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Abstract
Disordered cancer metabolism was described almost a century ago as an abnormal adaptation of
cancer cells to glucose utilization especially under hypoxic conditions; the so-called Warburg
effect. Greater research interest in this area in the last several decades has led to the recognition of
the critical coupling of specific malignant phenotypes such as increased proliferation and
resistance to programmed cell death (apoptosis) with altered metabolic handling of key molecules
that are essential for normal cellular metabolism. The altered glucose metabolism frequently
encountered in cancer cells has been exploited for cancer diagnosis and treatment. More recently,
the role of other glycolytic pathway intermediates as well as alternative pathways for energy
generation and macromolecular synthesis in cancer cells has become recognized. Especially, the
important role of altered glutamine metabolism in the malignant behavior of cancer cells and the
potential exploitation of this cellular adaptation for therapeutic targeting has emerged as an
important area of cancer research in the last decade. Expectedly, attempts to exploit this
understanding for diagnostic and therapeutic ends are running apace with the elucidation of the
complex metabolic alterations that accompany neoplastic transformation. Because lung cancer is a
leading cause of cancer death with limited curative therapy options, careful elucidation of the
mechanism and consequences of disordered cancer metabolism in lung cancer is warranted. This
review provides a concise, systematic overview of the current understanding of the role of altered
glutamine metabolism in cancer and how these findings intersect with current and future
approaches to lung cancer management.

Introduction
Lung cancer is the most common cancer worldwide, and the leading cause of cancer
associated deaths in the United States.1 Similar to other cancer types, altered glucose
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metabolism by cancer cells has been exploited in the diagnosis and staging of lung cancer
mainly through the use of 18fluorodeoxyglucose (FDG)-PET imaging of patients with
various stages of lung cancer.2 However, major new advances in exploiting abnormal cancer
cell metabolism for the management of lung cancer are unlikely to arise from the already
established utility of FDG-PET. Indeed, an increasing body of evidence suggests that the
dysregulated metabolism of other enzymes and substrates beyond glucose are common
accompaniments of neoplastic transformation, progression and resistance to therapy of
cancer cells. Furthermore, recent findings highlighting the frequent mutations of genes
encoding for metabolizing enzymes such as isocitrate dehydrogenase 1 and 2 (IDH1, IDH2),
pyruvate kinase M2 (PKM2), fumarate hydratase (FH) and succinate dehydrogenase (SDH)
have further encouraged the research interest in cancer metabolism and how such findings
can be translated into therapeutic interventions.3 Importantly, the activation of alternative
glycolytic pathway intermediate enzymes such as PKM2 and phosphoglycerate mutase 1
(PGAM1) has been directly linked to tumor growth.4,5 However, recognition of the role of
glutamine metabolic pathway as an alternative source of energy and anabolic building block
offers one of the most promising targets for anticancer strategies.6 The recognition of the
important role of altered glutamine metabolism in cancer has led to the focus on this
pathway as an actionable therapeutic target and the development of pharmacological agents
that inhibit key enzymes involved in glutamine metabolism.7 Given the overall poor
prognosis of lung cancer and the need for unconventional therapeutic strategies, it is
reasonable to anticipate that translational and eventual clinical evaluation of this therapeutic
approach will soon be extended to lung cancer patients. This review summarizes the current
state of the literature regarding the altered metabolism of glutamine in cancers with a
contextual discussion of the relevance and potential application of such findings to the
comprehensive management of lung cancer.

Discussion
Glutamine structure and function

Glutamine is the most abundant, naturally occurring, non-essential amino acid in the human
body.8 It is synthesized through enzymatic action of glutamine synthetase (GS) that
combines glutamate and ammonia.9,10 Glutamine has two nitrogen-containing side chains,
an amino and an amide group. This property makes it one of the most important circulating
nitrogen shuttles, accounting for 30% to 35% of all amino acid nitrogen transported in the
blood.11 It serves as a vehicle for transporting ammonia in a nontoxic form from the
peripheral tissues to visceral organs where it is cleared and excreted either as ammonium in
urine or as urea through the liver. Glutamine is also central to a variety of biochemical
functions such as protein synthesis, cellular energy homeostasis, purine synthesis and the
citric or tricarboxylic acid (TCA) cycle through its capacity to serve as a nitrogen or carbon
donor. Glutamine exists in a free circulating form in the blood and in storage forms mainly
in skeletal muscles and in smaller amounts in other organs such as the lung and brain.12

Physiologically, glutamine is utilized by the small intestine and the renal epithelial cells for
acid-base balance.13 However, other metabolically active cells including activated immune
cells and cancer cells can become major glutamine users.14 Hepatocytes serve both as a
glutamine producer and consumer depending on the overall metabolic needs of the body. As
such, hepatocytes play a regulatory role in glutamine metabolism by taking up large
amounts of glutamine derived from the gut.13

Glutamine metabolism in normal and neoplastic cells
Glutamine is one of the most abundant amino acids in the body and is especially abundant in
the liver, kidney, skeletal muscle and brain.8,12 It is the precursor for the synthesis of many
amino acids, proteins, nucleotides and other biologically important molecules.13 It is also
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required for the removal of alpha amino nitrogen from other amino acids through
transdeamination and is considered the main precursor for ammoniagenesis and urea
formation in the kidney.13,15 Hepatic glutamine metabolism has a vital role in the
stimulation of glycogen synthesis and is one of the major end products of ammonia trapping
pathways.16,17 Moreover, glutamine metabolism plays a critical role in gluconeogenesis and
is an oxidative fuel in rapidly proliferating cells and tissues.12 It is required for synthesis of
glutathione; a key component in the body's scavenging defense mechanism against oxidative
stress.18,19 Because of the varied roles of glutamine in normal cell physiology and
metabolism, it is expected that altered handling of glutamine metabolism will contribute to
neoplastic transformation and cancer progression. Careful study and elucidation of potential
alteration in glutamine metabolism in cancer cells is currently one of the most active areas of
cancer metabolism research. Recent findings have shown that aberrant energy metabolism
and the associated alterations in intracellular handling of glutamine by cancer cells form an
adaptive mechanism that contributes directly to the malignant phenotype. Thus, proliferating
cancer cells compete with normal cells for circulating glutamine.10 As a consequence,
marked changes in glutamine metabolism may occur with progressive tumor growth. A
careful elucidation of glutamine metabolism in cancer patients and its impact on cancer
prognosis may inform optimal patient management.

The stiff competition between neoplastic and normal cells for glutamine and the requirement
for glutamine supplementation for optimal growth of cancer cells in in vitro culture
constitute empiric evidence in support of the role of glutamine as a major energy source for
cancer cell proliferation.20-23In vivo studies in hepatomas and fibrosarcomas24,25 showed a
five- to ten-fold higher rate of glutamine consumption by cancer cells compared to normal
hepatocytes.26 Also, the dependence of lung cancer cells on sufficient availability of
glutamine for short-term proliferation and long-term survival was previously demonstrated
in studies of human-derived lung cancer cell lines and tissue grafts.27-29 Metabolic
reprogramming in cancer cells facilitates glutamine uptake and utilization for anabolism.21

One of the earliest steps in the generation of metabolic intermediates required for cell
growth and replication is the oxidative action of mitochondrial phosphate-dependent
glutaminase (GLS) which converts glutamine to glutamate and ammonia.22 Glutaminolysis
mediated by GLS promotes the generation of metabolic intermediates required for
macromolecular biosynthesis in proliferating cancer cells. A series of cellular adaptations
ensures the availability of glutamine to cancer cells. This includes the development of
efficient sodium ion-dependent membrane transporter systems, System A and System ASC,
leading to enhanced transmembrane transfer of glutamine from the circulation in order to
overcome the stiff competition with normal cells.303110 The normal repression of the System
A glutamine transporter in normal cells is de-repressed following neoplastic transformation,
leading to augmented glutamine membrane transport into the cell.32 In addition, a carrier-
mediated process determines the intracellular trafficking of glutamine into the
mitochondria.33 However, this intracellular flow of glutamine is bidirectional depending on
the dynamic balance between the need for optimal blood levels of glutamine and the
intracellular metabolic requirements.

In animal experiments, an inverse relationship exists between rapid tumor cell growth and
proliferation and a fall in blood glutamine concentration.34-36 Furthermore, a series of inter-
related adaptive changes occurs in different organs in response to the disproportionate use of
glutamine by the proliferating cancer cells. For instance, low blood glutamine levels induce
reciprocal adaptive changes in organs involved in body glutamine balance such as skeletal
muscles, intestine, liver and lung. As such, low blood glutamine levels resulting from
increased tumor burden induces an increase in the activity of GS enzyme and a consequent
increase in intracellular glutamine stores in muscle cells.37 Failure of this compensatory
mechanism results in significant depletion of glutamine in skeletal muscle and may
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contribute to the commonly observed tumor-associated cachexia of advanced cancer.38,39

Similarly, in response to the diminished extractable fraction of circulating glutamine due to
the reduced total body glutamine that results from high utilization by cancer cells, intestinal
epithelial cells preserve their glutamine transport activity and metabolism by decreasing
mucosal GLS activity while at the same time increasing the number of brush border
transporters.24,35,40 Metabolic changes induced by altered glutamine metabolism in the liver
are more complicated. In the early stages of cancer, the liver serves as a net producer of
glutamine by releasing glutamine into the circulation through an Na(+)-independent carrier-
mediated glutamine transporter system.41 This is facilitated by an increase in the gradient
between intracellular and circulating glutamine concentration.38 However, with advanced
stage cancer, the release of tumor necrosis factor (TNF) and other cytokines by cancer cells
induces membrane expression of System N, an influx carrier.42 This leads to increased
intracellular glutamine uptake by hepatocytes, which compete with cancer cells as the main
glutamine consumers. The elevated levels of tissue and circulating cytokines observed in
cancer patients suggest a contributory role for these cytokines in the altered glutamine
metabolism associated with cancer development and progression.43

Glutamine metabolism and lung cancer
There is an increased level of glutamine expression in lung cancer tissue especially in non-
small lung cancer (NSCLC) when compared to other cancer types such as colon or stomach
cancer.44 Also, cigarette smoking impairs the metabolic conversion of glutamine and
therefore promotes a high level of glutamine in lung cancer cells.45 While high GS and high
glutamine levels have been shown to enhance the metastatic potential and rate of tumor
recurrence in hepatocellular carcinoma,46 the prognostic significance of glutamine and its
metabolizing enzymes in lung cancer has not been well elucidated. Nonetheless, glutamine
is an important molecule required for the normal function of non-neoplastic lungs47 and
plays a significant role in cancer cell growth, protein translation, anaplerosis and
macromolecule synthesis.44 The action of GLS on glutamine generates glutamic acid, a key
nitrogen donor for amino acid synthesis, thereby placing glutamine as a key ingredient
required for protein synthesis in rapidly growing cancer cells.48 Given the central role of
glutamine in normal cell physiology, alterations in the handling of this important molecule
as well as its transporter and metabolizing enzymes are expected to also impact the biology
of lung cancer. The bidirectional L-type amino acid transporter 1 (LAT1) also known as
SLC7A5/SLC3A2 promotes glutamine efflux in exchange for the influx of L-leucine and
other essential amino acids across the cell membrane. This action of LAT1 is an important
mechanism that maintains intracellular availability of essential amino acids, which activates
the mammalian target of rapamycin (mTOR) pathway, promotes protein synthesis and
inhibits autophagy for orderly cell proliferation and growth.49 LAT1 expression has been
shown to be of prognostic implication in neuroendocrine lung tumors.50 Furthermore, in
patients with recurrent NSCLC treated with platinum based chemotherapy, LAT1 positive
tumors had a lower rate of response of 16% in comparison to 45% response rate for LAT1
negative tumors (p=0.002). High expression of LAT1 was also positively associated with
poor overall survival of 16.5 vs. 31.5 months, respectively (p=0.045).51,52 Furthermore,
LAT1 expression showed positive correlation with markers of intratumoral hypoxia,
angiogenesis and energy deprivation in adenocarcinoma and non-adenocarcinoma types of
NSCLC suggesting it to be a marker of aggressive tumor biology. Interestingly, LAT1
expression is especially high in lung cancer with activated EGFR and PI3K/AKT pathway as
measured by phosphorylated isoforms of AKT, mTOR and S6.53 Inhibition of LAT1 using
2-aminobicyclo-(2,2,1)-heptane-2-carboxylic acid (BCH) in the H1395 lung cancer cell line
reduced cellular uptake of L-leucine, and consequently inhibited mTOR pathway activity,
leading to reduced cell proliferation and viability. BCH in combination with gefitinib
induced an additive antiproliferative effect in the same lung cancer cell line.52
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The Na(+)-dependent glutamine transporter, SLC1A5, mediates intracellular influx of
glutamine and was shown to be responsible for more than 50% of the glutamine influx
across the cell membrane. A pharmacologic SLC1A5 inhibitor, γ-L-glutamyl-p-nitroanilide
(GPNA), as well as an siRNA gene silencing approach in lung cancer cell lines led to G1
cell growth arrest and impaired cell viability mediated through the abrogation of mTOR
signaling.54 Furthermore, this glutamine flux, which is a dynamic balance between uptake
and subsequent export out of the cell, is coupled with intracellular influx of essential amino
acids and thus serves as a strong regulatory signal for the mTORC1 complex, the master
regulator of cancer cell growth.

The metabotropic glutamate receptor 1 (GRM1) is normally expressed in the central nervous
system where it is involved in neuronal proliferation and migration during development and
with the normal function of mature neuronal cells.55 Ectopic expression of GRM1 has
however, been demonstrated in various cancer cell lines and tumor tissues including lung
cancer. The autocrine activation of this receptor by glutamate is a driver molecular event in
the development of melanoma. GRM1 activation drives cellular progression and cancer
growth through the MAPK and AKT/mTOR pathways.56,57 Expectedly, GRM1 antagonist
or inhibitors of extracellular glutamate release inhibit cancer cell growth and induce tumor
regression in vivo thus supporting a critical role for this glutamic acid-dependent signaling
pathway in tumorigenesis.56-59

The recent finding that the myc gene upregulates GLS gene promoter activity thereby
facilitating glutamine utilization in cancer cells through its conversion by GLS into glutamic
acid, and finally into lactic acid may be of significance in small cell lung cancer (SCLC)
where myc amplification is a poor prognostic indicator.60-62 Other frequently observed
genetic alterations in lung cancer such as the loss of tumor suppressor function of p53 and
LKB1 genes and the growth promoting function of oncogenes such as K-Ras and PI3K carry
metabolic consequences that directly or indirectly impact glutamine metabolism (Figure
1).63,64 For instance, the anchorage-independent growth characteristic of K-Ras mutant
cancer cell lines requires the availability of reactive oxygen species derived from
mitochondrial metabolism. Glutamine conversion to glutamic acid mediated by GLS is an
early step in the entry of glutamine intermediates into the TCA cycle and is thus critical for
mitochondrial metabolism. In this regard, the K-Ras subset of lung cancer, which constitutes
approximately 30% of all NSCLC cases, may be particularly susceptible to glutamine-
directed therapy.65

The expression of the KGA splice variant of GLS was found to be lower in lung cancer
tissue samples relative to adjacent normal lung. Moreover, transient knockdown of the GAC
splice variant of GLS inhibited lung cancer cell line growth highlighting additional
opportunities to exploit the glutamine-dependence of some subsets of lung cancer for
therapeutic intervention.66 Finally, using the EGFR T790M mutant model of lung cancer,
Weaver et al. showed a close link between altered glutamine metabolism and tumor
response to combined EGFR and mTOR targeted therapy in this resistant tumor model.67

The preceding body of data highlights the strong intersection of glutamine metabolism and
trafficking and the mTOR serine/threonine signaling pathway, which mediates cellular
responses to energy sufficiency and extracellular growth signals and is one of the most
frequently activated signaling pathways in lung cancer.68 Nutritional sufficiency and or
growth factor activation of mTOR kinase results in protein translation and inhibition of
macroautophagy. Contrarily, during periods of nutrient deficiency, especially amino acid
starvation or lack of growth factor signals, mTOR orchestrates a metabolic switch to
promote cell survival by inhibiting ribosome biogenesis and protein translation while
inducing cell cycle arrest, and autophagy.69 L-glutamine plays a critical role in this
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metabolic switch through its efflux in exchange for the influx of leucine and other essential
amino acids influx into the cell.49 In the absence of these amino acids, growth signals from
the two main activation pathways for mTOR, namely the insulin/insulin-like growth factor
(IGF)/phosphatidyl inositol-3-OH kinase (PI3K) and the MAP kinase/extra-cellular signal
regulated kinase (ERK) pathways, cannot be relayed to the mTOR kinase complex.70 The
tight regulatory control that glutamine and other essential amino acids exert on mTOR
pathway signaling may therefore inform the optimal approach for the therapeutic targeting
of aberrant activation of the mTOR pathway including its upstream modulators in lung
cancer. It is reasonable to anticipate that future studies will successfully exploit the unique
reprograming of glutamine metabolism in molecular subsets of lung cancer for therapeutic
intervention. Ongoing clinical trials and potential opportunities for targeting the glutamine
pathway are detailed in Table 1.

Exploiting glutamine dependence for cancer therapy
The recognition that altered glutamine metabolism plays significant roles in cancer
development and progression has fueled ongoing efforts to exploit this metabolic change for
cancer treatment. Initial evaluation of glutamine analogues as potential chemotherapeutics in
preclinical animal models and in early phase human studies have shown some promise while
highlighting critical challenges that must be overcome for this approach to work. One
approach to infuse GLS into the bloodstream in order to induce low blood glutamine levels
and thereby decrease the availability of glutamine to the cancer cells was tested several
decades ago.71 While this strategy successfully reduced the blood glutamine levels to near
undetectable levels in large animal experiments, it also resulted in intolerable and fatal
gastrointestinal side effects such as diarrhea, villous atrophy and intestinal necrosis.72 The
PEGylated formulation of GLS was better tolerated and has now entered clinical
development with encouraging anti-tumor effects observed in lung and colorectal cancer
patients.73-76

Rho-GTPases induce oncogenic transformation and are overexpressed and hyperactivated in
cancer cells.77,78 Because GLS mediates the activation of Rho-GTPases, a strategy using
GLS inhibitor was evaluated in a preclinical model of breast cancer.79 Intriguingly, the use
of small molecule inhibitors of GLS to uncouple this interaction reduced the rate of growth
and invasive activity of transformed fibroblasts and human cancer cells.79,80 The precise
mechanism by which altered glutamine metabolism resulted in an antitumor effect is still not
fully elucidated and is the focus of ongoing research work by different groups.

The potential utility of glutamine analogues as chemotherapeutic agents is also under
evaluation.81 Two glutamine analogues L-DON (6-diazo-5-oxo-l-norleucine) and acivicin
(α-amino-3-chloro-4,5-dihydro-5-isoxazoleacetic acid) have similar chemical structures and
are able to compete with glutamine in replicating cells.71,82 Acivicin is a potent inhibitor of
the glutamine-dependent rate limiting enzyme of de novo purine and pyrimidine
biosynthesis,10,83 while L-DON and acivicin both inhibit enzymes that catalyze irreversible
alkylation of L-cysteinyl residues, a glutamine-requiring process.84 Evaluation of these
compounds as anticancer agents is currently ongoing with promising results observed in
preclinical models of CD8F1 mammary tumor, L1210 leukemia and colon cancer.85,86

Limited clinical testing revealed potential toxicities, which are generally expected based on
experience with other antimetabolite agents including pancytopenia, mucositis, nausea and
vomiting.87 L-DON induced a 20-fold reduction in tumor growth and also reduced the
incidence of distant metastasis to the liver, lung and kidney based on bioluminescence
imaging and histologic examination of harvested tissue samples. The antimetastatic potential
of this glutamine analogue has been tested in preclinical mouse models of lung cancer
among other cancers.84,88 Clinical testing of L-DON in human subjects was pursued in
combination with PEGylated-glutaminase and was well-tolerated leading to total depletion
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of glutamine in serum as well encouraging clinical activity with partial responses observed
in patients with lung and colorectal cancers.73-75

Lengsin is a member of the GS I family of proteins that has restricted normal tissue
expression in the vertebrate eye.89 It is also a novel tumor-associated antigen that is
expressed aberrantly in lung cancer cells but not in normal lung tissue or other common
cancers including melanoma, colorectal carcinoma, breast carcinoma and hepatocellular
carcinoma. Lung cancer patients have detectable anti-Lengsin autoantibodies. In RNAi
knockdown experiments, loss of Lengsin resulted in reduced cell viability and eventual cell
death suggesting that this protein may play a critical role in cell survival especially in lung
cancer where it is aberrantly expressed. Robust preclinical studies are warranted to establish
this protein as a viable target of anti-cancer therapy in lung cancer patients. Bis-2-(5-
phenylacetamido-1,2,4-thiadiazol-2-yl)ethyl sulfide (BPTES) is an allosteric inhibitor of
GLS.90 It was tested for potency against the R132H mutation in isocitrate dehydrogenase-1
(IDH1), a frequently observed molecular aberration in low-grade gliomas and some subsets
of leukemias. BPTES preferentially suppressed α-ketoglutarate levels while selectively
inhibiting the growth of cells with mutant IDH1.91

The autocrine activation of the GRM1 by glutamate is also implicated in a variety of cancers
including lung cancer.56,58,59 The required extracellular release of glutamate for autocrine
receptor activation is targeted by the use of riluzole, an extracellular glutamate release
inhibitor. This agent is currently being tested in the clinic with encouraging early
results.92-94

A contrary approach of using increased glutamine availability to cells as a therapeutic
intervention has been evaluated specifically in lung cancer patients. This involved the use of
glutamine supplementation to ameliorate treatment-induced toxicity. A retrospective study
of 41 patients with stage III lung cancer treated with radiation showed that glutamine
supplementation was associated with a lower rate (7 of 21 patients who received glutamine
versus 13 of 20 patients who did not get glutamine) and reduced severity (36.8% vs. 0%
grade 3) of acute radiation-induced esophagitis.95 This finding was replicated in a larger
study of 104 lung cancer patients treated with concurrent chemoradiation. Glutamine
supplementation was associated with reduced incidence of grade 3 acute onset (7.2% vs.
16.7%; p=0.02) and later onset esophagitis (0% vs. 6.3%; p=0.06). Contrary to expectations,
the possible deleterious effect of glutamine on therapeutic efficacy, given its role in tumor
biology, did not materialize, with comparable median overall survival and progression free
survival of 21.4 vs. 20.4 (p=0.35) and 10.2 vs. 9.0 months (p=0.11) in glutamine-treated and
untreated patient groups respectively.96 A possible explanation for the preserved treatment
efficacy with glutamine supplementation could be the retrospective nature of the studies
since a modest effect may be too small for small retrospective studies to demonstrate.
Additionally, whether the glutamine supplementation was sufficient to induce any
meaningful alterations in the biologic behavior of glutamine-dependent tumors is unknown.

Targeting glutamine metabolism for cancer imaging
The disordered glucose metabolism of cancer cells has been successfully exploited in the
care of cancer patients leading to the development of FDG-PET imaging as a clinical tool
with resultant clinical benefit in terms of accurate staging and prognostication.97,98 The
dependence of some cancer subsets on altered glutamine metabolism presents an opportunity
for therapeutic targeting and prognostication similar to the development and incorporation of
FDG-PET imaging into cancer management (Figure 2). Metabolic reprogramming in cancer
cells may result in a switch from glucose to glutamine as the predominant source of energy
and anabolic building block. This phenomenon may be responsible for the limited sensitivity
of FDG-PET imaging in certain tumor types. Glutamine-directed metabolic imaging may
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therefore complement or even supplant FDG-PET imaging for accurate prognostic and
predictive assessment of tumor behavior and response to therapy.99 While glutamine
imaging is still in its early days, various approaches have been explored. One of the most
advanced approaches is the use of glutamine analogs as PET imaging radiotracers in order to
measure tumor-related glutaminolysis. 18F-labeled (2S,4R)-4-fluoro-l-glutamine (-18F-(2S,
4R)4F-GLN) was developed as a PET radiotracer based on the hypothesis that glutamine-
dependent tumors will have higher avidity for glutamine which will manifest as increased
tumor uptake of the radio-labeled glutamine.100,101 This tracer was tested in experimental in
vivo mouse models of c-myc amplified glioblastoma cell lines, F33 and L9. As expected,
there was selective uptake and trapping of 18F-(2S, 4R) 4-fluoroglutamine by tumor cells
resulting in successful imaging of the tumor.101-103 This approach may be especially
relevant and worthy of future evaluation in SCLC where c-myc amplification is a frequently
observed and prognostically relevant genomic alteration.

Preclinical in vitro and in vivo comparison of 18F-(2S,4R)4F-GLN and 18F-labeled (2S,
4R)-4-fluoro-l-glutamate (18F-(2S,4R)4F-GLU) showed a high uptake of the glutamine-
based radiotracer in highly proliferative tumor.104 The ASC transporter preferentially
transferred 18F-(2S,4R)4F-GLN while system X(C)- transported the glutamic acid
radiotracer, 18F-(2S,4R)4F-GLU, preferentially. An in vitro cellular assay revealed a
differential intracellular handling of the two radiotracers. Whereas 18F-(2S,4R)4F-GLN
became incorporated and trapped in protein macromolecules, 18F-(2S,4R)4F-GLU remained
in its original free amino acid form. This differential handling resulted in a higher tumor
uptake of 18F-(2S,4R)4F-GLN, while 18F-(2S,4R)4F-GLU, showed a superior tumor-to-
background ratio indicating that these two radiotracers may be adapted to study the
involvement of different aspects of glutamine metabolism in various cancer types,
specifically lung cancer, in the clinical setting.

Because glutamine is very rich in carbon and nitrogen atoms, alternative approaches are
under exploration to use 11C and 13N radioisotope labeling for imaging.105 The success of
these approaches will depend on whether or not the imaging algorithm can overcome the
challenges posed by the rapid extrusion of carbon and nitrogen atoms from glutaminolytic
cells. The high activity of GS in such cells, however, is expected to render them susceptible
to this type of imaging, which depends on incorporation of the radiolabeled substrate into
intracellular glutamine stores.106 Readers are referred to a recent review by Rajagopalan and
DeBerardinis for a comprehensive overview of potential applications of glutamine imaging
in cancer therapy.97

Conclusions
Glutamine is the most abundant amino acid in circulation and plays important roles in
normal cell metabolism and energy balance. The critical role of altered glutamine
metabolism in supporting neoplastic transformation and cancer progression has garnered
strong scientific and research interest. Glutamine together with its metabolizing enzymes
offer promising targets for anticancer therapy because of their central role in energy
generation and macromolecule synthesis in support of the disordered growth of cancer cells.
Potential therapeutic opportunities in lung cancer include the application of dynamic
changes in the level of glutamine within the tumor and host blood circulating compartments
as biomarkers of disease activity and response to therapy. In this regard, metabolic imaging
techniques based on glutamine analogues and radioisotope-labeled glutamine have produced
encouraging results that may be ready for clinical application in the not too distant future.
Although direct targeting of the glutamine metabolic pathway for cancer therapy is still in its
infancy and has a number of hurdles to overcome, our ability to link specific molecular
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characteristics of lung cancer to glutamine dependence may offer a fast track for clinical
evaluation of the emerging glutamine-targeting agents in lung cancer.
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Figure 1.
The Warburg effect in cancer cells and the interaction between metabolic reprogramming
and oncogenic genetic alterations relevant to lung cancer. Reprinted with permission from
Vander Heiden et al. Science, 2009 May 22;324(5930):1029-33.64
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Figure 2.
Glutamine metabolism showing potential opportunities for cancer imaging including surface
membrane transporters, intracellular glutamine and metabolic intermediates including
glutamic acid, glutamine synthetase and glutaminase enzymes. Adapted from Rajagopalan
and DeBerardinis, J Nucl Med July 1, 2011 vol. 52 no. 7 1005-1008.97

Mohammed et al. Page 16

Clin Lung Cancer. Author manuscript; available in PMC 2015 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Mohammed et al. Page 17

Ta
bl

e 
1

Su
m

m
ar

y 
of

 o
ng

oi
ng

 p
re

cl
in

ic
al

 a
nd

 c
lin

ic
al

 te
st

in
g 

of
 a

ge
nt

s 
ta

rg
et

in
g 

di
ff

er
en

t a
sp

ec
ts

 o
f 

gl
ut

am
in

e 
m

et
ab

ol
is

m
 a

nd
 th

ei
r 

po
te

nt
ia

l f
or

 c
an

ce
r 

th
er

ap
y 

or
im

ag
in

g.

A
ge

nt
T

ar
ge

t
M

ec
ha

ni
sm

St
ag

e 
in

 D
ev

el
op

m
en

t
R

em
ar

ks

T
he

ra
pe

ut
ic

 I
nt

er
ve

nt
io

n

G
lu

ta
m

in
as

e
G

lu
ta

m
in

e
D

eg
ra

da
tio

n 
of

 g
lu

ta
m

in
e

Ph
as

e 
I

C
lin

ic
al

 d
ev

el
op

m
en

t
lim

ite
d 

by
 to

xi
ci

ty
72

PE
G

yl
at

ed
-G

lu
ta

m
in

as
e

G
lu

ta
m

in
e

G
lu

ta
m

in
e 

de
gr

ad
at

io
n

Ph
as

e 
I 

an
d 

II
 s

tu
di

es
92

-9
4

B
et

te
r 

to
le

ra
te

d 
th

an
 n

on
PE

G
yl

at
ed

 g
lu

ta
m

in
as

e
w

ith
 c

lin
ic

al
 a

ct
iv

ity
de

m
on

st
ra

te
d 

in
 a

dv
an

ce
d

lu
ng

 c
an

ce
r 

pa
tie

nt
s73

-7
6

R
ilu

zo
le

G
-p

ro
te

in
–c

ou
pl

ed
 m

et
ab

ot
ro

pi
c

gl
ut

am
at

e 
re

ce
pt

or
 1

 (
G

R
M

1)
G

lu
ta

m
at

e 
re

le
as

e
in

hi
bi

tio
n 

an
d 

di
sr

up
tio

n 
of

au
to

cr
in

e 
gl

ut
am

ic
si

gn
al

in
g

Ph
as

e 
0,

 I
 a

nd
 I

I 
st

ud
ie

s92
-9

4
Id

en
tif

ie
rs

 o
f 

on
go

in
g

cl
in

ic
al

 tr
ia

ls
 in

 a
dv

an
ce

d
ca

nc
er

s:
 N

C
T

01
30

33
41

;
N

C
T

01
01

88
36

;
N

C
T

00
86

68
40

;

Pe
pt

id
e 

sp
ec

if
ic

 C
yt

ot
ox

ic
 T

 L
ym

ph
oc

yt
e

G
lu

ta
m

in
e 

sy
nt

he
ta

se
 I

A
nt

i L
en

gs
in

 s
pe

ci
fi

c
im

m
un

ity
Pr

ec
lin

ic
al

 te
st

in
g

L
en

gs
in

 is
 a

 m
em

be
r 

of
th

e 
G

S 
fa

m
ily

 o
f 

pr
ot

ei
n

w
ith

 r
es

tr
ic

te
d 

ex
pr

es
si

on
in

 th
e 

le
ns

 a
nd

 e
ct

op
ic

ex
pr

es
si

on
 in

 lu
ng

ca
nc

er
89

,1
07

A
ci

vi
ci

n
G

lu
ta

m
in

e 
m

et
ab

ol
iz

in
g 

en
zy

m
es

L
-g

lu
ta

m
in

e 
an

al
og

ue
;

in
hi

bi
tio

n 
th

ro
ug

h
po

is
on

in
g 

of
 g

lu
ta

m
in

e
ut

ili
zi

ng
 e

nz
ym

es

Ph
as

e 
II

N
o 

ac
tiv

ity
 o

bs
er

ve
d 

in
lu

ng
 c

an
ce

r10
8,

10
9

L
-D

O
N

 (
6-

di
az

o-
5-

ox
o-

l-
no

rl
eu

ci
ne

)
G

lu
ta

m
in

e 
ut

ili
zi

ng
 e

nz
ym

es
L

-g
lu

ta
m

in
e 

an
al

og
ue

/
an

ta
go

ni
st

; i
nh

ib
iti

on
th

ro
ug

h 
po

is
on

in
g 

of
gl

ut
am

in
e 

ut
ili

zi
ng

en
zy

m
es

Ph
as

e 
I 

an
d 

II
E

va
lu

at
ed

 in
 c

om
bi

na
tio

n
w

ith
 P

E
G

yl
at

ed
-

gl
ut

am
in

as
e73

-7
5

T
al

am
pa

ne
l

A
M

PA
 g

lu
ta

m
at

e 
re

ce
pt

or
In

te
rr

up
tio

n 
of

 th
e

au
to

cr
in

e 
lo

op
 b

et
w

ee
n

gl
ut

am
ic

 a
ci

d 
an

d 
A

M
PA

re
ce

pt
or

s

Ph
as

e 
II

N
o 

ac
tiv

ity
 in

 u
ns

el
ec

te
d

gl
io

m
as

 p
at

ie
nt

s11
0

G
lu

ta
m

in
e

Pr
ev

en
tio

n 
of

 c
he

m
ot

he
ra

py
-

in
du

ce
d 

to
xi

ci
ty

E
nh

an
ce

d 
R

O
S 

sc
av

en
gi

ng
Ph

as
e 

II

B
is

-2
-(

5-
ph

en
yl

ac
et

am
id

o-
1,

2,
4-

th
ia

di
az

ol
-2

-y
l)

et
hy

l s
ul

fi
de

 (
B

PT
E

S)
G

L
S

A
llo

st
er

ic
 in

hi
bi

to
r 

of
ki

dn
ey

 is
of

or
m

 o
f 

G
L

S
Pr

ec
lin

ic
al

90

5-
(3

-b
ro

m
o-

4-
(d

im
et

hy
la

m
in

o)
ph

en
yl

)-
2,

2-
di

m
et

hy
l-

2,
3,

5,
6-

te
tr

ah
yd

ro
be

nz
o[

a]
ph

en
an

th
ri

di
n-

4(
1H

)-
on

e,
 (

co
m

po
un

d
96

8)
11

1 I
m

ag
in

g 
ap

pl
ic

at
io

n

G
L

S
A

llo
st

er
ic

 in
hi

bi
to

r 
of

ki
dn

ey
 is

of
or

m
 o

f 
G

L
S

Pr
ec

lin
ic

al

Clin Lung Cancer. Author manuscript; available in PMC 2015 January 01.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Mohammed et al. Page 18

A
ge

nt
T

ar
ge

t
M

ec
ha

ni
sm

St
ag

e 
in

 D
ev

el
op

m
en

t
R

em
ar

ks

18
F-

(2
S,

 4
R

) 
4-

fl
uo

ro
gl

ut
am

in
e

G
lu

ta
m

in
e 

up
ta

ke
 in

to
 c

el
ls

G
lu

ta
m

in
e-

de
pe

nd
en

t
ca

nc
er

 w
ill

 s
ho

w
 g

re
at

er
tr

ac
er

 u
pt

ak
e

Pr
ec

lin
ic

al
 te

st
in

g 
on

ly
10

0,
11

2
C

lin
ic

al
 a

pp
lic

at
io

n
su

pp
or

te
d 

by
 th

e 
lo

ng
ha

lf
-l

if
e 

of
 18

F

L
-[

5-
11

C
]-

gl
ut

am
in

e
G

lu
ta

m
in

e 
up

ta
ke

 in
to

 c
el

ls
H

ig
he

r 
tr

ac
er

 u
pt

ak
e 

in
gl

ut
am

in
ol

yt
ic

 tu
m

or
s

Pr
ec

lin
ic

al
 te

st
in

g 
on

ly
10

5

18
F-

la
be

le
d 

(2
S,

4R
)-

4-
fl

uo
ro

-l
-g

lu
ta

m
at

e
G

lu
ta

m
in

e 
up

ta
ke

 in
to

 c
el

ls
G

lu
ta

m
in

e-
de

pe
nd

en
t c

an
ce

r
w

ill
 s

ho
w

 g
re

at
er

 tr
ac

er
up

ta
ke

11
2

Pr
ec

lin
ic

al
 te

st
in

g 
on

ly
10

0

Clin Lung Cancer. Author manuscript; available in PMC 2015 January 01.


