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Lipopolysaccharide inhibits osteogenic differentiation of periodontal
ligament stem cells partially through toll-like receptor 4-mediated
ephrinB2 downregulation
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Abstract
Objectives This study aimed to investigate the possible crosstalk between LPS/toll-like receptor 4 (TLR4) and ephrinB2 signal-
ing in mediating osteogenic differentiation of PDLSCs.
Materials and methods Human periodontal ligament stem cells (hPDLSCs) were harvested and treated with different concen-
trations of LPS under osteogenic induction. qPCR, alkaline phosphatase (ALP) staining, and Alizarin Red S staining were
performed to assess osteogenic gene expression, ALP activity, and mineralized nodule formation. EphrinB2 mRNA and protein
expressions after LPS treatment were also determined. To explore the role of ephrinB2 in LPS-impaired osteogenic differenti-
ation of hPDLSCs, hPDLSCs were stimulated with ephrinB2-Fc or transfected with ephrinB2 lentivirus, and then, the osteogenic
differentiation capacity was evaluated.
Results LPS inhibited osteogenic differentiation of hPDLSCs and downregulated ephrinB2 expression in hPDLSCs during osteogenic
differentiation. Blockage of TLR4 partially reversed LPS-induced decrease in ephrinB2 expression. EphrinB2-Fc promoted mineral-
ized nodule formation and increased the expression of ALP, osteocalcin (OCN), and bone morphogenetic protein 2 (BMP2) in
hPDLSCs. EphrinB2-overexpressing hPDLSCs treated with LPS expressed higher ALP and BMP2 mRNA and higher ALP activity
and showed more mineralized nodule formation, when compared with wide-type hPDLSCs treated with LPS.
Conclusions Our data suggested that LPS decreased the osteogenic differentiation capacity of hPDLSCs partially through
downregulation of ephrinB2 expression via LPS/TLR4 signaling. Upregulation of ephrinB2 partially reversed the impaired
osteogenic potential of hPDLSCs induced by LPS.
Clinical relevance Our results provided a new insight of mechanism underling LPS-mediated osteogenic differentiation inhibition
of PDLSCs and clarified a potential target for the management of periodontitis.

Keywords Periodontal ligament stem cells . Osteogenic differentiation . Lipopolysaccharide . EphrinB2

Introduction

Periodontal pathogenic bacteria (mainly Gram-negative an-
aerobes) trigger an inflammatory reaction in the tooth-
supporting tissues, causing periodontal and bone damage
and subsequent tooth loss [1, 2]. Lipopolysaccharide (LPS),
the major virulent factor of Gram-negative bacteria, plays a
key role in a series of inflammatory responses and progressive
periodontal tissue disruption [3–6]. However, the underlying
mechanisms of LPS-host interaction have not been fully
elucidated.

Periodontal ligament stem cells (PDLSCs), residing within
the periodontal ligament tissues, are responsible for periodon-
tal ligament and alveolar bone homeostasis [7–9].
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Importantly, PDLSCs possess osteogenic potential to repair
and regenerate the damaged periodontal bone tissues. It has
been demonstrated that PDLSCs can migrate to the site of
periodontal lesions and mediate periodontal regeneration
[10–12]. In addition, PDLSCs have been shown to generate
cementum/PDL-like tissues after transplantation in immuno-
deficient mice [13] and have been utilized to reconstruct the
destroyed periodontal bone tissues in vivo [14, 15].
Nevertheless, an inflammatory environment can impair oste-
ogenic differentiation of PDLSCs. The osteogenic differenti-
ation capacity of PDLSCs isolated from periodontitis-affected
periodontal ligament tissues was significantly lower than that
of PDLSCs isolated from healthy periodontal ligament tissues
[16]. A variety of inflammatory factors, like tumor necrosis
factor-alpha (TNF-α) [17] and interleukin-1 (IL-1) [18], have
inhibitory effects on osteogenic differentiation of PDLSCs. As
one of the major mediators of inflammation, LPS has been
reported to inhibit the osteogenic potential of PDLSCs
[19–22], although there are some controversies [23, 24].

Interaction between ephrinB2 expressed on osteoclasts and
EphB4 expressed on osteoblasts regulates osteoclast-osteoblast
communication, thereby maintaining bone homeostasis [25]. In
addition to being expressed on osteoclasts, ephrinB2 is also
expressed on osteoblasts or bone mesenchymal stem cells
(BMSCs), and it acts in a paracrine or autocrine manner on
EphB4 or EphB2 in itself to enhance the osteogenic potential
[26–30]. In addition to bone cells, periodontal ligament fibro-
blasts also co-express ephrin and Eph molecules [31, 32]. Our
group recently revealed that ephrinB2 overexpression promoted
mineralized nodule formation and upregulated osteogenic gene
expression in PDLSCs [33]. However, the role of ephrinB2 in
osteogenic differentiation of PDLSCs under an inflammatory
environment has not yet been investigated.

In this study, we aimed to investigate the effects of LPS on
osteogenic potential of PDLSCs and to further explore the role
of ephrinB2 in this process. The results indicated that LPS
inhibited osteogenic capacity of PDLSCs partially through
toll-like receptor 4 (TLR4)-mediated downregulation of
ephrinB2, and the impaired osteogenic potential of PDLSCs
induced by LPS could be partially reversed by ephrinB2 over-
expression in PDLSCs. Our study provided a potential target
for the management of periodontitis.

Materials and methods

Isolation and characterization of human periodontal
ligament stem cells

All experiments were performed after receiving approval from
the Ethics Committee of Xuzhou Medical University

(20161108). hPDLSCs were isolated from freshly extracted
third molars, which were collected from 10 healthy adults
(18–25 years old) with their consent. Periodontal ligament
tissues were scraped from the middle-third root surfaces and
digested with 3 mg/mL collagenase type I (Gibco-Life
Technologies, Grand Island, NY, USA) and 4 mg/mL dispase
(Gibco-Life Technologies, Grand Island, NY, USA) for 1 h at
37 °C. Then, the cells and remaining tissues were cultured in a
growth medium, containing α-minimum essential medium
(α-MEM; Gibco-Thermo Fisher Scientific, Beijing, China),
10% fetal bovine serum (FBS; Gibco, South America),
100 U/mL penicillin, and 100 μg/mL streptomycin (Vicmed,
Xuzhou, China). The medium was changed every 3 days, and
subculture was performed when cells reached 70–80% con-
fluence. To maintain stable cell behavior and avoid cell senes-
cence, cells of passages 2–5 were used in this study.

Multiple differentiation potential of hPDLSCs was tested.
For osteogenic differentiation, cells were induced in α-MEM,
10% FBS, 10 mmol/L β-glycerophosphate, 50 μg/mL L-
ascorbic acid phosphate, and 10 nmol/L dexamethasone; and
Alizarin Red S staining was performed 4 weeks later. For
adipogenic differentiation, cells were cultured in α-MEM
containing 10% FBS, 1 μmol/L dexamethasone, 1 μg/mL
insulin, and 0.5 mmol/L 3-isobutyl-1-methylxanthine for
4 weeks; and then, Red Oil O staining was performed. For
neurogenic differentiation, cells were induced in Neurobasal
A medium (Gibco-Thermo Fisher Scientific, Grand Island,
NY, USA) supplemented with 40 ng/mL basic fibroblast
growth factor (bFGF; PeproTech, Rocky Hill, NJ, USA) and
20 ng/mL epidermal growth factor (EGF; PeproTech, Rocky
Hill, NJ, USA), and β III-tubulin expression was analyzed
4 weeks later.

Expression of mesenchymal stem cell markers was mea-
sured by flow cytometry. Briefly, single-cell suspensions (2–
5 × 105 cells/tube) were incubated with fluorescent-
conjugated anti-human antibodies or their respective isotype
controls for 45 min. The following antibodies were used as
follows: CD90 PerCP, CD73 FITC, CD45 APC, CD105 APC
(BD Biosciences, San Jose, CA, USA), and STRO-1 PE
(Santa Cruz Biotechnology, Santa Cruz, CA, USA).
Analysis was performed on a flow cytometer (FACS Canto
II, BD Biosciences, San Jose, CA, USA).

In vitro osteogenic assay

To explore the effect of LPS on osteogenic differentiation of
hPDLSCs, they were seeded in 24-well plates (1 × 104/well)
or 6-well plates (5 × 104/well) and cultured in an osteogenic
medium supplemented with LPS (O55:B5, Sigma-Aldrich) at
concentrations of 0, 0.1, 1, and 10 μg/mL. The medium was
replaced every 3 days. On days 14 and 18, calcium nodules
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were assessed by Alizarin Red S staining. On day 10, alkaline
phosphatase (ALP) staining and ALP activity assay were per-
formed. On day 14, osteogenic markers were tested by quan-
titative polymerase chain reaction (qPCR). To explore the role
of ephrinB2 in osteogenic differentiation of hPDLSCs, 0.5 or
1 μg/mL ephrinB2-Fc (R&D Systems, Wiesbaden, Germany)
was added into the osteogenic medium. IgG-Fc (1 μg/mL)
(R&D Systems, Wiesbaden, Germany) was used as the nega-
tive control. Alizarin Red S staining and qPCR were per-
formed to assess the osteogenic differentiation ability.

Alizarin Red S staining and ALP staining

For Alizarin Red S staining, cells were fixed with 4% parafor-
maldehyde and stained with 2% Alizarin Red S solution
(pH 4.2) for 30 min. Staining intensity was quantified with
Image J software (Rawak Software, Germany). For ALP
staining, cells were fixed with 4% paraformaldehyde and
stained with nitro-blue tetrazolium/5-bromo-4-chloro-3′-
indolylphosphate (NBT/BCIP) substrate solution (Beyotime,
Shanghai, China) for 1 h. Additionally, ALP activity in whole-
cell lysates was quantified by the Alkaline Phosphatase
Detection Kit (Jiancheng Bioengineering, Nanjing, China)
following the manufacturer’s protocol.

Anti-TLR4 antibody or resatorvid treatment

The role of TLR4 in LPS-induced decrease in ephrinB2 ex-
pression was investigated by using anti-TLR4 antibody
(0.5 μg/mL; Proteintech, Wuhan, Hubei, China) or resatorvid
(1 μM, MedChemExpress, Shanghai, China) to block or an-
tagonize TLR4. hPDLSCs were seeded in 6-well plates at 2 ×
105/well and cultured in an osteogenic medium with or with-
out 0.1 μg/mL LPS. For the anti-TLR4 antibody group, cells
were pretreated with 0.5 μg/mL anti-TLR4 antibody for 4 h
and subjected to an osteogenic medium containing 0.1 μg/mL
LPS and 0.5 μg/mL anti-TLR4 antibody. For the resatorvid
group, 1 μM resatorvid was added at the time of changing to
osteogenic medium containing LPS.Western blotting analysis
of ephrinB2 level was performed 3 days later.

Cell transfection

EfnB2 lentiviral particles (LPP-M0409-Lv233-400) and cor-
responding EGFP lentiviral particles (LPP-EGFP-Lv233-100)
were purchased from GeneCopoeia (Rockville, Maryland,
USA). hPDLSCs were seeded in six-well plates (2.5 × 105/
well) and expanded in a growth medium until they reached
70% confluence. Then, the medium was changed to α-MEM
containing 5% FBS, 4 μg/mL polybrene (Vicmed, Xuzhou,
China), and 40 μL ephrinB2 lentiviral particles for 12 h.

hPDLSCs infected with corresponding control lentiviral par-
ticles were treated as control. After infection with lentivirus,
successfully transduced hPDLSCs were selected by 1.5 μg/
mL puromycin (Vicmed, Xuzhou, China). qPCR and Western
blotting analysis were performed to confirm ephrinB2 over-
expression in ephrinB2-transfected hPDLSCs.

qPCR

Total RNA was extracted with TRIzol Reagent (Invitrogen,
CA, USA), and it was purified and reverse transcribed to
cDNA using HiScript Q RT SuperMix for qPCR (Vazyme,
Nanjing, China) according to the manufacturer’s instructions.
qPCR analysis was performed with UltraSYBR Mixture
(Cwbio, Beijing, China) using an ABI7500 sequence detec-
tion system (Applied Biosystems, Darmstadt, Germany). The
primers used in this study are listed as follows: ALP: forward,
5′-CCTCGTTGACACCTGGAAGAG-3′, and reverse, 5′-
TTCCGTGCGGTTCCAGA-3′; osteocalcin (OCN): forward,
5′-CTACCTGTATCAATGGCTGGG-3′, and reverse, 5′-
GGATTGAGCTCACACACCT-3′; runt-related transcription
factor 2 (RUNX2): forward, 5′-TCTTAGAACAAATT
CTGCCCTTT-3′, and reverse, 5′-TGCTTTGGTCTTGA
AATCACA-3′; bone morphogenetic protein 2 (BMP2): for-
ward, 5′-TTCCACCATGAAGAATCTTTGGA-3′, and re-
verse, 5′-CCTGAAGCTCTGCTGAGGTGAT-3′; ephrinB2:
forward, 5′-TATGCAGAACTGCGATTTCCAA-3′, and re-
verse, 5′-TGGGTATAGTACCAGTCCTTGTC-3′; β-actin:
forward, 5′-ACGTTGCTATCCAGGCTGTG-3′, and reverse,
5′-GGCCATCTCTTGCTCGAAGT-3′.

Western blotting analysis

Total proteins were extracted with RIPA buffer (Beyotime,
Shanghai, China) and 1 mM PMSF (Beyotime, Shanghai,
China). Protein concentration was determined using the
BCA Protein Assay Kit (Beyotime, Shanghai, China). Forty
micrograms of protein per sample was separated by 10% so-
dium dodecyl sulfate polyacrylamide gel electrophoresis,
transferred to nitrocellulose membranes (Pall Corporation,
Pensacola, Florida, USA), blocked with 5% skim milk
(Vicmed, Xuzhou, Jiangsu, China), and incubated with prima-
ry antibodies for ephrinB2 (1:2000, Abcam, Cambridge, UK),
phospho-ephrinB2 (Tyr324/329, 1:500, Cell Signaling
Technology, Danvers, MA, USA), EphB4 (1:200; Santa
Cruz Biotechnology, Dallas, TX, USA), phospho-EphB4
(1:1000; Signalway Antibody, College Park, MD, USA), or
β-actin (1:3000, Beyotime, Shanghai, China) overnight at
4 °C. Then, the membranes were incubated with horseradish
peroxidase-conjugated secondary antibodies (Proteintech,
Wuhan, Hubei, China) for 2 h at room temperature. Protein
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bands were visualized by the chemiluminescence kit (NCM
Biotech, Suzhou, Jiangsu, China) and Tanon 4500
Immunodetection System (Tanon, Shanghai, China). The rel-
ative band intensity was analyzed with ImageJ software
(Rawak Software, Germany).

Statistical analysis

All experiments were repeated three times. Data were present-
ed as mean ± SD. SPSS 19.0 software (IBM Corp, Armonk,
NY, USA) was used to perform statistical analysis. One-way
ANOVA followed by Bonferroni’s post hoc test was used to
determine significant differences among more than two
groups. Two-tailed Student’s t test was used to determine sig-

nificant differences between two groups. The difference was
considered significant when p was less than 0.05.

Results

Characterization of hPDLSCs

Mineralized nodules, lipid droplets, and β III-tubulin expres-
sion were observed in hPDLSCs after osteogenic, adipogenic,
and neurogenic induction, respectively. Flow cytometry con-
firmed that hPDLSCs were positive for CD73, CD90, and
CD105 and negative for CD45. Also, 4.49% of hPDLSCs
were positive for STRO-1 (Fig. 1).

Fig.1 a Osteogenic, adipogenic, and neurogenic differentiation of
hPDLSCs detected by Alizarin Red S staining, Red Oil O staining, and
β III-tubulin expression, respectively. Left scale bar = 200 μm, middle

scale bar = 20 μm, right scale bar = 50 μm. b Mesenchymal stem cell
marker expression detected by flow cytometry

3410 Clin Oral Invest (2020) 24:3407–3416



LPS-impaired osteogenic capacity of hPDLSCs

To assess the influence of LPS on osteogenic differentiation of
hPDLSCs, they were treated with LPS at different concentra-
tions (0–10 μg/mL) under osteogenic induction. ALP and
Alizarin Red S staining revealed that LPS treatment signifi-
cantly downregulated ALP expression on day 10 and inhibited
calcium deposit formation on days 14 and 18. Furthermore,

0.1 μg/mL LPS inhibited mRNA expressions of ALP, OCN,
RUNX2, and BMP2 on day 14. LPS at 0.1 μg/mL also
inhibited RUNX2 protein expression, as indicated by
Western blotting analysis. To rule out the possibility that
LPS impaired the mineralization level via attenuating cell pro-
liferation, proliferation of hPDLSCs under different concen-
trations of LPS was measured, and no significant difference
was found (Fig. 2).

Fig. 2 a, b hPDLSCs under osteogenic induction were treated with
different concentrations of LPS. Then, ALP staining, Alizarin Red S
staining, and mRNA of ALP, OCN, RUNX2, and BMP2 were detected.
cRUNX2 protein expression in hPDLSCs treated with or without 0.1 μg/

mL LPS was measured on days 1, 3, 5, 7, and 10 of osteogenic induction.
d Proliferation of hPDLSCs treated with different concentrations of LPS.
Data are shown as mean ± SD. *p < 0.05 (n = 3); **p < 0.01 (n = 3)
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LPS downregulated ephrinB2 expression in hPDLSCs
during osteogenic differentiation

EphrinB2 plays a vital role in bone formation and homeosta-
sis. To determine whether LPS treatment influenced ephrinB2
expression in hPDLSCs during osteogenic differentiation,
ephrinB2 mRNA level in osteogenic hPDLSCs treated with
different concentrations of LPS was measured. It was noted
that 0.1 μg/mL LPS significantly downregulated ephrinB2
mRNA level on days 3, 7, and 14 of osteogenic induction.
Western blotting analysis revealed that ephrinB2 protein ex-
pression was inhibited by 0.1 μg/mL LPS on days 3 and 5 of
osteogenic induction, which was in accordance with ephrinB2
mRNA expression. Phosphorylated ephrinB2 was also down-
regulated by LPS treatment. However, EphB4 and its phos-
phorylated form were not affected by LPS (Fig. 3).

TLR4 is themain receptor that recognizes LPS, and the role
of LPS and TLR4 in osteogenic differentiation of BMSCs and
PDLSCs has been reported. To ascertain the involvement of

TLR4 in LPS attenuating ephrinB2 expression in hPDLSCs,
anti-TLR4 antibody and TLR4 inhibitor (resatorvid) were
used. Western blotting analysis showed that LPS-induced
downregulation of ephrinB2 was partially reversed by anti-
TLR4 antibody or resatorvid treatment (Fig. 3).

EphrinB2-Fc stimulated osteogenic differentiation
of hPDLSCs

To explore the effect of ephrinB2 on osteogenic differentiation
of hPDLSCs, recombinant ephrinB2-Fc was added to the os-
teogenic induction medium. Alizarin Red S staining showed
more mineralized nodule formation in ephrinB2-Fc treatment
groups, when compared with no ephrinB2-Fc treatment
group. ALP transcription increased after 0.5 and 1 μg/mL
ephrinB2-Fc treatment on day 7, and OCN and BMP2 tran-
scription increased after 0.5 μg/mL ephrinB2-Fc treatment on
day 7 (Fig. 4).

Fig.3 a EphrinB2 mRNA expression in hPDLSCs treated with different
concentrations of LPS. Data are shown as mean ± SD. **p < 0.01 (n = 3)
vs. 0 μg/mL LPS group. b–f EphrinB2, p-ephrinB2, EphB4, and p-
EphB4 protein expression in hPDLSCs treated with 0.1 μg/mL LPS.

Data are shown as mean ± SD. *p < 0.05 (n = 3). g, h Western blotting
analysis of the effect of blocking TLR4 on LPS-induced decrease in
ephrinB2 expression. Data are shown as mean ± SD. *p < 0.05 (n = 3);
**p < 0.01 (n = 3)
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EphrinB2 overexpression partially reversed
LPS-impaired osteogenic potential of hPDLSCs

To further determine whether ephrinB2 plays a role in the
impaired osteogenic potential of hPDLSCs induced by LPS,
hPDLSCs were transfected with ephrinB2 lentivirus.
Successful transfection was demonstrated by green fluores-
cence expression and ephrinB2 mRNA and protein overex-
pression. qPCR, ALP, and Alizarin Red S staining revealed
that ephrinB2-overexpressing hPDLSCs treated with LPS
expressed higher ALP and BMP2 mRNA levels and higher
ALP activity and showed more calcium nodule deposition,
when compared with wide-type hPDLSCs treated with LPS
(Fig. 5). These results indicated that ephrinB2 overexpression
partially reversed LPS-impaired osteogenic capacity of
hPDLSCs.

Discussion

PDLSCs maintain the homeostasis of the periodontium struc-
ture and physiological functions. At the same time, these cells
have been shown to be promising sources of stem cells for
periodontal tissue regeneration [7, 34]. It has been reported
that the osteogenic differentiation property of PDLSCs is at-
tenuated under an inflammatory microenvironment [16]. LPS,

a major pro-inflammatory factor in periodontitis, exerts an
inhibitory effect on osteogenic differentiation of PDLSCs
[19, 21, 22]. Therefore, it is crucial to investigate the underly-
ing mechanism of LPS affecting osteogenic potential of
PDLSCs for the treatment of periodontitis. In this study, we
found that LPS inhibited osteogenic differentiation of
PDLSCs partially through downregulation of ephrinB2 via
LPS/TLR4 signaling.

The initiation of periodontitis and the subsequent events of
destruction of the alveolar bone and periodontal connective tissue
by bacteria and LPS are well documented. Microbial compo-
nents, especially LPS, result in secretion and accumulation of
pro-inflammatory cytokines, including IL-1, TNF-α, prostaglan-
din E2 (PGE2), and interleukin-6 (IL-6) in periodontal tissues,
which induce synthesis of excess receptor activator of nuclear
factor-κB ligand (RANKL) and alter the ratio of RANKL/
osteoprotegerin (OPG). RANKL is the key osteoclast differenti-
ation factor, leading to osteoclast mature and bone resorption,
while OPG is a soluble receptor of RANKL that counterbalances
the function of RANKL. The excess of RANKL induced by LPS
disrupts bone homeostasis, contributing to eventual bone loss
and periodontal tissue breakdown [6, 35–37]. However, the exact
effect of LPS on osteogenic differentiation of PDLSCs remains
inconclusive. In the present study, we found that different con-
centrations of LPS (0.1, 1, and 10 μg/mL) impaired osteogenic
differentiation of PDLSCs, and 0.1 μg/mL LPS had the most

Fig.4 a Mineralized nodule formation was detected on day 14 after
different concentrations of ephrinB2-Fc were added to the osteogenic
medium. Scale bar = 100 μm. b ALP, OCN, RUNX2, and BMP2

mRNA levels were measured on day 7. Data are shown as mean ± SD.
*p < 0.05 (n = 3); **p < 0.01 (n = 3)
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significant inhibitory effect, as demonstrated by decrease in both
mineralized nodule formation and osteogenic marker expression.
In addition, LPS had no influence on proliferation of PDLSCs,
which was consistent with previous findings [21]. As many pre-
vious studies did [20, 23, 38], we also used Escherichia coli
(E. coli) LPS in this study, because of its representativeness, easy
accessibility and similar effect on osteogenic differentiation of
PDLSCs with Porphyromonas gingivalis (P.g.) LPS [22, 23],
the main pathological factor for periodontitis. Even though, we
cannot exclude the possibility that our research findings could be
different if P.g. LPSwould be used. So further studies focused on
P.g. LPS is needed.

EphrinB2 is considered a key molecule in regulating
bone homeostasis in both normal conditions [25] and di-
verse pathologic conditions, such as hyperglycemia-
induced bone deterioration [39], vitamin D intoxication
[40], and cancer-induced bone disease [41]. Additionally,
mechanical force [31, 32] and a range of hormones [26,
42] could regulate ephrinB2 expression, thereby influenc-
ing bone homeostasis. However, it has not been investigated
whether ephrinB2 is involved in LPS-induced inhibition of

osteogenic differentiation of PDLSCs. First, we tested
ephrinB2 expression in osteogenic PDLSCs after LPS treat-
ment. Our study revealed that different concentrations of
LPS attenuated mRNA expression of ephrinB2, and
0.1 μg/mL LPS most significantly inhibited ephrinB2
mRNA expression. Downregulation of ephrinB2 and p-
ephrinB2 protein by 0.1 μg/mL LPS was also observed.
Similarly, it has been reported that P.g. LPS inhibited the
expression of ephrinB2 in an osteoblast-osteoclast co-cul-
ture system [43]. EphB4 is a receptor for ephrinB2, and
ephrinB2-EphB4 interaction in osteoblasts specifically
stimulated their differentiation [25, 32]. Thus, expressions
of EphB4 and p-EphB4 after LPS treatment were also test-
ed. However, it was found that LPS had no influence on
EphB4 and p-EphB4 expressions, which suggested that
EphB4 was not receptor for ephrinB2 in LPS-impaired os-
teogenic differentiation of hPDLSCs. Besides EphB4,
EphB1 and EphB2 have also been reported as likely candi-
date receptors for ephrinB2 in bone formation [30], and they
may be the possible receptor for ephrinB2 in this process,
which need further research.

Fig.5 a Green fluorescence was observed in lentivirus-infected
hPDLSCs. Scale bar = 200 μm. b, c EphrinB2 mRNA and protein were
overexpressed in ephrinB2-transfected hPDLSCs. d–f After ephrinB2
was overexpressed, mRNA of ALP, OCN, RUNX2, and BMP2, ALP

staining, and Alizarin Red S staining of osteogenic hPDLSCs treated with
0.1 μg/mL LPS were assessed. Data are shown as mean ± SD. *p < 0.05
(n = 3); **p < 0.01 (n = 3)
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Toll-like receptors (TLRs) are essential for the recognition of
microbial pathogenic molecules, such as LPS, flagellin, and
nucleic acids [44]. PDLSCs express a variety of TLRs [20], and
among them, TLR4 was shown to recognize LPS, stimulate the
production of cytokines and other pro-inflammatory mediators,
and mediate LPS-induced attenuation of osteogenic differentia-
tion [20, 45]. To investigate whether TLR4 is the key receptor for
LPS-induced downregulation of ephrinB2 expression, anti-TLR4
antibody or resatorvid, a specific inhibitor of TLR4, was applied.
Blockage of TLR4 partially reversed the LPS-induced ephrinB2
downregulation in PDLSCs, which suggested that TLR4 partially
mediated LPS-induced ephrinB2 downregulation. Similarly,
TNF-α, a pro-inflammatory factor produced by TLR4 activation,
had an inhibitory effect on EphB4 expression in osteoblasts [46].
The expression of ephrin ligand in osteoclast precursors or peri-
odontal ligament fibroblasts could be regulated by NF-κB signal-
ing [47] or ERK1/2 MAPK signaling [48], respectively. At the
same time, triggering of the TLR4 pathway leads to activation of
NF-κB, IRF-3, and MAPK pathways and subsequent regulation
of immune and inflammatory genes [49]. Thus, activation of the
TLR4 receptor might decrease ephrinB2 expression via down-
stream NF-κB or MAPK pathways, which need further research.

Previous studies demonstrated that ephrinB2-Fc could en-
hance the osteogenesis of osteoblasts [25, 30], BMSCs [28,
29], and dental pulp stem cells (DPSCs) [50]. EphrinB2 over-
expression promoted calcium deposition and osteogenic gene
expression in PDLSCs [33]. Similarly, our results also re-
vealed that ephrinB2-Fc treatment promoted calcium nodule
formation and increased ALP, OCN, and BMP2 transcription
in PDLSCs. Strikingly, ephrinB2 upregulation in PDLSCs
partially reversed the impaired osteogenic differentiation of
PDLSCs induced by LPS. These results suggested that
ephrinB2 partially mediated the inhibitory effect of LPS on
osteogenic differentiation of PDLSCs.

In conclusion, LPS inhibited osteogenic potential of
hPDLSCs partially via downregulation of ephrinB2 expres-
sion. EphrinB2 upregulation or ephrinB2-Fc treatment could
partially reverse the impaired osteogenic differentiation of
PDLSCs induced by LPS.
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