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GPx3 marks adipocyte lineage commitment
in bone marrow stromal cells
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Abstract

Background Bone marrow adipose tissue (BMAT) plays an essential role in skeletal health and systemic metabolism,
particularly under conditions of ageing and osteoporosis. Despite increasing recognition of BMAT as an active endo-
crine organ, the molecular mechanisms underlying its formation and expansion remain incompletely understood.

Methods We conducted a transcriptomic re-analysis of publicly available datasets focused on the adipogenic dif-
ferentiation of bone marrow stromal cells (BMSCs). Differential gene expression and pathway enrichment analyses
were performed to identify key molecular changes. Validation was conducted at both the transcript and protein
levels. Furthermore, re-analysis of single-cell RNA sequencing (scRNA-seq) data was employed to determine the cell
type—specific expression of candidate genes within the bone marrow. Functional assays using RNA interference were
carried out to investigate the role of glutathione peroxidase 3 (GPx3) in adipogenesis.

Results Our analysis revealed a consistent activation of oxidative stress-related pathways during adipogenic dif-
ferentiation. Among the upregulated antioxidant enzymes, GPx3 was selectively increased during adipogenic—but
not osteogenic—differentiation. This pattern was validated at both mRNA and protein levels in vitro. scRNA-seq
analysis showed that GPx3 expression is predominantly localized in BMSCs and adipocytes, with reduced expression
observed in aged mice, corresponding to elevated levels of adipocyte-related genes. In vitro functional experiments
demonstrated that GPx3 knockdown significantly promoted adipogenic differentiation of BMSCs.

Conclusion These findings indicate that GPx3 is closely associated with adipocyte lineage commitment

within the bone marrow microenvironment and may serve as a key modulator of BMSC fate. This study underscores
the potential role of antioxidant enzymes such as GPx3 in the regulation of age-related bone-fat imbalance and high-
lights their relevance in metabolic bone disorders.
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Background

Bone marrow adipose tissue (BMAT) is a metabolically
active fat depot that accounts for up to 70% of adult bone
marrow (BM) and can constitute as much as 30% of total
body fat [1]. Unlike conventional extramedullary fat
depots—such as white, brown, and beige adipose tissue—
BMAT is distinct in its origin, metabolic features, and
physiological roles [2, 3]. Although historically regarded
as a passive “filler” within the bone marrow compart-
ment, BMAT is highly regulated by nutrient status and
increasingly recognised as a dynamic endocrine and
paracrine organ with significant implications for skeletal
health [4, 5]. For example, BMAT is a unique adipose
subtype that exhibits significantly higher basal nutri-
ent uptake—particularly glucose—compared to axial
bone, skeletal muscle, or subcutaneous white adipose tis-
sue [3]. BMAT expansion could lead to decreased bone
mass, particularly in ageing or postmenopausal individu-
als with osteoporosis [6]. Mechanistically, bone marrow
adipocytes (BMAds) inhibit bone formation and promote
bone resorption through direct cellular interactions or
by secreting soluble factors. For example, bone marrow
adipogenic lineage precursors (MALPs) secrete receptor
activator of nuclear factor-kB ligand (RANKL) [7] and
macrophage colony-stimulating factor (MCSF) [8], both
of which are critical for osteoclastogenesis and bone loss.
Strikingly, genetic ablation of BMAT in mice has been
shown to induce a 1,000% increase in bone mass [9],
highlighting the therapeutic potential of targeting BMAT
in metabolic bone diseases.

Despite the predominance of BMAT in mamma-
lian bone marrow, our understanding of its formation
remains limited compared to that of peripheral adipose
tissues. BMAds originate from bone marrow stromal
cells (BMSCs), which also give rise to osteoblasts [10, 11].
A widely accepted notion is that metabolic or age-related
shifts in the bone marrow microenvironment leads to a
"preferential” shift in lineage commitment of BMSCs
towards adipogenesis rather than osteogenesis, thereby
contributing to BMAT expansion and skeletal fragility
[12]. Thus, strategies that inhibit adipogenic commitment
without disrupting osteogenesis are highly desirable for
maintaining bone integrity. The mechanisms underly-
ing the adipogenic differentiation of BMSCs are not yet
fully understood. Emerging evidence suggests that redox
imbalance plays a key role in this lineage decision. Reac-
tive oxygen species (ROS) are byproducts of cellular
metabolism and are elevated during adipogenic differ-
entiation [13]. For example, ROS produced by NADPH
oxidase 4 (NOX4) could drive BMSC adipogenesis [14].
These findings implicate oxidative stress as a crucial
regulator of BMSC fate, linking metabolic activity, redox
signaling, and adipocyte development.

Page 2 of 12

To further investigate this, we revisited a publicly avail-
able transcriptomic dataset [15] and validated the con-
sistent activation of oxidative stress-related pathways
during BMSC adipogenesis. We hypothesized that selec-
tively targeting redox-sensitive regulators may provide a
metabolic checkpoint to inhibit adipogenesis while pre-
serving osteogenesis. Our comparative gene expression
analysis revealed that glutathione peroxidase 3 (GPx3)—a
key member of the glutathione peroxidase (GPx) fam-
ily—was specifically upregulated during adipogenic but
not osteogenic differentiation. GPx3 is a secreted seleno-
protein that catalyses the reduction of hydrogen peroxide
and lipid hydroperoxides, thereby maintaining extracellu-
lar redox homeostasis and influencing metabolism-sen-
sitive signaling cascades [16]. In functional assays, GPx3
knockdown significantly enhanced adipogenic differen-
tiation of BMSCs, supporting its role as a redox-sensitive
brake on adipogenesis. Taken together, we proposed
that GPx3 could serve as a key modulator of BMSC fate,
representing a novel therapeutic target for suppressing
BMAT accumulation and preserving bone mass.

Materials and methods

Materials and reagents

IBMX (Cat.No. 15879), insulin (Cat.No. 13536), dexa-
methasone (Cat.No. D4902) and Oil Red O staining
solution (Cat.No. O1516) were purchased from Sigma-
Aldrich. DMEM culture media were obtained from
Gibco (Cat.No. 11995065). Protein markers (Cat No.
1610394) were purchased from Bio-Rad. Primary anti-
bodies against PPARy (Cat.No. C26H12), C/EBPa (Cat.
No. D56F10), and B-actin (Cat.No. 13E5) were purchased
from Cell Signaling Technology, while antibodies against
GPx3 (Cat.No. AF4199) was obtained from R&D Sys-
tems. The PCR primers for Pparg, Cebpa, Adipoq, and
Gpx3 used in this study were purchased from Integrated
DNA Technologies.

Bioinformatics and statistical analysis

The raw RNA-seq dataset (GSE113253) was retrieved
from the Gene Expression Omnibus (GEO) database
[15]. Normalized expression data frame was generated
by Deseq2 R package in R [17]. Genes with an adjusted
p-value<0.05 and log, fold change>1 were considered
significantly differentially expressed. Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment analysis was performed
using the clusterProfiler package, multiple enrich-
ment bubble plots were generated by using ggplot2 and
patchwork R packages. Normalized expression data
was further clustered and visualized into heatmap plot
using ClusterGVis package. Heatmaps were generated
using the pheatmap package in R, displaying dynamic
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expression changes across time points (0 h, 4 h, 1d, 3d,
7d, 14d). Key genes involved in adipogenesis and redox
regulation—such as GPX3, GPX1, GPX4, FABP4, CEBPA,
and PPARG —were highlighted. Volcano plots were gen-
erated using the ggplot2 package in R to visualize upreg-
ulated and downregulated genes. Gene Set Enrichment
Analysis (GSEA) was performed using enrichplot pack-
age in R and the KEGG pathway database. Key pathways
were identified as significantly upregulated during adipo-
genic differentiation.

Single-cell RNA sequencing (scRNA-seq) analy-
sis was performed using the publicly available dataset
(GSE145477) [18]. The raw sequencing data were pre-
processed and analyzed using Seurat in R. Briefly, the
data underwent quality control and filtering as previ-
ously described [19], including the removal of cells with
fewer than 200 genes detected and those with more than
25% mitochondrial gene content, to exclude low-qual-
ity or dying cells (Figure S1). The gene expression data
were normalized using the LogNormalize method, and
principal component analysis (PCA) was performed for
dimensionality reduction. Cell clustering was conducted
using Uniform Manifold Approximation and Projection
(UMAP) with a resolution of 0.2.

To analyze datasets from different age groups, we
applied Seurat V3 to perform integrated analyses for
identifying common cell types. Following the quality
control and filtering procedures described above, the
3-month-old and 16-month-old datasets were combined
and processed as previously described [18]. Anchors
from these two datasets were defined using the FindIn-
tegrationAnchors function, followed by integration of
the datasets using IntegrateData. The integrated data was
further analyzed and divided into subclusters from bone
marrow cells using known marker genes (Figure S2).

Isolation and culture of mBMSCs

All the animal experiments were approved by the Animal
Ethical Committee of The University of Western Australia
(approval number 2022/ET000933). Mouse BMSCs (mBM-
SCs) were isolated from the femurs and tibias of neonatal
mice (4-7 days old). Briefly, after dissecting the bilateral
hind limbs, the soft tissue and cartilage at both ends of the
bones were removed. The bones were then minced with
scissors and flushed with culture medium. The collected
cell-containing suspension was used for cell culture. After
48 h of culture, a half-medium change was performed,
followed by an additional 48 h of culture. Then the adher-
ent cell density reached approximately 70%, and the first
passage was performed. When the first-generation cells
reached 80-100% confluency, they were either used for
experiments directly, further passaged, or cryopreserved.
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Adipogenic differentiation of mBMSCs

For adipogenic differentiation, mBMSCs were seeded in
96-well or 6-well plates. Once the cells reached 100%
confluence, the medium was replaced with adipogenic
differentiation medium (IBMX 500 pM, insulin 10 ug/
ml and dexamethasone 100 nM). The medium was
changed every three days, and after 7-10 days, Oil Red
O staining was used to visualize lipid droplets.

Western blot analysis

Total protein was extracted from cells using RIPA lysis
buffer supplemented with protease and phosphatase
inhibitors. Protein concentration was measured using a
BCA protein assay kit. Equal amounts of protein were
separated by SDS-PAGE and transferred onto PVDF
membranes. After blocking with 5% skim milk in TBST
for 1 h at room temperature, membranes were incu-
bated overnight at 4 °C with primary antibodies tar-
geting the proteins of interest. After three washes with
TBST, membranes were incubated with HRP-conju-
gated secondary antibodies for 1 h at room tempera-
ture. Protein bands were visualized using an enhanced
chemiluminescence (ECL) detection kit (PerkinElmer),
and band intensity was quantified using Image] soft-
ware. 3-Actin was used as the internal control.

Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted using TRIzol reagent accord-
ing to the manufacturer’s protocol. RNA concentration
and purity were determined using a NanoDrop spectro-
photometer. Reverse transcription was performed with
a cDNA synthesis kit to generate complementary DNA
(cDNA). qRT-PCR was conducted using a SYBR Green-
based PCR MasterMix (Thermo Fisher Scientific) on
a real-time PCR system. The cycling parameters for
PCR were set as follows: 95 °C for 10 min, followed by
50 cycles of 95 °C for 15 s, 60 °C for 60 s. The specific
primers used are as following: Pparg (forward: 5’- TCG
CTGATGCACTGCCTATG -3’; reverse: 5'- GAGAGG
TCCACAGAGCTGATT -3’), Cebpa (forward: 5’- TGG
ACAAGAACAGCAACGAG -3 reverse: 5- CGGTCA
TTGTCACTGGTCAAC -3), Adipog (forward: 5’- GTT
CCCAATGTACCCATTCGC -3’; reverse: 5- TGTTGC
AGTAGAACTTGCCAG -3’), Gpx3 (forward: 5- CCT
TTTAAGCAGTATGCAGGCA -3’; reverse: 5- CAA
GCCAAATGGCCCAAGTT -3’). The relative expres-
sion levels of target genes were analyzed using the
27 (-AACt) method, with Actb as the internal reference
gene. Each experiment was performed in triplicate to
ensure reproducibility.
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GSH and GSSG detection

The GSH/GSSG ratio was detected by GSH/GSSG Ratio
Detection Assay Kit (Abcam, ab205811) according to the
manufacturer’s instructions. In brief, cells after 5 days of
adipogenic induction were lysed using a cell lysis buffer,
followed by the addition of detection reagents accord-
ing to the manufacturer’s instructions. Fluorescence sig-
nals were then measured using a fluorescence microplate
reader at Ex/Em =490/520 nm.

Statistical analysis

Statistical analyses were conducted on data obtained
from a minimum of three independent experiments.
Quantitative results are expressed as mean +* standard
deviation (SD). Two-tailed t-tests were conducted to
assess the significance between two groups, while one-
way ANOVA with Fisher’s LSD post-test was used for
analyses involving multiple groups, with statistical sig-
nificance defined as a p-value <0.05, both analyzed using
GraphPad Prism software (version 10).

Results

Bioinformatics analysis reveals significant upregulation

of oxidative stress-related pathways during adipogenic
differentiation of hBMSCs

To investigate gene expression patterns and significant
signaling pathways during the adipogenic differentiation
of human BMSCs (hBMSCs), we reanalyzed RNA-seq
data from GEO database [15]. KEGG and GO-BP analy-
sis revealed significant differences in intracellular oxida-
tive stress and fatty acid metabolism processes during
adipogenic differentiation (Fig. 1A).

Based on these findings, we further conducted Gene
Set Enrichment Analysis (GSEA) on oxidative stress-
related and lipid metabolism pathways. The results dem-
onstrated significant activation of oxidative stress-related
oxidative phosphorylation, AMPK, peroxisomal and fer-
roptosis pathways with the activation of fatty acid metab-
olism (Fig. 1B-G). Collectively, our findings indicated that
the oxidative stress is actively involved in the regulation
of adipogenic differentiation in hBMSCs.

Significant upregulation of GPX3 during adipogenic
differentiation of hBMSCs

Previous studies have demonstrated that GPx family
genes can regulate the oxidative stress activity and main-
taining redox homeostasis. Based on our above findings
of oxidative stress activation and lipid peroxidation dur-
ing the adipogenic differentiation of BMSCs, we further
analyzed the expression patterns of GPx family genes
and found GPXI-4 are highly relevant with adipogen-
esis (Fig. 2A). Among them, only GPX3 exhibited a sig-
nificant increase in gene expression during adipogenic
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differentiation, suggesting a potentially specific role in
this process (Fig. 2B).

To further investigate the specificity of GPX3, we ana-
lyzed its expression dynamics during both adipogenic
and osteogenic differentiation. The results showed no sig-
nificant changes in GPX3 expression during osteogenic
differentiation, indicating that its upregulation is specific
to adipogenic commitment and correlates with the pro-
gression of this process (Fig. 2C). These findings suggest
that GPX3 may play a crucial role in suppressing oxida-
tive stress levels during the adipogenic differentiation.

In vitro validation of GPx3 upregulation during adipogenic
differentiation of mBMSCs

To experimentally validate the expression of GPx3 in the
adipogenic differentiation of BMSCs, we first induced
adipogenic differentiation of mBMSCs in vitro. Oil Red O
staining at various time points confirmed the appearance
of lipid droplets by day 3, which rapidly increased in size
by day 7. By day 10, the accumulation of lipid droplets
reached a plateau (Fig. 3A and B).

Western blot analysis showed that the adipogenic tran-
scriptional factor PPARy exhibited a significant increase
from day 3 of differentiation, whereas C/EBPa displayed
an evident upregulation as early as day 1. Notably, GPx3
was markedly upregulated on day 1 and remained at a
high expression level throughout differentiation (Fig. 3C-
F). To determine whether the increase in GPx3 was due
to elevated gene expression or reduced degradation, we
assessed its mRNA levels. Quantitative analysis revealed
a significant upregulation of the adipogenic markers
Pparg, Cebpa and Adipoq during differentiation, along-
side a pronounced increase in Gpx3 mRNA expression
(Fig. 3G-]). These findings indicate that GPx3 is signifi-
cantly upregulated during the adipogenic differentiation
of mBMSCs, primarily due to increased transcriptional
activity.

scRNA-seq data indicate a correlation between Gpx3
expression and adipogenic differentiation
Building on the in vitro evidence demonstrating the
specific upregulation of GPX3 during adipogenic dif-
ferentiation, we further investigated its correlation with
adipogenic processes and its association with adipocytes
in bone marrow using in vivo single cell RNAseq dataset
[18]. We revealed that Gpx3 is predominantly expressed
in BMSCs and adipocytes (Fig. 4A-C), whereas its
expression is relatively low in osteoblasts and chondro-
cytes (Fig. 4D-E). This distribution pattern underscores
that Gpx3 may play a specific regulatory role in the adi-
pogenic differentiation of BMSCs.

To investigate the differentiation trajectory of BMSCs
into adipocytes, we performed pseudotime analysis
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Fig. 1 Bioinformatics analysis (GSE113253) revealed that oxidative stress-related pathways were activated during adipogenic differentiation
of hBMSCs. A GO-Biological Process and KEGG analysis results; (B-G) GESA enrichment analysis results

using Monocle3. The UMAP visualization of cell clusters
(Fig. 4F) revealed distinct populations, including mono-
cytes, neutrophils, BMSCs, osteoblasts, macrophages,
B cells, platelets, chondrocytes, eosinophils, adipocytes,
erythrocytes, and endothelial cells (ECs).

We analyzed the expression patterns of key genes
involved in adipogenesis along these trajectories
(Fig. 4G). Both Adipog and Pparg exhibited an increasing
trend in expression as BMSCs differentiated into adipo-
cytes. Interestingly, Gpx3 exhibited a distinctive pattern:
its expression first decreased, followed by an increase as
BMSCs transitioned into adipocytes. This suggests that

Gpx3 may play a key role in adipogenic differentiation.
Given that adipogenic differentiation is typically accom-
panied by the elevated expression of adipocyte-related
markers, we further analyzed the TIME2.0 database
(http://timer.comp-genomics.org) to validate the asso-
ciation between GPX3 and adipogenesis. The analysis
revealed a strong positive correlation between GPX3
expression and the levels of adipocyte-related markers
ADIPOQ, PPARG, LPL and FABP4 in tumor cells, pro-
viding additional evidence that GPx3 may be critically
involved in the regulation of adipogenic differentiation
(Fig. 4H).
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Fig. 2 Bioinformatics analysis showed that GPX3 expression was significantly increased during adipogenic differentiation of hBMSCs. A Heatmap
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Gpx3 expression is markedly downregulated in BMSCs

and BMAds from aged mice

It is well established that with increasing age, BMAT
progressively accumulates in mice, and BMSCs exhibit
a greater propensity for adipogenic differentiation. To
investigate whether the enhanced adipogenic differen-
tiation tendency of BMSCs in aged mice is associated
with GPx3, we analyzed scRNA-seq data from the bone
marrow of mice at different ages. The results indicate
that the proportion of adipocytes in the bone marrow of

aged mice is significantly higher than that in young mice
(56.88% vs. 9.95%), while the proportion of BMSCs is
relatively lower (6.67% vs. 14.40%) (Fig. 5A). Additionally,
the expression levels of adipocyte marker genes Adipog
and Lp! in bone marrow cells of aged mice are signifi-
cantly higher than those in young mice (Fig. 5B). UMAP
dimensionality reduction analysis revealed that Gpx3
expression is markedly reduced in Adipog-positive cells
(adipocytes) and Aspn-positive cells (BMSCs) of aged
mice compared to young mice (Fig. 5C-E). Finally, violin
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Fig. 3 GPx3 expression during adipogenic differentiation of mBMSC in vitro. A Representative images of Oil Red O staining at different
differentiation time points and (B) corresponding quantification. C Representative Western blot images showing the protein expressions of GPx3,
along with adipogenic markers PPARy and C/EBPq, at various differentiation stages. D-F Quantifications of band intensities in (C). G-J Relative mRNA
expression levels of Gpx3 and adipogenic-specific genes Pparg, Cebpa, and Adipog normalized to Actb during adipogenic differentiation. Data are
presented as mean +SD. *P < 0.05, ***P<0.001, ****P < 0.0001 compared to the control group; ns indicates P>0.05

plot analysis further confirmed that Gpx3 expression is
significantly reduced in both BMSCs and BMAds during
ageing (Fig. 5F). These findings support the notion that
ageing is associated with increased BMAT formation,
and that both BMSCs and adipocytes in aged bone mar-
row exhibit diminished Gpx3 expression. This suggests
that GPx3 may be required to maintain proper BMSC
lineage commitment, potentially by restraining adipo-
genic differentiation under physiological conditions.

Knockdown of GPx3 significantly promotes adipogenic
differentiation and enhances oxidative stress in mBMSCs
To functionally validate the role of GPx3 in adipo-
genic differentiation of mBMSCs, we knocked down
GPx3 using siRNA, followed by adipogenic induction
for 3 and 5 days. qRT-PCR analysis confirmed success-
ful knockdown of Gpx3 (Fig. 6A). Furthermore, the

expression of adipogenic markers Pparg, Cebpa, and
Adipog were significantly elevated on days 3 and 5 after
differentiation (Fig. 6B-D). Oil Red O staining further
validated that GPX3 knockdown markedly enhanced
adipogenic differentiation of mBMSCs (Fig. 6E and
F). This is consistent with Western blot analysis which
revealed that the GPx3 deficiency led to a signifi-
cantly increased expression of key adipogenic proteins
PPARy and C/EBPa (Fig. 6G-I). To investigate whether
GPx3 knockdown affects oxidative stress levels in adi-
pocytes, we measured the GSH/GSSG ratio on day 5
of adipogenic differentiation. The results showed that
GPx3 knockdown significantly reduced the GSH/GSSG
ratio, indicating an increase in oxidative stress (Fig. 6]).
Together, these results suggest that GPx3 plays a crucial
role in regulating adipogenesis in BMSCs by modulating
intracellular oxidative stress levels.
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Discussion

Previous studies on osteoporosis have primarily focused on
the functions of osteoblasts and osteoclasts, while the roles
of BMAT have often been overlooked. Although BMAT
was historically considered an inert component of the bone
marrow, accumulating evidence now positions it as a meta-
bolically active tissue with dynamic roles in bone remod-
eling and marrow homeostasis [2, 20, 21]. Notably, BMAT
expansion has been implicated in bone fragility, particularly
in ageing and osteoporotic conditions, and genetic deple-
tion of bone marrow adipocytes has led to remarkable
gains in bone mass and strength [9]. These insights sug-
gest that BMAT is not merely a bystander but a potentially
modifiable contributor to bone loss—thereby opening new

therapeutic avenues. However, the molecular mechanisms
governing BMAT formation or adipogenic differentiation
remain incompletely understood.

In this study, we revisited published transcriptomic
data and revealed that the activation of oxidative stress-
related pathways as being closely associated with the adi-
pogenic differentiation of BMSCs. ROS contributes to
oxidative stress have emerged as key modulators of adi-
pogenic differentiation, functioning as signalling interme-
diates that activate pro-adipogenic transcription factors
(e.g., C/EBPP) [13]. Oxidative stress is highly related with
increased lipid droplet formation [22], which is a key
feature of adipocyte differentiation. In turn, lipid drop-
let could serve as a protective mechanism in response
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to excessive oxidative stress which can be cytotoxic [22,
23]. To maintain redox homeostasis, elevated oxidative
stress is typically accompanied by the upregulation of
antioxidant enzymes that help restore cellular and tis-
sue redox balance [24]. We therefore investigated which
antioxidant enzymes are specifically expressed during
BMSC adipogenesis. Interestingly, among the GPx fam-
ily members, GPx3 showed a distinct and robust increase
in expression during adipogenic differentiation, as com-
pared to osteogenic differentiation. GPx family comprises
eight members (GPx1-8) and most GPx isoforms func-
tion intracellularly [24]. For example, GPx1 localizes to
the cytosol and mitochondria, while GPx4 is membrane-
associated and protects against lipid peroxidation. GPx3,
however, is unique as the only member that is extracel-
lularly secreted. Previous studies indicated that GPx3 is
mainly expressed by renal tubular endothelial cells and
circulates in plasma, where it functions as a major sys-
temic antioxidative enzyme [16, 25]. More importantly,

Bone marrow cells

Gpx3

®3m
®16m

Adipocytes

BMSCs

Fig. 5 scRNA-seq data indicates that increased BMAdSs is associated with diminished Gpx3 expression during ageing. A The proportion of bone
marrow cells in the young and aged bone marrow. B The expression levels of Adipog or Lpl in the young and aged bone marrow. C-E UMAP
visualization of Adipog (adipocyte marker), Aspn (BMSC marker) and Gpx3 expression in scRNA-seq data from bone marrow cells of mice at different
ages. F The expression levels of Gpx3 in BMSCs and adipocytes in the young and aged mice. 3 M, three-month-old mice; 16 M, sixteen-month-old
mice; EC, endothelial cell

recent evidence indicated that GPx3 is critical for insulin
receptor expression and sensitivity in peripheral adipose
tissue [26]. Here, we found that GPx3 is highly expressed
during BMSC adipogenesis, suggesting it may play a
critical role in BMAds formation and serve as a potential
biomarker for BMAT and bone homeostasis.

We next analysed scRNA-seq data from a published
dataset in which Td" labelling was used for lineage tracing.
Distinct cellular clusters remained clearly identifiable, indi-
cating that Td" labelling did not substantially impact the
transcriptional profiles or clustering outcomes. Given both
BMSCs and BMAds in our study are Td" cells, we assumed
that the use of Td" labelling aligns with our experimental
design and does not compromise the validity of our con-
clusions. We examined GPx3 expression within the bone
marrow environment and found that it is predominantly
expressed in BMSCs and adipocytes, in contrast to other
cell lineages such as osteoblasts and chondrocytes. These
findings strongly suggest a cell-type-specific role for GPx3
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Fig. 6 Effect of GPx3 knockdown on adipogenic differentiation of mBMSCs. A-D Relative expression levels of Gpx3, Pparg, Cebpa and Adipoq

genes normalized to Actb on days 3 and 5 of differentiation. E Representative images and (F) relative quantification of Oil Red O staining on day
5 of adipogenic differentiation. G Representative Western blot images and relative quantification of (H) PPARy and (I) C/EBPa protein expression
on days 3 and 5 of differentiation. J GSH/GSSG ratio on day 5 of adipogenic differentiation. Data are presented as mean+SD. *P<0.05, **P <0.01,

***P<0.001 compared to the control group; ns indicates P>0.05

in the adipogenic differentiation of BMSCs. Moreover,
analysis of the TIME2.0 database revealed a strong posi-
tive correlation between GPx3 and key adipocyte-related
markers, including PPARG, LPL, and FABP4, further sup-
porting its potential functional relevance in adipocyte for-
mation. To investigate the relevance of GPx3 expression
in BMAds to bone homeostasis, we re-analysed and com-
pared single-cell transcriptomic profiles of bone marrow
from young and aged mice. Our analysis revealed that aged
bone marrow exhibits a reduced BMSC population and an
increased adipocyte population, accompanied by global
upregulation of adipocyte-related genes and a marked
decrease in GPx3 expression within BMAds. These find-
ings suggest that GPx3 may be essential for maintaining
the BMSC phenotype, and that its downregulation could
promote BMSC commitment to BMAds formation, con-
tributing to ageing-associated bone loss.

Furthermore, using RNA interference, we knocked
down GPx3 expression in BMSCs, as confirmed by qRT-
PCR analysis, and observed that GPx3 deficiency signifi-
cantly promoted adipogenic differentiation, potentially due
to increased intracellular oxidative stress (Fig. 6). These
results provide functional evidence that GPx3 acts as a neg-
ative regulator of adipogenic differentiation, highlighting its

potential role in maintaining redox balance and controlling
BMSC lineage commitment within the bone marrow niche.

The present study primarily focuses on establishing the
association between GPx3 and BMSC commitment to
adipogenic differentiation. We revealed that GPx3 may
serve as a key ROS modulator of BMSC and is closely
associated with adipocyte lineage commitment within
the bone marrow microenvironment. However, there are
several limitations, and further investigations are needed
to elucidate the underlying mechanisms. First, although
our findings demonstrate a functional role for GPx3 in
regulating adipogenic differentiation in vitro, we have
not yet confirmed its effects in vivo using genetic or pre-
clinical models. Future studies employing conditional
knockout or overexpression of GPx3 in BMSCs will be
essential to establish its causal role in BMAT regulation
and bone homeostasis. Second, while we observed a cor-
relation between GPx3 expression and adipocyte mark-
ers in publicly available datasets, the underlying signaling
pathways and molecular mechanisms through which
GPx3 modulates redox status and lineage commitment
remain to be elucidated. Additionally, our study focused
primarily on mouse-derived cells, and further valida-
tion in human BMSCs or patient-derived bone marrow
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Fig. 7 A schematic diagram illustrating the proposed role of GPx3 in BMSC adipogenic differentiation and its underlying mechanism. During
adipogenic differentiation, intracellular ROS levels increase and promote adipogenesis. GPX3 functions as a redox ‘checkpoint,” attenuating ROS

accumulation and thereby influencing BMSC lineage commitment

samples is needed to ensure translational relevance.
Lastly, we measured ROS levels by assessing the GSH/
GSSG ratio. However, downstream pathways activated
by ROS remain unclear in this study and warrant future
investigation.

Conclusions

In summary, through integrated transcriptomic analysis,
in vitro validation, and functional knockdown experi-
ments, we demonstrate that GPx3 is selectively upregu-
lated during adipogenesis, and its suppression enhances
adipogenic differentiation (Fig. 7). These findings suggest
that GPx3 plays a critical role in maintaining redox bal-
ance and controlling BMSC lineage commitment, with
potential implications for age-related bone marrow adi-
posity and osteoporosis. Targeting redox pathways such
as GPx3 may offer new therapeutic strategies to limit
BMAT accumulation and preserve skeletal health.
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Supplementary Material 2. Figure S2. Quality control of bone mar-

row scRNA-seq data (GSE145477-3M VS 16M). (A) The violin plots of
feature_RNA, count_RNA and mitochondrial RNA in 3M mice scRNA-seq
data. (B) FeatureScatter plot of mitochondrial RNA and count_RNA, as
well as Feature_RNA and count_RNA in 3M mice scRNA-seq data. (C) The
variable feature plot of all genes in 3M mice scRNA-seq data and the top
5 genes were marked. (D) The violin plots of feature_RNA, count_RNA
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