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Abstract

Bone undergoes continuous remodeling by a coupled action between osteoblasts and osteoclasts.
During osteoporosis, osteoclast activity is often elevated leading to increased bone destruction.
Hence, osteoclasts are deemed as potential therapeutic targets to alleviate bone loss. Ellagic acid
(EA) is a polyphenol reported to possess anticancer, antioxidant and anti-inflammatory properties.
However, its effects on osteoclast formation and function have not yet been examined. Here, we
explored the effects of EA on RANKL-induced osteoclast differentiation in RAW264.7
macrophages (in vitro) and human CD14+ monocytes (ex vivo). EA dose-dependently attenuated
RANKL-induced TRAP+ osteoclast formation in osteoclast progenitors with maximal inhibition
seen at 1uM concentration without cytotoxicity. Moreover, owing to perturbed osteoclastogenesis,
EA disrupted actin ring formation and bone resorptive function of osteoclasts. Analysis of the
underlying molecular mechanisms revealed that EA suppressed the phosphorylation and activation
of the p38 MAP kinase pathway which subsequently impaired the RANKL-induced differentiation
of osteoclast progenitors. Taken together, these novel results indicate that EA alleviates
osteoclastogenesis by suppressing the p38 signaling pathway downstream of RANKL and exerts

inhibitory effects on bone reorption and actin ring formation.
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Introduction

Osteoporosis occurs due to an imbalance in bone remodeling owing to increased bone resorption
and decreased bone formation resulting in excessive bone loss (Rachner et al., 2011). Factors
accounting for osteoporosis include hormonal imbalance, ageing, or medications such as
glucocorticoids. Osteoclasts, the sole bone resorptive cells of the body arise from the
hematopoietic cells of monocyte/macrophage lineage (Charles and Aliprantis, 2014). Available
evidence suggests that osteoclast formation or activity is highly elevated during bone loss related
diseases such as osteoporosis, periodontitis, rheumatoid arthritis and cancer metastases to bone
(Helfrich, 2003, Helfrich, 2005, Wada et al., 2006). Current drugs prescribed for the treatment of
bone loss include bisphosphonates, parathyroid hormone, estrogen and denosumab (Rodan and
Martin, 2000, Whitaker et al., 2012, Augustine and Horwitz, 2013, Chen and Sambrook, 2012).
These therapeutics act by inhibiting bone loss triggered by osteoclast activity. Considering the fact
that osteoclast activity is indispensable for bone resorption, targeting these cells is a fruitful

approach for the treatment of osteoporosis.

Receptor activator of nuclear factor kappa B (RANK), its ligand RANKL and the decoy receptor
of RANKL, osteoprotegerin (OPG) are crucial and key regulators of osteoclast formation (Walsh
and Choi, 2014). RANKL is expressed in membrane bound form by osteoblasts, and osteoclast
progenitors expressing its receptor RANK bind to RANKL to trigger the downstream signaling
cascade pivotal for osteoclastogenesis (Hofbauer et al., 2001). During certain pathological
conditions such as cancer metastases to bone and rheumatoid arthritis, RANKL is secreted in
soluble form and is similarly active as its membrane bound counterpart (Hofbauer et al., 2001).
Earlier reports indicate the crucial role of RANKL in osteoclast formation, as mice devoid of

RANKL not only develop severe osteopetrosis but they completely lack osteoclasts (Boyce and
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Xing, 2008). Binding of RANKL to its receptor RANK activates the downstream signaling cascade
that involves trimerization of adaptor protein TRAF6 resulting in activation of the NF-kB and
MAP kinase pathways and leads to expression of osteoclast specific genes and osteoclast

differentiation (Wada et al., 2006).

Polyphenols have been shown to possess various health-promoting effects (Marquardt and
Watson, 2014). Ellagic acid (EA, Fig. 1A) is a major non-flavonoid polyphenol found in numerous
fruits including pomegranates, pecans, and raspberries and exerts various pharmacological effects
such as anti-cancer, anti-oxidant, anti-inflammatory and bactericidal properties (Usta et al., 2013).
Accumulating lines of evidence suggests that phytochemicals with potent anti-oxidant and anti-
inflammatory properties have bone protective effects and suppress bone resorption, resulting in
greater bone strength (Shen et al., 2012). Hence, we tested the molecular effects of EA on RANKL-
induced osteoclast formation. Here, we report that EA inhibits RANKL-induced
osteoclastogenesis in RAW264.7 macrophages, in vitro and human CD14+ monocytes, ex vivo at
a very low concentration. EA attenuated RANKL-induced p38 activation in macrophages without
affecting the NF-kB pathway. On the other hand, EA did not affect the survival of mature
osteoclasts indicating its specific inhibitory effects on osteoclast formation. Our results indicate

that EA may be a novel anti-osteoporotic agent.

Materials and methods

Materials

Dulbecco’s Modified Eagle Medium (DMEM), a-MEM and heat-inactivated fetal bovine serum
(FBS) were obtained from GIBCO (Grand Island, NY) and Amersham (Little Chalfont, UK),

respectively. Antibiotic-antimycotic solution was supplied by Highveld Biological (Johannesburg,



South Africa). EA, phalloidin-Atto-488, and all other chemicals of research grade were obtained
from Sigma-Aldrich Inc. (St Louis, MO). All components for the magnetic separation of CD14+
monocytes were supplied by Miltenyi Biotec (San Diego, CA). Human RANKL was procured
from Insight Biotechnology (Middlesex, UK). Mouse RANKL and human M-CSF were acquired
from R&D Systems (Minneapolis, MN). Alamar blue reagent, cell extraction buffer, NBT/BCIP
Western Detection Chromogenic Kit were provided by Life Technologies (Carlsbad, CA).
Osteoassay surface multiwell plates were acquired from Corning Inc. (New York, NY). The
bicinchoninic acid (BCA) protein assay kit was purchased from Thermo Scientific (Rockford, IL).
Primary rabbit antibodies against total and phosphorylated p38, JINK and ERK were obtained from
Signalway Antibody LLC (College Park, USA). Anti-GAPDH primary rabbit antibody was
obtained from Abcam (Cambridge, MA) and goat anti-rabbit ALP-conjugated secondary antibody
was procured from Life Technologies (Carlsbad, CA). pNiFty2-SEAP plasmids and Zeocin were
purchased from InvivoGen (San Diego, CA). BioCellin™ transfection reagent was obtained from

BioCellChallenge (Cedex, France).
Cell culture of RAW264.7 murine macrophages

RAW264.7 murine macrophages (#TIB-71), were purchased from American Type Culture
Collection (ATCC, Rockville, MD) and maintained in DMEM with 10% FBS and antibiotic-
antimycotic solution containing 100 U/ml, penicillin, 100 pg/ml streptomycin, and 0.25 pg/ml

fungizone. Cells were incubated at 37°C in a humidified atmosphere with 5% CO..
Isolation of human CD14+ monocytes and cell culture

All the procedures and experimental protocols were approved by the Human Research Ethics

Committee of the Faculty of Health Sciences, University of Pretoria (Protocol approval number:



67/2014) and in accordance with the 1964 Helsinki declaration and its later amendments. Eligible
participants were asked to provide an additional written informed consent for enrolment. Human
CD14+ monocytes were isolated from peripheral blood (40-60 ml) of healthy male donors (aged
18-35) as described elsewhere (Kasonga et al., 2015), using CD14+ magnetic beads as per
manufacturer’s instructions (Miltenyi Biotec, San Diego, CA). Cells were cultured in a-MEM
supplemented with 10% FBS and antibiotic-antimycotic solution (as in 2.2) and were grown at

37°C in a humidified atmosphere with 7% CO;.
Stock Solution

A 50 mM stock solution of EA was prepared in DMSO (vehicle) and frozen as aliquots in -80°C
until further use. Stock solutions were freshly diluted to working concentrations in complete
culture medium before experiments. The final DMSO concentration in the culture medium did not

exceed 0.1 % (v/v).
Alamar blue assay

Cells were seeded in 96-well plates and allowed to adhere for 12h followed by exposure to
increasing concentrations of EA (0.001, 0.01, 0.1, 1 uM) for 48h. Alamar blue assay was
conducted as per manufacturer’s instructions (Life Technologies). Absorbance was measured at
570 nm with 600 nm as reference wavelength on a microplate reader (BioTek Instruments Inc.,

Winooski, VT).
Osteoclast differentiation

RANKL-treated RAW264.7 macrophages were differentiated into osteoclasts for 5 days as

described previously (Deepak et al., 2015a). In brief, 5 x 10° cells per well were suspended in



DMEM containing 10% FBS and seeded into sterile 96-well culture plates. Cells were stimulated
with RANKL alone (15 ng/ml) or in combination with increasing concentrations of EA. Cell
culture media and factors were replaced every third day and differentiation was terminated on the

fifth day unless otherwise stated.

CD14+ monocytes (4 x 10%well) were differentiated in the presence of M-CSF (25 ng/ml) and
RANKUL (30 ng/ml) for 14 days as described previously (Kasonga et al., 2015). Osteoclast specific
TRAP staining was assessed using a leucocyte acid-phosphatase kit as per manufacturer’s
directions (Sigma Aldrich, St Louis). TRAP+ cells with 3 or more nuclei were scored as
osteoclasts. Photomicrographs were taken with a Zeiss Axiocam MRc5 camera attached to a Zeiss
Axiovert 40 CFL microscope (Carl Zeiss AG, Oberkochen, Germany). The area covered by multi-

nucleated osteoclasts/well was calculated by ImageJ software (Schneider et al., 2012).
Pit formation assay

The bone resorption activity of RANKL-induced osteoclasts derived from RAW264.7
macrophages was assessed using 24-well Corning osteoassay plates as reported elsewhere (Deepak
et al., 2015b). Resorption pits were observed under a light microscope and quantified by ImageJ

software.
Actin ring formation assay

Actin rings of osteoclasts were detected by staining actin filaments with Atto-conjugated
phalloidin as described elsewhere (Boeyens et al., 2014). Images were acquired using a

fluorescence microscope (Carl Zeiss AG, Oberkochen, Germany).



Western blot analysis

Cell lysates were prepared using cell extraction buffer (Life Technologies, Carlsbad),
supplemented with protease and phosphatase inhibitors (Sigma Aldrich, St Louis) and resolved on
12% SDS-PAGE gels. Purified proteins were quantified using a BCA protein assay kit as per
manufacturer’s directions (Sigma Aldrich, St Louis). Proteins were electrotransferred on to
nitrocellulose membranes with Tris-glycine transfer buffer [25 mM Tris, 192 mM glycine, 20%
methanol (v/v)] probed with each antibody and detected by NBT/BCIP substrate. Digital images

of the blots were acquired using a flatbed scanner (Ricoh Aficio, Johannesburg, South Africa).
NF-kB Secreted Embryonic Alkaline Phosphatase - Promoter (SEAP) assay

pNiFty2-SEAP (Invivogen) is an NF-kB-inducible reporter plasmid containing 5x NF-kB repeated
transcription factor binding sites and a reporter gene — SEAP. RAW264.7 macrophages were stably
transfected with GeneCellin™ transfection reagent. Stably transfected clones containing SEAP
plasmid were selected with Zeocin. For promoter assay the transfected cell line was stimulated
with 35 ng of RANKL in the presence or absence of EA and SEAP assay was conducted after 48h

as per manufacturer’s protocol.
Mature-osteoclast survival assay

Osteoclasts were generated by RANKL treatment from RAW264.7 macrophages. Mature
osteoclasts were exposed to EA for 48h. At the end of treatment, cells were stained for TRAP and
images were acquired using a Zeiss Axiocam MRc5 camera attached to a Zeiss Axiovert 40 CFL

microscope (Carl Zeiss AG, Oberkochen, Germany).



qRT-PCR
RAW?264.7 cells were seeded in 24-well plates at a density of 3 x 10*/well with RANKL (15 ng/ml)

or vehicle in the presence of EA for 5 days. Total RNA was isolated with TRI-reagent (Sigma)
and 1 pg of the RNA was reverse transcribed into cDNA with MuMLYV reverse transcriptase (New
England Biolabs, UK) according to the manufacturer’s instructions. Resultant cDNA template was
further utilized for conducting the gRT-PCR assay with gene specific primers for cathepsin-k
(CTSK), dendritic cell-specific transmembrane protein (DC-STAMP), matrix metalloproteinase-
9 (MMP-9) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (primer details available
on request). GAPDH served as a loading control. PCR products were amplified using KAPA
SYBR® FAST gPCR Kit Master Mix on a Roche LightCycler® Nano Instrument. Results were

analyzed by 2-AACT method.
Statistical analysis

Data are representative of three independent experiments unless otherwise stated and are
represented as mean xstandard deviation (SD). Statistical analysis was performed by one-way
analysis of variance (ANOVA) followed by Tukey post hoc multiple comparison test using Graph
Pad Prism Software (GraphPad Software Inc., CA). P <0.05 was regarded as statistically

significant.
Results
Effects of EA on cell viability

RAW264.7 macrophages and human CD14+ monocytes were treated with increasing
concentrations (0.001, 0.01, 0.1, 1 uM) of EA (Fig. 1A) for 48h. Cell viability was analyzed by

alamar blue assay. At these concentrations EA did not have any cytotoxic effects (Fig. 1 B, C).
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EA inhibits osteoclast differentiation at an early stage of differentiation

We first examined the effects of EA on RANKL-induced osteoclast differentiation in RAW264.7
macrophages and human CD14+ monocytes by TRAP staining. EA dose-dependently inhibited
RANKL-induced osteoclast formation in both the in vitro and ex vivo models. EA at a
concentration as low as 0.1 puM had a significant effect on osteoclast formation and a peak

inhibition was seen at 1 uM (Fig. 2 A-D).

Next, we studied whether EA could affect osteoclast numbers at later stages of differentiation.
Mature osteoclasts derived from RAW264.7 macrophages at the 4" day of differentiation were
treated with EA. Interestingly, EA did not affect mature osteoclast morphology or numbers (Fig.
2E, osteoclast quantification data not shown). Hence, EA inhibits osteoclastogenesis at an early

stage of differentiation.

EA inhibits actin ring formation, bone resorptive function of osteoclasts and expression of

osteoclast specific markers

During differentiation the mononuclear precursors fuse into multinucleated osteoclasts, a process
that involves cytoskeleton rearrangement and actin ring formation. Actin rings aid osteoclast in
attachment to bone surface and resorption. Since EA had significant antiosteoclastogenic effects,
we next sought to find out whether this effect correlated with disrupted actin ring formation and
bone resorption. As seen in Figure 3A, EA impaired fusion of mononuclear progenitors resulting
in disruption of actin ring formation which also led to reduction in bone resorptive function of
osteoclasts on bone mimetic osteoassay plates (Fig. 3B). CTSK, DC-STAMP and MMP-9 are key

osteoclast specific genes induced by RANKL during osteoclastogenesis. We examined effects of
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EA on the mRNA expression of these genes. We found that EA downregulated the expression of

the examined osteoclast-specific marker genes (Fig. 4).

EA suppresses RANKL-induced p38 MAP kinase pathway

RANKL-induced osteoclast formation involves activation of NF-kB and MAP kinase pathways.
To elucidate the molecular mechanisms underlying EA-mediated inhibitory effects on
osteoclastogenesis, we examined these pathways by SEAP- NF-kB promoter assay and western
blot analysis. Figure 5A, demonstrates that EA had no effect on NF-kB whereas it remarkably
inhibited the activation and phosphorylation of the p38 MAP kinase pathway (Fig. 5B). However
activation of the ERK or JNK pathways remained unaffected suggesting that EA mediated

inhibition of osteoclast formation is due to the attenuation of the p38 pathway.

Discussion

Bone loss diseases such as osteoporosis, cancer metastases to bone, rheumatoid arthritis and
periodontitis involving alveolar bone loss are characterized by excessive osteoclast activity
(Helfrich, 2003). Hence, targeting osteoclast formation and activity is a promising approach for
alleviating bone loss. We studied the effects of EA on osteoclast formation in murine RAW264.7
macrophages in vitro, and human CD14+ monocytes ex vivo. Our results demonstrate that EA
potently attenuates RANKL-induced osteoclastogenesis in osteoclast progenitor cells without

cytotoxicity via suppression of the p38 signaling pathway.

Osteoclasts are multinucleated cells arising from the hematopoietic cells of monocyte/macrophage
lineage (Novack and Teitelbaum, 2008). Mature and functional osteoclasts express osteoclast
specific markers such as DC-STAMP, MMP-9 and CTSK. DC-STAMP is pivotal for the fusion
of precursor cells (Yagi et al., 2005). Proteases such as CTSK and MMP-9 aid in bone matrix
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resorption (Inui et al., 1999). CTSK is an osteoclast specific enzyme and drugs targeting CTSK
are currently in clinical trials (Bone et al., 2010). Mice lacking CTSK have osteoclasts with
impaired bone resorptive potential and suffer from osteopetrosis (Gowen et al., 1999). Mutation
in the CTSK gene has been reported to cause pycnodysostosis (disorder with dense bones) (Gelb
et al., 1996). MMP-9 is expressed by active osteoclasts and plays an important role in osteoclast-
mediated bone resorption. MMP-9 knockout mice exhibit a delay in osteoclast recruitment during
early bone development (Vu et al., 1998). In this study we found that EA potently inhibited the

expression of DC-STAMP, CTSK and MMP-9 during osteoclast differentiation.

NF-kB and MAP kinase signaling pathways (JNK, ERK and p38) play an important role in
RANKL-induced osteoclast formation (Soysa and Alles, 2009, Wada et al., 2006). Genetic studies
have shown that the NF-kB pathway is crucial for normal skeletal development and bone health.
Disruption of this pathway results in impaired osteoclast differentiation and/or function and
abnormal skeletal development (Otero et al., 2012). Abrogation of the ERK pathway has been
reported to result in reduced osteoclast progenitor cell numbers and decreased osteoclast formation
(He et al., 2011). Using mice devoid of JNK or expressing a dominant-negative form of JNK,
researchers have shown that the JNK pathway is indispensable for efficient osteoclastogenesis
(Ikeda et al., 2008). The p38 pathway activation has been shown to be vital during early stages of
RANKL-induced osteoclast differentiaton (Li et al., 2002). By pharmacological inhibition,
expression of dominant-negative form of p38 or genetic ablation of p38, researchers have shown
that this MAP kinase is essential for osteoclast differentiation. Mice lacking p38 are deficient in
osteoclasts (Li et al., 2002, Matsumoto et al., 2000). We analyzed the effects of EA on the NF-kB
and MAPKSs signaling pathways and found that EA inhibited the phosphorylation of p38 without

affecting the NF-kB or ERK/JNK pathways. These results indicated that the inhibitory effects of
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EA on activation of the p38 pathway may contribute to its anti-osteoclastogenic effects.
Furthermore, we found that EA-mediated suppressive effects on osteoclastogenesis was confined
only to the early stage of differentiation, as we did not observe a change in osteoclast numbers
when the mature multi-nucleated cells were exposed to EA. The NF-kB and ERK/INK pathways
have been shown to play an important role in osteoclast survival and exert anti-apoptotic effects.
Since, EA had no effect on the NF-kB and ERK/JNK pathways but only affected the p38 MAPK

pathway, it could explain its inefficiency to affect mature osteoclast survival.

Actin ring formation is a characteristic hallmark feature of osteoclasts. Actin rings aid osteoclasts
in bone resorption via formation of a sealing zone within the resorption lacunae and attachment to
the extracellular bone matrix (Teitelbaum, 2000). Our results demonstrate that EA by attenuating
fusion of osteoclasts, not only disrupted actin ring formation but severely affected the bone

resorptive function of osteoclasts.

Taken together, this study demonstrates that EA inhibits RANKL-induced osteoclast
differentiation in murine RAW264.7 macrophages in vitro, and human CD14+ monocytes ex Vivo.
EA suppressed the expression of osteoclastic specific marker genes, disrupted actin ring formation
and aggravated bone resorption. Elucidation of the underlying molecular mechanisms revealed
that EA attenuated RANKL-induced activation of the p38 MAP kinase pathway. Hence, EA is
novel anti-osteoclastogenic molecule and should be explored further for its potential as a

therapeutic option for diseases characterized by excessive osteoclast activity.
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Figure legends

Figure 1. Effects of EA on the viability of murine RAW264.7 macrophages and human
CD14+ monocytes. A) Molecular structure of EA. B) Cell viability of EA-treated RAW?264.7
macrophages or C) CD14+ monocytes. Cells were treated with indicated concentrations of EA for
48h and cell viability was measured by alamar blue assay. Data are expressed as mean £SD percent

of control and are representative of three independent experiments.
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Figure 2. Effects of EA on RANKL-induced osteoclast formation. A, B) RAW264.7
macrophages or C, D) CD14+ monocytes were treated with RANKL in the presence or absence of
EA as mentioned in materials and methods for 5 days and 14 days respectively (ns: non-
significant). E) RAW264.7 macrophages were differentiated into osteoclasts in the presence of
RANKL and the resultant mature osteoclasts were exposed to EA (1uM) for 48h. TRAP-positive
cells containing more than three nuclei were scored as osteoclasts. Osteoclasts stain purple/red in
the presence of TRAP (scale bars: 20 pm). The results are mean £SD and are representative of

three independent experiments. (***P<0.001 versus RANKL control).
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Figure 3. Effects of EA on actin ring formation, bone resorption. A) RAW264.7 macrophages
were treated with RANKL in the presence or absence of EA as mentioned in materials and methods
for 5 days. Differentiated osteoclasts were stained with phalloidin for actin ring formation and
Hoechst was used as a nuclear stain (scale bars: 20 um). B) RAW264.7 macrophages were seeded
on osteoassay multi-well plates and assayed for resorption pit formation with RANKL in the
presence or absence of EA for 7 days (scale bars: 50 um). Light areas are the resorbed surfaces.

Resorption percentages are indicated in the figures.
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Figure 4. Effects of EA on osteoclast specific gene expression. Analysis of osteoclast-specific
genes was performed by gqRT-PCR in RANKL-induced osteoclasts. The results are representative

of three independent experiments. (*P<0.05, ***P<0.001 versus RANKL control).
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Figure 5. Effects of EA on RANKL signaling pathways. A) NF-kB promoter activity was
analyzed by SEAP assay as described in materials and methods with RANKL alone or in
combination with EA (ns: non-significant). B) Cells were treated with RANKL alone or in
combination with EA for 30 minutes. Post-incubation cell lysates were analyzed for the effects of
EA on RANKL-induced MAPK pathways by western blot. The results are mean +SD and are
representative of three independent experiments. (**P<0.01 versus vehicle control, ns = RANKL

versus RANKL+EA).
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