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Abstract
Aim/hypothesis Endoplasmic reticulum (ER) stress, which is involved in the link between
inflammation and insulin resistance, contributes to the development of type 2 diabetes mellitus. In
this study, we assessed whether peroxisome proliferator-activated receptor (PPAR) prevented
ER stress-associated inflammation and insulin resistance in skeletal muscle cells.
Methods Studies were conducted in mouse C2C12 myotubes, in the human myogenic cell line
LHCN-M2 and in skeletal muscle from wild-type and PPAR/-deficient mice and mice exposed
to a high-fat diet.
Results The PPAR agonist GW501516 prevented lipid-induced ER stress in mouse and human
myotubes and in skeletal muscle of mice fed a high-fat diet. PPAR activation also prevented
thapsigargin- and tunicamycin-induced ER stress in human and murine skeletal muscle cells. In
agreement with this, PPAR activation prevented ER stress-associated inflammation and insulin
resistance, and glucose-intolerant PPAR-deficient mice showed increased phosphorylated
levels of inositol-requiring 1 transmembrane kinase/endonuclease-1 in skeletal muscle. Our
findings demonstrate that PPAR activation prevents ER stress through the activation of AMPactivated protein kinase (AMPK), and the subsequent inhibition of extracellular-signal-regulated
kinase (ERK)1/2 due to the inhibitory crosstalk between AMPK and ERK1/2, since
overexpression of a dominant negative AMPK construct (K45R) reversed the effects attained by
PPAR activation.
Conclusions/interpretation Overall, these findings indicate that PPAR prevents ER stress,
inflammation and insulin resistance in skeletal muscle cells by activating AMPK.
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Abbreviations
2-DG

2-Deoxy-glucose

ACC2

Acetyl-CoA carboxylase 2

AMPK

AMP-activated protein kinase

ATF6

Activating transcription factor-6

eIF2 

ukaryotic initiation factor 2

EMSA

Electrophoretic mobility shift assay
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ER

Endoplasmic reticulum

ERK

Extracellular signal-regulated kinase

IB

Inhibitor of B

IRE-1

Inositol-requiring 1 transmembrane kinase/endonuclease-1

NF-B

Nuclear factor-B

PERK

Eukaryotic translation initiation factor-2 kinase 3

PPAR

Peroxisome proliferator-activated receptor

UPR

Unfolded protein response

XBP1

X-box binding protein-1

Introduction
Insulin resistance, defined as a decrease in the action of insulin on target tissues [1], precedes and
predicts the development of type 2 diabetes mellitus [2]. The primary site of insulin resistance in
obesity and type 2 diabetes mellitus is skeletal muscle, since it accounts for the majority of insulinstimulated glucose utilisation [3].
Recently, endoplasmic reticulum (ER) stress has emerged as a key player in the progression of
insulin resistance and intersects with many different inflammatory and stress signalling pathways
that disrupt insulin signalling [4]. The ER is responsible for the synthesis, folding and trafficking
of secretory and membrane proteins. Disruption of ER homeostasis results in an adaptive unfolded
protein response (UPR), intended to restore the ER’s folding capacity and mitigate stress [5].
However, if ER stress is activated chronically, a decline in the action of insulin occurs, thus
contributing to the development of type 2 diabetes mellitus [6]. Initiation of the canonical UPR
involves activation of three key signalling proteins—inositol-requiring 1 transmembrane
kinase/endonuclease-1 (IRE-1), activating transcription factor-6 (ATF6) and eukaryotic
translation initiation factor-2 kinase 3 (PERK). The endoribonuclease activity of IRE-1 cleaves
a 26-base-pair segment from the mRNA of XBP1, creating the active (or spliced) form of the
transcription factor XBP1 (sXBP1). ATF6 translocates to the nucleus, in which it acts as a
transcription factor and PERK phosphorylates and inhibits an essential initiator of translation,
eukaryotic initiation factor 2 (eIF2). Together, these pathways work to decrease translation and
increase protein folding [7]. The three branches of the canonical UPR intersect with a variety of
inflammatory and stress signalling systems, including the nuclear factor-B (NF-B) pathway [4],
the activation of which has been linked with the impairment of insulin action in skeletal muscle
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[8]. Thus, phosphorylation of eIF2 by PERK results in a general repression of mRNA translation.
Since inhibitor of B (IB), which inhibits NF-B, has a shorter half-life than NF-B, UPR
activation shifts the IB/NF-B ratio, thereby releasing NF-B, which translocates to the nucleus
and increases the expression of its target genes, such as IL6 and TNF [9]. In addition, in response
to ER stress, the cytoplasmatic domain of phosphorylated IRE1 can recruit TNF-receptorassociated factor 2, forming a complex that interacts and activates IB kinase, leading to NF-B
activation [9].
Activation of adenosine monophosphate-activated protein kinase (AMPK) exhibits multiple
protective effects, including inhibition of inflammation and insulin resistance, and reduces the risk
of developing type 2 diabetes mellitus [10]. Recently, it has been reported that AMPK activation
protects against hypoxic injury [11], atherosclerosis [12, 13] and lipid-induced hepatic disorders
[14] by reducing ER stress. Interestingly, an inhibitory crosstalk between AMPK and extracellularsignal-regulated kinase 1/2 (ERK1/2) has been reported [15] and inhibition of ERK1/2 was found
to improve AMPK and Akt pathways and to reverse ER stress-induced insulin resistance in
skeletal muscle cells [16].
Peroxisome proliferator-activated receptors (PPARs) are members of the nuclear receptor
superfamily of ligand-inducible transcription factors [17] that may also suppress inflammation
through diverse mechanisms [18–21]. Of the three PPAR isotypes found in mammals,
PPAR[22] and PPARare the targets for fibrates and thiazolidinediones, respectively.
Activation of the third isotype, PPAR, has been proposed as a potential treatment for insulin
resistance [23] since it enhances fatty acid catabolism in adipose tissue and skeletal muscle [24,
25]. In fact, it has been reported that the increase in fatty acid oxidation in human skeletal muscle
cells following treatment with the PPAR activator GW501516 is dependent on both PPAR
and AMPK [26]. The present study was undertaken to determine whether PPAR prevents
inflammation and insulin resistance in skeletal muscle cells by reducing ER stress.

Methods
Cell culture and mice Mouse C2C12 (ATCC, Manassas, VA) and human LHCN-M2 myoblasts
were maintained, grown and differentiated to myotubes as previously described [27]. Lipidcontaining media were prepared by conjugation of palmitic acid with fatty-acid-free BSA, as
previously described [27]. For further details, please refer to the electronic supplementary material
(ESM) Methods.
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Five-week-old CD-1 male mice (Harlan Ibérica, Barcelona, Spain) were randomly distributed into
three experimental groups (n = 8 each). One group was fed the standard diet, another was fed a
western-type high-fat diet (HFD; 35% fat by weight, 58% energy from fat; Harlan Ibérica) plus
one daily oral gavage of vehicle (0.5% wt/vol. carboxymethylcellulose) and the other was fed the
HFD plus one daily oral dose of 3 mg kg1 day1 of the PPAR agonist GW501516 dissolved in
the vehicle. After 3 weeks of treatment, mice were killed under isoflurane anaesthesia. Skeletal
muscle (gastrocnemius) samples were frozen in liquid nitrogen and then stored at 80C.
Male Ppar (also known as Ppard)-knockout mice and control mice (Ppar+/+, wild-type)
with the same genetic background (C57BL/6X129/SV), each having an initial weight of 20–25 g,
were fed a standard diet. The generation of Ppar/-null mice has been described previously [28].
All procedures were approved by the University of Barcelona Bioethics Committee, as stated in
Law 5/21 July 1995 passed by the Generalitat de Catalunya.
RNA preparation and quantitative RT-PCR The relative levels of specific mRNAs were assessed
by RT-PCR, as previously described [27]. Primer sequences used for RT-PCR are displayed in
ESM Table 1.
Immunoblotting Isolation of total and nuclear extracts was performed as described elsewhere [27].
For further details, please refer to the ESM Methods.
Deoxy-D-glucose,2-[1,2-3H(N)] uptake experiments 2-Deoxy-glucose (2-DG) uptake was
performed as previously reported [27]. For further details, please refer to the ESM Methods.
Electrophoretic mobility shift assay An electrophoretic mobility shift assay (EMSA) was
performed as previously described [27].
HPLC measurement of AMP The measurement of AMP using HPLC was performed as previously
described [27]. For further details, please refer to the ESM Methods.
Statistical analyses Results are expressed as means  SD. Significant differences were established
by one-way ANOVA using the GraphPad Instat programme (GraphPad Software V5.01;
GraphPad Software, San Diego, CA). When significant variations were found by one-way
5

ANOVA, the Tukey–Kramer multiple comparison post-hoc test was performed. Differences were
considered significant at p < 0.05.

Results
PPAR activation prevents lipid-induced ER stress in mouse and human skeletal muscle cells To
evaluate the effects of PPAR activation on palmitate-induced ER stress in skeletal muscle cells
we first examined the effects of GW501516, a selective ligand for PPAR [29,30], on activated
IRE1. Palmitate exposure at 0.5 mmol/l induced an increase in the phosphorylated forms of
IRE1 detected by slower migration, and this increase was almost completely prevented by
treatment with GW501516 (Fig. 1a). Consistent with the increase in the phosphorylation status of
IRE1, which promotes the splicing of Xbp1, C2C12 myotubes exposed to 0.5 mmol/l palmitate
showed increased spliced Xbp1 (sXbp1) mRNA levels compared with cells exposed only to BSA
(Fig. 1b), whereas in the presence of palmitate plus GW501516 the sXbp1 mRNA levels were
reduced. This effect of GW501516 was specific and PPAR dependent, since it was reversed by
the PPAR antagonist GSK0660. In human LHCN-M2 myotubes (Fig. 1c) a similar trend was
observed in sXBP1 mRNA levels, indicating that the effect of GW501516 was not species specific.
A similar profile of changes was observed when we examined the mRNA levels of several ER
stress markers such as Grp78/Bip (also known as Hspa5), Grp94 (also known as Hsp90b1) and
Orp150 (also known as Hyou1). Exposure to palmitate increased the expression of all these ER
stress markers, whereas co-incubation with palmitate plus GW501516 led to a significant
reduction (Fig. 1 d–f). Next, we evaluated whether PPAR activation protected against lipidinduced ER stress in vivo in skeletal muscle. We have previously reported that mice fed with an
HFD were glucose-intolerant, whereas mice fed with the HFD and treated with GW501516
showed an improved response to glucose challenge [31]. In the skeletal muscle of these mice we
observed that exposure to the HFD increased the phosphorylated forms of IRE1 and the protein
levels of BIP compared with those in mice fed a standard diet, while these changes were prevented
in HFD-fed mice treated with GW501516 (Fig. 1 g, h). Therefore, the improvement in glucose
tolerance achieved by GW501516 in mice fed an HFD was accompanied by a reduction in the
levels of ER stress markers in skeletal muscle.
PPAR activation prevents thapsigargin- and tunicamycin-induced ER stress in skeletal muscle
cells To clearly demonstrate that PPAR activation prevents ER stress in skeletal muscle cells,
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we then examined the effects of GW501516 on ER stress induced by thapsigargin, a potent ER
stress inducer [32]. Thapsigargin elicited a huge increase in IRE1protein levels, and GW501516
reduced the increase in the phosphorylated forms of this protein (Fig. 2a). Consistent with the
effects of GW501516 on IRE1, drug treatment downregulated the increase caused by
thapsigargin in sXbp1 transcript levels in murine (Fig. 2b) and human myotubes (Fig. 2c).
GW501516 also significantly reduced the increase in the expression of other ER stress markers
such as CHOP and ATF3 in human myotubes (Fig. 2 d, e). Similarly, GW501516 significantly
reduced the increase in mRNA levels in human (CHOP and ATF3) (Fig. 2 f, g) and murine (Chop,
Grp94 and Orp150) (Fig. 2 h–j) myotubes caused by another potent ER stress inducer,
tunicamycin [31]. Overall, these findings demonstrate that PPAR activation prevents ER stress
regardless of the inducer used.
PPAR/ activation prevents ER stress-induced inflammation and insulin resistance in skeletal
muscle cells Given the association of ER stress with activation of the inflammatory process and
insulin resistance [4,6], we next assessed whether PPAR activation reduced ER stressassociated inflammation and insulin resistance. First, we examined the NF-B pathway.
Thapsigargin reduced the protein levels of the NF-B inhibitor IB[33] (Fig. 3a), whereas coincubation of the cells with thapsigargin plus GW501516 led to an increase in the levels of this
NF-B inhibitor. Also, thapsigargin increased nuclear p65 subunit of NF-B and co-incubation of
the cells with thapsigargin plus the GW501516 prevented this increase (Fig. 3b). To clearly
determine whether GW501516 prevented ER stress-induced inflammation, we measured NF-B
binding activity by EMSA. NF-B formed one main complex with nuclear proteins (Fig. 3c).
Specificity of the DNA-binding complex was assessed in competition experiments by adding an
excess of unlabelled NF-B oligonucleotide. NF-B binding activity increased in nuclear extracts
from thapsigargin- and tunicamycin-treated human cells, whereas in those cells co-incubated with
these ER stressors and GW501516 the binding activity was similar to that in control cells.
Addition of an antibody against the p65 and p50 subunits of NF-B in thapsigargin-stimulated
cells supershifted the complex, indicating that this band mainly consisted of these subunits. No
supershift was observed after addition of an Oct-1 antibody, indicating that the NF-B changes
were specific. We then evaluated the effect of GW50156 on the expression of Tnf- and IL-6,
cytokines under the transcriptional control of NF-B and which are also involved in insulin
resistance [34, 35]. Consistent with the NF-B findings, Tnf mRNA levels were increased in
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C2C12 cells exposed to thapsigargin and Il6/IL6 mRNA levels were increased in murine and
human myotubes exposed to tunicamycin; co-incubation with GW501516 significantly reduced
the expression of these cytokines (Fig. 3 d–f).
In an attempt to establish a relationship between PPAR and ER stress-induced insulin
resistance we used Ppar-knockout mice. Interestingly, the PPAR-deficient mice showed
glucose intolerance compared with wild-type mice (Fig. 4a) accompanied by an increase in the
phosphorylated levels of IRE1 in skeletal muscle (Figure 4b). Moreover, in myotubes exposed to
tunicamycin, we observed a reduction in insulin-stimulated Akt phosphorylation, which is
consistent with the findings of previous studies (16, 27, 36). In cells co-incubated with
tunicamycin plus GW501516 this effect was significantly reversed (Fig. 4c). Similarly, when we
evaluated the protein levels of the insulin receptor -subunit, which are reduced by defective
insulin signalling [37], we observed a strong decrease following tunicamycin exposure; this
response was attenuated by GW501516 (Fig. 4d). In concordance with these changes, tunicamycin
reduced insulin-stimulated 2-DG uptake, whereas co-incubation with tunicamycin plus GW501516
restored a significant part of this reduction (Fig. 4e). Overall, these findings demonstrate that
PPAR activation prevents ER stress-induced inflammation and insulin resistance in skeletal
muscle cells.
PPAR modulates the crosstalk between AMPK and ERK pathways in skeletal muscle cells To
assess the mechanism by which PPAR inhibits ER stress, we focused on the potential activation
of AMPK by this nuclear receptor. AMPK, a pharmacological target for insulin resistance and type
2 diabetes mellitus [10], inhibits ER stress [11, 12, 14, 16] and its reduction promotes ER stress
[13]. Interestingly, an inhibitory crosstalk between AMPK and ERK1/2 has been reported [15, 16]
and inhibition of ERK1/2 improves AMPK and Akt signalling and reverses ER stress-induced
insulin resistance in skeletal muscle cells [16]. To ascertain whether the effect of PPAR/ on ER
stress involves this inhibitory crosstalk between AMPK and ERK1/2, we first examined the effects
of the ER stressor tunicamycin on their phosphorylated protein levels. As shown in Fig. 5 a, b,
tunicamycin reduced phospho-AMPK and increased phospho-ERK1/2 levels, which is in
agreement with findings of previous studies [16] and suggests the presence of the inhibitory
crosstalk between these kinases under our conditions. In addition, when cells were exposed to
tunicamycin plus GW501516 or the MEK inhibitor U0126, the phosphorylation status of AMPK
was increased compared with that in cells only exposed to tunicamycin (Fig. 5c). These findings
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suggest that GW501516 might inhibit ERK1/2 through AMPK activation. Confirmation of the
involvement of PPAR in ERK1/2 inhibition was supported by in vivo findings: skeletal muscle
from PPAR-deficient mice showed increased phospho-ERK1/2 levels compared with wild-type
mice (Fig. 5d). Moreover, exposure to an HFD increased phospho-ERK1/2 levels in skeletal
muscle, whereas treatment of the HFD-fed mice with GW501516 reversed this increase (Fig. 5e).
Likewise, when we analysed phospho-AMPK levels in the skeletal muscle of these mice we
observed a trend in changes opposite to those observed for ERK1/2 (Fig. 5f).
PPAR prevents ER stress-induced inflammation and insulin resistance through an AMPKdependent mechanism Because AMPK is activated allosterically by an increase in the intracellular
AMP/ATP ratio [10], we measured adenine nucleotide concentrations in C2C12 cells to further
investigate the underlying mechanism of GW501516 in AMPK activation. GW501516
significantly increased the AMP/ATP ratio (Fig. 6a), suggesting that this mechanism was
responsible for the increase in AMPK activity following drug treatment. As a control for AMPK
activity we measured phosphorylation of acetyl-CoA carboxylase 2 (ACC2), a substrate for
AMPK [10]. In accordance with an increase in AMPK activity, ACC2 phosphorylation was
increased following GW501516 treatment (Fig. 6b). In addition, our findings showed that the
preventive effects of GW501516 on palmitate-induced ER stress in C2C12 myotubes were
AMPK-dependent, since the reduction in sXBP1 mRNA levels induced by GW501516 was
reversed by the AMPK inhibitor compound C (Fig. 6c). Next, to confirm the involvement of
AMPK in the effects of PPAR, we overexpressed an AMPK subunit with a point mutation
that causes the enzyme to function as a dominant negative suppressor of endogenous AMPK
activity (K45R). Overexpression of this construct in C2C12 cells leads to the displacement of
endogenous subunits, followed by degradation of the free  subunit [38]. Inhibition of AMPK
activity attenuated the effect of GW501516 in tunicamycin-exposed cells on IB protein levels
(Fig. 6d), insulin-stimulated Akt phosphorylation (Fig. 6e) and IR protein levels (Fig. 6f),
suggesting that PPAR activation prevents ER stress-associated inflammation and insulin
resistance through AMPK.

Discussion
Excessive ER stress contributes to the development of insulin resistance and type 2 diabetes
mellitus [4, 6]. Therefore, reduction of ER stress may be critical in preventing these chronic
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metabolic diseases. Findings from our study suggest that PPAR activation prevents ER stressinduced inflammation and insulin resistance in skeletal muscle cells and that some of the diabetesprotective and anti-inflammatory effects of the PPAR ligands might be due to their ability to
reduce ER stress. Interestingly, the increase in ER stress markers in the skeletal muscle of
Ppar-null mice indicates that this nuclear receptor offers protection against ER stress in this
tissue, suggesting that a reduction in the activity of this nuclear receptor can exacerbate ER stress
and its associated metabolic complications. Indeed, genetic variation in the PPAR gene predicts
the conversion from impaired glucose tolerance to type 2 diabetes mellitus [39].
We have previously reported that PPAR activation prevented palmitate-induced inflammation
and insulin resistance in skeletal muscle cells by increasing fatty acid oxidation in skeletal muscle
cells [40]. Increased fatty acid oxidation following PPAR activation has also been reported to
contribute to the reduction in palmitate-induced ER stress in pancreatic beta cells [41]. It has also
been reported that PPAR activation prevents ethanol-induced ER stress in the liver [42] and in
the aorta of high-fat, high-cholesterol-fed mice [43], although the mechanisms responsible for
these effects have not been identified. In the present study we showed that PPAR activation
prevents lipid-induced ER stress in vitro and in vivo in skeletal muscle cells, where the reported
increase in fatty acid oxidation after PPAR activation may contribute to these effects. However,
our data also demonstrate that PPAR activation prevents ER stress induced by potent ER
stressors (either tunicamycin or thapsigargin), suggesting that the protective effect of PPAR on
ER stress extends beyond increased fatty acid oxidation. In fact, our data show that PPAR
activation inhibits ER stress through a mechanism involving AMPK activation. Targeting AMPK
to prevent ER stress is consistent with previous studies reporting that AMPK activation reduces
ER stress [11–14, 27]. Our findings also indicate that AMPK activation attained by PPAR
activators is the result of an increase in the AMP/ATP ratio, which is in agreement with findings of
previous studies [26, 31].
The findings of this study point to an additional mechanism by which PPAR activation may
contribute to the increase in AMPK activity and the reduction in ER stress. This mechanism
involves the inhibition of the ERK1/2 signalling pathway by PPAR. An inhibitory crosstalk
exists between the AMPK and ERK1/2 pathways [15, 16] and recently it has been shown that
ERK1/2 inhibition results in enhanced AMPK activity and prevention of ER stress-induced insulin
resistance in myotubes [16]. In fact, ER stress significantly increases ERK1/2 phosphorylation in
myotubes ([16] and this study), whereas ERK1/2 inhibition restores AMPK and insulin-stimulated
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Akt phosphorylation caused by ER stress [16]. Our data demonstrate that PPAR/ activation
prevents HFD-induced ERK1/2 phosphorylation and exhibits a trend to restore phospho-AMPK
levels in skeletal muscle. These data suggest that PPAR regulates the inhibitory crosstalk
between AMPK and ERK1/2 elicited by an HFD, causing an imbalance of this crosstalk in favour
of AMPK, which prevents ER stress. The finding that Ppar-null mice show increased phosphoERK1/2 levels in skeletal muscle clearly demonstrates that PPAR inhibits this pathway. This
result is interesting since ERK1/2 is a potential drug target for preventing metabolic derangements.
Thus, targeting ERK1/2 could protect obese mice against insulin resistance and liver steatosis by
decreasing adipose tissue inflammation and increasing muscle glucose uptake [44].
In summary, on the basis of our findings we propose that PPAR prevents ER stress-associated
inflammation and insulin resistance in skeletal muscle cells through AMPK activation.
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Figure legends
Fig. 1 PPAR activation prevents lipid-induced ER stress in skeletal muscle cells. C2C12 or
LHCN-M2 myotubes were incubated for 16 h in the absence (Ct, Control) or presence of palmitate
(Pal) (0.3 or 0.5 mmol/l for C2C12 and 0.25 mmol/l for LHCN-M2) with or without pretreatment
(before palmitate exposure) with 10 µmol/l GW501516 (GW) for 24 h or with 10 µmol/l
GSK0660 (GSK) for 30 min. (a) Cell lysates from C2C12 cells exposed to BSA (Ct) or to 0.3
mmol/l or 0.5 mmol/l Pal were subjected to western blot analysis with antibody against IRE-1.
(b, c) sXbp1 mRNA levels in C2C12 (b) and LHCN-M2 (c) myotubes. (d–f) mRNA levels of Bip
(d), Grp94 (e) and Orp150 (f) in C2C12 myotubes. (g, h) Skeletal muscle lysates from mice fed a
standard chow diet (Ct) or an HFD with or without GW (3 mg kg1 day1) were subjected to
western blot analysis with antibodies against IRE1 (g) and BIP (h). ***p<0.001 and *p<0.05 vs
control; †††p<0.001 and ††p<0.01 vs palmitate-exposed cells or HFD-exposed mice. sXBP1:
spliced XBP1. uXBP1: unspliced XBP1.
Fig. 2 PPAR activation prevents thapsigargin- and tunicamycin-induced ER stress in
myotubes. C2C12 or LHCN-M2 myotubes were incubated for 16 h in the absence (Ct, Control) or
presence of thapsigargin (Thapsi) (1 mol/l for C2C12 and 100 nmol/l for LHCN-M2) or 2 or 5
g/ml tunicamycin (Tuni) with or without pretreatment with 10 µmol/l GW501516 (GW) for 24 h.
(a) Cell lysates were subjected to western blot analysis with antibody against IRE-1. (b, c)
mRNA levels of sXbp1 in C2C12 (b) and LHCN-M2 (c) myotubes. (d–g) mRNA levels of CHOP
(d, f) and ATF3 (e, g) in LHCN-M2 myotubes exposed to 100 nmol/l Thapsi (d, e) or 2 g/ml Tuni
(f, g) with or without pretreatment with 10 µmol/l GW for 24 h. (h–j) mRNA levels of Chop (h),
Grp94 (i) and Orp150 (j) in C2C12 myotubes exposed to 2 or 5 g/ml Tuni with or without
pretreatment with 10 µmol/l GW for 24 h. ***p<0.001 vs control; †† <0.01 and †††p<0.001 vs
Thapsi- or Tuni-treated cells. sXBP1: spliced XBP1. uXBP1: unspliced XBP1.
Fig. 3 PPAR activation prevents ER stress-induced inflammation in skeletal muscle cells.
C2C12 or LHCN-M2 myotubes were incubated for 16 h or 2 h (EMSA) in the absence (Ct,
Control) or presence of 1 mol/l thapsigargin (Thapsi) or 2 g/ml tunicamycin (Tuni) with or
without pretreatment with 10 µmol/l GW501516 (GW) for 24 h. (a, b) Cell lysates were subjected
to western blot analysis with antibody against IB(a) or the p65 subunit of NF-B (b). The
16

graphs represent the quantification of the normalised protein levels expressed as a percentage of
control samples ± SD. (c) Autoradiograph of EMSA performed with a 32P-labelled NF-B
nucleotide and crude nuclear protein extract (NE) from LHCN-M2 myotubes. One main specific
complex (I) based on competition with a molar excess of unlabelled probe is shown. The
supershift immune complex (IC) obtained by incubating NE with an antibody (Ab) directed
against the p65 and p50 subunits of NF-B is also shown. (d–f) mRNA levels of Tnf (d) and
murine Il6 (e) and human IL6 (f). *p<0.05, **p<0.01 and ***p<0.001 vs control; †p<0.05,
††

p<0.01 and †††p<0.001 vs Thapsi- or Tuni-treated cells

Fig. 4 PPAR activation prevents ER stress-induced insulin resistance in skeletal muscle cells.
(a) Glucose tolerance test (and AUC) in wild-type (WT) and Ppar-null (KO) mice. Data are
expressed as means  SD (n=9 mice per group). (b) Skeletal muscle cell lysates from WT and KO
mice were subjected to western blot analysis with antibodies against total and phospho-IRE-1.
(c–e) C2C12 myotubes were incubated for 16 h in the absence (Ct, Control) or the presence of 0.5
g/ml tunicamycin (Tuni) with or without pretreatment with 10 µmol/l GW501516 (GW) for 24 h.
When indicated, cells were incubated with 100 nmol/l insulin (Ins) for the last 10 min. C2C12 cell
lysates were subjected to western blot analysis with antibodies against total and phospho-Akt
(Ser473) (c) and insulin receptor -subunit (IR) (d). 2-DG uptake was assessed without or with
insulin (e). *p<0.05 and **p<0.01 vs WT mice, control cells or control cells not exposed to
insulin; †p<0.05 and †††p<0.001 vs insulin-stimulated control cells or cells incubated with
tunicamycin; ‡p<0.05 and ‡‡p<0.01 vs insulin-stimulated cells incubated with tunicamycin
Fig. 5 PPAR modulates the crosstalk between AMPK and ERK pathways in skeletal muscle
cells. C2C12 myotubes were incubated for 16 h in the absence (Ct, Control) or presence of 5
g/ml tunicamycin (Tuni) with or without pretreatment with 10 µmol/l GW501516 (GW) or 10
µmol/l U0126 for 24 h. (a–c) C2C12 cell lysates subjected to western blot analysis with antibodies
against total and phospho-AMPK (Thr172) (a, c) and total and phospho-ERK1/2 (b). (d) Skeletal
muscle cell lysates from wild-type (WT) and Ppar-null (KO) mice were subjected to western
blot analysis with antibodies against total and phospho-ERK1/2. (e, f) Skeletal muscle lysates from
mice fed a standard chow diet (Ct) or an HFD with or without GW501516 (3 mg kg1 day1) were
subjected to western blot analysis with antibodies against total and phospho-ERK1/2 (e) and total
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and phospho-AMPK (f). *p<0.05 vs control cells, WT mice or mice fed with chow diet; †p<0.05
and ††p<0.01 vs Tuni-exposed cells or mice fed an HFD
Fig. 6 PPAR prevents ER stress through an AMPK-dependent mechanism. (a) AMP/ATP
ratio in C2C12 myotubes incubated for 16 h in the absence (Ct, Control) or presence of 0.5 mmol/l
palmitate (Pal) with or without pretreatment with 10 µmol/l GW501516 (GW) for 24 h. (b) Cell
lysates were subjected to western blot analysis with antibodies against total and phospho-ACC2.
*p<0.05 and **p<0.001 vs cells exposed to palmitate alone. (c) sXBP1 mRNA levels in LHCNM2 myotubes incubated for 16 h in the absence (Ct, Control) or presence of 0.25 mmol/l Pal with
or without pretreatment with 10 µmol/l GW or 10 µmol/l compound C (Cc) for 24 h. (d–f) C2C12
myotubes transfected with LacZ- or pAMPK2 K45R-carrying plasmids (AMPK-DN) were
incubated for 16 h in the absence (Ct, Control) or presence of 0.5 g/ml tunicamycin (Tuni) with
or without pretreatment with 10 µmol/l GW. Cell lysates were subjected to western blot analysis
with antibodies against IB (d) total and phospho-Akt (Ser473) (e) and IR (f). When indicated,
cells were incubated with 100 nmol/l insulin (Ins) for the last 10 min. Data are expressed as mean
± SD. *p<0.05 and ***p<0.001 vs LacZ cells, LacZ+Ins-treated cells; †p<0.05 vs Tuni-exposed
cells; ‡p<0.05 and ‡‡‡p<0.001 vs cells co-incubated with Tuni plus GW; §§§p<0.001 vs LacZ cells
not exposed to Ins
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Electronic supplementary material (ESM)-Methods

Cell culture and mice Mouse C2C12 myoblasts (ATCC) were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin (10.000 units/ml of penicillin and 10.000 µg/ml of streptomycin). When
cells reached confluence, the medium was switched to the differentiation medium containing
DMEM and 2% horse serum, which was changed every other day. After four additional days,
the differentiated C2C12 cells had fused into myotubes. Lipid-containing media were prepared
by conjugation of palmitic acid with fatty acid-free bovine serum albumin, as previously
described [1]. Following incubation, RNA or protein were extracted from myotubes as
described below.
The human myogenic cell line LHCN-M2 was grown in DMEM:Medium 199 (4:1)
supplemented with 15% FBS, 16 mM HEPES, 30 ng/ml zinc sulphate, 1.4 µg/ml vitamin B12,
55 ng/ml dexamethasone, 5 ng/ml hepatocyte growth factor and 2.5 ng/ml fibroblast growth
factor. To induce differentiation to myotubes, when cells reached 80-90% confluence the
medium was changed to DMEM: Medium 199 (4:1) supplemented with 0.5% FBS, 20 mmol/l
HEPES, 10 µg/ml insulin, 100 µg/ml apo-transferrin and 55 ng/ml dexamethasone for two days,
and then to DMEM:Medium 199 (4:1) supplemented with 0.5% FBS, 20 mmol/l HEPES and 55
ng/ml dexamethasone for three additional days [1].
Mice were maintained under standard conditions of illumination (12-h light/dark cycle) and
temperature (21±1ºC), and were fed a standard diet before the studies began. Food and water
were provided ad libitum. The research complied with the Guide for the Care and Use of
Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 8523, revised 1996). All procedures were approved by the University of Barcelona Bioethics
Committee, as stated in Law 5/21 July 1995 passed by the Generalitat de Catalunya.

Before the end of the treatments, a glucose tolerance test was performed on mice fasted for 4h.
Animals received 2 g/Kg body weight of glucose by intraperitoneal injection and blood was
collected from the tail vein after 0, 15, 30, 60 and 120 minutes.
The research complied with the Guide for the Care and Use of Laboratory Animals published by
the US National Institutes of Health (NIH Publication No. 85-23, revised 1996). All procedures
were approved by the University of Barcelona Bioethics Committee, as stated in Law 5/21 July
1995 passed by the Generalitat de Catalunya.

Immunoblotting To obtain total proteins, myotubes were homogenized in RIPA lysis buffer
(Sigma) with 5 mmol/l NaF, 1 mmol/l phenylmethylsulfonyl fluoride, 10 mmol/l sodium
orthovanadate and 5.4 g/mL aprotinin at 4ºC for 30 min. The homogenate was centrifuged at
17,000 g for 30 min at 4ºC. Protein concentration was measured by the Bradford method. Total
proteins (30 g) were separated by SDS-PAGE on 10% separation gels and transferred to
Immobilon polyvinylidene difluoride membranes (Millipore, Bedford, MA). In the case of IRE1 a phos-tag gel was used as previously described [1]. Western blot analysis was performed
using antibodies against total and phospho-Akt (Ser473), total and phospho-AMPK (Thr172), total
and phospho-ACC2, total and phospho-ERK1/2 (Thr202/Tyr204), GRP78/BiP, IRE-1 H2B,
insulin receptor -subunit (IR(Cell Signaling Technology Inc., Danvers, MA), IBp65
(Santa Cruz) and actin (Sigma). Detection was achieved using the Western Lightning® PlusECL chemiluminescence kit (PerkinElmer, Waltham, MA, USA). The equal loading of proteins
was assessed by Ponceau S staining. The size of proteins detected was estimated using protein
molecular-mass standards (Bio-Rad).

Deoxy-D-glucose,2-[1,2-3H(N)] uptake experiments Cells were starved for 24 h and washed twice
with HEPES buffer (20 mmol/l HEPES [pH 7.4], 140 mmol/l NaCl, 2.5 mmol/l MgSO4, 5
mmol/l KCl, 1 mM CaCl2). Cells were preincubated with HEPES buffer for 1 h and incubated
for 30 min in the presence or absence of 100 nmol/l insulin, followed by treatment with deoxyD-glucose,2-[1,2-3H(N)] (37,000 Bq/ml; Amersham Biosciences) for 20 min. The uptake was

stopped by adding 10 μmol/l cytochalasin B. After washing with ice-cold 0.9% NaCl three
times, cells were lysed with 0.1 mol/l NaOH. Non-specific uptake was measured in the presence
of 10μmol/l cytochalasin B and was subtracted from all the values.

High Performance Liquid Chromatography Measurement of AMP Adenine nucleotides were
separated by high performance liquid chromatography using an X-Bridge column with a 3.5 m
outer diameter (100 x 4.6 cm). Elution was done with 0.1 mmol/l potassium dihydrogen
phosphate, pH 6, containing 4 mmol/l tetrabutylammonium hydrogen sulphate and 15% (v/v)
methanol. The conditions were as follows: 20 l sample injection, column at room temperature,
flow rate of 0.6 ml min-1 and UV monitoring at 260 nm.

1. Salvadó L, Coll T, Gómez-Foix AM, Salmerón E, Barroso E, Palomer X, VázquezCarrera M (2013) Oleate prevents saturated-fatty-acid-induced ER stress, inflammation
and insulin resistance in skeletal muscle cells through an AMPK-dependent mechanism.
Diabetologia 56: 1372-1382
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Table 1. Primer sequences used for RT- PCR
Primers sequences used for real-time PCR
Gene
mAprt
hATF3
mBip
hCHOP
mGrp94
mIl-6
hIL-6
mOrp150

mTnfα
h18S

Primers
for

5’-CAGCGGCAAGATCGACTACA-3’

rev

5’-AGCTAGGGAAGGGCCAAACA-3’

for

5`-AAGAACGAGAAGCAGCATTTGAT-3´

rev

5`-TTCTGAGCCCGGACAATACAC-3´

for

5`-CAGATCTTCTCCACGGCTTC-3`

rev

5`-GCAGGAGGAATTCCAGTCAG-3`

for

5`- GGAAATGAAGAGGAAGAATCAAAAAT-3`

rev

5`-GTTCTGGCTCCTCCTCAGTCA-3`

for

5`-CATACCAGACGGGCAAGGA-3`

rev

5`-TGATCAGTGGGTGTCTAGGATTGA-3`

for

5’-ACACATGTTCTCTGGGAAATCGT-3’

rev

5’-AAGTGCATCATCGTTGTTCATACA-3’

for

5’-CCCCCAGGAGAAGATTCCAA-3’

rev

5’-TCAATTCGTTCTGAAGAGGTGAGT-3’

for

5`-CACTGCACAGAACGTCATGTTCT-3`

rev

5`-GGTGACGATGGTGCACACA-3`

for

5`-AGCCGATGGGTTGTACCTTGT-3`

rev

5`-TGAGATAGCAAATCGGCTGAC-3`

for

5`-GCCGCTAGAGGTGAAATTCTTG-3`

rev

5`-CATTCTTGGCAAATGCTTTCG-3`

Gene
XBP1

Primers
for

5’-TGAGAACCAGGAGTTAAGAACACGC-3’

rev

5’-TTCTGGGTAGACCTCTGGGAGTTCC-3’

