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Low-Level Laser Irradiation Enhances BMP-Induced
Osteoblast Differentiation by Stimulating the BMP/Smad
Signaling Pathway
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ABSTRACT

Low-level laser irradiation (LLLI) has been shown to induce bone formation and osteoblast differentiation both in vivo and in vitro. However, the
molecular mechanism by which LLLI stimulates osteoblast differentiation is still unclear. The aim of the present study was to examine whether
Ga-Al-As laser irradiation could enhance BMP2-induced alkaline phosphatase (ALP) activity in C2C12 cells. Laser irradiation at 0.5 W for 20 min
enhanced BMP2-induced ALP activity. Laser treatment alone did not affect ALP activity. To exclude the effect of pH or temperature changes
during irradiation, we shortened the exposure time to 2 min, with various levels of laser power. At 2.5 W, irradiation stimulated BMP2-induced
ALP activity but not cell proliferation, whereas 1 or 5 W laser power did not induce any significant effects. Irradiation stimulated BMP2-induced
phosphorylation of Smad1/5/8 and BMP2 expression, but had no effect on the expression of inhibitory Smads 6 and 7, BMP4, or insulin-like
growth factor 1. Laser irradiation enhanced Smad-induced Id1 reporter activity as well as expression of bone morphogenetic protein (BMP)-
induced transcription factors such as Id1, Osterix, and Runx2. Laser irradiation also stimulated BMP-induced expressions of type I collagen,
osteonectin, and osteocalcin mRNA, markers of osteoblasts. This enhancement of BMP2-induced ALP activity and Smad phosphorylation by
laser irradiation was also observed in primary osteoblasts. These results suggest that LLLI accelerates the differentiation of BMP-induced
osteoblasts by stimulating the BMP/Smad signaling pathway. J. Cell. Biochem. 111: 1445-1452, 2010. © 2010 Wiley-Liss, Inc.
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L ow-level laser irradiation (LLLI) has been widely investigated
for over 30 years [Moshkovska and Mayberry, 2005; Gavish
et al.,, 2006]. LLLI using visible light around 650 nm has been
reported to offer numerous benefits in clinical practice, including
pain relief [Walker, 1983], regeneration of severed nerves [Rochkind
et al., 1986; Anders et al., 1992], anti-inflammation [Honmura et al.,

1992; Shimizu et al., 1995], and wound healing [Mester et al., 1985;
Conlan et al., 1996], and is used in many medical fields, including
orthopedics and dentistry [Ross and Ross, 2008]. The recently
developed diode laser, which delivers near infrared wavelengths
between 750 and 950 nm, provides better tissue penetration than the
helium-neon (HeNe) visible laser and offers new potential targets for

Grant sponsor: Kyushu Dental College Internal Grants; Grant sponsor: Kyuchiren Grants.

*Correspondence to: Eijiro Jimi, Division of Molecular Signaling and Biochemistry, Department of Biosciences,
Kyushu Dental College, 2-6-1 Manazuru, Kokurakita-ku, Kitakyushu, Fukuoka 803-8580, Japan.

E-mail: ejimi@kyu-dent.ac.jp

Received 8 June 2010; Accepted 30 August 2010 e DOI 10.1002/jcb.22872 e © 2010 Wiley-Liss, Inc.
Published online 9 September 2010 in Wiley Online Library (wileyonlinelibrary.com).



LLLI, such as soft tissue healing and bone metabolism [0zawa et al.,
1998; Schubert et al., 2007]. LLLI has proven to be a safe and
effective therapeutic option in clinical and histologic trials;
however, a great deal of skepticism remains regarding the efficacy
of this treatment when applied at the clinical level [Ross and Ross,
2008; De Felice, 2010].

The stimulatory effect of LLLI has been confirmed in vitro in
numerous cell lines. In osteoblast-like cells isolated from fetal rat
calvariae, LLLI stimulated proliferation and differentiation, indu-
cing expression of alkaline phosphatase (ALP), osteopontin (OP),
and bone sialoprotein [Ueda and Shimizu, 2003]. Similar results
were obtained in cultured human Sa0S-2 cells, where early
induction of ALP, type I collagen (Coll), and OP was observed in
cells irradiated with a 670 nm diode laser [Stein et al., 2005, 2008].
Moreover, LLLI treatment of human osteoblast-like cells cultured on
titanium induced both proliferation and differentiation in a dose-
dependent manner through increased osteocalcin and transforming
growth factor (TGF)-B1 production [Khadra et al., 2005]. LLLI also
promotes bone repair in vivo [Barushka et al., 1995] and stimulates
bone formation by increasing osteoblast activity and decreasing
osteoclast number [Ninomiya et al., 2007]. However, the molecular
mechanism by which laser irradiation stimulates osteoblast
differentiation is not well understood.

Bone morphogenetic proteins (BMPs), members of the TGF-3
superfamily, are known to be essential for the stimulation of bone
formation processes such as osteoblastogenesis and osteoblast
secretion of bone matrix protein. These activities are mediated by
morphogen interactions with two types of serine/threonine kinase
receptors [Massagué et al., 2005; Katagiri et al., 2008] and the
activation of the Smad signaling pathway. Of the BMPs, BMP2, 4, 6,
7, and 9 have been shown to be the most potent inducers of
osteoblast differentiation in mesenchymal stem cells. Importantly,
the combination of BMP2 with an absorbent, USA, collagen sponge
was recently approved by the US Food and Drug Administration for
clinical use in spine fusion, repair of orthopedic trauma, and oral
maxillofacial surgery [McKay et al., 2007]. However, the available
clinical data supporting the efficacy of this treatment are not all
robust [Kusumoto et al., 2002; Vaidya et al., 2008], and further
studies will be needed to develop a method to accelerate bone
formation and osteoblastogenesis as well as to understand the
variable effects of BMP2 on different cell types, including adult stem
cells, osteoblasts, and osteocytes.

The purpose of this study was to examine the effects of irradiation
by a Ga-Al-As laser on BMP2-induced ALP activity in C2C12 cells,
which differentiate into osteoblasts upon treatment with BMP2
[Katagiri et al., 1994], as well as primary osteoblasts (POBs), and to
develop a method to enhance BMP-induced osteoblast differentia-
tion by laser irradiation. We also assessed whether irradiation
induced changes in the BMP signaling pathway in these cells.

REAGENTS

Purified recombinant human BMP2 was kindly provided by Wyeth
Pharmaceuticals (Madison, NJ). Anti-phosphorylated Smad1/5/8
(#9511), Smad1l (#9743), and Smad4 (#9514) antibodies were

obtained from Cell Signaling (Beverly, MA) and anti-B-actin
(AC-15) was purchased from Sigma-Aldrich (St. Louis, MO).

CELL CULTURE

C2C12 cells, a mouse myoblast cell line, and POBs from 1-day-old
ddY mouse calvariae were, respectively, maintained in Dulbecco’s
modified Eagle’s medium (DMEM) (Sigma-Aldrich) containing 15%
FBS and antibiotics (100 units/ml of penicillin and 100 mg/ml of
streptomycin) (Sigma-Aldrich) and «-minimal essential medium
(a-MEM) containing 5% FBS and antibiotics in a humidified
atmosphere of 5% CO, at 37°C.

LASER IRRADIATION

Alow-energy Ga-Al-As laser apparatus (P-LASER; Matsushita, Inc.,
Osaka, Japan) with a continuous wavelength (CW) of 805 nm was
used in this study. The total energy density of the spot was expected
to be 2.0-12.0J/cm” as measured by a laser power meter (Ophir
Optronics Ltd. Jerusalem, Israel), according to previous reports
[Ozawa et al., 1998; Hamajima et al., 2003].

DETECTION OF ALP ACTIVITY

C2C12 cells were seeded at a density of 1.0 x 10* cells/well in 6-well
plates and cultured in DMEM containing 5% FBS for 1 day before
treatment. The cells were then continuously irradiated with a Ga-Al-
As laser at either (i) 0.5 W, duty 20%, for 20 min, (ii) various levels of
laser power (W) at CW for 2 min, or (iii) left unirradiated. Afterwards,
the cells were cultured for an additional 3 days in the presence or
absence of BMP2 (100 ng/ml). The cells were fixed with an acetone/
ethanol mixture (50:50, v/v) and incubated with a substrate solution
(0.1M diethanolamine, 1 mM MgCl,, and 10 mg/ml p-nitrophenyl
phosphate). The reaction was terminated by the addition of 5M
NaOH, and the absorbance was measured at 405nm using a
microplate reader (Bio-Rad, Hercules, CA). All experiments were
performed in triplicate. Histochemical analysis of ALP activity was
also carried out. Irradiated cells with or without BMP2 were stained
using a mixture of 0.1 mg/ml naphthol AS-MX phosphate and
0.6 mg/ml Fast Blue BB salt and observed by light microscopy.

PROLIFERATION ASSAY

Proliferation of C2C12 cells was measured using the Cell Counting
Kit 8 (Dojin, Kumamoto, Japan). C2C12 cells were left unirradiated
or irradiated with a Ga-Al-As laser at various levels of laser power
(W) at CW for 2 min, then cultured for an additional 3 days in the
presence or absence of BMP2 (100ng/ml). At the end of this
incubation period, sodium 2-(4-iodophenyl)-3-(4-nitrophenyl)-5 -
(2,4-disulfophenyl)-2H-tetrazolium was added to the -culture
medium, and the plates were incubated for an additional hour at
37°C. The amount of reduced tetrazolium was determined by
measuring the absorbance at 450 nm in a microplate reader (iMark;
Bio-Rad Laboratories, Tokyo, Japan).

LUCIFERASE ASSAY

The IdWT4F(Id1)-luciferase reporter plasmid expresses a luciferase
protein under the control of a BMP-responsive element (4x
5'-CATGGCGACCGCCCGCGCGGCGCCAGCCT-3') from the human
Id1 gene [Katagiri et al., 2002]. The Id1-luciferase reporter was
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transfected into C2C12 cells using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA) according to the manufacturer’s instructions. Total
amounts of transfected plasmids in each group were equalized by
the addition of empty vector. After irradiation in the presence or
absence of BMP2, luciferase activity was measured using a dual
luciferase reporter assay system (Promega, Madison, WI).

WESTERN BLOT ANALYSIS

The cells were lysed in buffer containing 1% Triton X-100 and a
mixture of 1x protease inhibitor and phosphatase inhibitor (Roche
Diagnostics) in 25 mM Tris-HCl and 150 mM NaCl, pH 7.5. Western
blot analysis was performed using whole-cell lysates. Equal
amounts of protein from each lysate were separated by 10%
SDS-polyacrylamide gel electrophoresis and blotted onto an
Immobilon-P Transfer membrane (Millipore Corp., Bedford, MA).
Blotted membranes were blocked in PBS containing 5% bovine
serum albumin and incubated with antibodies. The membranes were
then incubated with the secondary antibodies. The immunoreactive
proteins were visualized using ECL (Amersham, Piscataway, NJ).

REVERSE TRANSCRIPTASE POLYMERASE CHAIN

REACTION (RT-PCR)

C2C12 cells (1.0 x 10* cells/well) were incubated in 6-well plates for
24h and then either irradiated with laser or left unirradiated in the
presence or absence of BMP2 for the indicated periods. Total RNA
from the cells was prepared with Trizol (Invitrogen) and amplified by
Superscript II and Taq polymerase (Invitrogen). Primer sequences
were as follows: Id1: 5'-TCCTGCAGCATGTAATCGAC-3’ (forward)
and 5'-GAGAGGGTGAGGCTCTGTTG-3’ (reverse); ALP: 5-ACTG-
CTGATCATTCCCACGTT-3’ (forward) and 5'-GAACAGGGTGCGTA-
GGGAGA-3' (reverse); glyceraldehyde 3-phosphate dehydrogenase
(GAPDH): 5-TGAAGGTCGGTGTGAACGGATTTGGC-3' (forward)
and 5-CATGTAGGCCATGAGGTCCACCAC-3’ (reverse). The PCR
program was as follows: 30 cycles at 94°C for 1 min, annealing at
60°C for 1 min, and extension at 72°C for 1 min for ALP, and Id-1; 25
cycles at 94°C for 40s, annealing at 60°C for 40, and extension at
72°C for 1 min for GAPDH. The PCR products were separated by
electrophoresis on 1.0% agarose gels and visualized by ethidium
bromide staining under ultraviolet light illumination. The relative
intensities of ALP, Id1, osteocalcin, and GAPDH mRNA expression
levels were calculated using an NIH image analyzer.

TABLE 1. Mouse Primer Sequences for Real-Time PCR

REAL-TIME PCR ANALYSIS

Real-time PCR was performed using SYBR Green PCR master mix
with the 7300 Real-time PCR system (Applied Biosystems, Foster
City, CA), according to the manufacturer’s instructions. Samples
were matched to a standard curve generated by amplifying serially
diluted products under the same PCR conditions. GAPDH expression
served as an internal control. Primer sequences are shown in Table L.

STATISTICAL ANALYSIS

Statistical significance was determined using the Student’s ¢-test. A
P-value of less than 0.05 is considered significant. The data are
expressed as mean + SEM.

LASER IRRADIATION ENHANCED BMP2-INDUCED ALP ACTIVITY IN
C2C12 CELLS

We first examined the effect of laser irradiation on BMP2-induced
ALP activity in C2C12 cells. Based on previous reports [Ozawa et al.,
1998; Hamajima et al., 2003], cells were exposed to laser at 0.5 W for
various time periods (0-30min). There was no difference in ALP
activity between non-irradiated cells and irradiated cells in the
absence of BMP2 treatment (Fig. 1A). BMP2 induced an approxi-
mately twofold increase in ALP activity compared to non-treated
cells. When the cells were treated with laser irradiation at 0.5 W for
20 min together with BMP2, ALP activity was significantly increased
compared to BMP2-treated cells that had not undergone laser
irradiation, with the maximal activity occurring after a 20-min
exposure (Fig. 1A). However, to exclude the effects of pH and
temperature changes during exposure, we shortened the exposure
time to 2 min, with various levels of laser power. Laser irradiation at
2.5 W and CWs for 2 min (5.90 J/cm?) enhanced BMP2-induced ALP
activity in a fashion similar to laser irradiation at 0.5 W, duty 20%,
for 20 min, whereas 1 (2.36 J/cm?) or 5W (11.79 J/cm?) laser power
did not induce any significant effects (Fig. 1A-C). Laser irradiation
did not affect proliferation of C2C12 cells (Fig. 1D), suggesting that
single exposures to different energy densities did not cause
significant cellular damage. Cells were exposed at 2.5 W, CW for
2 min in the subsequent experiments.

To determine whether laser irradiation enhances BMP-2-induced
ALP activity through changes at the transcriptional level or in the
kinase activity itself, we performed RT-PCR analysis on treated cells
using mouse ALP primers. Laser irradiation in combination with

Target gene Forward primer (5'-3') Reverse primer (5'-3') Nucleotide
Runx2 geegggaatgatgagaacta ggaccgtecactgtcacttt 451-651
Osterix ggaggcacaaagaagccata gggaagggtgggtagtcatt 124-279
BMP2 gcteccacaaacgagaaaage agcaaggggaaaaggacact 819-997
BMP4 cctggtaaccgaatgetgat agecggtaaagatecctcat 7-267
IGF-1 tggatgctcttcagttegtg cttcagtggggeacagtaca 128-292
Smad6 gaccagtacaagccactactgga cctactcaacaaccacagat 858-1,467
Smad7 tgttgctgtgaatcttacgggaag atggacgggtttcaccgtgea 532-1,167
Type I collagen ccaacaagcatgtctggttaggag geaatgctgttcttgcagtggta 3,826-3,991
Osteonectin geatgegtgactggctcaa aagtctegggecaacagcete 800-962
Osteocalcin aagcaggagggcaataaggt tttgtaggeggtcttcaage 158-313
GAPDH aactttggcattgtggaagg acacattgggggtaggaaca 493-716

Runx2, runt-related transcription factor 2; BMP, bone morphogenetic protein; IGF-1, insulin-like growth factor 1; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
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Fig. 1. Laser irradiation enhanced BMP2-induced ALP activity in C2C12 cells.
A: C2C12 cells were cultured in DMEM containing 5% FBS for 1 day before
treatment then continuously irradiated with a Ga-Al-As laser at 0.5 W, duty
20%, for the indicated periods or left unirradiated. Cells were then cultured for
an additional 3 days in the presence (closed column) or absence (open column)
of BMP2 (100 ng/ml). The cells were fixed with an acetone/ethanol mixture
(50:50, v/v) and incubated with a substrate solution (0.1 M diethanolamine,
1mM MgCl,, 10 mg/ml p-nitrophenyl phosphate). ALP activity was then
determined. Data are means &= SEM (n=3). "P< 0.05 (B) C2C12 cells were
irradiated with a Ga-Al-As laser at various levels of laser power (W), CW for
2min or left unirradiated, then cultured for an additional 3 days in the
presence (closed column) or absence (open column) of BMP2 (100 ng/ml).
ALP activity was then determined. Data are means + SEM (n =3). "P< 0.01 (C)
C2C12 cells were irradiated with a Ga-Al-As laser at 2.5 W, CW for 2 min or left
unirradiated, then cultured for an additional 3 days in the presence or absence
of BMP2 (100 ng/ml). Cells were stained for ALP activity. D: C2C12 cells were
irradiated with a Ga-Al-As laser at various levels of laser power (W), CW for
2 min, then cultured for an additional 3 days in the presence of BMP2 (100 ng/
ml). Cell proliferation was assessed. Data are means 4+ SEM (n = 3). E: C2C12
cells were irradiated at 2.5 W, CW for 2 min with the Ga-Al-As laser or left
unirradiated in the presence of BMP2 for the indicated periods. Total RNA was
isolated, and expression levels of ALP and GAPDH mRNA were measured by RT-
PCR analysis. Numbers below the gels represent n-fold increases in the
intensity of ALP relative to the corresponding GAPDH signals. Similar results
were obtained in three independent experiments.

BMP2 strongly induced ALP expression, suggesting that laser
irradiation modulates BMP2-induced ALP mRNA up-regulation at
the transcriptional level (Fig. 1E).

LASER IRRADIATION ENHANCED BMP2-INDUCED
PHOSPHORYLATION OF SMAD 1/5/8 AND BMP2 EXPRESSION, BUT
NOT EXPRESSION OF SMAD6, SMAD7, BMP4, OR IGF-1
Phosphorylation of Smad1/5/8 upon BMP stimulation is a key step
in BMP signal transduction [Massagué et al., 2005; Katagiri
et al., 2008]. As shown in Figure 2A (upper panel), Smad1/5/8
phosphorylation was significantly higher in the cells irradiated at
2.5W, CW for 2 min in the presence of BMP2 than in non-irradiated
BMP2-treated cells. Expression of Smadl and Smad4 was not
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Fig. 2. Laser irradiation enhanced BMP2-induced phosphorylation of
Smad1/5/8 and BMP2 expression, but not expression of Smad6, Smad7,
BMP-4, or IGF-1. A: C2C12 cells were irradiated with a Ga-Al-As laser at
2.5W, CW for 2 min, or left unirradiated, then cultured for an additional
30 min in the presence or absence of BMP2 (100 ng/ml). Total cell lysates were
immunoblotted with anti-phosphorylated Smad1/5/8, Smad1, or Smad4 anti-
bodies, and anti-B-actin was used as a loading control. Numbers below the gels
represent n-fold increases in the intensity of phosphorylated Smad1/5/8
relative to the corresponding Smad1 signals. “P< 0.01 (B) C2C12 cells were
irradiated with the Ga-Al-As laser at 2.5 W, CW for 2 min (closed column), or
left unirradiated (open column), then cultured for an additional 3 days in the
presence of BMP2 (100 ng/ml). Total RNA was isolated and the expression
levels of Smad6 and Smad?7 relative to GAPDH were measured by quantitative
real-time PCR analysis. Data are means +SEM of Smad6,7/GAPDH (n=3).
Similar results were obtained in three independent experiments. C: C2C12 cells
were irradiated with the Ga-Al-As laser at 2.5W, CW for 2min (closed
column), or left unirradiated (open column), then cultured in the presence
of BMP2 (100 ng/ml) for the indicated periods. Total RNA was isolated and the
expression levels of BMP2, BMP4, and IGF-1 relative to GAPDH were measured
by quantitative real-time PCR analysis. Data are means & SEM of osteogenic
genes/GAPDH (n=3).

affected (Fig. 2A second and third panels). To exclude the possibility
that laser irradiation suppresses the expression of inhibitory Smads,
we examined Smad6é and Smad7 expression levels after BMP2
treatment with or without laser irradiation. Laser irradiation did not
affect the expression of either Smadé or Smad7 in the absence of
BMP2 treatment (Fig. 2B). BMP2 induced approximately fourfold
increase in Smad6 but not Smad7 expression compared to non-
treated cells, but laser irradiation did not affect BMP2-induced
Smad6 expression (Fig. 2B).

Certain reports have suggested that laser irradiation stimulates
bone formation by inducing the expression of not only insulin-like
growth factor 1 (IGF-1) [Shimizu et al., 2007] but also BMP ligands
and Smad proteins [Matsui et al., 2008]. Therefore, we examined the
expression levels of BMP2, BMP4, and IGF-1. Laser irradiation in
combination with BMP2 enhanced BMP2-induced BMP2 expression
in comparison with BMP2 treatment alone at day 1 and day 3
(Fig. 2C). BMP2 treatment resulted in a significant up-regulation of
IGF-1 expression by day 3, but this effect was not enhanced by laser
irradiation. Neither BMP2 nor BMP2 together with laser irradiation
affected BMP4 expression during the culture period (Fig. 2C).

1448

LASER IRRADIATION ENHANCES BMP2-INDUCED OSTEOBLAST DIFFERENTIATION

JOURNAL OF CELLULAR BIOCHEMISTRY



LASER IRRADIATION ENHANCED BMP2-INDUCED EXPRESSION OF
BMP/SMAD-RESPONSIVE TRANSCRIPTION FACTORS AND
OSTEOBLAST DIFFERENTIATION MARKERS

Id1 is known to be a BMP-responsive gene, and, accordingly, its
promoter region contains a BMP-responsive element [Katagiri et al.,
2002]. C2C12 cells transfected with an Id1-luciferase plasmid were
treated with laser irradiation or left unirradiated in the presence or
absence of BMP2. Although Id1-luciferase activity was increased in
BMP2-treated cells relative to controls, laser irradiation together
with BMP2 further stimulated Id 1-luciferase activity compared with
BMP2 alone (Fig. 3A). Consistent with these results, laser irradiation
enhanced BMP2-induced Id1 mRNA expression (Fig. 3B). We next
examined whether laser irradiation affected the expression of BMP/
Smad-induced transcription factors Osterix and Runx2 [Lee et al.,
2000; Nakashima et al., 2002]. The combined treatment significantly
increased Osterix expression compared with BMP2 alone (Fig. 3C).
At day 1, Runx2 expression levels were similar in cells that received
BMP2 alone or in combination with irradiation, but the combination
group showed a significant increase in expression by day 3 (Fig. 3D).
Although Osterix has been shown to be downstream of Runx2 in
osteoblasts, Osterix expression was induced before Runx2 induc-
tion. These results suggest that laser irradiation enhances Osterix
expression through the activation of preexisting Runx2 in C2C12
cells.

Upon differentiation into osteoblasts, the cells express proteins
related to their stage of differentiation at high levels, such as ALP,
Coll, osteonectin, parathyroid hormone receptor, bone sioloproteins,
and osteocalcin [Aubin, 2001]. We therefore measured the mRNA
levels of Coll, osteonectin, and osteocalcin. The expressions of Coll,
osteonectin, and osteocalcin were significantly higher in cells
treated with BMP2 and irradiated compared to cells treated with
BMP2 alone (Fig. 3E).

LASER IRRADIATION STIMULATED BMP2-INDUCED ALP ACTIVITY
AND PHOSPHORYLATION OF SMAD1/5/8 IN PRIMARY
OSTEOBLASTS

Laser treatments can have different stimulatory effects in different
cell types [Walsh, 1997]. To determine whether the stimulatory
effect of laser irradiation could be generalized to cell types other
than C2C12 cells, we examined the effect of laser irradiation on
BMP2-induced osteoblast differentiation using POBs instead of
C2C12 cells. The laser irradiation without any stimuli (e.g.,
B-glycerophosphate and ascorbic acid) did not induce ALP activity
even in POBs within 3 days (Fig. 4A). In contrast, laser irradiation
enhanced BMP2-induced ALP activity in POBs (Fig. 4A). Therefore,
it is likely that POBs are also affected by laser irradiation. In support
of this notion, laser irradiation stimulated BMP2-induced phos-
phorylation of Smad1/5/8 in POBs as well as C2C12 cells (Fig. 4B).

In this study, we used C2C12 cells and POBs to examine whether LLLI
stimulates BMP2-induced osteoblast differentiation. Our results
clearly show that LLLI at 2.5W, CW for 2min enhanced BMP2-
induced ALP activity in C2C12 cells without affecting proliferation.
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Fig. 3. Laser irradiation enhanced BMP2-induced expression of BMP/Smad-
responsive transcription factors and osteogenesis-related genes. A: C2C12
cells were transiently transfected with an Id1-luc reporter and then continu-
ously irradiated with a Ga-Al-As laser at 2.5W, CW for 2min, or left
unirradiated, then cultured for an additional 24 h in the presence or absence
of BMP2 (100 ng/ml). Cells were assayed for luciferase activity after 24 h.
“P<0.01 (B) C2C12 cells were irradiated with the Ga-Al-As laser at 2.5 W, CW
for 2 min or left unirradiated, then cultured in the presence or absence of BMP2
for 12 h. Total RNA was isolated, and mRNA levels of Id1 and GAPDH were
measured by RT-PCR analysis. Numbers below the gels represent n-fold
increases in the intensity of Id1 relative to the corresponding GAPDH signals.
Similar results were obtained in three independent experiments. C and D:
C2C12 cells were irradiated with the Ga-Al-As laser at 2.5 W, CW for 2 min
(closed column), or left unirradiated (open column), then cultured in the
presence of BMP2 (100 ng/ml) for the indicated periods. Total RNA was
isolated, and the mRNA levels of Osterix (C), Runx2 (D), and GAPDH were
measured by quantitative real-time PCR analysis. Data are means & SEM of
Osterix or Runx2 relative to GAPDH (n = 3). Similar results were obtained in
three independent experiments. E: C2C12 cells were irradiated with the Ga-Al-
As laser at 2.5 W, CW for 2 min (closed column), or left unirradiated (open
column), then cultured in the presence of BMP2 (100 ng/ml) for the indicated
periods. Total RNA was isolated and the expression levels of Coll, osteonectin,
and osteocalcin relative to GAPDH were measured by quantitative real-time
PCR analysis. Data are means+ SEM of osteogenic genes/GAPDH (n=3).
Similar results were obtained in three independent experiments.

Interestingly, LLLI stimulated BMP2-induced Smad1/5/8 phosphor-
ylation and BMP2 expression, but not expression of BMP4, IGF-1, or
inhibitory Smads. Furthermore, LLLI enhanced the expression of
BMP/Smad target genes such as Id1, Osterix, and Runx2 as well as
osteogenic genes such as ALP, Coll, osteonectin, and osteocalcin. We
also observed enhancement of BMP2-induced ALP activity and
Smad phosphorylation by laser irradiation in POBs.

Several lines of evidence indicate that LLLI can induce bone
formation and remodeling in an in vivo model of bone defects,
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Fig. 4. Laser irradiation stimulated BMP2-induced ALP activity and phos-
phorylation of Smad1/5/8 in primary osteoblasts. A: Primary osteoblasts were
cultured in a~-MEM containing 5% FBS for 1 day before the treatment, then
continuously irradiated with the Ga-Al-As laser at 2.5 W, CW for 2 min, or left
unirradiated. Cells were then cultured for an additional 3 days in the presence
or absence of BMP2 (100 ng/ml). The cells were fixed, and ALP activity was
determined. B: Primary osteoblasts were irradiated at 2.5 W, CW for 2 min with
the Ga-Al-As laser or left unirradiated, then cultured for an additional 1 h in
the presence or absence of BMP2 (100 ng/ml). Total cell lysates were immu-
noblotted with anti-phosphorylated Smad1/5/8, Smad1, or Smad4 antibodies,
and anti-B-actin was used as a loading control. Numbers below the gels
represent n-fold increases in the intensity of phosphorylated Smad1/5/8
relative to the corresponding Smad1 signals. Similar results were obtained
in three independent experiments.

suggesting that LLLI facilitates bone metabolism and accelerates
bone formation at defective sites such as bone graft areas and
the furcation area in periodontitis [de Almeida et al., 2008].
Furthermore, in vitro studies have also demonstrated that LLLI using
a Ga-Al-As laser enhanced B-glycerophosphate and ascorbic acid-
induced ALP activity as well as nodule formation by modifying the
proliferation [Fukuhara et al., 2006], the expression of IGF-1
[Shimizu et al., 2007], osteocalcin [Saracino et al., 2009], and TGF-3
[Khadra et al., 2005], and promoting the synthesis of bone matrix
proteins such as osteoglycin [Hamajima et al., 2003]. As induction of
ALP activity in primary culture without BMP takes a long time
(~7 days) and osteoblastic differentiation occurs sequentially in the
culture system via the effects of B-glycerophosphate and ascorbic
acid, it is difficult to examine the molecular events that occur during
this process. Thus, we examined the role of LLLI in BMP-induced
osteoblast differentiation using C2C12 cells. The advantages of this
system are that C2C12 cells do not spontaneously differentiate into
osteoblasts without BMP stimulation and that the Smad signaling
pathway activated by BMP has been thoroughly investigated. We
also used lower dose of BMP2 (100 ng/ml) compared with normally
used (300 ng/ml) to examine the effect of LLLL. Using this culture
system, we found that laser irradiation enhances BMP2-induced
osteoblast differentiation by stimulating Smad phosphorylationon.

It seems that the present study contradicts previous work
demonstrating increased cell proliferation of osteoprogenitors in
response to various LLLI laser powers [Fukuhara et al., 2006; Tuby
et al., 2007]. Based on previous works using C2C12 cells, we changed

differentiation media (10% FBS) form growth media (15% FBS)
before BMP2 treatment to induce osteoblast differentiation form
C2C12 cells and BMPs strongly induce osteoblast differentiation
rather than cell proliferation [Katagiri et al., 1994; Nakashima et al.,
2002]. Thus, LLLI enhances BMP2-induced osteoblast differentia-
tion without affecting cell proliferation.

The design of the LLLI protocol used in this study was based on an
extensive review of previous data obtained in vitro in bone cells and
in vivo in bone tissue repair [Ninomiya et al., 2007; Shimizu et al.,
2007]. Despite the accumulated information about the effects of
total energy dose, laser spectrum, energy density, and irradiation
phase, it is still unclear which of these parameters has the greatest
effect on therapeutic efficacy, even in LLLI, which has shown diverse
bio-stimulatory effects [Walsh, 1997]. Although the present study
did not compare all of these parameters, the bio-stimulatory effect of
laser irradiation at 2.5W, CW for 2 min most effectively enhanced
BMP-induced ALP activity compared with power at 1 or 5W. The
reason why laser power at 2.5W has the greatest effect remains
unclear. Several studies have also suggested that bio-stimulatory
effects depend on the delivered energy density, which seems to be
restricted to a very narrow therapeutic window. Using a 905 nm
wavelength on rat fetal calvaria cells, Fukuhara et al. [2006] showed
that a single laser exposure of 3.75 J/cm? stimulated cell prolifera-
tion, whereas energy densities of 1.25 or 6.25 J/cm? did not induce
any significant effects. LLLI at the energy density of 0.5 J/cm® had a
stronger stimulatory effect on proliferation of bone marrow stem
cells compared with 1, 2, or 5 J/cm?, without any cytotoxicity [Tuby
et al., 2007]. These results support the postulation of Karu [1990],
who argued for the existence of “window-specificity” at certain
wavelengths and energy dosages.

Laser irradiation stimulated BMP2-induced phosphorylation of
Smad1/5/8 in both C2C12 cells and POBs. However, the molecular
mechanism by which laser irradiation enhances BMP2-induced
phosphorylation of Smad1/5/8 remains unclear. BMP signaling
could be modified by laser irradiation in either the extracellular or
the intracellular compartment. It is well known that BMP signaling
is negatively regulated by the inhibitory Smads (Smad6 and Smad7),
the E3 ubiquitin ligases (Smurf1l and Smurf2), and transcriptional
corepressors such as c-Ski, SnoN, and Tob [Katagiri et al., 2008].
Among these, we examined the effect of laser irradiation on the
expression of Smad6 and Smad7, which directly inhibit Smad1/5/8
phosphorylation by preventing the association between these Smads
and BMP receptors. We found that laser irradiation did not affect
Smad6 or Smad7 expression levels. Therefore, laser irradiation
might modify the affinity and/or avidity of BMPs for BMP receptors
or directly modulate the kinase activity of BMP receptors. Further
studies will be required to reveal the details of the mechanism by
which laser irradiation promotes BMP-induced phosphorylation of
Smad.

Some reports have suggested that laser irradiation can stimulate
bone formation by inducing the expression of not only IGF-1
[Shimizu et al., 2007] and TGF- [Khadra et al., 2005], but also BMP
ligands and Smad proteins [Matsui et al., 2008]. We observed that
LLLI enhanced BMP2-induced levels of BMP2 but not BMP4 or
IGF-1 1 and 3 days after irradiation. LLLI also enhanced Id 1, Osterix,
and Runx2 expression. Although the role of Id1 in osteoblast
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differentiation has not yet been clarified, both Osterix and Runx2 are
known to be important regulators of osteoblastogenesis [Komori
et al., 1997; Nakashima et al., 2002]. Both BMP2-induced BMP2 and
Osterix expression might be involved in the biphasic induction of
ALP expression. These results suggest that LLLI affects osteoblast
differentiation by stimulating multiple steps that are required for the
differentiation of osteoblast progenitors into mature osteoblasts.
Smad1/5/8 signaling is now generally accepted to be a downstream
effector of the BMP signaling pathway and is thus fundamental for
osteoblastic differentiation in response to BMP [Katagiri et al., 2008;
Jimi et al.,, 2010]. Therefore, increasing BMP2-induced Smad
phosphorylation by laser irradiation might contribute to the
phenomenon of increased BMP2-induced osteoblast differentiation
after laser treatment.

Taken together, our results indicate that low-level irradiation
with a Ga-Al-As laser accelerates BMP2-induced osteoblast
differentiation in both C2C12 cells and POBs through the activation
of Smad signaling. Our results also suggest that optimized
stimulation by LLLI in a clinical setting may facilitate autogenous
or BMP2-induced bone formation in areas of defective bone.
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