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Mouse DOP femurs exhibit GPX4 
suppression, ferroptosis, and 
DNMT1/3a elevation. 
AVI preserves GPX4 and attenuates 
femoral ferroptotic osteoporosis by 
inhibiting DNMT1/3a. 
AVI GPX4-sensitively inhibits 
ferroptotic alterations of osteoblasts. 
Osteoblastic GPX4 deficiency 
abrogates the antiferroptotic and 
anti-DOP effects of AVI. 
AVI may be effective in treating DOP 
and other related osteoporotic 
disorders. 
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ical efficacy in treating bone fractures and osteoporosis, may exert its osteoprotective effects through 
mechanisms involving ferroptosis, however this has not been established. 
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Introduction 

Diabetic osteoporosis (DOP) is a common complication of dia-
betes, characterized by reduced bone mass and deteriorated tra-
becular microarchitecture [1,2]. Due to weaker bone structure 
and strength, DOP patients face a 20 % higher risk of fragility frac-
ture compared to those without diabetes [3]. While dysregulated 
glucolipid metabolism is considered the primary etiology of DOP, 
bone turnover is directly controlled by a dynamic balance between 
osteoblasts and osteoclasts. Therefore, the activity and fate of these 
cells are critical for maintaining bone homeostasis [4,5]. Recent 
studies have highlighted the involvement of the regulated cell 
death pathways (including apoptosis, necrosis, pyroptosis, ferrop-
tosis, and necroptosis) in the pathogenesis of osteoporosis (OP) 
[6–9]. However, the precise cellular mechanisms and molecular 
regulation of ferroptosis in DOP remain partially understood. 

Ferroptosis is an iron-dependent form of regulated cell death 
[10] characterized by lipid peroxidation and mitochondrial dys-
function. It is associated with various pathophysiologies such as 
tumors, degenerative diseases, ischemia–reperfusion injury and 
bone diseases [11]. Glutathione peroxidase 4 (GPX4) is a key 
anti-ferroptotic factor that converts lipid hydroperoxides into 
non-toxic lipid alcohols [12,13]. GPX4 suppression, whether due 
to reduced synthesis, protein degradation, or enzyme inactivation, 
is a hallmark of ferroptosis [14]. Additionally, epigenetic and non-
epigenetic regulations of GPX4 transcription influence its expres-
sion levels. The GPX4 promoter contains a dense CpG island, and 
DNA methylation-induced suppression of GPX4 significantly 
affects its transcription under various ferroptotic conditions [15]. 
This suggests that DNA methylation of the GPX4 promoter may 
play a critical role in DOP pathogenesis. 

In mammals, DNA methylation is catalyzed by DNA methyl-
transferase DNMT1 (responsible for maintenance methylation), 
DNMT3a and DNMT3b (responsible for de novo methylation) 
[16,17]. DNA methylation occurring at CpG islands on the gene 
promoters and enhancers leads to transcriptional silencing of 
downstream genes. Conversely, DNA hypomethylation correlates 
with active gene transcription [18]. Aberrant DNA methylation 
has been implicated in variety of bone diseases, including 
osteoarthritis and osteoporosis [19–21]. Synthetic DNMT inhibi-
tors, such as 5-aza-2-deoxycytidine (decitabine), have been 
approved for the treatment of certain hematopoietic malignancies 
[22]. However, long-term use of these synthetic epigenetic drugs is 
associated with adverse side effects (e.g., bleeding and anemia), 
limiting their use in non-cancerous diseases. 

Many natural compounds exhibit strong epigenetic modulation 
capacities and have a long history of safe clinical use [23,24]. 
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Asperosaponin VI (AVI, PubChem CID:14284436), also known as 
Akebia Saponin D, is extracted from Dipsacus asper [25] and has 
demonstrated osteogenic activity [26–28]. AVI has been used clin-
ically for many years to treat bone fractures and osteoarthritis with 
notable efficacy and safety [29]. However, its pharmacological 
mechanism and molecular targets remain largely unknown. Struc-
turally, AVI is a triterpenoid saponin, and other similar saponins, 
such as glycyrrhizic acid, have been shown to regulate DNA methy-
lation [30]. This suggests that AVI’s osteogeneic effects may involve 
previously uncharacterized epigenetic regulatory mechanisms. 

In this study, we aimed to investigate the mechanism of ferrop-
tosis in a mouse model of DOP. Our findings indicate that GPX4 
suppression caused by selective elevation of DNMT1 and DNMT3a 
and hypermethylation of the Gpx4 promoter is a critical driver of 
osteoblast ferroptosis and DOP pathology. Importantly, AVI 
demonstrated strong DNMT inhibition capacity and effectively 
reversed GPX4 suppression and ferroptotic changes in DOP mice. 
Our study brings novel insights into the mechanism of epigenetic 
ferroptosis involved in DOP and reveals an undiscovered pharma-
cological property of AVI for its osteoprotective functions with 
clinical implications. 

Materials and methods 

Ethics statement 

All animal experiments were conducted with approval from the 
Animal Care Committee of Nanjing University (No. 2020AE01113), 
following the Institutional Animal Care and Use guidelines. 

Animals and model 

Male C57BL/6J mice were from Gempharmatech Co., Ltd. 
(China). To generate osteoblastic Gpx4 knockout mice, Gpx4-flox 
(Gpx4fl/fl ; strain No. T050827) mice were crossed with Col1a1 a1-
Cre (strain no. T004734; GemPharmatech, Nanjing, China) mice. 
Only heterozygous Gpx4 deletion progenies Col1a1-Cre;Gpx4fl/+ 

(Gpx4Ob-/+ ) were obtained, indicating that homozygous osteoblastic 
Gpx4 knockout is lethal. PCR genotyping on mouse tail DNAs was 
performed using primers F1: 5 -GTACTGCAA CAGCTCCG AGTTC, 
R1: 5 -ACTTATCCAGGCAGACCATGTG, and R2: 5 -AACTCCA ATTCC-
CAGGACTCAC (Fig. 6A). The experimental mice were housed in 
ventilated cages (3–5 mice per cage) under a 12-hour light–dark 
cycles, with daily monitoring of health and regular feed and water 
replacement. 

A DOP mouse model was established as previously described 
[31]. Four-weeks-old mice were fed a high-fat diet (HFD;
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D12492; Research Diet Inc., USA) for 14 weeks, with daily 
intraperitoneal injections of streptozotocin (STZ, 25 mg/kg, HY-
13753, MedChemExpress, USA) starting in week 4 to induce pan-
creatic b-cell destruction [32]. Six weeks after the HFD began, body 
weight, blood glucose levels, intraperitoneal glucose tolerant test 
(IPGTT) and Intraperitoneal insulin tolerance test (IPITT) were 
assayed to confirm the successful establishment of the model. 
The study comprised two experimental sets. In the first set, 
C57BL/6J mice were divided into four groups (n = 6/group): (1) 
vehicle control; (2) AVI (50 mg/kg, three times per week, intraperi-
toneal injection, Chengdu Push Biotechnology Co., Ltd., China) or 
Ferropstatin-1 (Fer-1, 5 mg/kg daily intraperitoneally, HY-
100579, MedChemExpress, USA) starting from week 9; (3) DOP 
model (STZ/HFD); and (4) AVI or Fer-1 as in (2) intervention in 
DOP mice. The second set of experiment aimed to compare the 
DOP pathology and the efficacy of AVI intervention between con-
trol and RSL3-treated C57BL/6J mice (RSL3, 100 mg/kg, twice a 
week, intraperitoneally, HY-100218A, MedChemExpress, USA, a 
GPX4 inactivator) and between Gpx4fl/fl and Gpx4Ob-/+ mice. After 
experiment completion, mouse femurs were surgically collected, 
fixed in 4 % paraformaldehyde, and stored at 80 °󠇣C for further 
analysis. 

IPGTT and IPITT 

IPGTT and IPITT were determined as previously described [31]. 
Mice were fasted overnight and given an intraperitoneal injection 
of glucose (2 g/kg, IPGTT) or insulin (0.75 U/kg, CSP001-10, 
ZQXZ-bio, China, IPITT). Blood specimens were collected from 
mouse tail and blood glucose was measured at 0, 15, 30, 60, 90, 
and 120 min using a glucometer (Roche, USA), respectively. Finally, 
the area under curve (AUC) was calculated from these measure-
ments using the trapezoidal method [33]. 

Micro-CT analysis 

The right femurs of the mice were fixed in 4 % paraformalde-
hyde for 24 h and scanned using a Scanco lCT80 system (Scanco 
Medical, Brüttisellen, Switzerland) set at 55 kV, 145 lA, and a voxel 
size of 15.6 lm with a 250 ms integration time [34]. The three-
dimensional (3D) trabecular images were generated from 100 
slices per sample. OP parameters, including the ratio of bone vol-
ume to total tissue volume (BV/TV), trabecular thickness (Tb.Th), 
trabecular separation (Tb.Sp), and trabecular number (Tb.N) were 
calculated. 

Primary bone cell culture 

Primary osteoblasts were isolated from the calvaria of newborn 
mice, following an established protocol [35]. Briefly, calvaria were 
dissected and digested with 0.1 % collagenase A for three rounds, 
and the final cell preparations were cultured in a-MEM medium 
containing 10 % fetal bovine serum (FBS). Aalkaline phosphatase 
(ALP) assays [35] was performed after three passages to confirm 
osteoblastic identity. 

Primary osteoclasts were derived from bone marrow monocytes 
(BMMs) extracted from the bone marrow of femurs and tibiae of 3-
week-old mice [35]. Cells were cultured in a-MEM medium with 
10 % FBS and 30 ng/mL macrophage colony-stimulating factor 
(R&D Systems, USA). After three days, 50 ng/mL of nuclear factor 
jB receptor activator ligand (RANKL; C28A, Novoprotein, Shanghai, 
China) was added to induce osteoclast differentiation. verified by 
tartrate-resistant acid phosphatase (TRAP) staining [35]. 

A cell model mimicking DOP conditions was established by 
treating cells with high glucose and palmitic acid (HGPA; HG 
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25.5 mM and PA 100 lM), with normal glucose (GLU 5.5 mM) serv-
ing as control [36,37]. Preliminary tests revealed that after 36 h of 
HGPA treatment, epigenetic changes in DNMT1/3a and GPX4 
expressions, as well as Gpx4 promoter methylation, resembled 
those observed in femurs of DOP mice. 

Western blotting assay 

Western blotting assay was performed on femur homogenates 
or cultured primary osteoblasts as previously described [34]. Pri-
mary antibodies used included GPX4 (A1933, 1:3000) and b-actin 
(AC026, 1:50000) (ABclonal, China); NFATc1 (AF06823, 1:1000) 
and DNMT3b (AF300068, 1:1000) from AiFangbiological, China; 
OPN (GB112328, 1:1000) and Col1a1(GB114197, 1:1000) from Ser-
vicebio, China; DNMT1 (ab188453, 1:1000), 4-HNE (ab46545, 
1:1000) and TRAP (ab52750, 1:1000) from Abcam, UK; FSP1 
(68049–1-Ig, 1:5000) from Proteintech, China; MDA (abx445120, 
1:1000) from Abbexa, UK; GAPDH (AF0006, 1:1000); and DNMT3a 
(AF1732, 1:1000) from Beyotime, China. HRP-conjugated sec-
ondary antibodies were from Beyotime, China. Visualization was 
achieved using the BeyoECL Moon detection system (P0018FS, Bey-
otime, China) and images were analyzed using ImageJ software, 
normalized to b-actin/GAPDH, and presented as relative fold 
changes. 

Hematoxylin and eosin, immunohistochemistry, TUNEL, and Perl’s 
Prussian blue staining 

Femur sections were processed using hematoxylin and eosin 
(H&E), immunohistochemistry (IHC), terminal deoxynucleotidyl 
transferase dUTP nick end labeling (TUNEL), and Perl ’s Prussian 
blue stainings as previously described [34,38]. For IHC, the sections 
were incubated overnight at 4 °󠇣C, with primary antibodies against 
GPX4 (PA5-109274, 1:100, Thermofisher, USA) and OCN (23418–1-
AP, 1:100, proteintech, China). Afterward, the slides were treated 
with an HRP-conjugated secondary antibody, followed by staining 
by a DAB HRP Chromogenic Kit (PR30010, Proteintech, China), and 
counterstained with hematoxylin. TUNEL assays (G1504, Service-
bio, China) and Perl’s Prussian blue staining (G1029, Servicebio, 
China) were performed according to the manufacturer’s instruc-
tions. The stained sections were observed under an Olympus 
DP74 light microscope or Olympus FV3000 confocal fluorescence 
microscope. Ten random fields of view per section were selected 
for quantification, and the mean ratio of positively stained cells 
was calculated using ImageJ software, applying a double-blind 
method. 

Alkaline phosphatase (ALP) and tartrate-resistant acid phosphatase 
(TRAP) staining 

For ALP activity assay, primary osteoblasts were exposed to 
high glucose/palmitic acid (HGPA) for 36 h, and then fixed in 4 % 
formaldehyde for 15 min. The cells were stained using the BCIP/ 
NBT ALP Color Development Kit (P0321, Beyotime, China). Images 
were captured with an Olympus DP74 light microscope and 
analyzed using ImageJ software. The area of positive staining at 
five predetermined positions was calculated and normalized to 
the total observed area. 

For TRAP activity staining, primary osteoclasts exposed to HGPA 
for 36 h or femoral sections from Gpx4fl/fl and Gpx4Ob-/+ mice were 
stained using a commercial TRAP activity kit (387A-1KT; Sigma, 
USA), following the manufacturer’s instructions. TRAP staining 
visualizes acid phosphatase activity, producing a burgundy color 
at the enzyme activity site. Femoral sections were counterstained 
with methyl green. Images were captured as described above,
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and the ratios of positively stained cell areas to total observed 
areas from 5 predetermined fixed locations were calculated using 
the ImageJ software via a double-blind method. 

Transmission electron microscopy 

Ferroptotic changes in mitochondria were examined using 
transmission electron microscopy. Freshly excised mouse femurs 
and osteoblasts after various treatments were fixed with electron 
microscope-grade fixative at 4 °󠇣C for 16–24 h. Mitochondrial mor-
phology was observed and photographed using a transmission 
electron microscope at ShanDong Weiya Biological Technology 
Co. LTD, China. 

Methylation-specific PCR and bisulfite sequencing PCR 

CpG islands in the Gpx4 promoter were predicted and primers 
for methylation-specific PCR (MSP) and bisulfite sequencing PCR 
(BSP) were designed using MetPrimer online analyzer (https:// 
www.urogene.org/methprimer). Total DNAs were isolated from 
femoral tissues or cells using the DNeasy Kit (69504, QIAGEN, Ger-
many), and unmethylated cytosine-to-uracil conversion was per-
formed using the DNA Bisulfite Conversion Kit (DP215, TIANGEN, 
China). MSP and BSP procedures were performed as previously 
described [34]. 

For MSP assays, the following primers were used: methylated 
forward primer 5 -TTTTTTAAGGGGATGATTTTGATAC ( 247/–223, 
relative to the transcriptional starting site), reverse primer 5 -
ATACCCAATAATAAAAA CGCGAA ( 78/-100); unmethylated for-
ward primer 5 -TTTTAAGGGGAT GATTTTGATATGT ( 245/-221), 
reverse primer 5 -CATACCCAATAATAA AAACACAAA ( 77/-100); 
input control forward primer 5 -CTCTTTAA GGGGATGACTTTGA-
CAC, reverse primer 5 -ATGCCCAGTGATAGGGA CGCGGG. PCR 
products were separated by agarose gel electrophoresis, visualized 
under UV light and analyzed using ImageJ software. 

For BSP assay, Gpx4 promoter-specific primers were used: for-
ward primer 5 - GTTTTTTAAGGGGATGATTTTGATA ( 248/-224) 
and reverse primer 5 - CCCTACAACCAATAAAAAACTAAATA (5/– 
22). PCR products were separated on agarose gel, purified, and 
cloned into the pGEM T Easy Vector (A1360; Promega, USA). Five 
colonies from each PCR reaction were randomly selected for 
sequencing, and the ratio of methylated cytosines to total cytosines 
in the cloned fragments was determined. 

Reverse-transcription PCR 

Total RNA was extracted from mouse femurs using FreeZol 
reagent (R711-02, Vazyme Biotech, China), and complemental 
DNA (cDNA) was synthesized using ABSscript Neo RT Master Mix 
(RK20433, ABclonal, China). Reverse-transcription PCR (RT-PCR) 
was used to measure Gpx4 mRNA levels as previously described 
[34]. Primers used were Gpx4 forward: 5 -
CCCATTCCTGAACCTTTCAA and reverse: 5 -GCACACGAAACCCCTG 
TACT, Actb forward: 5 -GATCATTGCTCCTCCTGAGC and reverse: 
5 -TGCACCGCAAGTGCTTCTA serving as the control. PCR products 
were separated by agarose gel electrophoresis, visualized under 
ultraviolet light, and analyzed using ImageJ software. 

C11-BODIPY 

The C11-BODIPY probe (D3861, Thermo Fisher, USA) was used 
to assess lipid peroxidation in cells, following previously estab-
lished protocols [39]. After various treatments, osteoblasts were 
incubated with C11-BODIPY (5 lM) for 30 min. Green and red flu-
orescence (oxidized BODIPY, excitation/emission 488 nm/510 nm) 
and red fluorescence (non-oxidized BODIPY, excitation/emission 
334
581 nm/591 nm) were detected using an Olympus FV3000 confocal 
microscope. Six fields of view were randomly selected for each 
sample, and e fluorescence intensities were normalized to cell 
counts and analyzed using ImageJ software. 

Plasmid constructions and cell transfection 

Two plasmids overexpressing flag-tagged DNMT1 (F-DNMT1) 
or DNMT3a (F-DNMT3a) were obtained from Corues Biotechnology 
Co. LTD, China. The plasmids were transfected into primary osteo-
blasts with Lipofectamine 3000 reagents (Invitrogen, USA) follow-
ing the manufacturer’s instruction. Next day, cells were treated 
with HGPA and/or AVI and assayed for expression of DNMT1/3a 
and targeted proteins. 

In silico molecular modeling and docking of AVI to DNMT1/3a 

Molecular docking simulations of AVI with DNMT1 and 
DNMT3a were conducted as described previously [40]. The protein 
structures of DNMT1 (PDB ID: 5WVO) and DNMT3a (PDB ID: 4QBS) 
were retrieved from the PDB database (https://www.rcsb.org), and 
AVI structure was obtained from the PubChem (https://pubchem. 
ncbi.nlm.nih.gov/). Docking simulations were performed using 
AutoDock (https://autodock.scripps.edu/). Binding affinities (kcal/-
mol) were calculated, with lower value indicating more stable 
binding, and results were analyzed using PyMOL software 
(https://pymol.org/2/). 

Biotinylated-AVI pull-down assay 

Biotinylated AVI (bio-AVI) was provided by Xi’an Ruixi Biologi-
cal Technology Co. LTD, China. A bio-AVI pull-down assay was per-
formed as previously published protocol [41]. Bio-AVI or AVI was 
incubated with streptavidin-coated beads (P2151; Beyotime, 
China) for 25 min at room temperature, followed by incubation 
with primary osteoblast lysates treated with or without HGPA 
(25.5 mM glucose; 100 lM palmitic acid) at 4 °󠇣C for 6 h. Bio-
AVI-bound proteins were magnetically separated, washed, resus-
pended, and analyzed by western blotting to detect DNMT1 and 
DNMT3a binding. 

Statistical analysis 

Shapiro-Wilk and Levene’s tests were conducted to assess nor-
mality and variance for the data. Data were analyzed using Graph-
Pad Prism. Effect sizes (g2 ) were calculated using SPSS V22.0, with 
large effect size defined as g2 0.1379, medium effect size as 
0.0588 g2 < 0.1379, and small effect size as 
0.0099 g2 < 0.0588. Results from animal experiments were pre-
sented as mean ± standard error of the mean (SEM), and cell-based 
results as mean ± standard deviation (SD). Box-and-whisker plots 
depicted the median (centerline), 25th–75th percentile (box), and 
minimum/maximum values (whiskers). Group differences were 
assessed using Student’s t-test, two-way ANOVA, or two-way 
ANOVA followed by Tukey’s post-hoc test, with statistical signifi-
cance set at P < 0.05. 
Results 

Mouse DOP femurs exhibit prominent GPX4 suppression and 
ferroptosis 

As the first step in exploring the role of epigenetic ferroptosis in 
DOP,weestablishedawell-knownmousemodelofDOPusingacom-
bination of HFD feeding and low-dose STZ intraperitoneal injection
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(n = 6; Fig. 1A). After 6 weeks, mice showed significant increase in 
body weight, plasma glucose levels, decreased glucose tolerance 
and insulin resistance (Fig. 1B and C), indicative of successful model 
establishment. Micro-CT (l-CT) and H&E staining revealed signifi-
canttrabeculardegenerationinthedistal femursofDOPmice, includ-
ingdecreased trabecularBV/TV, Tb.N, andTb.Th, and increasedTb.Sp 
(Fig. 1D and E). Perl’s Prussian blue staining revealed increased iron 
accumulation, while TUNEL assay detected an increase in positive 
cells (Fig. 1F). Furtherexaminationofbone tissuebywesternblotting 
revealed decreased expression of the osteoblast marker Col1a1 and 
increased expression of the osteoclastmarker NFATc1, a typical sign 
of OP. Notably, therewas a decrease in GPX4 expression, a core anti-
ferroptosis protein, but not FSP1, another pivotal anti-ferroptosis 
protein functioning via a GPX4-independent pathway [42]. Down-
regulationofGPX4wasaccompaniedbyupregulationofthelipidper-
oxidation marker 4-HNE (Fig. 1G). IHC staining showed that GPX4 
was enriched in control distal femurs, but drastically decreased in 
DOP mice (Fig. 1H). Transmission electron microscopy (TEM) con-
firmed broad mitochondrial ferroptotic alterations, such as smaller 
mitochondria and reduced and diminished mitochondrial crista 
(Fig. 1I). Furthermore, RT-PCR confirmed that Gpx4 mRNA level was 
markedlyreduced inthe femursofDOPmiceandprimaryosteoblasts 
treatedwithHGPA (Fig. 1J). These results suggest that DOP is associ-
ated with significant transcriptional suppression of GPX4 and 
ferroptosis. 
GPX4 suppression is caused by DNTM1/3a elevation and Gpx4 
promoter hypermethylation 

The mouse Gpx4 promoter is characterized by conserved CpG 
Islands stretching from 210 to 170, relative to the transcriptional 
starting sites, as analyzed by MetPrime online software (https:// 
www.urogene.org/methprimer)  (Fig. 2A). To determine whether 
aberrant DNA methylation and DNMT expression are involved in 
DOP, we found that DNMT1 and DNMT3a (but not DNMT3b) were 
significantly upregulated in DOP-conditioned femurs and primary 
osteoblasts (Fig. 2B). Treatment with SGI-1027 (a DNMT-selective 
inhibitor) and AVI restored GPX4 and inhibited 4-HNE and MDA 
accumulation (Fig. 2C). To ascertain that GPX4 suppression and 
recovery by AVI involve DNA methylation, we used MSP to analyze 
the DNA methylation status of the Gpx4 promoter and found that 
DOP-conditioned femurs and osteoblasts displayed increased 
Gpx4 promoter methylation from 22.36 ± 0.89 % to 65.42 ± 1.26 % 
(P < 0.05) and from 19.85 ± 2.3 % to 69.23 ± 3.91 % (P < 0.05; Fig. 2D 
and E), respectively; however, treatment with SGI-1027 and AVI 
effectively reduced the levels to 26.51 ± 1.79 % and 25.12 ± 1.78 % 
(P < 0.05) in osteoblasts, whereas AVI reduced the levels to 28.83 
± 0.6 % (P < 0.05) in STZ/HFD mice. To confirm these, we performed 
BSP analysis, the gold standard for the determination of DNA 
methylation [43]. We randomly picked three mice from each group 
and cloned and sequenced five BSP products from each mouse. The 
results showed that CpG methylation in STZ/HFD mice increased 
from 4.66 ± 0.61 % to 31.12 ± 0.61 % (P < 0.05), whereas AVI sup-
pressed it to 14.42 ± 0.6 % (P < 0.05; Fig. 2F). Further, overexpres-
sion of either flag-tagged DNMT1 or DNMT3a diminished AVI 
recovery of the GPX4 loss (Fig. 2G). These results suggest that the 
suppression of GPX4 is primarily due to DNMT aberration-
induced Gpx4 promoter hypermethylation and that AVI reverses 
GPX4 suppression by inhibiting DNMT1/3a. 

AVI inhibits DNMT1/3a probably via promoting their lysosomal 
degradation 

To further elucidate the mechanism by which AVI regulates 
DNMT1/3a, we performed molecular docking analysis between 
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AVI and the putative targets DNMT1 and DNMT3a [44]. As demon-
strated by 3D structure display, AVI was predicted to form hydro-
gen bonds at ARG74, GLU572, GLN517, GLU514, and SER518 of 
DNMT1, with a binding energy of 8.8 kcal/mol, and ALA431, 
GLN428, ARG48, ASN176, ARG45, and ARG44 of DNMT3a, with a 
binding energy of 11 kcal/mol. These results indicate a strong 
interaction between AVI and DNMT1/3a proteins (Fig. 3A). We sub-
sequently conducted a pull-down assay by incubating biotinated 
AVI (bio-AVI, Fig. 3B) with cell lysates of primary osteoblasts and 
found that DNMT1 and DNMT3a in HGPA-treated cell lysates were 
pulled down by bio-AVI, indicating a direct interaction between 
AVI and DNMT1/3a (Fig. 3C). Further, we evaluated the half maxi-
mal effective concentrations of AVI (EC50) on DNTM1 and DNMT3a 
inhibition, which were 4.601 and 5.100 lM, respectively (Fig. 3D 
and E). A review of the literature revealed that DNMT can be 
degraded through ubiquitination or autophagy pathway under dif-
ferent conditions [45,46]. To investigate the inhibitory effect of AVI 
on DNMT1/3a, we treated primary osteoblasts with control, HGPA 
or AVI/HGPA in absence or presence of MG132 (a ubiquitination 
inhibitor) or chloroquine (CQ, an autophagy inhibitor), respec-
tively, followed by western blotting. The results showed that CQ, 
but not MG132, counteracted the inhibitory effects of AVI on 
DNMT1/3a (Fig. 3F and G). These findings suggest that AVI pos-
sesses a potent DNMT inhibitory capacity primarily by promoting 
lysosomal degradation of DNMT1/3a. 

AVI preserves GPX4 and attenuates femoral ferroptotic and 
osteoporotic pathologies in DOP mice 

To further confirm the anti-ferroptosis and osteoprotective 
effects of AVI in vivo, we found that AVI treatment did not alter 
normal femoral trabecular morphology, but effectively alleviated 
the trabecular alterations (1.51 ± 0.072 of STZ/HFD vs. 
2.24 ± 0.059 of AVI/STZ/HFD, P < 0.05), and TUNEL-positive cell 
counts (28.50 ± 2.217 of STZ/HFD vs. 11.67 ± 1.229 of AVI/STZ/ 
HFD, P < 0.05, Fig. 4A and B) in STZ/HFD mice. Notably, Fer-1, a 
selective inhibitor of ferroptosis [47] also demonstrated similar, 
although less effective, anti-ferroptotic and osteoprotective effects 
(Fig. 4A and B, effect size g2 = 0.487 of AVI vs. g2 = 0.472 of Fer-1). 
Furthermore, AVI significantly reduced the adverse expression of 
GPX4, Col1a1, OPN, 4-HNE, NFATc1 and TRAP in STZ/HFD mice 
(Fig. 4C and D). Overall, these results indicate that AVI inhibits 
osteo-ferroptosis likely by preserving GPX4, thereby ameliorating 
OP pathology in DOP mice. 

AVI GPX4-sensitively inhibits ferroptotic alterations in osteoblasts 

To investigate the cell nature of GPX4 suppression and ferropto-
sis, we isolated and cultured primary osteoblasts and osteoclasts 
(differentiated from RANKL-induced bone marrow monocytes/-
macrophages), followed by treatment with HGPA. We found that 
HGPA treatment attenuated ALP activity in osteoblasts and 
increased TRAP activity in osteoclasts (Fig. 5A and B). Further, we 
treated these cells with HGPA or the GPX4 inhibitor RSL3 in the 
absence or presence of AVI. Both HGPA and RSL3 induced increase 
in TUNEL positive cells in osteoblasts, but not in osteoclasts, while 
AVI reduced TUNEL-positive cell counts induced by HGPA, but not 
that by RSL3 (Fig. 5C, the upper two panels). To validate the results, 
we performed C11-BODIPY staining and found that control osteo-
blasts overwhelmingly displayed non-oxidized (N-) BODIPY (red), 
whereas both HGPA and RSL3 caused pronounced increase in oxi-
dized (O-) BODIPY (green) (Fig. 5C, the lower three panels). Fur-
thermore, TEM showed that both HGPA and RSL3 caused 
ferroptotic mitochondrial changes such as small mitochondria 
and diminished mitochondria crista. However, AVI effectively cor-
rected these alterations caused by HGPA, but not that by RSL3
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Fig. 1. Mouse DOP femurs exhibit prominent GPX4 suppression and ferroptosis. Four-week-old male C57BL/6J mice were fed an HFD during the experiment (n = 6). After 
4 weeks, mice were fasted overnight and then injected daily with STZ (25 mg/kg) intraperitoneally for 3 days to induce type 2 diabetes mellitus. After 8 weeks, mice were 
given AVI (50 mg/kg) intraperitoneally thrice a week for 6 weeks. (A) A schematic illustration of the DOP model established by HFD/STZ treatments. AVI/Fer-1 intervention 
started from week 9 until completion at weeks 14. (B) Gross images of control and STZ/HFD mice, blood glucose and body weight were determined after sixth weeks of HFD 
feeding. (C) Results of IPGTT and IPITT. Time course (0, 15, 30, 60, 90 and 120 min) measurement of blood glucose levels after mice were injected glucose (2 g/kg) for IPGTT or 
insulin (0.75 U/kg) for IPITT. The area under the curve parameter (AUC) was calculated. Quantification was presented as mean ± SEM. *P < 0.05, Student’s t-test. (D) H&E-
stained (the upper panel; arrows indicate trabeculae) and l-CT-scanned (l-CT, the lower panel) distal femur sections. (E) Quantitative analysis of the ratio of bone volume to 
tissue volume (BV/TV), trabecular number (Tb.N), trabecular thickness (Tb.Th), and trabecular separation (Tb.Sp) of the l-CT-scanned distal femurs from control (Ctrl) and 
STZ/HFD mice in Fig. 1D. Box-and-whisker plots, *P < 0.05, Student’s t-test. (F) Representative images of distal femur sections stained by Perls’ method (the upper panel; 
arrows indicate iron deposition) and TUNEL (the lower panel; arrows indicate the positively stained cells). (G) Western blotting analysis of Col1a1, NFATc1, 4-HNE, FSP1, and 
GPX4 from mouse femurs (n = 6; three randomly selected samples from each group were shown). GAPDH served as control. Quantification on the right side were presented as 
mean ± SEM. *P < 0.05, Student’s t-test. (H) Representative photomicrographs of distal femur sections stained by immunohistochemistry (IHC) for GPX4 (positively stained 
cells were indicated by arrows. (I) Representative TEM microphotographs. The ferroptotic mitochondria were indicated by arrows. (J) RT-PCR. Gpx4 mRNAs from DOP-
conditioned mouse femurs and primary osteoblasts were assessed by RT-PCR and displayed on agarose gel with PCR product sizes displayed in base pairs (bp). Actb served as 
control. Three/two samples from each group were shown. Quantifications on the right side were presented as mean ± SEM, *P < 0.05, Student’s t-test.
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Fig. 2. GPX4 suppression is caused by DNTM1/3a elevation and Gpx4 promoter hypermethylation. (A) Schematic diagrams of murine Gpx4 promoter. The positions of CpG 
islands (gray area) and MSP/BSP primers are depicted relative to the transcription starting site. (B) Western blotting of DNMT1, DNMT3a, and DNMT3b from controls and 
DOP-conditioned mouse femurs and primary osteoblasts (three/two randomly selected samples from each group were shown). b-actin served as control. Quantifications on 
the right side were presented as mean ± SEM. *P < 0.05, Student’s t-test. (C) Western blotting of GPX4, 4HNE, and MDA from primary osteoblasts treated with HGPA (HG 
25.5 mM; PA 100 lM) in presence or absence of Asperosaponin VI (AVI, 10 lM) or SGI-1027(10 lM) for 36 h. Quantifications on the right side were presented as means ± SD. 
*P < 0.05, one-way ANOVA. (D) Representative gel analysis of MSP products from the primary osteoblasts treated as above. Quantification on the right side was presented as 
mean percentage ± SD after normalized to input PCR products. *P < 0.05, one-way ANOVA. (E) Representative gel analysis of MSP products from the experimental mice in 
Fig. 1A (n = 6, left). Quantification on the right side was presented as mean ± SEM after normalized to input PCR products. *P < 0.05, two-way ANOVA. (F) BSP analysis of 
mouse femurs. For each group, three randomly selected mice (M1, M2, and M3) were analyzed by BSP. Five clones from each animal were sequenced. One box represented 
one mouse. Each row of dots in the box represents one single sequenced clone, and each dot represents one CpG site. Empty or dark dots indicate unmethylated or methylated 
CpGs, respectively. Quantification on the right side was presented as mean ratios ± SEM of methylated CpGs over total CpGs in the cloned fragments. * P < 0.05, two-way 
ANOVA. (G) Western blotting. Primary osteoblasts treated with AVI (10 lM) and/or HGPA (HG 25.5 mM; PA 100 lM) in presence or absence of the over-expression of flag-
tagged DNMT1 (F-DNMT1) or flag-tagged DNMT3a (F-DNMT3a) for 36 h were assayed for DNMT1, DNMT3a, GPX4 and 4-HNE. b-actin served as control. Quantifications on 
the right side were presented as mean ± SEM. *P < 0.05, Student’s t-test.
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Fig. 3. AVI inhibits DNMT1/3a probably via promoting their lysosomal degradation. (A) Molecular docking analysis of AVI binding to DNMT1 and DNMT3a with binding 
energies of 8.8 and 11 kcal/mol, respectively. (B) Structure of Bio-AVI. R = biotin. (C) Bio-AVI pull-down assay. Bio-AVI on streptavidin-coated beads was incubated with 
lysates of primary osteoblasts treated with HGPA (HG 25.5 mM; PA 100 lM) for 6 h. The bound proteins (Pull-down) and total proteins (Input) were assayed for DNMT1 and 
DNMT3a by western blotting. (D) Western blotting. HGPA-treated primary osteoblasts treated with HG/PA (HG 25.5 mM; PA 100 lM) in absence or presence of increasing 
doses of AVI (1, 5, 10, or 20 lM) for 36 h were assayed for DNMT1 and DNMT3a. (E) Quantification of Fig. 3D. Data are presented as mean ± SD of five independent 
experiments. *P < 0.05, two-way ANOVA. EC50 of DNMT1 and DNMT3a inhibition by AVI are 4.601 and 5.1 lM, respectively. (F) Western blotting Primary osteoblasts treated 
with AVI (10 lM) and/or HGPA (HG 25.5 mM; PA 100 lM) in presence or absence of MG132 (20 lM) or CQ (10 lM) for 36 h were assayed for DNMT1 and DNMT3a. b-actin 
served as control. (G) Quantifications of Fig. 3F. Data were presented as mean ± SD of three repeated experiments, *P < 0.05, two-way ANOVA. 
(Fig. 5E). Similarly, AVI effectively alleviated the adverse expres-
sion of GPX4, 4HNE, and MDA induced by HGPA, but not that by 
RSL3 (Fig. 5F and G). Collectively, these results suggest that ferrop-
tosis occurs predominantly in osteoblasts, but not in osteoclasts, 
under DOP condition and that GPX4 is a crucial mediator of the 
anti-ferroptosis effects of AVI.

Osteoblast Gpx4 deficiency enhances ferroptotic osteoporosis 

To investigate the impact of osteoblast GPX4 suppression on 
ferroptotic osteoporosis, we intended to generate osteoblast-
specific Gpx4 knockout mice by breeding Gpx4fl/fl mice with Col1a1-
Cre mice (Fig. 6A). Previous researches have shown that global 
Gpx4 knockout is embryonically lethal [48]. In our study, we exam-
ined more than 60 offsprings and did not identify homozygous 
Gpx4 knockout mice. Instead, live mice were either wild-type or 
heterozygous Col1a1-Cre;Gpx4fl/+ (Gpx4Ob-/+ )  (Fig. 6B). This suggests 
that Gpx4 depletion in osteoblasts is also fatal. At 4 weeks after 
birth, Gpx4Ob-/+ mice were smaller with lighter weights of body 
and femurs (Fig. 6C), along with reduced femoral GPX4 and 
decreased OPN and Col1a1 expressions. In contrast, there were 
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no adverse changes in the osteoclast markers NFATc1 and TRAP 
when compared to control Gpx4fl/fl mice (Fig. 6D). Further, IHC 
and TRAP staining of femoral sections confirmed reduced OCN, 
but unchanged TRAP intensity (Fig. 6E). Moreover, these mice 
exhibited increased TUNEL-positive cell numbers (Fig. 6F), and 
altered OP parameters: BV/TV, Tb.N, Tb.Th, and Tb.Sp (Fig. 6G), 
indicating that osteoblast GPX4 haplo-deficiency enhances ferrop-
tosis and osteoporosis. 

Osteoblastic GPX4 deficiency abrogates the anti-ferroptotic and 
osteoprotective effects of AVI in DOP mice 

To investigate the critical role of GPX4 preservation by AVI in 
DOP mice, we compared the anti-ferroptosis and osteoprotective 
functions of AVI between control and RSL3-treated mice [49,50], 
as well as between Gpx4fl/fl and Gpx4Ob-/+ mice. Both and RSL3-
treated and Gpx4Ob-/+ mice displayed substantially reduced GPX4 
levels and adverse femoral OP alterations of BV/TV, Tb.N and Tb. 
Sp, along with an increased TUNEL-positive cells (Fig. 7A and B), 
which were significantly improved after AVI treatment in control 
and Gpx4fl/fl . However, the protective effects were largely abrogated
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Fig. 4. AVI preserves GPX4 and attenuates femoral ferroptotic and osteoporotic pathologies in DOP mice. C57BL/6J mice were randomly divided into control and STZ/ 
HFD groups. Eight weeks later, these mice were treated with or without AVI (50 mg/kg, thrice a week) or Ferrostatin-1 (Fer-1, 5 mg/kg, daily), respectively, for additional six 
weeks (n = 6). (A) Representative l-CT-scanned femurs (the upper panel) and TUNEL-stained distal femur sections (the lower panel, arrows indicate the positively-stained 
cells) of distal femur sections. (B) Quantitative analysis of the number of the ratio of bone volume to tissue volume (BV/TV), trabecular number (Tb.N), trabecular thickness 
(Tb.Th) and trabecular separation (Tb.Sp) of the l-CT-scanned distal femurs and TUNEL-positive cells in Fig. 4A. Data are presented as box-and-whisker plots. *P < 0.05, two-
way ANOVA. The effect sizes of interaction between AVI (g1) or ferrostatin-1 (g2) intervention and bone volume fraction are indicated. (C) Western blotting assays of GPX4, 
4-HNE, Col1a1, OPN, NFATc1, and TRAP of mouse femurs (n = 6, two randomly selected samples are shown). b-actin served as control. (D) Quantification of Fig. 4C. Data are 
presented as mean ± SEM for all tested mouse samples. *P < 0.05, two-way ANOVA. 
in RSL3-treated and Gpx4Ob-/+ mice (Fig. 7A and B). Similarly, AVI 
significantly attenuated the abnormal changes of 4HNE, OPN, 
Col1a1, TRAP, and NFATc1 in control and Gpx4fl/fl mice; but the 
beneficial effects were largely diminished in RSL3-treated and 
Gpx4Ob-/+ mice (Fig. 7C and D). In summary, these results suggest 
that GPX4 preservation by AVI is crucial for its antiferroptotic 
and osteoprotective effects. 

Discussion 

In this study, we have presented key findings that enhance the 
understanding of the epigenetic mechanisms underlying DOP and 
the anti-osteoporotic properties of AVI. Our results demonstrated 
that: (I) STZ/HFD-treated DOP mice exhibited significant suppres-
sion of GPX4 and femoral ferroptosis, driven by DNTM1/3a eleva-
tion and Gpx4 promoter hypermethylation; (II) AVI, similar to the 
DNMT inhibitor (DNMTi) SGI-1027, inhibited DNMT1/3a, likely 
through promoting their autophagic/lysosomal degradation, and 
alleviated GPX4 suppression, ferroptosis and DOP pathologies; 
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(III) ferroptosis and GPX4 suppression occurred predominantly in 
osteoblasts and osteoblast-specific Gpx4 haplo-defficiency (Gpx4-

Ob-/+ ) led to spontaneous and exacerbated ferroptotic osteoporosis 
in DOP mice; and (IV) pharmacological inactivation of GPX4 or 
osteoblast-specific GPX4 haplo-defficiency significantly reduced 
AVI’s osteoprotective effects against DNTM1/3a-mediated ferrop-
totic DOP pathologies (Fig. 7E). These findings reveal a novel epige-
netic mechanism of GPX4 suppression and osteo-ferroptosis in 
DOP mice, and demonstrated that AVI preserves GPX4 by inhibit-
ing DNMT1/3a, highlighting its potential anti-DOP effects. 

An important finding in this study is the identification of GPX4 
suppression and osteoblast ferroptosis as a major contributor to 
DOP. While both osteoblasts and osteoclasts are critically involved 
in osteoporosis, the death of various bone cells has been shown to 
be crucial in DOP progression [51,52]. For instance, osteocyte fer-
roptosis has been reported in diabetic OP and postmenopausal 
OP modeled by Ovx mice [37,53]. Additionally, osteoclasts are 
found to mediated bone resorption and ferroptosis that contribute 
to osteoporosis Our study demonstrated that ferroptosis and GPX4
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Fig. 5. AVI GPX4-sensitively inhibits HGPA-induced ferroptotic alterations of osteoblasts. (A) Representative images of primary osteoblasts and osteoclasts stained for 
ALP (alkaline phosphatase, the left panel) and TRAP (tartrate-resistant acid phosphatase, the right panel) activities, respectively. (B) Quantification of Fig. 5A was presented as 
mean ratio of positive staining/cell areas ± SD, n = 3, *P < 0.05, Student’s t-test. (C) Representative images of primary osteoblasts and osteoclasts treated with HGPA (HG 
25.5 mM; PA 100 lM) or RSL3 (0.3 lM) with or without AVI (10 lM) for 36 h, and then assayed by TUNEL staining (the upper two panels, positively-stained cells were 
indicated by arrows). Osteoblasts treated as above were examined by C11-BODIPY (the lower three panels). (D) Quantifications of TUNEL assays, N-BODIPY, and O-BODIPY of 
osteoblasts. Data are presented as box-and-whisker plots (n = 4). *P < 0.05, two-way ANOVA. (E) The osteoblasts treated as above were examined by TEM (arrows indicated 
ferroptotic mitochondria). (F) Western blotting analysis of GPX4, 4-HNE, and MDA of primary osteoblasts treated with RSL3 (0.3 lM), and/or HGPA (HG 25.5 mM; PA 100 lM) 
in presence or absence of AVI (10 lM) for 36 h. b-actin served as control. (G) Quantification of Fig. 5F Data are presented as mean ± SD, n = 3, *P < 0.05, two-way ANOVA. 
suppression predominantly affected osteoblasts, as evidenced by 
increased lipid peroxidation, mitochondrial ferroptotic morphol-
ogy, and osteoblast death, while osteoclasts were unaffected. This 
was further supported by findings in osteoblast-specific Gpx4Ob-/+ 

mice, which exhibited spontaneous and worse ferroptotic osteo-
porosis compared to STZ/HFD-treated mice. Our results support 
that osteoblast ferroptosis is a key contributor to DOP 
pathogenesis. 
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We found that DNMT1 and DNMT3a are critical initiators of 
GPX4 suppression, both crucial for the development of osteoporo-
sis in DOP mice. While previous studies have shown that both DOP 
and ferroptosis are influenced by abnormal DNA methylation 
[54,55] and that GPX4 suppression due to aberrant DNA methyla-
tion plays a vital role in ferroptosis [15,56], the upstream regula-
tors and targets that drive these processes remain incompletely 
understood. For example, one study showed that local intramedul-
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Fig. 6. Osteoblastic GPX4 deficiency potentiates ferroptotic osteoporosis. (A) A diagram of Gpx4 gene locus in wild-type (WT), Gpx4fl/fl , and Gpx4Ob-/+ mice. The Gpx4 gene 
contains seven exons represented by boxes. The positions of flox sites (triangles) and genotyping PCR primers F1, R1, and R2 (arrows) are depicted. (B) Agarose gel displays of 
genotyping of WT, Gpx4fl/fl , and Gpx4Ob-/+ mice. (C) Appearances of (the upper panel) and mouse femurs (the lower panel) of Gpx4fl/fl and Gpx4Ob-/+ mice at 4 weeks. 
Quantifications of mouse body weight and femur weight were on the right side (n = 6). Data are presented as mean ± SEM. *P < 0.05, Student’s t-test. (D) Western blotting of 
GPX4, Col1a1, OPN, NFATc1, and TRAP of femoral homogenates from Gpx4fl/fl and Gpx4Ob-/+ mice. Quantifications on the right side were presented as mean ± SEM. *P < 0.05, 
Student’s t-test. (E) Representative IHC images of femur sections from Gpx4fl/fl and Gpx4Ob-/+ mice stained for OCN and TRAP. The arrows indicated the positively-stained 
signals. (F) Representative TUNEL-stained distal femoral sections of Gpx4fl/fl and Gpx4Ob-/+ mice. Arrows indicated positively-stained cells. (G) Representative 
microphotographs of l-CT-scanned distal femurs of Gpx4fl/fl and Gpx4Ob-/+ mice. Quantitative analysis of l-CT 3D reconstruction data in Fig. 6G. was on the right side for 
the ratio of bone volume to tissue volume (BV/TV), trabecular number (Tb.N), trabecular thickness (Tb.Th), and trabecular separation (Tb.Sp). Data are presented as box-and-
whisker plots. *P < 0.05, n = 6, Student’s t-test. 
lary injection of DNMT1 siRNA restored femoral microstructure in 
a rat model of disuse OP [57]. Another study demonstrated that 
running exercise inhibited DNMT1/3a/3b elevation and reversed 
Nrf2 promoter hypermethylation, alleviating osteoporosis in 
ovariectomized mice [34]. We observed that GPX4 suppression in 
DOP was linked to DNMT1/3a elevation and hypermethylation of 
the Gpx4 promoter. We further demonstrated that treatment with 
the DNMT inhibitor SGI-1027 effectively reversed GPX4 suppres-
sion and ameliorated osteoblast ferroptosis, which were signifi-
cantly blocked by DNMT1/3a overexpression. Therefore, our 
study identified DNMT1 and DNMT3a as the key upstream regula-
tors of GPX4 suppression-associated osteoblast ferrroptosis criti-
cally involved in DOP pathogenesis, underscoring an effective 
and targeted strategy to treat DOP. 

Many compounds in herbal medicines, such as polyphenols, fla-
vonoids, and alkaloids, exhibit strong DNA methylation-regulatory 
properties [58]. For instance, glycyrrhizic acid, a saponin struc-
turally similar to AVI, has been shown to inhibit DNMT1/3a and 
exert antifibrotic effects in lung fibrosis mice [30]. However, the 
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mechanisms behind AVI’s osteogenic effects in DOP remain 
unclear. Our study found that AVI inhibits the abnormal elevation 
of DNMT1/3a in DOP mice and osteoblasts. Molecular modeling 
and bio-AVI pull-down assay confirmed AVI’s strong binding to 
DNMT1 and DNMT3a, making them key targets for AVI’s demethy-
lating action. Furthermore, AVI showed prominent osteogenic effi-
cacy compared to synthetic DNMT inhibitor SGI-1027, and 
inhibited DNMT1 (EC50 8.203 lM) and DNMT3a (EC50 
7.725 lM) likely via lysosomal degradation, with higher electivity 
for DNMT3a. These findings position AVI as an effective epigenetic 
DNMT inhibitor and may explain many of its osteogenic or other 
tissue-protective functions. 

Conclusion 

Our results show that AVI inhibits osteoblast ferroptosis and 
alleviates bone loss in DOP mice by inhibiting the aberrant eleva-
tion of DNMT1/3a and Gpx4 promoter hypermethylation. These 
findings uncover a unique epigenetic mechanism of ferroptosis
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Fig. 7. Osteoblastic GPX4 deficiency attenuates the anti-ferroptotic and osteoprotective effects of AVI in DOP mice. Control (Ctrl) and RSL3-treated mice, as well as 
Gpx4fl/fl and Gpx4Ob-/+ mice, were subjected to vehicle control (Ctrl), STZ/HFD, or AVI/ STZ/HFD treatment as before (n = 6). (A) Representative microphotographs of the l-CT-
scanned distal femurs (the left panel) and TUNEL-stained femur sections (the right panel, Arrows indicated the positive cells). (B) Quantitative analysis of the ratio of bone 
volume to tissue volume (BV/TV), trabecular number (Tb.N), trabecular separation (Tb.Sp), and TUNEL staining in Fig. 7A. Data are presented as box-and-whisker plots. *P < 
0.05, two-way ANOVA with Tukey’s post-hoc test. (C) Western blotting of GPX4, 4-HNE, Col1a1, OPN, NFATc1, and TRAP of femoral homogenates from the mice in Fig. 7A 
(n = 6, two samples from each group were shown). b-actin served as control. (D) Quantification of Fig. 7C Data were presented as mean ± SEM. *P < 0.05, Two-way ANOVA. (E) 
A schematic diagram depicting sequential DNMT1/3a elevation, hypermethylation of the Gpx4 promoter, GPX4 transcription inhibition, osteoblast ferroptosis (FPT) and DOP 
in STZ/HFD mice. Conversely, DNMT inhibition (DNMTi)/AVI reverse the process by inhibiting DNMT1/3a.
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involved in DOP, and highlight a novel aspect of AVI’s pharmacol-
ogy for its therapeutic potential to treat DOP and other related 
osteoporotic disorders.
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