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Abstract

Bone homeostasis is regulated by a balance between osteo-

clast (OCL)-mediated bone resorption and osteoblast (OBL)-

mediated bone formation. Thus, developing a compound that

simultaneously inhibits OCL function and promotes OBL func-

tion would be useful as a new medical therapy for bone dis-

eases. Here, we examined the effects of cafestol, a coffee

diterpene, on the differentiation of OCLs and OBLs. Cafestol

prevented OCL formation in a dose-dependent manner and

suppressed the bone-resorbing activity of OCLs. Interestingly,

the viability of OCLs treated with 10–50 mM cafestol was signif-

icantly higher than that of untreated cells. At the molecular

level, cafestol markedly decreased RANKL-induced phospho-

rylation of extracellular signal-regulated kinase (Erk) and inhib-

itor of nuclear factor kappa B alpha (IjBa). Compared to

kahweol, another coffee-specific diterpene, the inhibitory

effects of cafestol were milder on OCL differentiation, and

cafestol and kahweol showed different characteristics in induc-

tion of the phase II antioxidant enzymes and sensitivities in

nuclear factor-erythroid 2-related factor 2 (Nrf2)-deficient

BMMs. In addition to inhibiting OCLs, cafestol enhanced the

differentiation of osteoblastic cells by increasing the mRNA

levels of differentiation markers. Thus, cafestol inhibits OCL

differentiation and promotes OBL differentiation, suggesting

that cafestol may be a novel agent for bone diseases. VC 2015
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1. Introduction
Bone homeostasis is regulated by a delicate balance between
osteoclast (OCL)-mediated bone resorption and osteoblast
(OBL)-mediated bone formation [1]. OCL and OBL differentia-
tion is strictly modulated by multiple cytokines, growth factors,
and hormones. An imbalance between these two types of cells
can cause several lytic bone diseases, such as osteoporosis,
rheumatoid arthritis, periodontitis, tumor metastasis, and
bone sclerosis. Therefore, discovering agents that regulate this
balance is important for developing medical therapies for bone
diseases.

OCLs are giant, multinucleated cells formed by the fusion
of mononuclear progenitors of the monocyte/macrophage line-
age [2]. OCL differentiation is predominantly controlled by two
important cytokines such as macrophage colony-stimulating
factor (M-CSF) and receptor activator of nuclear factor kappa-
B ligand (RANKL). RANKL activates the essential signaling
pathways for OCL differentiation, such as the pathways involv-
ing nuclear factor kappa B (NF-jB), phosphatidylinositol 3-
kinase (PI3K)/Akt, Jun N-terminal kinase (JNK), extracellular
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signal-regulated kinase (Erk), p38 mitogen-activated protein
kinase (MAPK) [3–5], and nuclear factor of activated T cells
cytoplasmic-1 (NFATc1)/calcineurin-dependent pathways [6].
In addition to these signaling pathways, reactive oxygen spe-
cies (ROS) generation is known to be required for MAPK acti-
vation and OCL differentiation [7]. We have previously
reported that pharmacological induction of hemeoxigenase-1
(HO-1) by natural compounds such as curcumin, kahweol, and
fisetin suppresses osteoclastogenesis [8–10]. HO-1 is a phase II
antioxidant enzyme that is transcriptionally regulated by
nuclear factor-erythroid 2-related factor 2 (Nrf2). Recent stud-
ies have shown that Nrf2 deficiency enhances osteoclastogene-
sis, suggesting that Nrf2 activation might be a target for thera-
peutic agents against bone-lytic diseases.

Cafestol and kahweol are two major diterpenes within the
beans of Coffea arabica. The structural difference between
cafestol and kahweol is an extra double bond between position
1 and 2. Cafestol and kahweol have been shown to have com-
mon pharmacological activities such as antioxidative, anti-
inflammatory, and antitumor activity [11]. With regard to the
anti-inflammatory effects of cafestol and kahweol, studies with
lipopolysaccharide (LPS)-activated RAW 264.7 macrophages
have reported that cafestol and kahweol significantly inhibit
the LPS-induced production of prostaglandin E2 and
cyclooxygenase-2 [12]. Given that kahweol prevents osteoclas-
togenesis, the other diterpene cafestol may also inhibit osteo-
clastogenesis via anti-oxidative effects. In this study, we inves-
tigated the effects of cafestol on OCL and OBL differentiation
using in vitro culture systems.

2. Materials and Methods
2.1. Reagents
Cafestol and kahweol were purchased from Wako Pure Chemi-
cals (Osaka, Japan). M-CSF was purchased from Kyowa Hakko
Kogyo (Tokyo, Japan). Recombinant RANKL was prepared as
described previously [13]. Antibodies (Abs) were purchased as
follows: b-actin was purchased from Sigma-Aldrich (St. Louis,
MO) and Src from Upstate Biotechnology (Lake Placid, NY).
Anti-RANK, anti-c-fms, and anti-NFATc1 were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). Abs specific
for phospho-Erk1/2, phospho-p38, phospho-JNK, phospho-Akt,
and phospho-inhibitor of nuclear factor kappa B alpha (IjBa)
were purchased from Cell Signaling Technology (Danvers,
MA). Cathepsin K Ab was prepared as described previously
[14]. The Osteo Assay Plate was purchased from Corning
(Corning, NY). All other reagents, including phenylmethylsulfo-
nyl fluoride and the protease inhibitor cocktail, were obtained
from Sigma–Aldrich.

2.2. Cell Culture
Five-week-old male BALB/c and C57BL/6J mice were obtained
from CLEA Japan (Tokyo, Japan). Nrf2-deficient mice, gener-
ated originally by Itoh et al. [15], were backcrossed with
C57BL/6J mice. All mice were handled in our facilities under

protocols approved by the Nagasaki University Animal Care
Committee. Bone marrow-derived macrophages (BMMs) were
isolated as described previously [9]. The BMMs were replated
in culture plates and incubated in a-minimal essential medium
(a-MEM; Wako Pure Chemicals) containing 10% FBS with 100
U mL21 penicillin and 100 lg mL21 of streptomycin in the
presence of M-CSF (50 ng mL21) and RANKL (50 ng mL21) for
72 h, until the cells differentiated into multinucleated mature
OCLs.

The cells were fixed with 4% paraformaldehyde and
stained for tartrate-resistant acid phosphatase (TRAP) activity
using a previously described method [16]. For bone resorption
pit formation, BMMs were seeded onto Osteo Assay Plates
coated with thin calcium phosphate films and incubated with
M-CSF and RANKL for 5 days until the mature OCLs 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 [17].

Primary OBLs were isolated from newborn C57BL/6J mice
calvaria. The newborn calvaria were sequentially digested
with 0.1% collagenase A and 0.2% dispase. Calvarial cells
from the second to fifth fraction were pooled, plated on 35-
mm plates at a density of 1 3 105 cell/plate, and were grown
until fully confluent. To induce osteoblast differentiation, cells
were cultured with 50 lg mL21 ascorbic acid, 5 mM b-
glycerophosphate, and 1 lM dexamethasone for another 3
days. Cells were then evaluated microscopically, and the inten-
sity of alkaline phosphatase (ALP) activity staining was deter-
mined by incubation for 30 min with a mixture of 0.1
mg mL21 naphthol AS-MX phosphate (Sigma–Aldrich), 0.5%
N,N-dimethylformamide, and 0.6 mg mL21 fast blue BB salt
(Sigma–Aldrich) in 0.1 M Tris-HCl (pH 8.5) at room
temperature.

2.3. 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). Cell
Counting Kit-8 allows sensitive colorimetric assays for the
determination of cell viability in cell proliferation and cytotox-
icity assays. The amount of a yellow-color formazan dye, gen-
erated by the activities of dehydrogenases in cells, is directly
proportional to the number of living cells. The absorbance at
450 nm is proportional to the number of viable cells.

2.4. 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 deoxycho-
late, 0.1% SDS, 150 mM NaCl, 1 mM PMSF, and proteinase
inhibitor cocktail). The protein concentration of each sample
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was measured with BCA Protein Assay Reagent (Thermo
Pierce, Rockford, IL). An equal amount of protein (5 lg) was
applied to each lane. After SDS-PAGE, proteins were electro-
blotted onto a polyvinylidene difluoride membrane. The blots
were blocked with 5% BSA/TBST for 1 H at room temperature,
probed with various Abs overnight at 48C, washed, incubated
with horseradish peroxidase-conjugated secondary Abs (Cell
Signaling Technology), and finally detected with ECL-Plus (GE
Healthcare Life Sciences, Tokyo, Japan). The immunoreactive
bands were analyzed by LAS4000-mini (Fuji Photo Film,
Tokyo, Japan).

2.5. Reverse Transcription and Real-time Quantitative
PCR
Total RNA was extracted using TRIzol Reagent (Invitrogen,
Carlsbad, CA, USA). Reverse transcription was performed
using oligo(dT)15 primer (Promega, Madison, WI, USA) and
Revertra Ace (Toyobo, Osaka, Japan). Quantitative real-time
PCR was performed using a LightCycler 480 (Roche Diagnos-
tics, Mannheim, Germany). cDNA was amplified using Brilliant
III Ultra-Fast SYBR QPCR Master Mix (Agilent Technology, La
Jolla, CA) according to the manufacturer’s instructions.

The following primer sets were used:

b-actin:
50-ACCCAGATCATGTTTGAGAC-30 forward and
50-GTCAGGATCTTCATGAGGTAGT-30 reverse,

Hemoxygenase-1 (Hmox-1):
50-CACGCATATACCCGCTACCT-30 forward and
50-CCAGAGTGTTCATTCGAGCA-30 reverse,

NAD(P)H:quinone oxidoreductase-1 (Nqo-1):
50-AAGAGCTTTAGGGTCGTCTTGGCA-30 forward and
50-AGCCTCCTTCATGGCGTGTTGAA-30 reverse,

Glutathione S-transferase (Gst):
50-AACTGCACCGAGGAACTGGAGAAT-30 forward and
50-AGCTCCAGGCCTGATGATGTCTTT-30 reverse

Src:
50-AGAGTGCTGAGCGACCTGTGT-30 forward and
50-GCAGAGATGCTGCCTTGGTT-30 reverse

RANKL (Tnfsf11):
50-CAAGCTCCGAGCTGGTGAAG-30 forward and
50-CCTGAACTTTGAAAGCCCCA-30 reverse

Osteoprotegerin (Tnfrsf11B):
50-AAGAGCAAACCTTCCAGCTGC-30 forward and
50-CACGCTGCTTTCACAGAGGTC-30 reverse

Alkaline phosphatase (Alpl):
50-CGCACGCGATGCAACACCAC-30 forward and
50-TGCCCACGGACTTCCCAGCA-30 reverse

Osterix (Sp7):
50-AGGCACAAAGAAGCCATAC-30 forward and
50-AATGAGTGAGGGAAGGGT-30 reverse

Osteopontin (Spp1):
50-GCAGAATCTCCTTGCGCCAC-30 forward and
50-CGAGTCCACAGAATCCTCGC-30 reverse

Collagen type I (Col1a1):
50-CCTGGAATGAAGGGACACCG-30 forward and
50-CCATCGTTACCGCGAGCACC-30

2.6. Statistical Analysis
All values are expressed as the means 6 standard deviations
(SD) for three independent experiments. The Tukey–Kramer
method was used to identify differences between concentra-
tions when ANOVA indicated a significant difference (*P<0.05
or **P<0.01).

3. Results
3.1. Inhibitory Effects of Cafestol on
Osteoclastogenesis in Mouse BMMs
The structure of cafestol and kahweol is shown in Fig. 1. To
evaluate whether cafestol inhibits osteoclastogenesis, we first
examined its effects on OCL differentiation in native BMMs
stimulated with M-CSF (30 ng mL21) and RANKL (50
ng mL21). TRAP staining analysis, which is the most general
method to confirm OCL formation, showed that cafestol gradu-
ally suppressed the formation of multinucleated OCLs (Fig.
2A). The number of TRAP-positive multinucleated OCLs was
significantly decreased after cafestol treatment at concentra-
tions of 10–50 mM (Fig. 2B). Similar results were observed for
the RANKL-induced osteoclastogenesis of RAW-D cells, a
monocyte macrophage cell line (data not shown). Cell viability
following treatment with cafestol at 10–50 lM was significantly
higher than that of untreated cells, although the viability at
the lower concentrations (0.1–5 lM) was comparable to that of
untreated cells (Fig. 2C). Thus, cafestol suppresses osteoclasto-
genesis in mouse BMMs without any cytotoxicity, even at
higher concentrations.

Structure of cafestol and kahweol.
FIG 1
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3.2. Effects of Cafestol on the Bone-resorption Activity
of OCLs
To test whether cafestol decreases the bone-resorption activity
of OCLs, we conducted a pit formation assay with BMM-
derived OCLs after stimulation with M-CSF and RANKL. When
the untreated OCLs exhibited moderate resorption activity,
cafestol-treated OCLs dose-dependently reduced resorption

activity (Fig. 3A). The respective calculated resorption area of
cafestol-treated OCLs was significantly lower than that of
untreated OCLs (Fig. 3B). These results indicate that cafestol
prevents the physiological bone-resorption activity of OCLs.

3.3. Effects of Cafestol on RANKL-induced
Intracellular Signaling
To determine the effects of cafestol on RANKL-induced intra-
cellular signaling during OCL differentiation, we investigated
the effects of cafestol on important signaling pathways, includ-
ing NF-jB, PI3K/Akt, JNK, Erk, and p38 MAPK pathways [18].
After BMMs were pre-incubated with or without 10 lM cafes-
tol for 12 H, they were stimulated with RANKL for the indi-
cated times (0–60 min). Western blotting analysis showed that
cafestol markedly reduced Erk and IjBa phosphorylation levels
in OCLs (Fig. 4). In addition, cafestol slightly suppressed the
phosphorylation of p38 MAPK, JNK, and Akt. These results
indicate that cafestol interferes with various RANKL-

Effects of cafestol on OCL differentiation. (A) Bone

marrow-derived macrophages (BMMs) derived from

BALB/c mice were cultured for 72 H with the indi-

cated concentrations of cafestol in the presence of

M-CSF (30 ng mL21) and RANKL (50 ng mL21). TRAP

staining was performed after fixation. The number of

TRAP-positive cells per a well was counted. The data

are representative of 3 independent experiments. (B)

The number of TRAP-positive BMM-derived OCLs

(BALB/c) after 72 H of culture was counted. (C) The

cell viability of BMM-derived-OCLs (BALB/c) after

72 H of culture was analyzed using the cell counting

kit. The data are expressed as the mean (standard

deviations) of three independent experiments. The

asterisks indicate statistical significance compared to

the control cells without cafestol, ** P<0.01. [Color

figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
Effects of cafestol on the bone-resorption activity of

OCLs. BMMs derived from BALB/c mice were cul-

tured for 5 days with the indicated concentrations of

cafestol in the presence of M-CSF (30 ng mL21) and

RANKL (50 ng mL21). (A) A photograph of the bone-

resorption activity of OCLs. (B) The resorption area

was determined using Image J software. The data

are shown as the mean 6 standard deviations of

three independent experiments. The asterisks indi-

cate statistical significance compared to the control

cells without cafestol, ** P<0.01.

FIG 2

FIG 3
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stimulated signaling pathways; in particular, it decreases the
phosphorylation of Erk and IjBa.

3.4. Effects of Cafestol on the Expression Levels of
OCL Marker Proteins
To examine whether cafestol possesses other pharmacological
effects on osteoclastogenesis, we analyzed the levels of various
OCL marker proteins by western blotting. RANK, a RANKL
receptor, is a type I membrane protein that is expressed on
the cell surface of OCLs, and the M-CSF receptor c-fms is also
expressed on the cell surface of OCLs; both molecules have
been implicated in osteoclastogenesis [18]. NFATc1 is a master
regulator of OCL differentiation through the Ca21/calmodulin/
calcineurin-dependent pathway [6]. c-Src is a non-receptor-
type tyrosine kinase that regulates the formation of actin-rich
podosomes in OCLs [19]. Cathepsin K is an OCL-specific lysoso-
mal cysteine proteinase [20].

The expression level of NFATc1 in BMM-derived OCLs was
markedly decreased following treatment with 1 and 10 lM
cafestol (Fig. 5). Cafestol treatment consistently decreased the
expression level of cathepsin K, which is transcriptionally regu-
lated by NFATc1 (Fig. 5). Interestingly, however, RANK and

c-fms expression levels in BMM-derived OCLs were slightly
upregulated following 10 or 25 lM cafestol treatment (Fig. 5).
These results indicate that cafestol downregulates the expression
of NFATc1 and its regulated proteins, such as c-Src and cathep-
sin K, but upregulates some receptors, such as RANK and c-fms.

3.5. Comparison of the Inhibitory Effects of Cafestol
and Kahweol on Osteoclastogenesis
Our previous study showed that kahweol, a derivative of cafes-
tol, prevents osteoclast differentiation [8]. To compare the
effects of cafestol and kahweol on RANKL-induced osteoclasto-
genesis, we evaluated the effects of cafestol and kahweol on
the formation of TRAP-positive OCLs from BMMs under the
same conditions (Fig. 6A). The number of TRAP-positive OCLs
after treatment with cafestol was higher than that with kah-
weol at the concentrations of 10 and 25 lM (Fig. 6A). In par-
ticular, cafestol had a weaker inhibitory effect on OCL forma-
tion than kahweol at 10 lM.

To examine the antioxidant potential of cafestol and kah-
weol, we compared the effects of cafestol and kahweol on the
induction of the phase II antioxidant enzymes HO-1, NQO-1,
and GST and the induction of the OCL differentiation marker
c-Src in OCLs. The induction of Hmox-1 mRNA in OCLs was
significantly increased following cafestol and kahweol.

Effects of cafestol on the signaling pathways of OCL

differentiation. BMMs derived from BALB/c mice

were cultured with M-CSF (30 ng mL21) for 12 H in

the presence or absence of 10 lM cafestol. Cafestol

was added at the beginning of the culture. After 2 H

of cell culture in serum-free media, the cells were

subsequently stimulated with RANKL (50 ng mL21)

for the indicated times (0, 5, 10, 15, 30, and 60 min).

Cell lysates with equal amounts of protein were sub-

jected to SDS-PAGE, followed by western blotting

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

IjBa. b-Actin was used as a loading control. The data

are representative of three independent experiments.

Effects of cafestol on the expression of OCL marker

proteins. BMMs derived from BALB/c mice were cul-

tured with M-CSF (30 ng mL21) and RANKL (50

ng mL21) for 72 H in the presence or absence of

cafestol at the indicated concentrations (0, 1, 10, and

25 lM). Equal amounts of cell lysates were subjected

to SDS-PAGE followed by western blotting with spe-

cific Abs. b-Actin was used as a loading control. The

results are representative of three independent

experiments.

FIG 4

FIG 5
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Following 5 or 10 lM cafestol treatment, induction of Hmox-1
mRNA was markedly lower than that by kahweol at the same
concentration, although that by 25 lM cafestol was signifi-
cantly higher than that by 25 lM kahweol (Fig. 6B). Similarly,
induction levels of Nqo-1 and Gst by 10 lM cafestol were sig-

nificantly lower than those by 10 lM of kahweol (Fig. 6B).
Conversely, the reduction of Src mRNA by 10 lM cafestol was
significantly greater than that by 10 lM kahweol (Fig. 6B).

We next examined the effects of cafestol and kahweol
on OCL formation using BMMs derived from wild-type and

Comparison of the inhibitory effects of cafestol and kahweol on osteoclastogenesis. (A) BMMs derived from wild-type and

Nrf2-deficient mice (C57BL/6J) were cultured for 72 H with the indicated concentrations of cafestol or kahweol in the presence

of M-CSF (30 ng mL21) and RANKL (50 ng mL21). TRAP staining was performed after fixation. The number of TRAP positive

cells per a well was counted. The data are representative of three independent experiments. A or B indicate statistical signifi-

cance compared to the control cells without cafestol, A P<0.01, or kahweol, B P<0.01, respectively. The asterisk indicates sta-

tistical significance between cafestol-treated cells and kahweol-treated cells, ** P<0.01. (B) The effects of cafestol and kahweol

on the induction of phase II antioxidant enzymes, such as Hmox-1, Nqo-1, and Gst, and the osteoclast differentiation maker Src

in OCLs. BMMs derived from C57BL/6J mice were cultured for 72 H with the indicated concentrations of cafestol or kahweol in

the presence of M-CSF (30 ng mL21) and RANKL (50 ng mL21). The mRNA expression levels were determined by real-time

PCR using specific primers for Hmox-1, Nqo-1, Gst, and Src. b-Actin was used as a control. The graph shows the fold induction

of each gene compared to vehicle-treated cells. The data are representative of 3 independent experiments. a, A indicate statisti-

cal significance compared to the control cells without cafestol, a P<0.05, A P<0.01. B indicates statistical significance com-

pared to the control cells without kahweol, B P<0.01. The asterisk indicates statistical significance between cafestol treated

cells and kahweol treated cells, ** P<0.01. (C) Comparison of the inhibition of cafestol and kahweol on OCL formation from

BMMs of wild-type and Nrf2-deficient (KO) mice. BMMs derived from C57BL/6J mice were cultured for 72 H with the indicated

concentrations of cafestol or kahweol in the presence of M-CSF (30 ng mL21) and RANKL (50 ng mL21). TRAP staining was per-

formed after fixation. The multinucleated and TRAP-positive cells were counted as OCLs. a, A indicates statistical significance

compared to the control cells without cafestol or kahweol in wild-type OCLs, a P<0.05, A P<0.01. b, B indicates statistical sig-

nificance compared to the control cells without cafestol or kahweol in Nrf2 KO OCLs, b P<0.05, B P<0.01. The asterisk indi-

cates statistical significance between wild-type cells and Nrf2 KO cells, ** P<0.01.

FIG 6
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Nrf2-deficient mice. It is reported that the BMMs derived
from Nrf2-deficient mice display enhanced RANKL-induced
OCL differentiation because of increased ROS generation
[21,22]. As shown in Fig. 6C, cafestol inhibited OCL forma-
tion at 5–25 lM in wild-type BMMs. However, these inhibi-
tory effects of cafestol were negated at 10 and 25 lM in
Nrf2-deficient BMMs. Similarly, kahweol inhibited OCL for-
mation at 1–25 lM in wild-type BMMs; however these inhibi-
tory effects of kahweol were not observed at 10 lM in Nrf2-
deficient BMMs. It should be noted that 25 mM cafestol com-
pletely inhibited OCL formation in wild type OCLs but not in
Nrf2-deficient OCLs, while 25 mM kahweol completely inhib-
ited OCL formation in both wild-type and Nrf2-deficient
OCLs. These results also suggest that cafestol has a weaker
inhibitory effect on OCL formation than kahweol, and that
cafestol and kahweol show different characteristics in induc-
tion of the phase II antioxidant enzymes and sensitivities in
Nrf2-deficient BMMs.

3.6. Effect of Cafestol on OBL Differentiation in
Calvarial Cells
Finally, we examined the effects of cafestol on the OBL differ-
entiation of native calvarial cells derived from new bone in
mice. When calvarial cells were cultured with 50 mg mL21

ascorbic acid, 5 mM b-glycerophosphate, and 1 mM dexameth-
asone for 3 days, alkaline phosphatase staining analysis
showed that cafestol increased OBL differentiation (Fig. 7A).
Absorptiometric analysis by Cell Counting Kit-8 revealed that
the effects of cafestol on OBL differentiation were dose-
dependently increased (Fig. 7B). We further investigated the
effects of cafestol on the mRNA levels of several OBL markers
(Fig. 7C). RANKL is a secretory cytokine produced by osteo-
blasts, while osteoprotegerin, also known as osteoclastogenesis
inhibitory factor, is a decoy receptor for RANKL. Alkaline
phosphatase is a marker enzyme for an early phase of OBL
differentiation, whereas osterix is an essential transcriptional
factor for OBL differentiation and bone formation. Osteopontin
is a typical bone matrix protein produced by OBLs, while colla-
gen type I is a major matrix protein, and comprises �90% of
the organic bone matrix. As shown in Fig. 7B, the mRNA
expression levels of Tnfsf11 (RANKL), Tnfrsf11B (osteoprote-
gerin), and Alpl (alkaline phosphatase) were significantly
increased by cafestol treatment in OBLs in a dose dependent
manner, although statistical significance was not reached at
lower concentrations. In addition, the mRNA levels of Sp7
(osterix) were significantly increased by 25 lM cafestol treat-
ment. However, the expression levels of Spp1 (osteopontin),
and Col1a1 (collagen type I) genes after treatment with cafes-
tol were indistinguishable from that of untreated cells,
although those of the Spp1 gene were slightly increased (Fig.
7B). These results indicate that cafestol promotes OBL differ-
entiation. Thus, cafestol has dual effects on the proliferation of
bone cells by inhibiting OCL differentiation and promoting OBL
differentiation.

4. Discussion
In the present study, we demonstrated that cafestol inhibited
OCL differentiation from BMMs and the bone resorbing activity
of OCLs. Importantly, cafestol-treated OCLs exhibited signifi-
cantly increased cell viability with treatment up to 50 lM. In
RANKL-induced intracellular signal transduction, cafestol
treatment of OCLs reduced the phosphorylation of Erk and
IjBa. At the protein level, cafestol inhibited the expression of
osteoclastogenesis marker proteins, such as NFATc1 and its
regulated proteins, c-Src and cathepsin K. However, cafestol
increased some receptors’ expression, including RANK and c-
fms. These results indicate that the inhibitory effects of cafes-
tol on osteoclastgenesis are so mild that cafestol treatment
may increase cell viability and the expression levels of some
receptors. Compared to kahweol, the inhibitory effects of
cafestol were milder on OCLs derived from Nrf2-deficient mice
than on those from wild-type mice. Moreover, cafestol
enhanced OBL differentiation, increasing the mRNA expression
levels of several OBL markers.

Our previous study also showed that kahweol prevents
osteoclastogenesis [8]. Because kahweol has a similar chemi-
cal structure to cafestol, it is expected that cafestol would have
similar bioactive properties on osteoclastogenesis as kahweol.
In this study, cafestol also had inhibitory effects on OCL differ-
entiation and bone resorbing activity. One of the important
pharmacological characteristics of cafestol is its effect on cell
viability. The viability of OCLs treated with 10–50 lM cafestol
was not decreased, but rather significantly increased. In the
case of kahweol, the viability of OCLs treated with 25 lM kah-
weol is comparable to that of untreated cells [8]. However,
increased viability was not observed in kahweol-treated OCLs
[8]. Similar to our observations in OCLs, Shen et al. [23]
reported that cafestol has little effect on the cell viability of
LPS-activated macrophage RAW264.7 cells after 12- and 24-H
incubation, even at higher concentrations of 50–100 lM cafes-
tol. Taken together, it is likely that cafestol has little effect on
the cell viability of OCLs or macrophages.

In contrast to cytotoxicity, slight differences were observed
between cafestol and kahweol in their effects on intracellular
signaling during the OCL differentiation of BMMs. In our previ-
ous study, the effects of kahweol on intracellular signaling
indicate that kahweol completely abolishes the RANKL-
stimulated phosphorylation of Erk, and partially impairs the
phosphorylation of IjBa and Akt, but other signaling pathways,
such as p38 and JNK remain intact [8]. In this study, however,
cafestol mainly inhibited the phosphorylation of Erk and IjBa,
and partially prevented the phosphorylation of Akt, p38, and
JNK. Different inhibitory effects between cafestol and kahweol
on the osteoclastogenesis of BMMs were observed in various
marker proteins. In kahweol-treated cells, the protein levels of
NFATc1, c-fms, and Src are decreased at the higher concen-
tration of 10 lM [8]. The expression levels of RANK are intact
upon kahweol treatment [8]. In contrast, in cafestol-treated
cells, the expression levels of NFATc1 were almost diminished,
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Effect of cafestol on OBL differentiation in calvarial cells. (A) Calvarial cells from new bone in C57BL/6J mice were cultured

with 50 lg mL21 ascorbic acid, 5 mM b-glycerophosphate, and 1 lM dexamethasone in the presence of the indicated concen-

trations of cafestol for 3 days. After fixation, alkaline phosphatase staining was performed. (B) Absorptiometric analysis by the

Cell Counting Kit-8 of the cultured calvarial cells was performed at 450 nm. (C) The effect of cafestol on the mRNA expression

of OBL differentiation markers. Calvarial cells from newborn C57BL/6J mice were cultured as described above in the presence

of the indicated concentrations of cafestol or kahweol. The mRNA expression levels were determined by real-time PCR using

specific primers for Tnfsf11 (RANKL), Tnfrsf11B (osteoprotegerin), Alpl (alkaline phosphatase), Sp7 (osterix), Spp1 (osteopon-

tin), and Col1a1 (collagen type I). b-Actin was used as a control. The graph shows the fold induction of each gene compared to

vehicle-treated cells. The data are representative of three independent experiments. The asterisks indicate statistical signifi-

cance compared to the control cells without cafestol, * P<0.05, ** P<0.01.
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even at the lower concentration of 1 lM. In addition, the pro-
tein levels of RANK and c-fms were increased by cafestol treat-
ment in BMM-derived OCLs. In general, RANK and c-fms are
down-regulated by anti-osteoclastogenic molecules. Although
the detailed mechanisms by which the increased expressions
of RANK and c-fms by cafestol were observed in OCLs remain
unclear, one possibility is that degradation rate of the cell sur-
face receptors RANK and c-fms by lysosomes is decreased. In
fact, the expression level of lysosomal protease cathepsin K is
gradually decreased upon cafestol treatment. Alternatively,
cafestol may cause accumulation and/or mis-sorting of the
receptors RANK and c-fms within the cells.

Cafestol and kahweol contain a furan moiety in their struc-
ture. Previous studies have demonstrated that the formation of
the furan epoxide in cafestol enhances the induction of phase
II antioxidant enzyme genes by an electrophile-responsive ele-
ment (EpRE) in the regulatory region of the genes [24]. Under
normal conditions, Nrf2 is tethered in the cytoplasm by Kelch
like-ECH-associated protein 1 (Keap1), a substrate adaptor
protein of cullin 3, which leads to Nrf2’s constitutive proteaso-
mal degradation [25]. When the disulfide bonds of Keap1 are
oxidized, Nrf2 is released from Keap1 [26]. The formation of
furan epoxide in cafestol and/or kahweol is capable of oxida-
tion reactions with Keap1 thiol groups critical for Nrf2 release
and the activation of EpRE-regulated gene transcription. Kah-
weol might be a more potent inducer of EpRE, since the dou-
ble bond between position 1 and 2 makes it more susceptible
to epoxidation. Our results show that kahweol increased the
expression of phase II antioxidant enzymes more significantly
than cafestol, and that kahweol inhibited osteoclastogenesis
more potently than cafestol. These results might be related to
furan epoxidation of cafestol and kahweol.

In addition to inhibiting OCLs, cafestol enhances OBL dif-
ferentiation from calvarial cells. Thus, cafestol seems to have
dual effects on bone cells, such as the inhibition of OCL differ-
entiation and the promotion of OBL differentiation. There is
growing evidence that natural compounds have dual effects on
bone cells, such as the inhibition of OCL differentiation and
promotion of OBL differentiation. Examples include several
phytoestrogens, including genistein [27,28], daizein [29], and
8-prenylnaringenin [30], and other flavonoids, such as resvera-
trol [31,32], quercitrin [33,34], and fisetin [10,35]. The dual
effects of phytoestrogens (genistein, daizein, and 8-prenylnar-
ingenin) on OCLs and OBL are thought to be due to the inhibi-
tion of estrogen receptor-mediated events, whereas those of
other flavonoids (resveratrol, quercetin, and fisetin) are medi-
ated by antioxidant effects. Considering that kahweol inhibits
tumor cell proliferation in the estrogen receptor-negative
human breast cancer MDA-MB231 cells [36], the dual effects
of cafestol may be mediated by antioxidants. The precise
molecular target(s) of cafestol and kahweol remains unknown.
However, Ricketts et al. [37] have reported that cafestol acts
as an agonist ligand for the nuclear hormone receptors farne-
soid and pregnane X receptors. It is of importance to deter-

mine the molecular target(s) of cafestol and kahweol in OCLs
and OBLs.

In conclusion, cafestol inhibits osteoclastogenesis by
mainly blocking the phosphorylation of Erk and IjBa, and
downregulating NFATc1. Cafestol enhanced the differentiation
of osteoblastic cells, increasing the mRNA levels of differentia-
tion markers. These results suggested that cafestol could be a
novel agent for bone lytic diseases.
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