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Abstract: Osteoporosis is the most common bone disease associated with low bone mineral density.
It is the process of bone loss and is most commonly caused by decreased estrogen production in
women, particularly after menopause. Pueraria lobata, which contains various metabolites, especially
isoflavone, is widely known as regulator for bone mineral contents. In this study, the effects of the P.
lobata extract (PE) with or without fermentation with Lactobacillus paracasei JS1 (FPE) on osteoporosis
were investigated in vitro and in vivo. The effects of PE and FPE on human osteoblastic MG63 cells,
RAW 264.7 cells, and ovariectomized (OVX)-induced model mice were analyzed at various ratios.
We found that FPE increased calcium deposition and inhibited bone resorption by in vitro assay.
Furthermore, treatment with PE and FPE has significantly restored destroyed trabecular bone in the
OVX-induced bone loss mouse model. Overall, FPE demonstrated bioactivity to prevent bone loss by
decreasing bone turnover.

Keywords: fermentation; Lactobacillus; Pueraria lobata; osteoblast; ovariectomized-induced model

1. Introduction

Isoflavones found in soybeans are nonsteroidal, phytoestrogenic, and anti-oxidative
compounds with potential roles in the prevention of chronic diseases, including hormone-
dependent diseases, cardiovascular diseases, breast and prostate cancer, osteoporosis,
and postmenopausal symptoms [1]. For example, the efficacy of isoflavone derivatives
such as dihydrodaidzein (DHD) and equol (EQ) have been evaluated against various
hormone-dependent diseases due to their strong binding affinity for estrogen receptors.

Osteoporosis is a bone disease characterized by the destruction of bone tissue, loss of
bone mass, and an increased risk of bone fractures [2–4]. Osteoporosis can be classified as
primary or secondary depending on its cause. Primary osteoporosis induced by menopause
causes a rapid decrease in estrogen levels; leads to the activation of osteoclasts, the cells
involved in bone resorption; and imparts the inactivation of osteoblasts, the cells involved
in bone formation [5]. When the balance between osteoblasts and osteoclasts is lost, bone
resorption is promoted, bone turnover rate is increased, and bone mineral density is
lowered, leading to increased fracture and osteoporosis [6]. Secondary osteoporosis is
usually caused by other medical conditions or treatments that interfere with the attainment
of peak bone mass and may cause bone loss. These medical conditions include genetic
diseases, serious kidney failure, rheumatoid arthritis, chronic obstructive pulmonary
diseases, endocrine disorders, nutritional imbalance, inflammatory disease, and drug
abuse [7–9].
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Treatment of osteoporosis generally involves anti-resorptive and anabolic medica-
tions in combination with calcium and vitamin D supplementation. With respect to anti-
resorptive drugs, bisphosphonates and calcitonin are the most commonly used for the
treatment of postmenopausal osteoporosis [10,11]. Regarding anabolic drugs, human
parathyroid hormone analogs promote osteoblast formation [12,13]. Selective estrogen
receptor modulators (SERMs) improve bone mineral density (BMD) via the mechanisms
of hormone replacement therapy; however, side effects have been reported, including
increased risk of stroke and venous thromboembolism [12]. Aside from conventional
drug therapy, alternative treatments such as traditional medicine are also used to mitigate
osteoporosis. Natural products, especially herbal medicine, have received growing atten-
tion in the prevention of osteoporosis. For instance, flavonoids derived from Epimedium
brevicornum Maxim have been proven to improve estrogen deficiency-induced osteoporosis
in ovariectomized rats via direct osteoblast stimulation and inhibition of bone resorption,
leading to an overall anabolic effect on periosteum and trabecula [10].

Likewise, isoflavones have been demonstrated as valuable for attenuating menopause-
induced osteoporotic bone loss by regulating bone-related factors [14]. Pueraria lobata,
which is known for its main bioactive components, isoflavones, is a perennial vine native
to Asia and primarily subtropical and temperate regions of China, Japan, and Korea. The
starch extracted from its roots is used in cooking and herbal medicines [15,16] in a wide
variety of applications. Recent research has focused on its antidipsotropic activity for the
treatment of alcohol-related health effects [17]. Furthermore, P. lobata has demonstrated
antioxidant, anti-diabetic, and anti-inflammatory activity [18–21]. With strong applicability
to the treatment of osteoporosis, P. lobata has been reported to regulate receptor activator of
nuclear factor kappa-B ligand (RANKL)-mediated osteoclastogenesis [22], proliferation,
differentiation, and mineralization [23]. To enhance the efficacy of P. lobata, bioconversion
with Lactobacillus paracasei JS1 was performed.

Lactobacillus paracasei JS1 is a gram-positive, non-spore-forming microorganism and
lactic acid bacterium that is commonly used in dairy product fermentation and probi-
otics [24]. L. paracasei has been isolated from the healthy gastrointestinal tract and human
feces [25]. In our previous study, L. paracasei JS1 showed an inhibitory effect on cytokine-
mediated inflammation in the large intestine, as well as has beneficial effects on the skin
due to its ability to produce equol [26]. Thus, it was hypothesized that L. paracasei JS1 could
be effective in the prevention of osteoporosis, which has a strong relationship with estrogen
deficiency. Here, we evaluated the efficacy of the L. paracasei JS1-induced fermentation
products of P. lobata (FPE) which contain various flavonoids, in the prevention of osteo-
porosis. The efficacies of DHD and EQ, which are derivatives of FPE, and 17β-estradiol
(E2) were compared with the efficacy of FPE.

2. Materials and Methods
2.1. Sample Preparation

P. lobata roots were provided by Professor Tae-Ho Park from the green-house at Daegu
University (Daegu, Korea). A voucher specimen (KHU-BMRI-PL-2016) was deposited in
the Biomedical Research Institute of Kyung Hee University. P. lobata roots were chopped
into small pieces and extracted three times in 30% ethanol for 24 h at room temperature,
respectively. The extract was subsequently filtered to remove any particulates and concen-
trated in vacuo. Then, the concentrated crude extract was lyophilized to obtain a powder
and stored at −20 ◦C for subsequent experimentation. Consequently, the yield of PE was
13.2% and FPE was 4.4%, respectively.

2.2. Bacterial Culture and Fermentation

To discover an ideal growth condition, L. paracasei JS1 was incubated at various
conditions. The bacteria were incubated at 37 ◦C for 72 h with various speeds of agitation.

The isoflavone contents were measured by high-performance liquid chromatography
(HPLC). It turned out that incubation at 37 ◦C for 72 h with an agitation speed of 250 rpm
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was the most optimal growth condition, resulting in the most isoflavone content out of
all other investigated agitation speeds (data not shown). For the preparation of P. lobata
fermentation extract (FPE), L. paracasei JS1 was cultured in a liquid Gifu anaerobic medium
(GAM) under aerobic conditions with 2% P. lobata extract at 37 ◦C for 72 h and an agitation
speed of 250 rpm.

2.3. Metabolite Profiling of FPE Using Liquid Chromatography-Mass Spectrometry Analysis

Liquid chromatography-mass spectrometry (LC-MS) analysis was performed using
a SCIEX Triple TOF 5600 (SCIEX, Framingham, MA, USA) operating positive ion mode.
Mass spectrometry was performed in the MSE acquisition mode, which enabled alternation
between high- and low-energy scans. The operating parameters were set as follows: MS
scan type, full scan and information dependent acquisition scanning; ionization source,
electrospray ionization (ESI); MS scan range, m/z 100 to 2000; MS/MS scan range, m/z 30 to
2000; nebulizing gas, 50 psi; heating gas, 50 psi; curtain gas, 25 psi; desolvation temperature,
500 ◦C; ion spray voltage floating, 5.5 kV; declustering potential, 60 V; collision energy,
10 V; cone voltage, 35 ± 15 V.

2.4. Cell Culture

Human MG63 cells, obtained from American Type Culture Collection (ATCC, Manas-
sas, VA, USA) were cultured in alpha-MEM supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin and streptomycin (P/S).

Mouse macrophage RAW 264.7 cells purchased Korean Cell Line Bank (KCLB, Seoul,
Korea) were cultured in DMEM supplemented with 10% FBS and 1% P/S. Cells were
incubated at 37 ◦C and 5% CO2 in a humidified atmosphere.

2.5. Osteoblast Proliferation Assay

MG63 cell proliferation was evaluated using the MTT assay. Cells were seeded at
2 × 104 cells per well in 96-well plates. After 24 h of incubation, the cells were washed
with phosphate-buffered saline (PBS) and cultured in MEM containing the indicated
concentrations of PE, FPE, DHD, or EQ (0.01, 0.1, 1, 10, or 100 µg/mL final concentrations),
respectively. After 72 h of incubation, the MTT solution in PBS was added to a final
concentration of 0.5 mg/mL, followed by incubation for 4 h at 37 ◦C. At the end of 4 h of
incubation, the supernatant medium was removed. Cell suspension in 100 µL of DMSO
was subsequently performed. Absorbance was measured at 540 nm using a microplate
reader (Tecan, Mannedorf, Switzerland). Cell proliferation rates were calculated from the
OD readings and reported as percentages of vehicle control.

2.6. Alkaline Phosphatase Assay

MG63 cells were maintained in a complete medium. Cells were seeded at 2 × 104 cells
per well in 24-well plates. The medium was changed to a differentiation medium consisting
of 10 mM glycerol 2-phosphate, 50 µg/mL ascorbic acid, and the indicated concentrations
of PE, FPE, DHD, EQ, or E2 (0.01, 0.1, 1, 10, or 100 µg/mL final concentrations) in culture
medium after 24 h of incubation. After 96, 120 h of treatment, the cells were washed with
PBS, and assay buffer was added. The solution was centrifuged at 12,000 rpm for 15 min
at 4 ◦C. The supernatant was transferred to 96-well plates, and 5 mM pNPP solution was
subsequently added after incubation for 1 h at 25 ◦C. The reaction was stopped by adding
a stop solution, and the absorbance was measured at 405 nm. ALP activity was presented
as a percentage, which was compared with ALP activity in control cells.

2.7. Real-Time PCR

Total RNA was extracted using the TRizol reagent (Thermo Fisher Scientific, Waltham,
MA, USA) according to the manufacturer’s protocols after 72 h of incubation. The expres-
sion of osteoporosis-related genes in MG63 cells was detected by real-time quantitative
PCR using SYBR Green technology. For each RNA sample, the expression of β-actin was
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quantified by RT-PCR. The differential gene expression between samples was also esti-
mated using the CT method. The primer sequences were obtained from Takara (Kyoto,
Japan). All target gene-specific primer sequences are listed in Table 1.

Table 1. Target gene-specific primer sequences.

Target Genes 5′ to 3′ Sequence

RANKL
Forward ATGGCGTCCTCTCTGCTTG

Reverse TGAAAGGTCAGCGTATGGCTT

Runx2
Forward CCGGTCTCCTTCCAGGAT

Reverse GGGAACTGCTGTGGCTTC

Osteocalcin
Forward CCGGTCTCCTTCCAGGAT

Reverse GGGAACTGCTGTGGCTTC

Osterix
Forward ATGGCGTCCTCTCTGCTTG

Reverse TGAAAGGTCAGCGTATGGCTT

β-actin
Forward CGCTGATGCATGCCTATGA

Reverse AGAGGTCCACAGAGCTGATTCC

2.8. Osteoclast Differentiation Assay

RAW 264.7 cells were cultured to 2 × 104 cells per well in 24-well plates. After 24 h
of incubation, the cells were washed with PBS and cultured for 5 days after treatment
with 50 ng/mL of RANKL and 30 ng/mL of M-CSF (Peprotech, Rocky Hill, NJ, USA).
After treatment with R/M, 100 µg/mL of PE and FPE, 10 µg/mL of DHD and EQ, and
10−9 M of E2 were added, and the cells were incubated for 48 h at 5% CO2 and 37 ◦C,
respectively. Out of the osteoclast population, TRAP-positive multinucleated cells (MNCs)
with more than three nuclei were measured using the Acid Phosphatase Leukocyte (TRAP)
Kit (Sigma-Aldrich, St.Louis, MA, USA). The cells were removed by washing with PBS,
and then each well was photographed by a microspore camera (Tecan).

2.9. Animals

Female 6-week-old outbred ICR mice were purchased from RaonBio Co., Ltd. (Yongin,
Korea) and were surgically ovariectomized under tiletamine/zolazapamanesthetic (Raon-
Bio Co., Ltd.). Prior to experimentation, mice were kept for a week and provided with
water and sterile standard mouse chow ad libitum. They were housed in an air-conditioned
animal room in a 12 h light/dark cycle at a temperature of 22 ± 1 ◦C and a humidity
of 50 ± 10%. All experimental protocols involving the use of animals were conducted
in accordance with National Institutes of Health guidelines and approved by the Com-
mittee on Animal Care of Kyung Hee University (KHUASP(SE)-18-030, approved on 20
September 2017).

Mice were randomly divided into 5 groups with 6 mice in each group as follows:
(1) sham-operated control mice (Sham) received daily oral gavage of 0.85% NaCl, (2) OVX
mice received daily oral gavage of 0.85% NaCl (OVX), (3) OVX mice were treated daily with
100 mg PE per kg body weight (b.w), (4) OVX mice were treated daily with 100 mg FPE per
kg b.w, and (5) OVX mice received intraperitoneal (i.p) injections of E2 (0.1 mg/kg b.w/day)
every other day. Each treatment administration was performed for 12 weeks. At the end of
treatment, the mice were sacrificed, and adequate serum was provided for CT analysis at
the same time.

2.10. Micro-CT Bone Analysis

The proximal and distal parts of the left tibia were scanned by micro-computer to-
mography (Micro-CT, Skyscan 1076, Billerica, MA, USA) to evaluate structural loss in
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cortical and trabecular bone. Exposures were carried out at 50 kVp, 200 mA, and 360 ms.
The micro-CT scans were analyzed with Comprehensive Tex Archive Network (CTAN)
topographic reconstruction software. The trabecular bone volume represented the total
trabecular bone within the total bone volume. By dividing the trabecular bone volume by
the total volume, the bone volume percentage was calculated. The assessed cortical bone
parameters were BMD, bone volume fraction (BV), mean polar moment of inertia (MMI),
and cross-section thickness (Cs.Th). Trabecular bone parameters were used to assess the
bone volume fraction (BV/TV), specific bone surface (BS/BV), trabecular thickness (Tb.Th),
trabecular separation (Tb.Sp), trabecular number (Tb.N), trabecular bone pattern factor
(Tb.Pf), structure model index (SMI), and BMD.

2.11. Serum Analysis

At the end of the study, all animals fasted for 6 h, and blood was collected from the
abdominalena cava under anesthesia with isoflurane. Blood was centrifuged at 12,000 rpm
for 20 min at 4 ◦C to obtain serum. The serums were analyzed with enzyme-linked
immunosorbent assay (ELISA) kits for RANKL, osteoprotegerin (OPG, R&D systems,
Minneapolis, MN, USA), and osteocalcin (Alfa Aesar, Ward Hill, MA, USA). All ELISA
procedures were performed according to the manufacturer’s protocols.

2.12. Statistical Analysis

Each experiment was repeated three or six times, and the results of the most rep-
resentative experiment are shown. The results are expressed as the mean ± S.E.M and
were analyzed using one-way ANOVA followed by Tukey’s method (GraphPad Prism 5.0,
San Diego, CA, USA). A statistical probability of p < 0.05 was considered significant.

3. Results and Discussion
3.1. Identification of Isoflavones in FPE

P. lobata is used as herbal medicine and food [14,15]. P. lobata has demonstrated a
variety of results related to osteoporosis [17–21]. Therefore, we evaluated the efficacy of
fermented P. lobata, which contains various flavonoids, in the prevention of osteoporosis.
In previous studies, it is confirmed that daidzein is converted to dihydrodaidzein and
equol [27]. Furthermore, LC/MS qualitative analyses were performed to reveal other active
components of FPE, especially isoflavones which are responsible for the strong inhibitory
activities on osteoporosis. LC-MS analysis was conducted using the SCIEX Triple TOF
5600 (SCIEX) in positive ion mode. Using an HPLC system with a Kinetex F5 C18 column,
the FPE were separated at a flow rate of 0.3 mL/min within 0 to 30 min. Each data set
was processed with Analyst TF1.7 (SCIEX, Framingham, MA, USA) software. The total
ion chromatograms (TIC) of FPE, including the name of each metabolite, retention time
(RT), molecular formula, mass value, and accuracy, are shown in Figure 1. Particularly,
puerarin, genistein, daidzein, calycosin, and equol are already known for their efficacy of
anti-osteoporosis, respectively [28–32]. Therefore, it is believed that FPE, which includes
various effective components, can be valuable candidate for anti-osteoporosis.

3.2. Effects of FPE on Proliferation, ALP Activities, and Gene Expression in MG 63 Cells

Osteoporosis is a metabolic disease characterized by relatively low bone density and
bone mass in comparison to healthy individuals [2–4]. It is also related to a homeostatic
disproportion between bone formation and resorption. Even though the major cause of
the disease is unclear, genetic, endocrinological, or nutritional factors are believed to be
associated with osteoporosis.

The underlying mechanisms of the cellular effects of FPE have been studied in os-
teoblasts and osteoclasts. Osteoblasts and osteoclasts are specialized cells that are responsi-
ble for bone formation and resorption, respectively. The bone-forming cells, osteoblasts,
synthesize and modulate the deposition and mineralization of the extracellular matrix
of bone. Osteoclasts, on the other hand, are responsible for the resorption of aged bone.
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Continuous stress leads to the inhibition of osteoblast activity and enhances osteoclast-
mediated bone resorption, thus triggering a decrease in bone mass. Therefore, it can
potentially lead to osteoporosis in the long term [33].

Figure 1. HPLC-QTOF/MS chromatograms of FPE, and mass data in total ion chromatograms (TIC)
scan mode. Analysis was carried out on a Kinetex F5 C18 column (2.6 µm, 2.1 × 100 mm) with
gradient elution using solvents A (0.1% formic acid in water) and B (0.1% formic acid in acetonitrile).
The elution gradients were as follows: 0–6 min, B 5%; 6–8 min, B 5–15%; 8–16 min, B 15–20%;
16–27 min, B 20–30%; 27–32 min, B 30–100%; and 30–34 min, B 100%. The flow rate was 300 µL/min,
and the injection volume was 10 µL for each run. Mass detector settings were as follows: cone voltage
40 V; capillary 3.0 kV; source temperature 500 ◦C; cone gas flow 30 L/h; and desolvation gas flow at
800 L/h. The peaks of 1–10 were identified to be 10 metabolites.

The proliferative effects of FPE were evaluated in MG63 osteoblasts. PE and FPE
significantly increased the proliferation rate (%) in a concentration-dependent manner
(Figure 2A,B). FPE showed the ability to enhance the proliferation of cells as much as
DHD (Figure 2C). As shown in Figure 2D, EQ, on the other hand, demonstrated a weaker
proliferative ability than PE, FPE, and DHD. The proliferation rate of E2 (10−11 M) treated
cell, the positive control, increased 114.8 ± 0.77% compared to control.

The alkaline phosphatase activity, a biological marker to indicate osteoblastic differ-
entiation, was assessed in MG 63 osteoblasts. PE, FPE, DHD, EQ, and E2 treatments were
performed for 96 or 120 h each. ALP activities of PE and E2 were significantly increased
96 h after treatment (Figure 3A). FPE showed a higher differentiation ability compared
to PE and other compounds, including E2, which was the positive control, after 120 h
(Figure 3B).
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Figure 2. Proliferation activity in osteoblast MG63 cells. Effect of a variety concentration of (A) PE;
(B) FPE; (C) DHD; (D) Equol on cell proliferation rate. * p < 0.05 compared to 0 µg/mL, ** p < 0.01
compared to 0 µg/mL. Data are means ± SEM of triplicates from one representative experiment.

Figure 3. Effects of alkaline phosphate (ALP) activity in MG63 cells: (A) 96 h after treatment;
(B) 120 h after treatment. PE: Pueraria lobata extract; FPE: fermented Pueraria lobata extract; DHD;
dihydrodaidzein; EQ; equol. The results are expressed as a mean ± SEM (n = 3). * p < 0.05 compared
to control, ** p < 0.01 compared to control.

The efficacy of FPE increased in a time-dependent manner. Consequently, it was
demonstrated that the gene related to osteoblast differentiation was regulated by FPE.
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FPE also increased calcium deposition in MG63 cells. For further exploration of
the mechanisms of FPE’s role in osteoblastic regulation, the markers of bone forma-
tion were evaluated in MG63 cells using RT-PCR. The levels of several bone formation
biomarkers, OPG/RANKL, osteocalcin, osterix, and Runx2 mRNAs, were up-regulated by
FPE treatment.

Osteoblasts synthesize and secrete OPG, which blocks the interaction between RANK
and RANKL. Hence, the expression of OPG/RANKL plays a crucial role in modulating
bone restoration. Additionally, OPG was able to block the interaction between RANKL and
RANK, thus inhibiting osteoclastogenesis.

The efficacy of FPE in osteoblast differentiation was further elucidated by evaluating
the expression of osteogenic differentiation mediator mRNA with RT-PCR. As shown in
Figure 4, FPE increased the RANKL/OPG ratio in a concentration-dependent manner, but
other genes (osteocalcin, osterix, and Runx2) did not have a significant effect.

Figure 4. Expression of mRNA of osteogenic differentiation mediators, (A) osteocalcin/β-actin;
(B) osterix; (C) Runx2; (D) RANKL/OPG, in MG 63 cells measured by real-time RT-PCR. The
expression of β-actin was used as a loading control for RT-PCR. * p < 0.05 compared to normal
controls and ** p < 0.01 compared to control. The results are expressed as a mean ± SEM (n = 3).

3.3. Effect of FPE on Osteoclast Differentiation in RAW 264.7 Cells

The effects of FPE on RANKL/M-CSF-stimulated osteoclast differentiation in os-
teoclast precursor RAW 264.7 cells were then investigated. After 5 days of treatment
of RANKL/M-CSF alone or with PE, FPE, DHD, EQ, and E2, TRAP-positive MNC for-
mation was examined, and TRAP-positive MNCs that contained more than three nuclei
were counted as osteoclasts. RANKL/M-CSF treatment alone induced the formation of
TRAP-positive multinuclear osteoclasts. RANKL/M-CSF-induced multinuclear osteoclast
formation was significantly decreased following culturing with 100 µg/mL FPE (Figure 5).
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Figure 5. Osteoclast differentiation in osteoclast precursor RAW 264.7 cells: (A) Control; (B) RANKL 50 ng/mL + M-CSF
30 ng/mL; (C) RANKL/M-CSF + PE 100 µg/mL; (D) RANKL/M-CSF + FPE 100 µg/mL; (E) RANKL/M-CSF + DHD
10 µg/mL; (F) RANKL/M-CSF + EQ 10 µg/mL; (G) RANKL/M-CSF + E2 10−9 M 48 h after treatment. # p < 0.01 compared
to control. * p < 0.05 compared to RANKL 50 ng/mL + M-CSF 30 ng/mL group. ** p < 0.01 compared to RANKL 50 ng/mL
+ M-CSF 30 ng/mL group.

3.4. Effects of FPE in OVX-Induced Mouse Model

The OVX-induced mouse model has been widely used to investigate postmenopausal
osteoporosis caused by estrogen deficiency [34]. An in vivo experiment using an OVX-
induced bone loss mouse model was conducted to evaluate the anti-osteoporotic activity
of FPE. As shown in Figure 6A, the body weight increase in the OVX group was higher
compared with the sham operation group. On the other hand, mice given an oral adminis-
tration of PE and FPE for 12 weeks after OVX showed a comparatively slower increase in
body weight in comparison with the OVX group. Moreover, the decrease in uterus weight
in the OVX group was lower than that in the sham operation group (Figure 6B). Mice
that underwent intraperitoneal E2 injection for 12 weeks after OVX showed a significant
increase in uterus weight compared with the OVX group. However, mice given an oral
administration of PE and FPE did not differ from sham-operated mice in terms of uterus
weight. This result indicated that PE and FPE do not likely have the ability to stimulate or
control hormone-dependent phenomena.
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Figure 6. Effects of FPE on changes of body weight and uterus weight in OVX-induced mice. (A) Body
weight was measured once a week; (B) at the end of the experiment, the uterus was removed and
weighed. PE: Pueraria lobata extract; FPE: fermented Pueraria lobata extract. ** p < 0.01 compared to
OVX induced control.

Deterioration of trabecular microarchitecture is apparent in the OVX mouse model [35].
We found that FPE prevented the deterioration of microstructural parameters in the distal
femur of OVX model mice. An oral administration of FPE restored bone loss in the OVX
mouse model.

To explore the structural characteristics affected by FPE, we scanned the tibia of each
mouse (Figure 7A). The experimental and structural parameters for the entire cortical bone
of the tibia, BV, BMD, MMI, and Cs. Th were measured and calculated in micro-CT images
(Figure 7B). In the OVX group, BV, Cs. Th, MMI, and BMD did not change compared to
the sham group. In addition, PE, FPE, and E2 did not confer any significant change in the
structural parameters.

Figure 7. Micro-CT analysis of the cortical bone. (A) Micro-CT images of the cortical bone of the tibia;
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(a) sham; (b) OVX; (c) OVX + PE 100 mg/kg; (d) OVX + FPE 100 mg/kg; (e) E2; (B) (a) BV; (b) MMI;
(c) Cs.Th; (d) BMD of OVX-induced mice treated PE, FPE, and E2.

As illustrated in Figure 8A, OVX caused degradation of trabecular bone architecture
compared to the sham group. However, treatment with PE and FPE retarded or recovered
the destruction of femur trabecular bone in the OVX-induced bone loss mouse model.
The protective effect on trabecular bone architecture was also clearly demonstrated by
treatment with E2, a positive control. In addition, BV/TV, Tb.Th, Tb.N, and BMD were
lower, whereas trabecular separation, BS/BV, Tb.Th, Tb.Pf, and SMI were higher than the
sham group (Figure 8B). In both the PE, FPE, and E2 treatment groups, BV/TV, Tb.Th, Tb.N,
and BMD were increased in sham-operated mice compared to those of the OVX group,
while BS/BV, Tb.Sp, Tb.Pf, and SMI were decreased compared to those of the OVX group.

Figure 8. Cont.
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Figure 8. Micro-CT analysis of the trabecular bone. (A) Micro-CT images of the trabecular bone of the femur; (a) sham;
(b) OVX; (c) OVX + PE 100 mg/kg; (d) OVX + FPE 100 mg/kg; (e) E2; (B) (a) BV/TV; (b) BS/BV; (c) Tb.Th; (d) Tb.Sp;
(e) Tb.N; (f) Tb.Pf; (g) SMI; (h) BMD of OVX-induced mice treated PE, FPE, and E2.

These results suggest that FPE was effective in preserving bone mass as well as in
restoring the deterioration of bone microarchitecture associated with OVX mice. Analyses
of the serum levels of OPG/RANKL and osteocalcin, biomarkers of bone resorption, were
shown to be significantly higher than those of the sham group. In the present study, PE
and FPE showed protective efficacy against OVX-induced osteoporosis. It is hypothesized
that the FPE could be effective in inhibiting the bone resorption process. Since the balance
between the RANKL and OPG produced by osteoblasts is critical for osteoclast regulation,
we determined serum levels of RANKL and OPG by ELISA (Figure 9). In the OVX group,
serum levels of RANKL were decreased, whereas OPG was decreased compared to that of
the sham group. Our results indicate that FPE treatment significantly increased the level of
OPG; however, it did not affect the level of RANKL. As a consequence, the RANKL/OPG
ratio was significantly decreased by FPE treatment. On the other hand, osteocalcin, which
is the most abundant protein in bone matrix after its synthesis by osteoblasts, increased
dramatically following FPE treatment compared to other groups. This suggests that FPE
most likely prevented bone loss through decreased bone turnover.
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Figure 9. Serum levels of (A) RANKL, (B) OPG, and (C) osteocalcin measured by ELISA.

4. Conclusions

The present study suggests that FPE has anti-osteoporosis efficacy both in vitro and
in vivo. In vitro studies indicated that FPE tends to have more regulatory effects on MG63
cells than PE and the positive controls. In the OVX-induced mouse model, FPE was
effective in preserving bone mass and preventing the deterioration of microstructural
parameters. These data provide a pharmacological basis on which FPE could be considered
a therapeutic compound to prevent osteoporotic bone loss. Further research is needed
to ensure the safety, specificity, and efficacy of FPE to develop its therapeutic potential.
To support the present study, additional experiments such as an inhibition on osteoclast
activity or mechanism analysis on RANKL-induced RAW 264.7 cells are considered. In
addition, more high-quality clinical research is necessary to provide evidence for FPE as an
effective anti-osteoporotic candidate.
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