Experimental Gerontology 179 (2023) 112256

ELSEVIER

Contents lists available at ScienceDirect

Experimental Gerontology

Experimental
Gerontology

journal homepage: www.elsevier.com/locate/expgero
Review ,.) |
An evolutionary perspective of lifespan and epigenetic inheritance e

Mark T. Mc Auley

University of Chester, United Kingdom

ARTICLE INFO ABSTRACT

Keywords:

Senescence

Epigenetics

Evolution of ageing

Transgenerational epigenetic inheritance
Intergenerational epigenetic inheritance

In the last decade epigenetics has come to the fore as a discipline which is central to biogerontology. Age
associated epigenetic changes are routinely linked with pathologies, including cardiovascular disease, cancer,
and Alzheimer's disease; moreover, epigenetic clocks are capable of correlating biological age with chronological
age in many species including humans. Recent intriguing empirical observations also suggest that inherited
epigenetic effects could influence lifespan/longevity in a variety of organisms. If this is the case, an imperative

exists to reconcile lifespan/longevity associated inherited epigenetic processes with the evolution of ageing. This
review will critically evaluate inherited epigenetic effects from an evolutionary perspective. The overarching aim
is to integrate the evidence which suggests epigenetic inheritance modulates lifespan/longevity with the main

evolutionary theories of ageing.

1. Introduction
1.1. Epigenetics and ageing

Biogerontology has emerged from a field on the margins of biological
research in the 20th century to a mainstream discipline which is now
firmly embedded within 21st century biomedical research (Garcia-Pena
et al., 2023; Witham et al., 2022). The growing status of biogerontology
is brought into sharp focus when its relationship with epigenetics is
examined. According to PubMed in 2022, 1076 papers were published
which had epigenetics and “ageing”/“aging” in their abstract. The
intense focus on ageing and epigenetics has generated intriguing ques-
tions about the exact nature of their relationship. DNA methylation
(DNAm) is the most extensively studied epigenetic mechanism (Green-
berg and Bourc'his, 2019; Mattei et al., 2022). DNAm occurs at cytosines
in CpG dinucleotides to form 5-methylcytosine (Hotchkiss, 1948; Moore
et al., 2013; Wyatt, 1950). Age related changes to DNAm strongly
correlate with health (Cribb et al., 2022; Hata et al., 2023; Mc Auley
et al., 2018; Morgan et al., 2018; Morgan et al., 2020; Zagkos et al.,
2019). Moreover, methylation clocks are incredibly precise at statisti-
cally correlating DNAm levels with chronological age in a wide variety
of species (Duan et al., 2022; Horvath, 2013; Horvath et al., 2022; Prado
et al., 2021; Stubbs et al., 2017). However, an important caveat exists.
To date, no explanation exists which can mechanistically account for the
purely correlative predictions generated by methylation clocks. Indeed,
it is possible DNAm alterations at particular clusters of CpGs could have
a limited, or no role in ageing; and are merely indicative of changes,
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which are a by-product of this process (Bell et al., 2019; Ying et al.,
2022). This is not the only aspect of the epigenetics-ageing nexus which
requires further elucidation. Another conundrum centres on how age
associated DNAm changes/epigenetic processes more broadly intersect
with the evolution of ageing. To appreciate the problem, it is necessary
to introduce the main evolutionary theories of ageing.

1.2. Ageing and evolutionary theory

1.2.1. The traditional non-adaptive theories

From an evolutionary standpoint it is broadly acknowledged that
ageing is a nonadaptive process which is due to the declining force of
natural selection (NS) with age (Charlesworth, 1994; Flatt and Par-
tridge, 2018; Gavrilov and Gavrilova, 2002; Hamilton, 1966; Rose,
1991). This idea is captured in the mutation accumulation theory (MAT)
(Medawar, 1952). The MAT postulates that ageing is due to the passive
build-up of harmful alleles which are only functionally expressed post
reproductively; as recently evidenced by a study which identified a
decline in purifying selection with age in humans, mice, and insects
(Cheng and Kirkpatrick, 2021). The antagonistic pleiotropy theory
(APT) is an extension to the MAT, which posits that ageing is the result of
alleles which have opposing effects (Williams, 1957). Certain alleles
confer a reproductive advantage in early life but are detrimental in later
years. Many genes associated with human disease display these prop-
erties (Byars and Voskarides, 2020). The disposable soma theory (DST)
also suggests ageing is due to the diminishing capacity of NS (Kirkwood,
1977). Unlike the MAT and the APT, however the DST is a physiological
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interpretation of ageing (Kirkwood, 2005). According to the DST ageing
is the result of the strategic partitioning of energy between somatic
maintenance and the germ line. The ecological context the organism
evolved in underpins how the energy is partitioned. According to this
evolutionary model sufficient energy is directed towards somatic pres-
ervation for an organism to reach reproductive age. However, the energy
allocated towards somatic maintenance and repair is insufficient for
indefinite survival. As a result, damage accumulates due to inadequate
investment in somatic maintenance and repair. The cornerstone of the
DST is the trade-off between reproduction and somatic investment
(Kirkwood and Holliday, 1979). As reproduction is costly, according to
the DST investing early in this process is essential at the expense of
fertility in later life. The trade-off between reproduction and lifespan in
turn impacts the rate of ageing; a prediction which is supported by
empirical data (Bargas-Galarraga et al., 2023; Lemaitre et al., 2015).

1.2.2. Adaptive theories and the evolution of ageing

In addition to the non-adaptive evolutionary theories, there are
many ideas which suggest ageing is an adaptive process. Adaptive
ageing is discussed in depth in this special issue of Experimental
Gerontology (Pamplona et al., 2023). It is also worth briefly discussing
adaptive ageing here. The basis of evolutionary thinking around adap-
tive ageing traces its origins to the work of Weismann, who theorised
that ageing evolved as an adaptive process which is essential for
removing older members of a species to free up resources for younger
individuals (Weismann and Poulton, 1891). Although Weismann did
alter his thinking at a later point. Despite this, the conceptual attrac-
tiveness of this line of thinking has influenced the development of many
ideas which can be categorised broadly as programmed/adaptive
ageing. One such idea is that of phenoptosis or programmed organism
death (Libertini et al., 2022; Skulachev, 1999, 2012). This notion centres
on genes having inherent features which make individuals who possess
the genes vulnerable to programmed death. Other ideas have focused on
inclusive fitness. Such as the recent “adaptive death” idea which centres
on using inclusive fitness and kin selection, as a basis for interpreting the
ageing process in Caenorhabditis elegans (C. elegans). The authors posit
that “adaptive death” increases inclusive fitness (Galimov and Gems,
2021).

1.3. Evolution and epigenetics

It remains unknown how the theories outlined above reconcile with
age-associated epigenetic changes. Although, recent work did address
this puzzle (Mc Auley, 2021). A range of evolutionary concepts were
evaluated together with epigenetic data. It was concluded that in
humans age associated DNAm changes can align with many evolu-
tionary frameworks. It was also revealed that some recent evolutionary
ideas have interesting parallels with the traditional theories. This is
exemplified by the epigenetic clock theory (ECT) (Horvath and Raj,
2018). The ECT predicts that ageing is a by-product of development and
maintenance programmes, with DNAm clocks the emergent cellular
component of the programmes. The ECT overlaps with the APT the DST
and programmed ageing. It also synergises with other ideas, for instance,
it has similarities with the hyperfunction/development theory of ageing,
an idea which suggests certain genes are fine-tuned for elevated
biosynthesis in early life, but the declining force of NS results in sub-
optimal physiology in later years (Blagosklonny, 2022; de Magalhaes
and Church, 2005; Gems, 2022). Epigenetics has also been embedded
within ideas which centre on programmed ageing. For instance, DNAm
has been suggested to be the proximate mechanism which actively
controls programmed ageing (Mitteldorf, 2016). While, epigenetics
continues to be at the centre of other emerging ideas, including a
recently introduced information theory (de Magalhaes, 2023).

Given epigenetic ageing intersects with so many different ideas it can
be argued that it has yet to be fully reconciled with evolutionary theory.
Burgeoning experimental data further emphasizes the conceptual gap
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between epigenetics and evolutionary theory. The data centres on recent
experimental observations which have revealed that certain organisms
have the capacity to transmit environmentally induced phenotype al-
terations to their offspring (Ashapkin et al., 2023; Lee et al., 2023;
Santilli and Boskovic, 2023; Wan et al., 2021; Xia and de Belle, 2016).
When this process spans one generation it is known as intergenerational
epigenetic inheritance (IEI) (Staubli and Peters, 2021). If the effects
extend over multiple generations it is referred to as transgenerational
epigenetic inheritance (TEI) (Burton and Greer, 2022; Perez and Lehner,
2019). The extent to which this form of non-genetic inheritance impacts
Darwinian fitness is not apparent. Its relevance to the evolution of
ageing is also unclear. The next sections will examine IEI and TEL The
aim is to gain a deeper understanding of the intersection between
epigenetic inheritance, longevity/lifespan and the evolution of ageing.
For conceptual clarity and to aid with our discussion it is important to
explicitly define what is meant by the term's lifespan and longevity.
Lifespan is defined as the maximum amount of time an organism can
live, while longevity is defined as the mean age acquired by individuals
of a population at the time of mortality (Brooks-Wilson, 2013).

2. Inherited epigenetic effects which impact lifespan/longevity
in canonical organisms

2.1. Worms

Several inherited mechanisms have been identified which impact
offspring fitness in canonical organisms (Table 1). C. elegans lifespan can
be increased by mutating COMPASS (Greer et al., 2010). COMPASS is a
multiprotein complex required for the methylation of histone 3 lysine 4
(H3K4) (Shilatifard, 2012). When COMPASS mutants are mated with
wild type worms longevity phenotypes are generated (Greer et al.,
2011). Offspring do not have the COMPASS mutation, but the long-lived
phenotype is transgenerationally inherited (Greer et al., 2011). An
epigenetic modification has been identified which explains this phe-
nomenon. It has been found that COMPASS mutants (wdr-5) possess
elevated levels of H3K9me2 (Kerr et al., 2014). The wdr-5 mutants can
pass on increased longevity to their offspring. This implies that elevated
H3K9me2 is responsible for the longevity phenotype. Other lines of
evidence support the idea that histone methylation is important for
epigenetic inheritance in this organism. For instance, histone H3K4
trimethylation (H3K4me3) has been associated with a multigenerational
non-genetic response to obesity (Wan et al., 2022a). This could be due to
H3K4me3 acting as a regulator of fat accumulation which directly in-
fluences lifespan in worms (Han et al., 2017). However, modification of
histones is not the only epigenetic mechanism associated with trans-
generational inheritance in worms. Small RNAs (sRNAs) molecules also
have the capacity to contribute to inherited transgenerational effects.
Starvation-induced developmental arrest results in the synthesis of
sRNAs that are transgenerationally inherited in offspring which possess
a longevity phenotype (Frolows and Ashe, 2021; Houri-Zeevi and
Rechavi, 2017; Rechavi et al., 2014). Experimental observations have
been reinforced by theoretical work which suggests SRNAs are pivotal to
epigenetic inheritance (Silva et al., 2021).

2.2. The Lansing effect in worms

The Lansing effect is theorised to be a transgenerational signal
whereby lifespan is shortened in the offspring of old parents (Lansing,
1947). There is experimental evidence that the Lansing effect exists in
many species (Ivimey-Cook et al., 2023; Monaghan et al., 2020; Qazi
et al,, 2017). In worms dietary restriction (DR) has been shown to
enhance the fitness of ageing female Caenorhabditis remanei parents, but
diminishes the fitness of their offspring (Mautz et al., 2020). In further
work it was revealed that worms who underwent temporary fasting (TF)
had a reduced risk of mortality and enhanced late-life reproduction
(Ivimey-Cook et al., 2021). However, when the F3 descendants
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Table 1

Examples of intergenerational/transgenerational inheritance effecting longevity/lifespan.
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Organism Study summary Observations Mechanism/key outcome
C. elegans Drop in the H3K4me3 chromatin modifiers, ASH-2, Altering chromatin modifiers in parents induces an Altered histone methylation
WDR-5 or SET-2 in parental generation associated epigenetic ‘memory’ of longevity in descendants.
with extended lifespan of descendants (Greer et al.,
2011)
C. elegans Starvation-induced developmental arrest Offspring of starved C. elegans showed increased Small RNAs were inherited through three
administered (Rechavi et al., 2014) lifespan consecutive generations
C. elegans H3K9me2 protects lifespan against the Offspring of wdr-5 mutants outcrossed to wild-type Elevated levels of H3K9me2
transgenerational burden of COMPASS activity (Kerr ~ worms for many generations lived longer than wild-type
et al., 2014) organisms, despite normal WDR-5 activity. This was
associated with increased H3K9me2 levels.
Caenorhabditis Females used to examine the effect of DR on them Increase in fecundity, survival, and stress resistance Suggested these observations support direct
remanei and their offspring (Mautz et al., 2020). after re-exposure to food compared with their trade-off between investment in soma and
counterparts with constant food access. Offspring had gametes.
reduced early and lifetime fecundity, and were smaller
at sexual maturity.
C. elegans Investigated the cumulative effect of parental age on ~ Hermaphrodites increased parental investment with Suggested results inconsistent with the idea
offspring, using three parental age regimes (Travers advancing age, resulting in fitter offspring who reach that old parents transfer a cumulative
et al., 2021) their reproductive peak earlier. detrimental ‘ageing factor’ to their progeny.
C. elegans Investigated the effect of temporary fasting on TF reduced mortality risk and improved late-life Suggested that transgenerational trade-offs
mortality risk, age-specific reproduction and fitness reproduction in PO individuals to TF (PO). TF effected accompany the benefits of DR.
across three generations (Ivimey-Cook et al., 2021). F1-F3 generations both negatively and positively.
C. elegans C. elegans treated with heat shock (Wan et al., 2021). N6-methyldeoxyadenine (6 mA) mediates the transfer N6-methyldeoxyadenine (6 mA)
of a transgenerational longevity mechanism.
Pro-survival mechanism was passed down to five
generation of progeny.
C. elegans This was a mutation accumulation (MA) experiment  Identified benefit to fitness from multigenerational No specific epigenetic mechanism was

D. melanogaster

D. melanogaster

Mus musculus

and downregulated insulin/IGF-1 (IIS) signalling in
half of 400 MA lines by silencing daf-2 gene
expression using RNA interference (RNAi) across 40
generations (Duxbury et al., 2022).

Flies subjected to various post-eclosion dietary
manipulations (PDM) (Xia and de Belle, 2016)

Post-eclosion dietary manipulation (Xia et al., 2016)

KDM1 transgenic mice used (Siklenka et al., 2015)

reduction of IIS. Enhanced under stress

Low protein (LP) and high protein PDM decreased
longevity, while the intermediate protein diet extended
longevity up to the F3 generation.

No evidence for a trade-off between longevity and
reproduction.

PDM with an LP diet upregulated E(z), an H3K27
specific methyltransferase. This resulted in higher levels
of H3K27me3. This was synonymous with shortened
longevity of FO flies and their F2 offspring.

Increased expression of the chroma-tin modifier,
KDM1A during spermatogenesis induced significant
developmental defects in offspring. Persisted paternally
for three generations.

Survivability; with each successive generation
decreased.

implicated

No specific epigenetic mechanism was
implicated.

E(z)-mediated H3K27me3 is one epigenetic
mechanism which could transgenerationally
modify lifespan in D. melanogaster

Key event in this mouse model which led to
offspring abnormalities was alternations in
histone methylation in developing sperm

underwent TF early in life, this reduced their fitness, and increased their
risk of mortality. Other work is more equivocal. C. elegans hermaphro-
dites have been observed to increase their investment in offspring as
they get older (Travers et al., 2021). Offspring were fitter and reached
their reproductive peak sooner. Most recently, in C. elegans multigen-
erational adulthood-only daf-2 RNA interference (RNAi) parents were
observed to increase investment in somatic maintenance (Duxbury et al.,
2022). This was associated with an increase in lifespan with no survival/
reproductive cost for parents or offspring. Because reduced daf-2
expression during development had fitness costs it was posited this
could be accounted for from an evolutionary perspective by the devel-
opment theory of ageing.

2.3. Insects

Drosophila melanogaster (D. melanogaster) has been ubiquitously
employed to demonstrate transgenerational inheritance (Fridmann-Sir-
kis et al., 2014; Karunakar et al., 2019; Mu et al., 2021; Sun et al., 2023).
Transgenerational effects in D. melanogaster suggest parental diet can
affect body size, development time, and egg quality of future genera-
tions (Deas et al., 2019). Moreover, when male D. melanogaster are
exposed to a high population density they have offspring which display
an increased competitive ability (Dasgupta et al., 2019). Focusing

specifically on lifespan. In recent work the sucrose level of adult
D. melanogaster was adjusted post mating (Camilleri et al., 2022). It was
revealed that parental flies lived longer when sucrose treatments were
matched, but they had offspring with shorter lifespans. The mechanism
(s) underpinning this are unclear. It was suggested this was due to a
trade-off between parental investment in offspring quality versus
offspring quantity, which is manifested during certain diets. Non-genetic
inheritance in flies could involve histone posttranslational modifications
(Sun et al., 2023; Zenk et al., 2017). Diet studies have helped revealed
this. In D. melanogaster an intermediate protein-carbohydrate diet
increased lifespan through to the F3 generation (Xia and de Belle, 2016).
The epigenetic mechanism was identified in further work. The level of E
(z) was upregulated during a low protein diet. E(z) is a methyl-
transferase which enhances the levels of H3K27 trimethylation
(H3K27me3) (Xia et al., 2016).

2.4. The Lansing effect in insects

The Lansing effect has also been investigated in insects. In the neriid
fly Telostylinus angusticollis it has been observed that paternal age im-
pacts offspring lifespan in an equivalent manner to maternal age (Wylde
et al., 2019). This lasted over two generations. In an intriguing study
involving antler flies (Protopiophila litigata) (Angell et al., 2022).
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Parental age at reproduction was recorded in a laboratory. Male
offspring were then released into the wild. Interestingly, advanced
paternal, but not maternal age, increased sons' adult lifespan, while
parental age did not impact sons' reproductive ageing.

3. Epigenetic inheritance in mammals
3.1. Rodents

In mammals most studies of TEI have involved rodents (Bohacek and
Mansuy, 2015). In fact, experimental strategies involving laboratory
rodents have been used extensively to explore transgenerational effects
(Anwer et al., 2022; Ben Maamar et al., 2018; Carone et al., 2010;
Weaver et al., 2004; Wei et al., 2014). Investigations have revealed that
key rodent behavioural phenotypes, including socialization, addictive
tendencies, and stress response can be transgenerationally modulated by
environmental perturbations (Gapp et al., 2014a; Jawaid and Mansuy,
2019). Diet is also associated with transgenerational effects in rodents.
Metabolic disturbances in rat offspring have been observed to correlate
with a maternal diet high in fat (Woyames et al., 2022). Time-restricted
feeding (TRF) during pregnancy also effects rat offspring (Prates et al.,
2022). This was characterised by dysregulated metabolism in later life.
It was suggested TRF ‘programmed’ rat offspring for altered metabolism
during adulthood. Parsimonious logic would imply this is an AP effect,
whereby offspring are ‘programmed’ to survive in early life at the
expense of survival in later life.

Other forms of dietary manipulation have been associated with
transgenerational effects in rats. Interestingly, resveratrol has been
suggested as a mediator of non-genetic inheritance (Sharma et al.,
2022). A study which intergenerationally treated rats with resveratrol
observed that rat offspring had smaller litters and a reduced life ex-
pectancy (Sharma et al., 2022). The mechanism(s) underpinning this
remain obscure. However, resveratrol effects several epigenetic pro-
cesses, including the activity of the methyl transfer enzyme, DNMT3b
(Fernandes et al., 2017; Qin et al., 2014). Other mechanisms could be
involved in TEI in rodents. Some are consistent with those observed in
worms and flies. For example, altered H3K4me3 demethylase in mice
sperm is thought to be the conduit for paternally inherited trans-
generational effects in this rodent (Siklenka et al., 2015). H3K4me3 has
also been associated with the transgenerational inheritance of metabolic
dysfunction in mice (Macrae et al., 2022).

3.2. Humans

In humans inherited transgenerational effects have been implied for
decades (Morgan and Whitelaw, 2008; Pembrey et al., 2006). Indeed,
the negative impact of prenatal undernutrition on offspring health has
been widely documented (Barker and Osmond, 1986; Heijmans et al.,
2008; Roseboom et al., 2006; Schulz, 2010; Shen et al., 2019). Epide-
miological data has associated grandparent nutrition to the longevity of
their grandchildren (Bygren et al., 2001; Kaati et al., 2007). An obstacle
preventing the wide spread acceptance of non-genetic inheritance in
humans is the challenge associated with identifying biological mecha-
nisms based on epidemiological observations (Horsthemke, 2018).
Despite this, evidence from mammals, has led to speculation that non-
genetic transgenerational inheritance is possible in humans. For
instance, it has been observed that epigenetic marks are not entirely
erased in the zygote and germ cells of mice (Hackett et al., 2013). This
provides a route for DNAm changes to be inherited in mammals,
including humans. Extremely tentative recent data implies epigenetic
inheritance influences human longevity. The GrimAge acceleration
epigenetic clock (GrimAA) (Lu et al., 2019), was used to observe that
offspring of parents who consumed high levels of alcohol suffered a
4.43-year increase in GrimAA (Carter et al., 2022).
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3.3. The Lansing effect in mammals

The Lansing effect has also been suggested to exist in mammals
(Péron et al., 2019). Maternal age at reproduction has been shown to
influence the healthspan of human offspring (Kenny et al., 2013).
Increased maternal age is associated with distinct DNAm changes in
human offspring (Markunas et al., 2016). Evidence exists from other
mammals that a maternal age effect on offspring is not unique to
humans. Maternal age has been shown to modulate offspring longevity
in Asian elephants. Offspring of older mothers had reduced survival
(longevity) but increased reproductive success (Reichert et al., 2020).
Similar observations have been made in bottlenose dolphins were calf
survival decreases with maternal age, while calves who have older
mothers have lower survival (Karniski et al., 2018). This tacitly suggests
maternal age could negatively affect offspring longevity in long lived
mammals.

4. Reconciling inherited effects with evolutionary theory

So far, this work has provided some compelling examples of IEI and
TEL It would appear such phenomena are relevant to a variety of ‘sim-
ple’ organisms. In addition, several putative biological mechanisms
have been suggested to mediate IEI/TEI in these organisms. Some of
these mechanisms effect lifespan/longevity. However, irrespective of
the processes which may be involved in IEI/TE], it is crucial that non-
genetic inheritance is reconciled with ageing evolutionary theory. To
date, no satisfactory explanation has been posited which firmly in-
tegrates ageing evolutionary theory with non-genetic inheritance. As
Fig. 1 illustrates it may be the case that a new paradigm is needed to
assimilate evolutionary theory with recent experimental findings. In this
section I speculate how non-genetic inheritance could potentially be
integrated with each of the main non-adaptive evolutionary theories of
ageing.

4.1. Mutation accumulation

A way to examine the relationship between the MAT and epigenetic
inheritance is to view this theory through a slightly different evolu-
tionary lens. A more nuanced interpretation considers the accumulation
of epimutations and genetic mutations with age. It is conceptually
plausible this combined mutational load is a significant determining
factor of age-associated gene dysregulation (Gentilini et al., 2015;
Klironomos et al., 2013). Combining genetic and nongenetic inheritance
has been modelled previously using the Price equation (Day and Bon-
duriansky, 2011). It is possible to adapt this conceptualization in order
to have the MAT as its kernel. Under this view a scenario can be explored
whereby the effects of accumulated epimutations are inherited. The
negative or positive effects of this epimutational load are then carried by
the offspring. This is conceivable if a parent has its offspring later in life.
In fact, in Drosophila Marinkovic and Bajraktari provide evidence for the
accumulation over many generations of age related ‘micromutations’
(Marinkovié and Bajraktari, 1988). The ‘micromutations’ impacted
development time and longevity. Specifically, they found that age-
affected events were generated by ontogenetically ‘programmed’ alter-
ations in genetic loads at specific chromosomes, which were inherited by
future generations. Interestingly, Lamb suggests that the changes were
not the result of genetic mutations, but were the result of epimutations
that were transmitted from parents to offspring (Lamb, 1994). Envi-
ronmental changes could also result in a build-up of epimutations.
Indeed, environmental stress promotes sperm epimutations in rats,
which persist for several generations (Anway et al., 2005). It would be
worthwhile identifying how a build-up of epimutations impact offspring
lifespan/longevity. Deteriorated sperm quality effects reproductive
fitness in humans (Aitken, 2017; Jenkins et al., 2016). Although, it is
uncertain to what extent impairment of sperm quality determines health
in human offspring if at all (Omu, 2013). If it does, the inheritance of
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Fig. 1. An illustrative example of the conceptual gat that exists between evolutionary theory and empirical data surrounding non-genetic inheritance and longevity.
An alternative paradigm may be needed to reconcile experimental data with evolutionary theory.

accumulated epimutations which affect sperm DNAm could impact the
lifespan/longevity of future generations. However, it is likely that only
certain types of epimutations are transgenerationally inherited. This
view is supported by the observation that transgenerational differential
DNAm regions in sperm have unique consensus DNA sequence motifs
that are associated with epimutations (Guerrero-Bosagna et al., 2014).

4.2. Antagonistic pleiotropy

It is essential to reiterate that the premise of the APT is that alleles
which confer a reproductive advantage have detrimental effects in later
life. A plethora of alleles have been identified in humans and other an-
imals which display these properties (Austad and Hoffman, 2018;
Bochdanovits and de Jong, 2004; Byars and Voskarides, 2020). Many of
these alleles undergo epigenetic changes with age (Mc Auley, 2021).
Moreover, epigenetic modulation of gene activity is responsible for a
multitude of pleiotropic effects (Mozhui et al., 2023). Putting these
observations together, a logically coherent way to integrate the APT
with epigenetic inheritance is as follows; fluctuating environments are a
threat to the survival of an organism (Lalejini et al., 2021). The solution
provided by evolution is phenotypic plasticity (Pigliucci, 2005; Sommer,
2020). Phenotypic plasticity is the functional response of an organism to
a specific environmental change (DeWitt et al., 1998; Sultan, 2021). This
is an evolved trait which enables animals to buffer the effects of envi-
ronmental heterogeneity (Price et al., 2003). It is conceivable that
within this context pleiotropic alleles can be selected for despite their
harmful effects in later life (DeWitt et al., 1998).

Epigenetic modification provides a framework which enables the
expression of antagonist alleles to change throughout life. It must be
emphasised however, that for the APT to fully fit with ideas which focus
on the inheritance of non-genetic effects, a transgenerational epigenetic
signal which can modulate gene activity across the life-span is required.
A good candidate for this are homeobox genes which upon ageing un-
dergo methylation changes (Bork et al., 2010; Jung and Pfeifer, 2015;
Morgan et al., 2018). Other epigenetic mechanisms could also be

involved in this process. As previously outlined histone H3K4me3 has
been identified as a transgenerational epigenetic signalling mechanism
in C. elegans (Wan et al., 2022b). Moreover, H3K4me3 plays a significant
role in regulating gene expression during early mammalian develop-
ment (Zhang et al., 2016). In addition, H3K4me3 influences gene
expression across the lifespan in Saccharomyces cerevisiae and C. elegans
(Cruz et al., 2018). Although, it is more likely that epigenetic mecha-
nisms are involved in transgenerational epigenetic signalling and its
effect on lifespan. In fact, histone H3 lysine 9 mono- or di-methylation
(H3K9mel/2) was recently implicated in regulating lifespan in
C. elegans daf-2-mutants (Huang et al., 2022). It is feasible it is also
involved in epigenetic inheritance in this organism.

4.3. The disposable soma theory

Advocates of DST could argue IEI/TEI does not invalidate this theory.
Older parents will have accumulated somatic damage. If it is assumed
non-genetic changes can pass from a deteriorated soma to the germline.
Then it is conceivable these effects can impact offspring fitness. Some
evidence does add weight to these arguments. Firstly, increasing age is
associated with lower quality oocytes in mammals (Ge et al., 2015; Sher
et al., 2007). Secondly, this phenomenon can be accompanied by DNAm
changes (Yue et al., 2012). However, due to the contradictory nature of
the experimental evidence, the idea that information can pass from soma
to the germ line remains speculative in humans at least (Horsthemke,
2018). The DST and non-genetic inheritance can also be examined if
longevity is viewed as being moulded by the combined effects of
resource availability in a parent and its offspring. This idea has been
theoretically examined (Van Den Heuvel et al., 2016). A mathematical
model was constructed based on the assumption that mothers encounter
a trade-off between investment in their own somatic preservation, and
allocation to offspring somatic maintenance. Simulations predicted that
the optimal division of resources between maternal somatic mainte-
nance, and investment in offspring somatic preservation, results in old
mothers having progeny with reduced lifespan. This finding contradicts
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observations from the wild. Older female African elephants invest more
resources to their offspring (Lee et al., 2016). It is thought this guaran-
tees offspring survival. This is evidenced by maternal longevity
improving daughter survival to reproductive age, and increasing their
reproductive rate.

Insights can also be gained when non-genetic inheritance and the
DST are examined from the perspective of the intrauterine environment.
Using DST logic, it is plausible that the foundations are laid during the
intrauterine period which determine the extent to which offspring re-
sources are divided between reproduction and somatic maintenance. A
poor intrauterine environment could trigger epigenetic processes that
mould development in anticipation of its postnatal environment. This
idea is conceptually close to the predictive adaptive response (PAR)
hypothesis, which suggests that the foetal milieu provides a forecast of
the predicted postnatal environment (Bateson et al., 2014). PAR is in
turn closely coupled to the ‘thrifty genotype’ model, which suggests
metabolic programming confers a survival advantage in a postnatal
environment of finite resources (Neel, 1962, 1999). The “thrifty
phenotype” hypothesis is similar to the DST in that its central idea is that
the goal of an organism is to survive to reproductive age, even if this
increases the risk of mortality/disease in later life. Accordingly, organ-
isms born into a resource deficient environment will reproduce earlier
and have more offspring, at the expense of longevity. Mechanisms which
underpin the “thrifty phenotype” remain to be identified. Processes
linked to energy metabolism are logical candidates. H3K4me3 has been
shown to act as a transgenerational epigenetic signal for regulating
genes involved in lipid metabolism in C. elegans (Wan et al., 2022b).
Epigenetic mechanisms involved in insulin signalling are also reason-
able candidates. For instance, individuals who were prenatally exposed
to the Dutch Hunger Winter, had, 6 decades later less DNAm on the
imprinted insulin-like growth factor 2 gene, when compared to their
unexposed siblings (Heijmans et al., 2008).

5. Programmed ageing: is the effect epigenetic inheritance has
on lifespan/longevity an adaptive mechanism?

It is clear from this review that the environment an organism inhabits
can impact the fitness of its offspring both negatively and positively
(Alvarez—Quintero et al., 2021; Goos et al., 2019; Guerrero-Bosagna and
Skinner, 2012; Ragsdale et al., 2022). As discussed there is a growing
body of empirical data which suggests that environmentally induced
inherited epigenetic effects could contribute to variations in lifespan/
longevity (Greer et al., 2011; Ivimey-Cook et al., 2021; Jordan et al.,
2019; Vaiserman et al., 2017). It could be argued that the impact
inherited epigenetic effects have on lifespan/longevity is an evolu-
tionary adaptation, and possibly even act as evidence for programmed
ageing. However, this is not the case. In order to appreciate why, it is
necessary to understand what defines an adaptation. An adaptive pro-
cess can be defined in many ways (Reeve and Sherman, 1993). However,
an exceptionally well thought out conceptual framework exists which is
a powerful tool for determining adaptive processes (Stearns and Ebert,
2001). Four criteria are used (Table 2). In essence, an adaptation is a
change in state which increases reproductive success. If an effect does

Table 2
Criteria needed for an inherited effect to be recognised as adaptive*.

Criteria Description

1. The selection
criterion

2. The perturbation
criterion

3. The functional
criteria

Trait manifests as a heritable change correlating with
reproductive success

If trait optimal state has been predicted by a model and
tested experimentally.

Change in a phenotype which is induced within a particular
environmental signal which associates with enhanced
growth, survival or reproduction.

4. The design criterion  An adaptation is recognised by its complexity.

" Adapted from Stearns and Ebert (2001).
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not fit within this definition alternative explanations are essential. For
instance, it may be the case that an epigenetic effect is disruptive/mal-
adaptive rather than adaptive (Gapp et al., 2014b). This is the case with
an epigenetic trap (ET) (O'Dea et al., 2016). An ET is a fluctuation in the
environment which results in an epigenetic change that generates a
heritable maladaptive phenotype which is not associated with an in-
crease in phenotypic variance in a population. Given that many
inherited non-genetic effects have been linked with a decrease in life-
span in model organisms (Mautz et al., 2020; Nilsson and Skinner, 2015;
Rechavi et al., 2014); it is difficult to argue that in all cases the effects
epigenetic inheritance has on lifespan is adaptive. In fact, it is more
likely that it is maladaptive/disruptive.

6. Discussion

It has long been viewed that environmental factors which induce
epigenetic changes in somatic cells only impact the exposed generation,
and that these alterations cannot be transmitted to their offspring. In this
review I have highlighted a body of evidence which challenges this
notion. Many of the examples explored in this work detail how epige-
netic changes impact the lifespan/longevity of future generations. A
drawback of these observations however is they have mainly been
identified in ‘simple’ organisms, such as worms and flies. Despite this
caveat, it can be broadly concluded that epigenetic inheritance in-
fluences lifespan/longevity in organisms with very short lifecycles.
Moreover, some of the observations discussed in this review suggest that
in mammals, DNAm signatures can be transmitted to gametes from the
soma. However, the evidence for this is contradictory and arguments
which advocate for epigenetic inheritance need to be subjected to
rigorous empirical scrutiny (Perez and Lehner, 2019). It is empirical
studies which have identified that adaptive phenotypic plasticity is an
evolved trait that enables organisms to respond appropriately when
faced with a particular environmental challenge (Acasuso-Rivero et al.,
2019; Auld et al., 2010). An adjunct to this is that empirical in-
vestigations have revealed that transgenerational environmental effects
can be adaptive when parental and offspring environments are the same
(Bonduriansky and Day, 2009; Leimar and McNamara, 2015). However,
it is inescapably contentious to suggest that lifespan/longevity will
consistently be inherited non-genetically as part of an adaptive process
when an organism is faced with a particular ecological challenge. A trait
will only have an adaptive phenotypic response if it confers a repro-
ductive advantage. It is crucial to acknowledge that NS will only favour
an increase in lifespan when living longer is likely to yield a reproduc-
tive benefit, something which will lead to a new fitness optimum in the
population (Grenier et al., 2016; O'Dea et al., 2016). Thus, to reiterate in
the majority of cases where lifespan/longevity is modulated by non-
genetic effects this is likely to be maladaptive.

A key goal of this review was to close the conceptual gap between
ageing evolutionary theory and non-genetic inheritance. To achieve this
the main evolutionary theories of ageing were speculatively reconciled
with non-genetic inheritance. What can broadly be concluded as a result
of this literature survey is that it is possible to synthesise arguments
which mechanistically harmonize each theory with non-genetic inheri-
tance. This is unsurprising because previous work has found that each
theory can be used as a theoretical framework to account for other
processes, which are synonymous with ageing, such as the effects of DR,
epigenetic drift and free radical damage (Golubev et al., 2018; Mc Auley,
2022; Robins et al., 2017; Zagkos et al., 2021). This serves to emphasise
that the main evolutionary theories of ageing are not mutually exclusive.
This means that a more pluralistic interpretation of ageing and evolu-
tionary theory may be required. A pluralistic approach has successfully
been applied to other areas of evolutionary biology. Most notably, it has
been used to address phylogenetic questions about different taxa
(Doolittle and Bapteste, 2007). Adopting this approach means a
uniquely ‘correct” way to describe the evolution of ageing may not exist.
In fact, when ageing patterns are examined in natural populations its
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timing and intensity is context and taxa specific (Gaillard and Lemaitre,
2020; Promislow, 1991). Thus, it makes logical sense that several
different hypotheses can account for the evolution of ageing, within
different ecological contexts. Indeed, how ageing is perceived from an
evolutionary perspective depends on the adopted theory (Gladyshev,
2016; Johnson et al., 2019). If ageing is viewed through a purely genetic
lens then arguments can be made for MTA or APT; if it is explored from a
largely physiological perspective the DST is more appropriate. Based on
this reasoning, it is to an extent futile debating which theory is ‘correct’,
when meaningful empirical evidence exists which provides support for
each theory (Mc Auley, 2021). Thus, it is my hope that future work in
this area will adopt a more pluralistic perspective when examining the
intersection between epigenetics, ageing and evolutionary theory. Such
an approach will only serve to improve our understanding of epigenetics
and where it sits within the evolution of ageing.
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