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Abstract
Muscle regeneration is a complex phenomenon, involving replacement of damaged fibers by new
muscle fibers. During this process, there is a tendency to form scar tissue or fibrosis by deposition
of collagen that could be detrimental to muscle function. New therapies that could regulate fibrosis
and favor muscle regeneration would be important for physical therapy. Low-level laser therapy
(LLLT) has been studied for clinical treatment of skeletal muscle injuries and disorders, even
though the molecular and cellular mechanisms have not yet been clarified. The aim of this study
was to evaluate the effects of LLLT on molecular markers involved in muscle fibrosis and
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regeneration after cryolesion of the tibialis anterior (TA) muscle in rats. Sixty Wistar rats were
randomly divided into three groups: control, injured TA muscle without LLLT, injured TA muscle
treated with LLLT. The injured region was irradiated daily for four consecutive days, starting
immediately after the lesion using an AlGaAs laser (808 nm, 30 mW, 180 J/cm2; 3.8 W/cm2, 1.4
J). The animals were sacrificed on the fourth day after injury. LLLT significantly reduced the
lesion percentage area in the injured muscle (p<0.05), increased mRNA levels of the transcription
factors MyoD and myogenin (p<0.01) and the pro-angiogenic vascular endothelial growth factor
(p<0.01). Moreover, LLLT decreased the expression of the profibrotic transforming growth factor
TGF-β mRNA (p<0.01) and reduced type I collagen deposition (p<0.01). These results suggest
that LLLT could be an effective therapeutic approach for promoting skeletal muscle regeneration
while preventing tissue fibrosis after muscle injury.
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Introduction
Skeletal muscle injuries are routinely found in rehabilitation centers. They often cause a
significant reduction in the functional capacity of the patient, and are characterized by slow
and incomplete recovery, leading to increased likelihood of scar tissue formation, re-injury,
atrophy, contracture, and chronic disability [1, 2].

Muscle regeneration involves several highly organized molecular and cellular processes that
ideally lead to structural and functional recovery of the injured muscle [3]. The initial phase
of this process is characterized by an inflammatory response and necrosis of the injured
tissue leading to activation and proliferation of adult satellite cells [1, 2, 4]. The satellite
cells are myogenic precursor cells (stem cells) that are quiescent in normal muscle fibers,
located between basal lamina and sarcolemma, and when activated, undergo cell cycle,
divide, differentiate and fuse with muscle fibers to repair injured areas [5, 6].

Activated satellite cells increase their expression of myoD and myf5, which are basic helix-
loop-helix transcription factors which belong to the myogenic regulatory factor family
(MRFs) [7, 8]. MyoD is rapidly expressed within 12 h post-injury [9], and the peak of
expression is at day 3 post-cryolesion in tibialis anterior (TA) muscle [10]. Subsequently,
upregulation of the secondary MRFs like myogenin and MRF4 induces terminal
differentiation of myoblasts into myocytes [4] in order to reestablish the structure and
function of muscle tissue. Therefore, myoD and myogenin play an important role in the
regeneration of skeletal muscle.

The development of new blood vessels (angiogenesis) plays an important role in successful
muscle regeneration [11]. This process is regulated by vascular endothelial growth factor
(VEGF) that exerts multiple effects on the vascular endothelium including stimulation of
endothelial cell proliferation, rapid induction of microvascular permeability, promotion of
endothelial cell survival, stimulation of endothelial cell adhesion and migration and
subsequent connection between new vessels and the pre-existing circulation [12–14]. Hence,
VEGF is considered an excellent biomarker for angiogenesis, and its expression is related to
recovery of skeletal muscle.

Skeletal muscle regeneration is regulated by growth factors, such as insulin-like growth
factor-1, basic fibroblast growth factor, hepatocyte growth factor, epidermal growth factor,
and transforming growth factor-beta (TGF-β) [4, 6]. TGF-β is a multifunctional cytokine
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produced by fibroblasts, epithelial cells, and macrophages in the lesion site. It stimulates
mesenchymal cell proliferation, collagen and fibronectin synthesis, and is important in
causing fibrosis in several diseases [15]. Excessive production of TGF-β can be harmful in
muscle repair, as it increases formation of fibrous non-functional scar tissue and can inhibit
differentiation and fusion of myoblasts, impairing the regeneration of muscle tissue [15, 16].
Therapeutic approaches that have a dual action by reducing fibrous scar tissue formation
while optimizing muscle repair would be helpful for rehabilitating muscle function after
injury.

Low-level laser therapy (LLLT) is considered a safe and effective technique for the clinical
treatment of a variety of diseases and injuries [17, 18]. Positive results have been reported
with LLLT in several experimental models of skeletal muscle injury and repair [19–22].
This therapeutic modality was able to improve muscle repair by inducing a rapid growth of
capillary vessels in the injured area [23, 24], a remarkable regeneration of muscle fibers
[25–27] and parallel orientation of regenerating myofibers [28].

Although knowledge is steadily increasing concerning the biological and molecular
mechanisms of LLLT, more studies are needed to determine which signaling pathways are
triggered by LLLT in muscle and how the cellular effects are translated into improved
skeletal muscle functions. This study therefore focused on exploring the effect of LLLT on
skeletal muscle repair, evaluating its effect on the molecular markers involved in muscle
regeneration and fibrosis, specifically measuring MyoD, myogenin, VEGF, and TGF-β at
the transcriptional level as well type I collagen deposition.

Materials and methods
Experimental groups and freezing muscle injury (cryoinjury)

Adult male Wistar rats (Rattus norvegicus) weighing 300 g were used in this study. Good
laboratory animal practice was observed according to the international standards for animal
experimentation and following approval by our institution’s Animal Care and Ethics
Committee.

The animals (n=60) were randomly divided into three groups (n=20 per group): control
group—animals with no interventions (BC); injured TA muscle without treatment (IC);
injured TA muscle submitted to laser irradiation treatment (IRI).

Surgical procedures (cryolesion) were performed based on those described by Miyabara et
al. [29], under anesthesia with 1 ml/kg of 1 % ketamine HCl (Dopalen; Vetbrands; São
Paulo; Brazil) and 2 % xylazine (Anasedan; Vetbrands; São Paulo; Brazil). After anesthesia,
the skin around the right TA muscle was shaved and cleaned. Then, a transversal cut (about
1 cm) of the skin over the middle of the muscle was carried out, exposing the muscle. A
rectangular iron bar (40×20 mm2), frozen in liquid nitrogen, was then kept for 10 s on the
center of the muscle. The procedure was repeated twice consecutively, with a time interval
of 30 s. Finally, the skin was sutured (Fig. 1). The right TA muscle was chosen because it is
a superficial muscle, making the surgery easy. After surgery, the animals were housed in
single plastic cages in a room with controlled environmental conditions and fed rat chow
and water ad libitum.

LLLT protocol
LLLT was performed using a gallium-aluminum-arsenide (GaAlAs) diode laser (PHOTON
LASER II, DMC® equipamentos Ltda, SP, São Carlos, Brazil), with the following
parameters: continuous radiation mode, 808 nm wavelength, 30 mW power output, 47 s
irradiation time, 0.00785 cm2 spot area, dose 180 J/cm2, irradiance 3.8 W/cm2 and 1.4 J

Assis et al. Page 3

Lasers Med Sci. Author manuscript; available in PMC 2014 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



total energy per point. A LaserCheck power meter (Coherent, Santa Clara, CA) was used to
determine the output of the equipment.

The skin having been shaved at the surgery site, the laser was applied over one point at in
the middle of right TA muscle (lesion area). LLLT was performed daily and at the same
time for four consecutive days, with the first application immediately after skin suturing.
Laser was applied by contact technique, with the optical fiber kept perpendicular to the skin.
The animals were handled gently, and LLLT did not produce any painful sensation or
distress to the animals.

Muscle evaluation
Animals were weighed and euthanized with an anesthetic overdose, and the right TA
muscles removed and weighed. Subsequently, ten animals from each group were used for
morphometric analysis and the other ten animals for real-time polymerase chain reaction and
immunoblotting analysis. For histological evaluation, the muscle fragment was immediately
frozen in isopentane pre-cooled in liquid nitrogen, and then stored in a freezer at −80 °C
(Forma Scientific, Marietta, OH). For further analysis, the muscle fragments from the
injured site were pulverized in liquid nitrogen with a mortar and pestle. The proximal
fragment was used for RNA extraction protocol. The distal samples were used for the other
analyses and were homogenized in RIPA buffer containing 10 mM Tris–HCl (pH 7.5), 1 %
Tergitol, 0.1 % SDS, 1 % sodium deoxycholate, 150 mM NaCl, and proteolytic enzyme
inhibitors (Protease Inhibitor Cocktail, Sigma, St Louis, MO). After debris separation by
centrifugation for 45 min at 14,000×g, the supernatants were collected and the protein
concentration was determined using a BCA Protein Assay kit (Pierce, Rockford, IL). All
samples were stored at −80 °C until analysis.

Injured muscle area
Serial muscle cross-sections for histology were obtained (one section of 10 µm in each 100
µm of tissue) using a cryostat microtome (Microm HE 505, Jena, Germany), across the
middle of the TA muscle.

For morphometric evaluation by light microscopy (Axiolab, Carl Zeiss, Jena, Germany)
tissue sections were stained using toluidine blue. One histological cross-section of each TA
muscle located in the central region of muscle injury was chosen to measure the cross-
sectional area of both injured and uninjured muscle, using software for morphometry
(Axiovision 3.0.6 SP4, Carl Zeiss). Images were used to reconstruct the total muscle cross-
section area, allowing the identification and measurement of both injured and uninjured
areas. A double-blind procedure was used for both muscle cross-section image selection and
injured and uninjured muscle area measurements.

Total RNA isolation and real-time polymerase chain reaction
Tissue fragments were homogenized in 1 mL TRIzol® reagent according to the
manufacturer’s instructions (Invitrogen Life Science, Carlsbad, CA). RNA integrity was
assessed by 260/268 nm ratio and by 1 % agarose gel electrophoresis stained with ethidium
bromide.

Two nanograms of mRNA was used to carry out real-time PCR. The amplification was
performed in a thermal cycler (Applied Biosystems StepOne™, Foster City, CA) at 50 °C
for 10 min, 95 °C for 5 min and then 95 °C for 15 s followed by 60 °C for 30 s and 72 °C for
30 s for 40 cycles. Real-time PCR was performed in a 15 µl reaction mixture containing 7.5
µl 2× SYBR Green Reaction Mix (Invitrogen), 0.3 µl each primer, 0.3 µl Super Script III
RT/Platinum Taq Mix (10 pmol/µl), 0.15 µl ROX Reference Dye and 5 µl sample in water.
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Quantification was performed by 2−ΔΔCT method, using glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) as housekeeping gene. This gene was chosen after genome
analysis (http://medgen.ugent.be/~jvdesomp/genorm/) of five housekeeping genes. The
following primers were used: MyoD forward: TAC GAC GCC GCC TAC TAC AGT G;
reverse: GCA TCG CTT GAG GAT GTC TCC; Myogenin forward: AGG AAG TC TGT
GTC TGT GGA CC; reverse: TGT ACT GGA TGG CAC TGC G; VEGF forward: TGA
GAC CCT GGT GGA CAT CTT C; reverse: TCC TAT GTG CTG GCT TTG GTG; TGF-
β1 forward: CCT ACA TTT GGA GCC TGG ACA C; reverse: CAC GAT CAT GTT GGA
CAA CTG C; GAPDH forward: ATG ATT CTA CCC ACG GCA AG; reverse: CTG GAA
GATGGT GAT GGG TT.

Immunoblotting
Protein expression was performed using SDS-polyacrylamide gel electrophoresis under
reducing conditions. Tissue extracts (50 µg) were boiled in equal volumes of loading buffer
(150 mM Tris–HCl—pH 6.8, 4 % SDS, 20 % glycerol, 15 % β-mercaptoethanol and 0.01 %
bromophenol blue) and were subjected to electrophoresis in 9 % non-denaturing
polyacrylamide gel. Following electrophoretic separation, proteins were transferred to
Hybond-P membranes (Amersham Pharmacia Biotech, Buckinghamshire, UK). Membrane
was blocked with 5 % non-fat dry milk in Tris-buffered saline and 0.5 % Tween 20 (TBST)
for 1 h. Primary antibody (Ab) against the following was employed: Collagen I (goat
polyclonal, 1:1000, Santa Cruz). Ab was diluted in TBST with 0.5 % bovine serum albumin
and incubated in 4 °C overnight. After washing twice with TBST, secondary Ab horseradish
peroxidase conjugate (Sigma Aldrich, St. Louis, MO) was applied at dilution 1:1,000 for 1
h. Blot was washed in TBST for 30 min, incubated in enhanced chemiluminesence reagents
(Super signal detection kit, Pierce) and exposed and photographed using GBox Gel
Document System (Syngene, Frederick, MD). The band intensity was quantified using Gene
Tools software (Syngene).

Statistical analysis
Data are expressed as the mean ± standard error of the mean. Shapiro–Wilk’s and Levene’s
test were applied to evaluate the normality and homogeneity of the results, respectively.
Comparisons between experimental groups were performed by analysis of variance (one-
way ANOVA), and the Tukey post-test used to compare individual groups. A P value <0.05
was considered significant. All analyses were performed using Sigma Stat Statistical
Software (v.3.1).

Results
Tibialis anterior muscle weight and muscle injury area

There was no significant difference in the weight of the tibialis anterior muscle among the
groups (p>0.05; Table 1). The total and percentual injured area in the LLLT-treated group
were statistically lower than in the comparable areas in the non-treated injured muscles (IRI;
p<0.05 vs IC).

Representative images of the TA muscle sections are shown in Fig. 2. Injured groups show a
homogeneous and well-defined lesion area, with fascicular disorganization, edema, tissue
necrosis, and abundant extracellular matrix deposition (arrowheads). IRI group showed a
repaired area (asterisk) on the surface of the tissue. The intact area was indicated by arrows.

Transcripts of the regeneration markers: MyoD, myogenin, and VEGF
After production of the muscle lesion, the MyoD gene expression level was increased 13-
fold and the myogenin gene expression level was increased 90-fold compared to uninjured
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controls (IC and IRI; p<0.01 vs BC; Fig. 3 A and B). MyoD mRNA was further increased
more than twice by LLLT (IRI, 37.22±0.32 vs IC, 12.04±0.03) and myogenin mRNA also
showed a small but significant increase compared to muscle lesion alone (IC, 92.74±0.2)
after LLLT (IRI, 103.10±0.2). Both increases after LLLT were significantly higher than the
non-LLLT group (IRI, p<0.01 vs IC).

VEGF gene expression levels showed the same pattern observed in the myoD and myogenin
mRNA quantification. VEGF levels were two times higher in injured muscle groups (IC,
2.08±0.1 and IRI, 2.38±0.2) compared to control group (BC, p<0.01; Fig. 4). LLLT further
increased the expression of VEGF mRNA by a small but significant extent compared to
non-LLLT group (IRI, p<0.05 vs IC).

Expression of scar markers: TGF-β and type I collagen
The cryolesion increased TGF-β gene transcription in the muscle homogenate 60-fold (IC,
60.39±0.15 and IRI, 42.92±0.12; p<0.01 vs BC; Fig. 5A). LLLT significantly reduced TGF-
β gene expression by 25 % in injured muscle (IRI, p<0.01 vs IC).

Collagen type I production in the muscle tissue was fivefold-elevated after cryolesion (IC,
5080.2±339.0) when compared with non-injured group (p<0.01; Fig. 5B). LLLT reduced
collagen I expression again by about 25 % in IRI group (3681.3±263.23; p<0.01 vs IC).
There was a therefore a good correlation between reduced collagen production and reduced
TGF-β expression.

Discussion
In spite of the fact that many studies of LLLT on muscle injury have demonstrated its
beneficial effects [19–22, 30], little is known about how exactly LLLT is able to affect
cellular systems involved in muscle repair and what are the molecular mechanisms involved
in these processes. Herein, we have shown that LLLT improved skeletal muscle
regeneration by reducing the injured area, increasing myoD, myogenin, and VEGF gene
expression and, simultaneously, reducing TGF-β mRNA and type I collagen deposition in
the injured tissue. Therefore, LLLT can increase muscle regeneration markers and reduce
scar tissue formation which should favor tissue repair in muscle injuries.

The regeneration of skeletal muscle process is initiated by mechanical or chemical stimuli
that lead to activation of quiescent satellite cells [31]. Even though the precise cause of the
transition from the quiescent state to the activated state in satellite cells is unknown, some
studies have proposed that disrupting the integrity of the sarcolemma and basal lamina
causes mechanical stress that can induce satellite cell activation [32]. Many authors have
proposed that the injury-stimulated release of substances such as cytokines, prostaglandins,
nitric oxide could stimulate satellite cell activation [3, 5]. It is likely that there is a complex
combination of these and other cellular events in which the use of LLLT might have an
additional stimulating role [33, 34] on expression of transcription factors in the MRFs, such
as myoD and myogenin. Some studies have shown that myoD and myogenin are
traditionally considered markers of muscle growth and hypertrophy, as they can regulate the
division of satellite cells and lead to incorporation of new myonuclei into mature muscle
fibers. These transcription factors are expressed in the adult skeletal muscle in response to
several stimuli, such as overcharge, denervation, and stretch, suggesting that myoD and
myogenin have an important role in skeletal muscle regeneration [35]. In the present study,
we observed that induction of cryolesion in the tibialis anterior muscle generated an increase
in the transcription of myogenic factors, myoD and myogenin. However, there was an
additional significant effect of LLLT in further increasing these markers.
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LLLT has been reported to activate quiescent satellite cells and cause them to enter cell
cycle and initiate proliferation [19, 34, 36]. Shefer et al. demonstrated that LLLT regulated
proteins essential for the initial phase of protein synthesis in myoblasts (through MAPK/
ERK) [34]. The same authors observed that the mean number of cells per fiber was tripled in
the LLLT-irradiated group compared to control group [20]. Treatment with a GaAlAs laser
(830 nm) was able to enlarge the muscle fiber diameter that had undergone atrophy [27].
Although there are still many questions to be clarified about the molecular mechanisms by
which LLLT causes these effects, we suggest that in this model, the increase in myogenic
factors favored satellite cell activation and muscle repair.

The increase in myoD and myogenin expression correlated with the results obtained in the
morphometric analysis, where a reduction in the injured muscle area in the LLLT group was
seen. This led us to infer that the regulation of transcription factors responsible for activation
of satellite cells by LLLT contributed to new muscle fiber formation and to the reduction of
the injured area.

Angiogenesis, stimulated by VEGF among other factors, is also essential for the formation
of new muscle fibers after muscle damage. Angiogenesis is an important requirement for
functional and morphological recovery of the injured muscle [11], as it restores injured
blood vessels, promotes local blood flow, and restores a supply of oxygen and nutrients to
the injured tissue.

Wagatsuma et al. showed that VEGF mRNA levels increased on the third day after
cryolesion in murine gastrocnemius muscle [14]. Similarly in the present study, LLLT
increased levels of this growth factor. In vivo studies in different regeneration models have
highlighted the effect of LLLT in angiogenesis induction [37, 38]. It has been proposed that
LLLT is able to increase the formation of new capillary vessels through the increased
release of growth factors, such as VEGF [24, 38]. Our laboratory was able to confirm that
LLLT induces angiogenesis through upregulating hypoxia-inducible factor (HIF-1α),
increasing VEGF mRNA levels and increased formation of new blood vessels in rat skin
(Cury et al., unpublished data). Increased expression of VEGF in this model could be
considered an important contributor to muscle regeneration.

It is likely that recovery of the injured muscle function is dependent on an equilibrium
between regeneration and fibrosis. This equilibrium is affected by the intensity of the acute
inflammatory response, by satellite cells activation, and by expression of several growth
factors and cytokines, especially TGF-β, present in the site of lesion [3]. Therefore, we
decided to evaluate the possible effect of LLLT on TGF-β and collagen deposition in the site
of lesion.

We found LLLT reduced TGF-β gene expression, lowered type I collagen deposition and
could reduce fibrous tissue formation in rat skeletal muscle. TGF-β expression has a key
role in the scar tissue formation during muscle repair. It regulates extracellular matrix
component production and simultaneously blocks its degradation. It is also known that an
increase in TGF-β production inhibits myoD expression and induces myogenic cells to
differentiate instead to myofibroblasts able to produce type I collagen, thereby impairing
muscle regeneration [15]. Li et al. observed that TGF-β stimulated C2C12 myoblasts to
produce more TGF-β in an autocrine mode, suppressing muscle protein expression and
enhancing fibrosis-related proteins [16].

Fibrous tissue formation in the skeletal muscle impairs regular muscle contraction,
prompting pathological contractures and causing chronic muscle pain. In this scenario, there
can be an intense deposition of collagen between the capillary vessels and the membrane of
myofibrils that reduces nutrient support. TGF-β inactivation reduces fibrous tissue formation
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and improves the contractile properties of the repairing muscle [39]. Based on this
information, our results suggest that LLLT had a positive effect, reducing TGF-β expression
and, as a consequence, decreasing local collagen accumulation, preventing fibrous tissue
formation and prompting skeletal muscle recovery.

Filliping et al. reported that an infrared laser (904 nm) reduced collagen deposition in rat
tendons [40]. Rizzi et al. also detected reduced collagen expression after 904-nm laser
treatment and suggested that NF-κB inactivation by LLLT could be the mechanism that
regulated collagen production [41]. Mesquita-Ferrari et al. treated rat muscle with LLLT
(660 nm) and found lower expression levels of TGF-β and TNF-α in the muscle fiber when
the treatment ended, which supported fibrosis prevention and muscle contractility
improvement [22]. Since TGF-β1 directly regulates collagen deposition, this growth factor
is associated with complications arising in the muscle repair process, and therefore LLLT
could be a good therapeutic approach for muscle repair.

In summary, our results indicate that near-infrared laser (808 nm) at the dose selected was
able to improve skeletal muscle regeneration, increase myogenic regulatory factors (myoD
and myogenin) and stimulate VEGF expression in an experimental animal model.
Additionally, TGF-β1 and type I collagen mRNA were reduced in the lesion area, reducing
skeletal muscle fibrosis. LLLT is inexpensive, non-invasive, and without reported side
effects, and could therefore become a treatment of choice in patients with muscle injury.
Nevertheless, more thorough investigations of the molecular mechanisms are needed to
clarify how LLLT functions in muscle regeneration and fibrotic disorders in general.
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Fig. 1.
Freezing right tibialis anterior muscle injury (cryoinjury) model. a Dissection and muscle
exposition; b and c cryolesion procedure; d suture after surgical procedure
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Fig. 2.
Morphometric analysis of middle TA muscle cross-sections. Micrography of typical
toluidine blue-stained muscle sections. Injured area (arrowhead), intact area (arrows) and
reparative area (asterisk). Normal TA muscle—control (BC); injured TA muscle without
LLLT (IC); injured TA muscle with LLLT (IRI)
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Fig. 3.
Effect of LLLT on MyoD and myogenin gene expression. a MyoD mRNA and b myogenin
mRNA
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Fig. 4.
Effect of LLLT on VEGF gene expression
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Fig. 5.
Effect of LLLT on TGF-β gene expression and Type I collagen protein expression. a TGF-β
mRNA and b Type I collagen I protein expression
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Table 1

Muscle weight, injury and uninjured cross-section area of TA muscle middle belly

Groups Muscle weight (g) Total area mm2 Injured area mm2 Injured area (% total area)

BC 0.46±0.05 50.04±4.7 – –

IC 0.44±0.06 53.89±5.3 20.99±23 38.94

IRI 0.45±0.04 53.39±1.4 15.98±14* 29.93*

Data are means (±SD). Normal TA muscle (BC); TA muscle injured (IC); TA muscle injured submitted to infrared laser irradiation (IRI)

*
p<0.05: compared to injured area of IC group
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