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Abstract Aging is a complex biological process characterized by hallmark features accumulating
over the life course, shaping the individual’s aging trajectory and subsequent disease risks. There is
substantial individual variability in the aging process between men and women. In general, women
live longer than men, consistent with lower biological ages as assessed by molecular biomarkers,
but there is a paradox. Women are frailer and have worse health at the end of life, while men still
perform better in physical function examinations. Moreover, many age-related diseases show sex-
specific patterns. In this review, we aim to summarize the current knowledge on sexual dimorphism
in human studies, with support from animal research, on biological aging and illnesses. We also
attempt to place it in the context of the theories of aging, as well as discuss the explanations for
the sex differences, for example, the sex-chromosome linked mechanisms and hormonally driven
differences.

Introduction - a short overview of the field

Aging is a complex biological process characterized by hallmark features accumulating over the
human life course, including mitochondrial dysfunction, telomere attrition, epigenetic alterations,
genomic instability, loss of proteostasis, cellular senescence, imbalanced metabolism, stem cell
exhaustion, decreased autophagy function, and immune aging (Kennedy et al., 2014; Lépez-
Otin et al., 2013; Ferrucci et al., 2020). These features, along with others and the complicated
interactions between them, describe the aging process and shape the individual’s aging trajectory
and subsequent disease risk. There is substantial individual variability in the aging process, with
some individuals living independently in their 90 s while others need help in daily routines earlier in
life. In animals, isogenic populations, such as a certain mouse strain in a lab, still portray considerable
variability in lifespan (Yuan et al., 2009). Due to the increasing number of individuals reaching the
oldest ages, identifying the healthspan’s underpinnings—the disease-free period of life—has
become more pivotal than finding the determinants of a long lifespan. Here, we distinguish between
lifespan and healthspan where possible. In the section on age-related diseases, we focus on those
diseases that the World Health Organization (WHO) has listed as the major causes of death at old
age, commonly considered to end the period of healthspan.

In general, women live longer than men, consistent with lower biological ages as assessed by
molecular biomarkers (Jylhdva et al., 2017), but there is a paradox. Women are frailer and have
worse health at the end of life. While men still perform better on physical function examinations
(Austad and Fischer, 2016; Gordon et al., 2017), women outlive men. The survival benefit in
women is also seen across nonhuman mammals, where some species present a greater median dif-
ference in lifespan than humans, although aging rates are similar across sexes (Lemaitre et al.,
2020). There is also an increasing sex ratio in humans with age such that there are ~50 men per 100
women among 90-year-olds and ~25 among 100-year-olds (Ritchie, 2019). These differences may
be attributed to biological and sociocultural aspects; however, despite improved health care sys-
tems, public health initiatives, and increased health awareness, this so-called ‘gender gap’ persists
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(Ritchie, 2019). Hence, there is a pressing need to better understand the underpinnings of the sex
differences in aging, not only from an equity point of view but also toward personalized medicine
approaches to tackle age-related decline and diseases more efficiently (Cohen and Beamish, 2014,
Ostan et al., 2016).

At present, there is relatively limited information on whether biological aging presents differently
in men and women. The reason for this lack of knowledge may be rooted in the long tradition of
male-biased research sampling in preclinical studies and clinical trials (Holdcroft, 2007). For safety
reasons, women have not been the norm in clinical trials where precaution is made for harmful treat-
ments in fertile and pregnant women. Hormonal fluctuations due to menstruation are another reason
for excluding women, and women using contraceptives should be stratified into different treatment
groups, resulting in increased sampling and cost. As an example, for many decades, research on car-
diovascular disease was largely male-biased, resulting in risk calculations and clinical guidelines that
did not meet the needs of women, who often present with a different risk profile than men
(Schenck-Gustafsson, 2009). In animal research, male models are more commonly used because of
the assumed increased female variability (Beery and Zucker, 2011). A recent study investigated
more than 200 traits in 27,000 male and female mice and concluded that sexual dimorphism in vari-
ability is trait-specific; neither males nor females are more variable overall (Zajitschek et al., 2020).
Therefore, to reflect the sex-specific pattern, it is imperative to include both sexes in all types of bio-
medical research (Zucker and Beery, 2010). Hence, this review aims to focus on sex differences in
biological mechanisms of aging in human studies, with some parallel examples from animals
included. While we acknowledge that there are other important gender and psychosocial aspects of
aging, they fall beyond the scope of this review and are thus not discussed here. An attempt to sum-
marize what is known in light of current theories of aging and sexual dimorphism studies is also
performed.

Why is the biology of aging different in men and women?

There are multiple theories on aging available (Cohen and Beamish, 2014; Zajitschek et al., 2020;
Jin, 2010). Here, we present the two main groups of biological aging theories: the senescent theory
of aging and the programmed theory of aging. The senescent theory builds on the belief that dam-
age, random errors, and drift occur for different reasons as we age, which eventually leads to less
capacity for maintenance and resilience. The subtheories are: 1. Disposable soma: faults accumulate
in somatic cells as they get worn out across life (Jin, 2010; Kirkwood and Shefferson, 2017), 2.
Reactive oxidative species (ROS) theory of aging: free radicals and oxidative damage across the life-
span cause damage (Jin, 2010; Liochev, 2013), 3. Mutation accumulation: somatic DNA mutations
accumulate in cells and tissues that cause errors (Jin, 2010), and 4. Rate of living theory: increased
energy metabolism escalates the production of free radicals that in turn accelerate organismal senes-
cence and reduce lifespan (Lints, 1989; Pearl, 2011). The programmed theory of aging suggests
that aging is tightly regulated, similar to a biological clock, and contains subcategories: 1. Hayflick
limit: discovered in the 1960s — at a time when the senescence theory of aging was the only prevail-
ing theory — and it was shown that the number of times a cell can divide is finite and preset in the
cell’'s DNA (Bengtson and Settersten, 2016), 2. The central aging clock was proposed in 1975 as a
‘hypothalamic clock’ or with the pineal gland as a central clock regulator (Rattan, 2019), and 3.
Developmental processes and growth, embryonic development, and aging are driven by the same
molecular mechanisms (Feltes et al., 2015). The first group of theories covers the whole lifespan,
where processes such as mutation accumulation occur throughout life. However, the critical effects
are manifested in late life, and therefore, no selection against them takes place. In contrast, pro-
grammed theories may be more relevant in explaining healthspan. Menopause and andropause typi-
cally align with the end of healthspan in women, and they are considered to result from a series of
programmed events.

There have been multiple theories presented to explain why men and women age differently, as
they differ in life expectancy, levels of frailty, and biological aging, reviewed here (Austad and
Fischer, 2016; Fischer and Riddle, 2018; Maklakov and Lummaa, 2013; Sampathkumar et al.,
2020). The two best described biological explanations for the sex difference are the sex-
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chromosomal linked mechanisms and the hormonal driven differences in biology, which we describe
further below.

Sex-chromosomal linked mechanisms

As men and women are born with different sets of chromosomes, the double X version in women
versus the XY in men, there are apparent phenotypic differences because of this. Men are thus more
susceptible to X-linked recessive diseases, for example hemophilia, and there may be many more
age-related traits driven by X-chromosomal variation leading to sex-specific effects than we currently
know (Maklakov and Lummaa, 2013; Marais et al., 2018). Because of chromosomal sex differen-
ces, compensatory effects are in place that are susceptible to changes across the lifespan, such as
X-chromosomal inactivation (XCI) in women and loss of Y (LOY) in men (described in more detail
below). Hence, there is no doubt about the importance of sex chromosomes in the biology of aging,
and the effects may be more pronounced due to increased genomic instability as we age. Moreover,
this theory fits well with the programmed aging theory that everything is set in the genes. For the
sex differences in aging, likely, X and Y chromosomal effects do not explain the full range of the bio-
logical differences, and other sex-specific genetic factors may contribute to the programmed theory
of aging. For example, mitochondrial inheritance (and selection) takes place through the maternal
line (Marais et al., 2018), and women have a survival advantage already in utero (Austad and
Fischer, 2016), although the latter could be driven by hormonal factors as well, which we describe
next.

Sex-hormonal effects

Sex-specific hormones are essential for many biological differences seen in men and women. The
hypothalamus regulates hormonal release from the gonads through the pituitary in response to dif-
ferent stimuli. The most common groups of sex steroids are androgens (testosterone), which are
mostly present in men, estrogen (estradiol, estrone, and estriol), and progestogens highly abundant
in women. The lifelong influence of sex steroids begins already in utero, giving rise to sex differences
in neuroanatomy and neurochemistry. A wealth of animal studies has shown how manipulating sex
steroid levels during this period causes permanent changes in neuronal architecture (for a detailed
review, see Fitch and Denenberg, 1998). During pregnancy, estrogen is first produced by the cor-
pus luteum and later by the placenta and maintained at high levels so that both sexes are exposed
equally. Estradiol has been attributed to the regulation of many central processes, such as neurogen-
esis and cell migration, both in the hypothalamus and corpus callosum (Fitch and Denenberg,
1998). In a male fetus, testosterone is produced by the Leydig cells that develop during the first tri-
mester and produce a testosterone surge during the second trimester. Masculinization of the male
fetal brain is brought by testosterone, which enters the brain, where it is converted to estradiol via
the aromatase enzyme. In addition to giving rise to dimorphic phenotypic and sexual characteristics,
perinatal hormonal exposure plays a significant role in sex-specific metabolic programming, mani-
fested as different risk profiles for metabolic diseases between men and women later in life
(Dearden et al., 2018).

Insights into sex-specific influences on the prenatal period have also been obtained by studying
the effects of the nutritional status of mothers. The ‘Thrifty Phenotype Hypothesis’ was presented in
1991 by Hales and Barker who observed an association between low birth weight, indicative of
reduced fetal growth, and adverse cardio-metabolic risk profile in adulthood (Hales et al., 1991).
Observations in individuals born to mothers who were pregnant during the Dutch Hunger Winter, a
period of famine during the second World War in the Netherlands, have provided insights into how
undernutrition affects late life disease risk, with varying effects depending on the sex of the fetus.
For example, women have been reported to exhibit more unfavorable adiposity traits, such as higher
body mass index (BMI) and waist circumference as well as disrupted lipid profiles compared to men,
whereas men seem to be more vulnerable to neurological damage (Dearden et al., 2018). Some-
what conversely, girls’ BMI level is more affected by the mother's overweight and obesity before
and during pregnancy compared to boys (Dearden et al., 2018).

Sex hormones are responsible for the most marked endocrine changes with aging. In women,
menopause demarcates the period of reproductive aging that manifests as low ovarian hormone
secretion, occurring on average at the age of 50 years. However, the underlying biological drivers of
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menopause begin earlier with compensatory hypothalamic and pituitary mechanisms in place
(Hall, 2015). A similar sharp decrease in testosterone levels is not seen in men. Male andropause is
thus more difficult to define, with the decrease in testosterone levels occurring more slowly, on aver-
age at the rate of 1% per year (Singh, 2013). The threshold at which the symptoms of decreasing
testosterone levels start to manifest shows great between-individual variability, and many men are
asymptomatic despite very low levels of testosterone (Singh, 2013).

A third significant age-related endocrine change affecting both men and women is the gradual
decrease in the adrenal production of dehydroepiandrosterone (DHEA) and DHEA sulfate, termed
adrenopause (Papierska, 2017). DHEA, often called adrenal androgen, is converted to testosterone
and estradiol in peripheral tissues. In old men, up to 50% of sex hormones originate from the con-
version of DHEA to testosterone, whereas in postmenopausal women, DHEA is the source of almost
all estrogens (Papierska, 2017). Although the physiological importance and exact mechanism(s) of
action of DHEA are not entirely understood, it is believed to have significant antiaging effects, such
as improving cognitive function and anti-inflammatory activity, as well as being antiatherosclerotic
and antiosteoporotic (Nawata et al., 2004).

In women, sex hormones play a crucial role in healthspan and lifespan. Estrogen exposure,
defined as the reproductive lifespan, is the most commonly used approach for assessing hormone-
related risks. Interestingly, the risks are known to differ for different outcomes. A shorter reproduc-
tive lifespan has been associated with decreased odds of longevity (living until a certain high age,
e.g. centenarians) (Shadyab et al., 2017) and a higher risk of cardiovascular (CVD) events
(Mishra et al., 2021) but a lower risk of mortality from gynecological cancers (Wu et al., 2014). Fur-
thermore, the risks may also be age varying. A large study pooling individual-level data from 15
observational studies has shown that women with premature and early menopause have an
increased risk of nonfatal CVD events before the age of 60 years but not after 70 years (Zhu et al.,
2019). Giving further support for age- and cause-varying risks, female hormone replacement therapy
(HRT) was associated with a reduced risk of mortality in younger women (<60 years) and a reduced
risk of mortality due to causes other than CVD or cancer in women of all ages (Salpeter et al.,
2004). However, another study found that the reductions in all-cause and CVD mortality risks due to
HRT are greatly diminished with increasing age, regardless of the age at first use or duration of the
HRT (Stram et al., 2011). Hence, it is likely that HRT is not able to bring the same benefit to lifespan
as a longer (partly genetically determined) exposure to natural estrogen does.

In middle-aged and older men, higher endogenous testosterone levels are associated with a
lower risk of all-cause CVD and cancer mortality (Khaw et al., 2007). However, the relationship
between male hormones and lifespan is complex. The (rather grotesque) examples of castrations of
mentally ill institutionalized men (Hamilton and Mestler, 1969) and Korean eunuchs (Min et al.,
2012) suggest that withdrawal of male sex hormones results in a longer lifespan compared to non-
castrated men. On the other hand, testosterone HRT shows beneficial effects on some aspects of
health, and although side effects are also noted, the overall effects on mortality seem to be mostly
beneficial (Maklakov and Lummaa, 2013; Tyagi et al., 2017). However, abuse of testosterone in
athletes can cause serious adverse effects and premature death (Frati et al., 2015).

DHEA and DHEA-S have also been studied for their associations with mortality. Although the
findings are rather mixed, there is some support for low DHEA/DHEAS levels to increase mortality
risk in older men, whereas in women, the association may be weaker or U-shaped (Ohlsson et al.,
2015). In summary, there is support for the importance of sex hormones in aging, further in line with
the central aging clock theory on a unified control system for the regulation of aging (Rattan, 2019).
However, hormones may also interfere with the level of ROS production (Coluzzi et al., 2019), in
line with the ROS theory of aging (Gladyshev, 2014).

Sex differences in biological aging

While a growing body of evidence is accumulating on the relevance of biomarkers of aging in human
health and mortality, understanding the sex-specific features of these markers is lagging behind.
Not only has the effect of sex been largely ignored but is also often considered a confounder rather
than a source of biological variation. Treating sex merely as a confounder or a ‘nuisance parameter’
can lead to results that are not biologically relevant to either sex. In the following sections, we dis-
cuss the available literature on sex differences in humans, with supportive evidence from animals, for
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the most commonly studied biological processes and markers of aging and highlight the key lessons
learned from these studies so far. An overview of the topic and a conceptual framework is presented
in Table 1 and Figure 1.

Genetic factors in aging

The last two decades have been a revolution for human genetics, starting with the sequencing of a
human genome in 2003 and breakthroughs in genome-wide association studies finding thousands of
genetic loci associated with complex human traits, including many age-related diseases. For aging,
gene discoveries have been sparse, although lately, large cohorts such as the UK Biobank have
enabled powerful analyses of parental lifespan, healthspan, and longevity (Timmers et al., 2019,
Zenin et al., 2019; Melzer et al., 2020). However, only a handful of genes have been identified,
and the top loci are often well known for their relation to diseases, for example APOE, LPA, and
CDKN2B-AS1. Longevity is known to be moderately heritable (Melzer et al., 2020); however, from
an evolutionary perspective, natural selection is active for the reproduction of a species and not for
maximizing lifespan. A recent study using human genotype data found that rare germline mutational
burden was associated with lifespan and healthspan (Shindyapina et al., 2020). In particular, the
association between mutations and healthspan was more pronounced in women. Another recent
study found measured and genetically predicted levels of ten serum biomarkers to be associated
with healthspan and lifespan, and again with stronger effects for healthspan seen in women
(Li et al., 2021). Hence, many genes may be linked to the underlying aging process or beneficial for
age-related diseases, with importance for longevity, health, and lifespan, but they may not have
been specifically selected for (Rattan, 2000).

Thus far, large-scale genome-wide association studies have focused mostly on autosomes and
rarely even stratified results by sex. Hence, little is known about sex-specific genetic effects for com-
plex traits, although sexual dimorphisms have been reported for anthropometric traits and gout
(Bernabeu, 2020; Randall et al., 2013), and gene-sex interactions have been found for multiple
sclerosis (Traglia et al., 2017). Few efforts have been made for X chromosome-wide association
studies, but they reveal (sex-specific) links to several complex traits and identify a locus associated
with height escaping XCl (Bernabeu, 2020; Tukiainen et al., 2014). The mechanisms by which XCl is
controlled are complex, for example by noncoding RNA and epigenetics (Lee, 2011), and are a way
to balance the unequal amount of X-chromosomal DNA between men and women. The X chromo-
some encodes approximately a thousand genes, many related to metabolic activity, such as amino
acid turnover and transport, and could explain the differential proliferative rates in sexes seen during
embryonic growth (Patrat et al., 2020). During aging, the XClI ratio between maternal and paternal
X chromosomes is no longer equal, leading to skewed XCl, which has been implicated in diseases
and shown to be less severe in female centenarians (Gentilini et al., 2012). For men, the mosaic
LOY in blood cells increases with age and is associated with age-related diseases and a higher risk
of death (Forsberg, 2017).

Although the sex chromosomes are responsible for most of the female and male-specific traits,
autosomes have bene increasingly studied for their role in sex-specific gene expression and associa-
tions with biological functions. Recent findings in this area point toward sexual dimorphism in tran-
scriptomic profiles with hormone-related regulation and associations with various processes such as
tissue morphogenesis, fat metabolism, cancer, and immune responses (Oliva et al., 2020). Implica-
tions on immunoinflammatory functions have also been highlighted (Bongen et al., 2019,
Nevalainen et al., 2015). The underlying mechanisms for the sex differences in tissue specific tran-
scription and associations with disease risks in men and women is currently unclear. However, there
is some evidence that while most transcription factors have similar expression profiles in men and
women, there may be sex-specific regulatory networks across different tissues, leading to altered
function and disease control (Lopes-Ramos et al., 2020). For example, such sex-specific targeting
patterns of transcription factors have been found for genes associated to Alzheimer’s disease (AD),
Parkinson’s disease (PD), diabetes, autoimmune thyroid disease, and cardiomyopathy (Lopes-
Ramos et al., 2020).

Genomic instability, such as chromosomal abnormalities, is known to be one of the hallmarks of
biological aging (Lépez-Otin et al., 2013). DNA damage accumulates across the life course as exog-
enous and endogenous triggers occur and DNA repair mechanisms become less efficient. Rare
somatic mutations may accumulate across life and play a role in cancer, where men have been shown
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Table 1. Sex specificity in human biological aging and associated theories.

Epidemiology and Global Health

Sexual
dimorphism
Human biomarker of aging Sex-specific effects References Aging theories theories
Genetic factors in aging Sex chromosomes, Bernabeu, 2020; Forsberg, 2017, Senescence Sex
X-chromosome inactivation in Gentilini et al., 2012; Randall et al., theory of aging:  chromosomes
women, 2013 1. Disposable Hormones
Loss of Y in men, soma
Common genetic variants for 2. Mutation
anthropometric traits, accumulation
Transcriptional regulation Programmed
theory of aging:
1. Developmental
processes and
growth
Mitochondria-linked mechanisms  Better respiratory function in Héagg et al., 2020; Demarest and Senescence Hormones
women, McCarthy, 2015; Ventura-Clapier et al., theory of aging:
Mutation accumulation, 2017 1. ROS theory of
Higher mtDNA abundance in aging
women 2. Mutation
accumulation
Cellular senescence More senescent cells in male mice  Yousefzadeh et al., 2020 Senescence Unknown
compared to females. theory of aging
Proteostasis and autophagy Higher proteasomal activity in Jenkins et al., 2020, Pomatto et al., Senescence Unknown
female mice and flies 2017 theory of aging:
1. ROS theory of
aging
Telomeres Longer telomeres in girls/women Factor-Litvak et al., 2016, Programmed Sex
Gardner et al., 2014 theory of aging:  chromosomes,
1. Hayflick limit ~ Hormones
2. Developmental
processes and
growth
Senescence
theory of aging:
1. ROS theory of
aging
Epigenetics Higher epigenetic age in boys/men, Horvath et al., 2016; Horvath and Raj, Programmed Sex
Genome-wide DNA methylation and 2018; Klein et al., 2019 theory of aging:  chromosomes,
histone differences 1. Hayflick limit ~ Hormones
2. Developmental
processes and
growth
Senescence
theory of aging:
1. Disposable
soma
2. Mutation
accumulation
Inflammatory and immunological Men more affected by Gubbels Bupp, 2015; Gomez et al., Senescence Hormones
markers immunosenescence and 2018; Franceschi, 2019 theory of aging:
inflammaging 1. ROS theory of
aging
Nutrient sensing and metabolism Women have more beneficial (lower) Templeman and Murphy, 2018; Senescence Hormones
fasting insulin levels Pignatti et al., 2020; Comitato et al.,  theory of aging:
2015 1. The rate of
living theory
Programmed
theory of aging
Functional measures Men perform better in physical Peiffer et al., 2010; Ganna and Senescence Hormones
functioning, regardless of the Ingelsson, 2015; Frederiksen et al., theory of aging:
measures 2006; Finkel et al., 2019 1. ROS theory of
aging
2. The rate of
living theory
Table 1 continued on next page
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Sexual
dimorphism
Human biomarker of aging Sex-specific effects References Aging theories theories
Frailty Women have higher levels, but men Gordon et al., 2017, Gordon and Senescence Hormones
are more vulnerable to death at any Hubbard, 2019 theory of aging:
given level 1. Disposable
soma
Leading causes of death Men have higher incidence and World Health Organization, 2021; Programmed Hormones,
(noncommunicable diseases) death rates in: Mauvais-Jarvis et al., 2020 theory of aging  Sex
worldwide in 70 + year olds: 1. Ischemic heart disease Senescence chromosomes

1. Ischemic heart disease

2. Stroke

3. Chronic obstructive pulmonary
disease

4. Alzheimer's disease and other
dementias

5. Diabetes mellitus

6. Trachea, bronchus, lung cancers
7. Kidney diseases

8. Hypertensive heart disease

9. Colon and rectum cancers

5. Diabetes mellitus in midlife

theory of aging

6. Trachea, bronchus, and lung
cancers

9. Colon and rectum cancers
Men have higher incidence of:

2. Stroke in early adulthood

5. Diabetes mellitus in midlife
Women have higher incidence and
death rates in:

2. Stroke in late life

3. Chronic obstructive pulmonary
disease

4. Alzheimer's disease and other
dementias

7. Kidney diseases

8. Hypertensive heart disease
Women have higher incidence of:
5. Diabetes mellitus in youth

to have mutation accumulation earlier in life (Podolskiy et al., 2016), and in several premature-aging
syndromes (Fischer and Riddle, 2018). Studies in rodents and in Drosophila support the association
between DNA repair, mutational burden, and aging; however, sex-specific effects are intricate, and
the results depend heavily on animal strain and environmental conditions (Fischer and Riddle,
2018). Taken together, the examples described here relate to chromosomal stability and resemble
well with the senescence theory of aging, where random events occur over time with less capacity of
our maintenance system to repair and fix the faults. Sexual dimorphism in genome-wide studies for
anthropometric traits may be consistent with the developmental processes and growth controlled
during early life and aging, where hormonal influences are also apparent.

Mitochondria-linked mechanisms

Mitochondrial DNA (mtDNA) is inherited from mothers and contains the genetic code for 13 pro-
teins, essential components of oxidative phosphorylation complexes, and several RNAs
(Kauppila et al., 2017). Mitochondria are important for cellular processes such as energy produc-
tion, oxidation, and apoptosis, and their function has been described as one of the hallmarks of
aging (Lépez-Otin et al., 2013). Mitochondrial dysfunction is associated with many age-related dis-
eases (Ferrucci et al., 2020; Chocron et al., 1865). Oxidative damage and increased ROS produc-
tion across life were initially thought to cause this dysfunction, but research in recent years showed
that ROS do not accelerate aging in mice and even prolong lifespan in yeast and C. elegans (Lopez-
Otin et al., 2013). In humans, studies have linked the accumulated burden of mutations in mtDNA
to aging and PD, although a majority of the mtDNA molecules within a cell must be affected for crit-
ical symptoms to emerge (Kauppila et al., 2017). Another feature of aging is the number of mtDNA
copies within a cell. A lower number has been associated with aging, cognitive and physical decline,
and increased mortality (Mengel-From et al., 2014). Historically, the free radical theory of aging, or
the ROS theory of aging, has been postulated to explain mitochondrial dysfunction in aging (Glady-
shev, 2014). However, evidence from both human and animal studies points toward the fact that
the accumulation of mtDNA mutations is a feature of early life replication errors that undergo poly-
clonal expansion independent of ROS (Lépez-Otin et al., 2013). The latter fits well with the whole
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Figure 1. Conceptual framework of the complex interactions between molecular, cellular, functional, organ, and whole body aging processes across
the life course in men and women, with influences from chromosomes and hormones on the sex differences. The different illustrations made for men
and women are based on descriptions in the text. For healthspan and lifespan, trajectories are taken from a recent publication by Li et al., 2021.

senescence theory of aging (in which energy needs to be preserved to last across the full lifespan)
and the mutation accumulation theory.

Substantial sexual dimorphism has been observed for mitochondrial function concerning oxidative
capacity and enzyme activity (Ventura-Clapier et al., 2017). In humans, women show higher mito-
chondrial gene expression levels, protein content, and overall activity in multiple tissues, such as the
brain, skeletal muscle, and cardiomyocytes (Ventura-Clapier et al., 2017). Similar sexual dimorphism
is observed in rodent models investigating mitochondrial respiratory function (Ventura-
Clapier et al., 2017). Estrogens have been shown to influence mitochondrial function and exert pro-
tective effects, partly explaining why women have delayed mitochondrial aging compared to men.
These differences may contribute to altered mitochondrial function during stress conditions such as
injury or starvation, where sex-specific effects are also noted on mitochondrial respiration
(Demarest and McCarthy, 2015). Little is known about sexual dimorphisms in mtDNA copy num-
bers and accumulated mutations in relation to aging. A recent analysis in UK Biobank found that
abundant mtDNA, estimated from the weighted intensities of probes mapped to the mitochondrial
genome, was significantly elevated in premenopausal women compared to men and inversely associ-
ated with age, smoking, BMI, and frailty (Hdgg et al., 2020). Hence, taken together, sex hormones
likely play a pivotal role in explaining the beneficial effect seen in women on mitochondrial function
and aging.

Telomeres

Telomeres are repeated sequences of nucleotide bases (TTAGGG)n located at the end of the chro-
mosomes (Blackburn et al., 2015). Every time a cell divides, the DNA polymerase machinery repli-
cates the DNA sequence into two identical copies, although the last part of the DNA is not
preserved due to the end replication problem. Hence, instead of losing important coding materials,
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the telomere is shortened. When it becomes critically short, the cell enters senescence, and this was
later found to be the explanation for the Hayflick limit (Olovnikov, 1996). However, germline cells
have an active telomerase enzyme that elongates the telomeres to maintain length, as do many can-
cer cells, but somatic cells do not normally have this process. Therefore, throughout life, the length
of the telomere (TL) decreases and serves as a marker of cellular aging (Blackburn et al., 2015). As
different cells have varied rates of cellular turnover, the attrition rates of telomeres depend on the
proliferative capacity of the host cell. Leukocyte TL is among the most proliferative cells with fast TL
shortening, while skeletal muscle maintains longer telomeres (Demanelis et al., 2020). Increased
attrition rates are seen in childhood and adolescence, when growth and development occur, as well
as in old adults. In the elderly, cellular senescence is apparent where DNA maintenance and repair
are no longer efficient, and telomeres reach critical lengths for cellular survival consistent with a per-
son’s natural lifespan limit (Steenstrup et al., 2017). As such, short TL has been associated with
age-related outcomes and health aspects, for example mortality (Wang et al., 2018), CVD
(Haycock et al., 2014), and different stressors in life (Starkweather et al., 2014). Telomeres are
present across many species, but their length and attrition rates may vary (Oeseburg et al., 2010).
Different genetic models have been used in mice to lengthen telomeres with telomerase activation,
where some experiments increased the cancer incidence, while others did not (Folgueras et al.,
2018). Recently, a model using hyperlong telomeres showed that this phenotype increases the life-
span in mice and shows overall beneficial effects on metabolism, glucose control, and mitochondrial
function (Mufoz-Lorente et al., 2019).

The lengths of the telomeres are also sex-specific. At birth, boys have shorter TLs than girls (Fac-
tor-Litvak et al., 2016), which prevails throughout life (Gardner et al., 2014). As women have a lon-
ger lifespan than men, telomeres have been suggested as the causal factor explaining the
difference. However, it is still not completely understood whether telomeres could be the cause or
consequence of biological processes. Several large-scale genomic studies identified 30 + genetic
variants associated with TL (Codd et al., 2013; Li et al., 2020a). These findings have led to
increased knowledge, and many studies have provided evidence for causal associations between
short leukocyte TLs and age-related diseases (Kuo et al., 2019). Hence, it seems that the biology of
telomeres is a good example of how genes and the environment interplay to present a phenotype.
Genetic liability contributes to the overall length of telomeres in all cells, and across the lifespan,
stressors and lifestyle factors influence cell-specific attrition rates. Different aging theories may fit in
this scenario, while the limit on cellular division (Hayflick) was described as a direct consequence of
critically short telomeres.

The sexual dimorphism of telomere dynamics has been discussed in many different aspects
(Barrett and Richardson, 2011). The sex chromosome-linked mechanisms could be part of the
explanation. Although most telomere-related genes have been found in autosomal chromosomes, it
has been suggested that the unguarded chromosome in heterogametic sex is a disadvantage for
mortality and telomere maintenance. A mutation in the DKC1 gene on the X chromosome — a gene
involved in telomere biology - is often seen in patients with dyskeratosis congenita, which leads to
rapid TL shortening and reduced survival (Savage and Bertuch, 2010). Another explanation is that
the larger sex has disadvantages in the cellular maintenance, oxidative stress reactions, and telomere
function because cellular capacity is linked to growth. Consequently, men, who are generally taller
than women, should suffer from worse telomere function. However, a recent meta-analysis investi-
gated sex differences in TL across 51 vertebrate species and found no evidence supporting either
the heterogametic sex disadvantage or the sexual selection hypotheses (Remot et al., 2020). The
analyses, including TL dynamics in mammals, birds, reptiles, and fish, did not find associations to
support sex differences in longevity. Hence, the true nature by which TL sexual dimorphism presents
remains to be elucidated. The importance of sex hormones may need further scrutiny, as they influ-
ence the level of ROS production, which may interfere with telomere maintenance and elongation
(Coluzzi et al., 2019). However, other theories have been discussed, and many factors are likely
important for sex-specific telomere dynamics.

Cellular senescence

Another hallmark of aging is cellular senescence. The lifetime of a cell is limited, as described by
Hayflick, and the fate of a cell depends on the type of cell and what signals it receives and the dam-
age it is exposed to across life. Events such as critically short telomeres, oxidative stress, replicative
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errors, mitochondrial dysfunction, pathogen response, oncogene activation, and other stress sources
may induce senescence of the cell with irreversible replicative arrest (Lépez-Otin et al., 2013). This
state causes a response of cytokines and other proinflammatory factors to be released, which may
trigger downstream effects in the surrounding tissue and invoke a senescence-associated secretory
phenotype (SASP) (Ferrucci et al., 2020). Cellular senescence is tightly linked with aging, has been
well correlated with DNA damage, and an increasing number of cells are senescent in old tissues
compared to young tissues in a study of liver tissue in mice (Lépez-Otin et al., 2013; Khosla et al.,
2020). However, it has been difficult to assess SASP in human studies since the phenotype markers
are heterogeneous and not consistently available in the circulation. Nevertheless, the systemic accu-
mulation of senescent cells in aging has been associated with many age-related diseases and condi-
tions, such as frailty, both in humans and animal models (Ferrucci et al., 2020; Khosla et al., 2020;
Schafer et al., 2020). Currently, there is also increasing evidence for the beneficial antiaging effect
of senolytic drugs as potential treatments to remove senescent cells when abundant (Ferrucci et al.,
2020). Hence, cellular senescence is a core mechanism in the senescence theory of aging, where
cells and tissues accumulate damage across life but is also essential in the Hayflick limit's pro-
grammed theory of aging (Ferrucci et al., 2020; Khosla et al., 2020; Schafer et al., 2020).

No human studies specifically investigate the difference between men and women in cellular
senescence, and evidence from other models is sparse. A recent study in mice suggested that male
mice have a higher number of senescent cells across life compared to female mice
(Yousefzadeh et al., 2020), although at the end of life, the proportion of female senescent cells is
almost at the same level as in male mice. The notion of higher cellular senescence in males would be
consistent with the shorter telomeres seen. Evidence points to the fact that female stem cells have
an increased capacity for regeneration, self-renewal, and proliferation (Dulken and Brunet, 2015), in
line with a more beneficial cellular aging route in females/women. The limited knowledge would nev-
ertheless suggest that sexual dimorphism exists, where women maintain better cellular maintenance
throughout the life course. Regardless, more studies on sex differential senescent mechanisms are
urgently needed to learn about the biological aging processes therein.

Proteostasis and autophagy

Protein homeostasis, or proteostasis, is the body’s ability to maintain control over protein synthesis,
folding, stability, degradation, and removal through autophagy (Hipp et al., 2019). During aging,
the balance in the protein machinery is lost and unfolded and misfolded proteins can aggregate and
cause pathological conditions seen in diseases of (neuro)degeneration, AD, PD, and diabetes
(Hipp et al., 2019). Oxidative stress and heat may increase conformational changes and induce cel-
lular toxicity from accumulated protein aggregations. Under stressful conditions, the heat shock
response is activated in the cell, and unbound chaperones are available to assist in stabilizing the
protein network. A study by Ubaida-Mohien et al. found a decreased representation of chaperone
proteins in old skeletal muscle tissue in healthy adults, although autophagy-related proteins were
overrepresented (Ubaida-Mohien et al., 2019). Experiments in worms, flies, and mice have shown
that overexpressing chaperones and heat-shock proteins are associated with an extended lifespan,
whereas models deficient in parts of the chaperone-heat-shock system present accelerated aging
phenotypes (Lépez-Otin et al., 2013; Ferrucci et al., 2020). Moreover, autophagy becomes dys-
functional with aging. In model systems, abrogation of autophagy leads to neurodegeneration and
shortens lifespan, whereas increased basal activity of autophagy increases lifespan (Leidal et al.,
2018). In humans, long-lived families have a better-maintained autophagy system, and individuals
under starvation exhibit enhanced autophagic flux (Leidal et al., 2018). Hence, declining proteosta-
sis control in aging may be an effect of accumulated aggregates and dysfunctional autophagy, con-
sistent with the senescent wear-and-tear theory of aging, including the ROS theory of aging.

A recent investigation analyzed proteasome activity across nine different tissues and found higher
activity in female mice than in their male counterparts (Jenkins et al., 2020). The largest sexual
dimorphism was observed in the small intestine and kidney, specifically in chymotrypsin-like protea-
somal activity. In another study, female fruit flies were more tolerant to oxidative stress and showed
increased proteasome expression and activity than male flies, although the resistance was lost with
age (Pomatto et al., 2017). Overall, adaptations to maintain homeostasis seem to depend on both
age and sex, although studies on the latter are still limited (Pomatto et al., 2018). Females studied
in animals and model systems also exhibit more resistance to stressors, partly hypothesized to be
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due to estrogens’ beneficial effects (Tower et al., 2020). Analyses on sexual dimorphism in human
protein homeostasis and autophagy aging processes are still lacking, which is understandable, as
efficient high-throughput methods are not yet available (Ferrucci et al., 2020; Pomatto et al.,
2017).

Epigenetic alterations

The term ‘epigenetics’ means ‘on top of genetics’ and is a collective term for chemical modifications
altering the activity of the gene transcription process without changing the DNA code itself. There
are four major types of epigenetic mechanisms: ATP-dependent chromatin remodeling complexes,
histone, and DNA modifications, and noncoding RNAs (Pagiatakis et al., 2021). Histones can be
modified posttranslationally. The most well-studied mechanisms are acetylation and methylation pro-
cesses; changes in histone acetylation/methylation have been linked to aging, healthspan, and life-
span in diverse models, such as flies, mice, yeast, and human cell lines (Yi and Kim, 2020). A study
by Klein et al., 2019 found that tau may affect histone acetylation in the human brain using an epi-
genome-wide association study of H3K%ac, thus relating histone modification processes to AD
pathology. However, in human studies, genome-wide DNA methylation arrays have paved the way
for a new field of research on epigenetic age where hundreds of (un)methylated sites (CpGs) have
been shown to associate with age across the life course (Zhang et al., 2020). A multitude of clocks
quantifying biological age across tissues, in whole blood, skin, muscle, or in human cell culture mod-
els have emerged (Horvath and Raj, 2018) and recently across mammalian species (Lu, 2021). With
remarkable accuracy, clock ticks with aging and a higher epigenetic age are associated with worse
health and increased mortality risk (Horvath and Raj, 2018; Chen et al., 2016). Promising studies
have reported reversal of epigenetic age with different interventions (Horvath, 2020; Fahy et al.,
2019). A still unanswered question is whether this reversal of the epigenetic clock would then infer a
lower risk for adverse events. In other words, is the epigenetic process causal in aging (Zhang et al.,
2020)? As with telomeres, the epigenetic clocks seem to be tightly linked with cellular replication
underlying the Hayflick limit theory (Wagner, 2019). Genetic studies of epigenetic clocks have dis-
covered several loci associated with lifespan and lifestyle factors beyond the gene regions where the
CpGs themselves are located (Lu et al., 2018; McCartney, 2020). One of the top loci found harbors
the telomerase TERT gene, demonstrating the link to telomere biology. Epigenetic changes have
also been proposed due to both developmental and maintenance processes, where gestational age
clocks represent the former and other adult tissue clocks represent the latter. Moreover, intrinsic
and extrinsic epigenetic clocks have been suggested to represent internal (cellular) versus external
(lifestyle stressor) aging processes (Horvath and Raj, 2018). The epigenetic process in aging may be
consistent with both senescence and programming theories on aging depending on the specific tim-
ing in life and the clock under study.

The sex-specific effect on epigenetic age is apparent in young children and adults
(Horvath et al., 2016; Horvath and Raj, 2018). At all ages, boys/men have a higher epigenetically
predicted biological age than girls/women, in accordance with the survival benefit in women. This
phenomenon seems to be true across different tissues and gives rise to an effective difference in
mortality risk between men and women (Li et al., 2020b). Moreover, in women, earlier menopause,
either natural or surgical, is associated with increased epigenetic age, and although the finding was
not consistent across different tissues, there was further support for lower epigenetic age in women
undergoing HRT (Levine et al., 2016). Little is known about sex-dimorphic effects on histone modifi-
cations in aging, although studies on different interventions and acetylation/methylation in animals
suggest that these effects are important modifiers in aging (Fischer and Riddle, 2018). Furthermore,
the Klein study found >4000 H3K9%ac sites associated with sex in their human histone data, highlight-
ing the future need for deeper studies in this area (Klein et al., 2019). Studies investigating
genome-wide DNA methylation differences between men and women report significant differences
in autosomes and on the X chromosome, the latter being linked to sexual dimorphism genes and
XCl (Li et al., 2020c; McCartney et al., 2019). A recent meta-analysis study investigating the age-
related sex differences in DNA methylation patterns found changes associated with both methyla-
tion level and variability across the genome (Yusipov, 2020). Differentially methylated sites were
enriched in imprinted genes but not in sex hormone-related genes. Furthermore, the top CpGs dis-
played a sex-specific pattern in samples from centenarians (healthy aging model) and Down'’s syn-
drome (accelerated aging model). On the other hand, another study investigating brain DNA

Hagg and Jylhava. eLife 2021;10:e63425. DOI: https://doi.org/10.7554/eLife.63425 11 of 27


https://doi.org/10.7554/eLife.63425

eLife

Epidemiology and Global Health

methylation patterns found no support for sex-age interaction effects in neurodegeneration from
human samples on AD and controls (Pellegrini, 2020). Studies on sexual dimorphism and DNA
methylation are sparse in animal models, but some evidence for differences has been found in both
rats and mice (Sampathkumar et al., 2020). Bacon et al., 2019 used a rat model resembling human
neuroendocrine function and showed that DNA methylation regulates the onset of menopause.
Taken together, the sexual dimorphism seen in epigenetic studies on aging is complex and seems to
reflect sex chromosome-linked mechanisms and/or hormonal biological processes.

Inflammatory and immunological makers

Immunoinflammatory functions are at the heart of health in aging, and there is exhaustive literature
available on the various changes that take place with age. At a cellular level, two distinct yet often
parallel processes characterize immune aging: immunosenescence and inflammaging. The former
refers to changes in the adaptive immune system, such as increased numbers of memory CD8 +T
cells (resulting in a decreased CD4/CD8 cell ratio), loss of the key costimulatory molecule CD28 on
the T cell surface and compromised clonal expansion and specific antibody production in the B cell
compartment (Gubbels Bupp, 2015; Franceschi, 2019). Inflammaging refers to chronic, low-grade
inflammation that occurs in the absence of infection and manifests as increased production of proin-
flammatory cytokines, linked to both frailty and CVD (Ferrucci and Fabbri, 2018). From an evolu-
tionary perspective, inflammaging can result from positive selection of genetic variants that
associate with higher levels of pro-inflammatory factors and enhanced immune responses in early
life, conferring better protection against pathogens but resulting in increased damage to host tis-
sues in later life. Inflammaging is thus in accordance with multiple different theories, where various
stimuli, such as oxidative stress and lifestyle factors, contribute as well (Franceschi, 2019; De la
Fuente and Miquel, 2009).

While both sexes experience aging-associated changes in the immune system, the hallmark fea-
tures differ for men and women, and men are considered to experience maladaptive changes to a
greater extent (Gubbels Bupp, 2015, Gomez et al., 2018). Between puberty and menopause —
when differences in the hormonal milieu are the greatest between men and women — women experi-
ence lower rates of infections, an advantage attributed to stronger immune and vaccine responses
and more efficient pathogen clearance (Gubbels Bupp, 2015). On the other hand, women are more
susceptible to autoimmune diseases than men. However, after the age of menopause, the incidence
of autoimmune diseases in women decreases close to the numbers observed in men, whereas the
incidence of chronic inflammatory diseases increases (Gubbels Bupp, 2015). The temporal dynamics
of these changes point to the crucial role of sex hormones in shaping immune aging, although it is
likely much more complicated, involving an interplay of multiple homeostatic systems. It has been
shown that nonimmune cells, such as adipocytes, fibroblasts, and endothelial cells, also contribute to
inflammaging (Franceschi, 2019). As stated above, men seem to experience immunosenescence to
a greater extent than women, potentially because women exhibit higher basal immunoglobulin lev-
els, higher CD4 +T cell counts, and an increased CD4/CD8 T cell ratio compared to men
(Gubbels Bupp, 2015, Gomez et al., 2018). The corresponding adaptive immune functions, such as
antigen-specific antibody responses and CD4 +T cell cytokine production, are also typically more
enhanced in women (Gubbels Bupp, 2015, Gomez et al., 2018). A recent study using sequencing
and flow cytometry data in blood mononuclear cells further elucidated the sexual dimorphism in
immune aging by showing that male and female cells also significantly differ at the age when sex
hormones decline (Marquez et al., 2020). Older women had higher genomic activity for adaptive
immune cells, while older men had higher activity for monocytes and inflammation, indicating
greater inflammaging in men (Marquez et al., 2020). In the same study, a life-course analysis of the
timing of epigenomic regulation of chromatin accessibility showed that male immune cells are more
strongly affected and that a decline in immune function occurs 5-6 years earlier in men than in
women (Marquez et al., 2020).

Although animal models cannot fully recapitulate human immunosenescence or inflammaging,
findings on sex-related immune functions in animal studies have generally been in line with observa-
tions in humans. Sex differences are present in diverse species ranging from insects to mammals,
with female individuals presenting stronger innate and adaptive immune responses than males
(Klein and Flanagan, 2016). Like humans, the differences are largely attributable to the effects of
sex hormones, with a contribution of genetic differences due to several immunoinflammatory genes
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that are X chromosome encoded (Klein and Flanagan, 2016). In summary, the above findings sup-
port the assertion that men experience faster and/or earlier aging-associated immunoinflammatory
changes and that these changes may be attributed to both hormonal changes and other factors.

Nutrient sensing

Intracellular nutrient-sensing pathways and signaling systems mediate information on nutrient avail-
ability and energy levels in the extracellular milieu. The key pathways include the insulin/insulin-like
growth factor 1 (IGF-1) signaling pathway, mechanistic target of rapamycin (mTOR), and adenosine
monophosphate-activated protein kinase (AMPK) pathway (Pignatti et al., 2020). These pathways
regulate a multitude of intracellular functions, such as cell cycle control, DNA replication and repair,
autophagy, and antioxidant defenses, by which their effects are excreted for reproduction, growth,
and aging (Pignatti et al., 2020). Deregulated nutrient sensing is also one of the hallmarks of aging
(Lopez-Otin et al., 2013). Each of the hallmarks of aging is associated with undesirable metabolic
alterations (Lépez-Otin et al., 2016), stressing the fact that nutrient sensing and metabolism are
interlinked processes with broad effects on whole-organism functions. Over the past years, there has
been intensive research on how nutrient-sensing pathways control lifespan and healthspan, with the
most significant breakthroughs achieved in unraveling how different dietary restrictions improve
aging outcomes and survival in several species, including humans (Templeman and Murphy, 2018).
Of the different dietary restrictions, the most compelling evidence rests on caloric restriction (CR), in
which the energy intake is reduced ~30% relative to ad libitum-fed animals without reducing the
intake of micronutrients (Templeman and Murphy, 2018). At the molecular level, CR triggers activa-
tion of stress response pathways that in turn reduce inflammation and increase repair and antioxida-
tive functions. Interestingly, genetic polymorphisms in genes encoding proteins in the insulin/IGF
and mTOR pathways are among those that are robustly associated with longevity, such that variants
associated with the lower basal activity of the pathways are associated with longevity (Pan and Fin-
kel, 2017).

Sex hormones regulate several key functions in nutrient sensing and metabolism of glucose,
amino acids, and proteins, and it is not surprising that men and women differ in several metabolic
characteristics. At the molecular level, women have lower fasting insulin and glucose levels, lower
basal fat oxidation, and higher fat use but lower consumption of carbohydrates during physical activ-
ity (Comitato et al., 2015). The most noticeable difference is the fat distribution at the phenotypic
level, so that men tend to have more visceral fat, whereas women have greater fat deposition in
lower body depots (Comitato et al., 2015). For healthspan, the above-described traits tend to favor
women such that they have a lower risk of cardiometabolic diseases (before menopause). However,
the higher basal insulin levels in men promote glycogen and lipid synthesis in muscle cells, resulting
in higher muscle mass and strength (Comitato et al., 2015). Aging is, however, associated with a
reduction in glucose tolerance in both sexes, increasing the risk of diabetes. There is a complex
interplay between sex hormones and body composition for which data from in vivo studies and clini-
cal trials remain inconclusive (Allan, 2014). Future studies will hopefully shed light on possible sex
differences in CR in humans; thus far, the available data do not support (or allow) inferences on sex-
ual dimorphism. However, studies in rodents have suggested that males may have a more robust
response to CR than females (Kane et al., 2018), but the mechanistic bases are not understood.

Akin to epigenetic clocks (see Epigenetic alterations) that predict mortality independent of other
risk factors, there have been attempts to create similar composite measures based on metabolites
measured using different techniques (Jylhava et al., 2017). For example, Hertel et al., 2016 cre-
ated a 'metabolic age score’ that was shown to be associated with mortality independent of chrono-
logical age and other risk factors. The score was robustly associated with chronological age in both
sexes, the only significant sex difference being that the score was more strongly influenced by obe-
sity in women than in men (Hertel et al., 2016). However, such studies on metabolomics scores
have been much fewer than studies on epigenetic clocks, and the potential sex dimorphism in meta-
bolic scores is less clear. In summary, the sexual dimorphism in nutrient sensing and metabolism is
largely attributable to sex hormones and their downstream effects. The higher muscle mass coupled
with a higher basal metabolic rate in men also aligns with the rate of living theory.

Hagg and Jylhava. eLife 2021;10:e63425. DOI: https://doi.org/10.7554/eLife.63425 13 of 27


https://doi.org/10.7554/eLife.63425

eLife

Epidemiology and Global Health

Functional measures

Functional measures relevant to aging and mortality are numerous. One of the most commonly used
and strongest markers for human population-based estimation of death risk is a simple assessment
of walking speed (Ganna and Ingelsson, 2015), yet other popular measures include grip strength,
chair rise, lung function, vision, and an abundance of cognitive domains (Peiffer et al., 2010).
Although it is well known that being physically fit translates to better health, maintaining higher mus-
cle mass and strength requires spending more energy and a higher metabolic rate. Analogous to
the Hayflick limit, the rate of aging theory posits that the total amount of energy expenditure per
lifetime is finite and that excessive usage results in accelerated aging (Pearl, 2011). Although much
debated (Lints, 1989), this theory is supported by the observations that long-lived mammals have
low energy expenditure rates, while short-lived mammals have higher rates. Studies in aging humans
have shown that those having higher basic metabolic rates are more likely to die than those with
lower rates (Ruggiero et al., 2008).

It is well established that men do better in physical capability, measured as grip strength, walking,
and stair climb, even after adjusting for total body weight and lean body mass (Peiffer et al., 2010).
Upon menopause, the withdrawal of sex hormones negatively affects bone and muscle health in
women, where women experience a greater reduction in bone mineral density than men. However,
men have a steady decline in bone function across life, but the interaction between load and bone
strength is better maintained in older men, and this phenomenon may explain the reason for fewer
fractures seen in men (Seeman, 2001). Women have less skeletal muscle mass than men, but men
have greater loss with aging, although different parts of the body may show different sex-dimorphic
effects, and menopause accelerates the loss in women (Doherty, 2003). Sarcopenia affects both
sexes but is clinically more important in older women who may live longer with the disability (Doh-
erty, 2003). For age-related visual impairment, women report more eye problems than men
(Li et al., 2011), and overall, healthy adult men seem to perform better on visual perception than
women (Shagqiri et al., 2018). In contrast, hearing loss is more frequent in men and may start as early
as in the thirties (Shuster et al., 2019). Sexual dimorphism is also apparent in animal models, and
women seem to be protected from age-related hearing decline before menopause, as estrogen lev-
els are directly linked to the hearing threshold. Lung function is strongly associated with age, and a
decline in spirometry-based measurements of dynamic flow starts soon after lung maturation in
young adults (Sharma and Goodwin, 2006). Sex-specific differences are seen across almost all respi-
ratory structures and functions; women have smaller and anatomically different lungs than men, per-
form worse in breathing exercises, and sex hormones interact with lung and airway function during
early developmental processes and aging (LoMauro and Aliverti, 2018). However, anatomical
changes during aging to other organs may be advantageous to women. Cardiac remodeling due to
aging is universal, but the decline in myocytes and systolic function are greater in males, both in
humans and rodents (Keller and Howlett, 2016). Kidney function declines with aging, and men
have a greater decrease in glomerular filtration rate, where women are most likely protected due to
estrogens before menopause (Baylis, 2009).

A recent study created a composite measure, termed the functional aging index (FAIl), to better
capture the state and changes in various physical functions simultaneously. The FAI includes muscle
strength (grip strength), movement (gait speed), sensory (vision and hearing), and lung function and
is predictive of mortality in both sexes, yet the hazard ratio is greater in women (Finkel et al., 2019).
However, while women had higher FAI scores than men, indicating poorer functioning, the rate of
change did not differ between the sexes (Finkel et al., 2019). Hence, the better physical perfor-
mance in men may be explained by evolutionary selection for physical fitness, which means better
health in general, but it is unclear why this does not translate to a survival advantage. As men have
higher muscle mass than women, some clues might be obtained from the observed associations
between higher skeletal muscle mass and higher basal metabolic rate, that is energy expenditure
that is higher in men than in women (Ruggiero et al., 2008). Perhaps, the sex specificity in functional
measures best describes the complex interplay between fitness and aging in line with the rate of liv-
ing theory in the senescence theory of aging, emphasizing the sex paradox in aging where women
with worse physical function and health still outlive men, possibly due to a better cellular mainte-
nance system and protections from estrogens.
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Frailty

Frailty is defined as a state of increased vulnerability to stressors resulting from decreased physiolog-
ical reserves to maintain homeostasis across multiple organ systems. Manifestations of frailty overlap
with those of normative aging yet are more pronounced. When a certain threshold in frailty is
reached, the risk of adverse outcomes, such as disability and death, increases. Although frailty often
coexists with multimorbidity (and disability), the association between frailty and mortality is indepen-
dent of multimorbidity (Hanlon et al., 2018), indicating that frailty captures health-related variation
that is not attributed to diseases alone. There is currently no widely accepted consensus on how to
measure frailty; however, the two most commonly used approaches are the Fried phenotypic model
(FP) (Fried et al., 2001) and the Rockwood frailty index (Fl) (Searle et al., 2008). The first views
frailty as a physical syndrome with a discrete categorization of individuals into nonfrail, prefrail, and
frail, whereas the latter considers frailty as a multidimensional construct based on the accumulation
of deficits in physical, biological, and psychosocial domains. The Fl is measured on a continuous
scale, allowing for the detection of more subtle changes and making the FI suited for younger indi-
viduals. Although viewed more as a measure of fitness than biological age, frailty stands out as an
exception in the wealth of research devoted to understanding the sex differences compared to the
other markers. Women not only have a higher prevalence of frailty but also experience higher levels
than men across the age range (Gordon et al., 2017). Women are nevertheless able to tolerate
frailty better; men are more vulnerable to death at any given level of frailty than women of the same
age (Gordon et al., 2017; Jiang et al., 2017). The above-described male-female health-survival par-
adox may thus also be conceptualized as a sex-frailty paradox. The sex-frailty paradox has been
described using several frailty scales (Theou et al., 2014) and across different populations
(Gordon et al., 2017), suggesting that it is likely independent of the specific scale used to measure
frailty.

The reasons for higher levels of frailty in women have been discussed previously, with various bio-
logical, social, and behavioral factors hypothesized to allow women to better tolerate frailty
(Gordon and Hubbard, 2019; Hubbard, 2015). When conceptualizing frailty using the deficit accu-
mulation model, that is the Fl, it seems conceivable that women are evolutionarily ‘calibrated’ for
late-life fitness. This theory aligns with the grandmother effect and increases in the population post-
reproductive lifespans when it benefits younger generations (Lahdenperi et al., 2004). Frailty also
recapitulates characteristics of disposable soma theory that allow a certain amount of damage to the
organism. However, another theory suggested underlying the sex differences is the chronic disease
hypothesis by which women are more likely to experience nonlethal chronic conditions, while men
tend to develop acute conditions associated with high mortality, such as stroke and myocardial
infarction (Gladyshev, 2014; Bernabeu, 2020). Women may also be more prone to actively seek
medical help for their conditions, resulting in better treatment balance of their (chronic) diseases.
Last, variability in reporting behavior may contribute to the difference; when using self-reported
data, a common conception is that men tend to underreport their morbidities and disability, while
women are more likely to overreport. However, evidence supporting this conception is not conclu-
sive (Merrill et al., 1997, Macintyre et al., 1999), and the underlying mechanisms for the sex-frailty
paradox remain unresolved.

In recent years, animal models of frailty, building on both Fl and FP, have become available, pro-
viding opportunities to untangle how and why frailty develops and the mechanisms behind the sex
differences. However, evidence on sex differences in frailty in animal models is less equivocal than in
human studies. Few studies have reported that aged female mice exhibit higher Fl scores than males
(Heinze-Milne et al., 2019). However, other studies have reported no difference between the sexes,
and one study found that male mice had higher Fl scores than females (Heinze-Milne et al., 2019).
The paucity of animal studies available and the variety in mouse strains used in the studies neverthe-
less warrant more evidence before the mechanisms of the sex differences in frailty can be resolved.

Sex differences in age-related diseases

Due to global aging and improved health care, the leading causes of death worldwide have shifted
remarkably over the last century. Noncommunicable diseases, which are considered chronic age-
related illnesses, are now the three most common causes of death worldwide (ischemic heart dis-
ease, stroke, and chronic obstructive pulmonary disease) (World Health Organization, 2021). For
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the population older than 70 years, all but one (lower respiratory infection) of the top 10 leading
causes of death in the world are noncommunicable age-related diseases (Table 1, World Health
Organization, 2021). An age-related disease can be defined as a disease where chronological age
is a strong risk factor, and the incidence rate is increasing with increasing age. For a more compre-
hensive review on age-related diseases and the link to biological aging mechanisms, we refer to
Franceschi et al., 2018. However, age-related diseases often present in a sex-specific manner. The
top 10 leading causes of death by sex in those above 70 years reveals a change in the ranking of dis-
eases so that instead of colon and rectum cancers, prostate cancer emerges in men and communica-
ble diarrheal diseases in women. Hence, we highlight the sexual dimorphism in age-related diseases
below, further strengthening the evidence that biological aging is different in men and women.

Although men and women present different disease-specific patterns and expression of risk fac-
tors, several leading age-related diseases are related to cardiovascular health in both sexes. It is well
accepted that premenopausal women are relatively protected from the most common cardiometa-
bolic manifestations, whereas postmenopausal women are not (Aggarwal et al., 2018). This obser-
vation has been attributed to estrogens’ beneficial effects on CVD, metabolic syndrome, and
diabetes. (For a more in-depth discussion on sex and gender aspects in aging diseases and treat-
ment, we refer the reader to Mauvais-Jarvis et al., 2020 and Regitz-Zagrosek, 2012). In addition
to looking at the sex hormones individually, several studies have shown that it may instead be the
sex-specific testosterone/estradiol ratio that is more decisive on health outcomes than either of the
hormones alone (Morselli et al., 2016). However, CVD is also tightly linked to inflammaging of the
vasculature, and cellular senescence that could be reflected as TL shortening and intrinsic epigenetic
age acceleration (Ferrucci and Fabbri, 2018). Hence, aging and sexual dimorphism in cardiovascular
health are delicately intertwined.

Most cancers have apparent sex-differentiated effects, even after controlling for risk factors and
lifestyle differences between sexes. In general, men have higher incidence rates and higher death
rates in most cancers that are not related to reproduction (Mauvais-Jarvis et al., 2020). The male
predominance is seen already in children with cancer before puberty, indicating that genetic or early
developmental processes going wrong likely determine these differences. All cancer tumors have
mutations in their genome, and commonly mutated genes are referred to as oncogenes
(Stewart and Wild, 2014). There are many oncogenes known across the genome, some with specific
X-linked mutational differences in men and women, and others encoded by the Y chromosome.
Recent evidence suggests that noncoding genomic regions also contribute to sexual dimorphisms in
driving cancer mutations and signatures (Li et al., 2020d). Many oncogenes present specific epige-
netic signatures used for cancer diagnostics (Stewart and Wild, 2014), and epigenetic outlier bur-
den is associated with age and cancer diagnosis in a sex-specific manner (Wang et al., 2019).
Longer telomeres and extrinsic epigenetic age acceleration are also features seen in cancerous tis-
sues. Hence, genomic instability, including the accumulation of mutations, epigenetic alterations,
and telomere attrition, are hallmarks of aging and provide a link between aging and sexual dimor-
phism mechanisms in cancer. There are also cancers related to hormonal secretion where androgens
are stimulating and estrogens are protective (Hammes and Levin, 2019). Cancers are not a class of
homogenous diseases but complex, age- and sex-dependent biological processes that may arise
due to several different factors.

AD and other dementias are perhaps the most established age-related diseases, and the preva-
lence continues to grow worldwide because of global aging. They are predominant in women, par-
ticularly in the oldest old, which may also be attributed to the female survival benefit (Mauvais-
Jarvis et al., 2020; Mazure and Swendsen, 2016). There is evidence for sex-specific brain differen-
ces in early growth and development of the brain and adult structure and function, which may be of
relevance to neurodegeneration. Cognitive aging in healthy adults demonstrates sex-differential
effects, where men generally perform better in visuospatial ability and women better in verbal abil-
ity, but the speed of decline may be worse in men, although the literature is not consistent (Li et al.,
2020b; McCarrey et al., 2016). In AD, women present worse clinical symptoms for comparable lev-
els of brain atrophy in men, and interactions with hormones may be one explanation for the differen-
ces (Toro et al., 2019). Early natural or surgical menopause and late initiation of HRT is associated
with increased risk of AD (Mauvais-Jarvis et al., 2020). However, sex-differential effects may also be
related to sex chromosomes. A recent study using an AD model in mice, expressing the human amy-
loid precursor protein, showed that adding an extra X chromosome decreased mortality and clinical

Hagg and Jylhava. eLife 2021;10:e63425. DOI: https://doi.org/10.7554/eLife.63425 16 of 27


https://doi.org/10.7554/eLife.63425

eLife

Epidemiology and Global Health

AD symptoms (Davis, 2020). It should also be noted that sex differences in dementia incidence may
be partially explained by selective survival (Shaw et al., 2021). Sex differences in the age-related dis-
eases, frailty and domains of physical functioning are summarized in Figure 2.

Thus, all the above calls for more research to better understand how biological sex and its attrib-
utes shape health in aging. Moreover, as many age-related diseases, most prominently CVD, are
associated with systemic manifestations, such as low-grade inflammation, there is likely a complex
bidirectional interplay between the diseases and biological aging at the cellular level. Having longer
telomeres, for example, is protective for CVD and AD but a risk factor for many cancers, likely
explained by the fact that tumor cells have overcome the problem of telomere shortening by activat-
ing the telomerase enzyme (Jylhdva et al., 2017). Epigenetic age has been associated with both car-
diovascular and cancer deaths, depending on whether the clock represents intrinsic or extrinsic
biological aging (Jylhava et al., 2017). Hence, there is a trade-off between biological mechanisms
promoting longevity and good cardiovascular health versus those promoting cancer growth. There-
fore, more interesting than looking at the diseases or biological markers in isolation would be to
assess the temporal dynamics between disease progression and aging biomarkers, with rigorous
sex-specific approaches included.

Summary and future directions

In this review, we have tried to disentangle the complex interactions between biological aging and
sexual dimorphism and have provided evidence from the perspective of current theories thereof.
There is overwhelming support for the fact that whenever sex is analyzed in biological research on
aging, it demonstrates significant sex differences, whether it is human cohorts or animals. Moreover,
many of the biological and functional markers of aging under study, as well as for age-related dis-
eases, are consistent with both the programmed theory of aging and the senescent theory at the
same time (Table 1), and both chromosomal-linked mechanisms and hormones may explain the
observed sexual disparities. Hence, there is no clear pattern of association within these interactions;
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rather, many intertwined mechanisms are in action. However, it is clear that cellular and molecular
mechanisms of aging are better maintained in women, although after menopause, women seem to
catch up and, to some extent, reach the same levels of aging as men. For functional aging related to
muscle strength, the pattern is the opposite, where men generally are stronger and faster than
women, explained by higher testosterone levels coupled with upregulated growth hormone, insulin,
and IGF signaling, leading to a greater muscle mass. From an evolutionary perspective, the sex dif-
ference may be attributed to sexual antagonistic pleiotropy, where natural selection for aging is a
side effect of genes selected for their contribution to fertility, reproduction, and other essential com-
ponents of an individuals’ fitness earlier in life (Maklakov and Lummaa, 2013). For men, natural
selection may favor strength and physical fitness, while women benefit from babies that are not too
large for the mother and child to survive the birth. These selection mechanisms may act against each
other in opposite sexes, leading to a longer lifespan in women (Maklakov and Lummaa, 2013).

With the increasing body of evidence highlighting the importance of biological sex in the aging
process, it is now more timely than ever to focus on understanding the sex-driven characteristics of
aging. Entering the era of personalized medicine, the quest becomes even more important. How-
ever, most preclinical and clinical studies have been performed in male subjects, animals, or cell
lines, limiting our understanding of the impact of sex on the given research question. To overcome
these issues, the National Institutes of Health now expects that sex as a biological variable to be fac-
tored into research designs, analyses, and reporting in vertebrate animal and human studies
(Pinn, 2020). The Swedish Research Council, 2020 has set similar guidelines by asking that since
2020, applicants describe whether sex and gender perspectives are relevant in their research and, if
so, in what way those perspectives are to be included in the project. Although great initiatives as
such, it is yet to be seen how they translate into research practice and, above all, to a better under-
standing of biological sex differences. A suggestion could be that all biomedical journals should
adhere to common practice and guidelines requiring authors to report sex-specific effects of their
findings and put that into a research context whenever applicable. Similar suggestions were pro-
posed at a workshop hosted by the Institute of Medicine (US) in 2011, where different stakeholders
were present (Public Health, 2012). Although the progress has been slow, an increasing number of
journals now adhere to these rules (Schiebinger et al., 2016), and reporting guidelines exist
(Heidari et al., 2016), making the sex-specific reporting scheme possible.

The need for sex-specific estimates is nevertheless apparent, especially for future meta-analyses
and Mendelian randomization studies so that we can build a ground on solid sex-specific research
questions. Reporting sex differences also comes with obvious caveats; when the sample is stratified
by sex, the power may be limited to the extent that an absence of association in the other sex can-
not be considered a lack of evidence. A sound approach also entails considering the extent to which
sex explains the observed variation, not just reporting whether the sexes differ. Last, it should be
kept in mind that when addressing the effect of sex conceptually, it is often impossible to pinpoint
the true source of sex-related variation, whether it is hormonal, genetic, differences in karyotype, or
something else, such as gender norm behaviors or sex-specific environmental exposures. The under-
pinnings of sex differences are extremely complex, multifactorial, and challenging to apprehend
even with the most sophisticated (statistical) models.

Nevertheless, it is of utmost importance to start filling in the missing pieces of the puzzle of sex
differences in aging. We now know that one marker or measure alone cannot capture the complexity
of biological aging, and with the various machine-learning methods becoming available, we should
consider opting for more ‘all-inclusive’ approaches. Depending on the outcome of interest, factors
across different domains should be considered as explanatory variables and assessed for their sex
specificity and interactions. An important point worth noting is that, as there are now many longitu-
dinal studies with repeated measurements of biological aging markers available, these resources
should be used to revisit or reformulate some of the aging theories — or propose completely new
ones. For example, the recently proposed geroscience hypothesis posits that biological aging at the
cellular level drives organ system aging and gives rise to aging-associated diseases (Kennedy et al.,
2014). Should we manage to slow biological aging, the risk of all aging diseases should decline.
However, as we have observed, women have more favorable profiles than men in many cellular and
molecular markers of aging, such as telomeres and epigenetic clocks. According to the geroscience
hypothesis, this should manifest as a lower multimorbidity rate in women. However, as this seems
not to be the case, there must be other factors in action as well, some of which we have highlighted
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in this paper, and that may interact with each other in a complicated manner. The geroscience
hypothesis may still be valid but needs to be put in a sex-specific context, as we need to widen our
thinking and search for more answers in the data. With the accumulating knowledge, the hope is
that we will eventually be able to better tackle those negative aging outcomes that are preventable
or reversible.

Acknowledgements

The authors want to thank Xia Li for valuable input on the manuscript. The authors are supported by
grants from the Swedish Research Council (2018-02077, 2019-01272, 2020-06101), Karolinska Insti-
tutet, King Gustaf V:s and Queen Victorias Freemason Foundation, Osterman Foundation, the Stra-
tegic Research Program in Epidemiology at Karolinska Institutet. The funders had no role in study
design, data collection and interpretation, or the decision to submit the work for publication. The
figures have been created with Biorender (human shapes) and using icons from the Noun Project
(Horst, JS, and Hout, MC (2015). The Novel Object and Unusual Name (NOUN) Database: A collec-
tion of novel images for use in experimental research. Behavior Research Methods, 48, 1393-1409.
doi: 10.3758/513428-015-0647-3.) under the Creative Commons license.

Additional information

Funding

Funder Grant reference number  Author

Swedish Research Council 2018-02077 Juulia Jylhava

Swedish Research Council 2019-01272 Sara Hagg

Swedish Research Council 2020-06101 Sara Hagg

Karolinska Institutet Sara Hagg
Juulia Jylhava

King Gustaf V:s and Queen Sara Hagg

Victorias Freemason Founda-

tion

Loo and Hans Osterman Sara Hagg

Foundation for Medical Re- Juulia Jylhava

search

The Strategic Research Pro- Juulia Jylhava

gram in Epidemiology at Kar- Sara Hagg

olinska Institutet

The funders had no role in study design, data collection and interpretation, or the
decision to submit the work for publication.

Author contributions
Sara H&agg, Juulia Jylhava, Visualization, Writing - original draft, Writing - review and editing

Author ORCIDs
Sara Hagg (2 https://orcid.org/0000-0002-2452-1500
Juulia Jylhdva (@ https://orcid.org/0000-0003-0250-4491

References

Aggarwal NR, Patel HN, Mehta LS, Sanghani RM, Lundberg GP, Lewis SJ, Mendelson MA, Wood MJ, Volgman
AS, Mieres JH. 2018. Sex differences in ischemic heart disease: advances, obstacles, and next steps.
Circulation. Cardiovascular Quality and Outcomes 11:€004437. DOI: https://doi.org/10.1161/
CIRCOUTCOMES.117.004437, PMID: 29449443

Allan CA. 2014. Sex steroids and glucose metabolism. Asian Journal of Andrology 16:232-238. DOI: https://doi.
org/10.4103/1008-682X.122589, PMID: 24457840

Hagg and Jylhava. eLife 2021;10:e63425. DOI: https://doi.org/10.7554/eLife.63425 19 of 27


https://orcid.org/0000-0002-2452-1500
https://orcid.org/0000-0003-0250-4491
https://doi.org/10.1161/CIRCOUTCOMES.117.004437
https://doi.org/10.1161/CIRCOUTCOMES.117.004437
http://www.ncbi.nlm.nih.gov/pubmed/29449443
https://doi.org/10.4103/1008-682X.122589
https://doi.org/10.4103/1008-682X.122589
http://www.ncbi.nlm.nih.gov/pubmed/24457840
https://doi.org/10.7554/eLife.63425

e Life Review Article

Epidemiology and Global Health

Austad SN, Fischer KE. 2016. Sex differences in lifespan. Cell Metabolism 23:1022-1033. DOI: https://doi.org/
10.1016/j.cmet.2016.05.019, PMID: 27304504

Bacon ER, Mishra A, Wang Y, Desai MK, Yin F, Brinton RD. 2019. Neuroendocrine aging precedes
perimenopause and is regulated by DNA methylation. Neurobiology of Aging 74:213-224. DOI: https://doi.
org/10.1016/j.neurobiolaging.2018.09.029, PMID: 30497015

Barrett EL, Richardson DS. 2011. Sex differences in telomeres and lifespan. Aging Cell 10:913-921. DOI: https://
doi.org/10.1111/j.1474-9726.2011.00741.x, PMID: 21902801

Baylis C. 2009. Sexual dimorphism, the aging kidney, and involvement of nitric oxide deficiency. Seminars in
Nephrology 29:569-578. DOI: https://doi.org/10.1016/j.semnephrol.2009.07.003, PMID: 20006788

Beery AK, Zucker I. 2011. Sex Bias in neuroscience and biomedical research. Neuroscience & Biobehavioral
Reviews 35:565-572. DOI: https://doi.org/10.1016/j.neubiorev.2010.07.002, PMID: 20620164

Bengtson VL, Settersten R. 2016. Handbook of Theories of Aging. Springer Publishing Company. DOI: https://
doi.org/10.1080/17525098.2019.1562409

Bernabeu E. 2020. Sexual differences in genetic architecture in UK biobank. bioRxiv. DOI: https://doi.org/10.
1101/2020.07.20.211813

Blackburn EH, Epel ES, Lin J. 2015. Human telomere biology: a contributory and interactive factor in aging,
disease risks, and protection. Science 350:1193-1198. DOI: https://doi.org/10.1126/science.aab3389,
PMID: 26785477

Bongen E, Lucian H, Khatri A, Fragiadakis GK, Bjornson ZB, Nolan GP, Utz PJ, Khatri P. 2019. Sex differences in
the blood transcriptome identify robust changes in immune cell proportions with aging and influenza infection.
Cell Reports 29:1961-1973. DOI: https://doi.org/10.1016/].celrep.2019.10.019, PMID: 31722210

Chen BH, Marioni RE, Colicino E, Peters MJ, Ward-Caviness CK, Tsai PC, Roetker NS, Just AC, Demerath EW,
Guan W, Bressler J, Fornage M, Studenski S, Vandiver AR, Moore AZ, Tanaka T, Kiel DP, Liang L, Vokonas P,
Schwartz J, et al. 2016. DNA methylation-based measures of biological age: meta-analysis predicting time to
death. Aging 8:1844-1865. DOI: https://doi.org/10.18632/aging.101020, PMID: 27690265

Chocron ES, Munkacsy E, Pickering AM. 1865. Cause or casualty: the role of mitochondrial DNA in aging and
age-associated disease. Biochimica Et Biophysica Acta. Molecular Basis of Disease 2:285-297. DOI: https://doi.
org/10.1016/j.bbadis.2018.09.035

Codd V, Nelson CP, Albrecht E, Mangino M, Deelen J, Buxton JL, Hottenga JJ, Fischer K, Esko T, Surakka |,
Broer L, Nyholt DR, Mateo Leach |, Salo P, Hagg S, Matthews MK, Palmen J, Norata GD, O'Reilly PF, Saleheen
D, et al. 2013. Identification of seven loci affecting mean telomere length and their association with disease.
Nature Genetics 45:422-427. DOI: https://doi.org/10.1038/ng.2528, PMID: 23535734

Cohen P, Beamish R. 2014. The Upside of Aging: How Long Life Is Changing the World of Health, Work,
Innovation, Policy, and Purpose. John Wiley & Sons, Inc. DOI: https://doi.org/10.5195/aa.2015.96

Coluzzi E, Leone S, Sgura A. 2019. Oxidative stress induces telomere dysfunction and senescence by replication
fork arrest. Cells 8:19. DOI: https://doi.org/10.3390/cells8010019

Comitato R, Saba A, Turrini A, Arganini C, Virgili F. 2015. Sex hormones and macronutrient metabolism. Critical
Reviews in Food Science and Nutrition 55:227-241. DOI: https://doi.org/10.1080/10408398.2011.651177,
PMID: 24915409

Davis EJ. 2020. A second X chromosome contributes to resilience in a mouse model of alzheimer’s disease.
Science Translational Medicine 558:eaaz5677. DOI: https://doi.org/10.1126/scitranslmed.aaz5677

De la Fuente M, Miquel J. 2009. An update of the oxidation-inflammation theory of aging: the involvement of
the immune system in oxi-inflamm-aging. Current Pharmaceutical Design 15:3003-3026. DOI: https://doi.org/
10.2174/138161209789058110, PMID: 19754376

Dearden L, Bouret SG, Ozanne SE. 2018. Sex and gender differences in developmental programming of
metabolism. Molecular Metabolism 15:8-19. DOI: https://doi.org/10.1016/j.molmet.2018.04.007, PMID: 2
9773464

Demanelis K, Jasmine F, Chen LS, Chernoff M, Tong L, Delgado D, Zhang C, Shinkle J, Sabarinathan M, Lin H,
Ramirez E, Oliva M, Kim-Hellmuth S, Stranger BE, Lai TP, Aviv A, Ardlie KG, Aguet F, Ahsan H, Doherty JA,
et al. 2020. Determinants of telomere length across human tissues. Science 369:eaaz6876. DOI: https://doi.
org/10.1126/science.aaz6876, PMID: 32913074

Demarest TG, McCarthy MM. 2015. Sex differences in mitochondrial (dys)function: implications for
neuroprotection. Journal of Bioenergetics and Biomembranes 47:173-188. DOI: https://doi.org/10.1007/
s10863-014-9583-7, PMID: 25293493

Doherty TJ. 2003. Invited review: aging and Sarcopenia. Journal of Applied Physiology 95:1717-1727.
DOI: https://doi.org/10.1152/japplphysiol.00347.2003, PMID: 12970377

Dulken B, Brunet A. 2015. Stem cell aging and sex: are we missing something? Cell Stem Cell 16:588-5%0.
DOI: https://doi.org/10.1016/j.stem.2015.05.006, PMID: 26046758

Factor-Litvak P, Susser E, Kezios K, McKeague |, Kark JD, Hoffman M, Kimura M, Wapner R, Aviv A. 2016.
Leukocyte telomere length in newborns: implications for the role of telomeres in human disease. Pediatrics
137:€20153927. DOI: https://doi.org/10.1542/peds.2015-3927, PMID: 26969272

Fahy GM, Brooke RT, Watson JP, Good Z, Vasanawala SS, Maecker H, Leipold MD, Lin DTS, Kobor MS, Horvath
S. 2019. Reversal of epigenetic aging and immunosenescent trends in humans. Aging Cell 18:e13028.
DOI: https://doi.org/10.1111/acel.13028, PMID: 31496122

Feltes BC, de Faria Poloni J, Bonatto D. 2015. Development and aging: Two Opposite but Complementary
Phenomena. Development and Aging 40:74-84. DOI: https://doi.org/10.1159/000364932

Hagg and Jylhava. eLife 2021;10:e63425. DOI: https://doi.org/10.7554/eLife.63425 20 of 27


https://doi.org/10.1016/j.cmet.2016.05.019
https://doi.org/10.1016/j.cmet.2016.05.019
http://www.ncbi.nlm.nih.gov/pubmed/27304504
https://doi.org/10.1016/j.neurobiolaging.2018.09.029
https://doi.org/10.1016/j.neurobiolaging.2018.09.029
http://www.ncbi.nlm.nih.gov/pubmed/30497015
https://doi.org/10.1111/j.1474-9726.2011.00741.x
https://doi.org/10.1111/j.1474-9726.2011.00741.x
http://www.ncbi.nlm.nih.gov/pubmed/21902801
https://doi.org/10.1016/j.semnephrol.2009.07.003
http://www.ncbi.nlm.nih.gov/pubmed/20006788
https://doi.org/10.1016/j.neubiorev.2010.07.002
http://www.ncbi.nlm.nih.gov/pubmed/20620164
https://doi.org/10.1080/17525098.2019.1562409
https://doi.org/10.1080/17525098.2019.1562409
https://doi.org/10.1101/2020.07.20.211813
https://doi.org/10.1101/2020.07.20.211813
https://doi.org/10.1126/science.aab3389
http://www.ncbi.nlm.nih.gov/pubmed/26785477
https://doi.org/10.1016/j.celrep.2019.10.019
http://www.ncbi.nlm.nih.gov/pubmed/31722210
https://doi.org/10.18632/aging.101020
http://www.ncbi.nlm.nih.gov/pubmed/27690265
https://doi.org/10.1016/j.bbadis.2018.09.035
https://doi.org/10.1016/j.bbadis.2018.09.035
https://doi.org/10.1038/ng.2528
http://www.ncbi.nlm.nih.gov/pubmed/23535734
https://doi.org/10.5195/aa.2015.96
https://doi.org/10.3390/cells8010019
https://doi.org/10.1080/10408398.2011.651177
http://www.ncbi.nlm.nih.gov/pubmed/24915409
https://doi.org/10.1126/scitranslmed.aaz5677
https://doi.org/10.2174/138161209789058110
https://doi.org/10.2174/138161209789058110
http://www.ncbi.nlm.nih.gov/pubmed/19754376
https://doi.org/10.1016/j.molmet.2018.04.007
http://www.ncbi.nlm.nih.gov/pubmed/29773464
http://www.ncbi.nlm.nih.gov/pubmed/29773464
https://doi.org/10.1126/science.aaz6876
https://doi.org/10.1126/science.aaz6876
http://www.ncbi.nlm.nih.gov/pubmed/32913074
https://doi.org/10.1007/s10863-014-9583-7
https://doi.org/10.1007/s10863-014-9583-7
http://www.ncbi.nlm.nih.gov/pubmed/25293493
https://doi.org/10.1152/japplphysiol.00347.2003
http://www.ncbi.nlm.nih.gov/pubmed/12970377
https://doi.org/10.1016/j.stem.2015.05.006
http://www.ncbi.nlm.nih.gov/pubmed/26046758
https://doi.org/10.1542/peds.2015-3927
http://www.ncbi.nlm.nih.gov/pubmed/26969272
https://doi.org/10.1111/acel.13028
http://www.ncbi.nlm.nih.gov/pubmed/31496122
https://doi.org/10.1159/000364932
https://doi.org/10.7554/eLife.63425

e Life Review Article

Epidemiology and Global Health

Ferrucci L, Gonzalez-Freire M, Fabbri E, Simonsick E, Tanaka T, Moore Z, Salimi S, Sierra F, de Cabo R. 2020.
Measuring biological aging in humans: a quest. Aging Cell 19:€13080. DOI: https://doi.org/10.1111/acel.
13080, PMID: 31833194

Ferrucci L, Fabbri E. 2018. Inflammageing: chronic inflammation in ageing, cardiovascular disease, and frailty.
Nature Reviews Cardiology 15:505-522. DOI: https://doi.org/10.1038/s41569-018-0064-2, PMID: 30065258

Finkel D, Sternang O, Jylhéva J, Bai G, Pedersen NL. 2019. Functional aging index complements frailty in
prediction of entry into care and mortality. The Journals of Gerontology: Series A 74:1980-1986. DOI: https://
doi.org/10.1093/gerona/glz155, PMID: 31222213

Fischer KE, Riddle NC. 2018. Sex differences in aging: genomic instability. The Journals of Gerontology: Series A
73:166-174. DOI: https://doi.org/10.1093/gerona/glx105, PMID: 28575157

Fitch RH, Denenberg VH. 1998. A role for ovarian hormones in sexual differentiation of the brain. Behavioral and
Brain Sciences 21:311-327. DOI: https://doi.org/10.1017/S0140525X98001216, PMID: 10097016

Folgueras AR, Freitas-Rodriguez S, Velasco G, Lopez-Otin C. 2018. Mouse models to disentangle the hallmarks
of human aging. Circulation Research 123:905-924. DOI: https://doi.org/10.1161/CIRCRESAHA.118.312204,
PMID: 30355076

Forsberg LA. 2017. Loss of chromosome Y (LOY) in blood cells is associated with increased risk for disease and
mortality in aging men. Human Genetics 136:657-663. DOI: https://doi.org/10.1007/s00439-017-1799-2,
PMID: 28424864

Franceschi C, Garagnani P, Morsiani C, Conte M, Santoro A, Grignolio A, Monti D, Capri M, Salvioli S. 2018. The
continuum of aging and Age-Related diseases: common mechanisms but different rates. Frontiers in Medicine
5:61. DOI: https://doi.org/10.3389/fmed.2018.00061, PMID: 29662881

Franceschi C. 2019. Inflammaging. In: Fulop T (Ed). Handbook of Immunosenescence: Basic Understanding and
Clinical Implications. Springer International Publishing. p. 1599-1629. DOI: https://doi.org/10.1007/978-3-319-
99375-1

Frati P, Busardo FP, Cipolloni L, Dominicis ED, Fineschi V. 2015. Anabolic androgenic steroid (AAS) related
deaths: autoptic, histopathological and toxicological findings. Current Neuropharmacology 13:146-159.

DOI: https://doi.org/10.2174/1570159X13666141210225414, PMID: 26074749

Frederiksen H, Hjelmborg J, Mortensen J, McGue M, Vaupel JW, Christensen K. 2006. Age trajectories of grip
strength: cross-sectional and longitudinal data among 8,342 danes aged 46 to 102. Annals of Epidemiology 16:
554-562. DOI: https://doi.org/10.1016/j.annepidem.2005.10.006, PMID: 16406245

Fried LP, Tangen CM, Walston J, Newman AB, Hirsch C, Gottdiener J, Seeman T, Tracy R, Kop WJ, Burke G,
McBurnie MA, Cardiovascular Health Study Collaborative Research Group. 2001. Frailty in older adults:
evidence for a phenotype. The Journals of Gerontology Series A: Biological Sciences and Medical Sciences 56:
M146-M157. DOI: https://doi.org/10.1093/gerona/56.3.M146, PMID: 11253156

Ganna A, Ingelsson E. 2015. 5 year mortality predictors in 498,103 UK biobank participants: a prospective
population-based study. The Lancet 386:533-540. DOI: https://doi.org/10.1016/S0140-6736(15)60175-1,
PMID: 26049253

Gardner M, Bann D, Wiley L, Cooper R, Hardy R, Nitsch D, Martin-Ruiz C, Shiels P, Sayer AA, Barbieri M, Bekaert
S, Bischoff C, Brooks-Wilson A, Chen W, Cooper C, Christensen K, De Meyer T, Deary |, Der G, Diez Roux A,
et al. 2014. Gender and telomere length: systematic review and meta-analysis. Experimental Gerontology 51:
15-27. DOI: https://doi.org/10.1016/j.exger.2013.12.004, PMID: 24365661

Gentilini D, Castaldi D, Mari D, Monti D, Franceschi C, Di Blasio AM, Vitale G. 2012. Age-dependent skewing of
X chromosome inactivation appears delayed in centenarians’ offspring. is there a role for allelic imbalance in
healthy aging and longevity? Aging Cell 11:277-283. DOI: https://doi.org/10.1111/].1474-9726.2012.00790.x,
PMID: 22292741

Gladyshev VN. 2014. The free radical theory of aging is dead. long live the damage theory!. Antioxidants &
Redox Signaling 20:727-731. DOI: https://doi.org/10.1089/ars.2013.5228, PMID: 24159899

Gomez CR, Nomellini V, Kovacs EJ. 2018. Sex Hormones and Immunosenescence. In: Fulop T (Ed). Handbook of
Immunosenescence: Basic Understanding and Clinical Implications. Springer International Publishing. p. 1-58.
DOI: https://doi.org/10.1007/978-3-319-99375-1_42

Gordon EH, Peel NM, Samanta M, Theou O, Howlett SE, Hubbard RE. 2017. Sex differences in frailty: a
systematic review and meta-analysis. Experimental Gerontology 89:30-40. DOI: https://doi.org/10.1016/j.
exger.2016.12.021, PMID: 28043934

Gordon EH, Hubbard RE. 2019. Do sex differences in chronic disease underpin the sex-frailty paradox?
Mechanisms of Ageing and Development 179:44-50. DOI: https://doi.org/10.1016/j.mad.2019.02.004,

PMID: 30825457

Gubbels Bupp MR. 2015. Sex, the aging immune system, and chronic disease. Cellular Immunology 294:102—
110. DOI: https://doi.org/10.1016/j.cellimm.2015.02.002, PMID: 25700766

Hagg S, Jylhavé J, Wang Y, Czene K, Grassmann F. 2020. Deciphering the genetic and epidemiological
landscape of mitochondrial DNA abundance. Human Genetics 1:02249-w. DOI: https://doi.org/10.1007/
s00439-020-02249-w

Hales CN, Barker DJ, Clark PM, Cox LJ, Fall C, Osmond C, Winter PD. 1991. Fetal and infant growth and
impaired glucose tolerance at age 64. BMJ 303:1019-1022. DOI: https://doi.org/10.1136/bm|.303.6809.1019,
PMID: 1954451

Hall JE. 2015. Endocrinology of the menopause. Endocrinology and Metabolism Clinics of North America 44:
485-496. DOI: https://doi.org/10.1016/j.ecl.2015.05.010, PMID: 26316238

Hagg and Jylhava. eLife 2021;10:e63425. DOI: https://doi.org/10.7554/eLife.63425 21 of 27


https://doi.org/10.1111/acel.13080
https://doi.org/10.1111/acel.13080
http://www.ncbi.nlm.nih.gov/pubmed/31833194
https://doi.org/10.1038/s41569-018-0064-2
http://www.ncbi.nlm.nih.gov/pubmed/30065258
https://doi.org/10.1093/gerona/glz155
https://doi.org/10.1093/gerona/glz155
http://www.ncbi.nlm.nih.gov/pubmed/31222213
https://doi.org/10.1093/gerona/glx105
http://www.ncbi.nlm.nih.gov/pubmed/28575157
https://doi.org/10.1017/S0140525X98001216
http://www.ncbi.nlm.nih.gov/pubmed/10097016
https://doi.org/10.1161/CIRCRESAHA.118.312204
http://www.ncbi.nlm.nih.gov/pubmed/30355076
https://doi.org/10.1007/s00439-017-1799-2
http://www.ncbi.nlm.nih.gov/pubmed/28424864
https://doi.org/10.3389/fmed.2018.00061
http://www.ncbi.nlm.nih.gov/pubmed/29662881
https://doi.org/10.1007/978-3-319-99375-1
https://doi.org/10.1007/978-3-319-99375-1
https://doi.org/10.2174/1570159X13666141210225414
http://www.ncbi.nlm.nih.gov/pubmed/26074749
https://doi.org/10.1016/j.annepidem.2005.10.006
http://www.ncbi.nlm.nih.gov/pubmed/16406245
https://doi.org/10.1093/gerona/56.3.M146
http://www.ncbi.nlm.nih.gov/pubmed/11253156
https://doi.org/10.1016/S0140-6736(15)60175-1
http://www.ncbi.nlm.nih.gov/pubmed/26049253
https://doi.org/10.1016/j.exger.2013.12.004
http://www.ncbi.nlm.nih.gov/pubmed/24365661
https://doi.org/10.1111/j.1474-9726.2012.00790.x
http://www.ncbi.nlm.nih.gov/pubmed/22292741
https://doi.org/10.1089/ars.2013.5228
http://www.ncbi.nlm.nih.gov/pubmed/24159899
https://doi.org/10.1007/978-3-319-99375-1_42
https://doi.org/10.1016/j.exger.2016.12.021
https://doi.org/10.1016/j.exger.2016.12.021
http://www.ncbi.nlm.nih.gov/pubmed/28043934
https://doi.org/10.1016/j.mad.2019.02.004
http://www.ncbi.nlm.nih.gov/pubmed/30825457
https://doi.org/10.1016/j.cellimm.2015.02.002
http://www.ncbi.nlm.nih.gov/pubmed/25700766
https://doi.org/10.1007/s00439-020-02249-w
https://doi.org/10.1007/s00439-020-02249-w
https://doi.org/10.1136/bmj.303.6809.1019
http://www.ncbi.nlm.nih.gov/pubmed/1954451
https://doi.org/10.1016/j.ecl.2015.05.010
http://www.ncbi.nlm.nih.gov/pubmed/26316238
https://doi.org/10.7554/eLife.63425

e Life Review Article

Epidemiology and Global Health

Hamilton JB, Mestler GE. 1969. Mortality and survival: comparison of eunuchs with intact men and women in a
mentally retarded population. Journal of Gerontology 24:395-411. DOI: https://doi.org/10.1093/geronj/24.4.
395, PMID: 5362349

Hammes SR, Levin ER. 2019. Impact of estrogens in males and androgens in females. Journal of Clinical
Investigation 129:1818-1826. DOI: https://doi.org/10.1172/JCI1125755, PMID: 31042159

Hanlon P, Nicholl Bl, Jani BD, Lee D, McQueenie R, Mair FS. 2018. Frailty and pre-frailty in middle-aged and
older adults and its association with multimorbidity and mortality: a prospective analysis of 493Not Def737 UK
Biobank participants. The Lancet Public Health 3:e323-e332. DOI: https://doi.org/10.1016/52468-2667(18)
30091-4, PMID: 29908859

Haycock PC, Heydon EE, Kaptoge S, Butterworth AS, Thompson A, Willeit P. 2014. Leucocyte telomere length
and risk of cardiovascular disease: systematic review and meta-analysis. BMJ 349:94227. DOI: https://doi.org/
10.1136/bmj.g4227, PMID: 25006006

Heidari S, Babor TF, De Castro P, Tort S, Curno M. 2016. Sex and gender equity in research: rationale for the
SAGER guidelines and recommended use. Research Integrity and Peer Review 1:2. DOI: https://doi.org/10.
1186/s41073-016-0007-6, PMID: 29451543

Heinze-Milne SD, Banga S, Howlett SE. 2019. Frailty assessment in animal models. Gerontology 65:610-619.
DOI: https://doi.org/10.1159/000501333

Hertel J, Friedrich N, Wittfeld K, Pietzner M, Budde K, Van der Auwera S, Lohmann T, Teumer A, Vélzke H,
Nauck M, Grabe HJ. 2016. Measuring biological age via metabonomics: the metabolic age score. Journal of
Proteome Research 15:400-410. DOI: https://doi.org/10.1021/acs.jproteome.5b00561, PMID: 26652958

Hipp MS, Kasturi P, Hartl FU. 2019. The proteostasis network and its decline in ageing. Nature Reviews
Molecular Cell Biology 20:421-435. DOI: https://doi.org/10.1038/s41580-019-0101-y, PMID: 30733602

Holdcroft A. 2007. Gender Bias in research: how does it affect evidence based medicine? Journal of the Royal
Society of Medicine 100:2-3. DOI: https://doi.org/10.1177/014107680710000102, PMID: 17197669

Horvath S, Gurven M, Levine ME, Trumble BC, Kaplan H, Allayee H, Ritz BR, Chen B, Lu AT, Rickabaugh TM,
Jamieson BD, Sun D, Li S, Chen W, Quintana-Murci L, Fagny M, Kobor MS, Tsao PS, Reiner AP, Edlefsen KL,
et al. 2016. An epigenetic clock analysis of race/ethnicity, sex, and coronary heart disease. Genome Biology 17:
171. DOI: https://doi.org/10.1186/s13059-016-1030-0, PMID: 27511193

Horvath S. 2020. Reversing age: dual species measurement of epigenetic age with a single clock. bioRxiv.

DOI: https://doi.org/10.1101/2020.05.07.082917

Horvath S, Raj K. 2018. DNA methylation-based biomarkers and the epigenetic clock theory of ageing. Nature
Reviews Genetics 19:371-384. DOI: https://doi.org/10.1038/s41576-018-0004-3, PMID: 29643443

Hubbard RE. 2015. Sex differences in frailty. Interdisciplinary Topics in Gerontology and Geriatrics 41:41-53.
DOI: https://doi.org/10.1159/000381161, PMID: 26301978

Jenkins EC, Shah N, Gomez M, Casalena G, Zhao D, Kenny TC, Guariglia SR, Manfredi G, Germain D. 2020.
Proteasome mapping reveals sexual dimorphism in tissue-specific sensitivity to protein aggregations. EMBO
Reports 21:e48978. DOI: https://doi.org/10.15252/embr.201948978, PMID: 32090465

Jiang M, Foebel AD, Kuja-Halkola R, Karlsson |, Pedersen NL, Hagg S, Jylhava J. 2017. Frailty index as a
predictor of all-cause and cause-specific mortality in a swedish population-based cohort. Aging 9:2629-2646.
DOI: https://doi.org/10.18632/aging.101352, PMID: 29273703

Jin K. 2010. Modern biological theories of aging. Aging and Disease 1:72-74. PMID: 21132086

Jylhava J, Pedersen NL, Hagg S. 2017. Biological age predictors. EBioMedicine 21:29-36. DOI: https://doi.org/
10.1016/j.ebiom.2017.03.046, PMID: 28396265

Kane AE, Sinclair DA, Mitchell JR, Mitchell SJ. 2018. Sex differences in the response to dietary restriction in
rodents. Current Opinion in Physiology 6:28-34. DOI: https://doi.org/10.1016/].cophys.2018.03.008,

PMID: 31231711

Kauppila TES, Kauppila JHK, Larsson NG. 2017. Mammalian mitochondria and aging: an update. Cell
Metabolism 25:57-71. DOI: https://doi.org/10.1016/j.cmet.2016.09.017, PMID: 28094012

Keller KM, Howlett SE. 2016. Sex differences in the biology and pathology of the aging heart. Canadian Journal
of Cardiology 32:1065-1073. DOI: https://doi.org/10.1016/j.cjca.2016.03.017

Kennedy BK, Berger SL, Brunet A, Campisi J, Cuervo AM, Epel ES, Franceschi C, Lithgow GJ, Morimoto R,
Pessin JE, Rando TA, Richardson A, Schadt EE, Wyss-Coray T, Sierra F. 2014. Geroscience: linking aging to
chronic disease. Cell 159:709-713. DOI: https://doi.org/10.1016/j.cell.2014.10.039, PMID: 25417146

Khaw K-T, Dowsett M, Folkerd E, Bingham S, Wareham N, Luben R, Welch A, Day N. 2007. Endogenous
testosterone and mortality due to all causes, cardiovascular disease, and Cancer in men. Circulation 116:2694—
2701. DOI: https://doi.org/10.1161/CIRCULATIONAHA.107.719005

Khosla S, Farr JN, Tchkonia T, Kirkland JL. 2020. The role of cellular senescence in ageing and endocrine disease.
Nature Reviews Endocrinology 16:263-275. DOI: https://doi.org/10.1038/s41574-020-0335-y, PMID: 32161396

Kirkwood TBL, Shefferson RP. 2017. The Disposable Soma Theory: Origins and Evolution, in the Evolution of
Senescence in the Tree of Life. Cambridge University Press. DOI: https://doi.org/10.1017/9781139939867.002

Klein HU, McCabe C, Gjoneska E, Sullivan SE, Kaskow BJ, Tang A, Smith RV, Xu J, Pfenning AR, Bernstein BE,
Meissner A, Schneider JA, Mostafavi S, Tsai LH, Young-Pearse TL, Bennett DA, De Jager PL. 2019. Epigenome-
wide study uncovers large-scale changes in histone acetylation driven by tau pathology in aging and
Alzheimer’s human brains. Nature Neuroscience 22:37-46. DOI: https://doi.org/10.1038/s41593-018-0291-1,
PMID: 30559478

Klein SL, Flanagan KL. 2016. Sex differences in immune responses. Nature Reviews Immunology 16:626-638.
DOI: https://doi.org/10.1038/nri.2016.90

Hagg and Jylhava. eLife 2021;10:e63425. DOI: https://doi.org/10.7554/eLife.63425 22 of 27


https://doi.org/10.1093/geronj/24.4.395
https://doi.org/10.1093/geronj/24.4.395
http://www.ncbi.nlm.nih.gov/pubmed/5362349
https://doi.org/10.1172/JCI125755
http://www.ncbi.nlm.nih.gov/pubmed/31042159
https://doi.org/10.1016/S2468-2667(18)30091-4
https://doi.org/10.1016/S2468-2667(18)30091-4
http://www.ncbi.nlm.nih.gov/pubmed/29908859
https://doi.org/10.1136/bmj.g4227
https://doi.org/10.1136/bmj.g4227
http://www.ncbi.nlm.nih.gov/pubmed/25006006
https://doi.org/10.1186/s41073-016-0007-6
https://doi.org/10.1186/s41073-016-0007-6
http://www.ncbi.nlm.nih.gov/pubmed/29451543
https://doi.org/10.1159/000501333
https://doi.org/10.1021/acs.jproteome.5b00561
http://www.ncbi.nlm.nih.gov/pubmed/26652958
https://doi.org/10.1038/s41580-019-0101-y
http://www.ncbi.nlm.nih.gov/pubmed/30733602
https://doi.org/10.1177/014107680710000102
http://www.ncbi.nlm.nih.gov/pubmed/17197669
https://doi.org/10.1186/s13059-016-1030-0
http://www.ncbi.nlm.nih.gov/pubmed/27511193
https://doi.org/10.1101/2020.05.07.082917
https://doi.org/10.1038/s41576-018-0004-3
http://www.ncbi.nlm.nih.gov/pubmed/29643443
https://doi.org/10.1159/000381161
http://www.ncbi.nlm.nih.gov/pubmed/26301978
https://doi.org/10.15252/embr.201948978
http://www.ncbi.nlm.nih.gov/pubmed/32090465
https://doi.org/10.18632/aging.101352
http://www.ncbi.nlm.nih.gov/pubmed/29273703
http://www.ncbi.nlm.nih.gov/pubmed/21132086
https://doi.org/10.1016/j.ebiom.2017.03.046
https://doi.org/10.1016/j.ebiom.2017.03.046
http://www.ncbi.nlm.nih.gov/pubmed/28396265
https://doi.org/10.1016/j.cophys.2018.03.008
http://www.ncbi.nlm.nih.gov/pubmed/31231711
https://doi.org/10.1016/j.cmet.2016.09.017
http://www.ncbi.nlm.nih.gov/pubmed/28094012
https://doi.org/10.1016/j.cjca.2016.03.017
https://doi.org/10.1016/j.cell.2014.10.039
http://www.ncbi.nlm.nih.gov/pubmed/25417146
https://doi.org/10.1161/CIRCULATIONAHA.107.719005
https://doi.org/10.1038/s41574-020-0335-y
http://www.ncbi.nlm.nih.gov/pubmed/32161396
https://doi.org/10.1017/9781139939867.002
https://doi.org/10.1038/s41593-018-0291-1
http://www.ncbi.nlm.nih.gov/pubmed/30559478
https://doi.org/10.1038/nri.2016.90
https://doi.org/10.7554/eLife.63425

e Life Review Article

Epidemiology and Global Health

Kuo CL, Pilling LC, Kuchel GA, Ferrucci L, Melzer D. 2019. Telomere length and aging-related outcomes in
humans: a mendelian randomization study in 261,000 older participants. Aging Cell 18:€13017. DOI: https://
doi.org/10.1111/acel.13017, PMID: 31444995

Lahdenpera M, LummaaV, Helle S, Tremblay M, Russell AF. 2004. Fitness benefits of prolonged post-reproductive
lifespan in women. Nature 428:178-181. DOI: https://doi.org/10.1038/nature02367, PMID: 15014499

Lee JT. 2011. Gracefully ageing at 50, X-chromosome inactivation becomes a paradigm for RNA and chromatin
control. Nature Reviews Molecular Cell Biology 12:815-826. DOI: https://doi.org/10.1038/nrm3231,

PMID: 22108400

Leidal AM, Levine B, Debnath J. 2018. Autophagy and the cell biology of age-related disease. Nature Cell
Biology 20:1338-1348. DOI: https://doi.org/10.1038/s41556-018-0235-8

Lemaitre J-F, Ronget V, Tidiére M, Allainé D, Berger V, Cohas A, Colchero F, Conde DA, Garratt M, Liker A,
Marais GAB, Scheuerlein A, Székely T, Gaillard J-M. 2020. Sex differences in adult lifespan and aging rates of
mortality across wild mammals. PNAS 117:8546-8553. DOI: https://doi.org/10.1073/pnas. 1911999117

Levine ME, Lu AT, Chen BH, Hernandez DG, Singleton AB, Ferrucci L, Bandinelli S, Salfati E, Manson JE, Quach
A, Kusters CD, Kuh D, Wong A, Teschendorff AE, Widschwendter M, Ritz BR, Absher D, Assimes TL, Horvath S.
2016. Menopause accelerates biological aging. PNAS 113:9327-9332. DOI: https://doi.org/10.1073/pnas.
1604558113, PMID: 27457926

LiY, Crews JE, Elam-Evans LD, Fan AZ, Zhang X, Elliott AF, Balluz L. 2011. Visual impairment and health-related
quality of life among elderly adults with age-related eye diseases. Quality of Life Research 20:845-852.

DOI: https://doi.org/10.1007/s11136-010-9825-z, PMID: 21191655

Li C, Stoma S, Lotta LA, Warner S, Albrecht E, Allione A, Arp PP, Broer L, Buxton JL, Da Silva Couto Alves A,
Deelen J, Fedko 10, Gordon SD, Jiang T, Karlsson R, Kerrison N, Loe TK, Mangino M, Milaneschi Y, Miraglio B,
et al. 2020a. Genome-wide association analysis in humans links nucleotide metabolism to leukocyte telomere
length. The American Journal of Human Genetics 106:389-404. DOI: https://doi.org/10.1016/j.ajhg.2020.02.
006, PMID: 32109421

Li X, Ploner A, Wang Y, Magnusson PK, Reynolds C, Finkel D, Pedersen NL, Jylh&va J, Hagg S. 2020b.
Longitudinal trajectories, correlations and mortality associations of nine biological ages across 20-years follow-
up. elLife 9:e51507. DOI: https://doi.org/10.7554/eLife.51507, PMID: 32041686

Li S, Lund JB, Christensen K, Baumbach J, Mengel-From J, Kruse T, Li W, Mohammadnejad A, Pattie A, Marioni
RE, Deary IJ, Tan Q. 2020c. Exploratory analysis of age and sex dependent DNA methylation patterns on the
X-chromosome in whole blood samples. Genome Medicine 12:39. DOI: https://doi.org/10.1186/s13073-020-
00736-3

Li CH, Prokopec SD, Sun RX, Yousif F, Schmitz N, Boutros PC, PCAWG Tumour Subtypes and Clinical
Translation, PCAWG Consortium. 2020d. Sex differences in oncogenic mutational processes. Nature
Communications 11:4330. DOI: https://doi.org/10.1038/s41467-020-17359-2, PMID: 32859912

Li X, Ploner A, Wang Y, Zhan Y, Pedersen NL, Magnusson PK, Jylhava J, Hagg S. 2021. Clinical biomarkers and
associations with healthspan and lifespan: evidence from observational and genetic data. EBioMedicine 66:
103318. DOI: https://doi.org/10.1016/j.ebiom.2021.103318, PMID: 33813140

Lints FA. 1989. The rate of living theory revisited. Gerontology 35:36-57. DOI: https://doi.org/10.1159/
000212998, PMID: 2656413

Liochev SI. 2013. Reactive oxygen species and the free radical theory of aging. Free Radical Biology and
Medicine 60:1-4. DOI: https://doi.org/10.1016/].freeradbiomed.2013.02.011, PMID: 23434764

LoMauro A, Aliverti A. 2018. Sex differences in respiratory function. Breathe 14:131-140. DOI: https://doi.org/
10.1183/20734735.000318, PMID: 29875832

Lopes-Ramos CM, Chen C-Y, Kuijjer ML, Paulson JN, Sonawane AR, Fagny M, Platig J, Glass K, Quackenbush J,
DeMeo DL. 2020. Sex differences in gene expression and regulatory networks across 29 human tissues. Cell
Reports 31:107795. DOI: https://doi.org/10.1016/j.celrep.2020.107795

Lépez-Otin C, Blasco MA, Partridge L, Serrano M, Kroemer G. 2013. The hallmarks of aging. Cell 153:1194—
1217. DOI: https://doi.org/10.1016/j.cell.2013.05.039, PMID: 23746838

Lépez-Otin C, Galluzzi L, Freije JMP, Madeo F, Kroemer G. 2016. Metabolic control of longevity. Cell 166:802—
821. DOI: https://doi.org/10.1016/j.cell.2016.07.031, PMID: 27518560

Lu AT, Xue L, Salfati EL, Chen BH, Ferrucci L, Levy D, Joehanes R, Murabito JM, Kiel DP, Tsai PC, Yet |, Bell JT,
Mangino M, Tanaka T, McRae AF, Marioni RE, Visscher PM, Wray NR, Deary |J, Levine ME, et al. 2018. GWAS
of epigenetic aging rates in blood reveals a critical role for TERT. Nature Communications 9:387. DOI: https://
doi.org/10.1038/s41467-017-02697-5, PMID: 29374233

Lu AT. 2021. Universal DNA methylation age across mammalian tissues . bioRxiv. DOI: https://doi.org/10.1101/
2021.01.18.426733

Macintyre S, Ford G, Hunt K. 1999. Do women ‘over-report’ morbidity? Men’s and women's responses to
structured prompting on a standard question on long standing illness. Social Science & Medicine 48:89-98.
DOI: https://doi.org/10.1016/50277-9536(98)00292-5, PMID: 10048840

Maklakov AA, Lummaa V. 2013. Evolution of sex differences in lifespan and aging: causes and constraints.
BioEssays 35:717-724. DOI: https://doi.org/10.1002/bies.201300021, PMID: 23733656

Marais GAB, Gaillard JM, Vieira C, Plotton |, Sanlaville D, Gueyffier F, Lemaitre JF. 2018. Sex gap in aging and
longevity: can sex chromosomes play a role? Biology of Sex Differences 9:33. DOI: https://doi.org/10.1186/
$13293-018-0181-y, PMID: 30016998

Hagg and Jylhava. eLife 2021;10:e63425. DOI: https://doi.org/10.7554/eLife.63425 23 of 27


https://doi.org/10.1111/acel.13017
https://doi.org/10.1111/acel.13017
http://www.ncbi.nlm.nih.gov/pubmed/31444995
https://doi.org/10.1038/nature02367
http://www.ncbi.nlm.nih.gov/pubmed/15014499
https://doi.org/10.1038/nrm3231
http://www.ncbi.nlm.nih.gov/pubmed/22108600
https://doi.org/10.1038/s41556-018-0235-8
https://doi.org/10.1073/pnas.1911999117
https://doi.org/10.1073/pnas.1604558113
https://doi.org/10.1073/pnas.1604558113
http://www.ncbi.nlm.nih.gov/pubmed/27457926
https://doi.org/10.1007/s11136-010-9825-z
http://www.ncbi.nlm.nih.gov/pubmed/21191655
https://doi.org/10.1016/j.ajhg.2020.02.006
https://doi.org/10.1016/j.ajhg.2020.02.006
http://www.ncbi.nlm.nih.gov/pubmed/32109421
https://doi.org/10.7554/eLife.51507
http://www.ncbi.nlm.nih.gov/pubmed/32041686
https://doi.org/10.1186/s13073-020-00736-3
https://doi.org/10.1186/s13073-020-00736-3
https://doi.org/10.1038/s41467-020-17359-2
http://www.ncbi.nlm.nih.gov/pubmed/32859912
https://doi.org/10.1016/j.ebiom.2021.103318
http://www.ncbi.nlm.nih.gov/pubmed/33813140
https://doi.org/10.1159/000212998
https://doi.org/10.1159/000212998
http://www.ncbi.nlm.nih.gov/pubmed/2656413
https://doi.org/10.1016/j.freeradbiomed.2013.02.011
http://www.ncbi.nlm.nih.gov/pubmed/23434764
https://doi.org/10.1183/20734735.000318
https://doi.org/10.1183/20734735.000318
http://www.ncbi.nlm.nih.gov/pubmed/29875832
https://doi.org/10.1016/j.celrep.2020.107795
https://doi.org/10.1016/j.cell.2013.05.039
http://www.ncbi.nlm.nih.gov/pubmed/23746838
https://doi.org/10.1016/j.cell.2016.07.031
http://www.ncbi.nlm.nih.gov/pubmed/27518560
https://doi.org/10.1038/s41467-017-02697-5
https://doi.org/10.1038/s41467-017-02697-5
http://www.ncbi.nlm.nih.gov/pubmed/29374233
https://doi.org/10.1101/2021.01.18.426733
https://doi.org/10.1101/2021.01.18.426733
https://doi.org/10.1016/S0277-9536(98)00292-5
http://www.ncbi.nlm.nih.gov/pubmed/10048840
https://doi.org/10.1002/bies.201300021
http://www.ncbi.nlm.nih.gov/pubmed/23733656
https://doi.org/10.1186/s13293-018-0181-y
https://doi.org/10.1186/s13293-018-0181-y
http://www.ncbi.nlm.nih.gov/pubmed/30016998
https://doi.org/10.7554/eLife.63425

e Life Review Article

Epidemiology and Global Health

Marquez EJ, Chung CH, Marches R, Rossi RJ, Nehar-Belaid D, Eroglu A, Mellert DJ, Kuchel GA, Banchereau J,
Ucar D. 2020. Sexual-dimorphism in human immune system aging. Nature Communications 11:751.
DOI: https://doi.org/10.1038/s41467-020-14396-9, PMID: 32029736

Mauvais-Jarvis F, Bairey Merz N, Barnes PJ, Brinton RD, Carrero JJ, DeMeo DL, De Vries GJ, Epperson CN,
Govindan R, Klein SL, Lonardo A, Maki PM, McCullough LD, Regitz-Zagrosek V, Regensteiner JG, Rubin JB,
Sandberg K, Suzuki A. 2020. Sex and gender: modifiers of health, disease, and medicine. The Lancet 396:565-
582. DOI: https://doi.org/10.1016/S0140-6736(20)31561-0, PMID: 32828189

Mazure CM, Swendsen J. 2016. Sex differences in Alzheimer’s disease and other dementias. The Lancet
Neurology 15:451-452. DOI: https://doi.org/10.1016/S1474-4422(16)00067-3, PMID: 26987699

McCarrey AC, An 'Y, Kitner-Triolo MH, Ferrucci L, Resnick SM. 2016. Sex differences in cognitive trajectories in
clinically normal older adults. Psychology and Aging 31:166-175. DOI: https://doi.org/10.1037/pag0000070,
PMID: 26796792

McCartney DL, Zhang F, Hillary RF, Zhang Q, Stevenson AJ, Walker RM, Bermingham ML, Boutin T, Morris SW,
Campbell A, Murray AD, Whalley HC, Porteous DJ, Hayward C, Evans KL, Chandra T, Deary |J, McIntosh AM,
Yang J, Visscher PM, et al. 2019. An epigenome-wide association study of sex-specific chronological ageing.
Genome Medicine 12:11. DOI: https://doi.org/10.1186/s13073-019-0693-z

McCartney DL. 2020. Genome-wide association studies identify 137 loci for DNA methylation biomarkers of
ageing. bioRxiv. DOI: https://doi.org/10.1101/2020.06.29.133702

Melzer D, Pilling LC, Ferrucci L. 2020. The genetics of human ageing. Nature Reviews Genetics 21:88-101.
DOI: https://doi.org/10.1038/s41576-019-0183-6, PMID: 31690828

Mengel-From J, Thinggaard M, Dalgard C, Kyvik KO, Christensen K, Christiansen L. 2014. Mitochondrial DNA
copy number in peripheral blood cells declines with age and is associated with general health among elderly.
Human Genetics 133:1149-1159. DOI: https://doi.org/10.1007/s00439-014-1458-9, PMID: 24902542

Merrill SS, Seeman TE, Kasl SV, Berkman LF. 1997. Gender differences in the comparison of self-reported
disability and performance measures. The Journals of Gerontology Series A: Biological Sciences and Medical
Sciences 52:M19-M26. DOI: https://doi.org/10.1093/gerona/52A.1.M19, PMID: 9008665

Min KJ, Lee CK, Park HN. 2012. The lifespan of korean eunuchs. Current Biology 22:R792-R793. DOI: https://
doi.org/10.1016/j.cub.2012.06.036, PMID: 23017989

Mishra SR, Chung H-F, Waller M, Mishra GD. 2021. Duration of estrogen exposure during reproductive years,
age at menarche and age at Menopause, and risk of cardiovascular disease events, all-cause and cardiovascular
mortality: a systematic review and meta-analysis. BJOG: An International Journal of Obstetrics & Gynaecology
128:809-821. DOI: https://doi.org/10.1111/1471-0528.16524

Morselli E, Frank AP, Santos RS, Fatima LA, Palmer BF, Clegg DJ. 2016. Sex and gender: critical variables in Pre-
Clinical and clinical medical research. Cell Metabolism 24:520. DOI: https://doi.org/10.1016/j.cmet.2016.08.
007, PMID: 27626201

Mufioz-Lorente MA, Cano-Martin AC, Blasco MA. 2019. Mice with hyper-long telomeres show less metabolic
aging and longer lifespans. Nature Communications 10:4723. DOI: https://doi.org/10.1038/s41467-019-12664-
x, PMID: 31624261

Nawata H, Yanase T, Goto K, Okabe T, Nomura M, Ashida K, Watanabe T. 2004. Adrenopause. Hormone
Research in Paediatrics 62:110-114. DOI: https://doi.org/10.1159/000080509

Nevalainen T, Kananen L, Marttila S, Jylhd M, Hervonen A, Hurme M, Jylhava J. 2015. Transcriptomic and
epigenetic analyses reveal a gender difference in aging-associated inflammation: the vitality 90+ study. Age 37:
9814. DOI: https://doi.org/10.1007/s11357-015-9814-9

Oeseburg H, de Boer RA, van Gilst WH, van der Harst P. 2010. Telomere biology in healthy aging and disease.
Pfltigers Archiv - European Journal of Physiology 459:259-268. DOI: https://doi.org/10.1007/s00424-009-0728-
1

Ohlsson C, Vandenput L, Tivesten A. 2015. DHEA and mortality: what is the nature of the association? The
Journal of Steroid Biochemistry and Molecular Biology 145:248-253. DOI: https://doi.org/10.1016/j.jsbmb.
2014.03.006, PMID: 24704256

Oliva M, Mufioz-Aguirre M, Kim-Hellmuth S, Wucher V, Gewirtz ADH, Cotter DJ, Parsana P, Kasela S, Balliu B,
Vifiuela A, Castel SE, Mohammadi P, Aguet F, Zou Y, Khramtsova EA, Skol AD, Garrido-Martin D, Reverter F,
Brown A, Evans P, et al. 2020. The impact of sex on gene expression across human tissues. Science 369:
eaba3066. DOI: https://doi.org/10.1126/science.aba3066

Olovnikov AM. 1996. Telomeres, telomerase, and aging: origin of the theory. Experimental Gerontology 31:
443-448. DOI: https://doi.org/10.1016/0531-5565(96)00005-8, PMID: 9415101

Ostan R, Monti D, Gueresi P, Bussolotto M, Franceschi C, Baggio G. 2016. Gender, aging and longevity in
humans: an update of an intriguing/neglected scenario paving the way to a gender-specific medicine. Clinical
Science 130:1711-1725. DOI: https://doi.org/10.1042/CS20160004

Pagiatakis C, Musolino E, Gornati R, Bernardini G, Papait R. 2021. Epigenetics of aging and disease: a brief
overview. Aging Clinical and Experimental Research 33:737-745. DOI: https://doi.org/10.1007/s40520-019-
01430-0, PMID: 31811572

Pan H, Finkel T. 2017. Key proteins and pathways that regulate lifespan. Journal of Biological Chemistry 292:
6452-6460. DOI: https://doi.org/10.1074/jbc.R116.771915, PMID: 28264931

Papierska L. 2017. Adrenopause — does it really exist? Menopausal Review 2:57-60. DOI: https://doi.org/10.
5114/pm.2017.68593

Patrat C, Ouimette JF, Rougeulle C. 2020. X chromosome inactivation in human development. Development
147:dev183095. DOI: https://doi.org/10.1242/dev.183095, PMID: 31900287

Hagg and Jylhava. eLife 2021;10:e63425. DOI: https://doi.org/10.7554/eLife.63425 24 of 27


https://doi.org/10.1038/s41467-020-14396-9
http://www.ncbi.nlm.nih.gov/pubmed/32029736
https://doi.org/10.1016/S0140-6736(20)31561-0
http://www.ncbi.nlm.nih.gov/pubmed/32828189
https://doi.org/10.1016/S1474-4422(16)00067-3
http://www.ncbi.nlm.nih.gov/pubmed/26987699
https://doi.org/10.1037/pag0000070
http://www.ncbi.nlm.nih.gov/pubmed/26796792
https://doi.org/10.1186/s13073-019-0693-z
https://doi.org/10.1101/2020.06.29.133702
https://doi.org/10.1038/s41576-019-0183-6
http://www.ncbi.nlm.nih.gov/pubmed/31690828
https://doi.org/10.1007/s00439-014-1458-9
http://www.ncbi.nlm.nih.gov/pubmed/24902542
https://doi.org/10.1093/gerona/52A.1.M19
http://www.ncbi.nlm.nih.gov/pubmed/9008665
https://doi.org/10.1016/j.cub.2012.06.036
https://doi.org/10.1016/j.cub.2012.06.036
http://www.ncbi.nlm.nih.gov/pubmed/23017989
https://doi.org/10.1111/1471-0528.16524
https://doi.org/10.1016/j.cmet.2016.08.007
https://doi.org/10.1016/j.cmet.2016.08.007
http://www.ncbi.nlm.nih.gov/pubmed/27626201
https://doi.org/10.1038/s41467-019-12664-x
https://doi.org/10.1038/s41467-019-12664-x
http://www.ncbi.nlm.nih.gov/pubmed/31624261
https://doi.org/10.1159/000080509
https://doi.org/10.1007/s11357-015-9814-9
https://doi.org/10.1007/s00424-009-0728-1
https://doi.org/10.1007/s00424-009-0728-1
https://doi.org/10.1016/j.jsbmb.2014.03.006
https://doi.org/10.1016/j.jsbmb.2014.03.006
http://www.ncbi.nlm.nih.gov/pubmed/24704256
https://doi.org/10.1126/science.aba3066
https://doi.org/10.1016/0531-5565(96)00005-8
http://www.ncbi.nlm.nih.gov/pubmed/9415101
https://doi.org/10.1042/CS20160004
https://doi.org/10.1007/s40520-019-01430-0
https://doi.org/10.1007/s40520-019-01430-0
http://www.ncbi.nlm.nih.gov/pubmed/31811572
https://doi.org/10.1074/jbc.R116.771915
http://www.ncbi.nlm.nih.gov/pubmed/28264931
https://doi.org/10.5114/pm.2017.68593
https://doi.org/10.5114/pm.2017.68593
https://doi.org/10.1242/dev.183095
http://www.ncbi.nlm.nih.gov/pubmed/31900287
https://doi.org/10.7554/eLife.63425

e Life Review Article

Epidemiology and Global Health

Pearl R. 2011. The Rate of Living. BiblioBazaar.

Peiffer JJ, Galvao DA, Gibbs Z, Smith K, Turner D, Foster J, Martins R, Newton RU. 2010. Strength and
functional characteristics of men and women 65 years and older. Rejuvenation Research 13:75-82. DOI: https://
doi.org/10.1089/rej.2009.0916, PMID: 20230281

Pellegrini C. 2020. A meta-analysis of brain DNA methylation across sex, age and Alzheimer's disease points for
accelerated epigenetic aging in neurodegeneration. medRxiv. DOI: https://doi.org/10.1101/2020.11.25.
20238360

Pignatti C, D'Adamo S, Stefanelli C, Flamigni F, Cetrullo S. 2020. Nutrients and pathways that regulate health
span and life span. Geriatrics 5:95. DOI: https://doi.org/10.3390/geriatrics5040095

Pinn VW. 2020. NIH office of research on women'’s Health (ORWH). NIH Policy on Sex as a Biological Variable.
https://orwh.od.nih.gov/sex-gender/nih-policy-sex-biological-variable [Accessed August 26, 2020].

Podolskiy DI, Lobanov AV, Kryukov GV, Gladyshev VN. 2016. Analysis of Cancer genomes reveals basic features
of human aging and its role in Cancer development. Nature Communications 7:12157. DOI: https://doi.org/10.
1038/ncomms12157, PMID: 27515585

Pomatto LCD, Wong S, Carney C, Shen B, Tower J, Davies KJA. 2017. The age- and sex-specific decline of the
20s proteasome and the Nrf2/CncC signal transduction pathway in adaption and resistance to oxidative stress
in Drosophila melanogaster. Aging 9:1153-1185. DOI: https://doi.org/10.18632/aging.101218, PMID: 2
8373600

Pomatto LCD, Tower J, Davies KJA. 2018. Sexual dimorphism and aging differentially regulate adaptive
homeostasis. the journals of gerontology. Series A, Biological Sciences and Medical Sciences 73:141-149.
DOI: https://doi.org/10.1093/gerona/glx083

Public Health. 2012. The National Academies Collection: Reports Funded by National Institutes of Health, in Sex-
Specific Reporting of Scientific Research: A Workshop Summary. National Academies Press (US) Copyright :
Institute of Medicine Board on Population.

Randall JC, Winkler TW, Kutalik Z, Berndt SI, Jackson AU, Monda KL, Kilpeldinen TO, Esko T, M&gi R, Li S,
Workalemahu T, Feitosa MF, Croteau-Chonka DC, Day FR, Fall T, Ferreira T, Gustafsson S, Locke AE,
Mathieson |, Scherag A, et al. 2013. Sex-stratified genome-wide association studies including 270,000
individuals show sexual dimorphism in genetic loci for anthropometric traits. PLOS Genetics 9:e1003500.

DOI: https://doi.org/10.1371/journal.pgen.1003500, PMID: 23754948

Rattan S. 2000. Ageing genes: gerontogenes. Indian Journal of Experimental Biology 38:1-5. DOI: https://doi.
org/10.1002/9780470015902.a0003059.pub3

Rattan S. 2019. Encyclopedia of Biomedical Gerontology. Elsevier Science.

Regitz-Zagrosek V. 2012. Sex and gender differences in health. science & society series on sex and science.
EMBO Reports 13:596-603. DOI: https://doi.org/10.1038/embor.2012.87, PMID: 22699937

Remot F, Ronget V, Froy H, Rey B, Gaillard JM, Nussey DH, Lemaitre JF. 2020. No sex differences in adult
telomere length across vertebrates: a meta-analysis. Royal Society Open Science 7:200548. DOI: https://doi.
org/10.1098/rs0s.200548, PMID: 33391781

Ritchie H. 2019. Gender ratio. https://ourworldindata.org/gender-ratio [Accessed July 28, 2020].

Ruggiero C, Metter EJ, Melenovsky V, Cherubini A, Najjar SS, Ble A, Senin U, Longo DL, Ferrucci L. 2008. High
basal metabolic rate is a risk factor for mortality: the Baltimore longitudinal study of aging. The Journals of
Gerontology Series A: Biological Sciences and Medical Sciences 63:698-706. DOI: https://doi.org/10.1093/
gerona/63.7.698, PMID: 18693224

Salpeter SR, Walsh JM, Greyber E, Ormiston TM, Salpeter EE. 2004. Mortality associated with hormone
replacement therapy in younger and older women: a meta-analysis. Journal of General Internal Medicine 19:
791-804. DOI: https://doi.org/10.1111/j.1525-1497.2004.30281.x, PMID: 15209595

Sampathkumar NK, Bravo JI, Chen Y, Danthi PS, Donahue EK, Lai RW, Lu R, Randall LT, Vinson N, Benayoun BA.
2020. Widespread sex dimorphism in aging and age-related diseases. Human Genetics 139:333-356.

DOI: https://doi.org/10.1007/s00439-019-02082-w, PMID: 31677133

Savage SA, Bertuch AA. 2010. The genetics and clinical manifestations of telomere biology disorders. Genetics
in Medicine 12:753-764. DOI: https://doi.org/10.1097/GIM.0b013e3181f415b5, PMID: 21189492

Schafer MJ, Zhang X, Kumar A, Atkinson EJ, Zhu Y, Jachim S, Mazula DL, Brown AK, Berning M, Aversa Z,
Kotajarvi B, Bruce CJ, Greason KL, Suri RM, Tracy RP, Cummings SR, White TA, LeBrasseur NK. 2020. The
senescence-associated secretome as an Indicator of age and medical risk. JCI Insight 5:133668. DOI: https://
doi.org/10.1172/jci.insight.133668, PMID: 32554926

Schenck-Gustafsson K. 2009. Risk factors for cardiovascular disease in women. Maturitas 63:186-190.

DOI: https://doi.org/10.1016/j.maturitas.2009.02.014, PMID: 19403246

Schiebinger L, Leopold SS, Miller VM. 2016. Editorial policies for sex and gender analysis. The Lancet 388:2841-
2842. DOI: https://doi.org/10.1016/S0140-6736(16)32392-3

Searle SD, Mitnitski A, Gahbauer EA, Gill TM, Rockwood K. 2008. A standard procedure for creating a frailty
index. BMC Geriatrics 8:24. DOI: https://doi.org/10.1186/1471-2318-8-24, PMID: 18826625

Seeman E. 2001. Sexual dimorphism in skeletal size, density, and strength. The Journal of Clinical Endocrinology
& Metabolism 86:4576-4584. DOI: https://doi.org/10.1210/jcem.86.10.7960

Shadyab AH, Macera CA, Shaffer RA, Jain S, Gallo LC, Gass ML, Waring ME, Stefanick ML, LaCroix AZ. 2017.
Ages at menarche and menopause and reproductive lifespan as predictors of exceptional longevity in women:
the women's Health Initiative. Menopause 24:35-44. DOI: https://doi.org/10.1097/GME.0000000000000710,
PMID: 27465713

Hagg and Jylhava. eLife 2021;10:e63425. DOI: https://doi.org/10.7554/eLife.63425 25 of 27


https://doi.org/10.1089/rej.2009.0916
https://doi.org/10.1089/rej.2009.0916
http://www.ncbi.nlm.nih.gov/pubmed/20230281
https://doi.org/10.1101/2020.11.25.20238360
https://doi.org/10.1101/2020.11.25.20238360
https://doi.org/10.3390/geriatrics5040095
https://orwh.od.nih.gov/sex-gender/nih-policy-sex-biological-variable
https://doi.org/10.1038/ncomms12157
https://doi.org/10.1038/ncomms12157
http://www.ncbi.nlm.nih.gov/pubmed/27515585
https://doi.org/10.18632/aging.101218
http://www.ncbi.nlm.nih.gov/pubmed/28373600
http://www.ncbi.nlm.nih.gov/pubmed/28373600
https://doi.org/10.1093/gerona/glx083
https://doi.org/10.1371/journal.pgen.1003500
http://www.ncbi.nlm.nih.gov/pubmed/23754948
https://doi.org/10.1002/9780470015902.a0003059.pub3
https://doi.org/10.1002/9780470015902.a0003059.pub3
https://doi.org/10.1038/embor.2012.87
http://www.ncbi.nlm.nih.gov/pubmed/22699937
https://doi.org/10.1098/rsos.200548
https://doi.org/10.1098/rsos.200548
http://www.ncbi.nlm.nih.gov/pubmed/33391781
https://ourworldindata.org/gender-ratio
https://doi.org/10.1093/gerona/63.7.698
https://doi.org/10.1093/gerona/63.7.698
http://www.ncbi.nlm.nih.gov/pubmed/18693224
https://doi.org/10.1111/j.1525-1497.2004.30281.x
http://www.ncbi.nlm.nih.gov/pubmed/15209595
https://doi.org/10.1007/s00439-019-02082-w
http://www.ncbi.nlm.nih.gov/pubmed/31677133
https://doi.org/10.1097/GIM.0b013e3181f415b5
http://www.ncbi.nlm.nih.gov/pubmed/21189492
https://doi.org/10.1172/jci.insight.133668
https://doi.org/10.1172/jci.insight.133668
http://www.ncbi.nlm.nih.gov/pubmed/32554926
https://doi.org/10.1016/j.maturitas.2009.02.014
http://www.ncbi.nlm.nih.gov/pubmed/19403246
https://doi.org/10.1016/S0140-6736(16)32392-3
https://doi.org/10.1186/1471-2318-8-24
http://www.ncbi.nlm.nih.gov/pubmed/18826625
https://doi.org/10.1210/jcem.86.10.7960
https://doi.org/10.1097/GME.0000000000000710
http://www.ncbi.nlm.nih.gov/pubmed/27465713
https://doi.org/10.7554/eLife.63425

e Life Review Article

Epidemiology and Global Health

Shagqjiri A, Roinishvili M, Grzeczkowski L, Chkonia E, Pilz K, Mohr C, Brand A, Kunchulia M, Herzog MH. 2018.
Sex-related differences in vision are heterogeneous. Scientific Reports 8:7521. DOI: https://doi.org/10.1038/
s41598-018-25298-8, PMID: 29760400

Sharma G, Goodwin J. 2006. Effect of aging on respiratory system physiology and immunology. Clinical
Interventions in Aging 1:253-260. DOI: https://doi.org/10.2147/ciia.2006.1.3.253, PMID: 18046878

Shaw C, Hayes-Larson E, Glymour MM, Dufouil C, Hohman TJ, Whitmer RA, Kobayashi LC, Brookmeyer R,
Mayeda ER. 2021. Evaluation of selective survival and sex/Gender differences in dementia incidence using a
simulation model. JAMA Network Open 4:e211001. DOI: https://doi.org/10.1001/jamanetworkopen.2021.
1001, PMID: 33687445

Shindyapina AV, Zenin AA, Tarkhov AE, Santesmasses D, Fedichev PO, Gladyshev VN. 2020. Germline burden of
rare damaging variants negatively affects human healthspan and lifespan. eLife 9:€53449. DOI: https://doi.org/
10.7554/elLife.53449, PMID: 32254024

Shuster BZ, Depireux DA, Mong JA, Hertzano R. 2019. Sex differences in hearing: probing the role of estrogen
signaling. The Journal of the Acoustical Society of America 145:3656-3663. DOI: https://doi.org/10.1121/1.
5111870, PMID: 31255106

Singh P. 2013. Andropause: current concepts. Indian Journal of Endocrinology and Metabolism 17:621-5629.
DOI: https://doi.org/10.4103/2230-8210.123552, PMID: 24910824

Starkweather AR, Alhaeeri AA, Montpetit A, Brumelle J, Filler K, Montpetit M, Mohanraj L, Lyon DE, Jackson-
Cook CK. 2014. An integrative review of factors associated with telomere length and implications for
biobehavioral research. Nursing Research 63:36-50. DOI: https://doi.org/10.1097/NNR.0000000000000009,
PMID: 24335912

Steenstrup T, Kark JD, Verhulst S, Thinggaard M, Hjelmborg JVB, Dalgard C, Kyvik KO, Christiansen L, Mangino
M, Spector TD, Petersen |, Kimura M, Benetos A, Labat C, Sinnreich R, Hwang SJ, Levy D, Hunt SC, Fitzpatrick
AL, Chen W, et al. 2017. Telomeres and the natural lifespan limit in humans. Aging 9:1130-1142. DOI: https://
doi.org/10.18632/aging.101216, PMID: 28394764

Stewart BW, Wild CP. 2014. World Cancer Report: International Agency for Research on Cancer.

Stram DO, Liu Y, Henderson KD, Sullivan-Halley J, Luo J, Saxena T, Reynolds P, Chang ET, Neuhausen SL, Horn-
Ross PL, Bernstein L, Ursin G. 2011. Age-specific effects of hormone therapy use on overall mortality and
ischemic heart disease mortality among women in the California teachers study. Menopause 18:253-261.

DOI: https://doi.org/10.1097/gme.0b013e3181f083%a, PMID: 20881652

Templeman NM, Murphy CT. 2018. Regulation of reproduction and longevity by nutrient-sensing pathways.
Journal of Cell Biology 217:93-106. DOI: https://doi.org/10.1083/jcb.201707168, PMID: 29074705

The Swedish Research Council. 2020. Considering Sex and Gender Perspectives in Your Research: Swedish
Research Council.

Theou O, Brothers TD, Pefia FG, Mitnitski A, Rockwood K. 2014. Identifying common characteristics of frailty
across seven scales. Journal of the American Geriatrics Society 62:901-906. DOI: https://doi.org/10.1111/jgs.
12773, PMID: 24697631

Timmers PR, Mounier N, Lall K, Fischer K, Ning Z, Feng X, Bretherick AD, Clark DW, Shen X, Esko T, Kutalik Z,
Wilson JF, Joshi PK, eQTLGen Consortium. 2019. Genomics of 1 million parent lifespans implicates novel
pathways and common diseases and distinguishes survival chances. elLife 8:39856. DOI: https://doi.org/10.
7554/elLife.39856, PMID: 30642433

Toro CA, Zhang L, Cao J, Cai D. 2019. Sex differences in Alzheimer’s disease: Understanding the molecular
impact. Brain Research 1719:194-207. DOI: https://doi.org/10.1016/j.brainres.2019.05.031, PMID: 31129153

Tower J, Pomatto LCD, Davies KJA. 2020. Sex differences in the response to oxidative and proteolytic stress.
Redox Biology 31:101488. DOI: https://doi.org/10.1016/j.redox.2020.101488, PMID: 32201219

Traglia M, Bseiso D, Gusev A, Adviento B, Park DS, Mefford JA, Zaitlen N, Weiss LA. 2017. Genetic mechanisms
leading to sex differences across common diseases and anthropometric traits. Genetics 205:979-992.

DOI: https://doi.org/10.1534/genetics.116.193623, PMID: 27974502

Tukiainen T, Pirinen M, Sarin AP, Ladenvall C, Kettunen J, Lehtimaki T, Lokki ML, Perola M, Sinisalo J,
Vlachopoulou E, Eriksson JG, Groop L, Jula A, Jarvelin MR, Raitakari OT, Salomaa V, Ripatti S. 2014.
Chromosome X-wide association study identifies loci for fasting insulin and height and evidence for incomplete
dosage compensation. PLOS Genetics 10:e1004127. DOI: https://doi.org/10.1371/journal.pgen.1004127,
PMID: 24516404

Tyagi V, Scordo M, Yoon RS, Liporace FA, Greene LW. 2017. Revisiting the role of testosterone: are we missing
something? Reviews in Urology 19:16-24. DOI: https://doi.org/10.3909/riu0716, PMID: 28522926

Ubaida-Mohien C, Lyashkov A, Gonzalez-Freire M, Tharakan R, Shardell M, Moaddel R, Semba RD, Chia CW,
Gorospe M, Sen R, Ferrucci L. 2019. Discovery proteomics in aging human skeletal muscle finds change in
Spliceosome, immunity, proteostasis and mitochondria. eLife 8:e49874. DOI: https://doi.org/10.7554/elife.
49874, PMID: 31642809

Ventura-Clapier R, Moulin M, Piquereau J, Lemaire C, Mericskay M, Veksler V, Garnier A. 2017. Mitochondria: a
central target for sex differences in pathologies. Clinical Science 131:803-822. DOI: https://doi.org/10.1042/
CS20160485

Wagner W. 2019. The link between epigenetic clocks for aging and senescence. Frontiers in Genetics 10:303.
DOI: https://doi.org/10.3389/fgene.2019.00303, PMID: 31001330

Wang Q, Zhan Y, Pedersen NL, Fang F, Hagg S. 2018. Telomere length and All-Cause mortality: a Meta-analysis.
Ageing Research Reviews 48:11-20. DOI: https://doi.org/10.1016/].arr.2018.09.002, PMID: 30254001

Hagg and Jylhava. eLife 2021;10:e63425. DOI: https://doi.org/10.7554/eLife.63425 26 of 27


https://doi.org/10.1038/s41598-018-25298-8
https://doi.org/10.1038/s41598-018-25298-8
http://www.ncbi.nlm.nih.gov/pubmed/29760400
https://doi.org/10.2147/ciia.2006.1.3.253
http://www.ncbi.nlm.nih.gov/pubmed/18046878
https://doi.org/10.1001/jamanetworkopen.2021.1001
https://doi.org/10.1001/jamanetworkopen.2021.1001
http://www.ncbi.nlm.nih.gov/pubmed/33687445
https://doi.org/10.7554/eLife.53449
https://doi.org/10.7554/eLife.53449
http://www.ncbi.nlm.nih.gov/pubmed/32254024
https://doi.org/10.1121/1.5111870
https://doi.org/10.1121/1.5111870
http://www.ncbi.nlm.nih.gov/pubmed/31255106
https://doi.org/10.4103/2230-8210.123552
http://www.ncbi.nlm.nih.gov/pubmed/24910824
https://doi.org/10.1097/NNR.0000000000000009
http://www.ncbi.nlm.nih.gov/pubmed/24335912
https://doi.org/10.18632/aging.101216
https://doi.org/10.18632/aging.101216
http://www.ncbi.nlm.nih.gov/pubmed/28394764
https://doi.org/10.1097/gme.0b013e3181f0839a
http://www.ncbi.nlm.nih.gov/pubmed/20881652
https://doi.org/10.1083/jcb.201707168
http://www.ncbi.nlm.nih.gov/pubmed/29074705
https://doi.org/10.1111/jgs.12773
https://doi.org/10.1111/jgs.12773
http://www.ncbi.nlm.nih.gov/pubmed/24697631
https://doi.org/10.7554/eLife.39856
https://doi.org/10.7554/eLife.39856
http://www.ncbi.nlm.nih.gov/pubmed/30642433
https://doi.org/10.1016/j.brainres.2019.05.031
http://www.ncbi.nlm.nih.gov/pubmed/31129153
https://doi.org/10.1016/j.redox.2020.101488
http://www.ncbi.nlm.nih.gov/pubmed/32201219
https://doi.org/10.1534/genetics.116.193623
http://www.ncbi.nlm.nih.gov/pubmed/27974502
https://doi.org/10.1371/journal.pgen.1004127
http://www.ncbi.nlm.nih.gov/pubmed/24516404
https://doi.org/10.3909/riu0716
http://www.ncbi.nlm.nih.gov/pubmed/28522926
https://doi.org/10.7554/eLife.49874
https://doi.org/10.7554/eLife.49874
http://www.ncbi.nlm.nih.gov/pubmed/31642809
https://doi.org/10.1042/CS20160485
https://doi.org/10.1042/CS20160485
https://doi.org/10.3389/fgene.2019.00303
http://www.ncbi.nlm.nih.gov/pubmed/31001330
https://doi.org/10.1016/j.arr.2018.09.002
http://www.ncbi.nlm.nih.gov/pubmed/30254001
https://doi.org/10.7554/eLife.63425

e Life Review Article

Epidemiology and Global Health

Wang Y, Karlsson R, Jylh&va J, Hedman AK, Almqvist C, Karlsson IK, Pedersen NL, Almgren M, Hagg S. 2019.
Comprehensive longitudinal study of epigenetic mutations in aging. Clinical Epigenetics 11:187. DOI: https://
doi.org/10.1186/s13148-019-0788-9, PMID: 31818313

World Health Organization. 2021. Global health observatory (GHO) data. Top 10 Causes of Death. https://www.
who.int/gho/mortality_burden_disease/causes_death/top_10/en/ [Accessed September 20, 2020].

Wu X, Cai H, Kallianpur A, Gao YT, Yang G, Chow WH, Li HL, Zheng W, Shu XO. 2014. Age at menarche and
natural menopause and number of reproductive years in association with mortality: results from a median
follow-up of 11.2 years among 31,955 naturally menopausal chinese women. PLOS ONE 9:e103673.

DOI: https://doi.org/10.1371/journal.pone.0103673, PMID: 25090234

Yi S-J, Kim K. 2020. New insights into the role of histone changes in aging. International Journal of Molecular
Sciences 21:ijms21218241. DOI: https://doi.org/10.3390/ijms21218241

Yousefzadeh MJ, Zhao J, Bukata C, Wade EA, McGowan SJ, Angelini LA, Bank MP, Gurkar AU, McGuckian CA,
Calubag MF, Kato JI, Burd CE, Robbins PD, Niedernhofer LJ. 2020. Tissue specificity of senescent cell
accumulation during physiologic and accelerated aging of mice. Aging Cell 19:13094. DOI: https://doi.org/10.
1111/acel. 13094, PMID: 31981461

Yuan R, Tsaih S-W, Petkova SB, De Evsikova CM, Xing S, Marion MA, Bogue MA, Mills KD, Peters LL, Bult CJ,
Rosen CJ, Sundberg JP, Harrison DE, Churchill GA, Paigen B. 2009. Aging in inbred strains of mice: study
design and interim report on median lifespans and circulating IGF1 levels. Aging Cell 8:277-287. DOI: https://
doi.org/10.1111/j.1474-9726.2009.00478.x

Yusipov I. 2020. Age-related DNA methylation changes are sex-specific: a comprehensive assessment. bioRxiv.
DOI: https://doi.org/10.1101/2020.01.15.905224

Zajitschek SRK, Zajitschek F, Bonduriansky R, Brooks RC, Cornwell W, Falster DS, Lagisz M, Mason J, Senior AM,
Noble DWA, Nakagawa S. 2020. Sexual dimorphism in trait variability and its eco-evolutionary and statistical
implications. eLife 9:e63170. DOI: https://doi.org/10.7554/elife.63170

Zenin A, Tsepilov Y, Sharapov S, Getmantsev E, Menshikov LI, Fedichev PO, Aulchenko Y. 2019. Identification of
12 genetic loci associated with human healthspan. Communications Biology 2:41. DOI: https://doi.org/10.1038/
s42003-019-0290-0, PMID: 30729179

Zhang W, Qu J, Liu GH, Belmonte JCI. 2020. The ageing epigenome and its rejuvenation. Nature Reviews
Molecular Cell Biology 21:137-150. DOI: https://doi.org/10.1038/s41580-019-0204-5, PMID: 32020082

Zhu D, Chung HF, Dobson AJ, Pandeya N, Giles GG, Bruinsma F, Brunner EJ, Kuh D, Hardy R, Avis NE, Gold EB,
Derby CA, Matthews KA, Cade JE, Greenwood DC, Demakakos P, Brown DE, Sievert LL, Anderson D, Hayashi
K, et al. 2019. Age at natural menopause and risk of incident cardiovascular disease: a pooled analysis of
individual patient data. The Lancet Public Health 4:€553-e564. DOI: https://doi.org/10.1016/52468-2667(19)
30155-0, PMID: 31588031

Zucker |, Beery AK. 2010. Males still dominate animal studies. Nature 465:690. DOI: https://doi.org/10.1038/
465690a, PMID: 20535186

Hagg and Jylhava. eLife 2021;10:e63425. DOI: https://doi.org/10.7554/eLife.63425 27 of 27


https://doi.org/10.1186/s13148-019-0788-9
https://doi.org/10.1186/s13148-019-0788-9
http://www.ncbi.nlm.nih.gov/pubmed/31818313
https://www.who.int/gho/mortality_burden_disease/causes_death/top_10/en/
https://www.who.int/gho/mortality_burden_disease/causes_death/top_10/en/
https://doi.org/10.1371/journal.pone.0103673
http://www.ncbi.nlm.nih.gov/pubmed/25090234
https://doi.org/10.3390/ijms21218241
https://doi.org/10.1111/acel.13094
https://doi.org/10.1111/acel.13094
http://www.ncbi.nlm.nih.gov/pubmed/31981461
https://doi.org/10.1111/j.1474-9726.2009.00478.x
https://doi.org/10.1111/j.1474-9726.2009.00478.x
https://doi.org/10.1101/2020.01.15.905224
https://doi.org/10.7554/eLife.63170
https://doi.org/10.1038/s42003-019-0290-0
https://doi.org/10.1038/s42003-019-0290-0
http://www.ncbi.nlm.nih.gov/pubmed/30729179
https://doi.org/10.1038/s41580-019-0204-5
http://www.ncbi.nlm.nih.gov/pubmed/32020082
https://doi.org/10.1016/S2468-2667(19)30155-0
https://doi.org/10.1016/S2468-2667(19)30155-0
http://www.ncbi.nlm.nih.gov/pubmed/31588031
https://doi.org/10.1038/465690a
https://doi.org/10.1038/465690a
http://www.ncbi.nlm.nih.gov/pubmed/20535186
https://doi.org/10.7554/eLife.63425

