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Abstract. Salidroside (SAL) is a bioactive constituent 
extracted from Rhodiola rosea plant and exerts antioxidant 
and anti‑inflammatory properties. However, understanding of 
SAL for the treatment of arthritis is limited. The aim of the 
present study was to investigate whether SAL treats lipopoly‑
saccharide (LPS)‑induced chondrocyte injury by modulating 
the sirt1 silent information regulator 1)/FoxO1 (forkhead 
transcription factors O1) signaling pathway. Network phar‑
macology was used to screen the potential pathway of SAL 
for the treatment of osteoarthritis via the ferroptosis pathway. 
Subsequently, a chondrocyte inflammation model was 
established in vitro using LPS and SAL was used as a drug 
treatment. Effects of SAL treatment of chondrocytes was 
evaluated by western blot analysis, fluorescence, cell viability 
and oxidative assay. Analysis revealed that SAL significantly 
attenuated LPS‑induced apoptosis and accumulation of oxides 
in chondrocytes, thereby protecting the integrity of cartilage 
extracellular matrix. In addition, SAL promoted the activa‑
tion of the sirt1/foxo1 signaling cascade, which alleviated 
LPS‑induced ferroptosis in chondrocytes. The present study 
demonstrated that SAL attenuated LPS‑induced chondrocyte 
ferroptosis by regulating the sirt1/foxo1 pathway. This may 
provide a potential therapeutic avenue for cartilage damage in 
osteoarthritis.

Introduction

Osteoarthritis (OA) is one of the most common degenerative 
bone and joint diseases among the elderly, characterized by 

joint pain and transient morning stiffness, accompanied by 
joint swelling, tenderness and joint movement noise, and in 
severe cases, joint deformity. OA affects ~10% of males and 
~18% of females aged >60 years worldwide (1). In developed 
countries, the economic loss due to OA accounts for 1.0‑2.5% 
of the gross domestic product and it is one of the notable 
sources of pain, disability and socio‑economic cost in the 
world (2). In the rapidly aging population, OA is a serious 
health problem.

FoxO1 forkhead transcription factors O1 (FoxO1), a 
member of the mammalian FoxO family, is expressed in 
almost all tissue in all mammals and has an important 
role in the regulation of apoptosis and oxidative stress (3). 
Akasaki et al  (4) revealed that FoxO1 expression in chon‑
drocytes from patients with OA is considerably reduced 
compared with that in chondrocytes from healthy indi‑
viduals (4). Matsuzaki et al (5) revealed that overexpression 
of FoxO1 in OA chondrocytes decreases inflammatory 
mediators and cartilage‑degrading enzymes and increases 
the expression of protective genes, whereas FoxO1 knockout 
mice exhibit a markedly increased onset of OA (5). Silent 
information regulator 1 (Sirt1) is a NAD+‑dependent histone 
deacetylase, a key target for the treatment of numerous types 
of metabolic disorder (such as type 2 diabetes mellitus) and 
a longevity gene. Sirt1 factors are involved in the regulation 
of various signaling pathways such as P53 and Sitr1 (6). In 
the Sirt1/FoxO1 signaling pathway, Sirt1 serves a role in 
controlling the nuclear translocation and transcriptional 
activity of FoxO1, and positively or negatively regulates the 
activity of FoxO1 according to the target gene or cell type. 
With the in‑depth study of signaling pathways, the association 
between FoxO1 and Sirt1 has been demonstrated in several 
diseases, such as diabetic nephropathy, depression, hyperten‑
sion and OA (7‑10). Sirt1/FoxO1 signaling pathway may have 
therapeutic potential as it regulates cellular ferroptosis in 
cardiovascular and neurological disease (11,12). However, the 
roles of ferroptosis and the Sirt1/FoxO1 signaling pathway in 
OA remain unclear and require further validation.

Salidroside (SAL) is the bioactive constituent extracted 
from the Rhodiola rosea plant, which exhibits pharmacolog‑
ical properties. These include anti‑hypoxic, anti‑inflammatory 

Salidroside ameliorates lipopolysaccharide‑induced ferroptosis 
in chondrocytes via regulation of the sirt1/foxo1 axis
XU ZHANG1,2,  LING HUANG3,  WENJUN FENG4,  DANGHAN XU4  and  YIRONG ZENG4

11st School of Medicine, Guangzhou University of Chinese Medicine, Guangzhou, Guangdong 510405, P.R. China; 
2Department of Orthopedics, Leliu Hospital Affiliated to Shunde Hospital of Guangzhou University of Chinese Medicine, Guangzhou,  

Guangdong 528000, P.R. China; 3Department of Orthopedics, Shunde Third People's Hospital, Guangzhou, Guangdong 528000, P.R. China;  
4Department of Orthopaedics, First Affiliated Hospital, Guangzhou University of Chinese Medicine,  

Guangzhou, Guangdong 510405, P.R. China

Received October 23, 2024;  Accepted February 18, 2025

DOI: 10.3892/mmr.2025.13502

Correspondence to: Professor Yirong Zeng, Department of 
Orthopaedics, First Affiliated Hospital, Guangzhou University 
of Chinese Medicine, 16 Jichang Road, Baiyun, Guangzhou, 
Guangdong 510405, P.R. China
E‑mail: z39298@sohu.com

Key words: salidroside, osteoarthritis, sirt1/foxo1 signaling, 
ferroptosis

https://www.spandidos-publications.com/10.3892/mmr.2025.13502


ZHANG et al:  SAL ENHANCES CHONDROCYTE VIABILITY AND PROTECTS ECM FROM DEGRADATION2

and anti‑fibrotic effects, as well as the ability to increase 
the effectiveness of the immune system and safeguard the 
nervous system. It has also been established as being safe and 
lacking toxicity (13). Extensive research has demonstrated the 
beneficial anti‑inflammatory impact of SAL on various body 
systems, including the nervous (14), digestive (15) and circula‑
tory systems (16), with notable effects on joint inflammation 
as well (17). SAL has been documented to offer protection 
against cartilage degeneration, exhibiting promising thera‑
peutic effects against the early acute phase symptoms of OA 
in rats (18,19). However, the precise mechanism by which SAL 
influences the regulation of chondrocyte ferroptosis through 
the Sirt1/FoxO1 pathway in the treatment of OA remains to be 
elucidated.

The aim of the present study was to verify whether SAL 
could reduce chondrocyte apoptosis and oxidative stress and 
treat osteoarthritis through the Sirt1/FoxO1 pathway by bioin‑
formatics analysis and in vitro experiments.

Materials and methods

Databases, analysis platforms and sof tware. Drug 
target prediction (targetnet; targetnet.scbdd.com/) was 
used for SAL target acquisition. Drug target prediction 
(SwissTargetPrediction; http://swisstargetprediction.ch/) 
is used for SAL target acquisition. Drug target prediction 
(Pharmmapper; pharmmapper. com/) is used for SAL target 
acquisition. Online Catalog of Human Genetic Diseases 
(OMIM; omim.org/) for Osteoarthritis Disease Target 
Acquisition. Human Gene Database (GeneCards; genecards.
org) for Osteoarthritis Disease Target Acquisition. ferroptosis 
Database (FerrDb; zhounan.org/ferrdb/current/) for access to 
ferroptosis‑related targets. UniProt protein database (uniprot.
org) was used to match the protein target information obtained 
and corrected to uniform gene names. STRING database 
(string‑db.org) PPI network construction and core target 
screening. Metascape database (metascape.org) for Gene 
ontology (GO) functional enrichment analysis and Kyoto ency‑
clopedia of genes and genomes (KEGG) pathway enrichment 
analysis. Cytoscape 3.9.1 software (https://Cytoscape.org) 
building ‘target‑pathway’ networks. Microbiotics Analysis 
Platform (bioinformatics.com.cn) visualizes the results of the 
enrichment analysis.

SAL target acquisition. Chemical structure formula was 
obtained from PubChem and entered into target prediction 
websites Targenet, SwissTargetPrediction and Pharmmapper, 
to obtain the predicted target. The chemical composi‑
tions and corresponding target proteins were exported. 
Non‑corresponding target compositions were eliminated, 
and information was entered into a Microsoft Excel(Office16, 
Microsoft Corp.) spreadsheet. Due to the inconsistency of 
gene name codes in different databases, target names were 
standardized before analysis and the parameter values were set 
to ‘reviewed, human’ and ‘gene name primary’ in the UniProt 
protein database. The verified human protein target file was 
downloaded after setting ‘reviewed, human’ and ‘gene name 
primary’ parameters in the UniProt protein database and 
protein targets were matched with the protein information in 
the UniProt database and corrected to a unified gene symbol.

Disease target acquisition. GeneCards, DrugBank and 
Therapeutic Target Database (TTD) databases were searched 
for potential therapeutic targets for OA using ‘osteoarthritis’ 
as the key word. Targets were combined, and duplicate genes 
were removed to create a target set.

Potential ferroptosis pathway targets of action for SAL in 
the treatment of OA. To determine the mechanism of interac‑
tion of SAL in the intervention and treatment of OA, known 
ferroptosis‑associated targets were downloaded from the 
FerrDb database; following Wein mapping, the intersection of 
SAL targets of action, OA targets and ferroptosis targets, was 
visualized as a Venn diagram (Venny 2.1.0 ‑ CSIC; bioinfogp.
cnb.csic.es/tools/venny/).

Construction of protein‑protein interaction (PPI) network 
and screening of core targets. All intersecting targets were 
imported into the STRING database and then a PPI network 
model was constructed. The PPI network modeling diagram 
enables the visualization of the cellular functional interac‑
tions between cellular expression and function of proteins. 
After obtaining the search results, the PPI network diagram 
was imported into Cytoscape 3.9.1 software (xiazai.zol.com.
cn/detail/53/528431.shtml)to analyze the topological param‑
eters of each node using the plug‑in CytoNCA and evaluate 
the importance of targets in the network from three screening 
dimensions (node connectivity, median centrality and prox‑
imity to centrality) and ultimately construct a core target 
screening network to obtain core targets.

Core target Gene Ontology (GO) biofunction and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) information 
transduction pathway enrichment analysis. To determine 
gene functions and their involvement in signaling pathways 
for the key targets, these targets were integrated into the 
Metascape database. The genes underwent GO (20) functional 
and KEGG (21) pathway enrichment analysis. The outcomes 
were visualized using MBC platform (bioinformatics.com.
cn/). The visualization was organized by P‑value, with the 
first 10 entries of each section of the GO and the KEGG 
analysis displayed through the MBC platform. To elucidate 
the interconnections between the targets and pathways, a 
‘target‑pathway’ network was established using Cytoscape 
3.9.1 software for the top 20 signaling pathways and the genes 
that modulate them, providing a clearer understanding of the 
regulatory association.

Reagents and materials. Penicillin/streptomycin, fetal 
bovine serum (FBS; Solarbio Science & Technology Co., 
Ltd.) and trypsin were purchased from Thermo Fisher 
Scientific, Inc. DMEM/F12 and PBS were purchased from 
Wuhan Servicebio Technology Co., Ltd. Cell Counting 
Kit‑8 (CCK‑8) was purchased from GLPBIO Technology 
LLC. RIPA lysis and loading buffer BCA analysis and 
DS‑PAGE gel preparation kit were provided by Beyotime 
Biotechnology. Toluidine blue staining (cat.  no.  G3660) 
and glutathione (GSH, cat.  no.  BC1175) and malondial‑
dehyde (MDA, cat.  no.  BC0025) content assay kit were 
purchased from Beijing Solarbio Science & Technology 
Co., Ltd. Nicotinamide was purchased from sigma 
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(cat.  no. 38806381). Collagen II (Col2; cat.  no. AF0135), 
MMP3 (cat. no. AF0217), MMP13 (cat. no. AF5355), Bax 
(cat. no. AF0120), Bcl2 (cat. no. AF6139), Gpx4 (Glutathione 
Peroxidase 4, cat. no. DF6701), SLC7A11 (cat. no. DF12509), 
Sirt1 (cat. no. DF6033), FoxO1 (cat. no. AF3419), β‑actin 
(cat. no. AF7018) and goat anti‑rabbit IgG (cat. no. S0001) 
were purchased from Affinity Biosciences.

Primary cell extraction and culture. This animal experiment 
was approved by the Animal Ethics Committee of the First 
Affiliated Hospital of Guangzhou University of Traditional 
Chinese Medicine (approval no.  GZTCMF1‑20240301‑3). 
Chondrocytes were harvested from 1‑week‑old C57BL/6J 
mice (22,23). In total, we extracted 4 male mice, and their 
average weight was about 6 g. The animals were humanely 
euthanized via cervical dislocation, and death was confirmed 
by cardiac arrest, followed by full‑body disinfection with 
alcohol. The lower limbs were excised and the knee joints 
were extracted. The articular cartilage was sectioned into 
1 cm3 pieces. These cartilage fragments were initially treated 
with 0.25% trypsin for 30 min at 37˚C to dissociate the cells 
and digested with 0.25% type II collagenase (Sigma‑Aldrich; 
Merck KGaA; cat. no. 9001121) for 6 h at 37˚C temperature 
to degrade the extracellular matrix. The resulting cell suspen‑
sion was filtered to purify the chondrocytes, as previously 
descried  (24). The isolated chondrocytes were cultured in 
DMEM/F12 enriched with 10% FBS at 37˚C and 5% CO2. 
When cells reached 80% confluence, they were passaged. For 
subsequent experimental procedures, chondrocytes from the 
second to fifth passage were used.

CCK‑8 assay. Chondrocytes were seeded into 96‑well plates 
at a density of ≥5,000 cells/well. Once the cells had adhered, 
they were challenged with LPS at a concentration of 1 µg/ml. 
Cells were exposed to a series of SAL concentrations (0.0, 1.0, 
2.5, 5.0, 10.0, 25.0 and 50.0 µM) in a stepwise manner at 37˚C. 
After 24 or 48 h, the culture medium was removed, and the 
wells were rinsed with PBS 2‑3 times to remove residual 
medium. Subsequently, 100 µl serum‑free DMEM/F12 was 
added to each well with 10 µl CCK‑8 to assess cell viability. 
The plates were then returned to the cell culture incubator 
for 2 h, optical density (OD) at 450 nm was measured using 
a microplate reader and the absorbance values for each well 
were recorded.

Toluidine blue staining. Toluidine blue staining was used to 
stain cartilage and chondrocytes  (25). Chondrocytes were 
seeded in 12‑well plates with pre‑laid coverslips (8x104/well; 
confluence of approximately 60%) and then removed and 
rinsed with PBS buffer three times. The cells were then fixed 
with 4% paraformaldehyde for 20 min at 4˚C and washed 
with distilled water three times. Subsequently, toluidine blue 
chondrocyte staining solution was added for 30 min at 37˚C, 
cells were washed with distilled water three times and water 
was drained using filter paper. Subsequently, cells were 
differentiated with 100% acetone (room temperature, 30 sec) 
until the chondrocytes were blue‑purple and distinguishable, 
dehydrated with gradient ethanol, immersed in xylene and 
sealed with neutral gum to dry before observation under a 
light microscope.

Western blotting. A total of 3x105 chondrocytes were grown 
in 6‑well plates and treated with LPS (1 µg/ml), nicotinamide 
(10 mM) (26) and SAL (5 and 10 µm) for 24 h at 37˚C. Cells 
were washed with PBS 2‑3 times and lysed with an 80ulRIPA 
lysis buffer and PMSF (100:1) per well. The lysed samples 
were placed on ice in a shaker for 20 min followed by centrifu‑
gation for 15 min (13,700 x g/min; 4˚C). The supernatant 
was collected, and the protein concentration was determined 
using a BCA protein concentration assay kit. Protein samples 
(10 µg/lane) was loaded onto 10% pre‑made polyacrylamide 
gels for electrophoresis (100 V for 50 min). The proteins were 
transferred to the PVDF membrane (240 A for 90 min). PVDF 
membrane was cut into strips of corresponding molecular 
mass, and the membrane was incubated with rapid Blocking 
Buffer (Beyotime Institute of Biotechnology; cat. no. P0252) 
for 15 min at room temperature; after washing the membrane 
three times with TBST (containing 0.1% Tween 20), the strips 
were placed in primary antibody incubation solution [Col2; 
Mmp3; Mmp13; Bax; Bcl2; Gpx4; Slc7a11; Sirt1; FoxO1; 
phosphorylated (p‑) FoxO1(Affinity, cat. no. AF3416). All anti‑
bodies are at a 1:1,000 dilution.] at 4˚C overnight. Following 
washing three times with TBST, the strips were placed in 
diluted secondary antibody (1:5,000) incubation solution for 
1.5 h at room temperature on a shaker; the strips were washed 
three times with TBST and exposed in a dark room by placing 
the strips on an exposure cassette, adding developer solution 
dropwise (1:1 AB solution). Membranes were placed in the 
Bio‑Rad imaging system for exposure. The exposed strips 
were scanned by a gel imaging system (Bio‑Rad Laboratories, 
Inc.) and processed by ImageJ (National Institutes of Health, 
V.1.8.0‑172), semi‑quantified by western blot grayscale scan‑
ning and analyzed by GraphPad Prism software (Dotmatics, 
version 9.0.2).

Determination of ROS and lipid ROS levels. Intracellular 
levels of ROS and lipid peroxides were assessed using 
ROS (Biosharp Life Sciences, cat.  no. BL714A) and lipid 
peroxides assay kits (Beyotime Institute of Biotechnology; 
cat. no. S0043M). Following treatment with LPS (1 µg/ml) 
and SAL (5 and 10 µm) for 24 h at 37˚C, chondrocytes were 
washed with PBS to remove residual media. DCFH‑DA probe 
at a final concentration of 10 µM or BODIPY C11 probe at 
a concentration of 2 µM was added at 37˚C in the dark for 
30 min to allow the probe to penetrate and be converted to 
fluorescent form in the presence of ROS and lipid peroxides, 
and the cells were washed twice with PBS. The cells were 
observed under a fluorescence microscope and images were 
captured to visualize intracellular oxides.

GSH detection assay. Cells were seeded into 6‑well plates 
(1x106 chondrocytes), collected and washed twice with PBS; 
reagent 1 (cat. no. BC1175; Beijing Solarbio, and the kit was 
used according to the manufacturer's instructions) was added to 
the suspended cells and the cells were placed in liquid nitrogen 
at ‑80˚C followed by immersion in a water bath at 37˚C to 
freeze and thaw three times, each time for 3 min. Cells were 
centrifuged with a high‑speed centrifuge (8,000 x g; 10 min) 
at 4˚C, supernatant was collected and reagent 2 was placed 
in a water bath at 37˚C for 35 min. The standard curve was 
prepared according to the glutathione content assay kit (GSH, 

https://www.spandidos-publications.com/10.3892/mmr.2025.13502


ZHANG et al:  SAL ENHANCES CHONDROCYTE VIABILITY AND PROTECTS ECM FROM DEGRADATION4

cat. no. BC1175) using Reagent 1. Blank (20 distilled water; 140 
Reagent 2; 40 µl Reagent 3), sample (20 sample; 140 Reagent 
2; 40 µl Reagent 3) and standard curve wells (20 standard; 
140 Reagent 2; 40 µl Reagent 3; three replicates/group) were 
mixed, and then the absorbance was measured at 412 nm at 
ambient temperature. The concentration of the samples was 
calculated according to the standard curve formula, and the 
GSH content was calculated.

MDA detection assay. Cells were seeded (1x106 chondrocytes), 
the cells by adding 1 ml lysis buffer from the MDA content 
assay kit at room temperature and shaking, centrifuged 
(8,000 x g, 10 min, 4˚C) and placed the supernatant on ice. 
In the experimental group, 300 MDA working solution, 100 
distilled water and 100 µl MDA kit reagent 3 were added to 
each tube. In the control group, 300 MDA working solution 
and 100 µl MDA kit reagent 3 were added. The mixture was 
incubated in a water bath at 100˚C for 2 h and cooled imme‑
diately on ice. The mixture was then centrifuged (1,000 x g; 
10 min; room temperature) and 200 µl supernatant was placed 
in a 96‑well plate; absorbance value at 532 nm was tested with 
enzyme‑labeling apparatus. The amount of MDA was calcu‑
lated according to the manufacturer's instructions.

Transmission electron microscopy. After treating the cells 
with LPS (1 µg/ml) and SAL (5 and 10 µm) for 24 h at 37˚C, 
the cells were fixed with 2.5% glutaraldehyde solution at 4˚C 
overnight. Cells were dehydrated stepwise with ascending 
ethanol and transferred to absolute acetone. Samples were 
embedded in epoxy resin and cut sections of 60 nm thickness. 
Sections were stained with 2% uranyl acetate solution for 
30 min at room temperature, followed by staining in a 1% lead 
citrate solution for 5‑8 min at room temperature. Samples were 
observed under a transmission electron microscope.

Statistical analysis. Results are from at least three different 
experiments. Data are presented as the mean ± SD. Data were 
analyzed using SPSS 25.0 software (IBM Corp.) and compari‑
sons between multiple samples satisfying normal distribution 
were performed using one‑way ANOVA and Tukey's post hoc 
test. P<0.05 was considered to indicate a statistically signifi‑
cant difference.

Results

Bioinformatics analysis of SAL and ferroptosis‑associated 
targets in OA. A total of 512 targets for drug therapy were 
obtained by entering the chemical structure formula of SAL 
into Targenet, SwissTargetPrediction and Pharmmapper. 
GeneCards, DrugBank, and TTD databases were searched 
and 4,723 potential targets were obtained, combined with 
ferroptosis‑associated targets and duplicate genes were 
removed, resulting in 34 intersecting targets (Fig. 1A). PPI 
networks were constructed for these potential targets to under‑
stand the functional interactions between cellular expression 
and proteins (Fig. 1B). Enrichment analysis of potential targets 
revealed their biological roles and pathways. These biological 
processes included ‘cellular response to oxidative stress’ 
(Fig. 1C). In addition, KEGG pathway enrichment analysis 
revealed that these targets were concentrated in biological 

pathways such as ‘FoxO signaling pathway’, ‘lipid and athero‑
sclerosis’ and ‘apoptosis’ (Fig. 2A and B).

SAL increases viability of LPS‑induced chondrocytes and 
protects extracellular matrix from degradation. To screen 
the optimal concentration of SAL for chondrocyte treatment, 
chondrocytes were treated with LPS and SAL (0‑50 µM). 
Concentrations of 2.5‑10.0  µM were significant at  24  h, 
whereas at 48 h only concentrations of 5 and 10 µM were 
significant. (Fig.  3A  and  B). Therefore, these concentra‑
tions were used for subsequent experiments. Toluidine blue 
staining of chondrocytes revealed light blue cytoplasm and 
dark blue nuclei. The number of chondrocytes was reduced, 
and the number of cellular projections were increased in 
the model group, whereas these phenomena were alleviated 
following SAL treatment (Fig. 3C). Subsequently, the thera‑
peutic effect of SAL on LPS‑induced chondrocyte apoptosis 
and extracellular matrix was verified using western blotting. 
Col2 expression decreased and Mmp3 and Mmp13 expres‑
sion increased with LPS treatment. Similarly, Bax expression 
increased whilst Bcl2 expression decreased. These results 
suggested that LPS can induce chondrocyte apoptosis as well 
as extracellular matrix degradation. Additionally, SAL was 
largely able to reverse the effects induced by LPS, especially 
at high concentrations (Fig. 3D‑I). These results suggested that 
SAL reversed the decrease in chondrocyte viability caused 
by LPS in a dose‑dependent manner and protected cartilage 
extracellular matrix from degradation.

SAL attenuates LPS‑induced ferroptosis in chondrocytes. As 
aforementioned lipid and oxidative stress are target pathways 
associated with ferroptosis. Therefore, LPS‑induced ferrop‑
tosis in chondrocytes was investigated. Electron microscopy 
revealed that LPS‑treated cells exhibited atrophied mitochon‑
dria, increased membrane density and no obvious DNA breaks 
in the nucleus, features of ferroptosis, which could be reversed 
by the SAL intervention (Fig. 4A). The ferroptosis marker 
proteins Gpx4 and SLC7A11 were detected using western 
blotting, which revealed that expression of these proteins 
decreased following LPS induction, while SAL treatment 
increased the expression of these proteins (Fig. 4B‑D). LPS 
decreased GSH content in chondrocytes and increased the 
oxidative MDA content (Fig. 4E and F). These results verified 
that intracellular ferroptosis was occurring. Intracellular lipid 
peroxide and ROS content was detected with BODIPY C11 
and DCFH‑DA probe. The results suggested that LPS‑induced 
chondrocytes had low levels of unoxidized lipids (red fluores‑
cence) and high levels of oxidized lipids (green fluorescence.) 
SAL relieved intracellular lipid peroxidation stress, although 
not to the same level as the control group (Fig. 4G). Similar 
results were obtained by the intracellular ROS assay (Fig. 4H). 
These results demonstrated that SAL alleviated LPS‑induced 
ferroptosis in chondrocytes.

SAL alleviates intracellular ferroptosis in chondrocytes by 
modulating the sirt/FoxO1 pathway. Network pharmacology 
analysis revealed that SAL may be involved in OA through 
the FoxO pathway. Western blotting revealed that intracellular 
sirt1 levels decreased in response to LPS induction, as did 
p‑FoxO1 expression; expression of both increased following 
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Figure 1. Target acquisition and enrichment analysis of SAL for ferroptosis in osteoarthritis. (A) Venn diagram of salidroside vs. OA target genes and ferrop‑
tosis targets. (B) PPI interaction network diagram of intersecting targets. (C) Biofunctional analysis of Gene Ontology for salidroside treatment of OA. OA, 
osteoarthritis; PPI, protein‑protein interaction.
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SAL treatment, suggesting regulation of this pathway by SAL 
(Fig. 5A‑C). SAL was docked to these two protein molecules, 
and both bound well (Fig. 5D). To validate the role of SAL 
in this pathway, the sirt1 inhibitor nicotinamide was used, 
which prevented the SAL‑induced increase in sirt 1 and 
p‑FoxO1 protein levels. Increased expression of both Gpx4 
and SLC7A11 proteins was similarly inhibited (Fig. 5E‑I). 
Therefore, SAL may regulate ferroptosis in chondrocytes by 
modulating the Sirt/FoxO1 pathway.

Discussion

OA is characterized by chondrocyte dedifferentiation and 
cartilage degeneration and defects. There is a lack of effective 
drugs to promote the repair of cartilage damage in patients 
with OA, and treatment is focused on delaying disease 
progression (27). Articular cartilage is primarily composed of 
chondrocytes, which produce extracellular matrix. Numerous 
factors such as inflammatory cytokines, abnormal mechanical 

Figure 2. KEGG enrichment analysis of SAL targets for the treatment of ferroptosis in osteoarthritis. (A) Target‑pathway network diagram of core targets. 
(B) Map of the top 20 signaling pathways for Kyoto Encyclopedia of Genes and Genomes.
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stimuli, chondrocyte cell demodulation and oxidative stress 
can disrupt the balance between chondrocyte physiology and 
matrix conversion, which can lead to matrix loss and tissue 

degeneration, thus leading to OA (28). There are two primary 
classes of drugs that induce OA in in  vitro models, one 
belonging to cytokines and the other to endotoxins. Cytokines 

Figure 3. SAL increases viability of LPS‑induced chondrocytes and protects extracellular matrix from degradation. Viability of chondrocytes following LPS 
and SAL treatment for (A) 24 and (B) 48 h. (C) Toluidine blue staining plots of chondrocytes after intervention with SAL and LPS for 24 h. Scale bar, 100 µm. 
(D) Representative western blot analysis of (E) Col2, (F) Mmp3, (G) Mmp13, (H) Bax, (I) Bcl‑2. ****P<0.0001, ***P<0.001, **P<0.01, *P<0.05 vs. LPS (1 µg/ml) 
+ 0 µM SAL. LPS, lipopolysaccharide; SAL, salidroside; Col2, Collagen II; ns, non‑significant.

https://www.spandidos-publications.com/10.3892/mmr.2025.13502
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Figure 4. SAL attenuates LPS‑induced ferroptosis in chondrocytes. (A) Electron microscopy was used to observe the morphology of chondrocytes following 
LPS and SAL treatment. Scale bar, 500 nm. (B) Representative western blot analysis of (C) Gpx4 and (D) SLC7A11. (E) GSH and (F) MDA content determina‑
tion in chondrocytes. (G) BODIPY C11 probe incubation of chondrocytes to detect intracellular LPO fluorescence intensity. (H) DCFH‑DA probe incubated 
chondrocytes to detect intracellular ROS fluorescence intensity. Scale bar, 100 µm. ****P<0.0001, ***P<0.001, **P<0.01, *P<0.05. vs. LPS. LPS, lipopolysac‑
charide; SAL, salidroside; ROS, reactive oxygen species; ns, non‑significant; Gpx4 glutathione Peroxidase 4; SLC7A11, Solute Carrier Family 7 Member 11; 
GSH, Glutathione; MDA, Malondialdehyde; LPO, Lipid Reactive Oxygen Species.
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Figure 5. SAL alleviates intracellular ferroptosis in chondrocytes by modulating the sirt/FoxO1 pathway. (A) Representative western blots of (B) sirt1 and 
(C) p‑FoxO1. (D) 2D and 3D molecular docking of SAL with Sirt1 and FoxO1. (E) Representative western blots of (F) sirt1, (G) p‑FoxO1, (H) Gpx4 and 
(I) SLC7A11 following nicotinamide treatment. ****P<0.0001, ***P<0.001, **P<0.01, *P<0.05. vs. LPS. SAL, salidroside; LPS, lipopolysaccharide; sirt1, silent 
information regulator 1; p‑FoxO1, phosphorylated Forkhead box protein O1; Gpx4, Glutathione Peroxidase 4; SLC7A11, Solute Carrier Family 7 Member 11.

https://www.spandidos-publications.com/10.3892/mmr.2025.13502
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are represented by IL1β and TNFα, and endotoxins are 
represented by LPS, which are used in the majority of in vitro 
models of OA (29‑32). Therefore, LPS was selected for the 
in vitro model. In the present study, changes in chondrocytes 
were observed in an LPS‑induced in vitro inflammation model. 
Number of chondrocytes in the model group was significantly 
decreased, the morphology was changed and the tentacles 
were increased. The western blotting showed a decrease in 
Col2 and Bcl2, and an increase in MMP3, MMP13, and Bax 
in the model group, indicating that the extracellular matrix of 
cartilage was damaged and the apoptotic index was increased. 
Following SAL intervention in the cells, the expression of 
Col2, MMP3, MMP13, Bcl2 and Bax were reversed. SAL not 
only increased the cell viability with increasing concentrations 
but also restored the extracellular matrix and apoptosis.

‘FoxO signaling pathway’, ‘lipid and atherosclerosis’ and 
‘apoptosis’ were selected for analysis. Firstly, among the top 
20 pathways, due to the large database and the overlapping 
nature of the pathways, there were pathways that were not 
relevant to the present study, such as ‘pathways in cancer’, 
‘Shigellosis’, ‘human cytomegalovirus infection’, ‘chemical 
carcinogenesis‑receptor activation’, ‘relaxin signaling 
pathway’, ‘prostate cancer’, ‘Kaposi Sarcoma‑associated 
herpesvirus infection’, ‘human immunodeficiency virus 
1 infection’, ‘hepatocellular carcinoma’ and ‘hepatitis B’. 
Research on ferroptosis primarily focuses on oxidative 
stress and apoptosis; these two processes have interactions 
with each other (33,34). Lipid peroxidation is one of the key 
pathways to activate ferroptosis (35). Sirt1/FoxO1 signaling 
pathway is involved in oxidative stress (36), cellular regu‑
lation  (37) and ferroptosis  (7). In addition, targeting the 
sirt1/FoxO1 pathway regulates anti‑inflammatory effects 
with the NF‑κB pathway for the treatment of numerous 
types of diseases, including neurological, cardiovascular 
and digestive disease (38‑40).

The sirt1/FoxO1 pathway not only interacts with the 
NF‑κB pathway, but also with the PI3K/Akt pathway to regu‑
late oxidative stress and apoptosis for the treatment of diabetic 
cardiomyopathy (37). Since bioinformatics findings did not 
involve these pathways, analysis centered on the Sirt1/FoxO1 
pathway. Sirt1 protein and FOXO transcription factors serve 
important regulatory roles in physiological processes such as 
chondrocyte proliferation, maturation and matrix synthesis; 
activation of sirt1 inhibits chondrocyte apoptosis, attenu‑
ates oxidative stress damage and inhibits the progression of 
arthritis (41,42). The sirt1 agonist resveratrol inhibits chondro‑
cyte apoptosis and cell death by modulating the Wnt/β‑catenin 
pathway; resveratrol also inhibits chondrocyte apoptosis and 
extracellular matrix degradation via the regulation of the 
Wnt/β‑catenin pathway and attenuates cartilage damage (43), 
which suggests regulating the sirt1/FoxO1 pathway may be an 
important mechanism for regulating ferroptosis in chondro‑
cytes and thus treating OA. SAL promoted phosphorylation 
of FoxO1 and increased the sirt1 levels. Following addition of 
the sirt1 inhibitor, the expression of p‑FoxO1, Gpx4, SLC7A11 
decreased. This suggested that SAL regulated chondrocyte 
ferroptosis via modulation of the Sirt1/FoxO1 pathway, which 
may ameliorate joint inflammation.

Ferroptosis is an iron‑dependent, non‑regulatory form of 
regulated cell death caused by lipid peroxidation and results 

from an imbalance in the antioxidant and oxidative systems 
of the body  (44). Ferroptosis is associated with inflam‑
matory joint disease. Studies have shown that mechanical 
stimulation promotes ferroptosis in chondrocytes and thus 
OA (45,46). Previous studies have shown that systemic iron 
overload and elevated intracellular iron uptake induce and 
exacerbate OA in animal (guinea pig and mouse) models and 
that Ferrostatin‑1 inhibits the progression of OA in mouse 
models  (47‑49). FTH1 is a component of ferritin; during 
ferroptosis, FTH1 regulates intracellular iron concentra‑
tion in addition to iron uptake, transport and storage. 
FTH1 also regulates cellular ferroptosis by modulating 
ferritinophagy (50‑52). Therefore, FTH1 is a key protein 
in ferroptosis. Liang  et  al  (7) demonstrated that FoxO1 
inhibits ferroptosis in cardiomyocytes by directly targeting 
FTH1 protein (7). The aforementioned studies suggest that 
the FoxO1 pathway has a notable impact on ferroptosis, 
warranting further investigation. Ferritin deposition may be 
a potential target for the treatment of arthritic injury and 
may be regulated by the FoxO1 pathway. The present study 
included FerrDb, and in combination with drug‑disease 
targets, screened a total of 34 intersecting targets. Finally, 
the top 20 targets were analyzed. The final pathway enrich‑
ment analysis included ‘lipid and atherosclerosis’ and 
‘apoptosis’. Electron microscopy revealed that LPS‑treated 
cells exhibited atrophied mitochondria, increased membrane 
density and no obvious DNA breaks in the nucleus, features 
of ferroptosis, which were reversed by SAL intervention. 
Decreased expression of Gpx4 and SLC7A11 and intra‑
cellular GSH content and increased MDA content in the 
model group confirmed the occurrence of ferroptosis in an 
in vitro model of LPS‑induced inflammation, as well as an 
increase in lipid ROS and ROS content; these adverse effects 
were reversed by SAL. This suggested that SAL prevented 
ferroptosis in inflammatory chondrocytes.

Limitations of the present study include the lack of in vivo 
validation and validation of other relevant targets screened by 
bioinformatics analysis, such as NFE2L2, MAPK1, MAPK8, 
etc. Future work should include the use of in vivo drug infu‑
sion techniques.

To the best of our knowledge, the present study is the 
first to demonstrate the association between sirt1/FoxO1 and 
ferroptosis. The present study demonstrated that SAL treated 
LPS‑induced decline in chondrocyte viability, decreased 
apoptosis and intracellular LPO and ROS content and allevi‑
ated intracellular ferroptosis in chondrocytes. These effects 
may be achieved by modulating the sirt1/FoxO1 pathway.
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