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A B S T R A C T

Duchenne muscular dystrophy (DMD) is characterized by a severe and progressive destruction of muscle fibers
associated with altered Ca2+ homeostasis. We have previously shown that the IP3 receptor (IP3R) plays a role in
elevating basal cytoplasmic Ca2+ and that pharmacological blockade of IP3R restores muscle function.
Moreover, we have shown that the IP3R pathway negatively regulates autophagy by controlling mitochondrial
Ca2+ levels. Nevertheless, it remains unclear whether IP3R is involved in abnormal mitochondrial Ca2+ levels,
mitochondrial dynamics, or autophagy and mitophagy observed in adult DMD skeletal muscle. Here, we show
that the elevated basal autophagy and autophagic flux levels were normalized when IP3R was downregulated in
mdx fibers. Pharmacological blockade of IP3R in mdx fibers restored both increased mitochondrial Ca2+ levels
and mitochondrial membrane potential under resting conditions. Interestingly, mdx mitochondria changed from
a fission to an elongated state after IP3R knockdown, and the elevated mitophagy levels in mdx fibers were
normalized. To our knowledge, this is the first study associating IP3R1 activity with changes in autophagy,
mitochondrial Ca2+ levels, mitochondrial membrane potential, mitochondrial dynamics, and mitophagy in adult
mouse skeletal muscle. Moreover, these results suggest that increased IP3R activity in mdx fibers plays an im-
portant role in the pathophysiology of DMD. Overall, these results lead us to propose the use of specific IP3R
blockers as a new pharmacological treatment for DMD, given their ability to restore both autophagy/mitophagy
and mitochondrial function.

1. Introduction

The inositol 1,4,5-trisphosphate receptor (IP3R) is an endoplasmic
reticulum (ER) channel that regulates the release of Ca2+ from in-
tracellular stores [1,2] upon binding of the second messenger IP3,
which is produced after activation of various cell plasma membrane
receptors by extracellular signals [3,4]. Three isoforms of the receptor
have been described (type 1, type 2, and type 3), all of which can
modulate a large number of cellular processes, including cell death and
survival [5]. Our previous work has shown that IP3R is required for
normal skeletal muscle activity, exerting its effects by regulating gene

expression, energy metabolism, and mitochondrial activity [6–11].
Moreover, we described a novel mechanism for IP3 generation in ske-
letal muscle through activation of P2Y metabotropic purinergic re-
ceptors by extracellular ATP, released through a pannexin 1/voltage
sensor Cav1.1-dependent mechanism [6,12,13]. We also showed that
this mechanism acts as an anti-apoptotic signal in normal skeletal
muscle fibers after depolarization but fails to do so in dystrophic mouse
fibers [8,14].

Duchenne muscular dystrophy (DMD) is caused by the absence of
functional dystrophin [15,16]. In normal skeletal muscle, dystrophin is
associated with a complex of glycoproteins known as dystrophin-
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associated proteins, providing a link between the extracellular matrix
and cytoskeleton [17]. The absence of dystrophin leads to progressive
muscle weakening [18]. Ca2+ homeostasis is altered in DMD [19], and
the disease is characterized by muscle fiber loss due to activation of
Ca2+-dependent proteases [20–22]. We and other groups have shown
that IP3R plays a role in the elevated basal levels of cytoplasmic Ca2+

characteristic of dystrophic muscle cells [23–28]. Furthermore, IP3R
expression is altered in both dystrophic human and dystrophic mouse
muscle cells [25,29,30]. Pharmacological blockade of IP3R decreases
basal Ca2+ levels, corrects Ca2+ release upon stimulation, reduces
mitochondrial Ca2+, and restores muscle function [23,26,31]. Over the
past years, a number of pharmacological treatments that target Ca2+

homeostasis have been proposed for DMD treatment [19]. More re-
cently, some reports have suggested that regulation of another Ca2+-
dependent process, autophagy, could be a novel target for DMD treat-
ment [32–37].

Autophagy is a conserved catabolic cellular process by which a cell
degrades its own components, including long-lived proteins, protein
aggregates, and dysfunctional organelles [38]. This process often occurs
in response to nutrient deprivation but can also be triggered by other
external stimuli [39]. Autophagy generally protects mammalian cells
from death, and a defective autophagic response — whether deficient
or elevated — is associated with various pathologies [39–41]. In ske-
letal muscle cells, autophagy is required for myoblast differentiation
[42], muscle mass maintenance [43], muscle adaptation to exercise
[44], and other processes. Impaired autophagy has been observed in
muscle atrophy [45], aging [46], various myopathies [47], and in
muscle samples of mdx mice and DMD patients [32–34,37].

In our previous work, we showed that the IP3/IP3R signaling
pathway negatively regulates autophagy by interacting with the
Beclin1/Bcl2 complex [48,49] and/or inducing changes in cytosolic
and/or mitochondrial Ca2+ levels [50,51]. Nevertheless, to date there
has been no detailed study on IP3R-regulated autophagy, either in
normal adult skeletal muscle fibers or DMD muscle fibers.

When autophagy selectively targets mitochondria for degradation,
the process is termed mitophagy [52]. Defective mitochondria are de-
livered to the lysosome [53]. Interestingly, mitophagy also appears to
be involved in pathological skeletal muscle conditions such as atrophy,
aging, and some muscular dystrophies [54]. Mitochondrial dysfunction
is a well-established finding in DMD [55–57]. IP3R is found in the mi-
tochondria-associated sarcoplasmic membranes (MAM), where it con-
trols the Ca2+ exchange between the ER and mitochondria and reg-
ulates mitochondrial function and dynamics [58–60]. Nevertheless, it
remains unclear whether the IP3R is involved in the altered mi-
tochondrial Ca2+ levels, mitochondrial dynamics, and mitophagy ob-
served in adult DMD skeletal muscle.

Therefore, the present study was designed to investigate the role of
the IP3 receptor in the dysregulated mitochondrial function and altered
autophagy/mitophagy levels observed in the skeletal muscle of mdx
mice.

2. Materials and methods

2.1. Animals

All animal procedures were performed in accordance with the
guidelines of the Bioethics Committee of the Facultad Medicina,
Universidad de Chile (FONDECYT #3140491). All animals were ob-
tained from the Animal Facility of the Facultad Medicina, Universidad
de Chile, Santiago, Chile. The animals were euthanized by cervical
dislocation. The flexor digitorum brevis (FDB) muscles were dissected
from 5- to 8-week-old male mdx mice and wild-type C57Bl/6J mice and
frozen in liquid nitrogen or stored at 80 °C until use.

2.2. Electroporation in vivo

Mice were anesthetized with 2% isoflurane and subjected to the
protocol described by Di Franco et al. [61]. Briefly, animals were sub-
cutaneously injected with 10 μL of hyaluronidase (2mg/mL) in each
footpad. One hour later, the animals were anesthetized a second time
and injected with the plasmid sh-Scrambled in the left footpad and
shIP3R1 in the right footpad (5–10 μg/μL, OriGene, #TR517036). For
some experiments 2mtGCaMP6m (Dr. Paolo Pinton, University of Fer-
rara) or MitoDsRed (Takara Bio Inc., #632421) were also injected in
each footpad. Animals were allowed to recover for 15min. Finally, the
mice were anesthetized again and electroporated with one acupuncture
needle under the skin at the heel and a second needle at the base of the
toes, applying 20 pulses, 20 ms in duration each, at 1 Hz. After 2 weeks,
the animals were euthanized. Successful transfection was confirmed
using a microscope coupled to a fluorescence system (SMZ 1500,
Nikon), and IP3R1 downregulation was measured by real-time PCR
(Suppl. Fig. 1). We have previously shown the successful transfection
for 2mtGCaMP6m and MitoDsRed by fluorescence microscopy and
IP3R1 downregulation by Western blot [62].

2.3. Adult FDB fiber isolation

Isolated fibers from the flexor digitorum brevis (FDB) muscle were
obtained by enzymatic digestion with collagenase type IV (2.7 mg/mL;
Worthington Biochemicals Corp., Lakewood, NJ, USA) for 90min at
37 °C followed by mechanical dissociation with fire-polished Pasteur
pipettes. Isolated fibers were seeded in ECM gel dishes (Sigma #E1270)
with DMEM (Gibco, Invitrogen, 12800-017), supplemented with 10%
horse serum. Fibers were used for analysis 20 h after seeding.

2.4. Western blot

Total FDB muscle samples were lysed using an electric homogenizer
(Fluko, Shanghai, China) in a lysis buffer as previously described [63].
The lysis buffer used to analyze IP3R1 content contained: 20mM
Na3VO4, 1mM PMSF, 1mM BAPTA, 1mM EDTA, 1mM EGTA, T-PER,
and protease inhibitors (Complete Mini, Roche Applied Science,
#11836153001). Protein quantification was performed with a bi-
cinchoninic acid protein assay (BCA) kit (Pierce, Rockford, IL, USA).
Proteins were separated using SDS-PAGE and transferred to PVDF
membranes. Primary antibodies were incubated overnight at 4 °C and
secondary antibodies for 1 h at room temperature. Antibodies and di-
lutions were as follows: LC3-I/II (1:1000; Cell Signaling #2775S), p62
(1:5000; Abnova #H00008878-M01), Cox IV (1:1000; Cell Signaling
#4850), p-DRP1 (Ser637) (1:1000; Cell Signaling #4867), DRP1
(1:1000; Thermo Scientific #PA1–16987), Fis1 (1:1000; Enzo Life Sci-
ences #ALX-210-1037), Pink1 (1:1000; Abcam #ab23707), Parkin
(1:1000; Millipore #MAB5512), α-tubulin (1:5000; Cell Signaling
#2144), mouse IgG-HRP (1:20,000; Thermo Scientific, #31430), and
anti-rabbit IgG-HRP (1:30,000; Thermo Scientific, #31460). The pro-
tein bands in the blots were visualized using a WESTAR Supernova
detection kit (Cyanagen, Bologna, Italy), and the intensity of the bands
was determined with ImageJ densitometry analysis.

2.5. mRNA isolation, cDNA, and real-time PCR

mRNA isolation, cDNA preparation, and real-time PCR were per-
formed as previously described [63] using the primers listed in Suppl.
Table 1.

2.6. Immunofluorescence studies

Isolated fibers were fixed with 4% paraformaldehyde (Electron
Microscopy Science, Hatfield, PA, USA) in PBS for 15min at 37 °C. Cells
were rinsed with PBS and incubated with 100mM glycine for 10min.
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Fibers were then permeabilized with 0.1% Triton X-100. Fibers were
blocked with 0.1% saponin and 8% goat serum in PBS and incubated
with primary antibody overnight at 4 °C (Parkin 1:250; Millipore
#MAB5512). Finally, the cells were washed with PBS and incubated
with Alexa Fluor 488 secondary antibody (Invitrogen, #A11001) for 2 h
and washed again. The samples were mounted in Dako anti-fading re-
active (Dako, Denmark) before microscopy.

2.7. Mitochondrial calcium measurement

Muscle fibers were isolated after 14 days of electroporation with
mtGcamP6m and with or without shIP3R1. The real-time imaging was
evaluated using an inverted Olympus IX81 microscope with a 40×/
N.A. 1.3 oil-immersion objective. The mtGcamP6m plasmid was sti-
mulated at two excitation wavelengths λexc1/λexc2: 400/490 nm
(80ms of exposure each), and images were detected through a 460/
15–525/25 nm. Ca2+ levels were expressed as a ratio of the emission to
490 and 400 nm (490/400 nm fluorescence ratio). The background was
corrected using Image J filters (http://rsbweb.nih.gov/ij/).

2.8. Mitochondrial membrane potential measurement

Mitochondrial membrane potential was evaluated using tetra-
methylrhodamine ethyl ester (TMRE+) in either non-quenching
(20 nM) or quenching (400 nM) mode using a Carl Zeiss Pascal 5 LSM
with a Plan Apo 60×/1.4 N.A. oil-immersion objective. In the non-
quenching mode, 20 frames were collected for 1 s each, and the average
fluorescence was quantified. In the quenching mode, the frames were
collected each second and 50 frames were considered as a baseline. The
cells were then stimulated with 1 μM FCCP (Sigma-Aldrich, #C2920) to
induce mitochondrial membrane potential collapse, and the fluores-
cence of the cytoplasm was measured. The background was corrected
frame-by-frame using an ImageJ filter (NIH), and the results were ex-
pressed as ΔF/F0.

2.9. Statistical analysis

Statistical results for n experiments are expressed as mean ± SEM.
A two-way repeated measures ANOVA was used to compare changes in
protein levels and gene expression for every condition analyzed. If a
significant main effect was found, a Fisher's least significant difference
(LSD) test was then applied. A p-value < 0.05 was considered statis-
tically significant.

3. Results

3.1. IP3R1 knockdown normalizes basal autophagy levels in mdx fibers

Changes in IP3R activity could have either positive or negative ef-
fects on autophagy, depending on the cell type and context [64]. To
date, there have been no studies on the effect of IP3R on autophagy in
normal adult skeletal muscle, much less in a pathological condition
such as DMD. To this aim, expression of key autophagy level markers
was measured in wild-type and mdx fibers electroporated with a short-
hairpin RNA that decreases IP3R1 expression (Suppl. Fig. 1). The level
of the lipidated form of the microtubule-associated protein-1 light chain
3 (LC3-II), which is produced during autophagosome formation, was
higher in mdx than wild-type fibers (p=0.015; Fig. 1A,B). After IP3R
knockdown, LC3-II levels dropped back to nearly normal levels in mdx
fibers (p=0.018), and no significant differences were observed in wild-
type fibers. Similar results were obtained when the LC3-II/I ratio was
measured as an indicator of active autophagy (Suppl. Fig. 2B). Inter-
estingly, no changes were observed for LC3-I levels in any condition
(Suppl. Fig. 2C). Levels of p62, a protein necessary for autophagosome
formation, were also measured. p62 was higher under basal conditions
in mdx fibers as compared to the wild-type (p=0.001, Fig. 1C). After

IP3R1 knockdown, p62 levels in mdx fibers decreased (p=0.05), and
no significant differences were observed in wild-type fibers. Finally,
LC3 and p62 expression levels were evaluated after IP3R1 knockdown,
as we have previously reported that this receptor modulates gene ex-
pression in skeletal muscle [65,66]. LC3 mRNA levels were higher in
mdx than wild-type fibers (p=0.001) (Fig. 1D). IP3R1 knockdown
induced increased LC3 mRNA levels in wild-type fibers (p=0.017) but
decreased levels in mdx fibers (p=0.001). LC3 mRNA levels also
tended to be lower in mdx than in wild-type fibers (p=0.06). No dif-
ferences between wild-type and mdx fibers were detected for basal p62
mRNA levels (Fig. 1E). p62 levels increased after IP3R1 knockdown in
wild-type but not mdx fibers. These results suggest that IP3R1 activity
increases basal autophagy in mdx fibers and that IP3R knockdown re-
stores LC3 and p62 levels in these cells.

3.2. Basal autophagic flux is elevated in dystrophic fibers and normalized
after IP3R1 knockdown

To evaluate autophagic flux, fibers from wild-type and mdx mice
were incubated for 3 h with 30 nM chloroquine, an autophagosome
degradation blocker (Fig. 1). Under basal conditions, LC3-II levels were
markedly increased in the mdx fibers after chloroquine incubation
(p=0.007) (Fig. 1A,B). When fibers were electroporated with shIP3R1
and incubated with chloroquine, no changes in LC3-II levels were de-
tected in wild-type fibers. Nevertheless, shScramble treated wild-type
fibers showed higher LC3-II levels than shIP3R1 treated wild-type fibers
after incubation with chloroquine (p=0.015, Fig. 1B). In mdx fibers,
the effect of chloroquine was blocked when fibers were electroporated
with shIP3R1 (p=0.001). Results for the LC3-II/I ratio were similar
(Suppl. Fig. 2B); no significant changes in LC3-I levels were observed
(Suppl. Fig. 2B), and incubation with chloroquine produced no sig-
nificant changes in p62 levels in wild-type fibers under either plasmid
condition (Fig. 1C). More interestingly, p62 levels decreased in both
shScramble mdx (p=0.001) and shIP3R1 mdx fibers (p=0.003) after
chloroquine incubation, with no significant differences between the two
groups. These results suggest that IP3R1 modulates autophagic flux in
both wild-type and mdx fibers. Moreover, IP3R1 downregulation nor-
malizes the elevated basal autophagic flux in mdx.

The accumulation of Ca2+ in the mitochondrial matrix has im-
portant implications for several processes, including autophagy [67].
Since we have previously shown that cytosolic Ca2+ was elevated in
adult mdx fibers, we evaluated whether mitochondrial Ca2+ levels were
also elevated in dystrophic fibers. As shown in Suppl. Fig. 3, basal Ca2+

fluorescence levels were about 1.5-fold higher in dystrophic than wild-
type mitochondria (p=0.01), measured using the mitochondrial ra-
tiometric Ca2+ sensor 2mtGCaMP6m. Furthermore, when IP3R1 ac-
tivity was inhibited or its expression decreased, the basal Ca2+ fluor-
escence levels of the dystrophic mitochondria reached values similar to
those of the wild-type mitochondria (p=0.02 and p=0.01, respec-
tively). Finally, no changes were observed in basal Ca2+ levels in wild-
type mitochondria when IP3R1 activity was blocked (Suppl. Fig. 3A).
Given that changes in mitochondrial Ca2+ could modulate the mi-
tochondrial membrane potential (ΔΨm), which in turn modulates nu-
merous critical mitochondrial functions [68], we assessed the effect of
IP3R inhibition on basal ΔΨm using the potentiometric dye TMRE in
two modalities (see Materials and methods). Approximately two-fold
increase in TMRE fluorescence was observed in the mdx mitochondria
when this parameter was measured using TMRE in non-quenching
mode (p=0.0005, Suppl. Fig. 3B). Using two strategies for IP3R in-
hibition, ΔΨm in the mdx fibers reached ΔΨm values in wild-type fibers
(Xesto: p=0.043; shIP3R1: p=0.005). In wild-type mitochondria, no
significant differences in ΔΨm were found after IP3R inhibition (Suppl.
Fig. 3C). In agreement with these results, measurements with TMRE in
quenching mode showed that ΔΨm depolarization of mdx cells with
FCCP resulted in a larger transient increase in whole-cell fluorescence
compared to the wild-type cells (p=0.001, Suppl. Fig. 3D–E). Once
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again, IP3R inhibition decreased the release of TMRE from mdx mi-
tochondria, normalizing ΔΨm levels (Xesto: p=0.001; shIP3R1:
p=0.001). No effect of IP3R inhibition on the ΔΨm of wild-type mi-
tochondria was observed (Suppl. Fig. 3F).

3.3. IP3R1 knockdown restores mitochondrial dynamics in mdx fibers

It is well established that mitochondria from mdx muscle fibers
show altered functioning [57,69]. Nevertheless, few studies have ad-
dressed mitochondrial dynamics, and even fewer have investigated the
role of IP3R in these abnormalities. To evaluate mitochondrial network
morphology, we used the mitochondrial marker MitoDsRed in wild-
type and mdx fibers electroporated with shIP3R1. The mitochondrial
network morphology, visualized using confocal microscopy, revealed
dramatic mitochondrial fragmentation in the mdx as compared to the
wild-type fibers (Fig. 2A). Moreover, mdx fibers had three-fold the
number of mitochondria as wild-type fibers (p=0.004) and 10 times
greater mitochondrial volume (p=0.004, Fig. 2B), consistent with a
more fragmented state. When IP3R1 expression was decreased, the
mitochondrial morphology of the mdx fibers shifted to a more fused
state, and the number of mdx mitochondria were normalized to values
near those of the wild-type cells (p=0.016) (Fig. 2A, B). Nevertheless,
no changes in mean mitochondrial volume were detected in mdx fibers
after IP3R downregulation. Interestingly, mitochondria from wild-type

fibers did not show altered morphology after IP3R downregulation
(Fig. 2A, B).

To study which components of the mitochondrial fusion (Mtf2,
Opa1) and fission (DRP1, Fis1) machinery mediate mitochondrial
fragmentation in mdx fibers, real-time PCR analysis was performed.
mRNA levels of the fusion mitochondria-associated proteins Mfn2 and
Opa1 were similar in mdx and wild-type fibers, as were mRNA levels of
the fission mitochondria-associated proteins DRP1 and Fis1
(Fig. 3A–D). We further tested the effects of IP3R1 knockdown on the
expression of mitochondrial dynamics proteins. After IP3R1 knock-
down, mRNA levels of Mfm2, DRP1, and Fis1 were decreased in mdx
fibers, while Opa1 mRNA levels remained relatively unchanged
(Fig. 3A–D). In wild-type fibers, Opa1 and Fis1 mRNA levels were
significantly decreased; DRP1 mRNA was increased; and no changes
were detected for Mfm2 mRNA after IP3R1 knockdown. Second, when
the levels of fission proteins DRP1 and Fis1 were measured, only
phospho-DRP1 was found to be significantly higher in mdx than wild-
type fibers (Fig. 3E–F). More interestingly, after IP3R1 knockdown,
phospho-DRP1 levels were significantly decreased in mdx fibers but
elevated in wild-type fibers (Fig. 3F). Fis1 protein mRNA levels were
decreased after IP3R1 knockdown in both wild-type and mdx fibers
(Fig. 3E, G). Finally, we evaluated expression of Cox IV as an indicator
of mitochondrial biogenesis (Fig. 3E, H). No difference in Cox IV ex-
pression was found between wild-type and mdx fibers, suggesting that
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Fig. 1. IP3R-dependent autophagic flux is increased in isolated muscle fibers from mdx mice.
(A–C) Representative immunoblot and quantification for LC3-II and p62 in isolated wild-type (wt) and mdx fibers electroporated with a scramble (shScram) or
shIP3R1 and treated with chloroquine (Chloro) for 3 h (n=4). Tubulin was used as a loading control. (D, E) Relative amounts of the autophagy-related genes LC3 and
p62 in isolated wild-type and mdx fibers electroporated with shIP3R1 measured by real-time PCR (n=4). Values are expressed as mean ± SEM. *p < 0.05,
**p < 0.01, ***p < 0.001 versus wt shScram; &p < 0.05, &&p < 0.01, &&&p < 0.001 versus mdx shScram.
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Fig. 2. IP3R1 knockdown reestablishes mitochondrial network morphology and dynamics in isolated muscle fibers from mdx mice.
(A) Representative images of 1 μm confocal slices of mitochondrial network organization visualized with mitoDsRed in isolated wild-type and mdx fibers electro-
porated with shScram or shIP3R1. Scale bar is 10 μm (B) Mitochondrial number and volume of the fibers as described in A (n=4). Values are mean ± SEM.
**p < 0.01 versus wt shScram; &p < 0.05 versus mdx shScram.
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proteins and Cox IV in isolated wild-type and mdx fibers electroporated with shIP3R1 (n=4). Values are mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001
versus wt shScram; &p < 0.05, &&p < 0.01, &&&p < 0.001 versus mdx shScram.
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changes in mitochondrial dynamics but not mitochondrial biogenesis
occur in mdx fibers. Additionally, Cox IV protein levels increased
greatly after IP3R1 knockdown in both fiber types (Fig. 3H), implying
that IP3R1 can somehow regulate mitochondrial biogenesis in both
wild-type and mdx fibers.

3.4. Mitophagy is decreased after IP3R1 knockdown in dystrophic fibers

Mitochondrial damage is mitigated through various defensive stra-
tegies, including activation of mitophagy, which acts as an important
mechanism for controlling mitochondrial turnover [70]. Given that
mdx mitochondria have a more fragmented morphology (Fig. 3) and
higher intracellular Ca2+ levels (Supl. 3), it would be reasonable to
hypothesize that mitophagy levels might be elevated in mdx fibers.
Therefore, we evaluated the expression of two mitophagy-related pro-
teins, Pink1 and Parkin, and assessed whether IP3R1 knockdown could
alter the expression of these proteins. Interestingly, Parkin protein ex-
pression was increased in mdx compared to wild-type fibers
(p=0.003), while IP3R1 knockdown decreased Parkin expression
(p=0.015, Fig. 4A, B). In wild-type fibers, Parkin protein expression
was increased after IP3R1 knockdown (p=0.03, Fig. 4B). Mdx fibers
also showed increased levels of Pink1 expression as compared to wild-
type fibers (p=0.02), and IP3R1 knockdown restored Pink1 normal
levels (p=0.01, Fig. 4A, C). mRNA levels for both Pink1 (p=0.006)
and Parkin (p=0.02) were increased in mdx as compared to wild-type
fibers (Fig. 4D, E). Moreover, IP3R1 knockdown decreased the expres-
sion of both Pink1 (p=0.001) and Parkin (p=0.05) proteins in mdx
fibers, while in wild-type fibers, only Parkin levels increased
(p=0.055, Fig. 4D, E).

When mitophagy is activated, Pink1 is stabilized in the mitochon-
drial membrane, triggering Parkin recruitment and activation [71].
Therefore, we evaluated Parkin localization by immunofluorescence
before and after IP3R1 knockdown in wild-type and mdx fibers (Fig. 5).
In the wild-type fibers, Parkin was localized homogenously throughout
the fiber (Fig. 5A, B). Remarkably, in the mdx fibers, Parkin was lo-
calized mainly in the sub-sarcolemmal area, while in knockdown fibers
the distribution was fairly homogenous, similar to the wild-type fibers
(Fig. 5A, B). Interestingly, IP3R1 knockdown induces Parkin distribu-
tion in wild-type fibers that is similar to that observed in mdx fibers
(Fig. 5A, B).

4. Discussion

DMD, the most common form of childhood muscular dystrophy, is
characterized by rapidly progressive muscle weakness and wasting due
to degeneration of skeletal muscle. Alteration in Ca2+ homeostasis has
been proposed as a mechanism of DMD pathogenesis. In the present
study, we evaluated the participation of IP3R1 in basal autophagy,
autophagic flux, mitochondrial Ca2+, mitochondrial membrane poten-
tial, mitochondrial dynamics, and mitophagy in adult skeletal fibers.
Moreover, we showed that IP3R1 knockdown or a pharmacological
antagonist restored nearly all of the parameters that are abnormal in
adult mdx skeletal fibers. In addition, we also showed that in wild-type
fibers, IP3R1 knockdown induces changes in mitochondrial dynamics
and mitophagy. To the best of our knowledge, this is the first study in
adult mouse skeletal muscle associating IP3R1 activity with changes in
autophagy, mitochondrial dynamics, and mitophagy.

Several recent reports have proposed that modulation of autophagy
is a promising novel therapy for DMD [33,34,37,72,73]. Nevertheless,
some results have been controversial, and many questions remain to be
addressed. Several groups have found depressed autophagy after mea-
suring LC3 and p62 levels in mdx fibers [33–35,74]. On the contrary,
our results showed increased LC3-II and p62 levels in mdx as compared
to wild-type fibers. These results are consistent with those reported by
two other groups [32,37]. The main difference between our study and
the others was the age of the mdx mice used to assess autophagy levels.
We used mdx mice between 5 and 8weeks of age, whereas the other
groups evaluated mice older than 16weeks. In agreement with our
findings, Fiacco et al. showed that LC3-II levels were higher in 6-week-
old mdx mice than wild-type mice and that this increase gradually
declines from 20 through 24–32weeks in both the tibialis anterior and
diaphragm muscles (Fig. 1) [37]. Moreover, this group also found
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Fig. 4. IP3R1 regulates the expression of proteins related to mitophagy in iso-
lated muscle fibers from wild-type and mdx mice.
(A–C) Representative Western blot and Parkin and Pink1 measurements in
isolated wild-type and mdx fibers electroporated with shIP3R1 (n=4). (D–E)
Parkin and Pink1 gene expression measured by real-time PCR (n=4). Values
are mean ± SEM. *p < 0.05 versus wt shScram; &p < 0.05, &&p < 0.01
versus mdx shScram.
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Fig. 5. Localization of the mitophagy proteins Parkin in isolated muscle fibers from mdx mice changes after IP3R1 knockdown.
(A) Representative confocal immunofluorescence images for Parkin in wild-type and mdx FDB-isolated fibers electroporated with specific mitochondrial matrix
MitoDsRed and with shIP3R1 (n=3). (B) Protein distribution at the fiber z-axis was performed by line scan and z-projection reconstruction. Quantitation of
fluorescence intensity in the area marked with a white square is shown under each image. Scale bars= 10 μm.
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elevated LC3 levels in muscle biopsies from DMD patients. Levels were
highest during early stages (2 years), declining in later stages (8 years)
[37]. Finally, Wattin et al. described elevated LC3 levels in myotubes
from DMD patients [75]. We also found that autophagic flux is higher in
mdx than wild-type fibers after incubation with the autophagosome
degradation blocker chloroquine (Fig. 1). Similar results were obtained
in young mdx mice were injected with chloroquine for 4 consecutive
days; young mdx mice were injected with AICAR, an AMPK activator,
for 4 weeks; and myotubes from DMD patients incubated with a cocktail
of lysosomal protease inhibitors [37,75]. In older mdx mice, chlor-
oquine treatment or starvation failed to induce changes in autophagic
flux [33,37]. Only nanoparticles loaded with rapamycin, an autophagy
inducer, has been found to increase autophagic flux in older mdx mice
[74]. The differences in autophagy levels observed could be explained
by the well-defined stages of mdx in mice. At 3 weeks of age, processes
such as necrosis, apoptosis, and inflammation begin to emerge. Around
6weeks, regeneration is initiated, continuing until 12 weeks of age and
alternating with degeneration processes. The cycles of necrosis and
regeneration are slower and milder after 12 weeks [76]. Finally, at
20 weeks, fibrosis begins, increasing at later stages [37]. The muscle
pathology is mostly pronounced between 2 and 8weeks of age.
Therefore, we chose mice of this age to study autophagy [77]. Collec-
tively, these results suggest that autophagy and flux levels depend on
the progress of the disease and may be related to changes in re-
generation and fibrosis [37].

Recently, IP3R has emerged as a novel autophagy regulator that acts
through several mechanisms, such as changes in cytosolic and/or mi-
tochondrial Ca2+ levels [48]. Moreover, depending on the cell type,
this receptor may either activate or inhibit autophagy [64]. Our results
showed that IP3R1 activity increased basal autophagy levels in mdx
fibers, with autophagy restored to wild-type levels after IP3R1 knock-
down (Fig. 1). In addition, mdx fibers showed elevated levels of au-
tophagic flux, which was also reduced after IP3R1 knockdown (Fig. 1).
Moreover, we found that changes in IP3R1 activity induced changes in
the mRNA levels of LC3 and p62. Surprisingly, some of these changes
were not reflected in the protein levels in both wild-type and mdx fi-
bers. Stoughton et al. showed a decrease in the mRNA levels of LC3 in
golden retriever muscular dystrophy model (GRMD) in both cranial
sartorius (CS) and vastus lateralis (VL) muscle. Nevertheless, the protein
level of LC3 was increased in CS with no changes in VL muscle in GRMD
[78]. Similar results were also observed for autophagy induction by
starvation in myotonic dystrophy type I [79] and for the effect of
aerobic exercise training in spontaneously hypertensive rats [80].
Further research is required to elucidate these contrasting patterns of
autophagy protein expression induced by IP3R1 knockdown in skeletal
muscle.

The localization of IP3R on the MAM allows it to modulate autop-
hagy through the Ca2+ exchange between the ER and mitochondria and
to influence mitochondrial function and dynamics. Our results suggest
that IP3R1 is involved in mitochondrial network morphology and dy-
namics characteristic of adult mdx skeletal fibers (Figs. 2, 3). It is well
known that mitochondrial function is altered in dystrophic fibers
[57,69]. Nevertheless, little is known about the participation of IP3R in
these mitochondrial alterations. Some studies have shown abnormal
mitochondrial fragmentation in the Caenorhabditis elegans and zebrafish
models of DMD, similar to our results in adult mdx skeletal fibers
(Fig. 2) [81,82]. Moreover, Giacomotto et al. demonstrated the in-
volvement of cytochrome c in muscle fiber death in C. elegans DMD
models, in part through an interaction with IP3R [81]. Additionally, this
group also showed that knockdown of both DRP1 and IP3R resulted in
fewer muscle cells with fragmented mitochondria in the dystrophic C.
elegans cells as compared to controls. Our results support these findings.
We propose that IP3R1 knockdown modulates mitochondrial dynamics
by decreasing expression of both DRP1 and Fis1 in adult mdx fibers
(Fig. 3). More interestingly, we found changes in the expression of
fission proteins in wild-type fibers after IP3R1 knockdown that were

independent of changes in mitochondrial dynamics.
Mitophagy has emerged as a key mechanism in cell quality control,

responsible for the elimination of damaged mitochondria [83]. Accu-
mulating evidence has emphasized that mitochondrial fragmentation is
a requirement for mitophagy [84]. Our results showed that mdx fibers
show increased levels of mitophagy, reflected in the elevated expression
of the two key mitophagy proteins, Pink and Parkin (Fig. 4). Ad-
ditionally, Parkin was mainly localized in the sub-sarcolemmal area in
mdx fibers, whereas Parkin distribution is fairly homogenous
throughout the cell in wild-type fibers (Fig. 5). These results suggest
that mitochondria that localized in the sub-sarcolemmal area could be
more susceptible to mitophagy. This proposal is consistent with ultra-
structural analyses that revealed a 39% decrease in sub-sarcolemmal
mitochondrial density in mdx skeletal muscle fibers, with no significant
changes in total mitochondria content [82]. Sub-sarcolemmal mi-
tochondria not only regulate ATP production and Ca2+ handling but
also contribute to glucose homeostasis, fat metabolism, and muscle
adaptation to exercise [5,44,45]. Recent results from our group showed
that depolarization-induced mitochondrial Ca2+ signals begin in the
sub-sarcolemmal mitochondria then propagate towards the inter-
myofibrillar mitochondria [62]. Due to the importance of sub-sarco-
lemmal mitochondrial activity, we propose that the reduced numbers of
these mitochondria, attributable to mitophagy, could play a role in
several characteristic features of mdx fibers, including Ca2+ mishand-
ling and decreased ATP energy supply. In accordance with our latest
results, the decrease in sub-sarcolemmal mitochondria may also affect
intermyofibrillar mitochondria function in mdx fibers [62]. IP3R1
knockdown in mdx fibers decreased Parkin expression and restored
Parkin localization to a distribution similar to that found in wild-type
fibers (Fig. 5). Conversely, decreased IP3R1 expression in wild-type fi-
bers increased Parkin levels and increased Parkin localization to the
sub-sarcolemmal area, similar to the distribution found in mdx fibers.
These results show that IP3R1 is necessary for normal mitochondrial
function in skeletal muscle.

As mentioned previously, IP3R may either activate or inhibit au-
tophagy depending on the cell type through changes in cytosolic and/or
mitochondrial Ca2+ levels [48]. In agreement with our results, Basset
et al. showed that carbachol-induced mitochondrial Ca2+ responses are
higher in the dystrophic myotubes of young mdx mice than those ob-
tained from wild-type mice [85]. Moreover, these authors proposed that
Bcl2 overexpression may prevent mitochondrial Ca2+ overload and
Ca2+-dependent apoptosis by inhibiting IP3R in dystrophic myotubes
[85]. These results together suggest that the flux of Ca2+ from IP3Rs to
the mitochondrial matrix could be a plausible mechanism for autop-
hagy regulation in skeletal muscle. Moreover, this mechanism could
also be important for mitophagy response. MacVicar et al. identified
IP3Rs as mediators of Parkin-induced mitophagy in human RPE1 cells
[86]. They showed an impaired mitophagy phenotype in cells sup-
pressed for all three IP3R isoforms and for the mitochondrial Ca2+

uniporter (MCU) [86]. Although there is no direct evidence, these re-
sults suggest that mitophagy could be regulated by modulators of mi-
tochondrial Ca2+. Nevertheless, further research is needed to establish
a direct relation between IP3R1 activity and modulation of autophagy/
mitophagy, through regulation of mitochondrial Ca2+ content in
normal and mdx skeletal muscle fibers.

5. Conclusion

The results of this study emphasize the role of IP3R in skeletal
muscle function, especially in DMD. To our knowledge, this is the first
evidence showing the involvement of IP3R in autophagy, mitophagy,
and mitochondrial function in adult mdx skeletal fibers. Nevertheless,
several questions remain to be addressed, such as how IP3R regulates
these processes in both wild-type and adult mdx skeletal fibers. Several
mechanisms have been proposed for the regulation of IP3R activity,
including changes in Bcl2 and Beclin1 levels [48,49]; constitutive IP3R
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activation by cleavage, triggered by caspases or calpains [87,88]; and
disruption of ER/mitochondria communication, mediated by the in-
teraction of IP3R and Grp75/VDAC [89]. More research is needed to
elucidate the exact mechanism by which IP3R activity deregulates such
processes in adult mdx skeletal fibers.

Finally, we previously showed that treating mdx mice with nifedi-
pine, a DHPR blocker that indirectly decreases IP3 levels, improved
several features of mdx pathophysiology such as CK levels, cytoplasmic
calcium levels, and expression of genes with apoptosis [31]. These re-
sults, along with those obtained here, lead us to propose the use of
specific IP3R blockers as a new pharmacological treatment for DMD,
given their ability to simultaneously restore autophagy, mitophagy, and
mitochondrial function in dystrophic skeletal muscle tissue.
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