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Critical illness is associated with a marked increase in metabolic rate and progressive wasting,
despite aggressive nutritional support. The metabolic events which are responsible for these
phenomena are unclear, but are characterised by marked impairment of the anabolic effects of
insulin on glucose metabolism and excessive activation of the sympathetic nervous system. It has
been suggested that critical illness may be associated with impaired carbohydrate oxidation and a
marked increase in the loss of heat energy associated with glucose administration (glucose-
induced thermogenesis). This situation may result in impaired efficiency of nutrient assimilation.
Studies employing combinations of nutrient infusions both at clinically-relevant rates and in
association with euglycaemic hyperinsulinaemia have, however, demonstrated that nutrient-
induced thermogenesis is unaffected in critical illness in human subjects, and that defective
glucose utilization occurs as a consequence of impaired insulin-mediated glucose storage rather
than oxidation. Although the cellular and molecular mechanisms underlying these changes are
controversial, the recent validation of a human model of insulin resistance in critical illness should
provide a means of studying this response in future, and allow the identification of therapeutic
targets. This information should increase the efficacy of nutritional support in some of our most
seriously-ill patients.

Critical illness: Insulin resistance: Glucose-induced thermogenesis: Nutritional support

Nutrient-induced thermogenesis

It has long been recognised that feeding induces changes in
energy expenditure. Although the concept of ‘specific
dynamic action’ has traditionally been ascribed to the work
of Professor Max Rubner, the earliest studies demonstrating
an increase in O, consumption following feeding were
reported more than one century beforehand by Lavoisier
(Lavoisier & LaPlace, 1784). Indeed, studies investigating
the effects of varying combinations of nutrients on heat
production had also been performed by other researchers
(Smith, 1859; Magnus-Levy, 1894) before the publication
of Rubner’s (1902) classic monograph. Max Rubner’s
(1902) work is notable not because of the originality of the
data, but rather because of his interpretation of the findings.
Following a series of studies in which nutrient mixtures of
varying amounts of carbohydrate, fat and protein were
administered to dogs, Rubner (1902) concluded that the

increased heat production which resulted from food
consumption developed as a consequence of the metabolic
utilisation of the nutrients and fulfilled a thermoregulatory
role.

The concept of ‘specific dynamic action’ persisted for
over 50 years, despite the later demonstration that the
actions of food on energy production were, in the strict
sense, neither specific nor dynamic. Energy production after
feeding was studied by Benedict & Carpenter (1918) and
Graham Lusk (1922), who showed that protein induced the
largest increase in heat production (up to 30% of the energy
administered was dissipated as heat), whereas the values for
fat and carbohydrate appeared to be far smaller (6 and 4%
respectively). Understanding of the precise mechanisms by
which nutrient administration led to an increase in energy
expenditure was, however, initially hampered by an
inadequate knowledge of the metabolic processes involved
in the assimilation of nutrients. It was, for example, initially
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proposed that the sudden availability of a ‘plethora’ of food
in some way triggered metabolic processes within the cell
for which nutrients were a limiting factor, and that these
processes generated the energy subsequently dissipated as
heat (Lusk, 1912). Subsequent studies failed to demonstrate
any relationship between the availability of nutrients and the
resulting heat production (Carpenter & Fox, 1930), which
led Lusk (1931) to conclude that the ‘specific dynamic
action’ might result from the chemical energy liberated in
the reactions of the intermediary metabolism of substrates
(Lusk, 1931). Although our understanding of the precise
metabolic processes involved has increased considerably
over the last 70 years, Lusk’s (1931) views have been
largely proved to be correct.

Mechanisms underlying nutrient-induced thermogenesis

The major advances in biochemistry of the 1960s brought
with them a much more detailed understanding of the rela-
tionship between energy metabolism and the underlying
biochemical processes. In particular, the ability to identify
the energy equivalent of ATP (83-6 kJ (20kcal)/mol) and to
calculate the number of mol ATP involved in the assimi-
lation of nutrients allowed Krebs (1964) and Flatt (1977) to
estimate, on theoretical grounds alone, the energy required
for the absorption, transport and storage of various nutrients,
and hence the amount of heat that would be generated
following their administration. The term ‘thermic effect of
feeding’ or ‘nutrient-induced thermogenesis’ (NIT) was
used in this context. To allow direct comparison of the
thermic effects of different nutrients, the amount of the
increased energy expended after feeding was expressed as a
percentage of the total energy administered (Table 1).
These estimates have proved to be remarkably accurate
with respect to the measured thermic effects of protein and
fat, but the thermic effect of carbohydrate has been reported
to be considerably higher than that predicted on the bioener-
getics of glucose storage alone (Ravussin & Bogardus,
1982; Thiebaud et al. 1983). The discrepancy between the
predicted (obligatory) and measured costs of glucose
storage increases with increasing insulin concentration, and
the difference (referred to as facultative thermogenesis) has
been variously attributed to activation of the sympathetic
nervous system, due to carbohydrate (Acheson ef al. 1983;
DeFronzo et al. 1984), a direct effect of insulin itself
(Christin et al. 1986), increased substrate cycling (News-
holme & Crabtree, 1976) or increased activity of the Na

pump (Ng & Hockaday, 1989). Studies in which nutrients
have been given in combination or in isolation have
revealed that the thermic effects of nutrient mixtures are
equivalent to the mathematical sum of the thermic effects of
their constituents (Carlson et al. 1994), suggesting that
different nutrients increase energy production by separate
mechanisms (Carlson, 1998). Although the sympathetic
nervous system has been said to play an important role in
NIT, especially in critical illness (see pp. 382-383), many
of the studies supporting this role have relied on the
demonstration that plasma noradrenaline concentrations are
increased after oral glucose administration (Welle et al.
1981), intravenous administration of a large glucose bolus
(Robertson & Porte, 1974) or combined infusion of glucose
and insulin during a euglycaemic hyperinsulinaemic clamp
(Acheson et al. 1984). There are two major difficulties,
however, with the suggestion that hyperinsulinaemia
induces activation of the sympathetic nervous system. It has
been demonstrated that the process of glucose clamping
itself (prolonged intravenous cannulation, regular blood
sampling, enforced bed rest etc.) itself induces increased
plasma concentrations of noradrenaline, even in the absence
of glucose and insulin infusions (Moan et al. 1995). It is
also by no means clear that plasma levels of noradrenaline
reflect activity of the sympathetic nervous system, and they
have specifically been shown not to reflect sympathetic
nervous system activity in critical illness (Leinhardt et al.
1993). Nevertheless, B-adrenergic blockade has been shown
to reduce the NIT associated with carbohydrate adminis-
tration to the level of obligatory thermogenesis (DeFronzo
et al. 1984).

Nutrient-induced thermogenesis in critical illness

Whatever the underlying mechanisms, a consideration of
NIT is highly relevant to nutritional support in critical
illness. Nutritional support is of major therapeutic impor-
tance in the modern management of the critically-ill patient,
and to be effective it has to address the increased demands
for energy associated with critical illness. Since critical-
illness states are associated with major changes in fuel
substrate utilisation (Carlson & Little, 1994) and activation
of the sympathetic nervous system (Barton, 1987), one
might predict that there would be associated major changes
in NIT. Such changes would have major therapeutic impli-
cations for feeding in the setting of critical illness, as it
might be predicted that increased NIT would lead to reduced

Table 1. Theoretical values for nutrient-induced thermogenesis of different foods (Flatt, 1977)

Nutrient Metabolic fate Thermic effect (%)
Glucose Directly oxidized 2
Glucose Stored as glycogen, then oxidized 7
Fat Directly oxidized 2
Fat Stored, then oxidized 4
Protein Converted to amino acids, then oxidized 25
Protein Stored as protein, then converted to amino acids and oxidized 25
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efficiency of nutrient assimilation and, in turn, a need to
give more food energy to maintain energy balance. Since
this process would itself exacerbate energy loss via the
increased NIT, one might hypothesise that the critically-ill
patient lay at the centre of a vicious cycle in which attempts
to provide additional energy led to increased energy require-
ments (see Fig. 1).

This situation was indeed what was found (Askanazi
et al. 1980) when glucose-based total parenteral nutrition
was infused for between 3 and 5 d in two groups of patients.
In individuals with simple nutritional depletion intravenous
feeding led to a modest (3 %) increment in O, consumption,
but a large rise in RER as the glucose was converted to lipid
and stored. In contrast, patients who were critically ill failed
to convert the glucose to lipid, and instead demonstrated
marked increases (29 %) in O, consumption. These changes
were strongly suggestive of increased facultative glucose-
induced thermogenesis, and the role of increased sympa-
thetic nervous system activity in this abnormal response was
suggested by an accompanying threefold increase in urinary
noradrenaline excretion. Similar results were reported by
other researchers in relation to glucose infusion and urinary
catecholamine excretion in the critically ill (Elwyn et al.
1978, Nordenstrom et al. 1981), and seem to be specifically
attributable to glucose, since replacing even half the glucose
with lipid seems to significantly attenuate the effect
(Nordenstrom et al. 1981). These relationships between
glucose infusion, O, consumption and the activity of the
sympathetic nervous system have since been united in an
hypothesis to explain both the increased lipid utilisation and
reduced glucose utilisation which characterise critical
illness, since the increased activity of the sympathetic
nervous system enhances lipolysis and the resulting
increased free fatty acid availability impairs glucose utili-
zation via the Randle cycle (Randle er al. 1963). Since
glucose infusion stimulates sympathetic nervous system
activity excessively in critical illness, glucose effectively
may impair its own utilization via a cycle involving
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exaggerated activity of the sympathetic nervous system,
increased lipolysis and lipid oxidation, and impaired glucose
utilization, leading to a state of insulin resistance (Saeed &
Carlson, 1995).

Although corroborating evidence has been produced to
suggest that increased NIT occurred in critically-ill patients
with burns (Allard ef al. 1988) and sepsis (Giovannini et al.
1988), the results of these and other studies seem to vary
widely with the model of illness chosen and the nature,
amount and duration of feeding employed. Arnold et al.
(1989) administered a glucose-based total parenteral
nutrition mixture in healthy and septic patients, and demon-
strated that although significant increases in resting energy
expenditure occurred in both groups, the increases were
similar and no differences in NIT could be demonstrated.
Similarly, the thermic effects of lipid (Arnold ez al. 1991),
amino acids (Arnold et al. 1992) and glucose alone (Carlson
et al. 1997) have been shown to be broadly similar when
subjects with sepsis and healthy subjects have been
compared, even though enhanced lipid oxidation was noted
in sepsis. Other studies from the same group have even indi-
cated that sepsis is associated with a loss of glucose-induced
thermogenesis (White et al. 1987). It is unclear why there
appears to be a marked discrepancy between these various
studies of the effects of critical illness on NIT, although
many of the earlier studies administered nutrients at rates
that would today be regarded as unphysiological and clini-
cally irrelevant. Nevertheless, more recent studies, which
have employed the euglycaemic hyperinsulinaemic clamp
technique to administer glucose under conditions which
should theoretically favour glucose storage and thus thermo-
genesis, have also failed to demonstrate disordered glucose-
induced thermogenesis in patients with sepsis (Saeed et al.
1999). The findings of these recent studies thus suggest that
irrespective of the state of the sympathetic nervous system
in critical illness, insufficient evidence exists to implicate
excessive NIT in the failure of nutritional support to amel-
iorate the catabolic consequences.
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Fig. 2. Total glucose utilization (oxidation + non-oxidative utilization), oxidation and storage in patients with abdominal sepsis
(z2; n 24) and healthy controls (T—J; n 26) studied during conditions of euglycaemic hyperinsulinaemia at insulin infusion rates
of 40 and 240 mU/mZ2 per min. Values are means with their standard errors represented by vertical bars. FFM, fat-free mass.
Mean values were significantly different from those of patients with abdominal sepsis: **P<0-01. Mean values were

significantly different from those at 40 mU/m?2 per min: +P<0-05.

Glucose utilization and insulin resistance in
critical illness

Although the effect of glucose on energy expenditure in
critical illness thus remains controversial, it is clear that the
metabolic changes which accompany trauma, severe
infection and other acute inflammatory states do have a
significant impact on glucose metabolism. Although
isolated reports of hyperglycaemia in severe infection were
published more than one century ago (Fischer, 1862), the
concept of alterations in the responsiveness of tissues to
insulin as a potential mechanism for the changes in glucose
metabolism was first expressed in the 1950s (Evans &
Butterfield, 1951; Howard, 1955). Studies have shown that
as severity of sepsis increases there is a greater use of lipid
as a fuel source under basal conditions, whereas carbohy-
drate oxidation tends to decline (Stoner et al. 1983). The
changes in glucose utilization are, however, complex.
Although many studies have suggested that basal glucose
oxidation is preserved (Virkamaki et al. 1992; Green et al.
1995) or even increased (Wolfe et al. 1991) in critical
illness, other studies have failed to confirm this suggestion
(Saeed et al. 1999). Irrespective of changes in basal glucose
utlization, it seems likely that impairment of insulin-
mediated glucose utilization is of major importance to the
observed metabolic effects (Carlson & Little, 1994). Intra-
venously-administered  glucose is either oxidized
immediately to provide energy, or stored as either glycogen
or lipid. It has been clearly demonstrated that the vast
majority of glucose infused under conditions of eugly-
caemic hyperinsulinaemia is taken up in skeletal muscle
(Ferrannini et al. 1985) and, in addition, that the amount of
glucose stored as lipid under these conditions is negligible
(Bjorntorp & Sjostrom, 1978). This finding implies that
defective storage of glucose as glycogen and/or glucose
oxidation must contribute to the impairment in insulin-
mediated glucose uptake associated with insulin resistance
in critical illness. This factor is relevant to an understanding
of the precise locus of the defect in insulin’s action, since a
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defect of glucose transport into the cell might be expected to
result in impairment of both oxidation and storage, as
glucose cannot be oxidised until it enters the cell.

Despite the finding of impaired basal glucose oxidation,
studies conducted using the euglycaemic hyperinsulinaemic
clamp and simultaneous indirect calorimetry in severe
sepsis (Saeed et al. 1999) have indicated that glucose
oxidation during glucose—insulin infusion is normal, but that
glucose storage is markedly impaired (Fig. 2). These
findings confirm the results of earlier studies in which
glucose alone was infused in patients with multiple organ
failure and in healthy controls (Green ef al. 1995), although
in these previous studies the plasma insulin concentration
was markedly lower in sepsis, which left open the possi-
bility that glucose storage might have been normal at the
same plasma insulin concentration. The demonstration of
insulin resistance in this setting suggests that the abnor-
mality of insulin action in critical illness lies distal to the
insulin receptor and the glucose transporter, and supports
the demonstration that content of insulin receptor proteins
and glucose transporter-4 (the principal insulin-sensitive
glucose transporter) in skeletal muscle are normal in sepsis
(Vary et al. 1995). The findings suggest a specific defect in
those metabolic pathways relating to glycogen synthesis, an
explanation which is in agreement with the observation that
glycogen synthase activity in skeletal muscle is impaired in
endotoxaemic animals (Virkamaki & Yki-Jarvinen, 1994),
possibly as a consequence of impaired phosphorylation of
mitogen-activated protein kinase (Fan et al. 1996). It is
unclear, however, whether glycogen synthase activity in
man is impaired in critical illness, and studies employing in
vivo 13C NMR spectroscopy have suggested that glycogen
synthase is not a key regulatory step in determining
glycogen storage in human subjects (Shulman et al. 1995).

Mechanisms of insulin resistance in critical illness

Although an acute state of insulin resistance characteristi-
cally accompanies the metabolic effects of sepsis and
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injury, it is as yet unclear what the exact mechanisms are.
In particular, it is unclear whether the molecular patho-
genesis of insulin resistance in critical illness is the same as
that observed in type 2 diabetes mellitus. It has been
suggested frequently that the counter-regulatory hormones
(cortisol, growth hormone, glucagon and adrenaline),
release of which accompanies injury and infection, are
responsible for the associated insulin resistance, but the
evidence for this hypothesis is by no means clear (Carlson
& Little, 1992, 1994). While infusion of these hormones in
healthy volunteers can certainly induce a state of insulin
resistance (Bessey et al. 1984; Gelfand et al. 1984), the
plasma concentrations of these hormones at which in vivo
insulin resistance has been demonstrated in these studies
vastly exceed those seen in critical-illness states. In
addition, more recent studies have demonstrated that
profound insulin resistance occurs after elective abdominal
surgery in the presence of trivial and short-lived changes in
the plasma concentrations of these hormones (Thorell e? al.
1994). Studies in which human volunteers have been made
insulin resistant by infusion of endotoxin have, however,
suggested that the time course of the duration of insulin
resistance in this experimental model might be explicable
on the basis of the cortisol and/or growth hormone
responses to endotoxin (Agwunobi et al. 2000). While the
role of counter-regulatory hormones in the insulin
resistance of critical illness thus remains controversial,
attention has recently focused on other potential mediators
of insulin resistance in critical illness, such as leptin and the
pro-inflammatory cytokines tumour necrosis factor (TNF)-
o and interleukin 6.

Elevated serum concentrations of leptin, the protein
product of the ob gene, have been demonstrated in obesity
and type 2 diabetes mellitus, both of which are associated
with insulin resistance (Segal et al. 1996). In addition,
animal studies have shown that inflammatory stimuli elicit
synthesis of leptin from adipose tissue (Grunfeld ez al. 1996)
and increase circulating leptin concentration (Moshyedi et
al. 1998). Since leptin has been shown to inhibit insulin-
mediated glucose storage in soleus muscle (Liu et al. 1997)
and insulin signalling in muscle cell lines (Cohen et al.
1996), it emerged as a potential candidate for a mediator of
insulin resistance in human injury and infection. Studies of
critically-ill patients with sepsis demonstrated modest
increases in circulating leptin concentration, and suggested
that this response had positive prognostic implications
(Bornstein et al. 1998a). Although elective surgery in man
did lead to an increase in circulating leptin concentrations
(Stratton et al. 1997), the increase was, however, trivial and
short-lived. We were unable to demonstrate increased serum
leptin concentrations in critically-ill insulin-resistant
patients with abdominal sepsis, and leptin concentrations
failed to correlate with insulin resistance or hypermetab-
olism in these patients (Carlson et al. 1999). Differences
between man and animals with regard to leptin production in
stress are also supported by the demonstration that endo-
toxin administration fails to induce leptin in man (Bornstein
et al. 1998b). Thus, there appear to be important interspecies
differences in the role of leptin in stress, although leptin
appears to be unlikely to mediate the insulin resistance that
follows injury or infection in man.
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The role of the cytokines TNFo and interleukin 6 in
insulin resistance in critical illness is also unclear, although
TNFa has clearly been the source of great interest recently.
It has been recognised for many years that infusion of TNFo
into rodents can induce many of the abnormalities of
glucose metabolism that characterise critical illness (Lang et
al. 1992), and TNFa appears to inhibit some of the cellular
actions of insulin in vitro (Begum & Ragolia, 1996). Mice
lacking TNF function have been shown to be at least
partially protected from the insulin resistance that accom-
panies overfeeding and obesity (Uysal et al. 1997). In
human subjects elevated plasma concentrations of TNFo
have been demonstrated in insulin-resistant diabetic subjects
(Winkler et al. 1998), and cancer patients (McCall et al.
1992). More importantly, local expression of TNF mRNA
in skeletal muscle has been shown to correlate with the
severity of insulin resistance in cancer (Noguchi ef al.
1998). This finding is important, since it places a cytokine
(or at least its mRNA) in increased quantities in a target
tissue for insulin resistance, and there is increasing evidence
that injury can lead to induction of pro-inflammatory
cytokines such as TNFa, and interleukins 1 and 6 in unin-
jured tissues, distant to the site of injury (Molina et al. 1997,
Catania et al. 1999). At the present time, however, TNFo
and other pro-inflammatory cytokines have not been shown
to be capable of inducing insulin resistance in intact muscle
(Furnsinn et al. 1997).

Future advances in understanding insulin resistance in
critical illness

Human critical illness is characterised by a series of
profound physiological alterations which make detailed
study and, in particular, interpretation of data extremely
difficult. While the use of genetically-modified mouse
strains (such as cytokine ‘knockout’ animals) might provide
additional information about the role of specific molecules,
there is likely to be considerable duplication and overlap of
effects, resulting in both redundancy and pleiotropism which
may vary from species to species. For this reason human
studies are likely to continue to be valuable, and major
elective surgery, which provides both a means of inducing
an acute state of insulin resistance and also the opportunity
to investigate metabolic processes at the tissue level, will
be particularly useful. Key issues to be addressed will
be whether injury and/or infection can induce pro-
inflammatory cytokine gene expression in muscle, whether
blocking these processes alters insulin sensitivity, and
whether these changes are mediated by cytokines themselves
or via second messengers such as NO (Bedard et al. 1997).

Conclusions

Our ability to provide optimal nutritional support for the
critically-ill catabolic patient is likely to improve only when
we have a clearer understanding of the metabolic processes
involved. While early studies suggested that our failure to
provide effective nutritional support in critical illness might
be associated with reduced efficiency of fuel utilisation in
this setting, perhaps associated with increased activity of the
sympathetic nervous system, there is in fact little or no
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reliable evidence to support this view. What is clear,
however, is that the acute state of insulin resistance asso-
ciated with critical illness can be correlated directly with the
severity of illness and determines the speed of recovery.
Thus far, it is unclear whether insulin resistance in critical
illness can be prevented, but recent advances in our under-
standing of the molecular basis of insulin sensitivity are
likely to produce a series of novel therapeutic targets.
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