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Osteoporosis is characterized by a decrease in bone mass and destruction of the bone
microarchitecture, and it commonly occurs in postmenopausal women and the elderly.
Overactivation of osteoclasts caused by the inflammatory response or oxidative stress
leads to osteoporosis. An increasing number of studies have suggested that intracellular
reactive oxygen species (ROS) are strongly associated with osteoclastogenesis. As a novel
angiotensin (Ang) II receptor blocker (ARB), azilsartan was reported to be associated with
the inhibition of intracellular oxidative stress processes. However, the relationship between
azilsartan and osteoclastogenesis is still unknown. In this study, we explored the effect of
azilsartan on ovariectomy-induced osteoporosis in mice. Azilsartan significantly inhibited
the receptor activator of nuclear factor-κB ligand (RANKL)-mediated osteoclastogenesis
and downregulated the expression of osteoclast-associated markers (Nfatc1, c-Fos, and
Ctsk) in vitro. Furthermore, azilsartan reduced RANKL-induced ROS production by
increasing the expression of nuclear factor erythroid 2-related factor 2 (Nrf2).
Mechanistically, azilsartan inhibited the activation of MAPK/NF-κB signaling pathways,
while Nrf2 silencing reversed the inhibitory effect of azilsartan on MAPK/NF-κB signaling
pathways. Consistent with the in vitro data, azilsartan administration ameliorated
ovariectomy (OVX)-induced osteoporosis, and decreased ROS levels in vivo. In
conclusion, azilsartan inhibited oxidative stress and may be a novel treatment strategy
for osteoporosis caused by osteoclast overactivation.
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INTRODUCTION

Bone homeostasis is mainly sustained by the synergistic actions of
two types of cells, namely, osteoblasts for osteogenesis and
osteoclasts for osteolysis (Rodan and Martin, 2000; Raisz,
2005). Osteoclasts have been reported to function in
promoting bone resorption and maintaining bone homeostasis
(Clézardin et al., 2021). However, various pathological conditions
may contribute to osteoclast overactivation, including estrogen
deficiency in postmenopausal women, inflammation, and
oxidative stress (Rodan and Martin, 2000; Manolagas, 2010;
Manolagas et al., 2013).

Osteoclasts are identified as multinucleated cells that originate
from the monocyte/macrophage lineage and are modulated by
receptor activator of nuclear factor-κB ligand (RANKL) and
macrophage colony-stimulating factor (M-CSF) (Bruzzaniti
and Baron, 2006; Honma et al., 2021). By recruiting TRAF6,
RANK further mobilizes the mitogen-activated protein kinases
(MAPKs) and nuclear factor (NF)-κB signaling pathways (Walsh
et al., 2015), which are critical signals that trigger the
transcriptional activity of nuclear factor of activated T cells 1
(NFATc1) and c-Fos in osteoclastogenesis (Boyle et al., 2003;
Yamashita et al., 2007; Boutros et al., 2008; Novack, 2011; Tan
et al., 2017).

Reactive oxygen species (ROS) are also engaged in bone
metabolism (Lean et al., 2003; Sasaki et al., 2009). Upon
RANKL stimulation, osteoclast precursors produce
endogenous ROS via RANK, TRAF6, Rac1, and Nox1 cascades
(Lee et al., 2005). Several studies have confirmed that the
inhibition of ROS production prevents osteoclastogenesis (Lee
et al., 2005; Chen et al., 2019). Nrf2 is a redox-sensitive leucine
zipper transcription factor that decreases ROS levels by
promoting the transcription of antioxidant enzymes (Ishii
et al., 2000), including glutathione S-transferases (GSTs), heme
oxygenase-1 (HO-1), superoxide dismutase (SOD) 1, NAD(P)H:
quinone oxidoreductase (NQO) 1, and Catalase (Nioi et al., 2003;
Sun et al., 2015). Nrf2 deficiency resulted in increased
intracellular ROS levels, defective antioxidant enzyme
transcription, and significantly increased osteoclast formation
(Hyeon et al., 2013).

Angiotensin (Ang) II, an octapeptide component of the renin-
angiotensin system (RAS), exerts its effects through two
pharmacologically different G protein-coupled receptors:
AT1R and AT2R (de Cavanagh et al., 2004; Benigni et al.,
2010). Previous studies have documented the local expression
of AT1R in the skeletal system of humans and animals (Zhang
et al., 2019). Several components of the RAS, such as AT1R,
AT2R, and ACE, are upregulated in mouse calvarial tissue during
titanium-induced osteolysis (Zhao et al., 2021). In addition,
Yutaro et al. reported that AT1R was existed in osteoblasts,
BMMs, preosteoclasts and mature osteoclasts (Asaba et al.,
2009). According to recent studies, angiotensin II (Ang II) is
involved in bone metabolism and oxidative stress by binding to
the AT1 receptor. Deletion of AT1aR increases the number and
volume of bone trabeculae and attenuates oxidative stress
(Benigni et al., 2009; Kaneko et al., 2011).

Azilsartan, a blocker of the AT1R receptor (ARB), has been
approved for clinical use, and it inhibits AT1R-mediated
biological effects. Azilsartan restores endothelial function in
the inflammatory response by suppressing inflammation and
increasing e-NOS phosphorylation (Matsumoto et al., 2014;
Liu et al., 2016; Lei et al., 2021). Meanwhile, azilsartan inhibits
LPS-induced inflammatory responses in macrophages by
suppressing oxidative stress (Dong et al., 2021). However, the
effect of azilsartan on osteoclastogenesis has not been evaluated.

In our study, we found that azilsartan inhibited osteoclast
formation and resorption function in vitro and ameliorated
osteoporosis in ovariectomy (OVX) mice. We firstly find that
azilsartan may be a promising drug candidate in the treatment for
skeletal disorders associated with osteoclasts.

MATERIALS AND METHODS

Animal Ethics
Six-to eight-week-old C57BL/6J mice were purchased from
Shanghai Silaike Experimental Animals Center. All mice were
housed in cages with ventilation filters under natural light and
were provided food and water without any restrictions. The
temperature in the room was maintained at 23°C. All animal
experiments were approved by the Ethics Committee of Lishui
Hospital (Zhejiang University, Zhejiang, China) and were
conducted according to the Guide for the Care and Use of
Laboratory Animals (National Institutes of Health, China).

Reagents and Antibodies
Azilsartan was obtained from Selleck Chemicals (Selleck
Chemicals, Houston, TX, United States). Azilsartan was
dissolved in DMSO (Sigma–Aldrich, Sydney, Australia) and
stored at −20°C until use. Fetal bovine serum (FBS) and
α-MEM were purchased from Gibco (Gaithersburg, MD,
United States). Recombinant M-CSF and RANKL were
purchased from R&D Systems (Minneapolis, MN,
United States). Specific antibodies against c-Fos, CTSK,
NFATc1, GAPDH, β-actin and HO-1 were purchased from
Abcam (Cambridge, United Kingdom). Antibodies against
p-JNK, JNK, p-ERK, ERK, p-P38, P38, p-IκBα, IκBα, p-P65,
P65, and Nrf2 were purchased from Cell Signaling Technology
(Danvers, MA, United States). Cell Counting Kit-8 (CCK-8) was
purchased from Solarbio Science and Technology (Solarbio,
Beijing, China).

Mouse Bone Marrow-Derived Monocytes/
Macrophages Isolation and Culture in vitro
We isolated bone marrow-derived monocytes/macrophages
(BMMs) from bone marrow flushes of mouse lower limb long
bones using a previously published protocol (Zhao et al., 2019).
Then, BMMs were cultured in complete α-MEM containing 10%
FBS, 25 ng/mL M-CSF, and 100 U/ml penicillin-streptomycin.
After 4–5 days in culture, the BMMs were collected for
experimental purpose.
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Cytotoxicity Assay
Cell proliferation and cytotoxicity were assessed using CCK-8
assays according to the manufacturer’s protocol. Briefly, 2×104
BMMs were seeded on the surface of 96-well plates, cultured in
α-MEM for 24 h, and then treated with various concentrations of
azilsartan. At 48 h and 96 h, the medium was replaced with 10 µL
of CCK-8 reagent and 90 µL of complete α-MEM for 2 h in a 37°C
incubator. Then, the optical density value of each well was
measured at 450 nm.

TRAP Staining and Bone Pit Assay
We tested the effect of azilsartan on osteoclastogenesis and bone
resorption function by performing TRAP staining and bone pit
formation assays. Briefly, 1 × 105 BMMs were seeded into 24-well
plates and cultured with α-MEM containing M-CSF for 48 h.
Then, different concentrations (0, 0.25, 0.5, or 1 μM) of azilsartan
were added to the complete α-MEM containing RANKL (100 ng/
ml) and M-CSF for the indicated periods, and the complete
medium was replaced every 2 days. At last, cells were flushed
3 times with phosphate-buffered saline (PBS) and then fixed with
4% paraformaldehyde (PFA) for 20 min at room temperature.
Finally, these cells were prepared for TRAP staining. TRAP-
positive multinucleated cells with ≥3–5 nuclei were identified as
mature osteoclasts.

The bone resorption function of osteoclasts was assessed by
bone pit assay. 1 × 105 BMMs were seeded on collagen-coated 6-
well plates (Corning, Inc., NY, United States) first and then
stimulated with M-CSF (25 ng/ml) and RANKL (100 ng/ml)
until small osteoclasts formed. Small osteoclasts were released
gently from collagen-coated 6-well plates using the cell
dissociation solution (Sigma, MO, United States) and reseeded
in equal numbers on Corning hydroxyapatite-coated plates
(Corning Inc., NY, United States). Small osteoclasts were
cultured in complete α-MEM containing RANKL (100 ng/ml)
and different concentrations (0, 0.25, 0.5, or 1 μM) of azilsartan
for 2–3 days to observe osteoclast-mediated bone resorption.
Finally, the plates were soaked in 5% sodium hypochlorite
solution for 2 min followed by washes with purified water
until all cells were removed from plate. The bone resorption
areas were photographed using Olympus light microscope
(Olympus Life Science, Tokyo, Japan). Quantitative analysis
was performed by ImageJ software (NIH; Bethesda, MD,
United States).

Total RNA Isolation and qRT–PCR Analysis
Briefly, BMMs were seeded in 12-well plates (2× 105 cells per
well) and cultured in α-MEM containing M-CSF (25 ng/ml),
RANKL (100 ng/ml) and different concentrations of azilsartan
for 5 days. Total cellular RNA was extracted from osteoclasts
using an Ultrapure RNA Kit (CWBIO Inc., Beijing, China) in
accordance with the protocol. Next, 1 μg of total mRNA was
reverse transcribed to cDNAs using a HiFiScript cDNA
synthesis kit (CWBIO Inc., Beijing, China). Real-time
quantitative PCR was performed using SYBR Green qPCR
Master Mix (Yeasen, Shanghai, China) and an ABI 7500
machine (Thermo Fisher Scientific). Relative gene
expression was normalized to the expression of β-actin or

GAPDH using the 2−ΔΔCt method. All primer sequences are
listed in Supplementary Table S1.

Cell Transfection
Small interfering RNAs (siRNAs) that specifically target mouse
Nrf2 gene were designed by RiboBio (RiboBio, Guangzhou,
China). The siNrf2 sequences are listed in Supplementary
Table S1. SiNrf2 were transfected into BMMs using
Lipofectamine 3,000 (Invitrogen, CA, United States) in
accordance with the manufacturer’s instructions. Briefly, 5×
104 BMMs were seeded in each well of 24-well plates the day
before transfection. After 48 h of incubation, BMMs were
transfected with 20 nM siRNA. After 6 h, the medium
containing transfection reagent was replaced with complete
α-MEM containing M-CSF and RANKL (100 ng/ml). Forty-
eight hours later, total mRNA was extracted for quantitative
PCR analysis; 72 h later, total proteins were collected for Western
blot analysis.

Western Blot Analysis
Total cellular protein was extracted from osteoclasts using RIPA
buffer (CWBIO Inc., Beijing, China) containing PMSF (1%). Ten
micrograms of total protein were separated on SDS–PAGE gels
and transferred to PVDF membranes (Bio–Rad, Hercules,
United States). Then, the membranes were blocked with milk
(5%) in TBST for 1 h and incubated with the primary antibody (1:
1,000) with shaking overnight at 4°C. After 16 h of incubation, the
membranes were rinsed with Tris-Buffered Saline containing
Tween-20 (TBST) for 3 times and incubated with a
horseradish peroxidase (HRP)-conjugated secondary antibody
for 1 h at room temperature. Antibody activities were detected
with enhanced ECL hypersensitive chemical luminescence
reagents (Yeasen, Shanghai, China). Images were acquired
using an Invitrogen iBright 1,500 instrument (Thermo Fisher
Scientific) and analyzed using ImageJ software.

Intracellular Reactive Oxygen Species
Detection
Intracellular and intramitochondrial ROS activity were measured
using a DCFH-DA probe (Yeasen, Shanghai, China) and a
MitoSOX Red assay kit (Yeasen, Shanghai, China). Briefly,
BMMs were stimulated with or without RANKL and cultured
with different concentrations (0, 0.5, or 1 μM) of azilsartan for
24 h. Then, the probe (5 μM) was added to each well and
incubated at 37°C for 20 min. Next, the wells were washed
3 times with cold PBS, and the fluorescence was observed with
the fluorescence microscope (Olympus Life Science, Tokyo,
Japan). The fluorescence intensity was measured by ImageJ
Software.

Mouse OVX-Induced Osteoporosis Model
A mouse ovariectomy (OVX)-induced osteoporosis model was
adopted to evaluate the effect of azilsartan in vivo. Ten weeks old
mice were randomly divided into 4 groups (n � 6mice per group):
sham group (ovaries were only exteriorized but not resected),
vehicle group (bilateral ovariectomy + normal saline gavage),
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low-dose group (bilateral ovariectomy +1 mg/kg azilsartan
gavage) and high-dose group (bilateral ovariectomy + 3 mg/kg
azilsartan gavage). The dose of azilsartan used was based on the
previous study (Abdelsaid et al., 2014; Sukumaran et al., 2017).
All mice were anaesthetized by administering an intraperitoneal
injection of pentobarbital (40 mg/kg body weight). Mice with a
uniform heartbeat and respiration, relaxed muscles, no
movement of limbs and, no touching reaction of whiskers
were considered to have reached the state of complete
anesthesia. The surgical procedure was performed as
previously described (Xu et al., 2021). Azilsartan was
administered by oral gavage twice a week for 6 weeks
beginning on the seventh postoperative day. All mice were
euthanized under anesthesia after 6 weeks of azilsartan
intervention. The serum sample was collected from each
mouse for liver functional enzyme analysis before the mice
were euthanized. Then, all femurs and tibias of mice were
harvested for the following experiments.

μCT and Image Reconstruction
After fixation with 4% PFA for 48 h, the mouse right tibia and
femur were scanned using a SkyScan 1,275 micro-CT (Bruker,
Billerica, MA, United States). Data were analyzed using the
following conditions: 50 kV, 9 μm resolution and 75 μA. All
images were reconstructed with SkyScan CTAn software. The
quantitative analysis was performed within a region set at 150
layers below the growth plate. Related parameters, including
trabecular thickness (Tb. Th), bone volume per tissue volume
(BV/TV), trabecular number (Tb. N), and trabecular separation
(Tb. Sp), were recorded and analyzed.

Bone Histomorphometric Analysis
All tibias were decalcified in 10% ethylenediaminetetraacetic acid
(EDTA) (Sigma, Australia) at 4°C for 14 days. Tibias were
dehydrated, embedded in paraffin blocks, and sectioned using
a microtome at a thickness of 5 µm. Then, the bone sections were
subjected to hematoxylin and eosin (H&E) and TRAP staining.
The number of TRAP-positive osteoclast and osteoclast surfaces
per bone surface (Oc.S/BS) was assessed in each sample using
ImageJ software.

ROS levels were detected in vivo using a dihydroethidium
(DHE) (Yeasen, Shanghai, China) probe. Briefly, fresh left tibias
were fixed with 4% PFA at 4°C for 4 h. EDTA was applied for
decalcification for 12 h and then replaced with a cryoprotectant
solution. All tissues were stored in the cryoprotectant solution for
another 24 h. Finally, bone sections were frozen. Sections with a
thickness of 5 μm were prepared. Cell nuclei were stained with
DAPI. Six random regions per group were quantified using
ImageJ software.

Statistical Analyses
In general, all data were recorded from three or more
independent experiments and presented as the means ± SD.
The results were analyzed using one-way analysis of variance
(ANOVA) with Tukey’s post hoc test or Student’s t test with
GraphPad Prism 7 software. p < 0.05 was considered statistically
significant.

RESULTS

Azilsartan Inhibits RANKL-Induced
Osteoclastogenesis in vitro
The chemical structure of azilsartan is shown in Figure 1A. We
performed CCK-8 cell proliferation and cytotoxicity assays in
96-well plates after BMMs were treated with various
concentrations of azilsartan to detect the cytotoxicity of
azilsartan toward BMMs. As shown in Figure 1B, azilsartan
had no effect on cell viability at concentrations ranging from 0
to 1 μM (48 h and 96 h). Next, TRAP staining results showed the
formation of a large number of TRAP-positive multinucleated
osteoclasts in the control group (0 μM), while osteoclastogenesis
was inhibited in a dose-dependent manner by increasing
concentrations of azilsartan (Figures 1C,D).

We treated BMMs with 0.5 μM azilsartan at different times to
explore which stage of osteoclastogenesis was affected.
Interestingly, osteoclast formation was more significantly
inhibited when azilsartan was added at the mid-late stage
(Days 3–5), while the inhibitory effect was not apparent at the
early stage (Days 1–3) (Figures 1E,F).

Azilsartan Affects Osteoclast Resorption
Function and Suppresses
Osteoclast-Specific Gene Expression
We next tested whether azilsartan affected osteoclast bone
resorption function. Mature small osteoclasts were reseeded on
the surface of Corning hydroxyapatite-coated plates and treated
with different concentrations of azilsartan (0, 0.25, 0.5, or 1 μM)
for 3 days. As shown in Figure 2A, azilsartan treatment
significantly reduced the bone resorption area in a dose-
dependent manner compared with that of the untreated
control group (Figure 2B).

Several osteoclast markers, including Cathepsin K (CTSK),
Tartrate Resistant Acid Phosphatase (TRAP), Dendritic Cell-
Specific Transmembrane Protein (DC-STAMP), D2 isoform of
vacuolar ATPase Vo domain (ATP6v0d2), NFATc1, and c-Fos
are upregulated during RANKL-induced osteoclastogenesis
(Zheng et al., 2019; Yang et al., 2021). Our results revealed
that azilsartan significantly suppressed the expression of these
genes compared with the untreated control group (Figure 2C).
Next, we investigated the expression levels of proteins associated
with osteoclastogenesis and osteolysis, namely, NFATc1 and
CTSK, using Western blot analysis. Consistent with the
quantitative PCR results, different concentrations of azilsartan
exerted an inhibitory effect on osteoclastogenesis and bone
resorption, but were not toxicity effect of azilsartan
(Figures 2D,E).

Azilsartan Inhibits the RANKL-Induced
Activation of the NF-κB and MAPK
Pathways
We identified the molecular mechanisms by which azilsartan
inhibits osteoclastogenesis by examining the major signaling
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FIGURE 1 | Azilsartan inhibits RANKL-induced osteoclastogenesis in vitro. (A) The chemical structure of Azilsartan. (B) CCK-8 cytoxicity assay was performed to
assess the cytotoxic effect of Azilsartan in BMMs at 48 h and 96 h. (C) BMMs were treated with M-CSF (25 ng/ml), RANKL (100 ng/ml) and various concentrations of
Azilsartan for 5 days. Then the cells were fixed with 4% PFA and stained for TRAP. (D)Quantitative analysis of TRAP positive multinucleated cells (nuclei >3) number and
the area per well (%) (n � 3). (E) TRAP staining images showing BMMs were treated with 0.5 μM Azilsartan for indicated days during osteoclastogenesis. (F)
Quantitative analysis of each group TRAP positive multinucleated cells in different time periods (n � 3). All data were obtained from three independent experiments and
were shown as mean ± SD; (*p < 0.05, **p < 0.01, ***p < 0.005, ns, no significance, compared with the untreated control group).
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FIGURE 2 | Azilsartan inhibits osteoclast resorption function and affects osteoclast-specific genes expression. (A) Representative images of osteoclast bone
resorption on the hydroxyapatite surface; BMMs were treated with RANKL (100 ng/ml) for 3 days until small mature osteoclasts formed. Then, osteoclasts were
reseeded and cultured with different concentrations of Azilsartan for another 3 days in hydroxyapatite-coated plates. (B)Quantitative analysis of the bone resorption area
per well using the ImageJ software(n � 3). (C) The specific-genes expression of Nfatc1, Ctsk, Trap, c-Fos, Atp6v0d2, and Dc-stamp were determined by qPCR;
BMMs were stimulated with RANKL and different concentrations of Azilsartan (0, 0.25, 0.5, and 1 μM) for 5 days (n � 3). Untreated cells were used as a control. (D)

(Continued )
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pathways affecting osteoclastogenesis, including NF-κB and
MAPK. Western blot analyses indicated that both NF-κB and
MAPK signaling were activated by RANKL stimulation.
However, azilsartan treatment reduced p65
phosphorylation and IκBα phosphorylation, accompanied
by the inhibition of IκBα degradation at 10–30 min
(Figures 3C,D). Regarding the MAPK signaling pathway,
the phosphorylation of P38, ERK, and JNK was
significantly reduced after azilsartan treatment (Figures
3A,B), indicating a failure to activate MAPK signaling.

Furthermore, the expression of NFATc1/c-Fos, the
essential transcriptional regulator involved in RANKL-
induced osteoclastogenesis, was significantly suppressed on
days 3 and 5 of osteoclastogenesis in BMMs treated with
azilsartan (Figures 3E,F). Cathepsin K, which is considered a
downstream protein of exercise-induced resorption function,
was inhibited by azilsartan treatment (Figures 3E,F). In
summary, our results showed that azilsartan suppressed
osteoclastogenesis by inhibiting the NF-κB and MAPK
pathways.

Azilsartan Inhibits RANKL-Induced ROS
Production and Increases the Expression of
Nrf2
ROS play a critical role in osteoclast formation (Lean et al.,
2003), and previous studies have revealed that angiotensin II
(Ang II) and AT1R are associated with intracellular ROS
production (Benigni et al., 2010; Chao et al., 2018). Next,
we examined the ROS level in osteoclast mitochondria using
the MitoSOX Red probe. RANKL stimulation significantly
increased the ROS level in mitochondria. However,
azilsartan treatment resulted in a dose-dependent decrease
in ROS levels in mitochondria (Figures 4A,B). Similarly, ROS
levels in the cytoplasm were significantly reduced by azilsartan,
as detected with the DCFH-DA fluorescence probe
(Figures 4C,D).

Nrf2, a critical protein in the antioxidant stress system,
regulates oxidative stress and ROS production by binding to
antioxidant response elements (AREs) and promoting the
transcription of downstream antioxidant and detoxification
enzymes (Sun et al., 2015). In our study, the expression of
Nrf2 and HO-1 was increased in the presence of azilsartan
(Figures 4E,F). The expression of other antioxidant enzymes
in the cellular antioxidant system, including catalase and
SOD1, was increased at the mRNA levels after azilsartan
treatment (Figure 4G). In summary, azilsartan exhibited
potent antioxidant properties in osteoclasts.

Azilsartan Suppresses RANKL-Induced
NF-κB/MAPK Signaling by Regulating
Nrf2 in vitro
Next, we investigated the crosstalk among azilsartan, Nrf2, and
osteoclastogenesis. A Nrf2-specific siRNA was transfected into
BMMs. The efficiency of transfection was evaluated using
Western blot analysis and quantitative PCR analysis, as shown
in Figures 5A,B. Compared with the siCtrl group, a larger
osteoclast area was observed in the siNrf2 group, and siNrf2
transfection diminished the inhibitory effect of azilsartan on
osteoclast formation (Figures 5C,D). In addition, we further
harvested the total cellular proteins from the aforementioned
groups for Western blot analysis. Nrf2 silencing decreased the
expression of antioxidant enzyme HO-1 and increased the
expression of crucial osteoclast-associated transcription factors
(NFATc1 and c-Fos) in osteoclastogenesis (Figures 5E,F).
Surprisingly, azilsartan treatment had little effect on reversing
siNrf2-mediated osteoclast formation and protein expression
(Figures 5C,E), suggesting that Nrf2 likely acts as downstream
of azilsartan.

Furthermore, we detected the levels of critical proteins
involved in MAPK signaling to explore the underlying
mechanisms by which azilsartan alters NF-κB and MAPK
signaling. Nrf2 silencing using siNrf2 reversed the low levels
of phosphorylated JNK, phosphorylated P38 and phosphorylated
ERK in the azilsartan treatment group (Figures 5G,H). SiNrf2
transfection also reversed the repression of NF-κB signaling, as
evidenced by increased levels of phosphorylated P65 and IκBα
degradation (Figures 5G,I). Collectively, Nrf2 was identified as a
downstream target of azilsartan that regulates MAPK and NF-κB
signaling pathways in BMMs.

Azilsartan Administration Prevents
OVX-Induced Bone Loss in vivo
We established an osteoporosis model in mice to explore the
effect of azilsartan in vivo. No mouse death or other adverse
events occurred during OVX surgery or azilsartan
administration. Compared to the sham-operated group, the
vehicle group showed significant bone loss. However, the
azilsartan-treated group exhibited increased bone mass
(Figure 6A). By measuring and comparing the bone
parameters, we observed increases in the trabecular number
(Tb. N), trabecular thickness (Tb. Th), and bone volume/tissue
volume (BV/TV) and a decrease in trabecular separation (Tb. Sp)
in the azilsartan-treated group compared with the vehicle group
(Figure 6B). Bone histomorphometry results from H&E staining
confirmed that azilsartan treatment prevented estrogen
deficiency-induced bone loss (Figure 6C). Significant

FIGURE 2 | Representative Western Blot images showing the protein expression levels of NFATc1, CTSK in osteoclasts. BMMs were stimulated with RANKL (100 ng/
ml) and indicated concentrations of Azilsartan (0, 0.25, 0.5, and 1 μM) for 5 days. Then total cellular proteins were extracted and subjected to Western Blot analysis. (E)
Quantitative analysis of the ratios of protein expression levels of NFATc1 and CTSK relative to GAPDH. All data were obtained from three independent experiments and
were shown as mean ± SD, (*p < 0.05, **p < 0.01, and ***p < 0.005, ns, no significance, compared with the 0 μM Azilsartan group).
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trabecular destruction and bone loss were observed in the OVX
groups. Azilsartan administration exerted a protective effect on
bone in the low-dose groups and high-dose groups compared
with the vehicle groups.

Likewise, TRAP staining showed that azilsartan treatment
reduced the number of osteoclasts on each bone surface
compared with that of the vehicle groups. The treatment also
reduced the TRAP-positive cells/bone surfaces (Oc.S/BS%) ratio

FIGURE 3 | Azilsartan inhibits RANKL-induced activation of NF-κB andMAPK Pathways in vitro. (A)BMMswere starved and pretreated with Azilsartan (0.5 µM) for
2 h before being stimulated by RANKL. Then, RANKL (100 ng/ml) was added at the indicated time points (0, 10, 20, 30, and 60 min). Total cellular proteins were
collected and the phosphorylated and total P38/ERK/JNK were detected by Western Blot. (B) Quantitative analysis of phosphorylated P38/ERK/JNK band intensity
relative to total P38/ERK/JNK using the ImageJ software (n � 3). (C) Western blot images showing the effects of Azilsartan on activation of NF-κB signaling,
including p-P65/p-IκBα. (D) Quantitative analysis of phosphorylated P65/IκBα band intensity relative to total P65/IκBα (n � 3). (E) Western blot images showing the
protein expression levels of NFATc1, c-Fos, and CTSK during osteoclastogenesis. BMMs were treated with RANKL (100 ng/ml) and the indicated concentration of
Azilsartan (0.5 µM) for 0, 1, 3, and 5 days; the total protein were extracted for Western Blot analysis. (F)Quantitative analysis of the band intensity of NFATc1, c-Fos and
CTSK relative to β-actin using the ImageJ software (n � 3). All data were obtained from three independent experiments and were shown as mean ± SD. (*p < 0.05, **p <
0.01, ***p < 0.005, compared with the RANKL group).
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(Figures 6C,D). As azilsartan displayed good antioxidant activity
in vitro, we next detected ROS levels using DHE fluorescent
probes in frozen tibial sections. ROS levels within the bone
marrow microenvironment were significantly increased after
OVX surgery; however, azilsartan treatment reversed this
trend (Figures 7A,B).

Furthermore, H&E staining of the lung, heart, spleen, liver,
and kidney tissues indicated that azilsartan had no organ
toxicity at the administered dose (Figure 7C). Blood
biochemistry examinations of mouse serum showed no
difference between the sham groups and azilsartan-treated
groups (Supplementary Table S2; Supplementary Figure

FIGURE 4 | Azilsartan inhibits RANKL-induced ROS production and activates the Nrf2/HO-1 signaling. (A) BMMs were treated with different concentrations of
Azilsartan (0, 0.5 and 1 μM) for 48 h, and then intramitochondrial ROSwas detected byMitoSOX Red probe. (B)Quantitative analysis of MitoSOX Red fluorescence (red)
intensity (n � 3). (C) Representative images showing RANKL-induced Intracellular ROS generation in BMMs. (D) Quantitative analysis of DCFH-DA fluorescence (green)
intensity (n � 3). (E) Western blot images showing the effect of Azilsartan on Nrf2/HO-1 signaling. (F) Quantitative analysis of the band intensity of Nrf2 and HO-1
relative to GAPDH using the ImageJ software (n � 3). (G) The specific mRNA expression of Nrf2, Ho-1, Catalase, Sod1 (n � 3). All data were obtained from three
independent experiments and were shown as mean ± SD. (*p < 0.05, **p < 0.01, ***p < 0.005, ns, no significance, compared with the RANKL + 0 μM Azilsartan group).
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FIGURE 5 | Azilsartan suppresses RANKL-induced osteoclastogenesis in vitro via Nrf2. (A,B) RNAi of Nrf2 was generated by siRNA in BMMs. (C) BMMs were
transfected with siNrf2 to reverse the inhibitory effect of Azilsartan in osteoclastogenesis. TRAP staining was performed to detect osteoclast formation. (D) Quantitative
analysis of TRAP positive multinucleated cells (nuclei >3) number per well and the area per well (%) (n � 3). (E) Nrf2 silencing could upregulate the expression of NFATc1
and c-Fos, as evidenced by Western Blot analysis. (F) Quantitative analysis of the band intensity of Nrf2, HO-1, NFATc1, and c-Fos relative to GAPDH using the
ImageJ software. (G) The phosphorylated P65, IκBα degeneration and phosphorylated P38/JNK/ERK were detected by Western blot. BMMs were transfected with
siNrf2 for 48 h and then pre-treated with Azilsartan for 2 h before being stimulated by RANKL. The total proteins were harvested after 30 min of RANKL (100 ng/ml)
stimulation. (H) Quantitative analysis of phosphorylated band intensity relative to total ERK/P38/JNK using the ImageJ software (n � 3). (I) Quantitative analysis of band
intensity of p-P65, IκBα relative to P65, GAPDH (n � 3). All data were obtained from three independent experiments and were shown asmean ± SD. (*p < 0.05, **p < 0.01,
***p < 0.005, ns, no significance).
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S1). Taken together, azilsartan administration ameliorates
OVX-induced bone loss, possibly by inhibiting ROS
production.

DISCUSSION

Osteoporosis, a common bone metabolic disease, has been a
major threat to postmenopausal women and the aging
population (Compston et al., 2019). Throughout the human
lifetime, bone remodeling processes continuously occur. This

biological process is mainly regulated by both osteoblasts and
osteoclasts. However, excessive activation of osteoclasts in the
presence of estrogen deficiency may lead to an imbalance in
bone metabolism, resulting in osteoporosis (Boyle et al., 2003).
Currently, clinically available drugs for osteoporosis, including
hormone replacement, bisphosphonates, and denosumab, are
effective but cause some adverse reactions, including
gastrointestinal bleeding, atrial fibrillation, and increasing
the risk of breast cancer (Shang, 2006; Knopp-Sihota et al.,
2013). Therefore, novel alternative drugs that target osteoclasts
are also required.

FIGURE 6 | Azilsartan administration prevents OVX-induced bone loss in vivo. (A)Micro-CT reconstruction of proximal tibial bone of mice from each group: sham-
treated (sham), OVX with normal saline gavage (vehicle), OVX with 1 mg/kg Azilsartan gavage (low dose), OVX+ 3 mg/kg Azilsartan gavage (high dose). (B) The
trabecular thickness (Tb. Th), bone volume/tissue volume (BV/TV), trabecular number (Tb. N), and trabecular separation (Tb. Sp) were measured to evaluate the bone
tissuemicrostructure (n � 6 per group). (C)Representative H&E (upper panel) and TRAP staining (lower panel) sections from each group. (D)Quantitative analysis of
the osteoclasts on the surface of trabecular bone and the Oc.S/BS (%) using ImageJ (n � 6 per group). All data were shown as mean ± SD. (*p < 0.05, **p < 0.01, ***p <
0.005, compared with the vehicle group).
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Based on accumulating evidence, ROS play a critical role in
osteoclastogenesis (Lean et al., 2003; Agidigbi and Kim, 2019).
RANKL induces ROS production in osteoclasts, and accordingly,
the inhibition of ROS production inhibits osteoclastogenesis
(Chen et al., 2019; Liu et al., 2019). Some drugs that inhibit
ROS production in osteoclasts may be novel therapeutic
approaches for osteoporosis (Wang et al., 2021). In our study,
we first confirmed that azilsartan inhibits osteoclastogenesis by
suppressing ROS production in vitro and protects against OVX-
induced osteoporosis in vivo.

Ang II and its receptor (AT1R) have been reported to induce
NADPH oxidase (NOX)-dependent oxidative stress, generating
ROS in osteoclasts (Nguyen Dinh Cat et al., 2013; Zhang et al.,
2019; Zhou et al., 2020). In our present study, we found that
azilsartan, an AT1R blocker, suppressed intramitochondrial and
intracellular ROS production in osteoclasts. Mice subjected to
ovariectomy presented significantly increased ROS levels, while
DHE fluorescence probes detected decreased ROS levels when
animals were treated with azilsartan in vivo.Meanwhile, elevated

mRNA levels resulting from stimulation with RANKL, such as
transcripts of osteoclastogenesis-related genes (c-Fos and Nfatc1),
genes encoding osteolysis-related enzymes (Trap and Ctsk), and
genes involved osteoclast fusion (Atp6v0d2 and Dc-stamp), were
reversed by azilsartan treatment, suggesting impaired
osteoclastogenesis and fusion failure. Besides, the results from
micro-CT, H&E and TRAP staining confirmed that azilsartan
prevented estrogen deficiency-induced bone loss and trabecular
destruction in vivo.

Previous studies have reported that Nrf2 is involved in
regulating osteoclast formation and bone resorption function
after its release from Kelch-like ECH-associated protein 1
(Keap1) and translocation into the nucleus, where it binds to
AREs and ultimately activates downstream antioxidant enzymes
to reduce ROS levels (Kanzaki et al., 2013). Keap1, a cytoplasmic
actin-binding protein, encapsulates Nrf2 tethered in the
cytoplasm and inhibits Nrf2 transactivation activity, causing
the ubiquitination, and degradation of Nrf2 (Sun et al., 2015).
Ni et al. found that schisandrin A increases the stability of Nrf2

FIGURE 7 | Azilsartan reduced ROS production in OVX mice. (A) Representative images of bone cryosections showing ROS production in each group using DHE
fluorescence staining. (B) Quantitative analysis of ROS fluorescence (Red) intensity (n � 6 per group). (C) H&E staining of the heart, liver, spleen, lung, and kidney tissues
of mice in the Azilsartan-treated and control groups. All data were shown as mean ± SD. (*p < 0.05, **p < 0.01, ***p < 0.005, compared with the vehicle group). TB,
trabecular bone; GP, growth plate; BM, bone marrow; DHE, dihydroethidium.
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and inhibits the ubiquitination and degradation of Nrf2 in
osteoclasts. Intracellular ROS are the net effect of the balance
between ROS generation and Nrf2-mediated clearance of ROS by
the intracellular antioxidant system. Some antioxidants, such as
pristimerin, chitosan, octyl itaconate, were reported to reduce
ROS levels and inhibit osteoclast differentiation by activating
Nrf2/HO-1 signaling (Chen et al., 2020; Ni et al., 2020; Qi et al.,
2020). Nrf2 activation inhibits osteoclastogenesis, while
inactivation of Nrf2 suppresses antioxidant enzyme expression
and increases intracellular ROS levels in osteoclasts, subsequently
promoting osteoclastogenesis (Kanzaki et al., 2013; Sun et al.,
2020; Sánchez-de-Diego et al., 2021). As shown in our research,
azilsartan activated the Nrf2-mediated intracellular antioxidant
system, including HO-1, catalase and SOD1; reduced the level of
intracellular ROS, and lead to a decline in osteoclastogenesis.

Several AT1R blockers seemingly activate Nrf2/HO-1
signaling and upregulate the expression of antioxidant
enzymes, but further evidence is lacking in BMMs (Fujita
et al., 2012; Matsumoto et al., 2014; Saber et al., 2019; Hou
et al., 2021). Consistent with previous studies, our results showed
that azilsartan activated Nrf2/HO-1 signaling. Further silencing
of Nrf2 using siRNAs significantly promoted osteoclastogenesis
and upregulated the protein levels of NFATc1 and c-Fos.
Surprisingly, azilsartan treatment had little effect on reversing
the changes induced by siNrf2, indicating that Nrf2 appears to be
a downstream target of azilsartan in our study.

NF-κB and MAPK signaling are critical signaling cascades
engaged in osteoclastogenesis. Phosphorylated NF-κB and
MAPK signaling proteins activate the transcription factor
NFATc1 and promote downstream genes transcription,
including Ctsk, Trap, and Mmp9 (Boyle et al., 2003; Zhao

et al., 2019). We observed that azilsartan treatment inhibited
the degradation of IκBα and phosphorylation of P65 in
BMMs. Furthermore, MAPK signaling, including
phosphorylated P38, phosphorylated ERK, and
phosphorylated JNK, was also significantly inhibited by
azilsartan treatment in our study. These findings may
reveal the molecular mechanism by which azilsartan
inhibits osteoclastogenesis; however, the underlying
mechanism requires further elucidation.

Recently, the interaction of Nrf2 and NF-κB/MAPK
signaling in osteoclasts has been reported (Meng et al.,
2021). The Nrf2 activator RTA-408 was reported to inhibit
NF-κB signaling in osteoclasts, and STING and Rac-1 may be
involved in this process (Sun et al., 2020). Nrf2 deficiency not
only increased the activity of the NFATc1 protein and P38
MAP kinase but also increased ROS levels (Hyeon et al.,
2013). In our present study, Nrf2 silencing facilitated NF-κB
signaling pathway activation by increasing the
phosphorylation of P65 and promoting the degradation of
IκBα. Simultaneously, Nrf2 silencing reactivated MAPK
signaling by facilitating the phosphorylation of P38/ERK/
JNK following treatment with azilsartan. Taken together,
Nrf2 may function as a potential downstream direct target
of azilsartan to inhibit the NF-κB and MAPK signaling
pathways.

Osteoporosis is regulated by osteoclasts and osteoblasts
(Boyle et al., 2003). The limitation of the present study is that
although we have explored the effect of azilsartan on
osteoclasts, the effect on osteoblasts was not determined
and requires further exploration. Second, we used mice
with ovariectomy-induced osteoporosis as the study

FIGURE 8 | A Proposed scheme of Azilsartan inhibits osteoclastogenesis by suppressing ROS production. Mechanistically, Azilsartan inhibits RANKL-induced
activation of NF-κB and MAPK pathways by activating Nrf2 signaling.
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subjects; however, the cortical bone of mice does not contain
the Harvard system and does not adequately reflect Harvard
reconstruction. Therefore, we should choose a more suitable
animal model in our future studies. Third, Nrf2 is mainly
degraded by the ubiquitination process, and further studies
are needed to determine whether azilsartan affects the
ubiquitination-mediated degradation process.

CONCLUSION

In this study, we first found that azilsartan, a novel AT1R
blocker, inhibits osteoclastogenesis in vitro and attenuates
OVX-induced osteoporosis in vivo by suppressing ROS
production. Mechanistically, azilsartan induced the
expression of the antioxidant factor Nrf2, and inhibited
the NF-κB/MAPK signaling pathways (Figure 8). Since
azilsartan has been approved for clinical use, our findings
indicate that azilsartan may be a promising therapeutic agent
for the treatment of osteoporosis.
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