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Endoplasmic reticulum stress and insulin resistance

post-trauma: similarities to type 2 diabetes
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Abstract

e Type 2 diabetes in animal models and links to the ER stress
response

e Clinical relevance of insulin resistance and ER stress in the
post-burn response

e Targeting the ER stress response as a therapeutic
for burn injury

e Conclusions

Type 2 diabetes, a rapidly growing disease of modern aetiology, has a profound impact on morbidity and mortality. Explosions
in the understanding of the underlying cellular mechanisms which lead to type 2 diabetes have recently been elucidated. In partic-
ular, the central role of endoplasmic reticulum stress (ER stress) and the unfolding protein response (UPR) in insulin resistance in
type 2 diabetes has recently been discovered. We hypothesize that ER stress and UPR are not only central for type 2 diabetes
but also for stress-induced diabetes. We review here the evidence that post-burn insulin resistance and hyperglycaemia have
pathophysiologic mechanisms in common with type 2 diabetes. These recent discoveries not only highlight the importance of ER
stress in the post-burn patient recovery, but furthermore enable new models to study fundamental and interventional aspects of
type 2 diabetes.
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Introduction

A burn injury represents one of the most severe forms of
trauma, and occurs in more than two to three million people in
North America each year [1]. According to the World Health
Organization, an estimated 330,000 deaths per year worldwide are
related to thermal injury [2]. A severe burn represents a devastat-
ing injury affecting nearly every organ system and leading to sig-
nificant morbidity and mortality [3]. Stress-induced diabetes with
hyperglycaemia and insulin resistance during acute hospitalization
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is a hallmark of severely burned patients and directly effects
patient morbidity and mortality [4]. Various studies demonstrated
that hyperglycaemia and insulin resistance are associated with a
significantly increased incidence of infection, sepsis, ventilator-
associated pneumonia, delay in wound healing and increased
death [5-7]. Thus, to improve patient’s outcome it is important to
understand the molecular mechanisms which lead to post-burn
insulin resistance.
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Insulin resistance and hyperglycaemia
in burn patients

Based on recent findings we propose that post-burn insulin
resistance is similar in pathophysiology to type 2 diabetes,
differing only in its acute onset and severity. Similar to type
2 diabetes, in the clinical scenario stress-induced diabetes with
insulin resistance and hyperglycaemia can be overcome by
exogenous insulin administration, which normalizes glucose
levels and improves muscle protein synthesis, accelerates
donor site healing time, and attenuates lean body mass loss and
the acute phase response [8-15]. We and others hypothesize
that these vast and detrimental responses are driven by
cytokines and stress hormones, which are the primary media-
tors of the hypermetabolic response to trauma or burn [16, 17].
We have shown that stress hormones are increased 10- to 40-
fold after severe burn and remain elevated for up to 2 years
post-injury [18, 19]. Of special interest are the effects of stress
hormones on glucose metabolism and insulin resistance [20].
During the early phases of post-burn, hyperglycaemia is due to
an increased rate of glucose appearance along with an impaired
tissue extraction of glucose leading to an increase of glucose
and lactate [21, 22].

Euglycaemic control in critically ill
and burn patients

The clinical implications of tight euglycaemic control as pub-
lished by van den Berghe and colleagues significantly and rapidly
changed intensive care unit (ICU) practice [23]. They showed
that insulin administered to maintain glucose at levels below
110 mg/dl decreased mortality, the incidence of infections, sep-
sis and sepsis-associated multi-organ failure (MOF) in surgical
patients, reduced kidney injury, and accelerated weaning from
mechanical ventilation and discharge from the ICU in medical
patients [24]. In several follow-up studies, the authors con-
firmed the advantageous effects of tight euglycaemic control.
The authors showed recently that tight euglycaemic control
improved mortality in paediatric ICU patients [25]. Insulin given
during the acute phase not only improved acute hospital out-
comes, but also improved long-term rehabilitation of critical ill
patients over a period of 1 year [26, 27], indicating the advan-
tage of insulin therapy. However, all studies presented by the
Leuven group were unicentre trials, so various unicentre and
multicentre studies followed the Leuven trials to determine
whether tight euglycaemic control improves outcomes in a dif-
ferent setting. The results of these trials were mixed, with some
showing benefits with the use of euglycaemic control [28, 29].
Other studies, however, failed to show improved outcomes. In
contrast, some of these studies even demonstrated detrimental
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effects associated with tight euglycaemic control and a dramatic
increase in the incidence of hypoglycaemia [30]. Intensive
discussion thus arose as to whether tight euglycaemic control is
beneficial. To end this discussion, a large multicenter trial
was initiated: the NICE SUGAR ftrial. This trial enrolled more
than 6,000 patients and failed to show beneficial outcome for
critically ill patients with intensive insulin therapy [31], and
delineated the risks and problems associated with this therapy.
Therefore, many ICUs have now changed their tight euglycaemic
protocols to be less strict. Despite the aforementioned studies,
none of the trials investigated whether tight euglycaemic
control is beneficial in severely thermally injured patients.
Hyperglycaemia is a hallmark of burned patients [4]. The clinical
relevance of hyperglycaemia after a severe burn was shown in
several studies in which the authors demonstrated that burn
patients with poor glucose control had a significantly higher inci-
dence of bacteremia/fungemia and mortality [5—-7], indicating
that hyperglycaemia represents a significant clinical problem in
burn patients. We conducted a prospective randomized con-
trolled trial in severely paediatric burn patients and found that
tight glycaemia control significantly improves post-burn morbid-
ity [32] indicating the benefit of insulin administration post-burn
and overcoming post-burn insulin resistance.

Molecular mechanisms associated
with post-burn insulin resistance:

endoplasmic reticulum stress and
unfolded protein response

The metabolic alterations post-burn are well-defined by increased
glucose production along with decreased glucose uptake in the
liver and periphery. However, the molecular changes lacked
understanding for a long time. Recently, changes in insulin recep-
tor substrate-1 (IRS-1) and other downstream insulin receptor
signalling pathways have been a focus of intense research. A cell
organelle that has gained substantial attention in the diabetes
literature is the ER. The ER is the site of protein synthesis and
folding of secreted and membrane-bound proteins [33]. The
presence of an excess of misfolded proteins results in the
activation of signalling pathways to restore homeostasis (Fig. 1;
Ref. [33]). Calcium depletion from ER stores leads to increased
unfolded and/or misfolded proteins in the ER lumen. This results
in the activation of the UPR [33]. The accumulation of unfolded
proteins is detected by the cell via three key ER transmembrane
receptors, protein kinase RNA (PKR)-like ER kinase (PERK), inos-
itol-requiring enzyme 1 (IRE1) and activating transcription factor
6 (ATF6). IRE1 is an ER-resident transmembrane protein with
a luminal domain and a cytoplasmic kinase domain [34, 35].
The luminal domain of IRE1 is bound to the ER Hsp70 homologue
BiP in unstressed cells. In response to unfolded proteins, IRE1
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dissociates from BiP and oligomerizes in the plane of the mem-
brane and frans-autophosphorylates juxtaposed kinase domains,
which leads to an IRE1-mediated sequence-specific splicing of
the mRNA transcript for X-box binding protein-1 (XBP1). The
protein product of spliced XBP1 mRNA (XBP1s) induces the gene
transcription of chaperones and ER-associated degradation pro-
teins to increase the ER folding capacity [36]. IRE1 can also act
by recruitment of TRAF2 [tumour necrosis factor receptor
(TNFR)-associated factor-2]. TRAF2 signals and activates Jun
N-terminal kinase (JNK) [37]. Ozcan et al. showed that ER stress
leads to suppression of insulin receptor signalling through hyper-
activation of JNK and subsequent serine phosphorylation of
insulin receptor substrate 1 (IRS-1) [38]. They further showed
that mice deficient in XBP-1 developed insulin resistance. The
authors conclude that ER stress is a central contributing feature
of peripheral insulin resistance and type 2 diabetes in vivo [38].
Insulin resistance is a known pathophysiologic occurrence
post-burn, therefore IRE1 signalling may contribute to insulin
resistance post-burn.

The second ER stress transducer is ATF6, a founding mem-
ber of a novel class of metazoan-specific ER stress transducers
[39]. ATF6 is a family member of the cyclic AMP response ele-
ment binding protein (CREB) family of transcription factors. In
unstressed cells, ATF6 resides in the ER membrane. ATF6 traf-
ficking is hindered by binding to BiP at the luminal domain of
ATF6 [36]. ER stress disrupts BiP binding and ATF6 is subse-
quently transported to the Golgi apparatus [40], where it is
cleaved by Golgi-resident proteases: first by site 1 protease
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(S1P) and then in an intra-membrane region by site 2 protease
(S2P) to release the cytosolic DNA-binding domain. ATF6 then
translocates to the nucleus to activate gene expression of UPR
target genes [39].

The third ER stress transducer, PERK, is also an ER-localized
type | transmembrane protein with luminal stress-sensing
domains that is similar in structure and function to IRE1 [41].
Like IRE1 and ATF6, the luminal domain of PERK is bound to BiP
in unstressed cells. The cytoplasmic portion of PERK contains a
protein kinase domain, which undergoes activation by oligomer-
ization in ER-stressed cells. Activated PERK phosphorylates the
a-subunit of eukaryotic translation initiation factor-2 (elF2«) at
serine 51, leading to derepression of translational inhibition by
elongation factor 2B (elF2B) [36]. The resulting reduced activities
of elF2« account for all of the important consequences of PERK
activity. Because other elF2 kinases can activate this pathway
independently of ER stress, this portion of the unfolded protein
response is termed the integrated stress response [42, 43].
The function of PERK activation is to lower global protein synthe-
sis to reduce the ER unfolded protein load and to alter gene
transcription. For example, phospho-PERK increases transcrip-
tion of the activating transcription factor-4 (ATF4) and stimulates
nuclear factor kB (NF-xB) activation [44, 45]. The transcription
factor C/EBP-homologous protein (CHOP) is also activated
transcriptionally by ATF4, and its target genes include DNA dam-
age-inducible protein-34 (GADD34), a regulatory subunit of
phosphatase PP1 that dephosphorylates elF2« and terminates
PERK signalling [46].
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Induction of the ER stress response
and intracellular calcium stores

The concentration of calcium in various intracellular compart-
ments are exquisitely regulated by various ATPases and exchang-
ers. Levels in the cytosol are maintained in the nanomolar range,
whereas ER, mitochondrial and extracellular levels are in the mil-
limolar range. The cell expends a significant amount of energy to
maintain these steep gradients, and this is required for maintain-
ing normal physiologic function of these organelles. Maintaining a
steep calcium gradient also allows this ion to function as a
signalling molecule. In the ER, millimolar calcium is required to
maintain the protein folding capacity, because critical molecular
chaperones that participate in the folding, assembly and matura-
tion of secretory proteins, such as calnexin, calreticulin, PDI and
BiP, require calcium to function properly [47]. One of the classic
and most widely used in vitro models of ER stress is treatment
with the sarco-endoplasmic reticulum ATPase (SERCA) poison
thapsigargin. Inhibition of SERCA activity uncovers a passive leak
of calcium from the ER, and leads to rapid and profound reduc-
tions in ER luminal calcium levels. This leads to protein misfold-
ing in the ER and induction of the ER stress response.

We found in a rat burn model that thermal injury has dramatic
effects on intracellular calcium levels in the liver (Fig. 1). Burn
injury resulted in marked reduction in ER calcium levels, with a
concomitant increase in cytoplasmic calcium levels [48]. This was
associated with decreased responsiveness to vasopressin and the
purinergic agonist ATP. Furthermore, the depletion of ER calcium
stores was associated with marked activation of the ER stress
response, including up-regulation of pro-apoptotic ER stress
signalling through JNK and Bim. We concluded that hepatic ER
stress and apoptosis post-burn is mediated primarily by depletion
of intracellular calcium stores [48]. A question remains as to the
mechanism of ER calcium store depletion. It is possible that
traumatic injury results in dramatic up-regulation of calcium
mobilizing agonists in the liver and elsewhere, including
pro-inflammatory cytokines such as IL-1 [49] or members of the
TNF-« receptor family [50]. Indeed, we have found in unpublished
observations that Fas receptor levels and mRNA are dramatically
up-regulated in the liver after burn injury. As Fas receptor is
coupled to ER calcium release [50, 51], this could be a possible
mechanism for ER calcium store depletion and cell death (Fig. 1).
A different model was recently proposed by Fu et al., where they
showed that hepatic ER lipid synthesis was greatly increased in an
obese mouse model resulting in reduced SERCA pump activity
[52]. Reduced SERCA activity led to depleted ER calcium stores
and chronic ER stress. Strikingly, SERCA overexpression reversed
these effects and improved ER stress and insulin sensitivity.
Interestingly, in our rat burn model SERCA expression is up-regu-
lated 24 and 48 hrs after burn, which we interpreted to be reflec-
tive of a compensatory mechanism in response to depleted ER cal-
cium stores [53]. It will be interesting to investigate if hepatic
SERCA activity is inhibited post-burn.
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Similar to our studies in the rat burn model, we found that the
molecular chaperones GRP78/BiP and PDI were significantly
increased in the liver up to 21 days post-burn in mice [54]. The
expression of phosphorylated PERK increased within 1 day post-
burn and then dropped to normal levels by day 14. Phospho-
IRE-1was increased at 1 day post-burn, exhibiting a peak at 7 days
post-burn. The cleavage of ATF-6 increased significantly at the late
time point of 21 days post-burn. The expression of calnexin and
calreticulin were dramatically increased at 1 day post-burn in
mice, and remained elevated 21 days later, indicative of a compen-
satory mechanism in response to calcium store depletion.
Downstream activation of CHOP was seen at 7 and 14 days post-
burn. The aforementioned changes all indicate that burn induces
marked ER stress/UPR not only in rats but also in mice and that
ER stress/UPR persists over a prolonged period of time, indicat-
ing the cellular, metabolic and inflammatory alterations persisting
longer than previously thought.

Type 2 diabetes in animal models and
links to the ER stress response

As mentioned earlier, ER stress activates JNK resulting in phos-
phorylation of insulin receptor substrate-1 [38]. This prevent
tyrosine phosphorylation of JNK by the insulin receptor, inhibit-
ing downstream signalling through the PI3K/Akt pathway and
transport of GLUT4 to the plasma membrane. We have found
similar findings in the liver in a rat burn model which accurately
recapitulates what is seen clinically. In particular, burn injury
results in serine phosphorylation of IRS-1 resulting in decreased
sensitivity to exogenously administered insulin [55].
Furthermore, insulin administration post-burn protected against
ER stress and associated hepatic damage and insulin resistance
[56]. Thus, at least in the liver (and possibly skeletal muscle [57,
58]), similar pathways are activated in animal models of type 2
diabetes and burn injury.

In order for the liver to meet metabolic demands under high
glucose conditions, there is a transient activation of the unfolded
protein response to increase the folding capacity in the ER lumen
due to increased translation of metabolic proteins [59]. Thus, ER
stress is a ‘normal’ response in the liver to increased metabolic
demands. Two recent reports have highlighted a direct link
between insulin receptor pathway and ER stress, with direct impli-
cations for insulin resistance [60, 61]. It was found in wild-type
mice that after a meal ER stress was activated by binding of the
catalytic subunit of PI3K (p85) to the protein product of XBP-1
(XBP-1s), and this was required for the stabilization and nuclear
translocation of XBP-1s (Fig. 1). It is important to appreciate that
the p85 subunit is normally heterodimerized with the p110
catalytic subunit under resting conditions, and is released
after insulin receptor activation. Importantly, in ob/ob mice there
was not sufficient free p85 subunit to promote the downstream
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activation of XBP-1s target genes critical for restoring the folding
capacity of the ER, leading to increased unfolded protein burden
[60, 61]. As the effects of p85 are independent of the other arms
of the ER stress response, continued ER stress would ultimately
result in activation of the pro-apoptotic and pro-inflammatory
arms of the ER stress response. Similar to animal models of obe-
sity and insulin resistance, we have found dramatically increased
splicing of XBP-1 post-burn (unpublished), and this is associated
with suppressed PI3K/Akt signalling [55].

Clinical relevance of insulin resistance
and ER stress in the post-burn response

Burn injury produces a profound hypermetabolic stress response
characterized by increased glucose production, lipolysis and pro-
tein catabolism [3, 23, 62]. The hypermetabolic stress response is
driven by the inflammatory response, which encompasses hor-
mones, cytokines and acute phase proteins [63-65]. Clinical stud-
ies have shown that a sustained or increased inflammatory and
acute phase response can be life threatening with the uncontrolled
and prolonged action of pro-inflammatory cytokines and acute
phase proteins contributing to multi-organ failure, hypermetabo-
lism, morbidity and mortality [64-66]. We hypothesize that the
underlying mechanism is an increased inflammatory response
associated with depletion of ER calcium stores and induction of
ER stress and apoptotic pathways.

To validate our studies in animal models, we investigated
whether a severe injury induces ER stress in severely burned
patients. Twenty severely burned paediatric patients were com-
pared to 36 non-burned children. Clinical markers, protein analy-
sis and transcriptome analysis was used to identify transcriptional
changes in ER stress and insulin resistance-related signalling cas-
cades in peripheral blood leukocytes, fat and muscle at admission
up to 466 days post-burn. We found in severely burned patients
that a burn injury induces a vast inflammatory response which
leads to cellular stress responses in various tissues associated
with profound insulin resistance and hyperglycaemia. We found
that these changes were associated with the induction of systemic
ER stress (unpublished observations). We determined the
genomic changes in peripheral blood leukocytes, fat and muscle
post-burn and compared these changes to the same tissues from
normal, healthy, non-burned volunteers [67]. Genomic expression
data collected over four time periods (0-10, 11-49, 50-250 and
251+ days post-burn) in burned patients was compared to
expression data from non-burned patients. We identified the fol-
lowing canonical signalling pathways in Ingenuity Knowledge
Base that are associated with insulin resistance and ER/SR stress:
ER/SR stress, insulin receptor, phosphoinositide-3-kinase (PI3K),
extracellular-regulated MAP kinase 1/2/mitogen-activated protein
kinase 1 (ERK/MAPK), c-Jun N-terminal kinase (SAPK/JNK), acute
phase response, calcium and apoptosis. Super-imposition of the
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expression data for the significantly altered genes onto the net-
works of known molecular interactions and canonical signalling
pathways enabled identification of genes that may mediate the
post-burn insulin resistance response in different tissues. Within
the identified pathways, transcripts of 455 genes in peripheral
blood leukocytes, 360 genes in fat and 448 genes in muscle were
significantly changed in a temporal manner following a severe
burn injury [67]. The majority of these genes did not return to nor-
mal expression levels by even 251+ days following the burn
injury, indicating pervasive and persistent ER/SR stress, UPR and
insulin resistance. Thus, the dramatic changes in gene expression
in various tissues may provide the molecular basis for clinical
sequela such as insulin resistance, muscle wasting, fat loss and
persistent hyperinflammation during the first year following a burn
injury. These findings indicate that ER stress and UPR is not lim-
ited to one tissue type but is present in many if not all organs and
tissues post-burn.

Targeting the ER stress response
as a therapeutic for burn injury

As mentioned earlier, ER stress is primarily triggered by an
increase in the unfolded protein burden in the ER. Molecular chap-
erones in the ER lumen such as Bip and Grp94 maintain proteosta-
sis in the ER by binding to unfolded/misfolded polypeptide chains.
Recently, several ‘chemical chaperones’ have been identified
which function in a manner analogous the endogenous molecular
chaperone machinery and reduce ER stress [68-71]. The mecha-
nisms by which these compounds favourably affect protein fold-
ing are still incompletely understood, but may be related to their
function as osmolytes [72], or direct effects on the endogenous
protein folding machinery [71].

In a mouse model of type 2 diabetes (ob/ob mice), Ozcan
et al. demonstrated that administration of two of these com-
pounds, 4-phenyl butyric acid (PBA) and tauroursodeoxycholic
acid (TUDCA), reduced hepatic ER stress and insulin resistance in
vivo [70]. Furthermore, both compounds restored systemic glu-
cose metabolism. In this experimental paradigm, PBA was
administered by gavage and TUDCA by intraperitoneal injection.
A separate study demonstrated that PBA alleviates macrophage
ER stress and vascular disease in a mouse model of atheroscle-
rosis [73]. A small clinical study examining orally administered
TUDCA in type 2 diabetic patients revealed improvements in
hepatic and muscle insulin sensitivity and an increase in muscle
IRS-1 and Akt phosphorylation, suggesting a reversal of post-
receptor insulin resistance [74]. Both PBA and TUDCA are FDA
approved medications for various disorders unrelated to ER
stress/type 2 diabetes, and thus may be promising targets for
intervention in type 2 diabetes [71, 75-77]. Thus, PBA and
TUDCA may be beneficial for the treatment of post-burn ER stress
and insulin resistance.
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Conclusions

Traumatic injuries such as burns cause profound metabolic and
hyper-inflammatory responses, which result in multi-organ dys-
function. One hallmark of burn injury is profound and prolonged
insulin resistance which mimics at the molecular level the cellular
changes seen in type 2 diabetes. Importantly, post-burn insulin
resistance directly affects patient morbidity and mortality. Recent
studies by our group and others have delineated a clear role for
multi-organ ER stress as a critical mediator of post-burn insulin
resistance. Thus, targeting ER stress therapeutically may have a
dramatic impact on post-traumatic insulin resistance, patient
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