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Abstract 
Cardiovascular, kidney, and metabolic disorders are traditionally classified as separate diseases, yet their 
biological trajectories are tightly coupled. Adiposity, insulin resistance, dyslipidaemia, endothelial dysfunction, 
chronic kidney disease, and heart failure frequently coexist because they are sustained by shared 
immunometabolic disturbances rather than by isolated organ failure. This narrative review examines 
inflammation as an organizing mechanism within the cardiovascular-kidney-metabolic (CKM) continuum. It 
integrates evidence on adipose-tissue immune remodelling, NLRP3 inflammasome activation, endothelial 
injury, maladaptive myelopoiesis, clonal haematopoiesis, renal innate immunity, and disturbed resolution 
pathways. In metabolically stressed tissues, nutrient excess and cellular damage alter macrophage, 
neutrophil, lymphocyte, endothelial, and parenchymal-cell metabolism. These changes amplify interleukin-1, 
interleukin-6, tumour-necrosis-factor, reactive-oxygen-species, and extracellular-trap signalling, thereby 
linking insulin resistance to vascular inflammation, glomerular injury, myocardial fibrosis, and heart failure. 
The review also evaluates circulating inflammatory indices and emerging tissue-informed biomarkers, 
emphasizing that association does not automatically establish clinical utility. Sodium-glucose cotransporter-2 
inhibitors and glucagon-like peptide-1 receptor agonists demonstrate that therapies developed for metabolic 
control can improve cardiorenal outcomes, but their anti-inflammatory actions remain only one component of 
multifactorial benefit. Direct cytokine or inflammasome inhibition is biologically attractive but must be 
balanced against infection risk, patient heterogeneity, and uncertainty regarding the optimal stage for 
intervention. A clinically useful CKM framework should therefore combine organ staging with mechanistic 
phenotyping, longitudinal biomarker validation, and equitable prevention. Understanding when inflammation 
is causal, compensatory, or merely reflective of tissue injury is essential for translating immunometabolism 
into precision treatment and advancing Sustainable Development Goal 3. 
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1. Introduction 

The cardiovascular-kidney-metabolic continuum describes a dynamic network in which excess or 

dysfunctional adiposity, impaired glucose regulation, chronic kidney disease, and cardiovascular disease 

emerge through overlapping pathways. The American Heart Association CKM framework spans stage 0 (no 

CKM risk factors), stage 1 (excess or dysfunctional adiposity), stage 2 (metabolic risk factors or chronic 

kidney disease), stage 3 (subclinical cardiovascular disease in CKM), and stage 4 (clinical cardiovascular 

disease in CKM) [1-3,37]. The framework is clinically useful because risk develops before infarction, stroke, 

heart failure, or kidney failure. Epidemiological associations between inflammatory indices and CKM stage 

suggest accompanying immune activation, although cross-sectional markers cannot determine whether 

inflammation is a driver, mediator, consequence, or confounder [2,4]. 

Inflammation in CKM disease is neither a uniform elevation of C-reactive protein nor a simple extension 

of classical autoimmunity. It is a context-dependent response to nutrient overload, mitochondrial stress, 

hypoxia, cell death, altered lipids, uraemic toxins, and microbial products. These stimuli change how immune 

and structural cells generate and use energy. Immunometabolism is therefore important not only because 

activated leukocytes require glucose or fatty acids, but because metabolic intermediates control chromatin, 

cytokine production, redox balance, and cell fate. The resulting networks can persist after the initiating 

exposure has diminished and can transmit injury between adipose tissue, liver, vasculature, kidney, bone 

marrow, and myocardium [5-8]. 

This review critically examines immunometabolic inflammation as a unifying—but not exclusive—

mechanism of CKM progression. The purpose is to identify where evidence supports causality, where it 

remains associative, and how mechanistic insight might improve biomarker development and therapy. The 

argument is deliberately cautious: CKM disease is heterogeneous, inflammation can be protective during 

repair, and suppression of a single pathway cannot substitute for control of blood pressure, atherogenic 

lipoproteins, glycaemia, smoking, diet, physical inactivity, or social determinants. 
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Table 1. Immunometabolic mechanisms across the CKM continuum (synthesized from references 7-

22, 24, 28-36). 

Domain Mechanistic process Translational implication 

Adipose tissue 
Macrophage remodelling, hypoxia, 
senescence, and inflammasome 
activation 

Prioritize weight reduction and distinguish 
active inflammation from fixed fibrosis 

Vasculature 
Lipoprotein retention, endothelial 
activation, failed efferocytosis, and IL-
1/IL-6 signalling 

Combine lipid lowering with phenotype-
specific inflammatory assessment 

Kidney 
Innate sensing, NETs, tubular injury, 
endothelial dysfunction, and fibrogenesis 

Align immune intervention with stage and 
residual viable tissue 

Bone marrow 
Maladaptive myelopoiesis and clonal 
haematopoiesis 

Potential precision-risk marker; intervention 
evidence remains incomplete 

Therapeutics 
SGLT2 and GLP-1 pathways modify 
haemodynamic, metabolic, redox, and 
immune signals 

Benefits are systems-level and should not be 
reduced to one anti-inflammatory effect 

Abbreviations: CKM, cardiovascular-kidney-metabolic; IL, interleukin; NETs, neutrophil extracellular 

traps; SGLT2, sodium-glucose cotransporter-2; GLP-1, glucagon-like peptide-1. 

2. Narrative Review Approach 

This focused narrative review integrates human observational studies, experimental models, 

mechanistic investigations, translational studies, randomized clinical trials, and major state-of-the-art reviews 

addressing CKM staging, adipose inflammation, atherosclerosis, diabetic kidney disease, clonal 

haematopoiesis, and the immunometabolic actions of contemporary therapies. Priority was given to evidence 

linking a molecular pathway with an organ phenotype or clinical outcome. Because the review was not 

prospectively registered, did not use duplicate systematic screening, and did not perform quantitative 

synthesis, it should be interpreted as a critical mechanistic narrative rather than a complete estimate of effect 

size. 

[AUTHOR VERIFICATION REQUIRED: insert the databases actually searched, final search date, full search 

strings, language limits, eligibility criteria, and study-selection process. Delete any method element that was 

not performed.] 

3. From Metabolic Stress to Interorgan Disease 

CKM progression can be understood as repeated communication between metabolically stressed 

tissues. Adipocyte hypertrophy increases lipolysis and the release of free fatty acids, while inadequate 

adipose expandability promotes ectopic lipid deposition in liver, skeletal muscle, pancreas, myocardium, and 

kidney. Lipotoxic species, especially ceramides and oxidized lipids, disturb insulin signalling and organelle 

function. Endoplasmic-reticulum stress and mitochondrial dysfunction generate danger signals that activate 

resident macrophages and recruit circulating myeloid cells. At the same time, hyperglycaemia promotes 

advanced glycation, oxidative stress, endothelial activation, and persistent changes in myeloid progenitors. 

The consequence is a feedback loop in which metabolic dysfunction produces inflammation and 

inflammation further impairs metabolic flexibility [6-10]. 

The organs involved do not contribute symmetrically. The kidney regulates volume, electrolytes, 

neurohormonal activation, toxin clearance, and glucose homeostasis; loss of kidney function therefore 

magnifies vascular and myocardial stress. The heart and vasculature determine perfusion and venous 

pressure, influencing renal filtration and congestion. Adipose tissue functions as an endocrine and immune 

organ, while the liver integrates lipid, glucose, complement, and acute-phase responses. Bone marrow 

adapts leukocyte production to systemic signals. A CKM model becomes biologically meaningful when it 

recognizes these reciprocal relationships rather than treating comorbidity as the coincidental accumulation of 

diagnoses [1,3,11]. 

4. Adipose-Tissue Immune Remodelling and Insulin Resistance 

Healthy adipose tissue contains immune populations that support extracellular-matrix turnover, vascular 

homeostasis, and insulin sensitivity. With chronic energy excess, adipocytes enlarge, local oxygen tension 

falls, and cell death increases. Macrophages accumulate around damaged adipocytes and adopt 
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heterogeneous states that cannot be fully represented by the binary M1/M2 nomenclature. Their lipid 

handling, lysosomal function, and mitochondrial activity determine whether they buffer excess lipid or 

propagate inflammatory injury. Studies in humans and experimental systems link macrophage abundance 

and phenotype with impaired insulin sensitivity, while molecular perturbations of macrophage lipid transport 

or proteostasis can alter systemic metabolism [7-10]. 

The NLRP3 inflammasome provides one bridge between nutrient stress and cytokine maturation. 

Saturated lipids, cholesterol crystals, mitochondrial reactive oxygen species, ion flux, and damaged 

organelles can facilitate inflammasome activation, caspase-1 activity, and release of interleukin-1β and 

interleukin-18. Experimental interruption of this axis improves insulin sensitivity in several diet-induced 

models, supporting a causal role [10]. Nevertheless, inflammasome activation is stimulus-, cell-, and tissue-

specific. Clinical obesity encompasses different fat distributions, degrees of fibrosis, genetic backgrounds, 

diets, and medications; the presence of elevated circulating cytokines does not prove that adipose NLRP3 is 

the dominant therapeutic target in every patient. 

Other immune and stromal populations refine the response. Dendritic cells influence T-cell recruitment, 

regulatory T-cell loss may weaken immune restraint, and senescent adipocyte progenitors secrete 

inflammatory mediators that impair tissue plasticity. Experimental clearance of senescent cells can alleviate 

obesity-related metabolic dysfunction, but senolytic translation requires careful evaluation of target specificity 

and long-term tissue effects [12-14]. Fibro-inflammatory remodelling is especially important because an 

adipose depot that cannot safely expand diverts lipid toward organs vulnerable to lipotoxic injury. Thus, 

adipose inflammation should be interpreted as both an immune process and a failure of tissue adaptation. 

5. Vascular and Myocardial Inflammation 

Atherosclerosis illustrates how metabolism and immunity converge. Retained apolipoprotein-B-

containing particles become modified in the arterial intima, activating endothelial cells and recruiting 

monocytes. Macrophage lipid uptake, defective efferocytosis, cell death, smooth-muscle-cell phenotypic 

change, and failed resolution drive lesion progression [15-18]. Randomized trials provide direct evidence that 

inflammation can be therapeutically causal in selected patients: IL-1 beta inhibition with canakinumab 

reduced recurrent cardiovascular events after myocardial infarction, while low-dose colchicine reduced 

events after recent myocardial infarction and in chronic coronary disease [38-40]. These benefits do not 

eliminate residual lipid or thrombotic risk, and infection and other adverse effects remain clinically important. 

Metabolic inflammation also contributes to heart failure. In obesity and diabetes, coronary microvascular 

dysfunction, oxidative stress, altered substrate utilization, endothelial activation, and interstitial fibrosis can 

promote myocardial stiffness even without a large infarction. Kidney dysfunction adds uraemic toxins, 

anaemia, mineral abnormalities, volume overload, and neurohormonal activation. Macrophage 

inflammasome signalling has been implicated in adverse ventricular remodelling in experimental models, but 

heart-failure phenotypes are mechanistically diverse [19]. An inflammatory biomarker that identifies one 

subgroup may be uninformative in another; a reduced ejection fraction after myocardial infarction and an 

obesity-associated preserved-ejection-fraction phenotype cannot be assumed to share the same dominant 

immune circuit. 

Resolution biology is a useful corrective to the idea that inflammation should simply be eliminated. 

Successful repair requires clearance of dead cells, restoration of endothelial integrity, and transition of 

macrophages toward reparative functions. Specialized pro-resolving mediators and efficient efferocytosis 

can terminate inflammation without broad immunosuppression [16]. Therapeutic strategies that promote 

resolution may therefore preserve host defence more effectively than indiscriminate cytokine blockade, but 

robust clinical biomarkers of defective resolution are still lacking. 

6. Renal Innate Immunity as an Amplifier of Systemic Risk 

Diabetic and hypertensive kidney injury exposes tubular epithelial cells, podocytes, endothelial cells, and 

resident immune cells to hyperfiltration, mechanical stress, hypoxia, glucose, fatty acids, and damaged 

proteins. Pattern-recognition receptors, complement pathways, inflammasomes, and chemokine networks 

recruit monocytes and neutrophils. Innate immune activation can drive endothelial dysfunction, tubular injury, 

and fibrosis, while reduced filtration permits accumulation of pro-inflammatory metabolites. The kidney is 

consequently both a target of systemic immunometabolic stress and an amplifier of cardiovascular risk 

[16,21,22]. 

Neutrophil extracellular traps illustrate this bidirectionality. Although extracellular traps evolved to contain 

pathogens, excessive or poorly cleared traps expose histones, proteases, and DNA that injure endothelium 

and activate inflammasomes. Experimental evidence links trap formation to glomerular endothelial 

dysfunction in diabetic kidney disease [21]. C-reactive protein may also participate in renal injury rather than 

merely report it, as experimental work connects CRP with Smad3-dependent NLRP3 activation [22]. These 
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findings are mechanistically provocative, but clinical translation requires confirmation that target inhibition 

improves kidney outcomes without compromising antimicrobial defence. 

Fibrosis is the common endpoint of many chronic kidney insults. Macrophages and damaged tubular 

cells release transforming-growth-factor-β and other mediators that activate fibroblasts and extracellular-

matrix deposition. Once nephron loss becomes extensive, haemodynamic and structural forces can sustain 

progression even if inflammation is reduced. This stage dependence is critical: an immune intervention that 

is effective during active injury may have limited impact after advanced scarring. CKM trials should therefore 

align mechanism, biomarker, and disease stage rather than enrolling heterogeneous chronic kidney disease 

solely on the basis of estimated filtration rate. 

7. Bone-Marrow Reprogramming and Clonal Haematopoiesis 

Systemic metabolic stress can alter haematopoietic stem and progenitor cells, increasing myelopoiesis 

and generating monocytes with heightened inflammatory potential. This creates a biological memory through 

which transient hyperglycaemia, Western dietary exposure, or obesity may have prolonged vascular 

consequences. Clonal haematopoiesis of indeterminate potential (CHIP), conventionally defined by a 

somatic driver mutation with a variant-allele fraction of at least 2% in the absence of overt haematological 

malignancy, adds a genetically defined layer. TET2-deficient clones accelerate atherosclerosis in 

experimental systems through enhanced inflammasome and interleukin-1 signalling [20,24]. 

CHIP should not be treated as a deterministic diagnosis. Clone size, driver gene, age, cancer history, 

kidney function, smoking, and background cardiovascular risk influence its meaning. Obesity-related 

inflammation may facilitate clonal expansion, suggesting a two-way interaction rather than a simple linear 

pathway [28]. Screening asymptomatic populations is not yet equivalent to having an evidence-based 

intervention. Its immediate value is conceptual: cardiovascular risk can originate in bone marrow, and 

somatic evolution can connect ageing, inflammation, cancer, and CKM disease. 

8. Biomarkers and Mechanistic Phenotyping 

Inflammatory biomarkers range from high-sensitivity C-reactive protein and blood-cell ratios to cytokines, 

soluble receptors, lipid mediators, extracellular vesicles, proteomic panels, and cell-specific epigenetic 

signatures. Association with CKM stage or mortality is only an initial requirement [2,4]. A clinically useful 

biomarker must demonstrate analytical validity, intra- and inter-laboratory reproducibility, calibrated risk 

estimates, discrimination beyond established variables, and preferably improved reclassification or decision-

curve net benefit. Most importantly, biomarker-guided action should improve outcomes at an acceptable 

cost. 

Single measurements are vulnerable to acute infection, adiposity, medication, circadian variation, and 

platform effects. Longitudinal trajectories may better distinguish chronic activation from transient responses. 

Tissue-informed markers and multi-omic models can connect blood signals with interorgan biology, but high 

dimensionality increases overfitting. Validation should therefore prespecify thresholds, assess calibration and 

clinical utility, compare against simpler models, and test transportability across ancestry, geography, sex, 

age, kidney function, and socioeconomic context. 

9. Therapeutic Interruption of the Inflammatory Continuum 

The most effective CKM therapies frequently act on several pathways. Sodium-glucose cotransporter-2 

inhibitors reduce heart-failure and kidney events in populations with and without diabetes. Proposed 

mechanisms include restoration of tubuloglomerular feedback, natriuresis, reduced intraglomerular pressure, 

improved cellular energetics, altered ketone handling, mitigation of oxidative stress, and reduced 

macrophage activation [29-33]. Experimental dapagliflozin can attenuate macrophage-mediated 

inflammation independently of SGLT2 expression [29], but this does not prove that anti-inflammatory activity 

accounts for clinical benefit. The strength of SGLT2 inhibition is precisely its systems-level action. 

Glucagon-like peptide-1 receptor agonists reduce weight and improve glycaemia, with cardiovascular 

benefit in high-risk patients. Beyond weight loss, they may improve endothelial function, lipid handling, 

oxidative stress, and inflammatory signalling [34-36]. A randomized study combining exercise with a GLP-1 

receptor agonist underscores the importance of integrated rather than drug-only management [34]. 

Nevertheless, receptor distribution, indirect metabolic effects, and differences among molecules complicate 

attribution of benefit to a single anti-inflammatory mechanism. 

Direct targeting of interleukin-1, interleukin-6, NLRP3, neutrophil traps, or clonal-haematopoiesis-

associated pathways may benefit selected patients, but broad implementation would be premature. Infection 

risk, treatment duration, cost, vaccine response, and the possibility that inflammation reflects irreversible 

tissue damage must be considered. A rational strategy is to combine aggressive control of causal metabolic 
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and haemodynamic exposures with pathway-specific treatment only when a validated biomarker identifies 

active, modifiable inflammation. 

10. Critical Gaps and Research Priorities 

Several limitations recur across both the field and this review. Mouse models reproduce selected 

mechanisms but not the full heterogeneity of human CKM disease; inflammatory measurements are often 

cross-sectional and obtained after medication has begun; and cardiovascular, kidney, and metabolic trials 

use different endpoints while rarely characterizing tissue biology. Women, older adults with multimorbidity, 

lower-income populations, and diverse ancestry groups remain under-represented. For this narrative 

synthesis specifically, the absence of a prospectively registered protocol, duplicate systematic screening, 

formal risk-of-bias assessment, and quantitative meta-analysis introduces selection and interpretation bias. 

Future studies should recruit across CKM stages, collect repeated biospecimens, integrate immune and 

metabolic phenotypes, and prespecify analyses that distinguish prediction from causal mediation. Pragmatic 

trials should test whether mechanism-guided treatment improves outcomes beyond guideline-based 

multidomain care. Prevention must remain central. Food environments, air pollution, chronic stress, 

inadequate sleep, limited access to physical activity, and fragmented care shape both metabolism and 

inflammation. Addressing these determinants is essential to SDG 3 and is likely to produce broader benefit 

than any single immunomodulator. 

11. Critical Synthesis and Implementation 

11.1 Distinguishing causal inflammation from inflammatory burden 

A persistent problem in CKM research is the tendency to infer causality from correlated biomarkers. C-

reactive protein, neutrophil-to-lymphocyte ratios, and composite inflammatory indices often rise with 

adiposity, kidney dysfunction, smoking, infection, and socioeconomic adversity. They may summarize 

disease burden without identifying the pathway that should be inhibited. Mendelian approaches, randomized 

anti-inflammatory trials, mediation analyses, and target-engagement studies can strengthen causal 

inference, but each has limitations. Genetic instruments may represent lifelong subtle exposure rather than 

pharmacological inhibition, while biomarker mediation is sensitive to measurement error and treatment-

induced confounding. The most persuasive evidence combines experimental perturbation, temporality, dose 

response, tissue concordance, and improved clinical outcome. 

11.2 Phenotype-specific combinations 

Future CKM treatment will probably involve combinations rather than one universal anti-inflammatory 

drug. A patient with visceral adiposity, albuminuric kidney disease, high apolipoprotein B, and heart failure 

may benefit from weight-reducing therapy, renin-angiotensin-system blockade, SGLT2 inhibition, lipid 

lowering, and blood-pressure control before direct immunomodulation is considered. Another patient with 

clonal haematopoiesis and recurrent events despite optimal risk-factor treatment may represent a more 

specific inflammatory phenotype. Trials should test treatment-by-biomarker interaction and should avoid 

using biomarker positivity as a substitute for biological validation. 

11.3 Clinical implementation across disciplines 

CKM care challenges conventional service boundaries. Primary care, endocrinology, nephrology, 

cardiology, nutrition, and laboratory medicine may each detect different parts of the same continuum. Shared 

care pathways should specify screening for albuminuria, kidney function, blood pressure, adiposity, glucose 

regulation, and atherogenic lipoproteins. Inflammatory testing should be added only when it changes 

management. Integrating such pathways into routine care is likely to prevent more events than deploying 

complex immune panels without access to basic risk-factor treatment. 

11.4 Avoiding biological reductionism 

An immunometabolic framework is valuable only if it expands rather than narrows explanation. Chronic 

stress, sleep disruption, pollution, infection, food insecurity, and discrimination can influence neuroendocrine 

and immune pathways, but describing these exposures solely as inflammation risks erasing their social 

origin. Molecular research should connect biological mechanisms with modifiable upstream conditions. This 

approach preserves scientific depth while ensuring that precision medicine does not become detached from 

public-health prevention. 

11.5 Ageing and sex as biological modifiers 

Ageing changes immune-cell composition, mitochondrial function, senescence, clonal haematopoiesis, 

kidney reserve, and body-fat distribution. Sex hormones and reproductive history influence adipose 

deposition, endothelial biology, and inflammatory responses. These modifiers may change both biomarker 
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ranges and treatment effects. Studies that adjust statistically for age and sex without testing interaction can 

miss mechanistically distinct trajectories. CKM phenotyping should therefore evaluate life-course exposure, 

menopause, frailty, and competing infection risk when considering immune-directed prevention. 

12. Conclusion 

Immunometabolic inflammation helps explain connections among dysfunctional adiposity, insulin 

resistance, atherosclerosis, kidney injury, and heart failure across CKM stages 0-4. NLRP3 signalling, 

maladaptive myelopoiesis, endothelial injury, extracellular traps, and clonal haematopoiesis are credible 

components, and randomized cardiovascular trials show that selected inflammatory pathways can be 

causally modifiable. Nevertheless, inflammation is heterogeneous, stage dependent, and intertwined with 

haemodynamic, lipid, glycaemic, behavioural, and social exposures. Clinical translation should prioritize 

validated phenotypes that change management, retain multidomain risk-factor control as the foundation of 

care, and reserve immune-directed therapy for populations in whom benefit, safety, and stage-specific action 

are demonstrated. 
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