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A B S T R A C T

Objective: Given the limitations of current anti-resorption agents for postmenopausal osteoporosis, there is a need
for alternatives without impairing coupling crosstalk between bone resorption and bone formation ie. osteo-
clastogenesis. Puerarin, a unique C-glycoside isoflavonoid, was found to be able to prevent bone loss by inhibiting
bone resorption, but the underlying mechanism was controversial. In this study, we investigated the effects of
puerarin on osteoclastic differentiation, activation and bone resorption and its underlying molecular mechanism
in vitro, and then evaluated the effects of puerarin on bone metabolism using an ovariectomized (OVX) rat model.
Methods: In vitro, the effect of puerarin on osteoclastic cytotoxicity, differentiation, apoptosis, activation and
function were studied in raw 264.7 cells and mouse BMMs. Mechanistically, osteoclast-related makers were
determined by RT-PCR, western blot, immunofluorescence, and kinase activity assay. In vivo, Micro-CT, histology,
serum bone biomarker, and mechanical testing were used to evaluate the effects of puerarin on preventing
osteoporosis.
Results: Puerarin significantly inhibited osteoclast activation and bone resorption, without affecting osteoclasto-
genesis or apoptosis. In terms of mechanism, the expressions of protein of integrin-β3 and phosphorylations of Src,
Pyk2 and Cbl were lower in puerarin group than those in the control group. Oral administration of puerarin
prevented OVX-induced trabecular bone loss and significantly improved bone strength in rats. Moreover, puerarin
significantly decreased trap positive osteoclast numbers and serum TRAP-5b, CTx1, without affecting bone for-
mation rate.
Conclusions: Collectively, puerarin prevented the bone loss in OVX rat through suppression of osteoclast activation
and bone resorption, by inhibiting integrin-β3-Pyk2/Cbl/Src signaling pathway, without affecting osteoclasts
formation or apoptosis.
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Translational potential of this article: These results demonstrate the unique mechanism of puerarin on bone
metabolism and provide a novel agent for prevention of postmenopausal osteoporosis.
1. Introduction

Osteoporosis is characterized by low bone mass and strength led to
increased risk of fractures. It has become a serious issue to public health
as the increasing aging people around the world. The imbalance of bone
remodeling, i.e. osteoclastic bone resorption outraces osteoblastic bone
formation was the pathogenesis of osteoporosis [1]. Thus, inhibition of
bone resorption was considered as an effective way for the treatment of
osteoporosis [1].

Several current available drugs are supposed to inhibit bone resorp-
tion, for instance, bisphosphonates are clinically used agents to suppress
bone resorption [2], which induce the disruption of actin rings and
apoptosis of osteoclast [3]. However, the decrease in bone resorption
caused by bisphosphonates is soon accompanied by a decrease in bone
formation. Unbalanced cooperation between osteoblasts and osteoclasts
ultimately leads to poor bone quality, thereby limiting their efficacy [4].
Estrogen replacement therapy is a good alternative to inhibit osteoclastic
bone resorption [5]. However, it also inhibits bone formation. Long term
compliance with estrogen therapy is also limited by increasing concerns
regarding its safety [6]. Thus, new classes of antiresorptive agents with a
different mechanism of action from bisphosphonates and estrogen are
still urgent to be developed.

One promising approach is the selective inhibition of bone resorption
without interfering with the formation and survive of osteoclasts. The
concept of cathepsin K (CatK) inhibitors brought breakthrough in this
field [7]. Inhibitors of CatK showed impressive bone-preserving effi-
cacies and keeping bone formation mostly unaffected in clinical trials.
However, various side effects limited the approve of active site-directed
inhibitors of CatK [7]. Then, a novel class of ectosteric antiresorptives
were identified, and one of them was stem from Danshen, a traditional
Chinese medicine (TCM) [4]. Increasing interest was risen on using
natural products in medicinal and food herbs as alternatives in meno-
pausal osteoporosis [8–10].

Puerarin (daidzein 8-C-glucoside) is a unique C-glycoside iso-
flavonoid isolated from the root of the Puerariae lobate (Willd) Ohwi,
which is widely distributed in Southeast Asia and has been used as a food
source, fodder, and medicine for thousands of years [11,12]. It has been
extensively used in clinical practice for the treatment of cardiovascular
diseases, diabetes, parkinson's disease, endometriosis, and cancer in
China [12–14]. Our previous study found that puerarin promoted
osteogenesis and inhibited adipogenesis in vitro [15]. It was reported
puerarin prevented the OVX-induced bone loss by inhibiting osteoclas-
togenesis [16–19]. A recent study suggested puerarin suppressed osteo-
clastogenesis via NF-κB signaling pathway [18,20]. However, others
made distinct findings that puerarin did not affect the activation or
expression of RANKL-induced osteoclastogenic signaling mediators and
transcription factors, including CREB, PGC1β, c-Fos and NFATc1 [21].
These inconsistent reports arouse our interest in continuous exploring the
mechanism underlying the bone protective effect of puerarin.

In this study, we systematically explore the effects and underlying
precise mechanism of puerarin on osteoclastogenesis, osteoclastic acti-
vation, and bone resorption in vitro. The ovariectomized rat model was
used to mimic postmenopausal osteoporosis and investigate the effects of
puerarin on regulating bone metabolism in vivo.

2. Materials and methods

2.1. Materials

Modified Eagle medium alpha (α-MEM), fetal bovine serum (FBS),
56
penicillin and streptomycin were purchased from Gibco (Gaithersburg,
MD, USA). Phalloidin-iFluor 555 was purchased from Abcam (USA,
#176756). Murine sRANKL and MCSF were the products of Peprotech
(Rocky Hill, NJ, USA). Puerarin (standard,>99.31%, Lot.20150301) was
purchased from Chengdu Herbpurify Corporation, LTD, China) and E2
(standard, >98%, Lot. #WXBC 2780V) was from Sigma–Aldrich (St.
Louis, MO, USA). The following antibodies were used: rabbit monoclonal
anti-integrin-β3 (#13166, 1:1000), rabbit monoclonal anti-NFATC1
(#8032, 1:1000), rabbit polyclonal anti-c-Cbl (#2747, 1:500), rabbit
polyclonal anti-Src (#2108, 1:1000), rabbit monoclonal anti-TRAF6
(#8028, 1:1000), rabbit monoclonal anti–NF–κB p65 (#8242, 1:1000),
rabbit monoclonal anti-p–NF–κB-p65 (Ser536) (#3033S, 1:500), rabbit
polyclonal anti-Paxilla (#2542, 1:1000), rabbit monoclonal anti-Gelsolin
(#12953, 1:1000), rabbit polyclonal anti-Caspase-3 (#9662, 1:1000),
and rabbit polyclonal anti-cleaved Caspase-3 (#9661,1:1000) were
purchased from Cell Signaling Technology (Beverly, MA, USA); rabbit
polyclonal anti-Pyk2 (BS-3357R, 1:500) and rabbit polyclonal anti-p-
Pyk2 (Tyr402) (BS-3400R, 1:200) were provided from Bioss antibodies
(Bioss, Beijing, China); rabbit monoclonal anti-p-Src (Tyr419) (sc-81521,
1:500), mouse monoclonal anti-p-Cbl (sc-377571) (sc-377571, 1:500)
were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).

2.2. Cell culture and cytotoxicity assay

RAW 264.7 cells (ATCC, USA) were routinely cultured in modified
Eagle medium alpha (α-MEM), supplemented with 10% fetal bovine
serum (FBS), penicillin 100 U/mL and streptomycin 100 μg/mL at 37 �C
in a humidified atmosphere of 5% CO2.

Primary bone marrow derived macrophages precursors were isolated
from femur and tibia of 4-week-old to 6-week-old C57BL/6J mice (Bei-
jing Huafukang Biotechnology Co., Ltd.,) according to a previous pro-
tocol [22]. The collected cells were used as bone marrow-derive
macrophages (BMMs).

To determine the effect of puerarin on the cell viability, RAW264.7
cells and BMMs were seeded at 3000 cells/well or 8000 cells/well in 96-
well plates, respectively. After 24 h of incubation, cells were treated with
osteoclast differentiation medium (OCM, consist of α-MEM with 10%
FBS, 100 ng/mL of RANKL, 30 ng/mL of M-CSF). After indicated time,
CCK-8 solution was added, and cells were incubated at 37 �C for 2 h.
Finally, absorbance was measured at 450 nm. Bone marrow mesen-
chymal stem cells (BMSCs) were isolated from SD rats according to a
previous published protocol [23] and MC3T3-E1 cells were obtained
from ATCC (USA), and the cells were seeded at 5000 cells/well in 96-well
plates. After 24 h of incubation, cells were treated with different con-
centrations of puerarin. After indicated time, CCK-8 solution was added,
and cells were incubated at 37 �C for 2 h. Finally, absorbance was
measured at 450 nm.

2.3. Osteoclast differentiation and TRAP staining

RAW264.7 cells were seeded at 3000 cells/well in 96-well plates.
After 24 h of incubation, cells were treated with different concentrations
of puerarin (dissolved in DMSO) in OCM. After 4 days, TRAP staining was
performed according to our previous method [24]. The number and
spread area of multinucleated (number of nuclei �3) osteoclasts were
quantified under microscopy (Olympus IX71, USA).

2.4. Osteoclast apoptosis assay

RAW264.7 cells were seeded at 6000 cells/well in 48-well plates.
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After 24 h of incubation, cells were treated with different concentrations
of puerarin (dissolved in DMSO) in OCM for another 5 days. The
apoptosis rate was assessed at a single cell level based on the labeling of
DNA strand breaks [terminal deoxynucleotidyl transferase dUTP nick
end labeling (TUNEL) technology] using the In-Situ cell death detection
kit, Fluorescein (Roche Diagnostics GmbH, Mannheim, Germany) ac-
cording to the manufacture's protocol. TUNEL-positive cells were visu-
alized under a fluorescence microscope (Leica, Germany). For
quantification of apoptosis, cells were counted from 6 random selected
views using image J software (Wayne Rasband, NIH, USA). The results
were presented as a percentage of apoptotic cells over the total number of
cells counted.

2.5. RT-PCR

RAW264.7 cells were seeded at 40,000 cells/well in 12-well plates.
After 24 h, cells were treated with different concentrations of puerarin
(dissolved in DMSO) in OCM for 2 or 4 days. Total RNA of RAW264.7
cells under different treatments was extracted using RNeasy kit (Qiagen,
USA) according to the manufacturer's instructions. The reverse tran-
scription was performed using PrimeScriptTM RT Master Mix (TaKaRa,
Japan). The primers sequences used in the assay were listed in Supple-
mentary Table 1. The 10 μL of the final reaction solution contained 1 μL
of the diluted cDNA product, 5 μL of 2 � TB Green Premix Ex Taq II
(TaKaRa, Japan), 0.5 μL each of forward and reverse primers and 4 μl
nuclease free water. The amplification conditions and procedures were as
the following: 50 �C for 2 min, 95 �C for 10 min, 40 cycles of 95 �C for 15
s, 60 �C for 1 min. The fluorescence signal was recorded by Roche Light
Cycler 480 Detection System and then the signal was converted into
numerical value. Relative gene expression was determined by employing
the Comparative CT-method. The mRNA levels of all genes were
normalized by β-actin as internal control. These analyses were performed
in duplicates for each sample using cells from two different cultured
wells, and each experiment was repeated with three times.

2.6. Western blot

RAW264.7 cells were seeded at 100,000 cells/well in 6-well plates.
After 24 h, cells were treated with different concentrations of puerarin
(dissolved in DMSO) for 4 days in OCM. Following that, cells were ho-
mogenized in RIPA lysis buffer containing 1% protease inhibitor cocktail
(Roche, USA) and 1% phosphate inhibitor cocktail (Roche, USA). Total
protein of cell lysates was quantified with BCA protein assay kit (Beyo-
time Biotechnology, China). PageRuler Prestained Protein Ladder
(00758179, Thermo Fisher, USA) was used as loading marker. Equal
amounts of protein (40 μg) in each sample were separated by 10% SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to pol-
yvinylidene fluoride (PVDF) membranes (Millipore) at 300 mA for 70
min, following blocked with 5% milk in TBST and probed with primary
antibodies. The blots were subsequently probed with HRP AffiniPure
Goat Anti-rabbit or Anti-mouse lgG (H þ L) (1:2000 dilution, EarthOx,
USA) as secondary antibodies. Band signals were detected with Millipore
Immobilon Western chemiluminescent horseradish peroxidase substrate
(Millipore Corporation, Billerica, MA, USA) and quantitated using Image
J analysis software (Wayne Rasband, NIH, USA). Relative protein ex-
pressions were normalized to the GAPDH or β-actin expression level.

2.7. Immunofluorescence staining for F-actin and integrin β3 of osteoclasts

RAW264.7 cells and BMMs were seeded at 3000 and 8000 cells/well
onto the Corning® Osteo Assay Surface 96-well plates (Corning Incor-
porated Life Science, NY, USA), respectively. RAW264.7 cells were
cultured in OCM with the treatment of puerarin for 4 days, while BMMs
were treated for 10 days. After the treatment, RAW264.7 cells and BMMs
were rinsed with PBS for 3 times and fixation in 4% formaldehyde for 30
min at 4 �C. Then, cells were permeabilized for 10 min in 0.1% X-100 in
57
PBS. After a brief washing in PBS, cells were blocked with 5% bovine
serum albumin for 1 h and then incubated with integrin β3 antibody
(1:200, CST, USA) overnight. Cells were then incubated with Alexa Fluor
488-labeled Goat Anti-Rabbit lgG(H þ L) (1:250, Bytotime, A0423,
China) for 2 h. Following that, cells was incubated with Phalloidin-iFluor
555 (Abcam, USA) for 2 h to label the F-actin ring according to a pre-
viously described method [25]. After treatment with acting ring staining,
cells were washed three times with PBS followed by staining nuclei with
DAPI (Beyotime Biotechnology, China) for 5 min, cells were visualized
using fluorescence microscope (Leica, DMI8) or confocal microscope
(Nikon, A1R). Six wells were selected in each group to calculate the
number of the F-actin ring cells using Image-Pro plus 6.0 software (Media
Cybernetics, Silver Spring, MD, USA).

2.8. Resorption pit assay

RAW264.7 cells seeded at 3000 cells/well onto the Corning® Osteo
Assay Surface (Ca–P) 96-well plate (Corning, NY, USA). After 24 h of
incubation, cells were treated within OCM. The drug treatment medium
was replaced every 2 days. At day 7, The cells were removed by treating
each well with 5% sodium hypochlorite for 5 min and wash with water
and dry. The wells were imaged with microscopy (Olympus IX71, USA)
to identify resorbed pits. The area of bone resorbed pits was quantified
using Image-Pro Plus 6.0 software (Media Cybernetics, Silver Spring, MD,
USA). BMMs were seed at 8000 cells per well at sterile bovine cortical
bone slices (diameter: 6 mm; thickness: 0.1 mm) coated in a 96-well
plate, after 24 h, cells were replaced with RANKL (100 ng/mL, Pepro-
tech) and M-CSF (30 ng/mL) in the absent or present of puerarin (1000
mM, dissolved in DMSO) for 10 days. Cells attached to bone slices were
scratched by cotton swab. The slices were dried before a thin gold-
palladium film was sputtered to impart conductivity to samples, the
resorbed pits formed on the slices were determined by scanning electron
microscopy at 5 kV (ZEISS, SUPRA 55 SAPPHIRE).

2.9. Src kinase activity assay

The Src kinase activity was measured with or without puerarin (dis-
solved in DMSO) by using ADP-Glo™ kinase luminescent assay combined
with Src Kinase Enzyme System according to the manufacture's protocol.
Saracatinib (MedChemExpress, hy-10234，USA) was used as a positive
Src kinase inhibitor. Relative Luminescence Unit (RLU) was recorded
with a microplate reader (BioTek Synergy H1, USA) upon incubation
with Kinase Detection Reagent. The IC50 of Src kinase activity was
calculated by fitting the experimental data to Prism 8.0.

2.10. Animal studies

Forty-five 6-month-old female Sprague–Dawley (SD) rats (body
weight 230.6 � 10.3 g) for a long-term study（12 weeks）and thirty-six
6-month-old female SD rats (body weight 269.84 � 11.76 g) for a short-
term study (5 weeks) were provided andmaintained in a common facility
at School of Pharmacy, Guangdong Pharmaceutical University
(Guangzhou, China). These animals were housed in a temperature-
controlled room (25 �C) at 75% humidity under a 12/12h reversed
day/night cycle and received food and water. They were fedmaintenance
diet (Diet No: 11002900029794, Beijing Ke Ao Xie Li Feed Co., Ltd,
Beijing, China). The animal experimental followed in compliance with
the guiding principles in the Guide for the Care and Use of Laboratory
Animals: Eighth Edition, ISBN-10: 0-309-15396-4 and the protocol was
approved by the Research Ethics Committee of Shenzhen Institutes of
Advanced Technology.

The rats were divided into different groups randomized according to
average weight by using the random function in excels. In the long-term
study, the rats were either sham-operated (Sham, n ¼ 9) or ovariecto-
mized for establishing the estrogen depletion animal model to mimic the
clinical condition of menopausal women based on our established
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protocol (OVX, n ¼ 36). The OVX rats were randomly assigned into the
following four groups: OVX group, estradiol treatment group (E2, 1 mg/
kg/day, once daily administration (qd), intragastric administration
（i.g.）), low dose puerarin (L-Puerarin, 50 mg/kg/day, qd, i.g.), and
high dose puerarin (H-Puerarin, 150 mg/kg/day, qd, i.g.). In the short-
term study, the rats were either sham-operated (Sham, n ¼ 9) or ovari-
ectomized (OVX, n ¼ 9 for each group). The OVX rats were randomly
assigned into the following three groups: OVX group, estradiol treatment
group (E2, 1 mg/kg/day, qd, i.g.), and high dose puerarin (H-Puerarin,
twice daily administration of 75 mg/kg (bid), i.g.). The rats were induced
with 3.5% isoflurane and maintained anesthesia with 2.5% isoflurane.
Bilateral ovariectomy were performed in all groups except the sham-
operated group. One dose of Ketoprofen Gel (Menarini Manufacturing
Logistics and Services, Firenze, Italy) was applied to surgical wounds for
analgesic coverage after surgery. Restored for three days after Sham or
OVX operation, the treatment started. In the long-term study, both the
Sham and OVX rats were treated with 0.5% CMC-Na, the vehicle was
used to suspend puerarin and E2. In the short-term study, 0.9% normal
saline was used to dissolve the puerarin (powder for injection,
Lot.170403, Zhe Jiang Zhen Yuan Pharmaceutical Co., Ltd., Zhejiang,
China) and 0.5% CMC-Na was used to dissolve E2. Both Sham and OVX
rats were treated with 0.5% CMC-Na, and 0.9% normal saline simulta-
neously. All rats were injected subcutaneously with 1% calcein green
(Lot: #MKCF4867, Sigma) in a time sequence of 13, 12 and 3, 2 days
before euthanasia for studying bone mineral apposition. All rats were
sacrificed using pentobarbital sodium (intraperitoneally, 120 mg/kg
body weight) at the end of treatment. Blood sample was collected from
heart for serum isolation by centrifugation. Uterus was obtained and
weighed and then stored in 10% formalin solution for histomorphology.
The left femur was kept in 50:50 saline-ethanol solution for biome-
chanical testing. The left tibia was preserved in 10% formalin solution
and transferred into 70% ethanol after 48 h for measurement of trabec-
ular micro-architecture by micro computed tomography (Micro CT) and
histomorphology.
2.11. Regions of interests for in vivo evaluations

In Micro-CT analysis, 150 continuous slices beginning at 1.0 mm from
the most distal aspect of the growth plate extending distally along the
proximal tibia diaphysis were selected for analysis. For tibia diaphysis,
150 continuous slices beginning from connection of tibia and fibula
extending distally along the proximal tibia diaphysis were selected for
analysis. A material test machine (H25KS; Hounsfield Test Equipment
Ltd. UK) with a 250 N load cell was used for three-point-bending test of
the left femur diaphysis. Bone histomorphometric parameters were
measured from at least 1 mm from the growth plate to 4 mm, excluding
the primary spongiosa using the Image-Pro Plus (Media Cybernetics,
Silver Spring, MD, USA) [26].
2.12. Micro-computed tomography (micro CT) analysis

Proximal tibias and tibia diaphysis from each group were subjected to
be scanned byMicro CT system (SCANCOMedical 100, SCANCOMedical
AG, Zurich, Switzerland) followed with a resolution of 18 μm, 70 kV
energy, 200 A intensity, and 150 ms integration time. After regions of
interests of proximal tibia and tibia diaphysis were selected as above. All
the trabecular bone and cortical bone from each selected slice were
segmented for 3D reconstruction to calculate bonemineral density (BMD,
%). The threshold of trabecular bone was set from 52 to 255 and cortical
bone was set from 50 to 255. Bone volume/tissue volume (BV/TV),
trabecular number (Tb. N), trabecular thickness (Tb. Th), and trabecular
separation (Tb. Sp) were calculated for trabecular bone. Cortical area
fraction (Ct. Ar/Tt. Ar), cortical area (Ct. Ar), Marrow area (Ma. Ar),
endocortical perimeter (Ec. Pm) and cortical thickness (Cs. Th) were
calculated for cortical bone [27,28].
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2.13. Mechanical testing

Left femurs from each group were kept with 0.9% saline solution in
�80 centigrade for mechanical testing. A material test machine (H25KS;
Hounsfield Test Equipment Ltd. UK) with a 250 N load cell was used for
three-point-bending test. The left femur diaphysis was positioned hori-
zontally with the anterior surface upwards, centered on the supports with
20mm apart. A displacement rate of 5 mm/min was selected for applying
the loading vertically tomid-shaft with anterior surface upward using our
established protocol [29]. Ultimate load (N) and displacement (mm)
were recorded until material failure for statistical comparison. Energy to
failure was calculated.

2.14. Histological and histomorphometry analysis

2.14.1. Bone Von Kossa staining and fluorescence labeling
Proximal tibia metaphysis of nine samples from each group were

isolated and dehydrated in graded concentrations of ethanol, defatted in
acetone, and embedded without decalcification in modified methyl
methacrylate. Coronal sections for trabecular bone were prepared at a
thickness of 5 μm and 8 μm with Tungsten Steel by Manual Rotary
Microtome (RM2235, Laica Biosystems, Inc., Buffalo Grove, USA). Plastic
of 5 μm slices in each group (n¼ 9) were subjected to Von Kossa staining
for static histomorphometric analysis. Plastic of 8 μm slices in each group
(n ¼ 9) were removed and sealed by neutral resin for histological images
digitalized with a microscopic imaging system (Leica DMI8, Leica Micro-
systems, Weztlar, Germany) under the fluorescence mode for dynamic
histomorphometric analysis. Static parameters such as total tissue area
(T. Ar), bone area (B. Ar), bone perimeter (B.Pm) were obtained in white
light slice. The bone volume (BV/TV), trabecular number (Tb.N),
trabecular separation (Tb.Sp) and trabecular width (Tb.Wi) were calcu-
lated as described by Dempster et al. [26]. Dynamic parameters such as
single-labeled perimeter (sL. Pm), double-labeled perimeter (dL. Pm),
interlabeled width (Ir.L.Wi) were measured in fluorescence slice. The
Mineralizing surface (MS/BS), mineral apposition rate (MAR) and bone
formation rate fraction with bone surface (BFR/BS) were calculated as
described by Dempster [26]

2.15. Bone tartrate-resistant acid phosphatase (TRAP) staining

Left tibia of nine samples from each group were decalcified with 0.5
mol/L ethylene diamine tetra acetic acid (EDTA) solution (pH ¼ 7.4) in
37 �C shaker, renewed EDTA solution everyday till decalcified
completely. And then embedded with paraffin. 5 μm-thick paraffin cor-
onal section was cut by Manual Rotary Microtome (RM2235, Leica Bio-
systems, Inc., Buffalo Grove, USA). Tartrate-resistant acid phosphatase
(TRAP) Staining were stained with acid phosphatase leukocyte (TRAP)
Kit (Sigma–Aldrich, USA) according to manufacturer's instruction for
counting osteoclast. An optical microscope (Leica DMI8, Leica Micro-
systems, Weztlar, Germany) was used for observation and acquisition.
Osteoclasts were the cells with multiple nuclei and stained purple. The
number of purple osteoclasts (N.TRAPþ-Oc), TRAP-positive osteoclasts
surface (TRAPþ-Oc.S) surrounding the trabeculae and trabecular bone
surface (BS) from the area of 1 mm under the growth plate excluding the
primary spongiosa to 4 mm along bone diaphysis was measured using the
Image-Pro Plus (Media Cybernetics, Silver Spring, MD, USA). The TRAP-
positive osteoclast index was calculated as the number of osteoclasts
divided by the trabecular bone perimeter (N.TRAPþ-Oc/BS) and TRAP-
positive osteoclast surface divided by the trabecular bone surface
(TRAPþ-Oc.S/BS).

2.16. Uterine H&E staining

Middle aspect of uterus relative to the cervix of nine samples from
each group were dehydrated in grade concentrations of ethanol, removed
ethanol in dimethylbenzene and embedded in paraffin. 5 μm-thick



Fig. 1. Puerarin inhibits bone resorption during osteoclast maturation (A) The chemical structure of puerarin (B) The viability of RAW264.7 cells were
determined at day 4 after treatment with puerarin under osteoclast differentiation medium (OCM) for day 1 to day 4 (n ¼ 6) (C) Representative images of resorbed pits
determined at day 7 after RAW264.7 cell under OCM with treatment of puerarin from day 1 to day 7 (T1-T7), day 1 to day 4 (T1-T4), day 5-day 7 (T5-T7), respectively.
Scale bar is 100 μm (D) Resorbed pits formed by osteoclast induced from RAW264.7 cell per well was quantified and normalized relative to control (n ¼ 5). NC:
Negative control (0.1% DMSO), cells without drug treatment in the absent of OCM; C: Control (0.1% DMSO), cells without drug treatment; PC: Positive control, cells
treated with 17-β estradiol (E2, 0.01 μM). The groups of C, PC, and different concentration of puerarin were induced by OCM. Data expressed are means � SD; *P <

0.05, significantly different from the control group.
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paraffin transections were cut by Manual Rotary Microtome (RM2235,
Leica Biosystems, Inc., Buffalo Grove, USA). The whole endometrial cell
height was measured on 5 μm-thick hematoxylin-eosin-stained sections
using the Image-Pro Plus (Media Cybernetics, Silver Spring, MD, USA).
2.17. ELISA assay for bone metabolism biomarker

Serum sample size for biomarkers determination was six in each
group because hemolysis or insufficient acquisition appeared in several
blood samples of each group. Bone formation markers in serum,
including amino-terminal propeptide of type I collagen (P1NP) and bone
resorption marker, carboxyl-terminal telopeptides of type I collagen
(CTx1) were assayed using ELISA kits (PAA957Ra01 for P1NP,
CEA665Ra for CTx1, Cloud clone Corp., Wuhan, China) and tartrate-
resistant acid phosphatase (TRAP) were performed with ELISA kits (SB-
TR201A, IDS Ltd., Boldon, UK) according to the manufacture's protocol.
Five calibrators for P1NP and CTx1, meanwhile, four calibrators for
TRAP were measured for the standard curve according to manufacturer's
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manual. All the results were normalized against bone mass values in
Micro CT [30].

2.18. UPLC-MS/MS for E2

Serum from animal samples were also used to determinate the con-
tent of estrogen by UPLC-MS/MS system. The quantitative analysis was
performed on a UPLC-MS/MS system consisting of ACQUITYTM UPLC
System (Waters Corp., Milford, USA) coupled to a Xevo TQ-XS mass
spectrometer (Waters Corp., Milford, USA). The sample preparation
method, derivatization and determination were consistent with that re-
ported in the literature [31,32].

2.19. Data and statistical analysis

Studies were designed to generate groups of n � 3. The n value for
each experiment was show in the figure legend. All data were expressed
as mean � standard deviation of the mean (SD) based on at least three



Fig. 2. Puerarin does not affect osteoclast differentiation (A) Representative pictures of TRAP staining at day 4 after RAW264.7 cells cultured under OCM with the
treatment of drugs at day 1 to day 4 (T1-T4). Scale bar is 200 μm (B) Quantitative of number of osteoclasts (TRAP positive and multi-nucleated cells (MNCs), more than
3 nuclei) (n ¼ 5) (C) Size of osteoclast per well was calculated by total area of MNCs/number of MNCs (n ¼ 5) (D–G) mRNA expression of osteoclast differentiation
related genes under OCM with the treatment of puerarin for 2 or 4 days (n ¼ 5) (H) Representative blots of osteoclast differentiation related proteins under OCM with
the treatment of puerarin for 4 days (I–K) Band intensities were semi-quantified and normalized relative to GAPDH (n ¼ 5). NC: Negative control, cells treated with
vehicle (0.1% DMSO) in the absent of OCM; The groups of C, PC, and different concentration of puerarin were all induced by OCM. C: Control, cells treated with
vehicle (0.1% DMSO); PC: Positive control, cells treated with 17-β estradiol (E2, 0.01 μM), Puerarin (100–1000 μM): cells treated with different concentrations of
puerarin (dissolved in DMSO). Data expressed are means � SD; *P < 0.05, ***P < 0.001，significantly different from the control group.
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independent experiments. The significance of differences between
groups was analyzed by one-way analysis of variance (ANOVA) followed
by Tukey post hoc test. The PRISM software version 8.0 (GraphPad, San
Diego, CA, USA) was used. P < 0.05 was considered as significant.

3. Results

3.1. Puerarin attenuated bone resorption without impairing cell viability of
osteoclasts

The chemical structure of puerarin was shown in Fig. 1A. After 4 days
treatment, no toxic effects were observed in RAW264.7 cells at various
concentrations of puerarin as indicated, and even a significant promotion
effect on cell viability was observed at 1000 μM (Fig. 1B). Also, no toxic
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effects were visualized on other bone cells including mouse BMMs, rat
BMSC and MC3T3-E1 cells under the treatment of puerarin for 2 days
(Fig. S1). The area of resorbed pits formed by osteoclasts of RANKL-
induced RAW264.7 cells was not affected by various concentrations of
puerarin below 50 μM (Fig. S2H), but significantly decreased by puerarin
treated in the early stage (T1-T4) (1000 μM puerarin vs. control) and the
full stage (T1-T7) (500 and 1000 μMpuerarin vs. control), but not the late
stage (T5-T7) (Fig. 1C and D). Moreover, mRNA expressions of cathepsin
K (CTSK) and matrix metalloproteinase-9 (MMP9) were not significantly
affected by puerarin treatment (Fig. S3A and S3B), which indicated that
puerarin did not directly inhibit bone resorption. The above results
suggesting that puerarin inhibits the bone resorption activity at the
osteoclast activation stage (T1-T4) rather than at the function stage (T5-
T7).



Fig. 3. Puerarin disturbs F-actin ring formation of osteoclast (A) Representative fluorescence images of F-actin ring formation in osteoclasts from RAW264.7 cells
under OCM for 4 days. Cells were fixed in 4% paraformaldehyde for 15 min and stained for phalloidin (red) and counterstained with DAPI (blue). Scale bar is 100 μm
(B) Representative images of F-actin ring in osteoclast snapped by confocal immunofluorescence microscopy; F-actin (red), nuclei(blue), Scale bar is 10 μm (C) Number
of F-actin ring in osteoclast of RAW264.7 cells under OCM for 4 days with treatment of puerarin for day 1 to day 4 (T1-T4), day 1 to day 2 (T1-T2), day 3 to day 4 (T3-
T4) were quantified (n ¼ 5) (D) Representative images of F-actin and integrin β3 co-stained osteoclasts, the osteoclasts were induced from BMMs for 10 days under
drug treatment; Cells were double stained for integrin-β3 (green)，phalloidin (red) and counterstained with DAPI (blue). Scale bar is 100 μm (E) Structure of
osteoclast induced by BMMs attached on bone slice was snapped by SEM at day 10 (n ¼ 3). Scale bar is 1 μm; NC: Negative control, cells treated with vehicle (0.1%
DMSO) in the absent of OCM; The groups of C, PC, and different concentration of puerarin were induced by OCM. C: Control, cells treated with vehicle (0.1% DMSO);
PC: Positive control, cells treated with 17-β estradiol (E2, 0.01 μM), Puerarin (100–1000 μM): cells treated with different concentrations of puerarin (dissolved in
DMSO). Data expressed are means � SD; *P < 0.05, significantly different from the control group.
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Fig. 4. Puerarin disturbs F-actin ring formation via depressing Integrin-β3-mediated Pyk2-Src-Cbl pathway (A) Representative blots of Pyk2-Src-Cbl signaling
pathway related proteins were determined at day 4 under the treatment of puerarin for day 1 to day 4 in OCM (B–G) Band intensities were quantified and normalized
relative to GAPDH (n ¼ 5) (H–I) mRNA expression of Integrin-β3 and c-Src related to β-actin under OCM with the treatment of puerarin for 2 or 4 days (n ¼ 5) (J)
Inhibition curves of puerarin on Src kinase activity. Saracatinib (1000 nM) was a positive Src kinase inhibitor (n ¼ 5); NC: Negative control, cells treated with vehicle
(0.1% DMSO) in the absent of OCM; The groups of C, PC, and different concentration of puerarin were induced by OCM. C: Control, cells treated with vehicle (0.1%
DMSO); PC: Positive control, cells treated with 17-β estradiol (E2, 0.01 μM), Puerarin (100–1000 μM): cells treated with different concentrations of puerarin (dissolved
in DMSO). Data expressed are means � SD; *P < 0.05, significantly different from the control group.
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3.2. Puerarin disrupted osteoclast activation but did not affect early stage
of osteoclastogenesis

Osteoclast activation mainly includes two stages: osteoclastogenesis
and osteoclast activation, the effect of puerarin on the two stages were
further determined by TRAP-stained, RT-PCR, and western blot. As
indicated in Fig. 2A–C, the number of TRAP-positive multinucleated
osteoclasts (more than 3 nuclei) was not significantly diminished by
puerarin (10–1000 μM) (Fig. 2A and B, Fig. S2A-D). However, we
observed in Fig. 2A that many multiple-nucleated osteoclasts in the
puerarin groups were TRAP low-staining osteoclast. Normalization of
area to the number of multinucleated osteoclasts suggested that the size
of osteoclast was not significantly affected by puerarin (Fig. 2C). More-
over, we observed in the light microscope that single nucleated mono-
cytes fused to multi-nucleated osteoclasts were not influenced by various
concentrations of puerarin during RANKL-induced for 4 days (Fig. S2A).
RT-PCR data showed that OC-STAMP, which determined cell fusion and
size of osteoclast, was not significantly affected by puerarin (Fig. S3C).
Therefore, puerarin may not affect the early stage of osteoclastogenesis
and cell fusion. However, the color of most TRAP staining positive os-
teoclasts was attenuated by puerarin at concentrations of 500 and 1000
μМ (Fig. 2A), which is consistent with the result that TRAP gene
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expression was also strongly down regulated by puerarin at concentra-
tions of 500 and 1000 μMat day 2, but not day 4 after induction (Fig. 2D).
In addition, TRAF6 was not influenced at day 2 and 4 (Fig. 2E), and
NFATc1 was even up regulated by puerarin at the concentration of 1000
μM at day 2 (Fig. 2F). In contrast, c-Fos was significantly down-regulated
by puerarin at concentrations of 500, 1000 μM at day 2 after induction
(Fig. 2G). For the expression of osteoclast mature-associated genes, CAII
(Fig. S3D) and TCIRG (Fig. S3E) were down-regulated at day 2 after in-
duction, Atp6v0d2 (Fig. S3F) and CLCN7 (Fig. S3G) were unaffected at
day 4 after induction. For the western blot analysis on the expression of
osteoclastogenesis related proteins: TRAF6 (Fig. 2I and H), the ratio of
phosphorylation of NF-κB p65/p65 (Fig. 2J and H), and NFATc1 (Fig. 2K
and H) were all not altered by puerarin at day 4, and the same result was
also obtained at day 2.
3.3. Puerarin disrupted F-actin ring formation via down-regulating
integrin-β3 Pyk2/Src/Cbl signaling pathway

As the phalloidin-Alexa Fluor 555 staining of osteoclast induced from
RAW264.7 cells shown in Fig. 3A-B, and Fig. S2E-F, characteristic F-actin
rings formed well in the RANKL-induced control group and puerarin of
concentration below 100 uM, but the structure of F-actin ring was



Fig. 5. Puerarin does not affect osteoclast apoptosis. RAW264.7 cells were cultured under OCM with different treatments for 5 days (A) Representative blots of cell
apoptosis related proteins (B) The ratio of cleaved caspase-3/caspase-3, Band intensities were quantified and normalized relative to β-actin (n ¼ 5) (C) Representative
TUNEL staining of apoptosis osteoclasts; Scaled bar: 50 μm (D) The percentage of apoptosis cells (TUNEL positive cells) in total cells (%) (n ¼ 5); NC: Negative control,
cells treated with vehicle (0.1% DMSO) in the absent of OCM; The groups of C, PC, and different concentration of puerarin were induced by OCM. C: Control, cells
treated with vehicle (0.1% DMSO); PC: Positive control, cells treated with 17-β estradiol (E2, 0.01 μM), Puerarin (100–1000 μM): cells treated with different con-
centrations of puerarin (dissolved in DMSO). Data expressed are means � SD; *P < 0.05, significantly different from the control group.
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disrupted by puerarin in a dose-dependent manner (500–1000 uM). In
contrast, 17-β estradiol (E2, 0.01 μM) only slightly disrupted it. The
number of F-actin formation was further quantified, as indicated in
Fig. 3C, puerarin (500–1000 μM) diminished the number of F-actin rings
in osteoclast at the stage of T3-T4 and the stage of T1-T4, but not at the
very early stage (T1-T2).

The disruption of F-actin ring by puerarin also appeared in RANKL-
induced BMMs (Fig. 3D). To further demonstrate the effect of puerarin
on actin ring organization, osteoclast was co-immunofluorescence
staining with integrin β3, the actin-binding protein. It indicated that
the fluorescence intensity of integrin β3 (green) co-localized with F-actin
core of podosome was significantly attenuated by puerarin in a dose
dependently manner (Fig. 3D). In order to clearly visualize the structure
of osteoclast induced by BMMs, scanning electron microscopy was
applied. As showed in Fig. 3E, the mature osteoclasts in the control group
with classic morphological features attaching well in the bone slices,
whereas the morphology of osteoclast was abnormal after treated with
puerarin (1000 μM).

Integrin-β3/Pyk2/Src/Cbl signaling pathway regulates F-actin for-
mation in osteoclasts induced by RANKL. As the blots shown in Fig. 4A,
the expression of integrin-β3 was significantly down-regulated by puer-
arin at the concentration of 500 and 1000 μM (Fig. 4B), which corre-
sponding with the result of immunofluorescence staining (Fig. 3D).
Following that, the relative ratio of p-Pyk2/Pyk2 (Fig. 4C), p-Src/Src
(Fig. 4D), p-Cbl/Cbl (Fig. 4E), were suppressed by puerarin in a dose-
dependent manner. In contrast, the total protein of Pyk2, Src, Cbl
seems not to have been affected by puerarin (Fig S1D-F). Moreover, the F-
actin enriched proteins that organized F-actin ring: gelsolin, but not
paxillin, was suppressed by 1000 μM of puerarin (Fig. 4F and G).
Consistent with protein expression, gene expression of integrin-β3 was
also down-regulated by puerarin (500, 1000 μM) at day 2 after induction
(Fig. 4H), while at day 4, the gene expression was too low to detect. The
gene expression of Src (Fig. 4I) was not inhibited by puerarin at day 2,
while only slightly inhibit by puerarin (500, 1000 μM) at day 4, which
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was consistent with its protein expression (Fig. 4A). In addition, kinase
activity of Src (Fig. 4J) was also not affected by puerarin.

3.4. Puerarin did not affect osteoclast apoptosis

The apoptosis of osteoclasts was also detected. The number of TRAP-
positive multinucleated cells (more than 3 nuclei) were defined as oste-
oclast. The ratio of cleaved caspase-3/caspase-3 was up-regulated by E2
(0.01 μM), but not altered by puerarin (100 μM–1000 μM) (Fig. 5A and
B). Furthermore, the fluorescence based In Situ TUNEL staining assay
indicated that the osteoclast apoptosis rate was significantly increased by
E2 (0.01 μM). However, puerarin slightly decreased osteoclast apoptosis
without significant differences (Fig. 5C and D).

3.5. Puerarin prevented rats from OVX-induced bone loss and improved
femoral mechanical properties

Micro CT analysis was carried out to examine the bone mass and
structures of proximal tibia. In the long-term study of 12 weeks, as to
trabecular bone at proximal tibia, decreased BMD, BV/TV, Conn. D, Tb.
N, Tb. Sp, and Tb. Th were observed in OVX group, compared to those in
Sham group. Compared to OVX group, puerarin prevented bone loss in a
dose dependent manner. L-Puerarin group had no effect on trabecular
bone at proximal tibia, while H-Puerarin group showed significantly
higher BMD, BV/TV, Conn. D, Tb. N, Tb. Th and lower Tb. Sp (Fig. 6A and
B). Thus, we chose the high dose of puerarin in the following short-term
(treatment for 5 weeks) efficacy and mechanism study, and similar re-
sults were obtained (Fig. 6A and B). Further observations by Von Kossa
staining analysis of proximal tibia metaphysis administrated for 5 weeks
provided additional supports for that H-Puerarin had higher BV/TV, Tb.
Wi, Tb. N and lower Tb. Sp compared to those in OVX group (Fig. 6C and
D).

Three-point bending was used to test the mechanical property of the
cortical bone at femur shaft. Ultimate load and energy to failure of femur



Figure 6. High dose of puerarin decreases OVX-induced bone loss and improves mechanical properties (A) Representative 3D reconstruction images of
proximal tibia metaphysis for 12 weeks and 5 weeks. Scale bar: 1 mm (B) Quantitative analysis of micro-CT parameters of trabecular bone including BMD, BV/TV,
Conn. D, Tb. N, Tb. Sp and Tb. Th for 12 weeks (n ¼ 9) and 5 weeks (n ¼ 9) (C) Representative image of undecalcified proximal tibia metaphysis stained with Von
Kossa staining from each group. Black Scale bar: 500 μm (D) Quantitative analysis of Static histological parameters including BV/TV, Tb. Wi, Tb. Sp and Tb. N (n ¼ 9).
ROI of micro CT and histomorphometric analysis were defined from 1 mm to 4 mm below growth plate (E) Left femurs were isolated and subjected to a three-point
bending tests. The ultimate load and energy to failure were evaluated (n ¼ 9). BMD: Bone mineral density; BV/TV: Bone volume fraction; Conn. Dn: Connectivity
density; Tb. N: Trabecular number; Tb. Sp: Trabecular separation; Tb. Th: Trabecular thickness; Tb. Wi: Trabecular width. Data expressed are means � SD; *P < 0.05
compared to OVX group.
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Fig. 7. Puerarin inhibits bone resorption to prevent bone loss (A) Representative images of trabecular fluorescence labeling of proximal tibia metaphysis. Scale
bar: 50 μm. Quantitative analysis of (B) MS/BS (n ¼ 9) (C) MAR (n ¼ 9) and (D) BFR/BS (n ¼ 9). Biomarker of bone formation such as (E) P1NP normalized by bone
volume in serum (n ¼ 6) (F) Representative TRAP staining micrograph and (G–K) quantitative data of N. TRAPþ Oc, TRAPþ-Oc.S, BS, N.TRAPþ-Oc/BS and TRAPþ-
Oc.S/BS. Red arrow pointed to TRAP positive osteoclast (n ¼ 6) for each group to evaluate indicators of the osteoclast (L–M) CTx1 (n ¼ 6) and Trap (n ¼ 6) normalized
by bone volume in serum. MS/BS: Mineralizing surface; MAR: Mineral apposition rate; BFR/BS: Bone formation rate; N.TRAPþ-Oc: Number of TRAP positive oste-
oclast; TRAPþ-Oc.S: TRAP positive osteoclast surface; BS: Bone surface; N.TRAPþ-Oc/BS: Number fraction of TRAP positive osteoclast normalized by bone surface;
TRAPþ-Oc.S/BS: TRAP positive osteoclast surface fraction normalized by bone surface. Data expressed are means � SD; *P < 0.05 compared to OVX group.
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diaphysis between Sham group and OVX group were similar. Compared
to OVX group, H-Puerarin group had 13.69% higher ultimate load and
43.22% higher energy, while E2 group had 31.49% higher energy
compared to OVX group (Fig. 6E).
3.6. Puerarin significantly prevented OVX-induced bone loss by inhibiting
bone resorption but not altering bone formation

Dynamic histomorphometry and serum biomarkers were used to
65
investigate how puerarin regulated bone metabolism. Representative
double fluorescence on trabecular bone at the proximal tibial metaphysis
was shown in Fig. 7A. Quantitative results showed that E2 group had
significantly less MS/BS, MAR and BFR/BS compared with those in the
OVX group (37.20%, 28.94% and 50.28%, respectively). H-puerarin
group had no effect on MS/BS and BFR/BS compared with that in OVX
group (Fig. 7B–D). Serum P1NP normalized by bone volume in H-Puer-
arin group was 70.58% more than that in OVX group (Fig. 7E). Fig. 7F
showed representative TRAP staining osteoclasts at the proximal tibial



Fig. 8. Puerarin inhibits OVX induced body weight increasement and has a weaker hypertrophic effect on uterus. Body weight were recorded every week in
long term study (A, 12weeks，n ¼ 9 for each group) and short-term study (B, 5 weeks, n ¼ 9 for each group) (C) Representative histologic micrograph of uterine cross
section and endothelial cell thickness (D–F) Quantitative data of uterine weight (n ¼ 9 for each group), uterine weight fraction (n ¼ 9 for each group) and endometrial
cell height (n ¼ 9 for each group). （G）Concentration of estradiol in serum（n ¼ 6 for each group）. Ut. Wt.: Uterine Weight; Ut.Wt.Fr.: Uterine Weight Fraction;
Endo. cell height: Endometrial cell height. Data expressed are means � SD; *P < 0.05 compared to OVX group.
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metaphysis. H-Puerarin and E2 had lower N.TRAP þ -Oc/BS and TRAPþ-
Oc.S/BS (Fig. 7 G-K). In addition, serum CTx1 (Fig. 7L) and Trap
(Fig. 7M), which were both normalized by bone volume in H-Puerarin
and E2 group, were less than those in OVX group.
3.7. Effect of puerarin on body weight, uterine weight and uterine
histomorphometry

Both H-Puerarin and E2 group significantly inhibited the increase-
ment of body weight induced by OVX surgery from 2 weeks to 12 weeks
(Fig. 8A) or 5 weeks post-surgery (Fig. 8B). Histologically, E2 group
significantly increased the endometrial cell height relative to OVX group,
while puerarin slightly increased it (Fig. 8C). Compared to OVX, H-
Puerarin increased uterus weight by 1.58 folds, but lower than estrogen
which increased by 3 folds (Fig. 8D and E). E2 and H-Puerarin had
77.77% and 26.18% higher endometrial cell height than OVX (Fig. 8F),
respectively. After surgery for 5 weeks, serum estradiol concentration
decreased from 42.29 pg/mL in Sham group to 3.17 pg/mL in OVX
group, while exogenous estrogen administration increased serum
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estrogen concentration to 29.22 pg/mL, and H-Puerarin increased it to
6.15 pg/mL (Fig. 8G).

4. Discussion

In the present study we demonstrated that puerarin, a C-glycoside
isoflavonoid, prevents the bone loss in OVX rat through suppression of
osteoclast activation and bone resorption without suppressing bone for-
mation. For the first time it is revealed that puerarin inhibits osteoclasts
activation by disrupting F-actin ring formation via integrin β3/Pyk2/Src/
Cbl signaling pathway, without affecting osteoclastogenesis or apoptosis.

Bone resorption is a well-controlled process, including osteoclasto-
genesis to form polykaryon, activation of osteoclasts by forming F-actin
rings and sealed zone, and then resorption by secretion of acids and
lysosomal enzymes onto the resorbing surface [33]. Firstly, several lines
evidence have demonstrated that puerarin didn't directly inhibit bone
resorption, because bone resorption still occurred when puerarin was
added to the medium at day 5–7 after RANKL induction. Also, the oste-
oclastic bone resorption related genes including MMP9 and CTSK [34],
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had not changed at all even the cells were treated by puerarin during the
whole process. From this respect, puerarin is different from natural
dihydroflavone and dihydrotanshinone I, which inhibits the expression
or activity of cathepsin K leading to suppressing bone resorption [24,35].

Secondly, puerarin didn't affect the early stage of osteoclastogenesis
(cell fusion) but impaired F-actin ring formation during osteoclast acti-
vation. This conclusion was support by the data that number and size of
MNCs in puerarin group were similar with the un-treatment group.
Instead, the fluorescence intensity and protein expression of integrin-β3
(major protein responsible for F-actin mediated osteoclast attachment)
was attenuated by puerarin. RANK-specific activation of TRAF6 leads to
induction of NFATc1, which is critical for osteoclastogenesis [36]. When
the cells are activated by RANKL, NFATc1 expression is dependent on the
TRAF6/NF-κB and c-Fos pathways [37]. Our data showed that puerarin
significantly down regulated c-Fos gene expression, while did not sup-
press the expression of NF-κB and phosphor–NF–κB, and the overall
outcome was that gene and protein expressions of NFATc1 were not
inhibited by puerarin, which was consisted with a previous study [21].
However, two recently published articles from the same group reported a
different finding, which indicated that puerarin (100 μM) suppressed
osteoclastogenesis via inhibition of NF-κB signaling pathways in both
osteoclast of RANKL-induced BMMs and RAW264.7 cells [17,18].
Although they reported that F-actin ring formation and bone resorption
were also decreased by puerarin, the authors consider these as the
cascade events following the suppression of osteoclastogenesis. Our data
showed that puerarin disturbed the F-actin ring formation rather than
inhibited their differentiation from osteoclast precursors. Further
compelling evidence for this conclusion was given by the expression of
OC-STAMP, a putative seven-transmembrane spanning protein, is
essential for early events in osteoclastogenesis, i.e., the cell–cell fusion of
osteoclast precursors [38]. We found that puerarin didn't affect mRNA
expression of OC-STAMP or cell–cell fusion. In addition, SEM images
clearly showed us osteoclasts in puerarin group were formed in the bone
slice but lack of marginal wrinkle compared to the untreated ones.

Thirdly, we firstly found that puerarin had no effect on osteoclasts
apoptosis as it didn't alter the ratio of cleaved caspase-3/caspase-3 or
TUNEL positive cells, while estradiol promoted apoptosis as previously
reported [39]. The survival of the mature osteoclast, and its participation
in successive rounds of bone resorption, is regulated in part by inducing
NF-κB activity [40]. We found that the expression of phosphorylated
NF-κB (p65) was not down-regulated by puerarin, which suggested
puerarin didn't influence osteoclasts survival either. Thus, puerarin does
not affect fused polykaryon formation, degradation of bone matrix and
osteoclasts apoptosis.

Actin ring is a characteristic of active osteoclasts [33]. It is a unique
cytoskeletal structure for the formation of a sealing zone responsible for
osteoclast attachment, and subsequently bone resorption [41]. Integrin
β3 was the major adhesion receptor required for the formation of the
sealing zone. Osteoclasts isolated from integrin β3-deficient mice failed
to spread, lacked actin rings characteristic of active osteoclasts and
exhibited reduced bone resorption activity in vitro, indicating the critical
role of integrin-β3 in osteoclast attachment [33]. In order to further
clarify the precise mechanism of puerarin on disruption F-actin ring
formation, integrin-β3 mediated Pyk2/Src/Cbl pathway was investi-
gated. Our present results clearly indicated that activated protein
expression of integrin-β3 mediated Pyk2/Src/Cbl signaling molecules
induced by RANKL were greatly abrogated by puerarin. The adapter
function and kinase activity of Src were both required for the formation
of Pyk2/Src/Cbl complex and osteoclast function [42]. Our results
demonstrated that puerarin had no effect on inhibiting Src kinase ac-
tivity, which indicated that puerarin was not a direct Src kinase inhibitor.
Our results indicated that the immunofluorescence of integrin β3 was
significant attenuated by the treatment of puerarin, which suggest
puerarin may affect cell attachment of osteoclast via impairing integ-
rin-β3 binding to extracellular matrix proteins. Downstream of integ-
rin-β3/Pyk2/Src/Cbl signaling pathway, other cytoskeletal adaptors that
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organize F-actin were also determined, paxillin is an adhesion plaque
protein that organized F-actin, and gelsolin is a high-affinity actin-sev-
ering protein that promotes actin turnover, they are important structural
proteins that organized F-actin [43]. Our results indicated that gelsolin,
but not paxillin, was suppressed by 1000 μM of puerarin. NFATc1 forms
an osteoclast-specific transcriptional complex containing AP-1 (Fos/Jun)
for the efficient induction of osteoclast-specific genes, such as integrin-β3
[44,45]. Puerarin significantly blocked c-Fos expression, which might
contribute to abrogation of gene and protein expression of integrin-β3.
Thus, integrin-β3 mediated Pyk2/Src/Cbl pathway was impaired by
puerarin, resulting in disruption F-actin ring formation and successive
inactivation of osteoclasts. We speculated that the direct target of puer-
arin is most likely to be the protein located in the upstream of integrin-β3
mediated Pyk2/Src/Cbl signaling pathway, our future work will focus on
the target discovery of puerarin.

In vivo, most of previous study of puerarin perform the long-term (12
weeks) administration, which is common treatment duration for tradi-
tional Chinese Medicine in osteoporosis study [46]. So, we investigated
dose-dependent effect of puerarin in this long-term experiment.
Short-term is a 5-week treatment after OVX surgery, when bone resorp-
tion is active and the significant bone loss in proximal tibia metaphysis
occurred in OVX rats [47]. Thus, this time point is great for both efficacy
and in vivo mechanistic study, especially for bone resorption matching in
vitro [48]. In the term study, we confirmed the efficacy of high dose
puerarin on preventing bone loss. In addition, we investigated the in vivo
anti-resorption mechanism of puerarin by using trap staining and serum
biomarkers evaluations.

Dynamic histomorphometry and serum biomarker analysis revealed
us unique feature of puerarin on preventing bone loss. Lower TRAPþ

Oc.N/BS, serum TRAP 5b, CTx1 and unchanged BFR/BS in H-puerarin
group in relative to OVX group consistently revealed puerarin inhibited
bone resorption without affecting bone formation in vivo. This was
obviously different with E2, as it not only decreased Oc.N/BS, serum
TRAP 5b and CTx1, but also inhibited BFR/BS, which indicated a
decrease in bone formation due to disrupting the osteoclast-osteoblast
crosstalk [49]. This is an advantage of puerarin over estradiol, which is
achieved by the fact that puerarin didn't influence osteoclastogenesis and
apoptosis. From osteoclast-osteoblast coupling aspect, puerarin has an
advantage over estradiol by avoidance of interfering with
osteoclast-related bone formation because it allows the crosstalk between
osteoclasts and osteoblasts to remain intact, which is beneficial for the
ongoing bone formation.

Isoflavone was commonly considered as phytoestrogen due to their
biphenolic structure. In order to evaluate if puerarin exerted similar ef-
fect and mechanism as estrogen, 17-β estradiol was used as positive
control in our present study. We found that puerarin slightly promote
uterus hypertrophy, similar results demonstrated that puerarin possessed
property of partial agonist of ER [50]. Puerarin was proved not to bind
into estrogen receptor (ER) [51]，and exerted bone loss-preventing ac-
tion independently of ER-mediated pathway [51]. It can be explained by
our data that puerarin promoted endogenous estradiol production, from
3.22 pg/mL in OVX group to 6.4 pg/mL in H-puerarin, which is discov-
ered for the first time by using UPLC-MS, a more specific and sensitive
testing methods than ELISA [53]. The mechanism of puerarin promoting
endogenous estradiol production in OVX rats needs to be studied further.

5. Conclusions

In summary, puerarin specifically suppressed activation of osteoclasts
through disruption of F-actin ring formation by abrogating integrin-β3/
Pyk2/Src/Cbl pathway and inhibited bone resorption in vitro and in vivo.
These findings provide a natural C-glycoside isoflavonoid structure tar-
geting suppression of osteoclast activation without interfering with the
crosstalk between osteoclasts and osteoblasts, which may overcome the
shortcomings of bone formation-suppression of anti-resorption drugs,
such as estradiol and bisphosphonate.
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