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ABSTRACT

The ultimate goal of treatment of periodontal disease is not only to control inflammation and further to
prevent development of the lesion, but also to achieve regeneration of the destroyed periodontal tissue.
This study aimed to investigate the effect of lithium-calcium-silicate (Li,CasSi4O43, LCS) bioceramics on
the cementogenic/osteogenic differentiation of human periodontal ligament cells (PDLCs) and regener-
ation of periodontal tissue as well as the corresponding mechanism. We prepared LCS bioceramics and
explored the cementogenic/osteogenic differentiation of PDLCs after cultured with LCS extracts in vitro.
Meanwhile, we further studied the involvement of the Wnt/(3-catenin and ERK signaling pathway during
this process. In the in vivo study, the regeneration of alveolar bone defect in New Zealand white rabbits
and the periodontal tissue in beagle dogs were compared by applying LCS and -tricalcium phosphate
(B-TCP). Our results showed that a certain concentration of LCS extracts could significantly stimulate
cementogenic/osteogenic differentiation of PDLCs, including alkaline phosphatase (ALP) activity, peri-
odontal regeneration-related gene expression, Wnt/f-catenin and ERK signaling pathway related gene
expression and protein expression of PDLCs. Moreover, it was found that LCS bioceramics could signifi-
cantly activate Wnt/[-catenin and ERK signaling pathway in cementogenesis/osteogenesis of PDLCs. The
in vivo results suggested that LCS significantly promoted the regeneration of bone defects and periodon-
tal defects as compared with B-TCP in rabbit and beagle dog models, in which the LCS bioceramics
possess the capacity to trigger the activation of the two signaling pathway, leading to significantly
improved periodontal regeneration. Our study suggests that LCS is a promising bioactive material for
periodontal regeneration, consequently offering a promising treatment strategy for the treatment of

periodontitis-related disease.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

erate all damaged structures including the periodontal ligament,
cementum, and alveolar bone.

Periodontal disease is not only the leading cause of tooth loss in
adults, but a large number of studies have also confirmed that peri-
odontal disease is closely related to some systemic diseases [1,2]. It
has always been a challenging issue in the treatment of periodon-
tal disease for how to effectively treat periodontitis and achieve
periodontal regeneration, and a research hotspot of researchers for
a long time. Ideal strategies should be able to repair and regen-
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At present, there are various materials available for periodontal
and alveolar bone regeneration, which can be divided into natural
graft tissues (autografts, allografts and xenografts) and synthetic
materials (alloplasts) [3-5]. Autogenous bone grafts have gener-
ally good biocompatibility and regeneration efficiency; however,
extra wound, donor site morbidity and limited graft volume are
their main disadvantages. Allografts are available in large amounts
for use, while the possibility of tissue contamination, persistent
antibody-negative carriers and disease transmission with new
unidentified pathogens limit their application [5]. The xenografts,
most commonly used in periodontal regeneration are the depro-
teinized bovine bone mineral, commercially known as Bio-Oss®,
which is a commercially available bone of bovine origin [6].
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Bio-Oss" has high osteoconductive potential; however, these grafts
are inherently fragile and lack toughness, which makes them
prone to failure [7-9]. The most routinely used clinically alloplas-
tic materials for periodontal bone regenerations over the last few
years were hydroxyapatite (HA), B-tricalcium phosphates (3-TCP),
bioactive glasses [5]. They have generally good biocompatibil-
ity; however, their degradation and regeneration efficiency are
not optimal [5]. In recent years, as a new type of biomaterial,
silicate bioceramics have been studied for bone tissue engineer-
ing [10,11]. Silicate bioceramics have been shown to be bioactive
and resorbable and they are suitable for bone tissue engineering
applications due to their excellent bone-forming activity [12]. It
was found that silicon (Si) ions could stimulate the osteogenic
differentiation of human bone marrow stromal cells (hBMSCs)
via activating their ALP activity, bone-related gene and protein
expression [13]. Our previous studies demonstrated that silicate-
based bioceramics possessed excellent mineralization bioactivity
and their ionic products are able to enhance cell proliferation,
osteogenic differentiation and new bone formation as well as angio-
genesis and osteochondral defect regeneration [14-18].

Lithium (Li) is widely used as a long-term mood stabilizer for the
treatment of depression. Previous studies had shown that LiCl salt
can stimulate chondrocyte proliferation, selectively inhibits phos-
phorylation and protects cartilage from degradation [19-21]. It was
reported that the LiCl could stimulate subchondral bone formation
and enhance bone mass [22-24]. Our previous study found that Li-
containing porous scaffolds could promote the regeneration of both
cartilage and subchondral bone in vivo [25]. In addition, Li could be
used for inducing proangiogenesis and vascularization by eliciting
the expression of exosomes [26,27]. Although the use of Li salt and
Li-containing biomaterials as a reagent for bone/cartilage regener-
ation have been reported, there is few studies about Li-containing
biomaterials for regeneration of periodontal tissues, especially in
the in vivo study for large animal models and the corresponding
mechanism is still unclear.

Therefore, based on the positive effect of Si and Li ions on
bone tissues, we hypothesized that if we synthesize new bioma-
terials containing Si and Li and other elements, which may be
used for the regeneration of periodontal defects by harnessing
their ionic bioactivities. We have recently synthesized lithium-
calcium-silicate (LCS) bioceramics. Due to its specific composition
and structure, we speculated that LCS has ions-synergetic effects
on the regeneration of periodontal tissue. In this study, the effects
of ionic products from LCS on the cementogenic/osteogenic and
angiogenic differentiation of periodontal ligament cells (PDLCs)
and the corresponding mechanism were systematically investi-
gated. Meanwhile, the regeneration capacity of LCS in periodontal
tissue both in rabbit and beagle dog models was investigated by
comparing with conventional 3-TCP bioceramics (see Scheme 1).
It is expected that the study will pave the way for periodontal
regeneration by using high activity of biomaterials.

2. Materials and methods
2.1. Synthesis of LCS powders and preparation of LCS granules

Lithium-calcium-silicate bioceramic powders (LiyCasSizO13,
LCS) were synthesized by sol-gel process using tetraethyl
orthosilicate ((C;Hs50)4Si, TEOS), calcium nitrate tetrahydrate (Ca
(NO3)2-4H,0) and lithium nitrate (LiNO3) (all from Sinopharm
Chemical Reagent Co., Ltd., Shanghai, China) according to our pre-
vious study [25]. The content of Li elements in the compound is
around 4.1% (wt.%).

For preparation of LCS granules used for the in vivo study,
the obtained LCS powders were mechanically mixed with 6 wt.%

polyvinyl alcohol binders with the ratio of 0.01 (binders/LCS pow-
der mass), then the mixtures were uniaxially pressed at 16 MPa
in a cylindrical mold (@40 mm) to obtain the LCS green compacts.
The LCS ceramics were fabricated by sintering the LCS green com-
pacts at 950 °C for 3 h with a heating rate of 2 °C/min to remove the
binders. Subsequently, the LCS ceramics were crushed into small
particles and sieved. The granules between 20 and 40 mesh were
used as following animal experiments. The size of the prepared
granules was in the range of 420-840 pm. As the control materials,
B-TCP granules were prepared by the same method as described
above and sintered at 1100 °C for 3 h.

2.2. Preparation of the dissolution extracts of LCS powders

The LCS powders were weighed and the dissolution extracts
of LCS were prepared by soaking LCS powders to low glucose
Dulbecco’s Modified Eagle Medium (DMEM-LG, Gibco, Grand
Island, NY, USA) at the concentration of 200 mg/mL according
to International Standard Organization (ISO/EN) 10993-5 [28].
After incubated at 37°C for 24 h, the mixture was centrifuged
and the supernatant was collected. Then, gradient dilutions of
extracts (100 mg/mL, 75 mg/mL, 50 mg/mL, 25 mg/mL, 12.5 mg/mL,
6.25mg/mL) were prepared with serum-free DMEM-LG. The
extracts were sterilized by using a 0.2 pm filter and supplemented
with 10% fetal calf serum (FCS, Gibco, Life Technologies, USA) and
1% penicillin/streptomycin (P/S, HyClone, South Logan, UT, USA) for
further cell experiments. The DMEM-LG supplemented with 10%
FCS and 1% P/S without addition of LCS extracts was used as a blank
control (0 mg/mL).

2.3. Cell culture

Human periodontal ligament cells (hPDLCs) were purchased
from ScienCells, LLC (Carlsbad, CA, USA). The cells were then pas-
saged and proliferated. The third generation of hPDLCs with good
growth status was used in this experiment.

2.4. The effect of LCS extracts on the proliferation and alkaline
phosphatase (ALP) activity of hPDLCs

The proliferation of hPDLCs in the LCS extracts was examined
with CCK-8 assay. Briefly, hPDLCs were seeded in 96-well plates
at an initial density of 2 x 103 cells in 200 L of medium per well.
Then, the medium were changed into different concentration of
the LCS extracts (0, 6.25, 12.5, 25, 50, 75, 100 and 200 mg/mL) in
DMEM-LG supplemented with 10% FCS and 1% P/S.On day 2,4 6 and
8, 20 p.L of CCK-8 solution (Tongren medicine, Japan) was added to
each well and incubated at 37 °C, 5% CO for 3 h. Amicroplate reader
was then used to read the absorbance values in different wells at a
wavelength of 450 nm to compare cell activities between different
groups at room temperature. All the results were expressed as the
optical density (OD) value minus the absorbance of blank wells and
experiments were repeated in triplicate.

Third generation of hPDLCs were inoculated into 6-well plates
at a density of 5 x 10 cells/well. Different concentrations of LCS
medium were added according to different groups and cultured
at 37°C, 5% CO,, and the medium were changed every other day.
The relative ALP activity of hPDLCs was assessed on day 7 and 14
by using the ALP Assay kit (Sigma-Aldrich, St. Louis, MO, USA). At
each time point, the cells were digested with 0.25% trypsin-EDTA
(Gibco, Grand Island, NY, USA) and counted, then 1 x 10° cells
of each group were washed with PBS three times to remove the
residual medium, and then resuspend cells in 80 L of Assay Buffer.
Centrifuge samples at 4°C at top speed in a cold microcentrifuge
to remove any insoluble material. The supernatant was collected
as the samples to be tested. Preparation of ALP standards with
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Scheme 1. Schematic illustration of application of LCS for periodontal reconstruction. The LCS powders could significantly stimulate cementogenic/osteogenic differentiation
of periodontal ligament cells in vitro (A); on the other hand, LCS granules significantly accelerated alveolar bone regeneration as well as promoted vascularization of alveolar

bone in vivo (B).

Table 1
The primer sequence used in the real-time PCR analysis.

Primer Forward sequences Reverse sequences

GAPDH  TCAGCAATGCCTCCTGCAC TCTGGGTGGCAGTGATGGC

ALP CACGCCCTTTGCTTTATCT TCTGAGCCTCCTCTTTTCCT
Runx2 CAGACAGAAGCTTGATGACTCTAA CGGGACACCTACTCTCATACT
OPN TCACCTGTGCCATACCAGTTAA TGAGATGGGTCAGGGTTTAGC
Wnt3a TGGACAAAGCTACCAGGGAGT CCCACCAAACTCGATGTCCTC
OCN GCAAAGGTGCAGCCTTTGTG GGAAAGAAGGGTGCCTGGAGAG
B-Catenin CTTCACCTGACAGATCCAAGTC CCTTCCATCCCTTCCTGTTTAG
BSP CTGGCACAGGGTATACAGGGTTAG ACTGGTGCCGTTTATGCCTTG
MMP2 AAGTGGTCCGTGTGAAGTATG GGTATCAGTGCAGCTGTTGTA
CAP CTGCGCGCTGCACATGG GCGATGTCGTAGAAGGTGAGCC
CEMP1 GGGCACATCAAGCACTGACAG CCCTTAGGAAGTGGCTGTCCAG
FN GTATCCCTCGTGGCCATAAA TCGGTGTTGTAAGGTGGAATAG
VEGF CATGCAGATTATGCGGATCAA GCATTCACATTTGTTGTGCTGTAG
Col I CTTTGGAGCCAGCTGGA GTGGGCTTCCTGGTGA

different concentration gradients according to the manufacturer’s
protocol. 50 L of 5mM pNPP solution were added and the
mixtures were incubate at 25°C for 60 min protected from light.
The sample wells and standard reactions were stopped by adding
20 L Stop Solution. The optical density (OD) was measured at
405 nm with a spectrophotometer. A standard curve was drawn
to calculate the amount of ALP in each well. From this result, a
histogram of the ALP concentration of each group of cells was
analyzed and plotted on GraphPad Prism.

2.5. The effect of LCS extracts on osteogenic/cementogenic
differentiation and angiogenic gene/protein expression of hPDLCs

Total RNA was extracted from hPDLCs cultured in different
concentrations of the LCS extract on day 7 and day 14 with
Trizol reagent (Invitrogen, USA). Then complementary DNA was
synthesized using the SuperScript® VILO™ ¢DNA synthesis kit
(Thermo Fisher Scientific, Waltham, MA, USA) for reverse tran-
scription. The RT-qPCR primers (Table 1) were designed based on
cDNA sequences from the NCBI. TagMan gene expression assay
kits (Applied Biosystems, Grand Island, NY) were used to perform
real-time quantitative PCR following the manufacturer’s instruc-
tions. All reactions were run in triplicate for three independent

experiments. The mRNA expression levels in different groups were
quantitatively compared by using the AAT method and expressed
as 2-AAT,

RIPA lysate (Beyotime, China) was used to lyse cells in dif-
ferent concentrations of the LCS extract on day 7 and to extract
total protein for Western blot. ALP (rabbit anti-human; Abcam,
USA), OPN (rabbit anti-human; Abcam, USA), Runx2 (rabbit anti-
human; Abcam, USA), CEMP1 (rabbit anti-human; Abcam, USA),
Wnt3a (mouse anti-human; Abcam, USA), Col I (mouse anti-
human; Abcam, USA), p-ERK (rabbit anti-human; Abcam, USA), ERK
(mouse anti-human; Abcam, USA) were served as primary anti-
body and 3-actin expression served as an internal reference. Band
intensities were quantified by scanning densitometry and gray
level analysis was performed using the Image] software. The above
experiments were repeated 3 times under the same condition.

Third generation of hPDLCs were seeded in a 6-well plate at
a density of 3 x 10° cells/well, then cultured in the presence of
different concentration of LCS extracts. On days 7 and 14 during
cultivation, the supernatants were collected from cells in differ-
ent groups. A Quantikine Elisa kit (R&D Systems, Minneapolis, MN,
USA)was used to detect the concentrations of VEGF in the collected
supernatants. Three identical wells were used for each group at two
time points.

2.6. The effects of Wnt/B-catenin and ERK signaling pathways on
osteogenic/cementogenic differentiation of hPDLCs cultured in LCS
extracts

Third generation of hPDLCs were seeded in a 6-well plate at
a density of 3 x 10° cells/well, three concentration of LCS (0, 25,
50 mg/mL) were selected. The effect of the Wnt/(3-catenin signaling
pathway on hPDLCs cultured in LCS extracts was further inves-
tigated with or without the presence of 10 uM ICG-001 (Selleck
Chemicals LLC, Houston, TX, USA), a commercial Wnt/3-catenin
inhibitor. On day 7 of cultivation, cells were collected and per-
formed to RT-qPCR and western blotting analysis using the same
methods as described in Section 2.5. On day 14 of cultivation, a
BCIP/NBT alkaline phosphatase (ALP) color development kit (Bey-
otime, China) was used to perform alkaline phosphatase staining
for cells in different groups.
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Similarly, the effect of the ERK signaling pathway on hPDLCs cul-
tured in LCS extracts was investigated with or without the presence
of 10 WM SCH772984 (Selleck Chemicals LLC, Houston, TX, USA), a
ERK inhibitor, the related genes and proteins are detected.

2.7. The in vivo regeneration of alveolar bone defects for LCS in
rabbit models

A total of 12 male New Zealand white rabbits weighing between
2.5kg and 3 kg were provided by Nanjing University’s Model Ani-
mal Research Center. The animal experimental ethics was approved
by Nanjing University Ethic Committee. Total 24 mandible defects
in 12 rabbits were randomly divided into 3 groups: blank control
group, B-TCP group, and LCS group, with 8 samples in each group.
Approximately 15 mm incision was made along the upper edge skin
of the rabbit mandible under general anesthesia, the lower muscu-
lar layer was bluntly separated and the distal of rabbit mandibular
incisor was exposed. The alveolar bone on the edentulous region
was fully exposed, and the periosteum was separated. A manual
electric drill and a ball drill with a 1.5-mm diameter tip were used
to make a defect of about 10 mm x 4 mm x 3 mm on the upper edge
of the exposed mandible. The trailing edge of the defect was located
2 mm in front of the mental foramen, and the lower edge was flush
with the mental foramen. The LCS and B-TCP granules with the size
of 420-840 p.m were placed respectively into the prepared alveo-
lar defect in groups. No material was placed in the blank control
group. Then the incision was closed and sewn in layers. Rabbits
were treated with penicillin for 3 days. Four and eight weeks after
surgery, all rabbits were euthanized by overdose with anesthetics
in two batches respectively.

The mandibles were completely dissected from each rabbit and
fixed in 4% paraformaldehyde for 48 h and then flushed overnight
with water. The mandible was decalcified by 10% EDTA solution
for 3 months. The decalcifying fluid was changed every 3 days.
After decalcification, the specimen were dehydrated with a gra-
dient series of ethanol and embedded in paraffin. The specimen
was then sectioned and observed under a microscope. Histological
sections were cut into 4 pm-thick sections and stained by using HE

VEGF
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Fig. 5. Concentration of VEGF in PDLCs supernatants at 7 days and 14 days after
cultured in the presence of LCS extracts. VEGF concentrations in the supernatant of
the PDLCs in LCS extracts were significantly higher than in the blank control groups.
*: p<0.05 compared to 0 mg/mL on day 7. **: p<0.05 compared to 0 mg/mL on day
14.

and MASSON methods. Moreover, immunohistochemical staining
on BMP2 and VEGF were made in different groups in mandible of
periodontal defects in rabbits at 4 weeks. Tissue regeneration was
observed under a microscope and photographed.

2.8. The in vivo periodontal regeneration of root furcation defects
for LCS in beagle dog models

Four male beagle dogs, one year of age and weighing between
12 and 15 kg, were used in this study. The animal experimental
protocol was approved by Nanjing University Ethic Committee. 24
class II root furcation defects were randomly assigned to 3 treat-
ment groups: LCS groups, 3-TCP groups and blank control groups.
Each group has 8 samples.

The surgical procedures were performed under general anes-
thesia. Triangle-shaped defects of 5mm apico-coronally, 4 mm
mesiodistally and 3 mm buccolingually were surgically created in
the mandibular second, third and fourth premolars by dental tur-
bine. The root periodontal membrane was removed with Gracey
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curettes. Heat-softened gutta-percha was placed into the defect
area, and the wound was sutured. The small dose of antibiotics
was administered for three days. 6 weeks after the defects were
prepared, an experimental model of chronic II° bifurcation lesions
can be formed.

Then the full-thickness flap was made to remove the gran-
ulation tissue, cementum and gutta-percha using curettes. The
LCS and B-TCP granules were placed respectively into the pre-
pared periodontal defect in groups, no material was placed as
the blank control groups. Then 6 mm x 5 mm Bio-Gide membranes
were placed onto the periodontal defect surface as a barrier mem-
brane. The incision was closed and sewn in layers.

12 weeks after the placement surgery, the dogs were euthanized
by overdose with anesthetics to harvest the specimens. Cone beam
CT (CBCT) was used to observe the osteogenesis of the root bifur-
cation defect, and the difference in osteogenic ability between the

groups was compared. The CBCT imaging system (newtom CBCT,
Italy) was used to perform the tomographic data scanning and 3D
reconstruction of the acquired mandibular tissue specimens. The
acquired images were combined with the relevant measurement
software for the following analysis. Subsequently, the specimens
were fixed in 10% buffered formalin and embedded in paraffin for
morphological analysis. Histological sections were cut into 4 um-
thick sections and stained by using HE and MASSON methods.

2.9. Statistical analysis

The data were analyzed by the statistical software SPSS 20.0
(Chinese version). Graphs were generated in GraphPad Prism ver-
sion 5 for Windows (GraphPad Software, USA). The experimental
data for each group is expressed as mean + standard deviation (SD).
One-way ANOVA with a post hoc test was used to analyze these
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Fig. 7. Alkaline phosphatase staining showing that blockade of the Wnt/(B-catenin signaling pathway had a negative effect on the ALP deposition of PDLCs. (A) 0 mg/mL of
LCS; (B) 25 mg/mL of LCS; (C) 50 mg/mL of LCS; (D) A with 10 WM ICG; (E) B with 10 WM ICG; (F) C with 10 WM ICG.

data. Statistical significance was considered at the probability level
p<0.05.

3. Results

3.1. The effect of LCS extracts on the proliferation activity and
alkaline phosphatase (ALP) activity of hPDLCs

CCk-8 results showed that a certain concentration of LCS did
not affect the proliferation of PDLCs as shown in Fig. 1, the differ-
ence was not statistically significant compared to the blank control
group, but high concentrations of LCS resulted in the death of PDLCs.
At a concentration of 50 mg/mL of LCS, the proliferation of cells
slowed down. Thus, the highest concentration of LCS extracts in
the subsequent experiments was set to 50 mg/mL.

Compared with the blank control group, the ALP activity of the
PDLCs was significantly enhanced after 7 days of culture at a certain
concentration (25,37.5,50 mg/mL) of LCS (Fig. 1), and the difference
was statistically significant (p <0.05). After 14 days of culture at a
certain concentration (12.5, 25, 37.5, 50 mg/mL) of LCS extracts, the
ALP activity of PDLCs significantly increased (Fig. 1), and the effect
is concentration dependent and time dependent.

3.2. The effect of LCS extracts on osteogenic/cementogenic
differentiation and angiogenic gene/protein expression of hPDLCs

Results of real-time PCR showed that, as shown in Fig. 2, a
certain concentration of LCS extracts can significantly promote
osteogenic/cementogenic differentiation of PDLCs to different
degrees on both day 7 and 14, compared with the blank control
group. The stimulatory effect depended on the concentrations of
LCS, in which the highest values of the gene expression of ALP, OPN,
OCN, BSP, CAP, CEMP1, VEGF, Runx2 were shown at 50 mg/mL. In
addition, the LCS extracts can significantly enhance the expression
of the Wnt/B-catenin pathway-related genes (wnt3a, 3-catenin)
and the ERK pathway-related genes (MMP2, FN and col I) in the
PDLCs on both day 7 and 14, as shown in Fig. 3, compared with
the blank control group. The stimulatory effect has a certain

concentration dependence, and the promotion of LCS at 50 mg/mL
is most distinct.

The protein expression results were almost consistent with the
gene expression profiles, as shown in Fig. 4. The promotion of LCS
at 50 mg/mL was most pronounced. These results suggest that LCS
may activate the Wnt/3-catenin and the ERK signaling pathways to
promote osteogenic/cementogenic and angiogenic differentiation
of PDLCs.

After cultivation in LCS extracts for 7 days, VEGF concentrations
in the supernatant of the PDLCs were significantly higher thanin the
blank control groups. The concentration of VEGF of PDLCs depended
on the concentration of LCS extracts, in which the highest value was
shown in 37.5 mg/mL extracts (Fig. 5, p<0.05). A similar trend of
the VEGF concentrations in PDLCs cultured in the extracts for 14
days was also observed, as shown in Fig. 5 (p <0.05).

3.3. The effects of Wnt/B-catenin and ERK signaling pathways on
osteogenic/cementogenic differentiation of hPDLCs cultured in LCS
extracts

RT-qPCR results (Fig. 6) showed that Wnt/3-catenin signaling
pathway inhibitor ICG-001 had a significant inhibitory effect on the
expression of the osteogenic/cementogenic genes (ALP, OPN, CAP,
CEMP1, BMP-2, and Runx2) in PDLCs cultured with LCS extracts.
However, the ICG-001 could not completely counteract the pro-
motion of expression of cementogenic/osteogenic genes of PDLCs
cultured in LCS extracts as compared to that of the control group,
as seen in Fig. 6. Western blotting analysis further confirmed the
effects (Fig. 6).

Alkaline phosphatase (ALP) staining results showed that 25 and
50 mg/mL LCS extracts could significantly enhance the deposition
of ALP in PDLCs, and this effect was significantly inhibited after the
addition of Wnt/[3-catenin signaling pathway inhibitor ICG-001, as
shown in Fig. 7.

Similarly, ERK signaling pathway inhibitor SCH772984 had a sig-
nificant inhibitory effect on the expression of the genes (Runx2,
MMP2, EN, Col I, PDGF, and EGF) and the proteins (p-p65, MMP2,
p-ERK) in PDLCs cultured in LCS extracts, compared to at the same
LCS concentration without SCH772984 (Fig. 8).
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Fig. 8. The effect of blockade of the ERK signaling pathway on the cementogenic/osteogenic differentiation of PDLCs cultured in the presence of LCS bioceramic extracts
(0, 25 and 50 mg/mL) with 10 uM SCH on day 7. The ERK signaling pathway inhibitor had a significant inhibitory effect on the osteogenic/cementogenic differentiation. *:
p<0.05 compared to 0 mg/mL without SCH; **: p<0.05 compared to the same concentration with supplementation of SCH.

3.4. The in vivo regeneration of alveolar bone defects for LCS in
rabbit models

After implanted for 4 weeks, the specimens were stained with
HE, as shown in Fig. 9, histological observation showed that the
regeneration of alveolar bone in different degrees were observed
in three groups. There were more new bone formation on the LCS
groups than the other groups and osteoblasts were more com-
mon and osteogenic activity was active. However, there were some
undegraded materials could be found in LCS and 3-TCP groups.
Immunohistochemical staining of the repair of alveolar defects in
three groups at 4 weeks showed more VEGF and BMP2 (osteogenic
and angiogenic markers) positive markers in LCS groups compared
to the others (Fig. 10).

At 8 weeks after surgery (Fig. 9), there were more new bone
formations and osteoblasts on the LCS groups, and the trabecular
of bones were more mature in the morphology and structure than
that two groups. In Masson staining, the newly developed alveolar
bone had a higher maturity were stained in red and low maturity

in blue. As shown in Fig. 9, the newly bone were more mature in
LCS groups.

3.5. The in vivo periodontal regeneration of root furcation defects
for LCS in beagle dog models

50 of consecutive sections of the experimental tooth were
selected as the CBCT measurement area, and the bone repair of the
measurement area were quantitatively analyzed, the CBCT images
were shown in Supplementary Fig. 1. The results showed that the
bone mineral density and the volume of the measured bifurcation
area were significantly higher in LCS groups than those in the 3-TCP
groups and the blank control after implanted for 12 weeks (Fig. 11).

Similarly, the HE staining showed the blank control groups,
[3-TCP groups had obvious inflammatory cell infiltration, and the
newborn alveolar bone and cementum were less. However, the
LCS groups had a large number of connective tissue ingrowth,
filling most of the area of the root bifurcation, with more amount
of new bone and cementum. Moreover, there were more mature
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Fig. 9. The regeneration quality of alveolar bone in mandible of periodontal defects in rabbits at 4 and 8 weeks of post-surgery. (A-F) H&E staining at 4 weeks (A-C) and
8 weeks (D-F) of post-surgery. D1-F1: Masson staining at 8 weeks of post-surgery, the newly developed alveolar bone had a higher maturity were stained in red and low
maturity in blue. NB: newly bone; AB: alveolar bone. A, D and D1: control groups; B, E and E1: 3-TCP groups; C, F, F1: LCS groups. It demonstrated that LCS groups possessed
considerable amount of alveolar bone regeneration as compared to the other two experimental groups at week 8. Scale bar: 500 wm. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of the article.)

newborn bone in LCS groups which stained in red compared with
blank control groups, 3-TCP groups (Fig. 11).

4. Discussion

Periodontitis is a common chronic oral disease, with a high
incidence in the human population, which can cause damage to
the alveolar bone, loss of periodontal attachment, and eventually
loss of teeth [29,30]. It is difficult to regenerate damaged peri-
odontal tissues including gingiva, periodontal ligament, alveolar
bone and cementum. Thus, it is of great challenging to treat the
chronic periodontitis. Traditional periodontal treatment, including
the clinically widely used periodontal guided tissue regenera-
tion (GTR), can significantly improve the repair of periodontal
tissue defects [31-33], but still cannot help the damaged peri-
odontal tissue to be fully regenerated. Synthetic biomaterials are
used for periodontal regenerative applications. They have no risk
for cross infection/disease transmission, which make it possible
for periodontal regeneration. In order to achieve the ultimate
goal of periodontal tissue engineering, bioactive materials should
promote the osteogenic/cementogenic/angiogenic differentiation

of PDLCs and stimulate the regeneration of periodontal tissues.
Unfortunately, the current biomaterials have not been found
to possess the ability for stimulating osteogenic/cementogenic/
angiogenic differentiation of PDLCs and for fully periodontal regen-
eration despite a great number of studies have been conducted.

Silicate bioceramics have been widely used for bone tissue
regeneration for their good characteristics in bone formation, many
recent studies have achieved better bone regeneration results
[34-37]. Meanwhile, because of the application of Li in the repair
of bone-cartilage and the role of Li in promoting the differentiation
of periodontal ligament cells in vitro, we consider the synergistic
effect of these ions could promote periodontal regeneration.

One of major novelty of this study is that we found
that Li, Si, Ca-containing ionic products from LCS extracts
could significantly stimulated the proliferation and
osteogenic/cementogenic/angiogenic differentiation of PDLCs,
which were crucial process in the regeneration of periodontal
tissues. It is speculated that Li, Si and Ca ions may have synergistic
role in enhancing the periodontal regeneration. Wnt signaling
plays a central role in many processes during embryonic devel-
opment and human homeostasis. The Wnt/3-catenin signaling
pathway plays an important role in bone reconstruction and tooth
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Fig. 10. Immunohistochemical staining of the repair of periodontal defects in different groups in mandible of periodontal defects of rabbits at 4 weeks. More VEGF and BMP2
(osteogenic and angiogenic markers) positive markers in LCS groups were found than the others. Scale bar: 100 wm. *, compared with control and 3-TCP groups, p <0.05.

regeneration [38-40]. It was found that the Wnt/[3-catenin signal-
ing pathway promotes osteogenic differentiation of periodontal
ligament fibroblasts and cementum regeneration [41,42]. After
activation of the Wnt/3-catenin signaling pathway, the Wnt/3-
catenin signaling pathway can regulate the balance between the
receptor activator of nuclear factor k-B ligand and osteoprotegerin
and enhance the osteogenic differentiation [43]. Some researchers
believed that silicate-based bioceramics promoted proliferation
and osteogenic differentiation of bone marrow stromal stem
cells because they activated Wnt signaling pathway [28,44].
Similarly, Li could activate Wnt/3-catenin signaling pathway by
inhibiting the degradation of GSK-3f3 in Wnt/3-catenin, leading
to promote cell proliferation and cementogenic and osteogenic
differentiation of periodontal ligament cells, bone marrow-derived
mesenchymal stem cells and osteoblasts [45-48]. In this study,
we investigated whether the role of LCS in promoting periodontal
differentiation was due to the activation of the Wnt/f-catenin
signaling pathway. The results showed that the Wnt/(-catenin
signaling pathway was activated in response to the LCS extracts.
Furthermore, after addition with the Wnt/B-catenin inhibitor,
ICG-001, led to a decrease in osteogenic gene expression of ALP,
OPN, Runx2 and BMP2, together with the reduced expression of
cementogenic genes, CAP and CEMP1 as well as the corresponding
protein synthesis. In addition, previous studies had shown that
the ERK pathway can also promote osteogenic differentiation
of PDLCs [49-52], and can also promote the differentiation of
PDLCs into neural Schwann cells [53]. Other studies had shown
that a natural active substance extracted from black tea can
inhibit osteoclastogenesis and inhibit osteoclast bone resorption
by inhibiting RANKL-induced ERK pathway [54]. Similarly, in the
present study, the ERK signaling pathway was investigated, and

our results showed that the LCS could up-regulate the expression
of ERK pathway-related genes and proteins, and down-regulate
their expression after using ERK pathway inhibitors. Therefore,
it is reasonable to speculate that the mechanism for LCS pro-
moting osteogenic/cementogenic/angiogenic differentiation of
PDLCs is closely related to the activation of Wnt/f3-catenin and
ERK signaling pathways by releasing of Li and Si ions from LCS
bioceramics.

The other important novelty of the study is that we found LCS
have shown significantly stimulatory effect on periodontal regen-
eration both in rabbit and beagle dog models. To our knowledge,
although the use of bioactive ions as a reagent for promoting bone
formation has been well studied, the role of the released ions from
bioceramics in the periodontitis models is not fully investigated. In
our study, according to our previous methods [55], acute root bifur-
cation defects were established, and the gutta-percha were placed.
After 6 weeks, the chronic periodontal inflammation was formed,
indicating that chronic II° bifurcation lesion models were success-
fully constructed. This modeling method could well simulate the
development of human periodontitis.

Then LCS granules were used to implant in the rabbit mandible
and beagle dog models. The histological results in rabbits showed
there were more new bone in LCS groups, and more BMP2 and VEGF
proteins positive expression were observed in LCS groups, which
proved the osteogenesis and angiogenic ability of LCS bioceramics.
The quantitative CBCT measurement results in beagle dog models
showed higher bone mineral density and bone volume in defect
area for LCS than 3-TCP groups. The histological results showed the
LCS groups had more new alveolar bone, new periodontal ligament
and new cementum-like tissue growth than the 3-TCP groups. In
the LCS groups, the new alveolar bone, the mineralization of which
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Fig. 11. Periodontal regeneration of the root bifurcation in beagle dogs of each group at 12 weeks after regeneration. (A-F) H&E staining at 12 weeks of post-surgery. (A1-F1)
Masson staining at 12 weeks of post-surgery. (G) Bone mass at root bifurcation in beagle dogs in three groups in 12 weeks after regeneration. BV, bone volume; TV, tissue
volume; BMD, bone mineral density. (A-C, A1-C1) Scale bar: 100 pm. (D-F, D1-F1) Scale bar: 500 wm. The bone mineral density and the volume of the measured bifurcation
area were significantly higher in LCS groups than those in the 3-TCP groups and the blank control, and there were more mature newborn bone in LCS groups which stained
in red compared with blank control groups, 3-TCP groups. NB: newly bone; AB: alveolar bone; NCEM: newly formed cementum-like tissue. *, compared with control and
B-TCP groups, p <0.05. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
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was low, was observed from the root to the crown, and integrated
with the original alveolar bone. The newly formed cementum-like
tissue was discontinuously covered the bare root surface. Neonatal
periodontal ligament was observed between the new cementum
and the new alveolar bone.

Current studies indicate that the Wnt/(3-catenin pathway is
associated with periodontal ligament cells with their surrounding
inflammatory micro-environment [56,57]. PDLSCs under inflam-
matory conditions could result in the reduction in the osteogenic
differentiation capacity and mineralized nodule formation [56].
Canonical Wnt/B-catenin pathway could regulate the osteogenic
differentiation potential of PDLCs in the presence of inflammation
[58]. Our previous study demonstrated that the osteogenic dif-
ferentiation of PDLCs was significantly promoted in inflammatory
microenvironments via activating the Wnt/B-catenin signaling
pathway [59]. In addition, studies have shown that LiCl can treat
bone destruction caused by periapical lesions by activating the
Wnt/p-catenin signaling [60]. Therefore, we speculate that LCS may
be a potential therapeutic option for periodontal bone destruction
in periodontal disease. In our present study, the periodontitis defect
models were shown that LCS granules play a better role in peri-
odontal regeneration than conventional 3-TCP, indicating that the
LCS can effectively promote the regeneration of periodontal tissues
under inflammatory microenvironment. Based on the results of cell
culture, it is reasonable to speculate that the role of LCS in peri-
odontal regeneration may be related to its stimulatory effect on
the osteogenic/cementogenic/angiogenic differentiation of PDLCs
via activating the Wnt/ERK signaling pathways.

Thus, in the study, we, for the first time, combined the medium
and large animal models to explore the regeneration activity of
LCS bioceramcis, further proving its significance for periodontal
regeneration. The in vivo studies demonstrates that even in the
case of LCS alone, it can effectively promote periodontal regenera-
tion, indicating that LCS is a promising biomaterial for periodontal
regeneration.

5. Conclusion

The present study showed that the LCS bioceramics signifi-
cantly enhanced the ALP activity, osteogenic/cementogenic and
angiogenic differentiation of PDLCs by combining the synergistic
effects of Li, Ca and Si ions. The significantly stimulatory effects
of LCS bioceramics on PDLCs differentiation toward to osteogen-
esis, cementogenesis and angiogenesis are closely related to the
activation of Wnt/3-catenin and ERK signaling pathways of PDLCs.
The LCS bioceramics possess the capacity to distinctly enhance the
periodontal regeneration both in rabbit and beagle dog models. Our
results indicate that LCS bioceramics may be used for periodontal
regeneration, offering a new treatment strategy for the treatment
of periodontitis.
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