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Abstract: We carried out a histological analysis on bone
defects grafted with mineral trioxide aggregate (MTA) treated
or not with laser, bone morphogenetic protein (BMP), and
guided bone regeneration (GBR). Benefits of the use of MTA,
laser, BMPs, and GBR on bone repair are well known, but
there is no report on their association with laser light. Ninety
rats were divided into 10 groups each subdivided into 3.
Defects on G Il and | were filled with the blood clot. G Il was
further irradiated with LED. G Ill and IV were filled with MTA;
G IV was further irradiated with laser. G V and VI, the defects
filled with MTA and covered with a membrane (GBR). G VI
was further irradiated with laser. G VIl and VIIl, BMPs were
added to the MTA and group VIII further irradiated with laser.
G IX and X, the MTA + BMP graft was covered with a mem-

brane (GBR). G X was further irradiated with laser. Laser light
(L = 850 nm, 150 mW, 4 J/cm?) was applied over the defect
at 48-h intervals and repeated for 15 days. Specimens were
processed, cut and stained with H&E and Sirius red and
underwent histological analysis. Subjects on group X were
irradiated. The results showed different tissue response on
all groups during the experimental time. Major changes were
seen on irradiated subjects and included marked deposition
of new bone in advanced maturation. It is concluded that
near infrared laser phototherapy improved the results of the
use of the MTA on bone defects. © 2011 Wiley Periodicals, Inc.
J Biomed Mater Res Part A: 98A: 212-221, 2011.
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INTRODUCTION
The treatment of bone defects using biomaterials has been
extensively studied in the dental field."” Since the pioneer
work by Urist, who demonstrated heterotrophic formation of
bone induced by devitalized demineralized bone matrix, a
new possibility of treating bone defects was established. De-
mineralized bone matrix has osteoinductive properties due
to the presence of soluble growth factors on its composition.?
Bone loss may be a result of several pathologies, trauma, or a
consequence of surgical procedures. This aspect led to exten-
sive studies on the process of bone repair worldwide. Several
techniques for the treatment of bone defects have been pro-
posed, including the use of several types of grafts, mem-
branes, and the association of both techniques.®

Mineral trioxide aggregate (MTA) is a powder aggregate,
containing mineral oxides that have no cytotoxicity and
good biological response. It stimulates tissue repair by
increasing cellular adhesion, growth, and proliferation at its
surface. The use of MTA has been shown to cause an
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overgrowth of cementum and on facilitating the regenera-
tion of the periodontal ligament as well as the deposition of
new bone.””*°

Previous histological reports have indicated that new
bone or cementum is formed adjacent to MTA when it is
placed in contact with the periodontal tissue or in artificial
bone defects.”**?1?2 [t has antibacterial properties,*®
enhances tissue dissolution, and induces bone formation.?*

Previous studies suggested that, the rise of pH
induced by calcium hydroxide combined with the availabil-
ity of Ca®" and OH™ ions has a stimulating effect on bone
mineralization.*>

Guided bone regeneration (GBR) is a procedure based
upon the guided tissue regeneration technique, which is a
periodontal surgical procedure, which has been used in the
dental clinical practice for more than a decade.?®?° This
procedure is used as a way to stimulate wound healing and
to favor the regeneration of tooth supporting structures.®!
Its principles were based upon the selective permeability
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provided by the use of membranes on the isolation of tis-
sues, essential for bone repair. Previous studies have dem-
onstrated that such regeneration may occur following this
procedure.?*~? The use GBR associated to the use of bioma-
terials has been considered to be beneficial for the healing
of bones.?

Our previous results indicate that near infrared laser
phototherapy (NIR LPT) is effective to improve bone repair
mainly due to its good penetration on tissues when com-
pared to visible laser light. The use of laser phototherapy
(LPT) on studies involving bone healing has been a hot
topic lately and many of them have demonstrated positive
results, including its association to biomaterials.3374¢

We have shown that the improvement of bone neofor-
mation and maturation, on irradiated subjects, is associated
to the increased deposition of calcium hydroxyapatite (CHA)
during early stages of healing. The maturation of the newly
formed bone probably represents an increased capacity of
secretion by osteoblasts on irradiated subjects. It is well
accepted that the deposition of CHA represents bone matu-
ration. Large amounts of CHA on bone are indicative of a
more resistant and calcified bone.*3™*¢

It is known that LPT has the ability to stimulate cell
proliferation, including fibroblasts, which have the capacity
to secrete collagen, the main organic component observed
during bone repair.>3*¢

Despite the growing successful application of the LPT on
bone repair, there are a few studies assessing the associa-
tion of the laser light with biomaterials.®3*36-3843

Although several reports have suggested benefits of the
isolated or combined use of MTA, BMPs, GBR, and LPT on
the repair of bone defects, the associated use of all of these
techniques were not studied yet. It might be possible that
the observed benefits of the isolated use of each one could
be improved with their association.?3*¢

As suggested by previous reports on the current litera-
ture, laser light is capable of improving bone healing and
may be possible that the use of laser light associated with
the MTA may also improve the outcome of the treatment of
bone defects.>3-*¢

The aim of the present study was to study, histologically,
the effect of NIR LPT on the healing of surgical bone defects
grafted or not with MTA and associated or not to the use of
bone morphogenetic proteins (BMPs) and GBR on a rodent
model.

MATERIALS AND METHODS

This study was approved by the Animal Ethics Committee
of the Vale do Paraiba University and obeyed national and
international guidelines for animal experimentation. Ninety
healthy adult male Wistar rats (~2-months-old, average
weight 295 = 25 g) were housed under natural conditions
of light, humidity, and temperature at the Animal House of
the Research and Development Institute of the Vale do Para-
iba University during all experimental period. The sample
size was relatively small due to ethical constraints and rec-
ommendations of the Ethics Committee. The animals were
fed with standard laboratory pelted diet and had water
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ad libidum. The animals were kept in groups of five on indi-
vidual metallic gages and kept at a day/night light cycle and
controlled temperature (22°C) during the experimental pe-
riod. The animals were randomly distributed into 10 groups
and then subdivided into 3 subgroups according to the ani-
mal sacrifice timing. The number of experimental groups
was determined to allow us to use the MTA under different
clinical conditions, such as in association with the technique
of GBR, as well as to allow the comparison of the results
with similar model used by our team in which other types
of biomaterials were used and were reported previously.®
The distribution of the animals may be seen in Table I.

Prior intramuscular general anesthesia, the animals
received 0.04 mL/100 g of atropine subcutaneously. The
anesthesia was carried out with 10% Ketamine (Syntec do
Brasil, Cotia, SP, Brazil) (0.1 mL/100 g) + 2% Xylazine
(Syntec do Brasil) (0.1 mL/100 g). The animals had the
right leg shaved and a 3-cm-long incision was performed
at the right tibia with a no. 15 scalpel blade. Skin and sub-
cutaneous tissues were dissected down to the periosteum,
which was gently sectioned exposing the bone and a 2-mm
partial thickness round bone defect was surgically pro-
duced (low speed drill, 1200 rpm, under refrigeration) in
each animal.

The bone defects on groups Il and I were filled only
with the blood clot. Bone defects on group Il were further
irradiated with laser light. The bone defects on the remaining
groups were filled with MTA (Angelus®—Angelus Industria de
Produtos Odontoldgicos S/A, Londrina, PR, Brazil) (III); bone
defects of group IV were further irradiated with laser light. On
groups V and VI, the bone defects were filled with the MTA
and covered with a reabsorbable membrane (Genderm®,
Baumer S.A, Mogi das Cruzes, Sdo Paulo, Brazil). Bone defects
of group VI were further irradiated with laser light. On groups
VII and VIII, a pool of BMPs (Genpro®, Baumer S.A. Mogi das
Cruzes, Sao Paulo, Brazil) was added to the biomaterial
(MTA); group VII was further irradiated with laser light. On
groups IX and X, the MTA + BMP graft was covered with the
membrane (GBR). Bone defects on group X were further irra-
diated with laser light. All wounds were routinely sutured and
the animals received a single dose of Pentabiotico® (Penicillin,
Streptomycin, 20,000 UI, Fort Dodge Ltda, Campinas, SP, Bra-
zil) (0.02 mL/100 g) immediately after surgery. Animal death

TABLE I. Distribution of the Experimental Groups

Group Subgroups n Protocol

| 115/121/130 9 Control (Clot)

Il 1115/1121/1130 9 NIR LPT

1] 11115/11121/11130 9 MTA

\Y, IV15/IV21/IV30 9 MTA + NIR LPT

Vv V15/V21/V30 9 MTA + GBR

\ VI15/VI21/VI30 9 MTA + GRB + NIR LPT
Wl VII15/VII121/VII30 9 MTA + BMP

VIl VIII5/VII21/VI130 9 MTA + BMP + NIR LPT
IX IX15/1X21/1X30 9 MTA + BMP + GBR
X X15/X21/X30 9 MTA + BMP + GBR +

NIR LPT
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TABLE Il. Semiquantitative Criteria Used for the Light Microscopy Analysis

Score Criterion Discrete

Moderate Intense

Presence of <25% of the
reabsorption of the graft
remnants and/or
the surgical bed.
Presence of <25% of newly
formed bone similar to
adjacent untreated
bone tissue.
Presence of <25% of
inflammatory cells
in the area.
Presence of <25% of collagen
deposition in the area.

Bone reabsorption

Bone neoformation

Inflammatory infiltrate

Collagen deposition

Presence of 25-50% of the
reabsorption of the graft

Presence of 25-50% of newly
formed bone similar to adjacent

inflammatory cells in the area.

Presence of 25-50% of collagen

Presence of >75% of the
reabsorption of the
graft remnants
and/or the surgical bed.
Presence of >50% of newly
formed bone
similar to adjacent untreated
bone tissue.
Presence of >50% of
inflammatory cells in the area.

remnants and/or

the surgical bed.
untreated bone tissue.
Presence of 25-50% of

Presence of >50% of collagen

deposition in the area. deposition in the area.

occurred after 15, 21, and 30 days after the surgery with an
overdose of general anesthetics.

NIR LPTP was carried out with the Twin Laser® device
(MMOptics, Sao Carlos, Sao Paulo, Brazil; A = 850 nm, 150
mW, ¢ = 0.5 cm? 4 J/cm?) and was transcutaneously
applied on four points around the bone defect at 48-h inter-
vals (4 J/cm? per point) being the first session carried out
immediately after surgery and repeated at every 48 h dur-
ing 15 days (16 J/cm? per session) and a total treatment
dose of 112 J/cm? Doses used in this study were based
upon previous studies carried out by our group.?

Following animal death, the samples were longitudinally
cut under refrigeration (Bueler®, Isomet TM1000; Markham,
Ontario, Canada) and the specimens kept in 10% formalin
solution for 24 h. The specimens were routinely processed
to wax, cut, and stained with Hematoxylin and Eosin and
Sirius red and underwent histological analysis®3*3673842
(Table II) at the Laboratory of Surgical Pathology of the
School of Dentistry of the Federal University of Bahia by a
experienced pathologist in a blind manner using a Light
microscope (AxioStar®, Zeiss, Germany).

RESULTS

Clot

On day 15, the bone defect was partially filled with newly
formed bone displaying nonaligned osteocytes as well as
the presence of thin and irregular trabeculi. Medullar tissue
and chronic inflammation were seen and scored as discrete.
Osteoblastic activity could be seen and there were no signs
of bone reabsorption. On day 21, the bone defect was
mostly filled with new bone that was more regular than
that type of bone seen on the 15th day. Discrete chronic
inflammation was observed at this stage. Some specimens
of this group showed remnants of cartilaginous tissue, and
no signs of bone reabsorption were seen [Fig. 1(A)]. At the
end of the experimental period, the bone defect was com-
pletely filled by lamellar bone and few Haversian systems
were seen. Bone trabeculi were present and were more reg-
ularly disposed. The trabeculi showed some osteocytes as
well as remnants of cartilage surrounded by bone. Neither
reabsorption nor inflammation was observed at this time.
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MTA

On day 15, the bone defect was mostly filled by neoformed
bone that was characterized by the presence of interconnect-
ing trabeculi containing osteocytes on its matrix and osteo-
blasts at their surface. Remnants of cartilage and chronic
inflammation were also seen dispersed within a fibrovascular
tissue. A few points of surface necrosis and remnants of the
biomaterial could be seen at this time [Fig. 1(B)]. Bone reab-
sorption was observed at this stage. On day 21, a regular
neoformed bone dispersed in few medullar spaces covered
the bone defect and discrete chronic inflammation was
observed. The new bone showed osteocytes as well as baso-
philic reversal lines, and osteoblasts were seen at the osse-
ous surface. At the end of the experimental time, the bone
defect was filled by bone without signs of inflammation.
Small bone trabeculi, medullar tissue, surface necrosis, and
remnants of the biomaterial were also seen at this time.

MTA + GBR

On day 15, interconnecting bone trabeculi showing nona-
ligned osteocytes as well as active osteoblasts at the periph-
ery of the trabeculi filled the bone defect. In a few cases,
delicate bone fragments, usually immature, were seen
within a highly vascularized medullar tissue. In some speci-
mens, surface necrosis could be seen. Beneath the necrosis,
a band of fibrous connective tissue was detected as well as
chronic inflammatory infiltrate and remnants of the bioma-
terial. On day 21, the bone defect was filled by thick newly
formed bone usually showing interconnecting bone trabe-
culi, nonaligned osteocytes, and basophilic reversal lines.
Areas of superficial necrosis were also observed in some
specimens as well as the presence of remnants of the bio-
material. At the end of the experimental time, the bone
defect was filled by new bone that was characterized by
few medullar spaces and irregular small bone fragments. In
few specimens, remnants of cartilage could be seen as well
as tissue necrosis extending down to the medulla. Remnants
of the biomaterial were also seen at this stage [Fig. 1(C)].

MTA + BMP

On day 15, the bone defect was filled by interconnecting
bone trabeculi, few medullary spaces, nonaligned osteocytes,
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FIGURE 1. (A) Photomicrography of a control specimen on day 21 showing the bone defect completely filled with newly formed extending
down to the medullar tissue and displaying osteocytes nonaligned and basophilic reversal lines. (B) Photomicrography of a specimen grafted
with MTA on day 15 showing the bone spicules amidst bone defect whose superficial area shows bone necrosis. Note inferior margin with
bone walls close to medullar tissue. (C) Photomicrography of a specimen of the MTA + GBR group on day 21 showing the bone defect filled by
bone spicules of variable size amidst inflammation composed of lymphocytes and macrophages. Note necrosis due to the biomaterial on sur-
face. (D) Photomicrography of specimen of the group MTA + BMP on day 15 showing the fibrous band with small areas of necrosis and rem-
nant of the biomaterial (seen on top right), followed by the bone defect filled by newly formed bone in the form of interconnecting that displays
osteocytes nonaligned. There were signs of reabsorption. (E) Photomicrography of a specimen of group MTA + BMP + GBR on day 15 showing
the bone defect partially filled with bone spicules and trabeculi extending from one cortical side, and the other whose surface displays necrosis,
cartilage remnants, and osteocytes nonaligned are also observed. (F) Photomicrography of group NIR LPT on day 15 showing the bone defect
filled by interconnecting and newly formed bone with nonaligned osteocytes and discrete basophilic reversal lines, amidst medullar tissue. (G)
Photomicrography MTA + NIR LPT on day 15 showing a fibrous band with remnants of the biomaterial and necrosis followed by irregular trabe-
culi displaying nonaligned osteocytes and some medullar tissue. (H) Photomicrography of specimen of group MTA + NIR LPT on day 21 show-
ing newly formed bone displaying numerous osteocytes and active multinucleated giant cells amidst fibrous tissue with chronic inflammation.
(I) Photomicrography of a specimen of group MTA + GBR + NIR LPT on day 15 showing the bone defect filled by interconnecting and newly
formed bone and displaying nonaligned osteocytes. No signs of reabsorption were seen, and inferior part showed extensive irregular bone
close to medullar tissue. (J) Photomicrography of a specimen of group MTA + BMP + NIR LPT on day 15 showing the bone defect displaying
small bone spicules and areas of necrosis. (L) Photomicrography of a specimen of group MTA + BMP + NIR LPT on day 15 showing the bone
defect filled by interconnecting trabeculi displaying active osteoblasts, osteocytes nonaligned, and reversal basophilic lines amidst inflamed tis-
sue. Note that neoformation progressed of bone cortical as seen on the bottom. (M) Photomicrography of a specimen of group MTA + GBR +
BMP + NIR LPT on day 21 showing a fibrous band with remnants of the biomaterial and necrosis followed by extensive displaying osteocytes
nonaligned and some medullar tissue.

and active osteoblasts at the periphery of bone trabeculi. At
the surface, a band of fibrous connective tissue and small
areas of necrosis could be seen as well as both remnants of
the biomaterial and osteoclasts [Fig. 1(D)]. On day 21, the
newly formed bone was thick and irregular and showed
irregular osteocytes and few medullary spaces. In a few
cases, a band of fibrous connective tissue and remnants of
the biomaterial covered the surface of the bone defect.
These remnants were associated to foreign body reaction,
and there were signs of bone reabsorption. At the end of
the experimental period, necrotic debris was seen at the
surface as well as macrophages and bony fragments were
seen extending down to the center of the bone defect. The
core of the bone defect showed irregular bone trabeculi and
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the presence of osteocytes. Discrete chronic inflammation
was seen during all experimental period.

MTA + BMP + GBR

On day 15, there was surface necrosis extending down to
the core of the bone defect. Irregular bone fragments and
few remnants of the biomaterial were seen associated to
macrophages. In many cases, an area of necrosis was
observed and, beneath it, a band of fibrous tissue was seen.
Large number of bony fragments associated to basophilic
reversal lines as well as a large amount of remnants of car-
tilage was noticed [Fig. 1(E)]. Irregular osteoid tissue was
also seen at this stage. On day 21, the bone defect was filled
by newly formed tissue showing either regular or irregular
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deposition. Irregular osteocytes, basophilic reversal lines,
and few medullary spaces were also seen. At the surface,
besides the presence of remnants of the biomaterial, a band
of fibrotic tissue was also seen as well as evidence of bone
reabsorption, and moderate chronic inflammation. At the
end of the experimental time, the bone defect was partially
or completely filled by newly formed bone displaying nona-
ligned osteocytes and few medullary spaces. In some cases,
at the surface, a band of fibrous tissue and remnants of the
biomaterial were seen. No inflammation was observed at
this stage.

NIR LPT

On day 15, the bone defect was partially filled by newly
formed bone. Interconnecting delicate bone trabeculi, nona-
ligned osteocytes, and basophilic reversal lines were seen at
this time. In some specimens, osteoblasts and remnants of
cartilage were seen at the surface [Fig. 1(F)]. The newly
formed bone was dispersed on medullar tissue and no signs
of reabsorption could be seen. On day 21, the newly formed
bone was regularly distributed and showed no signs of
reabsorption. At the end of the experimental period, the
bone defect was mostly filled by newly formed bone that
was either regular or irregularly distributed and showed
few medullar spaces. No signs of reabsorption were seen.

MTA + NIR LPT

On day 15, surface necrosis was observed as well as the
presence of an irregularly distributed; either thin or thick
newly formed interconnecting bone trabeculi, with nona-
ligned osteocytes and basophilic reversal lines [Fig. 1(G)].
The presence of remnants of the biomaterial was also seen
at the surface. There was evidence of sites of reabsorption
of the bone. On day 21, the bone filling the bone defect was
either thick or thin and also showed nonaligned osteocytes,
basophilic reversal lines, and few medullary spaces. No evi-
dence of reabsorption was seen at this stage [Fig. 1(H)]. At
the end of the experimental period, the bone defect was
filled by newly formed bone and focal area displaying reab-
sorption was seen. Chronic inflammation was seen during
all experimental time.

MTA + GBR + NIR LPT
On day 15, the bone defect was either partially or com-
pletely filled by irregular bone trabeculi dispersed on

TABLE lll. Summary of the Histological Analysis

medullar tissue. The bone showed nonaligned osteocytes
and active osteoblasts at the periphery of bone trabeculi
[Fig. 1(D)]. In a few cases, bony fragments were observed.
Foci of necrosis could also be seen at the surface at this
stage. Remnants of the biomaterial were also seen in all
cases as well as a band of fibrotic tissue. These remnants
were sometimes observed incorporated to the newly formed
bone and they assumed a crystalloid aspect. Despite the
presence of some foci of necrosis close to the bony frag-
ments, deeper region (within the bone defect) showed
newly formed bone. No evidence of bone reabsorption could
be seen at this stage, but chronic inflammation was seen.
On day 21, the bone defect was mostly filled with intercon-
necting bone trabeculi, displaying nonaligned osteocytes
and basophilic reversal lines as well as discrete chronic
inflammation. No signs of necrosis or reabsorption could be
seen at this stage. A delicate mesh of newly formed bone
and medullary tissue filled the bone defect. In some cases, a
band of connective tissue was also seen at surface. No
inflammation was found at this time.

MTA + BMP + NIR LPT

On day 15, the bone defect was partially covered by ne-
crotic tissue and showed foci of remnants of the biomaterial
[Fig. 1(J)]- Beneath it, bony fragments dispersed within ne-
crotic tissue were seen. In some cases, the newly formed
bone was thick and showed osteocytes and few medullary
spaces. The inferior margin of the bone defect showed a
thin bone wall [Fig. 1(L)]. On day 21 thick newly formed
bone, containing remnants of the biomaterial filled the bone
defect. In some specimens, a band of fibrosis was present
and usually it projected itself within the medulla. At the end
of the experimental period, the bone defect was completely
filled by a dense newly formed bone sometimes irregular,
osteocytes, and basophilic reversal lines. Discrete chronic
inflammation was seen during all times.

MTA + GBR + BMP + NIR LPT

On day 15, the bone defect was filled by newly formed
bone that was distributed in an irregular manner and
showed both osteocytes and remnants of the biomaterial
within it. Some specimens showed osteoblasts at the surface
and signs of bone reabsorption at this time. On day 21, the
histological aspect varied: one specimen showed remnants
of the biomaterial dispersed on granulation tissue, lamellar

Criterion/Group Bone Reabsorption

Bone Neoformation

Inflammatory Infiltrate Collagen Deposition

Clot Absent
MTA Absent
MTA + GBR Discrete
MTA + BMP Moderate
MTA + BMP + GBR Discrete
NIR LPT Absent
MTA + NIR LPT Discrete
MTA + GBR + NIR LPT Absent
MTA + GBR + BMP + NIR LPT Discrete

Intense Discrete (chronic) Moderate
Moderate Discrete (chronic) Moderate
Moderate Discrete (chronic) Moderate
Moderate Absent Moderate

Intense Moderate (chronic) Moderate

Intense Absent Intense

Intense Absent Intense

Intense Moderate (chronic) Intense

Intense Discrete Intense
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bone, and remnants of cartilage [Fig. 1(M)]; one specimen
showed newly formed bone and osteocytes. Others showed
newly formed bone, of variable thickness projecting from
the borders of the bone defect, displaying osteocytes, baso-
philic reversal lines, and remnants of the biomaterial. The
bone defect was filled by newly formed bone containing
osteocytes, basophilic reversal lines, and remnants of both
cartilage and the biomaterial. Discrete chronic inflammation
was seen throughout the experimental time. A summary of
the results may be seen in Table III.

DISCUSSION

Natural processes of healing should be allowed to take their
usual course, and any interference on them should be
attempted only when there is a demonstrable need or sub-
stantial advantage for the patient. Bone healing has been
under extensive investigation for many years.

The Wistar rat experimental model used in this study
possesses advantages such as allowing a rapid healing pe-
riod, animals easily lodged and fed, resistance to climatic
variations, low cost, besides being routinely used in other
experimental conditions involving bone reconstruction.*’

Critical size defects (CSDs) do not repair well because it
exceeds the body’s ability to regenerate adequate amounts
of bone fast enough. This lesion is defined as a defect that
heals by less than 10% bony regeneration during the life-
time of the individual. The CSDs in the long bones of rats
have not been as well studied as those in the calvaria. How-
ever, the creation of a CSD may still be used if long bones
are needed to test.*®

The CSD, as an experimental model, was originally
developed as a model of fibrous nonunion and was intended
to standardize the testing of bone repair materials that
could be used as alternatives to bone allografting or auto-
grafting, and was originally defined as “the smallest size
intraosseous defect in a particular bone and species of ani-
mal that will not heal spontaneously during the lifetime of
the animal” by Schmitz and Hollinger in 1986. The critical
size tibia defect in rats was then defined as 1-mm round
defect and, by definition, it is supposed to be unable to heal
spontaneously.*®

In the present study, we opted to use a larger bone
defect than a critical size one intending to increase the se-
verity of the damage to the bone. It is important to note
that similar model has been in use by our group for more
than a decade, and its effectiveness well reported elsewhere
in the literature.®31-333540-424447 The development of non-
unions occurs only in fractures. It is characterized by the
deposition of fibrous tissue instead of bone. Despite bone
formation may occurs eventually, the restoration of the mor-
phology and function are impaired. On the present study,
we were unable to find any such phenomena as we created
a partial thickness surgical defect and not a fracture.

Over the past years, our group has been working exten-
sively on the study of the effects of the use of NIR LPT on
bone using different animal models. In these studies, we
have also used many assessment methods to determine
the effects of the NIR LPT on bone including the use of
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33-37,40,42-44 morphometry,*®

histology,
SEM,***° and Raman spectroscopy.

In all previously used protocols, models and parameters,
we were able to demonstrate that NIR LPT caused impor-
tant tissue responses during healing and these were respon-
sible for a quicker repair process as well as on the
improved quality of the newly formed bone.®3347

We have found that the advanced bone maturation, as
observed in irradiated subjects, shall be due to an increased
deposition of CHA.3339*147 The maturation represents the
improved ability of more mature osteoblasts to secrete CHA
in irradiated subjects. Deposition of CHA represents bone
maturation, and increased amount of CHA on the bone is in-
dicative of a more resistant and calcified bone.®33-3942-4447

It is known that LPT, at specific wavelengths, has the
capability to stimulate cell proliferation, including fibro-
blasts, which are major secretors of collagen, an important
organic component present during bone repair.8 It is impor-
tant to consider that the presence of fibroblasts and
increased secretion of collagen found in the present study
mean that there was a ongoing bone repair and not the de-
velopment of fibrous nonunion.

It is known that LPT stimulates cell proliferation, includ-
ing fibroblasts; this cell has the capacity to secrete collagen.
In the bone matrix, hydroxyapatite crystals have been
observed, and they will grow in clusters, which later coa-
lesce to completely calcify the matrix, filling the spaces
between and within the collagen fibers. It is known that,
during the many stages in bone healing, several cytokines
and growth factors regulate matrix production. Various fac-
tors such as BMPs, TGFf, and PDGF have been successfully
used to augment healing in experimental models. LPT
also has positive effects on the release of several such
mediators.?3~*

MTA is a white or gray powder containing calcium oxide
65%, calcium silicate 21%, ferric oxide 5%, calcium alumi-
nate 4%, calcium sulfates 2.5%, magnesium oxide 2%,
sodium, and potassium oxide 0.5%. Its pH (12.5), both
biologically and histologically, makes it similar to calcium
hydroxide. Hydration of the powder results in a colloidal gel
that solidifies to a hard structure. Unlike other cements,
which demand a completely dry field, MTA is indicated
when moisture control is inadequate, without loss of its
properties and it is not reabsorbable. MTA is less toxic and
has a powerful bacteriostatic effect with lower marginal
percolation. Because of its hydrophilic properties and set-
ting in a moisture environment, perfect isolation is counter
indicated. The setting time for the cement is nearly 4 h.
Because of the slow setting time, the initial looseness of the
MTA after mixing can make the material difficult to handle.
In this study, the MTA was handled and inserted quickly
into the bone defect. When the MTA mixture was dry, it
become crumbly and unmanageable.*’

MTA is a powder aggregate containing mineral oxides.
Besides its noncytotoxicity and good biological action, it
stimulates tissue repair because of cellular adhesion,
growth, and proliferation on its surface. MTA has been
shown to result in the overgrowth of cementum and in
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facilitating regeneration of the periodontal ligament and for-
mation of bone.

As far as we are concerned this is the first histological
report to describe, histologically, the mechanisms of the
repair bone defects treated or not with laser light, MTA,
BMPs, and GBR. The comparison of our results with other
previous reports is difficult. This is the first report of the
use of this model. Our previous experience using other
types of biomaterials already reported in the literature is
also suggestive that the association of NIR LPT with bioma-
terials causes improvement on the repair of bone defects.?

A previous report from our team evaluated the effect
laser light associated to MTA on the alveolar bone repair
process. We found that laser-irradiated sockets substantial
formation of thick interwoven osteocyte-rich trabecular
bone, with an evident osteoblastic rimming when compared
to the use of MTA as well as to untreated controls showing
that laser light was the most successful treatment to
improve alveolar bone repair.*’

This study was designed to carry out a qualitative
assessment of the repair process, as this is the first report
of its kind and the description of the process considered an
appropriated method of assessing the effects of different
techniques used both isolated or in combination, allowing
us to have a qualitative “picture” of the process.

The present study is the histological analysis of the
study recently published by our team in which Raman spec-
troscopy was used as assessment method and showed
results aligned with the histological findings of the present
study.*” This aspect is important, as the only use of histo-
logical findings could be considered inadequate by anyone
and some authors suggested that this kind of data would be
better utilized if correlated with other test such as radiolog-
ical evaluation or with mechanical tests of the bone.>*~>2

In the Raman study we found that, laser-irradiated sub-
jects, showed significant higher levels of CHA in the earlier
period of healing. However, these levels were similar to the
observed when the association of MTA + BMP + GBR +
Laser was used. Lowest levels of deposition were observed
when MTA + Laser and MTA + GBR were used. At the end
of the experimental period, all defects were found to be
similar. However, higher levels of CHA were seen in group
MTA + GBR + Laser and lower in group MTA + Laser. As
increased peaks of CHA are indicative of bone maturation,
the association of MTA, GBR, and laser resulted in a more
advanced repair.*’

We found differences among the groups during all ex-
perimental timing. It is important to keep in mind that the
MTA probably acted as a local irritant even on being consid-
ered biocompatible. When the MTA was associated to GBR,
no major morphological changes were seen. But, we
observed crystalloid structures that may be attributable to
the MTA as its anhydrous phases involve the formation of
crystals, an important physiologic event in the formation of
the bone.”® Again, these changes might be attributed to the
presence of the MTA. The addition of BMPs to the MTA did
not improve the process significantly. When the MTA +
BMP graft was associated to GBR, the major observed
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change was of irregular osteoid tissue, whose appearance
may be attributed to the GBR technique. The use of NIR
LPT caused both early deposition of bone trabeculi and the
cessation of the osteoclastic activity,>* which plays a pivotal
role on the remodeling of the bone.*™” These lines were
not seen on controls but were present on LPT and on MTA
-+ BMP + GBR treated subjects. This may be indicative that
the use alone of the LPT may cause similar results to the
use of the association of conventional techniques alone.

Later on, untreated controls and MTA-grafted subjects
showed similar healing pattern as seen at early stages. We
also found remnants of cartilaginous tissue on the controls
that may be indicative of evolution of the process. The MTA
seemed to cause a small delay in the repair process. The
use of the GBR caused the presence of thick newly formed
bone. Increased thickness might have been caused by the
GBR technique. Adding BMPs to the biomaterial also caused
the appearance of thick and irregular newly formed bone.
However, despite remnants of the graft causing foreign body
reaction there was no bone reabsorption. The use of the
BMPs might have caused more bone deposition during the
repair due to its properties.

The use of the GBR to the association of MTA and BMPs
caused no major improvement on the repair. The use of the
LPT caused the deposition of a regularly distributed newly
formed bone. On the other hand, MTA grafts irradiated
caused irregular deposition of bone. The association of the
LPT with GBR did not improve the repair significantly. The
LPT associated to the MTA, BMPs, and GBR caused variable
responses including the presence of newly formed bone, of
variable thickness, projecting from the borders of the bone
defect. This was not seen on other groups.

At the end of the experimental period, the controls
showed the bone defect completely filled by lamellar trabe-
cullar bone and few Haversian systems. The use of GBR or
not on MTA-grafted subjects caused a deposition of a less
dense bone. The addition of BMPs caused the appearance
necrotic debris and macrophages. The use of MTA, BMPs,
and GBR caused the presence of newly formed bone either
partially or completely filling the bone defects. LPT-treated
subjects showed the bone defect mostly filled regular or
irregular bone. The use of MTA caused the appearance of
newly formed bone of varied thickness. Using NIR LPT on
grafts subjected to GBR did not affect the overall repair
much. NIR LPT associated to MTA and BMPs caused the
complete filling of the bone defect by a dense newly formed
bone. The laser light associated to MTA, BMPs, and GBR
also resulted in the deposition of newly formed bone and
remnants of cartilage. It is possible that the chondrogenic
differentiation occurred due to mesenchymal stem cells
present in the bone marrow, and represents the presence of
progenitor cells capable of differentiating into osteoblasts.
Thus, these cartilage remnants could play a key role as scaf-
fold in the bone repair.

One may question that it is expected inflammatory
response to develop against bone repair materials (i.e., scaf-
fold) as these materials, no matter how biocompatible they
are, they are foreign materials. In the present study we
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found more inflammatory response in clot group, in which
there is no scaffold applied at all, than the ones in MTA +
BMP, NIR LPT, and MTA + NIR LPT groups. This may be
explained by previous investigations that have indicated
that, the persistence of the inflammatory response in the
later phases of alveolar bone repair might be a result of a
phlogistic activity of residual blood clots.**>8

In terms of bone neoformation, we found more bone for-
mation in clot group than on the ones in MTA (in which
there is osteoconductive scaffold), MTA + GBR (in which
there is osteoconductive scaffold and GBR was induced),
and MTA + BMP (in which there is osteoconductive scaffold
and osteoinductive cytokine). Despite the presence of MTA
to be expected to facilitate the process of bone deposition,
due to its biochemical properties, such as alkalinity and
high content of calcium phosphate, calcium oxide and silica,
which are important inorganic constituents widely required
for bone mineralization, this material probably, due to some
phlogistic activity promoted by its handling during the fill-
ing of the defect, delayed the process. It may be speculated
that MTA handling within the alveolar wound caused a dis-
arrangement of part of the blood clot and altered the bone
regeneration process.*’

We were not able to find in the literature any previous
reports on the association of MTA with BMPs. Despite we
have shown that the use of BMPs may improve the outcome
of bone healing when associated with LPT, in the present
study it was not the case. This was probably due to the
properties of the MTA.

It has also been demonstrated by our group that, the
use of GBR, is helpful in the healing of bone defects and
that the association with LPT improves the outcome of this
therapeutic approach as demonstrated previously by our
using different models.>*™*”

The results of our study indicate that irradiated bone
showed increased osteoblastic proliferation, collagen deposi-
tion, and bone neoformation when compared to nonirradi-
ated one. The results of our studies and others indicate that
bone irradiated mostly with IR wavelengths shows
increased osteoblastic proliferation, collagen deposition, and
bone neoformation when compared to nonirradiated bone.
The effects observed in irradiated subjects might be a result
of positive effects of laser irradiation on the cell membrane
and mitochondria. Laser light influences the production of
ATP and it is more effective at when used at early stages
and depends on the physiologic status of the cell.>*™*7

Vascularization is also an important and decisive factor
for the healing of wounds and it is improved after the use
of laser light as well as increased release of mediators such
as PGE, that is also increased after irradiation. There is evi-
dence that PGE; is also produced by osteoblasts and that its
effects may be therapeutic or adverse.>*~*°

It is known that laser light stimulates cell proliferation,
including fibroblasts; this cell has the capacity to secrete
collagen. In the bone matrix, hydroxyapatite crystals have
been observed, and they will grow in clusters, which later
coalesce to completely calcify the matrix, filling the spaces
between and within the collagen fibers. It is known that,
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during the many stages in bone healing, several cytokines
and growth factors regulate matrix production.>3~*°

Various factors such as BMPs, transforming growth fac-
tor-B, and platelet-derived growth factor have been success-
fully used to augment healing in experimental models. Laser
light also has positive effects on the release of several such
mediators.?3~*°

A parameter able to produce any photo biological
response alone does not exist. The photoresponse depends
on the conjugation of different parameters. It still remains
uncertain if bone stimulation by laser light is a general
effect or if the isolate stimulation of osteoblasts is possible.
It is possible that laser’s effect on bone regeneration
depends not only on the total dose of irradiation, but also
on the irradiation time and the irradiation mode. Most
importantly, the threshold parameter energy density and in-
tensity are biologically independent of one another. This in-
dependence accounts for the success and the failure of the
treatment.337*¢

One may question the advantage of using an in vitro
experiment where the direct influence of LPT on osteoblasts
and the MTA-scaffold could be analyzed. In the present
study, we opted for using an in vivo model and not an in
vitro one as the animal model allowed us a more detailed
and “close” to human tissue response analysis of the differ-
ent treatments carried out as well as the host-responses to
them. The host-response on in vitro model is very limited or
not possible of simulation in many aspects. For instance, de-
spite recent study®® have found in vivo adhesion of osteo-
blasts to MTA, an in vitro report®® using osteoblasts failed
to get cell adhesion to MTA. In the present study, we often
observed a close contact of the graft with the bone matrix
and possibly inducing the formation of important compo-
nents for bone neoformation as a result of the interaction of
the MTA, the matrix, and the host.°"®? Then, biological
responses may be similarly detected using different assess-
ment methods.

CONCLUSION

The results showed different tissue response on all groups
during the experimental time. Major changes were seen in
irradiated subjects and included marked deposition of new
bone seen in advanced maturation. It is concluded that NIR
LPT improved the results of the use of the MTA on bone
defects.
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