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Endurance training in mice increases the unfolded
protein response induced by a high-fat diet
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Abstract Certain conditions, such as several weeks of
high-fat diet, disrupt endoplasmic reticulum (ER) ho-
meostasis and activate an adaptive pathway referred as
the unfolded protein response. When the unfolded
protein response fails, the result is the development
of inflammation and insulin resistance. These two
pathological states are known to be improved by reg-
ular exercise training but the mechanisms remain
largely undetermined. As it has recently been shown
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that the unfolded protein response is regulated by
exercise, we hypothesised that concomitant treadmill
exercise training (HFD+ex) prevents ER homeostasis
disruption and its downstream consequences induced
by a 6-week high-fat diet (HFD) in mice by activating
the protective unfolded protein response. Several well-
documented markers of the unfolded protein response
were measured in the soleus and tibialis anterior
muscles as well as in the liver and pancreas. In HFD
mice, an increase in these markers was observed (from
2- to 15-fold, P<0.05) in all tissues studied. The
combination of HFD+ex increased the expression of
several markers further, up to 100 % compared to
HFD alone (P<0.05). HFD increased inflammatory
markers both in the plasma (IL-6 protein, 2.54+0.52-
fold; MIP-1« protein, 1.3£0.13-fold; P<0.05) and in
the tissues studied, and treadmill exercise attenuated
the inflammatory state induced by HFD (P<0.05).
However, treadmill exercise could not reverse HFD-
induced whole body glucose intolerance, assessed by
OGTT (AUC, 1.8+0.29-fold, P<0.05). In conclusion,
our results show that a HFD activated the unfolded
protein response in mouse tissues in vivo, and that
endurance training promoted this response. We spec-
ulate that the potentiation of the unfolded protein
response by endurance training may represent a posi-
tive adaptation protecting against further cellular
stress.

Keywords Skeletal muscle - ER stress - BiP/GRP7S -
XBP1 - Caspase 12
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Introduction

The endoplasmic reticulum (ER) is a key organelle, in
which the folding and post-translational modifications
of proteins occur. It is also crucial in the selection and
transport of proteins to other compartments both with-
in and outside of the cell. Certain stress conditions,
such as high lipids, glucose deprivation and increased
synthesis of secretory proteins, disrupt ER homeosta-
sis and lead to the accumulation of unfolded or mis-
folded proteins in the ER lumen [36]. To cope with
this stress, cells activate a signal transduction system
that links the ER lumen to the cytoplasm and the
nucleus; this process is referred to as the unfolded
protein response [22, 27, 33]. The unfolded protein
response is required for the restoration of normal ER
function through three main unfolded protein response
transducers: ATF6 (activating transcription factor 6);
IREl«x (inositol-requiring enzyme 1 alpha); and
PERK (protein kinase R-like ER protein kinase). Each
of these factors associates with the protein chaperone
BiP/GRP78 (binding protein/glucose regulated-
protein 78), a member of the Hsp70 (heat shock pro-
tein 70) family, in its inactive state. Upon accumula-
tion of unfolded/misfolded proteins in the ER lumen,
ATF6, IREl«, and PERK are released from BiP/
GRP78 and become activated. The downstream effec-
tors of these three pathways induce the expression of
genes, such as XBP1l (X box binding protein 1),
CHOP [C/EBP (CCAAT/enhancer binding protein)
homologous protein] and ATF4 (activating transcrip-
tion factor 4), which encode proteins that function to
augment the ER protein-folding capacity.

When the unfolded protein response fails, the result is
cell death, usually in the form of apoptosis triggered by
the cleavage of pro-caspase 12 at the ER membrane [30,
35]. In addition to apoptosis, ER stress can increase
inflammatory state [18] and decrease glucose tolerance
by two distinct processes. First, ER stress in pancreatic
islets results in dysfunctional beta-cells and in immature
insulin release in the blood [21, 33]. Second, ER stress
in peripheral insulin-sensitive tissues such as liver and
adipose tissue leads to an increase in JNK (c-Jun N-
terminal kinase)-mediated serine phosphorylation of
IRS-1 (insulin receptor-substrate 1) and thereby to inhi-
bition of insulin action via decreased signalling to Akt/
PKB (protein kinase B) [31].

However, it is not clear whether similar effects
occur in skeletal muscle. Using two different models
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of high-fat-fed mice, we recently showed that the
unfolded protein response was increased in skeletal
muscles [6] although we could not confirm those
results in human skeletal muscle [7]. Since exercise
is known to prevent glucose intolerance and to reduce
inflammatory state, endurance training has been
hypothesised to reduce ER stress previously induced
by high-fat feeding in rat adipose and hepatic tissues
[5]. The conclusions of the previous study were that
swimming reduced pro-inflammatory molecules and
ER stress markers and increased Akt/PKB phosphor-
ylation in adipose and hepatic tissues of diet-induced
obese rats. While the results of the previous study are
important for understanding the mechanisms of the
beneficial effects of exercise in obesity and diabetes,
one could ask if the same occurs in skeletal muscle,
proportionally the most important tissue by weight in
the body. The aim of the present study was thus to
determine whether contractile activity alters the un-
folded protein response in skeletal muscle and whole
body glucose tolerance in 6-week high-fat-fed mice.
Liver and pancreas were studied at the same time to
detect whether the potential regulation of the unfolded
protein response by exercise is tissue-specific.

Materials and methods
Animals and diets

Two-month-old female C57BL/6 J mice (Laboratory
of Experimental Surgery) were housed in groups of six
or seven per cage at 22 °C in a 12 h light/dark cycle
and were given free access to diet and water. After
1 week acclimation, mice were randomly assigned to
either a control group (Ctrl, n=7), a sedentary high-fat
diet group (HFD, n=7) and a high-fat diet group that
was simultaneously exercise trained (HFD+ex, n=06).
The control group ate standard chow, while the two
other groups received a diet containing 49.5 g fat (corn
oil and lard)/100 g, 37 g protein (cow milk casein)/
100 g and <1 g carbohydrate/100 g. This represents, in
% total energy: 72 % fat, 28 % protein, and <1 %
carbohydrate (UAR). This diet is known to induce a
marked diabetic and metabolic stress state [2, 3]. Al-
though a lack of carbohydrates per se has been shown
to activate ER stress [13], we recently evidenced that a
45 % HFD containing 35 % carbohydrates induced the
unfolded protein response in a way similar to the
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present diet, indicating that a lack of carbohydrates is
not the principal factor inducing the unfolded protein
response in skeletal muscle [7]. All mice experiments
were approved by the local committee and the housing
conditions were as specified by the Belgian Law of
November 14, 1993 on the protection of laboratory
animals (agreement no. LA 1220548).

Exercise training protocol

The results of the Ctrl and the HFD groups have been
partially published in a previous study [6], the purpose
of which was to evidence the presence of ER stress in
skeletal muscle of sedentary high-fat-fed mice. The
data of the HFD+ex group were acquired at the same
time as the Ctrl and HFD groups. In order to study the
effect of contractile activity, mice assigned to the HFD
+ex group exercised on a treadmill 5 days per week
for 6 weeks. Initially, mice were progressively accli-
mated to the treadmill during a period of 2 weeks from
7 m/min for 3040 min to 12 m/min for 60 min. For
the remainder of the experiment, mice trained at a
treadmill speed of 12 m/min for 60 min. During the
whole experiment, the slope of the treadmill was equal
to zero. According to pre-experiments on mice of
exactly the same strain, same origin (Laboratory of
Experimental Surgery), same gender and same age,
this speed corresponds to approximately 70 % of the
maximal velocity of the mice. The maximal velocity
was determined thanks to an incremental exercise test
on a flat treadmill mill (no slope). The starting velocity
was 8 m'min ' and was increased by 2 m'min”' every
2 min until exhaustion. The maximal velocity was
defined as the velocity of the last stage completed by
the animals.

Tissue and blood samples

At the end of the 6 weeks and 48 h after the last
exercise session, 6-h-fasted mice were terminally
anaesthetized by intra-peritoneal injection of sodium
pentobarbital solution (using 60 mg/kg of body
weight, Nembutal®, Sanofi). Tibialis anterior and so-
leus muscles, liver, pancreas and visceral fat were
removed as fast as possible and immediately frozen
in liquid nitrogen. The visceral fat corresponds to the
mesenteric fat present along the gastrointestinal tract.
This fat depot was separated from the pancreas and the
mesenteric ganglion was precisely dissected. Cava

vein blood samples were collected in EDTA tubes;
after centrifugation (10 min at 1,500xg), plasma was
stored at —80 °C.

Protein extraction, SDS/PAGE and immunoblotting

Approximately 10-20 mg of frozen tissue were
ground in a mortar and homogenized in ice-cold buffer
[20 mM Tris, pH 7.0, 270 mM sucrose, 5 mM EGTA,
1 mM EDTA, 1 % Triton X-100, 1 mM sodium
orthovanadate, 50 mM sodium [-glycerophosphate,
5 mM sodium pyrophosphate, 50 mM sodium fluo-
ride, 1 mM DTT (1,4-dithiothreitol) and a protease
inhibitor cocktail containing 1 mM EDTA (Roche
Applied Science)] for 5 min on ice. The homogenates
were then centrifuged for 10 min at 10,000xg and the
supernatants were immediately stored at —80 °C. Pro-
tein concentration was determined using the DC pro-
tein assay kit (Bio-Rad Laboratories).

Cell lysates (60 pg for skeletal muscle proteins and
30 pg for pancreatic and hepatic proteins) were com-
bined with Laemmli sample buffer and separated by
SDS/PAGE. After electrophoretic separation at 40 mA
for 1 h, the proteins were transferred to a PVDF
membrane at 80 V for 2 h for western blot analysis.
Membranes were then incubated in a 5 % Blotto
solution. Subsequently, membranes were incubated
with the following antibodies overnight at 4 °C: BiP,
PDI (protein disulfide isomerase), MBTPS2 (mem-
brane-bound transcription factor protease site 2),
IREl«, PERK, phospho-PERK Thr 980, phospho-
p38 (p38 protein kinase) Thr 180/Tyr 182, phospho-
JNK Thr 183/Tyr 185, phospho-IKK (I-kappa-B ki-
nase) Ser 176/180, SDH (succinate dehydrogenase)
and GAPDH. All antibodies were from cell signalling
except PERK and GAPDH from Abcam and SDH
from Santa Cruz.

Membranes were washed in TBST and incubated
for 1 h at room temperature in a secondary antibody
conjugated to horseradish peroxidase (1:10,000, Sig-
ma). After an additional three washes, chemilumines-
cence detection was carried out using an Enhanced
Chemiluminescent Western blotting kit (ECL Plus,
Amersham Biosciences). The films were then scanned
on an ImageScanner using the Labscan software and
quantified with the Image Master 1D Image Analysis
Software (Amersham Biosciences). Results are
reported relative to GAPDH. A value of 1 was arbi-
trarily assigned to the control conditions which were
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used as a reference for the high-fat and high-fat plus
exercise values.

RNA extraction and quantitative real-time PCR

About 10-20 mg of frozen tissue samples were homog-
enized in TriPure reagent (Roche) using a Polytron.
Total RNA was extracted according to the instructions
provided by the manufacturer (Roche Diagnostics).
RNA was quantified by spectrophotometry (260 nm)
and its concentration adjusted to 1 pg/pl using RNase-
free water. Since soleus muscles were very small (about
5-6 mg), the RNA concentrations obtained after extrac-
tion were too low to perform the reverse transcription
reaction. For tibialis anterior and liver, cDNA was pre-
pared by reverse transcription of 1 pg total RNA using
the reverse transcription system (Promega). Real-time
PCR was performed with a STEP one PLUS instrument
and software (Applied Biosystems) using SYBR®Green
PCR Master Mix (Applied Biosystems) for detection.
Real-time PCR primers were designed (Table 1) for
mouse CHOP, ATF4, spliced (s) XBP1, unspliced (u)
XBP1, IL-1 (interleukin-1), IL-6 (interleukin-6), NAD-
PHox (nicotinamide adenine dinucleotide phosphate
oxidase) and RPL-19 (ribosomal protein L19). Specific
primers were designed to recognize the spliced, or ac-
tive, form of XBP1 (XBP1s) versus the unspliced form
(XBP1u). RPL-19 was used as the “house keeping”
gene. All tissues were run in duplicate in a single 96-
well reaction plate (MicroAmp Optical, Applied Bio-
systems) and data were analysed according to the 22T
method. The identity and purity of the amplified product

Table 1 Primer sequences

was checked through analysis of the melting curve
carried out at the end of amplification. A value of 1
was arbitrarily assigned to the control condition to
which the high-fat and the high-fat plus exercise values
were reported.

Oral glucose tolerance test

An oral glucose tolerance test (OGTT) (gavage with
1 mg glucose/g body weight; 20 % glucose solution)
was performed on 6-h-fasted mice at the end of the 6-
week treatment and 24 h after the last training session.
Blood glucose was determined with a glucose meter
(Roche Diagnostics) on 3.5 pl of blood collected from
the tip of the tail vein, 30 min before and 0, 15, 30, 60,
90 and 120 min following glucose injection.

Cytokines quantification

Cytokines were determined in 12 pl of plasma using a
kit (Bio-Plex Multiplex; Bio-Rad) and measured using
Luminex technology (Bio-Plex; Bio-Rad) as previously
described [4]. Insulin was measured in 5 pl of plasma
using an ELISA kit (Mercodia, Upssala, Sweden).

Statistical analysis

The difference between the three groups was tested for
significance using a one-way analysis of variance.
When significant, Student-Newman—Keuls post hoc
tests were applied. The significance threshold was set
to P<0.05. Results are presented as means+SEM.

Forward Reverse
CHOP CCT AGC TTG GCT GAC AGA GG CTG CTC CTT CTC CTT CAT GC
ATF4 GAG CTT CCT GAA CAG CGA AGT G TGG CCA CCT CCA GAT AGT CAT C
XBPlu TGA GAA CCA GGA GTT AAG AAC ACG C TTC TGG GTA GAC CTC TGG GAG TTC C
XBPls GAG TCC GCA GCA GGT G GTG TCA GAG TCC ATG GGA
IL-1 TCG CTC AGG GTC ACA AGA AA CAT CAG AGG CAA GGA GGA AAA C
IL-6 ACA AGT CGG AGG CTT AAT TAC ACAT TTG CCATTG CAC AAC TCT TTT C
NADPHox TTG GGT CAG CAC TGG CTC TG TGG CGG TGT GCA GTG CTATC
RPL-19 GAA GGT CAA AGG GAATGT GTT CA CCT TGT CTG CCT TCA GCT TGT

Sequences of primers used for mRNA quantification by real-time RT-PCR CHOP

C/EBP (CCAAT/enhancer binding protein) homologous protein, A7F4 activating transcription factor 4, XBPIu unspliced X Box
binding protein 1, XBPIs spliced X Box binding protein 1, /L-/ interleukin-1, /L-6 interleukin-6, NADPHox nicotinamide adenine

dinucleotide phosphate oxidase, RPL-19 ribosomal protein L19

@ Springer
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Results

Endurance training reduces gain in body weight
induced by high-fat diet

Throughout the 6 weeks of experiment, mice fed with
anormal diet increased body weight by 20 % (Fig. 1a).
At the end of the 6 weeks, HFD mice weighed 10 %
more than control mice (P<0.05 at week 5 and
P=0.088 at week 6). Running reduced the body
weight gain induced by the HFD by about a half
(P<0.05). In the same way, HFD increased visceral
fat content by 50 % (P<0.05, Fig. 1b—c) compared to
control mice whereas running while eating a HFD
tended to reduce this gain.

Endurance training increases succinate dehydrogenase
expression

The efficacy of the endurance training protocol was
assessed by measuring SDH expression. The latter
almost doubled in soleus (P<0.001) and tibialis

A Weight (g)
30
—&-— Cul
25 —V-HFO * * p=0.088
—— HFD+ex
20
15 * *
X .
0 1 2 3 4 5 6
Time (weeks)
) Cc .. ;
Visceral fat (mg) Visceral fat/body weight
500 - W Cir 0.020 -
[ HFD
| I HFD
400 - 0.015 - .
300 - : I
0.010 -
2004 . .
100 4 0.005 -
0- 0.000 -

Fig. 1 Body weight and visceral fat content. Mice were
weighed each week (a). Visceral fat content was weighed at
the end of the 6 weeks (b) and reported to body weight (c).
Results are expressed as the means+SEM. Ctrl, control; HFD,
high-fat diet; HFD+ex, high-fat diet plus exercise. ¥P<0.05 vs
Ctrl; §P<0.05, §§P<0.01 vs HFD

SDH expression (foldbasal)

37 gg —-Ctrl
55§ e == HFD
2 dedk m HFD+ex
| m
0 I
SoH [ —] [ = | |
GAPDH | —] [ ] [ |
Soleus Tibialis Liver

Fig. 2 Succinate dehydrogenase as a marker of endurance
training. SDH expression in soleus, tibialis anterior and liver after
6 weeks HFD or HFD+ex. Results are expressed as the means=+
SEM. Ctrl, control; HFD, high-fat diet; HFD+ex, high-fat diet plus
exercise. *¥P<0.01, ***P<0.001 vs Ctrl; ¥P<0.01, $¥¥P<0.001
vs HFD

anterior (P<0.01) muscles, as compared to untrained
mice, whereas it was not modified in the liver (Fig. 2).

High-fat diet increases unfolded protein response
in skeletal muscle

Several unfolded protein response markers were
higher in skeletal muscles of HFD than in control mice
(Fig. 3a and b and [6]). The changes were more
pronounced in slow-type soleus muscle (Fig. 3a) than
in fast-type tibialis anterior muscle (Fig. 3b). In the
soleus, high-fat diet increased the protein expression
of BiP (P<0.05) and MBTPS2 (P<0.001) eightfold as
well as IREla (P<0.05) and PERK (P<0.05) five-
fold. The role of MBTPS2 is to cleave ATF6 into a
functional transcription factor. In soleus, PERK was
only detectable in its unactivated non-phosphorylated
form. In tibialis anterior, HFD doubled BiP (P<0.05)
and IREl« (P<0.05) levels and increased the expres-
sion of PERK 15-fold (P<0.001). Since PERK phos-
phorylation was unchanged by HFD, the ratio of
phospho-PERK/PERK was decreased, suggesting that
the relative activity of PERK was reduced in HFD
(Fig. 3b). High-fat diet also induced the unfolded
protein response in liver (Fig. 3c) and in pancreas
(Fig. 3d). PDI, IRElx and MBTPS2 protein levels
were more than doubled and PERK phosphorylation
was increased fourfold in the liver (P<0.05). In the
pancreas, IRElx expression was increased by three-
fold (P<0.05), MBTPS2 by twofold (P<0.05) and
total PERK by sixfold (P<0.01). It is of note that the
antibody against PDI used in this study resulted in a
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Fig. 3 Endoplasmic reticulum stress markers. Protein expres-
sion of BiP, PDI, IRE1, MBTPS2, PERK and phosphorylation
state of PERK in soleus (a), tibialis anterior (b), liver (¢) and
pancreas (d) and mRNA level of CHOP, ATF4, XBP1s, XBPlu
(e, f) and NADPHox (g, h) in tibialis anterior (e, g) and liver (f,
h) after 6 weeks HFD or HFD+ex. Results are expressed as the
means+=SEM. A value of 1 was arbitrarily assigned to the
control conditions to which the HFD and HFD+ex values were
reported and expressed as foldbasal. BiP binding protein, PD/
protein disulfide isomerase, /RE! inositol-requiring enzyme 1,

diffuse signal that was not quantifiable due to the two
isoforms expressed only in the pancreas [8].

Since ER stress induces responses at both the trans-
lational and the transcriptional levels, we also analysed
the mRNA levels of some well-documented ER stress
markers: CHOP, ATF4, XBP1s and XBP1u (Fig. 3e and
f) [11, 16]. Whereas the mRNA level of these markers
was not affected by HFD in the tibialis anterior (Fig. 3e),
CHOP was increased by 30 % (P<0.05) and XBP1u by
200 % (P<0.001) in the liver (Fig. 3f). NADPH oxidase
is a major player in the production of reactive oxygen
species which are known to trigger ER stress and to
play a role in the pathogenesis of diabetes [14]. High-fat
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MBTPS2 membrane-bound transcription factor protease site 2,
PERK protein kinase R-like ER protein kinase, CHOP C/EBP
(CCAAT/enhancer binding protein) homologous protein, ATF4
activating transcription factor 4, XBPIu unspliced X Box bind-
ing protein 1, XBPls, spliced X Box binding protein 1 NAD-
PHox nicotinamide adenine dinucleotide phosphate oxidase.
Ctrl control, HFD high-fat diet, HFD+ex high-fat diet plus
exercise. *P<0.05, **P<0.01, ***P<0.001 vs Ctrl; $P<0.05,
$$P<0.01, $99P<0.001 vs HFD

diet doubled NADPHox mRNA level in both the
tibialis anterior muscle (Fig. 3g) and the liver (Fig. 3h)
(P<0.05).

Compared to the effects of HFD alone, endurance
training did not induce many profound changes in ER
stress markers. Endurance training increased the expres-
sion of a few markers more than HFD alone, as observed
for PERK in the soleus (P<0.05, Fig. 3a) and in the liver
(P<0.01, Fig. 3c), for BiP in the tibialis anterior (P<0.05,
Fig. 3b) and for MBTPS2 in the pancreas (P<0.01,
Fig. 3d). Interestingly, endurance training reversed the
increase in NADPHox mRNA level induced by a HFD in
the tibialis anterior (P<0.05, Fig. 3g).
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Endurance exercising while fed with a high-fat diet
increases caspase 12 expression and cleavage

High-fat diet alone had no effect on caspase 12 expres-
sion or cleavage in any tissue studied. The cleavage
of caspase 12 however was increased in HFD+ex condi-
tion in the soleus (P<0.05, Fig. 4a), tibialis anterior
(P<0.001, Fig. 4b), liver (P<0.01, Fig. 4c) and pancreas
(P<0.05, Fig. 4d). It is of note that cleaved caspase 12
was not detectable in control conditions in the tibialis
anterior (Fig. 4b) and in the liver (Fig. 4c) whereas total
caspase 12 was observed. Endurance exercising while
fed with a HFD also increased the total form of caspase
12 compared to control or HFD alone in the soleus
(P<0.05, Fig. 4a) and liver (P<0.01, Fig. 4c).

Regulation of inflammation markers is tissue specific

JNK and IKK/NFkB have been implicated in insu-
lin resistance and inflammation induced by ER

Un- and cleaved caspase 12 (foldbasal)
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Fig. 4 Apoptosis marker. Caspase 12 expression and cleavage
in soleus (a), tibialis anterior (b), liver (¢) and pancreas (d) after
6 weeks HFD or HFD+ex. Results are expressed as the means=+
SEM. A value of 1 was arbitrarily assigned to the control
conditions to which the HFD and HFD+ex values were reported
and expressed as foldbasal. Ct#r/ control, HFD high-fat diet,
HFD+ex high-fat diet plus exercise. ¥*P<0.05, **P<0.01,
##£p<0.001 vs Ctrl; $P<0.05, $°P<0.01, $%%P<0.001 vs HFD

stress through the IRElx pathway [12, 14]. In
our hands, these two pathways seem to be regulated
independently since phospho-IKK was increased by
HFD in the soleus (P<0.05, Fig. 5a) whereas in
the liver (P<0.05, Fig. 5c¢) and in the pancreas
(P<0.001, Fig. 5d), HFD increased phospho-JNK
without affecting phospho-IKK. Phospho-p38
was only enhanced in the tibialis anterior (P<0.05,
Fig. 5b). All these results indicate that the pathways

Phosphorylation state (foldbasal)
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Fig. 5 Inflammation markers. Phosphorylation state of JNK,
IKK and p38 in soleus (a), tibialis anterior (b), liver (¢) and
pancreas (d) and mRNA level of IL-1 and IL-6 in tibialis
anterior (e) and liver (f) after 6 weeks HFD or HFD+ex. Results
are expressed as the means=SEM. A value of 1 was arbitrarily
assigned to the control conditions to which the HFD and HFD
+ex values were reported and expressed as foldbasal. JNK Jun
N-terminal kinase, /KK I-kappa-B kinase, p38 p38 protein ki-
nase, IL-1 interleukin-1, /L-6 interleukin-6. Ctrl control, HFD
high-fat diet, HFD+ex high-fat diet plus exercise. *P<0.05,
#£P<0.01, ##*P<0.001 vs Ctrl; $*P<0.01, $¥3P<0.001 vs HFD
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known to be switched on by inflammation were reg-
ulated in a tissue-specific manner by HFD feeding
and that exercise did not significantly reverse this
effect except in the pancreas, in which phospho-
JNK mice reached a similar level in control and
HFD+ex mice.

To evaluate the further implication of this
inflammation-induced signalling by HFD, we mea-
sured the mRNA level of IL-1 and IL-6 in the tibialis
anterior (Fig. 5e) and liver (Fig. 5f) as well as the
plasma level of several pro- and anti-inflammatory
cytokines (Table 2). IL-1 is a master mediator and
initiator of inflammation in several tissues [24] and
its mRNA expression has recently been shown to be
also regulated in mouse skeletal muscle [20]. IL-1
mRNA level was increased (P<0.001, Fig. 5¢) and
IL-6 decreased (P<0.05, Fig. 5¢) by HFD in the
tibialis anterior and were unchanged in the liver
(Fig. 5f). Exercise reversed the HFD-induced in-
crease in IL-1 (P<0.001, Fig. 5e) but not the decrease
in IL-6 mRNA in the tibialis anterior. The effects of
exercise were more pronounced at the plasma level
where it reduced the high-fat diet increase in IL-6 and
MIP-1x concentrations (P<0.05, Table 2). Endur-
ance exercising while high-fat fed also decreased
the levels of circulating IL-15 compared to sedentary
normally fed mice and MCP-1 compared to sedentary

Table 2 The cytokine concentrations are expressed in pg/ml

Ctrl HFD HFD-+ex
IL-Tex 34+11.3 20+3.5 17+£2.7
IL-13 26+6.2 18+2.5 32+11.3
IL-6 22433 56+11.3* 35£6.1%*
IL-10 43+14.0 112+24.3 232+122.5
IL-15 306+27.2 257+17.8 210+16.5%
IL-18 440+107.7 593+189.8 228+52.0
MCP-1 107+13.1 120+12.4 T247.5%**
MIP-1x 139+10.6 178+18.7* 129+£12.6%*
TNF-o 26+6.4 14+1.2 16+3.6

Values are expressed as the means+SEM

IL-1« interleukin-1 alpha, [L-1[ interleukin-1 beta, IL-6
interleukin-6, /L-10 interleukin-10, /L-15 interleukin-15, IL-18
interleukin-18, MCP-1 monocyte chemotactic protein-1, MIP-
lo macrophage inflammatory protein-1 alpha, TNFo tumor
necrosis factor alpha, Ct#r/ control, HFD high-fat diet, HFD
+ex high-fat diet plus exercise

*P<0.05 vs Ctrl; **P<0.05 vs HFD
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normally fed and high-fat-fed mice (P<0.05,
Table 2).

High-fat diet-induced glucose intolerance is not
reversed by endurance training

Mice fed a HFD were glucose intolerant as indicated
by the OGTT performed at the end of the 6 weeks
(Fig. 6a). For the same amount of glucose given orally,
plasma glucose concentrations remained elevated up
to 90 min after gavage (P<0.05) whereas plasma
insulin concentrations were not different between
groups (Fig. 6a). The area under the curve was in-
creased by 1.8-fold by the HFD (P<0.05, Fig. 6b) and
was not reduced by exercise. The OGTT indicates that
low intensity running while eating a HFD did not
reverse the glucose intolerant state induced by HFD
alone.

A Insulin (pmolfl)
20 - Ctr HFD HF D+ex
-30min 172+ 197 17441594 10119.0
15min 301+ 612 306637 3221276
£15
[=} wok
E —e— Ctrl
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w
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Fig. 6 OGTT test. An oral glucose tolerance test (OGTT) was
performed on 6-h-fasted mice at the end of the 6-weeks treat-
ment and 24 h after the last training session. (a) Plasma glucose
and insulin concentrations after the oral glucose load. (b) Area
under curve (AUC) of the glucose excursion after the oral
glucose load. Results are expressed as the means+SEM. Ctr/
control, HFD high-fat diet, HFD+ex high-fat diet plus exercise.
*P<0.05, **P<0.01 vs Ctrl
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Discussion

The main findings of the present study are that: (1)
endurance training attenuated the inflammatory state
induced by a HFD in mice without reversing whole
body glucose intolerance; (2) endurance training in-
creased the unfolded protein response induced by a
HFD in mice.

The present results are different from those
obtained in a recently published study showing that
swimming reduced ER stress in adipose and hepatic
tissues of diet-induced obese rats [5]. One major dif-
ference of the later study with the current study is that
rats were high-fat-fed for 2 months before starting
exercise training. One could postulate that rats were
accustomed to the HFD and that a new homeostasis
level was reached before the stress of physical activity
was added, so that the beneficial effects of exercise
could be exerted. This was not the case in the present
study as both HFD and treadmill exercise began at
the same time, each stress potentially exacerbating
the other. It is also possible that the lipid percentage
or nature of the diet and/or the intensity or nature
of exercise could explain the opposite results. These
hypotheses are further discussed below.

Our data show that several markers of the unfolded
protein response were up-regulated following 6 weeks
on a high-fat diet and that the effect was greatest in the
postural muscles. In the tonically active soleus muscle,
BiP, IRE1, MBTPS2 and PERK protein levels were
increased more than fivefold. In the more phasically
active tibialis anterior muscle, these changes were less
pronounced. The difference could be due to greater
susceptibility of oxidative fibers to a high-fat diet, an
additive effect of contractile activity and high-fat diet
on ER stress, or increased uptake of fatty acids in the
soleus due to its higher metabolic requirements.

When the unfolded protein response is not suffi-
cient to cope with ER stress, inflammation and insulin
resistance may develop. The inflammation and insulin
resistance may directly result from an activation of
IRElx during the unfolded protein response, since
IREl«, in turn, triggers the JNK and IKK/NFkappaB
pathways [12, 31]. Indeed, high-fat feeding activated
IRE1x as well as JNK and IKK, a kinase upstream of
NFkappaB. However, in no tissue was a simultaneous
activation of JNK and IKK observed. High-fat diet
also increased plasma levels of cytokines such as IL-
6 and MIP-1x and this was associated with whole

body glucose intolerance as demonstrated by the
OGTT. Taken together, these data confirm that mild
chronic inflammatory state and glucose intolerance
were induced by our high-fat diet.

After having shown that a high-fat diet induced the
unfolded protein response, a mild inflammatory state
and glucose intolerance, we tested whether contractile
activity in the form of endurance exercise could
reduce these responses. The intensity of the exercise
(12 m/min) corresponded to ~70 % of the average
maximal running speed of untrained mice, as measured
in preliminary experiments, or to ~75 % of VO,max
[28]. We chose this intensity as it has been shown to
enhance lipid oxidation in mice skeletal muscle [9, 25].
Hence, we expected this form of exercise to reduce the
deleterious effects of a high-fat diet by oxidizing more
of the consumed fatty acids. The increase in muscle
SDH expression observed after 6 weeks in the exercised
mice indicates that the training was efficient in increas-
ing aerobic metabolism. At the end of the training
period, we observed an increase in markers of the un-
folded protein response, some of them being even more
elevated than in the HFD group without exercise. The
increase in the unfolded protein response indicates a
greater degree of ER stress with concomitant high-fat
diet and exercise. Since exercise at 75 % of VO,max
increases the mobilization of fatty acids, exercising
while consuming a high-fat diet could potentially result
in a greater increase in fatty acid uptake [26] and there-
fore a lipid-dependent ER stress. Although not men-
tioned, it is likely that the intensity of swimming was
less than running and that mobilization of fatty acids
was less in the study of da Luz [5], potentially partially
explaining the fact that exercise was able to reduce ER
stress in obese rats.

Since exercise is known to improve glucose toler-
ance, we hypothesized that if ER stress is implicated in
the development of glucose intolerance, exercise train-
ing would simultaneously reduce ER stress and glu-
cose intolerance. Six weeks of treadmill running did
reduce the plasma levels of several pro-inflammatory
cytokines (IL-6, MCP-1 and MIP-1«). However, the
exercise protocol used in the current study was not
effective in reducing either ER stress or whole body
glucose intolerance induced by a high-fat diet. It is
possible that, in the present study, the intensity and/or
the duration of the exercise sessions were not suffi-
cient to counteract glucose intolerance caused by a
high-fat diet. It has been reported that treadmill
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exercise had only a mild effect on high-fat diet-
induced glucose intolerance when training sessions
were performed for 1 h during 6-8 weeks [10, 32] or
for 3 h during 3 weeks [29]. However, when animals
have had free access to a wheel, and exercise for
approximately five- to tenfold longer periods of time,
insulin resistance induced by high-fat feeding had
been shown to be improved [1, 19]. Another possibil-
ity is that the fat content of the diet was too high for
allowing beneficial effect of exercise on whole body
glucose tolerance to be observed. Yet, this percentage
of fat is seen in diets used in human during carbohy-
drates free regimen. In the current study, 70 % of the
energy in the high-fat diet was derived from fat,
whereas studies showing a positive effect of exercise
on glucose tolerance, either due to wheel running,
treadmill running, or swimming, used diets containing
about 4045 % fat [1, 10] or used diets containing the
same percentage of fat (60—70 %) for a shorter period
of time (3 weeks) [15, 19]. It is also possible that the
fatty acid composition of the diet, i.e. highly saturated,
could have contributed to the lack of effect of the
exercise training.

We recognize that a limitation of the present study is
the lack of an exercised group not receiving a high-fat
diet. This would have allow to discriminating the effect
of exercise per se as high-fat feeding and a lack of
carbohydrates are known to induce metabolic adapta-
tions and to influence exercise performance [23]. How-
ever, the purpose was to determine molecular
mechanisms by which exercise exerts beneficial effects
in high-fat-fed and obese animals and our results allow
to answer this question. Our results support the idea that
exacerbation of the high-fat diet-induced unfolded pro-
tein response by endurance exercise might improve ER
homeostasis and consequently might protect against
inflammation and extend previous similar results in lean
mice [34] and human [17]. A single moderate-intensity
exercise bout activated the unfolded protein response in
skeletal muscle of lean mice, whereas the activation was
less or even repressed for some markers after several
training sessions. The authors concluded that moderate
exercise and the accompanying physiological ER stress
in skeletal muscle may lead to adaptation and protect
skeletal muscle against further stress [34]. The same
potential mechanism of defence has been observed after
a 200-km run in human skeletal muscle [17].

In conclusion, we have shown that endurance train-
ing attenuated the inflammatory state induced by a

@ Springer

HFD in mice without reversing whole body glucose
intolerance and that endurance training increased the
unfolded protein response induced by a HFD in mice.
We speculate that the potentiation of unfolded protein
response by endurance training may represent a posi-
tive adaptation protecting against further cellular
stress. Different exercise protocols, in terms of fre-
quency, intensity and duration should be tested to
identify the effect of exercise per se on ER stress
markers in skeletal muscle.

Acknowledgements The authors would like to thank Damien
Naslain, Delphine Robin, Gang-Li An and Vincent d’Harveng
for their technical assistance.

Grants This work was supported by the Fonds National de la
Recherche Scientifique (Belgium), by the Université catholique
de Louvain (FSR) and by the Chaire Delhaize (Belgium). At the
time of data collection, L. Deldicque was a postdoctoral fellow
from the FRS-FNRS (Fonds de la Recherche Scientifique),
Belgium. P. Cani is Research Associate from the FRS-FNRS,
Belgium.

Disclosure The authors have nothing to disclose.

References

1. Bradley RL, Jeon JY, Liu FF, Maratos-Flier E (2008) Vol-
untary exercise improves insulin sensitivity and adipose
tissue inflammation in diet-induced obese mice. Am J Phys-
iol Endocrinol Metab 295:586-594

2. Cani PD, Amar J, Iglesias MA, Poggi M, Knauf C, Bastelica
D, Neyrinck AM, Fava F, Tuohy KM, Chabo C, Waget A,
Delmee E, Cousin B, Sulpice T, Chamontin B, Ferrieres J,
Tanti JF, Gibson GR, Casteilla L, Delzenne NM, Alessi MC,
Burcelin R (2007) Metabolic endotoxemia initiates obesity
and insulin resistance. Diabetes 56:1761-1772

3. Cani PD, Knauf C, Iglesias MA, Drucker DJ, Delzenne
NM, Burcelin R (2006) Improvement of glucose tolerance
and hepatic insulin sensitivity by oligofructose requires a
functional glucagon-like peptide 1 receptor. Diabetes
55:1484-1490

4. Cani PD, Possemiers S, Van de Wiele T, Guiot Y, Everard
A, Rottier O, Geurts L, Naslain D, Neyrinck A, Lambert
DM, Muccioli GG, Delzenne NM (2009) Changes in gut
microbiota control inflammation in obese mice through a
mechanism involving GLP-2-driven improvement of gut
permeability. Gut 58:1091-1103

5. da Luz G, Frederico MJ, da SS, Vitto MF, Cesconetto PA,
de Pinho RA, Pauli JR, Silva AS, Cintra DE, Ropelle ER,
De Souza CT (2011) Endurance exercise training amelio-
rates insulin resistance and reticulum stress in adipose and
hepatic tissue in obese rats. Eur J Appl Physiol

6. Deldicque L, Cani PD, Philp A, Raymackers JM, Meakin
PJ, Ashford ML, Delzenne NM, Francaux M, Baar K



ER stress, high-fat diet and exercise

225

11.

13.

14.

15.

16.

17.

18.

19.

20.

21.

(2010) The unfolded protein response is activated in skeletal
muscle by high-fat feeding: potential role in the downregu-
lation of protein synthesis. Am J Physiol Endocrinol Metab
299:E695-E705

. Deldicque L, Van Proeyen K, Francaux M, Hespel P (2010)

The unfolded protein response in human skeletal muscle is
not involved in the onset of glucose tolerance impairment
induced by a fat-rich diet. Eur J Appl Physiol

. Desilva MG, Notkins AL, Lan MS (1997) Molecular char-

acterization of a pancreas-specific protein disulfide isomer-
ase, PDIp. DNA Cell Biol 16:269-274

. Dzamko N, Schertzer JD, Ryall JG, Steel R, Macaulay SL,

Wee S, Chen ZP, Michell BJ, Oakhill JS, Watt MJ, Jorgensen
SB, Lynch GS, Kemp BE, Steinberg GR (2008) AMPK-
independent pathways regulate skeletal muscle fatty acid ox-
idation. J Physiol 586:5819-5831

. Gauthier MS, Couturier K, Latour JG, Lavoie JM (2003)

Concurrent exercise prevents high-fat-diet-induced macro-
vesicular hepatic steatosis. J Appl Physiol 94:2127-2134
Gregor MF, Hotamisligil GS (2007) Thematic review series:
adipocyte biology. Adipocyte stress: the endoplasmic retic-
ulum and metabolic disease. J Lipid Res 48:1905-1914

. Hu P, Han Z, Couvillon AD, Kaufman RJ, Exton JH (2006)

Autocrine tumor necrosis factor alpha links endoplasmic retic-
ulum stress to the membrane death receptor pathway through
IRE1lalpha-mediated NF-kappaB activation and down-
regulation of TRAF2 expression. Mol Cell Biol 26:3071-3084
Ikesugi K, Mulhern ML, Madson CJ, Hosoya K, Terasaki T,
Kador PF, Shinohara T (2006) Induction of endoplasmic
reticulum stress in retinal pericytes by glucose deprivation.
Curr Eye Res 31:947-953

Kaneto H, Matsuoka TA, Nakatani Y, Kawamori D, Miyatsuka
T, Matsuhisa M, Yamasaki Y (2005) Oxidative stress, ER
stress, and the JNK pathway in type 2 diabetes. J Mol Med
83:429-439

Kim CH, Youn JH, Park JY, Hong SK, Park KS, Park SW,
Suh KI, Lee KU (2000) Effects of high-fat diet and exercise
training on intracellular glucose metabolism in rats. Am J
Physiol Endocrinol Metab 278:977-984

Kim DS, Jeong SK, Kim HR, Chae SW, Chae HJ (2007)
Effects of triglyceride on ER stress and insulin resistance.
Biochem Biophys Res Commun 363:140-145

Kim HJ, Jamart C, Deldicque L, An GL, Lee YH, Kim CK,
Raymackers JM, Francaux M (2011) Endoplasmic reticulum
stress markers and ubiquitin-proteasome pathway activity in
response to a 200-km run. Med Sci Sports Exerc 43:18-25
Kitamura M (2011) Control of NF-kappaB and inflammation
by the unfolded protein response. Int Rev Immunol 30:4-15
Kraegen EW, Storlien LH, Jenkins AB, James DE (1989)
Chronic exercise compensates for insulin resistance induced
by a high-fat diet in rats. Am J Physiol 256:242-249

Lang CH, Silvis C, Deshpande N, Nystrom G, Frost RA
(2003) Endotoxin stimulates in vivo expression of inflam-
matory cytokines tumor necrosis factor alpha, interleukin-
Ibeta, -6, and high-mobility-group protein-1 in skeletal
muscle. Shock 19:538-546

Lipson KL, Fonseca SG, Urano F (2006) Endoplasmic
reticulum stress-induced apoptosis and auto-immunity in
diabetes. Curr Mol Med 6:71-77

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Malhotra JD, Kaufman RJ (2007) The endoplasmic reticu-
lum and the unfolded protein response. Semin Cell Dev Biol
18:716-731

Miller WC, Bryce GR, Conlee RK (1984) Adaptations to a
high-fat diet that increase exercise endurance in male rats. J
Appl Physiol 56:78-83

Mills KH, Dunne A (2009) Immune modulation: IL-1,
master mediator or initiator of inflammation. Nat Med
15:1363-1364

Miura S, Kai Y, Kamei Y, Bruce CR, Kubota N, Febbraio
MA, Kadowaki T, Ezaki O (2009) Alpha2-AMPK activity
is not essential for an increase in fatty acid oxidation during
low-intensity exercise. Am J Physiol Endocrinol Metab
296:E47-ES5

Romijn JA, Coyle EF, Sidossis LS, Zhang XJ, Wolfe RR
(1995) Relationship between fatty acid delivery and fatty
acid oxidation during strenuous exercise. J Appl Physiol
79:1939-1945

Ron D, Walter P (2007) Signal integration in the endoplas-
mic reticulum unfolded protein response. Nat Rev Mol Cell
Biol 8:519-529

Schefer V, Talan MI (1996) Oxygen consumption in adult
and AGED C57BL/6J mice during acute treadmill exercise
of different intensity. Exp Gerontol 31:387-392
Straczkowski M, Kowalska I, Dzienis-Straczkowska S,
Kinalski M, Gorski J, Kinalska I (2001) The effect of
exercise training on glucose tolerance and skeletal muscle
triacylglycerol content in rats fed with a high-fat diet. Dia-
betes Metab 27:19-23

Szegezdi E, Fitzgerald U, Samali A (2003) Caspase-12 and
ER-stress-mediated apoptosis: the story so far. Ann N Y
Acad Sci 1010:186-194

Urano F, Wang X, Bertolotti A, Zhang Y, Chung P, Harding
HP, Ron D (2000) Coupling of stress in the ER to activation
of JNK protein kinases by transmembrane protein kinase
IRE1. Science 287:664-666

Vieira VJ, Valentine RJ, Wilund KR, Antao N, Baynard T,
Woods JA (2009) Effects of exercise and low-fat diet on
adipose tissue inflammation and metabolic complications in
obese mice. Am J Physiol Endocrinol Metab 296:E1164—
E1171

Wau J, Kaufman RJ (2006) From acute ER stress to physi-
ological roles of the unfolded protein response. Cell Death
Differ 13:374-384

Wu J, Ruas JL, Estall JL, Rasbach KA, Choi JH, Ye L,
Bostrom P, Tyra HM, Crawford RW, Campbell KP, Rut-
kowski DT, Kaufman RJ, Spiegelman BM (2011) The un-
folded protein response mediates adaptation to exercise in
skeletal muscle through a PGC-1alpha/ATF6alpha complex.
Cell Metab 13:160-169

Yoneda T, Imaizumi K, Oono K, Yui D, Gomi F, Katayama
T, Tohyama M (2001) Activation of caspase-12, an endo-
plastic reticulum (ER) resident caspase, through tumor ne-
crosis factor receptor-associated factor 2-dependent
mechanism in response to the ER stress. J Biol Chem
276:13935-13940

Zhang K, Kaufman RJ (2006) Protein folding in the endo-
plasmic reticulum and the unfolded protein response. Handb
Exp Pharmacol 69-91

@ Springer



	Endurance training in mice increases the unfolded protein response induced by a high-fat diet
	Abstract
	Introduction
	Materials and methods
	Animals and diets
	Exercise training protocol
	Tissue and blood samples
	Protein extraction, SDS/PAGE and immunoblotting
	RNA extraction and quantitative real-time PCR
	Oral glucose tolerance test
	Cytokines quantification
	Statistical analysis

	Results
	Endurance training reduces gain in body weight induced by high-fat diet
	Endurance training increases succinate dehydrogenase expression
	High-fat diet increases unfolded protein response in skeletal muscle
	Endurance exercising while fed with a high-fat diet increases caspase 12 expression and cleavage
	Regulation of inflammation markers is tissue specific
	High-fat diet-induced glucose intolerance is not reversed by endurance training

	Discussion
	References


