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ABSTRACT

Objective: The objective of this study was to evaluate the effects of 685- and 830-nm laser irradiations, at dif-
ferent fluences on the healing process of Achilles tendon (7endon calcaneo) of mice after tenotomy. Back-
ground Data: Some authors have shown that low-level laser therapy (LLLT) is able to accelerate the healing
process of tendinuos tissue after an injury, increasing fibroblast cell proliferation and collagen synthesis.
However, the mechanism by which LLLT acts on healing process is not fully understood. Methods: Forty-eight
male mice were divided into six experimental groups: group A, tenomized animals, treated with 685 nm laser,
at the dosage of 3 J/cm2; group B, tenomized animals, treated with 685-nm laser, at the dosage of 10 J/cm?;
group C, tenomized animals, treated with 830-nm laser, at dosage of 3 J/cm?; group D, tenomized animals,
treated with 830-nm laser, at the dosage of 10 J/cm?2; group E, injured control (placebo treatment); and group
F, non-injured standard control. Animals were killed on day 13 post-tenotomy, and their tendons were surgi-
cally removed for a quantitative analysis using polarization microscopy, with the purpose of measuring colla-
gen fibers organization trough the birefringence (optical retardation [OR]). Results: All treated groups
showed higher values of OR when compared to injured control group. The best organization and aggregation
of the collagen bundles were shown by the animals of group A (685 nm, 3 J/cm?), followed by the animals of
group C and B, and finally, the animals of group D. Conclusion: All wavelengths and fluences used in this
study were efficient at accelerating the healing process of Achilles tendon post-tenotomy, particularly after the
685-nm laser irradiation, at 3 J/cm?2. It suggests the existence of wavelength tissue specificity and dose depen-
dency. Further studies are required to investigate the physiological mechanisms responsible for the effects of
laser on tendinuos repair.

INTRODUCTION Some authors state that LLLT can accelerate the healing pro-
cess of tendinuos tissue after injury. LLLT seems to create new
blood vessels, to increase collagen fiber deposition, and to pro-
mote higher fibroblast cell proliferation in the site of the le-

sion.28 Enwemeka and Reedfont? demonstrated that the

INNOVATIVE CLINICAL APPROACHES to repairing damaged tissues
are being developed, including low-level laser therapy
(LLLT).! A series of studies have demonstrated that LLLT is ef-

fective at reducing post-injury inflammatory processes and accel-
erating soft tissue healing.! Moreover, it is suggested that LLLT,
at the cellular level, produces increased ATP synthesis, increased
mitochondrial respiration, and increased production of molecular
oxygen, thus stimulating DNA synthesis and cell proliferation.!-3

632.8-nm laser (He-Ne) produced a higher deposition of colla-
gen, increasing the tensile strength of completely severed and
surgically repaired rat tendons. These results corroborate those
of Salate et al.,” Wanderer et al.,? Pereira et al.,!0 and Almeida-
Lopes et al.,!! who also found increases in vascularization,
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higher deposition of collagen, and an acceleration of the heal-
ing process of an injured tendon.

Collagen is the main structural protein of the body, and it is
the major component of the extracellular matrix of the tendon.
The biologic and mechanophysical properties of collagen fibers
are, to a great extent, determined by the aggregation and mole-
cular structure of their components.!2!13 Variation in the order
of organization states has been detected and measured in col-
lagen bundles during the processes of repair through their
anisotropic properties (birefringence).!2!3 The total birefrin-
gence is determined by the addition of both birefringences, and
this measurement remains the best way to study molecular
order and the degree of ordered aggregation in collagen bun-
dles.!2 Many studies have used polarized light microscopy to
qualitatively and quantitatively examine the organization, ag-
gregation state and molecular order of collagen fibers through
the measurements of optical retardation (OR; in nm) due to
birefringence.!3

Although studies have demonstrated the stimulatory effects
of LLLT in cell proliferation and acceleration of the healing
process, the mechanisms by which LLLT acts on tissues are not
completely understood. Moreover, a wide range of wavelengths
and fluences have been used in the different works, making it
difficult to compare studies.

The aim of this study was to compare the effects of 685-nm
and 830-nm lasers, at different fluences, on healing processes
after tenotomy.

METHODS

Forty-eight male mice (Rattus norvegicus albinus, Wistar
lineage), aged 12-13 weeks (225 + 25 g) were used in this
study. The animals were housed in cages made of polypropy-
lene, in a 12-h light/dark environment and provided with water
and food ad libitum. Animals were randomly divided into six
groups: group A (n = 8), animals irradiated with the 685-nm
laser, at the fluence of 3 J/cm?2; group B (n = 8), animals irradi-
ated with the 685-nm laser, at the fluence of 10 J/cm?; group C
(n = 8), animals irradiated with the 830-nm laser, at the fluence
of 3 J/em?2; group D (n = 8), animals irradiated with the 830-nm
laser, at the fluence of 10 J/cm?; group E (n = 8), animals in-
jured, without treatment; and group F (n = 8), non-injured stan-
dard control.

Tenotomy

Forty animals were submitted to tenotomy of the calcaneal
tendon. Each animal was previously weighed and anesthetized
by intraperitoneal injection of ketamine and xylazine 2%, at the
dose of 95 and 12 mg/kg, respectively. The superficial skin
around the right Achilles tendon was incised medially and the
tendon was released from surrounding soft connective tissue via
this incision. The tendon was cut sharply and transversely mid-
way between its calcaneal insertion and the musculotendineous
junction. The severed ends of the tendon were not sutured. After-
ward, the skin incision was closed. All surgical procedures were
performed under aseptic conditions.!2 The study was conducted
in compliance with the American and Brazilian Laws on animal
experimentation (NIH, Rockville, MD).12
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The animals of injured groups did not receive any kind of
immobilization and the animals of the standard control were
not submitted to any procedure.

Irradiation procedures

The irradiation started 24 h after the tenotomy. A total of 12
sessions were performed, during 12 consecutive days. A 685-
nm InGaAIP and a 830-nm GaAlAs were used (15 mW, CW,
5.4 J/cm?, spot of 0.0028 cm?, Teralaser; DMC® Sao Carlos,
SP, Brazil). Treatments were made through the contact tech-
nique, at one point, on the injured area. All the procedures were
carried out in a stipulated period of the day. During the treat-
ments, irradiated animals were sedated (Xylazine 2%, at the
dose of 12 mg/kg) and they were kept in a special container
from which their hind limbs extended.!!

The rats were killed on day 13 after tenotomy by an over-
dose of general anesthetic. Their right tendons were surgically
removed by dissection from the musculo-tendinous junction to
the calcaneal attachment. Immediately, tendons were washed
in physiological solution, where they were prepared for further
procedures used in the data collection.

Preparation of samples and data collection

For a quantitative evaluation of tendinous repair, the re-
moved tendons were submitted to fixation in 10% formaline
for 24 h and subsequently were prepared for inclusion in paraf-
fin blocks before mounting on glass slides to be analyzed
through polarized light microscopy.!2!3 The purpose of this
procedure was to analyze the organization, aggregation state
and molecular order of the collagen fibers in the tendons through
the measurement of birefringence. The tendons were cut longi-
tudinally in semi-seriated sections through a rotative micro-
tome, with thickness standardized at 7 um. The slices were
disposed in a glass laminae with no stain.

Birefringence measurements

Optical retardation (OR) due to birefringence was measured
using the Senarmont’s compensator N/4. Forty measurements
were performed from each subgroup studied, using monochro-
matic light and the interference filter Schott A = 546 nm. The
resulting measurements in degrees were transformed to nm by
multiplying the degrees by 3.03. Total birefringence of the col-
lagen fibers was measured after imbibing distilled water.!2:13

To carry out the measurements along the axis of the tendon,
the longitudinal axis of collagen fibers were orientated at 45°
from the polarizing light direction of propagation. In this posi-
tion, the collagen fibers introduced the highest OR. The mea-
sures were made in different points of central areas of tendons
that correspond to the lesion area.!213

Statistical analysis

The results are given as means and standard deviations (SD).
The data were compared by analysis of variance (ANOVA).
When the analysis indicated the presence of a significant differ-
ence, the means were compared with the Kruskal-Wallis test.
Values were analyzed using the statistical package MINITAB.
Differences were accepted at a level of 5% (p = 0.05) as signif-
icant and a level of 1% (p = 0.01), as highly significant.
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RESULTS

Figure 1 represents the mean values of OR of colagenous
fibers of calcaneuos tendon found in the experimental groups.
The standard control group (group F) showed higher values of
OR of collagen fibers than the other groups (OR mean of 72.19
+5.54; p = 0.01). We also demonstrated that both laser wave-
lengths and both dosages used produced a statistically signifi-
cant increase of the OR of the collagen fibers in the injured
tendons compared to injured control (OR mean of 12.11 + 1.75;
p = 0.01), suggesting that the laser irradiation was able to ac-
celerate tendon healing. However, the better tissue response
was observed after the irradiation with the 685-nm laser, at the
dosage of 3 J/ cm? (Group A, OR mean of 37.67 + 6.13). On
the other hand, the animals irradiated with the 830-nm laser, at
the dosage of 10 J/ cm? (group D, OR mean of 24.43 + 6.66)
presented the weaker response to laser irradiation. Moreover,
there were no statistical differences between groups B (OR
mean of 28.32 + 5.36) and C (OR mean of 32.32 + 7.83).

Tables 1 and 2 present p values and percentage increase of
OR values for the treated groups compared to the OR for the
injured control group and comparison of the results obtained in
the different treated groups. As mentioned above, all treated
groups demonstrated a statistically significant difference com-
pared to the injured control group.

As highlighted in Figure 1 and Table 2, the best tissue re-
sponse was obtained after the 685-nm laser irradiation, at the
dosage of 3 J/cm? (p = 0.05 compared to groups B and C and
p = 0.01 compared to group D). These animals showed an OR
value of the collagens fibers 33%, 16%, and 54% higher than
groups B, C, and D, respectively. Group B and group C did not
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show any difference between them (p = 0.05), and they dem-
onstrated a percentage of 15% and 32% higher in comparison
to group D, respectively (Table 2).

DISCUSSION

Our results have demonstrated that laser irradiation, at the
wavelengths and dosages used in the present work, produced
an acceleration of the healing process of the tenotomized ten-
dons, particularly after 685-nm laser irradiation, at the fluence
of 3/cm? (group A). The second best response was observed in
the animals of group C (830-nm laser, 3 J/cm?2) and group B
(685-nm laser, 10 J/cm?), followed by the animals of group D
(830-nm laser, 10 J/cm?2).

To analyze the level of collagen fiber organization at the site
of injury, we found the OR value due to birefringence for all
animals of each group using polarized light microscopy. The
intensity of brightness in the birefringence image (represented
by the OR value) reveals the level of collagen fibers aggrega-
tion and molecular order.'2 During the regeneration process of
an injured tendon, there is a tendency toward increased values
of OR, which represents an improvement of the collagen orga-
nization. Our findings demonstrated the lowest OR values for
the injured control group, suggesting that these animals showed
a more disorganized molecular structure of the collagen fibers
in the lesion area. Probably, the laser was able to produce an in-
crease in collagen synthesis and a better aggregation and align-
ment of collagen fibers in the irradiated animals during the
tissue-repair process, which was represented by the highest OR
value presented by the treated groups (Fig. 1). These findings
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FIG. 1. Means and SD of optical retardation values of collagen fibers of calcaneal tendons of mice. i vs group A: (685 nm,
3 J/ecm?); *vs group B: (685 nm, 10 J/cm?); a vs Group C: (830 nm, 3 J/cm?2); b vs Group D: (830 nm, 10 J/cm?); ¢ vs Group E: in-

juried control; d vs Group F: Standard control.
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TABLE 1. P VALUES AND MEAN PERCENTAGE CHANGES IN THE
OR OF THE COLLAGEN FIBERS AFTER EXPOSURE TO LASER
IRRADIATION AT DIFFERENT WAVELENGTHS AND FLUENCES

COMPARED TO THE INJURED CONTROL GROUP

Group E
Group p Multiple comparisons Percentage (%)
Group A 0.000001 wE 208%
Group B 0.000007 wE 113.8%
Group C  0.000003 wE 166.8%
Group D 0.000005 wE 101.2%

*Significant (p = 0.05).

**Highly significant (p = 0.01).

Group A, 685 nm, 3 J/cm?; group B, 685 nm, 10 J/cm?; group C,
830 nm, 3 J/cmZ; Group D, 830 nm, 10 J/cm?; group E, injured control.

NS, not significant.

agreed with the results obtained by several authors, who also
observed that LLLT produced a stimulatory effect on tendon
healing process.!-?

Our results suggest that laser irradiation (particularly using
the 685-nm laser, at the dosage of 3 J/cm?) produced an in-
crease of cell proliferation through changes in mitochondrial
physiology, subsequently affecting RNA synthesis, which, in
turn, alters the expression of various cell regulatory proteins.!4-17
The effects of LLLT may also be due to stimulating the release
of fibroblastic growth factors and increased fibroblast cell pro-
liferation, which contributed to the higher deposition of colla-
gen and reorganization of these fibers at the injured area.!418 It
seems that fibroblast growth factor (FGF) promotes prolifera-
tion and differentiation of healing cells. FGFs can be consid-
ered natural mediators of the tissue repair process since they
stimulate the growth fibroblasts and endothelial cells, and en-
hance mitogenic activities of vascular cells.!8

It can also be suggested that the LLLT was able to promote
neovascularization, re-establishing circulation at the site of in-
jury, thus limiting isquemic necrosis and accelerating tissue
repair.79.13.17.19

TABLE 2. P VALUES AND MEAN PERCENTAGE CHANGES IN THE
OR OF THE COLLAGEN FIBERS AMONG THE DIFFERENT GROUPS

Multiple
Group P comparisons Percentage (%)
Group A vs. group B 0.0017 * 33%
Group A vs. group C 0.0291 * 16%
Group A vs. group D 0.0000 HE 54%
Group B vs. group C 0.2816 NS 14%
Group B vs. group D 0.033 * 15%
Group C vs. group D 0.0093 HE 32%

*Significant (p = 0.05).

**Highly significant (p = 0.01).

Group A, 685 nm, 3 J/cm?; group B, 685 nm, 10 J/cm?; group C,
830 nm, 3 J/ecm?; group D, 830 nm, 10 J/cm?2.

NS, not significant.
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We propose the existence of a wavelength dependency re-
sponse of the tendon to laser irradiation. We compared the ef-
fectiveness of two distinct wavelengths and the best response
was observed after the irradiation with 685-nm laser. A series
of authors have found different results in cell metabolism after
the irradiation with different wavelengths. Almeida-Lopes et al.!!
found a significant increase in fibroblast cell proliferation after
780-nm laser irradiation and a decrease of cell proliferation
after 692-nm laser irradiation. Moore et al.20 observed increased
fibroblast proliferation after 665-nm and 675-nm laser irradia-
tion, whereas the 810-nm laser irradiation produced an in-
hibitory effect. Thus, it is clear the importance of identifying
the most appropriate wavelength to stimulate a specific tissue.

Moreover, we found that the lower fluence used (3 J/cm?)
was more likely to produce a more pronounced effect of tendon
healing. The existence of a curve dose-response of the tissues to
laser irradiation has been postulated.!¢:19-2¢ Many authors have
stated that a dose of 1-5 J/cm? increases the tensile force of
tenotomized tendons, accelerating collagen synthesis and facili-
tating the formation of membrane-bound intracytoplasmic col-
lagen fibrils in tendon fibroblasts and myofibroblasts.®8 For
example, Bayat et al.2> and Parizotto and Baranauskas? state
that the 632-nm laser, at the dosages between 0.5 to 5.0 J/cm?
can stimulate the healing process of the conjunctive tissue in
studies in vivo, whereas it was found that dosages higher than
10 J/cm? produced a decrease in fibroblast cell proliferation.!!

Although the effects of LLLT have been highlighted in many
works, the mechanisms by which LLLT acts on tissues are not
totally understood and the use of the laser as a treatment is still
controversial.!1:15.18-20 Therefore, before LLLT can be used as a
therapeutic modality, it is necessary to investigate the effects of
different wavelengths and fluences on tissues, to determine its
safety and efficacy.

CONCLUSION

The results of the present study show a beneficial effect of
LLLT on the repair process of the Achilles tendon in mice.
Moreover, it was observed that the tissue response to laser irra-
diation has a dose and a wavelength dependence. It was found
that the 685-nm laser, at the dose of 3 J/cm2, appeared to be
most effective at accelerating tendinous repair, although all
treated groups showed a positive response to laser irradiation
compared to the injured control animals. Further investigations
are required to study the interaction of laser and tissues, and to
study the effects of different parameters of laser on the healing
process of the tendon, which may contribute to a better under-
standing of the efficacy of LLLT.
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