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Abstract

The present study evaluated low-level laser therapy (LLLT) effects on some physiological
pathways that may lead to muscle damage or regeneration capacity in dystrophin-deficient
muscle cells of mdx mice, the experimental model of Duchenne muscular dystrophy (DMD).
Primary cultures of mdx skeletal muscle cells were irradiated only one time with laser and
analyzed after 24 and 48 hours. The LLLT parameter used was 830 nm wavelengths at 5 J/
cmzfluence. The following groups were set up: Ctrl (untreated C57BL/10 primary muscle
cells), mdx (untreated mdx primary muscle cells), mdx LA 24 (mdx primary muscle cells -
LLLT irradiated and analyzed after 24 h), and mdx LA 48 (mdx primary muscle cells - LLLT
irradiated and analyzed after 48 h). The mdx LA 24 and mdx LA 48 groups showed signifi-
cant increase in cell proliferation, higher diameter in muscle cells and decreased MyoD lev-
els compared to the mdx group. The mdx LA 48 group showed significant increase in
Myosin Heavy Chain levels compared to the untreated madx and mdx LA 24 groups. The
mdx LA 24 and mdx LA 48 groups showed significant increase in [Ca2+]i. The mdx group
showed significant increase in H,O, production and 4-HNE levels compared to the Ctrl
group and LLLT treatment reduced this increase. GSH levels and GPx, GR and SOD activi-
ties increased in the mdx group. Laser treatment reduced the GSH levels and GR and SOD
activities in dystrophic muscle cells. The mdx group showed significant increase in the TNF-
a and NF-kB levels, which in turn was reduced by the LLLT treatment. Together, these re-
sults suggest that the laser treatment improved regenerative capacity and decreased in-
flammatory response and oxidative stress in dystrophic muscle cells, indicating that LLLT
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could be a helpful alternative therapy to be associated with other treatment
for dystrophinopathies.

Introduction

Duchenne muscular dystrophy (DMD) is a degenerative and progressive muscular disease
caused by the absence of the dystrophin protein, affecting about 1 in 3,500 male births and for
which there is no effective therapy [1]. Corticosteroids are currently the standard treatment
prescribed to DMD patients, but their benefits are modest and they have numerous side effects
[2].

Abnormal reactive oxygen species (ROS) level and exaggerated inflammatory process con-
tribute strongly to pathological mechanisms triggered by the absence of dystrophin in DMD
[3-7]. Elevated levels of nuclear factor kappa-B (NF-kB), a transcription factor that regulates
the expression of pro-inflammatory cytokines [3], and tumor necrosis factor alpha (TNF-o), a
key cytokine that stimulates the inflammatory response [4] are found in circulating blood and
in skeletal muscles in DMD patients and mdx mice, the experimental model of DM [5-7]. In
addition, dystrophic muscle fibers of DMD patients and mdx mice display high levels of oxida-
tive stress markers and lipid peroxidation by-products [6, 8-10].

Low-level laser therapy (LLLT) has been used in the treatment of inflammatory diseases,
mainly in musculoskeletal disorders such as tendinopathies [11] and muscle injuries [12]. This
therapy shows modulatory effects on NF-«B, TNF-o, IL-1 and COX-2 inflammatory markers
[13-15]; reduces the inflammatory process itself (e.g. edema and hemorrhagic formation) [16];
and modulates leucocyte activity [17]. LLLT has also demonstrated favorable effects in modu-
lating the oxidative stress by decreased ROS [18] and increased activity of antioxidant enzymes
such as superoxide dismutase (SOD), catalase (CAT) and glutathione peroxidase (GPx) [19].

Considering that LLLT shows potential effects on oxidative stress and inflammatory re-
sponse and also exhibits an advantage over the pharmacological therapy by not having severe
side effects [12], we evaluated the effects of LLLT therapy on some physiological pathways that
may lead to muscle damage or regeneration capacity in the dystrophin-deficient muscle cells of
mdx mice. By using the in vitro cell culture of dystrophic fibers, we were able to better evaluate
ROS production and inflammatory cytokines by dystrophin-deficient fibers per se specifically,
without the interference of other cells normally present in the whole tissue, such as macro-
phages that contribute to H,0, and TNF-a production.

Materials and Methods
Cell cultures

C57BL/10 mice (C57BL/10ScCr/PasUnib) and mdx mice (C57BL/10-Dmdmdx/PasUnib) were
housed in animal house of State University of Campinas (UNICAMP), with food and water
being available ad libitum. The animal experiments described here were conducted in accor-
dance with the guidelines of the Brazilian College for Animal Experimentation and the guide-
lines set forth by our institution. The protocol (#2974-1) was approved by the Committee on
the Ethics of Animal Experiments of UNICAMP, Sao Paulo, Brazil. Primary culture of skeletal
muscle cells (PCSMC) was performed following the method described by Rando and Blau [20].
Male and female from mdx and C57BL/10 mice were sacrificed at 28 days of age by decapita-
tion. The quadriceps femoris, tibialis anterior, extensor digitorum longus, gastrocnemius, sole-
us, and plantaris muscles were removed and used to prepare primary muscle culture. Muscles
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were triturated using a pair of scissors and enzymatically digested with collagenase and trypsin
solutions at 37°C. The satellite cells (5x10* cells/cm?) were plated in 1% Matrigel-coated dishes.
The primary muscle cells were cultured in a proliferation and growth medium containing
DMEM with glucose (5.5 mM), L-glutamine (2 mM), fetal bovine serum (10% v/v), horse
serum (10% v/v), and penicillin/streptomycin (1% v/v) for 2 days. Myogenesis (myotube differ-
entiation) was induced by the addition of a fusion medium (FM) that consisted of DMEM with
glucose (5.5 mM), Lglutamine (2 mM), and horse serum (10% v/v). The culture was main-
tained at 37°C and 5% CO2 and the differentiated muscle cells with contractile properties were
observed at 6-8 days of culture in the FM. Skeletal muscle cell cultures at 6-8 days were used in
all experiments and all measurements were obtained from triplicate cultures. The following
groups were studied:(1) Ctrl (primary muscle cells from C57BL/10 mice that did not receive
any treatment), (2) mdx untreated (primary muscle cells from mdx mice that did not receive
any treatment), (3) mdx LA 24 (primary muscle cells from mdx mice that received irradiation
one time alone with LLLT and analyzed after 24 h), and (4) mdx LA 48 (primary muscle cells
from mdx mice that received irradiation one time alone with LLLT and analyzed after 48 h).

Low-level laser therapy

The experiments were conducted with the Aluminum Gallium Arsenide (AIGaAs) diode,

830 nm wavelength at 5 J/cm” fluence, continuous emission during 20 seconds, 30 mW output
power and 0.07 cm? beam area (IBRAMED laserpulse). PCSMC were irradiated one time alone
with laser and analyzed after 24 and 48 hours. Immediately before of irradiation, the cell cul-
ture medium was replaced to phosphate-bufferd saline (PBS) to avoid loss of laser energy
through absorption by colored culture medium [21]. Furthermore, the beam was positioned
perpendicularly at 1 cm of lower surface plate and irradiation was performed by one point at
the center of each culture well, without moving the laser tip. During these procedures the room
was remained without light.

PCSMC Analysis

Morphological characteristics of the PCSMC were investigated and compared by inverted mi-
croscope (Nikon, Eclipse TS100/TS100F) during the experimental period. Primary muscle cells
diameter was quantified by measuring a total of 100 tube diameters from ten random fields at
20x magnification using the ImagePro-Express software (Media Cybernetic, Silver Spring,
MD, USA). All data are expressed as the mean + SD.

MTT Assay for PCSMC Proliferation

The metabolic activity of cells was assessed by tetrazolium [3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide] (MTT; Sigma) assay. Bioreduction of tetrazolium salts prob-
ably reflects the integrated pyridine nucleotide dependent redox state of the cell. Therefore, the
amount of formazan product is proportional to the metabolic activity of cells in culture and
provides a widely used, although indirect, measurement of cell proliferation [22]. Briefly,
PCSMC were washed in PBS, treated with MTT solution (5 mg/ml, tetrazolium salt) and incu-
bated for 4h at 37°C. After 4 h, the cell supernatants were discarded, MTT crystals were dis-
solved with acid isopropanol and the absorbance measured at 570 nm. Plates were analyzed in
a multi-mode microplate reader model Synergy HIM (Bio Tek Instruments, Washington) at
570 nm with a 655 nm reference wave length to quantify the amount of formazan product,
which reflects the number of cells in culture. Wells that did not contain cells were used as a
zero point of absorbance. All assays were performed in triplicate.
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Intracellular calcium content

For qualitative and quantitative measurements of intracellular calcium concentrations, [Ca**]i,
cells were loaded with calcium-sensitive dye Fluo-4 (Molecular Probes, Oregon, USA). PCSMC
were loaded with the dye Fluo-4 AM for 60 min at room temperature at a concentration of

1 mmol/L (plus 0.005% Pluronic F-127 (Invitrogen, Oregon, USA)), as described previously
[23]. The intensities of fluo-4 fluorescence was monitored on a fluorescent inverted microscope
(Nikon, Eclipse TS100/TS100F), at excitation and emission wavelengths of 494 and

516 nm, respectively.

Determination of H,O, Production in PCSMC

Skeletal muscle cells were maintained in phenol red-free culture medium and muscle-derived
ROS were determined using a fluorescence assay. The Amplex UltraRed reagent (50 uM) and
HRP (0.1 U/ml) were added for 60 min. Amplex reacts with H,O, in the presence of HRP, to
produce resorufin, a red fluorescent and stable compound. The fluorescence signal of resorufin
was determined at 530 (excitation) and 590 nm wavelength (emission). Measurements of ROS
were previously calibrated using exogenous 10 uM H,O, (positive control). All measurements
were performed in phenol red-free culture medium (1 ml), pH 7.4, at 37°C.

Western blotting

Proteins were extracted in a buffer containing Tris-HCI (100 mM), pH 7.5; EDTA (10 mM),
pH 8.0; sodium pyrophosphate (10 mM); sodium fluoride (0.1 mM); sodium orthovanadate
(10 mM); PMSF (2 mM); and aprotinin (10 ug/ml). The cell extracts were sonicated for 30 s at
4°C. The homogenates were centrifuged at 11,000 g for 20 min at 4°C and the supernatants
were treated with Triton X-100 (1%) and transferred to a —80°C freezer until being used for
Western blotting analysis. An aliquot from the supernatant was used to determine the total
protein content by the Bradford method. Thirty pg of total protein homogenate was loaded on
6%-15% SDS-polyacrylamide gels. Proteins were transferred from the gels to a nitrocellulose
membrane using a submersion electrotransfer apparatus (Bio-Rad Laboratories, Hercules, Cal-
ifornia). Membranes were blocked for 2 h at room temperature with 5% skim milk/Tris-HCl
buffer saline-Tween buffer (TBST; 10 mM Tris-HCI, pH 8, 150 mM NacCl, and 0.05% Tween
20). The membranes were incubated with the primary antibodies overnight at 4°C, washed in
TBST, incubated with the peroxidase-conjugated secondary antibodies for 2 h at room temper-
ature, and developed using the SuperSignal West Pico Chemiluminescent Substrate kit (Pierce
Biotechnology, Rockford, Illinois). To control protein loading, Western blot transfer, and non-
specific changes in protein levels, the blots were stripped and reprobed for glyceraldehyde-
3-phosphate dehydrogenase (GAPDH). Band intensities were quantified using ImageJ 1.38X
(National Institutes of Health, Bethesda, Maryland) software. The following primary antibodies
were used for Western blotting: (1) Dystrophin (mouse monoclal, Vector Laboratories, On-
tario, Canada); (2) NF-«B (goat polyclonal, Santa Cruz Biotechnology, Santa Cruz, California);
(3) TNF-o. (rabbit anti-mouse polyclonal, Chemical, USA); (4) 4-HNE (goat polyclonal, Santa
Cruz Biotechnology, Santa Cruz, California); (5) MyoD (rabbit polyclonal, Santa Cruz Biotech-
nology, Santa Cruz, California); (6) Anti-Skeletal Myosin (mouse monoclonal, Sigma; Saint
Louis, USA); (7) glyceraldehyde-3-phosphate dehydrogenase (GAPDH; rabbit polyclonal,
Santa Cruz Biotechnology, Santa Cruz, California). The secondary antibody used was peroxi-
dase-labeled affinity purified mouse, anti-goat or rabbit IgG antibody (KPL).
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Superoxide dismutase activity (SOD)

SOD activity was analyzed by the reduction of nitroblue tetrazolium using a Xanthine-
Xanthine oxidase system, that is, superoxide generation [24]. The results were expressed as
SOD units per mg of protein.

Glutathione (GSH) content

Total GSH content was determined by Ellman's reaction using 5'5’-dithio-bis-2-nitrobenzoic
acid (DTNB) as described by Anderson [25]. The intensity of the yellow color was read at
412 nm. The results were expressed as nmol per mg of protein.

Glutathione peroxidase activity (GPx)

GPx activity was quantified by following the decrease in absorbance at 365 nm induced by 0.25
mM H202 in the presence of reduced glutathione (10 mM), NADPH, (4 mM), and 1 U enzy-
matic activity of GR [26]. Results were expressed as nmol per min per mg of protein.

Glutathione reductase activity (GR)

GR activity was measured according to Carlberg and Mannervick [27], following the decrease
in absorbance at 340 nm induced by oxidized glutathione in the presence of NADPH in phos-
phate buffer, pH 7.8. Absorbance changes were read between 1 and 10 min. Results were ex-
pressed as nmol per min per mg of protein.

Statistical Analysis

All data are expressed as mean * standard deviation (SD). Statistical analysis for direct compar-
ison between means of groups was performed by ANOVA one way, followed by Bonferroni
test used for multiple statistical comparisons between groups. P<0.05 was considered
statistically significant.

Results

Morphology and cell proliferation in control and dystrophic primary
muscle cells

Day 1 shows undifferentiated dystrophin-deficient (mdx) muscle cells; day 3 shows maturation
process in mdx muscle cells and day 6 shows complete morphological maturation with orga-
nized sarcomeric structures (Fig 1A). PCSMC from normal (C57BL/10) and mdx primary
muscle cells showed a similar time-course development, characterized by typical progression of
proliferation to differentiation and fusion into thick, branching myotubes (Fig 1A). Contractile
fibers were observed at 7 days in both cultures. The presence or absence of dystrophin was veri-
fied using western blots (Fig 1B). The significant difference in cell proliferation, as evaluated by
MTT assay, was observed between the control and the mdx untreated cultures (Fig 1C). Like-
wise, the mdx LA 24 and mdx LA 48 groups showed significant increase (by 15% for both
groups) in cell proliferation compared to mdx untreated cultures. Morphological quantification
by the diameter of the primary muscle cells from control and mdx groups proved that all cells
were following a growth pattern (Fig 1D). Laser-treated-dystrophic primary muscle cells (mdx
LA 24 group) showed greater diameter (Ctrl: 26 pum; mdx untreated: 26 um; mdx LA 24: 33 pm;
mdx LA 48: 28 um) compared to other experimental groups (Fig 1D).
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Fig 1. Morphology and cell proliferation in control and dystrophic muscle cells. In (A), morphology of normal (Ctrl) and dystrophic primary muscle
cultures untreated (mdx untreated) and LLLT treatment analyzed after 24 hours (mdx LA 24) and 48 hours (mdx LA 48). Day 1 shows undifferentiated
dystrophin-deficient (mdx) muscle cells; day 3 shows maturation process in mdx muscle cells and day 6 shows complete morphological maturation with
organized sarcomeric structures. In (B), immunoblot analysis of dystrophin and graph showing protein level in the primary muscle cells from Ctrl, madx
untreated, mdx LA 24 and mdx LA 48. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a loading control. In (C), cell proliferation was
assessed by measurement of MTT assay in the primary muscle cells from Ctrl, mdx untreated, mdx LA 24 and mdx LA 48. In (D), diameter myotubes from
Ctrl, mdx untreated, mdx LA 24 and mdx LA 48. All the experiments were performed in triplicate, and the relative value of the band intensity was quantified
and normalized by the corresponding Ctrl. 2 P< 0.05 versus Ctrl; ® P< 0.05 versus mdx untreated; © P< 0.05 versus mdx LA 24. Error bars, SD.

doi:10.1371/journal.pone.0128567.9001

Myogenic regulatory factors and Myosin Heavy Chain in control and
dystrophic primary muscle cells

A number of reports have shown that the use of laser therapy is associated with the promotion
of myogenesis. So, in this study we also evaluated the MyoD levels (Fig 2A) and Myosin Heavy
Chain levels (MyHC) (Fig 2B). The primary muscle cells showed a reduction of MyoD levels
for mdx (by 46%), mdx LA 24 (by 58%) and mdx LA 48 (by 80%) groups compared to the con-
trol. Also, it was observed that the mdx LA 48 group showed a reduction in the MyoD levels by
34% and 22% in relation to the untreated mdx and mdx LA 24 groups, respectively. The prima-
ry muscle cells showed a reduction of Myosin Heavy Chain levels for mdx (by 48%), mdx LA
24 (by 56%) and mdx LA 48 (by 24%) groups compared to the control. The mdx LA 48 group
showed a increase in the Myosin Heavy Chain levels by 32% and 43% in relation to the untreat-
ed and mdx LA 24 groups, respectively.
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Fig 2. MyoD and Myosin Heavy Chain analysis in control and dystrophic muscle cells. Inmunoblot analysis of MyoD (A) and Myosin Heavy Chain (B)
and graphs showing protein level in the primary muscle cells from normal (Ctrl) and dystrophic primary muscle cells untreated (mdx untreated) and LLLT
treatment analyzed after 24 hours (mdx LA 24) and 48 hours (mdx LA 48). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a loading
control. All the experiments were performed in triplicate, and the relative value of the band intensity was quantified and normalized by the corresponding Cirl.
@ P<0.05 versus Ctrl; ® P< 0.05 versus mdx untreated; ¢ P< 0.05 versus mdx LA 24. Error bars, SD.

doi:10.1371/journal.pone.0128567.g002

Intracellular calcium concentrations in control and dystrophic primary
muscle cells

A significant difference in [Ca**]i was found by comparing dystrophic-laser and control pri-
mary muscle cells (Fig 3A and 3B). The mdx LA 24 and mdx LA 48 groups showed a significant
increase in [Ca*"]i by 20% and 11%, respectively, compared to the Ctrl group (Fig 3B). In addi-
tion, the mdx LA 24 group showed higher [Ca®*]i (13% and 9%, respectively) compared to
mdx untreated and mdx LA 48 groups.

Analysis of oxidative stress in control and dystrophic primary muscle
cells

In order to analyze the laser effects on oxidative stress in dystrophic primary muscle cells, we
determined 4-hydroxynonenal (4-HNE)-protein adduct levels; H,O, production; glutathione
(GSH) content and superoxide dismutase (SOD); glutathione peroxidase (GPx); and glutathi-
one reductase (GR) activity. Bands of 4-HNE-protein adducts are shown in Fig 4A. Proteins
from 17 to 170 kDa were observed in all groups. The 4-HNE protein adduct levels were signifi-
cantly higher in mdx primary muscle cells (by 19%) compared to control primary muscle cells
(P<0.05; Fig 4A). Reduction of 13% on the 4-HNE protein adduct levels was observed in the
mdx LA 48 group (P<0.05; Fig 4A). Mdx primary muscle cells showed a significant increase in
H,O0, production (by 20%) compared to control primary muscle cells (Fig 4B). Treatment with
laser significantly decreased the H,O, production (by 17% for mdx LA 24 and 30% for mdx LA
48) in dystrophic primary muscle cells (Fig 4B). GSH levels were significantly higher in mdx
primary muscle cells (by six times) compared to control primary muscle cells (P<0.05; Fig 4C).
LLLT treatment significantly decreased the GSH levels (by 73% for mdx LA 24 and 60% for
mdx LA 48) in dystrophic primary muscle cells (Fig 4C). The effect of the laser treatment on
SOD, GPx and GR activities is shown in Table 1. The increase of SOD, GPx and GR activities
in mdx group were found to be significant when compared to the Ctrl group (P<0.05; Table 1).
LLLT treatment significantly decreased the GR (by 42% for mdx LA 24) and SOD activity (by
47% for mdx LA 24 and 32% for mdx LA 48) in dystrophic primary muscle cells (Table 1).
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Fig 3. Intracellular calcium concentrations in control and dystrophic muscle cells. In (A), intracellular
calcium concentrations, [Ca®*]i, was assessed by measurement of calcium-sensitive dye Fluo-4 (green) in
the primary muscle cells from normal (Ctrl) and dystrophic primary muscle cells cultures untreated (mdx
untreated) and LLLT treatment analyzed after 24 hours (mdx LA 24) and 48 hours (mdx LA 48). In (B), graph
showing fluorescence intensity of [Ca*]i in the primary muscle cells from Ctrl, mdx untreated, madx LA 24 and
mdx LA 48. All the experiments were performed in triplicate and data expressed as mean + SD. # P< 0.05
versus Ctrl; ® P< 0.05 versus madx untreated; ° P< 0.05 versus mdx LA 24.

doi:10.1371/journal.pone.0128567.g003
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Fig 4. Analysis of oxidative stress in control and dystrophic muscle cells. In (A), immunoblot analysis shows several bands of 4-HNE-protein adducts,
ranging from 17 to 170 kDa. Graphs show protein level in the muscle cells from Ctrl, mdx untreated, mdx LA 24 and mdx LA 48. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was used as a loading control. In (B), quantification of H,O, production in the muscle cells from normal (Ctrl) and dystrophic
primary muscle cells untreated (mdx untreated) and LLLT treatment analyzed after 24 hours (mdx LA 24) and 48 hours (mdx LA 48). In (C) analysis of
glutathione levels in the muscle cells from normal (Ctrl) and dystrophic culture cells untreated (mdx untreated) and LLLT treatment analyzed after 24 hours
(mdx LA 24) and 48 hours (mdx LA 48). All the experiments were performed in triplicate and data expressed as mean + SD. The relative value of the band
intensity was quantified and normalized by the corresponding Ctrl. 2 P< 0.05 versus Ctrl; ® P< 0.05 versus mdx untreated; ¢ P< 0.05 versus mdx LA 24,

doi:10.1371/journal.pone.0128567.g004

Table 1. SOD, GPx and GR enzimatic activity in control and dystrophic muscle cells.

Group SOD (SOD/mg GPx (nmol/min/mg of GR (nmol/min/mg of
protein) protein) protein)

Ctrl 24.04+1.45 8.415.16 15.0+4.62

mdx 515.42+10.6 2 118.6£29.29 2 249.5+19.81 2

untreated

mdx LA 24 271.7+4.03 132.1+14.47 2 144.2+48.20 2°

mdx LA 48 346.98+7.81 2° 144.6+27 .39 2 248.90+49.43 *°

Analysis of superoxide dismutase (SOD), glutathione peroxidase (GPx) and glutathione reductase activity
(GR) in the primary muscle cells from normal (Ctrl) and dystrophic untreated (mdx untreated) and LLLT
treatment analyzed after 24 hours (mdx LA 24) and 48 hours (mdx LA 48). All the experiments were
performed in triplicate and data expressed as mean + SD.

& P< 0.05 vs Ctrl group.

b P< 0.05 vs mdx untreated group.

° P< 0.05 vs mdx LA 24 group.

doi:10.1371/journal.pone.0128567.1001
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doi:10.1371/journal.pone.0128567.9g005

Analysis of inflammation in control and dystrophic primary muscle cells

Inflammatory response of laser therapy was analyzed by the TNF-a and NF-«B levels (Fig 5A
and 5B). Dystrophic primary muscle cells presented high levels of TNF-o. and NF-xB (by 15%
and 22%, respectively) compared to the control. The mdx LA 24 and mdx LA 48 primary mus-
cle cells showed a significant reduction (by 8% and 9%, respectively) on TNF-o levels com-
pared to control. In addition, the mdx LA 48 group showed a significant decrease on NF-xB
levels (by 25% and 14%, respectively) compared to Ctrl and mdx LA 24 groups.

Discussion

A variety of lasers with different wavelengths and biological effects are widely used to improve
the repair of muscle damage [12]. In this study, we evaluated the effect of AIGaAs laser irradia-
tion on the some physiological pathways that may lead to muscle damage or regeneration ca-
pacity in dystrophic cell culture.

The understanding of LLLT effect in terms of proliferation and myogenic regulatory factors
(MRFs) can provide an important insight regarding muscle regeneration capacity in dystrophic
cells. Our findings showed that the laser therapy promoted muscle cell proliferation in dystro-
phic cells. Also the morphological examination of the dystrophic cells, treated for 24 hours,
demonstrated a 27% increase in the mean myotube diameter compared to the mdx untreated
cells. Furthermore, dystrophic cultures showed earlier differentiation compared to the control
cultures, seen as an early decline in MyoD levels and in addition to this, laser therapy accentu-
ated this down-grade. In addition, the reduction of MyoD levels was accompanied by a signifi-
cant increase in MyHC level after LLLT 48, which leads us to suggest that the LLLT treatment
accelerated the differentiation process in dystrophic muscle cells. Similar to our results,
Yablonka-Reuveni and Anderson [28] reported that the satellite cells from mdx mice display
accelerated differentiation in primary cultures, demonstrated by the reduction in the MyoD ex-
pression and by a proportionate increase in myogenic expression. In addition, Nakano and col-
laborators [29] showed that LLLT increased satellite cells and maintained the diameter of rat
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myofibrils submitted to muscle atrophy process. Also, studies have shown that laser therapy af-
fects satellite cell proliferation and differentiation in vitro [30, 31].

Deregulation of calcium concentration has been suggested to be an important factor in-
volved in the pathogenesis of DMD [32]. While some investigators have reported elevated Ca**
levels in DMD and mdx primary muscle cells [32, 33], others have not observed this increase
[34-36]. Our results indicate that [Ca®*]i did not significantly alter in the dystrophin-deficient
muscle cells. However, laser therapy promoted an increase in [Ca®*]i, particularly in the mdx
LA 24 group. Researchers have shown that the high [Ca®*]i is one of the first events observed
after laser therapy in several types of cells [37, 38].

Considering that accumulated ROS levels have an important role in the dystrophic muscle
damage [39, 40], we also analyzed the LLLT effects on H,O, and 4-HNE-protein adduct levels
(a lipid peroxidation biomarker) in dystrophic muscle cells. Our results are not in agreement
with some of those of previous studies. Lubart and collaborators [41] showed that laser thera-
py produces elevated ROS levels. In contrast, our data demonstrated that the LLLT exhibited
antioxidant capacity by reducing the H,O, and 4-HNE-protein adduct levels in dystrophic
muscle cells. Another study also found that the laser therapy decreased oxidative stress mark-
ers, such as protein carbonyls and malondialdehyde (MDA) in DMD patients [42], which is
consistent with our results. Huang and collaborators [43] also verified that laser therapy re-
duces oxidative stress in in vitro experiments and suggest that the LLLT mechanism interferes
in the ROS concentration as it promotes changes in the mitochondrial membrane potential.
Another possible explanation for the antioxidant properties of LLLT would be the up-regula-
tion of the cellular antioxidant glutathione (GSH). In this study, we analyzed GSH and its as-
sociated regulatory enzymes (glutathione peroxidase- GPx and glutathione reductase-GR). At
the same time, we also evaluated the SOD activity. The data obtained from GSH levels and
GPx, GR and SOD activity suggest that the protective effects of LLLT could not be due to up-
regulation of the antioxidant defense system. We suggest the laser acted directly as a scavenger
of superoxide anions independent the enzymatic antioxidant system. This hypothesis is sup-
ported by work of Lim et al. [44], which showed that LLLT treatment can help remove the in-
tracellular superoxide anion in SOD-inactivated cells, resulting in a decrease in
lipid peroxidation.

Elevated ROS levels may be important in the activation of inflammatory pathways in the
mdx muscle [45] and LLLT is also widely used to modulate the inflammatory process [46-48].
Our results showed that laser therapy has a pronounced anti-inflammatory effect in dystrophic
muscle cells, by reducing the NF-kB and TNF-a. levels. In agreement with our results, an in
vivo study found that LLLT decreased the levels of several inflammatory markers, such as
TNF-a, IL-6 and COX-2 in the dystrophic muscle of mdx mice [49]. In addition, this work
demonstrates that the inflammatory response reduction was accompanied by a decrease in dys-
trophic muscle damage [49]. Another study also showed the protective effects of LLLT against
muscle damage during postnatal development in hindlimb muscles of dystrophic mice [50].
Although the researchers did not clarify the LLLT mechanisms involved in this result, they sug-
gest it may be associated with anti-inflammatory processes, enhanced angiogenesis and regen-
eration in dystrophic muscle [50].

In conclusion, our results, based on the source and parameters chosen, provide insights into
potential applications of LLLT in promoting cell proliferation and lessening oxidative stress
and inflammation process in dystrophin-deficient muscle cells. Although further studies are
needed in order to clarify the LLLT action mechanisms in dystrophic muscle cells, we suggest
that LLLT could be a helpful alternative therapy to be associated with other treatment
for dystrophinopathies.

PLOS ONE | DOI:10.1371/journal.pone.0128567 June 17,2015 11/14



@’PLOS ‘ ONE

Effects of LLLT on madx Muscle Cells

Acknowledgments

We thank Mrs. Deirdre Jane Donovan Giraldo for English revision of the manuscript.

Author Contributions

Conceived and designed the experiments: EM ABM. Performed the experiments: ABM LHRM
DSM ARF FSRM TAH. Analyzed the data: ABM LHRM TAH. Wrote the paper: EM AP ABM.

References

1.

10.

11.

12

13.

14.

15.

16.

Engel AG, Yamamoto M, Fischbeck KH (1994) Dystrophinopathies. In: Engel AG, Franzini-Armstrong
C. Myology. McGraw-Hill: New York. pp. 1133—-1187.

Angelini C (2007) The role of corticosteroids in muscular dystrophy: a critical appraisal. Muscle Nerve
36: 424-35. PMID: 17541998

Kumar A, Boriek AM (2003) Mechanical stress activates the nuclear factor-kappaB pathway in skeletal
muscle fibers: a possible role in Duchenne muscular dystrophy. FASEB J 17: 386-96. PMID:
12631578

Hodgetts S, Radley H, Davies M, Grounds MD (2006) Reduced necrosis of dystrophic muscle by deple-
tion of host neutrophils, or blocking TNF alpha function with Etanercept in mdx mice. Neuromuscul Dis-
ord 16:591-602. PMID: 16935507

Collins RA, Grounds MD (2001) The role of tumor necrosis factor-alpha (TNF-alpha) in skeletal muscle
regeneration. Studies in TNF-alpha(-/-) and TNF-alpha(-/-)/LT-alpha(-/-) mice. J Histochemistry Cyto-
chem 49:989-1001. PMID: 11457927

de Senzi RMP, Ferretti R, Moraes LH, Neto HS, Marques MJ, Minatel E (2013) N-acetylcysteine treat-
ment reduces TNF-alpha levels and myonecrosis in diaphragm muscle of mdx mice. Clin Nutr 32:
472-475. doi: 10.1016/j.cInu.2012.06.001 PMID: 22727548

Messina S, Bitto A, Aguennouz M, Vita GL, Polito F, Irrera N, et al. (2011) The soy isoflavone genistein
blunts nuclear factor kappa-B, MAPKs and TNF-alpha activation and ameliorates muscle function and
morphology in mdx mice. Neuromuscul Disord 21: 579-589. doi: 10.1016/j.nmd.2011.04.014 PMID:
21658942

Mauricio AF, Minatel E, Santo Neto H, Marques MJ (2013) Effects of fish oil containing eicosapentae-
noic acid and docosahexaenoic acid on dystrophic mdx mice. Clin Nutr 32: 636—42. doi: 10.1016/].
clnu.2012.11.013 PMID: 23218947

Moraes LHR, Bollineli RC, Mizobuti DS, Silveira LR, Marques MJ, Minatel E (2014) Effect of N-acetyl-
cysteine plus deferoxamine on oxidative stress and inflammation in dystrophic muscle cells. Redox
rep: doi: 10.1179/1351000214Y.0000000112

Terrill JR, Boyatzis A, Grounds MD, Arthur PG (2013) Treatment with the cysteine precursor I-2-
oxothiazolidine-4-carboxylate (OTC) implicates taurine deficiency in severity of dystropathology in mdx
mice. IntJ Biochem Biol 459: 2097-2108.

Stergioulas A, Stergioula M, Aarskog R, Lopes-Martins RA, Bjordal JM (2008) Effects of low-level laser
therapy and eccentric exercises in the treatment of recreational athletes with chronic achilles tendino-
pathy. Am J Sports Med 36: 881-887. doi: 10.1177/0363546507312165 PMID: 18272794

Ferraresi C, Hamblin MR, Parizotto NA (2012) Low-level laser (light) therapy (LLLT) on muscle tissue:
performance, fatigue and repair benefited by the power of light. Photonics Lasers Med 1: 267—-286.
PMID: 23626925

Aimbire F, Albertini R, Pacheco MT, Castro-Faria-Neto HC, Leonardo PS, Iversen VV, et al. (2006)
Low-level laser therapy induces dose-dependent reduction of TNFalpha levels in acute inflammation.
Photomed Laser Surg 24: 33-37. PMID: 16503786

Albertini R, Aimbire F, Villaverde AB, Silva JA Jr, Costa MS (2007) COX-2 mRNA expression de-
creases in the subplantar muscle of rat paw subjected to carrageenan-induced inflammation after low
level laser therapy. Inflamm Res 56: 228-229. PMID: 17607546

de Almeida P, Lopes-Martins RA, Tomazoni SS, Silva JA Jr, de Carvalho Pde T, Bjordal JM, et al.
(2011) Low-level laser therapy improves skeletal muscle performance, decreases skeletal muscle dam-
age and modulates mRNA expression of COX-1 and COX-2 in a dose-dependent manner. Photochem
Photobiol 87: 1159—1163. doi: 10.1111/j.1751-1097.2011.00968.x PMID: 21749398

Albertini R, Aimbire FS, Correa FI, Ribeiro W, Cogo JC, Antunes E, et al. (2004) Effects of different pro-
tocol doses of low power gallium-aluminum-arsenate (Ga-Al-As) laser radiation (650 nm) on carrageen-
an induced rat paw ooedema. J Photochem Photobiol B 74: 101-107. PMID: 15157905

PLOS ONE | DOI:10.1371/journal.pone.0128567 June 17,2015 12/14


http://www.ncbi.nlm.nih.gov/pubmed/17541998
http://www.ncbi.nlm.nih.gov/pubmed/12631578
http://www.ncbi.nlm.nih.gov/pubmed/16935507
http://www.ncbi.nlm.nih.gov/pubmed/11457927
http://dx.doi.org/10.1016/j.clnu.2012.06.001
http://www.ncbi.nlm.nih.gov/pubmed/22727548
http://dx.doi.org/10.1016/j.nmd.2011.04.014
http://www.ncbi.nlm.nih.gov/pubmed/21658942
http://dx.doi.org/10.1016/j.clnu.2012.11.013
http://dx.doi.org/10.1016/j.clnu.2012.11.013
http://www.ncbi.nlm.nih.gov/pubmed/23218947
http://dx.doi.org/10.1179/1351000214Y.0000000112
http://dx.doi.org/10.1177/0363546507312165
http://www.ncbi.nlm.nih.gov/pubmed/18272794
http://www.ncbi.nlm.nih.gov/pubmed/23626925
http://www.ncbi.nlm.nih.gov/pubmed/16503786
http://www.ncbi.nlm.nih.gov/pubmed/17607546
http://dx.doi.org/10.1111/j.1751-1097.2011.00968.x
http://www.ncbi.nlm.nih.gov/pubmed/21749398
http://www.ncbi.nlm.nih.gov/pubmed/15157905

@’PLOS ‘ ONE

Effects of LLLT on madx Muscle Cells

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Hemvani N, Chitnis DS, Bhagwanani NS (2005) Helium-neon and nitrogen laser irradiation accelerates
the phagocytic activity of human monocytes. Photomed Laser Surg 23: 571-574. PMID: 16356149

LuoL, Sun Z, Zhang L, Li X, Dong Y, Liu TC (2013). Effects of low-level laser therapy on ROS homeo-
stasis and expression of IGF-1 and TGF-beta1 in skeletal muscle during the repair process. Lasers
Med Sci 28: 725-734. doi: 10.1007/s10103-012-1133-0 PMID: 22714676

Leal Junior EC, Lopes-Martins RA, de Almeida P, Ramos L, Iversen VV, Bjordal JM (2010) Effect of
low-level laser therapy (GaAs 904 nm) in skeletal muscle fatigue and biochemical markers of muscle
damage in rats. Eur J Appl Physiol 108: 1083—1088. doi: 10.1007/s00421-009-1321-1 PMID:
20024577

Rando TA, Blau HM (1994) Primary mouse myoblast purification, characterization, and transplantation
for cell-mediated gene therapy. J Cell Biol 125: 1275-1287. PMID: 8207057

Hu WP, Wang JJ, Yu CL, Lan CC, Chen GS, Yu HS (2007) Helium-neon laser irradiation stimulates cell
proliferation through photostimulatory effects in mitochondria. J Invest Dermatol 127: 2048—-2057.
PMID: 17446900

Buttke TM, McCubrey JA, Owen T (1993) Use of an aqueous soluble tetrazolium/formazan assay to
measure viability and proliferation of lymphokine-dependent cell lines. J Immunol Methods 157:
233-240. PMID: 8423368

Guatimosim S, Guatimosim C, Song LS (2011) Imaging calcium sparks in cardiac myocytes. Methods
Mol Biol 689: 205-214. doi: 10.1007/978-1-60761-950-5_12 PMID: 21153794

Winterbourn CC, Hawkins RE, Brian M, Carrell RW (1975) The estimation of red cell superoxide dis-
mutase activity. J Lab Clin Med 85: 337-341. PMID: 803541

Anderson ME (1985) Determination of glutathione and glutathione disulfide in biological samples. Meth-
ods Enzymol 113:548-555. PMID: 4088074

Yoshikawa T, Naito Y, Kishi A, Tomii T, Kaneko T, Linuma S, et al. (1993) Role of active oxygen, lipid
peroxidation, and antioxidants in the pathogenesis of gastric mucosal injury induced by indomethacin
inrats. Gut 34: 732-737. PMID: 8314503

Carlberg I, Mannervik B (1985) Glutathione reductase. Methods Enzymol 113: 484—-490. PMID:
3003504

Yablonka-Reuveni Z, Anderson JE (2006) Satellite cells from dystrophic (mdx) mice display accelerat-
ed differentiation in primary cultures and in isolated myofibers. Dev Dyn 235: 203-212. PMID:
16258933

Nakano J, Kataoka H, Sakamoto J, Origuchi T, Okita M, Yoshimura T (2009) Low-level laser irradiation
promotes the recovery of atrophied gastrocnemius skeletal muscle in rats. Exp Physiol 94:
1005-1015. doi: 10.1113/expphysiol.2009.047738 PMID: 19525315

Ben-Dov N, Shefer G, Irintchev A, Wernig A, Oron U, Halevy O (1999) Low-energy laser irradiation af-
fects satellite cell proliferation and differentiation in vitro. Biochim Biophys Acta 1448: 372-380. PMID:
9990289

Shefer G, Barash |, Oron U, Halevy O (2003) Low-energy laser irradiation enhances de novo protein
synthesis via its effects on translation-regulatory proteins in skeletal muscle myoblasts. Biochim Bio-
phys Acta 1593: 131-139. PMID: 12581857

Culligan K, Banville N, Dowling P, Ohlendieck K (2002) Drastic reduction of calsequestrin-like proteins
and impaired calcium binding in dystrophic mdx muscle. J Appl Physiol 92: 435—-445. PMID: 11796649

Williams DA, Head S, Bakker AJ, Stephenson DG (1990) Resting calcium concentrations in isolated
skeletal muscle fibres of dystrophic mice. J Physiol 428: 243-256. PMID: 2231412

Gailly P, Boland B, Himpens B, Casteels R, Gillis JM (1993) Critical evaluation of cytosolic calcium de-
termination in resting muscle fibres from normal and dystrophic (mdx) mice. Cell Calcium 14: 473—-483.
PMID: 8358771

Head Sl (1993) Membrane potential, resting calcium and calcium transients in isolated muscle fibres
from normal and dystrophic mice. J Physiol 469: 11—19. PMID: 8271194

Pressmar J, Brinkmeier H, Seewald MJ, Naumann T, Rudel R (1994) Intracellular Ca2+ concentrations
are not elevated in resting cultured muscle from Duchenne (DMD) patients and in MDX mouse muscle
fibres. Pflugers Arch 426: 499-505. PMID: 8052519

Breitbart H, Levinshal T, Cohen N, Friedmann H, Lubart R (1996) Changes in calcium transport in mam-
malian sperm mitochondria and plasma membrane irradiated at 633 nm (HeNe laser). J Photochem
Photobiol B 34: 117—-121. PMID: 8810529

Lubart R, Friedmann H, Levinshal T, Lavie R, Breitbart H (1992) Effect of light on calcium transport in
bull sperm cells. J Photochem Photobiol B 15: 337-341. PMID: 1432397

PLOS ONE | DOI:10.1371/journal.pone.0128567 June 17,2015 13/14


http://www.ncbi.nlm.nih.gov/pubmed/16356149
http://dx.doi.org/10.1007/s10103-012-1133-0
http://www.ncbi.nlm.nih.gov/pubmed/22714676
http://dx.doi.org/10.1007/s00421-009-1321-1
http://www.ncbi.nlm.nih.gov/pubmed/20024577
http://www.ncbi.nlm.nih.gov/pubmed/8207057
http://www.ncbi.nlm.nih.gov/pubmed/17446900
http://www.ncbi.nlm.nih.gov/pubmed/8423368
http://dx.doi.org/10.1007/978-1-60761-950-5_12
http://www.ncbi.nlm.nih.gov/pubmed/21153794
http://www.ncbi.nlm.nih.gov/pubmed/803541
http://www.ncbi.nlm.nih.gov/pubmed/4088074
http://www.ncbi.nlm.nih.gov/pubmed/8314503
http://www.ncbi.nlm.nih.gov/pubmed/3003504
http://www.ncbi.nlm.nih.gov/pubmed/16258933
http://dx.doi.org/10.1113/expphysiol.2009.047738
http://www.ncbi.nlm.nih.gov/pubmed/19525315
http://www.ncbi.nlm.nih.gov/pubmed/9990289
http://www.ncbi.nlm.nih.gov/pubmed/12581857
http://www.ncbi.nlm.nih.gov/pubmed/11796649
http://www.ncbi.nlm.nih.gov/pubmed/2231412
http://www.ncbi.nlm.nih.gov/pubmed/8358771
http://www.ncbi.nlm.nih.gov/pubmed/8271194
http://www.ncbi.nlm.nih.gov/pubmed/8052519
http://www.ncbi.nlm.nih.gov/pubmed/8810529
http://www.ncbi.nlm.nih.gov/pubmed/1432397

@’PLOS ‘ ONE

Effects of LLLT on madx Muscle Cells

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

Disatnik MH, Dhawan J, Yu Y, Beal MF, Whirl MM, Franco AA, et al. (1998) Evidence of oxidative stress
in mdx mouse muscle: studies of the pre-necrotic state. J Neurol Sci 161: 77-84. PMID: 9879685

Rando TA, Disatnik MH, Yu Y, Franco A (1998) Muscle cells from mdx mice have an increased suscep-
tibility to oxidative stress. Neuromuscul Disord 8: 14—21. PMID: 9565986

Lubart R, Eichler M, Lavi R, Friedman H, Shainberg A (2005) Low-energy laser irradiation promotes cel-
lular redox activity. Photomed Laser Surg 23: 3-9. PMID: 15782024

Abdel SE, Abdel-Meguid |, Korraa S (2007) Markers of oxidative stress and aging in Duchene muscular
dystrophy patients and the possible ameliorating effect of He:Ne laser. Acta Myol. 26: 14—21. PMID:
17915565

Huang YY, Nagata K, Tedford CE, McCarthy T, Hamblin MR (2013) Low-level laser therapy (LLLT) re-
duces oxidative stress in primary cortical neurons in vitro. J Biophotonics 6: 829-838. doi: 10.1002/
jbio.201200157 PMID: 23281261

Lim W, Kim J, Lim C, Kim S, Jeon S, Karna S, et al (2012) Effect of 635 nm light-emitting diode irratia-
tion on intracellular superoxide anion scavenging independent of the cellular enzymatic antioxidant sys-
tem. Photomed Laser Surg 30: 451-459. doi: 10.1089/ph0.2011.3199 PMID: 22775489

Whitehead NP, Yeung EW, Allen DG (2006) Muscle damage in mdx (dystrophic) mice: role of calcium
and reactive oxygen species. Clin Exp Pharmacol Physiol 33:657-662. PMID: 16789936

Liu XG, Zhou YJ, Liu TC, Yuan JQ (2009) Effects of low-level laser irradiation on rat skeletal muscle in-
jury after eccentric exercise. Photomed Laser Surg 27: 863-869. doi: 10.1089/pho.2008.2443 PMID:
19697999

Mesquita-Ferrari RA, Martins MD, Silva JA Jr, da Silva TD, Piovesan RF, Pavesi VC, et al. (2011) Ef-
fects of low-level laser therapy on expression of TNF-alpha and TGF-beta in skeletal muscle during the
repair process. Lasers Med Sci 26: 335-340. doi: 10.1007/s10103-010-0850-5 PMID: 21053039

Rizzi CF, Mauriz JL, Freitas Correa DS, Moreira AJ, Zettler CG, Filippin LI, et al. (2006) Effects of low-
level laser therapy (LLLT) on the nuclear factor (NF)-kappaB signaling pathway in traumatized muscle.
Lasers Surg Med 38: 704-713. PMID: 16799998

Leal-Junior EC, de Almeida P, Tomazoni SS, de Carvalho Pde T, Lopes-Martins RA, Frigo L, et al.
(2014) Superpulsed low-level laser therapy protects skeletal muscle of mdx mice against damage, in-
flammation and morphological changes delaying dystrophy progression. PloS one 9: e89453. doi: 10.
1371/journal.pone.0089453 PMID: 24599021

Oron A, Oron U, Sadeh M (2014) Low-level laser therapy during posnatal development modulates
degeneretion and enhances regeneration processes in the hindlimb muscle of dystrophic mice. Photo-
med Laser Surg 32: 606—611. doi: 10.1089/ph0.2014.3757 PMID: 25329504

PLOS ONE | DOI:10.1371/journal.pone.0128567 June 17,2015 14/14


http://www.ncbi.nlm.nih.gov/pubmed/9879685
http://www.ncbi.nlm.nih.gov/pubmed/9565986
http://www.ncbi.nlm.nih.gov/pubmed/15782024
http://www.ncbi.nlm.nih.gov/pubmed/17915565
http://dx.doi.org/10.1002/jbio.201200157
http://dx.doi.org/10.1002/jbio.201200157
http://www.ncbi.nlm.nih.gov/pubmed/23281261
http://dx.doi.org/10.1089/pho.2011.3199
http://www.ncbi.nlm.nih.gov/pubmed/22775489
http://www.ncbi.nlm.nih.gov/pubmed/16789936
http://dx.doi.org/10.1089/pho.2008.2443
http://www.ncbi.nlm.nih.gov/pubmed/19697999
http://dx.doi.org/10.1007/s10103-010-0850-5
http://www.ncbi.nlm.nih.gov/pubmed/21053039
http://www.ncbi.nlm.nih.gov/pubmed/16799998
http://dx.doi.org/10.1371/journal.pone.0089453
http://dx.doi.org/10.1371/journal.pone.0089453
http://www.ncbi.nlm.nih.gov/pubmed/24599021
http://dx.doi.org/10.1089/pho.2014.3757
http://www.ncbi.nlm.nih.gov/pubmed/25329504

