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Introduction. The amino acid glutamine (GLN) has
received considerable attention as a potential therapeutic adjuvant in critical illness and in improving postoperative clinical outcomes. Most studies on the role of
GLN in cellular physiology have historically focused on
its anabolic roles in specific cell types and its contribution to growth in cancer cells. However, an emerging
body of work that examines the consequences of GLN
deprivation on cellular survival and gene expression has
constructed a new paradigm for this amino acid,
namely, that limited extracellular GLN supplies modulate stress and apoptotic responses.
Methods. A survey of the scientific literature was
conducted on GLN in cell survival signaling and apoptosis. Work from our laboratory in liver cancer cells
also was included in this review.
Results. Most studies on this topic have used mammalian cell lines derived from the gut, immune system
(including hybridomas), and various cancers. GLN
limitation, even in the presence of an adequate glucose supply, impacts stress-related gene expression,
differentially modulates receptor-mediated apoptosis,
and directly elicits apoptosis through signaling mechanisms and caspase cascades that are specific to cell
type. To date, GLN transporters, cellular hydration,
glutaminyl-tRNA synthetase, ATP levels, mRNA stability, and glutathione economy have been variably implicated in GLN-dependent survival signaling.
Conclusion. The cell type-specific mechanisms underlying the regulatory role of GLN in cell survival
continue to unfold at a steady pace through in vitro
studies. These results have collectively provided testable hypotheses for further in vivo studies into their
physiological relevance during GLN “nutritional
pharmacology.” © 2005 Elsevier Inc. All rights reserved.

INTRODUCTION

In the world of academic surgery, a desire to improve
postoperative patient care and outcomes drives much
of the research efforts. A major theme that has developed in this clinical realm is the concept of “nutritional
pharmacology,” where specific nutrients are added in
excess to patient nutritional regimens in an effort to
enhance convalescence and reduce morbidity, mortality, and hospitalization time during critical illness.
One of the more highly studied nutrients for this purpose is the amino acid glutamine (GLN). Classified as a
“nonessential” amino acid by most biochemistry texts
because of the ability of most cells to produce it, GLN
has been reclassified as “conditionally essential” during the last decade because physiological demand often
exceeds the cellular capacity to produce it endogenously during critical illness. The resulting GLN deficit can adversely affect cells that rely heavily on this
amino acid for normal function, such as those of the
gastrointestinal tract and immune system. The merits
of GLN-supplemented nutritional regimens in improving outcomes has been evaluated and roundly debated.
Indeed, most roundtable discussions on this topic end
with the consensus that “we need more randomized
prospective clinical trials” [1, 2]. Evidence for the clinical efficacy of GLN in critical illness will not be further
discussed here; for very good recent reviews on this
topic, the reader is referred to other sources [3– 6].
Instead, GLN supplementation in patient care was
broached to provide context for a more academic topic:
What are the cellular mechanisms by which GLN may
potentially impact clinical outcomes? For clinicians,
demonstrated efficacy of “glutamine therapy” would be
sufficient, but as scientists, this is a topic that we are
compelled to pursue.
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The study of GLN in cellular physiology historically
has focused on its anabolic effects, namely, its role as a
metabolic precursor and physiological regulator of
DNA and protein synthesis in cellular growth. GLN is
particularly important for the growth, survival, and
physiological health of actively dividing cells in the
body such as fibroblasts [7, 8], enterocytes (intestinal
epithelia) [9, 10], and lymphocytes [11, 12]. Indeed,
most of these cell types have been shown to possess a
GLN-intensive metabolic profile, almost to the point of
auxotrophy. Not surprisingly, clinical conditions for
which GLN therapy has been proposed and tested,
such as after bone marrow transplant, maintenance of
a “healthy bowel” after radiation therapy or resection,
after burn injury and during chemotherapy, involve
these cell types. Cancer cells also are avid GLN consumers [13–17]. In an effort to better understand the
impact of GLN provision on energy metabolism, a recent study examined the effects of GLN depletion and
subsequent repletion on metabolic and gene expression
profiles in mouse hepatoma cells via microarray analysis and found that GLN depletion globally downregulated metabolism [18], which is not surprising.
Just as cancer biologists have refocused their attention from growth (oncogenes) to evasion of programmed cell death (apoptosis and tumor suppressor
genes) and the integration of the two processes during
the last decade, recent studies have suggested that
GLN may act not only to promote growth but also to
suppress apoptosis and to evoke and modulate stress
responses. This review therefore focuses on a new twist
to an old theme, namely, the merits of GLN in supporting cellular physiology, not from an anabolic perspective, but rather as a survival factor. Hereafter, GLN
metabolism and apoptosis are briefly reviewed, followed by a retrospective analysis of studies in specific
cell types (enterocytes, cells of the immune system and
cancer cells) showing a role for GLN in cell survival
and in eliciting and modulating cellular stress responses, including implicated mechanisms for GLN effects.
GLN METABOLISM

As the most abundant amino acid in the plasma at
levels around 0.6 mM, GLN exhibits the most rapid
intracellular turnover rate of all amino acids [19]. Because of its abundance and rapid metabolism, GLN has
been described as the major intercellular nontoxic ammonia shuttle in the body. GLN also serves as a metabolic intermediate contributing carbon and nitrogen
for the synthesis of other amino acids, nucleic acids,
fatty acids and proteins [20, 21]. Because GLN is a
major source for cellular glutamate, it can serve as a
rate-limiting step in the synthesis of glutathione
(GSH), a tripeptide consisting of glutamate, glycine,
and cysteine, that serves to protect cells from oxidative

stress [22, 23]. GLN is also an important osmolyte for
cell volume control [24] and has been shown to increase
hepatocyte cell volume, eliciting anabolic processes like
DNA, RNA, and protein synthesis [25]. GLN homeostasis in the body is largely maintained by the enzymes
glutamine synthetase (glutamate ⫹ NH 3 ⫹ ATP ¡
GLN) and glutaminase (GLN ¡ glutamate ⫹ NH 3)
[26]. Historically, cells propagated in culture by growth
and serial passage were shown to require GLN at concentrations higher than any other amino acid, as originally shown by Harry Eagle in the 1950s [27–29]. As
we approach the 50th anniversary of his seminal work,
the cellular and molecular events that underlie these
time-tested observations on GLN reliance in cultured
cells continue to take shape, but are by no means
settled.
APOPTOSIS

Programmed cell death (PCD) is an evolutionarily
conserved biochemical pathway resulting in a characteristic morphological cell death termed apoptosis [30].
Hallmarks of apoptosis include membrane blebbing,
cell shrinkage, chromatin condensation, and endonucleolytic cleavage of DNA [31]. Unlike necrosis, apoptosis is an energy (ATP)-dependent process that is highly
regulated and avoids eliciting an inflammatory response from cell death. Apoptosis is required for successful organogenesis during embryonic development
and to maintain cellular homeostasis throughout life to
prevent cancer and autoimmunity [32]. Because apoptosis is a conserved evolutionary process, it can be
identified by its biochemical and morphological events
[33].
The balance between apoptosis and survival is
largely maintained within the cell by the Bcl-2 protein
family. This family is further divided into three subfamilies: Bcl-2 (including Bcl-2 and Bcl-x L), Bax (including Bax and Bak), and “BH3-only” proteins (including Bad and Bid) [34]. Members of the Bcl-2
subfamily promote cell survival whereas the Bax and
BH3-only subfamily members are proapoptotic [35].
The interaction between these family members is complex, cell type-specific, and determines the balance of
cellular life and death largely through the maintenance or compromise of mitochondrial integrity, but
signaling from the endoplasmic reticulum may also be
involved [32, 36]. During the initial stages of apoptosis,
phosphatidylserine (PS) is translocated from the inner
plasma membrane leaflet to the outer as a marker for
phagocytosis [37]. Annexin V staining has thus been
used as an apoptotic assay since it preferentially binds
PS on the outer leaflet and shows minimal binding to
phosphatidylcholine and sphingomyelin which are normally present in the outer leaflet [38]. Another early
event of apoptosis is a decrease in the mitochondrial
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transmembrane potential (MTP, or ⌬ m) [39, 40], elicited largely by mitochondrial outer membrane permeability (MOMP) [41].
The main enzymatic components of the apoptotic
pathway are the caspases, a family of cysteine proteases that cleave after aspartic acid residues [42].
Caspases are expressed as proenzymes that are activated after proteolytic processing into heterodimers.
Caspases can be broadly classified as initiators, which
respond to proapoptotic signals and initiate cell disassembly, and effectors, which carry out the death mechanism [43]. Two well-characterized caspase cascades
include the cell surface death receptor (extrinsic) pathway and the mitochondrial initiated (intrinsic) pathway [44]. The extrinsic pathway involves death domain
receptors like CD95/Fas/Apo1 and tumor necrosis factor receptor-1 (TNFR1) [45]. Binding of the CD95 ligand (CD95L or FasL) to its receptor causes clustering
of the CD95 death domains eliciting binding of the
adaptor protein FADD (Fas-associated death domain).
FADD recruits pro-caspase-8, which undergoes oligomerization and subsequent self-cleavage [46]. Active
caspase-8 can directly cleave effector pro-caspases-3,
-6, and -7 or cleave the proapoptotic Bcl-2 member Bid
to its truncated form (tBid), which initiates cytochrome
c release from the intermembrane space (IMS) of the
mitochondria [47]. The intrinsic pathway involves the
formation of the heptameric apoptosome [48]. Once
cytochrome c is released from the mitochondria, it can
bind Apaf-1 via its WD-40 domains, together with
dATP/ATP and recruit and activate pro-caspase-9 [49].
Active caspase-9, similar to caspase-8, cleaves the effector pro-caspase-3, initiating the late morphological
changes of apoptosis. The intrinsic and extrinsic apoptotic pathways may operate in parallel, or synergize
through considerable crosstalk to elicit cellular death
[50].
Once activated by an initiator caspase, caspase-3
cleaves Acinus resulting in chromatin condensation
without DNA fragmentation [51]. Caspase-3 also
cleaves the inhibitor of CAD, ICAD/DFF45, releasing
caspase-activated DNase (CAD)/DNA fragmentation
factor 40 (DFF40) resulting in DNA fragmentation [52,
53]. This process is responsible for the 180 bp internucleosomal cleavage of DNA apparent as the hallmark
ladder pattern after gel electrophoresis [54]. Further,
caspase-3 cleaves and inactivates the nuclear DNA
repair enzyme, poly(ADP-ribose) polymerase (PARP)
[55].
Apoptosis can be induced by a number of conditions,
such as irradiation, heat shock, oxidative stress, hypoxia, death domain receptor binding, and nutrient deprivation, including GLN. Surprisingly, the antiapoptotic nature of GLN often appears to have little to do
with its role as a source of cellular energy [56, 57]. This
review will focus on other possible mechanisms by
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which GLN may act as a cellular survival factor. We
will concentrate on three cell types: enterocytes, immune system-derived cells, and cancer cells, where
much of the work on this topic has been done.
ENTEROCYTES

The importance of GLN in maintaining gut homeostasis and health has long been established [58].
GLN is the major oxidative energy source for intestinal
epithelial cells [59, 60]. Animal studies have shown the
necessity of GLN for the synthesis of enterocyte nucleotides [61] and maintenance of intestinal glutathione
levels [62]. Prolonged total parenteral nutrition (TPN)
without GLN is known to result in whole-body GLN
depletion and gut mucosal atrophy which can be ameliorated with GLN supplementation [9, 10, 63]. The gut
mucosal epithelium renews itself every 2 to 8 days by
balancing growth in the crypts of Lieberkuhn with
apoptosis in the crypt and villus compartments [64].
The apoptotic suppressive qualities and indispensable
nature of GLN for enterocyte proliferation [65, 66]
could collectively explain why it is necessary for gut
mucosal homeostasis. Studies to date have shown that
overt GLN starvation leads to intrinsic enterocyte apoptosis, and that ambient GLN levels modulate stress
responses and cytokine-induced cell death in this cell
type.
Using a nontransformed rat intestinal epithelial cell
line (RIE-1) as a model, Papaconstantinou et al. have
shown that GLN starvation for 24 h causes a 60%
reduction in cell number due to increase rate of apoptosis as assessed by Annexin V staining, DNA laddering and nuclear condensation. Cell number decreased
after GLN deprivation in a dose-dependent fashion and
apoptosis as assessed by DNA laddering was observed
only at GLN concentrations below 0.2 mmol/L [67].
Later studies by this same group determined that the
mechanism of apoptosis after GLN starvation in RIE-1
cells involves the activation of caspase-3 after 10 h
followed by DNA laddering at 12 h with maximal induction of both at 18 h. Caspase-2 also was activated at
18 h. Pro-caspases-1, and -8 were expressed in RIE-1
cells but did not respond to GLN deprivation up to 24 h
[68]. Interestingly, treatment of GLN-deprived RIE-1
cells with Z-VAD-FMK (80 mol/L), a broad-scope
caspase inhibitor [69], could prevent caspase activation, DNA fragmentation, and nuclear condensation
but had no effect on cellular loss [68]. These findings
correlate well with results obtained using Z-VAD-FMK
under other apoptotic conditions as reviewed by Denecker et al. [47]. Z-VAD-FMK was shown to inhibit
pro-caspase activation and DNA fragmentation in response to Bax or Bak overexpression but not nuclear
condensation, cell shrinkage, membrane blebbing and
loss of cell membrane integrity. Z-VAD-FMK also inhibits DNA fragmentation and chromatin condensa-
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tion in response to etoposide, staurosporine, actinomycin D, and dexamethasone. In all these cases, cell death
occurred after cytoplasmic vacuolization suggesting a
role for necrosis [47]. Thus, GLN deprivation may lead
to necrosis as a parallel death pathway if the apoptotic
caspase cascade is blocked. However, the possible role
of other caspases not significantly inhibited by Z-VADFMK (as discussed later) cannot be discounted.
In addition to directly eliciting intrinsic apoptosis in
enterocytes, GLN limitation has been shown to modulate apoptosis via the extrinsic (death receptor) pathway. Ziegler’s laboratory used the human colon carcinoma cell line HT-29, which retains many colonic
epithelial properties, to study the role of GLN in
cytokine-induced apoptosis [70]. GLN inhibited apoptosis induced by tumor necrosis factor-␣-related
apoptosis-inducing ligand (TRAIL, 100 g/L) in a dosedependent manner from 0 to 500 mol/L (i.e., in the
physiological range). GLN prevented nuclear condensation and activation of caspases-3 and -8 in response
to TRAIL treatment. These effects required GLN metabolism as 6-diazo-5-oxo-l;-norleucine (DON), a nonmetabolizable GLN analog that inhibits glutaminolysis, did not induce apoptosis alone, but prevented the
antiapoptotic effects observed with GLN supplementation, presumably acting as a GLN analog or antimetabolite. The antiapoptotic nature of GLN was found to
be independent of the intracellular glutathione (GSH)
redox status, so it is presently unclear which arm of the
GLN metabolic profile is required for survival signaling in this cell line.
Cellular survival relies upon the ability to endure
physiological stresses and mount responses such as
thermotolerance, which necessarily involves the induction of heat shock proteins. GLN has been shown to
modulate this stress response pathway in the rat intestinal epithelial cell line IEC-18, where GLN alone
was sufficient to increase expression of the chaperone
heat-shock protein 70 (HSP70) without previous heatshock treatment [71]. HSP70 induction in response to
GLN and the ability of GLN to protect cells from lethal
heat (49°C) and oxidant injury from NH 2Cl was
concentration-dependent peaking at 10 –15 mM, an order of magnitude greater than physiological plasma
values, but one achievable via enteral nutrition on the
apical surface of these cells. In contrast to its inhibitory
effects in TRAIL-induced apoptosis, DON mimicked
the protective effects of GLN; however, GLN effects
were diminished by treatment with quercetin, a bioflavinoid that inhibits HSP70 production. These results
suggest that GLN-induced protection is not solely related to its role as a metabolic intermediate and relies
heavily on HSP70 induction. Similarly, GLN also increased HSP70 expression and enhanced heat-shock
(43°C) cell survival in a dose-dependent fashion up to 8
mm in the rat intestinal IEC-6 cell line [72]. Studies by

FIG 1. Effect of GLN deprivation on apoptotic signaling in enterocytes. GLN is supplied to enterocytes via amino acid transporters
on the apical and basolateral surfaces. Reduced extracellular GLN
supply enables TRAIL-induced death receptor-mediated apoptosis
and induces caspase-2 activity. Caspase-2 in turn promotes the release of proapoptotic intermembrane space proteins, associated with
a reduced mitochondrial membrane potential (⌬⌿m). Heat shock
protein levels are compromised in GLN-deprived cells, rendering
them more susceptible to environmentally induced death as well.

Chang and colleagues further showed that an intravenous GLN bolus induced HSP25 and HSP72 expression
in rodent tissues, including colon and ileum, and protected them from endotoxin-induced injury [73]. Moreover, enteral [74] or parenteral [75] GLN administration was shown to induce the expression of heme
oxygenase-1 (HO-1), otherwise known as HSP32, in
duodenal mucosa. HO-1 is a highly inducible 32-kDa
ER protein that utilizes NADPH and O 2 to break down
potentially toxic heme to biliverdin, iron and carbon
monoxide, and protects cells from a variety of pathological insults like inflammation. Thus, GLN directly
influences apoptotic signaling and reductions in its
extracellular concentrations compromise stress responses critical for enterocyte survival (Fig. 1).
IMMUNE SYSTEM-DERIVED CELLS

The importance of GLN to cells of the immune system is well established [76, 77]. For example, GLN is
required for the late events of T-cell activation, lymphocyte progression through the cell cycle [78], and
protection of activated human T cells from apoptosis
[79]. To determine the role of GLN in activationinduced T-cell death, Chang et al. stimulated Jurkat T
cells, a CD4 ⫹ human lymphoblastoid cell line, with
phorbol myristate acetate (PMA, 20 ng/mL), a protein
kinase C activator, and ionomycin (1 M), a Ca ⫹2ionophore [79]. Jurkat T cells stimulated with PMA ⫹
ionomycin demonstrated IL-2 production which was
enhanced by GLN in a dose-dependent manner from 0
to 2 mM. GLN also increased cell proliferation and
viability of stimulated T cells and decreased apoptosis
in both stimulated and unstimulated cells as assessed
by subdiploid DNA content with flow cytometry. Jurkat T cells stimulated with PMA ⫹ ionomycin in the

ARTICLE IN PRESS
FUCHS AND BODE: GLUTAMINE, APOPTOSIS AND CELL SURVIVAL

FIG 2. Effect of GLN deprivation on apoptotic signaling in immune system-derived cells. GLN limitation results in depressed heat
shock protein and glutathione (GSH) levels, and induces shrinkage
in some cells. The reduced cell volume appears to induce a death
receptor (CD95)-mediated apoptotic cascade, perhaps via receptor
clustering and activation. Reduced mitochondrial membrane potential (⌬⌿m) further exacerbates the apoptotic cascade, and is enabled
in part by a depressed anti-apoptotic Bcl-2 level in the cells.

presence of GLN exhibited decreased reactive oxygen
species (ROS) and increased intracellular GSH. The
protective effects of GLN could be inhibited by DLbuthionine-[S, R]-sulfoximine (BSO, 100 M), an inhibitor of GSH synthetase, and addition of exogenous GSH
(5 mM) decreased apoptosis of stimulated T cells. GLN
supplementation down-regulated expression of CD95
(Fas) and CD95L but up-regulated Bcl-2 in stimulated
T cells, effectively raising the “apoptotic threshold” of
these cells. Binding of CD95L to its death receptor
CD95 initiates the extrinsic apoptotic pathway. Consistent with this model, GLN inhibited the activation of
caspases-3 and -8 observed in Jurkat T cells stimulated
with PMA ⫹ ionomycin. Thus, GLN appears to protect
activated human T cells from apoptosis by enhancing
GSH and Bcl-2 levels and inhibiting the extrinsic apoptotic pathway (Fig. 2).
In isolated rat neutrophils, GLN repletion enhanced
phagocytic capacity, while deprivation caused apoptosis as assessed by chromatin condensation after 24 h
and Annexin V staining after 3 h [80]. Similar results
were obtained in human neutrophils where GLN supplementation decreased DNA fragmentation in a dosedependent manner from 0 to 2 mM. GLN deprivation
for 3 h caused a loss of the mitochondrial transmembrane potential (⌬⌿m) in both human and rat neutrophils, and conversely, GLN metabolism was necessary
to maintain the ⌬⌿m, as DON blunted the protective
effects of this amino acid. Similar to studies in enterocytes discussed earlier, GLN may also modulate stress
responses in neutrophils. Although the data are presently correlative, neutrophils from critically ill patients
with depressed plasma GLN concentrations exhibit
lower HSP70 levels compared to those from healthy
patients, suggesting that GLN may modulate expression of this important mediator of stress in vivo [81].
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Work by Guidotti’s group demonstrated that human
leukemia/lymphoma cell lines CEM (lymphoblastic
leukemia), HL-60 (promyelocytic leukemia), Namalwa
(Burkitt lymphoma), and U937 (histiocytic lymphoma)
experience cellular loss after a few days in culture
when GLN and glucose have been depleted from the
growth medium [57]. When grown in GLN-free medium, these cell lines undergo apoptosis as assessed by
DNA laddering after 24 h. Studies with CEM cells
indicated that the onset of apoptosis correlated with
GLN concentration in the medium. Apoptosis occurred
at 48 h when the initial GLN concentration was 0.25–
0.5 mM, at 72 h when the concentration was 0.75–1 mM
and after 96 h in control media with 2 mM GLN. CEM
cells grown in its absence could be rescued by adding
back 2 mM GLN after the first 24 h. Substantial decreases in intracellular ATP levels were not detected in
GLN-deprived CEM cells suggesting that apoptosis
does not result from a loss of cellular energy.
Further studies by this same group showed that
GLN deprivation of CEM lymphoblastic leukemia cells
elicited a more than 2-fold increase in caspase-8 activity by 3 h, which increased to more than 3-fold by 12 h.
Annexin V staining was observed after 6 h and DNA
laddering and cellular blebbing was apparent after
24 h. DNA fragmentation as assessed by a photometric
enzyme immunoassay steadily increased over time
from 6 to 24 h and could be blocked by treatment with
Z-IETD or Z-DEVD (both at 40 M) [82], strong
caspase-8 and caspase-3 and -8 inhibitors, respectively
[69]. DNA fragmentation after GLN deprivation was
also inhibited by Z-IETD and Z-DEVD in HL-60 cells.
Thus, in contrast to induction of the intrinsic pathway
in enterocytes, GLN deprivation apparently leads to
apoptotic cell death by the extrinsic pathway in these
leukemic cell lines.
Lending credence to its link to death domain receptor signaling, GLN deprivation did not elicit apoptosis in CD95-negative murine lymphoma L1210
cells, although CD95L-CD95 interaction appeared
not to play a role in GLN deprivation-induced apoptosis of CEM cells [82]. However, GLN deprivation
caused a loss of intracellular water that resulted in a
15% decrease in cell volume after 60 min, progressively decreasing to 60% at 12 h as measured by
labeled 3-O-methyl-D-glucose distribution. Similar
cell shrinkage was observed after GLN deprivation
for 6 h in HL-60 and L1210 cells (26 and 38% decrease in cell volume, respectively), but shrinkage of
L1210 cells in response to GLN deprivation did not
induce caspase-8 activity or DNA fragmentation as
mentioned earlier. In CEM cells, loss of cell volume
after GLN deprivation preceded caspase-8 activation
and DNA fragmentation and could not be prevented
by Z-IETD. Furthermore, supplementation with 6
mM D-GLN, 10 mM betaine, a compatible organic os-
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molyte, or 5 mM 2-methylaminoisobutyric acid, a nonmetabolizable amino acid analog, could significantly
prevent cell shrinkage and apoptosis after GLN deprivation, suggesting the effects were independent of metabolism. Complete amino acid deprivation also caused
decreases in cell volume, caspase-8 activition and DNA
fragmentation in these cells. Interestingly, these effects could be prevented by the addition of 2 mM GLN
alone and by expression of the v-Flip viral proteins
MC159 and E8 [82]. MC159 binds to FADD and inhibits death receptor signaling while E8 binds the
caspase-8 prodomain blocks its recruitment to FADD
[83]. The authors concluded that cell shrinkage could
reduce the tension of the cell surface causing CD95receptor aggregation and multimerization resulting in
recruitment of FADD and subsequent caspase-3 activation, ultimately resulting in apoptosis [82]. The hydrating effects of GLN uptake normally offset these events,
invoking a physiological role for extracellular GLN in
addition to its well-established metabolic roles.
Directly addressing the role of GLN in leukemia cell
survival, these authors also showed that treatment
with asparaginase (2 U/mL) lowered GLN concentrations in the medium within 24 h causing apoptosis of
CEM and HL60 cells that was independent of asparagine depletion. No apoptosis was observed in L1210
cells under the same conditions [82], suggesting again
that ambient GLN dynamics impinge upon CD95 in
lymphocyte survival. Asparaginase treatment has also
been shown to deplete intracellular levels of GLN and
glutamate in NIH3T3 fibroblasts, decreasing DNA and
protein synthesis followed by growth arrest by 48 h
[56]. Within 12 h, the nucleus and cytoplasm shrink
suggesting a role for apoptosis. Asparaginase treatment had no effect on intracellular ATP pools, the Na ⫹
transmembrane gradient or active transport of amino
acids. These results collectively imply that extracellular GLN levels per se regulate lymphocytic and mesenchymal cell survival.
Other studies with human lymphoma U937 cells
have shown that treatment with Fas ligand (CD95L, 2
L/mL), TNF-␣ (10 4 IU), and heat shock (45°C) all for
20 min increased apoptosis within 4 h as assessed by
Annexin V staining [84]. Apoptosis was 50 to 60%
higher if the cells were grown in GLN-free media. U937
cells exposed to UV irradiation (5 exposures of 2000
kJ/cm 2 UV-C and UV-B) showed high levels of apoptosis after 24 h, but there was no difference between cells
grown in the absence or presence of GLN. Further
studies showed that GLN also helps prevent nuclear
condensation after treatment with FasL, TNF-␣ and
heat shock, similar to the results obtained in enterocytes described earlier. All four treatments caused
caspase-3 cleavage independent of GLN concentration
in the medium suggesting GLN exerts its antiapoptotic effects downstream of caspase-3. The authors

concluded that one possibility for such a downstream
effector could be HSP70. Although HSP70, whose levels are directly affected by GLN, previously has been
shown to act upstream of caspase-3 in U937 cells [85],
others have shown—albeit in ME-180 cervix carcinoma
cells and WEHI-S fibrosarcoma cells—that HSP70 prevents apoptosis downstream of caspase-3-like proteases by inhibiting the function of caspase-activated
cytosolic phospholipase A 2 (cPLA 2) and the ⌬ m collapse [86].
Some of the results in cell lines have been corroborated in studies with isolated human lymphocytes and
monocytes. Oehler et al. showed that reduction of GLN
levels from 0.5 mM to 0.125 mM decreased HSP70 induction by 40% in heat-shocked (42°C) primary human
lymphocytes [87], and likewise, reduction in ambient
GLN from 2.0 mM to 0.06 mM dramatically reduced cell
viability and HSP70 expression in isolated human
monocytes chronically heat-shocked in the physiological range (41°C) [88]. Moreover, this same group has
recently shown that GLN-starved peripheral blood
monocytes exhibit defective ubiquitin-mediated proteasomal turnover of key cellular proteins [89]. In contrast to results from other cell types, GLN starvation
led to ATP depletion in monocytes, invoking energy
deficit as part of the underlying mechanism. Thus,
despite cell type-specific differences, it is apparent that
GLN levels modulate cytokine- and stress-induced cell
death by mechanisms that remain to be elucidated.
HYBRIDOMA CELLS

Fusion of immortalized myeloma cells with spleenderived lymphocytes to create monoclonal antibody –
producing hybridoma cells has been standard practice
and a watershed to the biotechnology industry since
this innovative technique was conceived in the 1970s
[90]. The exhaustion of nutrients, especially GLN,
leads to apoptotic cell death during large-scale mammalian cell culture in bioreactors [91, 92]. Apoptosis
can have devastating effects on the production of biopharmaceuticals like monoclonal antibodies [93]; as
such, it has been long established that batch culture
survival can be extended with additional feeding of
amino acids and glucose. Studies with the murine hybridoma TB/C3 have shown that deprivation of any
single amino acid leads to apoptosis; however, aspartate, serine, glutamate, asparagine, glycine and proline had minimal effects. Over-expression of Bcl-2
could restore viability of the culture to greater than
70% during deprivation of any single amino acid except
threonine (42%) and GLN (55%) [94].
GLN deprivation of KB26.5 murine hybridomas induced apoptosis as assessed by Annexin V staining,
DNA laddering, TUNEL staining, and cytochrome c
release [95]. Peptide inhibitors (as listed K i ⬍ 50 nm),
Z-VAD-FMK (caspases-1,-3,-5,-7,-8 and -9), Ac-DEVD-
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CHO (caspases-3,-7 and -8), and Z-YVAD-CMK
(caspase-1) [69, 96] were used to determine which
caspases were involved in the apoptotic mechanism.
KB26.5 murine hybridomas grown in the absence of
GLN and treated with Z-VAD-FMK (50 –100 M) delayed apoptosis as indicated by a 75% decrease in Annexin V staining, lack of DNA laddering and extended
viability up to 36 h. The protective effects of Z-VADFMK were lost after 60 h. Ac-DEVD-CHO (100 M)
only slightly delayed apoptosis and Z-YVAD-CMK had
little effect even at concentrations of 200 –300 M [95].
Given the relatively specific role of caspase-8 in death
receptor-initiated apoptosis [44], the apparent lack of a
murine caspase-5 homologue, the ineffectiveness of
Z-YVAD-CMK (caspase-1) and the observed cytochrome c release, these authors conclude that
caspases-3, -7, and -9 are the principal caspases involved in GLN-deprivation-induced cellular death of
hybridomas [95], implying the intrinsic apoptotic pathway.
Another possibility for a mediator of GLN deprivationinduced apoptosis could be caspase-2, as its activity is not
significantly blocked by any of the peptide inhibitors used
in the aforementioned study [95]. At least two other reports in nonimmune cells have shown that caspase-2
activation occurs relatively late, after caspase-3 activity,
in response to GLN deprivation [68, 97]. Although
caspase-2 can be cleaved by caspase-3 [98], the exact
activation mechanism of caspase-2 is still unclear. Recent
evidence argues that it is an initiator caspase [99], and
acts to amplify the apoptotic response by inducing release
of proapoptotic proteins from the mitochondrial IMS
[100, 101]. It is possible that under GLN limiting conditions in some cell types, caspase-2 is activated independent of caspase-3. This could explain why Z-VAD-FMK
could only prevent apoptosis for 60 h in KB26.5 murine
hybridomas, and has no effect on cellular loss in rat
intestinal (RIE-1) [68] and human hepatoma (SK-Hep1)
cells after GLN starvation (Bode, unpublished data).
Nonetheless, it appears that GLN deprivation induces
hybridoma apoptosis via the intrinsic pathway.
In the Sp2/0 murine hybridoma, 60% of cells were
committed to undergo apoptosis after 2 h of GLN deprivation and this effect was greater than for any other
amino acid [102]. Rapid intrinsic apoptotic events centering on mitochondrial dysfunction were observed.
Release of the IMS proteins cytochrome c and SMAC/
DIABLO into the cytosol occurred within 30 min, presumably as a result of the observed Bax translocation
to the mitochondria. Caspase-9 activity was increased
within 1 h, which led to significant caspase-3 activation, PARP cleavage and DNA fragmentation at the
same time point. Peptide inhibitors Z-VAD-FMK and
DEVD-FMK (both at 10 M) could protect the hybridoma cells from apoptosis. The rapid induction of apoptosis in the Sp2/0 hybridomas was attributed to low
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levels of glutamine synthetase, Bcl-2, and Bcl-x L expression and to the constitutive expression of c-myc
[102], a proto-oncogene that paradoxically leads to cellular death in the absence of adequate growth factor
and nutrient supply [103, 104].
Franek et al. have studied starvation-induced apoptosis with the mouse B-lymphocyte hybridoma PVA-187.
Eight amino acids added individually could protect the
cells from apoptosis: glycine, L-alanine, L-serine,
L-threonine, L-proline, L-asparagine, L-glutamine and
L-histidine [105]. Additional studies by this group with
the human T-lymphoblastic leukemia cell line MOLT-4
grown in diluted media yielded an almost identical panel
of anti-apoptotic amino acids with GLN being the strongest [106]. Surprisingly, these amino acids were reported
to decrease the number of cell divisions per day, so the
authors concluded that they act as survival factors by
delaying apoptosis and not by promoting cell growth.
The data in neutrophils, lymphocytic, and hybridoma cells collectively point to an apoptotic suppressive
role for GLN, and conversely, an apoptotic response if
adequate extracellular GLN levels are insufficient. The
premise for such a model involves the concept of an
extracellular “GLN threshold” that would vary according to cell type and impact stress responses and apoptotic signaling pathways, once exceeded. Catabolic
stress from major surgery, radiation or chemotherapy,
burn injury, and sepsis, all can lead to a depressed
systemic GLN economy [107], which may result in impaired immune responses or cellular death in monocytes, neutrophils and lymphocytes if their physiological “GLN threshold” is sufficiently breached. The
apoptosis-suppressing effects of GLN in cells of the
immune system could also explain the documented
benefits of giving bone marrow transplant (BMT) patients GLN-supplemented TPN, effectively reducing
the incidence of infection and enhancing convalescence
[108]. It should be noted that relative GLN deficit in
vivo might not always manifest in depressed plasma
GLN levels. For example, in the well-cited study above
[108], BMT patients exhibited normal plasma GLN
levels around 625 m, which were boosted to 925 m
with TPN supplemented with 0.57 g L-GLN/kg/day. In
such a scenario, it may be that exogenous GLN provides cells of the immune system with adequate levels
of this amino acid for normal cellular function and
survival, and alleviates the systemic energy investment otherwise needed to maintain plasma GLN at
normal values. Subsequently, the spared ATP can be
diverted to enhance immune function such as cytokine
and immunoglobulin production, phagocytic capacity,
diapedesis and cell proliferation. Elevated plasma
GLN levels may also help prevent cytokine-induced
apoptotic responses and bolster intracellular HSP70
levels necessary for lymphocyte survival, as discussed
earlier (Fig. 2).
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CANCER CELLS

Some of the studies discussed earlier regarding “enterocytes” and “immune system-derived cells” used
cancerous cell lines (HT-29, lymphoma, leukemia, myeloma), so those results may also be interpreted as
cancer-related responses to GLN deprivation in addition to the underlying premise that they retain properties of the normal parent tissue. The propensity of
cancerous cells to exhibit heightened GLN consumption has been long established, and has led to reluctance to use GLN-supplemented nutrition in oncology
patients. GLN has been reported as the major oxidizable substrate for tumor cells [109, 110]. In fact, the
frequent observation that cancer cells consume GLN at
rates that exceed their metabolic needs have led to
their designation as “nitrogen traps” [15, 16]. Viable
theories to explain this appetite for GLN have been
proffered [13, 111, 112], but the issue remains open to
debate. For example, hepatocellular carcinoma (HCC)
is characterized by decreased glutamine synthetase
activity and increased glutaminase activity [113] in the
tumor compared to normal liver tissue, which, when
coupled with accelerated GLN uptake [114], are probably responsible for the observed decrease in plasma
GLN concentrations in patients with HCC [115, 116].
However, several subsequent studies have focused on
the corollary to this issue: What happens when cancer
cells are deprived of an adequate GLN supply? Results
from breast, liver and cervical cancer cells, and immortalized kidney cells have begun to shed some light on
this issue, and have indicated that stress response,
angiogenic and apoptotic pathways are activated, as
might be expected. These additional studies also have
indicated cell type-specific roles for amino acid transporters, glutathione, and glutaminyl tRNA synthetase
in apoptotic signaling.
Abcouwer et al. have used normal and cancerous
breast cell lines as a model to study GLN dependence
and utilization [117]. Additional studies by this group
have assessed stimulated stress response gene expression after GLN deprivation [118, 119]. Their work has
focused mainly on the growth arrest and DNA damageinducible genes [120] GADD45 [121] and GADD153/
CHOP (C/EBP-homologous protein) [122], the endoplasmic reticulum stress-response (ERSR) gene
GRP78/BiP (glucose-regulated protein of 78 kDa/
immunoglobulin binding protein) [123] and the proangiogenic cytokines interleukin-8/CXCL8 (IL-8) [124]
and VEGF (vascular endothelial growth factor) [125].
The GADD gene products are involved in stressinduced cellular apoptosis [126, 127]. GLN starvation
elevated GADD45 and GADD153 mRNA levels within
1.5 h in subconfluent cultures of the human breast cell
lines HBL100 and TSE. In HBL100 cells, the GAPDHnormalized levels of GADD45 peaked at 20-fold after
12 h, while GADD153 peaked at 12-fold after 6 h.

Likewise, GRP78 mRNA levels also peaked at 1.8-fold
after 6 h of GLN starvation. In TSE cells, all three
genes increased linearly over the course of time, with
GADD45 and GADD153 expression increased at least
50-fold at 24 h whereas GRP78 was only elevated 3.5fold at this same time point. Serial dilutions of GLN in
the media were made to determine the dose-response of
induction. Maximum induction of GADD45, GADD153
and GRP78 occurred at GLN concentrations of 0.5 mM
in HBL100 cells and 0.06 mm in TSE cells [118]. Since
both HBL100 and TSE cells are highly dependent on
GLN for growth and viability [117], other breast cell
lines (T47D, SKBR3 and BT483) with varying dependence on GLN were used to determine their response to
GLN deprivation. A direct relationship was found
where cell lines that are less sensitive to GLN show
smaller inductions of GADD45 and GADD153 that occur at lower GLN concentrations. Nuclear run-on assays and mRNA decay studies determined that GRP78
induction in response to GLN deprivation was equally
attributable to transcription and post-transcriptional
mechanisms. However, the response of the GADD
genes was mainly caused by increased mRNA stabilization and only small increases between 2–5 fold were
seen in GADD45 and GADD153 transcription [118].
Thus, GLN deprivation induces the expression of
stress-related genes in some situations, in contrast to
its repressive impact on others (e.g., HSPs).
Using HeLa cervical carcinoma cells, Ko et al. have
shown that GLN suppresses apoptosis initiated by Fas
ligation [128], similar to the results in lymphocytic
cells and TRAIL-induced apoptosis in enterocytes discussed earlier. Treatment with an activating anti-Fas
antibody elicited apoptosis as assessed by cellular blebbing, DNA laddering and increased caspase-3 activity
when the cells were grown in GLN-free media. Under
these conditions, the activity of c-Jun N-terminal
kinase/stress-activated protein kinase (JNK/SAPK)
and apoptosis signal-regulating kinase 1 (ASK1) increased after 10 min. Further studies in the human
embryonic kidney cell line HEK-293 demonstrated
that in the presence of GLN, the glutaminyl-tRNA
synthetase (QRS) associates with ASK1. Cells grown in
the absence of GLN underwent apoptosis when transfected with ASK1, a response that could be attenuated
by co-expression of QRS. To our knowledge, this is the
only study showing a role for a tRNA synthetase in
mediating the apoptotic suppressive effects of GLN in
mammalian cells.
GLN or ASCT2 in Apoptotic Repression?

Studies in our laboratory have focused on the role
that GLN and amino acid transporter ASCT2 play in
the growth and survival of liver cancer cells using an
aggressive human hepatoma cell line SK-Hep1. ASCT2
mediates the majority of GLN uptake in several human
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liver cancer cell lines [129], and is up-regulated in a
number of human cancers [130]. To test its utility in
hepatoma growth and survival, an inducible ASCT2
antisense RNA expression system was developed; upon
induction an 85% and 73% decrease in ASCT2 mRNA
levels and 49% and 65% reductions in ASCT2mediated GLN transport were observed after 14 and
24 h, respectively [97]. Notably, a dramatic cell loss of
98% was observed after 48 h. In contrast, overt GLN
starvation elicited a more delayed cellular loss, requiring 72 h to achieve the same level of cell death caused
by ASCT2 silencing. In both cases, cell death occurred
by apoptosis based on enzymatic and morphological
analyses. Induction of antisense ASCT2 also led to a
3.3-fold increase in caspase-3 activity and a 2-fold increase in PARP cleavage after 24 h. Similarly, GLN
deprivation led to increased caspase-3 activity over
time from 1.6-fold at 24 h to 4.1-fold at 48 h, where a
5.3-fold increase in PARP cleavage was detected. Induction of antisense ASCT2 led to significant activation of caspase-9 activity (2.5- and 1.6-fold) and
caspase-2 activity (3.2- and 2.7-fold) after 14 and 24 h,
respectively, as well as small increases in caspase-8
activity. Surprisingly, GLN deprivation failed to stimulate caspase-8 or -9 activities, but induced caspase-2
activity by 72% after 48 h. Thus, caspase-2 activation
followed that of caspase-3 in response to GLN deprivation, but preceded it upon ASCT2 silencing, suggesting
that the apoptotic signal(s) generated is (are) distinct
between transporter loss and substrate deprivation.
The exact nature of caspase-2 (initiator versus effector)
is still unresolved as discussed earlier [131]. Could
caspase-2 be an initiator after one stimulus (ASCT2
silencing) but an effector after another (GLN deprivation)? Nonetheless, the results from the ASCT2 silencing studies clearly point to a role for this transporter in
cell survival signaling that transcends its role as the
major route of GLN delivery. A composite summary of
some of the demonstrated responses of cancer cells to
GLN deprivation and ASCT2 silencing is depicted in
Fig. 3.
A Reductionist View: The GLN–Glutathione Link in
Cancer Cells

It is well established that GLN is an essential component of glutathione homeostasis, and that reduced
glutathione (GSH) is the primary intracellular antioxidant, scavenging free radicals, peroxides and other
reactive oxygen species [23, 132]. The human hepatoma cell line HuH-7 stably transfected with a zincinducible sense c-myc expression vector undergoes apoptosis when cultured in serum-free media plus 37.5
M zinc [133]. Apoptosis induced by serum deprivation
is dependent on c-myc expression as HuH-7 cells stably
transfected with an antisense c-myc expression vector
were protected; as mentioned earlier, activated c-myc
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FIG 3. Effect of GLN deprivation on apoptotic signaling in cancer
cells. Under conditions of an adequate GLN supply, glutaminyl
tRNA synthetase (QRS) associates with apoptosis signal-regulating
kinase (ASK-1) in HeLa cells and prevents the activation of the
proapoptotic jun N-terminal kinase (JNK). In the absence of an
adequate GLN supply, death receptor (Fas)-mediated stimulation of
ASK-1 and caspase 8-mediated apoptosis occurs. GLN deprivation in
breast cancer cells induces GADD45/153 and angiogenic (VEGF and
IL-8) gene expression while it depresses heat shock protein expression in other cell types. Prolonged GLN deprivation results in decreased mitochondrial membrane potential (⌬⌿m) and caspase
2-mediated apoptosis. Targeted suppression of amino acid transporter ASCT2, the major conduit for GLN delivery, elicits rapid
apoptosis of human liver cancer cells via an intrinsic (caspase-2 and
-9-mediated) apoptotic pathway that is distinct from GLN deprivation alone.

is known to cause cellular apoptosis in the absence of
adequate “social survival signals” [103, 104]. In this
study, apoptosis was induced by GLN deprivation in
wild-type HuH-7 and the two stable transfectants,
even in the presence of adequate growth factors. Myc
expressing HuH-7 cells cultured in serum free media
plus zinc in the absence of GLN for 4 h exhibited a 41%
decrease in cellular glutathione levels and enhanced
H 2O 2 content as compared to cells cultured in the presence of GLN. The authors concluded that apoptosis
under these conditions is caused by myc-induced oxidative stress [134], linking GLN deprivation to glutathione economy. This study also suggests that an adequate GLN supply may be required for survival of
oncogene-accelerated oxidative metabolism of cancer
cells. A similar finding of enhanced reactive oxygen
species upon GLN deprivation was reported in DU-145
human prostate cancer cells grown as multicellular
spheroids [135].
A recent body of work has emerged that examines
the effects of dietary GLN supplementation on tumor
growth in vivo, and points to mechanisms based on
cellular glutathione dynamics. For example, Klimberg’s group reported that methotrexate therapy was
enhanced in fibrosarcoma-bearing rats consuming
GLN-enhanced diets due to a decrease in tumor glutathione content [136]. More recently, this group has
examined the effects of dietary GLN on GSH levels and
apoptotic protein expression in chemically induced
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breast tumors in rats [137]. They found that a GLN
enriched diet reduced tumor GSH-to-oxidized glutathione (GSSG) ratios, up-regulated Bax and caspase-3
expression and reduced Bcl-2 levels, essentially reducing the “apoptotic threshold” of the tumor. This same
group also reported that GLN-enriched diets depressed
insulin-like growth factor-1 (IGF1), its receptor
(IGF1R) and PKB/Akt protein levels and enhanced Bad
expression in breast tumors more than in normal tissues, again depressing survival signaling in cancerous
tissue [138]. The mechanism by which GSH levels and
anti-apoptotic signaling are selectively repressed by
GLN-enriched diets in chemically induced fibrosarcoma and breast tumors is unclear, but the implication
from this research thus far is that the reluctance to use
GLN-enriched nutritional regimens in cancer patients
may be unfounded.
The Ehrlich Ascites Tumor (EAT) model in mice has
been used extensively to study tumor-host metabolic
relationships over the past several decades, and these
cells that grow in the peritoneal cavity are avid GLN
consumers, eventually causing depressed plasma GLN
levels in the host animal [15, 16]. Similar to the results
from the c-myc HuH-7 GLN deprivation study, 40%
lower intracellular GSH levels and 35% higher reactive
oxygen species were found in EAT cells stably expressing an antisense glutaminase mRNA (termed
0.28AS-2) compared to the normal parent cell line
[139]. 0.28AS-2 cells were more susceptible to
methotrexate- and H 2O 2-induced apoptosis, and exhibited higher percentages of endogenous apoptosis than
the parent line. This study in EAT cells in conjunction
with the GLN deprivation studies in HuH-7 and DU145 cells mentioned earlier collectively point to the
importance of an adequate extracellular GLN supply
and subsequent metabolism in providing glutamate for
maintenance of intracellular GSH levels. Given this
relatively simplistic model for cellular redox economy
and its intimate link to cell survival, how are the
results reconciled from in vivo studies where GLNenriched diets enhanced tumor death and diminished
GSH levels?
The answer may reside in a series of studies that
show GLN accelerates oxidative metabolism, increases
formation of reactive oxygen intermediates (ROI), and
lowers mitochondrial GSH (mtGSH) in some tumor
cells. GSH is synthesized in the cytoplasm and must be
transported into mitochondria, where it comprises at
most 5% of total cellular GSH, but is vital in protecting
this organelle from ROI that are generated as a result
of oxidative metabolism and inflammatory mediators.
Studies by Estrela and colleagues have shown in EAT
cell-bearing mice that GLN-enriched diets selectively
increase glutaminase activity, decrease glutamine synthetase activity and reduce mtGSH by over 40% in
EAT cells [140]. The mechanism for these effects seems

to reside in an inhibition of GSH transport into mitochondria by elevated cytosolic glutamate, formed via
GLN-enhanced glutaminase activity. Notably, the reduced mtGSH content renders the cancer cells more
susceptible to TNF-␣ induced formation of ROI, eventually leading to cell death via loss of ⌬ m, followed by
MOMP and release of proapoptotic proteins from the
intermembrane space [141]. Thus, the dichotomy in the
GLN–GSH relationship can be explained by two separate mechanisms: inhibition of GLN metabolism (or
supply) leads to decreased intracellular glutamate for
GSH biosynthesis in many cell types, while GLNinduced oxidative metabolism results in glutamatedependent inhibition of mitochondrial GSH uptake,
lowering mtGSH and rendering this organelle more
susceptible to apoptotic stimuli. Again, cancer cells
appear to be more susceptible to the latter form of
mtGSH depression, as host tissues did not display the
same drop in mtGSH as the EAT cells in response to
GLN-enriched diets [140]. It is interesting that GLN
appears to be required for TNF-␣ toxicity in certain
cancer cells such as EAT and L929 fibrosarcoma [142],
an observation that directly contrasts with GLNmediated repression of TRAIL, TNF-␣ and CD95 death
receptor signaling in enterocyte and lymphocytic cell
lines discussed earlier. The reason for this disparity is
currently unclear, but may reside in the cell typespecific effects of GLN on mitochondrial ROI production and subsequent glutamate disposition.
In summary, an adequate supply GLN is required for
maintenance of GSH economy in several cell types and
ironically may help to lower the apoptotic threshold to
death receptor signaling in some cancerous cells via
mtGSH depression (Fig. 4) [143]. GLN should be further explored as a potential adjuvant to established or
exploratory therapies for specific cancers.
CONCLUSIONS AND FUTURE DIRECTIONS

In summary, overt GLN deprivation ultimately elicits apoptosis by intrinsic and/or extrinsic pathways,
depending on cell type. Conversely, an enhanced GLN
supply curbs death receptor-mediated apoptosis in certain cell types, but may actually enhance it in some
cancer cells. Prior to the onset of apoptosis, GLN limitation promotes adaptive stress response pathways
that aid in survival such as cell cycle arrest, ER stress
(also known as the unfolded protein response) and
angiogenesis, again depending upon cellular context,
but subverts other stress response pathways necessary
for cell survival such as heat shock. Apoptotic signaling
mechanisms implicated in response to GLN deprivation are also cell type-specific. We must emphasize,
however, that the studies reviewed here were largely
performed in cell lines, and that the mechanisms and
consequences of GLN deprivation elucidated thus far
await validation in vivo.
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FIG 4. The glutamine paradox. In many cell types, limiting extracellular GLN supply or inhibiting GLN metabolism via glutaminase (GA) reduces the supply of intracellular glutamate (GLU) available for glutathione (GSH) biosynthesis. Intracellular GLU is also
used to drive the uptake of cystine (CYS 2) via a counter-exchange
mechanism through the 4F2 heavy chain-complexed heterodimeric
transporter system Xc - (SLC7A11; xCT) [143] a major source of
cysteine (CYS) for GSH biosynthesis. Depressed intracellular GLU
therefore compromises cytosolic GSH biosynthesis. Amino acid
transporters such as ASCT2 supply the cell with the GSH precursors
GLN, CYS and glycine (GLY) as well. Conversely, in vivo studies
have shown that GLN feeding actually reduces mitochondrial GSH
levels in some cancer cells. This apparent contradiction appears to be
the collective result of enhanced reactive oxygen intermediate (ROI)
generation spurred by oxidative GLN metabolism, which depletes
mtGSH, as well as GLU inhibition of mitochondrial GSH transport
(uptake). Depressed mtGSH in turn renders the cancer cells more
susceptible to TNF-␣-induced cell death (not shown).

As we come full circle, the age-old question is begged:
Are in vitro results relevant to in vivo physiology?
Certainly cells in the body are not subjected to overt
GLN starvation; but the underlying assumption is that
the tractability of cultured cells and associated ability
to induce maximum responses over short time periods
in vitro may faithfully reflect similar yet more subtle
consequences on a longer time scale in vivo. Even so, it
is unlikely that physiological nadirs in ambient GLN
levels are alone sufficient to elicit apoptosis directly.
Plasma GLN levels per se are maintained within a
fairly narrow range, but dynamics in delivery (perfusion) coupled with accelerated consumption of GLN
may combine to cause localized changes in ambient
GLN concentrations that are sufficient to elicit some of
the cellular responses reported in this review. It is
likely that GLN exerts most of its influence on cell
survival via modulation of stress response and survival
signaling protein levels that collectively determine the
apoptotic threshold of a cell to subsequent insults such
as inflammation. The potential influence of GLN on the
apoptotic threshold of specific cell types adds to the
collective roles of this “conditionally essential” amino
acid in human physiology.
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Scientifically, future in vitro studies into the underlying mechanisms of GLN effects on survival signaling
should harness and integrate the power of proteomics,
microarrays and physiological genomics and be carried
out using physiologically relevant ranges of this amino
acid. Combined with classic molecular signaling investigations, these studies will yield a comprehensive assessment of potential mechanisms for GLN-modulated
survival signaling in vivo. Clinically, more large-scale
randomized prospective clinical trials are indeed required to determine the utility of GLN supplementation in specific situations—as an adjuvant to the chemotherapy of individual cancers or as a prophylactic/
palliative supplement to at-risk patients. Until then,
the in vitro results will continue to provide novel endpoints for testable hypothesis-driven studies in vivo, or
ultimately, clinically, and help to advance this field
into true translational research.
REFERENCES
1.
2.
3.

4.

5.

6.
7.

8.

9.

10.

11.
12.

13.
14.

Weil, R. J. The future of surgical research. Plos. Med. 1: e13,
2004.
Ziegler, T. R. Glutamine supplementation in bone marrow
transplantation. Br. J. Nutr. 87: S9, 2002.
Garcia-de-Lorenzo, A., Zarazaga, A., Garcia-Luna, P. P.,
Gonzalez-Huix, F., Lopez-Martinez, J., Mijan, A., Quecedo, L.,
Casimiro, C., Usan, L., and del Llano, J. Clinical evidence for
enteral nutritional support with glutamine: A systematic review. Nutrition 19: 805, 2003.
Kelly, D., and Wischmeyer, P. E. Role of L-glutamine in critical
illness: new insights. Curr. Opin. Clin. Nutr. Metab. Care 6:
217, 2003.
Novak, F., Heyland, D. K., Avenell, A., Drover, J. W., and Su,
X. Glutamine supplementation in serious illness: A systematic
review of the evidence. Crit. Care Med. 30: 2022, 2002.
Wernerman, J. Glutamine and acute illness. Curr. Opin. Crit
Care 9: 279, 2003.
Engstrom, W., and Zetterberg, A. The relationship between
purines, pyrimidines, nucleosides, and glutamine for fibroblast
cell proliferation. J. Cell Physiol. 120: 233, 1984.
Zetterberg, A., and Engstrom, W. Glutamine and the regulation of DNA replication and cell multiplication in fibroblasts.
J. Cell Physiol. 108: 365, 1981.
Klimberg, V. S., and Souba, W. W. The importance of intestinal glutamine metabolism in maintaining a healthy gastrointestinal tract and supporting the body’s response to injury and
illness. Surg. Annu. 22: 61, 1990.
Souba, W. W., Klimberg, V. S., Plumley, D. A., Salloum, R. M.,
Flynn, T. C., Bland, K. I., and Copeland, E. M., 3rd. The role of
glutamine in maintaining a healthy gut and supporting the
metabolic response to injury and infection. J. Surg. Res. 48:
383, 1990.
Ardawi, M. S., and Newsholme, E. A. Glutamine metabolism
in lymphocytes of the rat. Biochem. J. 212: 835, 1983.
Brand, K. Glutamine and glucose metabolism during thymocyte proliferation. Pathways of glutamine and glutamate metabolism. Biochem. J. 228: 353, 1985.
Aledo, J. C. Glutamine breakdown in rapidly dividing cells:
waste or investment? Bioessays 26: 778, 2004.
Bode, B. P., Abcouwer, S. F., Lin, C. M., and Souba, W. W.
Glutamine and cancer. Nutritional Support in Cancer and

ARTICLE IN PRESS
12

JOURNAL OF SURGICAL RESEARCH: VOL. 128, NO. 2, OCTOBER 2005

Transplant Patients. in R. Latifi and R. C. Merrell (Eds.),
Georgetown, TX: Landes Bioscience, 2001. Pp. 24 –52.
15. Medina, M. A., Marquez, J., and de Castro, I. N. Interchange
of amino acids between tumor and host. Biochem. Med. Metab.
Biol. 48: 1, 1992.
16. Medina, M. A., Sanchez-Jimenez, F., Marquez, J., Rodriguez
Quesada, A., and de Castro, I. N. Relevance of glutamine
metabolism to tumor cell growth. Mol. Cell Biochem. 113: 1,
1992.
17. Souba, W. W. Glutamine and cancer. Ann. Surg. 218: 715,
1993.
18.

Wong, M. S., Raab, R. M., Rigoutsos, I., Stephanopoulos, G. N.,
and Kelleher, J. K. Metabolic and transcriptional patterns
accompanying glutamine depletion and repletion in mouse
hepatoma cells: A model for physiological regulatory networks.
Physiol. Genom. 16: 247, 2004.

34.

Gross, A., McDonnell, J. M., and Korsmeyer, S. J. BCL-2
family members and the mitochondria in apoptosis. Genes Dev.
13: 1899, 1999.

35.

Adams, J. M., and Cory, S. The Bcl-2 protein family: arbiters
of cell survival. Science 281: 1322, 1998.

36.

Scorrano, L., Oakes, S. A., Opferman, J. T., Cheng, E. H.,
Sorcinelli, M. D., Pozzan, T., and Korsmeyer, S. J. BAX and
BAK regulation of endoplasmic reticulum Ca2⫹: A control
point for apoptosis. Science 300: 135, 2003.

37.

Fadok, V. A., Voelker, D. R., Campbell, P. A., Cohen, J. J.,
Bratton, D. L., and Henson, P. M. Exposure of phosphatidylserine on the surface of apoptotic lymphocytes triggers specific
recognition and removal by macrophages. J. Immunol. 148:
2207, 1992.

38.

Vermes, I., Haanen, C., Steffens-Nakken, H., and Reutelingsperger, C. A novel assay for apoptosis. Flow cytometric detection of phosphatidylserine expression on early apoptotic cells
using fluorescein labelled Annexin V. J. Immunol Methods
184: 39, 1995.

19.

Darmaun, D., Matthews, D. E., and Bier, D. M. Glutamine and
glutamate kinetics in humans. Am. J. Physiol. Endocrinol.
Metab. 251: E117, 1986.

20.

Labow, B. I., and Souba, W. W. Glutamine. World J. Surg. 24:
1503, 2000.

39.

Green, D. R., and Reed, J. C. Mitochondria and apoptosis.
Science 281: 1309, 1998.

21.

Neu, J., Shenoy, V., and Chakrabarti, R. Glutamine nutrition
and metabolism: Where do we go from here? FASEB J. 10:
829, 1996.

40.

Petit, P. X., Susin, S. A., Zamzami, N., Mignotte, B., and
Kroemer, G. Mitochondria and programmed cell death: Back
to the future. FEBS Lett. 396: 7, 1996.

22.

Mates, J. M., Perez-Gomez, C., de Castro, I. N., Asenjo, M., and
Marquez, J. Glutamine and its relationship with intracellular
redox status, oxidative stress and cell proliferation/death. Int.
J. Biochem. Cell Biol. 34: 439, 2002.

41.

Green, D. R., and Kroemer, G. The pathophysiology of mitochondrial cell death. Science 305: 626, 2004.

42.

Alnemri, E. S., Livingston, D. J., Nicholson, D. W., Salvesen,
G., Thornberry, N. A., Wong, W. W., and Yuan, J. Human
ICE/CED-3 protease nomenclature. Cell 87: 171, 1996.

43.

Thornberry, N. A., and Lazebnik, Y. Caspases: Enemies
within. Science 281: 1312, 1998.

44.

Budihardjo, I., Oliver, H., Lutter, M., Luo, X., and Wang, X.
Biochemical pathways of caspase activation during apoptosis.
Ann. Rev. Cell. Dev. Biol. 15: 269, 1999.

45.

Smith, C. A., Farrah, T., and Goodwin, R. G. The TNF receptor
superfamily of cellular and viral proteins: activation, costimulation, and death. Cell 76: 959, 1994.

46.

Ashkenazi, A., and Dixit, V. M. Death receptors: signaling and
modulation. Science 281: 1305, 1998.

47.

Denecker, G., Vercammen, D., Declercq, W., and Vandenabeele, P. Apoptotic and necrotic cell death induced by death
domain receptors. Cell Mol. Life Sci. 58: 356, 2001.

48.

Zou, H., Li, Y., Liu, X., and Wang, X. An APAF-1.cytochrome c
multimeric complex is a functional apoptosome that activates
procaspase-9. J. Biol. Chem. 274: 11549, 1999.

23.

Roth, E., Oehler, R., Manhart, N., Exner, R., Wessner, B.,
Strasser, E., and Spittler, A. Regulative potential of
glutamine— Relation to glutathione metabolism. Nutrition 18:
217, 2002.

24.

Gazzola, G. C., Dall’Asta, V., Nucci, F. A., Rossi, P. A., Bussolati, O., Hoffmann, E. K., and Guidotti, G. G. Role of amino
acid transport system A in the control of cell volume in cultured human fibroblasts. Cell Physiol. Biochem. 1: 131, 1991.

25.

Haussinger, D., Lang, F., and Gerok, W. Regulation of cell
function by the cellular hydration state. Am. J. Physiol. Endocrinol. Metab. 267: E343, 1994.

26.

Labow, B. I., Souba, W. W., and Abcouwer, S. F. Mechanisms
governing the expression of the enzymes of glutamine
metabolism— glutaminase and glutamine synthetase. J. Nutr.
131: 2467S, 2001.

27.

Eagle, H. Amino acid metabolism in mammalian cell cultures.
Science 130: 432, 1959.

28.

Eagle, H. Nutrition needs of mammalian cells in tissue culture. Science 122: 501, 1955.

49.

29.

Eagle, H., Oyama, V. I., Levy, M., Horton, C. L., and Fleischman, R. The growth response of mammalian cells in tissue
culture to L-glutamine and L-glutamic acid. J. Biol. Chem.
218: 607, 1956.

Li, P., Nijhawan, D., Budihardjo, I., Srinivasula, S. M., Ahmad, M., Alnemri, E. S., and Wang, X. Cytochrome c and
dATP-dependent formation of Apaf-1/caspase-9 complex initiates an apoptotic protease cascade. Cell 91: 479, 1997.

50.

30.

Lockshin, R. A., and Williams, C. M. Programmed Cell
Death—I. Cytology of degeneration in the intersegmental
muscles of the pernyi silkmoth. J. Insect. Physiol. 11: 123,
1965.

Hengartner, M. O. The biochemistry of apoptosis. Nature 407:
770, 2000.

51.

Sahara, S., Aoto, M., Eguchi, Y., Imamoto, N., Yoneda, Y., and
Tsujimoto, Y. Acinus is a caspase-3-activated protein required
for apoptotic chromatin condensation. Nature 401: 168, 1999.

52.

Enari, M., Sakahira, H., Yokoyama, H., Okawa, K., Iwamatsu,
A., and Nagata, S. A caspase-activated DNase that degrades
DNA during apoptosis, and its inhibitor ICAD. Nature 391: 43,
1998.

53.

Liu, X., Li, P., Widlak, P., Zou, H., Luo, X., Garrard, W. T., and
Wang, X. The 40-kDa subunit of DNA fragmentation factor
induces DNA fragmentation and chromatin condensation during apoptosis. Proc. Natl. Acad. Sci. U S A 95: 8461, 1998.

31.

Kerr, J. F., Wyllie, A. H., and Currie, A. R. Apoptosis: a basic
biological phenomenon with wide-ranging implications in tissue kinetics. Br. J. Cancer 26: 239, 1972.

32.

Danial, N. N., and Korsmeyer, S. J. Cell death: critical control
points. Cell 116: 205, 2004.

33.

Jones, B. A., and Gores, G. J. Physiology and pathophysiology
of apoptosis in epithelial cells of the liver, pancreas, and intestine. Am. J. Physiol. 273: G1174, 1997.

ARTICLE IN PRESS
FUCHS AND BODE: GLUTAMINE, APOPTOSIS AND CELL SURVIVAL
54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Wyllie, A. H. Glucocorticoid-induced thymocyte apoptosis is
associated with endogenous endonuclease activation. Nature
284: 555, 1980.
Tewari, M., Quan, L. T., O’Rourke, K., Desnoyers, S., Zeng, Z.,
Beidler, D. R., Poirier, G. G., Salvesen, G. S., and Dixit, V. M.
Yama/CPP32 beta, a mammalian homolog of CED-3, is a
CrmA-inhibitable protease that cleaves the death substrate
poly(ADP-ribose) polymerase. Cell 81: 801, 1995.
Bussolati, O., Belletti, S., Uggeri, J., Gatti, R., Orlandini, G.,
Dall’Asta, V., and Gazzola, G. C. Characterization of apoptotic
phenomena induced by treatment with L-asparaginase in
NIH3T3 cells. Exp. Cell Res. 220: 283, 1995.
Petronini, P. G., Urbani, S., Alfieri, R., Borghetti, A. F., and
Guidotti, G. G. Cell susceptibility to apoptosis by glutamine
deprivation and rescue: Survival and apoptotic death in cultured lymphoma-leukemia cell lines. J. Cell Physiol. 169: 175,
1996.
Souba, W. W., Smith, R. J., and Wilmore, D. W. Glutamine
metabolism by the intestinal tract. JPEN. J. Parenter. Enteral. Nutr. 9: 608, 1985.
Windmueller, H. G., and Spaeth, A. E. Intestinal metabolism
of glutamine and glutamate from the lumen as compared to
glutamine from blood. Arch. Biochem. Biophys. 171: 662, 1975.
Windmueller, H. G., and Spaeth, A. E. Uptake and metabolism
of plasma glutamine by the small intestine. J. Biol. Chem. 249:
5070, 1974.
McCauley, R., Kong, S. E., and Hall, J. Glutamine and nucleotide metabolism within enterocytes. JPEN. J. Parenter. Enteral. Nutr. 22: 105, 1998.
Cao, Y., Feng, Z., Hoos, A., and Klimberg, V. S. Glutamine
enhances gut glutathione production. JPEN. J. Parenter. Enteral. Nutr. 22: 224, 1998.
van der Hulst, R. R., van Kreel, B. K., von Meyenfeldt, M. F.,
Brummer, R. J., Arends, J. W., Deutz, N. E., and Soeters, P. B.
Glutamine and the preservation of gut integrity. Lancet 341:
1363, 1993.
Potten, C. S., Wilson, J. W., and Booth, C. Regulation and
significance of apoptosis in the stem cells of the gastrointestinal epithelium. Stem Cells 15: 82, 1997.
Ko, T. C., Beauchamp, R. D., Townsend, C. M., and Thompson,
J. C. Glutamine is essential for epidermal growth factorstimulated intestinal cell proliferation. Surgery 114: 147,
1993.
Rhoads, J. M., Argenzio, R. A., Chen, W., Rippe, R. A.,
Westwick, J. K., Cox, A. D., Berschneider, H. M., and Brenner,
D. A. L-glutamine stimulates intestinal cell proliferation and
activates mitogen-activated protein kinases. Am. J. Physiol.
272: G943, 1997.
Papaconstantinou, H. T., Hwang, K. O., Rajaraman, S., Hellmich, M. R., Townsend, C. M., and Ko, T. C. Glutamine deprivation induces apoptosis in intestinal epithelial cells. Surgery
124: 152, 1998.
Papaconstantinou, H. T., Chung, D. H., Zhang, W. P., Ansari,
N. H., Hellmich, M. R., Townsend, C. M., and Ko, T. C. Prevention of mucosal atrophy: Role of glutamine and caspases in
apoptosis in intestinal epithelial cells. J. Gastrointest. Surg. 4:
416, 2000.
Garcia-Calvo, M., Peterson, E. P., Leiting, B., Ruel, R., Nicholson, D. W., and Thornberry, N. A. Inhibition of human
caspases by peptide-based and macromolecular inhibitors.
J. Biol. Chem. 273: 32608, 1998.
Evans, M. E., Jones, D. P., and Ziegler, T. R. Glutamine
prevents cytokine-induced apoptosis in human colonic epithelial cells. J. Nutr. 133: 3065, 2003.
Wischmeyer, P. E., Musch, M. W., Madonna, M. B., Thisted,

13

R., and Chang, E. B. Glutamine protects intestinal epithelial
cells: role of inducible HSP70. Am. J. Physiol. 272: G879, 1997.
72.

Chow, A., and Zhang, R. P. Glutamine reduces heat shockinduced cell death in rat intestinal epithelial cells. J. Nutr.
128: 1296, 1998.

73.

Wischmeyer, P. E., Kahana, M., Wolfson, R., Ren, H., Musch,
M. M., and Chang, E. B. Glutamine induces heat shock protein
and protects against endotoxin shock in the rat. J. Appl.
Physiol. 90: 2403, 2001.

74.

Coeffier, M., Le Pessot, F., Leplingard, A., Marion, R., Lerebours, E., Ducrotte, P., and Dechelotte, P. Acute enteral glutamine infusion enhances heme oxygenase-1 expression in
human duodenal mucosa. J. Nutr. 132: 2570, 2002.

75.

Uehara, K., Takahashi, T., Fujii, H., Shimizu, H., Omori, E.,
Matsumi, M., Yokoyama, M., Morita, K., Akagi, R., and Sassa,
S. The lower intestinal tract-specific induction of heme
oxygenase-1 by glutamine protects against endotoxemic intestinal injury. Crit. Care Med. 33: 381, 2005.

76.

Melis, G. C., ter Wengel, N., Boelens, P. G., and van Leeuwen,
P. A. Glutamine: recent developments in research on the clinical significance of glutamine. Curr. Opin. Clin. Nutr. Metabol.
Care 7: 59, 2004.

77.

Newsholme, P. Why is L-glutamine metabolism important to
cells of the immune system in health, postinjury, surgery or
infection? J. Nutr. 131: 2515S–22S; discussion 2523S, 2001.

78.

Horig, H., Spagnoli, G. C., Filgueira, L., Babst, R., Gallati, H.,
Harder, F., Juretic, A., and Heberer, M. Exogenous glutamine
requirement is confined to late events of T cell activation.
J. Cell Biochem. 53: 343, 1993.

79.

Chang, W. K., Yang, K. D., Chuang, H., Jan, J. T., and Shaio,
M. F. Glutamine protects activated human T cells from apoptosis by up-regulating glutathione and Bcl-2 levels. Clin.
Immunol. 104: 151, 2002.

80.

Pithon-Curi, T. C., Schumacher, R. I., Freitas, J. J., Lagranha,
C., Newsholme, P., Palanch, A. C., Doi, S. Q., and Curi, R.
Glutamine delays spontaneous apoptosis in neutrophils.
Am. J. Physiol Cell Physiol. 284: C1355, 2003.

81.

Weingartmann, G., Oehler, R., Derkits, S., Oismuller, C., Fugger, R., and Roth, E. HSP70 expression in granulocytes and
lymphocytes of patients with polytrauma: Comparison with
plasma glutamine. Clin. Nutr. 18: 121, 1999.

82.

Fumarola, C., Zerbini, A., and Guidotti, G. G. Glutamine
deprivation-mediated cell shrinkage induces ligand- independent CD95 receptor signaling and apoptosis. Cell Death Differ.
8: 1004, 2001.

83.

Bertin, J., Armstrong, R. C., Ottilie, S., Martin, D. A., Wang,
Y., Banks, S., Wang, G. H., Senkevich, T. G., Alnemri, E. S.,
Moss, B., Lenardo, M. J., Tomaselli, K. J., and Cohen, J. I.
Death effector domain-containing herpesvirus and poxvirus
proteins inhibit both Fas- and TNFR1-induced apoptosis. Proc.
Natl. Acad. Sci. U S A 94: 1172, 1997.

84.

Exner, R., Weingartmann, G., Eliasen, M. M., Gerner, C.,
Spittler, A., Roth, E., and Oehler, R. Glutamine deficiency
renders human monocytic cells more susceptible to specific
apoptosis triggers. Surgery 131: 75, 2002.

85.

Li, C. Y., Lee, J. S., Ko, Y. G., Kim, J. I., and Seo, J. S. Heat
shock protein 70 inhibits apoptosis downstream of cytochrome
c release and upstream of caspase-3 activation. J. Biol. Chem.
275: 25665, 2000.

86.

Jaattela, M., Wissing, D., Kokholm, K., Kallunki, T., and Egeblad, M. Hsp70 exerts its anti-apoptotic function downstream
of caspase-3-like proteases. EMBO J. 17: 6124, 1998.

87.

Oehler, R., Pusch, E., Dungel, P., Zellner, M., Eliasen, M. M.,

ARTICLE IN PRESS
14

JOURNAL OF SURGICAL RESEARCH: VOL. 128, NO. 2, OCTOBER 2005

Brabec, M., and Roth, E. Glutamine depletion impairs cellular
stress response in human leucocytes. Br. J. Nutr. 87: S17,
2002.
88. Pollheimer, J., Zellner, M., Eliasen, M. M., Roth, E., and
Oehler, R. Increased susceptibility of glutamine-depleted
monocytes to fever-range hyperthermia: The role of 70-kDa
heat shock protein. Ann. Surg. 241: 349, 2005.
89. Zellner, M., Gerner, C., Munk Eliasen, M., Wurm, S., Pollheimer, J., Spittler, A., Brostjan, C., Roth, E., and Oehler, R.
Glutamine starvation of monocytes inhibits the ubiquitinproteasome proteolytic pathway. Biochim. Biophys. Acta 1638:
138, 2003.
90. Kohler, G., and Milstein, C. Continuous cultures of fused cells
secreting antibody of predefined specificity. Nature 256: 495,
1975.

107.

108.

109.
110.

91.

Al-Rubeai, M., and Singh, R. P. Apoptosis in cell culture. Curr.
Opin. Biotechnol. 9: 152, 1998.

92.

Mercille, S., and Massie, B. Induction of apoptosis in nutrientdeprived cultures of hybridoma and myeloma cells. Biotechnol.
Bioeng. 44: 1140, 1994.

111.

93.

Hesse, F., and Wagner, R. Developments and improvements in
the manufacturing of human therapeutics with mammalian
cell cultures. Trends Biotechnol. 18: 173, 2000.

112.

94.

Simpson, N. H., Singh, R. P., Perani, A., Goldenzon, C., and
Al-Rubeai, M. In hybridoma cultures, deprivation of any single
amino acid leads to apoptotic death, which is suppressed by
the expression of the bcl-2 gene. Biotechnol. Bioeng. 59: 90,
1998.

113.

95.

Tinto, A., Gabernet, C., Vives, J., Prats, E., Cairo, J. J., Cornudella, L., and Godia, F. The protection of hybridoma cells
from apoptosis by caspase inhibition allows culture recovery
when exposed to non-inducing conditions. J. Biotechnol. 95:
205, 2002.

114.

115.

116.

and proapoptotic action of various amino acids and analogs in
starving MOLT-4 cells. Arch. Biochem. Biophys. 398: 141,
2002.
Boelens, P. G., Nijveldt, R.J., Houdijk, A.P., Meijer, S., and
van Leeuwen, P.A. Glutamine alimentation in catabolic state.
J. Nutr. 131: 2569S, 2001.
Ziegler, T. R., Young, L. S., Benfell, K., Scheltinga, M., Hortos,
K., Bye, R., Morrow, F. D., Jacobs, D. O., Smith, R. J., and
Antin, J. H. Clinical and metabolic efficacy of glutaminesupplemented parenteral nutrition after bone marrow transplantation. A randomized, double-blind, controlled study. Ann.
Intern. Med. 116: 821, 1992.
Baggetto, L. G. Deviant energetic metabolism of glycolytic
cancer cells. Biochimie 74: 959, 1992.
Reitzer, L. J., Wice, B. M., and Kennell, D. Evidence that
glutamine, not sugar, is the major energy source for cultured
HeLa cells. J. Biol. Chem. 254: 2669, 1979.
Newsholme, E. A., and Board, M. Application of metaboliccontrol logic to fuel utilization and its significance in tumor
cells. Adv. Enzyme Reg. 31: 225, 1991.
Newsholme, E. A., Crabtree, B., and Ardawi, M. S. The role of
high rates of glycolysis and glutamine utilization in rapidly
dividing cells. Biosci. Rep. 5: 393, 1985.
Matsuno, T., and Goto, I. Glutaminase and glutamine synthetase activities in human cirrhotic liver and hepatocellular
carcinoma. Cancer Res. 52: 1192, 1992.
Bode, B. P., Kaminski, D. L., Souba, W. W., and Li, A. P.
Glutamine transport in isolated human hepatocytes and
transformed liver cells. Hepatology 21: 511, 1995.
Bode, B. P., and Souba, W. W. Glutamine transport and human hepatocellular transformation. JPEN: J. Parenter. Enteral. Nutr. 23: S33, 1999.
Hirayama, C., Suyama, K., Horie, Y., Tanimoto, K., and Kato,
S. Plasma amino acid patterns in hepatocellular carcinoma.
Biochem. Med. Metabol. Biol. 38: 127, 1987.

96.

Ekert, P. G., Silke, J., and Vaux, D. L. Caspase inhibitors. Cell
Death Differ. 6: 1081, 1999.

97.

Fuchs, B. C., Perez, J. C., Suetterlin, J. E., Chaudhry, S. B.,
and Bode, B. P. Inducible antisense RNA targeting amino acid
transporter ATB0/ASCT2 elicits apoptosis in human hepatoma
cells. Am. J. Physiol. 286: G467, 2004.

117.

Collins, C. L., Wasa, M., Souba, W. W., and Abcouwer, S. F.
Determinants of glutamine dependence and utilization by normal and tumor-derived breast cell lines. J. Cell Physiol. 176:
166, 1998.

98.

Li, H., Bergeron, L., Cryns, V., Pasternack, M. S., Zhu, H., Shi,
L., Greenberg, A., and Yuan, J. Activation of caspase-2 in
apoptosis. J. Biol. Chem. 272: 21010, 1997.

118.

99.

Baliga, B. C., Read, S. H., and Kumar, S. The biochemical
mechanism of caspase-2 activation. Cell Death Differ. 11:
1234, 2004.

Abcouwer, S. F., Schwarz, C., and Meguid, R. A. Glutamine
deprivation induces the expression of GADD45 and GADD153
primarily by mRNA stabilization. J. Biol. Chem. 274: 28645,
1999.

119.

Marjon, P. L., Bobrovnikova-Marjon, E. V., and Abcouwer,
S. F. Expression of the pro-angiogenic factors vascular endothelial growth factor and interleukin-8/CXCL8 by human
breast carcinomas is responsive to nutrient deprivation and
endoplasmic reticulum stress. Mol. Cancer 3: 4, 2004.

120.

Fornace, A. J. Jr., Nebert, D. W., Hollander, M. C., Luethy,
J. D., Papathanasiou, M., Fargnoli, J., and Holbrook, N. J.
Mammalian genes coordinately regulated by growth arrest
signals and DNA-damaging agents. Mol. Cell Biol. 9: 4196,
1989.

121.

Sheikh, M. S., Hollander, M. C., and Fornance, A. J., Jr. Role
of Gadd45 in apoptosis. Biochem. Pharmacol. 59: 43, 2000.

122.

Zhan, Q., Lord, K. A., Alamo, I., Jr., Hollander, M. C., Carrier,
F., Ron, D., Kohn, K. W., Hoffman, B., Liebermann, D. A., and
Fornace, A.J., Jr. The gadd and MyD genes define a novel set
of mammalian genes encoding acidic proteins that synergistically suppress cell growth. Mol. Cell Biol. 14: 2361, 1994.

123.

Little, E., Ramakrishnan, M., Roy, B., Gazit, G., and Lee, A. S.
The glucose-regulated proteins (GRP78 and GRP94): Functions, gene regulation, and applications. Crit. Rev. Eukaryot.
Gene Expr. 4: 1, 1994.

100.

Guo, Y., Srinivasula, S. M., Druilhe, A., Fernandes-Alnemri,
T., and Alnemri, E. S. Caspase-2 induces apoptosis by releasing proapoptotic proteins from mitochondria. J. Biol. Chem.
277: 13430, 2002.

101.

Lassus, P., Opitz-Araya, X., and Lazebnik, Y. Requirement for
caspase-2 in stress-induced apoptosis before mitochondrial
permeabilization. Science 297: 1352, 2002.

102.

Paquette, J. C., Guerin, P. J., and Gauthier, E. R. Rapid
induction of the intrinsic apoptotic pathway by L-glutamine
starvation. J. Cell Physiol. 26: 26, 2004.

103.

Green, D. R., and Evan, G. I. A matter of life and death. Cancer
Cell 1: 19, 2002.

104.

Nasi, S., Ciarapica, R., Jucker, R., Rosati, J., and Soucek, L.
Making decisions through Myc. FEBS Lett. 490: 153, 2001.

105.

Franek, F., and Sramkova, K. Protection of B lymphocyte
hybridoma against starvation-induced apoptosis: Survivalsignal role of some amino acids. Immunol. Lett. 52: 139, 1996.

106.

Franek, F., Fismolova, I., and Eckschlager, T. Antiapoptotic

ARTICLE IN PRESS
FUCHS AND BODE: GLUTAMINE, APOPTOSIS AND CELL SURVIVAL
124.
125.

126.

127.
128.

129.

130.

131.

132.

133.

134.

Xie, K. Interleukin-8 and human cancer biology. Cytokine
Growth Factor Rev. 12: 375, 2001.
Ferrara, N. Role of vascular endothelial growth factor in regulation of physiological angiogenesis. Am. J. Physiol. Cell
Physiol. 280: C1358, 2001.
Hildesheim, J., and Fornace, A. J., Jr. Gadd45a: an elusive yet
attractive candidate gene in pancreatic cancer. Clin. Cancer
Res. 8: 2475, 2002.
Oyadomari, S., and Mori, M. Roles of CHOP/GADD153 in
endoplasmic reticulum stress. Cell Death Differ. 11: 381, 2004.
Ko, Y.G., Kim, E.Y., Kim, T., Park, H., Park, H.S., Choi, E.J.,
and Kim, S. Glutamine-dependent antiapoptotic interaction of
human glutaminyl-tRNA synthetase with apoptosis signalregulating kinase 1. J. Biol. Chem. 276: 6030, 2001.
Bode, B. P., Fuchs, B. C., Hurley, B. P., Conroy, J. L., Suetterlin, J. E., Tanabe, K. K., Rhoads, D. B., Abcouwer, S. F., and
Souba, W. W. Molecular and functional analysis of glutamine
uptake in human hepatoma and liver-derived cells. Am. J.
Physiol. 283: G1062, 2002.
Fuchs, B. C., and Bode, B .P. Amino acid transporters ASCT2
and LAT1 in cancer: partners in crime? Semin. Cancer Biol, in
press.
Nicholson, D. W. Caspase structure, proteolytic substrates,
and function during apoptotic cell death. Cell Death Differ. 6:
1028, 1999.
Wu, G., Fang, Y. Z., Yang, S., Lupton, J. R., and Turner, N. D.
Glutathione metabolism and its implications for health. J.
Nutr. 134: 489, 2004.
Xu, J., Xu, Y., Nguyen, Q., Novikoff, P. M., and Czaja, M. J.
Induction of hepatoma cell apoptosis by c-myc requires zinc
and occurs in the absence of DNA fragmentation. Am. J.
Physiol. 270: G60, 1996.
Xu, Y., Nguyen, Q., Lo, D. C., and Czaja, M. J. c-mycDependent hepatoma cell apoptosis results from oxidative
stress and not a deficiency of growth factors. J. Cell Physiol.
170: 192, 1997.

135.

136.

137.

138.

139.

140.

141.

142.

143.

15

Wartenberg, M., Ling, F. C., Schallenberg, M., Baumer, A. T.,
Petrat, K., Hescheler, J., and Sauer, H. Down-regulation of
intrinsic P-glycoprotein expression in multicellular prostate
tumor spheroids by reactive oxygen species. J. Biol. Chem.
276: 17420, 2001.
Rouse, K., Nwokedi, E., Woodliff, J. E., Epstein, J., and Klimberg, V. S. Glutamine enhances selectivity of chemotherapy
through changes in glutathione metabolism. Ann. Surg. 221:
420, 1995.
Todorova, V. K., Harms, S. A., Kaufmann, Y., Luo, S., Luo,
K. Q., Babb, K., and Klimberg, V. S. Effect of dietary glutamine on tumor glutathione levels and apoptosis-related proteins in DMBA-induced breast cancer of rats. Breast Cancer
Res. Treat 88: 247, 2004.
Todorova, V. K., Harms, S. A., Luo, S., Kaufmann, Y., Babb,
K. B., and Klimberg, V. S. Oral glutamine (AES-14) supplementation inhibits PI-3k/Akt signaling in experimental breast
cancer. JPEN J. Parenter. Enteral. Nutr. 27: 404, 2003.
Lora, J., Alonso, F. J., Segura, J. A., Lobo, C., Marquez, J., and
Mates, J. M. Antisense glutaminase inhibition decreases glutathione antioxidant capacity and increases apoptosis in Ehrlich ascitic tumour cells. Eur. J. Biochem. 271: 4298, 2004.
Carretero, J., Obrador, E., Pellicer, J. A., Pascual, A., and
Estrela, J. M. Mitochondrial glutathione depletion by glutamine in growing tumor cells. Free Rad. Biol. Med. 29: 913,
2000.
Obrador, E., Carretero, J., Esteve, J. M., Pellicer, J. A., Pascual, A., Petschen, I., and Estrela, J. M. Glutamine potentiates
TNF-alpha-induced tumor cytotoxicity. Free Rad. Biol. Med.
31: 642, 2001.
Goossens, V., Grooten, J., and Fiers, W. The oxidative metabolism of glutamine. A modulator of reactive oxygen
intermediate-mediated cytotoxicity of tumor necrosis factor in
L929 fibrosarcoma cells. J. Biol. Chem. 271: 192, 1996.
Bannai, S., and Ishii, T. A novel function of glutamine in cell
culture: Utilization of glutamine for the uptake of cystine in
human fibroblasts. J. Cell Physiol. 137: 360, 1988.

