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Abstract
Currently, there are limited therapeutic options against bone metastatic prostate cancer (PCA),
which is primarily responsible for high mortality and morbidity in PCA patients. Enhanced
osteoclastogenesis is an essential feature associated with metastatic PCA in the bone
microenvironment. Silibinin, an effective chemopreventive agent, is in phase II clinical trials in
PCA patients but its efficacy against PCA cells-induced osteoclastogenesis is largely unknown.
Accordingly, here we examined silibinin effect on PCA cells-induced osteoclastogenesis
employing human PCA (PC3MM2, PC3 and C4-2B) and murine macrophage RAW264.7 cells.
We also assessed silibinin effect on receptor activator of nuclear factor B ligand (RANKL)-
induced signaling associated with osteoclast differentiation in RAW264.7 cells. Further, we
analyzed silibinin effect on osteomimicry biomarkers in PCA cells. Results revealed that silibinin
(30–90 μM) inhibits PCA cells-induced osteoclast activity and differentiation in RAW264.7 cells
via modulating expression of several cytokines (IGF-1, TGF-β, TNF-α, I-TAC, M-CSF, G-CSF,
and GM-CSF etc.) that are important in osteoclastogenesis. Additionally, in RAW264.7 cells,
silibinin decreased the RANKL-induced expression and nuclear localization of NFATc1, which is
considered the master regulator of osteoclastogenesis. Furthermore, silibinin decreased the
RANKL-induced DNA binding activity of NFATc1 and its regulators NF-κB and AP1, and the
protein expression of osteoclast specific markers (TRAP, OSCAR and Cathepsin K). Importantly,
silibinin also decreased the expression of osteomimicry biomarkers (RANKL, Runx2, Osteocalcin
and PTHrP) in cell culture (PC3 and C4-2B cells) and/or in PC3 tumors. Together, our findings
showing that silibinin inhibits PCA cells-induced osteoclastogenesis, suggest that silibinin could
be useful clinically against bone metastatic PCA.
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INTRODUCTION
Most patients with prostate cancer (PCA) die not because of the tumor growth at the primary
site, but because it has spread to the other sites. Bone is the most preferred site for PCA
metastasis and virtually all patients dying of PCA experience extensive bone metastasis [1].
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Patients with bone metastasis routinely suffer extreme bone pain, spinal-cord compression
and fractures [2–4]. In addition, replacement of bone marrow by growing PCA cells disrupts
normal haematopoiesis resulting in anemia and increased susceptibility to infections in PCA
patients [3]. Therefore, bone metastasis is associated with significant morbidity and
mortality in advanced PCA.

Once settled in bone, PCA cells alter the delicate balance of bone remodeling orchestrated
by two types of bone cells namely osteoclast (involved in bone degradation) and osteoblast
(involved in bone formation) [3–6]. PCA cells promote osteoclast maturation and activation;
thereby enhance bone resorption and liberation of several growth factors including TGF-β,
IGFs, BMPs, PDGF etc [2–5]. Bone degradation provides PCA cells the initial space to
expand, and the released growth factors promote PCA cells survival and proliferation [3,5].
The growth factors released by bone degradation as well as additional factors secreted by
PCA cells such as endothelin-1, BMPs, Wnts promote osteoblast maturation and formation
of new bone [3–5,7]. Mature osteoblasts also produce growth factors which further promote
PCA cells growth in bone [3–5,7]. This vicious cycle involving PCA cells, osteoclasts and
osteoblasts promotes bone degradation as well as deposition of new ‘woven type bone’
(uneven/immature/embryonic), thus compromising the bone health and leads to bone
complications in PCA patients. Whereas PCA bone metastasis predominantly exhibits
osteoblastic features, histological findings and analyses of bone turnover markers confirm
that extensive bone degradation by activated osteoclasts is also an integrated and essential
phenomenon. Therefore, targeting osteoclast activity is considered one of the preventive and
therapeutic options against PCA bone metastasis.

Osteoclasts are highly specialized cells originating from monocyte/macrophage lineage
precursors. In addition to their critical role in skeletal development and maintenance, they
are also implicated in the pathogenesis of various bone diseases such as osteoporosis,
rheumatoid arthritis and cancer metastasis as detailed above [8,9]. Hence, efforts to treat
and/or prevent the skeletal-related events in PCA and other cancers have focused on the
inhibition of osteoclast activation [10,11]. RANKL (Receptor activator of nuclear factor B
ligand) is considered as a main driver of osteoclast formation, survival, and function [9].
PCA cells also express RANKL and/or promote RANKL expression in neighboring
osteoblast and stromal cells in the bone microenvironment, thereby enhance
osteoclastogenesis [12]. RANKL exerts its effect by binding to its receptor RANK present
on osteoclast or its precursors, and activates several major signaling pathways (NFATc1,
NF-κB, Akt, MAPKs etc.) required for osteoclast differentiation and activity [13,14].
Considering the central role of RANKL in osteoclast differentiation, the identification of
non-toxic agents that could target RANKL-induced signaling pathways and inhibit
osteoclastogenesis would have translational relevance against bone metastatic PCA.

Silibinin, a flavonoid from Milk Thistle seed extract, is one of the most-widely consumed
dietary supplements for its hepatoprotective efficacy [15,16]. Silibinin has shown
remarkable efficacy both in vitro and in vivo against PCA cells, and its efficacy is currently
being evaluated in PCA patients [17–22]. In the present study, we report silibinin effect on
PCA cells- and RANKL-induced osteoclastogenesis in RAW264.7 cells, which is a well-
established system to study osteoclastogenesis in cell culture. We also demonstrate silibinin
effect on important regulators of osteoclastogenesis and osteomimicry biomarkers in PCA
cells and xenografts.
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MATERIALS AND METHODS
Cell Lines and Reagents

Human prostate carcinoma PC3 cells and murine macrophage RAW264.7 cells were
obtained from the ATCC (Manassas, VA). C4-2B cells were from ViroMed Laboratories.
PC3MM2 cells were kind gift from Dr. Isaiah J. Fidler (University of Texas M.D. Anderson
Cancer Center). Anti-rabbit peroxidase conjugated secondary antibody was from Cell
Signaling (Beverly, MA). α-tubulin antibody was from Neomarkers (Fremont, CA). Primary
antibodies for RANKL, Runx2, Osteocalcin, TRAP, OSCAR and biotinylated anti-rabbit
secondary antibody were from Santa Cruz Biotechnology (Santa Cruz, CA). NFATc1
antibody was from BD Biosciences (New Bedford, MA). PTHrP and Cathepsin K antibodies
were from abcam (Cambridge, MA). Harris hematoxylin was from Sigma (St. Louis, MO)
and 3,3-diaminobenzidine (DAB) was from Vector laboratories (Burlingame, CA). ECL
detection kit and anti-mouse HRP conjugated secondary antibody were from GE Healthcare
(Buckinghamshire, UK). Bio-Rad detergent-compatible protein assay kit was from Bio-Rad
Laboratories (Hercules, CA). All other reagents were obtained in their highest purity grade
available commercially.

Collection of Conditioned Media
PCA cells (PC3, PC3MM2 and C4-2B) were treated at 30–40% confluency with DMSO or
silibinin (30, 60 and 90 μM) for 72 h in complete media (RPMI1640 with 10% fetal bovine
serum and 1% penicillin-streptomycin). Thereafter, media was removed and cells were
washed twice with 0.5% serum media and incubated for another 12 h with 0.5% serum
media. Subsequently, the conditioned media was collected, centrifuged and labeled as CCM
(control conditioned media), or 30SBCM, 60SBCM and 90SBCM for 30, 60 and 90 μM
silibinin-treated conditioned media, respectively, and stored at −80ºC until further use. Cell
number in each group was counted using a hemocytometer. In the co-culture experiments,
the volume of the conditioned media was normalized with respective cell number, and a
ratio of 50% conditioned media (CCM/SBCM) and 50% RAW264.7 media with 0.5% FBS
was used.

Osteoclastogenesis Assay
RAW264.7 cells were incubated with CCM or SBCM collected from PC3MM2, PC3 and
C4-2B cells in the presence of 5 ng/ml RANKL. Media was replaced every 48 h and after 5
days, cells were stained for tartrate resistant acid phosphatase (TRAP) using TRAP staining
kit (Takara, Shiga, Japan). The number of TRAP positive cells (a measure of osteoclast
activity) was determined using a light microscope. Cells were processed further as per the
protocol and differentiated osteoclasts (with 4 or more nuclei) were counted. RAW264.7
cells supplemented with 5 ng/ml of RANKL only served as negative control. In another
experiment, we supplemented silibinin (10, 20 and 30 μM) exogenously in the CCM and
analyzed its effect on osteoclast activity and differentiation. RAW264.7 cells were also
treated with RANKL (100 ng/ml) together with DMSO or silibinin (10, 20 and 30 μM) and
analyzed for osteoclast activity and differentiation.

Cytokine Array
Cytokine level in CCM and SBCM was compared using Human Cytokine Antibody Array C
series1000 from RayBio Technology (Norcross, GA) following vendor’s protocol. Briefly,
array membranes were sequentially blocked, incubated with CCM/90SBCM, biotin-
conjugated antibodies and HRP-conjugated streptavidin. Cytokines expression on the array
membranes was visualized by ECL detection system followed by exposure to X-ray film.
Expression of each cytokine (in duplicate) was quantified through scanning the X-ray film
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using Adobe Photoshop 6.0 (Adobe Systems Inc., San Jose, CA) followed by densitometry
analyses using Scion Image program (National Institutes of Health, Bethesda, MD) and
RayBio Analysis Tool. Cytokine location on the array 6 and 7 is illustrated in
Supplementary Figure 1.

Direct Co-culture Assay
In direct co-culture assay, PC3MM2 and RAW264.7 cells were co-cultured (1:5 ratio) and
treated with DMSO or silibinin (5, 10, 20 and 30 μM). The media was replaced every 48 h,
and after 5 days, osteoclast activity and differentiation were determined as described above.

Western Blotting
At the end of each treatment, whole-cell lysates or nuclear and cytoplasmic extracts were
prepared, and Western blotting was performed as described earlier [23–26]. In each case,
blots were subjected to multiple exposures on the film to ensure that the band density was in
the linear range. Few blots were multiplexed or stripped and re-probed with different
antibodies including α-tubulin antibody to confirm equal protein loading. Autoradiograms/
bands were scanned using Adobe Photoshop 6.0.

Confocal Microscopy
RAW264.7 cells were treated with DMSO or silibinin (30 μM) in 0.5% serum media with or
without RANKL (10 ng/ml). After 24 h, cells were processed for confocal microscopy as
described before [27] to detect NFATc1 level and localization.

Electrophoretic Mobility Shift Assay (EMSA)
EMSA was performed as described earlier [28]. Briefly, NFATc1, NF-κB and AP1 specific
oligonucleotides were end-labeled with [γ-32P]ATP using T4 polynucleotide kinase in 10X
kinase buffer as per the manufacturer’s protocol (Promega, Madison, WI). Approximately 8
μg of nuclear extract was incubated with 5X gel shift binding buffer and then with γ32P end-
labeled consensus oligonucleotides for 20 min at 37ºC. DNA-protein complex was resolved
on 6% DNA retardation gel followed by gel drying and autoradiography. Supershift assay
was performed using specific antibodies (NFATc1; p50 and p65 for NF-κB; c-Jun and c-Fos
for AP1) in nuclear extract from RANKL-treatment group and competition assay was
performed using excess unlabeled cold probe in the reaction mixture.

Immunohistochemistry (IHC)
We used archived paraffin-embedded PCA xenograft tissues from our previously completed
PC3 orthotopic xenograft study [18] to determine in vivo effect of silibinin administration on
the levels of osteomimicry biomarkers following IHC procedures detailed earlier [29]. All
the microscopic IHC analyses were performed using a Zeiss Axioscope 2 microscope (Carl
Zeiss) and photographs were captured (at 400X) with a Carl Zeiss AxioCam MrC5 camera
with Axiovision Rel 4.5 software.

Statistical Analyses
Statistical analysis was performed using SigmaStat 2.03 software (Jandel Scientific, San
Rafael, CA). Data was analyzed using one way ANOVA followed by Tukey or Bonferroni t-
test and a statistically significant difference was considered at p ≤ 0.05.
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RESULTS
Silibinin Inhibits PCA cells-induced Osteoclast Differentiation and Activity in RAW264.7
Cells

To examine the effect of silibinin on the PCA cells-induced osteoclastogenesis, we analyzed
the effect of CCM and SBCM on osteoclast differentiation and activity using RAW264.7
cells. We added 5 ng/ml RANKL in CCM and SBCM to boost the osteoclastogenesis. After
5 days, we observed differentiated osteoclasts in CCM treated RAW264.7 cells while
significantly lesser differentiated osteoclasts were formed in RAW264.7 cells treated with
30SBCM, 60SBCM and 90SBCM (Figure 1A). Negligible, if any, differentiated osteoclast
was observed in RAW264.7 cells treated with 5 ng/ml RANKL alone. Osteoclast activity
determined by TRAP staining revealed that compared to CCM, SBCM treated RAW264.7
cells have significantly lesser TRAP positive cells (Figure 1B). Silibinin effect was dose-
dependent and consistent in all the three PCA cell lines, but its effect was most prominent in
PC3MM2 cells (Figure 1A and 1B). The representative images of TRAP positive
RAW264.7 cells (purplish red cells marked by arrows) in different treatment groups
(RANKL only or CCM and 90SBCM from PC3MM2 cells) are shown in Figure 1C. Taken
together, these results showed that silibinin inhibits PCA cells-induced osteoclastogenesis.

Silibinin Modulates the Level of Cytokines Secreted by PCA Cells
Cytokines secreted by PCA cells in the bone microenvironment play an important role in
promoting osteoclastogenesis [3,4,6]. Since we observed significantly lesser
osteoclastogenesis with SBCM compared to CCM, next we compared the conditioned media
(CCM and 90SBCM from PC3MM2 cells) for the expression of cytokines. Cytokine arrays
analyses revealed the expression of 120 cytokines in the PCA conditioned media (CCM and
SBCM) suggesting the complexity of interaction involved in the CCM-induced
osteoclastogenesis. Array results showed that cytokines have differential expression in
SBCM compared to CCM. The exact role of individual changes in the cytokine expression
on osteoclastogenesis would require more focused studies; however, we have listed few
cytokines whose expression was increased (angiogenin, GM-CSF, IL-6, IGFBP-3, TIMPs
etc.) or decreased (IFN-γ, IGF, TGF-β, TNFα, M-CSF, G-CSF etc.) by silibinin treatment,
and these cytokines directly or indirectly affect osteoclastogenesis (Figure 2) [9,30–34]. We
have circled and alphabetically labeled these selected cytokines on the arrays (Figure 2A and
2B) and presented name and changes in their expression (SBCM/CCM densitometric values)
in the tables (Figure 2C and 2D).

Silibinin Directly Inhibits PCA Conditioned media- and RANKL-induced Osteoclast
Differentiation and Activity in RAW264.7 Cells

The above detailed experiment established an indirect effect of silibinin on
osteoclastogenesis i.e. through targeting the secretion of various cytokines by PCA cells,
which play a critical role in osteoclast differentiation and activity. Based on these results,
next, we assessed whether silibinin could directly target the osteoclast differentiation and
activity. First, we incubated RAW264.7 cells with CCM from PC3MM2, PC3 and C4-2B
cells together with silibinin at 10, 20 and 30 μM for 5 days and analyzed the effect on
osteoclast differentiation and activity. Silibinin treatment inhibited the CCM-induced
osteoclast differentiation in a dose- dependent manner (Figure 3A). TRAP positive cells
induced by CCM were also significantly reduced upon silibinin addition (Figure 3B). In
another experiment, we stimulated RAW264.7 cells with RANKL (100 ng/ml) and treated
with DMSO or silibinin (10, 20 and 30 μM). As shown in Figure 3C, silibinin treatment
strongly inhibited RANKL-induced osteoclast differentiation and activity. Together, these
results suggested that silibinin could also directly inhibit osteoclast differentiation and
activity.
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Silibinin Inhibits Osteoclast Differentiation and Activity in RAW264.7 Cells Co-cultured
with PC3MM2 Cells

Next, to more closely simulate bone microenvironment condition, we examined whether
silibinin could inhibit osteoclast formation when PCA cells are in direct contact with
RAW264.7 cells. As shown in Figure 3D (bar diagram and photomicrographs), the presence
of PC3MM2 cells induced the osteoclast differentiation and activity in RAW264.7 cells,
which was inhibited by silibinin treatment; while TRAP positive cells were not observed in
RAW264.7 or PC3MM2 cells cultured alone.

Silibinin Suppresses RANKL-induced NFATc1 Expression in RAW264.7 Cells
NFATc1, a member of the NFAT family of transcription factors, is strongly up-regulated
during RANKL-induced osteoclastogenesis [35]. It has been reported that NFATc1-deficient
embryonic stem cells fail to differentiate into osteoclasts, and ectopic expression of NFATc1
causes precursors to undergo efficient osteoclast differentiation even in the absence of
RANKL [35]. Hence, NFATc1 has been coined as ‘master regulator of osteoclastogenesis’.
To understand the mechanism/s responsible for the inhibitory effect of silibinin on
osteoclastogenesis, we next analyzed its effect on RANKL-induced NFATc1 expression in
RAW264.7 cells. As shown in Figure 4A, silibinin (30 μM) inhibited the RANKL-induced
NFATc1 expression after 6, 12 and 24 h of treatment. Furthermore, silibinin treatment
strongly decreased the RANKL-induced NFATc1 protein expression in both nuclear and
cytoplasmic fractions (Figure 4A). These results were further confirmed by
immunofluorescence, where RANKL stimulation (24 h) increased the NFATc1 expression
(Alexa Fluor 488-green staining) in both nucleus and cytoplasm, while silibinin treatment
decreased the overall RANKL-induced NFATc1 expression (Figure 4B).

NFATc1 binds to specific region of the DNA and controls the transcription of genes that are
critically important in the osteoclastogenesis [9,36]. Accordingly, next, we examined
silibinin effect on the DNA binding of NFATc1 by EMSA. Our results clearly showed that
silibinin treatment strongly inhibits the NFATc1 DNA binding (Figure 4C, left panel).
EMSA results were confirmed using the NFATc1 antibody and competition with excess of
cold probe (Figure 4C, right panel). Furthermore, silibinin treatment strongly inhibited
RANKL-caused increase in the expression of osteoclast specific markers TRAP, Cathepsin
K and OSCAR (Fig. 4D), which are controlled by NFATc1 [35,37]. Together, these data
suggest that silibinin effectively inhibits RANKL-induced NFATc1 activation and its
transcriptional targets that result in the inhibition of osteoclastogenesis.

Silibinin Inhibits RANKL-induced NF-κB and AP1 Activation in RAW264.7 Cells
Upon RANKL binding, RANK activates several signaling pathways including NF-κB and
AP1, which directly or indirectly play a role in the NFATc1 activation and
osteoclastogenesis [9,13,14,38]. Therefore, next we examined silibinin effect on RANKL-
induced activity of NF-κB and AP1. EMSA results clearly showed that RANKL increased
the NF-κB DNA binding after 3, 6 and 12 h; and RANKL-induced NF-κB DNA binding
was inhibited by silibinin (30 μM) treatment (Figure 5A). RANKL also increased the AP1
DNA binding at 3 and 6 h time-points, even though increase was not as strong as NF-κB;
and even a decrease in AP1 DNA binding was observed after 12 h of RANKL exposure
(Figure 5B, left panel). However, an increase in AP1 DNA binding with RANKL was
evident again at 24 h time-point (Figure 5B, right panel). Silibinin (30 μM) treatment
strongly reduced the RANKL-induced DNA binding of AP1 at all time-points studied
except 12 h (Figure 5B). These results clearly showed the inhibitory effect of silibinin on
RANKL-induced NF-κB and AP1 activation in RAW264.7 cells. These results also
suggested a time-dependent RANKL effect on AP1 activation and demands in-depth time-
course studies to clearly establish RANKL effect on AP1 DNA binding.
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Subsequently, EMSA results were confirmed using specific antibodies (p50, p65, c-Jun and
c-Fos) in supershift assay and competition with excess of cold probe (Figure 5C and 5D). A
clear supershift in NF-κB was observed with p50 antibody (Figure 5C). Though, we did not
observe a supershift in AP1 in the presence of c-Jun or c-Fos antibody but only a decrease in
the gel shift (Figure 5D), and these results indirectly implied a partial presence of c-Jun and
c-Fos in the AP1-DNA complex. More studies are required to identify the other possible
constituents of AP1 (JunB, JunD, Fra1-2, or ATF1-7) in AP1-DNA complex. Together,
these results suggest that silibinin inhibits RANKL-induced signaling pathways that have an
important role in regulating NFATc1 expression as well as osteoclastogenesis.

Silibinin Down-regulates Expression of Osteomimicry Markers in PCA Cells both in vitro
and in vivo

PCA cells have a unique characteristic of adapting to the bone microenvironment through
expressing several proteins whose expression is usually limited to bone cells, a phenomenon
termed as ‘osteomimicry’ [39,40]. Accordingly, we also examined silibinin effect on
osteomimicry biomarkers in PCA cells including RANKL, Runx2 and PTHrP. As shown in
Figure 6A, silibinin treatment down-regulated the expression of these molecules in PC3 and
C4-2B cells with a strong effect observed only at 90 μM dose. Next, we confirmed these cell
culture results in vivo by analyzing PC3 orthotopic xenograft tissues. Earlier, we have
reported that silibinin feeding (100 mg/kg body weight for 7 weeks) inhibits the growth of
PC3 tumors in the prostate microenvironment [18]. IHC analyses of these PC3 tumor tissues
revealed a significant reduction in the expression of RANKL, Runx2, Osteocalcin and
PTHrP in silibinin-treated group in comparison to control (Fig. 6B). Taken together, these
results clearly suggest that silibinin inhibits osteomimicry markers in PCA cells both in vitro
and in vivo.

DISCUSSION
PCA continues to be the most common non-cutaneous cancer and the second leading cause
of cancer-related deaths among American men [41]. According to American Cancer Society
report, about 241,740 incidences (29% of total estimated new cases) and 28,170 deaths (9%
of total estimated deaths) due to PCA are estimated in American men in 2012 [41]. Bone
metastasis is considered primarily responsible for high morbidity and mortality in PCA
patients. To alleviate pain, PCA patients with bone metastasis are generally treated with
bisphosphonates which are osteoclast inhibitors [42]. Denosumab (trade name ‘Xgeva’), a
human monoclonal antibody against RANKL, has been reported to delay bone metastasis in
men with PCA [11,43]. Recently, denosumab was approved for the prevention of skeletal-
related events in patients with breast or prostate cancer. But both bisphosphonates and
denosumab have considerable adverse effects such as osteonecrosis and hypocalcaemia, and
there are still doubts about their beneficial effect on the overall survival of the patients [11].
Therefore, targeting PCA cells as well as osteoclastogenesis through non-toxic natural
agents is relevant, and in the present study, we demonstrate the effect of one such natural
agent, silibinin, on the PCA cells-induced osteoclastogenesis.

In recent years, silibinin has been extensively studied in pre-clinical models as well as
clinically for its efficacy against variety of cancers including PCA [44]. Anti-cancer effects
of silibinin have been shown by targeting proliferation, apoptosis, angiogenesis, epithelial-
mesenchymal transition (EMT), and metastasis [44,45]. Silibinin also targets tumor
microenvironment components such as endothelial and macrophage cells towards inhibiting
angiogenesis in lung tumors [46]. There have been earlier reports that silibinin inhibits
osteoclastogenesis while enhances osteoblastogenesis [30,34]. Kim et al. have shown that
silibinin treatment does not affect mature osteoclast function but inhibits the resorption pits
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formation via targeting osteoclastogenesis [34]. Despite these earlier studies, the effect of
silibinin on the PCA cells interaction with bone microenvironment component (such as
osteoclast) remained unknown. Results from present study for the first time revealed that
silibinin targets PCA cells-induced osteoclast differentiation and activity in RAW264.7
cells. Another highlight of the present study is that we report inhibitory effect of silibinin on
several osteomimicry biomarkers (RANKL, Runx2, osteocalcin, and PTHrP) in PCA cells.
The inhibition of osteomimicry biomarkers’ expression might compromise PCA cells’
ability to adapt to the bone microenvironment and result in the inhibition of bone metastatic
growth.

Osteoclastogenesis is a complex phenomenon and in addition to RANKL, it is affected by
several growth factors and cytokines [31,32,34,47–57]. Cytokine array results showed that
silibinin treatment altered the expression of several cytokines secreted by PCA cells (Figure
2); and these changes in cytokines level could be responsible for the significant inhibition of
osteoclastogenesis observed with SBCM compared to CCM (Figure 1). For example,
silibinin decreased the level of several cytokines (including IGF-1, TGF-β, TNF-α, HGF,
TARC, and IL-17) that are known to promote osteoclastogenesis [32,34,51,54–56].
Furthermore, silibinin treatment enhanced the level of several cytokines (such as angiogenin,
Acrp30, IGFBP-3, I-TAC, and TIMPs) that could directly or indirectly inhibit
osteoclastogenesis [48–50,52,53]. Similarly, silibinin treatment decreased the level of M-
CSF and G-CSF, but enhanced the level of GM-CSF. Importantly, both M-CSF and G-CSF
promote osteoclastogenesis, while GM-CSF inhibits osteoclastogenesis [31,47,54,57].
Together, cytokine array results suggested that silibinin could target multiple circuitries
towards inhibiting osteoclastogenesis; however extensive studies are required to validate the
role of individual cytokine targeted by silibinin.

As mentioned above, RANKL-RANK signaling is the main regulator of osteoclast
differentiation process [9,14]. RANKL binding to its receptor RANK results in the
recruitment of adaptor molecule TRAF6, activation of NF-κB, and subsequent initial
induction of NFATc1 [9,13]. Thereafter, AP1 complex containing c-Fos plays a role in the
auto-amplification of NFATc1, and enables a robust induction of NFATc1 [9]. RANKL also
activates MAPKs which could affect NFATc1 expression via modulating AP-1 activation
[9,13,58]. NFATc1 cooperates with other transcriptional factors (AP1, PU.1, MITF etc.) to
activate osteoclast-specific genes such as TRAP, Cathepsin K, OSCAR [9,36,59]. Results
from present study showed that silibinin targeted multiple signaling molecules (NF-κB,
AP-1, and NFATc1) towards inhibiting osteoclastogenesis. For example, silibinin strongly
decreased the RANKL-induced NFATc1 expression as well as its DNA binding activity
resulting in a decreased expression of NFATc1 regulated genes (TRAP, Cathepsin K, and
OSCAR). Similarly, silibinin treatment inhibited the RANKL-induced DNA binding of NF-
κB and AP1. However, more studies are needed in future to establish the relative importance
of these signaling molecules in silibinin-caused inhibition of osteoclastogenesis.

Overall, results from the present study clearly established that silibinin inhibits PCA cells-
induced osteoclastogenesis. Molecular studies showed that silibinin inhibited multiple
signaling molecules but NFATc1 seems to be the central target in osteoclastogenesis
inhibition by silibinin. Considering the fact that silibinin consumption is extremely safe and
that it has already been tested in PCA patients, our results suggest translational utility of
silibinin in PCA patients with advanced metastatic disease.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

Acrp30 Adipocyte complement related protein of 30 kDa

AP1 Activator protein 1

BMP Bone morphogenetic protein

CCM Control conditioned media

DAPI 4′,6-diamidino-2-phenylindole

DMSO Dimethyl sulfoxide

EMSA Electrophoretic mobility shift assay

G-CSF Granulocyte-colony stimulating factor

GM-CSF Granulocyte macrophage-colony stimulating factor

HGF Hepatocyte growth factor

IFN-γ Interferon gamma

IGF Insulin-like growth factor

IGFBP-3 Insulin-like growth factor binding protein 3

IL-6 Interleukin 6

I-TAC Interferon-inducible T-cell alpha chemoattractant

MAPK Mitogen activated protein kinase

M-CSF Macrophage-colony stimulating factor

NFATc1 Nuclear factor of activated T-cells

NF-κB Nuclear factor-kappa B

OSCAR Osteoclast-associated receptor

PCA prostate cancer

PTHrP Parathyroid hormone-related protein

RANKL Receptor activator of nuclear factor κB ligand

Runx2 Runt-related transcription factors 2

SBCM Silibinin-treated conditioned media

TARC Thymus activation regulated cytokine

TGF-β Transforming growth factor beta

TIMP Tissue inhibitor of metalloproteinase

TNFα Tumor necrosis factor alpha

TRAP Tartrate resistant acid phosphatase
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Figure 1.
Effect of silibinin on PCA cells-induced osteoclast differentiation and activity in RAW264.7
cells. (A–B) PCA cells (PC3MM2, PC3 and C4-2B) were treated with silibinin (30–90 μM)
and conditioned media was collected as detailed in Material and Methods’. RAW264.7 cells
were treated with CCM or SBCM in presence of RANKL (5 ng/ml). In each case, media
was replaced after 48 h, and after 5 days, cells stained for TRAP. Differentiated
multinucleated osteoclasts (4 or more nuclei) and TRAP positive cells were counted. (C)
Representative images from osteoclastogenesis assay with TRAP positive RAW264.7 cells
(marked by arrows) are shown. Abbreviations: CCM: Control conditioned media; SBCM:
Silibinin-treated conditioned media; *, p ≤ 0.001; #, p ≤ 0.01; $, p ≤ 0.05
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Figure 2.
Effect of silibinin on cytokines secretion in PC3MM2 cells. Conditioned media was
collected from DMSO or silibinin treated PC3MM2 cells, and processed for cytokine
antibody array (volume normalized with respective cell number). (A) Expression of
cytokines in CCM and SBCM on Array-6, and (B) expression of cytokines in CCM and
SBCM on Array-7. Osteoclastogenesis relevant cytokines, whose expression was modulated
with silibinin treatment, were labeled alphabetically on the array 6 and 7. (C–D) The change
in the densitometry values of selected cytokines in 90SBCM versus CCM in Array-6 and
Array-7 are presented. Abbreviations: CCM: Control conditioned media; 90SBCM: 90 μM
silibinin-treated conditioned media
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Figure 3.
(A–B) Direct effect of silibinin on osteoclast differentiation and activity induced by PCA
cells conditioned media and RANKL. RAW264.7 cells were treated with CCM from
PC3MM2, PC3 and C4-2B cells in presence of DMSO or silibinin (10, 20 and 30 μM)
together with RANKL (5 ng/ml). After 5 days of treatment, osteoclast differentiation and
activity was measured. (C) Effect of silibinin on RANKL-induced osteoclast differentiation
and activity. RAW264.7 cells were treated with DMSO or silibinin (10, 20 and 30 μM) in
the presence of RANKL (100 ng/ml), and after 5 days of treatment, osteoclast differentiation
and activity was measured. (D) Effect of silibinin on osteoclast differentiation and activity in
RAW264.7 cells co-cultured with PC3MM2 cells. PC3MM2 and RAW264.7 cells were co-
cultured (1:5 ratio) and treated with DMSO or silibinin (5–30 μM). Media was replaced after
48 h, and after 5 days of treatment, osteoclast differentiation and activity was measured.
Representative microscopic images from direct co-culture assay with TRAP positive cells
(marked by arrows) are shown. Abbreviations: SB: Silibinin; CCM: Control conditioned
media; SBCM: Silibinin-treated conditioned media; *, p ≤ 0.001; #, p ≤ 0.01; $, p ≤ 0.05
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Figure 4.
Effect of silibinin on RANKL-induced NFATc1 activation and osteoclast specific markers
in RAW264.7 cells. (A) RAW264.7 cells were treated with or without RANKL (10 ng/ml)
and silibinin (30 μM) for the indicated time in 0.5% serum media. Whole-cell lysates or
nuclear and cytoplasmic extracts were prepared and analyzed for NFATc1 expression by
Western blotting. (B) Effect of silibinin on the RANKL-induced expression and cellular
localization of NFATc1 was analyzed by immunofluorescence. Images were captured at
1000X magnification on a Nikon inverted confocal microscope using 488/405 nm laser
wavelengths to detect Alexa Fluor 488 (green) and DAPI (blue) emissions, respectively. (C)
Nuclear extracts were prepared after 24 h of RANKL and silibinin treatment in RAW264.7
cells and analyzed for NFATc1 DNA binding activity by EMSA (left panel). Super shift and
competition assays were performed using nuclear extract from RANKL-treatment group to
confirm the specificity of NFATc1 binding (right panel). (D) Effect of silibinin on osteoclast
specific markers (TRAP, Cathepsin K and OSCAR) was analyzed by Western blotting in
whole-cell lysates. Abbreviation: SB: Silibinin
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Figure 5.
Effect of silibinin on RANKL-induced NF-κB and AP1 activation in RAW264.7 cells. (A–
D) RAW264.7 cells were treated with silibinin (30 μM) for the indicated time in the
presence of RANKL (10 ng/ml), and nuclear extracts were prepared and analyzed for (A)
NF-κB and (B) AP1 DNA binding activity by EMSA. Super shift and competition assays
were performed using nuclear extract from RANKL-treatment group to confirm the
specificity of (C) NF-κB and (D) AP1 binding. Abbreviation: SB: Silibinin
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Figure 6.
Effect of silibinin on osteomimicry biomarkers in PCA cells. (A) PC3 and C4-2B cells were
treated with silibinin at indicated doses for 72 h. At the end of the treatment, whole-cell
lysates were prepared and analyzed for the expression of RANKL, Runx2 and PTHrP by
Western blotting. (B) Paraffin-embedded PCA xenograft tissues from previously completed
PC3 orthotopic xenograft study were analyzed to determine effect of silibinin administration
on the expression of RANKL, Runx2, Osteocalcin (OC), and PTHrP by IHC.
Immunoreactivity (represented by brown staining) of these biomarkers was scored as 0+ (no
staining), 1+ (weak staining), 2+ (moderate staining), 3+ (strong staining), 4+ (very strong
staining). The data shown in the bar diagram represents mean ± SEM of 4–5 samples for
each group. Abbreviations: SB: Silibinin; *, p ≤ 0.001
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