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Abstract Punicalagin is a bioactive polyphenol that is

classified as an ellagitannin. Although punicalagin has been

shown to have various pharmacological effects, such as

anti-oxidative, anti-inflammatory, and anti-tumor effects,

no studies have reported the effects of punicalagin on

osteoclasts (OCLs). In this study, we investigated the

effects of punicalagin on OCL differentiation by receptor

activator of nuclear factor kappa-B ligand in the murine

monocytic RAW-D cell line and bone marrow-derived

macrophages (BMMs). Treatment with punicalagin sig-

nificantly inhibited OCL formation from RAW-D cells and

BMMs and prevented bone resorption of BMM-derived

OCLs. Moreover, punicalagin impaired multinucleation

and actin-ring formation in OCLs, and decreased the pro-

tein levels of nuclear factor of activated T cells cytoplas-

mic-1 (NFATc1), which is a master regulator of OCL

differentiation, and concomitantly reduced the expression

levels of Src and cathepsin K, which are transcriptionally

regulated by NFATc1. The effects of punicalagin on

intracellular signaling during the OCL differentiation of

BMMs indicated that punicalagin-treated OCLs displayed

markedly reduced phosphorylation of Jun N-terminal

kinase and Akt, and partially impaired phosphorylation of

extracellular signal-regulated kinase, p38 mitogen-acti-

vated protein kinase, and inhibitor of nuclear factor

kappa-B alpha compared with untreated OCLs. Thus,

punicalagin may affect bone metabolism by inhibiting

OCL differentiation.
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Abbreviations

OCLs Osteoclasts

RANKL Receptor activator of nuclear factor kappa-B

ligand

BMMs Bone marrow-derived macrophages

NFATc1 Nuclear factor of activated T cells cytoplasmic-

1

IjBa Nuclear factor kappa-B alpha

TRAP Tartrate-resistant acid phosphatase

M-CSF Macrophage colony-stimulating factor

NF-jB Nuclear factor kappa-B

PI3 K Phosphatidylinositol 3-kinase

JNK Jun N-terminal kinase

Erk Extracellular signal-regulated kinase

MAPK Mitogen-activated protein kinase

HO-1 Heme oxygenase-1

NFAT Nuclear factor of activated T cells

Abs Antibodies

SD Standard deviations

PMSF Phenylmethylsulfonyl fluoride

TBS-T Tris buffered saline with 0.1 % Tween 20

Introduction

Osteoclasts (OCLs) are bone-resorbing multinucleated

cells derived from hematopoietic precursors of monocyte-

macrophage lineage [1]. Bone resorption by OCLs is
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required for the formation of a resorption lacuna, charac-

terized by the maintenance of an acidic pH and the

secretion of specific hydrolases, such as cathepsin K and

tartrate-resistant acid phosphatase (TRAP). Cathepsin K,

an OCL-specific cysteine protease, is essential for bone

matrix degradation [2, 3], while TRAP is required for

specialized electrochemical reactions associated with bone

matrix resorption [4]. Therefore, resorption of the miner-

alized bone matrix by OCL is closely related to the regu-

lation of these OCL-specific lysosomal enzymes.

OCL differentiation is mainly regulated by two impor-

tant cytokines, macrophage colony-stimulating factor (M-

CSF) and receptor activator of nuclear factor kappa-B

ligand (RANKL). M-CSF is a secreted cytokine that pro-

motes the differentiation of hematopoietic stem cells into

macrophages and OCLs [5]. RANKL, a member of the

tumor necrosis factor superfamily, is a key cytokine that

regulates osteoclastogenesis and bone resorption [6, 7]. The

RANKL-RANK triggers the activation of the essential

signaling pathways for OCL differentiation: nuclear factor

kappa-B (NF-jB), phosphatidylinositol 3-kinase (PI3 K)/

Akt, Jun N-terminal kinase (JNK), extracellular signal-

regulated kinase (Erk), p38 mitogen-activated protein

kinase (MAPK) [8–10], and nuclear factor of activated T

cells cytoplasmic-1 (NFATc1)/calcineurin-dependent

pathways [11]. Recent studies have shown that in addition

to these signaling pathways oxidative stress plays impor-

tant roles in osteoclastogenesis [12]. Indeed, the induction

of heme oxygenase-1 (HO-1), an anti-oxidative stress

enzyme, inhibits osteoclastogenesis [13]. We have recently

demonstrated that the RANKL-mediated suppression of

HO-1 promotes OCL differentiation and, conversely, the

induction of HO-1 inhibits osteoclastogenesis [14]. Based

on these findings, there is a strong possibility that com-

pounds interfering with OCL differentiation signaling

pathways and/or HO-1 induction have inhibitory effects on

OCL differentiation.

Punicalagin (2,3-(S)-hexahydroxydiphenoyl-4,6-(S)-gal-

lagyl-D-glucose) is an ellagitannin, which is a high-

molecular-weight bioactive polyphenol [15]. Punicalagin is

mainly found in fruit pomegranates (Punica granatum) or

in the leaves of Terminalia catappa. Punicalagin has been

shown to have a variety of pharmacological effects, such as

anti-oxidative, anti-inflammatory, and anti-tumor effects

[16–19]. For example, punicalagin attenuates oxidative

stress and apoptosis in human placental trophoblasts [17].

In addition, punicalagin inhibits inflammation responses in

lipopolysaccharide (LPS)-induced macrophages through

Toll-like receptor 4-dependent NF-jB activation [18].

Punicalagin suppresses the proliferation of H-ras-trans-

formed NIH3T3 cells, but only partially affects the pro-

liferation of non-transformed NIH3T3 cells [19].

Interestingly, punicalagin has immunosuppressant activity,

including the ability to inhibit nuclear factor of activated T

cells (NFAT) in murine splenic CD4? T cells [20]. Since

NFATc1 is an essential factor in OCLs, we hypothesized

that punicalagin may inhibit OCL differentiation. There-

fore, in this study, we investigated the effects of puni-

calagin on osteoclastogenesis using in vitro culture

systems.

Materials and methods

Reagents

M-CSF was purchased from Kyowa Hakko Kogyo (Tokyo,

Japan). Recombinant RANKL was prepared as described

previously [21]. Antibodies (Abs) were purchased as fol-

lows: anti-b-actin (Cat. No. A5060, rabbit polyclonal Ab)

was purchased from Sigma-Aldrich (St. Louis, MO, USA),

Src (Cat. No. 05-184, mouse monoclonal Ab) was pur-

chased from Upstate Biotechnology (Lake Placid, NY,

USA), and anti-c-fms (Cat. No. sc-692, rabbit polyclonal

Ab), anti-RANK (Cat. No. sc-9072, rabbit polyclonal Ab),

and anti-NFATc1 (Cat. No. sc-7294, mouse monoclonal

Ab) were purchased from Santa Cruz Biotechnology (Santa

Cruz, CA, USA). Abs specific for phospho-ERK1/2 (Cat.

No. 9101S, Thr202/Tyr204, rabbit polyclonal Ab), phos-

pho-JNK (Cat. No. 9751S, Thr183/Tyr185, rabbit poly-

clonal Ab), phospho-p38 (Cat. No. 9211S, Thr180/Tyr182,

rabbit polyclonal Ab), phospho-inhibitor of nuclear factor

kappa-B alpha (IjBa) (Cat. No. 2859S, Ser32), and phos-

pho-Akt (Cat. No. 9271S, Ser473, rabbit polyclonal Ab)

were purchased from Cell Signaling Technology (Danvers,

MA, USA). Cathepsin K Abs were prepared as described

previously [22]. The Osteo Assay Plate was purchased

from Corning (Corning, New York, NY, USA). All other

reagents, including phenylmethylsulfonyl fluoride (PMSF)

and the protease inhibitor cocktail, were obtained from

Sigma-Aldrich.

Isolation of punicalagin

Isolation of punicalagin was performed as described pre-

viously [23]. Briefly, an aqueous acetone extract of the

fresh peel of P. granatum was separated by Sephadex LH-

20 column chromatography with H2O containing an

increasing proportion of MeOH and finally with H2O-

acetone (1:1, v/v). The fractions containing punicalagin

were collected and further separated by Diaion HP20SS

chromatography with 20–40 % MeOH. Punicalagin was

obtained as a yellow amorphous powder and identified by
1H NMR spectroscopic comparison with an authentic

sample. The structure of punicalagin is shown in Fig. 1.
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Cell culture

Five-week-old male BALB/c mice were obtained from

CLEA Japan, Inc. (Tokyo, Japan) and handled in our

facilities under the approved protocols of the Nagasaki

University Animal Care Committee. The isolation of

bone marrow-derived macrophages (BMMs) was per-

formed as described previously [14]. The BMMs were

replated in culture plates and incubated in a-minimal

essential medium (a-MEM) (Wako Pure Chemicals,

Code: 135-15175, bicarbonate buffered with L-glutamine)

containing 10 % fetal bovine serum (FBS) with 100

U/mL penicillin and 100 lg/mL streptomycin in the

presence of M-CSF (30 ng/mL) and RANKL (50 ng/mL)

for 72 h until the cells differentiated into multinucleated

mature OCLs.

The cells were fixed with 4 % paraformaldehyde and

stained for TRAP activity using a previously described

method [24]. TRAP-positive red-colored cells with three or

more nuclei were considered mature OCLs. Murine

monocytic RAW-D cells were kindly provided by Prof.

Toshio Kukita (Kyushu University, Japan) and cultured in

a-MEM containing 10 % FBS with RANKL (50 ng/mL)

[25]. For bone resorption pit formation, BMMs were see-

ded onto Osteo Assay Plates coated with thin calcium

phosphate films (Corning, New York, NY, USA) and

incubated with M-CSF and RANKL for 5 days until

mature OCL resorbed the calcium phosphate film. Cells

were dissolved in 5 % sodium hypochlorite. Images of the

resorption pit were taken with a reverse phase microscope

(Olympus, Tokyo, Japan). The ratios of the resorbed areas

to the total areas were calculated using Image J image-

analysis software (http://rsbweb.nih.gov/ij/) as described

previously [26].

Cell viability assay

Cells seeded in 96-well cell culture plates were incubated

with the cell counting kit-8 (Dojindo, Kumamoto, Japan)

for 1 h, and then the absorbance at 450 nm was measured

with a microplate reader (Bio-Rad iMarkTM, Hercules, CA,

USA).

Western blot analysis

BMMs were stimulated with or without RANKL in the

presence of M-CSF for the indicated amount of time. Cells

were rinsed twice with ice-cold PBS, and lysed in a cell

lysis buffer [50 mM Tris–HCl (pH 8.0), 1 % Nonidet P-40,

0.5 % sodium deoxycholate, 0.1 % SDS, 150 mM NaCl,

1 mM PMSF, and proteinase inhibitor cocktail]. The pro-

tein concentration of each sample was measured with BCA

Protein Assay Reagent (Thermo Pierce, Rockford, IL,

USA). Lysate protein (5 lg) was applied to each lane.

After SDS-PAGE, proteins were electroblotted onto a

polyvinylidene difluoride membrane. The blots were

blocked with 5 % bovine serum albumin/Tris buffered

saline with 0.1 % Tween 20 (TBS-T) for 1 h at room

temperature, probed with various primary Abs overnight at

4 �C. The concentrations of primary Abs were as follows:

anti-b-actin [1:20,000, 2.5 lL (10 times dilution)/5 mL],

anti-Src (1:1000, 5 lg/5 mL), anti-c-fms (1:1000, 1 lg/
5 mL), anti-RANK (1:1000, 1 lg/5 mL), anti-NFATc1

(1:1000, 1 lg/5 mL) anti-phospho-ERK1/2 (1:1000, 5 lL/
5 mL), anti-phospho-JNK (1:1000, 5 lL/5 mL), anti-

phospho-p38 (1:1000, 5 lL/5 mL), anti-phospho-IjBa
(1:1000, 5 lL/5 mL), and anti-phospho-Akt (1:1000, 5 lL/
5 mL) and anti-cathepsin K Abs (1:1000, 5 lL/5 mL).

Subsequently, the samples were washed, incubated with

horseradish peroxidase -conjugated secondary Abs (anti-

rabbit IgG, Cat. No. 7074, 1:2000, and anti-mouse IgG,

Cat. No. 7076, 1:2000; Cell Signaling Technology), and

finally detected with ECL-Plus (GE Healthcare Life Sci-

ences, Tokyo, Japan). The immunoreactive bands were

analyzed by LAS-4000mini (Fuji Photo Film, Tokyo,

Japan).

Immunofluorescence

BMMs were cultured with M-CSF (30 ng/mL) and

RANKL (50 ng/mL) for 72 h in the presence of 0–50 lM
punicalagin. The cells were fixed with 4 % paraformalde-

hyde at 4 �C for 30 min, permeabilized with 0.1 % Triton

X-100 for 10 min, and then blocked with 0.2 % gelatin.

For a-tublin localization, anti-a-tublin antibody (anti-rat,

Cat. No. sc-53029; Santa Cruz Biotechnology) was diluted

1:100 in 0.2 % gelatin and incubated overnight at 4 �C,
followed by incubation for 2 h at room temperature withFig. 1 Structure of punicalagin
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Alexa Fluor 488 conjugated anti-mouse immunoglobulin

and Alexa Fluor 594 conjugated phalloidin (Cat. No.

A-12381; Invitrogen) diluted 1:100 in 0.2 % gelatin.

Microscope fluorescence images were digitized using a

Carl Zeiss LSM 710 confocal microscope.

Reverse transcription and real-time quantitative

PCR

Total RNA was extracted using TRIzol Reagent (Invitro-

gen, Carlsbad, CA, USA). Reverse transcription was per-

formed using an oligo(dT)15 primer (Promega, Madison,

WI, USA) and ReverTra Ace (Toyobo, Osaka, Japan).

Quantitative real-time PCR was performed using a

MX3005P QPCR system (Agilent Technology, La Jolla,

CA, USA). The cDNA was amplified using Brilliant III

Ultra-Fast SYBR QPCR Master Mix (Agilent Technology,

La Jolla, CA, USA) according to the manufacturer’s

instructions.

The following primer sets were used:

b-actin:
50-ACCCAGATCATGTTTGAGAC-30 forward and

50-GTCAGGATCTTCATGAGGTAGT-30 reverse,
HO-1:

50-CACGCATATACCCGCTACCT-30 forward and

50-CCAGAGTGTTCATTCGAGCA-30 reverse.

Statistical analysis

All values were expressed as means ± standard deviations

(SD) for three independent experiments. The data were

analyzed by the Tukey–Kramer method when ANOVA

indicated a significant difference between concentrations

(*P\ 0.05 or **P\ 0.01).

Results

Punicalagin inhibits differentiation

from macrophage into OCLs

We first investigated the effects of punicalagin on

RANKL-induced OCL differentiation in the murine

monocytic RAW-D cells, which have a high capacity for

differentiation into OCLs. Upon stimulation with RANKL

(50 ng/mL), RAW-D cells differentiated into TRAP-posi-

tive multinucleated OCLs. As shown in Fig. 2a, TRAP

staining revealed that punicalagin inhibited the formation

of mononuclear and multinuclear OCLs (Fig. 2a). Puni-

calagin treatment decreased the number of TRAP-positive

multinucleated OCLs in a dose-dependent manner

(Fig. 2b). The cell viability of OCLs treated with 1–5 lM
punicalagin was indistinguishable from that of untreated

cells; however, treatment with 10–50 lM punicalagin

significantly decreased the cell viability of OCLs (Fig. 2c).

To examine whether similar effects were observed in

native cells, we tested the effects of punicalagin on

RANKL-mediated osteoclastogenesis in BMMs. TRAP

staining revealed that punicalagin dose-dependently sup-

pressed OCL formation (Fig. 3a). Punicalagin also

decreased the number of TRAP-positive OCLs in a dose-

dependent manner (Fig. 3b). The cell viability of OCLs

treated with punicalagin was indistinguishable from that of

untreated cells (Fig. 3c). Importantly, punicalagin failed to

attenuate cell viability even at the higher concentrations of

25–50 lM (Fig. 3c). These results indicate that punicalagin

inhibits osteoclastogenesis in RANKL-induced macro-

phages derived from RAW-D cells and native BMMs,

although cell viability following punicalagin treatment was

different between RAW-D cells and native BMMs.

Punicalagin differently induces HO-1 in BMM-

derived OCLs and RAW-D-derived OCLs

Our recent studies have shown that RANKL induces the

suppression of the cytoprotective enzyme HO-1. Therefore,

we examined whether punicalagin induces the upregulation

of HO-1. Real-time PCR analysis showed that punicalagin

treatment of RAW-D cells increased HO-1 mRNA levels

after 48 h of incubation, but no induction was observed

between 1 and 24 h after treatment initiation (Fig. 4).

However, in BMMs, punicalagin caused marked increases

in HO-1 mRNA expression that reached a peak at 3 h post-

induction (Fig. 4). These results suggest that the differen-

tial time course of HO-1 induction between RAW-D cells

and BMMs.

Punicalagin impairs the bone-resorption activity

of OCLs

Next, we studied the effects of punicalagin on the bone-

resorption activity of BMM-derived OCLs. Pit formation

assay was performed with BMM-derived OCLs. The

plastic dish caused a rapid differentiation, but cells on the

dentin or bone slice showed a slow differentiation.

Therefore, for the pit assay we cultured the cells for 5 days,

although we did them on plastic dishes for 3 days.

Untreated OCLs had moderate resorbing activity, whereas

punicalagin treatment reduced resorbing activity in a dose-

dependent manner (Fig. 5a). We measured the calculated

resorption area of punicalagin-treated OCLs. Results indi-

cated that OCLs treated with more than 1 lM punicalagin

showed significantly decreased resorption compared to that

of untreated OCLs (Fig. 5b). These results indicate that

punicalagin attenuates the bone-resorption activity of

OCLs.
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Punicalagin reduces multinucleation and actin-ring

formation in OCLs

During a series of TRAP-staining experiments, we noticed

that punicalagin treatment kept mononuclear cells, but not

multinucleated cells, TRAP-positive. Given the importance

of multinucleation in OCL differentiation, we investigated

whether punicalagin had effects on multinucleation and

actin-ring formation in OCLs. For this purpose, we per-

formed immunofluorescence staining of F-actin and a-
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Fig. 2 The effects of punicalagin on osteoclast (OCL) differentiation

from RAW-D cells. a, b RAW-D cells were cultured for 72 h with the

indicated concentrations of punicalagin in the presence of receptor

activator of nuclear factor kappa-B ligand (RANKL) (50 ng/mL).

Tartrate-resistant acid phosphatase (TRAP) staining was performed

after fixation. The data are representative of three independent

experiments. The number of TRAP-positive multinucleated OCLs at

72 h of culture was counted. aMagnified 920, b magnified 94. c The
cell viability of RAW-D cell-derived OCLs at 72 h of culture

analyzed using the cell counting kit. The data shown in panels b and

c are the mean ± SD of three independent experiments. The asterisks

indicate statistical significance compared to the control cells without

punicalagin, **P\ 0.01
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tublin in BMM-derived OCLs. In the absence of RANKL,

BMM-derived macrophages did not undergo actin-ring

formation (Fig. 6). However, RANKL-induced OCLs

exhibited multinucleation (DAPI-staining, blue) and actin-

ring formation (phalloidin-staining, red) (Fig. 6). Under

these conditions, punicalagin dose-dependently reduced
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Fig. 3 The effects of punicalagin on osteoclast (OCL) differentiation

from BMMs. a, b Bone marrow-derived macrophages (BMMs) were

cultured for 72 h with the indicated concentrations of punicalagin in

the presence of macrophage colony-stimulating factor (M-CSF)

(30 ng/mL) and receptor activator of nuclear factor kappa-B ligand

(RANKL) (50 ng/mL). Tartrate-resistant acid phosphatase (TRAP)

staining was performed after fixation. The data are representative of

three independent experiments. a Magnified 920, b magnified 94,

c the number of TRAP-positive multinucleated OCLs counted at 72 h

of culture, and d the cell viability of BMM-derived OCLs at 72 h of

culture was analyzed using the cell counting kit. The data shown in

panels b and c are the mean ± SD of three independent experiments.

The asterisks indicate statistical significance compared to the control

cells without punicalagin, *P\ 0.05, **P\ 0.01
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multinucleation and inhibited the actin-ring formation of

OCLs (Fig. 6). In particular, cells treated with more than

50 lM punicalagin displayed a mononucleated and weaker

phalloidin-staining (Fig. 6). Thus, punicalagin prevents

multinucleation and actin-ring formation in OCLs.

Punicalagin perturbs intracellular signaling

and the expression levels of OCL marker proteins

To analyze the detailed mechanisms of inhibition of OCL

differentiation by punicalagin, we examined the effects of

punicalagin on RANKL-induced intracellular signaling

pathways during OCL differentiation from BMMs. Since

signaling cascades involving p38 MAPK, JNK, IjBa, Erk,
and Akt are important for osteoclastogenesis [27], western

blotting analysis of the phosphorylation of these pathways

was performed. BMMs were pre-incubated with 10 lM
punicalagin for 12 h, and subsequently stimulated with

RANKL. Punicalagin strongly inhibited the phosphoryla-

tion of Akt and JNK (Fig. 7). In addition, punicalagin

weakly inhibited the phosphorylation of IjBa, Erk, and
p38 (Fig. 7). These results indicate that punicalagin blocks

RANKL-stimulated signaling cascades via mainly Akt and

JNK-dependent pathways and weakly by IjBa, Erk, and
p38-dependent pathways.

Next, we analyzed the expression levels of OCL marker

proteins by western blotting (Fig. 8). RANK is a type I

membrane protein that is expressed on the cell surface

receptor for RANKL [7], whereas c-fms is an M-CSF

receptor. NFATc1 is a master regulator of OCL differen-

tiation that acts through Ca2?/calmodulin-dependent cal-

cineurin [11], while c-Fos is the proto-oncogene essential

for OCL differentiation. c-Src is a non-receptor-type tyr-

osine kinase that regulates the formation of actin-rich

podosomes in OCLs [28], while cathepsin K is a lysosomal

cysteine proteinase specifically expressed in OCLs [29].

Punicalagin inhibited the expression of almost all of

these marker proteins; the protein expression levels of

RANK and cathepsin K were considerably decreased, even

at a punicalagin concentration of 1 lM. Moreover, puni-

calagin suppressed the protein expression levels of c-fms,

NFATc1, c-Fos, and c-Src (Fig. 8). Thus, punicalagin

strongly blocked expressions of RANK and cathepsin K,

and weakly suppressed a broad range of various OCL

marker proteins, including c-fms, NFATc1, c-Fos, and

c-Src.

Discussion

In this study, we demonstrated that punicalagin inhibits the

differentiation of BMMs or RAW-D cells into mature

OCLs, as well as the bone-resorption activity of OCLs

in vitro. Importantly, punicalagin-treated OCLs displayed

markedly reduced phosphorylation of Akt and JNK, and

there were slight effects on the IjBa, Erk, and p38 MAPK

signaling pathways. Upon punicalagin treatment, expres-

sion of NFATc1 and its regulated proteins, such as Src and

cathepsin K, was down-regulated in OCLs.
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Fig. 4 The effects of punicalagin on the mRNA expression of heme

oxygenase-1 (HO-1). RAW-D cells were cultured for 72 h with

RANKL (50 ng/mL) in the absence or presence of 10 lM punicala-

gin. BMMs were cultured with macrophage colony-stimulating factor

(M-CSF) (30 ng/mL) and receptor activator of nuclear factor kappa-B

ligand (RANKL) (50 ng/mL) for the indicated times in the absence or

presence of 10 lM punicalagin. The mRNA expression levels were

determined by real-time PCR using specific primers for HO-1. b-
Actin was used as a control. The graph shows the fold induction of

each gene as compared to non-treated cells at time point 0. Data are

shown as the mean ± standard deviation (SD). Significance was

determined as compared to treated cells at time point 0. *P\ 0.05,

**P\ 0.01. Results are representative of three independent

experiments
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Punicalagin had a different cytotoxic profile for OCLs

derived from BMMs than for those derived from RAW-D

cells. Namely, punicalagin had little cytotoxic effects on

RANKL-stimulated BMMs (Fig. 3), while it had a mod-

erate toxic effect on RANKL-stimulated RAW-D cells at

concentrations of 25 and 50 lM (Fig. 2). The detailed

molecular mechanisms behind these different degrees of

cytotoxicity between cell types remain unknown at present.

However, one possible explanation for this difference is the

time required for HO-1 induction in OCLs. HO-1 mRNA

levels in OCLs derived from BMMs peaked 3 h after

induction, whereas that in OCLs derived from RAW-D
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Fig. 5 The effects of punicalagin on the bone-resorption activity of

osteoclasts (OCLs). BMMs were cultured for 5 days with the

indicated concentrations of punicalagin in the presence of macro-

phage colony-stimulating factor (M-CSF) (30 ng/mL) and receptor

activator of nuclear factor kappa-B ligand (RANKL) (50 ng/mL). a A

photograph of the bone-resorption activity of OCLs. The data are

representative of three independent experiments. b The resorption

area was determined using Image J software. The data are shown as

the mean ± standard deviation (SD) of three independent experi-

ments. The asterisks indicate statistical significance compared to the

control cells without punicalagin, **P\ 0.01
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cells peaked after 48 h. Considering that HO-1 is a cyto-

protective enzyme, the temporal differences in its expres-

sion might explain the difference in cytotoxicities between

the two cell types. Another explanation for the differences

in cytotoxicity is that punicalagin may have little cyto-

toxicity in normal cells, but it has powerful inhibitory

Punicalagin
0 µM

Punicalagin
1 µM

Punicalagin
5 µM

Punicalagin
10 µM

Punicalagin
25 µM

Punicalagin
50 µM

DAPI α-tublin phalloidin merge

Control
(-RANKL)

20 µm

Fig. 6 The effects of punicalagin on actin-ring formation and

multinucleation in osteoclasts (OCLs). The BMM-derived OCLs

were fixed on glass cover-slips, permeabilized with 0.1 % Triton

X-100 in PBS, and then allowed to react with phalloidin for F-actin

(red) or antibodies for a-tublin (green). After washing, the samples

were incubated with a fluorescence-labeled secondary antibody and

then were visualized by confocal laser microscopy. Bar 50 lm.

(Color figure online)
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effects on proliferation in certain types of cancer cells.

Consistent with this notion, punicalagin has been shown to

suppress the proliferation of H-ras-transformed NIH3T3

cells, but only partially affect the proliferation of non-

transformed NIH3T3 cells [19]. Given that RAW-D cells

are a murine macrophage-derived cell line, the decreased

viability of punicalagin-treated RAW-D cells at concen-

trations of 25–50 lM may be due to an anti-tumor effect.

Moreover, the mechanisms by which the mRNA level of

HO-1 significantly reduced within 24 h of punicalagin

treatment prior to a drastic increase at 48 h in RAW-D cells

may be due to an anti-tumor effect of punicalagin. There-

fore, we carried out almost all of the experiments, except

TRAP staining and cell viability tests, with native OCLs

derived from BMMs.

Punicalagin strongly inhibited Akt, JNK, and NFATc1-

dependent pathways in OCLs derived from RANKL-

stimulated BMMs. It is likely that punicalagin commonly

suppresses a JNK-dependent pathway in macrophage-like

cells including OCLs. Consistent with this notion, Xu et al.

reported that punicalagin significantly inhibits the phos-

phorylation of JNK and IjBa at the lower concentration of

25 lM punicalagin in LPS-stimulated murine macrophage

RAW 264.7 cells, although punicalagin suppresses other

signaling pathways, such as p38 MAPK and Erk at the

higher concentration of 50 lM in the same cells [18].

Similarly, punicalagin prevents neuroinflammatory

responses in LPS-activated rat primary microglia [30]. In

particular, punicalagin significantly inhibits the phospho-

rylation of JNK and IjBa at the lower concentration of

10 lM punicalagin in LPS-activated primary microglia

[30]. These results indicate that punicalagin inhibits a JNK-

dependent pathway exclusively in activated macrophage-

like cells, including OCLs (primary mouse BMMs-derived

OCLs, mouse RAW-D cells), LPS-activated macrophages,

and microglia.

It should be noted that punicalagin inhibits actin for-

mation in OCLs in a dose-dependent manner. Immunoflu-

orescence observation showed that round-shaped

multinucleated OCLs were still observed with 1 lM
punicalagin treatment, but it was barely detectable with

5 lM punicalagin treatment (Fig. 5). Consistent with these

findings, TRAP-staining analysis showed that 5 lM puni-

calagin partially inhibited TRAP-positive multinucleated

0 5 10 15 30

Control 10 µM punicalagin

(min)0 5 10 15 30

p-Erk

p-p38 MAPK

p-IκB

β-actin

p-Akt

p-JNK

Fig. 7 The effects of punicalagin on the essential signaling of

osteoclast (OCL) differentiation. BMMs were cultured with colony-

stimulating factor (M-CSF) (30 ng/mL) for 12 h in the presence or

absence of 10 lM punicalagin. After 2 h of culture with serum-free

media, the cells were subsequently stimulated with receptor activator

of nuclear factor kappa-B ligand (RANKL) (50 ng/mL) for the

indicated times (0, 5, 15, and 30 min). Cell lysates with equal

amounts of protein were subjected to SDS-PAGE, followed by

western blotting with Abs to p-Erk, p-p38 MAPK, p-JNK, p-Akt, and

p-IjBa. b-Actin, and GAPDH were used as a loading control. The

data are representative of three independent experiments

punicalagin (µM)

NFATc-1

β-actin

0 1 10 5025

c-fms

cathepsin K

c-Src

RANK

c-Fos

GAPDH

Fig. 8 The effects of punicalagin on the protein expression of

osteoclast (OCL) marker proteins. BMMs were cultured with colony-

stimulating factor (M-CSF) (30 ng/mL) and receptor activator of

nuclear factor kappa-B ligand (RANKL) (50 ng/mL) for 72 h in the

presence of punicalagin at the indicated concentrations (0, 1, 10, 25,

and 50 lM). The same protein amounts of cell lysates were subjected

to SDS-PAGE, followed by western blotting with Abs specific to

RANK, c-fms, NFATc1, c-Fos, c-Src, and cathepsin K. b-Actin was

used as a loading control. The data are representative of three

independent experiments
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cells but not TRAP-positive mononucleated cells (Fig. 3a).

These findings indicate that punicalagin has an inhibitory

effect on regulating factor(s) for actin formation in OCLs.

Maus et al. have recently shown that cytoplasmic Ca2?

mobilization regulates F-actin rearrangements for adhesion

and spreading in B lymphocytes [31]. Considering that the

Ca2?-Calcineurin-NFATc1 signaling pathway is essential

for OCL differentiation, punicalagin may have direct

inhibitory effects on a Ca2?-Calcineurin-NFATc1 signal-

ing pathway. In addition, other biochemical analyses have

shown that punicalagin is an inhibitor of carbonic anhy-

drase [32]. Given that carbonic anhydrase is an essential

factor for OCL differentiation, punicalagin appears to have

inhibitory effects on multiple targets, including NFATc1

and carbonic anhydrase in osteoclastogenesis. It is of

interest to determine the target factor(s) of punicalagin in

osteoclastogenesis. Thus, punicalagin is likely to have

multiple inhibitory effects on OCL differentiation.

In conclusion, punicalagin inhibited OCL differentiation

through the downregulation of NFATc1 expression and

decreased phosphorylation of Akt and JNK. Thus, it is

likely that punicalagin inhibits OCL differentiation via

multiple pathways, including NFATc1, JNK, and Akt-de-

pendent pathways.
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