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Abstract

Insulin resistance with its associated hyperglycemias represents one significant contributor to

mortality in burned patients. A variety of cellular stress-signaling pathways are activated as a

consequence of burn. A key player in the cellular stress response is the endoplasmic reticulum

(ER). Here, we investigated a possible role for ER-stress pathways in the progression of insulin

function dysregulation post-burn. Rats received a 60% TBSA thermal injury and a laparotomy was

performed at 24, 72 and 192 h post-burn. Liver was harvested before and 1 min after insulin

injection (1 IU/kg) into the portal vein and expression patterns of various proteins known to be

involved in insulin and ER-stress signaling were determined by Western blotting. mRNA

expression of Glucose-6-Phosphatase (G-6-P) and Glucokinase (GK) were determined by RT-

PCR and fasting serum glucose and insulin levels by standard enzymatic and ELISA techniques,

respectively. Insulin resistance indicated by increased glucose and insulin levels occurred starting

24 h post-burn. Burn injury resulted in activation of ER stress pathways, reflected by significantly

increased accumulation of phospho-PERK and phosphor-IRE-1 leading to an elevation of

phospho-JNK and serine phosphorylation of IRS-1 post-burn. Insulin administration caused a

significant increase in tyrosine phosphorylation of IRS-1 leading to activation of the PI3K/Akt

pathway in normal liver. Post-burn tyrosine phosphorylation of IRS-1 was significantly impaired

associated with an inactivation of signaling molecules acting downstream of IRS-1 leading to

significantly elevated transcription of G-6-P and significantly decreased mRNA expression of GK.

Activation of ER-stress signaling cascades may explain metabolic abnormalities involving insulin

action following burn.
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INTRODUCTION

Severe burns represent a devastating injury affecting nearly every organ system and leading

to significant morbidity and mortality (1–3). One of the main contributors to adverse

outcome of this patient population represents its profound metabolic changes associated with

insulin resistance and hyperglycemia (3, 4). Maintaining euglycemia via insulin

administration represents current standards in burn and trauma ICUs and has significantly

improved the clinical outcome of these patients over the past years (5). However, associated

hypoglycemic events and difficult blood glucose titrations reinforces the need for better

understanding of the molecular mechanisms underlying insulin resistance post-burn

potentially leading to novel therapeutic approaches further improving the prognosis of these

patients.

Effects of insulin, in order to maintain normoglycemia, occur through the insulin signaling

cascade (6). Upon binding to the α-subunit on the extracellular portion of its receptor,

insulin induces auto-phosphorylation of the β-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 (PI3K)/Akt pathway (7, 8).

Several studies indicate the major role of PI3K 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

skeletal muscle and adipose tissue (9, 10). 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 and

activation of glycolysis pathways via activation or inactivation of several key enzymes (11).

Recent work now suggests that stress-induced insulin resistance may be in part 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 (8). However, little is known about the complexity of molecular mechanisms

underlying insulin resistance post-burn.

Over the past years, it has become increasingly clear that a variety of cellular stress

signaling and inflammatory pathways are activated as a consequence of burn (12–14). A key

player in the cellular stress response is the endoplasmic reticulum (ER), a membranous

organelle that functions in synthesis and processing of secretory and membrane proteins (15,

16). ER stress is known to activate signaling pathways that result in major dysregulation of

cellular homeostasis and may ultimately lead to apoptosis (5). Conditions that trigger ER

stress include presence of various pro-inflammatory cytokines, viral infections, lipids,

increased synthesis of secretory proteins, and expression of mutant or misfolded proteins

(15), many of which are present following burn injury (5, 14, 17, 18).

Recent data now showed that ER stress may be associated with insulin resistance under

conditions leading to hyperglycemia, such as obesity and type 2 diabetes (15). We thus

decided to examine a possible role of ER-stress pathways in the pathogenesis of insulin

dysregulation in the acute and post-acute phases in the liver using a rodent model of burn.

MATERIALS AND METHODS

All animal manipulations were approved by the Institutional Animal Care and Use

Committee of the University of Texas Medical Branch at Galveston. The National Institutes

of Health Guidelines for the Care and Use of Experimental Animals were met.
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Burn Injury

A well-established method was used to induce a full-thickness scald burn in our model (19).

Sprague Dawley rats (n = 3 to 6 each for experimental and control groups), 325 to 350

grams, were allowed to acclimate for 1 week before conducting experiments. Rats were

housed in an institutional animal care facility and received a high-protein diet (Ensure;

Abbott Laboratories, IL, USA) and water ad libitum throughout the study. Ensure was

administered 7 days before the study to adjust the animals to the liquid diet. Animals were

anesthetized with general anesthesia (Ketamine 40 mg/kg body weight and Xylazine 5 mg/

kg body weight, both injected intraperitoneally) and received analgesia (Buprenorphine 0.05

mg/kg body weight, injected subcutaneously). The dorsum of the trunk and the abdomen

were shaved, and a 60% total body surface area (TBSA) burn was administered by placing

the animals in a mold exposing defined areas of the skin of the back and abdomen under

general anesthesia and analgesia. The mold was placed in 96–98°C water, scalding the back

for 10 s and the abdomen for 2 s. This method delivers a full-thickness cutaneous burn as

confirmed by histologic section. Lactated Ringers solution (40 ml/kg body weight) was

administered intraperitoneally immediately after the burn for resuscitation. After burn and

resuscitation, animals were observed, received oxygen and were then placed into cages.

Sham animals were treated in an identical manner except that they were not subjected to the

burn.

Experimental Design

Two different studies were performed. After deprivation of food overnight, animals included

in the first study were anesthetized at 24, 72 and 192 h following the burn/sham procedure.

Blood was withdrawn from the right femoral artery for glucose and insulin determinations

and a laparotomy was performed and liver tissue was harvested and placed into liquid

nitrogen. Blood was collected immediately after harvest and stored on ice until serum

preparation. Serum was separated by centrifugation at 3000 rpm for 20 min at 4°C and

stored at −80°C until analyzed. Tissue samples were processed for subsequent

immunoblotting and real time quantitative RT-PCR as described below (Fig. 1A).

Animals included in the second study were subjected to an identical burn/sham procedure.

In order to determine the effects of burn injury on hepatic insulin signaling pathways, a

laparotomy was performed at 24, 72 and 192 h following the burn/sham procedure. At the

respective time points, the right liver lobe was ligated, harvested and placed into liquid

nitrogen for subsequent tissue preparations. Insulin (1 IU/kg, Novolin R, Novo Nordisk

Pharma GmbH, Mainz, Germany) was subsequently injected directly into the portal vein and

the remaining of the liver was harvested 1 min thereafter for subsequent tissue processing

(Fig. 1B).

Fasting Serum Glucose and Insulin

Fasting insulin levels were measured using double-sandwich, enzyme-linked,

immunosorbent assays (ELISA-technique, R&D-Systems Inc., Minneapolis, USA)

according to the protocol of the manufacturer. Fasting glucose values were determined using

hexokinase assays (R&D-Systems Inc., Minneapolis, USA).

SDS-Polyacrylamide Gel Electrophoresis and Immunoblotting

In order to determine the effect of burn injury on insulin signaling and ER-related signaling

pathways in the liver, Western blot analysis was conducted. Liver tissue was homogenized

and solubilized in 150 mM NaCl, 50 mM Tris-HCl, pH 7.8, 1% (w/v) Triton X-100, 1 mM

EDTA, 0.5 mM phenylmethanesulfonyl fluoride and 13 Complete protease inhibitor mixture

(Roche Molecular Biochemicals, Basel, Switzerland) for 5 min on ice and spun at 12,000 ×
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g, and 20 mg of the resultant supernatant was run out on a 4–20% SDS-polyacrylamide gel

and subsequently electrotransferred to nitrocellulose membranes (Bio-Rad Laboratories,

Hercules, CA, USA). Nitrocellulose sheets were then probed with primary antibody against

PKR-like ER-Kinase (PERK) (Santa Cruz Biotechnology, CA, USA), Thr980, 16F8-

phosphorylated PERK (Cell Signaling Technology, Danvers, MA, USA), inositol requiring

enzyme (IRE)-1, phosphorylated IRE-1 (Abcam, Cambridge, MA, USA), Seattle, WA,

USA), c-Jun N-terminal Kinase (JNK), Thr183/185- phosphorylated-JNK, IRS-1, Ser612-

phosphorylated IRS-1, Tyr612- phosphorylated IRS-1, PI3Kp85, phosphorylated PI3Kp85,

protein kinase B (Akt), Thr308-phosphorylated AKT and Glycerinaldehyd-3-phosphat-

Dehydrogenase (GAPDH) (all from Cell Signaling Technology, Danvers, MA, USA).

Signals were amplified using horseradish peroxidase-conjugated secondary antibody and

developed with chemiluminescent substrates (Pierce Biotechnology, Rockford, IL, USA).

Results were quantified by using a densitometer to scan the blots (GENE GENIUS, Bio

Imaging System; Syngene, Frederick, MD, USA).

After quantification, the intensities of the phosphorylated protein bands were divided by the

total form of the respective protein or by the intensity of the respective GAPDH band. In

those cases where a single blot was probed sequentially with more than one antibody, the

nitrocellulose was stripped at 60°C for 30 min in stripping buffer (2% SDS, 100 mM β-

mercaptoethanol, 62.5 mM Tris-HCl) before probing with the next antibody.

Real Time Quantitative RT-PCR

RNA samples for Real Time Analysis were quantified using a Nanodrop Spectrophotometer

(NanoDrop Technologies, Wilmington, DE, USA) and qualified by analysis on an RNA

Nano chip using the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA,

USA). Synthesis of cDNA was performed with 1 ug of total RNA in a 20 ul reaction using

the reagents in the Taqman Reverse Transcription Reagents Kit from (Applied Biosystems,

Foster City, CA, USA). Q-PCR amplifications (performed in triplicate) are done using 2 μl

of cDNA in a total volume of 25 μl using SYBR green using the SYBR Green PCR Master

Mix (Applied Biosystems, Foster City, CA, USA) as specified by the manufacturer. The

final concentration of the probe is 250 nM and of the primers is 900 nM. Relative RT-QPCR

assays are performed with 18S RNA as normalizer. Absolute analysis is performed using

known amounts of a synthetic transcript of the gene of interest. All PCR assays are run in

the ABI Prism 7000 Sequence Detection System (Applied Biosystems, Foster City, CA,

USA) and the conditions are as follows: (50°C, 2 min; 95°C, 10 min; then 40 cycles: 95°C,

15 sec; 59°C, 1 min). The SYBR Primers are: G6pc-539F (Sequence:

AGGTGGTGGCTGGAGTCTTG) and G6pc-642R (Sequence:

GAAGGTGATGAGACAGTACCTCTGG) for Glucose-6-Phosphatase; Gck-175F

(Sequence: CCCACCTACGTGCGTTCC) and Gck-272R (Sequence:

ACTTTGACCAGCATCACTCTGAAG) for Glucokinase (GK).

Data Analysis

All graphing and statistical calculations were performed using Origin Pro 8.0 (STATCON,

Witzenhausen, Germany) and SigmaPlot 9.0 (Systat Software Inc, San Jose, CA, USA).

Values are expressed as means ± S.E.M of at least three in vivo independent measurements

per experimental group. Statistical difference between groups was determined using two or

one-tailed Student’s t-test. Differences were considered significant at p< 0.05.
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RESULTS

Hyperglycemia and hyperinsulinemia indicate insulin resistance following burn injury

Burn injury led to significantly elevated fasting serum levels of glucose and insulin starting

at 24 h post-burn when compared to non-burned (sham) animals. Specifically, both, fasting

glucose and insulin initially increased to values of 144.0 ± 17. 5 mg/dl and 32.4 ± 10.7 ng/

ml, respectively, and subsequently decreased over time but remained significantly elevated

for the time period studied, when compared to sham animals (106.9 ± 4.5 mg/dl and 5.4 ±

0.3 ng/ml, respectively) as shown in Figure 2A, B.

Thermal burn injury is associated with the hepatic ER stress response

Severe burn injury was associated with increased activation of ER stress pathways in liver

tissue of burned rats, as reflected by the markedly increased accumulation of phospho-PERK

and phospho-IRE-1 in livers isolated at 24 and 72 h post-burn (Fig. 3A, C). We also

observed a decreased accumulation of both total PERK and total IRE-1 in liver tissue of

burned rats at 192 h post-burn compared to non-burned animals (Fig. 3A, C). Utilization of

GAPDH levels in these of subsequent experiments ensured us that the observed changes

were not due unequal loading across lanes. Quantification of the above mentioned proteins

revealed a significantly increased phosphorylation of PERK (Fig. 3B) at 24 and 72 h and

showed a significant increase of phospho-IRE-1 (Fig. 3D) at 72 h after the initial burn

compared to liver tissue from sham burned animals. At 192 h post-burn, however, no

difference was found for phospho-PERK and phospho-IRE-1 between burn and sham

burned animals. Interestingly, at 192 h post-sham procedure, a significantly increased

accumulation of phospho-IRE-1 was found in hepatic tissue of sham animals when

compared to the 24 and 72 h time point.

Activation of JNK is associated with phosphorylation of IRS-1 at its serine binding site

We found phospho-JNK to be markedly increased only in liver tissue of animals subjected

to burn injury at 24 and 72 h post-burn (Fig. 3E). Interestingly, at 192 h post-sham

procedure, a markedly increased accumulation of phospho-JNK was found in hepatic tissue

of sham animals when compared to the 24 and 72 h time point. Total JNK expression was

noticeably decreased at 24 h post-burn when compared to controls (Fig. 3E). At 192 h

however, an apparent increase in total JNK accumulation was observed in hepatic tissue of

burned animals when compared to that of sham rats.

Quantification revealed a significantly elevated phosphorylation of JNK (Fig. 3F) at 24 and

72 h following burn, before decreasing to levels below these of sham-burned animals at 192

h post-burn. Activation of JNK was associated with hepatic phosphorylation of IRS-1 at its

serine binding site, indicated by significant elevation of serine phosphorylated IRS-1 at 24,

72 and 192 h after the initial injury (Fig. 3G, H) when compared to sham animals. Sham

animals, in contrast, revealed a slight decrease in hepatic serine phosphorylation of IRS-1

over time.

Since serine phosphorylation of IRS-1 has been found to prevent its activation by the

classical phosphorylation of a tyrosine residue by the insulin receptor tyrosine kinase (20),

we performed another study in order to determine the effects of burn injury on hepatic

insulin signaling pathways.

Burn injury is associated with impaired activation of IRS-1 at its tyrosine binding site and
inhibits PI3K/Akt signaling after insulin administration

Insulin administration directly into the portal vein of non-burn animals resulted in

significantly increased tyrosine phosphorylation of IRS at all three time points studied. Liver
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tissue of burned animals, subjected to insulin administration, in contrast, did not show any

significant activation of IRS-1 at its tyrosine binding site at 24 and 72 h post-burn (Fig. 4A,

B). At 192 h, however, diminished tyrosine phosphorylation of IRS-1 in the burn group had

subdued and burned animals showed similar activation of IRS-1 at its tyrosine binding site

upon insulin administration as did sham animals (Fig. 4A, B). Total IRS-1 expression was

found to be noticeably decreased at all time points studied, in both insulin treated and insulin

untreated hepatic tissue of burned animals when compared to controls (Fig. 3G, 4A).

Burn injury further led to diminished activation of signaling molecules acting downstream

of IRS-1 that mediate the metabolic response to insulin, such as PI3K and AKT, while

insulin administration directly into the portal vein of non-burned animals caused robust

activation of the PI3K/AKT signaling pathway. Specifically, sham rats displayed significant

increases in PI3K and AKT (Fig. 4D, F) phosphorylation upon injection of 1U insulin into

the portal vein at 72 and 192 h and 24, 72 and 192 h post sham procedure, respectively. In

burn animals, however, phosphorylation of PI3K and AKT (Fig. 4D, F) upon insulin

administration was not significantly altered at 24, 72 h post-burn. Burn injury also led to

increased accumulation of total AKT at 192 h post-burn compared to sham burned animals.

Burn injury leads to alterations in transcription of Glucokinase (GK) and Glucose-6-
Phosphatase (G-6-P)

Hepatic GK and G-6-P are controlled primarily at the level of transcription (21). Insulin

inhibits hepatic glucose production by stimulating GK transcription whereas G-6-P mRNA

levels are increased as a result of fasting and lack of insulin action (22–24). Thus, we wished

to assess the levels of the two key enzymes. Real-time RT-PCR analysis revealed a

significantly decreased transcription of GK, a key enzyme for glycolysis in liver tissue at 72

and 192 h post-burn compared to sham animals. No difference was detected at 24 h between

groups (Fig. 5A). mRNA expression of G-6-P was significantly increased in liver tissue of

burned rats at the 24-h time point compared to sham animals. At 72 and 192 h post-burn no

significant change on the transcription level of G-6-P between burned and non-burned

animals was detected (Fig. 5B).

DISCUSSION

Profound metabolic alterations post-burn associated with persistent changes in glucose

metabolism and impaired insulin sensitivity significantly contribute to adverse outcome of

burn patients (4, 25, 26). By enhancing adipose tissue lipolysis (27) and skeletal muscle

proteolysis (28), stress mediators increase gluconeogenic substrates, including glycerol,

alanine and lactate, thus augmenting hepatic glucose production in response to burn injury

(29–31). Hyperglycemia fails to suppress hepatic glucose release during this time (32) and

the suppressive effect of insulin on hepatic glucose release is attenuated, significantly

contributing to post-burn hyperglycemia (33). Catecholamine-mediated enhancement of

hepatic glycogenolysis, as well as direct sympathetic stimulation of glycogen breakdown,

can further aggravate the hyperglycemia in response to stress (29). Some of these stress

mediators, such as catecholamines and cytokines, have recently been shown to impair

glucose disposal via alterations of the insulin signaling pathway and GLUT-4 translocation

in muscle and adipose tissue, resulting in peripheral insulin resistance (16, 30, 34).

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 signaling (35, 36). However, little is known about the complexity of altered

signaling cascades underlying the impaired glucose metabolism in the liver post-burn.

Among these IRS-modifying enzymes, mounting evidence indicates that activation of c-JNK

may be central in mediating insulin resistance in response to various stresses that occur in
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obesity and other conditions of insulin resistance (37). JNK was found to be activated upon

specific stimuli, including presence of various cytokines, such as IL-6, IL-8, MCP-1 and

TNF-α and internal cues, including ER stress (14, 15, 36, 38).

We recently showed that thermal injury leads to massive elevations of the above mentioned

cytokines in rats for up to eight days post-burn indicating a profound inflammatory response

(14). Here, we used a similar rodent model of burn injury to elucidate the molecular

mechanisms underlying insulin resistance in the acute and post-acute phases following

severe burn and investigated a possible role of ER stress pathways in the pathogenesis of

insulin dysregulation in the liver post-burn.

As summarized in Figure 6, our results showed that fasting serum glucose and insulin levels

are significantly elevated in rodents up to eight days after severe burn injury when compared

to non-burned animals indicating insulin resistance. To examine whether ER stress is

increased post-burn, we investigated, in a first study, the expression patterns of several

molecular indicators of ER stress at various time points following burn injury. Severe burn

injury was associated with increased activation of ER stress pathways in liver tissue of

burned rats, as reflected by the markedly increased accumulation of phospho-PERK and

phospho-IRE-1 in livers isolated at 24 and 72 h post-burn. 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 (16). Two of these proteins, inositol requiring enzyme-1

and PKR-like ER kinase, undergo oligomerization and phosphorylation in response to

increased ER stress (16). Activity of JNK has already been shown to be increased through

induction of ER stress pathways (39). Consistent with this phenomenon, we found total JNK

activity, indicated by c-Jun phosphorylation, to be markedly elevated up to 72 h post burn

injury. Active JNK is capable of phosphorylating IRS-1 at a specific serine residue, which

has been found to prevent its activation by the classical phosphorylation of a tyrosine

residue by the insulin receptor tyrosine kinase (20).

Inhibition of JNK activity in obese mice with the synthetic inhibitor SP600125 has been

recently found to reverse this ER stress–induced serine phosphorylation of IRS-1 (15, 40).

Activation status of c-JNK thus represents 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 (20). In spite of the appreciable differences in

total protein levels of the various signaling molecules examined, the fraction of activated

protein relative to total clearly suggest trends that support our model presented in Figure 6.

In order to examine whether burn injury exerts its effects on post-burn hepatic insulin

resistance via this mechanism, we performed a second study. At 24, 72 or 192 h following

burn or sham procedure, the right liver lobe was ligated and the respective lobe was

harvested and utilized as negative control for Western blot analysis. Then insulin was

injected directly into the portal vein, the remaining of the liver was harvested 1 min

thereafter, and the tyrosine phosphorylation status of IRS-1 was measured. Consistent with

our hypothesis that burn injury may lead to impaired insulin receptor trafficking via ER

stress-induced serine phosphorylation of IRS-1, we found that burned animals did not

display any significant activation IRS-1 at its tyrosine binding after insulin administration.

Also activation of signaling molecules acting downstream of IRS-1, such as PI3K and AKT

did not reveal any activation at 24 and 72 h post-burn. Insulin administration directly into

the portal vein of non-burn animals, however, led to robust activation of these proteins,

indicated by tyrosine phosphorylation of IRS and phosphorylation of PI3K and AKT at all

time points studied. Several 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
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glucose transporter in skeletal muscle and adipose tissue (37, 41, 42). Thr308-

phosphorylation of AKT is also known to be of major importance for the regulation of

hepatic glucose homeostasis via insulin signaling cascades, including modulation of

gluconeogenesis and glycolysis pathways via activation or inactivation of several key

enzymes (11). Hepatic GK and G-6-P activities are reported to be controlled primarily at the

level of transcription, being mainly regulated by insulin and glucagon (21). High insulin

levels have been shown to inhibit hepatic glucose production by means of stimulation of GK

gene transcription and inhibition of gluconeogenesis (21). Using Real-time RT-PCR

analysis, we found an initial increase in G-6-P mRNA expression at 24 h post-burn and

significantly decreased transcription of hepatic GK at 72 and 192 h after thermal injury.

Hepatic GK has a major effect on glucose homeostasis and is a potential target for

pharmacological treatment of type 2 diabetes, as evidenced by the fact that liver-specific

GK-knockout mice exhibited mild hyperglycemia (43) and rats over expressing GK in the

liver had reduced blood glucose (44). Low hepatic GK activity is also reported to favor the

release of glucose synthesized by gluconeogenesis into the circulation (21).

G-6-P is one of the key enzymes that control gluconeogenesis and glucose output from the

liver (21). Maitra and colleagues (45) demonstrated its critical role in the early

hyperglycemic phase of hemorrhagic shock. Others found that G-6-P mRNA and activity are

increased in liver during the course of fasting or in insulinopenic diabetes (22–24).

The demonstrated post-burn modulations of hepatic insulin signaling pathways with

subsequent alterations in hepatic GK and G-6-P mRNA expression may thus significantly

contribute to elevated systemic glucose levels observed in our study.

We found that activation of signaling cascades emanating from ER stress may explain, at

least partially, the metabolic and molecular abnormalities regarding insulin action following

severe burn. Thus, signaling molecules associated with ER stress may constitute adequate

candidates for the development of therapeutic interventions that may limit insulin resistance

following severe burn. The ER stress signaling cascades found in this study to be associated

with hepatic metabolic dysregulation following severe burn and inflammatory response

pathways converge at the IRS-1/PI3K/Akt hub. Therefore, targeting of these molecules may

provide a viable and efficacious alternative for the management of patients post burn.
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Figure 1. Study design
Two different studies were performed. After deprivation of food overnight, animals included

in the first study (A) were anesthetized at 24, 72 and 192 h following the burn/sham

procedure and a laparotomy was performed and liver tissue was harvested for Western blot

and RT-PCR analysis (n=6, each group and time point). Prior to tissue harvesting, blood was

withdrawn from the right femoral artery for glucose and insulin determinations. Animals

included in the second study (B) were subjected to an identical burn/sham procedure. In

order to determine the effects of burn injury on hepatic insulin signaling pathways, a

laparotomy was performed at 24, 72 and 192 h following the burn/sham procedure. At the

respective time points, the right liver lobe was ligated, harvested and placed into liquid

nitrogen for subsequent tissue preparations. Then, insulin (1 IU/kg) was injected directly

into the portal vein and the remaining of the liver was harvested 1 min thereafter for

subsequent tissue processing.
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Figure 2. Hyperglycemia and hyperinsulinemia indicate insulin resistance following burn injury
Fasting glucose (A) and fasting insulin levels (B) were determined at various time points

post-burn. Throughout the figure, histograms depict serum concentrations of glucose or

insulin at fasted levels. Results shown represent six different animals per group, as indicated

in the main text. Bars represent means; error bars correspond to S.E.M. Asterisks denote

statistical significance: p < 0.05 for every comparison between groups.
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Figure 3. Severe burn injury is associated with activation of ER stress signaling pathways and
phosphorylation of IRS-1 at its serine binding site
Accumulation of phospho-PERK/PERK (A), phospho-IRE-1/IRE-1 (C), phospho-JNK/JNK

(E) and phospho-IRS-1(Ser307)/IRS-1 (G) was determined in liver tissue isolated at 24, 72

and 192 h after burn or sham procedure. GAPDH served as control loading protein.

Histograms depict intensities of the phosphorylated protein bands divided by the total form

of the respective protein (B, D, F, H). Results shown represent three to five different

animals per group, as indicated in the main text. Bars represent means; error bars correspond

to S.E.M. Asterisks denote statistical significance: p < 0.05 for every comparison between

groups.
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Figure 4. Burn injury is associated with impaired activation of IRS-1 at its tyrosine binding site
and inhibits PI3K/Akt signaling after insulin administration
Accumulation of hepatic phospho-IRS-1(Tyr612)/IRS-1(A) phospho PI3K/PI3K (C) and

phospho-Akt/Akt (E) was determined in both, sham burned and burned animals before (-)

and 1 min after insulin injection (+) at 24, 72 and 192 h post-burn or post-sham procedure.

GAPDH served as control loading protein. Histograms depict intensities of the

phosphorylated protein bands divided by the intensity of the total form of the respective

protein band (B, D, F). Results shown represent three different animals per group, as

indicated in the main text. Bars represent means; error bars correspond to S.E.M. Asterisks

denote statistical significance: p < 0.05 for every comparison between groups.
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Figure 5. Burn injury is associated with alterations in transcription of Glucokinase (GK) and
Glucose-6-Phosphatase (G-6-P)
Total RNA was isolated from liver tissue of both burned and sham-burned and GK (A) and

G-6-P (B) mRNA was assayed by real-time RT-PCR, with 18S ribosomal RNA (18S) used

as endogenous control. Mean value of the target was divided by the mean value of the

endogenous control to obtain a normalized mean quantity per sample. Results shown

represent four different animals per group. Bars represent means; error bars correspond to

S.E.M. Asterisks denote statistical significance: p < 0.05 for every comparison between

groups.
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Figure 6. Molecular mechanisms underlying insulin resistance following thermal injury
Severe burn is associated activation of ER-stress related signaling pathways, indicated by

activation of PERK and IRE-1. Phosphorylation of IRE-1 causes activation of c-JNK.

Activation of JNK may then 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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