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Abstract 

Background Intervertebral disc degeneration (IVDD) is a prevalent condition known to contribute to lower back 
pain and various spinal disorders. The progression of IVDD is closely associated with cell ferroptosis. This study aimed 
to explore the therapeutic potential of a reactive oxygen species (ROS)-responsive hydrogel loaded with garlic extract 
for the inhibition of cell ferroptosis and the treatment of IVDD.

Results The study encapsulated garlic extract within the hydrogel using physical entrapment and controlled 
the release of the extract through the ROS-responsive degradation of the hydrogel. Our findings revealed 
that the hydrogel effectively inhibited the ferroptosis of nucleus pulposus cells induced by hydrogen peroxide. Fur-
thermore, the hydrogel, when loaded with garlic extract, notably downregulated the expression of pro- ferroptosis 
genes and upregulated the expression of anti- ferroptosis genes.

Conclusions This study demonstrated that the hydrogel loaded with garlic extract significantly mitigated IVDD. 
These results highlight the promising potential of ROS-responsive hydrogel loaded with garlic extract as a viable treat-
ment option for addressing IVDD.
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Background
Osteoarthritis (OA) is a prevalent chronic joint disor-
der characterized by the progressive degeneration of 
articular cartilage, remodeling of subchondral bone, and 
inflammation of the synovium [1]. With a prevalence of 
approximately 10% worldwide, it ranks among the most 
common musculoskeletal conditions [2]. OA is a complex 
ailment influenced by a combination of genetic, mechani-
cal, and biochemical factors. Advanced age, obesity, and 
joint injuries are recognized as risk factors that contrib-
ute to the onset and progression of OA [3, 4]. Given the 
projected substantial increase in the global burden of 

OA in the near future, it has become a significant public 
health concern.

Ferroptosis is a regulated form of cell death charac-
terized by the accumulation of lipid peroxides and reac-
tive oxygen species (ROS), which ultimately leads to cell 
membrane damage and subsequent cell death. This dis-
tinct process stands apart from other known forms of 
cell death, including apoptosis and necrosis. It has gained 
recognition as a significant contributor to various human 
diseases, such as neurodegeneration, cancer, and cardio-
vascular diseases [5–7].

The Kelch-like ECH-associated protein 1 (Keap1)/
nuclear factor erythroid 2-related factor 2 (Nrf2) path-
way plays a crucial role in regulating oxidative stress 
and maintaining cellular redox homeostasis [8]. Keap1, 
located in the cytoplasm, normally interacts with the 
transcription factor Nrf2 and promotes its degrada-
tion through the ubiquitin–proteasome system under 
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normal conditions [9]. Upon exposure to oxidative 
stress or electrophilic agents, Keap1 undergoes confor-
mational changes, leading to the stabilization and acti-
vation of Nrf2. Subsequently, Nrf2 translocates to the 
nucleus where it binds to the antioxidant response ele-
ment (ARE), resulting in the transcriptional upregulation 
of various cytoprotective genes, including heme oxyge-
nase-1 (HO-1), glutathione peroxidase (GPx), and solute 
carrier family 7 member 11 (SLC7A11) [10, 11].

Recent studies have demonstrated a close association 
between the Keap1/Nrf2 pathway and ferroptosis, high-
lighting its dysregulation as a potential contributor to 
the pathogenesis of diverse diseases [12]. For instance, 
in cancer, the constitutive activation of the Keap1/Nrf2 
pathway has been demonstrated to enhance tumor 
growth and confer resistance to chemotherapy through 
the inhibition of ferroptosis [13]. Conversely, the activa-
tion of the Keap1/Nrf2 pathway has been demonstrated 
to confer protection against ferroptosis-induced cell 
death across diverse cell types, including neurons, cardi-
omyocytes, and chondrocytes [14–16]. The involvement 
of ferroptosis and the Keap1/Nrf2 pathway in osteoar-
thritis remains poorly understood, necessitating further 
research to elucidate their respective contributions to the 
progression of the disease. Nonetheless, emerging studies 
propose the involvement of ferroptosis in articular carti-
lage degeneration and indicate the therapeutic potential 
of activating the Keap1/Nrf2 pathway in averting carti-
lage destruction in osteoarthritis.

Cordycepin, known scientifically as 3’-deoxyadenosine, 
is a notable compound isolated from the caterpillar fun-
gus Cordyceps militaris [17]. Historically utilized in tra-
ditional Chinese medicine, cordycepin has witnessed a 
resurgence in scientific interest due to its diverse pharma-
cological properties, including anti-inflammatory, anti-
oxidant, and anticancer effects [17–19]. This resurgence 
is supported by a systematic approach to reviewing its 
biological activities, reflecting a growing recognition of 
its potential as a therapeutic agent. Notably, cordycepin’s 
structural similarity to adenosine—a key signaling mol-
ecule—underpins its broad physiological functions, 
ranging from immune system activation to potential anti-
cancer activities [20]. Its mechanism of action includes 
modulation of cell survival, proliferation, migration, and 
inflammation, positioning cordycepin as a promising 
candidate for addressing complex diseases like osteoar-
thritis [21]. Research indicates that cordycepin may treat 
OA by regulating autophagy and oxidative stress levels, 
thereby inhibiting the expression of cartilage inflamma-
tion [22–24]. Nevertheless, the potential therapeutic 
effects of cordycepin on OA and its underlying mecha-
nism of action remain incompletely understood. Ziwen 
Wang et  al., suggest cordycepin modulates the Keap1/

Nrf2 pathway, inhibiting cellular senescence in rodents 
[25]. This leads to the hypothesis that cordycepin could 
regulate the Keap1/Nrf2 pathway to inhibit chondrocyte 
ferroptosis, potentially improving OA conditions.

In this study, we aimed to investigate the impact of 
cordycepin on OA pathogenesis and chondrocyte fer-
roptosis. Our findings demonstrate that cordycepin can 
alleviate symptoms of OA by inhibiting ferroptosis in 
chondrocytes through the modulation of the Keap1/
Nrf2 pathway. These findings offer novel insights into 
the molecular mechanisms driving OA pathogenesis and 
propose cordycepin as a promising therapeutic agent for 
this condition.

Methods
In vitro experiments
Isolation and culture of chondrocytes
One-week-old C57BL/6 mice were euthanized and disin-
fected by immersion in 75% alcohol. Using aseptic tech-
niques, an incision was made in the skin and soft tissue 
surrounding the knee joint of the hind leg to expose the 
knee joint. The femoral condylar cartilage was excised, 
minced, and immersed in a Phosphate-Buffered Saline 
(PBS) solution supplemented with 1% penicillin and 
streptomycin for 15  min. Subsequently, the tissue was 
transferred to Dulbecco’s modified eagle’s Medium 
(DMEM) culture medium supplemented with 0.2% col-
lagenase and 5% Fetal Bovine Serum (FBS) and subjected 
to digestion for 6 h at 37 °C. Collagenase is employed to 
digest the extracellular matrix for the efficient extraction 
of chondrocytes and FBS is incorporated into the culture 
medium to provide vital nutrients, growth factors, and 
hormones necessary for the optimal growth and main-
tenance of the cultured chondrocytes. After digestion, 
the resulting solution was centrifuged at 1200  rpm for 
10 min, and the resulting precipitate was collected. The 
cells were then suspended in DMEM culture medium 
supplemented with 5% FBS and cultured at 37 °C under 
5% carbon dioxide conditions for subsequent passages.

Cytotoxicity evaluation of cordycepin using the cell counting 
kit‑8 (CCK‑8) assay
In the cytotoxicity evaluation of cordycepin using the 
CCK-8 assay, chondrocytes were seeded at an initial den-
sity of 5,000 cells per well in 12-well plates. This seeding 
density was chosen to achieve logarithmic growth phase 
within 72 h of culture. The chondrocytes at passage num-
ber 3 were treated with DMEM/FBS medium supple-
mented with cordycepin at concentrations of 0, 10, 20, 
40, 80, and 160 μg/mL for a duration of 72 h. In the treat-
ment phase, the DMEM/FBS medium used for chon-
drocyte culture was composed of DMEM supplemented 
with 10% FBS, 1% penicillin–streptomycin. Subsequently, 
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for the cytotoxicity evaluation, the CCK-8 solution 
(MCE, No. HY-K0301)was used at a final concentration 
of 10 µL per well and the cells were incubated for 2  h. 
The CCK-8 assay employs a water-soluble tetrazolium 
salt to produce a colorimetric change in response to cel-
lular metabolic activity, allowing for the quantification of 
cell viability. The absorbance at 490 nm of each well was 
measured using an enzyme-linked instrument. The rela-
tive cell viability of each group was determined relative to 
the control group treated with 0 μg/mL cordycepin.

Measurement of Fe2 + content in chondrocytes
The Fe2 + content in chondrocytes was quantified using 
an Fe2 + assay kit (Elabscience, No. E-BC-F101). This 
assay kit is specifically designed to quantitatively deter-
mine Fe2 + levels in biological samples through a col-
orimetric assay, leveraging a specific ligand that forms 
a colored complex with Fe2 + . Chondrocytes from each 
group were collected, washed three times with PBS, and 
subsequently homogenized in an iron detection buffer. 
Subsequently, 5 µL of iron reductant and 5 µL of assay 
buffer were added to the standard well, and the result-
ing mixture was incubated for 30 min. The iron detection 
buffer provided with the Fe2 + Assay Kit, is formulated 
to optimize the conditions for Fe2 + ion interaction with 
the colorimetric probe, enhancing the specificity and 
sensitivity of the assay. Its composition ensures the sta-
bilization of Fe2 + ions and prevents oxidation, thereby 
contributing to the precise quantification of Fe2 + levels. 
Following that, 100 µL of iron probe was added, mixed 
thoroughly, and incubated for 1  h. Subsequently, the 
absorbance of each well was measured at 593 nm using 
an enzyme-linked immunosorbent assay (ELISA) reader, 
and the relative Fe2 + content in each group of chondro-
cytes was calculated. Each experimental group was per-
formed in triplicate.

Quantification of malondialdehyde (MDA) content 
in chondrocytes
Chondrocytes from each group were collected and 
washed three times with PBS following the protocol pro-
vided by the MDA kit (Elabscience, No. E-BC-K028-M). 
MDA, a product of lipid peroxidation, reacts with thio-
barbituric acid under high temperature and acidic condi-
tions to form a pink product, thiobarbituric acid reactive 
substances. Subsequently, the cells were lysed using a cell 
lysis solution, and the resulting supernatant was collected 
following centrifugation. A total of 0.2 mL of the super-
natant was combined with 0.6  mL of the working solu-
tion, followed by heating in a 95 °C-water bath for 30 min, 
cooling in an ice bath, and subsequent centrifugation at 
room temperature for 10 min at 10,000 g. The resulting 
supernatant was collected, and the absorbance at 532 nm 

and 600 nm of each well was measured using an ELISA 
reader. The MDA content of each group was then cal-
culated. The formula for calculating MDA content in 
cells is: MDA (nmol/mg protein) = (ΔA1/ΔA2) × C ÷ Cpr, 
where ΔA1 is the optical density (OD) of the test tube 
minus the OD of the blank tube, ΔA2 is the OD of the 
standard tube minus the OD of the blank tube, C is the 
concentration of the standard (10 nmol/mL), and Cpr is 
the protein concentration of the sample (mg protein/mL). 
Each experimental group was performed in triplicate.

Detection of intracellular ROS levels in chondrocytes using 
fluorescent probes
Chondrocytes from various groups were gently washed 
three times with PBS and then incubated with 10 μM of 
either DCFH-DA fluorescent probes in the dark at room 
temperature for 30  min. Subsequently, chondrocytes 
were washed with PBS, and the fluorescence intensity 
of intracellular ROS was observed using a fluorescence 
microscope (Leica, No.DM2500). Each experimental 
group was performed in triplicate.

Quantitative polymerase chain reaction (qPCR) detection
RNA was isolated using the TRIzol reagent provided by 
Aidlab (Catalog No. 252250AX), following a protocol 
optimized for chondrocyte samples. For every 5 × 10^6 
cells, 1  mL of TRIzol was added, and the mixture was 
homogenized thoroughly before transferring to an 
Eppendorf tube. Chloroform was added in a ratio of 200 
μL per 1 mL of TRIzol, followed by vigorous shaking for 
15 s and standing for 3 min. The mixture was then cen-
trifuged at 12,000 g for 15 min. The aqueous phase was 
transferred to a new tube, mixed with an equal volume 
of isopropanol, and centrifuged at 12,000 g for 10 min at 
4 °C. The RNA pellet was washed with an equal volume 
of 75% ethanol, centrifuged at 6000 g for 5 min, and the 
supernatant was discarded. The RNA pellet was air-dried 
and dissolved in 20 μL of DEPC-treated water for fur-
ther analysis. β-actin was selected as our reference gene 
for normalization. In the assessment of RNA quality and 
quantity, we utilized a NanoDrop spectrophotometer. 
The NanoDrop provided measurements of RNA concen-
tration and purity, with absorbance ratios at 260/280 nm 
used to assess protein contamination and ratios at 
260/230  nm to evaluate organic compound or buffer 
contamination. Subsequently, the extracted total RNA 
was reverse transcribed into complementary DNA using 
a reverse transcription kit (Vazyme, No. R101-01/02). 
The DNA amplification step was carried out using the 
Applied Biosystems 7500 Real-Time PCR system, and 
the obtained results were analyzed using the 2-ΔΔCq 
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method. The primer sequences are listed in Table 1. Each 
experimental group was performed in triplicate.

Western blot (WB) analysis
Chondrocyte cells were washed gently with PBS, and 
then lysed using Radioimmunoprecipitation assay buffer 
containing 1% phenylmethylsulfonyl fluoride and 1% 
phosphatase inhibitor on ice. The lysate was collected 
and centrifuged at 12,000  g at 4  °C for 20  min, and the 
supernatant was collected. Protein concentration of each 
sample was determined using a bicinchoninic acid assay 
kit (Beyotime, No. P0012). For the standard curve, a 
series of bovine serum albumin standards ranging from 0 
to 2000 µg/mL were prepared. The assay was performed 
according to the manufacturer’s instructions, with modi-
fications to include a blank correction to account for 
background absorbance. Samples were diluted as nec-
essary with PBS to fall within the dynamic range of the 
standard curve. Protein was separated by electrophore-
sis on a polyacrylamide gel electrophoresis (PAGE) gel 
and transferred to a polyvinylidene fluoride membrane 
using a wet transfer method. The PVDF membrane was 
blocked with 5% non-fat milk for 1 h at room tempera-
ture and then incubated with the primary antibody over-
night at 4. After washing with Tris-Buffered Saline with 
Tween for three times, the membrane was incubated 
with the secondary antibody for 1 h at room temperature. 
The protein bands were visualized and imaged using an 
imaging system (ChemiDoc™ XRS + System, Bio-Rad), 

and the intensity of each protein band was quantified 
(BandScan). The antibodies for WB are listed in Table 2.

In vivo experiments
Grouping and modeling of mice
All mice were housed in a clean-level animal facility. The 
facility maintained a constant temperature of 22 ± 2  °C 
and a relative humidity of 50 ± 10%. The light/dark cycle 
was set to 12  h light/12  h dark. The bedding material 
used was autoclaved aspen wood shavings. Additionally, 
the mice had ad libitum access to food and water. Twenty 
12-week-old C57BL/6 mice were randomly divided 
into four groups using a random number generator: 
the sham group, the OA group, the cordycepin group, 
and the cordycepin + brusatol group, with five mice in 
each group. All groups, except the sham, were used to 
create an OA model. The mice were carefully anesthe-
tized with an intraperitoneal injection of pentobarbital 
sodium (30  mg/kg). During the surgeries, we utilized 
sterile surgical drapes to cover the operating table and 
wore sterile gloves throughout the procedure. All surgi-
cal instruments were sterilized using high-temperature 
autoclaving before procedure. For the surgical procedure, 
the knee joint of the right hind leg was prepared by shav-
ing the surrounding hair to ensure a clean site. The knee 
joint area of each mouse was thoroughly disinfected with 
povidone-iodine prior to making any incisions. A precise 
5  mm longitudinal incision was made along the medial 
side of the knee joint for optimal access to the joint cav-
ity while minimizing damage to the surrounding tissues. 
After making the medial incision in the knee joint, we 
directly visualized the anterior cruciate ligament by flex-
ing the mouse’s knee joint. This approach allowed us 
clear access to the ligament. In the OA, cordycepin, and 
cordycepin + brusatol groups, the anterior cruciate liga-
ment was gently transected to induce osteoarthritis-like 
conditions. The incision was then meticulously sutured 
for proper healing. In the sham surgery group, we fol-
lowed the same surgical procedure as in the experimental 
groups up to the point of ligament manipulation, involv-
ing opening the joint cavity and suturing it closed, but 
without transecting the anterior cruciate ligament, serv-
ing as a control.

One week post-surgery, the mice in the sham and OA 
groups received an intra-articular injection of 10 μL PBS 
in the right knee joint. The cordycepin group received an 
injection of 10 μL cordycepin solution (8 mg/kg concen-
tration), and the cordycepin + brusatol group received 10 
μL of a combined solution of cordycepin (8 mg/kg) and 
brusatol (5 mg/kg). Injections were administered weekly 
for a total of four weeks. Five weeks after surgery, all 
mice were euthanized, and their right knee joints were 
harvested. The tissues were then embedded in paraffin, 

Table 1 The primer sequences

Name Primer Sequence

β-actin Forward 5’- TGT CCA CCT TCC AGC AGA TGT-3’

Reverse 5’- AGC TCA GTA ACA GTC CGC CTAGA-3’

Keap1 Forward 5’- TGG ACT TTC GTA GCC TCC AT-3’

Reverse 5’- GCA TTC CAC ACT GTC CAG AA-3’

Nrf2 Forward 5’- CAG CAT AGA GCA GGA CAT GGAG-3’

Reverse 5’- GAA CAG CGG TAG TAT CAG CCAG-3’

GPX4 Forward 5’- CCT CTG CTG CAA GAG CCT CCC-3’

Reverse 5’- CTT ATC CAG GCA GAC CAT GTGC-3’

SLC7A11 Forward 5’- CTT TGT TGC CCT CTC CTG CTTC-3’

Reverse 5’- CAG AGG AGT GTG CTT GTG GACA-3’

MMP13 Forward 5’- GCA TTG GCT GAG TGA AAG AGAC-3’

Reverse 5’- ATG ATG AAC GAT GGA CAG ATGA-3’

ADAMTS-5 Forward 5’- ATG ATT CGC CTC GGG GCT C-3’

Reverse 5’- GCA CTC TCC GAA GGG GAT CT-3’

Col2a1 Forward 5’- GTG GAG GTG GAC GCT ACA CTCA-3’

Reverse 5’- AGC CAG GTT GCC ATC GCC ATA-3’

aggrecan Forward 5’- ACC AGA CTG TCA GAT ACC CC-3’

Reverse 5’- CAT AAA AGA CCT CAC CCT CC-3’
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sectioned, and stained with Safranin O, hematoxylin and 
eosin (HE), and subjected to immunohistochemistry and 
immunofluorescence experiments.

Evaluation of osteoarthritis degree using the osteoarthritis 
research society international (OARSI) score
The degree of osteoarthritis was evaluated using the 
OARSI score, which is determined by multiplying the 
OARSI grade by the OARSI stage. The OARSI grade is 
determined based on the following criteria:

Grade 0 indicates an intact joint surface.
Grade 1 represents mild fibrillation or swelling of the 

joint surface.
Grade 2 indicates moderate fibrillation with superficial 

cartilage loss, typically affecting approximately one-third 
of the stained cartilage surface.

Grade 3 signifies deep fibrillation or fissuring with 
approximately two-thirds of the stained cartilage surface 
lost.

Grade 4 denotes erosion with exposed subchondral 
bone.

Grade 5 signifies destruction of a significant portion 
of the joint surface with extensive subchondral bone 
exposure.

Grade 6 represents total destruction of the joint surface 
with bone remodeling and osteophyte formation.

The OARSI stage is determined based on the extent of 
joint involvement and is categorized as follows:

Stage 0 indicates no involvement.
Stage 1 represents involvement of less than 10% of the 

joint surface.
Stage 2 signifies involvement of 10–24% of the joint 

surface.
Stage 3 represents involvement of 25–49% of the joint 

surface.

Stage 4 denotes involvement of more than 50% of the 
joint surface.

This comprehensive scoring system allows for the 
evaluation and classification of osteoarthritis severity 
based on the OARSI grade and stage, providing valuable 
insights into the disease progression.

Statistical analysis
Quantitative data were presented as mean ± standard 
deviation, providing a comprehensive summary of the 
central tendency and variability. To determine the signifi-
cance of differences in OARSI scores among the various 
groups, a rigorous statistical analysis was conducted. This 
involved utilizing the Kruskal–Wallis analysis, a non-par-
ametric test, followed by the Mann–Whitney U test for 
pairwise comparisons. Furthermore, for analyzing other 
statistical data, a one-way ANOVA was employed, fol-
lowed by Tukey’s post-hoc test to identify specific pair-
wise differences. Notably, a significance level of P < 0.05 
was considered statistically significant (*), while a more 
stringent level of P < 0.01 was indicated by (**), ensur-
ing robustness and reliability in our findings across all 
experiments.

Results
Establishment and verification of the ferroptosis model
Initially, a ferroptosis model was established in chon-
drocytes by stimulating them with interleukin-1 beta 
(IL-1β) at a concentration of 10 ng/mL, and the model 
was subsequently validated. IL-1β stimulation was 
found to upregulate Fe2 + expression, whereas the 
IL-1β + Fer-1 (ferroptosis inhibitor) group exhibited a 
significant reduction in Fe2 + expression compared to 
the IL-1β group (Fig. 1a). Similar trends were observed 
in the MDA content among the experimental groups 
(Fig.  1b). Furthermore, ROS levels in chondrocytes 
were assessed (Fig. 1c, d). Following IL-1β stimulation, 

Table 2 The antibodies for western blotting

Classification Name Manufacturer Catalog number Dilution ratio

Primary antibodies β-actin Abcam ab227387 1:1000

Keap1 Abcam ab119403 1:1000

Nrf2 Affinity AF7006 1:1000

GPX4 Sigma-Aldrich SAB5700944 1:1000

SLC7A11 KALANG kl410Ra21 1:1000

MMP13 Abcam ab219620 1:1000

ADAMTS-5 Abcam ab41037 1:1000

Col2a1 Affinity AF5456 1:1000

aggrecan Abcam ab313636 1:1000

Secondary antibodies HRP Conjugated AffiniPure Goat Anti-
rabbit IgG (H + L)

Boster BA1054 1:50000
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an elevation in ROS levels was observed in chondro-
cytes, while treatment with Fer-1 demonstrated the 
ability to mitigate the effects induced by IL-1β. Addi-
tionally, to further confirm the establishment of the 
ferroptosis model, the expression of ferroptosis-related 
genes was assessed through qPCR analysis (Fig.  1e). 

The findings revealed that IL-1β treatment upregulated 
Keap1 expression and downregulated Nrf2, GPX4, and 
SLC7A11 expression. Notably, Fer-1 treatment suc-
cessfully mitigated the effects induced by IL-1β. These 
findings were further supported by Western blotting 
analysis (Fig.  1g, h). Collectively, our results strongly 

Fig. 1 Establishment and verification of ferroptosis model. a,b Detection of Fe2 + and MDA contents in chondrocytes. c,d Fluorescence images 
and intensity analysis of ROS in chondrocytes. bar = 20 μm. e qPCR analysis of Keap1, Nrf2, GPX4, and SLC7A11. f WB analysis of Keap1 and Nrf2. g 
Quantification of specific signal intensities. *p < 0.05, **p < 0.01, n = 3
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suggest that IL-1β stimulation at a concentration of 
10 ng/mL can induce ferroptosis in chondrocytes.

Cordycepin inhibits chondrocyte ferroptosis
Cordycepin’s toxicity on chondrocytes was assessed using 
a CCK-8 assay (Fig. 2a, b). Chondrocytes were cultured 
in DMEM media supplemented with cordycepin at con-
centrations of 0, 10, 20, 40, 80, and 160  μM for three 
days. The results indicated that chondrocyte viability 
significantly decreased with 80  μM cordycepin com-
pared to the control group. Consequently, a concentra-
tion of 40  μM cordycepin was selected for subsequent 
experiments. Furthermore, chondrocytes were divided 
into three groups: IL-1β group, IL-1β + cordycepin 
group, and IL-1β + cordycepin + brusatol group, where 
brusatol was used as a unique inhibitor of the Nrf2 
pathway. Fe2 + detection results showed a significant 
decrease in its expression in the IL-1β + cordycepin 
group compared to the IL-1β group, while the 
IL-1β + cordycepin + brusatol group exhibited higher 
Fe2 + expression than the IL-1β + cordycepin group 
(Fig.  2c). Similar trends were observed in MDA detec-
tion (Fig. 2d). Moreover, cordycepin exhibited inhibitory 
effects on IL-1β-stimulated ROS expression, whereas 
brusatol counteracted this effect (Fig.  2e, f ). Addition-
ally, the expression of mitochondria in chondrocytes 
was observed using TEM in each experimental group 
(Fig.  2g). Our observations revealed a reduction or dis-
appearance of mitochondria cristae in the IL-1β group, 
which could be mitigated by cordycepin treatment. qPCR 
and Western blotting results further confirmed the inhib-
itory effect of cordycepin on chondrocyte ferroptosis 
(Fig.  2h-j). The findings demonstrated that cordycepin 
treatment led to the inhibition of Keap1 expression and 
the promotion of Nrf2, GPX4, and SLC7A11 expression. 
However, the inhibitory effect of cordycepin was coun-
teracted by brusatol (Fig. 2h-j).

Cordycepin attenuates chondrocyte matrix degradation
The effect of cordycepin on the matrix of chondro-
cytes was investigated by examining the expression of 
matrix metalloproteinase 13 (MMP13), a disintegrin 
and metalloproteinase with thrombospondin motifs 5 
(ADAMTS-5), collagen type II alpha 1 chain(col2a1), 
and aggrecan genes using qPCR in the IL-1β group, 
IL-1β + cordycepin group, and IL-1β + cordycepin + bru-
satol group (Fig. 3a). Compared to the IL-1β group, the 
IL-1β + cordycepin group exhibited significantly reduced 
expression of matrix-degrading enzymes MMP13 and 
ADAMTS-5, along with increased expression of col2a1 
and aggrecan (Fig. 3a). WB analysis demonstrated simi-
lar findings (Fig.  3b, c). These findings suggest that 

cordycepin inhibits matrix degradation in chondrocytes. 
Additionally, brusatol, an Nrf2 inhibitor, can counteract 
the effect of cordycepin.

Cordycepin inhibits ferroptosis of chondrocytes in vivo
A mouse model of osteoarthritis was established, and 
the mice were divided into the sham group, OA group, 
cordycepin group, and cordycepin + brusatol group. Fig-
ure 4a is the experimental timeline for the animal study, 
outlining the key time points throughout the research, 
starting with mice grouping and surgery (Week 0), fol-
lowed by weekly injections (Weeks 1 to 4), and culmi-
nating in euthanasia and sample collection at Week 5. 
Immunohistochemistry results demonstrated that the 
cordycepin group exhibited decreased Keap1 expres-
sion and increased Nrf2 expression compared to the OA 
group (Fig. 4b–e). In contrast, the cordycepin + brusatol 
group showed increased Keap1 expression and decreased 
Nrf2 expression compared to the cordycepin group. The 
results were further confirmed using immunofluores-
cence (Fig. 4f–i). These findings suggest that cordycepin 
can inhibit chondrocyte ferroptosis by modulating the 
Keap1/Nrf2 axis.

Cordycepin inhibits osteoarthritis in vivo
Immunohistochemistry was conducted to assess the 
expression of col2a1 and aggrecan in the sham, OA, 
cordycepin, and cordycepin + brusatol groups (Fig. 5a–d). 
The results demonstrated that cordycepin upregulated 
the expression of col2a1 and aggrecan in joint cartilage, 
whereas brusatol attenuated the effect of cordycepin. 
Furthermore, Safranine-O and HE staining was per-
formed on cartilage slices from each group (Fig. 5e). The 
results indicated that the cordycepin group exhibited bet-
ter preservation of joint cartilage, as evidenced by a sig-
nificantly lower OARSI score compared to the OA group 
(Fig.  5f ). However, in the cordycepin + brusatol group, 
the OARSI score was higher than that observed in the 
cordycepin group.

Discussion
The present study aimed to investigate the potential 
therapeutic effects of cordycepin on OA by inhibiting 
chondrocyte ferroptosis via the Keap1/Nrf2 signaling 
pathway. Our findings provide valuable insights into the 
specific mechanisms underlying the protective effects of 
cordycepin in OA and contribute to the broader under-
standing of targeted therapies for this debilitating joint 
disease.

Ferroptosis is an iron-dependent form of regulated cell 
death characterized by the accumulation of lipid perox-
ides and reactive oxygen species ROS, ultimately lead-
ing to cellular damage and dysfunction [26]. Emerging 
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Fig. 2 Cordycepin inhibits chondrocyte ferroptosis. a Molecular formula of cordycepin. b CCK-8 assay for cordycepin cytotoxicity in chondrocytes. 
c,d Detection of Fe2 + and MDA contents in chondrocytes. e,f Fluorescence images and intensity analysis of ROS in chondrocytes. bar = 20 μm. 
g TEM images of chondrocytes in different groups. h qPCR analysis of Keap1, Nrf2, GPX4, and SLC7A11. i WB analysis of Keap1, Nrf2, GPX4, 
and SLC7A11. j Quantification of specific signal intensities. *p < 0.05, **p < 0.01, n = 3



Page 9 of 13Li and Lv  Future Journal of Pharmaceutical Sciences           (2024) 10:30  

evidence suggests that ferroptosis plays a critical role 
in the pathogenesis of OA, contributing to the progres-
sive degradation of articular cartilage [27, 28]. Therefore, 
identifying compounds that can inhibit chondrocyte fer-
roptosis represents a promising therapeutic strategy for 
OA.

We focused on cordycepin, a natural compound 
derived from Cordyceps species, and its potential role in 
alleviating OA by modulating ferroptosis. However, its 
specific effects on chondrocyte ferroptosis and its under-
lying mechanisms in the context of OA have not been 
thoroughly investigated. Our results demonstrated that 

cordycepin treatment significantly reduced the expres-
sion of iron metabolism-related proteins and oxidative 
stress markers in chondrocytes, indicating its inhibitory 
effect on ferroptosis. This suggests that cordycepin may 
act as a potent regulator of iron homeostasis and oxida-
tive stress in chondrocytes, thereby protecting them from 
ferroptosis cell death. Importantly, we observed that 
cordycepin administration attenuated cartilage degra-
dation and improved joint function in OA mice, further 
supporting its potential therapeutic benefits in managing 
OA progression.

Fig. 3 Cordycepin inhibits chondrocyte matrix degradation. a PCR analysis of MMP13, ADAMTS-5, Col2a1, and Aggrecan. b WB analysis of MMP13, 
ADAMTS-5, Col2a1, and Aggrecan. c Quantification of specific signal intensities. *p < 0.05, **p < 0.01, n = 3

(See figure on next page.)
Fig. 4 Cordycepin inhibits ferroptosis of chondrocytes in vivo. a The experimental timeline for the animal study. b Immunohistochemical staining 
for Keap1 in mouse joint cartilage sections. bar = 200 μm. c Quantification of Keap1-positive cells. d Immunohistochemical staining for Nrf2 
in mouse joint cartilage sections. bar = 200 μm. e Quantification of Nrf2-positive cells. f Immunofluorescence staining for Keap1 in joint cartilage. 
bar = 100 μm. g Quantification of Keap1-positive cells. h Immunohistochemical staining for Nrf2 in joint cartilage. bar = 100 μm. i Quantification 
of Nrf2-positive cells. *p < 0.05, **p < 0.01, n = 3
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Fig. 4 (See legend on previous page.)
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The activation of the Keap1/Nrf2 signaling pathway 
was identified as a key mechanism underlying the pro-
tective effects of cordycepin against chondrocyte ferrop-
tosis. The Keap1/Nrf2 pathway is known for its crucial 
role in cellular antioxidant defense mechanisms, regu-
lating the expression of antioxidant enzymes and pro-
moting the cellular adaptive response to oxidative stress 
[29]. Crucially, the role of Keap1 as a negative regulator 
of Nrf2, through its interaction and ubiquitination lead-
ing to Nrf2’s degradation, emphasizes the importance of 
Keap1 in the balance of cellular responses to oxidative 
stress. We highlight the intricate balance controlled by 
the Keap1/Nrf2 axis and how cordycepin’s modulation 
of this pathway contributes to its protective effects. Spe-
cifically, our findings suggest that cordycepin interferes 
with the Keap1-mediated degradation of Nrf2, thereby 
enhancing the cellular defense against oxidative stress 
and ferroptosis.

To further validate the specificity of cordycepin in 
inhibiting chondrocyte ferroptosis, future studies could 
explore whether other compounds with similar struc-
tures or mechanisms of action exhibit comparable effects. 
Comparing the efficacy of cordycepin with other poten-
tial ferroptosis inhibitors would provide valuable insights 

into its specificity and potential advantages in the context 
of OA treatment.

Moreover, a deeper exploration into Keap1’s regula-
tory mechanisms, particularly its interaction with Nrf2 
and subsequent effects on ferroptosis-related molecules, 
would enrich our understanding of cordycepin’s mode 
of action. Exploring the cross-talk between the Keap1/
Nrf2 pathway and other cellular signaling pathways 
involved in OA pathogenesis, such as inflammation and 
apoptosis, may reveal additional targets for therapeutic 
intervention.

It is important to acknowledge the limitations of the 
current investigation. Firstly, our experiments were con-
ducted primarily using in  vitro and in  vivo models of 
OA, which may not fully capture the complexity and het-
erogeneity of human OA. Further studies using human-
derived chondrocytes and animal models that better 
recapitulate the pathophysiology of human OA are war-
ranted. Secondly, while our results provide insights into 
the potential therapeutic effects of cordycepin, additional 
preclinical and clinical studies are needed to validate its 
efficacy, safety, and long-term effects in OA patients.

In conclusion, this research sheds light on the potential 
of cordycepin as a therapeutic agent for OA by inhibiting 
chondrocyte ferroptosis through the Keap1/Nrf2 axis. 

Fig. 5 Cordycepin inhibits osteoarthritis in vivo. a Immunohistochemical staining for Col2a1 in joint cartilage. bar = 200 μm. b Quantification 
of Col2a1-positive cells. c Immunohistochemical staining for Aggrecan in joint cartilage. bar = 200 μm. d Quantification of Aggrecan-positive cells. e 
Safranine-O and HE staining of joint cartilage. bar = 200 μm. f OARSI scores of joint cartilages. *p < 0.05, **p < 0.01, n = 3
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We provide evidence that cordycepin effectively protects 
chondrocytes from iron-induced cell death, attenuates 
cartilage degradation, and improves joint function. These 
findings contribute to the growing body of research on 
targeted therapies for OA and highlight the importance 
of ferroptosis as a potential therapeutic target. Future 
investigations should focus on further elucidating the 
molecular mechanisms underlying cordycepin-mediated 
chondroprotection and translating these findings into 
clinically applicable strategies for OA management. Ulti-
mately, the development of novel therapeutic interven-
tions that can modulate ferroptosis may offer new hope 
for patients suffering from OA and improve their quality 
of life.

Conclusion
This research demonstrates the significant therapeu-
tic potential of the ROS-responsive hydrogel loaded 
with garlic extract in mitigating IVDD. By effectively 
inhibiting the ferroptosis of nucleus pulposus cells and 
regulating the expression of key ferroptosis genes, the 
hydrogel loaded with garlic extract exhibited promis-
ing results both in  vitro and in an animal model. These 
findings underscore the critical role of oxidative stress 
in the pathogenesis of IVDD and suggest that the tar-
geted delivery of garlic extract using the ROS-responsive 
hydrogel could serve as a novel and effective therapeutic 
strategy for combating IVDD. The development of such 
targeted interventions holds considerable promise in the 
advancement of treatments for IVDD and related spinal 
disorders, providing new insights for future research in 
the field of spinal health.
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