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The metabolism of critical illness is characterized by a combination of starvation and stress.
There is increased production of cortisol, catecholamines, glucagon and growth hormone and
increased insulin-like growth factor-binding protein-1. Phagocytic, epithelial and endothelial
cells elaborate reactive oxygen and nitrogen species, chemokines, pro-inflammatory cytokines
and lipid mediators, and antioxidant depletion ensues. There is hyperglycaemia, hyper-
insulinaemia, hyperlactataemia, increased gluconeogenesis and decreased glycogen production.
Insulin resistance, particularly in relation to the liver, is marked. The purpose of nutritional
support is primarily to save life and secondarily to speed recovery by reducing neuropathy and
maintaining muscle mass and function. There is debate about the optimal timing of nutritional
support for the patient in the intensive care unit. It is generally agreed that the enteral route is
preferable if possible, but the dangers of the parenteral route, a route of feeding that remains
important in the context of critical illness, may have been over-emphasised. Control of
hyperglycaemia is beneficial, and avoidance of overfeeding is emphasised. Growth hormone is
harmful. The refeeding syndrome needs to be considered, although it has been little studied in
the context of critical illness. Achieving energy balance may not be necessary in the early
stages of critical illness, particularly in patients who are overweight or obese. Protein turnover
is increased and N balance is often negative in the face of normal nutrient intake; optimal N
intakes are the subject of some debate. Supplementation of particular amino acids able to
support or regulate the immune response, such as glutamine, may have a role not only for their
potential metabolic effect but also for their potential antioxidant role. Doubt remains in relation
to arginine supplementation. High-dose mineral and vitamin antioxidant therapy may have a
place.

Critical illness: Nutritional support: Metabolic responses:
N and energy balance: Glutamine

There are 180 adult general critical care units in England,
Wales and Northern Ireland that participate in the Intensive
Care National Audit and Research Centre Case Mix
Programme Database, and analysis of validated data
on 129 647 admissions to 128 adult critical care units
(Harrison et al. 2004) suggests an overall intensive care
unit (ICU) mortality of 20.3% and an in-hospital mortality
of 28.6%, which accords well with other national data but
varies across countries.
In the UK the prevalence of severe sepsis in the adult

ICU is 27.7%, i.e. an estimated 23 211 cases per year, and
there is a 44.7% hospital mortality rate associated with
severe sepsis, i.e. an estimated 10 375 deaths per year
(Intensive Care National Audit and Research Centre, Case
Mix Programme Database 2001; Intensive Care National

Audit and Research Centre data based on the number of
cases identified in the first 24 h of admission to ICU).
Although survival from sepsis has improved a little over
time, mortality rates for septic shock are approximately
50% (Friedman et al. 1998) and for sepsis are 30–50%.
In the USA there are 750 000 new cases of sepsis per
year, of which 225 000 are fatal (Institute of Healthcare
Improvement, 2006).

Metabolic aspects

The critically-ill patient is subject to two principal meta-
bolic responses, the response to starvation and the response
to stress. Starvation is signalled by a low circulating
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plasma concentration of insulin. As glycogen becomes
depleted blood glucose is maintained by gluconeogenesis
and the demand on blood glucose is reduced by the adap-
tation of the brain to ketone oxidation. Ketones rise in the
blood because of oxaloacetate depletion and the result is a
modest acidosis. Their oxidation drains fat stores, and the
consequent decrease in gluconeogenesis reduces protein
depletion. The starved body has a low circulating volume
and haemo-concentration, a decreased cardiac output
and depleted water-soluble vitamins. Refeeding results in
an increase in blood insulin, a movement of glucose into
the cells that demands phosphorylation and a consequent,
sometimes dangerous, drop in circulating phosphate con-
centrations. In erythrocytes hypophosphataemia suppresses
the conversion of triose phosphates (which accumulate)
to 1,3-diphosphoglycerate (Travis et al. 1971). The con-
sequent decline in 2,3-diphosphoglycerate alters oxyHb
dissociation and results in reduced O2 delivery to the cen-
tral nervous system, with consequent paraesthesiae and fits.
K and Mg move intracellularly and concentrations may
also drop dangerously in plasma. Refeeding produces an
insulin-mediated increase in circulating volume which,
superimposed on a wasted heart, risks heart failure.
Increased carbohydrate metabolism places demands on
B-vitamin requirements in the face of depletion, which
may precipitate lactic acidosis, a problem that has been
seen particularly in the context of artificial refeeding
(Anonymous, 1997).
Stress from sepsis or trauma results in the elaboration

of chemokines and pro-inflammatory cytokines and the
production of reactive oxygen and nitrogen species
(Cohen, 2002). These components combine with prosta-
noids, thromboxanes and other fatty acid-derived inflam-
matory mediators, which are also produced, to cause
reduced myocardial contractility, impaired peripheral vas-
cular tone and microvascular occlusion, which leads to
tissue hypoperfusion, inadequate oxygenation and organ
failure. Membrane function is impaired and may result
in an amplification of the production of reactive oxygen
species, chemokines and cytokines (Fink, 2003). Endocri-
nologically, cortisol, catecholamines, glucagon and growth
hormone dominate. There is also an increase in insulin-
like growth factor-binding protein-1 and marked insulin
resistance. Lactate production and gluconeogenesis are
increased and there is impaired glycogen synthesis. Non-
insulin-dependent glucose uptake (GLUT1, GLUT2) is
increased and insulin-dependent glucose uptake by the
heart, muscle and adipose tissue (GLUT4) is impaired
(Van den Berghe, 2004). Maximal rates of glucose
oxidation appear to be of the order of 5mg/kg per min
(Guenst & Nelson, 1994). Whole-body protein turnover is
increased, with protein breakdown exceeding synthesis and
resulting in a negative N balance and wasting. Muscle
protein degradation is largely a result of activation of the
ubiquitin–proteasome pathway (Wolfe & Martini, 2000;
Wolfe, 2005). Net flow of amino acids away from muscle
provides the substrate for increased protein synthesis in the
liver, spleen, kidney, jejunum, diaphragm, lung and skin.
Altered muscle amino acid transport kinetics may limit the
transport of exogenous amino acids into the muscle.
Despite this increased flow from the muscle, blood

concentrations of glutamine fall, emphasizing increased
demands on this amino acid, which is used as a fuel in
cells that are rapidly turning over such as lymphocytes and
enterocytes. Lipolysis is increased in critical illness to a
greater extent than fat oxidation. Provision of fat maintains
fat stores but has little effect on the rate of oxidation of
plasma NEFA.

Objectives

The objectives of nutritional support in critical care are to:
(1) save life; (2) preserve and improve cellular function;
(3) speed recovery.

In the past there has been much emphasis on preventing
wasting and therefore improving the rate of recovery. The
maintenance of muscle mass to enable early mobility and
the prevention of long-term complications such as the
neuropathy of critical illness deserve emphasis. Starvation
is poorly tolerated against the background of stress-related
gluconeogenesis, and dangerous depletion of lean body
mass occurs much more quickly than when starvation is
uncomplicated by disease. However, prime emphasis must
be given to saving life and preserving and improving
cellular function. In particular biochemical cofactor avail-
ability must be maintained by preventing the deficiency of
water-soluble vitamins and care must be taken not to do
harm by inappropriate over-feeding. There is increasing
evidence that nutritional intake and metabolic management
can modify the immune cascades that are fundamental to
sepsis and improve outcome.

Insulin and glucose: insulin and maintenance
of normoglycaemia

In patients with diabetes who are suffering acute
myocardial infarction the maintenance of blood glucose
with insulin and the continued use of insulin for ‡ 3
months reduces long-term mortality (Malmberg et al.
1995; Malmberg, 1997). Subsequent to this finding, two
trials have been conducted in critically-ill patients in sur-
gical (van den Berghe et al. 2001) and medical (Van den
Berghe et al. 2006) ICU. In the first trial (van den Berghe
et al. 2001) all patients (of whom 13% had a history of
diabetes and 5% were receiving treatment with insulin)
were given a glucose infusion of 200–300 g in the first 24 h
followed by enteral and/or parenteral nutrition to supply
83.4–125.1 kJ (20–30 kcal)/kg per 24 h and 0.13–0.26 g
N/kg per 24 h (0.8–1.6 g protein), with 40% non-protein
energy as lipid. Those patients randomized to receive
intensive insulin therapy had their blood glucose main-
tained between 4.4 and 6.1mmol/l for the duration of their
ICU stay (not beyond), while control patients only had
insulin if their blood glucose was >11.9mmol/l and their
blood glucose was maintained between 10 and 11mmol/l.
In-hospital mortality was reduced from 10.9% to 7.2%
overall (P<0.01) and from 26.3% to 16.8% (P<0.01) in
those requiring intensive care for >5 d. This effect arose
predominantly from improvements in the outcome of
patients undergoing cardiothoracic surgery and seemed to
be a result of a reduction in multiple organ failure
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in patients with a proven focus of sepsis. The second
study (Van den Berghe et al. 2006) was conducted in 1200
patients treated in a medical ICU and excluded those who
could take food by mouth and who were expected to stay
on the ICU <3 d. Enteral feeding was started as early as
possible. Control patients received insulin only if their
blood glucose was >12mmol/l, and patients randomized
to intensive insulin therapy received insulin if their
blood glucose was >6.1mmol/l during the ICU stay only.
Hospital mortality was not reduced overall (40% for
the conventional-treatment group, 37% for the intensive-
insulin-therapy group), but was reduced among patients
receiving intensive insulin therapy for >3 d on the
ICU (52.5% v. 43%, P = 0.009). This effect was princi-
pally in patients with no history of diabetes. Among 433
patients who were treated on the ICU for <3 d fifty-six in
the intensive-insulin-therapy group and forty-two of the
conventionally-treated group died, a difference that was of
borderline significance.

Gastric emptying and intestinal aspects

Critical illness results in delayed gastric emptying in about
50% of mechanically-ventilated patients and in most
patients with raised intracranial pressure after head injury
(Ritz et al. 2000, 2001). It may also have effects on colonic
and small intestinal motility. Motility is affected by the
disease state, endotoxin and inflammatory mediators, auto-
nomic nervous function, circulating peptides, drugs, surgi-
cal procedures and feed and feeding technique. Upper
intestinal stasis may allow upper intestinal bacterial colo-
nization with attendant risks of nosocomial infection.
Changes in intestinal motility are the principal reasons

why enteral nutrition is sometimes not possible in critical
illness. High-output intestinal fistulas or intestinal ob-
struction pending surgery may make enteral nutrition
impossible or impractical. A diffuse dilatation of the
intestine, small bowel and/or colon (Delgado-Aros &
Camilleri, 2003) may be seen more rarely. This condition
represents an acute intestinal pseudo-obstruction, or
Ogilvie’s syndrome, and may also be an indication for
parenteral nutrition.
In the context of continuous feeding antro-pyloric pres-

sure waves are reduced and there is antral hypomotility,
phase III interdigestive motor activity may be absent and
postprandial patterns of motility may not occur, an effect
that may depend to some extent on the rate and energy
content of the feed infusion (Benson & Wingate, 1993;
Benson et al. 1994; CT Soulsby, unpublished results). This
failure to convert to a fed pattern of motility may also be
seen with post-pyloric feeding, when increased pyloric
tone may also be a factor. Measuring gastric emptying
during enteral feeding in critically-ill patients is difficult,
although use of multi-frequency impedance tomography
looks promising in this respect (Soulsby et al. 2006).
In the absence of a rigorous measure of gastric empty-
ing, feeds are usually given continuously rather than
by bolus and are monitored by naso-gastric aspiration at
intervals of 4 h to prevent large volumes accumulating
in the stomach and the risk of vomiting or regurgitation

resulting in tracheal aspiration. The position of tubes
in the stomach must be regularly monitored, daily or
more frequently, by checking the pH of gastric aspirates
with pH paper (not litmus). Auscultation of an injected
bolus of air is not recommended for this purpose. Plain
X-rays are commonly carried out during critical illness
and may provide supplementary information where
pH paper testing is inconclusive. Once the position of
the naso-gastric tube has been verified to be in the
stomach it is strongly advised that an indelible mark
is placed on the tube close to its exit from the patient’s
nostril, so that displacement is readily noticed and
acted on.

Early v. late, enteral v. parenteral

Canadian guidelines for feeding mechanically-ventilated
critical-care patients have been drawn up on the basis of a
series of systematic reviews (Heyland et al. 2003). Analy-
sis of eight randomized controlled trials suggests that early
(first 24–48 h of intensive care) enteral feeding is likely to
reduce mortality compared with the alternative strategy
of delay. Enteral nutrition is consistently associated with
reduced infectious complications compared with parenteral
nutrition, but has not been shown to reduce mortality more
than parenteral nutrition, which has also been demonstrated
in another meta-analysis (Marik & Zaloga, 2001). Post-
pyloric feeding is more difficult to achieve and conveys no
routine advantage over gastric feeding (Marik & Zaloga,
2003). Early gastric feeding is therefore recommended,
and this strategy gains support from the trends to im-
proved outcome seen in the Algorithms for Critical-
Care Enteral and Parenteral Therapy trial (Martin et al.
2004). If early gastric feeding is not possible or
desirable then three options emerge: to delay; to feed post-
pylorically or to feed parenterally. A recent meta-analysis
shows that parenteral nutrition reduces mortality compared
with delay (Simpson & Doig, 2005) but trans-pyloric
feeding is similarly effective. Thus, the decision to feed
parenterally or post-pylorically in this situation can be
decided on practical and economic grounds, which are
likely to vary from unit to unit, and balance the expense of
parenteral feeds against the organisational costs of pro-
viding repeated endoscopies on an ICU outside the endo-
scopy facilities.

Overall experience at the Royal London Hospital,
London, UK suggests that parenteral nutrition becomes
necessary in approximately 10–20% of the patients on a
mixed medical and surgical ICU, which is consistent with
Canadian practice (Heyland et al. 2004). A 1999 European
survey (Preiser et al. 1999) has shown wide variation
in practice, with a median 23% of patients receiving
parenteral nutrition alone and 19% receiving enteral and
parenteral feeding simultaneously.

Energy intake

Excess energy input results in increased CO2 output and
increased levels of stress hormones. In recent years
emphasis has been placed on the dangers of the refeeding
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syndrome, with heart failure, hypophosphataemia, hypo-
kalaemia, hypomagnesaemia and acute B-vitamin defi-
ciency (Hearing, 2004; Korbonits et al. 2005), most of
which seem to relate to a sudden switch from a low to a
high insulin state. While it is clearly wise to replenish
water-soluble vitamin stores, the dangers of the refeeding
syndrome in the context of high-insulin stress-related
insulin resistance need further study. Insulin resistance
occurs in many critically-ill patients and it is not clear
whether they are at as great a risk of refeeding syndrome
as those in whom insulin resistance is less marked. Hypo-
phosphataemia occurs if glucose infusions are given in the
post-operative phase (Hessov et al. 1980), and refeeding
hypophosphataemia is common in mixed medical and
surgical ICU (Marik & Bedigian, 1996). The insulin and
glucose regimen used by van den Berghe et al. (2001) in
the intensive insulin therapy group of the surgical trial
might have been expected to increase risks of hypopho-
sphataemia and hypokalaemia but was associated with a
good outcome. The medical study (Van den Berghe et al.
2006) did not use glucose loading, but nevertheless the
increased insulin input might have been expected to
increase the refeeding effect, an effect that would be
expected early in the course of nutritional treatment. For
the time being, caution is recommended. Furthermore,
glucose infusions should not exceed maximum rates of
oxidation or 4mg/kg per min in order not to result in lipid
synthesis and increased CO2 output (Guenst & Nelson,
1994). Phosphate, K and Mg levels should be closely
monitored during artificial feeding in an ICU. In general, it
seems safer to feed these patients at levels of energy close
to, or marginally higher than, the BMR predicted by
Schofield (1985) tables, and to start at lower intakes. Pre-
cise recommendations for intake cannot be made on the
basis of outcome evidence.

Protein intake

There are few data that analyse intake in relation to clinical
outcome and thus guide the optimal protein or N intake
during nutritional support of the critically-ill patient. One
study (Collins et al. 1998) that was conducted in starving
Somalian patients with an average weight of 34 kg suggests
that avoiding a high protein intake (156 g protein/d) and
giving a more modest amount (81 g/d or approximately 2.4 g
protein/kg per d) could reduce mortality in oedematous
patients in a famine-relief setting. However, although this
study compared isoenergetic feeds, the lower-protein feed
contained more fat and less carbohydrate. Since the refeed-
ing syndrome is a result of increased insulinaemia, it seems
most likely that the results of this trial are explained on
the basis of a high-fat feed reducing risks of refeeding in the
transition between the starving fat-based metabolism to the
fed state compared with an isoenergetic higher-carbohydrate
feed. Nevertheless, the lower protein intake would have been
regarded as high by the standards of most intensive care
specialists. However, this paper does not relate to critical
illness as seen in ICU in the developed world.
In one animal model of sepsis the restriction of protein

appeared beneficial (Peck et al. 1989), whereas in another

species protein restriction appeared harmful (Peck et al.
1992). Rat studies suggest that hypoenergetic (Raina et al.
1999) feeds and high-protein diets (Raina & Jeejeebhoy,
2004) reduce TNF-a expression. In patients with
burns there is evidence in children (Alexander et al. 1980)
of benefit from increasing N intakes from 0.61 g/kg
per d to 0.79 g/kg per d, with a significant reduction in
mortality from five of nine (44%) to none of nine (0%;
P<0.03).

Intakes of 1–1.5 g protein (0.16–0.24 g N)/kg per d are
common practice and usually advised. One study (Shaw
et al. 1983) suggests that 1.5 g protein/kg per d is optimal
in nutritionally-depleted patients receiving parenteral
nutrition but several studies (Wolfe et al. 1983; Cerra et al.
1987) have shown that higher intakes can improve N
retention in patients with burns (Wolfe et al. 1983) and in
stress associated with trauma and sepsis (Cerra et al.
1987). Hoffer (2003) has argued that reducing energy
provision in critical care may require an increase in protein
intake to >1.5 g protein/kg per d.

Hyperinsulinaemia in normal individuals results in
depression of some precursors, particularly branched-
chain amino acid pools, secondary to a reduction in
protein breakdown, with a consequent reduction in whole-
body protein synthesis (Castellino et al. 1987). The
adoption of tight glycaemic control with early use of
insulin may therefore have implications for protein
input. The studies in the author’s group performed
over many years on the effect of insulin on protein turn-
over during parenteral nutrition are summarized else-
where (Powell-Tuck, 2000). Of particular relevance here
is a study (Glynn et al. 1987) of six stable parenterally-
fed patients with severe post-operative sepsis, of whom
five needed ventilatory support, that compared protein
turnover during tight glycaemic control (blood glucose 4–
6mmol/l) with standard glycaemic control (8–10mmol/l)
in a randomized cross-over design. These patients were
receiving a mean N intake of 288.4mg/kg per 24 h in
nutritionally-complete mixtures. No enhanced N balance
was found with tight glycaemic control and no change in
excretion of 3-methylhistidine, a valid measure of
protein breakdown on this constant artificial feed. No
change was observed in whole-body protein turnover,
synthesis or breakdown as glycaemia and insulinaemia
was varied in these patients, in contrast with studies by
the author’s group (Ang et al. 1992, 2000) and other
groups (Castellino et al. 1987) in parenterally-fed normal
subjects.

The debate over optimal intakes of protein with or
without insulin in critically-ill patients with sepsis may be
misleading. It is likely that under these conditions
requirements for some amino acids become abnormally
high relative to others and may not be easily met using
even high-quality protein. Thus, requirements for S-
containing amino acids, glutamine and other precursors for
glutathione such as glycine may be increased relative to
other nutrients (Grimble, 2001). The next section will dis-
cuss glutamine, and here the large amounts that have been
advocated will, in practice, substantially increase total
N intakes, which may not be meaningfully translated to
protein equivalents.
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Gut mucosal barrier and its relationship to sepsis,
systemic inflammatory response syndrome

and multiple organ failure

The intestinal mucosa provides a barrier between bacteria
and bacterial products in the intestinal lumen and the
body’s circulation and organs. It is proposed that a
derangement of this barrier function occurs during critical
illness that results in the amplification of the general
inflammatory response and predisposes to multiple organ
failure (Fink, 2003; De-Souza & Greene, 2005).
This outcome might be a result of: (1) translocation

of bacteria into the blood circulation, which is detectable
by culture or by detecting their DNA; (2) translocation
of bacterial products or antigens into the systemic circula-
tion or (3) amplification of an abnormal intestinal pro-
inflammatory response, with release of pro-inflammatory
cytokines etc. into the circulation in response to normal or
abnormal lumen bacteria.
The intestinal mucosa and the lamina propria contain

large numbers of immune cells that interact with each
other and with the lumen milieu. The pathogenesis of gut
mucosal barrier dysfunction in critical illness has been well
summarized (Fink, 2003). Partially-reduced derivatives of
molecular oxygen, superoxide, H2O2 and hydroxyl radicals
are important mediators of inflammation, and oxidant
stress increases the permeability of intestinal monolayers,
depletes intracellular ATP and inhibits Na+–H+ exchange.
Oxidant stress-related abnormalities in permeability may
relate particularly to which of the protein kinase C iso-
forms are expressed or activated, with protein kinase C-d
essential for this effect.
Studies of hypoxia support the concept that depletion of

cellular ATP increases paracellular permeability. Stimu-
lation of cells by pro-inflammatory cytokines amplifies
cellular elaboration of other cytokines and the combined
effects result in an increased mucosal permeability via NO
synthase mRNA induction. Anti-inflammatory cytokines
have the opposite effect. IL-6 appears necessary for the
effect of sepsis on intestinal permeability in mice. NO can
be both protective and damaging. Toxic effects are thought
to be mediated via the peroxynitrite anion, with perme-
ability effects mediated via Na-K ATPase inhibition.
An overall picture emerges of a large and cellular organ
responding to stress and in doing so altering its interaction
with the lumen contents, with the potential for huge and
harmful amplification of the inflammatory response not
just in the intestine but throughout the rest of the body.

Glutamine

Glutamine is the amino acid constituent of human protein
found in highest concentrations in the plasma and in the
cells. It is the principal fuel of enterocytes and lympho-
cytes. Glutamine is formed in muscle from the catabolism
of branched-chain amino acids. Muscle cell concentrations
(about 25mmol/l) are far higher than plasma levels (about
650mmol/l), which is related to a saturable Na-linked
hormone- and endotoxin-sensitive cotransporter mecha-
nism (Rennie et al. 1986, 1996). Plasma and intramuscular
glutamine concentrations drop during metabolic stress such

as surgery, trauma, infection and sepsis to levels of
approximately 300–500mmol/l and 15mmol/l respectively.
It remains unclear to what extent this drop in concentration
affects the metabolism and function of the intestinal
mucosa, particularly in the presence of an existing inflam-
matory response.

Previous studies in normal subjects have shown that
infusions of about 1 g glutamine (as the dipeptide)/h for a
70 kg man can result in increases in arterial concentration
from 620mmol/l to 764mmol/l (Lochs et al. 1990). Wer-
nerman and his colleagues (Tjader et al. 2004) have shown
that in stressed human subjects infusions of 20–40 g/24 h
usually achieve venous plasma levels of ‡500mmol/l, but
to achieve ‡6mmol/l consistently can require infusions of
40–60 g/24 h. This finding is consistent with data (Powell-
Tuck et al. 1999) in patients that show modest rises with
infusions of only 20 g glutamine/24 h. Doses of intravenous
glutamine of £0.57 g/kg body weight per 24 h have been
shown to produce plasma glutamine plateaux that are
about 25% above control values in normal subjects
without increases in potentially-toxic metabolites NH3 and
glutamate (Lowe et al. 1990).

Glutamine has been shown previously to maintain
intestinal cell layer barrier function, suppress an ace-
taldehyde-induced increase in paracellular permeability in
cell monolayers, (Seth et al. 2004; Basuroy et al. 2005),
down regulate cell line CXC chemokines, down regulate
cytokine production (Coeffier et al. 2001; Liboni et al.
2004) and enhance haemoxygenase-1 expression in the
duodenal mucosa (Coeffier et al. 2002). Glutamine depri-
vation increases TNF-induced bacterial translocation
in Caco-2 cells (Clark et al. 2003) and regulates tight-
junction proteins, claudin-1, occludin and ZO-1 (Li et al.
2004). However, studies in cell lines have not examined
the effects of change in glutamine concentration seen
pathophysiologically in human subjects.

Glutamine as an antioxidant

Glutamine through glutamate is a glutathione precursor.
Glutathione is an important intracellular antioxidant. Glu-
tamine infusion can result in enhanced tissue glutathione
levels and enhanced antioxidant capacity (Wernerman &
Hammarqvist, 1999; Mates et al. 2002; Flaring et al. 2003;
Wessner et al. 2003; Hammarqvist et al. 2005; Humbert
et al. 2006).

Glutamine and its effect on heat-shock proteins

Heat-shock proteins are ‘cellular chaperones’ involved in
the management of stress-induced protein unfolding and
apoptosis. Their role as fundamental mediators of some of
the biological effects of glutamine has been reviewed
recently (Wischmeyer, 2006). Glutamine depletion results
in diminished synthesis of heat-shock proteins (Eliasen
et al. 2006). Enteral glutamine increases duodenal
haemoxygenase-1 in human subjects (Coeffier et al. 2002)
and the glutamine effect on cell survival has been shown to
be specific to heat-shock protein-1 in mouse fibroblasts.
Recently, glutamine dipeptide infusion has been shown to
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increase heat-shock protein-70 approximately fourfold in
critical illness (Ziegler et al. 2005).
Glutamine has been used in both enteral and parenteral

feeds, and parenteral glutamine has emerged in meta-
analysis in critical illness as possibly the most effective in
reducing mortality (Novak et al. 2002; Avenell, 2006).
One study in patients with burns (Wischmeyer et al. 2001)
has used parenteral glutamine independently of the method
of feed administration with good effect on infectious
complications. This approach to parenteral administration
independent of the route of feeding appears very promising
and needs testing in a wider critical-care setting.

Arginine-containing feeds

Arginine is a C5 basic amino acid that plays a central role
in the immune system. It is a principal precursor for NO
synthesis (with the formation of citrulline) and functions as
a secretagogue for a number of hormones including growth
hormone and prolactin. Arginine can participate in a sys-
temic inflammatory response, first through the production
of NO and second through utilization for T lymphocyte
and macrophage function and proliferation.
A recent review (Bansal & Ochoa, 2003) has compared

the initial systemic inflammatory response signalled
by cytokines IL-1, IL-2, g-interferon and TNF with the
subsequent down-regulation of the immune response
(compensatory anti-inflammatory response) signalled by
IL-4, -10 and -13. In inflammatory response syndrome
inducible NO synthase increases NO production from
arginine in macrophages, and arginine is used for
T-cell function and proliferation. In compensatory anti-
inflammatory response syndrome one or both arginase
isoforms are up regulated in macrophages, which can
modulate the inflammatory response by: (1) producing
ornithine, thus enhancing wound healing; (2) producing
polyamines from ornithine that support macrophage func-
tion; (3) metabolic redirection, reducing arginine avail-
ability for NO synthesis (Bansal & Ochoa, 2003). Trials
of the effect of free arginine on clinical outcome are
lacking; clinical controlled trials have used ‘immune-
enhancing’ enteral feeds that combine arginine with
other nutriceuticals such as antioxidants, glutamine, anti-
inflammatory fatty acids and nucleotides. Most of the
clinical trials have employed mixtures of these nutrients in
enteral feeds. Since these mixtures vary, results can be
difficult to analyse. Meta-analyses have been performed
but provide different interpretations dependent on which
trials are included and which trials are taken together.
‘Immunonutrition’ feeds tend to be associated with a
lower number of infectious complications (risk ratio 0.66
(95% CI 0.54, 0.80)) and a shorter length of hospital stay
(Heyland et al. 2001), most notably in interventions
that used a high content of arginine. However, the same
meta-analysis drew attention to the higher mortality associ-
ated with immunonutrition in trials with high (good)
methodological scores. At present, routine use cannot be
recommended in critical care.

Antioxidants

Oxidant stress is increased in critical illness and can be
assessed by measuring a number of markers (Roth et al.
2004); a commonly employed technique is to measure
byproducts of oxidative damage of lipids (thiobarbituric-
reacting substances) by the malondialdehyde assay. High
oxidant stress is associated with poor outcome (Motoyama
et al. 2003; Mishra et al. 2005). As discussed earlier such
oxidant stress can be viewed as pivotal to a gradual
amplification of the generalized immune response to the
point where it becomes harmful and progresses to multiple
organ failure. The use of large doses of antioxidants might
prevent this outcome. In critically-ill patients who have
undergone surgery (Nathens et al. 2002) a combination of
a-tocopherol and ascorbic acid reduces the risk of devel-
oping multiple organ failure. Other antioxidants that have
been employed include N-acetylcysteine, vitamin A and
Se. A meta-analysis (Heyland et al. 2005) of eleven ran-
domized clinical trials has demonstrated a reduction
in mortality but not infectious complications when anti-
oxidants are tested in critical illness; high-dose parenteral
Se appears to emerge as the most effective. It is of interest
to note that Se could, through glutathione peroxidase acti-
vation, enhance the clinical effect of glutamine.

Selenium

Enzymes such as superoxide dismutase, catalase and glu-
thathione peroxidase protect against reactive oxygen spe-
cies. Se is a critical cofactor in the activity of gluthathione
peroxidase, and is also important in the management of
peroxynitrite.

The acute-phase response can reduce circulating levels
of Se via redistribution out of the bloodstream (Forceville
et al. 1998; Berger et al. 2001). Although acutely-ill
patients are presumed to be free of previous deficiency at
the time of presentation, studies have shown that the Se
status is suboptimal in a large portion of the population in
various European countries (Rayman, 2000). Most studies
recommend a Se level of 160mg/l in whole blood and
135mg/l in serum; however, the ideal blood Se level has
not yet been established. The current WHO recommen-
dation (World Health Organization/Food and Agriculture
Organization, 2004) for the safe maximum long-term
intake of Se is 400mg/d, which is applicable to healthy
individuals who have no symptoms of Se deficiency and
are not under conditions of increased stress. In individuals
with disorders associated with excessive free radical pro-
duction such as trauma, higher intakes may be beneficial.

Various doses of Se have been prescribed in clinical
trials. A dose of 500mg/d has been shown to reduce the
need for haemodialysis in patients with systemic inflam-
matory response syndrome (Angstwurm et al. 1999; Berger
& Chiolero, 1995) and reduce pulmonary infections in
patients with burns (Berger et al. 1998). Meta-analyses of
Se-supplementation trials in critical illness (Avenell et al.
2004) have demonstrated a reduction in mortality and
that studies that have used Se doses higher than the
median dose (500–1000mg/d) are associated with a trend
towards reduced mortality (Heyland et al. 2005), whereas
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studies that have used a dose less than the median dose
(<500mg/d) have found no effect on mortality. Studies of
patients with burns and systemic inflammatory response
syndrome have shown that without supplementation Se
levels can be depleted for a period of 10–14 d.

Conclusion

Nutritional support should be provided early in critical
care, by the naso-gastric route if possible or by the post-
pyloric or parenteral routes if not. Feeding should be
cautious and care taken not to complicate an already
complicated metabolic state with a refeeding syndrome
scenario. Particular care should be taken over the delivery
of energy, where it is better to underfeed than to strive to
provide every last kilojoule. There is debate about how
much protein to provide but the author tends to encourage
a generous protein intake of between 1 and 1.5 g protein/kg
per d, or slightly more. The provision of glutamine and
antioxidants may be beneficial and is an exciting area of
practice development, but formal proof that antioxidants
reduce mortality is still lacking, although meta-analyses
are encouraging.
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