
Cycloastragenol Attenuates
Osteoclastogenesis and Bone Loss by
Targeting RANKL-Induced Nrf2/
Keap1/ARE, NF-κB, Calcium, and
NFATc1 Pathways
Gang Wang1,2,3†‡, Chao Ma3‡, Kai Chen2, Ziyi Wang2, Heng Qiu2, Delong Chen2,3,
Jianbo He2,3, Cheng Zhang3, Ding Guo3, Boyong Lai 3, Shuangxiao Zhang3, Linfeng Huang3,
Fan Yang3, Jinbo Yuan2, Leilei Chen3,4*, Wei He3,4* and Jiake Xu2*†

1First Affiliated Hospital, Guangzhou University of Chinese Medicine, Guangdong, China, 2School of Biomedical Sciences, The
University of WA, Perth, WA, Australia, 3Guangzhou University of Chinese Medicine, Guangdong, China, 4Third Affiliated Hospital,
Guangzhou University of Chinese Medicine, Guangdong, China

Osteoporosis, which typically affects postmenopausal women, is an osteolytic disease due
to over-activation of osteoclasts. However, current drugs targeting osteoclast inhibition face
various side effects, making natural compounds with great interest as alternative treatment
options. Cycloastragenol (CAG) is a triterpenoid with multiple biological activities. Previously,
CAG’s activity against aging-related osteoporosis was reported, but the mechanisms of
actions for the activities were not understood. This study demonstrated that CAG dose-
dependently inhibited osteoclast formation in receptor activator of nuclear factor-κB ligand
(RANKL)-stimulated bone marrow macrophage (BMMs). Mechanism studies showed that
CAG inhibited NF-κB, calcium, and nuclear factor of activated T cells 1 (NFATc1) pathways.
Additionally, CAG also promoted the nuclear factor-erythroid 2-related factor 2 (Nrf2)/Kelch-
like ECH-associated protein 1 (Keap1)/anti-oxidative response element (ARE) pathway that
scavenges reactive oxygen species (ROS). Furthermore, CAG was also found to prevent
bone loss of postmenopausal osteoporosis (PMO) in a preclinical model of ovariectomized
(OVX) mice. Collectively, our research confirms that CAG inhibits the formation and function
of osteoclasts by regulating RANKL-induced intracellular signaling pathways, which may
represent a promising alternative for the therapy of osteoclast-related disease.
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INTRODUCTION

Osteoporosis is a systemic disease designated by lowered bone mass and microstructure damage,
usually resulting in an increased risk of fractures (No-Authors-Listed, 1993). Compared with men,
menopausal women face a higher incidence of osteoporotic fractures (van Staa et al., 2001). The
underlying mechanism of PMO is that the bone remodeling becomes a negative balance, among which
the osteoclast bone resorption exceeds that of osteoblast bone formation (Garnero et al., 1996).
Although mainstream drugs that target inhibiting fracture risks in patients with PMO (Black et al.,
1996), their side effects cast uncertainty on the use of these drugs and reduce public acceptance (Jha
et al., 2015; Black et al., 2020). Due to their safety and effectiveness on bone-related disease, natural
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compounds with inhibitory effects on osteoclasts have been viewed
as alternatives for PMO (Wang et al., 2017; He et al., 2019), and the
related compound screening is now a high priority on the task.

Osteoclasts are motile and multinucleated cells (MNCs) derived
from mononuclear/macrophage lineage. The directional
commitment of osteoclast precursors relies on the aegis of two
master cytokines, namely macrophage colony-stimulating factor
(M-CSF) and RANKL (Lacey et al., 1998; Arai et al., 1999). The
stimulation of M-CSF causes osteoclast precursor cells to express
RANK on their membrane that can respond to RANKL, thereby
stimulating intracellular signal cascades. With a binding site specific
for the cytoplasmic domain of RANK, TNF receptor-associated
factor 6 (TRAF6) plays a pivotal role in the activation of downstream
pathways, including ROS, NF-κB, mitogen-activated protein kinases
(MAPKs), and NFATc1 (Gohda et al., 2005; Lee et al., 2005;
Lamothe et al., 2007; Lee et al., 2016). The calcium (Ca2+)
mediated calcineurin pathway is highly involved in the nuclei
translocation and activation of NFATc1, a master regulator of
osteoclastogenesis (Negishi-Koga and Takayanagi, 2009).
Noteworthy, calcium also regulates the expression of c-Fos, a
significant component of activator protein-1 (AP-1), through a
non-calcineurin dependent pathway, which promotes the initial
induction and auto-amplification of NFATc1 and thus the
expression of osteoclast-specific genes like Acid phosphatase 5
(Acp5), Matrix metalloprotein 9 (Mmp9) (Sundaram et al., 2007),
vacuolar H+ transporting ATPase V0 subunit D2 (Atp6v0d2) (Feng
et al., 2009), Cathepsin K (Ctsk) (Pang et al., 2019). Besides, the
inhibitory effect of NRF2 on ROS production negatively regulates
RANKL-induced formation and activity of osteoclast (Hyeon et al.,
2013). Collectively, these pieces of evidence suggest that the study of
RANKL-induced pathways is essential for screening anti-
osteoclast drugs.

CAG is a triterpenoid saponin derived from Astragali Radix, a
Traditional ChineseMedicine used for thousands of years in treating
various diseases. Known as the only natural telomerase activator,
CAG has a large body of biological activities, including but not
limited to anti-aging, anti-inflammation, anti-oxidant, anti-bacterial,
wound healing, and organ protection (Yu et al., 2018). Interestingly,
a recent study showed that CAG protected rats from bone loss
caused by D-galactose-induced aging or natural aging (Yu et al.,
2020); In vitro study proved that there exists a promotion effect of
CAG on the osteoblastogenesis of MC3T3-E1 cells (Yu et al., 2020).
Recently, CAG was also proved to mitigate the suppression of
osteogenic differentiation induced by dexamethasone both in
MC3T3-E1 cells and zebrafish larvae (Wu et al., 2021). However,
its roles in PMO and RANKL-induced osteoclast activities and
intracellular signaling pathways are unknown. In this study, we
examine the inhibitory effect and underlying mechanism of CAG on
RANKL-induced osteoclastogenesis in vitro and its protective role in
OVX-induced bone loss in vivo.

MATERIALS AND METHODS

Materials and Reagents
CAG ordered from Herbpurify CO, LTD. (Chengdu, China) was
dissolved in phosphate-buffered saline (PBS) to a storage

concentration of 100mM and further diluted with PBS to
different concentrations. Fetal bovine serum (FBS), alpha-
modified minimal essential medium (α-MEM), penicillin/
streptomycin (P/S) were produced by Thermo Fisher Scientific
(TFS) (Carlsbad, CA). M-CSF and RANKL for in vitro osteoclast
culture were used following previous protocols (Ladner et al., 1988;
Xu et al., 2000). Primary antibodies targeting β-actin (Cat# J0914),
NFATc1 (Cat# G3014), and IκB-α (Cat# L2010) were purchased
from Santa Cruz (San Jose, CA), and the antibody of c-Fos (Cat#
2250S) was from Cell Signaling Technology (Beverly, MA).
Secondary antibodies were delivered from BD Pharmingen (San
Diego, CA).

Cell Isolation and Cytotoxic Assay
BMMs from the C57BL/6J mice femur were seeded in culture flasks
with α-MEM containing 1% P/S, 10% FBS, and 50 ng/ml M-CSF,
passaged cells of 1–3 generations were used in following
experiments. BMMs were seeded on a 96-well plate with a cell
density of 5×103 cells/well for cytotoxic evaluation. After overnight
adhesion, cells were treated by the stated doses of CAG (0, 1, 2.5, 5,
7.5, 10 μM) for 48 h. Under the dark condition, MTS assay buffer
(Promega, Sydney, Australia) was dropped to each well for
incubation of 2 h. The absorbance value of each well was
measured by a plate reader (BMG, Ortenberg, Germany) at a
wavelength of 490 nm.

Osteoclast Differentiation Assay
BMMs culture was conducted on a 96-well plate with 5×103 cells in
each well. CAG from 1 to 10 μM was applied to treat RANKL-
stimulated BMMs for effect potency screening for 6 days. Both CAG
and RANKL were re-added every 48 h. For the evaluation of effect
on different stages of osteoclastogenesis, both CAG (10 μM) and
RANKL (50 ng/ml) were added to the culture medium of BMMs at
the corresponding stage of osteoclastogenesis, which were early (day
1–3), middle (day 3–5), late (day 5–6) and whole stage (day 1–6),
respectively. On the sixth day, MNCs (>3 nuclei) of positive tartrate-
resistant acid phosphatase (TRAcP) staining under a light
microscope were scored as osteoclasts on ImageJ (NIH,
Bethesda, MD).

F-Actin Ring Formation Assay
RANKL-induced differentiation of BMMs was carried out on a 96-
well plate for 6 days, and CAG (5, 10 μM) was added together with
RANKL. On the sixth day, cells were fixed by 4%
paraformaldehyde when mature osteoclasts were visualized.
These cells then underwent routine membrane permeabilization
by 0.1% TritonX-100, blocking by 3% bovine serum albumin,
F-actin staining by rhodamine-phalloidin (TFS, Eugene, OR), and
counterstaining by 4′,6-diamidino-2-phenylindole (DAPI). After
triple washing of PBS, cells were immediately pictured using a
confocal microscope (Nikon, Tokyo, Japan). Measurement of the
area surrounded by the F-actin ring and the count of the nuclei
number of each osteoclast was accomplished using ImageJ.

Hydroxyapatite Pit-Forming Assay
With 1×105 cells in each well, BMMs were induced to
differentiate by RANKL on a collagen-coated 6-well plate.
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When osteoclast-like cells were found, cells were trypsin-digested,
centrifuged, and resuspended. With 5×103 cells per well,
osteoclast-like cells were transplanted to a 96-well plate with
hydroxyapatite coating. RANKL was added to cells from the
second day with the addition of CAG (5, 10 μM) until mature
osteoclasts were identified in the CAG untreated cells. Afterward,
half of the wells in each group were washed alternately with
sodium hypochlorite and ddH2O to expose the eroded area fully.
TRAcP staining was conducted on the remaining wells.
Measurement of the pit area eroded by osteoclast was
completed by using ImageJ.

Real-Time qPCR Assay
BMMs were seeded on 6-well plates with a cell number of 1×104
per well. During the next 6 days, CAG of 5 and 10 μMwas applied
to RANKL-stimulated BMMs. Both CAG and RANKL in the
culture medium were replaced every 48 h. On the sixth day,
mRNA extracted from cell lysates was reverse transcribed as
cDNA. A cocktail containing cDNA diluents, SYBR Green
MasterMix, and paired primers (Table 1) of target genes were
loaded to a 384-well microplate. PCR amplification was
conducted on a ViiA 7 system (Applied Biosystems,
Warrington, United Kingdom) under the following settings:
94°C for 10 min, 95°C for 40 cycles for 15 s, 60°C for 60 s. The
relative mRNA level of target genes was obtained using the 2-
ΔΔCT method and then expressed as fold changes relative to the
housekeeping gene.

Luciferase Activity Assay
RAW264.7 cell lines transfected with NF-κB, NFATc1, and ARE
luciferase reporter genes were used following the previous
methods (Qiu et al., 2021), and these cell lines were cultured
by D-MEM containing 10% FBS, 1% PS. The next day, after being

treated with CAG (2.5, 5, 10 μM) for 60 min, the cells were
stimulated by RANKL for stated durations, which were 6 h
(NF-κB), 24 h (NFATc1), and 48 h (Nrf2/ARE). After that,
these cells were lysed and centrifuged, and the supernatants of
50 μL were loaded to each well of a 96-well microplate. The
readings of luciferase activity were performed by an automated
multi-purpose plate reader.

Immunoblot Assay
For short-term effect detection of CAG on protein expression,
1.5×105 BMMs per well on 6-well plates were co-stimulated by
RANKL and CAG (10 μM) for 10, 20, 30, or 60 min. For long-
term effect detection of CAG in BMMs, cells were seeded with
1×105 cells per well, and the duration of RANKL and CAG
(10 μM) were 1, 3, or 5 days, respectively. Afterward, a radio-
immunoprecipitation assay buffer was applied to extract
proteins from the harvested cells. These proteins were then
electrophoresed in a 10% gel and transferred to a nitrocellulose
membrane. After being blocked by 5% non-fat milk, the
membrane was incubated with primary antibody at 4°C and
secondary antibody at room temperature (RT) for 10 and 1 h,
respectively. After that, the membrane soaked by an enhanced
reagent (PerkinElmer, Waltham, MA) was applied to the
Image-quant LAS system (GE Healthcare, Silverwater,
Australia) for development. Relative protein expression was
normalized to that of the housekeeping protein.

Calcium Oscillation Assay
BMMs were cultured on non-adjacent wells of a 48-well plate
at a density of 1.5×104 cells/well. The next day, cells were first
treated with CAG (10 μM) for 1 h and then stimulated by
RANKL for 24 h without CAG removal. An assay buffer
composed of HANKS balanced salt solution, 1% FBS, and

TABLE 1 | Primers for qRT-PCR assay.

Genes Forward primer Reverse primer

C-fos 5′-GCGAGCAACTGAGAAGAC-3′ 5′-TTGAAACCCGAGAACATC-3′
Nfatc1 5′-CA ACGCCCTGACCACCGATAG-3′ 5′-GGCTGCCTTCCGTCTCATAGT-3′
Acp5 5′-TGTGGCCATCTTTATGCT-3′ 5′-GTCATTTCTTTGGGGCTT-3′
Ctsk 5′-GGGAGAAAAACCTGAAGC-3′ 5′-ATTCTGGGGACTCAGAGC-3′
Atp6v0d2 5′-GTGAGACCTTGGAA GACCTGAA-3′ 5′-GAGAAATGTGCTCAGGGGCT-3′
Mmp9 5′-CGTGTCTGGAGATTCGACTTGA-3′ 5′-TTGGAAACTCACACGCCAGA-3′
Actb 5′-CACTGTGCCCATCTACGA-3′ 5′-TGATGTCACGCACGATTT-3′
Nrf2 5′-TCTCCTCGCTGGAAAAAGAA-3′ 5′-AATGTGCTGGCTGTGCTTTA-3′
Keap1 5′-TGCCCCTGTGGTCAAAGTG-3′ 5′-GGTTCGGTTACCGTCCTGC-3′
CAT 5′-CTCGCAGAGACCTGATGTCC-3′ 5′-GACCCCGCGGTCATGATATT-3′
GSR 5′-GACACCTCTTCCTTCGACTACC-3′ 5′-CACATCCAACATTCACGCAAG-3′
HMOX-1 5′-GAGCAGAACCAGCCTGAACT-3′ 5′-AAATCCTGGGGCATGCTGTC-3′
Nox2 5′-ACCGCCATCCACACAATTG-3′ 5′-CCGATGTCAGAGAGAGCTATTGAA-3′
Nqo1 5′-TTCTCTGGCCGATTCAGAG-3′ 5′-GGCTGCTTGGAGCAAAATAG-3′
Trx1 5′-TGCTACGTGGTGTGGACCTTGC-3′ 5′-ACCGGAGAACTCCCCCACCT-3′
Sirt1 5′-CCGTTTATTTTCGCCGTCCGCCATC-3′ 5′-CGAACCAAACTCACCAATCTGTGGC-3′
Sirt3 5′-GCTGCTTCTGCGGCTCTATAC-3′ 5′-GAAGGACCTTCGACAGACCGT-3′
Sod1 5′-AACCAGTTGTGTTGTCAGGAC-3′ 5′-CCACCATGTTTCTTAGAGTGAGG-3′
Hprt1 5′-CAGTCCCAGCGTCGTGATTA-3′ 5′-TGGCCTCCCATCTCCTTCAT-3′

qRT-PCR, quantitative real-time PCR; Acp5, acid phosphatase 5, tartrate-resistant; Atp6v0d2, vacuolar H+ transporting ATPase, V0 subunit D2; c-fos, proto-oncogene C-Fos; Ctsk,
cathepsin K; Mmp9, matrix metallopeptidase 9; Nfatc1, nuclear factor of activated T cells 1; Actb, actin beta; Nrf2, nuclear factor E2-related factor 2; Keap1, kelch-like ECH-associated
protein 1; CAT, catalase; GSR, glutathione reductase; HMOX-1, heme oxygenase-1; Nox2, NAD(P)H oxidase 2; Nqo1, NAD(P)H dehydrogenase quinone 1; Trx1, thioredoxin 1; Sirt1,
sirtuin 1; Sirt3, sirtuin 3; Sod1, superoxide dismutase 1; Hprt1, hypoxanthine phosphoribosyltransferase 1.
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250 mMprobenecid was utilized for cell rinsing. Under dark and RT
conditions, a staining buffer prepared by mixing 4 μM Fluo4-AM
with 20% (w/v) pluronic-F127/DMSO solution was used for cell
incubation of 45 min. Cells were triple rinsed and then incubated for
20 min with the assay buffer. After another assay buffer replacement,
the plate was mounted on a fluorescence microscope with a
wavelength set to 488 nm for a delayed shot of 2 min-long, with
an interval of 2 s. Flicker cells capable of displaying maximum
brightness more than 2 times were viewed as calcium oscillation
cells, and the signal intensity was recorded as the difference between
the maximum and minimum intensity of brightness.

OVX-Induced PMO in Mice
Under the approval of the Animal Ethics Committee of
Guangzhou University of Chinese Medicine (GZUCM)
(Ethics NO. 20190328002), eighteen 10-week-old female
C57BL/6J mice were obtained from the Animal Center of
GZUCM and randomly divided into three groups of the
same number (n � 6), namely the sham group, the OVX
group, and the CAG-treated OVX group. Mice in the latter
two OVX groups received bilateral ovariectomy, while mice in
the sham group underwent ovarian exposure operation. After
1 week of recuperation, mice in the CAG-treated group
received intraperitoneal injection of CAG (10 mg/kg).
Meanwhile, an equal volume of PBS was injected into the
abdominal cavity of mice in the other two groups. Both CAG
and PBS were used once every 2 days for 7 weeks. After that, all
mice were euthanized for femurs collection.

Micro-CT Assay
The right femur of these mice was carefully stripped of the soft
tissue on its surface and then immersed in 4%
paraformaldehyde (PFA) for 48 h. Later, a Skyscan
1176 micro-CT scanner (Bruker, Kontich, Belgium) was
appointed to scan the middle and lower segments of these
femurs. The volume 1.5 mm above the distal epiphyseal line
and 1 mm in height was selected as the region of interest (ROI).
The scanning parameters were the same as those used
previously (Liu et al., 2019). The trabecular bone
parameters of the ROI, including bone volume/tissue
volume (BV/TV), trabecular number (Tb. N), trabecular
thickness (Tb. Th), and connectivity density (Conn.Dn),
was calculated through the included CTAn program.
Representative 2D and 3D images of the trabecular bone
were synthesized using the included DataViewer and CTvol
program, respectively.

Statistical Analysis
Trials in this study included at least three repetitions, and the data
obtained were presented as mean and standard deviation (SD).
The comparison between two groups at different time points and
the comparison between different groups were carried out by
two-way ANOVA and one-way ANOVA, respectively. All
statistics were performed on GraphPad Prism 9.0 software,
and a p-value less than 0.05 was considered statistically
significant.

RESULTS

CAG Dose- and Time-Dependently Inhibits
RANKL-Induced Osteoclastogenesis
The formula and structure of CAG are displayed in Figure 1A. In
our previous drug screening, CAG showed no promoting effect
on angiogenesis and osteoblastogenesis in vitro (Supplementary
Figures S1,S2). To determine the effect of CAG on
osteoclastogenesis, different concentration of CAG were used
to treat BMMs. BMMs exhibited no apparent cytotoxicity in the
subsequentMTS test after being treated with CAG of 1–10 μM for
2 days (Figure 1B and Supplementary Figure S3). Interestingly,
the count of MNCs with more than three nuclei stained positively
for TRAcP revealed that the increase of CAG doses was correlated
with the depletion in the number of RANKL-induced osteoclasts
(Figures 1C,D). Furthermore, TRAcP staining revealed that the
inhibitory effect of CAG was time-dependent, which was
strongest in the early stage (Day 1–3), followed by the middle
stage (Day 3–5), but was unremarkably in the late stage (Day 5–6)
(Figures 1E,F). Immunofluorescence (IF) staining also verified
the dose-dependent inhibition of CAG on RANKL-induced
osteoclastogenesis, manifested by the impaired area by F-actin
belts and the decreased nuclei number in CAG-treated cells
(Figures 1G–I).

CAG Constrains RANKL-Induced Bone
Resorption and Osteoclast-Specific Gene
Expression
BMMs were stimulated to form osteoclasts on the hydroxyapatite
surface. Consistent with the above findings, TRAcP staining
showed that the increase of CAG doses was associated with the
gradual decrease of osteoclast number. Furthermore, a dose-
dependent effect of CAG on osteoclast function was discovered
by comparing the area of small pits of eroding hydroxyapatite by
osteoclasts (Figures 2A–D). In terms of cellular mechanism, the
influence of CAG on osteoclast-specific genes was assessed by real-
time qPCR assay. As expected, the relative expression level of c-Fos,
Acp5, Nfatc1, Atp6v0d2, Ctsk, and Mmp9 in CAG-treated BMMs
was restricted, and the level of restriction was correlated with the
doses of CAG (Figure 2E).

CAG Impedes NF-κB Pathway While
Enhancing Nrf2/Keap1/ARE Pathway
NF-κB activation by RANKL was found in RAW264.7 cells by
luciferase reporter assay. Interestingly, CAG was shown to have a
dose-dependent inhibition on NF-κB activity in these cells
(Figure 3A). The proteolysis of IκB–α serves as a landmark of
the RANKL-stimulated NF-κB pathway. Western blot indicated
that RANKL when acting as a short-term stimulus, caused the
reduction of IκB–α protein expression level in BMMs, which was
reversed by CAG, and this effect was most significant at 10min
(Figures 3B,C). Further, luciferase reporter assay showed that 48 h
of RANKL stimulation led to impairment of ARE activity in
RAW264.7 cells (Figure 3D). Nrf2/Keap1/ARE axis plays a
pivotal role in promoting ROS-eliminating enzymes. Through
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FIGURE 1 | CAG inhibits osteoclastogenesis and osteoclastic F-actin belt formation triggered by RANKL in BMMs. (A) The structural formula and molecular
formula of CAG. (B)MTS test demonstrated that the proliferation of BMMs was not affected by different concentrations of CAG for up to 48 h. (C) Quantitative analysis
exhibited that the rise of CAG concentration resulted in the decline of osteoclast count. (D) Typical TRAcP staining images of osteoclasts formed by BMMs after being
treated with 1, 2.5, 5, 7.5, and 10 µM of CAG for 6 days. (E) Quantitative analysis indicated that CAG administration on days 1–3 and 3–5 reduced the osteoclast
count on day 6. (F) Typical TRAcP staining images of osteoclasts formed by CAG-treated BMMs on days 1–3, days 3–5, days 5–6, and days 1–6. (G) Typical
immunostaining images of F-actin rings (red belts) and nuclei (blue dots) formed by BMMs after treating them with 5 and 10 µM of CAG for 6 days. (H–I) Quantitative
analysis unveiled that the gradual decrease in the area by F-actin and the number of nuclei were correlated with the increase in CAG concentration. The largest
osteoclasts in each group were selected to count nuclear numbers. n � 32 (CAG 0 µM), 18 (CAG 5 µM), and 19 (CAG 10 µM) (n � osteoclasts numbers). Data of all
histograms are displayed as mean (SD). n � 3. **p < 0.01, ***p < 0.001. ****p < 0.0001. Scale bar � 200 µM. BMMs: bone marrow monocytes; CAG: cycloastragenol;
DAPI: 4′,6-diamidino-2-phenylindole; MNCs: multinucleated cells; MTS: cell proliferation assay; RANKL: receptor activator of nuclear factor κB ligand; TRAcP: tartrate-
resistant acid phosphatase.
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real-time qPCR assay, CAG-treated BMMs were found to have
higher mRNA expression of Nrf2 and other antioxidant enzymes,
as well as a higher Nrf2/Keap1 ratio than CAG-untreated cells, and
these effects were dose-dependent (Figure 3E).

CAG Restrains Calcium-NFATc1 Pathway
Calciumoscillation by RANKL stimulationwasmonitored in BMMs
loaded with a Fluo4-AM fluorescent probe. Compared with the
untreated group, CAG-treated cells were observed to have a weaken

FIGURE 2 | CAG blocks bone resorption and osteoclast-specific gene expression in RANKL stimulated BMMs. (A) Typical images of resorption pits and TRAcP
staining in BMMs treated with 5,10 µM of CAG for 6 days (B–D) The quantitative comparison showed that the pits area per well, the osteoclasts number, and the ratio of
the two (i.e., the pits area of a single osteoclast) decreased stepwise in BMMs treated with 5 and 10 µM CAG. (E) Quantitative comparison of real-time qPCR showed
that osteoclast-specific gene expression, including c-Fos, Acp5, Nfatc1, Atp6v0d2, Ctsk, andMmp9, declined stepwise in BMMs treated with 5 and 10 µM CAG.
Data of all histograms are displayed as mean (SD). n � 3. *p < 0.05, **p < 0.01, ***p < 0.001. ****p < 0.0001. Scale bar � 200 µM. RANKL: receptor activator of nuclear
factor κB ligand; CAG: cycloastragenol; TRAcP: tartrate-resistant acid phosphatase; c-Fos: proto-oncogene c-Fos; Acp5: acid phosphatase 5;Nfatc1: nuclear factor of
activated T cells 1; Atp6v0d2: vacuolar H+ transporting ATPase V0 subunit D2; Ctsk: cathepsin K; Mmp9: matrix metallopeptidase 9.
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FIGURE 3 | CAG inhibits the NF-κB pathway and promotes Nrf2/Keap1/ARE pathway. (A) Luciferase reporter gene assay in RAW264.7 cells presented that the
activity of NF-κB triggered by RANKL decreased after treated with 2.5, 5, and 10 µM CAG. (B) Typical western blot images of protein expression in BMMs treated with
10 µMCAG for 10, 20, 30, and 60 min. (C)Quantitation revealed that the relative expression of IκB-α protein significantly increased after BMMswere treated with CAG at
10 min. (D) Luciferase reporter gene assay in RAW264.7 cells proved that CAG administration dose-dependently increased the activity of ARE suppressed by
RANKL. (E)Real-time qPCR assay demonstrated that CAG treatment of 5 and 10 µM led the expression of genes in the Nrf2/Keap1 pathway and the Nrf2/Keap1 ratio to
rise dose-dependently. Data of all histograms are displayed as mean (SD). n � 3. *p < 0.05, **p < 0.01, ***p < 0.001. ****p < 0.0001. NF-κB: nuclear factor-κB; RANKL:

(Continued )
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calcium oscillation (Figures 4A,B). The activation of NFATc1
provoked by RANKL was decreased by CAG (Figure 4C). C-Fos
plays a crucial role in the transcriptional activation of NFATc1 in
RANKL-induced signaling. As shown in the western blot assay,
RANKL stimulation led to elevated expression of c-Fos and
NFATc1, while the application of CAG reversed these effects in
BMMs (Figures 4D,E).

CAG Prevents Bone Loss in OVX Mice
The effect of CAG on bone loss in vivo was carried out according to
the protocol in Figure 5A. No significant difference was found in the
initial body weight between the three groups (Figure 5B), and the
weekly body weight changes of each group were recorded
(Figure 5C). Data from Micro-CT scanning were utilized for the
measurement of the bone parameter. Representative 2D and 3D
images of the ROI of the femur exhibited bone deterioration in OVX
mice, while less bone damage was seen in mice exposed to CAG
(10mg/kg) (Figure 5D). Compared with the sham group, reduction

of BV/TV and Tb. N was determined in the OVX group, but no
significant difference existed between these two groups in terms of
Tb. Th and Conn. Dn. In contrast, augment of BV/TV, Tb. N, and
Conn. Dn was noted in the CAG-treated group when compared to
the OVX group, but no significant difference in Tb. Th between
these two groups (Figure 5E).

DISCUSSION

Bone remodeling maintains a highly regulated balance between
osteoclastic degradation and osteoblastic deposition in healthy
individuals (Hadjidakis and Androulakis, 2006). This balance,
however, is disrupted in PMO and other osteolytic diseases,
favoring the osteoclast activity (Crotti et al., 2015). Osteoclast
precursors come from the monocyte/macrophage system,
proliferate under initial activation of the M-CSF/c-FMS
pathway, and become TRAcP positive multinucleated cells

FIGURE 3 | receptor activator of nuclear factor κB ligand; CAG: cycloastragenol; BMMs: bone marrow monocytes; PBS: phosphate-buffered saline; IκB-α: inhibitor
kappa B-alpha; ARE, anti-oxidant response element; Nrf2, nuclear factor E2-related factor 2; Keap1, kelch-like ECH-associated protein 1; CAT, catalase; GSR,
glutathione reductase; HMOX-1, heme oxygenase-1; Nox2, NAD(P)H oxidase 2; Nqo1, NAD(P)H dehydrogenase quinone 1; Trx1, thioredoxin 1; Sirt1, Sirtuin 1; Sirt3,
Sirtuin 3; Sod1, superoxide dismutase 1.

FIGURE 4 | CAG restrains RANKL-induced Ca2+/NFATc1 pathway. (A) Fluorescence intensity curves of BMMs loaded with Fluo4-AM calcium probe after being
treated with 10 µMCAG for 48 h. (B)Quantitation of fluorescence intensity disclosed that CAG administration caused a lessening in the intensity of calcium oscillations in
BMMs stimulated by RANKL. (C) Luciferase reporter assay in RAW264.7 cells exhibited that 2.5, 5, and 10 µM CAG led to a reduction in NFATc1 activity. (D) Typical
western blot images of protein expression in BMMs after being treated with CAG for 1, 3, and 5 days. (E) Quantitative comparison indicated that 3 and 5 days of
CAG treatment caused a significant decrease in the protein expression of c-Fos and NFATc1 in BMMs. Data of all histograms are displayed as mean (SD). n � 3. *p <
0.05, **p < 0.01, ***p < 0.001. ****p < 0.0001. RANKL: receptor activator of nuclear factor κB ligand; CAG: cycloastragenol; NFATc1: nuclear factor of activated T cells 1;
BMMs: bone marrow monocytes; PBS: phosphate-buffered saline; c-Fos: proto-oncogene C-Fos.
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under further activation of the RANKL/RANK pathway. Mature
osteoclasts anchor to the bone surface through their structure
mainly composed of F-actin rings (Lakkakorpi et al., 1989).
With the participation of V-ATPase pump, protons and various
proteinases, such as TRAcP (Acp5), CTSK (Ctsk), and MMP9
(Mmp9) (Delaissé et al., 2003), were released to degrade bone
matrix in the sealing zone enclosed by the ruffled border (Blair
et al., 1989; Väänänen et al., 1990). In our study, TRAcP
staining, F-actin belt staining, and pit-resorbing assay
respectively confirmed that CAG treatment restrained
osteoclast formation, F-actin belt formation and bone
resorption induced by RANKL. RT-qPCR assay then

confirmed the suppression of CAG treatment on downstream
genes specific to osteoclast-forming and bone-resorbing, which
explains the biologic changes in osteoclasts, and further
indicates the potential inhibitory effects on the upstream of
RANKL-induced signaling.

ROS, generally considered as a second messenger, is a
signpost in the formation of osteoclasts activated by RANKL
(Ha et al., 2004). Exogenous antioxidants, such as N-acetyl-l-
cysteine or glutathione, have been found to inhibit
osteoclastogenesis, F-actin ring formation, and function of
osteoclasts induced by RANKL by eliminating ROS (Ha
et al., 2004). Nrf2/Keap1/ARE axis is the principal

FIGURE 5 | CAG alleviates MPO-related bone loss in mice. (A) Flow chart of PMO model induced by OVX in female C57BL/6J mice. (B) The initial body weight of
mice had a consistent baseline in different groups. (C)Weekly body weight changes of mice in different groups were recorded. (D) Typical 2D and 3D images of the distal
femur of MPO mice were reconstructed by MicroCT scanning after 7 weeks of exposure to CAG (10 mg/kg). (E) Quantitative analysis exhibited that CAG management
markable improved the bone parameters of femoral ROI in MPOmice, including BV/TV, Tb. N, and Conn. Dn. Data of all histograms are displayed asmean (SD). n �
3. *p < 0.05, **p < 0.01. OVX, ovariectomize; CAG, cycloastragenol; 2D, two-dimension; 3D, three-dimension; BV/TV, bone volume/tissue volume; Tb. N, trabecular
number; Tb. Th, trabecular thickness; Conn. Dn, connectivity density.
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endogenous pathway that mediates ROS clearance (Hyeon et al.,
2013; Kanzaki et al., 2013). Under the stimulation of RANKL,
the cleaved Keap1 loses association with Nrf2, causing the latter
to escape and enter the nuclear, where it binds to the ARE
promoter region to boost the expression of antioxidant enzymes
(Kanzaki et al., 2013). Overexpression of Keap1 or knockdown
of Nrf2 were associated with increased RANKL-induced ROS
production, osteoclastogenesis, and bone resorption via
attenuating cytoprotective enzymes like NQO1 and HO-1
(Kanzaki et al., 2013). Through luciferase reporter gene
assay, CAG treatment was found to augment the
transcriptional activity of ARE blocked by RANKL.
Consistent with this, CAG addition also up-regulated Nrf2
expression, Nrf2/Keap1 ratio, and the induction of
antioxidant enzymes as seen in RT-qPCR. Based on these
pieces of evidence, the regulation of the RANKL-induced
Nrf2/Keap1/ARE pathway may play a potential role in CAG’s
inhibitory effect on RANKL-induced osteoclastogenesis.

NF-κB of mammal species are dimers formed by the
multiple combinations of five protein subtypes, which are
p50 (NFKB1), p52 (NFKB2), p65 (RelA), c-Rel (Rel), and
RelB, all sharing a Rel homologous domain. The vital role
of NF-κB in osteoclast activation has been confirmed by the
fact that double knockout of p50/p52 in mice led to an
osteopetrosis phenotype due to osteoclast defects (Franzoso
et al., 1997; Iotsova et al., 1997). Under RANKL stimulation,

the classical NF-κB pathway was activated, and major events
include IκB–α phosphorylation and degradation, escape of NF-
κB from IκB–α/NF-κB complex into nucleus, and the
attachment of NF-κB to the promoter of downstream genes.
Not surprisingly, inhibition of the classical pathway was found
to decrease osteoclast-forming and bone-resorbing capacity
(Jimi et al., 2004; Soysa et al., 2009). In contrast, constitutive
activation of the classical pathway resulted in aggravated bone
loss in mice (Otero et al., 2012). For the evaluation of CAG on
the activity of the NF-κB pathway, luciferase assay and western
blot assay were separately performed. Dramatically, the results
exhibited that CAG caused a reduction in NF-κB activity and
IκB–α degradation. Based on the above, the inhibitory effect of
CAG on the NF-κB pathway plays a part in RANKL-induced
signaling.

NFATc1 (NFAT2), a subtype of NFAT transcription factor,
serves as a master transcriptional factor of osteoclast
differentiation and function induced by RANKL
(Takayanagi et al., 2002). Importantly, stable calcium
oscillations, induced by RANKL, promote NFATc1 nuclear
translocation (and auto-amplification) and thus osteoclast
differentiation through a calcineurin-dependent pathway.
In addition, it was also demonstrated that forced
expression of NFATc1 could rescue osteoclast
differentiation in cells deprived of c-Fos, which the latter is
also a key transcription factor of osteoclastogenesis

FIGURE 6 | A schematic diagram of the regulatory effect of CAG in the intracellular signaling pathways induced by RANKL.
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(Grigoriadis et al., 1994; Takayanagi et al., 2002). Besides, the
calmodulin/cAMP-responsive element-binding protein
(CREB) pathway activated by calcium ossification was
found to regulate the expression of c-Fos, which participate
in the promoter binding of osteoclast-specific genes
cooperatively with NFATc1 (Sato et al., 2006). As seen in
our calcium oscillation assay and western blot, RANKL
induced calcium mobilization and protein expression of
NFATc1 and c-Fos in osteoclast precursor cells, while CAG
intervention revised these phenomena. Correspondingly, by
luciferase reporter assays, CAG was also found to exhibit a
reduced NFATc1 activity in osteoclast precursor cells.

Based on the effects mentioned above of CAG on osteoclast
differentiation and function and its effects on RANKL-induced
intracellular signaling pathways (Figure 6), a PMO model was
carried out in mice to determine the protective effect of CAG on
osteoporosis. Consistently, the data from micro-CT scanning
demonstrated a reduced bone loss in CAG-treated mice, which
was reflected in the increase of bone parameters, including BV/
TV, Tb. N, and Conn. Dn. We found that OVX led to total body
weight gain in mice, which is usually attributed to the
fluctuation of the hormonal milieu (Davis et al., 2012). In
contrast, the weight change was relatively low in CAG-
intervened mice, the mechanism of which needs to be further
studied.

CONCLUSIONS

Taken together, our data showed that CAG prevents RANKL-
induced osteoclast-forming and bone-resorbing in vitro via
enhancing ROS scavenging (Nrf2/Keap1/ARE) pathway, and
suppressing NF-κB and calcium pathway, and thus leads to
the downregulation of crucial transcript factors, including
NFATc1 and c-Fos. Based on our preclinical experimental
results, CAG may serve as an alternative drug for the potential
treatment of osteoclast-related bone diseases such as PMO.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can
be directed to the corresponding authors.

ETHICS STATEMENT

The animal study was reviewed and approved by the Animal
Ethics Committee of Guangzhou University of Chinese Medicine
(Ethics NO. 20190328002).

AUTHOR CONTRIBUTIONS

GW drafted and revised the manuscript. GW, KC, ZW, HQ, DC,
and JH performed the cell experiments. GW, CM, CZ, DG, BL,
SZ, LH, and FY conducted the animal experiments. JY performed
Micro-CT scanning. GW, CM, and KC analyzed the data and
designed the figure. WH, LC, and JX jointly supervised the
research plan and the final manuscript.

FUNDING

Australian National Health and Medical Research Council
(APP1163933); National Natural Science Foundation of
China (Grant No. 81873327); Science and Technology
Planning Project of Guangdong Province (Grant No.
2017B090912007); Visiting Program for Graduate Students
from Guangzhou University of Chinese Medicine (GZUCM)
(Grant No. (2017)74); Discipline collaborative innovation team
project of double first-class and high-level university of
GZUCM (No. 2021XK05).

ACKNOWLEDGMENTS

The authors acknowledge the facilities and scientific and technical
assistance of the National Imaging Facility, a National
Collaborative Research Infrastructure Strategy (NCRIS)
capability, at the Centre for Microscopy, Characterisation and
Analysis, The University of Western Australia.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fphar.2021.810322/
full#supplementary-material

REFERENCES

Arai, F., Miyamoto, T., Ohneda, O., Inada, T., Sudo, T., Brasel, K., et al. (1999).
Commitment and Differentiation of Osteoclast Precursor Cells by the Sequential
Expression of C-Fms and Receptor Activator of Nuclear Factor kappaB (RANK)
Receptors. J. Exp. Med. 190 (12), 1741–1754. doi:10.1084/jem.190.12.1741

Black, D.M., Cummings, S. R., Karpf, D. B., Cauley, J. A., Thompson, D. E., Nevitt,M.
C., et al. (1996). Randomised Trial of Effect of Alendronate on Risk of Fracture in
Women with Existing Vertebral Fractures. Fracture Intervention Trial Research
Group. Lancet 348 (9041), 1535–1541. doi:10.1016/s0140-6736(96)07088-2

Black, D. M., Geiger, E. J., Eastell, R., Vittinghoff, E., Li, B. H., Ryan, D. S., et al.
(2020). Atypical Femur Fracture Risk versus Fragility Fracture Prevention with
Bisphosphonates. N. Engl. J. Med. 383 (8), 743–753. doi:10.1056/
NEJMoa1916525

Blair, H. C., Teitelbaum, S. L., Ghiselli, R., and Gluck, S. (1989). Osteoclastic Bone
Resorption by a Polarized Vacuolar Proton Pump. Science 245 (4920), 855–857.
doi:10.1126/science.2528207

Crotti, T. N., Dharmapatni, A. A., Alias, E., and Haynes, D. R. (2015).
Osteoimmunology: Major and Costimulatory Pathway Expression
Associated with Chronic Inflammatory Induced Bone Loss. J. Immunol. Res.
2015, 281287. doi:10.1155/2015/281287

Frontiers in Pharmacology | www.frontiersin.org January 2022 | Volume 12 | Article 81032211

Wang et al. Cycloastragenol Attenuates Osteoclastogenesis

https://www.frontiersin.org/articles/10.3389/fphar.2021.810322/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2021.810322/full#supplementary-material
https://doi.org/10.1084/jem.190.12.1741
https://doi.org/10.1016/s0140-6736(96)07088-2
https://doi.org/10.1056/NEJMoa1916525
https://doi.org/10.1056/NEJMoa1916525
https://doi.org/10.1126/science.2528207
https://doi.org/10.1155/2015/281287
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Davis, S. R., Castelo-Branco, C., Chedraui, P., Lumsden, M. A., Nappi, R. E.,
Shah, D., et al. (2012). Understanding Weight Gain at Menopause.
Climacteric 15 (5), 419–429. doi:10.3109/13697137.2012.707385

Delaissé, J. M., Andersen, T. L., Engsig, M. T., Henriksen, K., Troen, T., and Blavier,
L. (2003). Matrix Metalloproteinases (MMP) and Cathepsin K Contribute
Differently to Osteoclastic Activities. Microsc. Res. Tech. 61 (6), 504–513.
doi:10.1002/jemt.10374

Feng, H., Cheng, T., Steer, J. H., Joyce, D. A., Pavlos, N. J., Leong, C., et al. (2009).
Myocyte Enhancer Factor 2 and Microphthalmia-Associated Transcription
Factor Cooperate with NFATc1 to Transactivate the V-ATPase D2 Promoter
during RANKL-Induced Osteoclastogenesis. J. Biol. Chem. 284 (21),
14667–14676. doi:10.1074/jbc.M901670200

Franzoso, G., Carlson, L., Xing, L., Poljak, L., Shores, E. W., Brown, K. D., et al.
(1997). Requirement for NF-kappaB in Osteoclast and B-Cell Development.
Genes Dev. 11 (24), 3482–3496. doi:10.1101/gad.11.24.3482

Garnero, P., Sornay-Rendu, E., Chapuy, M. C., and Delmas, P. D. (1996).
Increased Bone Turnover in Late Postmenopausal Women Is a Major
Determinant of Osteoporosis. J. Bone Miner Res. 11 (3), 337–349.
doi:10.1002/jbmr.5650110307

Gohda, J., Akiyama, T., Koga, T., Takayanagi, H., Tanaka, S., and Inoue, J. (2005).
RANK-mediated Amplification of TRAF6 Signaling Leads to NFATc1
Induction during Osteoclastogenesis. Embo j 24 (4), 790–799. doi:10.1038/
sj.emboj.7600564

Grigoriadis, A. E.,Wang, Z. Q., Cecchini, M. G., Hofstetter,W., Felix, R., Fleisch, H.
A., et al. (1994). c-Fos: a Key Regulator of Osteoclast-Macrophage Lineage
Determination and Bone Remodeling. Science 266 (5184), 443–448.
doi:10.1126/science.7939685

Ha, H., Kwak, H. B., Lee, S. W., Jin, H. M., Kim, H. M., Kim, H. H., et al. (2004).
Reactive Oxygen Species Mediate RANK Signaling in Osteoclasts. Exp. Cell Res
301 (2), 119–127. doi:10.1016/j.yexcr.2004.07.035

Hadjidakis, D. J., and Androulakis, II. (2006). Bone Remodeling. Ann. N. Y Acad.
Sci. 1092, 385–396. doi:10.1196/annals.1365.035

He, J., Li, X., Wang, Z., Bennett, S., Chen, K., Xiao, Z., et al. (2019). Therapeutic
Anabolic and Anticatabolic Benefits of Natural Chinese Medicines for the
Treatment of Osteoporosis. Front. Pharmacol. 10, 1344. doi:10.3389/
fphar.2019.01344

Hyeon, S., Lee, H., Yang, Y., and Jeong, W. (2013). Nrf2 Deficiency Induces
Oxidative Stress and Promotes RANKL-Induced Osteoclast
Differentiation. Free Radic. Biol. Med. 65, 789–799. doi:10.1016/
j.freeradbiomed.2013.08.005

Iotsova, V., Caamaño, J., Loy, J., Yang, Y., Lewin, A., and Bravo, R. (1997).
Osteopetrosis in Mice Lacking NF-kappaB1 and NF-kappaB2. Nat. Med. 3
(11), 1285–1289. doi:10.1038/nm1197-1285

Jha, S., Wang, Z., Laucis, N., and Bhattacharyya, T. (2015). Trends in Media
Reports, Oral Bisphosphonate Prescriptions, and Hip Fractures 1996-2012:
An Ecological Analysis. J. Bone Miner Res. 30 (12), 2179–2187. doi:10.1002/
jbmr.2565

Jimi, E., Aoki, K., Saito, H., D’Acquisto, F., May, M. J., Nakamura, I., et al.
(2004). Selective Inhibition of NF-Kappa B Blocks Osteoclastogenesis and
Prevents Inflammatory Bone Destruction In Vivo. Nat. Med. 10 (6),
617–624. doi:10.1038/nm1054

Kanzaki, H., Shinohara, F., Kajiya, M., and Kodama, T. (2013). The Keap1/
Nrf2 Protein axis Plays a Role in Osteoclast Differentiation by Regulating
Intracellular Reactive Oxygen Species Signaling. J. Biol. Chem. 288 (32),
23009–23020. doi:10.1074/jbc.M113.478545

Lacey, D. L., Timms, E., Tan, H. L., Kelley, M. J., Dunstan, C. R., Burgess, T.,
et al. (1998). Osteoprotegerin Ligand Is a Cytokine that Regulates
Osteoclast Differentiation and Activation. Cell 93 (2), 165–176.
doi:10.1016/s0092-8674(00)81569-x

Ladner, M. B., Martin, G. A., Noble, J. A., Wittman, V. P., Warren, M. K.,
McGrogan, M., et al. (1988). cDNA Cloning and Expression of Murine
Macrophage colony-stimulating Factor from L929 Cells. Proc. Natl. Acad.
Sci. U S A. 85 (18), 6706–6710. doi:10.1073/pnas.85.18.6706

Lakkakorpi, P., Tuukkanen, J., Hentunen, T., Järvelin, K., and Väänänen, K.
(1989). Organization of Osteoclast Microfilaments during the Attachment
to Bone Surface In Vitro. J. Bone Miner Res. 4 (6), 817–825. doi:10.1002/
jbmr.5650040605

Lamothe, B., Webster, W. K., Gopinathan, A., Besse, A., Campos, A. D., and
Darnay, B. G. (2007). TRAF6 Ubiquitin Ligase Is Essential for RANKL
Signaling and Osteoclast Differentiation. Biochem. Biophys. Res. Commun.
359 (4), 1044–1049. doi:10.1016/j.bbrc.2007.06.017

Lee, K., Chung, Y. H., Ahn, H., Kim, H., Rho, J., and Jeong, D. (2016).
Selective Regulation of MAPK Signaling Mediates RANKL-dependent
Osteoclast Differentiation. Int. J. Biol. Sci. 12 (2), 235–245.
doi:10.7150/ijbs.13814

Lee, N. K., Choi, Y. G., Baik, J. Y., Han, S. Y., Jeong, D. W., Bae, Y. S., et al.
(2005). A Crucial Role for Reactive Oxygen Species in RANKL-Induced
Osteoclast Differentiation. Blood 106 (3), 852–859. doi:10.1182/blood-
2004-09-3662

Liu, Y., Wang, C., Wang, G., Sun, Y., Deng, Z., Chen, L., et al. (2019). Loureirin
B Suppresses RANKL-Induced Osteoclastogenesis and Ovariectomized
Osteoporosis via Attenuating NFATc1 and ROS Activities. Theranostics
9 (16), 4648–4662. doi:10.7150/thno.35414

Negishi-Koga, T., and Takayanagi, H. (2009). Ca2+-NFATc1 Signaling Is an
Essential axis of Osteoclast Differentiation. Immunol. Rev. 231 (1),
241–256. doi:10.1111/j.1600-065X.2009.00821.x

No-Authors-Listed (1993). Consensus Development Conference on
Osteoporosis. Hong Kong, April 1-2, 1993. Am. J. Med. 95 (5a), 1s–78s.

Otero, J. E., Chen, T., Zhang, K., and Abu-Amer, Y. (2012). Constitutively
Active Canonical NF-Κb Pathway Induces Severe Bone Loss in Mice. PLoS
One 7 (6), e38694. doi:10.1371/journal.pone.0038694

Pang, M., Rodríguez-Gonzalez, M., Hernandez, M., Recinos, C. C., Seldeen, K.
L., and Troen, B. R. (2019). AP-1 and Mitf Interact with NFATc1 to
Stimulate Cathepsin K Promoter Activity in Osteoclast Precursors.
J. Cell Biochem 120 (8), 12382–12392. doi:10.1002/jcb.28504

Qiu, H., Qin, A., Cheng, T., Chim, S. M., Smithers, L., Chen, K., et al. (2021). A
Missense Mutation Sheds Light on a Novel Structure-Function
Relationship of RANKL. J. Cell Physiol 236 (4), 2800–2816. doi:10.1002/
jcp.30045

Sato, K., Suematsu, A., Nakashima, T., Takemoto-Kimura, S., Aoki, K.,
Morishita, Y., et al. (2006). Regulation of Osteoclast Differentiation and
Function by the CaMK-CREB Pathway. Nat. Med. 12 (12), 1410–1416.
doi:10.1038/nm1515

Soysa, N. S., Alles, N., Shimokawa, H., Jimi, E., Aoki, K., and Ohya, K. (2009).
Inhibition of the Classical NF-kappaB Pathway Prevents Osteoclast Bone-
Resorbing Activity. J. Bone Miner Metab. 27 (2), 131–139. doi:10.1007/
s00774-008-0026-6

Sundaram, K., Nishimura, R., Senn, J., Youssef, R. F., London, S. D., and
Reddy, S. V. (2007). RANK Ligand Signaling Modulates the
Matrix Metalloproteinase-9 Gene Expression during Osteoclast
Differentiation. Exp. Cell Res 313 (1), 168–178. doi:10.1016/
j.yexcr.2006.10.001

Takayanagi, H., Kim, S., Koga, T., Nishina, H., Isshiki, M., Yoshida, H., et al.
(2002). Induction and Activation of the Transcription Factor NFATc1
(NFAT2) Integrate RANKL Signaling in Terminal Differentiation of
Osteoclasts. Dev. Cell 3 (6), 889–901. doi:10.1016/s1534-5807(02)
00369-6

Väänänen, H. K., Karhukorpi, E. K., Sundquist, K., Wallmark, B., Roininen, I.,
Hentunen, T., et al. (1990). Evidence for the Presence of a Proton Pump of
the Vacuolar H(+)-ATPase Type in the Ruffled Borders of Osteoclasts.
J. Cell Biol 111 (3), 1305–1311. doi:10.1083/jcb.111.3.1305

van Staa, T. P., Dennison, E. M., Leufkens, H. G., and Cooper, C. (2001).
Epidemiology of Fractures in England and Wales. Bone 29 (6), 517–522.
doi:10.1016/s8756-3282(01)00614-7

Wang, T., Liu, Q., Tjhioe, W., Zhao, J., Lu, A., Zhang, G., et al. (2017).
Therapeutic Potential and Outlook of Alternative Medicine for
Osteoporosis. Curr. Drug Targets 18 (9), 1051–1068. doi:10.2174/
1389450118666170321105425

Wu, J., Zeng, Z., Li, Y., Qin, H., Zuo, C., Zhou, C., et al. (2021). Cycloastragenol
Protects against Glucocorticoid-Induced Osteogenic Differentiation
Inhibition by Activating Telomerase. Phytother Res. 35 (4), 2034–2044.
doi:10.1002/ptr.6946

Xu, J., Tan, J. W., Huang, L., Gao, X. H., Laird, R., Liu, D., et al. (2000).
Cloning, Sequencing, and Functional Characterization of the Rat

Frontiers in Pharmacology | www.frontiersin.org January 2022 | Volume 12 | Article 81032212

Wang et al. Cycloastragenol Attenuates Osteoclastogenesis

https://doi.org/10.3109/13697137.2012.707385
https://doi.org/10.1002/jemt.10374
https://doi.org/10.1074/jbc.M901670200
https://doi.org/10.1101/gad.11.24.3482
https://doi.org/10.1002/jbmr.5650110307
https://doi.org/10.1038/sj.emboj.7600564
https://doi.org/10.1038/sj.emboj.7600564
https://doi.org/10.1126/science.7939685
https://doi.org/10.1016/j.yexcr.2004.07.035
https://doi.org/10.1196/annals.1365.035
https://doi.org/10.3389/fphar.2019.01344
https://doi.org/10.3389/fphar.2019.01344
https://doi.org/10.1016/j.freeradbiomed.2013.08.005
https://doi.org/10.1016/j.freeradbiomed.2013.08.005
https://doi.org/10.1038/nm1197-1285
https://doi.org/10.1002/jbmr.2565
https://doi.org/10.1002/jbmr.2565
https://doi.org/10.1038/nm1054
https://doi.org/10.1074/jbc.M113.478545
https://doi.org/10.1016/s0092-8674(00)81569-x
https://doi.org/10.1073/pnas.85.18.6706
https://doi.org/10.1002/jbmr.5650040605
https://doi.org/10.1002/jbmr.5650040605
https://doi.org/10.1016/j.bbrc.2007.06.017
https://doi.org/10.7150/ijbs.13814
https://doi.org/10.1182/blood-2004-09-3662
https://doi.org/10.1182/blood-2004-09-3662
https://doi.org/10.7150/thno.35414
https://doi.org/10.1111/j.1600-065X.2009.00821.x
https://doi.org/10.1371/journal.pone.0038694
https://doi.org/10.1002/jcb.28504
https://doi.org/10.1002/jcp.30045
https://doi.org/10.1002/jcp.30045
https://doi.org/10.1038/nm1515
https://doi.org/10.1007/s00774-008-0026-6
https://doi.org/10.1007/s00774-008-0026-6
https://doi.org/10.1016/j.yexcr.2006.10.001
https://doi.org/10.1016/j.yexcr.2006.10.001
https://doi.org/10.1016/s1534-5807(02)00369-6
https://doi.org/10.1016/s1534-5807(02)00369-6
https://doi.org/10.1083/jcb.111.3.1305
https://doi.org/10.1016/s8756-3282(01)00614-7
https://doi.org/10.2174/1389450118666170321105425
https://doi.org/10.2174/1389450118666170321105425
https://doi.org/10.1002/ptr.6946
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Homologue of Receptor Activator of NF-kappaB Ligand. J. Bone Miner.
Res. 15 (11), 2178–2186. doi:10.1359/jbmr.2000.15.11.2178

Yu, Y., Wu, J., Li, J., Liu, Y., Zheng, X., Du, M., et al. (2020). Cycloastragenol
Prevents Age-Related Bone Loss: Evidence in D-Galactose-Treated and
Aged Rats. Biomed. Pharmacother. 128, 110304. doi:10.1016/
j.biopha.2020.110304

Yu, Y., Zhou, L., Yang, Y., and Liu, Y. (2018). Cycloastragenol: An Exciting Novel
Candidate for Age-Associated Diseases. Exp. Ther. Med. 16 (3), 2175–2182.
doi:10.3892/etm.2018.6501

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022Wang, Ma, Chen, Wang, Qiu, Chen, He, Zhang, Guo, Lai, Zhang,
Huang, Yang, Yuan, Chen, He and Xu. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Pharmacology | www.frontiersin.org January 2022 | Volume 12 | Article 81032213

Wang et al. Cycloastragenol Attenuates Osteoclastogenesis

https://doi.org/10.1359/jbmr.2000.15.11.2178
https://doi.org/10.1016/j.biopha.2020.110304
https://doi.org/10.1016/j.biopha.2020.110304
https://doi.org/10.3892/etm.2018.6501
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Cycloastragenol Attenuates Osteoclastogenesis and Bone Loss by Targeting RANKL-Induced Nrf2/Keap1/ARE, NF-κB, Calcium, and  ...
	Introduction
	Materials and Methods
	Materials and Reagents
	Cell Isolation and Cytotoxic Assay
	Osteoclast Differentiation Assay
	F-Actin Ring Formation Assay
	Hydroxyapatite Pit-Forming Assay
	Real-Time qPCR Assay
	Luciferase Activity Assay
	Immunoblot Assay
	Calcium Oscillation Assay
	OVX-Induced PMO in Mice
	Micro-CT Assay
	Statistical Analysis

	Results
	CAG Dose- and Time-Dependently Inhibits RANKL-Induced Osteoclastogenesis
	CAG Constrains RANKL-Induced Bone Resorption and Osteoclast-Specific Gene Expression
	CAG Impedes NF-κB Pathway While Enhancing Nrf2/Keap1/ARE Pathway
	CAG Restrains Calcium-NFATc1 Pathway
	CAG Prevents Bone Loss in OVX Mice

	Discussion
	Conclusions
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


