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Abstract

Glucose is widely accepted as the primary nutrient for the maintenance
and promotion of cell function. This metabolite leads to production of
ATP, NADPH and precursors for the synthesis of macromolecules
such as nucleic acids and phospholipids. We propose that, in addition
to glucose, the 5-carbon amino acids glutamine and glutamate should
be considered to be equally important for maintenance and promotion
of cell function. The functions of glutamine/glutamate are many, i.e.,
they are substrates for protein synthesis, anabolic precursors for
muscle growth, they regulate acid-base balance in the kidney, they are
substrates for ureagenesis in the liver and for hepatic and renal
gluconeogenesis, they act as an oxidative fuel for the intestine and
cells of the immune system, provide inter-organ nitrogen transport,
and act as precursors of neurotransmitter synthesis, of nucleotide and
nucleic acid synthesis and of glutathione production. Many of these
functions are interrelated with glucose metabolism. The specialized
aspects of glutamine/glutamate metabolism of different glutamine-
utilizing cells are discussed in the context of glucose requirements and
cell function.
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Introduction

Glucose is a vital metabolite which is
the main fuel for a large number of cells
in the body including neurons and erythro-
cytes. Glycemia must be maintained at con-
stant levels to avoid severe adverse effects
on the body. In the absence of dietary carbo-
hydrate, the maintenance of glycemia is
achieved by production of glucose in the
liver and kidney and subsequent export to
the blood. Also, the flux of glucose between
organs is finely controlled by hormones and
neurotransmitters. In addition to glucose, glu-

tamine also plays an essential role for a
variety of cell types. This amino acid is a
precursor of neurotransmitters and other es-
sential molecules, being indispensable for
cell proliferation, immune function and for
acid-base balance. More recently, it has been
shown that glutamine is also able to regulate
gene expression (1) and mitogen-activated
protein kinase activation (2). Like glycemia,
glutaminemia must also be maintained at
constant levels to ensure the functioning of
vital systems such as the central nervous
system (CNS) and the immune and renal
systems.
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General view on the function of
glucose metabolism

Glucose is used by virtually all cells in the
body. This metabolite is taken up by cells
which use a family of specialized transporters
named GLUT- (glucose transporter) 1-7 (3)
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Figure 1. Overview of glucose metabolism in mammalian cells. Glucose-6-phosphate pro-
duced from glucose can be converted to glycogen or is metabolized through the pentose-
phosphate pathway. Glycerol-phosphate is used for triacylglycerol and phospholipid synthe-
sis. Acetyl-CoA is oxidized through the Krebs cycle. Precursors for the synthesis of fatty
acids, glutamine and aspartate are generated from this cycle. 7, hexokinase/glucokinase; 2,
pentose-phosphate pathway; 3, glycogen synthesis; 4, lactate dehydrogenase; 5, alanine
aminotransferase; 6, pyruvate dehydrogenase; 7, ATP-citrate lyase; 8, fatty acid synthesis;
9, glutamine synthetase; 70, aspartate aminotransferase; 77, citrate synthetase.
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(Figure 1). Inside the cells glucose can be
converted into glucose-6-phosphate by hex-
okinase (in most tissues) or glucokinase (in the
liver and pancreatic islets) (4). Glucose-6-
phosphate is a precursor of glycogen particu-
larly in the liver and muscle. NADPH gener-
ated through the pentose-phosphate pathway
is required for NADPH oxidase activity and
H,0, production and also for de novo fatty
acid synthesis (5,6). Ribose-5-phosphate pro-
duced in the same pathway is used for nucleo-
tides and nucleic acid synthesis (7). Another
glucose-derived metabolite, glycerol-3-phos-
phate (Figure 1), is the backbone of the main
lipid storage molecule, triacylglycerol, or phos-
pholipids (which are important components of
cell membranes). Glycolysis-derived pyruvate
can be converted to lactate and alanine or it
generates acetyl-CoA through pyruvate dehy-
drogenase - a key step in the Krebs cycle. This
cycle provides both NADH/FADH, for ATP
synthesis through the respiratory chain and
precursors for synthesis of other metabolites,
such as fatty acids starting from citrate, aspar-
tate from oxaloacetate and glutamate/gluta-
mine from oxoglutarate (8). Carbon dioxide
may be the major end-product of glucose me-
tabolism in many cells but lactate or alanine
may also be major end-products in conditions
of low oxygen tension or alternative cellular
requirements. While ATP generation may be a
primary reason for glucose metabolism in many
cells, the supply of metabolic intermediates
for use in biosynthetic reactions is an impor-
tant additional consideration (Figure 1).

The metabolism of glucose is required by
most cells for survival, proliferation, and
differentiation but may also play additional
roles such as promotion of insulin secretion
by pancreatic B-cells and cytolytic activity of
phagocytes (monocytes, macrophages and
neutrophils).

Overview of glutamine metabolism

The physiological importance of the
amino acid L-glutamine for promoting and
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maintaining cell function is now widely ac-
cepted (Figure 2). The importance of gluta-
mine to cell survival and proliferation in
vitro was first reported by Ehrensvard et al.
in 1949 (9) but was more fully described by
Eagle et al. in 1956 (10). Glutamine had to
be present in 10- to 100-fold excess of any
other amino acid in culture and could not be
replaced by glutamic acid or glucose. This
work led to the development of the first
tissue culture medium that contained essen-
tial growth factors, glucose, 19 essential and
nonessential amino acids at approximately
physiological concentrations, and a high con-
centration of glutamine (2 mmol/l).

It is now known that a large number of
tissues and cells in the body utilize gluta-
mine at high rates and that glutamine utiliza-
tion is essential for their function. These
tissues and cells include kidney, intestine,
liver, specific neurons in the CNS, cells of
the immune system, and pancreatic B-cells
(see Refs. 11 and 12 for further details).

L-glutamine is important as a precursor
for peptide and protein synthesis, amino sugar
synthesis, purine and pyrimidine and thus
nucleic acid and nucleotide synthesis, and
also provides a source of carbons for oxida-
tion in some cells. However, the immediate
product of glutamine metabolism in most
cells is L-glutamate, which is produced by
the action of glutaminase, an enzyme found
at high concentrations and associated with
the mitochondria in cells which readily uti-
lize glutamine. L-glutamate is the most abun-
dant intracellular amino acid (reported con-
centrations vary between 2 and 20 mM) and
L-glutamine is the most abundant extracellu-
lar amino acid in vivo (0.7 mM compared to
an approximate L-glutamate concentration
of 20 uM). L-glutamate cannot readily cross
cell membranes because it has an overall
charge of -1 at pH 7.4 and amino acid trans-
porters capable of transporting glutamate
into the cell are present at low density in the
plasma membrane with the exception of spe-
cialized glutamate-metabolizing cells located
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in the CNS (13). L-glutamate appears to be at
the crossroads of amino acid metabolism,
where it can donate its amino group for new
amino acid synthesis (transamination) or can
lose the amino group, as NH,", via deamina-
tion to 2-oxoglutarate (see Figure 2). In some
tissues and cells such as liver, skeletal muscle
or astrocytes, glutamate and NH4" may be
combined by the action of glutamine synthe-
tase to produce glutamine. This glutamine is
then exported from the cell.

L-glutamine is required for a number of
specific biochemical reactions, as outlined
above. However, of greater physiological
importance to many cells, L-glutamine is a
precursor of L-glutamate. This review will
highlight the critical role of L-glutamine and
L-glutamate metabolism for the maintenance
and promotion of cell function in a diverse
selection of cell types.
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Figure 2. Overview of glutamine and glutamate metabolism in mammalian cells. Glutamate
is produced from glutamine through glutaminase activity. Glutamate can then be converted
to y-amino butyric acid (GABA), ornithine, 2-oxoglutarate, glucose or glutathione. The
probable functions of the glutamate products are indicated as well as the cells or organs
where the metabolic pathway preferentially occurs. NO, nitric oxide; iNOS, inducible nitric
oxide synthase; glutamate Dh, glutamate dehydrogenase.
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Glutamine/glutamate in the kidney

Glutamine is quantitatively the most im-
portant donor of NHj in the kidney (Figure
3A). The NHj is cleaved from glutamine by
the action of phosphate-dependent glutami-
nase, which is subjected to pH regulation
(14). NH; is exported to the lumen of the
collecting tubule where it combines with
exported H" to form NH,", which is lost to
the urine. H* is created from carbonic acid,
which dissociates to form HCO;™ and H*.
HCO;™ subsequently enters the circulation
where it is important for the maintenance of
blood pH. Therefore, glutamine metabolism
in the kidney is essential for acid-base buff-
ering in the plasma (14,15). The carbon skel-
eton of glutamate in the kidney, created by
the action of glutaminase, is converted via
formation of 2-oxoglutarate, succinate, fu-
marate, malate and oxaloacetate to phospho-
enolpyruvate (or malate to pyruvate directly)
and then participates in gluconeogenesis (Fig-
ure 3A). Glucose produced by this pathway
provides up to 25% of circulating plasma
glucose in vivo (16). Renal gluconeogenesis
is especially important in conditions where
the blood concentration of ketone bodies
increases, causing acidosis. This occurs, for
instance, during long periods of hypoglyce-
mia or diabetes. Hepatic gluconeogenesis
from amino acids (mainly alanine) is gradu-
ally replaced by renal gluconeogenesis. Un-
der these conditions, glucose produced by
the kidney can account for up to 50% of
circulating plasma glucose (17).

Glutamine/glutamate in the intestine

Glutamine is quantitatively the most im-
portant fuel for intestinal tissue. It is metabo-
lized to glutamate by phosphate-dependent
glutaminase. Glutamate undergoes transami-
nation with pyruvate generating L-alanine
and 2-oxoglutarate. The latter metabolite is
then oxidized in the tricarboxylic acid (TCA)
cycle generating malate, which, by the ac-
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tion of NADP*-dependent malic enzyme,
generates pyruvate (Figure 3B). The NADH
and FADH, generated via this pathway are
used for electron donation to the electron
transporting chain in the mitochondria and
thus promote ATP synthesis. The L-alanine
produced in this pathway is exported to the
hepatic portal vein for transport to the liver
(18). Glutamine is recognized as an impor-
tant dietary component for the maintenance
of gut integrity (19) and reduces the degree
of derangement induced by mechanical in-
testinal obstruction (20). As a result, gluta-
mine administration reduces bacterial trans-
location (21), being beneficial to critically ill
and other patients (22,23). In fact, glutamine
has been shown to improve various aspects
of medical nutritional care of patients with
gastrointestinal disease or cancer, burn vic-
tims, postsurgical patients, and low birth
weight neonates (24-26). This amino acid
also normalizes the AIDS-associated in-
creased intestinal permeability (27).

Glutamine/glutamate in the liver

The liver is the central site for nitrogen
metabolism in the body (Figure 3C) (28).
Nitrogen is transported from peripheral tis-
sues (principally from muscle and lung) to
the central organs as glutamine, plus alanine
and aspartate if the glutamine is taken up and
metabolized by the intestine (11). Glutamine
can be cleaved by glutaminase to yield gluta-
mate and NH;. The mitochondrial carbam-
oyl-phosphate synthetase I (CPS I) can then
catalyze the following reaction:

2 ATP + HCO;” + NH; —>
carbamoyl-phosphate + 2 ADP + Pi

The enzyme is allosterically activated by
N-acetylglutamate and thus may be indi-
rectly regulated by glutamate concentration.
Carbamoyl-phosphate may combine with or-
nithine in the urea cycle to produce citrul-
line, which is subsequently converted to
argininosuccinate and then to arginine (Fig-
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Figure 3. A, Pathway of glutamine metabolism in the kidney. 7,
Phosphate-dependent glutaminase; 2, glutamate dehydrogen-
ase; 3, reactions of the tricarboxylic acid (TCA) cycle; 4, NADH-
malate dehydrogenase; 5, NADP*-dependent malic enzyme; 6,
pyruvate carboxylase; 7, pyruvate kinase; 8, pathway of gluco-
neogenesis (cytosol). B, Pathway of glutamine metabolism in
the intestine. 1, Phosphate-dependent glutaminase; 2, alanine
aminotransferase; 3, reactions of the TCA cycle; 4, NADP+-
dependent malic enzyme. C, Pathway of glutamine metabolism
in the periportal and perivenous cells of the liver. Glutamine
nitrogen is utilized for urea synthesis while the carbon skeleton
is used for glucose synthesis by periportal cells. Under condi-
tions in which arginine availability is not limiting, glutamine is
synthesized in the perivenous cells. 7, Phosphate-dependent
glutaminase; 2, glutamate dehydrogenase; 3, enzymes of the
gluconeogenesis pathway; 4, carbamoyl-phosphate synthetase;
5, ornithine transcarbamoylase; 6, argininosucFinate synthetase;
7, argininosuccinase; 8, arginase; 9, enzymes of glutamate syn-
thesis; 70, glutamine synthetase.
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ure 3C). Arginine is subsequently cleaved by
arginase to produce urea and ornithine. In
mammalian tissues another isoform of CPS
exists, termed CPS II. This is a large multi-
functional cytosolic protein (29) that cata-
lyzes the formation of carbamoyl-phosphate:

2 ATP + HCO;™ + glutamine + H,O—>
carbamoyl-phosphate + glutamate + 2 ADP
+ Pi

The reaction is also involved in the syn-
thesis of the N3 atom of pyrimidine nucleo-
tides, whereas the amide of glutamine is
used directly for the formation of the N3 and
N9 atoms of purines.

Glutamine metabolism is partitioned in
space within the liver, where glutamine is
taken up by the periportal cells of the liver in
which there is a relatively high glutaminase
activity and the ammonia produced is di-
rected toward CPS (30,31).

Glutamate that has been produced in the
periportal cells may be further metabolized
to produce other amino acids by transamina-
tion or may enter the TCA cycle as an
anaplerotic substrate or may enter the path-
way of gluconeogenesis via formation of
phosphoenolpyruvate from oxaloacetate (Fig-
ure 3C). Thus, gluconeogenesis from gluta-
mine may be a major consumer of gluta-
mate-derived carbon in the liver, resulting in
the formation and export of glucose (32).

Glutamine formation and release from
the liver, on the other hand, occurs mainly in
the perivenous region (Figure 3C). The hepa-
tocytes in this area are rich in glutamine
synthetase (32). The substrate(s) for gluta-
mine synthesis are of course glutamate and
NH,". Glutamate may be produced via glu-
cose conversion to 2-oxoglutarate and sub-
sequent conversion to glutamate via gluta-
mate dehydrogenase. However, recent data
have suggested that arginine catabolism may
provide glutamate for the glutamine synthe-
tase reaction (33). The glutamine synthetase
reaction is energy requiring and is described
below:
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glutamate + NH," + ATP—> glutamine +
ADP + Pi

Liver glutamine metabolism plays an
important role in controlling ammonia levels
in venous blood. The synthesis and hydroly-
sis of glutamine are intermediate steps in
urea formation, since the K,; of CPS for
ammonia is high (2 mM), whereas glutamine
synthase Ky, forammonia is much lower (0.3
mM). Thus, the liver first removes ammonia
present in low concentrations in the blood to
form glutamine, which passes through the
circulation and reaches the organ again. The
key enzymes of urea formation are present in
higher amounts in periportal and proximal
perivenous hepatocytes, whereas glutamine
synthase occurs only in distal perivenous
hepatocytes (34-36).

Glutamine/glutamate in the CNS

The major transmitter at excitatory syn-
apses in the CNS is glutamate, whereas in-
hibitory signals are carried by y-amino bu-
tyric acid (GABA; 37,38). The existence of a
glutamine/glutamate cycle in the CNS has
been recently confirmed (39). Glutamine is
synthesized from glutamate in the astrocytes
so as to return the glutamate that is removed
from the synaptic cleft after release from the
presynaptic neuron. The neuron will readily
convert the astrocyte-derived glutamine to
glutamate via glutaminase, to complete the
cycle. The cycle is energy dependent since
ATP is consumed in the synthesis of gluta-
mine from glutamate. In the human cortex
the cycle appears to account for 80% of the
energy derived from glucose oxidation (40,
41).

Glutamine/glutamate in cells of the
immune system

It is now widely accepted that glutamine
is utilized at high rates by isolated cells of the
immune system such as lymphocytes, mac-
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rophages and neutrophils (42-44). Although
the activity of the first enzyme responsible
for the metabolism of glutamine, phosphate-
dependent glutaminase, is high in these cells,
the rate of oxidation is low. Much of the
glutamine is converted to glutamate, aspar-
tate (via TCA cycle activity), lactate and,
under appropriate conditions, CO,. Gluta-
mine has been reported to enhance many
functional parameters of immune cells such
as T-cell proliferation, B-lymphocyte differ-
entiation, macrophage phagocytosis, antigen
presentation and cytokine production (45-
49), plus neutrophil superoxide production
and apoptosis (50,51).

Although glutamine may be required by
these cells as a precursor for nucleic acid and
nucleotide synthesis, the provision of gluta-
mate may be equally important in cells of the
immune system. Glutamate is involved in a
number of key functions, in addition to amino
acid transamination, in lymphocytes, macro-
phages and neutrophils. Provision of
NADPH, via the action of NADP*-depend-
ent malic enzyme, which catalyzes the con-
version of malate (which is derived from
glutamate via formation of 2-oxoglutarate,
succinate, and fumarate) to pyruvate, may be
one of its functions (52). NADPH is required
for biosynthetic reactions such as fatty acid
synthesis or for the production of free radi-
cals such as O, or nitric oxide by NADPH
oxidase and inducible nitric oxide synthase,
respectively (45). NADPH is also required
by glutathione reductase and as such plays
an important role in increasing reduced glu-
tathione concentration, thus enhancing anti-
oxidant defenses and delaying apoptosis via
stabilization of neutrophil mitochondria (53).
Indeed, the greater proportion of glutamine
metabolized to lactate in neutrophils com-
pared to macrophages or lymphocytes may
be due to significantly higher demands for
NADPH in the neutrophils.

Glutamate is also required as a precursor
for ornithine synthesis in macrophages and
monocytes. This pathway connects with the

urea cycle and ultimately results in forma-
tion of arginine and thus of a substrate for
inducible nitric oxide synthase (54). Extra-
cellular arginine is depleted by active secre-
tion of the enzyme arginase by macrophages
and monocytes, cells which subsequently
become dependent on intracellularly derived
arginine for nitric oxide synthesis (54). Glu-
tamate may also serve as a precursor for
glutathione synthesis and as such may play a
direct role in antioxidant defenses (55) in
these cells (Figure 2).

Glutamine/glutamate in the
pancreatic -cell

Glutamine has been reported to enhance
glucose- or leucine-stimulated insulin secre-
tion from pancreatic B-cells (located in the
endocrine islets of Langerhans), but does not
promote insulin secretion by itself due to
tight regulation of glutamate dehydrogenase
activity (56,57). Glutamine may act as an
anaplerotic substrate in the B-cell, via forma-
tion of glutamate and 2-oxoglutarate, subse-
quently stimulating a catalytic enhancement
of glucose oxidation (58). Nutrient metabo-
lism is intimately connected with the process
of insulin secretion from the 3-cell. Nutrient
metabolism results in an increase in the ATP/
ADP ratio, a closure of K* , rp channels, mem-
brane depolarization, opening of voltage-
dependent calcium channels, an increase in
cytosolic Ca?" concentration, and promotion
of insulin exocytosis (59). The mitochondria
play a critical role, via oxidative phosphory-
lation, in increasing the ATP/ADP ratio.
However, the mitochondria are also impor-
tant for the generation of metabolic coupling
factors that act to further enhance insulin
secretion in a K*pqp channel-independent
manner (60,61). One of these metabolic cou-
pling factors has been identified as gluta-
mate (62,63). Glutamate is also important in
the B-cell as a substrate for the enzyme glu-
tamic acid decarboxylase, which produces
the signaling molecule GABA (64). GABA
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production and secretion may be important
for the regulation of insulin secretion in
intact islets of Langerhans (65).

Recent reports have highlighted the im-
portant regulatory role of glutamate dehy-
drogenase in B-cells. Mutations in the GTP
allosteric site within the enzyme, which re-
sult in a lower affinity for the allosteric
inhibitor GTP, have been shown to result in
elevated insulin secretion and associated hy-
perinsulinemia in affected individuals (66,
67). Thus, the metabolic importance of glu-
tamate concentration and glutamate dehy-
drogenase activity with respect to insulin
secretion in 3-cells is now firmly established.
However, the metabolic interplay between
glucose and amino acid-derived glutamate
and the implication for the regulation of B-
cell insulin secretion has yet to be fully
determined (68).

Glutamine metabolism in skeletal
muscle

Muscle tissue is a major site for gluta-
mine synthesis in the human body and con-
tains over 90% of the whole-body glutamine
pool. Quantitative studies in humans have
demonstrated that, in the postabsorptive state,
60% of the amino acids released comprise
alanine plus glutamine (7,69,70). In resting
muscle, six amino acids are metabolized:
leucine, isoleucine, valine, asparagine, as-
partate and glutamate (71). These amino
acids provide the amino groups and prob-
ably the ammonia required for synthesis of
glutamine and alanine, which are released in
excessive amounts in the postabsortive state
and during ingestion of a protein-containing
meal. The release of glutamine from skeletal
muscle is also stimulated during stress con-
ditions such as injury and burns (8,72). Only
leucine and isoleucine molecules can be oxi-
dized in muscle after being converted to
acetyl-CoA. The other carbon skeletons are
used for de novo synthesis of TCA cycle
intermediates and glutamine. The rate of
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TCA cycle flux and so oxidative metabolism
is limited by the concentration of the TCA
cycle intermediates. The dramatic decline in
intramuscular glutamate at the start of exer-
cise with the concomitant increase in intra-
muscular alanine suggests that glutamate is
an important anaplerotic precursor (73,74).

Concluding remarks

Glucose is generally considered to be the
primary nutrient for cell function, acting as
an oxidative fuel in most cells but it also has
an important role in the supply of precursors
for biosynthetic reactions. It is primarily uti-
lized through the pathways of glycolysis and
subsequently the TCA cycle. Flux through
these pathways is tightly controlled via allo-
steric effectors and reversible phosphoryla-
tion of key metabolic enzymes.

Glutamine is the most abundant amino
acid found in blood plasma (75). It is a major
transporter of nitrogen from sites of gluta-
mine synthesis (skeletal muscle, liver, lung)
to sites of utilization, including kidney, in-
testine, neurons, cells of the immune system
and, under appropriate conditions of acid-
base balance, liver (76).

Given the importance of plasma gluta-
mine to cell function, it is not surprising that
dietary supplementation or parenteral nutri-
tion can improve the outcome for critically
ill patients, postsurgical patients or those
recovering from injury (45,77).

Glutamine itself may act as a key precur-
sor for nucleic acids and nucleotides in glu-
tamine-consuming cells, but in many physi-
ological circumstances acts to provide gluta-
mate, which appears to promote a wider
array of metabolic functions compared to
glutamine (Figure 2). Ultimately glutamine
and glutamate metabolism is exquisitely re-
lated to the function of the glutamine-requir-
ing cell, for example provision of NH; for
acid buffering and carbon for glucose pro-
duction in the kidney, partial oxidation and
alanine production in the intestine, provi-
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sion of NHj; for urea synthesis and carbon for
glucose production in the liver, neurotrans-
mitter synthesis in the brain, NADPH and
free radical production plus antioxidant de-
fenses, as well as DNA and protein synthesis
in cells of the immune system, and metabolic
coupling factors that synergistically promote
insulin secretion from the pancreatic B-cell.
The pathways of glutamine and glutamate
metabolism have adapted to cater for the
unique function of the glutamine-utilizing
cell (Figures 2 and 3) and thus could not be
replaced by other metabolic inputs if they

fail. In this respect, we should consider glu-
tamine and glutamate metabolism to be as
important as glucose metabolism in the cell
due to their wide variety of metabolic roles
that are critical for cell function.
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