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Osteoporosis, resulting from overactive osteoclasts and leading to elevated
fracture risk, has emerged as a global public health concern due to the aging
population. Therefore, inhibiting osteoclastogenesis and bone resorption
function represents a crucial approach for preventing and treating
osteoporosis. The purpose of this study was to examine the effects and
molecular mechanisms of Butylphthalide (NBP) on the differentiation and
function of osteoclasts induced by RANKL. Osteoclastogenesis was assessed
through TRAP staining and bone slice assay. An animal model that underwent
ovariectomy, simulating postmenopausal women’s physiological characteristics,
was established to investigate the impact of Butylphthalide on ovariectomy-
induced bone loss. To delve deeper into the specific mechanisms, we employed
Western blot, PCR, immunofluorescence, and immunohistochemical staining to
detect the expression of proteins that are associated with the osteoclast signaling
pathway. In this study, we found that Butylphthalide not only suppressed
osteoclastogenesis and bone resorption in vitro but also significantly
decreased TRAcP-positive osteoclasts and prevented bone loss in vivo.
Further mechanistic experiments revealed that Butylphthalide reduces
intracellular ROS in osteoclasts, inhibits the MAPK and NFATc1 signaling
pathways, and downregulates the key genes and proteins of osteoclasts. This
inhibits osteoclast formation and function. The reduction in ROS in osteoclasts is
intricately linked to the activity of Butylphthalide-modulated antioxidant
enzymes. Overall, NBP may offer a alternative treatment option with fewer
side effects for skeletal diseases such as osteoporosis.
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1 Introduction

Osteoporosis is characterized by a decrease in the density of the bone and a
deterioration in the microstructure of the bone, leading to skeletal fragility and
increasing the risk of fractures (Johnston and Dagar, 2020; Zhang et al., 2022a). This
could pose a significant health risk to elderly individuals, especially considering the high
prevalence of osteoporosis in this demographic. Osteoporosis results from a disruption in
the equilibrium between bone formation and resorption (Li H. et al., 2021). Osteoclasts
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affect bone resorption, and excessive resorption leads to
microstructural deterioration (Shih and Varghese, 2019).
Osteoclasts are derived from hematopoietic stem cells under the
action of M-CSF and RANKL (Li B. et al., 2022; Feng et al., 2022;
Kawai et al., 2023). M-CSF promotes precursor cell survival and
proliferation, while RANKL regulates osteoclast differentiation
(Feng et al., 2019; Mun et al., 2020; Ono et al., 2020). RANKL
binds to surface receptors and activates osteoclast-related signaling
cascades, inducing generation and differentiation (Zhou et al., 2019;
Montaseri et al., 2020; Elango et al., 2021). Therefore, inhibiting
RANKL downstream signaling might be an effective treatment
strategy for osteoporosis.

Intracellular reactive oxygen species (ROS) play a vital role in
regulating cellular operations. They serve as significant second
messengers that modulate signaling pathways, cell
differentiation, and apoptosis (Liu et al., 2019; Ma et al.,
2019). Additionally, ROS play a pivotal role in influencing
osteoclastogenesis. RANKL binds to specific receptors and
influences the activation of the TRAF6 and Nox1 signaling
pathways, thereby upregulating ROS levels alongside Rac1.
ROS affect osteoclasts through downstream PI3K, NFKB, and
MAPK pathways. Thus, decreasing the elevation of ROS levels
mediated by RANKL can effectively inhibit osteoclast formation.
When intracellular levels of ROS are increased, the Keap1-Nrf2
pathway reduces ROS via the increased expression of antioxidant
enzymes (Cheon et al., 2020; Weivoda and Bradley, 2023). This
suggests that antioxidant therapy can suppress osteoclastogenesis
and prevent bone loss (Jeong et al., 2019; Iantomasi et al., 2023).

Nevertheless, regenerating damaged bone tissue in osteoporosis
patients remains a therapeutic challenge. Conventional anti-
osteoporotic medications can improve conditions to some degree
but cannot effectively repair affected areas, with long-term use
incurring more side effects (Li J. et al., 2022; Chen et al., 2022;
Long et al., 2022;Wu et al., 2022). Therefore, searching for a safe and
efficacious osteoporosis drug is imperative. Butylphthalide (NBP, 3-
n-Butylphthalide) is a compound initially isolated from the seeds of
the celery (Apium graveolens Linn, from the Umbelliferae family)
(Abdoulaye and Guo, 2016; Chen X. Q. et al., 2019). Later,
researchers found NBP in the traditional Chinese medicine
Angelica sinensis, which also belongs to the Umbelliferae family,
however, the content was not as high as that of celery seeds (Wei
et al., 2016). Since its discovery, NBP has garnered significant
interest from the scientific community for its therapeutic role in
cerebrovascular diseases, including increasing cerebral blood flow
and protecting neuronal cells (Tan et al., 2022; Guo et al., 2023; Lyu
et al., 2023). It also reduces inflammation following brain injury (Jia
J. et al., 2023). NBP inhibits oxidative stress by activating the Nrf2/
HO-1 pathway and suppressing the MAPK pathway, thereby
reducing ischemia-induced brain damage (Li et al., 2023; Min
et al., 2023). Additionally, NBP exhibits neuroprotective
properties by reducing ROS in nerve cells after a stroke (Jia Y.
et al., 2023). As a result, the Chinese Food and Drug Administration
has authorized the use of NBP for stroke treatment. However, no
studies have yet established a relationship between NBP and
osteoclasts. Based on the reviewed literature, it is hypothesized
that NBP inhibits the differentiation and formation of osteoclasts
by inhibiting the ROS and MAPK pathways. This ultimately
prevents the excess of osteoclasts and osteoporosis.

2 Materials and methods

2.1 Reagents and media

Butylphthalide (NBP; HY-B0647; CAS No. 6066-49-5; 99.98%
purity) was purchased from Med Chem Express. The Certificates of
Analytical, Safety Data Sheet, HNMR and LCMS of Butylphthalide are
shown in Supplementary Figures. NBP was dissolved to 10 mM using
dimethyl sulfoxide and stored at −80°C. α-MEM medium for cell
culture was supplied by Thermo Fisher Scientific (Massachusetts,
United States), fetal bovine serum (FBS) was supplied by Avantor,
and R&D Systems provided RANKL and M-CSF. PBS and 5% bovine
serum albumin solution were provided by Solarbio. Cell Signaling
Technology provided antibodies targeting p-ERK, ERK, P38, p-P38,
p-JNK, and JNK. NFATc1, c-Fos, CTSK, p-P65, P65, and IκB-α
antibodies were provided by Abcam; HO-1, Nrf2, GSR, and CAT
were supplied by Beyotime Biotechnology. β-Actin was provided by
Sevicebio. Fluorescent secondary antibodies were supplied by Thermo
Fisher Scientific.

2.2 Cell extraction and osteoclastogenesis

Bone marrow stromal cells (BMMs) were obtained from the
lower limb bones of 6-week-old mice from the Experimental Animal
Center. Medium supplemented with 1% P-S, 10% FBS, and 30 ng/ml
M-CSF was used to cultivate BMMs for 4 days (5%CO2, 37°C). After
2 days, the medium was replaced once. In 96-well plates, adherent
cells were collected and inoculated 6 days later at 7 × 103 cells per
well. The culture medium with RANKL was exchanged every 2 days,
and NBP of variable concentrations was added to investigate the
drug effects on osteoclast differentiation. Fixed cells were treated
with a 4% paraformaldehyde solution for 30 min and subsequently
stained using TRAcP reagent. Images captured by the EVOS FL
Auto2 imaging system (Thermo Fisher Scientific, United States)
were analyzed using ImageJ v1.8.0.

2.3 Cytotoxicity assay

BMMs were seeded in 96-well plates and cultivated in medium
containing graded NBP concentrations (0, 5, 10, 15, 20, and 25 μM)
for 48 and 96 h. After adding 10 μL CCK-8 reagent to each well, the
plate was incubated for an hour. The absorbance at 450 nm was then
measured using a microplate reader.

2.4 Podosomal actin belt
immunofluorescence and intracellular
ROS detection

BMMS inoculated in 96-well plates were cultured for 48 h using
media containing different concentrations of NBP (0, 5, 10, and
20 μM). The Reactive Oxygen Kit was utilized to measure
intracellular ROS levels (Biosharp, China). An EVOS imaging
system was used to acquire the images, and the intracellular ROS
fluorescence intensity was quantified with ImageJ v1.8.0. For actin
ring staining, 4% paraformaldehyde solution was used to fix the cells
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for 30 min, followed by 0.1% Triton X-100 treatment for 5 min. BSA
blocking (3%) was added for 1 hour, followed by rhodamine-
conjugated phalloidin incubation for 2 h. Finally, the cells were
rinsed with 0.2% BSA and stained with DAPI for 5 min in darkness.
The samples were then observed using the EVOS FL Auto2 imaging
system, quantifying the osteoclast number and area.

2.5 Bone pit resorption assay

Bone slices were placed in 96-well plates and inoculated at 1 ×
104 cells/well in complete medium (30 ng/mL M-CSF, 50 ng/mL
RANKL) with variable NBP concentrations (0, 5, 10, and 20 μM) for
5 days. An electron microscope was used to visualize the samples
(Hitachi Ltd. Regulus 8100), and the absorbed area of the bovine
bone slices was calculated by ImageJ v1.8.0.

2.6 RNA extraction and analysis

After 6 days of NBP intervention, the cells underwent lysis through
the addition of TRIzol reagent. Total RNA was subsequently extracted.
Total RNAwas reverse transcribed to cDNA using the cDNA Synthesis
Kit (Thermo Fisher Scientific, United States). The amplification of
specific sequences was performed using the StepOne System (Thermo
Fisher Scientific, United States) following the manufacturer’s protocol.
The primers used are listed in Table 1.

2.7 Protein extraction and western blotting

Cells were lysed with the predetermined cell lysis solution (1%
PMSF, 1% phosphatase inhibitor and 1% protease inhibitor) at 4°C for
5 min, centrifuged using the Protein Extraction Kit-ColumnMethod at
15,000 × g for 30 s at 4°C, and blended with loading buffer, followed by
heating at 95°C for 10 min. Electrophoresis (120 V, 30 min) was then
conducted on a 10% precast polyacrylamide gel. The proteins from the
gel were subsequently transferred onto a PVDF membrane. (Merck,
Germany) (220 V, 120 min), which was then blocked with 5% skim
milk for 1.5 h. Samples, along with specific primary antibodies, were
incubated on a shaker at 4°C for 12 h and then incubated for 1 h with
fluorescence-labeled secondary antibodies. Final scans were performed

using an Odyssey (LI-COR Biosciences, United States) near-infrared
fluorescence imaging scanner, and the band gray values were measured
by ImageJ v1.8.0.

2.8 Fluorescence staining for
NFATc1 nuclear translocation

BMMs were inoculated in culture dishes with medium containing
M-CSF, RANKL, and variable NBP concentrations for 7 days. A 4%
paraformaldehyde solution was utilized to preserve the cells for 30 min,
and then 0.1% Triton X-100% and 3% BSA were added and incubated
for 5 min and 20 min, respectively. The samples were washed in 0.2%
BSA solution and then incubated overnight with NFATc1 antibodies.
On the following day, fluorescent secondary antibodies were introduced
for incubation and DAPI staining and visualized with the EVOS FL
Auto2 imaging system.

2.9 OVX-induced osteoporosis
animal model

Thirty 10-week-old female C57BL/6mice were selected and divided
into the sham surgery, vehicle, E2, low-dose drug (10 mg/kg), and high-
dose drug (20 mg/kg) groups, including 6 mice per group. Mice were
anesthetized with 2% tribromoethanol before bilateral dorsal incisions
were made for ovariectomy except for the sham group. The E2 group
was administered 50 ng/kg E2 intraperitoneally every other day starting
7 days postoperation. The drug groups receivedNBP treatment, and the
sham and vehicle groups received saline. After 6 weeks of treatment, all
mouse femurs were collected for analysis. Guangxi Medical University’s
Animal Ethics Committee reviewed and approved all animal
experimentation protocols (No. 202209116).

2.10 Micro-CT scanning and analysis

The excised mouse femurs were analyzed by a CT-100 scanner
with 65 kV voltage and 9 μm pixels. The 3D femur images were
reconstructed by Skyscan CT software (Bruker, Belgium), and the
growth plate subchondral area was delineated for bone
parameter analysis.

TABLE 1 The specific primers used in qRT-PCR.

Gene NCBI ID Primer Sequence (5-3′)

Forward Reverse

Nfatc1 18,018 GGTGCTGTCTGGCCATAACT GAAACGCTGGTACTGGCTTC

Fos 14,281 CCAGTCAAGAGCATCAGCAA AAGTAGTGCAGCCCGGAGTA

Ctsk 13,038 AGGCGGCTCTATATGACCACTG TCTTCAGGGCTTTCTCGTTC

Mmp9 17,395 CGTGTCTGGAGATTCGACTTGA TTGGAAACTCACACGCCAGA

Atp6v0d2 242,341 GTCCCATTCTTGAGTTTGAGG GGATAGAGTTTGCCGAAGGTT

Acp5 11,433 TGTGGCCATCTTTATGCT GTCATTTCTTTGGGGCTT

GAPDH 14,433 GGCACAGTCAAGGCTGAGAATG ATGGTGGTGAAGACGCCAGTA
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2.11 Pathohistological staining analysis

Femoral samples were embedded 2 days after decalcification and
then cut into 5 μm paraffin sections. Sections were then processed

using HE, TRAcP and immunohistochemical staining (HO-1, Nrf2)
and analyzed by ImageJ v1.8.0, measuring parameters such as
positive area/bone tissue, bone area/tissue area (BS/TS) and
osteoclast number/bone trabecular area (N.Oc/BS).

FIGURE 1
NBP repress RANKL-induced osteoclastogenesis in vitro. (A) An illustration of NBP’s molecular structure. (B,C) Cell activity was determined
by the CCK-8 assay following exposure to various concentrations of NBP on BMMS for 48 and 96 h. (D) Representative images of TRAcP
demonstrated that NBP suppressed the osteoclastogenesis within 7 days of RANKL (50 ng/mL) stimulation (scale bar = 1000 µm). (E) The number
of cells with positive TRAcP markers was quantitatively analyzed (nuclei ≥ 3). (F) Representative images of TRAcP revealed that NBP (20 µM)
inhibited the process of osteoclastogenesis during specific time periods (scale bar = 1000 µm). (G) TRAcP+ cells in each well at different time
points (nuclei ≥ 3). *p < 0.05, **p < 0.01, ***p < 0.001 relative to the 0 µM NBP. All data of the bar are presented as the mean ± SD (n = 3 per group).
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2.13 Statistical analysis

Each experiment was performed a minimum of three times.
Data are presented as the mean ± SD. GraphPad Prism 8.0 was
utilized for statistical analysis using ANOVA or Student’s t test. p <
0.05 was considered statistically significant.

3 Result

3.1 NBP inhibits RANKL-induced OC
differentiation in vitro

An illustration ofNBP’smolecular structure is found in Figure 1A.To
examine the impact of NBP on osteoclasts, we conducted CCK-8 assays
to assess the viability of BMMs following 48 and 96 h of treatment. NBP
did not impact BMM proliferation at concentrations up to 20 μM

(Figures 1B, C). Furthermore, BMMs were RANKL-stimulated and
TRAcP-stained after 1 week to evaluate osteoclast differentiation under
the effects of variousNBP concentrations.We observed a reduction in the
formation of multinucleated giant cells with variations in the dosage of
NBP (Figures 1D, E). To clarify the main timeframe in which NBP
inhibits osteoclastogenesis, 20 μM NBP was administered at different
stages of osteoclastogenesis. NBP exerted significant inhibition at all
stages, especially during the early and middle phases (Figures 1F, G).
Moreover, rhodamine-phalloidin staining revealed effective NBP
reduction in the osteoclast area and nuclear number (Figures 2A–C).

3.2 NBP effectively reduces bone
resorption function

BMMs were cultured on bone slices and exposed to various
concentrations of NBP to observe the influence of NBP on the

FIGURE 2
NBP attenuates podosome belt formation and osteoclasts resorption in vitro. (A) Representative images of NBP inhibition of podosome belt
formation (scale bar = 1000 µm). (B)Quantification of the average area of osteoclast in different groups of osteoclasts. (C)Quantification of the number
of nuclei in each group of osteoclasts. (D) Representative images of microscopic scans of bone slice (scale bar = 200 µm). (E) The resorbed area of bone
slices was quantitatively analyzed. *p < 0.05, **p < 0.01, ***p < 0.001 relative to the 0 µMNBP. All data of the bar are presented as themean ± SD (n =
3 per group).
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bone resorption function of osteoclasts. The resorption
crater areas were then observed by electron microscopy. As
the NBP concentration increased, the resorption pit areas on
the bone slices gradually decreased (Figures 2D, E). Thus,
NBP can effectively reduce osteoclast bone resorption ability
in vitro.

3.3 NBP to prevent OVX-induced bone loss

This experiment investigated whether NBP could mitigate or
reverse osteoporosis in vivo. The analysis of femoral microstructural
parameters displayed markedly higher values for cancellous bone
(Tb.N, BV/TV, Tb.Th) in the sham, E2, and treatment groups than

FIGURE 3
NBP prevents OVX-induced bone loss. (A) The representative images of Micro-CT of proximal femur per group. (B–E) The parameters related to the
bonemicrostructure (Tb.Th, Tb. Sp, Tb.N, BV/TV) were quantified usingMicro-CT software. (F) Representative Micro-CT representative images of cortical
femur were acquired in various groups. (G–I)Quantification of the parameters related to themicrostructure of the bone (BV/TV, B.Ar, B.Pm) in the cortical
bone of the proximal femur in different groups. *p < 0.05, **p < 0.01, ***p < 0.001 relative to the 0 mg/kg. All data of the bar are presented as the
mean ± SD (n = 6 per group).
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in the untreated OVX group (Figures 3A–E). However, cortical bone
parameters (BV/TV, B. Ar, B. Pm) showed no significant intergroup
differences (Figures 3F–I). Subsequently, TRAcP staining and H&E
staining were performed on specimens to discern the
pharmaceutical effects on trabecular and osteoclast quantities
within the murine femur. The results showed that NBP
significantly prevented bone loss in the OVX model (Figures 4A,
B). In addition, TRAcP staining demonstrated that NBP
significantly reduced the number of osteoclasts in the femur
(Figures 4C, D). The aforementioned results indicated that NBP
could reduce estrogen deficiency-induced bone loss.

3.4 NBP enhances antioxidant enzyme
activity and decreases intracellular
ROS levels

ROS levels were evaluated to investigate the signaling
pathways underlying the impact of NBP on osteoclastogenesis.
The results showed that NBP effectively reduced intracellular
ROS fluorescence intensity and ROS-positive cell numbers 48 h
post-RANKL stimulation (Figures 5A–C). As key oxidative stress
molecules, Nrf2, HO-1, CAT and GSR were also evaluated.
Western blotting revealed that NBP significantly elevated the
levels of antioxidant enzymes (Nrf2, CAT, GSR, and HO-1)

(Figures 5D–H). Immunohistochemistry of HO-1 and
Nrf2 was performed to further explore the antioxidant enzyme
effects of NBP on OVX mouse femurs, confirming significant
elevation of the antioxidant enzymes in vivo (Figures 5I–L). In
summary, NBP may reduce ROS and promote the expression of
antioxidant enzymes.

3.5 NBP downregulates the expression of
osteoclast-specific genes and proteins

Osteoclast-specific gene expression was examined after
5 days of RANKL stimulation. The PCR results demonstrated
a significantly decreased expression of osteoclast genes (Nfatc1,
Fos, Ctsk, Mmp9, Atp6v0d2, and Acp5) following NBP
intervention (Figures 6A–F). Western blotting results showed
that NBP significantly downregulated NFATc1 and CTSK on
Days 3 and 5 of RANKL stimulation and suppressed c-Fos on
Days 1, 3, and 5 (Figures 6G–J). NFATc1 regulates osteoclast
genes via nuclear translocation of unphosphorylated NFATc1,
and the immunofluorescence results confirmed that NBP
effectively inhibited NFATc1 nuclear translocation (Figures
6K, L). Collectively, these results indicate that NBP can
potently inhibit the NFATc1 pathway and downregulate
osteoclast-specific gene expression.

FIGURE 4
NBP preventsOVX-induced bone loss and reduce osteoclasts. (A) Representative HE staning images of femurs in different groups. (B)Quantification
the percentage of bone trabecular. (C) Representative TRAcP staining images of femur. (D)Quantification of osteoclast number/bone surface. *p < 0.05,
**p < 0.01, ***p < 0.001 relative to the 0 mg/kg. All data of the bar are presented as the mean ± SD (n = 3 per group).
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3.6 NBP interferes with the activation of the
MAPK pathway induced by RANKL

The key osteoclastogenic MAPK and NF-κB pathways were
evaluated. Western blotting revealed that NBP effectively inhibited

p38 activation and phosphorylation at 5 and 20 min of RANKL
stimulation and ERK phosphorylation at 10 min, while JNK
phosphorylation showed no significant change (Figures 7A–D).
Conversely, NF-κB pathway P65 phosphorylation and IκB-α
expression were unaltered (Figures 7E–G). The results suggest that

FIGURE 5
The NBP attenuates ROS in RANKL-stimulated osteoclasts, and elevates the antioxidant enzymes expression both in vitro and in vivo. (A)
Representative images of intracellular ROS after RANKL stimulation of osteoclasts. (scale bar = 400 µm) (B)Quantification of DCF fluorencence intensity.
(C)Quantification of the amount of ROS+ cells. (D) Representative images of Western blot demonstrate the impact of NBP on antioxidant enzymes. (E–H)
Quantification of the ratios of GSR, Nrf2, HO-1, CAT relative to β-actin. (I) Representative images of histologic staining for HO-1 in femoral sections.
(J)Quantification of the HO-1+ area on femoral sections. (K) Representative histological staining images for Nrf2 of femurs after treatment with NBP. (L)
Quantification of the Nrf2+ area on femoral sections. *p < 0.05, **p < 0.01, ***p < 0.001 relative to the 0 μMNBP. All data of the bar are presented as the
mean ± SD (n = 3 per group).
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FIGURE 6
NBP repress the activity and translocation of NFATc1 (A–F) Expression of mRNA for Nfatc1, Fos, Ctsk, Mmp9, Atp6v0d2, Acp5 in osteoblasts after
RANKL induction. (G) Representative images ofWestern blot demonstrate the impact of NBP on osteoclast-specific proteins (CTSK, c-Fos, NFATc1). BMM
were interfered with RANKL in the absence or presence of 20 μM NBP for 0, 1, 3, 5 days. (H–J) The expression of the above mentioned proteins was
analyzed quantitatively in relation to the β-actin. (K) Representative images of NFATc1 nuclear translocation in osteoclasts induced by RANKL (scale
bar = 200 μM). (L) Quantification of the translocation of NFATc1. *p < 0.05,**p < 0.01,***p < 0.001 relative to the 0 μM NBP. All data of the bar are
presented as the mean ± SD (n = 3 per group).
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NBP inhibits osteoclastogenesis partially through the MAPK pathway
rather than the NF-κB pathway.

3.7 NBP is not involved in forming and
mineralizing bone

Osteoclast and osteoblast activity conjointly regulate bone mass
homeostasis, and the effects of NBP on osteoblasts were evaluated.
MC3TC cells were cultured with NBP for 7 days and then stained with
ALP, revealing that osteoblast differentiation was unaffected by NBP

(Figures 8A, B). ARS staining was conducted 21 days following
cultivation to evaluate mineralization status, which also demonstrated
no significant intergroup differences in osteoblast mineralization
(Figures 8C, D). Therefore, NBP did not have a significant impact
on the differentiation or mineralization of osteoblasts.

4 Discussion

Osteoporosis is a metabolic bone disease distinguished by
reduced bone density and deterioration of bone structure. It

FIGURE 7
NBP inhibits MAPK signaling in osteoblasts following RANKL induction. (A) The expression of MAPK signaling pathway (p-ERK, ERK, p-P38, P38, JNK,
p-JNK) and β-actin following NBP intervention were evaluated by Western blot. (B–D) The expression of the above mentioned proteins was analyzed
quantitatively in relation to the β-actin. (E) The expression of NF-κB signaling pathway (IκB-α, P65, and p-P65) and β-actin following NBP intervention
were evaluated byWestern blot. (F,G) The expression of the NF-κB signaling pathway was analyzed quantitatively in relation to the β-actin. *p < 0.05,
**p < 0.01, ***p < 0.001 relative to the 0 μM NBP. All data of the bar are presented as the mean ± SD (n = 3 per group).
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affects the entire body and can result in fractures and increased
morbidity risk (Yao et al., 2021). Considering the global aging
population, this condition represents a growing health burden
(Ryoo et al., 2020; Xu et al., 2021). Furthermore, osteoclast
activity, leading to bone loss, is a significant contributor to the
pathogenesis of osteoporosis (Jacome-Galarza et al., 2019; Shih et al.,
2019; Palui et al., 2022). Hence, osteoclasts remain the main target in
osteoporosis treatment. In recent years, osteoporosis treatment has
mainly comprised antiresorptive drugs (bisphosphonates, strontium
salts) and bone anabolic compounds [parathyroid hormone peptides
PTH (1-84 or 1-34)] (Kroupova et al., 2023). However, prolonged
use of these agents may cause side effects leading to drug
discontinuation, which highlights the need for a safe, efficacious
alternative (Zhang et al., 2023). Recently, numerous herbal extracts
have been researched as potential anti-osteoporosis therapeutic
options owing to their potent effects and few side effects (Takagi
et al., 2022; Zheng et al., 2022; Xu et al., 2023). This study presents
novel findings showing that NBP suppresses osteoclast
differentiation and bone resorption in vitro through reducing
RANKL-induced ROS levels and blocking the MAPK signaling
pathway. Furthermore, it mitigated or prevented OVX-induced
bone loss in vivo.

To investigate the impact of NBP on osteoclasts in vitro, we
conducted experiments on osteoclastogenesis and bone resorption.

Following NBP intervention in vitro, we observed that NBP
effectively suppressed osteoclastogenesis and bone resorption. On
the basis of the results of the in vitro studies, we established an OVX
model to simulate the physiological features of postmenopausal
women. An animal model was utilized to evaluate the anti-
osteoporotic efficacy of NBP in vivo. The Micro-CT and HE
results demonstrated a significant improvement in parameters of
bone trabecular (Tb. Th, BV/TV, Tb. N) in the treatment
group. Additionally, the results of TRAcP staining indicated that
NBP reduced the number of TRAcP+ osteoclasts in vivo. The above
findings showed that NBP demonstrated a substantial protective
impact against bone loss induced by OVX. However, it is worth
further investigating whether NBP is efficient for other types of
osteoporosis.

RANKL receptor binding initiates signaling cascades, recruiting
TNF receptor-associated Factor 6 (TRAF6) to mediate transcription
factor kappa B (NF-κB), c-Jun, and P38/c-fos expression, thereby
activating the NFATc1 transcription factor (Kim et al., 2020; Russo
et al., 2020; Kitazawa et al., 2021). NFATc1 is an essential
osteoclastogenic NFAT family member that undergoes
N-terminal dephosphorylation by calcineurin, inducing nuclear
translocation (Chen X. et al., 2019; Tong et al., 2022). Its
C-terminus then binds to specific DNA sequences alongside
activator protein 1 (Mcdonald et al., 2021; Yao et al., 2021).

FIGURE 8
NBP is not involved in forming and mineralizing bone. (A) Representative ALP staining images of MC3T3-E1 cells after intervention with different
concentrations of NBP (scale bar = 1000 μM). (B) Quantification of ALP in osteoblasts after NBP intervention. (C) Representative ARS staining images of
MC3T3-E1 cells after intervention with different concentrations of NBP (scale bar = 1000 μM). (D) Quantification of ARS in osteoblasts after NBP
intervention. *p < 0.05, **p < 0.01, ***p < 0.001 relative to the 0 μM NBP. All data of the bar are presented as the mean ± SD (n = 3 per group).
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Once activated, NFATc1 translocates from the cytoplasm into the
nucleus to transcribe osteoclast genes (Xiang et al., 2019; Colombo
et al., 2022; Nannan et al., 2023). Thus, NFATc1 is pivotal for
osteoclastogenesis. We conducted experiments on the induction of
protein expression and nuclear translocation of the
NFATc1 pathway in osteoclasts stimulated by RANKL. The
results revealed that NBP significantly inhibited osteoclast genes
(Fos, Ctsk, Mmp9, Atp6v0d2, and Acp5) by suppressing
NFATc1 pathway proteins and nuclear translocation, thereby
downregulating osteoclastogenesis.

Upon RANKL recognition by its receptor RANK, TRAF6 binds to
the cytoplasmic domain, activating NF-κB inhibitor kinases (IKKs) to
phosphorylate IκB serine motifs and activate NF-κB (Li X. et al., 2021;
Jimi and Katagiri, 2022). Nuclear NF-κB enables P50/P65 dimerization
and upregulates c-fos and NFATc1, inducing osteoclast gene
transcription. MAPKs consist of the serine/threonine protein Jun
N-terminal kinase (JNK), p38 and kinases extracellular signal-
regulated kinase (ERK1/2) (Zhang et al., 2022b; Dong et al., 2022).
The MAPK pathway impacts gene expression, mitosis, differentiation,
and apoptosis (Devi and Shanmugarajan, 2023). Like NF-κB,

TRAF6 activation by RANK/RANKL binding stimulates ASK1 to
phosphorylate the MAPK cascade, regulating signaling and the three
key pathways (Wong et al., 2020). Nuclear translocation-activated ERK
is particularly important for osteoclastogenesis, while P38 and JNK
phosphorylation respond to RANKL by regulating AP-1 and
phosphorylating c-Jun and c-fos transcription (Zhang et al., 2018;
Wang et al., 2023; Yu et al., 2023). In this study, both P38 and ERK
phosphorylation were inhibited by NBP but did not affect JNK or NF-
κB activation. Therefore, our findings suggest that NBP impedes
osteoclastogenesis and function through the MAPK pathway instead
of the NF-κB pathway.

Reactive oxygen species (ROS), known as important
intracellular second messengers, play significant roles not only in
cellular processes such as cell differentiation and inflammation but
also as key transcription factors in osteoclast differentiation. RANKL
stimulation of osteoclast precursors activates TRAF6 and Nox1,
upregulating Keap1 to decrease the Nrf2/Keap1 ratio (Srivastava and
Sapra, 2022). Meanwhile, decreased Nrf2/Keap1 further
downregulates antioxidant enzyme expression and increases the
levels of ROS (Kanzaki et al., 2016). Growing evidence suggests

FIGURE 9
The mechanism by which NBP inhibits osteoclastogenesis is demonstrated. This study demonstrates that NBP inhibits MAPK pathway
phosphorylation, reduces ROS, increases antioxidant enzyme levels, and ultimately decreases osteoclast formation and bone resorption by down-
regulating the NFATc1 signaling pathway.
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that ROS induced by RANKL regulate the MAPK, PI3K, and NFKB
pathways in osteoclasts, thereby promoting osteoclastogenesis and
differentiation. Consequently, the effective removal of intracellular
ROS becomes crucial for determining the fate of osteoclasts. In the
normal state, the DGR region of keap1 and the Neh2 region of Nrf
combine to maintain stable anchoring of Nrf2 to the cytoskeleton.
When the levels of intracellular ROS increase, Nrf2 dissociates from
keap1 and translocates across the nuclear membrane to identify the
antioxidant response element (ARE), thereby enhancing the
expression of crucial antioxidant enzymes such as HO-1, GSR,
and CAT. These enzymes are pivotal in the process of ROS
scavenging and inflammation regulation. Among them, HO-1 is
a key antioxidant inhibiting RANKL-induced osteoclastogenesis,
while GSR is a potent scavenger of intracellular ROS (Leon-Reyes
et al., 2023). CAT is responsible for breaking down hydrogen
peroxide to reduce ROS (Galasso et al., 2021). Our study
demonstrated that NBP can decrease excess osteoclastogenic ROS
and increase the expression of HO-1, GSR, and CAT antioxidant
enzymes, as confirmed by immunohistochemical staining. These
results suggest that NBP may repress osteoclast differentiation by
scavenging ROS and promoting the expression of
antioxidant enzymes.

As mentioned above, NBP is closely related to both the MAPK
pathway and ROS in osteoclasts. It has been shown that reactive oxygen
species (ROS) is a key messenger that not only directly activates the
MAPK pathway in vivo, but also indirectly affects the MAPK pathway
through interactions with other signaling molecules such as RANKL
and NF-κB. Therefore, the inhibition of osteoclastogenesis by NBP is
directly related to the reduction of ROS levels and the inhibition of
MAPK pathway after RANKL stimulation.

As previously discussed, osteoblasts are also a key determinant
of the state of bone homeostasis. This result for osteoblasts revealed
that NBP did not significantly affect osteoblast differentiation or
mineralization.

In summary, this study indicates that NBP inhibits NFATc1 and
MAPK signaling pathways by reducing ROS in osteoclasts
(Figure 9). This inhibition is achieved by elevating the expression
and activity of antioxidant enzymes. Consequently, it suppresses the
expression of crucial genes and proteins in osteoclasts, leading to the
suppression of osteoclast formation and function. NBP also
prevented OVX-induced estrogen-deficient bone loss in vivo. In
conclusion, these findings could contribute to the potential
development of NBP-targeted therapeutic treatments for
osteoporosis and other skeletal diseases.

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 approved by the Guangxi Medical
University’s Animal Ethics Committee. The study was conducted
in accordance with the local legislation and institutional
requirements.

Author contributions

FY: Conceptualization, Investigation, Methodology,
Writing–original draft. TY: Formal Analysis, Writing–review and
editing. MY: Data curation, Validation, Writing–review and editing.
XD: Project administration, Writing–review and editing. ZJ:
Resources, Software, Writing–review and editing. ZG:
Supervision, Writing–review and editing. ZS: Funding acquisition,
Writing–review and editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. These
researches were supported by Specific Research Project of
Guangxi for Research Bases and Talents (No.
GuiKeAD23026324) and Guangxi Medical High-level Key Talents
Training “139” Program (No. (2020)15).

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.2024.1347241/
full#supplementary-material

References

Abdoulaye, I. A., and Guo, Y. J. (2016). A review of recent advances in neuroprotective
potential of 3-N-butylphthalide and its derivatives. Biomed. Res. Int. 2016, 5012341.
doi:10.1155/2016/5012341

Chen, J., Song, D., Xu, Y., Wu, L., Tang, L., Su, Y., et al. (2022). Anti-osteoclast effect of
exportin-1 inhibitor eltanexor on osteoporosis depends on nuclear accumulation of iκbα-
NF-κb p65 complex. Front. Pharmacol. 13, 896108. doi:10.3389/fphar.2022.896108

Frontiers in Pharmacology frontiersin.org13

Yanbin et al. 10.3389/fphar.2024.1347241

https://www.frontiersin.org/articles/10.3389/fphar.2024.1347241/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2024.1347241/full#supplementary-material
https://doi.org/10.1155/2016/5012341
https://doi.org/10.3389/fphar.2022.896108
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1347241


Chen, X., Wang, C., Qiu, H., Yuan, Y., Chen, K., Cao, Z., et al. (2019b). Asperpyrone A
attenuates RANKL-induced osteoclast formation through inhibiting NFATc1, Ca(2+)
signalling and oxidative stress. J. Cell. Mol. Med. 23 (12), 8269–8279. doi:10.1111/jcmm.
14700

Chen, X. Q., Qiu, K., Liu, H., He, Q., Bai, J. H., and Lu, W. (2019a). Application and
prospects of butylphthalide for the treatment of neurologic diseases. Chin. Med. J. Engl.
132 (12), 1467–1477. doi:10.1097/CM9.0000000000000289

Cheon, Y. H., Lee, C. H., Jeong, D. H., Kwak, S. C., Kim, S., Lee, M. S., et al. (2020).
Dual oxidase maturation factor 1 positively regulates RANKL-induced
osteoclastogenesis via activating reactive oxygen species and TRAF6-mediated
signaling. Int. J. Mol. Sci. 21 (17), 6416. doi:10.3390/ijms21176416

Colombo, M., Marongiu, L., Mingozzi, F., Marzi, R., Cigni, C., Facchini, F. A., et al.
(2022). Specific immunosuppressive role of nanodrugs targeting calcineurin in innate
myeloid cells. iScience 25 (10), 105042. doi:10.1016/j.isci.2022.105042

Devi, K., and Shanmugarajan, T. S. (2023). Therapeutic potential of plant metabolites
in bone apoptosis: a review. Curr. Drug Targets. 24 (11), 857–869. doi:10.2174/
1389450124666230801094525

Dong, M., Zeng, J., Yang, C., Qiu, Y., and Wang, X. (2022). Asiatic acid attenuates
osteoporotic bone loss in ovariectomized mice through inhibiting NF-kappaB/MAPK/
protein kinase B signaling pathway. Front. Pharmacol. 13, 829741. doi:10.3389/fphar.
2022.829741

Elango, J., Bao, B., and Wu, W. (2021). The hidden secrets of soluble RANKL in bone
biology. Cytokine 144, 155559. doi:10.1016/j.cyto.2021.155559

Feng, C., Xu, Z., Tang, X., Cao, H., Zhang, G., and Tan, J. (2022). Estrogen-related
receptor α: a significant regulator and promising target in bone homeostasis and bone
metastasis. Molecules 27 (13), 3976. doi:10.3390/molecules27133976

Feng, W., Guo, J., and Li, M. (2019). RANKL-independent modulation of
osteoclastogenesis. J. Oral Biosci. 61 (1), 16–21. doi:10.1016/j.job.2019.01.001

Galasso, M., Gambino, S., Romanelli, M. G., Donadelli, M., and Scupoli, M. T.
(2021). Browsing the oldest antioxidant enzyme: catalase and its multiple regulation
in cancer. Free. Radic. Biol. Med. 172, 264–272. doi:10.1016/j.freeradbiomed.2021.
06.010

Guo, Z. N., Yue, B. H., Fan, L., Liu, J., Zhu, Y., Zhao, Y., et al. (2023). Effectiveness of
butylphthalide on cerebral autoregulation in ischemic stroke patients with large artery
atherosclerosis (EBCAS study): a randomized, controlled, multicenter trial. J. Cereb.
Blood. Flow. Metab. 43 (10), 1702–1712. doi:10.1177/0271678X231168507

Iantomasi, T., Romagnoli, C., Palmini, G., Donati, S., Falsetti, I., Miglietta, F., et al.
(2023). Oxidative stress and inflammation in osteoporosis: molecular mechanisms
involved and the relationship with microRNAs. Int. J. Mol. Sci. 24 (4), 3772. doi:10.
3390/ijms24043772

Jacome-Galarza, C. E., Percin, G. I., Muller, J. T., Mass, E., Lazarov, T., Eitler, J., et al.
(2019). Developmental origin, functional maintenance and genetic rescue of osteoclasts.
Nature 568 (7753), 541–545. doi:10.1038/s41586-019-1105-7

Jeong, J. W., Choi, S. H., Han, M. H., Kim, G. Y., Park, C., Hong, S. H., et al. (2019).
Protective effects of fermented oyster extract against RANKL-induced
osteoclastogenesis through scavenging ROS generation in RAW 264.7 cells. Int.
J. Mol. Sci. 20 (6), 1439. doi:10.3390/ijms20061439

Jia, J., Deng, J., Jin, H., Yang, J., Nan, D., Yu, Z., et al. (2023a). Effect of Dl-3-n-
butylphthalide on mitochondrial Cox7c in models of cerebral ischemia/reperfusion
injury. Front. Pharmacol. 14, 1084564. doi:10.3389/fphar.2023.1084564

Jia, Y., Xiao, H., Wang, X., Liu, Y., Wang, J., Xie, H., et al. (2023b). Design, synthesis,
and evaluation of n-butylphthalide and ligustrazine hybrids as potent neuroprotective
agents for the treatment of ischemic stroke in vitro and in vivo. Bioorg. Chem. 142,
106961. doi:10.1016/j.bioorg.2023.106961

Jimi, E., and Katagiri, T. (2022). Critical roles of NF-κB signaling molecules in bone
metabolism revealed by genetic mutations in osteopetrosis. Int. J. Mol. Sci. 23 (14), 7995.
doi:10.3390/ijms23147995

Johnston, C. B., and Dagar, M. (2020). Osteoporosis in older adults.Med. Clin. North.
Am. 104 (5), 873–884. doi:10.1016/j.mcna.2020.06.004

Kanzaki, H., Shinohara, F., Kanako, I., Yamaguchi, Y., Fukaya, S., Miyamoto, Y., et al.
(2016). Molecular regulatory mechanisms of osteoclastogenesis through cytoprotective
enzymes. Redox Biol. 8, 186–191. doi:10.1016/j.redox.2016.01.006

Kawai, R., Sugisaki, R., Miyamoto, Y., Yano, F., Sasa, K., Minami, E., et al. (2023).
Cathepsin K degrades osteoprotegerin to promote osteoclastogenesis in vitro.Dev. Biol.-
Anim. 59 (1), 10–18. doi:10.1007/s11626-023-00747-5

Kim, S. I., Kim, Y. H., Kang, B. G., Kang, M. K., Lee, E. J., Kim, D. Y., et al. (2020).
Linarin and its aglycone acacetin abrogate actin ring formation and focal contact to
bone matrix of bone-resorbing osteoclasts through inhibition of αvβ3 integrin and core-
linked CD44. Phytomedicine 79, 153351. doi:10.1016/j.phymed.2020.153351

Kitazawa, R., Haraguchi, R., Kohara, Y., and Kitazawa, S. (2021). RANK-
NFATc1 signaling forms positive feedback loop on rank gene expression via
functional NFATc1 responsive element in rank gene promoter. Biochem. Biophys.
Res. Commun. 572, 86–91. doi:10.1016/j.bbrc.2021.07.100

Kroupova, K., Palicka, V., and Rosa, J. (2023). Monoclonal antibodies for treatment of
osteoporosis. Drugs Today 59 (3), 195–204. doi:10.1358/dot.2023.59.3.3453905

Leon-Reyes, G., Argoty-Pantoja, A. D., Becerra-Cervera, A., Lopez-Montoya, P.,
Rivera-Paredez, B., and Velazquez-Cruz, R. (2023). Oxidative-stress-related genes in
osteoporosis: a systematic review. Antioxidants 12 (4), 915. doi:10.3390/antiox12040915

Li, B., Wang, P., Jiao, J., Wei, H., Xu, W., and Zhou, P. (2022a). Roles of the RANKL-
RANK Axis in immunity-implications for pathogenesis and treatment of bone
metastasis. Front. Immunol. 13, 824117. doi:10.3389/fimmu.2022.824117

Li, H., Xiao, Z., Quarles, L. D., and Li, W. (2021a). Osteoporosis: mechanism,
molecular target and current status on drug development. Curr. Med. Chem. 28 (8),
1489–1507. doi:10.2174/0929867327666200330142432

Li, J., Liang, J., Wu, L., Xu, Y., Xiao, C., Yang, X., et al. (2022b). CYT387, a JAK-specific
inhibitor impedes osteoclast activity and oophorectomy-induced osteoporosis via
modulating RANKL and ROS signaling pathways. Front. Pharmacol. 13, 829862.
doi:10.3389/fphar.2022.829862

Li, S., Zhao, J., Xi, Y., Ren, J., Zhu, Y., Lu, Y., et al. (2023). Dl-3-n-butylphthalide exerts
neuroprotective effects by modulating hypoxia-inducible factor 1-alpha ubiquitination
to attenuate oxidative stress-induced apoptosis. Neural Regen. Res. 18 (11), 2424–2428.
doi:10.4103/1673-5374.371366

Li, X., Lin, X., Wu, Z., Su, Y., Liang, J., Chen, R., et al. (2021b). Pristimerin protects
against OVX-mediated bone loss by attenuating osteoclast formation and activity via
inhibition of RANKL-mediated activation of NF-κB and ERK signaling pathways. Drug
Des. Devel Ther. 15, 61–74. doi:10.2147/DDDT.S283694

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

Long, F., Chen, R., Su, Y., Liang, J., Xian, Y., Yang, F., et al. (2022). Epoxymicheliolide
inhibits osteoclastogenesis and resists OVX-induced osteoporosis by suppressing ERK1/
2 and NFATc1 signaling. Int. Immunopharmacol. 107, 108632. doi:10.1016/j.intimp.
2022.108632

Lyu, S. X., Qian, D. F., Feng, Y. F., Shen, C. W., Guo, L. B., Lyu, J. T., et al. (2023).
Safety of butylphthalide and edaravone in patients with ischemic stroke: a multicenter
real-world study. J. Geriatr. Cardiol. 20 (4), 293–308. doi:10.26599/1671-5411.2023.
04.002

Ma, Q., Liang, M., Tang, X., Luo, F., and Dou, C. (2019). Vitamin B5 inhibit RANKL
induced osteoclastogenesis and ovariectomy induced osteoporosis by scavenging ROS
generation. Am. J. Transl. Res. 11 (8), 5008–5018.

Mcdonald, M. M., Kim, A. S., Mulholland, B. S., and Rauner, M. (2021). New insights
into osteoclast biology. JBMR Plus 5 (9), e10539. doi:10.1002/jbm4.10539

Min, J., Chen, Q., Pan, M., Liu, T., Gu, Q., Zhang, D., et al. (2023). Butylphthalide
improves brain damage induced by renal ischemia-reperfusion injury rats through
Nrf2/HO-1 and NOD2/MAPK/NF-κB pathways. Ren. Fail. 45 (2), 2259234. doi:10.
1080/0886022X.2023.2259234

Montaseri, A., Giampietri, C., Rossi, M., Riccioli, A., Del, F. A., and Filippini, A.
(2020). The role of autophagy in osteoclast differentiation and bone resorption function.
Biomolecules 10 (10), 1398. doi:10.3390/biom10101398

Mun, S. H., Park, P., and Park-Min, K. H. (2020). The M-CSF receptor in osteoclasts
and beyond. Exp. Mol. Med. 52 (8), 1239–1254. doi:10.1038/s12276-020-0484-z

Nannan, X., Liyang, J., and Qiyan, L. I. (2023). Potential of natural medicines for
treatment of osteoporosis: a narrative review. J. Tradit. Chin. Med. 43 (1), 198–204.
doi:10.19852/j.cnki.jtcm.20221108.003

Ono, T., Hayashi, M., Sasaki, F., and Nakashima, T. (2020). RANKL biology: bone
metabolism, the immune system, and beyond. Inflamm. Regen. 40, 2. doi:10.1186/
s41232-019-0111-3

Palui, R., Durgia, H., Sahoo, J., Naik, D., and Kamalanathan, S. (2022). Timing of
osteoporosis therapies following fracture: the current status. Ther. Adv. Endocrinol.
Metab. 13, 20420188221112904. doi:10.1177/20420188221112904

Russo, R., Mallia, S., Zito, F., and Lampiasi, N. (2020). Long-lasting activity of ERK
kinase depends on NFATc1 induction and is involved in cell migration-fusion in
murine macrophages RAW264.7. Int. J. Mol. Sci. 21 (23), 8965. doi:10.3390/
ijms21238965

Ryoo, G. H., Moon, Y. J., Choi, S., Bae, E. J., Ryu, J. H., and Park, B. H. (2020).
Tussilagone promotes osteoclast apoptosis and prevents estrogen deficiency-induced
osteoporosis in mice. Biochem. Biophys. Res. Commun. 531 (4), 508–514. doi:10.1016/j.
bbrc.2020.07.083

Shih, Y. V., Liu, M., Kwon, S. K., Iida, M., Gong, Y., Sangaj, N., et al. (2019).
Dysregulation of ectonucleotidase-mediated extracellular adenosine during
postmenopausal bone loss. Sci. Adv. 5 (8), eaax1387. doi:10.1126/sciadv.aax1387

Shih, Y. V., and Varghese, S. (2019). Tissue engineered bone mimetics to study bone
disorders ex vivo: role of bioinspired materials. Biomaterials 198, 107–121. doi:10.1016/
j.biomaterials.2018.06.005

Srivastava, R. K., and Sapra, L. (2022). The rising era of "immunoporosis": role of
immune system in the pathophysiology of osteoporosis. J. Inflamm. Res. 15, 1667–1698.
doi:10.2147/JIR.S351918

Takagi, T., Inoue, H., Fujii, S., Takahashi, N., and Uehara, M. (2022). Erucin inhibits
osteoclast formation via suppressing cell-cell fusion molecule DC-STAMP without

Frontiers in Pharmacology frontiersin.org14

Yanbin et al. 10.3389/fphar.2024.1347241

https://doi.org/10.1111/jcmm.14700
https://doi.org/10.1111/jcmm.14700
https://doi.org/10.1097/CM9.0000000000000289
https://doi.org/10.3390/ijms21176416
https://doi.org/10.1016/j.isci.2022.105042
https://doi.org/10.2174/1389450124666230801094525
https://doi.org/10.2174/1389450124666230801094525
https://doi.org/10.3389/fphar.2022.829741
https://doi.org/10.3389/fphar.2022.829741
https://doi.org/10.1016/j.cyto.2021.155559
https://doi.org/10.3390/molecules27133976
https://doi.org/10.1016/j.job.2019.01.001
https://doi.org/10.1016/j.freeradbiomed.2021.06.010
https://doi.org/10.1016/j.freeradbiomed.2021.06.010
https://doi.org/10.1177/0271678X231168507
https://doi.org/10.3390/ijms24043772
https://doi.org/10.3390/ijms24043772
https://doi.org/10.1038/s41586-019-1105-7
https://doi.org/10.3390/ijms20061439
https://doi.org/10.3389/fphar.2023.1084564
https://doi.org/10.1016/j.bioorg.2023.106961
https://doi.org/10.3390/ijms23147995
https://doi.org/10.1016/j.mcna.2020.06.004
https://doi.org/10.1016/j.redox.2016.01.006
https://doi.org/10.1007/s11626-023-00747-5
https://doi.org/10.1016/j.phymed.2020.153351
https://doi.org/10.1016/j.bbrc.2021.07.100
https://doi.org/10.1358/dot.2023.59.3.3453905
https://doi.org/10.3390/antiox12040915
https://doi.org/10.3389/fimmu.2022.824117
https://doi.org/10.2174/0929867327666200330142432
https://doi.org/10.3389/fphar.2022.829862
https://doi.org/10.4103/1673-5374.371366
https://doi.org/10.2147/DDDT.S283694
https://doi.org/10.7150/thno.35414
https://doi.org/10.7150/thno.35414
https://doi.org/10.1016/j.intimp.2022.108632
https://doi.org/10.1016/j.intimp.2022.108632
https://doi.org/10.26599/1671-5411.2023.04.002
https://doi.org/10.26599/1671-5411.2023.04.002
https://doi.org/10.1002/jbm4.10539
https://doi.org/10.1080/0886022X.2023.2259234
https://doi.org/10.1080/0886022X.2023.2259234
https://doi.org/10.3390/biom10101398
https://doi.org/10.1038/s12276-020-0484-z
https://doi.org/10.19852/j.cnki.jtcm.20221108.003
https://doi.org/10.1186/s41232-019-0111-3
https://doi.org/10.1186/s41232-019-0111-3
https://doi.org/10.1177/20420188221112904
https://doi.org/10.3390/ijms21238965
https://doi.org/10.3390/ijms21238965
https://doi.org/10.1016/j.bbrc.2020.07.083
https://doi.org/10.1016/j.bbrc.2020.07.083
https://doi.org/10.1126/sciadv.aax1387
https://doi.org/10.1016/j.biomaterials.2018.06.005
https://doi.org/10.1016/j.biomaterials.2018.06.005
https://doi.org/10.2147/JIR.S351918
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1347241


influencing mineralization by osteoblasts. BMC Res. Notes. 15 (1), 105. doi:10.1186/
s13104-022-05988-3

Tan, S. W., Xie, T., Malik, T. H., and Gao, Y. (2022). Advances of neurovascular
protective potential of 3-N-butylphthalide and its derivatives in diabetic related
diseases. J. Diabetes. Complicat. 36 (11), 108335. doi:10.1016/j.jdiacomp.2022.108335

Tong, X., Yu, G., Fu, X., Song, R., Gu, J., and Liu, Z. (2022). A review of signaling
transduction mechanisms in osteoclastogenesis regulation by autophagy, inflammation,
and immunity. Int. J. Mol. Sci. 23 (17), 9846. doi:10.3390/ijms23179846

Wang, J., Xue, Y., Wang, Y., Liu, C., Hu, S., Zhao, H., et al. (2023). BMP-2 functional
polypeptides relieve osteolysis via bi-regulating bone formation and resorption coupled
with macrophage polarization. NPJ Regen. Med. 8 (1), 6. doi:10.1038/s41536-023-
00279-2

Wei, W. L., Zeng, R., Gu, C. M., Qu, Y., and Huang, L. F. (2016). Angelica sinensis in
China-A review of botanical profile, ethnopharmacology, phytochemistry and chemical
analysis. J. Ethnopharmacol. 190, 116–141. doi:10.1016/j.jep.2016.05.023

Weivoda, M. M., and Bradley, E. W. (2023). Macrophages and bone remodeling.
J. Bone. Min. Res. 38 (3), 359–369. doi:10.1002/jbmr.4773

Wong, S. K., Chin, K. Y., and Ima-Nirwana, S. (2020). Quercetin as an agent for
protecting the bone: a review of the current evidence. Int. J. Mol. Sci. 21 (17), 6448.
doi:10.3390/ijms21176448

Wu, L., Liang, J., Li, J., Xu, Y., Chen, J., Su, Y., et al. (2022). Onc201 reduces
osteoclastogenesis and prevents ovariectomy-induced bone loss via inhibiting RANKL-
induced NFATc1 activation and the integrin signaling pathway. Eur. J. Pharmacol. 923,
174908. doi:10.1016/j.ejphar.2022.174908

Xiang, B., Liu, Y., Zhao, W., Zhao, H., and Yu, H. (2019). Extracellular calcium
regulates the adhesion and migration of osteoclasts via integrin αv β 3/Rho A/
Cytoskeleton signaling. Cell Biol. Int. 43 (10), 1125–1136. doi:10.1002/cbin.11033

Xu, Q., Zhan, P., Li, X., Mo, F., Xu, H., Liu, Y., et al. (2021). Bisphosphonate-enoxacin
inhibit osteoclast formation and function by abrogating RANKL-induced JNK
signalling pathways during osteoporosis treatment. J. Cell. Mol. Med. 25 (21),
10126–10139. doi:10.1111/jcmm.16949

Xu, Y., Song, D., Lin, X., Peng, H., Su, Y., Liang, J., et al. (2023). Corylifol A protects
against ovariectomized-induced bone loss and attenuates RANKL-induced
osteoclastogenesis via ROS reduction, ERK inhibition, and NFATc1 activation. Free.
Radic. Biol. Med. 196, 121–132. doi:10.1016/j.freeradbiomed.2023.01.017

Yao, Z., Getting, S. J., and Locke, I. C. (2021). Regulation of TNF-induced osteoclast
differentiation. Cells 11 (1), 132. doi:10.3390/cells11010132

Yu, X., Yang, B., Chen, B., Wu, Q., Ren, Z., Wang, D., et al. (2023). Inhibitory effects of
Formononetin on CoCrMo particle-induced osteoclast activation and bone loss through
downregulating NF-κB and MAPK signaling. Cell. Signal. 106, 110651. doi:10.1016/j.
cellsig.2023.110651

Zhang, J. Y., Zhong, Y. H., Chen, L. M., Zhuo, X. L., Zhao, L. J., and Wang, Y. T.
(2023). Recent advance of small-molecule drugs for clinical treatment of osteoporosis: a
review. Eur. J. Med. Chem. 259, 115654. doi:10.1016/j.ejmech.2023.115654

Zhang, Q., Tang, X., Liu, Z., Song, X., Peng, D., Zhu, W., et al. (2018). Hesperetin
prevents bone resorption by inhibiting RANKL-induced osteoclastogenesis and jnk
mediated irf-3/c-jun activation. Front. Pharmacol. 9, 1028. doi:10.3389/fphar.2018.
01028

Zhang, W., Gao, R., Rong, X., Zhu, S., Cui, Y., Liu, H., et al. (2022a). Immunoporosis:
role of immune system in the pathophysiology of different types of osteoporosis. Front.
Endocrinol. 13, 965258. doi:10.3389/fendo.2022.965258

Zhang,W., Jiang, G., Zhou, X., Huang, L., Meng, J., He, B., et al. (2022b). α-Mangostin
inhibits LPS-induced bone resorption by restricting osteoclastogenesis via NF-κB and
MAPK signaling. Chin. Med. 17 (1), 34. doi:10.1186/s13020-022-00589-5

Zheng, Y., Zhao, L., Yi, J., and Cai, S. (2022). Effects and mechanisms of rhus
chinensis mill. Fruits on suppressing RANKL-induced osteoclastogenesis by network
Pharmacology and validation in RAW264.7 cells. Nutrients 14 (5), 1020. doi:10.3390/
nu14051020

Zhou, F., Mei, J., Yuan, K., Han, X., Qiao, H., and Tang, T. (2019). Isorhamnetin
attenuates osteoarthritis by inhibiting osteoclastogenesis and protecting chondrocytes
through modulating reactive oxygen species homeostasis. J. Cell. Mol. Med. 23 (6),
4395–4407. doi:10.1111/jcmm.14333

Frontiers in Pharmacology frontiersin.org15

Yanbin et al. 10.3389/fphar.2024.1347241

https://doi.org/10.1186/s13104-022-05988-3
https://doi.org/10.1186/s13104-022-05988-3
https://doi.org/10.1016/j.jdiacomp.2022.108335
https://doi.org/10.3390/ijms23179846
https://doi.org/10.1038/s41536-023-00279-2
https://doi.org/10.1038/s41536-023-00279-2
https://doi.org/10.1016/j.jep.2016.05.023
https://doi.org/10.1002/jbmr.4773
https://doi.org/10.3390/ijms21176448
https://doi.org/10.1016/j.ejphar.2022.174908
https://doi.org/10.1002/cbin.11033
https://doi.org/10.1111/jcmm.16949
https://doi.org/10.1016/j.freeradbiomed.2023.01.017
https://doi.org/10.3390/cells11010132
https://doi.org/10.1016/j.cellsig.2023.110651
https://doi.org/10.1016/j.cellsig.2023.110651
https://doi.org/10.1016/j.ejmech.2023.115654
https://doi.org/10.3389/fphar.2018.01028
https://doi.org/10.3389/fphar.2018.01028
https://doi.org/10.3389/fendo.2022.965258
https://doi.org/10.1186/s13020-022-00589-5
https://doi.org/10.3390/nu14051020
https://doi.org/10.3390/nu14051020
https://doi.org/10.1111/jcmm.14333
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1347241

	Unveiling the potential of Butylphthalide: inhibiting osteoclastogenesis and preventing bone loss
	1 Introduction
	2 Materials and methods
	2.1 Reagents and media
	2.2 Cell extraction and osteoclastogenesis
	2.3 Cytotoxicity assay
	2.4 Podosomal actin belt immunofluorescence and intracellular ROS detection
	2.5 Bone pit resorption assay
	2.6 RNA extraction and analysis
	2.7 Protein extraction and western blotting
	2.8 Fluorescence staining for NFATc1 nuclear translocation
	2.9 OVX-induced osteoporosis animal model
	2.10 Micro-CT scanning and analysis
	2.11 Pathohistological staining analysis
	2.13 Statistical analysis

	3 Result
	3.1 NBP inhibits RANKL-induced OC differentiation in vitro
	3.2 NBP effectively reduces bone resorption function
	3.3 NBP to prevent OVX-induced bone loss
	3.4 NBP enhances antioxidant enzyme activity and decreases intracellular ROS levels
	3.5 NBP downregulates the expression of osteoclast-specific genes and proteins
	3.6 NBP interferes with the activation of the MAPK pathway induced by RANKL
	3.7 NBP is not involved in forming and mineralizing bone

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


