regulated and 86 down-regulated metabolites were sub-

jected to KEGG pathway enrichment analysis, and the results im-

plied that histidine metabolism, arginine biosynthesis, arginine and

proline metabolism, tyrosine metabolism and pentose phosphate

pathway were the significantly dysregulated pathways in CRC vs.

CRA group (Fig. 5B). The effects of arginine biosynthesis, histi-

dine metabolism and tyrosine metabolism on CRC were described

above. Proline is a key component in the synthesis of collagen,

which is one of the main components of the extracellular matrix

and plays an important role in the development and metastasis

of tumors [46]. Aberrant proline metabolism in tumors is usually

associated with increased tumor cell proliferation, migration and

invasion. The pentose phosphate pathway is a major source of in-

tracellular nicotinamide adenine dinucleotide phosphate (NADPH),

which is a powerful reducing agent used to maintain intracellular

redox balance. In tumor cells, the increase in NADPH helps pro-

tect cells from damage caused by oxidative stress and supports

anabolic processes. The pentose phosphate pathway also supports

nucleotide synthesis by providing ribo-5-phosphate, which is es-

sential for DNA replication and RNA synthesis in tumor cells [47].

In addition, we also evaluated the differences in metabolites be-

tween CRA patients and HC. However, there was no significant dif-

ference between these two groups.

Next, we combined the CRA patients and HC as non-colorectal

cancer (NCRC) group, and evaluated the differences in metabo-

lites between CRC and NCRC groups. A total of 176 differential

metabolites with P<0.05, and FDR < 0.11 were discovered and

subjected to binary logistic regression analysis. Finally, biopterin,

citrulline, nicotinuric acid, and 1-aminocyclopropane-1-carboxylic

acid were selected as the combinational diagnostic markers, since

good area under the curve (AUC) values with satisfactory sensi-
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Fig. 5. Analysis of differential metabolites between CRC and CRA groups. (A) A total of 101 metabolites exhibited significant differences, and (B) KEGG pathway enrichment

analysis using these 101 differential metabolites.

Fig. 6. ROC analysis and relative contents of the combined metabolite markers biopterin, citrulline, nicotinuric acid, and 1-aminocyclopropane-1-carboxylic acid for CRC

and NCRC discrimination in the discovery set (A-E) and validation set (F-J). Error bars present SEM. For CRC vs. HC, ∗P<0.05, ∗∗P<0.01, ∗∗∗P<0.001; and for CRC vs. CRA,
#P<0.05, ##P<0.01, ###P<0.001.

tivity and specificity were obtained for discriminating CRC from

NCRC in the discovery set (0.963) (Fig. 6A). The detailed process for

selecting the four-metabolite panel was described in the supple-

mentary materials. As illustrated in Figs. 6B–E, compared with HC

and CRA patients, the levels of biopterin, citrulline and nicotinuric

acid were all diminished, while the level of 1-aminocyclopropane-

1-carboxylic acid was elevated in CRC patients. Biopterin is a co-

factor for multiple important enzymes, influencing oxidative stress

and inflammation levels. Citrulline’s core function revolves around

arginine metabolism, impacting T cell function and intestinal bar-

rier integrity. Nicotinuric acid is a precursor for the synthesis of

nicotinamide adenine dinucleotide (NAD+), a core coenzyme in

cellular energy metabolism, such as glycolysis and oxidative phos-

phorylation. 1-Aminocyclopropane-1-carboxylic acid, primarily as a

metabolite of gut microbiota, directly stimulates tumor growth and

metastasis. Abnormal levels of these metabolites in CRC patients

5



Q. Chen, Z. Xu, J. Mu et al. Chinese Chemical Letters 37 (2026) 112327

indicate that the related metabolic pathways are closely associated

with the occurrence and development of CRC.

These four combinational diagnostic markers were well vali-

dated in an independent sample set (AUC=0.887) (Fig. 6F). The

trends of these four combinational diagnostic markers were the

same as those in the discovery set (Figs. 6G–J). The combinational

metabolite markers were also used to distinguish CRC from CRA,

and the AUC value was 0.981 and 0.918 in the discovery set and

validation set, respectively (Figs. S4A and B in Supporting infor-

mation), which demonstrated that the metabolite panel had good

diagnostic efficiency. In a previous study, a urine-based metabolic

biomarker panel for early detection of multi-cancers was devel-

oped. However, the detection rate of CRC was lower (AUC=0.8)

[48]. In order to further investigate the specificity of these combi-

national markers, other digestive diseases including enteritis, stom-

ach cancer, and so on were also included in the validation set. Re-

ceiver operating characteristic (ROC) curve analysis revealed that

the AUC of the combinational metabolite markers was 0.782 (Fig.

S4C in Supporting information), indicating the limited interference

of other digestive diseases on the diagnosis of CRC. These results

suggest that the combined metabolic markers can significantly im-

prove the specificity and sensitivity of CRC diagnosis. It should be

emphasized that further validation on a large number of samples

is necessary before considering clinical application.

Currently, the diagnosis of colorectal cancer mainly relies on

typical symptoms and medical examinations, including, serum-

based carcinoembryonic antigen (CEA) levels, fecal immunochem-

ical testing (FIT) and colonoscopy. However, the sensitivity and

specificity of CEA and the accuracy of FIT for early diagnosis of CRC

are not satisfactory, and colonoscopy is invasive. Therefore, explor-

ing urinary metabolic markers to achieve noninvasive and effective

early diagnosis of CRC is urgently needed.

In this study, a non-targeted metabolomics approach based

on LC-HRMS platform was applied to characterize urine metabo-

lite profiling of CRC. The alterations in metabolites were exam-

ined among CRC, CRA and HC groups. Our results revealed that

some lipids and lipid-like molecules, organic acids and deriva-

tives and organic oxygen compounds levels were significantly in-

creased in CRC patients compared with HC and CRA patients, while

most amino acids and derivatives, benzenoids, lipids and lipid-like

molecules, nucleosides, nucleotides, and analogues, organic acids

and derivatives, organoheterocyclic compounds as well as phenyl-

propanoids and polyketides were decreased. Moreover, potential

combined metabolite markers including biopterin, citrulline, nicot-

inuric acid, and 1-aminocyclopropane-1-carboxylic acid were de-

fined from the discovery set, and showed good prediction power

for CRC diagnosis in the validation set. This study provides a

wealth of metabolic information for further exploring the patho-

genesis at metabolic level. Further studies are needed to validate

the promising urine biomarkers we discovered for CRC diagnosis.

First, additional validation with a larger sample size of patients

from multi-centers is necessary. Second, it is important to quantify

the metabolites identified and obtain their concentration ranges in

healthy individuals, CRA and CRC patients. Due to the lack of de-

mographic information (e.g., ethnicity, diet and medication) other

than age and gender, the influence of these unmeasured factors as

potential confounders cannot be completely ruled out. Neverthe-

less, this study provides valuable insights into the metabolic al-

terations associated with CRC and offers potential avenues for the

diagnosis of CRC.
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