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Background: Osteoporosis is a systemic skeletal disease with a multifactorial pathogenesis, and microgravity contributes signifi-
cantly to its progression. Despite the critical role of epigenetic modifications, particularly DNA methylation, in cellular function,
their involvement in microgravity-induced osteoporosis remains unclear. This study investigates the impact of DNA methylation
on osteoblast phenotypes under microgravity, offering new insights into the epigenetic regulation of bone homeostasis.
Methods: Reduced representation bisulfite sequencing (RRBS), methylation-specific PCR (MSP), bisulfite sequencing PCR
(BSP), and quantitative PCR (qPCR) were used to analyze the DNA methylation and transcriptional profiles of MC3T3-E1 cells
under microgravity. Differentially methylated regions (DMRs) in the Ddit3 promoter and its expression were assessed. Func-
tional assays, including Western blotting (WB), flow cytometry, and CCK-8, were performed to evaluate the impact of Dnmt3a
overexpression or Ddit3 inhibition on osteoblast function. In vivo, a tail suspension (TS) mouse model was used to investigate
bone phenotypic changes after Ddit3 inhibition. The role of the endoplasmic reticulum (ER) stress pathway in mediating Ddit3’s
effects was examined using the ER stress inhibitor 4-phenylbutyric acid (4PBA).
Results: Microgravity exposure markedly induced apoptosis in osteoblasts, with the apoptotic rate increasing from 3.83% in
the control group to 13.44% in the microgravity group (p < 0.05). Pro-apoptotic proteins Bax and cleaved caspase-3 increased
by 30% (p < 0.05) and 66% (p < 0.05), respectively, whereas the anti-apoptotic protein Bcl-2 decreased by 33% (p < 0.05).
Reduced representation bisulfite sequencing (RRBS) revealed a significant global decrease in DNA methylation under micro-
gravity. RT-qPCR analysis demonstrated a 48% reduction in Dnmt3a expression (p < 0.05), accompanied by hypomethylation
of the Ddit3 promoter and a 2.36-fold elevation of Ddit3 mRNA (p < 0.05). BSP further confirmed a 62% (p < 0.05) decrease
in Ddit3 promoter methylation, while MSP showed a 45% reduction (p < 0.05). Functional assays indicated that Dnmt3a over-
expression elevated cell viability by 31% (p < 0.05) and suppressed apoptosis, reducing Bax expression by 35% (p < 0.05) and
increasing Bcl-2 expression by 103% (p < 0.05) compared with the microgravity group. Moreover, the regulatory effects of
Dnmt3a were Ddit3-dependent; inhibition of Ddit3 under microgravity reduced the apoptotic rate by 58% (p < 0.05) relative to
Dnmt3a-inhibited cells. Microgravity also strongly activated the ER stress pathway, upregulating p-PERK, p-IRE1α, and XBP1s
by 3.2-, 2.1-, and 3.8-fold (p< 0.05), respectively. Under microgravity, Ddit3 inhibition alleviated ER stress, decreasing p-PERK,
p-IRE1α, and XBP1s by 57% (p < 0.05), 48% (p < 0.05), and 56% (p < 0.05), respectively. Furthermore, treatment with the
ER stress inhibitor 4PBA under microgravity reduced the ER stress markers ATF4 and XBP1s by 48% (p < 0.05) and 49% (p
< 0.05), respectively. In vivo studies using a TS mouse model confirmed that Ddit3 inhibition attenuated the osteoporosis-like
phenotype, improving bone mass and microarchitectural integrity.
Conclusion: Under microgravity, Dnmt3a downregulation induces Ddit3 promoter hypomethylation, triggering ER stress and
osteoblast apoptosis, thereby promoting osteoporosis. These findings identify the Dnmt3a–Ddit3 axis as a key epigenetic regulator
of osteoblast dysfunction in microgravity and a promising therapeutic target for microgravity-induced osteoporosis.
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Introduction

Osteoporosis arises frommultiple contributing factors
and is characterized by a decline in bone density and mass
due to disruptions in bone microarchitecture. This condi-
tion increases bone fragility, making individuals more sus-
ceptible to fractures from low-impact forces, commonly re-
ferred to as fragility fractures [1]. Such fractures signifi-
cantly diminish patients’ quality of life, heighten morbid-
ity, and, in severe cases, lead to disability or even death
[2]. The primary risk factors for osteoporosis include ad-
vanced age, low body weight, smoking, a family history of
osteoporosis, earlymenopause, low levels of physical activ-
ity, and a personal history of fractures from minor trauma
or ground-level falls. These factors collectively accelerate
bone loss [3]. Additionally, certain medical conditions such
as hyperparathyroidism, anorexia nervosa, malabsorption,
hyperthyroidism, overt thyrotoxicosis, and chronic kidney
disease can predispose individuals to osteoporosis [4].

Furthermore, osteoporosis is a metabolic bone disor-
der arising from an imbalance between osteoclasts’ bone-
resorbing activity and osteoblasts’ bone-forming activity.
This imbalance leads to progressive loss of bone mass and
strength, increasing the risk of fragility fractures and im-
pairing the healing process after fractures [5,6]. The global
incidence of osteoporotic fractures, particularly hip, verte-
bral, and wrist fractures, continues to rise, establishing os-
teoporosis as a critical public health issue worldwide [7].

The pathogenesis of osteoporosis involves both ge-
netic determinants and hormonally regulated endogenous
factors, while environmental changes serve as significant
exogenous contributors [8]. Studies have shown that astro-
nauts are at risk of losing 1.0% to 1.5% of their bone mass
per month while in space, and upon returning to Earth, they
are unable to fully recover their bone mass, leaving them
more vulnerable to osteoporosis. This bone loss is primar-
ily attributed to the impairment of osteoblast function due
to microgravity, followed by upregulation of osteoclast-
mediated bone resorption [9]. Therefore, changes in the
mechanical environment of bone tissue—such as under
conditions of weightlessness or hypergravity—disrupts the
equilibrium of bone cell physiology, leading to metabolic
abnormalities in bone and the development of related dis-
eases. Specifically, these changes can affect osteoblast
proliferation and apoptosis [10], with osteoblast apoptosis
playing a key role in the onset of osteoporosis [11]. Previ-
ous research has demonstrated that glucocorticoids promote
osteoporosis by inducing osteoblast apoptosis, thereby re-
ducing the number of bone cells [12]. This underscores
the importance of reversing osteoblast apoptosis as a ther-
apeutic strategy for osteoporosis. Therefore, investigat-
ing whether osteoblasts undergo apoptosis and understand-
ing the underlying biological mechanisms in the context
of weightlessness is essential for developing new treatment
approaches.

Research has shown that epigenetic regulation plays
a significant role in bone metabolism and the imbalance
of age-related bone homeostasis [13,14]. It has also been
reported that microgravity can substantially affect the os-
teogenic differentiation capacity of stem cells through epi-
genetic modifications [15]. Among these modifications,
abnormal DNA methylation is a key factor in the develop-
ment of osteoporosis [16]. DNA methylation refers to the
covalent attachment of a methyl group to the 5´ carbon of
cytosine in CpG dinucleotides, a process catalyzed by DNA
methyltransferases, which regulates gene transcription and
is involved in cellular function control [17]. Dnmt3a is a
critical enzyme that mediates DNA methylation modifica-
tions. Recent studies have emphasized the importance of
Dnmt3a in various biological processes, including devel-
opment, differentiation, and disease [18,19]. A compara-
tive transcriptomic analysis has identified Dnmt3a as be-
ing linked to osteoporosis [20]. In osteoblast regulation,
Dnmt3a has been shown to promote osteoblast differentia-
tion and alleviate osteoporosis [21]. Additionally, Dnmt3a
has significant anti-apoptotic effects in ovarian, cervical,
and pancreatic cancer cells [22–24]. Interestingly, previous
studies have found that microgravity can significantly influ-
ence the dynamic expression of Dnmt3a [25]. However, it
remains unclear how microgravity affects Dnmt3a expres-
sion in bone tissue, and whether it can modulate osteoblast
apoptosis to contribute to osteoporosis development.

In this study, we found that abnormal DNA
methylation-induced upregulation of Ddit3 is associ-
ated with osteoporosis. Further experiments demonstrated
that in a microgravity-induced osteoporotic mouse model,
intervening with Ddit3 by inhibiting osteoblast apoptosis
caused by ER stress effectively protected against osteo-
porosis. These findings reveal an important epigenetic
mechanism in the development of osteoporosis under
microgravity conditions and offer potential therapeutic
strategies to reduce bone loss in astronauts and individuals
exposed to similar conditions on Earth.

Methods
Reagents

Minimum Essential Medium α (MEM α; 12561056),
phosphate-buffered saline (PBS) (10010023), 0.25%
Trypsin-EDTA (25200), penicillin/streptomycin (P/S)
(15140122) and fetal bovine serum (FBS) (16000044)
were purchased from Gibco (Gaithersburg, MD, USA).
Dnmt3a (A3169), Bax (A19684), Bcl‑2 (A20736),
Cleaved-Caspase‑3 (A22869), and GAPDH (AC002) an-
tibodies were purchased from ABclonal (Wuhan, China).
The p-IRE1α (Invitrogen, PA1-16927) was purchased
from Invitrogen (Waltham, Massachusetts, USA). The
p-PERK antibody (3179T) was purchased from Cell
Signaling Technology (CST) (Danvers, MA, USA). The
OCN antibody (GB11233) was purchased from Servicebio
(Wuhan, China). Anti-mouse (A0216) or Anti-rabbit HRP-
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conjugated secondary antibodies (A0208) were purchased
from Beyotime (Beijing, China). The transfection reagent
Lipofectamine 3000 (L3000150) was purchased from In-
vitrogen (Waltham, Massachusetts, USA). 4-Phenylbutyric
acid (4PBA) (HY-A0281), an ER stress inhibitor, was
purchased from MedChemExpress (MCE) (Monmouth
Junction, NJ, USA).

Cell Culture and Treatment

For this study, mouse pre-osteoblastic cell line
MC3T3-E1 (RRID: CVCL_0409) ordered from Shanghai
Fuheng Biotechnology Co., Ltd. (Cat No. FH0384) in
February 2024 were used. All cell lines were routinely
tested and were negative for mycoplasma contamination.
The MC3T3-E1 cell line was authenticated by STR profil-
ing (ABI 3730XL analyzer). MC3T3-E1 cells were main-
tained in MEM α supplemented with 10% FBS and 1%
P/S at 37 °C in a 5% CO2 atmosphere with 95% humid-
ity. The microgravity cell model was established by us-
ing rotation to simulate the microgravity environment, em-
ploying a Rotating Cell Culture System (RCCS, Synthecon
Inc). The culture of MC3T3-E1 cells under simulated mi-
crogravity was achieved by implementing modifications to
previously reported methodologies [26]. Briefly, Cytodex
3 microcarriers were used as cell media. Cells with 80%–
90% confluence were selected, digested with trypsin, resus-
pended, and counted. In the simulated microgravity group,
5 × 104 cells were mixed with microcarriers, and the cell-
microcarrier mixture was added to the culture dish. After
removing air bubbles, the dish was placed into the RCCS
device, set to a rotation speed of 15 rpm/min, and cultured
for 48 hours at 37 °C with 5% CO2. The detailed proce-
dure is illustrated in Supplementary Fig. 1. All conditions
for the normal gravity group remain the same except for
the rotation. According to the experimental design, cells
from each group were to be used for subsequent pheno-
type or molecular function validation. Cells were trans-
fected with pcDNA3.1-Dnmt3a (OE-Dnmt3a) to upregu-
late Dnmt3a expression, with the pcDNA3.1 empty vector
serving as the negative control. For gene silencing, spe-
cific siRNAs targeting Dnmt3a and Ddit3 were used, and
a non-targeting siRNA (SiNC) served as the negative con-
trol. All plasmid vectors and siRNAs were purchased from
GenePharma (Shanghai, China). Specific experimental ma-
nipulations are outlined below. Briefly, cells were cultured
in a 12-well plate. According to the Lipofectamine 3000
transfection reagent (Invitrogen) protocol for plasmid and
siRNA transfection, 1 µL of plasmid (1 µg/µL) or siRNA
(25 nM) was mixed with Lipofectamine 3000 transfection
reagent and incubated for 15 minutes. Then, the mixture
was added to the wells of the 12-well plate and incubated
for 24 hours. Cells were pretreated with DMSO or 4PBA
at the designated concentration (5 mM) and duration as re-
quired. For siRNA sequences, see Supplementary Table
1.

Quantitative Real-Time PCR (qRT-PCR) Analysis
The total RNA from MC3T3-E1 cells in each group

was extracted using the Ultrapure RNA Kit (CWBIO,
CW0581S) and reverse-transcribed into cDNAwith the Su-
perRT cDNA Synthesis Kit (CWBIO, CW0741M). qRT-
PCR was conducted using the SuperStar Universal SYBR
Master Mix (CWBIO, CW3360H) and a CFX96 Real-Time
PCR Detection System (Bio-Rad). The primers used are
listed in Supplementary Table 2.

Western Blot Assay of Protein Expression
Cellular proteins were extracted from different exper-

imental groups using RIPA buffer (Beyotime, P0013B).
Proteins were separated via SDS-PAGE and transferred to
PVDF membrane (Millipore). The membranes were in-
cubated with primary antibodies specific to Dnmt3a (Ab-
clonal, A3169; 1:1000), Bax (Abclonal, A19684; 1:1000),
Bcl-2 (ABclonal, A20736; 1:1000), Cleaved-Caspase 3
(ABclonal, A22869; 1:1000), p-IRE1α (Invitrogen, PA1-
16927; 1:1000), p-PERK (CST, 3179T; 1:1000), and
GAPDH (Abclonal, AC002; 1:5000). The membranes
were then incubated with a secondary antibody (Beyotime;
1:2000). Protein bands were visualized using enhanced
chemiluminescence (Abclonal, RM00021) and analyzed
using Image Lab software (Bio-Rad). After normalization
to the intensity of the housekeeping protein (GAPDH), data
from each experimental group were compared with those
from its corresponding control group, followed by statisti-
cal analysis.

Flow Cytometry Analysis of Apoptosis
Cell apoptosis was assessed using the Annexin V-

FITC/PI Apoptosis Detection Kit (Cat. No. 40302ES20,
Yeasen Biotech, China). Cells were collected and washed
twice with PBS. The cell pellet was resuspended in 1×
binding buffer and incubated with Annexin V-FITC and PI.
After gentle vortexing, the cells were incubated in the dark
at room temperature for 15 minutes. Following incubation,
500 µL of 1× binding buffer was added, and apoptosis was
analyzed using a Beckman flow cytometer with the corre-
sponding software. Cell components were distinguished
using forward and side scatter parameters. Cells positive
for Annexin V and negative for PI were defined as early
apoptotic, whereas those positive for both Annexin V and
PI were classified as late apoptotic. The combined popula-
tions in the Q2 and Q3 quadrants were calculated to repre-
sent the percentage of apoptotic cells among the analyzed
samples.

Cell Proliferation Assay
After culturing cells from each group in a rotating cell

culture system in 96-well plates for 12 hours, Dnmt3a ex-
pression was modulated or left unchanged for 24 hours,
as required by the experimental protocol. Finally, assess-

https://www.discovmed.com/


698

ment of cell proliferation was carried out using the CCK-8
reagent (Cat. No. 40203ES80, Yeasen Biotech, China).

Reduced Representation Bisulfite Sequencing (RRBS)
In this study, we conducted Reduced Representation

Bisulfite Sequencing (RRBS) to analyze the methylation
patterns of MC3T3-E1 osteoblast under microgravity and
normal culture conditions. Genomic DNA was extracted
using the FastPure® Cell/Tissue DNA Isolation Mini Kit
(DC102) from Vazyme Biotech Co., Ltd., following the
manufacturer’s protocols to ensure high-quality DNA suit-
able for downstream applications. Library construction was
performed using the Zymo-Seq RRBSLibrary Kit (D5460),
adhering to a precise workflow designed for optimal re-
sults. The process began with the digestion of genomic
DNA using the MspI enzyme, which specifically recog-
nizes and cleaves CpG-rich regions, thereby enriching for
these important genomic sites. After digestion, cytosine-
methylated adapters were ligated to the ends of the frag-
mented DNA to facilitate subsequent amplification and se-
quencing. Following adapter ligation, the DNA under-
went bisulfite conversion, which converts unmethylated cy-
tosines into uracils. This critical step allows for the differ-
entiation of methylated from unmethylated cytosines dur-
ing sequencing. The converted DNA was then subjected to
index primer amplification to enrich the library and incor-
porate unique identifiers for multiplexing.

The insert size of the constructed library was analyzed
using the Bioanalyzer system (Agilent), ensuring that the
fragments were of the desired size for sequencing. The con-
centration of the library was quantified using the Qubit flu-
orometer, providing a precise measurement necessary for
optimal loading onto the sequencing platform.

Finally, the prepared libraries were sequenced on the
Illumina Novoseq 6000 platform with a paired-end read
length of 150 base pairs (PE150). The raw RRBS data are
available on SRA Bioproject accession PRJNA1192047.

RNA Sequencing
RNA Sequencing (RNA-seq) was further performed

to investigate the transcriptomic changes of MC3T3-E1
osteoblasts under microgravity and normal culture condi-
tions. Total RNA was extracted from the cultured cells us-
ing the TRIzol reagent (Thermo Fisher Scientific, Cat. No.
15596018) according to themanufacturer’s instructions, en-
suring the integrity and purity of the RNA for downstream
applications.

Library construction was carried out using the NEB-
Next UltraTM RNA Library Prep Kit (NEB, Cat. No.
E7490). The workflow began with the removal of riboso-
mal RNA (rRNA) to enrich for mRNA, which was followed
by fragmentation of the mRNA. The fragmented mRNA
was then reverse transcribed into cDNA, and the cDNA un-
derwent end-repair and A-tailing, preparing it for adapter
ligation. Adapters containing sequences for sequencing and

indexes for multiplexing were ligated to the ends of the
cDNA fragments.

Subsequent to adapter ligation, the libraries were pu-
rified using the AMPure XP system (Beckman Coulter)
to remove any unligated adapters and other contaminants.
The quality and size distribution of the constructed libraries
were assessed using the Agilent Bioanalyzer system, en-
suring that the fragments met the criteria for optimal se-
quencing. The concentration of each library was quanti-
fied using the Qubit fluorometer, yielding precise measure-
ments required for effective loading onto the sequencing
platform. Finally, the prepared libraries were sequenced on
the Illumina Novaseq 6000 platform, employing a paired-
end read length of 150 base pairs (PE150). This sequenc-
ing approach allowed for comprehensive coverage of the
transcriptome, facilitating the analysis of gene expression
profiles under the specified conditions. The raw RNA-seq
data are also available on SRA Bioproject accession PR-
JNA1192047.

Bioinformatic Analysis
Quality control of the raw sequencing data was per-

formed using FastQC and Fastp (or Trim Galore). For
RRBS data, we obtained an average of 24.2 million read
pairs per sample. The data exhibited high sequencing qual-
ity, with Q30 scores consistently exceeding 81% and low
duplication rates (<7%). The average mapping efficiency
to the reference genome was approximately 69% using Bis-
mark, with a bisulfite conversion rate greater than 96.5%,
ensuring reliable methylation calling. For RNA-seq data,
an average of 23.6 million clean reads were generated per
sample. The transcriptomic data showed exceptional qual-
ity (Q30 >95%) and high alignment rates (>98%) to the
reference genome using HISAT2. Detailed sequencing
statistics for all biological replicates are provided in Sup-
plementary Table 3.

For RRBS analysis, raw reads were trimmed us-
ing Trim Galore (http://www.bioinformatics.babraham.ac
.uk/projects/trim_galore/) to remove adapter sequences and
low-quality nucleotides. The trimmed FASTQ files were
then aligned to the mm10 reference genome using Bismark
[27]. Methylation levels at cytosine sites andwithin defined
small windows (200–1000 bp) were computed using Bat-
Meth2 [28]. Further analysis involved calculating methyla-
tion levels across promoter and gene body regions, as well
as upstream and downstream areas. Differential methyla-
tion analysis was conducted using theMethylKit package to
identify differentially methylated cytosines (DMCs) [29],
and DMRs. Detected DMRs were filtered according to spe-
cific criteria: (1) a p-value less than 0.05; (2) a methyla-
tion level difference greater than 0.15; (3) a minimum of
5 CpG sites contained within the DMR; and (4) a DMR
length greater than 50 bp. Finally, the Genomation pack-
age was utilized for annotating the DMRs to elucidate their
functional significance in the genome.
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To process the rawRNA-seq data, we beganwith qual-
ity control and trimming of the FASTQ files using Trim-
Galore. Following this, the cleaned reads were aligned
to the mm10 reference genome using HISAT2 (http://da
ehwankimlab.github.io/hisat2). Subsequently, we utilized
StringTie (http://ccb.jhu.edu/software/stringtie/) to quan-
tify the expression levels of mRNAs based on the align-
ment results. For differential expression analysis, we em-
ployed the DESeq2 package to analyze the raw counts ma-
trix. Genes were considered differentially expressed when
the adjusted p-value (padj) was less than 0.05. To gain in-
sights into the biological significance of the differentially
expressed genes, we conducted enrichment analyses using
the clusterProfiler package, which provided Gene Ontology
(GO) and KEGG pathway enrichment results. Addition-
ally, Gene Set Enrichment Analysis (GSEA)was performed
based on the MSigDB database (https://www.gsea-msigdb.
org/gsea/msigdb/) to further explore the functional implica-
tions of the identified gene sets.

Methylation-Specific PCR (MSP) and
Bisulfite-Sequencing PCR (BSP)

To investigate the methylation status of the Ddit3
gene promoter, specific primers were designed using
the MetPrimer software (http://www.urogene.org/methpr
imer). MSP was performed on genomic DNA extracted
from MC3T3-E1 osteoblasts cultured under microgravity
and normal conditions. Genomic DNA was converted us-
ing the Beyotime DNA Bisulfite Conversion Kit (D0068S)
before PCR amplification.

For MSP, we utilized the following primers: the
methylated forward primer Ddit3-F-M (ATTTCGTTTT-
TAGAAGGTATCGC) and the reverse primer Ddit3-
R-M (CTATTAACTCGCTACTATCCGCT), generating a
product of 153 bp with a melting temperature (Tm)
of 77.2 °C. The unmethylated forward primer Ddit3-
F-U (TTTTGTTTTTAGAAGGTATTGTGT) and the re-
verse primer Ddit3-R-U (CTCCTATTAACTCACTAC-
TATCCACT) were used, resulting in a product size of 155
bp and a Tm of 72.2 °C.

Additionally, BSP was conducted to further elu-
cidate the methylation patterns of the Ddit3 promoter.
The BSP utilized the forward primer (GTTATAGGGGT-
TAGGGGTAGTTTTG) and reverse primer (AAAAT-
TAATAAAAAATTATAAAAAAAA). Amplified products
were purified using a PCR Product Purification Kit (Cat.
No. B518141, Sangon Biotech, China) and subsequently
cloned into the pGEM-TEasy vector system (Promega,
USA). Five colonies from each PCR reaction were ran-
domly selected for sequencing, and the percentage of
methylated cytosines relative to total cytosines within the
cloned fragments was calculated.

Animal Model and Treatment
This study was conducted in strict accordance with

ethical standards for animal experimentation and scien-
tific research. All procedures were approved by the Ani-
mal Ethics Committee of The Second Hospital of Lanzhou
University (No. D2024-685) and complied with the AR-
RIVE guidelines (Animal Research: Reporting In Vivo Ex-
periments). A total of twenty-four male C57BL/6 mice
were used in this study, and all animals were housed and
maintained under specific pathogen-free conditions. Male
C57BL/6 mice at 4 weeks of age were randomly assigned
to two groups: a control group and a tail suspension (TS)
group. Mice in the TS group were placed individually in
cages and suspended by their tails for 24 hours a day for
7 consecutive days, with a 45-degree downward tilt [30].
Their hindlimbs were in contact with the ground and they
had access to food. Following the manufacturer’s guide-
lines (GenePharma, China), we established a mouse model
with Ddit3 gene inhibition using Adeno-Associated Virus
type 2 (AAV2). AAV2-NCwas used as the negative control.
C57BL/6 mice were divided into the AAV2-NC normal
group, AAV2-NC osteoporosis group, AAV2-Ddit3 normal
group, and AAV2-Ddit3 osteoporosis group. The viruses
were injected subcutaneously targeting the distal femoral
surface at a dose of 2 × 1011 vg/week, two weeks prior to
the start of the tail suspension experiment. Mice were eu-
thanatized by cervical dislocation.

Micro-CT Imaging
Mouse femur samples were fixed in 4% buffered for-

malin for 24 hours and then scanned using a µCT imag-
ing (µCT100 Scanco Medical). The femur specimens were
placed on the micro-CT scanning platform with the follow-
ing settings: tube voltage of 70 kV, tube current of 200
µA, slice thickness of 20 µm, exposure time of 300 ms,
and a 360-degree rotation scan. The proximal femur was
scanned, and a standard phantom was used for CT calibra-
tion. After scanning, a cylindrical region of interest (ROI)
with a 2 mm diameter and 1 mm thickness was selected in
the center of the femoral neck. Bone tissue within the ROI
was analyzed using 3D visualization. Bone mineral den-
sity (BMD) was quantified using the Scanco microCT µ100
software, and 3D structural parameters were assessed, in-
cluding bone volume fraction (BV/TV%), trabecular thick-
ness (Tb.Th), trabecular separation (Tb.Sp), and trabecular
number (Tb.N).

Histological and Immunohistochemical (IHC)
Staining

The samples were initially fixed in 4% paraformalde-
hyde for 24 hours, followed by decalcification in a de-
calcification solution. After decalcification, the samples
were washed in distilled water for 48 hours and subjected
to dehydration through an ethanol gradient. The samples
were then embedded in paraffin and sectioned. Finally, the
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sections were stained using H&E and Masson’s trichrome
staining methods. For IHC staining, tissue sections were
incubated overnight at 4 °C with a primary antibody target-
ing osteocalcin (OCN) (1:200, Cat. No. GB11233; Ser-
viceBio, China), followed by incubation with a secondary
antibody conjugated to HRP (1:200, Cat. No. GB23303;
ServiceBio, China). The slides were then treated with a
DAB horseradish peroxidase substrate kit (Cat. No. P0203,
Beyotime Biotech, China) for color development and coun-
terstained with hematoxylin. The staining results were ex-
amined under a microscope.

Statistical Analysis
All experiments were independently repeated at least

three times. Group comparisons were performed using
the independent-samples t-test, while multiple comparisons
were conducted using one-way ANOVA with GraphPad
software (GraphPad Prism 8; GraphPad, Bethesda, MD,
USA). For ANOVA, Tukey’s post hoc test was applied
when normality and homogeneity of variance were satis-
fied; if assumptions were violated, Welch’s ANOVA fol-
lowed by Dunnett’s T3 or the Kruskal-Wallis test followed
by Dunn’s multiple-comparisons test was used. Continu-
ous variables are expressed as mean ± SD. A p-value of
less than 0.05 was considered statistically significant.

Results

Microgravity Induces Apoptosis in Osteoblasts
To simulate themicrogravity condition and investigate

the effects of this environment on the osteoblast phenotype,
we used a rotating cell culture system, with a particular fo-
cus on whether it could induce cell apoptosis. The mor-
phological characteristics of cells under microgravity con-
ditions are shown in Supplementary Fig. 2. We first evalu-
ated the expression levels of osteoblast-specific extracellu-
lar matrix genes, Bglap, Runx2, andCol1a1, using quantita-
tive PCR. Under microgravity conditions, the expression of
these genes was significantly lower than that observed un-
der normal gravity, with Bglap, Runx2, and Col1a1 show-
ing reductions of approximately 45% (p < 0.001), 52% (p
< 0.001), and 57% (p < 0.001), respectively. These find-
ings demonstrate thatmicrogravity substantially inhibits os-
teoblast activity (Fig. 1A). To further evaluate cell prolif-
eration, we performed a CCK-8 assay to examine the ef-
fects of microgravity on osteoblast growth. The results re-
vealed that microgravity markedly suppressed cell prolif-
eration, with an approximate 48% reduction (p < 0.001)
compared with the normal gravity condition (Fig. 1B).
Next, cell apoptosis was quantified by flow cytometry. A
marked increase in apoptotic rate was observed under mi-
crogravity, from 3.83% in the control group to 13.44%
in the microgravity group, demonstrating that micrograv-
ity substantially enhances osteoblast apoptosis (p < 0.001)
(Fig. 1C,D). Western blot analysis of key apoptotic proteins

further revealed pronounced alterations in apoptosis-related
markers in the microgravity-treated group. Specifically, the
expression levels of Bax and Cleaved-caspase-3 were in-
creased by approximately 30% (p < 0.05) and 66% (p <

0.05), respectively, whereas Bcl-2 expression was reduced
by about 33% (p < 0.05) compared with the control group
(Fig. 1E). Together, these findings confirm that micrograv-
ity induces osteoblast apoptosis.

Methylation Pattern Analysis
In this study, we analyzed the genomic methylation

landscape of our samples. Coverage statistics revealed
variation in sequencing depth among chromosomes, with
chromosome M showing the highest coverage and chromo-
some X the lowest. The average genome-wide methyla-
tion level was 0.097. Analysis of methylation patterns in
different contexts (CpG, CHG, CHH) indicated that CpG
sites exhibitedmarkedly highermethylation levels, whereas
CHG and CHH sites showed substantially lower levels
(Fig. 2A,B). Chromosomal window analysis demonstrated
that CpG methylation was enriched in regions with higher
gene density, while CHG and CHH methylation remained
relatively low (Fig. 2C). Examination of genomic elements
revealed that CpG methylation levels were highest within
gene bodies and comparatively reduced in upstream and
downstream regions, with CHG and CHH methylation re-
maining consistently low (Fig. 2D).

In the CpG context, we observed a canonical negative
correlation between promoter methylation and gene expres-
sion levels (Fig. 2E). Specifically, genes with higher ex-
pression levels (rank 4 and rank 5) exhibited a pronounced
“valley” of hypomethylation around the transcription start
site (TSS). This pattern aligns with the established bio-
logical concept that promoter hypomethylation facilitates
chromatin accessibility and transcription factor binding,
thereby actively promoting transcriptional initiation. Con-
versely, lower expression levels (rank 1–3) were associated
with elevated promoter methylation, consistent with the
role of DNA methylation in transcriptional silencing. Fur-
thermore, while promoter regions were hypomethylated,
gene body regions showed higher methylation levels, which
may function to repress spurious transcription initiation
from cryptic promoters within the gene body. Regard-
ing non-CpG contexts (CHG and CHH), methylation levels
remained minimal and stable across all expression ranks.
This observation confirms that non-CpGmethylation is rare
in differentiated somatic cells like MC3T3-E1, unlike in
plants or embryonic stem cells.

Methylation Pattern Changes Under Microgravity
Stimulus

We explored the changes in methylation patterns un-
der microgravity stimulus. The methylation levels of
CpG, CHG, and CHH in the microgravity group were sig-
nificantly lower than those in the normal culture group
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Fig. 1. Effects of microgravity on osteoblast phenotype and apoptosis. (A) PCR analysis of Bglap, Runx2 andCol1a1 gene expression
to assess osteoblast activity. (B) CCK-8 assay to evaluate cell proliferation under microgravity conditions. (C,D) Flow cytometry
analysis of apoptosis in osteoblasts under microgravity. (E) Western blot analysis of apoptotic markers (Cleaved-caspase-3, Bax, Bcl-2)
in response to microgravity. Data shown as mean ± SD (n ≥ 3), *p < 0.05; ***p < 0.001.

https://www.discovmed.com/


702

Fig. 2. Genome-wide DNA methylation pattern analysis in MC3T3-E1 cells. (A) Distribution of methylation levels across chro-
mosomes under different sequence contexts (CpG, CHG, and CHH). (B) Distribution density of methylation levels in CpG, CHG, and
CHH contexts across the genome. (C) Chromosomal distribution of methylation levels shown in sliding windows. Upper panel shows
gene density distribution, and lower panel displays methylation levels in CpG (blue), CHG (red), and CHH (green) contexts. (D) DNA
methylation levels along gene regions, including 2-kb upstream, gene body, and 2-kb downstream regions in different sequence contexts
(CpG, CHG, and CHH). (E) Relationship between gene expression and methylation levels in CpG, CHG, and CHH contexts. Genes
were categorized into six expression ranks from lowest to highest expression, and corresponding methylation levels were plotted across
upstream, gene body, and downstream regions.
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Fig. 3. DNA methylation pattern alterations in MC3T3-E1 cells under microgravity conditions. (A) Comparison of methylation
levels in CpG, CHG, and CHH contexts between microgravity (M) and normal gravity groups (N). (B) Quantitative analysis of methy-
lation level differences between groups. (C) Principal component analysis (PCA) of genome-wide methylation patterns showing distinct
clustering between microgravity and normal gravity groups. (D) Distribution of differential methylation regions (DMRs) showing the
number of hypomethylated (hypo) and hypermethylated (hyper) windows in CpG, CHG, and CHH contexts under microgravity condi-
tions. (E) Genomic distribution of differential methylation windows across functional regions (promoter, exon, intron, and intergenic
regions). (F) Methylation difference analysis in promoter regions across CpG, CHG, and CHH contexts, showing the distribution of
methylation changes between microgravity and normal gravity conditions.
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(Fig. 3A). Fig. 3B quantifies the differences in methylation
levels across different groups. Based on the distribution
of window methylation data, principal component analysis
(PCA) showed a significant difference between the micro-
gravity group and the normal group (Fig. 3C). In Fig. 3D,
the differential methylation window (DMR) analysis re-
vealed 1339 low methylation windows (hypo) and 1056
high methylation windows (hyper) in the CpG context; in
the CHG context, there were 815 hypo and 216 hyper win-
dows; and in the CHH context, 1845 hypo and 640 hyper
windows. Overall, microgravity stimulation resulted in a
notable increase in the number of low-methylation regions
compared to high-methylation regions.

Next, we annotated the differential methylation win-
dows, revealing that the promoter region accounted for
40.31%, exons for 18.35%, introns for 30.33%, and inter-
genic regions for 11% (Fig. 3E). Given that the methyla-
tion levels in the promoter region may significantly impact
gene expression, we further analyzed the methylation sta-
tus of the promoter regions. The results indicated that the
number of highmethylation windows (hyper) was 30, while
the number of low methylation windows (hypo) was 89,
with an impressive 56,245 windows showing no signifi-
cant change (NS). Fig. 3F illustrates the methylation dif-
ferences in the promoter regions across different contexts
(CpG, CHG, CHH), highlighting that significant methyla-
tion changes in the CpG context are concentrated in regions
with negative methylation differences. Collectively, these
results suggest that microgravity stimulation significantly
alters methylation patterns, potentially regulating gene ex-
pression through its effects on promoter region methylation
levels.

Integrated Methylation Levels and Transcriptome
Under Microgravity Stimulus

We performed a correlation analysis between genome-
wide methylation and transcriptome levels under micro-
gravity. The PCA revealed significant differences in gene
expression between the microgravity (M) and normal grav-
ity (N) groups (Fig. 4A). Differential expression analy-
sis identified 2697 upregulated and 3172 downregulated
genes, which were significantly enriched in apoptosis and
ER stress pathways (Fig. 4B). Fig. 4C illustrates the signifi-
cant downregulation of genes associated with DNA methy-
lation in the microgravity group. Further qPCR andwestern
blot analyses confirmed that under microgravity conditions,
Dnmt3a exhibited the most pronounced downregulation,
with its mRNA level decreasing by approximately 48% (p
< 0.001) and protein level reduced by about 34% (p< 0.05)
(Fig. 4D–F). To identify functional gene-methylation inter-
actions, we integrated the RNA-seq and RRBS data based
on genomic coordinates. We applied strict filtering crite-
ria to identify high-confidence targets: (1) genes must be
significantly differentially expressed (adjusted p-value <

0.05); (2) genes must contain significant DMRs within their

promoter regions (defined as 2 kb upstream of the transcrip-
tion start site) with a methylation difference greater than
15% and an adjusted p-value< 0.05; and (3) genes must ex-
hibit an inverse correlation between promoter methylation
and expression levels. Based on this comprehensive screen-
ing, we identified eight candidate genes (listed in Supple-
mentary Table 4). Among them, six genes showed re-
duced promoter methylation and upregulated expression:
9330188P03Rik, Iah1, Ddit3, Marcksl1, Slc22a23, and
Dusp18. Notably, Ddit3 exhibited the most substantial up-
regulation (log2FoldChange >1) coupled with a ~20% de-
crease in promoter methylation. Conversely, two genes,
Rprd1a and Igf2r, exhibited increased promoter methyla-
tion (>20% difference) accompanied by downregulated ex-
pression (Fig. 4G). We focused on the Ddit3 gene because
it may play a significant role in both ER stress and apop-
tosis pathways (Fig. 4H). The functionality of this gene is
closely related to cellular stress responses under micrograv-
ity conditions, suggesting its potential importance in regu-
lating cell fate in such environments.

Effect of Dnmt3a in Microgravity-Induced Apoptosis
of Osteoblasts

To investigate the effect of changes in Dnmt3a ex-
pression on the microgravity-induced osteoblast apoptosis
model, we first assessed the efficiency of plasmid-mediated
Dnmt3a overexpression by PCR. The results showed that
the plasmid overexpressing Dnmt3a successfully increased
Dnmt3a expression in microgravity-treated osteoblasts (p
< 0.05) (Fig. 5A). Next, we analyzed the expression of
apoptosis-related proteins byWB. TheWB results revealed
that Dnmt3a overexpression significantly suppressed the
microgravity-induced alterations in apoptosis markers, re-
ducing Bax expression by 35% (p < 0.05) and increasing
Bcl-2 expression by 103% (p < 0.05) compared with the
microgravity group (Fig. 5B,C), indicating that overexpres-
sion of Dnmt3a effectively attenuates the pro-apoptotic ef-
fect of microgravity on osteoblasts. Furthermore, CCK-
8 assay results showed that Dnmt3a overexpression par-
tially restored the inhibitory effect of microgravity on cell
proliferation, elevating cell viability by 31% (p < 0.001)
(Fig. 5D). Additionally, we evaluated the efficiency of
siRNA-mediated knockdown of Dnmt3a by PCR, and the
results showed that siRNA effectively reduced Dnmt3a ex-
pression (p < 0.001) (Fig. 5E). We selected Si-Dnmt3a-1
for the subsequent experiments. Flow cytometry analysis
revealed that Dnmt3a inhibition significantly exacerbated
the apoptosis rate in microgravity-treated cells, increasing
apoptosis by 71% (p < 0.01) compared with the micro-
gravity group (Fig. 5F,G), and WB further confirmed that
Dnmt3a inhibition led to an increase in Bax and Cleaved-
caspase-3 expression levels, with Bax expression increased
by 37% (p < 0.001) and Cleaved-caspase-3 expression in-
creased by 26% (p < 0.05), compared with the micrograv-
ity group, suggesting that Dnmt3a suppression enhances
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Fig. 4. Transcriptomic and methylation analysis under microgravity conditions. (A) Principal component analysis (PCA) of gene
expression profiles between microgravity (M) and normal gravity (N) groups. (B) GO terms and KEGG pathway enrichment analysis
of differentially expressed genes under microgravity conditions, showing significant enrichment in apoptosis and ER stress-related path-
ways. (C) Heatmap showing the expression patterns of DNA methylation-related genes under microgravity conditions. (D) Quantitative
PCR validation of DNA methyltransferase expression changes, highlighting significant downregulation of Dnmt3a. (E,F) Confirmation
of Dnmt3a downregulation by Western blot. (G) Correlation analysis between differential methylation promoters (DMPs) and differen-
tially expressed genes (DEGs), identifying key genes with inverse correlation between promoter methylation and expression levels. (H)
Gene Set Enrichment Analysis (GSEA) showing enriched pathways ranked by logFC and core genes contributing to the enrichment, with
particular focus on apoptosis and ER stress pathways. Data shown as mean ± SD (n ≥ 3), *p < 0.05; **p < 0.01; ***p < 0.001.
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Fig. 5. Effect of Dnmt3a overexpression and knockdown on microgravity-induced osteoblast apoptosis. (A) PCR assessment
of Dnmt3a overexpression efficiency. (B,C) WB analysis of apoptosis markers (Bax, Bcl-2) in microgravity-treated osteoblasts with
Dnmt3a overexpression. (D) CCK-8 assay showing the effect of Dnmt3a overexpression on cell proliferation under microgravity. (E)
PCR assessment of Dnmt3a knockdown efficiency. (F,G) Flow cytometry analysis of cell apoptosis in microgravity-treated osteoblasts
with Dnmt3a knockdown. (H,I) WB analysis of apoptosis markers (Bax, Cleaved-caspase3) after Dnmt3a knockdown. (J) PCR analysis
of osteoblast matrix protein gene expression (Bglap, Col1a1, Runx2) following Dnmt3a knockdown under microgravity. Microgravity
(MG). Data shown as mean ± SD (n ≥ 3), *p < 0.05; **p < 0.01; ***p < 0.001.
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the pro-apoptotic effect of microgravity (Fig. 5H,I). More-
over, PCR results showed that inhibiting Dnmt3a expres-
sion exacerbated the suppressive effect of microgravity on
osteoblast matrix protein gene expression. Compared with
the microgravity group, Dnmt3a inhibition led to a 49% re-
duction (p < 0.001) in Bglap, a 48% decrease (p < 0.01)
in Col1a1, and a 57% decrease (p < 0.001) in Runx2 ex-
pression, particularly affecting these key osteogenic genes
(Fig. 5J). These findings indicate that Dnmt3a expression
significantly affects osteoblast gene expression and prolif-
eration, and its regulatory role under microgravity condi-
tions is particularly important. In summary, overexpression
of Dnmt3a can inhibit the pro-apoptotic effect of micro-
gravity on osteoblasts and mitigate the suppression of cell
proliferation induced by microgravity, while inhibition of
Dnmt3a expression exacerbates these phenotypic effects.

Ddit3 in Osteoblast is an Important Downstream
Target Regulated by Dnmt3a

Based on bioinformatics analysis, Ddit3 was found to
exhibit promoter region hypomethylation and increased ex-
pression under microgravity conditions (Fig. 4G). To inves-
tigate whether Ddit3 serves as a downstream target regu-
lated by Dnmt3a, we performed MSP analysis, which con-
firmed that compared with the control group, micrograv-
ity induces demethylation of the Ddit3 promoter region in
osteoblasts, showing a 45% reduction (p < 0.01) in pro-
moter methylation (Fig. 6A). This finding was further val-
idated by BSP analysis, which revealed a significant re-
duction in Ddit3 promoter region methylation levels un-
der microgravity, showing a 62% decrease (p < 0.001)
in promoter methylation (Fig. 6B,C). Importantly, micro-
gravity also promoted the upregulation of Ddit3 gene ex-
pression (p < 0.001) (Fig. 6D). These results suggest that
Ddit3 expression is regulated by its methylation status. To
determine the role of Dnmt3a in Ddit3 promoter region
methylation, we conducted further experiments under con-
ditions of Dnmt3a inhibition. MSP analysis showed that
suppressing Dnmt3a expression led to a further reduction
in Ddit3 promoter region methylation levels (p < 0.001)
(Fig. 6E), and PCR results demonstrated a concomitant in-
crease in Ddit3 gene expression (p < 0.001) (Fig. 6F).
These findings indicate that Dnmt3a regulates Ddit3 ex-
pression through methylation. To evaluate the function
of Ddit3, we performed siRNA-mediated knockdown of
Ddit3 and selected Si-Ddit3-1 for the subsequent experi-
ments (Fig. 6G). PCR and flow cytometry analyses were
performed. The results showed that inhibition of Ddit3
under microgravity conditions restored the expression of
osteogenic genes, including Bglap (p < 0.001), Runx2 (p
< 0.01), and Col1a1 (p < 0.01) (Fig. 6H), and signifi-
cantly attenuated microgravity-induced osteoblast apopto-
sis (p < 0.01) (Fig. 6I). Notably, under microgravity con-
ditions, combined inhibition of Dnmt3a and Ddit3 partially
restored the expression of osteogenic genes compared with

Dnmt3a inhibition alone (Fig. 6H). Consistently, additional
suppression of Ddit3 in Dnmt3a-inhibited osteoblasts led to
a 58% reduction in apoptosis relative to cells with Dnmt3a
suppression alone (p < 0.001) (Fig. 6I). These findings in-
dicate that the regulatory role of Dnmt3a in osteoblast phe-
notype is, at least in part, mediated through Ddit3.

The Regulatory Effect of Ddit3 on Osteoblast
Phenotype is Dependent on ER Stress

To investigate the mechanism through which Ddit3
exerts its effects under microgravity conditions, we first ex-
amined changes in the ER stress pathway associated with
Ddit3 (Fig. 4H). WB analysis revealed that microgravity
markedly induced the expression of ER stress–related pro-
teins, with p-PERK, p-IRE1α, and XBP1s upregulated by
3.2- (p< 0.001), 2.1- (p< 0.001), and 3.8-fold (p< 0.001),
respectively (Fig. 7A,B), indicating robust activation of the
ER stress pathway under microgravity conditions. Fur-
ther experiments demonstrated that inhibiting Ddit3 expres-
sion effectively alleviated the ER stress response induced
by microgravity. Compared with the microgravity group,
Ddit3 inhibition significantly reduced p-PERK, p-IRE1α,
and XBP1s levels by 57% (p < 0.001), 48% (p < 0.001),
and 56% (p < 0.001), respectively, highlighting the critical
role of Ddit3 in regulating ER stress (Fig. 7A,B). To further
verify the role of the ER stress pathway under micrograv-
ity conditions, we used the ER stress inhibitor 4PBA for
intervention. The results showed that 4PBA effectively re-
versed the microgravity-induced ER stress response (p <

0.001) (Fig. 7C,D). In addition, under microgravity condi-
tions, 4PBA significantly alleviated the inhibitory effect of
Dnmt3a knockdown on the expression of osteogenic genes
such as Bglap (p < 0.01), Col1a1 (p < 0.001), and Runx2
(p < 0.001) (Fig. 7E,F). These findings suggest that under
microgravity conditions, Ddit3 regulates osteoblast pheno-
type by modulating the ER stress pathway.

Ddit3 Knockdown Prevents Tail Suspension
(TS)-Induced Bone Loss In Vivo

To investigate the regulatory role of Ddit3 in os-
teoporosis, we employed a TS mouse model to simulate
weightlessness-induced osteoporosis. We injected AAV2
vectors carrying Ddit3 shRNA or ShNC into the femoral
distal surface to knock down Ddit3 gene expression and as-
sess its effect on TS-induced osteoporotic phenotypes. PCR
results confirmed that AAV2 successfully knocked down
Ddit3 expression (p < 0.001) (Fig. 8B).

Micro-CT analysis revealed that the TS group exhib-
ited significant osteoporotic characteristics, including de-
creased bone mineral density (BMD) (p < 0.001), trabec-
ular bone volume/total volume ratio (BV/TV) (p < 0.001),
trabecular number (Tb.N) (p < 0.01), trabecular thickness
(Tb.Th) (p < 0.001), and increased trabecular separation
(Tb.Sp) (p < 0.001). In contrast, Ddit3 inhibition no-
tably improved these osteoporotic parameters (Fig. 8A,C).
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Fig. 6. Experimental validation of Ddit3 as a downstream target of Dnmt3a under microgravity conditions. (A) MSP analysis of
Ddit3 promoter region demethylation in microgravity. (B,C) BSP analysis of Ddit3 promoter region methylation under microgravity. (D)
PCR analysis of Ddit3 expression in microgravity. (E) MSP analysis of Ddit3 promoter region methylation following Dnmt3a inhibition.
(F) PCR analysis of Ddit3 expression after Dnmt3a inhibition. (G,H) PCR analysis of Ddit3 and osteogenic gene expression (Bglap,
Runx2, Col1a1) upon Ddit3 inhibition. (I) Flow cytometry analysis of osteoblast apoptosis following Ddit3 inhibition in microgravity.
Data shown as mean ± SD (n ≥ 3), **p < 0.01; ***p < 0.001.
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Fig. 7. Verification of the ER stress pathwaymodulation by Ddit3 undermicrogravity. (A,B)WB analysis to detect ER stress-related
proteins (p-PERK, p-IRE1α, and XBP1s) under microgravity. (C,D) WB analysis to evaluate the effect of the ER stress inhibitor 4PBA
on microgravity-induced ER stress. (E) PCR analysis of Dnmt3a mRNA expression following 4PBA treatment under microgravity. (F)
PCR analysis of osteogenic gene expression (Bglap, Col1a1, Runx2) following 4PBA treatment under microgravity. Data shown as the
mean ± SD (n ≥ 3), **p < 0.01; ***p < 0.001.

Further immunohistochemical analysis showed that inhibit-
ing Ddit3 significantly increased OCN expression in the
TS group compared with the ShNC-treated TS group (p
< 0.01) (Fig. 8D), suggesting enhanced osteogenic capac-
ity. Consistent with this finding, Masson staining indicated
that Ddit3 suppression partially restored bone structural in-
tegrity disrupted by TS (Fig. 8E). HE staining further con-
firmed that inhibition of Ddit3 effectively alleviated the
TS-induced osteoporotic phenotype, as evidenced by im-
proved trabecular morphology and overall bone architec-
ture (Fig. 8F). These results demonstrate that Ddit3 knock-

down exerts a protective effect against TS-induced osteo-
porosis, highlighting its potential as a therapeutic target for
bone protection.

Discussion

Osteoporosis is a common systemic skeletal disease,
which severely impacts the quality of life of affected in-
dividuals. It is projected that by 2030, the prevalence of
osteoporosis among adults aged 50 and above will reach
13.6% [31]. The pathogenesis of osteoporosis is highly
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Fig. 8. Effects of Ddit3 inhibition on osteoporosis in the TS mouse model. (A) Representative images from Micro-CT analysis.
(B) PCR verification of Ddit3 knockdown efficiency. (C) Micro-CT analysis of bone mineral density (BMD), trabecular bone volume
(BV/TV), trabecular number (Tb.N), trabecular thickness (Tb.Th), and trabecular separation (Tb.Sp) in different groups. (D) IHC analysis
of OCN expression. (E) Masson staining to evaluate bone integrity. (F) HE staining to assess bone structure. Data shown as the mean±
SD (n ≥ 3), *p < 0.05; **p < 0.01; ***p < 0.001. scale bar: 100 µm.
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complex, with key risk factors including hormonal changes,
genetic factors, and mechanical environmental alterations
[32,33]. Among these, changes in the mechanical environ-
ment are the primary exogenous factor [34]. It is widely
recognized that the mechanical environment is critical for
bone homeostasis and fracture healing [35]. Micrograv-
ity has been shown to significantly reduce bone mass, ac-
companied by significant changes in bone microstructure
[36,37]. With the increasing development of space explo-
ration, preventing microgravity-induced damage to bones
is crucial for bone protection. From a cellular biology
perspective, microgravity has been demonstrated to in-
duce significant changes in cell behavior, including dis-
turbances in osteoblast differentiation and altered activity
[38,39]. This phenomenon is partially attributed to the dys-
regulation of epigenetic mechanisms, including m6A RNA
methylation [40] and histone modifications [15]. There-
fore, exploring the epigenetic regulatory mechanisms driv-
ing microgravity-induced osteoporosis is critical for the ra-
tional identification of bone-protective therapeutic targets.

In this study, we report several novel findings that
contribute to the understanding of the epigenetic mecha-
nisms underlying osteoporosis under microgravity condi-
tions. We found that microgravity induces an apoptotic phe-
notype in osteoblasts and suppresses their cell activity, con-
sistent with previous studies [10,41]. Further investigations
revealed that microgravity significantly affects the methy-
lation status of osteoblasts, with notable changes in CpG
methylation levels. DNAmethylation at CpG islands in the
promoter regions leads to silencing of downstream genes,
while enhancer methylation may be associated with either a
decrease or increase in gene expression [42]. This suggests
that DNA methylation-regulated gene alterations may play
a key molecular role in microgravity-induced cell apop-
tosis. To identify the specific molecules regulating DNA
methylation modifications, we performed transcriptomic
data analysis on the microgravity-treated group. Pathway
enrichment analysis revealed that differentially expressed
genes were primarily associated with cell apoptosis, pro-
liferation, and the ER stress pathway. This further con-
firmed thatmicrogravity can indeed induce osteoblast apop-
tosis. Importantly, we found that Dnmt3a, Dnmt1, and
Dnmt3b, which are related to DNA methylation modifica-
tion, were significantly downregulated in the microgravity
group. PCR and Western blot results corroborated the find-
ings that both the gene and protein levels of Dnmt3a were
consistently decreased under microgravity conditions.

Dnmt3a is a key enzyme mediating de novo DNA
methylation, thereby affecting the transcriptional landscape
of various genes, including those involved in apoptotic re-
sponses [22,24]. Studies have shown that Dnmt3a promotes
osteoblast differentiation and prevents postmenopausal os-
teoporosis by regulating the PPARγ/SCD1/GLUT1 axis
[21]. Additionally, mutations in Dnmt3a mediate in-
creased osteoclast activity [43]. These findings suggest that

Dnmt3a may play a protective role in osteoporosis. Given
that Dnmt3a is involved in the regulation of apoptotic re-
sponses, we combined the methylation data with the tran-
scriptomic data to identify genes with a low methylation
status and high expression, including Iah1, Ddit3, Mar-
cksl1, Slc22a23, aDusp18, and 9330188P03Rik. Notably,
we found that Ddit3 is associated with apoptotic pathway
responses. To confirm the role of Dnmt3a in microgravity-
induced osteoblast apoptosis, we explored and found that
overexpression of Dnmt3a alleviated microgravity-induced
osteoblast apoptosis, while knockdown of Dnmt3a exacer-
bated the apoptotic phenotype and inhibited osteoblast ac-
tivity. These results indicate that Dnmt3a helps maintain
osteoblast activity under microgravity conditions. Further-
more, as Ddit3 was found to be hypomethylated and upreg-
ulated in the microgravity group, we investigated whether
Dnmt3a mediates the methylation modification of Ddit3.
Combining MSP and BSP experiments, we observed that
Ddit3 is hypomethylated in the microgravity group, and
its gene expression level is elevated. Importantly, when
Dnmt3a expression was suppressed, Ddit3’s methylation
status was further reduced. Moreover, inhibition of Dnmt3a
promoted Ddit3 expression.

Importantly, inhibition of Ddit3 expression could re-
verse the effects of Dnmt3a knockdown on microgravity-
induced osteoblast apoptosis. This suggests that, under
microgravity conditions, the regulatory effect of Dnmt3a
on osteoblast phenotype is partially dependent on its reg-
ulation of Ddit3. Recent studies have shown that Ddit3
can promote LPS-induced osteoblast apoptosis by inhibit-
ing mitochondrial autophagy [44]. Additionally, inhibition
of Ddit3 has been shown to benefit bone remodeling [45].
These findings further support the critical role of Ddit3 in
microgravity-induced cell apoptosis. Since Ddit3 is asso-
ciated with the ER stress pathway [46], we investigated its
role in osteoblast phenotype changes related to ER stress
under microgravity conditions. The results demonstrated
that inhibiting Ddit3 significantly reversed the activation
of the ER stress signaling pathway induced by micrograv-
ity. Moreover, the ER stress inhibitor 4PBA effectively
reversed the inhibitory effects of Dnmt3a knockdown on
osteoblast activity under microgravity conditions. This in-
dicates that, under microgravity conditions, the regulation
of osteoblast phenotype by Dnmt3a is partially dependent
on the Ddit3-related ER stress signaling pathway. Recent
studies have also highlighted that inhibition of ER stress is
a promising therapeutic target for osteoporosis [47]. There-
fore, the Ddit3-associated ER stress signaling pathway may
serve as a crucial target for inhibiting cell apoptosis. To
further analyze the role of Ddit3, we used AAV2 virus to
suppress Ddit3 expression in vivo. The results showed that
inhibition of Ddit3 effectively alleviated the osteoporosis
phenotype induced by TS. This confirms that the Ddit3-
related ER stress pathwaymay be a potential target for treat-
ing osteoporosis under microgravity conditions.
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Conclusion

Therefore, our findings demonstrate that under micro-
gravity conditions, the downregulation of Dnmt3a results
in hypomethylation of the Ddit3 promoter, which subse-
quently activates ER stress and induces osteoblast apopto-
sis, ultimately promoting the development of osteoporosis.
Collectively, this study elucidates a distinct epigenetic reg-
ulatorymechanism underlyingmicrogravity-induced osteo-
porosis and provides compelling experimental evidence for
identifying potential therapeutic targets within theDnmt3a–
Ddit3 signaling axis.

However, despite the preliminary evidence provided
in this study regarding the regulatory roles of Dnmt3a and
Ddit3 in osteoblast function under microgravity conditions,
several limitations remain. First, our study primarily re-
lied on rotational simulated microgravity for in vitro exper-
iments and a tail-suspension mouse model for in vivo anal-
ysis. Although these models are widely used and provide
valuable insights, the rotational culture system only mimics
reduced mechanical loading through a low-shear, random-
orientation environment, and cannot fully reproduce the
absence of gravitational vectors or cosmic radiation ob-
served in true spaceflight. Similarly, the tail-suspension
model, while effectively simulating skeletal unloading un-
der microgravity, introduces physiological stresses such as
altered circulation, muscle atrophy, and metabolic changes,
which may confound bone remodeling processes. Future
research should therefore employ more complex and re-
alistic microgravity models, including space experiments,
as well as clinical samples, to validate our conclusions.
Second, the present study employed young mice at a spe-
cific skeletal stage. Future studies are warranted to sys-
tematically evaluate the effects of tail suspension on bone
loss across different age groups, in order to elucidate po-
tential age-dependent differences in susceptibility and dis-
ease progression. Third, the exact molecular mechanisms
by which Ddit3 contributes to microgravity-induced os-
teoporosis have not been fully elucidated. Future studies
could explore the interactions between Ddit3 and other up-
stream or downstream signaling pathways of the ER stress
response. Additionally, further investigation is needed to
determine how the Dnmt3a–Ddit3 axis could be targeted
for therapeutic interventions and to develop effective treat-
ment strategies.
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