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Abstract

The profound hypermetabolic response to burn injury is associated with insulin resistance and
hyperglycemia, significantly contributing to the incidence of morbidity and mortality in this
patient population. These responses are present in all trauma, surgical, or critically ill patients, but
the severity, length, and magnitude is unique for burn patients. Although advances in therapeutic
strategies to attenuate the post-burn hypermetabolic response have significantly improved the
clinical outcome of these patients over the past years, therapeutic approaches to overcome stress-
induced hyperglycemia have remained challenging. Intensive insulin therapy has been shown to
significantly reduce morbidity and mortality in critically ill patients. High incidence of
hypoglycemic events and difficult blood glucose titrations have led to investigation of alternative
strategies, including the use of metformin, a biguanide, or fenofibrate, a PPAR-y agonist.
Nevertheless, weaknesses and potential side affects of these drugs reinforces the need for better
understanding of the molecular mechanisms underlying insulin resistance post-burn that may lead
to novel therapeutic strategies further improving the prognosis of these patients. This review aims
to discuss the mechanisms underlying insulin resistance induced hyperglycemia post-burn and
outlines current therapeutic strategies that are being used to modulate hyperglycemia following
thermal trauma.
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INTRODUCTION

More than 500,000 burn injuries occur annually in the United States per year.! Although
most of these burn injuries are minor, approximately 40,000 to 60,000 burn patients require
admission to a hospital or major burn center for appropriate treatment.? The devastating
consequences of burns have been recognized by the medical community and significant
amounts of resources and research have been dedicated, successfully improving these dismal
statistics: Recent reports revealed a 50% decline in burn-related deaths and hospital
admissions in the USA over the last 20 years; mainly due to effective prevention strategies,
decreasing the number and severity of burns.3: 4 Advances in therapy strategies, based on
improved understanding of resuscitation, enhanced wound coverage, more appropriate
infection control, improved treatment of inhalation injury and better support of the
hypermetabolic response to injury have further improved the clinical outcome of this unique
patient population over the past years.> However, severe burns remain a devastating injury
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affecting nearly every organ system and leading to significant morbidity and mortality.5 One
of the main contributors to adverse outcome of this patient population represents its
profound metabolic changes associated with insulin resistance and hyperglycemia.6: 7

Raised glucose levels were first linked to trauma around 150 years ago when Claude
Bernard described a state of “diabéte traumatique” during hemorrhagic shock.8 Ever since,
multiple studies have documented hyperglycemia following burn, trauma, myocardial
infarction, stroke or surgery.” %12 Treatment was expectant until recently due to the belief
that this phenomenon was a beneficial “fight or flight” response and should not be disturbed,
as the risks, such as hypoglycemia, outweighed the benefits.13 Over the last years, however,
multiple studies suggested that trauma-induced hyperglycemia may be of serious clinical
concern as it has been frequently linked to impaired wound healing!4, increased skin graft
loss1®, increased muscle protein catabolism28, increased incidence of infections’- 18 and
mortality.”> 17-21 Thus, various studies have focused on elucidating potential treatment
options in order to overcome insulin resistance-induced hyperglycemia in the acute period
following trauma.11: 22

In order to provide clinical and pharmacological strategies to overcome insulin resistance
post-burn, a general understanding of metabolic and molecular alterations underlying
hyperglycemia in severely burned patients is of major importance. This review aims to
discuss the mechanisms underlying insulin resistance induced hyperglycemia post-burn and
outlines current therapeutic strategies that are being used to modulate hyperglycemia
following thermal trauma.

Metabolic changes following severe burn injury

Severe burns covering more than 40% total body surface area (TBSA) are typically followed
by a period of stress, inflammation and hypermetabolism, characterized by a hyperdynamic
circulatory response with increased body temperature, glycolysis, proteolysis, lipolysis and
futile substrate cycling.23-2% These responses are present in all trauma, surgical, or critically
ill patients, but the severity, length and magnitude is unique for burn patients.6 Marked and
sustained increases in catecholamine, glucocorticoid, glucagon and dopamine secretion are
thought to initiate the cascade of events leading to the acute hypermetabolic response with
its ensuing catabolic state.23 26-33 The cause of this complex response is not well
understood. However, interleukins 1 and 6, platelet-activating factor, tumor necrosis factor
(TNF), endotoxin, neutrophil-adherence complexes, reactive oxygen species, nitric oxide
and coagulation as well as complement cascades have also been implicated in regulating this
response to burn injury.34 Once these cascades are initiated, their mediators and by-products
appear to stimulate the persistent and increased metabolic rate associated with altered
glucose metabolism seen after severe burn injury.3°

Several studies have indicated that these metabolic phenomena post-burn occur in a timely
manner, suggesting two distinct pattern of metabolic regulation following injury.36 The first
phase occurs within the first 48 hours of injury and has classically been called the “ebb
phase”36. 37  characterized by decreases in cardiac output, oxygen consumption, and
metabolic rate as well as impaired glucose tolerance associated with its hyperglycemic state.
These metabolic variables gradually increase within the first five days post-injury to a
plateau phase (called the “flow” phase), characteristically associated with hyperdynamic
circulation and the above mentioned hypermetabolic state. Insulin release during this time
period was found to be twice that of controls in response to glucose load38: 39 and plasma
glucose levels are markedly elevated, indicating the development of an insulin-
resistance.3% 40 Current understanding has been that these metabolic alterations resolve soon
after complete wound closure. However, recent studies found that the hypermetabolic
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response to burn injury may last for more than 12 months after the initial event.23. 26,33, 41
We found in a recent study that sustained hypermetabolic alterations post-burn, indicated by
persistent elevations of total urine cortisol levels, serum cytokines, catecholamines and basal
energy requirements, were accompanied by impaired glucose metabolism and insulin
sensitivity that persisted for up to three years after the initial burn injury.

Glucose metabolism in healthy subjects is tightly regulated: under normal circumstances, a
postprandial increase in blood glucose concentration stimulates release of insulin from
pancreatic B-cells. Insulin mediates peripheral glucose uptake into skeletal muscle and
adipose tissue and suppresses hepatic gluconeogenesis, thereby maintaining blood glucose
homeostasis.#2 43 In critical illness, however metabolic alterations can cause significant
changes in energy substrate metabolism. In order to provide glucose, a major fuel source to
vital organs, release of the above mentioned stress mediators oppose the anabolic actions of
insulin.*4 By enhancing adipose tissue lipolysis* and skeletal muscle proteolysis®®, they
increase gluconeogenic substrates, including glycerol, alanine and lactate, thus augmenting
hepatic glucose production in burned patients (Figure 1).42:43. 47 Hyperglycemia fails to
suppress hepatic glucose release during this time*® and the suppressive effect of insulin on
hepatic glucose release is attenuated, significantly contributing to post-trauma
hyperglycemia.® Catecholamine-mediated enhancement of hepatic glycogenolysis, as well
as direct sympathetic stimulation of glycogen breakdown, can further aggravate the
hyperglycemia in response to stress.*3 Catecholamines have also been shown to impair
glucose disposal via alterations of the insulin signaling pathway and GLUT-4 translocation
muscle and adipose tissue, resulting in peripheral insulin resistance (Figure 1).42 50 Cree
and colleagues®® showed an impaired activation of Insulin Receptor Substrate-1 at its
tyrosine binding site and an inhibition of AKT in muscle biopsies of children at seven days
post-burn. Work of Wolfe and colleagues indicates links between impaired liver and muscle
mitochondrial oxidative function, altered rates of lipolysis, and impaired insulin signaling
post-burn attenuating both the suppressive actions of insulin on hepatic glucose production
and on the stimulation of muscle glucose uptake.3% 45. 48,49 Another counter-regulatory
hormone of interest during stress of the critically ill is glucagon. Glucagon, like epinephrine,
leads to increased glucose production through both gluconeogenesis and glycogenolysis.?!
The action of glucagons alone is not maintained over time; however, its action on
gluconeogenesis is sustained in an additive manner with the presence of epinephring,
cortisol, and growth hormone.#4 51 Likewise, epinephrine and glucagon have an additive
effect on glycogenolysis.>! Recent studies found that pro-inflammatory cytokines contribute
indirectly to post-burn hyperglycemia via enhancing the release of the above mentioned
stress hormones.>2-54 Other groups showed that inflammatory cytokines, including tumor
necrosis factor (TNF), interleukin (IL) -6 and monocyte chemotactic protein (MCP) -1 also
act via direct effects on the insulin signal transduction pathway through modification of
signaling properties of insulin receptor substrates, contributing to post-burn hyperglycemia
via liver and skeletal muscle insulin resistance.>>->7 Alterations in metabolic pathways as
well as pro-inflammatory cytokines, such as TNF, have also been implicated in significantly
contributing to lean muscle protein breakdown, both during the acute and convalescent
phases in response to burn injury.58: 59 In contrast to starvation, in which lipolysis and
ketosis provide energy and protect muscle reserves, burn injury considerably reduces the
ability of the body to utilize fat as an energy source.

Skeletal muscle is thus the major source of fuel in the burned patient, which leads to marked
wasting of lean body mass (LBM) within days after injury.5: 60 This muscle breakdown has
been demonstrated with whole body and cross leg nitrogen balance studies in which
pronounced negative nitrogen balances persisted for 6 and 9 months after injury.8! Since
skeletal muscle has been shown to be responsible for 70-80% of whole body insulin-
stimulated glucose uptake, decreases in muscle mass may significantly contribute to this
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persistent insulin resistance post-burn.62 The correlation between hyperglycemia and muscle
protein catabolism has been also supported by Flakoll and others® in which an isotopic
tracer of leucine was utilized to index whole-body protein flux in normal volunteers. The
group showed a significant increase in proteolysis rates occurring without any alteration in
either leucine oxidation or non-oxidative disposal (an estimate of protein synthesis),
suggesting an hyperglycemia induced increase in protein breakdown. Flakoll and others®3
further demonstrated that elevations of plasma glucose levels resulted in a marked
stimulation of whole body proteolysis during hyperinsulinemia. A 10-15% loss in lean body
mass has been shown to be associated with significant increases in infection rate and marked
delays in wound healing.54 The resultant muscle weakness was further shown to prolong
mechanical ventilatory requirements, inhibit sufficient cough reflexes and delay
mobilization in protein-malnourished patients, thus markedly contributing to the incidence
of mortality in these patients.5® Persistent protein catabolism may also account for delay in
growth frequently observed in our pediatric patient population for up to 2 years post-burn.56

In the past years, therapeutic approaches have therefore mainly focused on reversing the
hypermetabolic response with its ensuing catabolic state post-burn using a large number of
different strategies.

Attenuation of the hypermetabolic response to burn injury

Early excision and closure of the burn wound has been probably the single greatest
advancement in the treating patients with severe thermal injuries during the last twenty
years; leading to substantially reduced resting energy requirements and subsequent
improvement of mortality rates in this particular patient population.6-71 Pharmacological
strategies, including growth hormone’2, insulin-like growth factor (IGF)-173, oxandrolone,
testosterone’®, propranolol’6-78 and insulin”® 80 have been successfully utilized in order to
attenuate the hypermetabolic response to burn injury. Although effectively improving
muscle protein kinetics, maintain muscular growth and decrease donor site healing time®,
improving protein metabolism, immune function and attenuating muscle catabolism in
catabolic patients®2: 83 and improving lean body mass in burned patients®* 8, growth
hormone, IGF-1, oxandrolone and testosterone have not been shown to attenuate impaired
insulin sensitivity post-burn. In contrast, daily injections of recombinant growth hormone
significantly contributed to elevated blood glucose levels post-injury.8® Beta-adrenergic
blockade with propranolol represents probably the most efficacious anti-catabolic therapy in
the treatment of burns. Long-term use of propranolol during acute care in burn patients, at a
dose titrated to reduce heart rate by 15 to 20%, was noted to diminish cardiac work.87 Stable
isotope and serial body composition studies showed that administration of propranolol
reduces skeletal muscle wasting and increases lean body mass post-burn.”6: 88 The
underlying mechanism of action of propranolol is still unclear, however, its effect appears to
occur due to an increased protein synthesis in the face of a persistent protein breakdown and
reduced peripheral lipolysis.”® Recent data suggests that administration of propranolol given
at 4 mg/kg BW/g24 also markedly decreased the amount of insulin necessary to decrease
elevated glucose level post-burn (unpublished data). Propranolol may thus constitute a
promising approach to overcome post-burn insulin resistance. However, future studies are
warranted to specifically elucidate its effects and the underlying mechanisms on insulin
resistance induced hyperglycemia following thermal injury. The use of ketoconazole, an
anti-fungal agent which suppresses the production of cortisol as a side-effect, may constitute
another indirect approach to attenuate stress-induced hyperglycemia.

Since trauma-induced hyperglycemia has been suggested in multiple studies to significantly
contribute to adverse outcome of critically ill patients, current clinical research has focused
on more aggressive maneuvers to normalize plasma glucose in critically injured patients.
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Attenuation of hyperglycemia post-burn

Insulin represents probably one of the most extensively studied therapeutic agents and novel
therapeutic applications are constantly being found. Besides its ability to decrease blood
glucose via mediating peripheral glucose uptake into skeletal muscle and adipose tissue and
suppressing hepatic gluconeogenesis, insulin is known to increase DNA replication and
protein synthesis via control of amino acid uptake, increase fatty acid synthesis and
decreased proteinolysis.1® The latter makes insulin particular attractive for the treatment of
hyperglycemia in severely burned patients since insulin given during acute hospitalization
has been shown to improve muscle protein synthesis, accelerate donor site healing time, and
attenuate lean body mass loss and the acute phase response.8%: 89-95 |n addition to its
anabolic actions, insulin was shown to exert totally unexpected anti-inflammatory effects
potentially neutralizing the pro-inflammatory actions of glucose.?2 93 Experiments
demonstrating the anti-inflammatory effects of insulin were first performed, in vitro,
showing decreased expression of the pro-inflammatory intracellular adhesion molecule
(ICAM)-1, chemokine, monocyte chemoattractant protein-1 (MCP-1) and key pro-
inflammatory transcription factor, nuclear factor-kappa B (NF-xB) in human aortic
endothelial cells after insulin treatment.%6: 97 Dandona and colleagues® then demonstrated
that insulin infusions given at a low dose (2 units per hour) to obese subjects suppressed
reactive oxygen species (ROS) generation, P47phox expression (an indicator of NADPH
oxidase action, the enzyme which generates the superoxide radical), NF-xB binding and
increased inhibitor kappa B (1xB)a expression by mononuclear cells. Studies by our group
indicated that insulin may restore systemic homeostasis and reduce the drive of the
hypermetabolic response in severely burned patients by attenuating the inflammatory
response via decreasing pro-inflammatory and increasing the anti-inflammatory cascade.%3
A study in pediatric patients using intensive insulin therapy in order to maintain glucose
levels between 90 and 120 mg/dl reduced infection rates and improved survival.® Other
studies indicated that insulin given to burn children may reduce increases in C-reactive
protein, IL-1p and TNF levels after injury in the absence of normoglycemia.92 100 These
results suggest a dual benefit of insulin administration: reduction of pro-inflammatory
effects of glucose by restoration of euglycemia and a proposed additional insulin-mediated
anti-inflammatory effect.191 van den Berghe and colleagues! confirmed the beneficial
effects of insulin in large recent milestone study. Insulin administered to maintain glucose at
levels below 110 mg/dl decreased mortality, incidence of infections, sepsis and sepsis-
associated multi-organ failure in surgically critically ill patients. The same group
investigated the effects of insulin in medical ICU patients in an “intent to treat” study.102
Intensive insulin therapy significantly reduced newly acquired kidney injury, accelerated
weaning from mechanical ventilation, and accelerated discharge from the ICU and the
hospital. The authors further showed that insulin given during the acute phase not only
improved acute hospital outcomes but also improved long-term rehabilitation and social
reintegration of critically ill patients over a period of 1 year, indicating the advantage of
insulin therapy.22 103 |n surgical critically ill patients, the risk of death seemed to be linearly
correlated with the degree of hyperglycemia, with no clear cut-off level below which there
was no further benefit. 104 However, since strict blood glucose control in order to maintain
normoglycemia was required to obtain the most clinical benefit, a dialogue has emerged
between those who believe that tight glucose control is beneficial for patient outcome and
others who fear that high doses of insulin may lead to increased risks for hypoglycemic
events and its associated consequences in these patients.11 In fact, a recent multi-center trial
in Europe (Efficacy of Volume Substitution and Insulin Therapy in Severe Sepsis [VISEP])
investigated the effects of insulin administration on morbidity and mortality in patients with
severe infections and sepsis.1%° The authors found that insulin administration did not affect
mortality but the rate of severe hypoglycemia was 4-fold higher in patients receiving
intensive insulin therapy when compared to the conventional therapy group.19% Another
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large multi-center study examined the use of a continuous hyperinsulinemic, euglycemic
clamp throughout ICU stay and found a dramatic increase in serious hypoglycemic
episodes.196 The ideal target glucose range therefore has not been found and several groups
are currently undertaking clinical trials in order to define ideal glucose levels for the
treatment of ICU and burned patients: A study by Finney and colleagues!?’ suggests glucose
levels of 140 mg/dl and below, while the Surviving Sepsis Campaign recommend to
maintain glucose levels below 150 mg/dl.198 However, maintaining a continuous
hyperinsulinemic, euglycemic clamp in burn patients is particularly difficult since these
patients are being continuously fed large caloric loads via enteral feeding tubes in an attempt
to maintain euglycemia. Since burn patients require weekly operations and daily dressing
changes, enteral nutrition needs occasionally to be stopped, which may lead to disruption of
gastrointestinal motility and increased risk of hypoglycemia.®

Based on the discussion about ideal target glucose ranges clinical research is currently
investigating alternative strategies in order to attenuate trauma-related hyperglycemia

utilizing other glucose lowering drugs that do not cause hypoglycemia as frequently as
insulin.

Metformin (Glucophage), a biguanide, has recently been suggested as an alternative means
to correct hyperglycemia in severely injured patients.19° By inhibiting gluconeogenesis and
augmenting peripheral insulin sensitivity, metformin directly counters the two main
metabolic processes which underlie injury-induced hyperglycemia.}10-112 |n addition,
metformin has been rarely associated with hypoglycemic events, thus possibly eliminating
this concern associated with the use of exogenous insulin.113 Experience with metformin in
burn patients is limited. In a small randomized study reported by Gore and colleagues
metformin reduced plasma glucose concentration, decreased endogenous glucose production
and accelerated glucose clearance in severely burned.199 A follow-up study looking at the
effects of metformin on muscle protein synthesis, confirmed these observations and
demonstrated an increased fractional synthetic rate of muscle protein and improvement in
net muscle protein balance in metformin treated patients.112 Metformin may thus, analogous
to insulin, have efficacy in critically injured patients as both, an antihyperglycemic and
muscle protein anabolic agent. However, the mechanisms by which insulin may improve
morbidity and mortality remain unclear. Are these effects due to insulin itself or due to
glucose modulation?

Despite the advantages and potential therapeutic uses, treatment with metformin, or other
biguanides, has been associated with lactic acidosis.113: 114 Concerns about lactic acidosis
associated with biguanide use delayed the introduction of metformin into the U.S. market
until May of 1995. This concern prompted prescribing guidelines that identify clinical
conditions associated with this complication.11® To avoid metformin-associated lactic
acidosis, the use of this medication is contraindicated in certain diseases or illnesses in
which there is a potential for impaired lactate elimination (hepatic or renal failure) or tissue
hypoxia. However, several reports have questioned the causal relationship between
metformin and lactic acidosis.11®-117 A study by Brown and colleagues suggested that the
rate of lactic acidosis among type two diabetics had not changed since the introduction of
metformin to the United States.116 A meta-analysis of trials and cohort studies evaluating
the use of metformin did not report any cases of lactic acidosis in 194 trials with 36,893
patient-years of metformin treatment.118 Studies within this analysis that measured blood
lactate levels, did not demonstrate significant differences between patients taking metformin
and those taking a placebo or a nonbiguanide intervention.118 Nevertheless, as demonstrated
in a recent case report by Riesenman and colleagues'!®, metformin should be used with
caution in subacute burn patients. Since experience with the use of metformin in severely
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burn patients is limited a large prospective study may be warranted to define the safety and
appropriate use of this drug in this patient population.

Other ongoing trials in order to decrease post-burn hyperglycemia include the use of
Glucagon-Like-Peptide (GLP)-1 and PPAR-y agonists (e.g., pioglitazone, thioglitazones) or
the combination of various anti-diabetic drugs. PPAR-y agonists, such as fenofibrate, have
been shown to improve insulin sensitivity in patients with diabetes. Cree and colleagues
found in a recent double-blind, prospective, placebo-controlled randomized trial that
fenofibrate treatment significantly decreased plasma glucose significantly decreased plasma
glucose concentrations by improving insulin sensitivity and mitochondrial glucose
oxidation.*? Fenofibrate also led to significantly increased tyrosine phosphorylation of the
insulin receptor (IR) and IRS-1 in muscle tissue after hyperinsulinemic-euglycemic clamp
when compared to placebo treated patients, indicating improved insulin receptor signaling.4?
Although further studies are warranted to determine the efficiency and applicability of this
drug, understanding of the molecular mechanism underlying insulin resistance post-burn
may lead to novel therapeutic options.

mechanisms leading to insulin resistance post-burn

Effects of insulin in order to maintain normoglycemia occur through the insulin signaling
cascade.11® Upon binding to the a-subunit on the extracellular portion of its receptor, insulin
induces auto-phosphorylation of the p-unit leading to conformational changes and
phosphorylation of insulin receptor substrate (IRS)-1 at a critical tyrosine residue, which in
turn leads to activation of the phosphatidylinositol-3 kinase (P13K)/Akt pathway (Figure
2).120.121 geveral studies indicate the major role of PI3 kinase in the regulation of metabolic
actions of insulin signaling, including stimulation of glucose transport via phosphorylation
of Akt and the resultant plasma membrane localization of the GLUT4 glucose transporter
within hepatocytes, skeletal muscle and adipose tissuel22-124 as well as stimulation of
protein synthesis through activation of the protein kinase mMTOR (mammalian target of
rapamycin).125 Activation of AKT has also been shown to be of major importance for the
regulation of hepatic glucose homeostasis via insulin signaling cascades, including
inhibition of gluconeogenesis and glycogenolysis pathways via activation or inactivation of
several key enzymes.126 Other effects include activation of glycogen synthesis, lipid
synthesis, inhibition of lipolysis and lipocyte apoptosis.125: 127129 Recent work now
suggests that stress-induced insulin resistance may in part be due to phosphorylation-based
negative-feedback, which may uncouple the insulin receptor or insulin receptor-associated
proteins from its downstream signaling pathways, altering insulin action.}21 Epinephrine for
example seems to exerts its effects on peripheral insulin resistance via this mechanism.>0
Specifically, phosphorylation of IRS-1 at serine residues by various kinases may preclude its
tyrosine phosphorylation by the insulin receptor tyrosine kinase, thus inhibiting insulin
receptor trafficking (Figure 2).130. 131 Among these IRS-modifying enzymes, mounting
evidence indicates that activation of c-Jun N-terminal kinase (JNK) and inhibitor of NF-xB
kinase-p, (IKK) may be central in mediating insulin resistance in response to various stresses
that occur in obesity and other conditions of insulin resistance (Figure 2).124 Both have been
found to inhibit insulin action by serine phosphorylation of IRS-1131 132 even though the
activity of IKK in this regard has not yet been well established under physiological
conditions. Several studies found JNK to be activated upon specific stimuli, including
presence of various cytokines, such as IL-6, IL-8, MCP-1 and TNF-a, and internal cues,
including endoplasmic reticulum stress, all of which are present under conditions leading to
hyperglycemia, such as obesity, diabetes mellitus and stress.13%: 133-135 |t has been well
established that a variety of cellular stress signaling and inflammatory pathways are
activated as a consequence of burn. A key player in the cellular stress response is the
endoplasmic reticulum (ER), a membranous organelle that functions in the synthesis and
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processing of secretory and membrane proteins.13¢ Certain pathological stress conditions
disrupt ER homeostasis and lead to accumulation of unfolded or misfolded proteins in the
ER lumen.136-138 The ER stress response limits unfolded protein burden in the ER lumen by
inhibiting translation and inducing the nuclear transcription of additional chaperone proteins.
If the unfolding protein burden can not be reversed, apoptotic cell death ensues. To cope
with this stress, cells activate a signal transduction system linking the ER lumen with the
cytoplasm and nucleus, called the unfolded protein response (UPR).137: 138 ER stress is
detected by transmembrane proteins which monitor the load of unfolded proteins in the ER
lumen, and transmit this signal to the cytosol.13¢ Two of these proteins, inositol requiring
enzyme-1 and PKR-like ER kinase, undergo oligomerization and phosphorylation in
response to increased ER stress.136 Work in our laboratory has recently demonstrated
increased phosphorylation of IRE-1 and PERK in rat livers isolated 24 and 72 hours after
burn injury, indicating activation of ER-stress signaling pathways post-burn. We also found
IRE-1 to be activated for up to 60 days after the initial burn injury in muscle samples of
pediatric patients (Jeschke and colleagues, unpublished data).

Notably, activity of INK has been linked to IRE-1 and PERK activity during ER stress.139
Consistent with this phenomenon, we found total JINK activity, indicated by c-Jun
phosphorylation, to be markedly elevated upon burn injury, associated with increased
glucose and insulin levels. Inhibition of JNK activity in obese mice with the synthetic
inhibitor SP600125 was recently found to reverse ER stress-induced serine phosphorylation
of IRS-1.135 140 Activation status of c-Jun N-terminal kinase may thus represent a central
and integrating mechanism linking ER-stress and intracellular glucose homeostasis, since
serine phosphorylation of IRS-1 has been shown to impair insulin receptor signaling.141

Indeed, interventions in order to block JNK activity in established models of obesity and
diabetes improved systemic glucose homeostasis and insulin sensitivity, as well as
atherosclerosis, suggesting that JNK inhibition might be one promising therapeutic avenue
for diabetes.142-144 We are currently utilizing orally active small-molecule chemical
chaperones in order to attenuate ER stress by increasing cellular folding capacity. These
chaperones have been previously shown to markedly alleviate obesity-induced ER stress and
JNK activation, as well as treating insulin resistance and type 2 diabetes in mice.126. 145
They may represent another promising potential therapeutic approach, if this concept is
applicable to humans. Cytokines and their receptors represent other obvious potential targets
in order to attenuate insulin resistance post-trauma. However, even though there have been
encouraging results using anti-TNF or anti-CCR2 (chemokine (C-C motif) receptor 2), the
benefit of targeting cytokine or signaling receptor is likely to be limited.134 146 Thus,
tackling a more central locus rather than targeting single molecules may proof valuable for
the development of novel and effective therapeutics, in order to overcome insulin-resistance
post-burn.

However, it remains to be determined whether serine/threonine phosphorylation of IRS-1 or
IRS-2 can largely account for the insulin-desensitizing effects of INK, IKK or ER stress on
insulin resistance in vivo. Rather, a role of serine/threonine phosphorylation of IRS-1 in
insulin resistance could be more complex.

Inducible nitric oxide synthase (iNOS), a mediator of inflammation and a variety of
pathophysiological processes, has emerged as an important player in insulin resistance.14
iNOS was originally identified in activated macrophages!48, but is also expressed in various
tissues, including skeletal muscle, liver, and adipose tissue, even under a normal, unstressed
condition.14 The IKK-NF-kB pathway 1°0 and JNK 151 are major upregulators of iNOS
expression. Increased nitrosative stress, particularly protein S-nitrosylation, has been
proposed to be involved in the pathogenesis of INOS-mediated insulin resistance by
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impairing intracellular insulin signaling.14? However, molecular mechanisms by which
iNOS mediates insulin resistance remain largely unknown, although iNOS has been shown
to impair insulin signaling at multiple levels.24® Work of Perreault et al.152, for example,
indicated that iNOS disruption reversed high-fat diet-induced impaired insulin-stimulated
tyrosine phosphorylation of IR and IRS-1, IRS-1-associated PI3K activity, and
phosphorylation of Akt/PKB in skeletal muscle. Mounting evidence suggests that iNOS may
function as both a downstream effector and an upstream amplifier of sustained activation of
inflammatory/stress-signaling pathways, forming a vicious cycle, which causes and/or
exacerbates insulin resistance.14? Interestingly, insulin sensitizers, such as
thiazolidinediones and metformin have been recently found to suppress iNOS expression in
cultured cells as well as in diabetic rodents via activating AMP-activated protein kinase
(AMPK), thus leading to improved insulin sensitivity.153: 154 These results may place the
use of drugs like metformin or thiazolidinediones in a different light and may help to further
elucidate the molecular mechanisms underlying insulin resistance post-burn.

Conclusion

The profound metabolic alterations post-burn associated with persistent changes in glucose
metabolism and impaired insulin sensitivity significantly contribute to adverse outcome of
this patient population. Even though advances in therapy strategies in order to attenuate the
hypermetabolic response to burn have significantly improved the clinical outcome of these
patients over the past years, therapeutic approaches to overcome stress-induced
hyperglycemia have remained challenging. Maintaining blood glucose at levels below 110
mg/dl using intensive insulin therapy has been shown to reduce mortality and morbidity in
critically ill patients, however, associated hypoglycemic events have led to the investigation
of alternative strategies, including the use of metformin and the PPAR-vy agonist fenofibrate.
Nevertheless, further studies are warranted to determine ideal glucose ranges and the safety
and appropriate use of these drugs in severely burned patients. Aside from the discussion
about the ideal target glucose range, we currently lack understanding by which mechanisms
insulin administration may improve morbidity and mortality in severely burned patients. Are
these effects due to insulin itself or due to glucose modulation? Better understanding of the
molecular mechanisms underlying insulin resistance post-burn may help solving this
question and may lead to the development of novel therapeutic options in order to treat
stress-induced hyperglycemia thus further improving the prognosis of this unique patient
population.
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Figure 1. Metabolic changes underlying insulin resistance post-burn

Marked and sustained increases in catecholamine, glucocorticoid, glucagon and cytokine
secretion are thought to initiate the cascade of events leading to the acute hypermetabolic
response to severe burn injury and oppose the anabolic effects of insulin. By enhancing
adipose tissue lipolysis and skeletal muscle proteolysis, they increase gluconeogenic
substrates, including glycerol, alanine and lactate, thus augmenting hepatic glucose
production in burned patients. Catecholamine-mediated augmentation of hepatic
glycogenolysis, as well as direct sympathetic stimulation of glycogen breakdown, further
aggravates the hyperglycemia in response to stress. Catecholamines and cytokines, such as
IL-1, IL-6, MCP-1 and TNF, have also been shown to impair glucose disposal via alterations
of the insulin signaling pathway and GLUT-4 translocation, resulting in peripheral insulin
resistance.
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Figure 2. Molecular mechanisms underlying insulin resistance following thermal injury
Activation of INK or IKK by cytokine signaling or lipid products during ER stress may lead
to phosphorylation of IRS-1 at serine residues which may preclude its tyrosine
phosphorylation by the insulin receptor tyrosine kinase, thus resulting in impaired PI3K/Akt
signaling and insulin resistance with its associated consequences.
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