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Abstract: Metabolic changes driven by the hostile tumor microenvironment surrounding cancer cells
and the effect of these changes on tumorigenesis and metastatic potential have been known for a long
time. The usual point of interest is glucose and changes in its utilization by cancer cells, mainly in the
form of the Warburg effect. However, amino acids, both intra- and extracellular, also represent an
important aspect of tumour microenvironment, which can have a significant effect on cancer cell
metabolism and overall development of the tumor. Namely. alterations in the metabolism of amino
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acids glutamine, sarcosine, aspartate, methionine, and cysteine have been previously connected to the
tumor progression and aggressivity of cancer.
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The aim of this review is to pinpoint current gaps in our knowledge of the role of amino acids as a
part of the tumor microenvironment and to show the effect of various amino acids on cancer cell
metabolism and metastatic potential. This review shows limitations and excepticns from the tradi-
tionally accepted model of Warburg effect in some cancer tissues, with the emphasis on prostate
cancer, because the traditional definition of Warburg effect as a metabolic switch to aerobic glycolysis
does not always apply. Prostatic tissue both in a healthy and transtormed state significantly differs in
many metabolic aspects, including the metabolisms of glucose and amino acids, from the metabolism of
other tissues. Findings from different tissues are, therefore, not always interchangeable and have to be
taken into account during experimentation modifying the environment of tumor tissue by amino acid
supplementation or depletion, which could potentially serve as a new therapeutic approach.

Keywords: Cancer metabolism, tumor microenvironment, amino acids, Warburg effect, lactate, cancer-associated

fibroblasts.

1. INTRODUCTION

The ability of cancer cells to migrate and invade
into different parts of the body is considered one of the
crucial aspects and hallmarks of cancer. Spreading of
cancer from the primary site and invasion into the dis-
tant regions of the body, where neoplastic sites are
established, and the consequences of their treatment are
generally the main causes for the vast majority of
cancer-related deaths [1-3].

*Address correspondence to this author at the Department of Patho-
logical Physiclogy, Faculty of Medicine, Masaryk University,
Kamenice 5, CZ-625 00 Brno, Czech Republic; Tel: +420 549 493
631; Fax: +420 549 494 340, E-mail: masarik@med.muni.cz
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The whole process of metastatic migration of a liv-
ing cancer cell from one place to another is very com-
plex and difficult due to the need for cells to leave their
original site, to survive during the transport through the
bloodstream and then to infiltrate and adapt in a new
environment. The migration ability and invasiveness of
cells. therefore, depends heavily on the overall condi-
tion of the cell, on the tumor microenvironment and on
changes in cell metabolism, which can be affected by a
variety of tumor microenvironment parameters and/or
agents [4, 5].

Our interest in prostate cancer metabolism has led to
the identification of several amino acids that show in-
triguing effects on tumorigenesis with regard to poten-
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tial therapeutic or diagnostic exploitation. Kra-
tochvilova ef al. reported that amino acid patterns in
prostate cancer cells during malignant transformation
change significantly, depending on the level of malig-
nancy of cells. Levels of amino acids in cells also
change in reaction to external treatment. In prostate
cancer cell lines, several trends are exhibited in amino
acid levels in relation to the progression of tumor ma-
lignancy [6]. Amino acids glutamine, sarcosine, aspar-
tate, methionine, and cysteine have been therefore cho-
sen for the description of their interplay with the tumor
microenvironment and cancer cell metabolism in con-
nection to metastatic potential. Because prostatic tissue
both in healthy and transformed states differs in many
metabolic aspects, including the glucose metabolism, it
is important to look at the role of these selected amino
acids also in other types of cancer tissues.

This review aims to present an overview of recent
advances in the field of cancer amino acid metabolism
and highlight relevant diagnostic and therapeutic op-
portunities common to different types of cancer, with a
focus on prostate cancer in aspects specific to prostatic
tissue. Emphasis is also placed on controversial topics
and possible future breakthroughs in this area. The arti-
cle is divided into three main sections. First, we pro-
vide an outline of common metabolic changes in cancer
cells along with accentuating recent points of contro-
versy and several new developments. Next, we explore
the metabolic landscape of the tumor microenviron-
ment and the key role of amino acids as a link between
cancer cells, immune cells, and fibroblasts. Lastly, the
relationship between altered amino acid metabolism
and tumor invasion is examined together with related
diagnostic and therapeutic strategies.

2. METABOLIC CHANGES

In order to withstand unfavorable environmental
changes inside the tumor, mainly low nutrient avail-
ability and increasing hypoxia due to insufficient neo-
plastic vasculature and high competition among rapidly
dividing cells, cancer cells have to make changes in
their metabolism to better accommodate them in a hos-
tile environment and further support growth and prolif-
eration [4]. Reprogramming of energetic metabolism
has become one of the cancer hallmarks [7].

2.1. Warburg Effect

One of the fundamental cancer-related changes in
energetic metabolism concerns glucose metabolizing
and is named after Otto Warburg. So-called “Warburg
effect” has been described more than 90 years ago
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(1924) as switching of the normal aerobic cell metabo-
lism to exclusively anaerobic glycolytic metabolism in
cancer cells.

In the majority of non-tumor cells, glucose is me-
tabolized to pyruvate through glycolysis, while produc-
ing a small amount of energy in the form of ATP in the
process. Pyruvate is in mitochondria subsequently oxi-
dized to acetyl coenzyme A, which enters tricarboxylic
acid cycle, which in turn allows the process of oxida-
tive phosphorylation (OXPHOS) to produce large
quantities of ATP. For the completion of this whole
process, the presence of oxygen is required. When the
OXPHOS in cancer cells with metabolism altered by
the Warburg effect becomes uncoupled from the in-
creased glucose uptake and flux, glycolysis leads to
increased production of intermediate metabolites,
which are necessary for biosynthesis in rapidly prolif-
erating cells. Pyruvate may be preferably converted to
lactate instead of entering the mitochondrial oxidative
cycle, thanks to the adaptation of cells to hypoxia by
HIF-1 transcription factor [8, 9].

Warburg effect in some cancer cells exhibits an in-
creased rate of glycolysis and an altered production of
intermediate metabolites, even when oxygen in the en-
vironment is plentiful. It has been previously inaccu-
rately attributed only to the disruption of mitochondrial
function in the cancer cells [10] and is thoroughly con-
sidered and researched for therapeutic utilization [11-
13]. Warburg effect characteristics are mainly ex-
ploited in the form of FDG-PET diagnostic method
(positron emission tomography with the use of (18)F-
fluorodeoxyglucose), which relies on the supposed
bigger uptake of glucose (or the radiologically trace-
able glucose analogue FDG) in the cancer tissue when
compared to the healthy tissue [14].

2.2. Warburg Effect Limitations and Exceptions

However, in light of recent research, the Warburg
effect does not seem as simple as a change from one
form of cancer cell metabolism to another. It appears
that as in many other aspects of cancer, the metabolism
of tumor cells is varied and can differ between different
tissues, parts of the body and types of the discase. Mi-
tochondria of the cancer cells are often perfectly capa-
ble of performing OXPHOS and while glycolysis may
be increased, the significant part of energy in form of
ATP can still be provided by the OXPHOS and with
oxygen consumption [15-18].

Despite these facts, the FDG-PET method is still a
very useful tool for diagnosis, but it may be limited to
certain types of cancer and struggle with others. For
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example, the detection of primary prostate tumors by
FDG-PET does not usually provide satisfactory diag-
nostic results. Healthy, benign hyperplastic and cancer-
ous tissues in prostate cancer often coexist, their levels
of FDG accumulation may overlap and these tumors
only rarely exhibit clearly increased FDG uptake [19,
20]. For these reasons, different radiologically trace-
able markers, other than Warburg effect reliant FDG,
may be used for prostate cancer scanning [21].

The unreliability of FDG-PET scanning in some
tumors implies that a simple definition of the Warburg
effect as a switch to anaerobic metabolism may not
always apply, specifically in prostate cancer or in es-
trogen receptor-positive breast cancer [22]. In fact, the
metabolism of malignant prostate cells differs from
many other types of cancer cells, as metabolism of
healthy prostate cells also has some unique characteris-
tics [22, 23]. Unlike many other tissues, healthy pros-
tate epithelial cells rely heavily on acrobic glycolysis,
which is supposedly typical for the Warburg effect in
cancer cells. Healthy prostate cells accumulate a very
high intracellular level of zinc, which in turn inhibits
oxidation of citrate and leads to extremely high citrate
accumulation and secretion, suppression of Krebs cycle
and promotion of acrobic glycolysis in healthy prostate.
Later, during malignant transformation, prostate cells
lose some of their zinc transporters and the inhibitory
effect on tricarboxylic acid cycle is relieved by the loss
of ability to accumulate zinc. Malignant prostate cells
acquire phenotype reliant on OXPHOS [23]. The
model of “reverse Warburg effect” has therefore been
proposed, in which cancer cells rely more on OX-
PHOS, while cancer-associated fibroblasts (CAFs) in
the microenvironmental influence of cancer cells are
reprogrammed towards an anaerobic glycolysis pheno-
type. CAFs produce a large quantity of lactate, which is
then uploaded into cancer cells and used for respiration
[24]. The whole relationship has also been described as
a form of metabolic parasitism, where fibroblasts di-
rectly feed cancer cells with glycolytic metabolites
[25]; this relationship is further discussed later in the
review.

As mentioned before, primary prostate tumors are
therefore difficult to diagnose by FDG-PET, since there
is no clear and significant increase in glucose uptake
when compared to healthy and benign tissue [19].
However, in later stages of prostate cancer develop-
ment, prostate tumors reactivate glycolysis and become
more detectable by FDG-PET [26]. Aggressive metas-
tatic cell lines are more glucose-dependent [26], glyco-
lytic phenotype supports malignancy and metastasis of
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prostate cancer cells and correlates with poor patient
prognosis [27].

Similar observations can be made in some forms of
breast cancer. While aggressive triple-negative subtype
of breast cancer often displays the typical Warburg me-
tabolism with high glucose uptake [28], estrogen-
positive breast cancer and some forms of triple-
negative breast cancer exhibit reverse Warburg effect
[29, 30]. Similarly to the situation in prostate cancer,
fibroblasts co-cultivated with estrogen-positive cell line
MCF-7 gained a CAF phenotype with enhanced glyco-
lysis [30]. In vivo, normalization of mitochondrial
function via enhancement of mitochondrial complex I
activity in triple-negative breast cancer significantly
reduced the formation of metastasis in mice. Con-
versely, further disruption of the respiratory chain ren-
dered aggressive breast cancer cells even more aggres-
sive and increased the metastatic activity [31].

Differences in oncogenic potential of prostate can-
cer (utilizing oxidative proliferation) versus triple-
negative breast cancer or other types of cancer (charac-
teristic by Warburg metabolism) show that specific
metabolic profiles are not rigidly connected to a certain
level of aggressiveness and metastatic potential, but
rely heavily on biological context and properties of the
original tissue [22, 27].

2.3. Specificity of Aspartate Metabolism in Prostatic
Tissue

Aspartate is a non-essential proteogenic amino acid
in humans. Due to its negative charge, it cannot easily
enter most cells and requires a special SLC1 (solute
carrier) family of transporters. However, cellular needs
for aspartate are in most cell types usually met by the
biosynthesis from glutamine and glutamate, and only
certain tissues require exogenous aspartate supply,
mainly prostatic cells. Prostatic tissue is specific and its
aspartate metabolism differs from other tissues, similar
to differences in the Warburg effect and glucose utili-
zation when compared to other tissues [32]. Most of the
current research comes from rat prostate tissue but has
been later confirmed for human prostate epithelial cells
[33]. During the high demand for aspartate required for
high citrate production in prostate cells, it is actively
transported inside the cell against the unfavorable gra-
dient. This gradient results from physiologically low
levels of aspartate in plasma and high intracellular lev-
els in prostate cells. However, the high influx of aspar-
tate in healthy prostate cells is connected to rapid utili-
zation for citrate production [32]. In prostate cancer, as
mentioned earlier in the review, malignant cells lose
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their ability to accumulate citrate synthesized from as-
partate and glutamate. Aspartate in malignant cells is
therefore not consumed for citrate synthesis and exces-
sively accumulates. Concurrent depletion of other
amino acids suggests amplification of aspartate synthe-
sis pathway at the expense of different pathways, re-
sulting in increased concentrations of aspartate. This
increased aspartate concentration has been connected to
more malignant metastatic phenotypes of prostate can-
cer cells [6]. This connection of high aspartate accumu-
lation with more aggressive cancer cells suggests that
inhibition of aspartate synthesis may pose a new way to
treat prostate cancer.

Similarly, in breast cancer patients, levels of aspar-
tate have been shown to decrease in plasma, while at
the same time, there has been an increase in cancer tis-
sue when compared to non-tumor tissue. Unlike in
blockage of utilization proposed in prostatic cancer
cells, decreased plasma concentration in breast cancer
tissue has been attributed to increased tumor aspartate
utilization and needs, resulting in further aspartate de-
pletion in plasma. Interestingly, this depletion is spe-
cific to breast cancer patients and is not observable in
patients with gastric or colorectal cancer [34].

2.4. Effects of an Increased Lactate Secretion and
Tumor Acidification

Increased extracellular acidity is another hallmark
regularly observed in tumor tissue. Changes in cell me-
tabolism lead to a different profile of metabolite secre-
tion, accumulation of H ions and in turn, increased
acidity further influences metabolic reprogramming of
tumor cells [35, 36].

High lactate production as a result of Warburg cf-
fect, either classic or reversed, is considered to be one
of the main causes for an increased extracellular acidity
(lower pH. value), in addition to the high secretion of
H" ions by cellular transporters and pumps, or
excessive production of CO,. Lactate is a waste product
of cells relying on glycolysis, but can also serve as a
metabolic fuel for oxidative cells or as a signaling
molecule [37]. Exchange and delivery of lactate be-
tween different cells and the environment is, therefore,
an important aspect of tumor metabolism, which could
be targeted and exploited for therapy [38]. Lactate is
generated by the lactate dehydrogenase A (LDHA) ac-
tivity induced by c-Myc and HIF-1 transcription fac-
tors, and in vitro LDHA inhibition leads to the death of
various cancer cells and inhibits tumor progression [39-
41]. The increased lactate production in SiHa and HeLa
tumor cells may act as an oncometabolite as lactate

Stepka et al

through activation of c-Myc mimics hypoxia cell-
response and cells utilize lactate signaling to optimize
glutamine metabolism and thus promote tumor growth
[42].

The inherent acidity connected with high lactate
flux has an important role in the physiology of tumors
and helps to drive tumor cell invasiveness. Both in cul-
tured cell lines and animal models, the acidic environ-
ment has been shown to be connected with an in-
creased expression of H™ secreting transporters in tu-
mor cells and consequently higher degradation of the
extracellular matrix via proteolytic enzymes [43, 44].

Lactate homeostasis and flux across the cell mem-
brane is controlled by members of monocarboxylate
transporters family (MCT), which are encoded by the
SLC16 gene family and have been conserved and iden-
tified throughout all eukaryotic genomes. These trans-
porters are expressed in a variety of tissues and play an
important role not only in physiological processes but
also in pathophysiological cases like cancer [37]. Myc
oncoproteins induce MCT transcription and MCT-
targeting in Myc-expressing tumors suggesting a thera-
peutic target in the form of MCT inhibition with subse-
quent lactate and glucose metabolism collapse [45].

The overexpression of MCTs has been thoroughly
described and shown as a common attribute of many
types of cancer [46]. Particularly in prostate cancer,
high expression of MCT4 in samples from patients is
associated with poor prognosis [47] and with an in-
crease of chemoresistance in prostatic cancer cell lines
[48]. Additionally, the role of MCTs in cell migration
independent of their lactate transporter function has
been described [49]. MCT status and inhibition of
MCTs should be, therefore, further examined for their
potential role in prostate cancer prognosis and thera-
peutic exploitation.

Besides the role of lactate transporters, lactate sig-
naling in tissue recruits macrophages to the tumor site
and in vivo drives them to the tumor-associated macro-
phage (TAM) phenotype [50]. TAMs subsequently via
secretion of various cytokines promote cell growth,
proliferation, and invasiveness [42, 51].

Apart from the increased metastatic potential, high
expression of H' transporters in cancer cells provides
a competitive advantage versus non-tumor cells that
lack capabilities to maintain a viable level of intracellu-
lar pH and thus survive longer periods in an acidic en-
vironment with difficulties [37, 52]. Moreover, an ef-
fect of the metabolic competition in the tumor micro-
environment with a limited nutrient availability on the
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