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Abstract

Metabolomics is a systems approach in medical re-
search that aims to quantitatively analyze small mol-
ecules (less than 1500 Da) in a given biospecimen.
Improvement in analytical technologies enabled met-
abolic research in various fields of medicine including
oncology. Metabolic reprogramming is a firmly estab-
lished hallmark of cancer. It includes changes in tumor
cells and in the stromal cells as well. In this review,
we focus on metabolomics in the field of cancer re-
search. In the first part, we discuss the main technical
approaches. In the second part, we address altered
cancer metabolism and additional roles of some me-
tabolites besides energetic and structural roles.
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Introduction

Metabolomics is a new ,omics” field in biomedicine
that provides comprehensive information on cellular
metabolism [1]. It aims to identify and measure hun-
dreds of small molecules (less than 1500 Da) in a giv-
en sample (biofluids, tissue, cell culture) and finally,
give them biological significance [2]. Metabolome is
considered as a downstream point and reflection of
genome, transcriptome, proteome, epigenome and
also environmental influences [1]. Metabolome is sen-
sitive, highly-dynamic, fast-responding and levels of
metabolites are changing in a real-time fashion, being
directly connected to the physiological and pathologi-
cal process. Relation to genomics, transcriptomics and
proteomics is not simple, one to one. It is more simi-
lar to ,net” with multiple bidirectional connections. On
the other hand, genome is less susceptible to change
and not directly associated with the function [3]. In
comparison to other omics, which usually require one
platform to extract or explore molecule of interest,
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metabolomics requires a whole mixture of different
techniques to uncover a broad spectrum of metabo-
lites [4]. Consequently, metabolomics could be more
error-prone and reproducibility between investigators
is still a problem [5]. Therefore, great effort is invested
in the development of standardized procedures [1,4].
Metabolomics is especially evolving in the field of can-
cer research [1,6], motivated by the well-known fact
that metabolism is highly altered in cancer. From his-
torical Warburg's observations about the phenomenon
of aerobic glycolysis [7] and recognizing altered metab-
olism as one of the cancer hallmarks [8], metabolism
started to be an interesting field for developing new
cancer therapies and biomarkers, potentially leaving
classical biomarkers behind [9].

This review is mainly focused on the application of me-
tabolomics in the field of cancer research. First part
will address technical perspective and challenges in
planning experiment and making decisions. The aim is
to point out importance of carefully designing metab-
olomics experiment, to obtain reliable results. In the
second part, emphasis will be on altered cancer metab-
olism and the additional roles of several enumerated
metabolites, besides being a building block or source
of energy. These metabolites play a role in various
signaling and modulating pathways that may have tu-
mor-promoting or tumor-suppressive effects. There-
fore, metabolic changes within a tumor are still going
to be an exciting area of research with a big potential
for future breakthroughs.

Methods

In metabolomics, two approaches are considered: un-
targeted and targeted. Untargeted approach is used
to assess a broad spectrum of metabolites and reveal
their identity and role in metabolic pathways. The un-
targeted approach provides hypothesis, whereas tar-
geted approach aims to test it. Targeted approach is
used to measure exact levels of metabolites or to mea-
sure the conversion rate of one metabolite to another
[10].

Sampling and preparation

Different samples are appropriate for metabolomics
studies: cell cultures, lab animals and human biospe-
cimens such as blood plasma, serum, urine, breath,
tissue or a single cell for compartment focused studies
[1,3]. The first step is to choose the right sample ac-
cording to the question of the research. When explor-
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ing tumor biology and potential therapeutic targets,
tissues and cell cultures are appropriate. Intact tissue
can be analyzed during surgery to assess resection
margins via NMR [11]. MS-based techniques in combi-
nation with surgical methods can also be used for intra-
operative tissue assessment. Such techniques include
intelligent knife (iKnife) and Mass Spec and application
of picosecond infrared laser (PIRL) and desorption elec-
trospray ionization (DESI) [12]. Biological fluids such as
blood serum, plasma and urine are more applicable to
general population metabolomics research because of
relatively easy handling and non or low invasiveness.
Hence, fluids are ideal biospecimens for discovering
new potential biomarkers for screening, diagnosis, sur-
veillance and evaluation of therapeutic efficacy. There
is a growing interest in metabolome studies because it
is an endpoint of genome, epigenome and exposome.
Studying metabolome may provide more specific and
sensitive insight into dysregulated metabolic path-
ways in comparison with classical biomarkers [13-16].
Standardized protocols in sampling and handling are
highly significant for providing reliable information.
For appropriate sampling few parameters should be
considered: a) time of sampling b) number of samples
¢) amount of each sample d) sampling and storage
consistency between population of cells, animals or
humans [15]. Firstly, to eliminate effect of different ex-
posures (such as dietary compounds and medications),
diurnal variations, physical activity and dietary varia-
tions should be considered and therefore, their impact
should be minimized. To differentiate whether is me-
tabolite result of exposure or not, sampling at different
exposure levels and types can be obtained. Number of
samples vary depending on: a) complexity (cell culture
<<< humans) b) variability ( cell culture << syngenic ro-
dents << different genders, races and age of humans))
¢) subtility of phenotype or effect that is researched d)
number of sites of collection e) storage conditions and
quality for epidemiological studies with already taken
samples [15,16]. Amount of each sample is growing
with complexity of organism and sample type, liquids
<< tissues [15]. However, each type of sample requires
an appropriate protocol for metabolites extraction. It
is very important to choose the right method which is
characterized by solvent type, temperature, and pH
value. For example, when analyzing a tissue or cells
as a solid sample, disruption step is required. Also, for
these samples, so-called quenching (stopping enzy-
matic activity) is crucial for stable extraction because of
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high metabolic activity and high rate metabolite turnover [17,18]. Features of blood and urine metabolic analysis
are summarized in Table 1.

Table 1. Comparison of blood and urine features

Biospecimen BLOOD URINE References
type (whole blood, plasma, serum, dried | (spot urine, 24h urine)

blood spot)
Number of 220945 metabolites 8610 metabolites [84]
metabolites in
HMDB*

Interfering fac-
tors

Proteins, fasting state, circadian
rhythm, diet, drugs, stress, exer-
cise, body mass index, gender, age,
race, hemolysis, prolonged clotting
time

food and drug derivates and bac-
terial contamination, diet, exercise,
gender, age, circadian rhythm, gut
microflora, genetics

[14,19,85,86-88]

(>60min)
Sampling recom- | 12h fasting 24 h collection [85,87,89]
mendations
Time of process- | centrifugation at 4°C (separation of | within 2 hours of sampling [23,85,87,90]
ing cells) within 4h, stepwise freezing | storage at 4°C while collectin sam-
and storage at -80°C in liquid nitrogen separat- | ples or 24 h urine; -80°C in liquid

ed in multiple aliquots nitrogen separated in multiple

aliquots

Endogenous/ex- | reflects metabolome mostly en- both, endo- and exogenous met- [23,86]
ogenous meta- dogenous abolic products, environmental
bolic ratio exposures

Scope of varia-
tion

relatively stable, tightly regulated

high variability, inter- and intraindi-
vidual

Sample and anal- | higher lower

ysis preparation

complexity

Error analysis higher lower
susceptibility

Invasiveness minimal non-invasive

Abbreviations: *HMDB - human metabolome database
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Less-frequently used samples are saliva, tears, exhaled breath condensate (EBC) and cerebrospinal fluid (CSF).
These samples are simpler and containing fewer compounds than blood and urine [19] and more organ related,
as well. Integrating information obtained from these biospecimens with well-known blood and urine, result in
comprehensive insight into disease. Additionally, analysis of these specimens can be used for identification of po-
tential metabolic biomarkers. Some of the advantages (except CSF) are non-invasiveness and easy access [20-22].
CSF is difficult to obtain but it provides some essential information about central nervous system diseases where-
as other samples seem to be insufficient [23]. The main disadvantages of EBC, saliva and tears are lack of stan-
dardization and many parameters which should be considered for convenient analysis. For EBC saliva cleanness,
temperature and sampler device efficacy are important parameters [20]. Confounding factors in saliva can easily
be avoided if following several simple rules. Avoiding cigarettes, alcohol and coffee 12 hours before sampling and
avoiding collection within 24 hours of dental work [21]. Examples of application of these types of samples are
shown in Table 2. Many studies tried to choose the optimal analytical method depending on the type of sample.

Table 2. Invasiveness and clinical application of less-frequently used samples

Biospecimen

*CSF

Saliva

Tears

Breath

Invasive

Yes

No

No

No

Clinical application

#CNS diseases
-schizophrenia,
Alzheimer's disease,
gliomas, lympho-
mas, traumatic brain
injury etc.

Oral cavity cancer,
periodontal diseas-
es, breast cancer,
hepatocellular car-
cinoma, colon and
pancreatic cancer,
Alzheimer's disease
etc.

Ocular diseases -
glaucoma, dry eye
disease, keratoco-
nus, diabetic reti-
nopathy, trachoma
etc. Sys-
temic diseases,
breast, colon and
pancreatic cancer

Lung, esophageal, gas-
tric cancer; asthma,
chronic obstructive
pulmonary disease,
infections etc.

References

[91-93]

[21,94-96]

[22]

[20,21,97]

Abbreviations: *CSF - cerebrospinal fluid, #CNS - central nervous system

Data acquisition techniques

The two main acquisition techniques in metabolomics are mass spectrometry (MS) and nuclear magnetic reso-
nance (NMR). Separation techniques such as liquid (LC) or gas (GC) chromatography, typically precede MS as a
detection technique [15]. Optimization of separation in GC-MS is achieved by temperature gradient changes and
for LC by changing gradient and mobile phase. When using GC-MS, metabolites are derivatized to become volatile
and electron impact ( El') for ionization is performed. lon is dissociated into multiple fragments which are passing
through m/z quadrupole filter to signal detector. After selecting parent ion by the first quadrupole, the second
quadrupole performs fragmentation and the third quadrupole provides a selection of obtained fragments [3].
That means that final detected signal depends on the specific fragment pattern. Because of many overlapping sig-
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nals, aligning and deconvolution are done via software.
The signal peaks are compared with metabolites in da-
tabanks to reveal identity [15]. However, GC-MS is con-
venient for small molecules (<400 Da) [15] short-chain
fatty acids and sugar alcohols [17], sterols, sugars and
monophosphorylated sugars and hydroxy acids. It is
not suitable for thermally fragile and nonvolatile mol-
ecules [3]. On the other hand, for LC-MS electrospray
ionization (ESI) is used to ionize dissolved metabolites.
The process is followed by high-resolution MS, either
time-of-flight (TOF) or OrbitrapTM, or by tandem MS/
MS to achieve specificity. A process can be accompa-
nied with collision-induced dissociation (CID), fragmen-
tation of ions by inert gas bombing. Therefore, CID is
useful to provide information about structure based
on different fragmentation patterns, when metabolite
of interest is part of a complex solution [24]. LC-MS is
appropriate for temperature sensitive and large weight
molecules, whereas compounds that do not ionize can-
not be measured [3,17]. LC-MS may disclose several
thousand of ions within a sample but some of them are
the result of contamination. Besides minimal sample
preparation, advantages of LC-MS are high throughput
and high sensitivity.

Signal intensity, which depends on mass-to-charge
(m/z) ratio, and retention time are compared with stan-
dards to provide metabolite identity. These process-
es are followed by database matching measured ion
and the standard in the database. Another approach is
chromatography-free, direct-injection MS and it is suit-
able for single cell metabolomics and certain type of
extractions which are not too complex [17].

Targeted metabolomics is favorable when the
identity of metabolite is a priori known and it normally
follows untargeted approach, as well. Process is usually
done using triple quadrupole MS or Qtrap [15]. Quan-
tification can be relative or absolute. Relative quantity
can be obtained comparing the curve of signal intensi-
ty of the analyzed sample with the standard curve of
signal intensity. Absolute quantity can be obtained by
comparasion with standards: internal (using stable iso-
tope labeled internal standards) or external [17,25].
Promising and broadly used stable isotopes enable to
ascertain the role of metabolite in metabolic pathway
and for exact quantification, as well. Classical metab-
olomics analysis does not provide information about
relative activities in metabolic networks. Some metab-
olites participate in hundreds of metabolic reactions
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(for example glutamine) [10,26]. Consequently, there is
a lack of information about how and how much each
pathway contributes to the metabolite level of interest
[26].

Stable isotopes may be used for exact quanti-
fication: stable isotope-labeled internal standards (IS)
with a priori known quantity are used to minimize loss
of signal. How to use stable isotopes in metabolic path-
way analysis? Stable isotopes can be used for both, in
vivo and in vitro studies. Labeled nutrients are brought
into a living tissue of interest and then metabolites are
extracted and analyzed using MS and/or NMR [27]. This
method is low-invasive and requires an injection. Big
advantages of this method are: safe for introducing
into a living organism and information about dynamics
(showing the process, not just a result as in the clas-
sic metabolomics approach). Therefore, stable isotope
pathway enrichment provides more and precise infor-
mation about pathway utilization. How to pick appro-
priate isotope? It depends on the question of a survey.
For example, when tracing amino acid utilization in fur-
ther synthesis carbon (13C) may be chosen, whereas
nitrogen (14N) is useful when observing transamina-
tion [28]. Studies based on stable isotopes may provide
novel information on metabolic pathway's targets and
response to anti-cancer agents [29]. The main issues
are the lack of all IS for all metabolites and the fact that
stable isotope IS are pricey. Another role of stable-iso-
tope labeling is determination of the flux through the
pathways. Finally, stable-isotope labeling can be used
to detect distinct pathways when some metabolites
cannot be measured [30].

NMR spectroscopy is the second main tool with
two traits: the obtained signal is proportional to me-
tabolite concentrations and the signal provides more
information about the structure. It doesn't require de-
struction of tissue and it is highly reproducible [15].
Furthermore, it can be coupled with isotope-labeling
[29] and therefore used to measure metabolite flux-
es. However, the main issues are lack of sensitivity
[1] and overlapping signal peaks. Detection threshold
is significantly higher (uM) in comparison to MS (pM)
[14]. NMR is a valuable method for non-invasive in vivo
assessment of metabolism and currently deemed to
be the best method for assessing urine metabolome
[19]. The problem of low sensitivity is even higher when
NMR is used to measure isotope-labeled metabolites,
especially when using 13C for labeling. To overcome
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this problem, different hyperpolarization techniques
(dynamic nuclear polarization technique) can be used
[17,27].

In the era of bioinformatics, computation-
al tools enable to acquire more precise information
about identity, validity and the role of diverse metab-
olites. Interpretation of data collected by MS and other
techniques is much faster and more accurate because
these tools pick peaks, deconvolute, realign, match and
remove artifacts, as well. Moreover, different computa-
tional tools and Internet platforms (XCMS Online and
MetaboAnalyst) can reveal the role of the distinct mole-
cule in metabolic networks. In the end, the main goal is
to establish the connection between pathological pro-
cess, ensuing metabolic change and measured metab-
olite. With this knowledge, metabolites are becoming
more than biomarkers because they are placed in the
context of metabolic pathways which means that we
have insight into causality. Changes in distinct pathway
are followed by predictable changes in metabolite type
or level. That opens up opportunities to target differ-
ent key-points in metabolism, assess the response of
therapeutic interventions and follow the development
of disease.

Metabolism of tumors

Metabolic changes in tumors became its well-estab-
lished hallmark[8]asaresultofvariousfactors: predom-
inance of oncogenic signaling over tumor-suppressors,
a tissue of origin, interaction with microenvironment,
availability of nutrients and oxygen, and therapy expo-
sure [31]. The most characteristic change is aerobic gly-
colysis, known as Warburg effect [7]. This core change
is characterized by low-effective adenosine triphos-
phate (ATP) production and redirection of intermedi-
ates to anabolic synthesis of macromolecules, which
enables sustainable proliferation and growth [32]. The
first presumption of Otto Warburg was that the can-
cer cells have impaired mitochondria [33]. However, it
turned out to be incorrect - mitochondria have arolein
biosynthesis and also energy production in some can-
cer cells. Lactate can be used as a fuel in TCA. Many
highly glycolytic cells live in symbiosis with oxidative
phosphorylation (OXPHOS)-driven cells and it is seen
between cancer cells and also between cancer and
stromal cells. So-called ,lactate shuttle” is facilitated
by high expression of monocarboxylate transporters
(MCTs) MCT1 and MCT4 on a cell surface [34-38]. Thus,
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MCT1 inhibition may have anticancer effect (Figure 1).
For example, cancer stem cells (CSCs) rely on oxida-
tive metabolism and use lactate as a source of energy,
produced by adjoining cancer-associated fibroblasts
(CAFs). This phenomenon is called ,reverse Warburg
effect” [34,39]. Oxidative metabolism turned out to be
significantly important in metastatic cells. These cells
have high energy demands, whereas proliferation and
growth are less accentuated in that phase [40]. Besides
glucose, glutamine is highly consumed by cancer cells,
and some tumors show ,glutamine addiction” [41,42].
Glutamine serves as a carbon and nitrogen source for
biosynthesis of non-essential amino acids and nucleo-
tides. It can participate in TCA to fulfill energy demands
or get out of the cycle and continue in amino acid syn-
thesis. Moreover, glutamine transport can be coupled
with uptake of essential amino acids. Glutathione en-
ables evasion of reactive oxygen species (ROS)-induced
cell death and its generation relies on glutamine [41].
The metabolism of glycine (which is also a part of glu-
tathione) and serine appeared to be upregulated in tu-
mor cells. Serine participates in so-called ,one-carbon”
metabolism which is important for the generation of
S-adenosylmethionine (SAM) and methylation reac-
tions, nucleotide synthesis and has the biggest share
in reduced nicotinamide adenine dinucleotide phos-
phate (NADPH) generation [41]. The glycine-creatine
pathway is an alternative energy source for metastatic
cells. Increased glycine demands cause increased glu-
taminolysis due to conversion of glutamate to glycine
[40]. Some tumors, such as melanoma and hepatocel-
lular carcinoma show arginine auxotrophy, although
arginine is a non-essential amino acid [43]. The expla-
nation might be in generating precursors for polyam-
ine and nucleotide biosynthesis via silencing enzymes
involved in de novo arginine synthesis [41,44]. Various
lipid species have a special role in membrane biogene-
sis, modulation of apoptosis, protein modification, cell
differentiation, signaling within a cell and tumor micro-
environment, and serve as a fuel for beta-oxidation.
Normally, cells use exogenous fatty acids (FAs), where-
as cancer cells (especially aggressive [45]) increase
the biosynthesis of lipids [45,46] or at least increase
uptake [47]. Cells that synthesize lipids de novo have
been shown to have a higher share of saturated lipids
in their membranes which is possible protection from
oxidative damage [48]. Moreover, this change leads to
decreased fluidity of membrane and it turned out to be
characteristic of aggressive cancer [49]. Acetyl-CoA is a
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starting point for both, FA and cholesterol biosynthesis, and it is mostly coupled with high glycolytic rate and TCA.
However, glutamine and exogenous acetate may also serve for generating acetyl-CoA [41]. Some tumors prefer
fatty acid oxidation (FAO) for ATP generation: prostatic cancer [50], diffuse large B cell ymphoma [51], lung cancer
[45] and metastasis-initiating cells [52]. Under hypoxic conditions, cancer cells can accumulate lipid droplets and
produce lipid-enriched extracellular vesicles (EV) and use stored lipids when conditions become favorable. EVs
have increased content of arachidonic acid which can be used in distant, normoxic cells for production of bioac-
tive lipids - eicosanoids and therefore, contribute to invasive traits [53]. Besides CAFs, which can fuel cancer cells
with lactate, other types of stromal cells can serve as an energy source. Thus, cancer cells can induce lipolysis in
surrounding cancer-associated adipocytes (CAAs) due to lipase activation [54] and directly bind FAs to fatty acid
binding proteins (FABs) or can uptake different lipid species from extracellular vesicles originating from tumor-
ous and non-tumorous cells [55]. Released glycerol can also be utilised, through the glycolysis and thus provide
energy when conditions are not favorable for mitochondrial oxidation [56]. All enumerated metabolic alterations
in tumors and surrounding stromal cells show high metabolic complexity, plasticity and flexibility of tumors, and
remarkably contribute to growth, invasiveness and therapy failure [57].

Fig. 1 Cancer cell symbiosis; therapeutic targe

Figure Caption:

MCT1 and MCT4 play major roles in Ca-cell-Ca-cell symbiosis. Highly oxygenated Ca-cells render MCT1 on their
surface which enables lactate utilization originating from low-oxygenated cells. Therefore, more glucose is left for
anaerobic metabolism of low-oxygenated Ca-cells. Inhibiting MCT1 disables lactate utilization and therefore, high-
ly oxygenated cells are also becoming dependent on glucose. Consequently, less glucose is left for low-oxygenat-
ed cells and they die due to nutrient deficiency. Metformin, the “new-old” drug, amplifies effects of MCT1-inhibitor
due to inhibiting OXPHOS (complex 1) and leading to higher glycolysis dependency. MCT1-inhibitor activities: the
red arrow is direct and the blue arrow is indirect. Lactate is metabolite expressing immunosuppressive (attenua-
tion of dendritic cells, inhibition of monocyte migration, attracting M2MUO and T-reg) and pro-angiogenic activity.
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An acidic environment is boosting MMP activity and Ca-
cell mobility, improving invasive traits.

Abbreviations: MCT - monocarboxylate transporter,
M2MDO - tumor-associated macrophages with pro-tu-
moral activity, often seen in hypoxic conditions, MMP
- matrix metalloproteinases, TGFbeta - tumor growth
factor beta, VEGF - vascular endothelial growth factor,
TCA - tricarboxylic acid cycle

Additional roles of metabolites

Many small molecules are considered as nutrients and/
or building units or waste products. However, most of
them have some additional roles that might be under-
estimated. These additional roles may have an impact
on carcinogenesis. Inclusively, that is confirmation of
assertion that metabolic changes are the hallmark of
cancer. Herein we analyze some typical examples of
metabolites, from every group of nutrients, with addi-
tional roles along with some factors related to tumor
microenvironment.

Microenvironment is already recognized as an
active participant in tumorigenesis [8,25,34,36,41,58].
However, physical and chemical properties of tumor
microenvironment (TME) also govern which types of
cells are going to be in TME, as well as signals origi-
nating from cancer cells. Hypoxia has many tumor-pro-
moting effects, such as metabolic reprogramming, sus-
tained angiogenesis, stem cell phenotype and immune
response repression [58]. The last effect is caused by
several hypoxia-related factors: acidic environment
(pH < 6,8), vascular endothelial growth factor (VEGF)
overexpression, sphingosine-1-phosphate [59], ade-
nosine and lactate accumulation [58]. Acidosis is not
just a consequence of hypoxia and aerobic glycolysis,
it is also seen in excessive oxidative metabolism due to
CO2 production [37,58].

Lactate, abundant metabolite in TME, often
considered as a waste product has two groups of roles,
nutritional and non-nutritional [8,27,35]. Besides nu-
tritional role, lactate enables evasion of immune re-
sponse, thereby connecting two emerging hallmarks
defined by Hanahan and Weinberg in 2011 [8]. Lactate
accumulation is the main cause of tumor acidity in most
cases, which is an immune-suppressive condition by it-
self [58]. Lactate has acidity independent effects due to
binding to cell surface lactate receptor G-protein recep-
tor 81 (GPR81) and GPR81-independent mechanisms
[38,58,60,61]. It blocks cytotoxic activities of CD8+, nat-
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ural killer (NK) and natural killer-like T (NKT) cells [62],
cytokine release and antigen presentation by dendritic
cells (DC). Lactate impairs DC and monocyte differen-
tiation and also lipopolysaccharide-driven cell activa-
tion [63]. Moreover, lactate upregulate expression of
programmed death-ligand 1 (PDL1 or CD274) which is
a major inhibitory pathway in immune cells [60]. Indi-
rectimmune-suppressive actions are due to promoting
myeloid-derived suppressor cells (MDSCs), regulatory
T cells and pro-tumorigenic M2 macrophages [64]. M2
polarization is achieved by hypoxia-inducible factor1
alpha (HIF-1a) stabilization which favors transcription
and release of VEGF and transforming growth factor
beta (TGF-B) which are responsible for angiogene-
sis and epithelial-mesenchymal transition (EMT) [35].
VEGF independent angiogenesis promotion might be
achieved due to nuclear factor kappaB (NF-kB) activa-
tion and thereby IL-8 production in endothelial cells
[61]. Lactate-enriched TME increases CD44, TGF- and
hyaluronan production [65]. It enhances cell motility
and EMT, metastasis favoring properties [37]. More-
over, lactate is acting as an antioxidant, leading (partly)
to radiotherapy resistance [66]. Moreover, in some tu-
mors, lactate is considered as a prognostic biomarker
and associated with risk of metastasis and poor out-
come in various types of tumors such as breast cancer
[67], prostatic cancer [68], head and neck tumors [69],
etc.

Another glycolytic product, intermediate me-
tabolite fructose-1,6-biphosphate (F1,6BP) directly
binds to an intracellular domain of epidermal growth
factor receptor (EGFR) and causes increase its phos-
phorylation. It results in increased glycolysis and lactate
secretion, which consequently leads to immune-sup-
pression. This interesting effect of F1,6BP is perceived
in triple-negative breast cancer (TNBC) [70].

Increase in methylglyoxal (MG) is one of the conse-
quences of high glycolytic flux. This glycating agent is
highly reactive and causes ,carbonyl stress”. Normally,
enzymes glyoxalases deal with this degradation prod-
uct of glycolysis and convert it to D-lactate. Disbalance
between the production of MG and its conversion
leads to accumulation and carbonyl stress. MG targets
observed in cancer are heat shock proteins (Hsps).
Hsp90 is glycated in breast cancer, and therefore, its
protein-stabilization activity is decreased. Finally, MG
causes decreased large tumor suppressor 1 (LATS1),
major kinase in Hippo pathway, antitumor activity. The
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final impact on tumorigenesis is via sustained localiza-
tion of Yes-associated protein (YAP) transcriptional fac-
tor in the cell nucleus. Consequently, it impairs Hippo
pathway function [71], which normally operates in a
process of contact inhibition [72].

Metabolites in lipid group also have ,side-ef-
fects”. In HCC, free fatty acids (FFAs) are reported to
have a role in EMT. FFAs cause loss of desmoplakin
which builds desmosomes and activation of both
TGF-B and Wnt/B -catenin pathways [73]. FFAs are im-
ported via CD36. This receptor is also involved in calci-
um signaling modulation via FFAs in prostatic cancer
[74]. Omega-6 polyunsaturated fatty acids (w-6 PUFA,
for example, arachidonic acid) converts to PGE2 and
promote prostatic cancer cells invasion and migration
to lipid-rich bone marrow, whereas w-3 PUFAs are op-
posing that effect [75]. w-3 PUFAs (poly-unsaturated
FAs) showed as a promising supplement in patients
with breast cancer, treated with mammalian target of
rapamycin (mTOR) inhibitor Rapamycin (Rp). Rp fre-
quently leads to metabolic disorders which can be re-
duced by w-3 PUFAs. The main beneficial effect of w-3
PUFAs is enhanced ROS production leading to lipotox-
icity and prevention of Rp caused autophagy, the main
cause of therapy resistance [76].

Monounsaturated fatty acid, oleic acid (OA)
seems to have a disparate impact on tumors. OA is re-
ported to be protective in breast cancer [77]. On the
other side, a recent study showed that oleic acid ele-
vates cervical cancer tumorigenesis in vivo and in vi-
tro. The underlying mechanism is induction of CD36
expression which further result in phosphorylation
and activation of Src/ERK1/2 signaling pathway. Con-
sequently, OA increases tumor proliferation, migration
and invasion via CD36 cell surface fatty acid receptor
[78]. That implies that an olive oil-rich Mediterranean
diet is considered to be beneficial in many pathological
conditions, but cervical cancer seems to be one of the
exceptions.

Short chain fatty acids (SCFAs) are products of
fiber fermentation in gut. They are well known because
of their various non-nutritional effects. SCFAs have a
role in maintaining intestine homeostasis, integrity
and antitumor properties, which are well established
in colon cancer [79]. However, their role in other types
of cancer is less clear. The recent study showed role
of SCFAs in reduction of invasive phenotype of breast
cancer. That effect is mediated by two receptors free
fatty acid receptors (FFARs) FFAR2 and FFAR3. Both re-
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ceptors increase YAP1 phosphorylation and therefore
decrease Hippo/Yap pathway activity. FFAR2 also in-
creases E-cadherin levels. As a result, cancer cells are
directed to epithelial-like phenotype and invasive prop-
erties of breast cancer are significantly reduced. Dimin-
ished expression of these receptors in aggressive types
of breast cancer prevents the beneficial effects of SC-
FAs [80].

Amino acids build proteins and take part in
TCA. Glutamine is major anaplerotic amino acid, and
participate in biosynthesis of many important metab-
olites [40]. Besides being a nutrient and building unit,
glutamine has anti-inflammatory properties due to in-
duction of phosphatase MKP-1 which leads to cytosolic
phospholipase A2 (cPLA2) inactivation [81].

Proline is another non-essential amino acid and
can be synthesized from glutamate. It is also stored in
collagen and serves as an alternative source of energy
in nutrient-deprived conditions. However, proline has
some regulatory roles. Proline dehydrogenase/proline
oxidase (PRODH/POX) is the enzyme that catalyzes
proline oxidation and therefore produces ROS. Con-
sequently, ROS production is linked to many effects
such as epigenetic changes and modulation of insulin/
insulin growth factor (I/IGF) signaling axis [82]. Proline
is shown to have an impact on differentiation of em-
bryonic stem cells, as well [83].

Conclusion

In conclusion, metabolic reprogramming contributes
to various aspects of tumor growth. Besides energy
supply metabolic changes have additional roles includ-
ing immunomodulation, alterations in signaling path-
ways and enhancement of metastasis-related process-
es. Multiple interactions between metabolome and
genome, transcriptome, proteome and epigenome de-
fine cancer phenotype. Studies on cancer metabolism
contribute to the complex knowledge of tumor biology
and enable discovery of novel biomarkers and thera-
peutic targets.
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