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ARTICLE INFO ABSTRACT

Keywords: The purpose of this study was to determine the direct effects of phenobarbital (PB) on receptor activator of
Phenobarbital nuclear factor kappa-B ligand (RANKL) induced osteoclast differentiation and function in vitro and in vivo. Here,
Osteoclast

PB significantly inhibited osteoclast formation and bone resorption ability induced by RANKL in vitro.
Meanwhile, intracellular signaling transduction analysis revealed PB specifically decreasing the phosphorylation
level of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) and mitogen-activated protein
kinase (MAPK), respectively. Besides, oral administration of PB at the dose of 60 mg/kg/day for 6 weeks led to
improve the bone loss and to decrease the activity on both osteoblast and osteoclast. This suppression effect is
more obvious in osteoblast-induced bone formation than that on osteoclast-induced bone resorption. Taken
together, our findings demonstrated that PB down-regulate osteoclast differentiation and activity through
modulation of NF-kB and MAPKs signaling pathway. The direct suppression effect on osteoclast can induce bone
loss after long term oral administration. This bone loss is due to reducing bone turnover rate on both sides of

NF-kB pathway
MAPKs pathway
Bone loss

bone formation and bone resorption.

1. Introduction

Regulated tightly by osteoblasts, osteoclasts are a kind of bone-re-
sorbing multinucleated cells that differentiate from the monocyte
macrophage lineage [1]. Macrophage-colony stimulating factor (M-
CSF) [2] and RANKL [3,4] are two essential cytokines expressed by
osteoblasts for the differentiation of osteoclasts. The first of the men-
tioned two is a constitutive consequence of osteoblasts expression,
while the latter is one of the inducible productions responding to os-
teotropic hormones and factors such as 1a,25-dihydroxyvitamin D3 [5].
M-CSF receptors and RANKL receptors (RANK) are expressed by os-
teoclast precursors, after which differentiate into osteoclasts in the
present of M-CSF and RANKL [3,5]. Nuclear factor of activated T cells
cl (NFATcl), which is a master transcription factor for osteoclast dif-
ferentiation, is specifically and strongly induced from the RANKL-RANK
interaction [6]. The dephosphorylated NFATcl, whose transcription
itself is also induced by NFATc1 in osteoclast precursors [7], translo-
cates into nuclei and leads to the transcription of targets such as ca-
thepsin K (CK) and tartrate-resistant acid phosphatase (TRAP). Proven
by recent research, a transcription factor named c-fos has played an
important part in the differentiation of osteoclasts induced by NFATc1

[1,6]. Ruffled borders and sealing zones are formed by activated os-
teoclasts toward bone surfaces during bone resorption [8,9]. Cytoske-
letal disrupting of osteoclasts sealing zones leads to the suppression of
the activities of bone-resorbing by osteoclasts [10-12].

Epilepsy is defined by the presence of recurrent seizures. It is the
most common neurological disorder affecting approximately 50 million
people worldwide. Therapy with antiepileptic drugs (AEDs) achieves
seizures control in approximately 70% of patients. However, the re-
maining 30% require lifelong treatment [13]. Meanwhile, it can be
complicated by a wide variety of somatic comorbidities that impact the
patient's overall quality of life.

PB, a sedative hypnotic barbiturate, is a kind of anticonvulsant drug
that's widely used by World Health Organization in developing coun-
tries for treating seizures of epilepsy along with bipolar disorder, neu-
ropathic pain, migraine prophylaxis and cancer, thanks to its econom-
ically low cost. Nevertheless, the use of this medicine has been reduced
due to the occurrence of negative side effects including hypnosis, se-
dation, nystagmus, dizziness, excitement, ataxia, paradoxical hyper-
activity, confusion, etc. [14-17].

Our study focuses on the problem of bone metabolism caused by
AEDs application. It is well known that long-term administration of
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AEDs can result in disorders of vitamin D, mineral, and bone metabo-
lism. Hahn et al. reported that PB might diminish the plasma vitamin D3
after its long-term application [18]. Jette et al. demonstrated that PB
could increase the risks of fracture and bone loss [19]. Notably, Fitz-
patrick et al. showed that PB had upregulated the activation of CYP450
which is responsible for the metabolism of vitamin D. After that, 25
(OH) vitamin D converts into inactive metabolites. The resulting de-
crease in 1,25 (OH), vitamin D leads to reduced calcium absorption,
with consecutive secondary hyperparathyroidism, increased bone re-
sorption and accelerated bone loss [20]. Therefore, the bone loss in-
duced by PB is thought to be mainly caused by a drug induced defi-
ciency of vitamin D rather than direct effects of the treatment on bone.

However, the direct effects of PB on bone resorption are still un-
known. In 2009, Koide et al. demonstrated that phenytoin has a direct
suppressing effect on the differentiation and the function of osteoclasts
through inhibiting NFATc1 expression [21]. We deduced that PB, as the
same kind of drug, will exhibit specific results on osteoclast in vitro
assays. Therefore, our study aims to find the direct effects of PB on
osteoclast-induced bone resorption both in vivo and in vitro. We think
that experiment will benefit the research of the mechanism of epilepsy
patients' bone metabolism disorder after PB administration.

2. Materials and methods
2.1. Cells culture and antibodies

Murine RAW264.7 monocytic cell line was purchased from the
Shanghai Cell Center (Shanghai, China). The Dulbecco's modified eagle
medium (DMEM), penicillin/streptomycin, and fetal bovine serum
(FBS) were from the Gibco-BRL (Gaithersburg, MD, USA). Recombinant
soluble mouse RANKL were purchased from R&D Systems
(Minneapolis, MN, USA). Specific antibodies against NF-kB p65, ex-
tracellular signal-regulated kinase (ERK), p38, c-Jun N-terminal kinase
(JNK), phospho-NF-kB p65 (Ser536), phospho-ERK (Thr202/Tyr204),
phospho-p38  (Thr180/Tyr182), phospho-JNK (Thr183/Tyrl85),
horseradish peroxidase-conjugated goat anti-rabbit and swine anti-
rabbit were obtained from Cell Signaling Technology (Cambridge, MA,
USA). Anti-NFATc1, anti-c-fos, anti-B-actin and anti-osteopontin (OPN)
were from Abcam (Cambridge, MA, USA). Rabbit antibody against al-
kaline phosphatase (ALP) was generated by Oda et al. [22]. Pheno-
barbital was purchased from Solarbio (Beijing, China).

2.2. Osteoclast differentiation, TRAP staining and resorption pit formation
assay

RAW264.7 cells were seeded in six-well plates and cultured in
DMEM containing 10% FBS and 1% penicillin/streptomycin. 2 h later,
they were treated with PB (during whole process of cell culture) at
concentrations of at OpuM, 20 uM, 100 uM, 200 uM and 400 pM, re-
spectively. The cells were then stimulated with (20 ng/ml) RANKL for
7 days. The culture medium was changed to fresh medium every other
day. After 7 days, TRAP staining was used to evaluate osteoclast dif-
ferentiation. Cells were fixed with 4% paraformaldehyde for 5 min at
room temperature and stained for TRAP staining which proceeded like
our previous study [23]. Briefly, cells were submerged in a mixture of
3.0 mg of naphthol AS-BI phosphate, 18 mg of red violet LB salt, and
100 mM L(+) tartaric acid (0.36 g) diluted in 30ml of 0.1 M sodium
acetate buffer (pH 5.0) for 15 min at 37 °C. Cell nucleus were counter-
stained with hematoxylin for 2 min. Multinucleated TRAP-positive cells
with at least 3 nuclei were scored as osteoclast. Pit formation assay was
performed using the Corning osteo assay surface multiple well plates
(Corning, Inc., Corning, NY, USA). RAW264.7 cells were seeded in 96-
well plates and cultured for 10 days performed like the one mentioned
before. After that, plates were stained with Von Kossa to increase the
contrast between pits and surface coating and observed under a light
microscope. The percentage of the resorbed areas and the number of
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resorption pits in three random resorption sites were measured under
microscopic examination using Image Pro Plus 6.2 software. The assays
were performed in triplicate, and a representative view from each assay
was presented.

2.3. Western blot analysis

RAW264.7 cells were cultured for 4 days just the same as the pre-
viously mentioned ones. Then the total proteins were collected for
NFATc1 and c-fos immunoblotting. To detect the effect of PB on RANKL
activated intracellular signal transduction cascades. Then the total
proteins were collected after RANKL stimulation for 0, 5, 15 or 30 min.
After that, each protein sample was subjected to SDS-PAGE and trans-
ferred to PVDF membranes. The membranes were blocked for 1 h, and
incubated with rabbit anti-NFATcl, anti-c-fos, anti-phospho-NF-«B,
anti- NF-kB, anti-phospho-ERK, anti-ERK, anti-phospho-p38, anti-p38,
anti-phospho-JNK, and anti-JNK antibodies for 2h. The membranes
were then washed and incubated with horseradish peroxidase-con-
jugated goat anti-rabbit IgG for 1 h. After washed, the immunoreactive
bands were visualized.

2.4. Real-time PCR analysis

RAW264.7 cells were cultured for 4 days with exactly the same
procedure as before. Total RNA was isolated from osteoclast using a
RNeasy Mini kit (Qiagen, Valencia, CA, USA), quantitative real-time
PCR analysis was performed to test mRNA expression of CK, matrix
metalloproteinase 9 (MMP-9), TRAP and C-C chemokine ligand 5
(CCL5) using the primer sequences shown in Table 1. All quantitative
real-time PCRs were performed using Roche Light Cycler 480 Real-Time
PCR system (Roche, Sussex, UK), and all samples were run in triplicate.
Relative quantities of the tested genes were normalized to GAPDH
mRNA. Meanwhile, total RNA was extracted from bone tissues. Quan-
titative real-time PCR analysis was performed to test mRNA expression
of CCL5. Relative quantities of the tested genes were normalized to
GAPDH mRNA.

2.5. Animals, protocols for drug administration

All animal experiments in this study were conducted according to
the Guidelines for Animal Experimentation of Shandong University
(Ethics number: GD201827). Twelve-week old male Wistar rats (Animal
Center of Shandong University, Jinan, China) with an average body
weight of 250 g were applied in this study. All rats were randomly
distributed into 2 groups: the control group, where rats were received a
phosphate buffered saline (PBS) for 6 weeks (n = 10); the PB group,
where rats were orally administered PB (60 mg/kg/day) for 6 weeks
(n = 10).

Table 1
Oligonucleotide primers used for real-time PCR.

Gene name Oligonucleotide Sequence (5" — 3’)
mouse-Cathepsin K Forward TGGTTCCTGTTGGGCTTTCA
Reverse TCCGTTCTGCTGCACGTATT
mouse-MMP-9 Forward CGCTCATGTACCCGCTGTAT
Reverse CCGTGGGAGGTATAGTGGGA
mouse-TRAP Forward CTTTGTAGCCGTGGGTGACT
Reverse GGGAGCGGTCAGAGAATACG
mouse-GAPDH Forward TTGCAGTGGCAAAGTGGAGA
Reverse ACTGTGCCGTTGAATTTGCC
mouse-CCL5 Forward GGTACCATGAAGATCTCTGCA
Reverse AGCAAGCCATGACAGGGAAGC
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2.6. Serum biochemical analysis

Blood samples were collected before rats were sacrificed. Serum
samples were separated by centrifuging at 2500 g for 10 min at 4 °C and
stored at —80 °C. Serum markers for bone metabolism, including and
tartrate-resistant acid phosphatase 5b (TRAP-5b) and bone specific al-
kaline phosphatase (BALP), were detected using enzyme-linked im-
munosorbent assay (ELISA) kit (Westang Biological Technology Co.,
Ltd., Shanghai, China) according to the protocols provided by manu-
factures. Meanwhile, body weights were recorded after 6 weeks of drug
administration.

2.7. Tissue processing

All the animals were anesthetized and fixed with 4% paraf-
ormaldehyde by transcardial perfusion. After that, tibiae were dissected
and immersed in paraformaldehyde for additional 24 h. After that, bone
tissues were decalcified with 10% EDTA-2Na for 4 weeks. Then the
samples were dehydrated through an ascending ethanol series and
embedded in paraffin. Serial longitudinal 5pm thick sections were
made for subsequent histological analysis.

2.8. Micro CT

Tibiae were scanned by Micro-CT (Inveon CT, Siemens, Germany)
with a scanning resolution of 15 pum, a voltage of 80 kV and a current of
500 pA. Trabecular bone data were obtained at a region of interest,
which is along the long axis of the proximal tibiae, and 1-3 mm away
from the growth plate (Fig. 3E). VGStudio MAX (Volume Graphics,
Germany) was used for 3D reconstructing image and data analysis. The
bone histomorphometry parameters analysis included the cancellous
portion of bone mineral density (BMD), bone mineral content (BMC),
bone volume/total volume (BV/TV), trabecular thickness (Tb.Th), tra-
becular number (Tb.N) and trabecular separation (Tb.Sp). All evalua-
tions were conducted in triplicate.

2.9. Histological detection

Hematoxylin and eosin (H&E) staining was applied to assess histo-
logical alterations. After being dewaxed and hydrated, the prepared
sections were stained with Hematoxylin for 15 min and washed with
distilled water. The sections were then immersed in Eosin for 10 min,
washed again, dehydrated and mounted. Finally, the stained sections
were observed and digital images were acquired.

2.10. TRAP staining and immunohistochemistry

Prepared sections were immersed in 0.3% hydrogen peroxide in PBS
for 30 min and blocked with 1% bovine serum albumin (BSA; seologi-
cals proteins Inc. Kankakee, IL, USA) in PBS (1% BSA-PBS) for 20 min.
After that, the sections were incubated in the primary antibodies, at a
dilution of 1:100 rabbit antibody against ALP, at a dilution of 1:100
rabbit antibody against OPN and at a dilution of 1:100 with 1% BSA-
PBS for 2h at room temperature, respectively. They were then washed
and incubated in secondary antibodies of swine anti-rabbit at a dilution
of 1:100 for 1 h at room temperature. Satisfactory immunostaining was
acquired in the presence of diaminobenzidine (DAB) (Sigma-Aldrich, St.
Louis, MO, USA). TRAP staining was proceeded like our previous study
[23]. Finally, the staining results were observed and digital images
were taken.

2.11. Image measurement and statistical analysis
Image Pro Plus 6.2 software was applied for assessing the trabecular

area (Tb.Ar) and total bone area (T.Ar). Ratio of trabecular area
(%Tb.Ar) was calculated by formula Tb.Ar/T.Ar x 100%. Mean optical
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density of images was analyzed manually using the software mentioned
above. Positive reaction areas of ALP and OPN were selected by color
cube-based manner. Meanwhile, multinucleated TRAP-positive cells
were manually scored as osteoclasts. All values are presented as
means *+ standard (SD) deviation. The normality test of all data was
performed. For data groups that conformed to the normal distribution,
we performed Student's t-test to assess the differences between the two
groups and performed one-way ANOVA to assess the differences among
multiple groups. For data groups that did not conform to the normal
distribution, we performed the rank sum test. P < 0.05 was considered
statistically significant. Means with different letters (a, b, ¢ and d) differ
significantly from each other.

3. Results

3.1. PB down-regulates osteoclast differentiation and potential bone
resorption

TRAP staining and pit formation assay were applied to detect os-
teoclast differentiation, formation and bone resorption ability. We first
evaluated the direct effects of PB on RANKL-induced osteoclast for-
mation. From the results of TRAP staining, decreasing number of os-
teoclast with TRAP-positive small cell bodies and few nuclei were no-
tably identified in the PB group as compared with the control group
(Fig. 1A). Next, to determine the effect of PB on osteoclastic activity, we
employed pit formation assay. RAW264.7 cells were cultured under
similar conditions. After that, the number and the area of resorption
pits remarkably shrank in PB-treated group (Fig. 1B). From the results
of histograms coverage rate, number and nuclei of TRAP-positive large
cells were significantly decreased after PB stimulation. Same tendency
of statistical differences can be seen in the bone resorption area rate
(Fig. 1C). These results implied that PB negatively regulates RANKL-
induced osteoclastic differentiation and function. Furthermore, this
phenomenon of suppression becomes more and more obvious in the
concentration of PB rising from OuM to 200 uM. Moreover, all of the
four measured indexes previously mentioned get no significant change
in the concentration range higher than 200 uM. Thus, we selected the
PB concentration of 200 uM in following assays.

3.2. PB down-regulates osteoclast differentiation by NF-xB and MAPKs
signaling pathways

Western blotting was applied to detect osteoclastic critical tran-
scriptional factors and signaling pathways phosphorylation level. We
next confirmed the regulation of PB on RANKL-induced osteoclast dif-
ferentiation by analyzing the expression levels of osteoclastic critical
transcriptional factors. Western blotting showed that expression levels
of both NFATc1 and c-fos induced by RANKL were down-regulated in
response to PB as compared with the control group (Fig. 2A). To gain
insight into the mechanism of differential mediation of RANKL-induced
osteoclastogenesis by PB, we performed immunoblot analysis of mole-
cules known to be critically involved in RANKL signaling pathways,
including NF-xB and MAPKs (ERK, p38, and JNK). We, therefore, ex-
amined whether NF-xB and MAPKs phosphorylation were altered by
PB. When RAW264.7 cells were pretreated with PB, NF-kB and MAPKs
phosphorylation induced by RANKL were strongly suppressed when
compared with the control group (Fig. 2B). Conjointly, these results
clearly demonstrated that PB acted on precursor cells to down-regulate
RANKL-induced expression of osteoclast-specific transcription factors,
leading to decrease the subsequent osteoclast differentiation. Mean-
while, this process is closely related to the NF-xB, ERK, p38, and JNK
signaling pathways. Moreover, PB was unable to induce NF-kB phos-
phorylation in 293 T cells (Fig. 2E). That means the effect of PB on
RANKL signaling pathway is specific to osteoclast precursor cells.
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Fig. 1. The effect of PB on the down-regulation of osteoclast formation and bone resorption.

RAW264.7 cells were cultured with RANKL-induced and in the presence of PB at 0 uM, 20 pM, 100 pM, 200 pM and 400 uM, respectively. After 7 days, TRAP staining
was performed to visualize mature osteoclast followed by cell count, and the representative images were exhibited (A). Next, resorption pits were observed when
RAW264.7 cells were cultured under similar conditions. After 10 days, cells were removed and the mineral-coated wells were counterstained by Von Kossa.
Resorption pits were examined by light microscope, and the representative images were exhibited (B). The statistical differences of coverage rate, number and nuclei
of TRAP-positive osteoclast and resorption area rate were presented in the histograms (C). All experiments were carried out at least three times. The data are
expressed as mean + SD. Different letters (a, b, ¢ and d) indicate significant differences between groups (p < 0.05).
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Fig. 2. The effect of PB on the down-regulation of osteoclast differentiation signaling pathways and osteoclast-specific genes.

RAW264.7 cells were stimulated with PB and followed by RANKL treatment for 4 days. Cell lysates were collected and subjected to western blot analysis to determine
the level of NFATc1 and c-fos expression (A). B-actin was served as a loading control (A). RAW264.7 cells were stimulated with PB and followed by RANKL treatment.
Cell lysates were collected at the indicated time points and subjected to western blot analysis to determine the level of phosphorylation of indicated signaling
molecules (B). Non phosphorylation groups were served as a loading control (B). RAW264.7 cells were stimulated with PB and followed by RANKL treatment for
4 days. After that, total RNA were extracted and subjected to quantitative real-time PCRs using probes specific for Cathepsin K, MMP-9, TRAP, CCL5 and GAPDH. The
levels of genes mRNA expression were normalized to GAPDH expression (C and D). The data are representative of three independent experiments expressed as
mean * SD, (*p < 0.05). 293 T cells were stimulated with PB. Cell lysates were collected and subjected to western blot analysis to determine the level of phos-
phorylation of NF-xB (E). Non phosphorylation groups were served as a loading control (E).
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3.3. PB down-regulates osteoclast-specific genes

Real-time PCR analysis was applied to detect the expression level of
osteoclast-specific genes. We detected the regulation of PB on RANKL-
induced osteoclast differentiation by analyzing the expression levels of
osteoclastic critical marker genes. After that, the expression levels of
CK, MMP-9 and TRAP mRNA induced by RANKL were decreased in
response to PB as compared with the control group. Therefore, PB was
responsible for the down-regulation of osteoclastic critical marker
genes from the results of histograms (Fig. 2C). Moreover, we detected
the regulation of PB on RANKL-induced osteoclast differentiation by
analyzing the expression levels of CCL5 (the typical NF-kB downstream
target genes) gene. PB was responsible for the down-regulation of CCL5
gene from the results of histograms (Fig. 2D).

3.4. Histological analysis after 6 weeks of administration with PB

H&E staining and Micro-CT were applied to measure the bone his-
tological parameters. After 6 weeks of AEDs administration, the PB
group displayed a clear bone loss in histology compared to the control
group, including decreased trabecular bone number, thinner meta-
physeal trabeculae and increased trabecular spacing (Fig. 3A). Statis-
tical analysis revealed several significant differences of %Tb.Ar from H
&E staining between the two groups (Fig. 3B). Three-dimensional tra-
becular structure images obtained by Micro-CT also exhibited a same
alteration for rats with AEDs administration (Fig. 3C). Comparing to the
control group, the PB group observably decreased BMD, BMC, BV/TV,
Tb.Th and Tb.N and significantly increased Tb.Sp (Fig. 3D). Statistical
analysis revealed several significant differences between the two groups

JR—e PB
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Table 2
Data of histomorphometric parameters.
Control PB
Bone mineral density 271 = 12 235 = 10
(BMD, mg/cm3)
Bone mineral content 1.07 + 0.06 0.86 + 0.06
(BMC, mg)
Bone volume/total volume (BV/TV, %) 48.2 + 4.6 331 = 2.2
Trabecular thickness 90.1 = 45 69.6 = 4.7
(Tb.Th, pm)
Trabecular number 4.22 = 0.14 2.76 = 0.12
(Tb.N, 1/mm)
Trabecular separation 181 = 13.8 274 + 23.5
(Tb.Sp, pm)

* p < 0.05 vs. control.

with regard to the BMD, BMC, BV/TV, Tb.Th, Tb.N and Tb.Sp. All data
were presented in Table 2.

3.5. Serum biochemical analysis after 6 weeks of administration with PB

Serum biochemical analysis was applied to measure the bone serum
turnover makers. As shown in Fig. 4A and B, PB remarkably decreased
bone resorption and bone formation serum makers TRAP-5b and BALP.
Therefore, PB administration displayed a low bone turnover rate in rat
models from the results of bone serum markers. Meanwhile, this sup-
pression effect was more obvious in the side of bone formation than
bone resorption. Besides, the PB group showed no differences in in-
fluencing on the body weight comparing to the control group (Fig. 4C).
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Fig. 3. Histological alterations revealed that PB administration increased bone loss.

Histological alterations from Hematoxylin and eosin (H&E) staining x 40 (A). Changes of %Tb.Ar (B). Histological alterations from Micro-CT images (C). The first line
is sagittal images of tibiae; the second line is coronal images of tibiae without cortical bone from the distal perspective. Changes of BMD, BMC, BV/TV, Tb.Th, Tb.N
and Tb.Sp (D). Region of interest is along the long axis of the proximal tibiae, and 1-3 mm away from the growth plate (E). The data are representative of ten

independent experiments expressed as mean *+ SD, (*p < 0.05).
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Fig. 4. Serum biochemical analysis revealed that PB administration decreased bone turnover markers.
Histograms of serum TRAP-5b (A), serum BALP (B) and body weight (C). The data are representative of ten independent experiments expressed as mean + SD,

(*p < 0.05).
Table 3
Data of serum indexes and body weight.
Control PB
Serum TRAP-5b (pg/ml) 1028 + 78 801 + 46
Serum BALP (ng/ml) 3.76 = 0.27 2.35 = 0.21
Body weight (g) 252 + 18 241 * 17

* p < 0.05 vs. control.

All data were presented in Table 3.

3.6. TRAP staining and immunohistochemistry after 6 weeks of
administration with PB

TRAP staining and immunohistochemistry were applied to evaluate
the bone turnover condition. As expected, administration PB for
6 weeks considerably decreased the number of TRAP-positive osteo-
clasts as well as the immunoreactivity of ALP and OPN compared with
the control group (Fig. 5A, B and C). Several significant differences
between the two groups with regards to the number of TRAP positive
osteoclasts and mean optical density of ALP and OPN are presented in
the histograms (Fig. 5D). Therefore, PB administration exhibited a low
bone turnover condition and a combined suppression effect on both
bone resorption and bone formation on trabeculae bone surface. No-
tably, this suppression effect by PB was more obvious on bone forma-
tion than that on bone resorption. Moreover, after extracted total RNA
from bone tissues in vivo, we detected the regulation of PB on osteoclast
differentiation by analyzing the expression levels of CCL5 gene. PB was
responsible for the down-regulation of CCL5 gene from the results of
histograms (Fig. 5E).

4. Discussion

After PB stimulation, RANKL-induced osteoclast differentiation and
function were gradually inhibited with the increasing of concentration.
This effect was significantly observed in vitro when PB is up to 200 pM.
Next, our results showed that NF-xB subunit p65 phosphorylation is
strongly down-regulated by PB. That means PB decreases RANKL-in-
duced osteoclastogenesis and potential bone resorption through NF-xB
signaling pathway. Specifically, NFATcl and c-fos, two of the most
crucial transcriptional factors for osteoclast differentiation displayed
down-regulated tendency. It demonstrated that PB negatively regulates
RANKL-induced osteoclastogenesis at transcriptional level. MAPKs
(ERK, p38 and JNK) signaling pathways are known to be closely related
to receptor activator of nuclear factor kappa-B (RANK) signaling
transduction and are required for subsequent osteoclast formation
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[24-27]. In this study, we have testified that PB clearly down-regulates
ERK, p38 and JNK activation induced by RANKL, respectively. This may
be due to the cross-talk between NF-kB and MAPKs signaling pathways.
Meanwhile, we can also draw a conclusion that CK, MMP-9, and TRAP,
osteoclast-specific genes, are intensely suppressed by PB. This is an-
other important evidence about PB influenced on osteoclast differ-
entiation and function in vitro.

Bone turnover comprises two continuous processes: the removal of
old bone (resorption by osteoclast) and the laying down of new bone
(formation by osteoblast). ALP represents the osteoblast activity (mar-
kers of bone formation), while TRAP represents the osteoclast activity
(markers of bone resorption). OPN regulates the formation and re-
modeling of mineralized tissue, and also provides as a coupling protein
for osteoclastic resorption. Meanwhile, the balance between the os-
teoblast and osteoclast numbers, and their activities, determines the
quality and quantity of bone [28]. Therefore, in order to test the
pharmacological action on osteoclast in vivo, we investigated the
treatment effect of PB (60 mg/kg/day) for 6 weeks in rats. From the
result of histological analysis, tibiae displayed a clear feature of bone
loss both in H&E staining and three-dimensional trabecular structure
images. In immunohistochemistry, PB significantly decreased the
number of osteoclast. Moreover, the suppression effect on osteoblast
was more obvious than the same effect on osteoclast with a low level
expression of ALP. Thus, the immunoreactivity of OPN were also re-
duced. Both two sides alteration are consistent with the change of bone
serum markers such as TRAP-5b and BALP. That means PB can reduce
bone turnover rate in vivo, and the process of bone loss can be realized
through direct effects on osteoclast and osteoblast. Simultaneously,
combined the results of immunohistochemistry and serum biochemical
analysis, we considered that the bone loss after PB administration is due
to the higher suppression effect on bone formation than that on bone
resorption.

Several previous studies sustained our results. Kanda et al. reported
that the administration of AEDs to rats significantly decrease bone
strength and BMD, which is associated with enhanced bone resorption
[29]. Tsukahara et al. proved that long-term antiepileptic treatment
induce a state of decreased bone turnover in children, resulting in os-
teopenia preferentially in males [30]. Identically, in this study, oral
administration of PB at a dose of 60 mg/kg/day for 6 weeks obviously
induced the bone loss in rats. Besides, Yan et al. demonstrated that PB
treatment inhibits chondrogenesis and proliferation of chondrocytes,
and later it maybe influences ossification by inhibiting the proliferation
of osteoblasts and vascular invasion [31]. Dent et al. reported that long-
term anticonvulsant therapy such as PB can cause osteomalacia in pa-
tients [32]. Both of their articles are consistent with our vivo study. PB
showed the same suppression effect on osteoblast. In addition, Hahn
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Fig. 5. TRAP staining and immunohistochemistry revealed that PB administration decreased bone turnover rate.

TRAP staining (A), immunohistochemistry of ALP (B) and OPN (C). TRAP positive cells (purple color), ALP positive cells (brown color) and OPN positive areas
(brown color) were found on the surface of trabecular bone. Low magnification images were in the left two columns x 100. High magnification images were in the
right two columns x 400. Changes of TRAP-positive osteoclasts, mean optical density of ALP and OPN (D). The data are representative of ten independent ex-
periments expressed as mean = SD, (*p < 0.05). Total RNA were extracted from bone tissues and subjected to quantitative real-time PCRs using probes specific for
CCL5 and GAPDH. The levels of CCL5 mRNA expression were normalized to GAPDH expression (E). The data are representative of three independent experiments
expressed as mean + SD, (*p < 0.05). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

et al. reported that both phenytoin and PB can inhibit parathyroid accelerated bone loss [20]. Specifically, there is decreased absorption of

hormone stimulated and 1,25 (OH),D stimulated bone resorption [33]. calcium from the gut that can be attributed to the decrease in biolo-
But this is an indirect function. Koide et al. demonstrated that pheny- gically active forms of vitamin D resulting in hypocalcemia and feed-
toin inhibits osteoclast differentiation and function through suppression back hypersecretion of circulating PTH. Hyperparathyroidism leads to
of NFATc] signaling [21]. In this study, we have testified for the first increased bone resorption and ultimately reduced BMD and increased
time that PB exhibit a direct suppression effect on osteoclast through fracture risk [20,36]. Deficiency of Vitamin D which is essential for the
decreasing phosphorylation level of NF-xB and MAPKs signaling bone growth and remodeling is commonly described as a cause for the
pathway in vitro. bone loss in epileptic patients [37]. The Medicines and Healthcare

Interestingly, AEDs most commonly associated with bone disorders products Regulatory Agency recommends considering prophylactic Vi-
are known to induce enzymes of the cytochrome P450 system [34,35]. tamin D supplementation for patients at risk treated with liver enzyme-
CYP450-inducing AEDs, such as PB, upregulate the enzymes re- inducing AEDs. That's why vitamin D supplementation can reduce
sponsible for the metabolism of vitamin D, resulting in conversion of 25 fracture and bone loss. This is an indirect mechanism of bone loss in-
(OH) vitamin D into inactive metabolites. The resulting decrease in 1,25 duced by PB. Other mechanisms include direct inhibition effects of
(OH), vitamin D leads to reduced calcium absorption, with consecutive AEDs on calcitonin secretion [20,38]. Meanwhile, since angiogenesis
secondary hyperparathyroidism, increased bone resorption and plays a crucial role during bone ossification and formation. Some
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researchers reported that PB can directly inhibit osteoblast by influence
on vascular invasion and chondrocytes development [31]. But we ap-
plied immunohistochemistry on bone tissue to observe the direct sup-
pression effect of PB on osteoclast and osteoblast in this study. Mean-
while, these results were identical with serum biochemical analysis and
osteoclast culture in vitro. We considered that this direct suppression
effect on bone cells play a pivotal role during the process of AEDs in-
duced bone loss. It will benefit in-depth research of the relationship
between AEDs and bone metabolism.

5. Conclusion

Taken together, we have testified for the first time that RANKL-in-
duced osteoclast differentiation and function were significantly in-
hibited in vitro when PB is up to 200 uM. This direct suppression effect
on osteoclast is performed through decreasing phosphorylation level of
NF-kB and MAPKs signaling pathway. Meanwhile, oral administration
of PB at a dose of 60 mg/kg/day for 6 weeks obviously induced the bone
loss in rats. Moreover, this bone loss is due to the higher suppression
effect by PB on osteoblast-induced bone formation than that on osteo-
clast-induced bone resorption.
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