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  Abstract   

Ageing is characterised by a physical decline in biological functioning which results in a progressive 10 risk 
of mortality with time. As a biological phenomenon, it is underpinned by the dysregulation of a 11 myriad of 
complex processes. Recently, however, ever-increasing evidence has associated epigenetic mechanisms, such 
as DNA methylation (DNAm) with age-onset pathologies, including cancer, cardiovascular disease, and 
Alzheimer’s disease. These diseases compromise healthspan.  Consequently, there is a medical imperative to 
understand the link between epigenetic ageing, and  healthspan. Evolutionary theory provides a unique way to 
gain new insights into epigenetic ageing and 16 health. This review will: (1) provide a brief overview of the 
main evolutionary theories of ageing; (2) 17 discuss recent genetic evidence which has revealed alleles that 
have pleiotropic effects on fitness at 18 different ages in humans; (3) consider the effects of DNAm on 
pleiotropic alleles, which are associated 19 with age related disease; (4) discuss how age related DNAm 
changes resonate with the mutation 20 accumulation, disposable soma and programmed theories of ageing; 
(5) discuss how DNAm changes 21 associated with caloric restriction intersect with the evolution of ageing; 
and (6) conclude by discussing 22 how evolutionary theory can be used to inform investigations which quantify 
age-related DNAm 23 changes which are linked to age onset pathology.   
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1. Introduction  
Dramatic recent progress strongly suggests epigenetic mechanisms are a key constituent of human 
ageing, and age-onset pathology (Ciccarone et al. 2018; Zhang et al. 2020a). Epigenetics refers to the 
regulation of gene activity without any alteration to the underlying genetic sequence (Deans and 
Maggert 2015). Epigenetic processes include histone modifications (acetylation and methylation), DNA 
methylation (DNAm), non-coding RNAs, and chromatin remodelling (Feinberg 2018; Cavalli and 
Heard 2019). Perturbations to epigenetic processes modulate gene expression in response to extrinsic 
and intrinsic stimuli (Tiffon 2018). The progressive dysregulation of the epigenome with age leads to 
epigenetic drift, a phenomenon underscored by a loss of the normal epigenomic regulatory landscape 
(Capp and Thomas 2020). The most extensively characterised example of this is associated with DNAm, 
a process which takes place at cytosine phosphate-guanine (CpG) motifs; and involves the covalent 
bonding of a methyl group from S-adenosyl methionine to the fifth carbon of cytosines (Antequera and 
Bird 2018; Zhang 2018). Chronological age is associated with a bidirectional shift in DNAm; which is 
synonymous with global genomic hypomethylation, in tandem with hypermethylation, at certain key 
genomic regions (e.g., CpG islands (CGIs), within an array of loci) (Braga et al. 2020). Burgeoning 
evidence suggests a close relationship between age related DNAm changes and human ageing (Bacalini 
et al. 2017; Szymczak et al. 2020). This is supported by the ever-growing body of compelling 
experimental evidence which reveals that age related alterations to the methylome correlate with human 
chronological age (Horvath 2013a; Levine et al. 2018; Zhang et al. 2019b; Lu et al. 2021a). Increasingly 
firm evidence also associates aberrant DNAm, with pathologies, such as cancer (Morgan et al. 2018), 
type 2 diabetes (Kim 2019), cardiovascular disease (CVD) (Huan et al. 2019) and Alzheimer’s Disease 
(AD) (Li et al. 2019a). These age-related diseases are associated with reduced quality of life in older 
people (Franceschi et al. 2018). Thus, there is a growing biogerontological necessity to better 
understand the interplay between DNAm and heathspan. One way to gain a deeper understanding of the 
nexus between epigenetics and health is to explore this relationship through and evolutionary lens. The 
overarching goal of this narrative review is to critically examine this relationship. Given the breadth of 
the evolutionary theories, and the exponential rise in epigenetic data it is not feasible to provide a 
comprehensive account of both these disciplines. Instead, the aim is to illustrate this relationship 
through relevant examples. The review begins with a strongly simplified overview of the main 
evolutionary theories of ageing.  I then introduce recent evidence which has uncovered alleles that have 
pleiotropic effects on fitness at different ages in humans. By focusing on putative antagonistic alleles 
which are associated with age related disease, I critically discuss how their epigenetic architecture is 
impacted by DNAm changes. Following this I examine how age related DNAm changes resonate with 
the disposable soma, mutation accumulation and programmed theories of ageing. Given the significance 
of diet in shaping the trajectory of ageing I then discuss the tri-directional relationship between life 
history theory, caloric restriction (CR) and epigenetics. The review concludes by briefly highlighting 
some recent work that used evolutionary theory as a guiding framework to quantify DNAm changes 
which have been associated with cancer.    

  
  

2. Evolution and Ageing    
The evolutionary theories of ageing have been comprehensively reviewed previously (Lenart and 

Bienertová-Vašků 2017; Flatt and Partridge 2018; Johnson et al. 2019). However, for contextual clarity 
it is necessary to briefly introduce the main theories (Figure 1). The first attempt to understand the 
evolution of ageing was undertaken by August Weismann. Weismann hypothesized ageing evolved to 
remove older members of a species in order to extricate resources for younger individuals (Weismann 
1891; Kirkwood and Cremer 1982). Essentially ageing benefited the species rather than the individual 
and “programmed ageing/death” is an adaptive trait. With time, Weismann’s idea metamorphosized, 
and he subsequently viewed ageing as being due to the vulnerable nature of the soma (Gavrilov and 
Gavrilova 2002). Over the years ideas which are conceptually close to Weisman’s original musings 
have persisted.  Arguably one factor which has helped to fuel these ideas has been the identification of 
several evolutionarily conserved molecular signalling pathways (Longo et al. 2005). For instance, it has 
been revealed that the ageing phenotype is malleable in a variety of model organisms (Gems and 



 

Partridge 2013; Longo 2019; Campisi et al. 2019). The manipulation of individual genes associated with 
these pathways can modulate life-history traits, such as, development, growth and reproduction.  
Given that individual genes can regulate lifespan, it is perhaps unsurprising that arguments have 
persisted which echo Weismans’s early musing on ageing. Such ideas have been assembled using 
evidence from a variety of biological species and processes. Although subtle nuances are associated 
with each argument, most ideas centre on the supposed programmed features of ageing.  For instance, 
the idea of “phenoptosis” (programmed organism death), is based on genes having underlying features 
that can render an individual susceptible to programmed death (Skulachev 1999; Skulachev and 
Skulachev 2018). In turn programmed ageing (PA) theories are regularly met with compelling 
counterarguments (Kowald and Kirkwood 2016). However, theories akin to PA continue to emerge. A 
recent incarnation utilises inclusive fitness, and specifically kin selection to explain senescence in 
Caenorhabditis elegans  (C. elegans) and Saccharomyces cerevisiae (Lohr et al. 2019; Galimov and 
Gems 2021). Specifically, the authors ruminated over the question; are mutations which significantly 
increase lifespan, such as those synonymous with the daf-2 allele the manifestation of PA? For 
terminological clarity, and to provide a basis for their argument the term “adaptive death” was used 
rather than “ageing” or “programmed”. The idea being that death augments inclusive fitness for the 
focal actor. Using evidence from mathematical models a case was presented for the existence of adaptive 
death in C. elegans (Galimov and Gems 2021). It must be stressed that kin selection has previously been 
used as theoretical framework  to explain ageing (Bourke 2007; Markov 2012). However, what this 
work serves to illustrate is that based on the findings in model organisms many biogerontologists hold 
on to the possibility that PA can also be found in higher eukaryotes.      

  
Following Weismann, the theoretical underpinnings for the next theory were laid largely by the 

mathematical work of Fisher who was able to determine that the intensity of selection declines with age 
(Fisher 1930). The logic introduced by Fisher was repurposed by Medawar, who formulated the 
mutation accumulation (MA) theory (Medawar 1946, 1952). The essence of MA is as follows, if there 
is a decline in the force of natural selection with age, then harmful mutations that are only functionally 
expressed later in life, will accumulate to larger frequencies than mutations that are expressed earlier in 
life. Williams extended MA by introducing antagonistic pleiotropy (AP) (Williams 1957). Williams 
posited that natural selection acts on alleles that have varying effects on fitness throughout the life 
history of an organism. If an allele confers a beneficial effect on fitness early in life, it is selected for, 
despite having an adverse effect later in life, as the negative effect is offset by the positive effect. The 
kernel of MA and AP is that the force of natural selection decreases with age. This core principle was 
formalised by Hamilton, when he mathematically modelled the effect on fitness of variations in age 
specific survival likelihoods, using data from a population of Chinese females (Hamilton 1966). This 
idea was further corroborated by Charlesworth, who continued the mathematical treatment of ageing, 
based on the ideas originally conceptualized by Fisher, Medawar, Williams and Hamilton (Charlesworth 
1980; Charlesworth and Charlesworth 2010).   
  

With the cornerstone of the evolution of ageing firmly established, a further theory was introduced. 
The disposable soma theory (DST) views ageing to be the result of the evolutionary optimization of a 
trade-off between longevity and reproduction (Kirkwood 1977; Kirkwood and Holliday 1979). 
According to DST, energy needs to be strategically partitioned between investment in reproduction, and 
somatic maintenance. If extrinsic mortality is high the optimal strategy for the allocation of this energy 
is based on the life expectancy of the organism. If maintenance is too high, energy will be wasted when 
the organism dies. Conversely, if maintenance is too low this will result in premature intrinsic mortality. 
Based on this central premise, organisms evolve so the energy invested in somatic maintenance is 
sufficient to reach reproductive age but is insufficient for indefinite survival. It has been suggested DST 
provides a physiological blueprint for AP, and as such can be viewed as a specific platform for 
interpreting AP (Maklakov and Chapman 2019). The key distinction is that DST does not require trade-
offs between reproduction and longevity to be outlined explicitly in terms of their underlying genetic 
architecture (Kirkwood 2005). Despite this distinction it can be concluded MA, AP and DST have a 
common thread; namely that ageing is a non-adaptive by-product of evolution, which has its origins in 



 

the diminishing capacity of natural selection to maintain fitness into older age. Indeed, a decline in the 
force of selection with age is ubiquitous in nature, although it has been argued that exceptions exist 
(Chen and Maklakov 2012; Milot 2021).   

  
  
It is worthwhile considering the similarities and differences between the main theories. If we 

consider PA. Firstly, it is necessary to recognise that PA is an adaptive theory (Longo et al. 2005). In 
terms of comparing PA to the other theories it is challenging to identify a significant number of 
similarities. A parallel of sorts that PA has with the other theories is that the late-life effects of a genetic 
programme underpin the ageing process. The fact that PA is an adaptive theory automatically 
distinguished it from MA. MA clearly is a non-adaptive idea whose premise suggests that ageing exists 
because natural selection is weak post reproduction, and thus ‘incapable’ of eradicating ageing (Gavrilov 
and Gavrilova 2002).  Likewise, AP and DST can also be viewed as non-adaptive. However, it can also 
be argued that AP and DST have adaptation at their core. The kernel of this interpretation centres on 
ageing being a by-product of evolutionary optimisation. In other words, AP is based on an evolutionarily 
optimized trade-off between reproduction and longevity (Austad and Hoffman 2018). DST is an 
optimization trade-off of a slightly different kind which involves evolution optimising the partitioning 
of energy in favour of reproduction at the expense of somatic maintenance and repair (Kirkwood 2002). 
If we examine how MA compares to the other theories. It is a non-adaptive theory whose premise is the 
accumulation of deleterious late acting mutations. The main similarity MA has with AP is that it is based 
on the ability of genes to have pernicious late-life effects. However, the principal difference between 
MA and AP is that with MA mutations are allowed to passively accumulate in the germline over 
successive generations. However, with AP the pernicious effects of certain alleles are ‘allowed’ to 
accumulate in the germline because they have positive effects at younger age. The key difference 
between MA and DST is that unlike DST, MA is not based on optimal resource partitioning between 
different physiological processes (Kirkwood and Rose 1991). Trade-offs are what connects DST with 
AP. In other words, both AP and DST are based on the supposition that organisms will have trade-offs 
between fecundity and ageing. However, the principal factor which unites MA, AP and DST is that 
these theories predict that the magnitude of extrinsic mortality inversely correlates with evolved lifespan 
(Shokhirev and Johnson 2014). Consequently, these three theories are not mutually exclusive.   

  
In recent years there have been other notable attempts to explain ageing from an evolutionary 

perspective. One of these is the hyperfunction/development theory of ageing (de Magalhães and Church 
2005; Blagosklonny 2010a; Maklakov and Chapman 2019). This idea was recently comprehensively 
reviewed (Gems 2021).  In summary, AP is at the core of the hyperfunction/development theory, and 
like DST it is grounded in a physiological interpretation of ageing. According to this concept genes 
involved in metabolic pathways are optimised for the high levels of biosynthesis needed for 
growth/reproduction in early life. However, a decline in the force of natural selection results in 
suboptimal physiology in later life. Consequently, the proximate cause of ageing/age related pathology 
is suboptimal physiology in later life, rather than limited energy allocation towards somatic 
maintenance. This helps to distinguish the hyperfunction/development theory from DST. Moreover, a 
defining feature which also separates this idea from DST is that aging is largely the result of 
programmatic mechanisms which are established at development in contrast to the gradual accumulation 
of stochastic damage. Stochasticity is however at the core of another recently introduced theory. This 
theory was introduced in attempt to explain the empirical observation that lifespan has low heritability 
in humans (Govindaraju et al. 2015). Known as the Tripartite Phenotype theory of Ageing its premise 
is that the restricted heritability of ageing/longevity in humans is due to gene-environment interactions 
for individual longevity haplotypes, in conjunction with stochastic variability in somatic cells (Finch 
and Haghani 2021). The emergence of theories such as these underscores the issue that a consensus 
remains to be fully established on the evolution of ageing. Despite this, arguably there is one feature 
that is consistently found in many theories. Namely, genes/physiological mechanisms that increase 



 

early-life fitness can have a detrimental effect on late-life fitness. In the next section I will examine 
recent efforts to align AP genes with ageing.   

  
  
  
  
3. Antagonistic Pleiotropy and Ageing  
Experimental efforts to validate MA, AP and DST within a variety of ecological contexts has 

produced empirical evidence for and against these theories (Recently reviewed by Johnson et al. 2019). 
Focusing on AP, convincing genetic candidates have been identified in a diverse range of taxa (Austad 
and Hoffman 2018).  This comprehensive survey revealed genes which exhibit AP in laboratory fruit 
flies, yeast, worms, and mice. This included daf-2 which doubles the lifespan of Caenorhabditis elegans 
C. elegans (Kenyon et al. 1993), at the expense of early life reproduction/starvation resistance (Wang 
and Ruvkun 2004); and prop-1, which increases lifespan by ~50% in Ames dwarf mice but also results 
in their sterility (Brown-Borg et al. 1996). This investigation concluded AP is omnipresent in animals. 
It also underscored previous assertions that evidence for AP of known ageing genes is weak (Kirkwood  
2005). Specifically, it was suggested alleles which increase lifespan invariably do not have fitness 
effects. It was also posited that despite AP effects being alluded to, there are no consistent cases where 
the underlying gene/allele responsible for AP has been identified in humans. This is not a nascent 
assertion, and in part it can be argued it stems from the difficulty in distinguishing between close linkage 
of two distinct genes and genuine pleiotropy (Flint and Mackay 2009). A further area which 
substantiates the argument for weak alignment between AP and a human ageing  phenotype is that 
evidence for AP is often associated with genetic diseases such as, Huntington’s disease, 
haemochromatosis, sickle cell disease and cystic fibrosis (Albin 1993; Carter and Nguyen 2011a). 
However, because these conditions are rare it is challenging to reconcile them with AP, as an 
evolutionary paradigm for human ageing. Similarly, it is potentially unwise to explicitly align genetic 
mutations in breast cancer susceptibility genes 1/2 (BRCA1/2), with a human ageing phenotype despite 
their AP features, which centre on their  positive effect on fertility at the expense of an increased risk of 
developing breast/ovarian cancer (Smith et al. 2013). Cognisant of these caveats the next section will 
examine recent evidence for AP in human disease.   

  
  

4. Antagonistic Pleiotropy and Human Disease  
Despite the difficulties in aligning AP with ageing, emerging evidence has strengthened the 

relationship AP has with human disease. For instance, a recent study which investigated molecular 
evolution and the decline of purifying selection provides empirical support for MA/AP in humans 
(Cheng and Kirkpatrick 2021). However, arguably the most compelling evidence is outlined in a critique 
of the conclusions of Austad and Hoffman (Byars and Voskarides 2019). Findings were highlighted for 
the shared fitness effects at coronary artery disease loci, “enriched” for their effects on female lifetime 
reproductive success (Byars et al. 2017). Moreover, genome-wide association studies (GWAS) were 
emphasized which revealed several variants in genes related to disease in humans that exhibited AP 
(Rodríguez et al. 2017). Although, some findings from this study have been challenged (Long and Zhang 
2019). Byars and Voskarides also provided examples of human genes associated with  
AP such as the apolipoprotein-ε4 (APOE-ε4) allele (Bekpen et al. 2018). As an adjunct to this rebuttal, 
a comprehensive survey was undertaken into AP genes and their association with human disease (Byars 
and Voskarides 2020). Cogent criteria were designed to identify AP in human disease. The criteria used 
was as follows, variant(s) needed to be significantly associated with a disease, which occurs past peak 
reproductive age in later adulthood, improving reproduction or survival during or before the 
reproductive period, which displays positive selection. Using this template leading candidates for AP in 
human disease were identified. Alleles identified included the Huntington gene, APOE  ε4, BRCA1/2, 
androgen receptor (AR) CAG trinucleotide repeat lengths, cystic fibrosis transmembrane conductance 
regulator mutations, 56 coronary heart disease loci and TP53. Moreover, a considerable number of 



 

potential candidates were also identified. The identification of such a broad range of genes underscores 
the pervasive nature of AP in human disease. It also provides a compelling case for the prevalence of 
AP in age-onset pathology. Moreover, the antagonistic constraints of a gene such as TP53, which is 
inexorably coupled with cellular senescence could help to shape the trajectory of human healthspan. 
However, because a gene signal is also reflective of its epigenetic code, AP genes and their disease 
association could partly be attributed to an alteration in their DNAm state. Recognising the importance 
of this is necessary to gain a deeper understanding of the relationship between AP and agerelated 
pathology. The next section will critically examine the DNAm landscape in some of the genes identified 
by Byars and Voskarides (2020). The focus will be on those genes associated with age-onset pathology, 
as rare genetic conditions are beyond the scope of this review.   

  
  

  
  
4.1 BReast CAncer gene1/2 (BRCA1/2) and DNAm  

Cancer provides an intriguing evolutionary conundrum. An intuitive explanation is that MA 
explains the high frequency of cancer alleles with low penetrance and/or late age of onset (Shields and 
Harris 2000; Kipen 2017). Breast cancer (BC) mutations do not fit within this evolutionary paradigm. 
This is because certain BC mutations appear to be coupled with fecundity, and as such are maintained 
at high frequencies within certain populations (Paluch-Shimon et al. 2015; Zhang et al. 2020b). The 
main mutations are in the BRCA1 and BRCA2 genes (Rebbeck et al. 2018). BRCA1/2 code for proteins 
essential to the repair of double-stranded DNA breaks, homologous recombination, checkpoint control 
of cell cycle, and transcription regulation (Powell and Kachnic 2003; Timms et al. 2014). Mutations in 
BRCA1/2 play a significant role in hereditary BC (Harbeck et al. 2019). Germline mutations in these 
tumour suppressor genes are found in 15%-20% of familial related BC (Turnbull and Rahman 2008; 
Tung et al. 2016).  Over 50% of the carriers of the BRCA1 mutation develop BC by 70 years of age; 
while, ~45% of carriers of the BRCA2 mutation have BC by this age (Antoniou et al. 2003; Godet and 
Gilkes 2017). The high incidence of BC, and its early onset in certain women is suggested to be an 
evolutionary trade-off for increased fertility. This is the main reason BC mutations are suggested to 
align more closely with AP than they do with MA. There is some tentative evidence for this. For 
example, it has been found that BRCA1 mutations were associated with longer telomeres and 
augmented oocyte synthesis (French et al. 2006). Further evidence centres on a study where women 
with the BRCA1 mutation had more children, but suffered an excess risk of post-reproductive mortality 
(Smith et al. 2012). Although this evidence is controversial and not universally accepted.  
  

Key differences exist between early-onset and late onset BC.  For instance, early-onset BC has 
a modal age of diagnosis of 50 years, while late onset BC has a modal age of diagnosis at 70 years 
(Benz 2008). Moreover, in certain populations most BC fatalities occur in women over 65 years of age  
(Karuturi et al. 2016). The majority of BC cases in older women are sporadic. Sporadic BC rarely 
harbour  BRCA1, and this disease is associated with <15% of triple negative BC (Evans et al. 2011).   
Sporadic BC is associated with a lack of/low BRCA1 expression (Mueller and Roskelley 2003; Quinn 
et al. 2007). This is associated with aberrant DNAm in the BRCA1 promoter region (Esteller 2000; 
Zhang and Long 2015; Kalachand et al. 2020). Strikingly, epigenetic downregulation of BRCA1 has 
been identified in ~30% of sporadic BC cases and 70% of ovarian cancers (Masters et al. 2001).  It is 
suggested BRCA1 promoter region hypermethylation is akin to a germline mutation in certain sporadic 
BC cases (Esteller et al. 2000; Butcher and Rodenhiser 2007; Iwamoto et al. 2011). The architecture of 
this promoter region is complex. The 5′ end of BRCA1 is adjacent to the NBR2 gene (Next to BRCA1 
gene 2)(Xu et al. 1997). These two genes share a bi-directional promoter that can undertake transcription 
in both directions (Baldwin et al. 2000).  The part shared with NBR2 is the α region, the other region 
being the β region (Xu et al. 1997). The fact there is an α and β regions results the transcription of two 
alternative mRNA transcripts with varying first exons, 1A or 1B (Xu et al. 1995). The partial duplication 
of exons 1a, 1b, and intervening sequences results in a BRCA1 pseudogene which lies upstream of 



 

BRCA1 (Puget et al. 2002). Overall the BRCA1 α and β promoter regions encompass a 2000-bp CpG 
island (Smith et al. 1996).  Methylation is generally lacking in the BRCA1 promoter of normal cells 
(Ibragimova and Cairns 2011). However, residing within this area are 11 CpG sites which display strong 
promoter activity. This region has been identified to be hyper-methylated in human BC (Dobrovic and 
Simpfendorfer 1997; Catteau et al. 1999). Moreover, depending on the clinical context, the levels of 
DNAm vary across the BRCA1 promoter. For instance, in a study which measured DNAm of the 
BRCA1 promoter at individual CpG sites in blood, tumour, and normal breast tissue, to determine if 
DNAm correlated between different tissues, and with triple negative receptor status, it was found that 
blood DNAm levels were significantly correlated with tumour methylation at 9 of 11 CpG sites 
examined (Daniels et al. 2016). Moreover, tumour DNAm levels were significantly higher in triple 
negative tumours, and in tumours with high BRCA-like histopathological scores. Comparable results 
have been found in similar studies (Guan et al. 2019; Prajzendanc et al. 2020; Jung et al. 2021)  
  

It is biologically plausible that the BRCA1promoter region is susceptible to hypermethylation 
with increasing age. For example, a study which measured methylation in peripheral blood cells of two 
CpG sites in the BRCA1 promoter, found DNAm increased significantly in >70-year-old BC patients 
compared to controls (Bosviel et al. 2012). Unravelling this association is challenging. For instance, 
DNAm is a continuum which is shaped by extrinsic factors including diet, stress, pollution, and smoking 
(Mehta et al. 2020; Amenyah et al. 2020; Silva and Kamens 2021; Wu et al. 2021). Thus, the 
environment is a key factor which could illicit DNAm changes in the BRCA1 gene. For example, a 
positive association between body mass index (BMI) and BRCA1 DNAm in breast tumour tissue has 
been reported (Naushad et al. 2014). However, not all studies have identified an association between 
obesity and gene methylation in BC. For instance, one study found no association between obesity and 
DNAm in both BRCA1 and BRCA1 (Peplonska et al. 2017). A recent systematic review which 
examined the association between BMI and DNAm in blood or normal breast tissue underscores this 
uncertainty (Dragic et al. 2020). The study revealed that BMI associated CpG sites were highly variable 
with only a small number identified in less than half of the twenty-four studies examined. It was 
suggested result variability was due to tissue and cell-specificity of DNAm and different methodological 
approaches. This serves to highlight the complexities associated with studying the interaction between 
the environment and DNAm changes in this promoter. Moreover, it underscores how environmental 
factors can shape the plasticity of the methylome.  A deeper interpretation of the intrinsic and extrinsic 
factors which lead to the hypermethylation of the BRCA1 gene promoter is imperative in order to open 
up novel avenues which could potentially help to rescue the tumour suppressor functionality.   
  

  
  
4.2 The Apolipoprotein ε4 allele and DNAm  

The APOE gene exists in three alleles (ε2, ε3, and ε4) (Sebastiani et al. 2019). Each allele 
encodes a metabolically distinct protein isoform (Roda et al. 2019). APOE-ε4 strongly correlates with 
increased risk of atherosclerotic CVD and AD (Mahley 2016; Yamazaki et al. 2019; Qian et al. 2021). 
In addition, APOE-ε4 has been associated with decreased lifespan. For instance, APOE-ε4 frequency is 
less in certain populations of centenarians (Schächter et al. 1994; Garatachea et al. 2014). Two important 
pieces of evidence could explain the association APOE-ε4 has with AP in humans. Firstly, the APOE-
ε4 allele is universally found throughout the world (Corbo and Scacchi 1999). Secondly, it is possible 
the ubiquitous nature of APOE-ε4 is an artefact of human evolution, conferring a survival/reproductive 
advantage in response to parasite burdens in energy-restricted populations (Trumble et al. 2017; van 
Exel et al. 2017). The mechanisms underpinning this trade-off are unclear. However, the APOE 
isoforms modulate serum lipid levels based on their differing affinities for lipoprotein particles, and 
their binding to low density lipoprotein receptors (Rall  and Mahley 1992). This contributes to their role 
in disease (Corder et al. 1993; Sebastiani et al. 2019), and it is possible that these changes could be 
involved in this trade off.    
  



 

It is also conceivable that the different APOE isoforms do not fully account for their 
physiological phenotypes. A deeper explanation of their pleiotropic behaviour could reside within their 
epigenetic signatures (Yu and Foraker 2015). Specifically, the ε4 allele could contribute to disease 
aetiology in a way which transcends encoding for its isoform. To appreciate this, it is necessary to 
understand the genomic and epigenetic architecture of APOE. This is outlined in figure 3. The DNAm 
landscape of APOE has three distinct regions. A hypermethylated region in the promoter, a 
hypomethylated domain in introns 1’ and 2’ and a hypermethylated region (Foraker et al. 2015a). It also 
has an elongated region of regulatory elements (TOMM40-APOE-APOC2) (Soyal et al. 2020). The ε 
2/ ε 3/ ε 4 alleles reside in the exon 4 region of APOE. This well characterised CGI consists of 880base 
pairs (bps) with 90 CpG sites. The ε2/ε3/ε4 alleles have two CpG modifying SNPs (rs429358 and 
rs7412) (Johnson et al. 2011). The ε4 allele has an additional CpG, and a 12 bp region with 4 CpG sites 
(Foraker et al. 2015b). The ε2 allele eliminates 1 CpG and has a 33-bp CpG-free region (Tulloch et al. 
2018). Based on these underlying differences it is possible to investigate if differences in the DNAm 
landscape of the ε4 allele influence AD risk. This idea was tested by investigating APOE DNAm levels 
at 76 CpG sites, including  rs7412 in post-mortem brain (PMB) tissue from 15 AD and 10 control 
individuals (Foraker et al. 2015b). Diminished DNAm levels were observed in AD patients compared 
to a control group. Specifically, a significant reduction in DNAm levels of the APOE CGI in the 
hippocampus and the frontal lobe was observed. Most intriguingly DNAm levels were increased within 
the APOE ɛ4 allele in controls, but not in AD subjects. However, a drawback of this work is that it is 
constrained by having to use post-mortem tissue. Blood samples can be used as an alternative to 
postmortem tissue to investigate AD. For example, a recent study used prospectively and retrospectively 
collected blood samples (leukocytes) to identify correlations with CVD and dementia/AD (Karlsson et 
al. 2018). This study found that increased DNAm levels in the promoter region of APOE increase the 
odds of dementia and AD, but not CVD. In contrast a recent investigation which examined DNAm in 
exon 4 of APOE found a significant interaction between APOE rs7412 in CHD in adult Chinese males 
(Ji et al. 2019). Other studies have used a combination of blood and tissue samples. In one study, PMB 
tissue and blood samples (collected during life) were used to investigate if DNAm levels in 
TOMM40APOE APOC2 are associated with AD (Shao et al. 2018). An association was identified 
between TOMM40-APOEAPOC2 DNAm status and gene expression in brain tissue and blood 
biomarkers. The most recent study in this field focused solely on blood samples (Mur et al. 2020). Blood 
based DNAm was analysed at 13 CpGs in the APOE gene in 5828 male and female participants from 
the Generation Scotland cohort. DNAm at two CpGs was associated with the ratio of total cholesterol 
and HDLcholesterol, but not with cognition, family history of AD, or risk of CVD. Interestingly, 
however, this study found an association between APOE genotype status and DNAm at five CpGs. In 
all five CpGs the associations were due to higher DNAm levels in 4 carriers compared to 3 carriers. 
Such findings could have direct clinical implications for the detection and potential treatment of 
AD/dementia in the future. Thus, it can be generally concluded that DNAm changes potentially have a 
crucial part to play in the aetiology and development of AD. However, significant progress is needed in 
order to develop therapeutic modalities which can treat these mechanisms.   

  
  

  

4.3 Androgen receptor (AR) gene and DNAm  
Hormones have pleiotropic effects and consequently are associated with phenotypic evolution 

and AP (Dantzer and Swanson 2017). Androgens play a key role in growth and reproduction in males 
and females (Almeida et al. 2017). The AR gene is an X linked gene found at the Xq11-12 chromosomal 
region (Brown et al. 1989). It has a polymorphic CAG trinucleotide repeat in the transactivation domain 
of the first exon (Adamovic and Nordenskjöld 2012). Variations in the length of the repeat influence 
AR expression (Choong et al. 1996). This repeat has been the focal point linking the AR to AP in both 
males and females (Carter and Nguyen 2011b). Carter and Nguyen posit that in males shorter CAG 
repeat lengths increase reproductive ability, arguing they have fewer non-viable, defective sperm. In 
females they argue that shorter repeats increase reproductive ability and reduce cancer risk in females. 



 

Evidence for this is contradictory, for instance, polycystic ovary syndrome has been associated with 
females who have an X chromosome with a short CAG allele (Shah et al. 2008). Conversely, it has been 
found that women with two long AR alleles had an increased risk of breast cancer, while those with two 
short AR alleles had a likelihood of being ‘normal’ (Chen et al. 2014). Focusing on the epigenetic 
architecture of the AR gene; there is evidence which links the DNAm signature of the AR gene with 
disease (Ylitalo et al. 2021). Moreover, its epigenetic architecture could contribute to its putative AP 
features. For example, the promoter and exon 1 of the AR gene have CpG DNAm “hot spots”, which 
are associated with gene silencing in prostate cancer (PCa) cell lines (Kinoshita et al. 2000). 
Specifically, AR gene promoter DNAm correlates with a reduction/loss in mRNA expression in 
ARnegative PCa cell lines/tissues (Massie et al. 2017). Aberrant AR gene methylation is implicated in 
other cancers. For instance, diminished AR mRNA expression in leukaemia cell lines is at least partly 
attributed to increased DNAm of the AR (Liu et al. 2009). In addition, reduced AR protein levels have 
been observed in a significant number of androgen-independent tumours (Saraon et al. 2014). It is 
possible AR promoter variations in the DNAm landscape of the AR gene contribute to this.   
  

Male development is useful for exploring the nexus between AR, DNAm and AP. During the 
early stages of prostate development DNAm modulates androgen activity. This is evidenced by DNA 
methyltransferases (DNMTs) being identified in prostate mesenchyme (Keil and Vezina 2015). 
Specifically, in mice it has been found that DNMT1 is essential for the development of prostate buds 
(Joseph et al. 2019). As prostatic buds arise from androgen signalling it is highly possible this process 
is modulated by changes to the DNAm landscape of AR (Vickman et al. 2020). Following its role in 
development the DNAm mediated regulation of AR expression in prostate and other tissues continues 
into adult life (Liao and Xu 2019). Clearly DNAm is key to AR signalling both during development and 
in adult life. However, because aberrant methylation of the AR gene is associated with age related 
pathology it could be optimised for its early role in life at the expense of its later functioning. This idea 
is conceptually close to the hyperfunction/developmental theory of ageing which was outlined in section 
two. The reason for this is because the AR gene hypermethylation is particularly close to this idea 
because PCa/benign prostate hyperplasia coincides with the re-emergence of development signals which 
mediate physiological mechanisms, which are detrimental to late life fitness (Keil and Vezina 2015). 
Other evidence supports a conceptional alignment with DTA. For example, crosstalk exists between the 
AR gene, DNAm, mTOR and PCa progression (Takayama et al. 2015). In addition to cancer DNAm 
mediated AR expression is implicated in dysregulated metabolism. For instance, DNAm of AR has been 
associated with other diseases including insulin resistance (IR) in rats (Kim et al. 2013). Moreover, 
DNAm of the AR gene is an independent determinant of glucose related metabolic dysregulation in 
women (Liu et al. 2021). Specifically, CpG average methylation was associated with impaired fasting 
glucose levels. Finally, it is likely the epigenetic interplay extends beyond DNAm because acetylation, 
phosphorylation, ubiquitylation and ADP ribosylation of histones significantly impact the 
transcriptional regulation of the AR gene. Consequently, there is a significant journey ahead before we 
fully understand the role of AR gene methylation in ageing and age-onset pathology.   
  
  
4.4 TP53 and DNAm  

TP53 encodes for p53 which is constitutively activated as part of the DNA damage response 
(Sammons et al. 2020). It responds to cellular stressors to modulate the expression of genes involved in 
apoptosis, senescence, or metabolic changes (Puzio-Kuter 2011). Consequently, p53 and its associated 
regulatory pathways are key to tumour suppression (Mello and Attardi 2018). TP53 has long been 
suggested as a leading candidate for AP (Gentry and Venkatachalam 2005; Ungewitter and Scrable 
2009). It has been suggested that TP53 aligns with AP because it offers protection against cancer by 
inhibiting the abnormal proliferation of cells, however this mechanism has adverse consequences when 
p53 interferes with the growth of normal cells, for instance by interrupting stem cells which are required 
for tissue renewal during ageing (Ungewitter and Scrable 2009). Thus, according to this idea natural 
selection has favoured the early life effects of p53 at the expense of its deleterious effects in later life; 
although it is important to note that this idea is not universally accepted (Blagosklonny 2010b). 



 

Moreover, recent evidence complicates the putative antagonistic nature of TP53 further. It has been 
revealed in mice that the gut microbiome switches mutant p53 from tumour-suppressive to oncogenic 
(Kadosh et al. 2020). The interpretation of the functional plasticity of p53 is that a localized somatic 
TP53 mutation (particularly at increased age) could be beneficial. It was posited this “reversed 
antagonistic pleiotropy” could account for the plasticity of p53, and why p53 undergoes mutations rather 
than ablation. Given such findings it is perhaps unsurprising TP53 is the most commonly mutated gene 
in human cancers (Kandoth et al. 2013). Almost half of tumours contain a mutation in TP53 (Harris 
1996; Kandoth et al. 2013).   

  
Turning our attention to the epigenetic architecture of TP53. It is known that the human TP53 

gene does not contain a 5’ CpG island (Bienz-Tadmor et al. 1985). However, it does have a promoter 
which contains 16 CpG dinucleotides (Amatya et al. 2005). Methylation of this promoter inactivates the 
transcriptional activity of TP53 (Schroeder and Mass 1997). Methylation of the TP53 promoter is 
associated with cancer (Jesionek-Kupnicka et al. 2014; Saeed et al. 2019).  Methylation changes to the 
TP53 have also been associated with other age-related pathologies. For example, a recent study focused 
on patients who had suffered from an ischemic stroke (IS) (Wei et al. 2019). By extracting DNA from 
blood samples, it was revealed TP53 DNAm levels were significantly higher in IS patients compared to 
controls. Interestingly, the DNAm level of the TP53 promoter was also associated with carotid intima‑ 
media thickness, the degree of carotid atherosclerosis and the circulating levels of homocysteine in 
peripheral blood. Another recent study which investigated the relationship between Forkhead Box O3 
(FOXO3)/TP53 and late-onset asthma (LOA) (Yuan et al. 2020). A differentially methylated site found 
in the TP53 gene was associated with LOA. Interestingly, the mRNA expression levels of FOXO3 and 
TP53 varied significantly in the peripheral blood of LOA patients.   
  

Inferring mechanistic insights from association studies is difficult. A greater understanding of 
the epigenetic role of TP53 in age-onset pathology can be found in cell culture studies. Using cell line 
models it has been possible to examine site-specific TP53 CpG DNAm in normal and transformed cells 
(Blackburn et al. 2016). This study found that in non-cancer cells both DNA damage and cell ageing 
were associated with site-specific CpG demethylation in exon 5 of the TP53. This modification acted 
like a switch “turning on” transcription from an alternative internal promoter (P2). This change 
modulated the expression of a TP53 isoform. It is intriguing that epigenetic mechanisms influence TP53 
isoform expression. This relationship could be critical to understanding ageing, because emerging 
evidence suggests the p53 isoforms could have a significant role in ageing (Fujita 2019). For instance, 
it has been found that different p53 isoforms are expressed in primary fibroblasts derived from 
individuals with the premature ageing disorder Hutchinson-Gilford Progeria Syndrome (von Muhlinen 
et al. 2018). These isoforms were associated with accelerated senescence. In addition, this investigation 
found that increasing the expression of one isoform (Δ133p53) extended the replicative lifespan of the 
cells. This work illustrates the functional plasticity of TP53. The plasticity of T53 is also underscored 
by the finding that p53 has a broad epigenetic role (Levine and Berger 2017). Specifically, p53 has been 
found to play a central role in responding to epigenetic stress (Levine 2020). Thus, in conclusion DNAm 
changes not only impact TP53 which in turn has implications for the onset of age-related disease but it 
would appear also that p53 is a hub which responds to cellular epigenetic perturbations.  
  
  
  
4.5 MTOR and DNAm  

Although not identified as part of the criteria developed by Byars and Voskarides a particularly solid 
case for AP in human age related disease is the mechanistic target of rapamycin (MTOR) gene 
(Schmeisser and Parker 2019; Laisk et al. 2019).The rationale is as follows, MTOR is needed for 
development and reproduction, however with age, active MTOR is synonymous with senescence and 
age-related pathology (Blagosklonny 2010a). MTOR is also an interesting case for AP because some 
evidence suggests its role in disease could be mediated by intersecting with other AP processes. For 



 

instance, the APOE-ε4 allele is associated with elevated mTOR signalling (Li et al. 2019b). Based on 
this evidence it is logical to include MTOR in this discussion. However, before examining its 
epigenetics, it is necessary to appreciate the genetics of MTOR. Within the MTOR gene there are >3000 
polymorphisms (Shao et al. 2014). Many of the polymorphisms effect the transcriptional activity of 
MTOR (Zhang et al. 2017; Saravani et al. 2020). Specifically, SNPs have been identified in the promoter 
of MTOR which modulate its transcriptional activity (Husen et al. 2019). A SNP polymorphism 
(rs2295080) in the MTOR promoter has been found to alter transcription factor binding to the MTOR 
promoter and it also correlated with a reduced risk of gastric cancer (Xu et al. 2013). Several other 
investigations have associated various cancers with MTOR polymorphisms (Zining et al. 2016). An 
SNP induced change in the genetics of MTOR could also alter its DNAm landscape (Deng et al. 2017). 
As outlined already such changes in DNAm have the potential to influence disease risk.   
  

There have been some recent efforts to understand the intersection between MTOR and epigenetics. 
This has produced some intriguing findings. For instance, in an investigation which used blood samples 
to examine DNAm in the promoter regions of 519 genes, it was found that DNAm at cg08862778 was 
inversely associated with BC, and the lipid peroxidation biomarker, 8-isoprostane, (Gào et al. 2019). 
Other investigations have also explored the intersection between DNAm, MTOR, and cancer, for 
instance  the regulatory associated protein of MTOR complex 1 (RPTOR) gene, which activates mTOR 
was examined in one study (Tang et al. 2016). A hypomethylated CpG site located in RPTOR displayed 
significant hypomethylation in BC patients compared to healthy controls. In addition to cancer there 
has been an understandable focus on metabolism. A recent study examined the association between 
DNAm in longevity genes and obesity/metabolic dysregulation (Salas-Pérez et al. 2019). This study 
involved 474 adult males and females, which were categorized based on age and metabolic state. Using 
DNA extracted from leukocytes it was revealed that cg08862778 was hypomethylated in older subjects, 
and those with abdominal obesity, hypercholesterolemia, IR and/or metabolic syndrome. The finding 
that hypomethylation of MTOR was associated with obesity and dysregulated cholesterol metabolism 
is interesting. Environmental factors such as dietary patterns can induce changes in DNAm which 
predispose an individual to obesity (Samblas et al. 2019). In turn, obesity disrupts cholesterol 
metabolism in a manner analogous to ageing (Mc Auley 2018, 2020). This has health implications 
because obesity superimposed on ageing could accelerate metabolic dysregulation. DNAm changes to 
MTOR could contribute to how this unfolds. To summarise, significant further work needs to be 
conducted before we have a complete understanding of how DNAm changes influence MTOR gene 
expression and how these alterations impinge on ageing and health.   
  

5. Aligning DNAm changes with the Mutation Accumulation and Disposable Soma Theories   
So far, this review has focused on DNAm changes in AP alleles which are associated with disease. 
However, the main evolutionary theories of ageing are not mutually exclusive. Thus, it is logical to 
examine how MA and DST synergise with DNAm changes. DST predicts ageing is due to the stochastic 
accumulation of damage, which is the result of inherent somatic maintenance and repair limitations. To 
reiterate, DST does not require trade-offs between reproduction and longevity to be outlined explicitly 
in terms of their underlying genetic architecture. Based on this proviso, it is possible to identify a broad 
range of biological mechanisms which fit with DST. In the 1990s Cooney convincingly postulated that 
DST aligns with age-related DNA hypomethylation in humans (Cooney 1993). It was suggested average 
DNAm changes during ageing in humans are due to stochastic processes. This idea was to an extent 
prescient, as some experimental evidence substantiates this view. For instance, in a study which 
examined DNAm in normal and cancerous tissues it was found that changes to methylation in somatic 
cells occur via a stochastic process that precipitates uncorrelated methylation aberrations (Landan et al. 
2012). In addition, it is widely regarded that epigenetic drift is underpinned by stochasticity (Issa 2014; 
Vaiserman 2018). However, Cooney only aligned DST with hypomethylation, despite the 
bidirectionality of this phenomenon.  
  



 

It is possible DST aligns with hypermethylation. Gene hypermethylation could be the result of a 
decline in DNAm maintenance processes and increasing cellular damage. For example, DNMT1 is a 
maintenance methyltransferase which acts on hemimethylated DNA (Lyko 2018). Consequently, 
DNMT1 is central to the heritability of DNAm (Jin et al. 2011). However, evidence suggests DNMT1 
expression can become dysregulated. For instance, it has been found that the expression of DNMT1 in 
mouse T cells decreases during ageing (Ray et al. 2006). More recently a study which measured the 
variation of DNMT1 gene expression in >2000 age-stratified women and men (35-75 years) found that 
the level of DNMT1 gradually dropped with age (Ciccarone et al. 2016). A decline in DNMT1 
expression could also precipitate gene hypermethylation. It has been suggested that a reduction in 
DNMT1 expression shifts the balance of methylation events from maintenance methylation towards de 
novo methylation (Lopatina et al. 2002). This assertion is based on the finding that DNMT1 declined 
with age in WI  38 fibroblast cells, while there was a concomitant increase in de novo methylation 
enzymes with senescence (Lopatina et al. 2002). There are also pathophysiological events that are 
synonymous with ageing which can enhance the expression of DNMT1. For example, it has been 
demonstrated that oxidative stress can induce DNMT1 expression and lead to aberrant gene methylation  
(O’Hagan et al. 2011).  More recently, it has been found that chronic inflammation in mouse and human 
tissue enhances DNMT activity while also downregulating the expression of the ten eleven translocation 
(TET) enzymes (Takeshima et al. 2020). Thus, based on this finding, age related gene hypermethylation 
could be the result of an inflammaging induced repression of TET in tandem with increased DNMT 
activity.    

  
  
Along with experimental evidence mathematical modelling supports the view that there is a decline 

in maintenance methylation (Zagkos et al. 2019, 2021; Larson et al. 2019).  However, there is another 
way DST potentially aligns with hypermethylation. It is biologically possible that site specific 
hypermethylation acts a conduit for DST. For example, an array of genes involved in maintenance and 
repair processes have promoters which become methylated during ageing. These include the antioxidant 
related genes glutathione s-transferase isoforms mu1/m5 (GSTM1/5) (Hunter et al. 2012), Glutathione 
S-transferase P 1(Chen et al. 2017), and FOXO3 (Yeh et al. 2017). Similarly, age related DNAm has 
been associated with genes involved in cellular repair processes. As an example, the DNA mismatch 
repair gene, MutL homolog 1 (MLH1), has a promoter which undergoes methylation with age in 
‘normal’ colonic mucosa (Kawakami et al. 2006). Admittedly, this is only a very small selection of 
genes, and unquestionably many processes resonate with the core principle of DST. However, these 
genes serve to illustrate this point. Recently, however other explanations have been suggested to account 
for locus-specific DNAm that contrast with the essence of DST. An intriguing proposal centres on gene 
hypermethylation being induced by a methylstat (Zhang et al. 2019a). A methylstat is a cis-element 
responsive to both DNAm and dynamic DNA demethylation events which regulates the transcriptional 
behaviour of a DNAm regulator, the expression of which results in DNAm. Contrasting with DST this 
model implies that gene-specific DNAm does not occur via random epigenetic drift.   

  
  
The MA theory suggests the heritability of the ageing phenotype increases with age. In contrast, 

DST implies phenotypic variation of ageing increases with time, thus heritability decreases with age. 
An intriguing study used this premise, and familial DNAm data to explore the heritability predictions 
of MA and DST (Robins et al. 2017). The theories were tested for increasing or decreasing heritability 
of DNAm at the 353 CpG sites in Horvath’s epigenetic clock (Horvath 2013a). Age-associated 
alterations in the heritability of DNAm at age-differentially-methylated CpG sites were identified which 
align with both theories. Interestingly, approximately three times more sites were consistent with DST 
than MA. This finding resonates with a recent ageing twin study (Reynolds et al. 2020). This epigenome
 wide investigation examined DNAm changes across 358,836 sites, in whole blood leukocyte DNA, 

from twins over a decade. It was found that overall heritability tended to be small and diminish with 
age. Perhaps such findings are not surprising as mentioned previously low heritability of lifespan is a 



 

has been found to be a feature in humans (Govindaraju et al. 2015). Thus, this finding resonates to a 
large extent with the Tripartite Phenotype theory of Ageing (Finch and Haghani 2021).   

  
The finding by Robins et al. that increasing heritability in DNAm with age appears also to be a 

constituent of epigenetic ageing implies not all age associated DNAm changes are due to stochasticity. 
To account for this Robins et al. suggest that age associated DNAm changes at specific DNA locations 
could be arbitrators of targeted genomic alterations, which mediate the effects of MA. Some evidence 
substantiates this. For instance, heritable rather than age-related environmental and stochastic factors 
have been found to dominate variation in DNAm of the human insulin-like growth factor II locus 
(Heijmans et al. 2007). Moreover, the heritability of DNAm variability is suggested to be loci specific 
(Palumbo et al. 2018), with certain regions displaying limited heritability (Gervin et al. 2011). However, 
this does not appear to be the case with DNAm sites associated with ageing in humans, as they have 
been found to have higher heritabilities than background sites (Jones et al. 2015).   
  

6. DNAm and Programmed Ageing  
  
Age related DNAm changes in humans have been used to back up arguments which have advocated 

that ageing is programmed. Arguably, a contributing factor in DNAm being associated with PA, derives 
from studies on transgenerational epigenetic inheritance. It has been shown that epigenetic states can be 
inherited for several generations in model organisms, and as a consequence have the potential to 
modulate the evolutionary trajectory of certain  organisms (Stajic and Jansen 2021). For instance, 
germline transmission of DNAm has been identified in the agouti gene in mice. A transposon upstream 
of the agouti gene results in differential DNAm, causing differences in Agouti gene expression and a 
concomitant change in fur coat colour (Cooney et al. 2002; Dolinoy 2008). The amount of methyl donor 
present in the diet of the mother of these mice influenced the magnitude to which this gene was silenced.   
Similar findings have also been identified in other animals. For instance, varying the amount of protein 
in the diet of rats has been shown to influence DNAm patters in the glucocorticoid receptor gene, this 
affect has been shown to be transgenerational (Lillycrop et al. 2007).  More recently age related DNAm 
changes have been advanced as a mechanism for PA. The impetus is provided by the DNAm clocks 
which have been identified over the last decade (Bocklandt et al. 2011; Koch and Wagner 2011; Horvath 
2013b; Hannum et al. 2013; Horvath et al. 2018). When the evidence is examined, it is perhaps 
understandable why epigenetic clocks have been used as a means of advocating for PA. For instance, 
in humans epigenetic age correlates with chorological age with a remarkable error margin of only 3.6 
years (Horvath 2013a). The changing rate of DNAm at age dependent CpGs is synonymous with the  
“ticking rate” of the Clock, which is high between birth and year one and then declines with advancing 
age. Epigenetic clocks also strongly correlate with age-related pathology, and in certain disease states 
the epigenetic age of the clock is indicative of biological rather than chronological age (Marioni et al. 
2015; Perna et al. 2016) Given this backdrop, there have been several proponents advocating that an 
epigenetic clock can account for PA ageing. Mitteldorf argues that information in the methylome is 
“programmable and persistent” (Mitteldorf 2013, 2016). Specifically, given the role of DNAm in growth 
and development, it is suggested epigenetics controls the timings of the process. In sharp contrast to this 
idea the relationship between ageing and development is generally regarded as a “quasiprogramme” 
(Blagosklonny 2013). A novel interpretation of this idea has been outlined recently (Horvath and Raj 
2018). Known as the epigenetic clock theory of ageing, it suggests ageing is a byproduct of 
developmental and maintenance programmes, with DNAm clocks, the cellular manifestation of these 
programmes. Given that maintenance is a key component of this idea it also resonates with theories such 
as DST/DTA. Importantly, the epigenetic clock theory of ageing recognises ageing to be an unintended 
consequence of both development and maintenance processes. Moreover, a key distinction which 
separates this idea from adaptive PA is that it recognises that ageing has no purpose.   

  
  



 

7. Caloric Restriction, Evolution and DNAm  
Epigenetic processes facilitate adaptive phenotypic plasticity as a result of CR (Li et al. 2011). DST 

is the prevailing evolutionary paradigm suggested to account for CR. The proposed rationale is that 
during CR, natural selection favours the reallocation of energy towards somatic maintenance at the 
expense of reproduction (Shanley and Kirkwood 2000). Empirical support for this idea has centred on 
the transcriptional up-regulation of maintenance and repair genes during CR. A recent study of the DNA 
methylome during ageing, and in response to CR, exemplifies this idea (Sziráki et al. 2018). The study 
involved analysing the blood DNA methylome of 141 mice representing 16 age groups across the 
complete adult lifespan. Alterations were identified in late (86% sites) and early (14% sites) life, 
whereas minimal changes were observed during middle age. Significant methylation gain was observed 
with age at the 5′ ends of genes. Conversely, loss of methylation occurred at the 3′untranslated regions 
(UTRs) and introns and intergenic regions. A general increase in DNAm with age was observed in 
promoters, first exons, and 5′UTRs. CGIs had the greatest DNAm gain. Crucially, genes and promoters 
that lost DNAm were enriched in cellular maintenance pathways, including those involved in DNA 
repair. In terms of CR two distinct responses were observed. At first CR shifted the trajectory of the 
DNA methylome towards ageing, then CR transition the methylome to a younger state. This study did 
not provide a mechanistic explanation as to how these changes translate into an extension in lifespan. A 
possible explanation could involve a CR induced DNAm change which promotes lifespan extension by 
decreasing protein synthesis. Protein synthesis is a significant energy consuming process particularly in 
the germline (Maklakov and Immler 2016); this reallocation of energy could be beneficial during ageing 
allowing energy to be redirected towards maintenance and repair. Part of this shift could involve DNAm 
changes in RNA genes (rRNA) during CR. Support derives from experimental evidence which has 
found that methylation of the rRNA locus is a key modulator of rRNA synthesis. For instance, it has 
recently been found that ageing and CR modulated the DNAm landscape of the rRNA locus in human 
and rat liver (Gensous et al. 2020).   

  
The connection between DST and CR in the studies outlined above are somewhat speculative. 

Moreover, it is not universally accepted that DST completely explains CR. For example, Regan and 
colleagues argue convincingly for a broader interpretation of the relationship between CR and 
lifehistory (Regan et al. 2020; Moatt et al. 2020). They suggest that the insulin  like signalling pathway 
(IIS) pathway is the key metabolic hub which underscores a ubiquitous number of phenotypic plastic 
responses to a range of extrinsic ques. Emerging evidence substantiates this idea, that the relationship 
between CR and evolution is not as clear cut as previously thought. For instance, McCracken and 
colleagues investigated the relationship between dietary restriction (DR) and somatic maintenance 
across 11 different genotypes of Drosophila melanogaster (McCracken et al. 2020). This work revealed 
significant mortality costs when flies defaulted to a rich diet after undergoing DR. It was postulated that 
the physiological impact of DR should not be thought of as intrinsically “pro-longevity” via somatic 
maintenance, rather DR should be viewed as an escape from costs which are the result of exposure to a 
nutrient rich environment, in addition to costs associated with DR. Also, in Drosophila melanogaster 
Zanco and colleagues recently demonstrated that it is the ratio of dietary macronutrients which are key 
to determining lifespan (Zanco et al. 2021). In this organism, they showed that protein and carbohydrate 
have an indirect impact on lifespan by influencing the partitioning of restricted levels of dietary sterols 
between reproduction and lifespan. These studies did not explore DNAm changes or epigenetic changes 
more generally. Most recently, Lind and colleagues did explore the nexus between epigenetics, 
lifehistory and CR (Lind et al. 2021). By using C. elegans they investigated the implications for lifespan, 
reproduction, egg size and individual fitness of early-life, adulthood, and post-reproductive onset of 
RNAi knockdown of five ‘longevity’ genes crucial to the physiology of this this model organism. This 
included age-1, raga-1, nuo-6, ifg-1 or ife-2. In contrast with DST limited evidence was found for a 
relationship between impaired reproduction and extended lifespan. Conversely, downregulation of these 
genes in adulthood and/or during the post-reproductive period increased lifespan; findings consistent 
with DTA. Such findings reinforce the notion that the relationship between evolution, CR and 
epigenetics requires further clarity. Despite the uncertainty surrounding the underlying evolutionary 
schema it is clear epigenetic processes interact with CR to help retard ageing in model organisms. 



 

Although, determining how age-related epigenetic changes reconcile with evolutionary theory and CR 
necessitates further elucidation.   
  

8. Utilising DNAm to Detect Disease  
There is a growing need for novel ways to predict the onset of age-related disease (Gontijo 

Guerra et al. 2019; Zhang et al. 2019c; Salameh et al. 2020). Age related DNAm changes offer an 
attractive way of predicting pathology. Determining which components of the methylome should act as 
a biomarker for disease is not straightforward. However, evolutionary theory could help with this, as 
each disease is invariably underpinned by evolution (Benton et al. 2021). Many genes are pleiotropic, 
and as revealed in this review many are also considered to have AP properties. The Engrailed   
Homeobox 1 (EN1) gene is a worthwhile example of this. This developmental gene is essential to 
pattern formation during embryonic development (Kornberg 1981). EN1 mutations in Drosophila 
melanogaster are association developmental abnormalities, including wing malformations and 
posterior-anterior duplication (Inagaki et al. 2016). Similarly, EN1 mutations in Mus musculus are 
associated with limb innervation and perinatal death (Huettl et al. 2015). In humans EN1 is associated 
with central nervous system pattern formation, with expression observed in the midgestational medulla 
and cerebellum (Zec et al. 1997). Moreover, during prenatal development in humans brown 
preadipocytes derive mainly from cells within the dermomyotome expressing EN1 (Wang and Seale 
2016). Despite its key developmental roles EN1 is associated with cancer in later life (Kim et al. 2018; 
Peluffo et al. 2019). In fact, EN1 could arbitrate early-late life trade-offs, which are associated with 
DNAm changes that increase cancer vulnerability. This is evidenced by the EN1 promoter methylation 
being associated with decreased gene expression in prostate, lung, and colorectal cancer (Frigola et al. 
2006; Devaney et al. 2011; Jiang et al. 2017). Recently we exploited this evolutionary logic to explore 
methylation changes in the engrailed-1 during cancer (EN1) (Morgan et al. 2020). To quantify 
methylation changes in EN1 we recently developed a novel electrochemical technique. Using this 
approach, we were able to successfully quantify extremely low levels of DNAm in the promoter of this 
gene. Our results and the recent findings of others (Povedano et al. 2018; Bhattacharjee et al. 2019) 
suggest electrochemistry can be used to detect DNAm levels at exceptionally low levels. This approach 
has the potential to form the basis of diagnostic biosensor which helps to detect aberrant DNAm at 
important alleles which are associated with age-related pathology. Moreover, because DNAm can 
potentially be reversed by hypomethylating agents, their early detection using a biosensor makes them 
promising targets for future therapeutic interventions.   
  

  

9. Discussion and conclusion   

This review reaffirms how evolutionary theory can be used to provide a deeper interpretation of the 
relationship between DNAm and age-related health. Our discussion highlighted how life history 
tradeoffs can be used to identify genes which have pleiotropic effects on fitness at different ages in 
humans and which are associated with age onset pathology. Mutations in AP posited genes such as 
BRCA1 have a prominent role to play in the aetiology of cancer. Our review highlighted that 
hypermethylation of the BRCA1 gene promoter is associated with sporadic cancer in certain studies. A 
key feature of the dense tapestry of cancer initiation could be the accumulation of late acting 
epimutations in genes such as BRCA1. These late acting epimutations could be a contributor to the 
“mutator phenotype” which is suggested as a hallmark of cancer initiation and progression (Loeb 2001, 
2016). Understanding the underlying mechanisms which underscores the hypermethylation associated 
inactivation of the BRCA1 gene promoter is crucial if effective therapeutic strategies are to be identified 
which can reactivate BRCA1 expression, and retore its tumour suppressor capabilities. Moreover, a 
deeper mechanistic understanding could help to solve the long-standing chicken and egg conundrum 
that has existed in oncology, which centres on what comes first gene silencing or does gene silencing 
drive gene hypermethylation (Clark and Melki 2002; Kazanets et al. 2016). This review also revealed 
how underlying differences in the epigenetic architectures of the APOE alleles could act as an additional 



 

predictive measure for dementia/AD onset. This avenue of exploration could offer new hope to a field 
that is on a continual quest for effective treatments for these conditions (Cappa 2018). Moreover,  the 
role of APOE genotypes in health cannot be underestimated, as emerging evidence suggests individual 
human ageing phenotypes could to be partly moulded by the different APOE polymorphisms (Kuo et 
al. 2020). This review also explored the key role DNAm plays in modulating AR gene activity during 
prostate development. In sharp contrast it was emphasized how aberrant methylation of the AR gene is 
associated with prostate cancer, and metabolic dysregulation in humans.   

The influence epigenetics has on TP53 was also examined. Studies were outlined which suggested 
that epigenetic processes influence TP53 isoform expression. This is an area of potential significance 
because emerging evidence suggests many pathways associated with p53 represent viable senolytic 
targets (He et al. 2020; Beck et al. 2020; Pawge and Khatik 2021). It is biologically plausible that the 
pharmacological manipulation of TP53 methylation could also help to restore p53 activity in certain 
individuals during ageing/disease. Closely related to TP53 this review also uncovered recent 
investigations which have examined how DNAm impacts the activity of MTOR.  For instance, increased 
DNAm levels at MTOR was associated with lipid peroxidation and BC in one study Conversely, it was 
discovered how other investigations found that hypomethylation of MTOR was associated with obesity 
and metabolic syndrome in older people. Given the dense synergy which exists between mTOR and 
metabolism it is critical future studies investigate further how MTOR methylation impinges on health. 
This assertion is supported by recent evidence which illustrates that perturbations to the mTOR 
signalling cascade play a central role in reshaping the epigenetic landscape of cells during disease 
(Masui et al. 2020; Yang et al. 2021; Lu et al. 2021).   

The second half of this critical narrative examined the relationship between DNAm and the DST 
and MA theories. It was revealed how the theoretical predictions of DST have previously been used as 
a framework for accounting for the hypomethylation of the genome. In addition, the idea was posited 
that the age-associated hypermethylation of the genome could also be accounted for by using DST. It 
was meaningfully speculated that the dysregulation of DNAm maintenance enzyme could be a 
contributing factor to this phenomenon. Moreover, the age-associated hypermethylation of genes critical 
to cellular maintenance and repair processes were suggested to be broadly consistent with DST. A 
corollary of DST is the notion of age relate damage occurring via stochastic processes. Evidence for the 
involvement of stochastic epigenetic mutations in ageing and disease continues to accumulate (Gagliardi 
et al. 2020). Moreover, based on the findings of Robins et al. (2017) it appears that DST aligns to a 
greater extent with Horvath’s epigenetic clock (Horvath 2013a) than MA. Although further studies are 
needed to evaluate this further. Despite this, such findings galvanise the argument for those that 
advocate using DST as a framework for delineating the link between DNAm and health/ageing.   

  

Each of the theories does not completely account for ageing and biogerontology still awaits a 
universally accepted explanation for the evolution of ageing. It is important to discuss the limitations of 
each theory.  If one is to examine PA.  As stipulated previously this theory remains on the margins of 
biogerontology and solid reasons exist for this. The main limitation of PA is that if a gene for senescence 
was to be selected for e.g., “PA/death” it needed to manifest in a manner which impacts organism 
survival. Although exceptions do exist (Nussey et al. 2013); ageing is rarely witnessed in the wild due 
to a high rate of extrinsic mortality. Consequently, there would have been inadequate selection pressure 
for PA to have evolved. The second major limitation of this theory is that it is generally regarded that 
natural selection acts at the level of the gene. It does not act at the level of the species. MA is also limited 
when it comes to explaining ageing. The main limitation with MA is that although this theory provides 
a worthwhile explanation for the existence of disease associated alleles with late life onset, such as those 
found in certain cancers; the existence of these alleles does not adequately describe the myriad of 
complex processes which underscores the ageing phenotype. Like MA, AP is also based on a decline in 
the force of natural selection during ageing. However, as outlined in this work the key difference is that 
AP is based on the antagonistic effects of genetic alleles. This review revealed that there is an abundance 



 

of genes that display AP characteristics. Many of these gene are associated with processes such as 
vascular disease. Moreover, it can be argued that the sharp rise in vascular disease in middle age is an 
example of the declining force of natural selection which neatly aligns with AP. However, as with MA 
although these genes fit well with diseases which occur later in life, a major limitation of AP is that 
changes to the behaviour of these genes with age does not fully account for the myriad of complex 
change which is synonymous with ageing. Thus, it is vital to recognise that no single gene or group of 
genes is likely to explain ageing because natural selection acts primarily through successions of small 
quantitative effects. However, there is little doubt that genetic mutations can increase healthspan which 
contributes to longevity. As with the other main theories discussed in this review and despite the 
attractiveness of this theory, DST has limitations. For instance, it has been recently argued that a major 
limitation of DST is its over reliance on the “damage/maintenance paradigm”(Gems 2021). For 
example, not all processes associated with ageing fit conveniently within this framework. Moreover, as 
outlined in this review a further limitation has been illuminated by recent experimental work which 
suggests that lifespan and reproduction are not at odds for ecologically defined energy quotas, but rather 
organisms are potentially evolutionary optimised to respond to varying degrees of macronutrients in 
their diet.   

 Although the evolutionary theories of ageing have individual deficiencies, each theory still has 
value for examining the intersection between epigenetics and health. In fact, previous work has argued 
that collectively the ageing theories including PA can be integrated into a unified evolutionary theory 
(Gladyshev 2016). However, this is somewhat ambitious and each of the theories may require 
refinement as epigenetic information continues emerge. For instance, it was apparent from this review 
that some evidence supports the idea that certain genes associated with ageing phenotypes possess 
harmful alleles, and thus provide support for MA. Extending this notion to include the role of epigenetics 
might necessitate extending the theory to capture the notion of epigenetic drift. In fact,  
Medawar’s theory could be given a more contemporary interpretation by assuming that ageing 
phenotypes are defined by the accumulation of both genetic and epigenetic mutations. In other words, 
ageing phenotypes equate to the sum of genetic drift plus epigenetic drift. There is precedence for this 
because it was recently suggested that epigenetic and genetic drift increase in a stepwise, ratchet-like 
fashion diminishing cellular fitness, in a process akin to Muller’s ratchet (Govindaraju et al. 2020). 
However, with Mullers ratchet, mutations are irreversible (Muller 1964). This is potentially not the case 
with epimutations because as discussed in this review they are potentially reversible. Despite this, by 
taking account of epigenetics the idea outlined by Govindaraju and colleagues serves to illustrate that it 
is possible to create a broader theoretical interpretation of MA which takes account of age-related 
alterations in the epigenetic landscape. As for AP, this theory could be given a more contemporary 
interpretation by recognising the important contribution epigenetics makes to changes in genes which 
have been linked with AP. This review discussed how DNAm impacts some of these genes. Many other 
genes have been identified as displaying antagonistic properties. These include a large number of genes 
associated with CVD in humans which have been shown to display AP features (Byars et al. 2017). It 
would be worthwhile examining the implications of epigenetic changes in these genes if possible. Next, 
if we consider the DST and how it could be refined to account for emerging epigenetic data. DST 
provides one explanation for the effects of CR. However, this theory needs to be able to fully account 
for fluctuations in the quality of nutrients as well as their quantity and how this modulates the 
epigenome. For example, organisms have evolved in dynamic environments where there has been a 
constant struggle to achieve their nutritional needs. Consequently, the optimal balance of nutrients might 
hold the key to increased life span rather than the number of calories/energy intake. From an epigenetic 
standpoint, specific epi-nutrients, such as methionine, folate, vitamins B12, B2 and B6 all can directly 
affect the methylome during ageing (Mattocks et al. 2017; Sae-Lee et al. 2018). Thus, it is important to 
take account of how fluctuations in these nutrients shape the plasticity of epigenome during the life 
history of an organism and how these impact ageing phenotypes. However, DST is an adaptable theory. 
This is evidenced by an intriguing recent study which used empirical cohort survivorship data and the 
essence of DST to demonstrate that reduction of mortality risk could be attained by restraining allocation 



 

to somatic maintenance, which promotes lifetime fitness but results in ageing as a by-product (Omholt 
and Kirkwood 2021). This finding underscores the plasticity of this theory.   

Given the continued emergence of epigenetic data, arguments will invariably continue to be 
advocated for the role of PA in human ageing, and that processes such as age-related DNAm changes 
fit within this notion. This review alluded to empirical evidence which has shown that epigenetic states 
can be inherited for several generations in model organisms, and how DNAm clock have been used as 
a framework to justify PA was also highlighted. However, the challenge for those that advocate PA is 
to take this empirical evidence and to mould it into a more convincing account of how epigenetic change 
drives the evolutionary adaptation of ageing. Presently, however we are left to conclude that if anything, 
the ageing process is defined by a failure in maintenance processes and increasing random damage with 
time. For instance, cellular damage is indiscriminate and is not localised to specific biomolecules, nor 
is it specific to a particular cellular location. For this reason, in humans at least ageing is best 
characterised as a process punctuated by a series of quasi programme epochs interwoven with stochastic 
changes which eventually result in different ageing phenotypes. On a positive note, however among the 
changes which occur with age perturbations to DNAm are potentially reversible. Moreover, emerging 
electrochemical techniques could lead to the early detection of aberrant DNAm, so that these changes 
could be therapeutically rescued, thus helping to prevent age-onset pathology in the future.    

  

  

  

  
Figure 1. A strongly simplified overview of the main evolutionary theories of ageing. Programmed ageing 
provides an adaptive explanation for ageing. This theory remains on the margins of biogerontology. The other 
three theories are non-adaptive and share a common thread; each theory is underpinned by the declining force of 
natural selection with age. These theories are discussed in section 2.    

  

Figure 2. A schematic representation of the BRCA1 promoter. Within this promoter are 11 CpG sites with strong 
transcriptional activity which display aberrant methylation in BC. The CpG sites are represented by circles on a 
stick. BRCA1 is adjacent to NBR2, while the BRCA1 pseudogene also lies upstream of BRCA1. The direction of 
transcription is represented by arrows. Abbreviations: BRCA1: breast cancer susceptibility genes 1; Next to 
BRCA1 gene 2: NBR2.   

  

Figure 3. A schematic representation of the genomic landscape of APOE and its neighbouring genes. In terms of 
DNAm there are three distinct regions, a hypermethylated region in the promoter, a hypomethylated domain in 
introns 1’ and 2’ and a hypermethylated region. There is also an elongated region of regulatory elements  
(TOMM40-APOE-APOC2). The ε 2/ ε 3/ ε 4 alleles reside in the exon 4 region of APOE. This well characterised 
CGI consists of 880 bps with 90 CpG sites. Abbreviations: TOMM40: translocase of outer mitochondrial 
membrane 40; APOC1: apolipoprotein C1; APOC1P1: apolipoprotein C1 pseudogene 1; APOC4: apolipoprotein 
C4; APOC2: apolipoprotein C2.   
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Highlights 

1. Evolutionary theory can be used as a guiding framework to enable a deeper interpretation of 
the nexus between ageing and DNA methylation.  

2. An improved understanding of age-related changes to the DNA methylation landscape of 
antagonistic alleles such as APOE-ε4 and BRAC1 could help to provide a more 
comprehensive understanding of the aetiology of Alzheimer disease and cancer, 
respectively.   

3. The tri-directional relationship between caloric restriction, life-history theory and 
epigenetics requires further elucidation.  

4. Recent findings suggest electrochemical techniques can be utilised to quantify DNA 
methylation levels at exceptionally low levels.  

5. Reversing age related DNA methylation offers a potential way to treat age-onset pathology 
in the future.  
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 8  Abstract   

9 Ageing is characterised by a physical decline in biological functioning which results in a progressive 10 
risk of mortality with time. As a biological phenomenon, it is underpinned by the dysregulation of a 11 myriad 
of complex processes. Recently, however, ever-increasing evidence has associated epigenetic  
12 mechanisms, such as DNA methylation (DNAm) with age-onset pathologies, including cancer,  
13 cardiovascular disease, and Alzheimer’s disease. These diseases compromise healthspan.  
14 Consequently, there is a medical imperative to understand the link between epigenetic ageing, and  
15 healthspan. Evolutionary theory provides a unique way to gain new insights into epigenetic ageing and 
16 health. This review will: (1) provide a brief overview of the main evolutionary theories of ageing; (2) 17 
discuss recent genetic evidence which has revealed alleles that have pleiotropic effects on fitness at 18 different 
ages in humans; (3) consider the effects of DNAm on pleiotropic alleles, which are associated 19 with age 
related disease; (4) discuss how age related DNAm changes resonate with the mutation 20 accumulation, 
disposable soma and programmed theories of ageing; (5) discuss how DNAm changes 21 associated with 
caloric restriction intersect with the evolution of ageing; and (6) conclude by discussing 22 how evolutionary 
theory can be used to inform investigations which quantify age-related DNAm 23 changes which are linked 
to age onset pathology.   
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1. Introduction  
Dramatic recent progress strongly suggests epigenetic mechanisms are a key constituent of human 

ageing, and age-onset pathology (Ciccarone et al. 2018; Zhang et al. 2020a). Epigenetics refers to the 
regulation of gene activity without any alteration to the underlying genetic sequence (Deans and 
Maggert 2015). Epigenetic processes include histone modifications (acetylation and methylation), DNA 
methylation (DNAm), non-coding RNAs, and chromatin remodelling (Feinberg 2018; Cavalli and 
Heard 2019). Perturbations to epigenetic processes modulate gene expression in response to extrinsic 
and intrinsic stimuli (Tiffon 2018). The progressive dysregulation of the epigenome with age leads to 
epigenetic drift, a phenomenon underscored by a loss of the normal epigenomic regulatory landscape 
(Capp and Thomas 2020). The most extensively characterised example of this is associated with DNAm, 
a process which takes place at cytosine phosphate-guanine (CpG) motifs; and involves the covalent 
bonding of a methyl group from S-adenosyl methionine to the fifth carbon of cytosines (Antequera and 
Bird 2018; Zhang 2018). Chronological age is associated with a bidirectional shift in DNAm; which is 
synonymous with global genomic hypomethylation, in tandem with hypermethylation, at certain key 
genomic regions (e.g., CpG islands (CGIs), within an array of loci) (Braga et al. 2020). Burgeoning 
evidence suggests a close relationship between age related DNAm changes and human ageing (Bacalini 
et al. 2017; Szymczak et al. 2020). This is supported by the ever-growing body of compelling 
experimental evidence which reveals that age related alterations to the methylome correlate with human 
chronological age (Horvath 2013a; Levine et al. 2018; Zhang et al. 2019b; Lu et al. 2021a). Increasingly 
firm evidence also associates aberrant DNAm, with pathologies, such as cancer (Morgan et al. 2018), 
type 2 diabetes (Kim 2019), cardiovascular disease (CVD) (Huan et al. 2019) and Alzheimer’s Disease 
(AD) (Li et al. 2019a). These age-related diseases are associated with reduced quality of life in older 
people (Franceschi et al. 2018). Thus, there is a growing biogerontological necessity to better understand 
the interplay between DNAm and heathspan. One way to gain a deeper understanding of the nexus 
between epigenetics and health is to explore this relationship through and evolutionary lens. The 
overarching goal of this narrative review is to critically examine this relationship. Given the breadth of 
the evolutionary theories, and the exponential rise in epigenetic data it is not feasible to provide a 
comprehensive account of both these disciplines. Instead, the aim is to illustrate this relationship through 
relevant examples. The review begins with a strongly simplified overview of the main evolutionary 
theories of ageing.  I then introduce recent evidence which has uncovered alleles that have pleiotropic 
effects on fitness at different ages in humans. By focusing on putative antagonistic alleles which are 
associated with age related disease, I critically discuss how their epigenetic architecture is impacted by 
DNAm changes. Following this I examine how age related DNAm changes resonate with the disposable 
soma, mutation accumulation and programmed theories of ageing. Given the significance of diet in 
shaping the trajectory of ageing I then discuss the tri-directional relationship between life history theory, 
caloric restriction (CR) and epigenetics. The review concludes by briefly highlighting some recent work 
that used evolutionary theory as a guiding framework to quantify DNAm changes which have been 
associated with cancer.    

  
  

2. Evolution and Ageing    
The evolutionary theories of ageing have been comprehensively reviewed previously (Lenart and 

Bienertová-Vašků 2017; Flatt and Partridge 2018; Johnson et al. 2019). However, for contextual clarity 



 

it is necessary to briefly introduce the main theories (Figure 1). The first attempt to understand the 
evolution of ageing was undertaken by August Weismann. Weismann hypothesized ageing evolved to 
remove older members of a species in order to extricate resources for younger individuals (Weismann 
1891; Kirkwood and Cremer 1982). Essentially ageing benefited the species rather than the individual 
and “programmed ageing/death” is an adaptive trait. With time, Weismann’s idea metamorphosized, 
and he subsequently viewed ageing as being due to the vulnerable nature of the soma (Gavrilov and 
Gavrilova 2002). Over the years ideas which are conceptually close to Weisman’s original musings 
have persisted.  Arguably one factor which has helped to fuel these ideas has been the identification of 
several evolutionarily conserved molecular signalling pathways (Longo et al. 2005). For instance, it has 
been revealed that the ageing phenotype is malleable in a variety of model organisms (Gems and 
Partridge 2013; Longo 2019; Campisi et al. 2019). The manipulation of individual genes associated with 
these pathways can modulate life-history traits, such as, development, growth and reproduction.  
Given that individual genes can regulate lifespan, it is perhaps unsurprising that arguments have 
persisted which echo Weismans’s early musing on ageing. Such ideas have been assembled using 
evidence from a variety of biological species and processes. Although subtle nuances are associated 
with each argument, most ideas centre on the supposed programmed features of ageing.  For instance, 
the idea of “phenoptosis” (programmed organism death), is based on genes having underlying features 
that can render an individual susceptible to programmed death (Skulachev 1999; Skulachev and 
Skulachev 2018). In turn programmed ageing (PA) theories are regularly met with compelling 
counterarguments (Kowald and Kirkwood 2016). However, theories akin to PA continue to emerge. A 
recent incarnation utilises inclusive fitness, and specifically kin selection to explain senescence in 
Caenorhabditis elegans  (C. elegans) and Saccharomyces cerevisiae (Lohr et al. 2019; Galimov and 
Gems 2021). Specifically, the authors ruminated over the question; are mutations which significantly 
increase lifespan, such as those synonymous with the daf-2 allele the manifestation of PA? For 
terminological clarity, and to provide a basis for their argument the term “adaptive death” was used 
rather than “ageing” or “programmed”. The idea being that death augments inclusive fitness for the 
focal actor. Using evidence from mathematical models a case was presented for the existence of adaptive 
death in C. elegans (Galimov and Gems 2021). It must be stressed that kin selection has previously been 
used as theoretical framework  to explain ageing (Bourke 2007; Markov 2012). However, what this 
work serves to illustrate is that based on the findings in model organisms many biogerontologists hold 
on to the possibility that PA can also be found in higher eukaryotes.      

  
Following Weismann, the theoretical underpinnings for the next theory were laid largely by the 

mathematical work of Fisher who was able to determine that the intensity of selection declines with age 
(Fisher 1930). The logic introduced by Fisher was repurposed by Medawar, who formulated the 
mutation accumulation (MA) theory (Medawar 1946, 1952). The essence of MA is as follows, if there 
is a decline in the force of natural selection with age, then harmful mutations that are only functionally 
expressed later in life, will accumulate to larger frequencies than mutations that are expressed earlier in 
life. Williams extended MA by introducing antagonistic pleiotropy (AP) (Williams 1957). Williams 
posited that natural selection acts on alleles that have varying effects on fitness throughout the life 
history of an organism. If an allele confers a beneficial effect on fitness early in life, it is selected for, 
despite having an adverse effect later in life, as the negative effect is offset by the positive effect. The 
kernel of MA and AP is that the force of natural selection decreases with age. This core principle was 
formalised by Hamilton, when he mathematically modelled the effect on fitness of variations in age 
specific survival likelihoods, using data from a population of Chinese females (Hamilton 1966). This 
idea was further corroborated by Charlesworth, who continued the mathematical treatment of ageing, 
based on the ideas originally conceptualized by Fisher, Medawar, Williams and Hamilton (Charlesworth 
1980; Charlesworth and Charlesworth 2010).   
  

With the cornerstone of the evolution of ageing firmly established, a further theory was introduced. 
The disposable soma theory (DST) views ageing to be the result of the evolutionary optimization of a 
trade-off between longevity and reproduction (Kirkwood 1977; Kirkwood and Holliday 1979). 
According to DST, energy needs to be strategically partitioned between investment in reproduction, and 



 

somatic maintenance. If extrinsic mortality is high the optimal strategy for the allocation of this energy 
is based on the life expectancy of the organism. If maintenance is too high, energy will be wasted when 
the organism dies. Conversely, if maintenance is too low this will result in premature intrinsic mortality. 
Based on this central premise, organisms evolve so the energy invested in somatic maintenance is 
sufficient to reach reproductive age but is insufficient for indefinite survival. It has been suggested DST 
provides a physiological blueprint for AP, and as such can be viewed as a specific platform for 
interpreting AP (Maklakov and Chapman 2019). The key distinction is that DST does not require trade-
offs between reproduction and longevity to be outlined explicitly in terms of their underlying genetic 
architecture (Kirkwood 2005). Despite this distinction it can be concluded MA, AP and DST have a 
common thread; namely that ageing is a non-adaptive by-product of evolution, which has its origins in 
the diminishing capacity of natural selection to maintain fitness into older age. Indeed, a decline in the 
force of selection with age is ubiquitous in nature, although it has been argued that exceptions exist 
(Chen and Maklakov 2012; Milot 2021).   

  
  
It is worthwhile considering the similarities and differences between the main theories. If we 

consider PA. Firstly, it is necessary to recognise that PA is an adaptive theory (Longo et al. 2005). In 
terms of comparing PA to the other theories it is challenging to identify a significant number of 
similarities. A parallel of sorts that PA has with the other theories is that the late-life effects of a genetic 
programme underpin the ageing process. The fact that PA is an adaptive theory automatically 
distinguished it from MA. MA clearly is a non-adaptive idea whose premise suggests that ageing exists 
because natural selection is weak post reproduction, and thus ‘incapable’ of eradicating ageing 
(Gavrilov and Gavrilova 2002).  Likewise, AP and DST can also be viewed as non-adaptive. However, 
it can also be argued that AP and DST have adaptation at their core. The kernel of this interpretation 
centres on ageing being a by-product of evolutionary optimisation. In other words, AP is based on an 
evolutionarily optimized trade-off between reproduction and longevity (Austad and Hoffman 2018). 
DST is an optimization trade-off of a slightly different kind which involves evolution optimising the 
partitioning of energy in favour of reproduction at the expense of somatic maintenance and repair 
(Kirkwood 2002). If we examine how MA compares to the other theories. It is a non-adaptive theory 
whose premise is the accumulation of deleterious late acting mutations. The main similarity MA has 
with AP is that it is based on the ability of genes to have pernicious late-life effects. However, the 
principal difference between MA and AP is that with MA mutations are allowed to passively accumulate 
in the germline over successive generations. However, with AP the pernicious effects of certain alleles 
are ‘allowed’ to accumulate in the germline because they have positive effects at younger age. The key 
difference between MA and DST is that unlike DST, MA is not based on optimal resource partitioning 
between different physiological processes (Kirkwood and Rose 1991). Trade-offs are what connects 
DST with AP. In other words, both AP and DST are based on the supposition that organisms will have 
trade-offs between fecundity and ageing. However, the principal factor which unites MA, AP and DST 
is that these theories predict that the magnitude of extrinsic mortality inversely correlates with evolved 
lifespan (Shokhirev and Johnson 2014). Consequently, these three theories are not mutually exclusive.   

  
In recent years there have been other notable attempts to explain ageing from an evolutionary 

perspective. One of these is the hyperfunction/development theory of ageing (de Magalhães and Church 
2005; Blagosklonny 2010a; Maklakov and Chapman 2019). This idea was recently comprehensively 
reviewed (Gems 2021).  In summary, AP is at the core of the hyperfunction/development theory, and 
like DST it is grounded in a physiological interpretation of ageing. According to this concept genes 
involved in metabolic pathways are optimised for the high levels of biosynthesis needed for 
growth/reproduction in early life. However, a decline in the force of natural selection results in 
suboptimal physiology in later life. Consequently, the proximate cause of ageing/age related pathology 
is suboptimal physiology in later life, rather than limited energy allocation towards somatic 
maintenance. This helps to distinguish the hyperfunction/development theory from DST. Moreover, a 
defining feature which also separates this idea from DST is that aging is largely the result of 



 

programmatic mechanisms which are established at development in contrast to the gradual 
accumulation of stochastic damage. Stochasticity is however at the core of another recently introduced 
theory. This theory was introduced in attempt to explain the empirical observation that lifespan has low 
heritability in humans (Govindaraju et al. 2015). Known as the Tripartite Phenotype theory of Ageing 
its premise is that the restricted heritability of ageing/longevity in humans is due to gene-environment 
interactions for individual longevity haplotypes, in conjunction with stochastic variability in somatic 
cells (Finch and Haghani 2021). The emergence of theories such as these underscores the issue that a 
consensus remains to be fully established on the evolution of ageing. Despite this, arguably there is one 
feature that is consistently found in many theories. Namely, genes/physiological mechanisms that 
increase early-life fitness can have a detrimental effect on late-life fitness. In the next section I will 
examine recent efforts to align AP genes with ageing.   

  
  
  
  
3. Antagonistic Pleiotropy and Ageing  
Experimental efforts to validate MA, AP and DST within a variety of ecological contexts has 

produced empirical evidence for and against these theories (Recently reviewed by Johnson et al. 2019). 
Focusing on AP, convincing genetic candidates have been identified in a diverse range of taxa (Austad 
and Hoffman 2018).  This comprehensive survey revealed genes which exhibit AP in laboratory fruit 
flies, yeast, worms, and mice. This included daf-2 which doubles the lifespan of Caenorhabditis elegans 
C. elegans (Kenyon et al. 1993), at the expense of early life reproduction/starvation resistance (Wang 
and Ruvkun 2004); and prop-1, which increases lifespan by ~50% in Ames dwarf mice but also results 
in their sterility (Brown-Borg et al. 1996). This investigation concluded AP is omnipresent in animals. 
It also underscored previous assertions that evidence for AP of known ageing genes is weak (Kirkwood  
2005). Specifically, it was suggested alleles which increase lifespan invariably do not have fitness 
effects. It was also posited that despite AP effects being alluded to, there are no consistent cases where 
the underlying gene/allele responsible for AP has been identified in humans. This is not a nascent 
assertion, and in part it can be argued it stems from the difficulty in distinguishing between close linkage 
of two distinct genes and genuine pleiotropy (Flint and Mackay 2009). A further area which 
substantiates the argument for weak alignment between AP and a human ageing  phenotype is that 
evidence for AP is often associated with genetic diseases such as, Huntington’s disease, 
haemochromatosis, sickle cell disease and cystic fibrosis (Albin 1993; Carter and Nguyen 2011a). 
However, because these conditions are rare it is challenging to reconcile them with AP, as an 
evolutionary paradigm for human ageing. Similarly, it is potentially unwise to explicitly align genetic 
mutations in breast cancer susceptibility genes 1/2 (BRCA1/2), with a human ageing phenotype despite 
their AP features, which centre on their  positive effect on fertility at the expense of an increased risk of 
developing breast/ovarian cancer (Smith et al. 2013). Cognisant of these caveats the next section will 
examine recent evidence for AP in human disease.   

  
  

4. Antagonistic Pleiotropy and Human Disease  
Despite the difficulties in aligning AP with ageing, emerging evidence has strengthened the 

relationship AP has with human disease. For instance, a recent study which investigated molecular 
evolution and the decline of purifying selection provides empirical support for MA/AP in humans 
(Cheng and Kirkpatrick 2021). However, arguably the most compelling evidence is outlined in a critique 
of the conclusions of Austad and Hoffman (Byars and Voskarides 2019). Findings were highlighted for 
the shared fitness effects at coronary artery disease loci, “enriched” for their effects on female lifetime 
reproductive success (Byars et al. 2017). Moreover, genome-wide association studies (GWAS) were 
emphasized which revealed several variants in genes related to disease in humans that exhibited AP 
(Rodríguez et al. 2017). Although, some findings from this study have been challenged (Long and Zhang 
2019). Byars and Voskarides also provided examples of human genes associated with  



 

AP such as the apolipoprotein-ε4 (APOE-ε4) allele (Bekpen et al. 2018). As an adjunct to this rebuttal, 
a comprehensive survey was undertaken into AP genes and their association with human disease (Byars 
and Voskarides 2020). Cogent criteria were designed to identify AP in human disease. The criteria used 
was as follows, variant(s) needed to be significantly associated with a disease, which occurs past peak 
reproductive age in later adulthood, improving reproduction or survival during or before the 
reproductive period, which displays positive selection. Using this template leading candidates for AP in 
human disease were identified. Alleles identified included the Huntington gene, APOE  ε4, BRCA1/2, 
androgen receptor (AR) CAG trinucleotide repeat lengths, cystic fibrosis transmembrane conductance 
regulator mutations, 56 coronary heart disease loci and TP53. Moreover, a considerable number of 
potential candidates were also identified. The identification of such a broad range of genes underscores 
the pervasive nature of AP in human disease. It also provides a compelling case for the prevalence of 
AP in age-onset pathology. Moreover, the antagonistic constraints of a gene such as TP53, which is 
inexorably coupled with cellular senescence could help to shape the trajectory of human healthspan. 
However, because a gene signal is also reflective of its epigenetic code, AP genes and their disease 
association could partly be attributed to an alteration in their DNAm state. Recognising the importance 
of this is necessary to gain a deeper understanding of the relationship between AP and agerelated 
pathology. The next section will critically examine the DNAm landscape in some of the genes identified 
by Byars and Voskarides (2020). The focus will be on those genes associated with age-onset pathology, 
as rare genetic conditions are beyond the scope of this review.   

  
  

  
  
4.1 BReast CAncer gene1/2 (BRCA1/2) and DNAm  

Cancer provides an intriguing evolutionary conundrum. An intuitive explanation is that MA 
explains the high frequency of cancer alleles with low penetrance and/or late age of onset (Shields and 
Harris 2000; Kipen 2017). Breast cancer (BC) mutations do not fit within this evolutionary paradigm. 
This is because certain BC mutations appear to be coupled with fecundity, and as such are maintained 
at high frequencies within certain populations (Paluch-Shimon et al. 2015; Zhang et al. 2020b). The 
main mutations are in the BRCA1 and BRCA2 genes (Rebbeck et al. 2018). BRCA1/2 code for proteins 
essential to the repair of double-stranded DNA breaks, homologous recombination, checkpoint control 
of cell cycle, and transcription regulation (Powell and Kachnic 2003; Timms et al. 2014). Mutations in 
BRCA1/2 play a significant role in hereditary BC (Harbeck et al. 2019). Germline mutations in these 
tumour suppressor genes are found in 15%-20% of familial related BC (Turnbull and Rahman 2008; 
Tung et al. 2016).  Over 50% of the carriers of the BRCA1 mutation develop BC by 70 years of age; 
while, ~45% of carriers of the BRCA2 mutation have BC by this age (Antoniou et al. 2003; Godet and 
Gilkes 2017). The high incidence of BC, and its early onset in certain women is suggested to be an 
evolutionary trade-off for increased fertility. This is the main reason BC mutations are suggested to 
align more closely with AP than they do with MA. There is some tentative evidence for this. For 
example, it has been found that BRCA1 mutations were associated with longer telomeres and 
augmented oocyte synthesis (French et al. 2006). Further evidence centres on a study where women 
with the BRCA1 mutation had more children, but suffered an excess risk of post-reproductive mortality 
(Smith et al. 2012). Although this evidence is controversial and not universally accepted.  
  

Key differences exist between early-onset and late onset BC.  For instance, early-onset BC has 
a modal age of diagnosis of 50 years, while late onset BC has a modal age of diagnosis at 70 years 
(Benz 2008). Moreover, in certain populations most BC fatalities occur in women over 65 years of age  
(Karuturi et al. 2016). The majority of BC cases in older women are sporadic. Sporadic BC rarely 
harbour  BRCA1, and this disease is associated with <15% of triple negative BC (Evans et al. 2011).   
Sporadic BC is associated with a lack of/low BRCA1 expression (Mueller and Roskelley 2003; Quinn 
et al. 2007). This is associated with aberrant DNAm in the BRCA1 promoter region (Esteller 2000; 
Zhang and Long 2015; Kalachand et al. 2020). Strikingly, epigenetic downregulation of BRCA1 has 



 

been identified in ~30% of sporadic BC cases and 70% of ovarian cancers (Masters et al. 2001).  It is 
suggested BRCA1 promoter region hypermethylation is akin to a germline mutation in certain sporadic 
BC cases (Esteller et al. 2000; Butcher and Rodenhiser 2007; Iwamoto et al. 2011). The architecture of 
this promoter region is complex. The 5′ end of BRCA1 is adjacent to the NBR2 gene (Next to BRCA1 
gene 2)(Xu et al. 1997). These two genes share a bi-directional promoter that can undertake transcription 
in both directions (Baldwin et al. 2000).  The part shared with NBR2 is the α region, the other region 
being the β region (Xu et al. 1997). The fact there is an α and β regions results the transcription of two 
alternative mRNA transcripts with varying first exons, 1A or 1B (Xu et al. 1995). The partial duplication 
of exons 1a, 1b, and intervening sequences results in a BRCA1 pseudogene which lies upstream of 
BRCA1 (Puget et al. 2002). Overall the BRCA1 α and β promoter regions encompass a 2000-bp CpG 
island (Smith et al. 1996).  Methylation is generally lacking in the BRCA1 promoter of normal cells 
(Ibragimova and Cairns 2011). However, residing within this area are 11 CpG sites which display strong 
promoter activity. This region has been identified to be hyper-methylated in human BC (Dobrovic and 
Simpfendorfer 1997; Catteau et al. 1999). Moreover, depending on the clinical context, the levels of 
DNAm vary across the BRCA1 promoter. For instance, in a study which measured DNAm of the 
BRCA1 promoter at individual CpG sites in blood, tumour, and normal breast tissue, to determine if 
DNAm correlated between different tissues, and with triple negative receptor status, it was found that 
blood DNAm levels were significantly correlated with tumour methylation at 9 of 11 CpG sites 
examined (Daniels et al. 2016). Moreover, tumour DNAm levels were significantly higher in triple 
negative tumours, and in tumours with high BRCA-like histopathological scores. Comparable results 
have been found in similar studies (Guan et al. 2019; Prajzendanc et al. 2020; Jung et al. 2021)  
  

It is biologically plausible that the BRCA1promoter region is susceptible to hypermethylation 
with increasing age. For example, a study which measured methylation in peripheral blood cells of two 
CpG sites in the BRCA1 promoter, found DNAm increased significantly in >70-year-old BC patients 
compared to controls (Bosviel et al. 2012). Unravelling this association is challenging. For instance, 
DNAm is a continuum which is shaped by extrinsic factors including diet, stress, pollution, and smoking 
(Mehta et al. 2020; Amenyah et al. 2020; Silva and Kamens 2021; Wu et al. 2021). Thus, the 
environment is a key factor which could illicit DNAm changes in the BRCA1 gene. For example, a 
positive association between body mass index (BMI) and BRCA1 DNAm in breast tumour tissue has 
been reported (Naushad et al. 2014). However, not all studies have identified an association between 
obesity and gene methylation in BC. For instance, one study found no association between obesity and 
DNAm in both BRCA1 and BRCA1 (Peplonska et al. 2017). A recent systematic review which 
examined the association between BMI and DNAm in blood or normal breast tissue underscores this 
uncertainty (Dragic et al. 2020). The study revealed that BMI associated CpG sites were highly variable 
with only a small number identified in less than half of the twenty-four studies examined. It was 
suggested result variability was due to tissue and cell-specificity of DNAm and different methodological 
approaches. This serves to highlight the complexities associated with studying the interaction between 
the environment and DNAm changes in this promoter. Moreover, it underscores how environmental 
factors can shape the plasticity of the methylome.  A deeper interpretation of the intrinsic and extrinsic 
factors which lead to the hypermethylation of the BRCA1 gene promoter is imperative in order to open 
up novel avenues which could potentially help to rescue the tumour suppressor functionality.   
  

  
  
4.2 The Apolipoprotein ε4 allele and DNAm  

The APOE gene exists in three alleles (ε2, ε3, and ε4) (Sebastiani et al. 2019). Each allele 
encodes a metabolically distinct protein isoform (Roda et al. 2019). APOE-ε4 strongly correlates with 
increased risk of atherosclerotic CVD and AD (Mahley 2016; Yamazaki et al. 2019; Qian et al. 2021). 
In addition, APOE-ε4 has been associated with decreased lifespan. For instance, APOE-ε4 frequency is 
less in certain populations of centenarians (Schächter et al. 1994; Garatachea et al. 2014). Two important 
pieces of evidence could explain the association APOE-ε4 has with AP in humans. Firstly, the APOE-
ε4 allele is universally found throughout the world (Corbo and Scacchi 1999). Secondly, it is possible 



 

the ubiquitous nature of APOE-ε4 is an artefact of human evolution, conferring a survival/reproductive 
advantage in response to parasite burdens in energy-restricted populations (Trumble et al. 2017; van 
Exel et al. 2017). The mechanisms underpinning this trade-off are unclear. However, the APOE 
isoforms modulate serum lipid levels based on their differing affinities for lipoprotein particles, and 
their binding to low density lipoprotein receptors (Rall  and Mahley 1992). This contributes to their role 
in disease (Corder et al. 1993; Sebastiani et al. 2019), and it is possible that these changes could be 
involved in this trade off.    
  

It is also conceivable that the different APOE isoforms do not fully account for their 
physiological phenotypes. A deeper explanation of their pleiotropic behaviour could reside within their 
epigenetic signatures (Yu and Foraker 2015). Specifically, the ε4 allele could contribute to disease 
aetiology in a way which transcends encoding for its isoform. To appreciate this, it is necessary to 
understand the genomic and epigenetic architecture of APOE. This is outlined in figure 3. The DNAm 
landscape of APOE has three distinct regions. A hypermethylated region in the promoter, a 
hypomethylated domain in introns 1’ and 2’ and a hypermethylated region (Foraker et al. 2015a). It also 
has an elongated region of regulatory elements (TOMM40-APOE-APOC2) (Soyal et al. 2020). The ε 
2/ ε 3/ ε 4 alleles reside in the exon 4 region of APOE. This well characterised CGI consists of 880base 
pairs (bps) with 90 CpG sites. The ε2/ε3/ε4 alleles have two CpG modifying SNPs (rs429358 and 
rs7412) (Johnson et al. 2011). The ε4 allele has an additional CpG, and a 12 bp region with 4 CpG sites 
(Foraker et al. 2015b). The ε2 allele eliminates 1 CpG and has a 33-bp CpG-free region (Tulloch et al. 
2018). Based on these underlying differences it is possible to investigate if differences in the DNAm 
landscape of the ε4 allele influence AD risk. This idea was tested by investigating APOE DNAm levels 
at 76 CpG sites, including  rs7412 in post-mortem brain (PMB) tissue from 15 AD and 10 control 
individuals (Foraker et al. 2015b). Diminished DNAm levels were observed in AD patients compared 
to a control group. Specifically, a significant reduction in DNAm levels of the APOE CGI in the 
hippocampus and the frontal lobe was observed. Most intriguingly DNAm levels were increased within 
the APOE ɛ4 allele in controls, but not in AD subjects. However, a drawback of this work is that it is 
constrained by having to use post-mortem tissue. Blood samples can be used as an alternative to 
postmortem tissue to investigate AD. For example, a recent study used prospectively and retrospectively 
collected blood samples (leukocytes) to identify correlations with CVD and dementia/AD (Karlsson et 
al. 2018). This study found that increased DNAm levels in the promoter region of APOE increase the 
odds of dementia and AD, but not CVD. In contrast a recent investigation which examined DNAm in 
exon 4 of APOE found a significant interaction between APOE rs7412 in CHD in adult Chinese males 
(Ji et al. 2019). Other studies have used a combination of blood and tissue samples. In one study, PMB 
tissue and blood samples (collected during life) were used to investigate if DNAm levels in 
TOMM40APOE APOC2 are associated with AD (Shao et al. 2018). An association was identified 
between TOMM40-APOEAPOC2 DNAm status and gene expression in brain tissue and blood 
biomarkers. The most recent study in this field focused solely on blood samples (Mur et al. 2020). Blood 
based DNAm was analysed at 13 CpGs in the APOE gene in 5828 male and female participants from 
the Generation Scotland cohort. DNAm at two CpGs was associated with the ratio of total cholesterol 
and HDLcholesterol, but not with cognition, family history of AD, or risk of CVD. Interestingly, 
however, this study found an association between APOE genotype status and DNAm at five CpGs. In 
all five CpGs the associations were due to higher DNAm levels in 4 carriers compared to 3 carriers. 
Such findings could have direct clinical implications for the detection and potential treatment of 
AD/dementia in the future. Thus, it can be generally concluded that DNAm changes potentially have a 
crucial part to play in the aetiology and development of AD. However, significant progress is needed in 
order to develop therapeutic modalities which can treat these mechanisms.   

  
  

  



 

4.3 Androgen receptor (AR) gene and DNAm  
Hormones have pleiotropic effects and consequently are associated with phenotypic evolution 

and AP (Dantzer and Swanson 2017). Androgens play a key role in growth and reproduction in males 
and females (Almeida et al. 2017). The AR gene is an X linked gene found at the Xq11-12 chromosomal 
region (Brown et al. 1989). It has a polymorphic CAG trinucleotide repeat in the transactivation domain 
of the first exon (Adamovic and Nordenskjöld 2012). Variations in the length of the repeat influence 
AR expression (Choong et al. 1996). This repeat has been the focal point linking the AR to AP in both 
males and females (Carter and Nguyen 2011b). Carter and Nguyen posit that in males shorter CAG 
repeat lengths increase reproductive ability, arguing they have fewer non-viable, defective sperm. In 
females they argue that shorter repeats increase reproductive ability and reduce cancer risk in females. 
Evidence for this is contradictory, for instance, polycystic ovary syndrome has been associated with 
females who have an X chromosome with a short CAG allele (Shah et al. 2008). Conversely, it has been 
found that women with two long AR alleles had an increased risk of breast cancer, while those with two 
short AR alleles had a likelihood of being ‘normal’ (Chen et al. 2014). Focusing on the epigenetic 
architecture of the AR gene; there is evidence which links the DNAm signature of the AR gene with 
disease (Ylitalo et al. 2021). Moreover, its epigenetic architecture could contribute to its putative AP 
features. For example, the promoter and exon 1 of the AR gene have CpG DNAm “hot spots”, which 
are associated with gene silencing in prostate cancer (PCa) cell lines (Kinoshita et al. 2000). 
Specifically, AR gene promoter DNAm correlates with a reduction/loss in mRNA expression in 
ARnegative PCa cell lines/tissues (Massie et al. 2017). Aberrant AR gene methylation is implicated in 
other cancers. For instance, diminished AR mRNA expression in leukaemia cell lines is at least partly 
attributed to increased DNAm of the AR (Liu et al. 2009). In addition, reduced AR protein levels have 
been observed in a significant number of androgen-independent tumours (Saraon et al. 2014). It is 
possible AR promoter variations in the DNAm landscape of the AR gene contribute to this.   
  

Male development is useful for exploring the nexus between AR, DNAm and AP. During the 
early stages of prostate development DNAm modulates androgen activity. This is evidenced by DNA 
methyltransferases (DNMTs) being identified in prostate mesenchyme (Keil and Vezina 2015). 
Specifically, in mice it has been found that DNMT1 is essential for the development of prostate buds 
(Joseph et al. 2019). As prostatic buds arise from androgen signalling it is highly possible this process 
is modulated by changes to the DNAm landscape of AR (Vickman et al. 2020). Following its role in 
development the DNAm mediated regulation of AR expression in prostate and other tissues continues 
into adult life (Liao and Xu 2019). Clearly DNAm is key to AR signalling both during development and 
in adult life. However, because aberrant methylation of the AR gene is associated with age related 
pathology it could be optimised for its early role in life at the expense of its later functioning. This idea 
is conceptually close to the hyperfunction/developmental theory of ageing which was outlined in section 
two. The reason for this is because the AR gene hypermethylation is particularly close to this idea 
because PCa/benign prostate hyperplasia coincides with the re-emergence of development signals which 
mediate physiological mechanisms, which are detrimental to late life fitness (Keil and Vezina 2015). 
Other evidence supports a conceptional alignment with DTA. For example, crosstalk exists between the 
AR gene, DNAm, mTOR and PCa progression (Takayama et al. 2015). In addition to cancer DNAm 
mediated AR expression is implicated in dysregulated metabolism. For instance, DNAm of AR has been 
associated with other diseases including insulin resistance (IR) in rats (Kim et al. 2013). Moreover, 
DNAm of the AR gene is an independent determinant of glucose related metabolic dysregulation in 
women (Liu et al. 2021). Specifically, CpG average methylation was associated with impaired fasting 
glucose levels. Finally, it is likely the epigenetic interplay extends beyond DNAm because acetylation, 
phosphorylation, ubiquitylation and ADP ribosylation of histones significantly impact the 
transcriptional regulation of the AR gene. Consequently, there is a significant journey ahead before we 
fully understand the role of AR gene methylation in ageing and age-onset pathology.   
  
  



 

4.4 TP53 and DNAm  
TP53 encodes for p53 which is constitutively activated as part of the DNA damage response 

(Sammons et al. 2020). It responds to cellular stressors to modulate the expression of genes involved in 
apoptosis, senescence, or metabolic changes (Puzio-Kuter 2011). Consequently, p53 and its associated 
regulatory pathways are key to tumour suppression (Mello and Attardi 2018). TP53 has long been 
suggested as a leading candidate for AP (Gentry and Venkatachalam 2005; Ungewitter and Scrable 
2009). It has been suggested that TP53 aligns with AP because it offers protection against cancer by 
inhibiting the abnormal proliferation of cells, however this mechanism has adverse consequences when 
p53 interferes with the growth of normal cells, for instance by interrupting stem cells which are required 
for tissue renewal during ageing (Ungewitter and Scrable 2009). Thus, according to this idea natural 
selection has favoured the early life effects of p53 at the expense of its deleterious effects in later life; 
although it is important to note that this idea is not universally accepted (Blagosklonny 2010b). 
Moreover, recent evidence complicates the putative antagonistic nature of TP53 further. It has been 
revealed in mice that the gut microbiome switches mutant p53 from tumour-suppressive to oncogenic 
(Kadosh et al. 2020). The interpretation of the functional plasticity of p53 is that a localized somatic 
TP53 mutation (particularly at increased age) could be beneficial. It was posited this “reversed 
antagonistic pleiotropy” could account for the plasticity of p53, and why p53 undergoes mutations rather 
than ablation. Given such findings it is perhaps unsurprising TP53 is the most commonly mutated gene 
in human cancers (Kandoth et al. 2013). Almost half of tumours contain a mutation in TP53 (Harris 
1996; Kandoth et al. 2013).   

  
Turning our attention to the epigenetic architecture of TP53. It is known that the human TP53 

gene does not contain a 5’ CpG island (Bienz-Tadmor et al. 1985). However, it does have a promoter 
which contains 16 CpG dinucleotides (Amatya et al. 2005). Methylation of this promoter inactivates the 
transcriptional activity of TP53 (Schroeder and Mass 1997). Methylation of the TP53 promoter is 
associated with cancer (Jesionek-Kupnicka et al. 2014; Saeed et al. 2019).  Methylation changes to the 
TP53 have also been associated with other age-related pathologies. For example, a recent study focused 
on patients who had suffered from an ischemic stroke (IS) (Wei et al. 2019). By extracting DNA from 
blood samples, it was revealed TP53 DNAm levels were significantly higher in IS patients compared to 
controls. Interestingly, the DNAm level of the TP53 promoter was also associated with carotid intima‑ 
media thickness, the degree of carotid atherosclerosis and the circulating levels of homocysteine in 
peripheral blood. Another recent study which investigated the relationship between Forkhead Box O3 
(FOXO3)/TP53 and late-onset asthma (LOA) (Yuan et al. 2020). A differentially methylated site found 
in the TP53 gene was associated with LOA. Interestingly, the mRNA expression levels of FOXO3 and 
TP53 varied significantly in the peripheral blood of LOA patients.   
  

Inferring mechanistic insights from association studies is difficult. A greater understanding of 
the epigenetic role of TP53 in age-onset pathology can be found in cell culture studies. Using cell line 
models it has been possible to examine site-specific TP53 CpG DNAm in normal and transformed cells 
(Blackburn et al. 2016). This study found that in non-cancer cells both DNA damage and cell ageing 
were associated with site-specific CpG demethylation in exon 5 of the TP53. This modification acted 
like a switch “turning on” transcription from an alternative internal promoter (P2). This change 
modulated the expression of a TP53 isoform. It is intriguing that epigenetic mechanisms influence TP53 
isoform expression. This relationship could be critical to understanding ageing, because emerging 
evidence suggests the p53 isoforms could have a significant role in ageing (Fujita 2019). For instance, 
it has been found that different p53 isoforms are expressed in primary fibroblasts derived from 
individuals with the premature ageing disorder Hutchinson-Gilford Progeria Syndrome (von Muhlinen 
et al. 2018). These isoforms were associated with accelerated senescence. In addition, this investigation 
found that increasing the expression of one isoform (Δ133p53) extended the replicative lifespan of the 
cells. This work illustrates the functional plasticity of TP53. The plasticity of T53 is also underscored 
by the finding that p53 has a broad epigenetic role (Levine and Berger 2017). Specifically, p53 has been 
found to play a central role in responding to epigenetic stress (Levine 2020). Thus, in conclusion DNAm 



 

changes not only impact TP53 which in turn has implications for the onset of age-related disease but it 
would appear also that p53 is a hub which responds to cellular epigenetic perturbations.  
  
  
  
4.5 MTOR and DNAm  

Although not identified as part of the criteria developed by Byars and Voskarides a particularly solid 
case for AP in human age related disease is the mechanistic target of rapamycin (MTOR) gene 
(Schmeisser and Parker 2019; Laisk et al. 2019).The rationale is as follows, MTOR is needed for 
development and reproduction, however with age, active MTOR is synonymous with senescence and 
age-related pathology (Blagosklonny 2010a). MTOR is also an interesting case for AP because some 
evidence suggests its role in disease could be mediated by intersecting with other AP processes. For 
instance, the APOE-ε4 allele is associated with elevated mTOR signalling (Li et al. 2019b). Based on 
this evidence it is logical to include MTOR in this discussion. However, before examining its 
epigenetics, it is necessary to appreciate the genetics of MTOR. Within the MTOR gene there are >3000 
polymorphisms (Shao et al. 2014). Many of the polymorphisms effect the transcriptional activity of 
MTOR (Zhang et al. 2017; Saravani et al. 2020). Specifically, SNPs have been identified in the promoter 
of MTOR which modulate its transcriptional activity (Husen et al. 2019). A SNP polymorphism 
(rs2295080) in the MTOR promoter has been found to alter transcription factor binding to the MTOR 
promoter and it also correlated with a reduced risk of gastric cancer (Xu et al. 2013). Several other 
investigations have associated various cancers with MTOR polymorphisms (Zining et al. 2016). An 
SNP induced change in the genetics of MTOR could also alter its DNAm landscape (Deng et al. 2017). 
As outlined already such changes in DNAm have the potential to influence disease risk.   
  

There have been some recent efforts to understand the intersection between MTOR and epigenetics. 
This has produced some intriguing findings. For instance, in an investigation which used blood samples 
to examine DNAm in the promoter regions of 519 genes, it was found that DNAm at cg08862778 was 
inversely associated with BC, and the lipid peroxidation biomarker, 8-isoprostane, (Gào et al. 2019). 
Other investigations have also explored the intersection between DNAm, MTOR, and cancer, for 
instance  the regulatory associated protein of MTOR complex 1 (RPTOR) gene, which activates mTOR 
was examined in one study (Tang et al. 2016). A hypomethylated CpG site located in RPTOR displayed 
significant hypomethylation in BC patients compared to healthy controls. In addition to cancer there 
has been an understandable focus on metabolism. A recent study examined the association between 
DNAm in longevity genes and obesity/metabolic dysregulation (Salas-Pérez et al. 2019). This study 
involved 474 adult males and females, which were categorized based on age and metabolic state. Using 
DNA extracted from leukocytes it was revealed that cg08862778 was hypomethylated in older subjects, 
and those with abdominal obesity, hypercholesterolemia, IR and/or metabolic syndrome. The finding 
that hypomethylation of MTOR was associated with obesity and dysregulated cholesterol metabolism 
is interesting. Environmental factors such as dietary patterns can induce changes in DNAm which 
predispose an individual to obesity (Samblas et al. 2019). In turn, obesity disrupts cholesterol 
metabolism in a manner analogous to ageing (Mc Auley 2018, 2020). This has health implications 
because obesity superimposed on ageing could accelerate metabolic dysregulation. DNAm changes to 
MTOR could contribute to how this unfolds. To summarise, significant further work needs to be 
conducted before we have a complete understanding of how DNAm changes influence MTOR gene 
expression and how these alterations impinge on ageing and health.   
  

5. Aligning DNAm changes with the Mutation Accumulation and Disposable Soma Theories   
So far, this review has focused on DNAm changes in AP alleles which are associated with disease. 
However, the main evolutionary theories of ageing are not mutually exclusive. Thus, it is logical to 
examine how MA and DST synergise with DNAm changes. DST predicts ageing is due to the stochastic 
accumulation of damage, which is the result of inherent somatic maintenance and repair limitations. To 
reiterate, DST does not require trade-offs between reproduction and longevity to be outlined explicitly 



 

in terms of their underlying genetic architecture. Based on this proviso, it is possible to identify a broad 
range of biological mechanisms which fit with DST. In the 1990s Cooney convincingly postulated that 
DST aligns with age-related DNA hypomethylation in humans (Cooney 1993). It was suggested average 
DNAm changes during ageing in humans are due to stochastic processes. This idea was to an extent 
prescient, as some experimental evidence substantiates this view. For instance, in a study which 
examined DNAm in normal and cancerous tissues it was found that changes to methylation in somatic 
cells occur via a stochastic process that precipitates uncorrelated methylation aberrations (Landan et al. 
2012). In addition, it is widely regarded that epigenetic drift is underpinned by stochasticity (Issa 2014; 
Vaiserman 2018). However, Cooney only aligned DST with hypomethylation, despite the 
bidirectionality of this phenomenon.  
  

It is possible DST aligns with hypermethylation. Gene hypermethylation could be the result of a 
decline in DNAm maintenance processes and increasing cellular damage. For example, DNMT1 is a 
maintenance methyltransferase which acts on hemimethylated DNA (Lyko 2018). Consequently, 
DNMT1 is central to the heritability of DNAm (Jin et al. 2011). However, evidence suggests DNMT1 
expression can become dysregulated. For instance, it has been found that the expression of DNMT1 in 
mouse T cells decreases during ageing (Ray et al. 2006). More recently a study which measured the 
variation of DNMT1 gene expression in >2000 age-stratified women and men (35-75 years) found that 
the level of DNMT1 gradually dropped with age (Ciccarone et al. 2016). A decline in DNMT1 
expression could also precipitate gene hypermethylation. It has been suggested that a reduction in 
DNMT1 expression shifts the balance of methylation events from maintenance methylation towards de 
novo methylation (Lopatina et al. 2002). This assertion is based on the finding that DNMT1 declined 
with age in WI  38 fibroblast cells, while there was a concomitant increase in de novo methylation 
enzymes with senescence (Lopatina et al. 2002). There are also pathophysiological events that are 
synonymous with ageing which can enhance the expression of DNMT1. For example, it has been 
demonstrated that oxidative stress can induce DNMT1 expression and lead to aberrant gene methylation  
(O’Hagan et al. 2011).  More recently, it has been found that chronic inflammation in mouse and human 
tissue enhances DNMT activity while also downregulating the expression of the ten eleven translocation 
(TET) enzymes (Takeshima et al. 2020). Thus, based on this finding, age related gene hypermethylation 
could be the result of an inflammaging induced repression of TET in tandem with increased DNMT 
activity.    

  
  
Along with experimental evidence mathematical modelling supports the view that there is a decline 

in maintenance methylation (Zagkos et al. 2019, 2021; Larson et al. 2019).  However, there is another 
way DST potentially aligns with hypermethylation. It is biologically possible that site specific 
hypermethylation acts a conduit for DST. For example, an array of genes involved in maintenance and 
repair processes have promoters which become methylated during ageing. These include the antioxidant 
related genes glutathione s-transferase isoforms mu1/m5 (GSTM1/5) (Hunter et al. 2012), Glutathione 
S-transferase P 1(Chen et al. 2017), and FOXO3 (Yeh et al. 2017). Similarly, age related DNAm has 
been associated with genes involved in cellular repair processes. As an example, the DNA mismatch 
repair gene, MutL homolog 1 (MLH1), has a promoter which undergoes methylation with age in 
‘normal’ colonic mucosa (Kawakami et al. 2006). Admittedly, this is only a very small selection of 
genes, and unquestionably many processes resonate with the core principle of DST. However, these 
genes serve to illustrate this point. Recently, however other explanations have been suggested to account 
for locus-specific DNAm that contrast with the essence of DST. An intriguing proposal centres on gene 
hypermethylation being induced by a methylstat (Zhang et al. 2019a). A methylstat is a cis-element 
responsive to both DNAm and dynamic DNA demethylation events which regulates the transcriptional 
behaviour of a DNAm regulator, the expression of which results in DNAm. Contrasting with DST this 
model implies that gene-specific DNAm does not occur via random epigenetic drift.   

  
  



 

The MA theory suggests the heritability of the ageing phenotype increases with age. In contrast, 
DST implies phenotypic variation of ageing increases with time, thus heritability decreases with age. 
An intriguing study used this premise, and familial DNAm data to explore the heritability predictions 
of MA and DST (Robins et al. 2017). The theories were tested for increasing or decreasing heritability 
of DNAm at the 353 CpG sites in Horvath’s epigenetic clock (Horvath 2013a). Age-associated 
alterations in the heritability of DNAm at age-differentially-methylated CpG sites were identified which 
align with both theories. Interestingly, approximately three times more sites were consistent with DST 
than MA. This finding resonates with a recent ageing twin study (Reynolds et al. 2020). This epigenome
 wide investigation examined DNAm changes across 358,836 sites, in whole blood leukocyte DNA, 

from twins over a decade. It was found that overall heritability tended to be small and diminish with 
age. Perhaps such findings are not surprising as mentioned previously low heritability of lifespan is a 
has been found to be a feature in humans (Govindaraju et al. 2015). Thus, this finding resonates to a 
large extent with the Tripartite Phenotype theory of Ageing (Finch and Haghani 2021).   

  
The finding by Robins et al. that increasing heritability in DNAm with age appears also to be a 

constituent of epigenetic ageing implies not all age associated DNAm changes are due to stochasticity. 
To account for this Robins et al. suggest that age associated DNAm changes at specific DNA locations 
could be arbitrators of targeted genomic alterations, which mediate the effects of MA. Some evidence 
substantiates this. For instance, heritable rather than age-related environmental and stochastic factors 
have been found to dominate variation in DNAm of the human insulin-like growth factor II locus 
(Heijmans et al. 2007). Moreover, the heritability of DNAm variability is suggested to be loci specific 
(Palumbo et al. 2018), with certain regions displaying limited heritability (Gervin et al. 2011). However, 
this does not appear to be the case with DNAm sites associated with ageing in humans, as they have 
been found to have higher heritabilities than background sites (Jones et al. 2015).   
  

6. DNAm and Programmed Ageing  
  
Age related DNAm changes in humans have been used to back up arguments which have advocated 

that ageing is programmed. Arguably, a contributing factor in DNAm being associated with PA, derives 
from studies on transgenerational epigenetic inheritance. It has been shown that epigenetic states can be 
inherited for several generations in model organisms, and as a consequence have the potential to 
modulate the evolutionary trajectory of certain  organisms (Stajic and Jansen 2021). For instance, 
germline transmission of DNAm has been identified in the agouti gene in mice. A transposon upstream 
of the agouti gene results in differential DNAm, causing differences in Agouti gene expression and a 
concomitant change in fur coat colour (Cooney et al. 2002; Dolinoy 2008). The amount of methyl donor 
present in the diet of the mother of these mice influenced the magnitude to which this gene was silenced.   
Similar findings have also been identified in other animals. For instance, varying the amount of protein 
in the diet of rats has been shown to influence DNAm patters in the glucocorticoid receptor gene, this 
affect has been shown to be transgenerational (Lillycrop et al. 2007).  More recently age related DNAm 
changes have been advanced as a mechanism for PA. The impetus is provided by the DNAm clocks 
which have been identified over the last decade (Bocklandt et al. 2011; Koch and Wagner 2011; Horvath 
2013b; Hannum et al. 2013; Horvath et al. 2018). When the evidence is examined, it is perhaps 
understandable why epigenetic clocks have been used as a means of advocating for PA. For instance, 
in humans epigenetic age correlates with chorological age with a remarkable error margin of only 3.6 
years (Horvath 2013a). The changing rate of DNAm at age dependent CpGs is synonymous with the 
“ticking rate” of the Clock, which is high between birth and year one and then declines with advancing 
age. Epigenetic clocks also strongly correlate with age-related pathology, and in certain disease states 
the epigenetic age of the clock is indicative of biological rather than chronological age (Marioni et al. 
2015; Perna et al. 2016) Given this backdrop, there have been several proponents advocating that an 
epigenetic clock can account for PA ageing. Mitteldorf argues that information in the methylome is 
“programmable and persistent” (Mitteldorf 2013, 2016). Specifically, given the role of DNAm in growth 
and development, it is suggested epigenetics controls the timings of the process. In sharp contrast to this 
idea the relationship between ageing and development is generally regarded as a “quasiprogramme” 



 

(Blagosklonny 2013). A novel interpretation of this idea has been outlined recently (Horvath and Raj 
2018). Known as the epigenetic clock theory of ageing, it suggests ageing is a byproduct of 
developmental and maintenance programmes, with DNAm clocks, the cellular manifestation of these 
programmes. Given that maintenance is a key component of this idea it also resonates with theories 
such as DST/DTA. Importantly, the epigenetic clock theory of ageing recognises ageing to be an 
unintended consequence of both development and maintenance processes. Moreover, a key distinction 
which separates this idea from adaptive PA is that it recognises that ageing has no purpose.   

  
  

7. Caloric Restriction, Evolution and DNAm  
Epigenetic processes facilitate adaptive phenotypic plasticity as a result of CR (Li et al. 2011). DST 

is the prevailing evolutionary paradigm suggested to account for CR. The proposed rationale is that 
during CR, natural selection favours the reallocation of energy towards somatic maintenance at the 
expense of reproduction (Shanley and Kirkwood 2000). Empirical support for this idea has centred on 
the transcriptional up-regulation of maintenance and repair genes during CR. A recent study of the DNA 
methylome during ageing, and in response to CR, exemplifies this idea (Sziráki et al. 2018). The study 
involved analysing the blood DNA methylome of 141 mice representing 16 age groups across the 
complete adult lifespan. Alterations were identified in late (86% sites) and early (14% sites) life, 
whereas minimal changes were observed during middle age. Significant methylation gain was observed 
with age at the 5′ ends of genes. Conversely, loss of methylation occurred at the 3′untranslated regions 
(UTRs) and introns and intergenic regions. A general increase in DNAm with age was observed in 
promoters, first exons, and 5′UTRs. CGIs had the greatest DNAm gain. Crucially, genes and promoters 
that lost DNAm were enriched in cellular maintenance pathways, including those involved in DNA 
repair. In terms of CR two distinct responses were observed. At first CR shifted the trajectory of the 
DNA methylome towards ageing, then CR transition the methylome to a younger state. This study did 
not provide a mechanistic explanation as to how these changes translate into an extension in lifespan. A 
possible explanation could involve a CR induced DNAm change which promotes lifespan extension by 
decreasing protein synthesis. Protein synthesis is a significant energy consuming process particularly in 
the germline (Maklakov and Immler 2016); this reallocation of energy could be beneficial during ageing 
allowing energy to be redirected towards maintenance and repair. Part of this shift could involve DNAm 
changes in RNA genes (rRNA) during CR. Support derives from experimental evidence which has 
found that methylation of the rRNA locus is a key modulator of rRNA synthesis. For instance, it has 
recently been found that ageing and CR modulated the DNAm landscape of the rRNA locus in human 
and rat liver (Gensous et al. 2020).   

  
The connection between DST and CR in the studies outlined above are somewhat speculative. 

Moreover, it is not universally accepted that DST completely explains CR. For example, Regan and 
colleagues argue convincingly for a broader interpretation of the relationship between CR and 
lifehistory (Regan et al. 2020; Moatt et al. 2020). They suggest that the insulin  like signalling pathway 
(IIS) pathway is the key metabolic hub which underscores a ubiquitous number of phenotypic plastic 
responses to a range of extrinsic ques. Emerging evidence substantiates this idea, that the relationship 
between CR and evolution is not as clear cut as previously thought. For instance, McCracken and 
colleagues investigated the relationship between dietary restriction (DR) and somatic maintenance 
across 11 different genotypes of Drosophila melanogaster (McCracken et al. 2020). This work revealed 
significant mortality costs when flies defaulted to a rich diet after undergoing DR. It was postulated that 
the physiological impact of DR should not be thought of as intrinsically “pro-longevity” via somatic 
maintenance, rather DR should be viewed as an escape from costs which are the result of exposure to a 
nutrient rich environment, in addition to costs associated with DR. Also, in Drosophila melanogaster 
Zanco and colleagues recently demonstrated that it is the ratio of dietary macronutrients which are key 
to determining lifespan (Zanco et al. 2021). In this organism, they showed that protein and carbohydrate 
have an indirect impact on lifespan by influencing the partitioning of restricted levels of dietary sterols 
between reproduction and lifespan. These studies did not explore DNAm changes or epigenetic changes 
more generally. Most recently, Lind and colleagues did explore the nexus between epigenetics, 



 

lifehistory and CR (Lind et al. 2021). By using C. elegans they investigated the implications for lifespan, 
reproduction, egg size and individual fitness of early-life, adulthood, and post-reproductive onset of 
RNAi knockdown of five ‘longevity’ genes crucial to the physiology of this this model organism. This 
included age-1, raga-1, nuo-6, ifg-1 or ife-2. In contrast with DST limited evidence was found for a 
relationship between impaired reproduction and extended lifespan. Conversely, downregulation of these 
genes in adulthood and/or during the post-reproductive period increased lifespan; findings consistent 
with DTA. Such findings reinforce the notion that the relationship between evolution, CR and 
epigenetics requires further clarity. Despite the uncertainty surrounding the underlying evolutionary 
schema it is clear epigenetic processes interact with CR to help retard ageing in model organisms. 
Although, determining how age-related epigenetic changes reconcile with evolutionary theory and CR 
necessitates further elucidation.   
  

8. Utilising DNAm to Detect Disease  
There is a growing need for novel ways to predict the onset of age-related disease (Gontijo 

Guerra et al. 2019; Zhang et al. 2019c; Salameh et al. 2020). Age related DNAm changes offer an 
attractive way of predicting pathology. Determining which components of the methylome should act as 
a biomarker for disease is not straightforward. However, evolutionary theory could help with this, as 
each disease is invariably underpinned by evolution (Benton et al. 2021). Many genes are pleiotropic, 
and as revealed in this review many are also considered to have AP properties. The Engrailed   
Homeobox 1 (EN1) gene is a worthwhile example of this. This developmental gene is essential to 
pattern formation during embryonic development (Kornberg 1981). EN1 mutations in Drosophila 
melanogaster are association developmental abnormalities, including wing malformations and 
posterior-anterior duplication (Inagaki et al. 2016). Similarly, EN1 mutations in Mus musculus are 
associated with limb innervation and perinatal death (Huettl et al. 2015). In humans EN1 is associated 
with central nervous system pattern formation, with expression observed in the midgestational medulla 
and cerebellum (Zec et al. 1997). Moreover, during prenatal development in humans brown 
preadipocytes derive mainly from cells within the dermomyotome expressing EN1 (Wang and Seale 
2016). Despite its key developmental roles EN1 is associated with cancer in later life (Kim et al. 2018; 
Peluffo et al. 2019). In fact, EN1 could arbitrate early-late life trade-offs, which are associated with 
DNAm changes that increase cancer vulnerability. This is evidenced by the EN1 promoter methylation 
being associated with decreased gene expression in prostate, lung, and colorectal cancer (Frigola et al. 
2006; Devaney et al. 2011; Jiang et al. 2017). Recently we exploited this evolutionary logic to explore 
methylation changes in the engrailed-1 during cancer (EN1) (Morgan et al. 2020). To quantify 
methylation changes in EN1 we recently developed a novel electrochemical technique. Using this 
approach, we were able to successfully quantify extremely low levels of DNAm in the promoter of this 
gene. Our results and the recent findings of others (Povedano et al. 2018; Bhattacharjee et al. 2019) 
suggest electrochemistry can be used to detect DNAm levels at exceptionally low levels. This approach 
has the potential to form the basis of diagnostic biosensor which helps to detect aberrant DNAm at 
important alleles which are associated with age-related pathology. Moreover, because DNAm can 
potentially be reversed by hypomethylating agents, their early detection using a biosensor makes them 
promising targets for future therapeutic interventions.   
  

  

9. Discussion and conclusion   

This review reaffirms how evolutionary theory can be used to provide a deeper interpretation of the 
relationship between DNAm and age-related health. Our discussion highlighted how life history 
tradeoffs can be used to identify genes which have pleiotropic effects on fitness at different ages in 
humans and which are associated with age onset pathology. Mutations in AP posited genes such as 
BRCA1 have a prominent role to play in the aetiology of cancer. Our review highlighted that 
hypermethylation of the BRCA1 gene promoter is associated with sporadic cancer in certain studies. A 
key feature of the dense tapestry of cancer initiation could be the accumulation of late acting 



 

epimutations in genes such as BRCA1. These late acting epimutations could be a contributor to the 
“mutator phenotype” which is suggested as a hallmark of cancer initiation and progression (Loeb 2001, 
2016). Understanding the underlying mechanisms which underscores the hypermethylation associated 
inactivation of the BRCA1 gene promoter is crucial if effective therapeutic strategies are to be identified 
which can reactivate BRCA1 expression, and retore its tumour suppressor capabilities. Moreover, a 
deeper mechanistic understanding could help to solve the long-standing chicken and egg conundrum 
that has existed in oncology, which centres on what comes first gene silencing or does gene silencing 
drive gene hypermethylation (Clark and Melki 2002; Kazanets et al. 2016). This review also revealed 
how underlying differences in the epigenetic architectures of the APOE alleles could act as an additional 
predictive measure for dementia/AD onset. This avenue of exploration could offer new hope to a field 
that is on a continual quest for effective treatments for these conditions (Cappa 2018). Moreover,  the 
role of APOE genotypes in health cannot be underestimated, as emerging evidence suggests individual 
human ageing phenotypes could to be partly moulded by the different APOE polymorphisms (Kuo et 
al. 2020). This review also explored the key role DNAm plays in modulating AR gene activity during 
prostate development. In sharp contrast it was emphasized how aberrant methylation of the AR gene is 
associated with prostate cancer, and metabolic dysregulation in humans.   

The influence epigenetics has on TP53 was also examined. Studies were outlined which suggested 
that epigenetic processes influence TP53 isoform expression. This is an area of potential significance 
because emerging evidence suggests many pathways associated with p53 represent viable senolytic 
targets (He et al. 2020; Beck et al. 2020; Pawge and Khatik 2021). It is biologically plausible that the 
pharmacological manipulation of TP53 methylation could also help to restore p53 activity in certain 
individuals during ageing/disease. Closely related to TP53 this review also uncovered recent 
investigations which have examined how DNAm impacts the activity of MTOR.  For instance, increased 
DNAm levels at MTOR was associated with lipid peroxidation and BC in one study Conversely, it was 
discovered how other investigations found that hypomethylation of MTOR was associated with obesity 
and metabolic syndrome in older people. Given the dense synergy which exists between mTOR and 
metabolism it is critical future studies investigate further how MTOR methylation impinges on health. 
This assertion is supported by recent evidence which illustrates that perturbations to the mTOR 
signalling cascade play a central role in reshaping the epigenetic landscape of cells during disease 
(Masui et al. 2020; Yang et al. 2021; Lu et al. 2021).   

The second half of this critical narrative examined the relationship between DNAm and the DST 
and MA theories. It was revealed how the theoretical predictions of DST have previously been used as 
a framework for accounting for the hypomethylation of the genome. In addition, the idea was posited 
that the age-associated hypermethylation of the genome could also be accounted for by using DST. It 
was meaningfully speculated that the dysregulation of DNAm maintenance enzyme could be a 
contributing factor to this phenomenon. Moreover, the age-associated hypermethylation of genes critical 
to cellular maintenance and repair processes were suggested to be broadly consistent with DST. A 
corollary of DST is the notion of age relate damage occurring via stochastic processes. Evidence for the 
involvement of stochastic epigenetic mutations in ageing and disease continues to accumulate 
(Gagliardi et al. 2020). Moreover, based on the findings of Robins et al. (2017) it appears that DST 
aligns to a greater extent with Horvath’s epigenetic clock (Horvath 2013a) than MA. Although further 
studies are needed to evaluate this further. Despite this, such findings galvanise the argument for those 
that advocate using DST as a framework for delineating the link between DNAm and health/ageing.   

  

Each of the theories does not completely account for ageing and biogerontology still awaits a 
universally accepted explanation for the evolution of ageing. It is important to discuss the limitations of 
each theory.  If one is to examine PA.  As stipulated previously this theory remains on the margins of 
biogerontology and solid reasons exist for this. The main limitation of PA is that if a gene for senescence 
was to be selected for e.g., “PA/death” it needed to manifest in a manner which impacts organism 
survival. Although exceptions do exist (Nussey et al. 2013); ageing is rarely witnessed in the wild due 



 

to a high rate of extrinsic mortality. Consequently, there would have been inadequate selection pressure 
for PA to have evolved. The second major limitation of this theory is that it is generally regarded that 
natural selection acts at the level of the gene. It does not act at the level of the species. MA is also limited 
when it comes to explaining ageing. The main limitation with MA is that although this theory provides 
a worthwhile explanation for the existence of disease associated alleles with late life onset, such as those 
found in certain cancers; the existence of these alleles does not adequately describe the myriad of 
complex processes which underscores the ageing phenotype. Like MA, AP is also based on a decline in 
the force of natural selection during ageing. However, as outlined in this work the key difference is that 
AP is based on the antagonistic effects of genetic alleles. This review revealed that there is an abundance 
of genes that display AP characteristics. Many of these gene are associated with processes such as 
vascular disease. Moreover, it can be argued that the sharp rise in vascular disease in middle age is an 
example of the declining force of natural selection which neatly aligns with AP. However, as with MA 
although these genes fit well with diseases which occur later in life, a major limitation of AP is that 
changes to the behaviour of these genes with age does not fully account for the myriad of complex 
change which is synonymous with ageing. Thus, it is vital to recognise that no single gene or group of 
genes is likely to explain ageing because natural selection acts primarily through successions of small 
quantitative effects. However, there is little doubt that genetic mutations can increase healthspan which 
contributes to longevity. As with the other main theories discussed in this review and despite the 
attractiveness of this theory, DST has limitations. For instance, it has been recently argued that a major 
limitation of DST is its over reliance on the “damage/maintenance paradigm”(Gems 2021). For 
example, not all processes associated with ageing fit conveniently within this framework. Moreover, as 
outlined in this review a further limitation has been illuminated by recent experimental work which 
suggests that lifespan and reproduction are not at odds for ecologically defined energy quotas, but rather 
organisms are potentially evolutionary optimised to respond to varying degrees of macronutrients in 
their diet.   

 Although the evolutionary theories of ageing have individual deficiencies, each theory still has 
value for examining the intersection between epigenetics and health. In fact, previous work has argued 
that collectively the ageing theories including PA can be integrated into a unified evolutionary theory 
(Gladyshev 2016). However, this is somewhat ambitious and each of the theories may require 
refinement as epigenetic information continues emerge. For instance, it was apparent from this review 
that some evidence supports the idea that certain genes associated with ageing phenotypes possess 
harmful alleles, and thus provide support for MA. Extending this notion to include the role of epigenetics 
might necessitate extending the theory to capture the notion of epigenetic drift. In fact,  
Medawar’s theory could be given a more contemporary interpretation by assuming that ageing 
phenotypes are defined by the accumulation of both genetic and epigenetic mutations. In other words, 
ageing phenotypes equate to the sum of genetic drift plus epigenetic drift. There is precedence for this 
because it was recently suggested that epigenetic and genetic drift increase in a stepwise, ratchet-like 
fashion diminishing cellular fitness, in a process akin to Muller’s ratchet (Govindaraju et al. 2020). 
However, with Mullers ratchet, mutations are irreversible (Muller 1964). This is potentially not the case 
with epimutations because as discussed in this review they are potentially reversible. Despite this, by 
taking account of epigenetics the idea outlined by Govindaraju and colleagues serves to illustrate that it 
is possible to create a broader theoretical interpretation of MA which takes account of age-related 
alterations in the epigenetic landscape. As for AP, this theory could be given a more contemporary 
interpretation by recognising the important contribution epigenetics makes to changes in genes which 
have been linked with AP. This review discussed how DNAm impacts some of these genes. Many other 
genes have been identified as displaying antagonistic properties. These include a large number of genes 
associated with CVD in humans which have been shown to display AP features (Byars et al. 2017). It 
would be worthwhile examining the implications of epigenetic changes in these genes if possible. Next, 
if we consider the DST and how it could be refined to account for emerging epigenetic data. DST 
provides one explanation for the effects of CR. However, this theory needs to be able to fully account 
for fluctuations in the quality of nutrients as well as their quantity and how this modulates the 
epigenome. For example, organisms have evolved in dynamic environments where there has been a 



 

constant struggle to achieve their nutritional needs. Consequently, the optimal balance of nutrients might 
hold the key to increased life span rather than the number of calories/energy intake. From an epigenetic 
standpoint, specific epi-nutrients, such as methionine, folate, vitamins B12, B2 and B6 all can directly 
affect the methylome during ageing (Mattocks et al. 2017; Sae-Lee et al. 2018). Thus, it is important to 
take account of how fluctuations in these nutrients shape the plasticity of epigenome during the life 
history of an organism and how these impact ageing phenotypes. However, DST is an adaptable theory. 
This is evidenced by an intriguing recent study which used empirical cohort survivorship data and the 
essence of DST to demonstrate that reduction of mortality risk could be attained by restraining allocation 
to somatic maintenance, which promotes lifetime fitness but results in ageing as a by-product (Omholt 
and Kirkwood 2021). This finding underscores the plasticity of this theory.   

Given the continued emergence of epigenetic data, arguments will invariably continue to be 
advocated for the role of PA in human ageing, and that processes such as age-related DNAm changes 
fit within this notion. This review alluded to empirical evidence which has shown that epigenetic states 
can be inherited for several generations in model organisms, and how DNAm clock have been used as 
a framework to justify PA was also highlighted. However, the challenge for those that advocate PA is 
to take this empirical evidence and to mould it into a more convincing account of how epigenetic change 
drives the evolutionary adaptation of ageing. Presently, however we are left to conclude that if anything, 
the ageing process is defined by a failure in maintenance processes and increasing random damage with 
time. For instance, cellular damage is indiscriminate and is not localised to specific biomolecules, nor 
is it specific to a particular cellular location. For this reason, in humans at least ageing is best 
characterised as a process punctuated by a series of quasi programme epochs interwoven with stochastic 
changes which eventually result in different ageing phenotypes. On a positive note, however among the 
changes which occur with age perturbations to DNAm are potentially reversible. Moreover, emerging 
electrochemical techniques could lead to the early detection of aberrant DNAm, so that these changes 
could be therapeutically rescued, thus helping to prevent age-onset pathology in the future.    

  

  

  

  
Figure 1. A strongly simplified overview of the main evolutionary theories of ageing. Programmed ageing 
provides an adaptive explanation for ageing. This theory remains on the margins of biogerontology. The other 
three theories are non-adaptive and share a common thread; each theory is underpinned by the declining force of 
natural selection with age. These theories are discussed in section 2.    

  

Figure 2. A schematic representation of the BRCA1 promoter. Within this promoter are 11 CpG sites with strong 
transcriptional activity which display aberrant methylation in BC. The CpG sites are represented by circles on a 
stick. BRCA1 is adjacent to NBR2, while the BRCA1 pseudogene also lies upstream of BRCA1. The direction of 
transcription is represented by arrows. Abbreviations: BRCA1: breast cancer susceptibility genes 1; Next to 
BRCA1 gene 2: NBR2.   

  

Figure 3. A schematic representation of the genomic landscape of APOE and its neighbouring genes. In terms of 
DNAm there are three distinct regions, a hypermethylated region in the promoter, a hypomethylated domain in 
introns 1’ and 2’ and a hypermethylated region. There is also an elongated region of regulatory elements  
(TOMM40-APOE-APOC2). The ε 2/ ε 3/ ε 4 alleles reside in the exon 4 region of APOE. This well characterised 
CGI consists of 880 bps with 90 CpG sites. Abbreviations: TOMM40: translocase of outer mitochondrial 
membrane 40; APOC1: apolipoprotein C1; APOC1P1: apolipoprotein C1 pseudogene 1; APOC4: apolipoprotein 
C4; APOC2: apolipoprotein C2.   
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