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ABSTRACT

Besides its role in calcium (Ca® ™) homeostasis, the sarco-endoplamic reticulum (SR/ER) controls protein folding
and is tethered to mitochondria. Under pathophysiological conditions the unfolded protein response (UPR) is
associated with disturbance in SR/ER-mitochondria crosstalk. Here, we investigated whether ER stress altered
SR/ER-mitochondria links, Ca?* handling and muscle damage in WT (Wild Type) and mdx mice, the murine
model of Duchenne Muscular Dystrophy (DMD). In WT mice, the SR/ER-mitochondria links were decreased in
isolated FDB muscle fibers after injection of ER stress activator tunicamycin (TM). Ca®* imaging revealed an
increase of cytosolic Ca®* transient and a decrease of mitochondrial Ca? * uptake. The force generating capacity
of muscle dropped after TM. This impaired contractile function was accompanied by an increase in autophagy
markers and calpain-1 activation. Conversely, ER stress inhibitors restored SR/ER-mitochondria links, mi-
tochondrial Ca® * uptake and improved diaphragm contractility in mdx mice. Our findings demonstrated that ER
stress-altered SR/ER-mitochondria links, disturbed Ca?* handling and muscle function in WT and mdx mice.

Thus, ER stress may open up a prospect of new therapeutic targets in DMD.

1. Introduction

A tight control of calcium (Ca®*) homeostasis is essential for
normal function and the survival of skeletal muscle. The sarco-en-
doplasmic reticulum (SR/ER) constitutes an extensive network within
the muscle fiber playing a central role in Ca® * homeostasis as well as in
protein synthesis, folding, sorting and quality control. Although these
functions are performed in different area of the SR/ER [1], they are
closely linked and altered SR/ER Ca® * homeostasis may impact protein
folding [2]. Indeed, to limit accumulation of unfolded and misfolded
proteins, the stressed ER triggers an homeostatic response called Un-
folded Protein Response (UPR) [3]. This signaling pathway involves
three transmembrane receptors, the pancreatic ER kinase (PKR)-like ER
kinase (PERK), the activating transcription factor 6 (ATF6) and the
inositol-requiring enzyme 1 (IREla). Under basal conditions, they are
inactivated by the chaperone-binding protein/glucose regulated protein

78 (Bip/ GRP78) [4]. Under ER stress, GRP78 dissociates from ER
membranes proteins and migrates in the ER lumen to bind unfolded and
misfolded proteins. Consequently, IREla, PERK and ATF6 signaling
pathways are activated to limit proteins translation, increase unfolding
proteins degradation and promote chaperone expression involved in
proteins folding. If the adaptive UPR response fails to restore proteins
homeostasis in the ER lumen, cellular signaling switches from pro-
survival to pro-death with apoptosis activation [5].

Mitochondria and SR/ER are physically interconnected organelles
with contact points delimitating an exchange space referred to as mi-
tochondria-associated ER membranes (MAMs). Within MAMs, the vol-
tage-dependent anionic channel (VDAC) located on the mitochondrial
outer membrane is physically and functionnaly linked to the inositol-
1,4,5-triphosphate receptor (IP3R), on the ER membrane, via the cha-
perone GRP75 [6]. This complex allows a direct Ca®* transfer from the
ER to mitochondria [7] and is crucial for cell fate, energy metabolism
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and Ca?* homeostasis. A disruption of ER-mitochondria contact points
disturbs Ca®* transfer and may promote ER stress [8].

Increased UPR has been demonstrated in several myopathy such as
spinal bulbar muscular atrophy [9], myotonic dystrophy type I [10],
autoimmune myositis [11] or tibial muscular dystrophy [12]. More
recently, in Duchenne muscular dystrophy (DMD) patients, increased
ER stress has also been reported [13]. DMD, a X-linked disorder, results
from dystrophin deficiency due to nonsense mutations [14]. In the
absence of dystrophin, muscular contraction is impaired [15] with an
altered Ca® ™ handling [16-22], a mitochondrial dysfunction [23-25],
an oxidative stress [26] and cell death [27,28]. Although the disturbed
striated muscle function in DMD is well established, whether ER stress
contributes to the setting of the pathology remains to be elusive.

In the present study, we thus aimed to determine whether ER stress
alters muscle function in WT as well as in mdx mice, a mouse model of
DMD. After a pharmacological induction of ER stress in WT mice, with
the N-glycosylation inhibitor tunicamycin (TM), we demonstrated a
disruption in SR/ER-mitochondria interaction and Ca®* transfer asso-
ciated with an impaired muscle function. Conversely, in mdx mice, ER
stress inhibition with TUDCA improved SR/ER-mitochondria interac-
tion and muscle contractility. This study provides, for the first time,
functionnal evidences of impaired SR/ER-mitochondria interaction
under ER stress in DMD.

2. Materials and methods
2.1. Animals

The study was approved by the institutional ethics committee for
animal experiments, Languedoc Roussillon (no CEEA-LR-12078).
Different ages (4, 10 and 26 weeks old male) of mdx or WT (Wild-Type,
C57BL6) mice (Janvier SAS, Le Genest Saint Isle, France) were used in
this study. To induce an ER stress, 10 weeks old WT mice received a
single intraperitoneal injection of tunicamycin (a N-glycosylation in-
hibitor) at 1 mg/kg body weight [29]. Untreated littermate mice were
injected in the same manner with vehicle (0.9% NaCl). In vivo, TM is
toxic and provokes premature death within the first 24 h. We therefore
limited TM exposure as short as possible. Thus, mice were sacrificed
after 8 h of injection as previously described [30,31] and diaphragm
muscles were dissected and stored. FDB muscles were used for isolated
single muscle fiber experiments. Diaphragms were flash frozen in liquid
nitrogen for immunoblotting and gene expression analysis. In order to
inhibit ER stress, mdx mice received intraperitoneal injection of TUDCA
(Calbiochem) at a daily dose of 500 mg/kg body weight (5 consecutive
days per week) for four weeks.

2.2. Preparation and culture of muscle fibers

Single muscle fibers were enzymatically isolated from FDB fol-
lowing a protocol derived from that described by Head [32]. After
dissection FDB muscles were placed in a petri dish filled with DMEM
(GIBCO-31966) containing 0.1% streptomycin/penicilin (Gibco-0906)
10% fetal bovine serum (FBS) and 0,3% type Ia collagenase (C9891
type la, Sigma-Aldrich, Milano, Italy) for 45 min at 37 °C in a water-
saturated incubator with 5% CO2. After three washes in Tyrode solu-
tion (mM: NaCl 140, KCl 2, CaCl, 2, Hepes 10, and glucose 5) con-
taining 10% FBS to block the collagenase effect and stabilize the fibers,
the muscles were gently and repeatedly sucked in and out a fire-po-
lished Pasteur pipettes of different diameters (30-300 um) inside a glass
Falcon until muscle fibers were dissociated. Dissociated fibers were
placed in petri dish with a bottom glass covered with mouse laminin.
Culture dishes were kept in incubator at 37 °C, 5% CO,.

2.3. Ca®" measurements

Ca®™* time course was evaluated using confocal imaging in a native

cell environment in the presence of extracellular calcium (1.8 mM
CaCl,) [33]. To measure cytosolic Ca?*, cells were loaded with fluo-
4 AM (5uM, Molecular Probes, Eugene, OR), 20 min at room tem-
perature. After being loaded, cells were placed on the stage of a Zeiss
LSM 510 inverted confocal microscope (Zeiss, Le Pecq France) equipped
with a 25 x lens (H,O immersion, Numerical Aperture, NA = 1.2). An
excitation wavelength of 488 nm was used, and emitted light was col-
lected through a 505 nm long-pass filter. The laser intensity used
(3%—-6% of the maximum) had no noticeable deleterious effect on the
fluorescence signal or cell function over the course of the experiment.
Rhod-2 AM was used to measure mitochondrial Ca®>* variations.
Muscle cells were loaded with rhod-2 AM (3 uM) for 30 min at 37 °C
followed by washout and kept at least 1 h at room temperature, prior
experiments, to optimize mitochondrial loading. Rhod-2 fluorescence
signals were obtained by excitation at 568 nm and measuring the
emitted light at 585 nm. In a set of experiments, we analyzed mi-
tochondrial Ca®* uptake after a single 100 Hz or 300 Hz tetanus as
described previously [34-36]. Briefly, loaded fibers were line-scanned
along the long axis of the fiber and the rhod-2 signal was calculated by
subtracting the anisotropic band (F, = non-mitochondrial signal) to
the isotropic band (F; = mitochondrial signal) before and 1 s after the
stimulation. Mitochondrial Ca® * uptake was expressed as F/F,, where
Fg is the rhod-2 signal (F—F,) before the stimulation and F the rhod-2
signal (F-F,) after the stimulation (Fig. 2D). Collected images were
processed with ImageJ (NIH, USA; http://rsb.info.nih.gov/ij/).

2.4. In situ proximity ligation assay

In situ proximity ligation assay (PLA) was used to detect in situ
protein-protein interactions within a 40 nm range with high specificity
and sensitivity as previously described [37]. Briefly, after dissociation,
fibers were fixed and permeabilized and in situ PLA analysis were per-
formed according to the manufacturer's protocol (OLINK Bioscience).
Fibers were incubated with the primary antibodies overnight at 4 °C
and then washed three times with PBS-0.1% Tween 20. The following
antibodies were used for the assay: anti-IP3R1 (rabbit, Santa Cruz, 1/
100), anti-GRP75 (rabbit or mouse, Santa Cruz, 1/200), anti-VDAC1
(Mouse, Abcam, Cambridge, UK). Then, cells were incubated with a
mixture of MINUS and PLUS secondary PLA probes for 1h at 37 °C.
Duolink anti-rabbit plus probe, anti-mouse minus probe, and anti-goat
minus probe were used. All reactions were performed at 37 °C in a
humid chamber, with 40 pl of reaction mixture/well. Preparations were
mounted in DuoLinkIl mounting medium, containing DAPI (Euro-
gentec). Observations were done with a Zeiss inversed fluorescent mi-
croscope, equipped with an ApoTome, using the AxioVision program.
Quantification of signals was done with the Duolink Image Tool soft-
ware or Blobs Finder and expressed as percentage of dots per cytoplasm
compared to the non-treated.

2.5. Western blotting

Immunoblotting was performed in mice diaphragm muscles by
standard methods using antibodies against: phospho-eIF2a, total elF2a,
GRP78, IRE1, LC3, Beclin-1 (Cell Signaling, Boston, MA); VDAC, RyR,
GAPDH (Abcam, Cambridge, UK); IP3R1, ATF6, GRP75 (Santa Cruz
Biotechnology, Santa Cruz, CA); MFN2 (Sigma, Saint Louis, USA);
Calsequestrin, SERCA1, SERCA2 (Thermo Fisher Scientific, Rockford,
USA). Analysis and quantification of proteins (normalized in all cases to
GAPDH as loading control) were performed with Image J software
version 1.43u (NIH, Bethesda, MD).

2.6. Measurement of skeletal muscle contractile properties
Diaphragm strips and EDL were electrically stimulated to determine

intrinsic contractile properties as described previously [38]. After eu-
thanasia, the diaphragm was surgically excised and immediately



transferred to chilled Krebs solution perfused with 95% O,: 5% CO,
(pH 7.4). From the central tendon to the rib, a 2 mm wide muscle strip
was dissected free and mounted between two electrodes within a
jacketed tissue bath chamber filled with continuously perfused Krebs
solution warmed to 25°C. A 4.0 silk thread was used to secure the
central tendon to an isometric force transducer. After a 15 min ther-
moequilibration period, muscle length was gradually adjusted to op-
timal length (Lo, the length at which maximal twitch force is obtained).
The force-frequency relationship was determined by sequential supra-
maximal stimulation for 1s over a range of stimulation frequencies
(from 10 to 120 Hz) with 2 min between each stimulation train. Fatigue
resistance was assessed by measuring the rate of loss of muscle force
during repetitive stimulation at 30 Hz over a 10 min period. At the end
of the experiment, Lo was directly measured with a microcaliper and
the muscle blotted dry and weighed. Specific force (force/cross sec-
tional area) was calculated and expressed in N/cm?, assuming a muscle
density of 1.056 g/cm?>.

2.7. Eccentric contraction

Others strips of diaphragm were used to determine a series of high-
stress eccentric (lengthening) contractions. Each contraction involved
supramaximal stimulation at 120 Hz for a total of 300 ms; the muscle
was held at Lo during the initial 100 ms (isometric component), and
then lengthened through a distance of 15% of Lo during the last 200 ms
(eccentric component). Peak muscle length was maintained for an ad-
ditional 100 ms after cessation of the stimulation, followed by a return
to Lo during the next 100 ms. A total of four such contractions was
imposed on the muscle, each being separated by a 30-s recovery period.
Last, a 120-Hz stimulation was performed at Lo to determine the final
level of isometric force production after the eccentric contraction pro-
tocol. Because the level of damage and dysfunction caused by eccentric
contractions is directly correlated with the magnitude of the peak stress
imposed on the muscle [15], the isometric force deficit induced by each
eccentric contraction was normalized to peak stress as previously de-
scribed [39].

2.8. Statistical analysis

Data are expressed as means + SEM. Statistical significance was
defined asp < 0.05 using Student's unpaired t-test or ANOVA (one- or
two-way), followed by a Bonferroni selected-comparison test. ANOVA
with repeated measured was used concerning calcium and contractile
experiments.

3. Results

3.1. ER stress in WT mice is associated with a decreased in SR/ER-
mitochondria interactions and a perturbation of Ca®* homeostasis

In order to investigate the impact of UPR on SR/ER-mitochondria
interactions in control conditions, we induced an acute ER stress in WT
mice by injecting the N-glycosylation inhibitor tunicamycin (TM) [31].
Mice were sacrifed 8 h after a single intraperitoneal injection and the
UPR response was confirmed by an increase in GRP78, IRE1a, phospho-
elF2a and total elF2a protein expression and HSPA5 (GRP78) mRNA
level in the diaphragm muscle (Figs. 1A, S1A). However ATF6 gene
expression and protein level as well as CHOP gene expression (DdiT3)
were not significantly increased (Fig. S1A). In FDB isolated fibers, in situ
proximity ligation assay revealed a decrease IP3R1-GRP75 and IP3R1-
VDACI interactions (Fig. 1B-C) whereas IP3R1, GRP75 and VDAC ex-
pression levels were not affected (Fig. S3A) indicating a decrease in SR/
ER-mitochondria interactions after TM injection.

In FDB fibers isolted from TM-treated mice, field stimulated Ca2?™*
transients showed an increase of the peak at high stimulation fre-
quencies (100, 300 Hz, p < 0.05, Fig. 2A-B) but the caffeine-induced

SR Ca®* release was not significantly changed (Fig. 2C). Although
calsequestrin, mitofusin-2, SERCA2a and RyR1 levels were unchanged,
SERCA1 expression was significantly increased in diaphragm muscle
after TM injection (Fig. S3B). We next measured mitochondrial Ca?*
uptake following a single 100 Hz or 300 Hz tetanus stimulation as
previously described (Fig. 2D-E; [34-36]). The rhod-2 signal was sig-
nificantly decreased in TM-treated mice compared to control (Fig. 2E).
Similarly, Ca®* fluxes between mitochondria and SR/ER were mon-
itored upon histamine stimulation, in order to release Ca>* from SR/ER
through IP3R (Fig. 2F-H). In WT TM-treated fibers, histamine-induced
mitochondrial Ca®* uptake was also reduced (Fig. 2F-H) but the cy-
tosolic Ca®* level under histamine stimulation remained constant (Fig.
S2D). Altogether these results demonstrate that TM-induced ER stress
leads to decrease the SR/ER-mitochondria interactions and impaired
Ca®?™ movements between the two organelles.

3.2. ER stress impairs muscle contractility and activates cell death pathway

To determine the effects of ER stress on contractile function, we
compared the force-generating capacities of untreated (CTL) and
treated (TM) mice diaphragm strips and EDL muscles electrically sti-
mulated ex vivo. A slight reduction in diaphragm force production was
observed but did not reach significance (p = 0.058; Fig. 3A) while, the
peripheral muscle EDL demonstrated significantly lower force produc-
tion (— 21%) compared to CTL over a broad range of stimulation fre-
quencies (30 to 120 Hz, p < 0.05, Fig. 3B). No change was found
concerning fatigue resistance in both muscles (Fig. 3A-B). In parallel,
we observed an increase of calpain-1 cleavage (Fig. 3C) after TM in-
jection as well as an increase of autophagy-lysosomal pathway, with
increased of Beclinl and LC3-II protein expression (Fig. 3D).

Altogether these results indicate that TM-induced ER stress altered
SR/ER-mitochondria Ca®* transfer, decreased contractile function and
increased two major proteolytic systems, the Ca®*-activated calpain
and autophagy pathways.

3.3. mdx muscles display an increase in ER stress and a reduction of SR/
ER-mitochondria interactions

We next evaluated the ER stress in diaphragm of mdx mice.
Whatever the age, diaphragm mdx mice present an increase in GRP78
protein expression (Fig. 4A). The UPR pathways are differentially ac-
tivated with the age in mdx diaphragm. At early stage (4 to 10 weeks),
IREla increases (Fig. 4A) whereas at 26 weeks, we only observed an
increase in eIF2a phosphorylation (Fig. 4B). Furthermore, at 10 weeks
ATF6 expression level was also increased in mdx diaphragm muscle
(Fig. S1C). In parallel to ER stress markers, we observed a progressive
increase in IP3R1 protein expression with age in mdx mice (Fig. 4C).
Thus, to determine whether SR/ER-mitochondria interactions are af-
fected under ER stress in mdx mice, all the subsequent experiments
were performed on 10 weeks-old mice where IP3R1 expression as well
as GRP75 and VDAC1 were similar between groups despite an increase
in ER stress markers (Fig. S3A). At this age, IP3R1-GRP75 and IP3R1-
VDACI interactions in mdx mice compared to WT were significantly
decreased (Fig. 4D). In addition, immunoprecipitation of IP3R1 showed
a decrease of VDAC1-IP3R1 interaction in diaphragm mdx mice com-
pared to WT (Fig. S2A). Moreover, as previously reported [40] mdx FDB
muscle fibers compared to WT displayed an impaired Ca®> * homeostasis
with increase in caffeine-induced SR Ca®™ release, decreased Ca®*
transients amplitude at high frequencies (Fig. S2B-D) and reduced mi-
tochondrial Ca®* uptake compared to WT (Fig. 5F-G). However, at
10 weeks old, expression levels of SERCA1, SERCA2a, calsequestrin,
RyR1 and mitofusin 2 were not significantly changed compared to WT
diaphragm (Fig. S3B).
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Fig. 1. ER stress induced by tunicamycin (TM) impairs SR/ER-mitochondria interactions in WT muscle. (A) Protein expression of ER stress markers in untreated (CTL) or treated (TM) WT
mice diaphragm. Values are means = SEM, *p < 0.05; n = 3-6. (B) Representative images of in situ PLA on isolated FDB fibers treated (TM, n = 6) or not (CTL, n = 10-13) with
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Magnification x 20. (C) Using PLA, we evaluated interactions between IP3R1 and GRP75, and IP3R1 and VDACI as an intermediate in the Ca®>* channeling complex. Values are

means *= SEM, *p < 0.05 vs CTL.

3.4. TUDCA treatment restores SR/ER-mitochondria interactions and
improves mdx contractile function

Finally, we assessed the effects of TUDCA, a bile acid derivative,
known to reduce ER stress [41]. Chronic TUDCA treatment of mdx mice
(4 weeks, i.p.) significantly decreased the IREla expression compared
to untreated mdx mice (Fig. 5A-B). At the mRNA level, Grp78 expres-
sion as well as Atf6 and DdiT3 are also down-regulated in mdx treated
with TUDCA (Fig. S2B). In addition, TUDCA treatment restored IP3R1-
GRP75 and IP3R1-VDAC interactions (Fig. 5C-D) and improved mi-
tochondrial Ga®* uptake under histamine stimulation as well as after
single tetanus stimulation at 100 Hz or 300 Hz (Fig. 5E-G). Further,
field-stimulated peak Ca®™ transients were also enhanced (Fig. 6A),
whereas caffeine-induced SR Ca®? ™" release and histamine-induced SR
Ca®™ release were non-significantly decreased (Figs. 6B, S2E). In par-
allel, diaphragmatic contractile specific force was improved after four
weeks of TUDCA treatment (Fig. 6C) without any change in fatigue
resistance (Fig. 6D). Moreover, for each subsequent eccentric contrac-
tion, the loss of force is more dramatic in mdx mouse compared to
TUDCA treated mdx mice (Fig. 6E). Although this contractile function

improvement was associated with a decrease of the Ca®* activated
calpain-1 (Fig. 6F), SERCA1, SERCA2a, MFN2, calsequestrin and RyR1
expression was unchanged compared to untreated mdx diaphragms.
Altogether these results demonstrate that decrease ER stress restores
SR/ER-mitochondria Ca®?* homeostasis and improves contractile
function in mdx muscle.

4. Discussion

Skeletal muscle which represents 40% of body mass, is an important
determinant of metabolic status and global health [42,43]. Skeletal
muscles lacking dystrophin present an impaired mitochondrial func-
tion, an altered Ca?* handling and muscle dysfunction [16-22]. In the
current study, we demonstrate that ER stress associated with dystro-
phin-deficiency is involved in muscle dysfunction through an altered
SR/ER-mitochondria interaction. Moreover, SR/ER-mitochondria in-
teraction, Ca® * homeostasis and muscle contractility were improved by
ER stress inhibition in dystrophic muscle.

IP3R is a Ca®™" release channel of the ER and has a central role
during ER stress (for review [44]) and in many cellular processes
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including the regulation of cell fate [45]. SR/ER-mitochondria contact
points are known to be enriched in Ca®?* handling proteins and cha-
perones, and to generate microdomains with a high Ca®™ concentra-
tion. MAMs are regions of the SR/ER tethered to mitochondria and
controlling Ca®* transfer between both organelles through the complex
formed between the VDAC, GRP75 and IP3R. They participate to cel-
lular metabolism and mitochondrial function [46]. Recently it was
demonstrated that ER stress decreases the SR/ER-mitochondria inter-
action through disruption of MAM integrity and impaired SR/ER-mi-
tochondria Ca® ™ transfer [8,37].

TM-induced ER stress decreases IP3R-GRP75-VDAC interaction and
leads to a disturbed Ca® * equilibrium within the muscle cells. An acute
disruption in SR-mitochondria tethering decreases mitochondrial Ca® *
uptake capacity which results in an increase in cytosolic Ca®* tran-
sients without affecting SR Ca2™* load [34,47]. These results demon-
strated that the impaired SR-mitochondria interaction, under ER stress,
not only impact mitochondrial Ca®* uptake following IP3-induced

LC3-lI/ LC3-l

Ca®* release but also during excitation-contraction coupling, which in
turn may affect energy supply. On the other hand, SERCA1 expression
was significantly increased suggesting that a decrease in mitochondrial
Ca® " uptake might be compensated by an increase SERCA1 to maintain
SR Ca? ™ load. In addition, such disturbance in Ca®> * homeostasis leads
to activation of proteolytic system such as Ca® *-activated calpain-1 and
autophagy processes [17,48]. Here, we showed both an increase in
cleaved calpain-1 and autophagy markers. Although autophagy might
be considered as a protective adaptive response [49], a prolonged sti-
mulation of autophagy can lead to a so-called autophagic cell death
[50]. Moreover, myofilaments degradation upon calpain activation
would impaired muscle function [51]. Indeed, muscle contractility ex-
periments reveal a decrease in EDL muscle contractility under ER stress,
while the diaphragm seems to be less affected. One limitation of the
present study is the duration of the ER stress in WT mice. Indeed, a
prolonged ER stress period would have probably induced a more pro-
nounced muscle remodeling and affects more dramatically the
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Fig. 4. mdx diaphragms display an increase of ER stress and an impaired SR/ER-mitochondria interactions. Proteins expressions of ER stress markers in the diaphragm of 4, 10 and 26-
weeks old WT and mdx mice. Representative immunoblots showing protein expression levels of (A) IRE1a and GRP78; (B) total and phosphorylated forms of elF2a; (C) IP3R1. Values are
means * SEM, n = 4-6 per group, *p < 0.05 WT vs mdx. (D) Representative images and quantitative analysis of IPR1-GRP75 and IP3R1-VDAC1 interaction measured by in situ PLA on
isolated FDB fibers from WT (n = 10-13) or mdx (n = 11-17) mice. Nuclei were stained with DAPI and appear in blue. Visualization of protein interaction (PLA-specific signals) appears
in pink dots. Magnification: x 20. *p < 0.05.
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Fig. 5. TUDCA treatment attenuates ER stress and improves SR/ER-mitochondria interactions in mdx mice. Proteins expressions of ER stress markers in the diaphragm of untreated (mdx)
and mdx-treated mice (mdx TUDCA). Representative immunoblots (A) and graphs (B) showing protein expression levels of GRP78 and IREla. All quantifications of proteins are
normalized to GAPDH and expressed in arbitrary units. Data are means += SEM, n = 4-6 per group, * p < 0.05 mdx vs mdx TUDCA. (C-D) Representative images and quantitative
analysis of IP3R1-GRP75 and IP3R1-VDACI interaction measured by in situ PLA on isolated FDB fibers from mdx following, or not, TUDCA treatment. (E-F) Representative response and
mean values of mitochondrial Ca® * -uptake (rhod-2 fluorescence) after histamine stimulation in FDB single fibers from untreated and TUDCA treated mdx mice. Dash lines represent mean
value obtained in WT fibers. (G) Mean values of mitochondria Ca®* (rhod-2 fluorescence) after single tetanus stimulation at 100 Hz or 300 Hz. Dash lines represent mean value obtained
in WT fibers. Data are expressed as mean = SEM, n = 4-6 per group, * p < 0.05 mdx vs mdx TUDCA.
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Fig. 6. TUDCA prevents Ca®* disturbance and improves muscle contractility in mdx mice. (A) Peak Ca®* transient at different stimulation (1, 10, 30, 100 and 300 Hz) and (B) SR Ca®*
load after a caffeine pulse in fibers from untreated and TUDCA treated mdx mice. Maximal force-generating capacity at different frequencies of electrical stimulation (C) and fatigue
resistance (D) during repetitive electrical stimulation in ex vivo diaphragm of mdx treated (mdx TUDCA) or untreated (mdx) mice. (E) Loss of force production after 4 different eccentric
contractions (EC) in diaphragm from untreated and TUDCA treated mdx mice. Data are expressed as mean * SEM: n = 5-7; *p < 0.05. (F) Protein expression of cleaved calpain 1 in
diaphragm of untreated and treated mdx mice. Values are means + SEM; n = 3-6. *p < 0.05.

diaphragm function as seen in the mdx model.

Indeed, ER stress was reported in DMD patients highlighting the
hypothesis of ER stress in this pathology. Here, we confirm that the UPR
is activated and we demonstrate a SR/ER-mitochondria-Ca®* dis-
turbance in dystrophic muscle. In mdx diaphragm, UPR markers such as
GRP78, IRE1, phospho-elF2a increase at the age of 4 weeks up to
10 weeks. Then, with aging, an alternative activation of two different
pathways of UPR (PERK and IREla) occurs. Our data are consistent
with previous data demonstrating that the ER chaperone GRP78 was
increased in DMD patients compared to healthy individuals [13]. In our
study, ER stress-related to age is associated with an increase of IP3R1
expression in mdx mice diaphragm, while WT muscle mice evolve in the
opposite way. This could be interpreted as a system to compensate the

SR/ER-mitochondria interaction disruption [52]. The exact mechan-
isms leading to ER stress in mdx mice are unclear but might involve, at
least partly, Ca>* handling perturbation [2]. Indeed, ER stress and
Ca®* homeostasis are closely inter-connected, with an impaired ER-
mitochondria Ca® " transfer and increase in ER Ca? ™ store [8]. Here,
the decrease SR/ER-mitochondrial Ca®* transfer was also accompanied
by an increase in caffeine-induced SR Ca®?™ release, which might be
interpreted as an increase in SR Ca®™" load. Several studies have re-
ported an altered SR function in mdx skeletal fibers characterized by an
altered SR Ca?™ release [53] and RyR dysfunction [17,54,55] and a
remodeling in SERCA activity [56-60] with an elevation of resting
Ca®™* concentration in skeletal muscles of mdx mice. In addition, de-
pending on the muscle fiber type, the stage of the pathology and the



protocol used to measure SR Ca® " content, the SR Ca2* load has been
reported by several groups to be either decreased, unchanged or in-
creased [61-64]. A modification in RyR1 sensitivity to caffeine might
account at least partly to the increase in the caffeine-induced SR Ca®™*
release in mdx mice.

Finally, we treated mdx mice with TUDCA, an ER chaperone taur-
oursodeoxycholic acid widely used to suppress ER stress [65,66]. This
treatment reduced IREla expression, Atf6, Ddit3 and Grp78 gene ex-
pression indicating a decreased in both UPR response pathways in mdx
skeletal muscle. In addition, SR/ER mitochondria interaction and Ca?*
transfer were restored and concomitantly, Ca®* transients increased
and contractile function improved. Surprisingly, TUDCA treatment did
not change the expression levels of the main proteins involved in Ca?*
handling but improved important aspects of contractile function in mdx
muscle: diaphragmatic muscle force and resistance to eccentric con-
traction-induced force lost. Similarly, Carlson et al. have shown that
another ursodeoxycholic acid (UDCA) has beneficial effects on the
structure and function of mdx muscle [67]. Although they did not ex-
plore ER stress pathways and SR-mitochondria Ca® " transfer, they at-
tributed these benefits to the inhibition of inflammatory pathway
mediated by NF-kB activation. Eccentric damage and loss of muscle
force are important causes of muscle weakness in skeletal muscle of
mdx mice and DMD patients. Although the mitochondrial (dys)function
was not specifically assessed in the present study, increase SR/ER-mi-
tochondria interaction might improve mitochondrial function in DMD
and ATP supply favoring both an increase in Ca®>* transients and
contractile function. In addition, TUDCA treatment decrease calpain-1
cleavage which is in line with the proposed model whereby UPR acti-
vates proteolytic pathway and impaired muscle function in the mdx
mice [13].

To conclude, the present work revealed several new findings and
brings original data on ER stress regulation to maintain efficient SR/ER-
mitochondria interaction, associated with adaptive Ca®* flux and
normal muscular function. Although an acute pharmacological induc-
tion of ER stress in WT mice does not reproduces the DMD phenotype,
improvement of SR/ER-mitochondria Ca®”* transfer under TUDCA
treatment highlighted the complexity and sensibility of the stress re-
sponse in healthy and dystrophic tissue and revealed the therapeutical
potential to modulate this pathway in muscular pathology.
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