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ABSTRACT

Fructus Ligustri Lucidi, a traditional Chinese medicine, is the fruit of Ligustrum lucidum Ait. (Oleaceae). It has
invigorating effects on the liver and kidneys and is a commonly used herb in the treatment of age-related
diseases. The ethanol extract of FLL is a potential candidate for the prevention and treatment of
postmenopausal osteoporosis. In the present study, we aimed to determine whether the ethanol extract of FLL
wields an anti-osteoporotic effect on ovariectomized mice and to explore the relevant underlying mechanisms
of action. One week after surgery, animals were randomly assigned to five groups, at 10 per group: a sham
group, OVX group, E2 group, and FLL group (2 g/kg and 4 g/kg). Eight weeks after treatment, we harvested the
uteri, femurs, tibias, visceral organs, and plasma from the mice. The levels of estradiol, Trap, Trap5b, OPG, and
RANKL in plasma were determined by ELISA. We assessed bone mineral density and bone microstructure by X-
ray absorptiometry and micro-CT, and the formation of F-actin rings was detected by immunofluorescence
staining assay. FLL significantly decreased osteoclast activity, increased bone mineral density, and improved
bone microstructure in OVX mice (P < 0.05). The fat content of abdominal fat and bone marrow were also
reduced after treatment with FLL (P < 0.01). In addition, FLL (1 ug/mL) suppressed the formation of osteoclasts
and F-actin rings in vitro (P < 0.01). FLL inhibited adipocyte differentiation in both fate determination and
maturation from monocytes by inhibiting Zfp423 and PPARy mRNAs (P < 0.01 or P < 0.05). In summary, FLL
prevented additional bone loss and improved bone microstructure in OVX mice by suppressing the activity of
osteoclasts and reducing the fat content in the abdomen and the bone marrow.

INTRODUCTION been estimated that nearly half of all postmenopausal
women will undergo one osteoporotic fracture in their
lifetime [1]. There are also reports of obesity and

increased numbers of bone marrow adipocytes in

Menopause is a natural part of aging in women who are
in a transitional phase from reproductive to non-

reproductive status. This area holds significant research
interest, as some common menopause-related metabolic
diseases occur in postmenopausal women, such as
osteoporosis and obesity. Osteoporosis exerts a
substantial impact on the quality of life in
postmenopausal women since osteoporosis-related
fractures constitute the primary cause of disability or
even death among the elderly female population. It has

menopausal women. Despite our previous conventional
reasoning that obesity protected against osteoporotic
fractures because of peripheral adiposity providing
insulation in falls, the belief that obesity is protective
against osteoporosis has recently been revised [2]. Too
much intra-abdominal fat, visceral obesity, or bone
marrow yellow fat are reported to be harmful for bone
health [3], and postmenopausal women are at an
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increased risk of developing visceral obesity and intra-
abdominal fat [4]. Hence, the interregulation between
bone and fatty tissue may provide a potential means
to investigate various medications for use in
postmenopausal osteoporosis. Fructus Ligustri Lucidi
(FLL) was originally described by Shen Nong Ben Cao
Jing as a means to nourish the yin and supplement the
kidneys. Previous studies revealed that extracts of FLL
possess significant therapeutic properties such as
providing anti-tumor activities, hepatoprotection,
immunoregulation, anti-inflammation, and amelioration
of hyperlipidemia [5]. The previous experimental
results of our research group found tnat Erzhi formula
(consists of Ecliptae herba and Fructus Ligustri Lucidi
at a ratio 1:1) significantly inhibited the bone loss
induced by OVX in mice by its regulation of estradiol
combined with the nourishing effect of the uterus, and
that it also attenuated bone resorption by decreasing the
RANKL/OPG ratio so as to inhibit osteoclast
maturation [6]. It demonstrated that FLL has a certain
effect of anti-osteoporosis, but a beneficial effect on
bone has not yet been shown scientifically.

Thus, the current study was carried out on
ovariectomized mice, a model of surgical post-
menopause, in order to elucidate the impact of FLL on
bone and fat tissues in postmenopausal osteoporosis.
These results are expected to present important
therapeutic and preventive implications for women in
the menopause and post-menopausal period.
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RESULTS
FLL suppresses uterine atrophy induced by OVX

We successfully established the OVX-mouse model,
and validated it by measuring the levels of estradiol in
plasma. Our results showed that the estradiol levels
were significantly decreased one week after OV X in all
mice, indicating the success of the surgical procedure
(P <0.01; Figure 1A). Our results also showed that
uterine atrophy was prominent in OVX mice and that
the uterine weights in the model group were
significantly reduced (P < 0.01). Estrogen and FLL
treatment reversed uterine atrophy and significantly
augmented uterine weight (P < 0.05; Figure 1B).

FLL suppresses the loss of bone and reduces fat
weight in OVX mice

Our data revealed that OVX significantly increased
body weights in OVX mice at the end of the study,
while treatment with FLL significantly reduced the
weight gained (P < 0.05; Figure 2A); and the changes in
body weight were independent of daily diet (P > 0.05;
Table 1). We also measured the weights of various
organs—including bone, fat issue, lean body mass, liver,
spleen, and kidney in the mice after treatment with FLL
for 8 weeks. Results from dual-energy X-ray
absorptiometry showed that the BMD in the femurs of
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Figure 1. FLL suppresses uterine atrophy induced by OVX. (A) Estradiol concentrations were significantly diminished one week after
OVX in all mice as detected by ELISA kit. (B) Uterine atrophy in OVX mice after treatment with FLL at 8 weeks. #P < 0.01 compared with

sham; "P < 0.05 compared OVX (n = 10).
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Table 1. The daily diet of mice.

Groups Days Daily diet (g)
sham 60 2.80£0.43
OoVvX 60 2.78 £0.36
E2 60 2.78£0.49
FLL (2 g/kg) 60 2.97 £0.53
FLL (4 g/kg) 60 2.75+0.38
OVX mice was significantly diminished compared to obviously increased in OVX mice, while it

the sham group (P < 0.01; Figure 2B), and that E2 and
FLL (2 g/kg) significantly elevated BMD in OVX
mice (P < 0.01 or 0.05; Figure 2B). When we
determined body fat and lean content of each group by
the NMR body-composition analyzer, we observed
that 8 weeks after OVX surgery the fat content

A

significantly decreased in the E2 and FLL groups
compared with the same indices in the OVX group
(P < 0.01 or 0.05; Figure 2C). There was no difference
in lean content among groups (Figure 2D); and we
uncovered no differences in the indices for the liver,
kidney and spleen among groups (Figure 2E-2G).
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Figure 2. FLL suppresses bone loss and reduces fat weight in OVX mice. (A) Body weights of OVX mice 8 weeks post-operatively.
Treatment with FLL decreased body weight significantly. (B) Bone mineral density (BMD) in the femurs of OVX mice decreased significantly
compared to the sham group, and estrogen and FLL significantly augmented BMD in OVX mice. The body fat and (C) lean content (D) of
each group were evaluated by NMR body composition analyzer after 8 weeks. (E-G) The indices for liver, kidney and spleen among groups.
#P < 0.05 compared with sham; #P < 0.01 compared with sham; *P < 0.05 compared OVX; *"P < 0.01 compared OVX (n = 10).
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FLL improves bone microstructure and mechanical
properties, and reduces fat content in the bone
marrow of OVX mice

Since FLL significantly suppressed the loss of bone in
OVX mice, we evaluated the microstructure of the
distal femur by micro-CT. Microstructural parameters
of the trabecular bone in the distal femur showed that
Conn.D in the OVX group was significantly lower than
in the sham group (P < 0.01); however, E2 and FLL (2
g/kg) reversed the changes induced by OVX in Conn.D
(P < 0.01 or 0.05; Figure 3A and 3B). In addition, left
tibial strength was significantly diminished in the OVX
group (P < 0.01) but dramatically increased in the FLL
group (2 g/kg) (P < 0.05; Figure 3C). OPG plays a
crucial role in preventing osteoporosis and RANKL
binds to OPG, inhibiting the formation of osteoclasts by
disrupting RANKL-RANK signaling. The level of OPG
significantly increased in the FLL group compared to
the OVX group (P < 0.05), and commensurately
inhibited the level of RANKL (P < 0.01) (Figure 4A
and 4B). The ratio of OPG/RANKL was significantly
reduced in the OVX group, while it was significantly

elevated after treatment with FLL (P < 0.01; Figure 4C).

Results for OPG and RANKL proteins in bone tissue
were consistent with the results from plasma (Figure 4D
and 4E). Using H&E staining of femurs, we also found
that the adipose tissue that we observed as white
vacuoles in bone marrow increased in the OVX group,
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while E2 and FLL significantly reduced the area of
white vacuolation after 8 weeks of treatment in OVX
mice (P < 0.01; Figure 5A and 5B).

FLL inhibits osteoclastogenesis and function by
downregulating Trap activity and levels of Trap5b
and NFATcl

The levels of Trap activity and Trap5b proteins in
plasma represent clinical osteoclast activity. Our study
showed that Trap activity and the level of Trap5b
protein were significantly increased in the OVX group,
and that treatment with FLL significantly inhibited
these increases (P < 0.01; Figure 6A and 6B). ACP5
and NFATCc1 are two key markers of osteoclastogenesis,
and our results showed that their mRNA expression in
the OVX group was significantly higher than the
expression in the sham group. E2 and FLL then
suppressed the increase in ACP5 and NFATc1l mRNA
expression, respectively (P < 0.05 or 0.01; Figure 6C
and 6D). When we isolated monocytes from bone
marrow to clarify the effect of FLL on osteoclast
differentiation and function, we observed that FLL
significantly  suppressed Tracp activity without
changing overall cellular activity as determined by
CCK-8 assay (Figure 6E and 6F). We also noted that
RANKL and M-CSF stimulated the formation of
osteoclasts using Trap staining, while FLL inhibited
osteoclast differentiation (Figure 6G). F-actin staining
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Figure 3. FLL improves bone microstructure and mechanical properties in OVX mice. (A) The microstructure of the distal femur
by micro-CT showed that trabecular bone was severely reduced in the model group but recovered with estrogen and FLL treatment. Conn.D
(bone trabecular connection density) (B) and left tibial strength (C) in the model group were significantly lower than in the sham group but
recovered with 2g/kg of FLL. #P < 0.01 compared with sham; *P < 0.05 compared with OVX; *P < 0.01 compared with OVX (n = 10).
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showed that FLL decreased the formation of F-actin
rings (Figure 6H).

Regulation by FLL of MSC differentiation to
osteoblasts and adipocytes

Bone marrow mesenchymal stem cells (MSCs) were
used to induce osteoblast differentiation and adipocyte
differentiation. Our results revealed that FLL
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significantly stimulated osteoblast differentiation and
the production of ALP while inhibiting adipocyte
differentiation and without changing cellular activity as
reflected by CCK8 (P < 0.05; Figure 7A-7E). We then
used the TOPFlash assay to investigate the activation of
the Whnt-signaling pathway by FLL, and showed that
FLL significantly activated Wnt signaling (P < 0.01;
Figure 7F). As the principal markers of MSC
differentiation into osteoblasts and adipocytes, we
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Figure 4. FLL promotes the expression of OPG and inhibits the expression of RANKL in OVX mice. Plasma levels of OPG (A) and
RANKL (B) were measured by ELISA. The level of OPG significantly increased in the FLL group compared to the OVX group, and the level of
RANKL was commensurately attenuated. (C) The ratio of OPG/RANKL was significantly reduced in the OVX group, while it significantly
increased after treatment with FLL (n = 10). (D—E) FLL treatment promoted OPG and inhibited RANKL proteins in bone tissue. #P < 0.05
compared with sham; #*P < 0.01 compared with sham; *P < 0.05 compared with OVX; P < 0.01 compared OVX (n = 3).
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determined the protein levels of RUNX2 and PPARYy in
bone tissues by western immunoblotting analysis. We
observed consistency in the effects of FLL on MSC
differentiation, as FLL inhibited PPARYy expression but
stimulated RUNX2 expression (P < 0.01 or 0.05; Figure
7G-1J).

FLL inhibits fate determination and maturation of
adipocytes

Zinc-finger protein 423 (Zfp423) is an important marker
of pre-adipocytes, and we found that incubation with an
adipocyte-inducer solution for 1 day significantly
increased Zfp423 mRNA expression (P < 0.01; Figure
8A). PPARy is a marker of mature adipocytes, and
when we evaluated the effect of FLL on PPARy mRNA
expression, we observed that incubation with FLL for
7 days significantly inhibited the increase in PPARYy
mRNA that was prompted by the adipocyte-inducer
solution (P < 0.05; Figure 8B-8D).

DISCUSSION
Postmenopausal osteoporosis (PMOP) is defined as a

metabolic bone disease characterized by decreasing
bone mineral density and increasing risk of fracture in

postmenopausal women, and is produced by a reduction
in circulating estrogen. OVX animals are used
worldwide to investigate the physiologic and pathologic
changes in postmenopausal women, and the OVX
model is used in classic pharmacologic research on
PMOP [7]. The current treatment principle with respect
to osteoporosis in Western medicine primarily relies on
inhibiting bone resorption, promoting bone formation,
and increasing bone mineral density. Treatment drugs
principally include estrogenic substances,
bisphosphonates, parathyroid hormone, vegetarians,
calcium, and vitamin D [8-10]. However, Western
medical treatment produces a high incidence of adverse
reactions and complications—such as stroke, cancer,
and cardiovascular disease—and it also shows
characteristics of poor prognosis. In addition, Western
medicine is typically expensive, which increases the
medical burden on patients [11-13]. Therefore, it is of
critical importance to adopt novel treatment methods to
reduce the harm caused by osteoporosis. There is no
concept of osteoporosis in traditional Chinese medicine
(TCM), but it is rather spoken of as “bone atrophy” and
“bone dryness.” The TCM theory asserts that “the
kidneys govern the bone marrow of the body”; i.e., the
kidneys store the essence and produce the marrow, and
the marrow resides in the bone cavity in order to
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Figure 5. FLL reduces fat content in the bone marrow of OVX mice. (A) H&E staining showed that the white vacuoles in bone
marrow increased in the OVX group, while estrogen and FLL significantly reduced the area of white vacuoles after eight weeks of treatment
in OVX mice. (B) The white vacuoles were measured quantitatively and data are shown below. ##P < 0.01 compared with sham; **P < 0.01

compared with OVX (n = 3).
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nourish the bones. When the kidney essence is deficient,
the bones and marrow are reduced; thus, the Kidneys
play significant roles in the growth and development of
bones. TCM treatment of OP has gradually developed
into an important method that engenders significant
positive actions with low side effects. More recent

studies have shown that most kidney-tonifying Chinese
medicines have estrogen-like effects, which can then
regulate bone metabolism and thus exert an anti-
osteoporotic action in the postmenopausal period [14].
Fructus Ligustri Lucidi as a kidney-tonifying Chinese
medicine nourishes the liver and kidneys, and improves
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Figure 6. FLL inhibits osteoclastogenesis and function by downregulation of Trap activity and levels of Trap5b and NFATc1.
(A-B) The levels of Trap activity and Trap-5b proteins in plasma markedly decreased after treatment with FLL (n = 10). (C-D) Trap mRNA
expression in the OVX group was significantly higher than in the sham group. Estrogen and FLL suppressed the increase in ACP5 and NFATc1
mRNA expression. (n = 3). (E) Monocytes from bone marrow were cultured with M-CSF (2.5 pg/mL) and FLL seven days before being
subjected to CCK-8 assay. (F) The monocytes were treated with M-CSF (2.5 pg/mL) and RANKL (5 pg/mL) for 7 days and assessed by
tartrate-resistant acid phosphatase (Tracp). FLL (1 pg/mL) significantly suppressed Tracp activity. (n = 6). (G—-H) Monocytes were treated
with M-CSF (2.5 pg/mL) and RANKL (5 pg/mL) for 7 days and stained for Tracp and F-actin rings. #P < 0.05 compared with sham; #P < 0.01
compared with sham; *P < 0.05 compared with OVX; P < 0.01 compared with OVX (n = 3).
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the purpose of black hair. Studies have shown that FLL
can be used in the prevention and treatment of
menopausal osteoporosis, and increases the content of
estrogen in the body and provides estrogenic effects
[15]. In the present study, we used the OVX mouse

model to examine the effects of FLL on various organs,
and found that FLL reversed OVX-induced uterine
atrophy (Figure 1B). This suggested to us that FLL
might possess a potential estrogen-like effect, although
this requires further investigation.
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Figure 7. FLL significantly stimulates osteoblast differentiation and inhibits adipocyte differentiation of MSC. (A) The MSC
were cultured with FLL and subjected to CCK-8 assay (n = 6). (B—C) MSC were cultured with osteogenic-inducer solution for 7 days and we
then determined ALP activity, and ALP was also stained with BCIP/NBT; FLL markedly promoted the expression of ALP. (n = 6). (D) The MSC
were cultured with adipocyte-inducer solution for 7 days and stained with Oil Red. (E) We quantified Oil Red by dissolving it in isopropanol
and measuring the absorbance at 500 nm. FLL significantly inhibited adipocyte differentiation (n = 6). (F) TOPFlash assay was used to
investigate the activation of the Wnt-signaling pathway by FLL, and results showed that FLL significantly activated Wnt signaling (n = 6).
(G—H) The levels of RUNX2 protein and mRNA in mouse bone marrow were noticeably increased after treatment with FLL (n = 3). (I-J) The
levels of PPARy protein and mRNA in mouse bone marrow were notably decreased after treatment with FLL. (n = 3). #P < 0.05 compared
with sham or control; #P < 0.01 compared with sham or control; *P < 0.05 compared OVX or model; **P < 0.01 compared OVX or Licl.
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Many investigators have determined that significant
physiologic changes are to be found in menopausal
women, including an increase in visceral adiposity and
a decrease in bone mass. These changes are major risk
factors for osteoporosis, obesity, diabetes, and
cardiovascular diseases [16-17]; and a large number of
studies revealed that estrogen deficiency was related to
bone loss and fat accumulation [18]. The Women’s
Health Initiative (WHI) publicized in 2002 showed that
estrogen treatment increased BMD at multiple sites, and
that estrogen treatment also reduced the risk of fractures
by 24%. A systematic review showed that estrogen-only
therapy, compared with placebo, posed a significantly
low risk of fractures [19]. It was reported in a Nature
publication that blocking FSH induced thermogenic
adipose tissue and reduced body fat, and that a decline
in circulating estrogen levels caused a marked increase
in circulating FSH levels; this could then explain the
obesity prevalent in menopausal women [20]. Therefore,
osteoporosis and overweight due to increased fatty
tissues are two important and commonly occurring
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metabolic? alterations that occur in postmenopausal
women. In the present study, we found that FLL
significantly reversed OV X-induced bone loss and the
increase in fat, while FLL had no effect on lean body
mass, liver, spleen, or kidney after administration of
FLL for 8 weeks (Figure 2). Since the body weight
gained upon OVX was significantly inhibited (Figure
2A), we measured the daily diets for each group
(Table 2), and our results showed that the inhibition of
body weight with FLL was not dependent upon daily
dietary considerations. Therefore, our study potentially
provides a novel medical treatment for menopause-
related metabolic diseases such as PMOP and
postmenopausal weight gain.

Bone remodeling is a complex process that involves
bone resorption and bone formation in the body [21]. A
balance between bone resorption by osteoclasts and
bone formation by osteoblasts is thus essential for
maintaining proper bone metabolism and bone mineral
density. Conventional scientific wisdom states that
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Figure 8. FLL inhibits the maturation of adipocytes but not of preadipocytes. (A) The MSC were cultured with adipocyte-inducer
solution for 1 day, and FLL did not increase zfp423 mRNA expression. (B—D) Incubation with FLL for 7 days significantly inhibited the level of
PPARy mRNA and protein. *P < 0.05 compared with control; #P < 0.01 compared with control; *P < 0.05 compared with the model; **P <

0.01 compared with the model (n = 3).

www.aging-us.com

AGING



osteoclasts are the bone-resorption cells found naturally
in the body, and they are characterized as large
multinucleated cells that are derived from the
monocyte/macrophage lineage. The increased number
and activity of osteoclasts are responsible for bone
destruction in abnormal metabolic bone diseases, such
as osteoporosis, osteoarthritis, and malignant tumors
[22-24]. Therefore, inhibiting osteoclastogenesis will
likely yield a noteworthy therapeutic contribution to the
treatment of osteoporosis. We herein demonstrated that
FLL reversed the induction of osteoclast activity by
RANKL-induced osteoclast differentiation in vitro.
After 8 weeks of treatment with FLL, the levels of Trap
and Trap5b (which are widely regarded as markers of
osteoclast  activity clinically) [25] decreased
significantly in the plasma as determined by ELISA,
demonstrating that osteoclast activity was inhibited. In
addition, numerous studies have shown that the
RANK/RANKL/OPG-signaling pathway plays a crucial
role in bone remodeling [26]. RANKL promotes
osteoclast precursor-cell differentiation into mature
osteoclasts by binding to RANK in the cytoplasmic
membrane [27]; and OPG secreted by osteoblasts
competitively binds to RANKL and blocks the
activation of RANK/RANKL, thus inhibiting the
maturation and differentiation of osteoclasts [28]. We
also ascertained that FLL increased the expression of
OPG and decreased the expression of RANKL in
plasma (Figure 3). Hence, the anti-osteoporotic effect of
FLL might be achieved by inhibiting osteoclast
differentiation through the RANK/RANKL/OPG-
signaling pathway. In addition, our research showed
that treatment with FLL extract (1 pg/mL) significantly
inhibited osteoclast differentiation from bone marrow
monocytes in mice, as well as the formation of F-actin
rings (Figure 4). The F-actin ring is anchored to the
mineralized matrix to form a closed bone-resorption
chamber, which is a requisite structure in the maturation
of functional osteoclasts [29-30]. Therefore, our study
displayed a significant inhibition of osteoclast activity
with FLL both in vitro and in vivo.

Bone formation maintained by osteoblasts is another
important aspect of bone remodeling. Bone marrow-
derived MSCs constitute a population of multipotent
cells in bone marrow [31], and under certain conditions
MSCs differentiate into various cells such as osteoblasts,
adipose cells, and chondrocytes [32]. Osteogenic and
adipogenic differentiation of MSCs are characterized by
the two classical markers RUNX2 and PPARy,
respectively [33], representing a characteristically
reciprocal relationship in the bone marrow. When the
differentiation of adipose cells increases, the
differentiation of osteoblasts decreases accordingly; this
reduces the capability for bone formation, destroying
the balance between osteoblasts and osteoclasts, leading

to a reduction in bone minerals and bone mass [34-35].
Therefore, it is critically important to maintain bone
health by effectively inhibiting differentiation of MSCs
toward adipocytes. We suggest that FLL inhibits
adipose cell differentiation from MSCs and reduces
abdominal fat in OVX mice by decreasing the
PPARY/RUNX2 ratio (Figure 5). In that respect, the
protective effect of FLL on bone metabolism is further
improved.

As two common diseases that occur in postmenopausal
women, osteoporosis and obesity are both of major
public health concern, and the relationship between
PMOP and obesity has become an area of intense interest.
There are many controversies in publicized studies
regarding the effect of fat mass on bone tissues and
related fractures. For a long-standing period, researchers
believed that obesity was protective against osteoporosis
and associated with a decreased risk for fragility fractures
because of the protective cushion of fat mass when
falling [36]. However, increasing recent evidence
revealed that the beneficial effects of fat mass on the
entire body or on bone were not identical for all
postmenopausal women, and depended upon overall fat
distribution [37-38]. There is an increased risk for
postmenopausal women to develop visceral obesity [39],
and visceral adipose tissue (VAT) is negatively
correlated with bone mass. Even after adjustments for
age and sex, there remains a statistically significant
inverse relationship between VAT and bone [40]. In
addition, high VAT and low estrogen negatively affect
bone in obese men [41]. Thus, there might be a very
close relationship between fat mass and bone. A previous
study even showed that fat from bone marrow might be
responsible for osteoporosis [42]. In our study, we also
found that FLL significantly reversed the increase in
bone marrow fat induced by OVX, and this might
constitute another mechanism underlying the anti-
osteoporotic actions of FLL in the postmenopausal period.

There are two stages of adipogenic differentiation of
MSCs. The first stage is the differentiation of
preadipocytes, which are morphologically
indistinguishable from MSCs but have lost their
potential to differentiate into other mesenchymal
lineages. The second stage is the terminal differentiation
stage, in which the preadipocytes exhibit the
characteristics of mature adipocytes; i.e., the
capabilities of lipid transport and synthesis, insulin
sensitivity, and the secretion of adipokines [43]. zfp423
is a marker of preadipocytes and perilipin peroxisome
proliferator-activated receptor gamma (PPARY) is a
marker of mature adipocytes [44]. In our study we
uncovered increased expression of Zfp423 and PPARy
genes in BMSCs after induction by adipogenic
supplements for 1 or 7 days. In addition, FLL
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significantly inhibited the expression of Zfp423 and
PPARy mRNAs (Figure 8), suggesting that FLL affects
lineage fate determination and terminal differentiation
by suppressing adipogenic differentiation of BMSCs.

CONCLUSIONS

Herein we demonstrated that FLL prevented the bone
loss induced by estrogen deficiency after 8 weeks using
adult female OV X mice. We found an increase in BMD,
improvement in bone microstructure, suppression of
osteoclast activity, and reduction in fat content in the
abdomen and bone marrow. Our findings also indicated
that FLL constrained the activity and function of
osteoclasts derived from bone marrow mononuclear
macrophage cells, stimulated osteoblast differentiation,
and inhibited fate determination and maturation of
adipocytes. Long-term use of FLL also did not produce
any visible side effects. Our current and previous
findings strongly indicate that FLL may be clinically
useful in the treatment of menopause-related
osteoporosis and weight gain.

MATERIALS AND METHODS

Preparation of Fructus Ligustri Lucidi

extracts

(FLL)

FLL was purchased from the medicinal materials market
in Anguo, Hebei, and authenticated by Tianjin University
of Traditional Chinese Medicine. For the preparation of
FLL extracts, 500 g of raw FLL was extracted with 5000
mL of 80% ethanol in a reflux apparatus twice for 2 h
each time. After refluxing, the extracts were evaporated
in a rotary evaporator and lyophilized in a freeze-dryer.
The ultimate extracted yield of FLL was 27.3%.

Animals

Experiments were performed using female C57BL/
6 mice (weighing 20-22 g, and at 8 weeks of age) that
were purchased from Beijing Weitong Lihua
Experimental Animal Technology Co., Ltd., with
certificate number SCXX (Beijing) 2016-0006. The
mice were maintained under standard specific-
pathogen-free (SPF) conditions at the Institute of
Radiation Medicine, Chinese Academy of Medical
Sciences, at a temperature of 22-25°C, relative
humidity of 58-65%, and exposed to a 12-h light/dark
cycle; and mice were provided standard food pellets and
water ad libitum. Animal care and experimental
procedures were approved by the Animal Ethics
Committee of the Tianjin University of Traditional
Chinese Medicine. All the experiments were performed
in accordance with the principles of the NIH (USA)
guidelines (NIH publication #85-23, revised in 1985).

After one week of acclimatization, 50 female mice
underwent either bilateral laparotomy (sham, n = 10) or
bilateral ovariectomy (OVX, n = 40). The success of
OVX was confirmed after 1 week by a significant
diminution in plasma estradiol levels. After 1 week of
surgery, the mice were randomly assigned to four groups:
an OVX group (0.2% Carboxymethylcellulose sodium
(CMCNa), n = 10), E2 group (estrogen, conjugated
estrogens tablets (Xinjiang Xinziyuan Bio-Pharmaceutical
Co., Ltd.; H20090172), at 0.039 mg/kg, n = 10), FLL
group (FLL at 2 g/kg, n = 10), and FLL group (FLL at
4 g/kg, n = 10). All the animals underwent ovariectomy,
except for those in the sham group, which only underwent
partial removal of the fat. All the animals were given
drugs for 8 weeks by intragastric administration.

Body weight and food intake

We recorded body weights and food intake of all
animals every 3-4 days for 8 consecutive weeks after
the operation.

Analysis of body composition

The body composition—including body fat content and

lean mass—were determined by NMR body-
composition analyzer (QMRO06-090H, Suzhou Niumai

Analytical Instrument Co., Ltd.). The animals
underwent isoflurane anesthesia one day before
sacrifice.

Indices of uterine morphology in OVX mice

Eight weeks after treatment with FLL, the mice were
killed and uteri removed for weighing and photographic
examination.

Enzyme-linked immunosorbent (ELISA) assay

The plasma markers of bone turnover—including
tartrate-resistant acid phosphatase (Trap), tartrate-
resistant acid phosphatase 5b (Trap5b), osteoprotegerin
(OPG), and receptor activator of nuclear factor kappa-B
ligand (RANKL)—were measured with ELISA Kits
purchased from CUSABIO (China). Estradiol
concentrations in plasma were determined using a kit
purchased from R&D Systems (USA), according to the
manufacturer’s instructions.

Bone mineral density and microstructure

The bone mineral density (BMD) in the left femur
was determined by dual-energy X-ray absorptiometry
with an InAlyzer instrument (Faxitron Bioptics,
USA), and the bone microstructure was analyzed by
a microcomputed tomography (micro-CT) system
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(SCANCO MicroCT, Switzerland). The left femur was
collected and cleaned by removing the attached muscles
after sacrifice, and the sample was stored in 10%
neutralized formalin.

Left tibial strength

Left tibial strength was measured with a small-animal
bone-strength tester (YLS-16A, China). The tibia was
placed in the machine and the button was pressed until
the tibia fractured, providing the data for tibial strength.

Culture of mesenchymal stem cells from bone
marrow

Bone marrow from bilateral femurs and tibias was
flushed with  phosphate-buffered saline (PBS)
containing a 10% penicillin-streptomycin solution.
After filtering through a 70-um filter membrane, the
filtrate was centrifuged at 300 g for 5 min, and cells
were collected and cultured with a-MEM (Gibco;
Thermo Fisher Scientific) containing 10% fetal bovine
serum (FBS; BI) and 1% penicillin-streptomycin
solution (penicillin 100 U/mL and streptomycin 100
ug/mL; BI). Cells were incubated under 5% CO; at
37°C. The culture medium was first changed after 48 h,
followed by subsequent replacements with fresh
medium every two days. Bone marrow mesenchymal
stem cells (BMMSCs) at the third passage were used for
experiments.

Adipogenic differentiation in vitro

The third-passage BMMSCs were seeded in each well
of 96-well plates at a concentration of 10° cells/mL.
Adipogenic  differentiation  medium  (comprising
dexamethasone, 0.1 mm; IBMX, 0.5 mM; insulin, 10
pg/ml; and indomethacin, 200 uM) was added for 14
days, and cells were then finally stained with Oil Red O
(Solarbio; G1260). The control-group cells were treated
only with medium (a-MEM supplemented with 10%
FBS [BI], penicillin [100 U/mL], and streptomycin [100
pg/mL, BI]) without the induction solution or the
addition of drugs. The experiment was repeated a
minimum of three times.

Osteoblast differentiation in vivo

The third-passage BMMSCs were seeded in each well
of 96-well plates at a concentration of 5 x 10*cells/mL.
Osteoblast differentiation medium (dexamethasone, 0.1
um; B-sodium glycerophosphate, 10 mM; and vitamin C,
50 uM) was added for 7 days, and we stained for
alkaline phosphatase (ALP) with BCIP/NBT as
chromogenic substrates (Beyotime, C3206). The
experiment was repeated a minimum of three times.

Osteoclast culture

The cells were derived from 4-week-old C57BL/
6 female mice. Bone marrow from bilateral femurs and
tibias was flushed with PBS containing a 10%
penicillin-streptomycin  solution, mononuclear cells
were isolated with a sterile Ficoll solution, and red
blood cells were removed using a red blood cell lysis
buffer. The cells were maintained in o-MEM
supplemented with 10% FBS (BI), penicillin (100
U/mL), and streptomycin (100 pg/mL, BI). Incubations
were performed at 37°C in 5% CO,. The cells were
seeded in a 96-well plate at 3 x 10° cells/mL, and after
one day macrophage colony-stimulating factor (M-CSF,
2.5 pg/mL) and receptor activator of NF-kB ligand
(RANKL, 5 pg/mL) were used to induce osteoclast
differentiation. The medium was replaced every three
days. The FLL was dissolved in 0.1% dimethyl
sulfoxide and further diluted with o-MEM culture
medium to an appropriate concentration (0.01, 0.1, and
1 pg/mL). The experiment was repeated a minimum of
three times.

Trap-activity assay and Trap staining

Trap activity was used as a marker of osteoclast
differentiation. The cells were seeded on a 96-well plate
and induced into osteoclasts. After five days of culture,
the medium in the plate was transferred to a new plate
for the Trap-activity assay using an Acid Phosphatase
Assay Kit (Trap, Beyotime). The cells were washed
twice with PBS and fixed with 4% paraformaldehyde
for 30 min; we then followed the Trap-staining kit
manufacturer’s protocol (Sigma-Aldrich). Trap-positive
multinuclear cells were identified as those containing
more than three nuclei that appeared dark red. The
experiment was repeated a minimum of three times.

F-actin staining

After fixing cells with 4% paraformaldehyde for 30 min,
we used 0.1% Triton X-100 to permeabilize the cells for
10 min. Cells were then washed twice with PBS and
sealed with 1% bovine serum albumin (BSA) for 30 min.
The cells were again washed twice with PBS, Alexa
Fluor 568 (1:50) was added at 40 pl/well, and the cells
were then incubated at 37°C for 40 min. Hoechst stain
was added for 15 min and the cells were kept in the dark.
F-actin ring formations were measured by using an
inverted fluorescence microscope (Zeiss, Germany). The
experiment was repeated at least three times.

Real-time PCR

Total RNA was extracted with the Trizol reagent
(Invitrogen Life Technology, Carlsbad, CA), and 1 pg
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Table 2. Names and sequences of primers used for polymerase chain reaction analysis.

Gene Sequence
GAPDH F: 5"GGTCGGAGTCAACGGATTTGG3/,
R: 5’'CTCCTGGAAGATGGTGATGGG3'
PPARYy F: 5"GGGTAAGCTCTTGTGAATGG3’
R: 5’CTGATGCACTGCCTATGAGC3
Pref-1 F: 5’CCTGGCTGTGTCAATGGAGT3
R: 5’CAAGTTCCATTGTTGGCGCAZ’
Zfp-423 F: 5’CGCGATCGGTGAAAGTTGAA3’
R: 5’'CGATCACACTCTGGCTCTCC3'
ACP5 F: 5’CGATGCCAGCGACAAGAGGTTC3
R: 5’CTGTGCAGAGACTTGCCAAGG3
NFATC1 F: 5’ ACCACCAGCCACGAGATCATCC3'
R: 5’AACTCGGAAGACCAGCCTCACC3'
Runx2 F:5-GCGTCAACACCATCATTCTG-3’

R: 5-CAGACCAGCAGCACTCCATC-3'

of RNA was reversed-transcribed to cDNA. Real-time
PCR was conducted using a FastStart Universal SYBR
Green Master (ROX) mix (Roche, Germany), and
amplification was with an ABI Prism 7300 Sequence
Detection System. The amplification conditions were an
initial 2 min at 95°C and 40 cycles of denaturation at
95°C for 15 s, annealing at 65°C for 60 s, and extension
at 72°C for 15 s. The results were calculated using the

2-22Ctmethod. Primer sequences are depicted in Table 2.

Western immunoblotting analysis

The protein from bone marrow was extracted using a
1-mL syringe containing PBS, and red blood cell (RBC)
lysis buffer (RIPA, Solarbio) was added to lyse the
RBCs (PMSF = 100:1; Solarbio, R0020, P0100) on ice
for 10 min. Total protein was extracted from cells using
the lysis buffer directly. Next, the suspension was
centrifuged at 12,000 g for 10 min at 4°C, and the
supernatant was collected into a new centrifuge tube for
later use. Total protein concentration was determined by
using the Pierce Rapid Gold BCA Protein Assay Kit
(Thermo Fisher; A53225), following the manufacturer’s
protocol. The expression of target proteins was detected
using SDS-PAGE (40 ug of total protein per well), with
electrophoresis performed at 50 V for 30 min and at 100
V for 1 h; and then proteins were transferred onto
PVDF membranes (Millipore). The membranes were
blocked with 5% nonfat dried milk in TBST (0.5%
Tween in TBS) for 2 h and then incubated overnight at
4°C with rabbit polyclonal antibody diluted 1:1000 with
TBST (RUNX2, Abcam, ab76056; OPG, Abcam,
ab203061; RANKL, Absin, absi120177; PPARy,
Affinity, AF6284). The next day, the membranes were
washed three times for 5 min each time with TBST and
incubated with an appropriate secondary antibody

(ZB2301; 1:10,000) at room temperature for 2 h. The
protein bands were visualized using ECL western
blotting substrate (P90719, Millipore) and exposed with
a ChemiDoc MP Imaging System (BIO-RAD,
734BR4251). Protein expression level was defined with
the gel imaging analysis system ImageJ (National
Institutes of Health, USA), and normalized with the
corresponding p-actin or GAPDH as the internal
control.

Statistical analysis

We used IBM SPSS Statistics for Windows (version 22;
SPSS Inc., Chicago, IL, USA) for statistical analysis,
and constructed graphs using GraphPad Prism (version
7.0 for Windows, GraphPad Software, LaJolla,
California USA). The values are all expressed as mean
+ SD. Student’s t-test was used to compare the means of
two groups. When > 3 groups were specifically

compared, we used one-way ANOVA. A p-value < 0.05
was considered statistically significant.

Abbreviations

ACPS5: acid phosphatase 5; ALP: alkaline phosphatase;
BMD: bone mineral density; BMMSCs: bone marrow
mesenchymal stem cells; BSA: bovine serum albumin;
CCK-8: Cell Counting Kit-8; Conn.D: connectivity
density; E2: estrogen; ELISA: enzyme-linked
immunosorbent assay; FBS: fetal bovine serum; FLL.:
Fructus Ligustri Lucidi; M-CSF: macrophage colony-
stimulating factor; NFATCL: nuclear factor of activated
T cells 1; OPG: osteoprotegerin; OVX: ovariectomy;
PBS: phosphate-buffered saline; PCR: polymerase
chain reaction; PMOP: postmenopausal osteoporosis;
PPAR: peroxisome proliferator-activated receptor
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gamma; RANKL.: receptor activator of NF-kB ligand;
RUNX2: RUNX family transcription factor 2; TCM:
traditional Chinese medicine; Trap: tartrate- resistant
acid phosphatase; Trapbb: tartrate-resistant acid
phosphatase 5b; VAT: visceral adipose tissue; Zfp423:
zinc-finger protein 423.
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