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ABSTRACT:
Atherosclerosis remains a leading cause of cardiovascular diseases, with chronic inflammation playing a critical role in its pathogenesis. This review evaluates various anti-inflammatory strategies targeting the C-reactive protein (CRP) and interleukin-1 (IL-1) pathways. Through a comprehensive analysis of recent clinical trials and preclinical studies, we highlight the potential of CRP and IL-1 inhibitors in mitigating inflammatory responses associated with atherosclerotic development. Our findings indicate that these therapeutic interventions may effectively reduce arterial plaque formation and improve cardiovascular outcomes. Furthermore, we discuss the challenges and limitations faced in translating these therapies into clinical practice. This review underscores the importance of continued research into anti-inflammatory modalities as viable options in the management of atherosclerosis, with particular emphasis on tailored approaches that target specific inflammatory pathways.
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INTRODUCTION:
Disorder of lipid accumulation atherosclerosis is now widely considered as a chronic disease affecting the arterial wall. This shift in perspective has revolutionized the field of cardiovascular medicine, emphasizing the pivotal role of the immune system in initiating, sustaining and exacerbating plaque development and rupture. The interaction between oxidized lipids, dysfunctional endothelium, and immune cell activity fosters a persistent inflammatory state that contributes to vascular damage and thrombotic events. central to this inflammatory process is a network of signaling molecules like interleukin-1 (IL-1), interleukin-6 (IL-6), tumor necrosis factor-alpha (TNF) and c-reactive protein (CRP)1. These mediators facilitate immune cell recruitment, amplify oxidative stress and compromise plaque stability. CRP has gained prominence as a clinical marker for cardiovascular risk, while IL-1 has emerged as a key driver of vascular inflammation. Breakthroughs in molecular research have illuminated the pathways linking immune activation to arterial injury, notably the role of the NLRP3 (nucleotide-binding domain leucine-rich repeat (NLR) and pyrin domain containing receptor 3) inflammasome in triggering IL-1 release. These insights have opened new avenues for therapeutic intervention focusing on dampening inflammation rather than solely targeting lipid levels landmark studies including CANTOS (Canakinumab Anti-inflammatory Thrombosis Outcome Study), JUPITER (Justification for the Use of Statins in Prevention) and COLCOT  (Colchicine Cardiovascular Outcomes Trial) have shown that anti-inflammatory treatments can significantly lower the incidence of major cardiovascular events even in patients with well-controlled cholesterol. despite these promising results the widespread adoption of inflammation-targeted therapies presents challenges related to safety, cost and identifying suitable candidates. As the field advances, a more individualized approach combining conventional lipid-lowering strategies with precision immunotherapy informed by genetic and biomarker data may redefine the standard of care in atherosclerosis. This review delves into the inflammatory mechanisms underlying atherosclerosis evaluates CRP and IL-1 as diagnostic and therapeutic tools and synthesizes clinical evidence supporting anti-inflammatory strategies it also considers current limitations and future directions, underscoring the potential of personalized medicine to transform cardiovascular disease management2-5.
PATHOPHYSIOLOGY OF INFLAMMATION IN ATHEROSCLEROSIS:
Atherosclerosis is a chronic inflammatory disease of the arterial wall characterized by the interplay of lipid accumulation, immune activation, and maladaptive tissue remodeling. The process begins with endothelial activation, where retention and oxidative modification of apolipoprotein-B–containing lipoproteins trigger monocyte recruitment into the intima. These monocytes differentiate into macrophages that internalize oxidized LDL (Low-Density Lipoprotein) through scavenger receptors such as CD36 (cluster of differentiation 36), giving rise to lipid-laden foam cells3, 4. Foam cells perpetuate inflammation by secreting cytokines and chemokines that amplify leukocyte recruitment and plaque progression. Several intracellular signalling pathways contribute to this feed-forward loop: oxLDL-induced TRIM64 (Tripartite motif) activates NF-κB and primes the NLRP3 inflammasome, while extracellular vimentin signalling through CD36 and FAK (Focal Adhesion Kinase) enhances NF-κB (Nuclear factor kappa B) –dependent cytokine production. In parallel, RIPK1 (Receptor-interacting serine/threonine-protein kinase 1) augments NF-κB transcriptional activity, further increasing pro-inflammatory mediators. As lesions expand, hypoxia emerges as a critical amplifier by stabilizing HIF-1α (Hypoxia-Inducible Factor 1-Alpha), which promotes VEGF-A–driven angiogenesis and chemotaxis, while also repressing anti-inflammatory regulators such as PPAR-γ3-6. Hypoxia additionally elevates HMGB1 (High mobility group box 1 protein) release, which via RAGE (Receptor for Advanced Glycation End-products) signaling stimulates NLRP3 activation and foam-cell formation, whereas mTORC1 (mechanistic target of rapamycin complex 1) activation under low oxygen reinforces both NF-κB and HIF-1α pathways. Metabolic reprogramming of macrophages toward a glycolytic, M1-like phenotype further consolidates their inflammatory potential2, 7, 8. Progressive lipid stress induces macrophage apoptosis and necrosis, yet efferocytosis is defective within plaques mediated in part by CD147-dependent (cluster of differentiation 147) suppression of GAS6 signalling leading to expansion of the necrotic core. Autophagy, including chaperone-mediated autophagy via LAMP2 (Lysosome-associated membrane protein 2) and SR-BI–TFEB signalling (Scavenger Receptor Class B Type 1 and Transcription Factor EB), normally restrains inflammasome activity and foam-cell formation, but its impairment accelerates disease. Crosstalk with other immune cells, such as dendritic cells promoting Th1 polarization or neutrophils depositing pro-inflammatory NETs (Neutrophil Extracellular Traps), further amplifies plaque inflammation. Endocrine factors, such as elevated TSH (Thyroid-stimulating hormone) acting on macrophage TSHR (Thyroid-stimulating hormone receptor) to activate NF-κB, also influence local immune tone. Collectively, these molecular and cellular processes transform a stable lipid-rich lesion into a vulnerable plaque with thin fibrous caps, angiogenesis, and large necrotic cores, predisposing to rupture and thrombosis9-11.
Role of IL-1 in Atherosclerosis Development Cytokines are essential immune regulators that function as key mediators of inflammation and immunomodulation. They are classified into several families, including chemokines, interleukins (ILs), interferons (IFNs), tumor necrosis factors (TNFs), transforming growth factors (TGFs), and colony-stimulating factors (CSFs). Depending on their specific activity, these molecules may promote or inhibit atherogenesis and are typically found at vascular sites where lesions form12-14. Both immune and non-immune cells involved in cardiovascular disease (CVD) can generate and respond to cytokines. The interleukin-1 (IL-1) family includes multiple pro-inflammatory cytokines (IL-1α, IL-1β, IL-18, IL-33, IL-36α, IL-36β, and IL-36γ), natural receptor antagonists (IL-1Ra, IL-36Ra, and IL-38), and the anti-inflammatory cytokine IL-37, all of which are central to immune-driven inflammation15. These mediators are released by macrophages, endothelial cells, and pancreatic islet cells, supporting both innate immune defense and the amplification of adaptive immunity16, 17. Since most immune cells express either IL-1 cytokines or their receptors, IL-1 signaling strongly influences immune activity, particularly through IL-1α, IL-1β, and IL-18. These cytokines also regulate lymphocyte differentiation and function in innate and adaptive immune responses15. Among them, IL-1β and IL-18 have been identified as key drivers of atherosclerosis17. IL-1α and IL-1β are the most widely studied members of this family and are initially synthesized as precursors. Unlike IL-1α, which is active in its precursor form, IL-1β requires enzymatic cleavage for activation. Its maturation follows a tightly regulated two-step pathway:  pathogen recognition receptors (PRRs) activate NF-κB signaling, which induces pro-IL-1β expression, and  caspase-1 cleaves pro-IL-1β into its biologically active form18, 19. Caspase-1, abundant in hematopoietic cells, is the primary processing enzyme, but extracellular cleavage may also occur via neutrophil protease 3 (PR3)20, neutrophil elastase (NE)21, matrix metalloproteinase-9 (MMP-9)22, and cathepsin G22. Both experimental and clinical studies confirm the pro-atherogenic role of IL-1β, showing elevated levels within coronary artery plaques that correlate with disease severity 23-24. IL-1β contributes to vascular dysfunction by inducing adhesion molecule expression, which facilitates leukocyte infiltration, particularly macrophages, into the arterial intima during the early stages of lesion development. Once activated, these macrophages secrete additional inflammatory mediators such as IL-6, IL-8, MCP-1, and plasminogen activator inhibitor-1 (PAI-1), thereby sustaining vascular inflammation and reinforcing pro-inflammatory macrophage activity. These responses further promote proliferation of vascular smooth muscle and cardiac cells, contributing to plaque growth and instability. Animal studies provide further evidence for IL-1’s involvement in atherosclerosis. Mice lacking IL-1 expression develop fewer foam cells and smaller lesions compared to wild-type controls25. Additionally, IL-1 signaling stimulates matrix metalloproteinase (MMP) expression, which weakens the fibrous cap, promoting plaque rupture and thrombus formation26. Thus, IL-1 plays a fundamental role throughout all stages of atherosclerosis, from initiation and progression to plaque destabilization. Elevated IL-1α and IL-1β levels are consistently reported in advanced, complicated plaques compared with simpler lesions, whereas healthy vessels show minimal expression27.
CRP AS A BIOMARKER IN ATHEROSCLEROSIS:
C-reactive protein (CRP) is a hepatic acute-phase pentraxin that mirrors vascular inflammation and has become a practical biomarker across the atherosclerotic disease spectrum. High-sensitivity CRP (hs-CRP) detects low-grade inflammation typical of stable atherosclerosis (often <5 mg/L) and improves risk stratification beyond traditional factors (e.g., in algorithms like the Reynolds score); epidemiologic and trial data consistently link higher baseline hs-CRP with greater incidence of major adverse cardiovascular events, and therapies that lower hs-CRP (notably statins) track with event reduction, supporting its prognostic utility28, 29. Mechanistically, distinct structural isoforms help explain CRP’s vascular associations: circulating pentameric CRP (pCRP) appears largely neutral or modestly protective in some contexts, whereas tissue-associated monomeric CRP (mCRP) amplifies endothelial dysfunction, leukocyte recruitment, oxidative stress, matrix degradation, neovascularization, and thrombosis pathways integral to plaque progression and destabilization. These insights have spurred interest in targeting CRP biology (e.g., preventing pCRP-mCRP dissociation) as a therapeutic strategy. Nonetheless, important limitations temper interpretation: CRP is a nonspecific inflammatory signal that rises in many conditions (infection, obesity, autoimmune disease), early experimental literature sometimes conflated isoforms or used contaminated reagents, and ongoing debates persist over whether CRP is merely a marker or a causal mediator in humans. Taken together, hs-CRP offers validated, accessible risk information and can capture “residual inflammatory risk, ” but clinical use should account for its non-specificity and the unresolved isoform-specific biology30-32.
IL-1 PATHWAY IN ATHEROGENESIS:
Interleukin-1 (IL-1) is a central pro-inflammatory cytokine that plays a pivotal role in linking innate immune activation with the progression of atherosclerosis. Both vascular wall cells and infiltrating leukocytes can produce IL-1, with the β-isoform (IL-1β) requiring processing by the NLRP3 inflammasome and caspase-1 to become biologically active. Within atherosclerotic lesions, cholesterol crystals, hypoxia, disturbed flow, and acidosis act as danger signals that activate the inflammasome, promoting maturation of IL-1β. Once released, IL-1β stimulates endothelial cells to express adhesion molecules such as ICAM-1 and VCAM-1 and to produce chemokines like MCP-1, thereby amplifying monocyte recruitment into the arterial wall. IL-1 also induces vascular smooth muscle cells to proliferate and secrete additional cytokines, particularly IL-6, which drives the hepatic acute-phase response and elevates downstream biomarkers such as fibrinogen and C-reactive protein (CRP). Through this cascade, IL-1 establishes a potent feed-forward loop that intensifies local inflammation and systemic atherothrombotic risk33. Experimental models consistently show that genetic deletion or pharmacologic blockade of IL-1 signalling reduces plaque burden and inflammation, whereas IL-1 overexpression accelerates lesion development. The clinical significance of this pathway was confirmed in the CANTOS trial, where selective inhibition of IL-1β with canakinumab reduced hs-CRP levels and cardiovascular events without affecting lipid levels, thus validating inflammation as a therapeutic target in atherosclerosis. However, this strategy also raised concerns regarding infection risk, reflecting the essential role of IL-1 in host defense. Collectively, the IL-1 axis not only drives atherogenesis through endothelial activation, leukocyte recruitment, and cytokine amplification but also represents a validated therapeutic pathway that bridges mechanistic insights with clinical translation34
THERAPEUTIC AGENTS TARGETING CRP AND IL-1:
The inflammatory basis of atherosclerosis has prompted the exploration of therapies that directly target interleukin-1 (IL-1) signaling and C-reactive protein (CRP). Among IL-1 inhibitors, canakinumab, a monoclonal antibody against IL-1β, demonstrated in the landmark CANTOS trial that selective cytokine blockade significantly reduced recurrent cardiovascular events in post-myocardial infarction patients with elevated hs-CRP. This effect occurred without influencing lipid levels, confirming inflammation as an independent therapeutic target. However, increased rates of infection highlighted safety concerns35, 36. Another IL-1 blocker, anakinra, a recombinant IL-1 receptor antagonist, has shown reductions in CRP and a lower incidence of heart failure in small post-MI studies, although larger confirmatory trials are still needed. With regard to CRP-lowering strategies, statins remain the most robustly studied agents. Their benefits extend beyond LDL reduction, with trials such as JUPITER showing that rosuvastatin reduced cardiovascular risk in individuals with normal cholesterol but elevated hs-CRP, underscoring the biomarker’s prognostic relevance37-39. Lifestyle interventions including weight reduction, smoking cessation, and increased physical activity also lower CRP levels and improve cardiovascular risk profiles40, 41. Novel approaches are under development, including agents targeting upstream inflammatory mediators (e.g., IL-6 inhibitors, NLRP3 inflammasome modulators) and direct CRP-lowering compounds, although clinical translation remains limited. When comparing anti-inflammatory strategies, evidence suggests that targeted cytokine inhibition (IL-1β blockade) provides clearer event reduction compared with broader anti-inflammatory drugs such as corticosteroids or NSAIDs, which have shown either neutral or harmful cardiovascular effects42, 43. Statins occupy a unique position by simultaneously reducing lipid burden and systemic inflammation, offering dual benefits. Nevertheless, while IL-1 blockade offers proof-of-concept for targeting inflammation, the risk–benefit balance compared to established lipid-lowering and lifestyle therapies continues to be debated44-46
TABLE 1:  Anti-Inflammatory Strategies for Cardiovascular Disease 37-49
	Therapeutic Strategy
	Target / Mechanism
	Key Clinical Evidence
	Effects on CRP / IL-1
	Cardiovascular Outcomes
	Limitations / Safety

	Statins (e.g., Rosuvastatin, Atorvastatin)
	HMG-CoA reductase inhibition; pleiotropic anti-inflammatory actions
	JUPITER trial: patients with normal LDL but elevated hs-CRP benefited
	↓ hs-CRP (30–40% reduction)
	↓ CV events, even in normocholesterolemic patients
	Well tolerated; myopathy, liver enzyme elevations rare

	Canakinumab (IL-1β mAb)
	Neutralizes IL-1β → reduces IL-6 & hs-CRP
	CANTOS trial: post-MI patients with hs-CRP >2 mg/L
	↓ hs-CRP (~37%) independent of lipid lowering
	↓ recurrent CV events
	↑ Risk of infections; high cost

	Anakinra (IL-1 receptor antagonist)
	Blocks IL-1α/β binding to IL-1R
	Small post-MI trials
	↓ CRP acutely
	Improved LV function; reduced HF incidence (short term)
	Limited long-term outcome data; injection-site reactions

	Colchicine
	Broad anti-inflammatory; inhibits tubulin, NLRP3 inflammasome
	COLCOT, LoDoCo2
	Modest ↓ in hs-CRP
	↓ recurrent ischemic events
	GI side effects; potential toxicity in renal impairment

	IL-6 inhibitors (e.g., Tocilizumab, Ziltivekimab – investigational)
	Blocks IL-6 signaling downstream of IL-1
	Early trials, phase II data
	Significant ↓ CRP
	Ongoing evaluation (ZEUS trial)
	Risk of infection, ↑ lipids

	Lifestyle interventions (diet, exercise, smoking cessation)
	Reduce systemic inflammation, oxidative stress
	Observational + interventional studies
	↓ hs-CRP with weight loss/exercise
	Improves vascular function, ↓ risk
	Adherence-dependent; variable effect sizes

	Direct CRP-targeting approaches (antisense, apheresis; experimental)
	Reduce circulating or tissue CRP
	Preclinical/early-phase trials
	↓ CRP levels
	Translational potential, not yet proven in CV outcomes
	Not yet clinically established




ADVERSE EFFECTS AND SAFETY PROFILES OF IL-1 INHIBITORS:
While IL-1 inhibitors have provided proof-of-concept that targeted inflammation control reduces cardiovascular risk, safety concerns remain a critical limitation. Canakinumab, although effective in lowering recurrent cardiovascular events in the CANTOS trial, was associated with higher rates of serious infections, reflecting the central role of IL-1 in host immune defense. Anakinra, the IL-1 receptor antagonist, has demonstrated favorable short-term reductions in inflammation and improved cardiac function post-myocardial infarction, but long-term data on safety and efficacy in large populations are still lacking. These adverse profiles highlight the challenge of suppressing inflammatory pathways without impairing protective immunity47-50.
COST-EFFECTIVENESS AND ACCESSIBILITY OF TARGETED THERAPIES:
Another important barrier is cost-effectiveness and accessibility. Biologic IL-1 inhibitors are expensive, which limits their feasibility for widespread cardiovascular prevention, especially in resource-limited settings. In contrast, statins and lifestyle-based interventions remain more accessible, with additional lipid-lowering and metabolic benefits beyond their modest CRP-lowering effects. Thus, although biologic therapies provide mechanistic validation, their high cost and safety trade-offs currently restrict their role to high-risk or refractory patients rather than general use50-53.
EMERGING TARGETS AND PERSONALIZED ANTI-INFLAMMATORY STRATEGIES:
Looking forward, emerging targets and personalized strategies may offer safer and more efficient alternatives. Therapies directed against the IL-6 pathway, NLRP3 inflammasome, and agents that directly modulate CRP biology are under investigation, with early studies showing promise in reducing vascular inflammation54. Precision medicine approaches such as stratifying patients based on hs-CRP levels, genetic risk markers, or inflammatory endotypes may help identify those most likely to benefit from targeted anti-inflammatory therapy while minimizing unnecessary exposure and adverse effects. Integrating these novel agents with established lipid-lowering and lifestyle interventions could define a more tailored, risk-based approach to future cardiovascular prevention55, 56.

CONCLUSION
This review underscores the importance of continued research into anti-inflammatory modalities as viable options in the management of atherosclerosis, with particular emphasis on tailored approaches that target specific inflammatory pathways. As the field advances, a more individualized approach combining conventional lipid-lowering strategies with precision immunotherapy informed by genetic and biomarker data may redefine the standard of care in atherosclerosis.
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