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BACKGROUND AND PURPOSE

Endoplasmic reticulum (ER) stress has been implicated in the pathogeneses of insulin resistance and type 2 diabetes, and
extracellular signal-regulated kinase (ERK) antagonist is an insulin sensitizer that can restore muscle insulin responsiveness in
both tunicamycin-treated muscle cells and type 2 diabetic mice. The present study was undertaken to determine whether the
chemical or genetic inhibition ER stress pathway targeting by ERK results in metabolic benefits in muscle cells.

EXPERIMENTAL APPROACH

ER stress was induced in L6 myotubes using tunicamycin (5 ug-mL™") or thapsigargin (300 nM) and cells were transfected with
siRNA ERK or AMPKa2. Changes in ER stress and in the ERK and AMPK signalling pathways were explored by Western
blotting. The phosphorylation levels of insulin receptor substrate 1 were analysed by immunoprecipitation and using glucose
uptake assay.

KEY RESULTS

ER stress dampened insulin-stimulated signals and glucose uptake, whereas treatment with the specific ERK inhibitor U0126
(25 uM) rescued impaired insulin signalling via AMPK activation. In db/db mice, U0126 administration decreased markers of
insulin resistance and increased the phosphorylations of Akt and AMPK in muscle tissues.

CONCLUSIONS AND IMPLICATIONS

Inhibition of ERK signalling pathways by a chemical inhibitor and knockdown of ERK improved AMPK and Akt signallings and
reversed ER stress-induced insulin resistance in L6 myotubes. These findings suggest that ERK signalling plays an important
role in the regulation of insulin signals in muscle cells under ER stress.

Abbreviations

ACC, acetyl-CoA carboxylase; Ad-DN-AMPK, AMPK adenovirus dominant negative; AMPK, AMP-activated protein
kinase; ER, endoplasmic reticulum; PERK, RNA-activated protein kinase-like ER resident kinase; IRE-1, inositol-requiring
kinase-1; siRNA, small interfering RNA; UPR, unfolded protein response; IRS-1, insulin receptor substrate-1; WT, wild

type
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Introduction

Insulin resistance is defined as a failure of normal insulin
levels to trigger downstream metabolic actions and is closely
associated with the development of type 2 diabetes (Kahn
et al., 2006). The precise mechanism responsible for the link
between obesity and insulin resistance remains unknown but
likely involves alterations in fatty acid metabolism and excess
triglyceride accumulation in liver and muscle (Neschen
et al., 2005; Savage et al., 2006; Deivanayagam et al., 2008;
Korenblat et al., 2008).

Endoplasmic reticulum (ER) stress has been shown to
contribute to insulin resistance associated with obesity in
experimental models (Ozcan etal., 2004; Gregor and
Hotamisligil, 2007). The ER is responsible for the synthesis,
folding and trafficking of secretory and membrane proteins,
and disruption of ER homeostasis results in an adaptive
unfolded protein response (UPR), which aims to restore ER
folding capacity and mitigate stress (Ron, 2002). Increased ER
stress is associated with impaired insulin action in obese mice
(Ozcan et al., 2004), and chemical or genetic amelioration of
this stress has been shown to improve insulin sensitivity and
glucose homeostasis (Ozcan et al., 2006).

Previous studies have indicated ERK as a positive regulator
of adipogenesis and obesity (Bost et al., 2005; Kortum et al.,
2005; Lee et al., 2010). In addition, the targeting of ERK could
protect obese mice against insulin resistance and liver steato-
sis by decreasing adipose tissue inflammation and increasing
muscle glucose uptake (Jager et al., 2011). Interestingly, the
administration of U0126, a MEK inhibitor, has been reported
to suppress ER stress-induced insulin resistance in HEK293
cells (Tang et al., 2011).

These observations suggest that a strategy based on tar-
geting the ERK pathway offers therapeutic potential for the
treatment of metabolic disorders. However, although data
from studies conducted in animal models and cell systems
demonstrate beneficial metabolic effects, the mechanism
responsible for the effect of ERK on insulin action has not
been studied under ER stress.

AMP-activated protein kinase (AMPK) acts on glucose uti-
lization by increasing the expression of glut4 and its translo-
cation to the plasma membrane, which increases glucose
uptake in skeletal muscle, independently of insulin (Hayashi
et al., 2000). Furthermore, AMPKa2 knockout mice display
impaired insulin-stimulated whole-body glucose utilization
and skeletal muscle glycogen synthesis, although the under-
lying mechanisms are unknown (Viollet et al., 2003). These
studies indicate that AMPK can regulate glucose metabolism
and insulin sensitivity.

The present study was undertaken to determine whether
the chemical or genetic inhibition ER stress pathway target-
ing by ERK results in metabolic benefits in muscle cells. We
found that treatment of L6 myotubes with an ER stressor
(tunicamycin or thapsigargin) inhibited the ability of insulin
to stimulate insulin receptor substrate-1 (IRS-1) tyrosine
phosphorylation and glucose uptake, and thus, drastically
reduced endogenous AMPK activity. In contrast, ER stress
significantly increased ERK phosphorylation, and ER stress-
induced ERK phosphorylation was diminished by the MEK
inhibitor U0126 and by the siRNA silencing of ERK. Impor-
tantly, AMPK phosphorylation and glucose uptake were
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recovered by U0126 or ERK siRNA in ER-stressed L6 myo-
tubes. Furthermore, siRNA-mediated knockdown of AMPKo2
markedly abolished repressed insulin-sensitizing Akt phos-
phorylation and glucose uptake via ERK inhibition under ER
stress. Taken together, these findings demonstrate that AMPK
might have protective effects against ER stress-induced
insulin resistance. To confirm this possibility, we compared
glucose homeostasis in UO126-injected db/db mice and
rosiglitazone (an anti-diabetic)-injected db/db mice. U0126-
injected and rosiglitazone-injected db/db mice were found to
exhibit significantly lower blood glucose concentrations than
control db/db mice, possibly due to the specific activity of
AMPK in muscle tissue. We hypothesize that a deficiency of
ERK activity with a subsequent increase in AMPK phosphor-
ylation might be beneficial for attenuating insulin resistance.

Methods

Materials

Tunicamycin (an inhibitor of N-linked glycoprotein synthe-
sis), thapsigargin (an irreversible inhibitor of ER Ca*-ATPase),
rosiglitazone and insulin were obtained from Sigma-Aldrich
(St. Louis, MO, USA). U0126 (MEK inhibitor) was from
Calbiochem-Novabiochem (La Jolla, CA, USA). The adenovi-
ral expression vector of dominant-negative AMPKo1 (Ad-DN-
AMPKol) was produced as previously described (Mu et al.,
2001) (generously donated by Dr I. K. Lee, Kyungpook
National University School of Medicine). FBS, oMEM,
trypsin/EDTA and penicillin/streptomycin were obtained
from Gibco (Auckland, New Zealand). Reagents for polyacry-
lamide gel electrophoresis were from Bio-Rad (Hercules, CA,
USA). 2-Deoxy-[*H|p-glucose was obtained from PerkinElmer
Life Sciences (Boston, MA, USA). Antibodies against total and
phospho-AMPK (Thr172), phospho-acetyl CoA carboxy-
lase (ACC) (Ser79), phospho-Akt (Ser473), phospho-PERK
(Tyr980), phospho-JNK (Thr183/Tyr185) and phospho-
ERK1/2 (Thr202/Tyr204) were purchased from Cell Signaling
Technology (Beverly, MA, USA). Phospho-IRE1 (Ser724) and
B-tubulin were from Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA, USA). All other reagents were of the highest ana-
lytical grade available.

Cell culture

L6 myotube cells were obtained from the American Type
Culture Collection (Manassas, VA, USA), and maintained in
oMEM culture media supplemented with 10% v/v FBS, 100
units-mL™" of penicillin, and 100 ug-mL™" of streptomycin in a
humidified 5% CO, atmosphere at 37°C. After reaching con-
fluence, cells were cultured in oMEM containing 2% FBS, and
maintained for 5~7 days with media replacement every 48 h
prior to use in the experiments.

Glucose uptake assay

Radiolabelled 2-deoxyglucose uptake was measured for
10 min in transport buffer containing 20 mM HEPES
(pH 7.4), 140 mM NaCl, 5 mM KCl, 2.5 mM MgSO,, 1 mM
CaCl,, 10 uM unlabeled 2-deoxyglucose and 10 uM 2-deoxy-
[*H]p-glucose (1 uCi-mL™). The reaction was terminated by
washing in ice-cold 0.9% NaCl (w/v). Non-specific uptake was
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determined in the presence of 10 uM cytochalasin B. Cells
were collected in 0.05 N NaOH, and cell-associated radioac-
tivity was determined by scintillation counting. Results are
expressed as pmole of 2-deoxyglucose transported min™" mg
of protein.

Immunoblotting and immunoprecipitation
Immunoblotting was performed as described previously
(Jorgensen et al., 2004). In brief, L6 myotubes were stimulated
with reagents or incubated under indicated conditions. After
stimulation, cells were immediately lysed in lysis buffer
[20 mM Tris-HCI, pH 8.0, 1% Nonidet P-40, 1 mM EDTA,
1 mM EGTA, 1 mM sodium orthovanadate, 1 mM dithioth-
reitol, 1 mM phenylmethylsulfonyl fluoride, 2 ug-mL™ of
aprotinin, 2 ug-mL™" of leupeptin, and 1 ug-mL™" of pepsta-
tin]. Cell debris was then removed by centrifugation at
14 000x g for 15 min at 4°C, and resulting supernatants (cell
lysate) were subjected to Western blotting. Protein concen-
trations were measured using a bicinchoninic acid assay (BCA
Protein Assay Kkit; Pierce, Rockford, IL, USA). Samples were
separated by 8% SDS-PAGE and then transferred to polyvi-
nylidene difluoride membranes in transfer buffer containing
20 mM Tris-HCl, 154 mM glycine and 20% methanol. Mem-
branes were blocked with 5% non-fat dry milk in Tris-
buffered saline containing 0.1% Tween 20 and then
incubated with specific antibodies, followed by horseradish
peroxidase-conjugated secondary antibodies. Immunoreac-
tive bands were visualized using an enhanced chemilumines-
cence detection system. For immunoprecipitation, 1 mg
protein in total cell lysate was incubated with anti-IRS-1 or
anti-ERK antibody for 2 h at 4°C. Immunocomplexes were
precipitated with 20 uL protein A-Sepharose and extensively
washed (three times) with ice-cold lysis buffer. These precipi-
tates or total cell lysates were then subjected to SDS-PAGE and
immunoblotted with indicated antibodies.

Transfection with small-interfering

RNA (siRNA)

For experiments with RNAi, SMARTpool for rat ERK (ONTAR-
GETplus SMARTpool targeting rat ERK, L-100592-00-0010),
and AMPKo2 (L-100623-00-0020) were obtained from Dhar-
macon (Lafayette, CO, USA). Non-specific siRNA (ONTAR-
GETplus siCONTROL Non-Targeting Pool, D-001810-10-20)
was used as a control. For transient expression experiments,
L6 myotubes were serum-starved for 16 h in serum-free
media, and then transfected with DharmaFECT transfection
reagent (Dharmacon) according to the manufacturer’s proto-
col in 12-mm or 60-mm plates containing 100 nM AMPKa.2
or ERK siRNA, or non-targeting control (mock) siRNA per
plate. After 48 h, cells were treated with vehicle or tunicamy-
cin (5ug-mL™") for 3 h before harvesting, or treated with
vehicle for insulin signalling or glucose uptake experiments.

Animal care and experimental procedures

Male C57BL/KsJ-Lepr®/Lepr® mice and lean C57BL/6Jms
mice [the wild type (WT)] were purchased from the Jackson
Laboratories (Bar Harbor, ME, USA) and housed in a
temperature-controlled facility (22 + 2°C) under a 12 h/12 h
light/dark cycle. Water and a normal standard pellet diet
were available ad libitum throughout the experimental

period. For the studies, 8-week-old male db/db mice received
U0126 (10 mg-kg' day™"), rosiglitazone (5 mg-kg™ day') or
phosphate-buffered saline by intraperitoneal injection daily
for 2 weeks. After administering U0126, the changes in body
weight, food intake, blood glucose levels, serum adiponectin
contents, insulin, high-density lipoprotein (HDL), low-
density lipoprotein (LDL), triglycerides and total cholesterol
levels were measured. These effects were compared to
those of rosiglitazone, which improves insulin resistance, at
5Smgkg'day"' in db/db mice. For immunoblot analysis,
muscle tissue was expeditiously isolated after the animal was
killed and homogenized in ice-cold buffer (50 nmol-L' of
Hepes (pH 7.4), 150 mmol-L™" of NaCl, 10 mmol-L" of NaF,
1 mmol-L™" of sodium pyrophosphate, 0.5 mmol-L™ of EDTA,
250 mmol-L! of sucrose, 1 mmol-L! of dithiothreitol, 1%
TritonX-100, 1 mmol-L™' of Na;VO, and one Roche protease
inhibitor tablet per 50 mL of buffer). Lysates were prepared as
previously described (Jorgensen et al., 2004) and stored at
—80°C until required for analysis. Protein contents in the
lysates were quantified using the bicinchoninic acid method
(Pierce). Experiments using mice were approved beforehand
by the Institutional Animal Care and Use Committee of
Yeungnam University. All studies involving animals are
reported in accordance with the ARRIVE guidelines for
reporting experiments involving animals (Kilkenny et al.,
2010; McGrath et al., 2010).

Biochemical analysis

At sacrifice, about 1 mL of venous blood was collected from
the vena cava under anaesthesia. All blood samples were
centrifuged at 15 000 rpm for 10 min at room temperature in
clotting-activated serum tubes. Serum triglycerides, total cho-
lesterol, LDL and HDL levels were assayed using an auto-
mated blood analyser (AU400, Olympus, Japan). Serum
insulin levels were measured using an insulin-enzyme immu-
nosorbent assay test kit (Mercodia, Uppsala, Sweden).

Measurement of serum adiponectin

To measure of serum adiponectin levels, blood was collected
at sacrifice from the vena cava after overnight fasting. Serum
adiponectin levels were measured using a commercially
available ELISA kit (Otsuka Pharmaceutical Co. Ltd., Tokyo,

Japan).

Statistical analysis

Calculations and the statistical analysis were performed using
GraphPad Prism 3-5.0 software. The statistical significances
of differences between groups were determined using the
Student’s t-test and multiple comparisons were analysed
using one-way ANOVA using treatments and experiments as
factors. All results are presented as means + SEMs. Differences
were considered statistically significant for P-values of <0.05.

Results

Induction of ER stress impairs insulin action

Tunicamycin is a potent activator of ER stress (Barbosa-
Tessmann et al., 2000; Shen et al., 2001). First, in order to
examine whether or not an ER stressor (tunicamycin or thap-
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Figure 1

ER stress inhibits insulin signalling ER stress markers, including ERK phosphorylation (p-ERK), PERK (p-PERK), IRE-1 (p-IRE-1), and JNK (p-JNK) in
L6 muscle cells. (A) ER stress was induced in L6 myotubes by treating them with 5 ug-mL™" of tunicamycin for 3 h. (B) Thapsigargin (300 nM or
600 nM) induced ER stress after 2 h of treatment, and its effect was maintained for 4 h. Furthermore, thapsigargin time- and dose-dependently
suppressed basal AMPK phosphorylation and ACC phosphorylation. Phosphorylated ERK, PERK, IRE-1, INK, and AMPK levels and their total protein
levels were examined by immunoblotting. ER stress was induced in L6 myotubes by 5 pg-mL™" of tunicamycin for 3 h (C) or 300 nM thapsigargin
for 4 h (D). Cells were subsequently stimulated with 100 nM insulin. Phosphorylated IRS-1 (at tyrosine; pY), Akt, AMPK, and ACC levels and their
total protein levels were examined either by immunoprecipitation (IP) following by immunoblotting (IB) or by direct immunoblotting. (E) Cells
were treated with 5 pg-mL™" of tunicamycin for 3 h, or 5 ug-mL™" of tunicamycin plus 100 nM insulin for 10 min, 300 nM thapsigargin for 4 h or
with 300 nM thapsigargin plus 100 nM insulin for 10 min. Glucose uptake were then measured as described in ‘the Experimental section’. Results
are expressed as means = SEMs (n=4). *P < 0.05, *P < 0.05 versus untreated controls (Student’s t-test) and **P < 0.05 versus insulin-treated cells

(Student’s t-test or ANOVA).

sigargin) would trigger insulin resistance, we evaluated the
phosphorylation patterns of several molecular indicators of
insulin resistance. The phosphorylation statuses of RNA-
activated protein kinase-like ER resident kinase (PERK) and
inositol-requiring kinase-1 (IRE-1) are key indicators of the
presence of ER stress (Shi et al., 1998; 2003; Harding et al.,
1999; Chawla et al., 2011). It was found that the phosphor-
ylations of PERK and IRE-1 were significantly increased by
tunicamycin or thapsigargin treatment in L6 myotubes
(Figure 1A and B respectively). A previous study showed acti-
vation of the ERK pathway is strongly associated with whole-
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body insulin resistance, and indicated that ERK is probably a
key modulator of the development of insulin resistance
(Zheng et al., 2009). In the present study, we used tunicamy-
cin and thapsigargin to identify the pathway involved in
insulin resistance. Time- and dose-dependent experiments
showed that tunicamycin or thapsigargin caused the phos-
phorylation of ERK in L6 myotubes (Figure 1A and B). Several
studies have reported reduced AMPK activity in skeletal
muscle in type 2 diabetic subjects (Kelley and Simoneau,
1994; Gaster et al., 2004). Accordingly, we tested the hypoth-
esis that suppressed rates of glucose uptake are mediated by
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the ER stress-induced inhibition of AMPK signalling. ER stress
was found to suppress the phosphorylations of AMPK and
ACC time- and dose-dependently (Figure 1A and B). To deter-
mine whether ER stress alters insulin receptor signalling, L6
myotubes were exposed to tunicamycin (5 pg-mL™) for 3 h to
activate ER stress, and then treated with insulin (100 nM) for
10 min. Insulin treatment was found to increase IRS-1 tyro-
sine phosphorylation significantly, but this stimulatory
effect was inhibited by tunicamycin (Figure 1C). Next, we
analysed Akt serine phosphorylation and found that insulin-
stimulated Akt serine phosphorylation was reduced to an
undetectable level when the cells were subjected to ER stress
(Figure 1C). In addition, we examined the effects of tuni-
camycin on the activations of AMPK and ERK, which are
known to be insulin resistance. Interestingly, ER stress
increased the phosphorylation of ERK but decreased the
phosphorylation of AMPK (Figure 1C). We also examined the
effect of tunicamycin on insulin-stimulated glucose uptake in
L6 myotubes. As shown in Figure 1E, tunicamycin reduced
endogenous glucose uptake levels and insulin-stimulated
glucose uptake, suggesting that ER stress inhibits insulin sig-
nalling at all steps. These experiments were repeated with
thapsigargin (another ER stress-inducing agent) to rule out
the possibility that the tunicamycin-mediated blockade
insulin signalling was due to a non-specific effect (Figure 1D
and E). It was found that thapsigargin had the same effect on
ER stress activation as tunicamycin. Overall, these results
demonstrated that the activation of ER stress blocked AMPK
activity and insulin signalling, and thus, inhibited glucose
uptake.

U0126 stimulates glucose uptake via the
activation of AMPK in L6 myotubes

In muscle cells, there are two important signal pathways that
regulate glucose uptake, namely, the insulin signalling
pathway (Hayashi et al., 2000) and the AMPK pathway (Saltiel
and Kahn, 2001). Thus, we considered that if U0126 and
insulin stimulate glucose uptake via different mechanisms,
the combination of U0126 plus insulin should be additive. To
confirm this hypothesis, we examined whether U0126 and/or
insulin regulate glucose uptake in L6 myotubes. Treatment of
the cells with 100 nM insulin for 10 min increased glucose
uptake 1.9-fold (2.8 = 0.05 pmole-mg" min™) (P < 0.01) as
compared with untreated cells (1.5 = 0.1 pmole-mg™" min™)
(Figure 2A), whereas L6 myotubes exposed to 25 pM U0126
for 1 h showed a 2.0-fold increase in glucose uptake (3.0 =
0.1 pmole-mg™ min™) (P < 0.01) (Figure 2A). Importantly,
treatment of L6 myotubes with U0126 plus insulin
significantly increased glucose uptake by 2.3-fold (3.5 =
0.1 pmoleemg' min™') (P < 0.01) (Figure 2A), indicating a
partial additive effect. These results demonstrate that U0126
stimulates glucose uptake via an insulin-independent signal-
ling pathway.

One of the major acute effects of AMPK is the induction of
glucose uptake in muscle (30). To verify the specificity of
U0126 with respect to AMPK activity, we examined the effect
of the siRNA-mediated knockdown of AMPKa2. As expected,
AMPK phosphorylation was abrogated by AMPKo2 siRNA
(Figure 2B). Moreover, AMPKa2 knockdown significantly
abolished U0126-stimulated glucose uptake (Figure 2C). In
order to confirm that U0126 acts via the phosphorylation of
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Figure 2

Additive effects of U0126 plus insulin on glucose uptake (A) Cells
were serum-starved for 6 h, followed by treatment either for 30 min
with 25 uM U0126 or for 10 min with 100 nM insulin, or U0126 plus
insulin as indicated. After treatment, glucose uptake was measured as
described in ‘the Experimental section’. Results are expressed as
means = SEMs (n = 4). *P < 0.05 compared with untreated control
(Student’s t-test) and *P < 0.05 versus untreated control and/or
insulin-treated cells (Student’s t-test or ANovA). (B) L6 myotubes were
transfected with control siRNA (mock) or AMPKa.2 siRNA for 48 h
and then treated with U0126 for 30 min. Phosphorylated forms of
AMPK and ACC were examined via immunoblotting using specific
antibodies. (C) Cells were transfected with AMPKo.2 siRNA and then
exposed to U0126 for 30 min. Next, glucose uptake measurement
was determined as described in ‘the Experimental section’ Results are
expressed as means = SEMs (n = 4). *P < 0.05 versus untreated
control (Student’s t-test). (D) Cells were serum-starved for 6 h, fol-
lowed by treatment either for 30 min with 25 uM U0126 or for
10 min with 100 nM insulin, or U0126 plus insulin as indicated.
Phosphorylated forms of AMPK and ACC were examined via immu-
noblotting using specific antibodies.

AMPK, we infected L6 myotubes with a control adenovirus
(Ad-GFP) and with a kinase defective Ad-DN-AMPKoa1 that
inhibits the activity of a1l AMPK (Mu et al., 2001). Interest-
ingly, L6 myotubes expressing dominant negative Ad-DN-
AMPKol displayed significantly attenuated effects of U0126
on AMPK phosphorylation and glucose uptake (Supporting
Information Figure S1A and B). These findings suggest that
U0126-mediated AMPK activation and glucose uptake are
required either AMPKal or AMPKa2. To evaluate the effect of
U0126 on insulin signalling, we treated L6 myotubes with
insulin or U0126 or insulin plus U0126. We found that AMPK
was activated when L6 myotubes were treated with U0126
(Figure 2D), but interestingly, U0126 did not cause Akt phos-
phorylation (Figure 2D), suggesting inhibition of ERK prefer-
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ERK inhibition increases phosphorylation of AMPK and glucose uptake (A) L6 myotubes were pretreated with U0126 (25 uM) for 30 min and then
stimulated or not with tunicamycin (5 pg-mL™) for 3 h and then stimulated for 10 min with 100 nM insulin. IRS-1 tyrosine phosphorylation (pY),
Akt phosphorylation, PERK phosphorylation, IRE-1 phosphorylation and JNK phosphorylation and their total protein levels were examined either
with immunoprecipitation (IP) following by immunoblotting (IB) or by direct immunoblotting in cell lysates of U0126-treated L6 myotubes.
Anti-B-tubulin antibody was used as a loading control. All blots are representative of at least four to six blots from four to six independent
experiments. *P < 0.05 compared with tunicamycin plus insulin-treated cells (Student’s t-test). (B) Glucose uptake experiments were performed
as described in ‘the Experimental section’. Representative glucose uptake and quantification of five independent experiments are shown. Results
are expressed as means = SEMs (n = 4). *P < 0.05 versus untreated control (Student’s t-test) and **P < 0.01 versus untreated control and/or
insulin-treated cells (Student’s t-test or anova). P < 0.05 for the indicated comparisons (Student’s t-test).

entially associates with AMPK activity, but it was not
associate with insulin signalling cascade under normal
conditions.

The inhibition of ERK may derepress glucose
uptake derived from insulin resistance via
AMPK activation

The ERK pathway mediates the insulin-induced down regu-
lation of IRS-1 tyrosine phosphorylation. Indeed, ERK has
been shown to play a major role in the development of
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obesity and insulin resistance (Carlson et al., 2003; Tanti and
Jager, 2009). To examine the effects of acute ERK inhibition,
we investigated the effect of U0126 (a pharmacological MEK
inhibitor) under ER stress. The phosphorylations of AMPK
and ACC were significantly inhibited and ERK phosphoryla-
tion was increased by tunicamycin, whereas these effects
were abolished by U0126 (Figure 3A). For this reason, we
attempted to clarify the potential role played by ERK in the
AMPK signalling pathway under ER stress. We found that
the ERK-AMPK interaction was significantly increased by ER
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stress and reversed by U0126 (Supporting Information Fig-
ure S2). These results suggest that ER stress increases the inter-
action between ERK and AMPK and that the inhibition ERK
results in the retention of AMPK, and thereby, the activation
of AMPK. Moreover, U0126 reduced tunicamycin-induced
ERK phosphorylation (Figure 3A). However, in U0126-treated
L6 myotubes, the phosphorylations of PERK and IRE-1 were
not lower than in tunicamycin-treated cells (Figure 3A), sug-
gesting that U0126 was not reduced under ER stress. As
expected, treatment of U0126 significantly increased glucose
uptake under ER stress (Figure 3B). These results demonstrate
that U0126 prevented ER stress-repressed AMPK activity and
insulin-mediated glucose uptake in muscle cells. We then
examined the role played by ERK in ER stress-impaired
insulin signalling. Inhibition of ERK activity by U0126
reversed the ER stress-induced reduction of IRS-1 tyrosine
phosphorylation and insulin-stimulated glucose uptake
(Figure 3A and B). Interestingly, U0126 preserved insulin-
stimulated glucose uptake in ER-stressed L6 myotubes, and
this uptake was blocked by wortmannin (a PI3K inhibitor)
(Figure 3B). These results strongly support the notion that
U0126 improves ER stress-induced reductions of insulin sen-
sitivity in L6 myotubes.

Knockdown of ERK improves ER
stress-induced insulin resistance in

L6 myotubes

To understand the molecular mechanism whereby knock-
down of ERK leads to enhanced AMPK activity and insulin
sensitivity under ER stress, we depleted ERK in muscle cells by
transducing them with ERK specific siRNA. Non-related
siRNA (Mock) was used as a control. In skeletal muscle,
insulin promote glucose uptake by activating the IRS-1-PI3K-
Akt signalling cascade. Although the negative insulin signal-
ling that lead to the inhibitory IRS-1-PI3K-Akt signalling
cascade is still being investigated, it is apparent that several
serine kinases, including ERK, JNK, IKK and mTOR-S6K
(Taniguchi et al., 2006; Thirone et al., 2006). In the present
study, ER stress was induced in ERK-depleted or control L6
myotubes, and levels of phospho-ERK were determined.
Interestingly, AMPK phosphorylation was significantly in-
creased in ERK-depleted cells versus treatment naive controls
(Figure 4A), which was consistent with our previous finding
(Figure 3A). These results demonstrate ERK activation was
induced by ER stress and that it seemed to antagonize AMPK
activation, which is consistent with observations in U0126-
treated cells. Thus, ERK depletion reversed ER stress-induced
reductions of Akt phosphorylation and insulin-stimulated
glucose uptake (Figure 4A and B). Importantly, ERK knock-
down significantly increased glucose uptake to a similar mag-
nitude (Figure 4B). However, this effect was not observed
under the same conditions in the presence of wortmannin
(Figure 4B), suggesting that U0126-mediated glucose uptake
is dependent on PI3K activity under ER stress.

Knockdown of AMPKo2 promotes the
development of insulin resistance in

L6 myotubes

To determine whether AMPK modulates ERK activity and
function, we used AMPKo2-specific siRNA to reduce AMPKa.2

levels in L6 myotubes. siRNA-mediated knockdown of
AMPKoa2 led to a marked decrease in basal levels of AMPKa2
(Figure 5A). Furthermore, AMPK was highly phosphorylated
in UO126-treated cells, and its knockdown using AMPKa2
siRNA abolished its constitutive phosphorylation, whereas
treatment with control siRNA did not (Figure SA). Moreover,
AMPKo2 knockdown completely abolished the increase in
glucose uptake elicited by U0126 (Figure 5B). These observa-
tions suggest that AMPK activation is required for the U0126-
induced increases in glucose uptake. In addition, U0126
treatment induced insulin-stimulated IRS-1 tyrosine phos-
phorylation and glucose uptake under ER stress, indicating
enhanced insulin sensitivity (Figure 3), and furthermore, ERK
knockdown significantly induced Akt phosphorylation and
glucose uptake under ER stress (Figure 4), and this glucose
uptake was completely blocked by AMPKo2 knockdown
(Figure 5A and B). These findings strongly suggest that AMPK
activation plays a key role in the insulin-sensitizing effect of
U0126.

The inhibition of ERK decreases blood glucose
levels in db/db mice

To examine the metabolic effects of U0126 on insulin resist-
ance, db/db mice were treated with U0126 (10 mg-kg™, i.p.)
daily for 2 weeks (from 8 to 10 weeks of age). Mean food
intakes and body weights were similar for U0126-treated,
rosiglitazone-treated or untreated db/db mice (Figure 6A and
B), but non-fasting blood glucose and insulin levels were
markedly lower in mice treated with U0126 and rosiglitazone
than in untreated db/db mice (Figure 6C and D). Next, the
effects of U0O126 on serum triglycerides and cholesterol levels
were investigated in db/db mice. U0126 was found to decrease
serum triglycerides levels versus untreated db/db mice
(Table 1), reduced serum LDL cholesterol levels and increased
serum HDL cholesterol (Table 1). Serum adiponectin concen-
trations are known to be closely related to systemic insulin
sensitivity, and in the present study, serum adiponectin
levels were slightly elevated in U0126-treated mice than in
untreated controls (Figure 6E). Taken together, these results
show that U0126 improves plasma glucose and lipid profiles
in db/db mice.

To determine whether lowered glucose levels in the mice
treated with U0126 were due directly to increased skeletal
muscle insulin signalling, muscle tissues were isolated 2
weeks after a vehicle or U0126 (10 mg-kg™', i.p.) treatment
measured by immunoblotting. Akt phosphorylation was
markedly lower in the muscle tissues of saline-treated db/db
mice than in lean (WT) control mice (Figure 6F). In contrast,
insulin signalling was significantly increased in the soleus
muscles of U0126-treated db/db mice than in vehicle-treated
db/db controls (Figure 6F). Furthermore, U0126-stimulated
decreases in glucose levels occurred concomitantly with sig-
nificant increases in the phosphorylation levels of AMPK and
ACC. Furthermore, U0126 treatment markedly reduced ERK
phosphorylation in the muscle tissues of the U0126-treated
db/db mice (Figure 6F). Recently, it was demonstrated that ER
stress plays a central role in the development of insulin resist-
ance and diabetes by impairing insulin signalling via JNK
activation (9). As shown in Figure 6F, JNK phosphorylation, a
marker of ER stress, was increased in the muscle tissues of
db/db mice versus lean mice, whereas U0126 reduced JNK
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Figure 4

Inhibition of ERK phosphorylation using ERK siRNA abolishes ER stress-induced insulin resistance. (A and B) L6 myotubes were transfected with
control siRNA (mock) or ERK siRNA for 48 h and then stimulated with tunicamycin (5 ug-mL™) or left untreated for 3 h, and then stimulated for
10 min with 100 nM insulin. Tunicamycin reduced AMPK activity as well as insulin-stimulated Akt phosphorylation and glucose uptake (A and B)
after 3 h of treatment. Short interfering RNA directed towards ERK (ERK siRNA) inhibited increases in ERK and JNK phosphorylation as well as
suppression of AMPK phosphorylation and insulin-stimulated Akt phosphorylation (A) and glucose uptake (B) by tunicamycin (5 pg-mL™"). All blots
are representative of at least four to six blots from four to six independent experiments. *P < 0.05 compared with siRNA ERK treated cells (Student’s
t-test). Glucose uptake was measured. Results are expressed as means = SEMs (n = 4). *P < 0.05 versus untreated control (Student’s t-test) and
#P < 0.05 for the indicated comparisons (Student’s t-test). NS: not significant.

Table 1
Effects of UO126 on the plasma lipid levels in db/db mice

Total cholesterol Triglyceride HDL cholesterol LDL cholesterol
(mg-dL™) (mg-dL™) (mg-dL™) (mg-dL)*
WT (Lean) 136.6 = 8.9 70.0 = 4.5 62.0 = 0.8 60.6 = 9.2
db 2093 £7.3 147.5 £ 10.3 54.0 = 7.0 129.3 = 11.1
db+U0126 2109 = 10.0 109.1 = 6.7* 75.9 = 1.8* 113.1 £ 9.7
db-+Rosi 307.4 = 29.1* 83.0 = 13.6** 79.6 = 1.8* 181.6 = 19.0*

Each value is mean = SE for six mice. *P < 0.05, **P < 0.01 compared to db control.
*Total cholesterol — HDL cholesterol — Triglyceride/5.
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AMPK mediates cross-talk between ER stress and insulin action (A) L6 myotubes were transfected with control siRNA (mock) or AMPKo.2 siRNA
for 48 h, pretreated with or without U0126 for 30 min, and then treated with 5 ug-mL™" of tunicamycin for 3 h and stimulated with or without
100 nM insulin for 10 min. Under these conditions, the phosphorylated (p-AMPK, p-ACC, p-ERK, p-JNK, p-Akt) and total forms (ACC, Akt,
B-tubulin) of each protein were examined via immunoblotting using specific antibodies. All blots are representative of at least four to six blots from
four to six independent experiments. *P < 0.05 versus siRNA AMPK treated cells (Student’s t-test). (B) Next, glucose uptake was determined as
in (A) L6 myotubes were transfected with mock or AMPKo.2 siRNA for 48 h, pretreated with or without U0126 for 30 min, and then treated with
tunicamycin for 3 h and stimulated with or without insulin for 10 min. Glucose uptake was examined as described in ‘the Experimental section’.
Results are expressed as means = SEMs (n = 4). *P < 0.05 versus untreated control (Student’s t-test) and **P < 0.05 versus insulin-treated cells
(Student’s t-test) and #P < 0.05 versus untreated control and/or insulin-treated cells (Student’s t-test or ANOVA).

activity. Indeed, PERK phosphorylation was decreased by
U0126 in muscle tissues (Figure 6F). Consistent with the
results obtained for ERK, and JNK, PERK phosphorylation was
also markedly suppressed in muscle tissue after rosiglitazone
treatment (Figure 6F). These finding show that U0126 sup-
pressed ER stress, and suggest that ERK activity plays a key
role in ER stress-induced insulin resistance.

Discussion

This study, demonstrates that the hyper-phosphorylation of
ERK is promoted under ER stress and that this contributes to
the inhibition of insulin-stimulated IRS-1 tyrosine phospho-

rylation and glucose uptake, at least in part, via ERK-
mediated insulin signalling. If hyper-phosphorylation of ERK
mediates ER stress-induced insulin resistance, then inhibition
of this process should prevent the inhibitory effect of ER
stress-induced insulin resistance. In the present study, we
found that ER stress-induced ERK hyper-phosphorylation was
inhibited by the specific ERK inhibitor U0126. Furthermore,
we provide in vitro and in vivo pharmacological evidence that
specific loss of ERK activity can reverse increases in insulin
resistance.

We found that treatment of L6 myotubes with an ER
stressor (tunicamycin or thapsigargin) inhibited the ability
of insulin to stimulate IRS-1 tyrosine phosphorylation and
glucose uptake, and thus, drastically reduced endogenous
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Figure 6

Effect of U0126 on systemic glucose metabolism and insulin sensitivity in db/db mice A and B, 8-week-old lean WT and db/db mice were injected
with U0126 (10 mg-kg™' day', i.p.) or rosiglitazone (5 mg-kg™' day™, i.p.) for 14 days. (A) Effect of U026 on food intake. WT (Lean), db/db, db/db
+ U0126, db/db + rosi. (B) Effect of U0126 or rosiglitazone on body weight. #, WT (Lean); &, db/db; -&, db/db + U0126; -, db/db + rosi. (C)
Effect of U0O126 on non-fasting blood glucose levels. -, WT (Lean); &, db/db; -&, db/db + U0126; €, db/db + rosi. Results are presented as means
+ SEMs (n = 8). *P < 0.05 vs. db/db untreated controls (Student’s t-test). (D) Effect of U0126 on non-fasting serum insulin levels. Results are
presented as means = SEMs (n = 8). *P < 0.05 vs. WT (Lean) (Student’s t-test) and **P < 0.05 vs. WT (Lean) and/or db/db untreated controls
(Student’s t-test or anova). (E) Effect of U0126 on serum adiponectin levels. Results are presented as means = SEMs (n = 8). *P < 0.05 vs. WT (Lean)
(Student'’s t-test) and **P < 0.05 vs. WT (Lean) and/or db/db untreated controls (Student’s t-test or aNovA). (F) Effect of U0126 treatment on ER
stress parameters, INK activation, and on the insulin signal transduction pathway in the skeletal muscles of db/db mice. Total protein was obtained
from db/db soleus muscle tissue after administering U0126 i.p. for 14 days, and lysates were immunoblotted with corresponding antibodies.
Phosphorylated AMPK, ACC, Akt, ERK, and JNK levels were examined in soleus muscle extracts by direct immunoblotting. All blots are
representative of at least four to six blots from four to six independent experiments. *P < 0.05 vs. untreated db/db controls (Student’s t-test).
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AMPK activity. In contrast, ER stress significantly increased
ERK phosphorylation, and ER stress-induced ERK phosphor-
ylation was diminished by the MEK inhibitor U0126 and by
the siRNA silencing of ERK. Importantly, AMPK phosphoryla-
tion and glucose uptake were recovered by U0126 or ERK
siRNA in ER-stressed L6 myotubes. Furthermore, siRNA-
mediated knockdown of AMPKa.2 markedly abolished recov-
ered insulin-sensitizing Akt phosphorylation and glucose
uptake via ERK inhibition under ER stress. Taken together,
these findings demonstrate that AMPK might have pro-
tective effects against ER stress-induced insulin resistance.
To confirm this possibility, we compared glucose home-
ostasis in UO0126-injected db/db mice and rosiglitazone
(an antidiabetic)-injected db/db mice. U0126-injected and
rosiglitazone-injected db/db mice were found to exhibit sig-
nificantly lower blood glucose concentrations than control
db/db mice, possibly due to the specific activity of AMPK in
muscle tissue. We hypothesize that a deficiency of ERK activ-
ity with a subsequent increase in AMPK phosphorylation
might be beneficial for attenuating insulin resistance.

In a recent study, we described a pathway mediated by ER
stress involving the subsequent suppression of AMPK phos-
phorylation and glucose uptake (Hwang et al., 2010). The
experiments performed in the present study show that the
selective inactivation of ERK by U0126 or siRNA knockdown
significantly increased AMPK phosphorylation under ER
stress. In skeletal muscle, the action of AMPK is believed to be
mediated mainly through the AMPKo2 isoform (Vavvas et al.,
1997; Wojtaszewski et al., 2002), whereas in other tissues, the
physiological role of this isoform is less clear. In a recent
study, it was shown that AMPKa2”7~ mice exhibit glucose
intolerance associated with low plasma insulin levels and
reduced muscle glycogen synthesis during hyperinsulinemic
clamp conditions, and that reductions in insulin sensitivity
are not dependent on muscle AMPK activity, since mice
expressing a dominant-negative AMPK mutant in skeletal
muscle were not insulin resistant (Viollet etal., 2003).
However, in the present study, the U0126-induced activation
of AMPK and glucose uptake were blocked by the inhibitions
of ol or a2-AMPK in L6 myotubes. These observations
strongly suggest that the insulin-sensitizing effect of U0126
triggers the activations of a1 and a2-AMPK in L6 myotubes.

A previous study demonstrated that ER stress leads to the
activations of UPR signalling pathways that play dominant
roles in the development of obesity-induced insulin resist-
ance and type 2 diabetes (Ozcan et al., 2004). In another, the
reversal of ER stress using chemical chaperone agents that
enhance the ER folding machinery increased insulin sensitiv-
ity and reversed type 2 diabetes in obese mice (Ozcan et al.,
2006). Insulin resistance is a major metabolic feature in the
obesity and an important pathophysiological factor in the
development of metabolic abnormalities, including hyper-
tension, dyslipidaemias, cardiovascular disease and type 2
diabetes mellitus (Permutt efal., 2005). Furthermore,
recently, ER stress was found to play a major role in the
pathogeneses of insulin resistance and type 2 diabetes due to
its inhibition of insulin signalling (Ozcan ef al., 2004; Um
et al., 2004).

Precise details of the molecular mechanisms underlying
the attenuation of insulin resistance in U0126-injected mice
remain to be elucidated. Recently, it has been reported that

ERK1-deficient mice are resistant to diet-induced obesity and
protected from the development of insulin resistance (Bost
et al., 2005), and furthermore, ER stress has been reported to
attenuate IR tyrosine phosphorylation via an ATF6-ERK
dependent pathway (Tang et al., 2011). Importantly, several
inducers of insulin resistance, such as, IKKB, JNK, ERK and
S6K, which phosphorylate IRS-1 protein at inhibitory sites
in an uncontrolled manner, also activate several kinases
(Taniguchi et al., 2006; Thirone et al., 2006). These inhibitory
phosphorylations provide negative feedback to insulin sig-
nalling and serve as mechanisms for cross-talk with other
pathways that produce insulin resistance.

In particular, a pathway involving ERK (a MAPK) is known
to be deregulated in the obese, and thus, ERK is suspected to
play a major role in insulin resistance. Indeed, ERK activity is
abnormally elevated in human and rodent adipose tissues in
the diabetic state (Bouzakri et al., 2003; Bashan et al., 2007),
which may explain, in part, the enhanced insulin sensitivity
observed after U0126 administration in the present study. In
the present study, the muscle tissues of db/db mice exhibited
characteristics of ER stress, such as, elevated phosphorylated
ERK levels and JNK activity as compared with lean animals.
Our findings further indicate that the ERK pathway may have
contributed to insulin resistance in type 2 diabetes by acting
on insulin signalling. In addition, we examined the effect of
low dose U0126 on severe insulin resistance in db/db mice,
and found that at 10 weeks of age, U0126-injected db/db mice
were partially protected against insulin resistance, demon-
strating that ERK inhibition influenced insulin resistance in
this model of diabetes. In addition, U0126 reduced serum
LDL and triglycerides levels and increased serum HDL levels
in db/db mice. We also evaluated phosphorylation statuses of
AMPK in muscle tissues; it has been previously shown that
the small molecule-mediated activation of AMPK improves
insulin resistance in db/db mice (Lee efal., 2006) and in
hepatic cells (Lin and Lin, 2008). We found a lack of ERK
activity resulted in a significant increase in AMPK phospho-
rylation, which could have contributed to the observed ERK-
mediated alleviation of insulin resistance. These findings
suggest that ER stress-induced ERK activation could play an
important role in ER stress-induced decreases in AMPK activ-
ity and insulin sensitivity. In addition, we found that ERK is
constitutively associated with AMPK in L6 myotubes and that
ER stress significantly increases this association. Furthermore,
we found that U0126 reduces the strength of the ERK-AMPK
interaction.

Although we cannot demonstrate the effects of tunicamy-
cin in vivo, our findings are consistent with the notions that
tunicamycin directly affects the ERK pathway, AMPK signal-
ling and glucose uptake in skeletal muscle. Overall, these
findings suggest that improved insulin resistance after U0126
treatment is due to increased activations of the insulin and
AMPK signalling pathways.

Our results are consistent with a model in which loss of
ERK results in enhanced AMPK activity and decreased insulin
resistance in vitro and in vivo. Furthermore, our findings show
that ER stress-induced insulin resistance in muscle cells is
prevented by pharmacological or genetic inhibition of the
ERK pathway, which suggests a role for ERK in insulin resist-
ance and diabetes. However, the molecular mechanism
whereby ER stress activates the ERK pathway in muscle cells is
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not well understood. Overall, our results reveal novel physi-
ological functions of ERK, which plays important roles in
diabetes development and associated insulin resistance by
negatively modulating AMPK. Therefore, ERK inhibitors and
AMPK modulators are being developed for the treatment of
insulin resistance and type 2 diabetes. Furthermore, our find-
ings suggest that the action mechanisms of these agents
overlap.
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Figure S1 AMPKo1 activity modifies U0126 sensitivity to
glucose uptake. (A) L6 myotubes infected with control vector
(Vector) or vector expressing dominant negative AMPKol
and then were treated with U0126 for 30 min, and the level
of phospho-AMPK and phospho-ACC was examined by
Western blot. Expression of myc-tagged Ad-DN-AMPKol was
detected using anti-myc antibody. (B) Cells were transfected
with control vector (Vector) or vector expressing dominant
negative AMPKal and then exposed to U0126 for 30 min.
Glucose uptake measurement was determined as described in
the ‘Experimental’. Data are expressed as means = SEM (n =
4). *P < 0.05 compared with untreated control (Student’s
t-test).

Figure S2 L6 myotubes were pretreated with U0126
(25 umol-L™") for 30 min and then stimulated or not with
tunicamycin (5 ug'mL™") for 3h and then stimulated for
10 min with 100 nM insulin. AMPK phosphorylation, ACC
phosphorylation and their total protein levels were examined
by direct immunoblotting. Immunoprecipitates of ERK were
analysed by immunoblotting with anti-AMPK antibody, fol-
lowed by reprobing of the blots with anti-ERK antibody.
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