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Background: Postmenopausal osteoporosis (PMOP) is a common metabolic bone disease resulting from excessive osteoclast ac-
tivity, characterized by reduced bone mineral density and increased fracture risk. Syringin (SRG), a natural phenylpropanoid
glycoside, has shown potential anti-osteoporotic effects; however, its molecular mechanism remains unclear. This study investi-
gated whether SRG inhibits osteoclast differentiation through regulating prostaglandin-endoperoxide synthase 1 (PTGS1).
Methods: RAW 264.7 cells were induced with receptor activator of nuclear factor-κB ligand (RANKL) and treated with SRG at
0, 2.5, 5, and 10 μM. Osteoclast differentiation was evaluated by tartrate-resistant acid phosphatase (TRAP) staining and F-actin
ring staining. The mRNA levels of cathepsin K (CTSK), matrix metalloproteinase-9 (Mmp9), and nuclear factor of activated T
cells 1 (NFATc1) were measured by quantitative reverse transcription polymerase chain reaction (qRT-PCR), and PTGS1 (also
known as COX1) protein expression was detected by Western Blot (WB). PTGS1 expression was regulated to assess its role in
SRG-mediated effects. In vivo, an ovariectomized (OVX) rat model was established, and SRG was administered orally at 25 and
50 mg/kg for 8 weeks. Bone mineral density, serum biomarkers (TRAP, alkaline phosphatase [ALP], alanine aminotransferase
[ALT], aspartate aminotransferase [AST]), and femoral histopathology were analyzed.
Results: SRG significantly inhibited RANKL-induced osteoclast differentiation, accompanied by reduced expression of PTGS1,
CTSK,Mmp9 andNFATc1 (p < 0.01). PTGS1 overexpression partially reversed these inhibitory effects of SRG (p < 0.05), support-
ing the involvement of PTGS1 in SRG-mediated regulation of osteoclast differentiation. In the OVX-induced PMOP rat model,
SRG treatment increased femoral density (p < 0.01), reduced serum levels of TRAP, ALP and AST (p < 0.05), and improved bone
tissue structure.
Conclusion: SRG effectively inhibits osteoclast differentiation and mitigates OVX-induced osteoporosis via PTGS1, positioning
it as a potential candidate compound for PMOP.
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Introduction

Osteoporosis, characterized by reduced bone den-
sity and impaired bone microarchitecture, is a chronic
condition that greatly increases the risk of fractures [1].
Postmenopausal osteoporosis (PMOP) represents the most
prevalent form of osteoporosis in postmenopausal women,
which is highly attributed to the sudden drop in estrogen
levels following menopause [2]. Estrogen plays a crucial
role in maintaining bone metabolism, and its deficiency ac-
celerates bone resorption and contributes to the onset and
progression of osteoporosis. The pathophysiological mech-
anisms of osteoporosis primarily involve an imbalance be-
tween osteoclasts and osteoblasts during the bone remodel-
ing process [3]. Under normal conditions, osteoclasts are
responsible for bone resorption, while osteoblasts facili-

tate bone formation. However, the lack of estrogen post-
menopause significantly enhances osteoclast activity, ac-
celerating bone resorption and ultimately diminishing bone
density [4]. Clinically, patients often exhibit symptoms
such as bone pain, fractures, and decreased height, severely
impacting their quality of life [5]. Osteoclasts are central to
the pathogenesis of PMOP, as they secrete protons and pro-
teolytic enzymes that dissolve bone minerals and organic
matrix, thereby facilitating bone resorption [6]. Further-
more, elevated inflammatory factors (such as interleukin-
6 and tumor necrosis factor-alpha) in the bone microenvi-
ronment, along with oxidative stress-related cellular dam-
age, further promote osteoclast proliferation and activity,
exacerbating bone loss [7]. Osteoclasts are also essential
for maintaining bone homeostasis, and their dysfunction di-
rectly impacts the onset of osteoporosis. Therefore, thera-
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peutic strategies targeting osteoclasts hold promise for im-
proving bone density and preventing fractures in PMOP pa-
tients.

Syringin (SRG) is a naturally occurring plant-derived
substance that exhibits a wide range of biological activi-
ties, including anti-inflammatory, anticancer, and antiox-
idant properties [8]. Recent studies have suggested that
SRG may be beneficial for both the treatment and pre-
vention of osteoporosis [9], but its underlying mechanisms
of action remain unclear and warrant further investigation.
Network pharmacology analysis was performed, and iden-
tified prostaglandin-endoperoxide synthase 1 (PTGS1) as
a potential target of SRG (Supplementary Table 1), pro-
viding insights into the potential mechanisms underlying
its anti-osteoporotic effects. Previous research has shown
that PTGS1 expression is significantly elevated in osteo-
clasts treated with lipopolysaccharide (LPS), highlighting
its important role in bone metabolism [10]. The synthe-
sis of prostaglandin E2 (PGE2) catalyzed by PTGS1 is
closely linked to bone remodeling, as PGE2 can influence
osteoclast activity by regulating the expression of matrix
metalloproteinase-9 (MMP9) [11]. Notably, MMP9 has
been considered a key regulator of osteoclast invasion activ-
ity, with changes in its expression levels directly affecting
the incidence of osteoporosis [12]. In this study, we sys-
tematically investigated the effects of SRG on PMOP, with
particular emphasis on its modulation of PTGS1.

Materials and Methods

Network Pharmacology
The detailed network pharmacology methods are de-

scribed in the Supplementary Methods.

Animal Ethics
A total of 40 female Sprague-Dawley (SD) rats

(12 weeks old, approximately 250 g) were provided by
Hangzhou Medical College (China). All procedures in-
volving animals were conducted in accordance with proto-
cols approved by the Animal Ethics Committee of Zhejiang
Provincial Animal Center (Approval No. ZJCLA-IACUC-
20011001). Animals were maintained under controlled en-
vironmental conditions (12-h light/dark cycle, 22 ± 2 °C,
relative humidity of 55 ± 10%) with free access to food
and water. To reduce physiological stress-caused changes,
the animals were allowed to acclimate for at least five days
prior to the tests.

Osteoclast Induction
The murine macrophage cell line RAW 264.7 (CL-

0190, Procell, Wuhan, China) was verified to be free of
mycoplasma contamination and authenticated using short
tandem repeat (STR) analysis. Cells were cultivated at 37
°C in a humidified atmosphere with 5%CO2 in α-Minimum
Essential Medium (αMEM; DBM0103A, Seebio, Shang-

hai, China) supplemented with 10% fetal bovine serum
(FBS; A5256701, Thermo Fisher, Shanghai, China), 2-4
mM L-glutamine and penicillin-streptomycin (100 U/mL;
10378016, Thermo Fisher, Shanghai, China). Osteoclasto-
genesis was induced by treating RAW 264.7 cells with 30
ng/mL RANKL for 5 days [13]. Successful osteoclast dif-
ferentiation was confirmed by tartrate-resistant acid phos-
phatase (TRAP) staining.

Cell Treatment
RAW 264.7 cells were divided into four groups based

on SRG concentration: 0, 2.5, 5, and 10 μM. SRG (HY-
N0824, MCE, NJ, USA; purity >99%) was used in all
experiments. Osteoclast differentiation was induced with
RANKL (30 ng/mL) for 5 days in the presence or ab-
sence of SRG (0, 2.5, 5, 10 μM) [14]. The PTGS1
overexpression vector (pRP [Exp]-EGFP-CMV>mPtgs1
[NM_008969.4]) and negative control (NC; pRP [Exp]-
EGFP-CMV>ORF_Stuffer) were constructed by Vector-
Builder (Guangzhou, China). Cells in the SRG+NC and
SRG+PTGS1 groups were transfected with 10 nM plas-
mids using Lipofectamine 2000 (11668019, Invitrogen,
CA, USA) in 6-well plates (1 × 105 cells/well; FCP060,
Beyotime, Shanghai, China) and incubated for 48 h at 37
°C. Transfection efficiency was assessed by quantitative re-
verse transcription polymerase chain reaction (qRT-PCR)
analysis. Following transfection, cells were treated with
RANKL (30 ng/mL) and SRG (5 μM) for another 5 days.

F-Actin Ring Staining
RAW 264.7 cells were treated with SRG and RANKL

as described above. After 5 days of incubation, cells
were fixed with 4% paraformaldehyde (P0099, Beyotime,
Shanghai, China) for 30 min, permeabilized with 0.1% Tri-
ton X-100 for 15 min, and stained with phalloidin-FITC
(1:200 in 1% BSA, ab235137, Abcam, Cambridge, UK) for
30 min at room temperature in the dark. Nuclei were coun-
terstained with DAPI (C0065, Solarbio, Beijing, China) for
5 min. Fluorescence images were captured using an IX71
microscope (Olympus, Tokyo, Japan).

TRAP Staining
4%paraformaldehydewas utilized to treat RAW264.7

cells. As directed by the manufacturer, a TRAP kit (BB-
4421, Beibo Bio, Nanjing, China) was used for TRAP stain-
ing. Reddish-purple cytoplasmic precipitates with nega-
tive cell nuclei were indicative of positive TRAP staining.
Osteoclasts were characterized as multinucleated TRAP-
positive cells with three or more nuclei. TRAP-positive
multinucleated cells were observed under an optical micro-
scope (200×, Micromed, Shenzhen, China) and quantita-
tively analyzed using ImageJ software (version 1.54, Na-
tional Institutes of Health, MD, USA).
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qRT-PCR
RAW 264.7 cells were extracted with TRIzol reagent

(R0016, Beyotime, Shanghai, China) to extract total RNA,
followed by RNA concentration determination using a
spectrophotometer (GE Healthcare, CA, USA). The Tran-
scriptor First Strand cDNA Synthesis Kit (04379012001,
Roche, CA, USA) was employed to reverse-transcribe 1.0
µg of total RNA into first-strand cDNA, yielding a final
volume of 20 µL. qRT-PCR was performed on an ABI
7500 Real-Time PCR System (CA, USA) using the SYBR
Green PCR Master Mix (4344463, Thermo Fisher, CA,
USA). Gene expression levels of cathepsin K (CTSK),
Mmp9, nuclear factor of activated T cells 1 (NFATc1), and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH ; in-
ternal control) were determined using the 2-ΔΔCt technique
[15]. Supplementary Table 2 lists the primer sequences
(Tsingke, Beijing, China).

Western Blot (WB) Analysis
As per the manufacturer’s instructions, radioimmuno-

precipitation assay (RIPA) lysis buffer (P0013, Beyotime,
Shanghai, China) was used to extract total protein from
RAW 264.7 cells. The bicinchoninic acid (BCA) test
was utilized to determine total protein in the super-
natant (P0009, Beyotime, Shanghai, China). Proteins
were transferred to polyvinylidene difluoride membranes
(FFP24, Beyotime, Shanghai, China) after sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis (P0690, Be-
yotime, Shanghai, China). Following blocking with 5%
non-fat milk, membranes were incubated with primary anti-
bodies anti-COX1 (69 kDa, ab109025, Abcam, Cambridge,
UK), anti-NFAT2 (100 kDa, ab25916, Abcam, Cambridge,
UK) and loading control anti-GAPDH (36 kDa, ab8245,
Abcam, Cambridge, UK) overnight at 4 °C. Next, mem-
branes were incubated with secondary antibodies (ab6721,
ab205719, Abcam, Cambridge, UK) for 60 min at room
temperature. Protein bands were visualized using an en-
hanced chemiluminescence detection kit (KGC4902, Key-
gene, Jiangsu, China). Band intensities were detected us-
ing ImageJ software (version 1.54, National Institutes of
Health, MD, USA).

Ovariectomy (OVX)-Induced Osteoporosis Model
and Drug Treatment

SD rats were randomly assigned to Sham, OVX, 17β-
estradiol (E2), SRG-low (L), and SRG-high (H) groups (n =
8 per group). For PMOP modeling, rats in all other groups
underwent bilateral ovariectomy under anesthesia with 4%
isoflurane (26675-46-7, Shenggong Biological, Shanghai,
China) [16] delivered using a small-animal anesthesia ma-
chine (RWD510, RWD Life Science, Shenzhen, China)
equipped with an isoflurane vaporizer. Throughout the sur-
gical operation, 2% isoflurane was administered via a nose
cone to maintain anesthesia. Rats in the Sham group re-
ceived the same surgical procedure without ovariectomy.

Drug administration began one day after surgery. The E2
group received oral E2 at 100 μg/kg (E8875, Merck, CA,
USA) once daily, dissolved in 0.5% Carboxymethyl Cellu-
lose Sodium (CMC-Na) as the vehicle [17]. SRG was ad-
ministered orally at doses of 25 mg/kg and 50 mg/kg in the
SRG-L and SRG-H groups, respectively [14]. The Sham
and OVX groups received an equal amount of distilled wa-
ter (Millipore, Darmstadt, Germany). All treatments were
performed once daily at a fixed time each morning for
8 consecutive weeks. Body weight was recorded weekly
throughout the experimental period. At the end of the treat-
ment period, rats were anesthetized with sodium pento-
barbital (80 mg/kg; P3761, Sigma-Aldrich, USA). Blood
samples were then collected by left ventricular puncture,
followed by euthanasia via cervical dislocation. Serum
was separated by centrifugation and stored at –80 °C. The
femora and uteri were harvested and weighed. The femora
were subsequently fixed overnight in 10% neutral buffered
formalin at room temperature (NBF; BL388A, Biosharp,
Hefei, China).

Bone Density Measurement
The collected femora were placed in conical tubes

(84031ES03, YEASEN, Shanghai, China) with distilled
water and subjected to vacuum in a machine (Eppendorf,
Hamburg, Germany) for 90min to remove air. Using gauze,
extra water was carefully extracted from the femora before
beingweighed. After that, the femoraweremoved to a fresh
conical tube and weighed again in distilled water. As pre-
viously mentioned, Archimedes’ principle (g/cm3 of bone
volume) was used to determine bone density [17].

TRAP Activity Assay
According to the manufacturer’s instructions, a TRAP

assay kit (P0332, Beyotime, Shanghai, China) was ex-
ploited to quantify TRAP activity in rat serum. Using a mi-
croplate reader (Molecular Devices, CA, USA), absorbance
was measured at 405 nm.

Enzyme-Linked Immunosorbent Assay (ELISA)
Commercial assay kits were used to determine the

serum levels of alkaline phosphatase (ALP; RX301651R,
Ruixin Biotech, Quanzhou, China), aspartate aminotrans-
ferase (AST; ASTHB302-Ra, Hnybio, Shanghai, China),
and alanine aminotransferase (ALT; RX301398R, Ruixin
Biotech, Quanzhou, China) according to the manufactur-
ers’ instructions. Serum samples were appropriately diluted
to ensure that all measurements fell within the linear de-
tection range of the standard curve. Absorbance was mea-
sured at 450 nm using a microplate reader. All standard
curves demonstrated good linearity with correlation coeffi-
cients (R2) greater than 0.99.
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Histological Staining
Femurs were fixed in 10% NBF, decalcified in 10%

ethylenediaminetetraacetic acid (EDTA; 60-00-4, Sangon
Biotech, Shanghai, China) for three weeks, embedded in
paraffin (8002-74-2, Sangon Biotech, Shanghai, China),
and cut into slices (5 μm thick). A staining procedure, us-
ing hematoxylin and eosin (H&E; MM1013, Maokangbio,
Shanghai, China), was performed to evaluate histological
alterations. Slices were stained with TRAP using the TRAP
kit (PMK0467, Bioprimacy, Wuhan, China) as described
above and then counterstained with methyl green (MS4035,
Maokangbio, Shanghai, China) to detect osteoclasts (nuclei
appear green and cytoplasmic precipitate appears reddish-
purple). The stained tissues were examined under an op-
tical microscope (200×). Trabecular area was quantified
using ImageJ software (version 1.54, National Institutes of
Health, MD, USA).

Immunohistochemistry (IHC) Staining
Femurs encapsulated in paraffin were cut into slices

(5 μm thick) and subjected to antigen retrieval using cit-
rate buffer (C2488, Sigma-Aldrich, CA, USA). The slices
were then blocked for 1 h at room temperature with 5%
bovine serum albumin (BSA, ST025, Beyotime, Shanghai,
China). Slices were then incubated with primary antibody
against NFATc1 (MA3-024, Thermo Fisher, CA, USA)
overnight at 4 °C. After thorough washing with phosphate-
buffered saline (C0221A, Beyotime, Shanghai, China), the
slices were incubated with secondary antibody (ab6789,
Abcam, Cambridge, UK) for 1 h at room temperature.
The 3,3′-diaminobenzidine (DAB) substrate kit (ab64238,
Abcam, Cambridge, UK) was employed for staining af-
ter washing. The sections were counterstained with hema-
toxylin (H9627, Sigma-Aldrich, CA, USA) and examined
using an optical microscope (200×; positive staining ap-
pears brown). The data were analyzed quantitatively us-
ing ImageJ software (version 1.54, National Institutes of
Health, MD, USA).

Statistical Analysis
Statistical analyses were performed using GraphPad

Prism 8.0 (GraphPad Software, CA, USA). Quantitative
data are presented as mean ± standard deviation (SD). Nor-
mality and homogeneity of variance were assessed prior
to analysis. For comparisons between two independent
groups, Student's unpaired t-test was used. For comparisons
among three or more independent groups, one-way analy-
sis of variance (ANOVA) was used, followed by Tukey’s
multiple comparisons test for pairwise group comparisons.
When comparisons were made between multiple treatment
groups and a single control group, Dunnett’s multiple com-
parisons test was applied. For experiments involving re-
peated measurements over time, two-way repeated mea-
sures ANOVAwas used, followed by Tukey’s post hocmul-

tiple comparisons. A value of p < 0.05 was considered sta-
tistically significant.

Results

Network Pharmacology Predicted PTGS1 as a
Potential Target of SRG

To explore the molecular targets of SRG, a network
pharmacology approach was conducted (Supplementary
Table 1). Among the 85 potential targets identified, PTGS1
was selected as a candidate for further investigation. KEGG
pathway enrichment analysis revealed that SRG-related tar-
gets were significantly enriched in pathways associated
with osteoclast differentiation, including the tumor necro-
sis factor (TNF) signaling pathway, nuclear factor kappa
B (NF-κB) signaling pathway, and mitogen-activated pro-
tein kinase (MAPK) signaling pathway (Supplementary
Fig. 1 and Supplementary Table 3). To further validate
the direct interaction between SRG and PTGS1, molecu-
lar docking was performed, and the results demonstrated
that SRG exhibited favorable binding affinity for PTGS1
(Supplementary Fig. 2). Collectively, these results sug-
gested that SRG may exert its anti-osteoporotic effects
through PTGS1 and its downstream signaling pathways.

SRG Inhibited Osteoclast Differentiation and PTGS1
Expression

To confirm the responsiveness of RAW 264.7 cells
to RANKL stimulation, NFAT2 (encoded by NFATc1)
protein expression was examined. As shown in Fig.
1A,B, RANKLmarkedly increasedNFAT2 expression (Fig.
1A,B, p < 0.05). TRAP staining results demonstrated that
SRG significantly reduced osteoclast differentiation in a
concentration-dependent manner, as indicated by the de-
creased reddish-purple precipitate (Fig. 1C,E, p < 0.05).
Moreover, F-actin ring staining demonstrated that SRG di-
minished the formation of F-actin, indicating that SRG
suppressed the bone-resorbing capacity of osteoclasts (Fig.
1D,F, p < 0.05). Consistently, treatment with 2.5, 5, and
10 μM SRG markedly downregulated CTSK, Mmp9 and
NFATc1 in RANKL-treated RAW 264.7 cells (Fig. 2A–C,
p < 0.01). WB analysis showed a dose-dependent decrease
in COX1 (encoded by PTGS1) levels in RANKL-induced
RAW 264.7 cells following SRG treatment (Fig. 2D,E, p <
0.05).

SRG Inhibited Osteoclast Differentiation by
Suppressing PTGS1

To analyze the role of PTGS1 in SRG-mediated inhi-
bition of osteoclast differentiation, we constructed a PTGS1
overexpression vector. QRT-PCR results revealed a signif-
icant increase in PTGS1 levels in the PTGS1 group com-
pared to the NC group (Fig. 3A, p < 0.001). WB analy-
sis further indicated that COX1 protein expression was no-
tably increased upon PTGS1 overexpression, together with
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Fig. 1. Effect of syringin (SRG) on osteoclast differentiation in receptor activator of nuclear factor-κB ligand (RANKL)-induced
RAW 264.7 cells. (A,B) Western blot (WB) analysis of nuclear factor of activated T cells 1 (NFATc1, also known as NFAT2) protein
levels, with glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as the loading control. (C,E) Tartrate-resistant acid phosphatase
(TRAP) staining and quantification of TRAP-positive multinucleated cells (MNCs). Magnification: 200×, scale bar: 200 μm. (D,F)
F-actin rings were observed in osteoclasts under confocal microscopy. Magnification: 200×, scale bar: 50 μm. #p < 0.05, ##p < 0.01, ###p
< 0.001 vs. Control group or 0.

upregulated NFAT2 protein (Fig. 3B–D, p < 0.05). Sub-
sequently, TRAP staining showed that SRG reduced os-

teoclast differentiation (reddish-purple precipitate), which
was reversed by PTGS1 overexpression (Fig. 3E,F, p <
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Fig. 2. SRG suppressed osteoclast-related gene and prostaglandin-endoperoxide synthase 1 (PTGS1, also known as COX1) pro-
tein expression. (A–C) Quantitative real-time polymerase chain reaction (qRT-PCR) analysis of cathepsin K (CTSK), matrix metallo-
proteinase 9 (Mmp9), and NFATc1 mRNA levels in RANKL-induced RAW 264.7 cells treated with 0, 2.5, 5, and 10 μM SRG. GAPDH
was used as the internal control. (D,E) WB analysis of COX1 protein expression, with GAPDH as the loading control. Each experiment
was independently repeated three times. #p < 0.05, ##p < 0.01, ###p < 0.001 vs. 0.

0.05). The levels of CTSK,Mmp9, and NFATc1 were lower
in the SRG group than the control group (Fig. 3G–I, p <
0.001), and were higher in the SRG+PTGS1 group than the
SRG+NC group (Fig. 3G–I, p < 0.001).

SRG Alleviated OVX-Induced Osteoporosis
The bodyweight of rats showed no significant changes

in the E2, SRG-L, and SRG-H groups compared with the
OVX group (Fig. 4A). OVX treatment reduced uterine
weight, femoral weight, and femoral density, which was
partially offset by treatment with E2, SRG-L, and SRG-H
(Fig. 4B–D, p < 0.01). Compared with the Sham group, the
OVX group presented increases in serum levels of TRAP,
ALP and AST, and decreases in ALT (Fig. 4E–H, p <
0.001). Relative to the OVX group, the E2, SRG-L, and
SRG-H groups showed reduced serum levels of TRAP,
ALP and ALT (Fig. 4E–G, p < 0.001), and the SRG-L and
SRG-H groups exhibited downregulation of AST (Fig. 4H,
p < 0.001). Histological analysis of the femur demonstrated
that OVX treatment reduced the trabecular area (purple-
stained trabecular bone) (Fig. 5A,B, p < 0.05), whereas
E2, SRG-L, and SRG-H interventions dramatically reversed
such a decline (Fig. 5A,B, p < 0.05). TRAP staining

showed that the OVX group exhibited a significantly higher
number of osteoclasts than the Sham group (Fig. 5C,D, p
< 0.001); however, the number of osteoclasts was substan-
tially decreased upon E2, SRG-L, and SRG-H treatments
(Fig. 5C,D, p < 0.05). IHC staining revealed that NFATc1,
a key osteoclastogenesis marker, showed stronger brown-
positive expression in the OVX group than in the sham
group (Fig. 5E,F, p < 0.001), which was counteracted by
E2, SRG-L, and SRG-H treatments (Fig. 5E,F, p < 0.05).

Discussion

In this study, we found that SRG treatment improves
PMOP. ALP is a widely distributed enzyme primarily in-
volved in phosphate hydrolysis and plays a significant role
in bone metabolism [18]. Elevated ALP levels, secreted
by osteoblasts during bone formation, typically reflect in-
creased bone formation activity [19]. In PMOP patients,
ALP serves as an important indicator of bone metabolic
status [20]. Previous research identified a negative corre-
lation between ALP levels and bone density [21,22], sug-
gesting that elevated ALP may indicate an imbalance in
the bone remodeling process. In vivo, we observed that
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Fig. 3. SRG modulated osteoclast differentiation via PTGS1. (A) PTGS1 mRNA expression in Blank, negative control (NC), and
PTGS1 overexpression groups was analyzed by qRT-PCR. GAPDH served as the internal control. Blank represents untreated control
cells, whereas NC represents cells transfected with the empty vector. (B–D)WB analysis was used to quantify COX1 and NFAT2 protein
levels. GAPDHwas used as the loading control. (E,F) TRAP staining was used to evaluate osteoclast differentiation in the Control, SRG,
SRG+NC, and SRG+PTGS1 groups. TRAP-positive MNCs were counted. Magnification: 200×, scale bar: 200 μm. (G–I) QRT-PCR
analysis of CTSK, Mmp9, and NFATc1 mRNA expression. GAPDH was used as the internal control. Experiments were independently
repeated three times. ###p < 0.001 vs. Control; Δp < 0.05, ΔΔΔp < 0.001 vs. NC; &p < 0.05, &&&p < 0.001 vs. SRG+NC.

SRG attenuated the OVX-induced elevation of ALP lev-
els. Given the close association between ALP and bone
turnover, the reduction in ALP following SRG treatment
may reflect suppression of excessive bone remodeling un-
der estrogen-deficient conditions. In addition, decreased
serum ALT levels were observed in OVX rats. Similar
alterations in liver enzyme profiles have been reported in
ovariectomized animal models and may be associated with
metabolic adaptations following estrogen deficiency, in-
cluding changes in hepatic lipid metabolism and systemic
energy balance [18]. However, the exact biological foun-
dation for this discovery is still unknown. Accordingly, the
reduction in ALT should be interpreted with caution and
should not be considered direct evidence of improved hep-
atic function or bone-protective effects. Importantly, SRG
treatment did not induce abnormal elevations in ALT or
AST levels, suggesting no obvious hepatotoxicity under the
current experimental conditions. TRAP is predominantly
expressed in osteoclasts and is extensively involved in bone
and mineral metabolism. As a hallmark enzyme of osteo-

clasts, increased TRAP activity is closely related to the on-
set of osteoporosis. Studies have shown that TRAP plays
a crucial role in promoting bone resorption by regulating
the degradation of bone matrix and the release of minerals,
thereby directly affecting bone structure and function [23].
Our findings demonstrated that SRG significantly inhibited
TRAP levels in both osteoclast models and OVX-induced
osteoporosis animal models. Taken together, SRG may al-
leviate PMOP by inhibiting the levels of TRAP.

We also found that SRG inhibited PTGS1 levels in os-
teoclasts. PTGS1, a key enzyme in prostaglandin synthesis,
plays a critical role in regulating inflammatory responses
and bone metabolism. Research indicated that PTGS1
inhibitors or PTGS1 silencing can significantly attenuate
LPS-induced inflammatory responses through negative reg-
ulation of the NF-κB signaling pathway [24]. Inflammatory
cytokines not only promote bone resorption but also disrupt
the bone remodeling process, decreasing bone density and
exacerbating the development of osteoporosis [25]. Addi-
tionally, the PTGS1 inhibitor BGJb has been reported to
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Fig. 4. Effect of SRG on body weight, organ weights, bone density, and serum biomarkers in ovariectomized (OVX) rats. (A)
Body weight measurements in Sham, OVX, 17β-estradiol (E2), SRG-low (L), and SRG-high (H) groups of rats after 8 weeks of treatment.
Data are presented as mean ± standard deviation (SD), and error bars represent SD. (B,C) Analysis of uterine and femoral weights. (D)
Femoral bone mineral density. (E) TRAP activity measured using a commercial kit. (F–H) Serum alkaline phosphatase (ALP), alanine
aminotransferase (ALT), and aspartate aminotransferase (AST) levels measured by ELISA. n = 8 per group. ***p < 0.001 vs. Sham; ++p
< 0.01, +++p < 0.001 vs. OVX.

suppress bone resorption [26]. MMP9, a zinc-dependent
protease belonging to the matrix metalloproteinase family,
primarily functions to degrade extracellular matrix compo-
nents, such as collagen and elastin [27]. Osteoclasts, re-
sponsible for bone resorption, secrete various enzymes, in-
cluding MMP9, to degrade bone matrix [28]. Under nor-
mal physiological conditions, MMP9 activity is an integral
part of the bone remodeling process, ensuring a balance be-

tween resorption and formation. However, in osteoporo-
sis, MMP9 expression is often significantly increased, lead-
ing to enhanced bone resorption and decreased bone den-
sity [29]. A close correlation has been demonstrated be-
tween MMP9 upregulation and an elevated risk of fracture
[30]. In addition, PGE2 synthesized by PTGS1 can enhance
MMP9 expression [11]. Our study demonstrated that SRG
reduced PTGS1 and Mmp9 expression, and PTGS1 over-
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Fig. 5. SRG attenuated bone histopathological changes and osteoclast activity in OVX rats. (A,B) Hematoxylin and eosin (H&E)
staining of femoral tissue. Magnification: 200×, scale bar: 100 μm. (C,D) TRAP staining to analyze osteoclast activity. Magnification:
200×, scale bar: 100 μm. (E,F) Immunohistochemical (IHC) staining of NFATc1. Magnification: 200×, scale bar: 100 μm. n = 8 per
group. *p < 0.05, ***p < 0.001 vs. Sham; +p < 0.05, ++p < 0.01, +++p < 0.001 vs. OVX.

expression partially reversed the inhibitory effect of SRG
on Mmp9 expression. These findings suggust a potential
association between PTGS1 regulation and Mmp9 expres-
sion during osteoclast differentiation, whichmay contribute
to the protective effects of SRG against PMOP. However,
whether PTGS1 regulatesMMP9 through PGE2-dependent
or independent pathways remains to be determined.

Although this study thoroughly explored the role of
SRG in inhibiting osteoclast differentiation via PTGS1 reg-
ulation, several limitations should be acknowledged. First,
although PTGS1 overexpression alteredMmp9 expression,
the mechanistic link between PTGS1 activity, PGE2 signal-
ing, andMmp9 regulationwas not directly determined. Sec-
ond, the effects of SRG on osteoblast differentiation were
not evaluated; changes in serum ALP levels indirectly re-
flect bone turnover but do not provide a direct assessment
of osteogenic potential. Third, a systematic investigation of
SRG dosage and treatment duration is needed to establish
optimal therapeutic strategies. Future studies are warranted
to address these limitations and further evaluate the trans-
lational potential of SRG for PMOP treatment.

Conclusion

In conclusion, this study demonstrates that SRG effec-
tively inhibits osteoclast differentiation and reduces PTGS1
expression, resulting in downregulation of key osteoclas-
togenic markers, including CTSK, Mmp9, and NFATc1.
PTGS1 overexpression partially reverses these effects, in-

dicating its involvement in SRG-mediated regulation. In
the OVX-induced osteoporosis rat model, SRG treatment
exerts therapeutic effects against PMOP. Despite these
promising findings, several limitations should be acknowl-
edged, including the lack of direct assessment of osteoblast
differentiation and incomplete elucidation of the PTGS1-
PGE2-Mmp9 mechanistic axis. Future studies are war-
ranted to clarify these mechanisms, evaluate osteogenic ef-
fects, and optimize dosing strategies to further assess the
translational potential of SRG for treating osteoporosis.
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