
INTRODUCTION
Burn is a severe form of trauma that

affects over 2 million people in the
United States annually (1), with multiple
organ failure after severe burn injury
being the most common cause of death
(2). The liver, which regulates whole-
body energy homeostasis, plays a critical
role after a burn, since hepatic function
correlates closely to patient morbidity
and mortality (3). In an animal burn
model, we have shown that burn injury
is associated with hepatic ER stress (4)
that persists for at least 3 wks after injury
(5). Further, we have shown that ER
stress after burn injury is accompanied
by impairment of the phosphatidylinosi-

tol 3-kinase (PI3K)/Akt signaling cas-
cade and insulin resistance (6).

A causative link between ER stress and
suppressed insulin signaling in the liver
has been well established in models of
type 2 diabetes (7). Activation of the in-
ositol requiring enzyme (IRE)-1 branch
of the ER stress pathway leads to activa-
tion of the cellular stress kinase, c-Jun
N-terminal kinase (JNK) (8). Activated
JNK has been shown to negatively regu-
late insulin signaling and downstream
activation of PI3K/Akt signaling by ser-
ine phosphorylation of the insulin recep-
tor substrate (IRS)-1 (7), a critical regula-
tor of the insulin receptor signaling
pathway (9).

Marked and sustained increases in cat-
echolamines are thought to initiate the
stress response after severe burn injury
(10). We have shown that catecholamine
levels in patients remain elevated up to
2 years after severe burn injury (11).
 Catecholamines induce ER stress in vari-
ous cell types (12,13). The role of cate-
cholamines in potentiating burn-induced
ER stress and PI3K/Akt dysregulation in
the liver has yet to be examined. Here,
we show that ER stress and JNK-
 dependent inhibition of the PI3K/Akt
pathway after a burn is induced by cate-
cholamines. Further, administration of
propranolol, a nonselective β adrenergic
receptor antagonist attenuates ER stress
and improves PI3K/Akt signaling.

MATERIALS AND METHODS

Animal Model of Burn Injury
All animal manipulations were ap-

proved by the Institutional Animal Care
and Use Committee of the University of
Texas Medical Branch at Galveston. The
National Institutes of Health Guide for the
Care and Use of Laboratory Animals were
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met (14). A well-established method was
used to induce a full- thickness scald
burn (15). Male Sprague-Dawley rats (n
= 6 each for experimental and control
groups, 325–350 g) were allowed to accli-
mate for 1 wk before conducting experi-
ments. Rats were housed in an institu-
tional animal care facility and received a
high-protein diet (Ensure, Abbott Labo-
ratories, IL, USA) and water ad libitum
throughout the study. Ensure was ad-
ministered 7 d 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 in-
jected intraperitoneally) and received anal-
gesia (Buprenorphine, 0.05 mg/kg body
weight, injected subcutaneously). The dor-
sum of the trunk and the abdomen was
shaved, and a 60% total body surface area
burn was administered by placing the ani-
mals in a mold that exposed defined areas
of the skin on the back and abdomen
under general anesthesia and analgesia.
The mold was placed in 96–98°C water,
scalding the back 10 s and the abdomen
1.5 s. This method delivers a full-thickness
cutaneous burn, as confirmed by histologi-
cal section. Lactated Ringers solution
(40 mL/kg body weight) was adminis-
tered intraperitoneally immediately after
the burn for resuscitation. After burn and
resuscitation, animals were observed,

 received oxygen and were placed into
cages.

Experimental Design
The treatment groups included sham,

burn and burn with propranolol. Sham
animals received anesthesia and analge-
sia but were not burned. Animals in the
propranolol treatment group received
5 mg/kg/d orally beginning after burn
injury. We have previously shown that
burn injury significantly upregulates sen-
sors of hepatic ER stress and associated
impairment of the PI3K/Akt signaling
cascade at 72 h (6). Therefore, we chose
72 h after burn injury as a time point for
analysis in the current study.

Insulin Challenge
To determine the effects of burn in-

jury on hepatic insulin signaling path-
ways, a laparotomy was performed at
72 h after the burn/sham procedure 
as described (6). Briefly, the right lobe 
of the liver was ligated and stored
(preinsulin). Insulin (1 IU/kg, Novolin R;
Novo Nordisk, Mainz, Germany) was
injected into the portal vein, and the re-
maining liver was harvested 1 min
thereafter.

Antibodies and Reagents
Antibodies against murine phospho-

JNK, JNK, phospho–IRS-1, IRS-1,

 phospho–protein kinase R (PKR)-like ER
kinase ( phospho-PERK), phospho-Akt
and Akt were purchased from Cell Sig-
naling (Danvers, MA, USA); 78 kDa
 glucose-regulated protein/binding im-
munoglobulin protein (GRP78/BiP),
phospho–IRE-1 and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH)
were purchased from Abcam (Cam-
bridge, MA, USA); and activating tran-
scription factor 6 (ATF-6) was pur-
chased from Lifespan Biosciences
(Seattle, WA, USA). SuperSignal West
Pico Chemiluminescent Substrate was
purchased from Thermo Scientific
(Rockford, IL, USA).

Western Blotting
Approximately 100 mg frozen liver tis-

sue was homogenized in 150 mmol/L
NaCl, 50 mmol/L Tris-HCl, pH 7.8, 1%
(w/v) Triton X-100, 1 mmol/L EDTA,
0.5 mmol/L phenylmethanesulfonyl flu-
oride, 1× Complete protease inhibitor
mixture (Roche Molecular Biochemicals,
Indianapolis, IN, USA) and a phos-
phatase inhibitor cocktail (Sigma-
Aldrich, St. Louis, MO, USA). The ho-
mogenate was centrifuged at 20,000g for
30 min at 4°C and the pellet discarded.
Western blotting was performed with
50 μg protein. Band intensities were
quantified with the Image J software
(National Institutes of Health, Bethesda,
MD, USA). GAPDH was used as a load-
ing control.

Statistical Analysis
Statistical analysis was performed

using one-way analysis of variance. Sta-
tistical analysis of pre- and postinsulin
administration within each experimental
group was performed using a paired Stu-
dent t test. Data are presented as mean ±
standard error of the mean (SEM). Signif-
icance was accepted at P < 0.05.

RESULTS

Propranolol Attenuates Burn-Induced
Hepatic ER Stress

In agreement with previous studies,
we found that burn produced a signifi-
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Figure 1. Propranolol attenuates activation of proximal sensors of hepatic burn-induced
UPR. (A) Activation of Bip, IRE-1, PERK and ATF-6 were analyzed in sham, burn and burn +
propranolol (Prop) groups. Proteins levels are normalized to GAPDH. (B) Data represent
mean ± SEM. #P < 0.05, value for sham versus burn; *P < 0.05, value for burn versus burn +
prop 72 h after burn injury. Data are representative of three separate experiments.



cant increase in markers associated with
ER stress (P < 0.05; Figures 1A, B). Pro-
pranolol administration significantly
 decreased burn-induced activation of
type 1 ER transmembrane protein kinase
(IRE-1) and PERK, as determined with
phospho-specific antibodies. Further-
more, propranolol reduced the amount
of the cleaved, active form of ATF-6 (P <
0.05; Figures 1A, B). These results indi-
cate that propranolol attenuates burn-in-
duced hepatic ER stress.

Propranolol Attenuates JNK-Mediated
Phosphorylation of IRS-1

ER stress–induced activation of IRE-1
is known to activate the downstream
cellular stress kinase JNK (8). Thermal
injury results in marked JNK activation,
as determined using phospho-specific
antibodies (P < 0.05; Figure 2A). Impor-
tantly, propranolol administration sig-
nificantly decreases hepatic JNK activa-
tion, consistent with our finding that
propranolol inhibits ER stress (P < 0.05;
Figure 2A).

Activation of JNK has been shown to
negatively regulate insulin signaling
through serine 307 phosphorylation of
IRS-1 (16). Burn injury is associated with
a significant increase in IRS-1 phospho-

rylated at serine 307 (P < 0.05; Figure 2B).
Propranolol significantly decreases this
inhibitory phosphorylation of IRS-1 (P <
0.05; Figure 2B). These results suggest
that elevated catecholamines after burn
injury provoke insulin resistance by acti-
vation of JNK. 

Propranolol Improves Postburn Insulin
Sensitivity

To determine if propranolol adminis-
tration improves insulin sensitivity after
burn injury, insulin was injected directly
into the portal vein of animals in all
treatment groups. Phosphorylation of
the  insulin receptor was analyzed. In-
sulin administration results in signifi-
cant phosphorylation of the receptor in
sham animals (P < 0.05; Figure 3A). In
contrast, phosphorylation of the insulin
receptor was not significantly altered in
either thermally injured or propranolol
treatment groups after insulin adminis-
tration (Figure 3A). Activation of IRS-1
by the insulin receptor is mediated by
phosphorylation of tyrosine residue 612.
As expected, insulin administration re-
sults in significant phosphorylation of
tyrosine 612 in sham animals (P < 0.05;
Figure 3B). In contrast, phosphorylation
of tyrosine 612 is inhibited in thermally

injured animals, indicating postburn in-
sulin resistance (Figure 3B). Propranolol
treatment restored IRS-1 tyrosine phos-
phorylation in thermally injured ani-
mals (P < 0.05; Figure 3B). Activation of
Akt by the insulin receptor is mediated
by phosphorylation of serine residue
473. Insulin administration results in
significant phosphorylation of serine
473, which is abolished in thermally in-
jured animals (P < 0.05; Figure 3C). Im-
portantly, phosphorylation of Akt by in-
sulin stimulation is restored with
propranolol administration (P < 0.05;
Figure 3C). These results indicate that
propranolol restores insulin sensitivity
in thermally injured animals. Therefore,
catecholamines are a significant contrib-
utor to postburn ER stress and insulin
resistance.

DISCUSSION
We demonstrate that blockade of cate-

cholamine signaling by the nonselective
β adrenergic receptor antagonist propra-
nolol attenuates ER stress and improves
postburn insulin resistance. These find-
ings suggest that catecholamine release
after burn injury is responsible for up-
regulation of the ER stress response
pathway. The actions of the catechola-
mines appear to be mediated through
the β adrenergic receptors, since block-
ade of these receptors by propranolol at-
tenuates postburn hepatic ER stress and
improves PI3K/Akt signaling.

We have shown that propranolol ad-
ministration after burn injury signifi-
cantly attenuates all branches of the un-
folded protein response. These results
suggest that catecholamines play a role
in potentiating ER stress. Consistent with
this, norepinephrine has been shown to
induce the ER stress response in both
cardiomyocytes and PC12 cells (12,13).
Furthermore, we demonstrated that this
result is mediated by JNK activation and
suppression of signaling downstream of
IRS-1, ultimately resulting in insulin re-
sistance (17). In the liver, however, IRS-2
preferentially mediates insulin sensitivity
(18). Indeed, JNK has been shown to
negatively phosphorylate IRS-2, thereby
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Figure 2. Propranolol reduces JNK activation and JNK associated IRS-1 phosphorylation.
Activation of JNK (A) and IRS-1 phosphorylation (B) at serine 307 was analyzed in sham,
burn and burn + propranolol (Prop) groups. Protein levels were normalized to total levels
of protein. Data represent mean ± SEM. #P < 0.05, value for sham versus burn; *P < 0.05,
value for burn versus burn + prop 72 h after burn injury. Data are representative of three
separate experiments.



inhibiting the downstream insulin signal-
ing pathways (19). The role of IRS-2 in
mediating insulin sensitivity postburn
injury will be explored in future  studies.

Burn injury is associated with impaired
PI3K/Akt signaling in both the liver (6)
and muscle (20,21). Given that prolonged
β adrenergic receptor stimulation in car-
diomyocytes inhibited insulin receptor
signaling (22), we hypothesized that β
adrenergic receptor blockade might im-
prove insulin receptor signaling. As ex-
pected, in addition to reducing inhibitory
IRS-1 phosphorylation, propranolol ad-
ministration promoted tyrosine phospho-
rylation of IRS-1 and phosphorylation of
Akt. Administration of the chemical
chaperone taurine-conjugated derivative
(TUDCA) to diabetic animals was shown
to reduce ER stress in addition to improv-
ing the phosphorylation of both the in-
sulin receptor and Akt after insulin ad-
ministration (23). Given that propranolol
significantly attenuated the ER stress re-

sponse, we hypothesized that its admin-
istration would improve phosphorylation
of the insulin receptor. Interestingly, ad-
ministration of propranolol significantly
improved Akt phosphorylation but not
the insulin receptor after insulin injection.

Future studies will explore the mecha-
nisms by which catecholamines mediate
these effects. Specifically, it is unclear
whether catecholamines directly or indi-
rectly cause ER stress–dependent inhibi-
tion of PI3K/Akt signaling transduction
machinery after burn injury. Studies con-
ducted in cardiomyocytes and neuronal
cells indicate that administration of nor-
epinephrine directly induces the ER
stress response (12,13). Epinephrine has
not yet been shown to induce the ER
stress response.

The metabolic changes induced by cat-
echolamines after burn injury have been
shown to increase adipose tissue lipoly-
sis, which increases free fatty acids in the
liver (10). Accumulation of fat in the liver

has been shown to lead to pathogenesis
(24). Saturated fatty acids induced ER
stress and apoptosis in hepatocytes (25).
Further, saturated fatty acids led to sus-
tained JNK activation and inhibition of
Akt signaling transduction machinery
(19). Administration of a diet high in sat-
urated fat led to ER stress, apoptosis and
hepatic damage and dysfunction in rats
(26). Further studies will also determine
which β adrenergic receptor mediates
these effects. The predominant β adren-
ergic receptor subtypes in the liver are β1
and β2 (27). In cardiomyocytes, inhibi-
tion of the β1 receptor attenuated ER
stress (28).

CONCLUSION
In conclusion, attenuation of ER stress

and improved insulin sensitivity after
propranolol treatment indicates that cate-
cholamine release is responsible for the
ER stress response and impaired insulin
receptor signaling after burn injury.
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Figure 3. Propranolol improves impaired PI3K/Akt signaling postburn injury after insulin administration. Phosphorylation of insulin receptor
β (A), IRS-1 (B) and Akt (C) and associated total protein levels were analyzed in sham, burn and burn + propranolol (Prop) groups 1 min
before (–) and 1 min after (+) insulin injection. Phosphorylated protein levels were normalized to respective total protein levels. Data
represent mean ± SEM. #P < 0.05, value for before (–) and after (+) insulin 72 h after burn injury. Data are representative of three sepa-
rate experiments.



These findings improve our understand-
ing of ER stress and impaired insulin sig-
naling after burn injury and provide a
new therapeutic approach. When trans-
lated to the clinical setting, propranolol
treatment has the potential to suppress
the hypermetabolic response after severe
thermal injury, by preventing hepatic ER
stress and improving insulin sensitivity.
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