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Abstract. Relatively little was known about glutamine metabolism until
the 1930s, when Sir Hans Krebs first demonstrated glutamine hydrolysis
and biosynthesis in the kidney. Subsequent studies by Rose in 1938
demonstrated that glutamine is a nonessential (dispensable) amino acid,
as it can be readily synthesized de novo in virtually all tissues in the body.
Because the body has the capacity to synthesize considerable quantities of
glutamine, it has been assumed that glutamine is not required in the diet.
However, this amino acid becomes quite depleted during the course of a
catabolic insult such as injury or infection, indicating that the ability of
glutamine production to meet demands during a variety of surgical
illnesses is impaired. In states of health, the assumption that glutamine
is not required in the diet is probably valid, although it is difficult to test
the hypothesis, as glutamine is present in virtually all dietary proteins.
Most naturally occurring food proteins contain 4% to 8% of their amino
acid residues as glutamine; therefore less than 10 g of dietary glutamine
is likely to be consumed daily by the average person. In contrast to this
usual dietary availability, studies in stressed patients indicate that con-
siderably larger amounts of glutamine (20–40 g/day) may be necessary to
maintain glutamine homeostasis. Thus from a nutritional standpoint,
glutamine may be thought of as a drug as well as a nutrient. This paper
reviews the physiology and biochemistry of glutamine with an emphasis
on its metabolism in surgical illnesses and its role as a conditionally
essential amino acid.

Glutamine is the most abundant amino acid in mammalian plasma
and is actively transported and metabolized in nearly every tissue.
Because glutamine can be synthesized de novo, it has historically
been designated as a “nonessential” amino acid. Recent evidence
suggests, however, that this may be something of a misnomer.
Although the body normally has large glutamine reserves and can
synthesize glutamine in large quantities, catabolic states such as
major surgery, trauma, or sepsis are characterized by whole-body
glutamine consumption rates that exceed maximal glutamine pro-
duction. If the catabolic stress persists, profound glutamine de-
pletion develops that may contribute to a poor outcome. Thus the
term “conditionally essential” amino acid has more recently been
applied to glutamine.

As our knowledge of the importance of glutamine in cellular
metabolism and organ function has grown, the argument for

glutamine-supplemented nutritional support has become more
persuasive. Large-scale, prospective, double-blind clinical trials
have been conducted over the last several years, and there are
increasing data to support the role of glutamine-supplemented
nutrition in critically ill surgical patients. This review highlights
some of the important metabolic functions of glutamine and its
impact on whole-organ function. The alterations in glutamine
physiology that occur in the surgical patient and the results of
recent clinical trials are also discussed.

Metabolic Importance of Glutamine

Although glutamine is abundant in blood and tissues, it is also
consumed rapidly. One of the reasons for its extremely high
turnover rate is the wide array of metabolic functions that directly
or indirectly depend on glutamine. Although glutamine may be
used differently in different tissues and under different physiologic
states, its functions within the cell generally separate into four
categories: (1) its role in nitrogen transport; (2) its importance in
maintaining the cellular redox state; (3) its position as a metabolic
intermediate; and (4) and its role as an energy source (Figure 1).

Nitrogen Transport

Approximately one-third of all the nitrogen derived from protein
metabolism is transported in the blood in the form of glutamine
[1]. Likewise, a major portion of nitrogen supplied by skeletal
muscle in the postprandial state is exported as glutamine [2]. This
“nitrogen shuttle” provides a nontoxic means of transporting
ammonia from the periphery to the viscera. After reaching its
target organ, ammonia can be regenerated for excretion or ure-
agenesis. In fact, glutamine is the major source of nitrogen used in
hepatic ureagenesis [3]. In the mitochondria, ammonia is derived
from glutamine by hydrolysis of glutamine to glutamate by the
enzyme glutaminase. Hydrolysis of glutamate to a -ketoglutarate
by the enzyme glutamate dehydrogenase can also generate am-
monia. In the liver, ammonia can combine with CO2 to form
carbamoyl phosphate, which that subsequently enters the urea
cycle [4]. The amino group on glutamate and glutamine may also
enter the urea cycle directly through a reaction involving oxaloa-
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cetate to generate aspartate. One of the major functions of the
liver is the maintenance of ammonia homeostasis within the body.
Glutamine metabolism is distributed heterogeneously throughout
the liver, with glutamine consumption via glutaminase concen-
trated in the periportal hepatocytes and glutamine synthesis via
glutamine synthetase localized within the perivenous hepatocytes.
This distribution provides the liver with an elegant mechanism to
detoxify the blood of ammonia while contributing glutamine to
the systemic supply [5].

The use of glutamine as a nitrogen shuttle is also important in
the excretion of nitrogenous wastes and the maintenance of acid–
base homeostasis. The kidney uses a kidney-type isozyme of glu-
taminase to hydrolyze glutamine and generate ammonia for ex-
cretion in the urine [6, 7]. This glutaminolysis is responsible for
most of the nitrogen excreted in urine [8], and the availability of
ammonia facilitates the excretion of acid loads by conjugating H1

ions and generating ammonium ions for excretion. Not surpris-
ingly, glutamine consumption and glutaminase activity are both
increased in the kidney during acidosis [6, 9].

Cellular Redox Control

There is considerable evidence to suggest that glutamine plays a
key role in regulating glutathione synthesis. Glutathione is a
tripeptide composed of glutamate, cysteine, and glycine; it repre-
sents the major source of cellular reducing equivalents, protecting
the cell against oxidative injury [10]. As a source of intracellular
glutamate, glutamine provides one of the constituents of glutathi-
one, but glutamine can also contribute to glutathione synthesis
indirectly by exchanging intracellular glutamate (derived from
glutamine) across the cell membrane for extracellular cysteine,
another component of glutathione. Radiolabeled carbon tracer
studies have also shown that glutamine-derived carbon atoms are
incorporated into glutathione in a variety of tissues in vivo [11,
12]. The role of glutamine in glutathione synthesis suggests that
the availability of this nutrient may have profound effects on
cellular redox control. In the surgical patient, where oxidative
stress in some tissues may be increased [e.g. acute respiratory

distress syndrome (ARDS)], the importance of available glu-
tamine may be magnified.

Metabolic Intermediate

Glutamine is also an important source of carbon and nitrogen for
metabolic intermediates and macromolecular synthesis. Glu-
tamine is utilized directly for protein synthesis and serves as a
precursor in the synthesis of other amino acids [13–15]. Upon
hydrolysis to form glutamate, the a -amino group from glutamine
may be utilized in several transamination reactions including syn-
thesis of alanine from pyruvate, synthesis of aspartate from ox-
aloacetate, and formation of phosphoserine, which may subse-
quently undergo hydrolysis to form serine. Alternatively,
glutamate can be further deaminated and converted to proline. If
glutamate is converted to a -keto-glutarate (2-oxoglutarate) by
glutamate dehydrogenase or one of several transaminases, the
carbon backbone of glutamine can enter the Krebs cycle and
through oxaloacetate participate in the synthesis of aspartate,
alanine, asparagine, methionine, threonine, isoleucine, and lysine
(see Abcouwer et al. [16] for review).

Glutamine is also an integral part of nucleic acid synthesis,
participating in purine and pyrimidine nucleotide production [16].
As the nitrogen donor in the formation of carbamoyl phosphate,
glutamine in conjunction with aspartic acid is required for the
committed step in pyrimidine synthesis (formation of N-car-
bamoylaspartate). A transamination reaction involving glutamine
is again used in the synthesis of the pyrimidine nucleotide cytosine
triphosphate (CTP) from uridine triphosphate (UTP). In the
purine biosynthetic pathway, glutamine contributes two amine
groups in reactions leading to the synthesis of inosine monophos-
phate (IMP) and donates a third amine group in the conversion of
IMP to guanosine monophosphate (GMP).

The synthesis of fatty acids, and by extension membrane phos-
pholipids, is also aided by glutamine-derived metabolic interme-
diates. It is achieved primarily through the donation of acetyl
groups by acetyl-coenzyme A (CoA). Acetyl-CoA may be derived
from glutamine via the Krebs cycle as described above. In addition
to its role in macromolecular synthesis, glutamine can also be used
in the synthesis of important cofactors such as glucosamine and
nicotinamide adenine dinucleotide (NAD1) and utilized for glu-
coneogenesis in the kidney and liver during periods of starvation
[17, 18].

Energy Source

The oxidation of glutamine can also generate adenosine triphos-
phate (ATP) for cellular respiration; and, in fact, glutamine serves
as the primary respiratory fuel in some cells such as enterocytes
and lymphocytes. The total amount of cellular energy derived
from glutamine depends on the extent of oxidation and the rate of
glutamine utilization. These factors in turn depend largely on the
absolute amounts and relative proportions of glutamine and glu-
cose available as well as the type and proliferative state of the cell.
For example, although glutamine is the primary fuel source for
the rapidly dividing cells of the intestinal mucosa in vivo and for
enterocytes in culture [19, 20], thymocytes derive more of their
energy from glutamine oxidation after mitogenic stimulation [21].
Under physiologic conditions, glutamine oxidation can account
for as much as one-third of cellular ATP production in many

Fig. 1. Pathways of glutamine utilization in mammalian cells. Although
some tissues use glutamine for one pathway more than others (e.g., the
kidney and ammoniagenesis), glutamine metabolism occurs in all cells.
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cultured cells [22, 23, 24]. In general, the relative amount of
glutamine oxidation increases as glucose levels fall [25, 26].

Interorgan Glutamine Metabolism in the Surgical Patient

Although glutamine is abundant, major physiologic stresses, such
as surgery or sepsis, are sufficient to alter the balance significantly
between net glutamine production and consumption that exists
under normal conditions (Figure 2). Animal studies by Kapadia
and colleagues showed that plasma and muscle glutamine levels
may fall by as much as 30% and 50% respectively, 24 to 48 hours
after laparotomy [28]. Similarly, studies in patients undergoing
major vascular operations showed that plasma glutamine concen-
trations diminished by 50% during the acute postoperative period
following surgery [29]. This dramatic decline in circulating and
muscle glutamine concentrations following major surgery exem-
plify the increased demand for this amino acid by certain organ
systems during stress.

The cells lining the alimentary tract are particularly avid glu-
tamine consumers, and utilization can increase markedly follow-
ing surgery. Animal studies have estimated that glutamine uptake
by the canine gastrointestinal tract nearly doubles following op-
erative stress [30, 31], and this effect was subsequently shown to be
related to the operative stress itself and not to a decrease in food
intake [32]. Moreover, glutamine uptake by the gut is increased
postoperatively despite reduced intestinal blood flow and dimin-
ished circulating plasma glutamine concentrations, suggesting that
an active process for glutamine uptake occurs independent of
substrate delivery. Glucocorticoid hormones elaborated in re-
sponse to surgical stress have an integral role in regulating this
uptake and determining the rate of consumption of glutamine by
the gut [33]. Administration of the glucocorticoid dexamethasone
can reproduce the effects of laparotomy and more than double
glutamine uptake in the canine gut through an increase in frac-
tional extraction of the amino acid from the bloodstream [34]. A
portion of the glutamine transported into the enterocyte is hydro-

lyzed by the enzyme glutaminase to generate glutamate and am-
monia for a variety of cellular functions including cellular respi-
ration. Glucocorticoids also play an important regulatory role
here, increasing intestinal mucosal glutaminase mRNA [35] and
activity [36] levels in a time-dependent manner. This effect has
also been shown in mesenteric lymph nodes as well [37]. It has
been speculated that the increase in glutamine consumption by
the gut during stress allows the gut to switch from an organ of
glucose uptake to one of net release [38]. This adaptation may
spare glucose for wound healing or for other tissues that are
obligate glucose consumers. Furthermore, glutamine uptake sup-
ports intestinal alanine release for gluconeogenesis in the liver.
Other mediators may also play a role in determining glutamine
uptake and utilization in the gastrointestinal tract following sur-
gical stress. The pancreatic hormone glucagon has also been
shown to increase intestinal glutamine uptake three-fold and
increase ammonia and decrease glutamine concentrations in the
portal circulation [39]. Such a portal profile of high ammonia and
low glutamine typically stimulates hepatic glutamine release dur-
ing metabolic acidosis, but during hyperglucagonemia hepatic
glutamine uptake may actually increase through a direct effect of
glucagon on the hepatic glutamine transporter system N [40].

The flow of glutamine into and out of the liver in surgical
patients varies widely depending on the clinical scenario (Figure
3). Physiologic concentrations of ammonia in the portal circula-
tion can produce “feed-forward stimulation” of hepatic glutami-
nase [41], allowing the liver to increase glutamine consumption
when glutamine is abundant [42]. Similarly, the effects of starva-
tion, proinflammatory cytokines, and eicosanoids can all increase
glutamine transport and utilization in the liver [43, 44, 45, 46].
However, during metabolic acidosis glutamine flow is directed
away from the liver and is significantly increased in the kidney
[47]. Under these conditions, hepatic ureagenesis is decreased,
but renal ammoniagenesis is increased to facilitate H1 excretion.
Glucocorticoids and postoperative stress have been shown to
increase renal glutamine uptake as well [31, 34, 48, 49]. Because

Fig. 2. Whole-body glutamine utilization in the normal adult rat and 12
hours after injection with endotoxin. Although net glutamine consumption
and production are in balance under normal physiologic conditions, dur-
ing stress this equilibrium may be lost. Glutamine release by the skeletal
muscle and lung increases in response to a trauma, surgery, or sepsis; but
consumption by the gut, liver, and kidney can all increase variably de-
pending on the stress. Glucocorticoids stimulate increased glutamine con-

sumption by the gut and kidney with a less pronounced effect on the liver.
During sepsis the influence of inflammatory cytokines increases hepatic
uptake of glutamine; proliferating lymphocytes also increase glutamine
utilization. Acidosis increases renal uptake of glutamine to accelerate
ammoniagenesis and facilitates acid excretion. Therefore the actual
amounts of glutamine consumed by each organ system varies widely
depending on the clinical condition. (Adapted from Souba [27].
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glucocorticoids, inflammatory cytokines, and acidosis may coin-
cide to a degree in the surgical patient, the relative amounts of
glutamine utilization by the liver and kidney can vary greatly from
patient to patient.

The cells of the immune system (e.g., lymphocytes, macro-
phages, reticulocytes) may consume large quantities of glutamine
in the postoperative setting [50]. Because in vivo flux studies
cannot be used to measure glutamine uptake and release directly,
the net consumption of glutamine by the cells of the immune
system can only be estimated [51]. It is known that following
surgery or in response to infection certain populations of immune
cells proliferate rapidly. Brand and colleagues demonstrated that
glutamine utilization by proliferating cells is 10-fold greater than
that by nonproliferating cells [52, 53]. In addition, certain medi-
ators (e.g., interleukin-1 and glucocorticoids) may augment lym-
phocyte glutaminase activity in mesenteric lymph nodes [37, 54].
Therefore it is reasonable to suggest that under certain postop-
erative conditions the immune system may increase its use of
glutamine considerably.

Not all organ systems increase glutamine consumption in re-
sponse to operative stress. Skeletal muscle and lung tissue, the
principal organs of glutamine production, increase their output of
glutamine into the circulation following surgery or other physio-
logic stress. The systemic release of glucocorticoid hormones
following surgery can dramatically up-regulate glutamine release
by the muscle and lung and thus facilitate coordination of glu-
tamine production and demand. Regional factors such as tissue
glutamine content may also play an important role in regulating
glutamine synthesis by up-regulating glutamine synthetase (the
principal enzyme of glutamine synthesis) activity. This dual regu-
latory control mechanism of glucocorticoids and tissue glutamine
may allow muscle and lung to finely control glutamine production
not only in the stress state but also to meet actual glutamine
demand (Fig. 4).

The accelerated muscle glutamine release that occurs after
surgical stress can be profound [28]. Muhlbacher et al. demon-
strated that following treatment with the glucocorticoid dexa-
methasone glutamine efflux was increased fourfold from the hind-
quarter muscle groups in a canine model [55]. Over a 9-day period
the steroid-treated dogs developed muscle glutamine depletion
and a negative nitrogen balance. Similar results were described in
animals during sepsis, starvation, and acidosis and following burn

injury [56–60]. Although glutamine comprises more than 50% of
the total muscle amino acid pool, this amount does not fully
account for the quantity of glutamine released following stress
[61]. Instead, glutamine must be synthesized de novo from gluta-
mate and ammonia in a process catalyzed by the enzyme glu-
tamine synthetase (EC 6.3.1.2) [62]. Glutamine synthetase expres-
sion is regulated in muscle tissue by glucocorticoids, and
glucocorticoids have been shown to up-regulate glutamine syn-
thetase mRNA levels in muscle cells through a glucocorticoid
receptor-dependent process [63, 64]. In vivo glutamine synthetase
mRNA levels can increase roughly 10-fold in response to a septic
challenge [65] or direct glucocorticoid administration [66, 67].

Fig. 4. Regulation of glutamine synthesis in skeletal muscle and lung.
Glucocorticoids (GLUC) are important mediators of glutamine produc-
tion during stress. Upon entering the cell, glucocorticoids may bind to a
cytosolic receptor (GR), translocate into the nucleus (broken circle), and
dramatically increase transcription of glutamine synthetase (GS), the prin-
cipal enzyme of glutamine synthesis. Although GS mRNA levels can rise
almost 10-fold in response to an acute stress, GS protein (and activity)
levels may not increase in parallel. The GS protein that synthesizes
glutamine from glutamate (GLU) and ammonia (NH3) is relatively un-
stable in the presence of glutamine; and when glutamine levels are high
the GS protein degrades more rapidly. This feedback control mechanism
allows the lung and muscle to finely control glutamine production accord-
ing to stress state and to actual glutamine demand.

Fig. 3. Intercellular glutamine
cycle in the liver. Periportal
hepatocytes express glutaminase
and urea cycle enzymes, and
perivenous hepatocytes express
glutamine synthetase. Glutamine is
actively transported into
hepatocytes via System N, and
glutamate uptake is mediated
predominantly by System XAG-. In
periportal cells, glutaminase is
activated by ammonia, thereby
allowing the enzyme to control flux
through the urea cycle. Glutamine
synthetase acts as a downstream
scavenger by converting ammonia
to glutamine and preventing
ammonia toxicity.
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Although the activity of glutamine synthetase is increased in
response to stress, this increase in the glutamine synthetase pro-
tein level does not parallel the mRNA. Instead, glutamine syn-
thetase activity appears to be governed by the ambient glutamine
concentration through a posttranscriptional control mechanism
that increases glutamine synthetase activity when tissue glutamine
levels are low, an effect that has been shown in a muscle cell line
in vitro [68]. Furthermore, in vivo data suggest that the combined
influences of glucocorticoid hormones and glutamine depletion
can work synergistically to increase glutamine synthetase expres-
sion in rat muscle (B.I. Labow, W.W. Souba, and S.F. Abcouwer,
unpublished observations).

The role the lungs play in maintaining glutamine homeostasis
following surgery has only recently been appreciated [69, 70]. In a
manner similar to skeletal muscle, glutamine release by the lung
also increases in response to endotoxin challenge [71] or glucocor-
ticoid administration [70]. Although the lung does not have the
tissue mass or the protein content of muscle, the lungs do contain
equivalent concentrations of the enzyme glutamine synthetase
and receive a greater proportion of the total circulation. In fact, in
vivo flux data have demonstrated that the quantity of glutamine
released by the lungs in the postabsorptive state is comparable to
that released by skeletal muscle [72]. Human studies have shown
that lung glutamine release may increase up to six times following
major surgical procedures such as cardiac surgery and in septic
general surgery patients, whereas there was little change in pa-
tients undergoing less invasive abdominal surgical procedures [73,
74]. However, some data suggest that glutamine release by the
lung in response to a septic challenge may be greatly abrogated in
patients with ARDS. The mechanisms that regulate glutamine
production in the lung are entirely analogous to those in the
muscle. Welbourne demonstrated that the lung is capable of
extracting glutamate and ammonia quite efficiently from the pul-
monary arterial circulation, and that glutamine synthetase con-
verts these precursors to glutamine [69]. Glutamine synthetase
activity is up-regulated in lung tissue following trauma, starvation,
and sepsis and during acidosis [75]. As with muscle tissue, glu-
cocorticoids have been shown to play an important regulatory role
in vitro and in vivo, by increasing glutamine synthetase mRNA
levels through the glucocorticoid receptor [76–78]. Once again,
tissue glutamine levels also play an important posttranscriptional
role by limiting the increase in glutamine synthetase protein until
ambient glutamine levels are sufficiently low. These effects have
been shown in a lung-derived cell line in vitro and in glutamine-
depleted rats in vivo (B.I. Labow, W.W. Souba, and S.F. Abcou-
wer, unpublished observations).

In summary, the alterations in interorgan glutamine flow that
occur in the surgical patient can be dramatic. The gastrointestinal
tract, liver, and kidney can consume large quantities of the amino
acid depending on the clinical state. In certain patients, the cells
of the immune system may also have a significant glutamine
requirement. To meet this increase in glutamine demand, de novo
synthesis by skeletal muscle and the lung may be augmented
markedly. Glucocorticoid hormones along with a variety of in-
flammatory mediators play an integral role in coordinating inter-
organ glutamine flow and increasing glutamine consumption in
tissues such as the gut and kidney while simultaneously mediating
increased production in the muscle and lung. In addition to
glucocorticoids, local factors such as decreased tissue glutamine

can also significantly augment glutamine production by increasing
glutamine synthetase activity.

Glutamine Nutrition and Organ Function

With the large number of cellular functions and metabolic needs
that are dependent on glutamine, it is not surprising that glu-
tamine can exert systemic effects on a number of organ systems.
Furthermore, with the profound depletion in circulating glu-
tamine that occurs in some surgical patients, numerous animal
and some human studies have been conducted to examine the
effects of glutamine depletion and exogenous glutamine on organ
function. Although glutamine metabolism occurs throughout the
body, several organ systems affected by glutamine are of particular
interest to the surgeon.

Gastrointestinal Tract

The gut has received the most attention when evaluating the
effects of glutamine nutrition on organ function. The importance
of circulating glutamine in maintaining gut function and integrity
has been illustrated in a number of animal studies. In one study
the enzyme glutaminase (converts glutamine to glutamate) was
infused into several animal species to lower blood glutamine levels
to nearly undetectable levels [79]. These animals rapidly devel-
oped diarrhea, mild villous atrophy, mucosal ulcerations, and
intestinal necrosis. Likewise, Hwang and colleagues demonstrated
that glutamine-enriched parenteral solutions increased jejunal
mucosal weight and DNA content and significantly attenuated the
villous atrophy associated with standard total parenteral nutrition
(TPN) [80]. Others have demonstrated the ability of glutamine-
supplemented intravenous or enteral diets to increase villous
height and mucosal nitrogen content [81, 82] and stimulate intes-
tinal mucosal growth following starvation [83]. Furthermore, en-
teral or parenteral glutamine may offer some protection against
aspirin-induced gastric ulcerations [84], peptic ulcer disease, and
the severe enteritis that follows chemotherapy [85, 86] and radi-
ation therapy [87–89]. In addition to supporting its structural
integrity, it is clear that glutamine also affects numerous biochem-
ical activities in the gut. Klimberg and Souba showed that supple-
mentation of standard parenteral solutions with glutamine in-
creased gut glutaminase activity and stimulated gut glutamine
utilization [90]; and both enteral [91] and parenteral [92] glu-
tamine have been shown to accelerate the transport of glutamine
and other amino acids across the jejunal brush border. Glutamine
may also be useful for treatment of infectious diarrhea. Nath and
colleagues demonstrated that intestinal sodium absorption in di-
arrheagenic Escherichia coli-infected rabbits can be enhanced by
administering enteral glutamine [93]. In a different study, Frankel
and colleagues showed that infusion of glutamine into the lumen
of transplanted small intestine increased small bowel protein and
glucose absorption [94].

Alverdy reported that TPN promotes bacterial translocation in
the rat intestine [95]. However, when rats were infused with
glutamine-enriched TPN, bacterial translocation was dramatically
reduced [96]. This effect has been shown by others; and although
a direct comparison to the human may not be accurate, this effect
has prompted further examination into the mechanisms by which
glutamine may improve gut function. In particular, glutamine
appears to have several beneficial influences on immune function
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in the small intestine. Specifically, glutamine-supplemented TPN
has been associated with normalization of secretory immunoglob-
ulin A (S-IgA) levels compared to standard TPN [96]. Further-
more, others have shown that glutamine-enriched TPN diminishes
bacterial adherence to enterocytes while maintaining both B and
T cell populations in the lamina propria of the terminal ileum [97].
Thus the effects of glutamine on bacterial translocation may be
related to a combination of increased gut integrity and enhanced
gut immune function.

Immune System

Glutamine may be essential for proper humoral and cell-mediated
immune function. Tissue culture studies have demonstrated that
failure to supplement culture media with glutamine severely limits
the ability of lymphocytes to respond to mitogenic stimulation
[98]. Diminished lymphocyte proliferation during glutamine de-
pletion may be related to its use as a precursor for nucleotide
biosynthesis and a source of energy. In terminally differentiated
macrophages, glutamine is essential for the transcription of secre-
tory protein genes (e.g., tumor necrosis factor, interleukin-1)
during antigenic challenge and for the synthesis of phospholipids
to support cell membrane activity during pinocytosis or phagocy-
tosis. To examine the relation between glutamine depletion and
lymphocyte and macrophage function in vivo, Newsholme’s group
isolated lymphocytes from the blood of severely burned patients
with profoundly low plasma glutamine levels [99]. Lymphocyte
proliferation in response to antigenic stimulation in vitro was
significantly limited under low media glutamine concentrations
but increased as glutamine levels were restored to the normal
plasma range. The implication of these studies has been that the
immunodeficiency that is so often encountered in the critically ill
surgical patient may in part be related to nutritional phenomena.
Furthermore, it suggests that at least part of this immunodefi-
ciency may be amenable to therapy via glutamine-supplemented
nutritional support.

Skeletal Muscle

Depletion of the glutamine stores in skeletal muscle following
major surgery is a well recognized phenomenon [100–102]. A
statistically significant correlation between survival and muscle
glutamine concentration has been demonstrated in septic patients
[102], and it has also been suggested that the decrease in muscle
protein synthesis observed during sepsis is causally related to
decreased intracellular glutamine concentrations [103]. These ob-
servations have stimulated several investigators to evaluate the
effects of exogenous glutamine on muscle glutamine content,
protein synthesis, and muscle mass. Kapadia and colleagues
showed that a glutamine infusion during the postoperative period
could diminish the efflux of glutamine from the hindlimb using a
canine model [28]. MacLennan and colleagues used a perfused rat
hindlimb model to increase intramuscular glutamine concentra-
tions and found that increasing intramuscular glutamine increased
protein synthesis [104]. The impact of exogenous glutamine on
protein synthesis was greatest when intramuscular glutamine con-
centrations fell to the range typically encountered during critical
illness. Similarly, others demonstrated that muscle glutamine con-
centration correlated directly with the rate of muscle protein
synthesis and the RNA/protein ratio and was inversely correlated

with the rate of protein degradation [103]. Parenteral glutamine
can also significantly diminish the muscle atrophy characteristic of
chronic glucocorticoid exposure [105]. Hammarqvist and associ-
ates demonstrated that in patients undergoing cholecystectomy
glutamine-supplemented TPN (approximately 20 g glutamine/
day) decreased the fall in muscle glutamine concentration, pre-
served the total muscle ribosome concentration, and significantly
limited the cumulative nitrogen loss compared to the control
group during the study period [106]. Although, muscle function
itself appears to be relatively preserved even during moderate to
severe glutamine depletion, the effects of glutamine on the met-
abolic activities in muscle, such as protein synthesis, may have
systemic ramifications for morbidity and mortality within the crit-
ically ill patient population.

Liver and Pancreas

Glutamine is an important respiratory fuel for the exocrine and
endocrine pancreas, and animal models measuring arteriovenous
differences in glutamine concentration have measured glutamine
extraction rates near 50%. Helton and coworkers studied the
effects of glutamine-enriched TPN on the exocrine pancreas in
rats before and after small bowel resection [107]. In animals with
and without resection, the addition of glutamine significantly
increased pancreatic weight, DNA content, protein content, and
total trypsinogen and lipase content. Interestingly, microscopic
analysis of pancreatic sections demonstrated that exogenous glu-
tamine resulted in pancreatic acinar hyperplasia rather than hy-
pertrophy. These investigators have also demonstrated that glu-
tamine supports pancreatic growth and function during elemental
enteral feeding [108].

Glutamine may trigger changes in pancreatic endocrine func-
tion. When isolated pancreatic islets were perfused with glu-
tamine, basal glucagon output was increased, and insulin produc-
tion was diminished [109]. Alterations in the portal insulin/
glucagon ratio can influence fatty infiltration of the liver, and this
observation prompted Li and colleagues to examine the effects of
glutamine-enriched TPN on hepatic steatosis [110]. Whereas
adult rats receiving standard TPN demonstrated panlobular vac-
uolation of hepatocytes (seen by histology), animals receiving
glutamine-enriched TPN and animals receiving chow showed nor-
mal liver morphology. In addition to increased hepatic lipid con-
tent, rats receiving standard TPN had an increase in the portal
insulin/glucagon molar ratio. In contrast, the insulin/glucagon
ratio and hepatic lipid content did not increase above control
levels in the rats receiving glutamine-supplemented TPN. These
results suggested that, in addition to supporting the numerous
metabolic activities in the liver, nutritional glutamine may have a
role in preventing hepatic steatosis in patients dependent on
parenteral nutrition. One potential mechanism includes stimula-
tion of pancreatic glucagon secretion, thereby lowering the portal
insulin/glucagon ratio.

Lung

It has been shown that the lung is an important source of glu-
tamine during catabolic states [69, 70]. In addition to exporting
this amino acid, the lung (particular the endothelial surfaces of
the lung) is also a consumer of glutamine. In one study examining
the effects of a glutamine infusion on lung weights after a bolus of
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endotoxin, there was more edema in endotoxin-treated animals
who received a control amino acid infusion than in the glutamine-
infused group [72]. Although the mechanism behind this phenom-
enon is not known, the role of glutamine in glutathione synthesis
suggests a hypothesis involving the use of glutamine to support
antioxidant (glutathione) production to protect the injured lung.
In addition, Hinshaw demonstrated that glutamine supplementa-
tion significantly increased ATP levels in, and increased the via-
bility of, pulmonary endothelial cells 5 hours after hydrogen per-
oxide injury [111, 112]. Thus glutamine may provide an important
source of energy for the injured lung.

Clinical Trials

Historically, glutamine has been categorized as a “nonessential,”
or nutritionally dispensable, amino acid because even when absent
from the diet it can be synthesized in large quantities. For this
reason and because of glutamine’s relative instability and limited
shelf-life compared to other amino acids, it has not been included
in standard nutritional formulas. Glutamine has been eliminated
from TPN solutions; and with few exceptions glutamine is present
in oral and enteral diets only at the relatively low levels charac-
teristic of its concentration in most animal and plant proteins
(about 3–10% of total amino acids) [113]. Despite the regulatory
mechanisms that exist to increase glutamine production during
stress, there is considerable evidence that they are not sufficient in
some surgical patients. Although homeostasis is maintained or
restored rapidly following surgery, there are some patients in
whom glutamine depletion is profound and sustained. In severely
cachectic patients, those with pulmonary dysfunction, or those
with a complicated postoperative course (e.g., wound dehiscence,
intraabdominal infection) the degree and duration of glutamine
depletion may be even more pronounced. Thus the term “condi-
tionally essential” has recently been applied to glutamine. Fur-
thermore, because of its extremely high turnover rate and the
large size of the normal circulating glutamine pool, large quanti-

ties of glutamine (0.2–0.6 g/kg body weight/day) must be used to
have an effect on whole body levels.

Over the past decade, a series of prospective, randomized,
double-blind studies of glutamine-supplemented TPN versus stan-
dard TPN have appeared in the medical and surgical literature
(Table 1). It should be noted that these studies have been con-
ducted in different patient populations and that different end-
points and different amounts and forms of glutamine were used.
In one study, 45 patients undergoing allogeneic bone marrow
transplantation were randomized to receive glutamine-supple-
mented TPN (0.57 g/kg body weight/day) or an isocaloric, isoni-
trogenous glutamine-free TPN [115]. The patients receiving the
glutamine-supplemented TPN had improved nitrogen balance, a
diminished incidence of infection, and shortened hospital stay.
Another study examined the benefits of glutamine-supplemented
TPN in 44 premature infants in a neonatal intensive care unit
(ICU) [125]. These patients were randomly assigned to either a
standard TPN solution containing a mixture of amino acids but no
glutamine or a similar solution containing 20% glutamine by
weight. It should be noted that these patients also received vari-
able amounts of enteral feeding during the study as well. This
study demonstrated that in very low birth weight infants (, 800 g),
glutamine supplementation may decrease time on the ventilator,
shorten the time to oral feeding, and possibly decrease the length
of stay in the ICU. In another blinded, randomized study, very low
birth weight infants receiving glutamine-supplemented enteral
nutrition between days 3 and 30 of life had better tolerance of
enteral feeding and fourfold lower rates of sepsis [121].

Although clinical studies evaluating glutamine-supplemented
nutrition in the United States have used free L-glutamine as the
nutritional supplement, in Europe glutamine dipeptides have
commonly been used. The most common glutamine dipeptides
are L-alanylglutamine and L-glycylglutamine; and although these
dipeptides are more expensive than free glutamine they are stable
in solution and are much more soluble than free glutamine (ap-
proximately 400 g/L vs. approximately 30 g/L). Upon infusion,

Table 1. Major clinical trials demonstrating benefits of glutamine nutrition.

Patient group studied Ref. Glutamine protocol Effects of glutamine

Postcholecystectomy (immediately post-operatively) 106 0.285 g GLN/kg/day IV Improved nitrogen balance
Improved muscle protein synthesis

Colectomy for cancer (immediately posteratively) 114 12 g ALA-GLN/day Improved nitrogen balance
Bone marrow transplant 115 0.57 GLN/kg/day IV Improved nitrogen balance

Decreased infections
Reduced hospital stay

Bone marrow transplant 116 0.46 g GLH/kg/day IV Decreased hospital stay
Gastrointestinal dysfunction 117 0.23 g GLN/kg/day IV Decreased gut permeability

Increased villous height
Ileal pouch 118 1 g GLN suppository b.i.d. Decreased severity of pouchitis
Bone marrow transplant 119 0.57 g GLN kg/day IV Decreased hospital costs
Colectomy (immediately postoperatively) 120 0.18 g GLH/kg/day IV Increased PHA stimulation of T cell DNA synthesis
Very low birth weight infants 121 0.31 g of GLN enterally Less incidence of infection

Improved tolerance of oral feeds
Intensive care patients 122 25 g GLN IV daily Improved 6-month survival

Decreased hospital costs
Esophageal cancer receiving chemoradiation 123 30 g/day PO Protected lymphocytes

Attenuated gut permeability
Abdominal surgery 124 0.3 g IV/kg/day as ALA-GLN Improved nitrogen balance

Enhanced lymphocyte recovery
Shortened hospital stay

GLN: glutamine; ALA-GLN: alanylglutamine dipeptide; PHA: phytohemagglutamin.
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these dipeptides are rapidly hydrolyzed to generate glutamine and
in general are as effective as free glutamine. One randomized,
double-blind study utilizing the glutamine dipeptide L-alanylglu-
tamine was conducted in 28 patients undergoing major abdominal
surgery [124]. Patients received one of two isonitrogenous, isoen-
ergetic parenteral diets continuously for 5 days. The patients
receiving the glutamine-supplemented diet received 0.3 g dipep-
tide/kg body weight/day and had significantly improved nitrogen
balance by the fifth postoperative day. In addition, glutamine-
supplemented patients had improved lymphocyte recovery on the
sixth day and improved neutrophil function as determined by
leukotriene production. Similar results were obtained in another
study examining the effects of glutamine-supplemented TPN (0.18
g/kg body weight/day) on T lymphocyte function in patients un-
dergoing colonic resection [120]. In this study, 5 days of glu-
tamine-enriched TPN improved T cell proliferation in vitro com-
pared to preoperative controls, whereas patients receiving
standard TPN had a significant decrease in T cell proliferative
response over the same period. One recent prospective, con-
trolled, double-blind study suggested that in certain patient pop-
ulations glutamine-supplemented TPN may actually provide a
survival benefit [122]. This study examined 6-month survival in 84
adult general ICU patients (medical and surgical) randomized to
receive TPN containing 2.5% glutamine or an isonitrogenous,
isocaloric equivalent TPN for as long as they required parenteral
nutrition. Although the two groups were similar with respect to
severity of illness [as indicated by the Acute Physiologic and
Chronic Health Evaluation (APACHE II) score] and degree of
therapeutic intervention [as indicated by the Therapeutic Inter-
vention Score System (TISS) score], patients receiving glutamine
supplementation had a 57% six-month survival rate compared to
33% in the control group (p , 0.05). In addition, patients receiv-
ing glutamine-supplemented TPN had significantly shorter ICU
and hospital stays with a total cost reduction estimated at 50%.

Clearly, additional large-scale clinical trials are needed to pro-
vide confirmatory data and better define which patients will ben-
efit from glutamine supplementation and whether enteral or par-
enteral glutamine is preferred. In addition, it is both scientifically
and medically important to understand the molecular mechanisms
by which glutamine exerts its positive effects. These mechanisms
will not only serve to underscore the results from clinical trials but
will provide insight into which patient populations may benefit
from glutamine therapy. Although studies using human volun-
teers have failed to demonstrate any toxicity associated with either
L-glutamine or the glutamine dipeptides, it is also important to
determine whether some patients, such as those with hepatic or
renal dysfunction, may suffer any untoward effects from high
doses of this amino acid.

Conclusions

Glutamine is an amino acid with a central role in numerous
cellular functions. Its metabolic fate in the cell varies among organ
systems but includes nitrogen transport, cellular redox control,
and protein and nucleotide biosynthesis; and it is a source of ATP.
Depletion of this nutrient can have profound effects on organ
physiology, such as loss of gut integrity and immunosuppression.
Its importance to the surgeon stems from the observation that
following major surgical procedures or during sepsis the demand
for glutamine by some tissues can increase markedly. Although

elegant control mechanisms exist to increase endogenous glu-
tamine production, these mechanisms may be insufficient; and, in
fact, decreased plasma and tissue glutamine levels have been
measured in animal models and patients postoperatively. This has
prompted investigators to examine the effects of glutamine-sup-
plemented nutrition on organ function in the laboratory and on a
variety of patient outcomes in the clinic. A growing body of
literature suggests that glutamine-supplemented TPN may im-
prove outcome in selected patients. Although the precise mech-
anisms by which glutamine exerts its effects are slowly emerging,
additional clinical trials are necessary to better define the dose,
route, and even type of glutamine to be used for nutritional
support. This work not only allows us to evaluate the role of
glutamine-supplementation more critically, it defines the patients
to whom this therapy should be directed.

Résumé

On connaissait peu de chose sur le métabolisme de la glutamine
jusqu’en 1930 quand Sir Hans Krebs a démontré pour la première
fois la capacité de l’hydrolyse et la biosynthèse de la glutamine
dans le rein. Par la suite, Rose, en 1938, a démontré que la
glutamine est un acide aminé non essentiel puisqu’elle peut être
aisément synthétisée de novo dans pratiquement tous les tissus du
corps. Puisque le corps a la possibilité de synthétiser
d’importantes quantités de glutamine, on a suggéré qu’elle n’était
pas nécessaire dans l’alimentation. Cependant les réserves de cet
acide aminé s’épuisent rapidement au cours d’une agression
catabolique telle un traumatisme ou une infection, indiquant que
la capacité de la production en glutamine est entravée au cours de
plusieurs types de maladies chirurgicales. Lorsqu’on est en bonne
santé, on n’a probablement pas besoin de glutamine dans
l’alimentation mais il est difficile de tester cette hypothèse car la
glutamine est présente dans pratiquement toutes les protéines. La
glutamine constitue entre 4 à 8 pourcent de la plupart des
protéines de l’alimentation naturelle, ainsi, en moyenne, on a peu
chances de consommer plus de 10 grammes de glutamine par jour.
En revanche, des études chez le patient stressé indiquent que des
quantités plus importantes (20–40 gm/jour) pourraient être
nécessaires pour maintenir l’homéostase de la glutamine. Ainsi,
d’un point de vue nutritionnelle, la glutamine pourrait être
considérée comme une drogue en même temps qu’un nutriment.
Dans cet article, on revoie la physiologie et la biochimie de la
glutamine en soulignant son métabolisme dans la maladie
chirurgicale et son rôle comme un acide aminé essentiel dans
certaines situations.

Resumen

Hasta los años 1930 era relativamente escaso el conocimiento
sobre el metabolismo de la glutamina, época en la cual sir Hans
Krebs demonstró la capacidad renal de hidrólisis y de biosíntesis
de este aminoácido. Estudios subsiguientes por Rose en 1938
demonstraron que la glutamina es un aminoácido no esencial
(dispensable), puesto que puede ser sintetizado de novo en
prácticamente la totalidad de los tejidos corporales. Puesto que el
organismo posee la capacidad de sintetizar cantidades
considerables de glutamina, se asume que no se requiere su
presencia en la dieta. Sin embargo, este aminoácido resulta muy
depletado en el curso de un proceso catabólico como el trauma o
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la infección, lo cual indica que la capacidad de producir glutamina
para atender las necesidades que presentan una variedad de
enfermedades quirúrgicas se halla comprometida. En el estado de
salud es tal vez válido asumir que la glutamina no es necesaria en
la dieta, aunque tal hipótesis es difícil de probar por cuanto la
glutamina se encuentra en prácticamente todas las proteínas
dietarias. La mayoría de las proteínas de los alimentos naturales
posee entre 4 y 8% de su contenido residual de aminoácidos en
forma de glutamina y, por lo tanto, es probable que menos de 10
gramos de glutamina sean consumidos diariamente en la dieta. En
contraste con tal disponibilidad dietética, estudios en pacientes en
estado de estrés indican que se requieren cantidades superiores
de glutamina (20–40 gm/día) para el mantenimiento de su
homeostasis. Por lo tanto, desde el punto de vista nutricional, la
glutamina debe ser considerada como una droga, así como un
nutriente. El presente artículo revisa la fisiología y la bioquímica
de la glutamina, con énfasis en su metabolismo durante la
enfermedad quirúrgica y su función como aminoácido esencial
condicional. Major clinical trials demonstrating benefits of
glutamine nutrition.
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