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ABSTRACT

Severe burn injury results in liver dysfunction and damage, with subsequent metabolic
derangements contributing to patient morbidity and mortality. On a cellular level, there is
significant hepatocyte apoptosis post-burn, which likely contributes to liver dysfunction.
However, the underlying mechanisms of hepatocyte apoptosis are poorly understood. The
endoplasmic reticulum (ER) stress response/unfolded protein response (UPR) pathway can lead
to hepatocyte apoptosis under conditions of liver dysfunction. Thus, we hypothesized that ER
stress/UPR may mediate hepatic dysfunction in response to burn injury. Here, we investigated
the temporal activation of the hepatic ER stress in mice after a severe burn injury. Mice received
a scald burn over 35% of their body surface and were sacrificed at 1, 7, 14, and 21 days post-
burn. We found that severe burn induces hepatocyte apoptosis as indicated by increased caspase-
3 activity (p<0.05). Serum albumin levels decreased post-burn, and remained lowered for up to
21 days, indicating that constitutive secretory protein synthesis was reduced. Significantly,
upregulation of the ER stress markers GRP78/BIP, PDI, p-PERK, and IRE-1a were found
beginning 1 day post-burn (p<0.05) and persisted up to 21 days post-burn (p<0.05). Burn injury-
induced hepatic ER stress was associated with compensatory upregulation of the calcium
chaperone/storage proteins calnexin and calreticulin (p<0.05), suggesting that ER calcium store
depletion was the primary trigger for induction of the ER stress response. In summary, thermal
injury in mice causes long-term adaptive and deleterious alterations in hepatic function which are

characterized by significant upregulation of the ER stress response.
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INTRODUCTION

Severe burn injury causes a myriad of metabolic alterations, including hyperglycemia,
lipolysis, and protein catabolism (1). These changes can induce multi-organ failure and sepsis
leading to significant morbidity and mortality (2, 3).

By modulating metabolic and immune responses, the liver plays a pivotal role in
mediating survival and recovery of burn patients (4-6). Pre-existing liver disease is directly
associated with adverse clinical outcomes following burn injury. Price et al. (7) showed that liver
disease prior to burn injury increased mortality risk from 6% to 27%, indicating that liver
impairment worsens the prognosis in patients with thermal injury. Severe burn also directly
induces hepatic dysfunction and damage, delaying recovery (8). Therefore, recovery and survival
of patients with severe burns can be improved with a better understanding of the mechanisms
that mediate the pathophysiologic changes in the liver following thermal injury.

The endoplasmic reticulum (ER) is the site of secretory protein synthesis (9). The
matured forms of secreted proteins exit the ER after a number of post-translational modifications
such as N-linked glycosylation, disulfide bond formation, lipidation, hydroxylation,
oligomerization, etc. Unfolded/misfolded proteins in the ER lumen are either retained to
complete the folding process or are targeted for degradation (9, 10). If the unfolded protein
burden exceeds a certain threshold, there is activation of unfolded protein response (UPR). There
are three ER-resident molecular sensors that mediate the UPR: inositol-requiring enzyme 1 (IRE-
1); protein kinase R-like endoplasmic reticulum kinase (PERK); and activating transcription
factor 6 (ATF6). Under conditions of ER stress, the ER luminal domains of these sensors
dissociate from the intraluminal chaperone GRP78/BIP, leading to their activation and the

initiation of downstream signaling processes collectively termed the ER stress response. UPR
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minimizes the unfolded protein burden in the ER and ultimately preserves cellular integrity. The
UPR is clinically important in cancer, diabetic mellitus, and human genetic diseases (11-13).
However, little is known regarding the role of the UPR in mediating metabolic disturbances
induced by burn injury.

Severe burn impairs hepatocyte structure and function, eventually leading to cell death
(14). Burn-induced hepatocyte cell death includes both apoptotic and necrotic pathways (15).
Hepatic damage after burn injury is associated with increased hepatocyte apoptosis and
functional impairments such as decreased production of constitutive serum proteins such as
albumin (14). However, the molecular mechanisms responsible for compromised hepatic
function after burn injury are still unclear. We hypothesize that ER stress and UPR activation
may play a prominent role in adaptive hepatic responses and subsequent hepatocyte apoptosis
after burn injury. Here we show, using a well-established mouse burn model, that ER stress/UPR
is associated with hepatic functional impairment and dysfunction in mice in response to burn
injury. Surprisingly, hepatic ER stress persisted for up to three weeks post-burn, indicating
dramatic and long-lasting changes in hepatic function. Furthermore, in a separate study, we have
found that this model recapitulates the clinically observed inflammatory response over similar
time courses (16). Thus, this model should prove to be useful in further studies investigating ER

stress and burn injury in transgenic animals.

MATERIALS AND METHODS
Animal model of burn injury
Adult male C57BL/6 mice (6 to 8 weeks old) were purchased from Harlan, Houston, TX

and allowed to acclimate for one week prior to the experiment. Mice were housed in a
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temperature-controlled cubicle with a 12-hour light/dark cycle with laboratory chow and water
ad libitum. All animal procedures were performed in adherence to the National Institutes of
Health Guide for the Care and Use of Laboratory Animals and approved by the Institutional
Animal Care and Use Committee of the University of Texas Medical Branch at Galveston.

A well-established method was applied to induce a full-thickness scald burn (17). Mice
were anesthetized with 2.5% isoflurane. The dorsal and lateral surfaces were shaved and 1 ml of
0.9% saline was injected subcutaneously along the spinal column to protect the spinal cord
during the burn. Mice were placed on their backs and transferred to a mold with an opening
providing a 35% total body surface area burn. Mice were then immersed in 97°C water for 10
seconds. Lactated Ringers solution (2 ml) was then administered intraperitoneally for
resuscitation and 0.1 mg/ml of buprenorphine was administered subcutaneously for analgesia.
Mice were housed in separate cages for the duration of the experiment and pair fed. Sham
animals were anesthetized and immersed in warm water (25°C). The normal control mice were
not anesthetized and immersed in water. Mice were sacrificed at discrete time points by
decapitation under isoflurane anesthesia. Liver tissue was snap-frozen in liquid nitrogen and
stored at -80°C.

Antibodies and reagents

Antibodies against murine GRP78/Bip, IRE-1, p-IRE-1, CHOP and calreticulin were
purchased from Abcam Inc. (Cambridge, MA); the p-PERK antibody was purchased from Cell
Signaling Tech, Inc. (Danvers, MA); ATF6 antibody was purchased from LifeSpan Biosciences,
Inc. (Seattle, WA); Calnexin and PDI were purchased from Assay Designs, Inc. (Ann Arbor,

MI). Caspase-3 substrate Z-DEVD-R110 was purchased from American Peptide Company Inc.
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Sunnyvale, CA). SuperSignal West Pico Chemiluminescent Substrate was purchased from
Thermo Scientific Inc, (Rockford, IL).
Western blotting

Approximately 100 mg of frozen liver tissue was homogenized in 150 mM NaCl, 50 mM
Tris-HCI, pH 7.8, 1% (w/v) Triton X-100, 1 mM EDTA, 0.5 mM phenylmethanesulfonyl
fluoride, 1X Complete protease inhibitor mixture (Roche Molecular Biochemicals) and a
phosphatase inhibitor cocktail (Sigma-Aldrich). The homogenate was centrifuged at 20,000 xg
for 30 minutes at 4°C and the pellet discarded. Twenty micrograms of each protein sample was
subsequently analyzed by SDS-PAGE and Western blotting. Band intensities were quantified
with the GeneSnap/GeneTools software (Syngene, Frederick, MD). Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was utilized as a loading control.
Caspase-3 activity

Caspase-3 activity was measured as described previously (18). Briefly, 100 mg of liver
tissue was homogenized in Buffer A (8.25% sucrose, 10 mM Tris-HCI, pH 7.5, 0.25 mM EGTA,
protease inhibitor cocktail). The homogenate was then subjected to differential centrifugation to
isolate mitochondrial-enriched 10,000 xg pellet (P2), cytosolic 100,000 xg supernatant (S3) and
ER-enriched 100,000 xg enriched pellet (P3). Twenty micrograms of the cytosolic (S3) fraction
was incubated with 5 uM of Z-DEVD-R110 in reaction buffer containing 5 mM PIPES, pH 7.4,
1 mM EDTA, 0.05% Triton, 5 mM DTT for 30 minutes at room temperature. Caspase-3 activity
was quantified as the change in fluorescence per minute per microgram protein.
Statistical analysis

Statistical analysis was performed using an unpaired Student’s t-test. Data are presented

as mean = S.E.M. Significance was accepted at p<0.05.
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RESULTS
Hepatic damage and liver dysfunction in mice persists up to 21 days post-burn

Caspase-3 is a key mediator of the execution phase of apoptosis. Within 1 day of burn
injury, the activity of caspase-3 in the cytosolic fraction increased 2-3 fold, compared to activity
in the non-burn group (p<0.05) [Figure 1A]. Post burn, caspase-3 activity remained elevated
through day 14, and returned to normal by day 21.

Serum albumin produced by the liver maintains osmotic pressure of the blood
compartment and carries molecules with low water solubility. Expression of albumin from liver
tissue decreased within 1 day after burn injury and remained low 21 days later (p<0.05) [Figure
1B] indicating that severe burn impaired murine liver function by decreasing the synthesis of
secretory hepatic proteins.

Severe burn increases ER chaperone levels associated with ER stress 24 hours after burn
injury

Severe burn injury markedly increased GRP78/BIP, PDI, calnexin and calreticulin
compared to either control or sham group, indicating that severe burn injury induces hepatic ER
stress in mice (p<0.05) [Figure 2A-D]. There were no significant differences in protein
expression between the normal control and sham groups, confirming that ER stress was induced
by the burn and not by the anesthesia or other manipulations.

Burn-induced hepatic ER stress persists for up to 21 days post-burn

We found that the expression of phosphorylated PERK increased within 1 day post-burn
and then dropped to normal levels by day 14 [Figure 3A]. Phospho-IRE-1 was increased at 1 day
post-burn, exhibiting a peak at 7 days post-burn (p<0.05) [Figure 3B]. The levels of active

(cleaved) ATF-6 increased significantly at the late time point of 21 days post-burn (p<0.05)
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[Figure 3C]. Downstream ER stress signaling was also elevated as evidenced by CHOP
upregulation at 7 and 14 days post-burn (p<0.05) [Figure 3D].

The ER luminal molecular chaperone GRP78/BiP was significantly increased at 1 and 21
days post-burn (p<0.05) [Figure 4A]. The expression of PDI also presented a similar change
following burn injury [Figure 4B]. The expression of ER luminal chaperones calnexin and
calreticulin were dramatically increased at 1 day post-burn in mice, and remained elevated 21
days later (p<0.05) [Figure 4C and D], suggesting that ER stress was activated by depletion of
intracellular calcium stores. These findings indicate that burn injury in mice cause long-term
activation of the ER stress response, hepatocyte apoptosis, and hepatic dysfunction lasting for 21

days.

DISCUSSION

We have previously shown that intracellular calcium homeostasis is a major activator of
ER stress and mitochondrial dysfunction post-burn in a rat model, both of which are likely
contributors to hepatocyte apoptosis and subsequent liver dysfunction (19). In this study, we
determined that severe burn activated transmembrane ER stress sensors in a temporally distinct
manner. Significantly, we found that the UPR signaling pathway was activated up to 21 days
post-burn, which indicates a prolonged activation of ER stress response. Furthermore, in a
separate study, we have found significant increases in serum cytokines/chemokines over a
similar time course (16). Preliminary data from our translational research study indicates that ER
stress persists for months in severely burned pediatric patients (unpublished data) suggesting that

this mouse model closely mimics the clinically observed physiologic response to burn injury.
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In the UPR pathway, three major effectors modulate the downstream effects of ER stress.
IRE1, PERK and ATF6 activation proceed independently in ER-stressed cells, and lead to
numerous downstream adaptive responses (20). Activation of PERK leads to phosphorylation of
the eukaryotic translation-initiation factor 2-alpha (elF2a), thereby inhibiting protein translation
and resulting in cell cycle arrest. Phosphorylation of IRE-1 activates X-box binding protein
(XBP-1) mRNA to upregulate UPR stress response genes by directly binding to stress element
promoters (21). ATF®6 is a basic leucine zipper transcription factor, which when cleaved
translocates to the nucleus and binds to the stress-element promoters of genes upregulated in the
UPR (22). The activation of IRE1, PERK, and ATF6 can proceed independently in response to
ER stress. We found that IRE-1 and PERK were activated at early time points post-burn (1-7
days), while ATF-6 was only elevated at the last post-burn time point (21 days). Based on our
animal model, we speculate that the temporal activation of each of these components may have
significant implications for the pathogenesis of liver dysfunction after burn injury. Future studies
will address the relative contributions of each of these arms of the ER stress pathway. Finally,
the mouse model developed in this study will provide powerful tools to decipher the precise
molecular pathways mediating the post-burn response using transgenic animals.

In preliminary studies, we have found that a severe burn induces ER stress and is
associated with insulin resistance in pediatric burn patients (unpublished data). Limiting the
unfolded protein burden with “chemical chaperones” may promote hepatocyte survival (23).
Ongoing development of pharmacologic agents which limit proapoptotic ER stress signaling
pathways may offer therapeutic benefits by improving organ function and patient survival (24).

Our finding that burn causes ER stress and UPR activation may present a pivotal new direction
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in burn research, facilitating the development of novel therapeutic strategies and improved

clinical outcomes for those with severe burn injuries.
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FIGURE LEGENDS

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Burn injury causes hepatic damage and liver dysfunction. (A) Caspase-3
activity in liver cytosolic fractions after burn injury, as determined by caspase-3
activity assay. (B) The expression of liver-secreted albumin after burn injury. Time
after injury (in days) is indicated. Data represent the mean £ SEM. * p<0.05 value
v. control for each time point after burn injury pooled from 4 control and 6 burned
animals at each time point.

ER chaperone levels associated with the UPR are increased 24 hours after a
burn injury in mice. The expression of GRP78/Bip, PDI, calnexin and calreticulin
among the normal (n=3), sham (n=3) and burned (n=3) groups normalized to
GAPDH. Data is the mean £ SEM. * P<0.05, burned vs. normal. T p<0.05, burned
vs. sham pooled from 3 animals at each time point.

Time course of activation of the canonical ER stress pathway after burn
injury. Protein levels of (A) p-PERK (B) p-IRE-1 (C) cleaved ATF6 and (D)
CHOP during the post-burn time course. Protein levels are normalized to GAPDH.
Data represent the mean £ SEM. * p<0.05-value vs. control for each time point after
burn injury pooled from 4 control and 6 burned animals at each time point.

ER chaperone levels are increased up to 21 days after burn injury. Protein
expressions of (A) GRP78/Bip (B) PDI (C) calreticulin and (D) calnexin during the
post-burn time course. Protein levels are normalized to GAPDH. Data represent the
mean £ SEM. * p<0.05-value vs. control for each time point after burn injury

pooled from 4 control and 6 burned animals at each time point.

www.molmed.org








