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Abstract

Sex differences in human survival have been extensively investigated in many studies
that have in part uncovered the biological determinants that promote a longer life in
females with respect to males. Moreover, researches performed in the past years have
prompted increased awareness about the biological effects of environmental fac-
tors that can modulate the magnitude of the sex gap in survival. Besides the genetic
background, epigenetic modifications like DNA methylation, that can modulate cell
function, have been particularly studied in this framework. In this review, we aim to
summarize the role of the genetic and epigenetic mechanisms in promoting female
advantage from the early in life (“INNATE"features), and in influencing the magnitude
of the gap in sex differences in survival and ageing ("VARIABLE" features). After briefly
discussing the biological bases of sex determination in humans, we will provide much
evidence showing that (i) “innate” mechanisms common to all males and to all females
(both genetic and epigenetic) play a major role in sex differences in lifespan; (ii) “vari-
able” genetic and epigenetic patterns, that vary according to context, populations
and exposures to different environments, can affect the magnitude of the gap in sex
differences in survival. Then we will describe recent findings in the use of epigenetic
clocks to uncover sex differences in biological age and thus potentially in mortality. In
conclusion, we will discuss how environmental factors cannot be kept apart from the
biological factors providing evidence from the field of human ecology.

Keywords: Survival, Lifespan, Genetics, Epigenetics, Sex chromosomes, DNA
methylation, Epigenetic clocks

Introduction

It is well known that females generally live longer than males in most mammals, includ-
ing apes (Austad & Fischer, 2016; Bronikowski et al., 2022; Clutton-Brock & Isvaran,
2007; Lemaitre et al., 2020). Females outlive males in almost all modern human popu-
lations, even under extreme events, such as famines, epidemics, and slavery (Colchero
et al,, 2016; Hiagg & Jylhava, 2021; Zarulli et al., 2018). However, the magnitude of this
gap is variable and it is mainly shaped by complex interactions between biological and
environmental factors that in humans also include sociocultural aspects (Lemaitre et al.,
2020). Data from German cloistered populations collected for the years 1890 to 1995
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showed how peculiar sociocultural conditions such as enclosure and monastic life may
influence the magnitude of this gap (Luy, 2003).

The classical viewpoint in the field tends to consider environmental factors as non-
biological factors, with only genetic (innate) factors being considered biological. Recent
discoveries have led to a blurring of the classic dichotomous view between biological
(genetic) factors and non-biological factors (behavioural and environmental factors). In
particular, the environment is increasingly becoming part of the concept of biology as
demonstrated by recent discoveries in the field of epigenetics, a molecular mechanism
at the interface between genetics and environment which is important in regulating gene
expression.

Under these premises, in this review we will focus on the role of genetics and epi-
genetics in determining sex differences in survival. We will not discuss other biological
aspects that certainly play an important role in this trait, like the effect of sex hormones
that have been extensively described in other papers (Viia et al.,, 2005). First, we will
briefly recall the process of sex determination in humans, then we will discuss current
knowledge about (i) the genetic and epigenetic features that are characteristics of the
female sex and of the male sex (that is, are common to all males and to all females) and
that can promote female advantage in survival from the beginning of the life (we will
refer to these characteristics as “INNATE”); (ii) the genetic and epigenetic patterns that
vary according to context, populations and exposures to different environments, and
that influence the magnitude of the gap in sex differences in survival and ageing (we
will call them “VARIABLE”). We will also discuss how predictors of biological age that
are based on epigenetic measures are differently associated to mortality in males and
females. Finally, we will conclude the review with some considerations based on human
ecology that support interdisciplinary reasoning and that contribute to explain sex dif-
ferences in survival.

In order to assist the reader in dealing with some biological terms used across the text,
a glossary is reported in Table 1.

Biological bases of sex determination in humans

In humans, like in the other mammals, sex is the result of two sequential processes
known as primary sex determination and secondary sex determination. Primary sex
determination refers to the development of gonads, i.e. the testis or the ovary, the organs
responsible for the production of gametes (sperm and egg cells, respectively) (Table 1).
Then, the hormones secreted by the gonads drive secondary sex determination: estro-
gens secreted from foetal ovaries induce the differentiation of uterus, oviducts, and cer-
vix in females, while the testicular hormones (anti-Miillerian duct hormone, testosterone
and dihydrotestosterone) drive the development of male phenotype (Table 1), including
penis, seminal vesicles and prostate gland (Fig. 1). Finally, starting from embryogenesis,
the production of sex hormones is finely regulated across the life of the individual and
has a pervasive effect on body development and functioning.

Primary sex determination is strictly chromosomal, i.e. it depends on the set of
chromosomes. In physiological conditions, 22 pairs of chromosomes (indicated
with sequential numbers from 1 to 22) are present in both males and females and are
called autosomes (Table 1). The remaining two chromosomes, indicated as X and Y
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Table 1 Glossary of the biological concepts used in the text

Term Meaning

Gamete A mature haploid germ cell, defined as sperm cell in male and as egg cell in female
Karyotype The complete set of chromosomes of an organism

Sex chromosome A chromosome involved in the determination of the sex of an organism

Autosome In humans, one of the 22 chromosomes different than sex chromosomes

Phenotype The set of visible traits of an individual. Phenotypic variability is the result of the interac-

tion between the genotype and the environment, which affects gene expression by
means of epigenetic modifications

Genotype In the broader sense: the genetic make-up of an individual; in the narrower sense: the
two alleles carried by an individual at a given genomic position

SNP (single nucleotide  The substitution of a single nucleotide with another such that the polymorphic allele is
polymorphism) present in at least 1% of the population

Allele One of two or more variant of a DNA sequence of variable length (a single base or a
block of bases) at a given genomic position

Gene expression The process by which the genetic information contained in a gene is converted in a
protein (or non-coding RNA), that affects the phenotype of an individual

Epigenetic modification A molecular mechanism that regulates gene expression without modifying the geno-
type. One of the most studied types of epigenetic modification is DNA methylation
(DNAmM)

DNA methylation DNAm consists in a reversible epigenetic modification and occurs by the addition of
a methyl group to DNA without changes in the DNA sequence itself. This addition
takes place at specific nucleotides of genomic DNA, i.e. cytosines that are followed by
a guanine, names CpG dinucleotide. DNAm is relatively stable, as it can be inherited
across cell divisions (for example during development) but at the same time can be
modulated by a wide range of factors, both external to the body (for example, the
lifestyle, the exposure to pollutants, the diet) (Martin & Fry, 2018; Ryan et al., 2020) and
internal (for example, the hormonal set-up, the presence of pathogenic processes,
etc.) (Argentieri et al,, 2017; Dor & Cedar, 2018). DNA methylation is usually expressed
as a continuous number ranging from 0 (all the DNA molecules of the sample are not
methylated) to 1 (all the DNA molecules of the sample are methylated)

Nuclear DNA The DNA contained in the nucleus of a cell and organized in autosomes and sex chro-
mosomes. Inherited from both parents

Mitochondrial DNA The DNA contained in the mitochondria of a cell and organized in a single circular
chromosome. Inherited from mothers

Antagonistic pleiotropy  The phenomenon by which a gene (or a SNP) controls for more traits, such that at least
one of these traits has a beneficial effect on the organism early in life, and at least one
has detrimental effect later in life, or vice versa

chromosomes are termed sex chromosomes (Table 1): males have a single X and a single
Y chromosome, i.e. a XY karyotype (Table 1), while females have two X chromosomes,
i.e. a XX karyotype. Chromosome Y contains a gene, names SRY, which is pivotal in pri-
mary sex determination. Indeed, both testis and ovary develop from a common precur-
sor, which forms at week 4 after fertilization and remains sexually indifferent until week
7. If SRY is present (XY karyotype) the gonad is committed towards testis, while if SRY
is absent (XX karyotype) it will develop into ovary. Importantly, experiments in mouse
models suggest that just the presence of SRY gene contributes to the shorter lifespan
in males, as we will better discuss in Sect. "Genetic and epigenetic “variable” factors to
explain the magnitude of sex differences in survival" (Davis et al., 2019).

Furthermore, the regulation of the expression of genes on the sex chromosomes
depends on epigenetic modifications, including DNA methylation (DNAm) (Table 1).
Indeed, females (XX karyotype) carry two copies of the about 1000 genes on X chro-
mosome, while males (XY karyotype) have only one copy. As this different dosage in
X-linked genes is potentially toxic, one of the X chromosomes in each cell of the
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Fig. 1 Biological basis of sex determination in humans. Primary sex determination and secondary sex
determination are reported for males and females

developing female embryo undergoes a series of epigenetic modifications that prevent
its expression, a process known as X chromosome inactivation (XCI) and that below is
described as a potential biological mechanism involved in sex differences in survival. As
a consequence of XCI, females will have only one functional copy of the X chromosome
in each cell, like males. XCI normally occurs randomly in female cells during develop-
ment, with some cells inactivating the X chromosome derived from the mother and
other cells inactivating the X chromosome of paternal origin. As a consequence, females

are a mosaic for the expression of genes on X chromosome.

Genetic and epigenetic “innate” factors to explain sex differences in survival

In this paragraph, we will discuss the genetic and epigenetic characteristics that are
innate in females and males and that can contribute to sex differences in survival from
conception. We will consider the role of sex chromosomes, the role of mitochondrial
DNA (mtDNA) and the role of sex-specific epigenetic profiles.
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The role of sex chromosomes

Sex chromosomes have a fundamental role in influencing the difference in survival between
males and females. Already in 1985, Trivers (1985) hypothesized that in females (XX kar-
yotype) each X chromosome protects the other from potentially damaging mutations,
differently from what happens in male individuals (XY karyotype). Another interesting
observation comes from the study of Davis et al. (2019). The authors made use of the “four
core genotypes” mouse model, which consists in mice that have a sex chromosome comple-
ment (XX vs. XY) unrelated to their gonadal set-up. Through the relocation of the SRY gene
(see Sect. “Biological bases of sex determination in humans”) from Y chromosome to an
autosome, four different mouse strains were obtained: XX gonadal females (animals with an
XX karyotype and ovaries), XX gonadal males (animals with and XX karyotype and testis),
XY gonadal females (animals with and XY karyotype and ovaries) and XY gonadal males
(animals with and XY karyotype and testes). The authors found that the risk of mortality
for the XX karyotype was about 50% and 20% lower than the XY karyotype in animals,
respectively, with ovaries and testis. Furthermore, they also demonstrated that the risk of
mortality for mice with XX karyotype and ovaries was half of that observed for mice with
XX karyotype and testis. Thus, the best combination that reduce the risk of mortality is
XX karyotype and ovaries, the condition that physiologically characterized females. This
experiment elegantly demonstrated that sex chromosomes have a main role in determining
sex differences in survival.

Moreover, some authors suggested that XCI, described in the previous paragraph, can be
advantageous for longevity: females are protected from potentially deleterious variants, as
these are silenced in about half of the cells (Libert et al., 2010). On the contrary, in males the
unique copy of X chromosome is unguarded and therefore potentially more susceptible to
disadvantageous variants (Marais et al., 2018).

If XCI in females is advantageous on one side, its deregulation can favour sex-specific
disease. Skewing of XCI occurs when the inactivation of one X chromosome occurs more
frequently than the inactivation of the other one. The degree of skewing increases during
ageing (Sharp et al., 2000) and possibly contributes to the higher frequency of some age-
related diseases in females, like Alzheimer’s disease (Bajic et al., 2015). Conversely, delayed
skewing occurs in centenarians’ offspring, a model of successful aging (Gentilini et al.,
2012).

In humans, up to 30% of X-chromosome genes can escape XCI and displays sex-biased
gene expression (Tukiainen et al., 2017). Some evidence suggest that escaper genes can con-
tribute to the sexual dimorphism in aging. For example, the escaper gene miR-548am-5p
confers to XX cells a higher resistance to cell death compared to XY cells, a characteristic
that could favour the survival of the female organism (Matarrese et al., 2019).

It is worth noting that some studies demonstrated that cells from the elderly tend to lose
sex chromosomes with higher frequencies compared to autosomal chromosomes (Fors-
berg, 2017; Marais et al., 2018). In females, age-related X-chromosome loss preferentially
involves the inactivated chromosome (Machiela et al., 2016) and it has been suggested that
this phenomenon contributes to brain aging and Alzheimer’s disease (Yurov et al., 2014).
Loss of Y chromosome during aging has been associated with mortality in males (Fors-
berg et al,, 2014) and to risk for cancer, autoimmune thyroiditis and Alzheimer’s disease
(Dumanski et al., 2016; Forsberg, 2017; Persani et al., 2012).
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The role of mtDNA: the mother’s curse hypothesis

Unlike the nuclear DNA (Table 1), which comes from both parents, mitochondrial DNA
(mtDNA) (Table 1) is inherited only from the mother (Hutchison et al., 1974), and it can
only give a direct and adaptive response across generations only through females. This
means that mutations with a negative effect in males can accumulate in the population
if they are neutral or beneficial for females (a phenomenon called “the Mother’s Curse”,
one of the asymmetric inheritance theories). Accordingly, a study on mutations causing
Leber’s hereditary optical neuropathy, a disease with male-biased prevalence, suggests
that deleterious mutations could accumulate in the mtDNA at higher cost for males in
term of fecundity, health and lifespan (Milot et al., 2017).

A study on Drosophila melanogaster reported that SNPs (Table 1) in mtDNA sequence
can contribute to the sex differences in survival, such that the females outlive the males
(Camus et al, 2015). In particular, authors showed that a single SNP (Ala-278-Thr)
located in CYTB gene has antagonistic pleiotropic effects (Table 1) and the males car-
rying this SNP are sterile but with greater longevity while the same variant in females is
associated with fertility and shorter longevity. This constitutes an example of pleiotropic
effect both within and between sexes (Camus et al., 2015). However, experimental evi-
dence of this mechanism in humans is still an open field of research. Evidence of the
sex-specific effect of mitochondrial variants on gene expression through ageing has been
collected mainly on animal models while the data in humans are still scarce. A recent
study performed on 955 individuals from a population-based Young Finns Study cohort
considering the whole mtDNA sequence did not show any significant differences in gene

expression between males and females (Laaksonen et al., 2019, 2021).

The role of sex-specific epigenetic profiles

Several studies reported that innate DNAm differences exist between males and females
(Inoshita et al., 2015; Perzel Mandell et al., 2021; Singmann et al., 2015; Spiers et al.,
2015; Yusipov et al.,, 2020). These innate epigenetic differences are not limited to sex
chromosomes, but are widespread across the entire genome and possibly contribute to
sex differences in the predisposition to some diseases, including neurological, psychiat-
ric and metabolic pathologies (Hall et al., 2014; Maschietto et al., 2017; Migliore et al.,
2021; Perzel Mandell et al., 2021). Epigenetic profiles are profoundly remodelled dur-
ing ageing and can further change in age-related diseases. Several of the CpG sites with
sex-associated DNAm undergo also age-associated DNAm changes, and in most of the
cases the differences between males and females tend to be maintained during ageing
(Pellegrini et al., 2021; Yusipov et al., 2020). However, some genomic regions display sig-
nificant age-by-sex interactions, i.e. they change their DNAm during aging in a differ-
ent way in males and in females (Masser et al., 2017; McCartney et al., 2019; Yusipov
et al,, 2020). It is tempting to speculate that these sex-specific DNAm trajectories during
aging can contribute to sex differences in survival. For example, a recent paper showed
that two CpG sites with significant age-by-sex interactions are differently modulated in
human models of successful (centenarians) and unsuccessful (persons with Down syn-
drome) aging (Yusipov et al., 2020). In particular, centenarian males showed a DNAm
pattern more similar to that characteristic of females, while females with Down syn-
drome tended to have a masculinization of their DNAm values. Kananen and Marttila
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evaluated how DNAm of CpG sites on X and Y chromosomes changes with ageing in
whole blood considering a large cohort of males and females aged 14—92 years. They
found that males and females shared a significant number of CpG sites on X chromo-
some showing age-associated DNAm changes and concluded that DNAm changes in
the X chromosome are unlikely to be a major contributor of sex dimorphism in ageing
(Kananen & Marttila, 2021). When investigating age-by-sex differences in blood-based
DNAm, McCartney et al. identified almost 600 CpG sites located in X chromosome that
had different age-dependent DNAm patterns in males and females (McCartney et al,
2020), although a subsequent work suggested that the identification of these sex-specific
patterns could be influenced by XCI (Li et al., 2020a). Importantly, neither of these two
studies discussed whether and how the observed age-dependent DNAm changes in X
chromosome can influence sex differences in survival.

At least three studies (Li et al., 2022; Lund et al., 2020; Vidaki et al., 2021) evaluated
whole blood DNAm from male participants with different ancestries and found a clear
hypermethylation of Y-linked CpG sites during ageing. Furthermore, Li et al. reported
the hypermethylation of one CpG site within Y chromosome was positively associated
with all-cause mortality risk in a Chinese cohort (Li et al., 2022), while Lund et al. ana-
lysed four cohorts of European octogenarians and found that the rate of hypermethyl-
ation was higher at older ages and associated with reduced risk of all-cause mortality
(Lund et al.,, 2020). These partially discordant results can be related to the specific char-
acteristics of the cohorts evaluated in each study, but collectively demonstrate that the
epigenetic regulation of Y chromosome during ageing is an important contributor of

ageing trajectories in males.

Genetic and epigenetic “variable” factors to explain the magnitude of sex
differences in survival

As described in the previous paragraphs, males and females have a different genetic and
epigenetic asset, which possibly contributes to the longer life expectancy of females.
However, as mentioned in the introduction, the extent of the sex gap in survival is vari-
able. In the present paragraph we will discuss the possible contribution of genetic and
epigenetic variability to this phenotypic variability. These genetic and epigenetic features
are not shared by all the females and by all the males (for example, are present only in
individuals with a certain genetic background or exposed to a certain environment), but

contribute to the variability in the magnitude of the sex gap in survival.

Genetic factors

Several studies in the last decades are addressing the role of single genetic variants in
shaping differences between males and females in age-related onset of diseases and
survival (Lagou et al., 2021). The vast amount of data does not provide a unidirec-
tional association but showed that different regions of the genome may play a role
in modulating the magnitude of sex difference in survival. We report some specific
examples from genome-wide association studies (GWAS), which enable to analyse
several hundreds of thousands of SNPs at the same time across the genome of many
people to find genetic variation associated with complex traits and particular dis-
ease. GWAS are therefore one of the most powerful tools to address whether genetic
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variability contributes to sex differences in human longevity. A GWAS study was per-
formed in the framework of the Genetics of Healthy Aging (GEHA) European project
to identify SNPs associated with longer lives in a group of 1228 unrelated nonagenar-
ian from 6 European nations (Finland, Denmark, UK, Netherlands, France, Italy) and
1907 geographically matched controls. Authors identified 3 alleles (Table 1) linked to
longevity in a sex-specific manner, two beneficial for only females and one beneficial
for only males (Beekman et al., 2013). Another GWAS (Zeng et al., 2018) compared
564 male and 1614 female participants older than 100 years with a control group of
773 male and 1526 female individuals aged 40 to 64 years. All were Chinese Longi-
tudinal Healthy Longevity Study participants with Han Chinese ancestry who were
recruited in 1998 and 2008 to 2014. Sex-specific longevity alleles, located on genes
involved in inflammation and tryptophan metabolism, were found to be significant
associated with longevity, respectively, in males and females. A recent GWAS (Liu
et al, 2021) performed on the same Chinese population (N=15,651 individuals)
found 2 male-specific SNPs and 4 female-specific SNPs strongly associated with the
longevity. Notably, although one of the four female-specific SNPs, named rs2075650,
had been linked to longevity in multiple studies that performed sex-combined analy-
sis, authors found that the effect of this SNP on longevity in female was about 1.5
times higher than in males. Furthermore, authors created a model to predict longev-
ity and lifespan starting from a subset of 23,800 SNPs, which however represents part
of the total genetic variability. They stated that this model could explain the 7% of the
variance for lifespan in females but failed to provide a significant prediction for lifes-
pan in males. The absence of a significant prediction of lifespan in men could be due
to other factors, such as the lifestyle, the interaction of genetics with the sexual hor-
mones, the different prevalence of disease in the two sexes, that could have a greater
predictive capacity, “hiding” the effect of the genetic factors. Another interesting
result emerged from this paper is about the genomic loci located in the well-known
region of APOE/TOMMA40, which presented a sex difference and a strong association
with longevity in females (Liu et al., 2021). This last finding was partially confirmed by
another study performed in the UK biobank dataset, which demonstrated that com-
mon variants near APOE have sex- and age-dependent effects (Joshi et al., 2016).
Furthermore, several studies in the last decades are addressing the role of single
genetic variants in shaping differences between males and females in age-related onset
of diseases and survival and demonstrated that some variants can have a beneficial effect
in one sex but deleterious (or null) effects in the other and for that they are named “sexu-
ally antagonistic variants” (SAV) (Rice, 1984; Ruzicka & Connallon, 2020). In this per-
spective, it is likely that SAV can contribute to the magnitude of gap in the survival by
predisposing males to age-related diseases more than females. A recent study, merging
studies of evolutionary biology and biomedicine, described SNPs with sexually antago-
nistic effects on human diseases (Harper et al., 2021). The authors identified list of SNPs
with sex-specific effect (meaning same direction but different magnitude) or the sex-lim-
ited ones (meaning that the SNP plays a role in one sex only) including several diseases
(some of them age-related) (Harper et al., 2021). An example of study considered in this
review is that of Sainz and colleagues (2012), who investigated the relationship between
the colorectal cancer and the alleles that are known to affect the type 2 diabetes, for a
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deeper understanding of the relationship between these two diseases. They found that
a mutation located on the LTA gene was underrepresented in female with colorectal
cancer, but more present in control males with the type 2 diabetes, suggesting that this
mutation has a protective role against colorectal cancer in female, but a detrimental role
for the type 2 diabetes in male.

Another independent study investigated the effect of 174 variants on IL-6 serum lev-
els, that are associated with diseases, disability and mortality in the elderly, in a total of
700 people from 60 to 110 years of age, including 323 centenarians, born and resident
in Italy. Authors found that the same variants located in the IL6 gene are associated to
higher level of the IL-6 serum levels in men than women (Bonafé et al., 2001).

Overall, these findings suggest the key role of the GWAS to identify genetic variants
associated with sex differences in longevity and how SAVs can contribute to the onset of
age-related diseases which in turn can affect the magnitude of the sex differences in sur-
vival. However, to date GWAS are mainly based on case—control studies with the final
aim of identifying list of SNPs associated with survival and only recently with survival
of males and females. In this scenario more studies that estimate the contribution of
these SNPs to the magnitude of sex differences in survival between male and female are
needed.

Furthermore, it is worth noting that GWAS generally consider only autosomes, as sex
chromosomes are usually excluded from the analyses for methodological reasons and
potential bias due to sex-specific demographic events. This scenario is going to change
in next future, thanks to the growing consciousness on the role of sex chromosomes in
several human traits, including aging, and to the generation of statistical pipelines spe-
cifically devoted to their analysis.

Epigenetic factors

Epigenetic variability, here described as the differences in DNAm profiles among indi-
viduals, is the result of the interaction between the genetic background of an individual
and the environment to which he/she is exposed during the life course, starting from the
in utero period (Cavalli & Heard, 2019; Gluckman, 2012; Tobi et al., 2018). Both genet-
ics and environment can affect DNAm profiles in a sex-specific manner, and this can be
relevant for development of diseases and for survival. For example, some studies dem-
onstrated that some SNPs can have sex-specific effects on DNAm profiles, contributing
to the different risks of psychiatric disorders and post-traumatic stress disorder in males
and females (Vukojevic et al., 2014; Xia et al.,, 2021). A recent study on Faroe island-
ers showed that the exposure to different chemical compounds can have sex-specific
effects on DNAm. Notably, epigenetic changes were remarkably more pronounced in
males than in females and were enriched in X chromosome and occur in genes involved
in several diseases (Leung et al., 2018). Future studies should systematically investigate
whether the sex-specific effects of genetic or environmental factors can contribute to the
magnitude of survival differences between males and females.
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The use of epigenetic clocks to uncover sex differences in biological age

As mentioned in paragraph “The role of sex-specific epigenetic profiles’, ageing pro-
foundly affects DNAm profiles. Some of this age-associated DNAm changes are so
reproducible that they have been used to build mathematical models to predict the age
of an individual. Although these models, termed epigenetic clocks, are highly predictive
of chronological age, in some situations the estimated age can be different from chrono-
logical age. This discrepancy is generally considered informative of the biological age of
an individual, as it has been associated with the presence of age-related diseases, mor-
bidity and mortality (Horvath & Raj, 2018).

Epigenetic clocks have provided important insights into the biological basis of sex dif-
ferences in survival. Horvath and colleagues (Horvath et al., 2016) analysed blood, saliva,
and brain samples from seven different ethnic groups: Hispanics, Caucasians, African
Americans, East Asians, Tsimane Amerindians, Pygmies hunter-gatherers and Bantus
agrarians, both from Central Africa. According to epigenetic clocks computed from
blood samples, they found that men were epigenetically older than woman in African
Americans and Caucasians, even when controlling for education, diabetes, and hyper-
tension. The other ethnic groups showed similar trends, although they did not reach
statistical significance. Furthermore, blood cells count predicted from DNAm profiles
suggested a more rapid immunosenescence in men than in woman for three ethnic
groups: Caucasians, Tsimane and African Americans. Men resulted epigenetically older
than woman also when measuring the epigenetic clock in saliva samples from Hispanic
individuals and in brain samples from Caucasian individuals collected in six different
studies. Kankaanpié and colleagues (2021) assessed the association between epigenetic
age and sex in younger and older Finnish twin adults. They showed that men were epi-
genetically older than woman, and that the sex differences in biological ageing tended
to increase with the chronological age at least until about 50 years old. In particular,
men were about 1.2 years older than women in the younger twins (21-42 years of age)
and about 4 years older in the older twins (50-76 years of age). The authors also found
that the magnitude of this difference tended to remain constant from midlife onward.
Another longitudinal study on the Swedish population supports this finding (Li et al.,
2020b) and showed that average rates of epigenetic age increase are not significantly dif-
ferent in males and females after the age 50. A possible explanation for this phenomenon
is that men experienced higher rates of epigenetic aging even before 50 years, whereas
woman experienced higher rates of epigenetic aging only after menopause (Levine
et al., 2018), and as a consequence offset this difference between the sexes. It cannot be
excluded that male sexual hormones also could play a role in this phenomenon, since it
is known that the decrease of testosterone production, that diminishes with chronologi-
cal age, is associated with a deceleration of epigenetic aging (Sugrue et al., 2021).

In an increasing number of studies, epigenetic clocks are used to evaluate the biologi-
cal readout of social, economic and physical environments (Fiorito et al., 2017; Oblak
et al,, 2021). The effects of these factors on the magnitude of sex-specific differences in
survival have only been partially investigated. Fiorito and colleagues (2017) investigated
the association of low socio-economic status (SES) with epigenetic age acceleration in
three independent cohorts from Italy, Ireland and Australia. For each individual the
SES was computed as the combination of their childhood SES (defined as the father’s
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occupational position) and their adult SAS (defined as his highest occupational posi-
tion), both categorized as “low” and “high”. Authors found that lower SES was associ-
ated with higher epigenetic age acceleration, with an increase in epigenetic age of about
1 years in individuals with low SES when compared with those with high SES. Although
also this study reported that males are epigenetically older than females, no significant
evidence of SES—sex interaction was detected. Zhao and colleagues (2019), explored the
association between education (defined by the highest level of degree and the years of
education) or lifestyle risk factors for age-related diseases (such as smoking, alcohol con-
sumption, physical activity) and the epigenetic age in the African American participants
of the Genetic Epidemiology Network of Arteriopathy. The authors found that effect of
education and smoking on epigenetic age varied according to sex. In fact, although men
were epigenetically older than woman overall, the magnitude of the sex-specific differ-
ence in the epigenetic clocks tend to decrease with the level of education. In particular,
the gap in the epigenetic clocks between women and men without high school licence
was about 5 years, whereas this gap reduced to about 3.5 years between women and men
with a college degree. Furthermore, they also found that the magnitude of sex-specific
difference in the epigenetic clocks was higher in current smokers than in never smokers.

Also, the effect of interventions aimed at promoting healthy ageing can be sex-specific.
For example, a recent study showed that the administration of Mediterranean diet for
one year promoted a rejuvenation in epigenetic age and that this effect was more pro-
nounced in females, although the magnitude of sex-specific gap in the epigenetic clocks
was not reported (Gensous et al., 2020).

In this perspective, more interdisciplinary studies are needed to explore how socio-
economic factors and physical environment contribute to the magnitude of sex-specific
difference by modulating biological ageing and its epigenetic readout (Fig. 2).
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Ecological insights

Survival and reproduction are the two most basic components of fitness, and they
drive the evolution of a life cycle. A trade-off between survival and reproduction
was first theorized by Kirkwood in the framework of the “Disposable Soma theory”
(Kirkwood, 1977). According to this theory, longevity in women requires invest-
ments in somatic maintenance that reduce the resources available for the reproduc-
tion. In other words, the “Disposable Soma theory” assumes that an organism divides
its energy between maintenance and reproduction according to the evolutionary
niche in which it has developed. In particular, it has been observed that when sur-
vival increases, fertility decreases, and vice versa (Jasienska et al., 2017; Kirkwood &
Rose, 1991; Penn & Smith, 2007; Salinari et al., 2022; Westendorp & Kirkwood, 1998),
although this relationship could be confounded by unobserved demographic factors
(Gavrilov & Gavrilova, 1999) and by the frailty and the mortality selection during
childbearing age (Doblhammer & Oeppen, 2003).

The trade-oftf between survival and reproduction is also supported by biological
measurements (Edward & Chapman, 2011; Ghalambor & Martin, 2001; Partridge
et al., 2005). A study on 397 young (20-22 year-old) Filipino women investigated
the relationship between the number of pregnancies and epigenetic age (Ryan et al.,
2018). The authors found that each additional pregnancy was associated with 0.44-
year increase in the epigenetic age acceleration, supporting the hypothesis that
a higher number of pregnancies was associated with a worst biological aging. This
observation is in line with a study performed in 2356 non-Hispanic white women,
aged 35-74, enrolled in the Sister Study cohort and living in US (Kresovich et al.,
2019). Two major results emerged from this study: (i) an increase in the epigenetic
age acceleration estimates were seen with more births; (ii) the age at the first birth
was negatively associated with epigenetic age acceleration, suggesting that the nega-
tive effect of reproduction on survival is much higher in the early reproductive ages.

The trade-off between survival and fertility is also influenced by the variability of
ecological niches, thus contributing to creating a high level of population variability
in many life-history traits. For example, in environment with high extrinsic mortality,
defined as the age-specific risk of death due to external forces that is equally shared by
all members of a population (Quinlan, 2007), metabolic investment in reproduction is
prioritized, thus reducing energy allocated to somatic maintenance (or growth). This
leads an organisms to physiological and molecular changes towards a “fast life-his-
tory”, characterized by peculiar development characteristics, such as younger age at
first birth, accelerated pubertal timing, suboptimal tissue defence, but also earlier age
at menopause, increased risk of cardiovascular disease and to accelerate the biologi-
cal process of aging (Fraser et al., 2020; Hidaka & Boddy, 2016; Nettle, 2010; Stearns
et al., 2000).

These trade-offs can be interpreted in the light of the principle of energy allocation
(Baudisch & Vaupel, 2012) that define sex-specific developmental, behavioural and met-
abolic strategies that optimize energy allocation in males and females across life stages.
When resources are allocated to reproduction (female) or growth (male)—rather than
to somatic maintenance—molecular errors should accumulate more rapidly in somatic
cells, leading to a stronger senescence. Lemaitre et al. reviewed many biological studies



lannuzzi et al. Genus (2023) 79:1 Page 13 0f 18

that provide evidence that the ageing process is embedded in the evolution of life-history
strategies and covaries with other biological processes like growth and reproduction in a
sex-specific way and in relation to environmental conditions (Lemaitre et al., 2015). One
example is the nutrient-sensing and growth-promoting TOR signalling pathway that is
considered a universal molecular link between growth and ageing from yeast to humans
(Blagosklonny & Hall, 2009). It has been suggested that sex differences in survival can
be related to accelerated aging in males relative to females as a by-product of physi-
cal robustness to prevent death from extrinsic causes, that at molecular level is visible
through a hyper-activation of mTOR that contributes to physical robustness/growth of
young males. This hyperactive mTOR is beneficial earlier in life at the cost of accelerated
ageing (Blagosklonny, 2010).

Conclusions

Genetics and epigenetics are gaining increasing attention in the field for their emerging
role in determining sex differences in survival, but this research field is still in its infancy
and only in the last decades the differences between sexes started to be considered and
included in experimental design. Despite these limitations here we provided evidence
showing that “innate” mechanisms (both genetic and epigenetic) common to all males
and to all females play a major role in sex differences in lifespan, but solely on their own
are not sufficient to explain the magnitude of this gap between sexes. Genetic and epi-
genetic patterns that vary according to context, populations and exposures to different
environments, influence the magnitude of the gap in sex differences in survival, whose
ultimate causes can be analysed through the principle of energy allocation. Many exter-
nal factors such as parental investment, sexual selection, nutritional factors and ecologi-
cal factors—whose role is central in this trait (Austad & Fischer, 2016)—could become
embodied through epigenetic mechanisms thus increasing the complexity of this trait.
In conclusion, the use of epigenetic clocks to uncover sex differences in biological age
seems the most promising biomarkers for interdisciplinary research at the interface
between biology and demography.
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