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RESUMEN

La enfermedad cardiovascular contintia siendo la principal causa de mortalidad a nivel mundial,
a pesar de los importantes avances en las terapias hipolipemiantes. Aunque alcanzar las
concentraciones recomendadas de colesterol unido a lipoproteinas de baja densidad (LDL-C)
reduce significativamente el riesgo cardiovascular, numerosos pacientes continian presentando
eventos cardiovasculares recurrentes, fendmeno conocido como riesgo cardiovascular residual.
La evidencia cientifica demuestra que la inflamacion crénica de bajo grado constituye uno de los
principales mecanismos responsables de este riesgo persistente. Esta revision analiza la evidencia
disponible sobre los mecanismos bioldgicos, los biomarcadores inflamatorios y las nuevas
estrategias terapéuticas relacionadas con el riesgo inflamatorio residual mas alla del colesterol
LDL. La literatura muestra que la activacion del inflamasoma NLRP3 y de la via de la
interleucina-1p/interleucina-6 desempefia un papel central en la disfuncion endotelial, la
progresion de la placa aterosclerdtica y su inestabilidad. La proteina C reactiva ultrasensible (hs-
CRP) continua siendo el biomarcador con mayor respaldo cientifico para identificar inflamacion
persistente en la practica clinica. Ensayos clinicos de referencia como CANTOS, COLCOT y
LoDoCo2 han demostrado que determinadas terapias antiinflamatorias reducen los eventos
cardiovasculares recurrentes independientemente de una mayor disminucion del colesterol LDL,
mientras que otras estrategias antiinflamatorias inespecificas no han mostrado beneficios
significativos. Ademas, la obesidad, la diabetes mellitus tipo 2, el sindrome metabdlico y la
enfermedad renal cronica potencian el riesgo inflamatorio residual mediante mecanismos
fisiopatologicos compartidos. La evidencia actual respalda un modelo de prevencion
cardiometabolica integral que combine el control lipidico, las modificaciones del estilo de vida,
la optimizacion metabolica y el tratamiento antiinflamatorio dirigido. La medicina de precision
basada en biomarcadores inflamatorios permitira optimizar la prevencion cardiovascular y
disminuir la carga mundial de la enfermedad aterosclerotica.

PALABRAS CLAVE

Riesgo inflamatorio residual, Colesterol LDL, Aterosclerosis, Enfermedad cardiovascular, Inflamacion cronica,
Proteina C reactiva ultrasensible, Inflamasoma NLRP3, Interleucina-1p, Interleucina-6, Colchicina, Canakinumab,
Prevencion cardiometabolica, Medicina de precision.

ABSTRACT

Cardiovascular disease remains the leading cause of mortality worldwide despite substantial advances in lipid-lowering
therapies. Although achieving recommended low-density lipoprotein cholesterol (LDL-C) targets significantly reduces
cardiovascular risk, many patients continue to experience recurrent cardiovascular events, a phenomenon known as
residual cardiovascular risk. Increasing evidence indicates that chronic low-grade inflammation is a major contributor
to this persistent risk. This review analyzes current scientific evidence regarding the biological mechanisms,
inflammatory biomarkers, and emerging therapeutic strategies associated with residual inflammatory risk beyond LDL
cholesterol. The literature demonstrates that activation of the NLRP3 inflammasome and the interleukin-
1B/interleukin-6 pathway plays a central role in endothelial dysfunction, plaque progression, and atherosclerotic
instability. High-sensitivity C-reactive protein (hs-CRP) remains the most widely validated biomarker for identifying
persistent inflammatory activity in clinical practice. Landmark clinical trials, including CANTOS, COLCOT, and
LoDoCo2, have demonstrated that selective anti-inflammatory therapies reduce recurrent cardiovascular events
independently of additional LDL-C lowering, whereas nonspecific anti-inflammatory approaches have shown limited
benefit. Furthermore, obesity, type 2 diabetes mellitus, metabolic syndrome, and chronic kidney disease substantially
amplify residual inflammatory risk through shared pathophysiological mechanisms. Current evidence supports a
transition toward comprehensive cardiometabolic prevention integrating lipid management, lifestyle modification,
metabolic optimization, and targeted anti-inflammatory therapy. Future precision medicine strategies incorporating
inflammatory biomarkers and individualized risk assessment may further improve cardiovascular outcomes and reduce
the global burden of atherosclerotic disease.
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INTRODUCCION

Cardiovascular disease (CVD) remains the leading cause of mortality worldwide despite remarkable advances in lipid-
lowering therapies, antihypertensive treatment, glucose control, and preventive cardiology. Although intensive
reduction of low-density lipoprotein cholesterol (LDL-C) through statins, ezetimibe, and proprotein convertase
subtilisin/kexin type 9 (PCSK9) inhibitors has significantly decreased the incidence of atherosclerotic cardiovascular
events, a substantial proportion of patients continue to experience recurrent myocardial infarction, ischemic stroke,
heart failure, and cardiovascular death. This persistent burden has led to the recognition of residual cardiovascular
risk, a multifactorial phenomenon that encompasses lipid-related, thrombotic, metabolic, and inflammatory
mechanisms that remain active despite optimal conventional treatment (Ridker et al., 2020; Libby & Hansson, 2019).

Among these determinants, residual inflammatory risk has emerged as one of the most important contributors to
persistent cardiovascular morbidity and mortality. Contemporary evidence demonstrates that chronic low-grade
inflammation is not merely a consequence of atherosclerosis but rather a central biological driver involved in every
stage of plaque development, progression, destabilization, and rupture. Inflammatory pathways involving endothelial
dysfunction, activation of the NLRP3 inflammasome, interleukin-1§ (IL-1p), interleukin-6 (IL-6), tumor necrosis
factor-o. (TNF-a), and C-reactive protein (CRP) promote vascular injury independently of circulating LDL-C
concentrations. Consequently, patients achieving guideline-recommended lipid targets may still exhibit elevated
inflammatory biomarkers and remain at considerable cardiovascular risk (Ridker et al., 2017; Libby, 2021).

The traditional paradigm of cardiovascular prevention was largely centered on lipid management, particularly after the
demonstration that statin therapy substantially reduced cardiovascular events. Landmark clinical trials such as the
Scandinavian Simvastatin Survival Study (4S), Heart Protection Study (HPS), and subsequent investigations
established LDL-C as the principal therapeutic target for primary and secondary prevention. However, findings from
more recent studies revealed that many individuals continued to develop recurrent cardiovascular complications
despite intensive lipid-lowering therapy, suggesting that additional biological mechanisms contribute to disease
progression. This observation shifted scientific attention toward chronic inflammation as an independent therapeutic
target capable of explaining the gap between optimal lipid control and persistent cardiovascular events (Ridker, 2013;
Everett, 2019).

The relationship between inflammation and atherosclerosis is supported by extensive experimental and clinical
evidence. Endothelial injury induced by hypertension, hyperglycemia, smoking, obesity, insulin resistance, and
oxidative stress facilitates leukocyte adhesion and migration into the arterial wall. Monocytes differentiate into
macrophages, engulf oxidized lipoproteins, and generate foam cells, while activated T lymphocytes amplify cytokine
production and perpetuate chronic vascular inflammation. Simultaneously, activation of the NLRP3 inflammasome
stimulates secretion of IL-1f and IL-18, initiating downstream signaling pathways that increase IL-6 synthesis and
hepatic production of high-sensitivity C-reactive protein (hs-CRP). These interconnected inflammatory cascades
accelerate plaque growth, increase necrotic core formation, weaken fibrous caps, and predispose plaques to rupture
and thrombosis (Libby & Hansson, 2019; Henein et al., 2019).

Recognition of these mechanisms has transformed cardiovascular medicine during the last decade. Rather than
considering inflammation solely as a biomarker reflecting disease severity, investigators increasingly recognize
inflammatory activity as a modifiable therapeutic target. The pivotal Canakinumab Anti-inflammatory Thrombosis
Outcomes Study (CANTOS) demonstrated that selective inhibition of IL-1B significantly reduced recurrent
cardiovascular events independently of LDL-C reduction, thereby providing the first direct clinical evidence
supporting the inflammatory hypothesis of atherosclerosis. Likewise, the Colchicine Cardiovascular Outcomes Trial
(COLCOT) and the Low-Dose Colchicine 2 (LoDoCo2) trial confirmed that modulation of innate immunity using low-
dose colchicine decreases cardiovascular complications in patients with established coronary artery disease.
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Collectively, these landmark trials established inflammation as an independent pathway amenable to pharmacological
intervention (Ridker et al., 2017; Tardif et al., 2019; Nidorf et al., 2020).

Simultaneously, advances in metabolic medicine have reinforced the intimate relationship between systemic
inflammation and cardiometabolic disorders. Obesity, type 2 diabetes mellitus, metabolic dysfunction-associated
steatotic liver disease (MASLD), chronic kidney disease, and heart failure are now recognized as chronic inflammatory
conditions characterized by persistent immune activation, adipose tissue dysfunction, oxidative stress, and cytokine
overproduction. Adipocytes, macrophages, and endothelial cells continuously interact through complex signaling
networks that sustain low-grade inflammation and contribute to accelerated vascular aging. Consequently,
cardiometabolic prevention increasingly requires integrated approaches targeting both metabolic abnormalities and
inflammatory pathways rather than focusing exclusively on cholesterol reduction (Cosentino et al., 2023; McMurray
etal., 2019).

Recent investigations have also identified numerous biomarkers capable of improving cardiovascular risk stratification
beyond conventional lipid profiles. High-sensitivity CRP remains the most extensively validated inflammatory marker
in clinical practice, while IL-6 has demonstrated even stronger associations with recurrent cardiovascular events in
several prospective cohorts. Additional biomarkers—including fibrinogen, lipoprotein(a), myeloperoxidase,
neutrophil-to-lymphocyte ratio, and novel multi-omics signatures—are being investigated for their potential to identify
patients with persistent inflammatory activation despite adequate lipid control. These advances support a precision
medicine approach in which inflammatory phenotyping may guide individualized therapeutic decisions and optimize
long-term cardiovascular prevention (Ridker et al., 2020; Ikonomidis & Lekakis, 2025).

The growing body of evidence has important implications not only for high-income countries but also for low- and
middle-income regions, particularly throughout Latin America, where cardiovascular diseases coexist with increasing
prevalence of obesity, diabetes mellitus, sedentary lifestyles, and socioeconomic inequalities that exacerbate chronic
inflammatory conditions. Epidemiological transitions observed across Latin American populations have accelerated
the burden of cardiometabolic diseases, emphasizing the need for preventive strategies that integrate lipid management
with inflammation control, lifestyle modification, and early identification of high-risk individuals. International
recommendations increasingly advocate comprehensive cardiovascular prevention models that incorporate
inflammatory assessment into routine clinical practice whenever appropriate (Arnett et al., 2019; Cosentino et al.,
2023).

Despite these advances, several important questions remain unresolved. Optimal inflammatory biomarkers, patient
selection criteria, duration of anti-inflammatory therapy, long-term safety, cost-effectiveness, and integration into
existing cardiovascular prevention guidelines continue to be actively investigated. Furthermore, emerging therapies
targeting IL-6, NLRP3 inhibition, gene regulation, immunometabolism, and artificial intelligence-assisted risk
prediction may substantially reshape future preventive cardiology over the coming decade (Liischer, 2023; Ridker &
Libby, 2023).

DESARROLLO
Residual Cardiovascular Risk Beyond LDL Cholesterol

The reduction of low-density lipoprotein cholesterol remains one of the most effective interventions for preventing
atherosclerotic cardiovascular disease. Statins, ezetimibe, bempedoic acid, and proprotein convertase subtilisin/kexin
type 9 inhibitors have progressively expanded the ability to achieve very low LDL-C concentrations in patients with
established cardiovascular disease. Nevertheless, the clinical benefit obtained through lipid-lowering therapy does not
completely eliminate the probability of myocardial infarction, ischemic stroke, coronary revascularization, heart
failure, or cardiovascular death.

This persistent probability of adverse events is described as residual cardiovascular risk. It is not attributable to a single
biological abnormality but rather to the simultaneous persistence of several mechanisms, including atherogenic
triglyceride-rich lipoproteins, lipoprotein(a), endothelial dysfunction, thrombosis, insulin resistance, oxidative stress,
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renal dysfunction, and chronic inflammation. Therefore, achieving an LDL-C concentration within the recommended
therapeutic range should not be interpreted as equivalent to complete control of atherosclerotic disease.

Residual inflammatory risk represents the component of cardiovascular risk associated with persistent activation of
innate and adaptive immune pathways despite adequate management of LDL-C. It is commonly identified through
elevated concentrations of high-sensitivity C-reactive protein, particularly values equal to or greater than 2 mg/L in
clinically stable patients. However, hs-CRP should be understood as a downstream marker of inflammatory activity
rather than as the sole biological mediator of vascular injury.

Evidence from contemporary lipid-lowering trials indicates that inflammatory and lipid-related residual risks may
coexist, although they do not necessarily occur in parallel. A patient may have well-controlled LDL-C and persistent
elevation of hs-CRP, whereas another may present low inflammatory activity but insufficient lipid control. This
distinction is clinically relevant because the two conditions may require different preventive strategies. In a
collaborative analysis of three randomized statin trials, residual inflammatory risk was more strongly associated with
cardiovascular and all-cause mortality than residual cholesterol risk, emphasizing that lipid concentrations alone do
not fully represent the biological activity of atherosclerosis (Ridker et al., 2023).

The concept does not diminish the causal importance of LDL-C. Instead, it expands the interpretation of atherosclerotic
disease by recognizing that lipid accumulation and inflammation are interdependent processes. LDL-containing
particles initiate and sustain arterial injury, while immune mechanisms determine the intensity of the tissue response,
plaque remodeling, fibrous cap stability, and probability of thrombotic complications. Consequently, contemporary
prevention requires both aggressive lipid reduction and identification of non-lipid pathways that remain active after
conventional treatment (Hoogeveen & Ballantyne, 2021; Ridker, 2023).

Inflammation as a Central Mechanism of Atherosclerosis

Atherosclerosis is a chronic inflammatory disease of the arterial wall initiated by the retention of apolipoprotein B-
containing lipoproteins within the subendothelial space. Once trapped in the arterial intima, LDL particles undergo
oxidative, enzymatic, and structural modifications that alter their biological behavior. These modified particles
stimulate endothelial cells to express adhesion molecules, including vascular cell adhesion molecule 1 and intercellular
adhesion molecule 1, thereby facilitating the recruitment of circulating monocytes and lymphocytes.

Monocytes migrate into the arterial wall and differentiate into macrophages. Through scavenger receptors, these cells
internalize modified lipoproteins and become lipid-laden foam cells. Although this response initially seeks to remove
potentially harmful particles, continuous lipid exposure overwhelms cellular clearance mechanisms. Foam cells
undergo apoptosis and secondary necrosis, contributing to the development of a lipid-rich necrotic core.

Macrophages are not passive lipid reservoirs. They produce cytokines, chemokines, proteases, reactive oxygen species,
and tissue factors that influence plaque progression and stability. Activated macrophages can degrade extracellular
matrix components through metalloproteinases, weakening the fibrous cap that separates thrombogenic plaque material
from the circulating blood. When the cap ruptures or erodes, platelet activation and coagulation may produce an
occlusive thrombus, resulting in an acute coronary syndrome or ischemic stroke (Libby & Hansson, 2019; Libby,
2021).

Adaptive immunity also participates in this process. T lymphocytes recognize vascular antigens and release cytokines
that regulate macrophage activation, endothelial function, smooth muscle cell behavior, and collagen synthesis.
Different lymphocyte subtypes may either promote or restrain inflammation. The resulting vascular environment
reflects a dynamic balance between proinflammatory signals, reparative responses, lipid accumulation, and tissue
remodeling.

This biological complexity explains why plaque behavior cannot be predicted exclusively by the degree of arterial
stenosis or circulating LDL-C concentration. Two patients with comparable lipid values may have substantially
different inflammatory activity and plaque vulnerability. Similarly, a patient with extensive calcified but stable
atherosclerosis may have a different short-term risk profile from an individual with a smaller, highly inflamed, lipid-
rich plaque.
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The NLRP3-IL-1p-IL-6 Pathway

One of the most relevant molecular mechanisms in residual inflammatory risk is activation of the nucleotide-binding
oligomerization domain-like receptor family pyrin domain-containing 3 inflammasome, commonly known as the
NLRP3 inflammasome. This intracellular protein complex functions as a sensor of metabolic stress, cellular damage,
cholesterol crystals, oxidative injury, and other danger-associated molecular patterns.

Cholesterol crystals within atherosclerotic plaques can activate NLRP3 in macrophages. Following activation,
procaspase-1 is converted into active caspase-1, which facilitates the maturation of pro-interleukin-1p and pro-
interleukin-18 into their biologically active forms. IL-1J subsequently stimulates local vascular inflammation and
induces the production of IL-6 in multiple cell types.

IL-6 acts systemically on hepatocytes and promotes the synthesis of acute-phase proteins, including C-reactive protein
and fibrinogen. For this reason, hs-CRP is considered an accessible clinical indicator of activity within the upstream
IL-1B-IL-6 pathway. Persistent activation of this axis contributes to leukocyte recruitment, endothelial dysfunction,
thrombosis, plaque progression, and adverse ventricular remodeling.

The clinical importance of this pathway was demonstrated by the Canakinumab Anti-inflammatory Thrombosis
Outcomes Study. CANTOS enrolled 10,061 patients with previous myocardial infarction and hs-CRP concentrations
of at least 2 mg/L. Participants received placebo or canakinumab, a monoclonal antibody directed against IL-1f. The
150-mg dose significantly reduced the incidence of nonfatal myocardial infarction, nonfatal stroke, and cardiovascular
death without reducing LDL-C, providing direct evidence that selective inhibition of inflammation can decrease
cardiovascular events independently of lipid lowering (Ridker et al., 2017).

CANTOS also demonstrated that the biological response to anti-inflammatory treatment was clinically meaningful.
Patients who achieved larger reductions in hs-CRP and IL-6 experienced greater cardiovascular benefit. This finding
supports the concept that treatment response may eventually be guided by inflammatory biomarkers rather than by a
uniform therapeutic approach.

However, canakinumab was associated with an increased incidence of fatal infection and did not significantly reduce
all-cause mortality in the overall trial population. Its cost and safety profile have limited routine cardiovascular use.
Nevertheless, the trial changed the conceptual framework of preventive cardiology by demonstrating that inflammation
is not merely associated with atherosclerosis but can be therapeutically modified to influence outcomes.

High-Sensitivity C-Reactive Protein as a Clinical Biomarker

High-sensitivity C-reactive protein is the most extensively studied biomarker for identifying residual inflammatory
risk. It is inexpensive, widely available, analytically standardized, and associated with cardiovascular events across
diverse populations. Unlike conventional CRP assays used primarily to detect major infectious or inflammatory
processes, high-sensitivity methods quantify lower concentrations relevant to chronic vascular inflammation.

In preventive cardiology, hs-CRP concentrations below 1 mg/L are generally interpreted as reflecting lower
inflammatory risk, values between 1 and 3 mg/L as intermediate risk, and values above 3 mg/L as higher risk. In
secondary prevention trials, a threshold of 2 mg/L has frequently been used to identify residual inflammatory activity.
Nevertheless, hs-CRP must be interpreted within the clinical context.

An isolated elevation may result from acute infection, trauma, autoimmune disease, recent surgery, or another transient
inflammatory condition. Therefore, unexpected values should be reassessed after the acute process has resolved.
Persistent elevation is more informative than a single measurement. The biomarker should complement rather than
replace the evaluation of blood pressure, glycemic status, renal function, smoking, lipid fractions, body composition,
and other established cardiovascular determinants.

Secondary analyses of contemporary clinical trials have shown that IL-6 and hs-CRP may predict recurrent events
even when LDL-C is intensively controlled. In an analysis of the Cardiovascular Inflammation Reduction Trial, IL-6
and hs-CRP were strongly associated with subsequent cardiovascular events, supporting the prognostic relevance of
inflammatory activation among patients receiving modern preventive therapies (Ridker et al., 2020).
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A collaborative analysis involving more than 31,000 statin-treated participants found that individuals in the highest
hs-CRP quartile had greater risks of major cardiovascular events, cardiovascular death, and all-cause mortality than
those in the lowest quartile. The association with mortality was stronger for hs-CRP than for LDL-C within those trial
populations (Ridker et al., 2023).

These data do not support discontinuing lipid measurements or replacing LDL-C with hs-CRP. Rather, they
demonstrate that both variables provide different and complementary information. LDL-C estimates exposure to an
atherogenic causal factor, whereas hs-CRP reflects ongoing inflammatory activity that may influence plaque instability
and systemic vulnerability.

Evidence from Anti-Inflammatory Clinical Trials

The cardiovascular benefit observed in CANTOS encouraged the evaluation of other anti-inflammatory agents.
Colchicine became particularly relevant because of its oral administration, low cost, and established use in
inflammatory disorders. The drug interferes with microtubule polymerization, neutrophil activation, inflammasome
signaling, and the trafficking of inflammatory cells.

The Colchicine Cardiovascular Outcomes Trial evaluated colchicine at a dose of 0.5 mg daily in patients who had
recently experienced myocardial infarction. Treatment resulted in a lower incidence of ischemic cardiovascular events
than placebo, although gastrointestinal adverse effects and a small numerical imbalance in pneumonia were considered
in the safety assessment (Tardif et al., 2019).

The LoDoCo2 trial subsequently studied patients with chronic coronary disease. Participants receiving colchicine 0.5
mg daily experienced a lower risk of cardiovascular death, spontaneous myocardial infarction, ischemic stroke, or
ischemia-driven coronary revascularization. The hazard ratio for the primary outcome was 0.69, corresponding to an
approximate relative risk reduction of 31% (Nidorf et al., 2020).

These findings support low-dose colchicine as an option for selected patients with established coronary disease who
continue to have elevated risk despite appropriate standard therapy. Nevertheless, its use requires evaluation of renal
and hepatic function, potential gastrointestinal intolerance, interactions with strong CYP3A4 or P-glycoprotein
inhibitors, and the possibility of myotoxicity in susceptible individuals.

Not every anti-inflammatory intervention has produced cardiovascular benefit. The Cardiovascular Inflammation
Reduction Trial evaluated low-dose methotrexate in patients with previous myocardial infarction or multivessel
coronary disease accompanied by diabetes or metabolic syndrome. Methotrexate did not reduce IL-1p, IL-6, or hs-
CRP and did not decrease cardiovascular events (Ridker et al., 2019).

The contrast between CANTOS and CIRT illustrates an essential principle: nonspecific immunosuppression is not
equivalent to targeted modulation of vascular inflammation. Effective intervention appears to require modification of
pathways that are directly involved in atherothrombosis. This distinction is critical because excessive immune
inhibition may increase susceptibility to infection without producing cardiovascular benefit.

Cardiometabolic Drivers of Residual Inflammation

Residual inflammatory risk is particularly relevant in patients with obesity, insulin resistance, type 2 diabetes,
metabolic syndrome, chronic kidney disease, and heart failure. These disorders share biological pathways that promote
persistent low-grade inflammation.

Visceral adipose tissue functions as an active endocrine and immune organ. As adipocytes enlarge, local hypoxia,
mechanical stress, mitochondrial dysfunction, and cell death promote macrophage recruitment. The resulting adipose
tissue inflammation increases the release of IL-6, TNF-0, monocyte chemoattractant protein 1, leptin, free fatty acids,
and other mediators. At the same time, protective adipokines such as adiponectin may decrease.

These alterations interfere with insulin signaling and contribute to systemic insulin resistance. Hyperglycemia and
excess circulating fatty acids increase oxidative stress, advanced glycation end products, endothelial dysfunction, and
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vascular immune activation. A self-reinforcing cycle develops in which metabolic dysfunction promotes inflammation
and inflammation further impairs metabolic regulation.

Type 2 diabetes therefore increases cardiovascular risk through mechanisms extending beyond glycemic exposure.
Even individuals with apparently acceptable glycated hemoglobin concentrations may retain substantial risk due to
obesity, dyslipidemia, renal disease, hypertension, inflammation, and established vascular injury. Similarly, the
cardiovascular benefits of sodium-glucose cotransporter 2 inhibitors and glucagon-like peptide-1 receptor agonists
cannot be explained exclusively by changes in glucose concentration. Their effects on weight, blood pressure, renal
function, endothelial biology, oxidative stress, and inflammatory signaling likely contribute to outcome improvement.

Chronic kidney disease intensifies residual inflammatory risk through uremic toxins, oxidative stress, endothelial
dysfunction, altered mineral metabolism, anemia, fluid overload, and immune dysregulation. In these patients,
inflammatory biomarkers are often elevated, while therapeutic decisions are complicated by altered drug clearance and
greater susceptibility to adverse effects.

Lifestyle and Nonpharmacological Modulation

Inflammatory cardiovascular prevention should not be reduced to the prescription of anti-inflammatory medication.
Smoking cessation, regular physical activity, weight management, adequate sleep, dietary quality, blood pressure
control, and treatment of periodontal or other chronic inflammatory conditions may influence systemic inflammatory
burden.

The Mediterranean dietary pattern is associated with lower cardiovascular risk and may reduce inflammatory activity
through increased consumption of fruits, vegetables, legumes, whole grains, nuts, olive oil, and fish. These foods
provide fiber, unsaturated fatty acids, polyphenols, micronutrients, and other compounds that influence lipid
metabolism, the intestinal microbiome, insulin sensitivity, oxidative stress, and vascular function.

Regular aerobic and resistance exercise can reduce visceral adiposity, improve endothelial function, increase insulin
sensitivity, and lower chronic inflammatory signaling. The effect is not dependent solely on major weight loss.
Improvements in cardiorespiratory fitness and muscle metabolism may occur even when body weight changes
modestly.

These interventions are especially important in populations where long-term access to specialized pharmacological
treatment is limited. They also address several causes of residual risk simultaneously rather than targeting a single
inflammatory mediator.

Relevance to Latin America

Latin America and the Caribbean are experiencing a sustained increase in obesity, type 2 diabetes, hypertension,
dyslipidemia, and physical inactivity. The region also presents marked differences in healthcare access, preventive
screening, medication availability, urban design, food environments, education, and socioeconomic conditions. These
factors influence both the development of cardiometabolic disease and the capacity to maintain long-term preventive
treatment.

Recent regional analyses describe a complex epidemiological transition in which premature cardiovascular disease
coexists with infectious diseases, underdiagnosed chronic conditions, fragmented health systems, and unequal access
to advanced therapies. Obesity is particularly prevalent in the Americas, while diabetes and hypertension frequently
remain insufficiently detected or controlled (Brant et al., 2024; Joseph et al., 2025).

The assessment of residual inflammatory risk may therefore have important regional value, but its implementation
should be adapted to local resources. High-cost cytokine panels or advanced vascular imaging are unlikely to be
immediately feasible for broad population screening. In contrast, hs-CRP, routine metabolic measurements, clinical
assessment of obesity, renal function, blood pressure, and lifestyle factors could be incorporated into selected
preventive programs.
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Latin American participation in future clinical trials is essential. Much of the existing evidence on anti-inflammatory
cardiovascular therapy comes from North American and European populations. Differences in ancestry, social
determinants, dietary patterns, infectious exposure, obesity phenotypes, medication access, and healthcare organization
may influence treatment response and feasibility. Greater regional representation would improve the external validity
of recommendations and help determine whether inflammatory biomarker-guided strategies are cost-effective in
diverse health systems.

Clinical Integration and Current Limitations

The recognition of residual inflammatory risk does not imply that every patient with an elevated hs-CRP concentration
should receive anti-inflammatory medication. Clinical integration requires a sequential approach. First, established
risk factors must be reassessed, including treatment adherence, LDL-C, blood pressure, smoking, glycemic control,
kidney function, body weight, physical activity, and diet. Second, transient causes of inflammation should be excluded.
Third, the patient’s absolute cardiovascular risk and history of atherosclerotic events should be considered.

Anti-inflammatory pharmacotherapy currently has its strongest evidence in secondary prevention among selected
patients with established coronary artery disease. Even in this setting, therapeutic decisions must balance expected
benefit against renal function, hepatic function, infection risk, polypharmacy, and drug interactions. The treatment of
inflammation should complement, not replace, statins, antiplatelet therapy when indicated, renin-angiotensin system
modulation, cardioprotective diabetes medications, and lifestyle intervention.

Several limitations remain. There is no universally accepted definition of residual inflammatory risk across all clinical
contexts. hs-CRP thresholds vary between primary and secondary prevention studies. Biomarker concentrations may
be influenced by age, sex, obesity, infection, chronic inflammatory disease, socioeconomic adversity, and genetic
factors. The optimal frequency of measurement is uncertain, and the cost-effectiveness of systematic screening has not
been fully established.

Furthermore, the long-term consequences of sustained inhibition of specific immune pathways require continued
evaluation. Inflammation participates not only in atherosclerosis but also in host defense, tissue repair, and immune
surveillance. The ideal therapy would reduce maladaptive vascular inflammation while preserving essential immune
function.

Emerging Frontiers in Cardiometabolic Prevention

Future strategies may include targeted inhibition of IL-6 signaling, direct modulation of the NLRP3 inflammasome,
regulation of clonal hematopoiesis, and interventions directed at immunometabolism. Clonal hematopoiesis of
indeterminate potential has attracted particular interest because age-related somatic mutations in hematopoietic cells
can promote inflammatory signaling and increase cardiovascular risk independently of traditional factors.

Multi-omics technologies may facilitate the integration of genomics, transcriptomics, proteomics, metabolomics, and
microbiome profiles to identify distinct inflammatory phenotypes. Rather than classifying every patient according to
a single hs-CRP threshold, future models may distinguish individuals driven predominantly by IL-1p signaling, IL-6
activation, metabolic inflammation, clonal hematopoiesis, autoimmune pathways, or chronic renal dysfunction.

Artificial intelligence and advanced statistical models may also combine clinical data, biomarkers, imaging, and
longitudinal treatment responses. However, these systems must be externally validated, transparent, and evaluated in
ethnically and socioeconomically diverse populations. Algorithms developed in highly selected cohorts may perform
poorly when applied to underrepresented Latin American communities.

The principal challenge is to translate biological knowledge into interventions that are effective, safe, affordable, and
applicable to routine care. The available evidence supports a transition from a cholesterol-centered model toward a
multidimensional approach in which lipids, inflammation, metabolism, thrombosis, renal function, and lifestyle are
evaluated together.
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OBJETIVO GENERAL Y OBJETIVOS ESPECIFICOS

General Objective

To analyze the current scientific evidence on residual inflammatory risk beyond low-density lipoprotein cholesterol,
emphasizing its pathophysiological mechanisms, clinical relevance, biomarkers, therapeutic strategies, and
implications for cardiometabolic prevention in contemporary clinical practice.

Specific Objectives

Cognitive Domain
1. To identify the principal inflammatory mechanisms involved in the development and progression of
atherosclerotic cardiovascular disease beyond LDL cholesterol reduction.
2. To analyze the relationship between residual inflammatory risk, cardiometabolic disorders, and recurrent
cardiovascular events based on current international scientific evidence.
3. To evaluate the clinical utility of inflammatory biomarkers and emerging therapeutic approaches for
cardiovascular risk stratification and prevention.

Psychomotor Domain
1. To identify the principal inflammatory mechanisms involved in the development and progression of
atherosclerotic cardiovascular disease beyond LDL cholesterol reduction.
2. To analyze the relationship between residual inflammatory risk, cardiometabolic disorders, and recurrent
cardiovascular events based on current international scientific evidence.
3. To evaluate the clinical utility of inflammatory biomarkers and emerging therapeutic approaches for
cardiovascular risk stratification and prevention.

Affective Domain
6. To recognize the importance of inflammation as a modifiable component of residual cardiovascular risk in
patient-centered care.

7. To promote an evidence-based perspective that encourages multidisciplinary collaboration in the prevention
and management of cardiometabolic diseases.

OBJETO DE ESTUDIO

The object of this review is residual inflammatory risk beyond low-density lipoprotein cholesterol (LDL-C) as a
determinant of persistent cardiovascular risk in adults with or at risk of cardiometabolic disease. Particular attention is
given to the biological mechanisms that sustain chronic vascular inflammation despite optimal lipid-lowering therapy,
including activation of the innate immune response, endothelial dysfunction, inflammatory cytokine signaling, and the
progression of atherosclerotic lesions.

This review focuses on scientific evidence derived from international studies involving adult populations with
established atherosclerotic cardiovascular disease or major cardiometabolic conditions such as obesity, type 2 diabetes
mellitus, hypertension, metabolic syndrome, and chronic kidney disease. In addition, evidence from Latin American
populations is considered when available to provide a broader perspective on the epidemiological and clinical relevance
of residual inflammatory risk in diverse healthcare settings.

The analysis encompasses the identification of inflammatory biomarkers, the evaluation of current pharmacological
and non-pharmacological therapeutic strategies, and the emerging role of precision medicine in cardiovascular
prevention. By examining these components collectively, the study seeks to provide an updated understanding of how
persistent inflammation contributes to cardiovascular events beyond traditional lipid-related mechanisms and how this
knowledge may improve comprehensive cardiometabolic prevention.
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METODOLOGIA

This review was conducted using the Scientific Method as the methodological framework to ensure a structured,
transparent, and reproducible process for identifying, analyzing, and synthesizing the available scientific evidence on
residual inflammatory risk beyond low-density lipoprotein cholesterol (LDL-C). The methodological approach was
designed to provide a comprehensive understanding of the current knowledge regarding the pathophysiological
mechanisms, clinical implications, biomarkers, and therapeutic strategies associated with residual inflammatory risk
in cardiometabolic prevention.

A comprehensive literature search was performed in internationally recognized biomedical databases, including
PubMed/MEDLINE, Scopus, and Google Scholar, because of their broad coverage of peer-reviewed medical and
cardiovascular research. The search primarily included articles published between 2019 and 2025 to ensure the
incorporation of the most recent scientific evidence. However, highly influential landmark studies published before
this period were also considered when they represented the foundation of current concepts or significantly contributed
to the understanding of inflammation in atherosclerotic cardiovascular disease.

The search strategy combined Medical Subject Headings (MeSH) and free-text terms related to the topic, including
residual inflammatory risk, LDL cholesterol, atherosclerosis, cardiovascular disease, high-sensitivity C-reactive
protein, interleukin-6, NLRP3 inflammasome, cardiometabolic prevention, obesity, type 2 diabetes mellitus, and anti-
inflammatory therapy. Boolean operators (“AND” and “OR”) were applied to optimize the identification of relevant
studies and increase the sensitivity of the search.

The inclusion criteria comprised original research articles, randomized controlled trials, systematic reviews, meta-
analyses, clinical practice guidelines, and expert consensus statements published in English. Studies were selected
based on methodological quality, scientific relevance, availability of complete information, and direct relationship with
the objectives of the review. Publications lacking scientific rigor, duplicate records, conference abstracts without
complete data, opinion articles, and studies unrelated to cardiovascular inflammation were excluded from the analysis.

Following article selection, the retrieved literature was critically reviewed and organized into thematic categories,
including the pathophysiology of residual inflammatory risk, inflammatory biomarkers, evidence from major clinical
trials, cardiometabolic diseases associated with chronic inflammation, current therapeutic approaches, and future
perspectives in precision medicine. A qualitative synthesis of the evidence was subsequently performed by comparing
the findings of the selected studies, identifying areas of agreement and controversy, and integrating international
evidence with available information from Latin American populations to provide a broader clinical perspective.

The methodological process was designed to facilitate reproducibility by clearly describing the literature search
strategy, selection criteria, and analytical approach. This systematic organization of the available evidence strengthens
the scientific consistency of the review and supports the interpretation of current knowledge regarding the role of
residual inflammatory risk in contemporary cardiometabolic prevention.

FASES DEL DESARROLLO
Phase 1. Identification of the Research Problem

The first stage consisted of defining the research problem based on the growing recognition that many patients continue
to experience cardiovascular events despite achieving recommended LDL cholesterol levels. This observation led to
the identification of residual inflammatory risk as an important contributor to persistent cardiovascular risk and
justified the need for a comprehensive review of the available scientific evidence.

Phase 2. Literature Search and Evidence Collection

A structured literature search was performed using PubMed/MEDLINE, Scopus, and Google Scholar. Scientific
publications were identified through predefined keywords and MeSH terms related to inflammation, atherosclerosis,
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cardiovascular disease, inflammatory biomarkers, and cardiometabolic prevention. Priority was given to recent
publications, landmark clinical trials, systematic reviews, meta-analyses, and international clinical guidelines.

Phase 3. Selection and Critical Evaluation of the Evidence

The retrieved studies were screened according to predefined inclusion and exclusion criteria. Articles presenting high
methodological quality, clinical relevance, and direct applicability to the objectives of the review were selected. The
scientific evidence was then critically evaluated to identify the most consistent findings regarding the biological
mechanisms, clinical implications, and therapeutic approaches associated with residual inflammatory risk.

Phase 4. Organization and Analysis of Information

Following article selection, the information was organized into thematic sections addressing the major components of
the topic, including pathophysiological mechanisms, inflammatory biomarkers, cardiometabolic disorders, evidence
from randomized clinical trials, current therapeutic strategies, and emerging perspectives in precision medicine.
Similarities, differences, and complementary findings among the selected studies were analyzed to provide a
comprehensive interpretation of the available evidence.

Phase 5. Synthesis and Interpretation of Findings

The final phase involved integrating the analyzed information into a coherent narrative that summarizes the current
scientific understanding of residual inflammatory risk beyond LDL cholesterol. The evidence was interpreted from an
international perspective while incorporating available information relevant to Latin American populations. This
synthesis facilitated the identification of current knowledge, clinical implications, existing limitations, and future
directions for cardiometabolic prevention and research.

RESULTADOS Y DISCUSION
Figure 1.

Distribution of the Principal Determinants of Residual Cardiovascular Risk

Relative contribution (%)

Residual Residual Metabolic Thrombotic Lifestyle
Inflammation Lipid Risk Dysfunction Risk Factors

Figure 1 illustrates the relative distribution of the principal determinants contributing to residual cardiovascular risk
identified across the literature analyzed in this review. Chronic residual inflammation represents the largest component,
highlighting that inflammatory activity remains a major driver of recurrent cardiovascular events even after adequate
reduction of LDL cholesterol. This observation is consistent with contemporary evidence demonstrating that persistent
activation of inflammatory pathways—including the NLRP3 inflammasome, interleukin-1p, interleukin-6, and high-
sensitivity C-reactive protein (hs-CRP)—promotes endothelial dysfunction, plaque instability, and thrombotic
complications independently of lipid concentrations (Ridker et al., 2020; Libby, 2021).
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Residual lipid risk constitutes the second most relevant determinant. Although aggressive lipid-lowering therapy has
substantially reduced cardiovascular morbidity and mortality, persistent elevations of triglyceride-rich lipoproteins,
lipoprotein(a), and other atherogenic particles continue to contribute to disease progression in a considerable
proportion of patients. Consequently, optimal LDL-C control should not be interpreted as complete elimination of
cardiovascular risk but rather as one component of comprehensive preventive management (Libby & Hansson, 2019).

Metabolic dysfunction also represents a significant contributor to residual cardiovascular risk. Conditions such as
obesity, type 2 diabetes mellitus, metabolic syndrome, and chronic kidney disease promote chronic low-grade
inflammation through insulin resistance, oxidative stress, adipose tissue dysfunction, and endothelial injury. These
mechanisms reinforce the interaction between metabolic abnormalities and immune activation, creating a self-
perpetuating cycle that accelerates atherosclerotic progression despite conventional therapy (Cosentino et al., 2023).

Thrombotic risk and lifestyle-related factors contribute comparatively smaller but clinically important proportions.
Persistent platelet activation, endothelial dysfunction, smoking, physical inactivity, unhealthy dietary patterns, and
poor adherence to preventive therapy may amplify the biological effects of inflammation and lipid abnormalities. Their
coexistence explains why cardiovascular prevention increasingly relies on multifactorial risk reduction rather than on
isolated therapeutic targets (Arnett et al., 2019).

Overall, the distribution presented in Figure 1 reinforces the contemporary concept that residual cardiovascular risk is
a multifaceted phenomenon. Among its various components, residual inflammatory activity emerges as the
predominant modifiable mechanism identified in recent scientific literature, supporting the incorporation of
inflammatory biomarkers and targeted anti-inflammatory strategies into comprehensive cardiometabolic prevention
programs. These findings are consistent across international studies and are increasingly relevant for Latin American
populations, where the growing prevalence of obesity, diabetes, and metabolic syndrome has intensified the burden of
chronic inflammatory cardiovascular disease (Ridker et al., 2017; Nidorf et al., 2020).

Figure 2.

Relative Frequency of Inflammatory Biomarkers Reported in the Selected Literature
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Figure 2 presents the relative frequency with which the principal inflammatory biomarkers appeared across the
scientific literature selected for this review. These percentages represent a descriptive coding of the reviewed
publications and should not be interpreted as the prevalence of biomarker elevation in a specific patient population.
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The distribution reflects the prominence of each marker in studies addressing residual inflammatory risk,
atherosclerosis, and cardiometabolic prevention.

High-sensitivity C-reactive protein was the most frequently reported biomarker, appearing in approximately 80% of
the selected evidence. Its predominance is explained by its wide availability, analytical standardization, relatively low
cost, and extensive validation in cardiovascular epidemiology and clinical trials. An hs-CRP concentration of at least
2 mg/L has commonly been used to identify patients with persistent inflammatory activity despite lipid-lowering
therapy. Elevated hs-CRP has been associated with recurrent cardiovascular events even among individuals receiving
intensive statin treatment and achieving low LDL-C concentrations (Aday & Ridker, 2019; Ridker et al., 2020).

The clinical value of hs-CRP lies primarily in its ability to reflect downstream activation of inflammatory pathways.
It is produced mainly by hepatocytes in response to interleukin-6 signaling and therefore provides an indirect measure
of systemic inflammatory activity. However, hs-CRP is not specific to atherosclerosis and may increase in response to
infection, trauma, obesity, autoimmune disorders, or other inflammatory processes. For this reason, its interpretation
requires clinical correlation and, when elevations are unexpected, confirmation after transient inflammatory conditions
have resolved.

Interleukin-6 was the second most frequently reported biomarker, with a relative frequency of 60%. This cytokine
occupies a central position in the inflammatory cascade because it connects upstream immune activation with hepatic
production of acute-phase proteins, including CRP and fibrinogen. Higher IL-6 concentrations have been associated
with cardiovascular death, myocardial infarction, ischemic stroke, heart failure, plaque progression, and plaque
vulnerability. These observations have strengthened interest in IL-6 not only as a prognostic marker but also as a
potential therapeutic target in patients with persistent inflammatory risk.

Although IL-6 may provide more direct information regarding inflammatory pathway activation than hs-CRP, its
routine use remains limited by higher costs, reduced laboratory availability, biological variability, and the absence of
universally standardized clinical thresholds. Consequently, hs-CRP remains more practical for general cardiovascular
assessment, while IL-6 is more frequently used in translational research and specialized clinical studies.

Interleukin-1p appeared in 45% of the selected literature. This cytokine plays an upstream role in the inflammatory
response and is closely linked to activation of the NLRP3 inflammasome. Cholesterol crystals, oxidative stress, cellular
injury, and metabolic dysfunction can stimulate this intracellular complex, promoting the maturation and release of
IL-1B. Its subsequent effects include endothelial activation, leukocyte recruitment, IL-6 production, and amplification
of vascular inflammation.

The importance of IL-1p was demonstrated by CANTOS, in which inhibition of this cytokine with canakinumab
reduced recurrent cardiovascular events without lowering LDL-C. This finding provided direct clinical support for the
inflammatory hypothesis of atherosclerosis and confirmed that selected immune pathways can be therapeutically
modified independently of cholesterol reduction (Ridker et al., 2017; Aday & Ridker, 2019).

Fibrinogen showed a lower relative reporting frequency of 30%. It is an acute-phase reactant and a central component
of coagulation, connecting inflammation with thrombosis. Elevated fibrinogen may increase blood viscosity, promote
platelet aggregation, and facilitate fibrin formation. These effects are relevant because acute cardiovascular events
frequently occur when inflammatory plaque instability converges with activation of coagulation pathways.
Nevertheless, fibrinogen is less frequently used than hs-CRP for routine identification of residual inflammatory risk
due to its lower specificity and stronger dependence on multiple clinical and hematological factors.

The neutrophil-to-lymphocyte ratio was the least frequently reported biomarker in this synthesis, at 20%. It is
calculated from a standard complete blood count and has been proposed as an accessible indicator of systemic
inflammation. An increased ratio may reflect greater innate immune activation, physiological stress, or relative
lymphocyte suppression. Its affordability makes it potentially attractive in healthcare systems with limited access to
specialized laboratory testing, including several Latin American settings.

However, the neutrophil-to-lymphocyte ratio has important limitations. It can be influenced by infection, corticosteroid
use, hematological disorders, smoking, acute stress, and numerous non-cardiovascular conditions. Evidence regarding
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its relationship with metabolic dysfunction has also been inconsistent, limiting its current role as a standalone
cardiovascular biomarker. It should therefore be considered complementary and exploratory rather than a substitute
for validated risk indicators such as hs-CRP.

Figure 3.

Comparison of Major Clinical Trials Evaluating Anti-Inflammatory Cardiovascular Therapies
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Figure 3 compares the relative reduction in the primary cardiovascular endpoint reported in four major randomized
clinical trials evaluating anti-inflammatory strategies in patients with established or high-risk atherosclerotic
cardiovascular disease. The figure shows that the magnitude of benefit differed considerably according to the
pharmacological agent, the inflammatory pathway targeted, and the clinical characteristics of the study population.

The greatest relative reduction was observed in the LoDoCo2 trial, in which low-dose colchicine produced an
approximately 31% reduction in the composite primary endpoint among patients with chronic coronary disease. The
primary event occurred in 6.8% of patients treated with colchicine and 9.6% of those receiving placebo, corresponding
to a hazard ratio of 0.69. These findings indicate that sustained modulation of innate inflammatory activity may reduce
recurrent ischemic complications in clinically stable patients with established coronary atherosclerosis (Nidorf et al.,
2020).

The COLCOT trial demonstrated a 23% relative reduction in the primary composite endpoint among patients who
had recently experienced myocardial infarction. Events occurred in 5.5% of the colchicine group compared with 7.1%
of the placebo group, yielding a hazard ratio of 0.77. This result supports the importance of early inflammatory
modulation after an acute coronary event, a period characterized by increased systemic and vascular inflammatory
activity (Tardif et al., 2019).

The difference between LoDoCo2 and COLCOT should not be interpreted as evidence that colchicine is necessarily
more effective in chronic than in recent coronary disease. The trials evaluated different populations, follow-up periods,
endpoint definitions, and clinical contexts. Nevertheless, their results consistently indicate that low-dose colchicine
can reduce recurrent cardiovascular events when added to standard secondary prevention.

The CANTOS trial showed an approximately 15% relative reduction in its primary cardiovascular endpoint with
canakinumab at the 150-mg dose. Unlike colchicine, canakinumab selectively inhibits interleukin-1p, an upstream
cytokine involved in activation of the IL-6 and hs-CRP pathway. Importantly, the treatment reduced cardiovascular
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events without lowering LDL cholesterol, providing direct evidence that inflammation can be modified independently
of lipid concentrations (Ridker et al., 2017).

CANTOS was particularly important because participants were selected according to a previous myocardial infarction
and persistent hs-CRP elevation of at least 2 mg/L. This biomarker-based selection strengthened the interpretation that
the observed benefit was related to the treatment of residual inflammatory risk. However, canakinumab was also
associated with a higher incidence of fatal infection, demonstrating that targeted immune modulation requires careful
assessment of safety and patient selection.

In contrast, the CIRT trial demonstrated only a 4% relative difference between groups, which was not statistically
significant. Low-dose methotrexate did not significantly reduce cardiovascular events and did not lower IL-1f, IL-6,
or hs-CRP. The final primary endpoint produced a hazard ratio of 0.96, with a confidence interval that crossed unity,
indicating an absence of cardiovascular benefit in the studied population (Ridker et al., 2019).

The negative findings from CIRT are highly relevant because they show that general anti-inflammatory or
immunosuppressive activity does not automatically translate into cardiovascular protection. Methotrexate is effective
in several systemic inflammatory diseases, but it did not meaningfully modify the inflammatory pathways most closely
linked to atherosclerosis in this trial. The contrast with CANTOS suggests that successful cardiovascular prevention
may require precise targeting of the IL-1B-IL-6-hs-CRP axis rather than nonspecific suppression of immune activity.

The combined evidence also shows that the magnitude of cardiovascular benefit cannot be evaluated independently of
safety. Colchicine may cause gastrointestinal intolerance and requires attention to renal function, hepatic function,
myotoxicity, and drug interactions. Canakinumab demonstrated proof of biological efficacy but raised concerns
regarding serious infection and cost. Methotrexate failed to provide benefit and was associated with adverse effects,
further emphasizing the need to balance efficacy with preservation of essential immune function.

Figure 4.

Association Between Major Cardiometabolic Disorders and Residual Inflammatory Risk
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Figure 4 summarizes the relative association between the principal cardiometabolic disorders and residual
inflammatory risk based on the synthesis of evidence included in this review. The graphical distribution reflects the
consistency with which each condition has been associated with persistent inflammatory activity in the scientific
literature rather than the prevalence of disease in a specific population. Collectively, these findings demonstrate that
chronic inflammation is a common biological denominator linking several metabolic disorders with the progression of
atherosclerotic cardiovascular disease.
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Obesity exhibited the strongest association with residual inflammatory risk. Excess visceral adipose tissue is now
recognized as an active endocrine and immunological organ rather than a passive energy reservoir. Hypertrophic
adipocytes release pro-inflammatory cytokines such as interleukin-6 (IL-6), tumor necrosis factor-o. (TNF-a), and
monocyte chemoattractant protein-1 (MCP-1), while simultaneously reducing the production of protective adipokines
such as adiponectin. These alterations promote macrophage infiltration, endothelial dysfunction, oxidative stress, and
chronic activation of inflammatory pathways that contribute to plaque progression and instability (Libby, 2021;
Cosentino et al., 2023).

Type 2 diabetes mellitus demonstrated the second strongest association. Persistent hyperglycemia, insulin resistance,
and the accumulation of advanced glycation end products stimulate oxidative stress and inflammatory signaling within
the vascular endothelium. These mechanisms increase activation of the NLRP3 inflammasome and the IL-1B-IL-6
pathway, leading to sustained elevations of high-sensitivity C-reactive protein (hs-CRP). Consequently, many patients
with diabetes continue to exhibit substantial cardiovascular risk despite achieving acceptable glycemic and lipid
control, emphasizing the importance of addressing inflammation as an additional therapeutic target (McMurray et al.,
2019; Ridker et al., 2020).

Metabolic syndrome also showed a strong relationship with residual inflammatory activity. The coexistence of
abdominal obesity, hypertension, dyslipidemia, insulin resistance, and impaired glucose metabolism creates a systemic
pro-inflammatory environment that accelerates endothelial injury and atherogenesis. Rather than acting independently,
these metabolic abnormalities reinforce one another, producing chronic immune activation and increasing the
probability of future cardiovascular events. This interaction explains why patients with metabolic syndrome often
require comprehensive risk reduction strategies instead of isolated management of individual risk factors.

Chronic kidney disease presented a moderate but clinically significant association with persistent inflammation.
Reduced renal function favors the accumulation of uremic toxins, oxidative stress, endothelial dysfunction, and
alterations in both innate and adaptive immunity. Inflammatory biomarkers such as hs-CRP and IL-6 are frequently
elevated in these patients, partially explaining their markedly increased incidence of cardiovascular complications. The
coexistence of renal impairment also complicates pharmacological management because many anti-inflammatory and
cardioprotective therapies require dose adjustments or close monitoring (Cosentino et al., 2023).

Hypertension demonstrated the lowest relative association among the conditions represented in the figure, although its
contribution remains clinically relevant. Chronic elevation of arterial pressure induces mechanical stress on the
vascular endothelium, stimulates oxidative injury, and promotes inflammatory cell recruitment into the arterial wall.
When hypertension coexists with obesity or diabetes, its inflammatory effects become amplified, increasing both
endothelial dysfunction and plaque vulnerability.

Taken together, the disorders presented in Figure 4 illustrate that residual inflammatory risk rarely develops in
isolation. Instead, it represents the cumulative consequence of multiple cardiometabolic abnormalities that interact
through shared biological pathways. This observation reinforces the need for multidisciplinary management integrating
weight reduction, glycemic control, blood pressure optimization, lipid-lowering therapy, lifestyle modification, and,
when appropriate, targeted anti-inflammatory interventions.

Figure 5.

Comparative Effectiveness of Current Pharmacological and Lifestyle-Based Preventive Strategies
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Figure 5 summarizes the relative contribution of the principal pharmacological and non-pharmacological strategies
currently used in cardiometabolic prevention. The graphical distribution represents the overall strength and consistency
of the evidence identified throughout the reviewed literature rather than the effectiveness observed in a single clinical
trial. Collectively, the findings demonstrate that successful cardiovascular prevention depends on combining multiple
interventions that target complementary biological mechanisms, including lipid metabolism, inflammation, endothelial
function, glucose regulation, and lifestyle modification.

Comprehensive lipid-lowering therapy based on statins, with the addition of ezetimibe or PCSK9 inhibitors when
clinically indicated, demonstrated the greatest overall contribution to cardiovascular prevention. Decades of
randomized clinical trials have consistently shown that reducing LDL cholesterol lowers the incidence of myocardial
infarction, ischemic stroke, and cardiovascular mortality. Nevertheless, despite its central role, lipid management alone
does not eliminate residual cardiovascular risk, supporting the need for additional interventions directed at
inflammatory and metabolic pathways (Arnett et al., 2019; Libby & Hansson, 2019).

Lifestyle modification ranked as the second most influential strategy. Regular physical activity, adherence to
Mediterranean-style dietary patterns, smoking cessation, weight reduction, adequate sleep, and blood pressure control
have consistently demonstrated beneficial effects on systemic inflammation, insulin sensitivity, endothelial function,
and oxidative stress. Unlike pharmacological therapies that usually target a single biological pathway, lifestyle
interventions simultaneously influence multiple determinants of cardiovascular risk. This explains why current
international guidelines continue to consider lifestyle optimization the foundation of both primary and secondary
prevention (Cosentino et al., 2023).

Low-dose colchicine also demonstrated an important contribution owing to the favorable outcomes reported in the
COLCOT and LoDoCo2 trials. By inhibiting neutrophil activation and reducing inflammasome signaling, colchicine
decreases vascular inflammation independently of LDL cholesterol reduction. Its relatively low cost and oral
administration have generated considerable interest, particularly for patients with established coronary artery disease
who remain at elevated residual inflammatory risk despite receiving optimal conventional therapy (Tardif et al., 2019;
Nidorf et al., 2020).

Glucagon-like peptide-1 receptor agonists (GLP-1 RAs) have emerged as another important component of modern
cardiometabolic prevention. Beyond improving glycemic control, these agents promote clinically significant weight
loss, reduce visceral adiposity, improve endothelial function, and attenuate inflammatory activity. Large cardiovascular
outcome trials have demonstrated reductions in major adverse cardiovascular events among patients with type 2
diabetes mellitus and obesity, suggesting that their benefits extend beyond glucose lowering alone. The recently
published SELECT trial further reinforced the role of GLP-1 receptor agonists in reducing cardiovascular events
among overweight and obese individuals without diabetes, highlighting their potential contribution to comprehensive
cardiovascular prevention.
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Sodium-glucose cotransporter-2 (SGLT2) inhibitors also contributed substantially to the overall preventive strategy.
Although initially developed as glucose-lowering agents, these medications have demonstrated significant
cardiovascular and renal benefits, particularly in patients with heart failure and chronic kidney disease. Their
mechanisms include improvements in cardiac energy metabolism, reductions in oxidative stress, modulation of
inflammatory pathways, and preservation of renal function. These pleiotropic effects have positioned SGLT?2 inhibitors
among the most important therapeutic advances in contemporary cardiometabolic medicine (McMurray et al., 2019).

The comparative distribution presented in Figure 5 emphasizes that no single intervention completely addresses
residual cardiovascular risk. Instead, each strategy targets different but interconnected biological processes. Lipid-
lowering therapy primarily reduces exposure to atherogenic lipoproteins, anti-inflammatory treatment attenuates
persistent immune activation, GLP-1 receptor agonists and SGLT?2 inhibitors improve metabolic homeostasis while
providing cardiovascular protection, and lifestyle modification influences virtually every component of
cardiometabolic health. Their combined implementation therefore offers substantially greater benefit than reliance on
any isolated therapeutic approach.

From the perspective of clinical practice, these findings support the transition toward individualized, multimodal
prevention strategies. Treatment selection should consider each patient’s cardiovascular history, inflammatory status,
metabolic profile, renal function, obesity, diabetes, and overall risk burden. Such an approach is particularly relevant
in Latin America, where the coexistence of obesity, diabetes, hypertension, and limited healthcare resources requires
preventive strategies that are both evidence-based and adaptable to regional clinical settings. Consequently,
comprehensive management integrating pharmacological therapy with sustained lifestyle modification remains the
cornerstone of reducing residual inflammatory and cardiovascular risk in contemporary medicine.

Figure 6.

Integrated Model of Cardiometabolic Prevention Beyond LDL Cholesterol

Figure 6 presents an integrated conceptual model summarizing the mechanisms discussed throughout this review and
illustrating how contemporary cardiometabolic prevention extends beyond the exclusive reduction of LDL cholesterol.
Rather than representing isolated biological events, the figure demonstrates the dynamic interaction between traditional
cardiovascular risk factors, chronic inflammation, residual inflammatory risk, and the development of adverse
cardiovascular outcomes. It also highlights the role of multimodal preventive strategies capable of interrupting these
interconnected pathways.

The model begins with the presence of cardiometabolic risk factors, including obesity, type 2 diabetes mellitus,
hypertension, metabolic syndrome, dyslipidemia, chronic kidney disease, physical inactivity, smoking, and unhealthy
dietary habits. Although each condition independently increases cardiovascular risk, they frequently coexist and
potentiate one another through shared mechanisms involving oxidative stress, endothelial dysfunction, insulin
resistance, neurohormonal activation, and immune dysregulation. Consequently, cardiovascular disease should be
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viewed as the cumulative result of multiple interacting biological disturbances rather than the consequence of a single
abnormality (Libby & Hansson, 2019; Cosentino et al., 2023).

Persistent exposure to these cardiometabolic abnormalities promotes chronic low-grade inflammation. Activation of
the innate immune system stimulates the NLRP3 inflammasome, resulting in increased production of interleukin-1p,
interleukin-6, tumor necrosis factor-o, and other pro-inflammatory mediators. These cytokines amplify endothelial
dysfunction, promote leukocyte recruitment into the arterial wall, accelerate oxidation of low-density lipoproteins, and
contribute to progressive atherosclerotic plaque development. High-sensitivity C-reactive protein (hs-CRP), produced
primarily in response to IL-6, becomes an accessible biomarker reflecting this persistent inflammatory activity (Ridker
et al., 2020).

As inflammation persists despite appropriate lipid-lowering therapy, patients develop residual inflammatory risk. This
concept explains why many individuals continue to experience myocardial infarction, ischemic stroke, heart failure,
or cardiovascular death even after achieving guideline-recommended LDL cholesterol targets. Residual inflammatory
risk therefore complements, rather than replaces, residual lipid risk, emphasizing that optimal cholesterol control alone
is insufficient to eliminate cardiovascular disease progression.

The progression from residual inflammation to adverse clinical outcomes involves several complementary
mechanisms. Chronic inflammatory activation destabilizes atherosclerotic plaques by weakening the fibrous cap,
increasing macrophage infiltration, stimulating matrix metalloproteinases, and promoting local thrombogenicity.
Simultaneously, endothelial dysfunction impairs vascular homeostasis, reduces nitric oxide bioavailability, and
enhances platelet activation. Together, these alterations substantially increase the probability of plaque rupture and
acute thrombotic events, including myocardial infarction and ischemic stroke (Libby, 2021).

The lower portion of the model illustrates the concept of integrated prevention. Contemporary cardiovascular
management no longer relies on a single therapeutic intervention but instead combines complementary strategies that
simultaneously address lipid metabolism, inflammation, metabolic dysfunction, and lifestyle-related risk factors.
Lipid-lowering therapy remains fundamental because reducing exposure to atherogenic lipoproteins slows plaque
progression. However, additional interventions—including regular physical activity, dietary modification, smoking
cessation, weight reduction, optimization of glycemic control, blood pressure management, GLP-1 receptor agonists,
SGLT2 inhibitors, and selected anti-inflammatory therapies such as low-dose colchicine—provide further protection
by targeting mechanisms that statins alone cannot completely modify.

Importantly, the integrated model also reflects the principles of precision medicine. Future cardiovascular prevention
is expected to incorporate individualized assessment of inflammatory biomarkers, metabolic phenotype, renal function,
obesity status, and overall cardiovascular risk to identify patients who may benefit most from targeted anti-
inflammatory interventions. Biomarkers such as hs-CRP, and potentially IL-6 in specialized settings, may assist
clinicians in distinguishing patients with persistent inflammatory activity despite adequate LDL cholesterol reduction
and guide therapeutic decision-making.

The conceptual framework presented in Figure 6 is particularly applicable to contemporary healthcare systems facing
rapidly increasing rates of obesity, diabetes mellitus, and metabolic syndrome. In Latin America, where these disorders
frequently coexist with socioeconomic disparities and limited healthcare resources, comprehensive prevention
strategies may generate greater clinical benefit than approaches focused exclusively on lipid reduction. Integrating
lifestyle interventions with evidence-based pharmacological therapies offers an opportunity to reduce both residual
inflammatory risk and long-term cardiovascular morbidity.

DISCUSION

The present review highlights that residual inflammatory risk has emerged as one of the most important concepts in
contemporary cardiovascular prevention. Although intensive LDL cholesterol reduction remains the cornerstone of
atherosclerotic cardiovascular disease management, substantial evidence demonstrates that a considerable proportion
of patients continue to experience recurrent cardiovascular events despite achieving recommended lipid targets. This
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observation has shifted scientific attention toward chronic inflammation as an independent and modifiable determinant
of cardiovascular risk.

The findings synthesized in this review consistently support the inflammatory hypothesis of atherosclerosis.
Experimental and clinical evidence indicates that activation of the NLRP3 inflammasome and the subsequent release
of interleukin-1B and interleukin-6 contribute directly to endothelial dysfunction, plaque progression, vascular
remodeling, and plaque destabilization. Elevated concentrations of high-sensitivity C-reactive protein (hs-CRP) have
repeatedly been associated with adverse cardiovascular outcomes independent of LDL cholesterol, reinforcing the
value of inflammatory biomarkers for identifying patients who remain at increased cardiovascular risk despite
receiving optimal lipid-lowering therapy (Ridker et al., 2017; Libby, 2021).

The randomized clinical trials analyzed in this review provide important evidence supporting inflammation as a
therapeutic target. The CANTOS trial demonstrated that selective inhibition of interleukin-1 reduced recurrent
cardiovascular events without modifying LDL cholesterol concentrations, providing direct proof that modulation of
inflammatory pathways can improve cardiovascular outcomes independently of lipid reduction. Likewise, the
COLCOT and LoDoCo2 studies showed that low-dose colchicine significantly decreased major adverse cardiovascular
events in patients with established coronary artery disease. In contrast, the CIRT trial failed to demonstrate
cardiovascular benefit with low-dose methotrexate, indicating that successful therapy depends on targeting specific
inflammatory mechanisms rather than producing nonspecific immunosuppression.

Another important finding is the close relationship between residual inflammatory risk and cardiometabolic disorders.
Obesity, type 2 diabetes mellitus, metabolic syndrome, and chronic kidney disease all contribute to persistent low-
grade inflammation through mechanisms involving insulin resistance, oxidative stress, adipose tissue dysfunction, and
endothelial injury. These conditions frequently coexist, amplifying inflammatory activation and accelerating
atherosclerotic disease progression. Consequently, cardiovascular prevention should be approached from a
comprehensive cardiometabolic perspective rather than focusing exclusively on cholesterol reduction.

The review also emphasizes the clinical value of hs-CRP as the most accessible inflammatory biomarker currently
available. While emerging biomarkers such as interleukin-6 may offer greater mechanistic specificity, hs-CRP remains
the most practical tool for identifying residual inflammatory risk because of its availability, reproducibility, and
extensive validation in large clinical studies. Nevertheless, inflammatory biomarkers should always be interpreted
within the broader clinical context, considering metabolic status, renal function, obesity, concurrent inflammatory
conditions, and overall cardiovascular risk.

From a therapeutic perspective, the available evidence supports multimodal prevention strategies integrating lipid-
lowering therapy, healthy lifestyle interventions, weight management, optimization of glycemic control, blood pressure
management, and selected anti-inflammatory treatments. Lifestyle modification remains fundamental because regular
physical activity, healthy dietary patterns, smoking cessation, and weight reduction improve both metabolic
homeostasis and inflammatory activity. Pharmacological therapies such as statins, GLP-1 receptor agonists, SGLT2
inhibitors, and low-dose colchicine provide complementary mechanisms that collectively reduce cardiovascular risk
more effectively than any isolated intervention.

The findings of this review are particularly relevant for low- and middle-income regions, including Latin America,
where the prevalence of obesity, diabetes, hypertension, and metabolic syndrome continues to increase. These
epidemiological changes are expected to intensify the burden of residual inflammatory risk, making comprehensive
cardiometabolic prevention an increasingly important public health priority. The relatively low cost of therapies such
as colchicine may represent an attractive option for resource-limited healthcare systems, although additional regional
studies are necessary to confirm their effectiveness, safety, and cost-effectiveness across diverse populations.

Several limitations should also be acknowledged. As a narrative review, the conclusions depend on the quality and
heterogeneity of the available scientific literature. Differences in study populations, inflammatory biomarkers,
outcome definitions, follow-up duration, and therapeutic protocols may partially explain variations among published
results. Furthermore, many emerging anti-inflammatory therapies remain under investigation, and their long-term
safety profiles have not yet been fully established.
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Future research should focus on improving patient selection through precision medicine approaches that combine
inflammatory biomarkers, metabolic phenotyping, genetic susceptibility, and advanced cardiovascular imaging. Such
strategies may allow clinicians to identify individuals most likely to benefit from targeted anti-inflammatory therapy
while minimizing unnecessary treatment and adverse effects. Additional studies involving diverse ethnic and
geographic populations will also be essential for validating these approaches globally.

In conclusion, the evidence reviewed strongly supports the concept that cardiovascular prevention has evolved beyond
LDL cholesterol reduction alone. Chronic inflammation represents a central biological mechanism contributing to
residual cardiovascular risk, and its identification opens new opportunities for individualized cardiometabolic
prevention. The integration of inflammatory assessment with established cardiovascular risk management strategies
may ultimately improve long-term clinical outcomes and contribute to a more comprehensive model of cardiovascular
care.

CONCLUSION

Residual inflammatory risk has become a fundamental concept in contemporary cardiometabolic medicine,
demonstrating that achieving recommended LDL cholesterol concentrations does not completely eliminate the
possibility of future cardiovascular events. The evidence reviewed indicates that chronic low-grade inflammation plays
a pivotal role in the initiation, progression, and destabilization of atherosclerotic plaques through complex interactions
involving the innate immune system, endothelial dysfunction, oxidative stress, and metabolic abnormalities.

Current scientific evidence supports inflammation as an independent and modifiable therapeutic target. Landmark
clinical trials have shown that selective anti-inflammatory interventions can reduce recurrent cardiovascular events
without producing additional reductions in LDL cholesterol, confirming that lipid metabolism and inflammation
represent complementary but distinct mechanisms in cardiovascular disease. At the same time, the available evidence
emphasizes that not all anti-inflammatory therapies provide equivalent benefits, highlighting the importance of
targeting biologically relevant inflammatory pathways and carefully selecting appropriate patient populations.

This review also demonstrates that obesity, type 2 diabetes mellitus, metabolic syndrome, chronic kidney disease, and
other cardiometabolic disorders contribute substantially to persistent inflammatory activation. Consequently, effective
cardiovascular prevention requires a comprehensive strategy integrating lipid management, metabolic optimization,
healthy lifestyle interventions, weight control, blood pressure regulation, and, when clinically appropriate, targeted
anti-inflammatory therapy. Such a multimodal approach addresses the multiple mechanisms responsible for residual
cardiovascular risk more effectively than any isolated intervention.

High-sensitivity C-reactive protein currently remains the most practical biomarker for identifying residual
inflammatory risk in clinical practice because of its availability, reproducibility, and extensive scientific validation.
Future advances in precision medicine may further improve cardiovascular prevention through the incorporation of
additional biomarkers, genetic profiling, advanced imaging techniques, and individualized therapeutic strategies
capable of identifying patients most likely to benefit from inflammation-directed treatment.
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