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" PhyMedExp, Université de Montpellier, INSERM, CNRS, Montpellier, France, ? CarMeN Laboratory, Inserm, INRA, INSA
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Besides skeletal muscle dysfunction, Duchenne muscular dystrophy (DMD) exhibits
a progressive cardiomyopathy characterized by an impaired calcium (Ca®t)
homeostasis and a mitochondrial dysfunction. Here we aimed to determine whether
sarco-endoplasmic reticulum (SR/ER)-mitochondria interactions and mitochondrial
function were impaired in dystrophic heart at the early stage of the pathology. For this
purpose, ventricular cardiomyocytes and mitochondria were isolated from 3-month-old
dystrophin-deficient mice (mdx mice). The number of contacts points between the
SR/ER Ca?* release channels (IP3R1) and the porine of the outer membrane of the
mitochondria, VDAC1, measured using in situ proximity ligation assay, was greater in
max cardiomyocytes. Expression levels of IP3R1 as well as the mitochondrial Ca2*
uniporter (MCU) and its regulated subunit, MICU1, were also increased in madx heart.
MICU2 expression was however unchanged. Furthermore, the mitochondrial Ca®t
uptake kinetics and the mitochondrial Ca?* content were significantly increased.
Meanwhile, the Ca?t-dependent pyruvate dehydrogenase phosphorylation was
reduced, and its activity significantly increased. In Ca*-free conditions, pyruvate-driven
complex | respiration was decreased whereas in the presence of Ca?*, complex
[-mediated respiration was boosted. Further, impaired complex |-mediated respiration
was independent of its intrinsic activity or expression, which remains unchanged but is
accompanied by an increase in mitochondrial reactive oxygen species production. Finally,
mdx mice were treated with the complex | modulator metformin for 1 month. Metformin
normalized the SR/ER-mitochondria interaction, decreased MICU1 expression and
mitochondrial Ca?t content, and enhanced complex I-driven respiration. In summary,
before any sign of dilated cardiomyopathy, the DMD heart displays an aberrant
SR/ER-mitochondria coupling with an increase mitochondrial Ca2+ homeostasis and a
complex | dysfunction. Such remodeling could be reversed by metformin providing a
novel therapeutic perspective in DMD.

Keywords: Duchenne muscular dystrophy cardiomyopathy,
mitochondrial calcium uniporter, MICU1, calcium
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INTRODUCTION

Duchenne muscular dystrophy (DMD) is the most common
X-linked disorder (1/3,500 newborn male affected) caused
by non-sense mutations in dystrophin gene and resulting
in the absence of the large protein dystrophin (427 kDa)
(Hoffman, 2020). Dystrophin links the cytoskeleton to a
complex of proteins at the cell surface, which, in turn,
interacts with the extracellular matrix. Dystrophin deficiency
causes progressive muscle weakness and cardiac failure. Cardiac
involvement is inevitable and progresses with age toward a
dilated cardiomyopathy (DCM) with an increased frequency
of ventricular arrhythmia and sudden cardiac death. Among
DMD patients, the cardiac phenotype varies with age from no
discernible cardiac remodeling or dysfunction to early onset of
DCM with heart failure (Sasaki et al., 1998; Amedro et al., 2019;
Segawa et al., 2020). Whereas more than 90% of DMD patients
display echocardiographic features of left ventricular remodeling
and contractile dysfunction by the age of 18 years 11/26/20
5:34:00 PM, in the murine model of DMD, the mdx mice, similar
defects are evident at 42 weeks of age (Quinlan et al., 2004).

At the cellular level, altered calcium (Ca?t) homeostasis
is one of the first pathophysiological features associated
with dystrophin deficiency. Before any sign of DCM and
cardiomyopathy, the calcium channels of the sarcoplasmic
reticulum (SR), the type 2 ryanodine receptors (RyR2), are leaky
due to posttranslational remodeling (Fauconnier et al., 2010).
Associated with an increased Ca?" influx due to sarcolemmal
damages and overactivation of stretch-activated channels and/or
L-type Ca®* current, these defects increase the diastolic Ca?"
level and promote fatal cardiac arrhythmias (Williams and Allen,
2007a; Jung et al., 2008; Ullrich et al., 2009; Fauconnier et al.,
2010; Prosser et al., 2011). In parallel, DMD is associated with
a progressive deterioration of the mitochondrial ultrastructure
and function (Kyrychenko et al., 2015). Mitochondrial defects
were mainly characterized in skeletal muscle where a significant
uncoupling of the oxidative phosphorylation, defects in complex
I, and a reduction of ATP synthesis were observed (Sperl et al.,
1997; Kuznetsov et al., 1998; Percival et al., 2013; Rybalka et al.,
2014; Moore et al., 2020). In heart muscle, a metabolic shift
from fatty acid oxidation to carbohydrate oxidation has also
been observed prior to the onset of DCM and heart failure
(Khairallah et al., 2007, 2008; Burelle et al., 2010). Furthermore,
mitochondrial Ca** uptake as well as mitochondrial reactive
oxygen species (ROS) production and oxidative damages are
increased in the DMD mdx mouse model and contribute to
the pathogenesis of heart failure in DMD (Williams and Allen,
2007b; Dubinin et al., 2020; Hughes et al., 2020). Importantly,
the first signs of mitochondrial and bioenergetic deficiencies
precede the decline in myocardial function. Therefore, targeting
mitochondrial function and/or metabolism in DMD has become
a therapeutic issue over the last decade. Among the therapeutic
candidates, the antidiabetic drug metformin has recently been
evaluated in DMD both in preclinical studies and in clinical trials
(Ljubicic and Jasmin, 2015; Hafner et al., 2016, 2019; Mantuano
et al.,, 2018; Vitiello et al., 2019). This N,N-dimethylbiguanide
interferes with the activity of mitochondrial complex I and

activates AMP-activated protein kinase (AMPK), a critical hub
for metabolic-mediated signaling pathways (for a review, see
Foretz et al., 2014). Although the variability of the severity profile
and the different stages of the pathology will require larger-
scale clinical trials, treatment with metformin in combination
with nitric oxide precursors has shown encouraging positive
effects, particularly on motor function (Hafner et al, 2019).
In mdx mice, long-term treatment with metformin alone also
improves diaphragm function and limits muscle damage and the
development of fibrosis due to exercise (Mantuano et al., 2018).
To date, the only evidence of a beneficial effect of metformin in
the development of cardiomyopathy associated with DMD is a
decrease in the mass index of the heart (Mantuano et al., 2018).

The tight connection between the sarco-endoplasmic
reticullum (SR/ER) and the mitochondria, also called
mitochondria-associated ER membrane (MAM), is essential for
the maintenance of energy metabolism, Ca?t homeostasis, and
cell fate (Rossini and Filadi, 2020). The tethering is maintained
by mitofusin-2 (MFN2) as well as by a macromolecular complex
comprising the SR/ER Ca?™ channel IP3 receptor 1 (IP3R1)
and the porine of the outer membrane of the mitochondria
(OMM), VDAC1 (voltage-dependent anion channel 1). These
two channels are linked by a chaperone, GRP75, forming a direct
Ca?" channeling between the SR/ER and the mitochondria (Lee
and Min, 2018). To cross the inner mitochondrial membrane
(IMM), Ca** passes through the mitochondrial Ca?* uniporter
(MCU) complex creating an IP3R1-GRP75-VDAC-MCU Ca?t
transfer axis (Lee and Min, 2018). MCU is a highly selective
Ca’" channel which comprises a membrane-spanning 40-kDa
protein that forms a low-conductance Ca?*-selective pore.
MCU exists as a large protein complex (~480 kDa) comprising
MICUI and MICU2 which give it its Ca?t sensitivity (Tarasova
et al.,, 2019). This SR/ER-mitochondria interaction and contact
points have never been studied in DMD hearts. However, at
the early stage of the pathology, we have recently demonstrated
an impaired SR/ER-mitochondria interaction in mdx skeletal
muscles associated with an alteration of Ca?" homeostasis, and
increase in the unfolding protein response (UPR or ER stress)
and muscle weakness (Pauly et al., 2017).

The aim of this study was thus to establish whether, in
mdx mice that show no signs of DCM, the interconnection
between SR/ER and mitochondria is modified and whether it may
interfere with myocardial mitochondrial function. Our results
demonstrate that increased SR/ER-mitochondria interaction
is associated with increased mitochondrial Ca?* content and
a disrupted mitochondrial function. One-month metformin
treatment reversed these defects providing a novel therapeutic
perspective in DMD.

METHODS

Animal and Cell Isolation

All experiments were conformed to the institutional ethics
committee for animal experiments and received the agreement
from the national Ministére de 'enseignement supérieur et de
la recherche (N° #16473-2018082016141320). Male mdx or WT
(wild-type, C57bl/10ScSn) mice (CNRS, IGMM, France) were
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used at 3 months of age. According to the animal-to-human
translation factor for drug treatments and as previously shown,
a daily dose of metformin of 200 mg/kg/day was given for 1
month in 50ml of drinking water (Reagan-Shaw et al., 2008;
Mantuano et al., 2018). Mice receiving metformin treatment
were housed in a single cage to ensure homogeneity between
groups. Left ventricular myocytes were enzymatically dissociated
as previously described (Fauconnier et al., 2005). In brief, after
removal, the heart was retrogradely perfused at 37°C with a
modified enzyme solution [0.1 mg.mL~! of Liberase™ (Roche)]
containing 113mM NaCl, 4.7mM KCl, 0.6mM KH2PO4,
0.6 mM Na2HPO4, 1.2mM MgSO4, 12mM NaHCO3, 10 mM
KHCO3, 10mM Hepes, 30mM taurine (pH 7.4). Isolated
myocytes were then transferred to the same enzyme-free solution
containing 1 mM CaCl, prior experiments.

Western Blot

Twenty to thirty micrograms of total or mitochondrial protein
was separated on SDS-polyacrylamide gel and electro-blotted
onto a nitrocellulose membrane (Bio-Rad). Membranes were
saturated with blocking buffer for 1h at room temperature
and incubated overnight at 4°C with monoclonal mouse anti-
VDAC (1:1000, Abcam), anti-OXPHOS (1:5000, Abcam), anti-
IP3R1 (1:1000, Santa Cruz), anti-NDUFA13 (1:1000, Abcam),
anti-GAPDH (1:10 000, Abcam) or with polyclonal rabbit anti-
MCU (1:500, Abcam), anti-MICU1 (1:500, Thermo Fisher),
anti-MICU2 (1:500, Sigma Aldrich), anti-PDH-Ela (1:1000,
Abcam), anti-PDHEla phosphor Ser 293 (1:1000, Abcam),
anti-PDHEla  phosphor Ser 300 (1:1000, Millipore), anti-
PDHEla phosphor Ser 232 (1:1000, Calbiochem), anti-PDK4
(1:1000 Novus Biotech), anti-GRP75 (1:1000, Santa Cruz), anti-
SIGMAIR (1:1000, Cell Signaling), anti-MFN2 (1:1000, Abcam),
and anti-Hsp60 (1:1000, Abcam). Hsp60 and GAPDH were
used as loading controls. All immunoblots were developed and
quantified using the Odyssey infrared imaging system (LICOR
Biosystems) and infrared-labeled secondary antibodies. Band
intensities were quantified with Image].

Quantitative Real-Time RT-PCR

Isolated cardiomyocyte RNA was extracted with the TRIzol
Reagent (Life Technologies). The level of target mRNAs was
measured by reverse transcription (Superscript II, Invitrogen,
1 pg total RNA) followed by quantitative real-time PCR using
a RotorGene (Corbett Research). TATA-binding protein (TBP)
mRNA was used as a housekeeping gene Tbp (forward 5'-TGG
TGTGCACAGGAGCCAAG-3/, reverse 5-TTCACATCACA
GCTCCCCAC-3'). The primer sequences of ER stress-related
genes are Hspa5 forward 5'-CCACCTCCAATATCAACTTG-3/,
Hspa5 reverse 5-ACGATCAGGGCAACCGCATCA-3'; Ddit3
forward 5-CTGGAAGCCTGGTATGAGGA-3', Ddit3 reverse
5-CTCTGACTGGAATCTGGAGA-3'; total Xbpl forward
5-GTGCAGGCCCAGTTGTCACC-3', Xbpl reverse 5'-TCTG
GGTAGACCTCTGGGAG-3'; U-Xbpl forward 5-CAGACTA
TGTGCACCTCTGC-3/, U Xbpl reverse 5-TCTGGGTAGAC
CTCTGGGAG-3'; Atf3 forward 5-CCAGGTCTCTGCCTCA
GAAG-3/, Atf3 reverse 5'-CATCTCCCAGGGGTCTGTTGT-3';
Atf4 forward 5'-TCGATGCTCTGTTTCGAATG-3', Atf4 reverse

5'-AGAATGTAAAGGGGGCAACC-3'; Atf6 forward 5'-TCGA
GGCTGGGTTCATAGAC-3/, Atf6 reverse 5-CTGTGTACTG
GACAGCCATC-3.

Proximity Ligation Assay

The Proximity Ligation Assay (PLA) was performed as previously
described (Paillard et al., 2013; Pauly et al., 2017). Cells were fixed
with paraformaldehyde 4% and permeabilized at RT with 0.1%
Triton-X100. After washing, they were incubated with blocking
buffer for 30 min at 37°C. The blocking solution was removed
before incubation of primary antibodies (anti-VDAC Abcam,
ab1734, 1:200, and anti-IP3R1, Santa Cruz, sc-28614, 1:200, or
anti-GRP75, Santa Cruz, sc-13967) overnight at 4°C. The cells
were washed two times using PBS with 0.01% Tween. The two
PLA probes 1:5 were prepared in antibody diluent 20 min before
incubation for 1h at 37°C. Next, cells were incubated with
mix containing 5x ligation stock (diluted 1:5 in water) and
1x ligation solution (diluted 1:40) for 30 min at 37°C. Next,
the cells were incubated with mix containing 5x amplification
stock (diluted 1:5 in water) and polymerase (diluted 1:80) for
100 min at 37°C. Finally, the cells were washed with Dapi
(diluted 1:500) in wash buffer B 1x and mounted using Dako
fluorescent mounting medium (S3023) and analyzed using a
fluorescence microscope (excitation: 594 nm, emission: 624 nm,
magnification: 40x).

Mitochondrial Isolation and Endogenous

Mitochondrial Ca?* Content

Mitochondrial isolation protocols were performed and adapted
from Frezza et al. (2007). Briefly, left ventricles (LV) or isolated
cardiomyocytes were homogenized with Teflon pestle in cold
isolation buffer (pH 7.4, 225 mM Mannitol, 75 mM Sucrose, and
30mM Tris with anti-protease 1x) and homogenized by 10
strokes with a motorized Potter Elvejhem (1500 rpm). Nuclei
and cellular debris were pelleted at 800g for 10 min at 4°C.
Supernatants containing mitochondria were centrifuged twice
at 9000 g for 10 min to pellet mitochondria. Mitochondria were
resuspended in isolation buffer, and protein concentration was
determined by a bicinchoninic assay kit. Isolated mitochondria
pellets were diluted in HCI 0.6 N, homogenized, and sonicated.
After incubation during 30 min in boiling water, mitochondria
were centrifuged for 5min at 10 000g, and the supernatant
was recovered. Ca?" content in supernatant was determined
spectrophotometrically (Tecan) using an o-cresolphthalein
complexone assay according to the manufacturer’s instructions
(TECO Diagnostics). Results are expressed in mM of Ca®* per
ng of protein.

Mitochondrial Respiration and
Mitochondrial Ca%* Uptake

Respiration ~was measured on digitonin-permeabilized
cardiomyocytes (15 |Lg per million cells) in the respiratory buffer
containing 10 mM KH, POy, 3 mM MgCl,-6H,0, 0.5 mM EGTA,
20 mM taurine, 60 mM K-lactobionate, 20 mM HEPES, 110 mM
sucrose, and 1 g/L BSA, pH 7.1. The respiratory rates of 10 000
cardiomyocytes were recorded at 37°C using a high-resolution
Oxygraph respirometer (Oroboros, Innsbruck, Austria) after
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addition of different substrates. Briefly, the aerobic glycolysis
pathway was stimulated by addition of pyruvate and malate.
Pyruvate, the last substrate generated by glycolysis, and malate
activate the Krebs cycle after their conversion in acetyl coenzyme
A and oxaloacetic acid, respectively. Under these conditions, the
complex I of the mitochondrial respiratory chain was activated by
NADH produced. Complex II-driven respiration was obtained
by addition of succinate and rotenone (to inhibit the complex
I), and complex IV-driven respiration was permitted by addition
of antimycin A (to inhibit the complex III), ascorbate and
N,N,N’,N’-tetramethyl-p-phenylenediamine ~ dihydrochloride
(TMPD) to reduce cytochrome c. In some experiments, the
free Ca’™ was set to 400nM in the respiratory buffer using
the Maxchelator program (https://somapp.ucdmc.ucdavis.edu/
pharmacology/bers/maxchelator/). The respiratory coupling
ratio (RCR) was measured in all conditions, and no differences
between groups were observed (Supplementary Figure 1).
Mitochondrial Ca?* uptake was measured with Calcium Green
(Invitrogen) with the O2k-Fluorescence LED2-Module on
isolated mitochondria in the presence of thaspigargin (10 wM).
The decay time constant of the calcium green fluorescence was
measured after application of 25 M extramitochondrial Ca?"
and reflects mitochondrial Ca®* uptake.

Enzymology
Activity of the pyruvate dehydrogenase (PDH) was
obtained by using Pyruvate Dehydrogenase Enzyme

Activity Microplate Assay (Abcam abl109902) and 100 pg
of mitochondria isolated from heart homogenates according
to the manufacturer’s instruction. Mitochondrial enzymatic
activities of complexes I and IV and citrate synthase were
measured on mitochondria isolated from heart homogenates at
37°C using a SAFAS spectrophotometer and standard method
(Angebault et al., 2018).

ROS Measurement

Mitochondrial anion superoxide production was monitored
using the fluorescent indicator MitoSOX Red (Invitrogen) and
confocal microscopy as described previously (Fauconnier et al.,
2007). Briefly, cardiomyocytes were loaded with MitoSOX Red
(5uM) for 30 min at room temperature, followed by washout.
Confocal images were obtained after 5 min of 1-Hz stimulation
in standard Tyrode solution and subsequently after addition
of antimycin A (50 uM) to estimate the maximal complex I
superoxide production capacity. MitoSOX Red fluorescence was
measured in the same region of the cell at each time point.
The signal from each cell was normalized to that immediately
before pacing.

Statistics

All data are presented as mean & SEM. Normality of distribution,
controlled by Agostino-Person omnibus normality test, not
being respected; the Mann-Whitney test was used for all
experiments. For multiple comparisons, the non-parametric
Kruskal-Wallis test was applied. The significance level was set
ata = 0.05.

RESULTS

SR/ER-Mitochondria Interaction and
Mitochondrial Ca?* Uptake in mdx

Cardiomyocytes

We first determined whether SR/ER-mitochondria interactions
are altered in mdx mouse cardiomyocytes as previously reported
in skeletal muscle, namely, a decrease in SR/ER-mitochondria
interaction (Pauly et al, 2017). For this purpose, we first
measured the expression level of proteins involved in the SR/ER-
mitochondria tethering. Although the MFN2 expression as well
as VDAC1 and GRP75 levels were similar in both groups,
IP3R1 and its regulatory subunits SIGMA-1R (Sig-1R) were
significantly increased in mdx cardiomyocytes (Figures 1A,B).
The expression of sarco/endoplasmic reticulum Ca’*-ATPase
type 2a (SERCA2a) and its regulatory protein, phospholamban
(PLB), and its phosphorylation were also unchanged, although
the Ca?* load of the SR was reduced (Supplementary Figure 2).
We next evaluated the contact points between the two organelles
using the in situ PLA assay. The IP3R1-VDACI interaction
was significantly enhanced as well as the GRP75-VDACI1
connections, indicating that the physical SR/ER-mitochondria
interconnection via IP3R1 and VDAC is enhanced in mdx
cardiomyocytes (Figure 1C). However, the immunoprecipitation
of IP3R1 did not show a difference in the VDAC/IP3R1
and GRP75/IP3R1 ratio meaning that the increase is at
least in part related to the increase in the expression of
IP3R1 (Supplementary Figure 3). In addition, except Atf3 gene
expression which increases, mRNA levels of ER stress markers
were unchanged in mdx heart (Supplementary Figure 4). The
increased IP3R1-GRP75-VDACI interaction is supposed to
enhance the direct channeling for Ca** from the SR/ER to the
mitochondria. This is reinforced by an increase in both MCU
and MICU1 expression level as reported recently (Dubinin et al.,
2020). Importantly, the MICU2 expression remained unchanged
(Figures 2A,B). This structural remodeling was associated with a
faster mitochondrial Ca?* uptake indicating functional changing
of the MCU complex (Figure2C). Similarly, mitochondrial
Ca’* content was also significantly elevated compared to WT
mitochondria (Figure 2D). Unlike skeletal muscle, these data
indicate an increase in SR/ER-mitochondria interactions and
mitochondrial Ca** uptake in the mdx heart.

PDH Activity in mdx Cardiomyocytes

Once in the mitochondrial matrix, Ca*" regulates several
processes that interfere with the mitochondrial function
and the metabolic flux. Among them, Ca’™ controls the
activity of the PDH, which is the entry point for the
glycolytic product pyruvate into the oxidative metabolism.
The PDH phosphorylation by the PDH kinase (PDK)
inhibits its activity whereas its dephosphorylation by the
Ca’*-dependent PDH phosphatase (PDP) increases its
activity. We thus measured the PDH phosphorylation in
mdx LV mitochondria. The total PDH content and the PDK4
expression were comparable in both groups; however, the
phosphorylation levels of the three phosphorylable serines

(pPDH-ser232, pPDH-ser293, and pPDH-ser 300) were
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FIGURE 1 | Increase in interconnection between SR/ER and mitochondria in mdx cardiomyocytes. All quantifications of proteins were normalized either to GAPDH
when heart homogenates were used or to Hsp60 when Western blot were performed on isolated mitochondria and expressed relative to WT. (A) Representative
immunoblots and quantification (B) of IP3R1, GRP75, Sig-1R, and VDAC. Quantification of IP8R1, GRP75, MFN2, and Sig-1R was carried out from N = 6 mdx and
WT hearts and from N = 5 mdx and WT hearts for VDAC. Data are mean + SEM. For IP3R1 *p = 0.0317 and for Sig-1R *p = 0.0043 mdx vs. WT. (C) Representative
images and quantitative analysis of IP8R1-VDAC and GRP75-VDACT interaction measured by in situ PLA on isolated cardiomyoctytes from madx (N = 3, n > 49) and
WT (N = 3; n > 44). The numbers of dots were normalized to the number of nucleus per cells. Data are mean + SEM. *p = 0.0057 mdx vs. WT for IP3R1-VDAC and
p < 0.0001 mdx vs. WT for GRP75-VDACT.

significantly reduced (Figures 3A,B; Supplementary Figure 5). ca2+ Regulates Oxidative Phosphorylation
Furthermore, the PDH activity was significantly increased in  jn mdx Cardiomyocytes

LV mdx mitochondria consistent with the decrease in PDH  Increased PDH activity may impact carbohydrate metabolic
phosphorylation (Figures 3B,C). flux and pyruvate-mediated oxidative phosphorylation. We
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FIGURE 2 | Increase MCU/MICU1 expression and mitochondrial Ca®* in mdx cardiomyocytes. All Western blots were performed on isolated mitochondria and
quantifications of proteins were normalized to Hsp60 and expressed relative to WT. (A) Representative immunoblots and quantification (B) of MCU, MICU1, and
MICU2. Data are mean + SEM, *p = 0.0043 and *p = 0.0022 for MCU and MICU1, respectively, mdx (N = 6) vs. WT (N = 6). (C) The mean rate of mitochondrial
Ca’* uptake measured as the decay time constant of calcium green fluorescence in presence of 25 uM of Ca®*. Data are mean + SEM, *p = 0.0476 mdx (N = 6)
vs. WT (N = 5). (D) Mean of the absolute mitochondrial Ca2* content in max (N = 6) and WT (N = 6) hearts. Data are mean 4+ SEM, *o = 0.0152 mdx vs. WT.
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next measured maximal mitochondrial respiration rates in a
Ca?*-free conditions using pyruvate/malate as carbohydrate
substrates to feed the complex I. In the presence of ADP,
the complex I-mediated oxygen consumption was significantly
reduced whereas complex II- and complex IV-related respiration
and the RCR were comparable in both groups (Figure 4A;
Supplementary Figure 1). These results indicate that only the
complex I-driven oxygen consumption is altered in mdx mice.
In order to determine whether the decrease in the respiration
mediated by complex I is related to Ca?*, we measured complex
I-driven oxygen consumption in the presence of 400 nM Ca*.
In this condition, the complex I-mediated respiration rate was
significantly enhanced in mdx mitochondria compared to WT
(Figure 4B), while the expression of complex I subunits is
unchanged (Figures 4C,D). It is noteworthy that the expression
of the other complexes is also unchanged compared to WT
(Supplementary Figure 6). Another parameter which could
explain the decrease in complex I-driven oxygen consumption is
the capacity of the complex I to transfer electron. We performed
quantification of enzymatic activity, but we did not observe any
modification in enzymatic activities of complexes I and IV nor
of the activity of citrate synthase in mdx mice (Figure 4E). A

preserved complex I activity and a reduced complex I-mediated
respiration could indicate an electron leak at the complex I
level and superoxide anion (O,.—) production. We have indeed
observed an increase in Mitosox red fluorescence in paced
mdx cardiomyocytes but also in the presence of the complex
II inhibitor antimycin A, demonstrating an increase in the
production of O,.— at the level of complex I compared to
WT (Figure 4F). Altogether, these data indicate an impaired
carbohydrate-mediated mitochondrial respiration at the level
of complex I which is partly compensated by the increase in
mitochondrial Ca?™.

Metformin Improves SR/ER-Mitochondrial

Interaction and Mitochondrial Function

We next investigated the effects of a treatment with metformin,
the antidiabetic drugs targeting mitochondrial complex I. After 1
month in drinking water, the level of phosphorylation of AMPK
and acetyl-CoA carboxylase (ACC), one of the downstream
targets of AMPK, was significantly increased validating the
efficacy treatment with metformin (Supplementary Figure 7).
We next evaluated the SR/ER-mitochondria interaction using
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in situ PLA assay. As shown in Figure 5, metformin treatment
decreased IP3R1/VDAC contacts (Figures 5A,B) whereas the
expression levels of IP3R1, VDAC, GRP75, or Sig-1R remained
similar (Supplementary Figure 7). Although MCU expression
is also unchanged, MICU1 level is decreased and this is
accompanied by a decrease in the mitochondrial Ca?* content
(Figures 5C,D). The decrease in mitochondrial Ca** content
is accompanied by an increase of the phosphorylation level of
the PDH but only on the Ser232 site (Figures 6A,B). However,
this is not sufficient to affect the PDH activity which remained
comparable to untreated mdx mice (Figure 6C). Finally, the
complex I-mediated oxygen consumption under pyruvate/malate
substrate is significantly enhanced (Figure 6D), indicating that

metformin treatment in addition to restoration of SR/ER-
mitochondrial interactions optimizes mitochondrial function in
mdx ventricular cardiomyocytes.

DISCUSSION

Dystrophin deficiency causes profound striated skeletal muscle
lesions which lead to major muscle weakness at the early
stage of the pathology and ultimately to fatal respiratory
failure. Secondary to peripheral muscle deficiencies, a progressive
cardiomyopathy develops with left ventricle dilatation, fibrosis,
and arrhythmias (Sasaki et al.,, 1998; Fauconnier et al., 2010;
Amedro et al., 2019; Segawa et al, 2020). Over the last
decade, due to the improvement of the management of
patients’ respiratory failure, cardiac failure has become a major
cause of death. Although cardiac and skeletal muscles share
similar pathophysiological mechanisms, which are more or
less shifted in time, some of these processes appear to be
regulated differently. Indeed, despite an increase of IP3R1
expression in both tissues, here we demonstrated an increase in
SR/ER-mitochondria interactions, characterized by an increase
in IP3R1-GRP75-VDAC contact points, whereas in skeletal
fibers such interactions were decreased (Pauly et al., 2017).
Interestingly, the IP3R1/GRP75 or IP3R1/VDACI protein-
protein binding remained unchanged, indicating that the
elevation in PLA signals is most likely related to an increase
in IP3R1 expression. Although the expression of MFN2 is
unchanged, electron microscopy would be useful to establish
whether the SR/ER-mitochondria tethering, and the physical
distances between the two organelles, is disturbed in mdx
hearts prior to the development of DCM. IP3Rs are involved
in many cellular processes like metabolism, secretion, gene
transcription, cell fate, and ER stress (Kiviluoto et al., 2013),
but compared to RyR2 which is 50-100 times more expressed
in left ventricles, the contribution of the IP3Rs to the cardiac
beat-to-beat Ca** homeostasis and SR Ca?* leak is unlikely
(Kockskdmper et al., 2008).

Increase of IP3R1 expression is accompanied by an elevation
in Sig-1R, a transmembrane chaperone located in MAMs
interacting with IP3Rs and ER stress sensors (for review Delprat
et al,, 2020). Sig-1R has been shown to (i) stabilize IP3R1 in
MAMs contributing to the strengthening of ER-mitochondria
contact and ER-mitochondria Ca®* transfer and (ii) bind the
protein chaperone BiP in the ER lumen stabilizing the ER stress
response proteins (Hayashi and Su, 2007). Although a prolonged
disrupted IP3R1-GRP75-VDAC interaction promotes ER stress
(Rieusset et al., 2016; Pauly et al., 2017), an increase in contact
points and Sig-1R expression has been reported in the early stage
of the UPR response to sustain cell homeostasis and bioenergetics
and alleviate ER stress (Hayashi and Su, 2007; Bravo et al., 2011;
Delprat et al., 2020). Consistently, in contrast to skeletal muscle
and with the exception of Atf3, UPR-inducible genes and ER
sensor expression remained unchanged in the present study. Of
note, the absence of ER stress response in the mdx heart does not
exclude a mitochondrial stress response per se.
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FIGURE 4 | Impaired complex I-mediated mitochondrial respiration in madx hearts. (A) Respiration rates under glycolysis protocols in permeabilized isolated ventricular
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SEM, *p = 0.0260 mdx (N = 6) vs. WT (N = 6). (C) Representative immunoblots and (D) quantification of two subunits of complex | (NDUFA13: CxI 13 and NDUFB8:
Cxl 20). Isolated mitochondria from N = 6 hearts were tested in madx and WT mice, and Hsp60 was used as loading control and expressed relative to WT. Data are
mean + SEM. (E) Enzymatic activities of complexes | and IV and citrate synthase measured on isolated mitochondria from Data are means + SEM, p > 0.05 madx (N
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As indicated, the mitigation of ER stress might be related to
an enhancement of Ca®t transfer and mitochondrial function
(Bravo et al., 2011). Here, the increase in the IP3R1-GRP75-
VDACI juxtaposition was associated with an increase in the
MCU-MICU1 complex suggesting a reinforcement of the
IP3R1-GRP75-VDAC-MCU Ca?* transfer axis. As shown
recently by Dubinin et al. (2020), we also observed an increase
expression of MICU1. MICU1/2 subunits form heterodimers
located in the mitochondrial intermembrane space regulating the
Ca?*-dependent gating and threshold properties of the MCU. At

low Ca?™ concentrations, the MICU1/MICU2 dimer keeps MCU
in the close state, and at higher Ca?* level, MICU2-dependent
inhibition is released and MICU1 activates MCU allosterically
(Payne et al., 2017; Tarasova et al.,, 2019). An increase in the
MICU1/MICU2 ratio reduces the Ca?* threshold for MCU
activation and increases the Ca>* sensitivity of the MCU complex
(Payne et al.,, 2017). Here, increased expression of MCU and
MICUL1 is not associated with a change in MICU2, which may
in addition to decreased expression of the dominant negative
isoform of MCU (MCUD) enhanced the mitochondrial Ca2*
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(D) Mean of the absolute mitochondrial Ca®+ content in mdx (N = 4) and mdx + metformin (N = 6) hearts. Mean + SEM, *p = 0.0095 mdx vs. mdx + metformin.

uptake and content as shown in mdx ventricular mitochondria
[Figure 2; (Dubinin et al, 2020)]. This change in MICU1
expression may affect the pharmacology of MCU and should
be considered for future therapeutic strategies aimed at directly
targeting mitochondrial Ca?* uptake (Kon et al., 2017; Mérta
et al., 2020). The elevation of mitochondrial Ca?T content is
therefore the result of a remodeling of the MCU complex
associated with the increase in the leakage of Ca** from the
SR, the elevation of diastolic Ca>*, and the strengthening of the
contact points between the two organelles.

More generally, the enhancement of mitochondrial Ca**
uptake and content has several functional consequences. It

increases the metabolic and respiration rate by stimulating the
respiratory chain and the activities of several enzymes involved
in the metabolic flux and the Krebs cycle. Among them, the
PDH is the entry point for the glycolytic product pyruvate
into the oxidative metabolism. In the mitochondrial matrix,
Ca®* activates the PDH phosphatase 1 that dephosphorylates
PDH to increase its activity, and thus the use of carbohydrates
for energy production. Here PDH phosphorylation at three
serine residues (pSer232, pSer293, pSer300 in the mouse) on
the alpha chain of the E1 subunit is significantly decreased in
conjunction with an increase in PDH activity. This increases in
PDH activity may account for the previously described elevation
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in the pyruvate decarboxylation and the shift from fatty acid
to carbohydrate oxidation in the heart of both mdx and DMD
patients (Perloft et al., 1984; Quinlivan et al., 1996; Momose et al.,
2001; Naruse et al., 2004; Khairallah et al., 2007). PDH catalyzes
the irreversible step of oxidative decarboxylation of pyruvate
to produce acetyl-CoA and fuel the tricarboxylic acid cycle
and electron transport chain. The increased PDH activity thus
enhances the glycolytic flux, and pyruvate becomes the privileged
substrate for the oxidative phosphorylation (Sun et al., 2015).
However, in the absence of Ca?* and as recently reported, the
pyruvate-driven complex I respiration is reduced independently
of any change in complex I expression level (Hughes et al.,

2020). Such impairment might be related to posttranslational
modifications; however, intrinsic complex I activity remained
unchanged. It is noteworthy that mitochondrial respiration
analyzed with substrates other than pyruvate, such as glutamate,
does not appear to show any difference in mdx heart (Ascah et al.,
2011; Viola et al., 2013). Remarkably, in the mdx diaphragm,
the mitochondrial rate of ATP production was partly improved
by directly stimulating Complex II, suggesting that Kreb’s-driven
NADH-dependent complex I function is defective (Rybalka
et al, 2014). In addition, in the presence of Ca®", complex
I-mediated mitochondrial respiration is boosted, suggesting
adaptive mechanisms to sustain the energy demand. On the

Frontiers in Cell and Developmental Biology | www.frontiersin.org

10

January 2021 | Volume 8 | Article 609493


https://www.frontiersin.org/journals/cell-and-Developmental-biology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-Developmental-biology#articles

Angebault et al.

SR/ER-Mitochondria Interaction in mdx Heart

one hand, it can increase the rate of pyruvate consumption to
improve NADH production but, on the other hand, enhance
electron leakage and mitochondrial ROS production (Williams
and Allen, 2007b; Viola et al., 2013). Although an increase in
mitochondrial ROS production is commonly observed in the
heart of mdx (Williams and Allen, 2007b; Viola et al., 2013; Kuno
et al., 2018; Hughes et al., 2020), the exact mechanisms linking
complex I to ROS production remain to be established. It would
be interesting to determine whether ROS are produced in the
forward direction or in the reverse direction of electron transfer
(Hirst and Roessler, 2016). Although we have not explored
these mechanisms in detail, electron leakage from complex II
is somewhat unlikely because the succinate-induced respiration
is comparable in mdx and WT hearts. In the forward mode
hypothesis, targeting the function of complex I may improve
mitochondrial activity and metabolism.

We here tested metformin, an antidiabetic drug with
pleiotropic properties that are related to its mitochondrial effects
(for review see Foretz et al, 2014; Vial et al., 2019). Long-
term treatment with metformin has already demonstrated some
beneficial effects on motor function in stable DMD patients
with encouraging evidence regarding muscle degeneration and
histopathology (Hafner et al., 2016, 2019). The exact mechanisms
of action of metformin have yet to be elucidated; however,
at high doses, metformin inhibits the oxidation of NADH at
the complex I level. Consequently, the ADP:ATP or AMP:ATP
ratios increase which is thought to activate AMPK, a hub
for major metabolic and energy sensing pathways (Horman
et al., 2012; Foretz et al., 2014; He and Wondisford, 2015).
In addition, at low doses, metformin has also been shown to
activate AMPK independent of direct inhibition of complex I
(He and Wondisford, 2015). In all cases, activation of AMPK
demonstrated significant beneficial effects on the dystrophic
phenotype in skeletal and cardiac muscles. Importantly, it
improves mechanical signaling, muscle strength, and force; limits
muscle necrosis, fibrosis, and inflammation; and stimulates the
oxidative phenotype, mitochondrial function, and autophagy
processes (Ljubicic et al., 2011, 2012; Pauly et al., 2012; Garbincius
and Michele, 2015; Juban et al., 2018). Metformin has also
been shown to increase PGCl-o expression in mdx muscle
fibers, a central transcriptional coactivator regulating a wide
range of biological processes such as mitochondrial biogenesis,
oxidative phosphorylation, and muscle regeneration (Scarpulla,
2011; Ljubicic and Jasmin, 2015; Suntar et al., 2020). In addition,
increased activation of AMPK stimulates autophagic clearance
of defective mitochondria and may thus improve mitochondrial
function (De Palma et al, 2012; Pauly et al, 2012). More
generally, the maintenance of cell fate and cell proteostasis are
emerging therapeutic targets in DMD (De Palma et al., 2012),
but depending on the phase, severity, and inflammatory state
of the pathology, the therapeutic window is critical for such
emerging strategies (Farini et al, 2019). Here, in line with
other studies, treatment with metformin also improves pyruvate-
mediated mitochondrial respiration (Wang et al., 2019) and
increasing the level of ACC phosphorylation would also facilitate
fatty acid oxidation (Saddik et al., 1993). In parallel, MICU1
expression decreased but MCU did not, which is consistent with

a recent report demonstrating a causal link between the pyruvate
fluxe and consumption and MICUI expression, suggesting that
MICU1 could serve as a metabolic sensor (Nemani et al.,
2020). Moreover, the IP3R1-VDACI interactions also decrease,
indicating a reduction in the SR/ER-mitochondria contact
points. Although the mechanism remains to be established,
changes in SR/ER-mitochondria interaction are causally related
to energy metabolism. AMPK activation has recently been shown
to reduce the formation of cardiac MAM in hyperglycemia and
decrease IP3-induced Ca®*t release (Arias-del-Val et al., 2019;
Wu et al,, 2019). Remodeling of the IP3R1-VDACI-MCU axis
under metformin treatment also reduced mitochondrial Ca?*
content and enhanced the phosphorylation of the Ser232 site of
the PDH-Ela subunit, which was not sufficient to reduce PDH
activity in mdx cardiomyocytes. All three phosphorylation sites
can restrain enzyme activity; however, Ser293 phosphorylation
has a higher inhibitory impact than Ser300 and even more
than Ser232 phosphorylation (Korotchkina and Patel, 1995;
Gray et al, 2014). Finally, metformin can also impact ROS
production in a different way, first of all as a modulator of
complex I activity and then by its effect on mitochondrial
Ca’* content. AMPK activation has also been reported to
decrease mitochondrial production of ROS (Foretz et al,
2014).

Myocardial metabolic and mitochondrial impairments as
well as mitochondrial and cellular Ca*" handling have been
extensively studied in DMD during the last decade. All the
studies agree that these disorders, which precede the onset
of structural remodeling and deterioration of myocardial
macroscopic function, play a central role in the progression
of the pathology to heart failure (for review: Esposito and
Carsana, 2019). Here, for the first time, our data suggests
that the enhancement of SR/ER-mitochondria contact points
and increasing mitochondrial Ca?* uptake and content would
enhance glycolytic flux and complex I respiration. However,
the downside of this scheme is that increasing mitochondrial
Ca’* would increase ROS production, sensitize mPTP, further
impair metabolic flexibility, and alter ATP production and
Ca’* handling creating an amplification loop with all the
ingredients toward contractile dysfunction, arrhythmia, fibrosis,
and finally heart failure. Accordingly, long-term metformin
treatment has already proved to have some beneficial effects on
the development of DCM linked to mutations in the dystrophin-
glycoprotein complex (Mantuano et al., 2018; Kanamori et al,,
2019). Although more studies are needed to understand
and characterize the beneficial effects of chronic treatment
with metformin on the development of the cardiomyopathy
associated with DMD, in the present study, metformin
already demonstrates beneficial effects on the aberrant SR/ER-
mitochondria interaction and increased mitochondrial Ca?*
as well as mitochondrial function. It will therefore be very
important in the near future to determine whether treatment
with metformin can improve dystrophic cardiomyopathy in the
advanced stage of the pathology. To conclude, our data support
the concept that metformin alone or in combination with other
drugs might be a potential therapeutic strategy to ameliorate the
dystrophinopathies (Casteels et al., 2010; Ljubicic and Jasmin,
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2015; Hafner et al., 2016, 2019; Mantuano et al., 2018; Vitiello
etal., 2019).
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Supplementary Figure 1 | Respiratory control ratio (RCR) was measured in (A)
WT (N = 7), mdx (N = 13) and madx 4+ met (N = 9) hearts and (B) in WT (N = 6)
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and madx (N = 6) in presence of in presence of 0 nM or 400 nM extramitochondrial
Ca’*. Data are mean = SEM, p > 0.05 mdx vs. WT.

Supplementary Figure 2 | SERCA2a, PLB expression, and SR Ca?* load. (A)
Full length immunoblots and quantification of SERCA2a, phospholamban (PLB),
and Phospho-Phospholamban (Ser16/Thr17) (pPLB-Ser16; pPLB-Thr17) were
normalized to GAPDH. Data are mean + SEM, p > 0.05 mdx (N = 4-6) vs. WT (N
= 4-6). (B) Mean values of the amplitude of caffeine-induced SR Ca?* release,
estimating the SR Ca?* load. *p = 0.0182 WT (N = 3; N = 9) vs. mdx
(N=3;N=10).

Supplementary Figure 3 | IP3R1 immunoprecipitation. Anti-IP3R1 antibody
(1:200) was used to immunoprecipitate IP3R1 from heart homogenate. Samples
were incubated with an anti-IP3R1 antibody in 0.5 ml of a modified RIPA buffer
(10mM Tris—HCI, pH 7.4; 150 mM NaCl; 1% Triton; 5mM NaF and protease
inhibitor cocktail) for 2 h at 4°C. The immune complex was incubated with protein
A/G magnetic beads (Pierce 88802) at 4°C for 2 h, after which the beads were
washed out three times with RIPA buffer. Proteins were separated on SDS/PAGE
gels and transferred onto nitrocellulose membranes for 1 h at 100V. The
immunoblots were prepared using antibodies against IP3R1 (1:1,000),
anti-GRP75 antibody (1:1,000, Santa Cruz) and anti-VDAC (1:300). All
immunoblots were developed and quantified using the Odyssey infrared imaging
system (LICOR Biosystems) and infrared-labeled secondary antibodies. After
immunoprecipitation (IP) of IP3R1 from heart muscle of WT or mdx mice,
immunoblots were used to detect IP3R1, Grp75, and VDAC. Data are mean +
SEM, p > 0.05 mdx (N = 3) vs. WT (N = 3).

Supplementary Figure 4 | (A) Transcript levels of UPR response genes quantified
by 30 reverse transcription quantitative polymerase chain reaction (RT-gPCR) in
WT (N = 4) and mdx (N = 4) hearts. The mRNA levels were normalized to the
reference gene TBP. Data are means + SEM, *p = 0.0286 madx vs. WT. (B) PLA
technical negative control obtained in absence of primary antibody.

Supplementary Figure 5 | Pyruvate dehydrogenase kinase 4 (PDK4) expression.
Full length immunoblots and quantification of PDK4 were normalized to Hsp60.
Data are mean + SEM, p > 0.05 mdx (N = 5) vs. WT (N = 5).

Supplementary Figure 6 | Protein expression of mitochondrial respiratory chain
complexes. All western blots were performed on isolated mitochondria and
quantifications of proteins are normalized to Hsp60. (A) Representative
immunoblots and (B) quantification of complex | (CxI), complex 40 II(Cxll),
complex Il (Cxlll), complex IV (CxIV), complex V (Cx V). Data are mean + SEM,
mdx (N = 6) vs. WT (N = 6).

Supplementary Figure 7 | Phosphorylation level of AMPK and ACC, and
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