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Opinion statement

Relapse after chemotherapy and hematopoietic stem cell transplantation leads to adverse
prognosis for acute myeloid leukemia (AML) patients. As a “conditionally essential amino
acid,” glutamine contributes to the growth and proliferation of AML cells. Glutamine-target
strategies as new treatment approaches have been widely explored in AML treatment to
improve outcome. Glutamine-target strategies including depletion of systemic glutamine
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and application of glutamine uptake inhibitors, glutamine antagonists/analogues, and
glutaminase inhibitors. Because glutamine metabolism involved in multiple pathways in
cells and each pathway of glutamine metabolism has many regulatory factors, therefore,
AML therapy targeting glutamine metabolism should focus on how to inhibit multiple
metabolic pathways without affecting normal cells and host immune to achieve effective

treatment for AML.

Introduction

Acute myeloid leukemia (AML) is a type of heterogene-
ous hematologic malignancy, which is characterized
by impaired clonal proliferation and differentiation of
hematopoietic cells in bone marrow [1, 2]. In the past
decades, the “7 +3” induction chemotherapy (cytara-
bine for 7 days + daunorubicin for 3 days) has been
usual option for AML treatment. It turns out that the
AML patients at young age benefit greatly from this
therapy. Although patients with AML can achieve
remission with intensive chemotherapy, the drug-resist-
ant relapse leads to an unsatisfactory overall 5-year
survival rate (20-30%) [3, 4]. The clinical application
of allogeneic hematopoietic stem cell transplantation
contributes to improved long-term survival of AML
patients, but post-transplant relapse could occur due
to multiple factors. Therefore, more alternative thera-
peutic strategies for AML patients are needed.
Malignant cells grow and divide faster and more
efficiently than normal cells, which increase their
demand for energy, biosynthetic precursors, and

macromolecular synthesis [5]. Energy metabolic repro-
gramming promotes the proliferation of cancer cells.
Studies have showed that cancer cells preferentially use
glycolysis to rapidly generate ATP for cell growth and
proliferation even under the condition with sufficient
oxygen, which is known as Warburg effect. In addi-
tion to glycolysis, various metabolic pathways includ-
ing glutamine decomposition are activated in cancer
cells [6, 7]. Glutamine metabolism plays a key role in
cancer cells, providing the basis for regulating redox
homeostasis and signal transduction pathways, and
maintaining cell proliferation [8].

This review highlights the importance of glutamine
metabolism in AML cells and addresses potential
related strategies for AML treatment, including deple-
tion of systemic glutamine and application of glu-
tamine uptake inhibitors, glutamine antagonists/ana-
logues, and glutaminase inhibitors. The opportunities
and challenges in targeting glutamine metabolism are
also discussed.

Importance of glutamine in AML cells

Glutamine is the most abundant non-essential amino acid in human blood
with a concentration at 0.6 to 0.8 mM [8]. Normally, glutamine can be trans-
ported from the outside of cells through glutamine transporter SLC1A5
(ASCT2), synthesized within cells or produced by lysosomal degradation of
proteins obtained by autophagy, endocytosis, and macrocytosis. However, glu-
tamine is considered as a conditionally essential amino acid when de novo syn-
thesis of glutamine cannot meet the energy demand for the rapid proliferation
of cancer cells. The central role of glutamine in metabolism stems from the vari-
ous metabolic pathways converting glutamine to a-KG [8, 9]. Firstly, glutamine
can be converted to glutamate by glutaminase (GLS). On one hand, glutamate
can be directly converted to a-KG by glutamate dehydrogenase (GLDH), which
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was involved in the tricarboxylic acid (TCA) cycle as a metabolite for cancer cell
growth and proliferation. On the other hand, glutamate can be deaminated in
many reactions and thus used as a nitrogen source for the non-essential amino
acids and purine and pyrimidine nucleotides [10]. In addition, intracellular
glutathione derived from glutamine is a vital small molecule reductant that
can effectively scavenge intracellular reactive oxygen species (ROS) and con-
tribute to the redox homeostasis of cancer cells [11]. Moreover, glutamine can
promote activation of rapamycin complex 1 (mTORC1), which is associated
with apoptosis and autophagy of cancer cells [12, 13].

The plasma glutamine concentration of AML patients is significantly lower
than 0.3 mM, revealing the rapid consumption of glutamine in AML cells [14].
Wang D et al. analyzed the serum metabolites of 55 newly diagnosed AML
patients and 45 matched healthy volunteers. The results indicated that glu-
tamine was decreased in AML patients in comparison to that in healthy subjects
[15]. Importantly, glutamine acted as the main energy source for the growth and
proliferation of AML cells. Evil/MFIAML cells can use glutamine metabolites to
accelerate cell oxidative phosphorylation prior to glycolysis activation, indicat-
ing that AML cells are more dependent on glutamine [16]. Therefore, inhibi-
tion of glutamine metabolism is suggested as a therapeutic method to prevent
the growth of leukemia cells. Actually, glutamine deprivation suppressed the
proliferation and growth of AML cells significantly [17-21]. Emadi’s group also
uncovered that reducing glutamine resulted in a decrease of the metabolite
2-hydroxybutyric acid (2-HG) and thus inhibited the proliferation of AML cells
with isocitrate dehydrogenase (IDH) mutations [18].

Recently, several potential anti-AML targets related to glutamine metabo-
lism in AML cells have been predicted and confirmed. Maria LA and col-
leagues found that STAT3 mediated oxidative phosphorylation in leukemia
stem cells (LSCs) by regulating MYC expression and thus modulate the tran-
scription of SLC1A5 that was involved in glutamine metabolism and TCA
cycle [22]. Additionally, insulin-like growth factor 2 mRNA-binding protein 2
(IGF2BP2) facilitated AML development and LSCs self-renewal through regu-
lating the expression of key targets in the glutamine metabolic pathway [23].
Zhao H et al. revealed that the anti-leukemia drug Chidamide, an oral active
blocker of histone deacetylase (HDAC), reduced the uptake of glutamine
and exerted cytotoxicity on LSC-like cells [24]. Taken together, these studies
indicate that targeting glutamine metabolism can play an anti-leukemia role
in AML cells. Currently, there are many strategies for targeting glutamine
metabolism in cancer therapy, such as directly depriving glutamine, block-
ing glutamine transporters, or inhibiting glutaminase activity in cancer cells.

Targeting glutamine metabolism in AML cells
- ___________000_0___]

In view of the close relationship between glutamine metabolism and AML
development and progression, we have described several strategies for target-
ing glutamine metabolism in AML cells (Fig. 1), and summarized the related
developing drugs for AML (Table 1).
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Systemic glutamine depletion

Leucine

Leucine

mTORC1

One of the most important strategies to treat AML is to reduce the glutamine
content in AML cells. Previous studies have identified that leukemic cells
make use of glutamine to produce a-KG required for the TCA cycle [10, 12].
Moreover, decreased glutamine levels inhibited mTORC1 activation and pro-
moted apoptosis in leukemic cells [39, 40]. Emadi and colleagues investigated
the effects of glutamine depletion on cell growth in a group of acute leukemia
cells. It turned out that glutamine deprivation suppressed cell proliferation
and induced apoptosis in all cell lines tested [18]. L-asparaginase (L-asp), an
enzyme capable of hydrolyzing L-asparagine and L-glutamine, is considered
as an effective drug for treating patients with ALL. It exhibits strong antican-
cer activity due to its ability of inducing autophagy in cancer cells [41]. In
recent years, more and more studies have proved that L-asp can exert a good
anti-AML effect. Willems et al. uncovered that L-asp reduced glutamine and
thus inhibited mTORCI1 activity in AML [39]. Furthermore, L-asp was able
to facilitate apoptosis through inducing autophagy in AML cell lines such as
U937, HL-60, and KG-1a [42]. In addition, L-asp can restrain cellular oxi-
dative phosphorylation and thus inhibit the proliferation of AML cells and
improve the prognosis of refractory leukemia [16]. These results suggest that
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Fig. 1 Strategies of targeting glutamine metabolism in AML. Application of L-asparaginase hydrolyzes extracellular glutamine
while glutamine transporter SLC1A5 inhibitors including V9302 and GPNA can block the uptake of glutamine into cells. Con-
sequently, the intracellular glutamine is decreased, leading to the reduction of leucine uptake and inhibition of mTORC1. Glu-
taminase inhibitors including CB-839 and BPTES can inhibit the activity of glutaminase (GLS) and thus prevent the produc-
tion of glutamate and glutathione, which results in the ROS accumulation and the inhibition of TCA cycle pathway.
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Table 1. Drugs targeting on glutamine metabolism in AML

Classification

Asparaginase
Glutamine uptake inhibitors
Glutamine antagonists/analogues

Glutaminase inhibitors

Drugs Status

Erwinaze Phase I clinical trial [25]
Pegcrisantaspase Phase I clinical trial [26]
ASNase Phase II clinical trial [27]
V-9302 Preclinical tool [28, 29]

GPNA Limited by toxicity [30]

DON Limited by toxicity [31-33]
Acivicin Limited by toxicity [31, 34]
BPTES Preclinical tool [5, 18, 35]
CB-839 Phase I/II clinical trial [36-38]

L-asp-induced glutamine depletion may play an important role in the treat-
ment of AML patients.

A number of clinical trials are currently underway to evaluate the effects of
L-asp in AML treatment. At present, the L-asp available in clinic mainly comes
from two kinds of bacteria, namely Escherichia coli and Erwinia Chrysanthemi
both of which have been proved to have high glutaminase activity. Erwinaze
is a clinically available L-asp agent with strong glutaminase activity. Several
studies have confirmed the ability of Erwinaze to reduce plasma glutamine
levels and improve overall survival in patients with refractory AML [25].
Another long-acting L-asp agent, PegCrisantaspase (PegC), is currently under-
going preclinical and clinical studies in AML and ALL, respectively. PegC was
shown to inhibit the phosphorylation of p70S6K and 4EBP1 by decreasing
plasma glutamine. It has synergistic effects with BCL-2 inhibitor venetoclax
in the treatment of leukemia [26]. ASNase, the first-line chemotherapeutic
agent for ALL, functions well as an anti-AML agent [27]. It plays a key role in
the chemotherapy for young patients with leukemia. However, the efficacy of
ASNase is greatly reduced due to its cytotoxicity in elderly patients. Recently,
a new L-asp GRASPA wrapped in red blood cells provides better safety and
seems to have better efficacy for elderly patients with leukemia. Currently,
the drug has been in phase II clinical trial (ClinicalTrials.gov:NCT01810705).

Overall, L-asp may offer promising new therapeutic strategies for AML
treatment. Additionally, L-asp can be combined with methotrexate for the
treatment of pediatric refractory/relapsed AML or with higher doses of cyta-
rabine for AML therapy [43, 44]. Although L-asp is effective in individual
AML patients, L-asp as a single agent has so far failed to induce complete
remission of AML. Holland et al. found that L-asp treatment in AML patients
resulted in varying levels of complications and relapse after 8 months, even
though patients initially achieved complete remission [45]. Another study
from Holland’s group found that L-asp treatment did not reduce the uptake
of cysteine, glutamine, histidine, or tyrosine in AML cells [46]. In addition,
an in vitro experimental study showed that the combination of harringtonine
(HT) and L-asp did not play a synergistic role in the treatment of AML [47].
A potential reason is that L-asp is easily inactivated by lysosomal cysteine
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protease B (CTSB) and asparagine endopeptidase produced in the bone mar-
row microenvironment [48]. Therefore, if the protective effect of bone mar-
row microenvironment could be overcome, the anti-AML activity of L-asp
would achieve better outcome.

Glutamine uptake inhibitors

It was demonstrated that the glutamine transporter was increased in most cancer
tissues [28-30]. Considering the dependence of AML on glutamine, inhibition
of glutamine transporter can be another strategy for AML treatment. So far, the
most studied glutamine transporter is SLC1A5, a Na* transmembrane trans-
porter that mediates the transport of amino acids such as cellular glutamine [40,
49]. It was reported that SLC1A5, a high-affinity cell membrane transporter for
glutamine, was highly expressed in various types of cancer cells including AML
cell lines MOLM-14, MV4-11, OCI-AML3, and HL-60 [50]. Recently, studies
have indicated that suppressing SLC1A5 by RNA interference or pharmacologi-
cal inhibition can effectively prevent cancer development and progression in
human AML xenograft mouse models, which appears to be associated with
glutamine uptake and mTORC1 pathway [39, 50]. SLC1A5 promotes intra-
cellular glutamine accumulation, which in turn increases leucine uptake via
the SLC7A5 (LAT1) transporter, a process that is critical for activation of the
mTORC1 signaling pathway via the Ragulator-Rag complex. Willems et al. found
that glutamine deprivation inhibited mTORCI1 activity and induced apoptosis
in AML cells [39]. In a mouse model of leukemia, targeting SLC1A5 reduced the
intracellular glutamine content and hindered the activation of mMTORC1, which
interfered with the energy supply, leading to the inhibition of cell growth and
cell cycle progression [39]. Therefore, it is necessary to further investigate the
combination of mMTORCI1 inhibitors with SLC1A5 inhibitors in AML treatment.

GPNA is a small molecule inhibitor that inhibits Na-ion-dependent amino
acid transporters including SLC1A5. In xenograft models, GPNA can reduce
the development and progression of leukemia driven by MLL-AF9 or PTEN
deficiency, suggesting that SLC1A5 is a promising therapeutic target for the
treatment of leukemia [50]. V-9302 is a competitive antagonist of transmem-
brane glutamine flux and selectively targets SLC1AS5. It is shown to have anti-
cancer effects and is in preclinical trials at present. The combination of V-9302
and glutaminase inhibitor depletes glutathione and induces ROS production,
leading to apoptosis in hepatocellular carcinoma cells [51]. Li et al. found that
V-9302 inhibited the cell viability in a dose-dependent manner and promoted
the apoptosis of AML cell lines HL-60 and KG-1 [52]. Together, to fully eluci-
date the role of transporter protein in AML pathogenesis provides potential
drug targets for new therapies.

SLC38, the major transporter protein of glutamine, contributes to the main-
tenance of human homeostasis [31]. Previous studies have demonstrated that
knockdown of SLC38A1 significantly reduces the proliferation and metastatic
capacity of cancer cells, including AML cells [30, 32]. A recent study indi-
cated that high SLC38A1 expression was an independent adverse prognostic
biomarker in AML. Yan Li et al. examined SLC38A1 expression in 277 AML
patients and found that patients with high SLC38A1 expression had a higher
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risk of adverse karyotypes and a shorter overall survival [30]. Gilteritinib is a
tyrosine kinase inhibitor approved for the treatment of relapsed/refractory AML
with FLT3 mutations. Recently, Zavorka’s group investigated the mechanism of
gilteritinib in AML treatment. Treating AML mice with gilteritinib resulted in
the decrease of SLC38A1 transcripts in a time-dependent manner. Additionally,
knockdown of SLC38A1 by RNA interference led to a significant reduction in
glutamine uptake. Thus, gilteritinib exhibits anti-AML effects probably through
reducing SLC38A1 and subsequently inhibit glutamine metabolism [33]. These
results reveal that a drug inhibiting glutamine transporter expression may be
therapeutically beneficial in targeting cellular metabolism.

Glutamine antagonists/analogues

Glutamine antagonists/analogues including 6-diazo-5-oxo-norleucine
(DON), acivicin, and JHU-083, are substances that are highly similar to glu-
tamine in structure and capable of selectively blocking multiple metabolic
reactions in which glutamine is involved. They are considered to be drugs
that can effectively target glutamine metabolism and show great anticancer
effects [34, 53]. DON competitively binds to the glutamine active site, form-
ing a covalent compound that irreversibly inhibits a variety of glutamine-
metabolizing enzymes. Van Gastel et al. found that applying DON at short
or continuous 1-day interval in AML mice after treatment with induction
chemotherapy (iCT) method increased the rate of AML cell elimination. They
also proved that treatment of mice with DON led to glutamine accumulation,
indicating that DON was able to inhibit glutamine metabolism in AML cells
[54]. These findings suggest that activation of glutamine metabolism plays
a role in protecting AML cells after iCT treatment, and suggest the potential
application value of controlling glutamine metabolism to continuously elimi-
nate AML cells. In addition, DON can inhibit cellular nucleotide production
and result in cytotoxicity against AML [55]. Rosefeld et al. demonstrated that
DON induced HL-60 cell differentiation and inhibit their proliferation [53].

Acivcin, another glutamine antagonists/analogue, inhibits the activity of
enzymes catalyzing glutamine reactions and depletes certain cellular metabo-
lites. Studies have confirmed the anti-cancer effects of acivcin in LI210 [53]
and P388 [56] leukemia mice. Moreover, acivcin has been shown to facilitate
differentiation of myeloid leukemia cells, inhibit cancer cell proliferation, and
induce cell apoptosis in a time- and dose-dependent manners [56]. However,
these glutamine analogues caused serious neurotoxicity, gastrointestinal reac-
tions, and other side effects [36, 57].

Recently, JHU-083, a small molecule designed on the basis of DON, has
become an important glutamine analogue targeting glutamine metabolism
with high oral availability and low toxicity for normal cells. It can cross the
blood-brain barrier, and prolong the survival of medulloblastoma mice. Fur-
thermore, JHU-083 has been reported to improve the bone marrow micro-
environment and promote immune cells to restore their immune responses
[34]. Although studies on aspects related to JHU-083 in AML have not yet
been conducted, we believe that this inhibitor will be beneficial to AML
patients.
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Glutaminase inhibitors

Over the past decades, many strategies targeting glutamine metabolism have
been proposed in AML treatment. Inhibition of glutaminase activity has
become a major focus of academic and pharmacological cancer metabolism
research [58, 59]. Gutaminase (GLS) is a mitochondrial enzyme catabolizing
glutamine to glutamate, which is the first catalytic step in cellular glutamine
metabolism. The GLS gene encodes two isozymes, “kidney-shaped” (GLS1)
and “liver-shaped” (GLS2) [9]. GLS2 is considered to be a tumor suppressor
while GLS1 has the potential to facilitate tumor development [58, 60]. In
recent years, investigators have found that the GLS1 isoform GAC is highly
expressed in different types of cancers such as breast cancer, pancreatic cancer,
and malignant leukemia [18]. In AML, GLS is overexpressed in primary cells.
The expression of GLS1 is significantly higher than that of GLS2 from the
genomic profiling database [20, 61]. Inhibition of GLS was found to promote
apoptosis and suppress the growth and proliferation of AML cells [61, 62]. The
importance of GLS in AML cells is probably due to the following reasons: GLS
catalyzes the intracellular glutamine to glutamate that is further catabolized
to a-KG. This process is essential for the TCA cycle and oxidative phospho-
rylation in AML cells [11, 19, 58]. Gregory et al. found that either glutamine
depletion or inhibition of GLS activity decreased the rate of ATP and oxygen
consumption and ultimately induced apoptosis in AML cells [11]. When AML
primary cells, cell lines, and normal CD34 hematopoietic cells were cultured
in the medium with or without glutamine, lack of glutamine inhibited the
proliferation and survival of AML cells but had no significant inhibitory effects
on CD34 hematopoietic cells. The inhibitory effects on AML cells could be
partially or completely reversed by a-KG, confirming the relationship between
glutaminolysis and TCA cycle [11]. Moreover, this study also indicated that GLS
inhibition significantly impaired the production of antioxidant glutathione in
types of AML cell lines, leading to increased mitochondrial ROS (mitoROS)
and cell apoptosis [11, 17]. Overall, these results demonstrate that targeting
glutaminases can be a potential therapeutic option for the treatment of AML.

GLS is highly expressed in various malignancies and has been widely stud-
ied as a target for cancer therapy. Several GLS inhibitors such as compound
968, BPTES, and CB-839 are currently in preclinical studies [19, 61]. Com-
pound 968 is a small molecule agent, which is a metamorphic modulator of
GLS1 and is able to inhibit the activity of GLS1 splice variants, KGA, and GAC
[63]. More and more studies have investigated the effects of compound 968
on the cancer treatment in vivo and in vitro. For example, compound 968 was
reported to block various Rho-GTPase-induced carcinogenesis in fibroblasts
without toxic effects on normal cells [35]. Yuan L found that compound 968
inhibited glutamine metabolism by suppressing the activity of GLS and thus
greatly inhibited the proliferation of three breast cancer cell lines [64]. In
addition, a number of experiments in vitro have revealed that compound 968
has anticancer activity against endometrial cancer, ovarian cancer, and small
cell lung cancer (SCLC) [37, 64]. Therefore, compound 968 may provide new
therapeutic strategies for the treatment of different types of cancers. However,
it remains unclear whether compound 968 plays a similar role in AML cells.
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Bis-2-(5-phenylacetamido-1, 2, 4-thiadiazol-2-yl) ethyl sulfide (BPTES) is
a reversible inhibitor of metastable glutaminase and inhibits the activation
of GLS1. Since BPTES lacks the structural similarity to glutamine, it has fewer
off-target effects caused by interaction with glutamine-related enzymes [38].
The anti-leukemic activity of BPTES has been proved in vitro. Sontakke P et al.
found that BPTES at concentrations of 20 pM and 40 pM not only reduced the
oxygen consumption and oxidative phosphorylation capacity, but also sup-
pressed TCA cycle by inhibiting cellular glutamine metabolism, leading to the
inhibition of cell growth and proliferation in leukemic cell lines with BCR-
ABL mutations [65]. In another study, BPTES was able to inhibit the growth
of AML cells at concentrations of 10 pM and 20 pM [5]. Furthermore, it was
reported that BPTES inhibited the growth of AML primary cells with IDH
mutations [18]. Therefore, BPTES has exhibited great anti-leukemic activity.

CB-839, an oral small molecule inhibitor of GLS, is developed on the basis
of BPTES and being evaluated as a drug for solid tumors and hematologic
malignancies [66]. IDH is an enzyme to convert a-KG into the oncogenic
metabolite 2-HG. AML cells with the IDH1/2 mutations are highly sensitive
to the inhibition of enzymes in glutamine metabolism. CB-839 can reduce
the 2-HG in AML cells with the IDH1/2 mutation and induced myeloid dif-
ferentiation [61]. Additionally, glutamine metabolism supports the mitochon-
drial functions and cellular redox metabolic capacity of AML cells, resulting
in the adverse prognosis of AML patients carrying the FLT3-ITD mutation.
Notably, CB-839 also showed inhibitory effects on AML cells with FLT3 muta-
tion [67]. Zacharias et al. found that ATP levels were significantly decreased
in HL-60 and OCI-AMLS3 cell lines in the presence of 1 pM CB-839 for 72 h.
Interestingly, CB-839 inhibited the proliferation of OCI-AML3 cells rather
than HL-60 cells [68]. Currently, CB-839 has been in phase I and phase II
clinical trials on AML (ClinicalTrials.gov: NCT02071927, ClinicalTrials.gov:
NCT03047993).

However, GLS inhibitors have limited activity when used as monotherapy,
and subsequent studies have focused on combination therapies. It is proved
that GLS inhibitors can exert synergistic anti-leukemia effects with adjuvant
drugs that disturb mitochondrial redox status, such as arsenic trioxide (ATO)
and homeopathic erythromycin (HHT). Indeed, the combination of CB-839
with ATO or HHT exacerbates mitochondrial oxidation and apoptosis in
the cell lines, mouse models, and patients of AML [11]. In addition, GLS
inhibitors are effective in killing AML cells when acting synergistically with
other chemotherapeutic agents. In mouse models of FLT3 mutant AML, a
combination treatment of CB-839 and AC220 (FLT3 inhibitor) prolonged
survival by approximately 1 week in comparison to that of treatment with
AC220 alone. The mechanism may be that CB-839 and AC220 synergistically
deplete glutathione, induce the production of mitochondrial ROS, and lead
to apoptosis. Besides, Gregory et al. found that AC220 was able to modulate
the glycolytic function but showed few inhibitory effects on TCA cycle in AML
cells [19]. However, combination of CB-839 and AC220 can inhibit the TCA
cycle and restricted cell growth greatly [19, 67]. Moreover, the use of CB-839
in combination with ABT-199 (BCL-2 inhibitor) facilitated mitochondrial
depolarization, decreased cellular oxidative phosphorylation capacity, and
induced apoptosis in OCI-AML2 and MORM-14 cell lines [20]. Additionally,
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Discussion

cytosine arabinoside (Ara-c) combined with CB-839 or BPTES inhibited the
proliferation of leukemic cells more strongly than that of monotherapy |[5,
17]. Thus, it is necessary to conduct clinical researches to explore new chemo-
therapeutic combinations of GLS inhibitors in the treatment of AML.

Preclinical studies have proved the anti-leukemic effects of targeting glu-
tamine metabolism. However, the inhibitors of glutamine metabolism should
be used cautiously in AML treatment due to their limitations at the time of
clinical trials.

Targeting glutamine metabolism reduces mitochondrial oxidative phos-
phorylation capacity and inhibits the TCA cycle in AML cells. However, exog-
enous a-KG can restore mitochondrial oxidative phosphorylation capacity,
and alternative supply pathways of TCA cycle can be upregulated, both lead-
ing to resistance of glutamine-related inhibitors. Moreover, although targeting
glutamine metabolism inhibits the entry of carbon catabolized by glutamine
into the TCA cycle, it was found that the glycolytic process is not altered by
targeting glutamine metabolism in AML cells, implying that the products
required for the TCA cycle are not affected [16]. In the last few years, studies
have shown that fatty acid oxidation (FAO) has provided an additional supply
pathway for the TCA cycle in leukemia stem cells (LSCs). One explanation
may be that FAO produces acetyl coenzyme A and citrate through the mito-
chondria, and acetyl coenzyme A can produce NADPH through a series of
enzymatic reactions [69, 70]. In addition, recent studies have demonstrated
that AML cells can use lactic acid as a carbon source in homeostasis to pro-
vide raw materials for the TCA cycle of AML cells to maintain cell growth and
proliferation [71]. Therefore, future research targeting glutamine metabolism
should focus on how to inhibit multiple metabolic pathways without affect-
ing normal cells to achieve effective treatment for AML.

Moreover, studies have identified multiple glutamine metabolic path-
ways in AML cells. Each part of the glutamine metabolic pathways can be
regulated by multiple factors. Thus, interference with a single glutamine
metabolic pathway or one part of that may have minimal effects in treat-
ing AML. For instance, Polet et al. found that SLC38A2 was significantly
upregulated as a compensatory transporter of glutamine when SLC1A5 was
absent or inhibited in leukemia cells [28]. Besides, inhibition of SLC1A5
expression did not induce apoptosis in HL-60 cells, possibly as a result
of the presence of other intracellular glutamine transporters [39]. Nem-
kov et al. revealed that direct reduction of glutamine exerted a stronger
anti-leukemic effect compared to inhibition of GLS activity in FLT3-ITD
mutant cells, suggesting that FLT3-ITD mutant cells may rely on a paracrine
pathway of glutamine metabolism for glutamate production [19]. In addi-
tion, GLS2 is an often overlooked role in tumor glutamine metabolism.
The function of GLS2 is regulated both by various oncogenes and tumor
suppressor genes. N-MYC, an important member of the MYC family, can
directly accelerate the activation of GLS2 rather than GLS1 and promote
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oxidative glutamine metabolism in MYCN-amplified neuroblastoma cells.
Depletion of GLS2 decreased the a-KG, ATP, and GSH and suppressed the
cell proliferation and viability in vitro and in vivo [72]. Interestingly, it
was shown that the tumor suppressor p53 also induced GLS2 expression
in response to DNA damage or oxidative stress and thus promoted the
glutamine metabolism and decrease ROS levels. Overexpression of GLS2
inhibited tumor cell growth and colony formation, implicating GLS2 as a
contributor to p53-mediated tumor suppression [73]. Furthermore, GLS2
that is upregulated by GATA3 in luminal-subtype breast cancer modu-
lated the resistance to GLS inhibitors such as BPTES. However, another
GLS inhibitor, the small molecule 968, can suppress GLS2 effectively and
inhibit cell growth and proliferation in BPTES-resistant breast cancer [74].
These results indicate that GLS2 can act as a double-edged sword in regulat-
ing cellular activities, which depends on upstream signals.

The inhibitors of glutamine metabolism have complex effects on the
immune responses in cancer patients. Actually, glutamine plays a key role
both in cancer cells and immune cells. Similar to cancer cells, immune
cells use glutamine metabolites to accelerate the cellular TCA cycle and
oxidative phosphorylation processes, thus rapidly obtaining the energy
for growth and immune action [54]. Additionally, studies in vitro and vivo
demonstrated that glutamine significantly mediated the proliferation and
cytokine production of lymphocytes, phagocytosis and secretory activity
of macrophages, and the capacity of neutrophils [75]. Sornsuvit C et al.
uncovered that parenteral supplementation of glutamine enhanced the
phagocytosis of neutrophils in AML patients [76]. Inhibition of glutamine
metabolism can lead to the immune escape of cancer cells. Previous stud-
ies showed that BPTES promoted the upregulation of PD-L1 expression,
which can inhibit the anticancer effects of immune cells. Interestingly,
BPTES also accelerated the production of pro-inflammatory cytokines pro-
duced by M1-like macrophages and boosted the immune responses [77,
78]. In human breast cancer cell lines, the glutamine transporter inhibitor
V-9302 upregulated PD-1 expression and induced immune escape [78]. It is
a promising strategy to overcome drug resistance and improve the efficacy
of chemotherapy in AML patients through targeting glutamine metabolism.
However, this strategy may disrupt the anticancer effects of immune cells in
the bone marrow microenvironment. Therefore, how to target glutamine
metabolism in cancer cells without disturbing immune responses will be
a great challenge in the subsequent studies.

In conclusion, the available studies suggest that targeting glutamine
metabolism can inhibit mitochondrial oxidative phosphorylation, reduce
glutathione production, disrupt redox homeostasis, and inhibit mTORC1
activation in AML cells. The attractive therapeutic strategies include the use
of glutamine depletion, glutamine uptake inhibitors, glutamine antagonists/
analogues, and GLS inhibitors. In the subsequent study, we should systemati-
cally investigate and further characterize glutamine metabolism in AML, and
develop efficient drugs targeting glutamine metabolism without side effects
for AML treatment.
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