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Osteoporosis, characterized by reduced bone mass, aberrant bone architecture,

and elevated bone fragility, is driven by a disruption of bone homeostasis between

bone resorption and bone formation. However, up to now, no drugs are perfect for

osteoporosis treatment due to different defects. In this study, we demonstrated

that norcantharidin (NCTD) could inhibit osteoclast formation and bone resorption

by attenuating the ERK, ROS and NLRP3 inflammasomes pathways in vitro.

Moreover, our in vivo study further confirms its preventive effects on estrogen-

deficiency bone loss by inhibiting osteoclast formation and functions. Therefore,

we could conclude that NCTD might be a potential candidates for the prevention

and treatment of osteoporosis.
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Introduction

Osteoporosis, characterized by reduced bone mass, aberrant bone architecture, and

elevated bone fragility, is driven by a disruption of bone homeostasis between bone

resorption and bone formation (Ivaska et al., 2010). About 34% of females above 50 years

old were suffering from osteoporosis worldwide, and two million fractures were reported

related to osteoporosis in the United States, accounting for over 19 billion dollars annual

health costs (Burge et al., 2007; Wright et al., 2014). Estrogen deficiency and age are

considered to be the two major causes of osteoporosis, leading to the overactivation of
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osteoclasts and relatively weak osteogenesis (Rosen, 2000). Up to

now, various strategies aiming at regulating abnormal bone

metabolism have been utilized to restore bone mass clinically,

including anabolic reagents and anti-resorptive reagents.

However, some concerns limit long-time clinical use, such as

the increased osteonecrosis of the jaw after bisphosphonates

treatment, and the high cost of teriparatide treatment (Pfister

et al., 2006; Ferreira et al., 2021). Recent years, a variety of

compounds were extracted or synthesized to explore their effects

on bone cells and osteoporosis, and some have been confirmed

effective (Chen et al., 2018). However, issues were found in most

of these agents preclinically, such as the cardiovascular adverse

effects of odanacatib (Drake et al., 2017). Therefore, screening a

potential drug is urgent demands for osteoporosis treatment.

Multiple anti-osteoporotic medications have been widely used

in clinic, including anabolic drugs and anti-catabolic drugs, aiming

at directly or secondary improving bonemass (Bernabei et al., 2014).

However, up to now, no drugs are perfect for osteoporosis treatment

due to different defects. For example, bisphosphonates, a first-line

anti-osteoporotic drug, is proven to induce side-effects such as

osteonecrosis of the jaw and atypical fractures. Teriparatide, a

classical anabolic drug, is not allowed over 24 months treatment

duration during lifetime. Therefore, it is urgent to find out an

effective drug with few side-effects for osteoporosis therapy.

Recent years, increased number of new compounds have

been sought and verified effective on improving bone quality.

Norcantharidin (NCTD), a demethylated form of cantharidin,

was used as a adjuvant drug for cancer treatment and immune

enhancement for decades years (Wang G. et al., 2018; Zhou et al.,

2020). Besides, NCTD also exhibits various other

pharmacological activities, such as benefical effects on renal

tubulointerstitial fibrosis, antioxidant effect (Li et al., 2012;

Zhou et al., 2020). However, to date, how NCTD affects bone

metabolism is still unclear. Huang et al. (2020), has found that a

composite containing NCTD could promote osteogenesis

in vitro, but the exact mechanism is still unknown. As NCTD

has demonstrated inhibitory effects on multiple signaling

pathways in vitro, such as the ERK, AKT, JNK signaling,

which are crucial in osteoclastogenesis (Zhou et al., 2018a).

Therefore, we hypothesize that NCTD might exhibit a

suppressive effect on osteoclast formation and functions,

subsequently regulating bone metabolism. In this study, we

explored the effect of NCTD on osteoclast formation and

function, and further investigated its underlying mechanism.

Methods and reagents

Media and reagents

NCTD, obtain from Selleck Chemicals (Houston,

United States) and dissolved in DMSO. Alpha modification of

Eagle’s medium (a-MEM) and penicillin/streptomycin were

gained from Boster Bio (Wuhan, China), while fetal bovine

serum (FBS) was purchased from Gibco-BRL (Sydney,

Australia). Primary antibodies against ERK, JNK, p38,

phosphorylated p-ERK, p-JNK, p-p38, IkBa, p-IkBa, AKT,

p-AKT, NOD-like receptor thermal protein domain associated

protein 3 (NLRP3), apoptosis-associated speck-like protein

containing CARD (ASC) and GAPDH were supplied from

Cell Signaling Technology (Cambridge, MA, United States);

while primary antibodies specific for NFATc1 and Cathepsin

K were obtained from Santa Cruz Biotechnology (Santa Cruz,

CA, United States).

Extraction of bone marrow-derived
macrophages and osteoclast
differentiation

Bone marrow cells were obtained from C57BL/6 mice aged

3–6 weeks, and the method was referred to the previous report

(Davis, 2013). Briefly, sterilized instruments, PBS, cell culture

dishes, complete medium and cytokines such as M-CSF (R&D,

United States) and receptor activator of nuclear factor-kappa B

ligand (RANKL, R&D, United States) had been prepared in

advance. After the mice were euthanized, the bone of the

lower limbs were separated, and the tibia and femurs were

collected. All the cells in the bone marrow were collected

along the center of the bone and centrifuged for 5 min. After

the erythrocytes were lysed and cleared, the remaining cells were

cultured in Petri dishes containing the α-MEM complete

medium. In the process of cell culture in bone marrow, 20 ng/

ml M-CSF was added to the complete culture medium. After

2–3 days, adherent cells in the dish were bone marrow derived-

macrophage (BMM).

After digesting BMM with 0.05% trypsin-EDTA for 5min, cells

were counted by cell counter and finally seeded on 12-well, 24-well, or

96-well plates. The formation of osteoclasts could be observed under a

light microscope 5–6 days after the addition of 10 ng/ml M-CSF and

15 ng/ml RANKL to cells cultured in a complete medium.

Fluorescence quantitative polymerase
chain reaction

Following the instructions, RNeasy kits (Qiagen, German)

were used to extract total RNA from cells. After obtaining and

quantifying RNA, reverse transcription was performed using the

Hifair® Ⅲ first Strand cDNA Synthesis SuperMix kit (YEASEN,

China). After cDNA was obtained, the relative quantification of

the target gene in cDNA can be completed with the Hieff® qPCR
SYBR Green Master Mix kit (YEASEN, China). GAPDH was

used as an internal reference for quantitative calculation. All

procedures were performed on Bio-Rad CFX96 Connect and

Roche 480Ⅱ instrument. The primer sequences required for
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quantitative PCRwere presented as follows: GAPDH, forward 5′-
ACCCAGAAGACTGTGGATGG-3′ and reverse 5′-CACATT
GGGTAGGAACAC-3′; Cathepsin K, forward 5′-CTTCCA
ATACGTGCAGCAGA-3′ and reverse 5′-TCTTCAGGGCTT
TCTCGTTC-3′; CTR, forward 5′-TGCAGACAACTCTTG
GTTGG-3′ and reverse 5′-TCGGTTTCTTCTCCTCTGGA-3′;
TRAP, forward 5′-CTGGAGTGCACGATGCCAGCGACA-3′
and reverse 5′-TCCGTGCTCGGCGATGGACCAGA-3′;
NFATc1, forward 5′-CCGTTGCTTCCAGAAAATAACA-3′
and reverse 5′-TGTGGGATGTGAACTCGGAA-30′;
V-ATPase d2, forward 5′-AAGCCTTTGTTTGACGCTGT-3′
and reverse 5′-TTCGATGCCTCTGTGAGATG-3′; V-ATPase
a3, forward 5′-TGGCTACCGTTCCTATCCTG-3′ and reverse

5′-CTTGTCCGTGTCCTCATCCT-3′;

Cytotoxicity assay

To verify the effect of the NCTD on cell state, we detected cell

viability with Cell Counting Kit-8 (CCK8) kit (Bioshap Life sciences,

China). BMMs were seeded onto 96-well plates, and the control

group and experimental group with gradient NCTD concentrations

were devised, with three replicates in each group. After 48 or 96 h of

cell growth, a complete medium containing CCK8 reagent was

prepared at 10:1. The original culturemedium of cells was discarded,

and 100ul culture medium containing CCK8 reagent was added to

each well. The 96-well plate was transferred to an incubator at 37°C

and incubated for 1 h–4 h. Then the values in the 96-well plate were

read on a multifunctional microplate reader and calculated with

Microsoft Excel.

F-actin ring assay of osteoclasts

Before the assay, the bone slices soaked in 70% alcohol were taken

out and put in a 96-well plate to dry. After alcohol was volatilized,

BMM was seeded on the bone fragment in the 96-well plate, and the

BMM was induced into mature osteoclasts with cytokines as above

shown. After the formation of osteoclasts, the cells were fixed with 4%

paraformaldehyde at 4°C for 30 min, then the paraformaldehyde was

discarded and washed twice with PBS. After the cell was

permeabilized by 0.2% Triton X-100, the cells on the bone slices

were stained with FITC-phalloidine and DAPI respectively. Finally,

the bone slices were mounted on the glass slides with the Antifade

solution (Bytotime Biotechnology, China) and observed with a

fluorescence confocal microscope (Olympus FV3000).

Western blotting

To find the signal pathway targeted by NCTD during

osteoclast differentiation and verify the effect of NCTD on

osteoclast differentiation, target protein of BMMs through

different treatments were quantified by Western Blotting as

we reported previously (Zhou et al., 2018a). The protein

bands was scanned by a BIORAD chemiluminescence

imager. GAPDH was used as an internal reference, and

protein expression in cells can be relatively quantified by

band thickness using ImageJ.

Bone resorption assay

The bone slices were plated in 96-well plates and 1.5 ×

104 BMM were seeded on the bone slices. In the slices, the

BMM was induced into osteoclasts by cytokines M-CSF and

RANKL. After the formation of osteoclasts, mechanical force and

ultrasound were used to remove the cells on the surface of bone

slices. The bone slices were fixed with 4% paraformaldehyde for

20 min, and then treated with 3% H2O2 for 10 min. The bone

slices were incubated with WGA, SABC, and DAB successively,

and the excess staining solution was washed with distilled

deionized water. Ultimately, the slides were mounted with

50% glycerol and observed under the optical microscope.

Establishment of ovariectomized-induced
osteoporosis model in mice

The mice used in this study were C57BL/6 from SLAC

company, and the number of mice used was 24. The raising

of mice and experimental design were approved by the Animal

Care and Use Ethics Committee of Zhejiang University. OVX

were performed to mimic postmenopausal osteoporosis in

humans. All experimental mice were divided into four groups,

namely SHAM group, OVX group, low dose (LD) NCTD group

and high dose (HD) NCTD group, with six mice in each group

(N = 6). Specifically, mice in SHAM group underwent sham

operation and intraperitoneal injection of PBS with the same

amount as NCTD of other groups. In OVX group, mice were only

injected with PBS equal to NCTD after OVX; LD group was

intraperitoneal injection of 1 mg/kg NCTD after OVX; The HD

group was administrated 2.5 mg/kg NCTD after OVX. All mice

were injected with PBS/NCTD twice a week and euthanized after

6 weeks. One in the HD group was died during NCTD treatment,

while the left 23 mice were collected for following analysis.

Histological analyses

As mentioned above, the left femur of mice was decalcified and

paraffin embedded (Zhou et al., 2018b). The paraffin blocks were

placed in the refrigerator at −20°C for more than 30 min, and the

paraffin slicing machine was used to cut the paraffin blocks into

5 μm tissue sections. Paraffin sections were immersed in xylene,

gradient concentration of ethanol and distilled deionized water
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FIGURE 1
NCTD affected osteoclast formation in BMM in a non-toxic range. (A) After adding gradient concentration of NCTD into BMM cell culture,
CCK8 kit was used to detect the cell viability to figure out the non-toxic range of NCTD for BMM (n = 5). (B) BMM cells were induced into osteoclasts
with cytokines M-CSF and RANKL, and DMSO/NCTD was added to observe the effect of NCTD on osteoclastogenesis. (C) The area and number of
osteoclasts induced by BMM were quantified. (D–I) After BMM was treated with different concentrations of NCTD, the osteoclast makers of
Cathepsin K, CTR, TRAP, V-ATPase a3, V-ATPase d2, and NFAT c1 were detected by fluorescence quantitative PCR. (J)Western blotting was used to
investigate the effects of NCTD addition on Cathepsin K and NFATc1 during osteoclast formation. All experiments were repeated independently for
three times. Values are expressed as mean ± SD; *p < 0.05, **p < 0.01 vs. the control group.
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respectively for removing paraffin. Then the sections were stained

with hematoxylin and eosin (H&E) and TRAP and observed with a

light microscope. H&E staining and Trap staining were used to

analyze the histomorphological characteristics of bone using ImageJ.

Micro-CT scanning

The left tibia of mice was placed in a scanning tube filled with

70% ethanol in an orderlymanner, and the samples were scanned by

a high-resolution microscopic CT scanner (SKYSCAN1272). The

specific parameters of the left tibia were bone volume/tissue volume

(BV/TV), connectivity density (Conn.Dn), structural model index

(SMI), trabecular number (Tb.N), trabecular thickness (Tb.Th) and

trabecular separation (Tb.Sp). The scanning thickness was 12 μm,

the interval was 300 ms and the voltage was 70 kV. 3D

reconstruction and measurement were performed on the 2D thin

layer image of bone tissue, and the threshold was set at 220–250 to

distinguish bone tissue from soft tissue.

Reactive oxygen species assay

ROS Kit (Boster Bio, Wuhan, China) was used to detect

reactive oxygen species. BMMs obtained in accordance with the

above procedures were seeded in 24-well plates, and after cell

adherence, the cells were pretreated with 2 μM NCTD for

4 h–6 h. DCFH-DA was diluted in serum-free medium at 1:

1,000 and added into BMM cell culture to load probes into cells.

Finally, DCF fluorescence was observed by fluorescence

microscope after cells were treated with cytokine RANKL for

20 min. The data was analyzed using ImageJ.

Statistics

All data in this study were represented by mean ± SD. All

experiments have been repeated for at least three times. These

data were statistically analyzed by Graphpad prism 9. The

differences between the two group of data were compared

FIGURE 2
NCTD inhibited the formation of F-actin rings in osteoclasts and inhibited bone resorption. (A) The effects of NCTD treatment at different time
periods (Early stage, middle stage and late stage) on osteoclast formation were observed with the light microscope. (B) The areas and numbers of
osteoclasts in BMM cells treated by NCTD at different stages were quantified. (C) BMM was induced into osteoclasts on bone slices. After treatment
with different concentrations of drugs, FITC-Phalloidin and DAPI staining were performed and observed by fluorescencemicroscope. (D)While
observing the F-actin ring in the process of BMM inducing osteoclast, the size of F-actin ring was quantified. (E,F) BMMwas induced into osteoclasts
on bone slices, and the effect of different concentrations of NCTD on bone resorption was observed. Furtherly, the results of bone resorption were
further quantified. All experiments were repeated independently for three times. Values are expressed as mean ± SD; *p < 0.05, **p < 0.01 vs. the
control group.
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using the unpaired student’s t-test. ONE WAY ANOVA was

used to compare the differences among more than two groups.

p < 0.05 was considered a statistically significant difference.

Results

Norcantharidin suppressed
osteoclastogenesis at a nontoxic
concentration

For cell viability detection, the BMMwas seeded in 96-well plates,

and the cells were treatedwith different concentrations ofNCTD. The

relative decrease of cells could be observed by the Microplate Reader.

As shown in the figure, the number of cells in the well plate decreased

obviously when the concentration of NCTD was more than 2.5 μM

(p < 0.01) (Figure 1A). In the process of osteoclastogenesis, NCTD at

the concentrations of 0.5, 1, and 2 μM resulted in a significant

reduction in the formation of osteoclasts (Figure 1B). The area

and number of osteoclasts were quantified by ImageJ, and the

histogram showed that NCTD could reduce the area and number

of osteoclasts induced by NCTD in dose-dependent manners

(Figure 1C). Through fluorescence quantitative PCR detection of

osteoclast formation markers in BMM treated with different

concentrations of NCTD, it was observed that the expression of

these genes (Cathepsin K, CTR, TRAP, V-ATPase a3, V-ATPase

d2 and NFAT c1) would be down-regulated with the increase of drug

concentration (Figures 1D–I). In Western blotting assays, NCTD

down-regulated protein expression of NFAT c1 and Cathepsin K

during osteoclast formation (Figure 1J).As a result, NCTDcould affect

osteoclastogenesis without damaging cell viability.

Norcantharidin attenuated F-actin ring
formation and osteoclastic bone
resorption

To explore which stage NCTD affects during

osteoclastogenesis, we treated cells with NCTD at different

stages: early stage, middle stage and late stage. Briefly, for early

stage group, NCTD was used at day 0 to day 2; For the middle

group, NCTD was used at day 2 to day 4; Dor the late group,

NCTD was used at day 4 to day 6; For the whole group, NCTD

was used at day 0- day 6; For the DMSO group, cells were

induced into osteoclasts without NCTD treatment. TRAP

staining and data quantification found that NCTD

treatment in the early and middle stages significantly

attenuated osteoclasts size, while NCTD treatment in the

early stage reduced the number of osteoclasts (Figures

2A,B). The F-actin ring, a marker of mature osteoclast,

FIGURE 3
NCTD reduced the content of ROS and inhibited the formation of inflammasome in BMM cells. (A) During BMM differentiating into osteoclast
with RANKL, ROS kit was used to detect the ROS content in BMM. (B) The ROS observed under fluorescencemicroscopewas quantified. (C)Western
blotting was used to measure NLRP3 and ASC expression level in BMM induced osteoclasts at day 0, 1, 3, and 5. (D) The NLRP3 and ASC bands of
Western blotting were quantified. All experiments were repeated independently for three times. Values are expressed as mean ± SD; *p < 0.05,
**p < 0.01 vs. the control group.
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could be observed under the microscope after staining the cells

with FITC-Phalloidin. The F-actin ring is a major part of the

cytoskeleton, closely related to osteoclast migration and bone

resorption (Lakkakorpi and Vaananen, 1991). After being

seeded on bovine bone slices, osteoclasts would

phagocytose the bone slices and form bone absorption pits

or traces. As shown in Figures 2C,D, F-actin rings became

smaller and incomplete when osteoclasts were treated with

NCTD. In consist with the results above, bone resorption

assay also showed decreased resorptive pits after NCTD

treatment (Figures 2E,F).

Norcantharidin inhibited osteoclast
formation by downregulating ROS and
NLRP3 inflammasomes formation

By TRAP staining, quantitative PCR and Western blotting of

BMM cells, we found that NCTD could inhibit osteoclast

formation and the expression of osteoclast-related markers.

ROS is the product of oxygen metabolism. When the content

of ROS is excessive, the body will be in an unbalanced state of

antioxidation-oxidation, which will increase osteoclasts and

promote bone absorption (Toker et al., 2012). In ROS assays,

FIGURE 4
NCTD can downregulate the expression of ERK in BMMcells during osteoclast formation. (A)Western blotting was used tomeasure p-p38, p38,
p-ERK, ERK, p-JNK, JNK, p-IKBα, IKBα, p-AKT, AKT and GAPDH expression level on BMMs after RANKL stimulating at 0, 5, 10, 20, 30 and 60 min. (B)
The phosphorylation degree of p-ERK can be showed by the p-ERK /ERK gray value ratio in Western blotting. (C)Western blotting bands of P-P38/
P38 were quantified. (D) The phosphorylation degree of P-JNK can be showed by the p-JNK/JNK gray value ratio in Western blotting. (E) The
phosphorylation degree of P-AKT can be showed by the p-AKT/AKT gray value ratio in Western blotting. (F) The Western blotting bands of P-IKBα/
GAPDH were quantified and represented by histograms. (G) The Western blotting bands of IKBα/GAPDH were quantified. All experiments were
repeated independently for three times. Values are expressed as mean ± SD; *p < 0.05, **p < 0.01 vs. the control group.
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we found that NCTD could reduce RANKL-induced ROS

production in BMM cells (Figures 3A,B). Therefore, it is

speculated that NCTD might inhibit osteoclast formation by

down-regulating RANKL-induced ROS levels. NLRP3 and ASC

are important substances that form inflammasomes, which

regulate osteoclast differentiation and bone resorption. The

expression of NLRP3 gradually decreased during osteoclast

induction, but the treatment of NCTD suppressed the

reduction of NLRP3 under the stimulation of RANKL

(Figures 3C,D). After quantifying the gray values of protein

bands in Western blotting of ASC and NLRP3, we found that

NCTD upregulated the reduced expression of NLRP3 under the

treatment of RANKL, as well as down-regulated the RANKL-

induced increase of ASC, indicating that NCTD reduced

RANKL-induced production of the inflammasome.

Consequently, NCTD inhibits osteoclast by affecting RANKL-

induced ROS production and inflammasome formation in BMM

cells.

FIGURE 5
NCTD can alleviate OVX-induced osteoporosis in mice. (A) After the osteoporosis model was established after OVX surgery, the left tibia of the
mice was taken for micro-CT scanning after intraperitoneal injection of PBS/NCTD. (B) BV/TV (%) were quantified after micro-CT scanning of the
tibia. (C) SMI results of micro-CT scanning of tibia in mice. (D) Tb.Th (mm) quantification of micro-CT scanning. (E)Quantitative histogram of micro-
CT scanning results Tb.Sp(mm). (F) Conn.DN (1/mm3) quantification of micro-CT scanning. (G) After OVX surgery, the mice were established
into osteoporosis model and then themice were intraperitoneally injected with NCTD/PBS. The left femur of the mice was taken for paraffin section
andH&E staining. (H–K) The BV/TV (%), Tb.Th (mm),Tb.Sp (mm),Tb.N (1/mm) in H&E staining results ofmouse femurwere quantitatively analyzed and
their according histogram was made. Values are expressed as mean ± SD, n = 5–6; *p < 0.05, **p < 0.01 vs. the control group.
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Norcantharidin inhibited osteoclast
formation by the extracellular signal-
regulated kinase signaling

In order to find out which signaling pathway NCTD acts in

the process of inhibiting osteoclast formation, we used Western

blotting to analyze. We measured the phosphorylation level of

P38, extracellular signal-regulated kinase (ERK), JNK, IKBα, and
AKT by Western blotting, and found that only ERK protein was

significantly downregulated after NCTD treatment

(Figures 4A–G). ERK is a member of the MAPK family, and

its related signaling pathways are involved in cell proliferation

FIGURE 6
NCTD attenuates osteoclast formation in vivo. (A) The representive images of TRAP staining in each group. (B) The N.Oc/BS and OcS/BS were
measured with TRAP-stained sections. in each group. Values are expressed as mean ± SD, n = 5–6; *p < 0.05, **p < 0.01 vs. the control group.

FIGURE 7
Schematic diagram indicates the potential protective effect of NCTD on osteoporosis.
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and differentiation, cytoskeleton formation, apoptosis and cell

canceration. ERK signaling pathway can promote osteoclast

activation, which is closely related to the formation of

osteoporosis (Wang et al., 2021). ImageJ was used to detect

the gray values of the bands in Western blotting, and significant

differences were found in ERK protein expression after 10 and

20 min of NCTD treatment, while no significant differences were

found in other proteins. These results indicated that ERK

signaling pathway is an important way through which NCTD

reduces ROS production and affects osteoclast activation.

Norcantharidin prevented OVX-induced
osteoporosis in mice by reducing
osteoclast formation

In order to investigate the role of NCTD in OVX-induced

osteoporosis in mice, a 3D tibial model was reconstructed by

micro-CT analysis, and the data of BV/TV (%), SIM, Tb.Th

(mm), Tb.Sp (mm) and Conn.Dn (1/mm3) were obtained by

microscopic CT scanner. As shown in Figure 5A, 3D

reconstruction showed that OVX could cause the bone density

reduction and osteopenia of tibia in mice, which were improved

after NCTD treatment in LD and HD groups. Micro-CT analysis

showed that BV/TV, TB. Th and CONN. Dn all decreased after

OVX, and were reversed after treatment with NCTD in the low-

dose (1 mg/kg) and high-dose (2.5 mg/kg) groups

(Figures 5B,D,F). In contrast, SMI and Tb.Sp increased after

OVX treatment and decreased after NCTD treatment (Figures

5C,E). According to micro-CT scan results, NCTD can prevent

the progression of osteoporosis and inhibit bone absorption, and

the higher the concentration of NCTD, the better the therapeutic.

To further explore the role of NCTD in the OVX-induced

mouse model of osteoporosis, the femurs of mice were

histologically analyzed by H&E staining. H&E staining results

showed that the bone trabecular thinning and osteopenia

occurred in the mouse femur after OVX, which were

improved after NCTD treatment with low (1 mg/kg) and high

dose (2.5 mg/kg), and the values of BV/TV, Tb.TH, TB.SP, and

TB.N were consistent with the results of micro-CT analysis

(Figures 5G–K).

Next, TRAP staining is performed to confirmed the effects of

NCTD. As showed in Figure 6, the number of osteoclasts

increased after OVX, while NCTD significantly inhibited

OVX-induced osteoclast formation in a dose-dependent manner.

Discussion

Excessive osteoclast formation and/or function are the major

causes of imbalanced bone homeostasis, resulting in a number of

pathological osteolytic diseases, such as osteoporosis, rheumatoid

arthritis, periprosthetic osteolysis (Crotti et al., 2004; McHugh,

2017). Osteoporosis is the most common osteoclastic disorder in

clinic, which causes a substantial economic burden. Therefore,

diverse drugs are investigated for clinical osteoporotic treatment.

However, various adverse effects limit the extensive application

of these drugs, which increases the demand of developing a new

anti-osteoporotic agent with fewer side-effects. In this study, we

found that NCTD exhibits suppressive effects on RANKL-

induced osteoclast formation and related bone resorption.

Moreover, NCTD achieves the effects by targeting ERK and

ROS/NLRP3 pathways. Additionally, NCTD exerts a beneficial

effect on preventing OVX-induced osteoporosis through

attenuating osteoclast activity in vivo. Thus, our in vitro and

in vivo study summarized that NCTDmight be a potential agents

for the treatment of osteoporosis.

Osteoclast plays a crucial role in bone metabolism. When

RANKL binds to its receptor RANK, osteoclastogenesis initiates,

subsequently activating a series of downstream signaling

pathways, including the MAPK (ERK, JNK, p38) and NF-κB
pathways, resulting in the cell fusion, osteoclast maturation and

osteoclastic bone resorption. The ERK signaling pathway is

critical for survival, differentiation, polarity and function of

osteoclasts, which involves two forms, ERK1 and ERK2 (Lee

et al., 2018). The phosphorylation of ERK controls a number of

transcription factors, including the key factors NFATc1 and

c-fos, which finally promoting osteoclastogenesis (Lee et al.,

2009). Previous studies have confirmed that NCTD exerts

inhibitory effects in multiple cells (Zheng et al., 2014; Peng

et al., 2016). In the present study, we explored the effects of

NCTD on the ERK signaling during RANKL-stimulated

osteoclastogenesis. As expected, the Western Blotting results

confirmed that NCTD attenuated the phosphorylation level

elevation of ERK markedly. However, NCTD did not

influence the phosphorylation of the NF-κB, p38 and JNK

signaling pathways.

ROS has been confirmed to participate in osteoclast

formation and function by modulating a series of signaling

cascades (Garrett et al., 1990; Bax et al., 1992). The

stimulation of RANKL promotes osteoclastogenesis by

increasing intracellular ROS levels in BMMs, whereas the

utilization of ROS inhibitor, N-acetyl cysteine (NAC),

significantly reduced the formation of osteoclast (Lean et al.,

2003; Lee et al., 2005). Moreover, ROS also improves osteoclastic

bone resorption (Wang X. et al., 2018). In addition, in vivo study

further confirmed that the suppression of ROS could attenuate

the number of osteoclasts and OVX-induced bone loss (Lean

et al., 2003). A previous study has found that NCTD could

upregulate the ROS level in TSGH 8301 cells (Yu et al., 2012). In

contrast, in our study, RANKL-induced elevated ROS levels were

blocked by the presence of NCTD. This might be caused by the

differences between BMMs and TSGH 8301 cells.

Increased evidence demonstrates that NLRP3 inflammasomes is

also involved in osteoclastogenesis and bone resorption, which is

consist of NLRP3, pro-caspase-1 and ASC (Schroder and Tschopp,
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2010). Bonar et al. (2012) showed that the continuous activation of

NLRP3 stimulates osteoclast differentiation in vivo and in vitro,

leading to the elevation of bone resorption and subsequent bone loss.

In addition, RANKL-induced activation of NLRP3 inflammasomes

exerts positive effects on promoting osteoclastic transcription

factors, B lymphocyte-induced maturation protein 1 (Blimp1)

and NFATc1, facilitating osteoclast differentiation and

maturation (Wang et al., 2016; Wang et al., 2020). In the present

study, we found that the RANKL-induced decrease of

NLRP3 expression was rescued with the participation of NCTD,

as well as the inhibition of elevated ASC levels.

In consistent with the results found in vitro, NCTD exhibited

a beneficial effect on protecting bone mass in the OVX-induced

osteoporosis model. Estrogen deficiency has been regarded as a

classical animal model for osteoporosis, with enhanced

formation and activation of osteoclasts. As expected, NCTD

impaired OVX-induced bone loss in a dose-dependent

manner by attenuating osteoclast in vivo.

In conclusion, our study exhibited that NCTD could inhibit

osteoclast formation and bone resorption by attenuating the

ERK, ROS and NLRP3 inflammasomes pathways in vitro.

Moreover, our in vivo study further confirms its preventive

effects on estrogen-deficiency bone loss by inhibiting

osteoclast formation and functions (Figure 7). Therefore, we

could conclude that NCTDmight be a potential candidate for the

prevention and treatment of osteoporosis.

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

Care and Use Ethics Committee of Zhejiang University.

Author contributions

CZ, SY, and MW: Designed the experiment; GY and HX:

Performed the experiment; MY and HX: Performed the

measurement and analysis; CZ and GY: Drafted the

manuscript; GY and SY: Revised the manuscript.

Funding

This study was supported by research grants from Zhejiang

Natural Science Foundation (No. LQ21H060006), the National

Natural Science Foundation of China (No. 82001461), and the

fellowship of China Postdoctoral Science Foundation (No.

2020M671758).

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.

Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fphar.

2022.1019478/full#supplementary-material

References

Bax, B. E., Alam, A. S., Banerji, B., Bax, C. M., Bevis, P. J., Stevens, C. R., et al.
(1992). Stimulation of osteoclastic bone resorption by hydrogen peroxide. Biochem.
Biophys. Res. Commun. 183 (3), 1153–1158. doi:10.1016/s0006-291x(05)80311-0

Bernabei, R., Martone, A. M., Ortolani, E., Landi, F., and Marzetti, E. (2014).
Screening, diagnosis and treatment of osteoporosis: A brief review. Clin. Cases Min.
Bone Metab. 11 (3), 201–207.

Bonar, S. L., Brydges, S. D., Mueller, J. L., McGeough, M. D., Pena, C., Chen, D.,
et al. (2012). Constitutively activated Nlrp3 inflammasome causes inflammation
and abnormal skeletal development in mice. PLoS One 7 (4), e35979. doi:10.1371/
journal.pone.0035979

Burge, R., Dawson-Hughes, B., Solomon, D. H., Wong, J. B., King, A., and
Tosteson, A. (2007). Incidence and economic burden of osteoporosis-related
fractures in the United States, 2005-2025. J. Bone Min. Res. 22 (3), 465–475.
doi:10.1359/jbmr.061113

Chen, K., Lv, Z. T., Cheng, P., Zhu,W. T., Liang, S., Yang, Q., et al. (2018). Boldine
ameliorates estrogen deficiency-induced bone loss via inhibiting bone resorption.
Front. Pharmacol. 9, 1046. doi:10.3389/fphar.2018.01046

Crotti, T. N., Smith, M. D., Findlay, D. M., Zreiqat, H., Ahern, M. J., Weedon, H.,
et al. (2004). Factors regulating osteoclast formation in human tissues adjacent to
peri-implant bone loss: Expression of receptor activator NFkappaB, RANK ligand
and osteoprotegerin. Biomaterials 25 (4), 565–573. doi:10.1016/S0142-9612(03)
00556-8

Davis, B. K. (2013). Isolation, culture, and functional evaluation of bone marrow-
derived macrophages. Methods Mol. Biol. 1031, 27–35. doi:10.1007/978-1-62703-
481-4_3

Drake, M. T., Clarke, B. L., Oursler, M. J., and Khosla, S. (2017). Cathepsin K
inhibitors for osteoporosis: Biology, potential clinical utility, and lessons learned.
Endocr. Rev. 38 (4), 325–350. doi:10.1210/er.2015-1114

Frontiers in Pharmacology frontiersin.org11

Yang et al. 10.3389/fphar.2022.1019478

https://www.frontiersin.org/articles/10.3389/fphar.2022.1019478/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2022.1019478/full#supplementary-material
https://doi.org/10.1016/s0006-291x(05)80311-0
https://doi.org/10.1371/journal.pone.0035979
https://doi.org/10.1371/journal.pone.0035979
https://doi.org/10.1359/jbmr.061113
https://doi.org/10.3389/fphar.2018.01046
https://doi.org/10.1016/S0142-9612(03)00556-8
https://doi.org/10.1016/S0142-9612(03)00556-8
https://doi.org/10.1007/978-1-62703-481-4_3
https://doi.org/10.1007/978-1-62703-481-4_3
https://doi.org/10.1210/er.2015-1114
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1019478


Ferreira, L. H., Jr., Mendonca, K. D., Jr., Chaves de Souza, J., Soares Dos Reis, D.
C., do Carmo Faleiros Veloso Guedes, C., de Souza Castro Filice, L., et al. (2021).
Bisphosphonate-associated osteonecrosis of the jaw.Minerva Dent. Oral Sci. 70 (1),
49–57. doi:10.23736/S2724-6329.20.04306-X

Garrett, I. R., Boyce, B. F., Oreffo, R. O., Bonewald, L., Poser, J., and Mundy, G. R.
(1990). Oxygen-derived free radicals stimulate osteoclastic bone resorption in
rodent bone in vitro and in vivo. J. Clin. . 85 (3), 632–639. doi:10.1172/JCI114485

Huang, Z., Sun, H., Lu, Y., Zhao, F., Liu, C., Wang, Q., et al. (2020). Strontium/
chitosan/hydroxyapatite/norcantharidin composite that inhibits osteosarcoma and
promotes osteogenesis in vitro. Biomed. Res. Int. 2020, 9825073. doi:10.1155/2020/
9825073

Ivaska, K. K., Gerdhem, P., Vaananen, H. K., Akesson, K., and Obrant, K. J.
(2010). Bone turnover markers and prediction of fracture: A prospective follow-up
study of 1040 elderly women for amean of 9 years. J. BoneMin. Res. 25 (2), 393–403.
doi:10.1359/jbmr.091006

Lakkakorpi, P. T., and Vaananen, H. K. (1991). Kinetics of the osteoclast
cytoskeleton during the resorption cycle in vitro. J. Bone Min. Res. 6 (8),
817–826. doi:10.1002/jbmr.5650060806

Lean, J. M., Davies, J. T., Fuller, K., Jagger, C. J., Kirstein, B., Partington, G. A.,
et al. (2003). A crucial role for thiol antioxidants in estrogen-deficiency bone loss.
J. Clin. . 112 (6), 915–923. doi:10.1172/JCI18859

Lee, K., Seo, I., Choi, M. H., and Jeong, D. (2018). Roles of mitogen-activated
protein kinases in osteoclast biology. Int. J. Mol. Sci. 19 (10), E3004. doi:10.3390/
ijms19103004

Lee, M. S., Kim, H. S., Yeon, J. T., Choi, S. W., Chun, C. H., Kwak, H. B., et al.
(2009). Gm-csf regulates fusion of mononuclear osteoclasts into bone-resorbing
osteoclasts by activating the ras/erk pathway. J. Immunol. 183 (5), 3390–3399.
doi:10.4049/jimmunol.0804314

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

Li, Y., Ge, Y., Liu, F. Y., Peng, Y. M., Sun, L., Li, J., et al. (2012). Norcantharidin, a
protective therapeutic agent in renal tubulointerstitial fibrosis. Mol. Cell. Biochem.
361 (1-2), 79–83. doi:10.1007/s11010-011-1091-z

McHugh, J. (2017). Rheumatoid arthritis regulating the osteoclast workforce.Nat.
Rev. Rheumatol. 13 (9), 514. doi:10.1038/nrrheum.2017.129

Peng, C., Li, Z., Niu, Z., Niu, W., Xu, Z., Gao, H., et al. (2016). Norcantharidin
suppresses colon cancer cell epithelial-mesenchymal transition by inhibiting the
αvβ6-ERK-ets1 signaling pathway. Sci. Rep. 6, 20500. doi:10.1038/srep20500

Pfister, A. K., Welch, C. A., Lester, M. D., Emmett, M. K., Saville, P. D., and
Duerring, S. A. (2006). Cost-effectiveness strategies to treat osteoporosis in elderly
women. South. Med. J. 99 (2), 123–131. doi:10.1097/01.smj.0000202090.30647.61

Rosen, C. J. (2000). Pathogenesis of osteoporosis. Baillieres Best. Pract. Res. Clin.
Endocrinol. Metab. 14 (2), 181–193. doi:10.1053/beem.2000.0068

Schroder, K., and Tschopp, J. (2010). The inflammasomes. Cell 140 (6), 821–832.
doi:10.1016/j.cell.2010.01.040

Toker, H., Ozdemir, H., Balci, H., and Ozer, H. (2012). N-acetylcysteine decreases
alveolar bone loss on experimental periodontitis in streptozotocin-induced diabetic
rats. J. Periodontal Res. 47 (6), 793–799. doi:10.1111/j.1600-0765.2012.01497.x

Wang, C., Qu, C., Alippe, Y., Bonar, S. L., Civitelli, R., Abu-Amer, Y., et al. (2016).
Poly-adp-ribosylation-mediated degradation of artd1 by the Nlrp3 inflammasome
is a prerequisite for osteoclast maturation. Cell Death Dis. 7, e2153. doi:10.1038/
cddis.2016.58

Wang, C., Xiao, J. Q., Nowak, K., Gunasekera, K., Alippe, Y., Speckman, S., et al.
(2020). Parp1 hinders histone H2b occupancy at the Nfatc1 promoter to restrain
osteoclast differentiation. J. Bone Min. Res. 35 (4), 776–788. doi:10.1002/jbmr.3927

Wang, G., Dong, J., and Deng, L. (2018). Overview of cantharidin and its
analogues. Curr. Med. Chem. 25 (17), 2034–2044. doi:10.2174/
0929867324666170414165253

Wang, X., Chen, B., Sun, J., Jiang, Y., Zhang, H., Zhang, P., et al. (2018). Iron-
induced oxidative stress stimulates osteoclast differentiation via NF-κB signaling
pathway in mouse model. Metabolism. 83, 167–176. doi:10.1016/j.metabol.2018.
01.005

Wang, X., Ji, Q., Hu, W., Zhang, Z., Hu, F., Cao, S., et al. (2021). Isobavachalcone
prevents osteoporosis by suppressing activation of ERK and NF-κB pathways and
M1 polarization of macrophages. Int. Immunopharmacol. 94, 107370. doi:10.1016/j.
intimp.2021.107370

Wright, N. C., Looker, A. C., Saag, K. G., Curtis, J. R., Delzell, E. S., Randall, S.,
et al. (2014). The recent prevalence of osteoporosis and low bone mass in the
United States based on bone mineral density at the femoral neck or lumbar spine.
J. Bone Min. Res. 29 (11), 2520–2526. doi:10.1002/jbmr.2269

Yu, C. C., Ko, F. Y., Yu, C. S., Lin, C. C., Huang, Y. P., Yang, J. S., et al. (2012).
Norcantharidin triggers cell death and DNA damage through S-phase Arrest and
ros-modulated apoptotic pathways in tsgh 8301 human urinary bladder carcinoma
cells. Int. J. Oncol. 41 (3), 1050–1060. doi:10.3892/ijo.2012.1511

Zheng, J., Du, W., Song, L. J., Zhang, R., Sun, L. G., Chen, F. G., et al. (2014).
Norcantharidin induces growth inhibition and apoptosis of glioma cells by blocking
the raf/mek/erk pathway. World J. Surg. Oncol. 12, 207. doi:10.1186/1477-7819-
12-207

Zhou, C. H., Meng, J. H., Yang, Y. T., Hu, B., Hong, J. Q., Lv, Z. T., et al. (2018a).
Cepharanthine prevents estrogen deficiency-induced bone loss by inhibiting bone
resorption. Front. Pharmacol. 9, 210. doi:10.3389/fphar.2018.00210

Zhou, C. H., Shi, Z. L., Meng, J. H., Hu, B., Zhao, C. C., Yang, Y. T., et al. (2018b).
Sophocarpine attenuates wear particle-induced implant loosening by inhibiting
osteoclastogenesis and bone resorption via suppression of the NF-κB signalling
pathway in a rat model. Br. J. Pharmacol. 175 (6), 859–876. doi:10.1111/bph.14092

Zhou, J., Ren, Y., Tan, L., Song, X., Wang, M., Li, Y., et al. (2020). Norcantharidin:
Research advances in pharmaceutical activities and derivatives in recent years.
Biomed. Pharmacother. 131, 110755. doi:10.1016/j.biopha.2020.110755

Frontiers in Pharmacology frontiersin.org12

Yang et al. 10.3389/fphar.2022.1019478

https://doi.org/10.23736/S2724-6329.20.04306-X
https://doi.org/10.1172/JCI114485
https://doi.org/10.1155/2020/9825073
https://doi.org/10.1155/2020/9825073
https://doi.org/10.1359/jbmr.091006
https://doi.org/10.1002/jbmr.5650060806
https://doi.org/10.1172/JCI18859
https://doi.org/10.3390/ijms19103004
https://doi.org/10.3390/ijms19103004
https://doi.org/10.4049/jimmunol.0804314
https://doi.org/10.1182/blood-2004-09-3662
https://doi.org/10.1007/s11010-011-1091-z
https://doi.org/10.1038/nrrheum.2017.129
https://doi.org/10.1038/srep20500
https://doi.org/10.1097/01.smj.0000202090.30647.61
https://doi.org/10.1053/beem.2000.0068
https://doi.org/10.1016/j.cell.2010.01.040
https://doi.org/10.1111/j.1600-0765.2012.01497.x
https://doi.org/10.1038/cddis.2016.58
https://doi.org/10.1038/cddis.2016.58
https://doi.org/10.1002/jbmr.3927
https://doi.org/10.2174/0929867324666170414165253
https://doi.org/10.2174/0929867324666170414165253
https://doi.org/10.1016/j.metabol.2018.01.005
https://doi.org/10.1016/j.metabol.2018.01.005
https://doi.org/10.1016/j.intimp.2021.107370
https://doi.org/10.1016/j.intimp.2021.107370
https://doi.org/10.1002/jbmr.2269
https://doi.org/10.3892/ijo.2012.1511
https://doi.org/10.1186/1477-7819-12-207
https://doi.org/10.1186/1477-7819-12-207
https://doi.org/10.3389/fphar.2018.00210
https://doi.org/10.1111/bph.14092
https://doi.org/10.1016/j.biopha.2020.110755
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1019478

	Norcantharidin ameliorates estrogen deficient-mediated bone loss by attenuating the activation of extracellular signal-regu ...
	Introduction
	Methods and reagents
	Media and reagents
	Extraction of bone marrow-derived macrophages and osteoclast differentiation
	Fluorescence quantitative polymerase chain reaction
	Cytotoxicity assay
	F-actin ring assay of osteoclasts
	Western blotting
	Bone resorption assay
	Establishment of ovariectomized-induced osteoporosis model in mice
	Histological analyses
	Micro-CT scanning
	Reactive oxygen species assay
	Statistics

	Results
	Norcantharidin suppressed osteoclastogenesis at a nontoxic concentration
	Norcantharidin attenuated F-actin ring formation and osteoclastic bone resorption
	Norcantharidin inhibited osteoclast formation by downregulating ROS and NLRP3 inflammasomes formation
	Norcantharidin inhibited osteoclast formation by the extracellular signal-regulated kinase signaling
	Norcantharidin prevented OVX-induced osteoporosis in mice by reducing osteoclast formation

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


