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osteoporosis via inhibiting
NF-xB signaling
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Osteoporosis (OP), a prevalent public health concern primarily caused by
osteoclast-induced bone resorption, requires potential therapeutic
interventions. Natural compounds show potential as therapeutics for
postmenopausal OP. Emerging evidence from in vitro osteoclastogenesis assay
suggests that aconine (AC) serves as an osteoclast differentiation regulator
without causing cytotoxicity. However, the in vivo functions of AC in various
OP models need clarification. To address this, we administered intraperitoneal
injections of AC to ovariectomy (OVX)-induced OP mice for 8 weeks and found
that AC effectively reversed the OP phenotype of OVX mice, leading to a
reduction in vertebral bone loss and restoration of high bone turnover
markers. Specifically, AC significantly suppressed osteoclastogenesis in vivo
and in vitro by decreasing the expression of osteoclast-specific genes such as
NFATcl, c-Fos, Cathepsin K, and Mmp9. Importantly, AC can regulate osteoclast
ferroptosis by suppressing Gpx4 and upregulating Acsl4, which is achieved
through inhibition of the phosphorylation of I-xB and p65 in the NF-xB
signaling pathway. These findings suggest that AC is a potential therapeutic
option for managing OP by suppressing NF-«kB signaling-mediated osteoclast
ferroptosis and formation.
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Introduction

Osteoporosis (OP), a common metabolic skeleton disorder
characterized by low peak bone mass and increased susceptibility
to fracture, is a major public healthy burden for elderly population
and postmenopausal women (1). According to estimations, a 50-
year-old white woman has 50% lifetime risk of osteoporotic
fracture, while all postmenopausal women over the age of 65 have
a history of fractures (2, 3). For healthy bone density, the organ of
bone often undergoes continuous remodeling to control bone mass,
which involves two essential processes: osteoclast-mediated bone
resorption (breakdown) and osteoblast-mediated bone formation
(build-up) (4). When the activity of osteoclasts is increased,
osteoblastic bone formation does not keep pace with bone
resorption, excessive bone resorption results in bone loss (5, 6).
Therefore, compounds with anti-osteoclastogenic properties may
represent promising therapeutic agents for osteoprotection.

Osteoclasts, derived from hematopoietic precursor cells in the
bone marrow, whose differentiation and maturation are regulated
by a variety of systemic cytokines and signaling (7, 8). Mature
osteoclasts with multinuclear features can tightly attach to the bone
surface, leading to bone resorption (9). During osteoclast
differentiation, bone marrow-derived macrophages (BMMs) are
elevated after nuclear factor(NF)-kappa B ligand (RANKL)
stimulation, followed by NF-kB and MAPK signaling activation,
and subsequently stimulate osteoclastogenesis by promoting the
specific genes expression that typify the osteoclast lineage, including
c-Fos, Mmp9, Cathepsin K and T cell nuclear factor cytoplasmic 1
(NFATc1) (10, 11).

Growing evidence reveals that ferroptosis, a new form of cell
death, contributes to several degenerative disorders, including age-
related OP (12, 13). It features iron overload and accumulation of
lipid peroxides, and the specific biological characteristics
presents downregulation of glutathione peroxidase 4 (Gpx4)
expression and upregulation of acyl-CoA synthetase long-chain
family member 4 (Acsl4) (14). Emerging reports indicate that
ferroptosis plays critical role in the development of RANKL-
induced osteoclasts differentiation (15), and the higher level of
ferroptosis, the stronger osteoclast activities, indicating that the
potential benefit of regulating ferroptosis in osteoclast to prevent
bone loss.

Aconine (AC), a diester alkaloid isolated from a traditional
Chinese medicine Aconiti Lateralis Radix Preparata (Fuzi), has
been proven to be safe for human consumption (16), It mainly
functions to recess inflammation in arthritis and heart-protective
effects (17, 18). Furthermore, another study has demonstrated that
AC suppressed RANKL-induced osteoclast differentiation in
RAW264.7 cells by inhibiting NF-kB and NFATcl activation
(19). However, whether AC regulates in vivo osteoclast formation
and activity as well as OP progression has not yet been explored.

Therefore, in the present study, the efficacy of AC in preventing
bone loss in ovariectomy (OVX)-induced OP mice, as well as the
inhibitory effect on osteoclast activities in vivo and in vitro were
investigated. Moreover, we sought to decipher the potential working
mechanisms of AC on osteoclast ferroptosis through the NF-xB
signaling pathway. These findings will provide comprehensive
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insight into the potential therapeutic implications and underlying
mechanisms of AC for treating OP.

Materials and methods
Animals

Female C57/BL6 mice at the age of 8 weeks were purchased
from Shanghai JSJ Laboratory Animal Co., Ltd. (Shanghai, China)
and housed at the animal facility of Shanghai Municipal Hospital of
Traditional Chinese Medicine (TCM) under standard conditions. 8-
10-week-old male Opg knockout mice and C57/BL6 mice were
purchased from the Shanghai Research Center of Model Organisms.
All animal experiments were approved by the Animal Experiments
Ethical Committee of Shanghai Municipal Hospital of TCM
(No. 2022022).

Ovariectomy -induced OP mouse model
and treatments

Twenty-four mice were randomly divided into three groups (n
= 6 per group): sham group, OVX group, and OVX + AC group.
Bilateral ovariectomies were performed sodium pentobarbital
(40mg/kg) anesthesia to induce OP in the OVX and OVX+AC
groups. For the sham group, a portion of the adipose tissue
surrounding the ovaries was removed without resecting them. On
day 7 after the operation, mice in OVX + AC group were
intraperitoneally injected with AC (5 mg/kg) once daily for 8
weeks, while the sham and OVX group mice were received a
vehicle control injection.

Micro-CT analysis

The L5 lumbar vertebra were harvested from the sacrificed
mice. All data were acquired using a Skyscan 1172 uCT scanner
(Bruker, Kontich, Belgium) at a source voltage of 49 kV and a
source current of 179 uA with a voxel size of 10 pm. The region of
interest (ROI) pertaining to the L5 lumbar vertebra can be described
as a cylindrical volume. This volume is defined by a circular base
with a radius of 2 mm, located at the bottom of the L5 vertebral
body, and extending upwards for the height of the L5 vertebra. The
parameters of ROI were analyzed as follows: bone mineral density
(BMD), bone volume/tissue volume (BV/TV), trabecular thickness
(Tb.Th), trabecular number (Tb.N), and trabecular separation
(Tb.Sp), which were measured from 3D images of cancellous
bone reconstructed from the bitmap dataset.

Histology and staining
Samples were fixed in 10% neutral-buffered formalin,

decalcified in ethylenediaminetetraacetic acid (EDTA) solution
(pH 7.4), dehydrated, and embedded in paraffin. Serial midsagittal
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sections (4 um thick) were then cut and stained with hematoxylin
and eosin (H&E) staining for morphometric analysis.

The immunohistochemistry (IHC) staining was performed
according to the manufacturer’s instructions for SP Link
Detection Kits (ZSGB-BIO, PV-9001/PV9002) as we previously
described (20). Briefly, paraffin sections were rehydrated and
digested with proteinase K solution (10 mg/ml) for 20 minutes at
37°C. Then the sections were respectively incubated with primary
antibodies of Runx2 (Abcam, ab192256, 1:400), Osterix (Abcam, ab
209484, 1:400), Mmp9 (Abcam, ab38898, 1:1000), Cathepsin K
(Abcam, ab19027, 1:500), NFATc1 (Abcam, ab2796, 1:500), c-Fos
(Abcam, ab222699, 1:500), Gpx4 (Abcam, ab125066, 1:1000), Acsl4
(Abcam, ab155282, 1:1000), p-p65 (CST, #3033, 1:500) and p-I-xB
(CST, #2859, 1:500) overnight at 4°C. Followed by coloration with
3,3’-Diaminobenzidine (DAB) solution and hematoxylin
counterstaining, dehydration, clearance, and mounting. The
stained sections were captured with a light microscope
(Leica, DM6).

For the immunofluorescence (IF) staining, the expression of
p65 in the L5 lumbar vertebra was determined by IF staining as
previously described (20). Paraffin sections (4 um thick) of the
lumbar vertebra among groups were treated with a primary
antibody anti-rabbit p65 (CST, #8242, 1:1000) overnight at 4°C,
then incubated with fluorescent-labeled secondary antibodies for 1
hour, and counterstained with DAPI Finally, the sections were
scanned using a microscope (Leica, DM6).

Tartrate-resistant acid
phosphatase staining

In this study, the L5 vertebra among groups was performed
TRAP staining (Wako, #294-67001) according to the
manufacturer’s recommendations. In brief, paraffin sections (4
pum thick) were rehydrated and applied with a sufficient TRAP
staining solution for 30 minutes at room temperature (RT).
Distilled water to soak the sections and sufficient of nuclear
staining solution was applied for 4 ~ 5 seconds, then immediately
wash one section by moving them up and down in distilled water.
Dry the sections on a heater plate at 37°C and mounting them with
xylene. In the middle of the L5 vertebral adjacent to the
intervertebral disc, the number of osteoclasts to bone surface
ratios (20x field) was quantified.

Enzyme-linked immunosorbent assay

Serum markers of bone turnover were detected using the
appropriate ELISA kits in strict accordance with the
manufacturer’s instructions. The cleaved-off of type I collagen
(PINP) (Sangon Biotech, D721053) and bone-specific alkaline
phosphatase (BALP) (Sangon Biotech, D721049) were performed
for bone formation, while carboxy-terminal cross-linking
telopeptide of type I collagen (B-CTX) (Sangon Biotech,
D721187) was detected for bone resorption.
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Serum aspartate transaminase (AST), alanine transaminase
(ALT) and blood urea nitrogen (BUN), creatinine (Cr) were
detected by Laboratory Department of Longhua Hospital
Affiliated to Shanghai University of Traditional Chinese Medicine.

In vitro osteoclastogenesis assay

Bone marrow cells were isolated from 10-week-old WT or Opg
KO mice by flushing the marrow space of femora and tibiae. The
cells were then plated at a density of 8 x 10° cells/mL in 96-well
plates and treated with M-CSF (50 ng/mL) for 3-4 days to induce
macrophage enrichment. After 3-4 days, the cells were treated with
various concentrations of AC (0, 10, or 20 uM) followed by M-CSF
(200 ng/mL) and RANKL (200 ng/mL) stimulation until osteoclasts
differentiated in the control group. When fully mature
multinucleated osteoclasts were detected, TRAP activities were
performed using a TRAP assay kit (Solarbio, G1492). If TRAP-
positive multinucleated cells had three or more nuclei, they were
classified as osteoclast-like cells.

RNA sequencing

To further explore the molecular mechanisms underlying AC
treatment against osteoclast formation, we performed
bioinformatics analysis of mRNA transcriptomes. BMMs from
WT mice were seeded in a 12-well plate and cultured with
osteoclast-stimulating medium (200 ng/mL M-CSF and 200 ng/
mL RANKL) in the presence or absence of 20 UM AC subjected to
48 h incubations. Cells then were collected for RNA sequencing.
Total RNA was isolated using the Trizol Reagent (Invitrogen Life
Technologies), after which the concentration, quality and
integrity were determined using a NanoDrop spectrophotometer
(Thermo Scientific). Three micrograms of RNA were used as
input material for the RNA sample preparations. Sequencing
libraries were generated according to the following steps.
Firstly, mRNA was purified from total RNA using poly-T oligo-
attached magnetic beads. Fragmentation was carried out using
divalent cations under elevated temperature in an Illumina
proprietary fragmentation buffer. First strand ¢cDNA was
synthesized using random oligonucleotides and Super Script II.
Second strand ¢cDNA synthesis was subsequently performed
using DNA Polymerase I and RNase H. Remaining overhangs
were converted into blunt ends via exonuclease/polymerase
activities and the enzymes were removed. After adenylation
of the 3’ends of the DNA fragments, Illumina PE adapter
oligonucleotides were ligated to prepare for hybridization. To
select cDNA fragments of the preferred 400-500 bp in length, the
library fragments were purified using the AMPure XP system
(Beckman Coulter, Beverly, CA, USA). DNA fragments with
ligated adaptor molecules on both ends were selectively enriched
using Illumina PCR Primer Cocktail in a 15-cycle PCR reaction.
Products were purified (AMPure XP system) and quantified
using the Agilent high sensitivity DNA assay on a Bioanalyzer
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2100 system (Agilent). The sequencing library was then sequenced
on NovaSeq6000 platform (Illumina) Genekinder Medicaltech
(Shanghai) Co., Ltd, China.

RNA extraction and RT-PCR assay

BMMs from WT or Opg KO mice were seeded in a 24-well plate
and cultured with osteoclast-stimulating medium (200 ng/mL M-
CSF and 200 ng/mL RANKL) in the presence or absence of AC for 5
days to form osteoclasts. Cells were collected for examination into
the expression of osteoclast-specific genes using RT-PCR. Total
RNA was extracted using EZ-press RNA purification
(EZBioscience, B0004D) and was reverse transcribed by 1 ug
using the Reverse Transcription Kit (TaKaRa, RR037A). cDNA
was amplified by RT-PCR using an SYBR Green qPCR Kit
(TaKaRa, RR420A) with sequence-specific primers (Supplemental
Table 1). Each sample was repeated with 3 independent RT-PCR
amplifications. Fold changes of genes of interest were calculated
using control samples as 1.

Western blot

To determine the effect of AC on osteoclast function or
ferroptosis levels, BMMs were seeded in 6 cm plates and
cultured with osteoclast-stimulating medium in the presence or
absence of 20 pM AC subjected to 48 h incubations. Total cellular
proteins were collected to detect the osteoclast or ferroptosis-
specific makers.

Protein levels were determined using a BCA protein assay kit
(Beyotime) and Chemiluminescence reagent (Beyotime) was used
to visualize protein bands. All data were acquired using the
ChemiDOC Imaging System (BIO-RAD). The antibodies used for
Western blot were Cathepsin K (Abcam, ab19027, 1:1000), c-Fos
(CST, #2250, 1:1000), Gpx4 (Abcam, ab125066, 1:1000), Acsl4
(Abcam, ab155282, 1:1000), and GAPDH (Beyotime, A0208,
1:3000). GAPDH was used as an internal control.

To confirm the connection between NF-xB signaling and
osteoclast formation/ferroptosis. BMM cells were pretreated with
10 ng/mL recombinant NF-xB (Novoprotein, #CR72) for 2 h
followed by osteoclast-stimulating medium in the presence or
absence of 20 UM AC for 24 h. Total proteins were harvested to
assess the changes in key markers associated with osteoclast or
ferroptosis proteins.

Statistics analysis

Data were presented as mean * standard deviation (SD)
and were analyzed using the GraphPad Prism software (4.0).
One-way analysis of variance (ANOVA) followed by least
significant difference (LSD) or Tamhane’s T2 was used
for multiple comparisons. P values < 0.05 were considered
statistically significant.
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Results

AC prevents bone mass loss in OVX-
induced OP mice

To determine the therapeutic potential of AC on OP
progression in vivo, mice were subjected to OVX modeling and
subsequently treated with AC via intraperitoneal injection once a
day for 8 weeks. The L5 vertebrae of OVX mice were harvested and
subjected to evaluate bone microstructure by pCT. The results of
UCT showed that OVX mice exhibited obvious reductions in
trabecular bone mass compared with the sham group, while AC
treatment could effectively prevent bone loss in OVX mice
(Figure 1A). Similarly, OVX mice demonstrated significantly
decrease in BMD in the L5 vertebrae, versus the sham group
(0.184 + 0.009, vs. 0.115 + 0.013, respectively; P<0.001), whereas
AC therapy enhanced BMD (0.143 + 0.009) accompanied by
improved bone microstructural parameters, as indicated by
increases in BV/TV, Tb.Th and Tb.N, and a decrease in Tb.Sp of
the OVX mice (Figures 1C-G). Subsequently, histological
examination using H&E staining was conducted in order to
provide a more comprehensive understanding of the pathological
alterations occurring in the bone structure. As expected, the
trabecular bone of the OVX mice in L5 vertebrae exhibited a
decrease in thickness, quantity, and areas. However, the
administration of AC markedly ameliorated these alterations
(Figures 1B, H). These data suggest that AC treatment has the
potential to effectively prevent extensive bone loss in OP modeling.

AC maintains bone homeostasis by
blocking the high bone turnover
and remodeling the OVX-induced
osteoporotic microenvironment

The maintenance of healthy bone mass is a multifaceted process
that is governed by the removal of mineralized bone by osteoclasts and
the subsequent replacement of new bone by osteoblasts (21, 22).
Measurement of serum B-CTX levels present the degree of bone
resorption, while serum PINP and BALP levels provide evidence of
bone formation (23-25). Postmenopausal women with OP frequently
have accelerated bone turnover activity, characterised by elevated
serum levels of osteogenic and osteoclastic metabolic markers (26).
Our study revealed that mice with OP produced by OVX displayed
elevated levels of bone formation markers, including PINP and BALP,
as well as the bone resorption marker B-CTX. However, these effects
were greatly attenuated following injection of AC therapy
(Figures 2A-C). Then, we conducted an THC experiment to assess
the expression of osteogenic-related proteins, Runx2 and Osterix.
Notably, the results of ITHC staining showed that the number of
Runx2-expressing cells and Osterix-expressing cells located on the
trabecular bone surface arranged in a shuttle shape was drastically
increased in the OVX group relative to that in the sham group, the
treatment of AC could reduce the excessive expression of Runx2 and
Osterix (Figures 2D, E, G, H). In order to evaluate the effects of AC on
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AC protects against bone loss in OVX-induced OP mice. (A) Representative uCT images of 3D of L5 lumbar vertebrae. Scale bar: 1 mm. (B) Representative
images of H&E staining of L5 lumbar vertebrae in each group. Scale bar: 100 um. Quantitative analyses of parameters regarding the bone architecture of
L5 lumbar vertebrae, including (C) bone mass density (BMD), (D) bone volume/tissue volume (BV/TV), (E) trabecular thickness (Tb. Th), (F) trabecular
number (Th. N), and (G) trabecular separation (Tb. Sp). (H) The ratio of the area of trabecular bone. Data presented as means + s.d. *P < 0.05, **P < 0.01,

***P < 0.001. n = 6.

osteoblast differentiation, we employed osteoblastic MC3T3-E1 cell line
induced osteogenic induction media for 21 days to analyze ALP
activities and mineralization ability by ALP staining and Alizarin
Red-s (AR-S) staining. However, AC treatment showed no obvious
inhibition of ALP activities and mineralization ability, compared to the
DMSO group without AC treatment (Supplemental Figure 1). Next,
TRAP staining was employed to evaluate the osteoclastogenesis. The
results revealed that OVX modeling caused a notable increase in
positive osteoclast staining within the trabecular bone of L5
vertebrae. Furthermore, the number of osteoclasts within the
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trabecular bone area were significantly increased by ~30% compared
to the sham group, whereas AC has the ability to impede the
osteoclastogenesis with reduction by ~50% of osteoclasts number in
the trabecular bone area in OVX mice (Figures 2F, I). Thus, AC
administration reduces the formation of osteoclasts and inhibits
osteoblast related key regulators, as well as reinstates a state of
elevated bone turnover in mice subjected to OVX operation.
Importantly, the inhibitory effect of AC on osteoclastogenesis may be
more pronounced than its anti-osteogenesis effect, hence providing a
protective mechanism against bone loss.
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means + s.d. *P < 0.05, **P < 0.01, ***P < 0.001

AC represses osteoclast-specific
gene expressions

Postmenopausal OP is caused by osteoclast-mediated bone
resorbed surpassing osteoblast-mediated bone formed, leading to
an imbalance in bone remodeling (27). Thus, we further assessed
the changes in osteoclast function by determining the expression

Frontiers in Endocrinology

levels of osteoclast differentiation markers, including c-Fos,
NFATcl, Cathepsin K, and Mmp9, using THC staining. We found
that OVX modeling upregulates the expression of c-Fos, NFATcI,
Cathepsin K, and Mmp9 in the L5 vertebrae, and these increases
were partially suppressed by treating OVX mice with AC
(Figures 3A-H). There is evidence that osteoprotegerin (OPG)
acts as a negative regulator of osteoclast formation by competing
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NFATc1, Cathepsin K, and Mmp?9 in the lumbar vertebrae among groups. Scale bar: 50 um. n = 4. () BMMs were isolated from WT or Opg KO mice and
were treated with different concentrations of AC (0, 10, or 20 uM) followed by osteoclast-inducing media with the M-CSF (200 ng/mL) and RANKL (200
ng/mL) stimulation until the osteoclasts differentiated in the control group. The osteoclast formation among groups was detected by TRAP staining. n =
3. (J—-M) Expression levels of the osteoclastic-specific gene of c-Fos, Nfatcl, Cathepsin K, and Mmp9, respectively. Data presented as means + s.d. *P <
0.05, **P < 0.01, ***P < 0.001. n = 3. (N) BMMs were isolated from WT mouse tibiae and femora and were cultured with osteoclast-stimulating medium

(200 ng/mL M-CSF and 200 ng/mL RANKL) to stimulate osteoclast formation

in the presence or absence of 20 uM AC subjected to 48 h incubations.

The protein expression levels of c-Fos and Cathepsin K were determined by Western blot. GAPDH was used as an internal control. (O) The levels of c-
Fos protein were normalized to that of GAPDH. (P) The levels of Cathepsin K protein were normalized to that of GAPDH.

for the binding between the receptor activator of NF-kB (RANK)
and its ligand (RANKL) (28, 29). Our and others’ research found
that knockout of Opg resulted in severe OP phenotype with higher
RANKL and osteoclast generation (30, 31). Thus, we cultured the
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bone marrow cells from Opg KO mice treated with different AC (0,
10 or 20 uM) to observe the effect of AC on osteoclast formation.
Expectedly, AC treatment markedly inhibited osteoclastogenesis in
a dose-dependent manner (Figure 3I), and AC at a high dose (20
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uM) effectively downregulate their overexpression of ¢-Fos, Nfatcl,
Cathepsin K and Mmp9 in osteoclasts (Figures 3]-M). To further
investigate the effect of AC on osteoclast formation, BMMs were
isolated from WT mouse tibiae and femora and were cultured with
osteoclast-stimulating medium in the presence or absence of 20 UM
AC subjected to 48 h incubations. As expected, AC demonstrated a
significant inhibitory effect on the key regulators of osteoclast
formation such as c-Fos and Cathepsin K (Figures 3N-P).
Moreover, to exclude the possibility that the observed inhibitory
effect of AC on osteoclastogenesis might be due to cytotoxicity, the
viability of mouse leukemic monocyte/macrophage cell line
RAW264.7 cells were treated with or without AC concentrations
of 10 and 20 uM for 24 h. The CCK assay results revealed no
significant variations in cell activity between AC 0, 10 and 20 uM
(Supplemental Figure 2), demonstrating that AC had no obvious
cytotoxic effect on osteoclast precursor cells at the concentrations
used in this study. These findings reveal that AC treatment inhibits
the key regulators of osteoclastogenesis, hence preventing excessive
bone absorption.

AC inhibits ferroptosis of osteoclasts in
OVX mice

Emerging evidence has demonstrated that ferroptosis was
involved in RANKL-mediated osteoclastogenesis in vitro and in
vivo (15). Therefore, we evaluated the effect of AC on osteoclast
ferroptosis by detecting the key anti-ferroptosis protein, Gpx4, and
a critical pro-ferroptosis marker, Acsl4. As determined in vitro, AC
exhibited a promotive effect on the expression of critical anti-
ferroptosis factors Gpx4, while concurrently suppressing the
expression of the pro-ferroptosis protein Acsl4 in osteoclast
(Figures 4A-C). Consistent with the effect of AC against
ferroptosis-related key factors observed in BMMs, IHC staining
showed that AC reversed the decreased expression of Gpx4 and
enhanced expression of Acsl4 of osteoclasts in OVX mice
(Figures 4D-G). These data imply that AC may have an effect on
regulation for key genes of ferroptosis in osteoclast.

AC suppresses the activation of the NF-«xB
signaling pathway in osteoclasts

It has been reported that osteoclast formation and function are
dependent on the NF-«B signaling pathways (32). To further
explore the molecular mechanisms underlying AC treatment
against osteoclast formation, we performed bioinformatics
analysis of mRNA transcriptomes. As shown in Figure 5A, the
heatmap illustrated the top 50 differentially expressed genes within
up-and-down gene expressions in the AC group as compared to the
DMSO group. KEGG analysis found that NF-xB signaling pathway
were enriched in terms of differentially expressed genes within AC
and DMSO groups (Figure 5B). To confirm the effect of NF-kB
signaling on osteoclast formation or ferroptosis subsequent to AC
therapy, BMM cells were pretreated with 10 ng/mL recombinant
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NEF-xB for 2 h followed by osteoclast-stimulating medium in the
presence of 20 uM AC for another 24 h. We found that
recombinant NF-kB protein treatment not only reversed the effect
of AC on the expression of Gpx4 and Acsl4, but also increased the c-
Fos expression, which had been inhibited by AC treatment
(Figures 5C-G). Next, to gain a more comprehensive
understanding of AC on regulation of NF-kB signaling
transduction, the expression of p65 nuclei translocation in the L5
lumbar vertebra of each group was detected by IF staining. It can be
seen that the nuclei levels of p65 were markedly elevated in OVX
mice, however, the upregulation of p65 levels could be well
inhibited by AC (Figures 5H, I). We then further investigated the
expression of p-p65 and p-I-kB in L5 vertebrae using IHC staining.
The results showed that the expression of p-p65 and p-I-kB in the
osteoclast of OVX mice were both increased as compared to the
sham group, whereas AC-treated OVX mice exhibited a decrease in
the levels of p-p65 and p-I-xB (Figures 5]-M). Collectively, these
results suggest that the inhibitory effects of AC on osteoclast
formation and osteoclast-mediated ferroptosis are dependent on
the activity of NF-kB signaling.

AC treatment present a good biosafety for
OVX-induced OP modeling

At the endpoint, the in vivo toxicity of AC was investigated by
measuring the levels of hepatotoxicity markers (AST, ALT) and
nephrotoxicity markers (BUN, Cr) in each group. Relative to the
sham group, there was no discernible changes in the serum of AST,
ALT levels and BUN, Cr levels after treatment with AC versus the
OVX without AC treatment group (Figures 6A-D). Therefore, AC
treatment presents a good biosafety for OP therapy.

Discussion

During the development of OP, the activation of osteoclasts has
the capacity to induce excessive bone resorption, leading to the
deterioration of bone density and alterations in the
microarchitecture of bone (33). Therefore, targeting the inhibition
of osteoclasts activity is a promising therapeutic approach for
addressing OP. AC, a non-toxic component of Aconiti Lateralis
Radix Preparata, has been found to inhibit the RANKL-induced
osteoclast formation and function in pre-osteoclastic RAW264.7
cells (19). However, there is limited knowledge regarding the impact
of AC on bone loss and OP progression in vivo. In this study, we
have successfully shown, for the first time, AC could reduce bone
loss and inhibit the elevation of bone turnover markers in mice
subjected to ovariectomy. Additionally, AC treatment was found to
effectively lower both the numbers and activity of osteoclasts.
Specifically, AC could prevent ferroptosis in osteoclasts by
increasing Gpx4 and decreasing Ascl4, which is mediated by the
inhibition of NF-xB activity (Figure 7). These findings elucidate a
new potential perspective to the understanding of the mechanisms
by which AC contributes to preventing bone loss in OP modeling.
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FIGURE 4

AC reverses the osteoclast ferroptosis in OVX mice. (A) BMMs, isolated from WT, were cultured with osteoclast-stimulating medium (200 ng/mL
M-CSF and 200 ng/mL RANKL) to induce osteoclast formation in the presence or absence of 20 uM AC subjected to 48 h incubations. The protein
expression levels of Gpx4 and Acsl4 were determined by Western blot. GAPDH was used as an internal control. (B) The levels of Gpx4 protein were
normalized to that of GAPDH. (C) The levels of Acsl4 protein were normalized to that of GAPDH. (D) IHC staining of Gpx4 in the lumbar vertebrae of
each group. Scale bar: 50 um. (E) IHC staining of Acsl4 in the lumbar vertebrae among groups. Scale bar: 50 um. (F) Quantitative analysis of Gpx4-
positive cells in each group. (G) Quantitative analysis of Acsl4-positive cells in each group. The red arrows represented the positive cells. Data

presented as means +s.d. *P < 0.05, ***P < 0.001. n = 4

During the menopausal phase, there is a notable rise in bone
turnover and an expedited decline in bone density, resulting in an
average loss of 11% in spinal bone density over the course of 10
years following menopause (34). Accumulating evidence has proven
that high level of bone turnover correlates with increased
biochemical indicators of both bone formation and bone
resorption (35, 36). BALP, a well-established and dynamic marker
of osteoblasts, plays a crucial role in bone formation and serves as a
reliable measure of osteocyte formation and activity levels (37). The
concentrations of serum PINP serve as an indicator of the
cumulative quantity of new bone production in the skeletal
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system (38). B-CTX is a metabolic marker for representing
osteoblast activity (34). Our result showed that the L5 vertebrae
of OVX mice experienced a significant reduction in spinal bone
mass, amounting to a loss of nearly 40%. Additionally, we observed
elevated levels of BALP and PINP as well as an increased
concentration of B-CTX in serum. suggesting a state of
heightened bone turnover in OVX mice. In line with the findings
of bone metabolic markers, OVX mice was shown that the
expression levels of Runx2 and Osterix, which are key
transcription factors involved in the differentiation of osteoblasts,
were found to be elevated and meanwhile an increase in osteoclasts
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AC suppresses the NF-xB signaling pathway in osteoclasts. (A) The top 50 differentially expressed genes within up-and-down gene expressions were
presented by heatmap analysis. (B) The KEGG analysis of differentially expressed genes between the AC and DMSO groups. (C) BMM cells were
pretreated with 10 ng/mL recombinant NF-«B for 2 h followed by osteoclast-stimulating medium in the presence of 20 uM AC for another 24 h
Effect of recombinant NF-xB on expression of c-Fos, Cathepsin K, Acsl4 and Gpx4 proteins in AC-treated cells. GAPDH was used as an internal
control. (D—G) Quantification of the expression levels of c-Fos, Cathepsin K, Acsl4 and Gpx4 proteins in (C). (H) p65 nuclei translocation was
presented by IF staining. Scale bar: 100 um. (I) The relative percentage of p65 nuclei-positively stained cells to the total number of cells. (J) The
expression of p-p65 in the lumbar vertebrae of each group. Scale bar: 50 um. (K) Quantification of p-p65* cells in each group. (L) The expression of
p-1-xB in the lumbar vertebrae of each group. Scale bar: 50 um. (M) Quantitative analysis of p-1-kB* cells in each group. The red arrows represented
the positive cells. Data presented as means + s.d. *P < 0.05, **P < 0.01, ***P < 0.001. n = 3 - 4.

number was detected through TRAP staining. However, AC
effectively restored bone loss, reduced rapid bone turnover and

reversed the upregulated state of both bone formation and bone

resorption. These observations collectively suggest that AC could
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regulate bone homeostasis by remodeling the OVX-induced
osteoporotic microenvironment.

It is hypothesised that the inhibitory effect of AC on osteoclast

function may outweigh its impact on bone production, resulting in
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protection against bone loss. Prior studies have revealed that OVX
mice exhibit an abnormally high expression of osteoclasts-specific
markers, such as NFATcI, c-Fos, Mmp9, and Cathepsin K (39, 40),
Furthermore, the increased expression of genes linked with
osteoclasts relies on the activation of NF-xB signaling (41-43). c-
Fos is a critical factor for NFATcI activation, and NFATcl
functions as the most transcription factor responsible for
regulating the expression of osteoclast-specific genes, including
Mmp9 and Cathepsin K (44). As expected, AC not only
decreased NF-kB activity but attenuated the overexpression of
NFATcl, c-Fos, Mmp9, and Cathepsin K in OVX mice.
Additionally, the in vitro experiments showed a substantial anti-
osteoclast effect in AC. These findings suggest that AC may
effectively inhibit osteoclast activity by inactivating NF-
KB signaling.

The NF-«B signaling pathway is involved in regulating several
pathogenic processes (45, 46). Growing investigations have found
that NF-xB signaling can modulate Gpx4-mediated ferroptosis in
tumor cells (47, 48). Ferroptosis, a novel type of cell death mainly
characterized by decreased activities of Gpx4 and cellular lipids
composition by positive regulation of Acsl4 (49, 50), suggesting
promoting Gpx4 or inhibition of Acsl4 may prevent ferroptosis
(51). A current study used a RANKL-stimulated osteoclastogenesis
assay to reveal that ferroptosis was involved in osteoclasts over the
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course of RANKL-induced differentiation (15). However, whether
NEF-xB signaling is associated with ferroptosis in osteoclast is largely
elusive. Our results indicate that during the process of M-CSF/
RANKL-induced osteoclastogenesis, the administration of AC
treatment not only eftectively suppressed the upregulation of c-
Fos and Cathepsin K, which are crucial regulators of osteoclast
formation, but also restored the abnormal expression of Gpx4 and
Acsl4, two vital proteins involved in ferroptosis. These observed
effects on inhibiting osteoclastogenesis and ferroptosis were found
to be dependent on the activity of NF-«B signaling. These results
suggest that NF-kB signaling pathway may play a critical role in
regulating ferroptosis in osteoclasts and inhibition of NF-kB activity
to modify osteoclast-mediated ferroptosis could be a valuable
approach in the treatment of OP.

Besides, our study has certain limitations. In vivo experiments,
we exclusively employed a singular dose concentration of AC, hence
resulting in a dearth of comparative analysis including different
concentrations of AC. Moreover, this study primarily identified the
principal regulators of Gpx4 and Acsl4 in relation to ferroptosis,
other the molecular alterations associated with AC targeting in the
context of ferroptosis are needed for further investigation. Hence, in
further study, we will set concentration gradients to treating OP
models and perform in vitro osteoclastogenesis assay to further
explore the ferroptosis phenotype in osteoclasts, this will enable us
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Effect of AC on chronic toxicity in OVX mice. Evaluation of the hepatotoxicity and nephrotoxicity of AC treatment by measuring the serum levels of
(A) AST, (B) ALT, (C) BUN and (D) Cr. Data presented as means +s.d., n =4 - 6.
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Schematic representation of the mechanism of AC treatment in OP.

to enhance the logical understanding of anti-osteoclast and anti-
ferroptosis in osteoclasts mediated by AC in the treatment of OP.

Conclusion

In conclusion, our study demonstrated that AC, a natural
product, could block the high concentration of bone turnover
markers and remodel the OVX-induced osteoporotic
microenvironment by inhibiting osteoclast formation and bone
resorption function, thereby ameliorating OVX-induced OP
phenotype in mice. Moreover, AC inhibited osteoclast ferroptosis
by regulating the Gpx4 and Acsl4 expression via suppressing NF-xB
signaling. These findings suggest that AC has the anti-resorptive
and anti-ferroptosis properties, making it an excellent potential
treatment option for postmenopausal OP.

Data availability statement
The original contributions presented in the study are included

in the article/supplementary materials, further inquiries can be
directed to the corresponding author/s.

Ethics statement

The animal study was approved by Animal Experiments Ethical
Committee of Shanghai Municipal Hospital of TCM. The study was

Frontiers in Endocrinology

L

10.3389/fendo.2023.1234563

P -
1-«B l N
(\_ N

’ i/ ‘
|- e

1-xB P
050 pes | Aconine .
g N
p50 p65
Bl f
pias _ A Gpx4
e =P
. -
2% e
@ =
NF-xB P
p50 p65

——————————
| Mmp-9~ Cathepsin K |
! ¢-Fos« NFATel !

__________

Osteoblasts =SS f(S3% W oes
l Osteoclasts

conducted in accordance with the local legislation and
institutional requirements.

Author contributions

XL conceived and designed the experiments. CX and HL
performed the experiments and drafted the manuscript. LW
performed the in vitro experiments and analyzed the data. QD,
WK, WWD, LC, SL, YX, JY. LL, and WLD contributed to data
collection. WK drafted the scheme of this study. XL takes
responsibility for the integrity of the data analysis. QS supervised
the work. All authors approved the final manuscript. All authors
contributed to the article.

Funding

This work was supported by the National Natural Science
Foundation (82374473, 81973881, 81804122, 82004183,
82104574), Shanghai University of TCM Xinglin Young Talent
Training System-Xinglin Scholars Project (TCM[2020]23),
Shanghai University of TCM Excellent Talents Training Program
(TCM[2020]10), Future Plan for Traditional Chinese Medicine
development of Science and Technology of Shanghai Municipal
Hospital of Traditional Chinese Medicine (WL-HBMS-2022003K,
WLJH2021Z2Y-ZLZX001, GZS001, MZY034).

frontiersin.org


https://doi.org/10.3389/fendo.2023.1234563
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Xue et al.

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

References

1. Ensrud KE, Crandall CJ. Osteoporosis. Ann Intern Med (2017) 167:1TC17-32.
doi: 10.7326/AITC201708010

2. Cummings SR, Melton L]. Epidemiology and outcomes of osteoporotic fractures.
Lancet (2002) 359:1761-67. doi: 10.1016/S0140-6736(02)08657-9

3. Lane NE. Epidemiology, etiology, and diagnosis of osteoporosis. Am ] Obstet
Gynecol (2006) 194:53-11. doi: 10.1016/j.aj0g.2005.08.047

4. Kaur M, Nagpal M, Singh M. Osteoblast-n-osteoclast: making headway to
osteoporosis treatment. Curr Drug Targets (2020) 21:1640-51. doi: 10.2174/
1389450121666200731173522

5. Da W, Tao L, Zhu Y. The role of osteoclast energy metabolism in the occurrence
and development of osteoporosis. Front Endocrinol (Lausanne) (2021) 12:675385.
doi: 10.3389/fend0.2021.675385

6. Cao X. Targeting osteoclast-osteoblast communication. Nat Med (2011) 17:1344-
46. doi: 10.1038/nm.2499

7. Negishi-Koga T, Takayanagi H. Ca2+-NFATcl signaling is an essential axis of
osteoclast differentiation. Immunol Rev (2009) 231:241-56. doi: 10.1111/j.1600-
065X.2009.00821.x

8. Asagiri M, Takayanagi H. The molecular understanding of osteoclast
differentiation. Bone (2007) 40:251-64. doi: 10.1016/j.bone.2006.09.023

9. Boyle W], Simonet WS, Lacey DL. Osteoclast differentiation and activation.
Nature (2003) 423:337-42. doi: 10.1038/nature01658

10. Takayanagi H, Kim S, Koga T, Nishina H, Isshiki M, Yoshida H, et al. Induction
and activation of the transcription factor NFATcl (NFAT2) integrate RANKL
signaling in terminal differentiation of osteoclasts. Dev Cell (2002) 3:889-901.
doi: 10.1016/s1534-5807(02)00369-6

11. Teitelbaum SL, Ross FP. Genetic regulation of osteoclast development and
function. Nat Rev Genet (2003) 4:638-49. doi: 10.1038/nrgl1122

12. Qiu Y, Cao Y, Cao W, Jia Y, Lu N. The application of ferroptosis in diseases.
Pharmacol Res (2020) 159:104919. doi: 10.1016/j.phrs.2020.104919

13. RuQ, LiY, Xie W, Ding Y, Chen L, Xu G, et al. Fighting age-related orthopedic
diseases: focusing on ferroptosis. Bone Res (2023) 11:12. doi: 10.1038/s41413-023-
00247-y

14. LiJ, Cao F, Yin H, Huang Z, Lin Z, Mao N, et al. Ferroptosis: past, present and
future. Cell Death Dis (2020) 11:88. doi: 10.1038/s41419-020-2298-2

15. Ni S, Yuan Y, Qian Z, Zhong Z, Lv T, Kuang Y, et al. Hypoxia inhibits RANKL-
induced ferritinophagy and protects osteoclasts from ferroptosis. Free Radic Biol Med
(2021) 169:271-82. doi: 10.1016/j.freeradbiomed.2021.04.027

16. Chan TY. Aconite poisoning. Clin Toxicol (Phila) (2009) 47:279-85.
doi: 10.1080/15563650902904407

17. Xu X, Xie X, Zhang H, Wang P, Li G, Chen J, et al. Water-soluble alkaloids
extracted from Aconiti Radix lateralis praeparata protect against chronic heart failure
in rats via a calcium signaling pathway. BioMed Pharmacother (2021) 135:111184.
doi: 10.1016/j.biopha.2020.111184

18. Tao H, Liu X, Tian R, Liu Y, Zeng Y, Meng X, et al. A review: Pharmacokinetics
and pharmacology of aminoalcohol-diterpenoid alkaloids from Aconitum species. ]
Ethnopharmacol (2023) 301:115726. doi: 10.1016/j.jep.2022.115726

19. Zeng XZ, He LG, Wang S, Wang K, Zhang YY, Tao L, et al. Aconine inhibits
RANKL-induced osteoclast differentiation in RAW264.7 cells by suppressing NF-
kappaB and NFATcl activation and DC-STAMP expression. Acta Pharmacol Sin
(2016) 37:255-63. doi: 10.1038/aps.2015.85

20. Li XF, Xue CC, Zhao YJ, Cheng SD, Zhao DF, Liang QQ, et al. Deletion of opg
leads to increased neovascularization and expression of inflammatory cytokines in the
lumbar intervertebral disc of mice. Spine (Phila Pa 1976) (2017) 42:E8-14. doi: 10.1097/
BRS.0000000000001701

Frontiers in Endocrinology

13

10.3389/fendo.2023.1234563

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/fend0.2023.1234563/
full#supplementary-material

21. Kim JM, Lin C, Stavre Z, Greenblatt MB, Shim JH. Osteoblast-osteoclast
communication and bone homeostasis. Cells (2020) 9:2073. doi: 10.3390/cells9092073

22. Salhotra A, Shah HN, Levi B, Longaker MT. Mechanisms of bone development
and repair. Nat Rev Mol Cell Biol (2020) 21:696-711. doi: 10.1038/s41580-020-00279-w

23. Fisher A, Fisher L, Srikusalanukul W, Smith PN. Bone turnover status:
classification model and clinical implications. Int ] Med Sci (2018) 15:323-38.
doi: 10.7150/ijms.22747

24. Vilaca T, Gossiel F, Eastell R. Bone turnover markers: use in fracture prediction.
Clin Densitom (2017) 20:346-52. doi: 10.1016/j.jocd.2017.06.020

25. Takayanagi H. RANKL as the master regulator of osteoclast differentiation. J
Bone Miner Metab (2021) 39:13-8. doi: 10.1007/s00774-020-01191-1

26. Glover SJ, Gall M, Schoenborn-Kellenberger O, Wagener M, Garnero P, Boonen
S, et al. Establishing a reference interval for bone turnover markers in 637 healthy,
young, premenopausal women from the United Kingdom, France, Belgium, and the
United States. ] Bone Miner Res (2009) 24:389-97. doi: 10.1359/jbmr.080703

27. Gao Z, Chen Z, Xiong Z, Liu X. Ferroptosis - A new target of osteoporosis. Exp
Gerontol (2022) 165:111836. doi: 10.1016/j.exger.2022.111836

28. Boyce BF, Xing L. Functions of RANKL/RANK/OPG in bone modeling and
remodeling. Arch Biochem Biophys (2008) 473:139-46. doi: 10.1016/j.abb.2008.03.018

29. Ma Y, Shi X, Zhao H, Song R, Zou H, Zhu J, et al. Potential mechanisms of
osteoprotegerin-induced damage to osteoclast adhesion structures via P2X7R-
mediated MAPK signaling. Int ] Mol Med (2022) 49:59. doi: 10.3892/ijmm.2022.5115

30. Bucay N, Sarosi I, Dunstan CR, Morony S, Tarpley J, Capparelli C, et al.
osteoprotegerin-deficient mice develop early onset osteoporosis and arterial
calcification. Genes Dev (1998) 12:1260-68. doi: 10.1101/gad.12.9.1260

31. Liang QQ, Li XF, Zhou Q, Xing L, Cheng SD, Ding DF, et al. The expression of
osteoprotegerin is required for maintaining the intervertebral disc endplate of aged
mice. Bone (2011) 48:1362-69. doi: 10.1016/j.bone.2011.03.773

32. Huang J, Zhou L, Wu H, Pavlos N, Chim SM, Liu Q, et al. Triptolide inhibits
osteoclast formation, bone resorption, RANKL-mediated NF-B activation and titanium
particle-induced osteolysis in a mouse model. Mol Cell Endocrinol (2015) 399:346-53.
doi: 10.1016/j.mce.2014.10.016

33. Fischer V, Haffner-Luntzer M. Interaction between bone and immune cells:
Implications for postmenopausal osteoporosis. Semin Cell Dev Biol (2022) 123:14-21.
doi: 10.1016/j.semcdb.2021.05.014

34. Greendale GA, Sowers M, Han W, Huang MH, Finkelstein JS, Crandall CJ, et al.
Bone mineral density loss in relation to the final menstrual period in a multiethnic
cohort: results from the Study of Women's Health Across the Nation (SWAN). J Bone
Miner Res (2012) 27:111-18. doi: 10.1002/jbmr.534

35. Gossiel F, Altaher H, Reid DM, Roux C, Felsenberg D, Gluer CC, et al. Bone
turnover markers after the menopause: T-score approach. Bone (2018) 111:44-8.
doi: 10.1016/j.bone.2018.03.016

36. Ivaska KK, Lenora J, Gerdhem P, Akesson K, Vaananen HK, Obrant KJ. Serial
assessment of serum bone metabolism markers identifies women with the highest rate
of bone loss and osteoporosis risk. J Clin Endocrinol Metab (2008) 93:2622-32.
doi: 10.1210/jc.2007-1508

37. Migliorini F, Maffulli N, Spiezia F, Tingart M, Maria PG, Riccardo G. Biomarkers
as therapy monitoring for postmenopausal osteoporosis: a systematic review. | Orthop
Surg Res (2021) 16:318. doi: 10.1186/5s13018-021-02474-7

38. Krege JH, Lane NE, Harris JM, Miller PD. PINP as a biological response marker
during teriparatide treatment for osteoporosis. Osteoporos Int (2014) 25:2159-71.
doi: 10.1007/s00198-014-2646-0

39. Zhang H, Zhou C, Zhang Z, Yao S, Bian Y, Fu F, et al. Integration of network
pharmacology and experimental validation to explore the pharmacological

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fendo.2023.1234563/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2023.1234563/full#supplementary-material
https://doi.org/10.7326/AITC201708010
https://doi.org/10.1016/S0140-6736(02)08657-9
https://doi.org/10.1016/j.ajog.2005.08.047
https://doi.org/10.2174/1389450121666200731173522
https://doi.org/10.2174/1389450121666200731173522
https://doi.org/10.3389/fendo.2021.675385
https://doi.org/10.1038/nm.2499
https://doi.org/10.1111/j.1600-065X.2009.00821.x
https://doi.org/10.1111/j.1600-065X.2009.00821.x
https://doi.org/10.1016/j.bone.2006.09.023
https://doi.org/10.1038/nature01658
https://doi.org/10.1016/s1534-5807(02)00369-6
https://doi.org/10.1038/nrg1122
https://doi.org/10.1016/j.phrs.2020.104919
https://doi.org/10.1038/s41413-023-00247-y
https://doi.org/10.1038/s41413-023-00247-y
https://doi.org/10.1038/s41419-020-2298-2
https://doi.org/10.1016/j.freeradbiomed.2021.04.027
https://doi.org/10.1080/15563650902904407
https://doi.org/10.1016/j.biopha.2020.111184
https://doi.org/10.1016/j.jep.2022.115726
https://doi.org/10.1038/aps.2015.85
https://doi.org/10.1097/BRS.0000000000001701
https://doi.org/10.1097/BRS.0000000000001701
https://doi.org/10.3390/cells9092073
https://doi.org/10.1038/s41580-020-00279-w
https://doi.org/10.7150/ijms.22747
https://doi.org/10.1016/j.jocd.2017.06.020
https://doi.org/10.1007/s00774-020-01191-1
https://doi.org/10.1359/jbmr.080703
https://doi.org/10.1016/j.exger.2022.111836
https://doi.org/10.1016/j.abb.2008.03.018
https://doi.org/10.3892/ijmm.2022.5115
https://doi.org/10.1101/gad.12.9.1260
https://doi.org/10.1016/j.bone.2011.03.773
https://doi.org/10.1016/j.mce.2014.10.016
https://doi.org/10.1016/j.semcdb.2021.05.014
https://doi.org/10.1002/jbmr.534
https://doi.org/10.1016/j.bone.2018.03.016
https://doi.org/10.1210/jc.2007-1508
https://doi.org/10.1186/s13018-021-02474-7
https://doi.org/10.1007/s00198-014-2646-0
https://doi.org/10.3389/fendo.2023.1234563
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Xue et al.

mechanisms of zhuanggu busui formula against osteoporosis. Front Endocrinol
(Lausanne) (2021) 12:841668. doi: 10.3389/fendo.2021.841668

40. SunJ,PanY, Li X, Wang L, Liu M, Tu P, et al. Quercetin attenuates osteoporosis
in orchiectomy mice by regulating glucose and lipid metabolism via the GPRC6A/
AMPK/mTOR signaling pathway. Front Endocrinol (Lausanne) (2022) 13:849544.
doi: 10.3389/fend0.2022.849544

41. Yasuda H, Shima N, Nakagawa N, Yamaguchi K, Kinosaki M, Mochizuki S, et al.
Osteoclast differentiation factor is a ligand for osteoprotegerin/osteoclastogenesis-
inhibitory factor and is identical to TRANCE/RANKL. Proc Natl Acad Sci U.S.A.
(1998) 95:3597-602. doi: 10.1073/pnas.95.7.3597

42. Fang K, Murakami Y, Kanda S, Shimono T, Dang AT, Ono M, et al. Unkeito
suppresses RANKL-mediated osteoclastogenesis via the blimp1-bcl6 and NF-kappaB
signaling pathways and enhancing osteoclast apoptosis. Int ] Mol Sci (2022) 23:7814.
doi: 10.3390/ijms23147814

43. Nakashima T, Hayashi M, Takayanagi H. New insights into osteoclastogenic
signaling mechanisms. Trends Endocrinol Metab (2012) 23:582-90. doi: 10.1016/
j.tem.2012.05.005

44. Zhou F, Shen Y, Liu B, Chen X, Wan L, Peng D. Gastrodin inhibits
osteoclastogenesis via down-regulating the NFATcl signaling pathway and
stimulates osseointegration in vitro. Biochem Biophys Res Commun (2017) 484:820-
26. doi: 10.1016/j.bbrc.2017.01.179

Frontiers in Endocrinology

14

10.3389/fendo.2023.1234563

45. Napetschnig J, Wu H. Molecular basis of NF-kappaB signaling. Annu Rev
Biophys (2013) 42:443-68. doi: 10.1146/annurev-biophys-083012-130338

46. Poma P. NF-kappaB and disease. Int J Mol Sci (2020) 21:9181. doi: 10.3390/
ijms21239181

47. Li J, Lu Q, Peng M, Liao ], Zhang B, Yang D, et al. Water extract from
Herpetospermum pedunculosum attenuates oxidative stress and ferroptosis induced by
acetaminophen via regulating Nrf2 and NF-kappaB pathways. | Ethnopharmacol
(2023) 305:116069. doi: 10.1016/j.jep.2022.116069

48. Tan W, Dai F, Yang D, Deng Z, Gu R, Zhao X. MiR-93-5p promotes granulosa
cell apoptosis and ferroptosis by the NF-kB signaling pathway in polycystic ovary
syndrome. Front Immunol (2022) 13:967151. doi: 10.3389/fimmu.2022.967151

49. Hassannia B, Van Coillie S, Vanden BT. Ferroptosis: biological rust
of lipid membranes. Antioxid Redox Signal (2021) 35:487-509. doi: 10.1089/
ars.2020.8175

50. Dixon SJ, Lemberg KM, Lamprecht MR, Skouta R, Zaitsev EM, Gleason CE, et al.
Ferroptosis: an iron-dependent form of nonapoptotic cell death. Cell (2012) 149:1060-
72. doi: 10.1016/j.cell.2012.03.042

51. Doll S, Proneth B, Tyurina YY, Panzilius E, Kobayashi S, Ingold I, et al. ACSL4
dictates ferroptosis sensitivity by shaping cellular lipid composition. Nat Chem Biol
(2017) 13:91-8. doi: 10.1038/nchembio.2239

frontiersin.org


https://doi.org/10.3389/fendo.2021.841668
https://doi.org/10.3389/fendo.2022.849544
https://doi.org/10.1073/pnas.95.7.3597
https://doi.org/10.3390/ijms23147814
https://doi.org/10.1016/j.tem.2012.05.005
https://doi.org/10.1016/j.tem.2012.05.005
https://doi.org/10.1016/j.bbrc.2017.01.179
https://doi.org/10.1146/annurev-biophys-083012-130338
https://doi.org/10.3390/ijms21239181
https://doi.org/10.3390/ijms21239181
https://doi.org/10.1016/j.jep.2022.116069
https://doi.org/10.3389/fimmu.2022.967151
https://doi.org/10.1089/ars.2020.8175
https://doi.org/10.1089/ars.2020.8175
https://doi.org/10.1016/j.cell.2012.03.042
https://doi.org/10.1038/nchembio.2239
https://doi.org/10.3389/fendo.2023.1234563
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Aconine attenuates osteoclast-mediated bone resorption and ferroptosis to improve osteoporosis via inhibiting NF-κB signaling
	Introduction
	Materials and methods
	Animals
	Ovariectomy -induced OP mouse model and treatments
	Micro-CT analysis
	Histology and staining
	Tartrate-resistant acid phosphatase staining
	Enzyme-linked immunosorbent assay
	In vitro osteoclastogenesis assay
	RNA sequencing
	RNA extraction and RT-PCR assay
	Western blot
	Statistics analysis

	Results
	AC prevents bone mass loss in OVX-induced OP mice
	AC maintains bone homeostasis by blocking the high bone turnover and remodeling the OVX-induced osteoporotic microenvironment
	AC represses osteoclast-specific gene expressions
	AC inhibits ferroptosis of osteoclasts in OVX mice
	AC suppresses the activation of the NF-κB signaling pathway in osteoclasts
	AC treatment present a good biosafety for OVX-induced OP modeling

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


