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LED therapy modulates M1/M2 macrophage phenotypes
and mitigates dystrophic features in treadmill-trained mdx mice
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Abstract

The mdx mouse phenotype, aggravated by chronic exercise on a treadmill, makes this murine model more reliable for the
study of Duchenne muscular dystrophy (DMD) and allows the efficacy of therapeutic interventions to be evaluated. This study
aims to investigate the effects of photobiomodulation by light-emitting diode (LED) therapy on functional, biochemical and
morphological parameters in treadmill-trained adult mdx animals. Mdx mice were trained for 30 min of treadmill running
at a speed of 12 m/min, twice a week for 4 weeks. The LED therapy (850 nm) was applied twice a week to the quadriceps
muscle throughout the treadmill running period. LED therapy improved behavioral activity (open field) and muscle function
(grip strength and four limb hanging test). Functional benefits correlated with reduced muscle damage; a decrease in the
inflammatory process; modulation of the regenerative muscular process and calcium signalling pathways; and a decrease in
oxidative stress markers. The striking finding of this work is that LED therapy leads to a shift from the M1 to M2 macrophage
phenotype in the treadmill-trained mdx mice, enhancing tissue repair and mitigating the dystrophic features. Our data also
imply that the beneficial effects of LED therapy in the dystrophic muscle correlate with the interplay between calcium,
oxidative stress and inflammation signalling pathways. Together, these results suggest that photobiomodulation could be a
potential adjuvant therapy for dystrophinopathies.
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1 Introduction

Duchenne muscular dystrophy (DMD) is an X-linked dis-
ease caused by mutations in the gene that encodes the dys-
trophin protein, which is essential for muscle fiber integ-
rity [1]. This disease is characterized by cycles of muscle
degeneration, leading to progressive muscle weakness,
loss of ambulation and premature death [2]. In addition, it
is well established that a dysregulated inflammatory pro-
cess plays a critical role in DMD progression [3] which is
supported by the fact that corticosteroids are the standard
therapy for dystrophic patients [4].

Macrophages are the predominant inflammatory cell
type found in the skeletal muscles of dystrophic patients
and the mdx mice, the pre-clinical model of DMD [5].

Although macrophages are normally essential for mus-
cle regeneration, their dysregulated function promotes
pathological muscle remodelling, such as the development
of fibrosis [6]. The transition of macrophages from M1
(involved in pro-inflammatory responses) to M2 (related to
anti-inflammatory action), usually seen in acute injury, is
disrupted in the mdx mice by asynchronous bouts of mus-
cle injury and regeneration [6]. In addition, it was recently
demonstrated that dystrophic myofibers skew macrophages
towards a pro-inflammatory phenotype, which in turn con-
tributes to myofiber damage, increasing myofiber branch-
ing and fragility, thus exacerbating muscle damage and
fibrosis [7]. Therefore, therapies that can modulate mac-
rophage plasticity may constitute an important interven-
tion to improve the dystrophic phenotype.

It was recently reported that photobiomodulation ther-
apy (PBMT), a light-induced therapy applied by laser and/
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or light-emitting diodes (LED), modulates the inflam-
matory phase by decreasing M1 and increasing the M2
macrophages, thereby favoring muscle regeneration after
an acute damage by crioinjury [8]. PBMT has been high-
lighted as a possible relevant therapy to improve the qual-
ity of life in dystrophic patients [9]. In dystrophic muscles
from the experimental model of DMD, PBMT promoted
improvements in regenerative capacity; reduction of
inflammatory response and oxidative stress [10, 11].
Although preclinical animal experiments support PBMT
as a therapeutic strategy for muscular dystrophies, the
mechanisms behind the beneficial effects of this therapy
in dystrophic muscles have not yet been fully elucidated.
Thus, the aim of this study is to explore the effects of
LED therapy in mdx mice with a phenotype aggravated by
exercise, with a special focus on modulating macrophage
phenotypes and their correlation with signalling pathways
involved in the dystrophic muscle repair process. In addi-
tion, the results obtained will also be correlated with the
functional data evaluated.

2 Material and methods
2.1 Animals and experimental design

All procedures with C57BL/10-Dmdmdx/PasUnib mice were
approved by the Ethics Committee on the Use of Animals
(CEUA) of the State University of Campinas (UNICAMP;
#5982-1/2022) and following the guidelines of the Brazilian
College for Animal Experimentation (COBEA). Mice chow
and water were offered ad libitum and the animals were kept
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Fig. 1 Schematic showing the experimental timeline of treadmill
exercise and LED therapy. Treadmill exercise and LED therapy was
performed 2 times a week (red circles). Functional tests were per-
formed after the last treadmill exercise in the adaptation period and
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endpoint (week 5) of the study. Blood for the analysis of plasma
markers, and muscles for histopathology and Western blot were col-
lected at the endpoint (week 5)
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Fig.2 Treadmill exercise parameters in adaptation and training
period

in a temperature-controlled room (25 °C+0.5) and relative
humidity (55 + 1) with 12-h light/ dark cycles. The proto-
col of the experiment is shown in Fig. 1. Male mdx mice
(53 days old) were randomly assigned into three groups:
mdxSed, sedentary controls; mdxEx, exercise-trained animals;
and mdxEx + L, exercise-trained animals submitted to LED
therapy.

2.2 Treadmill exercise and LED therapy

The treadmill exercise protocol was performed using the
TREAT-NMD [12], protocols for exercise in mdx mice and
also based on a previous work of our research group [13]. The
training protocol was divided into two phases consisting of
adaptation and exercise (Fig. 2). After the first week of adap-
tation, the protocol consisted of a treadmill exercise regime
of 30 min treadmill running at a speed of 12 m/min twice per
week for 4 weeks (keeping a constant interval of 2-3 days
between each trial).

LED therapy protocol was based on a previous work of a
research group [14], the PBMT took place transcutaneously
at one point in the center of the quadriceps femoris muscular
venter, at a distance of 3 cm (without contact). Both hind limbs
were irradiated and the application lasted 10 s per session with
fixed parameters as described in Table 1. LED therapy sham
had no energy and no power applied over the quadriceps femo-
ris muscular venter. The irradiation occurred twice per week
for four consecutive weeks.

Twenty-four hours after the last training session and LED
therapy, the animals were euthanized using a mixture of keta-
mine hydrochloride (130 mg/kg; Franco tar, Virbac, Fort
Worth, TX, USA) and xylazine hydrochloride (6.8 mg/kg, 2%
Virbaxil; Virbac), and the blood samples were collected by
cardiac puncture and quadriceps femoris muscle was removed.

Table 1 LED therapy parameters

LED therapy parameters

Output power (mW) 300

Spot size (cm?) 0.32

Power density (mW/cm?) 937
Energy per point (J) 3

Energy density (J/cm?) 9.37

Time per point(s) 10

Format Circular
Operating mode Continuous

Number and frequency of treat- 8, 2 times a week

ment sessions

Transcutaneous in the middle of
the belly quadriceps femoris

muscle

Application technique

2.3 Functional tests: grip strength, hanging tests
and open field

Functional tests were performed before the start of treadmill
exercise and LED therapy and twenty-four hours after the
last training session and LED irradiation.

2.3.1 Grip strength (n=28 per group)

A grip strength meter (New Primer, Sao Paulo, Brazil) was
used to measure the forelimb muscle strength, following the
protocol based on previous studies of our research group
[14]. This protocol consists of collecting three measure-
ments from each animal and normalize the absolute strength
(average of five measurements) to body weight.

2.3.2 Hanging test (n=7 per group)

The hanging test is applied to evaluate muscle function,
neuromuscular impairment, and motor coordination [15,
16]. The protocol used in this study was based on the Treat-
NMD protocol DMD_M.2.1.005. The mice were placed on
a metal grid measuring 35 cm in length and 22 cm in width,
with 22 metal wires spaced 6 mm apart. Then the grid was
turned upside down, suspended 35 cm above a padded cage
to ensure a soft landing after the fall. The measurement of
the retention impulse result was obtained by the suspension
time multiplied by body weight. The test was performed
in 3 attempts, with 15 min of rest between each attempt. A
stopwatch was used to record the suspension time of each
animal.

2.3.3 Open field (n=7 per group)

To apply this test, a white chamber measuring
45 cmx 60 cm x40 cm wall height, with 12 squares
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(15 ecm x 15 cm each) applied to the floor of the chamber,
was used. The protocol used in this study was based on a
previous study [17]. After 1 h of adaptation in the testing
room, the mice were placed in a corner of the chamber and
left free to explore. Horizontal movements, such as crossing
each square with all paws, were counted for 6 min.

2.4 Blood and quadriceps femoris samples
for muscle fiber degeneration analysis (n=7
per group)

For biochemical assessment of muscle fiber degeneration,
the creatine kinase (CK) assay was evaluated in the blood
and quadriceps femoris samples. The protocol used in this
study was based on a previous study [14]. The CK assay was
carried out using a commercially available kit (CK Cinetico
Crystal, BioClin, Ireland) and a BioTek Spectrophotometer
(BioTek Instruments Inc., Winooski, VT, USA). Values are
reported as international units per liter.

2.5 Histopathological analysis (n=7 per group)

Histomorphology protocols were based on previous studies
[13, 14]. For all morphological analysis, serial cryosections
(8 um) of quadriceps femoris muscle were used and observed
under a light microscope or fluorescent microscope.

2.5.1 Muscle fiber damage

For morphological visualization and quantification of mus-
cle fiber damage in the quadriceps femoris muscle, cryosec-
tions were incubated with fluorescently labeled immuno-
globulin (Ig) G. Briefly, muscle cryosections (8 pm thick)
were preincubated for 30 min with 5% bovine serum albu-
min (BSA) in phosphate-buffered saline (PBS), followed
by a 1 h incubation with IgG fluorescein isothiocyanate
conjugate antibody (anti-mouse; Sigma-Aldrich, St Louis,
MO, USA). The number of IgG-labeled muscle fibers was
quantified manually using the Image-Pro Plus 6.0 software
(Media Cybernetics, Silver Spring, MD, United States) and
expressed as a percentage of the total number of muscle
fibers counted in each cross-section (5 cross-sectional areas
per muscle).

2.5.2 Fibrotic area

Cryosection of quadriceps muscles was stained with Mas-
son’s trichrome for quantitative observation of fibrosis and
the fibrosis area and total muscle area were manually delim-
ited and calculated using the Image-Pro Plus 6.0 software
(Media Cybernetics, Silver Spring, MD, United States).
Fibrosis area was expressed as a percentage of the total area.
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2.5.3 Regenerated muscle fibers

Cryosections of quadriceps femoris muscle were stained
with hematoxylin and eosin (HE) and the number of regen-
erated muscle fibers (with central nuclei) and normal (with
peripheral nuclei) was quantified manually using the Image-
Pro Plus 6.0 software (Media Cybernetics, Silver Spring,
MD, United States). The number of regenerated muscle fib-
ers was expressed as a percentage of the total number of fib-
ers (normal and regenerated). In addition, about 100 normal
and regenerated muscle fibers were evaluated for minimum
Feret’s diameter.

2.5.4 Inflammatory area

Cryosections of quadriceps femoris muscle were stained
with HE and the inflammatory area and total muscle area
were manually delimited and calculated using the Image-
Pro Plus 6.0 software (Media Cybernetics, Silver Spring,
MD, United States). Inflammatory area was expressed as a
percentage of the total area.

2.5.5 Macrophage infiltration

Cryosections of quadriceps femoris muscle were incubated
with F4/80 antibody and the macrophage infiltration area
and total muscle area were manually delimited and calcu-
lated using the Image-Pro Plus 6.0 software (Media Cyber-
netics, Silver Spring, MD, United States). Macrophage infil-
tration area was expressed as a percentage of the total area.

2.5.6 Oxidative stress: autofluorescent granules
of lipofuscin and reactive DHE area

The number of autofluorescent granules of lipofuscin and
the intensity of reactive Dihydroethidium (DHE) was quanti-
fied using the Image-Pro Plus 6.0 software (Media Cybernet-
ics, Silver Spring, MD, United States).

For quantification of the number of autofluorescent gran-
ules of lipofuscin, muscle samples were analyzed using
serial cryosections unfixed (8 pm) of the quadriceps femo-
ris muscle. Quantification was performed in a fluorescent
inverted microscope (Nikon, Eclipse TS100/TS100F) and
the total number of lipofuscin granules was determined in
relation to the total area of the cut by their thickness (number
of lipofucin/um?).

For quantification of the intensity of reactive DHE, serial
quadriceps femoris muscle cryosections (8 pm) were incu-
bated with 5 ul DHE (4., 358 nm; 4., 461 nm). DHE stain-
ing presents a bright red emission in fluorescence micros-
copy. The intensity of reactive DHE by muscle area was
quantified using a fluorescent inverted microscope (Nikon,
Eclipse TS100) by measuring pixels in a specific range
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(70+255 wavelength). The equipment was adjusted to elimi-
nate interference from background fluorescence.

2.6 Protein quantification by Western Blot (n=7
per group)

Western blot protocol was based on previous studies (13,
14). Briefly, muscle samples were homogenized using
homogenizer Polytron PTA 20S (model PT 10/35; Kinemat-
ica Ag). Muscle sample detritus was removed by centrifuga-
tion and the cleared lysate was subjected to SDS-Page gel
electrophoresis. The Bradford method was used to determine
the total protein content. Total protein from muscle sample
lysate (30 pg) was stacked on 12% sodium dodecyl sulfate
(SDS)-polyacrylamide gels. The proteins were transferred
from gels to nitrocellulose membranes by electrophoresis.
A blocking buffer was used in all membranes for 2 h at
room temperature. Membranes were incubated with appro-
priated primary antibodies overnight at 4 °C with gentle
shaking. The following primary antibodies were used for
Western blotting: MyoD (rabbit polyclonal IgG; M-318/
Santa-Cruz); Myogenin (mouse monoclonal IgG, x; F5D/
Santa-Cruz); MyHC-slow (monoclonal anti-myosin (skel-
etal, slow); mouse IgG1; M8421/Sigma-Aldrich); MyHC-
fast (monoclonal anti-myosin (skeletal, fast); mouse 1Ggl;
M4276/Sigma-Aldrich); Anti-Mannose (mouse monoclonal
mannose receptor antibody; mouse IgG1; ab8918/Abcam);
Anti-Nitric Oxide Synthase (monoclonal anti-nitric oxide
synthase; inducible antibody produced in mouse; N9657/
Sigma-Aldrich); NFkB (NFkB p65 (pSer53); polyclonal
IgG; AHP1342/Bio-RAD); 4-HNE (goat anti-4-hydrox-
ynonenal; polyclonal IgG; AHP1251/Bio-RAD); SERCAL1
(monoclonal; rabbit IgG; D54G12/Cell Signaling Technol-
ogy); Calsequestrin (mouse monoclonal; mouse / IgG2b;
VIIID12/ThermoFisher Scientific); and p-actin (anti-p-actin
antibody; mouse monoclonal; A1978/Sigma-Aldrich). The
following peroxidase-conjugated secondary antibodies were
used for Western blotting: mouse (mouse I1gG; 1:2500,
04-18-06, KPL, USA); goat (goat IgG; 1:1000, 14-13-06,
KPL, USA); and rabbit (rabbit IgG; 1:2500, 04-15-06,
KPL, USA). Membranes were incubated with peroxidase-
conjugated secondary antibodies for 2 h at room temperature
and then washed 3 times for 10 min each with Tris-buffered
saline containing 0.1% Tween® 20 detergent (TBST). Anti-
B-Actin antibody was used as a control protein loading. All
membranes were revealed using the Clarity Western ECL
Substrate (Bio-Rad). Gene Tools from Syngene were used
for bands intensity quantification.

2.7 Statistical analysis

All data are expressed as mean =+ standard deviation (SD).
Statistical analysis for direct comparison between means of

groups was performed by ANOVA, followed by the Tukey
test used for multiple statistical comparisons between
groups. p <0.05 was considered statistically significant. We
have used the GraphPad Prims8 software package (Graph-
Pad Software, CA, USA).

3 Results

3.1 LED therapy effects on body weight
and functional performance

All experimental groups experienced weight gain during the
experimental period: by 10.10% in the mdxSed mice group,
9.74% in the mdxEx group and 12.81% in the mdxEx +L
mice group (Fig. 3A).

The animals in the mdxEx group showed reduced perfor-
mance in all muscle functional tests (Grip strength, Hang-
ing test and Open Field) after the trial period compared
to before the trial period (Fig. 3B-D). In contrast, LED
therapy improved functional performance in the mdxEx +L
group. These animals demonstrated improvement in all
three muscle functional tests evaluated after the trial period
(Fig. 3B-D). Specifically, the mdxEx + L group showed sig-
nificantly higher grip strength (by 42.72%), better perfor-
mance in hanging test (by 96.94%), and improved open field
results (by 46.66%) compared to the mdxEx group.

3.2 LED therapy effects on the muscular
degeneration process

The animals in the mdxEx group showed significantly higher
levels in the biochemical assessment of muscle fiber degener-
ation (Table 2). Specifically, these animals exhibited signifi-
cantly elevated CK serum levels (by 77.72%) compared to the
mdx sedentary group (Table 2). In contrast, the mdxEx +L
group demonstrated significantly lower levels of muscle
fiber degeneration, as indicated by significantly reduced CK
serum levels (by 98.60%) and significantly higher CK lev-
els in the quadriceps femoris muscle (by 64.91%) compared
to the mdxEx group (Table 2). Additionally, the mdxEx +L
group showed significantly lower levels in the morphologi-
cal evaluation of muscle fiber degeneration, evidenced by
reduced intracellular fiber staining with IgG antibody in the
quadriceps femoris muscles (by 63.35%) compared to the
mdxEx group (Fig. 4A, B).

The fibrotic area in the quadriceps femoris muscles of
the experimental groups was also evaluated (Fig. 4C, D).
The fibrotic area was significantly higher in the quadriceps
femoris muscle of the mdxEx group (by 67.75%) compared
to the mdxS group (Fig. 4D). In contrast, the mdxEx +L
group exhibited a significantly lower fibrotic area in the
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Fig.3 a Body weight (g) was measured weekly during the experi-
mental period. b Forelimb muscle strength was assessed by taking
measurements of force, before and after the experimental period,
normalized by body weight (g/g). ¢ Four limb hanging test and d
Open field test was performed before and after the experimental
period. Experimental groups: mdx sedentary controls (mdxSed);
mdx exercise-trained (mdxEx); and mdx exercise-trained sub-

Table 2 Creatine kinase levels

Blood creatine kinase (U/L) Muscle cre-
atine kinase
(U/L)
mdxSed 2214 +374,2 2469+ 151,4
mdxEx 9935 + 1064 #*** 1239+573,2
mdxEx +L 139.5+20.58**+ 3531+ 1245%

Values are expressed as mean=standard deviation (SD). Experi-
mental groups: mdx sedentary controls (mdxSed); mdx exercise-
trained (mdxEx); and mdx exercise-trained submitted to LED therapy
(mdxEx +L). All data are expressed by mean + SD. ****P <(.00001
versus mdxSed; **P <0.01 versus mdxEx; and TTttP <0.00001 ver-
sus mdxEx. One-way ANOVA followed by Tukey post-test was used
for statistical analysis

quadriceps femoris muscles (by 75.67%) compared to the
mdxEx group (Fig. 4D).

3.3 LED therapy effects on regenerative muscular
process and on myogenic regulatory factors

The mdxEx + L group demonstrated an improvement in the
regenerative muscle process, as indicated by significantly
fewer in fibers with central nuclei (by 19.58%) and signifi-
cantly more fibers with peripheral nuclei (by 41.02%) in the
quadriceps femoris muscle compared to the mdxEx group
(Fig. 5A, B). Additionally, a significantly larger regenerated
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test was used for statistical analysis

muscle fiber diameter was observed in the mdxEx + L group
(by 26.37%) compared to the mdxEx group (Fig. 5C). Con-
comitantly, a higher quadriceps femoris muscle weight was
also observed in the mdxEx + L group (by 35.77%) com-
pared to the mdxEx group (Fig. 5D).

Regarding the myogenic regulatory factors, the mdxEx
group showed significantly higher Myo-D levels (by 81.95%)
and significantly lower myogenin levels (by 65.36%) in the
quadriceps femoris muscle, compared to the mdxSed group
(Fig. 6A-C). In contrast, the mdxEx + L animals showed
significantly lower Myo-D levels (by 76.62%) and signifi-
cantly higher myogenin levels (by 66.36%) in the quadriceps
femoris muscle compared to the mdxEx group (Fig. 6A-C).

With respect to myosin heavy chains levels, the
mdxEx + L animals exhibited significantly higher MyHC-
slow levels (by 48.04%) and a significant decrease in MyHC-
fast levels (by 50.27%) in the quadriceps femoris muscle
compared to the mdxEx group (Fig. 6D, E).

3.4 LED therapy effects on inflammatory response

The mdxEx group exhibited a significantly larger inflam-
matory area (by 39.85%) in the quadriceps femoris muscle,
compared to the mdxSed group (Fig. 7A, B). In contrast,
the mdxEx + L group showed a significantly reduced inflam-
matory area (by 96.24%) in the quadriceps femoris muscle
compared to the mdxEx group (Fig. 7A, B).
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staining (white arrows) and c fibrosis area (blue color) in mdx sed-
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mdxEx; and **P<0.01 versus mdxEx. One-way ANOVA followed
by Tukey post test was used for statistical analysis
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Fig.5 Cross sections of quadriceps femoris muscle showing: a fibers
with central nuclei (black arrows) and with peripheral nuclei (black
arrowheads) in mdx sedentary controls (mdxSed); mdx exercise-
trained (mdxEx); and mdx exercise-trained submitted to LED therapy
(mdxEx+L). Scale bar 100 um, X 20. The graphs show: b the per-
centage of fibers with central nuclei fibers and fibers with peripheral

In addition, the mdxEx group exhibited significantly
higher macrophage infiltration area (by 56.63%) in the
quadriceps femoris muscle compared to the mdxSed group
(Fig. 7C, D). In contrast, the mdxEx + L group showed sig-
nificantly lower macrophage infiltration area (by 81.80%)
in the quadriceps femoris muscle compared to the mdxEx
group (Fig. 7C, D).

Regarding the macrophage analysis, the mdxEx + L ani-
mals showed significantly lower M1 levels (by 47.57%)
and significantly higher M2 levels (by 44.76%) in the

nuclei; ¢ the minimal Feret’sdiameter (um) of fibers with central
nuclei and fibers with peripheral nuclei; and d the quadriceps femo-
ris muscle weight in all experimental groups. All data are expressed
by mean=+SD. *P <0.05 versus mdxSed; **P <0.01 versus mdxSed;
*P<0.05; versus mdxEx; and **P<0.01 versus mdxEx. One-way
ANOVA followed by Tukey post test was used for statistical analysis

quadriceps femoris muscle compared to the mdxEx group
(Fig. 8A-C).

Additionally, the mdxEx + L group exhibits significantly
lower NF-xB levels (by 70.81%) in the quadriceps femoris
muscle compared to the mdxEx group (Fig. 8A, D).

3.5 LED therapy effects on oxidative stress

The mdxEx group showed increased oxidative stress in the
quadriceps femoris muscle, as indicated by significantly
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Fig.6 Western blotting data: a MyoD; myogenin; MCH-slow; and
MHC-fast in mdx sedentary controls (mdxSed); mdx exercise-
trained (mdxEx); and mdx exercise-trained submitted to LED ther-
apy (mdxEx+L). The graphs show: b MyoD; ¢ myogenin; d MCH-
slow; and e MHC-fast in all experimental groups. Loading control:
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Fig.7 Cross sections of quadriceps femoris muscle showing: a
inflammatory area (outline) and ¢ macrophage infiltration (white
arrows) in mdx sedentary controls (mdxSed); mdx exercise-trained
(mdxEx); and mdx exercise-trained submitted to LED therapy
(mdxEx+L). Scale bar 100 um, X 20. The graphs show: b the per-
centage of inflammatory area and d the percentage of macrophage

higher levels of reactive DHE area; autofluorescent lipo-
fuscin granules; and 4-HNE protein adduct (by 7.18%;
33.01% and 42.64%, respectively) compared to the
mdxSed group (Fig. 9A-F). In contrast, the mdxEx +L
animals exhibited significantly lower levels of DHE area;
autofluorescent lipofuscin granules; and 4-HNE protein
adduct (by 51.38%; 42.89% and 66.45%, respectively)
compared to the mdxEx group (Fig. 9A-F).
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B-actin. All data are expressed by mean+SD. *P<0.05 versus
mdxSed; *#**P <0.00001 versus mdxSed; *P <0.05; versus mdxEx;
and ****P<0.00001 versus mdxEx. One-way ANOVA followed by
Tukey post-test was used for statistical analysis
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infiltration in all experimental groups. All data are expressed by
mean+ SD. *P<0.05 versus mdxSed; **P<0.01 versus mdxSed;
*tP<0.05; versus mdxEx; and **TtP<0.00001 versus mdxEx. One-
way ANOVA followed by Tukey post-test was used for statistical
analysis

3.6 LED therapy effects on calcium-binding protein

The mdxEx + L animals showed significantly higher
SERCA 1 levels (by 31.63%) and calsequestrin levels (by
40.91%) in the quadriceps femoris muscle compared to the
mdxEx group (Fig. 10A, B).
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4 Discussion

In this study, treadmill-trained mdx mice were chosen as a
model for preclinical DMD research to evaluate the effects
of LED therapy on dystrophic muscle. Treadmill-trained

Fig.9 Cross sections of quadri-
ceps femoris muscle showing:
a dihydroethidium (DHE)
fluorescence (red) and ¢ auto-
fluorescent lipofuscin granules
(brownish granule) in mdx sed-
entary controls (mdxSed); mdx
exercise-trained (mdxEx); and
mdx exercise-trained submitted
to LED therapy (mdxEx +L).
Scale bar 100 um, x 20. The
graphs show: b the percent-
age of DHE staining area and
d the number of lipofuscin
granules X 10~*/mm? in all
experimental groups. Western
blotting data (e) and graph (f):
4-hydroxynonenal (4-HNE)-
protein adducts in all experi-
mental groups. Loading control: C
B-actin. All data are expressed

by mean=+ SD. *P <0.05 versus

mdxSed; **P<0.01 versus

mdxSed; **P<0.01 versus

mdxEx; and TP <0.0001 ver-

sus mdxEx. One-way ANOVA

followed by Tukey post-test was

used for statistical analysis
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mdx mice exhibit a worsening of the dystrophic phenotype,
characterized by functional impairment and increased
muscle damage, making this preclinical model closer
to human dystrophy and allowing potential therapeutic
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Fig. 10 Western blotting data: a Serca 1; calsequestrin in mdx sed-
entary controls (mdxSed); mdx exercise-trained (mdxEx); and mdx
exercise-trained submitted to LED therapy (mdxEx+L). The graphs
show: b Serca 1; and c¢ calsequestrin in all experimental groups.
Loading control: p-actin. All data are expressed by mean+SD.
#*#P<(0.01 versus mdxSed; ****P<(0.00001 versus mdxSed;
*P<0.05; versus mdxEx; and **P<0.01 versus mdxEx. One-way
ANOVA followed by Tukey post-test was used for statistical analysis

interventions to be more rigorously evaluated in in vivo
studies [13, 18].

One of the most important findings of the present work
is that LED therapy modulates the inflammatory process
in treadmill-trained mdx mice by increasing the M2 and
decreasing the M1 macrophage phenotypes. In addition to
this result, a significant reduction in the inflammatory and
macrophage infiltration areas and in nuclear factor kappa B
(NF-xB) levels, was observed. NF-xB is an important proto-
typic signalling cascade that drives classical (M1) activation
of macrophages [19]. Previous studies have linked the dow-
regulation of NF-kB to a decrease in the M1 macrophage
phenotype under different experimental conditions [20, 21].
These studies corroborate our findings regarding the quanti-
fication of NF-xB and M1 levels.

The M1 and M2 phenotypes of macrophages differently
influence the outcome of muscular dystrophy [22]. While
M1 macrophages are mainly related to myonecrosis, M2
macrophages are involved in muscle regeneration [23]. In
agreement with our results regarding the M1 and M2 levels
after LED therapy, it was recently reported that PBM modu-
lates the inflammation phase, optimizing the transition from
inflammation to regeneration in the tibialis anterior muscle
subjected to cryolesion [8]. This study emphasizes that this
transition improves tissue repair.

In our experimental conditions, concomitant with the
transition from M1 to M2 macrophage phenotype, we also
observed an improvement in dystrophic muscular damage.
LED therapy led to a reduction in biochemical and histo-
morphological assessments of muscle fiber degeneration.
LED therapy was able to reduce increments in CK levels
in serum and increase CK content in muscle. In addition,
LED treatment reduced skeletal muscle damage, as indi-
cated by the decrease in IgG-positive fibers, corroborating

@ Springer

with biochemical analyses. In agreement with these find-
ings, similar effects of LED treatment were also reported
in an experimental poisoning model (24). Furthermore, we
evaluated the fibrotic area. Although the presence of M2
macrophages may be relevant for muscle regeneration in
dystrophic muscle, it is important to consider that in the long
term, this macrophage phenotype can lead to fibrosis [25]
Thus, it is important to highlight that under our experimental
conditions, although LED therapy increased M2 macrophage
levels, it also promoted a reduction in the fibrotic area. In
agreement with our results, PBM was observed to have a
positive effect on the inflammatory process and on colla-
gen organization and distribution in the repair process of rat
skeletal muscle [26].

It is also important to highlight that LED therapy, by
protecting dystrophic muscle from degeneration, led to a
smaller number of regenerated muscle fibers. Another inter-
esting finding related to the potential effects of LED ther-
apy on muscle regeneration is the modulation of myogenic
factors, such as MyoD and myogenin. In agreement with
previous studies [14, 27], we observed that LED therapy
accelerates muscle repair in dystrophic muscle, promoting
a down-regulation of MyoD levels and an up-regulation of
myogenin levels. The up-regulation of myogenin is particu-
larly important, as myogenin is an essential regulator of
adult myofiber growth and muscle stem cell homeostasis
[28]. In addition, our experiments demonstrated that LED
therapy led to an increase in MyHC-slow levels (which are
more resistant to dystrophic pathology) [29] with a concomi-
tant reduction in MyHC-fast levels. It was recently reported
that increased MEK1-ERK1/2 signalling induces skeletal
muscle slow fiber-type and reduces muscular dystrophy
disease severity [30]. The MEK-ERK signalling pathway
is also required for M2 macrophage phenotype polarization
by promoting peroxisome proliferator-activated receptor-y
(PPARY)-induced retinoic acid signalling [31]. Based on
this, it is possible that the MEK-ERK pathway is related to
the up-regulation of the M2 macrophage phenotype and slow
muscle fibers observed in our experiments after LED ther-
apy. Reinforcing this hypothesis, a previous study showed
that PBM therapy enhances neural differentiation of den-
tal Pulp stem cells via activation of the ERK1/2 signalling
pathway [32].

The beneficial effects of LED therapy on muscle regen-
eration and the inflammatory process in dystrophic muscle
can also justify our findings regarding the enhancement
of behavioral activity (open field) and muscle function
(grip strength and four limb hanging test). In addition, the
reduction in the inflammatory process may be implicated
in the decrease in ROS production. In the present study,
LED therapy significantly reduced lipid peroxidation
(4-HNE; autofluorescent lipofuscin granules) and ROS
(reactive DHE area) production in dystrophic muscle.
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These results align with previous work that demonstrates
that PBM prevents oxidative stress in muscle injury ani-
mal models [33]. Furthermore, similar to previous studies
[27, 34], we also observed that LED therapy promotes the
reduction of NF-kB levels concurrently with the decrease
in oxidative stress markers.

The decrease in oxidative stress and the inflammatory
process after LED therapy may also be linked to the reduc-
tion of intracellular calcium concentration. One important
consequence of increased intracellular calcium concentra-
tion is proposed to be enhanced production of ROS, which
can cause muscle damage through direct effects on muscle
fiber proteins and the membrane, as well as through the
activation of inflammatory pathways [35]. In the present
study, an increase in the levels of calsequestrin and Serca 1
was observed after LED therapy. These are important find-
ings, as it has been reported that calsequestrin content and
Serca determine normal and maximal Ca2* storage levels
in the sarcoplasmic reticulum of fast- and slow-twitch rat
fibers [36]. In addition, Serca 1 overexpression minimizes
skeletal muscle damage in dystrophic mouse models [37]
and high levels of calsequestrin were found in the spared
muscle of mdx mice [38]. Our results with calsequestrin
and Sercal suggest that modulation of calcium signalling
pathways may also be one of the mechanisms by which
LED therapy exhibits antioxidant and anti-inflammatory
effects in dystrophic muscle.

In summary, the striking finding of this work is that
LED therapy shifted the macrophage phenotype from M1
to M2 in treadmill-trained mdx mice, thereby enhancing
tissue repair and mitigating the dystrophic phenotype.
Our data also suggest that the beneficial effects of LED
therapy in dystrophic muscle correlate with the interplay
between calcium, oxidative stress and inflammation signal-
ling pathways.
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