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Abstract. The aging of mesenchymal stromal cells (MSCs) 
is characterized by impaired osteogenic differentiation and 
enhanced adipogenic differentiation. Studies have identi‑
fied stanniocalcin‑1 (STC1) as a core component of the 
senescence‑associated secretory phenotype and a regulator of 
osteoblast maturation; however, its role in MSC biology remains 
poorly understood. In the present study, bone marrow‑derived 
MSCs were used and in vitro functional assays together with 

molecular and omics‑based analyses were performed to inves‑
tigate the role of STC1. It was observed that STC1 expression 
was upregulated in aged MSCs and during both osteogenic and 
adipogenic differentiation. Small interfering RNA‑mediated 
depletion of STC1 reduced cellular senescence and notably 
impaired osteogenic differentiation, whereas adipogenic and 
chondrogenic differentiation were not significantly affected. 
RNA sequencing revealed that STC1 knockdown led to the 
downregulation of osteogenesis‑related genes and the concomi‑
tant upregulation of inflammatory factors. Genes associated 
with closing differentially accessible regions (DARs) were 
enriched in osteogenic pathways, whereas those associated with 
opening DARs were predominantly involved in inflammatory 
responses. Mechanistically, STC1 knockdown led to the activa‑
tion of NF‑κB signaling. Pharmacological inhibition assays 
using NF‑κB inhibitors were performed to validate pathway 
involvement. Pharmacological inhibition of NF‑κB signaling 
significantly mitigated the impairment in osteogenic differen‑
tiation and attenuated the inflammatory response induced by 
STC1 depletion. Collectively, these findings suggest that STC1 
is involved in the regulation of osteogenic differentiation and 
inflammatory signaling through the modulation of NF‑κB 
activity in MSCs. Furthermore, targeting STC1 while inhibiting 
NF‑κB signaling may represent a promising therapeutic strategy 
for alleviating MSC dysfunction and age‑related bone loss.

Introduction

Mesenchymal stromal cells (MSCs) are multipotent cells that 
play notable roles in tissue homeostasis and regeneration (1,2); 
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however, MSCs undergo cellular senescence during aging. 
In addition to a decline in cell population, aged MSCs are 
associated with impaired osteogenic differentiation and 
enhanced adipogenic differentiation (3‑5). This imbalance 
between osteogenesis and adipogenesis is associated with the 
development of age‑related bone loss and metabolic disor‑
ders. Aged MSCs also secrete pro‑inflammatory cytokines, 
growth factors and extracellular matrix‑remodeling proteins, 
collectively known as the senescence‑associated secretory 
phenotype (SASP), which creates a hostile microenvironment 
that inhibits osteogenesis and promotes adipogenesis (6,7).

Cellular senescence is driven by a variety of intrinsic and 
extrinsic factors. Oxidative stress, particularly reactive oxygen 
species (ROS), is a key driver of senescence. As cells age, ROS 
levels increase, leading to DNA damage, protein modifications 
and lipid peroxidation  (8,9). This damage activates DNA 
repair mechanisms, ultimately leading to cell cycle arrest and 
senescence (10). In addition, aging is often associated with a 
persistent inflammatory state (11,12). This chronic low‑grade 
inflammation may be attributed to genomic instability, 
including expression of retrotransposable elements, telo‑
mere attrition and epigenetic alterations (13‑15). Ultimately, 
inflammatory factors, such as SASP, further promote cellular 
senescence (7). 

Stanniocalcin‑1 (STC1) was originally identified as a 
glycoprotein hormone secreted by the corpuscles of Stannius 
in teleost fish, where it regulates phosphate and calcium 
homeostasis  (16). More recently, STC1 has been identified 
as a core component of the SASP factors (17); however, its 
effects on inflammation appear to be tissue‑specific and 
cell‑type dependent. For example, STC1 exhibits a protective 
effect by suppressing the inflammatory cascade in lipopoly‑
saccharide‑induced lung injury. However, STC1 also mediates 
oxidative stress‑induced parthanatos, a form of programmed 
cell death, and amplifies inflammation in dextran sulfate 
sodium‑induced colitis (18). 

Furthermore, STC1 is expressed in bone tissue, including 
osteoblasts and chondrocytes (19). Transgenic mice overex‑
pressing STC1 show a marked decrease in birth weight and 
reduced adult body size, possibly owing to the inhibitory 
effects of additional STC1 on longitudinal bone growth at the 
growth plate (20‑22). However, the role of STC1 in the regula‑
tion of osteogenesis remains under debate. Yoshiko et al (23) 
reported that STC1 stimulated the maturation of osteoblasts 
derived from rat calvaria bone, whereas Kim  et  al  (24) 
observed that STC1 inhibited BMP2‑induced osteoblast 
differentiation. Notably, these discrepancies may reflect the 
cell type‑ and differentiation stage‑dependent functions 
of STC1 in skeletal lineage cells. In addition to its roles in 
differentiated skeletal cells, emerging evidence suggests that 
STC1 also participates in the regulation of MSC function. 
Previous studies have shown that MSC‑derived STC1 exerts 
anti‑inflammatory, cytoprotective and ROS‑regulatory effects 
in multiple disease models, including in vivo mouse pulmo‑
nary fibrosis and zymosan‑induced peritonitis models, in vitro 
oxidative damage models of lung epithelial cells, UV‑irradiated 
fibroblasts and NLRP3 inflammasome‑activated macro‑
phages  (25‑28). STC1 secretion by MSCs is responsive to 
cellular stress and mechanotransduction signals and has been 
implicated in immunomodulatory adaptation and maintenance 

of cellular homeostasis (25,26). Moreover, inhibition of STC1 
in tonsil‑derived MSCs was reported to increase intracellular 
ROS levels and impair MSC proliferative capacity, supporting 
a role for STC1 in MSC stress regulation (27). Nevertheless, 
the role of STC1 in MSC senescence and early differentiation 
remains unclear. In the present study, it was demonstrated that 
STC1 knockdown inhibited MSC senescence and its effect 
on differentiation and inflammatory response in MSCs were 
further investigated. The present study aimed to determine 
whether STC1 regulates MSC senescence and to define its 
functional roles in osteogenic or adipogenic differentiation 
and inflammatory responses. STC1 knockdown was used to 
assess its effects on these processes in MSCs.

Materials and methods

Mice. All animal procedures were approved by the 
Institutional Animal Care and Use Committee of Zhejiang 
University (approval nos. ZJU20230513 and ZJU20240033) 
and were conducted in accordance with institutional guide‑
lines and the ARRIVE recommendations. A total of 40 mice 
were used in the present study. Animals were purchased from 
Laboratory Animal Center of Zhejiang University and housed 
under specific pathogen‑free (SPF) conditions at 22±2˚C with 
50±10% relative humidity under a 12‑h light/dark cycle, with 
free access to standard chow and water. Animals were moni‑
tored daily for general health status, including body condition, 
activity, grooming behavior, food and water intake and signs 
of pain or distress. Humane endpoints were predefined as 
follows: Body weight loss of 20‑25% or evidence of cachexia 
and wasting syndrome; complete anorexia for 24 h; partial 
anorexia (<50% of normal caloric intake) for 3 consecutive 
days; and inability or extreme reluctance to stand or inability 
to obtain food or water, persisting for 24 h in the absence of 
anesthesia or analgesia. No animals were found dead prior 
to scheduled euthanasia or reached the predefined humane 
endpoints during the study. No longitudinal in vivo intervention 
was performed in the present study. Animals were euthanized 
immediately prior to tissue collection for MSC isolation, 
and all tissue collection procedures were completed within 
the same day. Animals were euthanized by gradual‑fill CO2 
inhalation at a flow rate of 30% of the chamber volume per 
minute, followed by cervical dislocation. Death was confirmed 
by the absence of heartbeat and respiration together with loss 
of corneal and pedal reflexes before tissue collection. The 
mice used in the present study were male and female in equal 
proportions, including both young (8 weeks old, weighing 
20‑25 g) and aged (20 months old, weighing 35‑45 g) at the 
time of experiments.

Cell culture. MSCs were isolated from the femora and tibiae 
of young (2‑month‑old) and aged (20‑month‑old) C57BL/6 
mice via flushing and were cultured in Dulbecco's Modified 
Eagle Medium high glucose (4.5 g/l) (DMEM high glucose 
(4.5 g/l); Gibco; Thermo Fisher Scientific, Inc.) supplemented 
with 10% FBS (Gibco; Thermo Fisher Scientific, Inc.) and 1% 
penicillin/streptomycin (Gibco; Thermo Fisher Scientific, Inc.) 
at 37˚C within a 5% CO2 incubator. After 7‑10 days of culture, 
the cells were passaged using 0.25% trypsin (Gibco; Thermo 
Fisher Scientific, Inc.). BAY 11‑7082 (1 and 2 µM), JSH‑23 
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(20 and 50 µM) and vehicle controls were added to media as 
indicated. After 24 h of treatment, the culture medium was 
refreshed.

RNA interference. To knock down STC1 in MSCs, Stc1 small 
interfering RNAs (siRNAs; si‑Stc1) or scrambled siRNAs 
(si‑Scr) were transfected into MSCs using Lipofectamine® 
RNAiMax reagent (Thermo Fisher Scientific, Inc.). Specifically, 
siRNAs (final concentration; 50 nM) and Lipofectamine® 
RNAiMax were diluted separately in Opti‑MEM medium 
(Gibco; Thermo Fisher Scientific, Inc.), combined and then 
incubated at room temperature for 10 min to induce complex 
formation. The transfection mixture was added directly to the 
cell culture medium. The transfection was performed at 37˚C 
in a 5% CO2 incubator for 6 h, after which the medium was 
replaced with fresh complete medium, and subsequent experi‑
ments were conducted 48 h after transfection. Table I lists the 
siRNA sequences.

Alkaline phosphatase (ALP), alizarin red S (ARS), Oil red 
O and alcian blue staining. Osteogenic and adipogenic 
differentiation of MSCs was conducted as previously 
described  (29,30). Briefly, osteogenic differentiation was 
induced by culturing MSCs in osteogenic induction medium 
consisting of 100 µM ascorbic acid (MilliporeSigma), 2 mM 
β‑glycerophosphate (MilliporeSigma), and 10‑7  M dexa‑
methasone (MilliporeSigma). Adipogenic differentiation 
was induced using adipogenic induction medium containing 
1 µM dexamethasone (MilliporeSigma), 10  µg/ml insulin 
(MilliporeSigma), 0.5  mM 3‑isobutyl‑1‑methylxanthine 
(MilliporeSigma), and 0.2 mM indomethacin (MilliporeSigma). 
For chondrogenic induction, the inducing media were prepared 
using DMEM high glucose (4.5 g/l) supplemented with 10‑7 M 
dexamethasone (MilliporeSigma), 1 µM ascorbate‑2‑phos‑
phate (MilliporeSigma) and 10 ng/ml transforming growth 

factor‑b1 (ABclonal Biotech Co., Ltd.), along with 10% FBS 
and 1% penicillin/streptomycin.

For ALP staining, osteogenic induction medium was 
added for 1 week (with the medium refreshed every 3 days), 
until >70% confluency was confirmed. Cells were fixed using 
70% ethanol at room temperature for 15 min and incubated 
with ALP staining solution (Beyotime Biotechnology) at 37˚C 
in the dark for 5 min. Images were acquired using a CanoScan 
LiDE 110 scanner (Canon, Inc.). For quantification of ALP 
activity, cell lysates were prepared in RIPA buffer (without 
protease/phosphatase inhibitors; Beyotime Biotechnology) 
and centrifuged at 10,000 x g at 4˚C for 5 min. The resulting 
supernatants were analyzed using an ALP assay kit (Beyotime 
Biotechnology) according to the manufacturer's instructions. 
ALP activity was normalized to the total protein concentration 
of each lysate, as determined using a bicinchoninic acid (BCA) 
protein assay kit (Beyotime Biotechnology).

For ARS staining, osteogenic induction medium was 
added for 3 weeks (with the medium refreshed every 3 days), 
until >70% confluency was confirmed. Cells were fixed using 
70% ethanol at room temperature for 1 h and stained using 
1% ARS solution (MilliporeSigma) at room temperature for 
30 min. For quantification, the plate was destained using 
10% cetylpyridinium chloride solution (MilliporeSigma), and 
optical density was measured at 562 nm.

For Oil Red O staining, adipogenic induction medium was 
added for 1 week (with the medium refreshed every 3 days), 
until >90% confluency was confirmed. Cells were fixed 
using 70% at room temperature ethanol for 10 min and then 
stained using Oil Red O working solution at room temperature 
for 5 min. After removal of the staining solution, the cells 
were rinsed twice using double distilled H2O. The plate was 
air‑dried, and the stained lipid droplets were eluted in isopro‑
panol. Absorbance was measured at 450 nm using a microplate 
reader (Omega Bio‑Tek, Inc.) to quantify lipid accumulation.

Table I. Related to methods, the sequences of primers used in the present study.

Gene	 Application	 Forward primer sequences	 Reverse primer sequences

si‑Scr	 Transfection	 UUCUCCGAACGUGUCACGUTT	 ACGUGACACGUUCGGAGAATT
si‑Stc1‑1	 Transfection	 CGGUCAGUACAAUCAGAGA	 UCUCUGAUUGUACUGACCG
si‑Stc1‑2	 Transfection	 CUUGUACAGUGCUGCUAAA	 UUUAGCAGCACUGUACAAG
Stc1	 RT‑qPCR	 AGGAGGACTGCTACAGCAAGCT	 TCCAGAAGGCTTCGGACAAGTC
Alp	 RT‑qPCR	 CCAGAAAGACACCTTGACTGTGG	 TCTTGTCCGTGTCGCTCACCAT
Ibsp	 RT‑qPCR	 ACAATCCGTGCCACTCACTC	 CCGGTACTTAAAGACCCCGTT
Ocn	 RT‑qPCR	 GGACCATCTTTCTGCTCACTCTGC	 TCCTGCTTGGACATGAAGGCTTTG
Adipoq	 RT‑qPCR	 GTTGCAAGCTCTCCTGTTCC	 ATCCAACCTGCACAAGTTCC
Cebpα	 RT‑qPCR	 ACTCCTCCTTTTCCTACCG	 AGGAAGCAGGAATCCTCC
Lpl	 RT‑qPCR	 GGGAGTTTGGCTCCAGAGTTT	 TGTGTCTTCAGGGGTCCTTAG
Sox9	 RT‑qPCR	 CGGAACAGACTCACATCTCTCC	 GCTTGCACGTCGGTTTTGG
Col2a1	 RT‑qPCR	 CCTCAAGGCAAAGTTGGTCCT	 CTCCCGTCTCACCGTCTTTT
Il‑1α	 RT‑qPCR	 GAGAGCCGGGTGACAGTATC	 TGACAAACTTCTGCCTGACG
Tnf‑α	 RT‑qPCR	 CCTGTAGCCCACGTCGTAG	 GGGAGTAGACAAGGTACAACCC
β‑actin	 RT‑qPCR	 CATTGCTGACAGGATGCAGAAGG	 TGCTGGAAGGTGGACAGTGAGG

RT‑qPCR, reverse transcription‑quantitative PCR; si, small interfering RNA.
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For Alcian blue staining, chondrogenic induction medium 
(prepared as aforementioned in this section) was added for 
3‑4 weeks (with the medium refreshed every 3 days), until 
>90% confluency was confirmed. Cells were fixed using 4% 
paraformaldehyde at room temperature for 15 min and then 
stained with Alcian blue solution (MilliporeSigma) for at room 
temperature 30 min. After image acquisition using the afore‑
mentioned scanner, stained Alcian blue was extracted using 
6 M guanidine hydrochloride for 6 h at room temperature. 
Absorbance was measured at 630 nm.

Senescence associate β‑galactosidase (SA‑β‑Gal) staining. 
SA‑β‑Gal staining was performed following previously 
published procedures (29,31). Cells were fixed using a freshly 
prepared solution containing 2% formaldehyde and 0.2% 
glutaraldehyde for 5 min at room temperature. After fixa‑
tion, the cells were rinsed twice using PBS and incubated 
with X‑gal staining solution (containing 1  mg/ml X‑gal 
(Shanghai Macklin Biochemical Co., Ltd.), 5 mM potassium 
ferricyanide (Shanghai Macklin Biochemical Co., Ltd.), 5 mM 
potassium ferrocyanide (Shanghai Macklin Biochemical Co., 
Ltd.), 150 mM NaCl (Shanghai Macklin Biochemical Co., 
Ltd.) and 2 mM MgCl2 (Shanghai Macklin Biochemical Co., 
Ltd.) in a pH 6.0 buffer system) at 37˚C in the dark for 6‑8 h. 
Images were captured under a bright‑field microscope (Leica 
Microsystems GmbH) from five randomly selected fields 
per sample. SA‑β‑Gal‑positive cells were quantified as the 
percentage of blue stained cells among the total number of 
cells and statistically analyzed.

Cell counting kit (CCK)‑8 assay. Cells were seeded in 96‑well 
plates at a density of 1x104 cells per well. On days 1, 3 and 5 
after seeding, CCK‑8 reagent (Beyotime Biotechnology) was 
added to each well according to the manufacturer's instruc‑
tions. Afterward, the plates were incubated to allow the 
reagent to react with the cells. After 2 h of incubation at 37˚C, 
absorbance was measured at 450 nm.

Reverse transcription‑quantitative (q)PCR analysis. Total 
RNA was extracted using TRIzol™ reagent (Invitrogen; 
Thermo Fisher Scientific, Inc.), and 1 µg aliquots of RNA were 
transcribed to cDNA using reverse transcriptase (Vazyme 
Biotech Co., Ltd.) at 50˚C for 10 min followed by 85˚C for 
10 sec. Afterward, qPCR was performed using an SYBR Green 
PCR kit (Vazyme Biotech Co., Ltd.) on a QuantStudio™ 7 
Flex System (Applied Biosystems; Thermo Fisher Scientific, 
Inc.). PCR cycling involved initial denaturation at 95˚C for 
5  min, followed by 40  cycles of denaturation at  95˚C for 
30 sec, annealing at 60˚C for 30 sec and extension at 72˚C for 
30 sec. Relative gene expression was normalized to β‑actin 
and analyzed via the 2‑∆∆Cq method (32). Table I contains the 
primer sequences.

Western blot analysis. Total cellular protein was extracted 
using RIPA lysis buffer (Beyotime Biotechnology) on ice. 
Protein concentration in the lysates was determined using a 
BCA assay kit according to the manufacturer's instructions. 
Aliquots of the lysates were separated via 10% SDS‑PAGE 
and subsequently transferred onto a PVDF membrane. A total 
of 20‑30 µg of protein per lane was loaded. The membrane 

was blocked using 5% BSA (Beyotime Biotechnology) in 
TBST (Tris‑buffered saline containing 0.1% Tween‑20) for 
1 h at room temperature, followed by incubation with specific 
primary antibodies overnight at 4˚C. After washing with TBST, 
the membrane was incubated with HRP‑conjugated secondary 
antibodies for 1 h at room temperature. Protein bands were 
visualized using an enhanced chemiluminescence substrate 
(Beyotime Biotechnology) and recorded using a chemilu‑
minescence imaging system (Bio‑Rad Laboratories, Inc.). 
The following antibodies were used: Rabbit anti‑NF‑κB p65 
(1:1,000; cat. no. A19653; ABclonal Biotech Co., Ltd.), rabbit 
anti‑phospho‑NF‑κB p65 (1:1,000; cat. no. AP0124; ABclonal 
Biotech Co., Ltd.), rabbit anti‑IκBα (1:1,000; cat. no. A19714; 
ABclonal Biotech Co., Ltd.), rabbit anti‑phospho‑IκBα 
(1:1,000; cat. no. AP0707; ABclonal Biotech Co., Ltd.), rabbit 
anti‑β‑Actin (1:50,000; cat. no. AC050; ABclonal Biotech 
Co., Ltd.) and HRP‑conjugated goat anti‑rabbit IgG (1:70,000; 
cat. no. HA1001; HUABIO).

RNA‑sequencing library construction and analysis. Total 
RNA was isolated using TRIzol reagent. Library construc‑
tion and RNA sequencing were performed at Shanghai 
OE Biomedical Technology Co., Ltd. RNA libraries were 
prepared using VAHTS Universal V10 RNA‑seq Library Prep 
Kit (cat. no. NR616‑01; Vazyme Biotech Co., Ltd.) according 
to the manufacturer's instructions. Subsequently, the FASTQ 
files of raw paired‑end RNA‑seq reads were mapped to 
the mouse reference genome NCBI38/mm10 using STAR 
(version  2.7.11a; https://github.com/alexdobin/STAR). The 
mapped reads were then quantified to generate raw counts using 
featureCounts (version 2.0.3) (33,34). Principal component 
analysis (PCA) was performed, and significantly differentially 
expressed genes (DEGs) (si‑Stc1 versus si‑Scr) were identi‑
fied using the DESeq2 package (version 1.48.2; https://github.
com/thelovelab/DESeq2) in R (4.5.1; RStudio, Inc.), with a 
threshold P<0.05 and fold changes of >1.5. Heatmaps of the 
relative expression of representative genes were further gener‑
ated using the Complexheatmap package (version  2.24.1; 
https://github.com/jokergoo/ComplexHeatmap) in R. 

The gene expression omnibus (GEO) dataset (accession 
GSE113253, https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi? 
acc=GSE113253, https://pubmed.ncbi.nlm.nih.gov/30833796/), 
originally reported by Rauch  et  al  (35), comprises tran‑
scriptional profiles of primary MSCs at multiple time points 
(0 days, 4 h, 1 day, 3 days and 7 days) during osteoblast and 
adipocyte differentiation (36). Raw expression matrices were 
downloaded from GEO and processed in R (version 4.3.1). 
DEGs were identified using DESeq2 and subsequently 
subjected to K‑means clustering analysis. Read counts were 
normalized to transcripts per million to facilitate down‑
stream downstream analyses. Gene set enrichment analysis 
(GSEA) was performed using the R package clusterProfiler 
(version 4.10.0, https://bioconductor.org/packages/clusterPro‑
filer/) based on Hallmark and KEGG gene sets obtained from 
the Molecular Signatures Database (https://www.gsea‑msigdb.
org/gsea/msigdb).

Assay for transposase‑accessible chromatin (ATAC)-
sequencing library construction and analysis. The 
ATAC‑sequencing library was constructed using a Hyperactive 
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ATAC‑seq Library Prep Kit (Vazyme Biotech Co., Ltd.) 
according to the manufacturer's instructions. Specifically, 
nuclei were isolated from 50,000 cells via incubation on 
ice for 5 min, followed by centrifugation at 500 x g at 4˚C. 
Tagmentation was performed at 37˚C for 30 min. After puri‑
fication, DNA fragments were amplified using PCR enzymes 
and indexed primers (Vazyme Biotech Co., Ltd.). Size selec‑
tion was performed using ATAC DNA Clean Beads (Vazyme 
Biotech Co., Ltd.), and libraries were sequenced on the Illumina 
Xplus platform (Illumina, Inc.) using PE150. Raw ATAC‑seq 
read FASTQ files were first processed using Trim Galore 
(version 0.6.10; https://github.com/FelixKrueger/TrimGalore) 
to remove the adaptors and were then aligned to NCBI38/mm10 
mouse reference genome using Bowtie2 (version 2.4.4‑1) (37). 
Uniquely mapped reads were retained for peak calling using 
MACS2 with a significance threshold of P<0.05  (38). To 
generate a consensus set of unique peaks across all samples, 
read counts within these peak regions were quantified using 
featureCounts. Differentially accessible regions (DARs) were 
identified using the DESeq2 package in R, with a P<0.05 and 
fold change of >1.5. Subsequently, the ChIPseeker package in R 
(version 1.44.0; https://github.com/YuLab‑SMU/ChIPseeker) 
in R was used to identify the nearest genes, with the 
transcription start site region defined as ‑3 kb to +3 kb.

Statistical analysis. Data are presented as the mean ± stan‑
dard deviation. Data analysis was conducted using GraphPad 
Prism 10.0 software (Dotmatics). Differences between groups 
were assessed using unpaired t‑tests, one‑way ANOVA (with 
Dunnett's post hoc test) or two‑way ANOVA (with Tukey's 
post hoc test). P<0.05 was considered to indicate a statistically 
significantly difference.

Results

Stc1 upregulation during cellular senescence and osteo‑
genic and adipogenic differentiation of MSCs. Considering 
that STC1 has been reported to be upregulated in multiple 
aged tissues, its expression levels during MSC senescence 
were first examined  (17), and MSCs were isolated from 
2‑ and 20‑month‑old mice. As hypothesized, MSCs from 
20‑month‑old mice exhibited significantly higher Stc1 
expression than those from 2‑month‑old mice (Fig. S1A). 
Next, publicly available sequencing data (GEO: GSE113253) 
on osteogenic and adipogenic differentiation of MSCs was 
analyzed. Gene clustering analysis revealed multiple modules 
with distinct temporal expression patterns during MSC 
differentiation into osteoblasts and adipocytes (Fig. 1A). 
Specifically, the C1 and C2 modules captured gene expres‑
sion changes associated with osteogenic differentiation. 
Functional enrichment analysis revealed that these modules 
were significantly associated with osteogenesis‑related 
biological processes, including ‘ossification’, the ‘canonical 
Wnt signaling pathway’ and ‘bone development’. By contrast, 
the C3 and C4 modules represented gene expression programs 
associated with adipogenic differentiation and were enriched 
in ‘fatty acid metabolic process’, reflecting commitment to 
the adipocyte lineage. Consistent with these findings, GSEA 
demonstrated that osteoblast‑related signaling pathways 
were significantly activated during osteogenic differentiation 

(Fig.  1B), whereas adipogenesis‑related pathways were 
robustly enriched during adipogenic differentiation (Fig. 1C). 
Collectively, these results highlighted the stage‑specific tran‑
scriptional programs underlying MSC lineage specification 
into osteoblasts and adipocytes. Furthermore, the temporal 
expression dynamics of Stc1 during MSC differentiation 
were examined. During osteogenic induction, Stc1 expression 
exhibited marked temporal variation, with notably higher 
levels observed at days 3 and 14 (Fig. 1D). By contrast, Stc1 
expression exhibited a continuous upward trend throughout 
adipogenic differentiation (Fig.  1E). These observations 
indicated that Stc1 was dynamically regulated during MSC 
lineage commitment and might participate in both osteogenic 
and adipogenic differentiation processes. To further validate 
the upregulation of Stc1, mRNA was collected from mouse 
MSCs treated with osteogenic and adipogenic stimuli for 
3 and 7 days, respectively. Consistently, Stc1 mRNA levels 
increased following osteogenic and adipogenic stimula‑
tion, with substantially higher expression observed under 
adipogenic conditions at day 3 (Fig. 1F and G). In addition, 
Stc1 expression was examined during chondrogenic differ‑
entiation of MSCs, and it was observed that Stc1 expression 
remained largely unchanged upon chondrogenic stimulation 
(Fig. S2A).

Stc1 depletion inhibits senescence and osteogenic differentia‑
tion potential of MSCs. Furthermore, it was examined whether 
Stc1 depletion affects MSC senescence and lineage specifica‑
tion. Specifically, two siRNAs targeting Stc1 (si‑Stc1‑1 and 
si‑Stc1‑2) were used to knock down its expression (Fig. 2A). 
To minimize off‑target effects, the two siRNAs were mixed at 
a ratio of 1:1 and used for transfection (si‑Stc1‑mix, hereafter 
referred to as si‑Stc1). Stc1 depletion significantly reduced 
cellular senescence in MSCs, as evidenced by decreased 
SA‑β‑Gal staining and downregulated p21 expression, while 
p16 expression slightly decreased (Fig. S1B‑D). Consistently, 
MSCs exhibited an increased proliferation rate following Stc1 
depletion (Fig. S1E). 

ALP staining was performed to assess the effects of Stc1 
knockdown on the osteogenic commitment of MSCs. Notably, 
ALP activity, an indicator of early osteogenesis, was inhibited 
by Stc1 knockdown (Fig. 2B and C). Extracellular matrix 
mineralization also decreased following Stc1 knockdown, as 
determined via ARS staining (Fig. 2D and E). Consistently, 
the expression levels of osteogenic‑related genes were down‑
regulated by Stc1 knockdown (Fig. 2F). Notably, although Stc1 
was notably upregulated during adipogenesis (39), significant 
differences were not observed between the Stc1 knockdown 
groups and controls in lipid droplet formation or the expres‑
sion of adipogenic‑related genes in MSCs (Fig.  2G‑I). In 
addition, to assess whether STC1 is involved in chondrogenic 
differentiation, MSCs with STC1 knockdown were subjected 
to chondrogenic induction and evaluated by multiple readouts, 
including Alcian blue staining, quantitative glycosamino‑
glycan (GAG) measurement and expression of chondrogenic 
marker genes (Sox9 and Col2a1). As shown in Fig. S2B‑E, 
STC1 depletion did not significantly alter matrix deposition, 
GAG content, or chondrogenic gene expression, indicating that 
STC1 is dispensable for MSC chondrogenesis under the tested 
conditions.
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Stc1 depletion suppresses osteogenic programs while acti‑
vating inflammatory signaling. To investigate the effect of 
Stc1 knockdown on the transcriptional profile of MSCs, RNA 
sequencing was performed 3 days after transfection with 
si‑Stc1 (n=3). PCA revealed a notable separation between 
control and Stc1‑depleted MSCs, indicating that Stc1 knock‑
down induced a marked global change in gene expression 
(Fig. 3A). Differential expression analysis identified a total of 
3,146 DEGs based on a cutoff of P<0.05 and fold change >1.5, 
including 1,373 downregulated and 1,773 upregulated genes 
following Stc1 knockdown (Fig. 3B). Gene Ontology (GO) 
enrichment analysis revealed that the downregulated genes 
were significantly enriched in biological processes related 
to ‘osteogenic differentiation’ and ‘bone mineralization’ 
(Fig. 3C). By contrast, the upregulated genes were predomi‑
nantly associated with inflammatory responses, including 

pathways related to ‘interleukin‑1 production’, ‘positive regula‑
tion of interleukin‑6 production’, as well as ‘canonical NF‑κB 
signal transduction’ (Fig. 3D). GSEA further demonstrated 
that gene sets associated with osteogenesis and bone mineral‑
ization were significantly negatively enriched in Stc1‑depleted 
MSCs, whereas gene sets related to inflammatory and immune 
responses were positively enriched following Stc1 knockdown 
(Fig.  3E‑H). A heatmap of representative genes further 
confirmed enhanced inflammatory responses and impaired 
osteogenic capacity following Stc1 knockdown (Fig. 3I).

Furthermore, an ATAC‑sequencing was performed to 
examine the impact of Stc1 depletion on chromatin accessibility 
in MSCs. Overall, Stc1 knockdown resulted in only modest 
changes in global chromatin accessibility (Fig. 4A and B). 
Differential accessibility analysis identified 4,753 DARs 
with decreased accessibility and 6,544 DARs with increased 

Figure 1. Dynamic transcriptional programs underlying osteogenic and adipogenic differentiation of MSCs. (A) Heatmap showing the expression patterns 
of differentially expressed genes across MSCs and multiple time points during osteogenic (left) and adipogenic (right) differentiation (1, 3, 7 and 14 d). 
Differentially expressed genes were grouped into distinct clusters based on their temporal expression trajectories. Functional annotations and representative 
expression trends for each gene cluster, along with the corresponding gene numbers, are shown on the right. (B) GSEA demonstrating significant enrichment 
of osteoblast‑related signaling pathways during osteogenic differentiation, comparing MSCs with 7‑day osteogenic induction. (C) GSEA showing significant 
enrichment of adipogenesis‑related pathways during adipogenic differentiation, comparing MSCs with 7‑day adipogenic induction. (D and E) Line plot 
illustrating the dynamic changes of STC1 from MSCs upon (D) osteogenic and (E) adipogenic differentiation, respectively. (F and G) STC1 mRNA levels after 
3 and 7 days of (F) osteogenic and (G) adipogenic induction, compared with undifferentiated MSCs. n=3. MSCs, mesenchymal stromal cells; GSEA, gene set 
enrichment analysis; d, days; STC1, stanniocalcin‑1.
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accessibility following Stc1 knockdown, based on a cutoff of 
P<0.05 (Fig. 4C). Functional annotation of DARs revealed 
a notable functional divergence between regions gaining or 
losing accessibility following Stc1 knockdown. Regions with 
reduced accessibility were preferentially associated with genes 
involved in ‘collagen‑activated signaling pathway’, ‘regulation 

of osteoblast differentiation’ and ‘bone mineralization’, indi‑
cating selective chromatin closure at osteogenesis‑related loci 
(Fig. 4D). By contrast, regions exhibiting increased acces‑
sibility were associated with genes involved in inflammatory 
processes, including ‘interleukin‑2 production’, ‘regulation of 
canonical NF‑κB signal transduction’ and ‘cell chemotaxis’ 

Figure 2. Knockdown of STC1 impairs osteogenic differentiation of MSCs. (A) Relative mRNA level of Stc1 in MSCs after knockdown of STC1 (n=3). 
(B and C) ALP staining and quantitative ALP activity assay of MSCs underwent osteogenic induction after knockdown of STC1. Scale bar, 5 mm (n=3). 
(D and E) ARS staining and quantification of calcium deposit in MSCs underwent osteogenic induction after knockdown of STC1. Scale bar, 5 mm (n=3). 
(F) mRNA expression of osteogenic marker genes Alp, Ibsp and Ocn in MSCs underwent osteogenic induction after knockdown of STC1 (n=3). (G and H) Oil Red 
O staining of lipid droplets in MSCs underwent adipogenic induction after knockdown of STC1. Scale bar, 100 µm (n=3). (I) mRNA expression of adipogenic 
marker genes Adipoq, Cebpα and Lpl in MSCs underwent adipogenic induction after knockdown of STC1 (n=3). MSCs, mesenchymal stromal cells; ALP, 
alkaline phosphatase; ARS, alizarin red S; STC1, stanniocalcin‑1; Scr, scrambled.
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(Fig.  4E). Genome track visualization further illustrated 
these chromatin accessibility changes at representative loci. 
The promoter regions of osteogenic genes, including Alp and 

Hoxa3, exhibited notably reduced accessibility following 
Stc1 knockdown (Fig.  4F  and  G). By contrast, increased 
chromatin accessibility was observed at the promoters 

Figure 3. RNA‑sequencing analysis of STC1‑depleted MSCs. (A) PCA plot showing clear separation between control and STC1‑knockdown MSCs. 
(B) Volcano plot showing differentially expressed genes in MSCs upon STC1 knockdown (fold change >1.5; P<0.05). (C and D) GO enrichment analysis of 
(C) downregulated or (D) upregulated genes in MSCs underwent STC1 knockdown. (E‑H) Gene set enrichment analysis demonstrating negative enrichment of 
(E and F) osteogenesis‑related gene sets and positive enrichment of (G and H) inflammation‑related gene sets in STC1‑depleted MSCs. (I) Heatmap illustrating 
enhanced inflammatory response and impaired osteogenesis following STC1 knockdown. MSCs, mesenchymal stromal cells; STC1, stanniocalcin‑1; PCA, 
principal component analysis; DEGs, differentially expressed genes; Scr, scrambled; GO, gene ontology.



Molecular Medicine REPORTS  34:  272,  2026 9

Figure 4. ATAC‑sequencing analysis of chromatin accessibility changes upon STC1 knockdown in MSCs. (A and B) Global chromatin accessibility profiles in 
control and STC1‑knockdown MSCs. (C) Numbers of DARs with increased or decreased accessibility upon STC1 knockdown. (D and E) GO terms enriched 
for genes associated with DARs that (D) lose or (E) gain accessibility upon STC1 knockdown, respectively. (F and G) Genome browser tracks showing reduced 
chromatin accessibility at the promoter regions of osteogenic genes, such as (F) Alp and (G) Hoxa3. (H and I) Genome browser tracks showing increased 
chromatin accessibility at the promoter regions of inflammation‑related genes, such as (H) Cxcl12 and (I) Il11. MSCs, mesenchymal stromal cells; STC1, 
stanniocalcin‑1; Scr, scrambled; DARs, differentially accessible regions; GO, gene ontology.
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of inflammation‑related genes, such as Cxcl12 and Il11 
(Fig. 4H and I). Collectively, transcriptomic and chromatin 
accessibility analysis indicated that STC1 knockdown selec‑
tively repressed osteogenic programs while concomitantly 
activating inflammatory pathways.

Stc1 depletion enhancing NF‑κB signaling in MSCs. To further 
elucidate the coordinated transcriptional and chromatin acces‑
sibility changes induced by Stc1 knockdown, an integrative 
analysis of the RNA‑sequencing and ATAC‑sequencing data‑
sets was performed. A total of 261 overlapping genes exhibited 
both decreased transcript abundance in RNA‑sequencing and 
reduced chromatin accessibility in ATAC‑sequencing (Fig. 5A). 
Functional enrichment analysis of this gene set revealed an 
association with osteogenesis‑related processes, including ‘bone 
trabecular formation’, ‘osteoblast differentiation’ and ‘skeletal 
system morphogenesis’ (Fig. 5B). Conversely, 374 overlap‑
ping genes were identified that exhibited upregulation at the 
transcript level and increased chromatin accessibility (Fig. 5C). 
Enrichment analysis of these genes indicated predominant 
involvement in inflammatory and immune‑related pathways, 
such as ‘regulation of interleukin‑6 production’, ‘canonical 
inflammasome complex assembly’ and ‘regulation of canonical 
NF‑κB signal transduction’ (Fig.  5D). Consistent with the 
Venn diagram analysis, the integrative heatmap revealed that 
inflammatory and NF‑κB‑related genes (including Tlr4, Il6ra, 
Pycard and Cxcl12) were upregulated and exhibited increased 
chromatin accessibility, whereas osteogenesis‑related genes 
(including Col1a1, Bglap, Alpl, Smad5 and Dlx2) were 
downregulated and exhibited reduced accessibility (Fig. 5E). 
These findings indicated that Stc1 knockdown was associated 
with coordinated transcriptional and chromatin accessibility 
changes related to inflammatory activation and impaired osteo‑
genic programs. NF‑κB signaling has been well established 
as a central regulator of MSC osteogenic differentiation and 
inflammatory responses (40,41). Given the consistent enrich‑
ment of inflammatory and NF‑κB signaling pathways, it was 
examined whether Stc1 knockdown activates NF‑κB signaling 
in MSCs. To further confirm this pathway activation, GSEA 
was performed on the RNA‑sequencing dataset, which revealed 
significant enrichment of the canonical NF‑κB signaling 
gene set in the Stc1 knockdown group (Fig. 5F). Western blot 
analysis revealed a notable increase in p65 phosphorylation, 
accompanied by a slight increase in phosphorylated IκBα, indi‑
cating early activation of canonical NF‑κB signaling (Fig. 5G). 
Consistently, the expression levels of several well‑established 
NF‑κB downstream target genes, including Birc3, Icam1, 
Vcam1, Tnf and Il1α  (42), were significantly upregulated 
following Stc1 knockdown (Fig. 5H). Collectively, these results 
provided molecular evidence that STC1 depletion activates the 
NF‑κB signaling pathway in MSCs.

NF‑κB signaling inhibition mitigating impaired osteogenic 
differentiation of MSCs. To determine whether inhibition 
of NF‑κB signaling could mitigate the impaired osteogenic 
differentiation induced by Stc1 knockdown, MSCs were 
treated with the NF‑κB inhibitor BAY 11‑7082 (43,44). To 
exclude potential cytotoxic effects, cell viability was first 
assessed via a CCK‑8 assay. Treatment with BAY 11‑7082 
at the concentrations used in the present study did not 

significantly affect MSC viability (Fig. 6A). Consequently, 
the inhibitory efficiency of BAY 11‑7082 was verified via 
western blot analysis (Fig. 6B). As shown, treatment with 
BAY 11‑7082 markedly reduced the phosphorylation levels 
of p65 and IκBα. Densitometric analysis revealed that 
p‑p65 and p‑IκBα levels were decreased by approximately 
60 and 36%, respectively, compared with the control group. 
By contrast, total p65 and IκBα protein levels remained 
largely unchanged, indicating effective suppression of 
NF‑κB pathway activation rather than alterations in protein 
expression. ALP activity assays revealed that treatment with 
BAY 11‑7082 at concentrations of 1 and 2 µM increased 
ALP activity during osteogenic differentiation of MSCs 
(Fig.  6C  and D ). Consistent with this observation, ARS 
staining revealed that BAY 11‑7082 treatment effectively 
mitigated the reduction in extracellular matrix mineraliza‑
tion induced by Stc1 depletion (Fig. 6E and F). Moreover, the 
expression levels of osteogenic marker genes, Alp and Ocn, 
exhibited a similar increasing trend following BAY 11‑7082 
treatment (Fig. 6G and H). 

To further validate these findings, MSCs were treated 
with JSH‑23, an alternative NF‑κB inhibitor, at concentra‑
tions of 20 and 50 µM during osteogenic induction (44). To 
exclude potential cytotoxic effects, cell viability was first 
assessed via a CCK‑8 assay, which demonstrated that JSH‑23 
at 20 and 50 µM did not significantly affect MSC viability 
(Fig.  S3A). Similar to BAY 11‑7082, JSH‑23 treatment 
enhanced osteogenic differentiation and restored osteogenic 
capacity in Stc1‑knockdown MSCs (Fig. S3B‑G). Overall, 
following treatment with either BAY 11‑7082 or JSH‑23, 
osteogenic differentiation in Stc1‑depleted MSCs reached or 
even exceeded that observed in scrambled siRNA control cells 
treated with vehicle, indicating a robust mitigating effect. 

Given the essential role of NF‑κB in the regulation of 
inflammation, BAY 11‑7082 treatment was expected to inhibit 
the expression of inflammatory factors, Il1a and Tnf, induced 
by Stc1 depletion. Notably, treatment with 2 µM BAY 11‑7082 
reduced their expression (Fig. 6I and J). Inhibition of NF‑κB 
signaling by BAY 11‑7082 further enhanced the effect of Stc1 
depletion on cellular senescence, as evidenced by the SA‑β‑gal 
assay (Fig. 6K and L). Similarly, treatment with JSH‑23 also 
inhibited the expression of Il1a and Tnfa and further mitigated 
senescence in STC1‑depleted MSCs (Fig. S3H‑K).

Collectively, these results identify STC1 as a key regulator 
of osteogenic differentiation and inflammation in MSCs. 
These findings provide mechanistic insight into the role of 
STC1 in MSC biology and highlight that modulation of STC1 
and NF‑κB signaling requires further investigation in more 
physiologically relevant and in vivo models of age‑related bone 
loss.

Discussion

Age‑related bone loss represents a major global health chal‑
lenge in aging societies, leading to increased fracture risk, 
disability and mortality. Accumulating evidence indicates 
that the functional decline of MSCs, encompassing reduced 
cell number, increased cellular senescence, and impaired 
osteogenic differentiation, is a key contributor to age‑related 
bone loss (3‑5). In the present study, it was demonstrated that 
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Stc1 expression is high in aged MSCs and that Stc1 depletion 
attenuates MSC senescence. Although Stc1 upregulation in 
aged MSCs may reflect a stress‑adaptive response, the present 

results indicate that targeting STC1 represents a potential 
strategy for modulating MSC senescence and mitigating 
age‑related bone loss.

Figure 5. STC1 knockdown activates NF‑κB signaling in MSCs. (A) Venn diagram showing the overlap among genes downregulated in RNA‑seq, genes associ‑
ated with decreased chromatin accessibility identified by ATAC‑seq. (B) GO analysis of the overlapped genes in (A). (C) Venn diagram showing the overlap 
among genes upregulated in RNA‑seq, genes associated with increased chromatin accessibility identified by ATAC‑seq. (D) GO analysis of the overlapped 
genes in (C). (E) Integrative heatmap of overlapping genes with concordant RNA‑seq and ATAC‑seq changes. (F) GSEA showing significant enrichment of 
the NF‑κB signaling pathway upon STC1 knockdown. (G) Western blot assay for p‑p65, p65 p‑IκBα and IκBα protein expression in MSCs following STC1 
knockdown. (H) RNA‑seq analysis based on FPM values showing upregulation of NF‑κB downstream target genes following STC1 knockdown (n=3). Seq, 
sequencing; MSCs, mesenchymal stromal cells; STC1, stanniocalcin‑1; GO, gene ontology.
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Previous studies have reported both activating and 
suppressing effects of STC1 on NF‑κB signaling, depending 
on tissue context and disease state. For example, STC1 has 
been shown to regulate ROS homeostasis and inflammatory 

responses in mesenchymal stromal cells, macrophages and 
lung cancer models (27,28). In MSCs, it was observed in the 
present study that STC1 depletion results in robust activation 
of NF‑κB signaling, accompanied by increased expression of 

Figure 6. STC1 knockdown and NF‑κB inhibition by BAY11‑7082 promotes functional rejuvenation of MSCs. (A) Cell counting kit 8 assay of MSCs treated 
with vehicle or BAY 11‑7082 (1 and 2 µM; n=3. (B) Western blot assay for p‑p65, p65 p‑IκBα and IκBα protein expression in STC1‑depleted MSCs treated with 
vehicle or BAY 11‑7082 (1 and 2 µM). (C and D) ALP staining and quantitative ALP activity assay of STC1‑knockdown MSCs treated with vehicle or BAY 
11‑7082 (1 and 2 µM) upon osteogenic induction. Scale bar, 5 mm (n=3). (E and F) ARS staining and quantification of extracellular matrix mineralization in 
STC1‑depleted MSCs treated with vehicle or BAY 11‑7082 (1 and 2 µM) upon osteogenic induction. Scale bar, 5 mm (n=3). (G and H) mRNA expression levels 
of osteogenic marker genes (G) Alp and (H) Ocn in STC1‑depleted MSCs treated with vehicle or BAY 11‑7082 (1 and 2 µM) upon osteogenic induction. n=3. 
(J and K) mRNA expression levels of NF‑κB downstream target genes (I) Il‑1α and (J) Tnf‑α in STC1‑depleted MSCs treated with vehicle or BAY 11‑7082 
(1 and 2 µM). n=3. (K and L) SA‑β‑Gal staining and the quantitation of positive cells in STC1‑depleted MSCs, after treatment with vehicle, BAY 11‑7082 (1 or 
2 µM). Scale bar, 200 µm. n=3. BAY, BAY11‑7082; MSCs, mesenchymal stromal cells; STC1, stanniocalcin‑1; ALP, alkaline phosphatase; ARS, alizarin red S; 
Scr, scrambled; SA‑β‑Gal, senescence associate β‑galactosidase.
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downstream inflammatory target genes. These results indicate 
that the regulatory relationship between STC1 and NF‑κB is 
cell‑ and context‑dependent. Specifically, STC1 influences 
NF‑κB activity indirectly through regulation of intracellular 
redox homeostasis, as STC1 has been shown to modulate ROS 
production in multiple cell types (27,28). Notably, pharmaco‑
logical inhibition of NF‑κB signaling mitigated the osteogenic 
defects induced by STC1 knockdown, indicating that NF‑κB 
signaling is possibly involved in mediating the effects of STC1 
depletion on MSC osteogenic potential.

Chronic low‑grade inflammation is increasingly recog‑
nized as a hallmark and driving force of aging across multiple 
tissues (11,12). In the skeletal system, inflammatory signaling 
accelerates bone resorption and suppresses MSC osteogenic 
differentiation. Senescent MSCs exhibit a pro‑inflammatory 
secretory phenotype enriched in cytokines and chemokines 
such as IL‑1α, IL‑6 and CXCL family members, which further 
exacerbate tissue dysfunction (6,7). STC1 has been reported 
to modulate inflammatory responses in diverse biological 
contexts (25‑28). Notably, it was observed in the present study 
that STC1 depletion in MSCs leads to activation of inflammatory 
genes, indicating a previously unrecognized anti‑inflammatory 
role of STC1 in this cell type. The ability of NF‑κB inhibition 
to rescue osteogenic differentiation in STC1‑deficient MSCs 
may therefore be attributed, at least in part, to suppression of 
inflammation‑associated inhibitory signals. Notably, while 
STC1 knockdown attenuated certain senescence‑associated 
phenotypes in MSCs, it concurrently suppressed osteogenic 
programs and activated inflammatory/NF‑κB signaling. In 
this context, the inhibitory effects on osteogenic differentiation 
outweighed the potential benefits of reduced senescence. These 
results suggest that in MSCs, regulation of senescence and 
osteogenesis are not necessarily coupled processes, highlighting 
the complex role of STC1 in coordinating cellular fate.

Furthermore, the role of STC1 appears to be notably cell 
type‑ and context‑dependent. Previous studies investigating 
STC1 in bone biology largely focused on mature osteoblasts, 
osteocytes or chondrocytes, where STC1 has been reported 
to exert either promotive or inhibitory effects on osteogenic 
activity (20‑24). For example, STC1 has been reported to inhibit 
longitudinal bone growth in growth plate chondrocytes (20) and 
to negatively regulate osteoblast differentiation and bone forma‑
tion in transgenic mouse bone marrow‑derived MSCs (24). By 
contrast, STC1 has been shown to promote osteogenic differ‑
entiation in human MSCs (45) and dental follicle cells (46) 
and to contribute to bone‑protective effects in pathological 
settings such as CCl4‑induced bone loss (47). MSCs are notably 
responsive to inflammatory and senescence‑associated cues, 
and their lineage commitment is markedly regulated by the 
balance between osteogenic and inflammatory signaling 
pathways  (40,48). Emerging evidence also suggests that 
MSC‑derived STC1 participates in stress adaptation and immu‑
nomodulatory signaling in several disease models (25‑27). The 
present findings reveal that, in MSCs, STC1 mainly functions 
as a suppressor of NF‑κB‑associated inflammatory signaling 
and a maintainer of osteogenic potential. Therefore, the effects 
of STC1 observed in differentiated bone cells may not fully 
reflect its regulatory role in MSC fate determination during 
aging. These observations further highlight the functional 
heterogeneity of STC1 across different cell types and indicate 

that the biological effects of STC1 should be interpreted within 
a specific cellular and developmental context.

From a therapeutic perspective, modulation of STC1 
in MSCs may represent a potential strategy for improving 
osteogenic capacity under inflammatory conditions. This 
improvement can theoretically be achieved through localized 
delivery approaches, such as bone‑targeted gene or mRNA 
delivery systems. However, STC1 is widely expressed in 
multiple tissues as a secreted protein, which raises concerns 
regarding target specificity and potential off‑target effects. 
Therefore, any future therapeutic application would require 
precise spatial control of STC1 activity within the bone 
marrow niche.

Finally, several limitations of the present study should be 
acknowledged. First, all experiments were performed using 
cultured MSCs in vitro. Therefore, the physiological relevance 
of these findings in vivo is yet to be established. In addition, 
although the present data support the involvement of NF‑κB 
signaling following STC1 depletion, the precise molecular 
mechanisms associating STC1 with NF‑κB activation require 
further investigation. Furthermore, future studies using in vivo 
or ex vivo osteoporotic models may further clarify the role of 
STC1 in the bone microenvironment and assess its potential 
relevance in age‑related bone loss.

In summary, the present study revealed a novel role of 
STC1 in coordinating cellular senescence, inflammation, and 
osteogenic differentiation in MSCs. By inhibiting NF‑κB 
activation, STC1 preserves osteogenic potential and limits 
inflammation‑driven lineage imbalance. 
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