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Osteoarthritis (OA) and bone degeneration are progressive musculoskeletal disorders 
that compromise joint function, cause chronic pain, and reduce quality of life in aging 
populations. While current therapeutic approaches aim to manage symptoms, there 
remains a significant unmet need for disease-modifying treatments. Ferroptosis, a 
distinct iron-dependent form of regulated cell death characterized by lipid peroxidation, 
has emerged as a crucial pathological mechanism in multiple degenerative diseases. 
Recent advances suggest that ferroptosis contributes to chondrocyte death, 
subchondral bone remodeling, and the inflammatory milieu observed in OA and 
other bone degenerative conditions. This review consolidates current knowledge on 
the molecular mechanisms linking ferroptosis to bone tissue pathology, highlights 
key regulatory pathways involved, and discusses emerging therapeutic interventions 
aimed at modulating ferroptotic activity. We also explore the potential of ferroptosis-
targeting agents as novel disease-modifying drugs in OA and bone degeneration, and 
outline future research directions and translational implications.
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1. Introduction
Osteoarthritis, the most prevalent form of arthritis, is 

characterized by the progressive degradation of articular 
cartilage, subchondral bone sclerosis, osteophyte formation, 
and synovial inflammation (Chen et al., 2017). Despite its 
multifactorial etiology including mechanical, genetic, metabolic, 
and inflammatory components. The recent evidence has pointed 
to ferroptosis as a critical contributor to OA pathogenesis. 
Similarly, bone degenerative diseases such as osteoporosis and 
avascular necrosis show pathological hallmarks that may be 
partially driven by oxidative stress and ferroptotic cell death 
(C. Zhang et al., 2023). Ferroptosis differs fundamentally from 
apoptosis, necrosis, and autophagy in its requirement for iron 
and accumulation of lipid peroxides, which cause oxidative 
damage and compromise cellular membrane integrity (Endale 
et al., 2023). The discovery of this cell death pathway provides 
a new dimension in understanding bone pathology and opens 
novel avenues for therapeutic targeting.

2. Molecular Mechanisms of Ferroptosis in Bone Cells
Ferroptosis is initiated when the balance between lipid 

peroxide generation and antioxidant defenses of glutathione 
(GSH) and glutathione peroxidase 4 (GPX4) is disrupted 

(Forcina and Dixon, 2019; Kuang et al., 2020). In bone and 
cartilage cells, excess free iron catalyzes the Fenton reaction, 
generating reactive oxygen species (ROS) that oxidize 
membrane polyunsaturated fatty acids (PUFAs) (Zhang et 
al., 2022). The inactivation of GPX4 impairs cellular ability 
to detoxify lipid peroxides, resulting in oxidative stress and 
ferroptotic cell death (Latunde-Dada, 2017). In chondrocytes, 
this oxidative burden disrupts cartilage matrix homeostasis, 
decreases the expression of collagen type II and aggrecan, and 
increases matrix metalloproteinases (MMPs), accelerating 
cartilage breakdown. Additionally, osteoblasts and osteocytes 
exposed to iron overload exhibit reduced viability and bone-
forming capacity (H. Zhang et al., 2023), further supporting 
ferroptosis’ involvement in bone degeneration (Figure 1).

3. Ferroptosis and Subchondral Bone Remodeling
Subchondral bone plays a central role in the development 

and progression of OA. The early phase of OA is often marked 
by increased bone turnover, leading to trabecular bone loss 
followed by sclerosis (Tamimi et al., 2020). Ferroptosis may 
contribute to this abnormal bone remodeling through its 
impact on osteoblasts, osteoclasts, and bone marrow stromal 
cells (Yan et al., 2022). In particular, osteoclasts is responsible 
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Figure 1: Ferroptosis and its Implications in Osteoarthritis and Bone Degeneration. The diagram illustrates the role of 
iron (Fe) in regulating various forms of cell death—autophagy, apoptosis, and ferroptosis—and its subsequent impact on 
osteoblast and osteoclast function. Excess iron induces oxidative stress through reactive oxygen species (ROS), contributing 
to cell damage and ferroptosis. In osteoblasts, ferroptosis, apoptosis, and autophagy impair bone formation and promote 
osteoporosis. On the osteoclast side, iron-mediated ROS production influences osteoprotegerin expression, which normally 
inhibits osteoclast differentiation. Disruption of this regulation promotes osteoclast activity and bone resorption. Additionally, 
the RANKL-induced iron starvation response contributes to ferroptosis in osteoclasts. Overall, iron dysregulation and 
ferroptosis contribute significantly to bone degeneration and osteoarthritis pathophysiology.

Table 1: Key Regulators and Molecular Events in Ferroptosis Related to OA and Bone Degeneration

Component Function Implication in OA/Bone Degeneration
GPX4 Antioxidant enzyme that detoxifies lipid 

peroxides
Downregulated in OA cartilage, promoting 
chondrocyte ferroptosis

Iron (Fe2+/Fe3+) Cofactor in ROS generation via Fenton reaction Elevated in synovial fluid and subchondral 
bone, induces oxidative damage

ACSL4 Facilitates PUFA incorporation into 
phospholipids

Upregulated in damaged chondrocytes, 
sensitizes to ferroptosis

TfR1 Mediates cellular iron uptake Overexpressed in OA tissues, increases 
intracellular iron load

FPN Iron exporter Decreased expression leads to iron 
accumulation in osteoblasts

for bone resorption. It may be differentially affected by 
iron metabolism and lipid peroxidation, influencing the 
delicate balance of bone homeostasis. Dysregulation in 
iron transporters such as transferrin receptor (TfR1) and 
ferroportin (FPN) in bone cells alters intracellular iron 
levels, exacerbating susceptibility to ferroptosis (Ru et al., 
2024). Targeting these pathways may thus offer therapeutic 
benefit in restoring subchondral bone integrity

4. Role of Ferroptosis in Inflammatory 
Microenvironment

Inflammation is a key driver of joint degeneration 
in OA. Recent findings reveal that ferroptotic cells release 
damage-associated molecular patterns (DAMPs), including 
HMGB1, which can activate pattern recognition receptors on 
synovial macrophages and perpetuate local inflammation 
(Valentí et al., 2023; Wen et al., 2019). Furthermore, iron 
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accumulation in synovial tissues amplifies pro-inflammatory 
cytokine production, including IL-1β and TNF-α, which further 
promote cartilage catabolism and synovial hyperplasia (Cai 
et al., 2022; Jing et al., 2021). These observations suggest a 
vicious cycle in which inflammation and ferroptosis mutually 
reinforce each other, exacerbating tissue damage. Thus, 
inhibiting ferroptosis may not only preserve structural 
integrity but also attenuate synovitis and inflammation in OA.

5. Therapeutic Targeting of Ferroptosis in OA and Bone 
Degeneration

Pharmacological inhibition of ferroptosis has gained 
interest as a therapeutic approach in degenerative diseases. 
Ferroptosis inhibitors such as ferrostatin-1 and liproxstatin-1 
have shown protective effects in preclinical models of 
cartilage injury and bone loss (Cheng et al., 2024; Xu et al., 
2023). These agents act by scavenging lipid ROS or enhancing 
GPX4 activity. Moreover, iron chelators such as deferoxamine 
reduce iron-induced oxidative stress and protect against 
chondrocyte and osteoblast ferroptosis (Wang et al., 2022). 
Nutritional antioxidants (e.g., vitamin E, N-acetylcysteine) 
and upregulation of Nrf2 signaling also represent promising 
strategies. Given their diverse mechanisms, combination 
therapies targeting multiple ferroptotic regulators may 
yield synergistic benefits. Importantly, the specificity, 
bioavailability, and safety of these agents must be carefully 
evaluated in translational and clinical studies.

6. Challenges and Future Directions
Despite promising data, several challenges remain in 

the clinical translation of ferroptosis-targeted therapies. 
First, the heterogeneity of OA and bone degenerative 
diseases necessitates precise stratification of patients 
based on ferroptotic markers. Second, long-term inhibition 
of ferroptosis may disrupt physiological iron homeostasis 
and antioxidant responses, leading to unintended effects. 
Therefore, context-dependent modulation rather than broad 
suppression of ferroptosis is crucial. Future research should 
focus on identifying specific biomarkers of ferroptosis in 
synovial fluid and serum, validating imaging techniques to 
track ferroptosis in vivo, and developing tissue-targeted 
delivery systems for ferroptosis inhibitors.

7. Conclusion
Ferroptosis represents a novel and promising 

therapeutic target in osteoarthritis and bone degeneration. 
By elucidating the mechanisms underlying iron-dependent 

lipid peroxidation and their impact on cartilage and bone 
integrity, new strategies can be developed to modify disease 
progression. The development of ferroptosis-targeted 
interventions, guided by robust biomarkers and patient-
specific approaches, has the potential to transform the 
management of these debilitating musculoskeletal disorders.
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