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Areca nut extract protects against
ovariectomy-induced osteoporosis in mice
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Abstract. Estrogen deficiency increases the generation of
reactive oxygen species (ROS), which is a crucial pathogenic
factor for osteoporosis. Areca nuts are rich in phenolics, which
have high antioxidant activity. In the present study, an ovari-
ectomy (OVX)-induced osteoporosis mouse model was used
to investigate the protective effects of areca nut extract (ANE)
on bone loss and related processes. A total of 24 8-week-old
female mice were randomly divided into three groups
(n=8 per group): I Sham-operated control; II, bilateral OVX;
and III, bilateral OVX + ANE. Group III were treated orally
with ANE at a single dose of 300 mg/kg body weight daily
for 6 months. ANE supplementation for 6 months improved
trabecular bone microarchitecture and significantly increased
bone mineral density in the distal femur (P<0.05) compared
with Group II. Furthermore, serum levels of the osteoclast
differentiation-inducing factors, receptor activator of nuclear
factor-kB ligand and osteoprotegerin were significantly
increased and decreased, respectively (both P<0.05), in OVX
mice and these effects were significantly inhibited by ANE
treatment (both P<0.05). ANE supplementation also resulted
in significantly decreased serum hydrogen peroxide and
malondialdehyde levels compared with Group II, while the
levels of glutathione and catalase activity were significantly
increased (P<0.05 and P<0.01, respectively). The current study
indicated that the protective effects of ANE against bone loss
were mediated, at least in part, via inhibition of the release of
ROS and bone resorption. These results suggested that ANE
could have therapeutic value in the treatment of osteoporosis.
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Introduction

Osteoporosis, which is a disease characterized by loss of
bone mass and structural deterioration of the bone microar-
chitecture (1), has become a major health problem worldwide.
Approximately 35% of women above the age of 65 suffer from
primary osteoporosis (2). Osteoporosis leads to an increased
risk of bone fragility and susceptibility to fracture (3). Estrogen
deficiency results in rapid and marked loss of bone mineral
content (4) and hormonal estradiol esters and conjugated
estrogens have been used to prevent and treat osteoporosis in
women. However, the risk/benefit ratio of prolonged treatment
is accompanied by the undesired side-effects of increased risk
of breast cancer, stroke and thromboembolism (5).

Betel quid, which is comprised of betel leaf, areca nut, and
slaked lime, is the fourth most commonly used psychoactive
substance worldwide, after tobacco, alcohol and caffeine (6).
Betel quid chewing is reported to reduce stress, increase alert-
ness and promote feelings of well-being (7-9). Areca nuts are
rich in phenolics and have antioxidant properties (10). Betel
quid has a high capacity to inhibit lipid peroxidation compared
with vitamin E (6). Areca nut extract (ANE) has a high level of
total phenolic content and displays antioxidant properties (11).
Treatment of mice with ANE was previously demonstrated
to reverse the oxidative damage induced in hepatic tissues by
carbon tetrachloride (12). Furthermore, the areca nut extract
CC-516, isolated by ethanol extraction, has been indicated to
have effective anti-inflammatory/anti-melanogenesis proper-
ties (13). ANE has been reported to modulate nitric oxide
generation via downregulation of inducible nitric oxide
synthase levels and nuclear factor (NF)-xB signaling both
in vitro and in vivo (14).

Osteoprotegerin (OPG) is a member of the tumor necrosis
factor (TNF) receptor superfamily. It functions as a decoy
receptor by binding to the receptor activator of NF-xB
ligand (RANKL) and competitively inhibiting the interaction
between RANKL and RANK (15). The molecular mecha-
nisms of RANK/RANKL/OPG interactions are critical to
osteoclast differentiation and the regulatory system involved
in bone homeostasis (16). RANKL is secreted by osteoblasts;
following binding to RANK on the surface of preosteoclasts,
RANKL stimulates the activation and development of osteo-
clasts. OPG is a powerful inhibitor of osteoclast formation
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and inhibits bone resorption (17). It has been reported that
the RANKL/OPG ratio may determine the delicate balance
between bone resorption and synthesis (18).

Micro-computed tomography (micro-CT) is a well-known
imaging technique (19-21), which uses the absorption of
X-rays by sample material to create shadow images, which
are used to generate cross-sectional images by the applica-
tion of back-projection algorithms (22). Micro-CT has been
used to characterize cancellous and cortical bone strain in an
in vivo mouse tibial loading model (23), a mouse and human
jaw joint (24) and the vascular bed in bone metastasis in a rat
model (25).

It has previously been reported that estrogen deficiency
causes bone loss by mediating oxidative stress-enhanced
expression of cytokines that promote osteoclastic bone resorp-
tion (26). The aim of the present study was to investigate
the protective effect of ANE on bone loss in ovariectomy
(OVX)-induced osteoporosis mice. Following the admin-
istration of ANE, 3D micro-CT was used to study changes
in the trochanteric region of the femur of OVX mice. The
OPG/RANKL and oxidative stress levels were also measured.
These findings were used to evaluate the roles of RANKL,
OPG and the RANKL/OPG ratio in OVX mice and the effects
of ANE antioxidant activity on bone mineral density and
levels of oxidative stress.

Materials and methods

Plant material and extraction. A total of 1 kg fresh tender nuts
of Areca catechu were purchased directly from the grower
(Herb Market; Haikou, China) in July 2013. Nuts (200 g) were
chopped into cubes (0.5-1 cm?) using a blender and extracted
using 500 ml water at 4°C overnight. The supernatant was
collected and concentrated by lyophilization at -4°C. The
lyophilized powder was weighed, redissolved in ddH,O and
stored at -20°C before use. A solution of 3% ANE was prepared
immediately before each experiment.

2,2-diphenyl-1-picrylhydrazyl (DPPH) assay. The ability of
the prepared extracts to scavenge DPPH radicals was deter-
mined using the method described by Wang et al (27). Briefly,
10 ulI ANE in different concentrations was added to 290 ul
methanol solution of DPPH (0.1 mM; Sigma-Aldrich; Merck
Millipore, Darmstadt, Germany). The final concentrations of
ANE were 0.5, 1, 2, 4, 8, 15, 20, 25, 30 and 40 g/l. Vitamin C
was employed as a reference. The concentrations of vitamin C
were 0.5, 1, 2, 4, 8, 15 and 30 mg/l. The solution was mixed
and then left at room temperature for 30 min in the dark. The
absorbance of the resulting solution was read at 519 nm. The
radical scavenging activity was calculated as a percentage
of DPPH discoloration using the following equation: DPPH
radical scavenging (%) = (A onrol = Asample) / Acontrot X 100%).
A mple 18 the absorbance of the DPPH solution when the extract
has been added at a particular level and A ., is the absorbance
of the DPPH solution without the extract added. All analyses
were run in triplicate. ICy, values denote the concentration of
extract required to decrease the absorbance at 519 nm by 50%.

Animals and treatment. A total of 24, 8-week-old female Kun
Ming (KM) mice were obtained from Guangdong Medical
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Laboratory Animal Center (Guangzhou, China). Mice (weight,
21-23 g) were housed in an environmentally controlled animal
facility and maintained in a 12-h light/dark schedule at
23+2°C throughout the experimental period. Mice were fed
a standard laboratory diet and given free access to deionized
drinking water. The mice were randomly divided into three
groups (n=8 per group): I, sham-operated control; II, bilateral
OVX; II1, bilateral OVX + ANE. This study was carried out
in strict accordance with the recommendations in the Guide
for the Care and Use of Laboratory Animals of the National
Institutes of Health (Bethesda, MD, USA). The protocol was
approved by the Committee on the Ethics of Animal Experi-
ments of Hainan Medical College (Haikou, China; permit
no. hy2013081601). All surgery was performed after intra-
peritoneal injection of 50 mg/kg of 1% sodium pentobarbital
(Sigma-Aldrich; Merck Millipore) anesthesia, and all efforts
were made to minimize suffering.

Under sodium pentobarbital anesthesia, bilateral (dorsolat-
eral) ovariectomies were performed in Groups II and I11, while
sham operations were performed in Group I. After 7 days of
recovery, Group III were treated orally with 3% aqueous ANE
at a single dose of 300 mg/kg body weight (~0.2 ml of 30 g/l
ANE, which exhibited an optimum antioxidant capacity to
scavenge free radicals in the aforementioned DPPH assay)
body weight daily for 6 months. The other two groups received
deionized water as a placebo. During the period of ANE treat-
ment, Group I was pair-fed with the experimental Groups 11
and III to minimize the impact of any altered food intake in
the experimental groups.

At the end of the experiment, all animals were sacrificed
(mice were treated with 3% CO, inhalation) and samples of
whole blood were collected by cardiac puncture. Blood was
allowed to clot for 30 min and serum was then separated by
centrifugation at 1,500 x g for 10 min. Soon after the blood
collection, the femora were isolated, fixed in 10% formalde-
hyde and stored at -20°C.

Biochemical parameters. Serum levels of hydrogen peroxide
(H,0,), malondialdehyde (MDA), glutathione (GSH) and
catalase (CAT) activity were measured using respective Kits
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China),
according to the manufacturer's instructions.

RANKL and OPG analysis. Markers of bone turnover in the
serum were measured using enzyme-linked immunosorbent
assay (ELISA) kits for RANKL and OPG (R&D Systems,
Inc., Minneapolis, MN, USA). All ELISA procedures were
performed according to the manufacturer's protocols.

Bone microarchitecture assessment by micro-CT. Bone micro-
architecture in the distal femur was scanned using Explore
Locus SP Pre-Clinical Specimen Micro-CT (GE Healthcare
Bio-Sciences, Pittsburgh, PA, USA) with 8 mm resolution;
tube voltage 80 kV and tube current 80 uA. The reconstruc-
tion and 3D quantitative analyses were performed using the
software (MicroView 1.1) provided with the micro-CT system
(GE Healthcare Bio-Sciences). The same settings for scanning
and analysis were used for all samples. In the femora, scanning
regions were confined to the distal metaphysis, extending proxi-
mally 2.0 mm from the proximal tip of the primary spongiosa.
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The trabecular bone region was outlined for each micro-CT
section. Within these regions, trabecular bone was separated
from cortical bone with boundaries defined by the endocor-
tical bone surfaces. The following 3D indices in the defined
region of interest were analyzed: Proportion of bone volume in
total volume (BV/TV), trabecular number (Tb.N), trabecular
separation (Tb.Sp), trabecular thickness (Tb.Th), structure
model index (SMI) and bone mineral density (BMD) (28). The
operator conducting the scan analysis was blinded to the treat-
ments associated with the specimens.

Statistical analysis. Data are presented as the mean + standard
error of the mean. Data were analyzed by the Statistical Product
and Service Solutions (SPSS) program version 16 (SPSS, Inc.,
Chicago, IL, USA). Group differences were determined using
the Student's t-test. P<0.05 was considered to indicate a statis-
tically significant difference.

Results

Free radical scavenging activity of ANE. The soluble free
radical DPPH is well known as a good hydrogen abstractor,
yielding DPPH-H as a by-product (29). The antioxidant activity
of ANE and vitamin C (a positive control) was measured
based on the scavenging activities for stable DPPH radicals
as presented in Fig. 1. DPPH scavenging activity was found to
be 36.7% (8 g/1), 60.5% (15 g/1), 67.2% (20 g/1), 70.2% (25 g/1),
72.3% (30 g/1) and 72.9% (40 g/1) for ANE. The half maximal
IC,, values of ANE for the scavenging of DPPH radicals were
12,621.4 mg/l (ANE) and 5.3 mg/ml (vitamin C). These results
suggested that 30 g/l ANE exhibited an optimum antioxidant
capacity to scavenge DPPH free radicals.

Body weight. The body weights of the animals in each group
were measured monthly (Fig. 2). There were no significant
differences in body weight between groups I, IT and III.

Effect of ANE on the structural properties of bone. Alterations
in the bone architecture of the femur is considered important
in postmenopausal osteoporosis and is related to bone strength.
To evaluate the effect of OVX and ANE on femur bone struc-
ture, architectural parameters of the femur were assessed in 3D
micro-CT images (Fig. 3). In the OVX group (II), the BV/TV
(P<0.05), Tb.Th (P<0.05), Tb.N (P<0.01) and BMD (P<0.01)
were significantly lower as compared with the sham-operated
control group (I), Tb.Sp (P<0.01) and SMI (P<0.05) were
significantly higher (Fig. 4). In the ANE treatment group (III),
BV/TV, Tb.Th, Tb.N and BMD were significantly increased
compared with the OVX group (IT) (all P<0.05), while Tb.Sp
and SMI were significantly decreased (both P<0.05).

Effect of ANE on serum RANKL, OPG and RANKL/OPG ratio
in OVX mice. In the present study, it was hypothesized that
ANE inhibited the bone resorption process. OPG and RANKL
levels are critical for osteoclast regulation (30); therefore,
serum levels of OPG and RANKL were determined by ELISA.
In the OVX group (II), serum levels of OPG were significantly
decreased compared with the sham-operated control group
(I), whereas RANKL levels were significantly increased (both
P<0.05; Fig. 5A and B). The RANKL/OPG ratio was also
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Figure 1. DPPH assay to determine optimum ANE concentration for free
radical scavenging activity. ANE, areca nut extract; VC, vitamin C; DPPH,
2,2-diphenyl-1-picrylhydrazyl.
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Figure 2. Effect of ANE treatment on body weight in OVX mice (n=8 in
each group). Body weights were measured once a month. OVX, ovariectomy;
ANE, areca nut extract.

significantly increased in the OVX group (II) compared with
the sham-operated control group (I) (P<0.05; Fig. 5C). ANE
treatment significantly reversed the OVX-induced decrease in
serum RANKL levels and the increase in serum OPG levels
compared with the OVX non-treated group (II) (both P<0.05;
Fig. 5A and B). Therefore, the RANKL/OPG ratio was signifi-
cantly decreased by ANE treatment compared with the OVX
non-treated group (IT) (P<0.05; Fig. 5C).

Evaluation of oxidative stress. Estrogen deficiency in the OVX
group (I) induced changes in oxidative stress parameters, with
significantly increased levels of H,O, and MDA in the serum
compared with the sham-operated control group (both P<0.05;
Fig. 6A and B). Furthermore, CAT activity (a biomarker for
antioxidant activity) in the serum was significantly decreased
in the OVX group compared with the sham-operated group
(I) six months after surgery (P<0.01; Fig. 6C). Treatment with
ANE for 6 months significantly decreased both H,O, and
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Figure 3. Three-dimensional micro-computed tomography images (8 mm resolution) of coronal (A, D, G), sagittal (B, E, H) and trabecular (C, F, I) fractures

of the femoral condyle. OVX, ovariectomy; ANE, areca nut extract.
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Figure 4. Cortical bone parameters in OVX mice, evaluated by 3D micro-computed tomography analysis (n=8 in each group). (A) BV/TV, (B) Tb.Th,
(C) Tb.Sp, (D) Tb.N, (E) BMD and (F) SMI. "P<0.05, “P<0.01. OVX, ovariectomy; ANE, areca nut extract; BV/TV, proportion of bone volume in total volume
(bone volume density); Tb.Th, trabecular thickness; Tb.Sp, trabecular separation; Tb.N, trabecular number; BMD, bone mineral density; SMI, structure model

index.
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Figure 5. Effect of ANE on serum levels of OPG, RANKL and RANKL/OPG ratio in OVX mice (n=8 in each group). Serum levels of (A) OPG and
(B) RANKL were determined using murine OPG and RANKL ELISA assays and (C) the RANKL/OPG ratio was calculated. "P<0.05. OVX, ovariectomy;
ANE, areca nut extract; OPG, osteoprotegerin; RANKL, receptor activator of nuclear factor-kB ligand.
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Figure 6. Effect of ANE on oxidative stress in OVX mice (n=8 in each group). Serum levels of (A) H,0,, (B) MDA, (C) GSH and (D) CAT activity were
measured. "‘P<0.05, “P<0.01. OVX, ovariectomy; ANE, areca nut extract; H,0,, hydrogen peroxide; MDA, malondialdehyde; GSH, glutathione; CAT, catalase.

MDA levels in the serum (both P<0.05; Fig. 6A and B) and
significantly increased serum CAT activity as compared with
the OVX non-treated group (II) (P<0.01; Fig. 6C). In addition,
ANE treatment significantly elevated serum GSH levels after
6 months of treatment compared with the OVX non-treated
group (II) (P<0.05; Fig. 6D).

Discussion

The purpose of the present study was to evaluate the effects
of ANE on bone metabolism in OVX female rats. This was
investigated by measuring bone density and biochemical
parameters, including the serum levels of OPG and RANKL,
as well as changes in the levels of oxidative stress markers
such as H,0,, MDA, CAT activity and GSH.

ROS are produced by the mitochondrial electron transport
chain or other enzymatic systems, such as nicotinamide adenine
dinucleotide phosphate (NADPH) oxidases, cytochrome
P-450, cyclo-oxygenase, aldehyde oxidase, dihydroorotate
dehydrogenase, tryptophan dioxygenase, nitric oxide synthase
and xanthine oxidase (31). Traditionally, mitochondria are
considered to be the main source of ROS overproduction.
However, excessive stimulation of NADPH can also result in
oxidative stress (32), which induces an imbalance between
pro-oxidants and antioxidants in cells and tissues.

Oxidative stress is related to aging and bone biology (33).
Estrogen deficiency increases the generation of ROS, and the
adverse effects of estrogen loss on bone may be attenuated by

antioxidants (34). OVX leads to significant bone loss in the
femora and vertebrae of wild type mice with comparable osteo-
genic activity (35). In the present study, OVX was associated
with increased serum levels of H,O, and MDA and decreased
CAT activity. These results provided evidence in support of
the theory that estrogen deficiency results in increased ROS
generation.

The beneficial effects of ANE may be mediated by
protecting against oxidative stress. ANE was previously found
to be rich in phenolic compounds, which possess an ideal
structural chemistry for free radical scavenging activity (10).
Sazwi et al (11) reported that ANE exhibited strong cytopro-
tective effects, comparable to those of ascorbic acid. Previous
results have also shown that ANE has higher antioxidant
activity compared with a-tocopherol (36). Cui et al (37)
reported that extracts containing polyphenolic compounds
showed extremely potent cytoprotective effects against
H,0,-induced damage. The current results indicated that ANE
treatment inhibited the OV X-induced increase in both H,0O,
and MDA levels, and reversed the OV X-induced decrease in
CAT activity. The GSH level was also significantly elevated
in OVX mice treated with ANE. These results suggested that
ANE had an antioxidant effect in OVX-induced osteoporosis
mice.

The balance of bone formation and resorption is mediated
by osteoblasts (bone-forming cells) and osteoclasts (bone
resorption cells), respectively (38). ROS are involved in apop-
tosis of osteoblasts and osteocytes and osteoclastogenesis and,
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therefore, also in the process of bone resorption (39). ROS can
also suppress the differentiation of osteoblasts (40). Dysregu-
lation of bone homeostasis leads to bone diseases (41). In the
current study, OVX induced oxidative stress along with the
induction of osteoporosis in mice. Measurements of microar-
chitectural parameters such as BV/TV, Tb.N, Tb.Sp, Tb.Th,
SMI and BMD can be used to estimate bone strength (42).
BV/TV, Tb.Th, Tb.N and BMD were significantly decreased
and Tb.Sp and SMI were significantly increased in the KM
mice 6 months after bilateral OVX. These effects were partially
reversed by ANE treatment for 6 months, which improved the
bone structural indices, BMD and trabecular thickness that
had been compromised by OVX.

The molecular triad of OPG/RANK/RANKL plays a
crucial role in bone remodeling (43). OPG/RANK/RANKL
functions as a pivotal molecular link between osteoblast and
osteoclast activity. RANKL activates mature osteoclasts and
mediates osteoclastogenesis, while OPG acts a decoy receptor
for RANKL, preventing it from binding to and activating
RANK (44). In a previous study, exogenous superoxide radi-
cals or H,0, were shown to stimulate RANKL and TNF-a
expression in osteoblasts in vitro, suggesting that ROS activate
osteoclastic bone resorption via RANKL derived from osteo-
blasts (34). Superoxide dismutase 1 deficiency increases ROS
levels and induces cellular abnormalities in osteoblasts (45).
Estrogen deficiency increases the generation of ROS, and
the adverse effects of estrogen deficiency on bone can be
prevented by antioxidants (34). The current study demon-
strated that, compared with the sham-operated group, OVX
mice had increased levels of RANKL and decreased levels of
OPG, with a consequent increase in the RANKL/OPG ratio.
ANE treatment was indicated to inhibit these effects; in the
OVX + ANE group, the RANKL/OPG ratio was significantly
lower compared with the OVX group. These results suggest
that an alteration in RANKL/OPG may be involved in the
antioxidant capacity of ANE.

In summary, the current study suggests that antioxidant
properties of ANE alleviate oxidative stress in OVX-induced
osteoporosis mice. Treatment with ANE could affect the serum
levels of OPG and RANKL, decreasing the RANKL/OPG
ratio. Therefore, ANE is indicated to have a protective effect
against OV X-induced osteoporosis through regulating oxidant
homeostasis.
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