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Abstract

Hyperglycemia and insulin resistance often occur following injury and/or critical illness. While
intensive insulin treatment reduces hyperglycemia, mortality and morbidity in certain patients, little
is known regarding the pathophysiology of acute insulin resistance following injury and infection.
Studies suggest that acute insulin resistance is complex and may differ in a tissue-specific manner,
involving multiple causative factors and intracellular signaling pathways. Therefore, the advantages
of intensive insulin therapy may not be uniform to all injuries or critical illnesses. Clearly, the
increased incidence of hypoglycemic incidents following intensive insulin therapy indicates a need
to understand the underlying molecular mechanisms of the acute development of insulin resistance,
which will allow a more targeted approach to treating altered glucose metabolism of critically ill
patients.

Historical perspectives on the link between hyperglycemia and intensive
insulin therapy

Claude Bernard first described the development of hyperglycemia following hemorrhagic
shock in 1877 [1], and it is now accepted that many acute illnesses or injuries result in
hyperglycemia, glucose intolerance and insulin resistance [2-8]. This “diabetes of injury’, now
more commonly referred to as “critical illness diabetes’, can occur in patients without a previous
history of Type 2 diabetes. Patients in the intensive care unit (ICU) with multiple injuries,
extensive burns, major surgical trauma, or infections often present with “critical illness
diabetes’. Many survive the initial injury, but then succumb to multiple organ failure [9].
Although extensive research efforts have focused on strategies to prevent or reverse multiple
organ failure, few results are encouraging and the mechanisms remain unclear [10-12].
However, intensive insulin therapy may result in substantial improvements [1,13], suggesting
that perturbations of glucose metabolism contributes to multiple organ failure, as well as to
other problems that occur in injured and critically ill individuals [14-16]. It is well known that
insulin can have anti-inflammatory actions, but how intensive insulin therapy can potentially
decrease morbidity and mortality in the ICU is still poorly understood. This review focusees
on the development of hyperglycemia and insulin resistance following injury or critical illness,
the controversy over how to treat these patients in the ICU, and the varying mechanisms by
which insulin resistance develops in different tissues.
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One practical definition of insulin resistance is the inability of insulin to adequately stimulate
glucose uptake, mainly into skeletal muscle, or to inhibit gluconeogenesis in the liver [17,
18]. Insulin resistance that occurs in chronic diseases, such as Type 2 diabetes, obesity and
hypertension, normally takes months, years, or even decades to develop [17,18].
Hyperglycemia and insulin resistance in critically ill patients is characterized by rapid onset,
developing in minutes, hours, or days, therefore termed acute insulin resistance.

Hyperglycemia is considered an independent risk factor for adverse outcomes in critically ill
patients because it directly or indirectly confers a predisposition to a variety of complications
including severe infections, polyneuropathy, multiple-organ failure and death. Previously, a
moderate level of hyperglycemia, below 215 mg/dl, was not thought to be problematic.
However, the Leuven study, conducted in critically ill patients in a surgical ICU, demonstrated
that intensive insulin therapy to control blood glucose levels between 80-110 mg/dl (4.4-6.1
mmol/l) significantly reduces mortality compared with conventional insulin therapy, which
has a target blood glucose level of 180-200 mg/dl (10.0-11.1 mmol/l) [1]. The benefit of
intensive insulin therapy is particularly apparent in those who require intensive care for more
than 5 days, with mortality reduced by 34-50% [1]. The benefits of intensive insulin therapy
are measurable in either medical or mixed medical and surgical ICUs [19-21], and intensive
insulin therapy reduces numerous complications common in the ICU, decreasing infections,
acute renal failure, liver dysfunction, muscle weakness, and anemia, and it shortens the length
of time of mechanical ventilation and time in the hospital [19-21].

However, much of the early work in this field was from a single center or small studies at other
centers and, thus, a large, multi-center randomized trial, named NICE-SUGAR
(Normoglycemia in Intensive Care Evaluation-Survival Using Glucose Algorithm
Regulation), was designed to further evaluate the role of intensive insulin therapy in the ICU
[22]. This is an ongoing trial which to date indicates little alteration of mortality following
intensive insulin therapy. However, the NICE-SUGAR patients received less insulin to achieve
approximately the same blood glucose values as in the Leuven study, suggesting that their
initial level of insulin resistance was less in NICE-SUGAR. Meta-analysis of 26 studies
(including Leuven and NICE-SUGAR) suggests that intensive insulin therapy may be
beneficial to patients admitted to surgical ICUs [23]. This is clearly an ongoing question that
needs further evaluation; thus, it is still too early to determine the ideal blood glucose target
for critically ill patients.

There may be groups of patients that do not benefit or are even harmed by intensive insulin
therapy [24]. For instance, high dose insulin may be harmful in elderly patients and neonates
[25-27] and in critically ill patients with longstanding diabetes [28,29]. In addition, intensive
insulin therapy increases the incidence of hypoglycemic episodes with the potential for
negative outcomes [1,22,24,30-32] and in some cases, the complications due to hypoglycemia
may negate the positive effects of tight glucose control. Therefore, further studies of intensive
insulin therapy need to be performed to accurately define the patient population most likely to
benefit. However, it is our opinion that in many instances the increase in hypoglycemic
incidents may have more to do with over-treatment with insulin, as opposed to some negative
aspect of intensive insulin therapy. Thus, frequent monitoring of glucose is necessary, and
intensive insulin therapy must be customized to the patient to achieve tight glucose control. It
must be understood that due to variability in the severity of critical illness or injury in the ICU
patient population, as well as preexisting illnesses including but not limited to Type 2 diabetes,
there are highly varying degrees of insulin resistance in the patient population. Add to this the
variation in genetic susceptibility to develop and/or recover from acute insulin resistance, and
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one must pursue a highly individualized approach to intensive insulin therapy, with frequent
monitoring of blood glucose levels.

Although intensive insulin therapy in critically ill patients has become routine in many ICUs,
there is little basic understanding of the molecular mechanisms by which acute insulin
resistance develops in different tissues, and the specific physiological actions of intensive
insulin therapy. One study suggests that intensive insulin therapy improves mitochondrial
function by protecting the ultrastructure and function of the liver, but not of skeletal muscle or
mitochondria, in critically ill patients [33]. This study is consistent with mitochondrial
involvement in the development of chronic insulin resistance in Type 2 diabetes, possibly via
increases in superoxide production and oxidative stress [34,35], but this is a novel concept in
the poorly studied development of acute insulin resistance of injury. Insulin is believed to have
anti-inflammatory actions, and intensive insulin therapy may have many other positive (and
potentially negative) effects. Thus, a much greater understanding of the basic defects that occur
in insulin signaling and insulin action following injury and infection are necessary for
understanding the dysfunction that occurs in glucose metabolism.

The development of acute insulin resistance in animal models following
injury or infection

To understand the clinical problems of acute insulin resistance, research has been performed
in several animal models of injury and infection. Experimental sepsis results in reduced glucose
transporter 4 (GLUT4; the insulin responsive glucose transporter) mRNA and protein levels
in rat adipose tissue [36]. In another rat sepsis model, impaired glucose metabolism was
characterized by decreased glycogen synthesis and glycogen synthase activity [37]. Following
burn injury, glycogen abundance in rat liver can not be increased by exogenous insulin [38],
and skeletal muscle glucose and amino acid uptake are decreased [39], suggesting the
development of insulin resistance. Development of acute insulin resistance also occurs in
human patients following major burn injury [40,41]. Studies investigating potential
mechanisms of skeletal muscle insulin resistance in experimental models indicate decreased
insulin signaling via the insulin receptor/insulin receptor substrates/phosphotidylinositol 3-
kinase/Akt (IR/IRS/PI3K/Akt) pathway [42,43] following burn injury. However, this is not a
uniform finding, with variability in the development of insulin resistance following burn injury
between laboratories. This is true in both rat and mouse models of burn injury. This may be
due, at least in part, to differences in the method of estimating the burn injury surface area from
lab to lab. We believe this inconsistency has slowed progress in this area and is vital for
developing potential treatments for patients with major burn injury.

Patients in the surgical ICU are often hyperglycemic and, as discussed previously, intensive
insulin treatment often decreases mortality and morbidity in this patient population. To
experimentally model the effects of injuries or surgeries, another experimental model has
recently been adapted for use, the trauma and hemorrhage model. In this animal model of
injury, trauma is a midline laparotomy as well as injury of bilateral femoral catheterization.
The combination of trauma and hemorrhage includes these surgeries plus rapid blood loss to
achieve a mean arterial pressure of 35-40 mmHg. Consistent and rapid insulin resistance occurs
in this rat model, which mimics many of the observations of hyperglycemia and insulin
resistance in humans following accidental or surgical injury, with the development of acute
insulin resistance in the three major target tissues of insulin - liver, skeletal muscle and adipose
tissue [4-8]. Trauma alone results in modest insulin resistance, occurring gradually. However,
when injury (trauma) is combined with hemorrhage, a disorder in glucose metabolism rapidly
develops, occurring in rat liver as soon as 15 minutes following trauma and hemorrhage. This
is characterized by severe defects in hepatic insulin signaling, hyperinsulinemia and
hyperglycemia [4-7]. In contrast, skeletal muscle insulin resistance is delayed, not detectable
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until 60 minutes following trauma and hemorrhage [7,8], suggesting a distinct mechanism in
response to trauma and hemorrhage in skeletal muscle. The reasons for the tissue-specific
differences in the development of insulin resistance are only partially understood. However,
even up to a 60 minute delay in skeletal muscle is still an extremely rapid development of
insulin resistance.

Impaired insulin signaling in liver and skeletal muscle following injury or

critical illness

Insulin signaling is initiated by binding of insulin to its receptor, followed by activation of two
main intracellular insulin signaling pathways: the IRS/PI3K/Akt pathway, and the Ras/
mitogen-activated protein kinase kinase/extracellular signal-regulated kinase (MEK/ERK)
pathway (Figure 1) [44,45]. In an experimental model of sepsis, hepatic and muscle insulin
signaling is depressed due to decreased activation/tyrosine phosphorylation of IR, IRS-1 and
IRS-2 [3]. However, the causative factors and underlying mechanism for the changes in insulin
signaling were not investigated.

In our recent studies, the IRS/PI3K/Akt pathway is severely impaired following trauma and
hemorrhage in rat liver and skeletal muscle [4-8]. There was a near complete loss of insulin-
activated phosphorylation of IR, IRS-1, IRS-2 and Akt. Since this defect in insulin signaling
begins by 15 minutes in liver and by 60 min in skeletal muscle following trauma and
hemorrhage, it is not surprising that there is little change in the total protein levels of IR, IRS-1,
IRS-2, or Akt (Figure 2). Insulin regulation of the hepatic MEK/ERK pathway is barely affected
by the combination of trauma and hemorrhage (Figure 1) [4,5]. This is similar to studies in
Type 2 diabetic patients, where there is often little change in insulin regulation of the MEK/
ERK pathway, coincident with a dramatic reduction of insulin-stimulated phosphorylation of
IR, IRS-1 and insulin-induced PI3K activation [46].

Skeletal muscle fibers can be broadly classified as either slow- or fast-twitch. Slow-twitch
muscles are more efficient at using oxygen to generate ATP for continuous, extended muscle
contractions before they fatigue. Fast-twitch fibers are better at generating short bursts of
strength or speed, fatigue more quickly, and have greater anaerobic capacity. Insulin is known
to elicit a greater response in slow-twitch skeletal muscles [47], but severe inhibition of insulin
signaling occurs in both slow-twitch (triceps) and fast-twitch (extensor digitorum longus)
muscles in the rat following trauma and hemorrhage [7,8]. However, there is only a modest
decrease of insulin signaling in the diaphragm (slow-twitch) and little change in cardiac muscle
[8]. This can perhaps be explained because the diaphragm (essential for proper ventilation) and
the heart (already severely taxed by the decrease in blood volume and pressure) are critical to
ensure oxygenation of the remaining blood and perfusion of the brain and heart. It is possible
that maintenance of blood flow to the heart and diaphragm protects these tissues from
developing severe insulin resistance. However, it is clear from these studies that in skeletal
muscles involved in locomotion (such as the triceps and extensor digitorum longus), insulin
signaling is rapidly compromised for the overall benefit of the critically injured individuals
(Figure 3) [7,8].

Downstream of impaired insulin signaling following trauma and hemorrhage, are changes in
insulin action. For example, circulating insulin-like growth factor binding protein (IGF-BP)
increases in critical illness in humans, is inversely correlated with the severity of hepatic insulin
resistance and survival [48], and hepatic IGF-BP1 mRNA increases rapidly in the acute insulin
resistant state obtained in our rodent trauma and hemorrhage model [4]. These data suggest
that hepatic insulin resistance can be at least partially overcome by high levels of exogenous
insulin. For instance, intensive insulin therapy decreases the elevated triglyceride levels
observed in critical illness and increases circulating HDL levels [49]. However, not all hepatic
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actions of insulin respond to intensive insulin therapy. For example, the increased hepatic
expression of phosphoenolpyruvate carboxykinase and glucokinase were unaltered by insulin
therapy [48,49]. Thus, a much greater understanding of the causative factors and mechanisms
of development of acute insulin resistance in each major target tissue is needed to understand
how to counteract injury/critical illness-induced insulin resistance. Furthermore, other tissues
normally respond to insulin (e.g. kidney, heart, blood vessels, etc), so we also need to
understand the mechanism of development and pathophysiological effects of injury/critical
illness insulin resistance in these insulin targets.

Mechanisms of acute insulin resistance following hemorrhage, sepsis and

burn

As with chronic forms of insulin resistance, there are multiple potential cellular mechanisms
for the acute development of insulin resistance. Based on chronic insulin resistant states, two
potential mechanisms for injury-induced insulin resistance are increases in circulating free fatty
acids or in cellular levels of suppressors of cytokine signaling (SOCS) proteins which, via
increasing inhibitory serine phosphorylation or degradation of IRS proteins, respectively, result
in decreased IRS signaling [50-52]. Free fatty acids can be increased by the elevated
glucocorticoid levels observed following injury or infection [53], and SOCS proteins are
regulated by many cytokines that are increased following injury [54,55]. However, in the
trauma and hemorrhage rat model, insulin resistance develops rapidly in the liver with
insufficient time for an increase in free fatty acid levels or SOCS proteins [7].

In response to injury or infection, there are increases in counter-regulatory hormones, such as
catecholamines and glucocorticoids, which might contribute to the development of insulin
resistance [56-58]. Catecholamines are increased following injury and infections, but their
direct role(s) in inducing acute insulin resistance have not yet been investigated. Elevated
glucocorticoid levels are known to cause insulin resistance within several hours [59-61] or days
[62,63]. However, other actions of glucocorticoids can occur more rapidly, sometimes within
minutes [64,65]. Elevated corticosterone levels were measured in rats following trauma and
hemorrhage [7]. When this increase in corticosterone levels was blocked by the glucocorticoid
synthesis inhibitor, metyrapone, the acute development of insulin signaling defects in rat liver
still occurs following trauma and hemorrhage. (Figure 3) [7]. In addition, the glucocorticoid
receptor antagonist, RU486, is also ineffective in blocking or reversing acute insulin resistance
in liver. However, in distinct contrast to the liver, blocking the rise in corticosterone levels by
metyrapone, or blocking corticosterone action with RU486, prevents the development of acute
skeletal muscle insulin resistance [7]. Thus, there are tissue-specific mechanisms for the
development of insulin resistance following trauma and hemorrhage, with glucocorticoids
playing a significant role in the acute development of insulin resistance in skeletal muscle, but
not in the liver.

Multiple studies indicate a role of the inflammatory response in chronic insulin resistance, and
the list of proinflammatory cytokines and chemokines that contribute to the insulin resistant
state of Type 2 diabetes and obesity has increased over the years [66,67]. Some
proinflammatory cytokines including TNFa activate the INK and IKKB/NF-kB pathways
[68-70], which can result in the inhibitory serine phosphorylation of IRS-1, decreasing insulin
signaling via the IRS-1/P13K/Akt pathway (Figure 2). Following trauma and hemorrhage in
rodents, there are increases in plasma TNFo concentrations and liver TNFa mRNA [5,6].
Administration of a TNFa neutralizing antibody following trauma and hemorrhage reverses
the acute insulin resistant state in the liver. This coincides with decreased hepatic JINK activity
and reduced hepatic IRS-1 serine phosphorylation [6]. However, in skeletal muscle, there was
little measurable increase in INK activity or IRS-1 serine phosphorylation following trauma
and hemorrhage [7]. Thus, from what we know to date, there are dramatically different
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mechanisms for the acute development of insulin resistance between the liver, which may
involve TNFa, JNK activity and IRS-1 serine phosphorylation, and skeletal muscle, which
depends on the increase and action of glucocorticoids (Figures 2 and 3). Therefore, it may be
possible to independently regulate the insulin resistant state following injury or critical illness
in these two major insulin target tissues.

Cellular stresses, including increases in reactive oxygen species (ROS) and endoplasmic
reticulum (ER) stress can activate the JINK and IKKB/NF-kB pathways to impair insulin
signaling [71-74]. These and other cell stress pathways may be involved in the development
of acute insulin resistance following injury and critical illness and need to be investigated.
Also, the insulin resistant state may be caused by an increase in the activity or amounts of
proteins that normally inhibit insulin action, including the phosphotyrosine phosphatases
PTEN (phosphatase and tensin homolog) and SHIP (Src homology 2 domain-containing
inositol 5’-phosphatase) [75,76]. These and other proteins that inhibit insulin signaling
following injury and critical illness, especially in a tissue-specific manner, also need to be
explored. However, it is already clear that a single mechanism cannot explain the acute insulin
resistance that develops following injury or critical illness. Multiple causative factors via
different mechanisms may contribute to the development of tissue-specific acute insulin
resistance following injury and critical illness (Figures 2 and 3).

Conclusions

As with chronic forms of insulin resistance, the development of insulin resistance following
injury and critical illness, what we refer to as acute insulin resistance, is complex and may
involve many causative factors and intracellular signaling pathways, most likely in a tissue-
specific manner. There are few mechanistic studies outside of the trauma and hemorrhage
model. The reports with animal models of burn injury and sepsis give little detail on the
causative factors and mechanisms leading to the acute insulin resistant state. Thus, there is the
distinct possibility of different mechanisms leading to the development of acute insulin
resistance following different injuries, infections or other critical illnesses, which together
make up the ICU patient population. Understanding how acute insulin resistance develops is
a high priority if we are to properly manage the diverse ICU population. Whether anti-
inflammatory strategies and/or glucocorticoid inhibitors are beneficial in critically ill patients
has yet to be investigated. The role of preexisting diabetes, obesity, and other preexisting
conditions may also radically alter the approach to managing hyperglycemia and insulin
resistance in critically ill patients. Intensive insulin therapy has significantly reduced the
mortality and morbidity of patients in the ICU. However, due to the increased incidence of
hypoglycemic incidents following intensive insulin therapy, it may be preferable to use a more
targeted approach, for instance to reverse the acute insulin resistance in either skeletal muscle
or liver. In addition, the participation or role of adipose tissue in the acute development of
insulin resistance needs to be addressed. This will only be possible when we understand the
tissue-specific mechanisms underlying the development of acute insulin resistance and whether
those mechanisms differ following different injuries and critical illnesses.
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Figure 1.

Two major insulin signaling pathways. (i) The IRS/PI3K/Akt pathway is initiated by
phosphorylation of the insulin receptor (IR). This results in the phosphorylation of the IRSs,
increased interaction between IRSs and PI3K, and phosphorylation/activation of Akt. This
insulin-stimulated metabolic signaling pathway is severely impaired by trauma and
hemorrhage (TH) potentially at several steps along the pathway. (ii) Insulin signaling also
activates the MEK/ERK pathway, which is only modestly affected by trauma and hemorrhage.
Hashed arrows indicate possible cross signaling/effects of the two different pathways. Ins,
insulin; IR, insulin receptor; PY, phospho-tyrosine; TH, trauma and hemorrhage; PI3K,
phosphatidylinositol 3-kinase; IRSs, insulin receptor substrates; AKT, protein kinase B; MEK,
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mitogen activated protein kinase kinase; ERK, extracellular signal-regulated kinase; Grb2,

growth factor binding protein 2; Sos, son of sevenless complex; Shc, sequence homology of
collagen; Ras, rat sarcoma protein; Raf, Ras binding protein.
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Figure 2.

TNFa-mediated acute hepatic insulin resistance after trauma and hemorrhage (TH). Following
trauma and hemorrhage, TNFa levels increase, bind to the TNF receptor (TNFR) on the cell
membrane, which activates JNK and serine (rat S307, human S312) phosphorylation of IRS-1.
This inhibits tyrosine phosphorylation of IRS-1, which decreases association of PI3K with
IRS-1 and impairs Akt phosphorylation, resulting in acute insulin resistance in liver following
trauma and hemorrhage. This mechanism may not occur in skeletal muscle. Ins, insulin; IR,
insulin receptor; PY, phospho-tyrosine; TH, trauma and hemorrhage; PI3K,
phosphatidylinositol 3-kinase; IRSs, insulin receptor substrates; AKT, protein kinase B; TNF,
tumor necrosis factor; TNFR, tumor necrosis factor receptor; PS, phosphor-serine; JNK, c-Jun
NH»,-Terminal Kinase.
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Figure 3.

Glucocorticoid-mediated acute insulin resistance in skeletal muscle after trauma and
hemorrhage (TH). Blocking the production of glucocorticoids by metyrapone or their action
by RU486 inhibits the development of insulin resistance in skeletal muscle, but not liver,
thereby allowing an increase in insulin-induced phosphorylation of IR, IRS-1 and Akt. Ins,
insulin; IR, insulin receptor; PY, phospho-tyrosine; TH, trauma and hemorrhage; PI3K,
phosphatidylinositol 3-kinase; IRSs, insulin receptor substrates; AKT, protein kinase B; GC,
glucocorticoids; GR, glucocorticoid receptor.
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