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Abstract:

The concept of cardio-renal-metabolic (CKM) syndrome
addresses a multisystem disorder linking cardiovascular diseases,
chronic kidney disease, and metabolic disorders such as obesity
and type 2 diabetes. These conditions are highly interconnected
and influence one another through a complex network of chronic
inflammation, oxidative stress, insulin resistance, and
neurohormonal and vascular imbalances. This comprehensive
narrative review explores the underlying pathophysiological
mechanisms, identifying visceral obesity and adipose tissue
dysfunction as critical starting points for a cascade of
inflammatory reactions that damage blood vessels, kidneys, and
the heart. It elucidates the crucial roles of the renin-angiotensin-
aldosterone system (RAAS), endothelial dysfunction, and
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fibrosis in accelerating disease progression. Furthermore, the
review discusses the clinical importance of early diagnosis,
personalized risk stratification, and the application of precision
medicine tailored to individual genetic, biological, and clinical
profiles. From a therapeutic standpoint, we highlight the
synergistic effectiveness of modern pharmacological strategies—
including SGLT2 inhibitors, GLP-1 receptor agonists, non-
steroidal mineralocorticoid receptor antagonists, and lipid-
lowering therapies—alongside structured lifestyle interventions.
Ultimately, an integrated, multidisciplinary healthcare approach
is vital to significantly reduce cardiovascular and renal
complications while improving long-term clinical outcomes.
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Introduction:

Cardio-renal-metabolic (CKM) syndrome is an established
clinical framework introduced by the American Heart
Association (AHA) to describe the complex, bidirectional
interrelationship between cardiovascular disease, chronic kidney
disease (CKD), and metabolic disorders like obesity and type 2
diabetes. This framework marks a fundamental shift from
treating individual organs in isolation to adopting a holistic,
unified system approach. Overlapping inflammatory, metabolic,
and neuroendocrine pathways create a reciprocal disease cycle
where dysfunction in one system accelerates deterioration in the
others, driving up global morbidity and mortality rates.

Visceral adiposity and insulin resistance serve as primary
upstream triggers in this syndrome. Dysfunctional adipose tissue
releases a cascade of pro-inflammatory cytokines and adipokines
that promote chronic low-grade systemic inflammation, oxidative
stress, and endothelial dysfunction. This microvascular injury
activates the renin-angiotensin-aldosterone system (RAAS) and
the sympathetic nervous system (SNS), ultimately accelerating
vascular stiffness, hypertension, atherosclerosis, and progressive
myocardial and renal fibrosis.

Concurrently, the clinical management of CKM syndrome is
shifting toward precision medicine, where diagnostic and
treatment pathways are tailored to individual genetic, biological,
and clinical phenotypes. Modern technologies—including
metabolomics, artificial intelligence (Al), and continuous data
from wearable devices—have significantly enhanced early risk
stratification and the subtyping of subclinical disease.

Compelling therapeutic innovations have transformed the
management of CKM syndrome.

Novel agents such as sodium-glucose cotransporter 2 (SGLT2)
inhibitors and GLP-1 receptor agonists offer profound multi-
organ protection, shielding the heart and kidneys while
simultaneously optimizing metabolic metrics. Recent clinical
evidence  confirms  that combining these  targeted
pharmacological  treatments  with  integrated lifestyle
interventions effectively mitigates the global disease burden,
improves quality of life, and enhances long-term patient survival.

Study Objectives:

*To provide a comprehensive, literature-driven overview of
Cardio—Renal-Metabolic (CKM) syndrome as an interconnected
multisystem disorder.

* To explore the major shared pathophysiological mechanisms
driving CKM progression, including chronic inflammation,
oxidative stress, insulin resistance, endothelial damage, and
neurohormonal overactivation.

* To evaluate the foundational role of visceral obesity,
dysfunctional adipose tissue, and lipotoxicity in initiating the
CKM cascade.

* To analyze the clinical utility of emerging biomarkers and
advanced diagnostic technologies (e.g., metabolomics, Al, and
wearable health devices) for early disease detection and

phenotyping.
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* To review recent advances in multi-organ protective therapies,
focusing on SGLT2 inhibitors, GLP-1 receptor agonists, non-
steroidal MRAs, and structured lifestyle modifications.

* To identify existing gaps in the current literature and propose
future directions for integrated clinical practice and research.

Significance of the Study:

This comprehensive narrative review synthesizes the evolving
scientific paradigm of CKM syndrome, reinforcing the need for
multidisciplinary clinical care models over fragmented, single-
organ interventions.

By clarifying the shared biological pathways linking
cardiovascular, renal, and metabolic systems, this study provides
clinicians, researchers, and healthcare professionals with an
updated evidence base.

Highlighting the clinical efficacy of novel cardioprotective and
nephroprotective drugs alongside cutting-edge digital health tools
serves to guide optimized patient risk stratification. Ultimately,
this review offers a valuable academic framework to assist policy
makers in refining public health strategies, minimizing healthcare
expenditures, and combating the expanding global burden of
chronic cardiometabolic conditions.

Study Methodology:

This study utilizes a structured narrative review methodology
to comprehensively synthesize and critically analyze the current
body of literature regarding Cardio—Renal-Metabolic (CKM)
syndrome. Given the broad and evolving nature of this
multisystem continuum, a comprehensive literature search was
conducted across major electronic databases, including PubMed,
Scopus, Web of Science, ScienceDirect, and Google Scholar.

The search strategy employed combinations of relevant
keywords and Medical Subject Headings (MeSH) terms, such as:
"Cardio-Renal-Metabolic Syndrome", "Cardiovascular-Kidney-
Metabolic Health", "Precision Medicine", "SGLT2 inhibitors",
"GLP-1  receptor agonists", and  "Pathophysiological
Mechanisms".

To ensure the integration of up-to-date clinical evidence and
recent therapeutic breakthroughs, the review prioritizes high-
quality, peer-reviewed articles published in recent years,
including key clinical trials, landmark scientific statements, and
authoritative integrative reviews.

Literature published in English was assessed based on its
relevance to CKM pathophysiology, staging, diagnostics, and
integrated pharmacological and lifestyle management. The
collected evidence was synthesized narratively to map out major
thematic areas, identify consensus concepts, clarify clinical
implications, and pinpoint critical remaining gaps in the research.
Research Problem and Study Justification:

The coexistence of cardiovascular disease, chronic kidney
disease, obesity, hypertension, and type 2 diabetes mellitus
represents one of the most severe public health challenges faced
by modern healthcare systems. Despite significant independent
diagnostic and therapeutic advancements within cardiology,
nephrology, and endocrinology, global clinical outcomes remain
suboptimal.

The primary challenge is the persistent reliance on fragmented,
siloed clinical approaches where interconnected cardio-renal-
metabolic conditions are managed as separate entities. This lack
of integration leads to delayed diagnoses, incomplete risk
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stratification, and a failure to implement early multi-organ
protective therapies.

Furthermore, while a large portion of the global population
exhibits subclinical stages of CKM syndrome, the real-world
clinical implementation of precision medicine, advanced
biomarkers, and Al-driven screening strategies remains poorly
defined and inconsistent.

Consequently, conducting this comprehensive review is
strongly justified to bridge these clinical silos. Synthesizing the
latest evidence regarding shared biological pathways and multi-
protective treatments provides an objective framework for
establishing coordinated, multidisciplinary care models,
improving long-term patient survival, and ensuring healthcare
sustainability.

Conceptual Framework of CKM Syndrome:
Definition and Evolution of the CKM Concept:

Cardiovascular—kidney—metabolic (CKM) syndrome describes
the deeply interconnected relationship between cardiovascular
disease, chronic kidney disease, obesity, and diabetes mellitus.
Formally defined by the American Heart Association, the
concept unifies these conditions into a single clinical continuum
driven by shared pathophysiological pathways. The evolution of
the CKM framework represents a paradigm shift from separate
cardiorenal or metabolic concepts toward a multisystem model
that integrates obesity, kidney health, social determinants of
health, and proactive lifestyle factors throughout a patient's life
course.

Historical Overview of Cardio—Renal and Metabolic

Interactions:

The bidirectional relationship between the heart and kidneys
has long been recognized via the cardiorenal syndrome, where
heart failure induces renal hypoperfusion, and CKD accelerates
fluid overload and vascular calcification. Over recent decades,
advanced molecular biology and epidemiological data revealed
that metabolic conditions—primarily insulin resistance and
visceral adiposity—act as the core drivers behind both cardiac
and renal remodeling. The modern CKM framework reflects this
deepened understanding of metabolic dysfunction as the common
soil from which systemic vascular and organ diseases grow.
Classification and Stages of CKM Syndrome

To guide early screening and clinical interventions before
irreversible organ damage occurs, CKM syndrome is classified
into five progressive stages:

Stage 0: Represents individuals with optimal metabolic, renal,
and cardiovascular health, showing no risk factors.

Stage 1: Characterized by excess or dysfunctional adiposity,
such as abdominal obesity or prediabetes, without clear target-
organ complications.

Stage 2: Defined by established metabolic risk factors, including
clinical hypertension, type 2 diabetes  mellitus,
hypertriglyceridemia, or moderate chronic kidney disease.

Stage 3: Features subclinical cardiovascular disease, advanced
CKD, or very high calculated cardiovascular risk, detected via
imaging or sensitive biomarkers.
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Stage 4: Represents clinically apparent cardiovascular disease,
including heart failure, myocardial infarction, stroke, or end-
stage kidney failure.

Epidemiology, Risk Factors, and Public Health

Burden:

Driven by aging populations, urbanization, and sedentary
habits, the global prevalence of CKM syndrome has reached
critical proportions. Landmark systematic reviews estimate that
metabolic syndrome alone affected over 1.5 billion adults, with
global prevalence rates climbing significantly over the last two
decades.

The disease burden is heavily magnified by obesity-related
CKD and ischemic heart disease, with renal and cardiovascular
disability-adjusted life years (DALYSs) rising dramatically since
1990. Major risk factors encompass abdominal obesity,
dyslipidemia, insulin resistance, smoking, chronic systemic
inflammation, and deep-seated socioeconomic inequities.
Pathophysiological Mechanisms of CKM Syndrome:
1. Chronic Inflammation:

Chronic low-grade systemic inflammation (meta-inflammation)
acts as a primary link bridging metabolic risk with organ
damage. Visceral adipose tissue acts as an active endocrine organ
that recruits immune cells and secretes pro-inflammatory
cytokines, including TNF-\alpha, IL-1$\beta$, IL-6, and MCP-1.
These circulating mediators trigger endothelial activation, impair
insulin signaling pathways, and promote microvessel injury,
directly driving the progression of obesity-related hypertension,
diabetic nephropathy, and heart failure.

2. Oxidative Stress and Mitochondrial Dysfunction:

Oxidative stress develops when the production of reactive
oxygen species (ROS) overwhelms endogenous antioxidant
defenses. Hyperglycemia, insulin resistance, and mechanical
shear stress markedly amplify cellular ROS generation. This
excessive oxidative stress induces mitochondrial dysfunction,
lipid peroxidation, and DNA damage within myocardial and
renal tissues. Mitochondrial impairment decreases cellular ATP
synthesis, causing vascular wall stiffening, podocyte injury, and
accelerated myocardial hypertrophy.

3. Insulin Resistance and Metabolic Dysregulation:

In insulin-resistant states, impaired insulin signaling in
peripheral tissues leads to chronic hyperglycemia and
compensatory hyperinsulinemia. Hyperinsulinemia chronically
overactivates the sympathetic nervous system and triggers renal
sodium retention, causing hemodynamic stress. Furthermore,
lipotoxicity from excessive circulating free fatty acids promotes
dyslipidemia—marked by elevated triglycerides and small, dense
LDL particles—which accelerates systemic atherosclerosis and
glomerular injury.

4. Endothelial and Microvascular Dysfunction:

The wvascular endothelium regulates tissue perfusion,
vasodilation, and inflammatory cell adhesion via the balanced
release of nitric oxide (NO). Under metabolic stress, endothelial
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integrity is disrupted, causing a decline in NO bioavailability.
This endothelial dysfunction impairs microvascular circulation,
driving coronary microvascular ischemia (essential in heart
failure with preserved ejection fraction) and disrupting the
glomerular filtration barrier, which clinically manifests as
progressive albuminuria.

5. Neurohormonal Activation (RAAS and SNS):
Chronic overactivation of the Renin-Angiotensin-Aldosterone
System (RAAS) and the Sympathetic Nervous System (SNS) is a

central feature of CKM syndrome. Elevated levels of
Angiotensin  II  and  aldosterone  promote  systemic
vasoconstriction, persistent fluid retention, and oxidative

signaling. Concurrently, sympathetic hyperactivity increases
heart rate, myocardial oxygen demand, and renal renin release,
creating a pathologic cardiorenal feedback loop that worsens left
ventricular hypertrophy and accelerates chronic kidney disease.

6. Fibrosis and Organ Remodeling:

Fibrosis represents the final common pathway leading to
permanent organ failure within the CKM continuum. Persistent
inflammation, oxidative injury, and neurohormonal stress
stimulate the transformation of resident fibroblasts into active
myofibroblasts. Driven by profibrotic mediators like
transforming growth factor-beta (TGF-\beta), these cells cause an
excessive deposition of extracellular matrix proteins (collagen
and fibronectin). This structural remodeling stiffens myocardial
tissue—leading to arrhythmias and ventricular failure—and
drives renal glomerulosclerosis and interstitial fibrosis.

Figure 1: Pathophysiological cascade and organ cross-talk
driving Cardio-Renal-Metabolic (CKM) Syndrome
progression.

Precision Medicine and FEmerging Therapeutic

Strategies:

The management of CKM syndrome has fundamentally
evolved toward personalized risk assessment and holistic, multi-
organ protective therapies. Rather than managing individual
organ failures reactively, modern precision medicine integrates
genomics, metabolomics, and machine learning algorithms to
identify high-risk phenotypes and optimize individualized
treatment strategies before irreversible target-organ injury
occurs.

Pharmacological Innovations:
SGLT?2 Inhibitors:

Foundations of CKM management, agents like empagliflozin
and dapagliflozin offer potent cardioprotective and
nephroprotective benefits far beyond glycemic control. They
lower intraglomerular pressure, reduce systemic fluid overload,
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improve mitochondrial efficiency, and attenuate

inflammation.

systemic

GLP-1 Receptor Agonists:

Drugs such as semaglutide and tirzepatide are critical in
addressing the metabolic roots of CKM syndrome. They
significantly reduce visceral adiposity, improve insulin
sensitivity, mitigate systemic inflammation, and lower the
incidence of major adverse cardiovascular events (MACE).
Non-steroidal MRAs:

Finerenone selectively targets mineralocorticoid receptor
overactivation, directly halting the inflammatory and profibrotic
pathways that drive myocardial and renal remodeling.

Lifestyle and Digital Health Integration:

Comprehensive multidisciplinary care models combine these

novel pharmacological therapies with first-line lifestyle
cornerstones, including structured weight reduction, sleep
optimization, and cardioprotective dietary patterns (e.g.,

Mediterranean or DASH diets). Furthermore, digital health
innovations, such as wearable biosensors and continuous glucose
monitoring (CGM) integrated with artificial intelligence, allow
for real-time tracking of physiological biomarkers. This
facilitates early clinical intervention and data-driven lifestyle
modifications tailored to individual metabolic profiles.
Conclusion
Summary of Major Findings:

This comprehensive narrative review underscores that Cardio—
Renal-Metabolic (CKM) syndrome is an interconnected
multisystem disorder driven by shared, bidirectional biological

pathways. Visceral adiposity, systemic meta-inflammation,
oxidative stress, insulin resistance, neurohormonal
overactivation, and progressive microvascular endothelial
dysfunction form a complex pathological network that

accelerates multi-organ damage. The review highlights that
contemporary multi-organ protective interventions—particularly
SGLT2 inhibitors, GLP-1 receptor agonists, and non-steroidal
MRAs—provide profound clinical benefits that interrupt this
reciprocal disease cycle.

Clinical Implications and Recommendations:

Traditional, fragmented treatment models are no longer
sufficient to manage CKM syndrome effectively. Clinical
practice must transition toward integrated, multidisciplinary care
teams involving cardiologists, nephrologists, endocrinologists,
and primary care providers. Routine early screening using
estimated glomerular filtration rate (eGFR), urinary albumin-to-
creatinine ratio (UACR), and cardiometabolic biomarkers is
crucial for timely risk stratification.

Future research should prioritize large-scale, long-term
longitudinal studies and clinical trials to evaluate emerging
multi-incretin ~ agonists and  precision medicine-guided
interventions. Furthermore, efforts must be directed toward
exploring the integration of artificial intelligence and digital

228-233


http://xisdxjxsu.asia/

Journal of Xi’an Shiyou University, Natural Science Edition

therapeutics into routine clinical practice, ensuring health equity
and global access to these life-saving therapeutic strategies.
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