
INTRODUCTION

In recent years, light has been used in various
roles18 in medical treatment of the human body,
and phototherapy, which is frequently used to com
plement this treatment, has been attracting atten
tion. Niels Finsen1 first reported the application of
phototherapy over a century ago after it was first
used for the treatment of dermatological disorders.
Phototherapy induces several different effects, in
cluding cell proliferation,2 wound healing,3 pain re
lief,4 and antiinflammation treatment.5 Previous
studies in the field of dental research have also
shown the potential beneficial effects of photother
apy for the treatment of oral mucositis,6 candidosis,7

and dentin hypersensitivity.8

Antibacterial photodynamic therapy using light
emitting diodes has been shown effective against
periodontitis and periimplantitis, and their clinical
application has been used in combination with a
photosensitizer such as methylene blue.9 In recent

years, there has been research on the application
of photodynamic therapy using LEDs in regenera
tive medicine. This method uses “ light ” as one
method of host activation, which is one of the three
elements of regeneration. Phototherapy or lowlevel
light therapy (LLLT) uses lowpower lasers or LEDs
of less than 500 mW in the red to nearinfrared
(NIR) spectrum (6001100 nm) to promote tissue
repair, reduce inflammation, and relieve pain in a
range of health fields.10 We reported that irradiation
of human periodontal ligament stem cells with high
power red LEDs under appropriate irradiation con
ditions promotes hard tissue differentiation.11 This is
an application of LEDs that does not require photo
sensitizers. We have also reported that LEDs have
been applied to bone marrow mesenchymal cells
and osteoblasts to promote hard tissue differentia
tion.12

Dental pulp plays a key role in body defense
functions, such as sensing stimuli to the tooth, and
has the ability to form secondary dentin that inhibits
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bacterial invasion.13 Human dental pulp stem cells
(HDPSCs) are often used in tissue engineering due
to their multipotency.14 As a cell source of undiffer
entiated mesenchymal stem cells, they are a candi
date for cell therapy to regenerate hard tissue dur
ing periodontal regenerative therapy and implant
surgical operations. We investigated the effect of
highpower, red LEDs on cell proliferation, and the
osteogenic differentiation and mineralization of
HDPSCs.

MATERIALS AND METHODS

Culture of human dental pulp stem cells
HDPSCs ( Lonza Walkersville, Walkersville, MD,
USA ) were cultured in mesenchymal stem cell
growth medium with a 10% supplementary mix in
75 cm2 culture dishes at 37°C with 5% CO2. The
culture medium was changed every 3 days. All ex
periments were performed using cells at passages
35. Osteogenic differentiation assays were per
formed using osteogenic medium (OM) containing
50 μM Lascorbic acid 2phosphate ( Nacalai
Tesque, Kyoto, Japan), 10 mM βglycerophosphate
(Wako Pure Chemical Industries, Tokyo, Japan) ,
and 10 nM dexamethasone (Wako Pure Chemical
Industries).

Irradiation procedure
This study employed an LZ 100 R 205 Deep Red
LED prototype emitter (LedEngin, Santa Clara, CA,
USA) that emits red light specifically at wavelengths
of 600 to 700 nm with a peak at 650 nm. The inten
sity of radiant energy was confirmed by a Nova II
power meter (Ophir, North Andover, MA, USA). The
distance from the LED to the cell layer was 40 mm,
while the spot size was 4 cm2. The intensity at well
level was 200 mW/cm2. Radiant exposure can be
calculated by multiplying the intensity by the expo
sure time. The total radiant exposures were at 6 J/
cm2 for 30 s with continuous output. Over these ir
radiation periods, there were no detectable tem
perature changes compared to the controls.

Alkaline phosphatase activity assay and stain-
ing
HDPSCs were seeded into 24well plates at a den
sity of 4×104 cells/well and cultured to confluence
in a normal culture medium. The culture medium
was then replaced with osteogenic medium. After
12 hours, the cells were subjected to irradiation. Af
ter 1 or 2 weeks, the cells were washed and fixed
and stained with alkaline phosphatase (ALP) with
an Alkaline Phosphatase Staining Kit (Cosmo Bio,
Tokyo, Japan). For measurement of ALP activity,
cells were washed with phosphatebuffered saline
(PBS) and lysed in 0.2 % Triton X100, and the ALP
activity was quantified by onestep pnitrophenyl
phosphate (pNPP; Thermo Fisher Scientific, Rock
ford, IL, USA). ALP activity was normalized to the
amount of DNA. DNA content was measured by a
DNA assay kit (Thermo Fisher Scientific), and data
were analyzed using SoftMax Pro software (Mo
lecular Devices, LLC., Sunnyvale, CA, USA).

Mineralization assay and Alizarin red staining
Calcium depositions in the extracellular matrix were
observed by Alizarin Red S staining. Following the
same seeding, growth, and irradiation procedures
described for ALP, HDPSCs were cultured in osteo
genic differentiation medium for 1 and 2 weeks.
The cells were then washed with PBS and fixed
in 70% ethanol for 10 minutes at − 20°C. The
HDPSCs were stained with a solution of 1% Aliza
rin Red S (Wako Pure Chemical Industries) for 3
minutes at room temperature and then washed with
PBS. Extracellular calcium depositions were meas
ured after dissolving precipitates with 10% formic
acid. The amount of calcium was measured using a
calcium detection kit (Wako Pure Chemical Indus
tries) following the manufacturer’s instructions. Ab
sorbance was measured at 610 nm using a multi
microtiter reader.

Osteocalcin enzyme-linked immunosorbent as-
say (ELISA)
The sandwich enzyme immune assay used in this
study was specific for human osteocalcin and
measured its levels directly in cell osteogenic cul
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ture supernatants after 1 and 2 weeks of culture
following the same seeding, growth, and irradiation
procedures described for ALP. Osteocalcin (OCN)
levels in the culture supernatant were quantified
with an OCN detection kit (GLAtype Osteocalcin
EIA Kit ; Takara Bio, Shiga, Japan), following the
manufacturer’s instructions.

Quantitative real-time polymerase chain reaction
Gene expression changes of Runx2 mRNA was
determined by quantitative realtime polymerase
chain reaction (PCR) in osteogenic cultures grown
for 1 and 2 weeks. Total RNA was isolated using
an RNeasy Mini Kit (Qiagen, Venlo, Netherlands),
and 10 μL RNA from each sample was reverse
transcribed into cDNA using a PrimeScript RT re
agent kit (Takara Bio) . All realtime PCR assays
were performed using the TaqMan RealTime PCR
assay system (Thermo Fisher Scientific) following
the manufacturer’s instructions. Gene expression
levels were calculated using the ΔΔCt method15 and
normalized to GAPDH expression.

Immunofluorescence staining
HDPSCs were seeded in 24well plates at 5×104
cells/mL in 1 mL normal culture medium. After cul
turing of 1 day for cell adhesion, the cells were se
rum starved in osteogenic medium for 12 hours and
then subjected to irradiation at the optimal LED en

ergy density of 6 J/cm2. After irradiation, the cells
were fixed with 4% paraformaldehyde, washed with
PBS, and permeabilized with 0.5% Triton X100 di
luted in PBS. Blocking was performed with a 3%
bovine serum albuminphosphate buffer solution
(SigmaAldrich) diluted in PBS and then incubated
overnight at 4°C with diluted primary rabbit antibod
ies against dentin sialophosphoprotein (DSPP). Im
munofluorescence staining was performed using Al
exa Fluor 488Ⓡ (Thermo Fisher Scientific). Nuclei
were then stained using DAPI (Dojindo Laboratory,
Kumamoto, Japan) and images were captured us
ing a confocal laser scanning microscope (Zeiss In
ternational, Optical and Optoelectronic Technology,
Oberkochen, Germany).

Statistical analyses
Statistical analyses were performed using IBM
SPSS Statistics Ver. 17 (IBM, Chicago, IL, USA).
Oneway analysis of variance followed by Tukey’s
posthoc test was used to determine significance at
the 5% level.

RESULTS

Production of alkaline phosphatase activity and
staining
Intracellular ALP production in the 6 J/cm2 LED irra
diation group was significantly enhanced compared
with nonirradiation group (Fig. 1 A), and ALP stain

Fig. 1 (A) highintensity red LED irradiation promotion of ALP activity by ALP activity measured at 1 and 2 weeks.
The amount of ALP was normalized to the amount of DNA to normalize ALP activity. (B) ALP staining of HDPSCs
after LED irradiation and culture for 1 and 2 weeks (*p＜0.05 vs control, Bar: 100 μm).
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ing showed that the LED irradiation group was
stained darker (Fig. 1 B).

Calcium deposition and Alizarin red staining
Extracellular calcium deposition from the 6 J/cm2

LED irradiation group was significantly enhanced
compared with the nonirradiation group (Fig. 2 A),
and the Alizarin red staining showed that the LED
irradiation group was stained darker (Fig. 2 B).

Osteocalcin production
Osteocalcin secretion in the 6 J/cm2 LED irradiation
group was significantly increased at 1 and 2 weeks

compared with the nonirradiation group (Fig. 3).

Runx2 mRNA expression
Runx2 mRNA in the 6 J/cm2 LED irradiation group
was significantly enhanced at 1 and 2 weeks com
pared with the control group (Fig. 4).

Dentin sialophosphoprotein production
LED irradiation significantly promoted production of
dentin sialophosphoprotein at 1 and 2 weeks. The
2week group stained strong positively compared
with 1week group (Fig. 5).

Fig. 2 (A) Enhancement of mineralization around HDPSCs by highintensity red LED irradiation. Extracellular calcium
deposition was measured at 1 and 2 weeks. (B) Calcified nodules formed by Alizarin red staining at 1 and 2 weeks
(*p＜0.05 vs control, Bar: 100 μm).

Fig. 4 Promotion of the production of osteocalcin (OCN)
from HDPSCs by highintensity red LED irradiation at 1
and 2 weeks (*p＜0.05 vs control).

Fig. 3 Elevation of Runx2 mRNA expression in HDPSCs
by highintensity red LED irradiation at 1 and 2 weeks (*p
＜0.05 vs control).
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DISCUSSION

The results of this study indicated that high
intensity, red LED irradiation promotes the osteo
genic differentiation and mineralization of HDPSCs.
Pulp tissue has the property of differentiating into
hard tissue. The regenerative ability makes secon
dary dentin and creates a cell source for the treat
ment of hard tissue regeneration in the oral cavity.
Considering that regeneration of hard tissue is
mainly enhanced by cell osteogenic differentiation,16

the present study investigated the effects of high
intensity LEDs on osteogenic differentiation and
mineralization of HDPSCs. ALP, as a marker of os
teogenic phenotype, indicates the activity of the
hard tissue formation process.17 The noncollagen
OCN in the bone matrix is a late marker for os
teoblast differentiation.18 We measured ALP activity,
the degree of ALP staining, and OCN secretion in
this study and confirmed that the highintensity
LEDs affected the osteogenic differentiation of
HDPSCs throughout the early to late stages. Aliza
rin red staining is used to determine the presence
of calcified nodules in the bone matrix;19 the amount
of calcium was measured using a calcium quantifi

cation kit. The results of this study suggest that
highintensity LED irradiation promotes the minerali
zation of HDPSCs.
Runx2 is one of the essential transcription factors

during the early stages of osteogenic differentia
tion.20 Runx2 further promotes the differentiation of
the cells into immature osteoblasts after differentiat
ing into preosteoblasts.21 The expression of Runx2
induces mesenchymal stem cells to commit to the
osteoblastic lineage, differentiating into mature os
teoblasts, and terminally differentiating into osteo
cytes.21 The COL1A1 gene encodes the proalpha 1
chains of type I collagen, which is found in most
connective tissues, including cartilage, and plays
an important role in bone formation.22 Our results
showed that highintensity LED irradiation enhanc
ed the expression of transcription factors necessary
for osteogenic differentiation and bone formation.
Dentin sialophosphoprotein is a precursor protein

for other proteins found in the teeth. It is produced
by odontoblasts in dental pulp, and in smaller quan
tities by osteoblasts and osteocytes. It is required
for the normal mineralization of teeth.24 The results
of this study suggest that highintensity LEDs pro
mote the expression of dentin sialophosphoprotein.
Turrioni et al.25 reported that infrared LED irradia
tion was capable of biostimulating cultured stem
cells from human exfoliated deciduous teeth by in
creasing the expression and synthesis of proteins
associated with the mineralization of tissue such as
as ALP, collagen, and dentin sialophosphoprotein.
Although the properties of the cells may be slightly
different, it is consistent with our results that hard
tissue differentiation is promoted by irradiating stem
cells from an extracted tooth with an LED.
In summary, we found that highintensity, red

LED irradiation promotes the osteogenic differentia
tion of DPSCs. We believe that highintensity, red
LED irradiation is useful for the formation of tertiary
dentin, which will further promote the capacity for
hard tissue to differentiate and calcify.
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