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High-fluence low-power laser irradiation promotes
odontogenesis and inflammation resolution in periodontitis
by enhancing stem cell proliferation and differentiation
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Abstract. Periodontitis can exert a severe impact on the life
of patients, and the use of stem cell therapy for this disease
is promising. The inflammatory response consequent to
periodontitis can promote stem cell proliferation. Activated
inflammation triggers inhibitory cytokine secretion, thus
reducing inflammation subsequent to stem cell activation.
High-fluence low-power laser irradiation (HF-LPLI) has
the ability to regulate stem cell function through its effect
on inflammation. Thus, the aim of the present study was to
examine whether HF-LPLI is able to activate stem cells to
promote regeneration in periodontitis by promoting inflamma-
tion resolution, as well as to evaluate the underlying mechanism
of action if an effect is observed. Stem cells were treated
with HF-LPLI following inflammation activation. Reverse
transcription-quantitative polymerase chain reaction and EdU
assay were used to evaluate cell proliferation and differentia-
tion. Flow cytometry and immunofluorescence were also used
to detect the ability of HF-LPLI to regulate the surrounding
inflammatory environment. Animal models of periodontal
disease were treated with stem cells and HF-LPLI, and
regeneration was detected by hematoxylin and eosin staining
and in vivo imaging. It was observed that HF-LPLI promoted
inflammation resolution by reducing the excessive inflamma-
tory response, and finally stimulated stem cell proliferation
and differentiation. Furthermore, in vivo results revealed that
stem cells treated with HF-LPLI induced bone regeneration.
HF-LPLI stimulated stem cell proliferation and differentiation
by promoting inflammation resolution subsequent to stem cell
activation, providing a new strategy for the clinical treatment
of periodontitis.
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Introduction

Periodontitis is a chronic inflammation of supporting tissues
caused by specific bacteria adhering to and growing on the
surfaces of the teeth, which can even cause dental pulp defects
and numerous systemic diseases, including pneumonia and
cancer (1-3). Available treatments, such as gingivectomy,
orthodontic therapy and periodontal splint fixation, are associ-
ated with high recurrence rate and pain (4,5). Recently, stem
cell regeneration appears to provide a new direction in the
treatment of periodontitis (6). Dental pulp stem cells (DPSCs)
and periodontal ligament stem cells (PLSCs) represent the
basis for an effective treatment due to their regenerative
ability (7). Short treatment time, absence of pain and no
recurrence are the most marked advantages of using these
stem cells (8-10). However, local inflammation not only blocks
the normal physiological cell activities, but also damages the
cells (7). Therefore, enhancing the treatment effect associ-
ated with the understanding of the mechanism is of utmost
importance, while improving the inflamed microenvironment
and/or promoting rapid cell proliferation and differentiation
may represent potential therapeutic strategies.

Periodontitis is characterized by neutrophils and macro-
phages (M®s) that infiltrate the tissues surrounding the teeth
and mediate inflammation, representing the main reason for
the worsening of the microenvironment, causing damage and
bone resorption (11). M®s can be divided into M1 and M2,
depending on their metabolism (12). M1 secret pro-inflamma-
tory cytokines and chemokines, while M2 secret cytokines that
decrease inflammation, including interleukin (IL)-10 and trans-
forming growth factor (TGF)-f (12,13). Previous studies have
reported that certain inflammatory factors or a specific local
microenvironment promote stem cell proliferation (14,15).
Therefore, promoting M® transformation from M1 to M2 can
reduce inflammation and achieve a therapeutic effect.

High-fluence low-power laser irradiation (HF-LPLI) serves
an important role in regulating cell proliferation, differentia-
tion, apoptosis and other cell physiological activities (16). It
has been demonstrated that HF-LPLI can also serve a role in
regulating inflammation when used for an appropriated period
of time (17). HF-LPLI light sources include the He-Ne laser
and the GaAs semiconductor laser. In addition, this technique
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has been reported to promote inflammation resolution, which
in turn is associated with myeloperoxidase activity, as well as
cyclooxygenase (COX)-1 and COX-2 gene expression (17).

Therefore, in the present study, it was hypothesized that
HF-LPLI may also promote inflammation resolution by
inducing neutrophil apoptosis and M® reprogramming subse-
quent to appropriate inflammation activation of stem cells, as
well as consequent improvement of osteogenic differentia-
tion, thereby enhancing the efficacy of stem cell treatment to
combat periodontitis. Following in vitro validation of this
hypothesis and the associated mechanism of action by several
techniques, an animal periodontitis model was designed.
Stem cell therapy was used, while HF-LPLI was subsequently
administered. Finally, the difference in cell proliferation and
osteogenic differentiation was evaluated between the control
and experimental groups.

Materials and methods

DPSC and PLSC isolation, identification and culture. DPSCs
were obtained from dental pulp tissue explants. The third
molars of adult patients (age, 16-25 years) were obtained from
the Department of Stomatology at the Liaocheng People's
Hospital (Liaocheng, China). All the patients included were
informed of the condition and agreed to participate in the
research. Teeth were first cleaned by normal saline containing
3% antibiotic-antimycotic solution (Gibco; Thermo Fisher
Scientific, Inc.), and then sterilized dental fissure burs were
used to expose the pulp chamber. Subsequently, dental pulp
tissues were dissected into fragments (<0.5 mm), placed into
a 6-cm dish containing Dulbecco's modified Eagle's medium
(DMEM; Gibco; Thermo Fisher Scientific, Inc., Waltham,
MA, USA) supplemented with 20% fetal bovine serum (FBS;
Gibco; Thermo Fisher Scientific, Inc.) and incubated at 37°C
with 5% CO, for 2-3 weeks. DPSCs were routinely passaged,
and third passage cells were used for further experiments.
An inverted phase contrast microscope (Nikon Corporation,
Tokyo, Japan) was used to observe the cell morphology (18,19).

PLSCs were obtained from teeth from the same hospital.
Initially, the tooth was washed by normal saline containing
3% antibiotic-antimycotic solution (Gibco; Thermo Fisher
Scientific, Inc.). Pulp tissues were separated from the surface
of the tooth. In total, 1 g/lcollagenase type I and 2.4 g/l dispase
(Gibco; Thermo Fisher Scientific, Inc.) were used to digest
the tissues for 1 h at 37°C. Samples were then centrifuged at
400 x g for 4 min at 4°C by TD5Z Multi-frame Centrifuge
(Jintan Changzhou Instrument Factory, Changzhou, China),
and the pellet was collected. Cells were resuspended in DMEM
containing 20% FBS. Cells at the sixth passage were used in
subsequent experiments (20,21).

Flow cytometry. DPSCs and PLSCs were identified by flow
cytometry. The cell suspension was prepared using an icy buffer
(PBS), the cell concentration was adjusted to 5x10° cells/ml.
Next, samples were centrifuged at 1,500 x g for 3 min at 37°C
and the appropriate fluorescent-labeled antibodies were added
to each sample. Anti-STRO-1 antibody was used in DPSCs
(cat. no. ab214086; 1 pug/ml), cluster of differentiation (CD)44
antibody was used in PLSCs (cat. no. ab157107; 1 ug/ml),
and CDI133 antibody was used in both cell samples (cat.
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no. ab19898; 1 ug/ml; all purchased from Abcam (Cambridge,
MA, USA). Subsequent to antibody addition, the samples
were centrifuged at 1,500 x g for 3 min at 37°C, followed by
the addition of 0.5 ml formaldehyde and incubated for 24 h
in -4°C. Rabbit Anti-Rat IgG H&L (horseradish peroxidase;
cat. no. ab6734; Abcam) was added as seconded antibody
and incubated for 8 h in -4°C. Samples were kept at 4°C until
the end of the experimental analysis. Flow cytometry (BD
LSRFortessa™ cell analyzer; BD Biosciences, San Jose, CA,
USA) was finally used to identify the cells (18-21).

The two types of stem cells were cultured into 6-wells
plates (5x10* cells/well). Cells were divided into four groups,
including the control, M®, M®+HF-LPLI, and the M®
followed by HF-LPLI groups. In these groups, the concentra-
tion of M® was 1x10* cells/well. In the M® group, the cells
were co-cultured with M® for 6 h and without HF-LPLI
treated. In the M®+HF-LPLI group, stem cells were treated
with HF-LPLI and simultaneously co-cultured with M®. In
the M® followed by HF-LPLI group, stem cells were treated
with HF-LPLI subsequent to co-culturing with M® for 6 h.

Neutrophil and M® isolation and culture. Male Sprague
Dawley (SD) rats (age 6-8 weeks old, 250-280 g, n=10) were
obtained from the Laboratory Animal Center of Taishan
Medical University (Taian, China). SD rats were cultured in
37°C, relative humidity 45% and 12-h light/dark environ-
ment with low fat diet and free to water. The rats were then
subjected to an intraperitoneal injection of 1 ml 4% thiogly-
collate (Guangzhou SWAN Chemical Co., Ltd., Guangzhou,
China; cat. no. 2365-48-2). After 24 h, 10 ml cold Dulbecco's
phosphate-buffered saline containing 100 U/ml penicillin was
injected into the peritoneum. Peritoneal lavage fluids were
mixed thoroughly and collected. Neutrophils from the fluid
were spun and re-suspended with pre-warmed serum-free
RPMI-1640 medium containing 0.05% bovine serum albumin
(WelGENE, Inc., Pohang, Korea). Cells were plated into a
6-well plate (5x10° cells/well) (22), and divided into the control
and lipopolysaccharide (LPS) group for apoptosis detection
by flow cytometry. In the LPS group, cells were cultured in
medium containing 1 xg/ml LPS (Sigma-Aldrich; Merck
KGaA, Darmstadt, Germany) which was used to create an
inflammatory culture condition.

Rat M®s were purchased from the Shanghai Institutes
for Biological Sciences of the Chinese Academy of Sciences
(Shanghai, China). Cells were cultured in RPMI-1640 medium
(WelGENE, Inc.) containing 10% FBS, 100 U/ml penicillin
and 100 pg/ml streptomycin, followed by plating in a 6-well
plate (4x10° cells/well) and incubation at 37°C in 5% CO,
for 48 h. M®s were divided into three groups, including the
control, LPS and HF-LPLI groups, for immunofluorescence
detection. In the HF-LPLI group, HF-LPLI treatment was
applied following 1 pg/ml LPS incubation for 24 h.

HF-LPLI application. In the present study, a He-Ne laser with
output power at 632.8 nm and a 10.5-mW red laser were used for
HF-LPLI application. For in vitro experiments, samples were
directly treated under 20 J/cm? HF-LPI for 1 h. Furthermore,
oral radiation was performed by optical fiber, 20 J/cm? for 1 h
to the first molars and their periodontal tissue with other teeth
covered by aluminum foil paper (16).
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Apoptosis detection by flow cytometry. Neutrophils and M®ds
cultured in vitro were divided into the control and LPS groups.
The supernatant of cells was collected into a 15 ml centrifuge
tube. EGTA-free trypsin was added to digest the neutrophils, and
trypsin was added to the corresponding centrifuge tube. Next,
PBS was added to wash down the cells attached on the tube.
Samples were centrifuged at 1,000 x g for 3 min, and then PBS
was used to wash the cells twice, following by further centrifuga-
tion at 1,000 x g for 3 min. Subsequently, Annexin V was added
according to the manufacturer's protocol described in the FITC
Annexin V Apoptosis Detection kit (BD Biosciences). Flow
cytometry (BD LSRFortessa™ cell analyzer; BD Biosciences)
was finally used to evaluate apoptosis (23-25).

Caspase-3 activity analysis. The caspase-3 activity of neutro-
phils was detected by a Caspase-3 Activity Assay kit (Beyotime
Institute of Biotechnology, Haimen, China) according to the
manufacturer's protocol. Briefly, samples at 0, 2,4 and 6 h
following HF-LPLI treatment were ground and then incubated
in lysis buffer on ice for 15 min. The mixture was centrifuged
at 16,000 x g for 10 min at 4°C, followed by the addition of
2 mmol Ac-DEVD-pNA (Sigma-Aldrich; Merck KGaA) for
1 h. Absorbance was measured at 405 nm using a microplate
reader (Thermo Fisher Scientific, Inc.). The caspase-3 activity
of each sample was calculated according to the standard curve
and normalized to the total protein concentration (26,27).

Immunofluorescence analysis. M®s were seeded into 6-well
plates at a density of 5x10* per well and incubated for 48 h, and
then were washed three times with PBS, fixed with 4% parafor-
maldehyde for 15 min and subsequently treated with 0.5% Triton
X-100 for 20 min at room temperature. Sufficient dilution of
primary polyclonal anti-rat CD86 (cat. no. MA110293; 1:1,000)
or CD163 (cat. no. AB-2716934; 1:1,000) antibodies against
M1 and M2 (Thermo Fisher Scientific, Inc.) was added to each
slide, and incubated overnight at 4°C. The slides were washed
three times with PBS/Tween-20 for 3 min each time and then
treated with secondary antibodies at 20-37°C in the dark for
1 h. Next, samples were incubated with DAPI (Beyotime
Institute of Biotechnology) for 5 min. Slides were dried
using an absorbent paper, mounted with liquid sealing agents
containing anti-fluorescence quenching reagents and observed
under a fluorescent microscope for image acquisition (28,29).

NO concentration detection. DAF-FM DA (Beyotime Institute
of Biotechnology) was used to detect the NO concentration
in adherent neutrophils. DAF-FM DA was diluted to 1:1,000
using the dilution buffer provided in the kit. Next, samples were
incubated in an incubator for 20 min. Cells were collected,
treated with 5 ymol/l DAF-FM DA, incubated at 37°C for
20 min and subjected to flow cytometry analysis (30).

A total of 7 scalp needles were used to draw blood from
the caudal vein of the SD rats, then centrifuged 2,000 x g
for 2 min at 37°C to obtain the rat serum. In order to detect
the NO concentration in the rat serum, a Nitric Oxide Assay
kit (Sigma-Aldrich; Merck KGaA) was used. The assay
was conducted according to the protocol provided in the
kit, and NO was measured using the Thermo Scientific™
SPECTRONIC™ 200 spectrophotometer (Thermo Fisher
Scientific, Inc.) (31).
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Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR) analysis. RT-qPCR was used to evaluate if DPSCs
and PLSCs maintained stem cell properties and osteogenesis
differentiation using the GoTaq® gPCR Master Mix, Promega
A60021000 Reactions (Promega Corporation, Madison, W1,
USA). Cells were digested by TRIzol RNA separation reagent
(Thermo Fisher Scientific, Inc.). The RNA concentration
was determined by ultraviolet spectrophotometer. DEPC
H,O was used to zero instrument, it's also used to dilute
RNA. The absorbance of RNA in 260 nm (A260) was tested.
The analytical formula of RNA concentration is A260X dilu-
tion multiple x40 pg/ml. qPCR reaction was then performed
in a thin wall 0.5-ml reaction tube, and the mixture consisted
of 13.5 ul DEPC water, 2 ul dNTP Mix, 1 ul oligo(dT) 12-18,
1 ul AMV/Tfl 5X reaction buffer, 0.5 ul RNase inhibitor, 1 ul
AMV-RT reverse transcriptase. Firstly, samples were incu-
bated at 42°C for 1 h,95°C for 5 min, the cDNA templates were
produced. Secondly, 10 xl cDNA tempaltes, 10 xl 2Xtap mix,
31.5 ul DEPC water, 1 ul ANTP Mix, 2 ul specific upstream
and downstream primers of the target genes, including Sox?2,
Oct4, K1f4, ALP, OCN and Runx?2 (Table I), 5 ul 10X buffer
and 0.5 ul DNA polymerases were add to a new PCR tubes.
The PCR thermal cycling conditions were: 95°C (5 min), 95°C
(1 min), 55°C (90 sec), 72°C (90 sec) at 72°C and (10 min) at
4°C. The number of cycles (step 2-step 4) was 30. A total of
10 ul PCR product was detected by 0.5% agarose gel electro-
phoresis. Agarose gel electrophoresis was used to analyze the
PCR products observed under UV light. Analysis of relative
gene expression data using the 222 method (32-34).

EdU assay. In order to detect the proliferation and vitality
of cells, Click-iT™ EdU Flow Cytometry Assay kit (Alexa
Fluor™ 488; Thermo Fisher Scientific, Inc.) was used
according to the manufacturer's protocol. Briefly, cells were
washed three times in PBS containing 0.05% Triton X-100
prior to EQU-DNA detection. For nuclear staining (blue), stem
cell samples were treated with 1 yg/ml DAPI in PBS containing
0.1% Triton X-100. Next, the samples were incubated for 1 h at
37°C in the dark. Newly proliferating nucleotides were stained
red by 2X EdU solution according to the manufacturer's
protocol. Then, the samples were visualized under a fluores-
cence inverted microscopy (VMF400I, Suzhou Jing Tong
Instrument Co., Ltd. Suzhou, China) (35-37).

ELISA. The M® supernatant was collected from the three
M® groups cultured in vitro, including the control, LPS and
HF-LPLI cell groups. In addition, serum samples from the
hearts of rats in the control, periodontitis, and 1 or 3-week
HF-LPLI treatment groups were obtained by 2,000 x g for
15 min at 37°C. Subsequently, 100 xl Standards and 100 pul
samples were added into the corresponding reaction plate
well. Subsequent steps were conducted according to the
protocol provided by the MitoBiogenesis™ In-Cell ELISA kit
(Colorimetric; cat. no. ab110217; Abcam). Finally, the optical
density was measured at 450 nm (38,39).

Alizarin red S staining. For the evaluation of osteogenesis
differentiation, local tissues obtained from the animal model
were washed twice with PBS, fixed with 10% formaldehyde for
20 min and washed twice with PBS. Cells were treated with



2110

Table I. Primers used in quantitative polymerase chain reaction.
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Target gene Primer sequence Annealing temperature ("C) Cycles Product size (bp)
Oct4 F: 5-CAGTGCCCGAAACCCACAC-3'

R: 5-GGAGACCCAGCAGCCTCAAA-3' 60 40 161
Sox2 F: 5-ACACCAATCCCATCCACACT-3'

R: 5'-GCAAACTTCCTGCAAAGCTC-3' 60 40 224
Klf4 F: 5-GAGCCCAAGCCAAAGAGG-3'

R: 5'-ATCCACAGCCGTCCCAGT C-3' 60 40 183
ALP F: 5-CCACGTCTTCACATTTGGTG-3'

R: 5-AGACTGCGCCTGGTAGTTGT-3' 60 40 196
OCN F: 5-GGCAGCGAGGTAGTGAAGAG-3'

R: 5'-CTGGAGAGGAGCAGAACTGG-3' 60 40 230
Runx2 F: 5-CCCGTGGCCTTCAAGGT-3'

R: 5-CGTTACCCGCCATGACAGTA-3' 60 40 179
GAPDH F: 5-GGGAAACTGTGGCGTGAT-3'

R: 5-GAGTGGGTGTCGCTGTTGA-3' 60 40 299

F, forward; R, reverse.

40 mM alizarin red S solution (Sigma-Aldrich; Merck KGaA)
for 20 min at room temperature. Finally, samples were washed
with distilled water for four times for further evaluation under
a microscope (40).

Animal experiment. Male SD rats (age 6-8 weeks old, 250-280 g)
were obtained from the Laboratory Animal Center in Taishan
Medical University (N=24 in total, n=8 for a group). SD rats
were housed at 37°C, relative humidity 45% and dark environ-
ment with low fat diet and free to water. All animal procedures
were performed according to the Guide for the Care and Use of
Laboratory Animals (18), following the ARRIVE guidelines (41),
and were approved by the Institutional Clinical Experiments
Committee of the Liaocheng People's Hospital (Liaocheng,
China) and the Animal Care Committee. Rats were divided into
three groups of 8 rats each, including the control, periodontitis and
HF-LPLI groups. Subsequent to gingival peeling and high-sugar
feeding, all rats received azithromycin (10 mg/500 ml; Shanghai
Yingrui Biopharma Co., Ltd., Shanghai, China) for 4 days,
followed by a 7-day antibiotic-free period. Next, rats were anes-
thetized with 10% chloral hydrate. A 0.2-mm wire was placed
in the dentogingival area of both mandibular first molars in the
periodontitis and HF-LPLI groups for 48 h, while the wire was
placed and immediately removed in the control group. All rats
were fed with the same food (at 8:00 a.m. and 8:00 p.m.). Rats in
the HF-LPLI groups underwent surgery, followed by a 1-week
20-J/cm? HF-LPLI treatment for 1 h/day after local injection of
1x10°/ml stem cells in 100 pl, followed by the in vivo biolumi-
nescence imaging and H&E staining (42,43). The Height of bone
regeneration was calculated as 8 mm-(al + a2 + a3)/3. In the
formula, al, a2 and a3 were three random height measurements
of residual defect height following bone regeneration.

In vivo bioluminescence imaging. SD rats were divided into
three groups,including the control (6 weeks), HF-LPLI/6-week

and HF-LPLI/12-week groups, and were analyzed at the
corresponding time point. Rats were anesthetized with 10%
chloral hydrate and treated with fluorescein that was injected
through the tail vein. At 60 min post-infection images
were obtained after intraperitoneal injection of D-luciferin
(150 mg/kg body weight; Thermo Fisher Scientific, Inc.),
followed by 50 gl D-luciferin (0.75 mg in PBS) through
the oral cavity. The IVIS Lumina image system (Xenogen
Corporation, Alameda, CA, EUA) was used to capture the
images (44).

Hematoxylin and eosin (H&E) staining. Periodontal tissue
~200x200 pm fragments from the animal model were dewaxed
by xylene, washed with an alcohol gradient and then soaked in
distilled water. Next, tissues were stained with Harris hema-
toxylin solution for 5 min. Subsequent to rinsing, sections
underwent color separation in 0.5% hydrochloric-alcohol solu-
tion for 5 sec, followed by washing two times with 95% ethyl
alcohol for 5 min each, two times with absolute ethyl alcohol
for 5 min each and xylene + ethyl alcohol (1:1) for 5 min.
Finally, samples were subjected to xylene cleaning and neutral
gum sealing, and followed by visualization under light micro-
scope (Nikon Corporation, Tokyo, Japan) (35-37).

Statistical analysis. Statistical analysis was performed using
the SPSS software package (version 13; SPSS, Inc., Chicago,
IL, USA). The results are expressed as the mean + standard
deviation, and the analysis of variance test was used to evaluate
the statistical significance between two groups. P<0.05 was
considered to indicate a statistically significant when the.

Results

HF-LPLI induces M® transformation and neutrophil
apoptosis. The inflammatory reaction is one of the causes of
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Figure 1. HF-LPLI promoted neutrophil apoptosis and M® reprogramming, and inhibited the release of inflammatory factors. (A) Apoptosis of HF-LPLI-treated
neutrophils was detected by flow cytometry. (B) Apoptosis activation in neutrophils, detected by caspase-3 activity assay. (C) CD86 and CD163 immunofluo-
rescent staining using red and green fluorophores, respectively, and nuclei stained with DAPI (scale bar, 100 gm). (D) Bar graph of CD86- and CD163-positive
M® percentage by immunofluorescent staining. (E) NO concentration examined by DAF-FM DA. (F) Concentration of inflammatory factors, including
TNF-a, IL-6,1L-10 and TGF-f, determined by ELISA. The results are representative of 10 independent experiments, and are expressed as the mean + standard
deviation. “P<0.01 vs. LPS group (n=10). HF-LPLI, high-frequency low-power laser irradiation; M®, macrophage; TNF-a, tumor necrosis factor a; IL,

interleukin; TGF-3, transforming growth factor-§; LPS, lipopolysaccharide.

periodontal tissue damage. The results of the present study
revealed that HF-LPLI promoted inflammation resolution
in vitro by promoting neutrophil apoptosis and M® repro-
gramming. Flow cytometry demonstrated that cells obtained
and labeled by STRO-1 and CD 44 were the DPSCs and
PLSCs we wanted (data not shown). Furthermore, it also

demonstrated neutrophil apoptosis increased subsequent to
HF-LPLI treatment, ranging between 7.28 and 18.1% (Fig. 1 A).
In addition, HF-LPLI induced a time-dependent increase of
caspase-3 activation, which was 2.8+0.17 times higher than
the initial value at 6 h (Fig. 1B). This further demonstrated
the role of HF-LPLI in promoting apoptosis. In fact, the M®
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apoptosis was also tested following HF-LPLI treatment, and
the results indicated that HF-LPLI had no effect on M® apop-
tosis (data not shown). In the pre-experiments, it was observed
that 6 h was the best time period for inflammation to promote
the function of stem cells (data not shown). In the tests
conducted in the present study, all the related experimental
design selected inflammation treatment to last 6 h (data not
shown). Immunofluorescence analysis detected no significant
differences in the morphology of different types of M®s,
while the reprogramming of M®s was confirmed. The LPS
group exhibited an increase in the number of CD86-M1 (red
staining), while the HF-LPLI-treated group mainly exhib-
ited green staining, corresponding to CD163-M2 (Fig. 1C).
Following HF-LPLI treatment, the number of CD86-M1
decreased from 73.21+£2.23% to 18.29+1.47% (P<0.05), while
CD163-M2 increased from 9.26+£1.07% to 58.88+1.97%
(Fig. 1D). In addition, DAF-FM IL-6 and tumor necrosis
factor o (TNF-a) levels significantly decreased following
HF-LPLI treatment, while the levels of anti-inflammatory
cytokines, including IL-10 and TGF-f, secreted by M2 were
increased (Fig. 1E and F).

HF-LPLI maintains the stem cell properties of DPSCs and
PLSCs. RT-qPCR was used to detect the mRNA expression
levels of genes associated with the reprogramming of stem
cells, including Sox2, Oct4 and Klf4, prior to and following
HF-LPLI treatment. The results indicated that Sox2, Oct4
and Kl1f4 expression levels in DPSCs and PLSCs in the
control group treated with HF-LPLI slightly increased as
compared with those in cells without HF-LPLI treatment,

although a significant difference was not observed (P>0.05;
Fig. 2A and B). When stem cells were co-cultured with
M®s or neutrophils, the expression of these three genes was
significantly decreased (P<0.05), while HF-LPLI treatment
inhibited this effect and increased the gene levels. More
specifically, Oct4 expression in PLSCs was decreased to a
value of 4.3+0.2 and 4.2+0.2 when stem cells were co-cultured
with M®s or neutrophils, respectively, while this level was
10.2+0.3 in the culture of stem cells without inflammatory
cells, and HF-LPLI treatment was able to raise this level to
6.0~8.0+0.4 to a value of <3 (Fig. 2A). In DPSCs, inflam-
matory cells exhibited a marked effect on Sox2 expression,
which was decreased from 6.2+0.4 to a value of <3. However,
HF-LPLI attenuated this effect, increasing the Sox2 expres-
sion to ~5 (Fig. 2B).

HF-LPLI improves DPSC and PLSC proliferation. EAU assay
results demonstrated that stem cell proliferation was not evident
when these cells were cultured alone, while their proliferation
was evident when co-cultured with M®s. When stem cells
were co-cultured with M®s and simultaneously treated with
HF-LPLI, the HF-LPLI treatment did not increase the promo-
tion of stem cell proliferation induced by inflammatory cells.
However, after co-culture for 6 h followed by treatment with
HF-LPLI, the stem cell proliferation was greatly improved, as
shown by the EdU results (Fig. 3A), and the difference with the
other experimental groups and the control group was statisti-
cally significant (P<0.05). The number of EdU-positive cells
in the M® group was 13+1 and 1941 for DPSCs and PLSCs,
respectively, while the number of cells was 51 and 6+1 in



INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 42: 2107-2119, 2018

A Control M

PLSCs

DPSCs

1
T
104

Numbers of PLSC stained
by Edu in high-power filed

o
L
Control '

Ml
HF-LPL

M@®+HF-LPL 4
M followed by

2113

Meb+HF-LPL M followed by HF-LPL

B
(=]
J

[}
o
1

_| J

o
i

by Edu in high-power filed

o
L
Control .—l

MNumbers of DPSC stained

My 4

Mdr+HF-LPLI

M® followed by |
HF-LPL

Figure 3. HF-LPLI improved stem cell proliferation. (A) Cell nuclei were stained blue by DAPI, and newly proliferating nucleotides were stained red by EdU
in PLSCs and DPSCs (scale bar, 100 ym). (B) Bar graph of stem cell proliferation as determined by EdU assay. "P<0.05 and "“P<0.01. HF-LPLI, high-frequency
low-power laser irradiation; M®, macrophage; PLSC, periodontal ligament stem cell; DPSC, dental pulp stem cell.

the control group, respectively. When HF-LPLI treatment
was performed simultaneously with the M® co-culture in the
stem cells, the number of EdU-positive cells was 8+1 or 7+
for DPSCs and PLSCs, respectively. However, the number
of proliferating cells was 21+2 or 29+2, respectively, when
HF-LPLI treatment was performed at 6 h after M® co-culture
(Fig. 3B).

HF-LPLI promotes DPSC odontoblastic differentiation.
The present study next focused on the establishment of the
HF-LPLI ability to induce cell differentiation. ALP, OCN
and Runx2 gene expression levels were evaluated in cells
obtained after 2 weeks of proliferation, as described earlier.
The results demonstrated that the relative expression levels of
the three genes in the M® group were significantly increased
to ~2-3+0.2 (P<0.05; Fig. 4A). However, gene expression was
inhibited to nearly 1.3+0.2 when co-culture with M®s and
HF-LPLI treatment were performed simultaneously, while
gene expression was promoted when HF-LPLI was performed
after 6 h of M® co-culture. In addition, OCN expression in
DPSCs reached 4.7+0.8 (Fig. 4A).

Stem cells in the different M® and HF-LPLI groups
were then subjected to alizarin red S staining to identify the

calcium salt components in the cells. A significant increase in
the calcium ion composition was found in the M® followed
by HF-LPLI treatment group (Fig. 4B). For alizarin red S
staining, the absorbance at 570 nm was ~0.6 at 2 weeks and
0.9 at 4 weeks in the group with M® co-culture followed by
HF-LPLI treatment, while it was <0.5 in the control and M®
co-culture alone groups (Fig. 4C).

HF-LPLI reduces the infiltration of inflammatory cells and
release of inflammatory factors in periodontitis rats. A large
number of neutrophils and M®s were detected in the inflam-
matory sites in periodontitis rats during immunofluorescence
analysis. After 1 week of HF-LPLI treatment, the number of
neutrophils and M®s in the surrounding tissues decreased
significantly from 131+6 and 11945 to 44+3 and 52+4, respec-
tively. After 3 weeks of detection, further improvement in the
number of inflammatory cells was achieved, which were inhib-
ited to 9+2 and 112, respectively. CD11b-labeled neutrophils
and CD86-labeled M®s were abundant in the surrounding
tissues of periodontitis rats, while HF-LPLI application
significantly decreased the staining for the inflammatory cells.
Furthermore, this effect was found to be enhanced with time
(Fig. 5A and B).
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IL-1B, IL-6, TNF-a and NO levels in the blood of rats
belonging to different groups were subsequently exam-
ined, and significantly increased plasma concentrations of
pro-inflammatory cytokines in rats with periodontitis were
detected, as compared with the control group. The levels
observed in the periodontitis rats were 173+12.6 pg/ml for
IL-1B, 1,237+94.1 pg/ml for IL-6, 496+17.2 pg/ml for TNF-a
and 0.02+0.004 gmol/ml for NO (Fig. 6A-D). After 1-week
HF-LPLI treatment, these concentrations were significantly
decreased, with IL-6 reduction to a level of 733+62.3 pg/ml

representing the best result (Fig. 6B). After 3 weeks of treat-
ment, the concentration of pro-inflammatory cytokines reached
approximately the normal level. Taken together, these results
indicated that appropriate HF-LPLI treatment was able to
decrease the level of pro-inflammatory cytokines.

HF-LPLI induces dentin repair and tertiary dentin in a
rodent model. The results were further confirmed in the
animal model by evaluating the effectiveness of treating a
dental defect (3x3x8 mm) with stem cells (Fig. 7A). The results
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of in vivo imaging demonstrated the presence of significant
inflammation in the oral cavity of the animal model, and the
inflammation was reduced after 6 weeks of treatment with
stem cells followed by HF-LPLI (Fig. 7B). In addition, H&E
staining results revealed that the pulp defect was success-
fully reconstructed in the rat model, and cell proliferation
was clearly time-dependent (Fig. 7C). Calcification observed
under a microscope indicated the occurrence of osteogenic
differentiation. A statistically significant difference in osteo-
genesis was observed among the periodontitis animal model,
the 6-week treatment and 12-week treatment groups (P<0.05;
Fig. 7D), suggesting that HF-LPLI treatment was effective
in vivo.

Discussion

DPSCs and PLSCs have previously been used in the treat-
ment of periodontal tissue for regeneration studies (45);
however, the improvement of their therapeutic effect and the
underlying mechanism of their action remain under debate. In
order to identify a new strategy for the application of DPSCs
and PLSCs in the treatment of periodontitis, HF-LPLI was
used in the current study to induce cell orientation and to
identify the potential mechanism of promoting inflamma-

tion reduction by enhancing neutrophil apoptosis and M®
reprogramming.

In the experiments of the present study, HF-LPLI was
found to promote neutrophil apoptosis and M® reprogram-
ming, which may via the inactivation of Akt/GSK3p signaling
pathway (17). Neutrophil apoptosis reduced the inflammatory
response induced by periodontitis, while the transformation
of M®s reduced the secretion of pro-inflammatory cytokines
and increased the release of anti-inflammatory cytokines, such
as IL-10 and TGF-f. M1 M®s secrete ROS, RNS, TNF-a,
IL-1, IL-12, IL-23 and other chemokines, which are mainly
involved in the inflammatory response and host immune
functions, and cause inflammatory damage to normal tissues.
Under the action of IL-4, IL-13, IL-10 and TGF-f, the M1
Ma®s are polarized to M2, which secrete TGF-p, VEGF, EGF
and other factors, particularly at the late stage of inflamma-
tion, and promote the repair of trauma and fibrosis (46). Thus,
the transformation of M1 to M2 can effectively promote the
regression of inflammation. Notably, the current study findings
reported that HF-LPLI promotes neutrophil apoptosis, but did
not promote M® apoptosis, and the mechanism involved in
this effect warrants further investigation.

This mechanism by which HF-LPLI promotes neutrophil
apoptosis and M® reprogramming led to the maintenance
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of stem cell viability and increased the expression of stem-
ness-associated genes. The proliferation of stem cells was
guaranteed at an early stage of the treatment i.e., the stem-
ness of the cells was well maintained allowing for unhindered
proliferation. These results suggested a key role of HF-LPLI in
the treatment of periodontitis.

As shown by EdU proliferation assay, stem cell
proliferation was not significantly different from that in
M®+HF-LPLI simultaneously-treated groups when stem
cells were co-cultured with M®s to create the inflamma-
tory environment and subjected to HF-LPLI simultaneous
treatment. However, when HF-LPLI treatment was applied
6 h after co-culture with M®s, cell proliferation was signifi-

cantly enhanced. These results suggested that inflammation
obtained by HF-LPLI treatment for a certain period of time
served a role in starting and promoting the proliferation
of stem cells, while excessive inflammatory response was
reduced by HF-LPLI treatment at 6 h, improving the micro-
environment and further promoting stem cell proliferation.
Gene expression and alizarin red S staining demonstrated
similar results, further indicating that HF-LPLI promoted
differentiation following activation by appropriate inflamma-
tion. The results also revealed that M® followed by HF-LPLI
induced a better bone differentiation at 4 weeks, particularly
when DPSCs were used, which achieved a better differentia-
tion result compared with PLSCs.
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In the in vivo experiments, after induced periodontitis was
treated with stem cells, no treatment was administered to the
model to induce inflammation in 6 h. Proper inflammation
promoted the proliferation of stem cells and was beneficial to
subsequent differentiation. Subsequently, HF-LPLI was used
to reduce the number of inflammatory cells and inhibited the
release of inflammatory cytokines. The in vivo bioluminescence
imaging revealed that, after 6 weeks of HF-LPLI treatment,
the inflammation was reduced. As soon as inflammation was
inhibited, H&E staining indicated tissue regeneration due to
stem cell proliferation, and further osteogenic differentiation.
Therefore, stem cells appeared to successfully achieve peri-
odontitis treatment. At 12 weeks, the best treatment effect
was obtained, which was markedly greater than the effect at
6 weeks, suggesting a better osteogenic differentiation after an
additional 6 weeks.

In conclusion, HF-LPLI may represent a novel strategy for
improving the effect of stem cells treatment. However, how to
use HF-LPLI for achieving the best effect in the treatment of
periodontitis should be confirmed. Furthermore, the treatment
dose and the time required to maximize an anti-inflammatory
effect, as well as the effect of HF-LPLI on human periodontitis
require additional experiments.
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