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The discovery that rapamycin increased the lifespan of mice was recognized 
by Science as one of the top 10 scientific breakthroughs of 2009. In addi-
tion to increasing lifespan, Neff and colleagues show that while rapamycin 
improves several functions/pathologies that change with age, it has little 
effect on the majority of the physiological and structural parameters they 
evaluated. What do these data tell us about the ability of rapamycin to delay 
aging and improve quality of life, i.e., prevent the fate of Tithonus?

The Tithonus effect
The consequences of longevity without 
health and vigor are dramatically portrayed 
in the Greek myth about Tithonus, a prince 
of Troy. After the goddess Eos kidnapped 
him, she asked Zeus to make Tithonus 
immortal. Unfortunately, Eos forgot to ask 
for eternal youth.

But when loathsome old age pressed full 
upon [Tithonus], and he could not move 
nor lift his limbs, this seemed to [Eos] in 
her heart the best counsel: she laid him in a 
room . . . . There he babbles endlessly, and 
no more has strength at all . . . .

–Homeric Hymn to Aphrodite V, 
translated by Hugh G. Evelyn-White

In 2009, Harrison et al. (1) reported 
that rapamycin (also known as sirolimus) 
increased both mean and maximum lifes-
pan of mice, demonstrating that all com-
peting causes of mortality (i.e., age-related 
diseases) are delayed and suggesting that 
rapamycin slows aging. Because rapamy-
cin is approved by the FDA for transplant 
and cancer patients, this discovery has 
enormous translational potential; how-
ever, before taking a potential anti-aging 
therapy to humans, it is necessary to dem-
onstrate that the agent does not produce a 
“Tithonus phenotype,” where the increase 
in lifespan is accompanied by more dis-
ability and disease and a greater loss of 
physiological functions, i.e., a reduced 
quality of life.

A comprehensive assessment  
of aging in mice
In this issue of the JCI, Neff et al. (2) describe 
the results from their large-scale study of 
the effect of rapamycin on more than 150 
aging phenotypes across 25 different tissues 
in male C57BL/6 mice. They identified sev-
eral aging phenotypes that were improved by 
rapamycin, in particular behavior/cognition, 
several immune parameters, and a number 
of pathological lesions. The effect of rapamy-
cin on cognition is particularly important in 
an aging context because this physiological 
domain is critical for the quality of life in 
humans. Neff et al. (2) showed that learning 
and memory were improved. Halloran et al. 
(3) and Majumder et al. (4) also found that 
rapamycin improved the performance of old 
mice. Furthermore, rapamycin was previ-
ously observed to restore memory in trans-
genic mouse models of Alzheimer’s disease 
(5–7). Thus, the current data indicate that 
rapamycin has a robust effect on cognitive 
performance in mice.

Neff et al. (2) found that the vast major-
ity of parameters they measured were not 
significantly altered by rapamycin, includ-
ing vision, hearing, and cardiac and skeletal 
muscle function, all of which are impor-
tant to quality of life. Rapamycin has been 
found to improve cardiac function in old 
mice (P. Rabinovitch, personal commu-
nication) and in Lmna–/– mice (8). While 
Neff et al. (2) saw no effect of rapamycin 
on muscle function using measurements 
of grip strength and rotarod performance 
(a measure of muscle function as well as 
balance and motor coordination), Zhang 
et al. (9) found that rotarod performance 
and gait improved significantly in old male 
and female mice given rapamycin. Rapamy-

cin also improved rotarod performance in 
mouse models of muscular dystrophy (8) 
and Huntington disease (10). Wilkinson et 
al. (11) observed that rapamycin reduced 
the stiffening and loss of elasticity in ten-
dons in old mice. Taken together, the con-
flicting data from previous studies sug-
gests that it is too early to conclude that 
rapamycin has no effect on all cardiac and 
muscle functions that decline with age.

The discrepancies in the functional data 
could arise from several factors. First, many 
of the functional assays show a great deal 
of laboratory-to-laboratory variation in the 
equipment and protocols used. Second, as 
Neff et al. (2) note, differences could also 
arise from differences in mouse strains. 
Third, it is becoming increasingly appar-
ent that rapamycin shows differences in 
how it affects various parameters in male 
and female mice (9). Fourth, the effect of 
rapamycin on a function could be influ-
enced by the length of treatment, the age at 
which rapamycin treatment was initiated, 
and the delivery method.

The increase in the severity and number 
of diseases is a hallmark of aging; there-
fore, an important criterion for evaluating 
whether a manipulation increases lifespan 
by delaying aging is the appearance and 
severity of pathological lesions and disease. 
Dietary restriction, the most well-studied 
anti-aging manipulation, has been shown 
to delay and/or reduce most age-related 
pathologies in rodents (12). Neff et al. (2) 
conducted a comprehensive histopatho-
logical analysis of old mice and found that 
precancerous lesions were significantly 
reduced by rapamycin, while other age-relat-
ed pathological lesions (including cataracts, 
which are often used as a measure of aging) 
were not significantly altered. Wilkinson et 
al. (11) reported that rapamycin reduced 
a number of histopathology endpoints in 
the heart, liver, adrenal glands, and endo-
metrium in old mice; however, cataracts 
were increased. Of particular interest is the 
effect of rapamycin on end-of-life patholo-
gy, including cause of death. In two separate 
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studies using genetically heterogenous mice 
(UM-HET3), rapamycin did not appear to 
change the cause of death (1, 13). Zhang et 
al. (9) also observed no difference in most 
end-of-life pathology or cause of death in 
male and female C57BL/6 mice, except for 
a reduced number of neoplastic lesions and 
adenoma in female mice fed rapamycin. 
Thus, the current data show that increased 
longevity is associated with little change in 
end-of-life pathology. Because cancer is the 
primary cause of death in UM-HET3 and 
C57BL/6 mice, Harrison et al. (1) and Neff 
et al. (2) have pointed out that the increased 
longevity could arise largely from reduced 
incidence of cancer. Recent studies with 
mice genetically engineered to develop spe-
cific types of cancer support this possibility, 
showing that rapamycin (or rapalogs) not 
only reduces the progression of a wide vari-
ety of tumors, it also increases the lifespan 
of mice (14–17).

The study by Neff et al. (2) is a tour de 
force; no one has previously conducted 
such a comprehensive analysis on the effect 
of a potential anti-aging manipulation on 
the functional status of an animal. Because 
the majority of age-sensitive parameters 
were not significantly improved by rapamy-
cin, and because many of the parameters 
that were enhanced/improved by rapamy-
cin were also altered in young mice, Neff 
et al. conclude that rapamycin has “lim-
ited effects on mammalian aging itself ” 
(2), raising the concern of whether rapamy-
cin extends healthspan as well as lifespan. 
Their study underscores the dilemma that 
investigators face when trying to deter-
mine whether a manipulation alters aging. 
Must all processes that change with age 
be reversed/improved by rapamycin? If so, 
would these changes have to be specific 
to older animals? Even dietary restriction, 
which is universally understood to delay 
aging, does not alter all age-sensitive func-
tions and pathologies, many of which are 
altered in young animals (18). If not all pro-
cesses have to be altered by rapamycin, what 
percent of age-related changes have to be 
enhanced or improved for rapamycin to be 
considered an anti-aging agent? Are some 
functions (memory and cardiac/muscle 
function) more important in improving/
maintaining quality of life than others?

Rapamycin and the Tithonus 
phenotype
I do not believe that the current data from 
Neff et al. (2) and others described above 
allow us to answer with any certainty the 

question of whether rapamycin increases 
longevity by delaying aging. The current 
data do allow us to answer an equally 
important question: Do mice fed rapamy-
cin exhibit a Tithonus phenotype? In 
other words, does rapamycin extend lifes-
pan in the absence of improved quality 
of life? First, there is no general increase 
in the pathology observed at death (1, 9, 
13); in fact, some pathologies appear to be 
reduced, i.e., the mice live longer without 
any increase in disease/pathology. Second, 
several important physiological functions 
are enhanced by rapamycin; however, it 
is unclear whether this is due to a delay 
in aging or an induction of function. On 
the other hand, there is no evidence that 
old mice fed rapamycin exhibit functional 
losses that could negatively impact qual-
ity of life. Third, several diseases in addi-
tion to cancer are delayed by rapamycin (or 
rapalogs): atherosclerotic plaque forma-
tion is reduced in mouse models mimick-
ing human atherosclerosis (19); memory is 
improved and amyloid plaque deposition 
reduced in transgenic models of Alzheim-
er’s disease (5–7); lifespan is increased and 
cardiac and muscle function improved in 
a mouse model of Hutchinson-Gilfords 
progeria syndrome (8); and muscle func-
tion is improved and huntingtin fragments 
are reduced in a transgenic mouse model 
of Huntington disease (10). Therefore, 
rapamycin appears to have a broad effect 
on preventing/delaying a large number of 
age-related diseases that are important in 
human health.

The current data demonstrate conclu-
sively that mice fed rapamycin live three 
to four months longer (the equivalent of 
about a decade in human years) and exhib-
it the same health status/quality of life at 
time of death as mice that do not receive 
rapamycin. In fact, mice receiving rapamy-
cin may show improved function in some 
physiological parameters as well as reduced 
incidence/severity of some age-related dis-
eases; they do not exhibit the Tithonus 
phenotype. Neff et al. (2) observed two 
toxicities with rapamycin: nephrotoxicity 
and testicular degeneration. Wilkinson et 
al. (11) also observed testicular degenera-
tion in mice fed rapamycin. However, nei-
ther Miller et al. (13) nor Zhang et al. (9) 
observed any evidence of increased renal 
pathology at end of life in either male or 
female mice fed rapamycin. Therefore, the 
only consistent toxicity observed in mice 
chronically fed rapamycin is testicular 
degeneration.

The toxicity/side effects of rapamycin in 
humans are best shown from clinical trials 
with cancer patients in which rapalogs are 
used as a monotherapy. Mammalian target 
of rapamycin (mTOR) inhibitors have spe-
cific and relatively consistent toxicities (e.g., 
hyperlipidemia, hyperglycemia, stomatitis, 
rash, and myelosuppression), which are rare-
ly life threatening or serious (20, 21). The 
rare occurrence of interstitial pneumonitis 
is a potentially serious toxicity that can be 
resolved by discontinuing treatment. When 
used as a monotherapy, rapamycin and 
rapalogs do not appear to be immunosup-
pressive in humans (20) or mice (22). Based 
on their experience using rapalogs to treat 
cancer, Mita and Mita (23) conclude that 
patients treated with rapalogs do “remark-
ably well for prolonged time with almost 
no change in the quality of life.” Because 
the toxicity profile of rapamycin is well 
established, the use of rapamycin or rapa-
logs is relatively safe and compatible with 
prolonged use in patients at risk for specific 
diseases. For example, clinical trials are cur-
rently being conducted to test the efficacy 
of rapalogs in preventing the reoccurrence 
of cancer in renal and breast cancer patients. 
In sum, I believe that the importance of the 
study by Neff et al. (2) is that the data sup-
port the feasibility of clinical trials to study 
the efficacy of rapamycin in treating dis-
eases of the elderly, especially those that are 
debilitating and for which no current treat-
ment is known, such as Alzheimer’s disease 
and other neurodegenerative diseases.
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Protection of hair cells by HSP70 released by supporting cells is reported 
by May et al. in this issue of the JCI. Their findings suggest a new way to 
reduce ototoxicity from therapeutic medications and raise larger questions 
about the role and integration of heat shock proteins in non–cell-autono-
mous responses to stress. Increasing evidence suggests an important role 
for extracellular heat shock proteins in both the nervous system and the 
immune system. The work also suggests that defective chaperones could 
cause ear disease and supports the potential use of chaperone therapeutics.
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Heat shock proteins
Heat shock proteins (HSPs) are the prod-
uct of heat shock genes, initially defined 
as genes induced by a short, sudden tem-
perature elevation above normal; however, 
many HSP genes are induced by stressors 
other than heat shock, and some are con-
stitutively expressed essential proteins. 
Initially, HSP70 was recognized as an 
intracellular chaperone with a central role 
in protein folding of nascent and dena-
tured proteins (1–4), and extracellular 
HSP70 was thought to be the result of cell 
death. A body of work has now demon-
strated that HSP70 is released from a wide 

variety of cells via a noncanonical secretion 
pathway (5, 6), as the sequence is devoid of 
a consensus secretory signal, and inhibitors 
of the common secretory pathway fail to 
block secretion. HSP70 is thought to share 
secretion pathways used by other leader-
less proteins that are nevertheless secreted, 
such as IL-1β, but this remains an area of 
active research.

HSP70 is a highly evolutionarily con-
served molecule, from bacteria to people. 
In humans, it has expanded from the single 
DNAK protein found in bacteria to a fam-
ily of at least 17 members in humans (7). 
Further, some of the genes likely produce 
more than one mRNA and protein variant. 
Because it is such an ancient protein and 
because it has always been involved with 
stress sensing and stress resistance, it is not 
surprising that it also participates with two 

organ systems that have evolved to sense 
environmental challenges and respond to 
them, the nervous system and the immune 
system. Indeed, it is especially in these two 
systems that HSP70 roles beyond the clas-
sical intracellular locations have begun to 
be revealed.

HSP70 has been shown to have many 
paracrine effects, especially in the setting 
of injury and repair. Extracellular HSP70, 
both free and endosome/vesicle-associated, 
provides information about stress and cell 
injury. It acts as an alarmin or damage-
associated molecular pattern; activates 
signaling cascades, including the cytokine-
inducing MyD88/IRAK/NF-κB pathway 
(8); regulates signaling pathways, includ-
ing FOXO and the MAPK p38 (9); and acts 
on numerous cell types, including immune 
cells, epithelial cells, hepatocytes, and neu-
rons. For example, HSP70 plays a central 
role in the regulation of inflammation and 
regeneration following muscle injury (9).

The article by May et al. reports that 
HSP70 release from supporting cells is 
necessary and sufficient to protect mecha-
nosensory hair cell neurons from the toxic 
effects of aminoglycoside antibiotics (10). 
This is of broad importance, as there are 


