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Abstract
Objective  Postmenopausal osteoporosis (OP) is a bone disease caused by estrogen deficiency. A-485 is a selective 
inhibitor of p300/CBP histone acetyltransferase (HAT) with potential regulatory effects on bone remodeling. This study 
aims to investigate the effects of A-485 on postmenopausal OP and its underlying mechanisms.

Methods  For animal experiments, 61 female Wistar rats were used to establish an OP model through ovariectomy 
(OVX). The rats were administered with A-485 (100 mg/kg/day) via intraperitoneal injection for six weeks. Bone 
mineral density (BMD) was measured using dual-energy X-ray absorptiometry (DXA). Histopathological changes 
were observed using HE and Masson’s trichrome staining. ELISA was used to measure bone resorption markers 
(CTX-1, DPD) and the bone formation marker (P1NP) in rats. Osteoblast differentiation markers (Runx2, OCN), SENP1, 
Sirt3 expression levels, and GLUD1 acetylation were assessed via Western blot (WB) and RT-qPCR. In vitro, MC3T3-E1 
osteogenic progenitor cells were cultured in osteogenic differentiation medium supplemented with ascorbic acid, 
β-glycerophosphate, dexamethasone, and fulvestrant. CCK-8 was performed to evaluate cell proliferation. Flow 
cytometry was selected to measure apoptosis and mitochondrial membrane potential. WB and RT-qPCR were 
employed to analyze ERα, ERβ, Runx2, Sirt3, and GLUD1 acetylation. Additionally, Alizarin red staining was applied to 
monitor osteoblast mineralization. ATP levels were detected using a commercial kit, and ROS levels were measured by 
MitoSOX Red.

Results  In vivo, ovariectomized rats exhibited lower BMD, impaired bone trabeculae, increased CTX-1 and DPD, and 
altered expression of Runx2 and OCN, all of which were reversed by A-485 treatment. In vitro, A-485 activated GLUD1 
deacetylation, enhanced osteogenic differentiation, and improved mitochondrial function. Regarding the mechanism, 
A-485 activated the SENP1-Sirt3 signal pathway, with SENP1 knockdown negating the effects of A-485. In vivo, A-485 
reduced GLUD1 acetylation and promoted improvement of OP, which were reversed by SENP1 knockdown.

Conclusion  A-485 ameliorates postmenopausal OP by activating GLUD1 deacetylation via the SENP1-Sirt3 signal 
pathway, thus improving mitochondrial function, and promoting osteogenic differentiation and mineralization.
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Introduction
Postmenopausal osteoporosis (OP) is a prevalent and 
severe health condition primarily caused by the acceler-
ated bone density loss and increased bone fragility due to 
estrogen deficiency [1, 2]. Current therapeutic strategies 
for postmenopausal OP mainly include bisphosphonates 
[3, 4], selective estrogen receptor modulators, estrogen 
therapy, and parathyroid hormone administration [5, 6]. 
However, the clinical utility of these treatments is lim-
ited by challenges in administration and adverse effects, 
which often lead to poor patient compliance [7].

A-485, a high-selective acetylase inhibitor [8], has dem-
onstrated therapeutic potential in cancer treatment and 
metabolic disorders [9]. A recent study indicated that 
A-485 also holds promise for treating OP [10]. Its precise 
targeting and fewer side effects make it a promising can-
didate for OP therapy [11]. However, the precise mecha-
nisms by which A-485 exerts its effects in OP remain 
unclear. Notably, A-485 has been reported to regulate 
key metabolic enzymes [12], potentially including gluta-
mate dehydrogenase 1 (GLUD1) [13]. GLUD1 is a mito-
chondrial enzyme crucial for energy production [14], 
and its acetylation level directly impacts mitochondrial 
function [15]. Given that mitochondrial dysfunction is 
closely linked to the pathogenesis of OP [16], impaired 
mitochondrial function results in insufficient energy sup-
ply, limiting osteoblast differentiation and bone matrix 
synthesis, which leads to severe bone loss [17]. Therefore, 
A-485 may exert therapeutic effects in OP by improving 
mitochondrial function through GLUD1 deacetylation.

The SUMO-specific protease 1 (SENP1)-Sirtuin 3 
(Sirt3) signal pathway is a key regulator of cellular mech-
anisms that influences cellular metabolism, mitochon-
drial function, and stress response through acetylation 
modifications [18, 19]. Zhou W et al. demonstrated that 
the SENP1-Sirt3 signal pathway can regulate GLUD1 
activity [20]. This pathway is particularly important in 
regulating protein acetylation, which plays a pivotal role 
in controlling mitochondrial function [21]. Impaired 
mitochondrial function is a hallmark of OP [22], and 
modulation of this pathway by A-485 could lead to 
GLUD1 deacetylation, improving mitochondrial function 
and alleviating OP symptoms. The potential modulation 
of this pathway by A-485 could enhance mitochondrial 
energy production and reduce oxidative stress [23], both 
of which are crucial for maintaining bone health and 
preventing the bone loss characteristic of OP. To sup-
port our research hypothesis, we propose that A-485 may 
regulate GLUD1 deacetylation through the SENP1-Sirt3 
signaling pathway, improving mitochondrial function 
and alleviating OP symptoms. SENP1, as a SUMO-spe-
cific protease, regulates protein desumoylation and 
acetylation, directly affecting cellular metabolism and 
mitochondrial function. Sirt3, through deacetylation, 

regulates mitochondrial energy metabolism. Studies have 
shown that the SENP1-Sirt3 signaling pathway plays a 
crucial role in regulating GLUD1 activity, and GLUD1 
deacetylation helps improve mitochondrial function, 
promoting the normal function of osteoblasts. Therefore, 
we hypothesize that A-485 may improve mitochondrial 
function and slow the progression of osteoporosis by 
modulating this signaling pathway.

Taken together, this study aimed to investigate the ther-
apeutic potential of A-485 in postmenopausal OP, with a 
specific focus on its regulation of GLUD1 deacetylation 
via the SENP1-Sirt3 signal pathway. The findings may 
provide a theoretical foundation for the clinical applica-
tion of A-485 and help develop new treatment strategies 
for OP.

Methods
Animal treatment and grouping
Forty-Eight female Wistar rats (3 months old, 220–260 g) 
were purchased from Trophic Biomart (Nantong, Jiangsu, 
China). Prior to experimentation, the rats were accli-
matized in a specific pathogen-free (SPF) environment 
with controlled constant temperature (20–24℃), humid-
ity (45–60%), and a standard 12-h light/dark cycle for 7 
d. The rats were randomly assigned to six groups: Sham, 
Model, Model + A-485, Model + A-485 + sh-NC and 
Model + A-485 + sh-SENP1. Regarding the ovariectomy 
(OVX) procedure, all surgical instruments were sterilized 
using ultraviolet light. Anesthetize rats. A 1.5 cm midline 
dorsal incision was made, followed by bilateral muscle 
incisions to expose and excise the ovaries. The incisions 
were closed with sutures. In the Sham group, an equiva-
lent amount of adipose tissue was removed instead of the 
ovaries. Postoperative recovery lasted for 3 weeks. In the 
A-485 treatment groups, rats were administered A-485 
at 100 mg/kg/d by intraperitoneal injection for 6 weeks. 
Rats in the Sham and Model groups received equivalent 
volumes of saline [24, 25]. This study was approved by 
The Animal Ethics Committee of Guizhou Medical Uni-
versity (Ethics Approval Number:2023070110).

Cell treatment and grouping
Pretreated MC3T3-E1 cells were seeded at 3 × 10⁴ cells/
well onto glass coverslips in 24-well plates and cultured 
in osteogenic medium containing 50 µg/mL ascorbic acid 
(50-81-7, Sigma-Aldrich), 10 mM β- glycerophosphate 
(154804-51-0, Sigma-Aldrich), and 10 nM dexametha-
sone (50-02-2, Sigma-Aldrich). The cells were randomly 
divided into six groups: Control, Model, Model + A-485, 
Model + A-485 + sh-NC, Model + A-485 + sh-SENP1 
group, and Model + A-485 + SAHA. The Control group 
received continuous supplementation with 10 nM estra-
diol. All other Model groups were cultured under estro-
gen-deprived conditions and treated with 100 nM of the 



Page 3 of 16Ma et al. Journal of Orthopaedic Surgery and Research          (2025) 20:542 

selective estrogen antagonist Fulvestrant (129453-61-8, 
Sigma-Aldrich) to neutralize residual estrogen in the fetal 
bovine serum (FBS), effectively simulating osteoporotic 
conditions [26].

Plasmid construction and transfection
The short hairpin RNA (shRNA) sequence targeting 
SENP1 (​C​C​A​G​C​C​T​A​T​C​G​T​C​C​A​G​A​T​T​A​T​C​T​C​G​A​G​
A​T​A​A​T​C​T​G​G​A​C​G​A​T​A​G​G​C​T​G​G) was cloned into 
pLKO.1 vector (V010449, Novopro, Shanghai, China) 
to construct sh-SENP1 plasmid. For in vitro transfec-
tion, MC3T3-E1 cells were seeded into 96-well plates 
with 3 × 104 cells per well. When cell confluence reached 
90%, transfection was performed using Lipofectamine 
3000 transfection reagent diluted in Opti-MEM medium 
(51985091, Thermo Fisher, Massachusetts, USA) with 
either the sh-SENP1 plasmid or a scrambled shRNA neg-
ative control (sh-NC; SIC001, Sigma-Aldrich). The plas-
mid-transfection reagent mixture was incubated at 37℃ 
for 20 min. The incubated mixture was then added to cell 
culture wells and incubation was continued at 37  °C for 
48  h. For in vivo transfection, the plasmid-transfection 
reagent complex was directly injected into cartilage tis-
sue using a fine needle.

Bone densitometry
Bone mineral density (BMD) of the lumbar spine and 
whole body was measured using dual-energy X-ray 
absorptiometry (DXA) with a Hologic 4500 (Waltham, 
MA, United Kingdom) bone densitometer. All proce-
dures were performed in strict accordance with the man-
ufacturer’s protocols.

Hematoxylin-eosin (HE) and Masson’s trichrome staining
Euthanasia was performed by intraperitoneal injec-
tion of 150  mg/kg 2% sodium pentobarbital (P3761, 
Sigma-Aldrich), as approved by the Ethics Commit-
tee of Guizhou Medical University (Ethics Approval 
Number:2023070110).

Subsequently, cartilage tissue was immediately har-
vested, fixed with tissue fixative (MA0192, Meilune, 
Dalian, China), and embedded in paraffin. The tissue 
was then sectioned to a thickness of 4 μm. After deparaf-
finization and rehydration, the sections were stained with 
hematoxylin using HE staining kit (C0105S, Beyotime, 
Shanghai, China), rinsed, and then stained with acidic 
ethanol. After this, the sections were blued in alkaline 
water, counterstained with eosin, rinsed, and dehydrated 
through an ethanol gradient. Following dehydration, the 
sections were cleared in xylene and sealed with a mount-
ing medium (C0187, Beyotime).

Additionally, Masson’s trichrome staining was per-
formed using a Masson staining kit (C0189S, Beyotime) 
according to the manufacturer’s instructions. Briefly, 

nuclei were stained with ferric hematoxylin, followed by 
differentiation with acidic alcohol and treatment with 
phosphomolybdic acid to enhance the staining effect. 
The sections were stained with magenta to visualize 
muscle, cytoplasm, and collagen fibers. After further dif-
ferentiation with phosphotungstic acid, the sections were 
stained with aniline blue or bright green to color the col-
lagen fibers blue or green, respectively. Finally, the sec-
tions were dehydrated, cleared with xylene, and mounted 
for microscopic observation.

Cartilage histopathology was observed using a light 
microscope (CX43, Olympus, Japan), and the tissue dam-
age was analyzed based on the microscopic images.

Enzyme linked immunosorbent assay (ELISA)
Frozen cartilage tissue samples were placed in PBS 
(10010023, Thermo fisher) buffer at a 1:10 ratio and 
homogenized using a homogenizer. The homogenate 
was then lysed on ice for 30 min to extract proteins, dur-
ing which a protease inhibitor (HY-K0011, Medchem 
express, Monmouth, NJ, USA) was added to prevent pro-
tein degradation. Subsequently, the samples were cen-
trifuged at 4℃ for 15–20 min to remove cell debris and 
unlysed tissue, and the supernatant was collected as the 
protein extract. The levels of several biomarkers, includ-
ing carboxy-terminal cross-linked telopeptide of type 
1 collagen (CTX-1) (E-EL-M3023, elabscience, Wuhan, 
China), deoxypyridinoline (DPD) (MBS261900, biocom-
pare, Shanghai, China) and procollagen type 1  N- ter-
minal propeptide (P1NP) (D721053, sangon, Shanghai, 
China) were measured using the respective ELISA kits. 
All procedures were carried out following the manufac-
turer’s instructions.

Western blot (WB) analysis
MC3T3-E1 cells were lysed using RIPA lysis buffer 
(ab170197, Abcam, Cambridge, UK), and total protein 
was collected. Protein concentration was determined 
using the BCA Protein Quantification Kit (P0010, Beyo-
time). Equal amounts of protein samples were separated 
by SDS-PAGE and transferred onto PVDF membranes 
(ab133411, Abcam) using the wet transfer method. Sub-
sequently, the membranes were incubated overnight at 
4℃ with the primary antibodies against Runx2 (1:1000, 
ab236639, Abcam), OCN (1:100, ab93876, Abcam), Estro-
gen Receptor alpha (ERα) (1:1000, ab92516, Abcam), 
Estrogen receptor beta (ERβ) (1:1000, ab22595, Abcam), 
Acetyl Lysine (1:1000, ab190479, Abcam), GLUD1 (1:500, 
ab153973, Abcam), ALP (1:500, ab153973, Abcam), 
and GLUD1 (1:500, ab153973, Abcam), ALP (1:1000, 
ab307726, Abcam), SENP1 (1:500, ab236094, Abcam), 
Sirt3 (1:1000, ab217319, Abcam), and GAPDH (1:10000, 
ab181602, Abcam). After washing the membranes, they 
were incubated with a secondary antibody (1:1000, 
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ab6702, Abcam) for 2  h. The membranes protein bands 
were developed using ECL (A38554, Thermo fisher), and 
the grayscale values were analyzed using Image J software 
(V1.8.0.112, NIH, Madison, WI, USA).

Reverse transcription quantitative polymerase chain 
reaction (RT-qPCR)
Total RNA was extracted from each group of MC3T3-E1 
cells using a Rapid RNA Extraction Kit (IPD-X075, Ipo-
dix, Wuhan, China), which was reverse-transcribed to 
cDNA using a Reverse Transcription Kit (K1691, Thermo 
fisher). The mRNA expression was detected using an RT-
qPCR system. GAPDH was used as an internal reference 
gene, and the primer sequences are shown in Table 1. The 
PCR experiments were repeated three times, with three 
replicate wells each time. Relative mRNA expression was 
calculated by the qPCR algorithm (Relative Quantifica-
tion, 2−ΔΔCt method).

Cell counting kit-8 (CCK-8) assay
The CCK-8 kit (C0037, Beyotime) was used to assess 
MC3T3-E1 cell proliferation assay. Cells were seeded into 
96-well plates at 3 × 10³/well. At 0, 24, and 48 h, respec-
tively, each well was loaded with 10 µL of CCK-8 reagent 
and 90 µL of complete medium, followed by incubation at 
37 °C for 2 h. Absorbance was then measured at 450 nm 
using a microplate reader (Gen5, BioTek, Winooski, VT, 
United States).

Flow cytometry
Apoptosis rates were analyzed using the Annexin 
V-FITC/PI Apoptosis Kit (A8604-200UL, Merck, Darm-
stadt, Germany). After 24 h of treatment in 6-well plates, 
cells were resuspended in 500 µL binding buffer. To stain 
the cells, 5 µL of FITC-Annexin V and 10 µL of PI were 
added, and the cells were incubated for 15 min at room 
temperature in the dark. Following staining, the cells 

were analyzed using a flow cytometer (Moflo XDP, USA). 
Early apoptotic cells were identified as Annexin V posi-
tive and PI negative, while late apoptotic cells were both 
Annexin V and PI positive. The results were expressed as 
the percentage of apoptotic cells.

JC-1 detection of mitochondrial membrane potentials
MC3T3-E1 cells were incubated with JC-1 staining solu-
tion (C2006, Beyotime) for 10  min at 37℃, followed by 
three washes with buffer. The data were then detected 
and analyzed using fluorescence microscopy (CX43, 
Olympus). In healthy mitochondria, JC-1 aggregates 
emitted red fluorescence (excitation: 585  nm, emis-
sion: 590  nm), whereas in depolarized mitochondria, 
JC-1 monomers emitted green fluorescence (excitation: 
514  nm, emission: 529  nm). The red-to-green fluores-
cence ratio (H1-UL/H1-UR) was used to assess changes 
in mitochondrial membrane potential (ΔΨm).

Isolation of mitochondria-enriched fractions
Mitochondria-enriched fraction were isolated from 
MC3T3-E1 cells. Briefly, cells were collected from culture 
flasks and centrifuged for 15 min. The pellet was resus-
pended in a buffer containing 0.25  M sucrose, 0.15  M 
KCl, 10 mM Tris-HCl pH 7.4 (ST774, Beyotime) and 1 
mM EDTA (R1021, Thermo fisher). The suspension was 
then centrifuged for 15 min, and the mitochondrial pellet 
was resuspended in the same buffer [27].

Immunoprecipitation (IP)
Cells were lysed using a cell lysis buffer containing Tris-
HCl (RES3098T-B7, Sigma aldrich), NaCl (204439, Sigma 
aldrich), EDTA (03609, Sigma aldrich), Triton X-100 
(X100, Sigma aldrich), glycerol (G5516, Sigma aldrich), 
double-distilled water, and protease inhibitors (GRF101, 
Epizyme, Shanghai, China). The lysates were cleared by 
incubation with Protein A/G agarose beads (sc-2003, 
Santa Cruz, SC, USA) for 0.5 h at 4℃. The supernatant 
was then incubated with a GLUD1-specific antibody 
(ab166618, Abcam) at 4℃ overnight. The next day, the 
suspension was incubated with protein A/G agarose 
beads for 2 h at 4 °C. The immunoprecipitated complexes 
were washed with cell lysis buffer and subjected to WB.

Alizarin red S (ARS) staining
MC3T3-E1 cells were stained with ARS. Briefly, before 
staining, cells were fixed in 4% paraformaldehyde 
(MA0192, Meilune, Dalian, China) for 20  min at room 
temperature, washed twice with distilled water, and then 
stained with 500 µL ARS solution (C0138, Beyotime) for 
2  h at room temperature. Stained cells were visualized 
using a light microscope (CX43, Olympus).

Table 1  Primer sequences used for qPCR analysis
Gene Direction Sequence (5ʹ-3ʹ)
ERα F CTTTTGAACCAGCAGGGTGGC

R GAAGGGTCATGGTCATGGTCAG
ERβ F ACTGCTGAGCACCTTGAGTC

R CCCCTCATCCCTGTCCAGAA
Runx2 F TTCATTCGCCTCACAAACAACC

R CTTGCAGCCTTAAATGACTCGG
OCN F CCGTTTAGGGCATGTGTTGC

R TCGAGTCCTGGAGAGTAGCC
SENP1 F CGGTTCCGGTTCGGATTTTG

R TTGAGGTCTTCCGGGTTTCG
Sirt3 F CAGCGGCTCCCCAAAGAACAC

R CGGCTCTACACGCAGAACATC
GAPDH F CATCACCATCTTCCAGGAGCGA

R TGGTTCACACCCATCACAAACA
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Determination of mitochondrial adenosine triphosphate 
(ATP) synthesis
Mitochondrial ATP synthesis was assessed before and 
after exposure to an 808  nm laser. The samples were 
incubated in a reaction solution containing 100 mM 
Tris-HCl (ST774, Beyotime), 100 mM KCl, 1 mM EGTA 
(R1021, Thermo fisher), 2.5 mM EDTA (R1021, Thermo 
fisher), 5 mM MgCl2 (7786-30-3, Chemical book, Beijing, 
China), 0.2 mM di (adenosine-5ʹ) penta-phosphate, 0.6 
mM ouabain (11018-89-6, Medchem express), 25 µg/mL 
ampicillin (69-53-4, Medchem express), 5 mM KH2PO4 
(7758-11-4, Chemical book), 5 mM pyruvate (P2256, 
Sigma aldrich), and 2.5 mM malate (442610-M, Sigma 
aldrich) as respiratory substrates. After incubation, ATP 
synthesis was initiated by adding 0.1 mM ADP. ATP 
production was monitored for 2  min using a luminom-
eter through the luciferin/luciferase chemiluminescence 
method [15]. The results were calibrated using ATP stan-
dard solutions ranging from 10− 9 to 10− 7 M.

Detection of mitochondrial reactive oxygen species (ROS)
MC3T3-E1 cells were incubated with 5 µM MitoSOX™ 
Red (M36008, Thermo Fisher) dye for 10  min at 37℃, 
protected from light. Oxidized MitoSOX Red binds to 
nucleic acids in the mitochondria, producing intense red 
fluorescence with an excitation wavelength of 510  nm 
and an emission wavelength of 580  nm. Additionally, 
the cells were stained with Hoechst dye (33342, Thermo 
Fisher) for 10 min to label the nuclei. After staining, fluo-
rescent signals were detected using a fluorescence micro-
scope (Olympus), with MitoSOX Red indicating the 
mitochondria and Hoechst labeling nuclei.

Statistical analysis
GraphPad Prism9 (Dotmatics, Boston, MA, USA) soft-
ware was used for statistical analysis. Student’s t-test was 
applied to compare data data between two groups, while 
one-way analysis of variance (ANOVA) was used for 
comparisons involving three and more groups, followed 
by Tukey’s post-hoc comparisons. Two-way ANOVA was 
used to assess the the effects of multiple factors on a con-
tinuous dependent variable. A p-value less than 0.05 was 
considered statistically significant. Each experiment was 
repeated at least three times.

Results
A-485 alleviates OP-related symptoms in ovariectomized 
rats
OP is characterized by reduced BMD, deteriorated bone 
microarchitecture, and increased fracture risk [28]. Con-
sistent with these hallmarks, DXA revealed a significant 
reduction in BMD in the Model group compared to the 
Sham group. Notably, BMD was significantly restored 
in the Model + A-485 group compared to the Model 

group (Fig.  1A, p < 0.0001). In cartilage tissue staining, 
the Sham group showed intact, tightly arranged bone 
trabeculae with regular morphology, exhibiting a com-
pact trabecular structure and uniform, abundant col-
lagen fiber distribution. In contrast, the Model group 
displayed significantly thinned and broken trabeculae, 
with uneven and reduced collagen fiber distribution. The 
staining intensity of the trabeculae was noticeably dimin-
ished, with a marked reduction in the blue area and a 
weakened red coloration in the matrix. Additionally, an 
increase in adipose tissue within the bone marrow cavity 
was observed, indicative of fat accumulation associated 
with the disease state. After A-485 treatment, the damage 
to the trabeculae was mitigated, the extent of trabecular 
disruption was reduced, and collagen fiber distribution 
was partially restored. Moreover, the adipose tissue in 
the bone marrow cavity decreased, suggesting a potential 
role of A-485 in modulating fat content in addition to its 
protective effects on bone structure (Fig. 1B). Biochemi-
cal markers also confirmed OP progression in ovariecto-
mized rats. The serum level of CTX-1 in the Sham group 
was 0.09 ng/mL, while the OVX group showed a signifi-
cant increase to 0.50 ng/mL. The P1NP level in the Sham 
group was 20.12  µg/L, which decreased to 12.23  µg/L 
in the OVX group. The urinary DPD level in the Sham 
group was 10.12 nM, which increased to 71.79 nM in the 
OVX group. After A-485 treatment, CTX-1 (0.22 ng/
mL) and DPD (52.24 nM) levels were decreased com-
pared to the OVX group and P1NP levels were increased 
(18.71  µg/L) (Fig.  1C). Furthermore, WB and RT-qPCR 
indicated that, compared to the Sham group, the mRNA 
and protein expression levels of osteogenic differentia-
tion markers Runx2 and OCN were reduced in the Model 
group. After A-485 treatment, the levels of Runx2 and 
OCN were significantly rescued in ovariectomized rats 
(Fig. 1D-E, p < 0.001). These findings suggest that A-485 
can effectively alleviate OP progression in ovariecto-
mized rats.

A-485 inhibits mitochondrial protein acetylation in 
MC3T3-E1 cells
Existing evidence has shown that A-485 inhibits protein 
acetylation levels [20], but whether it improves OP by 
regulating protein acetylation remains unclear. Our in 
vitro results demonstrated that, compared to the Con-
trol group, the Model group exhibited reduced cell pro-
liferation (Fig.  2A, p < 0.001), a significant increase in 
apoptosis rate from 10.23 to 34.47% (Fig. 2B, p < 0.0001), 
decreased expression of estrogen receptors ERα and 
ERβ, and lowered levels of osteogenic markers Runx2 
and OCN (Fig. 2C-D, p < 0.0001). After A-485 treatment, 
cell proliferation was increased, ERα and Erβ levels were 
restored, and the expression of Runx2 and OCN was 
upregulated, alongside a reduction in apoptosis (23.70%). 
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These findings indicate that the in vitro OP-like model 
was successfully constructed and A-485 could improve 
osteogenic differentiation and promote estrogen receptor 
expression.

Additionally, compared to the Control group, the acet-
ylation levels of mitochondrial proteins were elevated in 
the Model group, while there was no significant change 
in the acetylation levels of non-mitochondrial proteins. 
After A-485 treatment, the acetylation levels of mito-
chondrial proteins were normalized, without affecting 

the acetylation levels of non-mitochondrial proteins 
(Fig. 2E). The results suggest that A-485 improves osteo-
genic differentiation and reduces the acetylation levels of 
mitochondrial proteins in the in vitro OP model.

A-485 promotes osteoblast differentiation and 
mineralization by inhibiting mitochondrial GLUD1 
acetylation
We first assessed the acetylation level of mitochondrial 
GLUD1 in MC3T3-E1 cells across the experimental 

Fig. 1  Effect of A-485 on OP-like symptoms in ovariectomized rats. (A) Measurement of bone mineral density (BMD) using DXA. (B) HE and Masson’s 
trichrome staining images of trabecular structure and damage. (C) Detection of serum levels of CTX-1 and P1NP, and urinary levels of DPD. (D) RT-qPCR 
analysis of mRNA expression levels of Runx2 and OCN. (E) WB analysis of protein expression levels of Runx2 and OCN. N = 6; ns, p > 0.05; ***, p < 0.001, ****, 
p < 0.0001
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groups. IP results showed that GLUD1 acetylation was 
significantly elevated in the Model group compared to 
the Control group, which was rescued following A-485 
treatment. This therapeutic effect was abrogated by the 
addition of SAHA, confirming HDAC-dependent resur-
gence of GLUD1 acetylation (Fig. 3A, p < 0.0001).

With regard to the MC3T3-E1 cell status, compared to 
the Control group, the Model group exhibited lower lev-
els of Runx2 and OCN (Fig. 3B-C, p < 0.0001), along with 
decreased cell mineralization (Fig.  3D). Treatment with 
A-485 reversed the damage to MC3T3-E1 cells, restoring 
Runx2 and OCN while enhancing mineralization. Phar-
macological inhibition via SAHA co-treatment abolished 
these benefits (Fig.  3D). These results mechanistically 
link A-485’s anti-osteoporotic effects to mitochondrial 

GLUD1 deacetylation, which promotes osteoblast differ-
entiation and mineralization.

A-485 alleviates mitochondrial dysfunction by inhibiting 
GLUD1 acetylation
Quantitative analysis revealed that, compared to the 
Control group, GLUD1 acetylation levels were signifi-
cantly increased in the Model group (Fig. 4A, p < 0.0001). 
Additionally, mitochondrial dysfunction was evidenced 
by a 71.50% decrease in ΔΨm (Fig. 4C, p < 0.0001), a 2.75 
nmol/µL reduction in ATP levels (Fig.  4B, p < 0.0001), 
and a nearly tenfold increase in ROS production (Fig. 4D, 
p < 0.0001). In the Model + A-485 group, GLUD1 acety-
lation was decreased, ΔΨm increased by 36.81%, ATP 
levels rose by 1.69 nmol/µL, and ROS production sig-
nificantly decreased, indicating that A-485 alleviated 

Fig. 2  Effects of A-485 on osteogenic differentiation and protein acetylation levels in MC3T3-E1 cells modeled by estrogen deprivation. (A) CCK-8 assay 
to detect cell proliferation capacity. (B) Flow cytometry to assess cell apoptosis rate. (C) RT-qPCR to measure mRNA expression levels of ERα, ERβ, Runx2, 
and OCN. (D) WB analysis to detect protein expression levels of ERα, ERβ, Runx2, and OCN. (E) WB analysis to examine acetylation levels of mitochondrial 
and non-mitochondrial proteins. N = 3; ns, p > 0.05; *, p < 0.05; **, p < 0.01; ***, p < 0.001, ****, p < 0.0001
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mitochondrial dysfunction. Strikingly, when SAHA was 
added, mitochondrial function worsened compared to 
the Model + A-485 group, suggesting that the observed 
changes were specifically linked to the inhibition of 
GLUD1 acetylation.

A-485 promotes GLUD1 deacetylation through activation 
of the SENP1-Sirt3 signal pathway
The results showed that, compared to the Control group, 
the Model group exhibited decreased expression of both 
SENP1 and Sirt3. However, treatment with A-485 sig-
nificantly increased the activity of these two regulators 
(Fig. 5A-B, p < 0.0001). To further validate the functional 
role of the SENP1/Sirt3 pathway, we knocked down 
SENP1 and identified sh-SENP1-3 as the most efficient 
knockdown construct for subsequent experiments. Nota-
bly, although A-485 treatment reduced GLUD1 acetyla-
tion levels, this effect was reversed by SENP1 knockdown 
(Fig.  5C). These findings indicate that A-485 promotes 

GLUD1 deacetylation by activating the SENP1-Sirt3 sig-
naling pathway.

A-485 ameliorates mitochondrial dysfunction and 
enhances osteoblast differentiation and calcifica-
tion through SENP1-Sirt3 signal pathway-mediated 
GLUD1 deacetylation.

We further investigated whether A-485 affects mito-
chondrial dysfunction, osteoblast differentiation and 
calcification by modulating the SENP1-Sirt3 signal 
pathway-mediated GLUD1 deacetylation. The results 
revealed that, compared to the Control group, the 
Model group exhibited increased GLUD1 acetylation 
levels (Fig.  6A, p < 0.0001), decreased ΔΨm (Fig.  6C, 
p < 0 0.0001), reduced ATP levels (Fig.  6B, p < 0.0001), 
elevated ROS levels (Fig. 6D, p < 0.0001), downregulated 
Runx2 and OCN (Fig.  6E-F, p < 0.0001), and impaired 
cell proliferation and mineralization capacity (Fig.  6G). 
In contrast, the Model + A-485 group showed reduced 
GLUD1 acetylation, increased ΔΨm and ATP levels, 
decreased ROS production, upregulated Runx2 and 

Fig. 3  Effects of A-485 on mitochondrial GLUD1 acetylation, osteogenic differentiation, and mineralization in MC3T3-E1 cells. (A) Co-IP analysis of GLUD1 
acetylation levels. (B) RT-qPCR analysis of mRNA expression levels of Runx2 and OCN. (C) WB analysis of protein expression levels of Runx2 and OCN. (D) 
Mineralization capacity assay. N = 3; ***, p < 0.001, ****, p < 0.0001
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OCN expression, and enhanced cell proliferation and 
mineralization (Fig.  6A-G, p < 0.0001). However, SAHA 
inhibited these therapeutic effects of A-485 (p < 0.05). 
Furthermore, compared to the Model + A-485 + sh-NC 
group, the Model + A-485 + sh-SENP1 group displayed 
elevated GLUD1 acetylation, a 34.3% reduction in ΔΨm, 
a decrease by 0.89 nmol/µL in ATP levels, a 1.6-fold 
increase in ROS levels, decreased expression of Runx2 

and OCN, and reduced cell proliferation and mineraliza-
tion capacity (p < 0.001).

A-485 ameliorates OVX-induced OP through SENP1-Sirt3 
signal pathway-mediated deacetylation of GLUD1
The results showed significantly decreased expressions of 
SENP1 and Sirt3 (Fig. 7A, C, p < 0.0001), and higher lev-
els of GLUD1 acetylation in the Model group compared 

Fig. 4  A-485 alleviates mitochondrial dysfunction by inhibiting GLUD1 acetylation. (A) Co-IP detection of GLUD1 acetylation levels. (B) Detection of ATP 
levels. (C) JC-1 staining to detect mitochondrial membrane potential (ΔΨm). (D) Detection of ROS levels. N = 3; **, p < 0.01; ***, p < 0.001, ****, p < 0.0001
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to the Sham group (Fig. 7B, p < 0.0001). Additionally, the 
Model group showed lower BMD (Fig.  7D, p < 0.0001), 
reduced bone trabeculae area with severe damage 
(Fig. 7F), elevated serum CTX-1 levels, suppressed P1NP 
expression, and elevated DPD levels in urine (Fig.  7E, 
p < 0.0001). Protein and mRNA expression levels of 
Runx2 and OCN were reduced in cartilage tissues of 
ovariectomized rats (Fig.  7G-H, p < 0.0001). Compared 
with the Model group, the Model + A-485 group showed 
reduced GLUD1 acetylation levels (Fig.  7B, p < 0.0001), 
elevated expression of SENP1 and Sirt3 (Fig.  7A, C, 
p < 0.0001), less damage to cartilage tissues (Fig.  7F), 
reduced CTX-1 expression, elevated P1NP levels, and 
reduced levels of DPD in urine (Fig.  7E). The levels of 
Runx2 and OCN were elevated in the cartilage tissues of 
treated rats (Fig. 7G-H).

In contrast, compared with the Model + A-485 + sh-NC 
group, the Model + A-485 + sh-SENP1 group showed 
significantly higher GLUD1 acetylation (Fig.  7B), lower 
expression of SENP1 and Sirt3 (Fig. 7A, C), lower BMD 
(Fig.  7D, p < 0.0001), severer bone trabecular damage 
(Fig.  7F), higher serum CTX-1 levels, lower P1NP, and 
higher levels of DPD in urine (Fig. 7E). The protein and 

mRNA levels of Runx2 and OCN were reduced in car-
tilage tissues (Fig.  7G-H, p < 0.05). These results suggest 
that A-485 ameliorates OP in ovariectomized rats by 
activating GLUD1 deacetylation through the SENP1-
Sirt3 signal pathway.

Discussion
Postmenopausal OP is a chronic condition that severely 
compromises human health and quality of life, with a 
high rate of disability [29–32]. The global incidence of 
postmenopausal OP is rapidly increasing [33–36]. Cur-
rent treatments, although capable of modestly attenuate-
ing BMD loss and fracture risk, have notable limitations 
[37, 38], such as inconsistent efficacy, side effects of 
long-term medication, and limited applicability to cer-
tain patient populations [39, 40]. Therefore, the develop-
ment of novel, safe, and effective therapeutic agents for 
OP is essential to synergistically reduce side effects while 
improving therapeutic efficacy and long-term prognosis.

A-485, a selective and potent small-molecule inhibi-
tor [25], targets specific tissues, thereby minimizing 
adverse effects on non-targeted tissues [41]. Studies 
have reported that A-485 has the potential to prevent 

Fig. 5  A-485 promotes GLUD1 deacetylation by activating the SENP1-Sirt3 signal pathway. (A) RT-qPCR detection of SENP1 and Sirt3 mRNA expression 
levels. (B) WB detection of SENP1 and Sirt3 protein expression levels. (C) Co-IP analysis of GLUD1 acetylation levels. N = 3, ****, p < 0.0001
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Fig. 6  The effects of A-485 on mitochondrial dysfunction, osteoblast differentiation, and calcification through modulating GLUD1 deacetylation via the 
SENP1-Sirt3 signal pathway. (A) Co-IP analysis of GLUD1 acetylation levels in MC3T3-E1 cells. (B) Measurement of ATP levels in MC3T3-E1 cells. (C) JC-1 
staining to evaluate mitochondrial membrane potential (ΔΨm) in MC3T3-E1 cells. (D) Detection of intracellular ROS levels in MC3T3-E1 cells. (E) RT-qPCR 
analysis of Runx2 and OCN mRNA expression levels in MC3T3-E1 cells. (F) WB analysis of Runx2 and OCN protein expression levels in MC3T3-E1 cells. (G) 
Assessment of mineralization capability of MC3T3-E1 cells. N = 3; *, p < 0.05; ***, p < 0.001, ****, p < 0.0001
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postmenopausal OP and may be considered as a can-
didate molecule for OP treatment [42]. Our study also 
demonstrated that A-485 alleviated OP-related symp-
toms in ovariectomized rats, manifested by restoration 
of bone tissue damage, stimulation of osteoblast differen-
tiation, and suppression of adipogenesis. These findings 
align with previous research, which has shown suppres-
sive activities of A-485 in osteoclastogenesis and bone 
resorption [10]. Notably, its pleiotropic benefits extend 
beyond bone remodeling. A-485 concurrently inhibits 
lipogenesis in white adipose tissue and the liver by sup-
pressing FOXO1 acetylation and promoting its degra-
dation via a proteasome-dependent pathway [43]. This 

suggests that A-485 not only contributes to OP treat-
ment but may also hold promise for addressing other 
bone-related conditions, such as fracture repair and bone 
tumors. Additionally, A-485 may exert indirect benefits 
for OP and associated metabolic disorders by regulating 
bone-fat balance and modulating other interconnected 
metabolic pathways.

Emerging evidence implicates mitochondrial dysfunc-
tion as a central driver of postmenopausal OP progres-
sion [44, 45]. OP-induced mitochondrial dysfunction 
can lead to elevated ROS, which in turn impaires osteo-
blast differentiation [46]. In mitochondria, Δψm is criti-
cal for maintaining mitochondrial function and cellular 

Fig. 7  The effect of A-485 on OP in ovariectomized rats via the SENP1-Sirt3 signal pathway. (A) RT-qPCR analysis of SENP1 and SIRT3 mRNA expression 
levels in rat cartilage tissue. (B) Co-IP analysis of acetylation levels of GLUD1. (C) WB analysis of SENP1 and SIRT3 protein expression levels in rat cartilage 
tissue. (D) Measurement of bone mineral density (BMD) in rat cartilage tissue. (E) Detection of CTX-1 and P1NP levels in rat serum, as well as DPD levels 
in urine. (F) HE and Masson’s trichrome staining for histological observation of cartilage tissue. (G) RT-qPCR analysis of Runx2 and OCN mRNA expression 
levels in cartilage tissue. (H) WB analysis of Runx2 and OCN protein levels in cartilage tissue. N = 6; ns, p > 0.05; *, p < 0.05, **, p < 0.01; ****, p < 0.0001
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metabolism [47]. It drives ATP synthesis and regulates 
ROS production, and its changes directly reflect mito-
chondrial health and function [48]. Previous literature 
has established a link between mitochondrial dysfunction 
and protein acetylation modifications [49], with deacet-
ylation of mitochondrial proteins shown to alleviate 
mitochondrial impairment [50]. Additionally, abnormal 
acetylation of mitochondrial proteins impairs mitochon-
drial energy metabolism, which can disrupt the function 
and metabolism of skeletal cells and tissues [51]. In our 
study, A-485 effectively alleviated mitochondrial dys-
function in OP-modeled MC3T3-E1 cells by selective 
deacetylation of mitochondrial proteins, while having 
no significant effect on the acetylation of non-mitochon-
drial protein. These findings are consistent with those 
of Weinert et al., who demonstrated that A-485 could 
regulate mitochondrial protein acetylation by inhibiting 
acetyltransferase activity [52]. These results suggest that 
A-485 has a regulatory effect on mitochondrial dysfunc-
tion and mitochondrial protein acetylation in OP. Nota-
bly, mitochondrial dysfunction has also been linked to 
other diseases such as Parkinson’s disease [53], muscu-
lar dystrophy [54], diabetes mellitus [55], cardiovascu-
lar disease [56] and cancer [57]. Therefore, A-485 could 
also hold potential for breakthroughs in the treatment of 
these conditions.

GLUD1, an enzyme located in the mitochondrial 
matrix, plays a central role in regulating cellular energy 
metabolism, maintaining nitrogen homeostasis, and 
responding to changes in energy demand [58]. The acety-
lation status of GLUD1 influences mitochondrial func-
tion and bone metabolism, which in turn exacerbates 
or alleviates OP [59]. Therefore, modulating GLUD1 
acetylation becomes a promising strategy for improving 
mitochondrial function and treating OP. In this study, we 
found that A-485 improved mitochondrial function and 
enhanced cell proliferation and mineralization by reduc-
ing the mitochondrial GLUD1 acetylation level in OP-
modeled MC3T3-E1 cells, whereas acetylation activator 
SAHA reversesd this effect. Consistent with our study, 
the inhibitory role of A-485 in the acetylation level of 
mitochondrial proteins has also been demonstrated in 
previous publications [12]. However, to our knowledge, 
this study is the first to report the effect of A-485 on 
mitochondrial GLUD1 acetylation in the context of OP. 
Our results highlighted the critical role of GLUD1 acety-
lation in mitochondrial function and cellular metabolism, 
and demonstrated that A-485 alleviated the progression 
of OP by modulating the acetylation status of GLUD1. To 
conclude, this GLUD1-centric mechanism, unreported 
in prior OP studies, positions A-485 as an acetylation 
modulator with bone-specific efficacy. While our study 
focused on the effects of A-485 in modulating mitochon-
drial GLUD1 acetylation, further research is needed to 

explore other potential factors involved in this process 
and to assess the broader implications for bone health. 
Future studies could also investigate the potential clinical 
applications of A-485 and other acetylation modulators 
in the treatment of OP and other metabolic diseases.

The SENP1-Sirt3 signal pathway has been confirmed 
to be a critical regulator of mitochondrial GLUD1 
deacetylation [20]. Cellular stress triggers a coordinated 
response wherein [60] SUMO-specific protease SENP1 
translocates to mitochondria, catalyzing Sirt3 activa-
tion through de-SUMOylation, which is a prerequisite 
for its metabolic regulatory functions [61]. Sirt3, as a 
deacetylating enzyme, orchestrates cellular metabolism 
by modulating enzyme activities, including GLUD1 [62]. 
Despite these advances, the pathophysiological relevance 
of SENP1-Sirt3 signaling in OP has not been studied until 
now. Our study provided the first experimental evidence 
that the SENP1-Sirt3 pathway mediated GLUD1 deacety-
lation in postmenopausal OP pathogenesis. Crucially, 
we also demonstrated that A-485 significantly improved 
OP by activating this signal pathway, reducing GLUD1 
acetylation levels, alleviating mitochondrial dysfunction, 
and ameliorating tissue and cellular damage. This novel 
pharmacodynamic profile distinguishes A-485 from con-
ventional OP therapies, as no prior studies have reported 
its interaction with the SENP1-Sirt3-GLUD1 cascade. 
Although our data conclusively linked A-485’s phar-
macological effects to SENP1-Sirt3-mediated GLUD1 
deacetylation, this study did not address the potential 
involvement of other signaling or their downstream fac-
tors in A-485’s mechanisms. Moreover, the regulation 
of the SENP1-Sirt3 signal pathway involves multiple 
upstream signals, and its tissue-specific mechanisms are 
yet to be fully understood. Further studies should explore 
whether A-485’s pleiotropic effects result from modula-
tion of other signaling pathways, thereby necessitating 
systematic characterization of its multi-target potential 
for further investigation.

Our findings derive exclusively from cell models and 
animal experiments, lacking clinical data to validate the 
efficacy of A-485 in humans. Although the study focuses 
on the pharmacological effects of A-485 in OP treat-
ment, its potential off-target effects and long-term safety 
remain insufficiently evaluated. To address these limita-
tions, future research should further investigate the off-
target effects of A-485 and prioritize long-term safety 
studies, particularly its potential impact on the liver and 
kidney, so as to provide a more comprehensive safety 
profile for clinical applications.

Conclusion
A-485 mitigates mitochondrial dysfunction while 
enhancing osteogenic differentiation and mineralization 
in ovariectomized rats by GLUD1 deacetylation through 
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activating the SENP1-Sirt3 signal pathway. Our findings 
may contribute to the development of new strategies for 
the clinical treatment of OP. A-485 and its analogs may 
represent promising pharmacological agents to improve 
the quality of life among OP patients.
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