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Abstract − Osteoporosis is a worldwide disease leading to significant economic and societal burdens globally.
Osteoporosis is caused by unbalanced bone remodeling between the rate of osteoclast bone resorption and
osteoblast bone formation. Acer tegmentosum Maxim (AT) is a traditional herbal medicine containing multiple
biological activities such as anti-oxidant and anti-inflammatory purposes. However, its role in osteoporosis has
not been fully studied. Therefore, we investigated whether AT has a potent inhibitory effect on osteoporosis and
its mechanism through a systemic evaluation in ovariectomized (OVX) mice. OVX mice were orally
administrated with the AT at doses of 50, 100, and 200 mg/kg for 10 weeks. Histological images and
histomorphometry analyses were performed by H&E and Toluidine blue satin, and the expression levels of
receptor activator for nuclear factor-kB ligand (RANKL), nuclear factor of activated T cells cytoplasm 1
(NFATc1), c-Fos, and matrix metalloproteinase 9 (MMP9) related to the osteoclast differentiation were
investigated using immunohistochemical analysis. Administration of AT prevented bone loss and the alternations
of osteoporotic bone parameters at the distinct regions of the distal femur and spongiosa region in OVX mice.
Further, administration of AT increased periosteal bone formation in a dose-dependent manner. Meanwhile, AT
inhibited not only the expression of NFATc1 and c-Fos, which are two major regulators of osteoclastogenesis but
also reduced bone resorbed encoding expression of MMP9 and RANKL. Our results indicated that
administration of AT prevented bone loss and the alternations of osteoporotic bone parameters at the distinct
regions of the distal femur and spongiosa region in OVX mice. Also AT has the bone protective effect through
the suppression of osteoclast and promotion of osteoblast, suggesting that it could be a preventive and therapeutic
candidate for anti-osteoporosis.
Keywords − Osteoporosis, Acer tegmentosum Maxim, Traditional herbs, RANKL, Osteoclast, Ovariectomized mice

Introduction

Bones are fundamental connective tissues, reflecting a

unique balance between structure and composition.1 In

addition to being the load-bearing component of the

musculoskeletal system, bones protect vital organs, provide

a framework for locomotion, and produce blood cells.

However, bone tissue can undergo numerous changes

with age and diseases, that can trigger a malfunction of

the whole bone structure, resulting in osteoporosis.2-4

Indeed, osteoporosis is a common bone metabolic disease

with approximately 200 million people worldwide suffering

from the condition, which is associated with significant

morbidity, mortality, and reduced quality of life.5,6

Although there are no significant changes in the actual

chemical composition of bones in osteoporosis, fractures

easily occur in elderly men and women.7 In particular, an

imbalance between osteoblasts and osteoclasts induces the

excess proliferation of osteoclasts, which results in loss of

calcium in the bone and lack of appropriate bone com-

position.8-11 Excessive osteoclast resorption is considered

the main cause of bone destruction under pathological

conditions, including postmenopausal osteoporosis,

rheumatoid arthritis, and tumor-induced osteolysis.12,13 

Osteoclasts are multinucleated bone-resorbing cells

generated from bone marrow macrophages in the

presence of key cytokines such as macrophage-colony

stimulating factor (M-CSF) and receptor activator of
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nuclear factor kappa-B ligand (RANKL).14-16 Specifically,

the binding of RANKL to its receptor, RANK, induces

the recruitment of adaptor molecules, such as TNF

receptor-associated factor 6 (TRAF6), to the intracellular

domain of RANK, which activates NF-kB and JNK (c-

Jun N-terminal kinase) pathways. These pathways then

induce the activation of osteoclastogenic transcription

factors such as c-Fos and nuclear factor of activated T-

cells cytoplasmic 1 (NFATc1). Ultimately, the RANKL

signaling axis leads to osteoclast differentiation.17,18

Accordingly, the inhibition of osteoclasts activity is

considered important for preventing the progression of

osteoporosis. However, the associated bone loss cannot be

completely recovered. Therefore, it is important not only

to inhibit osteoclast activity but also to promote the

activity of osteoblasts in order to increase bone formation.

Current therapeutic approaches for osteoporosis focus

on inhibiting bone resorption, with only a few drugs are

available to promote bone formation. however, the effect

of these drugs in increasing bone mass or recovering bone

loss is considered relatively minor at less than 2% per

year.19-22 In addition, the prolonged use of these drugs is

restricted because of potential complications such as breast

cancer, uterine bleeding, and cardiovascular events.23

Thus, the development of bone anabolic drugs that

enhance new bone formation and regulate the imbalance

between osteoblasts and osteoclasts is highly desirable. A

number of herbs and their natural products have been

traditionally used for immune treatments and are known

to exhibit anti-osteoporosis activities through various

interdependent processes.24-26 

Among them, we were interested in Acer tegmentosum

Maxim (AT), recently approved by the Korean Ministry

of Food and Drug Safety (MFDS) as a food ingredient

(Approval # 2018–7). AT is a deciduous broad-leaved

arborescent belonging to the Acerceae family, reaching

10 - 15 m in height. It grows in over 500 m deep valleys

and is distributed in some parts of the eastern Siberia,

China, Manchuria, Amur and Ussuri river basins at home

and abroad.27,28 Since AT has been well known for its

efficacy as a traditional prescription for liver cancer,

cirrhosis, and leukemia.29 Recently, pharmacological studies

have been reported that AT extracts had a strong anti-

oxidant, anti-inflammatory,30,31 anticancer,32 anti-lipid

peroxidation, antimicrobial activity.33 Further, it has been

reported that the extract of AT inhibits osteoblast differen-

tiation.34 According to the previous studies, mountain

elder tree has been reported to have physiological

activities and liver protection effects. However, studies on

osteoporosis are still insufficient. In this study, therefore,

we examined the effects of AT extract on osteoporosis in

mouse models from which ovaries were extracted.

In the present study, we demonstrated that the extract of

AT can prevent bone loss and adverse changes in

osteoporotic bone parameters typically observed in

ovariectomized (OVX) mice. AT administration resulted

in significantly increased bone volume/tissue volume,

trabecular bone thickness, trabecular number, and trabecular

bone separation. In addition, AT inhibited the expression

of NFATc1 and c-Fos, the two major regulators of

osteoclastogenesis. Furthermore, AT reduced the bone-

resorbed expression of RANKL and matrix metallo-

proteinase 9 (MMP9). Collectively, our novel findings

provide evidence that the extract of AT may be an impor-

tant therapeutic approach for regulating osteoporosis. 

Experimental

Animals − Healthy 6-month-old Female DBA/1 mice

were provided by Orient Bio Inc., Seoul, Korea. Mice

were housed in an air-conditioned (22 ± 3 oC) and

humidity-controlled (55 ± 10%) environment on a 12-h

light/dark cycle. Mice were allowed free access to food

pellets and water throughout the experiment. Eighty mice

were randomly divided into eight groups (10/group), and

five groups underwent removal of the bilateral ovaries

(OVX). The sham group underwent a similar incision and

were sutured without the removal of the ovaries. One

week after OVX procedure, the five OVX groups were

treated with vehicle, estradiol, and varying concentration

of AT (50, 100 and 200 mg/kg) for 10 weeks. The sham

group was treated with oral saline only. At the end of the

experiment, the femurs of the mice were dissected, and

the right femur from each group was fixed with 75%

ethanol and stored at 4 oC for decalcification, followed by

fixation with 4% paraformaldehyde. The other side of the

femur (left) was analyzed for bone mineral density

(BMD) and Micro-CT and were subjected to the femoral

mechanical test. All procedures were approved by the

Daegu-Gyeonbuk Medical Innovation Foundation Animal

Care and Use Committee (DGMIF-IACUC, DGMIF-

18020901-01) and were conducted in accordance with US

guidelines (NIH publication #83–23, revised in 1985).

Preparation of AT extract − AT was purchased from a

Korea Medicinal Herbs Association (Yeongcheon Medicinal

Herbs, Yeongcheon, Republic of Korea) and authenticated

by KiHwan Bae of the College of Pharmacy, Chungnam

National University (Daejeon, Korea). AT extract was

then prepared using the following procedure. Briefly, the

AT was boiled in distilled water at 115 oC for 3 h, filtered
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through a two-layer mesh and Whatman No. 1 paper, and

concentrated under a vacuum. The final yield of the

concentrated extract was 4.62% of the dried powder. The

AT extract was then stored at 4 oC, and dissolved in saline

prior to use.

Microcomputed tomography (Micro-CT) analysis −

Quantitative micro-CT (Quantum FX micro CT, Perkin-

Elmer, Hopkinton, MA, USA) was used ex vivo to assess

the trabecular architecture of the distal femur. The

parameters of the scan were as follows: voltage, 90kVp;

Current, 180 uA; Scan time, 4.5 min; and field of View

(FOV), 5 mm (voxel size, 10 um). Evaluation was per-

formed with 160 slices, starting at a position about 0.7

mm away from the growth plate. Morphometric para-

meters, including bone volume fraction (BV/TV, %),

trabecular number (Tb.N, 1/mm), trabecular thickness

(Tb.Th, mm), trabecular spacing (Tb.Sp, mm), and bone

mineral density (BMD, mg/cc) were evaluated using

Caliper micro CT Analysis Tools Analyze 12.0 (Standard

curve: 4.1987x + 1607.2).

Histochemical and immunohistochemical (IHC)

staining − After tissue fixation (10/group), the right femur

tissues were dehydrated and embedded in paraffin before

5-μm sectioning using a microtome (Leica SP1600,

Germany). For histological assessment of osteoporosis

formation, paraffin-embedded femur sections were stained

with hematoxylin-eosin (H&E) and toluidine blue.

Sections were then deparaffinized and non-specific

endogenous peroxidase activity was blocked with 3.0%

H2O2 in MeOH for 5 min at room temperature (RT). After

washing with PBS, the sections were reacted with mouse

anti-nuclear factor activated T cells c1 (NFATc1) mAb

(1:100, Santa Cruz Biotec, Inc.), rabbit c-FOS mAb (1:100,

Santa Cruz Biotec, Inc.), rabbit anti-mouse RANKL mAb

(1:50, Santa Cruz Biotec, Inc), and rabbit anti-MMP-9

mAb (1:100, Cell Signaling Technology) for 24 h at 4 oC,

followed by incubation with biotinylated anti-mouse or

anti-rabbit immunoglobulins for 30 min at RT. After

washing with PBS, the sections were then incubated with

streptavidin-conjugated horseradish peroxidase (HRP) for

30 min at RT. Finally, the sections were reacted with a

solution containing diaminobenzidine (DAB) and hydrogen

peroxide (0.001%). The sections were counterstained with

hematoxylin, dehydrated, and embedded using Permount.

Histopathological changes of the femur were observed

under a microscope with 40x and 400× magnification.

Images were captured using a Nikon fluorescence micro-

scope equipped with NIS-Elements BR 4.50 software

(Nikon, Tokyo, Japan).

Preparation of standard solutions and sample − Five

standard stock solutions were prepared by dissolving

accurately weighed samples in 100% methanol (1000 µg/

mL). The five standard stock solutions were then diluted

and mixed. The final concentrations were 100 μg/mL of

salidroside and fraxin, and 50 μg/mL of tyrosol, (+)-

catechin, and (-)-epicatechin. The AT water extracts (5.0

mg/mL) was prepared in 100% methanol. All analytes

were filtered through a 0.22 μm membrane filter (Whatman

International ltd., Maidstone, UK) prior to analysis. 

Chromatographic conditions − To identify five com-

ponents in AT, high-performance liquid chromatography

(HPLC) analysis was performed using a Dionex UltiMate

3000 system (Dionex Corp., Sunnyvale, CA, USA) equipped

with a binary pump, an auto-sampler, a column oven, and

a diode array UV/VIS detector. Data analysis was

controlled and processed using Dionex Chromelon

software. The detection wavelengths for five components

were set at 203, 230, 280 and 330 nm. Chromatographic

separation was carried out with an Acclaim® 120 C18

column (250 × 4.60 mm, 5 μm) at a temperature of 40 oC.

The mobile phase consisted of 0.1% trifluoroacetic acid

(v/v) in water (A) and acetonitrile (B). A gradient elution

system was performed in order to improve the chro-

matographic separation capacity and was programmed at

a flow rate of 0.8 mL/min as follows: 5% B, 0 - 5 min; 5 -

25% B, 5 - 50 min; 25 - 30% B, 50 - 60 min; 30 - 100%

B, 60 - 70 min; 100% B, 70 - 75 min; 100 - 5% B, 75 - 75.5

min; 5% B, 75.5 - 85 min. The injection volume was 5 µL.

Statistics − All statistical analyses were performed

using GraphPad Prism 5. Experimental values are given

as the means ± SEM. Statistical significance was assessed

by ANOVA and Tukey’s test for comparison of multiple

groups or Student’s t-test for comparison of two groups.

A P value of less than 0.05 was considered significant.

Result and Discussion

A lack of bone mass is a major risk for fractures. It is

well known that ovariectomy can cause osteoporosis,

which is associated with increased bone resorption and

body weight, along with changes to body fat distribu-

tion.35,36 Therefore, we first examined the effect of AT on

body weight and white adipose tissue (WAT) mass. As

shown in Fig. 1A and B, compared with the control

group, body weight gain and WAT mass were signifi-

cantly increased in ovarian resection mice. However, the

administration of AT resulted in a significantly decreased

body weight gain and WAT mass in a dose-dependent

manner. In addition, the increases in body weight and

WAT mass were also significantly decreased by 17 β-
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estradiol (0.1 mg/kg). These results suggested that AT

may ameliorate body weight gain and reduce WAT mass

during/after menopause. Next, we investigated the effect

of AT on bone matrix formation by micro-CT and H&E

and toluidine blue staining in the ovariectomized mice

(Fig. 1C). Following micro-CT analysis, we found that

BMD was significantly different between sham and OVX

mice, whereas bone loss was prevented in OVX mice

treated with either 17 β-estradiol (0.1 mg/kg) or AT (200

mg/kg) for 10 weeks (Fig. 1C). In addition, both H&E

and toluidine blue staining of the distal femur indicated

that administration of AT (200 mg/kg) resulted in a

significant increase of BMD at the spongiosa region (Fig.

1D). Compared with sham mice, the bone volume/tissue

volume (BV/TV), trabecular bone thickness (TB.Th), and

trabecular number (TB.N) were significantly lower, and

the trabecular bone separation (TB.Sp) was higher in the

OVX mice. However, the administration of AT (200 mg/

kg) reversed the values of BV/TV, TB.Th, TB.N, and

TB.Sp and prevented OVX-induced trabecular bone

microarchitectural deterioration and improved bone loss

(Fig. 1E). These results suggest that AT can improve

BMD and bone formation and treatment of AT (200 mg/

kg) may be just as effective as 17 β-estradiol (0.1 mg/kg)

in suppressing bone loss due to ovariectomy. 

In our previous study, AT was assessed for acute oral

toxicity and genotoxicity, and HPLC chromatograms were

presented as a quality index component. Chromatograms

of reference compounds including salidroside and tyrosol,

and the AT sample (1 mg/mL) consisting of the two major

constituents were simultaneously determined by using

HPLC.37 Furthermore, the elucidation of the molecular

mechanisms of AT on osteoclast may provide an under-

standing of its anti-osteoporosis activity. The RANKL

signaling pathway is known to be involved in bone

osteoclast formation and plays a crucial role in osteoclas-

togenesis.38 Thus, the modulating of RANKL signalo-

somes-related markers has been considered as a viable

therapeutic strategy for osteoporosis. Therefore, in this

study, we investigated the inhibitory effect of AT on the

expression of RANKL, c-Fos, and NFATc1, which are

key transcription factors of the RANKL signaling axis for

osteoclastogenesis during osteoclast differentiation. As

shown in Fig. 2A and 2B, we found that the expression

levels of RANK, c-Fos, and NFATc1 were markedly

increased in the distal femur of OVX mice. However, the

Fig. 1. Effect of AT on body weight, WAT mass, bone mineral density and histological change in OVX model. (A) The ratio of body
weight gains and (B) WAT mass were obtained during 10 weeks. (C) BMD was analyzed by micro-CT images after 10 weeks of AT
administration. (D) H&E and Toluidin blue staining were performed on distal femur after mice were harvested. Decalcified sections of the
distal femur in normal, sham, OVX, AT, and Estradiol group stained with H & E or toluidine blue are shown at low magnification (top
panel) and higher magnification (low panel). Bars: 500 µm (top) and 200 µm (low). (E) BV/TV(%), Tb.Th (mm), Tb. N. (l/mm), and
Tb.Sp. (mm) were measured in the distal femur. Data represent the mean ± SEM (n = 6). ###P < 0.001 and ##P < 0.01 versus the control
group (normal) after Student’s t-test, and *P < 0.05, **P < 0.01, and ***P < 0.001 versus OVX group after one-way ANOVA test.
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administration of AT significantly and dose-dependently

suppressed the expression of RANKL, c-Fos, and NFATc1.

These results indicated that AT may downregulate the

RANKL signaling axis during osteoclast formation. 

MMP9 belongs to the zinc metalloproteinase family

and can induce the degradation of extracellular matrix in

various conditions. Numerous studies have shown that

MMP9 plays an essential role in inflammatory bone

Fig. 2. Effect of AT inhibition osteoclast formation by regulating the expression of protein in OVX model. After OVX surgery, AT
treated for 10 weeks and the right femur was harvested. The expression of (A) NFATc1, c-FOS, RANKL, and MMP-9 were assessed by
immunohistochemistry staining and (B) quantified. Bars: 500 µm (top) and 50 µm (low). Data represent the mean ± SEM (n = 6).
###P < 0.001 versus the control group (normal) after Student’s t-test, and ***P < 0.001 versus OVX group after one-way ANOVA test.

Fig. 3. Representative HPLC chromatograms of the standard mixture of five compounds in AT. (A) AT water extracts (B) standard
mixture detected at 230 nm. The retention time of salidroside (1), tyrosol (2), (+)-catechin hydrate (3), fraxin (4), and (-)-epicatechin (5)
were shown in the chromatogram.
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resorption. Further, the increase of MMP9 expression

resulted in promoting osteoclast formation and accelerated

osteoclastic resorption.39,40 Therefore, we also investigated

whether AT regulates the expression levels of MMP9

under osteoclast differentiation in OVX mice. As shown

in Fig. 2A and 2B, a significant increase in MMP9

protein was observed in OVX mice when compared with

that in control mice. Relative to the control, the expre-

ssion level of MMP9 proteins was significantly repressed

by the administration of AT in a dose-dependent manner,

indicating that MMP9 was negatively corresponded with

AT treatment. 

It is already well known that salidroside and tyrosol

contribute to the specific cellular or/and physiological

functions associated with antioxidant ability and

preventing osteoporosis.41,42 In the present study, Chroma-

tograms of reference compounds including those of

salidroside, tyrosol, (+)-catechin hydrate, fraxin, and (-)-

epicatechin (Fig. 3A), and the AT sample consisting of

five major constituents (Fig. 2D), were simultaneously

determined by using HPLC. Samples were detected at

230 nm, with the retention times (salidroside: 19.74 min,

tyrosol: 22.21 min, (+)-catechin hydrate: 23.53 min, fraxin:

27.63 min, and (-)-epicatechin: 30.00 min) shown in the

chromatogram (Fig. 3A and B), and this finding is

consistent with previously reported findings37. Further,

salidroside and tyrosol have been studied to be non-toxic

in genotoxic, chromosomal aberration, and mouse micro-

nucleus experiments.37,43 Taken together, these results

suggest that AT demonstrated anti-osteoporotic activity by

downregulating the expression levels of RANKL signalo-

some markers, which further lead to the inhibition of

osteoclast differentiation and a reduction in osteoclastic

bone resorption. 

In summary, our findings demonstrated that AT has an

important anti-osteoporosis activity, primarily through

bone resorption suppression. In addition, the adminis-

tration of AT significantly and dose-dependently suppressed

the activation of the RANKL signaling pathway. Thus,

these novel findings support the notion that AT may be a

promising therapeutic approach for regulating osteoporosis.
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