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Metabolomics analyses of cancer tissue from
patients with colorectal cancer
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Abstract. The alteration of metabolism is essential for the
initiation and progression of numerous types of cancer,
including colorectal cancer (CRC). Metabolomics has been
used to study CRC. At present, the reprogramming of the
metabolism in CRC remains to be fully elucidated. In the
present study, comprehensive untargeted metabolomics
analysis was performed on the paired CRC tissues and adja-
cent normal tissues from patients with CRC (n=35) using
ultra-high-performance liquid chromatography-mass spec-
trometry. Subsequently, bioinformatic analysis was performed
on the differentially expressed metabolites. The changes in
these differential metabolites were compared among groups
of patients based on sex, anatomical tumor location, grade
of tumor differentiation and stage of disease. A total of 927
metabolites were detected in the tissue samples, and 24 metab-
olites in the CRC tissue were significantly different compared
with the adjacent normal tissue. The present study revealed
that the levels of three amino acid metabolites were increased
in the CRC tissue, specifically, N-a-acetyl-e-(2-propenal)-Lys,
cyclo(Glu-Glu) and cyclo(Phe-Glu). The metabo-
lites with decreased levels in the CRC tissue included
quinaldic acid (also referred to as quinoline-2-carboxilic
acid), 17a- and 17pB-estradiol, which are associated with tumor
suppression activities, as well as other metabolites such as,
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anhydro-p-glucose, Asp-Arg, lysophosphatidylcholine, lyso-
phosphatidylethanolamine (lysoPE), lysophosphatidylinositol,
carnitine, 5'-deoxy-5'-(methylthio) adenosine, 2'-deoxyino-
sine-5'-monophosphate and thiamine monophosphate. There
was no difference in the levels of the differential metabolites
between male and female patients. The differentiation of
CRC also showed no impact on the levels of the differential
metabolites. The levels of lysoPE were increased in the right
side of the colon compared with the left side of the colon
and rectum. Analysis of the different tumor stages indicated
that 2-aminobenzenesulfonic acid, P-sulfanilic acid and
quinoline-4-carboxylic acid were decreased in stage I CRC
tissue compared with stage II, IIT and IV CRC tissue. The
levels of N-a-acetyl-e-(2-propenal)-Lys, methylcysteine and
5'-deoxy-5'-(methylthio) adenosine varied at different stages of
tumorigenesis. These differential metabolites were implicated
in multiple metabolism pathways, including carbohydrate,
amino acid, lipid, nucleotide and hormone. In conclusion,
the present study demonstrated that CRC tumors had altered
metabolites compared with normal tissue. The data from the
metabolic profile of CRC tissues in the present study provided
supportive evidence to understand tumorigenesis.

Introduction

Colorectal cancer (CRC) is a highly prevalent malignant
cancer. It is the third most commonly diagnosed type of cancer
and causes the second highest rate of mortality from cancer
worldwide (1,2). It was recently indicated that 10% of new
cancer cases globally were due to CRC and that CRC led to
9.4% of the mortalities due to cancer (1,3). In China, there has
been an increasing trend in the incidence of CRC for from
2000 to 2020 (4). Early diagnosis of CRC is important for the
survival of patients. It was revealed that the 5-year survival
rate for patients with CRC was up to 90% when diagnosed
before metastasis took place, while the 5-year survival rate for
patients with CRC with distant metastases was only ~12% (5).
Although invasive colonoscopy is a popular method used for
the detection of CRC, it can result in false negative colonoscopy
findings in a number of patients (6). Therefore, more accurate
and less invasive screening methods are needed for CRC
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detection. The risk of CRC carcinogenesis is multifactorial
and may be associated with genetic and epigenetic genomic
alterations, age, chronic inflammation, as well as environ-
mental and lifestyle factors (7). During cancer initiation and
progression, the cancer cells undergo a metabolic reprogram-
ming, such as an altered energy metabolism and an increased
biosynthesis of macromolecules (8). The cellular metabolism
regulates the epigenetic characteristics of the tumor cells and
these cells interact with their surrounding microenvironment.
These metabolic interactions are necessary in the regulation of
tumor progression (9).

Metabolomics is a branch of systematic biology that exam-
ines the changes of metabolites in numerous types of cancer
and other diseases (10). Metabolomics offers understanding
of carcinogenesis and potentially less invasive methods of
cancer diagnosis (11). Different specimens, including serum,
plasma, urine and stool collected from patients with CRC,
are commonly used in CRC metabolomic studies (11-13).
Alterations of multiple metabolites, including metabolites of
carbohydrates, amino acids, lipids, nucleotides and hormones,
were revealed in these CRC specimens. However, these
results mainly reflected indirect metabolic alterations in CRC
cells (11,13,14). By contrast, analysis of the CRC tissue could
provide direct metabolic profiling dates, and thus reflect higher
specificity to the metabolic consequences of the disease.
This would eliminate the non-tumor and/or body responses
detected in the serum or other specimens (15-17). It has been
reported that the alteration of metabolites in CRC tissue was
implicated in energy metabolism, amino acid metabolism,
glutathione metabolism and fatty acid metabolism and these
observed metabolic changes were relevant to the anatomical
location and prognosis of CRC (15,16,18).

In the present study, ultra-high-performance liquid
chromatography (UHPLC)-mass spectrometry (MS)-based
comprehensive metabolomics analysis of metabolic profiles
was performed on resected cancer tissues from patients with
CRC. Marked changes were revealed in a number of metabo-
lites that are involved in different pathways in CRC. The
present study showed that a number of metabolites, which have
been associated with tumorigenesis and may provide insight
for the clinical management of CRC.

Materials and methods

Patients and tissue samples. The paired CRC tissues and adja-
cent normal tissues (5 cm away from the tumor margin) were
collected from patients with CRC undergoing surgical treat-
ment in Beijing Rehabilitation Hospital of Capital Medical
University (Beijing, China) from June 2020 to January 2022.
Metabolomic analyses were performed on these 35 paired
samples. The characteristics of the patients with CRC have
been presented in Table 1. The patients had not received any
radio- or chemotherapy before surgery. The present study was
approved by the ethics committee of Beijing Rehabilitation
Hospital of Capital Medical University (Beijing, China) and
all participants signed written informed consent.

Tissue procurement. The tissue sample preparation and
metabolite extraction was conducted according to the methods
described by Romisch-Margl er al (19). After surgical

resection, tissue samples were immediately stored at -80°C
until used for metabolomics analyses. Tissue samples (20 pg)
were thawed on ice for 30 min. After homogenization, the
metabolite extraction procedure was carried out as follows:
A total of 400 ul 70% methanol-water and internal standard
extractant (Table II) were added to each sample, the mixture
was vortexed for 2 min, frozen in liquid nitrogen for 5 min,
placed on dry ice for 5 min, and then thawed on ice for 5 min.
After the sample was vortexed for 2 min, it was inverted three
times, then centrifuged at 16,113.6 x g at 4°C for 10 min.
Subsequently, 300 ul of the supernatant was transferred to a
new tube and stored at -20°C for 30 min to precipitate proteins
to avoid any interference of the proteins in the analytic proce-
dure. After final centrifugation at 16,113.6 x g at 4°C for 3 min,
200 ul supernatant was collected for analysis by Allwegene
Technology Co., Ltd. The molecules of internal standards are
presented in Table II.

UHPLC-MS/MS analysis. UHPLC chromatographic separa-
tion was performed using an EXIONLC System (SCIEX)
installed with a Waters Acquity UHPLC HSS T3 1.8 ym
2.1x100 mm column (Waters Corporation). The details of the
internal standard are provided in Table II. The mobile phase
A consisted of water (and 0.04% acetic acid), and the mobile
phase B consisted of acetonitrile (and 0.04% acetic acid). The
following gradient program was used: 98% A, 0 min; 5% A,
11 min; 5% A, 12 min; 5% A, 12.1 min; 95% A, 14 min; and
95% A, 15 min. The flow rate was set to 0.5 ml/min. The injec-
tion volume was 2 ul, and the samples were maintained at 4°C
in the autosampler.

Linear ion trap (LIT) and triple quadrupole (QQQ)
scans were acquired on a triple quadrupole-linear ion trap
mass spectrometer (QTRAP), QTRAP® LC-MS/MS System
(SCIEX), equipped with an electrospray ionization (ESI)
Turbo Ion-Spray interface, operating in positive and negative
ion mode and controlled by Analyst software (version 1.6.3;
SCIEX). The ESI source operation parameters were as follows:
Source temperature 500°C; ion spray voltage 5,500 V (posi-
tive), -4,500 V (negative); ion source gas I, ion source gas II
and curtain gas were set to 55, 60 and 25 psi, respectively;
the collision gas parameter was set at high. Instrument tuning
and mass calibration were performed with 10 and 100 gmol/l
polypropylene glycol solutions in QQQ and LIT modes,
respectively. A specific set of multiple reaction monitoring
(MRM) transitions were monitored for each period according
to the metabolites eluted within this period. Briefly, in MRM
mode, the instrument first selected a parent ion of the target
molecule based on specific mass/change ratio (m/z) values,
and any initial interference were removed. The parent ion then
undergoes collision-induced dissociation. The resultant frag-
ment ions are then filtered through the triple four-pole filter to
select the characteristic fragment ions, eliminating non-target
ion interference, making the quantification more accurate and
improving repeatability.

Data analysis. Based on the metabolome standard database
(AllwegeneDB; Allwegene Technology Co., Ltd., qualitative
analysis was carried out according to the retention time,
parent ion pair information and secondary spectrum data.
After obtaining the data of all the tissue samples in the present
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Table I. Demographics of patients with colorectal cancer
(n=35).

Characteristics Value
Sex, n (%)

Male 23 (65.7)

Female 12 (34.2)
Age, years (mean = SD) 70.0+14.0
Anatomic location in the colon, n (%)

Right side 10 (28.6)

Left side 13 (37.1)

Rectum 12 (34.2)
Disease stage, n (%)

I 6(17.1)

1I 14 (37.1)

11T 9(22.9)

v 6(17.1)
Tumor differentiation, n (%)

Poor 5(14.2)

Moderate 25(71.4)

Good 5(14.2)

study, the mass spectrum files of the samples were opened
with multiquant software (version 3.0.3; Shanghai AB SCIEX
Analytical Instrument Trading Co.) to carry out the integration
and correction of the chromatographic peaks. The peak area of
each chromatographic peak represents the relative content of
the corresponding substance. All of the chromatographic peak
area integration data were exported and saved.

Principal component analysis (PCA) was performed
using the statistics function prcomp within R (version 3.5.1;
www.r-project.org). The data was unit variance scaled before
unsupervised PCA. The hierarchical cluster analysis (HCA)
results of samples and metabolites were presented as heatmaps
with dendrograms, while Pearson correlation coefficients
(PCC) between samples were calculated by the cor function
in R and presented only as heatmaps. Both HCA and PCC
were carried out using the R package ComplexHeatmap
(version 1.20.0) (20). For HCA, the normalized signal intensi-
ties of the metabolites (unit variance scaling) were visualized as
a color spectrum. Significantly regulated metabolites between
groups were determined by variable important in projection
(VIP) =1 and absolute Log2 fold change (FC) =1. VIP values
were extracted from the orthogonal partial least-squares
discriminant analysis (OPLS-DA) results, which also contain
score plots and permutation plots that were generated using
the R package MetaboAnalystR (version 3.5.1; https://www.
metaboanalyst.ca/) (21). The data were log transformed (log2)
and mean centered before OPLS-DA. In order to avoid overfit-
ting, a permutation test (200 permutations) was performed.
MetaboAnalystR was also used to analyze the significantly
different levels of the metabolites between the cancer and
adjacent tissues, in which a paired Student's t-test was applied.

Identified metabolites were annotated using the Kyoto
Encyclopedia of Genes and Genomes (KEGG) Compound

database (http:/www.kegg.jp/kegg/compound/), and annotated
metabolites were then mapped to the KEGG Pathway data-
base (http://www.kegg.jp/kegg/pathway.html). Significantly
enriched pathways were identified according to hypergeo-
metric test P-value. All differential metabolites in the present
study were examined in PubMed (https:/pubmed.ncbi.nlm.
nih.gov) and The Human Metabolome Database (https:/hmdb.
ca/) in order to identify them in previously published studies.

Statistical analysis. With SPSS (version 20; IBM Corp.),
statistical analysis was performed for the comparisons of the
differential metabolites between cancer tissue and sex, grade
of differentiation, tumor location and tumor stage in each
group. Non-parametric tests were used to analyze the data
of each group after the normality of data was assessed using
the Shapiro-Wilk test. The Mann-Whitney U test was used
to assessed the different metabolite levels between male and
female patients. A Kruskal-Wallis test was used to compare
the data among three or four subgroups of patients depending
on the grade of differentiation, tumor location and tumor stage,
and the Dunn's post hoc test was used for comparison among
the subgroups when statistical difference was reached after
the Kruskal-Wallis test. P<0.05 was considered to indicate a
statistically significant difference.

Results

Metabolic differences between CRC and normal colon tissues.
PCA was performed to identify the differences between the
paired CRC tissue and normal adjacent colon tissue, which
was collected from patients with CRC (Fig. 1). A separation
tendency between the normal and the CRC tissues indicated
differences in the levels of the metabolites between the two
groups. A total of 927 metabolites were detected. Using a
univariate analysis, 24 differential metabolites were identified,
which had a FC of either =2 or <0.5 between normal and CRC
tissue (P<0.05). Among them, the levels of three metabolites
were upregulated and 21 were downregulated in CRC tissue
(Figs. 2 and 3 and Table III). In Fig. 3, the heatmap indicated
the changes of all 24 differential metabolites in the 35 patients
included in the present study.

Without stratification, the levels of two carbohydrate metab-
olites, D-erythronolactone and 1,6-anhydro-3-D-glucose,
were decreased in CRC tissue compared with the levels
in normal tissue. The levels of the amino acid metabolite,
N-a-acetyl-e-(2-propenal)-Lys, and two cyclodipeptides
(CDPs), cyclo(Glu-Glu) and cyclo(Phe-Leu), were increased
in CRC tissue, while other amino acid metabolites, quinaldic
acid (also referred to quinoline-2-carboxylic acid) and quino-
line-4-carboxylic acid were decreased in CRC tissue compared
with the levels in normal tissue. The results demonstrated that
the levels of nucleotide metabolites were consistently deceased
in CRC tissue compared with normal tissue. These included
cytarabine, 5'-deoxy-5'-(methylthio) adenosine, deoxyribose
5-phosphate and 2'-deoxyinosine-5'-monophosphate. Similarly,
lipid metabolites, such as carnitine, phosphatidylcholine (PC)
derivative lysoPC, including two sub-types lysophosphatidyl-
ethanolamine (lysoPE) and lysophosphatidylinositol, were
decreased in the CRC tissue compared with normal tissue.
Furthermore, the levels of 17a- and 17(3-estradiol were lower
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Table II. Molecules used as internal standards.

Name CAS no. Concentration
L-2-chlorophenylalanine 103616-89-3 1 pg/ml
(*H3)-L-Carnitine HCI 350818-62-1 1 ug/ml
4-Fluoro-L-a-phenylglycine 19883-57-9 1 pg/ml
L-Phenylalanine (2-13C, 99%) 63-91-2 1 pg/ml
(*H5)-Hippuric acid 53518-98-2 1 pg/ml
(*H5)-Kynurenic acid 350820-13-2 1 pg/ml
(*H5)-Phenoxy acetic acid 154492-74-7 1 ug/ml

A 10-u1 100-ppm mixture of each internal standard was added to 100 i1 70% methanol-water extract.

Scores OPLS-DA plot

20 A

Orthogonal T score[1] (19.3%)

—20 E

—40 -

5 0 5
T score[1] (3.91%)
Group e NC = CRC

Figure 1. Metabolic differences between normal and cancerous colon tissues revealed by untargeted metabolome profiling. OPLS-DA scores plot that assessed
the variance of the features between normal colon tissue and CRC tissue (n=35/group). The circle in the plot indicates the 95% confidence interval. For the

OPLS-DA model, R2Y=0.968 and Q2=0.705. OPLS-DA, orthogonal partial least-squares discriminant analysis; NC, adjacent normal tissue; CRC, colorectal
cancer tissue.

in CRC tissue compared with normal tissue. Lastly, the level of ~ gradients for conducting nerve impulses in the central nervous
thiamine monophosphate, a phosphorylated form of thiamine  system (22), was decreased in CRC tissue compared with
(vitamin B1) that is required to maintain sodium and potassium  normal tissue (Table IIT).
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Figure 2. Volcano plot analysis of the 927 metabolites detected in the normal and colorectal cancer tissues. Green dots represent the downregulated metabo-
lites, red dots represent the upregulated metabolites and grey dots represent the metabolites without significant differences in their levels. VIP, variable
important in projection; FC, fold change.

N(o)-acetyl-e-(2-Propenal)Lys
Cyclo(Phe-Glu)

Cyclo(Glu-Glu)
Quinoline-2-carboxylic acid
Deoxyribose 5-phosphate

Asp-Arg

5’-Deoxy-5"-(methylthio) adenosine
2-Aminobenzenesulfonic acid
Quinoline-4-carboxylic acid
P-sulfanilic acid
D-Erythronolactone
1,6-anhydro-B-D-glucose

Thiamine monophosphate
Cytarabine
2’-Deoxyinosine-5"-monophosphate
Methylcysteine

LysoPC (18:3/0:0)

170-Estradiol

17B-Estradiol Scale Group
Carnitine C7:DC | 8 mNC
LysoPC (13:0/0:0) & MCRC

LysoPE (17:1/0:0) 2
LysoPC (16:1/0:0) =0
LysoPI (16:2/0:0)

Figure 3. Heatmap indicating differential metabolites from individual pairwise comparisons between CRC and normal tissues (n=35/group). All represented
differential metabolites are statistically significant (variable important in projection =1 and absolute Log2 FC =1, P<0.05), scale indicates z-score. NC, adjacent
normal tissue; CRC, colorectal cancer tissue; lysoPC, lysophosphatidylcholine; lysoPI, lysophosphatidylinositol; lysoPE, lysophosphatidylethanolamine.
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Table III. Differential metabolites in colorectal cancer tissue vs. adjacent normal tissues.

Compounds Class VIP P-value Fold change
Cyclo(Glu-Glu) Cyclodipeptide 1.14 0.041 2.24
Cyclo(Phe-Glu) Cyclodipeptide 1.50 0.025 3.07
N-a-acetyl-e-(2-propenal)-Lys Amino acid 1.63 0.004 2.98
Quinoline-2-carboxylic acid Amino acid 3.51 0.001 -2.33
Quinoline-4-carboxylic acid Amino acid 1.99 0.001 -2.08
D-Erythronolactone Carbohydrate 3.20 0.001 -3.57
1,6-anhydro-f3-D-glucose Carbohydrate 1.83 0.005 -2.56
Asp-Arg Dipeptide 1.31 0.013 -2.08
Methylcysteine Amino acid 1.60 0.022 -2.27
P-sulfanilic acid Amino acid 1.99 <0.001 -2.08
Cytarabine Nucleotide 2.00 0.024 -3.45
5'-Deoxy-5'-(methylthio) adenosine Nucleotide 1.92 0.009 -3.33
Deoxyribose 5-phosphate Nucleotide 1.45 0.020 -3.23
2'-Deoxyinosine-5'-monophosphate Nucleotide 1.28 0.045 -3.13
Carnitine C7:DC Lipid 352 <0.001 -3.33
LysoPC (18:3/0:0) Lipid 3.06 0.006 -2.38
LysoPC (16:1/0:0) Lipid 1.66 0.015 -2.22
LysoPC (13:0/0:0) Lipid 1.40 0.024 -2.08
LysoPI (16:2/0:0) Lipid 2.60 0.005 -2.13
LysoPE (17:1/0:0) Lipid 1.60 0.040 -2.04
Thiamine monophosphate Heterocyclic compound 1.52 0.020 -2.44
170-Estradiol Hormone 2.90 <0.001 -2.04
17p-Estradiol Hormone 2.90 <0.001 -2.04
2-Aminobenzenesulfonic acid Benzene derivatives 1.99 <0.001 -2.08

LysoPC, lysophosphatidylcholine; lysoPlI, lysophosphatidylinositol; lysoPE, lysophosphatidylethanolamine; VIP, variable important in projection.

Table IV. Comparison of the differential metabolites identified in the present study with those reported in other published reports.

Patient studies (Refs.)

Animal studies (Refs.)

Compounds CRC tissues Other samples Samples®
Asp-Arg (56) - -
Carnitine C7:DC (57-60) (61)°(62,63) -
LysoPC (18:3/0:0) (56,64,65) (66)° -
LysoPC (16:1/0:0) (58,65,67,68) (69,70)° -
LysoPE (17:1/0:0) (65) - -
Methylcysteine - (71)° -
5'-Deoxy-5'-(methylthio) adenosine - (26)¢ -
P-sulfanilic acid (72) - (73)
1,6-anhydro-B-D-glucose - (26)¢ (74,75)
N-a-acetyl-e-(2-propenal)-Lys - (76)°,(61)¢ (57,77 (75)
Deoxyribose 5-phosphate - - (78)¢

*Tumor tissues unless stated otherwise; "plasma; urine; “stool. CRC, colorectal cancer; lysoPC, lysophosphatidylcholine; lysoPE, lysophos-

phatidylethanolamine.

The 24 differential metabolites identified in the present
study were examined in public databases, which revealed that
11 of the metabolites had been reported previously (Table IV).

Among the 11 metabolites, six were revealed in human CRC
tissues, and seven in other human samples, such as plasma,
urine or stool samples. A total of four metabolites were
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Table V. Differential metabolite changes in colorectal cancer at different stages.

Fold change in different stages

Metabolite name I II I v
2-Aminobenzenesulfonic acid 0.26* 0.85 0.83 0.67
P-sulfanilic acid 0.26* 0.85 0.83 0.67
Quinoline-4-carboxylic acid 0.28* 0.47 0.74 0.64
N-a-acetyl-e-(2-propenal)-Lys 11.02¢ 1.82 23.28° 3.00
Methylcysteine 0.10° 143.45¢ 0.46 1.17
5'-Deoxy-5'-(methylthio) adenosine 0.15¢ 0.99 2.38 1.32

1P<0.05 when compared with stages II, Il and IV; °P<0.05 when compared with stages II and IV; °P<0.05 when compared with stages I1I and IV;

9P<0.05 when compared with stage I11.

reported in mouse samples, including tumor tissue, plasma or
stool samples.

Comparison of the differential metabolites based on sex,
anatomic location, stage and grade of differentiation. No
statistical differences were revealed when comparing the
changes in the levels of the metabolites based on sex or on
the grade of tumor differentiation (data not shown). The levels
of the metabolites were subsequently compared based on the
anatomic location of the tumors and it was revealed that the
right side of the colon had higher levels of lysoPE (17:1/0:0)
(10.45 fold) compared with the left side of the colon (0.56 fold)
and rectum (1.07 fold) (P<0.05), there was no difference in the
level of lysoPE (17:1/0:0) between the left side of the colon and
the rectum (data not shown). The present study subsequently
analyzed the levels of the metabolites based on disease stage,
and six metabolites were revealed to have different levels
at different stages (Table V). In stage I, the levels of three
metabolites, 2-aminobenzenesulfonic acid, P-sulfanilic acid
and quinoline-4-carboxylic acid, were lower compared with
the other stages, while N-a-acetyl-e-(2-propenal)-Lys was
higher in stage III compared with the other stages. The levels
of methylcysteine and 5'-deoxy-5'-(methylthio) adenosine
varied at the different stages of tumorigenesis.

Identification of distinct metabolites in enriched pathways. To
identify distinct metabolite-associated pathways, the 24 differ-
ential metabolites were imported into KEGG for pathway
enrichment analysis. KEGG is a public database providing
integrated metabolic pathways (23). Using KEGG, the
enriched pathways of the metabolites in the present study were
identified as the metabolism of amino acids, carbohydrates,
lipids, nucleotides, hormones and vitamins, and thermogen-
esis. The classification annotation and differential abundance
score of the differential metabolites analyzed using KEGG
are presented in Fig. 4. There was a synergistic or mutually
exclusive relationship between the different metabolites.
Pearson correlation analysis was used to measure the
metabolic proxies between significantly different metabolites
(Fig. 5). This analysis is helpful to further understand the
relationship between metabolites in the process of biological
metabolism. These differential metabolites were carbohydrate

metabolites, amino acid metabolites, heterocyclic compounds,
nucleotide metabolites, lipids and benzene derivatives.

Discussion

In the present study, a total of 24 differential metabolites were
identified between CRC tissue and adjacent normal tissues.
These metabolites were associated with multi-pathways,
including energy, carbohydrate, amino acid, lipid, nucleotide,
vitamin metabolism and hormone. In CRC tissue two carbohy-
drate metabolites were downregulated compared with normal
tissue, indicating an alteration of carbohydrate metabolism.
Previous evidence suggests that the energy of CRC cells may
rely on the reversed Warburg effect (24,25). In other reports,
1,6-anhydro-f-D-glucose levels were revealed to be normal in
the feces of patients with CRC (26) and in the urine of patients
with lung cancer (27). This discordance might be related to the
different specimens used.

The present data demonstrated that there were increases
and decreases in different amino acid metabolites in CRC
tissue compared with normal tissue. Tumor cells increase both
the synthesis and degradation of proteins. These changes may
indicate the active metabolism of protein for cell proliferation,
as well as the degradation of protein in tumor cells (28). Notably,
two CDPs, cyclo(Glu-Glu) and cyclo(Phe-Glu), were increased
in CRC tissues. To the best of our knowledge, this is the first
time that CDPs were found in CRC tissue, and compared
between tumor tissue and adjacent normal tissues in patients
with CRC. CDPs are the smallest of the cyclic peptides and
occur naturally, forming a large class of secondary metabolites
produced by microorganisms, plants and mammals. CDPs
possess specific chemical and diverse biological functions
such as antitumor, antimicrobial and radical-scavenging activi-
ties (29). Although the source and effects of CDPs in tissues
are unknown, they are likely either endogenous or microbial
metabolites, since bacteria that exist in CRC tissue serve a role
in the tumorigenesis of CRC (30,31). Asp-Arg is a structural
unit of cyanophycin, a biopolymer of long chains of Asp-Arg.
Cyanophycin is synthesized by numerous types of bacteria, of
which cyanobacteria is the most well-known (32). It is possible
that the changes in the levels of Asp-Arg reflect the micro-
biota changes in the colon. Future studies will compare the
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Figure 4. Bar graphs of the classification annotation and differential abundance score of the pathways identified between normal and tumor colon tissues using
the Kyoto Encyclopedia of Genes and Genomes database (Showing the top 44 pathways, P<1.00). CoA, coenzyme A; tRNA, transfer RNA.

microbiota between the tumor samples and normal samples to
verify the source of CDPs and Asp-Arg.

The alterations of lipid metabolism in cancer cells are
well known (33). Cancer progression is associated with
de novo lipogenesis and supply from the microenvironment.
The high energy requirement of CRC during processes of
malignant transformation and cancer cell proliferation lead
to the dysfunction of lipid metabolism (33). In agreement

with previous studies, lysoPCs, the product of the degrada-
tion of PC, was markedly decreased in CRC tissue compared
with normal tissue, and it has been proposed that the
increased breakdown of the hemolytic metabolic product of
phosphatidylcholine increased cancer malignancy (11,34).
The reason for the reduction of lipid metabolites could be
due to an increased degradation and reduced supply from
the microenvironment (9). Cleavage of lysoPC may increase
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Figure 5. Correlation of differential metabolites between CRC and normal tissues. Pearson correlation analysis measuring the metabolic proxies between
significantly different metabolites. Each dot represents one metabolite. Lines between the dots represent the metabolites are correlated. Absolute value R>0.8
and P<0.05. lysoPC, lysophosphatidylcholine; lysoPE, lysophosphatidylethanolamine.

free fatty acid, and subsequently this free fatty acid can be
used by cancer cells for energy via fatty acid oxidation (33).
However, carnitine, a major transporter for fatty acid acyl
moieties entering the mitochondrial matrix for oxidation (35),
was decreased in CRC tissue compared with normal tissue in
the present study, which was not in agreement with previous
reports (11,36). Carnitine is also considered to inhibit cell
proliferation and increase apoptosis (37). The decrease of
carnitine indicated the reduction of lipid metabolism in
the mitochondria. Although lipid metabolites have been
proposed as diagnostic and prognostic predictors for patients
with CRC (38,39), the alteration of lipids in CRC tissue is
inconsistent, and as such, the influence of lipids on tumori-
genesis is inconclusive (40).

Nucleotide metabolism serves a role in carcinogenesis
and cancer progression. It not only meets the requirements
of cell proliferation but also affects a variety of activities
beyond proliferation, such as, tumor immunity, antitumor
drug resistance and interactions of the tumor cell with
the microenvironment (41). Cancer cells tend to use the
de novo nucleotide synthesis pathway (42). In the present
study, the levels of nucleotide metabolites, including cyta-
rabine, 5'-deoxy-5'-(methylthio) adenosine, deoxyribose
5-phosphate and 2'-deoxyinosine-5'-monophosphate, were
decreased in CRC tissues compared with normal tissue. It
was hypothesized that the decrease of these metabolites
may indicate the insufficient replenishment of nucleotide
metabolites for active nucleotide synthesis in CRC cells.
Unlike lipids and proteins, cancer cells may not be obtaining
sufficient amounts of nucleotides and their components
from the tumor microenvironment (9). The decreased levels

of 5'-deoxy-5'-(methylthio) adenosine in CRC tissues, indi-
cated alterations in the cysteine and methionine metabolism
pathways.

Decreases in the 17a- and 17p3-estradiol levels in the tumor
tissues regardless of sex is consistent with the notion that
estrogen has an anti-tumor effect in CRC, presumably by acti-
vating the estrogen receptor (ER)-f3 (43,44). ER-f-modulated
transcription events resulted in the stimulation of proapoptotic
signaling, regulation of mismatch repair proteins as well
as the modulation of the antitumor immune response (45).
Quinaldic acid, a tryptophan metabolite and a derivative
of kynurenic acid, induced apoptosis in colon cancer cells
via the activation of the p53 tumor suppressor but had no
toxicity to non-cancerous colon cell lines (46,47). Therefore,
decreased levels of quinaldic acid contributed to colon cancer
cell growth. Notably, the levels of 2-aminobenenesulfonic
acid, quinoline-4-carboxylic acid and p-sulfanilic acid were
revealed to be correlated to one another, even though they are
in three different KEGG pathways. In fact, sulfanilic acid (also
referred to as 4-aminobenzenesulfonic acid) is an intermediate
product of azo dyes, plant protectives and detergents (48).
In the present study, it was revealed that the levels of these
metabolites were correlated to the stage of CRC (Table V).
It is unclear the resource of sulfanilic acid. Since sulfanilic
acid is degraded by Pseudomonas paucimobilis, an aerobic
bacterium, perhaps bacterial colonization may be increased in
the tumor.

In the present study, the level of lysoPE (17:1/0:0) was
increased on the right-side of the colon compared with the
left-side of the colon and rectum. Additionally, there were
metabolite profile differences between the right- and left-side
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colon tissues in healthy individuals (49). Cai et al (16)
revealed that there were differences in metabolites in
early-stage CRC tissues between the right- and left-side of
the colon. The anatomic location of the CRC was relevant
to the development and prognosis of the patients with
CRC (50). In the present study, the changes of six differen-
tial metabolites in different stages of CRC were significant,
including 2-aminobenzenesulfonic acid, p-sulfanilic acid,
quinoline-4-carboxylic acid, N-a-acetyl-e-(2-propenal)-Lys,
methylcysteine and 5'-deoxy-5'-(methylthio) adenosine.
These metabolites are involved in amino acid and nucleotide
metabolism. Although previous studies compared the changes
of differential metabolites in different stages of CRC tissues,
there were various results in different studies (11,16,51,52).
The data of the present study demonstrated that the level of
differential metabolites were regardless of sex and differen-
tiations of CRC. Since the sample size in the present study
was small, further studies are required to confirm the results
of the present study.

The detection of metabolites within cancer tissue directly
reflects the true metabolic state of the cancer cell unlike
the use of other specimens, such as serum, urine and stool.
However, unlike proteomics, genomics or transcriptomics,
metabolomics only represents a transient phenotypic state
that may vary rapidly (11). The results of the present study
agreed with the findings of a number of previous studies,
while they differed from others (11,36,53). The differen-
tial metabolic profile identified in the present study was
unique and different from other studies (Table IV). There
were multiple factors that could have caused the varia-
tions in the metabolites between the different studies, such
as different preparation methods, samples collected from
patients of different ages, weight, diet and even circadian
rhythm (54), or different analytic platforms and processing
software (11,36,55). Further conclusive studies are required
before any clear explanations can be offered for the different
changes in the metabolites.

The present study had a number of limitations. Firstly, the
present study had a small sample size. The verification of the
results in another set of patients compared with the one used for
metabolomics analysis could not be performed because of the
lack of available samples. Further investigation using a larger
sample size would increase the accuracy and reproducibility
of the study. Secondly, the present study is cross-sectional.
Further longitudinal studies or experimental studies could
provide further evidence to confirm the relationship between
metabolite levels and CRC, and may elucidate the mechanisms
of the alterations in the tumorigenesis of CRC. Thirdly, the
difference between cancer tissues and adenomatous polyps,
a precursor lesion for the majority of CRC, could have been
compared in order to investigate the metabolic changes in the
transition to malignancy. Fourthly, if the metabolite changes
could be confirmed using blood samples from patients, it could
aid the establishment of biomarkers for CRC. The patients of
the present study are being followed-up for further investiga-
tion of the relationship between the alteration of metabolism
and prognosis. Additionally, future study will compare the
alteration of metabolites in tissue and blood.

In conclusion, the present study revealed that the altera-
tion of metabolism in CRC cells could provide novel insights

to decode an unknown aspect of colon carcinogenesis. The
differential levels of the metabolites may serve as biomarkers
in CRC. With collective efforts, further studies on CRC
metabolites may lead to an improved diagnosis or treatment
of CRC.
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