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Abstract

The aim of this study was to investigate the effects of blue light irradiation on the process of osteogenic differentiation in stem
cells. The cells used in this study were derived from human gingival mesenchymal stem cells (\GMSCs), and were treated with O
(control group), 1, 2, 4 or 6 J/em? blue light using blue light-emitting diodes. Cell growth was assessed by the 3-(4,5-Dimethyl-2-
thiazolyl)-2,5-Diphenyl-2H-tetrazolium bromide (MTT) cell proliferation assay and osteogenic differentiation was evaluated by
monitoring alkaline phosphatase (ALP) activity, alizarin red staining and real-time PCR (RT-PCR). The results of the MTT assay
indicated that blue light inhibited hGMSC proliferation, and the ALP and alizarin red results showed that blue light promoted
osteogenesis. The expression levels of the osteogenic genes runt-related transcription factor2 (Runx2), collagen type I (Coll) and
osteocalcin (OCN) increased significantly (P < 0.05) when cells were irradiated with 2 or 4 J/em? of blue light. In conclusion,
irradiation with blue light inhibits the proliferation of hGMSC and promotes osteogenic differentiation.
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Introduction

The primary pathogenic mechanism of periodontal disease is
the destruction of alveolar bone tissue. Therefore, inhibition of
alveolar bone resorption and promotion of regeneration are
potential approaches for the treatment of periodontal disease
[1]. However, therapeutic techniques that result in complete
regeneration are yet to be developed [2]. Tissue regeneration
engineering provides a new avenue for research into treat-
ments of periodontal disease, and stem cells are fundamental
to this approach. Human gingival mesenchymal stem cells
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(hGMSCs) are adult odontogenic stem cells which exhibit
good stability, colony generation ability and multi-
directional differentiation potential [3—8]. These cells have
attracted the attention of researchers due to their ease of col-
lection, ability to transform into bone cells and high abun-
dance [3—6]. It has been shown that in vivo transplantation
of GMSCs can significantly improve periodontal clinical in-
dicators and promote periodontal regeneration [9]. The pro-
motion of osteogenesis may also be of great interest to
researchers.

Directed differentiation of mesenchymal stem cells re-
quires specific culture environments and external stimuli, in-
volving the extracellular matrix, cytokines and physical fac-
tors [10, 11]. Studies have shown that low-level laser irradia-
tion (LLLI) promotes cytokine secretion, collagen synthesis
and the proliferation and differentiation of osteoblast-like
cells, with a concomitant repair of bone defects [12—15].
With the continuing developments in semiconductor technol-
ogy, light-emitting diodes (LEDs) have gradually replaced
lasers in many research fields. For example, the LED can be
used to promote wound healing [16, 17] and bone regenera-
tion [18]. And the study of low-energy LED treatment of
mesenchymal stem cells is gradually increasing, such as
LED light at a wavelength of 620 nm enhance the proliferation
and osteogenic differentiation of hUMSCs during a long

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10103-019-02750-3&domain=pdf
http://orcid.org/0000-0001-8400-1665
https://doi.org/10.1007/s10103-019-02750-3
mailto:438730587@qq.com

1474

Lasers Med Sci (2019) 34:1473-1481

culture period [19]. But its effect on the proliferation and
osteogenic differentiation of hGMSCs has not yet been inves-
tigated. In this study, we irradiate hGMCSs with different
energy densities by using low-energy blue LEDs in order to
elucidate the effects of light energy on the proliferation and
osteogenic differentiation of hGMSCs.

Materials and methods
Cell culture

The study was approved by the Ethics Committee of the
Affiliated Hospital of Stomatology Southwest the isolation
of hGMSCs (contract grant 20180314001). The eligibility
criteria for participants were as follows: all donors were in
good general health and exempt from oral and systemic dis-
eases and extraction needed for orthodontic teeth for ortho-
dontic reasons. The samples were repeated four times in the
experiments.

hGMSCs were obtained according to the protocol of Laura
Tomasello et al. [20]. Clinically healthy gingival tissue was
extracted and washed three times with phosphate buffered
saline (PBS). Gingiva use was approved by the patient in-
formed consent and the biomedical science research ethics
committee of the stomatological hospital of Southwest
Medical University. The epithelial tissue was removed, then
the remaining tissue was cut into 2 x 2 x I mm and mixed 1:1
(v/v) with 3 mg/ml collagenase I (BioSharp Inc., USA) and
4 mg/ml dispase II (Gibco, Carlsbad, CA, USA). The mixture
was incubated for 15 min at 37 °C under agitation then cen-
trifuged at 1000 rpm for 5 min. The cells were then seeded into
a tissue culture flask and incubated in Dulbecco’s modified
Eagle’s medium (DMEM; Hyclone, Shanghai, China) at
37 °C in a humidified atmosphere of 5% CO,. The culture
medium was changed twice a week. For subculture, cells were
detached with 0.25% trypsin (AMRESCO, Solon, OH, USA)
and passaged at a ratio of 1:2 when they had grown to 80-90%
confluence. The P2 gingival cells were digested and cells were
purified individually. The obtained cells were identified as
hGMSCs.

Experimental groups

According to the preliminary experiments and the calcula-
tion formula (energy density = power density X irradiation
time), cultures were divided into five groups according to
the intended energy of LED irradiation: 1 J/cm®—irradiated
for 10 s, 2 J/cm?—irradiated for 20 s, 4 J/cm’—irradiated for
40s, 6 J/cm>—irradiated for 60 s and not irradiated—control
group.
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Irradiation procedure

A blue light LED (LUX VI; Zhuomuniao, China) with a con-
tinuous output and a wavelength of 420—480 nm (1-W output)
was used for this study. The distance from the LED to the cell
layer was 1 cm (Fig. 1a). The diameter of the light spot on the
irradiated cultures was 3.5 cm. At the cell-layer level, the
power density was 100 mW/cm?. According to the experi-
mental design, the cells were irradiated consecutively for
10 s, 20 s, 40 s and 60 s every other day, and the first day of
irradiation was denoted day 1. The irradiation was done for
28 days, and the corresponding detection was carried out ac-
cording to the experimental design requirements. Non-
irradiated cells were cultured under the same conditions as
irradiated cells. All irradiations were done by the same
operator.

Cell proliferation assays

Cell proliferation assays were obtained according to the pro-
tocol of Pagin M T et al. [21]. The hGMSCs were seeded into
96-well plates (2.5 x 10* cells/well) with DMEM supplement-
ed with 10% foetal bovine serum (FBS). At the second day,
the culture medium was aspirated and replaced with osteogen-
ic differentiation media (ODM; Cyagen Biosciences,
Guangzhou, China). The irradiation was done at days 1, 3,
5, 7 and 9. The 3-(4,5-Dimethyl-2-thiazolyl)-2,5-Diphenyl-
2H-tetrazolium bromide (MTT) assay was carried out on the
first, third, fifth, seventh and ninth days after cells irradiation.
At the end of the respective incubation time, the supernatants
were discarded and 200 pl of MTT solution [5 mg MTT/
phosphate buffered saline (PBS)] was added to each well.
After an additional 4-h incubation period, the supernatant
was discarded and 200 pl dimethyl sulfoxide was added to
solubilise the formazan crystals. The absorbance of each well
was measured at 490 nm (Bio-Tek, USA) and the cell growth
curve plotted with the average absorbance at each time point.
Data were recorded in triplicate.

Alkaline phosphatase activity

Alkaline phosphatase activity was obtained according to the
protocol of Jyun-Yi Wu et al. [22]. The purpose of this study
was to detect early osteoblast differentiation products.

The hGMSCs were seeded into 35-mm dishes (2 x 10*
cells/ml). After the cells were confluent to 50-60%, the me-
dium was changed to ODM and blue light was applied ac-
cording to the experimental design. The irradiation was done
every other day for 14 days. An ALP activity assay was per-
formed at 7 and 14 days. Cells were washed three times with
PBS and fixed in 4% paraformaldehyde for 30 min.
Paraformaldehyde was removed by aspiration and the cells
washed twice with PBS. Following the standard ALP staining
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Fig. 1 The influence of low-energy blue light on the proliferation of
hGMSCs. a The photo that shows the led irradiation for the experiment.
b The cell proliferation rate of each experimental group was reduced at
every time point on days 3, 5, 7 and 9 compared with the control group

protocol, staining reagent was added to the hGMSCs and the
cells left to stand for 15 min at 37 °C in the dark. The staining
reagent was removed by aspiration, then the cells were
washed twice with double distilled water. Subsequently, the
cells were observed under a phase-contrast microscope, and
the findings were compared with the control group.

On days 7 and 14, the cells were digested, washed three
times with PBS and 500 pl of 1% TritonX-100 added to each
dish. Dishes were incubated at 37 °C for 40 min. Lysis buffer
was added according to the instructions in the ALP activity kit
(Nanjing Jiancheng Biological Engineering Institute, Nanjing,
China). The total protein concentration in the cell lysate was
measured using the bicinchoninic (BCA) assay (Lipulai,
Beijing, China) and the activity of ALP per gram protein
was calculated.

Alizarin red detection activity

According to previous report [22], the purpose of this study
was to detect late osteoblast differentiation products. The irra-
diation was done every other day for 28 days.

(P=0.000). No significant difference in the rate of proliferation of any
experimental group was seen on day 1 (P>0.05) (¥*P <0.05; NS, not
statistically significant). Interestingly, the proliferation ability of hGMSCs
in the 2 J/em® group was weaker than in other experimental groups

On day 28, cells which were in the petri dish were washed
three times with PBS. Paraformaldehyde (4%) was added and
the cells incubated for 30 min Paraformaldehyde was removed
and cells were washed twice with PBS. A 0.2% solution of
alizarin red dye (Beijing Solarbio Science & Technology Co.,
Beijing, China) was added and the cells allowed to stand for
15 min. The staining reagent was removed, cells washed twice
with double distilled water and imaged using an optical mi-
croscope. To quantify the staining, cells were destained by
adding 5 ml of cetylpyridinium chloride solution [5 mg
cetylpyridinium chloride/double distilled water] (Beijing
Solarbio Science & Technology Co., Beijing, China) and in-
cubating at room temperature for 30 min. The supernatant was
pipetted into a 96-well plate and the absorbance of each sam-
ple measured at 562 nm (Bio-Tek, USA). Cetylpyridinium
chloride solution was used as the blank.

Real-time polymerase chain reaction analysis

According to the effect of light on the proliferation of
hGMSCs and osteogenic differentiation, the analysis showed
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that the osteogenic differentiation of hGMSCs under the irra-
diation of 2 J/em? and 4 J/cm?® was stronger than other kinds of
light energy. Therefore, 2 J/cm?® and 4 J/cm? light energy were
selected for the next stage of RT-PCR.

Total RNA extraction was carried out using the Trizol kit
(Beijing Baiao Science & Technology Co., Beijing, China) as
per the manufacturer’s instructions on day 7. Real-time PCR
reactions were performed with the QuantiTect SYBR Green
PCR kit (Qiagen, Hilden, Germany) and an IcycleriQ Multi-
color Real-time PCR Detection System (Bio-Rad). The expres-
sion of genes was calculated by the method of 24T as de-
scribed previously. The primers for specific genes were shown
in Table 1. Real-time polymerase chain reaction (RT-PCR) was
performed to analyse the expression levels of osteogenic-
related gene type I (COLI), osteocalcin (OCN) and Runx?2 in
each group of cells. The PCR reaction system and conditions
used were strictly in accordance with the product specifications.

Statistical analysis

All statistical calculations were performed with SPSS13.0 sta-
tistical software. The Bonferroni Correction was used between
cell proliferation groups and P < 0.05 showed statistically sig-
nificant differences within the groups. The ALP and alizarin
red detection activity were analysed by one-way ANOVA.
The results of RT-PCR were compared using the two sample
and paired design 7 tests. The ANOVA and ¢ tests were eval-
uated at the 95% confidence level (P < 0.05).

Results

Inhibition of cell growth following blue light
irradiation

The growth curve was plotted for each group of cells using the
results of the MTT assay (Fig. 1b). Each experimental group
showed a reduced rate of proliferation at every time point on
days 3, 5,7 and 9 (P =0.000 < 0.05). There was no significant
difference in the rate of proliferation between irradiated
groups (P> 0.05), but the cell proliferation rate in the 2 J/
cm? group at 3, 5, 7 and 9 days was slower than that in other
groups.

Table 1 Primers used in the RT-PCR

Target gene Forward primer Reverse primer

Runx2 GACGAGGCAAGAGT TTCCCGAGGTCCATCTA
TTCA

Osteocalcin  AGGGCAGCGAGGTA CCTGAAAGCCGATG
GTGA TGGT

COL1 AGGGTCACCGTGGC ACCGTTGAGTCCAT
TTCT CTTTGC
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Effect of blue light irradiation on osteogenesis

The results of ALP staining on days 7 and 14 are shown in
Fig. 2a. The levels of ALP were higher in every experimental
group than in the control group. The groups that were irradi-
ated with 2 J/em® and 4 J/cm? of blue light showed similar
levels of ALP, which were higher than other groups. As
Fig. 2a show, the levels of ALP were higher on day 14 than
day 7.

On day 7, the ALP activity had increased for every exper-
imental group in Fig. 2b. Specifically, after the cells had been
exposed to 1,2,4 or6 J/em? of blue light, ALP activities were
equivalent to 106%, 251%, 162% and 105% of the control
group activities respectively. On day 14, the ALP activity of
all experimental groups had increased further in Fig. 2b.
Specifically, the ALP activities of cells that had been exposed
tol,2, 40r6 J/em?® of blue light had increased to 175%,
251%, 254% and 161% of the control group activities
respectively.

Mineralisation of nodules in response irradiation

Samples stained with alizarin red on day 28 are shown in
Fig. 2a. Following irradiation with 6 J/cm? blue light, the
number of mineralised nodules within the cells was higher
than in other experimental groups, but differences in staining
intensity could not be clearly distinguished.

The results of the alizarin red enzyme standard assay are
shown in Fig. 2b. Irradiation promoted the mineralisation of
hGMSCs, with statistically significant differences seen be-
tween all experimental groups and the control group (P =
0.000 < 0.05). Following irradiation with 1, 2, 4 or 6 Jem?
blue light, the alizarin red activities were equivalent to 112%,
124%, 122% and 156% of the control respectively.

Changes in gene expression following irradiation

The effects of irradiation on total RNA were analysed by gel
electrophoresis and the results are shown in Fig. 3a. It can be
seen from the figure that the extracted RNA has good integri-
ty, which can be further studied. The relative expression levels

Fig. 2 Effect of blue LED on osteogenic differentiation of hGMSCs. a P>
Alkaline phosphatase staining on days 7 and 14, and alizarin red staining
on day 28. b Analysis of ALP activity on day 7. The largest effects were
seen in hGMSCs irradiated at doses of 2 and 4 J/cm?, in which activity
increased to 251% and 162% of the control respectively (**P<0.01).
Analysis of ALP activity on day 14. All groups showed increased
activity following irradiation, with 1 Jem?, 2 J/em?, 4 J/em?® and 6 J/
cm? showing levels of 175%, 251%, 254% and 161% of the control
group respectively (**P<0.01). Analysis of mineral nodule formation
on day 28. Increased staining intensity was seen in all groups of
irradiated hGMSCs, with 1 J/cm?, 2 J/em?, 4 J/cm? and 6 J/cm?
resulting in staining intensities of 112%, 124%, 122% and 156% of the
control group respectively (¥**P < 0.01)
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Fig. 3 Effect of blue LED on
DNA synthesis in hGMSCs. a
Total RNA was isolated on day 7.
b The mRNA levels of COL1,
OCN and Runx2. Total RNA was
isolated on day 7 (**P < 0.01)
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of COL-1, Runx2 and OCN are shown in Fig. 3b. Cells that
were exposed to 2 Jem® and 4 J/em® of blue light showed
significant increases in the expression of all three genes (P =
0.008 < 0.05). The degree of upregulation was similar for both
the 2 J/em?® and 4 J/em? groups, with no significant difference
between the two (P> 0.05).

Discussion

Light-emitting diodes are an economical, energy-saving and
safe alternative to LLLIs [23]. Among the available LEDs, red
LEDs have been utilised in clinical and scientific research
[24-26], but information on the use of blue LEDs is relatively
scarce. It has been reported that greater effects were seen on
the proliferation and osteogenic differentiation of epithelial
and amniotic fluid—derived mesenchymal stem cells when
blue LED irradiation was applied compared with red LED
irradiation [27, 28]. This indicates that the use of blue LEDs
could affect the proliferation and differentiation of stem cells.

Low-energy blue LEDs can induce various biological ef-
fects in cell systems [27, 29, 30]. In clinical treatment of the
oral cavity, blue light-emitting curing lights is small and pre-
cise, and the operator can set the specific irradiation time of
the instrument, making it an ideal experimental system. Low-
energy lasers have various biological effects on cells and tis-
sues. When the energy density is in the range of 1-4 J/em?, it
will have an effective photobiological effect on osteoblasts
and mesenchymal stem cells [31, 32], with no negative effect
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on normal nuclei [33, 34]. Previous study reported that 660-
nm LED irradiation could promote cell proliferation and oste-
ogenic differentiation of human periodontal ligament cells
with doses of 1, 2 or 4 J/em? [22]. In this study, treatment with
low-energy blue LEDs (420-480 nm) showed an inhibitory
effect on the proliferation of hGMSCs. The reason why the
two results differ needs further investigation. Based on the
antagonism of stem cell proliferation and differentiation
[35], it is therefore speculated that low-energy blue LED pro-
motes the differentiation of hGMSCs.

We hypothesise that at the point when hGMSCs are in-
duced to differentiate into osteoblasts, the effects of blue
LED irradiation have already occurred. The blue light affects
cells when growth is at its most vigorous. The results of this
study support those of other scholars including Liebmann [27]
and Higuchi [30]. Previous studies have found that blue light
has an inhibitory effect on the proliferation of epithelial cells
and amniotic fluid—derived mesenchymal stem cells, but the
magnitude of the inhibition and energy dependence is not
known. This study found that irradiation with light of various
energies inhibited the proliferation of hGMSCs, but the most
significant effect was seen using 2 J/cm® light energy. From
this, the specific mechanism of low-energy blue light regula-
tion of proliferation and osteogenic differentiation of
hGMSC:s can be elucidated.

After the differentiation of mesenchymal stem cells begins,
bone signature proteins begin to be expressed [35, 36], includ-
ing the enzymes ALP, OCN, Runx2 and COL-1. In this study,
according to Fig. 2, the expression of ALP was significantly
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higher in the 2 J/em?® and 4 J/em? groups than other experimen-
tal groups or the control group. This indicates that blue LED
can promote early osteogenic differentiation of hGMSCs.

To our knowledge, the effects of blue light on the formation
of mineralised nodules of hGMSCs in the late stages of oste-
ogenic differentiation have not been studied. This experiment
provides a preliminary study in this direction. Through quan-
titative analysis of alizarin red staining, it was found that blue
light promotes the osteogenic differentiation of hGMSCs, and
irradiation with 2 J/cm? and 4 J/cm? promoted the
mineralisation of hGMSCs, specifically the early stages of
mineral nodule formation. The significant promotion of
mineralisation seen following irradiation with 6 J/cm® sug-
gests that blue LEDs emit an appropriate range of light energy,
and that the gradual increase of energy can promote the for-
mation of late mineralised nodules.

Ozawa [32] suggested that light-induced osteogenesis plays
arole in early differentiation. So in this study, the osteogenesis-
related genes were detected by RT-PCR on day 7. The three
genes COL-1, Runx2 and OCN are markers of mesenchymal
stem cell maturation and osteoblasts [35, 37]. The high levels of
ALP expression and activity on day 7 in the 2 J/cm® and 4 J/
cm? groups suggested that blue light induced changes in gene
expression in early osteogenic differentiation. Therefore, the
expression levels of the three other marker enzymes (COL-1,
Runx2 and OCN) were also analysed in the 2 J/cm? and 4 J/cm?
groups. Expression levels of all three genes were significantly
increased after irradiation, indicating that blue LED treatment
promotes the early differentiation of hGMSCs. Our results re-
vealed that COL-1 is an early osteogenic differentiation gene
and its expression level was the highest of the three genes
studied on day 7. Runx2, as an osteogenic gene expressed
during the middle period of osteogenic differentiation, had a
lower expression level than COL-1. Expression levels of OCN,
a late osteogenic gene, were lower than the former two in all
conditions. The experimental data are consistent with the oste-
ogenic gene expression seen during the differentiation of mes-
enchymal stem cells into osteoblasts [38].

The promotion of osteogenic differentiation of hGMSCs
by blue light may provide an avenue for accelerating this
differentiation. At the genetic level, the increased expression
of osteogenic genes indicates that light irradiation enhanced
the osteogenic potential of hGMSCs. An understanding of this
phenomenon is beneficial to the development of regenerative
therapeutics and may enable the complete restoration of alve-
olar bone tissue. However, the use of blue LEDs combined
with hGMSC:s as seed cells in periodontal tissue regeneration
still requires further study.

In summary, the proliferation of hGMSCs was analysed
under different light energy irradiation. The ALP staining
and activity analyses highlighted that blue light promotes the
early osteogenic differentiation of hGMSCs, while alizarin red
analysis revealed the impact of various energies of blue light

on mineralisation ability. The expression of COL-1, Runx2
and OCN genes were detected by RT-PCR, and the effects
of low-energy LED blue light on the proliferation and osteo-
genic differentiation of hGMSCs were preliminary explored.
However, further exploration into the specific mechanism
through which LED blue light affects the proliferation and
osteogenic differentiation of hGMSCs. Published studies have
shown that the effect of red LED irradiation on cells is mainly
through the resonance with intracellular mitochondria, which
alters the biological properties of cells [39]. Therefore, the
influence of blue light on the secretion of cytokines and func-
tion of mitochondria requires further study.

However, the specific mechanism of low-energy LED blue
light on gingival mesenchymal stem cell proliferation and
osteogenic differentiation is still unclear. Further studies are
necessary to clarify this matter.

Conclusion

Low-energy blue LED at 1, 2, 4 and 6 J/cm? inhibits the
proliferation of hGMSCs and promotes osteogenic differenti-
ation. 2 J/cm? and 4 J/em? light energy can significantly pro-
mote early osteogenic differentiation, and 6 J/cm? light energy
promotes advanced osteogenic differentiation.
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