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Background: Because of its long-lasting analgesic action, bupivacaine is an anesthetic used for peripheral nerve
block and relief of postoperative pain. Muscle degeneration and neurotoxicity are its main limitations. There is
strong evidence that low-level laser therapy (LLLT) assists in muscle and nerve repair. The authors evaluated
the effects of a Gallium Arsenide laser (GaAs), on the regeneration of muscle fibers of the sternomastoid muscle
and accessory nerve after injection of bupivacaine.
Methods: In total, 30Wistar adult rats were divided into 2 groups: control group (C: n= 15) and laser group (L:
n = 15). The groups were subdivided by antimere, with 0.5% bupivacaine injected on the right and 0.9% sodium
chloride on the left. LLLT (GaAs 904 nm, 0,05W, 2.8 J per point)was administered for 5 consecutive days, starting
24 h after injection of the solutions. Seven days after the trial period, blood samples were collected for determi-
nation of creatine kinase (CK). The sternomastoid nervewas removed formorphological andmorphometric anal-
yses; the surface portion of the sternomastoidmusclewas used for histopathological and ultrastructural analyses.
Muscle CK and TNFα protein levels were measured.
Results: The anesthetic promotedmyonecrosis and increased muscle CK without neurotoxic effects. The LLLT re-
ducedmyonecrosis, characterized by a decrease inmuscle CK levels, inflammation, necrosis, and atrophy, aswell
as the number of central nuclei in the muscle fibers and the percentage of collagen. TNFα values remained con-
stant.
Conclusions: LLLT, at the dose used, reduced fibrosis and myonecrosis in the sternomastoid muscle triggered by
bupivacaine, accelerating the muscle regeneration process.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Local anesthetics are generally used in clinical, medical and dental
practices to reduce operative pain [1–7]and as co-adjuncts in postoper-
ative analgesia [8–13].

Many adverse effects have been reported as a consequence of the in-
jection of local anesthetics; these include numbness, muscle weakness
[14,15], lockjaw [16,17], inflammation [18], paresthesia [15] andmuscle
degeneration [19–22].
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In the potentiality hierarchy of local anesthetics, bupivacaine is be-
lieved to be neurotoxic [21,23,24], and the most myotoxic [25], leading
to the formation of scar tissue, multiple calcifications in muscle tissue
[26],myonecrosis and acute degeneration [19,22,27–29].

Considering these alterations, bupivacaine has also been used in ex-
perimental protocols as a model for myonecrosis [20–22] as well as for
the characterization of denervation [19].

Used for epidural and spinal anesthesia, bupivacaine is considered a
long-lasting local anesthetic, having the potential to trigger medical
complications such as cauda equina syndrome, permanent spinal
nerve injury, edema, vacuolization and breaks in themyelin sheath; de-
generation of neurons and nuclei fragmentation [21,23,24,30], transient
neurologic syndrome [31], and neuronal apoptosis [21,23,24,30,32–34].

Laser therapy (LT) has been reported to play a positive role inmuscle
regeneration. LT acts as an analgesic, stimulating the proliferation of
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muscle and satellite cells, enhancing protein synthesis in myoblasts and
increasing the area of muscle fibers and mitochondrial density [35–42].
Laser irradiation also acts as an adjunctive therapy in neuronal injury
[43] and chronic pain relief [44–45]. It reduces myonuclear apoptosis
and myogenic cells resulting from musculoskeletal disorders [46].

Because local anesthetics are of fundamental importance in clinical
practice and the deleterious effects of bupivacaine on muscle and
nerve tissue are well described in the literature. LLLT emerges as a
non-invasive co-adjunctive procedure to minimize tissue damage,
which is a potential complication in clinical practice.

The objective of the present study was to investigate the effects of
low-level laser therapy on the healing process of muscle fibers of the
sternomastoid muscle and accessory nerve after injection of
bupivacaine.

2. Methodology

Thirty adultmaleWistar ratswere kept in individual cageswith food
and water ad libitum in an environment with controlled temperature
(24 ± 2 °C) and photoperiod (12 h:12 h). All experiments and proce-
dures were approved by the Animal Use Ethics Committee (São Paulo
State University, UNESP, CEUA - Protocol 509).

The animals were anesthetized with ketamine/xylazine (90 mg/kg
and 10 mg/kg, respectively) intraperitoneally. A midline incision was
performed on the ventral side of the neck to expose the sternomastoid
muscles. The injections were then administered as follows: 0.05 ml
bupivacaine hydrochloride (5 mg/ml) (HypoFarma) in the right
antimeres and sodium chloride 0.9% in the left antimeres; the skin
was sutured with n° 3.0 black nylon (Brasutura®). The solutions were
deposited in the open muscle field, subfascially in the middle third
[47] and distal muscle portion [48].

After 24 h, the animalswere randomly divided into two groups: con-
trol and laser.

The laser group received laser treatment during 5 consecutive days
with a GaAs diode laser (Endophoton, KLD Biosystems, Amparo,
Brazil) with a pulsed emission wavelength of 904 nm, radiant power
of 0.05 W (50 mW), pulse frequency of 10.000 Hz, pulse duration of
100 ns, duty cycle of 0.1%, peak radiant power of 50 W, spectral band-
width of 5%, divergent beam profile (8° × 25°), and spot size of
0.035 cm2. This wavelength of 904 nm was used to obtain a greater
depth of penetration, recommended for deep lesions [42].

The previously calibrated laser was directly applied to the skin (di-
rect contact) in the injection areas in both antimeres. The application
was performedwith the laser pen held at an angle of 90° to the irradiat-
ed surface. The delivery per point presented energy density of 69 J/cm2,
corresponding to treatment for 48 s (seconds), irradiance was
1.42 W/cm2, and radiant energy of 2.4 J. The final total radiant energy
was 4.8 J. The irradiation time and final energy were automatically con-
trolled by the previously calibrated laser equipment.

Four groups were formed based on antimeres and treatment: right
antimeres - CBupi (without LLLT), LBupi (with LLLT); left antimeres
CCl (without LLLT), LCl (with LLLT).

Seven days after application of the solutions, the animals were anes-
thetizedwith ketamine/xylazine (90mg/kg and 10mg/kg, respectively)
intraperitoneally and then decapitated. Blood samples were collected,
centrifuged at 936 RCF, and the plasma was frozen.

The sternomastoid muscle used in this study consisted of two mac-
roscopically clearly distinguishable even portions, white and red [49].
Based on the bupivacaine diffusion, only the superficial muscle portions
were removed with the associated nerve and processed for analyses.

2.1. Creatine kinase (CK)

Serum samples and approximately 100 mg of muscle tissue were
used from each group (n = 5 in each group) for the determination of
creatine kinase activity (Kit Labtest – CK-nac liquiform 117-1/60) [50].
The absorbance of the samples was read at 25 °C using a UV spectro-
photometer with a wavelength of 340 nm and quartz cells with a 1-cm
optical path length.

2.2. Histopathological analysis of muscle tissue and collagen quantification

Fragments of the surface portion of the sternomastoid muscle (n =
5) after being frozen in liquid nitrogen (−170 °C) were sectioned
(6 μm) in a Leica CM1800 cryostat (−25 °C). Two slides were prepared;
the first was stained with Hematoxylin-Eosin (HE) and the secondwith
Picrosirius Red [51]. The slides stained with HE were analyzed using a
photomicroscope (BX 41-2) with a digital camera (model SIS-SC30)
and objectives of 20× and 40× for image capture. Double-blind semi-
quantitative analysis of the degree of tissue components (inflammatory
infiltrate, atrophy and necrosis) was described as absent (grade 0), mild
(grade 1), moderate (grade 2) and high (grade 3) [52]. These images
were also used to count the central and peripheral nuclei with the
“Image J” software program (http://rsbweb.nih.gov/ij/).

To quantify intramuscular collagen, 5 random images of each slide
were obtained (20×). The percentage of collagen was calculated using
Leica QWin software (Wetzlar, Germany).

2.3. Transmission Electron Microscopy (TEM)

Muscle fragments (n = 5 in each group), fixed in Karnovsky solu-
tion, were processed according to the routine for Transmission Electron
Microscopy analysis by the Electron Microscopy Center IB/Unesp/
Botucatu. Ultra-thin sections were obtained from longitudinal cuts in
muscle fragments using an ultramicrotome (Ultratome 880 LKB III)
and stainedwith uranyl acetate solution in 50% alcohol and subsequent-
lywith lead citrate. Thematerial was analyzed and photographedwith a
transmission electron microscope (TECNAI Spirit Fei Company).

2.4. Morphological and morphometric analyses of the sternomastoid nerve

Sternomastoid nerve fragments (n=5 in each group), after fixation
in Karnovsky solution, were post-fixed in osmium tetroxide 1%.
Twenty-four hours later, the histological routinewas performed, during
which cross sections were obtained (6 μm) and histological slides were
prepared. For each experimental group, 100× images were obtained
with immersion oil in the photomicroscope (Axiophot–2) using a digital
camera (model AxioCam HR, Zeiss). The following variables were mea-
sured: number of axons, axonal diameters (Σ axon diameter / number
of axons) and nerve fibers (Σ fiber diameter / number of fibers). The fol-
lowing calculations were performed with the free software “ImageJ”
(http://rsbweb.nih.gov/ij/): thickness of themyelin sheath (fiber diam-
eter − diameter of axon / 2) and G-ratio (average diameter of axons /
average diameter of nerve fibers).

2.5. Western blotting

Frozen muscle samples (third medium)from 5 animals from each
group were homogenized with a tissue homogenizer (IKA UltraTurrax/
T-25) in 0.5ml of lysis buffer (1% Triton X-100, 10mM sodiumpyrophos-
phate, 100mM sodium fluoride, aprotinin 10 μg/ml, 1 mM PMSF, sodium
orthovanadate - 0.25 mM Na3VO4, 150 mM NaCl and 50 mM Tris-HCl,
pH 7.5). The samples were centrifuged at 11,000 rpm for 20 min and
the supernatant collected. A 100-μL aliquot of the homogenate was treat-
ed with 100 μL of Laemmli sample buffer (2% SDS, 20% glycerol,
bromophenol blue 0.04 mg/ml, 0.12 M Tris-HCl, pH 6.8, and 0.28 M β-
mercaptoethanol). The samples were then incubated at 97 °C for 5 min
and stored in a freezer at−20 °C until use.

One aliquot of the pure extract from each sample (not treated with
Laemmli) was used to quantify total protein using the Bradfordmethod
(Bradford, 1976). Exact quantities of the total protein from each sample
(70 μg) were subjected to electrophoresis in 4–15% polyacrylamide gel
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(SDS-PAGE) and then transferred to nitrocellulosemembranes (Bio-Rad
Laboratories, Hercules, California) in the wet system.

The proteins transferred to the membranes were blocked with 5%
skimmed milk diluted in TBS-Tween for 1 h at room temperature and
incubated with different TNFα primary antibodies (Abcam – ab66579;
1 mg/ml) (Gapdh – Cell Signaling - 14C10; 1:1000), overnight at 4 °C.
After incubation with the primary antibody, the membranes were
washed in TBS-Tween and incubatedwith specific anti-rabbit secondary
antibody (Cell Signaling - 7074 s) 1:5000 for 1 h at room temperature.
Again, the membranes were washed, and the ECLTM Selected Western
Blotting Detection Reagent (GE Healthcare, Uppsala, Sweden) detection
systemwas used. After image capture in a transilluminator G-Box, den-
sitometric quantification of the bandswas performed using Image J soft-
ware (version 1.71, 2006, Austria). The protein expression values were
normalized to the values obtained for the GAPDH protein, which was
used as a reference.

2.6. Statistical analysis

The datawere expressed asmean and standard deviation (the diam-
eters of the axons and the fibers, the thickness of the myelin sheath, the
G-ratio, the percentage of collagen), and as average and minimum and
maximum values (the number of the axons, the number of central and
peripheral nuclei and the TNFα protein expression). Values with
p ≤ 0.05 were considered statistically significant. The Shapiro Wilk test
was used to the normality of the data. The number of the axons and
the central and peripheral nuclei were subjected to the Kruskal Wallis
followed by Dunn Test. The axons and fibers diameters, thickness of
themyelin sheath, G-ratio, percentage of collagen and TNFα protein ex-
pression were evaluated by ANOVAwith Bonferroni correction for mul-
tiple comparisons [53].

3. Results

Macroscopically, 7 days after the application of bupivacaine, a de-
crease in muscle volume was observed in the control group that re-
ceived bupivacaine, compared to the control group that received
sodium chloride (Fig. 1A). After LLLT treatment, the muscle volume
approached to normal, suggesting regeneration (Fig. 1B).

3.1. Creatine kinase (CK)

The results of the quantification of CK serum levels revealed no sta-
tistically significant differences between the groups: Control (216.69 ±
30.54) and Laser (205.63 ± 40.50), p N 0.05.

We observed that muscle CK levels were higher in the control group
that received bupivacaine (401.55± 40.41) compared to the group that
received sodium chloride (331.90±41.51), p b 0.01. After laser therapy,
Fig. 1. Ventral view of the right and left sternomastoid muscles. After 7 days of bupivacaine and
( ).
there was a statistically significant decrease in CK levels (310.20 ±
38.51) (p b 0.01).

3.2. Histopathological, electron micrograph, and quantification of collagen
and western blot analyses

The general morphological analysis of the sternomastoid muscles
stained with HE demonstrated the presence of inflammatory cells
with basophilic nuclei (mononuclear cell infiltration), blood vessels
with hyperemia, edema in the connective tissue, muscle fibers in a de-
generative and necrotic process and total loss of its polygonal character-
istic in the control group that received bupivacaine (Fig. 2Aa). When it
was possible to identify the muscle fibers, central nuclei were associat-
ed. After laser application, a lower quantity of inflammatory infiltrate
was observed; areas in the process of regeneration were present, char-
acterized by the presence of muscle fibers with basophilic cytoplasm
containing central and peripheral nuclei (Fig. 2Ab).

In the control group that received sodium chloride, there was loss of
the polygonal characteristic in only a fewmuscle fibers; themononucle-
ar cell infiltration was slight when compared to the group that received
bupivacaine (Fig. 2Ae). After application of LLLT, the presence of inflam-
matory infiltrate was not detected and the histological architecture of
the muscle fibers was preserved (Fig. 2Af). The presence of fibroblasts
in the endomysium of the animals that received LLLT in both antimeres
was common.

The double-blind semi-quantitative analysis confirmed the histolog-
ical observations that the muscles of the control group that received
bupivacaine had significantly higher scores related to inflammation, at-
rophy and necrosis. When the anesthetic was associated with laser
treatment, an attenuation of general pathological processes was ob-
served. In the control group that received sodium chloride, only minor
alterations were observed with regard to inflammation; after applica-
tion of LLLT, there were no alterations (Table 1) (values in scores).

There was an increase in the quantification of central nuclei in the
control group that received bupivacaine (277) (p b 0.01) and a decrease
in the number of peripheral nuclei [53] (p b 0.05) compared to the
groups that received sodium chloride (Fig. 2B e C). In the group that re-
ceived bupivacaine and LLLT, there was a statistically significant in-
crease in the number of peripheral nuclei (287) (p b 0.05) (Fig. 2C).

The evaluation of TNFα protein expression in all experimental
groups revealed no statistically significant differences, although a de-
crease in TNFα expression was observed in the group receiving
bupivacaine and LLLT application (Fig. 2D).

The ultrastructural analysis found comparatively normal myofibrils,
without signs of alteration, Z rectilinear line, inter-myofibrillar mito-
chondria of varying sizes and T tubules associated with the cisternae
of the sarcoplasmic reticulum forming triads in the group that received
sodium chloride (Fig. 2Ag and Ah).
chloride injections (A) CBupi ( ) and CCl ( ); and applying LLLT, (B) LBupi ( ) and CCl



Fig. 2. A - Photomicrography and electromicrography of cross sections of the sternomastoid muscle from the Control and Laser groups (HE). (a) The presence of mononuclear cell
infiltration ( ), edema ( ), blood vessels with hyperemia ( ), muscle fibers in a degenerative process, necrotic and with total loss of polygonal characteristic ( ). (b) Muscle cells in
the process of regeneration ( ), and fibroblasts ( ). (c) Partial loss of the polygonal characteristic of the muscle fibers ( ). (d) Muscle fibers with preserved histological
architecture. Electromicrography: mitochondria (m), Z line (Z), triads (T), sarcomeres ([). e: areas in regeneration (*), nuclei (N), areas of myonecrosis (*), normal myofibrils (white
arrows). F: blood vessels (VS). B - Quantification of the number of central nuclei in the subgroups. CBupi: 319(275,342); LBupi: 321(282,345); CCl: 3(1,9); LCl: 6(1,10). C -
Quantification of the number of peripheral nuclei in the subgroups. CBupi: 152(22,216); LBupi: 287(215,302); CCl: 547(417,616); LCl: 479(398,542). p b 0.05; **p b 0.01. D - Protein
expression of TNFα through western blot of the CBupi: 0.986(0.778,1.336), LBupi: 0.442(0.347,1.743), CCl: 0.696(0.447,1.016), LCL: 0.811(0.591,1.092). The data are represented in
average (boxes) and minimum and maximum values (whiskers).
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In the group that received bupivacaine, degeneration regions and
myonecrosis were present, containing disorganized myofibrils with
fragmented and discontinuous Z line and abundant central nuclei. In-
flammatory cells, areas of fibrosis and signs of edema were present
(Fig. 2Ae).
After application of LLLT, organized sarcomeres and scarce degener-
ation regions were detected. The nuclei were for the most part periph-
eral, and blood vessels and central nuclei were present (Fig. 2Af).

The Red Picrosirius coloring enabled analysis of the collagen fibers
present in the endomysium and perimysium, which were marked in



Table 1
Morphological comparison of general pathological processes in experimental models ex-
posed to bupivacaine and the laser.

Subgroups N (%) General pathological processes - Med
(Vmin − Vmax)

Inflammation Atrophy Necrosis

CBupi 5,0 (25) 2,0 (2,0–3,0)1 2,0 (1,0–2,0)2 2,0 (2,0–3,0)3

CCl 5,0 (25) 1,0 (0,0–0,0) 1,0 (0,0–1,0) 0,0 (0,0–0,0)
LBupi 5,0 (25) 1,0 (0,0–2,0) 1,0 (0,0–1,0) 0,0 (0,0–0,0)
LCl 5,0 (25) 1,0 (1,0–1,0) 0,0 (0,0–0,0) 0,0 (0,0–0,0)
Total 20,0 (100)

Legends: Scores semiquantitative general disease processes in experimental models.
Med = median; Vmin = minimum value; Vmax = maximum value. Significant values:
1p = 0.009; 2p = 0.008; 3p = 0.008, [52].
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red, and the muscle fibers in yellow. This analysis was performed using
conventional optical light microscopy and optical polarized light mi-
croscopy (Fig. 3A). In the group that received sodium chloride, an in-
crease in red tone staining was identified in polarized light, suggesting
the presence of mature collagen - type I. In the bupivacaine group, the
birefringence of collagen fibers tended from yellow to green, suggesting
the presence of type III collagen fibers (newly synthesized) (Fig. 3A).

The analysis revealed that the percentage of collagen increased in
the area of fibrosis in the group that received bupivacaine (53.3 ±
8.2) compared to the group that received sodium chloride (17.08 ±
6.0) (p b 0.05). After the laser treatment, there was a reduction in the
area of fibrosis in both the groups that received bupivacaine (24.19 ±
8.66) and those that received sodium chloride (14.11 ± 1.16)
(p b 0.01) (Fig. 3B).

3.3. Morphological and morphometric analyses of the sternomastoid nerve

For the doses of 0.5% bupivacaine and 0.9% sodium chloride, in all
groups, the histological images of the sternomastoid nerves demon-
strated axon and intact myelin sheath, and axoplasm and endoneurium
with morphology within the normal range. The ultrastructural analysis
revealed bundles of organized myelinated axons containing
neurofilaments and integral and concentric myelin sheaths without
signs of demyelination. The axolemma and Schwann cells (represented
by the nucleus)werewell preserved. The endoneurium contained colla-
gen cells oriented longitudinally (Fig. 4A).

The morphometric analyses of the number of axons, diameters of
axons and nerve fibers, as well as calculations of the thickness of the
myelin sheath and the G ratio, showed no statistically significant differ-
ences between the groups (p b 0.05) (Figs. A, B, C, D). The G-ratio dem-
onstrated values of approximately 0.5, consistent with normal nerves
(Fig. 4E).

4. Discussion

The results of the present study suggest that the bupivacaine dose
used (0.5%) caused myonecrosis. It was observed increases in muscle
CK (p b 0.05) and scores related to inflammation, atrophy and necrosis.
No morphological alterations related to the neurotoxic effect of the an-
esthetic were observed, and the G-ratio values were within the normal
range (0.5), although several studies in the literature have described the
presence of neurotoxic effects associated with the anesthetic
bupivacaine [15,23,54].

The lower G-ratio values (near 0.4) indicate degeneration of the
axon, while high values (near 0.7) indicate myelin degeneration or re-
generation [55]. Some neurological lesions was observed in the root
and posterior column of the spinal cord after intrathecal anesthesia
with bupivacaine, along with ultrastructurally identified edema, vacuo-
lation of the myelin sheath, neuronal apoptosis and disruption of the
myelin sheath [23].
Long-acting bupivacaine produces morphological alterations similar
to muscular atrophy [56], as demonstrated in studies on denervation
[19,27,57].

Myonecrosis caused by bupivacaine is due to excessive intake of in-
tracellular Ca2+ ions, which promotes the activation of proteases,
resulting in sarcomere disruption [56]. This framework is observed ul-
trastructurally through disorganized myofibrils, a fragmented and
discontinued Z line, abundant central nuclei, the presence of inflamma-
tory cells, and areas of fibrosis and edema. Due to the excessive accumu-
lation of Ca2+, there are alterations in the morphology and function of
the mitochondria, which trigger inhibition of enzymatic activity and
block the synthesis of ATPase, resulting in myonecrosis [58,59].

Among the parameters used to verify myonecrosis, the CK level is
commonly used in the diagnosis of myopathies [60–63]. In the experi-
mental control and laser groups (p N 0.05), no changes were found in
serum CK levels. The increased muscle CK levels after administration
of bupivacaine suggested a local and non-systemic effect of the anes-
thetic. Cereda et al. [64] observed a 5.5-fold increase in serum CK levels
after injection with plain formulations of bupivacaine.

On the other side a reduction in serum CK was present after 5 ses-
sions of laser therapy (810 nm) with a final energy of 4.8 J in water
polo athletes [65].

After LLLT, it was observed a decrease in muscle CK (p b 0.01). De-
creases in CK values are directly related to the reduction inmyonecrosis
described after laser therapy [64,66], which has been used for its anti-
inflammatory, regenerative and analgesic actions [35,42,65]. CK is an
enzyme associated with the formation of ATP, found primarily in skele-
tal and cardiac muscle and in the brain. It catalyzes the reversible phos-
phorylation of creatine into phosphocreatine with the release of
adenosine triphosphate (ATP) from high energy phosphate. In muscle
tissue, phosphocreatine acts as an energy storage molecule, and in
cases of energy needs, a cleavage is performed to supply ATP for muscle
activity [60]. After LLLT, the mitochondrial metabolism is modulated,
promoting an increase in ATP synthesis as a secondary response [67].

The treatment with the GaAs laser used in this study (904 nm) with
high final energy of 4.8 J, applied for 5 consecutive days, was also able to
reduce inflammation and atrophy, as well as the number of central nu-
clei and the percentage of collagen. Ultrastructurally, after the LLLT, the
sarcomereswere for themost part arranged, and themajority of the nu-
clei was peripheral. The TNFα values remained constant.

TNFα is a pro-inflammatory cytokine that stimulates other cyto-
kines, acting as a chemotactic agent of inflammatory cells, mainly acti-
vated by macrophages in the lesion process, collagen synthesis and
production of extracellular matrix proteins [68].

The LLLT acts by inhibiting factors involved in inflammation, such as
pro-inflammatory cytokines [69] and its use has been described to be
able to decrease the TNFα levels. Mesquita-Ferrari et al. [70] detected
a significant decrease in TNF-α mRNA expression in the cryoinjury
group after LLLT. Similar results were also observed after six days of
LLLT applications after cryoinjury [42]. Even after 4 days of cryolesion
and LLLT therapy [71] and after 14 days [72] a decrease in muscle levels
of TNF-αwas found. Pires et al. [73] studied tendinitis in rats after 7 and
14 days and they showed that LLLT reduced the TNF-α expression only
at chronic phase. Macedo et al. [74] studying dystrophic muscle cells
verified that LLLT treatment reduced the TNF-α and NF-κB levels.
Mantineo et al. [75] utilized LLLT at five frequencies (5, 25, 50, 100,
and 200 Hz) for treating inflammation induced in the gastrocnemius
muscle and the treatment effects occurred for all doses with a reduction
of TNF-α, IL-1β, IL-6 cytokines and inflammatory cells.

Our results related to the TNFα protein expression in all experimen-
tal groups revealed no statistically significant differences, although a de-
crease in TNFα expression was observed in the group LBupi. Probably it
has been one limitation of this study. The MDD (minimum detectable
difference)was calculated and the result was 0.509 and the greatest dif-
ference our study obtained was 0.336 between the groups. Due to a re-
duced number of samples used in each experimental group, a large



Fig. 3. A - Photomicrographs of cross sections of the sternomastoid muscle (Picrosirius Red). B - Mean (boxes) and standard deviation (whiskers) of collagen area percentages. *p b 0.05;
**p b 0.01; ***p b 0.001.
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dispersion was found in the LBupi group. Maybe this fact could be re-
sponsible for the lack of differences observed in the TNFα values.

The quantification of collagen in the present study showed that the
area of fibrosis observed in the LBupi subgroupwas significantly smaller
than in the CBupi group. These data was confirmed by the others
studies, in which irradiation with the AsGaAl laser (635 nm, 7 mW)
prevented the formation of fibrotic tissue [76]. Laser therapy inhibits fi-
brosis and accelerates muscle regeneration [77].

A non-significant reduction was observed in the percentage of colla-
gen using the GaAs laser (904 nm, 50 mW) with final energy of 4.8 J at



Fig. 4. A - Photomicrographs and electromicrographs of cross sections of the sternomastoid nerves. Schwann Cell Nucleus (SC), myelin sheaths (*), endoneurium (arrow). B - Averages
(boxes), minimum and maximum values (whiskers) of the axon numbers. C - Analysis of the axon and fiber diameters. D - Thickness of the Myelin Sheath. E - G ratio of myelinated
fibers. The results showed in C, D and E represent the mean (boxes) and the standard deviation (whiskers).
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7 days after cryoinjury of the tibialis anterior muscle [42]. Several au-
thors have described an improvement in collagen synthesis and organi-
zation after laser therapy [76,78–81].

The integrity of the extracellular matrix promotes support, protec-
tion and stabilization of muscle fibers [82]. LLLT remodels the extracel-
lular matrix [81] and TNF-α protein levels during the acute phase of
injury, which modulates inflammation [65,83].

After GaAs laser therapy (904 nm), we observed a macroscopic re-
duction in atrophy in the group that received bupivacaine.

Laser therapy used inmuscle regeneration promotes the differentia-
tion of newmyofibrils, causing recovery in necrotic tissue. After LLLT ap-
plication (HeNe - 603 nm, 4 mW, 5 or 10 J/cm2) was observed the
regeneration of muscle fibers with preserved myofibrils and well-
defined T tubules and sarcoplasmic reticulum [84].

It was Identified a reduction in myonecrosis and edema after LLLT
treatment with an AsGaAl (780 nm, power 40 mW, 3.2 J) in the tibialis
anterior muscle after cryoinjury [65]. This muscle recovery was also ob-
served after 5 applications using a GaAs laser (904 nm, 50 mW) with a
final radiant energy of 4.8 J [42]. These data suggest that LLLT is a co-
adjuvant inmuscle improvement at lowor high final energy by optimiz-
ing the tissue repair process [38]. Moreover, LLLT with diodes emitting
at infrared promotes positive responses in skeletal muscle because,
they reach a skin depth of 2 to 4 cm [40] with a similar response to
the laser used in the present study.

As infrared wavelength was used in the application of LLLT, the ab-
sorption occurs through the cytochrome c oxidase (COX) [ 67,85],
which is the principal chromophore in cells, increasing mitochondrial
products such as ATP, NADH, proteins and RNA and a reciprocal increase
in oxygen consumption occurs [86]. All of these physiologic modifica-
tions induced by LLLT could have stimulated mitochondrial physiology
due to lesions caused by the anesthetic, reducing the levels ofmuscle ca-
tabolism and loss of proteins and promoting regeneration and
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organization of muscle tissue [87], which may explain the increased
number of nuclei observed in the LBupi subgroup in the present study.

It has been reported that the use of LLLT, even before musculoskele-
tal injury, promotes better, faster and more efficient muscle repair, re-
ducing myonecrosis, inflammatory infiltrate and collagen synthesis
[82].

The Laser therapy effects on tissue involve the utilized dose, the re-
sults showed here, for GaAs laser, with a higher final energy (4.8 J) is
able to improve the muscle regeneration. Similar results showed that
this final energy is able to acceleratemuscle recovery [42]. Themost im-
portant parameters in laser therapy that influence the treatment is the
final energy radiated, and it is directly related to the peak power of
the equipment and radiation time [88]. Thewavelength used in this pro-
tocol was 904 nm. The wavelength is related to the radiation penetra-
tion power in tissue. The molecule that is absorbed can be transferred
to another molecule or cell, which can activate or promote chemical re-
actions in the surrounding tissue [85].

The biological response to laser therapy depends on the choice of the
treatment and irradiation parameters, such as the wavelength, device
power, beam area, final energy, irradiation time, treatment frequency,
application mode and the start of the treatment. One scientific review,
reported that the results are often conflicting, due to the choice of
when to start treatment, considering that the intervention can act at dif-
ferent stages of tissue repair [81]. All of these parameters are important
to obtain a positive effect of laser therapy, althoughmany studies do not
report the complete data, whichmakes replication and reliability of the
findings difficult.

Because LLLT is a low-cost, non-invasive therapy that is easy to ad-
minister, it can be introduced both before and after surgery, with bene-
ficial effects similar or superior to oral medications given to reduce
inflammation and pain.

5. Conclusion

The results demonstrate that the positive effects of LLLT on themus-
cle repair process are dependent on parameters of irradiation and treat-
ment. Thus, our results support the use of laser therapy as an easy-to-
use and low-cost co-adjuvant therapy, reducing the side effects associ-
ated with bupivacaine, accelerating the process of muscle regeneration
and promoting reductions in myonecrosis and muscle fibrosis.
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