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Background: Tanshinone IIA (TSN), a compound extracted from Salvia 

miltiorrhiza, has demonstrated a range of pharmacological activities. However, 

its therapeutic efficacy in glucocorticoid-induced osteoporosis (GIOP) remains 

insufficiently understood. This study was performed to investigate the protective 

effects of TSN against prednisolone (PN)-induced osteoporosis in 

zebrafish larvae.

Methods: The osteoprotective properties of TSN were assessed using alizarin red 

S staining, calcein staining, and alcian blue staining to evaluate bone 

mineralization, density, and cartilage development. Cardiovascular function 

and locomotor behavior were analyzed using transgenic zebrafish models and 

behavioral tracking systems. RNA sequencing was performed to identify 

differentially expressed genes and key signaling pathways. Protein-protein 

interaction networks were constructed to elucidate gene associations, and 

results were validated via quantitative reverse transcription polymerase 

chain reaction.

Results: TSN administration effectively attenuated PN-induced developmental 

toxicity, enhanced bone mineralization and density, and improved cartilage 

abnormalities in zebrafish larvae. Transcriptomic analysis identified 505 genes 

with reversed expression profiles between the TSN and PN treatment groups, 

primarily associated with skeletal system development, lipid metabolism, and fatty 

acid β-oxidation. Key affected pathways included PPAR signaling, lipid 

atherosclerosis, and reactive oxygen species. Notably, skeletal development 

was characterized by the upregulation of genes including col1a1b, col2a1b, 

col9a3, rdh1, and acana.

Conclusion: These findings demonstrate the osteoprotective effects of TSN in 

mitigating glucocorticoid-induced bone loss and cartilage abnormalities, 

OPEN ACCESS

EDITED BY 

Yasmina Mohammed Abd-Elhakim, 

College of Veterinary Medicine, Zagazig 

University, Egypt

REVIEWED BY 

Gad Elsayed Mohamed Salem, 

Mae Fah Luang University School of Argo- 

Industry, Thailand 

Chao Ma, 

Stanford University, United States 

Xiaofeng Shi, 

Shanghai Jiaotong University School of 

Medicine affiliated Sixth People’s hospital, 

China

*CORRESPONDENCE 

Chunhui Hu, 

zebrafish_team@163.com

Yihua Shi, 

yihua19@163.com

†These authors have contributed equally 

to this work

RECEIVED 22 December 2025
REVISED 23 February 2026
ACCEPTED 28 February 2026
PUBLISHED 18 March 2026

CITATION 

Li X, Zhou X, Li Z, Zhu Z, Wang S, Huang J, 

Lian K, Duan P, Hu C and Shi Y (2026) 

Therapeutic functions of tanshinone IIA in 

a zebrafish model of glucocorticoid- 

induced osteoporosis. 

Front. Pharmacol. 17:1772925. 

doi: 10.3389/fphar.2026.1772925

COPYRIGHT 

© 2026 Li, Zhou, Li, Zhu, Wang, Huang, 

Lian, Duan, Hu and Shi. This is an open- 

access article distributed under the terms 

of the Creative Commons Attribution 

License (CC BY). The use, distribution or 

reproduction in other forums is permitted, 

provided the original author(s) and the 

copyright owner(s) are credited and that 

the original publication in this journal is 

cited, in accordance with accepted 

academic practice. No use, distribution or 

reproduction is permitted which does not 

comply with these terms.

Frontiers in Pharmacology frontiersin.org01

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2026.1772925
https://www.frontiersin.org/articles/10.3389/fphar.2026.1772925/full
https://www.frontiersin.org/articles/10.3389/fphar.2026.1772925/full
https://www.frontiersin.org/articles/10.3389/fphar.2026.1772925/full
https://www.frontiersin.org/articles/10.3389/fphar.2026.1772925/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2026.1772925&domain=pdf&date_stamp=2026-03-18
mailto:zebrafish_team@163.com
mailto:zebrafish_team@163.com
mailto:yihua19@163.com
mailto:yihua19@163.com
https://doi.org/10.3389/fphar.2026.1772925
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org


highlighting its potential as a therapeutic agent for GIOP. The transcriptomic 

insights provide novel perspectives on TSN’s role in regulating bone metabolism 

and skeletal development.
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bone mineralization, glucocorticoid-induced osteoporosis, skeletal development, 

tanshinone IIA, transcriptomics, zebrafish

Highlights

• TSN reduced PN-induced osteoporosis and chondrodysplasia 

in zebra�sh larvae.

• TSN treatment in�uenced biological processes linked to 

skeletal development, lipid metabolic process and fatty acid 

β-oxidation.

• TSN alleviated osteoporosis via cholesterol metabolism, PPAR 

signaling, lipid atherosclerosis, and ROS.

1 Introduction

Osteoporosis is a systemic skeletal disorder characterized by 

reduced bone mass and the deterioration of bone tissue 

microarchitecture, ultimately leading to diminished bone strength 

and an increased risk of fractures (Chapurlat et al., 2020). 

Glucocorticoids (GCs), a class of steroid hormones synthesized 

by the adrenal cortex, play a vital role in regulating various 

physiological processes, including metabolism, immune function, 

and in�ammatory responses (Timmermans et al., 2019). Although 

GCs are commonly used in the treatment of in�ammatory 

conditions such as rheumatoid arthritis and systemic lupus 

erythematosus, their prolonged use is associated with several 

adverse effects—most notably, glucocorticoid-induced 

osteoporosis (GIOP) (Steinbuch et al., 2004). Epidemiological 

studies have consistently shown that the incidence of 

osteoporosis is signi�cantly higher in patients undergoing long- 

term GC therapy (Chiodini et al., 2020).

The pathogenesis of GIOP involves a complex interplay of 

mechanisms that disrupt the delicate balance between bone 

resorption and formation. GCs exert their detrimental effects by 

inhibiting osteoblast activity, which is essential for bone formation, 

while simultaneously promoting osteoclast activity, thereby 

increasing bone resorption (Weinstein, 2012). This imbalance 

ultimately leads to bone loss and the development of GIOP 

(Lane, 2019; Chen et al., 2023). Given that an estimated 

200 million individuals worldwide are affected by 

osteoporosis—and in light of a rapidly aging global 

population—the prevention and management of GIOP in 

patients requiring long-term GC therapy has become a signi�cant 

public health concern (Zhang et al., 2024).

Current therapeutic strategies for GIOP include 

bisphosphonates, RANKL inhibitors, selective estrogen receptor 

modulators, and parathyroid hormone analogs (Peng et al., 

2021). However, these treatments are associated with various side 
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effects and limitations. For instance, bisphosphonates can cause 

gastrointestinal disturbances, hypocalcemia, and, in rare cases, 

severe adverse events such as osteonecrosis of the jaw (Lewiecki, 

2010; Ganesan et al., 2024). Denosumab, a monoclonal antibody 

against RANKL, has recently emerged as a promising treatment for 

GIOP; however, concerns have been raised about its potential 

adverse effects on the cardiovascular system, central nervous 

system, and gastrointestinal tract (Lu et al., 2023; Hildebrand 

et al., 2024). Given these limitations, there is an urgent need to 

explore safer and more effective alternatives for the prevention and 

treatment of GIOP.

Salvia miltiorrhiza Bunge, commonly referred to as “danshen” 

or “red sage,” is a traditional Chinese herbal medicine with more 

than 2,000 years of documented use for treating various ailments 

(Kum et al., 2021). Recent research suggests that S. miltiorrhiza and 

its active constituents—particularly tanshinone IIA (TSN)—may 

have bene�cial effects on bone metabolism in the context of 

osteoporosis (Guo et al., 2014; Wang et al., 2017; Ma et al., 

2023). TSN, a lipophilic diterpene quinone, exhibits a broad 

spectrum of pharmacological properties, including anti- 

in�ammatory, antioxidant, and neuroprotective effects (Li et al., 

2015). Although previous studies have examined TSN’s potential in 

treating osteoporosis, its speci�c role in preventing or mitigating 

GIOP remains largely unexplored (Yang et al., 2019). This study 

found that tanshinone IIA has bone-protective effects. It acts 

through multiple targets and pathways to prevent osteoporosis. 

The compound promotes the differentiation of osteoblasts and 

accelerates bone formation. In addition, it improves the bone 

marrow microenvironment through its strong antioxidant 

properties. These features indicate its unique therapeutic 

potential. Etidronate disodium (ED), a �rst-generation 

bisphosphonate, regulates bone metabolism by inducing 

osteoclast apoptosis and supporting osteoblast function. Because 

of its well-established anti-resorptive effect and classic role in 

osteoporosis treatment, ED was used as a positive control to 

evaluate the therapeutic effect of TSN in managing GIOP 

(Queiroz Júnior et al., 2022). We determined the appropriate 

concentration of the positive control drug by reviewing previous 

studies on etidronate disodium intervention in GIOP. Literature 

data showed that a dose of 15 μg/mL effectively reduced GIOP- 

related pathological indicators (Zhou et al., 2024). This dose was also 

con�rmed to be effective in our research group’s prior related 

experiments. Therefore, we selected 15 μg/mL as the positive 

control concentration for this study (Fan et al., 2025).

The zebra�sh (Danio rerio) has become a prominent model 

organism for investigating human diseases, including skeletal 

disorders, because of its substantial genetic similarity to humans, 

rapid developmental processes, and optical transparency (Zuo et al., 

2024). The zebra�sh genome contains orthologues for 

approximately 82% of human disease-associated genes, making 

them an exceptional platform for drug discovery and 

toxicological research (Howe et al., 2013). This study aims to 

leverage the advantages of the zebra�sh model to investigate the 

protective effects of TSN on prednisolone (PN)-induced 

osteoporosis and chondrodysplasia in larval zebra�sh, while also 

elucidating the underlying molecular mechanisms through 

transcriptome analysis. The �ndings of this study will provide 

valuable insights into the potential of TSN as a novel therapeutic 

agent for GIOP and contribute to the development of safer and more 

effective treatment strategies for this debilitating condition.

2 Materials and methods

2.1 Chemicals and regents

TSN (CAS 568–72–9, 98% purity), ED (CAS 7414–83–7), and 

calcein (CAS 154071–48–4) were purchased from Aladdin Co., Ltd. 

(Shanghai, China). PN (CAS 83–43–2) was obtained from Adamas- 

beta (Shanghai, China). PN and ED were dissolved in dimethyl 

sulfoxide (DMSO). Potassium hydroxide (KOH) was acquired from 

Sigma (St. Louis, MO, United States), hydrogen peroxide (H2O2) 

from Tianli (Tianjin, China), and 4% paraformaldehyde from 

Beyotime Co., Ltd. (Shanghai, China). Alizarin red (CAS 

130–22–3) was purchased from Beyotime Co., Ltd., and glycerol 

from Solarbio (Beijing, China). All experimental procedures were 

approved by the Committee for Animal Experimentation of 

Xiangyang No. 1 People’s Hospital, Hubei University of Medicine 

(Approval No. XYYYE20250031).

2.2 Animals

Adult wild-type AB zebra�sh (Danio rerio) and �k:EGFP 

transgenic zebra�sh were maintained in a recirculating 

aquaculture system under standard conditions (14 h light/10 h 

dark cycle, pH 7.0 ± 1.0, temperature 28 °C ± 0.5 °C). The �sh 

were fed twice daily with newly hatched brine shrimp. Flk:EGFP 

transgenic zebra�sh express enhanced green �uorescent protein 

(EGFP) in endothelial cells, enabling visualization of blood vessel 

development.

For embryo collection, mature zebra�sh (3–4 months old) were 

placed in breeding tanks at a female-to-male ratio of 1:2 and kept 

separated overnight. The following morning, dividers were removed 

to allow spawning. Fertilized eggs were collected within 30 min of 

spawning and incubated in 10-cm petri dishes containing 50 mL of 

E3 medium (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2, 0.33 mM 

MgSO4) at 28 °C.

2.3 Experimental procedures

To determine the optimal PN concentration for inducing 

osteoporosis, a concentration gradient of PN (5, 10, 25, and 

50 μmol/L) was used. PN was dissolved in 0.5% DMSO to 

prepare a 5 mmol/L stock solution, which was further diluted in 

E3 medium to achieve the desired concentrations. The control group 

was exposed to E3 medium containing 0.5% DMSO. Furthermore, 

TSN stock solution (800 μmol/L) was prepared in DMSO. For 

experimental dosing, the stock was diluted to ensure a �nal 

DMSO concentration of 0.5% across all groups, including 

the control.

For the main experiment, zebra�sh larvae at 4 days post- 

fertilization (dpf) were randomly divided into six groups (n = 

20 larvae per group) and exposed to the following treatments for 

5 days: control (E3 medium containing 0.5% DMSO), PN (25 μmol/ 

L PN), PN + ED (25 μmol/L PN + 15 μg/mL ED (Zhou et al., 2024; 

Fan et al., 2025), positive control), PN + TSN (1 μmol/L) (25 μmol/L 

Frontiers in Pharmacology frontiersin.org03

Li et al. 10.3389/fphar.2026.1772925

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2026.1772925


PN + 1 μmol/L TSN), PN + TSN (5 μmol/L) (25 μmol/L PN + 

5 μmol/L TSN), and PN + TSN (10 μmol/L) (25 μmol/L PN + 

10 μmol/L TSN).

Treatments were conducted in six-well plates with 8 mL of 

solution per well. Media were renewed daily by replacing half of the 

volume. The entire investigation was carried out in accordance with 

the study protocol depicted in Figure 1, with all procedures adhering 

strictly to established ethical guidelines.

2.4 Alizarin red staining

Alizarin red staining was performed to assess cranial bone 

mineralization in zebra�sh larvae. Zebra�sh larvae for 9 dpf from 

each group (n = 10) were �xed overnight in 4% paraformaldehyde at 

room temperature. The �xed larvae were then bleached in a solution 

containing 3% H2O2 and 2% KOH for 8 h, until they became 

translucent. After removing the bleaching solution, the larvae were 

stained with 0.005% alizarin red S solution for 12 h. Excess stain was 

removed by washing the larvae in a graded series of glycerol/KOH 

solutions (3:1, 1:1, and 1:3) for 10 min each. The stained larvae were 

imaged using a stereomicroscope (Olympus, Tokyo, Japan), and the 

images were analyzed using Image-Pro Plus 6.0 software (Media 

Cybernetics, Rockville, MD, United States).

2.5 Calcein staining

Calcein staining was performed to assess bone mineralization in 

zebra�sh larvae. Larvae for 9 dpf from each group (n = 10) were 

immersed in 0.2% calcein solution for 20 min, then washed three 

times (5 min each) with E3 medium until the eluate was clear. The 

larvae were anesthetized with 0.02% MS-222 (tricaine 

methanesulfonate), mounted in 3% methylcellulose, and imaged 

laterally using a �uorescence microscope (Guangzhou, China). The 

�uorescence intensity of the �rst three vertebrae (V1–V3) was 

quanti�ed using ImageJ software (National Institutes of Health, 

Bethesda, MD, United States).

2.6 Alcian blue staining

Alcian blue staining was used to visualize cartilage development 

in zebra�sh larvae. Larvae for 9 dpf from each group (n = 15) were 

�xed overnight in 4% paraformaldehyde at 4 °C. The �xed larvae 

were dehydrated in 75% ethanol for 20 min, then stained overnight 

with 0.1% alcian blue solution prepared in 70% ethanol containing 

0.37% HCl. The stained larvae were rehydrated in a graded series of 

ethanol solutions (75%, 50%, and 25%) for 10 min each, followed by 

bleaching in a solution containing 3% H2O2 and 2% KOH for 6 h. 

Larvae were then cleared in a graded series of glycerol/KOH 

solutions (1:3, 1:1, and 3:1) for 10 min each and stored in 80% 

glycerol until imaging. The stained larvae were imaged ventrally 

using a stereomicroscope (Olympus), and the Meckel’s 

cartilage–palatoquadrate (M-PQ) angle was measured using 

ImageJ software.

2.7 Oil Red O staining

Zebra�sh larvae at 9 dpf from each group (n = 6)were �xed 

overnight in 4% paraformaldehyde at room temperature. Following 

�xation, the larvae were washed three times with phosphate- 

buffered saline and then incubated in 60% isopropanol for 

30 min to facilitate penetration of the staining solution. The 

larvae were stained with Oil Red O solution, prepared in 60% 

isopropanol, for 2.5 h to visualize neutral lipids and lipid 

accumulation. After staining, the larvae were washed with 60% 

isopropanol to remove excess stain and rinsed three times with 

phosphate-buffered saline to ensure clarity. Images of the stained 

larvae were captured using a stereomicroscope (Olympus) to assess 

lipid distribution and accumulation across different 

treatment groups.

2.8 Locomotor behavior analysis of 
larval zebrafish

The locomotor activity of zebra�sh larvae was assessed at 9 dpf 

using a ZebraBox tracking system (ViewPoint, Lyon, France). Larvae 

from each group (n = 8) were individually placed in 48-well plates 

containing 2 mL of E3 medium per well. After a 30-min adaptation 

period, swimming activity was recorded for 30 min under 

alternating light and dark conditions (5 min each). The total 

distance traveled and the mean locomotor activity were analyzed 

using ZebraLab software (ViewPoint).

2.9 Oxidative stress analysis

Reactive oxygen species (ROS) production was measured using 

2′,7′–dichloro�uorescin diacetate (DCFH–DA). The larvae were 

exposed to DMSO, TSN + PN and PN for 5 days. After 

exposure, we added a 1:1000 dilution of DCFH–DA solution to 

FIGURE 1 

Schematic representation of the experimental animal study design. Con: normal control group, PN: osteoporosis model group, L: low dose group, M: 

medium dose group, and H: high dose group.
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the treated larvae. The samples were then incubated in the dark at 

28.5 °C for 40 min. After staining, we rinsed the larvae three times 

with MilliQ water. We observed the stained larvae using a 

�uorescence stereomicroscope (Olympus, Tokyo, Japan). We 

captured images and analyzed them with ImageJ software 

(National Institutes of Health, Bethesda, MD, United States). 

Each concentration included three replicates, with six larvae 

per replicate.

At 9 dpf, we randomly collected and homogenized zebra�sh 

after TSN and PN exposure. We homogenized approximately 

50 larval zebra�sh in 400 μL of 0.9% NaCl. The homogenate was 

then centrifuged at 4000 rpm for 10 min at 4 °C. We collected the 

supernatant to measure malondialdehyde (MDA) and catalase 

(CAT) levels. We used assay kits from AIDISHENG Institute of 

Biotechnology (Jiangsu, China) and followed the manufacturer’s 

instructions. We determined the protein concentration in the 

supernatant using a BCA protein quanti�cation kit (Beyotime 

Biotechnology Co., Ltd., Shanghai, China).

2.10 RNA sequencing (RNA-seq) analysis

For transcriptome analysis, nine zebra�sh larvae of each group 

at 9 dpf (N = 3 replicates) were obtained and immediately 

transported to Huada Gene Technology Service Co., Ltd. 

(Wuhan, China) for RNA extraction and puri�cation. RNA 

quality and quantity were assessed using a NanoDrop 

2000 spectrophotometer (Thermo Fisher Scienti�c) and an 

Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, 

United States). RNA samples with an RNA integrity number 

of ≥8.0 were used for library preparation and sequencing 

(Supplementary Table S1). The RNA-seq samples were not 

pooled. Each biological replicate was processed independently.

RNA-seq was performed by Huada Gene Technology Service 

Co., Ltd. using an Illumina HiSeq 4000 platform (Illumina, San 

Diego, CA, United States) with a paired-end 150-bp sequencing 

strategy. Raw reads were �ltered to remove adaptor sequences, low- 

quality reads, and reads containing poly-N sequences. Clean reads 

were aligned to the zebra�sh reference genome (GRCz11) using 

HISAT2 (version 2.1.0).

Differentially expressed genes (DEGs) were identi�ed using the 

DESeq2 package (version 1.24.0) in R (version 3.6.1), with a 

threshold of |log2 (fold change)| >1 and adjusted P-value 

of <0.05, where the adjusted P-value (false discovery rate, FDR) 

was calculated using the Benjamini–Hochberg procedure. Gene 

Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes 

(KEGG) pathway enrichment analyses were performed using the 

clusterPro�ler package (version 3.12.0) in R. Protein–protein 

interaction networks (PPINs) were constructed using the 

STRING database (version 11.0) and visualized with Cytoscape 

software (version 3.7.2).

2.11 Quantitative real-time polymerase 
chain reaction (qRT-PCR) validation

To validate the RNA-seq results, qRT-PCR was performed on 

selected DEGs. Total RNA was extracted from 30 pooled zebra�sh 

larvae per group at 9 dpf using TRIzol reagent, and complementary 

DNA was synthesized using a PrimeScript RT reagent kit (Takara, 

Kusatsu, Japan), following the manufacturer’s instructions. qRT- 

PCR was conducted using TB Green Premix Ex Taq II (Takara) on a 

Bio-Rad CFX96 real-time PCR system (Bio-Rad, Hercules, CA, 

United States). The primers used for qRT-PCR are listed in 

Supplementary Table S2. Relative gene expression levels were 

calculated using the 2̂-ΔΔCt method, with GAPDH as the 

reference gene.

2.12 Statistical analysis

All data are presented as mean ± standard deviation. Statistical 

analyses were performed using GraphPad Prism 8 software 

(GraphPad Software, San Diego, CA United States). Differences 

among groups were analyzed by one-way analysis of variance 

followed by Tukey’s post hoc test. A P-value of <0.05 was 

considered statistically signi�cant.

3 Results

3.1 Effects of TSN on growth and 
development of zebrafish

The effects of TSN on zebra�sh larval development were 

assessed over a 5 days exposure period using a range of 

concentrations during early developmental stages. To determine 

the optimal therapeutic concentration, zebra�sh larvae were 

exposed to TSN at 1, 5, and 10 μmol/L, in combination with 

25 μmol/L PN. Concentration-dependent effects were observed, 

and 5 μmol/L TSN was identi�ed as the optimal concentration 

for subsequent experiments (Figure 2). Compared with the control 

group, exposure to 25 μmol/L PN signi�cantly increased cumulative 

mortality at 9 dpf (P < 0.05) (Figures 2A,B) and signi�cantly reduced 

swim bladder size and body length (Figures 2C–E). Additionally, 

dispersed lipid droplets were observed on the surface of the swim 

bladder in the PN group (Figure 2D). Interestingly, co-treatment 

with 5 μmol/L TSN signi�cantly reduced cumulative mortality (P < 
0.05) (Figures 2A,B) and improved swim bladder size and body 

length compared with the 25 μmol/L PN group (P < 0.05) (Figures 

2C–E). These �ndings suggest that 5 μmol/L TSN mitigates PN- 

induced developmental toxicity in zebra�sh larvae. We observed 

that 5 μmol/L TSN exhibited no signi�cant lethality or 

morphological abnormalities compared to the vehicle control, 

whereas 10 μmol/L induced signi�cant toxicity (Figures 2A,B). 

Therefore, we then focused on investigating the effect of 5 μml/L 

TSN in alleviating GIOP in zebra�sh larvae.

3.2 Effect of TSN on bone mineralization and 
craniofacial cartilage development

Figures 3A–C illustrates the effect of TSN on the skulls of 

zebra�sh larvae. Compared with the control group, the 25 μmol/ 

L PN group exhibited a signi�cant reduction in both the average 

staining area and integrated optical density (IOD) (P < 0.05). By 

contrast, the average staining area and IOD in the 15 μg/mL ED 

group were signi�cantly higher than those in the 25 μmol/L PN 

group (P < 0.05). When TSN was administered at 5 μmol/L, the 

Frontiers in Pharmacology frontiersin.org05

Li et al. 10.3389/fphar.2026.1772925

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2026.1772925


average staining area and IOD were also signi�cantly greater than in 

the PN group (P < 0.05).

Compared with the control group, treatment with 25 μmol/L PN 

signi�cantly reduced the �uorescence intensity of the �rst three 

vertebrae (V1–V3), indicating bone density loss (Figures 3D–F). A 

concentration of 15 μg/mL ED reversed this decrease in �uorescence 

intensity. Treatment with 1 μmol/L TSN did not signi�cantly alter 

�uorescence intensity compared with the PN group (P > 0.05), 

whereas 5 μmol/L TSN signi�cantly mitigated the PN-induced 

reduction in vertebral bone density (P < 0.05). These �ndings 

suggest that 5 μmol/L TSN can protect against PN-induced bone 

density loss.

The effects of TSN on PN-induced craniofacial cartilage 

deformities in zebra�sh larvae were evaluated by measuring the 

angle between Meckel’s cartilage and the palatoquadrate (M-PQ 

angle), a key indicator of chondrogenic abnormalities. Treatment 

with 25 μmol/L PN signi�cantly increased the M-PQ angle 

compared with the control group, resulting in a visibly wider 

anterior skull (Figures 3G,H). By contrast, the M-PQ angle was 

signi�cantly reduced in larvae treated with 1 and 5 μmol/L TSN, as 

well as in the 15 μg/mL ED group, compared with the PN 

group. Notably, the reduction was more pronounced in the 

5 μmol/L TSN and 15 μg/mL ED groups, with values 

approaching those of the control. These results suggest that TSN, 

particularly at 5 μmol/L, can help mitigate PN-induced craniofacial 

chondrodysplasia in zebra�sh larvae.

3.3 Effects of TSN on cardiovascular 
function and locomotor behavior

Compared with the DMSO control group, juvenile zebra�sh 

treated with 25 μmol/L PN showed inhibited formation of new 

blood vessels (Figures 4A,B). Additionally, PN treatment 

signi�cantly reduced heart rate, blood �ow velocity, and overall 

activity within 30 min (Figures 4C–F). Locomotor activity during 

both light and dark cycles also showed a marked reduction in total 

distance traveled (P < 0.05) (Figures 4G–I). In the 1 μmol/L TSN 

group, total movement distance increased compared with the PN 

group during both light and dark phases, but the difference was not 

statistically signi�cant (P > 0.05) (Figures 4C,D). However, co- 

treatment with 5 μmol/L TSN signi�cantly improved heart rate, 

blood �ow velocity, and vascular development compared to the 

25 μmol/L PN group (P < 0.05) (Figures 4B–D). Furthermore, the 

total travel distance in the 5 μmol/L TSN group was signi�cantly 

FIGURE 2 

Effects of TSN on the growth and development of juvenile zebrafish. Zebrafish larvae were exposed to various concentrations of TSN and PN for 

5 days. (A) Survival rate of larvae exposed to different concentrations of TSN. (B) Comparison of survival rates among control, PN, and TSN + PN treatment 

groups. (C) Body length measurements across treatment groups (n = 15). (D) Lateral view of zebrafish larvae stained with Oil Red O to visualize lipid 

distribution on the swim bladder (n = 6). (E) Quantification of swim bladder area in each group (n = 6). Abbreviations: sb, swim bladder; sl, surface lipid. 

N = 3 replicate. Error bars represent standard deviation. The significant differences between the different groups were evaluated using one-way ANOVA 

followed by Tukey’s test. P < 0.05 was considered statistically significant. Different letters indicate statistically significant differences.
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FIGURE 3 

TSN promotes bone regeneration and alleviates cartilage development abnormalities in osteoporotic zebrafish larvae. The six exposure groups 

included a DMSO control group, 25 µmol/L PN group, 15 µg/mL ED + PN group, and three TSN + PN treatment groups. All treatments were administered 

for 5 days. (A) Ventral view of the skulls of 9 dpf zebrafish larvae stained with alizarin red S. Abbreviations: mk, Meckel’s cartilage; hm, hyoid mandibular 

arch; op, operculum; cl, cleithrum; ps, parasphenoid bone; oc, occipital bone; nc, notochord; ch, ceratohyal; br, branchial ray. (B) Mineralized area 

measured by quantifying stained skull regions (n = 10). (C) IOD of stained skulls assessed by quantitative analysis (n = 10). (D) Fluorescence imaging of 

calcein-stained zebrafish vertebrae using fluorescence microscopy. (E) Mineralized area of vertebrae 1–3 in each group determined by quantitative 

analysis (n = 10). (F) IOD of vertebrae 1–3 across treatment groups (n = 10). (G) Ventral views of Alcian blue-stained cranial cartilage in zebrafish larvae, 

showing deep blue cartilage structures. (H) Quantitative analysis of the M-PQ angle (highlighted in red), an indicator of craniofacial chondrogenesis (n = 

15). Abbreviations: m, Meckel’s cartilage; pq, palatoquadrate; ch, ceratohyal; cb, ceratobranchial. Scale bar = 200 µm. N = 3 replicate. Error bars represent 

standard deviation. The significant differences between the different groups were evaluated using one-way ANOVA followed by Tukey’s test. P < 0.05 was 

considered statistically significant. Different letters indicate statistically significant differences.
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FIGURE 4 

Effects of TSN and PN at different concentrations on cardiovascular function and behavior in juvenile zebrafish. (A) Lateral view of vasculature in 

transgenic Tg[flk:EGFP] zebrafish showing internode angiogenesis near the notochord (n = 6). (B) IOD of blood vessels in each group, quantified by image 

analysis (n = 6). (C) Heart rate of zebrafish larvae across treatment groups (n = 15). (D) Blood flow velocity in zebrafish larvae under different treatments (n = 

15). (E) Representative locomotor trajectories of 9 dpf zebrafish across five exposure groups over 30 min. (F) Mean locomotor activity curves for each 

(Continued ) 
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higher than in the PN group (P < 0.05) (Figures 4E–I). These 

�ndings suggest that increasing the concentration of TSN can 

enhance cardiovascular function and locomotor ability in 

zebra�sh larvae.

3.4 Effects of TSN on oxidative stress

Compared with the DMSO control group, juvenile zebra�sh 

treated with 25 μmol/L PN showed signi�cantly higher ROS 

accumulation (P < 0.05) (Figures 5A,B). Additionally, PN 

treatment signi�cantly increased the content of MDA and 

reduced the CAT activity in the zebra�sh larvae (P < 0.05) 

(Figures 5C,D). However, co-treatment with 5 μmol/L TSN 

signi�cantly reduced ROS level and the content of MDA 

compared to the 25 μmol/L PN group (P < 0.05) (Figures 

5A–C). Furthermore, the CAT activity in the 5 μmol/L TSN 

group was signi�cantly higher than in the PN group (P < 0.05) 

(Figure 5D). These �ndings suggest that TSN can attenuate the PN- 

induced increase in oxidative stress in zebra�sh larvae.

3.5 Whole transcriptome 
sequencing analysis

3.5.1 Transcriptome assembly and analysis

RNA-seq data revealed substantial gene expression changes 

among the control group, 25 μmol/L PN group, and 5 μmol/L 

TSN + PN group. Using DEseq2 algorithms, a total of 5,889 DEGs 

were identi�ed between the PN and control 

groups—2,762 upregulated and 3,127 downregulated—among 

32,324 genes detected (Figures 6A,B). In comparison, 

1,560 DEGs were found between the TSN and PN groups, 

including 1,050 upregulated and 510 downregulated genes. PCA 

demonstrated clear separation among the control, PN, and TSN 

groups, indicating distinct transcriptional pro�les (Figure 6C). 

Hierarchical clustering of DEGs is shown in the accompanying 

heat map (Figure 6D). To better understand the biological 

implications of these DEGs, GO classi�cation and functional 

enrichment analyses were performed. DEGs between PN and 

Con groups were signi�cantly enriched in lipid metabolism and 

skeletal system development (Supplementary Figure S1). 

Furthermore, DEGs between the TSN and PN groups were 

signi�cantly enriched in processes such as lipid metabolism and 

myoblast migration involved in skeletal muscle regeneration. KEGG 

pathway analysis further highlighted functional pathways enriched 

in the TSN group compared with the PN group. Notably, DEGs were 

enriched in pathways related to protein digestion and absorption, 

mineral absorption, lipids and atherosclerosis, the PPAR signaling 

pathway, and the estrogen signaling pathway (Figures 6E,F).

3.6 Functional annotation of DEGseq

A Venn diagram revealed 505 “reversed” genes—those whose 

expression was altered by PN and subsequently reversed by TSN 

treatment—including 380 upregulated and 125 downregulated 

genes when comparing the 5 μmol/L TSN + PN group with the 

25 μmol/L PN and control groups (Figure 7A). Hierarchical 

clustering of these genes is shown in the heat map (Figure 7B). 

To further characterize the regulatory effects of TSN on gene 

expression in juvenile zebra�sh and assess the biological 

signi�cance of these reversed genes, GO and KEGG enrichment 

analyses were performed. Based on the GO classi�cation analysis 

results, the majority of genes associated with cellular components 

were categorized into “cell” and “cell part”, while genes involved in 

molecular functions primarily participated in “binding” and 

“catalytic activity” processes. For biological processes, the 

dominant categories included “cellular process” (292 DEGs), 

“metabolic process” (228 DEGs) and “biological regulation” 

(168 DEGs) (Supplementary Figure S2A). Then, conduct in- 

depth research on the biological processes aspect of the GO 

analysis. GO analysis indicated that the reversed genes were 

primarily involved in skeletal system development, lipid 

metabolism, and fatty acid β-oxidation (Figure 7C). KEGG 

pathway analysis revealed enrichment in pathways related to 

PPAR signaling pathway, lipid atherosclerosis, ROS and 

cholesterol metabolism (Figure 7D). Notably, the reversed 

downregulated genes exhibited signi�cant enrichment in 

pathways related to osteoclast differentiation 

(Supplementary Figure S2E).

3.7 Overview of reversed gene associations

The PPIN map illustrates the relationships among the reversed 

genes, highlighting strong correlations for acta1b, acox1, and 

cyp3a65 (Figure 8A). The PPIN also showed that among the 

505 reversed genes, the PPAR and ROS signaling pathways were 

most closely associated with skeletal and skeletal muscle 

development (Figure 8B).

3.8 Verification of transcriptomic 
sequencing using qRT-PCR

The heatmap of mRNA expression for key genes involved in 

skeletal development from the RNA-seq data showed that these 

genes were reversed following TSN treatment (Figure 9A). To 

validate the transcriptomic results, 25 signature genes related to 

skeletal development were analyzed by qRT-PCR. Although minor 

differences in expression levels were observed, the overall expression 

patterns were largely consistent with those identi�ed by high- 

throughput sequencing (Figure 9B). A signi�cant positive 

FIGURE 4 (Continued) 

group (n = 8). (G) Total distance moved by larvae during both dark and light phases within 30 min (n = 8). (H) Total distance moved during the dark 

phase (n = 8). (I) Total distance moved during the light phase (n = 8). N = 3 replicate. Error bars represent standard deviation. The significant differences 

between the different groups were evaluated using one-way ANOVA followed by Tukey’s test. P < 0.05 was considered statistically significant. Different 

letters indicate statistically significant differences.
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correlation was observed between the fold changes in expression of 

25 selected DEGs from RNA-seq and qRT-PCR, with a correlation 

coef�cient (R2) of 0.8178, as determined by linear regression 

analysis (Figure 9C).

4 Discussion

The present study investigated the protective ef�cacy of TSN 

against GIOP using a PN-induced zebra�sh model. The 

experimental protocol involved exposure to 25 μmol/L PN, a 

concentration previously validated for inducing osteoporosis in 

zebra�sh larvae (Jiang et al., 2024). Osteoporosis is a serious 

metabolic bone disorder characterized by reduced bone mass and 

an increased risk of fractures (Formosa et al., 2024), representing a 

FIGURE 5 

TSN can partially alleviate the oxidative stress induced by PN in zebrafish larvae. (A) Representative images of ROS fluorescence. (B) ROS levels of 

zebrafish assessed by quantitative analysis (n = 3). (C) CAT activity (n = 3). (D) The content of MDA (n = 3). Scale bar = 200 µm. Error bars represent standard 

deviation. Different letters indicate statistically significant differences (P < 0.05) among groups. N = 3 replicate. Error bars represent standard deviation. The 

significant differences between the different groups were evaluated using one-way ANOVA followed by Tukey’s test. P < 0.05 was considered 

statistically significant. Different letters indicate statistically significant differences.
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FIGURE 6 

DEGs among the control group, 25 µmol/L PN group, and 5 µmol/L TSN + PN group in RNA-seq analysis. (A,B) Volcano plots of DEGs. Red dots 

represent significantly upregulated genes; green dots represent significantly downregulated genes. (C) PCA of transcriptomic profiles in the control, PN, 

and TSN + PN groups. (D) Heatmap showing hierarchical clustering of significantly differentially expressed genes among the three groups. (E) GO 

enrichment analysis of upregulated and downregulated DEGs. (F) KEGG pathway enrichment analysis of upregulated and downregulated DEGs.
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signi�cant public health concern, particularly among aging 

populations (Shevroja et al., 2023). Although PN is widely used 

in the treatment of various diseases (Son et al., 2023), its prolonged 

use frequently results in secondary osteoporosis, negatively 

impacting patient outcomes and quality of life (Tanaka et al., 

2024). Zebra�sh were chosen as the model organism because of 

their conserved skeletal development and suitability for high- 

throughput analysis. To investigate the mechanisms by which 

TSN mitigates GIOP, we employed an integrative approach 

combining morphological assessment, transcriptomic sequencing, 

and molecular biology techniques. This comprehensive strategy 

enabled us to evaluate the therapeutic potential of TSN and 

uncover its underlying molecular mechanisms, offering a novel 

framework for studying traditional Chinese herbal medicines in 

the context of GIOP. Our �ndings demonstrate that 5 μmol/L TSN 

confers strong protection against PN-induced systemic toxicity, 

particularly in reducing skeletal damage. Additionally, bone 

health is closely related to vascular health. This relationship 

involves the vascular-skeletal microenvironment. The vascular 

system supplies oxygen and nutrients to bone tissue. It also 

transports hormones that regulate bone metabolism. These 

hormones directly or indirectly in�uence the differentiation and 

activity of osteoblasts and osteoclasts (Kusumbe et al., 2014). 

Physical activity serves as a functional indicator of the 

musculoskeletal system. It re�ects both bone integrity and muscle 

function. In GIOP, both bone integrity and muscle function are 

often affected simultaneously.

FIGURE 7 

Profile of TSN-induced changes in gene expression. (A) Venn diagram showing 505 DEGs whose expression was reversed by TSN treatment. (B) 

Heatmap displaying hierarchical clustering of the 505 reversed DEGs. (C) GO enrichment analysis scatterplot of the reversed genes. (D) KEGG enrichment 

analysis scatterplot of the reversed genes.
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Transcriptomics provides a powerful means of dynamically 

monitoring comprehensive molecular responses during the early 

stages of traditional Chinese herbal medicine interventions. This 

approach not only enables precise elucidation of the spatiotemporal 

dynamics of multi-target mechanisms underlying physiological 

adaptation, but it also helps establish a cross-omics evidence 

FIGURE 8 

Relationships among reversed genes and TSN target interactions. (A) PPIN of the 505 reversed genes. (B) PPIN of differentially expressed genes 

enriched in signaling pathways related to skeletal development.
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FIGURE 9 

Comprehensive analysis of key signaling pathways in skeletal development: expression profiles and transcriptomic validation. (A) Heatmap of gene 

expression in key signaling pathways related to skeletal development based on RNA-seq data. (B) qRT-PCR validation of gene expression across treatment 

groups. Twenty-five DEGs identified by RNA-seq were selected for validation and compared with RNA-seq results. (C) Correlation analysis between RNA- 

seq and qRT-PCR results. Dotted lines represent RNA-seq data; dots represent qRT-PCR data. R2 indicates the correlation coefficient, with higher 

values reflecting stronger agreement. The x-axis shows log2 fold changes from RNA-seq, and the y-axis shows log2 fold changes from qRT-PCR.
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chain—linking molecular interactions to pathological improvements 

through differential gene module–phenotype correlation analysis. This 

systems biology framework facilitates exploration of the synergistic 

mechanisms by which traditional herbal medicine mitigates GIOP. In 

our study, GO enrichment analysis of reversed genes revealed that those 

exhibiting inverse expression patterns following TSN treatment were 

predominantly enriched in three functionally interconnected biological 

processes, including skeletal system development (Figure 7C). These 

�ndings support the dual function of TSN in both mitigating GIOP and 

promoting osteogenesis. Notably, the progression of skeletal 

development was associated with a marked upregulation of 

extracellular matrix components, collagen family proteins, and 

regulators of cartilage formation-elements typically suppressed 

during GC exposure. This observation aligns with previous literature 

highlighting TSN’s osteogenic effects, mediated through the 

modulation of canonical bone formation pathways such as Wnt/β- 

catenin signaling, BMP-SMAD activation, and the PI3K/AKT/mTOR 

cascade (Kim and Kim, 2010; Zhou et al., 2020; Zeng and Bao, 2021).

Our GO enrichment analysis con�rmed that the reversed genes 

were signi�cantly enriched in lipid metabolic processes and fatty 

acid β-oxidation. This suggests that lipid metabolism may play a key 

role in mediating the therapeutic effects of TSN in alleviating GIOP, 

providing molecular evidence for the regulatory role of lipid 

catabolism in bone remodeling. Fatty acid β-oxidation, which 

occurs in both mitochondria and peroxisomes, is a highly 

ef�cient energy-generating process that critically supports the 

ATP-demanding functions of osteoblast differentiation, including 

chromatin remodeling and extracellular matrix mineralization 

(Shen et al., 2022). Mechanistically, each cycle of fatty acid β- 

oxidation generates two high-energy molecules that are 

subsequently oxidized via the mitochondrial electron transport 

chain, driving ATP synthesis through oxidative phosphorylation 

and alleviating the energy de�cit induced by GCs (Enkler et al., 

2023). Our study demonstrated that TSN signi�cantly enhances the 

fatty acid β-oxidation process, consistent with previous research 

�ndings (Gao et al., 2021). Furthermore, fatty acid β-oxidation helps 

mitigate GC-induced lipid accumulation by accelerating the 

breakdown of free fatty acids within bone marrow mesenchymal 

stem cells (Tabe et al., 2017), thereby reducing the abnormal buildup 

of lipid droplets (Gao and Chen, 2022). Ultimately, this process 

upregulates osteogenic markers in bone marrow mesenchymal stem 

cells while downregulating adipogenic markers, restoring the 

balance between osteogenic and adipogenic differentiation and 

enhancing bone formation capacity (Wang et al., 2024; Li et al., 

2025). In agreement with established �ndings, the TSN-induced 

promotion of fatty acid oxidation not only mitigates lipotoxicity but 

also restores energy metabolism balance. This, in turn, 

synergistically counteracts the GC-induced suppression of 

osteogenic differentiation (Yuan et al., 2022; Wang et al., 2024).

Experimental evidence demonstrating the coordinated 

enhancement of these three interrelated biological processes 

con�rms that TSN functions as a multi-target therapeutic agent. It 

effectively addresses two primary pathological outcomes induced by 

GCs: impaired bone formation and lipid accumulation. This 

multifaceted approach offers a more comprehensive strategy for 

managing GIOP compared with conventional antiresorptive 

therapies, which primarily target osteoclast inhibition. TSN directly 

recti�es de�ciencies in osteoblastic bone formation and lipid metabolic 

reprogramming—both critical for preserving skeletal integrity and 

functional outcomes (Tamura et al., 2004; Loomba et al., 2021). In 

contrast to traditional GIOP interventions, TSN’s broader mechanism 

of action addresses the root causes of skeletal deterioration.

This study showed that TSN modulates key pathways involved in 

cholesterol metabolism, PPAR signaling, and lipid atherosclerosis. TSN 

effectively restored the cholesterol metabolism pathway, thereby 

mitigating the adverse effects of hypercholesterolemia on trabecular 

bone. This �nding is consistent with existing literature, which 

establishes a strong correlation between elevated cholesterol levels 

and increased fracture risk (Dai et al., 2021; Liu X. et al., 2023). 

Additionally, TSN rebalanced PPAR signaling, targeting a well- 

established molecular switch that governs mesenchymal stem cell 

fate (Li et al., 2023). This regulatory effect counteracted the pro- 

adipogenic in�uence of PN, supporting prior evidence that 

restoration of the PPAR signaling pathway can alleviate GC-induced 

skeletal integrity compromise (Suo et al., 2022). This mechanism 

counteracts glucocorticoid-induced adverse effects in a multi-faceted 

manner, primarily by reversing the PPARα- and PPARγ-mediated 

suppression of bone formation and potentiation of adipogenesis, while 

potentially promoting osteogenesis and fatty acid oxidation through 

PPARβ/δ activation (Chougule et al., 2023; Liu Y. et al., 2023; Zhang 

et al., 2023; Pi et al., 2024). Concurrently, TSN intervention corrected 

dysregulated lipid metabolism and attenuated pathways associated with 

atherosclerosis, potentially enhancing osteogenic angiogenesis through 

remodeling of the vascular niche (Ren et al., 2019). The atherosclerotic 

vascular component plays a critical role in skeletal pathophysiology, 

with epidemiological studies highlighting a bidirectional relationship 

between vascular calci�cation and osteoporotic fractures, mediated by 

converging mechanisms (Chang et al., 2023). The PPAR signaling 

pathway intersects functionally with cholesterol metabolism and the 

regulation of lipid and atherosclerotic processes. TSN effectively restores 

lipid homeostasis disrupted by GC-induced dyslipidemia—a key 

contributor to skeletal vascular insuf�ciency and osteoblast 

dysfunction (Pi et al., 2024). This synergistic effect enhances skeletal 

vascular perfusion, supporting bone remodeling and contributing to the 

maintenance of osseous homeostasis (Kim et al., 2021).

The �ndings from this study suggest that TSN attenuates the ROS 

pathway, potentially mitigating oxidative stress–induced osteoblast 

apoptosis and excessive osteoclast activity—mechanisms that have 

been thoroughly validated in GC-induced bone deterioration (Chen 

et al., 2020; Li et al., 2025). Unlike ED, which primarily functions by 

directly inhibiting osteoclast activity, TSN employs a multi-targeted 

approach that preserves the therapeutic ef�cacy of GCs while 

addressing the underlying metabolic causes of bone loss. 

Importantly, these pathways operate as an integrated network 

rather than in isolation; the ROS signaling pathway interacts 

dynamically with the PPAR signaling pathway, cholesterol 

metabolism, and lipid atherosclerosis pathways. Activation of 

PPARγ enhances the expression of antioxidant enzymes, thereby 

directly neutralizing ROS and facilitating the repair of oxidative 

damage (Miao et al., 2021). Simultaneously, optimized cholesterol 

metabolism reduces bone marrow adiposity and mitigates lipid 

atherosclerotic responses by decreasing circulating low-density 

lipoprotein levels and inhibiting the deposition of oxidized low- 

density lipoprotein in endothelial cells and macrophages (Haghikia 

et al., 2022), further contributing to ROS neutralization and oxidative 

damage repair (Tan et al., 2019). As a result, this process alleviates lipid 
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atherosclerosis and improves skeletal blood supply, thereby reducing 

local hypoxia-induced ROS surges (Jia et al., 2016; Chen et al., 2022). 

Collectively, these mechanisms disrupt the cascade of ROS, 

in�ammation, and lipid disorders, preserving osteoblast function, 

inhibiting osteoclast hyperactivation, and maintaining vascular bone 

homeostasis in the context of GIOP. This interconnected mechanism 

aligns with recent studies identifying the interplay between PPAR 

signaling, lipid metabolism, and ROS as a promising therapeutic target 

for GIOP (Jiang et al., 2016; Xia et al., 2024).

This study provides compelling evidence for the therapeutic 

potential of TSN in a zebra�sh model of GIOP. However, further 

research is needed to substantiate these �ndings. Zebra�sh larvae 

undergo rapid bone development and mineralization. Their 

physiological processes are predominantly driven by bone 

formation. This differs fundamentally from the imbalance in bone 

remodeling observed in adult glucocorticoid-induced osteoporosis. In 

adult osteoporosis, the condition is characterized by suppressed bone 

formation and enhanced bone resorption. Thus, although the present 

model is appropriate for analyzing the direct osteogenic effects of the 

drug, it cannot recapitulate the enhanced osteoclast-mediated bone 

resorption or its complex coupling with bone formation typical of adult 

osteoporosis. Future studies should further verify the preventive and 

therapeutic effects of tanshinone II A in mature animal models. 

Suitable models may include ovariectomized rats, mammals 

subjected to long-term glucocorticoid treatment, or adult zebra�sh. 

Such models would allow a more systematic evaluation of the 

compound’s role in regulating the bidirectional balance of bone 

metabolism. They would also provide experimental evidence more 

closely aligned with actual pathophysiology to support clinical 

translation. Additionally, a more detailed examination of speci�c 

molecular interactions within the identi�ed pathways—and how 

these are modulated by TSN—is essential for a comprehensive 

understanding of its mechanism of action. Our conclusions are 

primarily drawn from transcriptional regulation data. Future studies 

should incorporate protein-level validation. This approach will provide 

stronger support and fully clarify the molecular mechanism through 

which TSN mitigates osteoporosis. Exploring various routes of 

administration and formulations of TSN may also be critical for 

advancing its clinical application. Overall, this research lays a strong 

foundation for the continued investigation of TSN as a promising 

candidate for the prevention and treatment of GIOP.

5 Conclusion

This study con�rmed the substantial osteoprotective effects of 

TSN in a PN-induced larval zebra�sh model of GIOP. Our �ndings 

demonstrate that TSN holds signi�cant therapeutic potential as a 

natural compound for mitigating osteoporosis progression and 

reducing cartilage abnormalities. The underlying mechanisms 

appear to involve modulation of key mediators within skeletal 

development pathways. Additionally, TSN was found to 

ameliorate GIOP by in�uencing critical biological processes, 

including PPAR signaling, lipid metabolism, and ROS regulation. 

These results underscore the promise of TSN as a novel therapeutic 

agent for osteoporosis, warranting further mechanistic studies and 

preclinical validation to con�rm its ef�cacy and mechanism- 

based action.
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