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Abstract Background: Colorectal Cancer (CRC) is a great public health issue and the outcomes
of treatment depends on early diagnosis. Metabolomics may provide biomarkers for early
diagnosis, staging, prognosis and follow-up.

Methods: The authors searched for the results of the published studies existing in
medical databases (PubMed) for all the changes in the main metabolic pathways
(carbohydrate, lipid, aminoacid, nucleotide and other important metabolites) of the CRC
patients and how the metabolic changes can be used as biomarkers, for tumor staging,
prognosis and follow-up.

Results: While most of the metabolites values in biological fluids or tissue samples are
modified (either increased or decreased) and the results are usually constant across the studies
it seems that only patterns of metabolites (fingerprints of 5, 15 or even 30 metabolites) can
be used for the regarding issues mentioned above.

Conclusion: Some studies conclude that some metabolomic models are statistically
much better than current existing markers and may become screening methods in the
near future.
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Introduction

Colorectal Cancer (CRC) is a great public health
issue, particularly in Western Countries but also in
developing countries, as the population borrows the
western food habits. The American Cancer Society (ACS)
reports in 2014 about 71800 men and 65000 women
diagnosed with colorectal cancer in the United States of
America. There were a quite similar number of males and
females with colon cancer (around 48000), while the rectal
cancer was more frequent in males compared with women
in a 3:2 ratio (about 23380 vs 16620 cases). The number of
deaths was about 26270 for males and 24040 for females.
After a relatively ascending trendline of the incidence of
CRC from 1975 towards the mid '80's, now there is a
slow decreasing incidence, especially in the last decade,
probably due to early detection and endoscopic resection
of adenomatous polyps (premalignant conditions) and
colorectal cancer screening [1]. ACS estimates in 2017 that
approximately 4.6% of men (1 in 22) and 4.2% of women
(1 in 24) will be diagnosed with CRC in their lifetime,
around 95000 new cases of colon cancer and almost 40000
cases of new rectal cancer cases [2].

Despite all the progress of medical oncology related
to the development of new cytostatics, new multidisci-
plinary protocols that include chemotherapy, radiotherapy
and surgery, combined in different sequences and combi-
nations depending on tumor stage, developing new
molecules for biologic treatment (monoclonal antibodies),
the main curative treatment remains surgery. This is
addressed to the so called “surgical stages” (stage I-111) but
is also potentially curative in advanced stages. Although
most metastatic patients will receive only palliative
therapy, there are cases that can benefit from aggressive
surgery with curative intend. The prototype situation is
obtaining long disease-free interval or even healing of some
cases with limited metastatic disease of the liver. Surgical
intervention on patients with limited intrahepatic metastatic
disease and without extrahepatic metastasis can lead to a
mean survival interval of 40 to 58 months and a 5-year
survival rate of 40-58% [3]. So it’s important to distinguish
between this cases. Unfortunately only 30% of the patients
with liver metastasis are operable [3] and of these 30%
many of them have occult metastasis, which will be
obvious after some time. Tumor staging is performed by the
radiologic methods available at this moment (ultrasound,
CT-scan, magnetic resonance imaging — MRI, sometimes
PET-CT) and later intra-operatively, sometimes using
laparoscopy, and in the end by pathologic findings. One of
the problems that concern the medical world is finding
biomarkers in order to distinguish between the cases that
can be potentially cured by surgical treatment and those
with occult metastasis. One of the possible solutions offered
by the last decade literature might be “metabolomics”.

Terminology. There is a small controversy in the
literature regarding the terminology. There are two terms:
“metabolomics” and “metabonomics” with specific defi-
nitions but in the literature the two of them are seldom

confused, overlaid or improperly used. According to
medical dictionaries the first term means: “the study of the
small molecules, such as sugars and amino acids, that are
substrates, products, or intermediates of metabolic reactions
in an organism” [4]. Another definition is: “Metabolomics
is the systematic study of the unique chemical fingerprints
of small-molecules, or metabolite profiles, that are related
to a variety of cellular metabolic processes in a cell, organ,
or organism” [5]. On the other hand “metabonomics” is
considered “the metabolic response of living systems to
pathophysiologic stresses or genetic modification as measured
in a quantitative and time-related fashion; sometimes used
to draft dietary guidelines” [6]. According to the same
source the “metabolome” is “the set of all metabolites in a
particular organism, i.e., a statistical approximation of the
organism’s total metabolic potential under any condition”
[7]. As a final statement the term “metabolomics” is rather
related to a qualitative assessment of the entire metabolic
profile (fingerprint), globally, while “metabonomics”
represents a quantitative measurement of a response to
a specific stimulus.

Metabolomic techniques. The field of molecular
biology has had a fast progress in the last decade, with great
implications in diagnosis, prognosis and follow-up of the
surgical patients, particularly the oncologic ones. One of
the new-born branches of molecular biology with a great
potential on patient “staging” is metabolomics, which had
an explosive development in the last decade [8]. It uses
either MRI or chromatography coupled with mass spectro-
photometry detection, in order to reveal the presence of the
metabolites in the tissue samples obtained from surgical
specimens or from biologic fluids (serum, urine). In some
situations we can identify constellations, patterns of
metabolites which can indicate the metabolic processes that
are unfolding in the studied tissues [9]. Because of its high
sensitivity and fast acquisition of data, mass spectrometry
(MS), in combination with chromatography, plays an
increasing important role in the field of metabolomics.
There was a great progress regarding the technology (“the
tools™), experimental models, software and databases.
From qualitative detection methods and simple recognition
of some metabolomic models we have evolved to quan-
titative “targeted” methods that are easy to reproduce and
with trustworthy results. The new techniques of ambient
ionization with quick evaporation or desorbent ionization
allows “real time” direct MS, as well as new imaging
techniques of MS [8].

Methods

The authors searched the PubMed scientific papers
published before October 2018 related to the subject by
entering the terms “colorectal cancer metabolomics”, and
applying the filter “humans”. That search revealed 213
articles. The articles regarding the effects of various
experimental treatments on Colorectal cancer cell lines
were excluded, as were those that referred only marginally
the metabolomics of CRC and were mainly related to other
“omics” or genetics. The authors also excluded the papers
that referred to just one specific metabolite modified in
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CRC or the specific metabolic changes caused by just one
specific mutation. The search also included some expe-
rimental studies on CRC induced in rats and those articles
were not included in this overview. Other studies related
to obesity and diet and their possible implications in
carcinogenesis in several cancers, not specifically CRC
and were not considered important for the subject. Articles
that referred to other cancers and not CRC (breast cancer,

Table 1. Articles included in our review

prostate cancer, esophageal and thyroid cancer), the
metabolic changes in cancer cachexia, one article related
to an international consensus meeting or articles related to
specific devices used for studying metabolomics were also
excluded. In the end 25 articles were searched by the
authors regarding clinical applications, the different metha-
bolic pathways affected by CRC, predisposing factors and
early diagnosis. The list of articles is found in Table 1.

No. |Author(s) Title Date
1. Bathe OF, Farshidfar F From Genotype to Functional Phenotype: Unraveling the Metabolomic {2014
Features of Colorectal Cancer.
2. Farshidfar F, Weljie AM, Kopciuk K, Buie Serum metabolomic profile as a means to distinguish stage of colorectal |2012
WD, Maclean A, Dixon E, et al cancer.
3. Tan B, Qiu Y, Zou X, Chen T, Xie G, Cheng |Metabonomics Identifies Serum Metabolite Markers of Colorectal 2013
Y, etal. Cancer.
4. Qiu Y, Cai G, Zhou B, Li D, Zhao A, Xie G, et | A Distinct Metabolic Signature of Human Colorectal Cancer with 2014
al. Prognostic Potential.
5. Muc-wierzgon M, Nowakowska-zajdel E, Specific metabolic biomarkers as risk and prognostic factors in colorectal | 2014
Dziggielewska-gesiak S, Kokot T. cancer.
6. Beggs AD, Dilworth MP. Surgery in the era of the ’ omics revolution. 2015
7. Farshidfar F, Weljie AM, Kopciuk KA, A validated metabolomic signature for colorectal cancer : exploration of |2016
Hilsden R, Mcgregor SE, Buie WD, et al the clinical value of metabolomics.
8. Zhang F, Zhang Y, Zhao W, Deng K, Wang Z. | Metabolomics for biomarker discovery in the diagnosis , prognosis , 2017
2017 survival and recurrence of colorectal cancer : a systematic review.
9. Deng L, Fang H, Tso VK, Sun Y, Foshaug RR, |Clinical validation of a novel urine-based metabolomic test for the 2017
Krahn SC, et al. detection of colonic polyps on Chinese population.
10. Nishiumi S, Kobayashi T, Kawana S, Unno Y, |Investigations in the possibility of early detection of colorectal cancer by (2017
Sakai T, Okamoto K, et al. gas chromatography/triple-quadrupole mass spectrometry
11. Audet-delage Y, Rouleau M, Rouleau M, Cross-Talk between Alternatively Spliced UGT1A Isoforms and Colon 2017
Roberge J. Cancer Cell Metabolism.
12. Jing Y, Wu X, Gao P, Fang Z, Wu J, Wang Q, |Rapid differentiating colorectal cancer and colorectal polyp using dried |2017
etal. blood spot mass spectrometry metabolomic approach.
13. Liesenfeld DB, Grapov D, Fahrmann JF, Salou | Metabolomics and transcriptomics identify pathway differences between [2015
M, Scherer D, Toth R, et al. visceral and subcutaneous adipose tissue in colorectal cancer patients:
the ColoCare study.
14. Kihn T, Floegel A, Sookthai D, Johnson T, Higher plasma levels of lysophosphatidylcholine 18:0 are related to a 2016
Rolle-Kampczyk U, Otto W, et al. lower risk of common cancers in a prospective metabolomics study.
15. Ghini V, Unger FT, Tenori L, Turano P, Juhl | Metabolomics profiling of pre-and post-anesthesia plasma samples of 2015
H, David KA. colorectal patients obtained via Ficoll separation.
16. Zhu J, Djukovic D, Deng L, Gu H, Himmati F, | Targeted serum metabolite profiling and sequential metabolite ratio 2015
Abu Zaid M, et al. analysis for colorectal cancer progression monitoring.
17. Chen L, Zhang C, Gui Q, Chen Y, Yang Y. Ultra-performance liquid chromatography coupled with quadrupole time- {2015
of-flight mass spectrometry-based metabolic profiling of human serum
prior to and following radical resection of colorectal carcinoma.
18. Troche JR, Mayne ST, Freedman ND, Shebl  |Alcohol consumption-related metabolites in relation to colorectal cancer |2016
FM, Guertin KA, Cross AJ, et al. and adenoma: Two case-control studies using serum biomarkers.
19. Farshidfar F, Kopciuk KA, Hilsden R, A guantitative multimodal metabolomic assay for colorectal cancer. 2018
Mcgregor SE, Mazurak VC, Buie WD, et al.
20. Zhang F, Zhang Y, Zhao W, Deng K, Wang Z. |Metabolomics for biomarker discovery in the diagnosis , prognosis , 2017
survival and recurrence of colorectal cancer : a systematic review.
21. Long Y, Sanchez-Espiridion B, Lin M, White |Global and targeted serum metabolic profiling of colorectal cancer 2017
L, Mishra L, Raju GS, et al. progression.
22. Brown DG, Rao S, Weir TL, O’Malia J, Bazan | Metabolomics and metabolic pathway networks from human colorectal 2016
M, Brown R, et al. cancers, adjacent mucosa, and stool.
23. Ogino S, Nishihara R, Vanderweele TJ, Wang |The Role of Molecular Pathological Epidemiology in the Study of 2016
M, Nishi A, Lochhead P, et al. Neoplastic and Non-Neoplastic Diseases in the Era of Precision Medicine
24. Djukovic D, Zhang J, Raftery D. Colorectal Colorectal cancer detection using targeted LC-MS metabolic profiling. |2018
cancer detection using targeted LC-MS
metabolic profiling.
25. Perttula K, Schiffman C, Edmands WMB, Untargeted lipidomic features associated with colorectal cancer in a 2018
Petrick L, Grigoryan H, Cai X, et al. prospective cohort
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Results

Clinical applications in CRC

The main practical application would be searching for
biomarkers in order to obtain an early diagnosis and proper
postoperative follow-up. A well-known multicenter study
developed in China and the United States find a common
15 metabolite pattern that could allow assessment of the
recurrence rate and survival of the patients after surgical
intervention or chemotherapy. In this study Qui et al.
analyse by gas chromatography 376 surgical specimens
from three chinese centers and City of Hope Compre-
hensive Cancer Center in U.S. [10].

A systematic review published in march 2017 selected
from a total of 156 papers referring the human CRC
metabolomics a final list of 23 eligible articles. From these
16 had as the main subject of study diagnosis, 2 were about
prognosis and survival, 4 were focused on diagnosis,
prognosis and survival and 1 on diagnosis, prognosis,
survival and recurrence. The studied biologic material
was serum samples (11 studies), urine in 4 studies, tissue
samples in 9 studies, exhaled air — 1 study, feces — 1 study,
2 studies combined serum and tissue samples and 1 study
combined feces and tissue samples. The results showed
a good discrimination of the CRC patients compared with
healthy subjects, even in stage | TNM patients. One study
(based on urine metabolites) showed an acceptable staging
in “early”, “intermediate” and “advanced” (metastatic)
stage, with a poor discrimination between intermediate
studies. In contrast, 2 tissue samples-based studies showed
a pretty exact TNM staging (T1/2, T3 and T4). Regarding
the prognosis and recurrence implications the paper cites
the above mentioned of Qiu et al. (the 15-metabolite
pattern) as well as the study of Cheng et al. (see below)
which identifies biomarkers with prognosis and survival
implications (kynurenate, 2-aminobutyrate, succinate,
p-cresol, putrescine and fumarate in early diagnosis and
stages) [11]. The study of Tan et al. failed to stratify TNM
stages but showed that B-hydroxibutyrate increased conti-
nuously from stage | to stage IV while tryptophan and
indoleacrylic acid were continuously decreasing through
stage | to stage IV cases [12]. In his 2016 study, Farshidfar
identifies a 40 metabolites model that change with increa-
sing T-stage and a 17 compound metabolomic model that
could categorize the N-Stages [13].

In the study of Zhu, Djukovic et al. from 2015,
targeted liquid chromatography was used to monitor
disease progression of 20 CRC patients. It demonstrates
the superiority of a 5-metabolite fingerprint (succinate,
N2,N2-dimetihylguanosine, adenine, citraconic acid and
1-methylguanosine) in monitoring the evolution of CRC
patients when compared with current markers (particularly
the carcinoembryonic antigen — CEA). Sensitivity of the
proposed model was 0.83, specificity of 0,94, area under
ROC curve AUROC of 0.91 vs. 0.75, 0.76 and 0.80
respectively for the CEA parameters. [14].

The study of Chen et al. [15] collected serum samples
from 20 CRC patient prior to surgery and one month after
the radical intervention and compared them with samples

from 20 healthy volunteers. The study identified potential
biomarkers from three classes: phosphatidylcholines (PCs),
lysophosphatidylcholines (LPCs) and diacylglycerols
(DAGSs) and tried to establish if these metabolites are
modified regarding the pre-operative and post-operative
status of the patient. It seems no statistical difference was
found in these biomarkers.

Metabolic pathways

The logical explanation for the changes in the levels
of metabolites in some biologic fluid (either increased or
decreased levels) is the alteration of the malignant cell
metabolism, high rate of proliferation and destruction of
cell membrane. According to the type of metabolism
affected we can summarize the changes in metabolic
pathways found in the literature.

1. Carbohydrate metabolism. The metabolism pro-
ducts are the result of the processes of glycolysis, the
tricarboxylic acid cycle and anaerobic respiration. Arabitol,
galactose, mannose and pyruvate were constantly found
with low serum levels. Lactate, a product of anaerobic
glycolysis, was found increased both in tissue studies and
serum studies. Galactose, glucose and galactitol had a
decreasing trend in all studies [11]. Pyruvate, an important
intermediate in glycolisis had higher values than healthy
controls, while other intermediates of the TCA cycle like
fumarate and cis-aconitate had lower values in the chinese-
american study of Tan et al. [12]. By contrast, an MD
Anderson Cancer Center group study found that a higher
level of D- mannose was associated with increased risks
of adenoma polyps and CRC [16].

2. Lipid metabolism. Increased levels of several lipid
metabolites were found: lactate, 2-aminobutyrate, choline,
hydroxybutyrate, succinate, acetate, oleic acid, glyco-
chenodeoxycholate and phosphocoline. There was some
contradictions regarding for example the arachidonic acid
(high levels in one study and low levels in another) [11].
We can also include in this subchapter the cell membrane
lipids changes. Most phosphatidylcholines (PCs) were
significantly elevated, most of the lysophosphatidylcholine
(LDC) and diacylglycerol (DAG) serum levels increased.
We should mention that saturated fatty acid LPC were
elevated while those containing polyunsaturated fatty acids
were lowered in CRC patients (explanation below). [15]
Tan on the other hand finds that four lysophosphati-
dylcholines were decreased. This observation was reported
to be associated with body weight loss and activated
inflammatory status in cancer patients [12]. Pertulla et al.
in a Berkley University paper suggest that some ultra-long
chain fatty acids (ULCFAS) and related fatty acids, appear
to be products of disease progression and, therefore, could
be useful diagnostic biomarkers for early detection of
CRC [17].

3. Aminoacid metabolism. According to the review
mentioned above, it concludes that 7 amino acids have
consistent results in the evaluated trials: histidine, methio-
nine and tryptophan were decreased while glutamic acid,
proline / L-proline, iso-glutamine and putrescine were
increased. Other metabolites have contradictory results.
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Glycine was increased in tissue in two studies and low
in serum in two other studies. Taurine was elevated in
3 studies and decreased in another study [11]. Geijsen et
al. also find the plasma level of taurine increased and the
levels of valine and leucine decreased. Decreased blood
levels of branched-chain aminoacids (BCAASs) could
reflect increased requirement for amino acids due to the
high protein turnover in the malignant setting [18].

4. Nucleotides. Uracil was increased in tissues in
3 studies, feces (1 study), low in urine (1 study) [11].
Adenyl succinate (purine metabolism) was found to be
increased in tumor tissue of CRC patients versus normal
mucosa [19].

5. Other significant metabolites. Carnitine and
hypoxanthine had high values in several studies in CRC
patients and phenol and urea low values. Other metabolites
(eg P-crezole — contradictory values in urine in two studies).
[11] In the MD Anderson study mentioned above by Long
et al, lower levels of xanthine and hypoxanthine were
associated with higher risks of adenomas and CRC [16].
In a 2019 multicenter study (Geijsen et al.) on 268 patients
with CRC and 353 controls, the level of hypoxanthine was
reduced. The authors explanation was that hypoxanthine
(as taurine) is an antioxidant and increased levels reported
in their study may be the result of increased oxidative
stress, which is recognized as an important process in
carcinogenesis. They suggest that inconsistent hypoxan-
thine levels may be caused by red blood cell hemolysis
during the preparation of serum samples utilized in the
Long study in contrast to plasma used in the present
analysis [18].

Knowledge of complex metabolic pathways may
explain certain changes in the metabolomic profile by
searching for specific cellular processes. For example,
decreasing LPC values containing polyunsaturated fatty
acids, in contrast to the opposite trend of PCs containing
polyunsaturated fatty acids, demonstrated in the study of
Chen et al. LPCs are produced by PC degradation. Phos-
pholipase A2, which plays an important role in the
catalyzing of PC hydrolysis in LPC, has an antitumor role
in various cancers and its low activity in CRC patients can
contribute to lowering LPCs [15].

The practical application of knowledge of these
pathways will lead to the development of metabolite
models that play a role in early diagnosis. The study
of Farshidfar et al. (University of Calgary) published
in 2018 distinguishes a model of 48 metabolites with an
AUROC of 0.98, a sensitivity of 93% and a specificity
of 95%. It analysed samples from a prospective cohort of
63 CRC patients, 31 patients with adenoma and 81 disease-
free controls. The same model manages to distinguish
between adenomatous polyps and healthy subjects [20].
The study of Deng et al. published in 2016 validated a
urine-based metabolomic diagnostic test for the detection
of adenomatous polyps, PolypDx™, that was originally
developed and validated using 1000 samples from
Canadian Cohort, on Chinese population of 1000 parti-
cipants. This model measures the concentrations of three
metabolites in urine samples. The AUC of 0.717, sensitivity

of 82.6% and specificity of 42.4% were better than the
fecal-based tests [21]. Jing et al. use a 21 metabolite model
based on a dried blood spot that showed significant diffe-
rence between 81 polyp and 85 CRC patients (sensitivity
of 81.18% and specificity of 83.95%) [22].

The most impressive results seem to come from the
japanese study of Nishiumi et al. The study included
282 stage 0/1/11 CRC cases and 291 healthy participants.
The AUC, sensitivity, and specificity values of this meta-
bolomic model for detecting stage 0/1/ 1l colorectal cancer
were 0.996, 99.3%, and 93.8%, respectively. The model’s
sensitivity and specificity values for each disease stage
were >90%, and surprisingly, its sensitivity for stage 0,
specificity for stage 0, and sensitivity for stage Il disease
were 100% [23].

Another japanese study (Hata et al) focuses on
a single metabolite as a potential biomarker for early
detection of CRC. It is a member of the family of long-
chain (28-carbon) hydroxy fatty acid metabolites referred
to as hydroxylated polyunsaturated ultra-long-chain fatty
acids (hPULC-FAs) or gastrointestinal tract acids (GTAS) -
GTA 446 (molecular weight 446 kDa) - C28H4604. By
analysing serum samples from 225 CRC patients and 916
healthy volunteers, the authors concluded that GTA-446
does not reflect the presence of a tumour, but susceptibility
to CRC, and leads to identifying high-risk CRC patients
with high sensitivity. This statement has high clinical
importance for encouraging colonoscopy [24].

Another interesting approach proposed by other
scientists is to associate clinical factors, such as gender,
age, medication, and substance status as factors that could
strengthen the metabolite biomarker models. Djukovic et
al. in a 234 subject study (66 CRC, 76 polyp patients and
92 healthy controls) finds a 13 metabolite model for diffe-
rentiating between CRC patients and healthy control and
14 metabolite biomarkers selected for the separation of
CRC cases from polyps. Four general clinical factors (age,
gender, smoking, and alcohol status) were added to the
model and the result was an excellent AUROCs (0.93-0.95,
respectively) for differentiating CRC patients from healthy
controls or polyp patients [25].

Predisposing factors and early diagnosis

Another direction of research is the study of predis-
posing factors of cancer from the metabolomic perspective.
Epidemiological studies suggest the role of obesity,
dyslipidemia, hyperinsulinemia, disruption of glucose
homeostasis and elevated Insulin Growth Factor (IGF) as
risk and prognostic factors in cancer. A Polish study review
investigated from the metabolomic point of view three
main axes (dyslipidemia, adipokines and IGF). None of the
three lines was established as an individual risk factor,
while the association of the three was shown to increase the
risk of cancer and the mortality rate for both sexes [26].

One American-British study attempted to demonstrate
the possible relationship between a known carcinogen —
alcohol and CRC. Previous metabolism-related metabolites
have been investigated and their possible association with
adenoma and CRC has been investigated. The study was
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based on two populations: one of 252 incidental CRC cases
and 250 controls from over 150000 participants enroled
between 1993 and 2001 in the Prostate, Lung, Colorectal
and Ovarian Cancer screening Trial, the other of 244 CRC
cases and 231 controls form the Navy Colon Adenoma
Study of Maryland. The conclusion of the study is that this
association does not exist [27].

The MD Anderson group found that low levels of
xanthine and hypoxanthine in smoking patients had a joint
effect with smoking in adenoma polyps and CRC risk.
Obese patients with the same metabolic changes had an
elevated adenoma polyps risk. High levels of D-mannose
had joint effects with smoking on CRC risk. Notably, there
was a significant interaction between the BMI and the
D-mannose level in modifying CRC risk [16].

A German prospective study, with average follow-up
of 8.3 years, investigated the association between the
prediagnosis levels of 120 metabolites and the risk of
breast, prostate and colorectal cancer. The study population
was a subset of 163 colorectal cancer patients from the over
25000 population of EPIC-Heidelberg study. The findings
of the study are that changes in plasma lipid composition
precede the appearance of neoplasia for several years and
that tumor changes appear to cause a global change in
lysophosphatidylcholine metabolism (consistent with the
ones outlined above). It seems that the high level of
LPC 18: 0 (unsaturated fatty acids) would be a protective
factor [15, 28]. This could be a possible screening strategy
in the future.

Discussions

Integrative approach

Another trend in this area of research is to establish
the link between genomics and metabolomics, between
genome and phenotype. The latest trends of classifying
CRC subtypes are based on genetic and epigenetic changes
in relation to the molecular pathways that lead to its
pathogenesis. In this sense, there is a subtype due to
chromosomal instability, microsatellite instability, post-
translational methylation changes. More recently, follo-
wing the ATLAS Project of the Human Genome, CRC is
divided according to the frequency of mutations in hyper-
mutated or non-hypermutated forms. These have different
clinical implications regarding prognosis (eg chromosomal
instability forms are associated with a worse prognosis
regardless of the stage or type of treatment), others may
explain the lack of response to some treatments (eg K-Ras
and N-Ras) [3, 10, 29]. KRAS mutations occur in 35% to
45% of patients with metastatic CRC (mCRC) and predict
poor response to EGFR-targeted therapy with cetuximab
and panitumumab. An italian-danish paper concludes that
MCRC before third-line therapy with cetuximab and irino-
tecan shows a signature of altered energy metabolism,
which may reflect an increased gluconeogenesis and an
accumulation of 3-hydroxybutyrate [30]. There are other
studies that combine transcriptomics and metabolomics
regarding CRC cell lines which express either wild type
(wt) KRAS or the oncogenic KRAS (mt). Consistent
with the transcriptional data, protein synthesis and cell

proliferation were significantly higher in the mtKRAS
cells. Targeted metabolomics analysis also confirmed the
metabolic reprogramming in mtKRAS cells. Interestingly,
mtKRAS cells were highly transcriptionally responsive to
EGFR activation by TGFa [31].

Regarding these subjects molecular pathologic epide-
miology (MPE) has emerged as an integration of molecular
pathology and epidemiology. MPE studies have shown that
smoking is a risk factor for a colorectal cancer subtype
described as microsatellite instability (MSI) or CpG island
methylator phenotype-high while obesity is a risk factor for
non-MSI-high subtype of colorectal cancer. Thus, under
the MPE paradigm, smoking and obesity are risk factors for
different disease subtypes. We can drag the conclusion that
prevention and early detection are likely different between
non-obese heavy smokers and obese never smokers. MPE
approach has shown that colonoscopy may not be as
effective in smokers as in non-smokers. So in the future we
might need tailored preventive strategies [32, 33].

One example regarding the complex relation between
genotype, proteomics and cancer cell metabolism is
provided by a canadian group from Quebec. They study the
complex interaction between isoforms of uridine diphos-
phoglucuronosyltransferase 1 (UGT1A_i2s) (produced by
alternative splicing of the gene locus), proteomic data of
the interaction between UGT1A i2s and the enzyme
of glycolysis pyruvate kinase (PKM) and the cancer cell
metabolism. Depletion of UGT1A _i2s proteins in HT 115
cancer cells produce higher glycolitic rate at the expense
of mitochondrial respiration and lactate accumulation.
Untargeted metabolomics further revealed a significantly
altered cellular content of 58 metabolites including many
intermediates derived from the glycolysis and TCA cycle
pathways, changes that were associated with a greater
migration potential [34].

A German-American study analysed in a 2015 paper
the metabolic pathway differences between visceral and
subcutaneous adipose tissue (VAT and SAT) in CRC
patients. They analysed through metabolomic and trans-
criptomic methods paired samples of serum, VAT and SAT.
Compared with SAT, VAT displayed elevated markers
of inflammatory lipid metabolism, free arachidonic acid,
phospholipases (PLA2G10), and prostaglandin synthesis—
related enzymes. Plasmalogen concentrations were lower
in VAT than in SAT, which was supported by lower gene
expression of FAR1 (fatty acid reductase), the rate-limiting
enzyme for ether-lipid synthesis in VAT [35].

Metabolomics (study of small intermediate molecules)
of the disease presents a momentary picture, a snapshot of
metabolic disturbances accompanying colorectal cancer.
Several studies have demonstrated differences between
normal and tumor tissues. Generally, metabolites asso-
ciated with the tricarboxylic acid cycle appear to be found
to have a lower level in malignant tissues, while urea,
purine, pyrimidine, amino acid and choline intermediates
were increased, more likely related to the elevated needs of
the malignant cells with rapid division. Liquid stool
samples have also been investigated with evidence of
changes in fecal metabolites, but it is difficult to tell
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whether these changes are consequential to cancer,
is due to microbial populations, or is a predisposing
metabolic profile of the patient to develop neoplasia
[3, 10, 29].

Question marks

The metabolomic studies require special techniques
and complex statistic analysis. Due to the complexity of
the metabolic processes involved in the tumoral cell and
the complex interactions with the normal processes of the
organism there are some question marks regarding the
stability of the metabolome in time, the scientific accuracy
of the data obtained regarding the moment of sample
collection (mainly blood or tissue samples), the specificity
of the metabolomic signatures of colorectal cancer found in
the above mentioned studies compared to other metabolic
diseases.

The stability of the metabolome in time. Carayol et al
in his paper published in 2015 tried to answer the question
about lack of temporal stability of metabolite levels. They
collected serum samples two years apart in 27 fasting
men from Turin, Italy, and 39 non-fasting women from
Utrecht, The Netherlands, all participating in the European
Prospective Investigation into Cancer and Nutrition (EPIC)
study. The study showed good reproducibility for most of
the Biocrates metabolites over a 2-year period, including
sphingomyelins (SMs), phosphatidylcholines (PCs), bio-
genic amines, hexoses and most of the amino acids and
acylcarnitines in fasting samples from healthy men from
the EPIC cohort. More variability over time was observed
in the 140 metabolites when measured in non-fasting
samples. The results indicate that a single measurement
could be sufficient for hexoses and most of the amino acids,
biogenic amines, SMs, and PCs in non-fasting samples, but
not for most of the acylcarnitines. Fasting samples are
preferable to non-fasting [36]. Related to this subject we
searched the literature about the stability of the metabolites
in different storage conditions. According to these findings,
plasma samples suited for metabolomics analyses should
be stored at <—80°C for long-term storage due to instability
of many of the metabolites in plasma. In fact, the European
Prospective Investigation into Cancer and Nutrition (EPIC)
consortium in 2005 recommended the storage of plasma in
liquid nitrogen for optimal preservation of metabolites,
including rapidly degrading metabolites such as vitamin C.
Gonzales et al using an elastic net regularized regression
model show only minimal deterioration of the plasma
metabolome at —20°C up to 1 month. However, majority
of the changes appeared at around 12-15 days of storage.
This allows scientists to better plan logistics and storage
strategies for samples obtained from low-resource settings,
where —80°C storage is not guaranteed [37].

Regarding the second issue (the moment of blood
sample collection) we found an interesting study of Ghini,
Unger, Tenori et al focused on the effects of anesthesia on
the metabolic profiles of CRC patients. The study collected
blood samples form 70 CRC patients (40 non metastatic
and 30 cases with liver metastasis) prior and after drug
administration, when the patient was fully anesthetised
but before surgery. The two groups of samples were well

discriminated, the signals of some molecules are visible in
the spectra (Etomidate, Propofol, Cefuroxime). A general
decrease in metabolites concentration was observed and it
can be reasonably attributed to a slower metabolism under
anesthesia. The increased levels of a few molecules are
more difficult to interpret but they might be directly related
to the effect of some of the medical treatments. The authors
logical conclusion is that post-anesthesia samples are not
very suitable for standard metabolomic studies [38].

Last, we focused on the complex relationship between
CRC and other metabolic diseases, mainly obesity and
diabetes, from the metabolomic point of view. Most
articles found searched the relationship between obesity,
dyslipidemia and CRC. In the aetiopathogenesis of CRC in
over-weight/obese patients, fat tissue is said to be of high
importance for the processes of neoplastic transformation.
Fat tissue is treated like glandular tissue, performing
endocrine, paracrine and autocrine functions, regulating
triglyceride metabolism, influencing the coagulation
system and inhibiting the anti-lipolytic effect of insulin
[26]. Findings on the relationship between the levels of
total cholesterol and triglycerides and the risk of CRC have
been inconsistent. For example in a large-scale cohort study
performed by Ulmer et al high serum TG concentrations
were found to be correlated with a high risk of rectal
cancer (HR = 1.56, 95%ClI: 1.00-2.44) in men and women
combined (as well as for lung, gynaecological cancers and
thyroid cancer) but no other correlation was found (in
particular colon cancer) [39]. In the metabolic syndrome
and cancer (Me-Can) project 2834 men and 1861 women
were diagnosed with colorectal cancer. In men, a signi-
ficant association was observed between the TG level and
CRC (RR=1.17,95%CI: 1.06-1.28) and a modest positive
association was observed for total cholesterol and CRC.
However, no relationship between these factors was found
in women [40]. Most of the studies in this area have
indicated that leptin may potentiate the growth of cancer
cells in vitro, while adiponectin has an opposite effect [26].
As for cancers, recent studies try to define a metabolomic
signature for obesity. Elevated levels of branched-chain
aminoacids (BCAAs) (leucine, isoleucine, and valine) and
aromatic AAs (phenylalanine, tyrosine, tryptophan and
methionine), as well as some of their tissue metabolites,
have been detected in both subjects with obesity and
diabetes, whereas glutamine and glycine levels are
decreased. Nucleotides, nucleosides, and their metabolites,
namely, uridine and uric acid, vary considerably, depen-
ding on the degree of insuline resistance in obese subjects.
The concentrations of glucose, fructose, mannose, xylose,
gluconic acid, glucuronic acid, glycerol and lactate in
plasma are usually increased, whereas the concentrations of
glycerol-3-phosphate and other metabolites are decreased
in obese men. Serum concentrations of lysoPCs show a
robust inverse correlation with BMI, body weight and
waist and hip circumference [41].

There is a significantly elevated risk for proximal
colorectal cancer in men suffering from type 2 diabetes
mellitus and no significant increase in risk in women with
this condition [42]. Other studies have indicated that

2051



RACHIERIU C et al

diabetes mellitus type 2 is a risk factor for distal CRC [43]
and both proximal and distal CRC [44]. However, several
studies have revealed a decrease in cancer risk in diabetic
patients treated with metformin, an anti-diabetic agent [41,
45, 46]. Higher circulating levels of the BCAAs (isoleucine,
leucine and valine) are strongly associated with higher type
2 diabetes risk. A large scale genetic and metabolomic
study is consistent with a causal role of BCAA metabolism
in the aetiology of type 2 diabetes [47]. A combination of
individual fatty acids, characterised by high concentrations
of linoleic acid, odd- chain fatty acids, and very long-chain
fatty acids, was associated with lower incidence of type 2
diabetes. The specific fatty acid pattern may be influenced
by metabolic, genetic, and dietary factors [48].

Conclusions

In conclusion — the metabolomics can provide a
useful and non-invasive tool for early diagnosis, probably
staging and prognosis in colorectal cancer, already existing
studies showing metabolomic models with statistical
power much better than current existing markers. There
is also hope of using them as a screening method.
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