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ABSTRACT
The present study investigates the effects of cannabidiol (CBD), the major non-psychoactive compound of Cannabis sativa L. 
extracts, on ferroptotic cell death in human articular chondrocytes. Exposure to known ferroptosis inducers RSL3, erastin and 
its analogue IKE, FINO2 and FIN56 led to a varying extent of reduced cell viability in two chondrocyte cell lines (in C-28/I2, T/C-
28/A2) and primary chondrocytes, suggesting different sensitivity and defence mechanisms towards the respective substances. 
The cytotoxic effects were aggravated by additional exposure to iron and inhibited by the specific ferroptosis inhibitor ferrosta-
tin-1 (Fer-1), proving the occurrence of ferroptosis. Strikingly, co-treatment of ferroptosis inducers with CBD clearly restored cell 
viability in a dose-dependent manner (10 nM to 1 μM CBD) in both cell lines and primary chondrocytes. Moreover, CBD restored 
the activity of GPX4, a major anti-oxidative enzyme, to varying degrees when combined with IKE or RSL3. Increasing evidence 
has emerged for an important role of iron dyshomeostasis and ferroptosis in the onset and progression of various orthopaedic 
diseases, including osteoarthritis. Therefore, the here demonstrated and previously unreported cytoprotective and anti-oxidative 
effects of CBD in the context of ferroptosis have highly promising therapeutic implications.

1   |   Introduction

In 2012, Dixon et al. [1] described ferroptosis as a new form of 
iron-dependent regulated cell death. Excessive accumulation 
of membrane lipid peroxides to toxic levels, which disturbs the 
composition, structure and dynamics of lipid membranes and 
their constituents, is one of the hallmark characteristics of fer-
roptosis [2–4]. Lipid peroxides are generated from polyunsatu-
rated fatty acids by hydroxyl and peroxyl radicals produced in 

the Fenton reaction [4]. Ferroptosis is functionally, biochemi-
cally and morphologically distinct from other forms of regulated 
cell death, such as apoptosis or necroptosis, and is not prevented 
by their specific inhibitors. However, it can be suppressed by fer-
rostatins, which inhibit lipid peroxidation, or by iron chelators 
like deferoxamine [5, 6].

Cells utilise various anti-ferroptotic mechanisms that can 
be targeted to induce ferroptosis. Four classes of ferroptosis 
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inducers (FINs) are frequently used in research. Class I FINs 
like erastin or its analogue IKE inhibit the cystine/glutamate 
antiporter system xc

− (SLC7A11), which mediates cellular cys-
tine uptake. Cystine is reduced to cysteine, which is utilised 
for the synthesis of the major endogenous antioxidant gluta-
thione (GSH). Class II FINs like RSL3 directly inhibit glutathi-
one peroxidase 4 (GPX4), which acts as a lipid repair enzyme 
by reducing lipid peroxides to lipid alcohols. Class III FINs 
(e.g., FIN56) cause GPX4 depletion, whereas class IV FINs 
like FINO2 oxidise unstable Fe2+ and indirectly inactivate 
GPX4 [7–9].

Ferroptosis is linked to pathological conditions including can-
cer, neurodegeneration, stroke, kidney injury and infection [10]. 
In recent years, the role of iron and impaired iron homeostasis 
in the pathogenesis of age-related diseases has been recognised 
[11] and an association between ferroptosis and orthopaedic dis-
eases could be shown [12]. Osteoarthritis (OA), a leading cause 
of chronic disability in the ageing population, is characterised by 
progressive cartilage damage, synovial inflammation, subchon-
dral bone alterations and osteophyte formation [13]. A growing 
body of clinical evidence indicates a correlation between iron 
dyshomeostasis and cartilage damage. Structural joint dam-
age is observed in patients with hereditary haemochromatosis 
and haemophilia, potentially caused by systemic iron overload 
or local iron accumulation from joint bleeds [14]. Moreover, in-
creased serum ferritin levels positively correlate with cartilage 
damage in OA patients, and synovial fluid iron levels are higher 
in OA patients than in healthy subjects, correlating with OA 
severity [15–17]. A genome-wide study in African Americans 
revealed a significant correlation between iron transport path-
ways and knee OA [18]. Additionally, it was found that anti-
oxidant system activity and lipid peroxidation influence OA 
severity [19].

The association between ferroptosis and OA is supported by 
studies in animal models and in  vitro (reviewed in Cao et  al. 
[20] and Zhang et  al. [19]). Disruption of iron homeostasis by 
inflammatory cytokines, mechanical overload or FINs was 
found to induce cartilage degeneration in animal models and to 
cause decreased matrix production and up-regulation of matrix-
degrading enzymes in cultured chondrocytes. Conversely, bene-
ficial effects of ferroptosis inhibitors, iron chelators or lipophilic 
antioxidants have been reported.

Cannabidiol (CBD), a non-psychoactive component of 
Cannabis sativa L. extracts, directly and indirectly modulates 
redox functions and has anti-oxidative as well as oxidative 
properties, depending on cell type, dose, exposure time and 
context [21]. We previously demonstrated pro-apoptotic effects 
of CBD in micromolar concentrations in the immortalised 
chondrocyte cell line C-28/I2 and primary human articular 
chondrocytes [22].

In the present study, we investigate whether CBD in the sub-
micromolar range affects ferroptosis in the immortalised chon-
drocyte cell lines C-28/I2 and T/C-28/A2. Furthermore, key 
results obtained from the cell lines were also verified in pri-
mary human chondrocytes. Our results strongly suggest that 
CBD dose-dependently counteracts ferroptotic cell death in 
chondrocytes.

2   |   Materials and Methods

2.1   |   Reagents

Erastin and IKE were obtained from Selleck Chemicals 
(Cologne, Germany). FIN56, ferrostatin-1, necrostatin-1, RSL3 
and Z-VAD-FMK were from MedChemExpress (Monmouth 
Junction, NJ, USA) and FINO2 from Cayman Chemical (Ann 
Arbor, MI, USA). Ferric ammonium citrate and resazurin 
were from Merck Sigma-Aldrich (Darmstadt, Germany). 
Cannabidiol was purchased from Abcam (Cambridge, UK). 
CBD was dissolved in ethanol, and all others in DMSO. Rising 
doses of the respective reagents were tested in viability assays 
in advance to choose adequate concentrations for the follow-
ing experiments. Likewise, solvents were tested at the highest 
used concentrations prior to experiments to exclude solvent 
effects.

2.2   |   Cell Culture

C-28/I2 and T/C-28/A2 cells originating from human rib car-
tilage [23, 24] were cultured in DMEM/F-12 medium (Gibco, 
Thermo Fisher Scientific, Darmstadt, Germany) supplemented 
with 5% foetal bovine serum (FBS-Maximus; Catus Biotech, 
Tutzing, Germany) and AB/AM solution (100 U/mL Penicillin, 
0.1 mg/mL Streptomycin, 0.25 μg/mL Amphotericin-B; Merck 
Sigma-Aldrich) in a humidified atmosphere at 37°C and 
5% CO2.

Primary chondrocytes were isolated from finger cartilage ob-
tained from body donors within 24 h post-mortem. Donors were 
part of a body donation programme of the University Center 
of Anatomy and Cell Biology, Paracelsus Medical University 
Salzburg in accordance with ethical guidelines and legal re-
quirements. Donors had given prior written consent for the 
use of their tissues for research purposes. After extraction, the 
tissue was transferred into DPBS (PAN-Biotech, Aidenbach, 
Germany) and centrifuged. DPBS was discarded, and cartilage 
was transferred to sterile DMEM/F-12 medium (Gibco) supple-
mented with 5% FBS (FBS-Maximus; Catus Biotech), 1% AB/
AM solution (100 U/mL Penicillin, 0.1 mg/mL Streptomycin, 
0.25 μg/mL Amphotericin-B; Merck Sigma-Aldrich), colla-
genase type-2 (2 mg/mL; Gibco) and gentamicin (50 μg/mL, 
1:1000; Merck Sigma-Aldrich). The tissue was shaken over-
night at 110 rpm and 37°C and then dispersed using a 40-μm 
Falcon cell strainer. After centrifugation, cells were cultured in 
T-25 flasks (Sarstedt, Nümbrecht, Germany) in fresh DMEM/
F12 medium.

2.3   |   Cell Viability

2.3.1   |   Resazurin Viability Test

Ten thousand cells per well were seeded into transparent 96-well 
microplates (CytoOne; Starlab, Hamburg, Germany) and grown 
overnight. After 24 h, the medium was replaced by medium 
without FBS (−FBS) and grown for a further 24 h before treat-
ment. Cells were then incubated with the different substances in 
medium −FBS at concentrations as indicated in the individual 
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experiments. Samples were incubated at 37°C for 24 h, and then 
the supernatants were replaced by 100 μL medium −FBS con-
taining 0.5 mM resazurin. After 1 h, supernatants were trans-
ferred to a new 96-well plate and either measured immediately 
or stored at −20°C until measurement. Fluorescence was mea-
sured in a Spark multimode reader (Tecan, Grödig, Austria) in 
triplicates per experimental condition. Blank well values (me-
dium only) were subtracted, and cell viability was related to un-
treated control cells.

2.3.2   |   CellTiter-Glo Luminescent Cell Viability Assay

Cells were seeded as for resazurin assays. After starvation, the 
cells were incubated with the different substances in 100 μL 
medium −FBS for 24 h. After 24 h, 100 μL of CellTiter-Glo 
substrate (Promega, Walldorf, Germany; Cat.-No. G7570) was 
added, and plates were transferred on a shaker for 2 min. After 
10 min at room temperature, supernatants were transferred 
to a white 96-well plate (Greiner Bio-One, Kremsmünster, 
Austria) and luminescence was detected on a Spark multi-
mode reader (Tecan). Different experimental conditions were 
measured in triplicates.

2.4   |   Microscopy

Ten thousand cells per well were seeded into transparent 96-
well plates. After 24 h, medium was changed to −FBS. After a 
further 24 h, the indicated substances diluted in 100 μL medium 
−FBS were added, and the plate was transferred into a Spark 
multimode reader (Tecan) in a humidity cassette for long-term 
observation at 37°C and 5% CO2, with pictures taken at 10× 
magnification every hour over 24 h.

2.5   |   Caspase 3/7 Activity

Cells were seeded for resazurin assays. Twenty-four hours post-
treatment in 100 μL total volume of medium −FBS per well, 
100 μL of Caspase-Glo 3/7 assay substrate (Promega; Cat.-No. 
G8090) was added and the assay was performed according to 
the manufacturer's instructions. Luminescence was measured 
on a Spark multimode reader (Tecan). Different experimental 
conditions were measured in triplicates.

2.6   |   Intracellular Iron Content

2.6 × 106 cells were seeded in 100-mm culture dishes (Sarstedt) 
and grown overnight. Before treatment with substances as indi-
cated, cells were starved in medium −FBS for 24 h. Then cells 
were washed with DPBS (PAN-Biotech) and harvested with 
trypsin/EDTA (Merck Sigma-Aldrich). Before harvesting, pic-
tures of cells were taken at 20× magnification with a Lumenera 
Infinity 8-9 camera (Teledyne Technologies, Thousand Oaks, 
California, USA) mounted on an Olympus CKX53 microscope. 
Cells were normalised to 0.5 × 106 cells per pellet in DPBS 
and intracellular iron content was measured colorimetrically 
at 590 nm using the Iron-Assay-Kit (Merck Sigma-Aldrich; 
Cat.-No. MAK472) according to the manufacturer's manual on a 
Spark multimode reader (Tecan).

2.7   |   GPX Activity

1 × 106 cells were seeded in 100-mm culture dishes (Sarstedt) 
and grown overnight. After 24 h, the medium was changed to 
−FBS, and after a further 24 h, cells were treated with the indi-
cated substances. Cells were washed with DPBS (PAN-Biotech) 
post-treatment and scraped off with a rubber policeman. The 
steps for sample preparation and assessment of GPX activity 
using a Glutathione Peroxidase Assay Kit (Cayman Chemical; 
Cat.-No. 703102) were conducted according to the manufactur-
er's instructions. GPX activity was measured colorimetrically at 
340 nm in a Spark multimode reader (Tecan).

2.8   |   Western Blot

Cells were seeded in 100 mm dishes, grown for 24 h and starved 
for another 24 h in medium −FBS. Then, cells were washed 
with DBPS, harvested with trypsin-EDTA, centrifuged (400 × g, 
5 min), counted and stored as cell pellets at −20°C. For further 
processing, cell pellets were thawed, resuspended in DPBS to 
a concentration of 1 × 107 cells per mL and lysed by sonication 
(10 pulses) with a Sonopuls HD70 (UW 70 ultrasound head; 
Bandelin electronic, Berlin, Germany). Samples were centri-
fuged (17,000 × g, 10 min at 4°C) and the supernatant was mixed 
with one volume of 2 × SDS (Thermo Fisher Scientific, Waltham, 
MA, USA), incubated for 5 min at 95°C and centrifuged (400 × g, 
5 min at room temperature). Proteins were separated on gradi-
ent SDS gels (4%–20% Mini-PROTEAN gels, Bio-Rad, Hercules, 
CA, USA) for 90 min at 100 V, each slot containing the volume 
equivalent of 100,000 cells. Gels were then transferred to nitro-
cellulose membranes (Bio-Rad) and blotted using a Trans-Blot 
Turbo System (7 min, 25 V; Bio-Rad). Membranes were incu-
bated for 1 h with Blotting Grade Blocker (Bio-Rad), followed 
by overnight incubation at 4°C with primary mouse monoclo-
nal IgG2bκ anti-GPX4-antibody (Santa Cruz Biotechnology, 
Dallas, TX, USA; Cat.-No. sc-166570) diluted 1:500 and rabbit 
anti-β-actin-antibody (Cell Signaling Technology, Danvers, 
MA, USA; Cat.-No. 4970) diluted 1:2000. Blots were washed 
with TBS-T and incubated for 1 h at room temperature with 
secondary goat anti-mouse-IgGκ BP-horseradish peroxidase 
(HRP) antibody (Santa Cruz Biotechnology; Cat.-No. sc-516102) 
and HRP-linked mouse anti-rabbit-IgG antibody (Cell Signaling 
Technology; Cat.-No. 7074), respectively (both diluted 1:2000). 
Proteins were detected with Signal Fire ECL Reagent (Cell 
Signaling Technologies) and chemiluminescence was analysed 
using a ChemiDoc MP System (Bio-Rad). β-actin served as a 
loading control.

2.9   |   Statistical Analysis

GraphPad Prism 10 (GraphPad Software, Boston, MA, USA) 
was used for data visualisation and statistics. Graphs show data 
points of at least three individual experiments (biological rep-
licates, n ≥ 3), unless otherwise specified. To provide a visual 
representation of the variability and precision of the estimated 
means, we include the 95% confidence intervals (CI; truncated 
at 0 where applicable) in all figures. The estimation of 95% CI 
assumes an underlying t-distribution, which we justified by 
conducting the Shapiro–Wilk test. The results indicated that 
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the normality assumption was reasonably met, supporting the 
validity of the confidence intervals presented, which was also 
evaluated visually with Q-Q plots. Based on this assumption, 
statistical analyses were performed by repeated measures (RM) 
one-way ANOVA with Geisser–Greenhouse correction for viola-
tions of sphericity, followed by Dunnett’s multiple comparisons 
post-test or using paired t-tests where appropriate. Results were 
considered statistically significant at p < 0.05.

3   |   Results

3.1   |   Viability Is Reduced in Chondrocyte Cell 
Lines C-28/I2 and T/C-28/A2 and in Primary Human 
Chondrocytes After Treatment With Ferroptosis 
Inducers

We first examined the effects of FINs alone on C-28/I2 and 
T/C-28/A2 cells and primary chondrocytes and found a dose-
dependent reduction in cell viability after a 24-h treatment with 
the respective substances (Figure 1a–d). RSL3 had the strongest 
effect on C-28/I2 and T/C-28/A2 cells, leading to nearly 30%–
50% reduced viability already at the lowest concentration tested 
(2.5 μM). Likewise, erastin and FINO2 impaired cell viability 
but at higher concentrations (≥ 5 μM), whereas FIN56 did not 
markedly reduce viability. Generally, T/C-28/A2 cells were more 
sensitive to the ferroptosis inducers than C-28/I2 cells. Primary 
chondrocytes showed the highest sensitivity to the inducers and 
displayed ~50% reduced viability upon FIN56 treatment, which 
left the immortalised cell lines unaffected at the same and 
higher concentrations (Figure S1a).

The induction of cell death was also microscopically apparent. 
For C-28/I2 cells treated with RSL3 (10 μM) or erastin (20 μM) 
for 24 h, Figure  1e shows a time-dependent accumulation of 
rounded-up (‘ballooning’) and dead cells over time, whereby the 
effects of RSL3 were apparent earlier than those of erastin. T/C-
28/A2 cells were morphologically affected in a similar way by 
RSL3 and erastin, again showing a higher sensitivity compared 
to C-28/I2 cells. Especially after RSL3 treatment, changes in cell 
morphology and the appearance of dead cells were already obvi-
ous after 5 h (Figure S2e).

3.2   |   Iron Overload Enhances Ferroptosis 
Induction

Next, we tested whether additional exposure to iron increases cell 
death. Therefore, cells were exposed to 1 and 5 mM ferric ammo-
nium citrate (FAC) for 24 h. Lower concentrations from 100 to 
500 μM have previously been shown to cause iron overload and re-
duced viability in chondrocytes [25–27]. We confirmed increased 
iron uptake after 24-h exposure to 0.5, 1 and 5 mM FAC (Figure 2a), 
which was also microscopically visible. Higher FAC concentra-
tions led to a higher number of rounded cells, indicating reduced 
viability (Figure 2b). Iron overloading caused a dose-dependent re-
duction in cell viability by approximately 25% and 55% in C-28/I2 
and T/C-28/A2 cells, respectively (Figure 2c,d). The effect of iron 
overload was enhanced by FINs. Combined treatment with FAC 
and RSL3 or IKE led to a stronger reduction of living cells than 
FAC alone. In C-28/I2 cells, 31.94% and 2.71% of cells survived 

co-treatment with 5 mM FAC plus IKE or RSL3 at 10 μM each, re-
spectively (Figure 2c). These effects were again more prominent in 
T/C-28/A2 cells (Figure 2d), whereupon co-treatment only 1.24% 
and 0.86% of living cells were left, respectively. While FIN56 alone 
at the highest tested concentration of 40 μM left C-28/I2 and T/C-
28/A2 cells unaffected (Figure  1d), additional iron overload re-
duced cell viability by 30%–50%. Combined treatment with FAC 
and FINO2 (20 μM), which alone already had strong effects, led to 
ultimate cell death in both cell lines.

3.3   |   The Ferroptosis Inhibitor Ferrostatin-1 
Partially Restores Cell Viability

To verify the ferroptotic effects of the inducers, we performed co-
treatment experiments with the ferroptosis inhibitor ferrostatin-1 
(Fer-1). C-28/I2 and T/C-28/A2 cells were treated for 24 h with 
RSL3 (10 μM), erastin (20 μM), FIN56 (40 μM) and FINO2 (20 μM) 
alone, or in combination with 5 μM Fer-1. In C-28/I2 cells, Fer-1 
slightly ameliorated the effect of RSL3 in three out of four experi-
ments, evident as increased viability in cells co-treated with Fer-1 
(+10% relative viability on average) (Figure 3a). The effect of Fer-1 
was more prominent and consistent in T/C-28/A2 cells, where 
relative viability rose from 12.5% to 54.2% (+41.7%) on average in 
the co-treatment group (Figure 3b). In erastin-treated cells, Fer-1 
co-treatment comparably raised the viability in both cell lines (C-
28/I2: +38.4%, T/C-28/A2: +53.0%). The strongest anti-ferroptotic 
effect of Fer-1 was apparent in FINO2-treated cells, where the rel-
ative viability increased by 83.8% in C-28/I2 and by 92.8% in T/C-
28/A2 cells, restoring the viability to the level of untreated control 
cells. Again, FIN56 had no discernible effect. Fer-1 also inhibited 
ferroptotic cell death in primary chondrocytes, where RSL3 and 
IKE again exerted strong effects by reducing viability to < 2% com-
pared to untreated cells. In combination with RSL3 or IKE, Fer-1 
restored viability to 16.1% and 41.7%, respectively (Figure S1b). We 
confirmed these results with a second assay based on luminescent 
detection of intra-cellular ATP as a surrogate parameter for cell 
viability. Fer-1 partially restored cell viability in RSL3 and FINO2-
treated C-28/I2 and T/C-28/A2 cells (Figure S2a,b) as well as in co-
treatment with FAC (Figure S2c,d). In C-28/I2 cells, the inhibitory 
effect of Fer-1 on RSL3-induced cell death is also clearly visible 
microscopically (Figure 3c). For T/C-28/A2 cells, a similar coun-
teracting effect of Fer-1 on erastin-induced ferroptosis is shown in 
Figure S2e.

3.4   |   Ferroptotic Cell Death Is Accompanied by 
Minor Apoptotic and Necroptotic Effects

To test for a possible contribution of apoptotic and necroptotic 
processes, we co-treated chondrocytes with RSL3 (10 μM) or 
erastin (20 μM), along with Z-VAD-FMK (10 μM) or necrosta-
tin-1 (Nec-1; 10 μM). Z-VAD-FMK prevents apoptosis by in-
hibiting caspases, whereas Nec-1 inhibits receptor interacting 
serine/threonine kinase1 (RIP1 kinase) and necroptotic cell 
death. In both cell lines, the treatment with RSL3 plus Nec-1 
for 24 h slightly enhanced the cytotoxic effect (C-28/I2: −8.4%, 
T/C-28/A2: −4.3% relative viability compared to RSL3 alone) 
(Figure 4a,b). Since 10 μM Nec-1 alone had no effect, this could 
be caused by the combination of the two substances. In con-
trast, when applied together with RSL3, Z-VAD-FMK increased 
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the viability by 9.9% in C-28/I2 and by 14.3% in T/C-28/A2 cells, indicating an involvement of apoptotic mechanisms. The FIGURE 1    |     Legend on next page.
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co-treatment of erastin with the two inhibitors revealed a dif-
ferent pattern. In both cell lines, treatment with erastin in com-
bination with Nec-1 increased cell viability (C-28/I2: +10.2%, 

T/C-28/A2: +31.1%), suggesting an involvement of necrosis be-
sides ferroptosis. The combination with Z-VAD-FMK did not 
change the effects of erastin in C-28/I2 cells, but in T/C-28/A2 

FIGURE 1    |    Viability is reduced in chondrocyte cell lines C-28/I2 and T/C-28/A2 after treatment with ferroptosis inducers. (a–d) Cell viability as-
sessed by resazurin assays after 24 h of treatment with RSL3, erastin, FINO2 and FIN56 in % of untreated controls. Results of individual experiments 
(n = 3 for each substance) are shown as empty and grey symbols for C-28/I2 and T/C-28/A2 cells, respectively, with means (95% CI). RM one-way ANOVA 
with Geisser–Greenhouse correction and Dunnett’s multiple comparisons post-test. *p < 0.05 versus untreated controls. (e) Transmission microscopy 
images of C-28/I2 cells taken every 5 h over 24 h in the absence (control) and presence of RSL3 (10 μM) or erastin (Era; 20 μM). 10× magnification.

FIGURE 2    |    Iron overload enhances ferroptosis induction. (a) Iron content of C-28/I2 (empty symbols) and TC-28/A2 cells (grey symbols) cultured for 
24 h in the absence (control) or presence of 0.5, 1 and 5 mM ferric ammonium citrate (FAC). Means (95% CI) of four individual experiments (n = 4). RM 
one-way ANOVA with Geisser–Greenhouse correction and Dunnett’s multiple comparisons post-test. *p < 0.05 versus Control. (b) Transmission images 
taken after 24 h under the same conditions as in (a). 20× magnification. Cell viability after 24 h treatment of (c) C-28/I2 cells or (d) T/C-28/A2 cells with 
1 mM (light symbols) or 5 mM (dark symbols) FAC alone or in combination with IKE (10 μM), RSL3 (10 μM), FIN56 (40 μM) or FINO2 (20 μM). Results 
of individual resazurin experiments (n = 3 for each condition) in % of untreated controls and means (95% CI). RM one-way ANOVA with Geisser–
Greenhouse correction and Dunnett’s multiple comparisons post-test, or paired t-tests. *p < 0.05 versus FAC alone, #p < 0.05 versus untreated controls.
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cells, the viability was raised by 10.8% when both substances 
were applied (Figure 4b).

By quantifying caspase 3/7 activity, we found that compared to the 
apoptosis inducer staurosporine (STS), RSL3 elicited less than 50% 
caspase activity in both cell lines, indicating a weaker apoptotic 
effect. Z-VAD-FMK inhibited caspase activation in both RSL3 and 
staurosporine-treated cells, which confirms the involvement of 
apoptotic effects in cells treated with RSL3 (Figure 4c,d).

3.5   |   CBD Partially Inhibits Ferroptotic Cell Death 
in Human Articular Chondrocytes

Next, we focused on the effects of CBD on chondrocyte viability 
under ferroptotic conditions. Rising concentrations of CBD from 
10 to 1000 nM dose-dependently ameliorated the effect of 5 μM 
RSL3 in C-28/I2 and T/C-28/A2 cells (+25.9% and +49.1% rela-
tive viability at 1000 nM CBD, respectively), while CBD alone 
up to 500 nM had no effect (Figure 5a,c). At the highest tested 

FIGURE 3    |    The ferroptosis inhibitor ferrostatin-1 (Fer-1) partially restores cell viability. (a, b) Cell viability of C-28/I2 cells, T/C-28/A2 cells after 
24 h of treatment with RSL3, erastin, FIN56 and FINO2 alone (empty symbols) or in combination with Fer-1 (5 μM; green symbols). Results of indi-
vidual resazurin experiments (n = 3–4) in % of untreated controls and means (95% CI). Paired t-tests. *p < 0.05. (c) Transmission microscopy images 
of C-28/I2 cells taken every 5 h over 24 h in the absence (control) and presence of RSL3 (10 μM) and cells co-treated with RSL3 and Fer-1 (5 μM). 10× 
magnification.
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concentration of 5000 nM, CBD per se reduced cell viability, in-
dicating a cytotoxic effect of CBD at higher concentrations, as 
previously described [22]. In primary chondrocytes, CBD had 
the most consistent and pronounced cytoprotective effect: viabil-
ity rose by more than 76% from RSL3-only treated cells to cells 
co-treated with 1000 nM CBD. Again, at the highest tested con-
centration, CBD caused cell death when applied alone and even 
more when combined with RSL3 (Figure S1c). CBD also miti-
gated cell viability in IKE-treated cells: in C-28/I2 and T/C-28/

A2 cells, the percentage of viable cells strongly rose from 16.2% 
and 7.4% under 10 μM IKE alone to 79.0% and 84.2% in cells co-
treated with 1000 nM CBD, respectively. In both cell lines, CBD 
at 5000 nM again diminished viability (Figure 5b,d). In primary 
chondrocytes, co-treatment with CBD up to 1000 nM gave rise to 
a similar rescue pattern. Notably, the cytotoxic effect of 5000 nM 
CBD was stronger and more consistent than in the two cell 
lines (Figure S1d). CBD also reduced the ferroptotic effects of 
FINO2 in C-28/I2 and T/C-28/A2 cells, but the effects were less 

FIGURE 4    |    Ferroptotic cell death is accompanied by minor apoptotic and necroptotic effects. (a, b) Cell viability of C-28/I2 and T/C-28/A2 cells 
treated for 24 h with the necroptosis inhibitor necrostatin-1 (Nec-1; 10 μM) or the apoptosis inhibitor Z-VAD-FMK (10 μM) alone (empty symbols), or 
in combination with RSL3 (10 μM; blue symbols) or erastin (Era; 20 μM; red symbols). Results of individual resazurin measurements (n = 3) in % of 
untreated controls and means (95% CI). (c, d) Caspase 3/7 activity in C-28/I2 and T/C-28/A2 treated with staurosporine (STS; 0.5 μM; positive control) 
or RSL3 (10 and 20 μM) in the absence (empty symbols) and presence (orange symbols) of Z-VAD-FMK (10 μM). Results of individual Caspase-Glo 
3/7 assays (Promega) in % of untreated controls (n = 3–4) and means (95% CI). Paired t-tests. *p < 0.05.
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pronounced compared to RSL3 and IKE; CBD co-treatment im-
proved the viability by < 20% in both cell lines (data not shown). 
Luminescence-based quantification of intra-cellular ATP levels 
also shows a dose-dependent increase in viability in C-28/I2 and 
T/C-28/A2 cells co-treated with CBD and RSL3 or IKE, confirm-
ing the results from resazurin assays (Figure S3a–d). The rescu-
ing effect was also discernible in C-28/I2 cells treated with RSL3 
plus FAC (Figure S3e).

3.6   |   CBD Partially Restores GPX4 Activity in 
Ferroptotic Human Articular Chondrocytes

GPX4 is the main enzyme responsible for the reduction of lipid 
peroxides, and CBD is known to influence the oxidative state in 

different cell types. We investigated the effect of CBD alone and 
in combination with RSL3 and IKE on GPX activity in C-28/I2 
and T/C-28/A2 cells. CBD alone (750 nM) reduced GPX activity 
in both cell lines, but cell type-dependently restored GPX activ-
ity when co-applied with FINs. Specifically, in C-28/I2 cells, IKE 
and RSL3 (10 μM each) diminished GPX activity by 34.0% and 
37.4% on average within 24 h. The effect of IKE was almost fully 
prevented by CBD (+28.1% activity versus IKE alone), while the 
RSL3 effect was recovered by ~16% (Figure 6a). In untreated T/C-
28/A2 cells, GPX activity was approximately 50% of the activity 
in C-28/I2 cells, which is well reflected by the lower GPX4 pro-
tein expression in these cells (Figure 6b). From this lower level 
of GPX activity, IKE alone did only slightly reduce activity by 
8.1%. With −28.4% activity versus untreated cells, the effect of 
RSL3 was more pronounced, suggesting that within 24 h, direct 

FIGURE 5    |    CBD partially inhibits ferroptotic cell death in human articular chondrocytes. Cell viability of C-28/I2 cells (a, b), T/C-28/A2 cells (c, 
d) after 24 h treatment with RSL3 (5 μM; blue symbols) or IKE (10 μM; red symbols) alone or in combination with cannabidiol (CBD) at concentrations 
ranging from 10 to 5000 nM. Results from cells treated with 10, 500 and 5000 nM CBD alone are depicted as empty symbols. Results of individual re-
sazurin experiments in % of untreated controls (n = 3 and 6 for C-28/I2 and T/C-28/A2 cells, respectively) and means (95% CI). RM one-way ANOVA 
with Geisser–Greenhouse correction and Dunnett’s multiple comparisons post-test. *p < 0.05 RSL3 or IKE plus CBD versus RSL3 or IKE alone.
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inhibition of GPX4 is less tolerated by these cells than system xc
− 

transport inhibition by IKE. The RSL3 effect was fully prevented 
by CBD in two out of three experiments (Figure 6a).

4   |   Discussion

In this study, we investigated the impact of CBD in human ar-
ticular chondrocytes in the context of ferroptosis. Chondrocytes 
produce and maintain the extracellular matrix (ECM) in hyaline 
cartilage. Injury, mechanical overload, genetic- and biochemi-
cal factors can lead to matrix degradation and chondrocyte cell 
death. Ferroptosis has been linked to cartilage degeneration and 
ECM degradation in chondrocyte cell models and in vivo studies 
(see Cao et al. [20] for a review).

In C-28/I2 cells, T/C-28/A2 cells and primary chondrocytes, 
we observed a dose-dependent decline in cell viability upon the 
application of the FINs erastin or its analogue IKE, RSL3 and 
FINO2. This indicates that cysteine depletion by inhibition of an-
tiport system xc

− (erastin/IKE), direct inhibition of GPX4 (RSL3) 
and promotion of iron oxidation, and indirect inhibition of GPX4 
(FINO2) elicited ferroptotic cell death. Treatment with FIN56, 
which promotes GPX4 protein degradation, had only weak effects 
on cell viability within 24 h, suggesting a slower effect or a po-
tential compensatory ability of the cells towards FIN56. The two 
cell lines displayed remarkable differences in their compound 
sensitivity, which was also microscopically apparent; T/C-28/A2 
cells were generally more prone to ferroptosis, suggesting cell 
type-dependent anti-ferroptotic capacity, as known from other 
cell types [28]. Compared to the immortalised cell lines, primary 
chondrocytes showed the highest sensitivity to the tested com-
pounds overall, with almost all cells dead after 24-h treatment 
with the highest concentration of IKE, RSL3 or FINO2. Primary 

chondrocytes were also more sensitive to FIN56, suggesting a 
lower level cellular antioxidant defence system.

Induction of ferroptosis and disruption of cartilage metabolism 
by iron overload upon exposure to ferric ammonium citrate 
(FAC) has been described in chondrocyte cell lines and primary 
chondrocytes [25–27, 29–31] and we confirm these results. FAC 
reduced cell viability, and co-treatment with FINs markedly en-
hanced that effect. On the other hand, co-application of the radi-
cal scavenger ferrostatin-1 (Fer-1) with FINs partially restored cell 
viability in both cell lines and in primary chondrocytes. While 
our experiments clearly show the induction of ferroptosis, simul-
taneous activation of necroptotic or apoptotic pathways is likely. 
This is consistent with studies showing that although ferroptosis 
is morphologically, genetically and biochemically distinct, there 
may be crosstalk or mutual activation of apoptosis and other 
forms of non-apoptotic cell death [32, 33]. The elevated caspase 
3/7 activity we observed in cells treated with RSL3 indicates a pro-
apoptotic effect in addition to its well-known ferroptotic effect of 
the compound. This finding aligns with recent work by Liu et al. 
[34], who reported increased apoptosis in myelodysplastic syn-
drome cells following RSL3 treatment, accompanied by elevated 
levels of cleaved caspase 3. Notably, in our experiments, caspase 
3/7 activation was reduced at the higher RSL3 concentration of 
20 μM compared to 10 μM, suggesting a potential shift towards 
caspase-independent cell death at higher concentrations.

Inhibition of ferroptosis by specific inhibitors, iron chelators or 
unspecific antioxidants alleviates OA-cartilage damage and ECM 
degradation by multiple mechanisms [25, 29, 31, 35–38]. CBD af-
fects redox balance through both pro-oxidative and anti-oxidative 
effects in a cell type-specific, dose- and context-dependent man-
ner. Antioxidant effects can be explained by its ability to directly 
reduce oxidant levels and to prevent the formation of superoxide 

FIGURE 6    |    CBD partially restores GPX4 activity in ferroptotic human articular chondrocytes. (a) GPX activity in untreated C-28/I2 and T/C-28/
A2 cells (−), in cells treated for 24 h with CBD (750 nM), IKE (10 μM) or RSL3 (10 μM) alone and cells co-treated with CBD and ferroptosis inducers. 
GPX activity is given in nmol/min/mL for individual experiments (n = 3 for each cell line) and as means (95% CI). Paired t-test. #p < 0.05. (b) Western 
blot analysis of GPX4 expression in C-28/I2 and T/C-28/A2 cells. β-Actin served as loading control.
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radicals. CBD also reduces ROS production by chelation of tran-
sition metal ions and indirectly alters the levels and the activities 
of antioxidants [21, 39]. Few studies have investigated the effects 
of CBD or the endocannabinoid (EC) system in the context of 
ferroptosis. Li et al. described an anti-ferroptotic effect of CBD at 
0.08–10 μM in human skin keratinocytes [40] and Huang et  al. 
demonstrated a cytoprotective effect of CBD at 10 μM in radiation-
induced enteritis through GPX4 transactivation [41], indicating 
enhanced ferroptosis resistance under CBD. On the other hand, a 
pro-ferroptotic effect of CBD at 10–50 μM via ERK activation and 
ROS accumulation was found by Kim et al. in glioblastoma cells 
[42]. Sensitisation of breast cancer cells to ferroptosis by inhibition 
of the CB1-receptor points at a potential involvement of the EC 
system in ferroptosis [43]. In chondrocytes, cytoprotective [44–46] 
as well as pro-apoptotic [22, 47] effects of cannabinoids have been 
observed. We show that CBD, co-applied at concentrations from 
10 nM to 1 μM with FINs, exerts a cytoprotective effect in C-28/I2 
and T/C-28/A2 cells and in primary chondrocytes with an efficacy 
in the mid-nanomolar range comparable to the anti-ferroptotic ef-
fect of 5 μM Fer-1.

At 0.75 μM CBD alone reduced GPX activity in both C-28/I2 
and T/C-28/A2 cells, but when combined with the FINs IKE 
or RSL3, it restored GPX activity to varying degrees depending 
on the cell type. At the same concentration, CBD improved cell 
viability in the presence of RSL3 or IKE in both cell lines, sug-
gesting that the effect of CBD on GPX activity is not the sole 
mechanism counteracting RSL3- and IKE-induced cell death. 
For example, IKE at 10 μM drastically reduced the viability of 
T/C-28/A2 cells without significantly affecting GPX activity, but 
CBD at 750 nM effectively counteracted IKE-induced cell death 
in these cells, while GPX activity remained largely unchanged. 
The mechanism by which CBD affects GPX4 activity remains 
to be elucidated, including whether it involves direct or indirect 
GPX activation and/or increased GPX expression.

Our study is the first time to identify an anti-ferroptotic effect 
of cannabidiol (CBD) in human articular chondrocytes. Current 
focus on disturbed iron homeostasis in ageing-related diseases 
highlights a role of ferroptosis in the pathogenesis of OA, the 
most prevalent joint disease affecting millions of people world-
wide. Given the growing recognition of ferroptosis in OA pathol-
ogy, the here described anti-ferroptotic effect of CBD provides 
a basis for future research into CBD-based approaches aimed 
at preserving chondrocyte viability and mitigating ferroptosis-
driven cartilage degradation, with potential for pharmacological 
interventions in OA treatment.

Author Contributions

A. Wipplinger: data curation (supporting), investigation (lead), 
methodology (equal), project administration (supporting), valida-
tion (supporting), visualization (supporting), writing – original draft 
(supporting), writing – review and editing (supporting). D. Bekric: 
conceptualization (supporting), data curation (supporting), formal 
analysis (supporting), methodology (supporting), validation (support-
ing), writing – original draft (supporting), writing – review and editing 
(supporting). C. Ablinger: investigation (supporting), methodology 
(supporting), writing – original draft (supporting). M. Kittl: data cu-
ration (supporting), formal analysis (supporting), investigation (sup-
porting), methodology (supporting), validation (supporting), writing 

– original draft (supporting). C. Mayr: conceptualization (supporting), 
methodology (supporting), validation (equal), writing – original draft 
(supporting). M. Ritter: conceptualization (supporting), formal anal-
ysis (supporting), resources (lead), supervision (supporting), validation 
(supporting), writing – original draft (supporting), writing – review and 
editing (supporting). M. Winklmayr: conceptualization (equal), data 
curation (equal), formal analysis (equal), funding acquisition (lead), 
investigation (supporting), methodology (equal), supervision (support-
ing), validation (equal), visualization (equal), writing – original draft 
(equal), writing – review and editing (equal). M. Jakab: conceptualiza-
tion (equal), data curation (equal), formal analysis (equal), funding ac-
quisition (supporting), investigation (supporting), methodology (lead), 
project administration (supporting), supervision (lead), validation 
(lead), visualization (lead), writing – original draft (lead), writing – re-
view and editing (lead).

Acknowledgements

We sincerely acknowledge the valuable support of Katharina Helm 
and Claudia Winklmayr in this work. The work was supported by 
the Research Fund of the Paracelsus Medical University, grant num-
ber R-20/01/127-PRP. Open access funding provided by Paracelsus 
Medizinische Privatuniversitat/KEMÖ.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

Data openly available in a public repository that issues datasets 
with DOIs.

References

1. S. J. Dixon, K. M. Lemberg, M. R. Lamprecht, et  al., “Ferroptosis: 
An Iron-Dependent Form of Nonapoptotic Cell Death,” Cell 149 (2012): 
1060–1072, https://​doi.​org/​10.​1016/j.​cell.​2012.​03.​042.

2. S. J. Dixon and D. A. Pratt, “Ferroptosis: A Flexible Constellation 
of Related Biochemical Mechanisms,” Molecular Cell 83 (2023): 1030–
1042, https://​doi.​org/​10.​1016/j.​molcel.​2023.​03.​005.

3. B. Wiernicki, H. Dubois, Y. Y. Tyurina, et al., “Excessive Phospholipid 
Peroxidation Distinguishes Ferroptosis From Other Cell Death Modes 
Including Pyroptosis,” Cell Death & Disease 11 (2020): 922, https://​doi.​
org/​10.​1038/​s4141​9-​020-​03118​-​0.

4. M. M. Gaschler and B. R. Stockwell, “Lipid Peroxidation in Cell 
Death,” Biochemical and Biophysical Research Communications 482 
(2017): 419–425, https://​doi.​org/​10.​1016/j.​bbrc.​2016.​10.​086.

5. B. R. Stockwell, J. P. Friedmann Angeli, H. Bayir, et al., “Ferroptosis: 
A Regulated Cell Death Nexus Linking Metabolism, Redox Biology, and 
Disease,” Cell 171 (2017): 273–285, https://​doi.​org/​10.​1016/j.​cell.​2017.​
09.​021.

6. Y. Xie, W. Hou, X. Song, et al., “Ferroptosis: Process and Function,” 
Cell Death and Differentiation 23 (2016): 369–379, https://​doi.​org/​10.​
1038/​cdd.​2015.​158.

7. W. S. Yang and B. R. Stockwell, “Synthetic Lethal Screening Identi-
fies Compounds Activating Iron-Dependent, Nonapoptotic Cell Death 
in Oncogenic-RAS-Harboring Cancer Cells,” Chemistry & Biology 15 
(2008): 234–245, https://​doi.​org/​10.​1016/j.​chemb​iol.​2008.​02.​010.

8. Q. Nie, Y. Hu, X. Yu, X. Li, and X. Fang, “Induction and Application 
of Ferroptosis in Cancer Therapy,” Cancer Cell International 22 (2022): 
12, https://​doi.​org/​10.​1186/​s1293​5-​021-​02366​-​0.

9. Y. Du and Z. Guo, “Recent Progress in Ferroptosis: Inducers and In-
hibitors,” Cell Death Discovery 8 (2022): 501, https://​doi.​org/​10.​1038/​
s4142​0-​022-​01297​-​7.

https://doi.org/10.1016/j.cell.2012.03.042
https://doi.org/10.1016/j.molcel.2023.03.005
https://doi.org/10.1038/s41419-020-03118-0
https://doi.org/10.1038/s41419-020-03118-0
https://doi.org/10.1016/j.bbrc.2016.10.086
https://doi.org/10.1016/j.cell.2017.09.021
https://doi.org/10.1016/j.cell.2017.09.021
https://doi.org/10.1038/cdd.2015.158
https://doi.org/10.1038/cdd.2015.158
https://doi.org/10.1016/j.chembiol.2008.02.010
https://doi.org/10.1186/s12935-021-02366-0
https://doi.org/10.1038/s41420-022-01297-7
https://doi.org/10.1038/s41420-022-01297-7


12 of 13 Journal of Cellular and Molecular Medicine, 2025

10. A. F. Dos Santos, G. Fazeli, T. N. da Xavier Silva, and J. P. Fried-
mann Angeli, “Ferroptosis: Mechanisms and Implications for Cancer 
Development and Therapy Response,” Trends in Cell Biology 33 (2023): 
1062–1076, https://​doi.​org/​10.​1016/j.​tcb.​2023.​04.​005.

11. Y. Tian, Y. Tian, Z. Yuan, et  al., “Iron Metabolism in Aging and 
Age-Related Diseases,” International Journal of Molecular Sciences 23 
(2022): 3612, https://​doi.​org/​10.​3390/​ijms2​3073612.

12. Q. Ru, Y. Li, W. Xie, et al., “Fighting Age-Related Orthopedic Dis-
eases: Focusing on Ferroptosis,” Bone Research 11 (2023): 12, https://​doi.​
org/​10.​1038/​s4141​3-​023-​00247​-​y.

13. G. S. Man and G. Mologhianu, “Osteoarthritis Pathogenesis – A 
Complex Process That Involves the Entire Joint,” Journal of Medical Life 
7 (2014): 37–41.

14. L. F. van Vulpen, G. Roosendaal, B. S. van Asbeck, S. C. Mastber-
gen, F. P. Lafeber, and R. E. Schutgens, “The Detrimental Effects of Iron 
on the Joint: A Comparison Between Haemochromatosis and Haemo-
philia,” Journal of Clinical Pathology 68 (2015): 592–600, https://​doi.​
org/​10.​1136/​jclin​path-​2015-​202967.

15. O. Nugzar, G. Zandman-Goddard, H. Oz, D. Lakstein, Z. Feldbrin, 
and M. Shargorodsky, “The Role of Ferritin and Adiponectin as Pre-
dictors of Cartilage Damage Assessed by Arthroscopy in Patients With 
Symptomatic Knee Osteoarthritis,” Best Practice & Research Clinical 
Rheumatology 32 (2018): 662–668, https://​doi.​org/​10.​1016/j.​berh.​2019.​
04.​004.

16. M. Yazar, S. Sarban, A. Kocyigit, and U. E. Isikan, “Synovial Fluid 
and Plasma Selenium, Copper, Zinc, and Iron Concentrations in Pa-
tients With Rheumatoid Arthritis and Osteoarthritis,” Biological Trace 
Element Research 106 (2005): 123–132, https://​doi.​org/​10.​1385/​BTER:​
106:2:​123.

17. Y. Miao, Y. Chen, F. Xue, et  al., “Contribution of Ferroptosis and 
GPX4's Dual Functions to Osteoarthritis Progression,” eBioMedicine 76 
(2022): 103847, https://​doi.​org/​10.​1016/j.​ebiom.​2022.​103847.

18. Y. Liu, M. S. Yau, L. M. Yerges-Armstrong, et  al., “Genetic Deter-
minants of Radiographic Knee Osteoarthritis in African Americans,” 
Journal of Rheumatology 44 (2017): 1652–1658, https://​doi.​org/​10.​3899/​
jrheum.​161488.

19. S. Zhang, J. Xu, H. Si, Y. Wu, S. Zhou, and B. Shen, “The Role Played 
by Ferroptosis in Osteoarthritis: Evidence Based on Iron Dyshomeosta-
sis and Lipid Peroxidation,” Antioxidants (Basel) 11 (2022): 1668, https://​
doi.​org/​10.​3390/​antio​x1109​1668.

20. S. Cao, Y. Wei, H. Xu, et  al., “Crosstalk Between Ferroptosis and 
Chondrocytes in Osteoarthritis: A Systematic Review of In  Vivo and 
In Vitro Studies,” Frontiers in Immunology 14 (2023): 1202436, https://​
doi.​org/​10.​3389/​fimmu.​2023.​1202436.

21. S. R. Pereira, B. Hackett, D. N. O'Driscoll, M. C. Sun, and E. J. 
Downer, “Cannabidiol Modulation of Oxidative Stress and Signalling,” 
Neuronal Signaling 5 (2021): NS20200080, https://​doi.​org/​10.​1042/​
NS202​00080​.

22. M. Winklmayr, M. Gaisberger, M. Kittl, J. Fuchs, M. Ritter, and M. 
Jakab, “Dose-Dependent Cannabidiol-Induced Elevation of Intracellu-
lar Calcium and Apoptosis in Human Articular Chondrocytes,” Journal 
of Orthopaedic Research 37 (2019): 2540–2549, https://​doi.​org/​10.​1002/​
jor.​24430​.

23. M. B. Goldring, J. R. Birkhead, L. F. Suen, et al., “Interleukin-1β-
Modulated Gene Expression in Immortalized Human Chondrocytes,” 
Journal of Clinical Investigation 94 (1994): 2307–2316, https://​doi.​org/​
10.​1172/​JCI11​7595.

24. R. F. Loeser, S. Sadiev, L. Tan, and M. B. Goldring, “Integrin Expres-
sion by Primary and Immortalized Human Chondrocytes: Evidence of 
a Differential Role for α1β1 and α2β1 Integrins in Mediating Chondro-
cyte Adhesion to Types II and VI Collagen,” Osteoarthritis and Cartilage 
8 (2000): 96–105, https://​doi.​org/​10.​1053/​joca.​1999.​0277.

25. Q. He, J. Yang, Z. Pan, et  al., “Biochanin A Protects Against Iron 
Overload Associated Knee Osteoarthritis via Regulating Iron Levels 
and NRF2/System xc-/GPX4 Axis,” Biomedicine & Pharmacotherapy 
157 (2023): 113915, https://​doi.​org/​10.​1016/j.​biopha.​2022.​113915.

26. X. Jing, T. Du, T. Li, et al., “The Detrimental Effect of Iron on OA 
Chondrocytes: Importance of Pro-Inflammatory Cytokines Induced 
Iron Influx and Oxidative Stress,” Journal of Cellular and Molecular 
Medicine 25 (2021): 5671–5680, https://​doi.​org/​10.​1111/​jcmm.​16581​.

27. A. Karim, K. Bajbouj, J. Shafarin, R. Qaisar, A. C. Hall, and M. 
Hamad, “Iron Overload Induces Oxidative Stress, Cell Cycle Arrest and 
Apoptosis in Chondrocytes,” Frontiers in Cell and Development Biology 
10 (2022): 821014, https://​doi.​org/​10.​3389/​fcell.​2022.​821014.

28. L. Magtanong, G. D. Mueller, K. J. Williams, et  al., “Context-
Dependent Regulation of Ferroptosis Sensitivity,” Cell Chemical Biol-
ogy 29 (2022): 1409–1418.e6, https://​doi.​org/​10.​1016/j.​chemb​iol.​2022.​
06.​004.

29. X. Jing, J. Lin, T. Du, et al., “Iron Overload Is Associated With Ac-
celerated Progression of Osteoarthritis: The Role of DMT1 Mediated 
Iron Homeostasis,” Frontiers in Cell and Development Biology 8 (2020): 
594509, https://​doi.​org/​10.​3389/​fcell.​2020.​594509.

30. X. Jing, Q. Wang, T. Du, et  al., “Calcium Chelator BAPTA-AM 
Protects Against Iron Overload-Induced Chondrocyte Mitochon-
drial Dysfunction and Cartilage Degeneration,” International Journal 
of Molecular Medicine 48 (2021): 196, https://​doi.​org/​10.​3892/​ijmm.​
2021.​5029.

31. Z. Pan, Q. He, J. Zeng, et  al., “Naringenin Protects Against Iron 
Overload-Induced Osteoarthritis by Suppressing Oxidative Stress,” 
Phytomedicine 105 (2022): 154330, https://​doi.​org/​10.​1016/j.​phymed.​
2022.​154330.

32. Y. S. Lee, D. H. Lee, H. A. Choudry, D. L. Bartlett, and Y. J. Lee, 
“Ferroptosis-Induced Endoplasmic Reticulum Stress: Cross-Talk Be-
tween Ferroptosis and Apoptosis,” Molecular Cancer Research 16 (2018): 
1073–1076, https://​doi.​org/​10.​1158/​1541-​7786.​MCR-​18-​0055.

33. Y. Zhou, J. Liao, Z. Mei, X. Liu, and J. Ge, “Insight Into Crosstalk 
Between Ferroptosis and Necroptosis: Novel Therapeutics in Isch-
emic Stroke,” Oxidative Medicine and Cellular Longevity 2021 (2021): 
9991001, https://​doi.​org/​10.​1155/​2021/​9991001.

34. L. Liu, C. Yang, L. Zhu, et al., “RSL3 Enhances ROS-Mediated Cell 
Apoptosis of Myelodysplastic Syndrome Cells Through MYB/Bcl-2 Sig-
naling Pathway,” Cell Death & Disease 15 (2024): 465, https://​doi.​org/​10.​
1038/​s4141​9-​024-​06866​-​5.

35. Z. Gong, Y. Wang, L. Li, X. Li, B. Qiu, and Y. Hu, “Cardamonin Alle-
viates Chondrocytes Inflammation and Cartilage Degradation of Osteo-
arthritis by Inhibiting Ferroptosis via p53 Pathway,” Food and Chemical 
Toxicology 174 (2023): 113644, https://​doi.​org/​10.​1016/j.​fct.​2023.​113644.

36. Z. Guo, J. Lin, K. Sun, et al., “Deferoxamine Alleviates Osteoarthri-
tis by Inhibiting Chondrocyte Ferroptosis and Activating the Nrf2 Path-
way,” Frontiers in Pharmacology 13 (2022): 791376, https://​doi.​org/​10.​
3389/​fphar.​2022.​791376.

37. H. Liu, Z. Deng, B. Yu, Z. Yang, A. Zeng, and M. Fu, “Identification 
of SLC3A2 as a Potential Therapeutic Target of Osteoarthritis Involved 
in Ferroptosis by Integrating Bioinformatics, Clinical Factors and Ex-
periments,” Cells 11 (2022): 3430, https://​doi.​org/​10.​3390/​cells​11213430.

38. X. Wang, Z. Liu, P. Peng, Z. Gong, J. Huang, and H. Peng, “Astax-
anthin Attenuates Osteoarthritis Progression via Inhibiting Ferroptosis 
and Regulating Mitochondrial Function in Chondrocytes,” Chemico-
Biological Interactions 366 (2022): 110148, https://​doi.​org/​10.​1016/j.​cbi.​
2022.​110148.

39. S. Atalay, I. Jarocka-Karpowicz, and E. Skrzydlewska, “Antioxida-
tive and Anti-Inflammatory Properties of Cannabidiol,” Antioxidants 
(Basel) 9 (2019): 21, https://​doi.​org/​10.​3390/​antio​x9010021.

https://doi.org/10.1016/j.tcb.2023.04.005
https://doi.org/10.3390/ijms23073612
https://doi.org/10.1038/s41413-023-00247-y
https://doi.org/10.1038/s41413-023-00247-y
https://doi.org/10.1136/jclinpath-2015-202967
https://doi.org/10.1136/jclinpath-2015-202967
https://doi.org/10.1016/j.berh.2019.04.004
https://doi.org/10.1016/j.berh.2019.04.004
https://doi.org/10.1385/BTER:106:2:123
https://doi.org/10.1385/BTER:106:2:123
https://doi.org/10.1016/j.ebiom.2022.103847
https://doi.org/10.3899/jrheum.161488
https://doi.org/10.3899/jrheum.161488
https://doi.org/10.3390/antiox11091668
https://doi.org/10.3390/antiox11091668
https://doi.org/10.3389/fimmu.2023.1202436
https://doi.org/10.3389/fimmu.2023.1202436
https://doi.org/10.1042/NS20200080
https://doi.org/10.1042/NS20200080
https://doi.org/10.1002/jor.24430
https://doi.org/10.1002/jor.24430
https://doi.org/10.1172/JCI117595
https://doi.org/10.1172/JCI117595
https://doi.org/10.1053/joca.1999.0277
https://doi.org/10.1016/j.biopha.2022.113915
https://doi.org/10.1111/jcmm.16581
https://doi.org/10.3389/fcell.2022.821014
https://doi.org/10.1016/j.chembiol.2022.06.004
https://doi.org/10.1016/j.chembiol.2022.06.004
https://doi.org/10.3389/fcell.2020.594509
https://doi.org/10.3892/ijmm.2021.5029
https://doi.org/10.3892/ijmm.2021.5029
https://doi.org/10.1016/j.phymed.2022.154330
https://doi.org/10.1016/j.phymed.2022.154330
https://doi.org/10.1158/1541-7786.MCR-18-0055
https://doi.org/10.1155/2021/9991001
https://doi.org/10.1038/s41419-024-06866-5
https://doi.org/10.1038/s41419-024-06866-5
https://doi.org/10.1016/j.fct.2023.113644
https://doi.org/10.3389/fphar.2022.791376
https://doi.org/10.3389/fphar.2022.791376
https://doi.org/10.3390/cells11213430
https://doi.org/10.1016/j.cbi.2022.110148
https://doi.org/10.1016/j.cbi.2022.110148
https://doi.org/10.3390/antiox9010021


13 of 13

40. H. Li, T. Puopolo, N. P. Seeram, C. Liu, and H. Ma, “Anti-Ferroptotic 
Effect of Cannabidiol in Human Skin Keratinocytes Characterized by 
Data-Independent Acquisition-Based Proteomics,” Journal of Natural 
Products 87 (2024): 1493–1499, https://​doi.​org/​10.​1021/​acs.​jnatp​rod.​
3c00759.

41. C. Huang, Z. Liao, L. Zhang, et al., “Cannabidiol Mitigates Radiation-
Induced Intestine Ferroptosis via Facilitating the Heterodimerization 
of RUNX3 With CBFβ Thereby Promoting Transactivation of GPX4,” 
Free Radical Biology & Medicine 222 (2024): 288–303, https://​doi.​org/​10.​
1016/j.​freer​adbio​med.​2024.​05.​047.

42. N. Y. Kim, S. G. Shivanne Gowda, S. G. Lee, G. Sethi, and K. S. Ahn, 
“Cannabidiol Induces ERK Activation and ROS Production to Promote 
Autophagy and Ferroptosis in Glioblastoma Cells,” Chemico-Biological 
Interactions 394 (2024): 110995, https://​doi.​org/​10.​1016/j.​cbi.​2024.​
110995.

43. P. Li, Q. Lin, S. Sun, et al., “Inhibition of Cannabinoid Receptor Type 
1 Sensitizes Triple-Negative Breast Cancer Cells to Ferroptosis via Reg-
ulating Fatty Acid Metabolism,” Cell Death & Disease 13 (2022): 808, 
https://​doi.​org/​10.​1038/​s4141​9-​022-​05242​-​5.

44. S. L. Dunn, J. M. Wilkinson, A. Crawford, C. L. le Maitre, and R. 
A. D. Bunning, “Cannabinoid WIN-55,212-2 Mesylate Inhibits Inter-
leukin-1β Induced Matrix Metalloproteinase and Tissue Inhibitor of 
Matrix Metalloproteinase Expression in Human Chondrocytes,” Osteo-
arthritis and Cartilage 22 (2014): 133–144, https://​doi.​org/​10.​1016/j.​joca.​
2013.​10.​016.

45. Y. Kong, W. Wang, C. Zhang, et  al., “Cannabinoid WIN-55,212-2 
Mesylate Inhibits ADAMTS-4 Activity in Human Osteoarthritic Artic-
ular Chondrocytes by Inhibiting Expression of Syndecan-1,” Molecular 
Medicine Reports 13 (2016): 4569–4576, https://​doi.​org/​10.​3892/​mmr.​
2016.​5137.

46. E. C. Mbvundula, R. A. Bunning, and K. D. Rainsford, “Arthritis 
and Cannabinoids: HU-210 and Win-55,212-2 Prevent IL-1α-Induced 
Matrix Degradation in Bovine Articular Chondrocytes In-Vitro,” Jour-
nal of Pharmacy and Pharmacology 58, no. 3 (2006): 351–358, https://​
doi.​org/​10.​1211/​jpp.​58.3.​0009.

47. R. Gomez, J. Conde, M. Scotece, et al., “Endogenous Cannabinoid 
Anandamide Impairs Cell Growth and Induces Apoptosis in Chondro-
cytes,” Journal of Orthopaedic Research 32 (2014): 1137–1146, https://​
doi.​org/​10.​1002/​jor.​22660​.

Supporting Information

Additional supporting information can be found online in the 
Supporting Information section.    

https://doi.org/10.1021/acs.jnatprod.3c00759
https://doi.org/10.1021/acs.jnatprod.3c00759
https://doi.org/10.1016/j.freeradbiomed.2024.05.047
https://doi.org/10.1016/j.freeradbiomed.2024.05.047
https://doi.org/10.1016/j.cbi.2024.110995
https://doi.org/10.1016/j.cbi.2024.110995
https://doi.org/10.1038/s41419-022-05242-5
https://doi.org/10.1016/j.joca.2013.10.016
https://doi.org/10.1016/j.joca.2013.10.016
https://doi.org/10.3892/mmr.2016.5137
https://doi.org/10.3892/mmr.2016.5137
https://doi.org/10.1211/jpp.58.3.0009
https://doi.org/10.1211/jpp.58.3.0009
https://doi.org/10.1002/jor.22660
https://doi.org/10.1002/jor.22660

	Cannabidiol Is a Potential Inhibitor of Ferroptosis in Human Articular Chondrocytes
	ABSTRACT
	1   |   Introduction
	2   |   Materials and Methods
	2.1   |   Reagents
	2.2   |   Cell Culture
	2.3   |   Cell Viability
	2.3.1   |   Resazurin Viability Test
	2.3.2   |   CellTiter-Glo Luminescent Cell Viability Assay

	2.4   |   Microscopy
	2.5   |   Caspase 3/7 Activity
	2.6   |   Intracellular Iron Content
	2.7   |   GPX Activity
	2.8   |   Western Blot
	2.9   |   Statistical Analysis

	3   |   Results
	3.1   |   Viability Is Reduced in Chondrocyte Cell Lines C-28/I2 and T/C-28/A2 and in Primary Human Chondrocytes After Treatment With Ferroptosis Inducers
	3.2   |   Iron Overload Enhances Ferroptosis Induction
	3.3   |   The Ferroptosis Inhibitor Ferrostatin-1 Partially Restores Cell Viability
	3.4   |   Ferroptotic Cell Death Is Accompanied by Minor Apoptotic and Necroptotic Effects
	3.5   |   CBD Partially Inhibits Ferroptotic Cell Death in Human Articular Chondrocytes
	3.6   |   CBD Partially Restores GPX4 Activity in Ferroptotic Human Articular Chondrocytes

	4   |   Discussion
	Author Contributions
	Acknowledgements
	Conflicts of Interest
	Data Availability Statement
	References


