
According to a 2015 United Nations report on world population 
ageing1, the number of people aged 60 and older worldwide is 
projected to more than double in the next 35 years, reaching 

almost 2.1 billion people. Most of this growth will come from developing 
regions of the world, although the oldest old, who are more than 80 years 
of age, are the fastest growing segment of the population in developed 
regions. Despite these improvements in life expectancy, Alzheimer’s 
disease (AD) and related neurodegenerative conditions have arguably 
become the most dreaded maladies of older people. The observation 
that almost all aged brains show characteristic changes that are linked 
to neurodegeneration raises the question of whether these hallmarks 
represent lesser aspects of brain ageing that do not considerably affect 
function or whether they are the harbingers of neurodegenerative 
diseases (Fig. 1). Immune cells and secreted communication factors, 
which are responsible for tissue homeostasis in general, probably play 
important parts in brain ageing and neurodegeneration. However, com-
prehending or controlling the immune response in ageing has been a 
challenge. In the ageing organism, the brain seems to be susceptible to 
both cell-intrinsic and local signals, as well as to cues from the systemic 
environment. Animal models suggest that cues that are present in the 
circulatory system can either accelerate or slow aspects of brain ageing 
and cognitive function. This Review will synthesize present knowledge 
on brain ageing and neurodegeneration and discuss the prospect of 
stalling or even reversing these processes through circulatory factors.

Overlap between ageing and neurodegeneration
Population-based autopsy studies of the brains of aged people who 
had not been diagnosed with a neurological disease consistently report 
the presence of amyloid plaques, neurofibrillary tangles, Lewy bodies, 
inclusions of TAR DNA-binding protein 43 (TDP-43), synaptic dys-
trophy, the loss of neurons and the loss of brain volume in most of the 
brains2. These features vary greatly between individuals, with particular 
lesions dominating a particular brain or restricted to specific regions. It 
is unknown what causes such lesions and whether they are the precur-
sors to neurodegeneration and disease or simply the products of brain 
ageing. As well as classic protein deposits, other subcellular structures 
that consist of cross-linked proteins, carbohydrates or lipids accumulate 
in ageing brains, either in the extracellular space (for example, cor-
pora amylacea) or inside glial cells or neuronal cells (for example, stress 
granules, lipofuscin, Marinesco bodies and Hirano bodies). Although 

most of these structures are characterized poorly and their importance 
in neurodegeneration is unclear, it is probable that they take a toll on 
normal brain function3.

The presence of age-related protein abnormalities and inclusion bod-
ies in the ageing brain points to defects in proteostasis, an idea that is 
supported by mounting evidence from experiments. According to one 
such hypothesis, in normal ageing, macromolecules become oxidized 
and can no longer be degraded by lysosomes4. This leads to the fur-
ther production of lysosomal enzymes that are also unable to digest 
the cellular material. A well-known deposit that results from lysosomal 
inefficiency is lipofuscin, which is an accepted marker of ageing for 
postmitotic cells4. Similarly, the increase in damaged proteins and dying 
cells that accompanies ageing can overwhelm phagocytic processes and 
lead to an accumulation of material in lysosomes. Indeed, myelin debris 
have been demonstrated to accumulate in ageing microglia, in which 
it forms insoluble, lipofuscin-like lysosomal inclusions5. With ageing, 
and even more so with neurodegeneration, the brain shows increased 
levels of many lysosomal proteins and enzymes, and neurons and 
other cell types show abnormal endosomes, lysosomes and autophago-
somes6–8. Whether these abnormalities contribute to or are the result of 
ageing must still be elucidated. However, the genetic manipulation of 
autophagy-related pathways in transgenic mice that overexpress amy-
loid precursor protein (also known as amyloid-β A4 protein) or the 
protein tau results in prominent changes in the accumulation of these 
proteins or the progression of disease9–11. Furthermore, stress granules, 
which consist of RNA and protein and can form in response to cellular 
stress, might have an important role in amyotrophic lateral sclerosis 
and frontotemporal dementia12. Stress granules are also associated with 
aggregates of tau in the brains of people with AD and in the brains of 
mice that overexpress mutated tau protein, and the overexpression of 
stress-granule protein TIA1 seems to stimulate a tauopathy13. These 
studies underline the importance of protein homeostasis in brain func-
tion and suggest that ageing and neurodegeneration could result partly 
from a loss of proteostasis. Although cause and effect must again be 
established, it is probable that the stabilization of protein homeostasis 
would benefit the ageing brain.

Our limited knowledge about the relevance of protein abnormalities 
in the brain is demonstrated by a striking discrepancy between the clini-
cal manifestations of dementia and its associated physical characteris-
tics in the brain, particularly in the oldest old. For example, in a study 
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Although systemic diseases take the biggest toll on human health and well-being, increasingly, a failing brain is the 
arbiter of a death preceded by a gradual loss of the essence of being. Ageing, which is fundamental to neurodegeneration 
and dementia, affects every organ in the body and seems to be encoded partly in a blood-based signature. Indeed, fac-
tors in the circulation have been shown to modulate ageing and to rejuvenate numerous organs, including the brain. The 
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of a large series of brains from cognitively unimpaired aged people, 
almost all had abnormal accumulation of tau, roughly half had depos-
its of amyloid-β or TDP43 and one-fifth had deposits of α-synuclein2, 
although the regional distribution of these lesions should be consid-
ered when assessing their relevance to neurodegeneration. The brains 
of people who were aged 90 and older were found to weigh 11% less 
than those of individuals in their fifties2, which indicates that more than 
150 g of brain tissue had vanished in the older brains. This disappear-
ance could be due to the loss of neurons or glial cells, myelin, fluid or 
other factors, and it will be important to determine whether it is related 
to neurodegeneration or is simply a part of normal brain ageing. Simi-
larly, in a population-based sample of nonagenerians and centenarians 
without dementia, almost half fulfilled the neuropathological criteria of 
AD or had a mix of numerous pathologies14. Yet of the nonagenerians 
and centenarians who had been clinically diagnosed with dementia, 
12% were free of pathological features, 23% could be considered to have 
AD and 45% had mixed dementia14. These observations are supported 
by studies of cerebrospinal fluid biomarkers for amyloid-β and tau, as 
well as positron-emission tomography imaging tracers in people, which 
show that around 30% of cognitively unimpaired elderly individuals 
are positive for these otherwise highly predictive markers of disease. 
Such individuals could be at a preclinical stage of AD, a stage of the 
disease that seems to be gaining clinical acceptance15. Around one quar-
ter of cognitively healthy elderly people or people with mild cognitive 
impairment have pathological levels of tau in their brains in the absence 
of amyloid-β, a condition called suspected non-AD pathophysiology 
(SNAP)16,17. Most such individuals do not express the apolipoprotein ε4 
(APOE4) isoform, which is consistent with the observation that APOE4 
promotes the accumulation of amyloid-β and that the APOE locus is 
linked to longevity.

In summary, clinical diagnoses often do not correlate with relevant 
pathological features in the brain, and there are few people above the age 
of 80 whose brains lack these features. The processes that characterize 
neurodegenerative diseases and, in particular, AD take place in most old 
brains; however, some people might have compensatory mechanisms 
that enable them to cope with these processes and to maintain normal 
cognition.

Causes of brain ageing and neurodegeneration
Given that neurodegenerative diseases in the elderly are common and 
that disease-free brains, especially in the oldest old, are rare, it is possible 
that normal brain ageing forms a continuum with neurodegeneration 
and disease, and that stochastic factors, framed by a person’s genetics 
and environment, determine the type of neurodegenerative disease that 
will dominate their brain eventually (Fig. 2). It is therefore tempting 
to view neurodegenerative diseases as expressions of accelerated age-
ing. However, this simplification is unhelpful because it does not accu-
rately capture the underlying mechanisms that tie neurodegeneration 
to ageing, and all age-related diseases could essentially be described 
as forms of accelerated ageing. Instead, our understanding of how age 
contributes to disease is more likely to be advanced by dissecting how 
environmental factors and genes intersect in a particular disease with 
distinct hallmarks of ageing and by identifying the importance of these 
processes in the disease (Fig. 2). For example, lesions associated with 
a disease rather than ageing are often more region specific and cogni-
tive changes with age seem to be distinct from those observed in AD18.

Twin studies show that the heritability of the human lifespan is 
20–30% and that the genetic contribution increases with age19–21. The 
lower heritability at younger ages is probably caused by a greater num-
ber of accidental deaths at such ages22. Environmental factors therefore 
account for at least 70% of variation in lifespan and an increasing num-
ber of studies show that lifestyle, diet, exposure to toxins, including 
drugs of abuse, can have profound effects on healthspan, longevity and 
the development of neurodegenerative diseases, although the molecular 
pathways that underpin effects are mostly unknown. (The epidemiology 
of longevity is reviewed comprehensively elsewhere23.) Further insights 

into the links between ageing and neurodegeneration are being gener-
ated from genetic studies that explore not only longevity and exceptional 
lifespan but also the genetics of disease-free ageing24,25 and the integra-
tion of genetics with other omics approaches26.

Exceptional longevity is linked consistently to the TOMM40–APOE–
APOC1 locus, and other strong links are observed at genes such as 
FOXO3 and IL6 (refs 21, 23 and 27). In a large meta analysis of cente-
narian cohorts, many of the single nucleotide polymorphisms (SNPs) 
linked to longevity with the greatest significance were linked negatively 
to AD and coronary heart disease28. Interestingly, healthy ageing — that 
is, ageing without developing a disease — does not seem to be linked to 
longevity genes; instead, it might be associated with the absence of risk 
factors for AD and cardiovascular disease24. In the same study, analysis 
of the genes of people aged 80 years or older who had not been affected 
by chronic diseases revealed links to SNPs that are involved in cognitive 
performance, which offers the possibility that brain health and cogni-
tion might be surrogates for or even determinants of healthy ageing.

Another approach to deciphering the mechanistic contribution of 
ageing to neurodegeneration examines the pace of ageing in a cell- and 
pathway-specific fashion that focuses on gene expression, DNA meth-
ylation and other epigenetic DNA modifications (Fig. 2) that change 
dramatically with age. For example, a comparison of age-related changes 
in gene expression in the brains of people with AD and those without the 
disease revealed that AD is characterized by signatures of accelerated 
ageing in a neuronal-stress gene expression module, which includes 
genes that are involved in protein folding and metabolism, and in an 
inflammation module, which is defined by genes involved in cytokines 
and microglia29. A strong positive correlation between ageing in vari-
ous regions of the brain and methylation was observed in several hun-
dred human brains30, a finding consistent with the epigenetic clock — a 
generalized DNA methylation pattern that seems to characterize most 
tissues31. Analysis of this pattern in Parkinson’s disease showed that 
DNA methylation in blood cells is consistent with accelerated ageing32. 
A correlation of the pathology of AD with DNA methylation across the 
genome in almost 1,000 autopsied brains in two independent studies 
identified methylation sites close to the genes ANK1, CDH23, RHBDF2 
and RPL13 that were linked to the disease33–35. Remarkably, all of these 
genes except for CDH23 have biological links to the AD-associated gene 
PTK2B. A combination of transcriptome and epigenome analyses in 

Young Aged

Abnormal
lysosomes

Abnormal
protein assemblies

Old

Normal ageing

Rejuvenation

Regeneration
Restoration

Cognitive
impairment

Neurodegeneration
and dementia

Figure 1 | Ageing, neurodegeneration and brain rejuvenation.  As the 
brain ages, abnormal protein assemblies and inclusion bodies take hold and 
abnormal lysosomes are observed more frequently. It is unclear whether 
these defects promote ageing and neurodegeneration or whether they are 
innocent bystanders. Aged brains become highly prone to neurodegenerative 
diseases in which the same lesions amass as those that are found in old brains 
in smaller numbers. The relationship between such lesions and cognitive 
impairment is often blurred and normal aging and neurodegeneration and 
dementia can overlap. The concept of rejuvenation posits that old brains are 
malleable and that aspects of the ageing process can be reversed to a younger 
stage. If this can be achieved, it might also be possible to slow or reverse 
neurodegeneration and cognitive impairment.
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brains affected by AD and in a mouse model of AD-related neurodegen-
eration enabled the discovery of a downregulation of genes and regu-
latory regions involved in synaptic plasticity as well as a concomitant 
increase in the expression of genes involved in immune response and 
regulatory regions36 — most notably SPI1, which encodes PU.1, a tran-
scription factor with importance for the development of the myeloid 
lineage, including microglia37.

Genetic and epigenetic studies can therefore help to uncover the 
molecular pathways that link ageing with neurodegeneration. More 
refined omics studies, conducted with single cells isolated from defined 
brain regions, will probably deepen our insights and enable us to iden-
tify new targets to delay aspects of ageing in a disease-specific fashion.

The circulatory proteome of organismal ageing
Through plastic surgery, people can look years younger than their wrin-
kled hands, and although stretching the skin might not change its intrin-
sic age, it poses the question of whether all of a person’s organs age at a 
similar pace. Ageing has been categorized into nine separate processes 
or hallmarks38, seven of which consist of molecular, mostly cell-intrinsic, 
changes such as telomere shortening, mitochondrial dysfunction or 
DNA damage. The other ‘integrative’ hallmarks include stem-cell age-
ing and dysfunction of intercellular communication38. The molecular 
or pharmacological manipulation of several of these processes has been 
shown to affect lifespan in mammals.

From an organismal perspective, intercellular communication is of 
particular interest as it could provide insights into the ageing process as 
well as help to identify biomarkers of ageing. Cellular communication 
occurs at numerous levels, from cells to tissues, across an organism and 
is accomplished by a myriad of molecules, including secreted proteins, 
lipids and metabolites, which must be tightly controlled. This network 
of communication factors changes as an organism develops, ages or 
is affected by disease. It is possible that age-related changes in cellu-
lar communication are simply adaptations to ageing. However, such 
changes might also contribute to ageing, either locally or distantly, and 
as a consequence, a particular organ or cell type might modulate or even 
control ageing at the organismal level (Fig. 3).

Technologies for studying the proteome, the lipidome and the 
metabolome can be used to characterize age-related changes, and an 
increasing number of studies are describing changes in the blood that 

occur with normal brain ageing or with neurodegeneration, under the 
hypothesis that such changes mirror, in part, changes in the brain. As 
there are few studies of blood-based lipids or metabolites that regulate 
brain function, I will focus instead on studies that quantify secreted 
signalling proteins involved in intercellular communication — a subset 
of the proteome that has been dubbed the communicome39. The most 
comprehensive study of the cellular communicome of ageing quanti-
fied around 1,100 proteins using aptamer-based assays of the blood 
of about 800 people40. The protein most strongly correlated with age-
ing, chordin-like protein 1, is an antagonist of bone morphogenetic 
protein 4 and might therefore be involved in neural stem-cell fate and 
angiogenesis. Other proteins with links to ageing include pleiotrophin, 
which is a neurotrophic and mitogenic factor, the metalloproteinase 
inhibitor TIMP1 and the cysteine-proteinase inhibitor cystatin-C, all of 
which were also associated strongly with ageing in human cerebrospinal 
fluid41. Of the 281 proteins detected in cerebrospinal fluid, 81 were cor-
related significantly with age in 90 cognitively unimpaired people aged 
between 21 and 85 (ref. 41), which indicates that the brain is exposed 
to very different environments depending on the expression of these 
communication factors. Using antibody-based multiplex assays, several 
studies have measured tens to hundreds of known communication fac-
tors in the blood plasma of people with various stages of AD, reporting 
protein signatures that characterize the prodromal stages of the disease42 
or the progression from early to late-stage AD39,43,44. Other studies have 
described protein signatures that correlate with APOE genotypes45 or 
with cerebrospinal-fluid levels of amyloid-β and tau in people with 
AD46,47. The aptamer platform, which is more encompassing and pre-
cise than alternative methods, was also used to measure 1,001 proteins 
in almost 700 people with no cognitive impairment, mild cognitive 
impairment or AD: 14% of proteins showed a significant association 
with AD and 13 proteins could be used to classify AD with 70% accu-
racy48. By combining plasma proteomic data from healthy individuals, 
AD and frontotemporal dementia with existing brain gene-expression 
data and data from genome-wide association studies (GWAS), the most 
prominent changes in AD were found to relate to TGF–BMP–GDF sig-
nalling, the activation of complement and apoptosis, and GDF-3 was 
linked to neurogenesis and AD49. Although common factors, including 
APOE, complement, CCL5, clusterin and ICAM1, have been identified 
in these studies, it will be crucial to replicate them independently and to 
establish the in vivo biological importance of newly discovered proteins. 
If validated, such proteins or their combinations could become use-
ful markers for brain ageing or neurodegeneration, as well as potential 
therapeutic targets.

To address this challenge, several communication factors were 
measured in the plasma of both young and aged mice, as well as in 
mice exposed to the blood of young or aged mice through heterochro-
nic parabiosis, using an antibody-based multiplex assay50. (Parabiosis 
is established by surgically joining two mice at their flanks, leading 
to the formation of a vascular anastomosis and a shared circulatory 
system.) One of the factors that correlated most strongly with ageing 
and the effects of parabiosis on hippocampal neurogenesis was eotaxin 
(also known as CCL11), a small chemokine with a role in allergies 
and certain types of parasitic infections. Indeed, systemic administra-
tion of recombinant CCL11 to young mice was sufficient to reduce 
neurogenesis and to impair cognition (Table 1). In line with these 
potentially detrimental effects on the brain and cognition, the level 
of CCL11 increases in the choroid plexus during ageing51 and in fat 
deposits with obesity, and it decreases after exercise in people who are 
obese52,53. Similarly, β-2-microglobulin (B2M), a component of major 
histocompatibility complex class I (MHC I) molecules, was found to 
be a pro-ageing factor that can impair cognition and neurogenesis in 
young mice and is necessary to maintain these functions in old mice54 
(Table 1). Together with studies that link MHC I molecules with syn-
aptic plasticity and brain repair55, these findings further implicate the 
MHC I locus in brain ageing and neurodegeneration. Importantly, 
these studies also indicate that proteins in the blood circulation 

Figure 2 | Cell-specific and pathway-specific acceleration of 
ageing.  Ageing can be dissected into individual processes, including a 
loss of protein homeostasis that leads to the development of aggregates and 
inclusion bodies, DNA damage, lysosomal dysfunction, epigenetic changes 
and immune dysregulation. The genetic predisposition of an individual, 
together with his or her exposure to the environment, determine the incidence 
and prevalence of the lesions that result from such processes, probably in a 
cell-specific manner. Various diseases might develop in accordance with the 
spatiotemporal distribution of the lesions.
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involved in intercellular communication are both correlated with and 
able to modulate brain ageing, and they demonstrate the feasibility 
of using plasma proteomics to discover factors of relevance to brain 
ageing and cognitive function.

Abnormal intercellular communication and inflammation
Interestingly, the immune factors CCL11 and B2M, as well as the 
chemokines CCL2, CCL12 and CCL19 and haptoglobin, which are 
linked to negative effects on neurogenesis during parabiosis50, might 
be part of a low-grade inflammation that is linked to ageing, known 
as inflammageing56. Inflammatory factors in the ageing brain could 
originate from microglia and astrocytes as they become senescent and 
adopt a senescence-associated secretory phenotype57. Some ageing 
astrocytes express increased levels of cytokines, intermediate filament 
proteins and intracellular protein aggregates, which is consistent with 
the phenotype58. As discussed previously, this senescent phenotype 
could result from epigenetic changes that activate immune-response 
genes targeted by, for example, the transcription factor PU.1 (ref. 36). 
Alternatively, microglia that change their gene-expression repertoire 
dramatically with age in a brain-region-specific manner59 might become 
reactive and inflamed as a result of impaired phagocytosis and protein 
dyshomeostasis. (A detailed discussion of microglia in brain ageing is 
presented elsewhere60.)

A role for inflammatory factors in autosomal dominant forms of 
neurodegeneration was suggested by the observation that numer-
ous SNPs in the chemokine cluster that contains the gene CCL11 
were linked to a 10-year difference in the age of onset of clinical 
AD symptoms in 72 people carrying a highly penetrant presenilin 1 
mutation61. Indeed, inflammation has long been associated with neu-
rodegeneration62,63, and the use of non-steroidal anti-inflammatory 
drugs for several years before the onset of clinical symptoms is asso-
ciated with a reduced risk of AD64–66. However, the same drugs do 
not seem to benefit people with Parkinson’s disease67. It is unclear 
exactly how inflammation contributes to AD but it might involve 
both local and systemic mechanisms. In support of a detrimental 
role for systemic inflammation in the early stages of AD, the number 
of systemic inflammatory events (such as urinary tract infections) 
correlate positively with the progression and severity of AD68,69. 
Genome-wide transcriptome studies of numerous brain regions in 
more than 1,600 brains provide further evidence of a role for immune 
mechanisms in ageing and AD; they also show that the expression of 
genes involved in inflammation increases considerably with normal 
ageing and precedes the development of AD29. Another bioinfor-
matics-based study used signalling pathway and network analysis to 
conclude that the gene TYROBP (also known as DAP12), restricted 
mainly to microglia in the brain, is deregulated in AD70. DAP12 is 
an adaptor for several receptor molecules, including complement 
receptor 3, an important phagocytic receptor expressed by micro-
glia, and TREM2 (ref. 71). The most direct evidence that altered 
immune function has a role in AD emerged from genetic studies 
that showed that rare polymorphisms in the myeloid-lineage gene 
TREM2 increase the risk of developing AD several fold72,73. GWAS 
also identified further polymorphisms in genes involved in immune 
responses that modify the risk of developing AD74–76. In the brain, 
most of these genes, including TREM2, are expressed predominantly 
or exclusively by microglia. Dysfunction of microglia would probably 
impair the capacity of these cells to uptake and degrade amyloid-β 
and could therefore directly promote or even initiate AD. Antibodies 
that bind amyloid-β to facilitate its clearance by microglia are being 
tested in the clinic at present77.

Together, the genetic, transcriptomic and proteomic evidence sug-
gests that changes in inflammation and intercellular communication 
represent chief aspects of normal brain ageing and neurodegeneration. 
However, it is unclear whether inflammatory pathways simply drive 
ageing and disease or whether aspects of the inflammatory response 
fulfil reparative and regenerative functions.

Brain rejuvenation and the manipulation of ageing
The concept of organismal and systemic ageing has been tested radi-
cally using heterochronic parabiosis78, which enables the exchange of 
blood, including its cells and factors, between young and old organisms. 
This surgically and conceptually simple model can therefore be used to 
investigate whether a youthful intercellular communicome can inhibit 
or reverse age-related abnormalities in an old mouse or whether an aged, 
and possibly dysfunctional, communicome can promote ageing in a 
young mouse. According to studies from nine independent laboratories, 
stem-cell activity is increased and other indices of ageing are delayed or 
reversed in several tissues of aged mice that share a circulatory system 
with young mice. These studies included: initial observations of effects 
on muscle and the liver78; reports of effects on the brain by four separate 
laboratories50,79–81 (Table 1); and observations of rejuvenating effects in 
the pancreas82, the heart83, bone84 and muscle85 (for detailed reviews, see 
refs 86 and 87). By contrast, the ageing thymus does not seem to benefit 
from parabiosis; however, the injection of young epithelial cells enabled 
thymic regrowth88. Perhaps most remarkable, with respect to the brain, 
is that the repeated intravenous administration of plasma, the soluble 
fraction of blood, from young mice (performed systematically for the 
first time in 2011, to study ageing factors50), was sufficient to improve 
cognitive function in old mice in several behavioural tests80 (Fig. 3). 
These functional changes were accompanied by molecular, subcellular, 
cellular and electrophysiological correlates, which suggests that factors 
in young blood have the capacity both to regulate brain function and 
to improve it to levels found in younger mice (Table 1). Parabiosis of 
amyloid-precursor protein transgenic mice with young mice, or the 

Figure 3 | Brain rejuvenation through circulatory factors from a young 
mouse.  Protein factors and other molecules that circulate in the blood 
of a young mouse exert rejuvenating effects on the brain of an old mouse 
after intravenous delivery. Such factors might affect the brain through 
various mechanisms, including: the active transport of factors into the brain 
parenchyma; the passive transport or diffusion of factors into the brain; and 
the activation of endothelial cells by factors. Other mechanisms might include 
the uptake of factors into the brain in areas that lack the blood–brain barrier, 
such as the neurogenic subventricular zone and circumventricular organs (not 
shown). As well as exerting effects on the endothelium, factors that enter the 
brain parenchyma might act on neurons, microglia or oligodendrocytes (not 
shown). The reported rejuvenating effects of young blood or young plasma on 
the old brain are listed.
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intravenous administration of plasma from young mice, also reversed 
the loss of synaptophysin and calbindin (an indicator of cognitive 
decline both in people with AD and in transgenic mouse models of 
the disease), normalized MAPK–ERK signalling and improved their 
working memory89.

A deficiency in growth hormone or insulin–insulin-like growth 
factor I signalling has been linked to deficits in memory, and the acti-
vation of growth hormone and insulin-like growth factor I signalling 
has been associated with improved brain function after injury or under 
conditions in which these proteins are lacking (reviewed in ref. 90). Few 
studies have treated healthy aged animals or people with growth factors 
and even fewer have demonstrated beneficial effects of such treatment 
(Table 1). For example, although insulin-like growth factor I increases 
neurogenesis91 and insulin-like growth factor II increases memory92 
in young rodents, these factors have not been tested in aged animals. 
And in healthy older women or women with mild cognitive impair-
ment, treatment with insulin-like growth factor I for 1 year showed 
no effect on bone density, bone strength, mood or memory93. By con-
trast, systemic administration of growth hormone-releasing hormone 
(GHRH), which triggers the hypophyseal release of growth hormone 
and increases the levels of circulating insulin-like growth factor I, 
among other factors, resulted in improved cognition in healthy elderly 
people or in people with mild cognitive impairment94. On the basis of 
the observation that the hypothalamus might have a role in regulating 
organismal ageing, systemic treatment of aged mice with gonadotropin-
releasing hormone I (GnRH I) was found to increase neurogenesis and 
to improve cognitive function95.

In a search for factors that decrease with ageing and that might be 
responsible for the beneficial effects of heterochronic parabiosis on the 
heart, GDF-11 was identified as a potential heart-rejuvenation factor83. 
Subsequently, GDF-11 was found to increase neurogenesis, to improve 
olfaction and to exert beneficial effects on the brain vasculature81 
(Table 1), as well as on aged muscle85. Other studies were unable to 
repeat these effects on systemic tissues96, and mass-spectrometry-
based assays for GDF-11 and the related protein myostatin (GDF-8) 
observed no decrease in GDF-11 levels in human plasma with ageing 
and also found that GDF-11 levels are associated with frailty in people 
with cardiovascular disease97. Further studies will need to determine 
whether particular forms of GDF-11 (for example, mature, immature or 
post-translationally modified GDF-11) can explain these discrepancies 
and, most importantly, whether systemic administration of GDF-11 
might be beneficial for human brains.

Overall, parabiosis with young mice or the transfer of young plasma 
seems to be capable of restoring brain function in old mice to more 

youthful levels. GHRH, GnRH I and GDF-11 are putative brain-reju-
venation factors and it is probable that other age-related proteins with 
detrimental or beneficial effects on the brain will be discovered. So far, 
it is unknown how the plasma from young animals or the factors listed 
in Table 1 exert their effects. It is possible that some of these proteins 
enter the brain actively or passively through the blood–brain barrier 
or at sites that lack a functional barrier, including the circumventricu-
lar organs and, perhaps, the neurogenic niches (Fig. 3). Other proteins 
might modulate vascular function by interacting with endothelial cells 
and modulating the neurovascular unit81. In the future, studies will have 
to determine these modes of action and explore their potential for use 
as therapeutic approaches.

Outlook
In humans, the old brain shows the classic hallmarks of ageing and is 
particularly susceptible to abnormal protein accumulation and impair-
ments in the phagolysosomal system, which leads to fluid boundaries 
between ageing and neurodegenerative diseases. Consequently, many 
old people have pathological abnormalities of the brain that do not 
necessarily correlate with their cognitive abilities. This has important 
implications for the treatment of those with clinical symptoms as well 
as for designing clinical trials to target protein abnormalities in a spe-
cific manner. Given the crucial functions that immune responses and 
inflammation have in brain ageing and neurodegeneration, it will be 
essential to discern beneficial attempts to maintain or repair damage 
from maladaptive ones. Clearly, the term neuroinflammation fails to 
capture the age- or disease-related changes in this sophisticated inter-
play between the surveillance, identification, targeting and execution 
functions of immunity and should probably be avoided. When studying 
age-related neurodegenerative diseases in animal models, it is impor-
tant to consider ageing; those that have been genetically engineered to 
develop disease during adolescence and before midlife are unlikely to be 
influenced sufficiently by ageing and are therefore not very informative 
about age-related factors in sporadic neurodegeneration.

The increasing number of studies that show systemic effects on the 
brain, including those of young plasma or heterochronic parabiosis, as 
well as the effects of the microbiome, should remind neuroscientists that 
neurons do not function in isolation; instead, they are part of a sophisti-
cated network that includes glial cells, vascular cells and peripheral cells.

So far, there is no published evidence that young blood or plasma has 
beneficial effects on an ageing human body, and the observation that 
young plasma can modulate brain ageing in mice presents more ques-
tions and opportunities than answers. Only a handful of proteins, which 
might represent factors involved in ageing or rejuvenation, have been 

Table 1 | Effects of systemically administered ageing and rejuvenation factors on healthy brains

Factors Organism or model Effect on the brain References

Blood or plasma from old mouse Young adult mouse In the young brain: reduction in neurogenesis; increase in 
microglial reactivity; reduction in learning and memory.

50

CCL11 Young adult mouse In the young brain: reduction in neurogenesis; increase in 
microglial reactivity; reduction in learning and memory.

50

B2M Young adult mouse In the young brain: reduction in neurogenesis; increase in 
microglial reactivity; reduction in learning and memory.

54

Blood or plasma from young mouse Aged mouse Increase in neurogenesis; reduction in microglial reactivity; 
improvement in learning and memory; improvement in olfactory 
discrimination.

80, 81

IGF1 Young adult rat Increase in neurogenesis. 91

IGF2 Young adult mouse Increase in retention and persistence of working, short-term and 
long-term memory.

92

GHRH Healthy older people; people with mild 
cognitive impairment

A 20-week treatment improved executive functions in both groups 
of people.

94

GnRH Aged mouse Increase in neurogenesis; improvement in memory. 95

GDF-11 Aged mouse Increase in neurogenesis; increase in cerebrovascular integrity. 81

IGF, insulin-like growth factor; GHRH, growth hormone-releasing hormone; GnRH, gonadotropin-releasing hormone; GDF-11, growth and differentiation factor 11.
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shown to mimic the effects of plasma. However, many more proteins or 
other types of molecules are likely to exist, some of which might have 
direct therapeutic applications. Basic research will address the exciting 
questions that surround the origins of these factors, how they signal 
to the brain and why they change with age. Ultimately, it is hoped that 
by using such knowledge to alter basic processes involved in ageing, it 
will become feasible to counter the cellular abnormalities that lead to 
neurodegeneration. ■
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