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Abstract

Normal circulatory function is a key determinant of disease-free life 
expectancy (healthspan). Indeed, pathologies affecting the cardio
vascular system, which are growing in prevalence, are the leading 
cause of global morbidity, disability and mortality, whereas the 
maintenance of cardiovascular health is necessary to promote both 
organismal healthspan and lifespan. Therefore, cardiovascular 
ageing might precede or even underlie body-wide, age-related 
health deterioration. In this Review, we posit that eight molecular 
hallmarks are common denominators in cardiovascular ageing, namely 
disabled macroautophagy, loss of proteostasis, genomic instability 
(in particular, clonal haematopoiesis of indeterminate potential), 
epigenetic alterations, mitochondrial dysfunction, cell senescence, 
dysregulated neurohormonal signalling and inflammation. We also 
propose a hierarchical order that distinguishes primary (upstream) 
from antagonistic and integrative (downstream) hallmarks of 
cardiovascular ageing. Finally, we discuss how targeting each of the 
eight hallmarks might be therapeutically exploited to attenuate 
residual cardiovascular risk in older individuals.
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insulin-like growth factor 1 (IGF1) signalling has been shown to extend 
both the healthspan and lifespan of mice19. Similarly, targeting vascu-
lar endothelial growth factor (VEGF) signalling prevents age-related 
microvascular attrition and effectively delays age-related pathologies 
across multiple organ systems, resulting in a prolonged lifespan of 
mice20. These examples underpin the central role of cardiovascular 
deterioration in systemic ageing and suggest that targeting the cir-
culatory system is a viable entry point to promote healthy ageing at 
the organismal level.

The premise of anti-ageing interventions relies on targeting the 
molecular mechanisms of ageing. However, many of the classical ‘hall-
marks of ageing’ were originally discovered in invertebrate model 
organisms21. Furthermore, although these hallmarks were revised in 
2023 with a focus on mammalian ageing22, their specific involvement 
in the dysfunction of major cardiovascular cell types during ageing 
remains to be appraised. In this Review, we propose eight molecular 
hallmarks as common denominators of ageing in the cardiovascular 
system (Fig. 2), based on three stringent criteria:
•	 The phenomenon must manifest in ageing hearts, vessels or both.
•	 Genetic manipulations promoting the hallmark must accelerate 

the signs of cardiovascular ageing.
•	 Experimental or therapeutic suppression of the hallmark should 

delay, halt or reverse cardiovascular ageing.

These hallmarks include primary ageing mechanisms, namely 
disabled macroautophagy, loss of proteostasis, genomic instability, 
and epigenetic alterations as well as additional downstream aber-
rations, including mitochondrial dysfunction, dysregulated neuro
hormonal signalling, cell senescence and inflammation. Beyond 
mechanistic and heuristic considerations, we also emphasize the 
question of how each of these hallmarks can be therapeutically 
targeted to attenuate residual cardiovascular risk and extend the  
healthspan.

Hallmark 1: disabled macroautophagy
Macroautophagy, hereafter referred to as autophagy, is a key cellular 
quality control mechanism that is essential for the clearance (and subse-
quent replacement) of dysfunctional cytoplasmic components. During 
autophagy, potentially toxic protein aggregates and ageing organelles 
are sequestrated in double-membraned vesicles, the autophagosomes, 
which subsequently fuse with lysosomes for enzymatic degradation 
of their cargo, thereby providing metabolites for bioenergetic and 
anabolic reactions23. As such, autophagy not only contributes to pro-
teostasis but also targets other macromolecules, such as ectopic DNA 
in the cytosol, lipid droplets (lipophagy), portions of the endoplasmic 
reticulum (reticulophagy), entire organelles, including mitochon-
dria (mitophagy) and peroxisomes (pexophagy), as well as invading 
pathogens (xenophagy), through highly specialized subroutines. Fur-
thermore, the autophagic machinery contributes to ‘heterophagy’24, a 
process by which cardiomyocytes package dysfunctional mitochondria 
in so-called exospheres to extrude the waste material into the extracel-
lular space, where it is degraded by cardiac-resident macrophages25. 
In view of its vital homeostatic role, autophagy is widely accepted to 
govern the healthspan and lifespan of various eukaryotic cell types, 
particularly those that comprise the cardiovascular system26–28. Indeed, 
dysfunctional autophagy is implicated in a broad range of cardiovas-
cular disorders, including atherosclerosis, coronary heart disease, 
diabetic cardiomyopathy, chemotherapy-induced cardiotoxicity, 
arrhythmia and heart failure27,29,30. Moreover, several widely used 

Key points

•• Age is one of the strongest determinants of cardiovascular health.

•• The cardiovascular system operates under constant mechanical and 
metabolic stress, which progressively increases the risk of dysfunction 
at the molecular, cellular and whole-organ levels with increasing age.

•• Disabled macroautophagy, loss of proteostasis, genomic instability, 
epigenetic alterations, mitochondrial dysfunction, cell senescence, 
dysregulated neurohormonal signalling and inflammation emerge as 
common molecular hallmarks of cardiovascular ageing.

•• The hallmarks of cardiovascular ageing are strongly intertwined, and 
accentuation or attenuation of individual hallmarks affects most, if not 
all, the others.

•• Targeting the hallmarks of cardiovascular ageing holds promise for 
the treatment of major cardiovascular disorders and to reduce residual 
cardiovascular risk beyond the management of conventional risk 
factors.

Introduction
The human cardiovascular system is composed of multiple distinct cell 
types, including endothelial cells, smooth muscle cells, cardiomyo-
cytes, fibroblasts and immune cells, which work harmoniously together 
to maintain sufficient blood supply to, and waste disposal from, every 
cell in the body. Notably, most cardiovascular cell types are highly spe-
cialized and need to function under hostile conditions, characterized 
by unremitting mechanical pressure and shear stress. However, the 
acquisition of unique functions (as exemplified by cardiomyocytes, 
the sole contractile cell type in the heart) comes at the expense of cell 
cycle withdrawal. As such, these terminally differentiated cells, which 
are densely packed with mitochondria and sarcomeres, have limited 
proliferative capacity and must endure the stressful working conditions 
of the cardiovascular system for the whole lifespan of the individual1–3. 
Although ageing inexorably erodes the physiological functions of every 
cell type in the body, cardiomyocytes and other cardiovascular cells 
might be at particularly elevated risk of age-related dysfunction and 
failure. Indeed, with ageing, the heart, vessels and microcirculation all 
undergo substantial structural and functional remodelling4–8 (Box 1) 
as the cellular composition of the cardiovascular system is altered 
(Fig. 1). Therefore, it is not surprising that age is among the strongest 
predictors of cardiovascular health9. Moreover, despite outstanding 
progress in the medical management of cardiovascular risk factors, 
such as hypertension and dyslipidaemia10,11, pathologies affecting the 
cardiovascular system remain the leading cause of global morbidity, 
disability and mortality12.

In this Review, we speculate that the persistently high rates  
of cardiovascular disease and death, commonly referred to as ‘residual 
cardiovascular risk’13–15, are attributable to the absence of efficient 
interventions targeting the ageing process itself16. Indeed, even the 
sexual dimorphism in cardiovascular risk is increasingly being attrib-
uted to differences in the rates of ageing between men and women4,17,18. 
Intriguingly, experimental interventions designed specifically to delay 
cardiovascular ageing are sufficient to attenuate ageing in model 
organisms. For instance, genetic manipulation of cardiomyocyte 
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cardioprotective drugs, including aspirin, β-adrenergic blockers and 
calcium-channel blockers, have been shown to regulate autophagic 
activity31–34.

Mounting evidence supports the notion that autophagy declines 
with organismal ageing35,36, thereby contributing to the pathogen-
esis of age-related chronic diseases37. In the cardiovascular system, a 
progressive reduction in autophagy has been reported in the vascula-
ture of both aged mice and humans38. By contrast, whether and how 
ageing affects autophagy in the heart has been a matter of debate39. 
Indeed, the abundance of autophagosomes in a tissue does not inform 
on autophagic flux (because autophagosomes result from both the 
sequestration of autophagic cargo and their failed disposal by lyso-
somal hydrolases), and specific quantification protocols that cap-
ture the dynamics of the process are required40,41. Therefore, refined 
approaches to evaluate autophagic flux have been used in studies of 
flies, mice and rats, providing irrefutable evidence that autophagy 
declines in the ageing heart as well as in the ageing vasculature42–45.

Several mechanisms are involved in the age-related decline of 
autophagy. Among these mechanisms, the inhibitory hyperacetyla-
tion of autophagy proteins46 has been associated with reduced activ-
ity of sirtuin deacetylases and their obligatory substrate NAD+ in the 

aged cardiovascular system47. Inhibition of autophagy might also 
be explained by the increased provision of nutrients, which provide 
excessive acetyl CoA levels for protein acetylation, and overactivation 
of the insulin–IGF1–serine/threonine-protein kinase mTOR signalling 
pathway, especially in the presence of (visceral) obesity and metabolic 
syndrome. Calcium signalling, which is altered during cardiovascular 
ageing48, has also been proposed to regulate autophagy, at least in 
endothelial cells and cardiomyocytes49,50. In addition, an age-associated 
reduction in levels of the polyamine spermidine51,52 might compromise 
the hypusination-dependent translation of autophagy proteins53. 
Indeed, cardiac spermidine content progressively declines with age in 
humans (Fig. 3), and its exogenous supplementation reactivates both 
cardiac and vascular autophagy in aged mice54,55.

Notably, genetic suppression of autophagy in cardiomyocytes, 
vascular smooth muscle cells or endothelial cells phenocopies aspects 
of cardiovascular ageing (Table 1). For instance, mice harbouring a 
cardiomyocyte-specific deficiency of the autophagy gene Atg5 have 
disrupted sarcomere structure, impaired excitation–contraction cou-
pling, dysfunctional mitochondria and increased oxidative stress56,57. 
These alterations are coupled to left ventricular dysfunction, acceler-
ated cardiac hypertrophy, reduced effort tolerance and prematurely 
compromised cardiopulmonary function56,57. In vascular smooth 
muscle cells, knockout of Atg7 impairs calcium mobilization and con-
tractility, accelerates senescence, and exacerbates diet-induced athero-
genesis58,59. Even endothelial cells, which have a comparatively high 
proliferative potential and can be routinely replaced, might be affected 
by defective autophagy. For instance, despite no obvious abnormalities 
at rest, mice with vascular endothelial-specific Atg5 and Atg7 ablation 
show a defect in haemostasis due to impaired synthesis and secretion 
of von Willebrand factor60. Similarly, endothelium-specific knockout of 
the gene encoding transcriptional activator of autophagy Krüppel-like 
factor 4 (Klf4) causes early-onset endothelial dysfunction as denoted 
by reduced acetylcholine-induced vasodilatation in vivo61. Collectively, 
autophagy impairments affecting various cell types in the cardiovascu-
lar system entail structural and functional abnormalities reminiscent 
of cardiovascular ageing.

Conversely, genetic, dietary or pharmacological interventions 
resulting in autophagy activation effectively delay cardiovascular age-
ing and extend lifespan26 (Table 2). For instance, ubiquitous activation 
of autophagy in mice by a knock-in mutation in the gene encoding beclin 
1 (Becn1F121A/F121A) attenuates age-related cardiac abnormalities, including 
myocardial fibrosis, hypertrophy and apoptosis, coupled to lifespan 
extension62. Similarly, endothelium-specific activation of autophagy by 
a Klp4 transgene attenuates age-related vascular dysfunction61. Caloric 
restriction, the most robust autophagy-inducing intervention, also 
delays typical features of cardiovascular ageing, such as diastolic dys-
function, cardiac fibrosis and hypertrophy, high blood pressure, vascular 
stiffness, and systemic inflammation63–65. Similarly, in mice and rats, the 
natural polyamine and autophagy inducer spermidine elicits cardiac and 
vascular geroprotective effects such as attenuated myocardial thicken-
ing, stiffness and diastolic dysfunction, improved vascular endothelial 
dysfunction, blood pressure regulation, arterial stiffening, ventricular–
vascular coupling and reduced chronic low-grade inflammation51,54,55. 
The effects of spermidine seem to be largely dependent on autophagy 
given that Atg5-deficient mice show no cardioprotection after spermi-
dine supplementation55. Other pro-autophagic compounds66, such as 
rapamycin and trehalose, also exert anti-ageing effects on the heart and 
the vasculature, supporting the notion that disabled autophagy is an 
actionable hallmark of cardiovascular ageing38,67–70 (Table 2).

Box 1

Age-related structural and 
functional decline of the 
cardiovascular system
Ageing is associated with increased left ventricular wall thickening, 
fibrosis and stiffening of the cardiac muscle, leading to a 
characteristic decline in diastolic function. Other manifestations 
of age-related decline in cardiac function include reduced 
β-adrenergic responsiveness and cardiac reserve capacity (that is, 
reduced maximal ejection fraction, heart rate and cardiac output). 
In the vasculature, ageing promotes vessel wall thickening and 
lumen enlargement in conduit arteries, coupled with intimal 
thickening, medial collagen deposition and elastin fractures. 
These alterations result in vascular stiffening and impaired 
blood flow, which is exacerbated by age-related endothelial 
dysfunction and microcirculatory abnormalities associated with 
reduced angiogenesis and capillary density (that is, microvascular 
rarefaction). Notably, accumulating structural and functional 
perturbations in the aged vasculature accelerate concurrent cardiac 
remodelling and culminate in disruption of the coupling between 
the heart and vascular system, which is essential for optimal 
cardiovascular performance, leading to a substantially increased 
risk of cardiovascular disease in older individuals. Cardiovascular 
ageing and the associated decline in microvascular structure and 
function also promote age-related decline in other organs (such as 
the brain, kidney, skeletal muscle and eye), thereby increasing the 
risk of body-wide chronic diseases due to perturbations in tissue 
oxygenation, waste disposal, and delivery of nutrients, hormones, 
growth factors and metabolites.
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Hallmark 2: loss of proteostasis
Proteostasis is a major driver of organismal health and stress resist-
ance71. The delicate balance between protein synthesis, folding and 
degradation is tightly regulated by an extensive network of molecular 
chaperones and proteolytic enzymes72. The integrity of the proteome is 
maintained by refolding denatured proteins or their selective degrada-
tion. Therefore, when heat shock proteins (HSPs) and other molecular 
chaperones fail to refold a protein into its correct conformation, the 
dysfunctional protein must be destroyed by the ubiquitin–proteasome 
system (UPS) or chaperone-mediated autophagy (CMA). CMA is a selec-
tive form of protein degradation, in which heat shock cognate 71 kDa 
protein binds to the KFERQ motif of specific proteins designated for 
degradation, facilitating their translocation into the lysosome via the 
receptor lysosome-associated membrane glycoprotein 2A (LAMP2A)73. 
The efficiency of this extensive and resource-demanding proteostasis 
network declines with age, leading to the accumulation of misfolded 
and damaged proteins that often collate to form non-functional pro-
tein aggregates74. Although the formation of potentially toxic protein 
aggregates is most prominent in neurodegenerative disorders, it is 

also evident in a wide range of age-related cardiovascular diseases, 
including atherosclerosis, atrial fibrillation and heart failure as well as 
hypertrophic, ischaemic and dilated cardiomyopathies75–78.

The age-related loss of proteostasis poses a particular challenge 
for cardiomyocytes79,80 because their functional units — sarcomeres — 
rely on proteostasis for maintenance81. However, cardiomyocytes face 
an extraordinary load of proteotoxic reactive oxygen species (ROS) that 
are generated as a by-product of intense oxidative phosphorylation. 
Aged rat hearts have been shown to accumulate oxidized and ubiqui-
tinated proteins, correlating with reduced proteasome activity and 
expression levels of several HSPs82,83. Similarly, the hearts of aged mice 
have an elevated level of protein ubiquitination84, coinciding with a 
major accumulation of protein aggregates85. In the vasculature, CMA 
apparently declines with age as indicated by low expression of the genes 
encoding CMA-related proteins and low CMA activity scores in the aor-
tas of aged but otherwise healthy individuals86. The single-cell human 
transcriptomic atlas (Tabula Sapiens) indicates that the expression of 
CMA-relevant genes diminishes with age, mostly in aortic macrophages 
and smooth muscle cells86,87. An age-related loss of proteostasis is 
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Ageing Fig. 1 | Effect of ageing on the cellular  
composition of the cardiovascular system.  
a, The proportions of various cell types in  
the heart and aorta of mice aged 1–3 months,  
18–21 months and 24–30 months. Reported  
values were derived using the microfluidic droplet  
method for single-cell analysis published in the  
Tabula Muris Senis (mouse ageing cell atlas)442.  
Values represent the average of 2–5 mice per  
group. b, Changes in the cellular composition  
of the human heart with increasing age. Values  
represent the mean of 7–10 donor hearts  
per group subjected to single-nucleus RNA  
sequencing analysis at the age of 11–39 years,  
44–60 years or 61–75 years364. Of note, given that  
the values show only age-dependent changes for  
each species, direct comparisons between mice  
and humans cannot be drawn due to differences  
in the age groups, tissues (heart and aorta in  
mice versus heart only in humans) and applied  
techniques (single-cell and single-nucleus RNA  
sequencing in mice and humans, respectively).  
The exact proportion of a given cell type within  
the same species might also vary if measured  
with different techniques such as fluorescence- 
activated cell sorting442,443. A discussion of the  
findings and limitations of these techniques is  
given in Box 2.
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further denoted by augmented ubiquitin levels and impaired protea-
some activity in carotid plaques from older individuals (mean age  
72 years)88. Similarly, aged rat aortas have reduced basal expression 
and stress-induced activation of HSP70 (ref. 89), and aortic tissues 
from old mice and almost all humans aged >50 years accumulate medin 
amyloid aggregates90,91. Notably, vascular medin aggregates correlate 
with cerebrovascular dysfunction in aged mice and cognitive decline 
in patients with vascular dementia or Alzheimer disease90,92,93.

The causal role of protein instability in cardiovascular ageing is 
supported by experimental studies in which cardiovascular ageing  
is accentuated (or delayed) by inducing (or preventing) the collapse of 
proteostasis in the cardiovascular system (Table 1). For instance, a mis-
sense mutation in the molecular chaperone and small HSP αB-crystallin 
(CryAB), which binds to misfolded proteins to prevent their aggrega-
tion, causes desmin mislocalization to protein aggregates, cardiac 
remodelling and heart failure in young mice94–96, recapitulating human 
desmin-related cardiomyopathy97. In accordance with these findings, 
accumulation of cardiac desmin occurs in progeroid Lmna–/– mice, 
thereby compromising cardiac conduction and causing progressive 
dilated cardiomyopathy98,99, which can be rescued in vivo by cardiac-
specific overexpression of Cryab100 or in vitro by SUMO-conjugating 
enzyme UBC9-induced activation of the UPS101. Another example of 
cardiac proteotoxicity is provided by mice expressing a heart-specific 
transgene encoding an aggregate-prone protein with 83 glutamine 
repeats (PQ83), which causes cardiac dysfunction and dilatation 
and, subsequently, death102. Similarly, knockdown of E2 ubiquitin-
conjugating enzyme compromises the UPS and causes premature 
cardiac ageing and dysfunction in flies103. By contrast, pharmaceutical 
induction of HSP70 using geranylgeranylacetone reduces myocardial  
protein aggregates and improves cardiac function and survival in 
Cryab-mutant mice104. Geranylgeranylacetone also ameliorates func-
tional recovery from cardiac ischaemia–reperfusion injury in wild-
type rats105. Similarly, stabilizing the protein transthyretin using the 
chaperone-mimicking drug tafamidis improves quality of life and 

reduces cardiovascular hospitalizations and mortality in patients 
with a late-onset form of amyloid cardiomyopathy that mainly affects 
men106,107. In the vasculature, blockade of CMA in LAMP2A-deficient 
mice promotes atherosclerotic plaque formation by favouring dys-
lipidaemia, vascular smooth muscle cell dedifferentiation and a 
pro-inflammatory macrophage phenotype86. Conversely, systemic 
activation of CMA in mice overexpressing human LAMP2A attenuates 
the severity and slows the progression of atherosclerosis induced by 
a proatherogenic diet86. In aged mice, genetic ablation of the amyloid 
medin precursor, lactadherin (also called milk fat globule-Egf fac-
tor 8 and encoded by Mfge8), reverses age-related cerebrovascular 
dysfunction90. Notably, the beneficial effects of caloric restriction 
in slowing cardiovascular ageing are also linked to improved proteo-
stasis108 as suggested by the upregulation of HSP70 and several tran-
scripts involved in protein folding in cardiac and skeletal muscles of 
rodents and humans, respectively83,109. Taken together, convergent 
data implicate proteostasis collapse in age-related cardiovascular 
decline and suggest that genetic, dietary or pharmacological strategies 
that maintain proteostasis can delay cardiovascular ageing (Table 2).

Hallmark 3: genomic instability
Although genomic instability is a common feature of ageing in various 
organs and across species, the rate at which mutations accumulate 
varies substantially between tissues110. In the cardiovascular system, 
age-related mutations seem to be largely dependent on both tissue 
and context. The murine heart shows substantial genomic and tran-
scriptomic stability, at least until the age of 2 years111,112, a time point 
at which the decline in cardiac function and structure becomes evi-
dent at the cellular (Box 2) and whole-organ (Box 1) levels4,26. As such, 
although mutations in the heart in the form of genome rearrangements 
were reported in transgenic (LacZ) mice, especially at an older age  
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Fig. 2 | Hallmarks of cardiovascular ageing. The eight proposed hallmarks of  
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Fig. 3 | Age-dependent decline in cardiac spermidine levels in humans. The  
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Declaration of Helsinki.
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Table 1 | Rodent models of genetic accentuation of the hallmarks of cardiovascular ageing

Hallmark Mutation Specificity, species Age of animals Cardiovascular phenotype Refs.

Disabled 
macroautophagy

Atg5–/– Cardiomyocyte 
specific, mice

3–6 months Disrupted sarcomere structure, impaired excitation–
contraction coupling, dysfunctional mitochondria, increased 
oxidative stress, early-onset cardiac hypertrophy, cardiac 
fibrosis, contractile dysfunction, effort intolerance, reduced 
cardiopulmonary functional capacity

56,57

Atg7–/– VSMC specific, 
mice

3.5 months Impaired calcium mobilization, abnormal contractility and 
accelerated senescence of vascular smooth muscle cells, 
abnormal vascular reactivity, exacerbated atherosclerosis after 
10–14 weeks of a western-type diet

58,59

Atg5–/– or Atg7–/– Endothelial cell 
specific, mice

2 months Prolonged bleeding times due to impaired synthesis and 
secretion of von Willebrand factor

60

Loss of 
proteostasis

CryabR120G Cardiomyocyte 
specific, mice

10–12 months Accentuated cardiac hypertrophy, intracellular aggregate 
accumulation, heart failure, premature death

94,95

Lmna–/– Global, mice 4–8 weeks Cardiac hypertrophy, impaired left ventricular systolic function, 
progressive left ventricular dilatation

98,99

LAMP2A-
deficient

Global, mice 3 months (fed a 
Western-type diet)

Increased levels of circulating lipids (especially VLDL and LDL), 
exacerbated atherosclerotic plaque formation and progression

86

PQ83 
transgenic

Cardiomyocyte 
specific, mice

5 months Cardiomyocyte death, cardiac dysfunction and dilatation 102

8 months Premature death

Genomic 
instability 
and cellular 
senescence

G3 Terc–/– Global, mice 8–10 months Accelerated vascular senescence and endothelial dysfunction, 
oxidative stress

242,285

12 months Increased myocardial hypertrophy and fibrosis

G5 Terc–/– Global, mice 6–8 months Cardiac systolic and diastolic dysfunction and dilatation 296

Trf2–/– Global, mice 4–5 months 
(conditional tamoxifen-
inducible deletion)

Vascular endothelial dysfunction, impaired microvascular 
perfusion, increased oxidative stress and senescence signalling, 
elevated systolic blood pressure

295

Ercc1Δ/– Global, mice 8–16 weeks Accelerated senescence, endothelial dysfunction, vascular 
stiffness, elevated blood pressures

128

Bubr1 mutant Global, mice 3–5 months Accelerated vascular functional and structural decline: 
impaired endothelium-dependent and VSMC-dependent 
vasorelaxation, reduced elasticity, increased fibrosis

131

Epigenetic 
alterations

Sirt6–/– Global or cardiac 
specific, mice

8–12 weeks Increased cardiac fetal gene expression coupled to cardiac 
hypertrophy, interstitial fibrosis, contractile dysfunction

174

Sirt6+/– Global, mice 6 months Early-onset myocardial hypertrophy and fibrosis 174

Sirt6–/– Global or 
endothelial cell 
specific, mice

15–16 weeks Impaired endothelium-dependent vasodilatation 172

G9a–/– Cardiomyocyte 
specific, mice

2 months (4 weeks after 
tamoxifen-induced 
conditional deletion)

Cardiac enlargement, cardiac fibrosis, contractile dysfunction 188

Hdac6–/– Global, mice 9 months Early-onset diastolic dysfunction 182

Mitochondrial 
dysfunction

Pink1–/– Global, mice 2 months Premature cardiac hypertrophy, cardiac fibrosis, systolic dysfunc-
tion, reduced capillary density due to increased accumulation of 
dysfunctional mitochondria and reactive oxygen species

239,241

Pgc1a 
overexpression

Cardiomyocyte 
specific, mice

12 months Accelerated accumulation of dysfunctional mitochondria, 
cardiac functional decline, cardiac hypertrophy, reduced 
lifespan (despite initially improving mitochondrial mass, 
function and cardiac phenotype at 3 months)

242

Prkaa–/– Global or 
endothelial cell 
specific, mice

~3 months Accelerated vascular endothelial dysfunction coupled to 
mitochondrial fragmentation and impaired autophagy

244
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(33 months)112,113, these alterations are probably not a cause but rather a 
consequence of other hallmarks of cardiac ageing. Therefore, unlike more 
proliferative organs (such as the liver and small intestine)111, the heart 
might be more resilient to age-related DNA mutations. Along similar lines, 
whether the chromosomes of aged human and mouse hearts undergo 
telomere shortening after early postnatal life stages114,115 is increasingly 
contested115–117. Indeed, even though genetically induced telomere attri-
tion causes cardiac senescence (Table 1) and hyperlong telomeres reduce 
cardiovascular risk in mice118, telomere shortening-associated cardiac 
disease in humans119,120 seems to be largely independent of age119.

The relationship between DNA stability and vascular ageing is less 
controversial121, although ageing seems to cause greater DNA damage 
and telomere dysfunction in vascular endothelial cells than in smooth 
muscle cells122. DNA damage has also been reported in human atheroscle-
rotic plaques123,124, and mice with vascular smooth muscle cell-restricted 
DNA damage show lower atherosclerotic plaque stability despite the 
negligible effect on plaque size124. Furthermore, DNA damage has been 
linked to features of accelerated ageing in the carotid and cerebral arter-
ies in human and mouse radiation studies, thereby implicating telomere 
attrition and cell senescence as potential mechanisms125–127. Genetic and, 

therefore, more specific disruption of DNA integrity in mutant mice 
also induces a phenotype reminiscent of vascular ageing. For instance, 
defective nucleotide excision repair in Ercc1Δ/– mice causes endothelial 
dysfunction, increased vascular stiffness and elevated blood pressure at a 
very young age (8–16 weeks)128. This phenotype is partially recapitulated 
when the mutation in Ercc1 is restricted to vascular endothelial or smooth 
muscle cells129,130. Similarly, mutant mice with low levels of the spindle 
assembly checkpoint protein BUBR1 (also known as mitotic checkpoint 
serine/threonine-protein kinase BUB1β) have increased arterial stiffness, 
reduced arterial elasticity and impaired vasorelaxation by the age of 
3–5 months131. Notably, aged wild-type mice have low aortic expression 
of BUBR1 (ref. 131). Comprehensive and systematic genome analyses are 
needed to evaluate vascular DNA damage during the life course of natu-
rally aged mice and humans to corroborate the relevance of these findings. 
These studies will also help to pinpoint the exact role of genomic instabil-
ity in vascular ageing as radiation-induced genetic models of forced DNA 
damage show both systemic abnormalities and other mechanisms that 
might promote vascular dysfunction, irrespective of DNA integrity status.

Notably, the age-related mutations with the highest prevalence 
and effect on the cardiovascular system do not occur in the heart or 

Hallmark Mutation Specificity, species Age of animals Cardiovascular phenotype Refs.

Mitochondrial 
dysfunction 
(continued)

Polga mutant Global, mice Both time points Exaggerated mitochondrial DNA point mutations and deletions 
leading to increased oxidative stress, reduced lifespan, 
accelerated cardiovascular ageing

223,246, 
249

22 weeks Ageing characterized by vascular stiffening and reduced 
compliance

13–14 months Ageing characterized by early-onset myocardial senescence, 
cardiac fibrosis, cardiac hypertrophy, and systolic and diastolic 
dysfunction

Mpc1–/– Cardiomyocyte 
specific, mice

18 weeks Disrupted mitochondrial metabolism upon reduced pyruvate 
uptake, leading to cardiac hypertrophy, impaired contractility, 
premature mortality

251

Cpt2–/– Endothelial cell 
specific, mice

6–13 weeks Impaired mitochondrial fatty acid oxidation, leading to 
thickening of cardiac valves, increased vascular permeability

254

Dysregulated 
neurohormonal 
signalling

TGR(mREN2)27 Global (mainly 
extrarenal), rats

8 weeks Fulminant hypertension, cardiac hypertrophy, cardiac fibrosis, 
diastolic dysfunction

309

ACE8/8 Cardiomyocyte 
specific, mice

10–16 weeks Atrial enlargement, atrial fibrosis, atrial fibrillation, sudden 
cardiac death, reduced lifespan

310

Agtr1a mutant Global, mice 12 months Moderate hypertension, cardiac fibrosis, diastolic dysfunction 308

Adrb1 
transgenic

Cardiomyocyte 
specific, mice

35 weeks Accelerated cardiac hypertrophy and fibrosis, systolic 
dysfunction (despite initial improvement in contractility until  
16 weeks)

322

Adrb2 
transgenic

Cardiomyocyte 
specific, mice

9 months Left ventricular hypertrophy, dysfunction and dilatation, 
reduced lifespan

324

Igf1r transgenic Cardiomyocyte 
specific, mice

20 months Exaggerated cardiac hypertrophy and fibrosis, functional 
decline, reduced cardiopulmonary functional capacity, reduced 
lifespan (despite improved cardiac phenotype at 3 months)

19

Inflammation IkkMyHC Cardiomyocyte 
specific, mice

6–8 weeks 
post-induction

NF-κΒ activation leading to cardiac hypertrophy, dilatation and 
failure, premature death

370

Tnf transgenic Cardiomyocyte 
specific, mice

24 weeks Increased cardiac hypertrophy, reduced ejection fraction, 
reduced contractile reserve capacity, left ventricular dilatation, 
reduced survival

371

Tfamfl/flCd4Cre T cell specific, 
mice

15 months Cardiac atrophy, diastolic dysfunction, reduced cardiac output 369

ACE8/8, mice with cardiac-specific Ace overexpression; TGR(mREN2)27, transgenic rats expressing mouse Ren2; VSMC, vascular smooth muscle cell.

Table 1 (continued) | Rodent models of genetic accentuation of the hallmarks of cardiovascular ageing
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Table 2 | Interventions that extend cardiovascular healthspan by acting on the hallmarks of ageing

Hallmark Intervention Species Cardiovascular effects Refs.

Disabled 
macroautophagy

Spermidine Mice Reduced age-related myocardial hypertrophy, stiffness and 
diastolic dysfunction; improved vascular endothelial dysfunction, 
arterial stiffness and ventricular–vascular coupling

51,54, 
55,219

Rats Improved blood pressure regulation, delayed onset of 
hypertension, reduced markers of cardiac ageing

Rapamycin Mice Attenuation of age-related myocardial hypertrophy, diastolic 
dysfunction, inflammation, passive stiffness, vascular 
dysfunction, oxidative stress

67,68,70

Trehalose Mice, humans Reduced age-related vascular inflammation and oxidative stress, 
improved endothelial-dependent vascular function

38,69

Endothelial cell-specific activation of 
autophagy by KLF4 overexpression

Mice Delayed age-related increase in vascular stiffness 61

Activation of autophagy by a global 
Becn1 knock-in mutation (Becn1F121A/F121A)

Mice Reduced age-related myocardial fibrosis, hypertrophy and 
apoptosis; extended lifespan

62

Loss of 
proteostasis

Pharmacological stabilization of 
transthyretin by tafamidis

Humans with 
transthyretin 
amyloid 
cardiomyopathy

Improved quality of life and functional capacity; reduced 
cardiovascular hospitalization and mortality

106,107

Vascular medin aggregation prevention 
by global Mfge8 C2 knockout

Mice Reduced age-related cerebrovascular dysfunction 90

Activation of chaperone-mediated 
autophage by global overexpression of 
human LAMP2A

Mice Reduced LDL and VLDL fraction, reduced calcification of 
atherosclerotic plaques, reduced necrotic core size

86

Genomic 
instability

Hyperlong telomeres Mice Reduced age-related cardiovascular risk (reduced plasma LDL 
and total cholesterol levels, improved glucose homeostasis), 
increased lifespan

118

Epigenetic 
alterations

Cardiac histone/protein deacetylation by 
low-to-moderate SIRT1 overexpression

Mice Reduced age-related cardiac functional decline, fibrosis and 
hypertrophy

170

Endothelial histone/protein deacetylation 
by SIRT1 overexpression

Mice Attenuated age-related decline in endothelium-dependent 
vasodilatation

171

MicroRNA-34a knockout Mice Improved contractile function, reduced cardiomyocyte 
hypertrophy and apoptosis at the age of 18–20 months

159

MicroRNA-22 antisense Mice Improved ejection fraction and cardiac output and reduced 
myocardial remodelling after myocardial infarction at  
10–11 months (less so at 9 weeks)

164

Sarrah overexpression Mice Reduced cardiac apoptosis at the age of 18 months; reduced 
infarct size and improved functional recovery after left anterior 
descending coronary artery ligation at the age of 12 weeks

167

HDAC inhibition by ITF2357/givinostat Mice Improved age-related decline in diastolic dysfunction without 
reduction in myocardial hypertrophy

176

Mitochondrial 
dysfunction

Systemic reduction of oxidative stress by 
MCAT overexpression

Mice Extended lifespan; reduced age-related cardiac pathological 
alterations, including subendocardial interstitial fibrosis, variable 
myocyte fibre size, collapse of sarcomeres and arteriolosclerosis

257

Mitochondrial antioxidant peptide SS-31 Mice Improved nitric oxide-dependent cerebromicrovascular 
dilatation, neurovascular coupling and cognitive function at an 
old age

255

Mitochondria-targeted antioxidant MitoQ Humans Improved endothelial function (measured by brachial artery  
flow-mediated dilatation) and reduced plasma oxidized LDL level 
in individuals aged 60–79 years

256

NAD+ precursors Mice Attenuated age-related cardiac hypertrophy and diastolic 
dysfunction; reduced vascular endothelial dysfunction; improved 
arterial stiffness

260,261

Cell senescence Senolytic therapy Mice Reduced age-related myocardial hypertrophy and fibrosis 
(navitoclax/ABT263) and vascular endothelial dysfunction 
(dasatinib plus quercetin)

117,293

Genetic elimination of p16Ink4a senescent 
cells

Mice Improved cardiac stress resistance and attenuated cardiac 
hypertrophy and fibrosis

117,287
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vasculature but instead in the blood and bone marrow. Depending 
on detection thresholds132, 10–40% of individuals aged 70–79 years 
are estimated to carry somatic mutations in their peripheral blood 
cells133,134. Remarkably, a substantial proportion (~20% on average) 
of peripheral blood cells in these individuals might be derived from a 
single mutated stem cell132,134. Although the carriers of these mutations 
are at risk of haematological malignancies134,135, the majority are aged 
but otherwise healthy individuals. Therefore, the term clonal haema-
topoiesis of indeterminate potential (CHIP; that is, the presence of a 
somatic mutation in the blood of individuals who have no major haema-
tological abnormalities) was coined to describe this condition136. Key 
among CHIP somatic mutations are those affecting the genes encoding 
the transcriptional regulators DNA (cytosine-5)-methyltransferase 3A 
(DNMT3A), methylcytosine dioxygenase TET2 (TET2), polycomb group 

protein ASXL1 (ASXL1) and tyrosine-protein kinase JAK2 (JAK2)134,135,137. 
Epidemiological studies have revealed that carriers of these mutations 
are at increased risk of coronary heart disease, coronary artery calcifi-
cation, myocardial infarction and ischaemic heart failure138–140. Indeed, 
the risk of cardiovascular diseases associated with CHIP is similar to 
that conferred by traditional risk factors, including hypertension, 
smoking and elevated plasma total cholesterol level132. Furthermore, 
growing evidence indicates that the cardiovascular risk associated with 
central obesity and metabolic syndrome is associated with increased 
bone marrow haematopoiesis and high circulating leukocyte counts, 
which might exacerbate CHIP as well as immune cell accumulation 
in the heart and vessels, thereby fuelling chronic inflammation141,142.

A causal role of CHIP in cardiovascular disease is inferred from 
experimental studies showing that CHIP somatic mutations promote 

Hallmark Intervention Species Cardiovascular effects Refs.

Dysregulated 
neurohormonal 
signalling

Global Agtr1a knockout Mice Reduced age-related cardiac hypertrophy and fibrosis; fewer 
atherosclerotic lesions; extended lifespan

311

Angiotensin receptor blockade Humans Reduced risk of stroke and heart failure and reduced 
cardiovascular hospitalization and mortality in patients with 
HFrEF, particularly when intolerant to ACE inhibitors

427–431

ACE inhibition Rats Reduced age-dependent increase in blood pressure, 
cardiomyocyte hypertrophy and interstitial collagen deposition; 
extended lifespan

312

Humans Reduced mortality and cardiovascular events in patients with 
vascular diseases, left ventricular systolic dysfunction or heart 
failure

432–436

β-Blocker therapy Rats Improved age-related decline in cardiac functional reserve 331

Humans Improved survival and reduced hospitalization in patients with 
non-severe chronic HFrEF

327–329, 
437,438

Systemic (mainly heart and brain) 
β-adrenergic signalling reduction by Ac5 
knockout

Mice Reduced signs of cardiac ageing, including hypertrophy, fibrosis, 
apoptosis and contractile dysfunction; extended lifespan

333

VSMC-specific mineralocorticoid 
receptor knockout

Mice Improved cardiac hypertrophy and vascular tone, associated with 
a non-significant reduction in vascular fibrosis with increasing age

315

Mineralocorticoid receptor antagonism Humans Reduced mortality and hospitalization in patients with HFrEF 439–441

Cardiomyocyte-specific Igf1r knockout Mice Reduced hypertrophy, fibrosis and inflammation in the aged heart 341

IGF1R monoclonal antibody (L2-Cmu) Mice Sex-dependent improved age-related cardiac hypertrophy and 
diastolic dysfunction and extended median lifespan

342

Cardiomyocyte-specific reduction in 
IGF1R signalling by dominant-negative 
PI3K expression

Mice Reduced age-related hypertrophy and cardiac functional decline 
and extended maximal lifespan, despite delayed cardiac growth 
in early life

19,343

Transgenic VEGF activation Mice Reduced capillary loss; improved tissue perfusion and 
oxygenation; extended lifespan

20

Inflammation Global Nlrp3 ablation Mice Reduced age-dependent hypertrophy, fibrosis and 
electrocardiographic abnormalities

372

Endothelial cell-specific, 
dominant-negative IκB expression

Mice Reduced vascular senescence, improved muscle blood flow, 
extended lifespan

373

IL-1β blocker, canakinumab Humans Reduced secondary cardiovascular events in patients with 
previous myocardial infarction and increased high-sensitivity 
C-reactive protein levels

375,376

Colchicine Humans Reduced rate of secondary cardiovascular events among patients 
≤30 days after myocardial infarction

374

ACE, angiotensin-converting enzyme; HDAC, histone deacetylase; HFrEF, heart failure with reduced ejection fraction; IGF1R, insulin-like growth factor 1 receptor; KLF4, Krüppel-like factor 4; 
LAMP2A, lysosome-associated membrane glycoprotein 2A; MCAT, mitochondrial‐targeted catalase; Mfge8 C2, medin-containing C2 domain of MFGE8; PI3K, phosphatidylinositol 3-kinase; 
SIRT1, sirtuin 1; VEGF, vascular endothelial growth factor; VSMC, vascular smooth muscle cell.

Table 2 (continued) | Interventions that extend cardiovascular healthspan by acting on the hallmarks of ageing

http://www.nature.com/nrcardio


Nature Reviews Cardiology | Volume 20 | November 2023 | 754–777 763

Review article

atherosclerosis, pathological cardiac remodelling and dysfunction, 
and heart failure in mouse models138,143–146. Mechanistically, the cardio
vascular adverse effects of CHIP are linked to inflammation as both 
human and mouse carriers of CHIP somatic mutations have a pro-
inflammatory phenotype in their immune cells138,143–145,147. By contrast, 
the increased cardiovascular risk in individuals with CHIP is almost 
completely abolished in the absence of functional IL-6 signalling148, and 
suppression of the NACHT, LRR and PYD domains-containing protein 3  
(NLRP3) inflammasome–IL-1β axis protects against atherosclerosis 
and cardiac dysfunction in mice with Tet2-deficient bone marrow143,144. 
Notably, although TET2 levels decline in the myeloid cells of aged mice 
and humans, thereby promoting pro-inflammatory tumour necrosis 
factor (TNF) signalling149, Tet2–/– mice show no signs of accelerated 
cardiac ageing150. These mice spontaneously develop a phenotype 
that is reminiscent of human pulmonary arterial hypertension by the 
age of 7–10 months, which regresses in response to anti-inflammatory 
treatment with an antibody targeting IL-1β150.

Taken together, CHIP somatic mutations might contribute to the 
age-related deterioration of cardiovascular health. Targeting these 
mutated clones or their downstream pro-inflammatory signalling might 
be a valid strategy to attenuate residual cardiovascular risk in older 
individuals (discussed further in section Hallmark 8). However, whether 
the genomic instability of cells that compose the cardiovascular struc-
tures themselves constitutes a target for anti-ageing interventions is 
not yet clear.

Hallmark 4: epigenetic alterations
Independent of DNA mutations, gene expression levels in the cardio
vascular system might be affected by a variety of epigenetic factors, 
including DNA methylation, histone modifications and non-coding 
RNAs (ncRNAs)151,152. These epigenetic alterations converge on age-
related shifts and imbalances in gene transcription with links to 
pathophysiological processes such as loss of proteostasis, mitochon-
drial dysfunction and inflammation153,154. Even in the heart, where 
genomic instability is contested (see Hallmark 3), advancing age 
causes pronounced heterogeneity in gene expression155, suggesting 
that epigenetic alterations might be involved in cardiovascular ageing.

Non-coding RNAs
Since their discovery, ncRNAs have emerged as highly relevant epi-
genetic factors in cardiovascular medicine156. Indeed, various sub-
families of ncRNAs, including circular RNAs, microRNAs (miRNAs) 
and long ncRNAs (lncRNAs), have been linked to senescence and disa-
bled autophagy, among other hallmarks of cardiovascular ageing. For 
instance, circFOXO3, a circular RNA generated from the gene encoding 
the forkhead box protein O3 transcription factor (Foxo3 or FOXO3), is 
highly expressed in hearts from aged mice and humans157. In a mouse 
model of doxorubicin-induced cardiomyopathy, a plasmid encoding 
circFOXO3 promoted cardiac senescence and exacerbated contrac-
tile function, whereas small interfering RNA targeting endogenous 
circFOXO3 had senolytic and cardioprotective effects157.

The cardiac expression profile of several miRNAs changes with 
age158. A noticeable example is miRNA-34a, which is highly expressed 
in the myocardium of aged mice and humans159, and actually pro-
motes senescence and DNA damage159,160. By contrast, aged mice with 
miRNA-34a knockout have a rejuvenated cardiac phenotype, char-
acterized by reduced cardiomyocyte hypertrophy and apoptosis as 
well as by improved cardiac function159. Notably, miRNA-34a is also 
upregulated in aged mouse aortas161, and inhibition of miRNA-34a 

renders vascular smooth muscle cells less prone to senescence 
in vitro162, while improving cardiac recovery from coronary artery 
occlusion in vivo159. miRNA-34a-knockout mice also have reduced 
vascular calcification induced by toxic doses of vitamin D162. Mice and 
humans also have an age-dependent increase in the cardiac expression 
level of miRNA-22, a ncRNA with pro-hypertrophic and autophagy-
inhibitory effects163,164. Accordingly, miRNA-22 inhibition promotes 
autophagy in cardiac cells in vitro, while reducing structural and 
functional decline after myocardial infarction in vivo, particularly in  
older mice164.

Despite the ongoing debate as to whether lncRNAs are impor-
tant transcriptional regulators or a manifestation of transcriptional 
noise165,166, the lncRNA Sarrah was found to be downregulated in aged 
mouse hearts as well as in rodent models of ischaemic cardiomyopathy 
and heart failure with preserved ejection fraction (HFpEF)167. Con-
versely, overexpression of Sarrah improves cardiomyocyte survival, 
endothelial cell proliferation and functional recovery from myocardial 
ischaemia, at least in young mice167. Overexpression of Sarrah also 
reduces cardiac apoptosis in aged mice167; however, whether this effect 
provides functional benefits in the aged heart or vasculature remains 
to be determined.

Box 2

Age-related alterations in  
the cellular composition of the 
cardiovascular system
Various technologies have been used to discern the changing 
cellular composition of different organs and tissues with increasing 
age87,364,442,443 (Fig. 1). Studies using single-cell transcriptomics, 
which is widely considered to be among the most advanced 
techniques, have revealed shifts in the cellular composition of the 
ageing cardiovascular system. For instance, single-nucleus RNA 
sequencing analysis of donor hearts at various ages showed more 
myeloid cells and fewer cardiomyocytes, at least numerically, in old 
human hearts. In mice, single-cell RNA sequencing of the heart and 
aorta revealed a similar decline in cardiomyocyte numbers coupled 
with an increase in the total number of leukocytes with increasing 
age. Surprisingly, despite increased fibrosis and stiffening of the 
aged cardiovascular system (Box 1), human hearts showed no 
age-dependent increase in the proportion of fibroblasts, and mice 
had a decline in the fraction of cardiovascular fibroblasts with 
ageing. This intriguing observation indicates that ageing might not 
only impair normal fibroblast function but potentially also reduces 
their regenerative potential, and might also explain the negative 
effect of clearing senescent fibroblasts. Regardless, it is important 
to note that single-cell data are subject to technical limitations 
owing to the various strategies used for cell isolation, detection, 
and identification and should therefore be interpreted with caution. 
Further studies with larger sample sizes together with future 
conceptual and technological advances are warranted to improve 
our understanding of the cellular composition of the cardiovascular 
system and age-related changes.
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Histone modifications
Post-translational modifications of histones have a major role in epi-
genetic regulation. For instance, acetylation of histone lysine residues 
modulates gene transcription activity by altering chromatin structure 
condensation. In this regard, cardiac and vascular expression levels of 
NAD+-dependent protein deacetylase sirtuin 1 (SIRT1) were shown to 
decline with advancing age in mice and also in human failing hearts168,169. 
Importantly, moderate restoration of SIRT1 expression in mice delays 
cardiac ageing as indicated by enhanced cardiac stress resistance and 
reduced markers of senescence and age-dependent adverse myocar-
dial remodelling170. Similarly, transgenic mice overexpressing Sirt1 
specifically in the endothelium have reduced age-related decline in 
vasodilatory responses171. By contrast, global or endothelium-specific 
ablation of Sirt6, encoding another nuclear histone deacetylase, causes 
early-onset vascular dysfunction172, and reduced SIRT6 expression in 
vascular smooth muscle cells is linked to an increased risk of vascular 
calcification in mice and humans with chronic kidney disease173. SIRT6-
deficient mice also develop a progeroid cardiac phenotype, denoted by 
myocardial hypertrophic and degenerative alterations, whereas SIRT6 
overexpression protects against pathological cardiac hypertrophy 
induced by transverse aortic constriction or isoprenaline infusion174.

Genetic ablation of genes encoding the histone deacetylase 
(HDAC) family members HDAC1, HDAC2, HDAC3, HDAC5, HDAC7 or 
HDAC9 revealed the importance of histone (de)acetylation for the 
development, maturation and growth of cardiomyocytes175. Phar-
macological inhibition of HDACs improves diastolic dysfunction — 
the key sign of cardiac ageing — in old mice as well as in murine and 
feline models of premature diastolic impairment176–178. However, fur-
ther efforts are warranted to determine whether and to what extent 
altered histone acetylation mediates the cardiac benefits of pan-HDAC 
inhibitors. This question is particularly important because gain-of-
function and loss-of-function mutations of specific HDACs have 
revealed unique, and sometimes opposing, roles of the various HDAC 
isoforms in cardiovascular homeostasis and pathology179. For instance, 
HDAC6-deficient mice, which have reduced susceptibility to pulmonary 
hypertension and stress-induced systolic dysfunction180,181, manifest 
premature onset of diastolic dysfunction that progresses with ageing182. 
Similarly, knockout of Hdac9 protects against vascular calcification183 
but accentuates pathological hypertrophy in relevant mouse models184. 
Therefore, selective targeting of HDAC isoforms, ideally in a cell type-
specific manner, might be an effective strategy for reducing adverse 
and off-target effects.

Numerous studies have shown that histone methylation has an 
important role in cardiac homeostasis at least in early life185–188. Indeed, 
targeting histone methylation has been proposed as a potential thera-
peutic approach for treating atherosclerosis and hypertrophic cardio-
myopathy on the basis of preclinical experiments188–190. Nonetheless, 
further research is required to determine whether natural ageing is 
accompanied by altered and targetable histone methylation in the 
cardiovascular system.

DNA methylation
Although profiling DNA methylation patterns is increasingly used to 
estimate the rate of cardiovascular ageing191–193, the contribution of 
altered DNA methylation to cardiovascular disease remains contro-
versial. For instance, although the cardiac DNA methylome is altered 
in human failing hearts194–196, measurements of DNA methylation in 
human cardiac samples underestimate chronological age by a dec-
ade compared with those performed on blood and other tissues197,198. 

This finding suggests that the human heart might be comparatively  
resistant to age-related alterations in DNA methylation. By con-
trast, a rat study revealed an age-dependent decline in the cardiac 
expression level of DNA (cytosine-5)-methyltransferase 1 (DNMT1), 
which is involved in the maintenance of DNA methylation199. How-
ever, cardiac Dnmt1 knockout in adult mouse hearts did not cause 
any obvious maladaptive consequences, at least until the age of 
12 months, and unexpectedly had cardioprotective effects in a model 
of cardiotoxicity199. The effect of other DNA methyltransferases, such 
as DNMT3A and DNMT3B, which are required for de novo DNA meth-
ylation, also remains controversial. Although the levels of DNMT3A 
and DNMT3B are upregulated in human heart failure196, discordant 
reports from studies of mice with conditional cardiomyocyte-specific 
deletion of Dnmt3a and/or Dnmt3b showed either no detrimental 
phenotype or severe cardiomyopathy200,201. Therefore, the effect of 
modulating cardiac DNA methylation during adulthood, let alone in 
ageing, is perplexing, even though the embryonic ablation of DNA 
methyltransferases is known to cause premature death due to cardiac 
anomalies, among other developmental defects202.

In terms of vascular DNA methylation, opposing observations have 
also been reported in aged versus atherosclerotic vessels. Despite the 
intimate association between ageing and atherosclerosis203, ageing 
is associated with global vascular DNA hypomethylation204, whereas 
atherosclerotic vessels seem to show focal DNA hypermethylation205, 
and atherosclerotic lesions can even be attenuated by pharmacologi-
cal inhibition of DNMT1 (ref. 206). Therefore, further investigation is 
required to elucidate the importance and mechanistic role of reduced 
vascular DNA methylation in natural ageing.

Hallmark 5: mitochondrial dysfunction
Mitochondrial dysfunction is a key characteristic of ageing and age-
related chronic diseases207,208, particularly in the cardiovascular sys-
tem, which heavily relies on mitochondrial metabolism and signalling. 
Beyond their function in myocardial bioenergetics, the mitochondria 
have a crucial role in intracellular calcium homeostasis, redox balance, 
anabolic and catabolic reactions, and in the initiation of inflamma-
tory and lethal signals in almost all cell types in the cardiovascular 
system209–211. Therefore, age-related mitochondrial defects prefer-
entially affect the cardiovascular system212,213. Indeed, mitochondrial 
dysfunction is arguably one of the most crucial aetiological factors 
across a wide range of cardiovascular disorders214,215.

In the heart, ageing is associated with a sizable decline in mito-
chondrial content55,216. In addition, aged cardiac mitochondria are 
structurally and functionally compromised as indicated by an increase 
in diameter (swelling), matrix deformation, loss of cristae and reduced 
oxidative phosphorylation secondary to reduced activity and stability 
of mitochondrial respiratory chain complexes, particularly complex 
IV55,213,217. Although these abnormalities might mainly affect interfibril-
lar mitochondria (that is, those located between myofibrils)212,218,219, 
cardiac metabolism is substantially impaired. Therefore, aged human 
and mouse hearts are characterized by limited metabolic flexibility and 
increased reliance on glycolysis rather than fatty acid oxidation220,221.

Mitochondrial defects are also evident in the aged vasculature5,6 
given that both vascular endothelial and smooth muscle cells have 
impaired mitochondrial biogenesis, coupled to reduced mitochon-
drial mass and respiration222,223. Vascular ageing is also associated with 
exaggerated mitochondrial production of ROS, which directly scav-
enge and reduce the bioavailability of nitric oxide, thereby impairing 
endothelium-dependent vasorelaxation224,225. In addition, suppressed 
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antioxidative activity of the transcriptional regulator nuclear factor  
erythroid 2-related factor 2 (NRF2)226,227 renders aged vascular cells par-
ticularly susceptible to ROS-induced damage. Indeed, NRF2-deficient 
mice have an accelerated vascular ageing phenotype coupled with 
increased susceptibility to vascular senescence and cerebromicro-
vascular dysfunction228,229. Regardless, excessive production of mito-
chondrial ROS might increase the rate of mitochondrial DNA (mtDNA) 
mutations and deletions and even cause the release of mtDNA from 
mitochondria, thereby activating pro-inflammatory signalling path-
ways. Therefore, ROS lead to the activation of nuclear factor-κB (NF-κB), 
whereas cytosolic mtDNA triggers the DNA sensor cyclic GMP–AMP 
synthase (cGAS) and subsequently the cyclic GMP–AMP receptor stimu-
lator of interferon genes protein (STING) to initiate a type I interferon 
response6,230. These pro-inflammatory pathways drive age-related 
endothelial dysfunction231–233. Supporting this scenario, aged vessels 
show a positive feedback loop between mitochondrial dysfunction 
and IL-6, which exacerbates hyperlipidaemia-induced atherogen-
esis in mice234. Another relevant feature explaining specific facets of 
mitochondrial dysfunction is the decline in levels of key metabolic 
cofactors, particularly NAD+, which is likely to contribute to cardiac 
and vascular ageing235,236.

Mechanistically, reduced mitochondrial quality control due to 
age-related loss of mitophagy might explain the accumulation of dys-
functional organelles and the associated decline in cardiovascular 
homeostasis28,237,238. Supporting this notion, mice deficient in mito-
chondrial serine/threonine-protein kinase PINK1 (also known as PTEN-
induced putative kinase protein 1), which have increased age-dependent 
accumulation of dysfunctional mitochondria due to impaired 
mitophagy239,240, develop premature cardiac hypertrophy and sys-
tolic dysfunction at an early age241. Similarly, increasing mitochondrial 
biogenesis by overexpression of peroxisome proliferator-activated 
receptor-γ coactivator-α (PGC1A) specifically in cardiomyocytes accel-
erates cardiac ageing and shortens lifespan, despite initially improving 
cardiac health242. The accentuated cardiac ageing phenotype in these 
transgenic mice was attributed, at least in part, to increased accumula-
tion of damaged mitochondria due to failed quality control of newly 
generated organelles by an overwhelmed mitophagy machinery242. 
Along similar lines, abrogating mitochondrial dynamics (that is, fusion 
and fission) in cardiomyocytes substantially impairs mitophagy, which 
coincides with accelerated mitochondrial senescence and premature 
signs of cardiac ageing in Mfn1–Mfn2–Drp1 triple knockout mice243. 
Similarly, defective endothelial mitophagy in Prkaa-knockout mice is 
associated with mitochondrial fragmentation and vascular endothelial 
dysfunction, which can be rescued by Atg7 overexpression or in vivo 
administration of the mTOR-dependent autophagy inducer rapamy-
cin244. By contrast, the cardioprotective effects of spermidine in aged 
mice and rats are linked to improved mitochondrial structure and 
function through induction of mitophagy51,55,219.

Systemic disruption of mitochondrial homeostasis precipitates 
the age-associated deterioration of cardiovascular health in mouse 
models245. For instance, a knock-in mutation in the nucleus-encoded 
catalytic subunit of polymerase-γ (Polga), rendering this mtDNA poly-
merase proofreading deficient, leads to excessive mtDNA point muta-
tions and deletions as well as to increased ROS production246,247. These 
mtDNA-mutator mice have a shortened lifespan and show accelerated 
myocardial senescence, fibrosis, hypertrophy and dilatation as well as 
left ventricular systolic and diastolic dysfunction246,247. Moreover, these 
mice manifest premature vascular stiffening, reduced vascular com-
pliance and increased atherosclerosis223,248. Notably, overexpressing 

the antioxidant enzyme catalase or treatment with the mitochondria-
targeted antioxidant SkQ1 attenuate aspects of accelerated cardio-
vascular ageing in mtDNA-mutator mice246,249. Another example of 
mitochondrial defects driving cardiac ageing is provided by mice lack-
ing either of mitochondrial pyruvate carrier subunits 1 or 2 in cardio-
myocytes, which causes cardiac hypertrophy, abnormal contractility 
and premature death250,251. Even vascular endothelial cells, which largely 
rely on glycolysis rather than oxidative phosphorylation for energy 
production252, lose ex vivo control of vascular tone after pharmaco-
logical inhibition of respiratory chain complexes or the mitochondrial 
pyruvate carrier253. Moreover, in vivo disruption of endothelial fatty 
acid oxidation by conditional deletion of mitochondrial carnitine 
O-palmitoyltransferase 2 promotes valvular disease and increases 
vascular permeability in several organs254. Therefore, forced induc-
tion of mitochondrial dysfunction accelerates cardiovascular ageing 
and increases susceptibility to cardiovascular disease at a young age.

Importantly, interventions designed to avoid certain aspects of 
age-related mitochondrial dysfunction have shown cardiovascular 
protective effects and delayed ageing. For instance, mitophagy induced 
in cardiomyocytes by transgenic overexpression of E3 ubiquitin-protein 
ligase parkin not only maintains mitochondrial integrity and cardiac 
function but also attenuates signs of senescence and inflammation 
in aged mice238. Mitochondria-targeted antioxidant agents, such as 
mitoquinone mesylate (MitoQ; Antipodean Pharmaceuticals) and SS-31 
(elamipretide), normalize vascular oxidative stress and restore the 
vasodilatory function of endothelial cells in aged mice and humans255,256. 
Consistent with these findings, overexpression of the antioxidant cata-
lase in mitochondria delays cardiac ageing and extends the lifespan 
of mice257. Furthermore, reducing mtDNA damage in apolipoprotein 
E-knockout (Apoe−/−) mice by overexpressing Twinkle mtDNA helicase 
improves mitochondrial function and the stability of atherosclerotic 
plaques by increasing the thickness of fibrous caps and reducing the 
formation of necrotic cores258. Similarly, boosting mitochondrial oxi-
dative metabolism by supplementation with NAD+ precursors exerts 
cytoprotective effects on mouse and human cells in vitro259, and delays 
both cardiac and vascular signs of ageing in vivo260,261. Therefore, nico-
tinamide can suppress age-related cardiac hypertrophy and diastolic 
dysfunction in mice260. Moreover, in aged mice, administration of nico-
tinamide mononucleotide reduces age-related vascular and (cerebro)
microvascular endothelial dysfunction, avoids arterial stiffness by 
preserving elastin content and decreasing collagen accumulation, and 
increases cerebral and skeletal muscle blood flow, thereby improving 
neurovascular coupling, cognitive performance and exercise endur-
ance capacity261–264. Restoring NAD+ levels by inhibiting its consuming 
enzymes also recapitulates some of these cardiovascular benefits235,265. 
Taken together, these findings indicate that mitochondria are an action-
able target to prevent or delay cardiovascular ageing at the preclinical 
level, calling for attempts to translate these findings to the clinic215.

Hallmark 6: cell senescence
Senescence is generally defined as permanent arrest of the cell cycle, 
leading to irreversible loss of replicative capacity coupled with a 
reduction in specific cellular functions and the acquisition of pro-
inflammatory features. However, senescence does not apply only to 
proliferative cell types, such as endothelial cells and fibroblasts, but 
can also affect cardiomyocytes117,266,267. Senescence is induced by several 
internal and external stressors, including telomere shortening, onco-
genic signalling, persistent DNA damage, oxidative and mechanical 
stress, nutrient imbalance and mitochondrial dysfunction as well as 
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viral or bacterial infections268,269. Senescent cells secrete a range of 
pro-inflammatory cytokines and chemokines, growth factors, and 
matrix proteases — collectively referred to as the senescence-associated 
secretory phenotype (SASP) — which can trigger other non-senescent 
cells to undergo ‘secondary’ (also known as ‘contagious’ or ‘paracrine’) 
senescence270. However, the identification of senescent cells is chal-
lenging, especially in vivo, due to the absence of specific biomarkers, 
and relies on a combination of parameters, including the activity of 
lysosomal senescence-associated β-galactosidase and the expression  
of cyclin-dependent kinase inhibitors such as CDKN2A (p16) and 
CDKN1A (p21)271,272. Notably, even though cell senescence is required for 
normal development, wound healing and protection against neoplastic 
transformation, a growing body of evidence suggests that uncontrolled 
accumulation of senescent cells (that is, without sufficient elimination 
by immune cells)273 might contribute to organismal ageing and related 
chronic diseases266,274. Indeed, cellular senescence has been implicated 
in multiple age-related cardiovascular diseases, including atheroscle-
rosis, ischaemic cardiomyopathy and HFpEF275–279. The accumulation of  
senescent cells has been shown to blunt the regenerative potential 
of aged skeletal muscle280 but whether this process also occurs in the 
myocardium remains to be demonstrated.

Owing to their anatomical location, vascular endothelial cells 
(including those in the cerebral microcirculation) are directly exposed 
to senescence-inducing stimuli, including biochemical and haemody-
namic factors281–283. Compared with their normal counterparts, senes-
cent endothelial cells show abnormal morphology and enlargement 
as well as increased adhesion to the basement membrane and reduced 
capacity to align with the direction of blood flow281,284. Functionally, 
senescent endothelial cells have been implicated in the age-related 
incapacity of endothelium-dependent vasodilatation285 as well as in the 
loss of blood–brain barrier integrity286. Similarly, senescent cardiomyo-
cytes have a maladaptive phenotype, characterized by hypertrophy 
and profibrotic signalling, which might contribute to typical features 
of cardiac ageing, including myocardial wall thickening and stiffness 
(Box 1), respectively117,287. Reduction of telomere length coupled with 
excessive cell cycling cannot account for cardiomyocyte senescence; 
however, telomere damage without shortening could be induced by 
mitochondrial dysfunction and oxidative stress117. In accordance with 
their role in wound healing288, senescent fibroblasts restricted myo-
cardial fibrosis in a mouse model of transverse aortic constriction289. 
However, whether this phenomenon is also relevant in age-related myo-
cardial fibrosis is unknown and raises the possibility that senescence in 
different cell types has context-dependent, positive and negative roles 
in cardiovascular physiology. Indeed, specific subtypes of senescent 
cells might perform different physiological roles more generally (for 
example, wound healing, limitation of sterile inflammation and the 
maintenance of the hepatic blood–tissue barrier) and their elimination 
could result in mixed outcomes282,290.

Nevertheless, in naturally aged mice, systemic clearance of senes-
cent cells can delay ageing and extend lifespan287,291,292. In the cardiovas-
cular system of these animals, genetic or pharmacological elimination 
of senescent cells attenuates myocardial hypertrophy and fibrosis and 
maintains cardiac function117. Clearance of cells expressing p16Ink4a 
was shown to improve cardiac stress resistance and attenuate myo-
cardial remodelling in response to β-adrenergic stimulation of aged 
mice287. Similarly, long-term senolytic therapy delays vascular ageing 
as indicated by improved endothelium-dependent vasodilatation293, 
and also improves neurovascular coupling and cognitive function294. 
Conversely, accelerated senescence induced by telomere uncapping 

or telomere shortening causes an early-onset cardiovascular ageing 
phenotype characterized by premature myocardial hypertrophy, 
fibrosis and diastolic dysfunction as well as vascular oxidative stress, 
endothelial dysfunction and elevated blood pressure in mice242,285,295,296. 
This finding might also be relevant to humans because increased vas-
cular expression of senescence biomarkers is associated with vascular 
endothelial dysfunction in sedentary older individuals297. Moreover, 
the effects of cardiac glycosides298 might be partially attributable to 
their senolytic activity299.

Taken together, these findings suggest that accumulating secre-
tory and metabolically active senescent cells in the cardiovascular sys-
tem might contribute to the various aspects of cardiovascular ageing. 
Therefore, targeting supernumerary senescent cells might be a prom-
ising approach to delaying age-dependent decline in cardiovascular 
health.

Hallmark 7: dysregulated neurohormonal 
signalling
Major components of both systemic and local neurohormonal signal-
ling, including the renin–angiotensin–aldosterone system (RAAS), 
β-adrenergic signalling and insulin–IGF1 signalling, are chronically 
activated in ageing, thereby contributing to dysregulation of the 
cardiovascular system.

The renin–angiotensin–aldosterone system
Activation of the RAAS is intimately linked to age-related cardiovascular 
diseases, including hypertension, atherosclerosis, coronary heart dis-
ease, atrial fibrillation and heart failure300. Therefore, RAAS blockade 
with angiotensin-converting enzyme (ACE) inhibitors, angiotensin 
receptor blockers and mineralocorticoid receptor antagonists is widely 
used for the treatment of cardiovascular disorders (Table 2). Among 
patients with obesity and type 2 diabetes mellitus, the beneficial effect 
of dietary restriction on cardiovascular and renal risk was also linked 
to suppressed RAAS activity as indicated by reduced serum levels of 
angiotensin II (the major effector peptide of the classical RAAS)301.

Despite its initial adaptive role, chronic activation of the RAAS has 
adverse cardiovascular effects through various mechanisms, includ-
ing impaired sodium homeostasis, maladaptive vascular tone and 
blood volume regulation, coupled with abnormal cellular growth 
and proliferation, oxidative stress, inflammation and fibrotic remod-
elling throughout the cardiovascular system302,303. An age-dependent 
increase in the circulating levels of renin and angiotensin II has been 
detected in aged but otherwise healthy mice304. Increased expression of 
angiotensin II mRNA and protein levels is also found locally in the hearts 
and vasculature of aged mice304,305. Elevated levels of angiotensin II are 
accompanied by increased vascular expression of ACE, collagen IV, 
fibronectin and transforming growth factor-β (TGFβ)304 as well as by 
a greater propensity to develop hypertension in response to low doses 
of angiotensin II306.

These studies indicate that RAAS overactivation occurs as a cor-
relate of ageing itself, independently from associated cardiovascular 
diseases. This notion is further supported by the finding that angioten-
sin II affects the activity of fundamental pathways involved in organ-
ismal ageing (including mTOR, sirtuin, klotho and 5′-AMP-activated 
protein kinase signalling307), indicating that RAAS activation might 
be sufficient to promote typical features of cardiovascular ageing. 
Therefore, in a mouse model, a gain-of-function mutation in the gene 
encoding the angiotensin II receptor type 1A (AT1A; Agtr1a) causes 
cardiac fibrosis and diastolic dysfunction, coupled with moderate 
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hypertension308. Even when activated mainly in extrarenal tissues, 
the RAAS promotes hypertension, cardiac hypertrophy, myocardial 
fibrosis and diastolic dysfunction in rats at a very young age309. Moreo-
ver, in mice, mineralocorticoid receptor blockade improves diastolic 
dysfunction309, independently of peripheral changes in systolic blood 
pressure. Further supporting local RAAS effects, overexpression of 
ACE or angiotensin II in mice, specifically in the heart, triggers atrial 
dilatation, arrhythmias and sudden cardiac death despite near-normal 
blood pressure and renal function310. Conversely, pharmacological or 
genetic inhibition of RAAS signalling attenuates age-related cardiovas-
cular alterations. For example, angiotensin II inhibition and genetic 
disruption of AT1A delay the onset of cardiovascular decline and 
improve survival in both mice and rats311,312. Long-term treatment with 
the ACE inhibitor enalapril attenuates cardiovascular remodelling313, 
inflammation and frailty in old normotensive mice314. Along similar 
lines, mice lacking mineralocorticoid receptors in vascular smooth 
muscle cells avoid the myocardial thickening that usually accompa-
nies ageing and have improved regulation of vascular tone315. Of note, 
classical RAAS signalling, mediated by angiotensin II, is counteracted 
by non-canonical RAAS peptides, including angiotensin (1–7), angio-
tensin (1–9) and alamandine as well as their receptors, which confer 
protection against cardiovascular disease316. Therefore, despite the 
widespread clinical use of RAAS inhibitors, the exact contribution of 
the RAAS to cardiovascular ageing is yet to be fully elucidated.

β-Adrenergic signalling
Ageing is associated with increased circulating levels of catechola-
mines, leading to the chronic stimulation and ensuing inactivation 
of cardiac β-adrenergic receptors, which is aggravated by the age-
dependent attrition of cardiac neurons317,318. Indeed, both older humans 
and rodents have impaired cardiac autonomic regulation, known as 
β-adrenergic desensitization319, coupled with reduced cardiac reserve 
and effort intolerance320,321. Similarly, high circulating levels of catecho-
lamines, reduced β-adrenergic responsiveness and general hyposensi-
tivity to adrenergic stress are typically found in human heart failure319. 
In this context, the suppression of β-adrenergic signalling might be 
viewed as a compensatory mechanism through which the heart avoids 
exaggerated responses to high levels of catecholamines. Supporting 
this notion, activating β-adrenergic signalling in mice by overexpress-
ing β-adrenergic receptors initially improves contractility322,323 but 
eventually accelerates cardiac hypertrophy and fibrosis, causing fatal 
cardiac decompensation322,324–326. By contrast, several clinical studies 
have demonstrated that β-blockers improve outcomes in patients with 
heart failure and reduced ejection fraction327–329 (Table 2), and they also 
attenuate the progression of atherosclerosis330.

Intriguingly, β-blockade improves, rather than aggravates, 
impaired β-adrenergic signalling, thereby ameliorating cardiac ino-
tropic reserve in aged but otherwise healthy rats331. Treatment with vari-
ous β-blockers also extends the median lifespan of mice332. Similarly, 
genetic inactivation of β-adrenergic signalling by knockout of Adcy5, 
encoding adenylate cyclase type 5 (AC5; a key enzyme that catalyses 
the synthesis of cAMP from ATP), in mice prevents age-related cardiac 
hypertrophy, systolic dysfunction, apoptosis and fibrosis, resulting 
in increased lifespan333. The beneficial effects of Adcy5 knockout were 
attributed, at least in part, to the upregulation of superoxide dismutase, 
which protects against oxidative stress by reducing mitochondrial ROS 
production333. Emerging evidence also indicates that upregulation 
of myc box-dependent-interacting protein 1 (also known as bridging 
integrator 1 (BIN1) or amphiphysin II) might contribute to deranged 

β-adrenergic signalling during ageing through impaired recycling and 
trafficking of cardiac Ca2+ channels (published in a preprint334). Accord-
ingly, Bin1 knockdown in old mice improves β-adrenergic responsive-
ness in the heart as assessed by measuring calcium fluxes in isolated 
cardiomyocytes334. However, whether suppressing BIN1 would restore 
inotropic reserve in vivo and could, therefore, be targeted to correct 
the age-related derangement of β-adrenergic signalling in patients who 
do not tolerate or benefit from β-blockade is unknown335,336. In essence, 
fine-tuning β-adrenergic signalling remains a primary objective for the 
management of cardiovascular risk in older individuals.

Growth signalling
Although the levels of growth hormone and IGF1 naturally decline 
with age337, mutations resulting in reduced IGF1 signalling are linked to 
extended lifespan across species71,338. In this regard, the effect of IGF1 
signalling on cardiac health seems to be biphasic and age dependent19. 
Young mice overexpressing the IGF1 receptor (IGF1R) specifically in 
cardiomyocytes have improved cardiac function and structure19,339, 
whereas old mice overexpressing cardiac IGF1 or IGF1R have accentu-
ated cardiac ageing, premature heart failure and reduced lifespan19,340. 
Mechanistically, reduced cardiac healthspan in IGF1R-overexpressing 
mice is attributable to disabled autophagy associated with mitochon-
drial dysfunction, reduced oxidative metabolism and impaired myocar-
dial bioenergetics19. By contrast, cardiac IGF1R expression was shown 
to increase spontaneously with ageing19,341, and its genetic ablation 
in mice reduces age-related cardiac hypertrophy, fibrosis and levels 
of pro-inflammatory cytokines341. Late-in-life treatment of wild-type 
mice with IGF1R monoclonal antibodies improves age-dependent car-
diac dysfunction and extends lifespan, albeit only in female animals342. 
That said, inhibiting cardiac IGF1R signalling in male mice expressing 
a dominant-negative p110α isoform of phosphatidylinositol 3-kinase 
(PI3K; also known as phosphoinositide 3-kinase) extends maximum 
lifespan and attenuates age-related cardiac decline19,343, despite delay-
ing cardiac growth in early life19. Similarly, mice treated with alpelisib, a 
small-molecule inhibitor of PI3K, have extended median and maximal 
lifespans in male animals and more so in female animals, despite adverse 
effects on bone density and glycaemic control344. Whether alpelisib 
also delays cardiovascular ageing remains to be tested as mice in the 
study were not assessed at an old age (that is, older than 18 months)344.

As in aged mouse hearts19,341, human explanted failing hearts have 
elevated IGF1R expression19. Furthermore, cardiac IGF1R mRNA is 
overexpressed in patients with ischaemic heart disease or HFpEF345. 
However, the idea that IGF1 signalling could be targeted to decelerate 
human cardiac ageing is complicated by the observation that both low 
and high circulating levels of IGF1 are linked to an increased risk of heart 
failure346,347 and death348–350. Therefore, further studies in humans are 
required to explore the relationship between circulating IGF1 levels and 
activation of IGF1R signalling in the heart and other tissues to design 
novel interventions targeting the IGF1–IGF1R system in specific organs.

In the vasculature, declining circulating IGF1 levels correlate with 
reduced cerebral blood flow and neurovascular coupling in healthy 
older people (mean age 67.9 years)351. Low serum IGF1 levels in middle-
aged women (mean age 52 years) with rheumatoid arthritis are asso-
ciated with hypertension and an increased risk of cardiovascular 
events352. Furthermore, in Ames dwarf and Little mice, reduced IGF1 
levels are associated with increased vascular stiffness and endothelial 
dysfunction at a young age, despite increased longevity353,354. Although 
these observations suggest that IGF1 deficiency actually promotes 
premature ageing of the vasculature, both low and high levels of IGF1 
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are associated with an elevated risk of vascular events (a composite of 
myocardial infarction and stroke) in humans349. Furthermore, global 
and endothelial cell-specific knockdown of Igf1r in mice improves 
vascular function at least at a young age355,356. Although these salutary 
effects await confirmation in aged mice, knockdown of endothelial 
Igf1r exacerbates atherosclerotic lesions in Apoe−/− mice356. There-
fore, long-term studies — preferably focusing on IGF1R modulation 
in specific vascular cell types — are needed to elucidate the potential 
pathogenic implications of insufficient versus excessive IGF1 signalling. 
Of note, another trophic factor, namely VEGF, has been shown to be 
required for healthy vascular ageing20. Transgenic overexpression of 
VEGF, which avoids the natural age-related decline in VEGF signalling, 
reduces endothelial cell senescence, inflammation and mitochondrial 
dysfunction, promotes blood perfusion of various tissues, and extends 
healthspan and lifespan20.

Hallmark 8: inflammation
Ageing is associated with chronic low-grade sterile inflammation or 
inflammageing357. This phenomenon is particularly evident in age-
related cardiovascular diseases such as atherosclerosis358. Indeed, 
atherosclerosis is an inflammatory lesion that smoulders over decades 
and involves a variety of immune cell subtypes and cytokines that, in 
combination with risk factors such as dyslipidaemia, contribute to vas-
cular remodelling and plaque formation and rupture203,359. Circulating 
biomarkers of inflammation predict the progression of atherosclerosis 
with its cardiovascular complications360, and inflammatory processes 
apparently further drive secondary events indicative of disease pro-
gression361,362. Inflammation and altered immune cell phenotypes are 
also evident in the ageing heart. The abundance, subtype composition, 
function and activation state of myocardium-infiltrating immune cells 
change with time. For example, cardiac myeloid cell numbers that 
increase in aged mice and humans outnumber lymphocytes, especially 
in females363–365. Myocardial T cell subsets also change with ageing, 
shifting to a more pro-inflammatory phenotype as exemplified by an 
increase in CD4+FOXP3–IFNγ+ cells366. Adoptive transfer of differenti-
ated human CD4+ T cells into young mice causes cardiac inflammatory 
shifts that are typically observed at an old age367. Similarly, T cells trans-
ferred from old to young mice show cardiotropism and induce mild 
dysfunction366, whereas adult T cells transferred into neonates promote 
local inflammation and impair cardiac regenerative capacity368. More 
dramatically, T cell-specific deficiency in mitochondrial transcription 
factor A promotes chronic inflammation and accelerates organismal 
ageing, including in the cardiovascular system, which can be attenu-
ated by TNF neutralization369. Therefore, immunosenescence affecting  
T lymphocytes can accelerate cardiovascular ageing.

Cardiac-specific induction of inflammation by a gain-of-function 
mutation in the gene encoding IκB kinase, which activates NF-κΒ, causes 
spontaneous cardiac hypertrophy in mice, coupled to early-onset heart 
failure and premature mortality370. Transgenic mice overexpressing 
TNF in the heart also have signs of hypertrophic cardiomyopathy at 
a young age371. Conversely, mice lacking the inflammasome compo-
nent NLRP3 have an extended lifespan and delayed cardiac ageing, 
coinciding with reduced IGF1 signalling, increased autophagy, and 
upregulation of SIRT1 and the NAD+ salvage enzyme nicotinamide 
phosphoribosyltransferase372. Similarly, transgenic expression of a 
dominant-negative form of IκB in endothelial cells reduces vascular 
senescence and extends lifespan373. In patients with cardiovascular 
disease, targeting inflammation by either inhibiting the NLPR3 inflam-
masome with colchicine374 or neutralizing its major cytokine product 

IL-1β with the anti-IL-1β antibody canakinumab375,376, has been shown 
to be effective for secondary prevention of cardiovascular events. 
Lung cancer mortality was also reduced in patients with atheroscle-
rosis receiving canakinumab377, although at the cost of an increased 
incidence of sometimes fatal infections375.

In addition to atherosclerosis and related coronary artery disease, 
HFpEF (the predominant form of cardiac failure in older individuals378) 
has also been proposed to be an inflammatory, multiorgan syndrome379, 
primarily driven by accelerated ageing380,381. Supporting this notion, 
older individuals (mean age 73.6 years) with elevated levels of bio-
markers of inflammation have a significantly higher risk of HFpEF than 
those with normal levels of inflammatory biomarkers382. Of note, the 
cardioprotective effects of sodium–glucose cotransporter 2 (SGLT2) 
inhibitors — the first drug class showing efficacy in the treatment of 
HFpEF383,384 — are linked to reduced inflammation385–387, among other 
anti-ageing effects387–389. In aged mice fed a high-fat diet and desoxy-
corticosterone, the development of HFpEF can be prevented by the 
administration of β-hydroxybutyrate, which acts directly on the NLPR3 
inflammasome to inhibit IL-1β maturation and pro-inflammatory, 
cytokine-induced mitochondrial dysfunction390.

Glossary

Autophagy
An evolutionarily conserved 
homeostatic process through which old, 
dysfunctional or potentially hazardous 
cytoplasmic components undergo 
lysosomal degradation; three types of 
autophagy exist in mammalian cells: 
microautophagy, macroautophagy and 
chaperone-mediated autophagy.

Clonal haematopoiesis 
of indeterminate potential
(CHIP). A process by which stem 
cells in the blood or bone marrow 
randomly accrues somatic mutations 
during ageing, leading to exaggerated 
representation of a single clone.

Inflammageing
The phenomenon of low-grade, 
subclinical sterile inflammation 
commonly observed with ageing, 
leading to increased circulating and 
tissue cytokine levels.

Inflammasome
A supramolecular complex, the 
formation of which is triggered by a 
range of exogenous and endogenous 
pro-inflammatory factors, culminating 
in the activation of caspase 1, 
which proteolytically activates the 
pro-inflammatory cytokines IL-1β 
and IL-18.

Non-coding RNAs
(ncRNAs). RNA molecules that are not 
translated into proteins but regulate 
the expression levels of target genes; 
there are several subfamilies of 
ncRNAs, including microRNAs (<200 
nucleotides), long non-coding RNAs 
(>200 nucleotides) and covalently 
closed circular RNAs.

Proteostasis
A network of cellular processes that 
maintain the health and integrity of  
the proteome, including protein 
biogenesis, folding, trafficking and 
degradation.

Senescence
Permanent arrest of the cell cycle 
with irreversible loss of replicative 
capacity, leading to the loss of specific 
cellular functions, and the acquisition 
of a secretory and metabolically active 
phenotype with pro-inflammatory 
features.

Senolytic therapy
Elimination of senescent cells  
by molecules that specifically  
induce cell death in senescent cells  
to improve organismal health.
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Mechanistically, cardiovascular ‘inflammageing’ is intrinsically 
linked with other hallmarks of ageing, including disabled macroau-
tophagy (via accumulation of harmful waste), loss of proteostasis (via 
a disequilibrium between pro-inflammatory and anti-inflammatory 
proteins), genomic instability (via CHIP), epigenetic alterations (via 
promotion of pro-inflammatory gene transcription), mitochondrial 
dysfunction (via excessive ROS) and cell senescence (via SASP). Nota-
bly, the innate cGAS–STING immune pathway, which senses cytosolic 
DNA and promotes downstream activation of interferon-dependent 
inflammatory pathways, is crucial for cellular senescence and SASP 
acquisition391. Therefore, the age-dependent decline in transcriptional 
coactivator YAP–TAZ mechanosignalling, evident in fibroblasts, vascu-
lar smooth muscle cells and cardiomyocytes, promotes senescence in 
the mouse aorta via cGAS–STING induction392. cGAS–STING signalling 
is also increased in association with age-related endothelial dysfunc-
tion in aged mice and humans231 as well as in the premature ageing 
seen with progeria (also known as Hutchinson–Gilford syndrome)393, 
in which cardiovascular ageing manifests during childhood or early 
adolescence394. Notably, in mice, genetic or pharmacological inhibi-
tion of cGAS–STING ameliorates the phenotypes of atherosclerosis, 
myocardial infarction and stroke395–399.

Although innate immunity was traditionally considered to be 
the main driver of inflammation in cardiovascular ageing and dis-
ease, adaptive immunity has also been implicated in these processes. 
With ageing, immunosenescence, T cell exhaustion and other signs of 
adaptive immune dysfunction not only explain insufficient immune 
responses to external or internal pathogens but also contribute to 
systemically increased inflammation, which drives infections, cancer 
and cardiovascular disease400.

Despite the broad evidence base implicating inflammation and 
immune mechanisms in the pathogenesis of age-associated cardio-
vascular diseases in preclinical models, anti-inflammatory drugs have 
not yet been convincingly shown to mediate the primary prevention 
of cardiovascular events in humans22. For example, low-dose aspirin, a 
non-steroidal anti-inflammatory drug that also inhibits platelet aggre-
gation and induces autophagy401, has not been shown to prevent initial 
cardiovascular events in large clinical trials402–404. Whether this failure 
is due to low adherence or the need to combine aspirin with other drugs 
is a matter of debate. Indeed, in 2022, a polypill including aspirin was 
shown to improve both adherence and efficacy in secondary prevention 
of cardiovascular disease405, but these effects remain to be examined in 
the setting of primary prevention. In addition, whether all individuals 
beyond a certain age should be treated with anti-inflammatory drugs 
to prevent cardiovascular ageing or whether only those with subclinical 
features of inflammation should be targeted is uncertain. For example, 
older individuals harbouring CHIP mutations might be particularly 
responsive to IL-1β neutralization by canakinumab as suggested by a 
post hoc analysis of the CANTOS trial406. Canakinumab therapy was 
particularly effective in patients with signs of systemic inflammation 
(plasma levels of high-sensitivity CRP ≥2 mg/l), leading to an early and 
robust reduction in inflammatory markers407.

As discussed, abundant evidence exists to support the idea 
that inflammatory processes contribute to cardiac and vascular 
ageing. However, which patient populations will benefit from anti-
inflammatory interventions, and whether simultaneous targeting of 
several cell types (such as macrophages and T lymphocytes), intracel-
lular pathways (such as the cGAS–STING, NF-κB and inflammasome 
pathways) or pro-inflammatory effector molecules (such as type I 
interferons, TNF and IL-1β) might constitute an effective combination 

strategy for postponing or halting cardiovascular ageing remains to be  
determined.

Conclusions
The hallmarks of cardiovascular ageing are strongly intertwined, 
meaning that the experimental accentuation or attenuation of any 
individual hallmark affects most, if not all, of the others. For instance, 
disrupted autophagy leads to proteostatic collapse, mitochondrial 
dysfunction, dysregulated neurohormonal signalling and increased 
inflammation26,29. Conversely, experimental induction of autophagy 
also improves mitochondrial function, protects against proteostasis 
loss, reduces cell senescence and attenuates inflammation237,408,409. 
Similarly, genomic instability is a major driver of cell senescence, which 
subsequently promotes inflammation through SASP. Genetic instability 
also directly promotes inflammation through CHIP410. Another example 
is provided by epigenetic alterations in ncRNA and histones that disable 
autophagy, induce cell senescence and disrupt various neurohormonal 
signalling pathways in the ageing cardiovascular system.

We propose a didactic distinction between the hallmarks of cardio
vascular ageing whereby the first four hallmarks discussed in this 
Review (disabled macroautophagy, loss of proteostasis, genomic 
instability and epigenetic alterations), which progressively advance 
with age and underlie the deterioration of the genome, epigenome, 
proteome and organelles, should be considered as primary hallmarks 
that initiate cardiovascular ageing at the upstream level. Further down-
stream, we posit that mitochondrial dysfunction, dysregulated neuro-
hormonal signalling and cell senescence are antagonistic hallmarks 
that reflect (mal)adaptive responses to damage and therefore have a 
more nuanced role in cardiovascular ageing. Finally, when the accu-
mulated damage inflicted by the primary and antagonistic hallmarks 
reaches a threshold level, chronic low-grade inflammation ensues as 
an integrative feature of cardiovascular ageing that ultimately precipi-
tates the manifestation of disease (Fig. 2 and Box 3). Notably, persistent 
exposure to external factors, such as poor nutrition, sedentary lifestyle, 
psychological and social stress, smoking, and pollution, might also 
promote the development of cardiovascular disease by acting on these 
hallmarks at different levels267. This notion is exemplified by the major 
cardiovascular risk factor of obesity411, in which disabled autophagy412, 

Box 3

Hallmarks of ageing and 
cardiovascular disease
A non-exhaustive list of cardiovascular pathologies that might 
benefit from therapeutic interventions targeting one or multiple  
of the eight hallmarks of cardiovascular ageing is presented below.

•• Atherosclerosis
•• Atrial fibrillation
•• Diabetic cardiomyopathy
•• Dilated cardiomyopathy
•• Ischaemic cardiomyopathy and myocardial infarction
•• Heart failure with preserved ejection fraction
•• Hypertension
•• Hypertrophic cardiomyopathy
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loss of proteostasis413, epigenetic alterations414, mitochondrial dysfunc-
tion415, cell senescence416, neurohormonal signalling dysregulation417,418 
and chronic inflammation419 have been reported, and coincide with 
an accelerated cardiovascular ageing phenotype420,421. By contrast, 
moderate body weight loss in response to dietary restriction has shown 
promising cardiovascular and other anti-ageing benefits422, including 
in mice and humans without obesity423–425.

Despite the efficient management of traditional risk factors, such as 
dyslipidaemia and hypertension, residual cardiovascular risk remains, 
suggesting that the conventional management of cardiovascular risk 
factors has reached a glass ceiling. Indeed, currently available lipid-
lowering therapies, including proprotein convertase subtilisin–kexin 
type 9 (PCSK9) inhibitors, almost eliminate LDL cholesterol from the 
plasma but do not eradicate cardiovascular risk426, denoting the need 
for novel strategies targeting one or more of the hallmarks of ageing. 
Indeed, each of the cardiovascular ageing hallmarks can be considered 
as a potential target for the development of novel medicines to extend 
cardiovascular healthspan. Theoretically, the level of interconnectivity 
of the hallmarks will determine whether drugs targeting distinct fea-
tures of cardiovascular ageing can be advantageously combined to yield 
additive, and perhaps even synergistic, effects. Therefore, systematic 
evaluation of simultaneous interventions on distinct facets of the age-
ing process will be necessary as will the measurement of outcomes with 
respect to both cardiovascular and general health. Despite extensive 
preclinical evidence, additional studies are also needed to consolidate 
the translational relevance and targetability of the hallmarks of ageing 
in humans. Although animal models phenocopy many aspects of human 
ageing, they cannot entirely encompass its complexity. This limitation 
is particularly relevant for age-related atherosclerotic disease, which is 
almost inevitable in humans, but must be artificially induced in rodents 
via specific mutations (such as deletion of Apoe or Ldlr) and feeding 
with atherogenic diets rich in cholesterol.

Beyond pharmacological treatments, an in-depth understanding 
of the extent to which lifestyle interventions (such as diet and exercise) 
can be optimized to enable the cardiovascular system to adapt to 
various environmental stressors and decelerate the ageing process 
is needed. Indeed, the literature on the molecular basis of healthy 
diets, regular physical activity and adequate psychosocial stress 
responses continues to expand108. Therefore, with future research, 
we should aim to establish objective, biomarker-guided recommenda-
tions for the adoption of healthy habits in combination with specific 
pharmacopreventive strategies.
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