
October 2012 1765Biol. Pharm. Bull. 35(10) 1765–1774 (2012)

 © 2012 The Pharmaceutical Society of Japan

Tetrandrine Prevents Bone Loss in Sciatic-Neurectomized Mice and 
Inhibits Receptor Activator of Nuclear Factor κB Ligand-Induced 
Osteoclast Differentiation
Tatsuo Takahashi,a Yusuke Tonami,a Mami Tachibana,a Masaaki Nomura,b Tsutomu Shimada,c 
Masaki Aburada,c and Shinjiro Kobayashi*,a

a Department of Clinical Pharmacy, Faculty of Pharmaceutical Sciences, Hokuriku University; b Educational Center 
of Clinical Pharmacy, Faculty of Pharmaceutical Sciences, Hokuriku University; Kanazawa 920–1181, Japan: and 
c Research Institute of Pharmaceutical Sciences, Musashino University; Tokyo 202–8585, Japan.
Received May 15, 2012; accepted July 1, 2012

One of the mediators of osteoclast differentiation is receptor activator of nuclear factor κB ligand 
(RANKL), which is produced by osteoblasts. Binding of RANKL to its receptor, RANK, activates several 
signaling pathways, including those involving mitogen-activated protein kinases (MAPKs), nuclear factor κB 
(NF-κB), nuclear factor of activated T cells c1 (NFATc1) and Ca2+-calcineurin. In the present study, we found 
that tetrandrine, a bisbenzylisoquinoline alkaloid extracted from the root of Stephania tetrandra S. MOORE, 
significantly ameliorated the decrease of bone mass in sciatic-neurectomized osteoporosis model mice. It ap-
pears that tetrandrine acts directly on osteoclast precursors, since tetrandrine inhibited osteoclast differenti-
ation not only in mouse bone marrow cells, but also in monocultures of murine macrophage RAW 264.7 cells 
without osteoblasts. Tetrandrine suppressed RANKL-induced amplification of NFATc1, a master regulator 
of osteoclast differentiation. However, it did not affect other signaling molecules such as MAPKs and NF-κB. 
These results suggest that tetrandrine is a candidate for the treatment of bone-destructive diseases, or at 
least a suitable lead compound for further development.
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Bone remodeling is a physiological process that involves 
resorption of bone by osteoclasts and synthesis of bone matrix 
by osteoblasts.1) A relative increase of bone resorption over 
bone formation can result in osteoporosis, one of the most 
prevalent diseases in the aged population.2,3) Osteoclasts are 
known to be formed by the fusion of hematopoietic cells of 
the monocyte-macrophage lineage during the early stage of 
the differentiation process.4) Terminal differentiation in this 
lineage is characterized by acquisition of mature phenotypic 
markers, such as expression of tartrate-resistant acid phos-
phatase (TRAP), calcitonin receptor, matrix metalloproteinase 
9 (MMP9), and cathepsin K, as well as morphological conver-
sion into large multinucleated cells and formation of resorp-
tion lacunae on bone.5–7)

The essential signaling molecules for osteoclast differ-
entiation include receptor activator of nuclear factor κB 
ligand (RANKL) and macrophage colony-stimulating factor 
(M-CSF), and both of them are produced by osteoblasts.8) 
RANKL induces the signaling essential for precursor cells to 
differentiate into osteoclasts,9) whereas M-CSF provides the 
survival signal for these cells.10) RANKL binding to RANK, a 
receptor of RANKL that is expressed in osteoclast precursors, 
mediates the biological effects of RANKL and leads to the re-
cruitment of tumor necrosis factor (TNF) receptor-associated 
factor 6 (TRAF6), which in turn results in the activation of 
the downstream signaling pathway, including nuclear factor 
κB (NF-κB), c-Jun N-terminal protein kinase (JNK), p38, 
extracellular signal-regulated kinase (ERK), and phosphat-
idylinositol 3-kinase/AKT.11–14) RANKL activation of JNK 
phosphorylates the transcription factor c-Jun,15) which forms 
activator protein-1 (AP-1) complex with c-Fos, an essential 

transcription factor for osteoclast differentiation.16) Genetic 
disruption experiments have revealed that mice lacking both 
the p50 and p52 NF-κB subunits develop osteopetrosis owing 
to the arrested generation of osteoclasts.17,18) Thus, NF-κB 
genes play an indispensable role in regulation of the dif-
ferentiation and function of osteoclasts. It has been shown 
that NF-κB functions upstream of c-Fos expression during 
RANKL-induced osteoclastogenesis. RANKL-induced c-Fos 
expression is abolished in NF-κB p50/p52 double-knockout 
osteoclast precursors, and RANKL can induce osteoclast for-
mation from NF-κB p50/p52 double-knockout osteoclast pre-
cursors when c-Fos is overexpressed.19) Nuclear factor of acti-
vated T cells c1 (NFATc1), which also plays an important role 
in osteoclastogenesis, is upregulated by RANKL in osteoclast 
precursors through mechanisms that are dependent on NF-κB 
and c-Fos.8,19,20) Furthermore, overexpression of NFATc1 in 
osteoclast precursors causes efficient induction of osteoclast 
formation even without RANKL stimulation.20) These discov-
eries imply that NFATc1 may be a master transcription factor 
for osteoclast differentiation.

As bone and the immune system are closely intermingled, 
all factors that regulate immune cells should be investigated 
for their effect on bone. For this reason, treatment strategies 
for bone disease focus on the suppression of bone destruction 
and inflammation-associated bone loss. Bone-resorbing os-
teoclasts are important effector cells in diseases involving in-
flammation-induced bone loss, such as rheumatoid arthritis or 
periodontitis.21,22) Inflammatory cytokines and prostaglandins 
upregulate RANKL in osteoblasts, synovial fibroblasts and 
activated T cells.23,24) RANK-RANKL signaling was shown 
to be essential for osteoclast differentiation in inflammatory 
bone destruction.25) In addition, many cytokines affected 
by inflammation, including the proinflammatory cytokines 
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TNF-α and interleukin-1, may contribute to osteoclast differ-
entiation and activation.26)

Tetrandrine, a bisbenzylisoquinoline alkaloid extracted 
from the root of Stephania tetrandra S. MOORE, has been 
widely used in China to treat patients with autoimmune dis-
orders, inflammatory pulmonary diseases and cardiovascular 
diseases.27–31) It possesses a remarkable pharmacological 
profile, including immunosuppressive, anti-inflammatory 
and anti-tumor activities.32–35) In resting cells, an inhibitory 
protein, inhibitor of NF-κBα (IκBα), masks the nuclear local-
ization signal of NF-κB, which is consequently retained in the 
cytosol. Stimulation results in the phosphorylation of IκBα by 
IκBα kinases (IKKs), resulting in ubiquitination and subse-
quent degradation of IκBα by proteosome.36,37) Recent studies 
have demonstrated that tetrandrine can inhibit NF-κB activa-
tion by suppression of IκBα degradation, and consequently it 
inhibits the production of proinflammatory cytokines.34,38–41) 
Therefore, we examined the anti-osteoporotic and anti-osteo-
clastogenic effects of tetrandrine. In the present study, we 
demonstrate for the first time that tetrandrine significantly 
ameliorates the decrease of bone mass in sciatic-neurecto-
mized mice by inhibiting osteoclast differentiation. Mechanis-
tic studies in murine macrophage RAW 264.7 cells indicated 
that tetrandrine had no effect on NF-κB activation, but sup-
pressed RANKL-induced amplification of NFATc1.

MATERIALS AND METHODS

Mice and Reagents  Seven- and 12-week-old male ddY 
mice were purchased from Japan SLC (Hamamatsu, Japan). 
All animal experiments were performed in accordance with 
the guidelines of the Committee on Animal Experiments in 
Hokuriku University.

The chemical structure of tetrandrine is shown in Fig. 1. 
Mouse monocyte/macrophage cell line RAW 264.7 was ob-
tained from American Type Culture Collection (Manasas, 
VA, U.S.A.). Alpha modification of Eagle’s medium (α-MEM) 
was purchased from MP Biomedicals (Solon, OH, U.S.A.) and 
Dulbecco’s modified Eagle’s medium (DMEM) was obtained 
from Nissui Pharmaceutical (Tokyo, Japan). Fetal bovine 
serum (FBS) and Fura Red/AM were obtained from Invitro-
gen (Carlsbad, CA, U.S.A.). Penicillin/streptomycin was pur-
chased from Lonza (Walkersville, MD, U.S.A.). Tetrandrine, 
glutamine, Naphthol AS-MX phosphate, Fast blue RR salt, 
Fast red violet LB salt and Pluronic F-127 were from Sigma 
(St. Louis, MO, U.S.A.). Ascorbic acid, β-glycerophosphate, 
dexamethasone, 1α,25-dihydroxyvitamin D3, paraformalde-
hyde and soluble RANKL (sRANKL) were obtained from 
Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Primary 
antibodies against phospho-IκBα (Ser32), IκBα, phospho-ERK 
(Thr202/Tyr204), ERK, phospho-JNK1/2/3 (Thr183/Tyr185), 
JNK1/2/3, phospho-p38 (Thr180/Tyr182), p38, phospho-c-Jun 
(Ser73) and c-Jun were purchased from Cell Signaling Tech-
nology (Beverly, MA, U.S.A.). Anti-c-Fos and anti-NFATc1 
antibodies were from Santa Cruz Biotechnology (Santa Cruz, 
CA). Anti-β-actin antibody was obtained from Abcam (Cam-
bridge, U.K.).

In Vivo Experiments Using Sciatic-Neurectomized Mice  
Twelve-week-old mice were divided into four sciatic-neurecto-
mized groups and one sham-operated group, each consisting 
of 6 mice. The mice were housed in a room maintained at 

24.5± 0.5°C on a 12 : 12-h light–dark cycle and allowed free 
access to food and water. For the sciatic neurectomy proce-
dure, the dorsal skin of the left thigh was cut and the posterior 
muscles were divided to expose the sciatic nerve. Chronic 
denervation was produced by excision of a 5 mm length of 
the sciatic nerve.42) Sciatic-neurectomized mice were injected 
intraperitoneally with tetrandrine (0.6, 2.0 or 6.0 mg/kg body 
weight) or phosphate-buffered saline (PBS; control) at 4 weeks 
after neurectomy. Tetrandrine or PBS was injected every 
other day for 4 weeks. All mice were sacrificed at 8 weeks 
post-neurectomy. The left femurs were removed and fixed 
in 70% ethanol for evaluation of the bone mineral density, 
bone volume (trabecular and cortical bone volume), trabecular 
volume, cortical volume, and cortical thickness. The femurs 
(between proximal and distal epiphysis) were scanned at 
0.5 mm-intervals using an experimental X-ray CT instrument 
(LaTheta, Hitachi Aloka Medical, Tokyo, Japan). The trabecu-
lar bone density (Tb.V/TV; amount of trabecular bone volume 
per unit of tissue volume) was measured to asseses the trabe-
cular bone microstructure of the femurs. Serum samples in all 
mice were collected before sacrifice, and alkaline phosphatase 
(ALP) and TRAP isoform 5b (TRAP5b) activities were deter-
mined (ALP and TRAP5b serve as markers of osteoblast ac-
tivity and osteoclast activity, respectively). A 50 µL of volume 
of serum sample was combined with 250 µL of 10 mM p-nitro-
phenyl phosphate as a substrate in 1 M diethanolamine, pH 9.8, 
containing 1 mM magnesium chloride and 0.02 mM zinc chlo-
ride, and incubated at 37°C. The time-dependent increase in 
absorbance at 450 nm (reflecting p-nitrophenolate production) 
was measured on a plate spectrophotometer (Sunrise, TECAN, 
Austria). One unit of ALP activity was defined as the quantity 
of enzyme that catalyzed the hydrolysis of 1 µmol substrate in 
1 min. Serum TRAP5b activity was measured using a mouse 
TRAP assay kit (Immunodiagnostic Systems, Boldon, U.K.) 
according to the manufacturer’s instructions.

Mouse Bone Marrow Cell Culture  Femurs and tibiae 
were excised from 7- to 9-week-old mice, and the connective 
and soft tissues were aseptically removed. The ends of the 
bones were cut off, and the bone marrow was flushed out into 
a 50 mL tube with α-MEM containing 10% heat-inactivated 
FBS and 1% penicillin/streptomycin (50 U/mL of penicillin 
and 50 µg/mL of streptomycin), using a 1 mL syringe. After 
centrifugation of the cell suspension at 1000 rpm for 5 min, the 
supernatant was removed, and the cells were resuspended in 
the medium to make 7×106 cells/mL. A half milliliter of the 
suspension was seeded into a 24-well plate. At 24 h after the 
seeding, the medium was changed to fresh medium supple-
mented with 0.2 mM ascorbic acid, 2.5 mM β-glycerophosphate 
and 10 nM dexamethasone for osteoblast differentiation, or 
supplemented with 10 nM 1α,25-dihydroxyvitamin D3 for os-
teoclast differentiation. The cells were further cultured in the 
presence or absence of tetrandrine for 5 d; the medium was 

Fig. 1. Chemical Structure of Tetrandrine
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replaced with fresh medium after 3 d. The cells were fixed 
with 4% paraformaldehyde in phosphate-buffered solution (pH 
7.4) and stained for ALP or TRAP as described below.

Mouse Monocyte/Macrophage Cell Culture  RAW 264.7 
cells can differentiate into osteoclasts after RANKL treatment 
in vitro.43) For osteoclastic differentiation, RAW 264.7 cells 
were suspended in DMEM supplemented with 10% heat-inac-
tivated FBS, 1% penicillin/streptomycin and 2 mM glutamine, 
and then seeded at 2×103 cells/well in 96-well plate. At 24 h 
after the seeding, the medium was changed to fresh medium 
supplemented with 100 ng/mL of sRANKL. The cells were 
further cultured in the presence or absence of tetrandrine 
for 5 d; the medium was replaced with fresh medium after 
3 d. The cells were fixed with 4% paraformaldehyde in phos-
phate-buffered solution (pH 7.4) and stained for TRAP as 
described below.

ALP Staining  After cell culture, the fixed cells were 
incubated in 50 mM MgCl2 and 0.1 M Tris–HCl (pH 7.4) for 
30 min. Cells were then stained for ALP with a mixture of 
0.1 mg/mL Naphthol AS-MX phosphate and 0.6 mg/mL Fast 
blue RR salt in 0.2 M Tris–HCl (pH 8.5). Cells were washed 
with distilled water and ALP-positive cell nodules were quan-
tified using NIH Image software.

TRAP Staining  After cell culture, the fixed cells were 
incubated in a mixture of ethanol and acetone (1 : 1, v/v) for 
1 min. Cells were then stained for TRAP with a mixture of 
0.1 mg/mL Naphthol AS-MX phosphate and 0.6 mg/mL Fast 
red violet LB salt in 50 mM sodium tartrate/0.1 M sodium 
acetate buffer (pH 5.0). Cells were washed with distilled water 
and TRAP-positive multinucleated cells (three or more nuclei) 
were counted under a microscope (Olympus, Tokyo, Japan).

Western Blot Analysis  Cells were washed 3 times with 
ice-cold PBS and lysed in lysis buffer containing 50 mM 
Tris–HCl (pH 8.0), 150 mM NaCl, 0.1% sodium dodecyl sul-
fate (SDS), 1% NP-40, 0.5% sodium deoxycholate, 1 µg/mL 
aprotinin, 5 µg/mL leupeptin, 1 µg/mL microcystin and 1 mM 
phenylmethylsulfonyl fluoride (PMSF). Protein concentration 
of the cell lysate was determined by using a DC protein assay 
kit (Bio-Rad Laboratories, Hercules, CA, U.S.A.). An equal 
amount of protein (6 µg/lane) was resolved by SDS-polyacryl-
amide gel electrophoresis and transferred to a polyvinylidene 
difluoride membrane. The membrane was probed with the in-
dicated primary antibodies. Blots were finally developed with 
horseradish peroxidase-conjugated secondary antibodies and 
visualized with ECL Plus kit (GE Healthcare, Buckingham-
shire, U.K.).

Statistical Analysis  Statistical analysis was performed 
using one-way analysis of variance (ANOVA) followed by the 
Tukey–Kramer post hoc test. Differences were considered to 
be significant at p<0.05.

RESULTS

Preventive Effect of Tetrandrine against Bone Loss in 
Sciatic-Neurectomized Mice  In the present animal model 
of hind limb immobilization by sciatic neurectomy, an im-
balance between bone formation and resorption leads to bone 
loss with morphometric changes.44) We first evaluated the ef-
fect of tetrandrine on bone loss of femurs in sciatic-neurecto-
mized mice. At 8 weeks after neurectomy, the neurectomized 
mice displayed profound decreases in bone mineral density 

and bone volume compared with the sham-operated group 
(Figs. 2A–C). The decrease in bone volume was accompanied 
with reductions in both trabecular volume and cortical vol-
ume, though cortical thickness was not altered (Figs. 2D, E, 
G). The bone loss observed in the neurectomized mice was 
significantly ameliorated by tetrandrine. In particular, tetran-
drine showed a remarkable protective effect in terms of the 
trabecular bone volume. The decrease of Tb.V/TV in neurec-
tomized mice was significantly reversed by tetrandrine at 0.6 
and 2.0 mg/kg (Fig. 2F). Serum TRAP5b activity increased 
in the neurectomized mice, and tetrandrine was significantly 
ameliorated the increased serum TRAP5b activity. In contrast, 
serum ALP activity was lower in the neurectomized mice 
than the sham-operated mice, and tetrandrine had no effect 
on the lowered ALP activity (Fig. 3). It was suggested that 
tetrandrine ameliorated the loss of bone volume in the neurec-
tomized mice possibly by inhibiting osteoclastic bone resorp-
tion, but not enhancing osteoblastic bone formation.

Inhibitory Effect of Tetrandrine on Osteoclast Differ-
entiation in Bone Marrow Cell Culture  To investigate the 
mechanisms through which tetrandrine reduced bone loss, 
the effects of tetrandrine on osteoblast and osteoclast differ-
entiation were examined in bone marrow cell culture. In the 
absence of tetrandrine, bone marrow cells differentiated into 
TRAP-positive multinucleated osteoclasts, but tetrandrine 
inhibited the differentiation into osteoclasts in a concentra-
tion-dependent manner (Figs. 4A, C). In contrast, tetrandrine 
had no apparent effect on osteoblast differentiation, at least up 
to 1 µM (Figs. 4A, B).

Inhibitory Effect of Tetrandrine on RANKL-Induced 
Osteoclast Differentiation  It is possible that tetrandrine 
affects RANKL-induced signaling in osteoclast precursor 
cells, since osteoblasts support osteoclastogenesis from os-
teoclast precursor cells by expressing RANKL.45) Therefore, 
we next examined the effects of tetrandrine on RANKL-in-
duced osteoclast differentiation from osteoclast precursor 
RAW 264.7 cells. In the presence of sRANKL (100 ng/mL), 
RAW 264.7 cells differentiated into TRAP-positive multinu-
cleated osteoclasts. Tetrandrine dose-dependently inhibited 
the sRANKL-induced differentiation of both RAW 264.7 
cells and bone marrow cells into osteoclasts when present in 
the medium throughout the entire culture period (Fig. 5A). 
To explore the inhibitory effect of tetrandrine on osteoclast 
differentiation in more detail, we added tetrandrine at dif-
ferent time periods to sRANKL-treated RAW 264.7 cells in 
culture (Fig. 5B). Tetrandrine exposure during days 0–3 after 
sRANKL treatment, followed by wash-out and further culture 
in tetrandrine-free medium, resulted in inhibition of osteoclast 
differentiation. However, the inhibitory effect was decreased 
when tetrandrine was added at days 3–5. These findings sug-
gest that tetrandrine inhibits early RANKL-induced cellular 
events. To exclude the possibility that the inhibition was due 
to cytotoxicity, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT) assay was carried out. Tetrandrine 
was confirmed to show little cytotoxicity to RAW 264.7 cells 
at the concentration at which it effectively inhibited osteoclast 
differentiation (Fig. 5C).

Effects of Tetrandrine on Phosphorylation of MAPKs, 
Degradation of IκB and c-Fos Expression in RANKL-Stim-
ulated RAW 264.7 Cells  A key signaling event induced by 
the binding of RANKL to RANK is the activation of MAPKs 
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and NF-κB signaling. To elucidate the inhibitory mechanism 
and to identify the signaling pathway influenced by tetran-
drine, RAW 264.7 cells were treated with sRANKL in the 
presence or absence of tetrandrine. The phosphorylation of 
three families of MAPKs, ERK, JNK and p38, as well as 
c-Jun, reached a maximal level within 15 min and then re-
turned to the basal level in response to sRANKL. Tetrandrine 
did not affect the phosphorylation of MAPKs or c-Jun (Fig. 
6A).

Activation of NF-κB involves initial phosphorylation and 
subsequent degradation of the inhibitory subunit IκB in re-
sponse to an extracellular signal. The freed NF-κB is then 
translocated to the nucleus to bind target gene promoters. To 
examine whether NF-κB could be a target of tetrandrine, the 
protein level and phosphorylation of IκB were determined by 
Western blot analysis. The phosphorylation and the subsequent 
degradation of IκB were found to be activated in RAW 264.7 
cells within 30 min after sRANKL treatment, and tetrandrine 

Fig. 2. Tetrandrine Ameliorated Bone Loss in Sciatic-Neurectomized Mice
Femurs of sciatic-neurectomized mice injected with PBS or tetrandrine (0.6, 2.0 or 6.0 mg/kg) and sham-operated mice were subjected to bone morphometric exami-

nation, including transverse section at 2 mm from the distal end (A), bone mineral density (BMD, B), bone volume (BV, C), trabecular volume (Tb.V, D), cortical volume 
(Ct.V, E), trabecular bone density (Tb.V/TV, F) and cortical thickness (Ct.Th, G). The results are expressed as means±S.E. of 6 mice. # p<0.05, ## p<0.01 versus sham- 
operated mice; * p<0.05, ** p<0.01 versus PBS-injected control mice.
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did not alter the RANKL-induced IκB phosphorylation or 
degradation (Fig. 6A). c-Fos is thought to be downstream from 
NF-κB and plays an important role in osteoclast differentia-
tion by forming AP-1 complexes with c-Jun. We confirmed 
that sRANKL increased the protein level of c-Fos at 6 h in 
RAW 264.7 cells, and found that tetrandrine did not affect the 
expression of c-Fos (Fig. 6B).

Effect of Tetrandrine on Expression of NFATc1 
in RANKL-Stimulated RAW 264.7 Cells  Importantly, 
RANKL specifically and strongly induces NFATc1, a master 

regulator of osteoclast differentiation, and this induction is de-
pendent on NF-κB and c-Fos, followed by auto-amplification 
of NFATc1. We next investigated whether tetrandrine reduced 
the expression of NFATc1 in RAW 264.7 cells. Protein expres-
sion of NFATc1 increased from 24 to 72 h in sRANKL-treated 
cells, but was not detected in the untreated control (Fig. 7A). 
Tetrandrine had little effect on the initial induction of NFATc1 
by sRANKL. However, the subsequent increase of NFATc1, 
which is attributed to auto-amplification of NFATc1, was re-
duced by one-half in tetrandrine-treated cells (Fig. 7B). These 

Fig. 3. Tetrandrine Attenuated Serum TRAP5b Activity Increased in Sciatic-Neurectomized Mice
Serum activities of ALP and TRAP5b of sciatic-neurectomized mice injected with PBS or tetrandrine (0.6, 2.0 or 6.0 mg/kg) and sham-operated mice were measured. 

The results are expressed as means±S.E. of 6 mice. # p<0.05 versus sham-operated mice; ** p<0.01 versus PBS-injected control mice.

Fig. 4. Tetrandrine Inhibited Osteoclast Differentiation in Bone Marrow Cell Culture
Bone marrow cells were cultured with the indicated concentration of tetrandrine in the presence of 0.2 mM ascorbic acid, 2.5 mM β-glycerophosphate and 10 nM dexa-

methasone for osteoblast differentiation, or in the presence of 10 nM 1α,25-dihydroxyvitamin D3 for osteoclast differentiation. After 5 d, cells were stained for ALP or 
TRAP, which are markers of osteoblasts and osteoclasts, respectively (A). ALP-positive cell nodules were quantified, and TRAP-positive multinucleated cells were counted 
(B). The results are expressed as means±S.D. of 6 cultures. ** p<0.01 versus control culture.
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results suggest that the inhibitory effect of tetrandrine on os-
teoclast differentiation might be due to inhibition of NFATc1 
auto-amplification, but not inhibition of initial induction of 
NFATc1.

DISCUSSION

Tetrandrine was discovered as a potent blocker of the re-
duction of bone volume in sciatic-neurectomized mice during 
a natural products screening program. It was found to inhibit 
osteoclast differentiation, while not affecting osteoblast differ-
entiation or cell viability. Furthermore, it was a potent inhib-
itor when added at the early period of culture, but not when 
added later, suggesting that it acts on early events in osteoclast 
differentiation. Tetrandrine did not affect early RANKL-in-
duced signaling pathways, including the phosphorylation of 
MAPKs and activation of NF-κB caused by RANKL-RANK 
interaction on osteoclast precursors. Consistently with this, 
c-Fos upregulation attributed to NF-κB activation was not also 
affected by tetrandrine.

Osteoclast differentiation and functions are reported to be 
mediated by RANKL-induced NF-κB activation.46) RANKL 
stimulation triggers the formation of the RANK-TRAF6 com-
plex, which leads to IKK activation and consequent degrada-
tion of IκBα. NFATc1 is one of the key target genes of NF-κB 
in the early phase of osteoclast differentiation.8,47) NF-κB 
activates the NFATc1 promoter cooperatively with NFATc2, 
a member of the NFAT family of transcription factors, within 
minutes of RANKL stimulation.48) As our results indicated 
that NF-κB is not a molecular target of tetrandrine, because 
IκBα degradation, c-Fos up-regulation and initial induction of 
NFATc1 were not inhibited by tetrandrine, we next focused on 

NFATc1, which directly regulates a number of osteoclast-spe-
cific genes, such as TRAP, calcitonin receptor, cathepsin K 
and β3 integrin.

Robust expression of NFATc1, attributed to auto-amplifica-
tion, is important for osteoclast differentiation.49,50) Our results 
indicated that, although tetrandrine had little effect on the 
initial induction of NFATc1 by sRANKL, it did inhibit the 
subsequent auto-amplification of NFATc1. All NFAT family 
members, including NFATc1, are mainly regulated by the ser-
ine/threonine phosphatase calcineurin, which is activated by 
intracellular Ca2+. Dephosphorylation of the serine residues in 
NFATs by calcineurin leads to exposure of their nuclear-local-
ization signal and translocation into the nucleus. In osteoclasts, 
NFATc1 undergoes efficient nuclear translocation in response 
to RANKL stimulation, suggesting that the Ca2+-calcineurin 
signal is activated.8) After RANKL stimulation, phospholipase 
Cγ (PLCγ) is activated and produces inositol-1,4,5-trisphos-
phate (IP3), which evokes Ca2+ release from endoplasmic 
reticulum (ER) possibly through IP3 receptor (IP3R) 2 and 
IP3R3, followed by long-lasting Ca2+ oscillation.51) In addi-
tion, several studies have indicated that extracellular Ca2+ 
influx appeared to be necessary RANKL-induced osteoclast 
differentiation.52,53) It is noteworthy that in most cell types, ac-
tivation of receptors coupled to PLC by high concentrations of 
agonists triggers Ca2+ release from the ER followed by Ca2+ 
influx through store-operated Ca2+ (SOC) entry.54,55) Lower 
and more physiological concentrations of receptor agonists 
induce repetitive Ca2+ oscillations, similar to those seen in 
RANKL-mediated osteoclast differentiation.56,57) SOC entry is 
necessary to refill the store in order to maintain Ca2+ oscilla-
tions, which run down in the absence of SOC entry.58) Indeed, 
a SOC channel blocker, Gd3+, abolished RANKL-induced 

Fig. 5. Tetrandrine Inhibited Early Cellular Events Required for Osteoclast Differentiation in RAW 264.7 Cell Culture
RAW 264.7 cells were cultured with the indicated concentration of tetrandrine in the presence of 100 ng/mL sRANKL. After 5 d, TRAP-positive multinucleated cells 

were counted as osteoclasts (A). Tetrandrine (1 µM) was added to sRANKL-treated RAW 264.7 cell culture for the indicated time periods during the 5-d culture period (B). 
RAW 264.7 cells were cultured in the presence of the indicated concentration of tetrandrine, and treated with 250 µg/mL MTT for 1 h. The precipitated dye was solubilized 
in dimethylsulfoxide, and the absorbance at 570 nm was measured. The results are expressed as means±S.D. of 6 cultures. * p<0.05, ** p<0.01 versus control culture.
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Ca2+ oscillation.53) Recent studies have focused on transient 
receptor potential (TRP) channels as candidates for the 
channels underlying Ca2+ influx in RANKL-induced Ca2+ 
oscillation. The vanilloid TRP4 (TRPV4) channel-deficient 
mice (TRPV4−/−) displayed an increase in bone mass, which 
was attributed to impaired resorption activity of osteoclasts. 
The mRNA levels of NFATc1 were attenuated in cultured 
osteoclasts derived from TRPV4−/− mice, while osteoblast 
phenotypes were not affected, suggesting TRPV4 solely con-
tributes to the differentiation and function of osteoclasts.52) 
On the other hand, voltage-gated Ca2+ channels (VOCC) is 
characterized in plasma membrane and involved in transport-
ing extracellular Ca2+ in osteoclasts as well as SOC channels 
and TRP channels. Augmented Ca2+ influx through VOCC 
resulted from locally increased extracellular Ca2+ during 
bone resorption induces osteoclast retraction and even apo-
ptosis.59,60) Although tetrandrine is known to be a blocker of 
VOCC, the blockade of VOCC is not though to contribute to 

the inhibitory effect on osteoclast differentiation.61) Moreover, 
tetrandrine did not inhibit the serine/threonine phosphatase 
activity of calcineurin (data not shown). Taken together, these 
findings indicate that Ca2+-calcineurin signaling may not be 
the molecular target of tetrandrine in osteoclasts. Interestingly, 
in vivo administration of FK506, a calcineurin inhibitor, re-
sults in a reduction in bone mass due to severe impairment of 
bone formation in mice, suggesting that calcineurin is also im-
portant for osteoblast function; this implies that inhibition of 
the Ca2+-calcineurin signal would not be suitable therapeutic 
target for osteoporosis.62,63)

It has been shown that NFATc1 forms an osteoclast-specific 
transcriptional complex containing AP-1, PU.1, MITF and 
CREB for the effective induction of osteoclast-specific genes 
and auto-amplification of NFATc1.8,49,64) In osteoblasts, on the 
other hand, NFATc1 forms a complex with osterix, a zinc-fin-
ger transcription factor, and cooperatively regulates bone for-
mation through induction of type I collagen.65) These findings 

Fig. 6. Tetrandrine Had No Effect on RANKL-Induced Phosphorylation of IκB, MAPKs and c-Jun, or on the Expression of c-Fos
RAW 264.7 cells were pretreated with 1 µM tetrandrine for 1 h, and stimulated with 100 ng/mL sRANKL for 5 to 30 min to determine the phosphorylation of IκB, 

MAPKs and c-Jun (A), or for 6 to 24 h to determine the c-Fos expression (B). Cell extracts were analyzed by Western blotting using antibodies specifically directed against 
the phosphorylated and unphosphorylated forms, and against c-Fos protein. The intensities of protein bands were analyzed and normalized to unphosphorylated proteins or 
β-actin. The results are expressed as means±S.D. of 3 cultures.
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raise the possibility that tetrandrine may act on the expression 
and/or function of transcription factors which form complexes 
with NFATc1 in osteoclasts. Further work will be required to 
clarify this possibility.

The identification of the RANK-RANKL pathway opened 
up the possibility of developing novel agents that would 
reduce osteoclastic bone resorption by inhibiting RANKL. 
Denosumab is a fully human monoclonal antibody that targets 
RANKL and prevents RANKL from binding to its receptor, 
thereby inhibiting the development, activation, and survival 
of osteoclasts.66) Since tetrandrine inhibits RANKL-induced 
osteoclast differentiation, tetrandrine appears to achieve a 
similar goal as denosumab. Several clinical investigations 
showed that denosumab administration to the patients with 
osteoporosis resulted in a rapid increase of bone mineral den-
sity and a sustained decrease in bone turnover, characterized 
by the reductions in biomarkers of both bone resorption and 
bone formation.66,67) Although tetrandrine inhibited osteoclast 
differentiation and decreased a bone resorption marker, TRAP 
5b, in sciatic-neurectomized mice as well as denosumab, no 
evidence that tetrandrine attenuated osteoblast differentiation 
was observed in vitro and in vivo. This finding suggests te-
trandrine may be worthy of an alternative to RANKL anti-
body therapy.

In the present study, we have demonstrated, for the first 
time, that tetrandrine has a preventive effect against bone 
loss in an animal model of osteoporosis, sciatic-neurecto-
mized mice. We have also shown that tetrandrine inhibits 
RANKL-induced osteoclast differentiation, at least in part, by 
suppressing auto-amplification of NFATc1. Thus, tetrandrine is 

a candidate drug for treatment of diseases involving abnormal 
bone lysis, such as osteoporosis and rheumatoid arthritis, or at 
least a potential lead compound for drug development. Further 
studies, including elucidation of its direct molecular targets, 
will be needed to understand the effects of tetrandrine.
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