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Abstract: Colorectal cancer (CRC) is the third most commonly diagnosed cancer in the world.
In Europe, it is the second most common cause of cancer-related deaths. With the advent of
metabolomics approaches, studies regarding the investigation of metabolite profiles related to CRC
have been conducted, aiming to serve as a tool for early diagnosis. In order to provide further
information about the current status of this field of research, 21 studies were systematically reviewed,
regarding their main findings and analytical aspects. A special focus was given to the employment
of matrices obtained non-invasively and the use of gas chromatography as the analytical platform.
The relationship between the reported volatile and non-volatile biomarkers and CRC-related metabolic
alterations was also explored, demonstrating that many of these metabolites are connected with
biochemical pathways proven to be involved in carcinogenesis. The most commonly reported CRC
indicators were hydrocarbons, aldehydes, amino acids and short-chain fatty acids. These potential
biomarkers can be associated with both human and bacterial pathways and the analysis based on
such species has the potential to be applied in the clinical practice as a low-cost screening method.

Keywords: colorectal cancer; VOCs; biomarker; gas chromatography; profiling; breath; urine;
feces; pathways

1. Introduction

1.1. Colorectal Cancer Background

According to data regarding cancer burden in 2018 (GLOBOCAN 2018), colorectal cancer (CRC)
is currently the third most incident cancer type in the word, with nearly 1.85 million cases and
881 thousand deaths worldwide. In Europe, it occupies the second place in the ranking of cancer
occurrence and related deaths, with approximately half a million new cases registered and almost a
quarter of a million associated deaths. Moreover, research on cancer progression predicts an increase
of 75% in CRC cases over the next 20 years [1]. The global population over time has experienced
significant changes in their habits, notably the prevalence of sedentarism, increased intake of dietary
fat and processed food, and exposure to carcinogens, all risk factors in CRC [2]. Such context presents
a complex perspective on CRC, also a from socioeconomic point of view, emphasizing the need for
prevention strategies and promotion of early diagnosis.
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It is observed that around 95% of colorectal neoplasms are adenocarcinomas and start as colonic
adenomatous polyps [3]. Then, a series of genomic and molecular alterations induce the development
of the malignancy in the colon [4]. CRC can be prevented if an intervention occurs leading to excision
of the polyps and conduction of proper treatment; therefore, approaches directed towards an early
detection of polyps and lesions, before these achieve the malignancy threshold, have substantial
importance to reduce both CRC incidence and mortality [3].

1.2. Available Diagnostic Methods

The fecal occult blood test (FOBT), also known as the guaiac test, is generally applied for CRC
screening. Nevertheless, this procedure presents relatively low sensitivity, which for this once-only
test can be 50% or lower [5,6]. Additionally, FOBT is affected by the presence of interferers, is not
specific for distal gut blood and may be insensitive to smaller bleedings. The antibody-based fecal
immunochemical test (FIT) for hemoglobin is an improved alternative to FOBT, obtaining a sensitivity
greater than 80% [6]. Notwithstanding, the verification of fecal blood can have a low impact on CRC
primary assessment and is occasionally indicative of late stage cancer [7]. Currently, colonoscopy
is described as the gold-standard screening procedure for CRC as it presents high sensitivity and
specificity. However, colonoscopy is a costly and invasive procedure, limiting a patient’s access to the
examination and resulting in poor compliance rates, aspects that hinder successful implementation of
this test in CRC prevention [8,9]. Imaging exams have great reported efficiency, although also carry
limitations regarding the cost of procedures and required exposure to radiation [10].

The group of currently available CRC biomarkers can be classified according to the affected
biological matrices related to colorectal neoplasm. The most common are tumor, blood and stool
biomarkers [11]. Moreover, molecular indicators can be grouped into three classes: prognostic,
predictive and diagnostic markers [12]. Prognostic markers indicate the possible progression of the
disease, such as: adenomatous polyposis coli (almost 100% of individuals develop CRC with this
germ line mutation) [13,14], p53 (tumor suppressor p53 expression) [12], and epidermal growth factor
receptor (EGFR; up to 80% over expression in CRC) [15]. Predictive indicators are used to foresee
treatment measures to be taken on a patient. They include, e.g., Kirsten rat sarcoma viral oncogene
(KRAS; more than 50% of CRC patients carry a mutant allele) [13,16], BRAF (a mutant KRAS gene,
which encodes protein B-Raf, found in only 30-40% of the 90% of patients not affected by anti-EGFR
therapy) [14,16], and COX-2 (Cyclooxygenase-2; the expression exhibited in 70% of CRC tumors) [12].
Risk stratification and early detection of polyps are provided by diagnostic markers, such as: insulin like
growth factor binding protein 2 (IGFBP2; elevated levels in plasma and serum of CRC patients) [12,14],
telomerase (an enzyme responsible for synthesizing DNA from chromosome ends for which an increase
in activity was noticed for 90% of colorectal tumors) [17], and pyruvate kinase M2 (PKM2; a glycolytic
pyruvate kinase isoenzyme increased in the stool of CRC subjects) [16]. Epi proColon® (Epigenomics
Inc., San Diego, CA, USA) is a commercially available test relying on the verification of methylated
Septin-9 in DNA extracted from blood, by means of polymerase chain reaction (PCR) [18]. This genetic
alteration is associated with the presence of CRC tissue. Studies showed that Epi proColon® exam
presented sensitivity and specificity ranging from 75 to 81% and from 96 to 99%, respectively [19].
Nevertheless, subsequent clinical trials demonstrated that test sensitivity was insufficient in case of
asymptomatic cases and stage I CRC. Cologuard® (Exact Sciences Corporation, Madison, WI, USA)
is a stool-based presumptive test for CRC, based on the qualitative detection of fecal DNA markers.
This exam presented to be superior to the FIT test, although its rate of detection was around 42% in
cases of advanced adenomas [8]. Apart from the displayed limitations, these screening strategies tend
to achieve wider acceptance among the population and can indicate the need for further colonoscopic
investigation, aiding a more approachable monitoring of CRC.
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1.3. Metabolomics Studies on CRC

Metabolomics science emerged as a new approach to study biological systems [20]. In a metabolomics
workflow, biological samples are processed and comprehensively analyzed in terms of total metabolites,
which can belong to a specific chemical class depending on the envisioned approach and the
methodologies selected for sample preparation and pre-concentration. Measurements can involve
different analytical platforms, with emphasis given to chromatographic techniques—able to resolve
complex mixtures—coupled to mass spectrometry [21], such as gas chromatography-mass spectrometry
(GC-MS) and liquid chromatography-mass spectrometry (LC-MS) [22-24].

Among the small metabolites, volatile organic compounds (VOCs) are metabolic products that
can elicit diversified patterns that may represent very specific biochemical ongoing processes in the
organism. Volatiles’ profiles have been studied in the context of several diseases, especially in exhaled
breath, using GC-based analyses [25-28]. In this context, GC analysis is extremely relevant, because it
encompasses the group of VOC metabolites, which cannot be properly assessed by LC.

Research on global molecular metabolites as potential markers of diseases is a very interesting
approach for the design of methods directed towards the early diagnosis and evaluation of patient’s
response to therapeutic intervention [20,29]. Molecular profiling presents promising perspectives
towards clinical applications. The assessment of a set of metabolites has the possibility to provide
information regarding simultaneous metabolic alterations, potentially offering a more accurate and
detailed diagnosis, thus, it represents a great advance in personalized medicine [30].

Although contemporary, metabolomics-based methods still face several challenges, such as: the
existence of a large body of variables that may impact the metabolic profile; the lack of standardization
in workflow protocol and irreproducibility between studies that lead to varied panels of potential
biomarkers. Therefore, a deeper inspection is required in order to compare the results reported so
far by different research groups concerning the metabolomic investigation in CRC, listing the main
developments made to date, and thus offering insights into new aspects to be studied regarding
CRC characterization.

This review aims to compile data obtained from different GC-based investigations on molecular
metabolites of CRC in biological samples obtained non-invasively (breath, urine and feces).
Considering this, the analytical aspects involved in the profiling studies and their main findings are
described. Furthermore, candidate CRC biomarkers and their related origins are discussed from the
point of view of cancer physiopathology. In this sense, the present review is directed to researchers
working in the medical and metabolomics fields aiming to have an overview of explored analytical
protocols and to consult the main contribution of such metabolic patterns on the elucidation of
CRC-related mechanisms and their potential regarding disease diagnosis.

2. Studies on Colorectal Cancer Metabolic Biomarkers

2.1. Applied Methodologies

A critical matter involving metabolomics studies is the employment of varied protocols covering
sample collection, processing and analysis. In this sense, the selection of specific analytical parameters
can deeply influence the set of acquired metabolites, turning valid the discussion on the main aspects
prevalent in sample pre-treatment, extraction procedure and analysis in GC-based metabolomics
directed towards CRC markers investigation. Several techniques have been employed for the extraction
and pre-concentration of the metabolites of interest in different biological samples. The particular
characteristics of each matrix determine which sample preparation techniques are required, which in
turn, have associated advantages and limitations to be observed by the analyst. Fundamental aspects
regarding the selection of biological matrix are the concentration range of the target analytes in the
sample, window of detection provided, matrix complexity and involved distribution mechanisms.
Sample preparation techniques to be used should be chosen based on their ability to pre-concentrate
the analyte, the availability of specific materials, required processing time and involved costs.
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Data concerning sample preparations details, study design and statistical approaches employed
by the reviewed studies are summarized in Table 1.

Table 1. Table summarizing all 21 studies regarding investigation of biomarkers of CRC in urine, feces,

and breath samples.

Sample Preparation and

Reference Subjects Analytical Technique Main Analytes Type of GC Column Statistical Approach
URINE SAMPLES
e 60CRC:
> stage L 723 solvent extraction with DB-5MS capillary
. > stagell: chloroform and SNM: amino acids; column (30 m x 250 pm
Qiuetal, 2010 [31] > stage lIl: 21 derivatization with ECF organic acids id., 0.25-um film PCA, OPLS-DA
> stagelV:9 + GC-MS thickness)
e 63HC
. HS-SPME with CAR/PDMS  SVM: hydrocarbons; 30 m X 0.25 mm ID x
12 CRC .
S;lovlal e[tg;;, : HC (75 um) aldehydes; sulfur 0.25 um film thickness ;r('lzeAway ANOVA, LSD,
: + GC-MS compounds BP-20
° Q)S CRC: . solvent extraction with DB-5MS capillary
stage I 24 methanol and derivatization SNM: amino acids: column (30 m x 250 um  PCA, OPLS-DA, ROC
Cheng etal., > stagell: 45 with methoxyamine (in or ar;ic acids: g 1.D., 0.25-um film curve, Student’s t-test,
2012 [33] > stage lIl: 27 pyridine) and BSTFA safchm des thickness; (5%-phenyl) ~ Wilcoxon—Mann-Whitney
> stagelV:5 (1% TMCS) methyl-polysiloxane test
e 101 HC + GC-TOFMS bonded and cross-linked
SVM: ketones; Rxi-624Sil column (20 m
83 CRC /
Arasaradnam etal, ¢ ITEX aldehydes; nitrogen  length, 0.18 mm ID, FDA, KNN method
2014 [34] e 50HC +GC-MS compounds 1.0 jum df)
Total for GC-MS and
'H-NMR is 199 CRC:
e CRC pre-surgery:
> s0: 5;sl:12;
sII: 40; sIII: 22;
sIV: 18

e  CRC post-surgery:

> sl 4;sIl: 4;

Liesenfeld et al., SII: 2; sTV: 2

solvent extraction with
methanol and derivatization

with methoxyamine (in SNM: alcohols;

amino acids; organic

HP-5 MS fused silica
column (30 m X 0.25 mm;
0.25 pum film thickness of

Wilcoxon-Mann-Whitney
tests, PLS-DA, one-way

2015 [35] e CRC6 p}:rldlne) and BSTFA acids; saccharides t]r}e 5% phenyl ?5% ANOVA, ROC curve
months follow-up: (1% TMCS) dlmlethylpolysﬂoxane
+GC-MS stationary phase
> sl:12;sIl:17;
slII: 15; sIV: 8
e CRCI12
months follow-up:
> sl 7;sIl: 13;
sIIL: 14; sIV: 4
e 163
CRC pre-surgery:
> stage I/II: 76;
stage II[/IV: 87 solvent extraction with HP-5 MS fused silica one-way ANOVA,
. 83 with 6 methanol and derivatization column (30 m X 0.25 mm; Pearson Chi-squared
Delphan et al., months follow-up:  with methoxyamine (in SNM: ami id 0.25 um film thickness of  test, Pearson’s partial
2018 [36] > stage I/IL: 36; pyridine) and BSTFA : amino acids the 5% phenyl 95% correlation coefficients,
stage ITI/IV: 47 (1% TMCS) dimethylpolysiloxane Cox proportional hazard
e 54with12 +GC-MS stationary phase models
months follow-up:
> stage I/IL: 32;
stage II/IV: 25
. 12 CRC
. 80 adenoma ROC curve, Sparse
e  l4diverticular logistic regression,
. disease . Random Forest,
Mozdiak et al., e 5haemorrhoids not specified undetermined not specified Gaussian process
2019 [37] . + GC-IMS L
e l4inflammatory classifier, Support vector
bowel disease machine, Neural
e 1excluded network
e 37HC
FECAL SAMPLES
solvent extraction with TG-5MS <l:olumn (80 m,
isopropanol:acetonitrile:water 025 mm i.d., 025 um
. R L SNM: amino acids; film thickness), AMOVA, Student’ t test,
Weir et al., e 10CRC and derivatization with ic acids: lipids:  SCFA determination: ANOVA. P
2013 [38] 0 11 HC methoxyamine (in pyridine) organic acids; liplds; etermination: , Fearson

and MSTFA (1% TMCS) steroids

+ GC-MS

TG-WAX-A column (30
m, 0.25 mm ID, 0.25 pm
film thickness)

correlation, PLS-DA
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Table 1. Cont.
Reference Subjects Sample Preparation and Main Analytes Type of GC Column Statistical Approach
Analytical Technique
FECAL SAMPLES
solvent extraction with
. 11 CRC: methanol:water and DB-1 (30 min X 250 um
Phua et al., > sB:6:5C:5 derivatization with SNM: lipids; i.d.) fused silica capillary PCA, OPLS-DA, ROC
2014 [39] . methoxyamine (in pyridine)  saccharides column with 0.25 um curve, Welch f test
e 10HC and MSTFA (1% TMCS) film thickness
+ GC-TOFMS
. 21 CRC Student’s t test, Fisher’s
Bond et al., . 56 with HS-SPME B e>l<act test, ANOVA, fallse
2016 [40] adenomatous + GC-MS SVM not specified discovery rate correction,
polyp/s PLS-DA, factor analysis,
e 60HC ROC curve
solvent extraction with
isopropanol:acetonitrile:water
and derivatization with
e 15CRG pyridine-methoxy amino
Wang et al > sll:4; s8Ik 6; acid salt solution, SNM: amino acids; Student’s f-test, Pearson
2017 [41] v sIV: 5 SCFA determination: organic acids; lipids; ~ 30-m TG-5MS column correlation .
e 12HC solvent extraction and steroids
derivatization with sulfuric
acid solution (50%) and
diethyl ether
+ GC-MS
Analysis of Long-Chain
Fatty Acids: solvent
extraction with
e 26CRC: chloroform:methanol (Folch
> b3 slla 5 method) and derivatization
Song et al., Zlic:ll‘ sliIbz . Xlth BCI3—M€OH ) o HP-5 MS 30 m X 250 um Chi-square test, Fisher’s
2018 [42] e e naly51s.0f Short-Chain lipids % 0.25 pm column exact test, )
sllle: 3;sIVa: 3 Fatty Acids: Mann-Whitney U test
e 28HC solvent extraction with HCI
and diethyl ether and
derivatization with PFBB in
acetonitrile and EDIPA
+ GC-MS
60 m long Zebron ZB-624  Student’s t test,
e 21CRC capillary column with an ~ Mann-Whitey tests,
e 56 with inner diameter of 0.25 Fisher’s exact test,
Bond et al., adenomatous HS-SPME with CAR/PDMS SVM: esters: alcohols ™™ The column was ANOVA,
2019 [43] polyp/s +GC-MS : ! lined with a 1.4 um film  false discovery rate
. 60 HC of 94% dimethyl correction, PLS-DA,
polysiloxane and 6% factor analysis, ROC
cyanopropylphenyl curve
BREATH SAMPLES
direct gas sampling by
means of:
e 30CRC either a modified
e 64 with Haldane-Priestley tube’ or a
Haines et al. non-malignant 3-bag collecting system in
1977 [44] large-bowel disorders which one bag contains gases not specified p value
e 208 without known sample which can then be
large-bowel disorders transferred to a syringe or
evacuated aerosol can for
later analysis
+GC
direct gas sampling by
means of a 3-bag collecting
e  47CRC system in which one bag
Piqué et al. 156 HC contains sample which can " ified I
1984 [45] ® then be transferred to a gases not specitie pvaiue
syringe or evacuated aerosol
can for later analysis
+ GC-FID
* 26CRG H5-5MS 5% phenyl
Peng et al., > sk:3;sIl7; HS-SPME with PDMS/DVB methyl siloxane (30 m
2010 [46] SIL7SIV:7 4+ GC-MS SVM: hydrocarbons lengt]}-,n, 0.25 mm id., pca
e 2HC 0.25 um thickness)
adsorption of VOCs on to SUPELCOWAX,
Altomare et al. 37 CRC sorbent cartridges and polyethylene glycol 30 m
2013 [47] 4 41 HC thermal desorpti SVM: hydrocarbons X 0.25mm ID. X 0.25 um  PNN, ROC curve
ption :
+ GC-MS sta.tlonary phase
thickness
e 15CRC
e 20 with adsorption of VOCs on to
Depalma et al., colonoscopic sorbent cartridges and

2014 [48] diagnosis of
colonic polyps

e 15HC

thermal desorption
+GC-MS

undetermined

not specified

LDA
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Sample Preparation and

Reference Subjects Analytical Technique Main Analytes Type of GC Column Statistical Approach
BREATH SAMPLES
20 CRC HS-SPME with CAR/PDMS DB-5MS (length 30m X pop prgpa,
Wang et al., SVM: alcohols; inner diameter (ID) 0.250 .
. 20 HC (75 pm) . . Kruskal-Wallis rank sum
2014 [49] hydrocarbons mm X film thickness
+GC-MS test
0.25 um)
HP-5MS, 95%
adsorption of VOCs on to polydimethylsiloxane, A
Altomare et al., 48 CRC sorbent cartridges and 5% polydiphenylsiloxane, Ménn Whitney U test, ,
55 HC . SVM: hydrocarbons chi-square test, Student’s
2015 [50] thermal desorption 30 m x 0.25 mm ID, t test. PNN, ROC curve
+GC-MS 0.25 um stationary phase ’ ’
thickness
e 65CRC SLB-5ms capillary
. dsorption of VOCs on to column (with 5% phenyl
22 with a P VM: .
Amal etal., or r\:g:\a;s::?ecgd sorbent cartridges and ie tor;e};}'lesricra;bons, methyl siloxane; 30 m Student’s t test, DFA,
2016 [51] ) thermal desorption 4 . length; 0.25 mm internal ~ ROC curve
adenomas alcohols . X
. 122 HC + GC-MS diameter; 0.5 pm

thicknesses)

VOC—volatile organic compound; CRC—colorectal cancer; HC—healthy controls; s—stage of cancer;
ITEX—in-tube extraction; 'H-NMR—proton nuclear magnetic resonance; GC-MS—gas chromatography-mass
spectrometry; HS-SPME—headspace-solid-phase microextraction; CAR/PDMS—Carboxen/Polydimethylsiloxane;
PDMS/DVB—Polydimethylsiloxane/Divinylbenzene; GC-FID—gas chromatography with flame ionization
detection; GC-IMS—gas chromatography coupled with ion mobility spectrometry; GC-TOFMS—gas
chromatography/time-of-flight mass spectrometry; PCA—principal component analysis; OPLS-DA—orthogonal
partial least squares discriminant analysis; ANOVA—analysis of variance; AMOVA—analysis of molecular
variance; LSD—Ileast significant difference; ROC—receiver operating characteristic; FDA—Fisher discriminant
analysis; KNN-—k-nearest neighbors algorithm; PLS-DA—partial least squares discriminant analysis;
PNN—probabilistic neural network; LDA—Ilinear discriminant analysis; DFA—discriminant function analysis;
MSTFA—N-methyl-N-(trimethylsilyl)trifluoroacetamide; SCFA—short-chain fatty acid; PFBB—pentafluorobenzyl
bromide; BSTFA—N,O-bis(trimethylsilyl)trifluoroacetamide; TMCS—trimethylsilyl chloride; ECF—ethyl
chloroformate; EDIPA—3’-O-ethyl-N,N-diisopropylphosphoramidite; SNM—screening of nonvolatile metabolites;
SVM—screening of volatile metabolites.

2.2. General Analytical Platforms Available for Metabolomics Studies

There are many analytical platforms for molecular biomarker analysis, such as nuclear
magnetic resonance (NMR), high performance liquid chromatography-mass spectrometry (HPLC-MS),
ultrahigh performance liquid chromatography-mass spectrometry (UHPLC-MS), supercritical fluid
chromatography-mass spectrometry (SFC-MS), capillary electrophoresis-mass spectrometry (CE-MS)
and GC-MS [52,53]. NMR is highly reproducible technique which requires low amounts of the sample,
enables quantitation without standards and allows for the identification of both polar and nonpolar
compounds. The main disadvantage of NMR compared with MS is poor sensitivity, limiting analyses
to low-abundant metabolites [52]. UHPLC-MS is more sensitive than HPLC-MS and requires smaller
sample volume for injection. Recent UHPLC-MS are using porous particles with internal diameters
smaller than 2 um, which provide higher peak capacity, increased specificity and high-throughput
capabilities as compared to HPLC columns [53]. The difficulty is that electrospray ionization (ESI) mass
spectral libraries are not standardized like in the case of GC-MS [54]. SFC-MS is a promising tool in the
field of metabolomics, next to GC and LC. It can analyze both polar and nonpolar compounds using
“green” and rather cheap CO, as the mobile phase [52]. CE-MS has low sensitivity and enables the
analysis of polar compounds. CE-MS offers high-analyte resolution and a small volume of sample for
injection (1-20 nL) [52,53]. GC-MS is a gold standard for the analysis of volatiles and it is, relatively, a
simpler technique than LC-MS, more cost effective and with reduced matrix effect enabling to quantify
compounds in picograms and identification using easy-accessible reference libraries [27-29]. It is also
possible to separate and analyze semi-volatiles, for example when using solvent extraction as the
sample preparation technique. However, most compounds require a chemical derivatization step at
room or elevated temperatures to provide necessary volatility and thermal stability [54]. GC-MS is one
of most important methods to analyze VOCs from various matrices like breath, saliva, urine, feces and
blood for metabolomic purposes [55].
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2.3. Search Strategy

On 20 May 2020, a literature search was performed in the electronic database Web of Science Core
Collection (from Clarivate Analytics; Philadelphia, PA, USA), as well as Google Scholar. The used search
terms were: colorectal cancer, volatile organic compounds, gas chromatography, breath, urine and
feces, with time span from 2010 to 2020. Due to the historical relevance, two older articles involving
breath samples (from 1977 and 1984) were also included.

Studies that were included met the following criteria; (i) at least two patient groups; one group with
colon or digestive tract cancer in any stage and another group without cancer; (ii) analytical platform
based on GC coupled with MS or other commonly used detectors; (iii) detection and identification of
chemicals or gases in breath, urine and feces.

The following information was gathered from the articles, per type of matrix: author, year of
publication, analytical method, method of data analysis, sample preparation technique, type of used
GC column, patient groups and number of volunteers, degree of validation of the method and its level
of sensitivity, specificity, accuracy and other statistical parameters.

Twenty-one studies on CRC molecular markers were reviewed, all of them employing gas
chromatography as the analytical technique and comprising the investigation of urine, breath or fecal
samples as sources of metabolites. Data regarding candidate CRC biomarkers and studied biological
matrices are presented in Table 2—these compounds are referred to as being the most relevant for being
reported as possible markers by more than one study and/or for the possibility of being addressed to
formerly described biochemical mechanisms. Table S1 (Supplementary Materials) is a full, extended
version of Table 2.

Table 2. List of the most relevant compounds reported as potential biomarkers of CRC.

Compound CAS Number Code Matrix Reference
ALCOHOLS, POLYOLS AND PHENOLS
1-octanol 111-87-5 M1 Urine| Silva et al., 2011 [32]
hexen-1-ol 928-95-0 M2 Urine Arasaradnam et al., 2014 [34]
2-propanol 67-63-0 M3 Feces? Bond et al., 2019 [43]
Urine? Silva et al., 2011 [32]
Urine? Qiu et al., 2010 [31]
4-methylphenol (p-cresol) 106-44-5 M4 Urine| post Qiu et al., 2010 [31]
Urine| -Cheng et al., 2012 [33]
Urine?T Liesenfeld et al., 2015 [35]
ethanol 64-17-5 M5 Breath| Amal et al., 2016 [51]
glycerol (glycerin) 56-81-5 M6 Eizizi VY]\; i;?t?if,é()ollg; [[‘18]]]
monoacyl glycerol - M7 Feces| Wang et al., 2017 [41]
phenol 108-95-2 M8 Urinel Cheng et al., 2012 [33]
guaiacol 90-05-1 M9 Urine| Liesenfeld et al., 2015 [35]
2,3-butanediol 513-85-9 M10 Urinel Liesenfeld et al., 2015 [35]
ALDEHYDES
acetaldehyde 75-07-0 Mi11 Urine Arasaradnam et al., 2014 [34]
decanal 1125312 M2 Broath] Altomare o L. 2013 [5]
heptanal 111-71-7 M13 Urine| Silva et al., 2011 [32]
hexanal 66-25-1 Mi4 Iljjrl%irfel Arasiirl:c?rzrilétzgll};glzi [34]
nonanal 124-19-6 M15 Breath? Altomare et al., 2013 [47]

Breath? Altomare et al., 2015 [50]
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Compound CAS Number Code Matrix Reference
KETONES
2-hexanone 591-78-6 Mile Feces? Bond et al., 2019 [43]
Urine? Silva et al., 2011 [32]
3-heptanone 106-35-4 M17 Urine Arasaradnam et al., 2014 [34]
4-heptanone 123-19-3 M18 Urine Arasaradnam et al., 2014 [34]
Breath? Altomare et al., 2013 [47]
4-methyl-2-pentanone 108-10-1 MI9 Breath? Altomare et al., 2015 [50]
2-pentanone 107-87-9 M20 Urine Arasaradnam et al., 2014 [34]
Breath? Amal et al., 2016 [51]
acetone 67-64-1 M21 Urine Arasaradnam et al., 2014 [34]
2,3-butanedione 431-03-8 M22 Urine Arasaradnam et al., 2014 [34]
ESTERS
Urine? Qiu et al., 2010 [31]
phenyl acetate 122-79-2 M23 Urine lpost Qiu et al., 2010 [31]
ETHERS
anisole 100-66-3 M24 Urine? Silva et al., 2011 [32]
HYDROCARBONS
Breath Haines et al. 1977 [44]
methane 74-82-8 M25 Breath Piqué et al. 1984 [45]
. Breath? Altomare et al., 2013 [47]
1,2-pentadiene 591-95-7 M26 Breath? Altomare et al., 2015 [50]
Breath? Altomare et al., 2013 [47]
1,3-dimethylbenzene 108-38-3 M27 Breath| Peng et al., 2010 [46]
Breath? Altomare et al., 2015 [50]
. Breath? Altomare et al., 2013 [47]
1'4'd(‘i“$‘ylleiee‘)‘zene 106-42-3 M28 Breath! Altomare et al., 2015 [50]
XY Feces] Bond et al., 2019 [43]
1-octene 111-66-0 M29 Breath? Altomare et al., 2015 [50]
Breath? Altomare et al., 2013 [47]
2-methylbutane 78-78-4 M30 Breath? Altomare et al., 2015 [50]
Breath? Altomare et al., 2013 [47]
2-methylpentane 107-83-5 M3l Breath? Altomare et al., 2015 [50]
3-methylpentane 96-14-0 M32 Breath? Altomare et al., 2013 [47]
octane 111-65-9 M33 Breath? Altomare et al., 2015 [50]
undecane 1120-21-4 M34 Breath? Altomare et al., 2015 [50]
Breath? Altomare et al., 2013 [47]
4-methyloctane 2216-34-4 M35 Breath, Amal et al,, 2016 [51]
e Breath? Altomare et al., 2013 [47]
cyclohexane 110-82-7 M36 Breatht Altomare et al., 2015 [50]
Breath? Wang et al., 2014 [49]
dodecane 12-40-3 Ms37 Breath? Altomare et al., 2015 [50]
heptane 142-82-5 M38 Breath? Altomare et al., 2015 [50]
Breath? Altomare et al., 2013 [47]
methyleyclohexane 108-87-2 M39 Breath? Altomare et al., 2015 [50]
Breath? Altomare et al., 2013 [47]
methylcyclopentane 96-37-7 M40 Breath? Altomare et al., 2015 [50]
p-cymene 99-87-6 M41 Urine? Silva et al., 2011 [32]
y-terpinene 99-85-4 M42 Urine? Silva et al., 2011 [32]
beta-pinene 127-91-3 M43 Breath? Altomare et al., 2015 [50]
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Table 2. Cont.

Compound CAS Number Code Matrix Reference
ACIDS
L Feces? Weir et al., 2013 [38]
acetic acid 64-19-7 M44 Feces] Wang et al,, 2017 [41]
benzeneacetic acid Feces? Weir et al., 2013 [38]
(phenylacetic acid) 103-82-2 Md5 Feces? Wang et al., 2017 [41]
. . 0. Feces| Weir et al., 2013 [38]
butyric acid 107-92-6 M6 FecesT Wang et al., 2017 [41]
Urine| Qiu et al., 2010 [31]
o . 0. Urine|post Qiu et al., 2010 [31]
citric acid 77:92:9 M47 Urine| Cheng et al., 2012 [33]
Urine? Liesenfeld et al., 2015 [35]
g Feces| Weir et al., 2013 [38]
elaidic acid 112-79-8 M48 Feces., Wang et al,, 2017 [41]
. L Feces? Weir et al., 2013 [38]
isobutyric acid 79-31-2 M49 Feces. Wang et al,, 2017 [41]
2-hydroxyisobutyric acid 594-61-6 M50 Urinel Liesenfeld et al., 2015 [35]
isocitric acid 320-77-4 M51 Urine| Qiu et al., 2010 [31]
. L oa Feces? Weir et al., 2013 [38]
isovaleric acid 503-74-2 M52 Feces] Wang et al,, 2017 [41]
3-hydroxybutanoic acid 300-85-6 M53 Urine? Liesenfeld et al., 2015 [35]
lactic acid 50-21-5 M54 Urine? Liesenfeld et al., 2015 [35]
Feces| Weir et al., 2013 [38]
. L Feces| Wang et al., 2017 [41]
linoleic acid 60-33-3 Mb5 Fecest™ Song et al., 2018 [42]
Feces| Phua et al., 2014 [39]
Feces? Weir et al., 2013 [38]
myristic acid 544-63-8 M56 Feces| Wang et al., 2017 [41]
Urine| Cheng et al., 2012 [33]
Feces| Weir et al., 2013 [38]
oleic acid 2027-47-6 M57 Feces| Wang et al., 2017 [41]
FecesT™ Song et al., 2018 [42]
L Urine Arasaradnam et al., 2014 [34]
oxalic acid 6153-56-6 M58 Urinel Liesenfeld et al., 2015 [35]
N Feces? Weir et al., 2013 [38]
propionic acid 79-09-4 M59 Feces] Wang et al., 2017 [41]
pyruvic acid 127-17-3 M60 Urine] Cheng et al., 2012 [33]
succinic acid 110-15-6 Mé61 Urinel Qiu et al., 2010 [31]
L Feces? Weir et al., 2013 [38]
valeric acid 109-52-4 M62 Feces] Wang et al,, 2017 [41]
fumaric acid 110-17-8 M63 Urine? Cheng et al., 2012 [33]
SULFUR-CONTAINING COMPOUNDS
2-methoxythiophene 16839-97-7 M64 Urine? Silva et al., 2011 [32]
dimethyl disulfide 624-92-0 M65 Urine| Silva et al., 2011 [32]
NITROGEN-CONTAINING COMPOUNDS
putrescine 110-60-1 M66 Urine? Cheng et al., 2012 [33]
dimethyl-thiourea 534-13-4 Me67 Urine Arasaradnam et al., 2014 [34]
allyl isothiocyanate 57-06-7 M68 Urine Arasaradnam et al., 2014 [34]
AMINO ACIDS AND THEIR DERIVATIVES
2-aminobutyric acid 1492-24-6 M69 Urine? Cheng et al., 2012 [33]
hippuric acid 495-69-2 M70 Urine | post Qiu et al, 2010 [31]

Urine| Cheng et al., 2012 [33]




J. Clin. Med. 2020, 9, 3191

10 of 32

Table 2. Cont.

Compound CAS Number Code Matrix Reference
AMINO ACIDS AND THEIR DERIVATIVES
. Urine? Qiu et al., 2010 [31]
5-oxoproline 149-87-1 M71 UrineT post Qiu et al., 2010 [31]
Feces? Weir et al., 2013 [38]
alanine 56-41-7 M72 Urine] Cheng et al., 2012 [33]
Urine] Liesenfeld et al., 2015 [35]
. Feces? Weir et al., 2013 [38]
aspartic acid 56-84-8 M73 Feces] Wang et al., 2017 [41]
Feces? Weir et al., 2013 [38]
L e Feces? Wang et al., 2017 [41]
glutamic acid 617-65-2 M74 Urinel Qiu et al., 2010 [31]
Urine? Liesenfeld et al., 2015 [35]
glutamine 56-85-9 M75 Urine| Liesenfeld et al., 2015 [35]
. Feces? Weir et al., 2013 [38]
glycine 56-40-6 M76 Feces] Wang et al., 2017 [41]
Urine| Qiu et al., 2010 [31]
histidine 71-00-1 M77 UrineTPOSt Qiu et al., 2010 [31]
Urine| Liesenfeld et al., 2015 [35]
isoleucine 73-32-5 M78 UrineTpost Qiu et al., 2010 [31]
Feces? Weir et al., 2013 [38]
leucine 61-90-5 M79 Feces? Wang et al., 2017 [41]
UrineTpost Qiu et al., 2010 [31]
Feces? Weir et al., 2013 [38]
lysine 70-54-2 MS80 UrineT post Qiu et al., 2010 [31]
Urine| Liesenfeld et al., 2015 [35]
. Urine? Qiu et al., 2010 [31]
phenylacetylglutamine 28047-15-6 M81 Urinelpost Qiu et al.. 2010 [31]
Feces? Weir et al., 2013 [38]
phenylalanine 150-30-1 M82 Feces? Wang et al., 2017 [41]
Urine| Liesenfeld et al., 2015 [35]
. Feces? Weir et al., 2013 [38]
proline 609-36-9 M83 Feces? Wang et al., 2017 [41]
. . Urine? Qiu et al., 2010 [31]
2h sdarl;iylhuim f;fad q 487-54-7 Ms4 Urinel post Qiu et al.,, 2010 [31]
yaroxyhipp Urine| Liesenfeld et al., 2015 [35]
Feces? Weir et al., 2013 [38]
serine 56-45-1 M85 FecesT Wang et al., 2017 [41]
UrineTpost Qiu et al., 2010 [31]
Feces? Weir et al., 2013 [38]
threonine 72-19-5 M86 UrineTpost Qiu et al., 2010 [31]
Urine| Liesenfeld et al., 2015 [35]
. UrineTpost Qiu et al., 2010 [31]
tyrosine 60-18-4 M87 Urine| Liesenfeld et al., 2015 [35]
Urine? Qiu et al., 2010 [31]
tryptophan 54-12-6 Ms8 UrineT post Qiu et al., 2010 [31]
. Feces? Weir et al., 2013 [38]
valine 516-06-3 M89 Feces? Wang et al., 2017 [41]
SUGARS AND THEIR DERIVATIVES
Feces| Phua et al., 2014 [39]
fructose 7660-25-5 M0 Urine| Liesenfeld et al., 2015 [35]
xylose 58-86-6 MoI1 Urine] Cheng et al., 2012 [33]
sorbose 87-79-6 M92 Urine| Cheng et al., 2012 [33]
arabitol 7643-75-6 M93 Urine| Cheng et al., 2012 [33]
arabinose 147-81-9 M94 Urine| Liesenfeld et al., 2015 [35]
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Table 2. Cont.

Compound CAS Number Code Matrix Reference
SUGARS AND THEIR DERIVATIVES
mannitol 69-65-8 M95 Urine| Liesenfeld et al., 2015 [35]
glucuronic acid 6556-12-3 M96 Urine] Cheng et al., 2012 [33]
gluconic acid 526-95-4 M97 Urine| Liesenfeld et al., 2015 [35]
threonic acid 3909-12-4 M98 Urine| Cheng et al., 2012 [33]
3-phosphoglyceric acid 820-11-1 M99 Urine] Liesenfeld et al., 2015 [35]
COMPLEX NITROGEN COMPOUNDS AND THEIR DERIVATIVES
uracil 66-22-8 M100 Urine| Cheng et al., 2012 [33]
xanthine 69-89-6 M101 Urine? Liesenfeld et al., 2015 [35]
STEROIDS AND THEIR DERIVATIVES
cholesterol derivative - M102 Egzsﬂ V‘\/l\g irgf:;ll'.’/zz%lf;[a?]
ursodeoxycholic acid 128-13-2 M103 Egzizi V‘\/]\ge rilléeettzll'.’/zz%l%[&?]
OTHERS
pantotheniCB i;id (vitamin 599-54-2 M104 Egzzzl V\(]\;eri; ittaall.‘,,Zz%ll37 [[181]]

where: T—concentration elevated in comparison of healthy controls; |—concentration decreased in comparison
of healthy controls; ,ost—index regarding postoperative samples; ™—index regarding only male samples; no
arrows—changes in concentration of compound not mentioned by authors. Code—reference used for further
discussions in Section 3.

2.4. CRC Biomarkers in Urine

Qiu et al.,, 2010 profiled urine samples from the same group of patients (60 CRC diseased
individuals with different stage of cancer) from previous serum experiments and 63 healthy volunteers.
Patients were also examined before and after surgical operation in order to evaluate changes in
volatile profiles. The postoperative urine specimens were collected on the seventh day after surgery.
Authors used GC-MS with solvent extraction and derivatization (using ethyl chloroformate) of
samples. In a predictive model, 187 volatile metabolites were found in 90% of samples allowing
discrimination of CRC patients from the healthy controls in the predictive component. 16 potential
biomarkers of disease between preoperative CRC patients and healthy controls were identified
including decreasing compounds, e.g., 3-methylhistidine, histidine, citric acid, and increasing
volatiles such as 5-hydroxytryptophan, 5-oxoproline, p-cresol and phenyl acetate. Four compounds,
5-hydroxytryptophan, 2-hydroxyhippuric acid, succinic acid and phenylacetylglutamine, demonstrated
recovering tendency to healthy controls in the postoperative samples. Different CRC stages could
be distinguished by six metabolites with characteristic expression levels. Levels of indoleacetic acid
were elevated for stage I patients, p-hydroxyphenylacetic acid for stage II and 5-hydroxyindoleacetic
acid for stage III. The highest concentration of 2-methylpropanoic acid was found for stage Il with a
sharp decrease for stage IV patients. A continuous increase in glutamic acid levels was observed until
stage IV. Finally, stage I was characterized by proportionally large amount of leucine. Twenty-one
VOCs, mostly amino acids and phenyl-containing constituents, allowed for discrimination between
preoperative and postoperative states of patients and they are likely related to the metabolic changes
resulting from the surgical operation [31].

Volatile metabolites from urine of 54 subjects were investigated in a study by Silva et al., 2011.
Thirty-three cancer patients (oncological group: 14 leukaemia, 12 colorectal and 7 lymphoma) and
21 healthy (cancer-free) volunteers were enrolled in the experiment. Positive rates of 16 volatiles among
the 82 detected were found to be statistically different (p < 0.05). They used an optimized technique
relying on dynamic solid-phase microextraction in headspace mode (dHS-SPME), in combination with
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GC-MS-based metabolomics. Prior optimization concerned extraction time and extraction temperature
and selection of SPME fiber. Oncological groups were characterized with the predominance of benzene
derivatives, terpenoids and phenols. Levels of p-cymene, anisole, y-terpinene, bornylene, dimethyl
disulfide, 4-methylphenol, 1,2-dihydro-1,1,6-trimethylnaphthalene, 1,4,5-trimethylnaphthalene and
2,7-dimethylquinoline were elevated in colorectal patients than in lymphoma and leukaemia patients.
Decreasing concentrations for CRC patients were observed for e.g., 1-octanol, heptanal, hexanal and
dimethyl disulfide in comparison to healthy controls; 4-methyl-2-heptanone was only identified in
colorectal patients [32].

Solvent extraction and derivatization combined with GC- time-of flight mass spectrometry
(TOFMS) was used by Cheng et al., 2012, to find metabolite markers of colorectal cancer. A cohort
of 103 CRC patients and 101 healthy subjects participated in the study. From the total 163 volatiles
detected, 19 metabolites were selected as potential biomarkers based on statistical analysis by uni- and
multivariate statistical methods. Using a set of seven metabolites, citric acid, hippuric acid, p-cresol,
2-aminobutyric acid, myristic acid, putrescine, and kynurenate, it was possible to discriminate CRC
subjects from healthy volunteers, presenting AUROC (area under the receiver operating characteristic
curve) of 0.993, sensitivity of 97.5% and specificity of 97.6% for the training set, and an area under the
curve (AUC) of 0.998, sensitivity of 97.5% and specificity of 100% for the testing set [33].

A field asymmetric ion mobility spectrometer (FAIMS) was used by Arasaradnam et al., 2014,
for analyses of urine samples from 83 CRC patients and 50 healthy controls. Data analysis for FAIMS
results was performed using fisher discriminant analysis. The sensitivity and specificity of FAIMS
was 88% and 60%, respectively, for CRC and this technique allowed for the differentiation between
CRC patients and healthy ones. The author conducted a parallel in-tube extraction (ITEX)-GC-MS
experiment with the same samples. No unique chemical was identified in those with CRC compared
with healthy volunteers. According to the incorporated table, they found nine different volatiles
associated with colorectal cancer and they could be assigned to 26 NIST library targets for these peaks.
There was no information if concentrations of these compounds changed, nevertheless they were
included to Table 2 [34].

Liesenfeld et al., 2015, investigated urine samples from a cohort of 170 subjects divided in four
groups: pre-surgery (79), post-surgery within few days (9), after 6 months follow-up (46) and after
12 months follow-up (36) CRC patients. A total of 82 VOCs detected by GC-MS were significant and
allowed to distinguish pre- from post-surgery CRC patients. However, only 49 metabolites were
included in Table 2, since the remaining VOCs were unknown (level three or four identification).
Liesenfeld et al., 2015, attributed the origin of many significant metabolites to alternations of the
gut microbiome affected by CRC surgery, such as 2,3-butanediol, pyrogallol, hydroquinone and
maleamic acid. A total of 10 compounds (four identified) were highlighted as metabolites significant
to discriminate pre-surgery CRC patients by disease stage. Levels of a dipeptide of hydroxyproline
(Hyp-Hyp) and p-cresol-f3-O-glucuronide were considerably elevated for intermediate (stage II-11II)
stage patients. For early (stage zero to 1) stage both mentioned compounds and hippuric acid
and p-cresol were moderately elevated, while for late-stage CRC patients, their concentrations were
diminished. The authors constructed a multivariate model containing 20 marker metabolites to
differentiate the metabolite profiles of CRC patients prior to surgery from those at any post-surgery
timepoint (AUCROC curve = 0.89; 95% CI:0.84-0.95) [35].

Delphan et al., 2018, used the same techniques as Liesenfeld et al., 2015, to obtain urine profiles
from 163 CRC pre-surgery patients, 83 with 6 months follow-up and 54 with 12 months follow-up.
The GC-MS and 'H-NMR experiments identified six compounds of interest: isoleucine, leucine, valine,
(2Z)-3-methylglutaconic acid, 2-ethylhydracrylic acid and 2-methyl-3-hydroxybutyric acid. Elevated
concentrations of 2-ethylhydracrylic acid and 2-methyl-3-hydroxybutyric acid were significantly
associated with overall survival after 24 months of follow-up, independent of stage of CRC [36].

The FAIMS technique was used once again for development of VOC-based screening tool for
CRC and adenomas (Mozdiak et al., 2019). Moreover, gas chromatography coupled with ion mobility
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spectrometry (GC-IMS) was also employed. A total of 163 patients were enrolled in the study.
For patients grouped into categories according to diagnosis, FAIMS analysis revealed high sensitivity
and specificity between CRC vs. normal control: 1.0 (95% CI 0.74-1) and 0.92 (95% 0.62-1), respectively.
For GC-IMS study, the corresponding values showed a high degree of separation with a sensitivity of
0.80 (95% CI1 0.44-0.97) and specificity of 0.83 (95% CI 0.63-0.95). However, when considering CRC cases
grouped with adenomas and compared with other groups, the accuracy dropped significantly. Hence,
urinary VOC profiles from CRC patients in combination with other (non-neoplastic) gastrointestinal
disorders, are not sufficiently distinct to allow correct classification. No unique VOC biomarkers
were found using GC-IMS. Summarizing, VOC signatures enabled correct classification of malignant
patients from pre-malignant ones with higher test uptake and superior sensitivity than FOBT used for
bowel cancer screening [37].

2.5. CRC Biomarkers in Feces

In studies regarding fecal samples, profiling of gut microflora is recurrent, in order to establish
correlations between fecal metabolites and human microbiota. Previous evidence demonstrates
differences between the microbial composition found in samples of heathy and CRC patients,
supporting the existence of oncogenic bacteria, which potentially promote CRC initiation and tumor
development [56]. Hence, the detection of specific bacterial metabolites, especially in feces, presented
to be relevant in the assessment of CRC risk.

Feces samples were investigated by Weir et al., 2013, from healthy adults (n = 10) and colorectal
cancer patients (n = 11). Using solvent extraction combined with GC-MS, they examined stool samples
to find overall metabolite profiles and to extract short chain fatty acids (SCFAs). Microbial diversity in
stool biota from CRC subjects and controls were identified using amplification of the V4 region of the
bacterial 165 rRNA gene and pyrosequencing. Fourteen bacterial species (mostly butyrate-producing)
were significantly more abundant in the stool of healthy individuals compared to CRC patients. On the
other hand, four bacterial species were significantly over-represented in stool samples from CRC
patients. The last mucin-degrading bacteria, Akkermansia muciniphila, was observed in significantly
greater proportion in CRC stool samples. SCFA analysis resulted in finding six bacterially produced
fatty acids that differed significantly between stool of healthy adults and subjects with CRC. Levels of
acetic acid, propionic acid, valeric acid, and particularly isobutyric acid and isovaleric acid were
significantly elevated for CRC samples. Butyric acid concentrations were higher in samples from
controls. Independently, Weir et al., 2013, detected 27 global stool metabolites which they proposed
as cancer biomarkers. Eleven of them were amino acids demonstrating a 41-80% increase in fecal
samples from CRC patients, originating possibly from degradation of dietary proteins and intestinal
mucins, which is consistent with the presence of bacteria A. muciniphila. Higher levels of glycerol,
several unsaturated fatty acids and ursodeoxycholic acid (UDCA) were observed for healthy adults.
Pearson’s correlations between groups of metabolites and bacterial genera/species revealed strong
correlations between Bacteroides finegoldii, two Dialister spp., and Pseudobutyrivibrio ruminis and increased
stool free fatty acids and glycerol, as well as between Ruminococcus spp. and UDCA. A strong correlation
existed also between bacterial genera Phascolarctobacterium and Acidiminobacter (noteworthy for CRC
samples) and amino acids phenylalanine and glutamic acid [38].

In the study of Phua et al., 2014, GC-TOFMS was employed for the metabolic profiling
of fecal samples from 11 CRC patients and 10 healthy subjects and to find metabolite markers
from tumor specimens against their matched normal mucosae from eight CRC patients and
10 controls. The discrimination between CRC patients and healthy controls was evident based
on fecal profiles (orthogonal partial least squares discriminant analysis (OPLS-DA), one predictive and
three Y-orthogonal components, RZX = 0.373, R%Y = 0.995, Q? (cumulative) = 0.215). The robustness of
the OPLS-DA model was demonstrated by an AUROC of one. GC-TOFMS profiling also enabled the
separation of tumor tissue from matched normal mucosae and to assign nine potential biomarkers of
CRC. Glucose, galactose, 3-phosphoglycerate, citric acid, inosine, and creatinine were lower in CRC
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while uracil, uridine, and proline were significantly higher in tumor tissue. Three fecal markers were
found to be also lower compared to healthy stool samples, namely nicotinic acid, fructose and linoleic
acid. Authors pointed out that the conducted study revealed the ability to differentiate CRC subjects
from healthy subjects regardless of the presence of samples containing blood beyond 1 mg Hb/g
stool [39].

Bond et al., 2016, used SPME-GC-MS to analyze volatiles in stool samples of 137 participants,
consisting of 60 controls, 56 patients with adenomatous polyp/s and 21 CRC patients. Four compounds
were assigned as biomarkers, however their names were not mentioned due to alleged potential future
intellectual property. After a tenfold cross validation, an AUC of 0.82 with a sensitivity of 87.9% and a
specificity of 84.6% was measured [40].

Wang et al., 2017, applied very similar approach to Weir et al., 2013. A total of 27 subjects (15 CRC
patients and 12 controls) were enrolled in the study. Cancer group consisted of stage II in four cases,
stage IIl in six cases and stage IV in five clinical cases. Two parallel experiments involving GC-MS
were conducted: global metabolite profiling and SCFA analysis. Bacterial species present in stool
samples were identified using pyrosequencing for specific detection of the V4 region of bacterial 165
ribosomal RNA on the isolated genomic DNA. Eighteen bacteria obtained from gut flora differed
significantly between CRC and control group. VOC profiling revealed 24 volatiles being proposed
as markers of disease. Among them, the levels of four SCFAs (acetic acid, valeric acid, butyric acid
and isovaleric acid) were elevated for CRC patients, while the concentration of isobutyric acid was
diminished for the cancer group. Compounds with decreased levels for CRC samples included fatty
acids (oleic acid, elaidic acid, linoleic acid and myristic acid), ursodeoxycholic acid and pantothenic
acid (vitamin Bs). The largest group of increased species were amino acids, represented by i.e., glutamic
acid, leucine, serine, valine and phenylalanine. High positive correlations were observed between
bacterial species and volatiles, including: Bacteroides, Dialister and Pseudobutyrivibrio—free fatty acids;
Ruminococcus—ursodeoxycholic acid; Phascolarctobacterium and Acidiminobacter—phenylalanine and
glutamic acid [41].

Fecal fatty acids acid profiles of CRC patients and healthy controls were analyzed by Song et al.,
2018. A total of 54 subjects (26 CRC patients and 28 controls) participated in the study. Fecal samples
were dedicated for two independent experiments, consisting in profiling of long- and short-chain fatty
acids by solvent extraction with GC-MS. The most predominant saturated fatty acids among both
gender groups were palmitic acid (C16:0), stearic acid (C18:0), and myristic acid (C14:0). The significant
changes between profiles were observed only for the male group, no difference was estimated between
CRC patients and healthy controls in the female group. The levels of total monounsaturated fatty acid
(MUFA) and total omega-6 polyunsaturated fatty acids (PUFAs) were higher in the male CRC group
than healthy controls. The differences were especially significant for two compounds, namely oleic acid
(C18:1w-9) and linoleic acid (C18:2w-6). The levels of four SCFAs, acetic acid, butyric acid, propionic
acid and valeric acid, were not considerably distinct between the controls and positive cohort [42].

HS-SPME-GC-MS was used by Bond et al., 2019, to identify volatiles from feces of 21 CRC
patients, 56 subjects with adenomatous polyp(s) and 60 healthy controls. A total of 162 compounds
were identified in whole sample set with eight volatiles proposed as CRC biomarkers. Seven were
positively associated with CRC, namely propan-2-ol, hexan-2-one, ethyl 3-methylbutanoate, propan-2-yl
butanoate, propan-2-yl pentanoate, 1,4-xylene, and propan-2-yl propanoate. Only one compound was
negatively correlated with CRC—5-methyl-2-propan-2-yl-cyclohexan-1-ol (other name: dl-menthol).
Propan-2-ol was pointed out as the most valuable single biomarker of disease with an AUROC of
0.76, a sensitivity of 83%, and a specificity of 71%. Meanwhile, 3-methylbutanoic acid and propan-2-ol
in combination gave the best results: AUROC was 0.86, sensitivity 87.9% (95% CI 0.87-0.99) and
specificity 84.6% (95% CI 0.65-1.0). Finally, a panel of three VOCs (propan-2-ol, hexan-2-one and ethyl
3-methylbutanoate) was evaluated as a key predictor of cancer using logistic regression analysis with
value of AUROC equal to 0.73. The presence of all three mentioned VOCs indicates a person with CRC
with six times bigger probability of having the disease [43].
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2.6. CRC Biomarkers in Exhaled Breath

The first studies concerning colorectal cancer biomarkers in exhaled breath involved the
determination of methane levels in obtained samples. Haines et al. 1977 enrolled three groups
of subjects: 30 patients with CRC (19 with carcinoma of the rectum and 11 with carcinoma of the
colon), 64 patients with non-malignant large-bowel disorders, and 208 subjects without known
large-bowel disorders. Paired end-expiratory breath-samples were taken using one of two similar
methods, by means of either a modified Haldane-Priestley tube or a three-bag collecting system
in which one bag contains sample which can then be transferred to a syringe or evacuated aerosol
can for later analysis. Determination of methane was carried out using GC. A total of 14 out of
19 patients with rectal carcinoma produced methane, as well as 10 out of 11 patients with colonic
carcinoma. In the group of 30 CRC patients, 24 (80%) had significant levels of methane in their breath
(mean: 28.8 + 20.9 ppm), compared with 25 (39%) of 64 patients with non-malignant large-bowel
disorders (mean: 16.8 + 12.7 ppm) and 83 (40%) of 208 subjects without large-bowel affliction (mean:
16.7 + 13.8 ppm) [44].

Direct gas sampling combined with GC-flame ionization detector (FID) was again used to measure
methane concentrations in breath of 270 subjects (Piqué et al. 1984). End-expiratory breath samples
were collected using a modification of the Haldane—Priestley tube and stored in 50-mL plastic syringes.
Sixty-seven (42.9%) of the 156 healthy controls were CHy producers and forty-three (91.4%) of the
47 patients with CRC were CHy producers (the percentage was significantly higher; p < 0.001).
In 36 patients in whom the cancer was resected, the incidence of methane producers fell to 47.2%.
The percentage of methane producers in patients operated on, but with unresectable cancer, remained
very high (87.7%). A significantly higher proportion of patients with extensive ulcerative colitis and
colonic polyposis produced CHy than patients suffering ulcerative proctosigmoiditis, benign diseases
of the colon, and healthy controls (p < 0.05). Values were expressed only as percentage of incidence of
methane producers [45].

Peng et al., 2010, employed a tailor-made array of cross-reactive sensors based on organically
functionalized gold nanoparticles (GNPs) and HS-SPME-GC-MS to discriminates between breath
volatiles of healthy controls (22) and patients suffering different types of cancers, namely lung (30),
breast (22), colorectal (26), and prostate (18). Principal component analysis (PCA) demonstrated
clear separations between the patterns of healthy controls and of patients suffering from lung, colon,
and breast cancers when using the GNP sensors. HS-SPME-GC-MS experiments of breath samples
resulted in the finding of six potential biomarkers of colorectal cancer, four with decreased levels
(i.e., 1,3-dimethylbenzene, 2-amino-5-isopropyl-8-methyl-1-azulenecarbonitrile) and two increased
(1,1’-(1-butenylidene)bis benzene and 1-iodo nonane). The sensitivity of the GC-MS method to colon
cancer was about ~30% [46].

Altomare et al., 2013, analyzed breath by means of thermal desorption-gas chromatography-mass
spectrometry (TD-GC-MS). The participants included were 37 patients (positive outcome from
colonoscopy examination) and 41 controls. Probabilistic neural network (PNN) was used to assess
discrimination between cancer and control group and this evaluation provided a model based in a
set of 15 compounds. The selected indicators of CRC were: nonanal, 4-methyl-2-pentanone, decanal,
2-methylbutane, 1,2-pentadiene, 2-methylpentane, 3-methylpentane, methylcyclopentane, cyclohexane,
methylcyclohexane, 1,3-dimethylbenzene, 4-methyloctane, 1,4-dimethylbenzene, 4-methylundecane
and trimethyldecane. The sensitivity was 86% and the specificity was 83%. The AUROC value for this
PNN model was 0.852 [47].

Depalma et al., 2014, collected samples of breath from 20 patients with colonoscopic diagnosis
of colonic polyps, 15 CRC patients and 15 healthy controls (negative at colonoscopy). They used TD
(thermal desorption) combined with GC-MS method to obtain VOC patterns. A linear discriminant
analysis (LDA) enabled a discriminant performance with an accuracy of 96.5% and a sensitivity of 100%.
The selected model provided correct classification of 14 patients with polyps over 15 for the group of
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patients with colorectal cancer, with a sensitivity of 93.3%. Group with polyps were distinguished as
markedly pathological [48].

Wang et al., 2014, studied breath samples employing SPME. Twenty samples were collected from
control group and 20 belonged to individuals with colorectal cancer. The discriminative models were
created with the performing of PCA and partial least-squares discriminant analysis (PLSDA). The main
potential markers were cyclohexanone, 2,2-dimethyldecane, dodecane, 4-ethyl-1-octyn-3-ol, ethylaniline,
cyclooctylmethanol, trans-2-dodecen-1-ol, 3-hydroxy-2,44-trimethylpentyl 2-methylpropanoate,
in significantly lower levels in positive samples were 6-t-butyl-2,2,9,9-tetramethyl-3, 5-decadien-7-yne
(p < 0.05) [49].

TD-GC-MS was employed again by Altomare et al., 2015, who investigated breath from 48 CRC
patients and 55 healthy controls. They found 31 VOCs discriminating CRC patients from follow-up
(patients after resection with curative intent; FU) groups and from FU groups and healthy groups.
The reliability of the calculated PNN model in discriminating between the CRC and the FU groups
showed a sensitivity of 100%, a specificity of 95.83%, an accuracy of 97.50%, and an AUC of 0.993.
When comparing the FU and healthy control groups with a set of those 31 biomarkers, a sensitivity
of 100%, a specificity of 96.36%, an accuracy of 97.70% and an AUC of 0.992 were noted. A total of
11 VOCs were common to the previous study [47] and the PNN analysis using only them, resulted in
discrimination of follow-up from CRC patients before surgery with a sensitivity of 100%, a specificity
of 97.92%, an accuracy of 98.75%, and an AUC of one. Moreover, the FU group was distinguished from
the healthy group which showed a sensitivity of 100%, a specificity of 90.91%, an accuracy of 94.25%,
and an AUC of 0.959 [50].

Four compounds were assigned as biomarkers of colorectal cancer by Amal et al., 2016.
The amounts of acetone and ethyl acetate were elevated for CRC patients, ethanol and 4-methyl octane
were lower for the diseased group. A total of 65 patients with CRC, 22 with advanced or nonadvanced
adenomas, and 122 healthy controls were enrolled to the study. Two different techniques were employed
for the experiments: sensor analysis with a pattern recognition method and TD-GC-MS. Patients
suffering with CRC were distinguished from the control group using a sensor with 85% sensitivity,
94% specificity and 91% accuracy. The advanced adenoma group from the non-advanced adenomas was
discriminated with 88% sensitivity, 100% specificity, and 94% accuracy. Finally, the advanced adenoma
group from healthy controls was discriminated with 100% sensitivity, 88% specificity, and 94% accuracy.
Acetone and ethyl acetate were found in elevated levels in CRC patients (999.6 + 116.8 ppb and
128.4 + 4.01 ppb, respectively) compared to the healthy subjects (731.2 + 63.8 ppb and 41.80 + 10.00 ppb,
respectively). Ethanol and 4-methyl octane were increased in the control group (464.7 + 61.7 ppb and
19.1 £ 0.8 ppb, respectively) compared with the CRC patients (95.9 + 48.1 ppb and 16.0 + 0.63 ppb,
respectively) [51].

In total, 205 different compounds (278, considering substances reported more than once) were
indicated as potential CRC markers from all three matrices. Figure 1 and Table 3 show the functional
group distribution of compounds in the matrices, divided by matrix. For urine specimen the most
prevalent group of compounds were amino acids and their derivatives, acids and sugars with
their derivatives. These two first groups were also the most predominant in feces, whereas breath
samples contained mainly hydrocarbons. Table 3 demonstrates that 23.7% of all identified potential
biomarkers of CRC were amino acids and their derivatives, followed by hydrocarbons (20.1%)
and acids (19.1%). The compound with the highest incidence of occurrence among matrices was
p-cresol (reported by five different studies). The other compounds frequently detected were: hexanal,
2-methylbutane, methylcyclohexane, citric acid, linoleic acid and glutamic acid (all reported at least by
four different studies).
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Figure 1. Incidence distribution of potential CRC biomarkers, according to functional group.

Table 3. Incidence distribution of potential CRC biomarkers in all three matrices, according to
functional group.

Incidence of Compounds, Per Class Breath Fecal Samples Urine All

Totals 65 64 148 278

Alcohols, polyols and phenols 4 6 12 22
Aldehydes 4 0 5 9

Ketones 4 1 8 13

Esters 3 4 6 13
Ethers 0 0 3 3

Hydrocarbons 47 1 8 56

Acids 1 25 27 53
Sulfur-containing compounds 0 0 2 2
Nitrogen-containing compounds 2 0 11 13
Amino acids and their derivatives 0 19 47 66
Sugars and their derivatives 0 1 15 16
Complex nitrogen compounds and derivatives 0 0 4 5
Steroids and their derivatives 0 4 0 4
Others 0 3 0 3

2.7. Clinical Relevance of Reviewed Articles

Breath, urine and feces can be collected noninvasively from subjects, in contrast to conventionally
used matrices (blood, serum, and tissue). Noninvasiveness is an important factor for patient safety and
may reflect on increased rates of adherence to the test, helping to promote early diagnosis. Besides that,
simplified sample collection may not require qualified personnel. The mentioned biological samples are
specimens which can be taken relatively fast, at little cost, and without extensive sample preparation for
analytical instruments. The unfavorable issues concerning urine and feces are the possible discomfort
experienced by patients and the complex chemical nature of them. Although breath has lower chemical
complexity, various external factors can influence its composition, such as food remnants, hygiene
products, metabolic products of colonizing oral bacteria and ambient air [57-60], turning challenging
to address which fraction of it would represent blood-related biomarkers.

Urine is a more stable specimen and contains mainly water, inorganic salts and organic compounds,
such as hormones, proteins, other metabolites and bacteria with their products. Due to the role of
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urine as organism’s route of elimination, metabolized forms of substances prevail over parental
molecules. Regarding bioanalyses of urine, there are a few recommendations intended to avoid
excessive contribution of bacterial content in the samples. In fact, the influence of bacterial growth on
the levels of metabolites and proteins has been reported [61]. It was demonstrated that the mid-stream
portion of urine has reduced microbiota composition [62]. Time collection period and diet are also
significant parameters; in this sense, fasting urine was characterized as the most stable in terms of
basal composition [63]. The determination of urine specific gravity is an alternative for normalization
of samples for metabolic investigations [64]. Most of the studied urine samples in this review were
collected in the morning after overnight fasting [31-33,35]. Further information regarding detailed
protocol of sampling was not provided.

Feces are an especially meaningful biological specimen in what concerns the evaluation of colonic
system. These are typically solid or semisolid heterogeneous remains of food, not completely digested
or absorbed by the organism. This content is metabolized by intestine bacteria to smaller waste
products and can also contain dead epithelial cells from the lining of the gut. Diet can change the
composition of feces, which directly alter metabolite profiles [65]. Moreover, consumed food impacts
metabolic pathways of gut microbiota and volatiles produced by them [66]. Factors related to the
collection and handling of fecal samples like post-collection metabolite deterioration, due to exposure
to aerobic conditions and ongoing microbial fermentation, also take place [67]. Investigations of
fecal samples regarding VOC profiles, revealed no effect when comparing a processed fresh sample
(firstly homogenized and extracted) to a thawed sample after 7 days, kept at —20 °C [68]. Interestingly,
lyophilized feces showed a decrease in the number of detected analytes [69].

All revised studies regarding fecal samples did not impose any kind of dietary restrictions to the
patients. In certain studies, samples from individuals following vegetarian diet or having any dietary
restrictions were not included [38,43], as this factor itself could reflect on a differentiated profile of
molecules extracted from the collected specimen. Interruption of consumption of tobacco or alcohol
was also required in a study [41]. Song et al., 2018, collected samples provided after overnight fasting
and participants were instructed to consume solely local traditional food [42]; participants enrolled in
another study all had a mild diet [41]. Fecal samples were generally provided before the colonoscopy,
without the influence of any kind of procedure for bowel preparation [38,41-43]. Another common
exclusion criteria regards the intake of antibiotics and probiotics months prior to sample donation,
once these agents impact the natural composition of gut microbiota [41,43]. In most of the studies,
patients suffering from intestinal chronic inflammatory diseases were also not enrolled [38,39,41,43],
due to the possibility that the metabolic alterations promoted by these conditions may result in a
false positive or a confounding factor when CRC cases are evaluated. The composition of feces, urine
and breath can also vary according to the physical state of the body, age, and general health. Hence,
biomarkers found in these matrices can have multifarious origin that should be considered while
establishing potential metabolic pathways of them [59,70,71].

The revised studies can be critically analyzed under the point of view of their clinical value. In urine
metabolome studies, Qiu et al., 2010, indicated separations both from CRC patients and precancerous
colorectal lesions in rats to their healthy analogous counterparts. It is an interesting result because
indication of precancerous lesion is the main limitation of commercially available CRC tests which do
not provide good sensitivity in the first stage of the disease. The main differences observed between
pre- and post- groups would be due to removal of a portion of the microbiota during preoperative
preparation of the colon and the influence of supplements intake. These authors suggested that general
results point mainly to changes in tryptophan metabolism and tricarboxylic acid (TCA) cycle due to
the CRC development. Moreover, the method’s reliability was corroborated since almost half of the
altered substances had their identity confirmed by the analysis of standards [31]. Cheng et al., 2012,
similarly to Qiu et al., 2010, suggested the tricarboxylic acid (TCA) cycle, tryptophan metabolism,
and polyamine metabolism as the main affected pathways in the CRC metabolome. Additionally,
they achieved receiver operating characteristic (ROC) curves indicating a method accuracy close to
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100% [33]. Liesenfeld et al., 2015, monitored the metabolomes of patients over time, in the frame of the
ColoCare project—a study encompassing a series of interventions for the collection of samples and
data at different time-points during the period of 5 years. A clear distinction was presented between
the metabolisms of pre- and post- operative cohorts. Their result supported the hypothesis that the gut
microbiota play a more important role for colon cancer than for rectal or rectosigmoidal cancer patients.
Removal of cancerous tissue and parts of the intestine may affect microbial metabolites and possibly the
microbiota itself. The increased effect is intensified with adjuvant chemotherapy. Once again, subjects’
metabolism was evidenced to be affected by changes in the levels of tryptophan. One limitation
of the study was impossibility to identify some metabolites using the available spectral library [35].
Primarily, the study of Delphan et al., 2018, was focused on determination of branched-chain amino
acids (BCAAs). However, no correlation between the amounts of BCAAs and some evaluated energy
balance parameters were observed. On the other hand, two acids were significantly elevated in the CRC
group and associated with overall survival [36]. Silva et al., 2011, were able to discriminate colorectal
cancer from other types of neoplasm (leukemia and lymphoma). In this case, authors presented
data regarding the optimization of the sample preparation method for the selection of parameters
with the greatest recovery of compounds [32]. GC-MS was used as complementary technique by
Arasaradnam et al., 2014, in which an ITEX device served in the preconcentration step. ITEX is a
solution that provides sensitivity similar to purge and trap systems and requires less instrumental
effort, with lower susceptibility to contamination [34,72]. Usage of two employed methods (FAIMS
and GC-IMS) from the described protocol, did not provide satisfactory differentiation between the
adenoma and healthy groups, however, singular CRC cases could be correctly classified from control
and adenomas using the mentioned techniques. The authors highlighted that a panel of biomarkers is
preferential for differentiation, rather than using a single biomarker for diagnostic purposes. This study
was focused on individuals that tested positive for FOBT, then, the results were compared with actual
diagnostic outcomes. In this sense, the proposed metabolome-based methodology proved to be
superior compared to the FOBT approach [37].

As mentioned before, bacterial content strongly influences the composition and metabolic outcome
of fecal samples. Weir et al., 2013, investigated stool samples from a small group of CRC and healthy
patients. The authors stated that using sequencing, allied together with metabolic profiles may be
a powerful approach in the elucidation of mechanisms of interaction between gut microorganisms
and metabolites. They quoted the hypothesis of the driver—passenger model, in which bacteria are
infectious agents in the development of cancer. Bacterial drivers of colorectal neoplasm are intestinal
bacteria with pro-carcinogenic features. One of these features is the production of DNA-damaging
compounds. “Passenger bacteria” are bacteria that may outcompete drivers to flourish in the tumor
environment as the cancer progresses. The findings from Weir et al., 2013, lead to the conclusion
that by knowing the relationship between colonizing bacteria and altered fecal metabolites, there is
the possibility to focus on metabolome analyses to indirectly assess the composition of microbiota,
and if the latter implies CRC risk [38,73]. Phua et al., 2014, recognized that the used sample set
was rather small for the aimed purposes. They mentioned that a previous study regarding fecal
samples (Weir et al., 2013) was potentially affected for not considering the presence of blood in the
stool samples, making difficult to determine whether the found metabolites would be originated
from blood or not. With respect to this, in their study the authors worked with a subset of stool
samples without a noticeable amount of blood, aiming to mitigate the interferences of this matrix on
the conducted experiments [39]. Wang et al., 2017, also focused on the bacterial content of feces and its
relationship to secreted metabolites. They signalized that for a better assessment of the correlation
between bacterial genus and detected compounds, a larger group of samples should be considered [41].
In contrast to other researchers, Song et al., 2018, pointed out that no significant differences were found
regarding the levels of fecal short-chain fatty acids in CRC samples. Through the monitoring of the
diet of a healthy group, it was demonstrated that there is no correlation between described dietary
habits and level of substances of interest, suggesting that other factors (specifically related to CRC)
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contribute to the differential distribution of fatty acids in feces [42]. Bond et al., 2019, hypothesized
that propan-2-ol is a major metabolite of Fusobacterium nucleatum, a strain previously connected with
CRC tumorigenesis. Despite that main candidate biomarkers were identified by analysis of chemical
standards, no quantification was performed [43].

The earliest works comprising exhaled breath from CRC patients concerned the detection of
methane. The study of Haines et al. 1977, was focused on the evaluation of this gas and encompassed
the collection of the last portion of patients’ expiration. Methane levels in the room air were taken as a
basal measure to define methane producers and non-producers. Excluding univariate comparison
between the two groups, no further statistical analyses were explored. The results revealed poor
sensitivity and specificity, reinforcing that approaches relying on the determination of a single marker
tend to be deficient; however, the used approaches offered perspectives towards CRC breath diagnosis.
Nowadays, different options of analytical apparatus are available, able to provide increased sensitivity
and detection of a wider range of compounds from different classes. Considering the limitations inherent
to the period, this work was the first to suggest the evaluation of bacterial metabolites as a manner to
assess the presence of CRC tissue [44]. Due to the coincident prevalence of methane in the studied
cohorts, results of Piqué et al. 1984, suggested the existence of a common substrate for large bowel
cancer, extensive ulcerative colitis, and colonic polyposis. Produced metabolites found in the breath
from CRC patients are likely to originate from modified microflora [45]. In the work of Peng et al., 2010,
the main goal was to enable differentiation of various types of cancers using nanosensors, since GC-MS
was used as validation tool. The employed methodology did not perform so satisfactorily for CRC,
in comparison to other studied neoplasms—it was pointed out that a significant portion of the CRC
profile was overlapping with VOC patterns coming from healthy subjects. This may indicate that
sensed CRC metabolic changes were rather subtle [46]. Altomare et al., 2013, used for the first time
TD-GC-MS in such context. The main advantage of the thermal desorption technique using sorbent
cartridges, is the efficient concentration of analytes, allowing VOCs trace analysis without requiring
any sample preparation steps [74,75]. The researchers used a sample collection protocol based on the
vital capacity expiration instead of prioritizing obtaining alveolar breath. This procedure can increase
the influence of exogenous compounds in breath composition, however, it is a more comfortable and
reachable approach for patients [47]. Depalma et al., 2014, were able to differentiate between patients
with polyps and patients with CRC. Once the majority of CRC cases derive from polyps, the detection
of such markers (as achieved by the referred study) is significantly relevant. Polyps” detection may
indicate which individuals should be monitored regularly in order to prevent disease development [48].
In the work of Wang et al., 2014, the differentiation between tumor stages was studied, however,
no specific patterns could be associated with the varied degree of tumor growth. The researchers used
a collection procedure based on obtaining alveolar breath samples, thus favoring the evaluation of
compounds more closely related to blood levels (alveoli-blood exchange), which suffers less influence
from room air composition [49]. Altomare et al., 2015, showed for the first time that breath profiles
are also subjected to differences when comparing patterns from positive groups with the same cohort
after undergoing curative tumor resection. In addition, they highlighted the need for more complex
chemometric models to achieve the identification of specific patterns, leading to a successful breath
test [50]. GC-MS was used in a study by Amal et al., 2016, to identify candidate biomarkers related
to the results of sensor analyses. Authors performed quantitation of detected potential biomarkers,
however, details of the calibration procedure were not demonstrated in the article [51].

3. Possible Origin of Potential Molecular Biomarkers of CRC

There are several complex mechanisms involved in the carcinogenesis process, which comprehend
changes in cell biochemistry and a series of metabolic adaptations, characteristic of tumor development.
Most of these mechanisms are still not fully elucidated and their investigation at the level of small
metabolites remains insufficient. Considering this, the present section aims to discuss the main
hypotheses related to the occurrence and modulation of the compounds most frequently reported
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as potential CRC biomarkers. For this purpose, aforementioned candidate markers of CRC were
correlated with molecular pathways previously described as related to this disease. Solely mechanisms
which could be addressed to the altered metabolites reported in the previous section were presented.
Through the next section, references are made to the observations presented in Table 2.

3.1. Alterations in Cell Energetics

During tumorigenesis, the cells demand the reprogramming of energy generation. Apart from the
favoring of glycolysis (Warburg effect) [76-78], perturbations of the TCA cycle are also documented.
In the TCA cycle, intermediates which can be incorporated in biosynthetic pathways are formed;
therefore, this cycle can be found to be partially down-regulated, due to the need of malignant cells for
precursors [78,79]. Apart from this, alterations in genes related to the expression of TCA cycle enzymes
are reported [80]. The beta-oxidation of fatty acids seems to be triggered by the aforementioned
metabolic disturbances. It is demonstrated that this process can be parallelly stimulated to serve
as another energy sustaining source, once fatty acids are broken down to give rise to acetyl-CoA,
ATP (adenosine triphosphate) and reduced co-enzymes [81].

In most of the studies related to CRC, lactic acid (M54) is found to be increased in biological
matrices, such circumstance can be due to the enhanced secretion of this metabolite during the
upregulated glycolysis in oxygen-deprived environment [82]. Partial inactivation of the TCA cycle is
evidenced in CRC, with its corresponding intermediates citric, isocitric, succinic and fumaric acids (M47,
M51, M61, M63, respectively) presenting decreasing trends in comparison to urine control samples.

Acetic acid (M44) was pointed out as a potential cancer indicator, according to the investigation
in fecal samples belonging to individuals with cancer. Acetate is mostly sourced from intestinal
fermentation performed by bacteria; however, current research verified that acetate could also be
produced from pyruvate (yielded at the end of glycolysis), this conversion would be promoted by
reactive oxygen species (ROS) [83,84]. The assimilated acetate can be converted to acetyl-CoA and may
configure as a substantial energy source in a poor nutrient environment and under hypoxia conditions,
which are characteristic of tumors [84,85].

3.2. Structural Self-Maintenance

The glycerol produced in the cytosol can be phosphorylated and submitted to consecutive reactions,
covering the generation of phospholipids and glycerides. In this sense, the glycerolipid pathway
comprises a source of building blocks required for cell survival and growth; concurrently, produced
lipids have a function as signaling molecules with pro-tumorigenic properties in cancer [86,87].
When compared to control fecal samples, glycerol (M6) was found in lower abundance. Apart from
this, monoacylglycerol (M7), an intermediate of the same pathway, also presented lower responses in
the positive cohort. These observations can be connected with the greater consumption of glycerol in
CRC, due to the enhancement of glycerolipid biosynthesis.

Lipogenesis also appears upregulated in cancers, generating material for cell membrane building
and saturation, and the biosynthesis of lipid-signaling molecules [88,89]. Additionally, the lipolytic
pathway seems to be explored by cancer cells as a manner of using exogenous fatty acids to enhance
their own growth [89]. Considering this context, species related to the lipolysis pathway are also
expected to exhibit alterations. Linoleic (M55) and oleic acids (M57), the main constituents of cell
membranes, are recurrently reported as decreased in fecal samples of CRC individuals, an observation
coincident with the withdrawal of fatty acids. Extending this analysis and considering the occurrence
of an excessive breakdown of fatty acids, the greater occurrence of ketone bodies can be supposed.
Both 3-Hydroxybutanoic acid (M53) and acetone (M21) were found with augmented levels in the
urine and breath of CRC patients, both compounds are ketone bodies derived from acetoacetate
decarboxylation occurring in the final stage of lipolysis pathway. Figure 2 presents a scheme of the
main pathways possibly altered in CRC.
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Figure 2. Connected main pathways possibly altered in CRC (related to the reported metabolic
biomarkers), involved in energy production and the generation of functional biomolecules,
where: TCA—tricarboxylic acid, ATP—adenosine triphosphate, ADP—adenosine diphosphate,
GDP—guanosine diphosphate, GTP—guanosine triphosphate, LPA—Iysophosphatidic acid,
PA—phosphatidic acids, MAG—monoacylglycerol, DAG—diacylglycerol, TAG—triacylglycerol. Based
on Anderson et al., 2018 [79], Icard et al., 2012 [81] and Prentki et al., 2008 [87].

During carcinogenesis, a series of molecular signals culminate in the activation of the transcription
of genes linked to the mevalonate pathway, causing dysfunctions in the levels of intermediate
metabolites. This would be a mechanism of tumor cells to restore the levels of molecules that are
products of this pathway, which have important structural functions [90,91]. Terpenoids indicated as
cancer biomarkers can have their origin related to unrevealed mechanisms laying on aberrant activity
of mevalonate pathway or even represent intermediates from these pathways that were not properly
identified by the spectral library. Besides this, the differentiated occurrence of such compounds could
be associated with deficient processes in the metabolization of secondary plant metabolites coming
from the diet. p-Cymene (M41) and y-terpinene (M42) were terpenoids found increased in CRC urine
specimens, and beta-pinene (M43) in breath samples.

3.3. Oxidative Stress

The concentration of ROS is often reported to be elevated in tumors—these species can be produced
in the cell as consequence of enhanced metabolic activity and mitochondrial damage, but also play
important role in cancer signaling pathways [92,93].

Oxidative stress also favors lipid peroxidation, generating products such as linear alkanes,
aldehydes and alcohols (Figure 3) [94]. Nonanal (M15) and decanal (M12) were present in greater
amounts in breath of CRC patients, these are compounds that can be directly associated with
the oxidation of the main lipids constituting cell membrane. Nonanal can be produced both
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by a and p-scissions, while decanal may arise from the p-fragmentation of oleic acid [95].
Alkanes such as dodecane (M37), 2-methylbutane (M30), 2-methylpentane (M31), 3-methylpentane
(M32), 4-methyloctane (M35)—also elevated in exhaled air of positive cohort, are likely other products
of lipid oxidation that have not been precisely described yet.
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Figure 3. Lipid peroxidation mechanisms potentially involved in the formation of main classes of
metabolic biomarkers. Based on Miekisch et al., 2004 [94] and Schaich et al., 2013 [95].

3.4. Alterations in Enzyme Catalytic Activity

The activity of cytochrome P450 is reported to be altered in different neoplasms, through the
differential expression of their isoforms. This factor can influence the bioavailability of substrates and
their products, as well as their pattern of excretion in cancer cases [96,97]. Alcohol dehydrogenase and
aldehyde dehydrogenase present activities statistically superior in several tumors when compared to
normal tissues [98]. It is reported that reduced co-enzymes produced by the action of these enzymes
may support ATP production [99].

Magnified activity of aldehyde dehydrogenase in tumors can transform the aldehydes released
during lipid peroxidation into corresponding carboxylic acids. In this sense, secondary ketones may
arise from carboxylic acids undergoing 3-oxidation process—a mechanism boosted in cancer cells, as
previously mentioned. Such observations regarding metabolic dynamics in cancer may explain why
n-aldehydes heptanal (M13) and hexanal (M14) were decreased in the urine of individuals belonging
to the positive group, while the ketones 4-heptanone (M18) and 2-pentanone (M20) presented a greater
response in urine samples from the diseased. Because urine consists of a fluid related to the elimination
route in organisms, the assumption that molecules are in their metabolized form may be reasonable.
Compounds such as cyclohexane (M36), methylcyclohexane (M39) and xylene (M27, M28) in the
breath were pointed out as CRC markers. These compounds are traditionally addressed as exogenous,
coming from environment. The endogenous synthesis of such VOCs was not described in humans
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yet, nevertheless, bacterial shikimate and derived pathways could play a part in the occurrence of
similar aromatic compounds. Another hypothesis is that altered isoforms of enzymes responsible for
the metabolism of these exogenous compounds are impaired during cancer, making increased levels of
these cyclic and aromatic VOCs frequently observed among diseased patients.

3.5. Contribution of the Microbiota

One of the most important roles of intestinal bacteria is the fermentation of saccharides that cannot
be digested by human. Dietary fibers can exhibit different levels of susceptibility to the fermentation
process and, when low fermentable, appear to be related to colonic diseases [100]. In bacterial
fermentation, released monosaccharides are converted into pyruvate and derived short-chain fatty
acids are produced—from these, the major species formed are acetate, butyrate and propionate [100,101].
In CRC collected fecal samples, acetic (M44) and propionic acid (M59) were registered with augmented
responses. The indexed literature reports butyric acid (M46) as a discriminant feature in CRC; however,
diverging trends in butyric acid levels are documented.

The minor metabolites of the fermentation pathways are methane, hydrogen sulfide, ethanol
and formate [102]. Methane (M25) was reported with higher concentrations in the breath of colon
cancer subjects. In intestinal gas samples, the hydrogen sulfide concentration was elevated, while its
precursor—hydrogen—was decreased [103]. Ethanol (M5) measured in exhaled air presented to be
distinguished for healthy and diseased subjects. Succinate (M61), a propionate precursor, was present in
urine at lower abundance; correspondingly, propionic acid (M59) itself was detected in superior amounts
in feces. Fermenting microorganisms can convert acetone to 2-propanol (M3) [104], a compound found
to be increased in fecal samples in CRC cases. A scheme of microbial fermentation pathways in the gut
environment is depicted in Figure 4.
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An alternative fermentation pathway through acetoin metabolism may be performed by
bacteria. This path involves the formation of 2,3-butadione (M22) and 2,3-butanediol (M10) [106,107].
The production of 2,3-butanedione is believed to be supported by an acidic pH and low oxygen
environment, conditions compatible with the tumor micro-region. This substance appeared in elevated
amounts in urine samples of CRC subjects.

Based on the exposed, and according with the reviewed studies, an accumulation of some
short-chain fatty acids in CRC is evidenced. In fact, it is demonstrated that butyrate (M46) has its
oxidation reduced in CRC tissue, the process is achieved through the down-regulated expression of
short chain acyl-CoA dehydrogenase [108,109]. Specifically, butyrate promotes the development of
normal cells and inhibits histone deacetylases, thus, making it reasonable to assume that malignant
colonocytes perform a metabolic shift to skip butyrate as an energy source [109].

Mucins are glycosylated proteins frequently overexpressed by different epithelial cancer cells.
They play a role in the control of the inflammatory response and it is believed that their molecular
apparat is employed by tumor cells to stimulate cell growth and survival [110]. In parallel, it is
demonstrated that the cancer environment can favor bacterial genera that perform mucin degradation
in the intestine [111,112]. Lower levels of sugars and derivatives (M90-99) in feces and urine from CRC
patients are indicative of the recruitment of these species for fermentation. Apart from this, free amino
acids (M73, M74, M76, M79, M80, M82, M83, M85, M86, M89) were encountered as being elevated in
fecal samples, suggesting degradation of mucins and other proteins in the colon.

The microbial catabolism of proteins in the gut is another factor to be considered [113]. Proteolytic
fermentation is considered as non-favorable, once reactive products can be generated, leading to tissue
inflammation, a process that can serve both to initiate and promote colorectal cancer [114]. Neoplastic
lesions appear to be induced by the formation of detrimental amino acid metabolites, such as p-cresol
(M4) [115] (Figure 5A). Similarly to p-cresol, phenyl acetate (M23) was also encountered with elevated
amounts in the urine of CRC patients. The later can be derived, for example, from phenylalanine
catabolism by the microbial aldoxime-nitrile pathway [116] (Figure 5B).

OH
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Figure 5. Amino acid metabolism addressed to bacteria: (A) threonine degradation; (B) aldoxime-nitrile
pathway and (C) methionine catabolism. Based on Portune et al., 2016 [115], Bhalla et al., 2018 [116]
and Furne et al., 2001 [117].
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Hydrogen sulfide and methanethiol are harmful species produced in the bowel by the reduction
of sulphate-derived substrates [117,118] (Figure 5C). Stimulated production of sulfur-containing
species has been addressed in colorectal cancer, as an indicator of alterations in gut bacteria activity
driven by carcinogenesis [118]. Potentially related to this, the levels of dimethyl disulfide (M65) and
2-methoxythiophene (M64) appeared altered in positive urine samples.

Elevated amounts of free amino acids in feces—a colon directly related sample—can be also
indicative of poor nutrient fixation in the previous steps of digestion. The observed increment in the
concentration of the aforementioned metabolites in CRC specimens demonstrates that CRC-associated
gut microbiota actively perform amino acid catabolism, which corroborates to colon inflammation
and may constitute a tumor promoting mechanism by triggering an inflammatory response which
activates cell division.

4. Conclusions

Considering the reviewed articles, it is possible to observe that varied methodologies have been
employed for the study of the CRC metabolome. The investigation of different biological species has
permitted observations of varied aspects of changes in metabolism, as each matrix involves different
physiological mechanisms. Chemometric approaches were prevalent among the reviewed studies,
presenting themselves as indispensable for the processing of the complex data acquired. Such statistical
evaluations enable us to identify discriminant features and latent patterns, as well as to express the
method’s performance. The most prevalent altered compounds observed in the investigated profiles
were hydrocarbons, short-chain fatty acids and amino acids and their derivatives. These chemical
species could be correlated with general cancer mechanisms and specific pathways affected during
CRC. The indexed candidate biomarkers could be addressed as metabolites, both of human and
bacteria from the gut microbiota. The inspected studies indicate the promising status of the analysis
of small molecules, using non-invasive approaches, in the determination of CRC with an accuracy
greater than the already available screening tests. Besides that, GC-based exams have great potential
to configure as affordable and standardized methods, able to attend to broad demand. Nowadays,
there is an expanding group of evidence showing metabolite-based diagnosis of CRC, however, data
inconsistency due to the employment of diverse protocols is observed, emphasizing the need for
validation strategies. Yet, the value of independent studies cannot be diminished, for the reason
that the gathered evidence presents great elucidative value in what concerns the understanding of
particular mechanisms associated with CRC. In this way, studies on molecular patterns can be applied
for diagnostic purposes, as well as to configure as a powerful tool for the interpretation of disease
mechanisms at the molecular level.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/9/10/3191/s1.
Table S1: Total number of compounds reported as potential biomarkers of CRC.

Author Contributions: Conceptualization, EM. and M.M.-M.; Methodology, EM. and M.M.-M.; Software, FM.
and M.M.-M.; Validation, EM. and M.M.-M.; Formal analysis, EM. and M.M.-M.; Investigation, EM. and M.M.-M.;
Resources, EM. and M.M.-M.; Data curation, EM.; Writing—original draft preparation, EM. and M.M.-M.;
Writing—review and editing, T.L. and B.B.; Visualization, EM. and M.M.-M.; Supervision, T.L. and B.B; Project
administration, B.B.; Funding acquisition, B.B. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was financed by The National Centre for Research and Development (Warsaw, Poland),
project “Airborne Biomarkers for Colorectal Cancer”, grant ERA-NET TRANSCAN/023/2018. This work was
supported by Toruri Center of Excellence “Towards Personalized medicine” operating 364 under Excellence
Initiative-Research University.

Acknowledgments: The authors would like to thank to Jonathan Beauchamp and Frederik-Jan van Schooten for
their contribution in manuscript revision.

Conflicts of Interest: The authors declare no conflict of interest.


http://www.mdpi.com/2077-0383/9/10/3191/s1

J. Clin. Med. 2020, 9, 3191 27 of 32

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Bray, F; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018:
GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CACancer
J.Clin. 2018, 68, 394—424. [CrossRef]

Rawla, P; Sunkara, T.; Barsouk, A. Epidemiology of colorectal cancer: Incidence, mortality, survival, and risk
factors. Gastroenterol. Rev. 2019, 14, 89-103. [CrossRef] [PubMed]

Manne, U.; Shanmugam, C.; Katkoori, V.R.; Bumpers, H.L.; Grizzle, W.E. Development and progression of
colorectal neoplasia. Cancer Biomark. 2011, 9, 235-265. [CrossRef] [PubMed]

Yang, L.; Wang, S.; Lee, ]J.K.; Lee, S.; Lee, E.; Shinbrot, E.; Wheeler, D.A.; Kucherlapati, R.; Park, PJ.
Anenhanced genetic model of colorectal cancer progression history. Genome Biol. 2019, 20, 168. [CrossRef]
[PubMed]

Elsafi, S.H.; Alqahtani, N.I; Zakary, N.Y.; Al Zahrani, E.M. The sensitivity, specificity, predictive values, and
likelihood ratios of fecal occult blood test for the detection of colorectal cancer in hospital settings. Clin. Exp.
Gastroenterol. 2015, 8, 279-284. [CrossRef]

Young, G.P,; Symonds, E.L.; Allison, J.E.; Cole, S.R.; Fraser, C.G.; Halloran, S.P; Kuipers, E.J.; Seaman, H.E.
Advances in Fecal Occult Blood Tests: The FIT Revolution. Dig. Dis. Sci. 2015, 60, 609-622. [CrossRef]
[PubMed]

Robertson, R.; Campbell, C.; Weller, D.P,; Elton, R.; Mant, D.; Primrose, J.; Nugent, K.; Macleod, U.; Sharma, R.
Predicting colorectal cancer risk in patients with rectal bleeding. Br. J. Gen. Pract. 2006, 56, 763-767.

Issa, I.A.; Noureddine, M. Colorectal cancer screening: An updated review of the available options. World J.
Gastroenterol. 2017, 23, 50865096. [CrossRef]

Young, P.E.; Womeldorph, C.M. Colonoscopy for colorectal cancer screening. J. Cancer 2013, 4, 217-226.
[CrossRef]

Van Cutsem, E.; Verheul, HM.W.,; Flamen, P.; Rougier, P.; Beets-Tan, R.; Glynne-Jones, R.; Seufferlein, T.
Imaging in colorectal cancer: Progress and challenges for the clinicians. Cancers 2016, 8, 81. [CrossRef]
Gonzalez-Pons, M.; Cruz-Correa, M. Colorectal cancer biomarkers: Where are we now? BioMed Res. Int.
2015, 2015, 149014. [CrossRef] [PubMed]

Das, V,; Kalita, J.; Pal, M. Predictive and prognostic biomarkers in colorectal cancer: A systematic review of
recent advances and challenges. Biomed. Pharmacother. 2017, 87, 8-19. [CrossRef] [PubMed]

Srivastava, S.; Verma, M.; Henson, D.E. Biomarkers for early detection of colon cancer. Clin. Cancer Res. 2001,
7,1118-1126.

Vacante, M.; Borzi, A.M.; Basile, F; Biondi, A. Biomarkers in colorectal cancer: Current clinical utility and
future perspectives. World J. Clin. Cases 2018, 6, 869-881. [CrossRef]

Alves Martins, B.A.; de Bulhoes, G.E.; Cavalcanti, I.N.; Martins, M.M.; de Oliveira, P.G.; Martins, A.M.A.
Biomarkers in colorectal cancer: The role of translational proteomics research. Front. Oncol. 2019, 9, 1284.
[CrossRef] [PubMed]

Newton, K.E,; Newman, W.; Hill, J. Review of biomarkers in colorectal cancer. Color. Dis. 2012, 14, 3-17.
[CrossRef]

Lledo, S.M.; Garcia-Granero, E.; Dasi, F.; Ripoli, R.; Garcia, S.A.; Cervantes, A.; Alino, S.F. Real time
quantification in plasma of human telomerase reverse transcriptase (hnTERT) mRNA in patients with
colorectal cancer. Color. Dis. 2004, 6, 236-242. [CrossRef]

Song, L.-L.; Li, Y.-M. Current noninvasive tests for colorectal cancer screening: An overview of colorectal
cancer screening tests. World J. Gastrointest. Oncol. 2016, 8, 793-800. [CrossRef]

Lamb, Y.N.; Dhillon, S. Epi proColon® 2.0 CE: A blood-based screening test for colorectal cancer.
Mol. Diagn. Ther. 2017, 21, 225-232. [CrossRef]

Zhang, A.; Sun, H; Yan, G.; Wang, P.; Wang, X. Metabolomics for biomarker discovery: Moving to the clinic.
BioMed Res. Int. 2015, 2015, 354671. [CrossRef]

Gowda, G.N.; Zhang, S.; Gu, H.; Asiago, V.; Shanaiah, N.; Raftery, D. Metabolomics-based methods for early
disease diagnostics. Expert Rev. Mol. Diagn. 2008, 8, 617-633. [CrossRef]

Fukui, Y.; Itoh, K. A plasma metabolomic investigation of colorectal cancer patients by liquid
chromatography-mass spectrometry. Open Anal. Chem. ]. 2010, 4, 1-9. [CrossRef]


http://dx.doi.org/10.3322/caac.21492
http://dx.doi.org/10.5114/pg.2018.81072
http://www.ncbi.nlm.nih.gov/pubmed/31616522
http://dx.doi.org/10.3233/CBM-2011-0160
http://www.ncbi.nlm.nih.gov/pubmed/22112479
http://dx.doi.org/10.1186/s13059-019-1782-4
http://www.ncbi.nlm.nih.gov/pubmed/31416464
http://dx.doi.org/10.2147/CEG.S86419
http://dx.doi.org/10.1007/s10620-014-3445-3
http://www.ncbi.nlm.nih.gov/pubmed/25492500
http://dx.doi.org/10.3748/wjg.v23.i28.5086
http://dx.doi.org/10.7150/jca.5829
http://dx.doi.org/10.3390/cancers8090081
http://dx.doi.org/10.1155/2015/149014
http://www.ncbi.nlm.nih.gov/pubmed/26106599
http://dx.doi.org/10.1016/j.biopha.2016.12.064
http://www.ncbi.nlm.nih.gov/pubmed/28040600
http://dx.doi.org/10.12998/wjcc.v6.i15.869
http://dx.doi.org/10.3389/fonc.2019.01284
http://www.ncbi.nlm.nih.gov/pubmed/31828035
http://dx.doi.org/10.1111/j.1463-1318.2010.02439.x
http://dx.doi.org/10.1111/j.1463-1318.2004.00627.x
http://dx.doi.org/10.4251/wjgo.v8.i11.793
http://dx.doi.org/10.1007/s40291-017-0259-y
http://dx.doi.org/10.1155/2015/354671
http://dx.doi.org/10.1586/14737159.8.5.617
http://dx.doi.org/10.2174/1874065001004010001

J. Clin. Med. 2020, 9, 3191 28 of 32

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Zhang, Y;; Du, Y.; Song, Z.; Liu, S.; Li, W.; Wang, D.; Suo, ]J. Profiling of serum metabolites in advanced
colon cancer using liquid chromatography-mass spectrometry. Oncol. Lett. 2020, 19, 4002-4010. [CrossRef]
[PubMed]

Djukovic, D.; Zhang, J.; Raftery, D. Colorectal cancer detection using targeted LC-MS metabolic profiling.
In Low-Fat Love; Beaulieu, ].-F., Ed.; Springer: New York, NY, USA, 2018; Volume 1765, pp. 229-240,
ISBN 9781493977659.

Buszewski, B.; Kesy, M.; Ligor, T.; Amann, A. Human exhaled air analytics: Biomarkers of diseases.
Biomed. Chromatogr. 2007, 21, 553-566. [CrossRef] [PubMed]

Amann, A.; Miekisch, W.; Schubert, J.; Buszewski, B.; Ligor, T.; Jezierski, T.; Pleil, J.; Risby, T. Analysis of
exhaled breath for disease detection. Annu. Rev. Anal. Chem. 2014, 7, 455-482. [CrossRef] [PubMed]
Ulanowska, A.; Kowalkowski, T.; Hrynkiewicz, K.; Jackowski, M.; Buszewski, B. Determination of volatile
organic compounds in human breath for Helicobacter pylori detection by SPME-GC/MS. Biomed. Chromatogr.
2011, 25, 391-397. [CrossRef]

Monedeiro, F.; Milanowski, M.; Ratiu, I.-A.; Zmystowski, H.; Ligor, T.; Buszewski, B. VOC profiles of saliva
in assessment of halitosis and submandibular abscesses using HS-SPME-GC/MS technique. Molecules 2019,
24,2977. [CrossRef]

Clish, C.B. Metabolomics: An emerging but powerful tool for precision medicine. Mol. Case Stud. 2015,
1, a000588. [CrossRef]

Jacob, M.; Lopata, A.L.; Dasouki, M.; Abdel Rahman, A.M. Metabolomics toward personalized medicine.
Mass Spectrom. Rev. 2019, 38, 221-238. [CrossRef]

Segers, K.; Declerck, S.; Mangelings, D.; Heyden, Y.V.; Eeckhaut, A.V. Analytical techniques for metabolomic
studies: A review. Bioanalysis 2019, 11, 2297-2318. [CrossRef]

Zhang, A.; Sun, H.; Wang, P.; Han, Y.; Wang, X. Modern analytical techniques in metabolomics analysis.
Analyst 2012, 137, 293-300. [CrossRef] [PubMed]

Dunn, W.B.; Ellis, D.I. Metabolomics: Current analytical platforms and methodologies. TrAC Trends
Anal. Chem. 2005, 24, 285-294. [CrossRef]

De Lacy Costello, B.; Amann, A.; Al-Kateb, H.; Flynn, C.; Filipiak, W.; Khalid, T.; Osborne, D.; Ratcliffe, N.M.
A review of the volatiles from the healthy human body. J. Breath Res. 2014, 8, 014001. [CrossRef] [PubMed]
Qiu, Y,; Cai, G.; Su, M,; Chen, T,; Liu, Y.; Xu, Y;; Ni, Y,; Zhao, A.; Cai, S.; Xu, L.X,; et al. Urinary metabonomic
study on colorectal cancer. J. Proteome Res. 2010, 9, 1627-1634. [CrossRef]

Silva, C.L.; Passos, M.; Camara, J.S. Investigation of urinary volatile organic metabolites as potential cancer
biomarkers by solid-phase microextraction in combination with gas chromatography-mass spectrometry.
Br. J. Cancer 2011, 105, 1894-1904. [CrossRef]

Cheng, Y,; Xie, G.; Chen, T,; Qiu, Y.; Zou, X.; Zheng, M.; Tan, B.; Feng, B.; Dong, T.; He, P,; et al. Distinct urinary
metabolic profile of human colorectal cancer. J. Proteome Res. 2012, 11, 1354-1363. [CrossRef]
Arasaradnam, R.P.; McFarlane, M.].; Ryan-Fisher, C.; Westenbrink, E.; Hodges, P.; Thomas, M.G.; Chambers, S.;
O’Connell, N.; Bailey, C.; Harmston, C.; et al. Detection of colorectal cancer (CRC) by urinary volatile organic
compound analysis. PLoS ONE 2014, 9, e108750. [CrossRef]

Liesenfeld, D.B.; Habermann, N.; Toth, R.; Owen, R.W.; Frei, E.; Bohm, J.; Schrotz-King, P.; Klika, K.D.;
Ulrich, C.M. Changes in urinary metabolic profiles of colorectal cancer patients enrolled in a prospective
cohort study (ColoCare). Metabolomics 2015, 11, 998-1012. [CrossRef]

Delphan, M.; Lin, T.; Liesenfeld, D.B.; Nattenmdiller, J.; B6hm, ].T.; Gigic, B.; Habermann, N.; Zielske, L.;
Schrotz-King, P.; Schneider, M.; et al. Associations of branched-chain amino acids with parameters of energy
balance and survival in colorectal cancer patients: Results from the ColoCare study. Metabolomics 2018, 14, 22.
[CrossRef]

Mozdiak, E.; Wicaksono, A.N.; Covington, ].A.; Arasaradnam, R.P. Colorectal cancer and adenoma screening
using urinary volatile organic compound (VOC) detection: Early results from a single-centre bowel screening
population (UK BCSP). Tech. Coloproctol. 2019, 23, 343-351. [CrossRef]

Wong, S.H.; Kwong, TN.Y.; Wu, C.-Y.; Yu, ]J. Clinical applications of gut microbiota in cancer biology.
Semin. Cancer Biol. 2019, 55, 28-36. [CrossRef] [PubMed]

Weir, T.L.; Manter, D.K,; Sheflin, A.M.; Barnett, B.A.; Heuberger, A.L.; Ryan, E.P. Stool microbiome and
metabolome differences between colorectal cancer patients and healthy adults. PLoS ONE 2013, 8, e70803.
[CrossRef]


http://dx.doi.org/10.3892/ol.2020.11510
http://www.ncbi.nlm.nih.gov/pubmed/32391103
http://dx.doi.org/10.1002/bmc.835
http://www.ncbi.nlm.nih.gov/pubmed/17431933
http://dx.doi.org/10.1146/annurev-anchem-071213-020043
http://www.ncbi.nlm.nih.gov/pubmed/25014347
http://dx.doi.org/10.1002/bmc.1460
http://dx.doi.org/10.3390/molecules24162977
http://dx.doi.org/10.1101/mcs.a000588
http://dx.doi.org/10.1002/mas.21548
http://dx.doi.org/10.4155/bio-2019-0014
http://dx.doi.org/10.1039/C1AN15605E
http://www.ncbi.nlm.nih.gov/pubmed/22102985
http://dx.doi.org/10.1016/j.trac.2004.11.021
http://dx.doi.org/10.1088/1752-7155/8/1/014001
http://www.ncbi.nlm.nih.gov/pubmed/24421258
http://dx.doi.org/10.1021/pr901081y
http://dx.doi.org/10.1038/bjc.2011.437
http://dx.doi.org/10.1021/pr201001a
http://dx.doi.org/10.1371/journal.pone.0108750
http://dx.doi.org/10.1007/s11306-014-0758-3
http://dx.doi.org/10.1007/s11306-017-1314-8
http://dx.doi.org/10.1007/s10151-019-01963-6
http://dx.doi.org/10.1016/j.semcancer.2018.05.003
http://www.ncbi.nlm.nih.gov/pubmed/29782923
http://dx.doi.org/10.1371/journal.pone.0070803

J. Clin. Med. 2020, 9, 3191 29 of 32

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Phua, L.C.; Chue, X.P; Koh, PK.; Cheah, P.Y.; Ho, HK.; Chan, E.C.Y. Non-invasive fecal metabonomic
detection of colorectal cancer. Cancer Biol. Ther. 2014, 15, 389-397. [CrossRef] [PubMed]

Bond, A.; Greenwood, R.; Lewis, S.; Corfe, B.; Sarkar, S.; Rooney, P.; Probert, C. OC-048 The use of volatile
organic compounds emitted from stool as a biomarker for colonic neoplasia. Gut 2016, 65, A28.1-A28.
[CrossRef]

Wang, X.; Wang, J.; Rao, B.; Deng, L. Gut flora profiling and fecal metabolite composition of colorectal cancer
patients and healthy individuals. Exp. Ther. Med. 2017, 13, 2848-2854. [CrossRef]

Song, E.M.; Byeon, J.-S.; Lee, S.M.; Yoo, H].; Kim, S.J.; Lee, S.-H.; Chang, K.; Hwang, SW.; Yang, D.-H.;
Jeong, ] .-Y. Fecal fatty acid profiling as a potential new screening biomarker in patients with colorectal cancer.
Dig. Dis. Sci. 2018, 63, 1229-1236. [CrossRef]

Bond, A.; Greenwood, R.; Lewis, S.; Corfe, B.; Sarkar, S.; O"Toole, P.; Rooney, P.; Burkitt, M.; Hold, G.; Probert, C.
Volatile organic compounds emitted from faeces as a biomarker for colorectal cancer. Aliment. Pharmacol. Ther.
2019, 49, 1005-1012. [CrossRef]

Haines, A.; Dilawari, J.; Metz, G.; Blendis, L.; Wiggins, H. breath-methane in patients with cancer of the large
bowel. Lancet 1977, 310, 481-483. [CrossRef]

Piqué, ].M.; Pallarés, M.; Cus6, E.; Vilar-Bonet, J.; Gassull, M.A. Methane production and colon cancer.
Gastroenterology 1984, 87, 601-605. [CrossRef]

Peng, G.; Hakim, M.; Broza, Y.Y,; Billan, S.; Abdah-Bortnyak, R.; Kuten, A.; Tisch, U.; Haick, H. Detection
of lung, breast, colorectal, and prostate cancers from exhaled breath using a single array of nanosensors.
Br. J. Cancer 2010, 103, 542-551. [CrossRef]

Altomare, D.F; Di Lena, M.; Porcelli, F; Trizio, L.; Travaglio, E.; Tutino, M.; Dragonieri, S.; Memeo, V.;
de Gennaro, G. Exhaled volatile organic compounds identify patients with colorectal cancer. Br. J. Surg. 2013,
100, 144-150. [CrossRef] [PubMed]

Depalma, N.; Lena, M.D.; Porcelli, F,; Travaglio, E.; Longobardi, F.; Demarinis Loiotile, A.; Tedesco, G.;
De Gennaro, G.; Altomare, D.F. Detection of colorectal polyps by exhaled VOCs. Preliminary data.
Tech. Coloproctol. 2014, 18, 92-93. [CrossRef]

Wang, C.; Ke, C.; Wang, X; Chi, C.; Guo, L.; Luo, S.; Guo, Z.; Xu, G.; Zhang, F; Li, E. Noninvasive detection
of colorectal cancer by analysis of exhaled breath. Anal. Bioanal. Chem. 2014, 406, 4757-4763. [CrossRef]
[PubMed]

Altomare, D.F.; Di Lena, M.; Porcelli, F; Travaglio, E.; Longobardi, F; Tutino, M.; Depalma, N.; Tedesco, G.;
Sardaro, A.; Memeo, R.; et al. Effects of curative colorectal cancer surgery on exhaled volatile organic
compounds and potential implications in clinical follow-up. Ann. Surg. 2015, 262, 862—-867. [CrossRef]
Amal, H.; Leja, M.; Funka, K.; Lasina, I.; Skapars, R.; Sivins, A.; Ancans, G.; Kikuste, I.; Vanags, A;
Tolmanis, I.; et al. Breath testing as potential colorectal cancer screening tool. Int. J. Cancer 2016, 138, 229-236.
[CrossRef]

Dutkiewicz, E.P,; Urban, PL. Quantitative mass spectrometry of unconventional human biological matrices.
Philos. Trans. R. Soc. A Math. Phys. Eng. Sci. 2016, 374, 20150380. [CrossRef]

Pereira, J.; Porto-Figueira, P.; Cavaco, C.; Taunk, K.; Rapole, S.; Dhakne, R.; Nagarajaram, H.; Camara, J.
Breath analysis as a potential and non-invasive frontier in disease diagnosis: An overview. Metabolites 2015,
5, 3-55. [CrossRef]

Smith, L.; Villaret-Cazadamont, J.; Claus, S.P.; Canlet, C.; Guillou, H.; Cabaton, N.J.; Ellero-Simatos, S.
Important considerations for sample collection in metabolomics studies with a special focus on applications
to liver functions. Metabolites 2020, 10, 104. [CrossRef]

Yin, P; Lehmann, R.; Xu, G. Effects of pre-analytical processes on blood samples used in metabolomics
studies. Anal. Bioanal. Chem. 2015, 407, 4879-4892. [CrossRef]

Roux, A.; Thévenot, E.A.; Seguin, F; Olivier, M.-F.; Junot, C. Impact of collection conditions on the metabolite
content of human urine samples as analyzed by liquid chromatography coupled to mass spectrometry and
nuclear magnetic resonance spectroscopy. Metabolomics 2015, 11, 1095-1105. [CrossRef]

Manoni, E; Gessoni, G.; Alessio, M.G.; Caleffi, A.; Saccani, G.; Silvestri, M.G.; Poz, D.; Ercolin, M.; Tinello, A.;
Valverde, S.; et al. Mid-stream vs. first-voided urine collection by using automated analyzers for particle
examination in healthy subjects: An Italian multicenter study. Clin. Chem. Lab. Med. 2012, 50, 679-684.
[CrossRef] [PubMed]


http://dx.doi.org/10.4161/cbt.27625
http://www.ncbi.nlm.nih.gov/pubmed/24424155
http://dx.doi.org/10.1136/gutjnl-2016-312388.48
http://dx.doi.org/10.3892/etm.2017.4367
http://dx.doi.org/10.1007/s10620-018-4982-y
http://dx.doi.org/10.1111/apt.15140
http://dx.doi.org/10.1016/S0140-6736(77)91605-1
http://dx.doi.org/10.1016/0016-5085(84)90532-8
http://dx.doi.org/10.1038/sj.bjc.6605810
http://dx.doi.org/10.1002/bjs.8942
http://www.ncbi.nlm.nih.gov/pubmed/23212621
http://dx.doi.org/10.1007/s10151-013-1096-6
http://dx.doi.org/10.1007/s00216-014-7865-x
http://www.ncbi.nlm.nih.gov/pubmed/24820062
http://dx.doi.org/10.1097/SLA.0000000000001471
http://dx.doi.org/10.1002/ijc.29701
http://dx.doi.org/10.1098/rsta.2015.0380
http://dx.doi.org/10.3390/metabo5010003
http://dx.doi.org/10.3390/metabo10030104
http://dx.doi.org/10.1007/s00216-015-8565-x
http://dx.doi.org/10.1007/s11306-014-0764-5
http://dx.doi.org/10.1515/cclm.2011.823
http://www.ncbi.nlm.nih.gov/pubmed/22505530

J. Clin. Med. 2020, 9, 3191 30 of 32

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Favé, G.; Beckmann, M.; Lloyd, A.J.; Zhou, S.; Harold, G.; Lin, W.,; Tailliart, K.; Xie, L.; Draper, ].; Mathers, ].C.
Development and validation of a standardized protocol to monitor human dietary exposure by metabolite
fingerprinting of urine samples. Metabolomics 2011, 7, 469-484. [CrossRef] [PubMed]

Edmands, W.M.B.; Ferrari, P.; Scalbert, A. Normalization to specific gravity prior to analysis improves
information recovery from high resolution mass spectrometry metabolomic profiles of human urine.
Anal. Chem. 2014, 86, 10925-10931. [CrossRef] [PubMed]

Jain, A.; Li, X.H.; Chen, W.N. An untargeted fecal and urine metabolomics analysis of the interplay between
the gut microbiome, diet and human metabolism in Indian and Chinese adults. Sci. Rep. 2019, 9, 9191.
[CrossRef] [PubMed]

Farag, M.A.; Abdelwareth, A_; Sallam, LE.; el Shorbagi, M.; Jehmlich, N.; Fritz-Wallace, K.; Serena Schépe, S.;
Rolle-Kampczyk, U.; Ehrlich, A.; Wessjohann, L.A_; et al. Metabolomics reveals impact of seven functional
foods on metabolic pathways in a gut microbiota model. J. Adv. Res. 2020, 23, 47-59. [CrossRef]

Karu, N.; Deng, L.; Slae, M.; Guo, A.C.; Sajed, T.; Huynh, H.; Wine, E.; Wishart, D.S. A review on human
fecal metabolomics: Methods, applications and the human fecal metabolome database. Anal. Chim. Acta
2018, 1030, 1-24. [CrossRef]

Garner, C.E.; Smith, S.; Lacy Costello, B.; White, P.; Spencer, R.; Probert, C.S.J.; Ratcliffem, N.M. Volatile
organic compounds from feces and their potential for diagnosis of gastrointestinal disease. FASEB J. 2007,
21,1675-1688. [CrossRef]

Phua, L.C; Koh, PK.; Cheah, P.Y.; Ho, H.K.; Chan, E.C.Y. Global gas chromatography/time-of-flight mass
spectrometry (GC/TOFMS)-based metabonomic profiling of lyophilized human feces. |. Chromatogr. B 2013,
937,103-113. [CrossRef]

Nunes de Paiva, M.].; Menezes, H.C.; de Lourdes Cardeal, Z. Sampling and analysis of metabolomes in
biological fluids. Analyst 2014, 139, 3683-3694. [CrossRef]

Kimball, B.A. Volatile metabolome: Problems and prospects. Bioanalysis 2016, 8, 1987-1991. [CrossRef]
Laaks, J.; Jochmann, M.A.; Schilling, B.; Schmidt, T.C. In-tube extraction of volatile organic compounds from
aqueous samples: An economical alternative to purge and trap enrichment. Anal. Chem. 2010, 82, 7641-7648.
[CrossRef] [PubMed]

Tjalsma, H.; Boleij, A.; Marchesi, ].R.; Dutilh, B.E. A bacterial driver—passenger model for colorectal cancer:
Beyond the usual suspects. Nat. Rev. Microbiol. 2012, 10, 575-582. [CrossRef] [PubMed]

Woolfenden, E. Sorbent-based sampling methods for volatile and semi-volatile organic compounds in air.
J. Chromatogr. A 2010, 1217, 2674-2684. [CrossRef] [PubMed]

Chang, C.-P; Lin, T.-C.; Lin, Y.-W.; Hua, Y.-C.; Chu, W.-M.; Lin, T.-Y;; Lin, Y.-W.; Wu, ].-D. Comparison between
thermal desorption tubes and stainless steel canisters used for measuring volatile organic compounds in
petrochemical factories. Ann. Occup. Hyg. 2016, 60, 348-360. [CrossRef] [PubMed]

Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646—-674. [CrossRef]
[PubMed]

Gogvadze, V.; Zhivotovsky, B.; Orrenius, S. The Warburg effect and mitochondprial stability in cancer cells.
Mol. Aspects Med. 2010, 31, 60-74. [CrossRef] [PubMed]

Dell’ Antone, P. Energy metabolism in cancer cells: How to explain the Warburg and Crabtree effects?
Med. Hypotheses 2012, 79, 388-392. [CrossRef]

Anderson, N.M.; Mucka, P; Kern, J.G.; Feng, H. The emerging role and targetability of the TCA cycle in
cancer metabolism. Protein Cell 2018, 9, 216-237. [CrossRef]

Sajnani, K.; Islam, F.; Smith, R.A.; Gopalan, V.; Lam, A.K.-Y. Genetic alterations in Krebs cycle and its impact
on cancer pathogenesis. Biochimie 2017, 135, 164-172. [CrossRef]

Icard, P; Lincet, H. A global view of the biochemical pathways involved in the regulation of the metabolism
of cancer cells. Biochim. Biophys. Acta Rev. Cancer 2012, 1826, 423-433. [CrossRef]

Jiang, B. Aerobic glycolysis and high level of lactate in cancer metabolism and microenvironment. Genes Dis.
2017, 4, 25-27. [CrossRef] [PubMed]

Liu, X.; Cooper, D.E.; Cluntun, A.A.; Warmoes, M.O.; Zhao, S.; Reid, M.A ; Liu, J.; Lund, PJ.; Lopes, M.;
Garcia, B.A,; et al. Acetate production from glucose and coupling to mitochondrial metabolism in mammals.
Cell 2018, 175, 502-513. [CrossRef]

Bose, S.; Ramesh, V.; Locasale, ].W. Acetate metabolism in physiology, cancer, and beyond. Trends Cell Biol.
2019, 29, 695-703. [CrossRef] [PubMed]


http://dx.doi.org/10.1007/s11306-011-0289-0
http://www.ncbi.nlm.nih.gov/pubmed/22039364
http://dx.doi.org/10.1021/ac503190m
http://www.ncbi.nlm.nih.gov/pubmed/25285402
http://dx.doi.org/10.1038/s41598-019-45640-y
http://www.ncbi.nlm.nih.gov/pubmed/31235863
http://dx.doi.org/10.1016/j.jare.2020.01.001
http://dx.doi.org/10.1016/j.aca.2018.05.031
http://dx.doi.org/10.1096/fj.06-6927com
http://dx.doi.org/10.1016/j.jchromb.2013.08.025
http://dx.doi.org/10.1039/C4AN00583J
http://dx.doi.org/10.4155/bio-2016-0203
http://dx.doi.org/10.1021/ac101414t
http://www.ncbi.nlm.nih.gov/pubmed/20722393
http://dx.doi.org/10.1038/nrmicro2819
http://www.ncbi.nlm.nih.gov/pubmed/22728587
http://dx.doi.org/10.1016/j.chroma.2009.12.042
http://www.ncbi.nlm.nih.gov/pubmed/20106481
http://dx.doi.org/10.1093/annhyg/mev078
http://www.ncbi.nlm.nih.gov/pubmed/26585828
http://dx.doi.org/10.1016/j.cell.2011.02.013
http://www.ncbi.nlm.nih.gov/pubmed/21376230
http://dx.doi.org/10.1016/j.mam.2009.12.004
http://www.ncbi.nlm.nih.gov/pubmed/19995572
http://dx.doi.org/10.1016/j.mehy.2012.06.002
http://dx.doi.org/10.1007/s13238-017-0451-1
http://dx.doi.org/10.1016/j.biochi.2017.02.008
http://dx.doi.org/10.1016/j.bbcan.2012.07.001
http://dx.doi.org/10.1016/j.gendis.2017.02.003
http://www.ncbi.nlm.nih.gov/pubmed/30258905
http://dx.doi.org/10.1016/j.cell.2018.08.040
http://dx.doi.org/10.1016/j.tcb.2019.05.005
http://www.ncbi.nlm.nih.gov/pubmed/31160120

J. Clin. Med. 2020, 9, 3191 31 of 32

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.
107.

Kamphorst, J.J.; Chung, M.K,; Fan, J.; Rabinowitz, ].D. Quantitative analysis of acetyl-CoA production in
hypoxic cancer cells reveals substantial contribution from acetate. Cancer Metab. 2014, 2, 23. [CrossRef]
[PubMed]

Koundouros, N.; Poulogiannis, G. Reprogramming of fatty acid metabolism in cancer. Br. ]. Cancer 2020,
122,4-22. [CrossRef] [PubMed]

Prentki, M.; Madiraju, S.R.M. Glycerolipid metabolism and signaling in health and disease. Endocr. Rev.
2008, 29, 647-676. [CrossRef] [PubMed]

Swinnen, J.V.; Brusselmans, K.; Verhoeven, G. Increased lipogenesis in cancer cells: New players, novel
targets. Curr. Opin. Clin. Nutr. Metab. Care 2006, 9, 358-365. [CrossRef]

Zaidi, N.; Lupien, L.; Kuemmerle, N.B.; Kinlaw, W.B.; Swinnen, ].V.; Smans, K. Lipogenesis and lipolysis: The
pathways exploited by the cancer cells to acquire fatty acids. Prog. Lipid Res. 2013, 52, 585-589. [CrossRef]
Tamanoi, F; Azizian, M.; Ashrafi, M.; Bathaie, S. Mevalonate pathway and human cancers.
Curr. Mol. Pharmacol. 2017, 10, 77-85. [CrossRef]

Mullen, PJ.; Yu, R.; Longo, ]J.; Archer, M.C.; Penn, L.Z. The interplay between cell signalling and the
mevalonate pathway in cancer. Nat. Rev. Cancer 2016, 16, 718-731. [CrossRef]

Barreiros, A.L.B.S.; David, ].M.; David, J.P. Estresse oxidativo: Relacao entre geragao de espécies reativas e
defesa do organismo. Quim. Nova 2006, 29, 113-123. [CrossRef]

Waris, G.; Ahsan, H. Reactive oxygen species: Role in the development of cancer and various chronic
conditions. J. Carcinog. 2006, 5, 14. [CrossRef] [PubMed]

Miekisch, W.; Schubert, ].K.; Noeldge-Schomburg, G.F. Diagnostic potential of breath analysis—focus on
volatile organic compounds. Clin. Chim. Acta 2004, 347, 25-39. [CrossRef] [PubMed]

Schaich, K.M.; Shahidi, F; Zhong, Y.; Eskin, N.A.M. Lipid oxidation. In Biochemistry of Foods; Eskin, N.A.,
Shahidi, F,, Eds.; Elsevier: Cambridge, UK, 2013; pp. 419-478. ISBN 9780122423529.

Elfaki, I; Mir, R.; Almutairi, EM.; Abu Duhier, EM. Cytochrome P450: Polymorphisms and roles in cancer,
diabetes and atherosclerosis. Asian Pac. ]. Cancer Prev. 2018, 19, 2057-2070. [CrossRef]

Hakim, M.; Broza, Y.Y.; Barash, O.; Peled, N.; Phillips, M.; Amann, A.; Haick, H. Volatile organic compounds
of lung cancer and possible biochemical pathways. Chem. Rev. 2012, 112, 5949-5966. [CrossRef]

Jelski, W.; Szmitkowski, M. Alcohol dehydrogenase (ADH) and aldehyde dehydrogenase (ALDH) in the
cancer diseases. Clin. Chim. Acta 2008, 395, 1-5. [CrossRef]

Kang, ] H.; Lee, S.-H.; Hong, D.; Lee, J.-S.; Ahn, H.-S.; Ahn, ]J.-H.; Seong, TW.; Lee, C.-H.; Jang, H.;
Hong, K.M,; et al. Aldehyde dehydrogenase is used by cancer cells for energy metabolism. Exp. Mol. Med.
2016, 48, €272. [CrossRef]

Hugenholtz, E; Mullaney, J.A.; Kleerebezem, M.; Smidt, H.; Rosendale, D.I. Modulation of the microbial
fermentation in the gut by fermentable carbohydrates. Bioact. Carbohydrates Diet. Fibre 2013, 2, 133-142.
[CrossRef]

Parada Venegas, D.; De la Fuente, M.K,; Landskron, G.; Gonzédlez, M.].; Quera, R.; Dijkstra, G.;
Harmsen, H.J.M.; Faber, K.N.; Hermoso, M.A. Short Chain Fatty Acids (SCFAs)-mediated gut epithelial
and immune regulation and its relevance for inflammatory bowel diseases. Front. Immunol. 2019, 10, 277.
[CrossRef]

Commane, D.; Hughes, R.; Shortt, C.; Rowland, I. The potential mechanisms involved in the anti-carcinogenic
action of probiotics. Mutat. Res. Mol. Mech. Mutagen. 2005, 591, 276-289. [CrossRef]

Ishibe, A.; Ota, M.; Takeshita, A.; Tsuboi, H.; Kizuka, S.; Oka, H.; Suwa, Y.; Suzuki, S.; Nakagawa, K;
Suwa, H.; et al. Detection of gas components as a novel diagnostic method for colorectal cancer.
Ann. Gastroenterol. Surg. 2018, 2, 147-153. [CrossRef]

Ramachandriya, K.D.; Wilkins, M.R.; Delorme, M.].M.; Zhu, X.; Kundiyana, D.K,; Atiyeh, HK.; Huhnke, R.L.
Reduction of acetone to isopropanol using producer gas fermenting microbes. Biotechnol. Bioeng. 2011,
108, 2330-2338. [CrossRef]

Koh, A.; De Vadder, F.; Kovatcheva-Datchary, P.; Bickhed, F. From dietary fiber to host physiology: Short-chain
fatty acids as key bacterial metabolites. Cell 2016, 165, 1332-1345. [CrossRef]

Xiao, Z.; Xu, P. Acetoin metabolism in bacteria. Crit. Rev. Microbiol. 2007, 33, 127-140. [CrossRef]
Whiteson, K.L.; Meinardi, S.; Lim, Y.W.; Schmieder, R.; Maughan, H.; Quinn, R.; Blake, D.R.; Conrad, D.;
Rohwer, F. Breath gas metabolites and bacterial metagenomes from cystic fibrosis airways indicate active pH
neutral 2,3-butanedione fermentation. ISME |. 2014, 8, 1247-1258. [CrossRef]


http://dx.doi.org/10.1186/2049-3002-2-23
http://www.ncbi.nlm.nih.gov/pubmed/25671109
http://dx.doi.org/10.1038/s41416-019-0650-z
http://www.ncbi.nlm.nih.gov/pubmed/31819192
http://dx.doi.org/10.1210/er.2008-0007
http://www.ncbi.nlm.nih.gov/pubmed/18606873
http://dx.doi.org/10.1097/01.mco.0000232894.28674.30
http://dx.doi.org/10.1016/j.plipres.2013.08.005
http://dx.doi.org/10.2174/1874467209666160112123205
http://dx.doi.org/10.1038/nrc.2016.76
http://dx.doi.org/10.1590/S0100-40422006000100021
http://dx.doi.org/10.1186/1477-3163-5-14
http://www.ncbi.nlm.nih.gov/pubmed/16689993
http://dx.doi.org/10.1016/j.cccn.2004.04.023
http://www.ncbi.nlm.nih.gov/pubmed/15313139
http://dx.doi.org/10.22034/APJCP.2018.19.8.2057
http://dx.doi.org/10.1021/cr300174a
http://dx.doi.org/10.1016/j.cca.2008.05.001
http://dx.doi.org/10.1038/emm.2016.103
http://dx.doi.org/10.1016/j.bcdf.2013.09.008
http://dx.doi.org/10.3389/fimmu.2019.00277
http://dx.doi.org/10.1016/j.mrfmmm.2005.02.027
http://dx.doi.org/10.1002/ags3.12056
http://dx.doi.org/10.1002/bit.23203
http://dx.doi.org/10.1016/j.cell.2016.05.041
http://dx.doi.org/10.1080/10408410701364604
http://dx.doi.org/10.1038/ismej.2013.229

J. Clin. Med. 2020, 9, 3191 32 of 32

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Li, Q.; Cao, L.; Tian, Y,; Zhang, P,; Ding, C.; Lu, W,; Jia, C.; Shao, C.; Liu, W,; Wang, D.; et al. Butyrate
suppresses the proliferation of colorectal cancer cells via targeting pyruvate kinase M2 and metabolic
reprogramming. Mol. Cell. Proteom. 2018, 17, 1531-1545. [CrossRef] [PubMed]

Han, A ; Bennett, N.; Ahmed, B.; Whelan, J.; Donohoe, D.R. Butyrate decreases its own oxidation in colorectal
cancer cells through inhibition of histone deacetylases. Oncotarget 2018, 9, 27280-27292. [CrossRef] [PubMed]
Kufe, D.W. Mucins in cancer: Function, prognosis and therapy. Nat. Rev. Cancer 2009, 9, 874-885. [CrossRef]
[PubMed]

Oliphant, K.; Allen-Vercoe, E. Macronutrient metabolism by the human gut microbiome: Major fermentation
by-products and their impact on host health. Microbiome 2019, 7, 91. [CrossRef] [PubMed]

Derrien, M.; van Passel, M.W.J.; van de Bovenkamp, J.H.B.; Schipper, R.G.; de Vos, W.M.; Dekker, J.
Mucin-bacterial interactions in the human oral cavity and digestive tract. Gut Microbes 2010, 1, 254-268.
[CrossRef] [PubMed]

Fan, P; Li, L.; Rezaei, A.; Eslamfam, S.; Che, D.; Ma, X. Metabolites of Dietary Protein and Peptides by
Intestinal Microbes and their Impacts on Gut. Curr. Protein Pept. Sci. 2015, 16, 646-654. [CrossRef] [PubMed]
Diether, N.; Willing, B. Microbial Fermentation of Dietary Protein: An Important Factor in Diet-Microbe-Host
Interaction. Microorganisms 2019, 7, 19. [CrossRef] [PubMed]

Portune, K.J.; Beaumont, M.; Davila, A.M.; Tomé, D.; Blachier, F; Sanz, Y. Gut microbiota role in dietary
protein metabolism and health-related outcomes: The two sides of the coin. Trends Food Sci. Technol. 2016,
57,213-232. [CrossRef]

Bhalla, T.C.; Kumar, V.; Kumar, V. Enzymes of aldoxime-nitrile pathway for organic synthesis. Rev. Environ.
Sci. Bio/Technol. 2018, 17, 229-239. [CrossRef]

Furne, ].; Springfield, J.; Koenig, T.; DeMaster, E.; Levitt, M.D. Oxidation of hydrogen sulfide and methanethiol
to thiosulfate by rat tissues: A specialized function of the colonic mucosa. Biochem. Pharmacol. 2001,
62, 255-259. [CrossRef]

Louis, P; Hold, G.L; Flint, H]. The gut microbiota, bacterial metabolites and colorectal cancer.
Nat. Rev. Microbiol. 2014, 12, 661-672. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1074/mcp.RA118.000752
http://www.ncbi.nlm.nih.gov/pubmed/29739823
http://dx.doi.org/10.18632/oncotarget.25546
http://www.ncbi.nlm.nih.gov/pubmed/29930765
http://dx.doi.org/10.1038/nrc2761
http://www.ncbi.nlm.nih.gov/pubmed/19935676
http://dx.doi.org/10.1186/s40168-019-0704-8
http://www.ncbi.nlm.nih.gov/pubmed/31196177
http://dx.doi.org/10.4161/gmic.1.4.12778
http://www.ncbi.nlm.nih.gov/pubmed/21327032
http://dx.doi.org/10.2174/1389203716666150630133657
http://www.ncbi.nlm.nih.gov/pubmed/26122784
http://dx.doi.org/10.3390/microorganisms7010019
http://www.ncbi.nlm.nih.gov/pubmed/30642098
http://dx.doi.org/10.1016/j.tifs.2016.08.011
http://dx.doi.org/10.1007/s11157-018-9467-0
http://dx.doi.org/10.1016/S0006-2952(01)00657-8
http://dx.doi.org/10.1038/nrmicro3344
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Colorectal Cancer Background 
	Available Diagnostic Methods 
	Metabolomics Studies on CRC 

	Studies on Colorectal Cancer Metabolic Biomarkers 
	Applied Methodologies 
	General Analytical Platforms Available for Metabolomics Studies 
	Search Strategy 
	CRC Biomarkers in Urine 
	CRC Biomarkers in Feces 
	CRC Biomarkers in Exhaled Breath 
	Clinical Relevance of Reviewed Articles 

	Possible Origin of Potential Molecular Biomarkers of CRC 
	Alterations in Cell Energetics 
	Structural Self-Maintenance 
	Oxidative Stress 
	Alterations in Enzyme Catalytic Activity 
	Contribution of the Microbiota 

	Conclusions 
	References

