
A recent analysis of global demographic data suggested 
that there is a limit to the human maximum lifespan1. 
However, human life expectancy has increased steadily 
over the past century in most countries2. Environmental 
factors such as changes in lifestyle and improvements 
in health- care provision are the major contributors to 
this increase in life expectancy for elderly individuals. 
Environmental conditions can affect molecular mecha-
nisms and may affect the cellular epigenome to regu-
late gene expression and control cell fate, which might 
eventually contribute to the aggravation or alleviation of 
the ageing process. For example, the progressive accu-
mulation of ageing- associated epigenetic changes could 
lead to aberrant gene expression regulation, metabolic 
instability, stem cell senescence and/or exhaustion and 
tissue homeostasis imbalance, all of which contribute 
to ageing.

Recent studies based on animal models have shown 
that alterations in DNA methylation, histone post- 
 translational modification and chromatin organization 
and remodelling influence healthspan and lifespan3. 
The most abundant type of DNA methylation in eukar-
yotes is cytosine 5-methylation, which is regulated by 
DNA methyltransferases (DNMTs) and ten–eleven 
translocation enzymes (TET enzymes)4,5 (FiG. 1). It has 
been recently shown that DNA methylation levels and, 
in particular, the pattern of 5-methylcytosine are altered 
during ageing6,7. This DNA methylation status can be 
used to predict chronological age in a variety of tissues, 
such as blood, kidney and liver and has therefore been 

termed the ‘epigenetic clock’8. Histones are subject to 
post- translational modifications such as lysine methyl-
ation and acetylation (FiG. 1). All of these modifications 
are crucial to chromatin function, modulating the availa-
bility of DNA to transcriptional complexes. Nucleosome 
positioning also regulates chromatin accessibility (that 
is, whether chromatin is in an open or a closed state) 
and is associated with cell type- specific gene expression 
programmes and varies with ageing9–12. Furthermore, 
non- coding RNAs, including long non- coding RNAs, 
microRNAs and circular RNAs, provide additional lay-
ers of epigenetic regulation that are important in the 
context of ageing13.

Recent studies have found that substantial chroma-
tin changes that are typically accompanied by progres-
sive loss of constitutive heterochromatin occur during 
ageing14,15 (FiG. 1). Moreover, the notion that epigenetic 
factors regulate the ageing process is supported by 
numerous lines of evidence. For example, it was found 
that epigenetic drifts occur during ageing, that trans-
generational inheritance mediated by epigenetic mecha-
nisms has an effect on ageing and, most importantly, that 
environmental and epigenetic factors (such as sirtuins) 
can directly modulate ageing kinetics16.

Ageing hallmarks can be modulated by genetic, 
nutritional or pharmacological interventions, and stabil-
ization of chromatin structure is crucial in delaying 
ageing in model systems. Indeed, analyses of global 
DNA methylation patterns in mouse liver cells have 
demonstrated that the acquisition of ageing- associated 
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epigenetic signatures is slowed by lifespan- extending 
interventions, such as dietary restriction, exercise 
and rapamycin supplementation17. Moreover, decreas-
ing histone levels are associated with normal ageing 
and, conversely, resto ration of histone levels promotes 
lifespan extension in yeast18. Together these findings 
indicate that ageing can be delayed without modify-
ing genomic sequences, which suggests that epigenetic 
forms of gene regulation are among the primary mech-
anisms affecting ageing. Thus, a better understanding 
of the underlying causes of tissue and organismal 
degeneration and ageing- associated diseases, as well as 
the epigenetic targets of geroprotective interventions, 
is essential for developing more effective strategies to 
ameliorate these diseases, or delay their onset, and  
to extend lifespan.

In this Review, we first describe our current under-
standing of epigenetic changes that occur during age-
ing and the epigenetic regulators that are responsible 
for these changes. We then discuss current knowledge 
of how healthspan- extending and lifespan- extending 
interventions affect chromatin structure and organiza-
tion and how these chromatin changes influence cellu-
lar function and organismal ageing. These interventions 
include metabolic manipulation, partial reprogram-
ming, hetero chronic parabiosis, pharmaceutical admin-
istration and senescent cell ablation19. Furthermore, we 
attempt to dissect how ‘resetting’ the epigenome could 
lead to rejuvenation of cells, tissues and organisms,  
by discussing restoration of stem cell function, the res-
cue of mitochondrial activity, suppression of activated 
transposons and repression of age- related chronic 
inflammation (FiG. 1).

The ageing epigenome
Interphase chromatin is traditionally classified as 
euchromatin or heterochromatin on the basis of the 
DNA packaging state. Heterochromatin is more con-
densed, less accessible and generally less transcribed 
than euchromatin (FiG. 1). Heterochromatin assembly and 
maintenance are dependent on repetitive DNA element 
distribu tion and chromosomal location, as well as on the 
nuclear territory that is occupied (for example, whether 
it is located at the nuclear periphery)20. Heterochro-
ma tin typically covers high- density repetitive DNA ele-
ments (such as telomeric sequences, satellite sequences, 
ribosomal DNA repeats and transposable elements); 

therefore, centromeres, telomeres and nucleoli are the 
main locations of heterochromatin20. Heterochromatin 
is also typically included in lamina- associated domains 
(LADs), large genomic regions interact with the nuclear 
lamina, the restructuring of which is a feature of senes-
cence. Importantly, heterochromatin forms a chromatin 
‘block structure’ that has a crucial role in stabilizing the 
entire genome, not only structurally but also genetically 
and epigenetically.

Heterochromatin is characterized by several forms 
of epigenetic modifications, including DNA methyla-
tion and histone modifications such as histone H3 Lys9 
trimethylation and histone H4 Lys20 trimethylation20. 
Generally, all these modifications and the presence of 
histones decrease with age; thus, it has been proposed 
that ageing is at least partially associated with the dis-
ruption of heterochromatin17,21–25 (FiG. 1). However, the 
extent or even the direction of heterochromatin changes 
(whether lost or acquired) induced by ageing differ 
between cells, organs and species, highlighting the 
complexity of the epigenetic mechanisms underlying 
ageing. For example, global DNA hypomethylation dur-
ing ageing has been reported in mice, Rattus norvegicus 
and humans26,27. Redistribution of DNA methyl ation to 
senescence- associated heterochromatin foci and hyper-
methylation of promoters in some loci, such as those of 
cell cycle- promoting genes, triggering permanent cell 
cycle arrest, have also been reported22,28. Enrichment of 
Lys9-trimethylated histone H3 (H3K9me3) in hetero-
chromatin regions, which is involved in transcriptional 
silencing, is decreased in senescent human mesoder-
mal cells and other model systems for the study of age-
ing, such as the mouse and Caenorhabditis elegans29–31. 
However, H3K9me3 enrichment is increased in the 
head of ageing Drosophila melanogaster24. Furthermore, 
H4K20me3 enrichment in pericentric heterochroma-
tin is decreased in human fibroblasts but increased in 
the aged liver and kidney of R. norvegicus24. Ageing- 
associated epigenetic drifts of H3K27me3 (a tran-
scriptional repression marker in both euchromatin 
and heterochromatin), H3K4me3 (a transcriptional 
activation marker in euchromatin) and H3K36me3 
(a transcriptional elongation marker enriched in euchro-
matin) are even more unpredictable and cell context 
dependent24.

As no uniform characteristics can be inferred from 
the data obtained to date on ageing in any cell type, tis-
sue or species, we prefer to conclude that H3K4me3, 
H3K27me3 and H3K36me3 may undergo ‘remodel-
ling’ during ageing. Although heterochromatin loss is 
prevalent in aged cells and tissues across species (FiG. 1), 
the changes and effects of specific epigenetic alterations 
are highly dependent on cell context. It is possible that 
these context- dependent epigenetic changes increase 
overall stochasticity and heterogeneity between cells in a 
tissue, and that such increase in heterogeneity may drive 
ageing1. We hope that the development of increasingly 
sophisticated approaches to map dynamic 3D struc-
tural changes of chromosomes and their application to 
various ageing cells may eventually lead to a uniform 
model of how different epigenetic modifications become 
altered with ageing.
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Are epigenetic changes drivers of ageing?
It is now well accepted that epigenetic alterations are 
hallmarks of ageing. However, understanding the cau-
sality between these epigenetic changes and the ageing 
process is an active area of investigation.

Two lines of evidence indicate that epigenetic alter-
ations play a major part in the ageing process. First, 
epigenetic drift or mutations that accumulate during 
ageing can contribute to changes in genomic instability 
and changes in gene expression profiles that are charac-
terized by an increase in gene expression noise, which 
has been associated with ageing. Second, epigenetic 
alterations that accumulate in one generation could 
be passed on to the next generation and influence the 
ageing process in the offspring.

Environmentally induced epigenomic changes in 
chromatin states accumulate heterogeneously over time 
in ageing organisms, leading to substantial cell- to-cell 
heterogeneity in gene expression32,33. Advancements 

in single- cell sequencing technologies have revealed 
increased cell- to-cell variation and increased gene 
expression noise in ageing heart, muscle, pancreas and 
dermal cells when compared with cells sampled from 
young mice or humans34–38. Stochastic DNA methylation 
changes accumulated in aged mouse muscle stem cells, 
and the increased heterogeneity of the DNA methyl-
ation status at various promoter regions was associ-
ated with increased transcriptional noise of the genes 
under their control39. Similarly, single- cell analyses of 
memory CD4+ T cells from young and aged mice have 
revealed that variations in immunological parameters, 
including frequencies of immune cell types and cytokine 
responses, are largely driven by non- heritable factors40. 
Moreover, single- cell chromatin modification profiling 
has revealed elevated levels of cellular epigenetic hetero-
geneity in Polycomb repressive complex 2 (PRC2)-
mediated modi fications (for example, histone H3 Lys27 
dimethylation/trimethylation and histone H2A ubiqui-
tylation at Lys119) across a broad array of immune cell 
types from old mice41.

Transcriptional and epigenetic heterogeneity has also 
been reported to be higher in aged identical twins than 
in young twins42–45. Lifelong exposure to environ mental 
stress might cause epigenetic drift at the cellular and 
organismal levels, resulting in disrupted gene expres-
sion, altered cellular frequency of regulatory T cells and 
phenotypic discordance46. Older identical twins displayed 
substantial heterogeneity in the levels of global and 
locus- specific DNA methylation, histone acetylation 
and PRC2-dependent histone H3 Lys27 trimethylation, 
which were associated with higher transcriptional noise 
during ageing41. Environmental factors can therefore 
affect healthspan and lifespan by leading to modifications 
of the epigenome. Such changes in the epigenome may 
be non- heritable; however, in some cases, environmental 
perturbations can cause heritable epigenetic changes that 
influence lifespan and the development of age- related 
diseases in both parents and offspring47. In support of 
this hypothesis, the offspring of aged paternal mice have 
shorter lives and develop ageing phenotypes earlier than 
offspring of young paternal mice48.

In D. melanogaster, males fed with high levels of sugar 
express genes embedded in heterochromatin, leading 
to transgenerational reprogramming of metabolic 
networks and obesity in offspring49. In mice, a high- fat 
maternal diet induces an inheritable hypermethylation 
of the promoter of Peroxisome proliferator- activated 
receptor γ coactivator 1-α (Ppargc1a, also known as 
PGC-1α), causing age- dependent metabolic dysfunc-
tion in offspring that can be prevented by exercise50. 
Similarly, a high- fat paternal diet in rats led to a tendency 
for obesity and impaired glucose tolerance in offspring51. 
Suboptimal maternal nutrition leads to progressive 
epigenetic silencing of the hepatocyte nuclear factor 
4α gene (Hnf4a) in pancreatic islets, eventually resulting 
in diabetes in offspring52. Malnutrition during prenatal 
life altered the germline DNA methylome of male mice 
after they had reached adulthood and, furthermore, the 
offspring of these male mice had impaired glucose toler-
ance and increased lipid abundance53. The transgenera-
tional inheritance of chromatin marks increases lifespan 
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Fig. 1 | The epigenetic bases of ageing and rejuvenation. Ageing- associated 
epigenetic changes include DNA methylation, histone modifications and chromatin 
remodelling, which together contribute to a general loss of heterochromatin in  
aged cells. Maintaining the balance between heterochromatin and euchromatin can 
prevent cellular defects that accumulate during ageing, including genomic instability , 
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for multiple generations in C. elegans, providing further 
strong evidence of the role of epigenetic regulation in the 
complicated ageing process54.

As epigenetic changes play an important part in age-
ing, it is becoming clear that healthspan- extending and 
lifespan- extending interventions should rejuvenate the 
aged epigenome, and thus that strategies that target epi-
genetic regulators have great potential in counteracting 
the ageing- associated decline. In the following sections 
we discuss potential rejuvenating strategies and their 
mechanisms.

Metabolic manipulation
Metabolism and epigenetics are intricately linked and 
work together to influence the ageing process55.

Influence of metabolic state on ageing. The availability 
of key nutrients, such as glucose, fatty acids and amino 
acids, directly influences organismal longevity. Impaired 
glycolysis has been shown to extend lifespan56 and sup-
plementation with d- glucosamine, an antagonist of 
glucose that can impair glucose metabolism, prolongs 
lifespan in C. elegans and mice57. In addition, amino 
acid and lipid composition strongly correlate with 
age and can be used as an indicator of healthspan, as 
revealed by liquid chromatography–mass spectrometry 
metabolomic analyses of plasma from healthy young 
and older individuals58. Whole- body overexpression of 
genes involved in fatty acid oxidation extends lifespan 
in D. melanogaster59. Notably, dietary supplementation 
with monounsaturated fatty acids is sufficient to extend 
lifespan in C. elegans60. Moreover, deficiency in the 
H3K4me3 methyltransferase complex specifically pro-
motes the accumulation of monounsaturated fatty acids 
and extends lifespan in C. elegans60.

Dietary restriction, including daily or intermittent 
caloric restriction (CR), is a simple, non- invasive meta-
bolic manipulation method that can be used to increase 
both healthspan and lifespan61. Two pilot clinical trials 
in healthy humans have shown that dietary restriction 
decreases the levels of systemic biomarkers of ageing 
and lowers the levels of multiple risk factors for cancer and 
cardiovascular diseases, supporting the notion that die-
tary restriction increases healthspan in humans62,63. 
Critically, CR has profound effects on adult stem cells19. 
CR preserves the function of neural stem cells, mesen-
chymal stem cells (MSCs), intestinal stem cells, endo-
thelial progenitor cells and haematopoietic stem cells 
(HSCs) in bone marrow19. In old mice, metabolic inter-
ventions lower the levels of insulin- like growth factor 1  
(IGF1), limit the activity of protein kinase A (PKA), ele-
vate the levels of the neuron- specific transcription factor 
NEUROD1, promote neurogenesis in the hippocampus 
and improve cognitive performance19,64. Additionally, 
short- term fasting promotes intestinal stem cell and pro-
genitor cell function in young and aged mice by inducing 
a robust peroxisome proliferator- activated receptor- 
γ-mediated fatty acid oxidation programme59. Short- term 
CR also enhances skeletal muscle stem cell function65.

Although studies on the beneficial mechanisms of CR 
have focused on evolutionarily conserved pathways that 
regulate energy metabolism and growth (for example, 

insulin/IGF1 signalling and the mTOR pathway)66,67, 
a large body of research indicates that nutritional and 
metabolic factors affect the epigenetic programme  
and play crucial roles in regulating stem cell function and  
the ageing process56.

Caloric restriction- mediated epigenetic regulation 
affects ageing. Chromatin and metabolic states influence 
lifespan, but how they interact with each other to regu-
late lifespan has only recently been explored. The effects 
of CR on healthspan and lifespan result, at least in part, 
from the prevention of ageing- associated global changes 
in DNA methylation, histone modification and chroma-
tin remodelling. First, CR is generally protective against 
age- related changes in DNA methylation68. For example, 
the methylation age of macaques and mice subjected 
to CR is younger than their chronological age69,70. The 
DNA methylation age of old rhesus macaques exposed 
to CR for more than 10 years is 7 years less than their 
chronological age70. In aged mice subjected to metabolic 
interventions, DNA methylation patterns in hepatocytes 
are altered to include protein- coding regions of genes 
involved in lipid metabolism, suppressing the expres-
sion of these genes and lowering systemic levels of 
triglycerides68. CR transcriptionally regulates methyl-
cytosine dioxygenase TET1 and TET3 in the mouse, 
which catalyses the oxidation of 5-methylcytosine to 
5-hydroxymethylcytosine and subsequent demethyl-
ation of DNA71 (FiG. 2). Glucose restriction increased 
DNMT1 activity, led to hypermethylation of the p16 
promoter and decreased expression of p16 (rEF.72).

Members of the sirtuin family of proteins were one of 
the first group of epigenetic enzymes known to be pivo-
tal regulators of ageing and CR73–76. In yeast, CR extends 
lifespan by increasing the activity of the yeast sirtuin 
silent information regulator 2 (Sir2), which was found to 
be an NAD- dependent histone deacetylase (HDAC)74–76. 
In mammals, the sirtuin family comprises seven Sir2 
homologues, SIRT1−SIRT7, the expression or enzymatic 
activity of which is increased following CR. Notably, CR 
extends lifespan by inducing SIRT1 expression77, and 
overexpression of SIRT1 mimics CR phenotypes, delay-
ing ageing in mice78. SIRT6 deficiency leads to a short-
ened lifespan in mice79 and an extremely short lifespan 
in a non- human primate model80. By contrast, SIRT6 
overexpression and CR- induced SIRT6 activation delay 
ageing81. Moreover, administration of sirtuin activators, 
such as SRT1720, increases healthspan of obese mice 
and lifespan of mice fed a standard diet82,83. These life- 
extension functions of SIRT1–SIRT7 are realized largely 
by their enzyme functions, such as deacetylase and 
mono- ADP-ribosyltransferase, especially when histones 
are used as substrates84. CR also induces the redistribu-
tion of SIRT1 on chromatin, reducing the enrichment 
of SIRT1 at nutrition- responsive genes and enhancing 
the expression of the transcription factor HES1, which 
promotes adult neurogenesis85 (FiG. 2). For other types 
of HDACs, it was reported that dietary restriction inhib-
its HDAC activity and increases histone H3 Lys9 acetyl-
ation, a marker of active transcription, in aged mice86 
(FiG. 2). HDAC inhibition and Lys9-acetylated histone H3 
accumulation together upregulate the transcription  
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factor FOXO3 and its targets, which activate anti-
oxidant responses and prevent accumulation of cellular 
damage during ageing87 (FiG. 2). Inhibition of HDAC by 
selective HDAC inhibitors, such as valproic acid and 
β‐hydroxybutyrate, increases C. elegans lifespan88,89.

The effect of CR on stress response pathways is par-
tially mimicked by the deletion of ISW2, a component 
of the ATP- dependent chromatin remodelling complex, 
in C. elegans and human fibroblasts90. Moreover, CR 
also regulates longevity via RNA splicing91, suppress-
ing mTOR complex 1 and regulating splicing factor 1 

(SFA1), which modulates pre- mRNA splicing home-
ostasis and longevity in C. elegans92. Taken together, 
these findings indicate that CR delays ageing- related 
epigenetic alterations by shaping DNA methylation and 
histone modi fication landscapes and by affecting RNA 
splicing and thus delays the ageing process.

Ageing and nutrient sensing are also naturally linked 
to circadian rhythms, which drive physiological and cel-
lular adaptations to day and night cycles93. In aged mice, 
the oscillating diurnal transcriptome is rewired in epi-
dermal and muscle stem cells, switching expression from 
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genes involved in homeostasis to genes responsible for 
stress adaption94–96. This age- associated reprogramming 
of the oscillatory transcriptome is inhibited by long- term 
CR in a SIRT1-dependent manner97. Mice lacking SIRT1 
in the brain recapitulate these age- dependent circadian 
changes, whereas mice overexpressing SIRT1 in the 
brain are protected from disturbed circadian rhythms 
during ageing97–99. Thus, the lifespan extension effect of 
CR may be partly attributable to reprogramming of the 
circadian clock.

Cellular reprogramming
Global reprogramming of the epigenetic landscape con-
tributes to cell fate conversion and lineage determina-
tion. Somatic cells are induced to regain pluripotency by 
a variety of reprogramming strategies, the most common 
of which involve overexpression of the four Yamanaka 
factors OCT4, SOX2, KLF4 and MYC (collectively 
known as OSKM)100,101. OSKM- reprogrammed mouse 
nuclei can give rise to viable embryos that can develop 
into fertile adults that do not exhibit premature ageing, 
suggesting that the chronological age of donor nuclei has 
been reset. Thus, nuclear reprogramming seems to be 
capable of resetting the ageing clock17.

Reprogramming and cellular senescence ‘reversal’. 
Fibroblasts collected from centenarians, supercente-
narians and individuals with progeroid syndromes 
— including Hutchinson–Gilford progeria syndrome 
(HGPS), Nestor–Guillermo progeria syndrome, Werner 
syndrome (WS), xeroderma pigmentosum, Fanconi 
anaemia, Cockayne syndrome and ataxia telangiectasia 
— have been successfully used to generate human 
induced pluripotent stem cells (iPSCs), albeit in some 
cases with lower efficiencies than young fibroblasts102–106 
(FiG. 3). The transcriptomic profiles of fibroblasts differ-
entiated from iPSCs derived from centenarians were 
similar to those of fibroblasts derived from human 
embryonic stem cells, indicating successful rejuvena-
tion of the transcriptome104 (FiG. 3). While HGPS- derived 

and WS- derived iPSCs were able to give rise to MSCs 
without an apparent decline in differentiation effi-
ciency, these MSCs exhibited accelerated senescence 
and re- established an ‘aged epigenome’ after extended 
in vitro culture13,30,107–109. These studies suggest that the 
ageing epigenome can be reset to a younger state on 
reprogramming to pluripotency, which could be referred 
to as a senescence reversal process, despite iPSCs still 
carrying the disease- causing mutations.

A thought- inspiring study reported that the cyclic 
expression of reprogramming factors has an effect at 
the organismal level, as it extended lifespan in a pre-
mature ageing mouse model and was beneficial to 
the health of physiologically aged wild- type mice31. 
Moreover, partial reprogramming restored the numbers 
of satellite cells in skeletal muscle and hair follicle stem 
cells in the skin31. Partial reprogramming via adeno- 
associated virus vectors expressing OSKM dramatically 
improved axon regeneration after damage110. However, 
ageing- associated DNA methylation patterns are not 
erased by transdifferentiation111. Neurons transdiffer-
entiated from fibroblasts of old mice retain biomarkers 
of ageing112.

Why reprogramming resets the epigenetic clock of 
ageing but transdifferentiation fails to do so is still an 
open question. It is well documented that expression 
of OSKM initiates widespread chromatin remodelling 
and also reshapes the chromatin architecture in coop-
eration with various epigenetic enzymes and other 
transcription factors113. For example, OCT4 acts as a 
pioneer factor that loosens heterochromatin and helps 
to globally decrease the levels of repressive H3K9me2, 
H3K9me3 and 5-methylcytosine114, which are barriers 
to the reprogramming process115,116. Moreover, the epi-
genetic memory of the original somatic cells was largely 
erased during OSKM- mediated reprogramming to a 
pluripotent state and was rewritten during the follow-
ing differentiation process. Transdifferentiation does not 
involve an intermediate pluripotent state, and though it 
may involve an increase in chromatin permissiveness to 
allow the original cell to change to another mature cell 
type, it might not need large- scale chromatin remodel-
ling, during which the epigenetic hallmarks of ageing are 
erased117. Thus, pluripotency factors hold the potential 
to reprogramme cells to a younger state at the cellular, 
tissue and organismal levels, suggesting that ageing may 
be a reversible process103.

Epigenetic remodelling underlying reprogramming 
and senescence reversal. Cellular senescence imposes 
a barrier to successful reprogramming118. Inhibition 
of senescence- promoting factors, including TP53,  
p16INK4A, p21WAF1/CIP1 and mTOR, increases the efficiency 
of iPSCs generation from senescent cells17,119. Moreover, 
silencing of the long non- coding RNA Zeb2-NAT and 
the microRNA miR-195 in aged cells also facilitates 
reprogramming120,121.

Somatic cell reprogramming resets the molecular 
and cellular characteristics of senescent cells, including 
telomere size, gene expression profile, oxidative stress 
and mitochondrial metabolism, thereby erasing age- 
associated features. Epigenetic changes may be at the core 
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Fig. 3 | reprogramming overcomes senescence barriers and rejuvenates aged cells. 
Even aged cells from centenarians or from patients with progeria can be reprogrammed 
to generate induced pluripotent stem cells (iPSCs). Epigenetic factors, including 
epigenetic enzymes, long non- coding RNAs (lncRNAs) and microRNAs (miRNAs),  
play crucial roles in controlling the efficiency of reprogramming. The generated iPSCs 
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of these age- associated reversions104. Reprogramming of 
pluripotency through ectopic expression of defined tran-
scription factors promotes epigenetic reprogramming 
and resets senescent cells back to an embryonic- like 
state103,113. Both in vivo and in vitro studies have demon-
strated that reprogramming factors induce complete 
remodelling of the chromatin landscape, including resto-
ration of the levels of H3K9me3 and H4K20me3 (rEF.31). 
Nonetheless, how reprogramming by pluripotency 
factors rejuvenates the transcriptional and epigenetic  
programmes of aged cells has been poorly studied.

One challenge is that the elimination of senescent fea-
tures is accompanied by a loss of cellular identity during 
reprogramming, making it difficult to discriminate the 
fundamental epigenetic changes needed to rejuvenate 
aged cells from those controlling the switch in cellular 
identity. It has been shown that partial reprogramming 
leads to steady reductions in epigenetic age before the 
loss of somatic identity122. In time course reprogram-
ming experiments, epigenetic changes preceded the 
reversion of DNA damage and senescence markers, and 
inhibition of H3K9me3 methyltransferases was found 
to attenuate the rejuvenation effect123,124. Together, these 
studies support the importance of epigenetic rewiring 
for rejuvenation of aged cells through a reprogramming 
strategy and suggest that epigenetic barriers to repro-
gramming are potential targets for rejuvenation- based 
therapies57.

Heterochronic parabiosis
In heterochronic parabiosis, the circulatory systems 
of young and aged animals are surgically attached, 
thereby facilitating the exchange of immune cells and 
secreted factors present in the blood17,123. Heterochronic 
parabiosis can attenuate several signatures of ageing in 
old mice, including immune response alteration and 
stem cell exhaustion17,19. Independent laboratories have 
confirmed that heterochronic parabiosis has rejuvenat-
ing effects in aged mice, ameliorating age- associated dys-
function in multiple types of tissues, including muscle, 
liver, brain, pancreas, heart, bone and artery tissues19.

Although the mechanisms underlying the youth- 
promoting effects of heterochronic parabiosis remain 
elusive, circulating factors such as fibroblast growth 
factor 21 (FGF21) are believed to be partially respon-
sible19. Young blood rejuvenates the regenerative per-
formance of aged stem cells and restores the molecular 
signatures of old cells to more youthful states, sug-
gesting that exposure to a youthful microenviron-
ment via heterochronic parabiosis can mitigate the 
appearance of age- associated epigenetic alterations. 
In line with this notion, imbalanced epigenetic status  
was reported to be reversed by heterochronic para-
biosis125. Decreased levels of TET2 in aged hippocampi 
were found to be reversed in a hetero chronic parabio-
sis model of brain rejuvenation126. However, it will be 
interesting to determine whether young blood is capa-
ble of reprogramming the chromatin landscapes of old 
cells to youthful states while retaining their intrinsic 
cellular identities.

Specific characterization of epigenetic profiles, includ-
ing the DNA methylation and histone modifications 

of cells exposed to heterochronic parabiosis, may help 
to determine the molecular mechanism of epigenetic 
reprogramming, compare this system to other reju-
venation approaches and facilitate the development of  
healthspan- extending treatments.

Chemicals against ageing
Could a drug regimen help us to reduce the effect of age-
ing or even reverse biological age? Drugs, compounds 
and supplements with antiageing properties that extend 
longevity in model organisms (for example, mouse, 
D. melanogaster and C. elegans) have been identified, 
which may help to reset the ageing clock.

Ageing- preventing compounds. Geroprotective com-
pounds, such as metformin and rapamycin, hold great 
promise for treating age- related conditions and for 
delaying ageing. These compounds have therefore 
received considerable attention from the pharmaceuti-
cal industry127,128. Metformin modulates the activation of 
AMP- activated protein kinase (AMPK), which directly 
regulates the activity of numerous epigenetic enzymes, 
such as histone acetyltransferases (HATs), HDACs, and 
DNMTs129. In addition, metformin restores AMPK- 
mediated phosphorylation and stabilizes TET2, thereby 
preventing changes in 5-hydroxymethylcytosine levels130. 
On the other hand, rapamycin treatment slows the accu-
mulation of epigenetic ageing signatures in the liver cells 
of mice, similarly to CR131.

Aspirin supplementation has also been shown 
to recapitulate the ageing- delaying effects of CR132. 
Mechanistically, the aspirin metabolite salicylate may 
competitively inhibit the HAT p300 and trigger cardio-
protective mitophagy (as observed in mice and nema-
todes)132. Screening for chemicals capable of delaying 
cellular senescence in a stem cell model of WS has iden-
tified ascorbate as a powerful small molecule for the 
alleviation of ageing- related defects; the identified panel 
of rejuvenating chemicals also includes quercetin133,134. 
Ascorbate resets gene expression profiles, restores hetero-
chromatin structure and alleviates ageing defects, poten-
tially in an epigenetics- dependent manner134. Ascorbate 
is a cofactor for Jumonji C domain- containing demethyl-
ases in promoting histone demethylation, which facili-
tates erasure of epigenetic memory at the beginning of 
reprogramming. Additionally, ascorbate maintains unu-
sually high levels of HSCs in humans and mice, helping 
to promote TET2 activity, maintain the HSC pool and 
suppress leukemogenesis in vivo135.

Senolytics. Accumulation of senescent cells is one of the 
hallmarks of ageing136. Senolytics selectively eliminate 
senescent cells and represent a new class of drugs that 
could potentially slow the ageing process137. Eliminating 
p16INK4A- expressing senescent cells increases lifespan 
in both premature ageing model mice and wild- type 
mice, regardless of the sex or strain of the mice exam-
ined136,138–141. Clearance of senescent cells in obese 
mice partially prevents the depletion of neural stem 
cells142. This intervention ameliorates a range of age- 
dependent disease phenotypes, including cancer, cata-
racts, kidney dysfunction as well as heart and fat tissue 
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abnormalities127,136–139,143–146. However, this method of 
eliminating p16INK4A- expressing cells has been tested 
only in mouse models, and more studies are required 
before further clinical applications.

Senolytics were developed to ablate senescent cells 
and to reverse age- related phenotypes in a cell type- 
specific manner127. For example, dasatinib eliminates 
senescent fat cell progenitors, whereas quercetin effec-
tively eliminates senescent human endothelial cells and 
mouse bone marrow stem cells133,137. Quercetin, a flavo-
noid found ubiquitously in nature, was found to be able 
to regulate the activity of DNMTs, HDACs and histone 
methyltransferases147. A chemical screen showed that 
quercetin functions as a geroprotector by enhancing 
self- renewal and restoring heterochromatin architecture 
in aged MSCs133. Although geroprotective compounds 
have been linked to a ‘younger’ chromatin architec-
ture, further studies are required to elucidate how these 
longevity- promoting drugs target epigenetic networks 
to delay the ageing process.

Epigenetic control of rejuvenation
Restoration of a youthful epigenome may be vital for 
maintaining tissue function and extending lifespan in 
aged animals. Notably, a global view of these strategies 
has revealed that a majority of the interventions dis-
cussed here were documented to be capable of helping 
to maintain stem cell pools19,148. Therefore, it will be 
intriguing to study how youthful function is restored in 
aged stem cells exposed to rejuvenating interventions 
and to determine the convergent epigenetic mechanisms 
that contribute to this process. In addition, we highlight 
the fact that epigenetic rejuvenation also functions by 
reversing other hallmarks of ageing, such as mitochon-
drial dysfunction, genomic instability caused by retro-
transposon activation and chronic inflammation, to 
extend lifespan. In the following section, we dissect the 
links between epigenetic regulation and these cytoplas-
mic and nuclear events and discuss the contributions 
of epigenetic reprogramming to ageing rejuvenation by 
focusing on these key biological pathways.

Epigenetic regulation of mitochondria during rejuvena-
tion. Dysfunctional mitochondria often accumulate in 
aged cells149. Mitochondrial restoration is observed after 
CR, partial reprogramming, heterochronic parabiosis 
and pharmaceutical administration150–153. CR increases 
mitochondrial biogenesis in tissues such as muscle and 
white fat154. Feeding mice resveratrol upregulates the 
number of mitochondria in muscle, improves physical 
activity and lengthens the average lifespan in mice155. 
Cellular reprogramming rejuvenates mitochondria to a 
state similar to that observed in embryonic stem cells156. 
In addition, heterochronic parabiosis reduces mito-
chondrial swelling and vacuolization in skeletal muscle 
in old mice157.

Mitochondria- dependent mechanisms of lifespan 
extension include attenuation of oxidative phosphory-
lation149, and modulation the mitochondrial unfolded  
protein response152 (FiG. 4). Mechanistically, mitochon-
dria regulate longevity by supplying substrates for 
epigenetic modifications, thereby serving as central 
platforms for metabolism, epigenetic regulation and 
ageing158. Metabolic intermediates and by- products of 
the tricarboxylic acid cycle serve as cofactors and sub-
strates for various epigenetic enzymes28,149,153,154,159. These 
include acetyl- CoA, which is used for acetylation, and 
S- adenosyl methionine, which is used for methylation28. 
In addition, the tricarboxylic acid cycle intermediate 
α-ketoglutarate induces DNA and histone demethylation 
by activating Jumonji C domain- containing demethyl-
ases and lysine demethylases28. A recent study showed 
that elevated levels of α- ketoglutarate activate JMJD3 
(a histone H3K27 demethylase) and PHF8 (a histone 
lysine demethylase specific for H3K9me1/2), resulting 
in the removal of repressive marks and the induction of 
mitochondrial unfolded protein response gene expres-
sion. These changes are sufficient to extend lifespan  
in C. elegans160.

Another important metabolite that connects epi-
genetic regulation to mitochondria is NAD+, the cofactor 
for sirtuins153. High levels of NAD+ improve mitochon-
drial function, replenish stem cell pools and enhance  
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Fig. 4 | Model of mitochondria as nodes linking intervention strategies to  
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such as caloric restriction (CR), partial reprogramming, heterochronic parabiosis and 
pharmaceutical administration, have been reported to be able to rejuvenate aged 
mitochondria to a younger state. Signals and cofactors (for example, acetyl- CoA , NAD+, 
α- ketoglutarate (α- KG), S- adenosyl methionine (SAM) and reactive oxygen species 
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and thereby the epigenome, in turn changing the expression levels of nuclear- encoded 
mitochondrial genes and other genes that affect the biogenesis or function of 
mitochondria. Generally , NAD+, α- KG and SAM are thought to be upregulated during a 
‘rejuvenation’ process, while the changing tendency of acetyl- CoA and ROS is unclear 
(as indicated by the question marks). Indeed, the vast majority of proteins required for 
mitochondria, such as those directly involved in the tricarboxylic acid (TCA) cycle, 
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lifespan in mice161,162. The plasma levels of nicotinamide  
mononucleotide (NMN) decrease with age. Nicotin-
amide riboside and NMN are NAD+ precursors163. 
Supplementation of aged mice with NAD+ precursors 
delays reductions in mitochondrial function, amelio-
rates senescence of muscle, neural and melanocyte stem 
cells, mitigates age- associated physiological declines 
(for example, type 2 diabetes and cognitive impair-
ment) and increases lifespan153,163–169. Reactive oxygen 
species (ROS) generated by oxidative phosphory lation 
in mitochondria also influence epigenetic signalling, 
and ROS-mediated epigenetic changes may in turn 
alter the expression of genes regulating mitochondrial 
metabolism to eventually regulate ageing and lon-
gevity170. Mitochondrial ROS reduce the levels of the 
H3K36 demethylase Rph1p, resulting in increased levels 
of H3K36me3 at subtelomere regions, which promotes 
the binding of the silencing protein Sir3p to repress 
subtelomeric transcription and longevity171. Therefore, 
mitochondria closely interact with the nuclear epi-
genome during rejuvenation and ageing28. On one level,  

the environment affects the epigenome to modulate 
mitochondrial function. In the opposite direction, mito-
chondrial by- products are essential mediators of epi-
genetic enzymes and participate in promoting longevity. 
Understanding the bidirectional mitochondrial–nuclear 
communication underlying longevity- promoting strat-
egies may aid in the development of mechanism- based 
interventions to promote longevity and healthy ageing.

Epigenetic regulation of retrotransposable elements 
during rejuvenation. Retrotransposable elements con-
sist of long terminal repeat (LTR) retrotransposons 
and two subtypes of non- LTR retrotransposons (long 
interspersed elements (LINEs) and short interspersed 
elements), which together constitute almost half of the 
human genome172–175. Retrotransposable elements are 
silenced by heterochromatin in young cells and organ-
isms, but they are activated during cellular senescence 
and organismal ageing owing to deficiencies in the 
regulation of higher- order chromatin structure176,177. 
Lifespan- extending interventions, such as CR, counter-
act the increased expression of retrotransposons in aged 
mice. In liver and muscle cells of old mice, CR delays 
the loss of constitutive heterochromatin and sup-
presses the expression of repetitive elements, includ-
ing LINE1 and satellite elements, which are repetitive 
sequences localized to centromeric, pericentromeric and 
telomeric regions176,177. CR may also repress interactions 
between microRNA and the chromatin remodelling 
factor CHD1, thus safeguarding against the activation 
of retrotransposons induced by ageing and poor diet178.

In principle, the suppression of retrotransposable 
elements is dependent on the integrity of heterochro-
matin. It was found that chromatin relaxation activates 
transposable elements in Alzheimer disease, promoting 
tau neurofibrillary tangle pathology179. Heterochromatin 
decay has also been reported during normal ageing and 
in progeroid syndromes30. Cells from aged individuals 
or from patients with HGPS or WS exhibit progres-
sive loss of heterochromatin, indicated by a reduction 
of the constitutive heterochromatin mark trimethyla-
tion of histone H3 at Lys9 and of epigenetic silencers 
such as HP1α and the nucleosome remodeller and 
deacetylase complex30,109,180,181. Loss of heterochroma-
tin in regions with retrotransposable elements results 
in reactivation and transposition of the retrotranspos-
able elements30,133,182–184 (FiG. 5). Notably, suppression 
of heterochromatin decay and retrotransposable ele-
ments reverses senescence, both in vitro and in vivo185. 
Overexpression of the H3K9me3-binding protein HP1α 
rescues heterochromatin disorganization and prema-
ture senescence in WS MSCs30. The Argonaute family 
protein Piwi and DGCR8 maintain heterochromatin 
and prevent retrotransposon activity. Piwi protects the  
D. melanogaster intestinal system from age- associated 
dysregulation of stem cell function and loss of tissue 
homeostasis186, while DGCR8 safeguards MSCs from 
premature ageing182. Accordingly, SIRT6 mono- ADP-
ribosylates KAP1 and facilitates its interaction with HP1α 
during the packaging of LINE1 elements into repressive 
heterochromatin174,187. SIRT1 also binds and represses 
major satellite repeats in yeast and mammalian cells188.  
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Another known regulator of heterochromatin, the 
retino blastoma protein (RB), antagonizes the activation 
of LINE1 in senescent cells, and occupancy of RB on 
the LINE1 promoter is decreased in senescent human 
cells and aged mouse tissues189 (FiG. 5). Repression of 
LINE1 expression by the homeoprotein transcrip-
tion factor blocks degeneration in adult dopaminergic 
neurons190. Moreover, partial overexpression of his-
tones H3 and H4 reverses the transcriptional defects 
observed during ageing and reduces retrotransposi-
tion, indicating that the increased retrotransposition in 
old yeast is a consequence of histone loss during age-
ing47. In addition, CRISPR–Cas9 screening has provided 
a genome- wide survey of genes involved in the control 
of LINE1 retrotransposition, revealing that subunits of 

Human silencing hub complex (HUSH) and MORC 
family CW- type zinc- finger protein 2 (MORC2) pro-
mote deposition of H3K9me3 to silence the transcription 
of LINE1 elements191. Recent studies have further shown 
that repressing the transposition of LINE1 elements with 
nucleoside reverse- transcriptase inhibitors counteracts 
the senescence- associated secretory phenotype and inter-
feron (IFN) secretion by senescent human fibroblasts185 
(FiG. 5), and increases lifespan in a D. melanogaster 
model lacking Dicer2, a heterochromatin structure 
regulating gene192.

Thus, blocking the transcription of endogenous 
retrotransposable elements through dietary restriction 
and pharmaceutical administration can ameliorate 
age- associated phenotypes, supporting the notion that 
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retrotransposons contribute to ageing or age- associated 
disorders and hence are potential targets for therapeutic 
interventions. Collectively, these findings suggest that 
epigenetic remodelling plays a critical role in rejuve-
nation processes, perhaps by increasing epigenomic 
stability (particularly heterochromatin stability) to pre-
vent the activation and mobilization of retrotranspos-
ons. However, genome- wide quantitative analyses will 
provide new insights into the frequency, structure and 
location of retrotransposon transpositions during age-
ing and further elucidate their overall contributions to  
ageing and rejuvenation.

Epigenetic regulation of inflammation during rejuve-
nation. Ageing- associated accumulation of senescent 
cells results in activation of innate immune activity with 
increased levels of proinflammatory cytokines, such as 
IL-6, tumour necrosis factor (TNF), IL-1β and IFN- γ, 
a phenomenon that has been termed ‘inflammageing’193. 
CR and heterochronic parabiosis reduce the levels of 
proinflammatory cytokines19, and recent studies have 
shown that ablation of senescent cells via genetic 
approaches or senolytics reduces inflammation across tis-
sues127,133,137. Reduced size of lymphoid nodules is observed 
in splenic white pulp in progeria mice after partial repro-
gramming31. Although inflammation is attenuated by CR, 
heterochronic parabiosis, senescent cell ablation and life- 
extending drugs, the epigenetic mechanisms underlying 
inflammageing remain elusive.

Gene- specific and age- dependent epigenetic changes 
control the expression of inflammageing- related genes, 
such as the genes encoding nuclear factor- κB, C/EBPβ,  

GATA- binding factor 4 (GATA4), C- X-C motif chemok-
ine 10 (CXCL10), TNF, Krüppel- like factor 14 (KLF14), 
cyclic GMP–AMP synthase (cGAS) and STING194–199. 
cGAS, a cytosolic DNA sensor that mediates type I IFN 
inflammatory responses, is silenced through epigenetic 
mechanisms that can be reversed by inhibitors of DNA 
methylation200. More importantly, there is evidence that 
heterochromatin decay and inflammageing are inter-
twined through cytosolic DNA- or RNA- sensing path-
ways185. As discussed earlier, loss of heterochromatin 
leads to the transcription and translocation of retro-
transposons, increasing the levels of cytosolic DNA. 
Cytosolic DNA stimulates the cGAS−STiNG pathway, 
triggers a powerful innate immune response and elicits  
the production of type I IFNs. Type I IFNs are pro-
inflammatory cytokines associated with late senescence 
that contribute to the development of the senescence- 
associated secretory phenotype185,187. Therefore, it is 
not surprising that the cGAS−STING cytosolic DNA- 
sensing pathway is upregulated in HGPS and physiolog-
ically aged cells and organisms184. Recently, two groups 
have demonstrated that cytoplasmic LINE1 cDNA 
drives expression of IFNs in senescent cells and pro-
motes age- associated inflammation in aged mice (FiG. 6). 
These effects are antagonized by inhibitors of the LINE1 
reverse transcriptase185,187. However, much remains to 
be learned about the biochemical and physiological 
mechanisms by which heterochromatin influences the  
cGAS–STING pathway and inflammation response 
(FiG. 6). In addition, decreases in DICER1 levels and 
accumulation of Alu RNA trigger the release of mito-
chondrial DNA into the cytosol, which engages cGAS 
and drives non- canonical inflammasome activation in 
a mouse model of age- related macular degeneration201.

Inflammageing is unequivocally considered a major 
hallmark of organismal ageing, and reductions in inflam-
mation are critical for life- extending interventions to be 
effective. However, to date, how to modulate inflam-
mageing through epigenetic manipulation remains 
unknown. Studying how to decrease the burden of cyto-
solic DNA by stabilizing heterochromatin in aged cells 
with life- extending interventions may open a new avenue 
to inhibit chronic inflammation and combat ageing.

Conclusions and perspectives
The rejuvenation strategies discussed in this Review can 
facilitate epigenetic reprogramming, suggesting that the 
epigenetic programme can be experimentally shifted to 
a younger state during later periods of life. Simultaneous 
analysis of epigenetic changes during stem cell ageing and 
rejuvenation will help to identify the epigenetic determi-
nants of human healthspan and lifespan. These analyses 
will eventually help answer key questions such as what are 
the convergent and distinct epigenetic regu lations trig-
gered by different therapeutic interventions and whether 
we can mimic the effects of different types of ageing inter-
ventions by directly targeting the epigenetic machinery.  
More importantly, a deeper understanding of the epi-
genetic mechanisms will reveal critical links between 
gene expression regulation and multiple cellular biological 
processes (for example, the maintenance of mitochon-
drial homeostasis, the repression of retrotransposable 
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innate immune response  
that plays a critical role in 
senescence.

Rejuvenation of
stem cells

RE repression

Mitochondrial
rescue

Anti-inflammation

• DNA methylation
• Histone modification
• Chromatin remodelling
• ncRNA

Epigenetic rejuvenation

Metabolic
interventions

Heterochronic
parabiosis

Life-extending
chemicals

Ablation of
senescent cell

Reprogramming

Fig. 7 | epigenetic regulation is at the nexus of ageing rejuvenation. Metabolic 
manipulation, epigenetic reprogramming, heterochronic parabiosis, pharmaceutical 
administration and senescent cell ablation constitute five possible health- and life- 
extending strategies. These interventions induce epigenetic reprogramming to alter 
gene expression and reprogramme aged cells to a younger state. Stem cell rejuvenation 
is a common feature of all these rejuvenation interventions. In addition, the epigenetic 
programme interacts with important molecular pathways, such as those associated with 
maintenance of mitochondrial homeostasis, suppression of retrotransposon elements 
and amelioration of inflammation to counteract ageing. The connecting lines indicate a 
reported relationship between intervention and effect. The lines between interventions 
(left- hand side) indicate that some life- extending chemicals mimic the effect of caloric 
restriction to exert their function, while senolytic drugs could eliminate senescent cells. 
The lines between effects (right- hand side) mean these effects may influence each other. 
ncRNA non- coding RNA ; RE, Repetitive elements.
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elements and the amelioration of inflammation) that 
can be exploited to promote youthful states in cells and 
organisms. Dissecting the dynamic interplay between 
these biological pathways and epigenetic parameters in 
adult stem cells, tissues and organisms that have been 
subjected to rejuvenation strategies will deepen and 
broaden our understanding of how to make our bodies 
younger with minimal side effects (FiG. 7).

To achieve this goal, cutting- edge stem cell isolation 
technologies, multiomic analyses (such as transcriptomic 
and epigenomic analyses) and artificial intelligence and 
integrative approaches are needed. Such advancements 
will allow analysis of the data and subsequent revela-
tion of the complexities of ageing across cell types and 

tissues. CRISPR- based genome- wide gain- of-function 
and loss- of-function screens can be used to identify 
functional genomic elements that are indispensable for 
cellular/organismal rejuvenation through life- extending 
interventions. In summary, scientists now have many 
new tools with which to elucidate the mechanisms of 
epigenetic regulation in the contexts of ageing and reju-
venation. Further studies on the epigenetic mechanisms 
underlying these intervention strategies will open new 
avenues for the development of therapeutic strategies to 
delay the onset of age- related diseases and to improve 
health and increase longevity.
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