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Abstract

Cardiovascular diseases (CVDs) remain the leading cause of global mortality, yet traditional hemodynamic and lipid-
centric models prove insufficient to capture the biological complexity driving residual cardiovascular risk. Converging
evidence increasingly reframes CVD pathophysiology as a systemic immunometabolic disorder driven by the interplay
of mitochondrial dysfunction, chronic immune activation, clonal hematopoiesis of indeterminate potential, and
metabolic stress. This review critically synthesizes emerging paradigms in precision cardiovascular medicine, spanning
molecular bioenergetics, epigenetic reprogramming, and immune-metabolic crosstalk within a unified
immunometabolic-precision medicine framework, and evaluates translational advances including Sodium-glucose
cotransporter-2 inhibitors, senolytics, and Al-driven risk stratification that directly target these mechanisms. Looking
beyond current limitations, it appraises the transformative potential of multi-omics integration and regenerative
engineering as the next frontier of cardiovascular precision medicine. By translating immunometabolic mechanisms into
actionable clinical frameworks, this review argues for a paradigm shift: from reactive disease management toward
precision-guided, biologically informed, and equitably accessible cardiovascular care.
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1. Introduction

Cardiovascular diseases (CVDs) remain the leading cause of morbidity and mortality worldwide, responsible for an
estimated 19.2 million deaths in 2023 rising steadily from 13.1 million in 1990 and affecting 626 million people
globally [1,2]. This escalating burden, which now accounts for one in three global deaths and 437 million disability-
adjusted life years (DALYs) annually [3,1].

CVDs comprise a heterogeneous group of disorders that include coronary artery disease (CAD), heart failure (HF),
cerebrovascular disease, arrhythmias, peripheral vascular disease, and congenital heart anomalies. Despite substantial
therapeutic advances, the persistent burden of cardiovascular disease (CVD) reflects its biological complexity and
multi-layered pathophysiology rather than a failure of individual interventions alone [4].

The biological architecture of CVD can be understood across three interrelated domains: (1) systemic cardiometabolic
stressors [5], (2) cellular-organellar dysfunction [6], and (3) molecular signalling networks driving vascular and
myocardial remodeling [7,8].

At the systemic level, genetic predisposition interacts with environmental exposures and lifestyle-related factors
including sedentary behavior, tobacco use, and pro-atherogenic dietary patterns to establish a state of meta-
inflammation: a chronic, low-grade systemic inflammatory and metabolic stress response that serves as a critical
upstream driver of cardiovascular pathology [9]. Unlike classical acute inflammation, meta-inflammation is chronic and
self-perpetuating, sustained by nutrient excess, adipose tissue dysfunction, and innate immune activation, creating a
systemic milieu that primes the vasculature for injury and remodeling. Comorbid conditions such as diabetes mellitus,
obesity, chronic kidney disease (CKD), and hypertension amplify this meta-inflammatory burden, accelerating
endothelial dysfunction and vascular remodeling [10]. Atherogenesis, the principal driver of ischemic cardiovascular
events, emerges from sustained interactions between lipid accumulation, oxidative stress, and immune activation within
this chronic inflammatory milieu [11]. The downstream inflammatory and immune pathways underpinning meta-
inflammation are detailed in Sections 2.3 and 3.3.

At the cellular and organelle level, mitochondrial dysfunction has emerged as a central integrative mechanism linking
metabolic stress to myocardial injury. Mitochondrial biogenesis, fission—fusion dynamics, and redox homeostasis
regulate cardiomyocyte energetics and survival [12]. Perturbations in these processes promote excessive reactive
oxygen species (ROS) generation, impaired substrate utilization, and activation of apoptotic pathways, thereby
contributing to HF progression and ischemic injury [13]. Contemporary work further supports mitochondria as
signalling hubs coordinating immunometabolic responses in cardiomyocytes and vascular cells [14,15].

At the molecular signalling level, maladaptive G-protein coupled receptor (GPCR) activation and age- associated clonal
hematopoiesis of indeterminate potential (CHIP) have been implicated in sustaining vascular inflammation and immune
dysregulation. GPCR-mediated maladaptive signalling drives pathological cardiac hypertrophy and fibrosis through
sustained neurohormonal activation, while CHIP-associated somatic mutations in genes such as TET2 and DNMT3A
amplify inflammatory cytokine production independently of conventional cardiovascular risk factors [16,17]. The
molecular mechanisms underpinning both pathways are detailed in Section 2.3.

In recent years, cardiovascular medicine has progressively transitioned from generalized pharmacotherapy toward more
individualized approaches informed by genomics, multi-omics integration, and digital health technologies. Al-assisted
risk prediction models and biomarker-guided therapeutic strategies have shown potential to refine phenotyping and
optimize treatment selection. However, the clinical integration of precision cardiovascular medicine remains
heterogeneous, with variable external validation, limited cost-effectiveness data, and ongoing concerns regarding
algorithmic bias and underrepresentation of diverse populations in training datasets [18,19]. Collectively, although
molecular personalization represents an evolving frontier, its clinical utility in preventive cardiology remains under
active investigation rather than established standard of care [20,21]. Systems-level tools that operationalize these
precision concepts are described in Sections 4.4 and 5.

Parallel to these mechanistic insights, emerging therapeutic strategies have begun to target the pathological processes
operating across all three domains. Emerging therapies including Sodium-glucose cotransporter-2 (SGLT2) inhibitors,
PCSKD9 inhibitors, and anti-inflammatory biologics have demonstrated substantial cardiometabolic and renal benefits in
large randomized trials, signalling a shift toward integrated cardiometabolic therapeutics (see Section 4.1.1), yet
treatment response variability and implementation challenges persist [22,23]. Beyond pharmacological advances,
structured exercise rehabilitation and lifestyle interventions remain foundational components of cardiovascular
prevention, with robust evidence supporting improvements in endothelial function, myocardial perfusion, and
inflammatory modulation [24].

Interest in nutrigenomics and gene—diet interactions has expanded, particularly regarding folate metabolism and
MTHFR polymorphisms. While certain variants influence homocysteine levels, large-scale randomized trials and
contemporary cardiovascular guidelines have not consistently supported routine genetic screening or homocysteine-
lowering strategies for primary cardiovascular prevention.
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Taken together, these advances position CVD as a systemic and immunometabolic disorder amenable to molecular
dissection, precision intervention, and systems-level integration. Yet despite this momentum, the field lacks a
comprehensive synthesis integrating the molecular, immunometabolic, and systems-level dimensions of cardiovascular
pathology within a unified translational framework. This review addresses that gap by critically synthesizing recent
developments (2020-2026), emphasizing both emerging opportunities and the evidentiary limitations that shape their
translational trajectory.

2. Molecular and Cellular Pathophysiology of CVDs

The following subsections examine the molecular and cellular mechanisms of CVD in sequence, culminating in an
integrative systems perspective that frames their convergence as the pathophysiological foundation of contemporary
CVD [25,26].

2.1 Endothelial Dysfunction and Oxidative Stress

The endothelium serves as a dynamic regulator of vascular tone, permeability, and thrombosis. In health, endothelial
cells release nitric oxide (NO), prostacyclin, and other vasodilators that maintain vascular homeostasis. However,
oxidative stress—arising from excessive production of ROS—impairs endothelial NO bioavailability, resulting in
vasoconstriction, leukocyte adhesion, and platelet activation [27,28]. A recent meta-analysis in NO using stable isotope
tracers reported significantly reduced in vivo NO production in patients with metabolic and CVDs compared with
healthy individuals, highlighting NO deficiency as a shared mechanistic hallmark of cardiometabolic pathology. These
reductions align with the well-characterized mechanisms by which NO deficiency, endothelial nitric oxide synthase
(eNOS) uncoupling, and mitochondrial oxidative stress in promoting arterial stiffness, microvascular inflammation, and
hypertension [29].

2.2 Mitochondrial Dysfunction and Energetic Derangement

Mitochondria are central to cardiac energy metabolism, generating nearly 90% of myocardial ATP via oxidative
phosphorylation. Dysfunction in mitochondrial respiration, dynamics, or quality control leads to energetic insufficiency,
ROS overproduction, and apoptotic signalling, which collectively drive myocardial injury and HF [30]. The concept of
semi-autonomous mitochondrial inheritance, highlights how disturbances in mtDNA dynamics and mito-nuclear
communication drive mitochondrial dysfunction, cardiac remodeling, and CVD progression [31]. Converging evidence
confirms that mitochondrial dysfunction is not merely a byproduct but a causative axis in cardiac pathology, influencing
calcium handling, oxidative phosphorylation efficiency, and cell death pathways [26]. Given this central role,
mitochondria have become attractive therapeutic targets; however, translating mitochondria- directed interventions into
durable clinical benefit has proven challenging, and the opportunities and limitations of these strategies are discussed in
Section 4.3.

2.3 Inflammation, Immune Crosstalk, and Clonal Hematopoiesis

The energetic and oxidative dysregulation detailed in Section 2.2 does not occur in immunological isolation.
Mitochondrial ROS accumulation and cytosolic mtDNA release directly activate innate immune sensors (including the
cyclic GMP-AMP synthase-stimulator of interferon genes (cGAS-STING) pathway and NLRP3 inflammasome),
establishing a mitochondrial-innate immune coupling that translates energetic stress into sustained vascular
inflammation. This coupling creates the mechanistic foundation upon which chronic, low-grade inflammation not only
initiates cardiovascular injury but actively sustains disease progression through a self-reinforcing cycle of immune
activation and vascular remodeling, driven centrally by IL-6, TNF-q, and IL-1fB. As introduced in Section 1, CHIP-
associated somatic mutations (particularly in TET2 and DNMT3A) extend this inflammatory burden well beyond
conventional risk factors, with recent evidence delineating the specific molecular cascades through which these
mutations amplify vascular injury and establish CHIP as a mechanistic bridge between aging, immune dysregulation,
and CVD [32,33].

Through NLRP3 inflammasome activation and IL-1B/IL-6 amplification, CHIP-mutant clones establish a self-
sustaining pro-inflammatory milieu that accelerates atherosclerosis and elevates cardiovascular mortality independently
of traditional risk factors [34,35]. TET2-deficient macrophages exhibit exaggerated NLRP3-driven IL-1B secretion,
while DNMT3A mutations promote expansion of pro-atherogenic monocyte subsets that infiltrate and sustain vascular
lesions. Emerging data further implicate CHIP in HFpEF, where these mutations associate with diastolic dysfunction,
adverse remodeling, and increased hospitalization risk [32].

Parallel to CHIP-driven immune dysregulation, cellular senescence and inflammaging represent interconnected
amplifiers of cardiovascular inflammation mechanisms developed in detail in Section 3.3. Crucially, CHIP and cellular
senescence are not independent processes: senescent immune cells preferentially harbor CHIP mutations, creating a
convergent inflammatory axis that compounds vascular injury beyond what either mechanism produces alone.
Therapeutic strategies targeting this convergence are discussed in Sections 3.3 and 4.2.1.

Emerging clinical evidence is beginning to translate these mechanistic insights into therapeutic strategies, including
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CHIP-targeted NLRP3 inhibition and bispecific cytokine blockade [36,37], discussed in detail in Section 4.2.1. While
these trials are still maturing, their design reflects a fundamental shift in cardiovascular pharmacology from broad anti-
inflammatory strategies toward mutation-specific immune targeting informed by clonal genomic profiling.

Building on this mechanistic framework of immune-driven vascular injury, the following section examines how lipid
metabolism and atherogenesis amplify these inflammatory processes to drive ischemic CVD progression.

2.4 Lipid Dysregulation, Foam Cell Formation, and Structural Atherogenesis

Atherosclerosis the hallmark of CAD arises from lipid deposition, macrophage infiltration, and smooth muscle cell
migration within arterial walls. Oxidized low-density lipoproteins (oxLDL) are engulfed by macrophages, forming foam
cells that evolve into fibrotic plaques prone to rupture. GPCR signalling further modulates lipid uptake and endothelial
permeability within the vascular wall; dysregulated GPCR pathways amplify monocyte chemotaxis and cytokine release
[38,39], mechanisms explored therapeutically in Section 4.2.2. The immunometabolic dimensions of this lipid-driven
injury including macrophage metabolic reprogramming and VSMC phenotypic plasticity within atherosclerotic lesions
are examined in Section 3.4.

2.5 Cardiometabolic Integration: The Heart-Kidney Axis

The cardio-renal-metabolic axis represents a tightly interconnected system wherein dysfunction in one organ
exacerbates pathology in the others [40]. A large multi-cohort study analyzing data from over 300,000 participants
demonstrated that glycemic status significantly modifies the association between the cardiometabolic index (CMI) and
cardio-renal outcomes, with the highest risk conferred in normoglycemic individuals underscoring the importance of
early metabolic risk stratification beyond conventional glycemic thresholds [41,42].

Therapeutic strategies targeting this axis, particularly SGLT2 inhibitors, have demonstrated substantial cardiorenal
benefit [43]. The detailed mechanisms and trial evidence are examined in Section 4.1.1. Beyond hemodynamic and
metabolic coupling, individual susceptibility to cardiometabolic dysfunction is further shaped by genetic architecture
and epigenetic programming adding a layer of biological complexity that informs precision risk stratification.

2.6 Genetic and Epigenetic Determinants of Cardiovascular Susceptibility

The interplay between genetics and environment in CVD risk has become increasingly evident. Mutations in MTHFR,
APOE, PCSKY9, and LPA genes modulate lipid metabolism and vascular integrity. In parallel, epigenetic modifications
including DNA methylation and histone modifications (acetylation, methylation) respond dynamically to environmental
stimuli such as diet, physical activity, and psychosocial stress [44,45].

Studies have consistently shown that carriers of the MTHFR C677T TT homozygous genotype exhibit elevated plasma
homocysteine levels and increased cardiovascular risk, particularly in the context of low dietary folate intake
highlighting the clinical importance of genotype-guided nutritional interventions [46,47].

Collectively, these epigenetic modifications represent actionable therapeutic targets including histone deacetylase
(HDAC) inhibitors and miRNA modulators [48]. Further details on the context of molecular therapeutics are discussed
in Section 4.3.

2.7 Pathophysiological Networks: A Systems-Level Synthesis

Collectively, these insights support a systems-biology view of CVD, where oxidative stress, mitochondrial dysfunction,
inflammation, and metabolism form a self-reinforcing pathogenic network [49,50]. Disruption of one node propagates
dysfunction throughout the system, leading to progressive structural remodeling, fibrosis, and loss of contractile
capacity [51] (Figure 1).

Figure 1 illustrates the interconnected molecular mechanisms contributing to the onset and progression of CVDs.
Central to the figure is the heart and vascular system, representing the primary targets of these processes. (1) Oxidative
stress and endothelial dysfunction: excessive ROS generation reduces NO bioavailability, leading to vasoconstriction,
leukocyte adhesion, and endothelial inflammatory activation. (2) Mitochondrial dysfunction: impaired oxidative
phosphorylation and mitochondrial DNA (mtDNA) damage decrease ATP production while increasing ROS, promoting
cardiomyocyte apoptosis and metabolic failure. (3) Pro-inflammatory cytokines (IL-6, TNF-q, and IL-1) drive chronic
vascular inflammation and myocardial remodeling; CHIP amplifies this inflammatory burden by generating
proinflammatory immune cell clones with enhanced inflammasome activation, further accelerating CVD progression. (4)
Lipid metabolism and atherogenesis: oxidized low-density lipoprotein (oxLDL) accumulation initiates macrophage
infiltration and foam cell formation, culminating in atherosclerotic plaque development. (5) Genetic and epigenetic
factors: mutations in key genes (e.g., MTHFR, APOE, PCSK9, LPA) and epigenetic alterations, such as DNA
methylation and histone modifications, modulate vascular integrity and inflammatory responses. Collectively, these
pathways form an integrated network of molecular disturbances that precipitate structural remodeling, fibrosis, and
functional decline characteristic of CVD progression.
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Figure 1. Molecular and cellular pathophysiology of CVDs.

Therefore, effective interventions must not only target single pathways but adopt multi-targeted, holistic
strategies—encompassing pharmacological, lifestyle, and molecular approaches. The integration of omics data and
computational modeling is increasingly revealing the systems-level architecture of this pathogenic complexity laying
the biological foundation for the personalized therapeutic strategies developed in Sections 4 and 5
[52,53].Understanding how immune cell energetics and metabolic stress actively coordinate rather than merely respond
to this pathogenic network forms the focus of Section 3, where the cardio-immune crosstalk underlying cardiovascular
injury and repair is examined in depth.

3. Immunometabolism and Cardio-Immune Crosstalk

The concept of immunometabolism—the intersection of immune cell function and metabolic regulation—has
significantly refined contemporary models of CVD. CVDs are no longer viewed solely as disorders of hemodynamics
or lipid imbalance but as chronic inflammatory and metabolic syndromes driven by immune dysregulation,
mitochondrial dysfunction, and maladaptive cellular energetics [54,55]. Experimental and clinical studies have
demonstrated that immune cell subsets—including macrophages, T cells, and monocytes—undergo metabolic
reprogramming that influences cytokine production, plaque stability, and myocardial remodeling [56,57].

A key advance has been the application of single-cell RNA sequencing and spatial transcriptomics to human
atherosclerotic plaques and failing myocardium. These technologies have revealed diverse macrophage and T-cell
subpopulations with distinct metabolic programs, challenging the oversimplified M1/M2 dichotomy and demonstrating
context-dependent immune specialization. Rather than introducing entirely new inflammatory pathways, these
approaches have deepened understanding of cellular plasticity and metabolic rewiring within established inflammatory
frameworks [58,59]. Another emerging refinement involves metabolic checkpoint signalling in immune cells, including
succinate-driven hypoxia-inducible factor-1 alpha (HIF-1a) activation, itaconate-mediated anti-inflammatory feedback,
and trained immunity linked to epigenetic remodeling [60,61].

Another emerging refinement involves metabolic checkpoint signalling in immune cells, including succinate-driven
HIF-1a activation, itaconate-mediated anti-inflammatory feedback, and trained immunity mediated by epigenetic
rewiring of immune cells encompassing promoter demethylation and H3K4me3 histone marks that establish persistent
pro- or anti-inflammatory transcriptional programs [62,63].

In contrast, other aspects of immunometabolism remain investigational. While mitochondrial dysfunction in immune
cells and metabolic shifts toward glycolysis in activated macrophages are strongly supported by preclinical models,
their direct modification as therapeutic strategies in human CVD remains under evaluation [55,64]. Similarly, the
bidirectional metabolic signalling between cardiac tissue and circulating immune populations—although conceptually
compelling—has yet to demonstrate consistent outcome-driven validation in large clinical trials [57,65].

Thus, while the cardio-immune paradigm provides a powerful framework for understanding CVD progression, the
subsections that follow map its mechanistic foundations, immune-aging intersections, and emerging therapeutic
implications charting the translational frontier from compelling biology to clinical application.
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3.1 The Immune Landscape of the Cardiovascular System

The cardiovascular system is increasingly recognized as an immunologically dynamic environment populated by
resident and recruited immune cells that coordinate tissue maintenance and injury responses. Cardiac macrophages
comprising ontogenically distinct resident populations (embryo-derived, self-renewing TIMD4+ LYVEI+ cells) and
recruited monocyte-derived subsets (CCR2+ bone marrow-derived cells) together with dendritic cells and T
lymphocytes, contribute to homeostasis through efferocytosis of apoptotic cells, regulation of extracellular matrix
turnover, and maintenance of electrophysiological integrity [66,67].

Earlier conceptual models categorized macrophages into pro-inflammatory (M1) and reparative (M2) subsets. This
binary framework incompletely captures the spectrum of macrophage phenotypes identified by recent single-cell
transcriptomic and spatial profiling studies. These analyses reveal heterogeneous macrophage populations with context-
dependent metabolic and transcriptional programs that vary across disease stage, tissue niche, and systemic metabolic
status. Rather than discrete M1/M2 states, macrophages exhibit dynamic plasticity along a multidimensional continuum
[68,69].

Metabolic programming remains central to macrophage function. Glycolytic flux, mitochondrial respiration, and
intermediary metabolites influence inflammatory signalling and reparative responses; however, metabolic phenotypes
are not strictly segregated into binary states and may shift in response to microenvironmental cues. Accordingly,
therapeutic strategies aimed at modulating immune metabolism must account for cellular heterogeneity and context-
specific effects [55].

While preclinical studies suggest that dietary interventions and metabolic modulators can influence immune cell
function, robust human cardiovascular outcome data supporting targeted “immunonutrition” remain limited. Thus,
although immune—metabolic coupling represents a compelling mechanistic framework, its translation into clinically
validated cardiovascular therapies requires further prospective investigation [70,71].

3.2 CHIP: From Inflammaging Mechanisms to Precision Cardiovascular Intervention

CHIP represents an age-associated expansion of mutated hematopoietic stem cells that links immune ageing with
heightened inflammatory tone [72,73]. As established in Section 2.3, CHIP-related mutations amplify inflammatory
signalling and accelerate cardiovascular risk functioning as a mechanistic bridge between immune aging and vascular
injury. Within the cardio- immune context, CHIP can therefore be viewed as one component of a broader inflammaging
landscape that shapes immune cell phenotypes and basal inflammatory set- points in older individuals, modulating their
susceptibility to adverse remodelling and therapeutic response [74].

While population-level routine screening protocols are still being defined, emerging evidence including post-hoc
analyses of the CANTOS trial demonstrating greater cardiovascular benefit from IL-1pB inhibition in TET2-CHIP
carriers supports CHIP as an actionable therapeutic target in high-risk individuals [75]. Mutation type, clone size, and
cardiovascular risk profile are increasingly used to guide the intensity of cardioprotective and anti-inflammatory
interventions, positioning CHIP at the frontier of precision cardiovascular medicine [76].

3.3 Inflammaging, Cellular Senescence, and the Senescence-Associated Secretory Phenotype (SASP)-Driven
Cardiovascular Continuum

Aging-related immune dysregulation—termed inflammaging—is characterized by chronic, low-grade inflammation
driven by senescent cells and dysfunctional mitochondria [77]. These senescence-driven circuits intersect with the
CHIP-inflammatory axis established in Section 2.3, forming a compounding biological aging continuum.

Senescent endothelial and cardiac cells adopt a SASP, releasing pro-inflammatory cytokines, growth factors, and matrix
metalloproteinases. While chronic SASP perpetuates endothelial dysfunction, vascular stiffness, and myocardial fibrosis,
emerging evidence indicates that transient senescence and SASP components in the peri-infarct zone may exert context-
dependent cardioprotective and anti-fibrotic effects, highlighting the complexity of targeting senescence therapeutically
[78]. Senescence induction in cardiovascular cells is primarily mediated through the p53/p21 and p16INK4a/Rb tumour
suppressor pathways, which enforce irreversible cell cycle arrest in response to oxidative stress, telomere shortening,
and DNA damage accumulation [79].

Senolytic therapies that selectively eliminate senescent cells represent an emerging therapeutic strategy for attenuating
SASP-driven cardiovascular inflammation their mechanisms, clinical evidence, and limitations are examined in Section
4.2.1.

3.4 Immunometabolic Reprogramming and Plaque Immune Dynamics

Atherosclerosis represents a quintessential immunometabolic disorder wherein lipid metabolism and inflammation are
tightly intertwined. Macrophages, T cells, and smooth muscle cells within atherosclerotic plaques undergo metabolic
reprogramming in response to local lipid accumulation and oxidative stress [41]. Notably, vascular smooth muscle cells
(VSMCs) exhibit remarkable metabolic plasticity, undergoing reprogramming into osteogenic, foam cell-like, and
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macrophage-like phenotypes that actively drive plaque calcification and instability a paradigm shift in understanding
VSMC contributions to atherogenesis [80].

Emerging evidence demonstrates that G protein-coupled receptor (GPCR) signalling plays a pivotal role in modulating
immune cell recruitment and activation within atherosclerotic lesions, acting as a critical bridge between lipid sensing
and vascular inflammation. GPCRs act as metabolic sensors that integrate signals from free fatty acids, sphingolipids,
and oxidative metabolites, thus coordinating immune cell fate decisions [81].

Dysregulation of these receptors leads to exaggerated immune activation and plaque-destabilizing inflammation [82,83],
with therapeutic implications addressed in Section 4.2.2. Reduced NO bioavailability as established in Section 2.1
further amplifies immune cell adhesion and nuclear factor kappa B (NF-kB)-driven inflammation within the
atherosclerotic microenvironment, reinforcing the immunometabolic cycle of plaque progression [84].This self-
perpetuating cardio-immune cycle of atherosclerosis forms the mechanistic foundation for the therapeutic strategies [85],
as addressed in Sections 3.6 and 4.1.2.

3.5 Cardiac Remodeling and Immunometabolic Crosstalk

Following myocardial infarction (MI) or chronic pressure overload, the heart undergoes remodeling, involving
cardiomyocyte hypertrophy, extracellular matrix deposition, and inflammatory infiltration. This remodeling process is
both metabolically and immunologically driven. Activated macrophages and fibroblasts depend on glycolytic flux to
sustain cytokine production and collagen synthesis, while cardiomyocytes shift from fatty acid oxidation toward
glycolysis in response to hypoxia and pressure overload an initially adaptive but ultimately maladaptive metabolic
transition that leads to energetic inefficiency and progressive contractile dysfunction [86,87].

mtDNA released into the cytoplasm under conditions of mitochondrial stress activates innate immune sensors via the
cGAS-STING pathway, triggering IRF3/NF-kB-mediated transcription of pro-inflammatory cytokines and amplifying
sterile inflammation [88,89].

This feedback loop between mitochondrial stress and immune signalling promotes fibrosis and left ventricular
remodeling. Consequently, targeting mitochondrial-immune interactions has emerged as a promising therapeutic
frontier [90,91]. The therapeutic strategies targeting this mitochondrial-immune axis are examined in Section 4.3.

3.6 Immunometabolic Therapeutic Targeting of the Cardio-Immune Axis

Therapeutic innovations increasingly aim to modulate immune metabolism and inflammatory tone, rather than merely
suppressing downstream cytokine signalling. Several classes of drugs have demonstrated immunometabolic benefits
[92]:

(1) SGLT2 inhibitors, originally developed as glucose-lowering agents, also reduce myocardial oxidative stress,
macrophage infiltration, and inflammasome activation in experimental and clinical settings, providing an
immunometabolic rationale that complements their established cardio-renal outcome benefits [93]; their emerging
senotherapeutic properties, including attenuation of SASP-driven signalling and senescence biomarkers, further
examined in Section 4.2.1.

(2) IL-1B antagonists, most notably canakinumab, target the NLRP3-driven inflammatory cascade central to plaque
destabilization and myocardial injury [94,95], with clinical outcome evidence from the landmark CANTOS trial
examined in Section 4.

(3) AMP-activated protein kinase (AMPK) activators such as metformin enhance mitochondrial quality control and
autophagy via the AMPK/mechanistic target of rapamycin (mTOR) axis, restrain NLRP3 inflammasome activity, and
suppress TLR4/NF-kB-driven pro-inflammatory signalling, thereby dampening pathological immune activation in the
cardiovascular setting [96].

(4) Omega-3 fatty acids reduce vascular inflammation and improve endothelial function via specialized pro-resolving
mediators and direct membrane effects, with cardiovascular outcome evidence from high-dose EPA trials; short-chain
fatty acids (SCFAs), generated by gut microbiota fermentation, modulate endothelial function and immune tone via
GPR41/GPR43 activation, though robust clinical cardiovascular outcome data for SCFAs remain limited [97,98].

Furthermore, lifestyle interventions particularly regular aerobic exercise and caloric restriction reprogram immune cell
metabolism toward more oxidative, anti-inflammatory phenotypes via AMPK/PGC-1a activation and inflammasome
suppression, suggesting that behavioral therapies can synergize with pharmacological immunomodulation in
cardiovascular care [99]. The broader clinical evidence base for exercise-based cardiovascular therapeutics examined in
Section 4.1.4.

Notably, while SGLT2 inhibitors, IL- 1 blockade, and omega-3 fatty acids are supported by large cardiovascular
outcome trials, NLRP3 inhibitors, SCFAs, and some AMPK- targeted strategies remain largely in the mechanistic and
early translational stages.
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3.7 Cardio-Immunometabolism: From Network Dysregulation to Precision Intervention

The cumulative evidence from the last decade underscores that metabolic dysfunction and immune activation are
inseparable hallmarks of CVD [100]. The emerging field of cardio-immunometabolism redefines disease classification
from an organ-based to a network-based framework, where immune cells, metabolic pathways, and cardiac tissue form
a tightly coupled ecosystem [101]. Future directions in mapping these cardio-immune interactions at single-cell and
multi-omics resolution are examined [102] (see Section 5.4).

Precision therapeutics targeting immunometabolic regulators including AMPK activators, mTOR inhibitors, and HIF-1a
modulators represent a promising frontier for tailored interventions in HF, atherosclerosis, and cardiomyopathies [64].

Separately, co-inhibitory immune checkpoint pathways such as programmed cell death protein 1 (PD-1)/programmed
death-ligand 1 (PD-L1) and cytotoxic T-lymphocyte associated protein 4 (CTLA-4) are now recognized as endogenous
regulators of vascular inflammation and plaque stability, functionally distinct from but mechanistically connected to
immunometabolic reprogramming. The cardiovascular importance of these pathways is underscored by the accelerated
atherosclerosis and immune-mediated myocarditis observed when checkpoint inhibitor therapies block PD-1/CTLA-4 in
cancer patients, confirming that intact checkpoint signalling is essential for vascular homeostasis [103].

4. Novel Therapeutic Insights in CVD Management

Over the past decade, advances in cardiovascular therapeutics have increasingly aligned with a deeper mechanistic
understanding of disease biology [104]. Rather than representing isolated pharmacologic innovations, contemporary
interventions can be conceptualized along distinct yet interconnected biological axes: metabolic regulation,
inflammatory and senescence modulation, mitochondrial and organelle reprogramming, epigenetic rewiring, immune
aging modulation, systems-level precision integration, and regenerative reconstruction. This framework reflects the
layered pathophysiology of CVD, spanning systemic cardiometabolic stress, immune dysregulation, immune aging and
clonal hematopoiesis, mitochondrial dysfunction, epigenetic reprogramming, and tissue remodeling and provides a
structured lens through which emerging therapies can be critically evaluated [105]. The following sections are therefore
organized according to this hierarchical model, emphasizing both the mechanistic rationale and the translational
maturity defined here as the progression from preclinical proof-of-concept through phase II/III clinical trial validation
of each therapeutic domain.

4.1 Metabolic Modulation

CVD progression is closely linked to systemic metabolic imbalance, including dysregulated glucose utilization, lipid
excess, and reduced capacity of the myocardium and vascular tissues to adapt to changing energy demands.
Interventions targeting metabolic pathways therefore constitute a foundational therapeutic axis. The following
approaches illustrate how pharmacologic, nutritional, and lifestyle strategies can modify metabolic drivers of
cardiovascular risk and influence disease trajectory.

4.1.1 SGLT2 Inhibitors and Metabolic Modulation

Sodium-glucose cotransporter-2 (SGLT2) inhibitors have emerged as cornerstone agents in cardio-renal-metabolic
medicine, reducing HF hospitalizations and slowing CKD progression across diverse risk profiles. Originally introduced
for type 2 diabetes, agents such as empagliflozin and dapagliflozin have redefined cardiovascular pharmacology by
demonstrating robust benefits that extend beyond glycemic control [106,107].

These drugs exert pleiotropic cardioprotective effects, including reduced oxidative stress, modulation of inflammatory
signalling, and improved myocardial energetics. A recent systematic review and multidomain synthesis confirmed that
SGLT2 inhibitors consistently reduce HF-related hospitalizations and cardiovascular mortality, deliver early
improvements in patient-centered outcomes, and enhance endothelial function, establishing their role as disease-
modifying therapies regardless of ejection fraction or diabetes status [106].

Mechanistically, SGLT?2 inhibition promotes a more efficient cardiac energetic profile through enhanced ketone body
utilization as an oxygen-efficient alternative fuel for cardiomyocytes [108], restoration of mitochondrial function via
reduced oxidative stress and improved calcium handling, and suppression of cardiac fibrosis through anti-inflammatory
and anti-TGF-B-mediated pathways collectively exemplifying metabolic remodeling as a validated therapeutic target in
HF management [109].

4.1.2 PCSKO Inhibitors and Lipid Regulation

In parallel, proprotein convertase subtilisin/kexin type 9 (PCSK?9) inhibitors, notably alirocumab and evolocumab, have
demonstrated potent low-density lipoprotein cholesterol (LDL-C) lowering effects by promoting LDL receptor
recycling. Recent evidence suggests that PCSK9 inhibition not only decreases lipid burden but also exerts anti-
inflammatory and plaque-stabilizing effects, thereby reducing recurrent cardiovascular events [110,111]. The combined
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PCSK9 and statin therapy significantly reduced adverse cardiovascular outcomes in high-risk populations, validating
dual-lipid-targeting approaches as a clinical standard for atherosclerotic disease management [112,113].

Nonetheless, a subset of patients demonstrates suboptimal LDL-C reduction or limited clinical event reduction despite
profound lipid lowering. Factors contributing to reduced responsiveness include genetic variants affecting LDL receptor
function (e.g., familial hypercholesterolemia with LDLR-null mutations). Additionally, lipoprotein(a) is only partially
reduced by PCSK?9 inhibition (~25%-30%), with residual Lp(a)-mediated cardiovascular risk persisting despite therapy.

Additionally, advanced calcified plaque phenotypes and long-standing atherosclerotic disease may derive less relative
benefit despite profound LDL lowering. These findings highlight the need for genotype-informed therapy selection and
integration of lipid-inflammatory profiling as foundational pillars of precision-guided cardiovascular risk reduction
[111], which complementing the metabolic reprogramming strategies outlined in Section 4.1.1.

4.1.3 Nutrigenomics, Precision Nutrition, and Genotype-Guided Dietary Therapeutics

Translating the genetic and epigenetic mechanisms established in Section 2.6 into clinical practice, nutrigenomics
enables molecularly targeted dietary strategies that move beyond population-level guidelines toward genotype-informed
cardiovascular prevention [114]. The integration of Al-driven nutrigenomic profiling allows individualized dietary
interventions tailored to genetic predispositions. Al-based nutritional models can now predict these responses, enabling
personalized dietary plans rich in folate, omega-3 fatty acids, and polyphenols to mitigate vascular damage [115].
Broader Al clinical applications addressed in Section 4.4.

Functional foods containing bioactive peptides, plant sterols, and flavonoids are increasingly recognized for their ability
to modulate lipid metabolism, endothelial health, and systemic inflammation [116]. The integration of nutrigenomics
into cardiovascular care reframes dietary intervention as a molecularly targeted strategy complementing
pharmacological approaches [117], outlined in Sections 4.1.1 and 4.1.2 and establishes genotype-informed nutrition as
an essential pillar of precision cardiovascular prevention. Collectively, these approaches position precision
immunonutrition as a complementary pillar of cardiovascular prevention alongside pharmacological strategies in
Sections 4.1.1 and 4.1.2.

4.1.4 Exercise-Based and Lifestyle Therapeutics

Beyond pharmacology, lifestyle modification and structured exercise remain cornerstone therapies for cardiovascular
prevention and rehabilitation. A meta-analysis demonstrated that combined aerobic and resistance training significantly
reduces all-cause mortality and major adverse cardiovascular events in CAD patients, with evidence also supporting
reductions in HF-related hospitalizations [118].

At the cellular level, exercise enhances eNOS activity, increases mitochondrial density, and reduces systemic
inflammation via AMPK activation. Regular physical activity also modulates gut microbiome composition, promoting
beneficial metabolites such as SCFAs that exert cardioprotective effects through immune-metabolic signalling [119].

Nevertheless, translational complexity persists. Dose—response relationships vary across age groups, comorbidity
burden, sex, and baseline cardiorespiratory fitness. High-intensity interval training and moderate continuous training
yield differential physiological adaptations, and adherence rates remain a significant determinant of real-world
effectiveness. Furthermore, some trials report heterogeneous improvements in ventricular remodeling and inflammatory
biomarkers, underscoring that exercise prescriptions require personalization rather than uniform recommendations
[120,121].

Complementarily, interventions such as mindfulness-based stress reduction (MBSR) and sleep optimization
demonstrate beneficial autonomic and inflammatory effects; however, outcome-driven cardiovascular endpoints remain
limited, and long-term adherence remains variable [122].

4.2 Inflammatory & Senescence Targeting

Beyond metabolic dysregulation, persistent immune activation and age-associated cellular senescence contribute to
vascular dysfunction and adverse cardiac remodeling. Therapeutic strategies within this domain aim to attenuate
maladaptive inflammatory signalling and modify the cellular milieu that sustains chronic tissue injury. The following
interventions target immune amplification pathways and senescence-related processes implicated in cardiovascular
progression.

4.2.1 Senolytics, Senotherapeutics, and Inflammaging-Targeted Interventions

Senolytic agents, including dasatinib, quercetin, and fisetin, have emerged as novel interventions targeting cellular
senescence and inflammaging, which are critical contributors to vascular stiffness and myocardial dysfunction
[123,124]. In preclinical models and early clinical studies, dasatinib—quercetin combinations have demonstrated
clearance of senescent cells with associated improvements in vascular elasticity, endothelial function, and attenuation of
SASP-driven inflammation [125,126].
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Anti-inflammatory biologics most notably canakinumab have validated IL-1p inhibition as a therapeutic target in post-
MI patients, as established in Section 3.6; their mechanistic intersection with senolytic strategies represents an emerging
combinatorial frontier in cardiovascular aging [127,128].

Emerging experimental evidence suggests that SGLT2 inhibitors may function as pragmatic senotherapeutics in CVD.
Beyond their established cardiorenal benefits, SGLT2 inhibition attenuates senescence-associated markers (e.g., SA-B-
gal, pl6, p21) and suppresses SASP-driven inflammatory signalling in endothelial cells, cardiomyocytes, and vascular
tissue. These effects are accompanied by improved NO bioavailability, reduced arterial stiffness, and attenuation of
myocardial fibrosis [129]. Mechanistically, SGLT2 inhibitors activate AMPK/SIRT1 signalling, inhibit mTOR and NF-
kB pathways, reduce oxidative stress, restore mitochondrial homeostasis, and enhance autophagic flux pathways central
to the initiation and propagation of cellular senescence, mechanistically converging with the AMPK-mediated
immunometabolic reprogramming described for metformin in Section 3.6. Notably, preclinical studies suggest that
canagliflozin may reduce senescent cell burden via AMPK-dependent immune modulation, raising the possibility of
context-dependent senolytic activity [129].

In parallel, dedicated senolytics—such as dasatinib—quercetin combinations and BCL-2 family inhibitors—have
demonstrated proof-of-concept clearance of senescent cells and improvements in vascular and metabolic phenotypes in
early-phase studies, although definitive cardiovascular outcome data remain lacking [130]. Conceptually, combining
SGLT?2 inhibitors with targeted senolytics may offer synergistic benefits by concurrently targeting inflammaging and
metabolic stress, which represent a next-generation precision strategy for cardiometabolic aging, building on the
metabolic remodeling effects detailed in Section 4.1.1; however, this strategy remains hypothetical and will require
dedicated trials to establish safety and efficacy.

4.2.2 GPCR Modulators and Novel Drug Targets

GPCRs have emerged as master regulators of vascular tone and inflammation, with growing evidence supporting their
modulation as a therapeutic strategy in CVD [17]. Novel GPCR modulators targeting angiotensin II type 2 receptors
(AT2R) and adenosine A2A receptors show particular promise AT2R activation mediating NO-dependent vasodilation
and NF-«B inhibition, and A2A receptor agonism suppressing neutrophil-endothelial adhesion and platelet activation
via cAMP-PKA anti-inflammatory signalling collectively attenuating endothelial inflammation and ischemia-
reperfusion injury [131,132]. Collectively, these findings position selective GPCR modulation particularly targeting
AT2R and adenosine A2A receptors as a promising pharmacological avenue for precision vascular protection,
complementing established renin-angiotensin-system therapies [131,132].

4.3 Mitochondrial & Epigenetic Reprogramming

This therapeutic domain targets intracellular regulatory mechanisms that govern cellular resilience and remodeling. By
focusing on mitochondrial function and epigenetic control of gene expression, these strategies aim to modify
pathological signalling at the organelle and transcriptional level rather than solely addressing upstream metabolic or
inflammatory drivers complementing the pharmacological and anti-inflammatory strategies outlined in the preceding
sections.

Mitochondrial biology has re-emerged as a focal point in cardiovascular drug discovery, driven by the recognition that
dysfunctional mitochondria through excess ROS generation, impaired ATP synthesis, and dysregulated apoptotic
signalling represent tractable therapeutic targets in both HF and ischemic heart disease. Emerging therapies include
mitochondria-targeted antioxidants (e.g., MitoQ, SkQ1), PGC- la activators, and cardiolipin stabilizers, which aim to
restore myocardial bioenergetics and limit mitochondrial injury. MitoQ has demonstrated improvements in endothelial
function and arterial stiffness in early-phase human trials, while SkQ1 shows cardioprotection in preclinical aging
models; however, most agents remain in preclinical or early translational stages, and prior antioxidant strategies have
yielded inconsistent clinical results [133] reflecting the persistent challenge of translating mitochondrial modulation into
durable clinical benefit.

Translational failure in this domain stems from four interconnected barriers. First, mitochondrial dysfunction in HF and
IHD is multifactorial encompassing excess ROS, impaired OXPHOS, disrupted Ca?* handling, and defects in
mitochondrial dynamics and mitophagy such that single-pathway interventions, particularly those targeting ROS
scavenging exclusively, are mechanistically incomplete and may suppress adaptive redox signalling. This is exemplified
by MitoTEMPO, which increased 28-day mortality in a murine sepsis model despite its antioxidant rationale [134,135].
Second, most mitochondrial agents rely on lipophilic cations such as TPP* for matrix accumulation via membrane
potential-dependent uptake; however, diseased myocardium commonly exhibits mitochondrial depolarization, reducing
on-target delivery while promoting off-target accumulation in liver and kidney [136]. The clinical trajectory of
elamipretide illustrates this dilemma: despite consistent improvements in mitochondrial ultrastructure and left
ventricular function across preclinical models, Phase II/III trials failed to meet primary functional endpoints
underscoring the preclinical-clinical translation gap [137]. Third, clinical populations with HF or IHD differ
fundamentally from experimental models characterized by advanced age, multimorbidity, polypharmacy, and variable
discase staging factors that attenuate pharmacodynamic responses and complicate dose optimization. Cariporide
exemplifies this discrepancy: despite reducing ischemia-reperfusion injury experimentally and achieving its primary
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composite endpoint in EXPEDITION, it was associated with excess cerebrovascular mortality, precluding clinical
adoption [138,139]. Fourth, the absence of validated mitochondrial biomarkers for patient stratification and target
engagement hampers precision deployment, as most trials enroll heterogeneous cohorts without phenotyping
bioenergetics, redox status, or mitophagic flux [140].

Successful mitochondrial therapeutics will therefore likely require multi-modal strategies addressing bioenergetics,
redox balance, and quality control integratively; improved targeting systems independent of membrane potential;
biomarker-guided patient selection; and trial designs reflecting the temporal complexity of human cardiac disease [141].

Similarly, epigenetic therapies including class I/Il HDAC inhibitors and microRNA (miRNA) modulators such as miR-
21 and miR-133 have shown promise in experimental models of cardiac hypertrophy and fibrosis through
transcriptional reprogramming of pathological gene expression. However, off-target epigenome-wide effects, long-term
safety concerns, and cardiac-specific delivery limitations remain unresolved barriers to clinical translation [142,143].

4.4 Systems-Level Precision Integration

In contrast to pathway-specific interventions, this domain focuses on integrating multidimensional clinical and
molecular data to refine risk stratification and therapeutic selection. Systems-level approaches leverage computational
modeling, multi-omics profiling, and digital monitoring to align treatment strategies with individual disease trajectories.
The following sections examine tools designed to enhance precision in cardiovascular decision-making.

Al-assisted monitoring and digital therapeutic integration: Digital health technologies and Al-assisted monitoring are
increasingly embedded within cardiovascular therapeutic workflows enabling real-time arrhythmia detection, HF
decompensation prediction, and adaptive medication optimization at the point of care [144]. These approaches provide
the infrastructure for precision stratification discussed conceptually in the Introduction and operationalized in Section
5.1

Emerging digital twin technology represents a particularly promising frontier in therapeutic Al generating patient-
specific computational cardiovascular models that simulate disease trajectories and predict individualized responses to
pharmacological and device-based interventions, enabling prospective treatment optimization before clinical
implementation [145]. Al-guided adaptive dosing algorithms are further transforming therapeutic management in HF,
anticoagulation, and antihypertensive therapy dynamically adjusting drug titration in response to continuous
physiological data streams from wearable biosensors, reducing adverse events and improving target attainment
compared to standard protocol-driven approaches [146]. At the systems level, remote patient monitoring ecosystems
integrating wearable sensors, implantable devices, and Al-powered clinical decision support platforms are enabling a
shift from episodic hospital-based care toward continuous community-based cardiovascular management a transition
with profound implications for both therapeutic efficacy and healthcare resource utilization [147].

Machine learning models integrating multi-omics datasets further enhance prediction of disease trajectories and drug
responsiveness [148], capabilities explored in the context of systems biology in Section 5.4 (Figure 2). Despite these
advances, substantial translational barriers including algorithmic bias, limited prospective validation, and inequitable
deployment temper clinical adoption [149,150], as critically appraised in Section 5.1.
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Figure 2. Novel therapeutic insights in CVD management (2020-2026).
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This figure illustrates the integrated precision therapeutic strategies in CVD management, organized across five
interconnected domains: metabolic and cardioprotective pharmacology, inflammatory and senescence targeting,
mitochondrial and epigenetic reprogramming, systems-level precision integration, and regenerative reconstruction.
Arrows and connectors denote mechanistic and clinical interdependencies between domains, reflecting the convergence
of multi-omics profiling, digital health technologies, and precision phenotyping toward individualized, preventive, and
regenerative cardiovascular care.

4.5 Regenerative Reconstruction

Beyond modifying disease pathways, regenerative strategies aim to restore structural and functional integrity of
damaged cardiovascular tissue. This domain encompasses approaches designed to repair or replace injured myocardium
and vasculature through bioengineering, cellular therapies, and tissue reconstruction. The following section considers
emerging efforts to transition from disease control toward biological restoration.

From a systems-level perspective, the ultimate goal of cardiovascular therapeutics extends beyond disease management
to regeneration and repair. Advances in 3D bioprinting and stem cell engineering explored in depth in Section 5.3 are
paving the way for tissue-engineered vascular grafts and myocardial patches capable of reversing rather than merely
managing structural cardiovascular damage [151,152].

The integration of multi-omics data, immunometabolic modulation, and regenerative medicine is poised to define the
next era of cardiovascular therapy one rooted in systems-level precision medicine and oriented toward reversing, rather
than merely controlling, the biological substrates of disease progression [153].

The translational barriers to clinical implementation including immune compatibility, construct vascularization,
electromechanical integration, and regulatory complexity re critically examined in Section 5.3.

5. Emerging Technologies and Future Directions

The preceding sections examined therapeutic strategies targeting established CVD pathways. Section 5 shifts the
perspective toward emerging technologies and future directions exploring how artificial intelligence (Al), nanomedicine,
and regenerative engineering are converging to redefine the boundaries of cardiovascular diagnosis, treatment, and
repair. Where current therapies modify disease, these emerging tools aspire to predict, intercept, and ultimately reverse
it.

5.1 AI-Powered Cardiovascular Diagnostics, Prognostication, and Translational Challenges

Al and machine learning (ML) have demonstrated particular strength in cardiovascular diagnostics, with deep- learning
echocardiography and cardiac magnetic resonance imaging (MRI) analytics achieving diagnostic precision that can
surpass conventional visual interpretation for early diastolic dysfunction and subclinical myocardial fibrosis.
Electrocardiogram (ECG)-integrated Al models have shown promising performance in predicting sudden cardiac death
and atrial fibrillation recurrence, while Al-guided drug discovery platforms accelerate candidate identification through
computational simulation of molecular docking, pharmacokinetics, and toxicity profiles [154,155].

However, critical translational barriers persist. Supervised learning models despite strong endpoint-specific
performance remain vulnerable to dataset shift and algorithmic bias in underrepresented populations, while
unsupervised approaches lack clinical interpretability and require extensive validation before guideline integration.
Most algorithms have been developed in single-center or homogeneous cohorts, and evidence that Al-powered
platforms improve hard cardiovascular outcomes and health equity beyond standard care remains preliminary [149].

Al should therefore presently be viewed as a decision-support adjunct rather than an autonomous driver of
cardiovascular care, pending robust evidence from multicenter outcome trials [156]. Realizing its full potential will
require multicenter prospective trials demonstrating not only enhanced prediction metrics but also improved patient
outcomes and reduced health disparities—alongside robust regulatory frameworks and equity-focused deployment
strategies.

5.2 Nanotechnology and Smart Drug Delivery Systems

Nanomedicine represents one of the most promising emerging platforms in precision cardiovascular therapeutics.
Nanoparticles—engineered to deliver drugs, genes, or imaging agents enable site-specific targeting of atherosclerotic
plaques, ischemic myocardium, or inflamed endothelium while potentially minimizing systemic toxicity [157].

Preclinical and early translational studies have demonstrated the potential of liposomal carriers, polymeric nanoparticles,
and exosome-based nanocarriers in delivering antioxidants, small interfering RNAs (siRNAs), and anti-inflammatory
molecules directly to diseased vascular tissues. These nanosystems exploit endothelial adhesion molecules (such as
vascular cell adhesion molecule 1 (VCAM-1) and Intercellular adhesion molecule 1 (ICAM-1)) for vascular homing,
thereby enhancing local bioavailability and therapeutic precision at the cost of increased formulation complexity and
challenges in large- scale manufacturing and quality control [158]. Emerging “smart” nanocarriers combine biosensing
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and therapeutic capabilities, enabling responsive drug release in reaction to local stimuli such as pH, oxidative stress, or
enzyme activity; for example, nitric- oxide-releasing nanoparticles are under preclinical evaluation for restoring
endothelial function and reducing reperfusion injury in ischemic heart disease [159].

In comparative terms, inorganic and metallic nanoparticles often offer superior imaging contrast or payload stability but
raise long-term safety concerns related to persistence and off- target accumulation, whereas biodegradable polymeric
and lipid- based systems are more biocompatible yet may have less precise physicochemical control and batch- to- batch
reproducibility. Regulatory pathways for complex nanomedicines remain less mature than for small molecules, and
robust phase II/11I cardiovascular outcome trials are largely lacking. Thus, while nanotechnology holds high promise for
targeted delivery in CVD, its current role is best characterized as preclinical or early translational, with clinical
deployment likely to begin in narrowly defined indications where conventional formulations have clearly failed,
positioning nanomedicine as a complementary rather than competing platform within the broader precision
cardiovascular therapeutics framework [158,160].

5.3 Regenerative Cardiovascular Medicine: Stem Cells, Bioprinting, and Gene-Edited Therapeutics

Among regenerative strategies, stem cell biology and 3D bioprinting represent some of the most clinically advanced
experimental approaches, yet the field remains heterogeneous in evidence strength and readiness for routine practice
[161].

Next-generation bioprinted cardiac constructs are advancing beyond structural vascularization toward
electromechanically integrated myocardial substitutes incorporating conductive biomaterials such as carbon nanotubes
and gold nanowires to synchronize contractile signalling, and innervation scaffolds seeded with neural progenitors to
restore autonomic regulation of graft function [162].

Induced pluripotent stem cells (iPSCs) can be differentiated into cardiomyocytes, vascular cells, and fibroblasts,
forming patient- specific myocardial patches capable of partially restoring contractile function after infarction in small
and large animal studies. At the same time, early clinical trials of cell-based therapies in HF and ischemic
cardiomyopathy have yielded modest and sometimes inconsistent benefits, often limited by poor cell engraftment,
variable functional integration, and challenges in standardized manufacturing with arrhythmogenic risk most
pronounced with earlier-generation cell therapies rather than iPSC-derived cardiomyocytes, which have demonstrated
an acceptable safety profile in preclinical models [161].

Gene-editing strategies in cardiovascular regenerative medicine demand not only platform selection (most commonly
CRISPR/Cas9) but equally critical vector choices, each carrying distinct translational trade-offs. Adeno-associated viral
(AAV) vectors are small, non-integrating, replication-deficient viruses that package single-stranded DNA and have
emerged as the most validated cardiac delivery systems; serotypes AAV9 and AAV6 in particular demonstrate high
cardiomyocyte tropism and durable transgene expression suited to long-term gene correction. However, their limited
packaging, pre-existing neutralizing antibodies in a significant patient proportion, and manufacturing scalability
constraints collectively limit broader applicability. Non-viral systems, principally ionizable lipid nanoparticles (LNPs),
are emerging as compelling alternatives, offering lower immunogenicity, flexible payload capacity, and industrial-scale
manufacturability; recent preclinical work has demonstrated efficient cardiomyocyte transfection and negligible
inflammatory perturbation in vivo. Non-viral platforms currently achieve lower transduction efficiency and less durable
expression in post-mitotic cardiac tissue than AAV, and cardiac-specific targeting remains technically demanding.
Consequently, a context-dependent framework is emerging: AAV serotypes are preferred for durable monogenic
correction in low anti-AAV-titre subgroups, while LNPs are better suited for transient, repeat-dosable, or dose-titratable
therapeutic applications, a complementarity likely to define the clinical architecture of cardiovascular gene therapy.

The next generation of regenerative therapies involves gene-edited and immunologically compatible cells, utilizing
CRISPR/Cas9 to correct pathogenic mutations or enhance graft survival, as well as extracellular vesicle (EV)-based
products—particularly exosomes derived from mesenchymal stem cells—that aim to capture paracrine benefits without
the risks of live-cell transplantation [163,164]. Compared with cell therapies, EV-based approaches may offer
improved safety, storage, and dosing control, but potency assays, long-term safety, and regulatory frameworks are still
evolving. Overall, regenerative strategies remain largely within phase I/II translational domains, with their integration
into standard care dependent on demonstrating durable functional improvement, acceptable arrhythmia risk, and
scalable production milestones that will define whether regenerative medicine fulfills its promise as the final frontier of
CVD reversal [165].

5.4 Multi-Omics Integration and Systems Biology

CVDs result from complex interactions among genomic, epigenomic, transcriptomic, proteomic, metabolomic, and
microbiomic factors alongside environmental exposures that are incompletely captured by the single-dimension
biomarkers underpinning conventional risk algorithms [166].

Network-based systems-biology models can map molecular interactions underlying myocardial remodeling,
atherosclerosis, and arrhythmogenesis, and integrative omics studies have linked mitochondrial gene-expression
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signatures with immune activation and metabolic stress [167], reinforcing the concept of cardio-immunometabolic
coupling discussed earlier.

However, multi-omics platforms differ substantially in their current clinical relevance: while individual polygenic risk
scores have historically added only modest incremental discrimination over established clinical scores, newer combined
approaches integrating polygenic, metabolomic, and clinical biomarker data demonstrate substantially improved risk
stratification particularly in intermediate-risk populations. Transcriptomic and metabolomic signatures, though more
dynamic and pathway-proximal, remain technically demanding and costly to implement at scale [168].

Despite the analytical power of Al-driven mining of multi-omics datasets, most resulting classifiers and biomarker
panels remain exploratory and have not been prospectively tested to guide therapy in randomized cardiovascular trials
[150].

In the near term, a pragmatic approach may involve layering selected omics markeparticularly metabolomic and
polygenic scores onto established risk algorithms in intermediate-risk or genetically high-risk subgroups, rather than
attempting wholesale replacement of current clinical decision frameworks [169].

5.5 Global Health Equity and the Digital Divide

While technological innovation has revolutionized cardiovascular care in high-income settings, persistent structural
disparities spanning access, affordability, and health infrastructure have created a widening cardiovascular technology
gap between regions with advanced infrastructure and those with constrained resources. Low- and middle-income
countries (LMICs) continue to bear a disproportionate share of the cardiovascular burden, accounting for nearly 80% of
global CVD deaths, and face significant barriers related to cost, infrastructure, workforce, and stable connectivity [170].

Implementation studies demonstrate that digital cardiovascular tools can be adapted to resource-limited settings:
community-based screening programs in rural India have used smartphone-linked single-lead ECG devices operated by
trained community health workers to identify atrial fibrillation and other arrhythmias, enabling earlier referral within
primary-care systems [171]. Telecardiology networks in sub-Saharan Africa have expanded access to specialist
consultation for HF and structural heart disease, improving diagnostic timeliness and reducing unnecessary transfers,
although sustainability and coverage remain uneven [172]. These experiences highlight that digital tools may amplify
existing inequities if deployed without representative LMIC training datasets, culturally adapted interfaces, and
reimbursement frameworks that support decentralized care delivery [170]. Thus, narrowing the cardiovascular digital
divide will require not only technological availability but also inclusive design, mitigation of algorithmic bias, and
context-specific implementation strategies that align with local infrastructure and financing models [173-174].

5.6 The Future of Cardiovascular Medicine: Integration, Equity, and Translational Responsibility

The future of cardiovascular care lies in integration, personalization, and prevention rather than in any single
technological breakthrough. The convergence of Al, multi-omics, immunometabolism, regenerative engineering, and
targeted therapeutics is poised to shift the clinical paradigm from reactive treatment to proactive disease interception.
Over the coming decade, clinicians may increasingly employ digital twins as introduced in Section 4.4 as
pre-intervention simulation platforms, although their integration currently remains at proof- of- concept stage [153].

Advances in quantum computing, synthetic biology, and nanorobotic surgery will likely expand the theoretical frontier
of cardiovascular intervention, yet their near-term impact remains contingent on overcoming substantial regulatory,
safety, and cost hurdles. Across all emerging domains, a critical distinction must be maintained between technologies
ready for guideline-level integration such as selected Al diagnostic tools and validated remote monitoring platforms and
those still firmly in the investigational realm, including most regenerative therapies, nanorobotics, and multi-omics-
guided decision systems [150].

Ultimately, the measure of this technological evolution will not be its molecular sophistication but its capacity to reduce
cardiovascular morbidity and mortality equitably across diverse populations and healthcare systems. Achieving this
requires rigorous evidence generation, ethical stewardship, and interdisciplinary collaboration ensuring that the promise
of predictive, preventable, and potentially reversible CVD translates into tangible, globally inclusive health benefit
[170].

6. Conclusion

Despite decades of therapeutic progress, CVDs remain the leading cause of preventable death worldwide a reality that
demands not only scientific innovation but a fundamental reimagining of how cardiovascular care is delivered. The
period spanning 2020-2026 has witnessed substantial and accelerating progress in understanding the molecular,
metabolic, and immunological foundations of cardiovascular pathology. Modern cardiovascular research now
recognizes CVDs not as isolated disorders of the heart and vasculature, but as systemic, multifactorial syndromes
shaped by intricate interactions among genetics, metabolism, inflammation, environment, and lifestyle.
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Emerging evidence underscores the pivotal role of mitochondrial dysfunction, oxidative stress, immune cell
reprogramming, and immunometabolic dysregulation in disease progression. Simultaneously, transformative advances
in pharmacological therapies including SGLT2 inhibitors, PCSK9 modulators, senolytics, and anti-inflammatory
biologics are redefining the therapeutic paradigm. These interventions now extend beyond symptomatic relief to target
the fundamental molecular architecture of disease, enabling meaningful modification of cardiovascular trajectories
rather than mere event suppression.

Beyond pharmacotherapy, the integration of nutrigenomics, precision nutrition, and exercise physiology has broadened
the scope of cardiovascular care toward personalized and preventive medicine. The application of Al, multi-omics
analysis, and regenerative technologies including 3D bioprinting and stem cell-based therapies—offers transformative
potential for early detection, tissue repair, and individualized treatment strategies.

The future of cardiovascular medicine will hinge on the purposeful convergence of three interdependent pillars:
integration, personalization, and equity. Integration refers to the seamless convergence of genomics, digital health, and
clinical data into unified systems capable of real-time disease modeling and predictive analysis. Through such
integration, clinicians will be able to identify molecular abnormalities and physiological deviations long before the
onset of clinical symptoms. Personalization, in turn, will enable the tailoring of interventions to each patient’s unique
genetic, metabolic, and environmental profile, allowing for therapeutic strategies that are both precise and dynamically
adaptable. Finally, equity must serve as the ethical foundation of these innovations, ensuring that technological progress
and advanced cardiovascular care extend beyond high-income nations to benefit populations in low- and middle-income
countries, where the burden of CVD remains most severe. Together, these principles do not merely describe a future
aspiration they define the minimum standard to which the next generation of cardiovascular medicine must be held.

Ultimately, the convergence of molecular cardiology, Al, and regenerative science is transforming the field from a
reactive discipline into one that is predictive, preventive, and regenerative. The next generation of cardiovascular
medicine will be defined not by its technological sophistication alone, but by its capacity to extend healthy life, reduce
suffering, and deliver equitable cardiovascular health to every population, fulfilling medicine's most fundamental
promise: that scientific progress serves humanity not selectively, but universally.
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