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Abstract. The Warburg effect indicates that cancer cells 
survive through glycolysis under aerobic conditions; as such, 
the topic of cancer metabolism has aroused interest. It is 
requisite to further explore cancer metabolism, as it helps to 
simultaneously explain the process of carcinogenesis and guide 
therapy. The flexible metabolism of cancer cells, which is the 
result of metabolic reprogramming, can meet the basic needs 
of cells, even in a nutrition‑deficient environment. Glutamine 
is the most abundant non‑essential amino acid in the circula‑
tion, and along with glucose, comprise the two basic nutrients 
of cancer cell metabolism. Glutamine is crucial in non‑small 
cell lung cancer (NSCLC) cells and serves an important 
role in supporting cell growth, activating signal transduction 
and maintaining redox homeostasis. In this perspective, the 
present review aims to provide a new therapeutic strategy of 
NSCLC through inhibiting the metabolism of glutamine. This 
review not only summarizes the significance of glutamine 
metabolism in NSCLC cells, but also enumerates traditional 
glutamine inhibitors along with new targets. It also puts 
forward the concept of combination therapy and patient strati‑
fication with the aim of comprehensively showing the effect 
and prospect of targeted glutamine metabolism in NSCLC 
therapy. This review was completed by searching for keywords 

including ‘glutamine’, ‘NSCLC’ and ‘therapy’ on PubMed, 
and screening out articles.
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1. Introduction

Lung cancer is the second most common cancer in the world 
and remains the leading cause of cancer death proven by a 
high global diagnosis rate (11.4%) and mortality rate (18%). 
In 2020, there were 19.3 million new cases of cancer and 
10 million cancer‑associated deaths worldwide, and it was 
estimated that ~1.8 million of these individuals died of lung 
cancer (1). Among all subtypes of lung cancer, non‑small cell 
lung cancer (NSCLC) accounts for 80‑85%, of which ~40% 
cases are adenocarcinomas (AC), 25‑30% cases are squamous 
cell carcinomas (SCCs) and 10‑15% cases are large cell carci‑
nomas (2). In the USA, the 5‑year survival rate for NSCLC 
is ~26% (3). Since NSCLC is the most common type of lung 
cancer, research into the disease is necessary. The treatment of 
NSCLC includes traditional surgery, chemotherapy (including 
targeted drug therapy), radiotherapy and emerging immuno‑
therapy for advanced tumors. In addition, some nanodrugs 
are at the research stage (4). The option of treatment mainly 
depends on, but not necessarily determined by, the stage of 
NSCLC (5). Despite these promising treatment options, the 
five‑year survival rate of advanced NSCLC is still very low, 
particularly at stage IIIB, which is only 26% (6). Therefore, it 
is necessary to discover and explore new therapies.

It has been nearly a century since the first study on tumor 
metabolism, the Warburg effect, was published in 1924 (7). 
Research on tumor metabolism has burgeoned over the 
past decade. In the sense of exploring tumor metabolism, it 
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not only elucidates the mechanism of tumorigenesis and 
progression, but is also conducive to diagnosis and treatment. 
The metabolism of cancer cells is both flexible and plastic. 
Through metabolic reprogramming, cancer cells can maintain 
cell vitality and growth, even under nutrition‑deprived condi‑
tions or in an oxygen‑deficient environment (8). Metabolic 
reprogramming is regarded as one of the emerging hallmarks 
of cancer (9). Glucose and glutamine are two major nutrients 
supporting survival and biosynthesis in tumor metabolism (10). 
The Warburg effect revealed the process of aerobic glycolysis 
in tumor cells, which is one of the most prominent features 
of tumor metabolism (11). Glutamine is a rich and versatile 
nutrient involved in energy generation, redox homeostasis, 
macromolecular synthesis and signal transduction (12). Based 
on the important role of glutamine in tumorigenesis and 
progression, it may be a promising direction of targeting its 
metabolic process to develop new clinical therapies.

A previous study indicated that NSCLC cells may use 
glutamine as a substrate through metabolic reprogramming to 
induce glutamine addiction, which is a promising therapeutic 
target  (13). However, tumor metabolism is not a specific 
metabolic map, presenting challenges for targeting glutamine 
metabolism in cancer therapy (14). In this perspective, the 
present review combined the glutamine‑dependent metabolism 
of NSCLC with the therapeutic strategy of targeting glutamine 
to provide new approaches for the treatment of NSCLC and to 
select those patients who may benefit the most from glutamine 
metabolism‑targeted therapy, and ultimately to improve the 
overall survival rate and the long‑term quality of life.

2. Metabolic reprogramming in NSCLC

It is widely accepted that metabolic programming is one of the 
hallmarks of cancer (15). Most normal cells use external stimuli 
to activate growth factor signals and to absorb a large amount 
of nutrients from the external environment for metabolism, 
whereas cancer cells maintain the activation of signal path‑
ways through gene mutations (16). In this way, the metabolism 
of cancer cells is flexible and plastic, which provides the basis 
for metabolic reprogramming. The significance of metabolic 
reprogramming is to promote the growth and proliferation 
of tumor cells by generating energy, synthesizing necessary 
precursors and maintaining oxidative balance, especially 
under hypoxic and hypo‑nutrient conditions (17). Furthermore, 
metabolic reprogramming plays an important role in malignant 
transformation, the progression of tumors and the resistance 
to antitumor therapy (18). In NSCLC cells, reactive oxygen 
species (ROS)‑mediated metabolic reprogramming leads to 
oxidative phosphorylation, which results in cisplatin resis‑
tance (19). It has been shown that smoking can greatly increase 
the incidence of lung cancer partly due to the overexpression of 
enzymes related to glutamine metabolism, fatty acid degrada‑
tion and lactate synthesis, resulting in mitochondrial metabolic 
reprogramming of NSCLC cells (20). Research on the meta‑
bolic reprogramming of cancer cells can be traced back to last 
century when the Warburg effect appeared. It has been shown 
that even in an aerobic environment, glucose is involved in the 
glycolytic pathway rather than in aerobic oxidation, revealing 
the metabolic reprogramming of glucose in cancer cells (11). 
The mechanism of metabolic reprogramming remains to be 

explored. Fundamentally, metabolic reprogramming is the 
consequence of oncogene or tumor suppressor gene mutation, 
including direct and indirect effects (21). KRAS mutations are 
among the most common mutations leading in NSCLC (22). 
NSCLC cells can become glutamine‑dependent through 
a variety of metabolic reprogramming processes  (23). For 
example, it activates autophagy to uptake glutamine through 
the degradation of cellular proteins  (24). In addition, the 
increase in macropinocytosis also reflects the dependence on 
glutamine, which provides cells with a supply of amino acids, 
mainly glutamine (25). However, the process of KRAS‑driven 
glutamine metabolism in NSCLC cells is different in vivo and 
in vitro (26). The LKB1 gene is also associated with altered 
metabolism in cells. LKB1 deletion promotes the expression 
of hypoxia‑inducible factor (HIF)‑1α and stabilizes it by 
regulating mTOR activity in NSCLC cells. This metabolic 
reprogramming increases the uptake and utilization of both 
glucose and glutamine, enhancing aerobic glycolysis and 
glutamine catabolism to promote cell growth  (27,28). A 
previous study has shown that KRAS‑mutant NSCLC cells 
lacking LBK1 usually also have Kelch‑like ECH‑associated 
protein 1 (KEAP1) gene mutations; these are known as KLK 
NSCLC cells. These three genes work corporately to promote 
metabolic reprogramming, making KLK NSCLC cells gluta‑
mine dependent and sensitive to glutamine inhibitors (29). 
Glutamine addiction occurs in c‑Myc mutant NSCLC, where 
c‑Myc is an oncogene that drives metabolic reprogramming. 
c‑Myc can increase the expression of glutaminase (GLS) by 
inhibiting microRNA (miR)‑23a/b to promote intracellular 
glutamine metabolism (30). However, metabolic reprogram‑
ming is not only determined by genes, but also by tissue 
specificity  (14,31). In addition, long non‑coding RNAs 
(lncRNAs) are inseparable from metabolic reprogramming. 
For example, the oncogenic lncRNA, Al355338, activates 
the EGFR/AKT signaling pathway by preventing enolase 1 
from ubiquitination and degradation, making it stabilized, 
leading to metabolic reprogramming and increasing aerobic 
glycolysis (32). In NSCLC cells, lncRNA‑AC020978 carries 
out metabolic reprogramming by regulating the pyruvate 
kinase M2/HIF‑1α positive‑feedback axis under the condition 
of hypoxia or glucose deficiency, which adapts the cells to the 
hypoxic environment and promotes glycolytic metabolism (33).

3. Glutamine metabolism in NSCLC

The Warburg effect demonstrated that cancer cells use glycol‑
ysis in an aerobic environment for rapid proliferation (11); 
since this discovery, the metabolic flexibility of tumors has 
attracted the interest of researchers. A number of studies have 
discussed the characteristics of tumor glucose metabolism 
and further verified the Warburg effect from different aspects. 
Glucose from the extracellular environment is not sufficient 
for tumor growth and proliferation; therefore, tumor cells use 
other sources of nutrients as well, glutamine being the most 
prominent  (10). Characteristics of metabolism in NSCLC 
include increased glucose consumption and lactate production, 
as well as glutamine addiction (34).

Glutamine metabolism. Glucose and glutamine are the two 
basic nutrients used by cancer cells (10). Although glutamine 
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is a non‑essential amino acid, it can accumulate from de novo 
synthesis and serve an indispensable role in cancer cell growth, 
signal transduction and maintaining redox homeostasis (35). 
Glutamine can be used as a nitrogen source to synthesize 
amino acids and nucleotides to promote cell growth, or as a 
carbon source to replenish the tricarboxylic acid (TCA) cycle 
when glucose levels are deficient (36). This process originates 
from the conversion of glutamine into glutamate through the 
catalysis of GLS, followed by the conversion of glutamate 
into α‑ketoglutarate (α‑KG) through catalysis by glutamine 
dehydrogenase (GDH) or transaminase (Fig. 1) (37). However, 
under hypoxia or mitochondrial dysfunction, α‑KG is carbonyl‑
ated to citrate, the substrate for fatty acid synthesis, indicating 
that glutamine actively participates in lipid synthesis (38). 
The enzymes involved in fatty acid synthesis mainly include 
citrate lyase, acetyl CoA carboxylase (ACC) and fatty acid 
synthase (FAS); the process is as follow: Citrate is converted 
by citrate lyase into acetyl‑CoA, used for the synthesis of 
fatty acids, and oxaloacetate. Synthesis of malonyl‑CoA 
from acetyl‑CoA is catalyzed by ACC. Next, palmitic acid is 
synthesized through multiple processes of condensation‑reduc‑
tion‑dehydration‑reduction, catalyzed by FAS (39). Glutamine 
activates mTORC1 through a special mechanism that requires 
ADP ribosylation factor 1 and is independent of Rag GTPase to 

stimulate the lysosomal localization of mTORC1 and to exert 
its physiological functions, such as controlling cell growth, 
metabolism and autophagy (35). Glutamine participates in 
complex signaling pathways through this process and main‑
tains redox homeostasis mainly by synthesizing glutathione 
(GSH), an antioxidant molecule, to resist ROS. When ROS 
accumulates at high levels, DNA, proteins and lipids will be 
degraded (40,41). GDH1 is another key enzyme involved in 
glutamine metabolism; it regulates redox homeostasis through 
activation of GSH peroxidase 1 (42).

Glutamine metabolism has strong heterogeneity, reflected 
in its close relationship with the origin of the tumor tissue, 
oncogenes, and the tumor microenvironment (TME)  (43). 
Studies have shown that the oncogene c‑Myc inhibits 
miR‑23a/b and, as a result, the expression of GLS is increased 
to promote the glutamine catabolism and to meet the needs of 
cancer cell growth and proliferation (44,45). In KRAS‑driven 
NSCLC, glutamine has less contribution to TCA cycle than 
does glucose, meaning that the carbon in TCA cycle mainly 
comes from glucose rather than glutamine (26). Interestingly, 
it is shown that the mRNA levels of GLS and solute carrier 
family 1 member 5 (SLC1A5) increased in KRAS‑driven 
NSCLC, suggesting that these cells are more dependent on 
glutamine rather than glucose metabolism (14). The seemingly 

Figure 1. Schematic diagram of glutamine metabolism. Glutamine is transported into the cell by SLC1A5 or SLC7A5 and turns into glutamate catalyzed by 
transaminases or GLS. Glutamate will be catalyzed by GDH to generate α‑KG. α‑KG can enter into the TCA cycle to complete the process of anaplerosis or be 
catalyzed by IDH to produce citrate, which leaves mitochondria for the biomass synthesis of fatty acids and amino acids. Glutamine and cystine will synthesize 
glutathione through a series of catalytic processes to keep redox homeostasis. GLS, glutaminase; GPT, glutamic pyruvic transaminase; GDH, glutamate 
dehydrogenase; IDH, isocitrate dehydrogenase; FAS, fatty acid synthase; GSH, glutathione (reduced); GSSH, glutathione (oxidized); α‑KG, α‑ketoglutaric 
acid; TCA cycle, tricarboxylic acid cycle.
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contradictory results may be due to different TMEs and tumor 
histological subtypes, which further explains the complexity 
and heterogeneity of glutamine metabolism. The complex rela‑
tionship between glutamine metabolism, tumor tissue and gene 
mutation are also reflected in whether the cancer cells catabo‑
lize glutamine to provide energy and nutrient substrates for cell 
growth and proliferation or if this leads to intracellular gluta‑
mine accumulation through de novo glutamine synthesis (31). 
For example, in MYC‑induced liver cancer, glucose‑derived 
synthesis of glutamine is suppressed by reducing the level of 
glutamine synthetase (GLUL), whereas upregulation of GLS 
leads to enhanced catabolism of glutamine. Conversely, in 
MET‑driven liver cancer, glutamine synthesis is increased. 
In MYC‑induced lung cancer, the mRNA expression levels of 
GLUL and GLS are upregulated simultaneously. However, the 
effect caused by GLUL overexpression overrides the effects of 
GLS upregulation, which leads to accumulation of glutamine 
in lung cancer cells (31). There are a number of key processes 
in glutamine metabolism. For example, glutamine enters cells 
through the SLC1A5 amino acid transporter and is converted 
into glutamate, catalyzed by the GLS enzyme. Glutamate is 
then converted into α‑KG, which enters the process of TCA 
cycle anaplerosis either by transaminase or GDH and gener‑
ates non‑essential amino acids, such as alanine and aspartic 
acid (46). The enzymes and proteins involved in these key 
steps are potential oncotherapy targets.

Significance of glutamine metabolism in NSCLC
TCA cycle anaplerosis. The main purpose of glucose 
metabolism is to generate lactate, which can store a vast 
amount of carbon, resulting in a reduction of carbon sources 
entering the TCA cycle and a continuous flow of intermediate 
TCA cycle products into the cytoplasm for the synthesis of 
biological macromolecules, such as lipids, nucleotides and 
proteins; as such, glucose metabolism leads to TCA cycle 
cataplerosis (16,36). Glutamine provides a source of carbon to 
maintain the TCA cycle, which is used to produce sufficient 
ATP and metabolic derivatives (12). TCA cycle anaplerosis is 
the key to metabolism; through this process, cells can obtain 
substrates for the synthesis of various biological macromol‑
ecules, such as oxaloacetate and citrate (16,47).

Biomass synthesis. Cell proliferation requires the synthesis 
of a large amount of proteins, nucleic acids and lipids (11). 
Glutamine generates other non‑essential amino acids through 
catalysis by transaminases. It is reported that ~50% of the 
non‑essential amino acids in cells come from glutamine 
metabolism (48). Glutamine‑derived α‑KG is catalyzed by 
isocitrate dehydrogenases (IDHs) with the consumption of 
NADPH to produce citrate, which flows into the cytoplasm 
for lipid or nucleotide synthesis (49). Glutamine metabolism 
can produce a large amount of NADPH, providing reducing 
substances for the synthesis of lipids and nucleotides (50). 
Glutamine also provides a nitrogen source for nucleotide 
synthesis (34). The lipids in cells are mainly derived from 
glucose, followed by glutamine (36).

Activation of the mTOR signaling pathway. The mTOR 
signaling pathway promotes the anabolism of biological 
macromolecules, such as lipids, proteins and nucleotides, by 
integrating intracellular and extracellular signals, and inhibits 
autophagy to sustain cell survival (51). It has been shown that 

the activation of mTOR requires bidirectional transport of 
glutamine (52). Glutamine activates mTORC1 independently of 
rag GTPase and recruits it into the lysosome (53). Glutamine is 
regarded as a sensitive regulatory signal of mTORC1 complex, 
promoting the growth of cancer cells (13).

Metabolic process of glutamine in NSCLC. Glutamine metab‑
olism in NSCLC involves related enzymes and transporters. 
One of the hallmarks of cancer is the reprogramming of energy 
metabolism for the regulation of metabolism‑related enzymes 
and transporters at transcriptional or post‑transcriptional 
level (54). For example, SLC15A is the primary transporter 
of glutamine entering into the cell. Statistical analysis 
revealed an association between SCL15A overexpression with 
poor prognosis in patients with NSCLC, making SLC15A a 
potentially important prognostic marker (55). SLC7A11, an 
antiporter of glutamate and other non‑essential amino acids, 
is overexpressed in NSCLC; it may enhance the antioxidant 
stress ability of cancer cells and increase the consumption of 
glutamine, which is also known as glutamine addiction and 
is one of the characteristics of NSCLC metabolism (56). In 
addition, extracellular proteins are degraded through micropi‑
nocytosis to obtain glutamine for cell growth (48).

In BRAFV600E‑driven lung adenocarcinoma, autophagy 
sustains mitochondrial glutamine metabolism, consistent 
with some ‘autophagy‑addicted’ NSCLC cells (24). There is 
abnormal expression of a certain type of enzymes directly 
or indirectly related to glutamine metabolism in NSCLC 
cells. For example, GLS is a major enzyme involved in 
glutamine metabolism, in which it catalyzes the conversion 
of glutamine to glutamate. A number of oncogenes modu‑
late glutamine metabolism by regulating the expression of 
GLS. For example, c‑Myc increases the expression of GLS 
by inhibiting miR‑23a/b to promote intracellular glutamine 
metabolism (30). Lactate can also stabilize HIF‑2α to activate 
c‑Myc in oxygenated/oxidative cancer cells, which indirectly 
enhances the expression of GLS (57). GLS1 is a rate‑limiting 
enzyme of glutaminolysis in some glutamine‑dependent 
tumor cells. GLS1 has two splice variants, of which KAC 
and GAC are the dominant isoforms in NSCLC (58). The 
ratio of GAC to KAC increases significantly in tumor cells, 
which has been shown to be due to the decrease of KAC 
expression. However, whether GAC expression is increased 
remains to be determined. Knockdown of GAC has greater 
effects on tumor growth inhibition compared to knockdown 
of KAC, thus, the targeted therapy of GAC may have broader 
prospects (58).

Glutamate is converted into α‑KG in two different path‑
ways catalyzed by either transaminase accompanied by the 
production of other non‑essential amino acids, or by GDH1 
accompanied by generation of the reducing substance NADPH 
(12). GDH1 is the rate limiting enzyme for oxidative degrada‑
tion of glutamate. The decrease of GDH1 activity limits the 
flow of carbon into TCA cycle (59). Glutamic‑pyruvic transam‑
inase (GPT) is a type of transaminase that converts glutamate 
into alanine through transamination. It was reported that the 
expression and distribution of GPT was significantly increased 
in NSCLC cells that were resistant to glutamine metabolic 
inhibitors (60). Other study showed that alanine metabolism 
can compensate for the intermediates of the TCA cycle and 
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the metabolic derivatives during glutamine deprivation to 
maintain cell growth and survival (61). Pyruvate carboxylase 
catalyzes the conversion of pyruvate into oxaloacetate; it is 
highly expressed in early NSCLC cells and it selectively acti‑
vates GLS. Previous study also have shown that knockdown of 
pyruvate carboxylase leads to inhibition of cell growth and the 
activity of the TCA cycle owing to the reduction of intermedi‑
ates, lipid and nucleotide synthesis, and the imbalance of GSH 
which may lead to ROS excess (62). In NSCLC, the abundant 
expression of NADPH oxidase 4 induces GLS (glutamine 
catabolism) and GSH synthesis at the transcriptional and 
the post‑transcriptional level; subsequently, GSH synthesis 
is increased leading to resistance of tumor cells to oxidative 
stress (63).

Metabolic heterogeneity of glutamine in NSCLC
Tumor metabolic heterogeneity. Although the Warburg 
effect describes the basic pattern of glucose metabolism in 
tumor cells, tumor heterogeneity indicates that metabolism 
is not a specific metabolic map (54). The association between 
tumor cell metabolism and the TME is one of the new char‑
acteristics of tumors (10). Specific tumor metabolism not 
only supports the growth and energy of cancer cells, but also 
serves a key role in the production of an immunosuppressive 
TME. Therefore, tumor metabolism is a way for cancer cells 
to escape antitumor immune responses. Glutamine metabo‑
lism not only promotes cell growth, but also creates a TME 
that benefits from tumor immune escape (64). Inhibition of 
glutamine metabolism can prevent tumor immune escape. 
Results of glutamine antagonist experiments revealed the 
previously unknown difference in metabolic plasticity 
between cancer cells and effector T cells, which can be used 
as a ‘metabolic checkpoint’ for tumor immunotherapy (65). 
Tumor stromal cells have flexible and adaptive metabolism 
involving the synthesis of glutamine using atypical carbon 
and nitrogen sources in a nutrient‑deficient TME, supporting 
glutamine‑dependent cell growth (66).

NSCLC metabolic heterogeneity. Glutamine metabo‑
lism in NSCLC is heterogeneous; there is higher glutamine 
consumption and metabolism in AC compared to SCC (14). 
EGFR and KRAS mutations are more common in AC cells 
with increased expression of GLS and SLC1A5 and decreased 
expression of GLUT (14). On the contrary, TP53 mutations are 
more common in SCC cells, suggesting that AC NSCLC cell 
lines mainly metabolize glutamine, whereas SCC cell lines 
mainly metabolize glucose  (14). In cultured cells, glucose 
metabolism mainly produces lactate and glutamine mainly 
maintains the TCA cycle. However, in KRAS‑driven NSCLC 
in vivo, production of lactate and progress of the TCA cycle 
is facilitated by glucose metabolism, whereas glutamine 
makes little contribution to the TCA cycle. The difference 
between in vivo and in vitro glucose metabolism implies the 
effect of the TME on NSCLC metabolism, even exceeding the 
gene phenotype (26). One of the internal factors that affect 
the heterogeneity of tumor metabolism includes provision 
of oxygen and substrates through different perfusion levels, 
exceeding the tumor genotype. In highly perfused NSCLC 
cells, lactate can be used as a substrate of respiratory chain, 
whereas in lowly perfused areas, lactate is produced and 
secreted through glycolysis (67).

4. Therapeutic targeting of glutamine metabolism in 
NSCLC

In addition to the classical metabolic substrate, glucose, 
glutamine is another important nutrient, making cancer cells 
glutamine‑dependent by synthesizing biological macromol‑
ecules, supplementing TCA cycle substrates and maintaining 
redox balance. Simultaneously, it is also one of the hallmarks 
of NSCLC. Therefore, targeting the transport and metabolism 
of glutamine will become a promising therapeutic strategy for 
the treatment of NSCLC (34).

Glutamine targeted traditional therapy. The first step of 
glutamine influx or efflux is through the various glutamine 
transporters  (68). SLC1A5 is the main amino acid trans‑
porter of glutamine influx. Overexpression of SLC1A5 was 
associated with poor prognosis of patients with NSCLC (69). 
Blocking its function can achieve an antitumor effect by 
suppressing the consumption of glutamine, inducing cell apop‑
tosis through inherent pathways and preventing cell growth 
through oxidative stress, serving as an effective therapeutic 
target (55). L‑γ‑glutamyl‑p‑nitroanilide (GPNA), an inhibitor 
of SLC1A5, has shown potential antitumoral effects through 
the inhibition of glutamine influx and by acting as a competi‑
tive inhibitor of SLC7A5 [also known as human L‑type amino 
acid transporter 1 (LAT1)], inhibiting the influx of essential 
amino acids (70). This inhibition may lead to changes in intra‑
cellular amino acid composition and mTORC1 activity (69,70). 
SLC7A5 is responsible for transporting glutamine out of the 
cells and transporting essential amino acids into the cells. A 
previous study has shown that, as a bidirectional transporter 
of glutamine, SLC1A5 cooperates with SLC7A5 and serves 
an important role in amino acid transportation, mTORC1 
activation and regulation of cell growth (52). An inhibitor of 
SLC7A5, 2‑aminobicyclo‑(2,2,1)‑heptane‑2‑carboxylic acid 
(BCH), induces cancer cell apoptosis by preventing the acti‑
vation of mTORC1 which is glutamine‑dependent, therefore 
achieving its antitumor effect (71). SLC7A11 is a transporter 
of cysteine/glutamine, which is overexpressed in NSCLC. It 
synthesizes GSH by transporting cysteine to resist oxidative 
stress, and its overexpression induces metabolic dependency on 
glucose and glutamine synchronously, which is also a process 
of glutamine addiction in NSCLC  (56,72). An SLC7A11 
inhibitor, sulfasalazine, has shown its potential effect through 
the inhibition of GSH synthesis and the disturbance of the 
redox balance in KRAS‑mutant lung AC (73).

Key enzymes of the glutamine metabolism process are 
promising therapeutic targets that have been widely studied, 
and some mature drugs have been used in clinical treat‑
ment  (48). GLS is one of the most crucial enzymes that 
convert glutamine into glutamate to provide substrates for the 
TCA cycle. GLS and its isoforms have shown that it serves 
an irreplaceable role in glutamine metabolism, making it a 
potential therapeutic target (74). 6‑Diazo‑5‑oxo‑L‑norleucine 
(DON), is a first‑generation drug of glutamine analogues that 
can widely inhibit the enzymes used by glutamine, including 
GLS, transaminase and GLUL, and has therapeutic effects 
on patients with cancer. However, its clinical application is 
limited owing to oral toxicity, gastrointestinal toxicity, leuko‑
penia and thrombocytopenia (75). More importantly, since 
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glutamine is an important neurotransmitter, DON has a series 
of inevitable CNS‑associated side effects (76). DON‑derived 
drugs not only maintain their efficient therapeutic effect, 
but reduce toxicity and side effects, which are being investi‑
gated further (77). For example, the compound JHU083 not 
only inhibits tumor growth, but also enhances the effect of 
immunotherapy by improving the function and efficiency of 
immune cell responses, which is mainly exerted by CD8+ T 
cells  (65). Bis‑2‑(5‑phenylacetamido‑1,3,4‑thiadiazol‑2‑yl)
ethyl sulfide (BPTES) is another GLS inhibitor that selectively 
inhibits GLS but does not inhibit KGA; however, the structure 
of BPTES, being different from that of either glutamine or 
glutamate, will not cause toxicity owing to interaction with 
other transporters or receptors (78,79). CB‑839 (telaglenastat) 
is a potential and selective GLS inhibitor that shows a posi‑
tive result in the treatment of triple‑negative breast cancer and 
other glutamine‑dependent cancers, such as NSCLC (80).

Combined therapeutic strategy. Surgery, chemotherapy, and 
radiotherapy are still the first‑line treatment approaches for 
NSCLC; emerging immunotherapy and molecular‑targeted 
therapy approaches also have hopeful prospects (5). However, 
all types of therapeutic strategies have their limitations and 
selectivity. Therefore, the combination of targeting glutamine 
metabolism with traditional chemotherapeutic drugs, such 
as cisplatin, paclitaxel, cyclophosphamide, gemcitabine and 
pemetrexed or the EGFR TKIs, including erlotinib and gefi‑
tinib, may be beneficial (19,80,81). Radiotherapy has great 
potential for the treatment of NSCLC, but not all patients 
can benefit from it. Recently, a study has shown that the GLS 
inhibitor CB‑839 can improve the sensitivity of patients with 
NSCLC to radiotherapy by reducing the secretion of the intra‑
cellular antioxidant molecule GSH (82). Moreover, CB‑839 
can also be combined with some molecular‑targeted thera‑
peutic drugs to improve their antitumor effect. For example, 
the combination of CB‑839 and selumetinib was shown to 
improve antitumoral effects in KRAS‑driven NSCLC (83). 
The outcome of combined treatment is reflected by the redox 
stress caused by the decrease of mitochondrial membrane 
potential and the increase of the ROS levels, as well as the 
energy stress induced by the inhibition of glycolysis and 
glutamine metabolism. Meanwhile, combined treatment 
can inhibit the phosphorylation process of AKT, inducing 
autophagy, and eventually leading to cancer cell death (83). 
The combination of CB‑839 and the EGFR inhibitor erlo‑
tinib, can lead to energy stress and metabolic risk through 
autophagy and activation of AMPK. In addition, the lower 
expression of MYC and HIF‑1α, and their downstream targets 
GLUT1 and SLC1A5, indicate that the combination of these 
two drugs may block the metabolic process of two basic 
nutrients, glucose and glutamine, inducing cell death (84). 
MLN0128 (sapanisertib) is an antitumor drug that inhibits 
mTOR and glycolysis. However, GSK‑3α/β, a central regulator 
in lung SCC cells, can promote the expression of GLS and 
glutamine metabolism by upregulating c‑MYC and c‑JUN 
to make cancer cells adapt to chronic mTOR and glycolysis 
inhibition (85). Therefore, CB‑839 is used to block glutamine 
metabolism, avoid drug resistance and achieve unique anti‑
tumor effect due to simultaneous inhibition of glycolysis and 
glutamine metabolism (85).

It is well known that ATP production depends on cytosol 
NADP; NSCLC cells obtain ATP from cytosol NADH 
through the malate‑aspartate shuttle system using glutamate, 
which is the catalysate of GLS1. GLS1 inhibitors, such as 
BPTES, reduce ATP production through glutamate deficiency, 
and finally inhibit cancer cell growth (86). Combined with 
the thymidylate synthase inhibitor 5‑FU, GLS1 inhibitors 
have synthetic lethal effects (87). EGFR TKIs are targeted 
therapeutic drugs for patients with NSCLC with EGFR 
mutations; however, secondary drug resistance is the main 
reason for the limited antitumor effect (88). The expression 
of SLC1A5 increased after treatment with the EGFR TKI 
almonertinib (89), which may be related to secondary resis‑
tance since glutamine can activate the downstream signal of 
EGFR, such as mTOR. SLC1A5 inhibitors, such as GPNA, can 
enhance the antitumor effect of almonertinib independently 
of the presence of EGFR mutations, and the combination of 
these two drugs may be the reason for inducing apoptosis by 
inhibiting autophagy (89). The GAC inhibitor 968 can reverse 
the secondary resistance of erlotinib by preventing glutamine 
metabolism; their combination not only restricts glutamine 
and glycolytic metabolism, but also maximizes the antitumor 
effect and safety, which provides a direction for the treatment 
of patients with NSCLC resistant to EGFR TKIs (81).

In addition to targeting intracellular metabolic processes, 
the metabolism of cells in the TME has attracted the interest of 
researchers because the relationship between cell metabolism 
and TME is regarded as one of the emerging hallmarks of 
cancer (10). Cancer‑associated fibroblasts (CAFs) are the most 
common cells in the TME; they exhibit metabolic flexibility 
and adaptability reflected by the synthesis of glutamine using 
atypical carbon and nitrogen sources in a nutrient‑deprived 
TME to maintain the growth of glutamine dependent 
cells (90). The combination therapy between inhibiting gluta‑
mine synthesis in CAFs cells by targeting GLUL and blocking 
glutamine metabolism in tumor cells is a hopeful pros‑
pect (66). Glutamine metabolism supports the rapid growth of 
cancer cells and creates a TME conducive to tumor immune 
escape (66). The different phenotype induced by glutamine 
antagonists between cancer cells and T cells provide an 
opportunity for emerging immunotherapies (91). The function 
of glutamine antagonists in cancer cells is to induce intracel‑
lular hypoxia, acidosis and nutrient deprivation in cancer cells, 
whereas in effector T cells, glutamine antagonists promote 
intracellular antioxidant metabolism and induce transforma‑
tion of T cells into long‑lived, high‑activity and high‑memory 
subtypes; this is shown by the abnormal overexpression of acti‑
vation markers, memory markers, anti‑apoptotic proteins and 
transcription factors (65). Therefore, glutamine antagonists, 
such as DON and JHU038, may not only improve immuno‑
therapy but also enhance inherent antitumor responses. Based 
on the data aforementioned, combined therapy is a promising 
strategy (92).

Targeting the sweet spot. Apart from the traditional targeted 
drugs that aim at inhibiting glutamine transporters and 
GLS, an increasing number of promising targets directly or 
indirectly involved in glutamine metabolic pathway have 
been studied, with the aims of achieving an antitumor effect 
by blocking the glutamine‑dependent metabolism in tumor 
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cells (61,93). Although using GLS as a target for immuno‑
therapy is promising, there are still some limitations. GLS 
depends on glutamine metabolism and is a rate‑limiting 
enzyme of some cancer cells, including hepatocellular 
carcinoma cells, colorectal cancer cells and NSCLC (86). 
The role of GLS has been widely studied and, until recently, 
selective inhibitors targeting GLS2 have been shown to 
induce autophagy and apoptosis by inhibiting the mTORC1 
signaling pathway, making GLS2 a potential therapeutic 
target (92). Overexpression of GLS2 may contribute to drug 
resistance following treatment of breast cancer cells with the 
GLS inhibitor CB‑839 (94). GPT2 is a key enzyme that cata‑
lyzes the reversible transformation of alanine and pyruvate. 
It was reported that the expression and distribution of GPT2 
was significantly increased in patients with NSCLC who were 
resistant to glutamine metabolic inhibitors (61). A study also 
showed that, under glutamine‑deficient conditions, alanine 
metabolism is involved in the production of TCA cycle inter‑
mediates and metabolic derivatives to maintain cell growth 
and survival. The GPT2 inhibitor L‑cycloserine can effectively 
improve the sensitivity of NSCLC to GLS inhibitors (61).

Glutamine‑dependency in tumor cells is partly determined 
by the process of TCA cycle anaplerosis. In MYC‑transformed 
cells, the carbon provided by glutamine enters the TCA cycle 
mainly through transamination, which exposes the vulnerable 
points during metabolism and provides an opportunity for 
targeting the inhibition of transaminase (95). The therapeutic 
effect of the transaminase inhibitor aminooxyacetate further 
enhances the confidence of researchers, and the transaminase 
inhibitor may have promising development prospects (96). TCA 
cycle replenishment is a vital process in intracellular metabo‑
lism because it allows cells to obtain substrates from the TCA 
cycle for the synthesis of macromolecules. TCA replenishment 
involves the use of glutamine or oxaloacetate, which is the 
product of pyruvate under the catalysis of pyruvate carbox‑
ylase (PC) (16); thus, targeting the suppression of PC activity 
may also have a similar effect. Interestingly, researchers have 
shown that PC is highly expressed in early NSCLC cells, and 
knockdown of PC leads to reduced cell growth and prolif‑
eration and lower TCA cycle activity due to the reduction of 
compensatory intermediates, resulting in the reduction of lipid 
and nucleotide synthesis and the imbalance of GSH, which 
may lead to the excessive production of ROS (62). The func‑
tion of glutamine in maintaining intracellular redox balance 
is mainly through GSH synthesis to combat ROS produced 
in cells. GDH1 is an essential enzyme that assists glutamine 
in maintaining intracellular redox balance by catalyzing the 
reversible oxidative deamination process of L‑glutamine to 
α‑KG. GDH1 regulates redox balance by controlling intracel‑
lular levels of α‑KG and glutaminolysis (42). Targeting GDH1 
disrupts intracellular redox homeostasis and suppresses 
the growth and proliferation of tumor cells. In NSCLC, the 
abundant expression of NOX4 induces the increase of GLS 
and GSH synthetase (GSS) both at mRNA and protein levels; 
NOX4 is the key enzyme catalyzing GSH synthesis, resulting 
in increased GSH synthesis, which is the basis for cancer cells 
to resist oxidative stress and gain oxidative resistance (63). 
Therefore, it is a promising therapy acting by accelerating the 
efflux of glutamine and selectively depriving GSH (97), and 
NOX4 may also be a novel therapeutic target.

Patient stratification and predictive markers. Tumor metabo‑
lism is not a specific metabolic map, which means that targeted 
metabolic therapy is not fixed (54). Therefore, the treatment 
of patients with NSCLC should be selective and specific to 
maximize the treatment effect, making patient stratification 
particularly important  (98). Stratification mainly includes 
tumor histological subtypes and specific driver gene muta‑
tions. Owing to the metabolic heterogeneity of glutamine, we 
hypothesize that glutamine inhibitors may be more effective 
for the treatment of patients with either EGFR or KRAS 
mutations.

Among the Asian population, the proportion of EGFR 
mutations in lung AC ranges between 45 and 75% (99). For 
patients with EGFR mutations, EGFR‑TKIs are the first‑line 
treatment of choice. However, secondary drug resistance is 
an obstacle for achieving a satisfactory therapeutic effect, 
mainly due to the presence of EGFR T790M mutation, which 
represents a marker of secondary drug resistance and the 
amplification of MET gene expression (81). The combination of 
traditional EGFR‑TKIs and glutamine inhibitors may provide 
a good solution to this problem. The issue of drug resistance 
could be prevented by combining gefitinib, a therapeutic drug 
for patients with NSCLC with EGFR mutations, and BCH, a 
SLC7A5 inhibitor that reduces the phosphorylation level of 
mTOR and its downstream molecules (93). Moreover, SLC7A5 
inhibitors could also be used for the treatment of patients 
with NSCLC without EGFR mutations (93). The transcrip‑
tion factor p53 is a tumor suppressor, and mutations are often 
identified in lung SCC (14). GLS2 is a unique target gene of 
p53; it regulates glutamine metabolism, energy production 
and intracellular ROS levels (100). In NSCLC, p53 inhibits 
tumor growth by promoting pyroptosis (101). Moreover, p53 
mutations are related to resistance of NSCLCs to EGFR 
TKIs (102). Hence, the status of p53 can be considered as a 
target molecule to improve the therapeutic effect of EGFR 
TKIs against NSCLC (102).

KRAS‑driven cancer accounts for ~35% of lung AC 
cases (103). In NSCLC cells, simultaneous presence of muta‑
tions in KRAS, LKB1 and KEAP1 is possible and these are 
sensitive to GLS inhibitors due to glutamine dependency, 
making them promising targets for therapy in the future (29). 
Mutations in other genes, such as IDH, are rare in NSCLC, 
but these are often associated with smoking history and 
KRAS mutations (104). The prognosis of NSCLC is generally 
poor, but numerous studies have revealed that the expression 
levels of some molecules can be used as markers to predict the 
prognosis and therapeutic effect. For example, SLC1A5 is an 
independent marker of poor prognosis, particularly in patients 
with NSCLC AC who are undergoing surgery  (105). The 
expression of SLC1A5 is significantly higher in non‑AC cases 
and depends on a number of factors, including sex (particu‑
larly males) and presence of advanced tumors (105). Another 
transporter of glutamine is SLC7A11; its high expression is 
associated with KEAP1 mutations and abnormal expression 
of BAP1. These biological markers help identify tumors 
with high expression of SLC7A11, which may subsequently 
benefit patients with the combination of radiotherapy or 
chemotherapy and SLC7A11 inhibition (72). In KRAS‑driven 
NSCLC, the expression of glutamine‑dependent genes, 
especially glutamic‑oxaloacetate transaminase 1 (GOT1) 

https://www.spandidos-publications.com/10.3892/ol.2023.13745
https://www.spandidos-publications.com/10.3892/ol.2023.13745
https://www.spandidos-publications.com/10.3892/ol.2023.13745
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and malic enzyme 1 (ME1), is increased to maintain redox 
balance. A study has shown that ME1 and GOT1 are predic‑
tive markers of sensitivity to radiotherapy (106). Therefore, 
KRAS‑driven cancer cells are sensitive to radiotherapy 
during glutamine deprivation (106). In addition to the markers 
mentioned above, the level of GPT2 can be used to identify 
those patients with NSCLC who will benefit the most from 
the treatment with GLS inhibitors (61). The purpose of patient 
stratification and biological predictive markers is to achieve 
individualized treatment as well as to obtain therapeutic 
effects and prognosis.

5. Conclusions

As the most abundant non‑essential amino acid in the circula‑
tion, glutamine serves an indispensable role in the metabolism 
of some tumors. It has an important role in supporting cell 
growth and proliferation, activating signal transduction path‑
ways, and maintaining redox balance. Since the publication 
of the Warburg effect, which proposed concept of aerobic 
glycolysis and glutamine addiction, there has been an increase 
in the number of studies on tumor metabolism. NSCLC cells 
are dependent on glutamine through the metabolic repro‑
gramming caused by the mutation of oncogenes or tumor 
suppressor genes, which makes them unable to grow normally 
under glutamine deprivation. The metabolic reprogramming 

of tumor cells can promote cell growth and proliferation, as 
well as lead to the malignant progress of tumor and the emer‑
gence of drug resistance. Recently, targeting the key enzymes 
and transporters of glutamine metabolism with specific inhibi‑
tors showed pharmacological progress and has led to clinical 
trials, which revealed surprising results regarding treatment 
(summarized in Table I). However, the metabolic vulnerability 
of non‑cancer cells and the metabolic plasticity of cancer 
cells in the TME should be taken into account. The metabolic 
reprogramming and flexibility of cancer cells may limit drug 
efficacy, and the impact on immune cells may limit the attack 
on cancer cells. Therefore, a better understanding of cancer 
cells and immune cell metabolism is required. Considering the 
glutamine dependence of NSCLC cells, CB‑839, BPTES and 
DON are also increasingly used in treatment, but with mixed 
results. These drugs may be beneficial to some patients due to 
the important role of glutamine in cell growth. However, treat‑
ment is limited by the heterogeneity of NSCLC metabolism and 
not all patients may benefit. Therefore, we propose a therapy 
scheme including patient stratification and screening of special 
biological predictive markers. Patient stratification includes 
the classification of tissue and gene mutation subtypes, aiming 
to achieve individualized medical treatment and maximize 
the benefits for each patient. Biological predictive markers 
can be used to identify the most suitable treatment approach 
and make predictions regarding prognosis. Combined therapy 

Table I. Summary of preclinical tools and clinical therapeutic drugs targeting different process of glutamine metabolism.

First author/s, year	 Class	 Drug	 Mechanism	 Stage	 Target	 (Refs.)

Magill et al, 1957	 Glutamine 	 DON	 Widely inhibit the	 Limited due	 Enzyme used by	 (75)
	 analogue		  glutamine metabolic	 to toxicity	 glutamine	
			   enzyme 			 
Leone et al, 2019	 	 JHU083	 Pro‑drug of DON	 Preclinical 		  (65)
				    compound tool		
Robinson et al, 2007	 GLS 	 BPTES	 Inhibition of GLS	 Preclinical tool	 GLS	 (78)
	 inhibitors					   
Gross et al, 2014		  CB‑839		  Phase I and II		  (80)
Caiola et al, 2020	 Transaminase	 L‑cycloserine	 Inhibition of TCA	 Preclinical tool	 GPT2	 (61)
	 inhibitors		  cycle			 
Moreadith and		  AOA	 anaplerosis	 Preclinical tool	 Aminobutyrate 	 (96)
Lehninger, 1984					     aminotransferase	
Hassanein et al, 2013	 Glutamine 	 GPNA	 Inhibition of	 Preclinical tool	 SLC1A5 (also 	 (69)
	 transporters 		  glutamine transport		  known as ASCT2)	
	 inhibitors					   
Wise and Thompson,		  BCH	 Inhibition of	 Preclinical tool	 SLC7A5 (also	 (71)
2010			   essential amino		  known as LAT1)	
			   acids			 
Hu et al, 2020		  Sulfasalazine	 Inhibition of	 Phase II for breast	 SLC7A11 (also 	 (73)
			   cysteine‑glutamine	 cancer	 known as xCT)	
			   transport			 

AOA, aminooxyacetate; ASCT2, amino acid transporter 2; BCH, 2‑aminobicyclo‑(2,2,1)‑heptane‑2‑carboxylic acid; BPTES, 
Bis‑2‑(5‑phenylacetamido‑1,3,4‑thiadiazol‑2‑yl)ethyl sulfide; DON, 6‑Diazo‑5‑oxo‑L‑norleucine; GLS, glutaminase; GPNA, 
L‑γ‑glutamyl‑p‑nitroanilide; GPT2, glutamic‑pyruvic transaminase 2; LAT1, L‑type amino acid transporter; SLC(X)A(Y), solute carrier 
family (X) member (Y); TCA, tricarboxylic acid.
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strategies are a promising way to improve the effectiveness 
of treatment and may potentially be the leading treatment 
approach in the future. The combination of glutamine inhibi‑
tors with emerging immunotherapy or targeted‑therapy drugs 
may not only improve their antitumor effect, but also may 
reduce drug resistance and increase sensitivity. In addition, 
new targets which are directly or indirectly associated with 
glutamine metabolism require further exploration.

This review described the identification of glutamine as 
a promising target for treatment by emphasizing its role in 
NSCLC cell metabolism. In addition to the traditional drugs 
targeting glutamine metabolic enzymes and transporters, 
new sweet spots, along with the concept of combination 
and individualized therapy, are also described. Inhibition of 
glutamine as a targeted therapy for NSCLC is promising, 
but still faces new challenges. Cancer and normal cells share 
many pathways, making selective inhibition particularly 
important. Future studies should not only consider glutamine 
metabolism in normal cells, but also target glutamine addic‑
tion in NSCLC cells, which will maximize the therapeutic 
effect and reduce side effects. Moreover, the heterogeneity 
of NSCLC metabolism and the difference in individual gene 
expression lead to the absence of a metabolic map suitable for 
everyone. 18F‑flurodeoxyglucose provides useful information 
by tracking glucose metabolism in vivo based on the increase 
of glucose uptake and glycolysis by cancer cells  (107). 
L‑[5‑11C]‑glutamine may be used as an indicator for in 
vivoglutamine‑dependent tumor metabolism (108). Therefore, 
the progress of glutamine‑targeted therapy also depends on 
imaging technology.

Although the heterogeneity of cancer metabolism limits 
the application of metabolism‑targeted drugs to some extent, 
glutamine‑targeted therapy still has potential. Glutamine 
supplement treatment may be beneficial to prevent mucositis 
in patients receiving radiotherapy and chemotherapy. For 
example, glutamine can be used to prevent chemothera‑
peutic or radioactive esophagitis in patients with esophageal 
cancer (109). At present, metabolic tracking technologies, such 
as spectroscopy and PET/CT, have rapidly been developed. 
With the development of metabonomic research, the hetero‑
geneity of cancer cell metabolism will be further explored. At 
the same time, the application of genetic testing and biomarker 
testing will help us choose the patients who would benefit the 
most from treatment.
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