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Glutamine, one of the most abundant amino acids in the body, plays diverse roles in cellular metabolism, ranging from

bioenergetics to the synthesis of nucleotides, glutathione (GSH), and various other non-essential amino acids.
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1. Glutamine Catabolism and Its Regulation

Glutamine, one of the most abundant amino acids in the body , plays diverse roles in cellular metabolism, ranging from

bioenergetics to the synthesis of nucleotides, glutathione (GSH), and various other non-essential amino acids .

Classified as a non-essential amino acid by itself, it can be synthesized de novo by using other carbon- and nitrogen-

containing nutrients as precursors in mammalian cells . It is also transported across cell and mitochondrial membranes

by specific solute carrier family members, including SLC1A5, SLC38A2, SLC38A1, and SLC1A1 . Its export occurs

through the SLC7A5 antiporter in exchange for extracellular leucine .

The catabolism of glutamine initiates with its conversion to glutamate, which can be catalyzed by glutaminase (GLS) in

many cancer cells , a process that also releases a free amide nitrogen molecule to biosynthetic pathways. Humans

possess two types of glutaminase: kidney-type GLS1, distributed ubiquitously, and liver-type GLS2, primarily expressed in

the liver . In mammalian cells, the GLS1 gene encodes two isoforms of glutaminase: kidney-type glutaminase (KGA)

and glutaminase C (GAC). Notably, the GAC isoform is predominantly found in acute myeloid leukemia (AML) .

Glutamate is subsequently converted by glutamate dehydrogenase (GDH) or by transaminases into α-ketoglutarate (α-

KG). α-KG then can enter the tricarboxylic acid cycle (TCA), providing both energy and intermediates for macromolecule

biosynthesis . Remarkably, in certain cell types, glutamine serves as an equivalent energy source for ATP production as

glucose . Furthermore, glutamine is a precursor for nucleotides, is involved in the synthesis of other non-essential

amino acids, and contributes to the formation of glutathione, a key cellular reducing equivalent to mitigate oxidative stress

. Indeed, many AML subtypes rely on producing glutathione to maintain intracellular redox balance , particularly in

leukemia stem cells and residual leukemia cells after chemotherapy, suggesting vulnerability in redox homeostasis in

these cells, which should be targeted to prevent leukemia recurrence or refractory disease .

Hematological malignancies heavily rely on glutamine for mitochondrial oxidative phosphorylation (OXPHOS), a vital

energetic process to support cell survival and proliferation . In leukemia, elevated expression of SLC1A5 facilitates

glutamine uptake, a necessary process for the synthesis of glutathione and pyrimidine to drive chemo-resistance in the

leukemic blast cells . In an independent study, it was shown that the elevated expression of SLC1A5 is driven by the

signal transducer and activator of transcription 3 (STAT3)–MYC protooncogene axis in AML stem and progenitor cells

(LSCs), enhancing glutamine influx to support the TCA cycle and glutathione production .

2. Targeting Glutamine Metabolism in AML

Current strategies targeting glutamine metabolism in cancer cells focus on its depletion, glutaminase inhibition, and

inhibition of glutamine uptake by blocking its membrane transporters. As a result, combined treatment strategies have

emerged to combat drug resistance and enhance anti-tumor efficacy. AML cells are generally reliant on glutamine and

mitochondrial OXPHOS for survival . Notably, inhibitors of GLS1, such as BPTES, compound 938, and compound CB-

839, are available, with CB-839 undergoing human clinical trials for hematological malignancies. Inhibiting glutamine

metabolism via CB-839 significantly disrupts the production of glutathione in various AML types, leading to an

accumulation of mitochondrial reactive oxygen species (mitoROS) and apoptotic cell death . The inhibition of GLS1

induces apoptosis through caspase activation, predominantly involving the intrinsic mitochondrial apoptotic pathway . In

primary AML leukemic stem cells, high-level expression of BCL-2 supports OXPHOS, rendering the cells to be highly
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sensitive to BCL-2-specific inhibitors . Combining CB-839 with one of these BCL-2 inhibitors, Venetoclax, demonstrates

promising clinical potential for treating AML by inhibiting glutaminolysis, triggering mitochondrial depolarization, and

inducing intrinsic caspase-dependent apoptosis, thus exhibiting potent anti-leukemic activity .

Combining glutaminase inhibition with agents that disrupt mitochondrial redox balance intensifies leukemic cells’

vulnerability to cell death. In a pre-clinical study, combining CB-839 with arsenic trioxide (ATO) or homoharringtonine

(HHT), two known ROS inducers, significantly exacerbated cellular ROS production and cell death in AML cell lines in vitro

and a secondary mouse AML model in vivo . Furthermore, this combination therapy effectively eliminated primary AML

colony-forming cells, indicating potential efficacy against leukemia stem cells. Notably, the CB-839 and HHT combination

also demonstrates efficacy in treating acute lymphoblastic leukemia (ALL), another type of leukemia originating from

lymphoid progenitor cells.

Mutations in the FLT3 receptor type-III kinase are prevalent in about 30% of AML patients, primarily characterized by FLT3

internal tandem duplication (ITD) mutations. These mutations represent an increased rate of relapse post-standard

therapies and a poor prognosis . Investigation by metabolomics and gene-expression profiling analyses revealed that

in FLT3-ITD, AMLs specifically depend on glutamine metabolism during treatment targeting the tyrosine kinase activities

of the FLT3 receptors. Inhibition of FLT3-ITD in these AMLs disrupts glutamine metabolism by blocking its uptake via an

undefined mechanism. As a result, inhibition of glutamine uptake depletes glutathione and induces apoptosis due to

increased mitochondrial oxidative stress . Combining AC220, a FLT3 inhibitor, with CB-839 further depletes

glutathione, induces mitochondrial ROS, and triggers apoptotic cell death synergistically . In vivo experiments using

CB-839 demonstrated enhanced elimination of leukemic cells when AC220 was given simultaneously, significantly

improving survival in a patient-derived xenograft AML model . Similarly, the combination of imatinib, a BCR/ABL

inhibitor, with CB-839 amplifies apoptosis in BCR-ABL-positive cells, characterized by increased intracellular ROS

production and reduced oxygen consumption . The completed clinical trial (Table 1), registered as NCT02071927,

utilized a combination of CB-839 and azacytidine, a DNA methyltransferase (DNMT) inhibitor known for its demethylating

effects in vitro and in vivo. Until now, no results from this trial have been made public. However, a similar combination has

demonstrated efficacy in patients with myelodysplastic syndromes, as evidenced by the study registered as

NCT03047993 (Table 1). In this trial, an objective response, defined as complete remission (CR), morphologic CR, or

hematologic improvement, was achieved in 15 out of 23 patients, accounting for 65.2% of the participants .

Table 1. Ongoing and completed clinical trials involving perturbation of amino acid metabolism.

Registered Number Disease Phase Group Status Reference

NCT02071927 R/R leukemia I Single-agent CB-839/CB-839 and
AZA Complete N.A

NCT03047993 Advanced MDS I/II CB-839 and AZA Complete

NCT04666649 R/R AML I Ven-PegC Ongoing N.A

NCT02899286 R/R AML II PEG-BCT-100 Complete N.A

NCT01551628 R/R leukemia I Recombinant human arginase1
Peg-5000

Terminated(slow
patient recruitment) N.A

NCT02732184 R/R AML or
MDS II Co-ArgI-PEG modified human

arginase I Complete N.A

NCT01910012 R/RAML II ADI-PEG 20 Complete

NCT05001828 High risk AML I ADI-PEG 20, Venetoclax and
Azacitidine Ongoing N.A

NCT02835729 ND-AML I Indoximodin, Idarubicin and
Cytarabine Complete

2006-005694-21
(EWALL-PH-01)

ND-Ph+ and/or
CR-ABL1+ ALL II Dasatinib, cytarabine,

asparaginase and methotrexate Complete

NCT01085617(UKALL14) newly
diagnosed ALL III

PEG-ASP and standard
induction regimen (ph + disease
received continuous oral
imatinib)

Complete
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3. Combination Therapeutics Involving Glutamine Perturbation and
Traditional Chemo-Agents

There is no drug that can deplete glutamine in circulation specifically till today. However, L-asparaginase, a chemo-agent

that is used in ALL patients via degrading asparagine to aspartate and ammonia has caught attention because L-

asparaginase can also degrade glutamine but as a less effective substrate . Indeed, a clinical study using

crisantaspase, an asparaginase purified from Erwinia chrysanthemi, showed responses in relapsed AML patients, which

correlated with its capacity to deplete glutamine in the plasma of these patients . Pegcrisantaspase (PegC), a long-

acting form of crisantaspase, effectively depletes glutamine and asparagine, and inhibits mRNA translation and cellular

protein synthesis, leading to cell death in leukemic cells in vitro . The combination of Venetoclax, a BCL2 inhibitor, with

PegC enhanced the interaction between eIF4E and 4EBP1 within the cap-binding complex to inhibit global mRNA

translation, which reduced the expression of MCL-1 protein and caused cell death in vitro and synergistically inhibited

leukemia progression in a PDX AML model in vivo. In this study, it was shown that glutamine depletion by PegC played a

major role in this process . A clinical trial focusing on relapsed/refractory acute myeloid leukemia (R/R AML) is currently

ongoing, investigating the combination of PegC and Venetoclax (NCT04666649, Table 1).

Residual AML cells exhibit transient metabolic adaptation that contributes to their chemo-resistance. Studies in mouse

AML models suggest that strategically manipulating specific metabolic pathways, such as glutamine catabolism and

pyrimidine synthesis, holds therapeutic promise . Glutamine analogs and antagonists, such as 6-diazo-5-oxo-L-

norleucine (DON), inhibit a spectrum of enzymes that utilize glutamine as substrates . Administering DON concurrently

with chemotherapy (CT) showed no difference in survival compared to CT alone. However, when DON treatment followed

CT and covered the phase of maximal response, a distinct survival benefit was observed. Short-term DON treatment post-

CT notably enhanced AML cell elimination, evident by increased apoptotic cells and higher instances of double-stranded

DNA breaks in residual cells . While DON was tested in clinical trials for both solid tumors and leukemia since the

1980s, it was however abandoned due to its limited efficacy as a single agent and the occurrence of dose-dependent side

effects .

Targeting glutamine metabolism in leukemia aims to reduce its uptake, block its catabolism, and thereby prevent its further

utilization (Figure 1). In recent work, a non-specific inhibitor of glutamine transporter SLC1A5, namely L-c-glutamyl-p-

nitroanilide (GPNA), showed efficacy in inhibiting leukemia progression in a xenograft AML model in vivo . It will be

interesting in the future to test more specific inhibitors, such as V-9302, which has been found to be effective in solid

tumor models . Notably, inhibitors targeting FLT3-ITD show promise in inhibiting glutamine uptake and exhibiting

synergistic effects with glutaminase inhibitors. Given the importance of GSH, a vital antioxidant produced via glutamine

catabolism, in mitigating oxidative-stress-induced cell death, combining glutamine inhibition with other chemotherapy

drugs that induce ROS seems to be a rational choice. Glutamine deprivation might overcome resistance to BCL-2

inhibitors by perturbing mitochondrial integrity and function. In the future, it warrants further investigation of other

glutamine-dependent biosynthetic pathways, such as nucleotide biosynthesis, to determine its potential synergy with other

chemotherapeutics in leukemia.

Figure 1. Therapeutic strategies that perturb glutamine metabolism. Glutamine (Gln) is transported into cells through cell

surface transporters (SLC38A1). It is used as a precursor for protein synthesis. Intracellularly, glutamine is broken down

into glutamate (Glu) by enzymes like GLS. Glutamate enters the TCA cycle via further catabolism into a-ketoglutarate (α-

KG), which is critical to replenish the TCA cycle intermediates for other biosynthetic pathways or ATP production through
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oxidative phosphorylation (OXPHOS). Glu is also a critical precursor to synthesize glutathione (GSH), a key antioxidant to

mitigate oxidative stress in leukemic cells. Combined treatment primarily focuses on blocking glutamine uptake or blocking

its conversion into glutamate. In certain settings, L-asparaginase (ASNase) can deplete extracellular glutamine, which

further reduces its intracellular utilization. Venetoclax (VEN) enhances the inhibitory effect of amino acid deprivation

caused by ASNase treatment on mTOR, ultimately leading to the suppression of MCL-1 protein expression. 6-diazo-5-

oxo-L-norleucine, also known as DON, is a glutamine analog. It disrupts multiple metabolic reactions that utilize glutamine

as a substrate. CB-839, a GLS inhibitor, inhibits glutamate production and significantly increases ROS when combined

with oxidizing agents, such as ATO/HHT. BCL-2 enhances mitochondrial OXPHOS for energy production, and thus its

inhibition synergizes with CB-839 to disrupt energy production and mitochondrial function. Additionally, FLT3-TKI (AC220)

reduces glutamine uptake and utilization in leukemic cells and thus shows synergy with CB-839, likely through perturbing

bioenergetics.
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