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Estrogen deficiency inhibits the odonto/osteogenic differentiation
of dental pulp stem cells via activation of the NF-κB pathway
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Abstract Various factors can affect the functions of dental
pulp stem cells (DPSCs). However, little knowledge is avail-
able about the effects of estrogen deficiency on the differenti-
ation of DPSCs. In this study, an estrogen-deficient rat model
was constructed and multi-colony-derived DPSCs were
obtained from the incisors of ovariectomized (OVX) or sham-
operated rats. Odonto/osteogenic differentiation and the possi-
ble involvement of the nuclear factor kappa B (NF-κB) path-
way in the OVX-DPSCs/Sham-DPSCs of these rats were then
inves t iga ted . OVX-DPSCs presented decreased
odonto/osteogenic capacity and an activated NF-κB pathway,

as compared with Sham-DPSCs. When the cellular NF-κB
pathway was specifically inhibited by BMS345541, the
odonto/osteogenic potential in OVX-DPSCs was significantly
upregulated. Thus, estrogen deficiency down-regulated the
odonto/osteogenic differentiation of DPSCs by activating
NF-κB signaling and inhibition of the NF-κB pathway effec-
tively rescued the decreased differentiation potential of DPSCs.

Keywords Dentalpulp .Stemcell .Differentiation .Nuclear
factor kappa B . Estrogen . Rat (Sprague Dawley, female)

Introduction

Dental pulp stem cells (DPSCs), a type of adult stem cell, have
the potential of self-renewing and multi-differentiation and are
considered as competent candidates for dental tissue regenera-
tion, including bio-tooth reconstruction (Yan et al. 2011).
Moreover, DPSCs are thought to be an ideal source of osteo-
blasts andmineralized tissues for bone regeneration, as they can
co-differentiate into osteoblasts/endotheliocytes in vitro and
form lamellar bone containing osteocytes in vivo (d’Aquino
et al. 2007, 2009a, b; Graziano et al. 2008; Laino et al. 2005).
To date, diverse studies have revealed that the biological fea-
tures, especially the odonto/osteogenic capacity of DPSCs, can
be affected by various conditions, such as the local microenvi-
ronment, cytokines, the age of the donor, in vitro passage
number, morphogen and scaffold porogens (Demarco et al.
2010; Ma et al. 2009; Wang et al. 2011; Yang et al. 2012; Yu
et al. 2010). However, little knowledge is available about the
effects of estrogen on the differentiation of DPSCs.

Estrogen is an important hormone necessary for sex
maturation and bone metabolism. Usually, estrogen defi-
ciency brings about primary osteoporosis and bone fracture
not only in post-menopausal women but also in elderly men
(Khosla et al. 2011). Osteoporosis is thought to be the major
cause of periodontal diseases, can lead to the loss of alveolar
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bone and can enhance the severity of periodontitis (Dvorak
et al. 2009; Johnson et al. 1997; Mamalis et al. 2011; Moriya
et al. 1998; Wattanaroonwong et al. 2011; Zhang et al.
2011a). Recent studies have revealed that estrogen can
regulate the differentiation of periodontal ligament stem
cells and bone marrow-derived mesenchymal stem cells
(MSCs; Zhang et al. 2011a; Zhao et al. 2011). Estrogen
deficiency suppresses osteogenic differentiation and the os-
teogenesis of MSCs but enhances their adipogenesis (Zhang
et al. 2011a). When exposed to estrogen, these MSCs pos-
itively modulate alkaline phosphatase (ALP) activity and
osteocalcin production (Cao et al. 2007; Kawamoto et al.
2002; Zhang et al. 2012), suggesting that estrogen has a
positive effect on the osteogenic differentiation of MSCs.
Whether estrogen deficiency can exert similar actions on
DPSCs remains unknown.

In this study, we have established an estrogen-deficient
rat model by bilateral ovariectomy (OVX) and investigated
the role of estrogen in the odonto/osteogenic differentiation
of DPSCs isolated from OVX-incisors (OVX-DPSCs). Our
findings demonstrate that the odonto/osteogenic differentia-
tion potential of OVX-DPSCs is significantly inhibited as
compared with DPSCs from the sham-operated group
(Sham-DPSCs) both in vitro and in vivo. Moreover, the
blocking of the nuclear factor kappa B (NF-κB) pathway
can rescue the decreased odonto/osteogenic capacity of
OVX-DPSCs, indicating that estrogen regulates the differ-
entiation of DPSCs via the intracellular NF-κB pathway.

Materials and methods

Establishment of an estrogen-deficient animal model

All animal experiments were conducted in accordance with
the accepted standards of humane animal care and approved
by the Animal Care Committee of Nanjing Medical
University. The estrogen-deficient rat model was established
as previously reported (Muhammad et al. 2012; Zhang et al.
2011a). Eight-week-old female Sprague Dawley (SD) rats
from the Experimental Animal Center of Nanjing Medical
University were randomly divided into two groups: the
OVX group (OVX-rats; n=15) and sham-operated group
(Sham-rats; n=15). All rats were anesthetized by 30 mg/ml
pentobarbital, sterilized and both ovaries of OVX-rats were
gently removed. Sham-operated rats were treated with the
same incisions to expose the ovaries but without any dam-
age to them. One month after the operation, the serum
estradiol level was detected by immunochemiluminescent
assay with the UniCel DxI 800 Immunoassay System
(Beckman Coulter, USA). The body-weights of the rats at
0 month and 1 month post-operation were recorded. Data
are presented as means ± SD.

Cell isolation and culture

One month after the operation, both OVX-rats and Sham-
rats were killed by an overdose of pentobarbital. The lower
incisors were carefully isolated and dental pulps were gently
separated. Multi-colony derived Sham-DPSCs and OVX-
DPSCs were obtained as previously described and cultured
in alpha minimum essential medium (α-MEM; Gibco,
USA) supplemented with 10% fetal bovine serum (FBS;
Hyclone, USA), 100 U/ml penicillin and 100 μg/ml strep-
tomycin at 37°C under 5% CO2. The culture medium was
changed every 3 days and the cells were routinely observed
under a phase-contrast inverted microscope (Olympus,
Germany). Sham-DPSCs or OVX-DPSCs at passage 2–3
were used in the following experiments.

MTT assay

DPSCs were seeded into 96-well plates (Nunc, USA) at a
density of 2×103 cells/well for 24 h and starved in a serum-
free medium for another 24 h. The serum-free medium was
then replaced with the routine medium. For nine consecutive
days, fresh MTT (3-[4, 5-dimethylthiazol-2-yl]-2,5-
diphenyl-2,5-tetrazoliumbromide) solution (5 mg/ml; Sigma-
Aldrich, USA) was added to the wells, which were then
incubated for 4 h at 37°C. The MTT solution was removed,
formazan was solubilized in 150 μl/well dimethyl sulfoxide
(DMSO, Sigma-Aldrich, USA) and the absorbance (OD val-
ue) was measured at 490 nm by using a microtiter plate reader
(Titertek, Finland). The experiment was repeated three times
and data are presented as means ± SD.

Flow cytometry

DPSCs were seeded into 6-cm culture dishes (Nunc, USA) in
routine culture media supplemented with 10% FBS for 24 h.
After 24 h of starvation with serum-free medium, the medium
containing 10% FBS was added back to the cultures and
changed every 3 days until 70%–75% confluence. The cells
were then harvested and fixed with 75% ice-cold ethanol at
4°C for 30 min in the dark. DNA content was measured by a
FAC Scan flow cytometer (BD Biosciences, USA). Cell cycle
fractions (G0, G1, S, and G2M phases) were determined by
flow cytometry. The experiment was repeated in triplicate.

ALP activity assay and Alizarin red staining

DPSCs were seeded into 96-well plates (Nunc, USA) at a
density of 2×103 cells/well and cultured in routine medium
or mineralization-inducing medium (MM) containing α-
MEM, 10% fetal bovine serum, 100 U/ml penicillin,
100 μg/ml streptomycin, 100 μM ascorbic acid, 2 mM 2-
glycerophosphate and 10 nM dexamethasone. The ALP
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activity assay was performed as previously reported (Wang
et al. 2012) by using an ALP activity kit (Sigma-Aldrich,
USA) and normalized to total protein content in the cell.
Alizarin red staining was performed at day 14 as previously
described (Yu et al. 2010). The staining of calcified nodules
was eluted by using 10% cetylpyridinium chloride (CPC) in
10 mM sodium phosphate (pH7.0). The calcium concentra-
tion was determined by measuring the absorbance at 526 nm
with a universal microplate reader (BioTek Instruments,
USA). This experiment was performed in triplicate and the
results are presented as means ± SD.

Real-time reverse transcription plus the polymerase
chain reaction

Total cellular RNA of DPSCs was obtained by adding TRIzol
reagent (Invitrogen, USA) to cell samples following the man-
ufacturer’s instructions. The mRNA was reverse-transcribed
into cDNA by using a PrimeScript RT Master Mix kit
(TaKaRa Biotechnology, China). Real-time reverse transcrip-
tion plus the polymerase chain reaction (RT-PCR) was
performed by using the SYBR Premix Ex Taq kit (TaKaRa
Bio, Japan) and ABI 7300 real-time PCR system. Primers
used in this experiment are listed in Table 1. D-
gluteraldehyde-3-phosphate dehydrogenase (Gapdh) was
used as an internal control. The expression of genes was
calculated by the method of 2−ΔΔCt as previously reported
(Wang et al. 2012). Data are shown as means ± SD of three
independent experiments.

Western blot analysis

DPSCs were washed twice with 0.01 M phosphate-buffered
saline (PBS) and lysed in RIPA lysis buffer (Beyotime, China)
containing 1 mM phenylmethane sulfonyl-fluoride according
to the manufacturer’s instructions. The protein concentration
was measured via Bradford protein assay. Protein (30 μg) was

loaded onto a 10% SDS-polyacrylamide gel for electrophore-
sis and then transferred onto 0.22 μm polyvinylidene
difluoride membranes (Millipore, Bedford, Mass., USA) at
300 mA for 1 h in a blotting apparatus (Bio-Rad, USA).
Membranes were blocked in the blocking solution (5% non-
fat dried skimmed milk powder, 0.01 M PBS, 0.1% Tween-
20) at room temperature for 2 h and incubated in primary
antibodies (RUNX2, 1:1000, Abcam; OSX, 1:1000, Abcam;
OCN, 1:1000, Abcam; DSP, 1:500, Santa Cruz; β-ACTIN,
1:1000, Bioworld) overnight at 4°C. Finally, the membranes
were washed three times with PBS with Tween for 10 min
followed by incubation in the relevant secondary antibodies
(1:10000, Boster, China) for 1 h at 37°C, visualized by
SuperSignal West Pico Chemiluminescent Substrate
(Thermo, USA) and exposed to Kodak X-ray films.
β-ACTIN served as an internal control.

In vivo transplantation

DPSCs (1×106) were collected as cell pellets by exposure to
0.25% trypsin/EDTA for 3min and centrifugation at 1000 rpm
for 5 min in a sterile tube and seeded gently onto absorbable
gelatin sponges (AGS, Nanjing Pharmaceuticals, China),
which served as carriers as previously described (Wang et al.
2012; Yu et al. 2012). Then, the cell pellets were transplanted
into the renal capsules of adult female SD rats. After
14 days of in vivo culture, the retrieved implants
(n=10) were fixed in 4% polyoxymethylene for 48 h,
decalcified with 10% EDTA (pH8.0) and embedded in
paraffin. Finally, paraffin sections (5 μm) were
processed for hematoxylin and eosin (HE) staining.

Immunohistochemical staining

Immunohistochemical analyses were performed by using the
streptavidin-biotin complex method according to the manu-
facturer’s recommended protocols. Briefly, tissue sections

Table 1 Sense and antisense
primers for real-time reverse
transcription plus the polymer-
ase chain reaction (F forward,
R reverse, Alp alkaline phospha-
tase, Runx2 Runt-related tran-
scription factor 2, Osx osterix,
Ocn osteocalcin, Dspp dentin
sialophosphoprotein, Gapdh
D-gluteraldehyde-3-phosphate
dehydrogenase)

Genes GeneBank number Sequences (5′-3′) Length of product

Alp NM_013059.1 F: CGAGCAGGAACAGAAGTTTGC 64 bp
R: GAATCCGACCCACGGAGG

Runx2 NM_053470.2 F: AATGCCTCCGCTGTTATG 191 bp
R: TTCTGTCTGTGCCTTCTTG

Osx NM_001037632.1 F: GCCTACTTACCCGTCTGACTTT 131 bp
R: GCCCACTATTGCCAACTGC

Ocn NM_013414.1 F: AAGCCCAGCGACTCTGAGTCT 75 bp
R: CCGGAGTCTATTCACCACCTTACT

Dspp NM_012790.2 F: CGTTCAGGGAGTCCTAGCGGGAACG 99 bp
R: GTGACTCTCCCTTCCATCTCCTG

Gapdh NM_017008.4 F: GCCTCGTCTCATAGACAAGATGGT 82 bp
R: GAAGGCAGCCCTGGTAACC
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from representative paraffin blocks were deparaffinized in
xylene and rehydrated through graded ethanol solutions.
Endogenous peroxidases were blocked by using 3% hydrogen
peroxide. For antigen retrieval, the sections were processed by
conventional microwave heating in 0.01 M sodium citrate
retrieval buffer (0.01 M sodium citrate, 0.01 M citric acid,
pH6.0) for 5 min. Then, the sections were blocked by 10%
normal swine serum for 20 min and incubated with primary
antibodies (DSP, 1:200; OCN, 1:100) overnight at 4°C.
Incubation with PBS instead of primary antibodies served as
the negative control. Finally, the sections were incubated with
the relevant secondary antibodies for 45 min at room temper-
ature. The reaction products were developed in 3, 3′-
diaminobenzidine solution with hydrogen peroxide and
counterstained with hematoxylin.

Enzyme-linked immunosorbent assay

To determine the tumor necrosis factor-α (TNF-α) concentra-
tion, 1 ml culture supernatant of DPSCs grown in 25mm2 flasks
was collected after 5 days of culture in routine medium. Then,
the medium was centrifugated at 3000 rpm to exclude solid
substances. Enzyme-linked immunosorbent assay (ELISA) was
performed by using a rat TNF-α ELISA kit (EX Cell Biology,
China). The experiment was repeated three times.

Statistics

For independent samples, the two-tailed t-test was
performed with SPSS 13.0 software. P-values less than
0.05 were considered statistically significant.

Results

Estrogen deficiency had no effect on the proliferation
of DPSCs

One month after ovariectomy, the serum estradiol in OVX-
rats was significantly declined (Fig. 1a), whereas the body
weight of OVX-rats was heavier than that of Sham-rats
(Fig. 1b), indicating that the estrogen-deficient rat model
had successfully been established.

OVX-DPSCs and Sham-DPSCs were then respectively
isolated from OVX and Sham-operated rat incisors, which
shared almost the same appearance at the 2nd passage
(Fig. 1c, d). No significant difference of proliferation index
(PI = S + G2M) was observed between Sham-DPSCs and
OVX-DPSCs (Fig. 2a–c). The MTT assay further demon-
strated that the cell proliferation of these two types of
DPSCs was similar (Fig. 2d).

Estrogen deficiency inhibited the odonto/osteogenic
differentiation potential of DPSCs

First, we detected the early-stage marker of odonto/osteogenic
differentiation, i.e., ALP activity in OVX-DPSCs or Sham-
DPSCs. The results showed that ALP activity in Sham-
DPSCs at day 3 was significantly higher than that in OVX-
DPSCs irrespective of whether the cells were grown in the
routine culture medium or mineralization-inducing medium
(Fig. 3a). Moreover, Alizarin red staining and quantitative
calcium measurement demonstrated that the Sham-DPSC
group generated more calcium nodules than the OVX-DPSC

Fig. 1 Establishment of an
animal model for estrogen
deficiency and isolation of dental
pulp stem cells. a Serum
estradiol was detected by the
immunochemiluminescent assay.
Levels of serum estradiol in
ovariectomized rats (OVX-rats)
were significantly lower than
those of the sham-operated rat
group (Sham-rats) at one month
after operation. b Body-weight
evaluation showed that OVX-rats
were significantly heavier than
Sham-rats at one month after
operation. **P<0.01; values
were means ± SD, n=15. c, d
Multi-colony-derived dental pulp
stem cells from Sham-rats (Sham-
DPSCs) and from OVX-rats
(OVX-DPSCs) had similar
morphological features. Bars
100 μm
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group after 14 days of osteogenic induction (Fig. 3b, c). Real-
time RT-PCR results demonstrated that the mRNA levels of

odonto/osteogenic markers, namely (Alp (alkaline phospha-
tase), Runx2 (Runt-related transcription factor 2), Osx

Fig. 2 Comparison of cell
proliferation between Sham-
DPSCs and OVX-DPSCs.a
Average proliferation index
(PI = S + G2M) in Sham-
DPSCs is 19.96% by flow
cytometry (FCM) assay. b
Average PI in OVX-DPSCs is
19.89% by FCM assay. c No
significant difference of
average PI is seen between the
OVX and Sham groups. Values
are means ± SD, n=3. d MTT
assay shows no significant
difference of growth curves
between Sham-DPSCs and
OVX-DPSCs (OD optical
density, d days). Values are
means ± SD, n=6

Fig. 3 In vitro odonto/osteogenic differentiation capacity in OVX-
DPSCs and Sham-DPSCs.a Alkaline phosphatase (ALP) activity in
OVX-DPSCs is significantly lower than that in Sham-DPSCs, respec-
tively, in routine medium (α-MEM) and mineralization-inducing me-
dium (MM) at day 3. **P<0.01. Values are means ± SD, n=6. b, c
Alizarin red staining and quantitative calcium measurement show that
OVX-DPSCs form fewer calcified nodules than Sham-DPSCs at day
14 in mineralization-inducing medium. **P<0.01. Values are means ±
SD, n=6. d Results from real-time reverse transcription plus the
polymerase chain reaction (RT-PCR) show that the gene expression

of Alp (alkaline phosphatase), Runx2 (Runt-related transcription factor 2),
Osx (osterix), Ocn (osteocalcin) and Dspp (dentin sialophosphoprotein)
in OVX-DPSCs is significantly lower than that in Sham-DPSCs at day 7
in mineralization-inducing medium. GAPDH (D-gluteraldehyde-3-phos-
phate dehydrogenase) served as an internal control. Values are means ±
SD. **2-ΔΔCt≥2, P<0.01; *1<2-ΔΔCt<2, P<0.01. e Western blot results
clearly show that the protein levels of RUNX2, OSX, OCN, and DSP are
down-regulated more in OVX-DPSCs than in Sham-DPSCs at day 7 in
mineralization-inducing medium. β-ACTIN served as an internal control
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(os t e r ix ) , Ocn (os teoca lc in ) and Dspp (den t in
sialophosphoprotein) were increased in Sham-DPSCs as com-
pared with OVX-DPSCs after 7 days of osteogenic induction
(Fig. 3d). Western blot also revealed that the protein expres-
sion of RUNX2, OSX, OCN and DSPwas enhanced in Sham-
DPSCs in comparison with OVX-DPSCs at day 7 in
mineralization-inducing medium (P<0.01; Fig. 3e).

Furthermore, we investigated the odonto/osteogenesis of
OVX-DPSCs and Sham-DPSCs in vivo. The implants were
harvested 2 weeks post-transplantation for HE and immu-
nohistochemical staining. HE staining showed that both

Sham-DPSCs and OVX-DPSCs could form dentin-pulp-
like and osteodentin-like tissues in vivo. However, the
dentin-pulp complex generated by Sham-DPSCs (Fig. 4e–g)
was more regular and typical than that of the OVX-DPSC
group (Fig. 4m–o). Immunohistochemical staining demon-
strated that the expression of DSP and OCN in osteodentin
structures was stronger in the Sham-DPSC group (Fig. 4b, c)
than that in the OVX-DPSC group (Fig. 4j, k). In addition, the
expression of DSP in dentin tissues was stronger in the Sham-
DPSC group (Fig. 4f) than that in the OVX-DPSC group
(Fig. 4n).

Fig. 4 In vivo odonto/osteogenesis of OVX-DPSCs and Sham-
DPSCs.a-d Osteodentin-like tissues were formed in the Sham-DPSC
group. HE staining (a) showed osteodentin-like (OD) structures with
osteocyte-like cells embedded in the matrix lacunae. Immunohisto-
chemical results demonstrated positive staining for dentin
sialophosphoprotein (DSP, b) and strong positive staining for
osteocalcin (OCN, c) in osteodentin-like structures in the Sham-DPSCs
group. Phosphate-buffered saline (PBS) instead of primary antibodies
served as a negative control (d). e-h Typical dentin pulp complexes
were generated in Sham-DPSCs implants. HE staining demonstrated
dentin-pulp-like structures in the Sham group (e) containing predentin
(PD), mature dentin (D) and the odontoblastic layer (OB). Immuno-
histochemical findings showed strong staining for DSP (f) and negative

staining for OCN in dentin and pulp regions (g). PBS instead of
primary antibodies served as a negative control (h). i-l Osteodentin-
like tissues were generated in OVX-DPSC implants. HE staining
showed osteodentin-like structures containing osteocyte-like cells and
matrix lacunae (i). Weak staining for DSP (j) and OCN (k) was
detected in the osteodentin-like matrix. PBS instead of primary anti-
bodies was used as a negative control (l). m-p Typical dentin-pulp-like
tissues were formed in the OVX-DPSC group. HE staining showed
atypical dentin-pulp-like structures (m) containing predentin (PD) and
odontoblast-like cells (OB). Weak staining for DSP (n) and almost no
staining for OCN (o) were apparent in the dentin-pulp structures.
PBS instead of primary antibodies served as a negative control
(p). Bars 100 μm
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NF-κB pathway plays a key role in regulating the odonto/
osteogenic differentiation of OVX-DPSCs

ELISA results showed that TNF-α (the putative activator of
the canonical NF-κB pathway) levels in the culture super-
natant of OVX-DPSCs were significantly higher than those
of Sham-DPSCs (Fig. 5a). Western blot further revealed that
the expression of cytoplasmic phosphorylated IκBα, P65,
phosphorylated P65 and nuclear P65 were obviously up-
regulated in OVX-DPSCs as compared with the counter-
parts in Sham-DPSCs (Fig. 5b). These data indicated an
active NF-κB pathway in OVX-DPSCs. When OVX-
DPSCs were treated with BMS345541 (an NF-κB pathway
inhibitor), the odonto/osteogenic genes (Alp, Osx, Runx2,
Ocn and Dspp) in OVX-DPSCs were strikingly up-
regulated (Fig. 5d). Similarly, the protein levels of ALP,
RUNX2, OSX, OCN and DSP were also increased after
BMS345541 treatment of OVX-DPSCs (Fig. 5c, e).

Discussion

To date, a large number of research studies have investigated the
effects of estrogen deficiency on bone and on bone-marrow-
derived MSCs and have demonstrated the negative modulation

of estrogen deficiency on the osteogenesis and osteogenic dif-
ferentiation of bone-marrow-derived MSCs. In this study, we
have elucidated, for the first time, that estrogen deficiency can
affect the differentiation of DPSCs, i.e., estrogen deficiency in
OVX rats down-regulates the odonto/osteogenic capability of
DPSCs, as indicated by their low ALP activity, decreased min-
eralization, reduced expression of odonto/osteoblast markers
(Alp, Runx2/RUNX2, Osx/OSX, Ocn/OCN and Dspp/DSP) in
vitro and weakened dentino/osteogenesis in vivo in OVX-
DPSCs as compared with Sham-DPSCs.

As the major markers of odontoblast differentiation, DSP
protein and Dspp mRNA have been reported to be present
mostly in secretory odontoblasts (Chen et al. 2009; Iejima et
al. 2007). The decreased expression of DSP/Dspp in the OVX
group indicates that estrogen deficiency delays the odonto-
blastic differentiation of DPSCs in vitro. Transplantation re-
sults have further demonstrated that Sham-DPSCs can form a
regular dentin-pulp complex, whereas OVX-DPSCs only gen-
erate irregular dentin-pulp structures with reduced DSP ex-
pression, indicating that estrogen deficiency can weaken the
dentinogenic capacity of DPSCs in vivo. Thus, we can rea-
sonably suggest that the regenerative capacity of the dental-
pulp complex in patients with estrogen deficiency might be
affected because of the decreased dentinogenic potency of the
DPSCs in their dental pulp tissues.

Fig. 5 Nuclear factor kappa B (NF-κB) pathway involvement in the
odonto/osteogenic differentiation of OVX-DPSCs.a Tumor necrosis fac-
tor-α (TNF-α) in the supernatants of Sham-DPSCs andOVX-DPSCswas
detected by enzyme-linked immunosorbent assay. The TNF-α concen-
tration in the OVX-DPSC group was significantly higher than that in the
Sham-DPSC group. *P<0.05, n=3. b Western blot results demonstrated
the protein levels of cytoplasmic P-IκBα, IκBα, P65 and P-P65 and
nuclear P65 in Sham-DPSCs and in OVX-DPSCs. Cytoplasmic P-IκBα,
P65 and P-P65 and nuclear P65 were highly expressed in OVX-DPSCs as

compared with Sham-DPSCs. β-ACTIN (ACTIN) and Histone H3 (H3)
served as an internal control, respectively, in cytoplasm and nucleus. c
ALP activity was increased in BMS345541 treated OVX-DPSCs, as
compared with the untreated counterparts (d days). d When treated with
the NF-κB inhibitor (1 μM BMS345541), real-time RT-PCR results
showed that the gene expression of Alp, Runx2, Ocn and Dspp was
significantly up-regulated in OVX-DPSCs . **2-ΔΔCt≥2, P<0.01, n=3.
e Protein levels of RUNX2, OSX, OCN and DSP were higher in
BMS345541-treated OVX-DPSCs than in untreated OVX-DPSCs
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RUNX2, OSX and OCN are commonly believed to play
an important role in osteogenesis (Chen et al. 2009; Ni et al.
2011). Both RUNX2 and OSX are early-stage markers of
osteoblastic differentiation (Komori 2010; Ni et al. 2011;
Wade-Gueye et al. 2012). Runx2 overexpression can induce
MSCs to differentiate along the osteoblast lineages, enhance
new bone formation and even drive preadipocytes into
bone-forming cells in vitro (Takahashi 2011; Zhang et al.
2011b). Osx is the downstream gene of the BMP-
2/Smad/Runx2 signaling pathway and is highly expressed
in functional odonto/osteoblasts (Celil et al. 2005). The
decrease of RUNX2/OSX expression in OVX-DPSCs im-
plies a weakened matrix mineralization and differentiation
ability towards the osteoblast lineages. OCN is mainly
expressed in the late stages of osteoblastic differentiation
(Ni et al. 2011; Wang et al. 2012). As compared with Sham-
DPSCs implants, OCN protein expression in osteodentin
structures is decreased in OVX-DPSC implants, indicating
that estrogen deficiency can suppress the osteogenic capac-
ity of DPSCs in vivo. Taken together, the low-level expres-
sion of RUNX2/OSX/OCN in OVX-DPSCs suggests that
the osteogenic capacity of OVX-DPSCs is down-regulated
not only in the early stages of osteoblastic differentiation but
also in the late stages of matrix mineralization.

Various studies have established that estrogen can inhibit
the NF-κB pathway in many physiological and pathological
processes (Fahey et al. 2008; Giannoni et al. 2011; Kanda and
Watanabe 2003). In this study, we have determined that the
NF-κB pathway is involved in odonto/osteogenic differentia-
tion of OVX-DPSCs. The highly expressed TNF-α cytokine
and NF-κB-related proteins in the OVX-DPSC group indicate
that the intracellular NF-κB pathway is activated in OVX-
DPSCs. In other words, the absence of estrogen liberates the
inhibition of the NF-κB pathway. Activation of the NF-κB
signaling pathway plays a pivotal role in the negative modu-
lation of osteoblastic differentiation and mineralization (Tang
et al. 2013), whereas suppression of NF-κB can enhance bone
formation and ameliorate osteopenia in ovariectomized mice
(Alles et al. 2010; Yamaguchi et al. 2011). The present find-
ings have revealed that the blocking of the NF-κB pathway by
BMS345541 can rescue the decreased odonto/osteogenic
competence of OVX-DPSCs, indicating that the differentia-
tion of DPSCs is negatively modulated by the NF-κB path-
way. Since the activation of the cellular NF-κB pathway can
diminish osteogenic differentiation (Franke et al. 2011; Lee et
al. 2012; Xu et al. 2009), estrogen deficiency might inhibit the
odonto/osteogenic capacity of DPSCs by activating the
NF-κB pathway. BMS345541 can take the place of estrogen
to inhibit the activity of the NF-κB pathway in OVX-DPSCs
and ultimately restore their down-regulated odonto/osteogenic
differentiation potential. However, more studies are required
to investigate other mechanisms embedded in the reduced
odonto/osteogenic differentiation of OVX-DPSCs.

In conclusion, estrogen deficiency down-regulates the
odonto/osteogenic potential of DPSCs via the NF-κB path-
way and inhibition of the NF-κB signaling pathway can
significantly improve the reduced odonto/osteogenic poten-
tial of OVX-DPSCs. BMS34554 can be used as an effective
reagent to rescue the decreased differentiation potential of
OVX-DPSCs. Therefore, the use of DPSCs from donors
with estrogen deficiency in future tooth/bone regeneration
might not be a good idea, unless these stem cells are mod-
ified in vitro.
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