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Abstract. Males and females typically have different lifespans and frequently differ in their responses to anti-aging interventions. These sex-specific responses are documented in mice and Drosophila species, in addition to other organisms where
interventions have been tested. While the prevalence of sex-specific responses to anti-aging interventions is now recognised,
the underlying causes remain poorly understood. This review first summarises the main pathways and interventions that lead
to sex-specific lifespan responses, including the growth-hormone/insulin-like growth factor 1 (GH-IGF1) axis, mechanistic
target of rapamycin (mTOR) signalling, and nutritional and pharmacological interventions. After summarising current evidence, several different potential causes for sex-specific responses are discussed. These include sex-differences in xenobiotic
metabolism, differing disease susceptibility, sex-specific hormone production and chromosomes, and the relative importance
of different signalling pathways in the control of male and female life-history. Understanding why sex-differences in lifespanextension occur should provide a greater understanding of the mechanisms that regulate the aging process in each sex, and
will be crucial for understanding the full implications of these treatments if they are translated to humans.

1. Introduction
Lifespan can now be extended through a variety of different interventions, across organisms as
diverse as yeast — a single celled fungus — to
mice. At least some of these interventions cause
improvements to measures of health during aging
[1], including in primates [2], and small scale clinical trials have been conducted to test for efficacy
and potential health benefits in elderly humans [3, 4].
It is clear from the phylogenetic diversity of tested
organisms that some signals controlling the aging
process have been conserved across evolution. For
example, treating laboratory mice (Mus musculus),
nematode worms (Caenorhabditis elegans), fruit flies
(Drosophila melanogaster) or yeast (Saccharomyces
∗ Corresponding author: Michael Garratt, Department of
Anatomy, School of Biomedical Sciences, University of Otago,
Dunedin, New Zealand. E-mail: mike.garratt@otago.ac.nz.

cerevisiae) with rapamycin – which inhibits target
of rapamycin (mTOR) signalling – leads to lifespan
extension [5], and on average the change in median
lifespan is similar in each of these species [6]. In
spite of these commonalities, there are factors within
each species that influence the effectiveness of a
particular intervention. Interventions can have different levels of effectiveness in different strains [7],
and treatment effects can interact with environment
conditions (e.g. temperature [8], diet [9]) to influence the degree of lifespan extension. It is becoming
increasingly recognised that lifespan effects of many
manipulations also differ according to sex [10]. Using
rapamycin as an example, lifespan extension in mice
usually occurs to a greater degree in female mice
than males [11], an effect observed across different
strains [12], and also mimicked in genetic mutant
animals where signalling through the mTOR pathway has been dampened genetically [13]. However,
life-extension is not always a female-dominant phe-
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nomena: treatment of mice with pharmacological
compounds including acarbose and 17-␣ estradiol
can lead to greater lifespan extension in males [14].
Sex-differences in lifespan extension are also frequently reported in fruit flies, which have a different
sex-determination system and physiological control
of sex-specific phenotypes. Given the clear influence
of sex on human lifespan [15], understanding the
mechanisms and degree to which males and females
respond differently to anti-aging interventions will be
crucial as these treatments are translated to a clinical
context.

the sex-specific nature of lifespan extension in new
studies.
In spite of the caveats in quantifying sexdifferences in lifespan extension, there are now
several different interventions that have been shown
to have stronger effects in one sex than the
other, where this has been replicated several times
across different institutions and animal strains [10].
This review focuses on manipulations where this
sex-specificity has been repeatedly documented, predominantly in mouse models with reference to
Drosophila where applicable.

1.1. How do we know a manipulation
has a sex-speciﬁc effect?

2. Interventions with sex-speciﬁc aging effects

A startling array of manipulations have been
reported to have sex-specific effects on lifespan. One
important statistical caveat to consider is that just
because an intervention has a statistically significant effect on lifespan in one sex, but not in the
other, does not automatically mean that males and
females really respond differently to that manipulation. Random differences in variation between the
populations, perhaps as a consequence of one or two
outlier deaths, can influence whether a survival test
reaches the criterion for statistical significance in one
sex [16]. Consider a hypothetical statistical test that
gives a P value of P = 0.049 for a treatment effect
in one sex, versus P = 0.051 for a treatment effect
in the other sex, as an extreme example of how a
slight difference in variation could influence whether
a test is statistically significant in either of the sexes
[17]. If one sex shows more variability in lifespan
then this would reduce the probability of detecting
a significant difference between control and treatment groups in lifespan [18]. Comparisons of lifespan
extension within each sex are sometimes conducted
with a relatively small sample size, particularly given
the small total sample sizes of many lifespan studies [19]. Therefore effects of one or two outliers
will be felt more strongly in sex-specific comparisons. One way to test whether responsiveness to a
manipulation is sex-specific is by conducting a test
for a statistical interaction between sex and the treatment response. However, this requires extension from
the typical Log-Rank Test, or more complicated survival models [20], which biomedical scientists are
less familiar with and often do not use. Such tests are
now more frequently used in genetic epistasis studies,
and tests of treatment responses on different genetic
backgrounds [21], and could be helpful in quantifying

2.1. GH-IGF1 signalling
Lifespan extension has been repeatedly documented in mice with mutations that cause
developmental pituitary deficiencies, resulting in
dwarf animals living approximately 30% longer than
controls [22–24]. Ames and Snell dwarf mice do not
develop functional pituitaries, and as a consequence
have very low circulating levels of growth-hormone
(GH), thyroxine and prolactin. Also notable, as a
side product of this, they show various reproductive deficiencies, resulting in low circulating levels of
gonadally-derived hormones including testosterone
and estrogens [25]. Robust lifespan extension has
been repeatedly shown in both male and female dwarf
and GH deficient mouse models. Some variation in
the degree of lifespan extension has been observed
between the sexes. For example, the first study reporting lifespan extension in Ames dwarf mice noted an
increase in average lifespan of 350 days for males
and more that 470 days for females. However, this
study had a relatively small sample size of approximately 15 mice per genotype per sex; while clearly
sufficient to show the strong effect of dwarfism on
aging, the particularly long lifespan of two female
dwarfs contributed to the apparent difference in average lifespan increase between sexes [23]. A 2017
meta-analysis of lifespan extension in pituitary and
GH-deficient mice reported no significant moderator effect of sex on the degree of lifespan-extension
in these models [26]. This indicates that there is no
consistent bias in the degree of lifespan extension
between sexes when considering data from all available published studies. It should be noted that in
meta-analysis the effect size observed in each study
is weighed against an estimate of sampling vari-
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ance. This means that effect sizes of larger more
precise studies have greater weighting in the metaanalysis. However, studies conducted in differing
environments (for example, SPF versus non-SPF
environments) are typically weighed equally, and are
not distinguished unless specifically accounted for
by an additional term in the meta-analytic model. It
is therefore possible that differences in the degree of
lifespan extension between sexes with reduced pituitary function might arise in particular conditions,
although this is not a consistent feature across all
environments where these mice have been studied
[26].
Lifespan extension in pituitary deficient mice is
at least partly attributable to effects of low GH
signalling, with GH receptor-deficient mice recapitulating many of the lifespan effects, including
a consistent increase in lifespan in both sexes [9,
27]. Working downstream of GH signalling, there
has been substantial investment in defining the role
of insulin-like growth factor-1 (IGF1) signalling
in mammalian lifespan, particularly since related
insulin signals control aging in invertebrates [28].
This work has shown that the degree of life-extension,
in terms of change in median lifespan [26], is smaller
when IGF1 signalling is directly reduced compared
to GH signalling. In additional to this smaller lifeextension, reduced IGF1 signalling also appears to
have a greater effect on female lifespan than that of
males, an effect that has been observed across several different manipulations of the IGF1 pathway,
including heterozygous deletion of the IGF1 receptor
(IGF1R+/–) [29–31], conditional knockout of hepatic IGF1 production [32], mice with a hypomorphic
IGF1 gene that have low expression levels of IGF1
[33], and pregnancy-associated plasma protein A
knockout mice, which show a decrease in IGF1 availability [34]. In addition to observed lifespan effects,
improvements in late-life function are observed in
female mice treated with an antibody that antagonizes
IGF1R [35], but not males, and female IGF1R+/–
mice show increased paraquat resistance in adulthood
but males do not [29, 30]. A sex-specificity in the
GH-IGF1 pathway for lifespan responses may also be
manifest by manipulations further downstream, since
disrupted expression of insulin-receptor substrate 1,
which transduces information from IGF1R, extends
lifespan in females but not males [36] (although
the authors acknowledge this may be a consequence
of sample size). Although less well studied, there
is also a hint that heterozygous loss of the insulin
receptor has sex-specific lifespan effects in mice,
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although the changes in lifespan in either sex are weak
[37].
Current evidence for the effects of reduced GHIGF1 signalling on lifespan in mice leads to the
interesting conclusion that general pituitary deficiencies and impaired GH signalling impact lifespan
similarly in both sexes, while reducing IGF1 signalling directly increases lifespan to a greater degree
in females. The underlying causes for this are
unknown. It is interesting to note that GH signalling is
a major controller of sexual dimorphism, with sex differences in GH pulsitility leading to sex differences in
body size [38] and gene expression [39]. GH and pituitary deficiencies can remove these sex differences
[40, 41], while reducing IGF1 signalling can leave
these sex-differences intact [30]. This could hint that
some sex-specific responses to anti-aging interventions may be linked to sexual dimorphism in size and
function, as discussed further below.
Downstream of the insulin and IGF1 receptors, a
cascade of signalling complexes transduce growth
factor information, integrating further signals of cellular nutrient and energy status. One key target is the
mechanistic target of rapamycin (mTOR) signalling
complex, which has wide-ranging effects on cellular
growth and stress resistance [42]. Manipulation of
mTOR activity itself influences lifespan, in a range
of organisms [5]. Where two sexes are present, differences in the degree of lifespan extension in males
and females have been repeatedly noted after mTOR
inhibition.

2.2. Altered mTOR signalling
The mechanistic target of rapamycin represents
two related complexes – mTORC1 and mTORC2
– each comprised of several protein sub-units [42].
Much of the research on the link between mTOR
and aging has come from pharmacological studies
using the drug rapamycin, which acutely inhibits
mTORC1, although chronic rapamycin treatment can
have inhibitory effects on mTORC2 signalling in
certain tissues [43]. Rapamycin treatment extends
lifespan in several organisms including mice, fruit
flies, nematode worms and yeast, with genetic perturbation of mTORC1 activity – typically through
inactivating a gene/genes encoding for one or several
subunits that comprise this complex – recapitulating these effects on lifespan [5]. Effects of mTORC2
inhibition are more variable and species-specific. In
worms and flies, depleted expression of different
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mTORC2 protein-subunits has led to lifespan extension in one study [44], but a reduction in lifespan in
another [45]. In mice, the consequences of impaired
mTORC2 signalling have been studied in models
where the Rictor gene has been conditionally knocked
out. This encodes the RICTOR protein, an essential component of the mTORC2 complex. Male mice
with heterozygous deletion of Rictor globally, liverspecific deletion, or induced global deletion of Rictor
in adulthood, all show a reduction in lifespan compared to controls, while the same manipulations have
little effect on female lifespan [46].
Reduced mTOR signalling via rapamycin and
impaired mTORC1 activity has been shown to
robustly extend lifespan in both sexes in mice,
although when relative life-extension is compared,
effects are consistently greater in females than males
[6, 11, 47]. Notably though, with rapamycin treatment in food there are strong dose-dependent effects,
with lifespan increasing more greatly with higher
doses in both sexes [48], at least at levels tested to
date. Furthermore, there is evidence that at equivalent
levels of rapamycin administration in diet females
show higher circulating levels in blood when compared to males [48]. This indicates that part of the
sex-specificity at a specific dose may be caused by
different rates of drug metabolism between males
and females [48]. However, relatively greater lifespan
extension in females has also been observed when
mTORC1 signalling is reduced genetically via heterozygous deletion of two mTORC1 subunits [13],
where differences in drug metabolism would not be
expected to factor. Mice with deletion of Ribosomal
S6 Kinase 1, a key downstream target of mTORC1
that controls protein translation, also show lifespan
extension in females only [49], suggesting this sexual dimorphism could be linked to sexually dimorphic
consequences of reduced protein translation. It has
also been suggested that reduced mTOR signalling
may have sexually dimorphic effects on fruit fly survival, providing greater lifespan extension in females
also [50]. However, a 2016 meta-analysis of survival
effects of reduced mTOR signalling documented no
consistent sexual-dimorphism in mTOR mediated fly
life-extension, including with rapamycin treatment
[6]. Studies of rapamycin treatment in fruit flies have
documented variable effects on longevity including
life-shortening [51, 52] and lifespan-extension, with
a wide variety of relative effects on lifespan in males
and females [53–56]. The lack of consistency may
represent strain-specific effects, or sensitivity of treatment to environmental and nutrient conditions.

In the cases of rapamycin treatment in mice, sexspecific effects on lifespan may be partly attributable
to suppression of mTORC2 signalling, which as
highlighted above leads to a reduction in lifespan
specifically in males. The mechanisms that lead to
this life-shortening are not defined: it may be a consequence of earlier, or more deleterious effects on
glucose tolerance in males than females, although
this does not seem to be purely a consequence
of mTORC2-regulation of hepatic AKT signalling,
since mice with heterozygous deletion of Rictor
also show male-specific lifespan reductions, but hepatic AKT signalling remains normal [46]. Genetic
manipulations that impair the insulin signalling cascade can also have male-specific effects on survival
and glucose tolerance. Male mice with deletion of
insulin receptor substrate (IRS) II die quickly in
adulthood, while females die much later, a sexual
dimorphism linked to a much earlier onset of severe
diabetes in male mice [57]. It’s notable that the sexspecific life-shortening effects of mTORC2 and IRS2
loss have been examined in C57BL/6 animals. The
C57BL/6 strain has an established susceptibility to
metabolic dysfunction, and the life-shortening effects
of another insulin signalling deficient mouse strain
appears greater in this strain than in some others
[58]. It would be of interest to determine whether
male mortality occurring with deficiencies in IRS2
and mTORC2 signalling also occurs on other strain
backgrounds.
2.3. Sex-speciﬁc responses to dietary restriction
The intervention most intensively studied with
respect to lifespan is dietary restriction (DR). Effects
of dietary restriction on lifespan have been studied in model organisms, but also a wide range
of other species, including in a variety that have
two sexes [59]. Reports in mice [7] and fruit flies
[50] have indicated that lifespan extension with DR
can be stronger/more robust in females than males.
Nakawaga et al. [60] conducted a meta-analysis of
the effects of DR on lifespan across 36 species, testing among other things whether sex moderates the
lifespan response. Their study showed that females
on average show greater lifespan extension with DR
than males, an analysis that collated data from a range
of different species, including mice, rats, dogs, several species of fly, redback spiders, and field crickets
[60]. One interesting observation from this study is
that sexual dimorphism in lifespan extension with
DR occurs in a similar direction across species of
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widely varying taxa, with different sex determination
systems.
Sex-specific responses to DR have been specifically investigated in fruit flies, where the underlying
cause for this difference in response has been linked
to sex-differences in the development of gut pathology [50]. In this study female fruit flies were found
to develop greater gut pathology during aging than
males, but this pathology was ameliorated with
DR, which the authors postulated was the cause of
sexual dimorphism in lifespan extension. In flies, sexdetermination is cell autonomous and mediated by
sex-chromosomes; by manipulating this system the
authors were then able to generate male flies with a
feminized mid-gut, producing males that showed gut
physiology (increased cell-size) and gene expression
typical of females. These gut-feminized males developed female specific gut pathology during aging, and
importantly DR ameliorated this effect, leading to
a greater lifespan extension in gut-feminised males
compared to normal male controls [50]. This study
provides a rare insight into a potential source from
which sex-specific lifespan extension occurs. Interestingly, females in this study lived longer than males
in control conditions, so this correction of gut pathology was not just rectifying a single pathology type
that caused sexual dimorphism in lifespan. While gut
pathology constrained female lifespan, it did not constrain that of males, meaning that there were likely
other factors that limited male lifespan in their study.

2.4. Sex-differences in response to
pharmacological compounds
The examples documented above have generally
reported lifespan extension with preferential benefits
to females, but treatment with several pharmacological compounds in mice have shown survival benefits
that are greater in males. The discovery of this malespecific lifespan extension has come mainly from the
Interventions Testing Program (ITP), which tests suggested compounds to see whether they extend the
lifespan of genetically heterogenous mice at three different US institutions (The University of Michigan,
The University of Texas Health Science Center at San
Antonio, The Jackson Laboratories) [61]. In addition
to showing lifespan extension with rapamycin, which
preferentially increases female lifespan [11, 47], the
ITP have shown that lifespan extension with the compounds nordihydroguaiaretic acid (NDGA), aspirin,
acarbose and 17-␣ estradiol occurs to a greater extent
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in male mice than females [14, 62–64]. The degree
of lifespan-extension and sex-specificity differs with
the compound: acarbose leads to lifespan extension of
approximately 15–20% in males, but approximately
5% in females. Greater male lifespan extension has
been observed at each institution, at several different
dosing levels [62], and when starting the treatment
either early or later in life [63]. Although acarbose
still has a significant effect on female lifespan, albeit
smaller than in males, NDGA and 17-␣ estradiol
extend lifespan only in males, with no detectable
lifespan effect in females. NDGA’s effects on male
lifespan seem confined to changes in median lifespan,
while 17-␣ estradiol extends median and maximal
lifespan and provides an approximate 20% increase
in lifespan in males [63]. Both have been tested at two
different doses, and in neither instance was female
lifespan detectably altered by treatment [14, 63, 64].
The three drugs showing a large male-specific
lifespan-extension have fairly disparate postulated
modes of action, although all have been reported
to have anti-inflammatory effects in some instances
[65–67]. Acarbose is an anti-diabetes drug that slows
the breakdown of complex carbohydrates in the gut,
leading to blunting of postprandial glucose peaks
[68]. A recent study showed that acarbose is more
effective at blunting postprandial glucose in males,
with glucose levels in females less influenced by acarbose after feeding [62]. By contrast, the effects of
acarbose on blood glucose levels after a prolonged
period of fasting (18hrs) are similar in both sexes,
increasing plasma glucose presumably due to slowed
starch breakdown [69]. One notable observation in
relation to acarbose is that while lifespan extension is
greater in males, some markers of health during aging
are affected similarly in both sexes [62]. This contrasts with the effects of 17-␣ estradiol, where effects
on physical function during aging (rotarod capacity,
grip strength) are improved specifically in males, with
females unaffected by treatment [70].
The observation that three different drugs lead
to a substantial increase in male lifespan, with
minimal effects in females, demonstrates the presence of manipulations with preferential benefits for
males too. Understanding whether these have similar or different effects on male physiology could
provide an insight into pathways important in regulation of male lifespan. Lifespan extension with
both acarbose and 17-␣ estradiol is associated with
an enhancement of hepatic mTORC2 signalling, but
this only occurs in male mice, matching the lifespan
response and improvements in glucose tolerance [69].
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As highlighted above, impaired hepatic mTORC2
functionality reduces lifespan in male mice but not
females [46]. Thus, there appears to be a bidirectional relationship between mTORC2 signalling and
lifespan in male mice, such that both increases and
decreases in male mouse lifespan are matched with
changes in mTORC2 signalling, in opposite directions. At least in the case of reduced mTORC2
signalling, the links have been causally established. It
would be of interest to understand whether enhancements in aspects of mTORC2 signalling can directly
improve male health, or whether functional mTORC2
signalling is required for the lifespan response to
male-specific longevity interventions.
3. Factors underlying sex-speciﬁc responses
to interventions
There are a wide range of factors that could
cause males and females to respond differently to

anti-aging interventions, and in the following section I discuss several of these potential causes in
light of current evidence (Table 1). One straight forward factor that could lead to sexual dimorphism
in lifespan extension relates to sex differences in
drug metabolism and bioavailability (Fig. 1a). Genes
controlling xenobiotic metabolism are some of the
most sexually dimorphic in expression in mice [71],
and some compounds may differ in their resulting
bioactivity as a consequence. There is good evidence
that equivalent rapamycin treatment in diet leads to
higher circulating levels in female blood, which could
explain the greater female lifespan extension. Study
of metabolomic responses to 17-␣ estradiol in mice,
a drug that extends lifespan in males only, shows
that dietary administration of 17-␣ estradiol leads
to a highly male-specific increase in another estrogen in the liver – estriol – which can be metabolised
from estradiol [72]. Females do not show an elevation in this second estrogen in response to the same

Fig. 1. Several suggestions of hypothetical causes for sex-specific responses to anti-aging interventions. (A) sex-differences in xenobiotic
metabolism as a cause for sex-specific life-extension; (B) sex-differences in disease susceptibility; (C) differential importance of signalling
pathways in control of aging in each sex; (D) differences in activation status of aging pathways in each sex.
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treatment. Estriol itself has established immunological and metabolic effects [73–75], and this apparent
sex-specific conversion could contribute to sexual
dimorphism in response to 17-␣ estradiol. While sexspecific drug metabolism may explain sex-specific
responses to certain pharmacological compounds, it
does not explain sex-specific responses to genetic
manipulations, where drug metabolism, directly, does
not play a role. Here, sexual dimorphism in aging
responses may be linked to the importance of different pathways in the control of aging in either sex.
To understand why this may be the case, it is worth
considering the definition of males and females, and
how theory predicts the sexes may differ in their aging
rates in natural contexts.
3.1. Why do the sexes differ in aging?
There are various theories attempting to explain the
often large differences in lifespan occurring between
males and females. Life-history theories consider
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differences in the ways males and females reproduce,
and how differences in optimal reproductive rates
may lead to differences in aging, assuming there is
a trade-off between reproduction and survival [76].
A classic example is the idea that males – which
by definition produce more gametes than females –
may have been selected to “live fast and die young”,
growing fast, investing in reproduction heavily early
in life, but consequently having a shorter lifespan
relative to females [77]. Other ideas center around
genetic differences between the sexes, often taxon
specific, which may constrain the lifespan of one sex
irrespective of trade-offs with reproduction [78]. For
example, mammalian sex determination is controlled
by sex chromosomes, with the presence of single X
and Y chromosomes causing development of males,
while two X chromosomes leads to females. It has
been hypothesized that having a single Y chromosome may be bad for aging, for one reason because a
lack of recombination allows deleterious mutations to
accumulate on the Y chromosome [79]. Alternatively,

Table 1
Some interventions showing sexual dimorphism in lifespan extension and suggestions for why this sex-specificity occurs. Note these
suggestions are usually acknowledged as speculative discussion, where authors highlight the need for further experiments. Arrows indicate
lifespan extension. Two arrows versus one arrow indicates lifespan extension in both sexes, but a greater effect in the sex with two arrows
Intervention
Rapamycin/mTOR
inhibition

Acarbose

Reduced IGF1
signalling

Dietary restriction

Effect in
females

Effect in
males

Species

↑↑

↑

Mice

↑

↑

↑↑

↑↑

–

↑

Mice

Mice

Various

Aspirin/nordihydroguaiaretic
acid

–

↑

Mice

17- ␣ estradiol

–

↑

Mice

Suggested reason for
sex-difference

Reference

Sex-specific drug metabolism

Miller et al. 2014 [48]

Interactions with sex
hormones
Negative effects of mTORC2
suppression in males
Differences in baseline
signalling levels
Improves male-specific
metabolic dysfunction
Interactions with sex
hormones
Sex-differences in glucose
metabolism/endocrinology
Interactions with
sex-hormones/sex-specific
drug metabolism
Amelioration of sex-specific
gut pathology
Sex differences in level of
reproductive investment
Differences in drug
metabolism

Lamming 2014 [110]

Interaction with sex
hormones
Sex-specific drug metabolism

Lamming et al. 2014
[46]/Austad & Bartke [10]
Regan & Partridge 2013
[111]/ Barr et al. 2016 [98]
Harrison et al. 2014 [14]
Garratt et al. 2017 [69]
Holzenberger et al. 2003 [30]
Mao et al. 2018 [35]/Austad
& Bartke 2016 [10]
Regan et al. 2016 [50]
Nakagawa et al. 2012 [60]
Strong et al. 2008 [64]/
Austad & Bartke 2015
[10]/Austad & Fisher 2016
[15]
Garratt et al. 2017 [26]
Garratt et al. 2018 [72]
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the presence of two X chromosomes could itself have
female-specific impacts on aging. One possible way
this could occur is through loss of X inactivation: in
most cells, gene expression from the X chromosome
occurs from one chromosome only, with the expression of most genes from the other strongly repressed
(inactivated). However, there is evidence that during
aging this repression can be lost, leading to changes
in relative gene expression as a consequence of transcription from both chromosomes, a potential cause
of disease [79]. Recent evidence suggests that sex
chromosome differences can influence mortality in
mice [80], although the causes for this remain to be
elucidated.

3.2. Sex-differences in response to anti-aging
interventions: Reducing sex-speciﬁc disease
susceptibility
Given the variety of potential causes for sex differences in survival, there are a variety of different
ways that these factors could interact with anti-aging
interventions to cause sex-specific life-extension.
Selection on life-history, or genetic differences
between the sexes, can lead to the occurrence of sexspecific causes of death, for example cancers. An
intervention curing a type of cancer that kill males
only, assuming this is fairly prevalent in the population, as seen in many lab animal strains [81], would
lead to lifespan extension in this sex without effects
in females (Fig. 1b). Conversely, an intervention may
promote a disease in one sex only, limiting lifespan extension in that sex. Actions on reproductive
systems may be particularly important in this context given their sex-specificity. It has been shown
that rapamycin can cause testicular degeneration in
male mice [82] and while unlikely to be the cause of
sexual dimorphism in degree of lifespan extension,
illustrates how a drug can influence pathology of a
reproductive system present in one sex only.
In situations of sex-specific disease susceptibility,
even though sex-specific lifespan extension occurs,
other markers of aging could be unaffected in
either sex, or would change in a sex-independent
manner. Furthermore, we might expect a different
consequence for males and females if the intervention was tested in a different strain, or a different
species, which has a different susceptibility to that
disease. One example of an intervention causing sexspecificity in this context might be over-expression of
Sirt6, which increased male lifespan without effects

on females [83]. The authors highlight that more than
half of the measured male mice died presenting lung
cancer, and that Sirt6 overexpression males survived
longer with lung cancer than wild-type males, which
could contribute to the pro-longevity effect in this
sex. In this situation sex-differences in cancer susceptibility, caused by one of many different factors,
could be the apparent driver of the sex-specific survival effect. Testing the intervention on a different
genetic background would likely help explain the
nature of these interactions: if Sirt6 over-expression
causes male-specific life-extension on a background
without prevalence of lung cancer, this would indicate
potential sex-specific actions outside of the disease
context.
It has also been suggested that sex-differences
in lifespan extension may occur as a consequence
of altered insulin signalling (Table 1), potentially
alleviating or leading to mortality in one sex as a
consequence of a range of factors stemming from
metabolic dysfunction. Males and females differ in
their production of hormones that maintain metabolic
homeostasis, and often differ in insulin sensitivity and
glucose homeostasis [84]. As eluded to above, several
models of sex-specific lifespan extension concomitantly show sex-specific changes in glucose tolerance.
The general observation from metabolism research,
although there are exceptions, is that male mice
have impaired glucose tolerance when compared to
females [85–88]. Treatments that improve glucose
tolerance may therefore provide male-specific survival benefits, potentially stemming from the myriad
of mortality sources that can arise from impaired
glucose handling and associated metabolic dysfunction [89]. Lifespan extension with the type 2 diabetes
drug acarbose fits this model, increasing lifespan in
male mice by ∼20% while increasing female survival by only ∼5% [14]. These sex-specific survival
benefits are matched by sex-specific improvements in
glucose homeostasis, with acarbose improving male
glucose tolerance without effects in females [69].
Similar male-specific metabolic improvements were
observed in mice treated with 17-␣ estradiol, and in
both causes these improvements could be inhibited if
males were castrated prior to treatment onset [69].
The dependence of drug responses on gonadal hormones is of particular interest, because it points to
a sex-specific endocrine pathway from which these
sex differences originate. The production of gonadal
testosterone in males in the noted study suppressed
glucose tolerance [69], relative to females or castrated
males, and these pharmacological treatments at least
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partly rectify this difference. In some respects this
fits with the lifespan observations in UM-HET3 mice,
where under control conditions males have a shorter
lifespan than females [64]. Male castration has been
shown to extend lifespan in rodents [90, 91], and
therefore part of lifespan extension in these contexts
could be attributable to drug responses that counteract negative effects of testosterone on physiology
linked to aging. Testosterone is a potent anabolic
regulator, favouring growth over stress resistance
[92], and is involved in the diversification of male
and female life-histories, promoting male-specific
growth, and development of male-specific reproductive traits [93]. Part of these actions in mammals occur
as a consequence of testosterone’s effects on GHpulsatility, which is programmed during development
and also responds to adult sex-hormone exposure
[94, 95]. Anabolic actions of testosterone in control of growth versus stress resistance might also
explain why reducing IGF1 and mTOR signalling is
less effective for extension of male-lifespan: testosterone could represent an additional pathway axis
that constrains male survival, and therefore reducing
IGF1 or mTOR signalling may have less of an effect,
because male survival is constrained by this additional axis (Fig. 1c). The study of anabolic actions
by testosterone also suggests testosterone can have
mTORC1 dependent actions [96, 97] on hypertrophy.
In hypothetical situations of mTORC1 dependent
testosterone action, androgens may drive up mTOR
signalling, making it harder for mTOR signalling to
be repressed in particular tissue types (Fig. 1d).

3.3. Sex-differences in activation of pathways
controlling aging
Males and females commonly show differences
in pathway activation of GH-IGF1 and mTOR signalling, although this can vary strongly by tissue-type
and age [94, 98]. Such differences in pathway activation may contribute to sexual dimorphism in aging,
and may lead to sex differences in response to
interventions through various postulated routes. The
observation that lifespan extension with both reduced
IGF1 and mTORC1 signalling is typically greater
in females than males points to a sex-specific role
of these pathways in control of aging. Taking as an
example manipulations that reduce IGF1 signalling,
assuming signalling intensity is reduced proportionally in both sexes, if lifespan extension occurs more in
one sex, it could indicate greater lifespan dependence
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on that pathway for that sex. If females die of factors
related to IGF1 signalling, but males do not, then no
matter how much IGF1 signalling is reduced in males
lifespan extension will not be achieved. An alternative
explanation is that baseline levels of IGF1 signalling
may differ between the sexes, and therefore reducing IGF1 signalling may lead sex-differences in the
threshold at which reduced IGF1 signalling extends
lifespan. Xu et al. [31] provided an interesting analysis of strain differences in lifespan extension with
heterozygous loss of the IGF1 receptor. They show
that the strain showing the greatest lifespan extension has the highest baseline levels circulating IGF1,
and higher IGF1 signalling in several tissues, which
they suggest could lead to this strain responding more
greatly to the IGF1 manipulation. Analogous effects
could occur in relation to sex. In the case of mTOR
signalling, females have been shown to have higher
levels of mTORC1 signalling at young ages than
males [98], and it has been suggested that this could
contribute to the greater lifepan extension observed
in females treated with rapamycin. Unfortunately we
still have little understanding of when and where
IGF1/mTOR signalling is important for control of
aging, limiting our ability to pinpoint where variation
in signalling intensity may translate into variation in
aging and lifespan responses.

3.4. Understanding sex-differences in treatment
responses will improve understanding of
aging
At present these models for why sex-specific lifespan extension occurs are largely hypothetical and
require experimental validation or refutation. The figure provided illustrates several of potentially many
different causes for sex differences in lifespan extension. However, if we can tease apart the underlying
driving factors it will likely provide substantial new
insight into pathways that control the aging process,
and particularly how these give rise to the substantial
sexual dimorphism seen in lifespan in most species.
Given the major role of gonadal hormones in control of sexual dimorphism in reproduction, body form
and gene expression, it is surprisingly the role of
these hormones in control of sexually dimorphic
lifespan responses has been so little explored. For
the pharmacological treatments acarbose and 17-␣
estradiol, there is evidence that some of the health
benefits in males are dependent on the presence
of intact gonads [69, 99]. An earlier study assess-
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ing sexually-dimorphic responses to insulin-receptor
manipulation for protection against oxidative stress
showed a role of estrogens and female ovarian hormones in mediating sex-specific responses in terms
of stress resistance [100]. Estrogens are thought to
play a beneficial role in the uptake and control of
circulating glucose [101], particularly in metabolic
disease states [102–104], and influence susceptibility to various cancers [84], highlighting a likely
important role of female-specific hormones for mortality sources in this sex. Elucidating the location
of steroid receptors through which these gonadal
effects operate may provide good clues to where and
when sex specific lifespan responses manifest and
originate. It would also be of great interest to understand whether sex-specific responses to IGF1, IRS,
mTORC1 or mTORC2 manipulation are dependent
on gonadal hormones. Sex differences in lifespan
responses to these manipulations have been repeatedly documented, but as yet there is little currently
published data testing whether these responses are
linked to gonadal hormone action. Understanding the
ways that testosterone and estrogens feed into these
pathways, and interact with manipulations such as
mTOR signalling to influence lifespan, could inform
us of additional inputs that act through these established signals to cause sex-specific aging.
The role of genetic differences between the sexes
may also be important in causing these sex-specific
responses. In fruit flies, where chromosomal differences between the sexes are more important for
control of sexual dimorphism, chromosomal arrangement in the gut is important in lifespan responses to
dietary restriction [50]. The increasing recognition
that sex-chromosome composition can influence a
range of metabolic endpoints in mice [105], and have
direct effects on mortality [80], highlights the potential importance of sex-chromosomes in mammalian
aging, which could occur as a consequence of Y or X
chromosome effects. Additional genetic asymmetries
between the sexes could also play roles. For example,
inheritance of mitochondria almost entirely through
the maternal line can have deleterious effects for male
aging [106] — if these effects are mitigated by a
specific intervention, this could lead to sex-specific
lifespan responses.
4. Conclusion
Ultimately, sex-differences in response to antiaging interventions will be particularly important
if they manifest in humans. There is much current

discussion about the translation of anti-aging interventions for improving health during aging in humans
[107], with particular reference to rapamycin and
mTORC1 inhibitors [5], which in mice have sexspecific anti-aging effects. If we knew more about
the causes for sex-specific responses to mTOR inhibition in animals, we could make inferences about
the potential for sex-specific effects to occur in
humans, or develop ways to harness or mitigate these
effects. Extreme care will be required to ensure that
sex-specific responses do not intensify the already
large disparities in frailty, disease and survival seen
between men and women in human populations [15].
A variety of models are now available for elucidating
the underlying causes for a documented sex-specific
response in mice or Drosophila [108, 109]; applying
these systems may illuminate causes for sex-specific
responses to anti-aging interventions, in addition to
providing insight into reasons for why males and
females often age in different ways.
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