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Review Paper
Molecular and Cellular Mechanisms of Cartilage 
Degeneration in Knee Osteoarthritis: A Narrative 
Mini-review

Knee osteoarthritis (KOA) is a complex degenerative joint disease characterized by progressive 
cartilage degradation, subchondral bone remodeling, and chronic low-grade inflammation. 
Recent advances in basic science have transformed the understanding of KOA from a purely 
mechanical disorder into a multifactorial disease driven by molecular and cellular mechanisms. 
This narrative mini-review summarizes current insights into cartilage degeneration in KOA, 
focusing on inflammatory signaling pathways, extracellular matrix (ECM) breakdown, oxidative 
stress, mitochondrial dysfunction, and chondrocyte senescence. These interconnected processes 
highlight potential therapeutic targets for disease-modifying interventions and provide a critical 
link between basic science and clinical practice.
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Introduction

nee osteoarthritis (KOA) is one of the most 
prevalent causes of disability worldwide 
and imposes a significant socioeconomic 
burden. Traditionally described as a con-
sequence of mechanical “wear and tear,” 

KOA is now recognized as a whole-joint disease involving 
intricate interactions between cartilage, subchondral bone, 
synovium, and biochemical mediators [1, 2]. Articular car-
tilage plays a central role in joint function due to its unique 
biomechanical properties, which largely depend the or-
ganization of type II collagen and proteoglycans, such as 
aggrecans. Chondrocytes tightly regulate the maintenance 
of this extracellular matrix (ECM), the sole resident cell 
type in cartilage, which balance anabolic and catabolic 
processes under physiological conditions.

In the osteoarthritic joint, this balance is disrupted 
by increased pro-inflammatory mediators, particularly 
interleukin-1β and tumor necrosis factor-α, which are 
considered key drivers of cartilage degradation [3, 4]. 
These cytokines activate intracellular signaling path-
ways, such as nuclear factor kappa B and mitogen-ac-
tivated protein kinases, including ERK, JNK, and p38, 
resulting in the transcriptional upregulation of catabolic 
enzymes and suppression of matrix synthesis [5, 6]. 
Consequently, matrix metalloproteinases (MMPs), espe-
cially MMP-13, along with aggrecanases, such as AD-
AMTS-4 and ADAMTS-5, mediate the progressive deg-
radation of collagen and aggrecan, leading to structural 
breakdown of cartilage [7, 8]. This enzymatic imbalance 
is a hallmark of KOA and represents a critical step in its 
progression.

In parallel, oxidative stress has emerged as a major 
contributor to cartilage degeneration. Increased produc-
tion of reactive oxygen species (ROS) in osteoarthritic 
joints leads to oxidative damage of cellular components, 
including lipids, proteins, and DNA [9, 10]. Mitochon-
drial dysfunction further exacerbates ROS generation 
and disrupts cellular energy metabolism, impairing the 
capacity of chondrocytes to maintain ECM homeostasis 
[10, 11]. Moreover, oxidative stress enhances inflamma-
tory signaling pathways, creating a vicious cycle that ac-
celerates cartilage destruction.

Another important aspect of KOA pathogenesis is 
chondrocyte apoptosis and senescence. Apoptotic path-
ways, often mediated by mitochondrial dysfunction and 
caspase activation, contribute to the loss of functional 
chondrocytes [11, 12]. In addition, senescent chondro-
cytes accumulate in osteoarthritic cartilage and adopt a 

senescence-associated secretory phenotype, character-
ized by increased secretion of inflammatory cytokines, 
chemokines, and matrix-degrading enzymes [13]. This 
phenotype not only impairs tissue repair but also ampli-
fies local inflammation and matrix degradation, thereby 
perpetuating disease progression.

Beyond cartilage, subchondral bone plays a crucial role 
in the pathophysiology of KOA. Structural and mechani-
cal alterations in subchondral bone, including sclerosis 
and increased stiffness, can disrupt load distribution 
across the joint [2]. These changes influence mecha-
notransduction pathways in chondrocytes, leading to 
abnormal cellular responses and further contributing to 
cartilage degeneration [14]. The concept of the joint as 
an integrated organ underscores the importance of cross-
talk between different tissues in osteoarthritis.

Recent developments in basic science have also high-
lighted the role of epigenetic regulation and non-coding 
ribonucleic acids (RNAs), including microRNAs and 
long non-coding RNAs, in modulating gene expression 
in osteoarthritic cartilage [15-17]. These molecules regu-
late key pathways involved in inflammation, apoptosis, 
and matrix degradation, offering novel insights into dis-
ease mechanisms. Additionally, emerging evidence sug-
gests that extracellular vesicles, particularly exosomes, 
may serve as mediators of intercellular communication 
and potential therapeutic tools for cartilage regeneration 
[15].

Collectively, these molecular and cellular mechanisms 
demonstrate that KOA is driven by a complex network 
of interconnected pathways involving inflammation, ox-
idative stress, cellular aging, and biomechanical factors. 
This integrated perspective provides a strong foundation 
for developing disease-modifying therapies targeting 
specific molecular pathways rather than merely alleviat-
ing symptoms.

Conclusion

KOA is a multifactorial disease characterized by the 
interplay of inflammatory, oxidative, and biomechani-
cal mechanisms that collectively drive cartilage degen-
eration. Advances in basic science have significantly ex-
panded our understanding of these processes, revealing 
multiple potential therapeutic targets. Future research 
should focus on translating these findings into clinically 
effective strategies to modify disease progression and 
improve patient outcomes.

K

Moghtadaei M & Khadem M. Molecular and Cellular Mechanisms of Osteoarthritis. J. Res Orthop Sci. 2026; 13(2):31-34.



33

2026. Volume 13. Issue 2

Ethical Considerations

Compliance with ethical guidelines

There were no ethical considerations to be considered 
in this research.

Funding

This research did not receive any grant from funding 
agencies in the public, commercial, or non-profit sectors. 

Authors' contributions

All authors contributed equally to the conception and 
design of the study, data collection and analysis, inter-
ception of the results and drafting of the manuscript. 
Each author approved the final version of the manuscript  
for submission.

Conflict of interest

The authors declared no conflict of interest.

References

[1] Hunter DJ, March L, Chew M. Osteoarthritis in 2020 and be-
yond: A lancet commission. Lancet. 2020; 396(10264):1711-2. 
[DOI:10.1016/S0140-6736(20)32230-3] [PMID]

[2] Loeser RF, Goldring SR, Scanzello CR, Goldring MB. Osteo-
arthritis: A disease of the joint as an organ. Arthritis Rheum. 
2012; 64(6):1697-707. [DOI:10.1002/art.34453] [PMID] [PM-
CID]

[3] Kapoor M, Martel-Pelletier J, Lajeunesse D, Pelletier JP, 
Fahmi H. Role of proinflammatory cytokines in the patho-
physiology of osteoarthritis. Nat Rev Rheumatol. 2011; 
7(1):33-42.  [DOI:10.1038/nrrheum.2010.196] [PMID]

[4] Robinson WH, Lepus CM, Wang Q, Raghu H, Mao R, Lind-
strom TM, et al. Low-grade inflammation as a key media-
tor of the pathogenesis of osteoarthritis. Nat Rev Rheuma-
tol. 2016; 12(10):580-92. [DOI:10.1038/nrrheum.2016.136] 
[PMID] [PMCID]

[5] Goldring MB, Culley KL, Otero M. Pathogenesis of osteoar-
thritis in general. In : Cartilage: Volume 2: Pathophysiology. 
Cham: Springer International Publishing; 2017. [Link]

[6] Olivotto E, Otero M, Marcu KB, Goldring MB. Pathophysi-
ology of osteoarthritis: Canonical NF-κB/IKKβ-dependent 
and kinase-independent effects of IKKα in cartilage degra-
dation and chondrocyte differentiation. RMD Open. 2015; 
1(Suppl 1):e000061. [DOI:10.1136/rmdopen-2015-000061] 
[PMID] [PMCID]

[7] Malemud CJ. MicroRNAs and Osteoarthritis. Cells. 2018; 
7(8):92. [DOI:10.3390/cells7080092] [PMID] [PMCID]

[8] Glasson SS, Askew R, Sheppard B, Carito B, Blanchet T, Ma 
HL, et al. Deletion of active ADAMTS5 prevents cartilage 
degradation in a murine model of osteoarthritis. Nature. 
2005; 434(7033):644-8. [DOI:10.1038/nature03369] [PMID]

[9] Henrotin Y, Kurz B, Aigner T. Oxygen and reactive oxy-
gen species in cartilage degradation: Friends or foes? Os-
teoarthritis Cartilage. 2005; 13(8):643-54. [DOI:10.1016/j.
joca.2005.04.002] [PMID]

[10] Henrotin Y, Kurz B. Antioxidant to treat osteoarthritis: 
Dream or reality? Curr Drug Targets. 2007; 8(2):347-57. [DO
I:10.2174/138945007779940151] [PMID]

[11] Qiao J, Feng R, Yang G, Yang Z, Zhang A, Xu F. Asper-
osaponin VI mitigates mitochondrial dysfunction and 
chondrocyte apoptosis in osteoarthritis by modulating the 
AMPK-SIRT3 pathway. Cell Biol Toxicol. 2025 J; 41(1):120. 
[DOI:10.1007/s10565-025-10071-1] [PMID] [PMCID]

[12] Lotz M, Hashimoto S, Kühn K. Mechanisms of chondro-
cyte apoptosis. Osteoarthritis Cartilage. 1999; 7(4):389-91. 
[DOI:10.1053/joca.1998.0220] [PMID]

[13] Jeon OH, Kim C, Laberge RM, Demaria M, Rathod S, Vass-
erot AP, et al. Local clearance of senescent cells attenuates 
the development of post-traumatic osteoarthritis and creates 
a pro-regenerative environment. Nat Med. 2017; 23(6):775-
81. [DOI:10.1038/nm.4324] [PMID] [PMCID]

[14] Goldring SR. Alterations in periarticular bone and cross 
talk between subchondral bone and articular cartilage in os-
teoarthritis. Ther Adv Musculoskelet Dis. 2012; 4(4):249-58. 
[DOI:10.1177/1759720X12437353] [PMID] [PMCID]

[15] Yin B, Ni J, Witherel CE, Yang M, Burdick JA, Wen C, Wong 
SHD. Harnessing tissue-derived extracellular vesicles for 
osteoarthritis theranostics. Theranostics. 2022; 12(1):207-31. 
[DOI:10.7150/thno.62708] [PMID] [PMCID]

[16] Li J, Zhang H, Han Y, Hu Y, Geng Z, Su J. Targeted and 
responsive biomaterials in osteoarthritis. Theranostics. 2023; 
13(3):931-54 [DOI:10.7150/thno.78639] [PMID] [PMCID]

[17] Zhang L, Zhang H, Xie Q, Feng H, Li H, Li Z, et al. LncR-
NA-mediated cartilage homeostasis in osteoarthritis: A nar-
rative review. Front Med. 2024; 11:1326843. [DOI:10.3389/
fmed.2024.1326843] [PMID] [PMCID]

Moghtadaei M & Khadem M. Molecular and Cellular Mechanisms of Osteoarthritis. J. Res Orthop Sci. 2026; 13(2):31-34.

https://www.ncbi.nlm.nih.gov/pubmed/7874565
https://doi.org/10.2106/00004623-199173040-00024
https://doi.org/10.1097/00005131-199410000-00010
https://www.ncbi.nlm.nih.gov/pubmed/7996327
https://doi.org/10.5435/JAAOS-D-19-00492
https://doi.org/10.5435/JAAOS-D-19-00492
https://www.ncbi.nlm.nih.gov/pubmed/31904675
https://doi.org/10.1097/00003086-199911000-00005
https://doi.org/10.2106/00004623-200308000-00010
https://www.ncbi.nlm.nih.gov/pubmed/12925629
https://doi.org/10.5435/00124635-200109000-00006
https://www.ncbi.nlm.nih.gov/pubmed/2789505
https://doi.org/10.1308/003588409X359123
https://www.ncbi.nlm.nih.gov/pubmed/19126329
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2752231
https://doi.org/10.1016/j.ajem.2019.02.024
https://www.ncbi.nlm.nih.gov/pubmed/30797607
https://doi.org/10.2106/JBJS.I.00450
https://www.ncbi.nlm.nih.gov/pubmed/20194311
https://doi.org/10.22141/1608-1706.2.20.2019.168029
https://doi.org/10.22141/1608-1706.2.20.2019.168029
https://doi.org/10.1155/2014/312968
https://www.ncbi.nlm.nih.gov/pubmed/25024858
https://www.ncbi.nlm.nih.gov/pubmed/25024858
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4082929
https://doi.org/10.5397/cise.2024.00829
https://www.ncbi.nlm.nih.gov/pubmed/40275807
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC12151648
https://doi.org/10.1097/00131402-200209000-00001
https://www.ncbi.nlm.nih.gov/pubmed/19078679
https://doi.org/10.1016/S1058-2746(03)00216-7
https://www.ncbi.nlm.nih.gov/pubmed/14671520
https://doi.org/10.1093/brain/66.4.237
https://doi.org/10.22141/1608-1706.6.17.2016.88617
https://doi.org/10.1007/s00167-018-4969-4
https://www.ncbi.nlm.nih.gov/pubmed/29728740
https://doi.org/10.3390/biomedicines13122954
https://www.ncbi.nlm.nih.gov/pubmed/41462966
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC12730310
https://doi.org/10.1177/17531934251333250
https://www.ncbi.nlm.nih.gov/pubmed/40219809
https://pubmed.ncbi.nlm.nih.gov/29604943/
https://www.dl.begellhouse.com/journals/1bef42082d7a0fdf,5226ed4f29fdaf85,0fbfdc8a4c231d62.html
https://www.dl.begellhouse.com/journals/1bef42082d7a0fdf,5226ed4f29fdaf85,0fbfdc8a4c231d62.html
https://www.dl.begellhouse.com/journals/1bef42082d7a0fdf,19f0745a0527d143,62fcd0e947d7e395.html


This Page Intentionally Left Blank


