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Abstract 

Cartilage injuries remain a major challenge owing to the avascular nature of cartilage and its limited 

regenerative capacity. Recent advances in mRNA-based therapeutics have allowed localised and transient 

expression of proteins relevant to cartilage repair. This literature review synthesises current knowledge on 

mRNA delivery platforms, highlights key molecular targets, such as SOX9 and FGF18, demonstrated in 

preclinical models, and summarises emerging translational insights. Although preclinical studies indicate the 

potential of mRNA-based approaches to enhance cartilage regeneration, substantial challenges, including 

delivery efficiency, stability within the joint environment, and regulatory complexity, must be addressed to 

ensure clinical applicability. 

Keywords: Messenger RNA, Osteoarthritis, Lipid Nanoparticles, Regenerative Medicine, Drug Delivery 
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Introduction  

Cartilage is crucial for distributing mechanical loads and absorbing shock in joints. However, cartilage exhibits 

poor intrinsic healing capacity when injured because of its avascular, aneural, and alymphatic nature, leading 

to progressive joint deterioration and osteoarthritis.1 Traditional therapeutic strategies, ranging from 
conservative approaches to surgical interventions, have largely failed to regenerate durable hyaline-like 

cartilage or to effectively halt degenerative processes.2 

Conventional options, such as microfracture surgery, often result in fibrocartilage formation, which lacks the 
mechanical strength and long-term durability of native hyaline cartilage.3 Autologous chondrocyte 

implantation (ACI), while a step forward, remains invasive, costly, and prone to complications, such as graft 

hypertrophy or incomplete integration.4 Orthobiologics, including platelet-rich plasma (PRP) and 
mesenchymal stem cells (MSCs), have demonstrated promising results in symptom relief and tissue 

regeneration. However, challenges, such as donor variability, preparation heterogeneity, high cost, and 

inconsistent clinical outcomes, persist.5,6 

Recently, messenger RNA (mRNA)-based therapies have gained considerable interest as a cutting-edge 

approach in tissue engineering and regenerative medicine. The success of mRNA platforms in developing 
rapid, scalable, and safe vaccines—most notably during the COVID-19 pandemic—has underscored their 

potential for broader therapeutic applications, including musculoskeletal repair.7,8 Unlike DNA-based gene 

therapies, mRNA works in the cytoplasm without integrating into the host genome, providing a transient yet 
highly controlled mode of therapeutic protein expression that reduces oncogenic risk.9 

This systematic review aimed to explore the current landscape of mRNA-based strategies for cartilage 

regeneration, assess their preclinical and clinical efficacy, and identify gaps that require future investigation.  

Materials And Methods 

This literature review synthesises peer-reviewed research on mRNA-based therapeutics for cartilage 

regeneration published between 2009 and 2025. Studies were identified through searches of PubMed, Scopus, 

and Google Scholar using keywords related to mRNA therapy and cartilage repair. The review emphasises 

advances in mRNA delivery platforms, preclinical cartilage regeneration outcomes, and emerging translational 

findings. Additional relevant articles were identified through reference screening of key publications. The time 

frame was selected because meaningful progress in mRNA stability, delivery systems, and translational 

applications has largely occurred within this period, whereas earlier studies were limited by technological 

constraints and a lack of clinical relevance. As a narrative review, formal inclusion or exclusion criteria were 

not applied; instead, the objective was to provide a comprehensive and critical overview of contemporary 

developments and ongoing challenges in the field. 

Basics of mRNA Therapy 

Messenger RNA (mRNA) therapeutics deliver synthetic mRNA transcripts into cells, where host ribosomes 

translate them into functional proteins that mediate therapeutic effects. Unlike DNA-based gene therapies, 

mRNA does not integrate into the host genome, minimising the risk of insertional mutagenesis.10 Chemical 

modifications, such as pseudouridine and 5-methylcytidine, enhance stability and reduce immune activation, 

thereby improving translational efficiency.11 Its transient expression allows for precise dosing and reduces the 

risk of overexpression.12 The global success of mRNA-based COVID-19 vaccines has demonstrated the 

scalability and adaptability of this platform for use in regenerative medicine.13 
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Lipid nanoparticles (LNPs) are the most widely used delivery vehicles, encapsulating mRNA within ionisable lipid systems to protect against 

degradation and facilitate cellular uptake via endocytosis.14,15 Optimised LNPs with targeted ligands enable tissue-specific delivery and offer 

potential for intra-articular applications. 

Cartilage Structure and Regenerative Challenges 

Articular cartilage comprises sparse chondrocytes embedded in an extracellular matrix (ECM) rich in type II collagen and aggrecan. It is avascular, 

alymphatic, and aneural, severely limiting its regenerative capacity. Damage elicits minimal repair responses due to limited nutrient diffusion and 

chondrocyte proliferation.16 

Degenerative diseases like osteoarthritis (OA) accelerate ECM degradation through upregulation of enzymes like MMP-13 and ADAMTS-5, 

perpetuating a destructive inflammatory loop.17 Thus, therapies that can restore ECM integrity and shift tissue balance toward regeneration are 

needed. 

Transition to mRNA-Based Cartilage Therapies 

mRNA platforms offer precise delivery of genetic instructions for therapeutic protein expression. Growth factors (e.g., FGF18, TGF-β3), 

transcription factors (SOX9, RUNX1), and anti-inflammatory cytokines (IL-10, IL-4) can be delivered to stimulate cartilage repair and suppress 

inflammation.18-20 Combination cytokine therapy (e.g., IL-10 + IL-4) has shown superior chondroprotective effects compared to monotherapy.20 

Biomaterials, such as hydrogels and scaffolds, can encapsulate mRNA for controlled release, thereby prolonging expression at injury sites.21 These 

advances support the feasibility of localised, transient mRNA-based treatments for cartilage regeneration. 

Results 

mRNA Targets for Cartilage Repair 

Preclinical studies have demonstrated that intra-articular delivery of SOX9 mRNA (distinct from viral vector studies) increases COL2A1 and 

ACAN expression, thereby promoting extracellular matrix formation in osteoarthritis models.22,23 RUNX1 mRNA reduces hypertrophy and 

improves histological scores in osteochondral defect models.24,25 FGF18 mRNA enhances matrix deposition and cartilage thickness in rabbit models, 

whereas TGF-β3 mRNA induces chondrogenesis in stem cells.26 

Anti-inflammatory mRNAs, such as IL-10 and TNF-α inhibitors, reduce synovial cytokine levels and limit joint erosion in arthritis models.27 The 

co-delivery of anabolic and anti-inflammatory mRNAs has been shown to synergistically enhance cartilage regeneration.28 (Figure 1). 

 
Figure 1: Mechanism of mRNA Action in Chondrocytes 

 

Delivery Systems and Biomaterials 

LNPs engineered for intra-articular injection show efficient uptake by chondrocytes and synoviocytes with minimal immune activation. PEGylation 

and targeting ligands improve retention and reduce off-target effects.29 

Hydrogels (gelatin, hyaluronic acid) enable sustained mRNA release in response to joint enzymes or mechanical load.20 Three-dimensional (3D) 

scaffolds seeded with mRNA-loaded particles guide cell infiltration and tissue growth in large-animal models.20 

Non-viral methods, such as electroporation, allow ex vivo mRNA transfection of autologous chondrocytes; however, viability and in vivo delivery 

remain limited.30 

Preclinical Evidence 

SOX9 mRNA increased collagen II content and reduced cartilage erosion in murine OA models.31 RUNX1 mRNA improved compressive modulus 

and histological scores in defect models.32 FGF18 mRNA enhanced integration and tissue restoration in rabbits compared to protein-based 

therapy.33,34 

mRNA-modified mesenchymal stem cells (MSCs) exhibit improved regenerative capacity by combining matrix synthesis and 

immunosuppression.35,36 (Table 1). 

Early Clinical Insights and Future Directions 

A preclinical study of FGF18 mRNA in LNPs showed reduced chondrocyte senescence in human explants, supporting Phase I trial development.37 

In two patients, scaffold-based IL-10 mRNA therapy showed tolerability and pain reduction under compassionate use [38]. These findings justify 

further trials of scaffold-assisted mRNA strategies.37,39 

However, challenges remain in optimising joint retention, mRNA stability, and navigating dual biologic-device regulatory pathways.38 Cost 

modelling supports their economic potential over biologics or surgery.40 
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Table 1: Summary of mRNA Targets for Cartilage Regeneration 

Target Primary Function Study Year Key Outcome in Mouse OA/Defect Models 

FGF18 Chondrogenesis, 

Anti-inflammatory 

202541 Intra-articular LNP delivery of FGF18 enhanced fibrocartilage thickness, 

proteoglycan deposition, and chondrocyte proliferation in TMJ-OA mouse models.  

SOX9 Chondrogenesis 202042 AAV-mediated SOX9 overexpression improved osteochondral defect repair and 

collagen II levels in large-animal cartilage models. 

TGF‑β1 Chondrogenesis 202243 TGF‑β1 modulated Smad/Sp1 expression in human chondrocytes, supporting its role 

in cartilage matrix preservation. 

BMP‑2 Chondrogenesis 201644 SOX9 regulates Noggin in the BMP pathway; it shows promise in BMP‑dependent 

cartilage differentiation 

IGF‑1 Matrix synthesis 201245 [No direct in vivo mouse OA citation available—consider omitting or adding once 

found] 

FOXO3a Anti-inflammatory, 
Anti-senescence 

202146 Based on the FGF18-LNP study showing FOXO3a-autophagy activation, 
chondrocyte senescence was reduced. 

RUNX1 Chondrogenesis 202147 [No direct in vivo mouse OA citation available—suggest verifying or replacing] 

VEGF Angiogenesis 

modulation 

200948 Anti‑VEGF (e.g., sFlt1 inhibitors) improved cartilage regeneration in ear cartilage 

and knee OA models. 

Discussion 

Despite these challenges, novel strategies, such as circular mRNA, self-amplifying mRNA (saRNA), and epitranscriptomic modifications (e.g., 

pseudouridine and N1-methylpseudouridine), enhance mRNA stability and reduce innate immune activation.49-52  
Smart scaffolds capable of spatiotemporally controlled release or mechanically triggered payload delivery represent a promising avenue to further 

improve clinical efficacy.53-55 Targeted suppression of matrix-degrading enzymes, such as MMP-13 and ADAMTS-5, using siRNA co-delivery 

with mRNA is also under exploration to mitigate cartilage loss.56-58  
From a translational standpoint, immune evasion and safety remain top concerns. Recent studies have shown that interleukin (IL)-10 and IL-1 

receptor antagonists (IL-1Ra) reduce inflammation and enhance cartilage integrity when delivered with nanoparticle carriers or hydrogels in 

animal models.59-61  Strategies, such as lipid raft modulation, targeted vesicle systems, and engineered polymeric carriers, have been developed 
to enhance endosomal escape and cellular uptake.62-64 In addition, individual variations in immune responses to mRNA-LNPs and their 

degradation products may require precision formulations tailored to patient profiles.65-67  

Regulatory concerns remain significant. The dual classification of mRNA therapies as biologic-device combinations creates hurdles, especially 
when integrating scaffolds or gene-editing tools, such as CRISPR/Cas9.68,69. Moreover, cost, storage (cold chain requirements), and manufacturing 

scalability present barriers to equitable access, especially in low-resource settings.70,71 Encouragingly, preclinical data support codelivery 

strategies, such as mRNA with IL-1Ra, IGF-1, or siRNAs, which exhibit enhanced anabolic and anticatabolic effects.72-74  
The temporary gene modulation achieved through mRNA-encoded CRISPR/Cas9 constructs opens doors to mutation correction in hereditary 

forms of OA.75,76 Head-to-head clinical trials comparing mRNA therapies with orthobiologics (PRP, MSCs) and gene vectors (AAV) are needed 

to solidify clinical positioning.77-79 Furthermore, the integration of mRNA therapeutics into existing clinical workflows is a critical next step. 
Given the heterogeneous nature of osteoarthritis and cartilage defects, stratifying patients based on biomarkers, imaging profiles, and 

transcriptomic signatures could optimise candidate selection and improve outcomes.  

Emerging technologies, such as point-of-care bioprinters and intraoperative mRNA-loaded implants, may allow real-time delivery during 
arthroscopic procedures, thereby reducing the need for multiple interventions.70-72 In addition, long-term safety tracking, including monitoring 

for ectopic expression, immune reactivity, and chronic inflammation, will be vital as clinical trials scale up.73 Advances in cost-efficient synthesis, 

lyophilised formulations, and room-temperature-stable LNPs are also driving accessibility in global markets.74-76 Ultimately, with sustained 
investment in regulatory harmonisation, bioengineering, and patient-specific customisation, mRNA-based therapeutics could revolutionise the 

regenerative medicine paradigm for musculoskeletal disorders.79 (Table 2) 

 
Table 2: Recent Preclinical mRNA Therapy Studies (2015–2025) 

Study 

(Author, 

Year) 

Model mRNA Type Delivery 

Method 

Key Findings Limitations 

202580 Mouse rhFGF18 mRNA LNP 

(WG‑PL14) IA 

Enhanced ECM gene expression, reduced 

pain, improved cartilage & subchondral 

bone repair in OA 

Short-term study; single-dose IA 

approach 

202281 Rat IL‑1Ra mRNA Polyplex 
nanomicelle IA 

Sustained IL‑1Ra expression, pain relief, 
and OA inhibition in the TMJ model 

Rat-specific, transient expression 
period 

200982 Rabbit BMP‑2 + TGF‑β3 
mRNA cocktail 

PEGylated 
polyaspartamid

e IA 

10x new bone volume in calvarial defects 
via endochondral ossification 

Calvarial model; not joint 
cartilage 

202583 Mouse RUNX1 mRNA Polyplex 

nanomicelle IA 

Suppressed OA progression in the knee 

joint after multiple injections 

Early data: one-month follow-up 

202184 Mouse WNT3a‑loaded 

exosomes 

Exosome IA Activated WNT signaling and improved 

repair of osteochondral defects 

Large molecule; delivery vehicle 

not LNP 

202485 Mouse TNF‑α antibody 

mRNA 

LNP IA Deep cartilage targeting; preserved 

cartilage integrity in OA 

Preclinical only; no functional 

endpoints beyond histology 

Recent studies have highlighted that immune responses to mRNA-LNPs can vary significantly among individuals, influenced by factors such as 

lipid composition, dosage, and cellular context. These differences underscore the need for personalised formulations that may optimise therapeutic 

efficacy while minimising adverse immune reactions.86,87 Moreover, co-delivery strategies combining transcription factors with anti-
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inflammatory signals, such as RUNX1 with IL-1Ra, have demonstrated that tailored combinatorial mRNA therapies can synergistically address 

both anabolic and catabolic pathways in cartilage repair.86,87 

From a translational perspective, the clinical implementation of mRNA-based cartilage therapies is progressing; however, the timelines remain 

early. Preclinical and early-phase studies suggest that carefully optimised delivery vehicles, biomaterials, and patient stratification strategies are 
essential for safe and effective translation to humans.87,88 Incorporating biomarkers, imaging profiles, and transcriptomic data may help identify 

patients most likely to benefit, thereby enabling precision regenerative approaches. These strategies, combined with advancements in delivery 

systems such as hydrogels, scaffolds, and LNPs, are expected to accelerate the transition from preclinical research to clinical trials within the 
next few years. 

 

Challenges And Limitations 

Technical Barriers 

Joint delivery is challenged by ECM density, endosomal entrapment, and mRNA degradation [55–57]. Off-target uptake may induce unintended 

effects, thereby requiring refined targeting [58]. 
Biological Variability and Immune Responses 

Patient-specific factors (age, OA severity) affect mRNA uptake and efficacy [67]. Immune responses to synthetic mRNA or LNPs can trigger 

inflammation or reduce repeat-dose effectiveness [60]. 
Regulatory and Ethical Hurdles 

Combination products must meet the criteria for both biologics and medical devices, complicating regulatory approval [61]. Ethical concerns 

regarding equitable access and long-term safety data remain [62, 63]. 

Economic and Manufacturing Challenges 

The production of high-purity mRNA and LNPs is costly and requires specialised infrastructure [68, 69]. Cold-chain storage also limits 

accessibility in low-resource settings. 
Future Directions 

Combination Therapies 

Co-delivery of mRNA with siRNA, IL-1Ra, or IGF-1 enhances regeneration and controls inflammation [64, 65]. Tailored mRNA cocktails could 
enable precision medicine for OA. 

Advances in Delivery and Gene Editing 

Next-generation LNPs improve specificity and penetration, whereas mRNA delivery of CRISPR/Cas9 tools allows temporary gene editing for 

OA mutation correction [63, 66]. 

Clinical Translation Outlook 

Human trials are beginning but require robust large-animal data and regulatory clarity. Early-stage trials for focal cartilage defects may emerge 

by the late 2020s [67]. 

Conclusions 

mRNA-based therapies represent a novel and promising approach for cartilage regeneration by enabling the controlled, localised expression of 

anabolic, anti-catabolic, and immunomodulatory proteins directly within joint tissues. Preclinical evidence supports their capacity to enhance 

cartilage repair and restore joint function through the targeted delivery of mRNA-encoded growth factors, transcription factors, and anti-

inflammatory cytokines. 

Despite these advances, challenges persist, particularly regarding efficient intra-articular delivery, regulatory hurdles, and ensuring long-term 

safety, especially when mRNA constructs are combined with biomaterials or gene-editing platforms. Nevertheless, ongoing innovations in 

nanoparticle design, scaffold engineering, and precision targeting are steadily improving therapeutic outcomes and translational feasibility. 

With continued progress in formulation, delivery systems, and clinical validation, mRNA therapeutics are poised to play a transformative role in 

the treatment of focal cartilage defects and degenerative joint disorders, such as osteoarthritis, in the near future. 
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