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Why Gilgamesh failed: the mechanistic basis 
of the limits to human lifespan
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The purpose of this Perspective is to clarify for an interdisciplinary audience 
the fundamental concepts of human longevity and provide evidence for 
a limit to human lifespan. This observed limit is placed into a broader 
framework by showing how it has arisen through the process of evolution 
and by enumerating the molecular mechanisms that may enforce it. Finally, 
we look toward potential future developments and the prospects for 
possibly circumventing the current limit.

The duration of life has long been a topic of fascination. Ancient texts 
reflect this fascination in three ways. First, by contrasting humans’ 
limited lifespan with the permanence of immortal god(s). Second, 
by compiling lists of exceptionally long-lived individuals. Finally, by 
giving reasons for human mortality, generally explaining it as a pro-
cess created by divine intervention. For example, in the mythology 
of Mesopotamia, death is created to relieve overpopulation1, while in 
the Bible it is God who declares that humans shall live no longer than 
120 years2—although several figures, including Noah, were alleged to 
have lived longer.

In modern times, aging is still considered by some as an intentional 
process, albeit one driven not by supernatural agents but by the natu-
ral process of evolution3,4. This possibility was originally considered 
by August Weismann at the end of the 19th century. Aging was pro-
grammed, his reasoning went, so that older individuals could make 
room for fitter, younger ones5. However, this mechanism for aging was 
criticized as circular reasoning, on the basis that, if individuals did not 
decline in fitness as they got older, their removal would not be neces-
sary. Indeed, Weismann himself seemed to have realized the flaws of 
considering aging as an adaptive process and moved to nonadaptive 
theories6. The key problem with theories of programmed aging is the 
need to identify an evolutionary advantage of such an evolved biologi-
cal mechanism. While there is abundant evidence for an evolutionary 
advantage of adaptive processes promoting aging over the lifetime, 
most notably inflammation as a by-product of the immune response7, 
no basis for an evolutionary advantage of aging as a purposeful process 
has thus far been identified and the idea of programmed aging has 
essentially been abandoned. Instead, aging is now seen as a result of 
benign evolutionary neglect8,9.

The overwhelming majority of researchers on aging now pre-
fer to see the process as multifactorial and consider treatments as 
merely extending healthspan rather than lifespan. Still, this is often not 

separated from an increase in lifespan10 and the idea of a limit to human 
lifespan is not generally accepted. Indeed, progress in geroscience on 
top of the dramatic improvements of the human condition since the 
19th century is often interpreted as a new playing field in which each 
generation will gradually reach longer lifespans. New breakthrough 
interventions have been predicted to greatly accelerate this process 
and lead to new heights of longevity11.

The purpose of this Perspective is to clarify for an interdisciplinary 
audience the fundamental concepts of human longevity, and to show 
that the evidence for a limit to human lifespan—as understood by 
biologists—is now overwhelming. This observed limit is placed into a 
broader framework by showing how it has arisen through the process 
of evolution and by enumerating the molecular mechanisms that may 
enforce it. Finally, we look toward potential future developments and 
the prospects for possibly circumventing the current limit.

Is there a limit to human lifespan?
Without a programmed process leading to death, a hard limit—an age 
at which death is certain to occur—cannot exist. (Indeed, even if there 
were a genetic program, a hard limit would not exist, because occa-
sionally individuals would be born with mutations deactivating that 
program.) However, although the probability of survival may never 
be exactly zero, there is an age beyond which survival is vanishingly 
unlikely. Although this is a soft limit, it is still a meaningful concept to 
denote the upper bound of a species’ lifespan.

Some statisticians have modeled human lifespan using variations 
on the generalized extreme value (GEV) function. The GEV function 
gives the probability distribution of maxima of a random variable; 
when applied to lifespan, the GEV function is a model of the probability 
distribution of the oldest age a person can survive to. Statisticians have 
focused their attention on the shape parameter of the GEV function. 
In their interpretation, if the shape parameter of the function is less 
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and maximum lifespan. The former reflects all individuals in the spe-
cies and is amenable to environmental interventions; the latter is more 
genetically driven, reflects only the species’ highest achievers and may 
prove resistant to changes that primarily benefit below-average indi-
viduals. Let’s first discuss why the human lifespan is now much higher 
than it has ever been and why further progress is currently stalled.

With some ups and downs, life expectancy at birth throughout 
human history has never been much higher than 30 years, mostly due 
to the horrific rate of childhood mortality42–44. Before the 19th century 
technological explosion known as the Industrial Revolution, famine 
and infectious disease were the most common causes of death. Since 
then, there has been a massive inversion of conditions contributing to 
mortality. Improvements in agriculture, food storage and food trans-
portation soon made famines a thing of the past, at least in Europe and 
the United States. Food security and alleviation of crowded living condi-
tions greatly reduced the prevalence of infectious diseases. Even as late 
as 1900, influenza was the leading cause of death in the United States, 
followed by tuberculosis; by 2010, influenza had sunk to ninth place, 
and tuberculosis did not even break into the top ten. Instead, heart 
disease, cancer, Alzheimer’s, diabetes and other noncommunicable 
conditions dominate the leaderboard45. Although there was certainly 
an age-related aspect to mortality in historical periods (for example, 
risk of death due to infection is exacerbated by the reduced effective-
ness of an aged immune system and, indeed, Gompertz derived his 
law of mortality from observing what was essentially a preindustrial 
population), death was more common among younger individuals 
than it is now, as evidenced by infant mortality that claimed more than 
1 in every 10 babies46. Influenza is liable to strike at any age; with rare 
exceptions, cancer and heart disease are confined to individuals well 
past middle age.

In the United States and Europe, the 19th century saw the begin-
ning of several public health efforts to extend life. In addition to food 
security and improved living conditions, public sanitation and mass 
vaccination were major factors in reducing the incidence of infection. 
Awareness, further public health measures and the systematic applica-
tion of disinfection and, ultimately, the use of antibiotics eliminated 
diseases, such as typhus and cholera, and greatly reduced mortality 
of women during childbirth and their babies in the early phases of life. 

than zero, there is a hard limit to human lifespan, whereas if its value 
is zero or greater there is not a hard limit (Fig. 1). A few studies12,13 have 
estimated the shape parameter of the GEV function to be zero, while 
several others have come up with estimates that are negative14–17. In the 
latter case, the finding may be due to survival dropping so low as to be 
indistinguishable from zero. In the former case, the core finding may 
be true, even if it is trivial, but a lack of care in its interpretation can 
lead to misleading conclusions. Even if there is truly no hard limit to 
lifespan, declaring human life to be ‘unlimited’ is vacuous if no regard 
is given to the fact that the probability of survival becomes negligible 
after a certain point18–20. Scientists have now shifted their focus to a 
‘probabilistic barrier’21, evaluating whether it is likely that an individual 
will be observed living past a certain age18,22–24.

Some of the discussion of a human lifespan limit has been based 
on the question of what pattern late-life mortality takes as a function of 
age (Fig. 2). Does it follow the Gompertz model of increasing exponen-
tially25, or does the chance of dying level off at a certain age? Originally, 
Gompertz had only intended his model to explain mortality between 
the ages of 20 and 60, after which survivors were—at the time—rare26. 
Some studies have claimed that, after decades of exponential increase, 
mortality suddenly plateaus at a certain age: 105 or 108 or 110 years12,13,27. 
However, the existence of a mortality plateau is heavily disputed, with 
criticisms questioning both the reliability of the data and the suitability 
of the models used to analyze it28–31. Other studies have not found a 
mortality plateau32 or have found that mortality temporarily deceler-
ates and then accelerates again later in life33,34.

What unites all of these competing models is their convergence 
when evaluating them on the basis of an empirical endpoint, such as 
the probability of living past 130 years. An extreme value model might 
find a zero chance of living past 130 years, an increasing-mortality 
model would find a nonzero yet tiny probability of living past 130 years, 
and the most optimistic model—a constant mortality of 50% after age 
110—would give each supercentenarian a chance to survive past 130 
years of just under 1 in a million, which dwarfs the current population 
of 17 living, verified supercentenarians35.

Another, and arguably more important, way of defining a limit 
to human lifespan is in terms of a temporal limit: in other words, a 
limit—hard or soft—that changes over time. If that limit can be increased 
without bound, there is no temporal limit; if the limit is stationary over 
time, a temporal limit exists. In general, life expectancy at birth has 
been going up, and continues to go up, although its rate of increase has 
been slowing for decades36,37. Life expectancy has even experienced 
stagnation or acute decline, caused in the United States by the opioid 
epidemic and more globally by the coronavirus pandemic38. At higher 
ages, there is almost no evidence of a continued increase in longevity. 
Past age 100, improvements in survival have plateaued23, and statis-
tical and demographic models are almost unanimous—even when 
arguing against a limit to lifespan—that late-life mortality has seen no 
improvement12–17,32,39.

Hence, there is overwhelming evidence for a limit to human 
lifespan. Such a limit is soft, that is, probabilistic in nature and may 
be occasionally exceeded depending on its stringency; but for suf-
ficiently stringent milestones the chance of observing an individual 
living past the limit is—given a reasonable time frame and the size of the 
human population—vanishingly small. Furthermore, human lifespan 
has reached a temporal limit: the age of the soft limit has not gone up 
since the 1990s.

Why is there a limit to human lifespan?
The process that caps human lifespan, even under the best of condi-
tions, is known as aging. Discarding both theological explanations 
and models based on a theory of programmed death, aging arises as 
a phenomenon of unplanned functional decline and increased risk of 
disease40,41. To understand the mechanisms underlying aging, it is vital 
to understand the difference between life expectancy or mean lifespan 
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Fig. 1 | Two examples of the generalized extreme value function. The height 
of the curve represents the probability density of an individual surviving to 
a certain age. When the shape parameter is negative (the orange curve), the 
density function has support (nonzero probability) from –∞ to ω; there is no 
chance for anyone to live past age ω (a hard limit to lifespan). When the shape 
parameter is 0 (the blue curve), the density function has support over the interval 
(–∞,+∞); survival to any age is possible, although trending very close to zero for 
higher ages (a soft limit to lifespan). In a third possibility (not shown), the shape 
parameter could be positive; the density function would have support over the 
interval (ω,+∞) and would have similar lifespan predictions to a shape parameter 
of zero (as in the blue line). Graph created with code based on ref. 104.
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Indeed, childhood mortality made an enormous dip, from about 200 
per 1,000 live births halfway through the 19th century to less than 10 
per 1,000 live births now47. The current life expectancy in the developed 
world of about 80 years, driven to its height by a century of steady gains, 
is owed to these 19th century innovations, although emerging trends 
of vaccine hesitancy and antibiotic resistance threaten to undermine 
some of its foundations.

In addition to the aforementioned reductions in early-life and mid-
life causes of mortality, progress has also been made in reducing the 
prominent causes of late-life mortality48. Taking cancer as an example, 
anti-smoking campaigns have focused on prevention, while advances in 
surgery, chemotherapy and immunotherapy have improved treatment. 
Also, drugs against high blood pressure, high cholesterol and late-onset 
diabetes, preventing heart disease, stroke, and kidney disease, and 
many other medical accomplishments, such as efficient replacement 
of hips and knees by prostheses, have now made age 70 the new age 
60. Gains in healthy lifespan among the aged were most dramatic from 
the 1940s to the 1980s, but began to show diminishing returns as early 
as the 1990s. As the number of survivors to old age has now grown so 
much, the human species for the first time began to get a glimpse of 
its maximum lifespan. For example, in the 1950s, the oldest verified 
person was 113 years at the time of death; by 1997, Jeanne Calment 
had shattered longevity records by surviving past age 122. Since then, 
however, in spite of the enormously increased number of healthy older 
adults, progress has ceased. No other person has even lived past age 
120 and, while the interpretation of this finding is widely debated49–63, 
this stagnation cannot be explained as a fluke due to Calment’s outlier 
status64–66. It is certainly possible that someone will eventually surpass 
Jeanne Calment’s record, but the data suggest that they will surpass it 
only slightly, and the chance of observing any individual living past a 
higher milestone—such as 125 or 130 years—is so small as to be negli-
gible. As discussed earlier, this signifies a soft limit to human lifespan.

Furthermore, the odds, for a single supercentenarian, of living 
past Jeanne Calment’s age at death are essentially unchanged since she 
set her record. The emergence of a new record holder would be driven 
by an increase not in survival but in the number of supercentenarians, 
due to either larger cohort sizes or the accumulation of data on more 
cohorts over time. The fact that old-age survival has ceased to improve 
signifies, as discussed earlier, a temporal limit to human lifespan.

The reason for this stagnation and for a limit to the human lifes-
pan is given by the mechanism of aging itself. Aging in animals is a 

consequence of the logic of evolution, which is based on genetic varia-
tion and natural selection. Genetic variants will be selected when their 
corresponding traits positively affect development and reproduction 
in its given niche, even when these same variants have adverse effects at 
old age67–69. But the efficacy of selection against variants with adverse 
effects decreases with advancing age, based on the steep decline in 
the probability of being alive in most natural environments. Lifespan 
of a species, therefore, depends on its niche, with animals subject to 
high extrinsic mortality generally having a shorter maximum lifespan 
than those living in a more protective environment70. Humans now live 
in a highly protective environment, which could lead to an increase 
in maximum lifespan if late-fecund females would become the main 
contributors to future generations. But this would require many gen-
erations to have a noticeable effect.

Hence, the gains in longevity over the past century were driven 
by improvements in the human condition as a consequence of the 
Industrial Revolution. They affected the main causes of death, such as 
food shortages and acute, nonsystemic causes of mortality (primarily 
infectious diseases). More recent gains were mediated by improve-
ments in treating specific conditions. But the fundamental biology of 
aging has remained unchanged, leading to the exhaustion of options 
for further improvement and the current stagnation of human lifespan.

Can we succeed where Gilgamesh failed?
In the nearly 4,000-year-old Epic of Gilgamesh, the titular hero is king 
of the Mesopotamian city of Uruk. He befriends the wild warrior Enkidu. 
When Enkidu dies, Gilgamesh sets out to conquer death and consults 
the wise Utnapishtim who offers him two routes to immortality. First, 
he is told he will escape death if he stays awake for a week straight; he 
fails and falls asleep. His second chance is to consume an herb found 
underwater. Gilgamesh successfully obtains the herb and plans to 
first test it by feeding it to the elders of Uruk. But before he can get the 
chance, a snake slithers by and steals the herb away71.

After the breakthrough inventions of the 19th century provided the 
solutions that now allow most humans in developed countries to live 
fairly healthy lives, often deep into old age, new findings promising to 
extend maximum lifespan of our species were lacking for much of the 
20th century. Not until the 1990s was it shown that in the nematode 
worm, Caenorhabditis elegans, a single genetic mutation could increase 
natural lifespan at least twofold72,73. Such mutations increase lifespan 
of the worm because they dampen the insulin/insulin growth factor 1 
(IGF1)/FOXO (IIF) signal transduction pathway. Since then, mutations 
in other pathways often linked to IIF, such as the mechanistic target 
of rapamycin (mTOR) pathway, have been found to increase lifespan 
and most of these mutations were found to have similar effects in 
flies and mice with evidence for health benefits in humans too74. The 
same pathways have now been targeted pharmacologically with very 
similar effects on longevity. Importantly, in flies and mice the effects of 
such mutations on longevity are much less than in worms and there is 
very little evidence that such interventions can affect species-specific 
maximum lifespan. Nevertheless, the conclusion from these results 
that animal lifespan is fluid and not necessarily limited was the starting 
point of a new development in research on aging, called geroscience.

Geroscience aims at understanding the basic mechanisms driv-
ing aging and using that knowledge to develop clinical interventions 
against multimorbidity at old age75–77. Because this multimorbidity is 
mechanistically anchored in basic mechanisms of aging, such interven-
tions would then prevent, delay or cure multiple chronic age-related 
diseases simultaneously. Thus far, geroscience has been remarkably 
successful in increasing our insight into aging and convincingly dem-
onstrating that lifespan, at least mean lifespan, as well as healthspan, 
can be modulated, based on interventions targeting the molecular 
pathways first discovered in the worm. What it has not done, however, 
is demonstrate that the maximum lifespan of a vertebrate can be radi-
cally extended.
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Fig. 2 | Possible mortality trajectories. a, In the Gompertz model, mortality 
increases exponentially with age. b, Some have proposed a model in which 
mortality is constant (at around 50%) after a certain age, usually in the range of 
105–110 years. Graph based on ref. 18.
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The possibility of doing just that, however, is suggested by the 
large diversity of mortality curves across species78. Indeed, the extreme 
longevity of certain species as compared to humans, such as the tor-
toise, bowhead whale, Greenland shark and rockfish suggests that 
human maximum lifespan at least in theory can be greatly extended. 
However, this neglects the immense physiological differences between 
species and the close relationship of these differences with the mecha-
nisms that determine lifespan20. If radical life extension is to be pursued 
by emulating the strategies used by these species, it may also require a 
radical alteration of fundamental aspects of human biology.

Mortality is perhaps the most fundamental aspect of aging, but 
it also has the disadvantage of taking a long time to measure. A desire 
to more rapidly determine an individual’s biological age (as opposed 
to their chronological age), and to gain deeper insight into the bio-
logical mechanisms of aging, has led to the development of dozens 
of biomarkers of aging79. These biomarkers, or aging clocks, run the 
gamut from phenotypic observations of traits such as grip strength 
and conventional medical blood tests to advanced (epi)genetic tests. 
It has even been suggested that an accurate assessment of a person’s 
biological age can be obtained merely by examining the appearance 
of their face80. Even a single area, such as DNA methylation, can be 
broken out into multiple clocks that vary in both their timing and 
amenability to intervention81. Which biomarker—or combination of 
biomarkers—is best suited to use when studying aging is still an open 
question. Indeed, the best biomarker may even be one that has yet to 
be discovered. The lack of an experimentally tractable metric that is 
universally agreed upon further complicates assessment of the efficacy 
of antiaging treatments.

In spite of these considerations, confidence in technological pro-
gress has now become so high that it has been argued that new medical 
interventions will soon emerge and radically increase human longev-
ity. Such optimism is the driving force behind the very large sums of 
money recently donated by billionaires to new organizations active 
in geroscience. These include: the Methuselah Foundation82, which 
has set up a series of prizes to demonstrate longevity extension in 
mice83–87; the SENS Foundation, which has funded research into aging 
and rejuvenation88,89; Calico, launched by Google, has engaged in mul-
tiple collaborations with academic and commercial researchers90–92; 
Human Longevity, founded by Craig Venter of human genome fame, 
and largely focused on a concierge longevity service93–95; and Altos 
Labs, a newcomer with $3 billion of funding96.

Despite their impressive rosters and large cash flows, these organi-
zations face great difficulty in achieving their lofty goals. Given that, 
thus far, no interventions have been demonstrated to increase maxi-
mum species lifespan, there are other considerations that make such 
efforts dubious to say the least. To expand species-specific limits to life 
would require the discovery of master regulatory pathways, the down-
stream effects of which would improve most or even all phenotypes of 
aging to such an extent that its maximum lifespan is increased while 
retaining all other characteristics of the species. While the pathways 
mentioned above, such as IIF or TOR, do affect lifespan in model organ-
isms in a conserved manner, there is no evidence that intervening in 
such pathways extends the species-specific limits to lifespan. The same 
is true for dietary restriction, which is known to increase active and 
healthy lifespan in a variety of species97. Indeed, they are promising 
targets for improving healthspan but not maximum lifespan, perhaps 
with the exception of the nematode worm. To identify pathways that 
can be targeted to increase maximum lifespan we have to consider the 
causes of aging, which is the process that limits it.

Currently, there is little consensus as to the cause, or causes, of 
aging98. Most would agree that aging is the result of damage, that is, 
deleterious changes, that are ultimately molecular in nature99. In this 
respect, damage to DNA is the most likely candidate because this has 
been shown to affect most, if not all, aspects of the aging phenotype100. 
Antiaging interventions can then be categorized as either preventative 

(geroprotectors) or reparative (gerotherapeutics). Assuming that a 
causal molecular change has been identified, then lifespan extension 
will require a reparative and/or regenerative—not merely preventa-
tive—approach. Preventative measures reduce the rate at which damage 
accumulates. However, they cannot bring it to zero, and, as damage 
tends to beget more damage in a positive feedback loop that leads 
to an exponential increase, even dramatic reductions in the rate of 
damage accumulation yield only incremental improvements to lifes-
pan. Although preventative measures can be useful, a damage-repair 
approach, like the one advocated by the SENS Foundation and others, 
will be necessary101,102.

While in theory targeting cellular defense systems, including 
systems for DNA repair, detoxification, immune response and pro-
grammed cell death, to boost the quick removal of damage to biologi-
cal macromolecules, protein aggregates and senescent cells, should 
be feasible in the long term, singular causes of aging are conflicting 
with evolutionary theory. Indeed, if there would be one highly con-
served central cause of aging, possibly going back in evolutionary 
time to the early replicators, multicellular organisms would fall prey 
to the late-life adverse effects of mutations that accumulate in the 
germline due to the age-related decline in efficacy of natural selec-
tion. This would mean that, independent of any hypothetical central 
cause of aging, a host of additional adverse late-life effects have to be 
taken into account. This would essentially mean that any fix of the 
limits to lifespan would require interventions at many choke points. 
Such multipoint targeting would also need to be fine-balanced so 
as to avoid side effects. Indeed, there are few if any gene regulatory 
pathways exclusively involved in somatic maintenance and it is this 
complexity that essentially rules out successful interventions aim-
ing to exclusively extend maximum lifespan of a species. In essence, 
what needs to be done is to mimic evolution as to how this gave rise to 

Box 1

Measuring the length of life
The individual organisms in a cohort will not all die at the same 
age. The empirical distribution of survival can be visualized using 
a Kaplan–Meier plot, which plots the proportion of survivors on 
the y axis against age on the x axis. Alternatively, mortality can be 
plotted against age. Summary statistics may be used to reduce 
the distribution to a single number. Typically, life expectancy at 
birth, the mean length of life, is studied, but other benchmarks 
are used when considering extreme longevity. Maximum lifespan 
may be measured in terms of: the probable age of the oldest 
person who ever lived25; tmax, the oldest surviving individual105; 
MRAD, the maximum reported age at death23; Le, the effective limit 
to lifespan, or age at which the probability of observing a single 
survivor falls below a certain threshold18; or when working with 
a small sample compared to the overall species population, age 
of a certain percentile, such as the 90th percentile of longest-
lived individuals106,107. Another metric of interest is the question 
of whether anyone alive now will live to age 150. In 2000, Steven 
Austad, then a professor at the University of Idaho, was so confident 
that he bet $150 that someone already born would not only live to 
celebrate their 150th birthday but would also be cognitively intact; 
University of Chicago professor S. Jay Olshansky bet $150 on the 
opposite proposition24. Since then, the stakes have only risen: in 
2016, both scientists doubled their bets22. The winner of the Austad-
Olshansky wager will be determined in 2150, when the money, with 
interest, will be rewarded to the descendants of the winner—or even 
Steven Austad himself, if he lives long enough to collect.
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extremely long-lived species, such as those mentioned above, but in 
real time. As this would involve possibly millions of genetic variants, 
this seems an impossible quest.

Based on the above, geroscientists should clearly distinguish 
between mean and maximum lifespan and not give the impression 
that their research can substantially increase the current limits to 
human lifespan. Their focus should be on improving life expectancy 
and healthspan, that is, bringing more people closer to the maximum 
lifespan possible for members of Homo sapiens and improving the qual-
ity of those years. A global extension in the median number of healthy 
years would benefit billions of people. Moreover, healthspan is much 
more amenable to study than maximum lifespan, where hypotheses 
may take generations to test (Box 1), Meanwhile, basic research into the 
mechanisms that underlie species-specific limits to lifespan should be 
an important focus as well. This not only will satisfy our curiosity about 
the nature of lifespan limits and why these are sometimes absent in 
organisms, such as the small freshwater cnidarian polyp Hydra103, but 
also may well open up a new frontier of untapped, unrealized potential 
for improving healthspan.

Can modern science succeed where Gilgamesh, and so many oth-
ers, failed? Only time will tell, but the obstacles faced are certainly 
formidable. Indeed, all current scientific evidence tells us that breaking 
through the biological limits of human lifespan is impossible. How-
ever, past centuries have learned that in science no possibility can 
ever be excluded and new insights and more advanced technologies 
may emerge to radically extend the maximum lifespan of our species 
above and beyond the current limit established from demographic 
analysis. Aging is the ultimate challenge of humankind. Defeating 
it will require groundbreaking research that utilizes a wide range of 
knowledge and techniques across many areas of science and clinical 
practice. To accomplish this would certainly warrant the name we have 
given to our species: Homo sapiens.
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