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Abstract
Ageing is characterized by the progressive loss of cellular homeostasis, leading to an overall decline of the organism’s fit-
ness. In the brain, ageing is highly associated with cognitive decline and neurodegenerative diseases. With the rise in life 
expectancy, characterizing the brain ageing process becomes fundamental for developing therapeutic interventions against 
the increased incidence of age-related neurodegenerative diseases and to aim for an increase in human life span and, more 
importantly, health span. In this review, we start by introducing the molecular/cellular hallmarks associated with brain ageing 
and their impact on brain cell populations. Subsequently, we assess emerging evidence on how systemic ageing translates 
into brain ageing. Finally, we revisit the mainstream and the novel rejuvenating strategies, discussing the most successful 
ones in delaying brain ageing and related diseases.
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Introduction

Ageing is characterized by the accumulation of molecular 
and cellular damage over an organismal life span, and is 
associated with physical deterioration and an increased risk 
for developing diseases, including neurodegenerative dis-
orders [1]. The inability to repair damage leads to impaired 
physiological functions, ultimately leading to disease and 
death. Twelve hallmarks have been defined as common 
denominators for mammalian ageing: genomic instabil-
ity, telomere attrition, epigenetic alterations, loss of pro-
teostasis, disabled macroautophagy, deregulated nutrient 
sensing, mitochondrial dysfunction, cellular senescence, 
stem cell exhaustion, altered intercellular communication, 
chronic inflammation and dysbiosis [2]. Interestingly, the 
established hallmarks of ageing are also highly associated 
with an increased risk to develop neurodegenerative diseases 
[3].

Being composed of mitotic, but also by postmitotic cells, 
the brain is particularly sensitive to the effects of ageing, 
manifested as structural and cognitive alterations [4, 5]. 
With age, there is a natural progressive decline in memory 
and learning capability, as well as decreased decision-mak-
ing speed, sensory perception, and motor coordination [6]. 
Whereas some individuals have a healthy brain ageing tra-
jectory, many develop age-associated diseases; in fact, the 
prevalence of neurodegenerative hallmarks in the brains of 
older populations is extremely common, but the susceptibil-
ity to developing age-related diseases is greatly dependent 
on genetics and environmental factors [1].

The development of age-related neurodegenerative dis-
eases has devastating effects to the elder population, depriv-
ing individuals from their memories, disrupting their social 
behaviour, and eventually taking their autonomy. Under-
standing the molecular mechanisms behind brain ageing 
will support the development of strategies to delay ageing 
and prevent or even treat age-related neurodegenerative dis-
eases. In this review, we present the current knowledge in 
the molecular mechanisms of ageing in the brain, discuss 
how systemic ageing impacts the brain, and, finally, review 
the latest published rejuvenating strategies and their impact 
in brain.
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Molecular mechanisms of brain ageing

At a molecular and cellular level, several pathways and 
biomarkers are associated with ageing; Lopez-Otin et al. 
described and categorized the hallmarks that reflect the 
mammalian ageing process [2]; the brain ageing hallmarks 
[6] mostly overlap with the classic ageing hallmarks [2, 7]. 
The primary hallmarks cause damage to cellular function, 
and include genomic instability, telomere attrition, epige-
netic alterations, loss of proteostasis and disabled macroau-
tophagy. These are followed by the secondary (or antago-
nistic) hallmarks that are responses to damage, including 
metabolism dysregulation: nutrient sensing, mitochondrial 
function impairment, and cellular senescence. Finally, the 
tertiary, integrative hallmarks are triggered: these are related 
to tissue homeostasis failures, and include stem cell exhaus-
tion, impairment of intercellular communication and chronic 
inflammation, which lead to systemic decline and dysfunc-
tion (Fig. 1).

Genomic instability, DNA damage, epigenetic 
changes, and telomere attrition in brain ageing

DNA damage increases with age [8]. Postmitotic neurons, 
with highly demanding energy requirements, elevated 
transcription, and long life span, are highly susceptible to 
DNA damage. To counteract this, neurons are equipped 

with efficient DNA damage response (DDR) pathways, but 
impairment or overwhelming these pathways, due to ageing, 
leads to unrepaired DNA lesion accumulation, resulting in 
genomic instability, transcription dysregulation, and, conse-
quently, a cascade of events culminating in cell senescence 
or cell death [9]. DNA damage is highly associated with 
neuronal dysfunction and neurodegeneration, and is an early 
indicator of neuropathology [9–11]. Additionally, although 
post-mitotic neurons are the most susceptible, glial cells 
have also been shown to suffer pathological DNA damage 
during ageing in mice [12–14]. Recently, histone deacetylase 
1 (HDAC1) was shown to be involved in oxidative DNA 
damage in brain ageing and Alzheimer’s disease (AD), with 
mice lacking HDAC1 displaying age-associated DNA dam-
age accumulation and cognitive impairment [14].

During ageing, epigenetic modification occurs, with DNA 
methylation sites changing, relatively consistently between 
individuals and across species, allowing the identification 
of a series of individual methylation sites, now called DNA 
methylation clocks. These can be used as biomarkers of 
healthy ageing or disease risk, or to determine the efficiency 
of therapeutic interventions [15, 16]. DNA methylation is 
associated with transcription repression [17, 18], which, 
in principle, can be highly detrimental; however, the exact 
role of DNA methylation in brain ageing is still unknown, 
and it remains undetermined whether methylation altera-
tions are a cause or a consequence of ageing. Analysis of 
DNA methylation patterns of different neurodegenerative 

Fig. 1   Hallmarks of brain 
ageing. Scheme depicting the 
hallmarks of ageing in the 
brain described in this review: 
genomic instability, telomere 
attrition, epigenetic alterations, 
loss of proteostasis, dysregu-
lated metabolism (including 
nutrient sensing and mitochon-
drial dysfunction), cellular 
senescence, stem cell exhaus-
tion, and altered intercellular 
communication. The pyramidal 
illustration represents the 
primary hallmarks (on the bot-
tom), antagonistic (secondary) 
hallmarks emerging in response 
to the primary hallmarks, 
and the tertiary integrative 
hallmarks, ultimately leading to 
tissue homeostasis failures and 
dysfunction
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disorders, such as AD, dementia with Lewy bodies, Par-
kinson’s disease (PD), and AD associated with Down’s 
syndrome, found similar DNA methylation landscapes on 
post-mortem human brain tissues [19]. More recently, a 
genome-wide DNA methylation meta-analysis also found 
shared associations across neurodegenerative diseases using 
human plasma samples [20].

Epigenetic alterations can potentiate ageing-associated 
abnormalities, as exemplified in the case study of monozy-
gotic twins discordant for AD, which revealed significant 
differences on the methylome [21]. Considering the open 
question of what determines a healthy versus a pathologi-
cal ageing trajectory, the epigenome could be the answer. 
Regardless, in the future, epigenetic clocks could be con-
sidered as early markers of ageing and able to distinguish 
healthy and pathological ageing.

Another well-defined hallmark of ageing is telomere attri-
tion. Telomeres maintain genomic stability by protecting 
chromosomal ends from degradation, with telomerase hav-
ing a crucial role in maintaining telomere length [22]. With 
ageing, accumulative cell divisions and exposure to stress 
leads to telomere shortening; when a certain critical length 
is reached, cell-cycle arrests and the cell becomes senescent 
[23]. Senescent cells, as discussed in a subsequent section, 
are highly detrimental [24]. In the brain, the telomere attri-
tion hallmark concept is challenging, as evidence is cur-
rently inconsistent: literature describes telomere shortening 
and decreased telomerase activity in aged rat microglia, but 
not in astrocytes [25]; concerning neurons, recent literature 
shows that telomerase can persist in adult neurons and also 
be induced by different insults [26, 27]. As expected, high 
telomerase activity is found in neuronal stem cells niches in 
the adult mouse brain [28], being essential for cell prolifera-
tion, neuronal differentiation, neuronal survival, and neuro-
genesis [29]. Studies associating telomere shortening and 
cognitive performance, or even neurodegenerative diseases, 
have been conflicting [30]; nevertheless, recent in vivo stud-
ies show a promising effect of telomerase in AD [31] and 
PD mouse models [32, 33] and in aged mice [34]. Nonethe-
less, the importance of telomeres in brain ageing and the 
development of neurodegenerative pathways is still poorly 
understood and warrants further investigation.

Loss of proteostasis

Proteostasis is the mechanism of proteome homeostasis 
maintenance, regulating protein turnover and structure. The 
accumulation and aggregation of misfolded and unfolded 
proteins is characteristic of ageing, as observed with the 
accumulation of myelin fragments in mice ageing glia [35], 
and is believed to contribute to progressive neuronal dys-
function and neurodegeneration [36].

Proteostasis upregulation promotes synaptic plasticity 
[37] and delays age-related cognitive decline in mice [38]; 
this process is not limited to neuronal cells, as decreasing 
autophagy in astrocytes and microglia compromises synaptic 
function and impairs mouse cognition [39].

In addition to protein deposits, other macromolecule com-
plexes (including carbohydrates and lipids) accumulate in 
the ageing brain, both extracellularly (such as corpora amyl-
acea [40]) and inside neurons or glial cells (such as lipofus-
cin [41]); the role of these aggregates is not yet clear, but 
are believed to affect neuronal function [42]. Several age-
related neurodegenerative disorders clearly feature protein 
unfolding and aggregation, notably β-amyloid and Tau in 
AD, α-SYN in PD, superoxide dismutase in amyotrophic 
lateral sclerosis (ALS), huntingtin in Huntington's disease 
(HD), or prion protein (PrP) in prion diseases, but although 
the correlation between aggregation and disease is very well 
established, as we have recently reviewed [43], causality has 
not so easily been determined; in fact, some of the neurons 
with aggregated inclusions were found not to be the ones 
degenerating in HD, and vice versa [44, 45]; nonetheless, 
evidence suggests that improved proteostasis has beneficial 
effects in ageing: upregulation of proteostasis via heat-shock 
proteins [46] or the stress response pathway [47] increases 
life span in Drosophila melanogaster and Caenorhabditis 
elegans, respectively; and is being explored as a cognitive-
restoring therapy in dementia [38, 48].

Being highly correlated with neurodegeneration, the 
increased production and impaired clearing of misfolded 
proteins results in accumulation of aggregated proteins 
with ageing, but it remains a current issue of debate whether 
aggregation is just a physiological consequence of ageing or 
is a direct contributor to ageing-related pathology.

Metabolic dysregulation

Due to the brain’s elevated energetic demands, it is particu-
larly susceptible to metabolic dysfunction impairment, and 
brain ageing is accompanied by decreased glucose availabil-
ity and mitochondrial activity [6]. The recent bioenergetic 
hypothesis proposes that physiological ageing promotes 
metabolic alterations, which then lead to cognitive decline 
and neurodegeneration [49]; glucose metabolism and mito-
chondrial function are indeed impaired in the brain of most 
neurodegenerative pathologies [50, 51]. Ageing-associated 
cognitive decline can be countered by metabolic upregula-
tion in myeloid cells [52], and therapeutic approaches target-
ting nutrient sensing are protective against cognitive decline 
[53, 54].

Neurons consume 70–80% of brain energy, requiring a 
continuous flow of blood glucose as an energy source, regu-
lated by blood–brain barrier (BBB)-located glucose trans-
porters (GLUT) [55]. Impairment of mitochondria activity 
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during ageing results in hypometabolism and oxidative 
stress, and glucose hypometabolism compromises protein 
and neurotransmitter synthesis. Brain cognitive process-
ing is optimized by its metabolic needs, linking cognition 
and energy. Indeed, network dysfunctions during cognitive 
ageing (aged neurons notoriously feature reduced dendritic 
trees, with alterations to dendritic spine size, shape, density, 
and turnover) are accompanied by metabolic dysfunction 
[56].

Although neurons are the most energetically demanding 
cells in the brain, mitochondria dysfunction also affects age-
ing glial cells. Astrocytes are recognized to play crucial roles 
in brain metabolism. Dysfunction of astrocytic mitochondria 
is linked to age-related neurodegeneration and to most age-
related neurodegenerative diseases [57]. Astrocytic ageing 
features not only reactive oxygen species (ROS) accumula-
tion, but also Ca2+ overload, as described in mice [58]. The 
neuroprotective capacity of astrocytes decreases during age-
ing, as antioxidative and mitophagic activity are decreased, 
while pro-inflammatory activity, via microglial signal ampli-
fication, is increased [58].

Mitochondrial DNA damage accumulates in aged micro-
glia, accompanied by impaired autophagy, contributing to 
the accumulation of damaged mitochondria and potentiating 
ROS production; in a positive feedback loop, increased mito-
chondrial oxidative stress in turn activates the proinflam-
matory NF-κB in mice, promoting microglial ageing [59]; 
NF-κB inhibition in mouse microglia has a neuroprotective 
effect [60], but it has yet to be explored in the context of 
ageing-associated cognitive dysfunction.

Finally, oligodendrocytes are particularly metabolic 
demanding during myelination, but their energy needs 
remain high, due to myelin maintenance and metabolic sup-
port of neurons [61]. Ageing-related mitochondrial loss of 
function is anticipated to impair myelination, not only due to 
energy deficits and inefficient lipid syntyhesis, but also due 
to increased and cumulative ROS production, particularly 
damaging in terms of myelin lipidic oxidation [62].

Mitochondrial dysfunction is tightly associated with 
brain ageing, due to the accumulation of oxidative dam-
age [63], and has been observed in hippocampal neurons 
[64] and linked with ageing and HD [65].These facets are 
mechanically related, as age-related loss of mitochondria 
function and efficiency results in increased neuronal oxi-
dative stress [66], but, at the same time, impaired mito-
chondrial response to oxidative stress with ageing results 
in increased protein aggregation in human cells [67]. In 
addition to oxidative stress, mitochondria axonal trans-
port is also impaired with ageing in mice [68]; moreover, 
cytoskeletal integrity, intimately linked to mitochondrial 
transport, is also altered with ageing, in mice [69], and 
in vitro studies using cultured rat sensory neurons showed 
age-related axonal viscousity changes affecting axon 

homeostasis [70]. Thus, not only do aged mitochondria 
affect axonal biology, but also they are themselves greatly 
impacted by the ageing axonal environment.

In parallel, ageing is also regulated by metabolic mecha-
nisms. Nutrient signalling regulates ageing and age-related 
neurodegeneration [71] via the signalling pathways of the 
growth hormone (GH)/insulin-like growth factor (IGF), 
the mechanistic target of rapamycin (mTOR), sirtuins, and 
5' AMP-activated protein kinase (AMPK) [72, 73].

In humans, signalling of the GH/IGF axis declines with 
ageing [74] and its inhibition appears to promote brain 
health in ageing, by increasing stress resistance, regulating 
metabolism, and reducing inflammation. IGF1 may have 
opposing effects in the ageing brain, depending on con-
text: its inhibition appears to be neuroprotective against 
protein aggregation (via proteostasis upregulation), but 
IGF1 silencing is on the other hand linked to cognitive 
dysfunction and neurovascular disruption [75]. Balancing 
this dual effect is required to efficiently develop therapeu-
tic strategies.mTOR is a serine–threonine kinase signal 
integrator that can influence longevity and ageing, highly 
expressed in neurons [76] and glia [77]. Its role in energy 
metabolism, autophagy, and proteostasis regulation [78] 
is essential for brain homeostasis during ageing [79]. Sys-
temic mTOR activity increases during ageing, impairing 
autophagy [80], but is decreased in the ageing mice hip-
pocampus [81], and research is clarifying its role in the 
ageing brain.

Sirtuins ameliorate autophagy dysfunction [82], neuro-
inflammation [83], and mitochondrial dysfunction in the 
ageing brain [84]. Sirtuin levels diminish with ageing [85] 
and, together with mTOR, are promising targets to increase 
life span [86]. The members of the sirtuin family most com-
monly linked to ageing are the mitochondrial SIRT3/4/5. 
Their activity depends on nicotinamide adenine dinucleotide 
(NAD+), whose levels seem to decrease with ageing, leading 
to mitochondrial deterioration and sirtuin activity reduction 
[87]. Moreover, SIRT3 was shown to be critical for neu-
ronal proliferation in cell culture [88] and long-term memory 
function and cognition in the ageing mouse brain [89]

Tightly related to the previous signalling pathways, 
AMPK was described to slow down ageing and increase life 
span in C. elegans by modulating the mitochondrial network 
[90], with its signalling declining with age. AMPK upregu-
lates brain derived neurotrophic factor (BDNF), essential for 
synaptic transmission and memory consolidation [91] and 
plays neuroprotective roles by mitigating neuroinflammation 
and oxidative stress, being explored as a clinical target to 
promote longevity [92].

Age-related metabolic and mitochondrial regulators are 
becoming increasingly established as key triggers for cog-
nitive decline and are potential future therapeutic strategies 
[53].
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Cellular senescence in the aged brain

Originally described as an irreversible cell cycle arrest in 
proliferative cells, cellular senescence can be elicited by 
various intrinsic and extrinsic stimuli and developmen-
tal signals [93], but most importantly, their abundance 
is increased in ageing and progeroid syndromes [94]. 
Senescent cells undergo alterations in morphology, gene 
expression (transcriptional and epigenetic alterations), and 
metabolic activity; these cells are characterized by chronic 
inflammation, heightened oxidative stress, persistent DNA 
damage response, cell cycle arrest, and chromatin reorgan-
ization, developing a senescence-associated secretory phe-
notype (SASP) [95]. SASP is characterized by cytokine, 
chemokine, growth factor, and protease secretion [96], and 
senescent cells have a pleiotropic effect on tissue microen-
vironment via these remodelling factors, inducing chronic 
sterile inflammation, leading to detrimental phenotypes in 
nearby cells and tissue dysfunction, and contributing to 
age-related diseases [24].

Removal of senescent cells was shown to increase life 
span in mouse models [97, 98]. In the brain, various cell 
populations, including astrocytes, microglia, and oligoden-
drocytes present senescence [99]. Neurons are of particular 
interest: being non-mitotic, they exhibit a senescence-like 
phenotype associated with ageing and neurodegenerative 
phenotypes [100, 101], but since cellular senescence was 
first described as a permanent cell cycle arrest, the first 
evidence of neuronal senescence features was puzzling. 
Nevertheless, several independent studies have described 
a senescence-like behaviour and senescence biomarkers in 
neurons [100–102], although their molecular mechanisms 
of induction remain poorly understood.

It is also important to mention the increased senescence 
in stem cell niches during ageing, including in the brain, 
an important contributor for neurogenerative diseases and 
cognitive impairment [103].

Cellular senescence can trigger neurodegeneration via 
an array of mechanisms, including inflammation, through 
SASP, but also mitochondrial dysfunction, oxidative 
stress, disrupted protein homeostasis, and compromised 
nuclear and blood brain barrier (BBB) integrity. By per-
sisting in the brain, senescent cells contribute to cognitive 
decline by impairing synaptic function, inducing paracrine 
inflammation and senescence. Growing evidence points 
to a close association between senescence and neurode-
generative diseases, such as AD and PD [100, 104–108], 
and eliminating senescent cells, using senolytics, not only 
improves brain ageing phenotypes in mice and rats [109, 
110], but is also beneficial in several models of neurogen-
erative diseases [104, 106, 111].

Stem cell exhaustion in brain ageing

One of the most striking characteristics of ageing is the loss 
of tissue regenerative capability, with evidence suggesting 
a correlation between stem cell dysfunction, DNA damage 
accumulation, telomere shortening, and senescence [7]. In 
the brain, adult neurogenesis is limited to the subgranu-
lar zone (SGZ) in the hippocampal dentate gyrus, and the 
subventricular zone (SVZ) of the lateral ventricles, and it 
is compromised during ageing, with decreased and more 
dormant neural stem cells, decreased neuronal fate commit-
ment, and decreased self-renewal and survival [112]. Addi-
tionally, aged neural stem cells present hallmarks of ageing, 
including epigenetic alterations, proteostasis dysregulation, 
senescence, and inflammation [113].

In rodents, loss in neurogenesis is observed early in the 
mature brain [114, 115], but the concept of neurogenesis 
decline in humans is controversial [116]. While some stud-
ies describe a drop in neurogenesis in adult human brains 
[117], others report stable neurogenesis in older, healthy 
individuals [118]. More recently, neural stem cell subpopu-
lations were shown to undergo asynchronous decline exhibit-
ing early molecular ageing [114]. Neurogenesis impairment 
with age was shown to accompany a decrease in learning 
and memory [119], cognitive impairment, and neurodegen-
erative diseases, one example of which is the evidence of 
reduced neurogenesis in AD [120, 121]. Even though there 
are inconsistent reports linking neurogenesis and cognition 
[122], a potential role in age-related neurodegeneration can 
be proposed.

Impairment of intercellular communication

Ageing features chronic low inflammation (inflammaging) 
due to the accumulation of tissue damage, dysfunction of the 
immune system, accumulation of pro-inflammatory cytokine 
secreting senescent cells, and defects in the autophagy sys-
tem [7].

Glia, a brain proliferative cell population, is thought to 
be the main contributing component for inflammaging in 
the aged brain, as both astrocytes and microglia become 
more senescent with ageing, experiencing an increase in 
inflammatory profile and dysfunction [99]. Glial dysfunction 
impacts normal brain homeostasis and is associated with 
cognitive decline through senescence and proinflammatory 
secretory mediators [110]. Age-related brain inflammation 
induces synaptic alterations and changes in neuronal func-
tion [123], but the mechanism leading to cognitive impair-
ment during ageing is multifactorial; nevertheless, inflam-
maging seems to have a significant role in age-related 
cognitive decline and the development of neurodegenerative 
diseases [123–125].
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Waste clearance is essential for brain homeostasis and 
function. With ageing, the mechanisms responsible for clear-
ing metabolic by-products and cellular debris are compro-
mised; this impairment is associated with cognitive altera-
tion and neurodegeneration [126].

The brain lacks a conventional lymphatic system, but 
a novel system for brain waste clearance was recently 
described, the glymphatic (glial-lymphatic) system, that 
facilitates the metabolic clearance in the central nervous 
system (CNS) through the flow of interstitial and cerebro-
spinal fluid via perivascular pathways, controlled by astro-
cytes, specifically the astrocytic aquaporin-4 [127]. Glym-
phatic clearance is reduced in aged mice [128] and humans 
[129], and seems to be essential to clear neurotoxic protein 
aggregates, with its impairment favouring neurodegenera-
tion [127]. Besides the glymphatic system, the CNS has 
other mechanisms of clearance, such as cellular uptake and 
transport across the BBB [130]. The dysfunction of neural 
cells observed in ageing will surely impact their ability to 
manage and clear waste; additionally, BBB is also compro-
mised in ageing [131]. Waste accumulation can potentiate 
the activation of immune cells in the brain, raising its pro-
inflammatory status [127].

Impairment of the adaptive stress response signalling and 
aberrant neuronal network activity are other crucial markers 
of brain ageing [6]. Because cells are constantly exposed 
to metabolic, ionic, and oxidative stresses, cellular stress, 
response systems were developed to adapt to stresses, alle-
viate the danger, and improve cell defenses against future 
stress, such as calcium and ATP levels or ROS imbalances 
[6].

During ageing, neuronal capability to regulate calcium 
dynamics is compromised [132]. The major causes of neu-
ronal calcium dysregulation during ageing are ER stress, 
altered mitochondria homeostasis, dysregulated calcium 
channels’ activity, and altered levels of calcium-binding 
proteins [133].

Calcium is extremely important for regulating neuronal 
function, plasticity, synaptic transmission and to integrate 
neuronal networks; moreover, calcium is crucial for ER and 
mitochondria homeostasis; hence, impairment of calcium 
dynamics is linked to neuropathology vulnerability [133] 
and critical for cognition [134]. Importantly, a continued 
increase in intracellular calcium levels can damage and kill 
neurons by activating calcium-dependent apoptosis [6, 133]; 
restoring neuronal calcium homeostasis is enough to revert 
cognitive alterations in aged mice [135].

The age-dependent decline in cell metabolism results in 
disruption of brain energy homeostasis, with faulty neu-
ronal glucose metabolism and ATP deficits [6]. The general 
energy deficiency leads to impaired energy-requiring mech-
anisms, such as calcium pump activity, transcription, and 
protein production. Additionally, ATP and calcium pumps 

are extremely important pieces in neuronal network activity, 
being crucial for action potential conduction and synaptic 
activity, and, ultimately, cognitive function [136].

The increase in ROS production due to mitochondria dys-
function, discussed in a previous section, leads to changes 
in the redox state of the cell, including the oxidative state of 
DNA, altering transcription factor responsiveness and even 
protein production and function [6]. This is intricately linked 
to age-associated cognitive decline, with antioxidants having 
a neuroprotective effect [137].

Another consequence of ageing is the loss of white 
matter, with evidence of decreased myelination with age 
caused by oligodendrocyte oxidative DNA damage [138]. 
Since communication between different brain regions occurs 
preferentially via myelinated axonal projections, myelination 
defects are surely detrimental for the network, leading to 
increased risk of neurological diseases [138, 139].

Evidence shows that brain structure integrity (with appro-
priate types of neurons, functional glia, and reliable neuro-
transmitter systems) is essential for the correct brain circuit 
function; ageing disturbs both cellular local mechanisms 
and circuit networks within the brain, leading to cognitive 
dysfunction.

Differential neural vulnerability to ageing

Ageing is the leading risk factor for neurodegenerative 
diseases, but the precise boundaries between healthy and 
pathological brain ageing are not well defined. Genetic, 
epigenetic, and environmental factors are contributors to 
human ageing, and humans age at different rates [140]. In 
fact, recent evidence indicates that both mouse and human 
organs also age at different rates [141, 142], which unlocks 
the question why some organs and systems are more vulner-
able than others. In the case of the brain, it is well known 
that neurodegenerative diseases, such as AD, PD, and ALS, 
present region-specific neurodegeneration; however, it is still 
unknown why some brain regions are more vulnerable to 
neurodegeneration [143]. In the case of physiologic ageing, 
evidence shows increased vulnerability of white matter (pri-
marily myelinated axons) to age in humans [144], certainly 
leading to functional consequences [139]. Interestingly, the 
prefrontal cortex and the hippocampus display a significant 
decrease in volume with age in humans [145], indicating a 
possible higher susceptibility to ageing.

The alteration of cerebral blood flow during healthy age-
ing is a concept still needing further studies, but there are 
some indicators that cerebral blood flow is altered in ageing, 
exposing different brain regions to hypoxia, possibly increas-
ing their risk of neurodegeneration [143].

Looking in more detail to the brain, each region com-
prises various types of neural cells, differing from region to 
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region. This regional heterogeneity may underlie the differ-
ent regional susceptibility to age-related alterations. The hip-
pocampus has an interesting characteristic: it presents neu-
ral stem cells in the subgranular zone of the dentate gyrus, 
which declines in ageing [117], with functional implications 
in learning and memory in rodents [114]. This unique char-
acteristic can render the hippocampus a higher susceptibility 
to age-related decline.

Age-related neuronal loss has been shown in the hip-
pocampus and the substantia nigra [143, 146], supporting 
the notion of increased hippocampal and substantia nigral 
susceptibility to age-related dysfunction; interestingly, large 
sized neurons with lengthy axons tend to be more vulnerable 
to ageing [147], which agrees with neuronal features of the 
hippocampus and substantia nigra [143].

An alternative theory concerning neuronal vulnerability 
proposes that age-related mitochondrial dysfunction and 
oxidative stress surge are the main culprits behind the vary-
ing neuronal sensitivity, with some neurons, such as hip-
pocampal and substantia nigral ones, being more sensitive 
to this damage [148]. Besides neurons, glia was shown to 
present differential age-associated regional alterations [149]. 
Consistently, hippocampal and substantia nigral astrocytes 
seem more susceptible to ageing, in terms of number, pro-
inflammatory reactivity, and protective capacity, whereas 
microglia seem to present more age-related alterations in 
the hippocampus [143].

Additionally, in humans, the size and thickness of the 
prefrontal cortex was also shown to decrease with age [145]. 
The prefrontal cortex plays an important role in cognition, 
including attention and memory, and is interconnected with 
subcortical regions, such as thalamus, amygdala, and hip-
pocampus, exerting control over other brain regions involved 
in cognitive function [150]. Neuronal number in some areas 
of the prefrontal cortex of non-primate humans was found 
reduced and associated with memory impairment [151]. 
However, more recent literature suggests that cognition 
alteration due to changes in the prefrontal cortex are more 
likely due to changes in neuronal density and synaptic plas-
ticity and function than to neuronal loss [152]. Concerning 
glial cells, both microglia and astrocytes are activated in the 
aged prefrontal cortex, correlating with synaptic dysfunction 
[153, 154].

The use of single cell transcriptomic profiling technology 
to depict changes in brain ageing is an emerging trend that 
could greatly improve the current understanding of brain 
complexity and specific cell type and regional vulnerability 
observed in ageing and age-related pathology. Comparing 
young and old brains produced comprehensive datasets of 
ageing-related genes, pathways, and interactions of differ-
ent neural cell types. In one such recent study using mouse 
brain, authors concluded that ageing, rather than inducing a 
universal program, leads to distinct transcriptional courses 

in different cell populations [155]. More recently, using 
spatially resolved single-cell transcriptomics, a new high-
resolution cell atlas of brain ageing depicted the changes 
in gene expression and spatial organization of major cell 
types in the frontal cortex and striatum over the mouse life 
span [156], while other reports on single-cell transcriptom-
ics highlight transcriptional alterations in different cell types 
during ageing [157, 158]. Moreover, high-resolution age-
ing clocks from single-cell transcriptomic data were very 
recently proposed [159] and will allow the quantification of 
transcriptomic rejuvenation of therapeutic interventions. In 
coming years, research using these newly developed tech-
nologies will surely help disclose the complex question of 
why brain regions have differential vulnerability to ageing, 
opening new venues for rejuvenating therapies.

Impact of systemic ageing in brain health

Besides cell-intrinsic defects in neurons and glia, leading 
to brain dysfunction due to age-related damage accumula-
tion, systemic factors may also contribute to brain dysfunc-
tion and decline with age (Fig. 2). Since tissues and organs 
age at different rates [141, 142], it is possible that some 
tissues influence others’ ageing decline. Several pivotal stud-
ies reveal that young blood or bone marrow transplantation 
reverse age-related cognitive dysfunction and recover syn-
aptic plasticity [160–162]. Additionally, whole body clear-
ance of senescent cells was enough to ameliorate age-related 
brain inflammation and cognitive impairment in mice; how-
ever, this study targeted whole-body, and it is thus unknown 
whether the cognitive improvement is a result of senescence 
clearance in the CNS or in peripheral organs [163]. Other 
systemic manipulations, such as exercise [164] and caloric 
restriction [165], show promising results. These systemic 
rejuvenating approaches, especially the ones using young 
blood or bone marrow transplantation, are strongly con-
sistent with the idea that systemic ageing can induce brain 
dysfunction.

Experimentally, the mechanistic study of how peripheral 
ageing leads to brain ageing is complex, as separating the 
periphery from the brain, in respect to mechanisms or inter-
ventions, is difficult. Nonetheless, some peripheral media-
tors of ageing are known to impact the brain, in particular 
pro-inflammatory mediators. Age-related systemic inflam-
mation (inflammaging) is well documented to impact brain 
health and cognition in mice and humans [166–168]. The 
role of the gut in inflammaging is now well recognized; hav-
ing the ability to secrete inflammatory products, the gut can 
affect other systems and organs, accelerating their ageing-
associated decline [169]. The gut and the brain establish 
a bidirectional connection: the gut–brain axis, established 
through the vagus nerve, the immune system, and bacterial 
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metabolites and products. Research indicates that inflamma-
tory gut metabolites impact brain cognition and psychiatric 
symptoms, also seemingly accelerating neurodegenerative 
diseases [170, 171]. Nevertheless, the mechanisms behind 
the impact of gut microbiota in brain diseases are still poorly 
understood and need further investigations.

The brain is protected from the periphery by the BBB, a 
selective, semipermeable interface between the blood and 
the brain, with a crucial role in maintaining brain homeosta-
sis by controlling the selective crossing of needed molecules 
and exclusion of toxins and pathogens. Correct BBB func-
tion requires a proper association between brain endothelial 
cells, mural cells (pericytes and vascular smooth muscle 
cells), astrocytes, neurons, microglia, and the basal lamina 
[172]. During ageing, this barrier is disrupted (Fig. 3), leav-
ing the brain less protected, with evidence suggesting that 
normal breakdown (due to healthy ageing) is only detri-
mental following an exposure to secondary stress, such as 
inflammation, following which cognitive decline emerges 
[173]. It remains unclear how gut metabolites, inflamma-
tory mediators, and other factors access the brain, but the 
BBB disruption caused by these inflammatory mediators 

is a possibility, alongside ageing-related BBB dysfunction 
and breakdown due to cell dysfunction. Pericytes, BBB 
transporters capable of sensing peripheral inflammation, 
may play a particularly central role, as pericyte loss leads 
to immunogenic protein leakage into the brain, and intact 
pericytes can also transduce inflammatory cues from the 
systemic environment [174].

Another mechanism for metabolites and other factors to 
reach the brain is through the blood–cerebral spinal fluid 
(CSF) barrier. In the choroid plexus, the close proximity of 
blood to the CSF can possibly lead to choroid secretory func-
tion and CSF composition modulation, with the blood–CSF 
barrier being a crucial transducer of systemic factors for 
the modulation of brain ageing. Interestingly, infusion of 
young CSF into aged brains restores oligodendrogenesis 
and improves memory in aged mice [175]. Direct peripheral 
immune cell infiltration into the brain via the choroid plexus 
has also been hypothesized [176], but further investigation 
is needed in the specific case of heathy ageing.

One interesting question that remains unsolved is why 
different tissues have different ageing rates. In the case 
of the brain, protective mechanisms, such as the BBB, 

Fig. 2   Impact of local and systemic ageing in brain health. Both 
neural cellular intrinsic factors and extrinsic systemic defects can 
contribute to the decline in brain function during ageing. Locally, 
brain cells can accumulate age-related damage, due to mitochondria 
dysfunction, oxidative stress, inflammation, or protein aggregation, 
which alters both neural cell survival but also core neural circuitry, 

and ultimately brain function. Systemic tissue ageing impacts brain 
health decline with age: periphery-derived factors such as inflam-
mation mediators, SASP, peripheral immune invasion, and oxidative 
stress mediators that can reach the brain. ROS reactive oxygen spe-
cies, SASP senescence-associated secretory phenotype, BBB blood–
brain barrier
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immunosurveillance, and waste clearance, give this tissue 
a layer of protection lacking in other tissues such as skin, 
which is indeed one of the first aged tissues.

Considering the known effects of paracrine signalling, 
it is important to look at ageing and age interventions from 
a systemic point of view. Maintaining brain function and 
cognition is critical to the lifestyle of the aged individu-
als, and it is thus essential that anti-ageing therapy studies 
not only consider life span and effects on peripheral tissues, 
but also examine the potential positive effects in cognitive 
preservation.

Impact of rejuvenating strategies in brain 
function

Even though ageing and death are inevitabilities, strategies 
to delay and potentially reverse ageing must be developed, 
with the aim to increase life span, but more importantly, 
to improve health span, which include the maintenance of 
cognitive health in the elderly and in the end of life. Sys-
temic rejuvenating strategies that impact several organs and 
tissues, including the brain, will be pivotal.

When considering rejuvenating strategies, sex differ-
ences must be considered, as they can affect the rate of 
brain ageing. Literature shows accelerated epigenetic age-
ing in the brain tissue of men, compared to women [177] 
and a study using PET scans showed the female brain to 

be systematically neotenous, in comparison to male brain 
[178]. Other findings indicate a more prominent alteration 
of gene expression profile towards ageing in males, with 
downregulation of genes related to protein processing and 
energy production [179]. This highlights the importance of 
sex influence in ageing and shows the importance of con-
ducting studies in both men and women disclosing the sex 
influence of any therapeutic approach.

In this review, we conduct a global portrait of systemic 
rejuvenating strategies with a known positive impact in brain 
ageing and cognition (Fig. 4).

Heterochronic parabiosis

Heterochronic parabiosis provides evidence that blood fac-
tors influence organismal ageing. In heterochronic para-
biosis, the circulating systems of young and aged mouse 
are fused, aiming to manipulate the plasma proteome 
of the older animals. Exposure to old blood via hetero-
chronic parabiosis or by administrating old blood plasma 
decreases hippocampal neurogenesis, decreases synaptic 
plasticity, promotes microgliosis, and impairs learning 
and memory [131], whereas exposing aged mice to young 
blood enhances hippocampal neurogenesis and increases 
dendritic spine density, improving learning and memory 
[160]. These results suggested the presence of “pro-cog-
nitive” factors in young blood, and GDF11 was indeed 
found to mimic the effects of young blood in enhancing 

Fig. 3   Blood–brain barrier (BBB) dysfunction in ageing. The brain 
is protected from the periphery by the BBB, which maintains brain 
homeostasis by controlling the selective crossing of molecules. The 
BBB involves brain endothelial cells, mural cells (pericytes and vas-
cular smooth muscle cells), astrocytes, neurons, microglia, and the 

basal lamina. BBB disruption in ageing is well documented, being a 
probable route for systemic factors, such as inflammatory mediators, 
cytokines, immune cells, and other molecules, to reach the brain and 
induce cellular and tissue dysfunction. ROS: reactive oxygen species; 
SASP: senescence associated secretory phenotype
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neurogenesis [161]. Another factor, the tissue inhibitor 
of metalloproteinases 2 (TIMP2), a blood-borne factor 
enriched in human umbilical cord plasma, was shown to 
improve synaptic plasticity and hippocampal-dependent 
cognition in aged mice [180].

The transplantation of young bone marrow was shown to 
rejuvenate the hematopoietic system, preserving cognitive 
function in old mice [162], while exposure to an old hemat-
opoietic system was enough to elicit a decrease in hippocam-
pal synaptic density and age-related cognitive impairment 
[181], defining the importance of the hematopoietic system 
in rejuvenation strategies for brain function. A different work 
showed osteocalcin to be necessary for the beneficial effect 
of young plasma in memory and anxiety-like behaviours in 
old mice, identifying it as another “pro-cognitive” young 
plasma factor [182]; thrombospondin-4 and SPARCL1, 
present in blood, were also found to mediate the beneficial 
effects of young blood in in vitro synapse formation [183]. 
Additionally, both C–C motif chemokine ligand 11 (CCL11) 
and β2-microglobulin have been described as pro-ageing 
blood factors [162].

While the administration of old blood leads to impaired 
cognition in mice [131], the question of how this occurs 
remains unsolved; a recent study implicated the vascular 
cell adhesion molecule 1 (VCAM1): systemic administra-
tion of anti-VCAM1 antibody or genetic ablation of Vcam1 
in brain endothelial cells of the BBB was able to counteract 
the effects of old plasma, reverting microglial reactivity and 
cognitive deficits [184].

Research in parabiosis, young plasma administration, and 
pro-ageing/pro-youthful blood factors has demonstrated the 
potential that changing old blood composition in the periph-
ery can have on cognitive function. This represents a poten-
tial for therapeutic avenues aimed at restoring CNS functions 
by promoting a more youthful systemic environment.

Exercise

Exercise is a well-established modulator of beneficial effects 
in brain, improving neurogenesis, brain plasticity, and cogni-
tive function, being protective for neurodegeneration [185, 
186]. The positive effects of exercise are, in part, mediated 
by changes in the systemic environment. The skeletal muscle 
undergoes dramatic changes due to exercise and secretes 
a wide variety of molecules, including myokines that can 
affect other organs [187]. Lactate, a metabolite that accumu-
lates with exercise, promotes brain angiogenesis, a possible 
contributor to cognitive maintenance during normal ageing 
[188]. Additionally, elevated levels of circulating vascular 
endothelial growth factor and IGF1 due to exercise were 
shown to mediate neurogenesis in mice [189].

Liver metabolism also endures brain-modulating altera-
tions during prolonged exercise: under glucose deple-
tion, ketones are produced, including the BBB-crossing 
β-hydroxybutyrate, which was shown to induce BDNF 
expression in the mouse hippocampus [190]. BDNF is a 
trophic factor associated with synaptic plasticity, cognitive 
improvement, and the alleviation of depression and anxiety 

Fig. 4   Rejuvenating strategies 
to improve brain health. Scheme 
illustrating systemic strategies 
found to be beneficial for brain 
health in ageing. With ageing 
comes damage accumulation 
in the organism, leading to 
increased organismal tissue 
dysfunction and inflamma-
tion. The brain is affected by 
the age-related accumulation 
of peripheral damage and also 
local damage, leading to mor-
phological and functional altera-
tions. Therapeutic interventions, 
such as heterochronic parabio-
sis, exercise, caloric restriction, 
counteracting senescence, 
cellular reprogramming and 
metabolic interventions, have 
a positive effect counteracting 
the damage accumulation that 
leads to brain ageing by acting 
systemic and/or locally in the 
brain
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[91]. Recently, other liver-derived soluble factors released 
during exercise were found to lead to neurogenesis and cog-
nitive improvements on the aged brain [191], and several 
protein and peptide myokines were shown to regulate brain 
function, such as cathepsin B, clusterin, and Irisin [187].

Exercise also acts directly in the brain, namely by enhanc-
ing neurogenesis [185], enhancing autophagy [192], pro-
moting proteostasis [193], increasing neurotransmitter levels 
[194], and maintaining the BBB, the neurovascular unit, and 
promoting glymphatic clearance [195]. It can also be ben-
eficial for cognition by altering epigenetic markers, such as 
DNA methylation, histone modifications, and microRNAs 
(miRNAs), thus having a positive effect in brain ageing and 
age-related neurodegenerative diseases [196].

Exercise has the potential to modulate the local brain 
environment directly and via systemic targeting and is a 
plausible effective strategy to reverse the functional impair-
ments of ageing in the CNS.

Caloric restriction

A reduction of 20–40% of caloric intake was shown to coun-
teract age-associated phenotypes, increasing life span and 
health span across a spectrum of species [197], including 
humans [198].

How dietary caloric restriction increases life span and 
health span is not yet fully characterized; however, metabolic 
increase, reduction of oxidative stress, and increased ability 
to counteract DNA damage, as well as beneficial immune 
and neuroendocrine effects, may be responsible [199]. In 
fact, caloric restriction is generally accepted to alter the 
activity of common key metabolic pathways, namely mTOR, 
IGF, and sirtuins [72], and to decrease oxidative damage 
to cellular macromolecules (including mitochondrial DNA) 
[200]. Moreover, age-related DNA oxidative damage is sig-
nificantly reduced by caloric restriction, that acts on DNA 
repair by enhancing pathways such as NER, BER, and dou-
ble-strand break repair [201]. A role for caloric restriction 
in immune regulation and ameliorating immunosenescence 
has been shown in mice [202] and in humans [203], with 
beneficial effects in stem cell function [204, 205].

While caloric restriction can enhance all of these path-
ways, it is evident that it also enhances neural plasticity and 
cognition, reducing vulnerability to age-related neuro-dys-
function and disease [206]. Caloric restriction was shown 
to mitigate age-related loss of neurogenesis in the brain, 
preventing senescence increase normally observed in the 
subventricular zone of the aged mouse brain, while simul-
taneously diminishing age-related microglia activation and 
pro-inflammatory cytokine increase [207] and promoting 
senescent astrocyte rejuvenation [165]. This dietary inter-
vention is also beneficial for oxidative stress: it attenuates 
the age-related increase in neuronal plasmalemma lipid 

peroxidation, protein carbonyls, and nitrotyrosine [208], 
and reduces oxidative modifications in mitochondrial DNA, 
extremely beneficial for maintaining mitochondria function 
[200]. Overall, the decrease in oxidative stress is clearly 
neuroprotective [137]; additionally, caloric restriction posi-
tively alters the levels of neurotrophic factors, such as BDNF 
and glial cell line-derived neurotrophic factor (GDNF), 
and increases the expression of IGF1 [209]; these factors 
together surely have a positive effect in neuronal health and 
even neurogenesis.

Recently, as epigenetics have been granted more atten-
tion, the effect of caloric restriction in epigenetics was 
explored. Studies found that caloric restriction can positively 
alter epigenetic marks in the brain associated with ageing, 
protecting neuronal health [209, 210].

Caloric restriction, besides being easy to implement, 
modulates a pleiotropic of pathways, making it a particularly 
interesting anti-brain ageing therapy.

Counteracting senescence

The negative effects of cellular senescence are both local and 
systemic, due to its paracrine effect via SASP. Senotherapeu-
tics targeting senescent cells have emerged as a strategy to 
fight ageing and age-related diseases. Senotherapies include 
senolytics, which selectively kill senescent cells, senomor-
phics, which promote senescent cells to behave as young 
cells or delay senescence progression, and immune-system 
mediators, that stimulate senescent cells clearance [211]. In 
the CNS, senolytic approaches have been shown to decrease 
the senescence burden and improve cognitive performance 
and health span in ageing and neurodegenerative mouse 
models [99, 212]. Elimination of senescent cells, using an 
inducible p16-3MR transgenic mouse model which abro-
gated senescence cells, was shown to improve age-related 
PD phenotypes, including motor deficits, selective dopamin-
ergic midbrain neuron loss, and reduced neurogenesis [106]. 
More recently, genetic and pharmacologic elimination of 
whole-body senescent cells were shown to decrease brain 
inflammation and cognitive impairment in aged mice [163]. 
Interestingly, genetically eliminating systemic p16-senescent 
cells partially restores immune cell activation and infiltra-
tion to youth levels, correlated with cognitive preservation 
[213]. Additionally, heterochronic parabiosis decreases the 
burden of senescence in several tissues, including the brain 
[214], while plasma dilution can similarly attenuate brain 
senescence and inflammation, improving cognition [215].

Nonetheless, it is important to mention the physiological 
role of senescence in tissue regeneration, homeostasis [216], 
and in mammalian embryonic development [217]. In this 
regard, a senostatic approach using senomorphics [218] to 
prevent senescence accrual should be considered for studies 
in brain ageing. One such approach is the overexpression of 
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forkhead box M1 transcription factor, that has a senomor-
phic effect and increases health span in mice [219], however 
little is known about its effects in the brain.

Cellular reprogramming

Using transcription factors, it is currently possible to convert 
somatic cells into pluripotent stem cells [220, 221]. With 
reprogramming, a global remodelling of the epigenetic land-
scape of the cells is possible, and rejuvenation a possibil-
ity. Considering reprogramming as an anti-ageing strategy, 
somatic cells could be turned into pluripotent stem cells, 
which could then be modified or corrected before rediffer-
entiation, generating rejuvenated cells. Two opportunities 
arise from cell reprogramming: in vitro rejuvenated cells 
or tissues to replace damaged tissues and organs, and direct 
reprogramming of cells in the affected tissue or organ. By 
restoring juvenile features to cells, it is easy to understand 
reprogramming as an attractive rejuvenating strategy; cell 
reprogramming was, in fact, shown to rejuvenate senescent 
and centenarian human cells and reduce the deleterious 
effects of ageing [222], but limitations were found when 
proceeding to in vivo studies, concerning teratoma forma-
tion, and limited life span has consequently been reported 
in mice [223]. More recently, a new protocol of single short 
reprogramming reportedly overcomes previous problems, 
successfully increasing life span in mice [224]. With this 
short reprogramming, Alle et al. prevented age-related tissue 
deterioration in skin, kidney, lung, and spleen; it would be 
interestingly to see if this procedure also ameliorates age-
related brain dysfunction.

Concerning the benefits of cellular reprogramming in 
age-related cognitive decline, in vivo local reprogramming 
was found to ameliorate ageing features in the hippocampal 
dentate gyrus, improving neuronal plasticity and memory in 
mice [225]. Since the nervous system has limited self-repair 
capacity, neuronal replacement using cell reprogramming is 
an emerging, although technically very challenging, field. 
Three approaches have arisen: recruitment of neural stem 
cell (NSC) niches to produce neurons, reprogramming of 
local glial cells into neurons, and transplantation of foetal 
progenitor cells. Various degrees of success have emerged 
from studies of cellular reprogramming in animal models of 
neurodegenerative diseases, recently extensively reviewed 
elsewhere [226]. Research in this field is emerging, and 
potentially contributing with new ways to restore CNS func-
tion and increase health span.

Metabolic interventions

Nicotinamide adenine dinucleotide (NAD+) is not only a 
coenzyme central to cellular energy metabolism, but also 
an essential cofactor for NAD+-dependent enzymes, such as 

sirtuins, CD38 and poly (ADP-ribose) polymerase, influenc-
ing many key cellular functions, including metabolic path-
ways, DNA repair, cellular senescence, and immune func-
tion. NAD+ declines with ageing [227], and its precursor, 
nicotinamide ribose (NR), was shown to ameliorate age- and 
AD-related cognitive impairment in rodents [228]. Impor-
tantly, NR supplementation in humans augmented neuronal 
NAD+ levels and modified biomarkers related to neurode-
generative pathology [229].

Resveratrol is a polyphenol  that activates Sirt1 and 
AMPK, critical regulators of energy metabolism, and its 
administration reversed age-related cognitive defects in rats 
[230]. Notably, clinical evidence indicates that resveratrol 
improves cerebral blood flow, cognition, perceived perfor-
mance, and Aβ40 levels in plasma and cerebrospinal fluid 
levels, in humans [231].

Mice fed rapamycin, which targets mTOR, were 
described to exhibit increased life span [232], and rapamy-
cin is reported to ameliorate age-dependent cognitive deficits 
in mice [233]; however, the effect of rapamycin in human 
age-related cognitive impairment is yet to be established.

Years ago, metformin was shown to extend life span in 
mice [234], and was more recently shown to reduce the 
risk of cognitive impairment in patients with type 2 dia-
betes [235]. In aged mice, metformin is anti-inflammatory, 
activates AMPK, inhibits mTOR signalling, and enhances 
autophagy in the hippocampus, leading to better cognitive 
and memory function [236].

The benefits of metabolic interventions in human cog-
nitive preservation need further clinical trials to evaluate 
dose, treatment duration, and effect, particularly in aged 
non-diabetic or non-obese cohorts.

Conclusions

Research in brain ageing still has many unanswered ques-
tions, such as: why are some brain regions more affected 
than others?; what determines a healthy versus a pathologi-
cal ageing trajectory?; why is the rate of ageing in the brain 
different from peripheral tissues?; can peripheral tissue, in 
fact, determine brain ageing?

In this review, we described the latest research addressing 
some of these questions. Brain ageing, just like organismal 
ageing, is a complex network of processes, with the multi-
faceted brain ageing mechanisms involving local age-related 
alterations and systemic derived factors. Locally, brain cells, 
including neurons, glia, endothelial cells, and stem cell 
niches, are exposed to age-related increase in DNA dam-
age, proteostasis dysfunction, mitochondria damage, accu-
mulation of ROS, and senescence; together, these factors 
are highly detrimental to tissue function. Additionally, it is 
now well recognized that factors extrinsic to the CNS can 
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have a profound effect in brain health. As such, extrinsic, 
less invasive, systemic manipulations altering the systemic 
environment, leading to a more youthful state of blood or 
peripheric tissues, can effectively alter brain function and 
ameliorate age-related brain dysfunction, promoting brain 
rejuvenation.

Since life span extension is only pertinent if accompanied 
by health span extension, and, more importantly, by preserv-
ing brain health and cognition, finding systemic rejuvenating 
strategies that act simultaneously in peripheral tissues and in 
brain function is a valid strategy, and a major accomplish-
ment, if achieved.
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