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■ Abstract Infection leads to profound alterations in whole-body metabolism,
which is characterized by marked acceleration of glucose, fat and protein, and amino
acid flux. One of the complications of infection, especially in the nutritionally sup-
ported setting, is hyperglycemia. The hyperglycemia is caused by peripheral insulin
resistance and alterations in hepatic glucose metabolism. The defects in hepatic glucose
metabolism include overproduction of glucose and a failure of the liver to appropri-
ately adapt when nutritional support is administered. Investigators have suggested that
multiple factors contribute to the observed defects. In this review, I focus primarily
on alterations in carbohydrate metabolism, examining both the metabolic response to
infection and inflammatory stress, the role of the accompanying neuroendocrine and
inflammatory responses in the metabolic response, and the interaction between the
endocrine response to infection and nutritional support.
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INTRODUCTION

Infection leads to profound alterations in whole-body metabolism, which is char-
acterized by marked acceleration of glucose, fat and protein, and amino acid flux.
This acceleration of flux per se is not detrimental except that it is accompanied
by net protein loss and diabetic-like hyperglycemia. These two accompanying
metabolic side effects, along with a number of other factors, influence the morbid-
ity and mortality of the individuals with accompanying infections. Many of these
patients receive nutritional support. Yet until recently the threshold for correcting
hyperglycemia has been rather high (∼200 mg/dl). Recent clinical trials indicate
that aggressive management of glucose levels in the ICU setting (∼100 mg/dl)
has marked beneficial effects on morbidity and mortality (48, 56, 152, 159, 160).
The primary option for management of hyperglycemia is the administration of
exogenous insulin. While exogenous insulin can be a panacea in correcting hy-
perglycemia, recent evidence suggests that it may also modulate the underlying
inflammatory response.

In this review, I focus primarily on alterations in carbohydrate metabolism.
I begin with a discussion of the general metabolic response to infection and in-
flammatory stress and the factors that contribute to the acceleration of glucose
flux. The neuroendocrine response is a major mediator of the changes in glucose
flux during infection. To better understand how these hormones can contribute to
the overall metabolic response to inflammation I first discuss how these hormones
regulate hepatic metabolism both acutely and chronically in the absence of in-
flammation. This is followed by a discussion of how the presence of inflammation
alters their normal interaction and the ability of insulin to modulate their action. In
fact, inflammation impairs the responsiveness of the liver and other tissues to both
anabolic and catabolic hormones. The net interaction of the underlying defects in
hormonal responsiveness and the accompanying hormonal response determines
the overall response, which is generally catabolic. Finally, I discuss the unique re-
sponse of the body to nutritional support. The liver switches from a site of glucose
production in the fasted state to a major site of glucose consumption during nutri-
tional support, and inflammation blocks the liver’s normal response. The failure
of the liver to consume glucose efficiently during nutritional support aggravates
the hyperglycemia that is seen.

OVERALL CHANGES IN GLUCOSE FLUX
DURING INFLAMMATION

One of the characteristic effects of infection is hyperglycemia (13). The magnitude
of the hyperglycemia is influenced by the fasting state and the severity of the illness.
Glucose utilization is increased during infection due to the combined increase in
glucose clearance and glucose levels (mass action). In spite of the increase in
glucose utilization, hyperglycemia occurs due to a combined increase in glucose
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INFECTION AND METABOLIC RESPONSE 11

production and a failure of peripheral glucose clearance to increase in proportion
to the increase in glucose production (49).

Hypoglycemia can be observed during inflammatory stress. A potent stimu-
lator of the inflammatory response is endotoxin. Following the acute injection
of endotoxin in humans there is a rapid rise in splanchnic glucose release and a
gradual rise in arterial glucose levels (49). With increasing doses of endotoxin in
other species, the increase in glucose production (two- to threefold) is more robust
and is persistent (91). However, despite this increase, hypoglycemia can develop
after a period of hyperglycemia. In fact, with very high doses of endotoxin the
progression to hypoglycemia can be very rapid and can be accompanied by a fall,
rather than a rise, in glucose production. The mechanism for this is discussed
below.

During prolonged infection, as is seen in the intensive care unit, basal glucose
production is increased [twofold (134, 143, 155)] after a brief fast in the presence
or absence of hyperglycemia (Figure 1). This increase is seen in animal models
as well (90, 106). The contribution of glycogenolysis and gluconeogenesis to
the increase in glucose production is dependent upon the duration of the stress.
Following the acute administration of endotoxin, glycogenolysis is the primary
source of the glucose carbon (119), but during chronic infections, if glycogen
stores are depleted, an increase in gluconeogenesis contributes to the enhancement
of glucose production (90, 106). Although gluconeogenesis has not been directly
measured in glycogen-replete states, both processes are likely increased.

In some ways, it is surprising that gluconeogenesis can increase during an in-
flammatory stress; however, this is dose and possibly species dependent. It is well
known that prior exposure to endotoxin or infection decreases the capacity of the
liver to synthesize glucose in vitro (14, 29, 47, 67, 123, 149, 162). Increases in
gluconeogenic precursor supply and hormones that are known to enhance gluco-
neogenesis are ineffective in livers isolated from infected animals. Yet in vivo,
except following very severe inflammatory stress where hypoglycemia can de-
velop, gluconeogenesis is either maintained at baseline or increased. Presumably,
the infection-induced increase in gluconeogenic substrate supply and the elevated
levels of stress hormones combine to sustain, and in some cases augment, the
gluconeogenic rate in vivo.

GLUCONEOGENESIS AND SUBSTRATE AVAILABILITY
DURING INFLAMMATION

Substrate availability has been promoted as a primary mechanism for the increase
in glucose production during inflammatory stress. While adequate substrate avail-
ability is required to support elevated gluconeogenic rates, enhanced substrate
delivery alone does not translate into an increase in glucose production. Acute
increases in lactate or alanine do not increase glucose production (28, 38, 109),
even in a glycogen-depleted setting where glucagon is markedly increased (110,
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Figure 1 Impact of inflammation on gluconeogenesis and hepatic glucose produc-
tion in the fasted state.

167). An increase in gluconeogenic precursor availability, even in stressed states,
does not impair insulin suppression of liver glucose production (155). Thus, glu-
coneogenic precursor availability per se is not an important determinant of glucose
production.

Fatty acid availability and the hormonal environment can dictate the effective-
ness of the increase in substrate supply. Combined increases in gluconeogenic
precursor supply and fatty acids will increase hepatic glucose production (109).
Increases in fatty acids impair insulin suppression of hepatic glucose production
(147). They suppress the glycogenolytic and enhance the gluconeogenic effects
of both glucagon and epinephrine (24, 61). Given that fatty acid availability is
increased during infection and inflammatory stress (166, 169), this may help con-
tribute to any observed increase in gluconeogenesis.

A reciprocal fall in net glycogen breakdown buffers the effect of a rise in gluco-
neogenic precursor supply on hepatic glucose production. Gluconeogenic precur-
sor uptake increases as substrate supply increases. In a setting of fixed hormone
levels, physiologic increases in alanine concentration proportionally increase net
hepatic alanine uptake (38). Increases in lactate concentration increase net hepatic
lactate uptake, but this is not a linear function of substrate delivery (28). Investiga-
tors who decreased substrate supply in septic rats and humans using dichloroacetic
acid (DCA) (59, 86) observed a fall in lactate and a concomitant fall in glucose
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production, which suggests substrate supply helps drive the rise in glucose pro-
duction. In humans, infusion of DCA (73) will modulate glucose production in a
setting where glycogen stores are depleted. Unfortunately, DCA may exert effects
on the liver and peripheral tissues, which makes interpretations of the effects of
substrate supply on liver glucose production suspect (39).

Although increased lactate production does contribute to the elevated lactate
levels during inflammatory stress, this is not the only story. In fact, whole-body
lactate flux increases to a lesser extent than lactate levels in septic patients, sug-
gesting that lactate clearance falls. To address the potential role of hypoxia in the
elevated lactate levels, DCA was administered to enhance pyruvate dehydrogenase
activity in muscle (59). Using radiolabeled glucose and pyruvate, the investigators
observed that DCA enhanced the fraction of pyruvate oxidized, despite a marked
lowering of lactate and pyruvate levels, which suggests that anaerobic glycolysis
may not be a significant contributor to elevated lactate levels during sepsis. That
tissue hypoxia is not the primary mechanism for the lactic acidosis is supported by
the fact that tissue levels of adenosine triphosphate, as assessed with phosphorus
nuclear magnetic resonance in animals, are not decreased (71).

The two determinants of the gluconeogenic response are the delivery of glu-
coneogenic substrates to the liver (product of liver blood flow and substrate con-
centration) and the ability of the liver to extract the gluconeogenic precursors.
Depending upon the magnitude of the stress and the specific gluconeogenic pre-
cursor, one or both may determine the gluconeogenic response in a given species.
Although it is often stated that gluconeogenic precursor supply increases dur-
ing infection, in fact this is not true for all gluconeogenic precursors. In humans
(49), following a very low dose of endotoxin, gluconeogenic precursor delivery
increased primarily because of a rise in lactate concentration, as the levels of other
gluconeogenic precursors (alanine and glutamine) fell. This increase in lactate
concentration, combined with the 50% increase in splanchnic blood flow, resulted
in an increase in hepatic lactate delivery. The rise in lactate delivery primarily dic-
tated the change in lactate uptake by the splanchnic bed, since splanchnic fractional
extraction of lactate did not increase. Despite a fall in alanine and glutamine levels,
net splanchnic uptake of both precursors increased because of a rise in fractional
extraction by the splanchnic bed and the rise in splanchnic blood flow. The rise
in gluconeogenic precursor uptake could account for approximately 50% of the
endotoxin-induced rise in liver glucose production in the human after a very low
dose of endotoxin. In other species where higher doses of endotoxin can be given,
the rise in lactate is due in part to a decrease in whole-body lactate clearance (138);
however, increases in lactate turnover contribute as well (165). Adrenergic block-
ade attenuated the rise in lactate concentration (64). Nevertheless, it is difficult
to evaluate the role of the catecholamines, since hypoglycemia and hypotension
developed during adrenergic blockade. With higher doses of endotoxin in a canine
model, glycogen breakdown was the primary source of the increase in glucose pro-
duction, despite the fact that the levels of lactate and alanine rose (119). The actual
uptake of these substrates by the liver does not increase markedly in endotoxemia.
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In the glycogen-depleted setting, the liver is a net consumer of lactate. However,
following the administration of endotoxin, the net uptake of lactate decreases and
in fact, the liver transiently switches to lactate release, in spite of a rise in arterial
lactate levels. The switch to lactate release occurs because of a robust increase
in hepatic glycolysis driven by a concomitant rise in hepatic glycogenolysis. In
the case of alanine, arterial levels rise progressively. Yet the fractional extraction
of alanine tends to fall, minimizing the rise in net hepatic alanine uptake. When
combined with the fact that net hepatic uptakes of the other gluconeogenic amino
acids (threonine, glutamine, serine, and glycine) do not rise, net hepatic uptake
of gluconeogenic precursors [an index of gluconeogenesis (119)] does not rise
following the administration of endotoxin.

With chronic infections, gluconeogenesis is likely increased. An increase in glu-
coneogenesis has been directly assessed in animal models (106). Although it likely
increased in humans (143), gluconeogenesis has not been accurately quantified.
The method used to assess gluconeogenesis (tracer-determined alanine conver-
sion to glucose) is prone to errors and does not yield a quantifiable measure of
gluconeogenesis (81). Moreover, this method does not separate the contributions
of the kidney and the liver to whole-body gluconeogenesis. Normally renal gluco-
neogenesis is a minor contributor to whole-body glucose flux (20). However, the
kidney can be a significant site of lactate removal in stressful settings (6). As with
an acute inflammation, the relationship between increases in lactate levels and net
splanchnic lactate uptake in chronic infection are not straightforward. In severely
septic patients, the splanchnic bed is not a significant producer or consumer of
lactate (32) despite marked elevations in lactate levels. The net balance of lactate
in patients who were consumers of lactate could at most account for less than 1%
(0.01 mg/kg/min) of the predicted net splanchnic glucose output (∼2 mg/kg/min).
With lethal doses of endotoxin, the impairment in gluconeogenic capacity of the
liver is so marked that total glucose production rapidly falls and hypoglycemia
ensues once hepatic glycogen stores are depleted. In that setting, the liver is not a
significant consumer or producer of lactate (23). Thus, despite the increased avail-
ability of lactate and in many cases other gluconeogenic substrates during infection
and inflammation, the relative importance of gluconeogenesis and glycogenolysis
to the total rate of glucose production is difficult to predict.

NORMAL INTERACTION BETWEEN
COUNTERREGULATORY HORMONES
AND HEPATIC METABOLISM

The alteration in metabolism that accompanies inflammation represents an inte-
gration of three separate but interrelated biological responses: (a) activation of the
neuroendocrine system, (b) release of cytokines from the activated immune sys-
tem, and (c) release of lipid mediators from multiple cell types (84). The differing
metabolic responses to acute endotoxin administration and chronic infection can
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be explained in part by the differing acute and chronic responses of the liver to
stress hormones.

Since Shamoon et al. (139) conducted their original studies, it has been hy-
pothesized that many of the metabolic responses observed during infection could
be explained by a synergistic interaction between the accompanying hormonal
responses to inflammation. In these seminal studies, Shamoon and colleagues
demonstrated that the hyperglycemic response to a hormone could be amplified if
other counterregulatory hormones were also infused. In those studies (139), it was
observed that over the course of 5 to 7.5 hours of hormone infusion, epinephrine
(13x basal)-amplified glucagon stimulated glucose turnover. The addition of cor-
tisol (4x basal) further enhanced stimulation of glucose turnover, such that the
response was greater than the sum of their individual effects. Unfortunately, defin-
ing how these hormones interact acutely as well as chronically to control the
metabolic response is complex. Moreover, it is even more complex, given that
during infection these hormones have to interact with the immune response. To
explain how these hormones might interact, the discussion below first describes
some of the known effects of these hormones when they are infused acutely in
isolation, and then relates what is known about how some of them interact.

Glucagon is a potent stimulator of glucose production; its effect wanes with
time (19, 21). The effect of glucagon on glucose production has been shown to
result primarily from a rapid, potent, time-dependent effect on glycogenolysis,
and to a lesser extent, from a less potent, slower effect on gluconeogenesis (22,
104). In fact, glucagon has been shown to acutely increase hepatic gluconeogenic
efficiency in vivo (154), yet the contribution of the rise in gluconeogenesis to
the increase in glucose production was small. This paradox may be explained by
the fact that glucagon has little effect on gluconeogenic substrate mobilization
from muscle or fat. Thus, any enhancement of gluconeogenic flux would initially
increase gluconeogenesis, but then the gluconeogenic substrate levels in blood
would fall and the gluconeogenic contribution to glucose production would return
toward its basal rate.

Epinephrine can also increase glucose production in a rapid, time-dependent
manner, albeit with a decreased sensitivity on a molar basis compared with glucagon
(26, 153). The effect of epinephrine on glucose production results from a stimula-
tion of both gluconeogenesis and glycogenolysis. The increase in gluconeogenesis
is due to the indirect action of the hormone on peripheral substrate release, whereas
enhancement of glycogenolysis is due to the direct action of epinephrine on the
liver (25, 27). Subsequent studies (61) demonstrated that when the hormone in-
creased the gluconeogenic precursor supply, it caused a compensatory decrease
in its glycogenolytic action, implying a reciprocal relationship between the two
processes. Increasing the gluconeogenic precursor supply to the liver increased glu-
coneogenesis but did not increase total glucose production, thereby implying a de-
crease in glycogenolysis. Studies examining the interaction between epinephrine,
cortisol, and glucagon clearly demonstrate that they can have an additive effect
on glucose production (60, 61, 100), with little evidence of synergy. Moreover,
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the mobilization of gluconeogenic substrates by epinephrine only increases the
contribution of gluconeogenesis to whole-body glucose production.

In summary, although the studies of Shamoon et al. (139) would suggest po-
tential synergy between counterregulatory hormones in the acute setting, in sub-
sequent well-controlled studies there was little evidence of synergy. Moreover,
although these hormones may differentially regulate gluconeogenic precursor sup-
ply and consequently the contribution of gluconeogenesis to total glucose produc-
tion, gluconeogenic precursor supply does not determine the overall rate of glucose
production.

For many types of inflammatory stressors, the endocrine response persists for
multiple days. The metabolic response to a chronic elevation in hormones may
differ markedly from that seen in the acute setting. Studies (7, 54) in humans
observed that a combined infusion of glucagon, epinephrine, and cortisol (5- to 20-
fold and 4-fold, respectively) for three days could lead to sustained hyperglycemia
and elevated glucose production. Subsequent studies in dogs (111), using a three-
day infusion of glucagon, epinephrine, norepinephrine, and cortisol, produced
a metabolic response similar to that in humans. The sustained increase in liver
glucose production was due primarily (∼70%) to an increase in gluconeogenesis.

Additional studies examined the contribution of the individual hormones to
the overall response to chronic (three days) stress hormone infusion (SHI). Initial
studies examined the impact of the acute discontinuation of a specific hormone
after a chronic SHI. Acute removal of glucagon (three hours) markedly decreased
net hepatic glucose output and hepatic glycogenolysis (115). Net hepatic glu-
coneogenic precursor uptake was not altered; the majority of the gluconeogenic
carbon was diverted to glycogen synthesis. A similar response was observed when
the chronic epinephrine infusion was discontinued (117). Net hepatic glucose
output was completely suppressed, whereas net hepatic gluconeogenic precursor
uptake was minimally affected. These data could be interpreted to suggest that
both epinephrine and glucagon have no impact on gluconeogenesis and primar-
ily affect hepatic glycogen metabolism. Thus, another hormone (e.g., cortisol or
norepinephrine) must drive the rise seen in gluconeogenesis during chronic SHI.
Yet chronic infusion of cortisol alone has only modest effects on gluconeogenesis
(58), and acute removal of norepinephrine had little, if any, impact. The impact of
acute removal of a hormone may not reflect its role in a chronic process such as
SHI.

The impact of the absence of a chronic elevation of a single hormone on the
overall metabolic response to SHI was also evaluated. The absence of an increase in
glucagon during SHI nearly completely prevented the SHI-induced increase in net
hepatic glucose output (107). Interestingly, despite chronic elevations in cortisol
and catecholamines, futile cycling of glucose into and out of the liver was enhanced,
which suggests that glucagon can serve as a brake to limit hepatic glucose entry in a
setting of hyperglycemia and thus sustain the hyperglycemia. Moreover, the rise in
gluconeogenesis was absent despite marked elevations in gluconeogenic substrate
(e.g., lactate and alanine) concentrations. The most dramatic effects were a failure
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of the liver to revert to lactate consumption despite elevated lactate concentrations
and a failure of net hepatic alanine fractional extraction to increase. Conversely,
the absence of an increase in epinephrine also blunted the hyperglycemia, but it
had little impact on gluconeogenesis or gluconeogenic precursor supply (116).
This is in marked contrast to the acute effects of epinephrine, which enhances
gluconeogenic supply and gluconeogenesis. In contrast to epinephrine, the lack of
a rise in norepinephrine had little impact on the overall metabolic response to SHI.
Interestingly, the absence of a rise in cortisol eliminated the SHI-induced increase
in gluconeogenesis, primarily by decreasing substrate supply (51). The enhanced
extraction of gluconeogenic substrates by the liver persisted. Moreover, hepatic
glycogen stores, which in fact tended to rise during SHI, were markedly depleted
by SHI when a rise in cortisol was absent. This is consistent with the observed
increase in hepatic glycogen content when cortisol was increased chronically in
the absence of a rise in the other counterregulatory hormones (58).

Thus, in the context of elevations in multiple counterregulatory hormones, these
hormones work in concert to maintain hyperglycemia by increasing hepatic glucose
production (both glycogenolysis and gluconeogenesis; Figure 1). The synergy that
can occur between the hormones in augmenting net hepatic glucose production
is accomplished by targeting one of four cellular processes: (a) substrate supply,
(b) the capacity of the liver to take up gluconeogenic precursors, (c) mobilization of
glycogen stores, or (d) facilitation of glucose release by the liver while minimizing
hepatic glucose entry.

HORMONAL CONTROL OF THE METABOLIC
RESPONSE TO INFLAMMATION

The metabolic response to inflammation is complex. The alterations that accom-
pany infection represent an integration of three separate but interrelated biological
responses: (a) activation of the neurohumoral system, (b) production of cytokines,
and (c) release of lipid mediators from multiple cell types. The intertwining of
these systems has made it difficult to differentiate between the primary and the
secondary events, which direct the metabolic response to infection.

Activation of the adrenergic system appears to be one of the primary mecha-
nisms for the rapid increase in hepatic glucose production that occurs following
acute endotoxin administration (64). Combined (α and β) adrenergic blockade
prevented the increase in hepatic glucose production in the conscious rat. Interest-
ingly, blockade of either α or β adrenergic receptors did not completely attenuate
the response to endotoxin.

The rise in glucagon may also contribute to the rise in hepatic glucose produc-
tion. Glucagon is markedly elevated during infection and inflammation (8, 12, 30,
49, 88). The increase in glucagon levels is generally greater than one might see
during hypoglycemia (9). Moreover, although the rise in glucagon secretion has not
been directly measured during inflammation, it is substantially greater than the rise
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in the arterial levels (70). The glucagon assay detects both the biologically active
glucagon and a large molecular-weight glucagon that is thought to be derived from
the intestine (161). As much as 50% of the basal immunoreactive glucagon is not
biologically active. Consequently, a doubling of immunoreactive glucagon levels
(50 to 100 pg/ml) can represent a more than fourfold rise in glucagon secretion.

The rise in glucagon may also contribute to the rise in hepatic glucose produc-
tion following endotoxin administration. The endotoxin-induced rise in glucagon
persisted in the presence of adrenergic blockade, yet an increase in hepatic glu-
cose production was absent (64). This led the authors to conclude that the rise
in glucagon does not contribute to the endotoxin-induced rise in hepatic glucose
production. In a normal setting, the rise in glucagon observed during endotoxemia
would markedly increase hepatic glucose metabolism (154). It is likely that if
glucagon had not increased, hepatic glucose production would have fallen below
basal rates because of the concomitant rise in insulin or more likely because of an
underlying impairment in hepatic metabolism. As a result, hypoglycemia would
have developed. In fact, one of the hallmarks of a rise in glucagon is a rise in the
fractional extraction of alanine by the liver (154). Following endotoxin adminis-
tration, hepatic fractional extraction of alanine did not increase, consistent with an
impairment in glucagon action during endotoxemia (119). At present, no studies
have assessed the role of glucagon in the response to endotoxin.

A number of investigators have examined the role of catecholamines and
glucagon in the overall hepatic response to chronic stress. In one of the first studies
(72), which was done in burn patients, somatostatin was infused with replace-
ment of insulin with or without glucagon replacement. When glucagon was not
replaced, endogenous glucose production and arterial glucose concentration de-
creased markedly. Exogenous glucose had to be infused to prevent hypoglycemia.
Subsequent studies in dogs (113, 168) and rats (88) with an infection also demon-
strated that acute correction of the hyperglucagonemia decreased hepatic glucose
production due to a fall in hepatic glycogenolysis.

We (113) observed, using a combination of tracer and arterio-venous difference
techniques, that suppression of the hyperglucagonemia did not alter net hepatic
gluconeogenic precursor uptake. In the specific case of alanine, the fall in net hep-
atic fractional extraction of alanine after lowering the glucagon concentration was
offset by a gradual elevation of arterial alanine concentration. This is consistent
with the known potent effect of glucagon on hepatic amino acid transport (75).
The fall in glucose production was due to a diversion of the gluconeogenic carbon
to glycogen rather than release as glucose. In many ways, this is reminiscent of
the effects observed when glucagon was acutely discontinued during SHI (115).
The lack of a detectable effect on the gluconeogenic process may indicate that
the impact of the acute removal of glucagon does not reflect its chronic role dur-
ing an infection. If the glucagon response was simulated in noninfected animals,
liver glucose production was not augmented (114). However, when the chronic
glucagon infusion was acutely discontinued, a comparable fall in hepatic glucose
output was observed and hepatic gluconeogenic precursor uptake was unaltered
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(114). The chronic hyperglucagonemia markedly augmented the capacity of the
liver to take up gluconeogenic precursors. Yet this did not enhance net hepatic glu-
coneogenic precursor uptake and glucose output, presumably because the arterial
gluconeogenic substrate concentrations decreased (109). In fact, this up-regulation
in the capacity to take up gluconeogenic precursors (specifically alanine) far ex-
ceeded that seen when an infection accompanied the hyperglucagonemia (106).
Thus, a defect in glucagon action may limit glucagon effectiveness in augmenting
the gluconeogenic process when an infection is present.

Catecholamines also contribute to the increase in hepatic glucose production
during infection; however, their importance is dependent upon the severity of the
stress. Following a mild infection in which basal catecholamines were minimally
elevated, combined adrenergic blockade had no effect on hepatic glucose produc-
tion (63). When sympathetic outflow was markedly elevated, combined adrenergic
(α and β) blockade prevented the sepsis-induced (168) as well as the endotoxin-
induced (64, 82) increase in hepatic glucose production. The elevated lactate levels
seen during chronic infection were not altered by adrenergic blockade (82). How-
ever, they were attenuated following an acute administration of endotoxin (64).

Glucocorticoids increase markedly following endotoxemia (46, 119, 136, 156).
Their acute role in sustaining liver glucose production is likely modest. Adrenalec-
tomy increases the susceptibility to hypoglycemia (105). Acute elevations in corti-
sol have minimal effects on hepatic glucose production or gluconeogenesis (57). As
mentioned above, cortisol may amplify the effects of the other counterregulatory
hormones.

Interpreting the roles of the endocrine hormones is difficult in a setting where
insulin is ever changing and its ability to antagonize the hormones may be mod-
ified by the accompanying illness. Thus, quantifying the role of a given classical
counterregulatory hormone in the overall metabolic response of the liver is diffi-
cult. Moreover, as is discussed below, since the accompanying cytokine response
to inflammatory stress interacts with and may actually blunt the effectiveness of
the stress hormones as well as insulin, defining the specific role of a hormone may
be difficult.

INSULIN RESISTANCE AND INFLAMMATION

Insulin resistance is characteristic of sepsis and inflammation. It is reversible once
the injury or inflammation has been resolved. Many tissues are involved, includ-
ing the muscle, liver, and adipose, and the inflammatory cells themselves. Because
of the multiple cellular targets and the difficulty in controlling for variables such as
duration of fasting, age, glycemia, severity of injury, and drug treatment, quantify-
ing the extent of the glucose intolerance was initially difficult (103). An additional
confounding response was that of endotoxemia, where hypoglycemia can occur,
and initially investigators suggested either insulin action was enhanced or endo-
toxin induced insulin-like effects (47, 96).
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Using the euglycemic hyperinsulinemic clamp or the hyperglycemic clamp
techniques, investigators were able to quantify the extent of insulin resistance
during infection and endotoxemia in multiple species. It was clear from the studies
that overt insulin resistance was present in infection. The extent of the insulin
resistance varied but in the presence of physiologic hyperinsulinemia, the glucose
requirements were decreased by approximately 50% (82, 93, 95, 98, 134, 163).
When indirect calorimetry was combined with the technique, the primary defect
was not glucose oxidation but glucose storage (134). This differs somewhat from
the insulin resistance of obesity and diabetes, where both oxidation and storage
are negatively impacted (31). The complexity of this is exemplified by the fact that
augmentation of pyruvate dehydrogenase activity (140) alone could not explain
the isolated impairment in glucose storage (141), and did not improve insulin-
stimulated glucose disposal in septic humans and rats. Thus, multiple defects
may be present (impairments in glucose delivery, cellular glucose transport, and
phosphorylation, as well as glycogen synthesis).

In a series of studies, Lang et al. (83, 96–98, 120, 121) clarified the sites for
the insulin-like activity of inflammation and infection as well as the sites of im-
paired glucose disposal and the role of the adrenergic system in the augmentation
of tissue glucose utilization. In the absence of an increase in insulin, infection
increases whole-body glucose utilization despite marked peripheral insulin re-
sistance. The increase occurs in multiple tissues, especially in macrophage-rich
tissues (e.g., spleen, liver, intestine). This increase occurs independently of insulin
and is linked to the cytokine response that accompanies inflammation. No one
cytokine controls the metabolic response to endotoxin. Injection of high doses
of TNF can re-create the metabolic response to endotoxin (151). Yet neutral-
ization of TNF prior to endotoxin injection does not significantly attenuate the
metabolic response to endotoxin, even though it attenuates the lethality of the en-
dotoxin (99). The elevations in body temperature, synthesis of eicosanoids, and
fever (85, 87) also do not play an essential role in the metabolic response to
endotoxin.

The insulin resistance in infection and inflammation has been attributed to
elevated levels of cytokines. Studies have revealed that elevated concentrations
of cytokines, such as interleukin-6 and TNF-α, can induce insulin resistance (76,
78). Further complicating the issue is that cytokines may be synthesized locally in
muscle, so that circulating levels of the cytokines may not reflect the true cellular
exposure (50). In addition, infusion of insulin can amplify the cytokine response
to endotoxin (79, 148).

Several mechanisms may play a role in cytokine-induced insulin resistance.
TNF-α stimulation increases serine phosphorylation of insulin receptor substrate
1, decreasing its tyrosine phosphorylation by the insulin receptor kinase (1, 68, 69).
Although these phosphorylation events are very rapid, full TNF-α- and endotoxin-
mediated insulin resistance is slow to develop (11, 44). A family of protein sup-
pressors of cytokine signaling have been suggested to be involved (74, 78, 157,
158). As with many of these signaling events, their importance in the actual
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phenotypic expression of the insulin resistance observed during infection is diffi-
cult to quantify.

Although it is clear that insulin resistance is a major contributor to the pathol-
ogy of hyperglycemia during infection, it is still unclear how this insulin resis-
tance interacts with the neuroendocrine environment of inflammation, when the
effectiveness of these hormones is also impaired. Glucagon, growth hormone, and
adrenergic signaling are all impaired during inflammatory stress (33, 55, 132, 133).

INTERACTION BETWEEN NUTRITIONAL SUPPORT
AND INFLAMMATION

The defects in whole-body glucose metabolism are most evident when exogenous
glucose either is administered alone or as part of parenteral nutrition. In response to
an acute infusion of glucose, the liver removes less than one third of the exogenous
glucose, and the remaining tissues, primarily muscle, are the major sites of glucose
disposal. Hepatic glucose uptake can reach one third of the load if the glucose
is given orally (127). During intravenous glucose delivery, suppression of liver
glucose production rather than stimulation of liver glucose uptake is the major
way the liver contributes to glucose homeostasis. Following the administration
of endotoxin, the depleted hepatic glycogen stores are resistant to repletion by
the administration of exogenous glucose (89, 112). This is due to both a failure
to suppress endogenous glucose production as well as to a failure to augment
glycogen synthesis. An elevated glycogen phosphorylase activity and a failure to
suppress phosphorylase during glucose infusion, rather than a defect in glycogen
synthase activation, contribute to the impaired hepatic glycogen synthesis (10).
The role of the liver in glucose homeostasis changes dramatically during chronic
nutritional support.

The clinical perception that the liver is a significant site of glucose disposal in
the nutrition-support patient only when hyperglycemia is present is no longer well-
founded (164). This belief is based on (a) limited uptake of glucose by the liver
in the acute setting in the absence of hyperglycemia, (b) a respiratory exchange
ratio greater than 1 in nutrition-support patients who develop hyperglycemia, and
(c) increased incidence of the hepatic steatosis seen with hyperglycemia. In fact,
de novo lipogenesis (i.e., glucose to lipid) rarely occurs except in cases of car-
bohydrate feeding in excess of the energy requirements (65). The major substrate
for hepatic lipogenesis is circulating free fatty acids and not glucose (145). In
the presence of near-normal glucose levels in nonseptic individuals receiving nu-
tritional support, the splanchnic bed was a significant site of glucose utilization;
fractional splanchnic extraction of glucose was ∼20% (144). The role of the liver
has not been directly assessed in humans because of lack of access to the hep-
atic and portal veins. In the dog administered chronic total parenteral nutrition
(TPN) into a peripheral vein for four days, the liver took up ∼50% of the exoge-
nous glucose delivered; hepatic extraction of glucose was ∼20% (108). Nearly
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Figure 2 Impact of inflammation on glucose uptake by hepatic and peripheral tissues
during nutritional support (NS).

75% of the glucose taken up was released as lactate and delivered to peripheral
tissues (i.e., reverse Cori cycle). Since removal of lactate by peripheral tissues
is more efficient than glucose and is not dependent upon insulin (28), the re-
sponse of the liver limits the severity of the hyperglycemia and hyperinsulinemia
that otherwise would occur (Figure 2). Clearly then, any defect in hepatic glu-
cose uptake during TPN would predispose the individual to hyperglycemia and/or
hyperinsulinemia.

Interestingly, the rate of glucose uptake by the liver during chronic TPN is
greater than that which would have been predicted based upon acute studies. The
liver of the normal animal receiving chronic TPN consumes a substantial net
quantity of glucose (∼4.5 mg/kg−1/min−1) in the presence of normal glucose lev-
els (120 mg/dl) and only mild hyperinsulinemia (15 µU/ml) (108). In the acute
setting, these levels of insulin and glucose would not initiate net hepatic glucose
uptake (NHGU). Three factors regulate NHGU acutely: the hepatic glucose load
(blood flow × glucose level), the hormonal milieu (insulin and glucagon levels),
and the route of glucose delivery (portal signal). Physiologic increases in glucose
alone will not induce NHGU. However, in the presence of elevated glucose, insulin
increases NHGU in a dose-dependent manner. It is enhanced further if the glu-
cose is administered into the portal vein (which activates the portal signal) (125,
127). To induce NHGU of the magnitude seen in the normal animal during TPN
(∼4 mg/kg−1/min−1), the arterial plasma glucose levels would have to be greater
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than 200 mg/dl and the arterial insulin levels would have to exceed 170 µU/ml
(125). In fact, to obtain substantial NHGU with more physiologic insulin levels
(∼30 µU/ml), the glucose would have to be infused into the portal vein to activate
the portal signal and the arterial glucose levels would have to exceed 200 mg/dl.
Thus, the liver of the TPN-adapted dog increased its capacity to consume glucose.
A potential explanation is an increase in glucokinase activity (5, 126), possibly
initiated by the prolonged exposure to mild hyperinsulinemia and to the very low
glucagon levels seen during TPN. However, this likely is not the sole explanation.

The acute versus chronic modulation of liver glucose uptake in the setting of
continuous nutritional support varies markedly. Glycogen synthesis is the primary
fate of glucose taken up by the liver following a meal (127). Surprisingly, de-
spite the large activation of glycolysis following TPN, acute increases in glucose
and insulin or direct activation of glucokinase primarily divert the additional glu-
cose carbon to glycogen rather than to lactate (17, 41). The preferential diversion
of glucose carbon to glycogen may be explained by a property of glucokinase
(i.e., hexokinase IV). Overexpression of glucokinase, but not hexokinase I, diverts
glucose to glycogen. In contrast, overexpression of hexokinase I diverts the glucose
to glycolysis (137). The fact that acute manipulation of glucose and insulin, as well
as glucokinase, diverts glucose away from a very active glycolytic pathway during
TPN is consistent with this observation. Thus, glycogen synthesis is the preferred
site for glucose disposal when acute manipulations are made, irrespective of the
liver’s metabolic state.

The mechanism whereby glycogen is no longer a major metabolic fate dur-
ing TPN is unknown. Overexpression of glucokinase improves hepatic glucose
utilization (137). Because glucokinase preferentially diverts glucose to glycogen,
this casts doubt on activation of glucokinase as the sole explanation for the in-
creased rate of glucose uptake and lactate release during TPN. Glycogen synthesis
may be suppressed by accumulating glycogen stores (37). However, glycogen syn-
thase activity does not decrease in glycogen-replete rats (53), and acute activation
of glucokinase is very effective in augmenting liver glucose uptake (42) in the
TPN-adapted state. Glycogenolysis may increase to equal the rate of glycogen
synthesis, leading to rapid cycling of glucose through glycogen. Consistent with
this, while 75% of NHGU is released as lactate during TPN, only 30% of U-14C
glucose taken up by the liver is diverted to lactate. The remainder of the U-14C
glucose either accumulates in glycogen or is oxidized. However, a net decrease
in glycogen synthesis alone likely will not explain the preferential diversion to
lactate. A specific activation of glycolysis, possibly mediated by a rise in fructose
2,6-bisphosphate, an activator of phosphofructokinase, and pyruvate kinase, likely
contributes (131).

In response to infection, the ability of the liver to remove an exogenous glucose
load acutely delivered into a peripheral vein is decreased (112). We have observed a
similar response in infected animals adapted to TPN (108). The infection-induced
decrease in NHGU during an acute peripheral glucose infusion was due to both
an impaired stimulation of hepatic glucose uptake and an impaired suppression of
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hepatic glucose production (112). The impaired suppression of glucose production
is a characteristic of infection in humans (11, 142). In the TPN-adapted animal, an
impairment in hepatic glucose uptake (Figure 2) is the primary contributor to the
defect during infection; however, glucose production would be elevated as well
were it not for the compensatory hyperinsulinemia (40). The mechanism(s) for
this is (are) unknown.

Elevated glucagon concentrations likely contribute to the impaired net liver
glucose uptake during infection. Chronic elevations in glucagon may also ex-
plain the need for additional insulin to restrain hepatic glucose production. Acute
increases in glucagon antagonize liver glucose uptake by stimulating hepatic glu-
cose production and inhibiting glycogen synthesis (66). However, the acute and
chronic effects of glucagon are markedly different. Acutely, glucagon regulates
glycogen metabolism, but chronically it regulates gluconeogenesis (107, 115). As
mentioned above, chronically it can limit cortisol-induced enhancement in liver
glucose uptake and facilitate glucose production (51). It is most effective in in-
creasing gluconeogenesis when an adequate supply of gluconeogenic amino acids
and lipids, both of which are supplied in TPN, are present (102, 112). One possible
mechanism by which glucagon could limit liver glucose uptake is inhibition of glu-
cokinase (129, 130). However, chronic activation of glucokinase (chronic fructose
infusion) alone cannot correct the infection-induced impairment in liver glucose
uptake (43). This suggests that the infection-induced impairment in liver glucose
uptake may be due to defects at multiple sites. Glucagon is a potent inhibitor of
phosphofructokinase and pyruvate kinase (129, 130). Thus, combined decreases in
glucokinase, phosphofructokinase, and pyruvate kinase could explain the decrease
in liver glucose uptake and the lactate release seen during infection. A host of other
factors (including cytokines, prostaglandins, and nitric oxide) may contribute to
the alterations in hepatic glucose production. However, many of their effects on
glucose metabolism are mediated both directly and indirectly via their activation
of the neuroendocrine system (3, 87, 92, 94, 150). Inhibition of nitric oxide does
not alter liver glucose uptake during infection (16). Catecholamines can inhibit
liver glucose uptake (108), but significant impairment in the hepatic response to
TPN is seen in models with very little elevation in catecholamine levels.

Correction of the infection-induced hyperglycemia by administration of insulin
may not necessarily improve liver glucose uptake. Although administering insulin
can facilitate NHGU, the concomitant lowering of glucose levels will counteract
this effect. As mentioned above, two of the three major determinants of NHGU
are the insulin and glucose levels. Increases in insulin not only improve NHGU,
they also increase muscle glucose uptake (170). Based upon the studies of Myers
et al. (125) in 42-hour fasted dogs, ∼15% of the exogenous glucose delivered into
a peripheral vein was disposed of by the liver in the presence of acute moderate
elevations of insulin and glucose levels. Further increases in the insulin level
did not alter this percentage. This is in marked contrast with the response seen
following TPN in the normal dog, where the liver removed 45% of the exogenous
glucose in the absence of hyperglycemia (15). Interestingly, when glucose levels in
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42-hour fasted dogs were increased in a stepwise manner in the presence of fixed
elevated insulin levels (∼33 µU/ml), the glucose disposed by the liver increased
progressively from 14% to 29% (124). Thus, acute hyperglycemia tends to shift
glucose carbon to the liver and away from the periphery. In fact, our data indicate
that acute increases in arterial glucose levels in the TPN-adapted state have a much
greater impact on liver glucose uptake than do proportional increases in insulin
(17, 41).

Predicting the impact of correcting infection-induced hyperglycemia on liver
glucose uptake is difficult; infection impairs both insulin- and glucose-dependent
liver glucose uptakes. Infection impairs the slope of the relationship between glu-
cose levels and NHGU (↓ ∼45%). Despite this impairment, NHGU is still more
responsive to increases in glucose concentration than to insulin concentrations (40),
and increases in insulin above the already elevated insulin level did not improve
liver glucose uptake. Thus, in the clinical setting, correction of hyperglycemia by
exogenous infusion of insulin could decrease net liver glucose uptake in individ-
uals who are already able to mount an insulin response, even if it is inadequate
to maintain euglycemia. If the liver’s contribution to whole-body glucose disposal
decreases as insulin levels are increased and glucose levels are decreased, glu-
cose utilization by peripheral tissues becomes the predominant mechanism for
the lowering of glucose levels. Individuals with pre-existing insulin resistance are
at greatest risk for the complications of hyperglycemia during nutritional sup-
port, especially when an infection is present (18, 31, 34). The combination of
the infection-induced peripheral insulin resistance and the unresponsiveness of
the liver to additional insulin contribute to the very high insulin requirements in
these populations (118). Thus, these studies suggest that the acute correction of
infection-induced hyperglycemia by administering exogenous insulin does not im-
prove, and may even exacerbate, the infection-induced impairment in liver glucose
uptake.

A body of evidence suggests that total enteral nutrition (TEN) may be more
efficacious than TPN in reducing secondary infections and decreasing mortal-
ity (80). One proposed benefit of TEN is the preservation of the gut “barrier.”
TEN is reported to prevent translocation of bacteria into the portal and possibly
the systemic circulation (35, 135). During TPN, gut atrophy occurs (4), which
may allow translocation (62, 101). Support for the “translocation hypothesis” in
animal models has been documented; however, there is no direct or convincing
indirect evidence that it modifies or prevents bacterial translocation in humans
(146). TEN may modify the gut inflammatory response, which in turn alters the
general response to injury (36). TEN is beneficial to the gut; whether this is the
sole mechanism by which it improves patient outcome is unclear.

One possible benefit of TEN, especially on hepatic function, is the direct de-
livery of the nutrients into the portal circulation. In fact, infusion of nutrients into
the portal circulation was more effective in improving plasma protein levels in
stressful situations than was the peripheral route (36, 128, 171). However, in non-
stressed animals, portal nutrition was no more beneficial than was a peripheral
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route (45, 77). The improvement in hepatic metabolism following portal nutrient
delivery in stress situations indicates that factors in addition to improved gut func-
tion contribute to the improved outcome of enterally fed patients. The accretion of
hepatic glycogen may help protect the liver from periods of hepatic microcircula-
tory ischemia commonly seen during infection (2). In addition, increased amino
acid delivery to the liver may also be beneficial in meeting the increased protein
synthetic needs of the liver. In normal animals, acute delivery of glucose via the
portal vein amplifies hepatic glucose uptake and glycogen repletion (127). Thus,
we expected that during TEN, liver glucose uptake would be higher than during
TPN; however, that was not the case (15). In fact, when identical nutrient solu-
tions were given to dogs as TEN and TPN, the liver removed a similar amount of
glucose. However, insulin levels were higher with TEN than TPN, and peripheral
glucose uptake was lower in TEN. Since the portal signal inhibits peripheral glu-
cose uptake in addition to stimulating NHGU (52), it may explain the impaired
peripheral glucose uptake and higher insulin requirements seen during TEN. The
possible explanations as to why TEN did not enhance NHGU further include
(a) portal delivery of nonglucose substrates (amino acids) inhibits the effect of the
portal signal on NHGU (122), (b) the portal signal is ineffective at the liver in the
chronic nutritionally supported state (52), and (c) endocrine alterations, such as
elevated glucagon levels, during TEN limit the rise in NHGU. Amino acids de-
livered enterally directly enter the portal circulation and may inhibit liver glucose
uptake. Portal, but not peripheral, delivery of gluconeogenic amino acids inhibits
the effect of the portal signal (122). Another possibility is that the portal signal
is ineffective in the background of the large adaptations seen during TPN. This is
likely, given that an acute, but not chronic, increase in fructose is effective (42,
43), and fructose is thought to act on the same enzymes as the portal signal.

SUMMARY

Infection and inflammation result in profound activation of the glucoregulatory sys-
tem. In many other types of acute stressors, such as exercise and hypoglycemia,
the tissue responses to hormones are generally amplified or at least sensitized, al-
lowing rapid adjustments to be made during the stress. By contrast, in the setting of
inflammation nearly all organs become hyporesponsive, shifting the body to a state
of metabolic inflexibility. The root cause of this inflexibility is unclear but is likely
dependent upon the inflammatory response rather than simply the neuroendocrine
response. One consequence of this metabolic inflexibility is hyperglycemia, espe-
cially during nutritional support.
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