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LIPIDOMICS: ADVANCED ANALYTICAL TECHNOLOGY TO
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ABSTRACT. Lipidomics is an advanced analytical technology applying
techniques like Gas- or Liquid Chromatography coupled with Mass Spectrometry
or Magnetic Resonance Spectrometry to find the lipid biomarkers in tissues, blood
or urine. This review selected significant results which show the impact of
lipidomic investigations for discriminating the metabolic profiles and dysregulation
of metabolic pathways in CRC patient's comparative to healthy controls. It
focuses on the description of best methods and procedures to separate and
identify hydrophobic molecules with molecular weights under 1000 Daltons,
especially using high pressure liquid chromatography coupled with mass
spectrometry. The main lipid classes involved in the onset and progression of
CRC are presented, as well the alterations of lipid-related cellular pathways
during tumorigenesis. Especially lipid profile changes (of cerotic acid,
hydroxylated, polyunsaturated fatty acids, free fatty acids, oxylipins, glycero-
phospholipids, di- and triglycerides, sphingomyelins and ceramides) showed
significant differences and can be considered reliable biomarkers to discriminate
between early and advanced stages of CTC malignancy, prognosis or
survival prediction.
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Abbreviations

Cer: Ceramide; CEA: carcinoembryonic antigen; CRC: Colorectal cancer; CTC: computed
tomography colonography; FFA: Free fatty acid; GTA: Gastrointestinal tract acids;
HETE: Hydroxyeicosatetraenoic acid; HODE: 13-hydroxyoctadecadienoic acid; LA:
Linoleic acid; Lysophosphatidic acid; LOX- lipoxygenase; LPC: Lysophosphatidylcholine;
MUFA: Monounsaturated fatty acid; PA: Phosphatidic acid PC: Phosphatidylcholine; PE:
Phosphorylethanolamine; PG: Prostaglandin; PL: Phospholipid; PUFA: Polyunsaturated
fatty acid; RBC: Red blood cell; SFA: Saturated fatty acid; SM: Sphingomyelin; SPL:
Sphingolipid; TAG: Triacylglycerol;

INTRODUCTION

Colorectal Cancer (CRC) is an important public health issue, belongs
to the three leading causes of cancer-related mortality in both men and
women [1,2], particularly in Western Countries but also in developing countries,
and is strongly related to stress and food habits. The American Cancer
Society estimated 104610 cases in 2020, and other 43,340 new cases in US,
around 12% diagnosed in patients less than 50 years old [3]. The incidence
is 30% higher in men compared to women with an increased incidence (60%) for
rectal cancer, compared to colon cancer. The early detection and endoscopic
resection of adenomatous polyps (premalignant conditions) and screening
colonoscopy improved significantly the survival rate (American Cancer
Society, 2020). The decline of mortality during the last two decades are due
to improvements in treatment (12%), changes in CRC risk factors (35%), and
screening (53%) as well as due to early diagnosis, with a CRC decline of
64% after 5 years and 58% after 10 years [4].

Recent data compared different ways to diagnose CRC, many including
a preliminary colonoscopy and biopsy [5-7] and more and more, imaging
technologies [8-10].

Blood is particularly useful for biomarker research, as it can be obtained
more easily and less invasively than other biological materials. That is the
reason why scientists are searching for other screening methods with a good
predictive value and high sensitivity. Metabolomics is an advanced non-invasive
technology which includes a systematic screening, fingerprinting of small
metabolites (with molecular weight less than 5000 Da) which are related to
the metabolic signature of a certain tissue or biofluid (blood, urine, saliva).

Metabolomics and metabonomics offer a qualitative description
(fingerprint) and the quantitative measurement, respectively. If the screening
refers specifically to lipid molecules involved in metabolism, this screening is
named Lipidomics, which include two types of techniques: untargeted lipidomics,
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a comprehensive analysis of all the measurable lipid molecules in a sample
including unknown chemicals, and targeted lipidomics, which measure defined
groups of known lipids, that are characterized and chemically annotated [11,
12]. This technique uses advanced analytical platforms and techniques, such
as gas-chromatography or high performance liquid chromatography coupled
with mass spectrometry (GC-MS, HPLC-MS), Magnetic resonance (NMR),
capillary electrophoresis (CE), which are improved continuously to identify
constellations, patterns of metabolites related to specific pathways and
pathologies [13].

Based on recent literature findings, this review focuses on the description
of best methods and procedures to separate and identify hydrophobic
molecules with molecular weights under 1000 Daltons, especially using liquid
chromatography coupled with mass spectrometry. The changes of the turnover
of these molecules in tissues or blood may reflect an accurate diagnosis of CRC.
The main lipid classes involved in the progression of CRC are also presented,
as well the alterations of lipid-related cellular pathways during tumorigenesis.

LIPID CLASSES AS PUTATIVE CRC BIOMARKERS

Lipids are a very complex category of metabolites, including molecules
with multiple structures and roles in cellular signaling and energy fuels [14].
Lipids are considered potential biomarkers in malignancy, therefore lipidomic
studies are strongly developed the last two decades, helping the understanding,
diagnosis and treatment of cancer and meanwhile to be good prognostic or
screening biomarkers for early diagnosis and targeted therapies [15].

Figure 1 represents the main classes of lipids which may be considered
as diagnosis biomarkers of many pathologic disturbances.

/ LIPID BIOMARKERS
FREE FATTY ACIDS GLYCERIDES \ NON-GLYCERIDE LIPIDS
K 4
SFAs MUFAs, PUFAs Sphingomyelins (SM)
—» Neutral: MG, DG, TG » SPHINGOLIPIDS <"

— Polar phosphoglycerides: !

PCs, LPCs, PEs, LPEs, PSS, PIs |, crepoIDS (Cholesterol & esters C18-C29)

» OTHER LIPIDS __» Carotenoids & retinoids

! Complex lipids: LPs

Figure 1. Main lipid classes, considered as potential biomarkers for many
pathologies, including CRC. For details see abbreviations.
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The lipid alterations are associated with colorectal cancer (CRC),
since cancer cells can generate energy in a nutrient-deficient environment,
prefer glycolysis against oxidative phosphorylation. However, recently this
paradigm shifted towards a “reversed Warburg effect”, some cancer cells,
including CRC cells may synthesize ATP by of mitochondrial phosphorylation
[16,17], opening new research directions for the identification of molecular
therapeutic targets, such as fatty acids (FAs) synthesis and oxidation. The
metabolization of exogenous glutamine represents another dependence of
cancer cell, many oncogenic mutations affecting glutamine metabolism [18].
Meanwhile the alterations of lipid metabolism in CRC lead to structural
changes in cell membranes, disruption of energy homeostasis, cell signaling,
gene expression and protein distribution, affecting a number of cell functions,
such as proliferation, differentiation, apoptosis, autophagy, necrosis, drug
and chemotherapy resistance [19, 20]. The role of lipids and their metabolism
in cancer development and spread raises a growing interest of researchers,
as shown in previous reviews [1, 21]. The lipid metabolic pathways affected
in CRC cells include FAs synthesis, desaturation, elongation and mitochondrial
oxidation of the FAs. A summary of the main changes in the lipid composition
of different biological samples from CRC patients, as shown in recent references,
is presented in Table 1.

Table 1. Changes in lipid composition of different
biological samples from CRC patients

Biological Lipid species/potential biomarkers Change References
sample tendency

Tissue PCs, especially PC(16:0/16:1) Increase [22]
Total lipids, Cerotic acid Increase [23-25]
TAGs Decrease [26,27]
Lipoxygenase Increase [28]
FFAs 22:4 Increase [21, 29, 30]
Ceramides and endo cannabinoid Decrease [29]
LPC 20:4,LPA Increase [31]
LPC 22:6 Decrease [31]
PA 34:0, 36:2 Increase [30, 31]

Plasma LPC Increase [25, 31, 32]
Fatty acids synthesis increase [33-35]
MUFAs/PUFAs Increase [30]
Ethanolamine plasmalogens [36, 37]
fatty acids and polar lipids
Decanoic acid Increase [38]
LPC18:0 Decrease [39]

Serum Total lipids C15:0, C18:0, C18:0,C18:2, C18:3 Decrease [23, 40, 41]
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Biological Lipid species/potential biomarkers Change References
sample tendency

Total lipids C22:0, C24:0, C26:0, C26:0, C30:0, |Increase [23, 41]
C18:1
Ultralong chain fatty acids Decrease [42]
Oxilipins, HODE, HETE Decrease [43]
Endocannabinoids and ceramides Increase [44]
Sphingomyelins, Ceramides, eicosanoids Increase [45-47]
GTA-446 Increase [48]
Succinate, N2, N2-dimetihylguanosine, adenine, |Increase [49]
citraconic acid,methylguanosine

The complex lipid metabolic changes may be explained by the high
proliferation rate of the CRC cells, with high energetic needs, changes in the
serum levels of phospholipid components derived from cell membrane
degradation, accompanied by inflammation and changes in the arachidonic
acid metabolites in serum or tissue.

A recent study focused on a single metabolite as a potential
biomarker for early detection of CRC, namely long-chain (C28) hydroxylated
polyunsaturated fatty acids or gastrointestinal tract acids (GTAs). Analyzing
serum samples from 225 CRC patients and 916 healthy volunteers, it was
concluded that GTA-446 does not reflect the presence of a tumor, but the
susceptibility to CRC and helps to identify high-risk CRC patients with high
sensitivity, encouraging the colonoscopy [46].

Another study identified decreases of LPCs, associated with body
weight loss and activated inflammatory status in CRC patients [50]. Another
2019 published paper, based on the study of plasma form 268 CCR patients
and 353 controls, finds all the LPC positively correlated as it follows: seven
LPCs were detected at lower levels among colorectal cancer patients
compared to controls, mainly LPC (16:0 and 18:0), in accordance with
previous studies. This pattern might reflect an increased degradation rate of
LPCs as a result of the accelerated cell proliferation (LPEs20:4 and 22:6)
were increased in CRC patients compared to controls [51, 52].

An important aspect of CRC tumorigenesis is related to the eicosanoids
(arachidonic acid metabolites) and their oxidized forms via cyclooxygenase-
2 and 15- lipoxygenase-1 activities, these enzymes having opposite effects:
the first one generates prostaglandin E2 which stimulates tumorigenesis while
the second one inhibits interleukin-1 and tumor necrosis factor TNFa and
suppresses colonic tumorigenesis [48]. Meanwhile 13-HODE levels were
significantly decreased in cancer and colorectal polyp mucosa, as a specific
alteration in the LOX product profile associated with human colorectal
tumorigenesis. No significant differences between normal, polyp and cancer
mucosa were noticed for 12-HETE, 15-HETE or leukotriene B4 levels [28].
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LIPID BIOMARKERS IN RELATION TO CRC DIAGNOSIS AND STAGE

In 2012, in a study including 52 CRC patients and 52 healthy controls
there were 15 metabolites identified categorized in four lipid classes. The authors
found a lipid metabolic model containing palmitic amide, oleamide, octadecanoic,
hexadecanedioic, myristic and eicosatrienoic acids, lysophosphatidylcholines
such as LPC(16:0), LPC(18:2), LPC(20:4), LPC(22:6) with a good statistics
as potential biomarkers (AUROC value of 0.991) to discriminate early stage
patients from healthy controls, above the prediction made by carcinoembryonic
antigen (CEA) [31].

The up-regulated and down-regulated metabolites through the various
stages of CRC were identified in a study which included 56 CRC patients, 60
healthy controls and 59 patients with adenomas. Benzoic acid showed high
AUROC value, octanoic and decanoic acids were up-regulated and proportional
to CRC stage, but their diagnostic predictability was not high [47].

A study on plasma samples of 30 CRC patients revealed changes of
medium-chain fatty acids (6 up to 12 C) while a targeted metabolomic
approach of further 117 patients revealed that decanoic acid (C10:0) had the
best AUROC values in discriminating CRC patients from healthy individuals
and may prove an excellent biomarker for screening [38].

A panel of 13 metabolites for the discrimination between CRC patients
and healthy controls as well as 14 biomarkers for the discrimination between
CRC and benign polyp patients, many of them derived from lipid metabolism:
glyceraldehyde, hippuric acid, linolenic acid, glycochenodeoxycholate,
glycocholate were recently reported [53]. Adding to the metabolic model four
clinical factors (age, gender, smoking and alcohol consumption), the AUROC
scores reached values of 0.93-0.95, in differentiating CRC patients from
healthy controls or polyp patients respectively. Another study showed that
B-hydroxybutyrate increased continuously from stage | to stage IV CRC while
tryptophan and indole acrylic acid were decreasing continuously [54-56].

PREDICTIVE VALUE OF LIPID METABOLITES

The main predictive factor for CRC is considered to be the stage
of diagnosis [57] underlying the importance of CRC screening and early
diagnosis. A Japanese study reported a prediction model for 60 CRC patients
comparative to 60 controls which included 4 metabolites (2-hydroxybutyrate,
aspartic acid, kynurenine, and cysteamine) that showed better statistical
power (AUROC, sensitivity, specificity and accuracy above 0.9 and 85%
respectively) higher than CEA or CA 19.9 [58].
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Using an MRI technique another model of 8 lipid and non-lipid
metabolites (pyruvic, fumaric and glycolic acid, palmitoleic acid, ornithine, lysine
tryptophan and 3-hydroxyisovaleric acid showed significant results [59]. Yang
et al. [60] reported a 9 metabolites model that can predict the response to
neoadjuvant chemotherapy for CRC. Metabolic profiles of 30 non-response
patients were compared to those of 27 response cases and 6 metabolites
related to lipid metabolism were found: Dioleoyl lecithin, 11-Keto-beta-boswellic
acid, CE(18:2), SM(d16:1/18:1) and PCs 18:1/2:0 and16:1/22:6). All these
lipids were upregulated in the response group compared with non-response
group.

Another study [44] analyzed serum fingerprints from 20 CRC patients
prior to surgery and one month after the radical intervention, compared to 20
healthy volunteers. The potential biomarkers were lipid classes PCs, LPCs
and DGs, with low statistical difference between the pre-operative and post-
operative status. One study developed in China and the United States found
a common 15 metabolite pattern that could allow assessment of the CRC
recurrence rate and survival of the patients after surgical intervention or
chemotherapy. Using GC-MS of 376 surgical tissue specimens from four
centers a panel of 15 metabolites was selected, able to distinguish between
CRC patients having better prognostic outcomes, i.e., longer time-to-recurrence
(52.9 vs 25.9 months), and better 5-year survival rate (67.0 vs 44.7 months),
earlier recurrence and lower survival rates. Out of these 15 metabolites, 4 were
lipid molecules: glycerol, myristate, palmitoleate, 2-aminobutyrate [24].

PROSPECTIVE STUDIES

Recently, a relevant serum MS study for lipophilic metabolites made
on 66 patient-control pairs, under the European Prospective Investigation
into Cancer and Nutrition (EPIC), reported 9 metabolites to be related to CRC
etiology and were recommended for further CRC prospective studies. Four
other features seem to be involved in disease progression (reverse causality), as
a potential, valuable biomarkers for early CRC detection, e.g. ultralong chain
fatty acids which are decreased in the serum sample of CRC patients [42].

In another prospective study published in 2018 that included 250
incident cases with CRC 35 metabolites were found associated with CRC
risk, including 12 glycerophospholipids, 9 decreasing, 3 increasing the CRC
risk. The dysregulation of glycerophospholipids might have an important role
in the risk of developing colorectal cancer [51].

A German prospective study, with average follow-up of 8.3 years,
investigated the association between the pre-diagnosis levels of 120 metabolites
and the risk of breast, prostate and colorectal cancer. The study included a
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subset of 163 CRC patients from over 25000 population of EPIC-Heidelberg
study. It was concluded that changes in plasma lipid composition precede
the appearance of neoplasia for several years and that tumor changes can
cause a global change in LPC metabolism. It seems that the high level of
LPC 18:0 (unsaturated fatty acids) would be a protective factor [39].

LIPID BIOMARKERS TO DISTINGUISHING BETWEEN ADENOMAS AND
MALIGNANT TUMORS

Using "H-NMR spectrometry, the blood serum of 40 CRC patients, 32
polyp patients and 38 healthy controls was analyzed. Glutamine, succinate,
glycerol, aspartate, and lactate were the potential non-lipid biomarkers in the
colorectal polyp group data, while in the CRC patients’ group, lactate, glycine,
glutamate, glutamine, and aspartate were found as potential biomarkers. The
authors observed similarities and differences between the metabolism of
colorectal polyps and CRC patients, but the level of choline was significantly
elevated in both CRC and colorectal polyp groups. On the other hand,
3-hydroxybutyrate, PUFAs and glycerol (from the glycerolipid metabolism),
were abnormal in the colorectal polyp [45]. Regarding the specificity of lipid
metabolites there are some similarities and differences between colorectal
polyps and CRC, compared with healthy volunteers. Another group found in
serum samples that glycerolipid metabolism was modified in the colorectal
polyp (higher levels of lipids and PUFAs and lower level of glycerol) [61]. The
authors draw the possible conclusion that glycerolipid metabolism is involved
in the ATP generation. The explanation for increased levels of choline-related
metabolites in tumors is probably the result of accelerated lipid membrane
metabolism involved in the ATP generation, due to rapid cell proliferation.
Glucose changes were consecutive to glycolysis, upregulated in CRC while
increases of 3-hydroxybutyrate, an end metabolite of fatty acids suggests the
upregulation of fatty acid p-oxidation needed as energy support cancer cell
proliferation [45]. Increased oxidative stress is usually associated with
increased oxidation of fatty acids, which may result in an accumulation of
3-hydroxybutyrate [24].

RELATIONSHIPS BETWEEN CRC AND OTHER METABOLIC DISEASES
There are some question marks about the specificity of above-mentioned

biomarkers related specifically to CRC, or if these lipid metabolites are generally
characteristic to tumoral processes or are influenced by other dysmetabolic
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diseases (e.g. metabolic syndrome - obesity or diabetes). When the metabolic
pathway differences between visceral and subcutaneous adipose tissue
were studied in CRC patients by metabolomic and transcriptomic methods,
increases of proinflammatory lipid metabolism was observed, increase of free
arachidonic acid, activation of phospholipases and prostaglandin synthesis—
related enzymes [62].

Many articles demonstrated positive relationships between obesity,
diabetes, dyslipidemia and CRC. In the etiopathogenesis of CRC in obese/
over-weight patients, fat tissue is very important in tumorigenesis, since it
acts like glandular tissue, develop endocrine, paracrine and autocrine functions,
controlling triglyceride metabolism, affecting the coagulation system and
suppressing the anti-lipolytic action of insulin [63]. The literature data regarding
the correlation between serum cholesterol, the triglycerides levels and the risk
of CRC are not homogenous. In a large-scale cohort study, increased serum
TGs levels were associated with higher risk of rectal cancer, as well as in
lung, gynecological cancers and thyroid cancer, but not in colon cancer [64].
Another study showed good positive correlation between TG level and CRC,
modest positive correlation between total cholesterol and CRC in male patients
but not in women [65].

Meanwhile the levels of polar metabolites like nucleotides, nucleosides,
and their metabolites, branched chain and aromatic amino acids have been
correlated positively or negatively with obesity and diabetes, whereas glutamine
and glycine levels are decreased, depending on the degree of insulin resistance
in obese subjects. Serum concentrations of LPCs had inverse correlation
with the body mass index, body weight and waist and hip circumference and
treatment with metformin decreases the CRC risk in diabetic patients [66].

Men with type 2 diabetes mellitus have important risk in developing
proximal CRC while in women no significant correlation was found [60, 67, 68].
Also, the particular association of fatty acids, high levels of linoleic acid, odd-
chain and very long-chain fatty acids was correlated with a decreased incidence
of type 2 diabetes and influenced by metabolic, genetic and nutritional factors
[69, 70].

CONCLUSION

The recent evolution of metabolomics as a technology to investigate
beyond fingerprints and biomarkers, the mechanisms of CRC evolution [71,
72] was diversified towards lipidomic profile, which already proved a great
potential as a high value for a proper metabolic signature of tissues and
biofluids from CRC patients and to discriminate significantly between healthy
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controls, benign polyps versus malignant tumors [73]. Specific classes of
lipids involved in cellular signaling and energy provision proved to be good
biomarkers for CRC in different stages, during treatment monitoring or as
prognosis factors.

Integrated approaches using advanced ultrahigh performance liquid
chromatography-high resolution mass spectrometry revealed the deep
involvement of lipid molecules in CRC pathology [74, 75]. Lipid profile alterations
in particular, e.g. presence of cerotic acid or a decrease in hydroxylated,
polyunsaturated long-chain fatty acids, an increase short free fatty acids,
oxylipins, glycerophospholipids, di- and triglycerides, sphingomyelins and
ceramides showed statistically significant differences and can be considered
reliable biomarkers, differentiating between early and advanced stages of
this malignancy or serving as survival predictors. The complex data base Lipid
offers a great help for the identification of lipid biomarkers in CRC diagnosis
and monitoring. Advanced methodology and studies on larger cohorts of patients
are still needed for the development of clinically useful lipid biomarkers.
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