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Abstract

Metabolic reprogramming induced by the glutamine/glutamate (Gln/Glu) metabolic pathway is a key mechanism
in ATP production, precursor biosynthesis, and redox homeostasis, promoting prostate cancer (PCa) growth and
proliferation. This evolutionarily acquired hallmark of cancers enables malignant cells to adapt their bioenergetic and
biosynthetic pathways in response to microenvironmental stresses. Therefore, Gln/Glu metabolism orchestrates epigenetic
regulation, metastatic capacity, and oxidative homeostasis in PCa, supporting the survival of PCa tumors. Fluctuations
in Glu metabolite levels and oxygen tension shape the PCa epigenome by facilitating Glu-derived a-ketoglutarate
(a-KG) activation of TET and KDM enzymes, which drive histone and DNA demethylation. Furthermore, tumor
progression toward metastatic castration-resistant PCa is characterized by heightened Gln/Glu dependency and increased
Gln uptake. Within the tumor microenvironment (TME), a dynamic tug-of-war occurs between tumor and immune
cells, competing for Gln metabolites. Gln/Glu converges on critical oncogenic signaling axes, including NF-«kB/Nrf2,
c-Myc/androgen receptor, MAPK/ERK, and PI3K/AKT/mTOR. Additionally, extracellular Glu release via SLC7A11
and PSMA triggers metabotropic glutamate receptor (mGluR) signaling, further potentiating oncogenic programs.
Targeting this Gln/Glu metabolic network thus presents a promising therapeutic approach against PCa. In this review,
we summarize the role of Gln/Glu in PCa progression based on the compartmentalization of the Gln/Glu metabolic
pathway to elucidate why PCa cells manifest dependence on Gln/Glu. Eventually, we highlight potential therapeutic

targets that can be exploited for PCa treatment.
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Introduction

Metabolic flexibility is a hallmark of prostate cancer
(PCa) cells. unsurprisingly, PCa cells can switch between
metabolic pathways based on cellular, biochemical,
and tumor microenvironment (TME) conditions [1].
Accumulating evidence demonstrates that the glutamine/
glutamate (Gln/Glu) metabolic pathway is an inducer
of metabolic reprogramming of PCa, a key process that
ensures adequate supplies of nucleotides, proteins, and
lipids to promote PCa growth and proliferation; thus,
it is implicated in the tumorigenesis and progression of
PCa into advanced forms such as castration-resistant
prostate cancer (CRPCa) [2]. Gln, a non-essential/
conditionally essential amino acid, is the most plentiful
amino acid in both human plasma and tissues, and it has
pleiotropic functions in cancer since it not only promotes
mitochondrial oxidative phosphorylation (OXPHOS)
and ATP generation but also provides a carbon source
to restore the tricarboxylic acid (TCA) cycle and lipid
biosynthesis pathways [3]. The Gln/Glu metabolic
pathway is closely linked to other cellular and biochemical

pathways via intermediate metabolites, redox homeostasis
modulators (glutathione (GSH), NADH, NADPH),
Gln/Glu transporters, enzymes (glutaminases (GLSs),
aminotransferases, glutamate dehydrogenases (GDH/
GLUDs)), and metabotropic glutamate receptors (mGluRs/
GRMs) signaling, thereby, the Gln/Glu metabolic pathway
is essential for PCa survival. Several studies have shown
that targeting the GIn/Glu metabolic pathway components
(GIn/Glu transporters, glutaminolysis enzymes, mGluRs)
has promising results, indicating that it is a scientifically
rational approach for the discovery of novel therapeutic
targets and the development of anticancer drug candidates
[4-6]. This review summarizes each step of the Gln/Glu
metabolic pathway in PCa, focusing on its role at the
molecular, cellular, and biochemical levels. Furthermore,
we highlight potential therapeutic targets for clinical
intervention.

The role of the GIn/Glu metabolic pathway in PCa growth
and survival

Normal prostate epithelial cells depend primarily on
glycolysis to generate most of their ATP and assimilate
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glucose and aspartate to biosynthesize and secrete citrate
[7]. The active transport of zinc through SLC39A1 leads
to intracellular accumulation of zinc, resulting in aconitase
activity downregulation and thus TCA cycle truncation.
Therefore, citrate is accumulated and secreted via the
prostate gland. In PCa cells, metabolic reprogramming
induced by the androgen receptor (AR) leads to a
metabolic shift toward OXPHOS coupled with a zinc
transporter loss; thus, the concentration of zinc and citrate
is much lower in PCa cells compared to normal prostate
tissue [8]. On the other hand, in the PCa cells, even with
the existence of adequate oxygen and entirely functioning
mitochondria, PCa cells show considerably increased
glucose consumption and fermentation to lactate (Warburg
Effect) [9]. PCa is characterized by multiple genetic
aberrations, such as phosphatase and tensin homolog
(PTEN) loss, which is observed in 20% of primary PCa
and 50% of CRPCa[10]. Moreover, the pentose phosphate
pathway is inhibited by TP53; hence, mutation or loss of
TP53 promotes the Warburg effect and further anabolic
pathways that support tumor growth [11]. Experiments on
tumor mouse models with combined reduction of p53 and
PTEN show elevation of aerobic glycolysis rate, which
induces aggressive PCa development [12].

In 1979, Reitzer’s lab experiments using HeLa
cells demonstrated that even in the presence of high
concentrations of glucose, more than half of the ATP
demands are acquired from the Gln/Glu metabolic
pathway by fueling the TCA cycle and mitochondrial
OXPHOS [13]. Gln is transported into PCa cells through
plasma membrane solute carriers (SLCs) such as
SLC1AS, SLC1A4, SLC38A2, SLC38A1, and SLC6A14.
Gene expression data from PCa patient specimens
show a significant increase in SLC1AS5 mRNA levels,
highlighting the crucial role of the Gln/Glu metabolic
pathway in PCa [14—17]. Several transcription factors are
involved in the regulation of SLC1AS5 in PCa, including
Myec, retinoblastoma (RB)/E2F, androgen receptor, and
activating transcription factor 4 (ATF4); thus, the protein
expression of SLC1AS is similar in both androgen-
independent (PC-3) and androgen-dependent (LNCaP)
PCa cell lines [6,17]. This permits an influx of Gln into
PCa and facilitates cancer cell growth. Furthermore,
the gene expression of SLC1A4 and SLC1AS in PCa is
increased by AR signaling, which in turn promotes the
Gln/Glu metabolic pathway [14]. AR variants such as
AR-V7 are implicated in anti-androgen resistance, such as
enzalutamide and abiraterone, metabolic reprogramming,
and progression of PCa by stimulating reliance on the Gln/
Glu metabolic pathway [ 18]. In melanoma cells, SLC1A5
is negatively regulated by oncosuppressor miR-137 [19].
In p53-mutant cancers, the expression of SLC38A2 and
SLC6A14 is elevated, thereby increasing Gln influx into
cancer cells [16, 20, 21]. The 26S proteasome degradation
machine and endoplasmic reticulum are involved in
the regulation of SLC38A2 and SLC1AS5. Paclitaxel, a
microtubule stabilizer, stimulates endoplasmic reticulum
stress, resulting in an active ubiquitin ligase ring finger
protein 5 (RNFS5) with subsequent ubiquitination
and degradation of SLC38A2 and SLC1AS; and thus
decreased Gln influx [20].
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Cytosolic Gln is used for the biosynthesis of
nucleotides, hexosamines, and nonessential amino
acids such as Glu and asparagine via asparagine
synthetase, which are essential precursors for rapidly
proliferating cancer cells. Asparagine has several roles,
including stimulation of mTORCI, contribution to the
biosynthesis of purines and pyrimidines, and interchange
of extracellular amino acids such as serine, histidine, and
aspartate [22]. Although Gln is a non-essential amino acid,
most cancer cells cannot survive in a medium that does
not include it. This incompetence is perhaps due to the
significant role of the GIn/Glu molecules, which supply
both nitrogen and carbon for cellular functions [23]. For
mitochondrial glutaminolysis, the SLC1AS5 variant, a
mitochondrial Gln transporter, transfers cytosolic Gln
into the inner mitochondrial membrane. Elevated Gln
influx into the mitochondrial matrix via the SLCI1AS
variant can promote glutaminolysis and result in metabolic
reprogramming toward aerobic glycolysis. Therefore,
the high SLC1AS variant level is correlated with poor
prognosis in multiple types of cancers, including PCa [24].
Then, Gln is converted into Glu by three isoforms of GLSs:
kidney-type GLS (GLS1), liver-type GLS (GLS2), and
GLS C (GAC), a splicing isoform of GLS1. In addition,
GLSs are amidohydrolases that catalyze the conversion
of Gln into Glu and release ammonia. This step is a rate-
limiting step of glutaminolysis, making it an attractive
therapeutic target [25]. In addition, glutaminolysis is
negatively regulated by tumor suppressor miR-145 in
ovarian cancer cells through c-Myc/GLS1 axis repression.
Genomic profiling of microRNA reveals that miR-145 is
downregulated in PCa and is implicated in the transition
from localized to metastatic PCa [26, 27].

At the transcriptional level, the expression of GLS1
and GLS2 is regulated indirectly by c-Myc and mTORC1
[28]. In the PC-3 cell line, c-Myc transcriptionally inhibits
targeting GLS 3 untranslated region via miR-23a and
miR-23Db, resulting in the elevated expression level of
GLS, which leads to glutaminolysis upregulation [28].
NF-kB p65 subunit also represses miR-23a expression
by binding to its promoter, leading to elevated GLS1
levels [29]. In several types of cancers, including PCa,
additional tumor suppressor miRNAs that target GLS
expression are inhibited directly, such as miR-1-3p, miR-
153, and miR-137 [30, 31]. On the other hand, the GAC
isoform is not regulated by miRNAs due to the absence
of any miRNA-binding site within its 3"UTR [32]. The
c-Jun, an oncogenic transcription factor activated by
downstream signaling of Rho GTPases, stimulates the
expression of GLS1 by binding to its promoter region.
Rho GTPases signaling also increases GLS1 activity
via NF-kB by stimulating its phosphorylation [33].
NF-kB regulates GAC through Ser314 phosphorylation
mediated by protein kinase Ce [34]. Therefore, cancer
cells can utilize a plethora of regulatory mechanisms to
stimulate GLSs. Furthermore, experiments on the PC-3
cell line show that GLS1 positively regulates aerobic
glycolysis via transcriptional repression of thioredoxin-
interacting protein (TXNIP), a robust negative regulator
of glucose uptake and aerobic glycolysis. This provides
direct evidence that overexpression of GLS1 is correlated
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with PCa stage and level of progression in PCa patients
[35]. On the other hand, GLS2 is positively regulated
by p53, which has a considerably high mutation rate in
PCa. Elevated levels of GLS2 increase OXPHOS and,
thus, tumorigenesis [36]. In addition, GAC has a crucial
role in tumor proliferation in various types of cancers,
including PCa. GAC facilitates elevated Gln dependency
in aggressive PCa variants such as CRPCa and small-
cell neuroendocrine carcinoma. GLS1 inhibitor CB-839
(telaglenastat) exhibited greater antitumor activity in
GAC-expressing PCa cell lines [37].

After that, Glu is converted to a-ketoglutarate (a-KG),
a TCA cycle intermediate metabolite, via an oxidative
deamidation reaction that occurs within the matrix of the
mitochondria. a-KG is biosynthesized by two different
potential pathways. The first pathway includes the
conversion of Glu into a-KG and ammonia by GDH.
The second pathway is transaminase reactions, including
glutamate-pyruvate transaminase (GPT/ALT) and
glutamate-oxaloacetate transaminase (GOT/AST), which
contribute to the biosynthesis of other non-essential amino
acids such as aspartate and alanine, which are involved in
protein production. Cytosolic aspartate is also included
in the production of nucleotides. In addition, a-KG
replenishes TCA cycle intermediate metabolites, which
contribute to ATP production, fatty acid biosynthesis via
citrate, oncometabolite production including succinate
and fumarate, NADH, FADH2 generation, and NADPH
generation via malic enzyme 1 (ME1) to replenish cell
reduction capacity. Glu and a-KG participate in the malate
aspartate shuttle, leading to the transmission of NADH
from the cytosol into mitochondria and thus contributing
to ATP production via OXPHOS through the electron
transport chain [15, 38]. Figure 1 highlights the major
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reactions of Gln/Glu metabolism and their interactions
with other cellular processes in PCa cells.

In LNCaP, LAPC4, C4-2/MDVR, PC-3, 22RV1, and
NCI-H660 cell lines, the prodrug DRP-104 (sirpiglenastat)
blocks GIn carbon and nitrogen utilization, resulting
in PCa and CRPCa growth suppression and apoptosis
upregulation. Furthermore, DRP-104 surprisingly
suppressed the growth of neuroendocrine PCa xenograft
without measurable toxicity, validating the efficacy of
the prodrug [39]. Although GlIn’s contribution to purine
metabolism in PCa is unclear, a recent study showed
that decoyinine suppressed guanosine monophosphate
synthetase, an enzyme involved in de novo purine
synthesis, resulting in Gln metabolism blocking and
PCa growth inhibition [40]. Collectively, metabolic
reprogramming in PCa cells occurs during cancer
progression; hence, the Gln/Glu metabolic pathway has a
prominent role in aggressive PCa and CRPCa as it is the
most used source of anaplerosis.

The nexus between Gin/Glu metabolism and epigenetic
regulation in PCa

Oxygen is essential for biochemical reactions in
both normal and cancer cells. However, under hypoxic
conditions, normal cells succumb. In cancer cells, the
core of the tumor is the most oxygen-limited region, and
these cancer cells can undergo transcriptomic changes that
permit them to survive in the harsh microenvironment.
PCa cells adapt by inducing hypoxia-inducible factors
(HIFs) such as the HIF1-a isoform, which stimulates
angiogenesis by releasing vascular endothelial growth
factor (VEGF). Another significant change that occurred
in response to hypoxia is stimulation dependence on
Gln, which fuels the TCA cycle and lipid biosynthesis,
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Figure 1. Gln/Glu Metabolites Support PCa Cell Survival and Growth by Reprograming Metabolism toward Gln/
Glu Addiction. Gln enters the cell via SLC1AS and mitochondria via the SLC1AS5 variant. Then, Gln is converted
to Glu by GLS, leading to the TCA cycle fueling and thus NADPH production that is involved in the generation of
thioredoxin and GSH, which contribute to redox homeostasis. SLC7A11 efflux Glu and influx cystine, a component
of GSH and thioredoxin biosynthesis. Gln/Glu metabolic reprogramming also contributes to nucleotides and lipid
biosynthesis by fueling the TCA cycle and providing an abundance of intermediate metabolites including citrate,

aspartate, and asparagine.
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indicating the crucial role of hypoxia in PCa metabolic
reprogramming [38, 41].

The unmethylated CpG islands, a genomic region
containing many CpG dinucleotide repeats, are
hypermethylated in several types of cancers, including
PCa, upon exposure to harsh conditions such as hypoxia or
nutrient deficiency, including GIn/Glu deficiency. Cancer
cells distinguished by hypermethylation of DNA have a
CpG island methylator phenotype, which is an indicator
of poor prognosis due to repression of anti-oncogenes.
Glu-derived a-KG is a cofactor for an enzyme family
called Fe(II)- and a-KG-dependent dioxygenases [42].
This enzyme family contains two categories of enzymes
that are included in the demethylation reactions of DNA
as well as histones. DNA demethylation is catalyzed by
ten-eleven translocation (TET) hydroxylases 1 and 3. The
histone demethylase large family contains the jumonji C
domain (KDM 2 to 7)-containing lysine demethylases
(KDMs). Furthermore, TET enzymes and KDMs are
competitively mitigated by L-2-hyxdroxyglutarate (HG)
and R-2-HG. Thus, they are considered considerable
regulators of cancer epigenetics [43].

The cytosolic Glu-derived a-KG levels affect the
methylation state of DNA and histones. Hence, the activity
of DNA and histone demethylases is increased by an
elevated ratio of 0-KG, which stimulates mTOR signaling
and enhances the anabolic process. Nevertheless, in
cancer cells that encounter hypoxic conditions, this leads
to stimulation of (L)-2-HG accumulation and histone
H3 trimethylation at the lysine 9 (H3K9me3) position,
resulting in the DNA hypermethylation state in cancer

cells by significantly decreasing TET activity [44]. 0-KG
is considered a signal for the sufficiency of amino acids
such as GIn/Glu. Therefore, it might represent an indicator
of epigenetic remodeling when GIn/Glu is diminished.
The reduction of GIn/Glu is linked to decreased levels of
a-KG, which indicates suppression of KDMs in the cancer
cells. Consequently, the high level of histone methylation
stimulates cancer cell dedifferentiation and thus may lead
to a therapy resistance phenotype [45]. Figure 2 shows the
relationship between GIn/Glu metabolism and epigenetic
regulation in the context of PCa cells.

A recent study has found that the Gln/Glu pathway is
substantial for radioresistant PCa cells and a regulator of
PCa stem cells. Therefore, Gln/Glu depletion by targeting
the GIn/Glu metabolic pathway or their regulators, such
as c-Myc by 10058-F4 or GLS1 by CB-839, results in
the induction of stress responses, accumulation of DNA
double-strand breaks, and radiosensitization of PCa cells.
In addition, GIn/Glu starvation leads to a reduced level of
0-KG, which results in the accumulation of H3K27me3, a
mark of repressive chromatin [46]. PCa cells show various
sensitivities towards c-Myc inhibition and Gln starvation.
In DU145 cells, the intracellular levels of Glu and 0-KG
are decreased, resulting in endoplasmic reticulum stress
response and apoptosis. On the other hand, in LNCaP
cells, which are insensitive to Gln depletion, a pro-survival
autophagy adaptive mechanism is activated and restores
intracellular Glu and a-KG. Genetic knockdown of the
ATGS gene or chemical inhibition with chloroquine leads
to the increased radiosensitizing effect of Gln depletion.
Thereby, a combination of Gln/Glu inhibitors as well
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Figure 2. GIn/Glu Metabolism as a Conduit for Epigenetic in PCa Cells. The level of GIn/Glu is related directly to
other metabolites implicated in epigenetic regulation, including a-KG, a cofactor for the Fe(II)- and a-KG-dependent
dioxygenases enzyme family that includes TET and KDMs. In addition, oxygen abundance in the cell also controls
the functions of TET and KDM enzymes. In the presence of Glu and oxygen, Glu-derived a-KG contributes to the
activation of TET and KDM enzymes, which stimulate histone and DNA demethylation, leading to upregulation of
gene expression and anabolic processes and inhibiting autophagy by mTOR downstream signaling. On the other hand,
under hypoxic conditions or in the absence of Glu-derived a-KG, TET, and KDMs are competitively suppressed by
L-2-HG and R-2-HG accumulation, resulting in H3K9me3 trimethylation and thus DNA hypermethylation status,
which induces PCa cell dedifferentiation, thus PCa could acquire a therapy resistance phenotype. Gln/Glu levels
are indicators of epigenetic remodeling in PCa. HIF1-a induces angiogenesis by upregulating VEGF under hypoxic

conditions.
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as autophagy inhibitors may represent a potentially
promising strategy for PCa radiosensitization [46]. Our
in vitro experiments using chloroquine on PC-3 prostate
cancer cells and MDA-MB-231 breast cancer cells
indicated its role in suppressing the migration and survival
of these cancer cells, making it promising in combinatorial
approaches to tackle a pro-survival autophagy adaptive
mechanism in response to Gln/Glu depletion [47, 48].
Metformin also might represent a promising therapy for
PCaradiosensitization as it suppresses autophagy and Gln
metabolism by suppressing c-Myc and GLS1 activity [49].

Another study has shown that the epigenetic silencing
of the rat sarcoma virus (RAS) protein activator-like 3
(RASALS3), an inhibitor of RAS, promotes the synthesis
and secretion of Gln by PCa-associated fibroblasts (CAFs)
into the TME. Then, PCa uptake of Gln by SLC1AS and
SCL38A2 is elevated through oncogenic RAS activity,
and thus, 0-KG level is increased. CAF-derived exosomes
stimulate PCa metabolic reprogramming and lead to
fueling the TCA cycle by Gln metabolites. This process
can be prevented by antagonizing Gln uptake by PCa
cells [4, 50]. In ovarian cancer, a mutation in the beta
subunit of succinate dehydrogenase (SDH) is linked to an
alteration in the utilization of glucose and Gln, causing a
hypermethylated epigenome [51].

The interplay between GIn/Glu metabolism and oxidative
stress in PCa

PCa cells diverge metabolically from their normal
counterparts by becoming more dependent on Gln/Glu
metabolism. Gln transported via SLC1AS5 is converted
to Glu and then to a-KG, which fuels the TCA cycle
and results in de novo synthesis of NAD+ cofactors
and malate. Then, malate generates NADPH when it is
metabolized to pyruvate in the cytosol via an oxidation
reaction driven by isocitrate dehydrogenase NADP+1
(IDH1) and ME1. NADPH is also synthesized in the
mitochondria by IDH2 [52]. NADPH is a cofactor for
GSH reductase and thioredoxin reductase; these enzymes
have a significant function in redox homeostasis by
preserving the reduced state of GSH and thioredoxin,
respectively. These enzymes are the main thiol-containing
endogenous antioxidant that protects cancer cells against
reactive oxygen species (ROS)-induced toxicity. This step
is crucial for fast-proliferating PCa cell survival, as the
cancer cells generate DNA-damaging byproducts that are
involved in oxidative stress [2, 53]. c-Myc upregulation
and AR signaling enhance Gln uptake by SLC1AS5 and
GLS activity. As a result, PCa cells ensure a robust supply
of GSH to maintain redox homeostasis and to ensure these
signaling molecules remain in their functional reduced
states [6, 28].

Oxidative stress is the link between the GIn/Glu
metabolic pathway and the Nrf2/NF-kB axis. Oxidative
stress activates the IkB kinase (IKK), resulting in the
phosphorylation of the inhibitor of NF-kB (IkB), which
is eventually degraded by the 26S proteasome. Oxidative
stress can be generated by inflammatory cells that produce
ROS and connect inflammation to tumorigenesis. At
the transcriptional level, NF-kB directly leads to the
attenuation of Nrf2 via hypoacetylation of Nrf2 by

histone deacetylase 3. The interaction of the p65 subunit
with Keapl inhibits the Nrf2 signaling. On the other
hand, Nrf2 is stimulated by elevated oxidative stress
levels, leading to Nrf2 translocation into the nucleus
and thus increasing the expression of antioxidant and
detoxification enzymes, including GSH S-transferase
A2, heme oxygenase 1 (HO-1), and y-glutamylcysteine
synthetase [54, 55]. HO-1 is stimulated by the binding
of Nrf2 with antioxidant response elements, and its level
depends on the Nrf2 level. HO-1 inhibits TNFa-linked
stimulation of NF-kB at the transcriptional level by
hindering kB degradation. Thereby, HO-1 activation by
Nrf2 is considered a center for communication between
Nrf2 and NF-«kB. Furthermore, another study suggests
that the mitogen-activated protein kinases/extracellular
signal-regulated kinases (MAPK/ERK) pathway regulates
NF-«kB/Nrf2 and the pathogenesis of PCa, which is driven
by inflammation. Thus, the anti-tumor effect of Nrf2 is
obtained by activation of the antioxidant enzymes and
decreasing the NF-«kB-associated pro-inflammatory
signaling. In addition, Nrf2 inhibits AR, whereas NF-xB
stimulates AR signaling. Active AR dissociates from heat
shock proteins (HSPs) and then translocates to the nucleus,
leading to the transcription and translation of AR-regulated
proteins such as PSA. Moreover, NF-kB and AR stimulate
PSA expression in the androgen-independent pattern of
PCa due to the overlap between binding sites of the AR
response element and NF-xB [56, 57].

The level of oxidative stress determines the fate of
the cell; if the oxidative stress level exceeds the tolerable
threshold, the cells are subjected to apoptosis. The
crosstalk between oxidative stress and the antioxidant
system has a contradictory effect [58]. The upregulation
of Nrf2 expression at early stages of cancer development
is favorable for cancer eradication. However, the
prolonged stimulation of Nrf2 at advanced stages of cancer
development leads to cancer progression. Therefore, Nrf2
and the antioxidant system have a double-edged impact
on cancer cells. Glu is considered a therapeutic target for
several types of cancers, including PCa. Thereby, Glu
deprivation therapy leads to decreased GSH synthesis
and elevated ROS accumulation, resulting in DNA, lipid,
and protein damage [4]. GOT1 is also crucial for redox
homeostasis as it rewires the malate—aspartate shuttle to
produce NADPH in PCa [59]. Due to the critical role of
GLS in the redox homeostasis of cancer cells, targeting
GLS by CB-839 is a promising therapeutic approach for
ovarian cancer and other cancers, including PCa [60].

Cancer cells efflux Glu into TME and influx cystine
via SLC7A11/xCT antiporter protein, which is reduced to
cysteine and incorporated into the first and rate-limiting
step of GSH synthesis by the enzyme glutamate-cysteine
ligase (Figure 1). Nrf2 indirectly stimulates GSH
biosynthesis by increasing the expression of SLC7A11/
xCT [61]. Riluzole, a Glu release inhibitor, suppresses
Glu secretion into the TME and thus restrains Gln/
Glu metabolic pathway reactions. A recent study has
demonstrated that riluzole blocks the SLC7A11/xCT
transporter, leading to Glu-induced oxidative stress status
[62]. Riluzole also mediates the interaction between
YES-associated protein 1 (YAP1) and p73, resulting in
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Table 1. Therapeutic Approaches Targeting the GIn/Glu Metabolic Pathway in PCa.

No. Agent/Approach Stage and Model =~ Mechanism of Action Effect Challenges/Notes References
1 GLSI1 inhibitor CB-839 Preclinical (In Inhibits GLS1, suppressing GlIn — Glu  Effective against CRPCa tumor xenografts and mitigates Resistance may emerge; combination approaches [5,37,126]
(Telaglenastat) vitro + In vivo) conversion. metastasis. should be used.
2 SLCIAS (ASCT2) Preclinical (In Blocks Gln uptake via SLC1AS. Reduces cancer cell proliferation and tumor growth and Limited PCa-specific data. [94,124]
Blocker V-9302 vitro) increases cytotoxic T cell infiltration into tumors.
3 DRP-104 (Sirpiglenastat)  Preclinical (In DON prodrug; broad Gln antagonist. Inhibits Gln metabolism, with potential Under development, toxicity profiles are under study. [39]
vitro) immunomodulation.
Results in CRPCa growth suppression and apoptosis
upregulation.
4 JHUO083 Preclinical (In DON prodrug; Gln metabolic Enhances T cell-mediated tumor clearance and slows Toxicity management: further studies are needed. [80]
vitro + In vivo) inhibition. growth.
Reduces the regulatory T cells.
5 IACS-6274 (IPN60090) Preclinical (In Potent GLS inhibitor. Antitumor activity by limiting GIn metabolism. Limited PCa-specific data. [127]
vitro)
6 GLS1 Inhibitor IN-3 Preclinical (In GLSI1 inhibition. Decreases Gln catabolism, potential antitumor effect. Limited PCa-specific data. More studies should be [128]
vitro) conducted.
7 Paclitaxel Preclinical and Microtubule stabilizer. Decreasing Gln influx by degradation of SLC38A2 and Resistance and side effects (neuropathy, bone marrow [20,129]
clinical. SLCI1AS. suppression, and hypersensitivity).
8 Decoyinine Preclinical (In Inhibits GMP synthesis (Gln- Potentially limits growth by reducing nucleotide synthesis. ~Limited prostate-specific data. Further studies are [40]
vitro + In vivo) dependent). Blocks Gln metabolism and inhibits PCa growth. needed.
9 10058-F4 Preclinical (In Inhibits c-Myc transcription factor. Reduces growth and alters Gln metabolism. Specificity and delivery issues. [130]
vitro + In vivo) The compound’s pharmacokinetic and
pharmacodynamic limitations have restricted it from
advancing into clinical testing.
10 Combination: Gln/Glu Preclinical (In It blocks Gln metabolism and prevents =~ LNCaP radiosensitization. Future research is needed. [46,47]
Inhibitors + Autophagy vitro) autophagy, a pro-survival mechanism
Inhibitors (Chloroquine) under Gln deprivation conditions.
11 Metformin Preclinical and AMPK activator affects energy Reduces tumor growth. Variable clinical outcomes and metabolic side effects. [49,131]
clinical metabolism. Enhances sensitivity to therapies such as androgen
Modify GIn metabolism. deprivation therapy and docetaxel.
12 Riluzole Preclinical (In Modulates Glu release via SLC7A11/ Reduces proliferation in mGluR 1-expressing PCa cells. CNS side effects are possible. Investigation of riluzole ~ [119,121]
vitro + In vivo) xCT and inhibits mGluR1 signaling. in PCa remains limited.
13 GLS inhibitor BPTES Preclinical (In Allosteric GLS1 inhibition. Decreases proliferation by limiting Gln catabolism. Poor solubility and stability. [70]
vitro) Lack of clinical data.
BPTES and bicalutamide combination had an additive
effect on inhibiting LNCaP cell viability.
14 Sulfasalazine (SLC7A11/  Preclinical (In Inhibits cystine/Gln antiporter, Alters redox balance and reduces tumor growth. Gastrointestinal side effects. [64,132]

XCT Inhibitor)

vitro + In vivo)

SLC7A11/xCT.

Suppresses cancer cell metastasis through the caveolin-
1/B-catenin pathway.

The combination of Sulfasalazine and vitamin C
synergistically inhibited GSH.

Limited data in PCa.
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elevated proapoptotic BAX gene expression [63]. CD44
mediates p62-associated Nrf2 stimulation in cancer
cells and attempts to decrease ROS levels, which is a
favorable status for cancer stem cells. Riluzole disrupts the
interaction between CD44 and SLC7A11/xCT transporter,
resulting in Sox2 oxidation and thus Sox2 suppression.
Elevated oxidative stress status represses the gene
expression of cancer stem cell markers [64, 65]. Another
study exhibited that YAP1 suppresses small-molecule
RSL3-induced CRPCa cell ferroptosis by enhancing Gln
influx via SLC1AS5 and increasing the levels of GSH. Thus,
repressing SLC1AS or GLSI activity could mitigate the
antagonistic effect of YAP1 on the ferroptosis of RSL3-
stimulated CRPCa cells [66].

GIn/Glu metabolism and metastatic potential of PCa cells

Elevated Gln dependence is linked to the evolution of
the metastatic capability of PCa. In 2017, Bhattacharya’s
lab found that the metastatic castration-resistant subline
PC-3M has increased Gln utilization compared to the
original PC-3 cells, as the differences in 13C-labeled
GIn consumption and succinate labeling suggest Gln
addiction phenomena, which is significant to fuel the
TCA cycle in PC-3M cells. The researchers also observed
that Gln addiction in the metastatic PC-3M subline led
directly to high sensitivity to GLS inhibitor CB-839
[5]. This phenomenon, increased dependence on Gln,
is also observed in ovarian cancer, and it is related to
metastasis progression. Nagrath’s lab used isotope tracer
and bioenergetic analysis and found that highly invasive
ovarian cancer cells are notably Gln-addicted compared
to low-invasive ovarian cancer cells, which are Gln-
independent. They demonstrated that Gln controls STAT3
activation status, which regulates signaling pathways
implicated in ovarian cancer invasion. These findings
suggest that blocking both Gln influx into the TCA cycle
and targeting Gln generation and STAT3 mediator may
represent a promising therapeutic approach against ovarian
cancer [67].

In ovarian cancer, SDH suppression results in
altered glucose and Gln utilization via reprogramming
carbon metabolism, leading to a hypermethylated
epigenome that is linked to the metastatic phenotype. The
aberrant hypermethylation of H3K27 in mouse ovarian
cancer cells is linked to epithelial-to-mesenchymal
transition [51]. A previous study illustrated that H3K27
methylation is increased during PCa progression,
especially H3K27mel in patients with advanced pT-stage,
lymph node involvement, and higher Gleason score. It
also demonstrated that H3K27me1 and H3K27me3 levels
were elevated in patients with metastatic PCa and CRPCa
compared to localized PCa. On the other hand, H3K27me2
levels were lower in metastatic PCa compared to localized
PCa or CRPCa [68]. A previous study used metabolomics,
fluxomics, and transcriptomics approaches to characterize
metabolic features of metastatic epithelial PCa stem
cells that arise independently of epithelial-mesenchymal
transition demonstrated that these metastatic epithelial
PCa stem cells express metabolic flexibility, including
enhanced Warburg effect, utilization of energy from
amino acids and fatty acids, and Gln addiction for proton
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buffering. The Transcriptomic data harmonized with the
metabolic results, generating a metabolic gene signature
linked to PCa metastasis [69].

In studies conducted on LNCaP progression models
C4, C4-2, and C4-2B, these derivatives exhibited a high
propensity to metastasize to the bone. LNCaP-C4-2B
cells (androgen-independent) showed reliance on the Gln
metabolic pathway compared to other derivatives. Using
a similar progression cell model, a group of LNCaP cells
evolved to LNCaP-C4-2B cells with increasing expression
of GLS enzymes. Moreover, the highly bone metastatic
LNCaP-C4-2B cells are characterized by the expression of
Gln-dependent osteomimetic biomarkers and the release of
GLS-enriched large extracellular vesicles. Fortunately, the
evolution of LNCaP-C4-2B from LNCaP cells via GLS-
mediated metabolic reprogramming is downregulated by
GLS inhibitor BPTES, which has the potency to suppress
large extracellular vesicles generation, bone cell-like
phenotype differentiation, and PCa metastases to bone
[70-72]. PCa cells can shed large extracellular vesicles
called large oncosomes (LO) in which their cargo includes
a unique set of proteins involved in GIn/Glu metabolism.
By transferring enzymes such as GOT1 and GOT2 and
other Gln-related proteins to recipient cells, LO can
promote Gln/Glu metabolic reprogramming to meet
the demands of rapidly growing and spreading prostate
tumors. This links LO-mediated Gln/Glu metabolic
reprogramming to the potency of PCa cells to invade and
metastasize to distant organs [73].

A prior study published by Prasad and colleagues
demonstrated mitigated migration and invasion of
ovarian cancer cells after Gln depletion, which leads to
deactivation of the transcription factor ETS1, an activator
of metalloproteases and vimentin expression [74]. On
the other hand, in docetaxel-resistant PCa cells, Gln
deprivation results in migration suppression; however,
the invasion is not affected. These findings show that
the Gln pathway controls parts of the metastatic process
of docetaxel-resistant metastatic PCa cells, which are
dependent on Gln [75]. The GIn metabolic pathway is
recognized as an upstream regulator of actin-related
protein 2/3 complex subunit 1A (ARPC1A) and thus PCa
migration and invasion. Bioinformatics analysis and in
vitro experiments on PC-3 and DU-145 displayed that
ARPC1A was overexpressed in PCa tissues and cell lines.
ARPCI1A knockdown suppressed PCa cell migration,
invasion, and cytoskeleton formation. Furthermore, in
vivo experiments exhibited that ARPC1A overexpression
stimulated the lung metastasis of PCa [76]. A prior
study conducted on CW22Rv1 cells, LNCaP cells, and
the TRAMP PCa mouse model exhibited that nicotine
increased Gln consumption and provided evidence that
smoking-associated PCa evolution may be Gln-mediated.
These findings also demonstrated that nicotine stimulates
invasiveness and accelerates PCa metastasis, highlighting
a potential mechanism for PCa metastasis in smokers [77].

Attenuating SLC1AS in PCa showed promising
results, as it mitigated metastasis due to the diminished
key cell cycle drivers and metabolites produced by Gln/
Glu metabolism [17]. Disorganizing SLC7A11/xCT
antiporter protein suppresses cancer cell metastasis
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through the caveolin-1/B-catenin pathway. Sulfasalazine
promoted homotypic cell-cell adhesion and attenuated
cell-extracellular matrix adhesion, leading to suppression
of metastasis in both in vitro and in vivo experimental
models [64, 78]. Gln and succinate are considered
pro-angiogenesis metabolites that induce intravasation,
which is a process stimulated via hypoxic and nutrient-
deficient microenvironment. PCa is characterized
by enriched immunosuppressive tumor-associated
macrophages (TAMs) with pro-angiogenic and metastatic
potency. In macrophages, Palmieri et al. exhibited that
the GIn metabolic pathway triggers tumor metastasis
via the macrophage polarization process. Targeting
Gln synthetase (GS), an enzyme that catalyzes Gln
biosynthesis using Glu and ammonia, mitigated Gln
influx and intracellular Gln and thus reversed the M2
phenotype of TAMs to the M1 phenotype that is mediated
by succinate/HIF 1-a/glycolysis flux [79]. Coupled with
these reactions, succinate generation is activated through
the gamma-aminobutyric acid shunt. Inhibiting GS in
TAMs enhanced cytotoxic T cell infiltration, mitigated
angiogenesis, and reduced the metastatic potency of cancer
cells. In contrast to its metastatic inhibitory function in
TAMs, succinate stimulates angiogenesis through two
pathways. Succinate can suppress HIF prolyl-hydroxylase,
an o-KG-dependent dioxygenase, resulting in HIF1-a
induction and thus activation of angiogenesis genes,
including matrix metalloproteinases, angiopoietin-1/2,
VEGFs, VEGFR1/2, and fibroblast growth factors. The
second mechanism includes binding succinate to succinate
receptor 1 (SUNCRI), leading to VEGF stimulation
via the ERK1/2/STAT3 pathway. Thus, succinate may
function as a pro- or anti-angiogenic factor [80, 81].

An additional potential target to suppress metastasis
in PCa is steroid receptor coactivator 2 (SRC-2/NCOA?2),
which is an oncogenic transcriptional coregulator that
fuels GIn-dependent de novo lipogenesis, promoting PCa
survival and metastasis. SRC-2 expression is estimated to
be elevated in PCa as it is amplified and overexpressed
in 37% of the metastatic prostate tumors investigated.
SRC-2 results in citrate biosynthesis via a-KG reductive
carboxylation, which drives lipogenesis and Gln/Glu
metabolic reprogramming. SRC-2 is activated by GlIn-
mediated nutrient signaling that stimulates mTORC1-
dependent phosphorylation, which upregulates sterol
regulatory element binding transcription factor 1
(SREBP-1), resulting in lipogenic enzyme expression.
This study highlighted that SRC-2 is a major metabolic
coordinator of PCa metastasis. Thus, suppressing SRC-2
in murine models leads to attenuation of PCa metastasis,
suggesting SRC-2 targeting as a potential target against
PCa metastasis [82].

GIn/Glu metabolism and immune cells in TME

As in many other malignancies, PCa cells
reprogrammed their metabolism to depend heavily on
Gln, which fuels their growth and survival and remodels
the TME to suppress immune cell function. Gln and
Glu metabolites are essential components of the TME,
regulating several types of immune cells (macrophages,
lymphocytes, neutrophils, and other immune cells) and
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antitumor immune response. On the other hand, immune
cells demand Gln for their stimulation and proliferation
during immune reactions. This metabolic rivalry for the
GIn nutrients between tumor and immune cells provokes a
dynamic tug-of-war in the TME. Little is still known about
the crosstalk between Gln/Glu metabolites and prostate
immune TME due to several reasons, including depressed
immunogenicity, existing immunosuppressive TME with
a T cell shortage, abundance of innate immunosuppressive
myeloid cells such as TAMs and myeloid-derived
suppressor cells (MDSC), and the limited response to
immunotherapy [83]. TAMs release immunosuppressive
cytokines, including IL-6, IL-10, and TGF-p, that suppress
cytotoxic T cell activity in the TME of PCa (Figure 3).
The expression of PD-/ and PD-LI in the TME
can be affected by different factors, including the Gln
metabolic pathway [84]. In renal cancer, PD-L1 expression
stimulated by Gln depletion is inhibited upon suppression
of epidermal growth factor receptor (EGFR), ERK, and
c-Jun phosphorylation, indicating that Gln depletion
upregulates PD-L1 in cancer cells through the EGFR/
ERK/c-Jun pathway [85]. Nonetheless, in lung and
colon cancer cells, Gln deprivation results in elevated
PD-L1 expression by reducing GSH levels, leading
to sarcoplasmic reticulum Ca+2-ATPase (SERCA)
repression, cytosolic Ca+2 elevation, and calcium/
calmodulin-dependent protein kinase II alpha (CaMKIIA)

phosphorylation. These modifications activate NF-kB
signaling, which promotes PD-L1 expression (Figure 3).
In vitro and in vivo experiments on immunocompetent
mice, suppression of the Gln metabolic pathway reduced
the antitumor activity of T cells. However, the combination
of anti-PD-L1 and Gln deprivation remarkably provoked
antitumor efficacy of T cells due to simultaneous elevation
in Fas/CD95 levels [86].

Considering that immune checkpoint inhibitors are
now widely utilized against cancers, the role of the
GlIn metabolic pathway within the TME and its link to
immune cells has gained much attention [87]. However,
it is noteworthy that experimental characterization is
significant in evaluating the cancer model system, as
it can affect metabolic phenotypes. For instance, when
tumor cells are grown in mice, a higher contribution of
glucose and a reduced input of Gln to the TCA cycle is
noticed. Otherwise, cancer cells can release metabolites
such as lactate to create an antagonistic metabolic TME
for immune cells. These factors, along with nutrient
interactions, can affect drug sensitivity in cancer
therapy [88]. In Gln metabolism, the deamidation and
deamination reactions that convert Gln to Glu generate
ammonia as a byproduct, forming buffers surrounding
tumor cells. Gln/Glu addiction results in significant
ammonia production, preventing acid stress caused by
lactate excretion and enhancing PCa cell survival. The
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Figure 3. Crosstalk between the Gln/Glu Metabolic Pathway, Cell Signaling, and the Immune System in PCa Cells.
Gln enters the cell via SLC1AS and mitochondria via the SLC1AS variant. Then, Gln is converted to Glu by GLS,
leading to the TCA cycle fueling and thus NADPH production that is involved in the generation of thioredoxin and
GSH, which contribute to redox homeostasis. Glu is released outside the mitochondria via SLC25A22 and stimulates
Stat3 downstream signaling, which is implicated in cancer invasion. SLC7A11 effluxes Glu and influxes cystine, a
component of GSH and thioredoxin biosynthesis, and the secreted Glu provokes mGluR 1 signaling, stimulating various
signaling pathways including MAPK/ERK and PI3K/AKT/mTOR, promoting NF-«B signaling that stimulates GLS
by Rho GTPases. Nrf2 indirectly stimulates NADPH, GSH, and thioredoxin biosynthesis via increasing the expression
of SLC7A11/xCT. Moreover, PSMA enzymes, folate hydrolase, and N-acetylated alpha-linked acidic dipeptidase
release Glu from the enzyme substrates, leading to upregulation of mGluR1 downstream signaling. AR/c-Myc/mTOR
also induces SLC1AS and GLS, leading to accelerated glutaminolysis. On the contrary, HepaCAM can mitigate GLS
activity and negatively regulate glutaminolysis. In addition, mTOR signaling provokes K-Ras, which activates GOT1
that enhances a-KG and aspartate generation, essential components for nucleotide generation. However, Gln depletion
leads to PD-L1 elevated expression by EGFR/ERK/c-Jun or CaMKIIA/NF-«B signaling in PCa, resulting in immune
cell suppression. TAMs in the TME also express PD-L1 and release immunosuppressive cytokines such as IL-6, IL-
10, and TGF-B, inhibiting T cells.
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Intratumoral accumulation of ammonia results in T cell
activity repression and tumor immune evasion. Thus,
the ammonia concentration in urine is considered a
biomarker of benign prostatic hyperplasia [89, 90]. In
future research, the mechanisms of ammonia metabolism
and its accumulation should be investigated and exploited
to enhance immunotherapeutic approaches. It is significant
to investigate the capacity to tackle ammonia toxicity by
improving the clearance capacity in PCa cells.

In a recent study performed on prostate and bladder
tumors, researchers exhibited that JHU083-mediated
Gln antagonism is induced by TNF, proinflammatory,
and mTORCI signaling in intratumoral TAM clusters.
Moreover, JHUO83-reprogrammed TAMs and tumor-
infiltrating monocytes demonstrated elevated tumor
cell phagocytosis and mitigated proangiogenic potency.
The in vivo suppression of TAM Gln uptake led to
accelerated glycolysis, a broken TCA cycle, and purine
metabolism disturbance. The effect of the JHUO0S83
prodrug on tumor-infiltrating T cells was moderate.
Nevertheless, the JHUO83 prodrug stimulated a stem
cell-like phenotype in cytotoxic T cells and reduced
the regulatory T cells. In addition, the JHUO83 prodrug
repressed Gln consumption in prostate and bladder cancer
cells, which decreased HIF1-a, c-Myc phosphorylation,
and activated cancer cell apoptosis. Ultimately, JHUOS3
can present a potentially efficient therapeutic approach
for tumors enriched in immunosuppressive TAMs [80].
Treatment with JHUOS3 led to modification in T cell
activity by upregulation of PD-L1 in bladder cancer cells,
resulting in modifications of T cell activity from active
status to inactive as the administration time extended.
A study found that a combination of JHUO83 and
gefitinib (EGFR tyrosine kinase inhibitor) reversed the
upregulation of PD-L/ in bladder cancer cells stimulated
by prolonged Gln suppression, leading to alleviation of
T cell immunosuppression [91].

PCa is characterized by T cell shortage, which is
compatible with its poor responses to immunotherapy.
T cells restricted to the adjacent stroma and benign
regions are featured by inactive and immunosuppressive
phenotypes. This barrier should be tackled to generate
an anti-tumor response by immunotherapies in PCa.
Researchers validated that endogenous mesenchymal
stem cells (MSCs) are present in PCa sites. These
PCa-infiltrating MSCs repress T cell proliferation and
upregulate PD-L/ and PD-L2 expression on their cell
surface in the presence of interferon-gamma (IFNy)
and TNFa. These findings suggest that targeting MSCs
infiltrating sites could be a promising therapy to restore
immunologic recognition and eradicate PCa cells [92].
Of importance, a recent study conducted in melanoma
and colon cancer murine syngeneic tumor models
illustrated that tumor cells and immune cells, especially
type-1 conventional dendritic cells (¢cDC1), compete
for GIn consumption by SLC38A2 transporter to tune
antitumor immunity. cDC1 cells are responsible for the
priming of the cytotoxic T cells and CD4+ T cells. Gln
addition suppresses melanoma and colon cancer growth
by augmenting cDC1-mediated cytotoxic T cell immunity
and conquering checkpoint blockade resistance and T cell-
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mediated immunotherapies resistance [93]. For PCa, there
is a demand to explore the role of ¢cDCls in PCa TME.
In breast cancer cells, the suppression of the SLC1AS5
transporter using V-9302 results in tumor infiltration
of cytotoxic T cells and sensitization of breast cancer
cells to PD-1 blockade [94]. V-9302 should be tested on
PCa models to validate its immunostimulatory effect on
cytotoxic T cell infiltration into PCa cells.

Cuprotosis is a new copper-dependent cell death mode
that may be associated with the heterogeneity of PCa
TME. Single-cell transcriptome analysis showed that
cuprotosis signature genes [pyruvate dehydrogenase E1
subunit alpha 1 (PDHA1), GLS, and dihydrolipoamide
branched chain transacylase E2 (DBT)] recruited TAMs
to TME by controlling the TCA cycle and Gln and fatty
acid metabolism. These signature genes can be utilized as
prognostic biomarkers and to evaluate the immunotherapy
response in PCa patients, as they can characterize immune
cell infiltration in prostate tumors to discriminate patients
suitable for immunotherapy [95, 96].

Eventually, despite promising advancements in
preclinical models, including PCa cell models, targeting
the Gln/Glu metabolic pathway faces obstacles in
clinical trials due to the rooted heterogeneity in Gln/Glu
metabolism within cancer and immune cells and the TME
dynamic ecosystem.

Crosstalk between the Gln/Glu metabolic pathway and
cell signaling

The development and progression of PCa are
mainly regulated by androgens such as testosterone and
So-dihydrotestosterone, which directly bind to AR. The
AR then liberates from its binding protein, translocates
into the nucleus, dimerizes, and attaches to the promoter
regions of the androgen response element (ARE), which
is involved in cellular growth and proliferation [97].
Dihydrotestosterone remarkably elevates SLC1AS
expression and GLS in the AR-sensitive LNCaP cell line;
however, it does not affect the AR-insensitive DU-145
and PC-3 cells. Thus, AR signaling suppression only
significantly mitigated the Gln influx in AR-sensitive cells
[98, 99]. Androgen is essential to the development of PCa
at an early stage; however, in the advanced stage of PCa,
when circulating levels of androgen are low, AR signaling
works independently through multiple mechanisms, such
as AR gene amplification, elevation of AR protein levels,
mutations that allow AR to respond to other steroids, and
AR activation without ligand binding [100].

AR signaling plays a significant role in GIn metabolism
induction by stimulating SLC1A4 and SLCIAS
overexpression, increasing Gln uptake. This occurs in
a cell-type-specific manner by multiple mechanisms,
including Myc and mTOR signaling [6]. In PCa cells (DU-
145, PC-3, LNCaP), the SLC1AS expression has been
demonstrated to be lower in CRPCa cells compared to AR-
sensitive PCa cells [98,99]. AR can promote the oncogene
Myc, which has a key role in glutaminolysis initiation,
via mitochondrial GLS and GIn transporters stimulation.
A previous study demonstrated that Myc overexpression
promotes prostatic intraepithelial neoplasia, which is
converted to invasive adenocarcinoma in a dose-dependent
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manner. The activation of glutaminolysis via Myc signaling
leads to the reprogramming of mitochondrial metabolism
to compensate for the TCA cycle anaplerosis demands to
conserve cellular viability and growth. The elevation of
Gln uptake by Myc signaling leads to K-Ras enhancement
by SLC1AS upregulation. Further, K-Ras-driven cells
are featured by GOT1 and GOT2 overexpression, which
catalyze the transamination reaction between oxaloacetate
and Glu to produce aspartate and o-KG (Figure 1).
Interestingly, the transamination activation and aspartate
synthesis in cancer cells by K-Ras are significant in
nucleotide biosynthesis upregulation and redox balance
maintenance [6, 101].

Additionally, in PCa, AR induces mTOR signaling that
increases Gln consumption by the phosphorylation of the
S6 position [6]. While mTOR kinase has two signaling
complexes, mTORCI1 and mTORC2, the mTORCI1
complex promotes glutaminolysis, cell proliferation,
and anabolic reactions. mMTORCT signaling has a crucial
role in cancer metabolic reprogramming by suppressing
the transcription of mitochondrial protein Sirtuin 4
(SIRT4), a GDH inhibitor, leading to GDH upregulation.
In particular, mMTORCI1 induces proteasome-mediated
destabilization of cAMP response element binding-2
(CREB2) to downregulate SIRT4 transcription. In
addition, Gln and 0-KG activate the mTORC1 signaling
pathway by facilitating leucine influx and regulating
mTORC]1 assembly and lysosomal localization [101,
102]. The cotreatment of androgens and rapamycin,
a mTORCI1 complex inhibitor, negatively regulates
both basal and androgen-mediated SLC1AS5 expression
in LNCaP cells and represses the androgen-mediated
stimulation of SLC1A4 and SLC1AS in VCaP cells.
Previous evidence suggests that mTOR and Gln influx
form a positive feedback loop. In addition, in PCa, both
Myc and mTOR signaling can be induced through AR-
independent mechanisms such as Gln influx through the
SLCI1AS transporter. Correspondingly, SLC1A4 and
SLC1AS function as AR, MYC, and mTOR downstream
conduits [6, 103].

In 50% of CRPCa cases, the tumor suppressor gene
PTEN loses its function, which leads to activation of the
PI3K/Akt pathway that increases Gln influx. Furthermore,
PTEN loss and subsequent PI3K/Akt signaling lead to
induce mTOR signaling. In PCa models with PTEN
and/or PI3K unmodified, Myc is not involved in the
upregulation of SLC1A4 and SLC1AS; thus, in PTEN/
PI3K wild-type PCa, Gln influx is Myc-independent [ 103].
Overexpressing PTEN models exhibited modifications in
the metabolic profile, including mitochondrial OXPHOS
induction coupled with a reduction in glucose and Gln
influx through downregulation of 6-phosphofructo-2-
kinase/fructose-2,6-bisphosphatase isoform 3 (PFKFB3)
and GLS stability [104]. In addition, Gln is also generated
by the macropinocytosis process, an actin-dependent
endocytic uptake process, through CAFs, and this
process is controlled by RAS, PTEN, and PI3K signaling
molecules [6, 50]. In PCa, GIn metabolic reprogramming
can be suppressed via hepatocellular cell adhesion
molecule (HepaCAM), which downregulates GLS1,
SLCIAS expression induced by PIK3CA signaling,

and mitigates Gln influx to the TCA cycle, resulting in
its truncation. Thus, the combination of alpelisib, an
inhibitor of PIK3CA, with the upregulation of HepaCAM
expression may serve as a novel approach for PCa patients.
These findings exhibited that HepaCAM reversed PCa
stress resistance to Gln depletion [105].

In the context of tumor growth, the stimulation of the
PI3K/AKT/mTOR signaling pathway resulted in pyruvate
kinase isoenzyme type M-2 (PKM-2) upregulation,
which promotes aerobic glycolysis. On the other hand,
p53-mediated GLS-2 increases the level of OXPHOS,
and TP53 downregulates the pentose phosphate pathway
through glucose-6-phosphate dehydrogenase direct
interaction. Therefore, TP53 mutation or loss promotes
the Warburg effect and additional anabolic pathways [38].
Experiments showed variability in AKT phosphorylation
levels at the pS473P position and mTOR in PC-3M versus
PC-3 cells. Treatment of PCa cells with rapamycin or
CB-839 mitigated ATP generation only in PC-3M cells.
Phosphorylated AKT provokes mTOR, which activates
GlIn influx, which directly modulates the mTOR [5].
GLS can also be positively regulated via the transcription
factor NF-kB by miR-23a expression inhibition. Rho
GTPases also induce GLS1/2 activity in NF-kB-dependent
patterns to increase Gln metabolism by stimulating the
phosphorylation of NF-kB (Figure 3). A prior study
suggests that NF-kB signaling links lipopolysaccharide-
induced inflammation to mitochondrial biogenesis, where
Gln is primarily metabolized [29, 106]. SIRT4 leads to
a remarkable reduction in NF-kB p65 phosphorylation
as well as NF-kB downstream target molecules such as
anti-apoptotic Bcl-2, and increases the expression of pro-
apoptotic Bax [107]. The IKKf subunit is significant for
NF-«B activation. Through the IKKB—p53 signaling axis,
cancer cells can adapt to metabolic stress. The depletion
of Gln leads to phosphorylation of p53 on Ser392 by
IKKp in an independent pattern of the NF-kB pathway,
resulting in p53 transcriptional activity. Nonetheless, a
mutation in the Ser392 residue attenuated the p53 activity,
promoting cancer cell survival and growth despite Gln
depletion [108].

Prostate-specific membrane antigen (PSMA), a
significant biomarker for PCa and a type Il transmembrane
glycoprotein, is highly expressed in PCa. There are two
types of PSMA enzymatic activities, folate hydrolase
and N-acetylated alpha-linked acidic dipeptidase. These
enzymes are capable of releasing Glu from the enzyme
substrates [109]. Researchers also hypothesized that
PSMA is involved in the progression of PCa to CRPCa
through its capability to modulate signaling pathways
included in the pathogenesis of PCa, particularly PI3K/
AKT/mTOR, which are activated in approximately half
of advanced PCa. The PI3K/Akt/mTOR axis can be
stimulated by Glu metabolite cleaved by PSMA from
folates, which provokes GPCRs upstream of the PI3K
B-isoform. Targeting mTOR1 by rapamycin elevates
PSMA expression, perhaps as a compensatory mechanism
[110]. The modulatory capability of PSMA depends on
the enzymatic substrate, such as vitamin B9, which can
be hindered by the PMSA inhibitor, 2-PMPA. It has
been observed that PSMA stimulates the PI3K signaling
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pathway by p110p phosphorylation, independent of the
PTEN status. PSMA activation through Glu also activates
PI3K signaling and establishes a reciprocal negative
regulatory loop that links the AR and PI3K signaling
pathways. This loop is a major challenge for future
targeted therapies against PCa [111]. Suppression of
PI3K in a PTEN-deficient model stimulates AR signaling,
and vice versa, repressing AR signaling provokes PI3K-
dependent AKT phosphorylation. Using a combination
of AR inhibitor enzalutamide and PSMA inhibitor
showed a more marked effect which is consistent with a
combinatorial approach of PI3K and AR inhibitors due
to the reciprocal crosstalk between these two primary
oncogenic signaling molecules [109].

mGluRs as oncogenic receptors

mGluRs, conventionally associated with synaptic
signaling in the nervous system, have also been implicated
in PCa tumorigenesis and progression. Certain mGIluR
subtypes, including mGluR 1, are expressed in PCa tissues
and PCa cell lines such as LNCaP, as well as PC-3 [112].

mGluR1, a GPCR, belongs to the mGluR Group I
family and acts as an oncogene in various types of tumors,
including PCa, renal cell cancer, and breast cancer [4].
mGluR1 activates several signaling pathways upon
its activation via Glu metabolites released by PSMA
enzymatic activity and SLC7A11/xCT antiporter to
the TME, then diacylglycerol stimulates protein kinase
C, by which several signaling pathways are activated,
such as PLC, PI3K/AKT/mTOR, NF-kB, and MAPK
(Figure 3). These pathways are implicated in apoptosis
inhibition, malignant cellular transformation, and
metastasis. The active PI3K/AKT pathway is involved in
epithelial-to-mesenchymal transition, cell survival, and
angiogenesis upon RAS binding to the p110 catalytic
subunit of PI3K. Active RAS phosphorylates MEK, which
is responsible for the phosphorylation and activation
of MAPK, resulting in the inhibition of apoptosis.
Therefore, mGluR1 exerts an oncogenic function when
ectopically expressed in epithelial PCa cells through
activation of the AKT/MAPK signaling cascade [113].
Active AKT attenuates apoptosis via phosphorylation
of Bcl-2 agonist of cell death (BAD), which hinders the
interaction of BAD with antiapoptotic proteins, including
Bcl-2 and Bel-xL.[114]. AKT-associated activation of
NF-«xB takes place through stimulation of IKK, which
stimulates proteasomal degradation of IkB. Then, NF-xB
translocates to the nucleus to activate survival genes like
inhibitors of apoptosis (IAP), which repress apoptosis
through deactivation of caspase-9 and -3. AKT inhibits
p53 through phosphorylation of mouse double minute
2 homolog (MDM2), which is a p53-binding protein
involved in the regulation of p53 activity via targeting
p53 for ubiquitination and proteasomal degradation by E3
ubiquitin ligase [115]. PI3K/AKT signaling has a role in
tumor angiogenesis, which is mediated partially through
HIF1-0 and proteins stimulated by NF-kB, such as VEGF.
Inhibition of thrombospondin-1, an angiogenesis inhibitor,
is also implicated in tumor angiogenesis [116].

A recent study has shown that activation of PI3K
and PTEN leads to the transmission of signals that are
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crucial for cell metabolism, progression, proliferation,
and survival. A recent study has demonstrated that PTEN
wild-type PCa cell lines, such as CWR22 and 22RV1,
can resist dual PI3K/mTOR inhibitor DS-7423 through
upregulating the expression of mGluR1, PSMA, and
human epidermal growth factor receptor 2 (HER2).
Whereas, PTEN mutant LNCaP cells can resist DS-7423
treatment via upregulating the expression of AR and
HERS3. The experiments on xenograft models have shown
that double targeting of PI3K/mTOR with either mGluR 1
or HER2 inhibitors leads to reduced tumor growth and
thus decreases cell survival [117].

To investigate the specific role of mGluR1,
researchers have used short-interfering RNAs for
mGluR 1 knockdown, which results in MAPK repression
via reduced extracellular signal-regulated protein kinase
phosphorylated state and suppression of the PI3K/AKT
via decreased active AKT state [118]. Several studies
show that riluzole, an inhibitor of mGluR1 signaling
by decreasing Glu in TME through blocking SLC7A11/
xCT, inhibits DNA synthesis in PCa cell lines as well as
activates apoptosis through stimulating caspase-3, -8,
and -9 [119]. Riluzole also suppresses VEGF-stimulated
protein kinase C, proliferation, migration, and progression
of PCa cells [120]. Another study has shown that riluzole
inhibits androgen-dependent and CRPCa cells through
the degradation of mutant ARs, AR-FL, and AR-V7.
Riluzole also stimulates protein degradation of AR by
activating ER stress [121]. LY367385 or BAY36-7620
are also known as competitive or noncompetitive mGIuR 1
antagonists, respectively, and they prevent Glu influx and
Glu signaling [4].

mGluR1 signaling affects GIn/Glu metabolism as it
stimulates the conversion of Gln to Glu via activation of
GLS1/2 and induces angiogenic factors such as VEGF-A
and IL-8 [122]. Another study demonstrates that Nrf2
stimulates SLC7A11/xCT, which promotes Glu efflux
and cystine influx, and then, extracellular Glu activates
mGIluR1 oncogenic signaling [123]. Another study
indicates that PSMA colocalizes with and stimulates
mGluR1. However, in the state of mGluR1 absence,
PSMA and Glu levels are not sufficient for p110p
phosphorylation and AKT activation. Hence, mitigation
of mGluR1, PSMA, or pl110B equally attenuates AKT
signaling [111].

A previous study selected genetic alterations in the
mGluR1 gene in PCa cell lines and patient samples. First
is a missense mutation (C1744T) that affects protein
stability and function, the second is a mutation at an exon-
intron junction altering splicing, the third is a missense
SNP (T2977C), and multiple non-coding variants in the
3’-UTR. These modifications affect mGluR 1 activity, thus
contributing to PCa tumorigenesis [124].

Prior study reveals that mGluRs, such as mGluR1,
mGluR2, mGluR3, mGluR4, and mGluR5, were
expressed in both PC-3 and LNCAP (+dihydrotestosterone
and —dihydrotestosterone) cells. mGluRS5 has shown
activity either in the absence or presence of GPCR
ligands. Furthermore, the mRNA expression of mGIuR6,
mGluR7, and mGluR8 was absent in PC-3; however, in
+dihydrotestosterone LNCaP cells, mGluR6 and mGluR7
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were expressed, but in -dihydrotestosterone LNCaP,
mGIluR6 and mGIluR8 were expressed. These receptors
play a key role in the proliferation of PCa cells mediated
by intracellular signaling, which is involved mainly in the
phosphorylation of ERKs [4, 112]. Despite the evidence
indicating the role of mGIuR1 in PCa progression, more
studies should be conducted to explore the oncogenic
effect of other mGluRs in PCa.

Metabolic targeting of the Gln/Glu axis for the treatment
of PCa

The interrelated interactions between the Gln/
Glu metabolic reprogramming and other cellular and
biochemical functions, including signaling pathways,
epigenetic regulation, and redox homeostasis, highlight the
significant role of the Gln/Glu metabolic pathway in PCa
progression and therapy resistance. GIn/Glu metabolic
rewiring is driven by Gln transporters overexpression and
elevated GLS activity, which together funnel Gln-derived
carbon into a-ketoglutarate and maintain GSH pools via
Glu, buffering oxidative stress [3, 25]. Thus, it is rational
to target Gln/Glu metabolism and its related components to
suppress PCa growth and survival. Therapeutic strategies
target Gln metabolism by blocking Gln uptake or its
conversion to Glu. Inhibitors of Gln transporters such
as SLC1AS5 (ASCT2) and GLS1 inhibitors (like CB-
839 or BPTES), both deplete TCA cycle intermediates,
elevate ROS, and induce apoptosis in preclinical PCa
models [66,125,126]. However, their clinical impact as
monotherapies has been limited by on-target toxicities,
immunometabolism consequences, and a lack of
predictive biomarkers, such as high GLS1 expression,
to identify responsive patients. Broad-spectrum Gln
antagonists (DON prodrugs like DRP-104) disrupt
multiple GIn-dependent enzymes but are hindered by
metabolic plasticity within the tumor microenvironment,
which involves compensatory nutrient scavenging and
autophagy-mediated Glu recycling [39]. Therefore,
effective translation of GIn/Glu targeting in PCa will
depend on combination regimens that pair metabolic
inhibitors with other modalities and employ biomarkers
to overcome metabolic plasticity and minimize toxicity.
Table 1 shows therapeutic strategies targeting the Gln/Glu
metabolic pathway that could be utilized.

In conclusion, PCa cells can evolve to reprogram
their metabolism and become addicted to GIn/Glu
metabolites, which are essential for growth and survival
by fueling the TCA cycle, evading the immune system,
and providing nutrients. The Gln/Glu metabolic pathway
is also interrelated with oncogenic signaling pathways
that lead to PCa progression into CRPCa, which resists
conventional therapies. Targeting the GIln/Glu metabolic
pathway in PCa has emerged as a promising approach to
prevent PCa progression, tackle PCa therapy resistance,
enhance immunotherapeutic responses, synergize
with conventional therapies, and hinder metabolic
reprogramming. Preclinical models have exhibited
promising findings regarding suppressing key enzymes,
transporters, and downstream pathways involved in
GlIn/Glu utilization. Nevertheless, multiple limitations
remain before implementing this approach in the clinic.

PCa subtypes are metabolically heterogeneous; thus, not
all prostate tumors will respond uniformly to Gln/Glu
targeting. In addition, the potential toxicity linked with
GIn/Glu metabolic inhibitors and the delicate balance
between interfering with cancer metabolism and harming
normal cells requires specific targets and careful dose
optimization. Our current comprehension of the intricacy
of PCa GIn/Glu metabolism and associated cellular and
molecular pathways is rapidly evolving, and substantial
principles of PCa metabolic reprogramming continue to
be redefined.
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