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Abstract Magnolol, honokiol, and obovatol are well

known bioactive constituents of the bark of Magnolia

officinalis and have been reported to have beneficial effects

in various diseases. We recently isolated a novel active

compound, 4-O-methylhonokiol (4-O-MH) from the etha-

nol extract of M. officinalis, which was previously reported

to have pharmacological effects including anti-inflamma-

tory, anti-oxidative, and anti-aging activities. Here, we

examined the pharmacological properties of 4-O-MH on

osteoblast (bone-forming cells) and osteoclast (bone-re-

sorbing cells) differentiation, and its underlying signaling

pathways in primary cultured pre-osteoblasts and bone

marrow macrophages. Our results showed that 4-O-MH did

not affect cell viability in pre-osteoblasts and did not

influence osteoblast differentiation and mineralized nodule

formation, as assessed by alkaline phosphatase activity and

Alizarin red staining. However, 4-O-MH significantly

inhibited TRAP-positive multinuclear osteoclasts and

F-actin ring formation during Receptor activator of NF-jB
ligand (RANKL)-mediated osteoclastogenesis without

cytotoxicity. In addition, 4-O-MH suppressed RANKL-in-

duced critical factors (c-Fos, NF-ATc1, TRAP, and ITB3)

for osteoclast differentiation and function. Furthermore,

RANKL-mediated signaling, including ERK1/2, AKT, and

NF-kB pathways was attenuated by 4-O-MH. Taken

together, 4-O-MH has an inhibitory role in RANKL-me-

diated osteoclastogenesis but not osteoblast differentiation,

and our findings also suggest that 4-O-MH is a potential

therapeutic agent for bone-destructive diseases such as

osteoporosis, alveolar bone resorption, and osteoarthritis.
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Introduction

Bone metabolism is a physiological process that maintains

the skeleton by removing and replacing old bone (Marie

and Kassem 2011). Impaired osteoblast differentiation

results in poor bone quality and osteopenia (Filvaroff et al.

1999; Zanotti and Canalis 2015), and dysregulation of

osteoclast differentiation results in osteoporosis which is

one of the biggest challenges faced by modern medicine

(Khosla and Riggs 2005; Vondracek et al. 2008).

Anti-catabolic drugs including bisphosphonates,

Receptor activator of NF-jB ligand (RANKL) inhibitors,

and anti-resorptives have beneficial effects on increasing

bone mass in bone diseases (Riggs and Parfitt 2005).

However, their ability to repair or recover bone mass has

only modest effects (Riggs and Hartmann 2003). There-

fore, novel and effective therapeutics for bone disease need

to be identified and their effect on bone pathophysiology
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studied for osteoclast-mediated bone resorption, osteoblast-

mediated bone formation, and intracellular signaling

pathways (Endo and Matsumoto 2012; Cairoli et al. 2015).

Traditional Chinese medicines or natural products are

potential drug candidates to prevent and treat bone disease

(Lee et al. 2011c; Yun et al. 2014). Previously, our group

demonstrated that 2,4,5-trimethoxyldalbergiquinol isolated

from Dalbergia odorifera which is used as a traditional

herbal medicine potentiates osteoblast differentiation and

mineralized nodule formation through the BMP and Wnt/

b-catenin pathways (Yun et al. 2015). We recently isolated

a novel neolignan compound 4-O-methylhonokiol (4-O-

MH) from Magnolia officinalis, and demonstrated its

pharmacological effects such as anti-inflammatory, anti-

oxidative, anti-cancer, and anti-aging activities (Oh et al.

2009; Lee et al. 2011b, 2012; Oh et al. 2012; Jung et al.

2014). Although we studied 4-O-MH as a promising drug

candidate under a variety of pathophysiological conditions,

the pharmacological properties and mechanism of action

on bone metabolism have not yet been established.

Therefore, we investigated the potential effects and

underlying signaling pathways of 4-O-MH on an in vitro

cell system using primary mouse calvarial pre-osteoblasts

and bone marrow macrophages (BMMs).

Materials and methods

Isolation and identification of 4-O-methylhonokiol

from the bark of Magnolia officinalis

The bark of M. officinalis was dried in the shade at room

temperature and stored in a dark, cold room until use. The

air-dried bark of M. officinalis (3 kg) was cut into pieces

and extracted twice with 95% (v/v) ethanol (four times the

weight of the dried plants) for 3 days at room temperature.

After filtration through 400-mesh filter cloth, the filtrate

was re-filtered through filter paper (Whatman, no. 5) and

concentrated under reduced pressure. The extract (450 g)

was then suspended in distilled water, and the aqueous

suspension was extracted with n-hexane, ethyl acetate, and

n-butanol, respectively. The n-hexane layer was evaporated

to dryness to give a residue (70 g), which was chro-

matographed on silica gel with n-hexane: ethyl acetate

(9:1) to yield a crude fraction that included 4-O-methyl-

honokiol. This fraction was repeatedly purified by silica gel

chromatography using n-hexane: ethyl acetate as the eluent

to obtain pure 4-O-methylhonokiol (4-O-MH). The purity

was greater than 99.5%. 4-O-methylhonokiol was identi-

fied by 1H-NMR (400 MHz, CDCl3): d 3.36 (2H, d,

J = 7 Hz, H-7), 3.44 (2H, d, J = 70 Hz, 70-H), 3.89 (3H, s,

OMe), 5.05–5.14 (5H, m, H-9, H-90, OH), 5.93–6.07 (2H,

m, H-8, H-80), 6.92 (1H, d, J = 7 Hz, Ar–H), 6.97 (1H, d,

J = 8 Hz, Ar–H), 7.04–7.08 (2H, m, Ar–H), 7.24–7.31

(2H, m, Ar–H). 13C-NMR (100 MHz, CDCl3): d 34.5 (C-

7), 39.6 (C-70), 55.8 (OMe), 111.2 (C-30), 115.7 (C-40),
115.8 (C-9), 116.1 (C-90), 128.0 (C-10), 128.1 (C-6), 129.0

(C-3), 129.2 (C-1), 130.0 (C-5), 130.4 (C-60), 130.7 (C-2),

132.4 (C-50), 136.7 (C-8), 138.0 (C-80), 151.0 (C-20), 157.2
(C-4). The ethanol extract of M. officinalis contained

16.6% 4-O-MH, 16.5% honokiol and 12.9% magnolol, and

54% others.

Primary culture of mouse calvarial osteoblasts

Primary osteoblasts were isolated from calvariae of 1-day-

old ICR mice after dissected aseptically and treated with

0.2% collagenase-dispase enzyme solution (Sigma-Aldrich,

St. Louis, MO). Cells (passage 0) were collected by cen-

trifuge after repeated digestions and cultured in a-minimum

essential medium (a-MEM) (Gibco Laboratories, Grand

Island, NY) without L-ascorbic acid supplemented with 10%

fetal bovine serum (FBS), penicillin (100 units/mL), and

streptomycin (100 lg/mL) at 37 �C in a humidified atmo-

sphere of 5% CO2 and 95% air. The cells were detached and

reseeded at approximately 70–80% confluence, and then the

cells (passage 1) were used for the experiments reported

here. Osteoblast differentiation was induced by changing

osteogenic supplement medium (OS) containing 50 lg/mL

L-ascorbic acid and 10 mM b-glycerophosphate when the

cells are approximately 90% confluent. The medium was

replaced every 2 days during the incubation period. 4-O-MH

was dissolved in 100% DMSO and then diluted (1: 1000)

directly into the medium. A final concentration of 0.1%

DMSO was used as the vehicle control.

Primary culture of bone marrow macrophages

and osteoclast differentiation

Mouse bone marrow cells isolated by flushing the marrow

space of femur and tibia in 5 week-old mice were incubated

overnight on culture dishes in a-MEM (Gibco Laboratories)

containing 10% FBS (Gibco Laboratories) and antibiotics

(100 units/mL penicillin G and 100 lg/mL streptomycin) at

37 �C in a humidified atmosphere of 5% CO2 and 95% air.

After discarding adherent cells, floating cells were further

incubated with mouse M-CSF (30 ng/mL) on Petri dishes.

BMMsbecame adherent after 3 days in culture and then cells

were differentiated into osteoclasts using mouse RANKL

(100 ng/mL) and M-CSF (30 ng/mL) for 5 days.

MTT assay

Cell toxicity was measured by a 3-[4,5-dimethylthiazol-2-

yl]-2,5-diphenyltetrazolium bromide (MTT) assay to detect

NADH-dependent dehydrogenase activity. Fifty microliters
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of MTT solution (5 mg/mL) in 1X phosphate-buffered

saline (PBS) was directly added to the cells, which was

then incubated for 2 h to allow MTT to metabolize to

formazan. Absorbance was measured at a wavelength of

540 nm using an enzyme linked immunosorbent assay

(ELISA) reader (Beckman Coulter, Fullerton, CA).

Alkaline phosphatase (ALP) activity

ALP activity was measured by spectrophotometry. Cells

were homogenized in 0.5 mL distilled water with a sonica-

tor, and centrifuged. The aliquots of cell homogenate were

incubated with 15 mM p-NPP in 0.1 M glycine–NaOH (pH

10.3) at 37 �C for 30 min. The reaction was stopped by

adding 0.25 N NaOH. The absorbance was measured at

405 nm using an ELISA reader (Beckman Coulter).

Alizarin red S staining

After 14 days of culture, cells were fixed in 70% ice-cold

ethanol for 1 h and rinsed with distilled water. Cells were

stained with 40 mM Alizarin Red S (pH 4.2) for 10 min

with gentle agitation. The level of Alizarin Red S staining

was observed under light microscopy. Stains were eluted

with 100% DMSO to quantify the amount of alizarin red

staining and measured at 590 nm.

Tartrate-resistant acid phosphatase (TRAP) staining

After BMMs were differentiated into osteoclasts for

5 days, the cells were fixed with 4% formaldehyde for

15 min. Cells were washed, and then stained for TRAP

using a leukocyte acid phosphatase cytochemistry kit

(Sigma) according to the manufacturer0s instructions. The

TRAP-positive multinucleated cells (MNCs) containing

three or more nuclei were counted as mature osteoclasts

using a light microscope. Typically, cells were mostly

TRAP-positive and mononuclear at 2 days after induction

with RANKL and TRAP-positive and multinuclear 2 or

3 days later. We considered mononuclear TRAP-positive

cells to be preosteoclasts and multinuclear TRAP-positive

cells to be mature osteoclasts as described previously

(Chang et al. 2008).

Actin-ring formation analysis

Osteoclasts were fixed with 4% formaldehyde, permeabi-

lized with 0.1% Triton X-100, and incubated with FITC-

phalloidin (Invitrogen) for 30 min. After being washed with

PBS, the cells were incubated with 1 lg/mL DAPI (Sigma-

Aldrich) and washed three times and viewed on a fluores-

cence microscope (Carl Zeiss, Oberkochen, Germany).

Western blot analysis

Cells were lysed and the protein concentration of lysates was

determined using Bradford reagent (BioRad, Hercules, CA) as

described previously (Yun et al. 2007). Equal amounts of lysate

(20 lg) resolved by sodium dodecyl-polyacrylamide gel elec-

trophoresis (SDS–PAGE) were transferred to a polyvinylidene

fluoride (PVDF) membrane (Millipore, Bedford, MA), and the

membrane was blocked with 19 TBS containing 0.05%

Tween 20 (TBST) and 5% skim milk or 2% BSA for 1 h at

room temperature. After blocking, the membranes were
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Fig. 1 Effects of 4-O-MH on cytotoxicity in primary mouse calvarial

pre-osteoblasts. a Chemical structure of 4-O-methylhonokiol (4-O-
MH). b After primary mouse calvarial pre-osteoblasts were seeded

onto 96-well plates, 4-O-MH was added to cells at the indicated doses

for 24 h. c Cells were cultured with 4-O-MH in osteogenic

supplement medium (OS) containing 50 lg/mL L-ascorbic acid (L-

AA) and 10 mM b-glycerophosphate (b-GP) for 5 days. Cell viability

was measured using the MTT assay. Data are representative of three

independent experiments
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incubated overnight at 4 �C with the respective primary anti-

bodies. The membranes were washed with 19 TBST and

incubated with diluted horseradish peroxidase (HRP)-conju-

gated secondary antibodies (1:10,000, Jackson ImmunoRe-

search, West Grove, PA) for 1 h at room temperature. After

three washes, the membranes were detected using an enhanced

chemiluminescence (ECL) kit (Millipore, Bedford, MA).

Quantitative real-time polymerase chain reaction

(PCR) analysis

The total RNAof cellswas extracted usingTRIzolTM reagent

(Life Technologies, Gaithersburg, MD) according to the

manufacturer’s instructions. RNA (1 lg) isolated from each

sample was reverse-transcribed using oligo (dT)15 primers

with AccuPower� RT PreMix (iNtRON Biotechnology,

Gyeonggi-do, South Korea). Next, the generated cDNAs

were amplified with AccuPower� PCR PreMix (Bioneer

Corporation, Daejeon, South Korea). For mRNA quantifi-

cation, total RNA was extracted using the RNAqueous� kit

and the cDNAwas synthesized using 1 lg of total RNAwith

the High Capacity RNA-to-cDNA kit (Applied Biosystems,

Foster City, CA) according to the manufacturer’s protocol.

Quantitative real-time PCR was performed using a

LightCycler� 1.5 System (Roche Diagnostics GmbH,

Mannheim, Germany). Thermocycling conditions consisted

of an initial denaturation of 10 s at 95�C, followed by 45

cycles of 95�C for 10 s, 60�C for 5 s and 72�C for 10 s. For

the calculation of relative quantification, the 2�DDCT formula

was used, where -DDCT = (CT,target–CT,b-actin) experi-

mental sample—(CT,target–CT,b-actin) control sample.

Statistical analysis

The data were analyzed using GraphPad Prism version 5

software (GraphPad Software, Inc., San Diego, CA). Data

are mean ± SEM. Statistical significance was evaluated

using one-way analysis of variance (ANOVA) and the

differences were assessed by the Dunnett’s test. A value of

p\ 0.05 was considered to indicate statistical significance.

Results

4-O-MH has no cytotoxicity in primary mouse

calvarial pre-osteoblasts and under osteoblast

differentiation

To assess the cytotoxcity of 4-O-MH (Fig. 1a), cell via-

bility was examined in primary mouse calvarial pre-
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Fig. 2 Effects of 4-O-MH on osteoblast differentiation of primary mouse calvarial pre-osteoblasts. a, b Cells were seeded onto 48 well plates

and cultured in OS containing 50 lg/mL L-AA and 10 mM b-GP with 4-O-MH (0, 0.1, and 1 lM) for 5 days (a) and 7 days (b). Alkaline
phosphatase (ALP) activity was measured via ALP activity kit. c, d After cells were seeded onto 12 well plates, the cells were cultured in OS

with 4-O-MH (0, 0.1, and 1 lM) for 14 days. Mineralized nodule formation was assessed by Alizarin red staining (C), and stains were eluted

with DMSO to quantify the amount of alizarin red staining and measured at 590 nm. Data are represented as the relative fold of the control (d).
*p\ 0.05 compared to control. Data are representative of three independent experiments
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osteoblasts. Up to a concentration of 10 lM 4-O-MH, no

cytotoxic effects were observed in the calvarial pre-os-

teoblasts (Fig. 1b) and under osteoblast differentiation in

osteogenic supplement medium (OS) containing 50 lg/mL

L-ascorbic acid (L-AA) and 10 mM b-glycerophosphate (b-
GP) (Fig. 1c).

4-O-MH does not affect osteoblast differentiation

of primary mouse calvarial pre-osteoblasts

Next, we investigated the effects of 4-O-MH on osteoblast

differentiation in the presence or absence of 4-O-MH at

non-cytotoxic concentrations (0.1–1 lM). First, the effect

of 4-O-MH on osteoblast differentiation was carried out at

5 and 7 days by measuring the alkaline phosphatase (ALP)

enzymatic activity as an early osteoblast differentiation

marker. As shown in Fig. 2a and b, 4-O-MH did not affect

ALP activity at concentrations ranging from 0.1 to 1 lM.

Under the same conditions, the degree of mineralized

nodule formation was determined at 14 days by using the

ARS as a late osteoblast marker. Consistent with the effects

on ALP activity, 4-O-MH also did not affect mineralized

nodule formation (Fig. 2c). The quantification of mineral-

ized nodule formation statistically validated the effect of

4-O-MH on osteoblast differentiation (Fig. 2d).

4-O-MH inhibits TRAP (1) MNCs and F-actin ring

formation during RANKL-induced

osteoclastogenesis

To examine the role of 4-O-MH in osteoclast differentia-

tion, the cell toxicity of 4-O-MH was first determined in

primary mouse BMMs derived from mouse whole bone

marrow cells. The MTT assay showed no cytotoxic effects

up to a concentration of 10 lM (Fig. 3a), and also showed

no cytotoxic effects of 4-O-MH (0.1 and 1 lM) under

osteoclast differentiation by 100 ng/mL RANKL (Fig. 3b).

However, 4-O-MH suppressed osteoclast differentiation in

a dose-dependent manner, as shown by a decrease in the

TRAP-positive staining (Fig. 4a) and also a decrease in the

proportion of TRAP-positive MNCs compared to the

number of nuclei (Fig. 4b). Furthermore, 4-O-MH inhib-

ited F-actin ring formation, a cytoskeletal structure that is

essential for bone resorption in osteoclasts (Fig. 4c and d).

4-O-MH inhibits osteoclast gene expression

during RANKL-induced osteoclatogenesis

Next, we investigated the effects of 4-O-MH on mRNA

expression for osteoclast differentiation and function.

BMMs were differentiated for 3 days by 100 ng/mL

RANKL in the presence or absence of 0.1–1 lM 4-O-MH.

As shown in Fig. 5a–d, 4-O-MH downregulated gene

expression of c-Fos and NF-ATc1 (initiation factor for

osteoclast differentiation) as well as TRAP and integrin

beta 3 (ITB3) (functional genes in osteoclasts).

4-O-MH inhibits RANKL-induced intracellular

signaling pathways

To gain insight into the induction of osteoclast differen-

tiation, we examined whether 4-O-MH influenced

signaling pathways crucial for RANKL-induced osteo-

clastogenesis. Cells were treated with RANKL for 0, 5,

15, and 30 min in the presence or absence of 4-O-MH,
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viability was measured using the MTT assay. *p\ 0.05 compared to

the non-stimulated control group (BMMs). Data are representative of

three independent experiments
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and the activation of MAPKs (ERK1/2, p38, and JNK)

was measured. Among them, the activation of ERK1/2

was specifically inhibited by 4-O-MH in a time dependent

manner, as shown by a decrease in the phosphorylation of

ERK1/2 (Fig. 6a). Additionally, RANKL-induced AKT

and NF-jB signaling pathways were significantly atten-

uated by 4-O-MH (Fig. 6b, c).

Discussion

Osteoblast and osteoclast differentiation are a crucial

aspect of bone formation and remodeling which is a pro-

cess that is severely compromised in osteoporosis. For

in vitro studies, calvarial pre-osteoblasts and BMMs iso-

lated from calvaria and bone marrow were widely used for

osteoblast and osteoclast differentiation, respectively

(Chang et al. 2008; Yun et al. 2016). In the present study,

we used primary mouse calvarial pre-osteoblasts and

BMMs as an in vitro assay system for osteoblast and

osteoclast differentiation. Natural compounds have been

used to treat various diseases and investigated as a source

for drug development (Lee et al. 2011c; Yun et al. 2014).

In this study, we demonstrated that 4-O-MH isolated from

M. officinalis did not affect osteoblast differentiation in

calvarial pre-osteoblasts, whereas 4-O-MH displayed an

inhibitory effect on RANKL-induced osteoclastogensis in

BMMs.

Bone formation involves a complex series of events

such as osteoblast differentiation and mineralized extra-

cellular matrix formation by calcium deposition. ALP is a

marker for early-stage osteoblast differentiation, and

mineralized nodule formation is a phenotypic marker for

late-stage differentiation (Lee et al. 2011a; Kim et al.

2014). Our results showed that 4-O-MH failed to modu-

late ALP activity and mineralized nodule formation in

calvarial pre-osteoblasts. These data suggest that 4-O-MH

does not have pharmacological properties in early and late

osteoblastic differentiation, and in maturation.

Osteoclasts are large MNCs that are unique in their

ability to resorb mineralized bone and are key players in

physiological skeletal morphogenesis and bone remodel-

ing (Teitelbaum and Ross 2003, 1996). Osteoclasts

develop from monocyte-lineage hematopoietic precursors

during a multistep differentiation process called osteo-

clastogenesis (Teitelbaum and Ross 2003, 1996). Osteo-

clasts form TRAP-positive MNCs and reorganize the

actin cytoskeleton to attach to the bone surface, and then
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compared to RANKL. Data are

representative of three

independent experiments

RANKL-induced osteoclastogenesis is suppressed by 4-O-methylhonokiol in bone marrow-derived… 939

123



resorb the bone (Teitelbaum 2000; Boyle et al. 2003). In

the present study, we demonstrated 4-O-MH suppressed

the generation of TRAP-positive MNCs and F-actin ring

formation by RANKL which belongs to the tumor

necrosis factor TNF superfamily in BMMs. c-Fos, which

is a major component of the transcription factor AP-1, is

induced by RANKL, initiates osteoclast differentiation,

and is responsible for the expression of another key reg-

ulator of osteoclastogenesis (Takayanagi et al. 2002;

Takayanagi 2009; Kwak et al. 2010). In osteoclast pre-

cursors lacking c-Fos, NF-ATc1 is down-regulated,

leading to impaired osteoclast differentiation and function

(Matsuo et al. 2004). Our data also showed that 4-O-MH

markedly downregulated the expression of c-Fos and NF-

ATc1 (osteoclast differentiation genes) as well as TRAP

and ITB3 (osteoclast-expressed genes). These data sug-

gest that the RANKL-induced osteoclastogenesis is

attenuated by 4-O-MH.

RANKL binds to its receptor RANK on osteoclast

precursor cells and activates a variety of signaling path-

ways, including MAPK (ERK1/2, JNK, and p38 kinase),

AKT, and NF-jB pathways, which can regulate tran-

scription factors such as AP-1 and NF-ATc1, and proteins

such as TRAP and ITB3 (Whitmarsh and Davis 1996;

Monje et al. 2005). Our results showed that 4-O-MH

reduced RANK-induced ERK1/2 as well as AKT and NF-

jB pathways. Interestingly, 4-O-MH potentiated RANK-

induced JNK and p38 pathways. In the future, other

possible roles for 4-O-MH in ERK1/2, JNK, and p38

pathways under RANKL-induced osteoclastogenesis will

be investigated. Taken together, we suggest that 4-O-MH

suppresses osteoclast differentiation and function through

RANKL-induced ERK1/2, AKT, and NF-jB pathways

together with osteoclast gene expression.

In conclusion, this study is the first report for possible

roles of 4-O-MH in primary cultures of mouse calvarial

pre-osteoblasts and BMMs. We found that 4-O-MH

specifically inhibits RANKL-induced osteoclastogenesis

in bone-forming cells and bone-resorbing cells. Although

the present study demonstrates the anti-osteoclastogenic

potency and related mechanisms of 4-O-MH, further

investigation is necessary to understand its benefit in

animals. The mechanism of action that underlies the

effects of 4-O-MH on RANKL-induced osteoclastogene-

sis is shown in Fig. 7. Together, our findings suggest that

4-O-MH may be an effective anabolic agent in bone-de-

structive diseases such as osteoporosis, periodontal dis-

ease, and osteoarthritis.
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RANKL: 0    5   15   30    5   15   30  (min)

p-ERK1/2

ERK1/2

p-JNK

JNK

p-p38

p38
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β-actin

p-AKT

p-mTOR

mTOR

AKT

ikB

p-ikB

β-actin
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RANKL: 0    5   15   30    5   15   30  (min)
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RANKL: 0    5   15   30    5   15   30  (min)

4-O-MH

B

C

Fig. 6 Effects of 4-O-MH on RANKL-induced MAPKs, AKT, and

NF-jB signaling pathways. a–c Cells were stimulated in 100 ng/mL

RANKL with 4-O-MH for the indicated time. Equal amounts of lysate

were analyzed by Western blotting and detected with antibodies

against phospho-ERK (p-ERK), ERK, phospho-JNK (p-JNK), JNK,

phospho-p38 (p-p38), and p38 for MAPKs signals (a), and antibodies

against phospho-AKT (p-AKT), AKT, phospho-mTOR (p-mTOR),

mTOR, and b-actin for AKT signals (b), and antibodies against IjB,
phospho-IjB (p-IjB), and b-actin for NF-jB signals (c). Data are

representative of three independent experiments
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