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Abstract: Fatty acids have an important place in both biological and nutritional contexts and, from a
clinical point of view, they have known consequences for diseases’ onset and development, including
cancer. The use of fatty acid-based food and nutraceuticals to support cancer therapy is a multidisci-
plinary subject, involving molecular and clinical research. Knowledge regarding polyunsaturated
fatty acids essentiality/oxidizability and the role of lipogenesis-desaturase pathways for cell growth,
as well as oxidative reactivity in cancer cells, are discussed, since they can drive the choice of fatty
acids using their multiple roles to support antitumoral drug activity. The central role of membrane
fatty acid composition is highlighted for the application of membrane lipid therapy. As fatty acids are
also known as biomarkers of cancer onset and progression, the personalization of the fatty acid-based
therapy is also possible, taking into account other important factors such as formulation, bioavail-
ability and the distribution of the supplementation. A holistic approach emerges combining nutra-
and pharma-strategies in an appropriate manner, to develop further knowledge and applications in
cancer therapy.

Keywords: anticancer strategy; fatty acid signaling; membrane fatty acids; membrane lipidomics;
dietary fatty acids; precision nutraceuticals

1. Introduction

Lipids are mostly fatty acid-containing molecules, exemplified by the representative
structures of triglycerides, phospholipids and cholesteryl esters, containing three, two
and one fatty acid chains, respectively [1]. Fatty acids have an important place in both
biological and nutritional contexts, and from a clinical point of view they attract more
and more attention for their involvement in diseases’ onset and development, including
cancer. Connections between the molecular and clinical aspects rely on two main aspects:
the first aspect, first studied in structural biology but not limited to this field, is the role of
fatty acids in compartment formation and organization, necessary to drive protein–lipid
interactions and functions [2]. The hydrophobicity of the fatty acid chains is the driving
force for “compartmentalization” in cells [3]. Indeed, the spontaneous organization of
the fatty acid chains occurs in order to avoid contact with the predominant extra- and
intra-cellular aqueous phase. The composition and roles of the different types of extra- and
intra-cellular lipid organizations were increasingly studied, evidencing crucial differences
between the plasma membrane, endoplasmic reticulum and organelles [4]. Membrane
biophysical studies highlighted specific differences of organization due to the ratio between
saturated or unsaturated fatty acid structures, with direct influence on membrane properties
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and lipid rafts’ formation, which have functional and clinical consequences described in
several reviews [5–7]. The basic process of membrane formation, that generates life by the
formation of cells, occurs constantly in living organisms, however, in cancer the quality and
quantity of fatty acids used for such spontaneous organization assumes crucial relevance
for cell growth that sustains disease proliferation.

The second connection between molecular and clinical aspects concerns the pres-
ence of fatty acids in cellular pools with their nutritional intakes, provided mostly by
triglycerides (ca. 80% of the lipid dietary intakes are triglycerides) and the digestion–
absorption-distribution pathways. By these pathways, cellular lipid pools are created in
all of the tissues by a mix of saturated and unsaturated fatty acids, to be involved in the
continuous processes of cell replication and compartment formation. It is worth recalling
that the dietary intakes are particularly important for polyunsaturated fatty acids (PUFA),
which cannot be formed by eukaryotic—hence human—cells, since they do not have the
enzymatic arsenal to go from the endogenously formed monounsaturated omega-9 fatty
acids to the polyunsaturated omega-6 and omega-3 structures [8]. Therefore, PUFA are
“essential” in our diet for allowing cell formation, with established nutritional daily intake
values by the main international food agencies [9], but this essentiality is also vital for
cancer cells.

The molecular structures of the mono- and poly-unsaturated fatty acids (MUFA and
PUFA) are connected through metabolic cascades, and Figure 1 shows the main pathways
and products: the endogenous pathway of saturated fatty acids (SFA), then transformed
to MUFA, starts from palmitic acid (16:0, SFA), synthesized by the enzymatic system of
Fatty Acid Synthase (FAS). On the other hand, the PUFA pathways start from the intakes of
linoleic acid (18:2, PUFA omega-6) and α-linolenic acid (18:3, PUFA omega-3) as dietary
precursors, which are essential fatty acids (EFA). It is worth underlining the conversion of
C16 and C18 fatty acids into C20 and C22 fatty acids, which are then further transformed
into bioactive lipids (i.e., eicosanoids and docosanoids). It is logical that the original
PUFA intakes determine the levels of such transformations, thus influencing the related
biological effects.
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Figure 1. Formation of unsaturated fatty acids: (left) biosynthetic pathways of MUFA starting from
palmitic acid (SFA); (center) the omega-6 PUFA biosynthesis starting from linoleic acid; (right) the
omega-3 PUFA biosynthesis starting from alpha-linolenic acid. Enzymes: ELO elongase; ∆5-, ∆6-,
and ∆9-desaturase; β-oxidase. Numerical abbreviations describing the position and geometry of the
double bonds (e.g., 9c), the notation of the carbon chain length and total number of double bonds
(e.g., C18:2); in parenthesis, the used acronyms (e.g., ARA for arachidonic acid). Reprinted from
Ref. [10]. Copyright year 2022, Ferreri et al.

The carbon chain length and the double bond number and position create chemical,
physical and biophysical diversity, beside diverse biological effects, which are needed for
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the various structural and functional roles in cells. It is not the scope of this review to go
into details that were already treated in books and reviews [11,12]. Fatty acids derived
from food or supplementation are incorporated in the fatty acid cellular pools, and have
the same potential for entering or influencing the biological balance with respect to the
endogenously produced molecules. This fact is more and more understood, and fatty acids
from the diet are increasingly considered for such effect, that renders them useful to support
pharmacological interventions, and also in cancer. The applicability of fatty acids in this
context is a multidisciplinary subject of biological, pharmacological and clinical research,
and, in the sections below, some aspects of fatty acid-based foods and nutraceuticals in
cancer therapies will be highlighted.

2. Essentiality of PUFA: Indications from the Membrane Composition

The essentiality of PUFA finds its highest expression in the creation of biological
membranes, including cancer cell membranes, which cannot be formed without taking
them from the diet. Therefore, there is an indissoluble correlation between dietary or
supplemented fatty acids and cell formation. This is a still underestimated point in the
experimental design of PUFA supplementations which are used for both in vitro and in vivo
experiments, to study their benefits for health and diseases. Moreover, the possibility of an
inadequate PUFA intake from foods is realistic, also because knowledge of the importance
of lipids is not diffuse. The so-called essential fatty acid (EFA) deficiency is nowadays
a condition that is highlighted at a global level [13]. EFA deficiency is also reported in
the MSD manual [14], but PUFA levels in the body are not a required check-up in clinical
practice. On the other hand, without appropriate and balanced EFA intakes, organisms
cannot work, with the consequences of a deficit having symptoms that are quite similar
to a pathology. As a simple example, skin problems such as dermatitis are one of the
most diffuse symptoms of an EFA imbalance [15]. In clinical studies, where fatty acid
supplementations are used, the fatty acid profiles of the patients are not determined at the
start, so it is not known whether the dosage or the type of fatty acids used are appropriate,
either to fix the deficiency or, instead, to realize an excess or unnecessary supplementation.
It is worth noting that a precise fatty acid distribution occurs in tissues [16,17], therefore an
excess of fatty acid supplementation brings the possibility of excessive incorporation in
the lipid pools, with creation of an imbalance. Table 1 shows the distribution of fatty acids
of the four families (SFA, MUFA, omega-6 and omega-3 PUFA) in some human tissues.
Clearly, high dietary intakes of SFA or insufficient intakes of PUFA can be reflected in tissue
imbalance, altering the correct compositions with respect to the other fatty acid families,
and this may result in tissue disfunctions [16,17].

Table 1. Details of the fatty acid composition (% rel.) of membrane phospholipids in human tissues 1.

Fatty Acids Adipose
Tissue (% rel.)

Red Blood
Cell (% rel.)

Liver
(% rel.)

Retina
(% rel.)

Brain
(% rel.)

9c,12c-18:2ω-6 10.5 9.3 17.5 1.4 0.6
5c,8c,11c,14c-20:4ω-6

(ARA) 0.3 15.2 7.7 9.6 7.7

20:3ω-6 (DGLA) 0.2 1.5 1.6 n.d. 1.2
20:5ω-3 (EPA) traces 0.7 0.4 0.1 traces
20:6ω-3 (DHA) 0.3 3.2 3.4 19.7 7.2

SFA 27.2 43.1 42.0 48.2 45.9
MUFA 59.7 23.0 23.8 14.2 29.7
PUFA 13.1 33.3 32.0 37.2 23.4
ω-6/ω-3 0.17 0.21 0.17 1.32 0.46

1 Data Taken from ref. [16].

Only recently, the consequences of an excess of the omega-6 linoleic acid (9c,12c-18:2),
which is the most prevalent PUFA in Western diets compared to the other EFAs, were
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reported and was questioned as to its possible toxicity at brain tissue level [18]. It is
interesting to see, in Table 1, the low percentage of linoleic acid in the brain.

An excess of linoleic acid can favor the increase in the omega-6 metabolic cascade
shown in Figure 1, which has a crucial importance for the lipid signaling related to cancer,
especially concerning inflammatory and proliferative processes, that depart from arachi-
donic acid and its eicosanoid metabolites [19]. The loss of control of inflammatory signals
can also be due to a scarce intake of omega-3-related foods, therefore an important primary
prevention strategy is nowadays clearly connected with the balance between omega-6 and
omega-3 food intakes. For the biological effects of omega-3, it is important to note that
bioactive lipids such as resolvins, protectins and marensins can be generated from EPA and
DHA. Intense research is ongoing in order to unveil the molecular mechanisms of immune
and anti-inflammatory activities which can be used as a support in cancer therapies [20].

In cancer, a clear disruption of the lipid balance in cell compartments was evidenced,
in particular in cell membranes which are deeply involved in the propagation of growth
and proliferation signaling. Beside the role of membrane-bound cholesterol in the onset
of several diseases, including cancer [21], cancer cells adapt themselves rapidly by re-
organization of their plasma membranes to preserve proliferation, escape apoptosis and
resist anticancer drugs treatment [22,23]. The molecular mechanisms played by fatty acids
in cancer were treated in several reviews, where readers can deepen their knowledge of
these subjects [24–26]. Lipids are not a sole matter of energy for cancer cells, but mainly the
regulators of the signaling asset, needed for sustaining cancer cell metabolism. In cancer
the fine tuning of the membrane properties by fatty acids can exert a bi-directional effect:
(i) due to an increased delta-9 desaturase activity and formation of MUFA, membrane
fluidity results in being increased and this is a conditio sine qua non that signaling cascades
work (for example, protein kinase B/mammalian target of rapamycin (Akt/mTOR)) and
activate growth [27–30]; (ii) due to an increased membrane thickness, connected with the
re-organization of lipid rafts and proteins, proteins change their activity, as in the case of
osmo-sensors and the oncogenic Ras (Rat sarcoma virus) cascade [31] or their presence
can even change, with dramatic consequences for the overall membrane organization and
dimensions [32,33].

3. The Role of Lipogenesis and Ketogenic Diets in Cancer

The fatty acid contributions of food (or supplements) for cancer therapies can play
important roles in the lipogenesis process. The SFA–MUFA pathway is endogenous,
starting with the enzymatic complex of fatty acid synthase (FAS), which is more activated
in cancer, and the production of palmitic acid. Consequently, its transformation to stearic
acid and then to oleic acid, the most important MUFA in eukaryotic cells, is a faster process
in cancer cells (see Figure 1) [24,27]. It is worth noting that other enzymes also show
excessive activation, thus accelerating the lipogenesis process. Examples are citrate lyase,
which is overexpressed to form acetyl-CoA from citrate formed in the Krebs cycle [34];
similarly, acetyl-CoA carboxylase, is positively regulated by PI3K (Phosphatidylinositol
3-kinase)/AKT/mTOR signaling, favoring the formation of malonyl-CoA from acetyl-CoA
and resulting in a key to initiate fatty acid synthesis [35]. In addition, glucose assumption
and metabolism are connected for the formation of pyruvate, which is the starting point
of de novo synthesis of palmitic acid. The role of lipogenesis in cancer suggested that
modification of patients’ diet can synergize with cancer therapy. Recent reviews and
scientific debates are available in literature on this subject [36,37]. At this point it is worth
underlining the role of ketogenic diets (KD). KD provide less than 20% of the caloric intake
from protein and carbohydrates, and the rest of the energy is provided by fats. What are the
approaches used in KD? KD implies a dietary restriction of glucose which induces a fasting
mimicking state and a nutritional ketosis. KD was used in various human diseases, the most
noteworthy being its successful use for the treatment of intractable epilepsy [38]. In cancer,
there are relevant positive evidences from preclinical studies, showing that KD can reduce
tumor growth and increase survival time [39]. The molecular mechanisms responsible for
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these effects are possibly related to the creation of an unfavorable tumor microenvironment
(reviewed elsewhere [40–42]). However, evidence in human trials is more unclear, since
few and small clinical trials were carried out, with little concordance among results that
can be observed [39,40]. Recent systematic reviews agree in finding no conclusive evidence
of KD effectivity for anti-tumor effect or increased survival [43,44]. Furthermore, a recent
metanalysis of randomized clinical trials reviewed studied parameters and compared
KD vs. a control diet. Most of the measured biochemical parameters (total, HDL and
LDL cholesterol, triglycerides, body weight, fasting blood glucose and insulin) were not
statistically significant when comparing the control diet group and KD group, except for
ketosis, that was higher in the KD group (risk ratio (RR) = 3.58, 95% CI = 1.36, 9.40), and
level of satisfaction, that presented better values in non-KD (results from only one study,
Std mean difference (95% CI) = 1.52 (0.47, 2.57) [42]. Not all of the studies analyzed the same
parameters, there were differences in the definition of the diets, the intervention length was
variable, and the reviewed trials were in different cancer types, which could explain the
lack of conclusive results. Interestingly, in all of the included studies the completion rate of
the participants was always lower in the KD diet (completion rate 45 to 75% of participants
enrolled) compared with the control diet, reflecting some difficulties in sticking to the
KD [42]. The described lack of conclusive results could be explained by the heterogeneity of
the studies carried out so far, since there were differences in the definition of the diets, the
intervention length and the cancer types studied, among other disparities and limitations.

It is relevant for the subject of this review that none of the KD studies proposed so
far present details of ratios or amounts of SFA, MUFA or PUFA in the diets. Based on the
previously discussed roles of fatty acids in Section 2, such imprecise fat strategy cannot be
understood.

Due to the activation of lipogenesis, an increased formation of palmitic and stearic
acids could cause membrane rigidity and disfunctions, conditions that should bring cells
to death. However, high levels of SFA induce activation of delta-9 desaturase enzyme
(stearoyl CoA-desaturase), thus moving the target of a fatty acid-based strategy to stopping
the transformation of stearic acid to oleic acid. As a matter of fact, the pharmacological
inhibition approach resulted in being difficult to apply, since the absence of adequate
MUFA content in the membranes produces toxicity not only to cancer cells, but also
to normal ones [29,30,45,46]. A recent study pointed out that metastasis-initiating cells
particularly rely on dietary lipids to promote metastasis. These metastasis-initiating cells
are characterized by a high cell-surface expression of the FA receptor CD-36 and are
shown to be responsible for initiating metastasis in orthotopic models of human oral
squamous cell carcinoma, and also in experimental metastasis models of human melanoma
and breast cancer. A high fat diet and stimulation with palmitic acid were able to boost
metastatic potential in these metastatic models [47]. In 2021, the same research group
discovered that dietary palmitic acid, but not the MUFA oleic acid nor the omega-6 linoleic
acid, promotes metastasis in oral carcinomas and melanoma in mice [48]. More recently,
studying mechanisms underlying obesity promotion for stem cell-like properties of breast
cancer cells, cellular adaptation to obesity was found to be governed by palmitic acid,
leading to enhanced tumor formation capacity of breast cancer cells [49].

At this point it is worth raising interest and awareness of researchers in the field of
dietary fatty acids and their effects in cancer models, that the use of palmitic acid in the
cell models also requires deepening understanding of two aspects: (i) the effects due to the
contemporaneous presence of other fatty acid types, as it happens in diets, (ii) the time of
exposure of the cell cultures to the dietary conditions. As an example, it was shown that
the neuroblastoma cell line (NB-100) treated with 150 µM palmitic acid underwent caspase-
mediated apoptosis, whereas when using 50 µM oleic, 50 µM arachidonic and 150 µM
palmitic acids an interesting change of the cell fate occurred, with the membrane lipidome
remodeling combining with suppression of the caspase activation and maintenance of cell
viability [50].
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On the other hand, dietary interventions were not yet directed to regulate the intake
of specific fatty acids. Among registered clinical trials with cancer patients, not a single
nutritional intervention can be found with the objective of regulating the intake of singular
SFA or MUFA, while several interventions were registered testing healthy, Mediterranean
or ketogenic diets effects on cancer patient prognosis, survival and/or wellbeing (ISRCTN
registry, EU Clinical Trials Register, Clinicaltrials.gov). This gap can be explained by the
fact that fatty acids, such as palmitic or stearic acids, with (positive and negative) impacts
on cancer are commonly present in the same food sources, which makes it unviable to
control the intake of one without affecting or altering the intake of the other [51]. Still, it
would be possible to reduce somehow the dietary intake of palmitic acid avoiding the main
source of this fatty acid, such as palm oil (and derived products). A Table with the levels
of total fats, as well as the palmitic and stearic acids, in foods is presented (Table 2) using
the values found, when possible, in two different databases of foods issued in USA and
England. Obviously, the reported fatty acid contents should be considered an average of
those contained in foods from other territories, but still readers can have an idea of the SFA
contents and increase their awareness.

Taken together, this knowledge opens the opportunity to therapeutic approaches for
cancer patients that include targeted nutrition, considering specific dietary recommenda-
tions for food products based on their fatty acid composition.

In the frame of the Mediterranean diet and the use of extra virgin olive oil (EVOO),
it was also proved that the use of oleic acid could be beneficial for the presence of
small quantities of anticancer molecules (oleocanthal, terpenes, squalene and antioxidant
molecules) [52], and also to the presence of oleic acid itself. EVOO regular intake in the
diet was considered overall to influence the reduction of cancer incidence and also favor an
improved survival [53].

Regarding dietary patterns interventions in cancer patients and survivors, a recent
review and metanalysis highlighted that there is a good evidence of the effect of healthy
diets on overall survival and quality of live for survivors of certain cancers, such as
breast and colon cancer [54]. Although variability exists among studies and healthy diets’
definitions, some aspects are common, such as increased intakes of fruit, vegetables, and
fish and reduced intake of saturated fats. It is worth recalling that the dietary insufficiency
of these foods, or other PUFA-containing foods, such as nuts and seed oils, together with
an increase in SFA-containing foods (see Table 2), are claimed to be among the 15 reasons
of risk or death for non-communicable diseases in the Global Burden of Disease Study,
which gives a comprehensive overview of 27 years follow-up in 195 countries [55]. From
this, it should derive that not only should diet be more and more used in prevention,
but certainly a single cancer patient should not remain without molecular profiling and
dietary directions.

An interesting advancement was recently published on the SFA-MUFA transformation
by the desaturase process, reconsidering the whole scenario of the double bond insertion in
a SFA molecule. It was found that the double bond can be inserted in SFA, not only in the
delta-9 position (such as in palmitic and stearic acids, with the synthesis of palmitoleic and
oleic acids, respectively, members of the omega-9 family), but it can also involve delta-6
desaturase enzyme [56–58]. It is well-known that the main activity of delta-6 desaturase
occurs for the transformation of essential PUFAs (with the first step of the transformations
of linoleic and alpha-linolenic acids); however, it was recently found that delta-6 desaturase
can work on palmitic acid producing the omega-10 sapienic acid (6c-16:1). This novel
pathway opens another interesting hypothesis for the fatty acid-based mechanisms due to
dietary lipids: as shown in Figure 2, when palmitic acid has increased intake/formation, as
occurs in cancer, a higher formation of sapienic acid can take place, and this anomalous
metabolism can be further helped by a decreased PUFA presence or intake. Interestingly,
proof was already provided that sapienic acid is transformed by delta-5 desaturase into
sebaleic acid (5c,8c-18:2), which is so far the only PUFA endogenously produced by our
cells [57,58].

Clinicaltrials.gov
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Table 2. Content of total fats, palmitic acid and stearic acid in foods expressed as g/100 g of food
(edible portion). Source of data: 1 U.S. Department of Agriculture. Food Data Central Data obtained
from The National Nutrient Database for Standard Reference Legacy Release, and 2 UK—McCance
Widdowson’s Composition of Foods 2021.

Food Total
Fat 1,§

Palmitic
Acid 1,§

Stearic
Acid 1,§

Total
Fat 2,§

Palmitic
Acid 2,§

Stearic
Acid 2,§

OILS AND FATS

Palm oil 100.00 43.5 4.3 99.90 41.8 4.6

Linseed oil 100.00 5.11 3.37

Sunflower oil 100.00 5.9 4.5 99.90 6.2 4.3

Olive oil 100.00 11.3 1.95 99.90 10.1 3

Soy oil 100.00 11.2 12.6 99.90 10.7 3.8

Coconut oil 99.10 8.64 2.52 99.90 8.4 2.5

Corn oil 100.00 10.6 1.85 99.90 11.3 2.1

Canola oil 100.00 4.3 2.09 99.90 4.2 1.5

Margarine (regular, from
various fats) 80.20 7.08 5.81 76.40 20.8 2.3

Butter 81.10 21.7 10 82.20 22.4 8.6

Lard 100.00 23.8 13.5 99.00 24.4 14.1

NUTS

Peanuts 49.70 3.98 1.2 49.80 4.71 1.19

Hazelnuts 60.80 3.1 1.26 63.50 3.16 1.09

Walnuts 65.20 4.4 1.66 68.50 4.91 1.38

MEAT AND FISH

Bovine meat 9.30 2.14 1.3 16.20 3.72 2.46

Chicken meat 2.70 0.45 0.18 2.80 0.6 0.2

Pork meat 4.86 1.03 0.52 5.50 2.25 1.43

Fish: cod 0.67 0.09 0.03 0.60 0.11 0.03

Fish: salmon 13.40 1.88 0.49 15.00 1.64 0.33

Fish: tuna 0.49 0.11 0.04 0.70 0.13 0.05

DAIRY

Whole milk 3.25 0.86 0.31 3.90 0.98 0.43

Cheese: mozzarella 22.10 5.33 2.44 20.30 5.82 2.03

Cheese: cheddar 33.80 8.7 3.55 34.90 8.68 3.6

OTHERS

Whole-grain wheat flour 2.50 0.41 0.02 2.00 0.26 0.01

Oats 6.90 1.03 0.06

Chocolate
70–85% cacao 42.60 10.1 13.6

§ Values expressed as g/100 g food.
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intakes, delta-6 desaturase can enter in the transformation of palmitic acid to sapienic acid which is a
n-10 fatty acid not belonging to the usual metabolism of saturated fatty acids.

Lipidomic analysis are very important for the follow-up of SFA-MUFA pathways.
It is worth noting that the use of mass spectrometry tools for analyzing fatty acids can
fail in its recognition of sapienic acid, which has the same molecular mass of palmitoleic
acid (m/z = 254), whereas GC is the gold standard to recognize and quantify properly
these two metabolites (in GC/MS as methyl esters with m/z = 268) [1,56]. The novel
connection between essential PUFA and lipogenesis to produce omega-10 (or n-10) fatty
acids and, consequently, disrupt the usual metabolism will be explored using different diets,
to provide more insights on the significance of the fatty acid balance, and to suggest new
synergic fatty acid-based strategies combining foods and nutraceuticals in cancer therapy.

Knowledge of the fatty acid metabolism is needed to properly address cancer therapy.
The pharmacological intervention with inhibitors of lipid enzymes can have an insufficient
control on the cancer growth [59]. In these cases, it would help to keep in mind the
alternative delta-6 desaturase pathway giving relevance to the follow-up of sapienic acid
metabolism. More recently, in cancer cells, it was shown that sapienic acid supplementation
induces changes in growth factors and proliferative signaling [60].

4. Fatty Acid-Based Membrane Balance for Signaling

From the biological and mechanistic points of view, fatty acids are activated after
detachment from membrane phospholipids by phospholipase enzymes, in particular of
phospholipase A2 (PLA2), releasing the fatty acid in position sn-2 of L-glycerol (Figure 3).

The liberated fatty acid is then present in the cytoplasm and transformed intracellularly
by enzymatic processes to give a plethora of bioactive lipids. It can be said that levels of
omega-6 and omega-3 PUFA in membranes generate levels of eicosanoid and docosanoid
metabolites upon stimulation [8]. Such bioactive lipids are potent biological mediators
at fento- or nano-molar concentrations and responsible for the inflammatory and anti-
inflammatory response in a variety of health conditions. As an example, in asthma patients
the levels of red blood cell (RBC) membrane omega-6 fatty acids were found to positively
correlate with the higher plasma levels of eicosanoids (PGE2, TXA2, LTB4, PGE1, 6-k-PGF1α
and PGF2α) compared to healthy controls [61]. This result can suggest dietary intervention
to balance the omega-6 intakes and lower the inflammatory response. Indeed, nutrition
or supplementation of fatty acids can influence the quality of the fatty acid residues in
membrane phospholipids, thus, exerting a control of the free fatty acids liberated by the
PLA2 process and, consequently, of the generated bioactive lipids.
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-linolenic and arachi-
donic acids (DGLA and ARA), and of the omega-3 eicosapentaenoic and docosahexaenoic
acids (EPA and DHA) in the generation of lipid mediators. Cancer cells’ proliferation
and invasiveness are favored by an altered balance among PUFA, as evidenced by fatty
acid biomarkers, that can be obtained from the analysis of the red blood cell membrane
lipidome [1,24].

Targets of the bioactive lipids, such as PGs, involves receptors and pathways for
cancer signaling and their levels are known to increase in tumors. For example, PGE2
levels increase in the case of osteosarcoma, the most frequent primary bone tumor. It
was found that tissues drawn from patients showed a high expression of the staphylo-
coccal nuclease domain containing 1 (SND1), which is a protein expressed in multiple
cancers inducing angiogenesis, and induces PGE2 increase through the nuclear factor NF-
κB/cyclooxygenase (COX)2 pathway [62]. In osteosarcoma PGE2 is also able to interact
with E-series prostaglandin (EP)1 receptor inducing cell proliferation and decreasing cell
apoptosis [63]. On the other hand, balanced signaling is known to occur by prostaglandins
derived from different eicosanoid precursors. DGLA produces PGE1 by interaction with
COX enzymes (see Figure 3) resulting in anti-inflammatory activity. This prostaglandin
is also known to have antitumoral activity for its ability to interact with EP4 receptor, as
shown for myeloproliferative disorders, such as chronic myelogenous leukemia (CML) [64].
The complexity of this subject was treated by a recent review [65], where readers can find
proper and complete information.

Based on the above scenario, the possibility of targeting fatty acid metabolism in
cancer by appropriate fatty acid-based food intakes is realistic and use the membrane lipid
therapy to improve the efficacy of pharmacological therapies, contrasting pro-inflammatory
and pro-angiogenic lipids by analogous transformations that produce anti-inflammatory
and anti-proliferative lipids [11,66].

What is the basic mechanism by which fatty acid supplementation can be effective for
changing the membrane composition? The answer comes from an important and natural
process that intervenes for the maintenance and turnover of the membrane lipid assembly.
This process is called “lipid remodeling” and was studied in the 1950s by Lands [67,68]. As
shown in Figure 4, the membrane phospholipid composition is under continuous change,
due to the activity of two classes of enzymes: phospholipases (PL) and lysophospholipid
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acyl transferases (LPAT), and such remodeling in cancer can be used as a membrane strategy
for disease control [69,70].
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5. Biodistribution and Composition of Fatty Acid-Based Supplements

Fatty acid supplementation participates with natural and spontaneous processes
occurring in the body, such as membrane formation, lipid remodeling and membrane-based
signaling, as previously discussed. After oral supplementation, fatty acid bioavailability
and turnover can be followed-up, similarly to pharmacological treatments. The first step
is to establish where in the body the follow-up can be performed in order to express fatty
acid bioavailability. Measures of fatty acid levels are often performed in blood plasma
lipids. This is informative of the adsorption process that brings lipids in circulation from
the intestine, but such levels can hardly, and only indirectly, be correlated to the biological
effects which do not occur in plasma. Indeed, to estimate the bioavailability of fatty acid
supplementation it is more informative to measure the levels of fatty acids in tissues, or
at least after metabolic processing: the fate of metabolized fatty acids are either to be
incorporated as phospholipids at the level of one of their relevant “active sites”, which
are membranes, as described above, or to generate bioactive lipids, whose levels can
be measured in plasma. Fatty acid supplementation, which usually means to supply
triglycerides contained in natural vegetable or animal sources, undergoes processing by
the lipase enzymes and the resulting fatty acids form part of the lipid pools, mainly as
acyl-CoA derivatives, as shown in Figure 4. In the form of acyl-CoA, fatty acids can enter
the remodeling pathway for membrane incorporation, and from this latter location can
generate bioactive lipids, as shown in Figures 3 and 4.

It is worth noting that, in the case of high dosage supplementations, triglycerides
tend to accumulate in lipid droplets, also present in the intra-cellular environment. After
consideration of the balance in lipid pools, it also becomes clear that the use of natural
vegetable or animal oils (sources of triglycerides and, then, of fatty acids) in the formulations
must be adequate in quantity and quality to fulfill such balance. Consequently, fatty acid-
based foods and nutraceuticals must be evaluated for their whole fatty acid composition,
including SFA, MUFA and PUFA. In the nutrition facts’ labels of marketed products, only
total lipids and the relative percentage of SFA are reported so far. The additional information
of the specific fatty acid types, such as in the case of omega-3 supplements, report only the
quantities of EPA and DHA per gram of oil. This is an unclear information for consumers
about the quality and quantity of the fatty acids in the formulation. Examining the fatty acid
composition of marketed products, advertised as “source of omega-3”, it was determined
that in several cases the “claimed” omega-3 PUFAs were not even the prevalent fatty
acid type, but constituted only 20–30% of the total fatty acid composition (Table 3) [71].
The composition is important information, since in the biodistribution of an omega-3
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supplement containing 30% of SFA, 50% MUFA and 11% of PUFA (of which 9% omega-3),
it is highly unlikely to expect that the fatty acids to be prevalently distributed are the PUFA
ones. Remarkably, the content of unnatural fatty acids as trans fatty acids (TFA), deriving
from the fish oil deodorization, is completely ignored [71].

Table 3. Some fish oil composition found in current supplements on the market (data extracted from
ref. [71]).

FAME * Sample 1 ¶ Sample 2 ¶ Sample 3 ¶ Sample 4 ¶ Sample 5 ¶ Sample 6 ¶

SFA 21.92 ± 0.05 3.66 ± 0.10 32.00 ± 0.17 23.52 ± 0.14 26.28 ± 0.21 31.49 ± 0.13

MUFA 19.49 ± 0.20 17.27 ± 0.23 52.60 ± 0.14 16.34 ± 0.06 1.03 ± 0.04 26.18 ± 0.03

PUFA 55.89 ± 0.25 77.72 ± 0.23 11.51 ± 0.22 57.61 ± 0.05 59.53 ± 0.19 41.22 ± 0.11

PUFAω-6 4.58 ± 0.20 5.93 ± 0.16 2.12 ± 0.05 4.15 ± 0.09 12.39 ± 0.14 3.29 ± 0.10

PUFAω-3 52.01 ± 0.31 72.48 ± 0.51 9.38 ± 0.18 54.01 ± 0.06 59.06 ± 0.18 37.93 ± 0.15

total TFA 2.00 ± 0.07 0.66 ± 0.04 3.89 ± 0.10 1.98 ± 0.15 1.25 ± 0.02 1.12 ± 0.13

TFAω-3 1.40 ± 0.10 0.27 ±0.01 2.43 ± 0.09 1.30 ± 0.14 1.13 ± 0.03 0.27 ± 0.08

* Fatty acid methyl ester (FAME) contents (% rel.); ¶ Samples are the interior of capsules from different supplements
(1–6) marketed in Spain and Italy. Analyses of the same capsule content performed in triplicates (n = 3); TFAω-3
correspond to mono-trans isomers.

It is also evidenced that, in human and animal studies, the most commonly studied
fish oil is anchovy oil, which typically contains about 30% of EPA and DHA, in a 18/12
ratio (180 mg of EPA and 120 mg of DHA per g of oil), and 70% of the supplemented
fats are SFA and MUFA. The fatty acid-based formulations are an important subject of
research, and more work is needed in the field of PUFA-containing natural sources, also for
the biotechnological development of specifically omega-enriched vegetables and animal
products [72–75]. As a matter of fact, when seeking new ingredients and formulations, it is
necessary to follow the principle that oils must contain prevalently the specific fatty acid
molecule, which means that not less than 60% of the “active” ingredient should be present in
the total weight of the active molecules that compose the food or nutraceutical formulation.

Finally, as explained above, when a fatty acid-based food or nutraceutical is used, the
levels of incorporation in membrane phospholipids is a safe information to be acquired in
order to evaluate both the effectiveness of the supplementation and the correct insertion
in the fatty acid turnover. In this respect, the measurement of the incorporation of the
supplemented fatty acid in the RBC membrane lipidome, as both “circulating tissue”
and representative cell for all of the tissues [1,24], can be considered as an established
methodology to insert in the validation of a supplementation.

6. Applications of Fatty Acids as Nutraceuticals to Cancer Therapy: Assignment
vs. Personalization

The specific activities of fatty acids in cancer were discussed in the previous sections
and also in a recent review by our groups [24]. The use of a fatty acid-based strategy
to adjuvate the pharmacological therapy is being considered more and more, due to
evidence-based medical reports. Omega-3 fatty acids were the first to be focused on in
cellular and animal models, and the good results obtained in anticancer activity motivated
the translational use to humans [76]. By various mechanisms, that include peroxidation
reactivity, omega-3 PUFA triggers cancer cell apoptosis, and synergizes to increase the
sensitivity of tumor cells to conventional therapies, with interesting applications to cancers
resistant to treatment [77]. Interestingly, in contrast to traditional therapies, omega-3
appears to cause selective cytotoxicity towards cancer cells with little or no toxicity on
normal cells. It was also observed that omega-3 supplementation can improve the condition
of tumor patients with weight loss [78,79]. The results of omega-3 trials were well described
in reviews, where readers can have a broader presentation of the subject [80,81].
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Among the omega-3 elements, docosahexaenoic acid (DHA) showed the best results in
reducing tumor growth in preclinical models, also when combined with chemotherapy, and
is known to beneficially modulate the systemic immune function. The effects of DHA to
mediate the induction of apoptosis/reduction of proliferation in vitro and in vivo, as well
as on cell cycle regulation in cancer cells, are also demonstrated [82]. It must be evidenced
that the use of a high-DHA containing source allowed for a clear differentiation of the
DHA biological effects from the EPA+DHA sources [83]. The main molecular mechanisms
involved in such activity were also addressed for DHA [84–86], and also in several DHA-
anticancer couples, such as with sorafenib and paclitaxel [87,88], as well as by comparing
effects of antitumoral with and without DHA [89]. It is necessary to recall at this point the
previously discussed omega-3 contents in supplements, therefore in cancer the high DHA
content becomes the most important requirement to ask of the formulation, coupled with
the proof of the biodistribution to the membrane active site.

At this point, it is worth raising attention and awareness on focusing research on
cancer only related to a specific type of fatty acid, such as shown for the omega-3 fatty
acids. Here, we wish to remark again that omega-3 fatty acids are one of the four families
constituting the cellular pool of fatty acids, and in cancer it is necessary to focus on
the signaling balance, as explained in Section 3. In particular, concerning the choice
of PUFA supplementation, it is worth noting that omega-3 fatty acids are not the only
ones to work for tumor signaling depression: one omega-6 fatty acid—namely, di-homo-
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-linolenic acid (DGLA)—has high potential against proliferation diseases [90], based
on the competitive activity in cellular lipid metabolism and eicosanoid biosynthesis by
cyclooxygenase and lipoxygenase enzymes. For example, DGLA can be further converted
by these enzymes to 15-(S)-hydroxy-8,11,13-eicosatrienoic acid (HeTE) and prostaglandin
E1 (PGE1). PGE1 counterbalances PGE2, obtained by the arachidonic acid transformation,
with PGE2 being able to mediate inflammation whereas PGE1 acts as an anti-inflammatory
factor (see Figure 3). Nowadays, the omega-6 cascade cannot be considered to have
exclusively an inflammatory effect because of arachidonic acid, but the roles of the omega-
6 precursor linoleic acid, and of the omega-6 metabolites,
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-linolenic acid (GLA) and
DGLA, were defined specifically as anti-inflammatory [91]. Moreover, deepening the
roles of prostaglandins and EP (E-series prostaglandin) receptors, a family of G-protein
coupled receptors designated as EP1–3 and EP4, the differentiation of omega-6 effects
in cancer signaling became clearer and clearer [65], highlighting the use of GLA sources
as supplementation in cancer treatments. GLA-enriched sources are the oils from the
seeds of well-known plants, such as evening primrose and borage, as well as from the
parts (especially stems) and seeds of less known plants, which are found wild, such as
purslane [92].

From the overview of research in fatty acid and cancer, the “precision nutraceuticals”
strategy becomes evident and starts with the personalization of the fatty acid-based food
and supplementation assignment, depending on the specific condition of the fatty acid pool
in the body. The fatty acid-based membrane “fingerprint” in tumoral patients can be used
to assign “tailor-made” fatty acid-based dietary and supplement treatments and to follow-
up metabolism over time in a non-invasive way. Fatty acid-based membrane lipidome
analysis has reached a good technology readiness level, due to the availability of high-
throughput equipment and an accredited (quality standard according to the ISO/IEC 17025)
protocol for the isolation of mature RBC membrane phospholipids, used in various studies
of patients in various conditions, including cancer [1,93–95], overcoming tedious and
imprecise manual operations. The mature RBC membrane profile contains well-recognized
fatty acid biomarkers for cancer [24] and can help to individuate the patient’s need in
view of creating the best lipid environment to sustain normal cells and defeat cancer ones.
The membrane lipidome profile can help the patient’s follow-up during associated fatty
acid-chemotherapy approach, controlling the levels of PUFA and the effects on lipids that
are precursors of the proliferation and lipogenesis signals, as previously discussed. We
can also envisage that the membrane profile and remodeling by membrane lipid therapy
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becomes strategically important in combination with early diagnostic tools, which are
proposed for prognostic screening and prevention of cancer, such as circulating cancer
cells [96,97]. Literature evidence in favor of the holistic vision in cancer suggests such
a development to be strategic for early cancer diagnostic approaches, at a stage where
chemotherapeutic treatments cannot be prescribed to the patient, whereas diets can be
important tools for active prevention, including fatty acid-based strategies [98].

7. Fatty Acid Peroxidation as Molecular Reactivity in Cancer Therapy

Reactive Oxygen Species (ROS), originated from endogenous source, such as mito-
chondrial respiration, as well as exogenous sources, such as xenobiotics and radiations,
are formed in various diseases and also in cancer [99,100]. Fatty acids are involved in
chemical and enzymatic peroxidation processes [101,102] which have an impact on lipid
pools, as well as on membrane phospholipid assets, with changes in the structural and
functional properties [24,103,104]. During chemical peroxidation, almost 150 species can
be formed [105]; lipid hydroperoxides, the primary compounds, are unstable and tend
to decompose to more stable but still reactive and potentially toxic secondary species,
mainly the aldehydes, capable of diffusing and creating adducts with amino-containing
DNA bases, or cross-links using thiol- and amino-functionalities in proteins; as a matter
of fact, malondialdehyde (MDA), 4-hydroxy-hexenal (4-HHE), 4-hydroxy-2-nonenal (4-
HNE), and acrolein (ACR) can produce adducts to DNA and proteins that are detected
in several cancers [106–109]. These damages can impair the functioning of normal cells
and are evoked as important factors in tumorigenesis. ROS can stimulate tumorigenesis
by activation of signaling cascades, modulating growth factors, angiogenesis, migration,
metastatic processes and chemo-resistance [110–114]. For example, MDA originating from
the peroxidation of arachidonic acid or DHA remains one of the main mutagenic lipid
peroxidation products, forming adducts with the guanine moiety of DNA, whereas 4-HNE
is the final product of the cardiolipins’ oxidation in mitochondria [115,116]. Acrolein is the
strongest electrophile among the previously mentioned aldehydes interacting with cellular
nucleophiles, enzymes and proteins. It can interact with DNA and induces cell death for its
cytotoxic effect [117].

In this scenario, it is important to evidence that fatty acid peroxidation rate is low in
physiological conditions, and this can stimulate cell survival by activation of the antioxidant
response. On the other hand, a high peroxidation rate, and consequently more extended
damages, induce the death accelerating apoptosis, and the necrosis processes [118,119].
The levels of end-products of fatty acid peroxidation coming from the chemical pathway
can be used as a biomarker of oxidative stress, as shown in some epidemiological cancer
studies summarized in Table 4 [120–132]; for each lipid biomarker, the main products, their
detection in biological specimens and the dose-dependent molecular effects are indicated.

Table 4. Lipid peroxidation biomarkers and main reactivity with biomolecules, together with detec-
tion and molecular effects in cancer.

Biomarker Reactivity Detection Molecular Effects
(Dose-Dependent) Ref

MDA Formation of DNA adducts Serum, urine
(high levels)

Carcinogenic
Cancer progression

Tumor growth inhibitor
Apoptotic

[120–122]

4-HNE Protein adducts
Serum, urine

(low, medium,
high levels)

Carcinogenic
Cancer progression
Cytotoxic, apoptotic

[123–125]

Acrolein DNA and protein adducts Blood and urine
(high levels)

Neuronal cell death
Carcinogenic

Cytotoxic
[126–128]

Isoprostanes Stable final product Urine, plasma, tissue (high
levels) Cell membrane impairment [129–132]
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PUFA are also enzymatically peroxidized by peroxidases or by proteins having a
peroxidase activity, such as lipoxygenases (LOX), cyclooxygenases (COX), and cytochrome
P450, or by enzymes or hemoproteins showing a peroxidase activity only in specific
conditions, such as cytochrome C binding to cardiolipins [133,134]. Such products have
different activities if they derive from omega-3 or omega-6 fatty acids, as discussed for
prostaglandins in Section 6, and reported in several reviews [135–137].

In this review we wish to underline that fatty acid-based foods and supplements,
especially those containing PUFA, can be helpful for their peroxidation reactivity in cancer
therapies with drugs as well as in radiotherapy, trying to overcome the antioxidant defense
of cancer cells and induce cell death [138]. It is worth recalling that synthetic drugs such
as cisplatin, bleomycin and doxorubicin, have a ROS-dependent anticancer effect that can
be coupled with an enhanced pro-oxidant environment created by highly unsaturated
molecules such as PUFA, but also by metal complexes and antioxidants, and even by
an increase in physical activity [139–143]. In such fatty acid-based strategies, precision
tools must be used to ensure success and control along the treatment, monitoring both the
patient’s fatty acid profile, as explained in Section 6, and the peroxidation products, as
shown in Table 4. The events of peroxidation and apoptosis have evolved recently into the
ferroptosis process which is an alternative means of cell death, different from apoptosis
and necrosis [144], determined by an iron-dependent high accumulation of lipid hydroper-
oxides; cell death is triggered by unrestricted lipid peroxidation and, consequently, cell
membrane disruption. Fatty acid peroxidation in the ferroptosis process is mainly due to
the inactivation of glutathione peroxidase 4 (GPX4) [145] that catalyzes the conversion of
toxic lipid hydroperoxides in non-toxic lipid alcohols. Therefore, the ferroptosis process
can be altered by iron chelators, lipophilic antioxidants and also the depletion of polyunsat-
urated fatty acids, due to poor repair and turnover [146]. Here it is not the scope to review
the ferroptosis process that can be deepened by literature survey [147–149]. The beneficial
or detrimental effects of antioxidants during cancer therapy, based on the free radical
mechanism, is a debated topic [150–152]. Problems can arise from the fact that antioxidant
supplements, recommended to tolerate or mitigate adverse side effects of oxidative dam-
ages induced by treatments, can reduce or abolish the efficacy of such therapies. Indeed,
lipid peroxidation induced by anti-tumoral treatment generates oxidation by-products
from unsaturated fatty acids, that can act as adjuvants and supporters of cytotoxicity in
cancer therapy, but these by-products are annihilated in the presence of antioxidants and
peroxidation inhibitors, such as vitamin E, N-acetyl cysteine and α-tocopherol [121,153,154].

This subject is still the matter of studies and debates to reach general recommendations,
because final antioxidant effects depend on several variables, such as the type of tumor, the
mechanism by which therapies function, the type and dosage of supplement, as well as
the patient’s antioxidant status [155]. Types and doses of antioxidant supplements must
be individuated clearly, in order to be able to promote the protective effects on normal
cells without invalidating the drug-induced free radical toxicity on cancer cells. Actually,
prescription of antioxidants, such as vitamins and supplements, is very moderate during
radio- and chemotherapies [156,157].

8. Conclusions

In summary, the success of fatty acid-based food and, especially, supplementation
strategies in cancer therapy is connected with a delicate balance which involves: (a) the
quality and quantity of fatty acids in the cellular pool and, in particular, in membranes;
(b) the oxidative and anti-oxidant processes in order to sustain the adjuvant effect of free
radical and ROS mechanism. As discussed in this review, the scenario of synergic effects
induced by fatty acids for the cancer cell growth control is complex and a fine monitoring
of the individual status is needed, in order to assign the specific treatment and fully control
the benefits of lipid therapy.

In conclusion, fatty acids emerge as crucial molecules involved in structural and func-
tional roles at cellular level, as well as in nutritional directions and supplementations, with
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a high potential to be coupled with cancer disease evaluation and intervention. As shown
in this review, the importance of lipids and fatty acid types is established, distinguishing
saturated from mono- and poly-unsaturated fats, also from a global perspective [55], how-
ever, in nutritional epidemiology it is still highly debated as to how foods increase cancer
risk [158] or support treatments and counteract malnutrition [37]. Cell membrane lipidome
emerges as a target for cancer studies, in order to evaluate fatty acid quantity, quality and
bioavailability, in particular in forming membrane phospholipids and functioning for a
physiological balance. Indeed, we believe that the membrane fatty acid-based approach of
precision nutrition and nutraceuticals in cancer and prevention is highly motivated by both
the needs of cells, especially of tumoral cells, for membrane lipids to ensure replication,
and the creation of a controlled and anti-inflammatory molecular environment, which can
then cooperate with other preventive measures, as well as with therapies.
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23. Szlasa, W.; Zendran, I.; Zalesińska, A.; Tarek, M.; Kulbacka, J. Lipid Composition of the Cancer Cell Membrane. J. Bioenergy

Biomembr. 2020, 52, 321–342. [CrossRef] [PubMed]
24. Ferreri, C.; Sansone, A.; Ferreri, R.; Amézaga, J.; Tueros, I. Fatty acids and Membrane Lipidomics in Oncology: A Cross-road of

Nutritional, Signaling and Metabolic Pathways. Metabolites 2020, 10, 345. [CrossRef] [PubMed]
25. Beloribi-Djefaflia, S.; Vasseur, S.; Guillaumond, F. Lipid Metabolic Reprogramming in Cancer Cells. Oncogenesis 2016, 5, e189.

[CrossRef] [PubMed]
26. Koundouros, N.; Poulogiannis, G. Reprogramming of Fatty Acid Metabolism in Cancer. Br. J. Cancer 2020, 122, 4–22. [CrossRef]
27. Igal, R.A. Roles of Stearoyl CoA Desaturase-1 in the Regulation of Cancer Growth, Survival and tumorigenesis. Cancer 2011, 3,

2462–2477. [CrossRef]
28. Kamphorst, J.J.; Cross, J.R.; Fan, J.; Methew, R.; White, E.P.; Thompson, C.B.; Rabinowitz, J.D. Hypoxic and Ras-transformed cells

support growth by scavenging unsaturated fatty acids from lysophospholipids. Proc. Natl. Acad. Sci. USA 2013, 110, 8882–8887.
[CrossRef]

29. Peck, B.; Schug, Z.T.; Zhang, Q.; Dankworth, B.; Jones, D.T.; Smethurst, E.; Patel, R.; Mason, S.; Jiang, M.; Saunders, R.; et al.
Inhibition of Fatty Acid Desaturation is Detrimental to Cancer Cell Survival in Metabolically Compromised Environments. Cancer
Metab. 2016, 4, 6. [CrossRef]

30. Mason, P.; Liang, B.; Li, L.; Fremgen, T.; Murphy, E.; Quinn, A.; Madden, S.L.; Biemann, H.P.; Wang, B.; Cohen, A.; et al. SCD1
Inhibition causes Cancer Cell Death by Depleting Mono-unsaturated Fatty Acids. PLoS ONE 2012, 7, e33823. [CrossRef]

31. Cohen, B.E. Membrane Thickness as a Key Factor Contributing to the Activation of Osmosensors and Essential Ras Signaling
Pathways. Front. Cell Develop. Biol. 2018, 6, 76. [CrossRef]

32. Lin, C.Y.; Lee, C.H.; Chuang, Y.H.; Lee, C.H.; Chuang, Y.H.; Lee, J.Y.; Chiu, Y.Y.; Wu Lee, Y.-H.; Yong, Y.-J.; Hwang, J.-K.; et al.
Membrane Protein-regulated Networks across Human Cancers. Nat. Commun. 2019, 10, 3131. [CrossRef]

33. Peretti, D.; Kim, S.H.; Tufi, R.; Lev, S. Lipid Transfer Proteins and Membrane Contact Sites in Human Cancer. Front. Cell Dev. Biol.
2020, 7, 371. [CrossRef] [PubMed]

34. Icard, P.; Wu, Z.R.; Fournel, L.; Coquerel, A.; Lincet, H.; Alifano, M. ATP Citrate Lyase: A Central Metabolic Enzyme in Cancer.
Cancer Lett. 2020, 471, 125–134. [CrossRef] [PubMed]

35. Wang, Y.; Yu, W.; Li, S.; Guo, D.; He, J.; Wang, Y. Acetyl-CoA Carboxylases and Diseases. Front. Oncol. 2022, 12, 836058. [CrossRef]
[PubMed]

36. Kanarek, N.; Petrova, B.; Sabatini, D.M. Dietary Modifications for Enhanced Cancer Therapy. Nature 2020, 579, 507–517. [CrossRef]
[PubMed]

37. Gray, A.; Dang, B.N.; Moore, T.B.; Clemens, R.; Pressman, P. A review of nutrition and dietary interventions in oncology. Sage
Open Med. 2020, 8, 1–16. [CrossRef] [PubMed]

38. Zhu, H.Y.; Bi, D.X.; Zhang, Y.H.; Kong, C.; Du, J.H.; Wu, X.W.; Wei, Q.; Qin, H.L. Ketogenic diet for human diseases: The
underlying mechanisms and potential for clinical implementations. Sig. Transduct. Target Ther. 2022, 7, 11. [CrossRef] [PubMed]

39. Khodadadi, S.; Sobhani, N.; Mirshekar, S.; Ghiasvand, R.; Pourmasoumi, M.; Miraghajani, M.; Dehsoukhteh, S.S. Tumor cells
growth and survival time with the ketogenic diet in animal models: A systematic review. Int. J. Prev. Med. 2017, 8, 35. [CrossRef]

40. Talib, W.H.; Mahmod, A.I.; Kamal, A.; Rashid, H.M.; Alashqar, A.M.D.; Khater, S.; Jamal, D.; Waly, M. Ketogenic Diet in Cancer
Prevention and Therapy: Molecular Targets and Therapeutic Opportunities. Curr. Issues Mol. Biol. 2021, 43, 558–589. [CrossRef]

41. Weber, D.D.; Aminzadeh-Gohari, S.; Tulipan, J.; Catalano, L.; Feichtinger, R.G.; Kofler, B. Ketogenic Diet in the Treatment of
Cancer—Where Do We Stand? Mol. Metab. 2020, 33, 102–121. [CrossRef]

http://doi.org/10.1016/j.plipres.2016.05.001
http://www.ncbi.nlm.nih.gov/pubmed/27216485
https://www.msdmanuals.com/professional/nutritional-disorders/undernutrition/essential-fatty-acid-deficiency
https://www.msdmanuals.com/professional/nutritional-disorders/undernutrition/essential-fatty-acid-deficiency
http://doi.org/10.1093/ajcn/71.1.367s
http://www.ncbi.nlm.nih.gov/pubmed/10617999
http://doi.org/10.1016/S0163-7827(00)00017-5
http://doi.org/10.1038/nrm.2017.138
http://doi.org/10.1038/s41538-019-0061-9
http://www.ncbi.nlm.nih.gov/pubmed/31909187
http://doi.org/10.1186/1741-7015-10-50
http://doi.org/10.3390/nu11050945
http://doi.org/10.1111/febs.15018
http://doi.org/10.3390/ijms19123871
http://doi.org/10.1007/s10863-020-09846-4
http://www.ncbi.nlm.nih.gov/pubmed/32715369
http://doi.org/10.3390/metabo10090345
http://www.ncbi.nlm.nih.gov/pubmed/32854444
http://doi.org/10.1038/oncsis.2015.49
http://www.ncbi.nlm.nih.gov/pubmed/26807644
http://doi.org/10.1038/s41416-019-0650-z
http://doi.org/10.3390/cancers3022462
http://doi.org/10.1073/pnas.1307237110
http://doi.org/10.1186/s40170-016-0146-8
http://doi.org/10.1371/journal.pone.0033823
http://doi.org/10.3389/fcell.2018.00076
http://doi.org/10.1038/s41467-019-10920-8
http://doi.org/10.3389/fcell.2019.00371
http://www.ncbi.nlm.nih.gov/pubmed/32039198
http://doi.org/10.1016/j.canlet.2019.12.010
http://www.ncbi.nlm.nih.gov/pubmed/31830561
http://doi.org/10.3389/fonc.2022.836058
http://www.ncbi.nlm.nih.gov/pubmed/35359351
http://doi.org/10.1038/s41586-020-2124-0
http://www.ncbi.nlm.nih.gov/pubmed/32214253
http://doi.org/10.1177/2050312120926877
http://www.ncbi.nlm.nih.gov/pubmed/32537159
http://doi.org/10.1038/s41392-021-00831-w
http://www.ncbi.nlm.nih.gov/pubmed/35034957
http://doi.org/10.4103/2008-7802.207035
http://doi.org/10.3390/cimb43020042
http://doi.org/10.1016/j.molmet.2019.06.026


Int. J. Mol. Sci. 2022, 23, 6030 17 of 21

42. Yang, Y.F.; Mattamel, P.B.; Joseph, T.; Huang, J.; Chen, Q.; Akinwunmi, B.O.; Zhang, C.J.P.; Ming, W.K. Efficacy of Low-
Carbohydrate Ketogenic Diet as an Adjuvant Cancer Therapy: A Systematic Review and Meta-Analysis of Randomized
Controlled Trials. Nutrients 2021, 13, 1388. [CrossRef]

43. Lane, J.; Brown, N.I.; Williams, S.; Plaisance, E.P.; Fontaine, K.R. Ketogenic diet for cancer: Critical assessment and research
recommendations. Nutrients 2021, 13, 3562. [CrossRef]

44. Römer, M.; Dörfler, J.; Huebner, J. The use of ketogenic diets in cancer patients: A systematic review. Clin. Exper.Med. 2021, 21,
501–536. [CrossRef] [PubMed]

45. Peláez, R.; Pariente, A.; Pérez-Sala, Á.; Larráyoz, I.M. Sterculic Acid: The Mechanisms of Action beyond Stearoyl-CoA Desaturase
Inhibition and Therapeutic Opportunities in Human Diseases. Cells 2020, 9, 140. [CrossRef] [PubMed]

46. Uto, Y. Recent Progress in the Discovery and Development of Stearoyl CoA Desaturase Inhibitors. Chem. Phys. Lipids 2016, 197,
3–12. [CrossRef] [PubMed]

47. Pascual, G.; Avgustinova, A.; Mejetta, S.; Martín, M.; Castellanos, A.; Attolini, C.S.; Berenguer, A.; Prats, N.; Toll, A.; Hueto, J.A.;
et al. Targeting Metastasis-initiating Cells through the Fatty Acid Receptor CD36. Nature 2017, 541, 41–45. [CrossRef] [PubMed]

48. Pascual, G.; Domínguez, D.; Elosúa-Bayes, M.; Beckedorff, F.; Laudanna, C.; Bigas, C.; Douillet, D.; Greco, C.; Symeonidi, A.;
Hernández, I.; et al. Dietary Palmitic Acid promotes a Prometastatic Memory via Schwann cells. Nature 2021, 599, 485–490.
[CrossRef] [PubMed]

49. Liu, X.Z.; Rulina, A.; Choi, M.H.; Pedersen, L.; Lepland, J.; Takle, S.T.; Madeleine, L.; Peters, S.D.; Wogsland, S.E.; Grondal, S.M.;
et al. C/EBPB-dependent Adaptation to Palmitic Acid Promotes Tumor Formation in Hormone Receptor Negative Breast Cancer.
Nat. Commun. 2022, 13, 69. [CrossRef]

50. Bolognesi, A.; Chatgilialoglu, A.; Polito, L.; Ferreri, C. Membrane Lipidome Reorganization correlates with the Fate of Neuroblas-
toma Cells Supplemented with Fatty Acids. PLoS ONE 2013, 8, e55537. [CrossRef]

51. Prendeville, H.; Lynch, L. Diet, Lipids, and Antitumor Immunity. Cell Mol. Immunol. 2022, 19, 432–444. [CrossRef]
52. Owen, R.W.; Haubner, R.; Wurtele, G.; Hull, W.E.; Spiegelhalder, B.; Bartsch, H. Olives and Olive Oil in Cancer Prevention. Eur. J.

Cancer Prev. 2004, 13, 319–326. [CrossRef]
53. Markellos, C.; Ourailidou, M.-E.; Gavriatopoulou, M.; Halvatsiotis, P.; Sergentanis, T.N.; Psaltopoulou, T. Olive Oil Intake and

Cancer Risk: A Systematic Review and Meta-analysis. PLoS ONE 2022, 17, e0261649. [CrossRef] [PubMed]
54. Castro-Espin, C.; Agudo, A. The Role of Diet in Prognosis among Cancer Survivors: A Systematic Review and Meta-Analysis of

Dietary Patterns and Diet Interventions. Nutrients 2022, 14, 348. [CrossRef] [PubMed]
55. Afshin, A.; Sur, P.J.; Fay, K.A.; Cornaby, L.; Ferrara, G.; Salama, J.S.; Mullany, E.C.; Abate, K.H.; Abbafati, C.; Abebe, Z.; et al.

Health Effects of Dietary Risks in 195 Countries, 1990–2017: A Systematic Analysis for the Global Burden of Disease Study 2017.
Lancet 2019, 393, 1958–1972. [CrossRef]

56. Sansone, A.; Melchiorre, M.; Chatgilialoglu, C.; Ferreri, C. Hexadecenoic Fatty Acid Isomers: A Chemical Biology Approach for
Human Plasma Biomarker Development. Chem. Res. Toxicol. 2013, 26, 1703–1709. [CrossRef] [PubMed]

57. Scanferlato, R.; Bortolotti, M.; Sansone, A.; Chatgilialoglu, C.; Polito, L.; De Spirito, M.; Maulucci, G.; Bolognesi, A.; Ferreri, C.
Hexadecenoic Fatty Acid Positional Isomers and De Novo PUFA Synthesis in Colon Cancer Cells. Int. J. Mol. Sci. 2019, 20, 832.
[CrossRef]

58. Ferreri, C.; Sansone, A.; Buratta, S.; Urbanelli, L.; Costanzi, E.; Emiliani, C.; Chatgilialoglu, C. The n-10 Fatty Acids Family in the
Lipidome of Human Prostatic Adenocarcinoma Cell Membranes and Extracellular Vesicles. Cancers 2020, 12, 900. [CrossRef]

59. Oatman, N.; Dasgupta, N.; Arora, P.; Choi, K.; Gawali, M.V.; Gupta, N.; Parameswaran, S.; Salomone, J.; Reisz, J.A.; Lawler,
S.; et al. Mechanisms of Stearoyl CoA Desaturase Inhibitor Sensitivity and Acquired Resistance in Cancer. Sci. Adv. 2021, 7,
eabd7459. [CrossRef]

60. Küçüksayan, E.; Sansone, A.; Chatgilialoglu, C.; Ozben, T.; Tekeli, D.; Talibova, G.; Ferreri, C. Sapienic Acid Metabolism Influences
Membrane Plasticity and Protein Signaling in Breast Cancer Cell Lines. Cells 2022, 11, 225. [CrossRef]

61. Zhou, J.; Chen, L.F.; Liu, Z.J.; Sang, L.; Li, Y.M.; Yuan, D.J. Changes in Erythrocyte Polyunsaturated Fatty Acids and Plasma
Eicosanoids Level in Patients with Asthma. Lipids Health Dis. 2018, 17, 206. [CrossRef]

62. Santhekadur, P.K.; Das, S.K.; Gredler, R.; Chen, D.; Srivastava, J.; Robertson, C.; Baldwin, A.S., Jr.; Fisher, P.B.; Sarkar, D.
Multifunction protein staphylococcal nuclease domain containing 1 (SND1) promotes tumor angiogenesis in human hepatocellular
carcinoma through novel pathway that involves nuclear factor κB and miR-221. J. Biol. Chem. 2012, 287, 13952–13958. [CrossRef]

63. Niu, J.C.; Ma, N.; Liu, W.; Wang, P.J. E-prostanoid (EP)1 receptor is involved in prostaglandin E2-induced osteosarcoma growth.
Bosn. J. Basic Med. Sci. 2019, 19, 265–273.

64. Li, F.; He, B.; Ma, X.; Yu, S.; Bhave, R.R.; Lentz, S.R.; Tan, K.; Guzman, M.L.; Zhao, C.; Xue, H.-H. Prostaglandin E1 and Its Analog
Misoprostol Inhibit Human CML Stem Cell Self-Renewal via EP4 Receptor Activation and Repression of AP-1. Cell Stem. Cell
2017, 21, 359–373. [CrossRef] [PubMed]

65. Jara-Gutiérrez, Á.; Baladrón, V. The Role of Prostaglandins in Different Types of Cancer. Cells 2021, 10, 1487. [CrossRef] [PubMed]
66. Nicolson, G.L.; Ash, M.E. Lipid Replacement Therapy: A Natural Medicine Approach to Replacing Damaged Lipids in Cellular

Membranes and Organelles and Restoring Function. Biochim. Biophys. Acta Biomembr. 2014, 1838, 1657–1679. [CrossRef] [PubMed]
67. Moessinger, C.; Klizaite, K.; Steinhagen, A.; Philippou-Massier, J.; Shevchenko, A.; Hoch, M.; Ejsing, C.S.; Thiele, C. Two

Different Pathways of Phosphatidylcholine Synthesis, the Kennedy Pathway and the Lands Cycle, differentially Regulate Cellular
Triacylglycerol Storage. BMC Cell Biol. 2014, 15, 43. [CrossRef]

http://doi.org/10.3390/nu13051388
http://doi.org/10.3390/nu13103562
http://doi.org/10.1007/s10238-021-00710-2
http://www.ncbi.nlm.nih.gov/pubmed/33813635
http://doi.org/10.3390/cells9010140
http://www.ncbi.nlm.nih.gov/pubmed/31936134
http://doi.org/10.1016/j.chemphyslip.2015.08.018
http://www.ncbi.nlm.nih.gov/pubmed/26344107
http://doi.org/10.1038/nature20791
http://www.ncbi.nlm.nih.gov/pubmed/27974793
http://doi.org/10.1038/s41586-021-04075-0
http://www.ncbi.nlm.nih.gov/pubmed/34759321
http://doi.org/10.1038/s41467-021-27734-2
http://doi.org/10.1371/journal.pone.0055537
http://doi.org/10.1038/s41423-021-00781-x
http://doi.org/10.1097/01.cej.0000130221.19480.7e
http://doi.org/10.1371/journal.pone.0261649
http://www.ncbi.nlm.nih.gov/pubmed/35015763
http://doi.org/10.3390/nu14020348
http://www.ncbi.nlm.nih.gov/pubmed/35057525
http://doi.org/10.1016/S0140-6736(19)30041-8
http://doi.org/10.1021/tx400287u
http://www.ncbi.nlm.nih.gov/pubmed/24083821
http://doi.org/10.3390/ijms20040832
http://doi.org/10.3390/cancers12040900
http://doi.org/10.1126/sciadv.abd7459
http://doi.org/10.3390/cells11020225
http://doi.org/10.1186/s12944-018-0853-y
http://doi.org/10.1074/jbc.M111.321646
http://doi.org/10.1016/j.stem.2017.08.001
http://www.ncbi.nlm.nih.gov/pubmed/28844837
http://doi.org/10.3390/cells10061487
http://www.ncbi.nlm.nih.gov/pubmed/34199169
http://doi.org/10.1016/j.bbamem.2013.11.010
http://www.ncbi.nlm.nih.gov/pubmed/24269541
http://doi.org/10.1186/s12860-014-0043-3


Int. J. Mol. Sci. 2022, 23, 6030 18 of 21

68. Zhang, Q.; Yao, D.Q.; Rao, B.; Jian, L.Y.; Chen, Y.; Hu, K.X.; Xia, Y.; Li, S.B.; Shen, Y.F.; Qin, A.; et al. The Structural Basis for the
Phospholipid Remodeling by Lysophosphatidylcholine Acyltransferase 3. Nat. Commun. 2021, 12, 6869. [CrossRef]

69. Wang, B.; Tontonoz, P. Phospholipid Remodeling in Physiology and Disease. Annu. Rev. Physiol. 2019, 81, 165–188. [CrossRef]
70. Nagarajan, S.R.; Butler, L.M.; Hoy, A.J. The Diversity and Breadth of Cancer Cell Fatty Acid Metabolism. Cancer Metab. 2021, 9, 2.

[CrossRef]
71. Menounou, G.; Giacometti, G.; Scanferlato, R.; Dambruoso, P.; Sansone, A.; Tueros, I.; Amézaga, J.; Chatgilialoglu, C.; Ferreri,

C. Trans Lipid Library: Synthesis of Docosahexaenoic Acid (DHA) Monotrans Isomers and Regioisomer Identification in
DHA-Containing Supplements. Chem. Res. Toxicol. 2019, 19, 191–200. [CrossRef]

72. Xiao-Jun, J.; Lu-Jing, R.; He, H. Omega-3 Biotechnology: A Green and Sustainable Process for Omega-3 Fatty Acids Production.
Front. Bioeng. Biotechnol. 2015, 3, 158. [CrossRef]

73. Singh, S. Microbial Production of γ-Linolenic Acid: An Overview. J. Pharmacy Res. 2011, 44, 1–5.
74. Xie, D.; Jackson, E.N.; Zhu, Q. Sustainable Source of Omega-3 Eicosapentaenoic Acid from Metabolically Engineered Yarrowia

lipolytica: From Fundamental Research to Commercial Production. Appl. Microbiol. Biotechnol. 2015, 99, 1599–1610. [CrossRef]
[PubMed]

75. Oliver, L.; Dietrich, T.; Marañón, I.; Villarán, M.C.; Barrio, R.J. Producing Omega-3 Polyunsaturated Fatty Acids: A Review of
Sustainable Sources and Future Trends for the EPA and DHA Market. Resources 2020, 9, 148. [CrossRef]

76. Berquin, I.M.; Edwards, I.J.; Chen, Y.Q. Multi-targeted Therapy of Cancer by Omega-3 Fatty Acids. Cancer Lett. 2008, 269, 363–377.
[CrossRef] [PubMed]

77. D’Eliseo, D.; Velotti, F. Omega-3 Fatty Acids and Cancer Cell Cytotoxicity: Implications for Multi-Targeted Cancer Therapy. J.
Clin. Med. 2016, 5, 15. [CrossRef]

78. Taylor, L.A.; Pletschen, L.; Arends, J.; Unger, C.; Massing, U. Marine Phospholipids-a Promising New Dietary Approach to
Tumor-associated Weight Loss. Support. Care Cancer 2010, 18, 159–170. [CrossRef]

79. Murphy, R.A.; Mourtzakis, M.; Chu, Q.S.C.; Baracos, V.E.; Reiman, T.; Mazurak, V.C. Nutritional Intervention with Fish Oil
Provides a Benefit Over Standard of Care for Weight and Skeletal Muscle Mass in Patients with Nonsmall Cell Lung Cancer
Receiving Chemotherapy. Cancer 2011, 117, 1775–1782. [CrossRef]

80. Vaughan, V.C.; Hassing, M.R.; Lewandowski, P.A. Marine Polyunsaturated Fatty Acids and Cancer Therapy. Br. J. Cancer 2013,
108, 486–492. [CrossRef]

81. Wei, L.; Wu, Z.; Chen, Y.Q. Multi-targeted Therapy of Cancer by Omega-3 Fatty Acids—An update. Cancer Lett. 2022, 526,
193–204. [CrossRef]

82. Newell, M.; Baker, K.; Postovit, L.M.; Field, C.J. A Critical Review on the Effect of Docosahexaenoic Acid (DHA) on Cancer Cell
Cycle Progression. Int. J. Mol. Sci. 2017, 18, 1784. [CrossRef]

83. Ghasemi Fard, S.; Wang, F.L.; Sinclair, A.J.; Elliott, G.; Turchini, G.M. How does High DHA Fish Oil Affect Health? A Systematic
Review of Evidence. Crit. Rev. Food Sci. Nutr. 2019, 59, 1684–1727. [CrossRef] [PubMed]

84. Park, M.; Kim, H. Anti-cancer Mechanism of Docosahexaenoic Acid in Pancreatic Carcinogenesis: A Mini-review. J. Cancer Prev.
2017, 22, 1–5. [CrossRef] [PubMed]

85. Pizato, N.; Luzete, B.C.; Kiffer, L.; Correa, L.H.; Santos, I.D.; Assumpcao, J.A.F.; Ito, M.K.; Magalhaes, K.G. Omega-3 Do-
cosahexaenoic Acid induces Pyroptosis Cell Death in Triple-negative Breast Cancer Cells. Sci. Rep. 2018, 8, 1952. [CrossRef]
[PubMed]

86. Molfino, A.; Amabile, M.I.; Mazzucco, S.; Biolo, G.; Farcomeni, A.; Ramaccini, C.; Antonaroli, S.; Monti, M.; Muscaritoli, M. Effect
of Oral Docosahexaenoic Acid (DHA) Supplementation on DHA Levels and Omega-3 Index in Red Blood Cell Membranes of
Breast Cancer Patients. Front. Physiol. 2017, 8, 549. [CrossRef] [PubMed]

87. Jiao, Y.; Watts, T.; Xue, J.; Hannafon, B.; Ding, W.Q. Sorafenib and Docosahexaenoic Acid act in Synergy to Suppress Cancer Cell
Viability: A role of Heme Oxygenase 1. BMC Cancer 2018, 18, 1042. [CrossRef]

88. Li, B.; Tan, T.F.; Chu, W.W.; Zhang, Y.; Ye, Y.Z.; Wang, S.S.; Qin, Y.; Tang, J.H.; Cao, X. Co-delivery of Paclitaxel (PTX) and
Docosahexaenoic acid (DHA) by Targeting Lipid Nanoemulsions for Cancer Therapy. Drug Deliv. 2022, 29, 75–88. [CrossRef]

89. Newell, M.; Mackey, J.R.; Bigras, G.; Alvarez-Camacho, M.; Goruk, S.; Ghosh, S.; Schmidt, A.; Miede, D.; Chisotti, A.; Postovit, L.;
et al. Comparing Docosahexaenoic acid (DHA) concomitant with Neoadjuvant Chemotherapy versus Neoadjuvant Chemotherapy
alone in the Treatment of Breast Cancer (DHA WIN): Protocol of a Double-blind, Phase II, Randomised Controlled Trial. BMJ
Open 2019, 9, e030502. [CrossRef]

90. Wang, X.P.; Lin, H.P.; Gu, Y. Multiple Roles of Dihomo-γ-linolenic acid against Proliferation Diseases. Lipids Health Dis. 2012, 11,
25. [CrossRef]

91. Xu, Y.; Qian, S.Y. Anti-cancer Activities ofω-6 Polyunsaturated Fatty Acids. Biomed. J. 2014, 37, 112–119. [CrossRef]
92. Siriamornpun, S.; Suttajit, M. Microchemical Components and Antioxidant activity of Different Morphological Parts of Thai Wild

Purslane (Portulaca oleracea). Weed Sci. 2010, 58, 182–188. [CrossRef]
93. Amézaga, J.; Arranz, S.; Urruticoechea, A.; Ugartemendia, G.; Larraioz, A.; Louka, M.; Uriarte, M.; Ferreri, C.; Tueros, I. Altered

Red Blood Cell Membrane Fatty Acid Profile in Cancer Patients. Nutrients 2018, 10, 1853. [CrossRef] [PubMed]
94. Amézaga, J.; Ugartemendia, G.; Larraioz, A.; Bretaña, N.; Iruretagoyena, A.; Camba, J.; Urruticoechea, A.; Ferreri, C.; Tueros, I.

Altered Levels of Desaturation andω-6 Fatty Acids in Breast Cancer Patients’ Red Blood Cell Membranes. Metabolites 2020, 10,
469. [CrossRef] [PubMed]

http://doi.org/10.1038/s41467-021-27244-1
http://doi.org/10.1146/annurev-physiol-020518-114444
http://doi.org/10.1186/s40170-020-00237-2
http://doi.org/10.1021/acs.chemrestox.8b00021
http://doi.org/10.3389/fbioe.2015.00158
http://doi.org/10.1007/s00253-014-6318-y
http://www.ncbi.nlm.nih.gov/pubmed/25567511
http://doi.org/10.3390/resources9120148
http://doi.org/10.1016/j.canlet.2008.03.044
http://www.ncbi.nlm.nih.gov/pubmed/18479809
http://doi.org/10.3390/jcm5020015
http://doi.org/10.1007/s00520-009-0640-4
http://doi.org/10.1002/cncr.25709
http://doi.org/10.1038/bjc.2012.586
http://doi.org/10.1016/j.canlet.2021.11.023
http://doi.org/10.3390/ijms18081784
http://doi.org/10.1080/10408398.2018.1425978
http://www.ncbi.nlm.nih.gov/pubmed/29494205
http://doi.org/10.15430/JCP.2017.22.1.1
http://www.ncbi.nlm.nih.gov/pubmed/28382280
http://doi.org/10.1038/s41598-018-20422-0
http://www.ncbi.nlm.nih.gov/pubmed/29386662
http://doi.org/10.3389/fphys.2017.00549
http://www.ncbi.nlm.nih.gov/pubmed/28804463
http://doi.org/10.1186/s12885-018-4946-9
http://doi.org/10.1080/10717544.2021.2018523
http://doi.org/10.1136/bmjopen-2019-030502
http://doi.org/10.1186/1476-511X-11-25
http://doi.org/10.4103/2319-4170.131378
http://doi.org/10.1614/WS-D-09-00073.1
http://doi.org/10.3390/nu10121853
http://www.ncbi.nlm.nih.gov/pubmed/30513730
http://doi.org/10.3390/metabo10110469
http://www.ncbi.nlm.nih.gov/pubmed/33212920


Int. J. Mol. Sci. 2022, 23, 6030 19 of 21

95. Coviello, G.; Tutino, V.; Notarnicola, M.; Caruso, M.G. Erythrocyte Membrane Fatty Acids Profile in Colorectal Cancer Patients: A
Preliminary Study. Anticancer Res. 2014, 34, 4775–4779.

96. Akpe, V.; Kim, T.H.; Brown, C.L.; Cock, I.E. Circulating Tumour Cells: A Broad Perspective. J. R. Soc. Interface 2020, 17, 65.
[CrossRef]

97. Paterlini-Brechot, P.; Benali, N.L. Circulating Tumor Cells (CTC) Detection: Clinical Impact and Future Directions. Cancer Lett.
2007, 253, 180–204. [CrossRef] [PubMed]

98. Wang, X.X.; Liu, X.Y.; Jia, Z.Z.; Zhang, Y.L.; Wang, S.; Zhang, H.Y. Evaluation of the Effects of Different Dietary Patterns on Breast
Cancer: Monitoring Circulating Tumor Cells. Foods 2021, 10, 2223. [CrossRef] [PubMed]

99. Yang, S.S.; Lian, G.J. ROS and Diseases: Role in Metabolism and Energy Supply. Mol. Cell. Biochem. 2020, 467, 1–12. [CrossRef]
100. Kumari, S.; Badana, A.K.; Mohan, G.M.; Shailender, G.; Malla, R. Reactive Oxygen Species: A Key Constituent in Cancer Survival.

Biomark. Insights 2018, 13, 1–9. [CrossRef]
101. Catalá, A.; Diaz, M. Editorial: Impact of Lipid Peroxidation on the Physiology and Pathophysiology of Cell Membranes. Front.

Physiol. 2016, 7, 423. [CrossRef]
102. Milne, G.L.; Yin, H.Y.; Hardy, K.D.; Davies, S.S.; Roberts, L.J. Isoprostane Generation and Function. Chem. Rev. 2011, 111,

5973–5996. [CrossRef]
103. Van der Paal, J.; Neyts, E.C.; Verlackt, C.C.W.; Bogaerts, A. Effect of Lipid Peroxidation on Membrane Permeability of Cancer and

Normal Cells subjected to Oxidative Stress. Chem. Sci. 2016, 7, 489–498. [CrossRef] [PubMed]
104. Catalá, A. Lipid Peroxidation modifies the Assembly of Biological Membranes “The Lipid Whisker Model”. Front. Physiol. 2015,

5, 520. [CrossRef] [PubMed]
105. Esterbauer, H. Cytotoxicity and Genotoxicity of Lipid-oxidation Products. Am. J. Clin. Nutr. 1993, 57, 779–786. [CrossRef]

[PubMed]
106. Bhattacharyya, A.; Chattopadhyay, R.; Mitra, S.; Crowe, S.E. Oxidative Stress: An Essential Factor in the Pathogenesis of

Gastrointestinal Mucosal Diseases. Physiol. Rev. 2014, 94, 329–354. [CrossRef] [PubMed]
107. Pizzimenti, S.; Ribero, S.; Cucci, M.A.; Grattarola, M.; Monge, C.; Dianzani, C.; Barrera, G.; Muzio, G. Oxidative Stress-Related

Mechanisms in Melanoma and in the Acquired Resistance to Targeted Therapies. Antioxidants 2021, 10, 1942. [CrossRef]
108. Jaganjac, M.; Milkovic, L.; Gegotek, A.; Cindric, M.; Zarkovic, K.; Skrzydlewska, E.; Zarkovic, N. The Relevance of Pathophysio-

logical Alterations in Redox Signaling of 4-Hydroxynonenal for Pharmacological Therapies of Major Stress-associated Diseases.
Free Radic. Biol. Med. 2020, 157, 128–153. [CrossRef]

109. Yang, B.; Fritsche, K.L.; Beversdorf, D.Q.; Gu, Z.Z.; Lee, J.C.; Folk, W.R.; Greenlief, C.M.; Sun, G.Y. Yin-Yang Mechanisms
Regulating Lipid Peroxidation of Docosahexaenoic Acid and Arachidonic Acid in the Central Nervous System. Front. Neurol.
2019, 10, 642. [CrossRef]

110. Liou, G.Y.; Storz, P. Reactive Oxygen Species in Cancer. Free Radic. Res. 2010, 44, 479–496. [CrossRef]
111. Aggarwal, V.; Tuli, H.S.; Varol, A.; Thakral, F.; Yerer, M.B.; Sak, K.; Varol, M.; Jain, A.; Khan, A.; Sethi, G. Role of Reactive Oxygen

Species in Cancer Progression: Molecular Mechanisms and Recent Advancements. Biomolecules 2019, 9, 735. [CrossRef]
112. Tafani, M.; Sansone, L.; Limana, F.; Arcangeli, T.; De Santis, E.; Polese, M.; Fini, M.; Russo, M.A. The Interplay of Reactive Oxygen

Species, Hypoxia, Inflammation, and Sirtuins in Cancer Initiation and Progression. Oxidative Med. Cell. Longev. 2016, 2016,
3907147. [CrossRef]

113. Steelman, L.S.; Abrams, S.L.; Whelan, J.; Bertrand, F.E.; Ludwig, D.E.; Basecke, J.; Libra, M.; Stivala, F.; Milella, M.; Tafuri, A.; et al.
Contributions of the Raf/MEK/ERK, PI3K/PTEN/Akt/mTOR and Jak/STAT Pathways to Leukemia. Leukemia 2008, 22, 686–707.
[CrossRef] [PubMed]

114. Nishikawa, M. Reactive Oxygen Species in Tumor etastasis. Cancer Lett. 2008, 266, 53–59. [CrossRef] [PubMed]
115. Feng, Z.H.; Hu, W.W.; Marnett, L.J.; Tang, M.S. Malondialdehyde, a Major Endogenous Lipid Peroxidation Product, sensitizes

Human Cells to UV- and BPDE-induced Killing and Mutagenesis through Inhibition of Nucleotide Excision Repair. Mutat. Res.
Fundam. Mol. Mec. Mutagen. 2006, 601, 125–136. [CrossRef] [PubMed]

116. Zhong, H.Q.; Yin, H.Y. Role of Lipid Peroxidation derived 4-Hydroxynonenal (4-HNE) in Cancer: Focusing on Mitochondria.
Redox Biol. 2015, 4, 193–199. [CrossRef]

117. Wang, H.T.; Chen, T.Y.; Weng, C.W.; Yang, C.H.; Tang, M.S. Acrolein Preferentially Damages Nucleolus Eliciting Ribosomal Stress
and Apoptosis in Human Cancer Cells. Oncotarget 2016, 7, 80450–80464. [CrossRef] [PubMed]

118. Ayala, A.; Munoz, M.F.; Argueelles, S. Lipid Peroxidation: Production, Metabolism, and Signaling Mechanisms of Malondialde-
hyde and 4-Hydroxy-2-Nonenal. Oxidative Med. Cell. Longev. 2014, 2014, 360438. [CrossRef]

119. Barrera, G. Oxidative Stress and Lipid Peroxidation Products in Cancer Progression and Therapy. ISRN Oncol. 2012, 2012, 1–21.
[CrossRef]
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