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Colorectal cancer (CRC) is currently a global health burden, with staggering worldwide prevalence. CRC
is ranked as the third most common and second deadliest cancer worldwide. With rising life expectancy
population growth, CRC incidence and mortality are projected to increase, particularly among
individuals under 50. This underscores the need to improve early detection of CRC. Although
colonoscopy remains the preferred diagnostic technique, due to its high sensitivity and specificity for
CRC its invasive nature and cost result in low adherence rates. Consequently, the scientific community
is actively exploring alternative diagnostic methods, primarily through biomarkers, molecules exhibiting
dysregulated levels associated with specific diseases. Lipidomics has become crucial in cancer research,
as lipids play key roles in metabolic pathways driving cancer development. Recent investigations have
revealed decreased levels of lipid classes such as lysophosphatidylcholine (LPC) in CRC patients
compared to healthy controls, alongside an increase in specific sphingolipid species across multiple
studies. In the context of CRC progression, triglycerides (TGs) stand out as the lipids that display the
most pronounced differentiation among different disease stages. These lipid dysregulations present
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promising avenues for identifying potential therapeutic targets and innovative diagnostic methods,
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1. Introduction

Over the last decade, the global incidence of noncommunicable
diseases (NCDs), such as cardiovascular diseases, cancer, dia-
betes, and chronic respiratory diseases, has increased signifi-
cantly, resulting in major societal and economic repercussions.
Currently, NCDs account for 74% of all deaths worldwide,
corresponding to a total of 41 million fatalities, making them
the most prevalent cause of mortality in the globe. Within
NCDs, cancer stands out, ranking as the second most common
cause of disease-related mortality in the world, only behind
cardiovascular diseases.! In 2020 alone, an estimated 19.3 million
new cancer cases were reported, contributing to over 10 million
deaths, reflecting the increasing global burden of this disease.”
Cancer exhibits a pronounced heterogeneity, comprising a
diverse array of cancer types that can manifest in different
regions of the human body. This heterogeneity also extends to
variations in the geographical distribution of the disease,
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however, a comprehensive understanding of these processes requires further exploration.

etiological factors, and pathological features.> Among the most
prevalent cancer types, lung cancer, breast cancer, and color-
ectal cancer (CRC), present a particularly high incidence
(Fig. 1). CRC holds the third position in global cancer inci-
dence, and the second position in terms of cancer-associated
mortality, recording 1.9 million new cases and nearly 935 000
deaths in 2020.”

As life expectancy continues to increase and the global
population exhibits sustained growth, it is anticipated that
the incidence of various diseases, including cancer, will signifi-
cantly rise. Projections suggest that the total number of new
cancer cases will reach approximately 29.4 million by 2040,*
with CRC expected to account for around 3.2 million of those
new diagnoses.> Moreover, there has been a noteworthy and
concerning increase in CRC incidence among individuals
below 50 years of age, a phenomenon whose underlying causes
are yet to be comprehensively understood.® This statistical
trend underscores that, although effective screening methods
are available, there is still the need to enhance the early
detection of this disease. Currently, colonoscopy is by far the
most common and well-established diagnostic method for CRC.
However it is an invasive procedure with limited accessibility,
particularly for restrictive populations. Therefore, alternative
methods have been developed, e.g. computed tomography
colonography, an imaging method that creates a virtual
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Fig. 1 Worldwide incidence of several types of cancer in 2020.

colonoscopy by using appropriate gut wall distention and three-
dimensional reconstruction of the colon. This technique pre-

2. Overview of CRC: etiology,
pathology and therapy

sents high sensitivity in detecting colon tumors that have

spread beyond the intestinal wall and is, therefore, particularly
valuable in the identification of metastases.” Despite their
efficacy, the invasiveness, procedural complexity, and post-
therapy consequences resulting from surgery and chemo-
therapy, lead to a poor patient adherence. In turn, this can
contribute to misdiagnosis and an increased risk of CRC-

related mortality.

Thus, there is an urgent need to develop new and less
invasive diagnostic techniques for CRC. In this context, the
omics technologies are emerging as powerful tools for identify-
ing reliable biomarkers associated with CRC pathogenesis, as
they allow high-throughput analysis of biological data, provid-

CRC is a type of cancer that can arise in every part of the colon,
including the ascending, transverse, descending, sigmoid sec-
tions and the rectum. This malignancy usually originates from
abnormal tissue growths known as polyps, which can develop
on the inner lining of the colon or rectum and may develop into
cancer over time.” As common symptoms, CRC can present
changes in bowel habits, rectal bleeding, abdominal pain,
unintentional weight loss, and fatigue. However, in its early
stages, CRC is often asymptomatic, which underlines the
importance of developing less complex and invasive screening
methods, to enable an early detection of the disease, even prior
the onset of symptoms.*°

ing insights into the structure, function, and interactions

of biomolecules. Among these technologies, lipidomics has
gained increasing attention due to the crucial roles lipids play
in multiple biological processes, such as cell survival, prolifera-
tion, interaction, and apoptosis. Given these functions, dysre-
gulated lipid metabolism has been increasingly associated with

cancer pathogenesis.®

In this work, we provide a comprehensive overview of the
current state of the art research on the application of lipido-
mics in CRC. For that, we will start with a brief overview of the
main mechanisms of CRC, its etiology and known risk factors.
Subsequently, we examine the literature that reported the use
of lipidomic tools to unravel the CRC pathology and search for
biomarkers of the disease, while also elucidating about the
adaptation of lipids in CRC evolution, which may contribute
to providing possible therapeutic targets and suggesting new
screening methods that enable earlier and more accurate

diagnosis.
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2.1. Characteristics and metabolic/pathogenic pathways
of CRC

CRC carcinogenesis is a complex and multi-factorial process,
characterized by significant alterations at both genetic and
molecular levels. To comprehensively elucidate these complex
pathogenic pathways, it is firstly necessary to understand the
structural organization of the human intestinal epithelium.
The normal colonic mucosa consists of a sheet-like layer of
epithelial cells that fold into cylindrical protrusions known as
crypts, which are supported by the lamina propria, a layer of
interstitial matrix and loose connective tissue that is situated
directly beneath the epithelium (Fig. 2). These crypts represent
the fundamental functional units of the intestinal system.'
The colonic crypt can be divided into three distinct zones
(Fig. 2): the stem-cell (SC) niche at the base of the crypt, the
transit-amplifying compartment in the middle, and the differ-
entiated cell zone, at the top the crypt. The lower crypt layer is

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Illustration of the colonic crypt composition and layout.

composed mainly by SCs and surrounding mesenchymal cells.
SCs exhibit two distinctive functional characteristics: the ability
of self-renewal through division, thus maintaining an undiffer-
entiated state, and totipotency, the capacity to generate any
differentiated cell type present in the tissue of origin. When the
SCs divide in an asymmetrical way, they renew themselves and
generate transit-amplifying cells, an intermediate cell type that
is not yet fully differentiated and that populate the intermediate
zone of the crypt. As these cells move up the crypt, they multiply
and differentiate into one of the three types of colon epithelial
lineages: the colonocytes, the mucus-secreting goblet cells or
the enteroendocrine cells.'” The specific cellular compositions
of each zone contributes to the continuous renewal of the
colonic epithelium, as reviewed by Ricci-Vitiani et al'’
An illustration of the composition and layout of the human
colonic crypt can be found in Fig. 2.

While SCs play a pivotal role in the homeostasis of the
intestinal self-renewal process, they can also be one of the main
causes for the onset and development of CRC. The normal
processes of maintenance, proliferation and differentiation of
stem-cells are tightly regulated by signaling molecules, pre-
sumably produced by the surrounding mesenchymal cells,
and belonging to the Wnt/B-catenin signaling pathway.'” Any
disruption or aberrant activation of this pathway can lead to
dysregulated stem cell behavior.

The Wnt/B-catenin pathway is often associated with a large
multitude of diseases, especially cancer, due to its regulatory
role in critical cellular processes, such as cell migration,
differentiation, survival, and proliferation, as reviewed by Zhao
et al.'® In the absence of Wnt ligands, the B-catenin protein,
usually found in the cytoplasm, undergoes phosphorylation,
marking it for degradation. This process is facilitated by a

This journal is © The Royal Society of Chemistry 2025

complex comprising glycogen synthase kinase 3B (GSK3p),
casein kinase I (CK I), Axin, and the tumor-suppressor protein
adenomatous polyposis coli (APC). In this complex, GSK3f
stimulates the phosphorylation of B-catenin, while APC med-
iates its interaction with the ubiquitin-mediated proteolytic
pathway in the cytoplasm. Axin, in turn, serves as the scaffold
for the development and maintenance of this entire protein
complex.”® However, upon binding of Wnt ligands to their
respective receptors, the previously described complex is deac-
tivated, resulting in an accumulation of cytoplasmatic f-catenin.
The stabilized B-catenin translocates to the nucleus, where it
activates transcription factors capable of modulating genes such
as MYC, a proto-oncogene that stimulates the cell to enter the
S-phase of the cell cycle, where DNA synthesis occur'* (Fig. 3). As a
result, the dysregulation of MYC and other transcription factors
expression can disrupt normal cell cycle regulation, leading to
increased cell division and uncontrolled proliferation.

After the acquisition of mutations by a basally situated crypt
stem cell, it originates a mutant clone that sets off pheno-
menon known as niche succession. During this process, the
mutant clone colonizes the base of the crypt, replacing the
unmutated stem cells in this region.™

As the mutant stem cells proliferate, they will, eventually,
fully occupy the entirety of the niche, marking an event termed
monoclonal conversion,'® which gives rise to the first neoplas-
tic precursor lesion, the monocryptal adenoma. The progres-
sion of this first lesion involves its expansion through crypt
fission, the process by which colonic crypts in humans divide.
This generates adenomas, which can acquire further mutations
in key regulatory genes, promoting their transformation
into malignant lesions known as adenocarcinomas. Upon this
conversion, adenocarcinomas invade the submucosa layer and
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Fig. 3 Schematic representation of activated and inhibited Wnt/B-catenin pathway.

acquire metastatic capabilities, hence, in the context of the
pathophysiology of CRC, marking a critical point in the cancer
development process.

Due to the crucial participation of SCs, this type of cancer
can be defined as a stem cell disease, as they are the only cells
to have the intrinsic self-renewal ability and the capacity to
attain the quantity of consecutive mutations required for the
transformation of a cell from a normal state to a cancerous one.
In CRC, the most common sequence of mutations, and thus the
responsible for the vast majority of cases, is the adenoma-
carcinoma sequence, firstly described by Vogelstein et al. in
1988,"7 who state that during the development of the solid
tumor, mutations are acquired in a specific sequence, increas-
ing the genetic instability of the neoplasm. Usually, the APC
gene is the first to suffer a “hit”, or mutation, followed by the
activation of RAS oncogene and function loss of the tumor
suppressor gene TP53. Of course, CRC can have different

genetic backgrounds, and its pathogenesis may not always
follow the same order of events and other genetic pathways
have been established, namely the serrated neoplasia pathway,
and the microsatellite instability pathway, both affecting dif-
ferent genetic and epigenetic factors and, also, with much
smaller incidences, as reviewed by other studies."®"’

2.2. Etiology and associated risk factors

Colorectal cancer is a complex disease with multifaceted ori-
gins that are intrinsically intertwined with the patient’s envir-
onmental exposures and lifestyle practices. The primary habits
and associated risks contributing to the development of color-
ectal cancer are illustrated in Fig. 4.

A important category of factors that heavily influences the
probability of developing CRC is the one that includes the
hereditary factors, as it is estimated that 10 to 20% of indivi-
duals diagnosed with CRC exhibit a positive familial history

Modifiable factors:
* Lack of physical activity;
* Obesity;

Other factors:
. Age;
e Sex;
e Ethnicity;

¢ Inflammatory
bowel syndrome;
. NSAID use.

RISK FACTORS OF CRC °

Unbalanced diet;
* Alcohol consumption;
* Smoking.

Hereditary factors:

|| * Hereditary CRC
syndromes;

* Family history.

Fig. 4 Compilation of the various risk factors for the development of colorectal cancer.
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regarding this particular malignancy.>® The degree of risk is
contingent upon the number and genealogical proximity of
the affected relatives, resulting in the heritability of CRC
ranging from 12 to 35%, underscoring a substantial genetic
contribution.”™**> Some studies have correlated single nucleo-
tide polymorphisms with cancer susceptibility, however it is
estimated that they only account for a small fraction of CRC
heritability and that most of the causative factors are still
unknown.>*">°

Age and gender also constitute additional risk factors for
CRC development. The intricate relationship between age and
CRC emerges from the alterations in DNA repair and cellular
regulatory mechanisms that naturally occur with advancing
age. Consequently, colorectal cancer exhibits a pronounced
association with older individuals, with a heightened incidence
observed in those aged over 50 years.>” However, this paradigm
seems to be shifting due to the escalating incidence of young-
onset CRC diagnostics witnessed over the past two decades.”®
Regarding gender as a risk factor, males present a 1.5 times
greater susceptibility to developing colorectal cancer and exhi-
bit an almost 25% higher likelihood to die from the disease
when compared to their female counterparts.”® This effect
has been associated with the distinct dietary choices and risk
behaviors associated to men. Due to this discrepancy of inci-
dence between males and females, the creation of gender-
individualized screening guidelines for colonoscopy has been
suggested, in an attempt to enhance early detection in both
males and females.*’

Tobacco use has been consistently associated with an
increased risk of CRC.>" Although the smoke is not in direct
contact with the colorectal mucosa, procarcinogens and carci-
nogens, such as polycyclic aromatic hydrocarbons and nitrosa-
mines, present in cigarette smoke are absorbed into the
bloodstream by the lungs. Once systemically distributed, these
compounds can form DNA adducts and induce mutations in
cells of several organs and tissues.>” In the context of CRC,
these compounds damage the colorectal mucosa and are linked
to the development of colorectal adenomatous polyps, which
are known to be CRC precursor lesions.*® In the same paradigm
of substance abuse, alcohol has also been identified as a risk
factor for the development of CRC, mainly due to the metabo-
lites arising from ethanol breakdown, notably acetaldehyde.
The enzymatic activity of alcohol dehydrogenases mediates this
breakdown, yielding metabolites with pronounced carcino-
genic properties, particularly implicated in the induction of
irreversible DNA damage.>***

In addition to all the factors already mentioned, the dietary
choices and nutritional status of individuals or populations
play a pivotal role in determining the risk of developing CRC.
Therefore, the adoption of a healthful dietary regimen assumes
significance not only in mitigating the risk of CRC development
but also in serving as a preventive measure against its occur-
rence. A dietary pattern characterized by a high intake of red
meat, sugars, and processed foods is notably associated with an
elevated predisposition of CRC development, primarily attrib-
uted to the induction of oxidative stress and inflammation by

This journal is © The Royal Society of Chemistry 2025
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these dietary components. The consumption of red and pro-
cessed meat is specifically linked to the formation of heme iron
compounds, known to generate reactive oxygen species that
instigate oxidative stress. In turn, this environment leads to
DNA damage and the initiation of carcinogenesis through the
triggering of mutagenic events. Also, during meat cooking and
processing, the generation of carcinogenic and mutagenic
compounds, such as heterocyclic amines, polycyclic aromatic
hydrocarbons, and N-nitroso compounds, may occur.*® More-
over, high consumption of sugars may lead to insulin resis-
tance and provoke type 2 diabetes, which, due to the widely
recognized effect of insulin in stimulating colonic develop-
ment, can further prompt cancer carcinogenesis.*’*® Further-
more, a dietary regimen that does not include an adequate
intake of foods rich in fiber, antioxidants, calcium, vitamin D,
and sulforaphane may also be regarded as another risk factor
for CRC development. These essential nutrients play a crucial
role in the prevention of oxidative stress and inflammation,
both of which are pivotal contributors to the carcinogenic
process. When the calcium intake is adequate, the free calcium
present in the gut can bind to the bile acids produced during
fat digestion and thus neutralize them and their mutagenic
properties, preventing cellular damage and hyperproliferation.
Extracellular calcium and calcium-sensing receptors are also
linked to pathways involved in the control of cellular prolifera-
tion, differentiation, and apoptosis. In the regulation of colon
epithelial cells, both compounds work together in the suppres-
sion of the B-catenin binding to transcription factors.* In turn,
mechanisms associated with vitamin D appear to be comple-
mentary to the ones influenced by calcium. For example,
vitamin D is involved in bile acid catabolism, as, together with
lithocholic acid (LCA), activate vitamin D receptors (VDR),
which performs a detoxification of LCA in the intestine.*
Additionally, ligand bound VDR can also induce cell arrest in
G1 phase, which is an important way to proportion protection
against CRC, as it promotes cell apoptosis.*’ Furthermore,
vitamin D signaling interacts with several growth-factor path-
ways, which results in growth suppression and has important
effects in immunity and inflammation control, which may be of
extreme importance in colorectal carcinogenesis and its
prevention.*? Similarly, sulforaphane (SFN), a naturally occur-
ring compound found in cruciferous vegetables, also exhibits
cancer-inhibitory properties. In the context of CRC, SFN exerts
its inhibitory effects by impeding one of the central pathways
associated with the disease, the Wnt/B-catenin signaling path-
way. Specifically, SFN inhibits the formation of active -catenin-
based transcription complexes within the nucleus, which
results in the cessation of stimulated cell proliferation, while
it is also observed an increase in cell apoptosis.*® In Table 1, we
can find a summary of the above-mentioned dietary factors
that, in one way or another, influence CRC carcinogenesis, as
well as the corresponding mechanisms.

In recent years, the lack of physical activity and an overall
sedentary lifestyle, has become significant contributors to the
onset of various diseases. This lifestyle, coupled with poor
dietary choices, contributes to the emergence of an overweight

Mol. Omics, 2025, 21, 373-389 | 377
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Table 1 Summary of the dietary factors that influence colorectal cancer (CRC) carcinogenesis and the correspondent mechanisms

Dietary factor Associated mechanism

Implications on CRC

Red meat
consumption
Meat cooking
and processing

leading to oxidative stress.

Sugar Insulin resistance and type-2 diabetes.

Calcium Bile acids binding; suppression of B-catenin binding to transcription
factors.

Vitamin D Bile acids catabolism; ligand bound VDR; vitamin D signaling.

Sulforaphane Inhibition of active p-catenin formation.

population that, ultimately, may progress into obesity. Obesity,
characterized by intrinsic features such as chronic inflamma-
tion, is identified as a triggering factor for colon cell carcino-
genesis. This exacerbated inflammatory response is strongly
associated with the endocrine functions of the adipose tissue,
as it secretes free fatty acids (FFAs) and pro-inflammatory
molecules, such as adipokines and chemokines, which leads
to a large dysregulation of inflammatory pathways, thus creat-
ing a well-suited environment for tumor cells proliferation.**

2.3. Intervention for the prevention and treatment of CRC

As CRC is mainly associated with modifiable risk factors, the
incidence and mortality of this disease can be lowered by raising
awareness for certain lifestyle changes, as having a well-balanced
diet, minimal consumption of alcohol and tobacco, and regular
physical activity. To ensure that prevention strategies are reaching
the ones that need the most, certain risk calculations models that
consider the genetic background and the environmental factors of
each individual have been in development, establishing the risk to
develop CRC, as well as the most appropriate to start screening for
the disease.*’

Concerning treatment modalities, CRC can be managed
through various procedures or a combination of them. Surgery
remains the primary approach for CRC treatment, employing
specific methods for the removal of tumors and associated
lymph nodes, as comprehensively reviewed by Dorudi et al.*®
Additionally, radiotherapy has demonstrated promising out-
comes when employed as a preoperative intervention, effec-
tively mitigating the overall risk of local tumor recurrence.*”
In cases where the disease is at its initial stages, endoscopy
emerges as a viable option for the resection of malignant

polyps.*®

3. Lipidomics in colorectal cancer
research

Despite significant advancements in understanding colorectal
cancer (CRC) pathophysiology, current diagnostic and screen-
ing methods remain challenging due to their invasiveness and
complexity. These limitations contribute to reduced patient
adherence, increased levels of misdiagnosis, and, ultimately,
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Heme iron compounds generate reactive oxygen species (ROS),

Generation of heterocyclic amines (HCAs), polycyclic aromatic
hydrocarbons (PAHs), and N-nitroso compounds (NOCs).

Trigger for mutagenic events that can start
carcinogenesis.
Promotion of mutagenic events.

Insulin growth factor 1 (IGF-1) stimulates cell
proliferation.

Prevention of cellular damage and control of
proliferation, differentiation, and apoptosis.

Intestine detoxification; cell arrest in G1 phase; growth
suppression, immunity, and inflammation control.
Cessation of stimulated cell proliferation and increase
in cell apoptosis.

to a rise in CRC’s incidence and mortality. In response,
researchers have tried to overcome these obstacles through the
identification of possible biomarkers, however, finding specific
and trustworthy ones is a main issue in cancer research.

Lipids are a diverse group of biomolecules that, according to
the LIPID MAPS, are organized into eight main categories: fatty
acyls, glycerolipids, glycerophospholipids, sphingolipids, sterol
lipids, prenol lipids, saccharolipids, and polyketides.*® These
groups comprise several classes and sub classes contributing
to the complexity of the lipidome. Lipids have essential roles in
cellular physiology, functioning as structural components of
membranes, energy reservoirs, and key mediators in signaling
pathways. Under healthy conditions, the lipidome remains
relatively stable; however, it undergoes significant alterations
in various pathological states. This context-dependent modulation
of the lipidome not only reflects disease-specific biochemical
changes but also presents a valuable opportunity to elucidate
pathophysiological mechanisms and identify potential biomar-
kers. Consequently, lipidomics has emerged as a powerful and
promising platform for the investigation of disease processes and
biomarker discovery. Lipidomics aims for the comprehensive
analysis of the lipid profile within a certain biological system,
the lipidome, through the use of mass spectrometry (MS) analy-
tical solutions, usually coupled with liquid chromatography, are
the most common analytical solutions and allowing the identifi-
cation and quantification of the lipid species in biological
samples.”® Differences in methodologies and analytical mea-
sures across different laboratories lead to significant challenges
in data interpretation, result comparison and clinical transla-
tions between different studies.

Given that the dysregulation of normal lipid metabolism is
associated with the onset and development of several diseases
and is already considered a hallmark of cancer,” clinical
lipidomics has emerged has a crucial subfield of lipidomics.
Its primary goal is to translate lipidomic research into clinical
applications, particularly to improve disease prediction, diag-
nostic and management.>?

In the case of CRC, altered lipid metabolism and its associa-
tion with the onset, progression and metastasis of this disease
has been increasingly studied.**>* To fulfill the demands of
sustained growth and proliferation, cancer cells suffer a meta-
bolic reprogramming, often associated with lipid metabolism.

This journal is © The Royal Society of Chemistry 2025
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In fact, upregulation of de novo fatty acid synthesis, driven by
increased activity of enzymes such as fatty acid synthase
(FASN), is associated with the incorporation of saturated fatty
acids into the membrane, enhancing the protection of cancer
cells against free radicals and therapeutics.>® FASN can also be
associated with lipid B-oxidation and promotion of cellular
respiration, giving another survival advantage to CRC cells.>®
Furthermore, anti-inflammatory lipid mediators such as
lipoxin A, (LXA,), that are reported to have an important
inflammatory pro-resolving effect in intestinal inflammation,
are usually found at lower level in CRC.*’

Henceforth, CRC has increasingly become the focus of
investigations employing lipidomic approaches to comprehen-
sively explore various aspects of the disease. To better under-
stand the key characteristics of the existing body of literature
associated to CRC and lipidomics, we performed a compre-
hensive overview of such literature. To this end, the following
query string of keywords was inserted into the Scopus database:
“TITLE-ABS-KEY (lipidomic*) AND (colorectal AND cancer OR
crc OR colon AND cancer)”. This retrieved a total of 201
documents. Several filters were then applied to narrow these
documents to original research articles, thereby excluding
reviews (47), editorials (5), book chapters (3), notes (2), letters
(2), and errata (1). Additionally, articles not written in English
were excluded, resulting in the removal of one article in
Chinese and another in Russian. This process resulted in a
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universe of 139 articles. Further inspection was performed to
exclude any other articles that may have evaded the applied
filtering or did not meet the requirements for this study, e.g
studies that did not employ mass-spectrometry-based approaches,
studies that were not CRC-specific and studies that did not present
lipidomic-related results. This refinement process resulted in
a reduced total of 68 articles. Subsequently, these articles were
categorized based on specific characteristics, including the matrix
used in the studies, the primary objectives of the study concerning
CRC, and whether a global lipidome characterization was under-
taken. The graphical representations of these literature character-
istics were compiled into Fig. 5.

As illustrated in Fig. 5(A), there exists considerable varia-
bility in the matrices employed in different studies. The most
prevalent matrices include animal models, human CRC tissue,
cell lineages and plasma, with latter comprising studies that
used either plasma or blood serum. Regarding the study
objectives concerning CRC, Fig. 5(B) shows that a predominant
portion of studies focused on either conducting direct compar-
isons between samples derived from CRC-related specimens
and those from healthy controls or, alternatively, aimed at
investigating the metabolic and lipidic dysregulations that
may manifest during CRC progression. Nevertheless, a signifi-
cant number of papers did not fall into either of these cate-
gories, as they explored diverse aspects such as the response to
a specific treatment, the dysregulation of a particular pathway,

B) CRC Research

" 37% m 38%

" 25%
m CRCvs HC = Other

m Cancer Progression

Lipidomics Research

® Untargeted

m Targeted

Fig. 5 (A) Graph illustrating the distribution of literature, regarding colorectal cancer (CRC) and lipidomics, based on the type of matrix utilized in the
respective studies. The distinct colors represent the frequency of studies employing different matrices such as animal models, plasma (which comprises
both plasma and blood serum), tissue, cell lineages and fecal samples. It was also included the “multiple matrices” category for studies that used two or
more of the mentioned matrices. (B) Graph illustrating the published studies classified according with the objective related to CRC. Light blue color
denotes the studies that focused on comparing CRC samples with healthy controls (HC) while the darkest blue represents the studies that focused on
studying the dysregulations associated with CRC progression. The green color corresponds to studies that, instead, focused on the response of a specific
treatment, the dysregulation of a specific pathway or the action of a certain risk factor. (C) Graph representing a distinction between studies that focused
their lipidomic research in a specific lipid class or specie and the ones that performed a global overview of the lipidome.
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or the influence of a specific risk factor, among other variables.
Lastly, in Fig. 5(C), it is represented the number of papers that
have performed either untargeted lipidomic analyses, charac-
terizing the entire lipidome, or those using a target approach,
concentrating on specific lipid classes or species. By interpret-
ing the graphic representation, it is hereby established that the
majority of the lipidomic and CRC associated papers (59%)
performed a global overview of the lipidome, while the remaining
studies performed targeted analysis, focusing on specific classes or
species of lipids.

As previously stated, this work aims to review the main works
that, using lipidomic approaches, described a lipid dysregula-
tion associated with CRC. However, it is also our objective to
enhance studies that establish such dysregulation using human
matrices. For this reason, when analyzing articles to then be
organized in Tables 2 and 3, articles in which human matrices
were used, such as plasma and tissue, were prioritized over the
ones that used cell lines or animal models. Therefore, from each
article whose methods fit our parameters, information such as
the analyzed sample, which lipid extraction method was used,
what was the lipidomic analytical approach used and which lipid
species were dysregulated, among other details, were retrieved
and organized in Tables 2 and 3. In the manuscript, we have
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adopted the nomenclature of LIPID MAPS,*® and the level of
identification was aligned with what was described in the
original papers.

3.1. Profiling of the lipidome in CRC human plasma/serum

The analysis of biofluids, such as plasma, is crucial to achieve a
comprehensive understanding of the dynamic physiological
and pathological mechanisms of diseases. Although plasma
lipid composition is influenced by dietary factors, it also
reflects systemic and organ-specific changes, and may provide
insights into cancer’s impact and potentially uncover biomar-
kers for diagnosing and understanding CRC in turn, could
open new paths in the diagnosis and therapy of this disease.
With the objective of characterizing the lipidome alterations
associated with CRC, a study found in the literature performed
untargeted analysis of the lipid profile of plasma from patients
with CRC and healthy volunteers.®® This study showed that
some lipid species presented significant content differences,
which marked them as possible biomarkers for CRC. For
example, some FFAs (FFA(22:2), FFA(22:4), FFA(20:1), FFA
(20:2)) and TGs (TG(56: 6), TG(52 : 2) and TG(52 : 1)) were found
to be upregulated in CRC, which seems to be related with a
dysfunction in the fatty acid B-oxidation metabolism, an

Table 2 Main lipid variations observed in plasma/serum of CRC patients, reported through studies that employed lipidomic approaches

Plasma/serum

Methodology Results

Lipid extrac-  Analytical Article
tion method  method Study details 1 Increased | Decreased ref.
HC vs. CRC

Chloroform/  Triple 133 CRC patients — Total LPC, saturated LPC, unsaturated Zhao
H,0 QqQESI-MS LPC, LPC(16: 0), LPC(18:0), LPC(18:1), et al.>®
(1:1, viv) (targeted) LPC(18:2), total 18-LPC, and LPC(20:0)

Folch method 2D LC-ESI- 25 CRC patients ~ FFA(22:2), FFA(22:4), FFA(20:1), FFA  LPC(20:3), LPC(18:3), LPC(18:2), Shen
chloroform/  QToF (20:2); TG(56:6), TG(52:2), TG(52:1);  LPC(14:0); PE O-(36:3), PE O-(38:3); et al.®®
methanol (untargeted) GluCer(42 : 3;02), GluCer(42: 2;02), SM(38: 8;02)

(2:1, viv) GluCer(36:4;02), GluCer(34:1;02),

GluCer (33:2;02), LacCer(42 : 4;02),
LacCer(40: 1;02), LacCer(40: 2;02),

LacCer(40: 4;02

LacCer(38:1;02),

)
LacCer(35 : 1;02); PG(34 : 0);

SM(42:2;02)
CRC progression

Chloroform/ LC-ESI- 120 HC, 120 AP — Total LPC, saturated LPC, unsaturated Li
H,0 QTrap patients and 120 LPC, LPC(16: 0), LPC(18:0), LPC(18:1), et al.®’
(1:1, viv) (untargeted) CRC patients LPC(18:2), and LPC(22:6); SM(16: 0;02)
and SM(18:0;02) in AP; SPC in CRC

Modified UHPLC-ESI- 50 HC, 46 CAA PC 36:1e and PC 38:6; SM 36:1;02, SM PC 32:3,PC 0-35:6/PCP-35:5,PC37:7, Chen
bligh and Q-orbitrap patients and 50 36:2;02 and SM 40: 3;02 PC 39:6 and PC 44:5 et al.®®
dyer method  (untargeted) CRC patients
Bligh and UHPLC - 20 stage I/Il CRC  CE(20:4); TG 40:0 (TG FAHFA 27:1 (FAHFA 9:0_18:1) Liu
dyer method  ESI- patients and 20  12:0_12:0_16:0), TG 42:0 et al.®?

TripleTOF stage III/IV CRC (TG 12:0_14:0_16:0), TG 44:0

(untargeted) patients (TG 14:0_14:0_16:0), TG 46:0

(TG 14:0_16:0_16:0),
(TG 16:0_16:0_16:0),

(TG 16:0_18:0_20:0)

TG 48:0
and TG 54:0

ESI - electrospray ionization; MS - mass spectrometry; LC - liquid chromatography; Q-ToF - quadrupole time-of-flight; UHPLC - ultra high
performance liquid chromatography; CRC - colorectal cancer; AD - adenomatous polyps; LPC - lysophosphatidylcholine; SPC - sphingosyl-
phosphorylcholine; FFA - free fatty acids; TG - triglycerides; GluCer - glucosylceramide; LacCer - lactosylceramide; PG - phosphatidylglycerol; PE
O- - phosphatidylethanolamine plasmalogen; SM - sphingomyelin; FAHFA - fatty acid ester of hydroxy fatty acid; CE - cholesteryl ester; LPI - lyso-
phosphatidylinositol; Cer — ceramide; PUFAs - polyunsaturated fatty acids; PC — phosphatidylcholine.
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Table 3 Main lipid variations observed in tissue of CRC patients, reported through studies that employed lipidomic approaches

Tissue

Methodology Results

Lipid

extraction Analytical Article
method method Study details 1 Increased | Decreased ref.

HC vs. CRC

Bligh and FIA-ESI-TripleQ Discovery (n = 106) and TG(56:4), (56:5), and (56:6) containing PUFA (FA  — Ecker
dyer and FIA-FTMS  validation cohorts 18:2,20:2,20:3, 20:4, 20:5, 22:4, 22:5, 22:6) et al.”?
method (untargeted) (n =28 and n = 26)

Methanol LC-ESI-TripleQ 11 CRC patients Total LPI and LPS; LPI 18:0, LPI 20:4; LPG 18:1, Total LPA, LPA Kitamura
with zirco-  (targeted) LPG 18:2, LPG 22:6; LPS 18:0, LPS 18:1, LPS 20:3, 18:1, LPA 18:2 et al>*
nium beads LPS 20:4, LPS 22:6

HC vs. CRC and CRC progression

MTBE/ NanoESI-Q- 20 patients with LPI(18:1) and LPI(18:0); Cer(32:1;02), T3/T4 compared to Wang
MeOH Orbitrap sporadic CRC Cer(34:2;02), Cer(34:1;02), Cer(40:2;02), Tis/T1/T2: total PE et al.®®
(5:1.5; v/v)  (untargeted) Cer(41:2;02), Cer(42: 3;02), Cer(42:2;02), plasmalogens

Cer(43:2;02)

FIA - flow injection analysis; ESI - electrospray ionization; MS - mass spectrometry; LC - liquid chromatography; Q-ToF - quadrupole time-of-
flight; UHPLC - ultra high performance liquid chromatography; CRC - colorectal cancer; AD - adenomatous polyps; LPS - lysophosphatidylserine;
TG - triglycerides; LPG - lysohosphatidylglycerol; LPI - lysophosphatidylinositol; LPA - lysophosphatidic acid; Cer - ceramide; PUFAs -

polyunsaturated fatty acids.

important pathway where ATP is produced through the B-oxidation
of FFAs that, in turn, were originated by the breakdown of TGs.
The increase of TGs and FFAs levels may suggest that CRC cells
are adjusting the lipid metabolism to guarantee the energy
source. In an opposite trend, several LPC species (LPC(20: 3),
LPC(18:3), LPC(18:2) and LPC(14:0)) were found to be with
lower levels in CRC patients. Herein, the decrease of LPC
species can be correlated with the increase of expression of
acyl-CoA:lyso-phospholipid acyltransferases that catalyze the
acylation reaction of LPCs to form phosphatidylcholine (PC).
Although the relationship of these enzymes with CRC is still
not fully understood, their overexpression in this disease has
already been reported in the literature.®* However, the lowering
of LPC levels can also be related with other enzymes involved in
lysophospholipid metabolism, such as for lysophospholipase D
(Iyso-PLD) and autotaxin (ATX). These enzymes convert LPC
to lysophosphatidic acid (LPA), which has been linked with
the regulation of processes such as cell migration, adhesion,
proliferation and angiogenesis, all crucial mechanisms to
cancer pathogenesis.®® Sphingolipids were also found to be
dysregulated. Previous studies have correlated sphingomyelin
(SM) with roles in cellular growth, apoptosis, cell adhesion,
differentiation, and migration processes.®®®” Also, ceramide
(Cer) which is characterized by having proapoptotic and anti-
proliferative properties, was found to be downregulated in
human colorectal adenomas, while the levels of sphingosine-
1-phosphate (S1P), a pro-proliferative molecule, was found to
be increased in CRC.°® Ceramide is also a precursor for the
synthesis of more complex sphingolipids, such as glucosylcer-
amide (GluCer) and lactosylceramide (LacCer). In fact, several
forms of both of these lipid species were found to be significantly
increased in CRC, namely GluCer(42:3;02), GluCer(42:2;02),
GluCer(36:4;02), GluCer(34:1;02), GluCer (33:2;02), LacCer(42:
4;02), LacCer(40:1;02), LacCer(40:2;02), LacCer(40: 4;02),
LacCer(38:1;02), and LacCer(35:1;02). This dysregulation

This journal is © The Royal Society of Chemistry 2025

was justified by the possible amplified activity of the gluco-
sylceramide synthase and of the LacCer synthetic pathway,
which can be relevant to CRC due to their roles in sphingolipid
metabolism, which has implications for cancer progression,
metastasis, and treatment resistance. These results marked both
metabolic pathways as possible targets for further studies that
aim to discover more about their relationship with CRC.

A targeted analysis of the lipidome focused on evaluating
the viability of lysophosphatidylcholines (LPCs) as cancer bio-
markers compared the lipid profile of the plasma of 133 CRC
patients and 125 healthy controls.>® It was noticed that in
cancer samples there were significantly reduced levels of LPCs,
in specific, total LPC content, saturated LPC, unsaturated LPC
and LPC molecular species, namely LPC(16:0), LPC(18:0),
LPC(18:1), LPC(18:2), total 18-LPC, and LPC(20:0). These
results are in agreement with data from untargeted analysis
published in other studies that have described the decrease
of LPC(18:2).°° These altered levels of LPCs are likely due to
the altered expression of the already discussed enzymes acyl-
CoA:lyso-phospholipid acyltransferases, lyso-PLD and ATX.%*°°
However, it is also important to acknowledge that decreased
levels of LPCs are not exclusive to CRC. This trend of down-
regulated levels of LPCs has been reported in other metabolic
disorders, including obesity and type 2 diabetes mellitus,® as
well as hyperlipidemia and cardiovascular diseases.”® As such,
these alterations may reflect dysregulations associated with the
overall metabolic health, rather than being specific to CRC
pathophysiology. In fact, both studies reviewed above did not
discriminate variables such as body mass index (BMI), type 2
DM or age and, therefore, influence of these factors on the
observed lipid profiles cannot be ruled out.

In addition to directly comparing the lipidomic profiles of
healthy individuals and patients diagnosed with CRC, it is also
crucial to consider cancer as a progressive and evolving disease.
Therefore, important insights can be gained when studying
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disease progression, particularly in its earliest stages, before
cancer is fully established. As such, it is important to evaluate
whether lipidomic variations are already detectable in precan-
cerous lesions, such as colorectal advanced adenoma (CAA)
and, more broadly, adenomatous polyps (AP). Usually, the
cohorts in these studies consist of three different groups: a
control group of healthy subjects, a group comprising indivi-
duals with pre-cancerous lesions, and a group of patients
diagnosed with cancer. The results are often analyzed through
comparisons among all three groups simultaneously or, alter-
natively, by comparing two of the three groups, depending on
the specific findings.

As previously stated in this review, the adenoma-carcinoma
sequence is one of the main mechanisms through which CRC
develops, with colorectal adenomas being the type of lesions
most associated to further develop into cancer.'” In this con-
text, an untargeted lipidomic analysis on serum samples from
a cohort comprising 50 healthy controls, 46 CAA patients, and
50 CRC patients have identified lipid species with strong
discriminatory power between CAA and CRC, which could hold
significant utility in the early diagnosis of CRC, while also
contributing to the exploration of lipid metabolic pathways
associated with disease progression.®” This study emphasized a
strong correlation between the dysregulation of PC and SM
metabolism and the malignant development of CAA into CRC,
as 67% of the identified differential lipids belonged to these
two lipid classes. In fact, the 10 lipid species with the highest
discriminatory power between the CAA and CRC groups were
either PCs or SMs. Specifically, the levels of PC O-36:1/PC
P-36:0, PC 38:6, SM 36:1;02, SM 36:2;02, and SM 40: 3;02
were noticeably upregulated, while the levels of PC 32:3, PC
0-35:6/PC P-35:5, PC 37:7, PC 39:6, and PC 44:5 were
significantly downregulated in CRC samples compared to
CAA group. Of these, PC 0-35:6/PC P-35:5, PC 44:5, and SM
40:3;02 were considered the most promising biomarkers to
differentiate CAA from CRC. Notably, an earlier study had
already identified PC O-35:6/PC P-35:5 and PC 44:5 as lipid
species with good diagnostic accuracy for CAA, a finding that
this study extends by also showing their strong discriminatory
capacity between CAA and CRC.”" PCs are essential phospho-
lipids involved in the regulation of several key cellular processes,
including cell growth, survival, proliferation and membrane
structure maintenance. As such, any dysregulation within PC
metabolism can disrupt these processes and contribute to the
development of pathological conditions, such as cancer. While
PCs are often reported to be upregulated in cancer, reflecting the
increased membrane biosynthesis required for the rapid prolif-
eration of tumor cells,”* this study found many PC species to be
downregulated in CRC. This may be correlated with their known
anti-inflammatory potential, as exogenous PCs have been shown
to inhibit cytokine tumor necrosis factor (TNF-o)-induced pro-
inflammatory signaling and gene expression in intestinal epithe-
lial cells by interfering with nuclear factor-kB (NF-kB) activity.”*”*
Given that TNF-o is a regulator of epithelial function during
inflammatory processes, reduced PC levels could facilitate pro-
inflammatory microenvironment in CRC. Notably, levels of TNF-o
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were found to be increased in human inflammatory bowel
disease, a well-established risk factor for CRC,”*> which suggests
that PCs may have a protective effect through the modulation of
inflammatory pathways.”® Additionally, the level of PCs may also
be downregulated due to their role as precursors to other major
phospholipid classes, such as LPCs and SMs. Regarding LPCs,
multiple studies have found this class of lipids to be down-
regulated in CRC.”>®' As previously described, this decrease
may be associated with the overexpression of enzymes such as
LPCAT, which catalyzes the conversion of LPCs to PCs, high-
lighting the complex and not yet fully understood modulation of
the lipid metabolism of both classes in cancer.** Furthermore,
enzymes like lyso-PLD and ATX, responsible for the production of
LPA through LPCs, can also come into play.®®> On the other hand,
all SMs of the ten initial potential biomarkers identified were
found to be upregulated in CRC patients. As reviewed elsewhere,
disturbances in sphingolipid metabolism may contribute signifi-
cantly to the development and progression of CRC, mainly due to
their influence in important cellular processes, such as cell
growth, proliferation and programmed cell death.”® In this case,
the elevated levels of SM can be correlated to reduced activity of
the alkaline sphingomyelinase (SMase), an enzyme that catalyzes
the conversion of SM to ceramide (Cer). Evidence suggests that
this family of enzymes exhibits decreased activity in CRC, leading
to an accumulation of SM and a simultaneous reduction in Cer
levels.”” This is in accordance with existing literature on the anti-
tumorigenic properties of ceramides, which have been reported to
be capable of inducing the activation of the apoptotic cascade and
inhibiting tumor growth.”®”®

An additional untargeted study carried out a plasma lipi-
dome profiling across three groups: 120 healthy individuals,
120 patients with AP, and 120 patients diagnosed with CRC.°
This study aimed to evaluate the molecular and biochemical
changes that may occur within the time gap that AP, a pre-
cursor lesion strongly associated with CRC, takes to fully evolve
into cancer. Among its findings, this study described a decrease
in the total levels of LPC, total saturated LPC, total unsaturated
LPC and LPC molecular species, such as LPC(16: 0), LPC(18:0),
LPC(18:1), and LPC(18:2), similarly to what was previously
described.>*° This information may be relevant since LPCs
can be a biomarker not only for the presence of CRC but also
for the development of this disease, opening the possibility of
early diagnosis when symptoms are very mild or even before
symptoms start. However, levels of other lipids, such as sphin-
gomyelin (SM) and sphingosylphosphorylcholine (SPC), did not
show such gradual alterations. In fact, a decrease in plasma
levels of SM was only found in individuals with AP, while SPC
displayed a down-regulation of their levels exclusively in CRC
patients. Both SM and SPC can be converted into S1P, a
biomolecule that has been shown to regulate key processes
for cancer progression, such as angiogenesis, cell growth, cell
survival and cell invasion.®® Moreover, SM can undergo trans-
formation into Cer, a pro-apoptotic molecule. Therefore, a
decrease in SM may withhold the synthesis of Cer and thus
contribute to the evasion of cell apoptosis and promoting
malignant cell survival. Although the sensitivity and specificity

This journal is © The Royal Society of Chemistry 2025
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of these biomarkers have not yet reached the required thresh-
old, the findings in this study, conducted within a Chinese
population, demonstrated high consistency with those reported
in an American population by Zhao et al.,” which suggests that
these potential biomarkers may not be influenced by racial
factors.

In a different study focused specifically on CRC progression,
plasma samples were collected from patients categorized
according to the TNM clinical staging system, which attributes
a stage (I to IV) according to the extent of the tumor (T), the
extent of spread to the lymph nodes (N) and presence of
metastasis (M).*> The comparison between two groups of
patients with stage I/II and stage III/IV of CRC, reported eight
different lipid species that help distinguish between different
stages of cancer. The cholesteryl ester (CE) CE(20:4) and TGs
such as TG 40:0 (TG 12:0_12:0_16:0), TG 42:0 (TG
12:0_14:0_16:0), TG 44:0 (TG 14:0_14:0_16:0), TG 46:0
(TG 14:0_16:0_16:0), TG 48:0 (TG 16:0_16:0_16:0), and
TG 54:0 (TG 16:0_18:0_20:0) were found to be increased,
while the fatty acid ester of hydroxy fatty acid species (FAHFA)
27:1 (FAHFA 9:0_18:1) presented decreased levels. For the
first time, TGs, particularly those containing saturated fatty
acids, were reported to be the lipids with the most pronounced
differentiation between distinct stages of CRC, with increased
levels in plasma of advanced-stage CRC patients. TGs are
mostly present in lipid droplets, a cytoplasmatic organelle that
is involved in lipid storage and are mainly expressed in fat-
storing cells.®" An increase in lipid droplets count constitutes
a pathologic phenomenon that has been described in both
cancer and inflammatory cells, as reviewed elsewhere.®! Also,
the production of lipid droplets, facilitated by lysophosphati-
dylcholine acyltransferase 2, is associated with chemoresistance
in CRC.* Additionally, research propose that the knockdown of
adipose triglyceride lipase (ATGL), the enzyme that sets a rate
limit in TG hydrolysis, could be an important factor in the
prevention of cell proliferation and invasion.®® The dysregula-
tion of TG observed in conjunction with other studies on CRC
corroborates the involvement of TG in the pathogenesis of this
cancer type. In patients with advanced-stage CRC there was also
an CE(20:4) increase, which is linked with the upregulation of
the acylcoenzyme A:cholesterol acyltransferase gene family
in CRC, whose suppression is correlated with the inhibition
of cell proliferation, migration and invasion.®** On the other
hand, FAHFA are lipid species frequently associated with both
anti-inflammatory and antidiabetic properties. Consistent with
reports of decreased levels observed in breast cancer patients,?
the findings of lower levels of FAHFA 27:1 (FAHFA 9:0_18:1)
in this study, specifically among CRC stage III/IV patients,
suggests that individuals with advanced-stage colorectal cancer
exhibit lower plasma FAHFA levels, which may have increased
the body’s inflammatory response.

We should keep in mind that the dissimilar lipid classes
reported in the original studies (as shown in Table 2) may also
be influenced by differences in sample preparation and analy-
tical methodologies. Therefore, findings must be validated
using standardized methods.

This journal is © The Royal Society of Chemistry 2025
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3.2. Profiling of the lipidome in CRC tissue

As previously stated, the analysis of plasma is of crucial
importance to monitor the dynamic lipid alterations associated
with CRC. On the other hand, the lipidomic analysis of CRC
tissue provides the unveiling of localized molecular signatures,
such as altered lipid profiles and dysregulated lipid pathways
within the tumor microenvironment (TME).

The variation of the lipid profile of tumor tissue from
different locations, namely from the rectum and the ascending,
transverse, descending and sigmoid colon, was evaluated in
comparison with normal tissue from the same individuals.®®
Also, the lipidome differences seen throughout CRC progres-
sion were asserted by comparing early staged tumors with more
advanced ones. The levels of the lipid species LPI(18:1) and
LPI(18:0) were found to be elevated in CRC tissue, an event
that is most likely associated with a possible up-regulation of
the G-protein coupled receptor 55 (GPR55). This LPI receptor is
known for being involved in the Ca>* mobilization, and in the
activation of signaling proteins that promote migration, there-
fore playing an essential role in cancer metastasis.?”*® Also, the
total amount of Cer was also increased in tumors, mostly due
to the increase of Cer(32:1;02), Cer(34:2;02), Cer(34:1;02),
Cer(40:2;02), Cer(41:2;02), Cer(42:3;02), Cer(42:2;02),
Cer(43:2;02). An increase in the lipid contents of Cer is
probably due to an increase of the expression of synthases
(CerS) in CRC, which was already proved in previous works,
however the role of this lipid class in colorectal cancer is still
elusive due to the different effects that some species inside this
class present.>> Considering the differences between different
stages of CRC progression, a decrease in ether phospholipids,
namely phosphatidylethanolamine plasmalogens (PE P-) was
noticeable in advanced tumors with increased invasion. Plas-
malogens are important endogenous antioxidant molecules,
and their downregulation indicates an imbalance probably
due to oxidative stress conditions. Although oxidative stress
has been detected in almost every type of cancer, tumor cells
usually express antioxidants in an attempt to detoxify the
ambient from ROS and thus develop freely, which suggests
that there is a delicate homeostasis between ROS and cancer
cell function.®® With this into account, the lower levels of PE P-
found suggest that oxidative stress may be enhanced in more
advanced stages of the disease and that PE P- may have a
regulatory role in tumor growth and further progression, if
capable of reducing ROS. Additionally, LPC levels were, once
again, found to be decreased, which is in accordance with other
studies.”**"

Across several studies, some specific lysophospholipid (LPL)
species and/or classes have been reported to be dysregulated in
CRC. Additionally, although LPLs are usually present in smaller
amounts than other lipid classes, they still play critical func-
tional roles within cellular processes. Thus, to evaluate specific
changes in lysophospholipid levels associated with CRC, a
study performed a targeted lipidomic approach in both normal
and tumor tissue of 11 patients diagnosed with sigmoid colon
cancer. Consistently with what was earlier detailed, LPI 18:0
and LPI 20:4 were found to be increased in CRC. In a similar
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trend, lysophosphatidylglycerol (LPGs) species were also found
to be increased in CRC tissue, and, as well as LPIs, can
influence the Ca** influx into the GPR55, suggesting that both
LPIs and LPGs may play important roles in cell migration and,
consequently, cancer metastasis.’>®" Lysophosphatidylserine
(LPS) species were also found to be increased in CRC tissue.
The upregulation of certain LPS species may be primarily due to
an already established relationship between LPSs and a migra-
tion mechanism of colorectal cancer cells, since GPR34, a LPS
receptor, can activate the PI3K/Akt pathway, a major signaling
pathway involved in the chemotactic migration of cells.”?
In contrast, this study found LPA species to be downregulated
in CRC tissue, an interesting trend given that LPA is often
associated with the promotion of carcinogenesis. This down-
regulation is most likely due to the upregulation of lysopho-
spholipid receptors, such as the LPA, receptor, which is known
to be overexpressed in CRC and to be involved in malignant
CRC phenotypes.®>*® The increased presence of LPA receptors
may lead to significant binding of LPA molecules, consequently
leading to a decrease in their free form.

The comparison of healthy mucosa and tumor tissue across
three independent cohorts (one discovery cohort and two valida-
tion cohorts), using untargeted lipidomics analysis, showed that
the TG profile stood out as the more robust and reproductible
across all tested cohorts. The results found elevated proportions
of TG(56:4), TG(56:5), and TG(56: 6) containing PUFA (FA 18:2,
20:2,20:3,20:4,20:5,22:4,22:5,22:6) in tumor samples. TGs
have already been described as promising biomarkers for cancer
progression in previous studies that performed lipid profiling in
plasma samples.®® However, the TGs reported in the present study
appear to contain unsaturated fatty acids, in contrast to the ones
that were found to be increased in plasma. With further studies,
this information may be of great importance as it suggests
that TGs with saturated fatty acids may be good markers for the
progression of CRC while TGs with PUFAs may help in the
distinction of healthy and diseased mucosa, which confers prog-
nostic significance to them.

On a different note, it has always been established that the
tumor microenvironment (TME) plays a critical role in the devel-
opment and progression ability of solid tumors. Because of this,
techniques that enable the profiling of TME have been gaining
more and more notoriety in the world of cancer research. Mass
spectrometry imaging (MSI) coupled with techniques such as
matrix-assisted laser-desorption ionization (MALDI) has been
emerging in this area, as it allows biomolecules to be simulta-
neously localized and quantified in several histological regions of
interest. Studies using this technique have already reported
differences in some lipid species in human colonoscopic sections,
namely PIs, arachidonic acid-containing lipids, and ethanolamine
plasmalogens, which varied along the colon crypt axis, and
concomitant to the differentiation process.””*®

3.3. Profiling of the lipidome in alternative matrices: insights
from fecal samples

Although this review primarily focuses on lipidomic findings
from plasma and tissues samples, it is important to acknowledge
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that other biological samples have also been studied in the
context of CRC. Due to its non-invasive nature and vast bio-
chemical information, human fecal matter stands out. As feces
interact directly with the colorectal mucosa and result from the
interplay between dietary components and gut microbiota, they
offer a unique perspective on the colorectal cancer patho-
physiology. Therefore, this sample matrix should not be over-
looked in the spectrum of lipidomic research, as they can hold
promising results in biomarker discovery.

Despite being less established than plasma and tissue
analysis, lipidomic approaches have also started to be employed
in fecal samples of patients with CRC.**'°> One of the studies
discriminates CE(18:2) and CE(20:4) as the most significantly
altered lipids in CRC feces.”® The increase of these lipid species is
consistent with in silico analysis of tumoral tissue that reported
elevated levels of the gene that encodes for phosphatidylcholine-
sterol acyltransferase, an enzyme responsible for the CE
synthesis.'*

In a different study, differences were found at the sphingo-
lipid level, namely in the increase of sphingosine and sphinga-
nine levels in adenomas.’®® Although these molecules are
usually correlated with antiproliferative and proapoptotic mole-
cules, they can also be phosphorylated into S1P, which is a
molecule inductive of proliferation and antiapoptotic.®° In that
same study, both #n — 3 and n — 6 PUFAs were also upregulated
in adenomas, which is interesting since these molecules work
in a competitive way and have opposite effects, with n — 6
PUFAs being pro-inflammatory and promoters of carcinogen-
esis, and n — 3 PUFAs being the exact opposite.’**'% An — 3:
n — 6 PUFA ratio would be interesting to further understand
the pathophysiological relevance of this data, however, such
ratio is not reported by the article.

Even though fecal samples are proving to be of value in the
research of biomarkers for CRC, a study that performed
an integrative metabolomic approach of both plasma and fecal
samples in adenoma-colorectal cancer progression also exam-
ined the diagnostic potential of both matrices.'® Although
significantly altered metabolites were found in plasma and
fecal samples, this study established that plasma metabolites
have better performance, i.e. are more accurate, sensitive, and
specific, than fecal metabolites in CRC diagnosis.

3.4. Plasticity of lipid profiles in CRC plasma and tissue: a
comparative overview

Both plasma and tissue lipidomic studies reveal interesting
patterns of lipid metabolism-associated disruptions, with some
specific lipid species and classes standing out as potential
biomarkers, either for the disease itself or for stages of progres-
sion. Although the lipidome of both matrixes are mostly
different, the comparison of both CRC matrices shows some
complementary results and even some similarities at class level.

Plasma analyses have highlighted the upregulation of lipid
species of TGs and FFAs groups, which suggests a modulation
of the energy metabolism to cope with the energy demands of
CRC cells.®>®® With a different trend, but equally significant,
LPCs presented decreased levels in CRC plasma, likely due to

This journal is © The Royal Society of Chemistry 2025
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the overexpression of enzymes, such as LPCAT, that catalyze the
conversion of LPCs into PCs, or lyso-PLD or ATX, that produce
LPA through LPCs.’*®' Additionally, PCs showed that even
among lipid species from the same class, different trends
may occur. PCs can be upregulated in response to increased
cellular proliferation demands, or alternatively, downregulated,
possibly due to their anti-inflammatory properties or their role
as precursors for other major lipid classes.®?

In tissue samples, the lipid profile highlights the local
metabolic fluctuations that may occur within the tumor.
Although the reasons remain unclear, Cer presented a signifi-
cant trend of increased levels in tumor tissue, which can be
correlated with increased expression of CerS.* Similarly, LPIs
were also upregulated, likely linked to signaling pathways
involved in cell migration and metastasis.”® Furthermore,
certain TGs, specifically those with PUFAs, were found to be
increased in tumor tissue compared to healthy tissue, contrast-
ing with the upregulated TGs in plasma, that only contained
saturated fatty acids.®® In turn, PE plasmalogens were reported
to be downregulated in advanced-stage tumors, which suggests
an environment of enhanced oxidative stress environment,
where these lipid species may play a regulatory role.®®

Comparing plasma and tissue lipid profiles provides a
broader view of the underlying metabolic changes that occur
during CRC onset and development. Plasma lipidomics focuses
on circulating biomarkers that could assist in early detection,
while tissue studies illuminate localized changes that may
enhance understanding of TME interactions and cancer pro-
gression. Together, these findings could guide future bio-
marker research and CRC treatment strategies.

4. Conclusion

Altered levels of certain lipids and dysregulation of metabolic
pathways, are intrinsically connected with the onset and devel-
opment of CRC. Lipidomics has affirmed itself as a pivotal area
in the research for alternative CRC diagnostic methods. With
these approaches, it is possible to provide insights into the role
of the lipidome in biological metabolic regulation by compar-
ing alterations in lipid metabolism between normal and patho-
logical conditions, finding important lipid structures, activities,
and interactions with other lipids, proteins, and other metabo-
lites. However, several lipids, with different regulation mechan-
isms, are involved in the trigger and development pathways of
cancer, which makes the already complex study of the lipidome
even more challenging. While significant progress has been
made, there are still knowledge gaps that persist. Many lipid
species remain unexplored and therefore, novel biomarkers are
yet to be discovered. Because of this, there is still a need for
a more comprehensive and detailed lipidome profiling, as well
as for a deeper understanding of how such changes in lipid
composition influence the cancer initiation, progress, and
metastasis. Also, this translation of the lipidomics discoveries
into clinical applications requires rigorous validation, standar-
dization, and integration with other research areas as only then
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would it be possible to obtain a holistic view of colorectal
cancer. Therefore, future research should focus on elucidating
the timeline of lipidomic alterations, on the understanding of
the lipid functional roles in CRC pathogenesis and also conduct
studies that are able to enhance the robustness and reprodu-
cibility of these findings.
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