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Alterations in Carbohydrate Metabolism During Stress:

A Review of the Literature
Barry A. Mizock, MD, FACP, Chicago, lliinois

Patients with sepsis, burn, or trauma commonly
enter a hypermetabolic stress state that is assoc-
iated with a number of alterations in carbo-
hydrate metabolism. These alterations include
enhanced peripheral glucose uptake and
utilization, hyperlactatemia, increased glucose
production, depressed glycogenesis, glucose
intolerance, and insulin resistance. The hyper-
metabolic state is induced by the area of
infection or injury as well as by organs involved in
the immunologic response to stress; it generates
a glycemic milieu that is directed toward
satisfying an obligatory requirement for glucose
as an energy substrate. This article reviews
experimental and clinical data that indicate
potential mechanisms for these alterations and
emphasizes aspects that have relevance for the
clinician.

he nomenclature of critical care medicine uses

the term “stress” to describe the systemic re-
sponse to severe injury or infection.! The stress re-
sponse is manifest as a syndrome consisting of hy-
permetabolism (eg, increased oxygen consumption,
hyperglycemia, hyperlactatemia, protein catabolism),
a hyperdynamic cardiovascular state, and clinical
manifestations of fever or hypothermia, tachycardia,
tachypnea, and leukocytosis.2 The intensity of the
stress response peaks several days after the initial in-
sult and diminishes during recovery.? A prolonged re-
sponse may occur in patients who have persistent tis-
sue hypoperfusion or an unresolved focus of injury
or infection; that in turn predisposes them to the de-
velopment of progressive metabolic dysregulation
and organ failure.?

The etiology of hypermetabolism during stress is
unclear. Stoner? has portrayed it as a dichotomy of
“push versus pull”; that is, metabolism may either be
“pushed” to higher levels by the existing neurohor-
monal milieu—similar to what is observed in hyper-
thyroidism—or “pulled” by the metabolic demands of
the area of infection or injury. Wilmore,® using data
obtained from burns, proposed that the wound func-
tions as an “organ of repair” that stimulates hyper-
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metabolism through the production of neuroen-
docrine and cytokine mediators to satisfy the de-
mands of the reparative process.

Acute infection or injury induces a number of al-
terations in carbohydrate metabolism. They include
enhanced peripheral glucose uptake and utilization,
hyperlactatemia, increased glucose production, de-
pressed glycogenesis, glucose intolerance, and insulin
resistance. The discussion that follows will present
animal and human data that suggest potential mech-
anisms for these alterations. In addition, features that
have particular relevance for the clinician will be

highlighted.

ENHANCED PERIPHERAL
GLUCOSE UPTAKE

Severe injury or infection is associated with en-
hanced cellular uptake of glucose.®” Recent research
has provided insights into potential mechanisms un-
derlying this process. The cell membrane has a hy-
drophobic interior that renders it impermeable to
small polar molecules such as glucose. Cellular uptake
of glucose is accomplished by means of binding to car-
rier proteins that increase its lipid solubility suffi-
ciently to allow it to move through the cell membrane.
Two classes of carriers have been described in ani-
mals—a sodium-glucose cotransporter and a facilita-
tive glucose transporter.?? The sodium-glucose co-
transporter actively transports glucose across the cell
membrane in conjunction with sodium. Sodium-glu-
cose cotransport is involved in the uptake of glucose
from the small intestine and the proximal tubule of
the kidney.!? Glucose uptake in other organs occurs
by a saturable form of passive transport in which car-
rier proteins facilitate the diffusion of glucose across
the cell membrane down its concentration gradient.

Five transporter isoforms encoded in DNA have
been described; these isoforms are structurally re-
lated proteins that differentially regulate glucose up-
take into various tissues.? Individual tissues and cells
may express more than one transporter isoform.
Three of the isoforms, GLUT1, GLUTZ, and GLUT4,
are thought to play important roles in glucose uptake.
The GLUT1 isoform is responsible for basal glucose
uptake; it can be found in many tissues. This isoform
is present in highest concentration in the cells of
blood-tissue barriers (eg, brain, placenta). It has a
high affinity for glucose that ensures transport even
under conditions of hypoglycemia. The GLUTZ2 iso-
form has a more restricted tissue distribution than
GLUTI. It is expressed in the liver, kidney, small in-
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Figure 1. Translocation of glucose transporters by insulin. From
Karnieli et al,97 with permission.

testine, and pancreatic beta cells. In the liver, GLUT2
mediates the uptake and release of glucose by hepa-
tocytes. In the pancreas, GLUT2 may be involved in
the regulation of glucose-stimulated insulin secretion.
Isoform GLUT4 is present only in tissues where glu-
cose uptake is mediated by insulin (insulin-mediated
glucose uptake, or IMGU), namely, muscle, fat, and
heart tissue. Under basal conditions, GLUT4 is local-
ized to intracellular vesicles with little in the plasma
membrane, whereas GLUT1 is distributed equally be-
tween the plasma membrane and vesicles.?

Cushman and Wardzala!! in 1980 described a mol-
ecular mechanism by which insulin could increase
glucose uptake in adipocytes. (Skeletal muscle may
share this mechanism.?) They postulated that bind-
ing of insulin to receptor sites on the cell membrane
increases glucose uptake by stimulating the re-
versible migration of an intracellular pool of carrier
proteins to the cell membrane (Figure 1). Insulin
also promotes glucose uptake by increasing the in-
trinsic activity (V) of carrier proteins, although the
mechanism by which this occurs is unclear.®112
Counterregulatory hormones such as catecholamines
or glucagon may antagonize the action of insulin in
muscle and fat by decreasing the intrinsic activity of
the GLUT4 transporter isoform.!213

Peripheral glucose uptake also occurs by nonin-
sulin-mediated glucose uptake (NIMGU). This
process transpires in the central nervous system,
liver, leukocytes, and erythrocytes; it also occurs in
insulin-sensitive tissues such as skeletal muscle and
fat.”* Under basal postabsorptive conditions, ap-
proximately 80% of whole body glucose uptake is by
NIMGU (predominately by the central nervous sys-
tem).’® Skeletal muscle accounts for 20% of basal
whole-body glucose uptake of which one half is
NIMGU and one half IMGU. During conditions of hy-
perglycemia, peripheral glucose uptake exhibits a
mass action effect in which uptake increases in di-
rect proportion to the blood sugar.!* Much of this in-
crease is accounted for by augmented NIMGU in
skeletal muscle.!

Increased whole-body glucose uptake during in-
fection or following injury has several characteristics:
It is largely noninsulin mediated, which suggests that
the GLUTI transporter may be the primary glucose
carrier during stress™%; it results from an enhanced
rate of glucose utilization by tissues rich in macro-
phages such as spleen, ileum, liver, and lung®7; it per-
sists even during hypoglycemial’; and in contrast to
the basal state, NIMGU in severe infection or injury
is only minimally enhanced by hyperglycemia, possi-
bly because stress increases glucose uptake to near
maximal levels.”

Until recently, the stimulus for enhanced NIMGU
during stress was unknown. Filkins!® demonstrated
in the late 1970s that supernatants obtained from
peritoneal macrophages exposed to endotoxin in-
creased glucose oxidation in a fat-pad assay system.
They proposed the term “macrophage insulinlike ac-
tivity” for the presumptive mediator. Lee et al'® sub-
sequently observed that tumor necrosis factor (TNF)
increased hexose transport in muscle cells. TNF was
also found to increase glucose uptake in dog
hindlimb.2’ Meszaros et al*' observed that adminis-
tration of TNF increased glucose utilization in
macrophage-rich tissues such as spleen, liver, and
kidney, as well as in diaphragm tissue. Certain
unidentified cytokines also appear to promote glu-
cose uptake.!” Widnell et al?® and Pasternak et al®®
noted that BHK cells exposed to various forms of cel-
lular stress increased glucose uptake as the conse-
quence of an insulinlike reaction in which glucose
transporters migrated from an intracellular site to the
plasma membrane. Bird et al** noted that interleukin-
1 stimulated hexose transport in fibroblasts by in-
creasing the net rate of glucose transporter synthe-
sis. Cornelius et al®® found that monokines increased
mRNA coding for synthesis of glucose transporter
isoforms. Zeller et al®® observed increased GLUT1
mRNA in fat, soleus muscle, and liver in a rat model
of endotoxic shock; however, the significance of this
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observation was unclear since in a subsequent study
they found that membrane content of GLUT1 protein
was not increased.?” Stephens et al'® were also un-
able to document increased membrane transporter
protein despite increased GLUT1 mRNA.

In summary, stress is associated with an enhanced
peripheral uptake of glucose. This process is largely
noninsulin responsive, is most prominent in tissues
involved in the immune response, and appears to be
cytokine-mediated. It is likely that some alteration in
synthesis, distribution, or intrinsic activity of the glu-
cose transporter plays arole in this process. However,
the mechanism by which stress enhances peripheral
uptake of glucose requires further clarification.

ENHANCED PERIPHERAL GLUCOSE
UTILIZATION

Once taken up by the cell, glucose is metabolized
to pyruvate via glycolysis. Glucose may also be stored
as glycogen. However, glycogen formation in liver and
muscle appears to be inhibited during stress (see be-
low). Patients resuscitated from severe injury or in-
fection typically display augmented glycolysis; this
has been attributed to a cellular energy deficit re-
sulting from altered microcirculatory blood flow or
mitochondrial dysfunction.?*?® Recent advances in
biotechnology have provided innovative methods to
assess the status of tissue oxygenation and bioener-
getics and have cast doubt on the concept of an is-
chemic or hypoxic stimulus for glycolysis. Tech-
niques such as phosphorus 31 nuclear magnetic
resonance spectroscopy and [®F]-fluoromisonidazole
have been used to explore the hypothesis that in-
creased glycolysis during stress results from tissue
hypoxia. Data obtained from muscle, heart, brain, and
liver studies have failed to provide evidence of a de-
pressed bioenergetic state during sepsis.’*¥ A de-
tailed presentation of the data is beyond the scope of
this review, and the reader is referred to a recent ar-
ticle for a more extensive discussion.?

It is likely that severe injury or infection provides a
stimulus for glycolysis that is not mediated by tissue
hypoxia. In the setting of stress, glycolytic activity is
enhanced (via a mass action effect) by augmented cel-
lular glucose uptake as well as by increased adenosine
triphosphate (ATP) turnover and adenosine
monophosphate (AMP) production, which stimulate
phosphofructokinase, the rate-limiting enzyme of gly-
colysis.?»3 Enhanced glycolytic activity in the pres-
ence of adequate tissue oxygenation (eg, aerobic gly-
colysis), has also been described in skeletal muscle
during postprandial rest, during sustained submaximal
exercise, and with administration of catechola-
mines.®"® Brain, renal medulla, gastrointestinal tract
mucosa, retina, and leukocytes also normally metabo-
lize glucose to lactate through aerobic glycolysis.*

Why certain types of cells choose to meet their en-
ergy requirements in this fashion is unclear.
Augmented glycolysis may be necessary to sustain
processes that require high rates of cytoplasmic ATP
turnover.?®% An alternate interpretation, termed the
“lactate shuttle,” postulates that aerobic glycolysis
confers increased metabolic flexibility by allowing
different tissues to share a carbon source (lactate) for
oxidation or gluconeogenesis.®® Amaral et al®® pro-
vided support for the shuttle hypothesis by demon-
strating that lactate could substitute for glucose as an
oxidative substrate in wounded tissue. Similarly,
Spitzer et al*! observed that endotoxemia promoted
myocardial lactate oxidation. An increased local con-
centration of lactate may also contribute to tissue re-
pair by inhibiting bacterial growth, increasing wound
blood flow, and stimulating collagen synthesis by the
fibroblast.?

Pyruvate produced by glycolysis may be directed
into one of four pathways (Figure 2): (1) oxidation
to carbon dioxide, (2) conversion to lactate, (3)
transamination to alanine, and (4) recycling to glu-
cose via oxaloacetate. Previous studies have sug-
gested that oxidative metabolism of pyruvate is im-
paired following injury or infection.*** However,
these studies measured pyruvate oxidation indirectly
utilizing a technique that incorporates radiolabeled
glucose and exhaled gas analysis. This method may
give falsely low values for oxidation because it fails
to account for glucose-6-phosphate derived from
glycogenolysis; that in turn could result in overesti-
mation of the precursor (pyruvate) for oxidation.3
Recently, Wolfe et al,? studying burn patients, utilized
a stable isotope technique that allows direct quan-
tification of pyruvate production and oxidation. They
found an increase in the total rate of glucose oxida-
tion in the basal state and during glucose infusion.
This finding casts doubt on the concept of decreased
glucose oxidation during stress.

In summary, stress is associated with an enhanced
glycolytic and oxidative utilization of glucose that may
be directed toward satisfying the increased metabolic
demands of tissues involved in the reparative process.

HYPERLACTATEMIA

Persistant hyperlactatemia is not uncommeon in pa-
tients who have been resuscitated from severe injury
or infection.?3% This phenomenon is most appar-
ent in patients with septic stress who may have blood
lactate concentrations that approach 5 mm/L.*> The
mechanism for hyperlactatemia in this setting had
been attributed to tissue hypoperfusion. However, as
mentioned above, conclusive evidence for tissue hy-
poxia in resuscitated stress is lacking. In contrast to
hypoperfused states in which lactate is dispropor-
tionately increased relative to pyruvate, hyperlac-
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tatemia of injury or infection (stress hyperlactatemia)
is accompanied by elevations in pyruvate concentra-
tion that maintain the normal lactate/pyruvate ratio
of 10:1 to 15:1.3%%47 That suggests that stress hyper-
lactatemia represents an equilibration phenome-
non.>* The degree of hyperlactatemia parallels the
severity of hypermetabolism and is accompanied by
concomitant increases in urinary nitrogen excretion,
oxygen consumption, and insulin resistance (Table).2
Stress hyperlactatemia is promoted by enhanced pe-
ripheral glucose uptake, which in turn stimulates pro-
duction of lactate and pyruvate by a mass-action ef-
fect on glycolysis.35* (Skeletal muscle, because of its
large mass, is the major producer of lactate during
stress.) Increased glycogenolysis (see below) also
promotes lactate formation by increasing the pro-
portion of glucose that is directed to lactate.®®

Alterations in lactate utilization can also influence
blood lactate concentration. The majority of lactate pro-
duced during stress is recycled to glucose in the Cori
cycle, discussed below.?%5! Oxidative utilization of lac-
tate is regulated by the activity of the pyruvate dehy-
drogenase (PDH) enzyme complex. The properties of
PDH have been recently reviewed.’> Pyruvate dehy-
drogenase in skeletal muscle is subject to regulation by
end-product (eg, NADH, acetyl-CoA) inhibition and by
covalent modification by a protein kinase that catalyzes
conversion of active PDH to inactive PDH.525 The ki-
nase is inhibited competitively with respect to ATP by
ADP, and noncompetitively by pyruvate.

Siegel et al*® noted that patients with sepsis had
marked increases in blood levels of pyruvate and its
equilibrium products lactate and alanine. This finding

suggested an impairment in the utilization of pyruvate
that the investigators attributed to inhibition of
PDH.% Several animal studies supported this hy-
pothesis. Vary et al®* used a rat model to compare the
effects of sepsis and sterile inflammation on PDH ac-
tivity. They found that sepsis was associated with de-
creased activity of PDH in skeletal muscle and liver,
whereas PDH downregulation was not seen with ster-
ile inflammation. A potential mechanism for PDH
downregulation was provided by a subsequent study
demonstrating that sepsis, but not sterile inflamma-
tion, induces a stable factor in skeletal muscle mito-
chondria that increases PDH kinase activity.?® In ad-
dition, administration of dichloroacetate (which
inhibits the inactivating PDH kinase) to animals with
sepsis-induced hyperlactatemia was noted to result in
a reduction in blood lactate concentration.?%%

On the other hand, Lang et al®” were unable to find
downregulated PDH in septic rats. Wolfe et al,*¢ us-
ing a tracer technique in burn patients, were unable
to document a reduction in pyruvate oxidation as
would be expected with downregulated PDH activity;
they instead found a 300% increase in pyruvate oxi-
dation relative to normal controls. PDH appears to be
rate-limiting for the complete oxidation of glucose
since dichoroacetate stimulates the percent of pyru-
vate oxidized, thereby reducing blood lactate con-
centration.?® However, it is possible that the decrease
in lactate induced by dichloroacetate may have re-
sulted from feedback inhibition of glycolysis by ox-
idatively produced ATP.?¢ Thus, the role of PDH in
promoting hyperlactatemia in stress is unclear since
pyruvate oxidation is not decreased.
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TABLE
Stress Stratification by Metabolic Criteria

Urine Plasma’ Plasmat Oxygen
Stress Nitrogen Lactate Glucose Insulin Consumption
Level (g/day) {mmol/L) (mg/dL) Resistance (mL/min/m?)
Low <10 <l.5 <150 No <140
Mid 10-20 1.5-3.0 150-250 Some 140-180
High >20 >3 >250 Yes >180

Data adapted from Cerra,? used with permission.
‘With a lactate/pyruvate ratio <20 mmol/L.
tin the absence of diabetes mellitus, pancreatitis, and steroid therapy.

Persistent hyperlactatemia following resuscitation
from stress can therefore be viewed as a marker of
enhanced aerobic glycolytic flux. Nevertheless, in the
patient with injury or infection, the presence of blood
lactate concentration greater than 5 mmol/L, concur-
rent metabolic acidosis, or lactate clearance with aug-
mented oxygen delivery favors tissue hypoxia as the
cause.¥” Tt should also be appreciated that normal
blood lactate does not rule out tissue hypoperfusion
since its concentration in blood largely reflects pro-
duction relative to utilization. Regional tissue hypop-
erfusion can therefore coexist with normal blood lac-
tate if local increases in lactate production are
masked by efficient systemic clearance.”®

INCREASED GLUCONEOGENESIS

Gluconeogenesis includes all pathways responsible
for the conversion of noncarbohydrate substrates to
glucose or glycogen. Gluconeogenesis is typically in-
creased during stress and serves as a mechanism by
which the availability of ghucose is maintained.5%5°
Glucose recycling from lactate and alanine accounts
for much of the increase in glucose production dur-
ing stress.®%5! Lactate released from skeletal muscle
and other tissues is recycled to glucose in the Cori
cycle whereas glucose is reconstituted from alanine
in the glucose-alanine cycle (Figure 3).% The Cori
cycle serves several purposes: It provides a continu-
ous source of glucose for tissues that have an ab-
solute requirement for glucose (eg, wound and other
tissues involved in the immune response, brain, and
erythrocytes); it conserves glucose carbons by pre-
venting oxidative catabolism of glucose; and it buffers
endogenous acid production.*”

Alanine release from skeletal muscle is markedly
increased during stress and exceeds its constitution
in muscle; only 30% of alanine in blood is derived from
skeletal muscle breakdown and the majority origi-
nates from de novo synthesis.’*¢2 The carbon skele-
ton of this “new” alanine is derived from glucose-de-
rived pyruvate whereas the ammonia moiety is
provided by deamination of branched-chain amino
acids.®® Alanine also serves as a way of transporting
ammonia to the liver in a nontoxic form. Glycerol is

another important gluconeogenic substrate; it pro-
vides the major source of new carbons since, unlike
lactate or alanine, it is not recycled.>%4% Although the
contribution of glycerol to glucose production in a
normal fasted individual is minimal, fat mobilization
induced by stress can increase its contribution to glu-
cose production by as much as 20%.%

Hormones play an important role in regulating glu-
coneogenesis. Glucagon, cortisol, and epinephrine
stimulate the process while insulin inhibits hepatic
glucose production. Gluconeogenesis is also regu-
lated by end-product inhibition in which hyper-
glycemia feeds back to directly decrease it indepen-
dent of changes in hormonal levels. Enhanced
gluconeogenesis during stress exhibits resistance to
inhibition by insulin and glucose. It is likely that this
resistance results from persistent gluconeogeneic
stimulation by glucagon and other hormones.57% It
has also been postulated that increased peripheral
production of gluconeogenic precursors (eg, lactate,
alanine) could stimulate gluconeogenesis.®

In order to determine the origin of increased glu-
cose-alanine cycling, Wolfe et al® measured the re-
sponse of alanine flux to glucose infusion and vice
versa in normal volunteers. They noted that alanine
infusion did not stimulate glucose production
whereas glucose infusion increased alanine flux by
35%. This observation implies that pyruvate avail-
ability is rate limiting for peripheral formation of ala-
nine and is not rate limiting for gluconeogenesis. It is
possible that inflammatory mediators may have arole
in enhancing gluconeogenesis. Roh et al™ found that
hepatocytes from rats injected intraperitoneally with
interleukin-1 increased alanine uptake and glucose
production. However, hepatocytes from normal rats
incubated with interleukin-1 failed to display these
changes. This finding suggested that the effects of in-
terleukin-1 on alanine uptake and gluconeogenesis
were probably hormonally mediated.

Although stress is typically associated with in-
creased gluconeogenesis, there is evidence that sep-
tic stress may be distinguished by a biphasic re-
sponse; lethal models of sepsis in animals
demonstrate an initial phase of hyperglycemia during
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which gluconeogenesis is increased, followed by a
subsequent phase during which glucose production
is suppressed and hypoglycemia occurs.®™ Wilmore
et al” observed this biphasic response in burn pa-
tients who developed septic complications. Durkot
and Wolfe™ demonstrated that if adrenergic blockade
is induced while glucagon and insulin levels are nor-
malized, glucose production is decreased in sepsis
whereas production is maintained in burn. Their find-
ing implies that there is a factor inhibiting glucose
production in sepsis that is not present in uncompli-
cated burn injury.

It has been observed that endotoxin-induced hy-
poglycemia in rats is associated with a decrease in
activity of phosphoenolpyruvate carboxykinase
(PEPCK), the rate-limiting enzyme in gluconeogene-
sis.” Since PEPCK is not subject to allosteric regula-
tion, the major determinant of its activity is expres-
sion of the gene coding for its synthesis.”™ Hill and
McCallum” discovered that interleukin-6 decreased
cyclic adenosine monophosphate (cAMP) induction
of PEPCK gene expression, suggesting that inhibition
of gluconeogenesis by inflammatory mediators may
play a role in hypoglycemia associated with sepsis.
Similarly, Deutschman et al” found that the induction
of sepsis in rats was associated with a 66% reduction
inlevels of PEPCK mRNA and an attenuated response
of PEPCK expression to stimulation by glucagon. The
case of a patient with hypoglycemia secondary to
fulminant meningococcemia who had extremely high
blood levels of interleukin-6 was recently reported.™
It is also possible that hypoglycemia could be pro-
moted by decreased hepatic export of glucose as the
result of downregulation of the GLUTZ isoform
(which mediates bidirectional glucose transport in
liver). Zeller et al® found a significant reduction in
GLUTZ mRNA abundance in a rat model of septic
shock with severe hypoglycemia, a finding that would
be consistent with this hypothesis.

Increased peripheral utilization of glucose also
plays a role in the pathogenesis of hypoglycemia; an-

imal models of sepsis have manifest hypoglycemia de-
spite increased hepatic glucose production.® Al-
though hypoglycemia in animals is common, it is said
to be rare in humans.” However, the incidence of hy-
poglycemia may be greater than suggested by early
studies; Nouel et al®® demonstrated hypoglycemia in
15 of 30 cirrhotic patients with septicemia. Malnutri-
tion, renal failure, diabetes, and overwhelming bac-
teremia may also predispose to hypoglycemia.®!
Hypoglycemia during sepsis is associated with a high
mortality.”

In summary, stress induces an increase in gluco-
neogenic activity that appears to be directed toward
maintaining glucose delivery to wound and immune
tissues. Prolonged septic stress is distinguished by a
biphasic response in which an initial increase in glu-
coneogenic activity is followed by decreased glucose
production that may be associated with hypoglycemia.

DEPRESSED GLYCOGENESIS

Glycogen synthesis in animals occurs in virtually
all tissues but is most prominent in liver and skeletal
muscle. Liver glycogen is concerned with mainte-
nance of normoglycemia by exporting hexose units
whereas muscle glycogen serves as a readily available
source of hexose for glycolysis within muscle itself.
Two metabolic pathways serve to replace depleted
hepatic glycogen stores.® The direct pathway in-
volves synthesis of glycogen from glucose taken up
from the portal vein. In the indirect pathway, glucose
is initially metabolized in the periphery to lactate or
alanine with subsequent gluconeogenic conversion in
the liver followed by glycogen synthesis.®

Several studies have documented depressed glyco-
genesis in sepsis or severe burn injury. Lang et al®
found that rats infused with endotoxin had a de-
creased net rate of hepatic glycogen synthesis. Their
data also suggested that gluconeogenically derived
(ie, from the indirect pathway) glucose-6-phosphate
was diverted from glycogen synthesis towards glu-
cose output. Evidence of impaired glycogen synthe-
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sis has also been found in patients with burn injury,
and acute infection.®

The mechanism by which glycogenesis is inhibited
may involve a persistently high rate of glycogen
breakdown induced by stress hormones such as epi-
nephrine and glucagon.?® Alternatively, depressed
glycogenesis may result from the inhibition of glyco-
gen synthesis as the consequence of decreased glyco-
gen synthase activity.? Lee et al'? demonstrated that
TNF stimulated glycogen breakdown in muscle cells,
thereby implicating cytokines as etiologic in this
process. Decreased glycogenesis during stress may
have evolved as a means to promote hepatic glucose
production and maintain glucose availability for tis-
sues that are obligate glucose consumers. It is also
possible that decreased glycogen formation in skele-
tal muscle may play a role in the pathogenesis of
stress-induced insulin resistance.®

GLUCOSE INTOLERANCE AND
INSULIN RESISTANCE

Hyperglycemia is commonly seen in stressed pa-
tients during administration of parenteral nutrition or
other glucose-containing solutions. Under normal
conditions, the major regulatory mechanism for
glycemic control during glucose infusion is the sup-
pressive effect of glucose and insulin on gluconeoge-
nesis.® During hyperglycemia or with exercise, skele-
tal muscle and adipose tissue play a prominent role
in maintaining glycemic control. This occurs in part
through an insulin-mediated increase in glucose up-
take. However, stimulation of glucose uptake requires
higher plasma insulin levels than needed to suppress
production.®”# During glucose infusion, the pancre-
atic response may not acutely generate insulin levels
that are high enough to increase peripheral uptake,
resulting in a rise in the plasma glucose level.

In the setting of infection or injury, glucose uptake
in wound and other organs involved in the immune
response help maintain glycemic control since coun-
terregulatory hormones (eg, catecholamines, corti-
sol) do not modulate NIMGU in these tissues.
However, once uptake in these areas is saturated, hy-
perglycemia may occur due to defective suppression
of gluconeogenesis and resistance to the peripheral
action of insulin. Although skeletal muscle has tradi-
tionally been implicated as the major site of periph-
eral insulin resistance, stress may also induce insulin
resistance in adipose tissue, liver, and heart.3*%? Lang
et al® attempted to determine the site of insulin re-
sistance in a rat model of gram-negative sepsis and
found that insulin resistance was most prominent in
skeletal muscle of the hindlimb, whereas glucose up-
take in abdominal muscle, diaphragm, heart, and epi-
didymal fat was not impaired. It was concluded that

decreased IMGU in muscle was the major cause of
whole-body insulin resistance in sepsis; however, this
defect may only involve certain muscle groups.

Peripheral insulin resistance may involve impaired
insulin receptor binding or a postreceptor defect in
glucose utilization, or both. In an attempt to ascertain
the etiology of the defect, Shangraw et al®* applied
the physiology that insulin receptor binding in skele-
tal muscle stimulates both glucose and potassium up-
take. They noted that septic patients with insulin re-
sistance had elevated insulinrmediated plasma
potassium clearance relative to controls. This finding
implied that insulin binding to membrane receptors
was intact, thereby supporting the hypothesis of a
postreceptor mechanism for insulin resistance.

The precise mechanism for peripheral insulin re-
sistance during stress is unknown. However, it is
likely that the mechanism in some way involves the
rate-limiting step for glucose disposal (ie, the process
or metabolic step that ultimately determines the
amount of glucose metabolized in tissue). Fink et al®
provided evidence that, under normal conditions, glu-
cose uptake is a saturable system in which glucose
transport is rate-limiting for glucose uptake. Data that
elucidate the rate-limiting step in the insulin-resistant
state associated with stress are lacking. However,
studies performed in other insulin-resistant states
(notably diabetes) have provided some insight into
the process. Yki-Jarvinen et al,* in a study of insulin-
resistant type I diabetics, localized the rate-limiting
defect for glucose disposal in skeletal muscle to the
level of glucose transport. Kashiwagi et al’” also found
decreased insulin-stimulated glucose transport in in-
sulinresistant patients with type II diabetes.

Kuroda et al'® observed that counterregulatory hor-
mones such as catecholamines and glucagon de-
crease glucose uptake in the rat adipocyte by de-
creasing the intrinsic activity of the glucose
transporter. It is possible, therefore, that the hor-
monal milieu associated with stress could induce in-
sulin resistance by decreasing glucose transport.
Alternatively, it has been observed that in certain set-
tings, intracellular glucose metabolism becomes rate-
limiting for glucose uptake. Kubo and Foley® noted
that under hyperinsulinemic conditions, the rate-lim-
iting step for IMGU and metabolism in muscle ap-
pears to shift from glucose transport to some step be-
yond transport. In insulin-resistant diabetes, a variety
of posttransport defects in cellular metabolism have
been identified, including alterations in glucose oxi-
dation and muscle enzyme activities (eg, PDH, glyco-
gen synthase).*1%® Decreased glucose utilization in
posttransport metabolic pathways could cause in-
sulin resistance by promoting a rise in intracellular
glucose concentration (which is normally close to
zero); that in turn would inhibit further glucose up-

January 1995 The American Journal of Medicine® Volume 98 81



STRESS CARBOHYDRATE METABOLISM/MIZOCK

take by decreasing the intracellular/extracellular con-
centration gradient. It is possible that stress-induced
depression of glycogenesis could cause insulin resis-
tance by this mechanism. Several studies have dis-
missed the possibility of an intracellular defect as
rate-limiting, based on their failure to demonstrate an
increase in the concentration of free glucose in the
intracellular space.!%*1% However, it has been sug-
gested that the distribution of glucose may not be uni-
form throughout cellular water so that absence of an
accumulation of free glucose does not rule out the
possibility that defects in intracellular glucose me-
tabolism are rate-limiting under certain conditions.!%

In summary, stress-induced peripheral insulin re-
sistance appears to be a postreceptor phenomenon.
The precise mechanism underlying insulin resistance
is unclear but could involve decreased glucose up-
take in skeletal muscle as the consequence of inhib-
ited glucose transport or as the result of an alteration
in intracellular glucose metabolism.

IMPLICATIONS FOR NUTRITIONAL
SUPPORT

An improved understanding of the pathogenic
mechanisms underlying altered carbohydrate me-
tabolism during stress should ideally translate into a
more rational approach to the provision of nutri-
tional support. Unfortunately, many of the observa-
tions outlined in the preceeding discussion are either
preliminary or unproven in humans. Nevertheless,
two specific areas of potential relevance should be
emphasized. First, if one accepts the concept of hy-
perglycemia of injury or infection as beneficial by
promoting cellular glucose uptake, then modest de-
grees of hyperglycemia should be tolerated without
efforts to lower blood glucose to normal values of 90
to 120 mg/dL.!* The level of glycemia should be high
enough to maximize cellular glucose uptake without
causing hyperosmolarity. A glucose concentration of
160 to 200 mg/dL has been recommended to achieve
this goal and is probably acceptable to most clini-
cians.!® Second, the necessity of providing a mixed
caloric source (in which a percentage of the resting
energy expenditure is provided as lipid calories) is
brought into question since oxidative use of glucose
appears to be unimpaired during critical illness.3%85
The caloric mix oxidized during stress is determined
largely by the relative availability of glucose, which
is the preferred caloric substrate when given at rates
below the resting energy expenditure.l® Oxidation
of fatty acids for energy occurs when glucose avail-
ability is limited.'% However, there are several set-
tings in which lipid administration is useful: as a
more concentrated source of calories for patients
who are volume restricted; for patients with glucose
intolerance and insulin resistance; and for prolonged

(eg, greater than 2 to 3 weeks) parenteral nutrition
in order to prevent fatty acid deficiency.

CONCLUSION

Severe injury or infection is associated with alter-
ations in carbohydrate metabolism that include en-
hanced glucose uptake and utilization, hyperlac-
tatemia, increased glucose production, depressed
glycogenesis, glucose intolerance, and insulin resis-
tance. Teleologically, these changes may be viewed
as providing a mechanism by which the energy de-
mands of the wound and tissues active in the immune
response are satisfied.
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