
Summary. Sarcolemma instability and increased
calcium influx in muscle fibers are characteristics of the
Duchenne muscular dystrophy. Excessive calcium
activates calcium-dependent enzymes, such as calpains
(CAPN) and matrix metalloproteases (MMP). Here, we
analyzed calcium deposits, the activity of CAPN and
MMP and the expression of Myh, SERCA and myogenic
regulatory factors in different skeletal muscles during
myonecrosis (4-weeks) and regeneration (12-weeks)
phases of the mdx muscular pathology. Alizarin red
staining was used to assess calcium deposits, casein and
gelatin zymography were performed to evaluate CAPN
and MMP activity, and qPCR was used to evaluate the
expression of Myh, Capn, Atp2a1 and Atp2a2, Myod1
and Myog. We observed the following characteristics in
mdx muscles: (i) calcium deposits almost exclusively in
mdx muscles, (ii) lower CAPN1 activity in mdx muscles,
(iii) higher CAPN2 activity in mdx muscles (only at 12
wks), (iv) autolyzed CAPN activity exclusively in mdx
muscles, (v) lower expression of Capn1 and higher
expression of Capn2 in mdx muscles; (vi) lower
expression of Atp2a1 and Atp2a2 in mdx muscles, (vii)
higher MMP (pre pro MMP2, pro MMP2, MMP2 and
MMP9) activity in mdx muscles, (viii) MMP2 activity
exclusively in mdx muscles at 12 wks, (ix) MMP9
activity exclusively in mdx muscles, (x) higher
expression of Myog in mdx muscles at 12 wks, and (xi)

lower expression of Myh (Myh7, Myh2, Myh1, Myh4) in
mdx muscles, particularly Myh7 and Myh2. The
collection of our results provides valuable information
for a better characterization of mdx pathology
phenotype.
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Introduction

Duchenne muscular dystrophy (DMD) is the most
severe type of muscular dystrophy, which affects 1 in
3,500 males and is caused by X-linked recessive
mutations in the dystrophin gene (Blake et al., 2002;
Mercuri and Muntoni, 2013). Dystrophin is a protein
with multiple binding sites for proteins from a variety of
cellular compartments, including membrane and
cytoskeleton. Dystrophin binds to transient receptor
potential channel (TRPC) in the sarcolemma, actin and
microtubules in the cytoskeleton, and nitric oxide in the
sarcoplasm (McGreevy et al., 2015). Nonsense
mutations, large deletions or duplications in the
dystrophin gene lead to membrane instability and
damage causing non-regulated calcium input,
concomitant with TRPC deregulation, which contributes
to calcium homeostasis impairment, which is further
exacerbated by muscle contractile activity (Matsuda et
al., 1995; Vandebrouck et al., 2002). Muscles from
DMD patients and mdx mice contain high concentrations
of intracellular calcium, which may contribute to muscle
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cell death through the activation of calcium-dependent
proteases (Dunn and Radda, 1991; Spencer et al., 1995).
Calpains (CAPN) are a ubiquitous and well-conserved
family of calcium-dependent cysteine proteases involved
in normal skeletal muscle differentiation, but also
implicated in several pathological conditions including
DMD and autosomal recessive limb-girdle muscular
dystrophy type 2A (Zats and Starling, 2005; Buffolo et
al., 2015). The mechanisms of CAPN activation are
complex but are often involved in response to certain
apoptotic signals, oncogenes and tumor-suppressor gene
products (Goll et al., 2003).

Calpain 1 (or µ-calpain) and calpain 2 (or m-calpain)
are the major isoforms of CAPN and are found
ubiquitously in the cytoplasm. Calpain 1 (CAPN1) is
half maximally activated by 3-50 µM calcium whereas
calpain 2 (CAPN2) requires elevated calcium
concentration (400-800 µM) (Goll et al., 2003). CAPN-1
and -2 have similar molecular weight (~80 kDa) and
form a heterodimer (~110 kDa) with the small 28 kDa
subunit. In the presence of calcium, CAPN suffers an
autoproteolytic processing responsible for removal of the
small subunit and part of the large subunit with
consequent reduction of the molecular weight from ~110
to ~78 kDa (Goll et al., 2003; Campbell and Davies,
2012).

Various structural muscle proteins are potential
substrates for CAPN- 1 and -2, including C-protein,
desmin, filamin, gelsolin, nebulin, titin, tropomodulin,
tropomyosin, troponin I, troponin T, utrophin, vimentin
and vinculin (Goll et al., 2003). Specific activities of
CAPN-1 and CAPN-2 were found to be significantly
elevated in dystrophic muscles from DMD patients (Kar
and Pearson, 1976; Reddy et al., 1986) and total CAPN
concentration was found elevated in both 4-week and
14-week old mdx mice (Spencer et al., 1995). Since
dystrophic fibers show increased calcium, and CAPN are
activated by calcium, it is important to draw a parallel
between CAPN activity and calcium deposition in
muscles that are differently affected in DMD pathology.
Here, we studied CAPN activity and calcium deposition
in different muscles at two different stages of the mdx
disease (myonecrosis at 4- and regeneration at 12-week
old mdx mice). We also analyzed the activity of
metalloproteases (MMP) and the expression of
sarco/endoplasmic reticulum calcium-ATPases Atp2a1
and Atp2a2 (SERCAs), myosin heavy chain (Myh),
myogenic differentiation factors (Myod1 and Myog),
aiming to correlate their role in mdx disease with the role
of calcium and CAPN.
Material and methods

Ethics statement

This study followed the principles of good
laboratory animal care and experimentation in
compliance with ethical recommendations in the

guidelines of the Brazilian College for Animal
Experimentation. The study protocol for handling of
animals was approved by the Institutional Animal Care
Committee (protocol CEUA 00174/09).
Animals

Isogenic male mdx (C57BL/10ScSn-Dmdmdx/J)
dystrophic and age-matched C57BL/10J (C57) control
non-dystrophic mice at 4 and 12 weeks (wks) of age
were kept in the animal housing facilities at the Biology
Institute at the Fluminense Federal University. Mice
were housed in a ventilated rack (Alesco, São Paulo,
Brazil) in autoclaved cages and kept at a constant 12
h/12 h light-dark cycle and temperature (24°C) with free
access to food and water. Mice were euthanized by
cervical dislocation and skeletal muscles with distinct
fiber-type characteristics were collected (Moens et al.,
1993; Brooks, 1998; Consolino and Brooks, 2004). The
following muscles were used in this study:
gastrocnemius, triceps-brachii, extensor digitorium
longus (EDL) and soleus. Individual muscles were
dissected at the ages of 4 and 12 wks corresponding to
the height of myonecrosis and regeneration respectively
(Grounds et al., 2008). Whole individual muscles were
weighted and macerated in lysis buffer (1/10 w/v), for
CAPN: [50 mM HEPES, pH 7.6, 150 mM NaCl, 10%
(v/v) glycerol, 0.1% (v/v) Triton X-100, 5 mM EDTA,
10 mM 2-mercaptoethanol, 100 μM PMSF, 10 μg/mL
leupeptin] (Elce, 2000), for MMP: [100 mM Tris-HCl,
pH 7,6, 200 mM NaCl, 100 mM CaCl2, 1% (v/v) Triton
X-100], or fixed in formalin and processed into paraffin-
embedded blocks (Leite et al., 2010).
Alizarin Red S staining for calcium deposits analysis

Muscles from C57BL10 and mdx mice were fixed in
10% neutral buffered formalin and further processed into
paraffin-embedded cassettes. Sections of 5 μm in
thickness were placed on poly-lysine-coated slides.
Muscle sections were stained with Alizarin Red S 2%
(ARS) solution for 3 to 5 min and dehydrated in acetone,
acetone-xilol (1:1), and xilol, during 20 sec each step
and mounted in glycerol (McGee-Russell, 1958). Images
of calcium deposits birefringence were observed and
acquired under bright-field and polarization microscopy
on an Axiovert 100 microscope (Zeiss, Germany).
Calcium deposits were quantified under polarized light
microcopy, since this contrast-enhancing technique
improves the quality of the image obtained with
birefringent materials, such as calcium deposits.
Tissue extracts preparation for zymography

Gastrocnemius and triceps brachii muscles from
C57BL10 and mdx mice were collected and processed
individually, while soleus and EDL were processed as a
pool of muscles to increase protein quantity. All muscles
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were macerated on the same day of dissection on lysis
buffer using TissueRuptor (Qiagen, USA) in ice-bath
until total dissociation. Muscle extracts were centrifuged
for 15 min under 15,000xg at 4°C and the supernatant
was recovered and stored until use in aliquots at -20°C.
Protein concentration was quantified by Lowry method
(Lowry et al., 1951) and 40 µg of protein was loaded in
each zymography gel lane.
Casein zymography assay for CAPN activity

Casein gels for analysis of CAPN activity were
performed as described previously (Elce, 2000). Briefly,
gels consisted of 10% (w/v) polyacrylamide impregnated
with casein 10 mg/mL (Sigma), and 5% (w/v)
polyacrylamide for stacking gels. Gels were run (Power
Pac 200, Bio-Rad, USA) with electrophoresis buffer (25
mM Tris base, 125 mM glycine, 1 mM EDTA, pH 8.0
and 10 mM 2-mercaptoethanol) at 125 Volts. Gels were
removed and washed twice for 30 min each with
incubation buffer (50 mM Tris-HCl, pH 7.0, 5 mM
CaCl2, 10 mM 2-Mercaptoethanol) under gentle
swirling. Thereafter gels were transferred to a new
incubation buffer and incubated overnight at room
temperature under gentle swirling.
Gelatin zymography assay for matrix metalloprotease
activity

SDS-PAGE zymography was performed to
determine gelatinase activity according to previous
description (Heussen and Dowdle, 1980). Briefly,
zymogram gels consisted of 7.5% polyacrylamide-SDS
gel impregnated with 2 mg/ml type A gelatin from
porcine skin (Sigma) and 4% polyacrylamide-SDS for
stacking gels. Gels were further washed twice for 30 min
in 2.5% Triton X-100 solution, and then incubated at
37°C for 24 h in substrate buffer (10 mM Tris-HCl
buffer, pH 7.5 with 5 mM CaCl2, 1 μM ZnCl2). Matrix
metalloproteases (MMP) are produced and secreted in its
zymogenic form, and once in the extracellular matrix
space suffers activation through inhibitory pro-peptide
removal, which is also responsible for reducing the
molecular weight. The MMP electrophoresis is
performed in the presence of SDS, during the washing
with renaturation buffer (2.5% Triton X-100), the SDS is
removed and activates the enzyme without the inhibitory
pro-peptide removal, allowing the identification of
inactive enzyme activity (Heussen and Dowdle, 1980;
Kherif et al., 1999).
Gel staining

CAPN and MMP gels were stained with stain
solution [0.25% (w/v) Coomassie blue, 40% (w/v)
methanol, 7% (w/v) acetic acid] and washed with destain
solution [50% (w/v) methanol, 10% (w/v) acetic acid]
until bands were visible. Zymogram bands appeared as
white bands in the gels, but images were inverted to

black bands to facilitate visualization.
Image acquisition and quantification

Images from zymograms were acquired using the
software L-Pix (Loccus-Brazil) and gel bands were
quantified by LabImage (Loccus-Brazil) with a
background reduction. Quantification of the area
occupied by calcium deposits from Alizarin Red S
staining was performed using Image J software.
Gene expression

Total RNA was extracted using the TRIzol Reagent
(Invitrogen, Carlsbad, USA) and Nucleo Spin RNA®
(Macherey Nagel, Düren, DE). Briefly, aqueous phase
from initial TRIzol protocol were placed into the
Machery Nagel Nucleo Spin RNA column according to
downstream manufacturer’s protocols. The cDNA
synthesis was performed using the High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, CA,
USA) according to manufacturer’s protocols using 750
ng for soleus and EDL and 1000 ng for gastrocnemius
and triceps-brachii of total RNA. Following cDNA
synthesis, mRNA expressions were evaluated by qPCR
using the HOT FIREPol® Evagreen® qPCR Supermix
(Solis Biodyne, Denmark) using the Master Cycler
Realplex system (Eppendorf, Germany). Primer pairs’
sequences are shown in Table 1. Quantification of
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Table 1. List of primers for qPCR.

Gene Primer sequences GenBank accession no.

Atp2a1 GGAATGCAGAGAACGCTATCG NM_007504.2
TCCTTTGCACTGACTTTCGGT XM_006507268.1

Atp2a2 AATCTGACCCAGTGGCTGATG NM_009722.3
AGAGGGCTGGTAGATGTGTTG

Capn1 ATGACAGAGGAGTTAATCACCCC NM_001110504
GCCCGAAGCGTTTCATAATCC

Capn2 GGTCGCATGAGAGAGCCATC NM_009794
CCCCGAGTTTTGCTGGAGTA

Hprt1 GCAGTACAGCCCCAAAATGG NM_013556.2
AACAAAGTCGGCCTGTATCCAA

Myh1 CGGAGTCAGGTGAATACTCACG NM_030679.2
GAGCATGAGCTAAGGCACTCT

Myh2 TGGAGGGTGAGGTAGAGAGTG NM_001039545.2
TTGGATAGATTTGTGTTGGATTG

Myh4 CACCTGGACGATGCTCTCAGA NM_010855.3
GCTCTTGCTCGGCCACTCT

Myh7 ACTGTCAACACTAAGAGGGTCA NM_080728.3
TTGGATGATTTGATCTTCCAGGG

Myod1 GACCTGCGCTTTTTTGAGGACC NM_010866.2
CAGGCCCACAGCAAGCAGCGAC

Myog TTGCTCAGCTCCCTCAACCAGGA NM_031189.2
TGCAGATTGTGGGCGTCTGTAGG

Rpl0 GGCCCTGCACTCTCGCTTTC NM_007475.5
TGCCAGGACGCGCTTGT



mRNA expression was calculated from the standard
curve method and the expression corrected by the
geometric mean of the reference genes (for
gastrocnemius and triceps-brachii: Rpl0, Hprt1). The
best reference gene combinations were chosen according
to their Cq values, using the minor variance between the
groups. PCR program was as follows: denaturation 12
min 95°C, 40 cycles of 15 sec 95°C, 30 sec 60°C, 30 sec
72°C, following melting program. qPCR quality and
genomic DNA contamination was checked using intron-
spanning primers, reverse transcriptase-negative samples
from cDNA synthesis and melting curve analysis
obtained from each reaction.
Statistical analysis

Data were analyzed with the software GraphPad

Prism™ 7.0 (GraphPad Software Inc. San Diego, CA,
USA), and to access the level of statistical significance
we used t-test non-paired and non-parametric Mann-
Whitney test. The results were expressed as mean ±
standard deviation (SD). A p-value <0.05 was
considered statistically significant.
Results

Excessive calcium influx and increased membrane
permeability are early changes in DMD muscles (Allen
et al., 2016; Bozycki et al., 2018). Therefore, we decided
to evaluate the amount of calcium deposition in
gastrocnemius and triceps brachii mdx muscles using
Alizarin staining, which specifically binds calcium and
forms birefringent deposits (Fig. 1A). Several calcium
deposits were found in both mdx muscles (gastrocnemius
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Fig. 1. Calcium deposits are found almost exclusively in mdx muscles. Calcium deposits were detected using alizarin staining in gastrocnemius and
triceps brachii from C57 control and mdx muscles at 4 and 12 wks. One representative image of polarized microscopy from triceps brachii (control and
mdx at 4 and 12 wks) stained with alizarin is shown in a, and the quantification of calcium deposits from both muscles is shown in b. **p<0.01,
***p<0.001, n.s. - non-significant, n.d. - non-detected. In b, white bar - C57, black bar - mdx. Scale bars: 100 µm.



and triceps brachii) from both ages (4 and 12 wks),
while control C57 muscles (gastrocnemius and triceps
brachii) from both 4 and 12 wks presented either few or
no calcium deposits (Fig. 1B). Interestingly,
gastrocnemius and triceps brachii from mdx showed no
differences between 4 and 12 wks (Fig. 1B).

Since we found increased amounts of calcium
deposits in mdx muscles compared to control C57
muscles, we decided to analyze whether the high
calcium content was related to the activity of calcium-
dependent enzymes, such as CAPN and MMP. For the
analysis of CAPN activity we used casein zymography,
which allows the analysis of the activities of CAPN 1
and 2, as well as CAPN autolyzed forms. Zymogram

gels showed 3 distinguishable bands in mdx muscle
samples: CAPN1, CAPN2 and autolyzed CAPN2 (Fig.
2A), according to previous description (Pomponio et al.,
2008). Quantification of zymogram bands showed that
CAPN1 activity decreased in all mdx muscles
(gastrocnemius, triceps brachii, soleus and EDL) at both
ages (4 and 12 wks), when compared to age-matched
C57 control muscles (Fig. 2B-C). No differences at 4
wks were found in CAPN2 activity in gastrocnemius and
triceps brachii, whereas CAPN2 activity was found
elevated in soleus and decreased in EDL, all compared
to control at 4 wks (Fig. 2A). Interestingly, CAPN2
activity was found elevated at 12 wks in gastrocnemius,
soleus and EDL, compared to control at 12 wks. Triceps
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Fig. 2. Calpain activity in mdx muscles. a. Casein gel zymograms evidencing CAPN1, CAPN2 and autolyzed CAPN in C57 control and mdx muscles at
4 and 12 wks (one representative image of each condition is shown). b. Quantification of CAPN activity at 4 wks. c. Quantification of CAPN at 12 wks.
d. Quantification of autolyzed CAPN. *p<0.05, **p<0.01, ***p<0.001, n.s. - non-significant, n.d. - non-detected, aut - autolyzed. In b-c, white bar - C57,
black bar - mdx; In d, black bar - mdx at 4 wks, grey bar - mdx at 12 wks.
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Fig. 3. CAPN gene
expression in mdx
muscles. Relative
expression of Capn1
and Capn2 genes. a-d.
Capn1 gene expression.
e-h. Capn2 gene
expression. *p<0.05,
**p<0.01, n.s. - non-
significant. White bar -
C57, black bar - mdx.



brachii was the only mdx muscle at 12 wks that
presented no differences compared to control at 12 wks
(Fig. 2C). Autolyzed CAPN2, the fully activated form of
CAPN2, was only detected in mdx muscles
(gastrocnemius, triceps brachii, soleus and EDL) at both
ages (Fig. 2B,C). We also observed that the amount of
autolyzed CAPN2 varies between mdx muscles at 4 and
12 wks.

We found differences in the amount of calcium
deposits and in the activity of CAPN1, CAPN2 and
autolyzed CAPN2 in mdx muscles compared to control
muscles. Therefore, we decided to analyze the
expression of CAPN genes (Capn1 and Capn2) in mdx
muscles to study if the modulation of CAPN in mdx
muscles was not only at the enzymatic activity level but
also at the transcriptional level. We found a reduced
expression of Capn1 in the gastrocnemius from mdx at
12w and in triceps brachii from mdx at 4 wks (Fig.

3A,B), while soleus and EDL showed no differences in
the expression of Capn1 either at 4 or 12 weeks (Fig.
3C-D). Capn2 expression was found elevated in
gastrocnemius from mdx at both 4 and 12 wks and in
soleus from mdx at 4 wks (Fig. 3E,G). Triceps brachii
and EDL from mdx showed no differences in the
expression of Capn2 at both 4 and 12 wks, compared to
control (Fig. 3F,H), and soleus from mdx showed no
differences at 12 wks (Fig. 3G).

Due to elevated calcium deposits found in mdx
muscles, we decided to analyze the expression of Atp2a1
and Atp2a2 (SERCA genes). SERCA are ATPase pumps
responsible for transporting calcium from cytosol to
endoplasmic reticulum. Atp2a1 (SERCA1) is expressed
exclusively in fast-twitch fibers while Atp2a2
(SERCA2a) is expressed in slow-twitch fibers
(Schiaffino and Reggiani, 2011). qPCR analysis showed
a lower expression of Atp2a1 (SERCA1) and Atp2a2
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Fig. 4. Atp2a1 and Atp2a2 gene expression in mdx muscles. Relative expression of Atp2a1 and Atp2a2 genes. a, b. Atp2a1 gene expression. c, d.
Atp2a2 gene expression. *p<0.05, **p<0.01, n.s. - non-significant. White bar - C57, black bar - mdx.



(SERCA2a) in gastrocnemius from mdx at 4 and 12 wks
when compared to non-dystrophic control (Fig. 4A,C).
Triceps brachii from mdx showed a lower expression of
Atp2a1 (SERCA1) at 4 wks and of Atp2a2 (SERCA2a)
at 12 wks, compared to C57 control muscles (Fig.
4B,D). The decrease in Atp2a1 (SERCA1) in mdx
gastrocnemius was more evident at 4 wks than at 12 wks
(Fig. 4A).

We also evaluated the activity of MMP in mdx
muscles since we found more calcium deposits in mdx
muscles and MMP are calcium-dependent enzymes.
MMP’s zymogram gels showed 4 distinguishable bands:
the first band at the top of the gel corresponds to MMP-

9, and the subsequent bands are pre pro-MMP-2, pro-
MMP-2 and active MMP-2, respectively (Fig. 5A).
Quantification of the bands evidenced that the
zymogenic form of MMP-2 is higher in dystrophic
muscles at 4 and 12 wks when compared to C57 control
muscles (Fig. 5 b-c). The pre pro-MMP-2 was found
higher in mdx gastrocnemius, triceps brachii and EDL
muscles at both 4 and 12 wks, but not in the soleus (Fig.
5B). In addition, the pro-MMP-2 was found elevated in
all mdx muscles at both ages (Fig. 5C). The active
MMP-2 was found almost exclusively in mdx muscles
(Fig. 5D); and it was detected in lower levels in C57
gastrocnemius, soleus and EDL at 4 wks (but not in
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Fig. 5. MMP activity in mdx muscles. a. Gelatin gel zymogram evidencing MMP9, pre pro-MMP2, pro-MMP2 and MMP2 in C57 and mdx muscles at 4
and 12 wks (one representative image of each condition is shown). b. Quantification of pre pro-MMP2 activity. c. Quantification of pro-MMP2 activity. 
d. Quantification MMP2 activity. e. Quantification of MMP9 activity. *p<0.05, * p<0.01, ***p<0.001, n.s. - non-significant, n.d. - non-detected. White bar -
C57, black bar - mdx.
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Fig. 6. MyoD1 and
Myog gene expression
in mdx muscles.
Relative expression of
MyoD1 and Myog
genes. a-d. MyoD1
gene expression. e-h.
Myog gene expression.
*p<0.05, n.s. - non-
significant. White bar -
C57, black bar - mdx.
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Fig. 7. Myh gene
expression in mdx
muscles. Relative
expression of Myh7,
Myh2, Myh1 and
Myh4 (type I, IIa, IIx
and IIb,
respectively). a, c,
e, g. Mice at 4 wks.
b, d, f, h. Mice at 12
wks. a, b.
Gastrocnemius. c,
d. Triceps brachii. e,
f. Soleus. g, h. EDL.
*p<0.05, **p<0.01
(Control versus
mdx). White bar -
C57, black bar -
mdx.



triceps brachii). MMP-9 was also detected exclusively in
mdx muscles (gastrocnemius, triceps brachii and soleus)
at 4 wks (Fig. 5E), with the only exception of EDL
which presented MMP-9 activity at both 4 and 12 wks
(Fig. 5E).

To better understand the role of myogenic regulatory
factors (MRF) during the mdx muscle regeneration
process, and to try to correlate it with the observed
alterations in calcium, CAPN and MMP activities, we
decided to analyze the gene expression levels of Myod1
and myogenin (Myog). MRFs are differentially
expressed during different stages of muscle
differentiation and we intended to study if their
expressions were altered in different mdx muscles and/or
in different stages of mdx muscle disease. Myod1
expression in all mdx muscles (gastrocnemius, triceps
brachii, EDL and soleus) and at both ages (at 4 and 12
wks) showed no differences when compared to age-
matched C57 control (Fig. 6A-D). An increased
expression of Myog was found in mdx gastrocnemius at
both 4 and 12 wks and in mdx triceps brachii at 12 wks,
compared to C57 control muscles (Fig. 6E-F).
Interestingly, mdx gastrocnemius and triceps brachii at
12 wks showed more remarkable increases in Myog
expression than these same mdx muscles at 4 wks (Fig.
6E-F). However, soleus and EDL from mdx at both 4 and
12 wks showed no differences in Myog expression
compared to control (Fig. 6G-H).

Muscle fiber types differ in their pattern of
expression of myosin heavy chain genes (Myh).
Therefore, we also evaluated the expression of Myh in
control and mdx muscles to try to correlate different
fiber types with the alterations in CAPN and MMP
activities observed in our study. There are four Myh
genes (Myh7, Myh2, Myh1, Myh4), which are related to
Myh I, IIa, IIx and IIb, respectively. Gastrocnemius and
triceps brachii from mdx at both ages evidenced a
reduced expression of all Myh, with a tendency for
expressing the fast Myh IIx and IIb coded by Myh1 and
Myh4 (Fig. 7A-D) and showing lower expression of the
slow Myh7 (type I) and the fast-oxidative Myh2 (type
IIa). Soleus from mdx at both ages presented lower
levels of Myh7 (fiber type I) and no significant changes
in the expression of other Myh isoforms (Fig. 7E-F).
Mdx EDL presented an evident reduction in the
expression of Myh7 and Myh2 (type I and type IIa
fibers) at 4 wks, but not at 12 wks (Fig. 7G-H).
Interestingly, all mdx muscles presented a much lower
Myh7 expression (fiber type I) at both ages.
Discussion

In this study we evaluated calcium deposits, activity
of calcium-dependent proteins (CAPN and MMP) and
expression of muscle-related genes (CAPN, SERCA,
MRF and Myh) in distinct skeletal muscles
(gastrocnemius, triceps-brachii, soleus and EDL) from
mdx mice, at two phases of the muscular disease (4 and

12 wks).
Calcium deposits were found almost exclusively in

mdx dystrophic muscles at both 4 and 12 wks and were
not detected in control C57 muscles. Wada and
colleagues also described an increase in calcium deposits
in tibialis anterior muscle from mdx mice (Wada et al.,
2014). Recently, our group showed that mdx soleus and
mdx EDL muscles showed calcium deposits, while no
deposits were found in control C57 muscles (Gaglianone
et al., 2019). We also showed that mdx EDL display
more calcium deposits than mdx soleus (Gaglianone et
al., 2019). Interestingly, EDL showed the highest
amounts of calcium deposits among all mdx muscles
tested (gastrocnemius, triceps brachii, soleus and EDL)
in both studies (Gaglianone et al., 2019 and the present
work). This could be due to contraction-induced
membrane lesions (Allen and Whitehead, 2011), which
are more susceptible in fast-twitch muscles (such as
EDL). In our recent paper we also described that mdx
EDL and soleus presented more calcium deposits at 12
wks than 4 wks (Gaglianone et al., 2019). Remarkably,
here we show that gastrocnemius and triceps brachii
display no differences in the amount of calcium deposits
between 4 and 12 wks. Further studies are needed to
understand why heterogeneous muscles (such as
gastrocnemius and triceps brachii) from mdx are less
susceptible to the accumulation of calcium deposits.

Here we found alterations in CAPN activity in mdx
muscles. Our results showed that CAPN1 activity is
lower in mdx muscles, CAPN2 activity is higher in mdx
muscles at 12 wks and autolyzed CAPN activity was
found exclusively in mdx muscles. CAPN are activated
by calcium. Calpain 1 (CAPN1) is half maximally
activated by 3-50 µM calcium whereas calpain 2
(CAPN2) requires elevated calcium concentration (400-
800 µM) (Goll et al., 2003). Thus, CAPN2 could be
more activated in mdx muscles than CAPN1 because
more calcium deposits were found in mdx muscles at 12
wks. Interestingly, it has been shown that CAPN1 is
responsible for repairing small membrane damages,
while CAPN2 is required for more extensive damage
repair (Mellgren et al., 2009). We found the autolyzed
form of CAPN2 exclusively in dystrophic muscles, in
accordance with earlier studies (Spencer et al., 1995).

We also analyzed the activity of MMP in mdx
muscles. We found that the activity of all MMP analyzed
(pre pro MMP-2, pro MMP-2, MMP-2 and MMP-9) was
increased in mdx muscles. Furthermore, MMP2 activity
was found exclusively in mdx muscles at 12 wks and
MMP-9 activity was found exclusively in mdx muscles,
compared to C57 muscles. These data show that muscles
from the mdx mice have increased activity of MMP
compared to muscles from C57 control. The increase in
MMP activity could be related to the intense cycles of
tissue repair and remodeling that occur continuously in
mdx muscles. MMP-2 is described as essential for
growth of regenerated muscle fibers through VEGF-
associated angiogenesis in the dystrophin-deficient
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skeletal muscle (Miyazaki et al., 2011), which is in
agreement with our data showing the increased activity
of MMP2 in mdx muscles at 12 wks (the regeneration
phase of mdx muscle disease).

In our study, we found MMP-9 activity exclusively
in mdx muscles, but with varied levels of activation
among different muscle types. MMP-9 activity was
found almost exclusively in mdx muscles at 4 wks,
except for mdx EDL which presented increased MMP-9
activity at 12 wks. The higher MMP-9 activity in mdx
EDL at 12 wks (the muscle regeneration phase of mdx)
could be explained by the fact that fast-twitch muscles
are more susceptible to injury and MMP-9 activity could
be involved in tissue remodeling. Previous studies from
different groups have shown that the amount and activity
of MMP-9 are increased in skeletal muscles of animal
models of DMD and in muscle biopsies of patients with
DMD, and this increase correlates with the severity of
disease progression (Kherif et al., 1999; Hindi et al.,
2013). How mdx muscles can efficiently regenerate
despite high amounts and activity of MMP-9, described
as deleterious for muscle regeneration, is still not clear
and more studies are needed to clarify the ambiguous
role of MMP-9 during the remodeling and regeneration
of mdx muscles.

We also analyzed in the four types of mdx muscles
the expression of two myogenic regulating factors,
Myod1 and myogenin (Myog), which are involved in
muscle cell remodeling. No differences were found in
the expression of MyoD1 between mdx and C57 control
muscles, while Myog expression was higher only in mdx
gastrocnemius and triceps brachii. The higher expression
of Myog in dystrophic muscles could be caused by
activation and differentiation of satellite cells to form
new myofibers during muscle regeneration in the mdx
muscles at 12 wks. Higher (5 times) Myog transcript
levels in mdx mice in hindlimb muscles has been
reported previously and the authors suggest that this
increase is expected given that mdx mice continuously
regenerate their damaged muscle (Meadows et al.,
2011). We found that Myog transcript levels in triceps
brachii from mdx mice at 12 wks were 4 times higher
than C57 control muscle.

We observed a decreased expression of Atp2a1
(SERCA1) and Atp2a2 (SERCA2a) in mdx
gastrocnemius and triceps brachii. In agreement with
these data, we have recently reported that Atp2a1 in mdx
EDL and Atp2a2 in mdx soleus were significantly lower
than control C57 muscles (Gaglianone et al., 2019). In
our previous study, we have also shown that mdx soleus
presented no differences (compared to control C57
muscles) in the expression of Atp2a1 at both 4 and 12
wks, while a decrease (compared to control C57
muscles) in the expression of Atp2a2 at both 4 and 12
wks was found in soleus (Gaglianone et al., 2019). We
also showed that EDL presented lower expression of
Atp2a1, compared to control C57 muscle, at 4 wks; and
increased expression of Atp2a2 at 12 wks (Gaglianone et
al., 2019). SERCAs are involved in calcium removal

from cytosol to the sarcoplasmic reticulum. The higher
calcium found in mdx muscles could be inhibiting the
expression of SERCAs, as previously reported (Zhao et
al., 2012). One possible hypothesis could be that calcium
deposits inhibit the expression of calcium-related
proteins (including Ca2+-ATPases and calsequestrin-like
proteins) in mdx fibers (Kargacin and Kargacin, 1996;
Culligan et al., 2002; Zhao et al., 2012), leading to a
worse ability to handle calcium changes and thus
enhancing myonecrosis.

The properties of a muscle fiber type can have an
impact in the phenotype of a muscle disease and changes
in Myh isoforms can have effects on DMD
physiopathology (Beedle, 2016). Fiber type remodeling
is recurrent in the dystrophic muscle, where an increase
in type I fibers was shown in a variety of muscles
(Coirault et al., 1999; Spassov et al., 2010; Camerino et
al., 2014). We evaluated mRNA levels of all four
isoforms of Myh (I, IIa, IIb and IIx) at the peak of
myonecrosis and the peak of regeneration of dystrophic
mdx muscles. The results evidenced that most of the
dystrophic muscles presented a reduction in the
expression of all Myh isoforms (I, IIa, IIb and IIx) when
compared to non-dystrophic C57 control muscles.
However, the comparative expression of each isoform
was found quite variable in each muscle type. The
change in the expression of Myh isoforms could be
related to low mitochondrial activity. Myh consumes
high amounts of ATP in muscle fibers, and therefore are
highly affected by energy supply (Vallejo-Illarramendi et
al., 2014). Our group has recently shown that dystrophic
muscle fibers present reduced mitochondrial activity
(Gaglianone et al., 2019).

Remarkably, our study found several characteristics
to be specific to mdx muscles at 12 wks (Compared to
control at 12 wks): CAPN2 activity was increased at 12
wks, MMP-2 activity was found exclusively at 12
weeks, and expression of myogenin (Myog) was
increased at 12 wks. This phase of the mdx muscular
pathology, 12 wks, is when regeneration of muscle tissue
is at its peak (Grounds et al., 2008), and therefore, our
results reinforce a role for CAPN2, MMP-2 and
myogenin in the remodeling of mdx muscle. In
conclusion, in the present study we found a parallel
between increased calcium deposits and alterations in
the expression and activity of calcium-related enzymes
(CAPN and MMP) in mdx muscles, confirming the
important role of calcium in the mdx pathology.
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