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Abstract Hyperglycemia occurs in patients with poorly
controlled diabetes mellitus and contributes to bone resorp-
tion and increased susceptibility to bacterial infections. Hy-
perglycemia can incite low-grade inflammation that can
contribute to the resorption of bone, especially the periodon-
tal bone. The increased susceptibility to periodontal infec-
tions can contribute to bone resorption through the
activation of osteoclasts. In this study, the osteoblastic,
clonal cell line, MC3T3-E1l, was used in an in vitro model
of hyperglycemia and lipopolysaccharide-induced reactive
oxygen species generation to determine the potential anti-
inflammatory effect of 635 nm light-emitting diode (LED)
irradiation or whether 635 nm LED irradiation can be a
potential anti-inflammatory treatment. LED irradiation of
MC3T3-El cells stimulated with lipopolysaccharide in a
high glucose-containing medium decreased the level of
cyclooxygenase gene and protein expression and reduced
the level of prostaglandin E2 expression by decreasing the
amount of reactive oxygen species generation. LED irradi-
ation also inhibited the osteoclastogenesis in MC3T3-El
cells by regulating the receptor activator of nuclear factor
kappa-B ligand and osteoprotegerin. These findings reveal
the mechanisms which are important in the pathogenesis of
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Introduction

Clinical studies have established that periodontitis is more
prevalent and severe in patients with either type 1 or type 2
diabetes than in non-diabetic patients [1]. Diabetic perio-
dontitis is a chronic inflammatory disease of the supporting
tissues of the teeth, which is generally believed to be caused
by Gram-negative bacteria, and is characterized by gingival
inflammation and bone resorption [2]. Hyperglycemia, a
major metabolic disorder in both type 1 and type 2 diabetes,
can induce diabetic periodontitis via the impaired host de-
fense against bacterial infections and the increased suscep-
tibility to infection [1, 3—6].

Previous studies showed that multiple mechanisms are
involved in the pathogenesis and progression of diabetes-
associated periodontal disease [1]. Diabetic periodontitis is
generally induced by bacterial pathogens such as Porphyr-
omonas gingivalis, which is a Gram-negative bacterium that
releases lipopolysaccharide (LPS). LPS, a Gram-negative
bacteria-derived product, has long been recognized as a
potent stimulator of the inflammatory pathway in osteo-
blasts [7]. LPS initiates a local host response in bone tissues
that involves the recruitment of inflammatory cells, such as
prostanoids and cytokines, which stimulate prostaglandin E,
(PGE,) production in osteoblasts through cyclooxygenase
(COX) overexpression. COX exists in two isoforms: a con-
stitutively expressed COX-1 and an inducible COX-2. COX
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is a key enzyme for PGE, production, which can mediate
the inflammatory response and induce bone resorption by
stimulating osteoclast differentiation [8, 9]. Some studies
reported that LPS stimulates receptor activator of nuclear
factor kappa-B ligand (RANKL) expression in osteoblasts
and suppresses osteoprotegerin (OPG) expression by en-
hancing PGE, production [8]. The formation and mainte-
nance of bone tissues are regulated by bone-forming
osteoblasts and bone-resorbing osteoclasts. Osteoblasts pro-
duce RANKL, which exerts its effects on the formation and
function of osteoclasts by binding to its receptor, receptor
activator of NF-kB (RANK), expressed on the osteoclast
precursors and mature osteoclasts. RANKL also has a decoy
receptor, OPG, which inhibits osteoclast formation by com-
peting with RANK for binding RANKL [8].

In recent years, the physiological anti-inflammatory and
wound healing effects of light irradiation with a specific
wavelength were studied intensively in the clinical field.
Previous studies suggested that irradiation with 600—
1,100 nm wavelength from lasers or LED allows better
penetration to the soft tissue than the other lights and plays
a significant role as reactive oxygen species scavengers
[10-14]. Recent studies also showed that 635 nm LED
irradiation decreases the level of arachidonic acid-induced
inflammation. However, little is known about the anti-
inflammatory mechanism of 635 nm LED irradiation, espe-
cially in the diabetic periodontitis model [12]. This study
examined the effect of 635 nm LED irradiation on the high
glucose-boosted inflammatory response to LPS in osteo-
blasts in vitro.

Materials and methods
Cell culture and chemicals

MC3T3-El osteoblasts were cultured in alpha minimum
essential medium (Gibco BRL, NY, USA) supplemented
with 10 % heat inactivated fetal bovine serum (JBI, Daegu,
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Korea), 10 % antibiotic—antimycotic solution (JBI, Daegu,
Korea) at 37 °C in a 5 % CO, humidified chamber. The
dishes were divided randomly into four groups according to
the chemical treatment: 5 mM of D-glucose (normal glu-
cose), 25 mM of D-glucose (high glucose), normal glucose
with highly purified LPS, and high glucose with highly
purified LPS (InvivoGen, CA, USA) from P. gingivalis.

Light source and irradiation

A continuous-wave LED (U-JIN LED, Goyang, Korea)
emitting at a wavelength of 635 nm with a manufactured
power density of about 1 mW/cm?® on the sample surface
was used as the light source. The manufactured LED irra-
diation tool kit was built in a 5 % CO, humidified chamber
at 37 °C (Fig. 1, Biophoton, Gwangju, Korea). The irradia-
tion spot size that would fit onto a 9-cm petri dish was used.
To examine the effect of 635 nm LED irradiation, each
group was cultured with or without irradiation for 1 h.

Cell viability assay

To determine the LPS concentration, cells were cultured
with various concentrations of LPS, and the group with
25 mM of D-mannitol (high mannitol) was added to exclude
the effect of osmotic pressure on the cells. The assay for cell
viability was based on the reduction of 3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyltetrazolium bromide by mitochon-
drial dehydrogenase in viable cells to produce a purple
formazan product indicating the level of cell respiration.
The cells were seeded at 2x10° cells per well with 100 pl
of the medium in 96-well plates and incubated with chem-
icals for 1 day at 37 °C. After incubation for 1 day, the
medium was removed, and the cells were incubated in
phosphate-buffered saline containing 30 ul of MTT at 37 °C
for 3 h. The formazan product was dissolved in 50 ul of
dimethyl sulfoxide (Calbiochem, USA). The optical density
was measured at 570 nm using a colorimetric microplate
reader (BioTek, Winooski, USA).
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Flow cytometry and laser scanning confocal microscopy
analysis for the detection of reactive oxygen species (ROS)
formation

At 1 day after the experiment, the ROS level was assayed
using 20,70-dichlorodihydrofluorescein diacetate (Sigma,
USA). 2',7'-Dichlorofluorescein diacetate (DCF-DA) enters
the cells passively, where it is deacetylated enzymatically by
esterases to non-fluorescent 2,7-dihydrodichlorofluorescein
(DCF-H). Oxidizing molecules, such as O, , convert DCF-
H to the highly fluorescent DCF. The DCF fluorescence was
checked at 10 min to visualize the intracellular ROS disso-
ciation. Cells grown on cover slips were incubated with
10 mM of DCF-DA for 20 min. Subsequently, the cells
were washed with phosphate-buffered saline containing
10 mM of glucose. The DCF fluorescence intensity was
monitored by confocal microscopy (Carl Zeiss, Jena, Ger-
many) with excitation and emission wavelengths of 488 and
525 nm, respectively. After the treated cells were detached
using a trypsin—EDTA solution, the ROS level was analyzed
by flow cytometry (Beckman Coulter, CA, USA) using
485 nm excitation and 530 nm emission filters.

Quantitative real-time polymerase chain reaction

The total RNA was isolated from the cells using guanidi-
nium thiocyanate—chloroform extraction (Trizol®; Gibco
BRL, USA), according to the manufacturer’s instructions.
The complementary DNA was synthesized from the total
RNA using a Maxime RT Premix kit (Intron, Korea). After
5 min at 75 °C, the reaction was carried out at 45 °C for 1 h,
followed by enzyme inactivation at 95 °C for 5 min. Quan-
titative real-time PCR was conducted using a thermal cycler
(Exicycler II™, Bioneer, CA, USA). The gene-specific
primer sequences (Table 1) were designated using a gene
runner NCBI and obtained from AccuOligo® (Bioneer, CA,
USA). The PCR reaction mixture, consisting of a cDNA
template from 1 pg/ul of the total RNA, 1 uM of each

Table 1 PCR primers used in the experiments

Target Forward primer Reverse primer

COX-1 5'-ACA ACT GGA GGG 5'-GGG AAA CCA GAG
AGG AGT GG-3' CGA GAG AC-¥

COX-2 5-TTC GGG AGC ACA 5'-TAA CCG CTC AGG
ACA GAG TG-3' TGT TGC AC-3'

RANKL 5'-CAT GTG CCA CTG 5'-CAG GTC CCA GCG
AGA ACC TTG AA-3' CAA TGT AAC-3’

OPG 5'-CAATGG CTG GCT 5'-CTG AAC CAG ACA
TGG TTT CAT AG-3' TGA CAG CTG GA-3'

GAPDH 5'-AAA TGG TGA AGG 5'-TGA AGG GGT CGT

TCG GTG TG-3'

TGA TGG-3'

primer, and 1 pul of SYBR Green I dye (Accupower® Green-
Star gPCR Premix, Bioneer, CA, USA), was amplified with
a precycling activation at 95 °C for 5 min, followed by 40
cycles of denaturation at 95 °C for 20 s, and annealing at
58 °C for 40 s. Each reaction was performed in triplicate,
and the levels of mRNA expression were calculated and
normalized to the level of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) mRNA. The data were ana-
lyzed using Exicycler II™ software (Bioneer, CA,
USA).

Enzyme-linked immunosorbent assay

The amount of PGE,, RANKL, and OPG (Quantikine@;
R&D Systems, MN, USA) in the supernatants was
measured using a commercially available enzyme immu-
noassay kit (R&D System, MN, USA) according to the
manufacturer’s protocol. The absorbance of PGE,,
RANKL, and OPG was measured at 450 nm using a
colorimetric microplate reader (BioTek, Winooski,
USA). The reading was subtracted from the reading at
570 nm.

Western blot analysis

Twenty-four hours after irradiation, the medium was
removed and washed twice with phosphate-buffered sa-
line (pH 7.4), and the cell lysate was prepared in
200 ml of cold lysis buffer (1 % NP-40, 50 mM Tris—
HCIL, pH 7.5, 150 mM NaCl, 0.02 % sodium azide,
150 mg/ml PMSF, 2 mg/ml aprotinin, 20 mg/ml leupep-
tin, and 1 mg/ml pepstatin A). Approximately 30 mg of
the cell lysate was separated in a 10 % sodium dodecyl
sulfate polyacrylamide gel and transferred onto a poly-
vinylidene difluoride membrane (Amersham, NJ, USA).
The membrane was blocked with a blocking solution
containing 5 % skim milk in TBST (2.42 g/l Tris—HCI,
8 g/l NaCl, 0.1 % Tween 20, pH 7.6) for 0.5 h and
rinsed briefly in TBST. The membrane was incubated
overnight at 4 °C with the appropriate primary anti-
bodies: mouse monoclonal IgG anti-COX-1 (1:1,000,
Santa Cruz Biotechnology, CA, USA) and mouse mono-
clonal IgG anti-COX-2 (1:1,000, Santa Cruz Biotechnol-
ogy, CA, USA). A mouse monoclonal IgG anti-alpha
tubulin antibody (1:2,500, Santa Cruz Biotechnology,
CA, USA) was used as the control. Finally, the mem-
brane was washed in TBST, and the immunoreactivity
of the proteins was detected using an enhanced chemi-
luminescence detection kit (Amersham, USA). The lev-
els were determined by densitometric analysis using
Scion Image software (Scion Corp, Frederick, MD,
USA).
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Statistical analysis

All experiments were carried out in triplicate. ANOVA tests
were used to evaluate the differences between the sample of
interest and its respective control. A P value <0.05 was
considered significant.

Results
Determination of LPS concentration

To determine the concentration of LPS that had no effect on
cell viability, MC3T3-E1 cells were cultured in a medium
containing normal glucose (5 mM) or high glucose (25 mM)
for 1 day. A high concentration of mannitol was added to
exclude the effect of osmotic pressure on MC3T3-El cells.
Figure 2 shows the cell viability depending on or according to
the LPS concentration. As per the result, the cell viability in
each group was increased by 23 and 16 % at low LPS concen-
trations (0.1 pg/ml) in the normal glucose- and high glucose-
containing medium, respectively, whereas it was decreased by
49 and 40 % at high LPS concentrations (100 pg/ml) in the
normal glucose- and high glucose-containing medium, respec-
tively. However, 1 pg/ml LPS did not have significant effects
on cell viability in the high glucose-containing medium com-
pared to the control, and there were no significant differences
between high mannitol and high glucose, which excluded the
effect of the osmotic pressure. Therefore, 1 pg/ml LPS was
chosen for further study.

Effects of 635 nm LED irradiation on the ROS level

The induction of ROS is controlled by 635 nm irradiation
[12]. Flow cytometry showed that DCF fluorescence was
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Fig. 2 Effects of LPS concentration and osmotic pressure on the high
glucose-induced cell viability. The cell viability was assessed using a
MTT assay for the indicated concentrations of LPS (0, 0.01, 0.1, 1, 10,
and 100 pg/ml) after 635 nm LED irradiation for 1 h. Data are reported
as the mean=SD (n=3)
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enhanced by 9.2 % in the LPS and high glucose-treated
group compared to the LPS-treated group. The irradiation
groups revealed a 9.1 and 16.4 % decrease in the ROS level
in both the LPS alone and LPS with high glucose concen-
tration groups, respectively (Fig. 3a). The microscopic find-
ing showed that the DCF fluorescence obviously vanished
in the irradiation groups of LPS with high- and normal
glucose-treated groups (Fig. 3b). Therefore, the ROS level
in LPS-induced inflammation was enhanced by high glu-
cose levels and was decreased by 635 nm LED irradiation.

Effects of 635 nm LED irradiation on inflammation-
associated gene and protein expressions

COX induces PGE, under inflammatory conditions. The
expression of the COX-1 and COX-2 genes was assessed
using quantitative real-time PCR at 2, 4, 8, 12, and 24 h
(Fig. 4a, b), and the expression of the corresponding pro-
teins was determined using Western blotting at 24 h
(Fig. 4c). The expression of the COX-1 gene in the combi-
nation of LPS and high glucose level group was higher at 2
and 24 h, compared to the other times. At 2 h, high glucose
levels enhanced the LPS-induced gene expression of COX-1
and COX-2 by 20 and 50 %, respectively. Six hundred
thirty-five nanometers LED irradiation suppressed the ex-
pression of the COX-1 and COX-2 genes in the combination
of LPS and high glucose level group by 50 and 33 %,
respectively, compared to that in the group without irradia-
tion. After 635 nm LED irradiation, the protein expression
of COX-1 and COX-2 at 24 h was also 20 and 51 % lower,
respectively, in the combination of LPS and high glucose
level group; PGE, production was examined by ELISA at 2,
4,8, 12, and 24 h (Fig. 5). The level of LPS-induced PGE,
production was higher with high glucose levels than with
normal glucose levels at 8, 12, and 24 h. On the other hand,
635 nm LED irradiation of the cells exposed to the combi-
nation of LPS and high glucose level inhibited the increase
in PGE, production at 24 h by 34 % compared to the non-
irradiated samples.

Effects of 635 nm LED irradiation on osteoclastogenesis-
related gene and protein expressions

Six hundred thirty-five nanometers LED irradiation sup-
presses the inflammatory pathway inducing PGE,, which
is known as a potent stimulator of osteoclastogenesis.
Therefore, the effect of 635 nm LED irradiation on the
osteoclastogenesis-related molecules, such as OPG and
RANKL, in MC3T3-E1 cells was examined. The gene and
protein expressions of RANKL and OPG were affected by
the presence of LPS with normal- or high glucose levels in
the culture (Figs. 6 and 7). In the presence of LPS with high
glucose levels, 64 % of the OPG gene expression was
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Fig. 3 Effects of 635 nm LED a
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blocked and a fourfold increase in the level of RANKL gene
expression was observed at 24 h compared to that with
normal glucose levels. In the presence of LPS with high
glucose levels, 635 nm irradiation resulted in a sixfold
increase in the level of OPG gene expression, whereas it
decreased the level of the RANKL gene expression by
22 %. The protein expression of RANKL and OPG at 24 h
was also affected by 635 nm irradiation. In the presence of
LPS with high glucose levels, 635 nm LED irradiation had
stimulatory effects on the protein expression of OPG (46 %)
and inhibitory effects on the protein expression of RANKL
21 %).

Discussion

Recently, low-level laser therapy has attracted considerable
recognition as an effective anti-inflammatory and bone repair
tool [15, 16]. He—Ne laser irradiation (632.8 nm) promotes the
proliferation and differentiation of human osteoblasts in vitro,
and low-power light from a Ga—As—Al laser (830 nm) has a
positive effect on osteoblast proliferation [15, 17]. In addition,

low-level laser therapy significantly accelerates the wound
healing process in experimental diabetic models [18, 19].
However, most studies were related to bone healing and
fibroblast proliferation in diabetic patients, whereas the effect
of red light irradiation in diabetic periodontitis is still unclear.

The present study examined the effect of 635 nm LED
irradiation on the inflammation and osteoclastogenesis-related
factors in high glucose-treated osteoblasts in an attempt to
model predict its effects in diabetic periodontitis. In the dia-
betic periodontitis model, 25 mM D-glucose and 1 pg/ml LPS
from P gingivalis were applied to MC3T3-E1 osteoblasts.
The findings suggest that high glucose enhances the LPS-
induced inflammation and 635 nm LED irradiation regulates
the inflammatory pathway in MC3T3-El osteoblasts effec-
tively. Interestingly, high glucose levels did not have a signif-
icant effect and LPS stimulation resulted in a fourfold increase
in the expression of the PGE,, a final inflammatory product.
However, the combination of high glucose levels and LPS led
to a fivefold stimulation of the PGE,. Similar glucose-boosted
augmentation was observed at the mRNA and protein levels
of COX-1 and COX-2. Obviously, there are synergistic inflam-
matory responses between high glucose levels and LPS. On the
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Fig. 4 Effects of 635 nm LED irradiation on COX-1 and COX-2
expression. MC3T3-E1 cells were cultured with or without LPS and
high glucose levels for up to 24 h. a, b COX-1 and COX-2 gene
expressions were examined at 2, 4, 6, 8, 12, and 24 h. ¢ COX-1 and
COX-2 protein expressions were determined at 24 h. The cells were
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Fig. 5 Effects of 635 nm LED irradiation on PGE, production.
MC3T3-E1 cells were cultured with or without LPS and high glucose
for up to 24 h, and the amount of PGE, was determined using ELISA at
2,4, 6,8, 12, and 24 h. Each bar indicates the mean+SD of three
experiments. Significant differences were observed at *p<0.05
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processed for Western blot analysis utilizing GAPDH to ensure equal
protein loading. The results were similar in the three separate experi-
ments processed; the mean+SD was obtained by densitometry, as
shown in graphic analysis. Significant differences were observed at
*p<0.05

other hand, the responses of osteoclastogenesis-related mole-
cules to LPS and high glucose levels are more complicated than
the inflammatory responses because the effect of high glucose
levels on the osteoclastogenesis-related factors is still contro-
versial [20, 21]. In this study, high glucose levels increased the
protein expression of OPG and RANKL, and the combination
of LPS and LPS high glucose levels decreased the level of OPG
protein expression and increased that of RANKL expression.
The role of high glucose levels in osteoblasts is still question-
able but the results showed that high glucose levels with LPS
increase osteoclastogenesis. Therefore, this study has estab-
lished a good cell model for examining high glucose-boosted
inflammation in osteoblasts, which may represent a diabetic
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Fig. 6 Effects of 635 nm LED irradiation on the OPG gene and protein
expression. MC3T3-E1 cells were cultured with or without LPS and
high glucose for up to 24 h. a OPG gene expression was examined at 2,

periodontitis model caused by hyperglycemia and bacterial
infections.

Previous studies reported that 635 nm LED irradia-
tion has anti-inflammatory effects through the regulation
of ROS, which are the critical factors in a range of
inflammatory processes through COX inhibitors [12, 22,
23]. In addition, the effect of ROS on osteoblasts has
been studied under high glucose conditions [24]. In the
present study, the levels of ROS, COX-1, COX-2, and
PGE, in the LPS-treated cells exposed to normal or
high glucose levels were decreased by 635 nm LED
irradiation for 1 h. At 24 h, 635 nm LED irradiation
of the cells exposed to a combination of LPS and high
glucose level reduced the level of PGE, production
from fivefold to threefold. This shows that 635 nm
LED irradiation decreases the level of inflammation,
even though high glucose level enhances the inflamma-
tory condition. There are no reports showing that high
glucose-boosted inflammation is suppressed by 635 nm
LED irradiation, while the anti-inflammatory effect of
635 nm LED irradiation is known.

Furthermore, osteoclastogenesis-related factors are
regulated after irradiation. As per this result, the level
of OPG expression was increased, whereas the level of
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Fig. 7 Effects of 635 nm LED irradiation on the RANKL gene and
protein expression. The MC3T3-E1 cells were cultured with or without
LPS and high glucose for up to 24 h. a RANKL gene expression was
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4, 6, 8, 12, and 24 h and b OPG protein expression was determined
using ELISA at 24 h. Each bar indicates the mean+SD of three experi-
ments. Significant differences were observed at *p<0.05

RANKL expression was decreased in the diabetic
periodontitis model after 635 nm LED irradiation in
vitro. Two hypotheses can explain this result. First,
635 nm LED irradiation may directly affect the
osteoclastogenesis-related molecules, OPG and RANKL,
via ROS regulation. ROS such as H,O, or superoxide
anion are involved in bone loss-related diseases by
stimulating osteoclast differentiation and bone resorption
[25]. However, it is unclear how ROS works in bone
metabolism and bone resorption. From this hypothesis,
it is believed that 635 nm LED irradiation affects in-
flammation and bone resorption separately through the
regulation of ROS. Second, 635 nm LED irradiation
may indirectly affect the osteoclastogenesis-related mol-
ecules by regulating inflammation, in which ROS has a
pivotal role [26]. The relationship between PGE, and
periodontal disease has been studied extensively [27,
28]. Klein and Raisz reported that PGE, is a potent
stimulator of bone resorption [29]. Therefore, 635 nm
LED irradiation affects only inflammation, and the inhibition
of osteoclastogenesis-related molecules is an additional anti-
inflammatory effect of 635 nm LED irradiation. Despite these
differences, it is believed that both direct and indirect effects
might have a common relationship with ROS.
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examined at 2, 4, 6, 8, 12, and 24 h and b RANKL protein expression
was determined using ELISA at 24 h. Each bar indicates the mean+=SD
of three experiments. Significant differences were observed at *p<0.05
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Conclusion

This present study showed that a high glucose level
(25 mM) enhances lipopolysaccharide-induced inflammato-
ry factors, such as COX-1, COX-2, and PGE,, in osteo-
blasts. In addition, OPG expression was stimulated and
RANKL expression was inhibited by 635 nm LED irradia-
tion. Therefore, this study showed that high glucose levels
boosted the inflammatory response in MC3T3-El osteo-
blasts, which was reduced by 635 nm LED irradiation. This
suggests that 635 nm LED irradiation might be useful not
only in reducing inflammation but also in diminishing
osteoclastogenesis. Furthermore, 635 nm LED irradiation
might be a useful treatment modality for patients with dia-
betic periodontitis.
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