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Abstract

The global rise in life expectancy underscores the urgent need to 
extend healthspan and prevent age-related diseases. Cardiovascular 
disease is the leading cause of death worldwide, with ageing as a 
major non-modifiable risk factor. Ageing drives progressive vascular 
dysfunction and cardiac decline, including heart failure with preserved 
or reduced ejection fraction. Vascular cells are particularly vulnerable 
to ageing, resulting in structural and functional deterioration of the 
microvasculature and macrovasculature. Emerging evidence highlights 
that ageing also disrupts the neurovascular interface — an intricate 
axis between the nervous and vascular systems that governs cardiac 
function. Alterations to the neurovascular unit in the heart contribute 
to impaired autonomic regulation, increasing the risk of arrhythmias 
and heart failure. In this Review, we examine how neurovascular ageing 
shapes cardiac dysfunction and explore the therapeutic potential of 
targeting the cardiac neurovascular unit to mitigate cardiovascular 
ageing and promote resilience in ageing populations.
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have close developmental, structural and functional relationships with 
the central nervous system (CNS). The terms ‘neurovascular units’ and 
‘neurovasculome’ have been introduced to describe the diverse neuro-
vascular associations across various brain regions3. This neurovascular 
coupling enables precise regulation of oxygen and nutrient delivery to 
the brain and is essential for maintaining brain health; additionally, its 
disruption is implicated in cognitive impairment. These interactions 
are also present in the cardiovascular system and, in this section, we 
introduce the individual components of the cardiac neurovasculome — 
the cardiac vasculature and the ANS — and explore how these systems 
interconnect (Fig. 1), with a focus on neurovascular interactions in 
the heart.

The cardiac vasculature
The heart receives oxygenated blood through the coronary circulation, 
beginning with the left and right coronary arteries, which branch from 
the aorta just beyond the aortic valve. These arteries (the macrocircula-
tion) run beneath the epicardium into the myocardium, branching into 
arterioles and an extensive capillary network (the microcirculation), 
which supply the entire heart with blood (Fig. 1). Capillaries deliver 
oxygen and nutrients while removing waste and drain into venules and 
coronary veins, culminating in the coronary sinus. Each cardiomyocyte 
is typically served by at least one capillary, reflecting the high metabolic 
demands of the heart4.

Endothelial cells form the inner lining of all blood vessels and 
are highly abundant in the heart, outnumbering cardiomyocytes 
by three to one. In capillaries, endothelial cells regulate blood flow, 
inflammation and signalling5–7. Pericytes surround capillaries and 
modulate vessel diameter8. Perivascular macrophages help to main-
tain barrier integrity and regulate flow9,10, whereas perivascular 
fibroblasts contribute to the structure and function of the extra-
cellular matrix and to signalling interactions11,12. Vascular smooth 
muscle cells (VSMCs) encase arterioles and arteries, controlling 
tone and stability13 (Fig. 1).

The cardiac ANS
The heart is a highly innervated organ that is connected to the CNS via 
afferent sensory fibres and efferent fibres of the peripheral nervous 
system. Together, these connections are referred to as the cardiac ANS 
(cANS). In general, the cANS acts as a relay station to process input 
from the brain and to maintain cardiac homeostasis14. Sensory fibres 
transmit information from the heart to higher levels of the nervous 
system, whereas efferent fibres transmit neuromotor impulses to the 
myocardium. The efferent fibres of the peripheral nervous system are 
divided into parasympathetic and sympathetic branches, which act 
antagonistically on heart function (Fig. 1). By interacting with cardio-
myocytes via muscarine and adrenergic receptors, efferent nervous 
fibres regulate beating frequency (chronotropy), contractile amplitude 
(inotropy), conduction velocity (dromotropy) and cardiac relaxation 
(lusitropy).

The parasympathetic system originates from the vagus nerve, 
which projects to the heart and connects to cholinergic parasympa-
thetic ganglia residing in atrial epicardial fat15. The mouse heart con-
tains up to 30 ganglia, with an average of 90 neurons per ganglion16. 
The sympathetic system arises from the paired sympathetic chain 
ganglia on both sides of the vertebral column. The atria and ventri-
cles of the heart are primarily innervated by long adrenergic fibres 
of the cervical chain ganglia (superior, middle and inferior cervical 
ganglia) and the upper thoracic chain ganglia (located from T1 to T4 

Key points

	• The nervous and vascular systems form closely interconnected 
interfaces that coordinate tissue homeostasis, neuroimmune 
communication and vascular integrity in both health and disease.

	• Vascular ageing causes endothelial dysfunction, which affects 
neurovascular signalling, leading to reduced cardiac innervation 
and electrical instability; these changes can be reversed by senolytic 
therapies targeting senescent cells.

	• The cardiac neurovascular unit mirrors mechanisms in the central 
nervous system, where nerves and blood vessels align and co-develop, 
regulated by neural activity and endothelial signals, to maintain cardiac 
function.

	• Heart–brain communication mediated by neurovascular and 
neuronal pathways regulates cardiac autonomic control, linking 
central neurodegenerative processes to peripheral cardiac innervation 
and function.

Introduction
The global population is ageing at an unprecedented rate, and therefore 
improving healthspan and preventing age-related diseases are increas-
ingly important. Cardiovascular disease (CVD) is the leading cause of 
death worldwide. Despite advances in the management of traditional 
risk factors, a substantial proportion of cardiovascular morbidity and 
mortality remains unaddressed1. Ageing is a major non-modifiable 
risk factor for CVD, highlighting the need to better understand the 
mechanisms underlying cardiovascular dysfunction in aged organisms.

Ageing is associated with a broad spectrum of vascular pathologies, 
such as atherosclerosis, aneurysms and valvular heart disease, as well as 
with progressive cardiac dysfunction such as heart failure with preserved 
or reduced ejection fraction. The ageing myocardium shows diastolic 
and systolic functional impairment, increased fibrosis and hypertrophy, 
and electrical remodelling that predisposes to arrhythmias2. These 
processes arise partly from intrinsic changes in cardiomyocytes but 
are also modulated by the cardiac autonomic nervous system (ANS).

Age-induced endothelial dysfunction and microvascular impair-
ment contribute substantially to disease pathologies. Vascular cells 
are particularly susceptible to ageing, which induces structural and 
functional deterioration in arteries, veins and lymphatic vessels. As 
a result, nutrient and oxygen delivery is compromised, endothelial 
transport becomes inefficient, proteostasis declines, immune surveil-
lance weakens, and the heart is deprived of key endothelium-derived 
‘angiocrine’ factors2. The vasculature and nervous system are deeply 
interconnected through extensive, parallel networks, and their func-
tional decline in ageing is interdependent. Although neurovascular 
ageing has been extensively characterized in the brain, a growing body 
of evidence suggests its crucial role in cardiac ageing. In this Review, we 
explore the neurovascular mechanisms that contribute to age-related 
cardiac dysfunction and discuss their implications for developing 
targeted interventions in ageing populations.

The cardiac neurovasculome
Interactions between the vasculature and the nervous system have been 
most extensively studied in the brain, where cerebral blood vessels 
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or T5)17 (Fig. 1). The inferior cervical ganglion and the first thoracic 
ganglion form the stellate ganglion, a prominent structure of the 
sympathetic chain at the level of the first rib. The sympathetic fibres 

from these ganglia converge with the parasympathetic ganglia and 
sensory ganglia in the cardiac plexus, which is located at the base 
of the heart18.

Sensory nerves and VSMCs Sympathetic nerves and VSMCs Sympathetic nerves and ECs

SMA TUJ1 CGRP SMA TUJ1 IB4 TUJ1 IB4

Capillaries

TH+

CGRP+

VSMC
Sympathetic
axon

Parasympathetic system

Spinal cord

Stellate
ganglion

Vagus nerve

Sensory
fibres

Sympathetic
system

Heart
(anterior view)

Heart
(posterior view)

Brain

EC

EC

Pericyte

VSMC

CGRP+ axon
TH+ axon

Ganglionic
plexi

Fig. 1 | The cardiac neurovasculome. The cardiac 
neurovascular unit comprises the close structural  
and functional interactions between cardiac 
vascular cells and autonomic and sensory nerve 
fibres but is not well characterized in terms of  
cellular composition and dynamics. In the heart,  
sympathetic fibres (descending from the sympa
thetic chain ganglia, including the stellate ganglion) 
accompany arteries, arterioles and capillaries, 
whereas sensory fibres predominantly track along 
arteries, and parasympathetic fibres (descending 
from the vagus nerve) mainly innervate the atria  
and the base of the heart, with little innervation  
of the ventricular myocardium. Nerve fibres reach 
into the heart by following the blood vasculature; 
this co-alignment is referred to as the neurovascular 
unit. The histology images show neurovascular 
alignment in the hearts of young mice (aged 3 months).  
In the left-hand panel, arterioles are visualized with 
smooth muscle actin (SMA) staining (magenta), 
nerve fibres generally with tubulin-β3 chain (TUJ1) 
staining (green), and sensory nerves specifically 
with calcitonin gene-related peptide (CGRP) 
staining (red). In the centre and right-hand panels, 
endothelial cells (ECs) are visualized with isolectin 
B4 (IB4) staining (red). Whereas sympathetic nerve 
fibres co-align with both arteries and capillaries, 
sensory nerve fibres align only with arteries. TH, 
tyrosine hydroxylase; VSMC, vascular smooth 
muscle cell. Immunostaining images adapted with 
permission from ref. 20, AAAS.
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The neurovascular unit in the heart
The neurovascular unit of the CNS is composed of vascular cells and 
axons that are intricately organized and separated by specialized 
glial cells known as astrocytes. These astrocytes function as crucial 
gatekeepers, mediating the transfer of nutrients from the bloodstream 
to neurons, while simultaneously acting as a selective barrier that fil-
ters neurotoxins. Through this dual role, astrocytes have a vital role 
in safeguarding neuronal health and maintaining CNS homeostasis19. 
The cardiac neurovascular unit represents a close interaction between 
vascular cells and nervous fibres but remains understudied compared 
with the brain, with substantially less known about its cellular composi-
tion and functional dynamics. In the heart, sympathetic fibres follow 
arteries, arterioles and capillaries, whereas sensory fibres follow only 
arteries. Parasympathetic fibres innervate the atria and cardiac base 
of mouse hearts but are not present in the ventricles20.

Although the neurovascular unit of the CNS has been extensively 
studied21, only a few studies have been conducted on neurovascular 
interactions during development and ageing in the heart (mainly in 
mice)20,22–24. During embryonic development, neurovascular interac-
tion is a tightly coordinated process, in which coronary vessels have 
a pivotal role. Growth and branching of developing coronary veins 
provide anatomical scaffolding, allowing sympathetic fibres to pro-
ject along the surface of the heart and to extend into the developing 
myocardium22,24. In mouse embryos at embryonic day (E) 13.5, VSMCs of 
coronary veins guide sympathetic fibres along the epicardial surface via 
the release of nerve growth factor (NGF). In parallel to vascular remod-
elling, VSMCs of distal veins release NGF at E15.5, whereas subepicardial 
coronary veins downregulate NGF expression to allow axons to reach 
into the heart. At E17.5, sympathetic fibres penetrate the myocardium, 
guided by NGF from arterial VSMCs, but venous VSMCs no longer 
express NGF24. This vessel-guided innervation allows temporospatial 
organization of cardiac nerve patterns. In addition to the close local 
anatomical interaction between nerves and vessels, the cardiac neu-
rovascular unit provides feedback to the CNS. Sensory fibres innervate 
the large arteries, such as the aorta, and sense vascular tone to control 
blood pressure and flow25.

Neurovascular mechanisms in ageing
Structural changes in the cardiac neurovasculome
Ageing exerts systemic effects on the vasculature, marked by endothe-
lial dysfunction, arterial stiffening and extracellular matrix remodel-
ling. These changes impair arterial compliance, elevate systolic blood 
pressure and increase pulse wave velocity, leading to left ventricular 
hypertrophy and diastolic dysfunction2. Vascular ageing also impairs 
baroreceptor function due to stiffening of the aortic arch and carotid 
sinus, reducing baroreflex sensitivity26. These changes result in orthos-
tatic hypotension, increased blood pressure variability and heightened 
cardiovascular risk26. Importantly, vascular and haemodynamic age-
ing are closely linked to structural and functional brain alterations, 
including white matter damage and impaired neurovascular and auto-
nomic regulation, which disrupt integrative cardiovascular control and 
crosstalk with other organs27.

In the heart, a study published in 1994 showed that ageing leads 
to reduced capillary and arteriolar density, increased heterogeneity in 
capillary spacing, and the presence of enlarged arterioles with thick-
ened walls in mice aged 23 months28. Subsequent immunohistochemi-
cal studies have confirmed and refined these observations by showing 
that capillary enlargement, correlated with a marked loss of pericytes, 
occurred in mice from the age of 18 months29. Capillary rarefaction 

is also seen with ageing20,29 and, importantly, is not merely a conse-
quence of endothelial cell dysfunction but is preceded by mural cell 
impairment (especially pericyte loss), which is pivotal to initiating 
vessel remodelling29 (Fig. 2). Capillary dysfunction and rarefaction 
can directly contribute to impaired diastolic function, as reported in 
models of heart failure with preserved ejection fraction30,31.

In addition to structural alterations, ageing induces changes in 
the cellular composition of the neurovasculature in the brain and the 
heart. Notably, in the heart, alterations in neural elements precede 
visible structural changes in the vasculature. In mice, axon density 
has been found to decline early in the ageing trajectory (16 months), 
before measurable reductions in capillary density are observed 
(>18 months)20. In the left ventricle, sympathetic denervation is par-
ticularly pronounced around arterioles and capillaries, especially in 
regions close to the endocardium, whereas the epicardial regions retain 
more intact nerve fibres20. Interestingly, the decrease in sympathetic 
fibres is evident only in the left ventricle, whereas the right ventricle 
shows no loss of innervation20. This imbalance of sympathetic fibres 
suggests that the vulnerability of cardiac neurovascular units to ageing 
is spatially heterogeneous.

Sensory fibres, which are exclusively detected in close proxim-
ity to arteries and arterioles, have been shown to be less abundant in 
aged versus young hearts20. Parasympathetic fibres are also scarcer in 
older versus younger hearts. However, these fibres are primarily found 
in the base of the heart and very rarely in the ventricles20, raising the 
questions of whether they contribute to the ventricular neurovascular 
unit and whether the age-related reduction in these fibres is linked to 
vascular impairment.

Although animal models have provided valuable insights into 
age-related neurovascular changes, our understanding of these pro-
cesses in the human heart remains limited due to the limited availability 
of healthy aged cardiac tissue. As a result, much of our knowledge 
relies on comparative histological data from animals32, which reveal 
the complex, compartment-specific nature of neurovascular ageing. 
Studies in humans are needed to examine vascular and neural compo-
nents together, given their probable joint role in preserving cardiac 
function and influencing age-related diseases such as heart failure with 
preserved ejection fraction.

Cell changes in the cardiac neurovascular unit
Beyond its systemic effects, vascular ageing alters the cardiac neuro-
vascular unit, involving endothelial cells, mural cells (such as pericytes 
and VSMCs), fibroblasts, cardiomyocytes and immune cells, all of which 
interact with nerves. These age-related changes are associated with 
functional alterations across the neurovascular axis, impairing coor-
dination between the vascular system and neural control of the heart. 
Over time, these changes compromise cardiac performance, increase 
vulnerability to arrhythmias and contribute to heart failure. In this 
section, we delineate the mechanisms and functional consequences of 
ageing on various cellular components of the neurovascular interface as 
well as the interaction with the ANS during ageing (Fig. 3). Experimental 
assessment of the cardiac neurovascular unit is associated with various 
technical challenges that are summarized in Box 1.

Endothelial cells. The endothelium has a crucial role in the cardiac 
neurovascular unit. Ageing is a major driver of endothelial dysfunc-
tion, which is characterized by reduced nitric oxide bioavailability and 
increased oxidative stress26,33. Ageing vessels exhibit chronic inflam-
mation via nuclear factor-κB signalling, with upregulated expression 
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of adhesion molecules such as intercellular adhesion molecule 1 
(ICAM1), vascular cell adhesion protein 1, pro-inflammatory cytokines 
and matrix metalloproteinases26,34, which can lead to endothelial 
barrier dysfunction35. Senescent endothelial cells exacerbate vas-
cular inflammation by altering ICAM1 clustering, which promotes 
leukocyte adhesion36, and by the release of senescence-associated 
secretory phenotype (SASP) components. Single-cell analyses have 
uncovered a population of ‘immune-modulatory endothelial cells’ that 
can modulate age-associated vascular immune responses37. Notably, 
endothelial senescence emerges early, often preceding haematopoietic 
immunosenescence38.

Pro-inflammatory conditions and transforming growth factor-β 
signalling can force the loss of endothelial cell identity and promote 
endothelial-to-mesenchymal transition. This process contributes 
to a reduction in vasoprotective effects associated with increased 
oxidative stress, collagen upregulation and loss of anti-inflammatory 
markers as well as dysregulated nuclear factor erythroid 2-related 
factor 2–serine/threonine-protein kinase mTOR signalling39,40. 
Although observed in vitro and in aged tissues, the causative role of 
endothelial-to-mesenchymal transition in vascular and cardiac ageing 
remains to be confirmed.

Endothelial cell ageing and senescence have a major effect on 
the innervation of the heart. In mice, the induction of endothelial cell 
senescence by transgenic expression of progerin was sufficient to cause 
left ventricular denervation20. In addition, senescent endothelial cells 
were shown to secrete repelling factors, such as semaphorins, whereas 
neuroprotective genes, such as Vegfb, were repressed in aged mouse 
hearts20,23. This imbalance in the abundance of neurotrophic factors 
contributes to axon repelling and left ventricular denervation in the 

ageing heart. In mice, mimicking the effects of ageing by overexpres-
sion of semaphorin 3A in endothelial cells was sufficient to induce 
denervation20. Functionally, cardiac denervation was associated with 
reduced heart rate variability (HRV) and increased susceptibility to 
ventricular tachyarrhythmia20. Treatment with the senolytic drugs 
dasatinib and quercetin reduced the expression of genes encoding 
neuro-repellent proteins and restored cardiac innervation, leading to 
improved HRV and reduced tachyarrhythmia20. In another study, car-
diac innervation in aged mice was rescued by overexpression of Vegfb23. 
Together, these findings support a causal role for endothelial cellular 
senescence in disturbing neurovascular control.

Mural cells. VSMCs, which are present in the walls of arterioles and 
arteries, but to a lesser extent in veins, also influence the cardiac 
neurovascular unit. Interactions between VSMCs and nerve fibres 
have been observed during embryonic heart development24. How-
ever, these interactions have not yet been studied in the ageing heart. 
Notably, ‘hotspots’ of cellular senescence were primarily detected in 
VSMC-covered arterioles and arteries in the ageing heart38, at loca-
tions where profound nervous denervation occurred20. This spatial 
co-localization suggests that VSMC ageing or senescence might con-
tribute to impairment of the cardiac neurovascular unit. Additionally, 
neurovascular communication could be bidirectional. In rat femoral 
and tail arteries, sympathetic fibres promote VSMC differentiation, and 
pharmacological denervation impairs femoral artery development and 
VSMC maturation41, raising the possibility of similar interactions in 
the heart. Given that both arteriole and axon densities decline in the 
ageing heart20,28, it will be interesting to elucidate whether arteriole 
ageing drives denervation or vice versa.
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Fig. 2 | Age-related alterations in the cardiac 
neurovasculome. Cardiac ageing is associated 
with both vascular and neuronal changes. The 
ageing heart shows a decline in capillary density 
and pericyte coverage and an increase in capillary 
diameter. Bone marrow-derived macrophages 
(BM-MP) accumulate in the myocardium. Arteries 
become stiff, and senescence occurs in vascular 
smooth muscle cells (VSMCs) and endothelial cells 
(ECs). The nervous system shows alterations in the 
left ventricle (LV) but not in the right ventricle (RV). 
Towards the base of the heart, the density of choline 
acetyltransferase-positive (CHAT+) parasympathetic 
fibres declines, whereas the density of calcitonin 
gene-related peptide-positive (CGRP+) sensory fibres 
and tyrosine hydroxylase-positive (TH+) sympathetic 
fibres declines throughout the entire LV.
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Other mural cells closely associated with capillaries, such as peri-
cytes, have not been shown to directly maintain the ageing cardiac 
neurovascular unit. However, the number of pericytes decreases with 
age29, and reduced pericyte coverage could contribute to age-related 
endothelial dysfunction, thereby impairing the neurovascular unit in 
the cardiac microvasculature. Given the proximity between pericytes 
and nerves, direct interaction between these two cell types might also 
be possible and needs further exploration.

Fibroblasts. Ageing profoundly activates fibroblasts, which are pre-
sent not only in interstitial tissue but are especially enriched in the 
perivascular space of the ageing heart29,38. The main contribution 
of fibroblasts in ageing is the expression of collagens and extracel-
lular matrix proteins, which augment the stiffness of cardiac tissue. 
In addition, fibroblasts interact with the vasculature, specifically with 
endothelial cells. Single-nucleus RNA-sequencing has identified an 
ageing-associated fibroblast cluster in the mouse heart expressing 
angiogenic factors such as plasminogen activator inhibitor 1 (PAI-1;  
encoded by Serpine1)42. PAI-1, a SASP component and senescence 
marker, impairs endothelial function, promotes inflammation and 
can induce senescence42,43. Therefore, fibroblast activation might drive 
endothelial senescence and indirectly contribute to cardiac denerva-
tion. In addition, fibroblasts might directly interact with axons in the 
heart and induce axon growth by releasing NGF44,45, although this 
interaction has not been well studied.

Macrophages. Ageing is associated with major changes in macrophage 
populations. Cardiac-resident macrophage populations decline with 
age and are replenished by bone marrow-derived macrophages, which 
accumulate in the ageing heart, typically around the vascular niches. 
In other tissues, several lines of evidence suggest that macrophages 
can regulate the neurovascular axis. Perivascular macrophages, a 
specific class of tissue-resident macrophage, interact with sympathetic 

fibres and regulate local catecholamine levels via amine oxidase 
(flavin-containing) A (also known as monoamine oxidase A), influenc-
ing adipose tissue metabolism46,47. In brown fat, these macrophages 
control innervation and thermogenesis, and their absence leads to 
reduced nerve density48. In the gut, perivascular macrophages are 
associated with neurons and support neuronal development49–51. Inter-
actions between nerves and macrophages have also been studied in the 
context of myocardial infarction. In female rats after ovariectomy, mac-
rophages were suggested to drive sympathetic hyperinnervation after 
myocardial infarction by releasing NGF52. Depletion of macrophages 
prevented hyperinnervation and reduced the arrhythmic burden in the 
infarcted heart52. However, other studies have highlighted a distinct 
role for tissue-resident macrophages in maintaining electrical conduc-
tion, whereas the recruitment of circulating monocytes has been linked 
to the development of atrial fibrillation53. Therefore, further research 
is required to determine the relevance of macrophage populations — 
and how they alter innervation and electrical conduction — in various 
regions of the heart. Overall, these data suggest crucial interactions 
between macrophages and the neurovasculature, which might be 
relevant in the ageing heart.

ANS regulation. Beyond structural denervation, ageing disrupts ANS 
regulation of both the vasculature and the heart. Sympathetic and 
parasympathetic control becomes less effective due to alterations 
at both the neural and receptor levels. In the vasculature, adrener-
gic responsiveness diminishes with age. Older adults have blunted 
vasoconstrictive responses to intra-arterial noradrenaline, reflecting 
reduced α-adrenergic receptor sensitivity and impaired downstream 
signalling54.

In aged mice (20–22 months), functional ultrasonography of 
the brain revealed impairment of the neurovascular unit, reducing 
the functional hyperaemia response that is a hallmark of neurovas-
cular coupling in the brain55. These data suggest that dysfunctional 

VSMC and EC 
senescence

Pericyte loss 
EC dysfunction

VSMC Pericyte EC

TR-MP ↓ TR-MP

↑ BM-MP

↑ Semaphorin 3A
↓ VEGFB

Macrophage

↑ SIRPA
Cardiac ageing

Senolytic drugs Senescent cell

Intracardiac
axon

Extracardiac soma

Neurotrophic
factors

SASP
factors

Fig. 3 | Ageing impairs the cardiac neurovascular unit. The cardiac neurovascular 
unit is fostered by paracrine interactions between nervous and vascular cells.  
The vasculature produces neurotrophic factors that stabilize cardiac innervation.  
During ageing, axon-repelling signals, such as semaphorin 3A, are increased, 
whereas the production of neuroprotective factors, such as vascular endothelial 
growth factor B (VEGFB), is reduced. In addition, senescence-associated secretory  
phenotype (SASP) factors are released by senescent vascular cells. These changes 
are associated with vascular dysfunction, shown by vascular smooth muscle cell 
(VSMC) senescence, loss of pericyte coverage, endothelial cell (EC) dysfunction 

and a switch in macrophage populations (from tissue-resident macrophages 
(TR-MP) to bone marrow-derived macrophages (BM-MP)), resulting in a decline 
in axon density in the ageing heart. Senescent cells have increased expression 
of ‘do-not-eat-me signals’, such as tyrosine-protein phosphatase non-receptor 
type substrate 1 (SIRPA), which prevent their clearance by phagocytosis. 
Eliminating cellular senescence using senolytic drugs restores the expression 
of neurotrophic factors and the presence of TR-MP populations, leading to 
increased innervation.
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neurovascular coupling in the ageing or diseased heart might result in 
impaired stimulus-evoked blood flow. This hypothesis is particularly 
interesting because sympathetic regression can be observed before 
capillary decline occurs.

Ageing also affects autonomic control of cardiomyocytes by alter-
ing β-adrenergic receptor (βAR) signalling in these cells through a 
series of molecular and biochemical mechanisms, including reduced 
βAR affinity for agonists, decreased G protein and adenylate cyclase 
activity, and impaired protein kinase A-mediated phosphorylation56,57. 
These changes diminish the contractile response to sympathetic stimu-
lation. In aged rat hearts (24 months), βAR activation did not signifi-
cantly increase calcium influx and cytosolic calcium transients, leading 
to reduced cardiac contractility and decreased cardiac reserve58. Age-
ing also impairs noradrenaline storage at sympathetic nerve termi-
nals due to reduced vesicular monoamine transporter activity59. This 
situation results in elevated extracellular noradrenaline levels and 
decreased βAR responsiveness. Paradoxically, although noradrenaline 
availability increases, the reduced receptor sensitivity and signalling 
efficacy impair cardiac function and contribute to arrhythmias and 
decreased contractility. Taken together, these findings indicate that 
age-related impairment of the neurovascular unit in the heart drives an  
uneven patterning of cardiac innervation, which could promote auto-
nomic imbalance and, therefore, increase susceptibility to cardiac 
arrhythmia with ageing.

The heart–brain axis in ageing
Studying the cardiac neurovascular unit underscores the idea that the 
heart functions as an integrated part of a complex, systemic network 
rather than in isolation. The heart receives signals via efferent auto-
nomic fibres and sends feedback through afferent fibres, forming a 
dynamic bidirectional network known as the heart–brain axis (Fig. 4). 
This axis reflects the complex interaction between the cardiovascular 
system and the CNS, mediated through neural, immunological and 
humoral pathways. This understanding raises fundamental questions. 
Does ageing simply exert systemic effects on the neurovascular inter-
face across various organs with parallel, but independent, outcomes? 
Or are age-related pathologies of the heart and brain intrinsically con-
nected, such that dysfunction in one system precipitates or exacerbates 
dysfunction in the other?

CVD and cerebrovascular diseases share several common risk 
factors, such as ageing, hypertension and metabolic disturbances, sug-
gesting the possibility of co-development without direct interdepend-
ence. However, accumulating evidence supports the view that these 
two systems are tightly linked. Disruption in one can profoundly affect 
the function of the other, indicating a deeper level of interconnection. 
Inhibition of cholinergic nerve function in the ANS has been shown to 
impair cardiac recovery after myocardial infarction in neonatal mice and 
zebrafish60,61. Likewise, stroke, induced by an acute ischaemic injury in 
the brain, can lead to impairment of the cardiovascular system62. Indeed, 
electrocardiographic alterations and elevated biomarkers of cardiac 
injury are commonly seen after brain injury62,63. In addition, brain stress, 
particularly from acute emotional or physical events, can trigger a surge 
of catecholamines that overstimulate cardiac βARs, leading to transient 
myocardial stunning and Takotsubo cardiomyopathy64.

In the context of ageing, neurodegenerative disorders offer 
another example of how the brain can affect cardiac function. Condi-
tions such as Alzheimer disease and Parkinson disease can be accom-
panied by cardiac alterations and autonomic dysfunction, including 
orthostatic hypotension65,66. Structural and functional changes in the 

heart have also been observed in patients with Alzheimer disease67, 
although the exact molecular mechanisms remain unclear. How-
ever, these findings might also be explained by the accumulation of 
amyloid-β proteins in the vasculature and myocardium (as well as the 
brain), potentially contributing to cardiovascular pathology.

The heart can also influence brain function through autonomic 
and inflammatory pathways. The ANS, particularly its sympathetic and 
parasympathetic branches, has a key role in regulating this two-way 
communication. Variations in heart rate and rhythm can activate spe-
cific brain regions, such as the insular cortex, which in turn influence 
behaviour and mood, including depression68. Dysregulation of the ANS 
is frequently observed in both CVD and neurodegenerative conditions, 
pointing to a shared vulnerability. However, an elegant study using a 
mouse model with a non-invasive optogenetic pacemaker provided 
direct evidence of a causal link between heart and brain function by 
demonstrating that optically evoked tachycardia increases anxiety-like 
behaviour69.

This bidirectional relationship can create a self-reinforcing 
feedback loop. For example, CVD can promote neurodegeneration 
through haemodynamic disturbances, impaired cerebral perfu-
sion and systemic inflammation70. Simultaneously, degeneration of 
brain regions that regulate autonomic outflow, such as the amyg-
dala, brainstem, hypothalamus and insular cortex, can impair cardiac 
control71,72. Compromise of this central autonomic network leads to an 

Box 1 | Studying the cardiac neurovascular 
unit in vivo
 

Assessing the cardiac neurovascular unit in vivo remains a 
substantial challenge. In addition to conventional immunoflu
orescence imaging, neuroscientists have developed a compre
hensive toolkit for imaging the cerebral neurovasculome in living 
small animals. For example, polymeric cranial windows can be 
implanted into the skull, enabling longitudinal monitoring of 
the brain’s vascular bed and associated nerve fibres. Imaging 
techniques, such as functional ultrasonography, super-resolution 
ultrasound localization microscopy and confocal optical imaging, 
are commonly used for this purpose55,130.

By contrast, intravital imaging of the cardiac neurovasculome 
is limited. Although implantation of cardiac windows is possible, 
the surgical procedure is more complex than for cranial windows, 
and the beating of the heart complicates continuous live imaging. 
As a consequence, cardiac windows can be maintained only 
for a few days and cannot be used for monitoring long-term 
treatments131,132. This limitation can be addressed by using 
functional positron emission tomography or scintigraphy. Notably, 
123I-metaiodobenzylguanidine (123I-MIBG) scintigraphy can be used 
clinically in humans to measure catecholamine uptake in the heart, 
serving as a surrogate marker for nerve density133. 123I-MIBG is a 
synthetic tracer that is taken up by nerve endings134,135. Therefore, 
increased 123I-MIBG uptake can indicate greater innervation 
or heightened sympathetic activity. However, this technically 
demanding method requires expertise in nuclear medicine, a 
lengthy approval process and offers limited cellular resolution, 
highlighting the need for improved imaging platforms to visualize 
the cardiac neurovasculome in vivo.
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imbalance favouring sympathetic overactivity. The resulting chronic 
release of catecholamines, such as noradrenaline, promotes arrhyth-
mias, myocardial apoptosis and fibrosis, which in turn worsen heart 
function73,74. Reduced parasympathetic (vagal) tone further ampli-
fies this imbalance75. Additionally, neurodegenerative changes can 
activate neurohumoral systems, including the renin–angiotensin axis 
and vasopressin pathways, increasing vascular tension and exacerbat-
ing dysfunction in both the heart and brain76. Electrical remodelling 
of cardiac tissue can also occur in response to altered brain activity, 
increasing the risk of arrhythmias and sudden cardiac death77.

Beyond neural circuits, studies have uncovered other modes of 
heart-to-brain communication. For example, heart failure has been 
associated with macrophage infiltration and fibrosis of the superior 
cervical ganglion, an important sympathetic relay for the heart. Fibro-
sis leads to denervation of the superior cervical ganglion, which in turn 
affects the pineal gland, the brain structure that produces melatonin78. 
Given that the superior cervical ganglion provides crucial sympathetic 
input to the pineal gland, its dysfunction results in reduced melatonin 
synthesis and sleep disturbances. Intriguingly, experiments in mice 
have shown that depleting macrophages after aortic constriction 
can restore innervation of the superior cervical ganglion and normal-
ize function of the pineal gland78, suggesting a potential therapeutic 
approach. This pathway could have implications for ageing because 
melatonin production naturally declines with age79. Ageing is also 

associated with pineal gland dysfunction, which disrupts circadian 
rhythms and contributes to disturbances in metabolism and sleep80. 
Exogenous melatonin supplementation has been shown to prevent 
pineal dysfunction and delay various age-associated changes in animal 
models79. These findings suggest that the decrease in melatonin level 
might not only be a marker of ageing but could also have a causative role 
in age-related physiological decline. A vicious cycle ensues, in which 
ageing reduces melatonin production, and the resulting deficiency in 
melatonin accelerates the ageing processes.

Restoring neurovascular function in ageing
In this section, we turn to a central question: can interventions targeting 
dysregulated structure and function in the cardiac neurovascular unit 
and the heart–brain axis promote healthy ageing of the cardiovascular 
and nervous systems and mitigate age-related cardiovascular risk?

Direct interventions in the heart
Given that the vasculature, particularly endothelial cells, constitutes 
a vital component of the cardiac neurovascular unit, strategies aimed 
at preserving vascular function might help to maintain the functional 
integrity of this unit during ageing. Such interventions could include 
well-established endothelium-protective strategies such as increasing 
nitric oxide signalling or counteracting oxidative stress. However, 
therapeutic interventions that directly target the nitric oxide pathway 
to improve endothelial cell function have so far been unsuccesful81,82, 
and only indirect approaches, such as exercise or lipid lowering by 
statins, have demonstrated clinical benefit83,84. The effects of available 
cardiovascular drugs on the ageing cardiac neurovascular unit warrant 
further investigation.

The clearance of senescent cells can help to eliminate SASP com-
ponents, which contribute to the ‘inflammageing’ process. Senolytic 
drugs have been shown to restore innervation, improve HRV and pre-
vent age-associated arrhythmias in mice20. Various senolytic and seno-
morphic agents have yielded promising results in experimental studies, 
showing improvements in the neurovascular unit of the brain as well as 
cognitive and physical function and lifespan in aged mice85–88, prompt-
ing the initiation of the first clinical trials of senolytics for age-related 
diseases89–91. However, further studies are needed to establish the safety 
and efficacy of this approach91. Importantly, eliminating widely distrib-
uted senescent cells is likely to have off-target, systemic effects. Never-
theless, given the substantial contribution of cardiovascular health to 
longevity and its influence on brain function, assessments of HRV and 
cardiac function should be included in future clinical trials of senolytic 
drugs, even when the primary focus is on neurodegenerative diseases.

Growth factors, such as members of the vascular endothelial 
growth factor (VEGF) family, might also offer therapeutic benefits. 
For instance, restoring Vegfb expression in the ageing mouse heart 
was shown to increase innervation and improve several hallmarks 
of cardiac ageing23. However, VEGFB also promoted cardiomyocyte 
hypertrophy, probably through direct effects on cardiomyocytes23. 
Although hypertrophy was not associated with impaired cardiac func-
tion, this outcome must be considered when evaluating VEGFB therapy. 
In mice, VEGFA therapy has also shown promising preservation of 
organ homeostasis with ageing as well as increased life expectancy92. 
However, its effect on the ageing heart and the cardiac neurovascular 
unit has not been explored. Neurotrophic factor BDNF (also known as 
brain-derived neurotrophic factor) has been shown to promote nerve 
growth and support cardiac regeneration in mice93, although its role 
in cardiac ageing remains unclear. In addition, glial cell line-derived 
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Fig. 4 | The ageing heart–brain axis. Ageing is a major risk factor for both 
cardiovascular diseases and neurodegenerative diseases. Interactions between 
the heart and brain are inextricably linked and, therefore, pathological changes 
in one organ can cause dysfunction in the other. For example, heart failure can 
impair the pineal gland in the brain, leading to sleep disorders, and cardiac 
arrhythmias can result in anxiety and depression. Similarly, disorders of the 
central nervous system can impair the autonomic nervous system, affecting 
heart rate variability. Exercise, diet or treatment with growth factors, such as 
vascular endothelial growth factor B, or senolytic drugs can ameliorate these 
age-related deteriorations.

http://www.nature.com/nrcardio


Nature Reviews Cardiology

Review article

neurotrophic factor (GDNF) and neurotrophin 3 have also been shown 
to increase cardiac innervation during embryonic development94,95. 
In injured rat hearts, GDNF treatment improved cardiac innervation 
and increased cardiomyocyte contractility96. Reelin, a neurotrophic 
factor studied in models of Alzheimer disease97, has been reported to 
have cardioprotective effects98. However, its role in cardiac innervation 
remains unclear. Levels of another neurotrophic factor, insulin-like 
growth factor 1 (IGF1), were shown to be decreased in aged mouse 
brains, which was associated with reduced brain capillary density99. 
Inducing IGF1 production has protective effects on the cerebral vascu-
lature and restores brain capillary density99,100. Although the role of IGF1 
in the neurovascular unit of the heart is unclear, it is known to induce 
adaptive cardiac hypertrophy101,102, raising concerns about the use of 
this growth factor as a long-term therapeutic approach.

Directly targeting axon-guidance molecules, such as semaphorin 
3A, is another strategy to modulate the cardiac neurovascular unit. 
Overexpression of semaphorin 3A in mice reduces cardiac innervation 
and decreases HRV20. Similarly, depletion of microRNA-143 (miR-143) 
and miR-145, which derepress semaphorin 3A, also reduces innerva-
tion and HRV20. However, whether blocking semaphorin 3A via miR-145  
or other approaches could be used therapeutically to restore the car-
diac neurovascular unit remains to be determined. Importantly, tar-
geting such guidance cues must be approached with caution because 
they could affect other neuronal populations and often have a role in 
immune regulation.

Together, these findings show that several strategies can be used 
to directly restore neurovascular function in the heart, but whether 
they also counteract cardiovascular ageing remains unclear. Whether 
sympathetic nerve loss in ageing is adaptive, and how restoring inner-
vation affects long-term heart health, also remains to be determined. 
Of note, cardiac reinnervation needs to be well balanced because 
heterogeneous (patchy) reinnervation or cardiac hyperinnervation 
can induce severe arrhythmias103,104. Therefore, strategies aimed at 
restoring or protecting the cardiac neurovascular unit, rather than 
merely increasing innervation, will be necessary.

Systemic approaches
In addition to directly targeting the cardiac neurovascular unit, vari-
ous systemic interventions could help to break the vicious cycle of 
heart–brain dysfunction. These strategies include lifestyle modifica-
tions, such as exercise, sleep optimization and dietary interventions, 
as well as anti-inflammatory therapies and neuromodulation105.

Regular exercise undeniably confers cardiovascular benefits106. 
Specifically, exercise positively modulates ANS balance and increases 
HRV in older adults107,108. Exercise also increases VEGFA expression and 
improves endothelial cell function in aged rodent hearts109,110. However, 
the effects of exercise on the ageing cardiac neurovascular unit have 
not been reported.

As discussed in the section on the heart–brain axis, ageing disrupts 
circadian rhythms through diminished activity of the suprachiasmatic 
nucleus, leading to a decline in melatonin production and bidirectional 
heart–brain dysfunction. Behavioural changes to restore healthy sleep 
patterns could help to mitigate this cycle by reducing inflammation and 
improving neurocardiac communication. Notably, senolytic treatment 
restored the day–night cycle of HRV in aged mice20, supporting a link 
between cellular senescence and circadian rhythmicity.

The effect of metabolic syndromes on cardiac innervation is 
well established and is particularly evident in patients with diabetic 
cardiomyopathy111. Diabetes mellitus reduces the expression of NGF, 

which is crucial for cardiac sensory innervation112, and leads to a reduc-
tion in NAD+ level. In the CNS, age-associated NAD+ depletion has been 
shown to lead to neurovascular unit dysfunction, which was associated 
with vascular cognitive impairment. Increasing NAD+ levels via nicoti-
namide riboside or nicotinamide mononucleotide supplementation 
restored pathways associated with mitochondrial rejuvenation and 
activated anti-inflammatory and anti-apoptotic genes to improve 
neurovascular function in mice113,114 as well as vascular and cognitive 
function in older patients (aged ≥55 years) with peripheral artery 
disease113,114. Although the role of NAD+ on cardiac innervation has not 
been studied, impaired cardiac NAD+ biosynthesis is known to lead to 
dilated cardiomyopathy115. These findings suggest that interventions 
targeting metabolism might not only mitigate cardiometabolic com-
plications but also preserve the function of the cardiac neurovascular 
unit and contribute to healthy ageing.

Caloric restriction, which has been shown to promote longevity in 
rodent and primate models, also exerts effects on the brain and could 
influence age-related changes in the cardiac neurovascular unit116–118. 
In rats, caloric restriction prevents the age-related decline in βAR den-
sity, maintains baroreceptor reflex sensitivity, and shifts autonomic 
balance towards increased parasympathetic tone and reduced sym-
pathetic tone116,119. Diet also shapes the gut microbiota, which can also 
have systemic effects. Changes in the composition of the microbiota 
affect the bioavailability of metabolites and lead to the formation of a 
‘permissive’ microbial environment that promotes inflammation120,121. 
These alterations can lead to vascular dysfunction, including cavern-
ous angioma in the CNS120,121. Remarkably, transplantation of faecal 
microbiota from young mice has been shown to reverse age-associated 
alterations in brain metabolism and microglial activation in older 
animals122, and early-stage clinical trials of this approach suggest cog-
nitive and behavioural improvements in older adults123, a finding that 
warrants further investigation.

Targeting neuro-immuno-senescence circuits could offer 
additional strategies to disrupt the self-perpetuating inflamma-
tory cycles that contribute to age-related diseases. Epidemiological 
studies have demonstrated that the long-term use of non-steroidal 
anti-inflammatory drugs is associated with a reduced risk of neuro-
degenerative disorders124. However, clinical trials have generally not 
supported the therapeutic efficacy of non-steroidal anti-inflammatory 
drugs or other general anti-inflammatory agents in this context125. 
Therefore, targeted approaches are needed, and precision anti- 
inflammatory strategies, senolytics or selective inhibition of specific 
SASP components might hold potential. For instance, inhibition of 
IL-1β in the CANTOS trial125 showed protective effects in patients with 
coronary artery disease. Building on this finding, anti-inflammatory 
therapies are being evaluated in patients with established CVD in sev-
eral ongoing clinical studies126. These trials will potentially pave the 
way for interventions that mitigate cardiovascular ageing. Autonomic 
function could be used as a surrogate marker in these studies to identify 
the therapeutic effects on the neurovascular interface.

Finally, neuromodulation presents a promising avenue to restore 
neurovascular and autonomic function105. Advances in techniques, 
such as vagus nerve stimulation127 and targeted neuroelectrical 
modulation128, have resulted in the potential to modulate inflammatory 
pathways and improve clinical outcomes in age-related diseases. As 
our understanding of neuroimmune interactions deepens, integrating 
neuromodulatory approaches with molecular therapies could lead to 
the development of novel strategies to combat chronic inflammation 
and promote healthy ageing.

http://www.nature.com/nrcardio


Nature Reviews Cardiology

Review article

Conclusions
A substantial body of evidence highlights the importance of the cardiac 
neurovascular interface in the context of cardiovascular and neuro-
logical diseases. In addition, studies have shown that interventions 
targeting the cardiac neurovascular unit can provide protection against 
CVD and promote healthy ageing. However, direct evidence remains 
limited because many of the observed therapeutic effects are likely 
to arise from the complex interaction between cardiac tissue and the 
nervous system. Further in-depth research is needed to elucidate how 
these strategies influence autonomic balance and neurovascular inter-
actions during ageing, particularly concerning the roles of afferent 
and sensory nerves in vascular units and the regulatory influence of 
specific brain regions.

Several questions remain about the mechanisms regulating 
functional crosstalk between endothelial cells, pericytes, VSMCs, 
fibroblasts, cardiomyocytes, immune cells and nerve cells in the 
ageing heart. The effects of nerve-derived factors in this cellular envi-
ronment are also understudied. Moreover, the distinct innervation 
patterns in the various chambers and regions of the heart warrant 
further investigation. Notably, the left ventricle and right ventricle 
show differential responses to adrenergic stimulation129, and the 
right side of the heart undergoes structural, functional and electri-
cal changes over time, contributing substantially to overall cardiac 
ageing. These changes are often closely associated with pulmonary 
diseases (usually associated with right heart failure), the incidence 
of which also increases with age.

An important area for future exploration is whether therapies 
targeting cardiac neurovascular ageing might also confer benefits for 
cerebrovascular ageing, and vice versa. This bidirectional potential 
could be especially relevant in conditions such as vascular cognitive 
impairment and dementia, in which comorbid cardiac dysfunction is 
frequently observed. Addressing shared neurovascular ageing mecha-
nisms across organ systems might therefore offer a synergistic thera-
peutic strategy. Overall, advancing our understanding of neurocardiac 
interactions is crucial for developing targeted therapies aimed at 
preserving heart function in ageing populations.
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Glossary

Cardiac neurovascular unit
A microscale concept describing the 
intimate structural and functional 
association between neurons, 
vascular cells (endothelial cells, pericytes 
and vascular smooth muscle cells) 
and the extracellular matrix at a given 
microvascular segment (arteriole, 
capillary or venule) in the heart.

Cardiac neurovasculome
A macroscale systems concept 
denoting the totality of all neurovascular 
units, including all vascular and nervous 
structures, in the heart.
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