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Research into the metabolic role of glutamine in trauma and sepsis brings evidence to suggest a
conditional deficiency occurs because increased and altered tissue demands exceed endogenous
production. Such a deficiency has functional implications, and the restorative provision of
parenteral glutamine has been shown to offer improved clinical outcomes in a variety of
conditions. In the critically-ill it is associated with improvements in immune function, and
improved survival from infection leading to an overall improved outcome.
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GALT, gut-associated lymphoid tissue; ICU, intensive care unitThe year 2000 was the centenary of the birth of Sir Hans
Krebs who established the metabolic foundation for our
understanding of glutamine (Krebs, 1935). He established
the pivotal relationship between glutamine and glutamate,
and the important position that glutamine plays in many
aspects of tissue metabolism. Rather than focusing on the
detailed metabolic fate of glutamine the present short review
will consider the reasons why increased glutamine is utilised
in the critically-ill, whether a conditional endogenous defi-
ciency arises and finally whether correcting this deficiency
affects outcome and ultimately survival. The present article
is based on the hypothesis that a supply deficiency occurs,
rather than suggesting that there is something metabolically
extraordinary about glutamine in the absence of a relative
deficiency.

Glutamine is the most abundant free amino acid,
comprising about 25% of the plasma amino acids and 60%
of the muscle free amino acids. Key to appreciating its
nutritional importance in whole-body metabolism is that
glutamine is synthesised by the cytosolic glutamine
synthetase in many tissues, but degraded by mitochondrial
glutaminase and utilised in high amounts by other tissues
that do not synthesise it. Glutamine appears critical for the
integrity and function of metabolically-active tissues. The
cells of the immune system show wide functional regulation
within the physiological range of plasma glutamine levels
experienced in health and disease (Newsholme & Calder,
1997). Both animal and ex vivo studies on lymphocytes
demonstrate a striking dose�response relationship at physio-
logical plasma glutamine concentrations which is critical for
T lymphocyte function (Yaqoob & Calder, 1997) and can be

related to the clinical immunological response (Wilmore &
Shabert, 1998). Its very abundance, with large inter-organ
fluxes combined with a diverse participation in trans-
amination reactions, means that glutamine, which is a C5
chain with two N atoms, is a major inter-organ donor of C
and N. In terms of integrated whole-body biochemistry
glutamine might be considered as an inter-organ and inter-
cellular transporter of C and N, and tool to target delivery of
glutamine and glutamate to particular tissues as demand
dictates (Fig. 1).

Glutamine regulates purine, pyrimidine and nucleotide
synthesis, is a significant contributor to gluconeogenesis and
is a precursor for glucosamine, glutathione and arginine
synthesis. It has a role in acid�base balance in the kidney
and, most importantly, has a central position in N homeo-
stasis by the liver. The ability of the liver to consume or
release glutamine, along with opposite fluxes of glutamine
and alanine in the splanchnic bed, has recently been
suggested as evidence for an efficient N-sparing mechanism
(Lopez et al. 1998). Both the lung and the brain produce
glutamine, but it is skeletal muscle, by virtue of its size, that
is the most important glutamine store, which together with
its ability to synthesise glutamine de novo makes it the most
important source of glutamine for the bloodstream. One of
the initial responses to trauma or surgical stress, and in
particular corticosteroids, is to export glutamine to the
splanchnic bed and immune system from the free amino acid
pool in muscle. This action leads to protein breakdown and
de novo synthesis of glutamine from the released amino
acids. Using improved analytical methods for the muscle
protein-bound glutamine content the contribution from
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protein breakdown or de novo synthesis has been
reappraised. It had been thought that de novo synthesis
contributed 60% of the turnover rate, but it is now recog-
nised that this contribution may be as much as 85% (Kuhn
et al. 1998). The inflammatory cytokine tumour necrosis
factor α induces a 3�4-fold increase in glutamine synthetase
activity in skeletal muscle through transcriptional regulation
(Chakrabarti, 1998). Similarly, endotoxin has been shown to
increase glutamine synthetase mRNA in both lung and
muscle, but in animals with cachectic muscle the increases
in glutamine synthetase protein levels are seen predomi-
nantly in lung tissue, signifying its importance when muscle
mass is diminished (Elgadi et al. 1998).

Evidence for a deficient supply of glutamine?
That glutamine in most situations is readily synthesised
classifies it as a dietary non-essential amino acid; however,
during situations of extreme stress, particularly of
prolonged duration, endogenous supply cannot match
increased demand, and a conditional deficiency develops.
The major fate of enteral dietary glutamine is to be
extracted in the first pass by the gut and liver (Haisch et al.
2000). On the intestinal lumen interface glutamate can also
be transported in large amounts and used in the oxidative
processes or synthesis of proline, citrulline, arginine and
glutathione (Reeds et al. 2000). However, elsewhere in the
body on the arterial interface it is glutamine rather than
glutamate that is the major transported substrate across cell
membranes. This factor may be the key to the importance of
the systemic plasma levels and (parenteral) delivery of
glutamine for many tissues. Not only do we synthesise
glutamine in many tissues, we also hold it free in solution in
skeletal muscle at a gradient of 32:1 over plasma levels by
active transport mechanisms. The classic observation by
Vinnars et al. (1975) 25 years ago was that following
surgery, trauma or sepsis the free glutamine pool is

depleted. Despite the rapid fall in the intramuscular
concentration of free glutamine, transport out of muscle is
maintained and clearance from the plasma by other tissues
increased, indicating activated transport mechanisms
(Mittendorfer et al. 1999). In addition, disturbances in the
Na electrochemical gradient seen in major injury and sepsis
may lead to an inability to maintain the concentration
gradient for glutamine across the muscle cell membrane
(Hundal et al. 1987). Depending on the demands, there is
increased utilisation by the gut, liver, spleen, kidney and
immune cells. The process of muscle glutamine release is
not fully understood, but it is intimately related to the stress
response, particularly cortisol. Recent evidence suggests
that just like post-operative insulin resistance, it can be
attenuated post-operatively by immediate food intake (Soop
et al. 2000). Stable-isotope studies of glutamine metabolism
in critically-ill patients appear to support the extensive and
robust large-animal studies that show net flux of glutamine
from skeletal muscle to vital organs. Jackson et al. (1999)
demonstrated in newly-admitted intensive care unit (ICU)
patients a similar production rate but increased metabolic
clearance rate from plasma, consistent with increased
utilisation by other tissues, and only modest correction of
low plasma levels with infusions of 28 g glutamine/d
(Jackson  et al. 2000).

Is the availability of intracellular glutamate limiting?
Later on during an intensive care stay, for instance with a
severe sustained injury such as in burns, the efflux of
glutamine cannot be maintained and plasma delivery
declines. In children with burns the plasma levels of
glutamine were reduced, whole-body flux of glutamine was
40% greater, but the turnover in the skeletal tissues was
reduced, maintaining the net efflux approximately normal
(Gore & Jahoor, 2000). This observation implies a decrease
in muscle glutamine production, which has been confirmed

Fig. 1. The stress-induced flux of glutamine from skeletal muscle to the liver, kidney,
intestines and immune system, with indications of the different fates in various tissues. TNF,
tumour necrosis factor; IL, interleukin; GH, growth hormone; BCAA, branched-chain amino
acids; ala, alanine.
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by Biolo et al. (2000) in a large study of twenty severely-
burned patients 2 weeks into their critical illness. Arterio�
venous balance studies across the muscle tissue showed an
increased glucose influx, and increased alanine efflux
without a rise in glutamine efflux, despite an accelerated
muscle loss (+150%). The intramuscular free glutamine
pool was depleted (−63%). It is hypothesised that the
glucose consumption in burn injury results in increased
requirement for non-oxidative pyruvate removal that can
only occur either via lactate or transamination with
glutamate to form alanine. This situation presents a problem
for the skeletal muscle tissue in prolonged burn injury.
Speculating on the current evidence suggests that the muscle
has depleted its free glutamine pool and is exporting as
much glutamine as it can synthesise to fuel demands from
other organs. However, it also has an internal glutamate
supply problem, which instead of being available for
synthesis of glutamine, is being transaminated to α-
ketoglutarate in the production of alanine (see Fig. 2).
Indirectly, other preliminary results show that high-dose
parenteral glutamine therapy can lower intramuscular
lactate in critically-ill patients, and would support the
concept that glutamate supply for pyruvate clearance may be
limited (Tjäder et al. 2000).

Glutamine and cellular protective mechanisms
Another major demand on the glutamate supply in ICU
patients is for the production of the major cellular anti-
oxidant glutathione (Wernerman et al. 1999). Low
intramuscular glutathione levels are correlated with low
glutamine and glutamate levels in the critically-ill, but
surprisingly the cysteine and glycine levels are maintained
(Hammarqvist et al. 1997). An explanation may be that in
the presence of protein breakdown there is plenty of
substrate available, except when alternative demands for
glutamate predominate, leading to limitation of glutathione

production. Mice fed supplemented enteral diets and
then challenged with endotoxin showed maintenance of
glutathione levels, with increased numbers of T-cells, and
glutamine prevented the apoptosis of B-cells in the Peyer�s
patches while arginine, glycine or n-3 fatty acids did not
(Manhart et al. 2000). In pro-monocytic cell cultures
glutamine in the medium protected against heat-induced
apoptosis by enhancing the expression of heat-shock
proteins (Weingartmann et al. 1998). Glutamine has been
shown to be protective to intestinal cells through heat-shock
protein 70 generation (Wischmeyer et al. 1997). The same
workers have presented preliminary findings (Wischmeyer
et al. 2000) that suggest that acute glutamine infusion in
endotoxin models shows striking protection against tissue
damage, probably mediated via heat-shock protein
expression and glutathione.

Glutamine, immune function and infective morbidity in 
the critically-ill

In the critically-ill ICU patient acquired infections are
common. Along with intravascular catheters, the presence
of a nasogastric tube and endotracheal tube alter bacterial
and fungal colonisation, while disturbances in enteral
nutrition and gastrointestinal function alter the microflora.
Most infections in the ICU are acquired from flora
abnormally colonising various mucus membranes or skin
entry sites. The European Prevalence of Infection in
Intensive Care Study (Vincent et al. 1995) showed the
importance of infection in ICU patients, with approximately
half acquiring infection on the ICU. There was a significant
correlation between the mortality rate and the prevalence of
intensive care-acquired infection. Patients with pneumonia
(odds ratio 1·91; 95% CI 1·6, 2·29), laboratory-proven
bloodstream infection (odds ratio 1·73; 95% CI 1·25, 2·41)
and clinical sepsis (odds ratio 3·5; 95% CI 1·71, 7·18) had
increased risk of death. Not surprisingly, multiple factors

Fig. 2. Interrelationship of glutamine with glucose and alanine in skeletal muscle with the glucose�
alanine and glutamate�glutamine cycles with the liver. BCAA, branched-chain amino acids; AA,
amino acids.

https://doi.org/10.1079/PNS200197 Published online by Cambridge University Press

https://doi.org/10.1079/PNS200197


406 R. D. Griffiths

were associated with new infections, including mechanical
ventilation, diagnosis of trauma, the use of invasive devices
and the duration of ICU stay, but not length of hospital stay
before ICU admission.

Along with the barrier protective mechanisms, the main-
tenance of an effective innate immune system response
(phagocytosis and active monocytes) is essential for the
initial prevention and control of the infection. However, the
ultimate recognition and subsequent controlled resolution of
infective inflammation requires an optimal function of the
acquired (adaptive) immune system dependent on T- and B-
cell control. The clinical sepsis response combines pro-
inflammatory and counter-regulatory or anti-inflammatory
signalling to ensure an optimal balance, which intimately
effects the T-cell response. One probable target tissue most
likely to become deficient of glutamine supply during
trauma and sepsis is the immune system, where the demand
for production of receptors or cytokines and rapid clonal
expansion is increased (Calder & Yaqoob, 1999). A concept
of immune paralysis (or imbalance) is thought to occur
which predisposes to repeated infections. Enteral and
parenteral studies in small animals (Kew et al. 1999)
suggest that glutamine increases the proportion of CD4+
lymphocytes in the spleen, and in stimulated macrophages
enhances the production of tumour necrosis factor α and of
interleukins 1β and 6 (Wells et al. 1999). These features
indicate a preferential enhancement of the T-helper
lymphocyte response characterised by interleukin 2 and
interferon γ production (Lin et al. 2000), with macrophage
activation and improved cell-mediated immunity towards
bacteria, fungi, viruses and tumour cells. The improved
lymphocyte function seen following glutamine appears to be
closely related to improvements in cellular glutathione
status (Chang et al. 1999). Where a host immune system is
impaired, e.g. due to depletion of glutamine, the body may
be less able to mount an effective response to infection. This
factor could explain why colonisation with candida in the
severely-ill long-stay ICU patient is common (Vincent et al.
1995) and leads to an increased risk of ICU-acquired
infection with candida (Pittet et al. 1994), which is
associated with a very high mortality (Wenzel, 1995).

Glutamine parenteral nutrition improves survival in rats
with abdominal sepsis (Ardawi, 1991). Glutamine is
protective against apoptosis in immune (Petronini et al.
1996) and endothelial (Parolari et al. 1997) cell lines which
is induced by sepsis (Kotchkiss et al. 1997), and enhances
the protective expression of heat-shock proteins (Wein-
gartmann et al. 1998). Since dietary glutamine is utilised
primarily by the enterocytes and gut-associated lymphoid
tissue (GALT; Matthews et al. 1993), the high glutamine
requirement of immune cells outside the gastrointestinal
tract must be met from the systemic circulation and influ-
enced by circulating levels. The migration of lymphocytes
through the GALT means that secretory immunoglobulin A
function at all mucosal sites is influenced by GALT activity.
In the absence of enteral feeding in mice, parenteral
glutamine improves the primary immune defences against
infections of all mucosal surfaces including respiratory (Li
et al. 1998), probably by optimising lymphocyte function in
the GALT and the production of secretory immunoglobulin
A. In a rat model prolonged total parenteral nutrition

with glutamine not only maintained mucosal morphology
and reduced bacterial translocation, but also completely
abolished line infections (McAndrew et al. 1998). ICU
trauma patients given enteral glutamine showed a
potentially beneficial rise in CD4:CD8 T-cells (Jensen et al.
1996). Enteral glutamine in very-low-birth-weight neonates
more than halved the incidence of hospital-acquired sepsis
(Neu et al. 1997) and improved markers of T-cell function.
Delivery of 30 g glutamine/d jejunally in multiple-trauma
patients led to a significant reduction in pneumonia
(P < 0·02), bacteraemia (P < 0·05) and severe sepsis (P < 0·02)
(Houdijk et al. 1998). Glutamine total parenteral nutrition in
allogenic bone marrow-transplant patients resulted in fewer
clinical infections (Ziegler et al. 1992) and a greater number
of total lymphocytes, and CD4+ lymphocytes (but not B
lymphocytes or natural killer cells; Ziegler et al. 1998).
Following colo-rectal surgery glutamine total parenteral
nutrition restored T-cell DNA synthesis (O�Riordain et al.
1994), and in severe acute pancreatitis reduced mononuclear
cell interleukin 8 release (De Beaux et al. 1998). Total
parenteral nutrition with glutamine following bowel surgery
improved recovery of lymphocyte counts, and a greater
generation of cysteinyl-leukotrienes from polymorpho-
nuclear neutrophil granulocytes indicative of improved
immune function (Morlion et al. 1998). Glutathione is a
necessary cofactor in the production of leukotriene C4
and, interestingly, work published by the same authors
(Morlion et al. 2000) suggests that non-surviving critically-
ill patients, compared with those that survived, show an
inability to generate leukotriene C4. Parenteral glutamine
therapy in man has recently been shown to prevent the down
regulation of monocyte function, as expressed by human
leucocyte-associated antigen-DR expression, following
major abdominal surgery (Spittler et al. 2000).

The evidence for benefit from exogenous glutamine
replacement

Recent reviews provide extensive past evidence (Griffiths,
1999; Wernerman & Hammarqvist, 1999). Following major
surgery there have been five studies which have given
parenteral glutamine (two of which were multicentre
studies) and have shown significantly improved clinical
outcomes, in particular shorter hospital stays (no. of
patients; 28, Morlion et al. 1998; 121, Fürst, 1999; 120,
Jiang et al. 1999; 30, Karwowska et al. 2000; 33 Di Cosmo
et al. 2000). In the critically-ill ICU patient, if a conditional
deficiency occurs and glutamine supply becomes limiting,
the benefit of its exogenous replacement would be expected
to be seen as a reduction in the number of deaths later
during the ICU stay. Deaths early on are due to the
magnitude of the initial insult, and usually involve a failure
of a single organ system. The patient who survives this
initial period is exposed to acquired intensive care
infection, and if recovery does not follow, death occurs
as the result of progressive multiple organ failure. This
situation means that the mortality risks of the initial illness
are overtaken by the risks of a sustained ICU stay. Griffiths
et al. (1997) examined this hypothesis using a prospective
block-randomised double-blind design testing whether �all
in one� glutamine parenteral nutrition compared with an
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isonitrogenous isoenergetic control would influence
outcome, with the end points of morbidity, mortality and
cost at 6 months post intervention. Wilmore (1997) and
Wernerman (1998) have discussed this paper. The study
examined a very-high-risk group of eighty-four patients
with multiple organ failure and gut failure dependent only
on parenteral nutrition. A robust end point of survival at
6 months was chosen in order to include all long-stay ICU
patients and be consistent with time scale of death from
multiple organ failure secondary to repeated insults and
infections. Plasma glutamine was reduced similarly in both
groups, from a normal value of 0·64 (95% CI 0·55, 0·72)
mmol/l to a mean of 0·34 (95% CI 0·26, 0·43) mmol/l. In a
representative sample of these patients muscle glutamine
was depleted by ≥75%, to a mean of 3·1 (95% CI 2·2, 4·0)
mmol/kg wet weight. Over three-quarters of the patients
had major sepsis, with intra-abdominal causes the most
common. Survival measured at 6 months was significantly
better with glutamine (57%) compared with the control
(33%; P = 0·049). The mortality in the control group was
similar to that of an age- and illness-severity-matched group
receiving a conventional feed in the year preceding the
study. Differences in mortality increased with time on
parenteral nutrition, and were only related to the presence
or absence of glutamine and not related to age, illness
severity or total amount of nutrition received. Despite the
greater survival in the glutamine group total hospital costs
did not increase, as might be expected since the excess
deaths in the control group occurred later and had a signifi-
cantly longer (and therefore costlier) post-intervention stay
(P = 0·013) and use of the ICU. As a consequence, using a
regimen containing glutamine led to a 50% reduction in the
total ICU and hospital cost when expressed per survivor. A
low BMI is an independent predictor of excess mortality in
multiple organ failure, and this factor becomes evident at
about 25 d into the illness (Galanos et al. 1997). Multiple
organ failure was the principal cause of death in the ICU
and, strikingly, the excess death in the control group
occurred after 21 d in the ICU, consistent with the time
scales expected with muscle wasting; the majority of these
deaths were a result of multiple organ failure. Subsequent
analysis to explore the relationship between infection and
outcome showed in those patients fed for more than 5 d that
there were progressively more and repeated acquired
intensive care infections in the control patients, yet they
encountered the same risk with a similar duration of
parenteral nutrition and stay on the ICU. In those patients
fed for ≥5 d the significant excess mortality was still present
in control patients (eighteen of twenty-seven compared with
nine of twenty-five receiving glutamine; P = 0·05), of whom
most died within the ICU from multiple organ failure
(sixteen of twenty-seven controls compared with eight of
twenty-five receiving glutamine). Consistent with a
possible cell-mediated impaired T lymphocyte function,
control patients not given glutamine had more fungal infec-
tions and higher mortality. Despite a similar colonisation
rate with candida, duration of parenteral nutrition and ICU
stay, patients receiving glutamine developed only four
candida infections with no deaths, while nine control
patients developed candida infections, of whom six died
from multiple organ failure (Griffiths et al. 2000).

Which patients and how much?
It may be that our sickest and oldest patients (who have less
muscle) should start glutamine as soon as possible.
Although enteral glutamine and/or any of its precursors will
supply the gut and GALT in less-ill patients, parenteral
supplements may be needed in the sicker patients to achieve
adequate systemic delivery. Of course, glutamine was only
omitted from standard amino acid solutions in the 1960s
because of its poor solubility and instability with heat sterili-
sation. There is no logical reason for omitting glutamine
now that dipeptides of glutamine have overcome these
problems and practical parenteral formulations are
available. How much should be given remains open to
debate, but an in-depth discussion of glutamine dose has
been made by Griffiths & Andrews (2000). Most studies
have used fixed proportions, delivering from between 15
and 30 g/d. A post-operative patient with lower glutamine
demands may require an amount at the lower end of the
range, while a severely-injured patient with multiple trauma
or burns may require 25�35 g/d. Whether the ability to raise
plasma glutamine is a sufficient indicator of appropriate
dose is not clear, but the proposed benefits to the immune
system would suggest that this approach is reasonable.
There is a lack of clinical evidence showing enteral supple-
ments can significantly raise plasma or tissue glutamine
levels for a sustained period. Indeed, there is contrary
evidence that suggests plasma glutamine levels are slower to
recover with the same dose of glutamine given by the enteral
route compared with the parenteral route (Fish et al. 1997).
The enteral route may be sufficient when given early to the
non-infected patient (e.g. following trauma) to improve
GALT function and the immune defence against infection
(Houdijk et al. 1998), but adequately delivery is a challenge.
However, for the already severely-stressed or infected ICU
patient enteral supplements alone may be inadequate, and
parallel parenteral support is likely to be required.

It is of course early days in the use of glutamine in
intensive care, and many practitioners remain reluctant to
accept the evidence that a deficiency can arise and that its
correction can influence ICU survival. This reluctance is
understandable, given the failure of the many studies in
sepsis to affect outcome. Multicentre studies in intensive
care would be preferable to confirm the evidence, and at
least one study, in France, is due to be completed shortly.
However, these studies require considerable cost and
investment, with recruitment from a limited pool of patients
who are already involved in other research studies where the
therapy under test is either more costly or carries a potential
greater risk of harm that must be defined. Although further
studies are appearing in the literature, weaknesses in their
design may preclude benefits from being detected, as for
example in the study by Powell-Tuck et al. (1999). In this
study there was a lack of patient homogeneity, and the more
severely-ill patients at higher risk of deficiency were not
studied.

Conclusion
Historical parallel reminds us that deficiency of a single
nutrient impairs physiological function, is life threatening
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and can also take time to be generally accepted. Scurvy, the
scourge of the British navy for centuries, would appear in
sailors after about 6 months at sea, was physically debili-
tating and accounted for the majority of deaths occurring at
sea. Lord Anson�s expedition around the globe (1740�4)
resulted in 1317 deaths from the five-ship complement of
1955 sailors, 75% of the deaths being directly attributed to
scurvy. Despite the use of citrus fruits by our Dutch neigh-
bours, the cure was not proved until a Scottish naval
surgeon, Dr James Lind (1716�91), undertook probably the
first controlled clinical therapeutic trial on board HMS
Salisbury in 1754 (see Porter, 1997). He randomised twelve
sailors with advanced scurvy lying in his sickbay and in
pairs gave them different acidic concoctions. Only those
who received citrus fruits were back on duty within 6 d.
However, it took the British Navy another 40 years before it
accepted Dr Lind�s recommendations. This situation may
have occurred because James Cook (1728�1779) and his
commanders could not accept such a simple option, and
believed a more complex nutritional and physical
management was required. From 1795 Nelson�s navy had
the advantage of lemon juice, which may well have
contributed to his success in 1805 at the battle of Trafalgar.
Sadly, soon after this battle the Navy introduced a cost-
cutting option and decided to use limejuice instead, which
was obtained cheaply from the West Indies. This change
resulted in British sailors being given the nickname
�Limeys� by the US sailors during the maritime battles of
1812. Unfortunately, limejuice contained only one-third the
vitamin C of other citrus fruits, and scurvy reoccurred on
long voyages throughout the rest of that century.

If this parallel should hold true for glutamine, based on
the evidence currently available, we may fail to show
improvement if we only give glutamine by the enteral route
or give insufficient amounts to our sickest patients.
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