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Background: Colorectal Cancer (CRC) is a prevalent digestive system tumour
with significant mortality and recurrence rates. Serum metabolomics, with its
high sensitivity and high throughput, has shown potential as a tool to discover
biomarkers for clinical screening and monitoring of the CRC patients.

Methods: Serum metabolites of 61 sex and age-matched healthy controls and 62
CRC patients (before and after surgical intervention) were analyzed using a ultra-
performance liquid chromatography-high resolution mass spectrometer (UPLC-
MS). Statistical methods and pathway enrichment analysis were used to identify
potential biomarkers and altered metabolic pathways.

Results: Our analysis revealed a clear distinction in the serum metabolic profile
between CRC patients and healthy controls (HCs). Pathway analysis indicated a
significant association with arginine biosynthesis, pyrimidine metabolism,
pantothenate, and CoA biosynthesis. Univariate and multivariate statistical
analysis showed that 9 metabolites had significant diagnostic value for CRC,
among them, Guanosine with Area Under the Curve (AUC) values of 0.951 for the
training group and0.998 for the validation group. Furthermore, analysis of four
specific metabolites (N-Phenylacetylasparticacid, Tyrosyl-Gamma-glutamate,
Tyr-Ser and Sphingosine) in serum samples of CRC patients before and after
surgery indicated a return to healthy levels after an intervention.

Conclusion: Our results suggest that serum metabolomics may be a valuable
tool for the screening and monitoring of CRC patients.
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Introduction

Colorectal cancer (CRC) is currently the third most prevalent
malignant tumour and the second leading cause of cancer death
worldwide (1).Early detection and treatment are critical in
enhancing the 5-year survival rate. Currently, stage I and II
patients have a cure rate of approximately 90% (2). Therefore,
early screening for CRC is essential for improving patients’ cure and
survival rates. Carcinoembryonic antigen (CEA) and faecal occult
blood tests are currently the main non-invasive early screening
methods, but their clinical value is limited due to their low
sensitivity and specificity (3). Endoscopy combined with
pathological examination is the gold standard for diagnosing
CRC, allowing for an initial evaluation of tumour shape, size,
depth of invasion, and pathological classification. However, as an
invasive and expensive procedure, it cannot be used for large-scale
population screening. Thus, there is an urgent need to develop
novel, accurate, and non-invasive techniques for detecting CRC.

Metabolomics is a rapidly developing field that studies the
composition, distribution, and regulation of small molecular
metabolites. By detecting the metabolic spectrum of biological
fluids or tissues and monitoring the effects of different
disturbance factors on the body’s metabolic profile (4), it has
become a powerful tool for identifying biomarkers for diseases,
including cancer. In recent years, metabolomics has been widely
applied to the biomarker discovery and pathway analysis of CRC. In
2012, by comparing the area under the receiver operating
characteristic curve (AUROC) analysis of 11 amino acids, Leichtle
AB et al. found that the model consisting of carcinoembryonic
antigen, glycine, and tyrosine had better differentiation for CRC
compared to carcinoembryonic antigen alone, with an AUROC of
0.878 (5). Nishiumietal. analyzed serum samples using gas-
chromatography/mass-spectrometry (GC/MS) and generated a
metabolite panel for CRC detection with an AUC of 0.91 (6).
There is an increasing focus on exploring changes in CRC
pathways. In 2021, Zhu et al. analyzed the tissue and serum
metabonomic profiles of 48 CRC patients using non-targeted GC-
MS and found that the most important pathways affecting CRC
were phosphate inositol metabolism, primary bile acid biosynthesis,
and linoleic acid metabolism pathway (7). Shen et al. applied LC-
MS to perform tissue metabolomics for 10 paired CRC tissues and
adjacent normal tissues and found alterations in levels of
glutathione metabolism, fatty acid metabolism, and amino acid
intermediates (8). These studies demonstrate the potential of
metabolomics as a promising tool for improving CRC diagnosis
and understanding the underlying disease mechanisms.

Metabolomics research of cancer typically relies on biological
body fluid samples, withblood and urine being the primary fluids of
interest. Blood samples offer a rich source of biological information,
with changes in metabolite levels reflecting various pathological
changes caused by cancer. Consequently, serum metabolomics has
emerged as a promising approach for identifying CRC biomarkers
(5, 6). Most studies have focused on identifying markers for the
diagnosis of CRC comparing the metabolite profiles of cancer and
healthy subjects,demonstrating the potential to distinguish between
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different stages of cancer based on differential serum metabolite
profiles. However, few studies have examined changes in metabolite
levels in postoperative patients. Thus, there is an urgent need for
further metabolomics research on CRC to fill this gap in knowledge.

In this study, we conducted a non-targeted analysis of human
serum using liquid chromatography-high resolution mass
spectrometry (LC-HRMS) metabolomics. Specifically, we
measured serum metabolites in both newly diagnosed CRC
patients and healthy subjects and compared the differential
metabolite levels in preoperative and postoperative CRC patients.
The objective of this study was to identify potential biomarkers for
CRC screening and monitoring and to make a meaningful
contribution to clinical research in this area.

Materials and methods
Sample collection

All samples were collected from January to August in 2022,
according to a standardized sample collection scheme. Specifically,
62 patients with CRC were diagnosed pathologically by the
pathology department of Northern Jiangsu People’s Hospital and
were not subjected to surgery, chemotherapy, or radiotherapy. The
admission criteria of CRC patients included (1): age between 30 and
89 years old (2). clear preoperative diagnosis with complete
pathological examination and various examination data (3).
absence of other metabolic or immune system diseases, such as
diabetes, rheumatoid arthritis, etc. (4) normal laboratory tests
including liver function, renal function, and blood routine (5).
absence of primary tumours in other parts (6). no prior treatment
or medication. Post-operative serum samples were collected one
week after the operation.

All samples were collected using a serum collection tube with inert
separation gel after an 8-hour overnight fast in the morning. After
collection, serum samples were obtained by centrifugation at 3000rpm
for 10 minutes and stored at -80 °C for subsequent analysis.

This study was approved by the Ethics Committee of Northern
Jiangsu People’s Hospital Affiliated with Yangzhou University
(approval number: 2022ky134), and all subjects gave informed
consent before participating in this study.

Sample pre-processing

50 pl serum was mixed with 150 pl acetonitrile and vortexed for
30 seconds, followed by centrifugation at 15,000 x g for 10 minutes.
The supernatant was then dried in a vacuum and stored at -80 °C.
Before analysis, the dry powder was resuspended in 100 pl 2%
acetonitrile, vortexed till it was completely dissolved, and
centrifuged at 15,000 x g for 10 minutes. Quality control (QC)
samples were combined 5 pl serum samples prepared by mixing the
40 samples randomly from the healthy group, CRC group and the
the post-operative group.

frontiersin.org


https://doi.org/10.3389/fonc.2023.1173424
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Yi et al.

LC-MS/MS analysis

The samples were analysed by Waters ACQUITY H class LC
system (Waters, USA) and LTQ Orbitrap Fusion Lumos mass
spectrometer (Thermo Fisher, Scientific, MA, USA). The serum
metabolites were separated by running a gradient at a flow rate of
0.5 ml/min for 8 minutes on a Waters Acquity UPLC HSS T3
column (100 mm X 3.0 mm, 1.8 wm). The mobile phase A was a
0.1% formic acid aqueous solution, and the mobile phase B was
acetonitrile. The gradient elution procedure is as follows: 0-1.0 min,
2%B;1-3 min, 2%-55% B; 3-8min, 55%-100% B.The washing
gradient procedure is as follows: 0-3.0 min, 100%B; 3.0-3.1 min,
100-2% B; 3.1-5.0 min, 2% B. The column temperature was set at
40°C, and the injection volume was 20 pl. The electrospray ion
source (ESI source), the sheath gas was 40 arb, and the spray voltage
was 3.20 kV (positive ion). The range of quality scanning was from
100 to 1000 m/z. The data acquisition mode was set to Full Scan +
ddMS2. The goal of MS2 automatic gain control (AGC) was 5 x 10°,
and the maximum injection time (IT) was 100 ms. High energy
collision dissociation (HCD) pyrolysis mode for dissociation has the
best collision energy of 20, 35, and 60.

Data analysis

The original MS data were imported into Progenesis QI (Waters,
USA) software for peak alignment, peak picking, and peak recognition.
The annotation of metabolites was determined from the accurate mass
composition, the isotope goodness-of-fit of the predicted molecular
formula and the MS/MS fragments matching with the databases
(HMDB, METLIN, and in-house standard libraries). The metabolite
score was calculated using the sum of three similarity metrics including
mass similarity, isotope similarity, and fragmentation score. The score
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was used to assess reliability of each metabolite. A CSV file containing
sample information, retention time, peak area, score and other data sets
was obtained. The CSV file was then imported into MetaboAnalyst5.0
(https://www.metaboanalyst.ca/) for data processing. For following
statistical analysis the peak area in each sample were firstly
performed normalization to the total compound. Then the missing
variables were removed from more than 50% of the samples for further
statistical analysis. Student’s t-test was used to evaluate the significance
between groups, and o value was set to 0.05. Principal component
analysis (PCA) and orthogonal partial least square discriminant
analysis (OPLS-DA) were performed using SIMCA14.1 (Umetrics,
Sweden) software. The differential metabolites was defined as follows
(1): P-value < 0.05 (2); fold change > 1.5 and < 0.67. We used the
“pathway analysis” module in MetaboAnalyst 5.0 to analyse the
differential metabolites and the “biomarker discovery” module for
ROC analysis. In addition, we performed box chart analysis using
the R software package (version 3.6.3) to show individual metabolite
differences between different groups.

Results
Subjects

The methodology of this study is illustrated in (Figure 1). Our
study enrolled a total of 123 subjects, including 61 healthy controls and
62 CRC patients diagnosed pathologically. The samples were randomly
divided into a discovery group and a validation group in a 2:1 ratio,
with age and sex-matched between the two groups. Differential
metabolites were identified through the comparative analysis in 41
age-and sex-matched CRC patients and 41 healthy controls, using a
selection criterion of p-value < 0.05 and fold change (FC) >1.5. The
identified differential metabolites were subjected to functional
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FIGURE 1
Study workflow. CRC, colorectal cancer; HC, healthy control.
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annotation and pathway analysis. Moreover, potential biomarkers for
CRC diagnosis were discovered through receiver operating
characteristic curve (ROC) analysis, which was then validated using
an independent set of 21 CRC and 20 healthy control samples. In
addition, we collected serum samples from 62 patients one week after
the operation and compared the changes in differential metabolites
before and after the operation, aiming to identify biomarkers for
monitoring prognosis.The details of all study participants are
provided in Table 1 and Table S1.

Quality control

In this study, sample analysis was performed in random order. We
evaluated the repeatability of the instrument analysis according to QC
correlation. QC sample were randomly run during the sample analysis
process. A total of 9 QC samples were injected. The Pearson correlation
coefficient analysis was calculated between pairwise pairs of QC results
(9). ‘Wu Kong’ platform (https://www.omicsolution.com/wkomics/
main/) was used for relative Pearson correlation coefficient analysis
of QC samples. The QC chart (Figure S1) revealed that the r values
(correlation coefficient) were close to 1, indicating the good correlation
between QC samples and the LC/MS system stability. This suggested
that the observed differences between groups were primarily due to
metabolic variations among the samples, rather than any other
confounding factors. Moreover, a serum chromatogram of QC
sample was provided in Figure S2.

TABLE 1 Basic clinical information of samples.

Discovery group

10.3389/fonc.2023.1173424

Distinguishing CRC patients from healthy
controls using serum metabolomics

In this study, we conducted unsupervised PCA analysis to
identify potential biomarkers distinguishing between CRC
patients and healthy controls (Figure S3A). We then used
supervised pattern recognition with an OPLS-DA model, which
showed better separation between the two groups (Figure 2A). To
ensure the reliability and stability of the supervisory model, we
performed 100 permutation tests (Figure S3B).

We selected 240 metabolic molecules with statistical differences
based on criteria of P-value < 0.05, fold change > 1.5 and < 0.67 (Table
S2). Of these, 145 metabolites were up-regulated and 95 were down-
regulated in the CRC group (Figure 2B). Pathway analysis revealed
significant disruptions in amino acid metabolism, energy metabolism,
and nucleotide metabolism in colon cancer (Figure 2C, Table 2).We
used ROC curve analysis to evaluate the predictive ability of potential
biomarkers in distinguishing CRC from healthy controls (Table S3).
Our results identified 9 metabolites with potential diagnostic value, all
of which had AUC higher than 0.9 in the discovery group. In the
validation group, the AUC values for these 9 differential metabolites
were all above 0.8, indicating good diagnostic value (Table 3). Notably,
three metabolites- Tyrosyl-Gamma-glutamate, Tyr Ser,and N-
Phenylacetylaspartic acid-had AUC values of 0.945, 0.931and 0.916,
respectively, in the discovery group (Figure 2D), and AUC values of
0.993, 0.981 and 0.986, respectively, in the validation group (Figure 2E).
Furthermore, mass spectrum of the 9 metabolites were in Figure S4.

Validation group

CRC
Cases 41 41 21 20
Age 66.7 £ 11.0 67.7+7.8 66.4 = 10.5 61.8 +83
Sex(M/F) 27/14 27/14 13/9 15/5
Tumour site
colon 32 14
rectum 9 7
AJCC
I 6 4
1I 15 10
111 17 7
v 3 0
Lymphatic metastasis 20 7
Distant metastasis 3 0
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Analysis of metabolic profiling of CRC and HC. (A) Metabolic score plot of OPLS-DA. (B) Volcano analysis of the metabolites of CRC group and HC
group in the discovery group. (C) Altered metabolic pathways in colorectal cancer. (D) AUC value of three metabolites in the discovery group. (E)

AUC value of three metabolites in the validation group.

Discovery of metabolic markers for
postoperative monitoring of CRC

In this study, postoperative specimens from CRC patients were
analyzed to evaluate the association of the identified differential
metabolites with tumour load. These metabolites may serve as

TABLE 2 Pathway analysis results in the MetaboAnalyst 5.0.

potential biomarkers for monitoring CRC after surgery.
Therefore, we collected serum samples about a week after the
operation from 62 cases and examined the changing trend of the
9 metabolites identified earlier in preoperative and postoperative
cases to evaluate the biological correlation between the potential
biomarkers and CRC tumour load. We analyzed the mean intensity

Pathway name Match status p FDR Impact
Arginine biosynthesis 2/14 0.01579 0.59693 0.22843
Pyrimidine metabolism 3/39 0.016295 0.59693 0.08289
Retinol metabolism 2/17 0.022998 0.59693 0.15464
Pantothenate and CoA biosynthesis 2/19 0.028425 0.59693 0.06429
Purine metabolism 3/65 0.061347 0.98789 0.02939
D-Glutamine and D-glutamate metabolism 1/6 0.082324 0.98789 0
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TABLE 3 Differential metabolites for colorectal cancer distinction in the discovery group and validation group.

Compounds

Discovery Group

Validation group

AUC Sensitivity Specificity

AUC Sensitivity Specificity

Guanosine 0.951 0.840 0.913 0.998 0.956 0.958
2-Hydroxyadenine 0.950 0.946 0.856 0.998 0.956 0.958
Tyrosyl-Gamma-glutamate 0.945 0.867 0.878 0.993 0.944 0.958
Tyr Ser 0.931 0.883 0.878 0.981 0.944 0.910
Lyciumoside VI 0.919 0.818 0.832 0.958 1 0.905
3-Hydroxypimelyl-CoA 0.919 0.797 0.889 0.882 0.750 0.952
N-Phenylacetylaspartic acid 0.916 0.892 0.821 0.986 1 0.952
Sphingosine 0.914 0.878 0.818 0.843 0.789 0.836
Val Arg 0.908 0.805 0.878 0.840 0.878 0.683

heatmap (Figure 3A) and serum levels of the 9 specific metabolites
before and after the operation (Figure 3B, Figure S5, Table 4).

The intensity heatmap showed that seven metabolites were
remarkably up-regulated in CRC and decreased after operation.
These metabolites were related to amino acid metabolism and
purine metabolism. Several studies have reported that the up-
regulation of amino acids and purine metabolism was to promote
the proliferation of cancer cells (10, 11). And the rest two down-
regulated metabolites, 3-Hydroxypimelyl-CoA and Sphingosine,
were involved in lipid metabolism. Lipid metabolism was
associated with tumor progression and metastasis, which was to
maintain high energy demand and division of cancer cells (12, 13).
Moreover, previous research reported that the changes of lipidomic
signatures could be served as promising potential biomarkers
(12, 14).

The results showed significant differences in the levels of the 9
specific metabolites in preoperative and postoperative cases. Among
these, 3-Hydroxypimelyl-CoA and Sphingosine were higher in
healthy controls than in CRC, while Guanosine, 2-
Hydroxyadenine, Tyrosyl-Gamma-glutamate, Tyrs Ser,
Lyciumoside VI, N-Phenylacetylasparticacid, and Val Arg were
higher in CRC. Four of the 9 specific metabolites, including N-
Phenylacetylasparticacid, Tyrosyl-Gamma-glutamate,Tyr Ser and
Sphingosine returned to normal levels, and there was no
significant difference between post-operation and healthy controls
(Figure 3B). These metabolites may be related to tumour load and
can be used to monitor the treatment of CRC after surgery. These
results further confirm the biological correlation of these
metabolites in CRC and highlight their potential value for the
screening and monitoringof CRC. The remaining five metabolites
exhibited statistical differences between preoperative CRC samples
and healthy controls and tended to return to normal levels after the
operation. However, further validation may be required to confirm
this (Figure S5).

Moreover, we explored whether these 9 metabolites were
statistically significant in different genders, tumor locations, AJCC
stage and TNM classification. There was no statistical significance

Frontiers in Oncology

among different groups (Table S4). Only Val Arg was statistically
different (P<0.05) in the comparison of left and right-sided
colorectal cancer. However, the specific mechanism is still unclear
and needs to be further investigated.

Discussion

Serum metabolomics analysis using mass spectrometry offers
high-throughput and high-sensitivity advantages for the screening
of CRC. In this study, we comprehensively characterized the serum
metabolomic profiles of healthy controls, preoperative CRC patients
andpostoperative CRC patients. We identified 9specific differential
metabolites that exhibit good discriminatory power for
distinguishing CRC patients from healthy controls. Moreover, the
9 metabolites exhibited significant differences between preoperative
and one-week post-operative samples, with four metabolites
including N-Phenylacetylasparticacid, Tyrosyl-Gamma-glutamate,
Tyr Ser and Sphingosine returning to normal levels and displaying
no significant difference compared to healthy controls after surgery.
Thus, these four metabolites may serve as potential biomarkers for
monitoring CRC.

In this study, we observed changes in several metabolic
pathways, including arginine biosynthesis, purine metabolism,
and pantothenate and CoA biosynthesisin patients with CRC
group. These metabolic changes are typical of tumour cells, which
must adapt to the nutrition-deficient environment, and obtain the
necessary nutrients to support their rapid proliferation and the
establishment of a new biological microenvironment (10). Our
findings indicated that Guanosine, an intermediate metabolite in
the purine pathway and a common precursor of DNA, was
significantly increased in the CRC group compared to the control
group. This up-regulated metabolite change suggested that purine
metabolism was upregulated in CRC. Consistent with our results,
previous metabolomics analyses of CRC tissues have reported
upregulation of urea cycle intermediates, purines, and most
amino acids (15). Abnormal proliferation of cancer cells is one of
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TABLE 4 The intensity changes of differential metabolites before and after operation.

Compounds

Guanosine 557.31 763.49 8005.65 8798.36 2462.23 3680.06
2-Hydroxyadenine 923.64 602.04 5929.21 5268.45 2405.23 2514.34
Tyrosyl-Gamma-glutamate* 306.35 397.89 2589.12 1772.56 548.71 934.24
Tyr Ser* 945.63 809.55 4695.36 2886.14 1388.29 1526.21
Lyciumoside VI 1664.32 3882.26 29353.63 37950.91 6065.67 7345.01
3-Hydroxypimelyl-CoA 52332.62 35776.92 7681.90 8146.51 40996.07 44496.98
N-Phenylacetylaspartic acid* 4490.92 1612.21 12460.65 5980.75 4975.19 3143.40
Sphingosine* 72805.68 27915.05 36202.03 21451.68 67715.09 52913.39

Val Arg 1484.90 2532.48 6160.23 6194.21 2523.44 3256.98

CRG, colorectal cancer; HC, healthy control; PO, post-surgery group.”*” refer to four metabolites which returned to normal levels.
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the hallmarks of cancer, and purine is one of the basic nucleotides
needed for cell proliferation, underscoring the close relationship
between purine metabolism and cancer (11). Furthermore,
increased purine levels are also considered an indicator of
enhanced DNA synthesis (16). In 2017, Tian et al. examined the
expression level of a rate-limiting enzyme gene in the purine
synthesis pathway in different cancers and found that purine
metabolism was significantly upregulated in colorectal
adenocarcinoma, bladder cancer, breast cancer, and other cancers
(17). The decrease in guanosine levels after surgery in our study
further confirmed that solid tumour resection led to the cessation of
abnormal cancer cell proliferation and that purine metabolism
gradually returned to normal.

Amino acids are known to be essential for cell proliferation, and
certain cancer cells rely on specific amino acids as their primary
energy sources (18). Hirayama A et al. conducted a study
comparing the metabolites of colon cancer and normal tissues
and observed significantly higher levels of most amino acids and
their primary derivatives in tumours compared to normal colon
tissues (10). Arginine biosynthesis, a critical pathway upregulated in
CRC compared with healthy controls, is of particular interest. Two
intermediates involved in this pathway, L-citrulline and L-
glutamine were found to exhibit contrasting changes in the CRC
group. While L-citrulline decreased, L-glutamine increased in the
CRC group. L-citrulline is mainly produced in the small intestine
and converted to arginine through the actions of arginine succinate
synthase (ASS) and arginine succinate lyase (ASL) (19). Glutamine,
on the other hand, is the most abundant free amino acid in serum
(20), and serves as an essential energy source for cancer cell
proliferation (21). It also acts as a nitrogen donor, necessary for
de novo synthesis of purines and pyrimidines, promoting nucleotide
production during cancer cell proliferation (22). Within cells,
glutamine is synthesized from glutamate and ammonia by
glutamine synthetase (Glutamine synthetase, GS), which is highly
expressed in hepatocellular carcinoma (HCC) and glioblastoma (23,
24). Extracellular glutamine can act as a signal transducer,
activating transcriptional activator 3 (STAT3) to promote cancer
cell proliferation (21). Arginine is one of the essential amino acids in
the human body, and it plays a vital role in the ornithine cycle and
promotes the formation of urea. The ammonia produced in the
human body is converted into urea through the ornithine cycle and
excreted through the urine. Arginine is the precursor of nitric oxide
(NO) synthesis, and NO is an important signal molecule involved in
immune and vascular tone regulation (25). Previous studies have
shown that the potential link between arginine and colorectal
cancer is the regulation of the immune system by arginine
through nitric oxide (25, 26). Whereas low concentrations of NO
amplify the Ras signal by inducing conformational changes of
membrane-bound Ras protein to promote cancer cell
proliferation (27). high concentrations of NO may lead to
apoptosis, invasion, and metastasis (28). Catabolic disease states
(such as sepsis, injury, and cancer) can lead to increased arginine
utilization, resulting in increased arginine synthesis. Arginine is the
precursor of proline, which is necessary for the synthesis of
collagen. Moreover, it produces polyamines under the action of
ornithine decarboxylase to promote the occurrence of CRC and cell
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proliferation (29, 30). As the arginine metabolic pathway is highly
active in colorectal cancer, multiple molecules or enzymes involved
in this pathway may be promising targets for targeted therapy for
colorectal cancer (31). It has been found that tumour-infiltrating
dendritic cells inhibit the proliferation and activation of CD8 cells
through L-arginine metabolism (32). In addition, the expression of
enzymes involved in arginine metabolism is increased in CRC
tumour cells, and increasing research is focusing on potential
ways to interfere with the regulatory mechanism of the L-arginine
pathway by targeting transporters (10).

In this study, we also observed disruption of the pantothenate
and CoA biosynthesis pathways in the CRC group. Currently, there
are very few reports on the status of pantothenate and CoA
biosynthesis pathways in cancer. Pantothenate, also known as
vitamin B5, is one of the components of coenzyme A. Coenzyme
A(CoA) plays a key role in energy and lipid synthesis (16). The
increased concentration of coenzyme A in the body promotes the
transition from glucose oxidation to fatty acid oxidation, thus
stimulating gluconeogenesis (33). Recent studies have found that
TC22 cells in CD8+-effector T cells highly express the
pantothenate-CoA pathway, and CoA enhances the anti-tumour
ability of TC22 by promoting oxidative phosphorylation (34, 35).
These results suggest that the disruption of this pathway may be
partly caused by the limited energy supply and deficiency of anti-
tumour effector T cells in patients with CRC.

Tyrosyl-Gamma-glutamate is a dipeptide synthesized by
tyrosine and y-glutamate, and was significantly increased in the
CRC group (AUC>0.9 in both the discovery group and validation
group) and returned to normal levels after the operation. Therefore,
it can have utility as a metabolic marker for detection and
postoperative monitoring. When tyrosine is phosphorylated by
tyrosine kinase, it regulates the signal transduction pathway and
activates pyruvate dehydrogenase kinase 1 (PDHKI), which
promotes solid tumour growth and Warburg metabolism (36, 37).
Glutamine is deaminated to glutamic acid under the catalysis of
glutaminase (GLS), which is then deaminated by glutamate
dehydrogenase (GDH) to form o-ketoglutarate, which enters the
TCA cycle and serves as a precursor for the synthesis of certain
amino acids (38). In a previous study, analysis of levels of
intracellular ROS in different cancers revealed a strong positive
correlation between the estimated change in ROS levels in cancer
and the change in levels of glutamate metabolism (r = 0.655, P =
0.029) (17). This may be related to the synthesis of glutathione by
glutamate (39). Previous studies found that the increase of
glutamate and glutathione levels is an important signal for
oxidative stress, which may be due to the metabolism of rapidly
proliferating CRC cells and glutathione metabolism is upregulated
to combat the oxidative stress (8). Tyrosine and y-glutamate, which
are involved in dipeptide synthesis, are directly or indirectly
implicated in colorectal tumours. The increased protein
catabolism in CRC patients results in elevated levels of Tyrosyl-
Gamma-glutamate in the serum. The observed decrease in the levels
of Tyrosyl-Gamma-glutamate after the surgical removal of the
tumour may be due to the decrease in energy metabolism and
oxidative stress, which could result in a gradual shift toward normal
levels of protein metabolism. However, currently, there is a lack of
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literature on the regulation/transformation mechanism of
dipeptides in colorectal tissues.

N-Phenylacetylaspartic acid belongs to a class of aspartic
acidderivatives. Aspartic acid is produced by oxaloacetic acid, an
intermediate product involved in the tricarboxylic acid cycle (TCA).
TCA disorders are related to the occurrence and development of
colon cancer (10, 16). Aspartic acid also reacts with citrulline to
form arginine, which enters the urea cycle. In this study, we found
that the level of serum N-Phenylacetylasparticacid in CRC patients
was higher than that in healthy controls. This may be because
aspartic acid is also utilized by cells for nucleotide biosynthesis,
which is very important for cancer cell proliferation and is often up-
regulated in tumors (40). Through comparing metabolite profiles at
various stages of CRC, previous studies have found that serum
aspartic acid and other amino acids peak significantly enhanced in
patients with stage 3-4 CRC (6). Consistent with our findings,the
level of N-Phenylacetylasparticacid decreases after the operation,
which can be attributed to the decrease or absence of cancer cell
proliferation, which would bring nucleotide metabolism back to
normal. Therefore, N-Phenylacetylasparticacid may be an effective
biomarker for monitoring patients’ metabolism patterns before and
after surgery.

Our results confirmed that Sphingosine reduced in the CRC
group and returned to normal levels in the post-operative group.
Sphingosine is the major component of sphingolipids, which
belongs to cell membrane lipids. Phosphorylate Sphingosine
forms the bioactive lipid sphingosine 1-phosphate (S1P),
catalyzed by sphingosine kinasel (Sphkl) (41). Several studies
have revealed that the SIP/Sphkl signaling plays oncogenic roles
and it is overexpressed in colon cancer tissue which is correlated
with poor survival (41-43). Therefore, decreased Sphingosine levels
in CRC group may be due to increased utilization of lipids or
enhanced SIP synthesis, which is needed for increased membrane
synthesis or tumour development.

Conclusion

In conclusion, we performed LC-MS-based comparative
metabolomics to evaluate the serum metabolite profiles of healthy
controls and preoperative and postoperative CRC patients. 9
metabolites were identified as potential biomarkers of CRC. Of
these, N-Phenylacetylasparticacid, Tyrosyl-Gamma-glutamate,
Tyr-Ser and Sphingosine, showed similar levels in healthy
controls and post-operative CRC patients, which indicates their
potential value in screening and postoperative monitoring of CRC.

Nonetheless, further detailed studies are required to validate our
findings. There are several ways in which this could be achieved.
First, in this pilot study, we tentatively explored CRC-associated
serum metabolite changes and potential biomarkers. We provided
some clues for functional analysis and subsequent study. Due to the
small sample size, our analysis is preliminary. In the future, larger
sample cohorts from multicenter analyses should be analyzed and
standards validation will be necessary. Second, a grouping study of
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inflammatory bowel disease should be included, which could reveal
deeper mechanisms of CRC development. Third, patients with
infections and metabolic diseases were not enrolled in this study,
which may limit the application of our conclusions. We will include
these patients in future analysis for a more comprehensive
validation. Forth, in this study, we collected post-operative serum
samples only once, one week after the operation. However, we did
not subsequently perform a follow-up analysis on postoperative
patient samples.Therefore, future studies could include an analysis
of samples collected over longer periods after the surgery, which
could be useful in dynamically monitoring the preoperative and
postoperative metabolic changes. Additionally, among the 9
potential biomarkers, three did not have standard secondary mass
spectra. Further studies will be done for the validation of the
3 metabolites.
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