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Glutaminolysis has emerged in recent years as an effective therapeutic focus in the treatment of cancer. In order to

restrict the proliferation of glutamine-addicted cancer cells, researchers have created various drugs that target different

stages in glutamine metabolism.
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1. Glutamine Depletion

Because cancer cells’ reliance on glutamine metabolism is generally greater than in normal tissues, and glutamine

deprivation in cancer cell cultures frequently results in cell death, scientists have explored depleting glutamine as a cancer

therapy strategy. Multiple compounds, such as bacterial L-glutaminase and phenylbutyrate derivatives, that induce

systemic depletion of glutamine were evaluated as potential therapeutic agents . However, relevant research has

ebbed due to the limitation of these agents, which is the easy acquisition of tumor resistance by de novo glutamine

synthesis in cancer or stromal cells. Another strategy to achieve glutamine deprivation in cancer is by depleting sources of

glutamine in the tumor microenvironment. Inhibition of glutamine synthesis in cancer-associated fibroblasts was found to

limit ovarian tumor growth . Moreover, exosomes derived from the tumor microenvironment were shown to support

tumor growth under nutritional stress . However, particular inhibitors of these pathways are not yet available since

therapeutically relevant targets have not been unequivocally identified.

2. Inhibitors of Glutamine Uptake

In one case, the presence of several kinds of glutamine transporters in the plasma membrane made it difficult to

accomplish selective blocking of glutamine absorption . Nevertheless, the link between the transporter SLC1A5 and

oncogenic MYC expression and adverse prognosis in a variety of cancers prompted the development of the SLC1A5

inhibitor as a target of pharmacological blockage . L-Glutamyl-p-nitroanilide (GPNA), an analog of glutamine, was

developed into a first-generation SLC1A5 inhibitor . Despite early studies showing favorable results in limiting tumor

growth and producing synergistic effects with other cancer therapies, GPNA has been identified by growing evidence to

have low selectivity as a transporter inhibitor . Recent research has shown that GPNA can inhibit multiple other

amino acid transporters and that GPNA’s inhibition of cell viability is likely due to off-target effects from the activity of the γ-

Glutamyltransferase enzyme rather than the disruption of glutamine metabolism .

Consequently, V-9302, a small-molecule antagonist derived from GPNA, was subsequently developed. In comparison with

GPNA, V-9032 has approximately 100-fold increased potency in blocking cellular glutamine uptake, and inhibition of

SLC1A5 with V-9032 was demonstrated to cause cell death, disrupt redox equilibrium, and result in disrupted

development and progression of cancer . However, V-9032 faced similar challenges as GPNA in selectivity and off-

target effect. The mechanism underlying V-9032′s effect was questioned since the knockout of SLC1A5 did not result in

decreased sensitivity to V-9302 . The tumor suppression effect of V-9032 was likely due to the combined blockage of

other glutamine transporters, such as SNAT2 and LAT1 . In this regard, a specific SLC1A5 inhibitor remains

unidentified. Further investigation is warranted to unveil the mechanism of action and optimize the structure of these lead

compounds.

3. Antagonists of Glutamine

For decades, researchers have been searching for ways to develop effective glutamine antagonists that block glutamine

metabolism in cancer cells . Compounds such as DON (6-Diazo-5-oxo-L-norleucine), acivicin, and

azaserine have been shown to inhibit the growth of a variety of cancers in various clinical studies . However, most of
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the above glutamine analogs exhibit severe toxicity and are not recognized as favorable cancer medications despite their

strong effectiveness in halting the proliferation of cancer cells .

In this context, scientists sought to develop DON prodrugs that maximized the transport of DON to tumors while limiting its

exposure to gastrointestinal (GI) tissues. Some also proposed administering these prodrugs at a low dose so as to reduce

the toxicities associated with the GI system . Noticeably, JHU083, a prodrug that releases DON, has received much

attention as a novel glutamine antagonist. JHU083 is cleaved by cathepsins and other enzymes in tumors, which helps to

reduce the adverse effects that it has on other organs . In addition, treatment of MC38 colon cancer cells with JHU083

not only resulted in a reduction in glycolysis and oxidative phosphorylation but also enhanced the oxidative metabolism in

effector T cells and thereby boosted anti-tumor immunity . Taken together, prodrugs of DON, such as JHU083, have

been refined in terms of their delivery strategies and doses and may show encouraging results in patients with glutamine-

dependent cancers in future studies.

4. Glutaminase Inhibitors

Glutaminase is an amidohydrolase that catalyzes the conversion of glutamine (GLN) into glutamate (GLU) and ammonium

ions in the first step of glutaminolysis. GLS1 is a critical enzyme in the growth and proliferation of many types of cancer

and is thus a potential therapeutic target. Two lead compounds, bis-2-(5-phenylacetamido-1,3,4-thiadiazol-2-yl) ethyl

sulfide (BPTES) and compound 968, were first developed as allosteric glutaminase inhibitors around a decade ago .

BPTES is a selective allosteric inhibitor of GLS1. Despite showing high anti-proliferative efficacy in vitro, the application of

BPTES in vivo was restricted by its low solubility . To address this problem, various delivery strategies and structural

modifications were sought to improve its bioavailability . One of the derivatives, Telaglenastat (CB-839), was

found to be a potent hit and has advanced to clinical trials as monotherapy or combination therapy with other treatments

. On the other hand, compound 968 is a pan-glutaminase inhibitor with a four-fold higher potency in inhibiting GLS2

than GLS1 . Recently, many other glutaminase inhibitors, such as C9.22 , compound 27 (IPN60090) , alkyl

benzoquinones , and thiazolidine-2,4-dione compounds  were developed and are undergoing evaluation.

4.1. BPTES

The inhibitory effect of BPTES on GLS1 was achieved by affecting the dimer–tetramer equilibrium of GLS1 .

However, the fact that BPTES has poor solubility (0.144 μg/mL) makes it challenging to administer in vivo .

Accordingly, novel techniques have allowed the encapsulation of BPTES in sub-100 nm nanoparticles, which

demonstrated better pharmacokinetic properties and efficacy compared to unencapsulated BPTES . Further

metabolomic analyses revealed that tumor cells that survived after glutaminase inhibition depend on glycolysis and

glycogen synthesis for energy production. Consistent with this finding, combination therapy of BPTES nanoparticles and

metformin, a mitochondrial complex I inhibitor that blocks glycogen synthesis, resulted in greatly increased inhibition of

tumor growth compared to monotherapy with either agent alone . Safety evaluation using a patient-derived pancreatic

cancer mouse model found no weight loss or signs of liver or kidney toxicity with the combination of BPTES-NPs and

metformin . The combined targeting of multiple metabolic pathways with small-molecule drugs showed remarkable

efficacy in disturbing the proliferation of cancer cells in preclinical models and holds promise for future cancer therapy.

4.2. CB-839

Although derived from BPTES, the potency and kinetic behavior of CB-839 differed from those of BPTES. The effect of

CB-839 is time-dependent and slowly reversible. Compared to BPTES, CB-839 has increased potency and distinct kinetic

behavior, showing a slow-on/slow-off mechanism . The early preclinical results of CB-839 were promising. For

example, one recent study found that CB-839 had a selective inhibitory effect on PIK3CA-mutant, but not WT, colorectal

malignancies . In addition, an additive impact on apoptosis was demonstrated when CB-839 was coupled with 5-FU,

camptothecin, oxaliplatin, and regorafenib in HCT116 colorectal cells. These findings showed that the addition of CB-839

to current cancer therapy might greatly improve the treatment of patients with PIK3CA-mutant colorectal tumors .

As the most studied glutaminase inhibitor with high expectations, dozens of clinical trials are now underway to evaluate

CB-839′s effect in vivo. However, early trials showed inconsistent results. While one phase I (NCT02071862) and one

phase II (NCT03163667) trial reported enhanced anti-tumor effects for CB-839 when combined with cabozantinib  or

everolimus  in metastatic renal cell carcinoma, a recently published phase II randomized controlled trial

(NCT03428217) failed to demonstrate improved progression-free survival with CB-839 + cabozantinib compared to

placebo + cabozantinib . Despite the controversial results in efficacy, most trials reported tolerable adverse events in

response to CB-839 treatment .
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4.3. Compound 968

Compound 968 is a pan-glutaminase inhibitor that interacts with both kidney-type glutaminase (KGA) and glutaminase C

(GAC) isoforms of GLS1 by preventing the combination of inactive monomers of GLS1 into an active tetramer .

Moreover, compound 968 has an inhibitory effect on GLS2, which was previously identified as being essential in the

tumorigenesis of luminal-type breast cancers . Research on breast cancer cell lines discovered that basal- and luminal-

type breast cancer, although both rely on glutamine metabolism, adopt distinct pathways for glutaminolysis . The

glutamine utilization in luminal-subtype breast cancers is mediated by GLS2, rendering them insensitive to many

commonly used GLS1 inhibitors. In line with this finding, targeting GLS2 with compound 968 successfully suppressed the

proliferation and tumorigenesis of BPTES-resistant luminal-type breast cancer . Aside from breast cancers, compound

968 was found to be effective against various cancers in preclinical studies, including endometrial , ovarian ,

hepatocellular , non-small cell lung cancer , and multiple myeloma .

4.4. C9.22

Recently, a high-throughput screening study using the coupled enzyme-based fluorescent glutaminase activity assay to

screen a library of about 30,000 compounds was conducted . As a result, 11 glutaminase inhibitors were found to be

hits, and they were further characterized by in silico, biochemical, and glutaminase-based cellular assays . The

structure-activity relationship research on the most promising hit (C9) led to the identification of C9.22, a derivative with

improved in vitro and cellular glutaminase-inhibiting activity . C9.22 inhibited GAC selectively, presumably through a

mechanism similar to BPTES and CB-839. The new glutaminase inhibitor C9.22, which has a unique structure and

prevents cells from using glutamine, leads to suppression of propagation in three dimensions .

4.5. Combination Therapies

Due to the pivotal role of GLS in glutaminolysis and its influence on multiple inter-related pathways, GLS inhibitors have

the potential to exhibit synergistic effects with many cancer therapies that target different pathways. Various combination

regimens were proposed. Metformin, an antidiabetic drug that was found to have an anticancer effect in multiple

malignancies , has a tendency to be more effective against cancer cells that have survived GLS inhibition .

Moreover, as inactivation of GLS produces a redox imbalance, reduces the production of nucleotides, and generates

replication stress, cancer cells become more dependent on poly (ADP-ribose) polymerase (PARP) DNA repair. This

therefore sensitizes them to PARP inhibitors, suggesting the consideration of the combined therapy of GLS inhibitors and

PARP inhibitors as a novel therapeutic regimen .

On the other hand, it was shown that pancreatic cancers might circumvent GLS inhibition by increasing their glutamate

synthesis through the glutaminase 2 route . Inhibition of glutamine transaminase K, a major enzyme of the glutaminase

2 pathway, in conjunction with GLS inhibition, can dampen both metabolic pathways . Another study reported that N-

acetylaspartylglutamate can act as a crucial reservoir, supplying glutamate to cancer cells via carboxypeptidase II

(GCPII), even when glutamate production from exogenous glutamine is restricted. This makes GCPII a feasible target for

cancer therapy, either alone or in combination with GLS inhibition . Taken together, the use of GLS inhibitors in

conjunction with other therapies may provide a viable strategy for the effective treatment of cancer.

In recent years, there has been a growing focus placed on the relationship between the inhibition of glutaminase and the

activation of the immune system brought about by immunotherapies. As a glutamine-rich tumor microenvironment was

suggested to be essential for CD8 T cell activation and effector function, the combination of glutamine inhibition with

immunotherapy was called into question . This was corroborated by a recent study, which demonstrated that

glutaminase inhibition with CB-839 impaired the clonal expansion and activation of CD8 T cells in Lkb1-deficient lung

cancer . Although glutaminase inhibition or anti-PD1 immunotherapy may be beneficial to this subset of cancer as

monotherapy, their combination could lead to a contradictory effect . Since several clinical trials have been launched to

examine the combination of CB-839 with anti-PD1 immunotherapies (NCT03894540, NCT04265534, and NCT02771626),

the importance of potential interference should be carefully considered.

References

1. Thibault, A.; Cooper, M.R.; Figg, W.D.; Venzon, D.J.; Sartor, A.O.; Tompkins, A.C.; Weinberger, M.S.; Headlee, D.J.; Mc
Call, N.A.; Samid, D.; et al. A phase I and pharmacokinetic study of intravenous phenylacetate in patients with cancer.
Cancer Res. 1994, 54, 1690–1694.

[33][44]

[45]

[45]

[45]

[46] [47][48]

[49][50] [51] [52]

[33]

[33]

[33]

[33]

[53] [54]

[55]

[56]

[56]

[57]

[58][59]

[58]

[58]



2. Ghasemian, A.; Al-Marzoqi, A.H.; Al-Abodi, H.R.; Alghanimi, Y.K.; Kadhum, S.A.; Shokouhi Mostafavi, S.K.; Fattahi, A.
Bacterial l-asparaginases for cancer therapy: Current knowledge and future perspectives. J. Cell. Physiol. 2019, 234, 1
9271–19279.

3. Yang, L.; Achreja, A.; Yeung, T.L.; Mangala, L.S.; Jiang, D.; Han, C.; Baddour, J.; Marini, J.C.; Ni, J.; Nakahara, R.; et a
l. Targeting Stromal Glutamine Synthetase in Tumors Disrupts Tumor Microenvironment-Regulated Cancer Cell Growt
h. Cell Metab. 2016, 24, 685–700.

4. Zhao, H.; Yang, L.; Baddour, J.; Achreja, A.; Bernard, V.; Moss, T.; Marini, J.C.; Tudawe, T.; Seviour, E.G.; San Lucas,
F.A.; et al. Tumor microenvironment derived exosomes pleiotropically modulate cancer cell metabolism. Elife 2016, 5, e
10250.

5. Yoo, H.C.; Yu, Y.C.; Sung, Y.; Han, J.M. Glutamine reliance in cell metabolism. Exp. Mol. Med. 2020, 52, 1496–1516.

6. Shimizu, K.; Kaira, K.; Tomizawa, Y.; Sunaga, N.; Kawashima, O.; Oriuchi, N.; Tominaga, H.; Nagamori, S.; Kanai, Y.; Y
amada, M.; et al. ASC amino-acid transporter 2 (ASCT2) as a novel prognostic marker in non-small cell lung cancer. Br.
J. Cancer 2014, 110, 2030–2039.

7. Liu, P.; Ge, M.; Hu, J.; Li, X.; Che, L.; Sun, K.; Cheng, L.; Huang, Y.; Pilo, M.G.; Cigliano, A.; et al. A functional mammali
an target of rapamycin complex 1 signaling is indispensable for c-Myc-driven hepatocarcinogenesis. Hepatology 2017,
66, 167–181.

8. Bernhardt, S.; Bayerlová, M.; Vetter, M.; Wachter, A.; Mitra, D.; Hanf, V.; Lantzsch, T.; Uleer, C.; Peschel, S.; John, J. Pr
oteomic profiling of breast cancer metabolism identifies SHMT2 and ASCT2 as prognostic factors. Breast Cancer Res.
2017, 19, 112.

9. Esslinger, C.S.; Cybulski, K.A.; Rhoderick, J.F. Ngamma-aryl glutamine analogues as probes of the ASCT2 neutral ami
no acid transporter binding site. Bioorg. Med. Chem. 2005, 13, 1111–1118.

10. Chiu, M.; Sabino, C.; Taurino, G.; Bianchi, M.G.; Andreoli, R.; Giuliani, N.; Bussolati, O. GPNA inhibits the sodium-indep
endent transport system L for neutral amino acids. Amino Acids 2017, 49, 1365–1372.

11. Bröer, A.; Rahimi, F.; Bröer, S. Deletion of Amino Acid Transporter ASCT2 (SLC1A5) Reveals an Essential Role for Tran
sporters SNAT1 (SLC38A1) and SNAT2 (SLC38A2) to Sustain Glutaminolysis in Cancer Cells. J. Biol. Chem. 2016, 29
1, 13194–13205.

12. Corti, A.; Dominici, S.; Piaggi, S.; Belcastro, E.; Chiu, M.; Taurino, G.; Pacini, S.; Bussolati, O.; Pompella, A. γ-Glutamylt
ransferase enzyme activity of cancer cells modulates L-γ-glutamyl-p-nitroanilide (GPNA) cytotoxicity. Sci. Rep. 2019, 9,
891.

13. Schulte, M.L.; Fu, A.; Zhao, P.; Li, J.; Geng, L.; Smith, S.T.; Kondo, J.; Coffey, R.J.; Johnson, M.O.; Rathmell, J.C.; et al.
Pharmacological blockade of ASCT2-dependent glutamine transport leads to antitumor efficacy in preclinical models. N
at. Med. 2018, 24, 194–202.

14. Bröer, A.; Fairweather, S.; Bröer, S. Disruption of Amino Acid Homeostasis by Novel ASCT2 Inhibitors Involves Multiple
Targets. Front. Pharm. 2018, 9, 785.

15. Coffey, G.L.; Ehrlich, J.; Fisher, M.W.; Hillegas, A.B.; Kohberger, D.L.; Machamer, H.E.; Rightsel, W.A.; Roegner, F.R. 6
-Diazo-5-oxo-L-norleucine, a new tumor-inhibitory substance. I. Biologic studies. Antibiot. Chemother. 1956, 6, 487–49
7.

16. Lemberg, K.M.; Vornov, J.J.; Rais, R.; Slusher, B.S. We’re Not “DON” Yet: Optimal Dosing and Prodrug Delivery of 6-Di
azo-5-oxo-L-norleucine. Mol. Cancer 2018, 17, 1824–1832.

17. Hidalgo, M.; Rodriguez, G.; Kuhn, J.G.; Brown, T.; Weiss, G.; MacGovren, J.P.; Von Hoff, D.D.; Rowinsky, E.K. A Phase
I and pharmacological study of the glutamine antagonist acivicin with the amino acid solution aminosyn in patients with
advanced solid malignancies. Clin. Cancer Res. 1998, 4, 2763–2770.

18. Lyons, S.D.; Sant, M.E.; Christopherson, R.I. Cytotoxic mechanisms of glutamine antagonists in mouse L1210 leukemi
a. J. Biol. Chem. 1990, 265, 11377–11381.

19. Rais, R.; Jancarik, A.; Tenora, L.; Nedelcovych, M.; Alt, J.; Englert, J.; Rojas, C.; Le, A.; Elgogary, A.; Tan, J.; et al. Disc
overy of 6-Diazo-5-oxo-l-norleucine (DON) Prodrugs with Enhanced CSF Delivery in Monkeys: A Potential Treatment fo
r Glioblastoma. J. Med. Chem. 2016, 59, 8621–8633.

20. Hensley, C.T.; Wasti, A.T.; DeBerardinis, R.J. Glutamine and cancer: Cell biology, physiology, and clinical opportunities.
J. Clin. Investig. 2013, 123, 3678–3684.

21. Li, T.; Le, A. Glutamine Metabolism in Cancer. Adv. Exp. Med. Biol. 2018, 1063, 13–32.

22. Tenora, L.; Alt, J.; Dash, R.P.; Gadiano, A.J.; Novotna, K.; Veeravalli, V.; Lam, J.; Kirkpatrick, Q.R.; Lemberg, K.M.; Maj
er, P.; et al. Tumor-Targeted Delivery of 6-Diazo-5-oxo-l-norleucine (DON) Using Substituted Acetylated Lysine Prodrug



s. J. Med. Chem. 2019, 62, 3524–3538.

23. DeBerardinis, R.J. Tumor Microenvironment, Metabolism, and Immunotherapy. N. Engl. J. Med. 2020, 382, 869–871.

24. Leone, R.D.; Zhao, L.; Englert, J.M.; Sun, I.M.; Oh, M.H.; Sun, I.H.; Arwood, M.L.; Bettencourt, I.A.; Patel, C.H.; Wen,
J.; et al. Glutamine blockade induces divergent metabolic programs to overcome tumor immune evasion. Science 201
9, 366, 1013–1021.

25. Wang, Z.; Liu, F.; Fan, N.; Zhou, C.; Li, D.; Macvicar, T.; Dong, Q.; Bruns, C.J.; Zhao, Y. Targeting Glutaminolysis: New
Perspectives to Understand Cancer Development and Novel Strategies for Potential Target Therapies. Front. Oncol. 20
20, 10, 589508.

26. Xu, X.; Meng, Y.; Li, L.; Xu, P.; Wang, J.; Li, Z.; Bian, J. Overview of the Development of Glutaminase Inhibitors: Achiev
ements and Future Directions. J. Med. Chem. 2019, 62, 1096–1115.

27. Zimmermann, S.C.; Wolf, E.F.; Luu, A.; Thomas, A.G.; Stathis, M.; Poore, B.; Nguyen, C.; Le, A.; Rojas, C.; Slusher, B.
S.; et al. Allosteric Glutaminase Inhibitors Based on a 1,4-Di(5-amino-1,3,4-thiadiazol-2-yl)butane Scaffold. ACS Med.
Chem. Lett. 2016, 7, 520–524.

28. Duvall, B.; Zimmermann, S.C.; Gao, R.-D.; Thomas, A.G.; Kalčic, F.; Veeravalli, V.; Elgogary, A.; Rais, R.; Rojas, C.; Le,
A.; et al. Allosteric kidney-type glutaminase (GLS) inhibitors with a mercaptoethyl linker. Bioorg. Med. Chem. 2020, 28,
115698.

29. Shukla, K.; Ferraris, D.V.; Thomas, A.G.; Stathis, M.; Duvall, B.; Delahanty, G.; Alt, J.; Rais, R.; Rojas, C.; Gao, P.; et al.
Design, synthesis, and pharmacological evaluation of bis-2-(5-phenylacetamido-1,2,4-thiadiazol-2-yl)ethyl sulfide 3 (BP
TES) analogs as glutaminase inhibitors. J. Med. Chem. 2012, 55, 10551–10563.

30. Finlay, M.R.V.; Anderton, M.; Bailey, A.; Boyd, S.; Brookfield, J.; Cairnduff, C.; Charles, M.; Cheasty, A.; Critchlow, S.E.;
Culshaw, J.; et al. Discovery of a Thiadiazole-Pyridazine-Based Allosteric Glutaminase 1 Inhibitor Series That Demonst
rates Oral Bioavailability and Activity in Tumor Xenograft Models. J. Med. Chem. 2019, 62, 6540–6560.

31. Elgogary, A.; Xu, Q.; Poore, B.; Alt, J.; Zimmermann, S.C.; Zhao, L.; Fu, J.; Chen, B.; Xia, S.; Liu, Y.; et al. Combination
therapy with BPTES nanoparticles and metformin targets the metabolic heterogeneity of pancreatic cancer. Proc. Natl.
Acad. Sci. USA 2016, 113, E5328–E5336.

32. Wang, J.B.; Erickson, J.W.; Fuji, R.; Ramachandran, S.; Gao, P.; Dinavahi, R.; Wilson, K.F.; Ambrosio, A.L.; Dias, S.M.;
Dang, C.V.; et al. Targeting mitochondrial glutaminase activity inhibits oncogenic transformation. Cancer Cell 2010, 18,
207–219.

33. Costa, E.R.K.; Rodrigues, C.T.; Campos, H.J.C.; Paradela, L.S.; Dias, M.M.; Novaes da Silva, B.; de Valega Negrao, C.
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