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Abstract The metabolic changes as-
sociated with critical illness involve
several pathways acting at different
steps of the utilization of nutritive
substrates. The understanding of the
role of these pathways and of their
complex regulation has led to the de-
velopment of new strategies for the
metabolic and nutritional manage-
ment of critically ill patients, includ-
ing the development of new products
for nutritional support. The rationale
for changing the profile of nutrition-
al support solutions by adding novel
substrates is also discussed. This re-
view focuses on the metabolic speci-
ficities of critically ill patients and
also includes an analysis of the ade-
quacy of tools to monitor the meta-
bolic status and the adequacy of the
nutritional support.
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Introduction

Critically ill patients are characterized by a number of al-
terations in carbohydrate (Fig. 1), lipid (Fig. 2), amino
acid and protein (Fig. 3) metabolism. These changes lead
to increased energy requirement and protein catabolism
and contribute to alterations of the immune system and
the gastrointestinal tract. The acute phase response to
stress is probably designed to provide energy and sub-
strates for protein synthesis and cell replication in viscer-
al tissues (i.e., liver, gut, immune cells, wound tissue,

etc.). However, during prolonged intense stress, a severe
depletion of body stores may adversely affect the mor-
bidity and mortality of patients and delay the recovery
from illness. Therefore, a number of therapeutic ap-
proaches have been developed in an attempt to improve
the efficacy of conventional nutritional support [1, 2].
The present paper raises ten clinically relevant questions
focused on the metabolic therapy of the critically ill pa-
tient, but is not intended to be a systematic review of the
literature. 
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1. What are the key effectors 
of metabolism in the critically ill?

In physiological conditions, metabolic pathways are
largely regulated by circulating hormones, inflammatory
mediators, neurotransmitters, changes in organ blood
flow and body composition and by the loss of physical
activity. The quantitative roles of these different path-
ways in the clinical setting are still largely unknown.

The hormonal regulation of metabolic substrates in
physiological conditions is briefly described in Table 1.
During critical illness, typical alterations of hormone se-
cretion and action include increased secretion of cortisol,
glucagon and the catecholamines, decreased secretion of
testosterone and insulin-like growth factor-1 (IGF-1) and
resistance to the combined effects of insulin and growth
hormone [3] and growth hormone alone [4]. Nonethe-
less, these hormonal changes may explain only in part
the metabolic alterations of the patients. The endocrine
system interacts with other factors to induce the meta-
bolic response. Inflammatory mediators, such as cyto-
kines and eicosanoids, affect metabolic pathways either

Fig. 1 Changes of glucose metabolism during critical illness. An
increased hepatic glucose production and a decreased insulin-
mediated glucose utilization in skeletal muscle and adipose tissue
are the main causes of hyperglycaemia. The rate of glycolysis is
increased in the immune system, wound tissue, lung and skeletal
muscle, resulting in an accelerated production of pyruvate. The
excess of pyruvate is reduced to lactate (by the lactate dehydroge-
nase) or aminated to alanine (by the alanine aminotranferase).
Lactate, alanine and glycerol deriving from an accelerated lipoly-
sis are used by the liver as gluconeogenetic substrates. Lactate
production is further accelerated during hypoxia or tissue hypo-
perfusion

Fig. 2 Changes of lipid metabolism during critical illness. Endog-
enous lipids represent the main source of energy in critical illness
when nutritional support is insufficient. In the adipose tissue, tri-
glycerides (TGs) are hydrolysed at a high rate to release free fatty
acids (FFAs) and glycerol into the bloodstream. Mobilization of
FFAs is markedly increased with a resulting depletion of intracel-
lular TG stores that cannot be efficiently inhibited by infusions of
carbohydrates. In peripheral tissues the oxidation of FFAs is in-
creased to produce energy. In the liver FFAs are converted to ke-
tone bodies or re-esterified to TGs and released into the blood-
stream as very low density lipoprotein (VLDL), whose clearance
is impaired. Plasma FFA levels are increased proportionally to the
severity of the injury, as FFA production exceeds FFA utilization

Fig. 3 Changes of protein and amino acid metabolism during crit-
ical illness. The loss of muscle mass results mainly from a sus-
tained increase of the rate of protein breakdown. Skeletal muscle
is the main tissue involved in glutamine production and serves as a
reservoir of the free amino acids. Patients are characterized by a
severe depletion of the intramuscular glutamine pool and an in-
creased glutamine requirement in the gut, liver, kidney, immune
system and wound tissue. In these tissues glutamine is utilized as a
major fuel for rapidly dividing cells and as a precursor for gluco-
neogenesis, nucleotide synthesis, ammonia excretion and glutathi-
one formation. Mechanisms of intramuscular glutamine depletion
involve an increased glutamine efflux and a decreased rate of glu-
tamine de novo synthesis. The massive protein breakdown, mainly
from skeletal muscle, is partially compensated by an increase in
the rate of protein synthesis in visceral tissues (i.e., liver, gut, im-
mune cells, wound tissue, etc.). The excess of amino acids is oxi-
dized in the liver and in muscle (the branched chain amino acids)
and the nitrogen excreted by the kidneys



protein breakdown and synthesis (Fig. 3). In the healthy
adult there is presumably a steady state in which synthe-
sis and degradation are similar, at least over a period of
24 h with normal intake and activity. Small changes in
either synthesis or degradation or both may result in con-
siderable changes in body composition over time [2].

Nitrogen balance is an investigational tool used in
clinical studies to evaluate the efficacy of nutritional
treatment. Nitrogen balance closely reflects net protein
metabolism, and a negative nitrogen balance indicates a
net loss of proteins. The shortcoming with such a mea-
sure is that it looks upon the human body as a black box.
There are differences between organs and tissues that are
not reflected on a whole body basis. Nitrogen balance
measurements should be measured only once the patient
is fully adapted to the intake of energy and nitrogen. To-
day protein metabolism is often studied with the help of
isotopic labels and with the help of molecular biology.
Both represent valuable tools in the research of protein
metabolism. However, interpretation of data in a clinical
perspective is sometimes controversial, and some level
of expertise may be needed [9]. It is conceivable that in
the near future simple methodologies will be available to
clinicians to measure protein kinetics accurately in pa-
tients with stable isotopes.

The minimum requirement of individual amino acids
has been established in healthy individuals [10]. The ap-
plicability of these results to patients is not fully con-
firmed in clinical studies. Some amino acids, although
non-essential, may become critical in diseased states,
such as tyrosine for uraemic patients, glutamine and cys-
teine for catabolic patients, and taurine for neonates.
However, these amino acids are not essential in a strict
sense. As a nutrient, proteins and amino acids have a
high thermogenic coefficient. This means that they can-
not be stored, but have to be metabolically handled,
which requires energy and results in heat production.
Therefore a very high nitrogen intake may be associated
with an increase in body temperature, something that
happens in health as well as in disease [11]. In patients
this may be a metabolic burden which is undesirable.
Therefore the protein intake should be balanced and tai-
lored to the individual patient according to his/her needs.
A protein intake between 1.2 and 1.5 g/kg per day is usu-
ally recommended [12].

3. Is muscle depletion dangerous 
for the critically ill patient and can it be prevented?

Although substantial mortality can be related to protract-
ed fasting and extreme muscle depletion, the critical lev-
el of muscular wasting has not yet been defined in criti-
cally ill patients. However, muscle protein depletion in
critical illness is faster and more extensive than can be
expected from inactivity alone [13]. Proteins are degrad-
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directly, at the cellular level, or indirectly by altering re-
gional blood flow. In the liver, interleukin-6 regulates the
synthesis of the acute phase proteins. Tumour necrosis
factor-alpha (TNFα) and interleukin-1 can potentially
mediate most of the metabolic alterations seen in critical
illness such as accelerated gluconeogenesis, protein deg-
radation, the increase of energy expenditure and the de-
creases of muscle protein synthesis, lipoprotein lipase
activity and the clearance of very low density lipopro-
teins (VLDL).

In addition to these humoral mediators, a low level of
physical activity and an inappropriate nutritional support
may also contribute to the metabolic alterations of the
patients. An example of the synergy of action between
different catabolic factors is shown in a recent study
demonstrating that physical inactivity amplifies the cata-
bolic effects of cortisol on muscle protein degradation
[5]. In critical illness, tissue perfusion can be either de-
creased or increased. The release of free fatty acids
(FFA) from adipose tissue is markedly decreased when
blood flow is limited [6], whereas an increased tissue
blood flow may promote glucose and amino acid utiliza-
tion [7]. Furthermore, a decrease in cellular hydration
may lead to tissue protein catabolism [8]. Cell shrinkage
appears to be a catabolic signal, whereas cell swelling is
an anabolic phenomenon. Cellular hydration is regulated
by the intracellular concentrations of ions and metabo-
lites like glutamine. It has been hypothesized that modi-
fication of cellular hydration could be the link between
the depletion of intracellular glutamine and muscle pro-
tein catabolism in diseased states.

2. Is protein metabolism something 
a clinician has to care about?

Proteins are the basic compounds that represent biologi-
cal life. In this sense protein metabolism is, of course, of
the utmost importance for any clinician. The efficiency
of protein metabolism needs sufficient protein and ener-
gy intake. Many factors influence constantly occurring

Table 1 Main hormones involved in the endocrine regulation of
protein, carbohydrates and lipid metabolism

Anabolic Catabolic

Protein Insulin Cortisol
Growth hormone Glucagon
Insulin-like growth factor-1 Catecholamines
Testosterone
Catecholamines

Carbohydrate Insulin Cortisol
Glucagon
Growth hormone
Catecholamines

Fat Insulin Catecholamines



ed into constituting amino acids but glutamine and ala-
nine, synthesized by transamination, are released in large
excess regarding their relative abundance [14]. In the
splanchnic area glutamine is mainly used as oxidative
substrate or as a precursor for nucleotide and glutathione
synthesis while alanine is used for gluconeogenesis
(Fig. 1), ammonia being converted to urea. This export
of glutamine is necessary for the immunocompetent cells
and the enterocytes. Low glutamine availability [15] may
lead to a relative immune insufficiency and to altered
permeability of the intestinal wall. The release of amino
acids from muscle is eventually impaired as depletion
develops. Therefore, in these situations glutamine has
been termed “conditionally essential”, to describe the sit-
uation in which insufficient amounts of glutamine are
produced. On the other hand, muscle mass depletion re-
sulting from glutamine release might be associated with
increased morbidity and mortality [16]. In elderly pa-
tients, the full restoration of the lost muscle protein mass
is unlikely.

Muscle protein depletion cannot be totally prevented,
but adequate nutritional support, mobilization and good
metabolic care are especially desirable as they can slow
down the process [17]. Sufficient energy and nitrogen in-
takes are therefore important. Mobilization and physio-
therapy are also important to save muscle mass as well
as muscle force, while electrical stimulation has been
tried with some success [18]. It has been reported that
growth hormone, anabolic steroids, testosterone and in-
sulin have beneficial effects on muscle metabolism but
were not associated with an unequivocal improvement in
outcome, except for insulin (see question 8). In the case
of growth hormone, while beneficial effects were report-
ed in many smaller studies (see 19 for review), an in-
crease in mortality was reported in a large study of sup-
plementation [20]. Therefore, the use of growth hor-
mone, anabolic steroids and testosterone cannot be rec-
ommended at present.

4. Which metabolic conditions require 
a specially designed amino acid solution?

Amino acid metabolism is profoundly altered in critical-
ly ill patients. Most papers report a decrease of total
amount of plasma amino acids, with an increase in phe-
nylalanine and tryptophane and a decrease in leucine,
isoleucine and valine [21]. The concentrations of nearly
all amino acids are decreased in the liver. In contrast, the
intracellular muscle content of free glutamine is depleted
in the critically ill, and branched chain amino acids are
increased [13, 22]. Finally, plasma glutamine seems to
be a marker related to the prognosis of critically ill pa-
tients, while the levels of branched chain amino acids in
plasma are not reflected in skeletal muscle concentra-
tions [23]. Such changes in amino acid metabolism in

critical illness raised the question of the clinical rele-
vance of plasma levels. New amino acid solutions were
developed. A high amount of branched chain amino ac-
ids was correlated with an anti-catabolic effect. Recently,
a prospective, randomized, controlled trial showed that a
high level of branched chain amino acid supply reduced
the ICU mortality rate [24].

It could be noted that the amount of branched chain
amino acids and of glutamine administered exceeded the
demand for these amino acids as nutritional substrates by
far. Therefore, in these circumstances such high amounts
of specific amino acids seemed to have a pharmacologi-
cal effect [24]. A milestone in this development was the
discovery of the role of arginine as the unique precursor
of nitric oxide, a mediator of a variety of physiological
effects. The administration of arginine may then theoreti-
cally influence vascular relaxation, inhibit platelet aggre-
gation, activate macrophages and influence the oxygen
radical metabolism. Infusion of arginine in an experi-
mental model improved cardiac output and liver blood
flow and reduced pulmonary vascular resistance [25]. In
clinical studies performed in critically ill patients with
enteral nutrition containing arginine (in combination
with omega-3 fatty acids and nucleotides), reductions in
infection rate, ventilatory days and hospital length of
stay were reported [26]. However, this issue is a matter
of debate, especially since the publication of a large me-
ta-analysis [27], discussed in question 10.

What about the future? Interestingly, the number of
publications showing that amino acids affect the immune
system is rising. An immunoregulatory property was de-
scribed for glutamine, arginine, cysteine, taurine and gly-
cine. Three of them, namely glutamine (via glutamate),
glycine and cysteine are precursors of glutathione, which
is involved in the oxidant/antioxidant metabolism of the
cell. Critical illness can lead to depletion of glutathione
stores in tissue and plasma, which subsequently may im-
pair T-cell and macrophage immune function [28].
Therefore, some of the immunomodulating amino acids
may act via stimulation of glutathione synthesis. Howev-
er, a clear delineation of the metabolic conditions that
could benefit from an especially designed amino acid so-
lution is still lacking at present.

5. Do all critically ill patients 
need glutamine supplementation?

In critically ill patients, glutamine can become an essen-
tial amino acid, as their body stores and the rate of syn-
thesis of this amino acid are rapidly decreased, despite
an increased rate of synthesis through transamination in
skeletal muscle concentrations [23]. Physiological func-
tions requiring glutamine include gluconeogenesis, the
provision of substrate for the Krebs’ cycle (except for
immune cells and enterocytes), the synthesis of proteins,
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glutathione and nucleotides. Hence, supplemental gluta-
mine might be beneficial in a severe catabolic state,
when facing a major oxidative stress, or in patients in
whom the maintenance of a high cell replication rate is
critical, i.e. during severe infection or in the case of gut
mucosal atrophy. Most patients suffering from a pro-
longed critical illness will probably undergo at least one
of these disorders. However, the categories of critically
ill patients who should benefit from glutamine-enriched
nutritional support have not yet been defined.

The available large-scale clinical trials performed in
intensive care units studied the effects of glutamine in en-
teral solutions following multiple trauma [29] or in paren-
teral solutions in medical or surgical patients unable to
tolerate enteral feeding [30, 31]. Significant decreases in
infectious morbidity and 6-month mortality, respectively,
were reported, paving the way for the recommendation of
the routine use of glutamine-enriched nutritional formulas
in every long-term critically ill patient. Importantly, a de-
crease in septic morbidity following enteral glutamine
supplementation was reported in one study [29], but not
in another [32]. Additional trials are mandatory to delin-
eate clearly which patients are susceptible to benefit from
glutamine supplementation and to define the optimal mo-
dality of administration. At present the preliminary evi-
dence available supports the use of glutamine in the arti-
ficial nutrition administered to the patients undergoing
the heaviest metabolic stress, i.e. trauma (including
burns), sepsis and post-surgical patients.

6. Why do we need new fat emulsions?

The utilization of lipids is profoundly altered during crit-
ical illness. Stress is associated with substantial changes
in fat metabolism brought about by hormones or cyto-
kines [33]. Peroxidation of lipids (FFA) results in the
formation of toxic and unstable lipid peroxides.

The clearance of lipid emulsions can be reduced to
various extents depending on clinical conditions (e.g.,
sepsis, hepatic and renal failure, disorders of lipid me-
tabolism, etc.) and on chemical composition. Therefore,
the triglycerides (TGs) incorporated in lipid emulsion
have been changed, in order to minimize the risk of tox-
icity associated with the traditional soybean-derived
long-chain TG (LCT, >18 carbon atoms) solutions. Met-
abolic differences related to the nature of exogenous TG
can involve each step of the pathway. Lipoprotein lipase
(LPL) activity depends on various factors including fatty
acid chain length. Metabolism of LCT solutions and fish
oil TGs rich in n-3 fatty acids is slower than medium-
chain TGs (MCT), either as a physical mixture with LCT
or as structured TGs. The inhibitory effect of non-esteri-
fied FFA on LPL is stronger in the case of LCT, as com-
pared to MCT [34]. Remaining TGs escaping from LPL
hydrolysis are transferred to high- or low-density lipo-

proteins, and the remnants are taken up by the liver and
extra-hepatic tissues and subsequently undergo intracel-
lular lipolysis in lysosomes.

Remnants from mixed MCT/LCT and from n-3 fatty
acid emulsions are smaller and more rapidly cleared
from the circulation than those from LCT solutions [35].
LCT and, to a lesser extent, the MCT emulsion are sus-
ceptible to peroxidation, due to high concentrations of
polyunsaturated fatty acids and low alpha-tocopherol
content. In contrast, the olive oil containing emulsions
have a high content of monounsaturated fatty acid, to-
gether with a high content of antioxidant, that might re-
duce the risk of peroxidation. The MCT emulsions pro-
vide more essential fatty acids than the others for incor-
poration into membrane phospholipids [36]. The n-3 fat-
ty acids incorporated into cell membranes can be con-
verted into less inflammatory and non-thrombogenic
eicosanoids than those derived from arachidonic acid.
Although very attractive, these biochemical advantages
need to be assessed and possibly translated into clinical
benefit in large-scale trials.

7. Which proportion of omega-3 versus 
omega-6 fatty acids is desirable 
for the modulation of immune system?

The n-6 and n-3 polyunsaturated fatty acids (PUFA) are
enzymatically converted into a series of oxygenated me-
tabolites called eicosanoids. The n-6 PUFAs are found in
vegetable oils, such as soybean and safflower, whereas
the n-3 are contained in fish oils. They are essential nu-
trients because of the inability of humans to desaturate
long-chain organic acids at the n-3 and n-6 positions.
The n-6 and n-3 PUFAs are metabolized by the same en-
zymes, making them competitive. Nonetheless, the n-3
PUFA are the precursors of less inflammatory eicosano-
ids than n-6. While eicosanoids derived from n-6 PUFAs
are generally proinflammatory, prothrombotic and che-
moreactant, the n-3 PUFAs are able to decrease the pro-
duction of proinflammatory cytokines and reactive oxy-
gen species and the reactivity of lymphocytes. Further-
more, n-3 PUFAs also modulate several nuclear tran-
scription factors (e.g., the peroxisome proliferation acti-
vator receptor, the nuclear factor kappa B, etc.) and in-
fluence gene expression. On this basis, selective dietary
supplementations with n-6 and n-3 PUFAs in different
proportions have been clinically used to influence the
course of immunological and inflammatory processes
[37]. In selected chronic inflammatory states, such as ul-
cerative colitis, Crohn’s disease, rheumatoid arthritis,
psoriasis and transplant recipients, dietary supplementa-
tion with n-3 PUFAs has been associated with some clin-
ical benefits.

The immunomodulating properties of the n-3 PUFAs
have led to applications also in critically ill patients [36].
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In these patients the optimal effect can probably be
achieved through the parenteral administration of n-3
PUFA containing lipid emulsions. The effects of the n-3
PUFA enriched solutions are dependent not only on their
absolute content in n-3 PUFAs but also on the n-6/n-3 ra-
tio. Soybean- and olive/soybean-containing lipid emul-
sions have a n-6/n-3 ratio of about 7:1 and 9:1, respec-
tively. In the usual diet of Western Europe and North
America, the n-6/n-3 PUFA ratio averages 10:1 (range
7.5:1–20:1), while most authorities agree that it should
be less than 5:1. On this basis, a ratio of n-6/n-3 PUFAs
of 4:1 to 2:1 has been recommended for critically ill pa-
tients [38]. In the septic patients, an early hyperinflam-
matory period and the late phase with features of paraly-
sis of the immune system can often be observed. There-
fore, in theory, parenteral administration of lipid emul-
sions with low n-6:n-3 PUFA may lead to a rapid and
marked anti-inflammatory effect, whilst the use of the
same mixture in the late phase of sepsis may potentially
result in a patient’s decreased ability to counteract the in-
fection.

8. What is the optimal blood glucose level 
in critically ill patients?

In acute illness plasma glucose levels are often increased
(Fig. 1) and generally parallel the severity of stress.
Common adverse effects of hyperglycaemia are listed in
Table 2. Hyperglycaemia may be particularly severe in
the ageing and in patients with diabetes mellitus, obesity,
liver cirrhosis or chronic uraemia. In these conditions,
the achievement of “good” control of glycaemia may re-
quire high doses of insulin and frequent blood glucose
determinations to prevent both hyperglycaemia and hy-
poglycaemia. Besides its effects on glycaemia, insulin it-
self may exert beneficial effects on the myocardium.

In the clinical setting, the management of glycaemia
(usually maintained at <13 mmol/l) includes appropriate
amounts of insulin and carbohydrates. Recently, a pro-
spective, randomized, controlled trial [39] included 1548
patients admitted to the ICU (post-cardiac surgery 
for 67%) and receiving either intensive insulin therapy,
titrated to maintain glycaemia between 4.4 and
6.1 mmol/l, or conventional insulin therapy. Intensive in-
sulin therapy was associated with a 40% reduction in
mortality rate. This unique finding strongly suggests that
tight glycaemia control may improve the outcome of
ICU patients and should be confirmed before routine im-
plementation. Studies in surgical patients indicate that
early perioperative hyperglycaemia is an important pre-
dictor of subsequent nosocomial infections in the postop-
erative period [40, 41, 42]. In severely burned children
poor control of glycaemia was associated with a greater
incidence of infection, impaired wound healing and in-
creased mortality [43]. In the critically ill patients, there-

fore, hyperglycaemia should be considered both a sign of
underlying infections and a risk factor for future infec-
tion [44]. Evidence indicates that an intensive insulin
treatment aimed at maintaining control of glycaemia
lower than 6 mmol/l may be an effective means to pre-
vent infectious complications.

9. How to assess the adequacy 
of nutritional support?

As critical illness is associated with several electrolytic
and metabolic disturbances, no single marker has been
validated as specific for the nutritional status of critically
ill patients. Studies of body composition could fulfil this
role, but their are presently not useable for routine moni-
toring in ICU patients. In fact, nutritional markers should
serve the dual purpose of ensuring that sufficient
amounts of substrates are administered to meet the pa-
tients’ needs while alerting the clinician to any untoward
effects on various key organ functions [45]. They should
also be both easily and rapidly available in all hospitals,
and be cost-effective. Abnormal plasma levels of any of
these markers are often influenced by factors other than
nutritional support, such as over/dehydration, acute
phase response, sepsis or organ dysfunction.

Besides the increase in blood glucose levels related to
increased glycogenolysis and gluconeogenesis (Fig. 1),
utilization of glucose by insulin-sensitive tissues is de-
creased in acute inflammatory conditions [46]. Hence,
hyperglycaemia is more often documented than hypo-
glycaemia in critical illness, and its presence does not
necessarily imply excess substrate administration. Hypo-
glycaemia can nonetheless occur in acute liver failure,
exogenous insulin treatment, interruption of glucose or
feeding solution administration.

Serum TG levels provide valuable information, most-
ly pertaining to excessive infusion of lipids and carbohy-
drates. In the clinical setting, excessive glucose loads
stimulate lipid production, which in extreme cases can
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Table 2 Adverse effects of hyperglycaemia

Electrolytes and fluid imbalance
Dehydration
Increased susceptibility to infections
Increased coagulability

• platelet aggregation
• coagulation factors
• fibrinogen, plasminogen activator inhibitor (PAI)-1, 

von Willebrand factor
Impaired wound healing
Decreased antibacterial function of polymorphonuclear leucocytes

• adhesion capacity
• chemotaxis
• phagocytosis, superoxide radical production



lead to acute hepatic steatosis, especially if a large
amount of insulin is given concomitantly [47]. Serum
TG elevations can also occur as a consequence and may-
be as a cause of acute pancreatitis, prompting their close
monitoring in this condition [48] or in cases of pre-exist-
ing hyperlipidaemia.

The metabolism of usual markers of body protein sta-
tus (albumin, transferrin, pre-albumin) is markedly influ-
enced by the acute phase response. Therefore, plasma
concentrations of these markers are deeply altered by the
patient’s hydration state and exsudation at the capillary
level while providing little qualitative information, since
total protein levels can be maintained at the expense of
muscle protein stores. This concept is supported by the
observation that the correction of hypoalbuminaemia by
the intravenous administration of albumin does not im-
prove clinical outcome [49].

Potassium, phosphorus, calcium and magnesium lev-
els are useful markers of adequate supplementation with
these key electrolytes and should be monitored on a fre-
quent and regular basis (once a day for potassium,
2–4 times a week for the others) [45] according to ex-
pected risks for abnormalities (i.e. renal failure
with/without replacement therapy, hyperparathyroidia,
bone malignancy, etc.).

Finally, liver function tests (transaminase and biliru-
bin) should be monitored every other day, especially 
during total parenteral nutrition (TPN), due to its higher
associated incidence of hepatic dysfunction [45] or in
cases of acute hepatitis.

10. What are the main “novel substrates” and how
likely are they to influence the metabolic response?

Recently, attention has focused on the relationship be-
tween the severity of the inflammatory response and
mortality. Patients who did not survive sepsis [50] or ce-
rebral malaria [51] elicited a much higher TNFα re-
sponse than did survivors. These findings have provided
the framework for therapeutic strategies based on either
anti-cytokine antibodies or nutritional modulation by
“novel substrates” [52]. Novel substrates can act at dif-
ferent points of the inflammatory response by (1) down-
regulating excessive cytokine production (Type 1) or (2)
upregulating the immune response to infection (Type 2)
or (3) by reducing the secondary effects of TNFα, IL-1
and IL-6 which may lead to multiple system organ fail-
ure (Type 3), or (4) by preserving organ function in the
face of this high catabolic drive (Type 4). Molecules un-
der development will not be reviewed. The novel sub-
strates which have been investigated include lipids (see
questions 6 and 7) and nucleotides (Types 1 and 3), glu-
tamine and ornithine α-ketoglutarate (Types 2 and 4) ar-
ginine (Types 1 and 4) and sulphur amino acid deriva-
tives (Type 4).

Glutamine supplementation (see question 5) has been
associated with enhancement of immune responsiveness,
decrease in number of infections and improved survival
in critically ill patients [30, 53]. Ornithine a-ketogluta-
rate may have similar properties to glutamine and, in ad-
dition, is a potentiator of growth hormone secretion and
collagen synthesis. A recent trial in severely burned pa-
tients demonstrated better wound healing and hepatic
protein synthesis whilst weight loss was reduced [54].

Nucleotides are not only the building blocks of RNA
and DNA but are also the common currency of energy
metabolism in the form of ATP [55]. They can be either
synthesized de novo from amino acids and ribose (an ex-
pensive process in terms of use of energy) or salvaged
from dietary sources or from RNA/DNA breakdown
[56]. Supplementation of infant milk formulas has been
shown to stimulate growth in children born underweight
whilst reducing the incidence of infectious diarrhoea.
Their use in the treatment of critically ill patients has
been limited to inclusion with arginine and fish-oil in so-
called immune enhancing diets (see below). Dietary ad-
dition of nucleotides results in significant immunomodu-
lation, as suggested by animal studies which have shown
reduced mortality following fungal infection [44] and a
shift in Th1/Th2 balance toward Th1-dominant immuni-
ty in mice [57]. Intravenous nucleotide supplementation
has been shown to yield better preservation of gut mu-
cosal barrier function, more rapid liver re-growth follow-
ing hepatectomy and better metabolic tissue recovery
from cardiac ischaemia/reperfusion [58, 59].

Arginine as a urea cycle intermediate, has been used
to correct hyperammonaemia arising from hepatic insuf-
ficiency. It is also a potent stimulator of growth hormone
secretion and has marked stimulatory effects on T-cell
function. As a precursor of nitric oxide it is also impor-
tant in reducing ischaemia/reperfusion injury [59].

In most clinical studies the “novel substrates” have
been administered in various combinations in an attempt
to maximize their influence on the immune and inflam-
matory response of the patients. Thus, it is difficult now
critically to evaluate the clinical efficacy of each individ-
ual factor. A recent meta-analysis [27] examined the re-
lationship between enteral nutrition supplemented with
any combination of arginine, glutamine, nucleotides and
n-3 fatty acids and infectious complications and mortali-
ty rates in critically ill patients. The analysis indicated
that immunonutrition may decrease infectious complica-
tion rates but the effect on the overall mortality was de-
pendent on the intervention (a high arginine content was
associated with a trend toward a lower mortality rate)
and the patient population (a trend towards higher mor-
tality in the critically ill patients).
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Conclusion

Successful nutritional and pharmacological interventions
require the understanding of the basic mechanisms and
their interactions, at both cellular and organ levels. Nu-
merous promising approaches are under extensive inves-
tigation. So far, in some instances glutamine, insulin, ar-
ginine, nucleotides and modified lipids have improved
the nutritional management and clinical outcome of ICU
patients. Nevertheless, the possibility exists that the met-
abolic interventions designed to reduce hypermetabolism
and protein loss in patients by modulating hormones of
inflammatory mediators could be accompanied by unpre-
dicted side effects.
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