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ABSTRACT: Circadian rhythms play a crucial role in regulating physiological processes, and disruptions 

caused by aging, shift work, or irregular schedules are closely associated with metabolic dysfunction and 

accelerated cardiovascular aging. Age-related declines in circadian clock function contribute to metabolic 

imbalances and cardiovascular decline through pathways involving inflammation, oxidative stress, and 

mitochondrial dysfunction. Research has identified complex molecular networks linking circadian dysregulation 

to metabolic disorders and cardiovascular diseases, highlighting potential therapeutic targets such as sirtuin 1, 

peroxisome proliferator-activated receptor α, and reverse erythroblastosis virus α. Interventions based on 

circadian principles—such as time-restricted eating, chronotherapy, lifestyle modifications, and light therapy—

exhibit promise in mitigating cardiovascular aging. However, several of these strategies require further 

validation in older adults, and challenges persist in clinical implementation owing to a lack of large‑scale trials, 

population diversity, and real‑world barriers. This review synthesizes current mechanistic evidence and 

underscores the necessity for personalized circadian‑based approaches to enhance cardiovascular health in 

aging populations. 
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INTRODUCTION 

 

Circadian rhythms are evolutionarily conserved across 

mammals, regulating essential physiological functions 

such as sleep–wake cycles, hormone secretion, and 

metabolic homeostasis [1]. Since the 1970s, research has 

established that cardiovascular functions, including blood 

pressure and heart rate, exhibit intrinsic circadian patterns, 

with the “morning surge phenomenon (early-morning 

blood pressure elevation)” identified as a key risk factor 

for acute cardiovascular events [2]. Further studies have 

demonstrated that circadian rhythms also closely regulate 

processes vital to cardiovascular health, including glucose 

metabolism, lipid homeostasis, and insulin secretion [3,4].  

Emerging evidence suggests that circadian disruptions—

such as those caused by shift work or irregular sleep—

contribute to metabolic disorders such as diabetes and 

obesity, which in turn increase the risk of hypertension, 

atherosclerosis, and other cardiovascular diseases [5,6]. 

Molecular studies in the early 21st century identified core 

clock genes (for example, Clock, Bmal1, Per, and Cry), 

whose mutations or dysregulation significantly affect 

metabolic and cardiovascular functions [7–9]. Peripheral 

tissues, including hepatic, adipose, myocardial, and 

vascular smooth muscle tissues, contain autonomous 

circadian clocks that synchronize with the central clock in 

the suprachiasmatic nucleus (SCN) to maintain 

metabolic–cardiovascular homeostasis [10,11]. 

Disruption of this central–peripheral synchronization 

accelerates vascular aging and cardiovascular disease 

progression through chronic inflammation, oxidative 

stress, and endothelial dysfunction (Fig. 1A) [12–14].  

Importantly, metabolic dysfunction and circadian 

disruption interact synergistically, exacerbating 
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cardiovascular aging [15]. As individuals age, the 

expression of core clock genes declines, eliciting 

metabolic imbalances and functional deterioration of the 

cardiovascular system [16]. For the purposes of this 

review, cardiovascular aging is defined as a progressive, 

multifactorial process characterized by (1) arterial 

stiffening and endothelial senescence; (2) cardiomyocyte 

hypertrophy, fibrosis, and mitochondrial decline; (3) 

electrophysiological remodeling and elevated arrhythmia 

risk; (4) impaired adaptive homeostasis and increased 

susceptibility to stress. This process is driven by intrinsic 

aging and aggravated by extrinsic factors, including 

circadian disruption, metabolic disease, and 

inflammation. 

Systems biology approaches have revealed complex 

networks connecting circadian disruption, metabolic 

dysfunction, and cardiovascular aging [17–19]. 

Nevertheless, critical gaps persist, particularly concerning 

the functional diversity of clock genes across various 

cardiac cell types and the clinical applicability of 

circadian-based interventions. This review consolidates 

the most recent findings regarding the molecular 

mechanisms linking circadian rhythms, metabolic 

disorders, and cardiovascular aging; addresses ongoing 

controversies; outlines evidence-based clinical 

interventions. By incorporating circadian biology into 

cardiovascular care, we aim to establish a framework for 

personalized strategies to alleviate aging-related 

cardiovascular risk. 

 

 
Figure 1. The development process and basic overview of the field of circadian rhythm research. (A) Timeline of major findings 

in circadian rhythms research ranging from the mid-20th century to now days; (B) Central and peripheral clocks: the central clock is 

located in the suprachiasmatic nucleus, then synchronises the peripheral clocks, found in all cells, via multiple direct and indirect 

routes. The peripheral clocks, control the circadian rhythm of several systems, including the endocrine, gastrointestinal, 

cardiovascular and respiratory system; (C) Core components of the molecular clock: a transcription-translation feedback loop 

involving transcription factors BMAL1 and CLOCK that bind to E-box response elements within promoter regions of target genes, 

including Crys, Pers, DBP, REV-ERBs and CCGs (positive arm). After being translated, PER and CRY dimerize and translocate 

back into the nucleus inhibiting BMAL1/CLOCK to repress their own transcription (negative arm). ROR activates Bmal1 and Cry1 

transcription via interaction with ROR response elements, whereas REV-ERB inhibits Bmal1 and Cry1 (secondary loop). SCN 

suprachiasmatic nucleus; CLOCK circadian locomotor output cycles kaput; BMAL1 brain and muscle arnt-like protein 1; REV-ERB 

reverse erythroblastosis virus α and β; PER period protein; CRY cryptochrome; ROR retinoic acid-related orphan receptor; RORE 

ROR response elements; CCGs clock-controlled genes; DBP D site albumin promoter binding protein. 
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METHODS 

 

Literature Search Strategy 

 

To ensure a comprehensive and up-to-date review, we 

searched PubMed, Web of Science, and Embase from 

January 2000 to March 2026. The search utilized 

keywords related to circadian rhythm (for example, 

“circadian clock” and “clock gene”), metabolic disorder 

(for example, “type 2 diabetes,” “obesity,” and “insulin 

resistance”), and cardiovascular aging (for example, 

“vascular aging” and “cardiac aging”). Detailed search 

terms for each database are provided in Supplementary 

Material 1. Two authors (J.W. and Q.X.) independently 

screened titles, abstracts, and full texts, resolving 

discrepancies through discussion with a third author 

(T.C.). We prioritized peer-reviewed original research, 

high-quality systematic reviews and meta-analyses, and 

human clinical studies, including foundational preclinical 

studies for mechanistic context. The exclusion criteria 

were as follows: non-English articles, letters, case reports, 

and studies unrelated to circadian–metabolic–

cardiovascular aging. The focus is on studies published 

between 2021 and 2026. A summary table of key human 

studies for each intervention domain is included in the 

supplementary materials (Supplementary Table 1). 

Ultimately, 89 eligible studies were incorporated. Figure 

2 presents a search and screening flowchart, compliant 

with the Preferred Reporting Items for Systematic 

Reviews and Meta-Analyses. 

 
Figure 2. PRISMA flow diagram illustrates the literature search and study selection process. Records were retrieved 

from PubMed (n=1309), Web of Science (n=987), and Embase (n=433), totaling 2729 records. After removing 447 

duplicates, 2282 unique records were screened by title and abstract, resulting in the exclusion of 1776 irrelevant records. 

Full-text articles of the remaining 506 records were assessed for eligibility. 417 records were excluded due to no relevant 

endpoints (n=249), letters (n=8), case reports (n=44), or unavailable full texts (n=27). Ultimately, 89 studies were included 

in the systematic review.  
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Evidence Grading 

 

Evidence was classified into grades A, B, and C according 

to the 2024 revision of the European Society of 

Cardiology (ESC) evidence grading system, an 

internationally recognized framework developed by the 

ESC Clinical Practice Guidelines Committee. 

Supplementary Table 2 summarizes the grading criteria. 

Key studies on circadian–metabolic–cardiovascular aging 

pathways and interventions were categorized into three 

groups—animal/preclinical, mechanistic human, and 

clinical outcome—and rated for robustness of evidence 

(Table 1). 

 

Table 1. Evidence hierarchy for circadian-metabolic-cardiovascular aging pathways and interventions. 

 

Category Pathway/Intervention Evidence Level 

(ESC 2024) 

Justification Reference 

Animal/Preclinical 
CLOCK/BMAL1 core clock regulation of 

metabolism and cardiovascular function 
C 

Preclinical mechanistic evidence 

only 

[8, 35, 62, 65, 69, 

74,75,86,92] 

Animal/Preclinical 
REV-ERB nuclear receptor signaling in 

metabolism and inflammation 
C 

Animal/cell models; awaiting 

human validation 

[29,30,31,45,46,87,8

8,120,131] 

Animal/Preclinical 
PER/CRY proteins in vascular function 

and atherosclerosis 
C 

Animal/cell models; awaiting 

human validation 
[52,53,67] 

Animal/Preclinical 
SIRT1/NAD+ axis in circadian regulation 

of vascular aging 
C 

Animal studies; no human 

interventional data 
[19,25,26,27] 

Animal/Preclinical 
PPARα in metabolism and cardiovascular 

aging 
C Preclinical evidence [28] 

Animal/Preclinical 
Mitochondrial dynamics (DRP1 BNIP3) 

controlled by circadian clock 
C Preclinical evidence [77,78,79,80,81] 

Animal/Preclinical 
Circadian control of inflammation 

(NLRP3 NF-κB IL-1β) 
C 

Animal models; supported by 

observational human data 
[44,47,70,71,72] 

Animal/Preclinical 
Circadian regulation of lipid metabolism 

and atherosclerosis 
C 

Preclinical; <2 moderate-quality 

studies 
[28,40,66,72,85] 

Animal/Preclinical 
Cardiomyocyte circadian clock and 

contractile function 
C Preclinical evidence [74,75,84,86] 

Animal/Preclinical 
Cardiac electrophysiology and ion 

channel regulation by circadian clock 
C Preclinical evidence [51,93,99] 

Animal/Preclinical 
Circadian disruption (light cycle genetic) 

inducing insulin resistance and obesity 
C Animal studies only  [32,33,34,106,107] 

Animal/Preclinical TRE in cardiometabolic aging C Single preclinical study [16,104] 

Animal/Preclinical Melatonin and cardiovascular protection C Limited preclinical evidence [121,122] 

Mechanistic Human 
Clock gene polymorphisms and 

cardiometabolic risk 
B 

≥2 moderate-quality cohort 

studies 
[9,18,100] 

Mechanistic Human 
Shift work / circadian disruption and 

metabolic syndrome 
B 

Multiple cohort studies; 

consistent findings 
[5,15,112] 

Mechanistic Human 
Peripheral clock expression in human 

tissues (diurnal transcriptomics) 
C 

Observational; no interventional 

validation 
[98,126,128] 

Mechanistic Human 
Sleep disturbance and inflammatory 

markers 
B ≥2 moderate-quality studies [48,49] 

Mechanistic Human 
Circadian variation in blood pressure and 

sodium excretion 
C 

Observational; limited sample 

sizes 
[2,56,57,58] 

Mechanistic Human 
Circadian regulation of platelet reactivity 

and thrombosis 
C Preliminary human data [114,115] 

Clinical Outcome 
Chronotherapy of antihypertensive drugs 

(bedtime vs. morning dosing) 
A ≥2 high-quality RCTs [59,60,116,117,118] 

Clinical Outcome 
TRE in humans for cardiometabolic 

health 
B ≥2 moderate-quality RCTs [103,105,127] 

Clinical Outcome 
Exercise timing (morning vs. evening) 

effects on blood pressure dipping 
B Multiple large cohort studies [101,108,109,110] 

Clinical Outcome 
Melatonin supplementation for sleep / 

circadian adjustment in shift workers 
C 

Limited RCTs; <2 high-quality 

studies 
[119,122] 

Clinical Outcome 
Light therapy for circadian alignment in 

hospitalized patients 
C Small trials; surrogate endpoints [123,124] 

Clinical Outcome 
Circadian variation in cardiovascular 

events (MI stroke arrhythmia) 
C 

Limited evidence; awaiting large 

RCT 
[50,96,97,111] 
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Clinical Outcome 
Aspirin timing (bedtime vs. morning) 

effects on platelet reactivity 
C Single or small studies [114,115] 

Clinical Outcome Coffee drinking timing and mortality C Observational only [113] 
 

Key studies of circadian-metabolic-cardiovascular aging pathways and interventions were classified into three categories (animal/preclinical, mechanistic 

human, clinical outcome) and rated the strength of evidence for each molecular pathway and intervention strategy (A, B, C). CLOCK circadian locomotor 

output cycles kaput; BMAL1 brain and muscle arnt-like protein 1; REV-ERB reverse erythroblastosis virus α and β; PER period protein; CRY 

cryptochrome; SIRT1 sirtuin1; NAD nicotinamide adenine dinucleotide; PPARα peroxisome proliferator-activated receptor α; DRP1 dynamin-related 

protein 1; BNIP3 BCL2/adenovirus E1B 19 kDa interacting protein 3; NLRP3 NOD-like receptor pyrin domain-containing protein 3; NF-κB nuclear 

factor-κB; IL interleukin; TRE time-restricted eating; TRF time-restricted feeding; MI myocardial infarction. 

1. Core Molecular Mechanisms: Circadian Control of 

Metabolic–Cardiovascular Crosstalk 

 

Circadian rhythms are regulated by a hierarchical system 

where the SCN, the central clock, synchronizes peripheral 

clocks through neural, hormonal, and behavioral cues (for 

example, food intake and light exposure) [20]. The core 

molecular mechanism involves a transcription–translation 

feedback loop (TTFL): the circadian locomotor output 

cycles kaput (CLOCK) and brain and muscle ARNT-like 

protein 1 (BMAL1) form a heterodimer that activates the 

transcription of period protein (PER) and cryptochrome 

(CRY) genes, whose products subsequently inhibit 

CLOCK/BMAL1 activity [21,22]. This loop regulates 

downstream clock-controlled genes (CCGs) involved in 

metabolism, inflammation, and vascular function (Fig. 

1C) [23,24]. 

 

1.1 Circadian Clock System: Hierarchical Regulation 

 

The central clock in the SCN synchronizes peripheral 

clocks via multiple pathways. Neural projections 

influence autonomic nervous system activity, while 

humoral signals, such as melatonin and cortisol, align 

tissue-specific rhythms [20]. Peripheral clocks in 

cardiovascular tissues (myocardium, vascular 

endothelium, and smooth muscle) and metabolic organs 

(liver and adipose tissue) maintain their own rhythms, 

ensuring that local physiological processes are in sync 

with systemic circadian cycles [10,11]. Disruptions in this 

hierarchical coordination, whether owing to central clock 

dysfunction or peripheral desynchronization, directly 

impact metabolic–cardiovascular homeostasis (Fig. 1B). 

 

1.2 Key Molecular Hubs 

 

Circadian regulation of metabolic–cardiovascular 

interactions centers around three key molecular hubs that 

connect clock genes to downstream physiological 

pathways. Sirtuin 1 (SIRT1), regulated by 

CLOCK/BMAL1, influences lipid metabolism (through 

peroxisome proliferator-activated receptor α [PPARα] 

deacetylation) and vascular inflammation via nuclear 

factor kappa B inhibition. Its dysregulation can worsen 

insulin resistance and promote atherosclerotic lesions 

[25–27]. PPARα, activated by the CLOCK/BMAL1 

heterodimer, regulates cardiac fatty acid oxidation and 

lipid homeostasis. Disruption of circadian rhythms can 

destabilize PPARα, leading to cardiac lipotoxicity and 

diabetic cardiomyopathy [28]. Reverse erythroblastosis 

virus α (REV-ERBα), a negative regulator of the TTFL, 

affects hepatic insulin sensitivity (via gamma-

aminobutyric acid neuron activity) and vascular 

inflammation (via NOD-like receptor pyrin domain-

containing protein 3 [NLRP3] inflammasome inhibition). 

Agonists demonstrate potential benefits in cardiac 

remodeling but come with off‑target risks and limited 

human data [29–31]. 

 

1.3 Pathway Crosstalk 

 

Circadian rhythms play a crucial role in maintaining 

metabolic–cardiovascular homeostasis by synchronizing 

three interconnected pathways: insulin sensitivity, lipid 

metabolism, and inflammation, whose dysregulation 

aggravates aging-related disease. Insulin sensitivity peaks 

in the morning, and circadian disruptions can alter 

signaling pathways involving serine/threonine kinase 

(AKT), ribosomal protein S6 kinase beta-1, and insulin 

receptor substrate 1, leading to insulin resistance [32–34]. 

CLOCK deficiency downregulates the expression of 

insulin signaling genes (for example, insulin receptor and 

AKT2) [35], while insulin resistance negatively affects 

endothelial function and promotes vascular inflammation 

[36–38]. Genes responsible for apolipoproteins (Apo), 

fatty acid synthase (FASN), and microsomal triglyceride 

transfer protein (MTP) are regulated by circadian 

rhythms; their disruption potentially results in low-density 

lipoprotein (LDL) cholesterol accumulation and the 

formation of oxidized LDL (oxLDL) [39–41]. Elevated 

oxLDL levels can lower SIRT1, impair autophagy, and 

stimulate foam cell formation in atherosclerotic plaques 

[42,43]. Circadian rhythms also regulate inflammasome 

pathways (for example, NLRP3) and pro-inflammatory 

cytokine expression (interleukin [IL]-6 and tumor 

necrosis factor alpha [TNFα]) [44–46]. Systemic 

inflammation can disrupt circadian rhythms, creating a 

feedback loop that exacerbates metabolic and 

cardiovascular dysfunction [47]. Factors such as sleep 

deprivation and light-at-night increase systemic 
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inflammation (elevated C-reactive protein [CRP], IL-6, 

and TNFα levels), disrupting endothelial integrity and 

vascular smooth muscle cell function [12–14,48,49]. 

 

2. Cardiovascular Aging Driven by Circadian 

Dysregulation 

 

Circadian disruption accelerates cardiovascular aging 

through various interconnected mechanisms, with age-

related declines in clock function amplifying these 

pathological processes. Figure 3 illustrates the 

mechanistic link between clock dysregulation and 

cardiovascular aging phenotypes, highlighting the unified 

cascade defining circadian‑driven cardiovascular aging. 

 
Figure 3. The integrated mechanistic link of clock dysregulation to cardiovascular aging phenotypes. Age-

related decline in clock gene expression leads to circadian disruption, metabolic dysfunction, mitochondrial 

impairment, and chronic inflammation. These sequential and interactive changes collectively promote a range of 

cardiovascular aging phenotypes, including endothelial senescence, accelerated atherosclerotic plaque progression, 

non‑dipping hypertension, arterial stiffening, cardiac hypertrophy, myocardial fibrosis, heart failure, 

electrophysiological instability and arrhythmias. 
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2.1 Blood Pressure Regulation and Arterial Stiffness 

 

Mammalian blood pressure exhibits a distinct circadian 

rhythm: in diurnal species such as humans, it typically 

decreases by 10%–20% during nighttime sleep (the 

“dipping” pattern) and rises sharply in the early morning 

(6–10 AM), a change linked to increased sympathetic 

activity and decreased parasympathetic tone [50]. 

Disruption of this rhythm can lead to “non-dipping 

hypertension” (insufficient nocturnal blood pressure 

decline). This condition is a significant risk factor for 

vascular aging, as it subjects blood vessels to prolonged 

high pressure, accelerating endothelial dysfunction, 

arterial stiffness, and atherosclerosis progression [50]. 

 

 
Figure 4. Factors affecting the rhythmic regulation of blood pressure. Factors affecting the rhythmic regulation of blood pressure 

involve complex interactions between circadian genes, hormonal signals, and physiological pathways. The central circadian clock 

located in the SCN regulates key genes such as Per, Cry, Bmal1, and Clock, which interact with the E-box to maintain circadian rhythms. 

Light exposure suppresses melatonin production, influencing downstream effects on blood pressure. Key molecular mediators such as 

NOS, IL-6, PPARα, and LPL are regulated by Bmal1, affecting vascular tone, inflammation, and lipid metabolism. The RAAS, 

involving renin and angiotensin II, also plays a critical role in blood pressure modulation, with Bmal1 influencing this pathway. 

Additionally, VIP and its receptor VPAC2 contribute to circadian regulation of cardiovascular function, while sodium-hydrogen 

(Na+/H+) exchangers in peripheral tissues further modulate blood pressure rhythms. These interconnected factors collectively ensure 

the oscillatory regulation of blood pressure, adapting to daily physiological demands. SCN suprachiasmatic nucleus; CLOCK circadian 

locomotor output cycles kaput; BMAL1 brain and muscle arnt-like protein 1; LPL lipoprotein lipase; PPARα peroxisome proliferator-

activated receptor α; NOS nitric oxide synthase; IL-6 interleukin-6; LPL lipoprotein lipase; RAAS renin-angiotensin-aldosterone 

system; VIP vasoactive intestinal peptide; VPAC2 vasoactive intestinal peptide receptor 2. 

Research has identified critical molecular pathways 

connecting circadian clock dysregulation to blood 

pressure issues. Knocking out of the core clock gene 

Bmal1 in vascular endothelial and smooth muscle cells 

reduces mean arterial pressure in mice, emphasizing the 

importance of vascular clock function in blood pressure 

regulation [51]. Conversely, the double knockout of the 

clock genes cryptochrome circadian regulator 1 and 2 

(CRY1 and CRY2) leads to salt-sensitive hypertension, 

likely owing to disrupted sympathetic adrenal function 

and altered catecholamine metabolism [52,53]. 

Additionally, the renal Na+/H+ exchanger (NHE3) is 

regulated by the circadian clock, with its promoter’s 

functional E-box elements activated by the CLOCK/ 
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BMAL1 heterodimer. Disruption of NHE3 impairs 

sodium excretion rhythms [54-61]. The central SCN 

coordinates systemic blood pressure rhythms through 

neural and hormonal pathways, balancing sympathetic 

and parasympathetic activity. It secretes vasoactive 

intestinal peptide, crucial for synchronizing peripheral 

clocks, and its expression is notably reduced in 

individuals with essential hypertension [62,63]. In 

spontaneously hypertensive rats, abnormal circadian 

blood pressure rhythms—such as blunted nighttime 

dipping and shifted morning peaks—are associated with 

altered expression of CLOCK and BMAL1 in cardiac and 

vascular tissues, alongside increased activity of the renin–

angiotensin system components (Fig. 4) [64]. These 

findings underline that circadian blood pressure 

regulation deteriorates with age, raising the risk of 

refractory hypertension and target-organ damage. 

 

2.2 Atherosclerosis 

 

Atherosclerosis, a progressive vascular disorder 

associated with aging, is characterized by the 

accumulation of lipids, inflammatory cells, and fibrous 

tissue in arterial walls. This condition is strongly 

influenced by circadian dysregulation of lipid 

metabolism, endothelial function, and inflammation, 

which collectively accelerate plaque formation, 

instability, and vascular aging (Fig. 5). 

 
Figure 5. The role of the circadian clock in the pathogenesis of atherosclerosis. The circadian clock plays a crucial role in the 

pathogenesis of atherosclerosis by regulating lipid metabolism, endothelial function and vascular inflammation. Disruption of clock 

genes impairs NO production and increases inflammatory mediators such as IL-6, IL-1, TNF-α, and ROS, leading to endothelial 

dysfunction and heightened inflammation. Dysregulation of lipid metabolism pathways, contributes to elevated FFAs and oxidized 

LDL, exacerbating vascular inflammation. These processes converge through activation of NF-κB signaling pathways, NLRP3 and 

inflammatory mediators. Macrophages internalize modified lipoproteins via dysregulated cholesterol transporters (ACAT, ABCA1) to 

form foam cells, whose apoptosis and sustained inflammation drive necrotic core formation and culminate in atherosclerotic plaque 

development. NO nitric oxide; CCL C-C motif chemokine ligand; CXCL C-X-C motif chemokine ligand; IL interleukin; ICAM 

intercellular adhesion molecule; VCAM vascular cell adhesion molecule; TNF-α tumor necrosis factor-α; ROS reactive oxygen species; 

eNOS endothelial nitric oxide synthase; NF-κB nuclear factor-κB; NLRP3 NOD-like receptor family pyrin domain-containing 3; ACAT 

cholesterol acyltransferase; ABCA1 ATP binding cassette subfamily A member 1. 

2.2.1 Dyslipidemia  

 

In lipid metabolism, circadian clocks regulate the 

rhythmic expression of genes critical for cholesterol 

synthesis, transport, and catabolism. Core clock genes, 

including CLOCK, BMAL1, and REV-ERBα, influence the 

transcription of Apo, FASN, and MTP, essential for 

assembling lipoproteins and maintaining plasma lipid 

homeostasis [39–41]. Circadian disruptions—owing to 

irregular sleep, shift work, or environmental light 

changes—negatively impact these lipid-regulating genes. 

For example, mice lacking the Clock gene exhibit elevated 

intestinal cholesterol absorption, decreased macrophage 

cholesterol efflux, and heightened accumulation of LDL 



 Wang J., et al.                                                                   Circadian Rhythms, Metabolism and Cardiovascular Aging

   

Aging and Disease • Volume 18, Number 4, August 2027                                                                         9 

 

cholesterol in the vasculature [65,66]. This excess LDL is 

subsequently oxidized (oxLDL), triggering a pro-

atherogenic response by reducing the expression of 

SIRT1, an anti-atherogenic deacetylase, and impairing 

autophagic flux in macrophages, which hinders the 

clearance of lipid-laden foam cells and exacerbates plaque 

lipid burden [42,43]. In contrast, overexpression of the 

Cry1 gene in ApoE⁻/⁻ mice (an atherosclerotic model) 

considerably reduces plasma lipid levels and plaque size, 

accentuating the protective role of circadian lipid 

regulation [67]. 

 

2.2.2 Endothelial Cell Dysfunction  

 

Circadian dysregulation also disrupts endothelial 

function, an early step in atherosclerosis. The vascular 

endothelium maintains homeostasis by regulating 

vasodilation, platelet aggregation, and inflammatory cell 

adhesion, all of which are influenced by circadian 

rhythms. Core clock genes in endothelial cells, such as 

CLOCK and BMAL1, regulate the expression of 

endothelial nitric oxide synthase (eNOS), which produces 

nitric oxide (NO), a vital vasodilator and anti-

inflammatory agent [68]. Disruption of these genes 

impairs eNOS oscillation, as observed in Per2 mutant 

mice, which exhibit reduced NO release and increased 

vasoconstrictor production, eliciting endothelial 

dysfunction and greater arterial stiffness [53]. Moreover, 

circadian disruption upregulates the expression of 

intercellular adhesion molecule-1 and vascular cell 

adhesion molecule-1 in endothelial cells, fostering 

monocyte adhesion and migration into the subendothelial 

space [69]. Once within the vessel wall, these monocytes 

differentiate into macrophages that engulf oxLDL, 

contributing to foam cell formation and atherosclerotic 

plaques. Knocking out Bmal1 in endothelial cells worsens 

barrier dysfunction by increasing the expression of 

chemokines such as C-C motif chemokine ligand 2 and C-

X-C motif chemokine ligand 5, which accelerates 

monocyte recruitment and plaque initiation [70]. 

 

2.2.3 Vascular Inflammation 

 

Inflammation is a key factor in the progression of 

atherosclerosis, closely regulated by circadian rhythms. 

Disruption of these rhythms can intensify pro-atherogenic 

inflammatory responses. Circadian clocks regulate the 

expression of inflammasome components (for example, 

NLRP3) and pro-inflammatory cytokines (IL-1β, IL-6, 

and TNFα) in immune cells, such as macrophages in 

mouse models [44–46]. For instance, in vitro studies have 

demonstrated that BMAL1 deficiency in macrophages 

increases oxidative stress and boosts the secretion of IL-

1β, a cytokine that drives vascular smooth muscle cell 

proliferation and extracellular matrix remodeling, both 

crucial for plaque development [71]. Sleep deprivation, a 

frequent cause of circadian disruption, further heightens 

systemic inflammation by raising plasma levels of CRP 

and TNFα, while increasing the number of pro-

inflammatory monocytes in circulation [72]. These 

activated monocytes migrate to atherosclerotic plaques 

and release cytokines that destabilize plaques by 

weakening the fibrous cap. Furthermore, the clock gene 

REV-ERBα serves as a negative regulator of 

inflammation by inhibiting the TH17 cell-mediated 

production of IL-1β and IL-6. REV-ERBα dysregulation 

eliminates this inhibitory effect, contributing to chronic 

vascular inflammation [45,46]. 

 

2.3 Mitochondrial Dysfunction in Cardiovascular Aging 

 

Circadian rhythms play an indispensable role in 

regulating mitochondrial quality control in cardiovascular 

tissues. Mitochondria, which constitute approximately 

30% of cardiomyocyte volume, are vital for maintaining 

energy homeostasis and redox balance [73,74]. Circadian 

systems coordinate mitophagy (through the rhythmic 

expression of PTEN-induced kinase 1 and BCL2 

interacting protein 3) and mitochondrial dynamics (via 

dynamin-related protein 1 (Drp1)-mediated fission and 

mitofusin 1/2-mediated fusion), ensuring the removal of 

damaged mitochondria and adaptation to fluctuating 

cardiac energy demands [75–79]. 

Research indicates that Bmal1 depletion disrupts the 

rhythmic activation of mitophagic pathways, leading to an 

accumulation of dysfunctional mitochondria with 

diminished oxidative phosphorylation efficiency and 

increased reactive oxygen species (ROS) production 

[74,79]. Additionally, abnormal Drp1 phosphorylation 

alters the fission–fusion balance, culminating in excessive 

mitochondrial fragmentation, which exacerbates ROS 

release and oxidative stress in vascular cells and 

cardiomyocytes [80,81]. ROS contributes to endothelial 

senescence, myocardial fibrosis, and stiffening, which are 

hallmark features of cardiovascular aging [16,76]. With 

age-related declines in circadian regulation, the 

progressive loss of clock-controlled mitochondrial quality 

control aggravates mitochondrial dysfunction, creating a 

feedback loop that accelerates cardiovascular aging. 

 

2.4 Cardiac Dysfunction in Aging 

 

Cardiomyocyte circadian rhythms play a crucial role in 

regulating cardiac output throughout the day. During the 

daytime, sympathetic nervous activity predominates, 

leading to increased catecholamine secretion, cardiac 

output, and heart rate. Conversely, at night, vagal activity 

takes over, attenuating peripheral vascular resistance and 
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cardiac output [82]. This diurnal rhythm aligns blood 

pressure with the body’s activity cycles, safeguarding 

vital organs. Nonetheless, with aging, the rhythmic 

control of cardiac metabolism, ion channel function, and 

hemodynamics declines [83], resulting in cardiomyocyte 

hypertrophy, interstitial fibrosis, diastolic dysfunction, 

increased wall stress, reduced contractile reserve, and an 

elevated risk of heart failure. Age‑related changes also 

encompass left ventricular diastolic stiffening, diminished 

β‑adrenergic reserve, and heightened susceptibility to 

heart failure with preserved ejection fraction. Circadian 

dysregulation worsens these conditions by impeding 

calcium handling (via sarcoplasmic/endoplasmic 

reticulum Ca2+–ATPase 2a and ryanodine receptor 2 

rhythms), disrupting metabolic flexibility (reducing fatty 

acid oxidation oscillation), and promoting pro‑fibrotic 

signaling (transforming growth factor beta [TGF-

β]/SMAD family member 3 [Smad3]) [84]. Collectively, 

these clock‑dependent mechanisms accelerate the 

transition from normal cardiac aging to pathological heart 

failure. 

Gene knockout studies reveal that cardiomyocyte-

specific deletion of Bmal1 leads to age-dependent 

hypertrophic cardiomyopathy. This is characterized by 

increased cell size, left ventricular hypertrophy, elevated 

serum brain natriuretic peptide levels, and interstitial 

fibrosis, ultimately impairing cardiac contractile and 

diastolic function. In contrast, global Bmal1 deletion 

results in thinning of the myocardium and loss of 

contractile function, resembling dilated cardiomyopathy 

[85,86]. Research also indicates that REV-ERB deletion 

promotes dilated phenotypes [87]. Furthermore, REV-

ERB agonists can partially reverse hypertrophy in Bmal1 

cardiomyocyte-specific deletion mice [88], establishing a 

direct link between clock disruption and age-dependent 

cardiac phenotypes. 

 

2.5 Cardiac Electrophysiology and Arrhythmias 

 

As individuals age, the expression of core clock genes—

such as Bmal1, Clock, and Per2—declines in 

cardiomyocytes and the autonomic nervous system 

[83,84]. This age-related circadian dampening disrupts 

the rhythmic control of ion channel genes, including the 

sodium and potassium channels Scn5a and Kcnh2, 

respectively, both regulated by circadian clock machinery 

at the transcriptional level [89,90]. The loss of these 

circadian oscillations leads to reduced 

electrophysiological stability, manifesting as abnormal 

ventricular repolarization, prolonged QT intervals, 

increased QT dispersion, and heightened susceptibility to 

atrial fibrillation (AF) and ventricular premature beats 

[91–93]. 

Genetic models can elucidate clock-dependent 

arrhythmogenesis. Cardiomyocyte-specific Bmal1 

knockout abolishes action potential circadian rhythms and 

increases pacing-induced arrhythmias, driven by 

mitochondrial ROS overproduction that oxidizes ion 

channels and impairs repolarization [74]. Per2 

overexpression enhances NO bioavailability and 

endothelial–electrophysiological coupling, suggesting 

antiarrhythmic protection through vascular–cardiac 

interactions [53]. Additionally, REV-ERBα regulates 

connexin 43 (Cx43), and age-related Cx43 loss 

decelerates conduction and promotes reentrant 

arrhythmias [45,46]. 

Large cohort studies confirm that long-term circadian 

misalignment (for example, sleep fragmentation, shift 

work, and jet lag) and poor sleep quality independently 

predict incident AF in older adults, even after adjusting 

for cardiovascular risk factors [94–98]. UK Biobank data 

indicate that irregular sleep–wake patterns increase AF 

risk by 26% over 7 years [97]. Older inpatients with 

blunted melatonin rhythms experience prolonged QT 

intervals and more arrhythmic events. 

Aging-related atrial remodeling encompasses 

fibrosis, hypertrophy, and downregulation of potassium 

channels (Kv4.3 and Kv1.5), which impede conduction 

and promote reentry. Circadian dysregulation accelerates 

this remodeling through increased TGF-β/Smad3 

signaling and decreased SIRT1 levels, preserving 

electrical stability [99,100]. 

Overall, aging hearts are more susceptible to 

arrhythmias owing to clock gene suppression, oxidative 

stress, ion channel dysregulation, and structural changes. 

Interventions targeting circadian pathways via behavioral 

strategies (for example, sleep optimization and light 

therapy) or clock-modulating agents (for example, 

REV-ERB agonists and melatonin) exhibit promise as 

preventive measures but require extensive large-scale 

clinical validation. 

 

3. Evidence-based Clinical Interventions for 

Cardiovascular Aging 

 

Circadian-based interventions utilize zeitgebers (time 

cues) to restore circadian balance, presenting effective 

strategies for alleviating cardiovascular risk (Fig. 6).  

 

3.1 Chrononutrition: Time-restricted Eating (TRE) 

 

TRE synchronizes food intake with circadian rhythms, 

enhancing metabolic and cardiovascular health by 

improving clock gene expression and mitigating oxidative 

stress [101,102]. Clinical evidence for TRE is rated B, as 

most studies have focused on surrogate cardiometabolic 

endpoints rather than direct markers of cardiovascular 
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aging or hard cardiovascular events. In individuals with 

obesity, 8–10 h TRE has proven to reduce body fat, blood 

pressure, and triglyceride levels [103,104]. Firefighters on 

24-h shifts who practiced TRE reported improvements in 

blood pressure and glycated hemoglobin; however, the 

TRE regimen should align with their activity–rest cycles 

for optimal efficacy[105]. Animal studies indicate that 

TRE can reverse cardiac remodeling and decrease 

atherosclerosis risk [106,107].  

 
Figure 6. Interventions for restoring circadian rhythms and reducing the risk of cardiovascular diseases. A) 

A schematic of an ideal TRE intervention designed to promote long-term adherence by aligning the eating window 

with optimal sleep time and duration. Since bright light is known to inhibit the production and secretion of the sleep-

promoting hormone melatonin, it is recommended to avoid bright light exposure 2 to 3 hours before habitual 

bedtime to improve sleep quality. Adequate sleep is known to reduce food cravings, which can support adherence 

to the TRE regimen. Additionally, since melatonin may attenuate glucose-induced insulin release from the pancreas, 

avoiding food intake right before bedtime or immediately after waking up may further enhance TRE's benefits on 

glucose regulation. A 10-hour eating window is illustrated as an example; Pharmacological approaches include B) 

Time-specific drug delivery, which times medication for maximum efficacy and minimal side effects, and C) 

Chronotherapy, which targets the circadian system to optimize treatment outcomes; D) Targeted drug therapy 

further modulates specific circadian regulators, while E) Timed surgeries align procedures with biological rhythms 

to lower risks, such as reducing morning myocardial infarction. These strategies harmonize lifestyle, medication, 

and medical interventions to support circadian health and cardiovascular protection. TRE time-restricted eating. 
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Nevertheless, the optimal eating window (8 h versus 

10 h) and long-term efficacy in frail, older, or diabetic 

populations remain unvalidated [104]. While daytime 8–

10 h TRE is evidence‑based for middle‑aged adults, its 

application in older adults relies on expert opinion and 

requires monitoring. 

 

3.2 Lifestyle Interventions 

 

Exercise Timing: Moderate aerobic exercise in the 

morning (9–11 AM) enhances blood pressure regulation 

in non-dipper patients with hypertension [108,109], while 

avoiding strenuous activity in the early morning (6–8 

AM) decreases the risk of acute cardiovascular events 

[110]. For older patients, low-intensity morning exercise 

is recommended to balance cardiovascular benefits and 

safety. 

Sleep Optimization: Initiating sleep between 10 PM 

and 11 PM correlates with the lowest cardiovascular risk, 

likely owing to increased sunlight exposure (a key 

zeitgeber) the next day [111]. Napping for 20–30 min 

during night shifts can help mitigate circadian disruption 

for shift workers [112]. 

Coffee Consumption: Morning coffee intake (4 

AM–12 PM) lowers cardiovascular risk by 16% through 

anti-inflammatory effects, while consumption throughout 

the day yields no benefit [113]. Moderate morning coffee 

(1–3 cups/day) is advised for stable patients with 

cardiovascular disease.  

 

3.3 Chronotherapy 

 

Chronotherapy involves timing medication to align with 

circadian rhythms, thereby enhancing efficacy and 

minimizing side effects by leveraging diurnal variations 

in drug metabolism, target expression, and disease 

pathology. Bedtime dosing of low-dose aspirin targets 

peak platelet activity to prevent morning cardiovascular 

events [114], while bedtime administration of 

antihypertensives such as doxazosin better controls early-

morning blood pressure surges [115,116]. Statins, such as 

atorvastatin, are more effective when administered at 

night, coinciding with the circadian peak of hepatic 

cholesterol synthesis [117]. In contrast, verapamil and 

modafinil are best taken in the morning to reduce daytime 

sleepiness [118]. Nonetheless, trials of antihypertensive 

chronotherapy have generated inconsistent results, and its 

generalizability to older, frail, or polypharmacy patients 

remains uncertain. Moreover, adherence challenges may 

limit real-world effectiveness [119]. 

Conventional chronotherapy is evidence-based, while 

clock-targeted pharmacology remains under 

investigation. REV-ERB agonists, such as SR9009, 

demonstrate benefits in cardiac remodeling induced by 

pressure overload, primarily through lipid metabolism 

and inflammation regulation [30,31]. Conversely, the 

REV-ERB inhibitor SR8278 exerts protective effects 

against cardiac injury in preclinical models by preserving 

mitochondrial function and mitigating oxidative stress 

[120]. However, further research is necessary to clarify 

tissue specificity, address off-target effects, and validate 

the clinical applicability of these agents, particularly in 

aging populations where circadian dysregulation and age-

related cardiovascular alterations may influence 

therapeutic responses. 

 

3.4 Light Therapy 

 

In addition to medication timing, light exposure—a potent 

zeitgeber of the circadian clock—along with its effect on 

melatonin, should be considered to optimize health and 

minimize adverse effects [121]. Melatonin 

supplementation can help restore circadian rhythms in 

patients experiencing circadian disruptions, thereby 

alleviating cardiovascular disease risk [122]. Controlled 

lighting systems in hospital wards may offer considerable 

benefits, as studies indicate that hospitalization can 

disrupt patients’ circadian rhythms [123]. Research by 

Mangini et al. demonstrated that specialized glasses 

filtering specific wavelengths of light in the morning and 

evening can help restore the circadian rhythms of 

hospitalized patients, potentially shortening hospital stays 

[124]. Nevertheless, the efficacy and safety of light 

therapy and melatonin in older inpatients with 

cardiovascular disease have yet to be fully validated. 

Although mechanistic and pilot data support their use, 

routine clinical implementation cannot yet be 

recommended. 

 

4. Controversies and Unresolved Questions 

 

Despite notable advances, several critical questions 

remain in the field: 

 

4.1 Cell-type Specificity of Clock Genes 

 

Clock functions vary among endothelial cells, 

cardiomyocytes, and macrophages [125]. Single-cell 

RNA sequencing reveals cell-specific CCGs; however, 

their clinical relevance is yet unproven [126]. Targeted 

therapies are warranted to prevent off-target effects. 

 

4.2 Optimal Parameters for Circadian-based 

Interventions 

 

TRE duration, exercise timing, and light exposure lack 

validated age-specific protocols. Most trials exclude frail, 

multimorbid, or older participants [127]. 
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4.3 Translational Gap between Preclinical and Clinical 

Studies 

 

Rodents (nocturnal) and humans (diurnal) exhibit a 12-h 

shift in core clock gene expression [128,129], raising 

concerns regarding the translatability of preclinical 

findings. Human studies are constrained by the invasive 

nature of cardiac tissue sampling [130], and few clinical 

trials have validated circadian-based interventions in 

diverse populations, such as older adults, patients with 

diabetes, and shift workers. 

 

4.4 Off-target Effects of Clock-modulating Drugs 

 

While REV-ERB agonists such as SR9009 exhibit 

beneficial cardiac effects, non-cardiac off-target actions 

have also been reported [131]. Furthermore, the long-term 

safety of clock-targeting drugs is unclear, underlining the 

necessity for tissue-specific targeting and rigorous clinical 

testing. 

 

4.5 Real‑world Translational Barriers  

 

Translating circadian-based interventions into clinical 

practice to address cardiovascular aging presents several 

challenges: (1) the limited availability of circadian 

phenotyping tools in routine clinical settings (for 

example, objective measurements of circadian phase), (2) 

difficulties in assessing circadian rhythms in older adults 

(for example, fragmented sleep and comorbidities 

obscuring rhythm patterns), (3) adherence to behavioral 

circadian interventions (for example, TRE and exercise 

timing) among older adults with functional limitations, (4) 

variable work schedules and social obligations (for 

example, shift work and caregiving) that disrupt zeitgeber 

alignment, (5) the complexities of implementing circadian 

interventions for older adults with multiple health 

conditions and polypharmacy, and (6) insufficient 

clinician education and training in circadian medicine.  

 

CONCLUSION AND FUTURE PERSPECTIVE 

 

Circadian rhythms play a crucial role in maintaining 

metabolic and cardiovascular health. The decline in clock 

function associated with aging contributes to metabolic 

dysfunction, inflammation, mitochondrial damage, and 

cardiovascular deterioration. Key regulatory factors 

include SIRT1, PPARα, and REV-ERBα. 

While circadian-based interventions exhibit potential, 

they are not yet ready for widespread clinical use. 

Evidence corroborates TRE, standard chronotherapy, and 

the timing of sleep and exercise; however, most studies 

involve short durations and select populations. Validation 

in older, frail, and multimorbid patients is imperative. 

Future efforts should focus on (1) conducting large, 

long‑term randomized controlled trials in aging 

populations; (2) developing validated circadian 

phenotyping tools for clinical application (for example, 

monitoring sleep–wake cycles, blood pressure rhythms, 

and chronotype); (3) creating personalized protocols that 

consider age, chronotype, frailty, and comorbidities (for 

example, shorter TRE windows for frail older adults and 

adjusted chronotherapy timing for evening-type 

hypertensives); (4) developing tissue‑specific therapies 

targeting circadian clocks; (5) implementing strategies to 

address adherence and scheduling challenges in real-word 

settings. 
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