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Abstract 

Inflammatory cytokines play a pivotal role in bone healing and remodeling processes; 

however, dysregulated inflammation can lead to delayed orthopedic fracture repair 

and contribute to orthodontic root resorption. This review synthesizes current evidence 

elucidating the mechanisms by which pro-inflammatory and anti-inflammatory 

cytokines influence bone cell function, tissue remodeling, and immune responses in 

orthopedic and orthodontic contexts. Key cytokines such as tumor necrosis factor-

alpha (TNF-α), interleukins (IL-1β, IL-6, IL-10), and transforming growth factor-beta 

(TGF-β) modulate osteoclastogenesis, osteoblast activity, and matrix turnover. 

Understanding inflammatory dynamics is essential for designing targeted therapies to 

optimize bone regeneration, minimize adverse outcomes, and enhance patient care in 

both disciplines.
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Introduction 

Bone healing after fractures and orthodontic interventions involves a complex, tightly regulated inflammatory cascade. While 

acute inflammation initiates repair by recruiting immune cells and progenitors, prolonged or excessive inflammation impairs 

osteogenesis and may cause complications such as delayed bone union or root resorption. Cytokines, soluble proteins secreted 

by immune and stromal cells, orchestrate the balance between bone destruction and formation. This review covers the role of 

inflammatory cytokines in orthopedic delayed healing and orthodontic root resorption, highlighting molecular mechanisms, 

clinical implications, and therapeutic prospects. 

 

Inflammatory Cytokines in Bone Healing and Remodeling 

Overview and Key Cytokines 

Bone injury triggers the local production of pro-inflammatory cytokines including TNF-α, IL-1β, IL-6, interferon gamma (IFN-

γ), and anti-inflammatory cytokines such as IL-10 and TGF-β. These factors mediate immune cell infiltration, 

osteoclastogenesis, osteoblast differentiation, and angiogenesis, regulating the healing phases: inflammation, soft callus 

formation, hard callus formation, and remodeling. 

 TNF-α: Initially promotes recruitment of inflammatory cells but elevated persistent TNF-α contributes to bone resorption 

and impaired healing. 

 IL-1β: Drives osteoclast activation, matrix metalloproteinase release, and sustains inflammation; implicated in delayed 

union. 

 IL-6: Has dual roles; early promotes healing, but chronic elevation associates with non-union. 

 IL-10: Anti-inflammatory cytokine, enhances resolution of inflammation and supports osteoblastic activity. 

 TGF-β: Critical for early cartilage formation and matrix deposition; modulates immune responses and fibrosis. 
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Cytokine Dynamics during Healing 

Acute fracture healing involves a biphasic inflammatory 

cytokine pattern, with peak TNF-α and IL-1β levels in first 

72 hours and a secondary peak around three weeks 

facilitating remodeling. Dysregulation leads to prolonged M1 

macrophage activation, impaired M2 resolution, and 

defective bone regeneration. Experimental models 

demonstrate that optimizing the timing of anti-inflammatory 

cytokine delivery (e.g., IL-4, IL-13) enhances callus 

formation and mineralization. 

 

Role in Delayed Orthopedic Healing 

Mechanisms of Delay 

Imbalance favoring sustained pro-inflammatory cytokines 

results in excessive osteoclast activation, matrix degradation, 

and inhibition of osteoblast differentiation, retarding bone 

repair. Mechanical instability and infection further 

exacerbate cytokine dysregulation, prolonging inflammatory 

phases and increasing risk of non-union or malunion. 

 

Clinical Evidence 

Patients with delayed fracture healing show elevated serum 

and local levels of TNF-α, IL-1β, and IL-6 with reduced IL-

10 expression. Therapeutic neutralization of IL-1β and 

administration of IL-4 in animal models restored timely 

healing by promoting M2 polarization and osteogenesis. 

Emerging treatments targeting cytokine pathways include 

biologics, immunomodulatory scaffolds, and gene therapies 

aimed at recapitulating normal inflammatory resolution. 

 

Role in Orthodontic Root Resorption 

Pathophysiology 

Orthodontic tooth movement induces localized sterile 

inflammation, activating periodontal ligament cells and 

resident macrophages to produce cytokines that regulate 

osteoclastogenesis on bone and root surfaces. Excessive or 

dysregulated inflammatory cytokines such as IL-1β and 

TNF-α amplify osteoclastic resorption of cementum and 

dentin, causing root shortening. 

 

Cytokine-Mediated Cellular Effects 

 High IL-1β levels increase receptor activator of nuclear 

factor κB ligand (RANKL) expression, promoting 

osteoclast differentiation on root surfaces. 

 TNF-α enhances osteoclast function while inhibiting 

cementoblast survival. 

 Protective cytokines such as IL-10 and TGF-β may 

counterbalance resorption but are often insufficient 

under sustained orthodontic forces. 

 

Clinical Correlations 

Quantitative cytokine assays in gingival crevicular fluid and 

periodontal tissues correlate high pro-inflammatory cytokine 

levels with severity of root resorption. Modulating 

inflammation via pharmacological agents (e.g., 

corticosteroids, NSAIDs) remains controversial due to 

effects on tooth movement. Novel immunomodulatory 

approaches targeting specific cytokine pathways hold 

therapeutic promise. 

 

Therapeutic Approaches to Modulate Cytokine Effects 

Immunomodulation in Orthopedic Healing 

 Local delivery of anti-inflammatory cytokines (IL-4, IL-

13, IL-10) through biomaterials accelerates resolution 

and promotes osteogenesis. 

 Genetically modified stem cells secreting IL-4 

demonstrate enhanced bone mineralization in vivo. 

 Blocking pro-inflammatory cytokines (e.g., IL-1β 

receptor antagonists) reduces osteoclastogenesis and 

improves callus quality. 

 

Managing Orthodontic Root Resorption 

 Pharmacologic strategies: Use of bisphosphonates and 

RANKL inhibitors to reduce osteoclast activity. 

 Cytokine-based therapies: Experimental use of anti-

inflammatory agents to balance cytokine profiles. 

 Mechanical modulation: Optimizing force magnitude 

and duration to minimize inflammatory overactivation. 

 

Future Perspectives and Research Needs 

Advances in single-cell transcriptomics, biomaterial 

scaffolds with cytokine-release capabilities, and 

nanotechnology-based immunomodulators are expected to 

improve targeted regulation of bone inflammation and 

remodeling. Robust clinical trials are needed to establish 

efficacy and safety profiles for cytokine-directed therapies in 

both orthopedic and orthodontic populations. 

 

Conclusions 

Inflammatory cytokines are central mediators in bone healing 

and remodeling, with tightly balanced pro- and anti-

inflammatory signals required for optimal outcomes. 

Persistent or exaggerated cytokine activity contributes to 

delayed orthopedic healing and orthodontic root resorption, 

posing clinical challenges. Understanding cytokine dynamics 

offers opportunities for novel diagnostics and therapeutics 

aimed at enhancing bone regeneration while reducing adverse 

effects. 
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