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The Longevity Gender Gap

In the developed world in modern times, life expectancy at birth is some 7 years longer for
women than it is for men (1). As males get older, their number tends to dwindle faster than that
of women, partially because of a penchant for "risky behavior.” The primary reason for the
longevity gender gap (LGG), however, is likely to be biological [for a review, see (2)] and,
although a matter of considerable debate, the roots of the LGG have far-reaching implications for
human gerontology.

Aging arises from metabolic changes and associated structural impairments of somatic tissues,
leading to a progressive decline in physiological function. "Successful aging” is a phenomenon
marked by a lag in the onset--or slower progression--of diseases of aging, probably owing to less
damage to, and more repair of, cells and tissues. By all accounts, women live longer than men,
indicating that they age more successfully.

In the search for insight into successful aging and solutions to the enigma of the LGG, the
following two questions are among many worth pursuing: First, is the biological component of
LGG a result of gender-related hormonal differences or of differences in processes governed by
cellular turnover within discrete anatomic domains of the vast somatic framework? Second, at
the cellular level, what general features distinguish the aging trajectories of men and women?
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Estrogen and the LGG

The predominant thinking, particularly in the cardiovascular field, has been that centrally
controlled processes mediated by ovarian steroid hormones--notably estrogen--underlie the LGG
(see Pardee Review). Androgens have also been implicated in increasing cardiovascular risks for
men [for a review, see (3)] but have not garnered as much attention as estrogen has in
diminishing cardiovascular risks in women. Proponents of estrogen suggest that it sustains
somatic cell vitality and forestalls aging through a host of mechanisms. They point to the lower
incidence of cardiovascular diseases in premenopausal women as evidence for the advantageous
antiaging effect of estrogen, and have advocated estrogen supplementation [also known as
hormone replacement therapy, or HRT (see "Weathering the HRT Storm™)] to stave off
cardiovascular diseases in postmenopausal women. However, the recent discouraging findings of
large-scale clinical trials aimed at gauging the effect of HRT in older women [for a review, see
(4)] have dampened the enthusiasm for estrogen in the campaign against cardiovascular diseases
in postmenopausal women. Such studies, however, do not exclude a role for estrogen as an
antiaging agent: What they show is that several years of HRT may not be a viable solution to the
problem of cardiovascular diseases in older women. Turgeon and co-workers (4) recently
underscored this point by posing the following questions: "Although ovarian steroids provide a
biological advantage in women before menopause, does that benefit cease along with the
cessation of ovarian function? Does an advantage paradoxically become a risk when these
hormones are replaced therapeutically?" There are alternatives to endocrine explanations for the
longer lives experienced by women, however, such as intrinsic molecular genetic differences
between somatic cells from women and men.

The Battle of the Xs

Whereas men have one Y chromosome and one X chromosome, women have two X
chromosomes in each of their somatic cells. In normal females, one of the X chromosomes is
stochastically inactivated during early embryogenesis [for a review, see (5)], so that no more

than ~25% of genes on the inactive X chromosome are expressed (6). Newborn girls therefore
have two populations of somatic cells at an approximate ratio of 50:50, exhibiting balanced
mosaicism with respect to X inactivation. Two main circumstances have been linked to a skewed,
or unbalanced, distribution of X inactivation in the somatic cells of human females, namely X-
linked genetic diseases (7-10) such as dyskeratosis congenita and aging itself (11-15).

The unbalanced distribution of X inactivation in women carrying X-linked diseases and in
normal women later in life has been ascribed to survival advantage. In an embryo, X inactivation
of an allele harboring an abnormal gene produces a survival advantage for cells expressing the
normal gene; thus, the mosaicism becomes skewed in favor of the normal X chromosome. In
contrast, acquired age-related skewing of X-inactivated cells in apparently normal females arises
not from a particular pattern of X inactivation in utero but from selection during extrauterine life
of cells harboring a parental X chromosome that provides a survival advantage.

Because normal males possess one X chromosome, they have only one type of somatic cell, so
there is no prospect for somatic cell selection (at least with respect to X inactivation) with
advancing age. Females, in contrast, possess two cell types based on the identity of their
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inactivated X chromosome--an attribute that may confer considerable survival advantage through
somatic cell selection. A key factor in women's successful aging may therefore be the "survival
of the fitter" between two somatic cell populations (16). This amounts to the replacement during
a woman's life span of cells having an active X chromosome from one parent with cells having
an active X chromosome from the other parent, should the latter cells exhibit a better ability to
withstand the vicissitudes of aging. Clearly, cell types most likely to exhibit this unique form of
selection are stem cells that give rise to highly proliferative cell populations (including blood
cells, skin epidermal cells, and intestinal epithelial cells) in which turnover is an ongoing process
throughout the human life span. Recent findings suggesting an X-linked component affecting the
inheritance of telomere length (17) provide an added dimension to this idea and a potential
explanation for the enigma of LGG.

Is There a Link to Telomere Length?

The progressive attrition in telomere length in replicating somatic cells is at the center of the
telomere hypothesis of cellular aging (18), which proposes that telomeres behave like a "mitotic
clock™ by shortening with each division (see "More Than a Sum of Our Cells" and Heist
Perspective). There is robust evidence that in replicating somatic cells telomeres become shorter
with increased age [for reviews, see (19, 20)]. Cross-sectional population analyses of telomere
length in white blood cells (WBCs) have been the main source of information regarding human
telomere dynamics in vivo. As expressed in WBCs, telomere length is highly heritable (17, 21,
22), inversely correlated with age (17, 21-24), longer in adult women than men (17, 22, 23), and
yet equivalent in newborn boys and girls (25). Two factors may account for the longer telomeres
that are observed in women, namely estrogen and somatic cell selection.

Estrogen diminishes oxidative stress [for a review, see (26)], whose cumulative burden is
fundamental to many theories of aging (see "The Two Faces of Oxygen™). Meanwhile, estrogen
also stimulates the transcription of the gene encoding the telomerase reverse transcriptase
enzyme that adds telomere repeats (copied from its integral RNA component) to chromosome
ends, thereby curtailing or slowing down the rate of telomere erosion (19, 20). Oxidative stress,
conversely, escalates telomere erosion [for a review, see (27)]. Theoretically, the ability of
estrogen to up-regulate telomerase and at the same time reduce oxidative stress could account for
the longer telomeres observed in women as compared with men. This effect of estrogen on
telomere dynamics may be attenuated or disappear altogether in older women, but its
premenopausal influence could set telomere attrition at a trajectory that maintains longer
telomeres in women throughout the entire human life span. Such a possibility can readily be
tested in the future by longitudinal studies of telomere attrition rates in men versus women, and
in premenopausal versus postmenopausal women.

Skewed X-linked selection of somatic cells as a function of aging may be another factor behind
the longer telomeres observed in women as compared with men. There is good evidence for gene
variance on the X chromosome that strongly influences telomere length (17). Ninety-six percent
of the combined length of telomeres in a newly formed zygote is contributed by autosomal
telomeres, which suggests that factors on the X chromosome influence telomere length
considerably, presumably by modulating the functional activity of telomerase or other telomere
length-influencing factors. If this is the case, female cells in which a hypothetical "short telomere
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allele” was active would exhibit shorter telomeres at birth in comparison with those cells in
which the active X chromosome carried a "longer telomere™ allele. As women age, their two
somatic cell populations would be redistributed toward the population that has comparatively
longer telomeres, not only because telomere length appears to be influenced by an X-linked gene
or genes but also for the reason that longer telomeres denote resistance to oxidative stress. To the
extent that shorter telomeres are linked to increased mortality (28) (see "When Tips Disappear,
the End is Near") and decreased proliferative capacity (18), selection for cells with longer
telomeres might produce greater tissue reserves and decreased mortality. It is anticipated that
such selection would primarily be apparent in older women, given that the critical telomere
length associated with cellular senescence is more likely to occur in a later phase of the human
life span. Skewed X inactivation has been observed primarily in women older than 60 years (15),
supporting this tenet.

Conclusion

Aging is a kaleidoscope of interwoven genetic and epigenetic determinants and is arguably the
most complex of all complex human traits. Given that the fundamentals of aging are common to
both genders, the LGG is too important to ignore in the study of human aging. Ultimately, the
LGG might be a matter not only of hormonal differences between men and women but also of
somatic cell selection that favors cells that are more resistant to age-related dysfunction or death.

There is as yet no persuasive evidence that directly implicates telomeres as a major determinant
in human aging in the general population (see Aviv Perspective) but, based on cross-sectional
analyses (20, 22-24), the rate of attrition of telomeres in WBCs is about 30 base pairs (bp) per
year. The mean telomere length in women is approximately 240 bp longer than that in men (16,
21, 22), which equates to a disparity between the sexes of about 8 "telomere years," roughly the
same as the observed gender gap in life expectancy. Such an association does not prove causality,
of course, but it calls for further exploration of the links between sexual dimorphism in telomere
dynamics and the LGG.
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