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Abstract

Similar to the mesenchymal stem cells (MSCs), dental pulp stem cells (DPSCs) also have pluripotent differentiation
characteristic and may be more ideal for tissue regeneration, especially in tooth regeneration engineering. However,
bacterial infection may be a powerful obstacle. Berberine (BBR), known with antibacterial effects, was recently found
to play functions in bone formation through promoting osteogenic differentiation from pluripotent stem cells. However,
whether BBR also function in DPSCs osteogenic differentiation has not yet been reported. Primary DPSCs were isolated
from dental pulp tissues extracted from human impacted mandibular third molars, and identified by flow cytometry for cell
surface antigen molecules. A dexamethasone osteogenic medium was used to induce DPSCs osteogenic differentiation.
BBR (1 uM and 5 uM) was pre-added to into medium, and then cell proliferation, spheroid formation and osteogenic
differentiation capacities of DPSCs were analyzed, as well as the underlying molecules modulation mechanism. Flow
cytometry identified that CD44, CD90, CD81 and CD105 positively expressed in the isolated hDPSCs, with CD34 and
CD45 negetively expressed. BBR enhanced the cell proliferation of hDPSCs in a dose-dependent pattern, and promoted
dexamethasone-induced osteogenic differentiation via enhancing Runx?2 transcription factor activity followed by upreg-
ulating osteogenesis markers expression, whereas the adipogenic differentiation of hDPSCs was suppressed dramatically
by BBR. The EGFR and MAPK pathways were activated by BBR, and inhibitors for these pathways significantly
suppressed the osteogenic differentiation promotion of BBR. These results have revealed a novel mechanism that berber-
ine might promote hDPSCs osteogenic differentiation through activating EGFR-MAPK-Runx2 signaling pathways.
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Dental pulp stem cells (DPSCs) are a kind of adult stem cells
in dental pulp tissues, which have similar immunophenotype
and pluripotent differentiation characteristics to the bone mar-
row mesenchymal stem cells (BMSCs) [1]. It can be differ-
entiated into osteoblasts, odontoblasts, adipocytes, myocytes
and neurocytes [2]. Because of the high proliferative capacity
and easy accessibility, DPSCs become more ideal than
BMSC:s in tooth regeneration, nerve regeneration, bone tissue
engineering and translational medicine [3, 4]. DPSCs are
commonly used together with scaffold materials and cyto-
kines to induce dental pulp regeneration and restore its struc-
ture and function [5, 6]. However, bacterial infection may be
a powerful obstacle in the process of dental pulp regeneration.
Finding a drug both with antibacterial and inducing effects
become urgent.
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Berberine (BBR) is an active alkaloid extracted from the
medicinal plants of family polygonaceae, and it is a classic
antipyretic and detoxifying drug in traditional Chinese med-
icine [7]. BBR has a significant effect on antibacterial, anti-
inflammatory and anti-oxidation [8], and has characteristics
of small side effects and low price. It is always a common
medicine for treating bacterial diarrhea and gastroenteritis.
At present, BBR has attracted attention in the field of
stomatology, and subsequently its antibacterial effects on
many oral pathogens have been found [9]. More interesting-
ly, BBR not only has antibacterial effect, but also can pro-
mote bone formation [10]. Previous studies have shown that
BBR promotes osteogenic differentiation of bone marrow
mesenchymal stem cells (MSCs) by activating Runx2 tran-
scriptional activity through the p38MAPK signaling path-
way, or classic wnt/3-catenin signaling pathway [11, 12].
BBR can also promote osteogenic differentiation from peri-
odontal ligament stem cells (PLSCs) via EGFR-ERK-Fos
signaling pathway [13]. However, whether BBR plays a
similar role in hDPSCs has not been reported.

In this study, the effects of BBR on the cell proliferation
and osteogenesis of DPSCs was investigated in in vitro
cultured primary human DPSCs, and the relateted signaling
pathways and modulation mechanism were discussed. It
will provide more research evidences for further exploration
on the mechanism of dental pulp injury repair and regen-
eration treatment.

Materials and Methods

Human DPSCs Isolation, Identification
and Osteogenic Differentiation

Fifteen impacted mandibular third molars fully extracted from
healthy persons (18-29 years old) were collected for DPSCs
isolation. The protocol was approved by the ethic committee
of Qingdao Stomatological Hospital.

Sterilized the teeth with 75% alcohol, split crowns to open
the pulp cavity and removed the dental pulp tissue, followed
by washing with PBS and then cut into 1 mm?® fragments.
Digested the fragments at 37 °C using 0.3% type I
Collagenase (Gibco, USA) and 0.4% Dispase (Gibco, USA)
for 45 min. Add alpha-mem medium (x-MEM, Gibco, USA)
containing 20% fetal bovine serum (FBS, Gibco, USA) to stop
digestion. After centrifugation at 1000 rpm for 5 min and
resuspended with growth medium («x-MEM containing 10%
FBS, 1% penicillin-streptomycin, Gibco, USA), the explanted
cells were cultured at 37 °C in a humidified 5% CO, condi-
tion. Replaced fresh medium every 48 h until the cells were
approximately 80% confluent and then subcultured. The 4th
generation cells were used for experiments. Cell surface anti-
gen molecules CD34, CD44, CD45, CD80, CD90 and CD105
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were identified by flow cytometry analysis with monoclonal
antibodies purchased from eBioscience (USA).

To induce osteogenic differentiation, the cells were main-
tained in a dexamethasone osteogenic medium, which
consisted of growth medium supplemented with 200 nM
dexamethasone, 50 pg/ml vitamin C and 5 mM f3 glycero-
phosphate (Sigma, USA).

Alizarin Red Staining

After osteogenic differentiation induction, cells were fixed
with cold methanol for 20 min, and than stained with 1%
alizarin red S solution (sigma, USA) for 5 min at room tem-
perature to visualize the calcium deposition.

Drug Preparation and Treatment

Berberine (Sigma, USA), Gefitinib (Sigma, USA), U0126
(Selleck, USA) and SB203580 (Selleck, USA) were dissolved
respectively in dimethylsulfoxide (DMSO, Sigma, USA) to a
stock solution of 10 mM. The stock solution was diluted ac-
cording to the working solution concentration ratio before
used, and the final concentration of DMSO in the medium
was <0.1% (v/v).

Alkaline Phosphatase (ALP) Activity Assay

Cells were seeded in 48-well-plates (1 x 10°/well). At the day
4,7 and 14 after BBR treatment on osteogenic differentiation
induction, the cells were lysed with an alkaline lysate (Thermo
Scientific, USA). Protein concentrations were detected by
BCA protein assay kit (Thermo Scientific, USA), and the
ALP activity was performed using a PNPP (p-nitrophenyl
phosphate) substrate kit according to user manual (Thermo
Scientific, USA).

CCK-8 Assay

Cells were seeded in 96-well-plates (1 x 10*/well). At the 1th,
3th, 5th, and 7th days after incubation with BBR, 10 pl of
CCKS solution (Solarbio, China) was added to each well
followed by a further incubation for 45 min at 37 °C. Then
the absorbance was measured at 450 nm and results were
statistically analyzed in triplicates.

Colony Formation Assay

Cells were seeded in 35-mm dishes (1 x 10*/well) and cul-
tured in growth medium containing BBR or not for 14 days
to allow colony formation. After fixed with 4.0% paraformal-
dehyde, the surviving colonies were stained with 0.4% crystal
violet to be visible and counted.
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Spheroid Formation Assay

Cells were seeded in ultralow attachment 6-wells-plates and
cultred in spheroid formation medium («-MEM containing
2% B27, 20 ng/ml EGF, 20 ng/ml bFGF and 4pg/ml heparin).
After culture of 14 days, spheres with more than 100 pm in
diameter were counted in random fields of vision captured by
an optical microscope (Olympus, Japan).

Quantitative Polymerase Chain Reaction (qPCR)

Trizol reagent (Invitrogen, USA) was used for total RNA extraction.
After concentration measurement by a micro nucleic acid analyzer
(Nanodrop 2000, Thermo Fisher, USA), 2 ug of total RNA was
reversely transcribed by Advantage® RT-for-PCR Kit (Clontech,
USA). A SYBR green fluorescence probe (Takara, Japan) and the
228% method were used to quantify the relative mRNA expres-
sion of genes normalized to internal reference GAPDH by qPCR
technology on a thermocycle instrument (7500, Applied
Biosystems, USA). Primers used were listed in Table 1.

Western Blot

RIPA lysis buffer (ThermoScientific, USA) was used for the
extraction of total proteins and a BCA assay was performed
for concentration quantitation. 30 pg total proteins were sepa-
rated by Sodium Dodecyl Sulphate-PolyAcrylamide Gel
Electrophoresis (SDS-PAGE), and then transfered to a
polyvinylidene fluoride (PVDF) membrane (Bio-Rad,
Germany). After blocked with 5% skim milk (m/v) for 1 hour
at room temperature, the membrane was incubated with primary
antibodies at 4 °C overnight. Next day, after washed three times
with TBST, the membranes were incubated with the secondary
antibody incubated for 1 h at room temperature. Finally, an ECL
reagent (Thermo, USA) was used to develop the protein bands.
All primary antibodies used were purchased from Cell Signaling

Table 1 Paired primer sequences used in qPCR

Genes Paired primers Sequences

OSX Forward GGCACAAAGAAGCCGTACTC
Reverse CACTGGGCAGACAGTCAGAA

OCN Forward CTCACACTCCTCGCCCTATT
Reverse TCAGCCAACTCGTCACAGTC

OPN Forward GATGGCCGAGGTGATAGTGT
Reverse GTGGGTTTCAGCACTCTGGT

BMP2 Forward CTATCCCCACGGAGGAGTTT
Reverse TGTCCAAAAGTCTGGTCACG

RUNX2 Forward CGGAATGCCTCTGCTGTTAT
Reverse TTCCCGAGGTCCATCTACTG

GAPDH Forward CCAGGTGGTCTCCTCTGA
Reverse GCTGTAGCCAAATCGTTGT

Technology (CST, USA) or Abcam (England): EGFR(#4267,
CST), p-EGFR(#3777, CST), MEK (#4694, CST), p-
MEK (#9154, CST), ERK1/2(#4696, CST), p-ERK1/2(#4370,
CST), p38-MAPK (#8690, CST), p-p38-MAPK(#9216, CST),
Tubulin(#2148, CST), Runx-2(ab76956, Abcam),
0OSX(ab22552, Abcam), OPN(ab69498, Abcam),
OCN(ab13420, Abcam), BMP2(ab14933, Abcam).

Statistical Analysis

Mean + standard deviation (SD) was calculated as descriptive
statistics. Experiments were conducted at least 3 times inde-
pendently and analyzed by One-way ANOVA or Student ¢
test. p < 0.05 was considered statistically significance.

Results

Identification of hDPSCs and Osteogenic
Differentiation Induced by Dexamethasone

After expanded culturing, some fibroblast-like cells were
observed under the optical microscope (Fig. 1a). Cell sur-
face antigen molecules of the isolated ADPSCs were
identificated by flow cytometry analysis, and results
showed that the cells were positive for CD44, CD90,
CDS81 and CD105 but negative for hematopoietic stem
cells markers CD34 and CD45 (Fig. 1b), which were sim-
ilar immunophenotype to the bone mesenchymal stem cells
(BMSCs). To further determine the stem cell differentia-
tion potential of the isolated cells, dexamethasone osteo-
genic differentiation and adipogenic differentiation exper-
iments were carried out. After 14 days of induction, aliza-
rin red staining and oil red-O staining results suggested
that the isolated hDPSCs could successfully induced into
osteoblasts (Fig. 1¢) and adipocytes (Fig. S1).

Berberine Promotes Cell Proliferation
and Self-Renewal of hDPSCs

The effect of BBR on the proliferation of hDPSCs was
mainly identified by CCK8 and colony forming experi-
ments. The cells were treated in two concentrations of
BBR, 1 uM and 5 uM respectively, and the control group
cells were treated with 0.1% DMSO.CCKS results showed
that the cell viability in BBR treated groups were signifi-
cantly improved compared with the control group in every
detected time points (Fig. 2a). After 14 days of culturing,
the clone forming efficiencies of cells in BBR treated
groups were significantly higher than that in DMSO con-
trol group, moreover, the 5 uM group was significantly
higher than 1 puM group (Fig. 2b). The spheroid formation
assay for self-renewal ability of stem cells was revealed
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Fig. 1 Identification of the primary isolated human DPSCs. a
Representative images of hDPSCs under the optical microscope. b Cell
surface antigen molecules (CD44, CD34, CD45, CD90, CDS81 and
CD105) identification by flow cytometry analysis. ¢ Alizarin red

that the spheroid forming efficiency of hDPSCs was in-
creased in the BBR treated group compared to the DMSO
group (Fig. 2¢). These results indicated that BBR promotes
cell proliferation and self-renewal of hDPSCs.

Berberine Facilitated Dexamethasone-Induced
Osteogenic Differentiation of hDPSCs

The hDPSCs were induced for osteogenic differentiation with
dexamethasone medium containing Berberine (1 or 5 uM) or
0.1% DMSO. Results showed that, with induced-time going,
the ALP activity was significantly enhanced by BBR in a dose-
dependent pattern (Fig. 3a). Alizarin red staining analysis for
cells after 14 days differentiation induction also showed that the
calcium deposition was increased remarkably in BBR treated
groups compared to DMSO group, especially with a higher
dose of BBR (Fig. 3b). However, the oil red-O staining analysis
showed that the lipid droplets in the cells treated with BBR
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staining for calcium deposition analysis of hDPSCs after osteogenic
differentiation induced by dexamethasone-medium (DM). Cells
cultured with routine medium (RM) was considered as control

were decreased obviously, especially in the group with a higher
dose (Fig. S2), indicating a reverse anti-adipogenic activity of
BBR on DPSCs. The mRNA and protein levels of osteogenic
differentiation-related genes, osterix (OSX), osteopontin
(OPN), osteocalcin (OCN), bone morphogenetic protein 2
(BMP-2) were significantly upregulated with BBR treatment,
especially in the 5 pM BBR group (Fig. 3¢ and d). A transcrip-
tion factor for the expression of osteogenesis genes, Runx2 was
also obviously increased with BBR treatment (Fig. 3¢ and d).
All these results suggested that Berberine facilitated
dexamethasone-induced osteogenic differentiation of hDPSCs.

Berberine Increased the Runx2 Expression
through Activating EGFR-MAPK Pathways

We have verified that BBR upregulated the expression of
Runx2 and promoted the transcription of osteogenesis genes.
Previous reports found that BBR could enhance the
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Fig. 2 Berberine promoted hDPSCs proliferation and self-renewal.
hDPSCs were cultured with growth medium containing 1, 5 uM
Berberine or 0.1% DMSO for 2 weeks. a CCK-8 assay analysis for the

transcription activity of Runx2 via EGFR and MAPK path-
ways in PLSCs or BMSCs osteogenic differentiation [11,
13] So we also analyzed these pathways in the BBR induced
osteogenic differentiation of hDPSCs. Results showed that
the phosphorylation levels of EGFR, MEK, ERK1/2, and
p38MAPK were significantly increased in the BBR group,
indicating that the EGFR and MAPK pathways were acti-
vated by BBR treatment (Fig. 4).

Inhibitors, Gefitinib, U0126 or SB203580, Reversed
the Promotion Effects of Berberine on hDPSCs
Osteogenic Differentiation

To further verify the roles of EGFR and MAPK pathways in
BBR treated osteogenic differentiation, we used inhibitors
Gefitinib for EGFR, U0126 for MEK and SB203580 for p38
MAPK to jointly treat with BBR. Results showed all the three
inhibitors effectively suppressed the upregulation of Runx2 and
osteogenesis genes or proteins induced by BBR (Fig. 5b and c)
through inhibiting respectively the phosphorylation levels and
activation states of EGFR, MEK or p38MAPK successfully
(Fig. 5a), further indicating BBR might promote hDPSCs osteo-
genic differentiation via EGFR-MAPK signaling pathways.

cell viability at the 1, 3, 5, 7 days of induction culture. b Colony forming
efficiency analysis for the cell proliferative potentials and (¢) spheroid
formation capacity analysis at the end of the experiments. * p <0.05

Discussion

BBR is a plant alkaloid and has a long history of medicinal
use in Chinese and Ayurvedic medicine, and it is mainly
used for gastroenteritis and bacillary diarrhea [14], But with
the further research, BBR has been reported has broad pros-
pects in the fields of lowering blood lipid [15], therapy for
diabetes [16, 17], anti-inflammatory [18], anti-tumor [19,
20] and stomatology [9].

In this study, we focused on the role of BBR in osteogenic
differentiation of hDPSCs. Previous researches indicated that
BBR could promote osteogenic differentiation of BMSCs [11,
12] and PLSCs [13], and it could also promote proliferation of
rat chondrocytes and osteoarthritic rat cartilage [21]. Whereas,
BBR suppressed the expression of adipogenic related marker
genes in BMSC [12] and efficiently inhibited adipogenesis of
3 T3-L1 cells [12]. To detect the effect of BBR on hDPSCs
proliferation, osteogenic differentiation and adipogenic differ-
entiation, we performed CCKS8 assay, ALP activity assay, aliz-
arin red staining, oil red-O staining and colony forming unit
assay, spheroid formation assay, qPCR and WB. All the re-
sults indicated that BBR could significantly enhances the cell
proliferation and self-renewal of hDPSCs and promotes
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Fig. 3 Berberine facilitated dexamethasone-induced osteogenic
differentiation of hDPSCs. hDPSCs were cultured with dexamethasone
medium containing 1, 5 pM Berberine or 0.1% DMSO for 2 weeks. a
ALP activity analysis at the 4, 7, 14 days of induction culture. b Alizarin

osteogenic differentiation (from Figs. 2 to 3) but suppressed
adipogenic differentiation. All these results indicate that the
pluripotency of hDPSCs are very similar to the MSCs, and the
effects of Berberine on osteogenic and adipogenic differenti-
ation potential of the both are also consistent amazingly.
Runx?2 is the crucial transcription factors for osteogenic
differentiation especially at early stage [22-24], and the
MAPK signaling pathways play a vital role in the activating

red staining for calcium deposition analysis. ¢ qPCR analysis for the
mRNA expression levels of osteogenesis-related genes. d Western blot
analysis for the protein expression levels of osteogenesis-related
markers. * p <0.05, ** p<0.01, ***p <0.001

of Runx2. MAPKSs are a set of well described extracellular
signal-regulated kinases (ERKSs), c-Jun amino-terminal ki-
nases (JNKs) and p38 MAPK [25]. both ERKs and p38
MAPKSs are crucial in the runx2 activation process [24,
26-28], and some reports show JNKs also play a significant
role in this process [29, 30]. As mentioned above, it was re-
ported that BBR could promote osteogenic differentiation of
PLSC:s by activating the EGFR-ERK-FOS signaling pathway

Fig. 4 Berberine activated b
EGFR-MAPK pathways. a P-EGFR [+ e L] DMSO
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Fig. 5 Inhibitors reversed the promotion effects of Berberine on
hDPSCs osteogenic differentiation. hDPSCs were pre-treated
respectively with Gefitinib (5 M), U0126 (10 uM) and SB20580
(10 uM) for 2 h before osteogenic differentiation induction with
dexamethasone combined Berberine (5 uM) for 2 weeks. a Western

[13] and promote osteogenic differentiation of MSCs by acti-
vating Runx2 via the p38 MAPK signaling pathway [11]. In
order to further understand the osteogenic differentiation
mechanism, we detected the phosphorylation of EGFR,
MEK, ERK and p38 MAPK by WB. Here we report for the
first time that BBR activates the EGFR-MAPK signaling path-
ways in hDPSCs (Fig. 4).

To verify whether these molecules were key molecules,
we combined the EGFR inhibitor Gefitinb, MEK inhibitor
U0126 and p38 inhibitor SB203580 with BBR. The results
showed that all the three inhibitors alone inhibit BBR-
induced osteogenic differentiation (Fig. 5). When EGFR
was inhibited by gefitinb, both downstream MEK and
p38 were inhibited, whereas EGFR had no effect when
MEK and p38 inhibitors were incubated (Fig. 5). This sug-
gests that EGFR might be a possible receptor for BBR on
the surface of hDPSCs membrane, and BBR can activate
the downstream signaling pathways through EGFR. In

blot analysis for proteins EGFR, MEK, ERK, p38MAPK and their
phosphorylation levels. b qPCR analysis for mRNA expression levels
and (c¢) western blot analysis for proteins expression levels of Runx2
and osteogenesis markers. * p <0.05, ** p <0.01, ***p <0.001

summary, we first discovered that BBR could interact with
EGFR on the surface of hDPSCs and activate the MAPK
pathways to promote osteogenic differentiation of hDPSC.

Periodontitis is one of the most common diseases.
Controlling dental plaque and eliminating inflammation are
the main treatment measures at present, but it can not
achieve periodontal regeneration. Periodontal regeneration
materials are placed in periodontal lesions, and bacterial in-
fection may lead to the failure of periodontal regeneration.
Therefore, controlling microbial infection and promoting
periodontal regeneration is the key to periodontitis therapy.
Enterococcus faecalis and Actinobacillus actinomycetes all
have antibacterial effect and are excellent drugs for the treat-
ment of periodontitis. Previous reports indicated BBR has
antibacterial effect on Fusobacterium nucleatum,
Enterococcus faecalis, and Prevotella intermedia [9], and
hDPSCs is a potential material for bone regeneration [31].
Our study report at the first time, that BBR can enhance the
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osteogenic differentiation, proliferative and clonogenic of
hDPSC, and BBR could interact with EGFR on the surface
of hDPSCs and activate the MAPK pathways to promote
osteogenic differentiation of hDPSC. In addition, BBR has
antibacterial and inducing effects, it has great potential clin-
ical application value in pulp tissue regeneration and
periodonotitis treatment. The mechanism of the effect of
BBR on hDPSCs needs further study.
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