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Background: Osteoporosis is a common systemic metabolic disease, leading to increased bone fragility and risk of fractures.
Research has shown that Adenosine triphosphate (ATP) synthase, H+transporting, mitochondrial F1 complex, alpha subunit 1
(ATP5A1), a crucial component in ATP production, is inhibited in dexamethasone (DEX)-induced osteoblasts. Therefore, this
study aimed to investigate the molecular mechanism underlying the inhibitory impact of DEX on osteogenic differentiation in
rat bone marrow mesenchymal stem cells (BMSCs).

Methods: Rat BMSCs were treated with varying concentrations of DEX for 14 days, followed by subsequent analyses. The
expression levels of calpastatin (CAST), calpain 1 (CAPN1), and ATP5A1 were assessed using quantitative reverse transcription
polymerase chain reaction (QRT-PCR) and Western blotting analyses. Furthermore, osteogenic marker proteins and ATP activity
were evaluated employing Western blotting analysis and enzyme-linked immunosorbent assay (ELISA). Moreover, to determine
the regulatory role of DEX on the CAST-CAPNI1 axis, overexpression plasmids for CAST (oe-CAST) and CAPNI (0oe-CAPNI)
were constructed. Additionally, osteogenic differentiation and ATP activity in BMSCs were analyzed using qRT-PCR, Western
blotting, Alizarin Red S staining, and ELISA.

Results: With increasing concentrations of DEX, the expression of the CAST-CAPN1-ATP5A1 axis in BMSCs was significantly al-
tered (p < 0.05). DEX downregulated the levels of osteogenic markers, including Runt-Related Transcription Factor 2 (RUNX2),
alkaline phosphatase (ALP), and osteopontin (OPN), while reducing ATP activity (p < 0.05). However, oe-CAST partially miti-
gated the inhibitory effects of DEX on osteogenic differentiation and ATP activity (p < 0.05). In contrast, oe-CAPNI exacerbated
the effects of DEX and reversed the regulatory impact of CAST (p < 0.05).

Conclusion: DEX inhibits osteogenic differentiation and reduces ATP activity in BMSCs by modulating the CAST-CAPN1 axis.
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Introduction ATP5A1 is one of the key components of Adenosine
triphosphate (ATP), encoding the « subunit of the ATP syn-
thase complex [6]. This subunit is crucial in ATP produc-
tion by converting adenosine diphosphate (ADP) and inor-
ganic phosphate (pi) into ATP [7]. Research has shown that
the expression of ATP5A1 is inhibited in DEX-induced os-
teoblasts [8]. Mitochondria are dynamic organelles with the
most complex sensory systems in cells [9]. Mitochondrial
function activation is essential for osteogenic differentia-
tion, a key process in bone formation [10]. Therefore, this
study explored the potential role of ATP5A1 in osteoporosis
through the perspective of mitochondrial activity.

Osteoporosis is a common systemic metabolic disease
characterized by osteopenia and microstructural destruction
of bone tissue, leading to increased bone fragility and an
increased risk of fractures [1]. The aging population, es-
pecially postmenopausal osteoporosis, is gradually rising,
exerting an increasing impact on both medicine and society
[2]. Moreover, long-term use of glucocorticoids (such as
dexamethasone (DEX)) causes up to 20% of osteoporosis
cases [3]. Therefore, there is an urgent need to investigate
the underlying mechanism of osteoporosis. After a compre-
hensive analysis of the single-cell sequencing data and re-

lated studies from the Origin of Bone and Cartilage Disease
(OBCD) database [4,5], we identified some genes linked to
bone structure and function. Among these genes, Adeno-
sine triphosphate (ATP) synthase, H-+transporting, mito-
chondrial F1 complex, alpha subunit 1 (ATP5A41) emerged
as a gene of particular interest.

Bone marrow mesenchymal stem cells (BMSCs) are
stem cells derived from mesoderm with multi-directional
differentiation potential and are the most abundantly ob-
served in bone marrow tissues [11]. As the key precursor
of osteoblasts, impaired osteogenic differentiation and en-
hanced adipogenic differentiation significantly contribute
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to osteoporosis [ 11,12]. Therefore, in this study, rat BMSCs
were used as the research model and an in vitro osteoporosis
model was established utilizing DEX. Further elucidation
demonstrated that changes in ATP5A1 levels may be associ-
ated with the calpain system. Moreover, mitochondrial cal-
pain 1 (CAPN1) is associated with reduced ATP5A1 protein
levels and ATP synthase activity [13]. Additionally, dur-
ing osteogenic differentiation, calpain inhibitor levels are
elevated [14], whereas DEX has been found to attenuate
cytotoxicity triggered by proteasome inhibitors [15]. Fur-
thermore, the protective effects of mitochondrial-targeted
calpastatin (CAST) correlate with increased ATPSA1 pro-
tein expression and improved ATP synthase activity in the
heart [16].

However, to our knowledge, no previous studies have
investigated the effect of the calpain system and ATP5A1 in
osteoblast differentiation. Therefore, we propose a novel
inference: DEX inhibits osteoblast differentiation by reg-
ulating the calpain system to inhibit ATP5SA1 expression,
providing new insights into the underlying mechanisms of
osteoporosis.

Materials and Methods

BMSCs Culture

The rat BMSCs (product number: CP-R131, Procell,
Wuhan, China) were obtained and properly cultured follow-
ing the protocol provided in the product manual. BMSCs
showed diverse morphologies, including oval, round, bipo-
lar, and large, flat cells. Immunofluorescence analysis us-
ing CD90 or CD44 showed more than 90% BMSC purity.
Similarly, mycoplasma testing yielded negative results,
and morphologically, the cells demonstrated a fibroblast-
like appearance. Furthermore, the cells were cultured in
BMSCs complete medium (Cat. No. CM-R131, Pro-
cell, Wuhan, China), supplemented with 10% fetal bovine
serum (Cat. No. 164210, Procell, Wuhan, China) and
1% penicillin-streptomycin solution (Cat. No. PB180120,
Procell, Wuhan, China). Moreover, the cell cultures were
maintained at 37 °C in an atmosphere of 95% air and 5%
COs. Before subsequent experimentations, the cells were
passaged for at least three generations. The morphological
characteristics of BMSCs were examined employing opti-
cal microscopy (Leica SP2, Leica Optical Co. Ltd., Wet-
zlar, Germany).

Treatment of BMSCs

The in vitro osteoporosis model was developed us-
ing DEX (HY-14648, MCE, Monmouth, NJ, USA) fol-
lowing a previously published protocol [17]. BMSCs
were seeded in 35 mm Petri dishes at a density of 1
x 10* cells per plate. The dulbeccos modified eagle
medium (DMEM) medium was supplemented with 10 mM
[B-Glycerophosphate (ST637, Beyotime, Shanghai, China)
and 50 pg/mL ascorbate acid (HY-B0166, MCE, Mon-

mouth, NJ, USA). To assess the impact of DEX, different
concentrations (0, 1, 10, 20, and 40 nM) were added to the
medium. The cell cultures, containing 5% CO5, were main-
tained at 37 °C and incubated for 14 days before subsequent
experimentations. Moreover, 20 nM DEX were chosen to
demonstrate the temporal effects of DEX by time-course
experiments. For time-course experiments, aliquots were
taken at the indicated time points, BMSCs were intervened
with 20 nM DEX and cultured at 37 °C (containing 5%
COy,) for 0, 4, 8, 12 days and collected for subsequent ex-
periments.

The full-length sequences of CAST and CAPNI were
cloned into pcDNA3.1(+) vector (HG-VPI0001, Honor-
gene, Changsha, China) to construct overexpressed CAST
(0e-CAST) and CAPNI (oe-CAPNI) plasmids. The empty
vector was used as a negative control (NC) for the study.
After this, 500 ng 0e-CAST or oe-CAPNI plasmids were
transfected into 1.3 x 105 BMSCs in 24-well plates using
a Lipofectamine 3000 kit (L3000-008, Invitrogen, Carls-
bad, CA, USA). After achieving an 80-90% cell conflu-
ence, Opti-minimal essential medium (MEM) media (25
puL) was added to an eppendorf tube along with 1.5 pL
Lipofectamine 3000 transfection reagents. In another ep-
pendorf tube, Opti-MEM media (25 pL) was mixed with
P3000 reagents (1 pL) and either oe-CAST or oe-CAPNI
plasmids (0.5 pL). The contents of these two tubes were
gently mixed, and the 50 pL mixture was added to the BM-
SCs. After 48 hours, the transfection efficiency of the plas-
mids was detected using quantitative reverse transcription
polymerase chain reaction (QRT-PCR). The untreated group
of cells was used as the Blank or Control group. However,
the NC group was transfected with an empty vector.

Real Time-Polymerase Chain Reaction

Total RNA was isolated from BMSCs utilizing the
TRIeasy™ Total RNA Extraction Reagent (Product No.
10606ES60, YEASEN, Shanghai, China). After quantifi-
cation, total RNA was converted into cDNA using the Hy-
perScript First-Strand cDNA Synthesis Kit (Catalog No.
K1072, APExBIO Technology LLC, Houston, TX, USA).
A list of primers (Sangon, Shanghai, China) used in this
study is shown in Table 1. Amplification was performed
in the real-time PCR detector (ABI 7500, Applied Biosys-
tems, Irvine, CA, USA) using SYBR Green qPCR Mas-
ter Mix (Catalog No. K1070, APExBIO Technology LLC,
Houston, TX, USA). Finally, relative mRNA levels were
assessed using the 2~ 22T method. The glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) served as an internal
control.

Western Blotting

Total protein was extracted from the transfected or
drug-treated BMSCs using high-efficiency radioimmuno-
precipitation assay (RIPA) lysis buffer (tissue/cell; prod-
uct number: RO0010, Solarbio LIFE SCIENCES, Bei-
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Table 1. A list of primers used in qRT-PCR.

Genes Forward primer (5’-3") Reverse primer (5’-3%)
CAST CCTGAGCAGAGGGCGTTAAA AAATTGTACGGGAGGCCCAG
CAPNI AAACTCCCCTTCCCCAGGAT AAACTGGAGGGAAGGCATCG
ATP5A1 TACCTACACTCTCGCCTGCT TACCTACACTCTCGCCTGCT
RUNX2 ACAACTAAAACAGGGACTGGGT TTGAACCTGGCCACTTGGTT
ALP GGACGGTGAACGGGAGAA CCTCAGAACAGGGTGCGTAG
OPN CCCGGTGAAAGTGACTGATT AGGTCCTCATCTGTGGCATC
GAPDH TGTGGGCATCAATGGATTTGG ACACCATGTATTCCGGGTCAAT

qRT-PCR, quantitative reverse transcription polymerase chain reaction; CAS7, calpastatin;
CAPNI, calpain 1; ATP5A41, Adenosine triphosphate (ATP) synthase, H+transporting, mito-
chondrial F1 complex, alpha subunit 1; RUNX2, Runt-Related Transcription Factor 2; ALP,
alkaline phosphatase; OPN, osteopontin; GAPDH, glyceraldehyde-3-phosphate dehydroge-

nase.

Table 2. The primary and secondary antibodies are used in Western blotting analysis.

Antibodies Dilution ratio ~ Molecular weight Purchase information

RUNX2 1/1000 52 kDa ab76956, Abcam, Hercules, CA, USA
ALP 1/800 62 kDa sc-271431, SantaCruz, Dallas, TX, USA
OPN 1/1000 30 kDa ab63856, Abcam, Hercules, CA, USA
CAST 1/1000 62 kDa ab28252, Abcam, Hercules, CA, USA
CAPN1 1/2000 82 kDa ab108400, Abcam, Hercules, CA, USA
ATP5A1 1/3000 62 kDa ab176569, Abcam, Hercules, CA, USA
GAPDH 1/10,000 33 kDa #5174, CST, Boston, MA, USA
Anti-rabbit IgG 1/5000 — #7074, CST, Boston, MA, USA
Goat anti-mouse IgG (H&L)-HRP 1/5000 — ab6789, Abcam, Hercules, CA, USA

HRP, Horseradish peroxidase.

jing, China). After quantification, the protein samples
were denatured at high temperature. After sodium do-
decyl sulfate-polyacrylamide gel electrophoresis (P0690,
BioTeke, Shanghai, China), protein samples were trans-
ferred onto the polyvinylidene fluoride (PVDF) membrane
(IEVH85R, Millipore, Billerica, MA, USA). To block the
hydrophobic binding sites on the membrane, the mem-
branes were soaked in a blocking solution for 2 hours.
The PVDF membrane underwent overnight incubation at
4 °C with primary antibodies. The following day, the
PVDF membrane was incubated with labeled secondary an-
tibody for 1 hour at room temperature. In the next step,
enhanced chemiluminescence (ECL) luminescent solution
(WBKLS0500, Millipore, Billerica, MA, USA) was ap-
plied, and protein bands were visualized using the Tanon-
2500 automatic digital gel image analysis system. Relative
protein levels were assessed as the ratio of target protein
to internal reference GAPDH. A list of antibodies and their
dilutions are detailed in Table 2.

ATP Activity Detection

ATP activity in BMSCs was determined using an ATP
kit (Cat. No. JN4749, Jining Shiye, Shanghai, China).
Transfected or drug-treated BMSCs were washed, and the
supernatant was collected. After this, BMSCs, a standard
substance, and an Horseradish peroxidase (HRP)-labeled

detection antibody were sequentially added to the enzyme-
linked immunosorbent assay (ELISA) plate, following the
manufacturer’s instructions. After terminating the reaction,
the plates were analyzed using a microplate reader (HBS-
1096C, DeTie, Nanjing, China) at an absorbance wave-
length of 450 nm. The ATP activity was assessed us-
ing the following formula: ATP activity (%) = (optical
delnsity (OD) of determination group — OD of the control
group)/OD of the standard group x standard sample con-
centration x sample dilution x reaction time/protein con-
tent x 100%.

Alizarin Red S (ARS) Staining

Transfected or drug-treated BMSCs were fixed with
paraformaldehyde (P0099, Beyotime, Shanghai, China) for
10 minutes. After the rinse water was completely removed,
the BMSCs were stained with ARS reagent (Cat. No.
G1452, Solarbio LIFE SCIENCES, Beijing, China) for 20
minutes. Finally, the staining results were observed under
a microscope (LV100ND, Nikon, Tokyo, Japan) at 200X
magnification.

Statistical Analysis

Statistical analysis was performed using GraphPad
Prism 8.0 (GraphPad Software, Inc., San Diego, CA, USA).
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Fig. 1. DEX inhibited the osteogenic differentiation and ATP activity of BMSCs and reduced CAST and ATP5A1 protein expres-
sion levels while promoting CAPN1 protein expression levels in a concentration-dependent manner. (A—C) The effects of different
concentrations of DEX on CAST, CAPNI and ATP541 mRNA levels were assessed using qRT-PCR. (D,E) The effects of different con-
centrations of DEX on CAST, CAPN1 and ATP5A1 protein levels were determined using Western blotting analysis. (F,G) The effects of
different concentrations of DEX on osteogenic differentiation marker proteins were evaluated using Western blotting analysis. (H) The
effects of different concentrations of DEX on ATP activity in BMSCs were examined using corresponding ELISA kits. GAPDH served
as an internal reference gene in qRT-PCR and Western blotting analyses. Each experiment was repeated three times. *p < 0.05, **p <
0.01, ***p < 0.001 vs. 0 nM. n = 3. DEX treatment: DEX at 0, 1, 10, 20, and 40 nM was added to BMSCs medium and incubated for
14 days. Abbreviations: DEX, dexamethasone; BMSCs, bone marrow mesenchymal stem cells; ELISA, enzyme-linked immunosorbent

assay.
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Fig. 2. DEX inhibited the osteogenic differentiation and reduced CAST and ATP5A1 expression while promoting CAPN1 ex-
pression in a time-dependent manner. (A-D) The effects of different concentrations of DEX on CAST, CAPN1 and ATP5A1 protein

levels were assessed using Western blotting analysis. (E-H) The effects of different concentrations of DEX on osteogenic differentiation

marker proteins were determined using Western blotting analysis. © p < 0.05, *“p < 0.01, ***p < 0.001 vs. 0 d. n=3.

Measurement data were expressed as mean + standard de-
viation. Differences among multiple groups were assessed
using one-way analysis of variance (ANOVA), followed by
Bonferroni post hoc tests. A p-value of <0.05 was consid-
ered statistically significant.

Results

DEX Reduced CAST and ATP5A1 Protein
Expression While Increasing CAPNI Expression

This study successfully established an in vitro osteo-
porotic injury model using the DEX induction method.
qRT-PCR analysis (Fig. 1A—C) revealed that DEX at con-
centrations >10 nM significantly decreased the expression
of CAST and ATP5A1 in BMSCs (p < 0.05), while no sig-
nificant effect was found on the mRNA level of CAPNI
(p > 0.05). Western blotting analysis (Fig. 1D,E) further
demonstrated that DEX treatment at concentrations >10
nM significantly decreased CAST and ATP5A41 protein ex-
pressions in BMSCs (p < 0.05) while upregulating CAPNI1
protein levels (p < 0.05).

DEX Inhibited the Osteogenic Differentiation and
ATP Activity of BMSCs

To evaluate the osteogenic differentiation of BMSCs,
the levels of key osteogenic differentiation proteins were
determined. As shown in Fig. 1F,G, DEX at concentra-
tions >20 nM substantially downregulated the expression
of Runt-Related Transcription Factor 2 (RUNX2), alkaline
phosphatase (ALP), and osteopontin (OPN) proteins (p <

0.05), suggesting that DEX inhibited BMSCs osteogenic
differentiation. Furthermore, DEX treatment at concentra-
tions >20 nM significantly decreased ATP activity in BM-
SCs (p < 0.05, Fig. 1H). These findings indicated that 20
nM DEX provided a more stable intervention effect, hence,
this concentration was used for subsequent experiments.

Western blotting analysis determined the impact of
DEX (20 nM) treatment duration on the calpain-calpastatin
system and ATP5A1 expression. It was observed that in-
creasing treatment duration progressively decreased CAST
expression, promoted CAPN1 expression, and significantly
reduced ATP5A1 expression (Fig. 2A-D, p < 0.05). More-
over, prolonged DEX treatment inhibited the osteogenic
differentiation of BMSCs in a time-dependent manner
(Fig. 2E-H, p < 0.05).

DEX Inhibited the Osteogenic Differentiation and
ATP Activity of BMSCs by Regulating CAST

Furthermore, we examined whether DEX effects were
mediated through CAST modulation. Transfection effi-
ciency analysis (Fig. 3A) revealed that the constructed oe-
CAST plasmid significantly upregulated CAST levels in
BMSCs (p < 0.05). Moreover, osteogenic markers anal-
ysis (Fig. 3B-F) demonstrated that oe-CAST significantly
up-clevated the expressions of RUNX2, ALP, and OPN
in BMSCs, both at mRNA and protein levels (p < 0.05),
and partially counteracted the inhibitory effect of DEX on
their expression (p < 0.05). ARS staining further veri-
fied these effects on osteogenic marker levels. As illus-
trated in Fig. 3G,H, the calcium deposition increased in the
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Fig. 3. 0e-CAST partially counteracted the inhibitory effect of DEX on osteogenic differentiation of BMSCs. (A) The transfection
efficiency of the oe-CAST plasmid was verified using qRT-PCR. (B-D) The eftects of oe-CAST and DEX on mRNA levels of osteogenic
differentiation markers were assessed using qRT-PCR. (E,F) The effects of oe-CAST and DEX on osteogenic differentiation marker
proteins were determined using Western blotting analysis. (G,H) The effects of oe-CAST and DEX on the osteogenic differentiation of
BMSCs were analyzed using ARS staining. Magnification: 200 times. GAPDH served as an internal reference gene in qRT-PCR and
Western blotting analyses. Each experiment was repeated three times. "p < 0.05, 'p < 0.01, ""p < 0.001 vs. NC; Tp < 0.05, TTFp <
0.001 vs. DEX; %°p < 0.001 vs. 0oe-CAST. n=3. DEX treatment: 20 nM DEX was added to the BMSCs medium and incubated for 14
days. Abbreviations: oe-CAST, overexpression calpastatin; ARS, Alizarin Red S; NC, negative control.

0e-CAST group while significantly decreased in the DEX
group (p < 0.05). Furthermore, compared to the DEX
group, the DEX+0e-CAST group showed elevated calcium
deposition (p < 0.05), suggesting a potential protective im-
pact of CAST against DEX-triggered osteogenic inhibition.

This study further assessed the expression levels of
CAST, CAPNI1, and ATP5A1 proteins, as well as ATP ac-
tivity. It was found that oe-CAST significantly elevated
the expression of CAST and ATP5A1 proteins, upregulated
ATP activity in BMSCs, and inhibited CAPN1 protein ex-
pression (Fig. 4A—E, p < 0.05); oe-CAST partially reversed
the inhibitory effects of DEX (p < 0.05).

DEX Inhibited Osteogenic Differentiation and ATP
Activity of BMSCs by Regulating the CAST-CAPN1
Axis

Transfection efficiency analysis demonstrated that the
constructed oe-CAPNI significantly upregulated CAPNI
levels in BMSCs (Fig. 5A, p < 0.05). The level of os-
teogenic differentiation showed that oe-CAPN/ further en-
hanced the inhibitory effect of DEX on the expression of
RUNX2, ALP, and OPN (Fig. 5B-F, p < 0.05), as well
as reduced calcium deposition in BMSCs (Fig. 5G,H, p
< 0.05). On the contrary, oe-CAST partially counteracted
DEX-induced molecular changes (Fig. SB-F, p < 0.05)
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Fig. 4. 0e-CAST partially counteracted the inhibitory effect of DEX on ATP activity in BMSCs. (A-D) The effects of oe-CAST and
DEX on CAST, CAPNI1, and ATP5A1 proteins were analyzed using Western blotting analysis. (E) The effects of oe-CAST and DEX on
ATP activity in BMSCs were determined using an ATP kit. GAPDH served as an internal reference gene in Western blotting analysis.
Each experiment was repeated three times. "p < 0.05, 'p < 0.01,"p < 0.001 vs. NC; Tp < 0.05, *++p < 0.001 vs. DEX; *?p < 0.01,
9691 < 0.001 vs. 0e-CAST. n = 3. DEX treatment: 20 nM of DEX was added to the BMSCs medium and incubated for 14 days.

and promoted calcium deposition (Fig. 5G,H, p < 0.05).
However, oe-CAPNI reversed the effects of CAST in the
DEX+o0e-CAST+oe-CAPNI group (Fig. 5SB-H, p < 0.05).

In evaluating ATP5A1 expression and ATP activ-
ity, oe-CAPNI further decreased ATP5A1 expression and
ATP activity (Fig. 5I-K, p < 0.05). Furthermore, oe-
CAPNI showed a negative regulatory effect (Fig. 5SI-K, p
< 0.05) and, consistent with previous results, reversed the
inhibitory effect of CAST on DEX function (Fig. 5I-K, p
< 0.05).

Discussion

The decreased osteogenic differentiation capability of
BMSC:s plays a vital role in the occurrence and progression
of osteoporosis [18,19]. Therefore, exploring approaches to
reduce the effect of interfering factors on the osteogenic dif-
ferentiation of BMSC:s is highly significant for osteoporosis
management, ultimately improving the quality of life and
well-being of the elderly. Glucocorticoids, like DEX, are

widely used in clinical practice, with about 40% of patients
who receive long-term glucocorticoid therapy experiencing
osteoporosis [20]. Research has shown that glucocorticoids
promote osteoclasts production, inhibit osteoblasts pro-
duction, stimulate apoptosis in osteocytes and osteoblasts,
reduce osteocyte numbers, increase bone resorption, and
reduce bone density, ultimately resulting in osteoporosis
[21,22]. This study used glucocorticoid-induced reduction
of osteogenic differentiation to develop an in vitro osteo-
porosis model. After DEX treatment, the osteogenic differ-
entiation process was inhibited, consistent with prior stud-
ies. Moreover, ATP5SA1 and CAPNI1 expression were re-
duced, and CAST expression was elevated. CAST plays
a vital role in normal osteoclast function by constitutively
cleaving talin, flamin A, and Pyk2 [23]. CAST is an en-
dogenous protein that specifically inhibits CAPN activity
[24]. A previous study showed that mitochondrial CAPN1
activates the nucleotide-binding oligomerization domain-
like receptor protein 3 (NLRP3) inflammasome by cleav-
ing ATP5A1 [25]. Based on this observation, we guessed
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Fig. 5. DEX inhibited osteogenic differentiation and ATP activity of BMSCs by regulating the CAST-CAPN1 axis. (A) The
transfection efficiency of oe-CAPNI was verified using qRT-PCR. (B-D) The effects of oe-CAST and oe-CAPNI on mRNA levels of
osteogenic differentiation markers were assessed using qRT-PCR. (E,F) The effects of oe-CAST and oe-CAPNI on osteogenic differenti-
ation marker proteins were determined using Western blotting analysis. (G,H) The impacts of oe-CAST and oe-CAPNI on the osteogenic
differentiation of BMSCs were analyzed through ARS staining. Magnification: 200x. (I,J) The effects of oe-CAST and oe-CAPNI
on ATP5A1 protein were determined using Western blotting analysis. (K) The impacts of oe-CAST and oe-CAPNI on ATP activity in
BMSCs were assessed using an ATP kit. GAPDH served as an internal reference gene in qRT-PCR and Western blotting analyses. Each
experiment was repeated three times. " p < 0.001 vs. NC; *#p < 0.001 vs. Control; Tp < 0.05, T+p < 0.01, T p < 0.001 vs. DEX;
Ap < 0.05, 2%p < 0.01, 222p < 0.001 vs. DEX+0e-CAST; “p < 0.05, ““p < 0.01, “““p < 0.001 vs. DEX+0e-CAPN1. n = 3.
DEX treatment: 20 nM of DEX was added to the BMSCs medium and incubated for 14 days. Abbreviations: oe-CAPNI1, overexpressed
CAPNI.
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that DEX affects ATP5A1 expression by regulating the cal-
pain system. To test this speculation, we designed a rescue
experiment focusing on the CAST-CAPNI1 core pathway.

The calpain system comprises various calpains
(CAPN) and endogenous inhibitory proteins (CAST).
CAPN, an intracellular cysteine proteinase, comprises three
key molecules, such as Ca?*-dependent neutral proteinases
CAPNI1 (p-calpain) and CAPN2 (m-calpain), and their in-
hibitor CAST, collectively constituting the calpain prote-
olytic system [26]. They are located in the cytoplasm and
coexist with CAPN [27]. In our study, DEX treatment re-
sulted in a downregulation of CAST expression and upreg-
ulation of CAPN1, with overexpression of CAPN1 could
further enhance the DEX treatment effect. However, over-
expression of CAST reversed the effect of both CAPN1 and
DEX. Rescue experiments confirmed that DEX inhibited
ATPSAL1 expression by regulating the CAST-CAPNI1 axis.

Combining these findings with the published litera-
ture, a reasonable explanation emerges. Under pathologi-
cal conditions, the concentration of Ca®* in mitochondria is
abnormally increased [28,29]. Ca®*-activated CAPN]1 ac-
celerates apoptosis [30], while DEX further reduces CAST
activity, resulting in promoted CAPN1 activation. This
molecular cascade results in decreased ATP5A1 expression,
decreased ATP activity, mitochondrial dysfunction, and ul-
timately hindered the osteogenic differentiation of BMSCs.
These results underscore the CAST-CAPN1-ATP5A1 axis
as a valuable target for further understanding the mecha-
nisms underlying osteoporosis.

Furthermore, previous research has reported that ATP
causes bone cell death and influences the progression of
osteoporosis by modulating cell membrane surface recep-
tors, immune-inflammatory responses, and mitochondria-
related signaling pathways [31]. However, further investi-
gation is necessary to elucidate the molecular mechanism
underlying ATP level alterations and to reveal the specific
regulatory pathways involved in osteoporosis. ATP5A1 ex-
pression is upregulated, and its activation is linked to mito-
chondrial ATP synthetase function and ATP synthesis catal-
ysis [32]. Changes in serum levels of specific ATP-related
proteins (such as purinergic 2 receptor (P2R)) have been
found in osteoporosis and its associated complications, but
their specificity remains inadequate for clinical diagnosis
[31]. Therefore, ATPSA1 has the potential to be a novel
diagnostic marker for osteoporosis, though further experi-
mental confirmation is required.

However, a limitation of the present study is the lack
of time-course experiments to demonstrate the temporal ef-
fects of DEX on the CAST-CAPN1-ATP5A1 axis and os-
teogenic differentiation. Moreover, in vitro experiments
cannot fully mimic the complications of in vivo conditions.
Additionally, the BMSCs used in this study were not pri-
mary cells isolated and cultured from mice or rats, and
various cellular responses could impact BMSC behavior.
Therefore, in the future, we plan to use primary cells or an-
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imal models to further verify the specificity of ATPSA1 in
osteoporosis, offering more basic research evidence for po-
tential therapeutic target identification.

Conclusion

With the aging population, the incidence of osteoporo-
sis is increasing year by year. Its severe complication,
“fragile fracture”, is linked to high disability and fatality
rate, significantly affecting the quality of life and physical
and overall well-being. Identifying effective approaches to
prevent and treat osteoporosis has become a crucial research
focus. This study revealed that DEX inhibits the osteogenic
differentiation of BMSCs in rats by regulating the CAST-
CAPNI1-ATP5A1 axis, providing comprehensive insights
into the regulatory mechanisms underlying osteogenic dif-
ferentiation. These observations are crucial for advancing
our understanding of the pathogenesis of osteoporosis and
expanding treatment options.
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