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Abstract

Norisoboldine (NOR) is the main alkaloid constituent in the dry root of Lindera aggregata (Sims) Kosterm. (L. strychnifolia
Vill.). As reported previously, orally administered NOR displayed a robust inhibition of joint bone destruction present in both
mouse collagen-induced arthritis and rat adjuvant-induced arthritis with lower efficacious doses than that required for
ameliorating systemic inflammation. This attracted us to assess the effects of NOR on differentiation and function of
osteoclasts, primary effector cells for inflammatory bone destruction, to get insight into its anti-rheumatoid arthritis
mechanisms. Both RAW264.7 cells and mouse bone marrow-derived macrophages (BMMs) were stimulated with RANKL
(100 ng/mL) to establish osteoclast differentiation models. ELISA, RT-PCR, gelatin zymography, western blotting,
immunoprecipitation and EMSA were used to reveal related signalling pathways. NOR (10 and 30 uM), without significant
cytotoxicity, showed significant reduction of the number of osteoclasts and the resorption pit areas, and it targeted
osteoclast differentiation at the early stage. In conjunction with the anti-resorption effect of NOR, mRNA levels of cathepsin
K and MMP-9 were decreased, and the activity of MMP-9 was attenuated. Furthermore, our mechanistic studies indicated
that NOR obviously suppressed the ubiquitination of TRAF6, the accumulation of TRAF6-TAK1 complexes and the activation
of ERK and p38 MAPK, and reduced the nuclear translocation of NF-kB-p65 and DNA-binding activity of NF-kB. However,
NOR had little effect on expressions of TRAF6 or the phosphorylation and degradation of IkBo.. Moreover, NOR markedly
inhibited expressions of transcription factor NFATc1, but not c-Fos. Intriguingly, the subsequent nuclear translocations of c-
Fos and NFATc1 were substantially down-regulated. Hence, we demonstrated for the first time that preventing the
differentiation and function of osteoclasts at the early stage was an important anti-bone destruction mechanism of NOR,
which might be attributed to inhibition of ubiquitination of TRAF6, the accumulation of TRAF6-TAK1 complexes and the
activation of MAPKs/NF-kB/c-Fos/NFATc1 pathways.
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Introduction osteoclast differentiation. Many other cytokines and factors, such
) ) ) ) ) as macrophage colony-stimulating factor (M-CSF), tumor necrosis
Severe erosion of bone and articular cartilage is the pathological factor alpha (TNF-0), interleukin-1 (IL-1) and parathyroid

hallmark of rheumatoid arthritis (RA), and ultimately leads to hormone-related peptide, work as additional enhancers [8-11].

reduced mobility of affected patients [1,2]. Increasing evidence Binding of RANKL with its receptor RANK induces the
indicates that osteoclasts play a crucial role in local bone erosion.

In RA, abundant osteoclasts are found within the synovial tissues
at sites adjacent to bone, creating resorption pits and local bone
erosion followed by degradation of the bone matrix and calcium

activation and accumulation of adaptor proteins TRAF6-TAKI
complexes, leading to the activation of NF-kB and MAPK
pathways and the subsequent up-regulation of transcription factors
c-Fos and NFATc] during osteoclastogenesis. The activation of
above-mentioned signalling pathways directly regulates a number

of osteoclastogenesis-related marker genes, including TRAP,

[3-7]. Therefore, osteoclasts are considered to be a type of pivotal MMP-9 and cathepsin K, which lead to the formation of bone
target cells for anti-RA remedies.

Receptor activator of nuclear factor-kB (NF-kB) ligand
(RANKL) has well been identified as a major inducer for

solubilization. In contrast, evident bone erosion did not appear in
osteoclast-deficient mice with a serum transfer model of arthritis

resorption pits during osteoclast differentiation. Denosumab, a
fully human monoclonal antibody with a high affinity and
specificity for RANKL, has been demonstrated to prevent
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structural damage in patients suffering from RA when added to
ongoing methotrexate treatment [12,13]. Targeted modulation of
various signalling pathways to regulate osteoclastogenesis-related
gene expressions may be helpful for the treatment of bone erosion
m RA.

Radix Linderae is the dry root of Lindera aggregata and frequently
used in traditional Chinese medicine. It contains a series of
components, including alkaloids, volatile oils and sesquiterpene
esters [14,15]. Norisoboldine (NOR), as the major isoquinoline
alkaloid in Radix Linderae, has a proven ability to ameliorate
bone destruction in mouse collagen-induced arthritis (CIA) and rat
adjuvant-induced arthritis (AIA) at lower doses than that required
for repressing systemic inflammation, and to suppress the
production of pro-inflammatory cytokine IL-6 in fibroblast-like
synoviocytes from AIA rats through PKC/MAPK/NF-xkB-p65/
CREB pathways [16,17]. The present study was performed to
explore effects and precise mechanism of NOR on osteoclast
differentiation and elucidate the reasons for its anti-bone
destruction mechanisms in RA.

Results

Effects of NOR on tartrate resistant acid phosphatase
(TRAP) activity in RAW264.7 cells induced by RANKL

Tartrate resistant acid phosphatase (TRAP) is a well-known
enzyme that widely acccepted to be a histochemical marker of
osteoclasts, and it can be significantly elevated by RANKL
stimulation. Initially, we examined the effects of NOR (3, 10, 30
and 60 puM) on TRAP activity and determined the concentrations
required for inhibiting osteoclast differentiation. As depicted in
Fig. 1A, RANKL (100 ng/mL) stimulation resulted in a dramatic
enhancement of TRAP activity in RAW264.7 cells. NOR (3, 10,
30 and 60 uM) treatments obviously down-regulated TRAP
activity in a concentration-dependent manner by 16.4%, 34.6%,
74.9% and 77.1%, respectively. Of note, at concentrations of 30
and 60 puM, it showed near inhibitory percentages.

To exclude the possibility that inhibition of NOR on TRAP
activity was due to cytotoxicity, the viability of RAW264.7 cells in
the presence or absence of RANKL was tested using both MTT
and LDH assays. The results indicated that NOR-induced
cytotoxicity was negligible below the concentration of 100 uM
(Fig. 1B). Therefore, in the subsequent experiments, NOR (3, 10
and 30 uM) were used.

Effects of NOR on osteoclastogenesis of RAW264.7 cells
and mouse bone marrow-derived macrophages (BMMs)
induced by RANKL

Data in mountain have shown that osteoclasts are derived from
monocyte-macrophage lineage cells. Accordingly, in our study,
both kinds of monocyte-macrophage lineage cells RAW264.7 cells
and BMMs were used to establish models of osteoclast differen-
tiation. As shown in Fig. 2A & 2B, RANKL (100 ng/mL)
stimulation for 5 days led to obvious formation of TRAP-positive
multinuclear osteoclasts from either RAW264.7 cells or BMMs.
NOR (10 and 30 uM) treatments produced a marked suppression
of the number of osteoclasts derived from either RAW264.7 cells
or BMMs. The inhibitory percentages of NOR (10 and 30 pM)
were 41.3%, 62.4% and 31.3%, 59.6%, respectively.

Effects of NOR on stages of osteoclastogenesis of

RAW264.7 cells and BMMs induced by RANKL
To further clarify the stage of osteoclastogenesis that NOR
preferentially affected, we added NOR (30 uM) into RANKL
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(100 ng/mL)-treated RAW264.7 cells and BMMs cultures at 5
different time points. After exposure to NOR for 24 h, the culture
media containing NOR was washed out and changed to NOR free
culture media. Our results revealed that NOR (30 uM) was able to
inhibit TRAP activity when the cells were exposed at day 01, day
1-2 and day 2-3. The inhibitory percentages in RAW264.7 cells
and BMMs were 38.7%, 18.9%, 12.3% and 61.9%, 46.3%, 33.8%
at day 0-1, day 1-2 and day 2-3, respectively (Fig. 3). These
findings indicated that NOR notly suppresses RANKIL-induced
osteoclastogenesis by targeting the early stage.

Effects of NOR on the bone resorbing function of
osteoclastogenesis of RAW264.7 cells induced by RANKL

The formation of bone resorption pits occurs In conjunction
with osteoclastogenesis. To determine whether the NOR treat-
ments affect the bone resorption function of osteoclasts, bone slice
assay was used. RAW264.7 cells were plated on bone slices and
stimulated with RANKL for 5 days in the presence or absence of
NOR (3, 10 and 30 uM). As Fig. 4 depicted, numerous resorption
pits were formed on the bone slices. NOR (10 and 30 puM)
treatments strongly diminished areas of bone resorption pits
resulting from RANKL-induced RAW264.7 cells. The inhibitory
percentages of NOR, at the concentrations of 10 and 30 uM, were
40.4% and 77.2%, respectively.

Effects of NOR on the expressions of osteoclastogenesis-
related genes in RAW264.7 cells induced by RANKL

During osteoclastogenesis, the synthesis and secretion of
adhesion molecules and matrix-degrading enzymes, such as c-
sre, integrin otV P3, cathepsin K and MMP-9, are closely related to
the eventual formation of bone resorption pits. Therefore, in the
present study, we assessed the effects of NOR on the expressions of
these molecules in RAW264.7 cells induced by RANKL. As
shown in Fig. 5A, RANKL (100 ng/mL) stimulation led to
significant up-regulation of the mRNA expressions of c-src,
integrin oV, integrin B3, cathepsin K and MMP-9. Moreover,
NOR (10 and 30 pM) treatments substantially reduced the mRNA
levels of the matrix-degrading enzymes cathepsin K and MMP-9,
but not that of adhesion molecules c-src, integrin ov and integrin
B3. These results suggested that NOR suppressed the bone
resorption function of osteoclasts by inhibiting the production of
matrix-degrading enzymes, but not adhesion and migration of
osteoclasts.

To ascertain whether NOR treatments affect the activity of
MMP-9, the gelatin zymography assay was used. As shown in
Fig. 5B, RANKL (100 ng/mL) stimulation led to a significant
increase of MMP-9 activity in RAW264.7 cells, and NOR (10 and
30 uM) treatments markedly reduced MMP-9 activity. In contrast,
the activity of MMP-2 was affected by neither the RANKL
stimulation nor the NOR treatments.

Effects of NOR on the expression and ubiquitination of
TRAF6 as well as accumulation of TRAF6-TAK1 complexes
in RAW264.7 cells induced by RANKL

RANKL acts by binding to its receptor RANK, resulting in
increased expression and ubiquitination of TRAF6 and the
accumulation of TRAF6-TAKI1 (a MAPK kinase kinase) com-
plexes, which activate the downstream signalling molecules such as
PI3K, MAPKs and NF-xB. As shown in Fig. 6A, RANKL
(100 ng/mL) stimulation obviously up-regulated the expression of
TRAF6 in RAW264.7 cells, reaching peak accumulation at 5 min.
In contrast, NOR (3, 10 and 30 pM) pre-treatments had little
effect on the expression of TRAF6 (Fig. 6B), but the ubiquitination
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Figure 1. Effects of norisoboldine (NOR) on TRAP activity in RAW264.7 cells induced by RANKL. (A) RAW264.7 cells were treated with
NOR (1, 3, 10, 30 and 60 uM) in the presence or absence of RANKL (100 ng/mL) for 24 h. The cells were lysed, and TRAP activity was detected using
kits according to the manufacturer’s instructions. (B) RAW264.7 cells were treated with NOR (1, 3, 10, 30, 60 and 100 uM) in the presence or absence
of RANKL (100 ng/mL) for 72 h. Cytotoxicity was determined by MTT and LDH assays. Data were expressed as means=S.D. of three independent
experiments. #p<0.05, *#p<0.01 vs. normal; ‘p<0.05, “p<<0.01 vs. model.

doi:10.1371/journal.pone.0059171.g001
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Figure 2. Effects of norisoboldine (NOR) on osteoclastogenesis of RAW264.7 cells and bone marrow-derived macrophages (BMMs)
induced by RANKL. (A) RAW264.7 cells were treated with NOR (3, 10 and 30 uM) in the presence or absence of RANKL (100 ng/mL) for 5 days. (B)
BMMs were treated with NOR (3, 10 and 30 uM) in the presence or absence of RANKL (100 ng/mL) for 5 days. Osteoclasts were identified using TRAP
staining according to the manufacturer’s instructions. TRAP-positive multinucleated cells with greater than three nuclei were counted as osteoclasts.
Data were expressed as means*S.D. of three independent experiments. ##p<0.01 vs. normal; p<0.05, “p<0.01 vs. model.

doi:10.1371/journal.pone.0059171.g002

of TRAF6 and accumulation of TRAF6-TAKI1 complexes were
significantly suppressed by NOR. The inhibitory percentages of
NOR (3, 10 and 30 pM) on the accumulation of TRAF6-TAK1
complexes were 33.4%, 36.7% and 51.6%, respectively (Fig. 6C &
6D).
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Effects of NOR on activation of MAPKs in RAW264.7 cells
induced by RANKL

MAPKSs (mainly including ERK, JNK and p38 MAPK) are
located at the downstream of the TRAF6 signalling complexes,
and they play an important role in RANKL-induced osteoclasto-
genesis by triggering a cascade reaction and up-regulating
expressions of essential transcription factors c-Fos, MITF, PU.1
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Figure 3. Effects of norisoboldine (NOR) on stages of osteoclastogenesis of RAW264.7 cells and bone marrow-derived
macrophages (BMMs) induced by RANKL. RAW264.7 cells and BMMs were seeded into 24-well plates, and NOR (30 uM) was added into the
cultures that treated with RANKL (100 ng/mL) at 5 different time points. After exposure to NOR for 24 h, the culture media containing NOR was
washed out and changed to NOR free culture media.The cells were continued to be stimulated with RANKL (100 ng/mL). Untill day 5, cells were lysed
in 0.2% Triton X-100, and TRAP activity was detected using kits according to the manufacturer’s instructions. Data were expressed as means*S.D. of

three independent experiments. ‘p<0.05, ~p<0.01 vs. model.
doi:10.1371/journal.pone.0059171.g003

and NFATcl. In RANKL-stimulated RAW264.7 cells, SB203580
(a specific inhibitor of p38) and U0126 (a specific inhibitor of
ERK), but not SP600125 (a specific inhibitor of JNK), reduced
TRAP activity in a concentration-dependent manner (Fig. 7A).
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Our data strongly indicated that p38 MAPK and ERK participate
in the regulation of RANKL-induced osteoclast differentiation.
We found that RANKL stimulation led to evident phosphoryla-
tions of both p38 MAPK and ERK in RAW264.7 cells, peaking at
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Figure 4. Effects of norisoboldine (NOR) on bone resorbing function of osteoclastogenesis of RAW264.7 cells induced by RANKL.
RAW264.7 cells were seeded on bovine bone slices and treated with NOR (3, 10 and 30 uM) in the presence or absence of RANKL (100 ng/mL). After
cultured for 5 days, the cells were removed from bone slices, and the slices were stained with toluidin blue. The areas were calculated by Image-Pro
Plus 6.0. Data were expressed as means=S.D. of three independent experiments. ##p<0.01 vs. normal; 'p<0.05, “p<<0.01 vs. model.

doi:10.1371/journal.pone.0059171.g004

15 min. Moreover, NOR (10 and 30 pM) pre-treatments for 24 h
remarkably inhibited the phosphorylations. The inhibitory per-
centages against p-p38 MAPK and p-ERK were 64.4%, 69.0%
and 30.4%), 48.8%, respectively (Fig. 7B & 7C).

Effects of NOR on the activation of the NF-kB pathway in

RAW264.7 cells induced by RANKL

In addition to MAPKs, NF-xB 1s also heavily involved in the
regulation of osteoclastogenesis. The activation of NF-kB is linked
to a sequential cascade that includes IKK-dependent IxBo
phosphorylation, ubiquitination and proteolytic degradation, as
well as the translocation of cytosolic NF-kB-p65 to nucleus. Our
studies showed that PDTC (a specific inhibitor of NF-xB)
significantly reduced the activity of TRAP, a histochemical marker
of osteoclasts, in RANKL-induced RAW264.7 cells (Fig. 8A).
Hence, the effects of NOR on the activation of NF-kB pathway
were subsequently addressed. As shown in Fig. 8B, RANKL
(100 ng/mL) stimulation resulted in a rapid and evident
phosphorylation and degradation of IxkBa, as well as the
subsequent nuclear translocation of the NI-kB-p65 subunit in
RAW264.7 cells. Intriguingly, NOR pre-treatments failed to affect
RANKL-induced phosphorylation and degradation of IxBo
(Fig. 8C). However, at concentrations of 10 and 30 pM, NOR
treatment for 24 h markedly blocked NF-kB-p65 nuclear trans-
location in RAW264.7 cells, which was evidenced by the increased
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amounts of NF-kB-p65 in the cytoplasm and reduced amounts in
the nucleus (Fig. 8D). Subsequently, DNA-binding activity of NF-
kB was assessed using EMSA, and the results showed that
RANKL stimulation strongly up-regulated the activity of NF-xB
DNA-binding. This elevated activity of NF-kB DNA-binding was
dramatically reduced by NOR (10 and 30 pM) pre-treatments
(Fig. 8E). Taken together, these results indicated that the inhibition
of the NF-xB pathway by NOR contributed to its suppression of
osteoclastogenesis.

Effects of NOR on the expressions of transcription factors

c-Fos and NFATc1 in RAW264.7 cells induced by RANKL

Binding of RANKL to RANK should activate several
transcription factors that are responsible for promoting osteoclastic
gene expression. However, they are not all activated within the
same time phase: early response factors, such as c-Fos, are
activated before late response factors, such as NFATcl. NFATcI
and c-Fos are identified as two of the most important osteoclasts-
specific transcription factors [18]. In resting cells, both of them are
restricted to the cytoplasm, and the activation of cells leads to their
nuclear translocations. In our study, the expressions and nuclear
translocations of these two transcription factors were assessed. As
shown in Fig. 9A & 9B, RANKL stimulation for 24 h obviously
up-regulated the expressions and nuclear translocations of both c-
Fos and NFATcl in RAW264.7 cells. Additionally, NOR (10 and

6 March 2013 | Volume 8 | Issue 3 | e59171
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Figure 5. Effects of norisoboldine (NOR) on the expressions of osteoclastogenesis-related genes in RAW264.7 cells induced by
RANKL. RAW264.7 cells were treated with NOR (3, 10 and 30 uM) in the presence or absence of RANKL (100 ng/mL) for 24 h. (A) The mRNA
expressions of c-src, integrin aV, integrin 3, cathepsin K and MMP-9 were determined using RT-PCR assay. (B) The activity of secreted MMP-9 was
detected using gelatin zymography assay. Data were expressed as means=S.D. of three independent experiments. ##p<0.01 vs. normal; ‘p<<0.05,
"p<0.01 vs. model.

doi:10.1371/journal.pone.0059171.g005
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Figure 6. Effects of norisoboldine (NOR) on the expression and ubiquitination of TRAF6 as well as accumulation of TRAF6-TAK1
complexes in RAW264.7 cells induced by RANKL. (A) Time course of the expressions of TRAF6 in RANKL-induced RAW264.7 cells. Cells were
pre-treated with RANKL (100 ng/mL), and cell lysates were collected at the time points indicated. Expressions of TRAF6 were detected by western
blotting assay. (B) RAW264.7 cells were pre-treated with NOR (3, 10 and 30 uM) for 24 h and stimulated with RANKL (100 ng/mL) for 5 min.
Expression of TRAF6 were detected by western blotting assay. (C) RAW264.7 cells were pre-treated with NOR (3, 10 and 30 uM) for 24 h and then
stimulated with RANKL (100 ng/mL) for 5 min. Cells were lysed, and extracts were immunoprecipitated with antibody for TRAF6. The ubiquitination
of TRAF6 was detected by immunoblotting with antibody. (D) RAW264.7 cells were pre-treated with NOR (3, 10 and 30 uM) for 24 h and then
stimulated with RANKL (100 ng/mL) for 5 min. Cells were lysed and extracts were immunoprecipitated with antibody for TAK1. Co-precipitated TRAF6
was detected by immunoblotting with antibody. Data were expressed as means+S.D. of three independent experiments. ##p<0.01 vs. normal;
"p<0.05, "p<0.01 vs. model.

doi:10.1371/journal.pone.0059171.g006

30 uM) treatments markedly inhibited the nuclear translocation of
c-Fos by 36.9% and 31.3%, respectively, and NFATcI by 46.1%
and 49.2%, respectively. However, NOR treatments, at the
highest concentration of 30 uM, only suppressed the expressions
of NFATc1, but not that of c-Fos.

Discussion

RA is a chronic autoimmune disease characterized by
inflammation of the synovial tissues and destruction of the
underlying cartilage and bone, that both resulting in functional
impairment [1-3]. The goal of anti-rheumatic treatment is not
only to attenuate the clinical symptoms of joint inflammation but
also to inhibit the progression of joint destruction. Progressive
destruction of cartilage and bone in RA results from elevated pro-

PLOS ONE | www.plosone.org

inflammatory cytokines, synovial neovascularization, proteinase-
mediated dissolution of articular cartilage matrix and osteoclast-
mediated subchondral bone resorption. There is emerging interest
for osteoclast as a key player in the erosive and inflammatory
events leading to joint destruction in arthritis with special regard to
RA. The accumulation of osteoclasts in rheumatoid synovial
tissues and their activation associated with osteoclastogenic
cytokines and chemokines at erosion sites suggest that they could
be selected as curative therapeutic targets [19,20]. The new drugs
aiming to directly inhibit the differentiation and function of
osteoclasts are fascinating. Radix Linderae has been used in China
for the treatment of rheumatoid-related diseases for many years.
NOR is the main active constituent of this herb medicine and has
been previously demonstrated to inhibit bone destruction of RA at
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p38 MAPK and ERK in RANKL-induced RAW264.7. Cells were treated with RANKL (100 ng/mL), and cell lysates were collected at the time points
indicated. Phosphorylations of p38 MAPK and ERK were detected by western blotting assay. (C) RAW264.7 cells were pre-treated with NOR (3, 10 and
30 uM) for 24 h and stimulated with RANKL (100 ng/mL) for 15 min. Then, p38 MAPK, p-p38 MAPK, ERK and p-ERK were analyzed using western

blotting assay. Data were the means+S.D. of three independent experiments. ##p<0.01 vs. normal; "p<<0.05, 'p<0.01 vs. model.

doi:10.1371/journal.pone.0059171.g007

a lower eflicacious dose than that required for ameliorating
inflammation. Therefore, we examined the effects of NOR on the
differentiation and function of osteoclasts and explored the
underlying mechanisms.

Osteoclasts are unique multinuclear giant cells, which are

osteoblasts and stromal cells in RA. It belongs to TNF super
family and, as a result of proteolytic cleavage, is often detected as a
soluble factor [21,22]. As a ligand, RANKL interacts to its
receptor RANK, a type I transmembrane receptor that presents
on marrow monocytes and macrophages, and induces them to

differentiate into osteoclasts [23]. Notably, until now, no other
endogenous factors that can lead to osteoclast formation without
RANKL participation have been found. Therefore, RANKL is
used as a convincing stimulator in studies on differentiation and

derived from monocyte-macrophage lineage cells. Their differen-
tiation from precursors can be induced by RANKL, a key factor
that also controls the function and survival of mature osteoclasts.
RANKL is highly expressed by fibroblast-like synoviocytes,
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Figure 8. Effects of norisoboldine (NOR) on activation of NF-kB pathway in RAW264.7 cells induced by RANKL. (A) RAW264.7 cells
were pre-treated with PDTC (2 and 4 uM) in the presence or absence of RANKL (100 ng/mL) for 24 h. Cells were lysated, and TRAP activity was
detected using kits according to the manufacturer’s instructions. (B) Time course of the phosphorylation of lkBo and expression of NF-kB-p65
(nuclear). RAW264.7 cells were treated with RANKL (100 ng/mL), and cell lysates were collected at the time points indicated. Phosphorylations of likBo
and the expression of NF-kB-p65 (nuclear) were detected by western blotting using specific antibodies. (C) RAW264.7 cells were pre-treated with
NOR (3, 10 and 30 uM) for 24 h and stimulated with RANKL (100 ng/mL) for 15 min. IxBa and p-lkBo were analyzed by western blotting assay.
GAPDH was used as the internal control. (D) RAW264.7 cells were pre-treated with NOR (3, 10 and 30 uM) for 24 h and then stimulated with RANKL
(100 ng/mL) for 30 min. Expressions of NF-kB-p65 in cytosol and nuclear proteins were analyzed using western blotting assay. (E) RAW264.7 cells
were pre-treated with NOR (3, 10 and 30 uM) for 24 h and stimulated with RANKL (100 ng/mL) for 30 min. The DNA binging activity of NF-kB in
nuclear proteins was analyzed using EMSA. Data were expressed as means=+S.D. of three independent experiments. ##p<0.01 vs. normal; "p<0.05,
“p<0.01 vs. model.

doi:10.1371/journal.pone.0059171.g008
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Figure 9. Effects of norisoboldine (NOR) on expressions of transcription factors c-Fos and NFATc1 in RAW264.7 cells induced by
RANKL. RAW264.7 cells were treated with NOR (3, 10 and 30 uM) in the presence or absence of RANKL (100 ng/mL) for 24 h. Cytoplasm and nuclear
proteins were extracted. Expressions of c-Fos and NFATc1 were analyzed using western blottlng assay. GAPDH was used as the internal control. Data
were expressed as means=S.D. of three independent experiments. ##p<0.01 vs. normal; p<0.05, ~p<0.01 vs. model.

doi:10.1371/journal.pone.0059171.g009

function of osteoclasts. In this study, both RAW264.7 cells and
BMMs were adopted and induced by RANKL to establish models
of osteoclast differentiation. Our results revealed that NOR (10
and 30 uM) treatments significantly reduced the number of
TRAP-positive multinuclear osteoclasts, which mainly affected the
early stage of osteoclast differentiation.

It is generally accepted that the formation of bone resorption
pits occurs in conjunction with the process of osteoclast
differentiation. The secretion of enzymes and the adhesion and
migration of osteoclasts collectively result in bone resorption.
Several proteolytic enzymes, including TRAP, cathepsin K,
MMP-13 and MMP-9, have been demonstrated to play important
roles in degrading the organic bone matrix. Among them,
cathepsin K and MMP-9 have the highest levels in osteoclasts.
Both cathepsin K and MMP-9 are known to be collagen-
degrading enzymes, and they can directly degrade collagens in
hard tissues that have been demineralized by v-ATPase during
osteoclastic resorption. Cathepsin K knockout mice develop
osteopetrosis  because of the impaired matrix degradation;
MMP-9 knockout mice show only transient disturbances in bone
development [24]. In addition, the adhesion molecules integrin
oV, integrin B3 and c-src play important roles in regulating bone
resorption of osteoclasts by mediating their migration and
adhesion. Integrin oV-, integrin B3- and c-src-deficient mice
develop enhanced bone mass as a result of osteoclast dysfunction
[25,26]. In this study, RANKL stimulation in RAW264.7 cells led
to the formation of many resorption pits on bone slices, and NOR
(10 and 30 pM) treatments dramatically diminished areas of bone
resorption pits. Results of RT-PCR and gelatin zymography assays
further revealed that the anti-bone resorption effect of NOR was
accompanied with not only decreased levels of matrix-degrading
enzymes cathepsin K and MMP-9, but also attenuated activity of
MMP-9. However, the levels of c-src, integrin oV and integrin 3
were not affected. We therefore postulated that the down-
regulation of bone resorption activity of osteoclasts by NOR was
associated with selective inhibition of matrix-degrading enzymes
rather than the adhesion and migration of osteoclasts.

RANKL functions by binding to its receptor RANK. The
intracellular domain of RANK includes two TRAF-binding
domains, both of which specifically recognize different TRAF
proteins [27]. The C-terminal region of RANK interacts with
TRAF2 and TRAF5, while the TRAF6-binding domain resides in
the middle of the RANK intracellular region. Overexpression of
RANK C-terminal deletion mutants has shown that activation of
the RANKL-mediated signalling pathway is associated with
TRAF6. TRAF6-deficient mice exhibit severe osteopetrosis, and
are defective in bone remodeling caused by impaired osteoclast
function [28,29]. On the other hand, TRAF6, as a unique
member of a family of RING domain ubiquitin ligases, can
catalyze polyubiquitin chains linked through Lys-63 of ubiquitin
and then contribute to the activation of the signalling pathway at
the downstream [30]. In addition, TGF-beta activated kinase 1
(TAK1), a member of the mitogen-activated protein kinase kinase
kinase (MAPKKK) family, is recruited for the formation of
TRAF6-TAKI1 complexes after stimulated with RANKL in cells.
The complexes will activate PI3K, MAPKs and NF-xB pathways.
Based on our western blotting and immunoprecipitation data,
RANKL stimulation indeed evoked rapid and significant expres-
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sion and ubiquitination of TRAF6 and the accumulation of
TRAF6-TAK1 complexes. NOR (3, 10 and 30 uM) pre-
treatments had little effect on the expression of TRAF6, but
significantly suppressed the ubiquitination of TRAF6 and subse-
quent accumulation of TRAF6-TAKI complexes.

Three major subfamilies of MAPKs (p38 MAPK, ERK and
JNK), located downstream of TRAF6 signalling, have been
implicated as key regulators of various cellular responses, including
cell proliferation, apoptosis, differentiation and migration [31].
These kinases also play pivotal roles in the development of
osteoclasts and have been considered as key molecular targets for
therapeutic application in inflammatory bone destruction [32-34].
Here, we found that SB203580 (a specific inhibitor of p38 MAPK)
and U0126 (a specific inhibitor of ERK) but not SP600125 (a
specific inhibitor of JNK), could significantly reduce TRAP activity
in RANKL-induced RAW264.7 cells. These findings supported
the notion that the activation of p38 MAPK and ERK plays a
strong role in RANKL-induced osteoclastogenesis. Furthermore,
NOR was shown to suppress the phosphorylations of p38 MAPK
and ERK in RAW264.7 cells induced by RANKL.

As an important signalling mediator for inflammatory and
immune responses, NF-kB is also thought to be one of the major
transcription factors of RANKL-induced osteoclastogenesis. The
activation of NF-kB refers to IkB (the inhibitor of NF-kB)
phosphorylation, and the latter depends on the regulation of IKK
(the kinase of IxkB). IKK/IxkB/NF-kB constitutes an organism
system. RANKL stimulation results in IKK activation and causes
IxkBo phosphorylation. Then, the polyubiquitinated IxBo is
degraded by proteasomes, and the dissociative NF-kB-p65 subunit
enters into nucleus and binds to the particular position of DNA,
and then start the target gene replication [35]. Mice lacking NF-
KB-p65 globally show embryonic lethality, but radiation chimeras
with p65-deficient bone marrow are viable. These p65 "~
chimeras have fewer osteoclasts and a significantly blunted
osteoclastogenic response to RANKL injection [36]. The results
of our studies showed that PDTC, a specific inhibitor of NF-kB,
could significantly down-regulate TRAP activity in RANKL-
induced RAW264.7 cells, strongly suggesting that the NF-xB
pathway is involved in osteoclastogenesis. NOR pre-treatment
failed to affect the phosphorylation and degradation of IxkBa but
markedly suppressed the following nuclear translocation of NF-
kB-p65 and the DNA-binding activity of NF-kB as detected by
western blotting and electrophoretic mobility shift assay (EMSA),
respectively. These findings indicated that inhibiting the activation
of NF-kB pathway contributed to the suppression of NOR against
osteoclastogenesis.

Following the activation of the MAPK and NF-kB signalling
pathways caused by RANKL, multiple osteoclastogenic transcrip-
tion factors, such as c-Fos, NFATcl, MITF and PU.1, should be
induced to mediate the formation of mature and functionally
active osteoclasts [37]. Among them, c-Fos and NFATcl play
essential roles in osteoclast differentiation, and the absence of these
components should arrest osteoclastogenesis. NFATcl, a member
of the NFAT family, resides in endocardial cushion endothelial
cells, T lymphocytes, osteoblasts, osteoclasts and others cells [38].
NFATcl1-deficient embryonic stem cells fail to differentiate into
osteoclasts, and ectopic expression of NFATcl causes precursor
cells to undergo efficient differentiation without RANKL stimu-
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lation [39]. c-Fos, a major component of the transcription factor
AP-1, can induce the expressions of NFATc1 to regulate osteoclast
differentiation after RANKL stimulation. Mice lacking c-Fos
develop osteopetrosis as a result of a complete ablation of
osteoclast formation [18]. Cells lacking c-Fos, but containing
NFATcl, can differentiate into osteoclasts, indicating that
NFATc] is located downstream of c-Fos. Our results revealed
that RANKL stimulation markedly up-regulated the expressions
and nuclear translocations of both c-Fos and NFATc1, and NOR
(30 uM) treatment only suppressed the expression of NFATcl but
not that of c-Fos. In contrast, NOR (10 and 30 uM) treatments
dramatically suppressed the nuclear translocations of both c-Fos
and NFATcl, as evidenced by their reduced amounts in the
nucleus.

In conclusion, we confirmed that NOR was indeed able to
suppress osteoclast differentiation by targeting at the early stage
and inhibit osteoclastic-resorbing function via down-regulating the
expressions of the bone matrix-degrading enzymes cathepsin K
and MMP-9. The underlying mechanisms involved inhibiton of
the ubiquitination of TRAF®6, the accumulation of TRAF6-TAK1
complexes, and the activation of MAPKs/NF-kB/c-Fos/NFATc1
pathways.

Materials and Methods

Chemicals and reagents

NOR  (purity>98%) was isolated and purified from Radix
Linderae by the authors, and the structure was established by
comparison of its spectral data (UV, IR, MS, 1H- and 13C-NMR)
with previously reported data (Fig. 10) [40]; o-minimum essential
medium (6-MEM), Dulbecco’s Modified Eagle Media (DMEM)
and fetal bovine serum (FBS) were purchased from Gibco BRL
(Grand Island, USA); Mouse RANKL and M-CSF were
purchased from PeproTech Int. (Connecticut, USA); Lactate
dehydrogenase (LDH) kit was purchased from Nanjing Jiancheng
Bioengineering Institute (Nanjing, China); Mouse TRAP ELISA
was purchased from Dizhao Biotech CO., LTD., (Nanjing,
China); 3-[4,5-dimetylthiazol-2-yl]-2,5-diphenyltetrazolium bro-
mide (MTT) and Leukocyte acid phosphatase (TRAP) kit were
purchased from Sigma Chemical Co. (St. Louis, MO, USA);
Bovine bone slices were purchased from Nordic Biosciense
(Herlev, Denmark); SB203580 (a specific inhibitor of p38 MAPK),
U0126 (a specific inhibitor of ERK), and SP600125 (a specific
inhibitor of JNK) were purchased from KangChen Bio-tech
(Shanghai, China); PDTC (a specific inhibitor of NF-kB) was
purchased from Enzo Life Sciences, Inc (Shanghai, China); ERK,
JNK, p38, IkBa, NF-kB-p65, p-ERK, p-JNK, p-p38, p-IxBa and
GAPDH monoclonal antibodies were purchased from KangChen
Bio-tech (Shanghai, China); c-Fos, NFATcl and TRAF6 mono-
clonal antibodies were purchased from Bioworld (Georgia, USA);
TAK1 monoclonal antibody was purchased from Santa Cruz
Biotechnology (CA, USA); Ubiquitin monoclonal antibody was
purchased from abcam company (Cambridge, USA); Biotin 3'end
DNA labeling kit and Lightshift EMSA optimization & control kit
were purchased from Pierce (Rockford, USA); Nuclear and
cytoplasmic protein extraction kit was purchased from Sangon
Biotech (Shanghai, China); TRIzol reagent was purchased from
Invitrogen (Carlsbad, CA); the M-MLV reverse transcriptase
system and Taq polymerase were purchased from TransGen
Biotech (Beijing, China); Enhanced chemiluminescent (ECL) plus
reagent kits and peroxidase-conjugated secondary antibody were
purchased from MultiSciences (Hangzhou, China). The other
chemicals and reagents used were of analytical grade.
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Figure 10. Chemical structure of norisoboldine.
doi:10.1371/journal.pone.0059171.g010

Ethics statements

The animal experiments were conducted with the approval of
the Animal Ethics Committee of Shanghai University of Tradi-
tional Chinese Medicine and conformed to the National Institute
of Health guidelines on the ethical use of animals. All the animal
experiments were made to minimize suffering and reduce the
number of animals used.

Animals

Male ICR mice, weighing 15-22 g, between the ages of 4 and 6
weeks, were purchased from the Comparative Medicine Centre of
Yangzhou University. The mice were housed in a temperature-
and humidity-controlled room and were allowed free access to a
standard chow diet and water before the experiments.

Cell cultures

The RAW264.7 cell line was obtained from American Type
Culture Collection (ATCC, Manassas, VA, USA). The
RAW264.7 Cells were cultured in DMEM supplemented with
10% FBS and maintained at 37°C in 5% COy humidified air.

Bone marrow cells were obtained from male ICR mice of 4- to
6-week-old which were sacrificed using ether anesthesia. The tibia
and femur of mice were obtained and flushed with oa-MEM
containing 10% FBS. Cells were then centrifuged for 5 min at a
speed of 1000 rpm. The precipitation was re-suspended with red
blood cell lysis buffer and centrifuged for 5 min at a speed of
1000 rpm again. Precipitated cells were suspended in o-MEM
supplemented with 10% FBS and cultured for 24 h. Non-adherent
cells were collected and cultured for 3 days in the presence of M-
CSF (50 ng/mlL). Floating cells were discarded and adherent cells
were classified as bone marrow-derived macrophages (BMMs).

In all the normal groups, the RAW264.7 cells were not treated,
and the BMMs were treated with M-CSF (50 ng/mL); In all the
model groups, the RAW264.7 cells were treated with RANKL
(100 ng/mL), and the BMMs were treated with M-CSF (50 ng/
mL) and RANKL (100 ng/mL).

Cytotoxicity assay

The cytotoxic effect of NOR was evaluated using MTT and
LDH assays [41]. RAW264.7 cells (2x10° cells/mL) were seeded
mto 96-well plates and treated with various concentrations of
NOR (1, 3, 10, 30, 60 and 100 uM) in the presence or absence of
RANKL (100 ng/mL) for 72 h.

For the MTT assay, 20 uL. of MTT solution (5 mg/mL) was
added and the cells were continuously incubated for an additional
4 h. Subsequently, the supernatants were removed, and the
formazone crystals were dissolved using 150 pL. of DMSO. The
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optical absorbance at 570 nm was read with a Model 1500
Multiskan spectrum microplate Reader (Thermo, Waltham, MA,
USA).

For the LDH assay, the supernatants were collected, and the
amounts of LDH released were measured using kits according to
the manufacturer’s instructions.

Osteoclast differentiation

BMMs were seeded at a density of 2x10° cells/mL in 48-well
plates and treated with NOR (3, 10 and 30 pM) in the presence or
absence of RANKL (100 ng/mL) and M-CSF (50 ng/mL) for 5
days. Osteoclasts were identified by TRAP staining according to
the manufacturer’s instructions. TRAP-positive multinuclear cells
with greater than three nuclei were counted as osteoclasts.

RAW264.7 cells were seeded at a density of 2x10° cells/mL in
48-well plates and treated with NOR (3, 10 and 30 uM) in the
presence or absence of RANKL (100 ng/mL) for 5 days. The
identification of osteoclasts is similar to those differentiated from
BMMs.

TRAP activity assay

RAW264.7 cells (2x10° cells/mL) were seeded into 24-well
plates and incubated with NOR (1, 3, 10, 30 and 60 uM),
SB203580 (2 and 4 uM), U0126 (2 and 4 pM) or SP600125 (2 and
4 uM) in the presence or absence of RANKL (100 ng/mL) for
24 h. Cells were then lysed in 0.2% 'Iriton X-100, and TRAP
activity was detected using kits according to the manufacturer’s
instructions.

To identify which stage of osteoclast differentiation that NOR
would exhibit most powerful interference effect, NOR (30 uM)
was added into RAW264.7 cells and BMMs cultures that treated
with RANKL (100 ng/mL) at 5 different time points. After
exposure to NOR for 24 h, the culture media containing NOR
was washed out and changed to NOR free culture media.The cells
were continued to be stimulated with RANKL (100 ng/mL). Until
day 5, cells were lysed in 0.2% Triton X-100, and TRAP activity
was detected using kits according to the manufacturer’s instruc-
tions.

Bone resorption assay

The bone resorption function of osteoclasts derived from
RAW264.7 cells induced by RANKL was analyzed using the
bovine bone slice assay. Briefly, RAW?264.7 cells (2x10° cells/mL)
were plated on slices and treated with NOR (3, 10 and 30 pM) in
the presence or absence of RANKL (100 ng/mlL) for 5 days. After
this culture period, cells were removed completely. The slices were
stained with toluidine blue. Resorption areas were observed under
a light microscope and analyzed by Image-Pro Plus 6.0.

Reverse-transcription polymerase chain reaction (RT-PCR)
assay

The mRNA expressions of the osteoclastogenesis-related genes
c-sre, integrin oV, integrin B3, cathepsin K and MMP-9 in
RAW264.7 cells, treated with NOR (3, 10 and 30 uM) for 24 h in
the presence or absence of RANKL (100 ng/mL), were assessed
using RT-PCR assay. Total RNA was extracted with TRIzol
reagent according to the manufacturer’s instructions. The
concentration was determined by spectrophotometric optical
density measurement at 260 nm and 280 nm. RNA (2 ug) was
reverse-transcribed with M-MLV reverse transcriptase. A master
mix containing the reaction buffer, ANTPs, Taq polymerase, and
2 uL of ¢cDNA in a 25 pL reaction mixture was transferred to
different PCR tubes, and P-actin served as a normalization
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control. The PCR products were determined using 1.2% agarose
gel electrophoresis and Goldview staining. Images of the gels were
analyzed using the Quantity One software (Bio-Rad, CA, USA) by
comparing the relative density of objective straps and B-actin.
Gene-specific primers used in RT-PCR were as follows: c-src
forward 5-TCCAGGCTGAGGAGTGGTACTTTGG-3', re-
verse 5'-ATACGGTAGTGAGGCGGTGACACAG-3'; Integrin
aV forward 5'-GTGTGTGGCCATTGCCTATCTC-3', reverse
5'-GCATAGCCACAGGTTCATGGTTC-3'; Integrin B3 for-
ward 5'-GCAGGTAGCTCTGTTCCCGTTC-3’, reverse 5'-
AAGGCGCGTAAGCAATTTCAA-3"; MMP-9 forward 5'-
CCTGTGTGTTCCCGTTCATCT-3', reverse 5'-
CGCTGGAATGATCTAAGCCCA-3'; cathepsin K forward 5'-
GGAAGAAGACTCACCAGAAGC-3', reverse 5-GCTATA-
TAGCCGCCTCCACAG-3'; B-actin forward 5'-AGCCATG-
TACGTAGCCATCC-3', reverse 5'-CTCTCAG-
CAGTGGTGGTGAA-3". The samples were pre-heated to
95°Ci and incubated for 3540 PCR cycles. Each cycle consisted
of a denaturation step at 95°C for 30 s, an annealing step at 60°C
for 30 s, and an extension step at 72°C for 45 s.

Gelatin zymography assay

MMP-9 activity was detected using the gelatin zymography
assay. RAW264.7 cells (2x10° cells/mL) were seeded into 24-well
plates and treated with NOR (3, 10 and 30 pM) in the presence or
absence of RANKL (100 ng/mlL) for 24 h. The supernatants were
collected and used as the samples. Cells were also collected, and
proteins were extracted using lysis buffer (50 mM Tris-HCI,
150 mM NaCl, 0.02% NaNs, 1% NP-40) for 30 min. The protein
concentration was determined using the Bradford assay. As the
protein levels were not changed by RANKL or NOR treatments,
the same volumes of these culture supernatants were used for the
assays. The sample was electrophoresed on 8% SDS-polyacryl-
amide gels copolymerized with 1% gelatin. After electrophoresis,
the gels were washed twice in 2.5% Triton X-100 and incubated in
1% Triton X-100, 5> mM CaCly, and 5 pM ZnCly, (pH 7.5) at
37°C for 36 h. The gels were stained with 0.1% Coomassie blue
R250, and destained in 10% isopropanol and 10% acetic acid in
HyO. MMP-9 was detected as transparent bands on the blue
background of a Coomassie blue-stained gel.

Western blotting assay

RAW264.7 cells (2x10° cells/mL) were pre-treated with
different concentrations of NOR (3, 10 and 30 uM) for 24 h
and then stimulated with RANKL (100 ng/mlL) for appropriate
periods. Subsequently, the cells were washed twice with ice-cold
PBS buffer (pH 7.2). Proteins were then extracted by using a
protein extraction kit according to the manufacturer’s instructions
(Shangon, shanghai), and the protein concentration was deter-
mined using the Bradford assay. Samples were fractionated on a
10% SDS-PAGE gel and transferred to PVDF membranes. The
membranes were blocked for 1 h at room temperature with 5%
nonfat-milk and incubated with different antibodies. After being
rinsed, the membranes were incubated with secondary antibodies
for 1 h. The bands were visualized by using film exposure with
ECL substrate.

Immunoprecipitation assay

The accumulation of TRAF6-TAK1 complexes was detected
using an immunoprecipitation assay which performed as following
description. Briefly, RAW264.7 cells (2x10° cells/mL) were pre-
treated with various concentrations of NOR (3, 10 and 30 uM) for
24 h and then stimulated with RANKL (100 ng/mL) for 5 min.
The cells were washed with ice-cold PBS and lysed in lysis buffer
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[25 mM HEPES (pH 7.7), 0.3 M NaCl, 1.5 mM MgCly, 0.2 mM
EDTA, 0.1% Triton X-100, 10 mM B-glycerophosphate, 1 mM
Na;VO,, 1 mM PMSF, 1 mM dithiothreitol]. After centrifuged
for 5 min at a speed of 12000 rpm, cell lysates (1 mL) containing
1.5 mg of total protein were incubated with 1 mg of TAKI
antibody and 20 mL of protein A/G-conjugated beads overnight.
The beads were washed with lysis buffer for four times, and
samples were centrifuged at 3000 g for 2 min and then
resuspended in 20 mL of SDS-sample buffer (0.5 M Tris-HCI,
pH 6.8, 20% glycerol, 2% SDS, 5% 2-mercaptoethanol, 4%
bromophenol blue). For western blotting analysis, 10 mL of
samples were used, and bands were visualized using film exposure
with ECL substrate.

The ubiquitination of TRAF6 was also detected using an
immunoprecipitation assay. The treatments of RAW264.7 cells
and the extraction of protein were all performed as above
description. The cell extracts were immunoprecipitated with
antibody for TRAF6. The ubiquitination of TRAF6 was detected
by immunoblotting with antibody. The bands were visualized
using film exposure with ECL substrate.

Electrophoretic mobility shift assay (EMSA)

The DNA-binding activity of NF-kB was detected with the
electrophoretic mobility shift assay using a commercial kit (Pierce,
USA). RAW264.7 cells (2x10° cells/mL) were pre-treated with
various concentrations of NOR (3, 10 and 30 uM) for 24 h and
then stimulated with RANKL (100 ng/mL) for 30 min, and
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