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Key Points

* Glutamine addiction and dysregulation of the
TCA cycle are characteristic features of gluta-
mine metabolism in cancers.

* Glutamine metabolism can be targeted by
inhibiting glutaminolysis, employing
combination therapies, suppressing c-MYC
expression, inhibiting GDH, depleting the
glutamine supply, inhibiting glutamine uptake,
and exploiting glutamine analogs.

e Transaminase upregulation and targeting of
amino acid synthesis have the potential for
cancer therapy.

e The metabolic reprogramming of cancers
provides them with alternative sources of
glutamate: via N-acetyl-aspartyl-glutamate
(NAAG) and via glutaminase II pathway.

e Glutamine metabolism in the tumor microen-
vironment can impact the development of
cancers.

1 Introduction

Metabolism is a fundamental process for all cel-
lular functions. For decades, there has been grow-
ing evidence of a relationship between
metabolism and malignant cell proliferation.
Unlike normal differentiated cells, cancer cells
have reprogrammed metabolism in order to fulfill
their energy requirements. These cells display
crucial modifications in many metabolic path-
ways, such as glycolysis and glutaminolysis,
which include the tricarboxylic acid (TCA) cycle,
the electron transport chain (ETC), and the pen-
tose phosphate pathway (PPP) [1]. Since the
discovery of the Warburg effect, it has been
shown that the metabolism of cancer cells plays a
critical role in cancer survival and growth. More
recent research suggests that the involvement of
glutamine in cancer metabolism is more signifi-
cant than previously thought. Glutamine, a non-
essential amino acid with both amine and amide
functional groups, is the most abundant amino
acid circulating in the bloodstream [2]. This
chapter discusses the characteristic features of
glutamine metabolism in cancers and the thera-

peutic options to target glutamine metabolism for
cancer treatment.

2 Characteristic Features
of Glutamine Metabolism
in Cancer

2.1 Dysregulation of the TCA

Cycle

This section focuses on abnormalities within the
TCA cycle, also known as the citric acid cycle or
Krebs cycle (Fig. 1), that alter cancer cell metab-
olism. The TCA cycle is the central metabolic
hub of the cell; it acts as a common pathway for
the catabolism of many different sugars, fatty
acids, and amino acids [3]. It also generates elec-
trons that fuel oxidative phosphorylation, a pro-
cess that produces a majority of the energy used
by normoxic cells [3].

Under aerobic conditions, pyruvate formed as
a product of glycolysis goes through oxidative
decarboxylation, a process that removes a car-
boxyl group as CO, to form acetyl coenzyme A
(acetyl-CoA), the typical starting molecule of the
TCA cycle [4]. The TCA cycle takes place within
the mitochondrial matrix [5]. The steps of the
TCA cycle are as follows: (1) citrate synthase
facilitates the condensation of oxaloacetate and
acetyl-CoA to form citrate, (2) the enzyme aconi-
tase then converts citrate to isocitrate, (3) isoci-
trate is further oxidatively decarboxylated by
isocitrate dehydrogenase (IDH), (4) the resulting
compound a-ketoglutarate (a-KG) is transformed
into succinyl-CoA, (5) succinyl-CoA is then fur-
ther converted to succinate by succinyl-CoA syn-
thetase, (6) the succinate dehydrogenase (SDH)
complex catalyzes the oxidation of succinate to
fumarate, (7) fumarate is hydrated to malate by
fumarate hydratase (FH), and finally (8) malate is
then oxidized to oxaloacetate by malate dehydro-
genase—initiating the cycle once again [6]
(Fig. D).

Mutations of TCA cycle genes have been
linked to familial cancer types [6]. Recent
research has found that mutations in the TCA
cycle enzymes SDH, FH, and IDH resulted in a
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dysfunction of the TCA cycle and defects in
mitochondrial metabolism in a wide range of
human cancers [7, 8]. The SDH complex (also
known as mitochondrial complex II) is the only
membrane-bound enzyme of the TCA cycle and
consists of four subunits: SDHA, SDHB, SDHC,
and SDHD. SDHA and SDHB are catalytic
subunits that protrude into the mitochondrial
matrix, while SDHC and SDHD are anchored to
the inner membrane [9]. The SDH enzyme plays
an essential role in tumor suppression.
Heterozygous mutations in SDH genes cause
complete inactivation of the protein function and
are associated with hereditary paragangliomas
and pheochromocytomas [10-12]. Tumors exhib-
iting SDH mutations are more aggressive and
usually proliferate at a much faster rate than nor-
mal cells [9]. In addition to these cancers, several
other neoplasms have been associated with muta-
tions in SDH subunits, including renal cell carci-
noma (RCC), neuroblastoma, gastrointestinal
stromal tumors, thyroid cancer, and testicular
seminoma [13-15].

Similar to SDH, FH mutations occur through-
out the genome. Research has indicated an asso-
ciation between heterozygous FH mutations and
uterine fibroids, hereditary leiomyomatosis, and
papillary renal cell cancer [16]. Additionally, loss
of the wild-type allele in these cancers resulted in
the absence of FH enzymatic activity. FH acts as a
tumor suppressor in these cancers, and its reduced
expression leads to the accumulation of the tran-
scription factor hypoxia-inducible factor-1lo
(HIF-1ar) [1, 17]. High levels of fumarate accu-
mulate and act as oncometabolites, which often
result in dysregulation of cellular functions in
SDH- or FH-deficient cells [1]. Both accumulated
succinate and fumarate are potent inhibitors of
prolyl 4-hydroxylases (PHDs). PHDs are negative
regulators of HIF-1a, a transcriptional factor that
is upregulated under hypoxic conditions when
tumor cells are deprived of adequate oxygen sup-
plies. Impaired PHD activity leads to HIF-1a acti-
vation under normoxia, a condition known as
pseudohypoxia [6]. Pseudohypoxia, in turn, facil-
itates tumor cell growth.

Similar to the metabolic consequences of
SDH and FH mutations, mutations in the IDH

enzyme also result in dysfunction of the TCA
cycle. There are three isoforms of the enzyme
IDH. IDH1 is found in the cytoplasm and per-
oxisomes; IDH2 and IDH3 are localized in the
mitochondrial matrix. IDH3 is the primary
form of IDH in the TCA cycle, whose function
is to convert isocitrate to a-KG. Genomic anal-
ysis has identified mutations in either IDH1 or
IDH?2 in the vast majority of grade II and III
gliomas as well as glioblastoma multiforme
(GBM) patient samples [18]. The abnormal
expression and activity of IDHs result in the
loss of the enzyme’s ability to catalyze the con-
version of isocitrate to a-KG; instead, it gains
a new ability to facilitate the NADPH-
dependent reduction of a-KG to D-2-
hydroxyglutaric acid (D-2HG), an
oncometabolite. Subsequently, excess accumu-
lation of 2HG contributes to the formation of
malignant gliomas [19]. The discovery that
IDHI1 and IDH2 mutations are nearly all mis-
sense mutations localized to residues R132 and
R172, respectively, provides a promising bio-
marker for cancer diagnosis and possibly gene
therapy [20, 21]. It was found that cells harbor-
ing IDH1-R132 and IDH2-R172 mutations in
patients with acute myeloid leukemia gained
the ability to convert a-KG to D-2HG [22].

2.2 Glutamine Addiction

In addition to glucose, proliferating cancer cells
also rely on glutamine as a major source of
energy and building blocks, with glutamine
feeding into the TCA cycle. This condition is
known as glutamine addiction. Glutamine is
one of the most abundant nonessential amino
acids in the bloodstream (produced by the
human body and thus not an essential part of
the diet) and contributes to virtually every bio-
synthetic pathway in proliferating cells.
Moreover, it acts as a nitrogen donor in purine
and pyrimidine synthesis as well as a precursor
for protein and glutathione biosynthesis [23].
Many tumor cells are reliant on exogenous glu-
tamine and have been reported to die in its
absence [24].
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Since glutamine-derived a-KG fuels the TCA
cycle, cancer cells can employ glutaminolysis to
sustain the biosynthesis of many essential
molecules. In RCCs that were either ETC or TCA
cycle deficient, it was found that cancer cells
relied on the reductive carboxylation of gluta-
mine-derived citrate to produce acetyl-CoA and
other precursors to TCA cycle metabolites.
Acetyl-CoA is a necessary intermediate for the
synthesis of lipids, and without it, cancer cells are
not viable. Furthermore, TCA cycle intermedi-
ates are needed to synthesize other essential cel-
lular building blocks. Thus, cells can become
utterly dependent upon glutaminolysis as a result
of genetic alterations affecting oxidative mito-
chondrial function [25]. A study by Gameiro
et al. found that the transcription factor HIF
expression maintained a low level of intracellular
citrate to maintain adequate lipogenesis.
Therefore, the von Hippel-Lindau (VHL)-
deficient RCC cells that constitutively express
HIF-1a and/or HIF-2a become heavily depen-
dent on glutamine for proliferation [26, 27].

Glutamine addiction was also found to occur
in glioma cells that possess a recurrent mutation
of IDHI. As mentioned in the section above,
IDHI catalyzes typically the conversion of isoci-
trate to «-KG, but the mutant isoform converts
o-KG into D-2HG instead, which has been shown
to inhibit cellular differentiation through epigen-
etic alterations [19]. Due to the mutant IDH1
function, glioma cells become increasingly
dependent upon glutamine-derived o-KG pro-
duction. Thereby cancer cells exhibiting gluta-
mine addiction rely on glutaminase (GLS), an
enzyme that converts glutamine to glutamate,
which in turn is converted to a-KG for survival.
The inhibition of GLS suppresses the growth of
glioma cells with IDH1 mutations by decreasing
the availability of glutamine-derived a-KG [28].

Further evidence suggests that the dependence
of specific cancer cells on glutamine may be
more profound than previously thought.
Fluorodeoxyglucose-positron-emission tomogra-
phy (FDG-PET) scanning, a clinical imaging tech-
nique, can detect cancers based on areas of
increased glucose uptake. Specifically, *F-FDG-
PET imaging exploits increased glucose transport

and hexokinase II activities in proliferating tumor
tissues to locate high levels of '®F-FDG, which can
be visualized by PET images. However, some can-
cers are invisible to PET scans and are deemed
PET negative. These PET-negative cancers must
rely on alternative metabolic substrates for their
primary source of energy, namely glutamine [29].
Researchers have used 5-''C-(2S)-glutamine and
8F-(2S.,4R)4-fluoroglutamine as glutamine-based
PET imaging agents, where “F is preferred
because it has 5.5 times the half-life of ''C [30,
31]. Both tracers are useful tools for probing
in vivo metabolism of glutamine and monitoring
radiation effects in cancer patients.

Cancer cells use precursors derived from the
TCA cycle intermediates to synthesize proteins,
lipids, and nucleic acids. In order to maintain
mitochondrial activity, these cells must compen-
sate for lost TCA cycle intermediates caused by
their metabolic diversions [32]. This process of
replenishing metabolic intermediates is known as
anaplerosis [33]. Glutamine provides mitochon-
drial anaplerosis because of its role as a nitrogen
and carbon donor to the cells [32]. It traverses the
cell membrane through amino acid transporters,
ASCT?2 (alanine, serine, cysteine transporter 2),
and system N transporter SN2 [34]. Once it enters
the cytoplasm, glutamine is hydrolyzed to gluta-
mate and ammonia (NH;) via GLS (Fig. 2) [24].

Glutamate can be further catabolized through
the TCA cycle (via conversion to a KG) or serve
as a substrate for glutathione synthesis. a-KG for-
mation can be catalyzed by either glutamate dehy-
drogenase  (GDH) or  aminotransferases.
Alternatively, glutamate can be further converted
to glutathione by glutathione cysteine ligase and
glutathione synthetase. Glutathione is an antioxi-
dant vital to a cell’s immune defense, nutrient
metabolism, and cellular functions [35]. It also
plays an important role in the neutralization of
mitochondrial reactive oxygen species (ROS).
ROS are by-products of oxygen metabolism, the
concentration of which plays a vital role in tumor
proliferation, growth, apoptosis, and metastasis.
Studies have found that ROS acts as a “double-
edged sword” in some cancers; moderately ele-
vated levels of ROS facilitate carcinogenesis while
excessive levels can trigger apoptosis by causing
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Fig. 2 Glutamate can be catalyzed via three different pathways by the aminotransferases GPT, GOT, and PSAT1, all of
which yield a-ketoglutarate (a«-KG) and a different amino acid, alanine, aspartate, and phosphoserine, respectively. These
enzymes are upregulated in cancer, which results in increased a-KG production. Inhibition of the enzymes results in
reduced cancer cell proliferation or tumor growth. Phosphoserine can enter serine and glycine metabolism, where the
enzyme SHMT is also upregulated in cancer. This results in increased production of glycine, which supports protein and
purine synthesis and oxidative phosphorylation, thus leading to tumor growth. Elevated level of glycine further leads to
increased level of glutathione, which mediates oxidative stress and also leads to tumor growth. Tryptophan metabolism is
linked to the regulation of antitumor immune responses, where the enzymes IDO and TDO can lead to immunosuppres-
sion. Inhibition of IDO or TDO leads to reduced tumor growth. Some cancers have reduced ASS1 which leads to decreased
arginine level, causing these cancers to rely on exogenous arginine supply. GPT glutamic-pyruvate transaminase, GOT
glutamic-oxaloacetic transaminase, PSAT/ phosphoserine aminotransferase 1, ASS/ argininosuccinate synthetase 1, /DO
indoleamine-2,3-dioxygenase, 7DO tryptophan-2,3-dioxygenase, SHMT serine hydroxymethyltransferase

damage to DNA and other macromolecules [36].
The dual role of ROS is also evident in the early
and late stages of cancer. At precancerous and neo-
plastic stages, ROS tends to promote proliferation
by inducing oxidative damage and base-pair muta-
tions. In the late stages, however, increased energy
need is correlated with an increase in ROS produc-
tion [37]. Therefore, for a ROS-mediated thera-
peutic approach to be effective, this therapy must
limit ROS production when ROS would induce
proliferation, and it must promote ROS production
when ROS would induce apoptosis.

The inhibition of glutamine metabolism has
been linked to ROS overproduction, which can
devastate cancer cells [38, 39]. Mitochondrial
glutamine metabolism is a significant anaple-
rotic step in tumorigenesis. It is often enhanced
in cancer cells with increased levels of TCA
cycle metabolites [32]. Therefore, inhibiting
GLS could effectively starve cancer cells of the
glutamine essential to their survival and pre-
vent further glutathione synthesis, thus increas-
ing cancer cell exposure to excessive ROS
levels [40].
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The Metabolic
Reprogramming of Cancers
Provides Them

with Alternative Sources

of Glutamate: Via N-Acetyl-
Aspartyl-Glutamate (NAAG)
and via the Glutaminase Il
Pathway

2.3

Two recent studies have uncovered alternative
sources of glutamate in cancer. The first study
identified N-acetyl-aspartyl-glutamate (NAAG),
which can be hydrolyzed to glutamate when
needed by the oncogenic cells via glutamate car-
boxypeptidase II (GCP II) [41, 42], suggesting
that GCPII is a viable target for cancer therapy,
either alone or in combination with glutaminase
inhibition. The second study demonstrated that
upon the inhibition of glutaminase I pathway (the
conversion of glutamine to glutamate by GLS),
pancreatic cancer cells utilized the glutaminase 11
pathway to generate glutamate via glutamine
transaminase K (GTK) [43]. Knocking down the
expression of GTK inhibited the growth of pan-
creatic cancer cells in vitro and tumorigenesis
in vivo. The uncovering of the alternative sources
of glutamate in cancer opens up new strategic
approaches. Specifically, these studies suggest a
combination therapy of GLS1 and GCPII and/or
GTK inhibition for pancreatic cancer therapy.

3 Targeting Glutamine
Metabolism for Cancer
Therapy

Due to its central role in many cancers, glutami-
nolysis is becoming an increasingly prominent
target for cancer therapy. Mammalian cells
express two isoforms of GLS: kidney-type GLS1
and liver-type GLS2. GLS1 is more broadly
expressed in normal tissue, while GLS2 is mainly
present in the liver, brain, pituitary gland, and
pancreas [44]. Both encode a mitochondrial GLS,
which catalyzes the hydrolysis of glutamine to
glutamate [45, 46]. Studies have shown that
c-MYC, a multifaceted transcriptional factor,
upregulates glutamine importers and GLSI1

expression and that p53, a tumor-suppressor
gene/protein, upregulates GLS2 expression
[46-48].

Using stable isotope-resolved metabolomics
(SIRM) studies [49], Le et al. also reported the
persistence of glutamine oxidation via the TCA
cycle under hypoxia. SIRM studies track meta-
bolic transformations using stable isotope labeling
and analyze the metabolic products using nuclear
magnetic resonance (NMR) and mass spectrome-
try (MS) at different time points. Using a human
Burkitt lymphoma model P493 cell line carrying
an inducible MYC vector, the group showed the
coexistence of oxidative and aerobic glycolysis.
Thus, inhibition of GLS induced oxidative stress
and diminished ATP levels in hypoxic cells [39]. It
was also found that glutamine metabolism sup-
ports cellular bioenergetics and redox homeostasis
for proliferation under both aerobic and hypoxic
conditions. P493 cells exhibited low glutathione
levels and high ROS production under inhibition
of GLS and hypoxia. Furthermore, glutamine-
derived glutathione production was sustained
under hypoxia as a coping method under high
ROS levels [39]. These results again suggest that
glutamine metabolism, specifically through GLS
enzyme, is a promising target for cancer therapy.

The TP53 gene codes for a tumor-suppressor
protein known to trigger cell cycle arrest, apopto-
sis, or senescence in response to a variety of cel-
lular dysfunctions, including DNA damage,
oncogene activation, and hypoxia [50]. It is one
of the most frequently mutated genes among all
cancers. However, recent studies have discovered
TP53’s additional roles in regulating energy
metabolism and antioxidant defense mechanisms
[51, 52]. GLS2 is a p53 target gene that plays an
important role in mediating the tumor-suppres-
sant properties of p53. GLS2 increases intracel-
lular levels of glutamate and a-KG, thus leading
to enhanced mitochondrial respiration and ATP
production. It also leads to increased cellular glu-
tathione levels and thus decreased ROS levels
[46]. Hu et al. demonstrated that p53 increased
GLS2 expression under both stressed and non-
stressed conditions—enhancing glutamate levels,
mitochondrial respiration rates, and glutathione
levels while decreasing ROS levels. Furthermore,
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Table 1 Current therapeutic strategies and their mecha-
nism of action in targeting glutamine metabolism

Classification Drug

GLS inhibitors CB-839 (Telaglenastat)
BPTES
968

Glutamine depletion L-Asparaginase
Phenylbutyrate

ASCT?2 inhibitors Benzylserine

L-y-Glutamyl-p-nitroanilide
(GPNA)

V-9302

vy-FBP

Acivicin

Glutamine mimetics

Azaserine

6-Diazo-5-oxo-L-norleucine

(DON)
GDH inhibitors R162

EGCG

ECG
Aminotransferase AOA
inhibitors

the GLS2 gene promoter contains a p53 consen-
sus DNA-binding element whose expression was
induced in response to oxidative stress [1, 46].
Hu’s findings suggest that GLS2 may be a media-
tor to p53’s role in energy metabolism and anti-
oxidant defense, ultimately contributing to its
tumor suppression abilities.

Due to its crucial role in energy regulation and
biosynthesis, targeting glutamine metabolism has
the potential to affect a broad spectrum of can-
cers. In addition to GLS inhibition, the role of
oncogenes and tumor suppressors in regulating
glutamine metabolism makes it a promising ven-
ture for therapeutic strategies. However, while
many drugs have been synthesized to target glu-
tamine metabolism from its initial transport into
the cell to its conversion to a-KG, most are still in
preclinical stages (Table 1) [44].

3.1 Inhibition of Glutaminolysis

by GLS Inhibitors

The most straightforward approach for targeting
glutaminolysis is the inhibition of GLS, which cata-
lyzes the hydrolysis of glutamine to glutamate. The
kidney isoform, GLS1 (or GLS), is found in many

primary tumors, while the liver isoform, GLS2, is
less often expressed in cancers [53]. Inhibiting GLS
can starve cancer cells by blocking the synthesis of
glutamate and thus prevent a-KG from feeding the
TCA cycle. After nuclear factor kappa B (NF-kB)
activates glutaminase C isoform (GAC), an alterna-
tively spliced isoform of GLS1, via phosphoryla-
tion, NF-kB itself is activated by Rho GTPases.
Alteration of Rho GTPases by small-molecule
inhibitors showed a significant decrease in GAC
activity in human breast cancer cells [54]. The
decrease in GAC activity caused breast cancer cells
to stop proliferating and reduced their ability to
invade surrounding cells [54]. Potent therapeutic
GLS inhibitors, such as bis-2-(5-phenylacet-
amido-1,2,4-thiadiazol-2-yl)ethyl sulfide (BPTES)
and its analogs such as CB-839, are being actively
investigated in GLS-targeting studies [38, 54-58].

BPTES allosterically inhibits GLS1 by alter-
ing the conformation of the enzyme and has been
proven in many studies to inhibit cancer cell
growth in vitro and slow tumor growth in vivo
[39, 56, 59]. While BPTES produces formidable
results in vitro, higher concentrations are needed
to achieve the same effect in vivo. Due to its low
solubility, BPTES tends to precipitate at high
concentrations, posing a challenge to the physio-
logical delivery of the drug in clinical trials [60].
A solution was proposed by Elgogary et al. with
an emulsification method that encapsulated
BPTES into biodegradable nanoparticles coated
with poly(ethylene glycol) (PEG) and poly(lactic-
coglycolic acid) (PLGA) to improve nanoparticle
circulation time in the blood. This process
enhanced the efficacy of BPTES in vivo by
improving its solubility and increasing tumor
drug exposure [38].

The only GLS inhibitor to have entered clinical
trials is commonly referred to as CB-839 or com-
mercially as Telaglenastat. CB-839 is a highly
potent allosteric inhibitor that completed phase I
clinical trials in March 2019 in patients with
advanced RCC (NCT02071862) and has in 2020
moved to phase II clinical trials in patients with
non-small cell lung cancer (NCT04265534). Phase
I trials have been completed for hematological
tumors (NCT02071888) and  leukemias
(NCTO02071927), although no clinical data is pub-
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licized. CB-839 has shown efficacy in the treat-
ment of triple-negative breast cancer (TNBC),
showing a marked decrease in glutamine consump-
tion, glutamate production, and levels of glutathi-
one and other TCA cycle intermediates [55].
Elevated GLS expression is also associated with
different cancer types, including glioblastoma and
pancreatic cancers, thereby encouraging investiga-
tion of more targets should current clinical trials
prove successful [28, 61].

Taken together, glutamine dependency may be
a particular metabolic vulnerability of cancer
cells, and glutaminolysis-targeting strategies
could be promising approaches for glutamine-
addicted cancer therapy.

3.2 Combination Therapy
The heterogeneity of cancer metabolism, even
within the same tumor [62], poses many chal-
lenges for potential drug therapies. Hence, the
use of combination therapies to target multiple
metabolic pathways to suppress tumor growth
may be most effective, especially in identifying
cases that induce synthetic lethality, where two
drugs induce cell death in combination, but not
individually. Glutamine’s role in cellular func-
tions makes GLS inhibition an ideal candidate for
combination therapy. In their study, Elgogary
et al. found that combination therapy of BPTES
and metformin produced better results in pancre-
atic tumors than monotherapy of either drug
alone. Metformin is an FDA-approved drug for
the treatment of type 2 diabetes that inhibits gly-
colysis and glycogen synthesis. In this case,
BPTES targets glutamine metabolism, and met-
formin targets glucose metabolism, resulting in
an optimal reduction of tumor development [38].
Other treatments that are synthetically lethal with
the inhibition of GLS include GLUT2q] inhibi-
tion, mTOR inhibition, and ATF4 activation [44].
In recent years, researchers have increasingly
leveraged combination therapies for the treat-
ment of a variety of cancers (Table 2) [63].
Parlati et al. combined CB-839 with pomalido-
mide to target myeloma models [64]. Momcilovic
et al. treated lung cancer with the synergistic

Table 2 Current combination therapeutic strategies
employing CB-839 and BPTES on various cancer types
and their results, non-exhaustive [63]

Tumor
Tumor xenograft growth
cell line and type | Treatments inhibition
RPMI-8226 CB-839 64%
(myeloma) [38, | Pomalidomide 46%
64] CB- 97% [64]
839 + pomalidomide
H1650 (lung) CB-839 26%
[64, 65] Erlotinib 66%
CB-839 + erlotinib 89% [65]
JIMT-1 (breast) | CB-839 54%
[55, 65] Paclitaxel 73%
CB-839 + paclitaxel | 100% [55]
Caki-1 (RCC) CB- *Precise
[55, 66] 839 + cabozantinib data not
DU145 shown [66]
(prostate) [67] | CB- *Precise
839 + everolimus data not
shown
CB- *Precise
839 + talazoparib data not
shown [67]
MCEF-7 (breast) | CB- *Precise
[66, 67] 839 + palbociclib data not
HCT-116 shown [67]
(colon) [67]
JH094 BPTES *50%
(pancreatic) Metformin *20%
BPTES + metformin | *65% [38]

combination of CB-839 and erlotinib, demon-
strating significant reductions in glucose and
glutamine uptake [68]. Emberley et al. explored
the various combinations of CB-839 with
CDK4/6 and PARP inhibitors in colorectal carci-
noma (CRC), TNBC, ovarian cancer, and non-
small cell lung carcinoma [67].

3.3 Knockdown of c-MYC

In a study by Wise et al., c-MYC expression was
found to activate the transcription of key regula-
tory genes required for glutamine uptake and
metabolism by selectively binding to the pro-
moter regions of glutamine transporters ASCT2
and SN2. As a result, c-MYC induced reprogram-
ming of mitochondrial metabolism by diverting
glucose away from the TCA cycle and leaving
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cells susceptible to glutamine addiction to sustain
anaplerosis. Moreover, c-MYC-transformed cells
were found to be sensitive to GDH inhibitors.
These results suggest that glutamine addiction
may be a direct consequence of c-MYC activation
[48]. Gao et al. found that c-MYC expression
induced the expression of mitochondrial GLS in
human P493 lymphoma B cells and PC3 prostate
cancer cells by suppressing microRNAs miR-23a
and miR-23b, which target the GLS 3’ untrans-
lated region (UTR) seed sequence [1, 47]. Liu
et al. established a direct link between glutamine
and proline via MYC-induced proline biosynthe-
sis from glutamine, suggesting novel therapeutic
strategies [69]. Overall, these results may be
exploited for cancer therapy using inhibitors of
enzymes involved in glutamine metabolism or
therapeutics that inhibit the transcriptional prop-
erties of c-MYC.

The transcriptional factor MYC is an essential
growth regulator that is overexpressed in most
cancers, and hence is a highly sought-after target
for cancer therapies [70, 71]. Niu et al. found that
suppressing ¢-MYC expression resulted in
reduced cell growth, colony formation, and tumor
formation in nasopharyngeal carcinoma cell lines
both in vitro and in vivo [72]. Using RNA inter-
ference (RNAi)-mediated silencing of the c-MYC
gene, Zhang et al. showed that the downregula-
tion of ¢-MYC induced apoptosis in vitro and
suppressed the growth of colon cancer cells
in vivo [73].

Other attempts at directly or indirectly target-
ing MYC have included knockdown, protein/pro-
tein and DNA interaction inhibitors, and
translation and expression regulation [74]. Direct
inhibition of MYC expression can be achieved by
using G-quadruplex stabilizers that prevent MYC
transcription or antisense oligonucleotides and
siRNAs that prevent MYC translation [75-78].
Small-molecule protein/protein interaction inhib-
itors have also been used to interfere with MYC
transcriptional activation [79, 80]. Indirect inhi-
bition methods encompass blocking transcrip-
tion, hindering mRNA translation, and targeting
regulators of MYC protein stability [81, 82].
The most advanced methods currently in clinical
trials or commercially approved employ indirect

targeting by immunotherapies, which focus on
immune components required for MYC-driven
tumors or checkpoints that are altered in MYC-
driven tumors [83, 84].

Inhibition of Glutamate
Dehydrogenase (GDH)

34

Inhibiting the oxidative deamination of gluta-
mate to a-KG has devastating effects on cancer
cells comparable to inhibiting glutaminolysis
[61, 85]. This process is catalyzed by GDH,
which can be inhibited by the preclinical com-
pounds R162, epigallocatechin gallate (EGCG),
and epicatechin gallate (ECG) [44, 86]. Using
perifusion assays, Li et al. showed that EGCG
and ECG blocked GDH activity by binding to the
allosteric regulator ADP’s binding site [87].

Furthermore, it was demonstrated that poly-
phenols such as hexachlorophene and bithionol
might inhibit GDH function. These inhibitors
work by restricting enzyme movement, either
by forming ring barriers around the enzyme or
by wedging between the enzyme’s subunits.
Currently, polyphenols have been shown to
inhibit lung, colon, and prostate adenocarci-
noma growth in xenograft models [88]. These
compounds also had significant effects on glio-
blastoma, colon, lung, and prostate adenocarci-
noma cell proliferation [89]. Additionally, it was
found that GDH inhibition through siRNA
resulted in a marked decrease in the prolifera-
tion of glioblastoma cells that were glutamine
dependent [18, 90].

3.5 Inhibiting the TCA Cycle by
Depleting Glutamine,
a-Ketoglutarate,

and Asparagine

One of the earlier means of suppressing glutamine
metabolism arose from reducing the amount of
available glutamine itself. Ollenschliger et al.
found that the abundance of glutamine in the body
dropped precipitously by giving L-asparaginase
to patients with acute myeloid leukemia.
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Asparaginase catalyzes the removal of the amide
nitrogen from asparagine to form aspartic acid.
The administration of asparaginase also depleted
stored levels of glutamine [91]. When applied in
cell culture, asparaginase inhibited cell growth
and induced cell death in pancreatic cancer cells.
The effect of asparaginase can largely be reversed
through the reintroduction of small amounts of
glutamine [92].

Studies of acute lymphoblastic leukemia
indicated that asparaginase activity correlated
with glutamine depletion in the bloodstream and
improved treatment outcomes [93, 94].
Furthermore, cancer cells, with a deficiency of
asparagine synthase (ASNS), an enzyme that
generates asparagine, such as acute lymphoblas-
tic leukemia (ALL), must use asparagine from
the blood [95]. In 1979, Ertel et al. treated ALL
patients with asparaginase, which exhausted the
asparagine supply in the blood. This treatment
re-induced remission in up to 60% of cases [96].
ALL can upregulate ASNS to restore intracel-
lular asparagine levels and satisfy their aspara-
gine demand [97]. However, some studies show
that ASNS levels may not impact the sensitivity
of ALL to asparaginase treatments in all cases
[98]. The diverse metabolic phenotypes of
malignant cells create many challenges for ther-
apeutic strategies. It seems that a combination
of drug therapy targeting both asparagine and
glutamine metabolism could be a promising
treatment.

Tempol (4-hydroxy-2,2,6,6-tetramethylpiper-
idine-1-oxyl), a drug previously known to inhibit
cancer cell proliferation and increase vulnerabil-
ity to other cytotoxic agents, has been shown to
interfere with glutamine metabolism through
inhibition of IDH1/2 and slowing of the TCA
cycle [99]. This effect was found both in vitro
and in vivo and showed that Tempol might be a
powerful therapeutic in combination with other
cancer drugs.

Another possible therapeutic in development is
phenylbutyrate, a drug that lowers glutamine con-
centrations in the plasma. It is currently approved
by the FDA and has shown clinical improvement
in patients with hormone-refractory prostatic
carcinoma and GBM [94, 100, 101].

3.6 Inhibiting Glutamine Uptake

The c-MYC-activated amino acid transporter
ASCT?2 (or SLC1AS) is upregulated in many can-
cers and is involved in controlling glutamine
uptake [48, 94]. High levels of ASCT2 are corre-
lated with aggressive tumor growth and short sur-
vival time. ASCT?2 inhibitors include benzylserine,
L-y-glutamyl-p-nitroanilide (GPNA), and V-9302
[44, 102, 103]. Additionally, Colas et al. found
that ASCT?2 ligands chloroalanine, aminooxetane-
3-carboxylate (AOC), and y-FBP also inhibit
ASCT2-mediated glutamine uptake in human
melanoma cells [104]. Research shows that the
inhibition of glutamine importers significantly
slowed growth in human colon and lung cancer
cells [105, 106].

Benzylserine and GPNA are amino acid ana-
logs; however, while they reduce glutamine
uptake, they do not exclusively inhibit the ASCT2
function [107]. Their low affinity and specificity
make them unsuitable for clinical trials that spe-
cifically target glutamine addiction via ASCT2.
V-9302 is a more contemporary inhibitor; how-
ever, research has indicated that its efficacy was
likely unrelated to ASCT2 inhibition, yielding
again to the problem of non-specificity [108].

The development of blocking antibodies and
antibody-drug conjugates presents an alternative,
perhaps a more viable approach to inhibiting glu-
tamine uptake by regulating the ASCT?2 trans-
porter [109]. MEDI7247 is the only ASCT2
antibody-drug conjugate currently in phase I
clinical trials (NCT03811652, NCT03106428).

3.7 Using Glutamine Mimetics
Another means of decreasing the availability of
glutamine is the creation of glutamine analogs.
Analogs such as 6-diazo-5-oxo-L-norleucine
(DON) and acivicin did show cytotoxic effects
against several tumor types, including leukemia
and colorectal cancers; however, these analogs
are no longer clinically available due to patient
toxicity [110]. DON prodrugs have shown
enhanced cerebrospinal fluid delivery, although
toxicity was still observed [111].
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A few glutamine analogs, namely acivicin,
azaserine, and DON, have been extensively
researched in an effort to inhibit glutamine
metabolism. DON is a substrate analog of gluta-
mine that binds to the active site of human kidney
GLS to serve as an inhibition mechanism [112].
However, DON has had difficulty progressing
into clinical trials due to concerns regarding its
lack of selectivity to GLS and toxicity [110, 113,
114]. Clinical studies of DON co-administered
with PEGylated glutaminase (PEG-PGA) sug-
gested improved efficacy and it holds promise
[115]. Similar to DON, acivicin and azaserine are
also glutamine analogs that interrupt nucleotide
synthesis by inhibiting amidotransferases [110,
116]. All three analogs exhibit excessive side
effects and toxicity that have prevented them
from reaching or advancing in clinical trials.

4 Transaminase Upregulation
and Targeting Amino Acid
Synthesis for Cancer Therapy

Another means of inhibiting glutaminolysis
is to target alanine transaminase through
L-cycloserine or aspartate transaminase through
the inhibitor amino oxyacetate, which could
almost completely halt the growth of breast can-
cer in xenograft mice [117, 118]. What is truly
promising is that there appears to be little to no
toxicity in non-neoplastic cells. The effective-
ness of the inhibitor, combined with the lack of
toxicity, makes inhibition of aspartate amino-
transferase a potentially successful chemothera-
peutic target.

Transaminases, also known as aminotransfer-
ases, are enzymes that catalyze reactions between
amino acids and a-keto acids. Specifically, amino-
transferases can convert glutamate to o-KG with-
out producing ammonia. Glutamate acts as a
nitrogen donor in these transaminations. Alanine
aminotransferase, also known as glutamic-pyru-
vate transaminase (GPT), and aspartate amino-
transferase, also known as glutamic-oxaloacetic
transaminase (GOT), are abundantly present in the
liver and often serve as markers for liver toxicity.
There are three aminotransferase pathways through

which glutamate can be transformed to
a-KG. These key enzymes in these pathways are
GPT, GOT, and phosphoserine aminotransferase 1
(PSAT1)—each of which produces a different
amino acid by-product in addition to a-KG. As
illustrated in Fig. 2, GPT transfers nitrogen from
glutamate to pyruvate to produce alanine and
o-KG. GOT transfers nitrogen from glutamate to
oxaloacetate to produce aspartate and a-KG. PSAT1
transfers nitrogen from glutamate to 3-phosphohy-
droxypyruvate to produce phosphoserine and
o-KG [44]. PSAT1 is also involved in the serine
synthesis pathway, which is essential for many
breast cancers [119]. Serine is essential for the syn-
thesis of proteins necessary for cell proliferation.
PSAT1 expression has recently been demonstrated
to be upregulated in cancers in many studies [44].
Possemato et al. found that serine pathway flux is
augmented in some breast cancer cell lines and that
suppression of PSAT1 inhibited proliferation of
these cells in addition to causing a significant
reduction of a-KG [120]. In a study by Son et al.,
aspartate aminotransferases were demonstrated to
be vital in maintaining redox homeostasis in pan-
creatic ductal adenocarcinoma (PDAC) cells.
Furthermore, oncogenic mutant KRAS activity was
found to upregulate the expression of aminotrans-
ferases, hence yielding high ROS levels and slow-
ing tumor growth in vivo [85, 116, 121]. Taken
together, these works suggest that targeting the
amino acid synthesis pathway may be another
effective strategy for cancer therapy.

Apart from glutamine, many other amino acids
play important roles in tumorigenesis, namely
arginine, tryptophan, serine, and glycine. Arginine
is a precursor for the synthesis of proteins, urea,
and various signaling molecules [122]. Although
arginine is considered a nonessential amino acid,
many cancer cells are dependent upon arginine
for proliferation. Argininosuccinate synthetase 1
(ASS1) catalyzes the conversion of citrulline into
argininosuccinate in the arginine synthesis path-
way. Loss or suppression of ASS1 in osteosar-
coma cells resulted in the depletion of arginine.
Studies have shown that ASS1 acts as a tumor
suppressor because cells with low ASS1 expres-
sion could not grow in an environment without
arginine [123, 124].
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Tryptophan is linked to the regulation of antitu-
mor immune responses [125]. Figure 2 shows that
it can be degraded to kynurenine via two enzymes:
indoleamine-2,3-dioxygenase (IDO) and trypto-
phan-2,3-dioxygenase (TDO). IDO activity com-
monly leads to the suppression of the immune
system [126]. Dendritic cells (immune system
cells that present antigens to T cells) expressing
IDO can limit tryptophan supply to T cells in the
extracellular matrix, thus limiting T-cell response
to tumor growth [127]. Studies have shown that
mice transfected with IDO-induced cells devel-
oped large tumors and exhibited poor survival,
while mice transfected with IDO-negative cells
showed no signs of tumor development [128]. To
further support this finding, immunohistochemical
staining for IDO expression revealed a correlation
between high IDO expression and low levels of
immune cells CD3*, CD8*, and CD57* [129].
This, in turn, can be correlated with aggressive
tumor progression and poor survival in cancer
patients with high IDO expression [129].

There are currently four IDO inhibitors under
clinical development and more in preclinical
testing [130]. In 2013, Beatty et al. studied the
effects of the small-molecule IDO inhibitor
INCB024360 treatment in 52 cancer patients.
The drug was well tolerated by patients and suc-
cessfully inhibited more than 90% of IDO activ-
ity when administered twice a day. Results
showed stable disease conditions in 30% of
patients [131]. Because INCB024360 was well
tolerated, it has the potential to be potent as
either a monotherapy or part of combination
therapy. Phase II clinical trials of this inhibitor
have been completed for patients with ovarian
cancer and  myelodysplastic ~ syndrome
(NCT01822691, NCT01685255). Combinatorial
therapies with IDO inhibitors and cancer vac-
cines have also shown progress. A phase I study
of indoximod, another IDO inhibitor, in combi-
nation with docetaxel, an antimitotic chemother-
apy drug, showed stable or partially stable
disease conditions in more than 50% of patients
[132]. Other combinatorial therapies being
tested in the clinic include INCB024360 and
MK3475, an immune checkpoint inhibitor [130].

Other than IDO, cancer cells can also use
TDO, an immunosuppressive enzyme, to avoid
immune destruction. TDO is abundantly present
in melanomas, bladder carcinomas, and hepato-
carcinomas. Similar to IDO, the use of TDO
inhibitors prevents the growth of TDO-expressing
tumor cells [133]. There are several other
enzymes that cancer cells exploit for immune tol-
erance; hence, targeting tryptophan metabolism
with combinatorial approaches may yield opti-
mal therapies [123].

The serine and glycine biosynthesis path-
ways are interconnected. They both provide
methyl groups for the one-carbon pool that sup-
ports purine and pyrimidine synthesis in prolif-
erating cancer cells [134]. Research has shown
that phosphoglycerate dehydrogenase
(PHGDH), the enzyme that catalyzes the first
reaction in the serine synthesis pathway, was
highly upregulated in metastatic breast cancer
and was correlated to short patient survival
times [135, 136]. The gene encoding PHGDH is
also amplified in melanoma and breast cancer
types [120]. In addition to PHGDH, serine
hydroxymethyltransferase (SHMT) is also
implicated in tumorigenesis. SHMT catalyzes
the conversion of serine to glycine and is regu-
lated by ¢c-MYC, an oncogene that controls the
transcription of 15% of human genes [123, 137,
138]. Glycine is a component of glutathione and
is required for regulating cellular redox balance.
It also fuels nucleotide biosynthesis and sus-
tains oxidative phosphorylation in mitochon-
dria. Thus, glycine metabolism has been shown
to promote rapid tumor proliferation [134, 139,
140]. In an attempt to block glycine biosynthe-
sis, researchers are using antimetabolites (drugs
that interfere with the effects of metabolites),
methotrexate, and pemetrexed to inhibit SHMT
[134, 141]. Since serine and glycine are consid-
ered nonessential, their depletion can be toler-
ated in vivo. Maddocks et al. found that mice
fed diets lacking serine and glycine showed a
reduction in tumor sizes and survived longer
than those fed diets containing the amino acids,
indicating that diet regulation may be a potential
therapy for investigation [142].
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Many cancers become dependent on exoge-
nous amino acid supplies to increase de novo
synthesis of other amino acids. This characteris-
tic can be exploited for cancer therapy by deplet-
ing amino acid supplies, blocking uptake by
transporters, and inhibiting biosynthetic enzymes.
The identification of novel therapeutic strategies
targeting amino acid pathways could allow for
the emergence of new drugs and enhance the cur-
rent therapeutic efficacy.

5 Glutamine Metabolism
in the Tumor
Microenvironment

In addition to its effects on metabolism in can-
cer cells, glutamine can have relevant effects on
the metabolic, and subsequently functional,
profiles of cells in a tumor microenvironment
[143]. Immune cells are present throughout the
tumor microenvironment, and they can heavily
influence tumor progression [144]. Natural
killer (NK) cells and T cells are regularly
involved in early detection, control, and clear-
ance of tumors [144, 145]. Macrophages, on the
other hand, can contribute to a microenviron-
ment conducive to tumor growth, invasion into
nearby tissues, and metastasis [146, 147]. In
addition, other cell types, such as fibroblasts,
play important roles in promoting tumor growth
and metastasis, providing growth factors and
contributing to extracellular matrix remodeling
with matrix metalloproteinases [148, 149].
These cell types elicit unique responses to dif-
ferent metabolites, each of which could enhance
or impede a cancer therapy’s effectiveness in
clearing cancers.

The responses to glutamine that these cell
types exhibit add to the vast heterogeneity of
possible metabolic schemes that cancers can
adopt. Studying these metabolic processes builds
upon a well-mapped understanding of cancer
metabolism, which, in concert with existing and
newly developed therapies, can make an
immense difference in a cancer patient’s course
of treatment.

The Role of Glutamine
Metabolism in T Cells and NK
Cells

5.1

T cells and NK cells are the cytotoxic effector
cells of productive immune response to cancer,
but they can be as influenced by a metabolic land-
scape as cancer cells are. Presnell et al. showed
that human CD8* cytotoxic T cells, when stimu-
lated in vitro, produce significantly less
interferon-y and tumor necrosis factor-o (TNFo)
in a glutamine-deprived environment, compared
to a baseline glutamine-supplemented environ-
ment [150]. This decrease in cytokine production
correlates with a decrease in CD8* T-cell effector
function when in a low-glutamine environment.
Thioredoxin-interacting protein (TXNIP), a sup-
pressor of glucose uptake known to be active in
low-glutamine conditions as a glycolytic sensor,
was found to be strongly expressed in the gluta-
mine-deprived setting in activated CD8+ T cells
[151]. These findings were corroborated in the
work presented by Song et al., who showed that
ovarian cancer could induce endoplasmic reticu-
lum stress in cytotoxic T cells, which depleted
glutamine transporters in these cells and subse-
quently led to T-cell dysfunction [152]. This phe-
notype was rescued by repairing glutamine
uptake in these T cells, further suggesting that
glutamine deprivation in the tumor microenvi-
ronment serves as a powerful tool for tumor
immune evasion.

However, Presnell et al. also showed that NK
cells are more resilient against glutamine deple-
tion and still produced interferon-y in a gluta-
mine-limited  setting [150].  Additionally,
activated NK cells did not show upregulation of
TXNIP expression in a low-glutamine environ-
ment. This was investigated further, and, when
faced with a low-glucose/low-glutamine environ-
ment, these cells were shown to rely on fatty acid
oxidation or acetate for energy to mount a cyto-
kine response, further highlighting the metabolic
resilience of NK cells.

Considering these findings in the greater
scheme of cancer treatments and given the explo-
sive development of cancer immunotherapy tech-
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nologies to kick-start T-cell activity, it will be
important for clinicians to consider the metabolic
implications that different combinations of drugs
can have.

The Role of Glutamine
Metabolism in Tumor-
Associated Macrophages

5.2

Macrophages in the tumor microenvironment can
define the immune landscape of a tumor, depend-
ing on the cytokines that they produce.
Macrophages polarize to either M1 macrophages
or M2 macrophages, and these phenotypes are
dependent on the broader environment that the
cells are in [146]. In a cancer setting, M1 macro-
phages generally promote inflammation and
active antitumor immune responses. In contrast,
M2 macrophages produce cytokine signals like
IL-6 and IL-10 that help cancer cells evade
immune surveillance, recruit endothelial cells for
angiogenesis, and avoid apoptosis, thus allowing
them to proliferate more freely [146, 153].

Fu et al. showed that, in a microenvironment
deprived of glutamine, due to glutamine addiction
in clear cell renal cell carcinoma (ccRCC), tumor-
associated macrophages (TAMs) promote an
immunosuppressive microenvironment [154].
Glutamine-addicted ccRCC tumors deprive the
tumor microenvironment of glutamine. This study
showed that, in glutamine-deprived microenvi-
ronments, TAMs began producing interleukin-23
(IL-23) via HIFla activation. IL-23 subsequently
activated the immune-suppressive regulatory T
cells (T.,) in the tumor microenvironment.
Through the production of IL-10 and transform-
ing growth factor-beta (TGF-p), Ty,s suppressed
nearby cytotoxic cells, leading to immune evasion
for the tumor [155, 156]. This phenotype was
explored in both mouse models and in vitro with
an anti-IL-23 antibody to block IL-23 signaling
where mice experienced prolonged survival and
decreased tumor burden, and CD8* cells in mice
and in vitro showed enhanced cytotoxicity in the
IL-23-depleted state [154] (Fig. 3).

This example highlights a direct link between
glutamine addiction and immune function in the

tumor microenvironment. These findings show
that an understanding of cancer metabolism can
be used to not only shape metabolically targeted
therapies but also hint at therapies against other
factors impacting the landscape of the cancer
treatment.

53 The Role of Glutamine
Metabolism in Cancer-

Associated Fibroblasts

Fibroblasts play a key role in solid tumors, fulfill-
ing important functions like secreting growth fac-
tors, remodeling the extracellular matrix, and
promoting metastasis [148]. They may also influ-
ence the metabolic behaviors of cancer cells.
Zhao et al. reported that cancer-associated fibro-
blasts (CAFs) secreted exosomes that contain
metabolites, which are taken up by cancer cells
and can alter the metabolic patterns within those
cancer cells [157, 158]. Using an in vitro system
of prostate cancer cell lines and patient-derived
CAFs, this study visualized exosome uptake and
noted that the uptake of these exosomes was fol-
lowed by a decrease in cancer cell mitochondrial
oxidative phosphorylation, concomitantly lead-
ing to an increase in glycolysis. Through '*Cs-
glutamine labeling experiments, they found that
these prostate cancer cells also exhibited a greater
reliance on glutamine following exosome uptake,
with increased levels of 1°C-labeled m + 5 a-KG
and m + 5 glutamate indicative of reductive glu-
tamine metabolism for anaplerosis into the TCA
cycle. This data suggests that CAFs are capable
of shifting the metabolism of cancer cells from
mitochondrial dependent to glycolytic dependent
and upregulating their glutamine metabolism.
These findings open the opportunities for therapy
targeting metabolic cross talk between cancer
cells and cancer-associated fibroblasts [159].

6 Conclusion

Glutaminolysis is a metabolic process that has
been shown to play a critical part in a wide variety
of cancers. As a result, glutamine metabolism is
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Fig.3 Cancer cells with glutamine addiction result in a glutamine-deprived tumor microenvironment. Decreased glu-
tamine level results in decreased interferon-y and TNF-a production in T cells leading to tumor immune evasion.
However, NK cells are not affected by decreased glutamine level. Decreased glutamine level also results in HIF-1a
activation in tumor-associated macrophages which leads to immunosuppression through IL-23 signaling. Inhibition of
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and glutamine metabolism

an important potential target for cancer therapy.
Cancer metabolism is heterogeneous. Just as only
some cancers are dependent upon glucose for the
TCA cycle, only some cancers will exhibit aber-
rant glutaminolysis. Even within a single patient,
the cancer cells may exhibit vast differences in
their dependence on metabolic fuel supplies. This
implies that not all cancers will respond in the
same manner, or to the same extent, to the inhibi-
tion of glutaminolysis. It is important to note that
inhibiting glutaminolysis will be more effective
on cancers that display glutamine addiction. That
being said, there is a huge potential for inhibition
of glutaminolysis in cancers [160, 161]. As stated
before, genetic alterations, as well as the tumor

microenvironment, can influence cancer cells’ use
of glutaminolysis. Developing and exploring glu-
taminolysis inhibitors present a strategic course of
action toward the goal of finding an effective
treatment for the many glutamine-dependent can-
cers. Inhibitors of GLS, GDH, GCPII, GTK, or
other key enzymes could be used in combination
with standard chemotherapy treatments to
increase their overall effectiveness (Fig. 3).

Currently, the use of SIRM with NMR has
been very useful in tracking and examining
metabolite usage within certain cancer lines [56].
Increased efforts should be made in the future to
use metabolomic technologies for the analysis of
different cancers.
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