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Abstract Longstanding results with calorie and growth
factor restriction plus recent results with the first inter-
ventional drug suggest that retarding the pace of aging to
improve the quality of life of older people is at hand. The
biological system targeted by these approaches is the target
of rapamycin (TOR), which is central for cellular responses
to a variety of stimuli including stressors, growth factors,
and nutrients and energy states. That the life-extending
response to reducing its activity is highly conserved from
yeast to mammals is consistent with the evolution of aging
as a strategy to preserve reproductive potential of young
cells and animals.

Keywords mTOR - Rapamycin - Healthy lifespan -
Growth factor restriction - Caloric restriction

Aging: the deepest and hardest problem in biology?

Because everyone ages, and every biologist has his/her
perspectives from which they view life, almost all who
become interested in aging (and many scientists do because
it is a common problem) initially have a unique angle on
the answer to the problem. If you are a geneticist, the
nucleus is where it’s at. If you are an immunologist, the
immune system is the ticket. Here is the dilemma: every-
one is probably correct in his or her view. The reason for
this, I believe, is because aging is so interwoven into the
whole fabric of life, that is it is fairly easy to pick some
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aspect and say—ah HA! that’s it! It is also why, I believe,
that many of our late adult-onset diseases, such as cancer,
and cardiovascular and neurodegeneration, are all age-
related. If this is correct, the base problem in all of these
issues is aging, which means, to paraphrase Dobzhansky,
nothing about them makes any sense except in the light of
aging.

Is aging so central to life that one might say °‘life is
aging,” or ‘aging is life’? Another way I have thought about
this is that life, as we know it, may not be possible without
aging. But, is there any evidence of such a position? Quite
a lot, I submit.

First, let us start with very small organisms (notice I did
not say simple) beginning with work on asymmetrical
partitioning of damaged proteins in symmetrically dividing
bacteria. In Escherichia coli, there is a systematic accu-
mulation of protein aggregates in the old pole of new cells,
which leads to a “progressively greater aggregate load in
older cells” [1]. The same authors then showed that the
presence of aggregates leads to decreased growth potential.
Maisonneuve et al. [2] proposed that increased aggregate
accumulation constituted an aging factor involved in cell
death. This type of subcellular polarization is a common
strategy that prokaryotes exploit to regulate essential
functions [3, 4]. Another example of the importance
of polarity and aging in the prokaryotic world is cell
senescence observed in the asymmetrically dividing
microorganism, Caulobacter crescentus [5]. Thus, very
early in its evolution, life appears to have taken advantage
of asymmetrical partitioning of damaged goods into older
cells as a way of maintaining reproductive capacity in
younger cells.

In single cell eukaryotes, there is also evidence of seg-
regation of damaged macromolecules. In symmetrically
dividing Schizosaccharomyces pombe, damage-enriched
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daughters show evidence of prolonged generation times
and aging, which is dependent upon sir2 [6]. In budding
yeast, there is also evidence of asymmetric partitioning of
damaged macromolecules to mother cells as a strategy to
rejuvenate the replicative potential of daughters. Egilmez
and Jazwinski [7] initially observed this in Saccharomyces
cerevisiae, and described it as an unknown “diffusible
cytoplasmic factor(s)”. Asymmetric sir2-dependent parti-
tioning of oxidatively damaged proteins to mothers occurs
during cytokinesis [8, 9], on which calorie restriction (CR)
has a beneficial effect [10]. Recently, Liu et al. [11]
identified the polarisome as a required component in the
segregation of damaged protein aggregates to yeast mother
cells. Extrachromosomal rDNA circles also partition to the
mothers [12] by a process involving a septin-dependent
diffusion barrier in the nuclear envelope [13], but this was
recently questioned [14]. Thus, ample evidence indicates
that asymmetric partitioning of damaged goods resulting in
aged cells has a vital role in maintaining the rejuvenation
of offspring in unicellular prokaryotes and eukaryotes.
What about metazoans?

Rujano et al. [15] examined aggresomes and their
localization in several models and provided evidence that
(a) they do not hinder mitosis in tissue culture cells and
they are asymmetrically partitioned in daughters; (b) they
are asymmetrically inherited in the de novo-generated
neuroblast cells in Drosophila melanogaster that express
the Huntington’s Htt-Q128 protein; (c) they are also dif-
ferentially localized in the committed crypt cells, but not
stem cells, in intestine obtained from patients with a pro-
tein folding disease (SCA3).

Macara and Mili [4] proposed that “polarity evolved
very early and is a universal and essential attribute of
cellular organisms.” They also posit that the initial driver
of this evolutionary strategy was a mechanism to deal with
accumulated damage materials, i.e. aging.

Finally, evidence of this evolutionary principle is found
in insect superorganisms. In social insects, there is an age-
dependent division of labor (temporal polyethism) wherein
younger workers tend queens and the brood, while older
workers perform the more dangerous out-of-the-nest tasks
such as foraging. Thus, it appears that older members
(comparable to cells carrying more damaged goods) are
expended to insure that the reproductive members (com-
parable to the germ line) provide for reproduction and
survival of the colony as a whole. Holldobler and Wilson
[16] provide an elegant discussion of the programming of
these stages, which are guided by natural selection.
Another example of this evolutionary principle in the
insect world was recently reported. In the gall-forming
aphids Quadrartus yoshinomiyai, older postreproductive
females defend the colony by sticking themselves to pre-
dators with a waxy secretion that accumulates with age

[17], thus preserving reproductive capacity of younger
members.

TOR and its signaling

So, if aging is necessary for life, should we be fooling
around trying to diminish its effect on the quality and
quantify of life? While eliminating the outcome of aging is
highly unlikely, retarding its pace and its detrimental
effects on the quality of life is now an achievable goal in
mammals. Years of work showing the effectiveness of
calorie and growth factor restriction is the basis of this
statement and implies that aging can be regulated, or at
least modulated. And, if it can be regulated, what is/are the
regulator(s)/modulator(s)? In recent years, a strong candi-
date has emerged: it is the target of rapamycin (TOR)
signaling pathway, which functions cell-autonomously in
the regulation of cellular responses to a variety of stimuli
including cell stressors, nutrients and growth factors. Evi-
dence continues to mount that TOR is a prime causal factor
in the forces that lead to a phenotype that everyone rec-
ognizes as an aged animal. Additionally, these studies
strongly suggest that TOR function is, at least partially,
dispensable in, and perhaps detrimental to, aging eukary-
otes, a process referred to as antagonistic pleiotropy [18].
These finding suggest that limiting TOR activity in adults
by a compound such as rapamycin would have beneficial
effects on the pace of aging.

The intracellular target of the macrocyclic lactone,
rapamycin (reviewed in reference [19]), in eukaryotes
belongs to a conserved family of stress response kinases
(phosphatidylinositol kinase-related kinases) including
ataxia telangiectasia mutated, ataxia telangiectasia and
Rad3 related, and DNA-dependent protein kinase, catalytic
subunit. The defining feature of TOR kinases is an
FKBP12/rapamycin-binding domain through which rapa-
mycin allosterically inhibits TOR kinase activity (reviewed
in reference [19]).

In mammals, TOR participates in two complexes,
mTORC1 and mTORC2. One other protein, mLSTS, is
common to both C1 and C2. Raptor is the defining member
of C1, while Rictor specifies C2. C1 is sensitive to rapa-
mycin, C2 is not except in a subset of cell types [20]. Little
is known regarding the sensitivity of these complexes to
acute or sustained rapamycin treatments in the organs and
cells of differing types in mammals.

Figure 1 illustrates the aging-related aspects of mam-
malian TOR complex 1 signaling. Note that mTORCI1
integrates inputs from cell stresses, growth factor stimuli,
and energy and nutrient states. There are excellent reviews
and recent original reports on the role of mTOR in trans-
lation regulation [21, 22], autophagy [23], lipid synthesis
[24], cell growth/division [25], and cell senescence
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[25, 26]. Of special interest for aging is a recent leap in our
understanding regarding nutrient signaling. It arrived with
the discovery that Rag GTPases and a companion regulator
(Ragulator) play a vital role in relaying amino acid levels
to the mTORCI1 system. Since, CR is the gold standard for
an antiaging intervention, it is important to discuss this
aspect in more detail.

Rag GTPases were identified as critical effectors linking
amino acid signaling with mTORCI1 activation [27, 28].
Heterodimeric Rags containing RagA/BS™ or RagC/DPF
(e.g. RagA®™" .RagCPP, RagB“"".RagC°"? or RagB“™™.
RagD“PP) promote the activation of the mTORC1 complex
[27, 28]. The presumptive site of activation occurs at the
endosomal membrane compartment through a sequence of
protein—protein interactions that drive the activation of
mTORCI1 by amino acids [27, 28]. At this compartment,
RagBY™.RagDP¥ heterodimers serve as a bridge linking
a membrane-bound heterotrimeric scaffolding complex
(called Ragulator) to mTORCI1 [29]. Another GTPase at
this location, Rheb, is a well-established activator of
mTORCT1 that acts in response to amino acids and other
anabolic signaling such as growth factors. Sancak et al.
[29] also showed in cell-based assays that insulin signaling
to mTORCI1 is dependent upon amino acids and the
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Fig. 1 Mammalian target of rapamycin complex 1 signaling perti-
nent to aging. a In a replete or wild-type setting, mTORC1 receives
inputs from growth factor receptors such as IGF-I via Akt and the
tuberous sclerosis complex (7SC2). Energy status is monitored by
AMPK, which also signals through TSC2. Recently it has been found
that amino acids signal to mTORCI via Rag GTPases (RagA-RagD)
in conjunction with a regulator (Ragulator) complex on endosomal
membranes (reviewed in reference [122]. Two major outputs of
mTORCI signaling are S6 kinase 1 (S6K/) and 4E-BPI translation
(cap dependent) repressor. Various types of cell stresses limit
mTORCI activity through p53 or Redd1/2 [123]. In this setting,

integrity of the Ragulator, suggesting that the well-estab-
lished responses of mTORC1 to mitogens and cytokines
may also signal via these endosomal complexes. These
important discoveries place Rag GTPases and their
Ragulator at the center of cellular responses to nutrients
and other anabolic stimuli that are transmitted via
mTORCI.

TOR in age modulation

Because decreasing TOR activity (by a variety of mecha-
nisms) in a wide range of eukaryotes (see below) results in
extended longevity, one general conclusion can be reached
at the outset, which is in tune with my initial comments:
these systems and their responses to interventions must be
highly conserved [30, 31].

Yeast

This single-cell eukaryote has been used extensively for
aging studies. It is popular for genetic screens, which have
identified candidate mechanisms (evolutionarily con-
served) mediating lifespan extension by CR. More recently
this organism has been used to screen for compounds that
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mTORC1 promotes anabolic activities and is nonpermissive for
autophagy. b mTORCI-directed interventions that reduce its activ-
ities and increase lifespan include CR (hypothetical at this point),
genetic models with restriction of growth factor signaling [57, 58],
and an mTOR inhibitor, rapamycin [63]. Biguanides, such as
metformin, have been recently shown to inhibit mMTORCI indirectly
via the nutrient (amino acid)-responsive Rag GTPases [95], and may
promote longevity. This is an oversimplification of a much more
complex system with increasingly varied cell autonomous and
systemic functions [19]
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enhance or suppress cellular responses to rapamycin [32].
In yeast, decreasing TOR signaling extends chronological
lifespan [33]. Considering this and other findings, Huber
et al. [34] proposed a model in which yeast TOR, Sch9
(S6K1 ortholog, see also reference [35] for longevity
study), and PKA are targets for extension of both chrono-
logical and replicative lifespan by CR [36]. Additional
evidence supports models in which altered translation,
stress responses [37, 38], and/or mitochondrial function
[39, 40] in response to reduced TOR activity are also
associated with lifespan increases in yeast.

Rapamycin as a prolongevity treatment has also been
investigated yeast. Powers et al. [33] showed that
decreasing TOR activity by treatment with rapamycin
resulted in extended chronological lifespan. Medvedik
et al. [41] showed that it extended replicative lifespan,
which also requires a transcriptional response.

Nematode worms

These small metazoans are also very useful for genetic
studies, which have yielded numerous genes and their
products important in aging and lifespan extension [42].
For an excellent review of reduced activity of insulin/
insulin-like growth factor I (IGF-I) signaling (IIS) in life-
span extension in Caenorhabditis elegans see reference
[31]. Importantly, IIS pathways also interact closely with
the TOR system and its downstream effector, RSK-1 (S6K)
in C. elegans. Extended longevity is also strongly corre-
lated with decreased activity of TOR in adult C. elegans
[43—45], including a decrease associated with a reduction
in CeRaptor (dafl5, [46]). Longevity resulting from a
reduction of either CeTOR or rsks-1 (S6K ortholog)
requires a transcriptional response mediated by pha-4, a
gene encoding a FoxA transcription factor [47].
Syntichaki et al. [48] showed that loss of a specific eIF4E
isoform (IFE-2), which functions as a Cap-binding trans-
lation regulatory factor specifically in somatic tissues,
reduces global protein synthesis, and extends lifespan in
C. elegans. 1FE-2 deficiency also further extends the
already long-lived worms carrying mutations in the Age,
Daf, Clk or Eat genes. A reduction of CeTOR results in an
additional increase the longevity of ife-2 mutants. Pan et al.
[49] observed that reductions in components of the trans-
lation initiation complex, including ifg-/, the worm
homologue of the gene encoding mammalian eIF4G (scaf-
folding protein for eIF4F initiation complex [21]) and rsk-1
extend lifespan. These studies and a report by Hamilton
et al. [50] are strong arguments for the involvement of
altered translation as one mechanism for lifespan extension.
Mair and Dillin [51] have cautioned that RNA inhibition of
let-363 (CeTOR) in C. elegans needs further tests to con-
clude that its reduction is causal in lifespan extension.

To my knowledge, rapamycin treatment of adult animals
has not been tested for lifespan extension in C. elegans.
Rapamycin treatment did result in developmental defects,
which reverted upon removal of the drug [52].

Fruit fly

The positive effect of reduced IIS and diet restriction, both
of which are linked to the TOR system in Drosophila
melanogaster, has been discussed extensively by Fontana
et al. [31]. In D. melanogaster, Kapahi et al. [53] showed
that reduced Drosophila TOR (dTOR) activity is also
associated with extended longevity. Later, Zid et al. [54]
also showed that d4E-BP (another downstream effector of
TOR) is necessary for a normal lifespan, and its overex-
pression increases longevity. As in C. elegans, lifespan
extension by CR in flies does not depend upon the dFOXO
transcription factor, which is required for longevity (when
the ortholog of daf-16 is altered), although dFOXO possi-
bly modulates the response to CR [55]. These findings are
consistent with the above model in Fig. 1, in which
mTORC1 integrates insulin/growth factor and nutrient
signaling, and its reduction alone is sufficient to extend
lifespan. If there is a role for nuclear signaling in longevity
in this setting, it appears to be minimal.

Recent work by Bjedov et al. [56] showed that treatment
with rapamycin extends the lifespan of D. melanogaster. In
this study, the authors also provided evidence that
dTORC1, but not dTORC2, mediates the lifespan extension
by affecting autophagy and translation. Interestingly, rap-
amycin treatment of flies undergoing CR also extends
lifespan, concomitant with a reduction in protein synthesis
in concert with the findings in worms and yeast. In flies
carrying weak mutations in the insulin receptor, rapamycin
treatment also extends lifespan. The authors concluded that
(a) based on results in mice and flies, the mechanisms
involved in lifespan extension are evolutionarily con-
served; (b) dTORCI1 is responsible for the lifespan
extension following rapamycin treatment; (c) the extension
of lifespan following rapamycin treatment includes aspects
of CR and reduced IIS. The last point is consistent with the
above model in which TOR integrates these inputs for
appropriate responses to external and internal stimuli, and,
when reduced, leads to extended longevity.

Small mammals

Long-lived dwarf mice, a model of growth factor restric-
tion, show downregulation in mTOR effectors in liver and
skeletal muscle [57, 58]. Selman et al. [59] showed that
gene expression profiles of S6KI™~ (a downstream
effector of mTOR, Fig. 1) mice are similar to those of
calorie-restricted mice. In females, abrogation of S6K1
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resulted in lifespan extension. These studies support the
view that the mMTORC1 pathway is integral to the lifespan
extension by CR, although to date little direct evidence for
mTORC1 downregulation in the major organs over the
lifespan of calorie-restricted mice has been reported.

Lifespan is extended in mice and numerous other
organisms by limiting nutrients (CR) [60] or limiting
growth factor signaling in genetic models [61] or both [62].
It has been postulated [19] that rapamycin, an allosteric
inhibitor of mTOR, would pharmacologically mimic one or
both or these conditions to effect an extension of lifespan in
mice. Harrison et al. [63] in the NIA Intervention Testing
Program (ITP) rigorously tested a novel form of enterically
delivered rapamycin for extension of lifespan in four-way
cross, genetically heterogeneous mice (reviewed in refer-
ence [19]). Remarkably, a significant extension of lifespan
in older male and female mice (20 months of age, 60 in
human years) was observed at all three of the ITP test sites
[63]. Since CR in most studies works best when started
early [60], this was a surprising proof of principle that an
aging intervention does not necessarily have to be started
early in life. The results in a second cohort of mice started
on rapamycin chow at 9 months of age by the ITP were
also reported as interim results by Harrison et al. [63]. This
second study has now been completed, and again the
results show that chronic treatment with microencapsulated
rapamycin extends the lifespan of ITP mice [64]. Addi-
tionally, the question of whether the mice are healthier was
also addressed by obtaining activity assessments of the
9-month cohort at each of the ITP test sites. Chronic
rapamycin reduced the rate of loss of movement, sug-
gesting that long-term mTORCI] inhibition may extend the
healthy lifespan. What is unclear at this point is how
chronic enteric rapamycin, a purported immunosuppres-
sant, extends longevity (see below).

Humans

In a study of Ashkenazi Jewish centenarians, Suh et al. [65]
found an over-representation of heterozygous mutations in
the IGF-I receptor gene of females that was associated with
higher levels of endocrine IGF-I. Importantly, in trans-
formed lymphocytes, an association between receptors
carrying an Arg-407—His mutation with lower IGF-I
response was documented by immunoassays of Akt phos-
phorylation. Thus, longevity in humans is associated with
downregulation of signaling systems that intersect with
mTORCI. In this vein, it would be interesting to determine
if these altered IGF-IRs mediate a modulated responsive-
ness at the level of mMTORCI. In a related study, Kuningas
et al. [66] showed that variants of the human gene encoding
FOXO transcription factor (ortholog of the C. elegans and

D. melanogaster factors discussed above) are associated
with human longevity.

CR in humans has been shown to be associated with
traits consistent with those observed in other animal
models [31, 67-69]. In an impressively designed and per-
formed study of CR in rhesus monkeys, Colman et al. [70]
reported results indicating an expected benefit in longevity
and youthful appearance. However, the significance of the
longevity in this study has been questioned [71]. Because
of their relatively short life history, other primates ideally
suited to the study of the mTOR system in general (more
specifically rapamycin) in an aging context would be
marmosets and tamarins [72].

Mechanism of rapamycin effect

CR mimic? As discussed by Harrison et al. [63], CR
reduces body weight, but rapamycin in the four-way cross
mouse studies did not, except for a slight weight loss in
cohort 3 mice that started rapamycin at 9 months [64]. In
most studies reported, CR resulted in little if any benefit
when started late (550 days or later). Since it is predicted
that rapamycin is allosterically inhibiting mTOR kinase in
most, if not all, tissues, perhaps it is mimicking both calorie
and growth factor restriction. At this point, much study is
needed to determine if the rapamycin effect(s) is (are) cell-
autonomous, organs/system-specific or both. While vis-
ceral adipose tissue is sensitive to chronic rapamycin [63],
studies are under way to determine if other organs show
similar levels of sensitivity. Another question is: are there
temporal (acute vs. chronic), and/or sex-specific responses
to enteric rapamycin? We have much to learn concerning
rapamycin’s ability to extend lifespan, and in the process
gain additional knowledge about aging itself.

Translation? A modulation of cap-dependent translation
was discussed above in the sections on yeast, worm and fly
studies. Interestingly, it was, in a way, also addressed many
years ago in early studies of protein synthesis in long-lived
(not known at the time) pituitary dwarf mice. Endocrine
growth hormone (GH) and IGF-I signaling is greatly
reduced in dwarf mice, and administration of GH or IGF-I
restores somatic growth. In 1973, Korner [73] argued that,
irrespective of the types of proteins, the increase in the rate
of protein synthesis in the liver stimulated by GH is reg-
ulated at the cytoplasmic level. GH treatment of Snell
dwarfs (also deficient in GH/IGF-I signaling) is associated
with an increase in liver growth [74] and rate of protein
synthesis [75]. Similar to the reduction of polysomes in
long-lived yeast [76] and flies [55], comparisons of poly-
some profiles in dwarf and normal-size mice also showed a
lower proportion of polysomes to monosomes, which are
restored to normal with GH, but not with T3, treatment
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[77]. Figure 2 shows the reduced polysome profile of Snell
dwarfs compared to normal-size siblings (Fig. 2a), and that
treatment of dwarfs with GH restores that profile (Fig. 2b)
[77]. Tt would be interesting to determine the effect that CR
and/or rapamycin has on GH- and IGF-I-stimulated
increases in polysome profiles in these dwarf mice.

Autophagy?  An increase in autophagy is another pre-
dicted mechanism that could be involved in longevity
promoted by chronic rapamycin treatment. A role for
autophagy in C. elegans lifespan extension is discussed
above. Food restriction increases macroautophagy and has
been suggested to provide a “cleansing” effect that pro-
motes longevity [78]. Importantly, chronic rapamycin
treatment has been shown to result in an increase in
autophagy in the brains of mice [79], consistent with this
expectation.

Gcen4 and general amino acid control?  Steffen et al. [76],
reported that lifespan extension in response to depletion of
60S subunits in yeast is dependent upon functional Gen4, a
transcription factor regulated by nutrition. Furthermore,
TOR inhibition increases Gen4 [76]. This is supported by
the work of Alvers et al. [80], which demonstrated a
requirement for Gen4 in lifespan extension in yeast in
response to amino acid supplementation of cells deficient
in ATB1 or ATG7 (autophagy factors). In response to
nutrient stress, Gen4, which is a transcription factor, acti-
vates expression of genes encoding proteins functional in
the amino acid biosynthetic pathway [81]. Upon inhibition
of TOR signaling, Gen4 activity increases [82—84]. It has
been speculated that, as cells age, endoplasmic reticulum
stress may increase to a level such that ribosomal subunit
gene transcription is no longer supported [76]. Reduction in
60S, but not 40S, subunits blocks this response [85, 86],
and in the process may prolong viability.

Cell senescence? A hallmark of cell senescence is an
increase in size [87]. TOR plays a central role in the reg-
ulation of cell size [88, 89]. Based on this, treatment of
cells with rapamycin might be expected to delay or inhibit
cell senescence [90], thereby promoting longevity. These
predicted effects on cell senescence were dramatically
confirmed by Castilho et al. [91] who showed that rapa-
mycin blocks hair follicle alterations and stem cell
senescence in a Wnt-overexpression model. A question
raised by this work is: are stem cells in other tissues of
aging animals responsive to rapamycin?

Metformin as an antiaging intervention?

One potential pharmacological approach toward the
development of new aging interventions that might work
when started in older organisms (similar to rapamycin) is
metformin and its related biguanide, phenformin. For
50 years, metformin has been used to treat diabetes. It is
currently the front-line drug for treatment of type 2 dia-
betes. Metformin treatment results in an increase in AMPK
activity, which is associated with an increase in fatty acid
oxidation, an inhibition of lipogenic genes, a decrease in
liver glucose production, an increase in intestinal glyco-
lytic lactate production, and a stimulation of peripheral
glucose uptake (reviewed in reference [92]). AMPK acti-
vation by metformin is not direct, with the mechanism of
its activation being the subject of debate [92]. Regardless
of the mechanism, metformin treatment of cultured cells
results in a decrease in mTORCI activation, as assessed by
4E-BP1 and S6KI1 phosphorylation status [93]. Based on
the work of Dowling et al. [94], AMPK activation by
biguanides and repression of mTORC1 was thought to
involve AMPK phosphorylation of TSC2 (Fig. 1). AMPK
phosphorylation of TSC2 enhances its GAP activity
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leading to an increase in the levels of GDP-bound Rheb
and mTORCI inhibition [95]. Recently, however, it was
found that biguanides repress mTORCI1 in cells lacking
TSC1/2 and AMPK [96]. Remarkably, the same authors
found that instead biguanide repression of mTORCI is
dependent upon Rag GTPases discussed above.

That metformin inhibits mMTORC1 via the Rag GTPases
at the nexus of cellular responsiveness to amino acids
provides a strong rationale for testing chronic metformin
for its ability to extend lifespan in older mice in a way
similar to that shown for rapamycin. However, the results
thus far are mixed in studies using metformin as an anti-
aging and age-related disease intervention. The earliest go
back 30 years with a report that phenformin suppressed
chemically induced tumors in rats, and reduced spontane-
ous tumors in mice [97], resulting in a 23% increase in
lifespan [98]. Since then, a number of studies have been
performed in mice, rats and hamsters on the effects of
biguanides (and other antidiabetic drugs) on the inhibition
of spontaneous and carcinogen-induced tumors (summa-
rized in reference [99]). A tumor-prone mouse model
(HER-2/neu) responds to metformin treatment (subcuta-
neous injections) by a reduction in the number of tumors
per mouse and a delay in their onset, and little if any
increase in lifespan, except for the last 10% of survivors
[100, 101].

Two studies examined the ability of metformin to extend
lifespan in mice not prone to tumor. Anisimov et al. [100]
found evidence of increased lifespan in SHR mice (an
outbred strain [102]) treated with metformin in their
drinking water (100 mg/kg). The strongest effect in this
study was in the last 10% of surviving mice. In a study of
Fisher 344 rats, Smith et al. [103] found that metformin
treatment using food supplementation (300 mg/kg) had no
effect on lifespan. Caveats associated with both of these
studies are: (a) no evidence was provided of expected
metabolic effects (glucose and insulin) of metformin in
either of these delivery systems; (b) no measurements of
blood levels or tissue effects (including mTORC1 inhibi-
tion) were done; (c) although there were effects of
metformin on food consumption, Anisimov et al. [100] had
no pair fed controls. While metformin/phenformin looks
promising as a pharmacological approach to slow down
aging, further studies are needed.

mTORCI inhibition and age-related diseases

One of the tenets of aging research is that by reducing the
rate of aging, one will delay the onset of age-related dis-
eases [30, 104]. This is based on the outcomes of many
years research on diet- and growth factor-restricted models.
As examples, food-restricted rats have an overall reduced
incidence of cancers [105], Ames dwarf mice (a model of

growth factor restriction) have a delayed occurrence and
reduced severity of cancers [106], and female mice defi-
cient in S6K1 have extended longevity, while both sexes
show evidence of resistance to age-related pathologies
including bone, immune, motor dysfunction and loss of
insulin sensitivity [59].

In the treatment of neurological disorders including
Huntington’s, Alzheimer’s disease (AD) and Parkinson’s
disease, mTORC1 inhibition is likely to be useful via
attenuation of protein aggregate accumulation, increased
autophagy and translation of the tau protein in AD [107-
109]. The effectiveness of rapamycin analogs (rapalogs) in
autoimmune disorders including rheumatoid arthritis, pso-
riasis, multiple sclerosis, and Parkinson’s disease [110] is
under investigation. There is a suggestion that rapalogs may
be effective in the treatment of familial cardiomyopathy and
Wolff-Parkinson-White syndrome [111, 112]. This raises
the question: would preemptive and prolonged rapamycin
treatment of predisposed individuals prevent or delay the
declaration of symptomatic diseases in these classes?

In the ITP studies, treated and control cohort 2 mice
(rapamycin at 20 months) showed the same pattern of
diseases [63]. In cohort 3 ITP mice (rapamycin at
9 months), the apparent causes of death of control and
treated mice were also the same with modest changes in
hemangiosarcoma, lymphoma, and lung carcinoma [64].
One interpretation of these findings is that chronic rapa-
mycin is somehow delaying the onset or reducing the
severity of diseases of age that are the cause of mortality.
Cross sectional data are needed to distinguish between
these or other potential reasons underlying the ability of
rapamycin to extend lifespan.

Recently two studies on model mice consuming rapa-
mycin chow underscore its potential to positively affect
one of the worst age-related afflictions, AD. Spilman et al.
[79] showed that long-term treatment with enteric rapa-
mycin prevents cognitive impairments associated with AD,
and lowers the levels of a major toxic species in AD
(Af42) in the PDAPP transgenic mouse model. These
investigators also found that autophagy is upregulated in
response to high levels of Af in this model [79]. In another
study, Caccamo et al. [113], showed in the 3xTg-AD
mouse model that a build up of Af is associated with an
increase in mTOR activation, while chronic treatment with
enteric rapamycin reduces Af levels. Importantly, chronic
rapamycin treatment again rescues cognitive impairment
and ameliorates Aff and Tau pathologies, which is also
associated with an increase in autophagy. Thus, in these
two separate studies, chronic rapamycin restored impair-
ments in learning and memory associated with AD,
suggesting that similar approaches using FDA-approved
rapamycin (or rapalogs) in human patients could have
similar positive effects.
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What’s on the horizon?

The mTOR pathways are, in my opinion, a gold mine for
the discovery of novel targets and compounds that will
have antiaging benefits. Approval of rapamycin, metformin
and other newly discovered drugs that modulate aging for
use in humans, will require that the FDA modifies its
current policy of only approving drugs for specific indi-
cations (diseases). Likely clinical trials involving antiaging
intervention in humans, when they are permitted, will ini-
tially involve patients who are either predisposed to a
specific age-related disease or those in early disease stages
where an intervention might ameliorate its progression.

For rapamycin (and rapalogs), the issue of immuno-
suppression needs addressing before long-term use is
warranted in humans. In recent preclinical studies, treat-
ment of mice with rapamycin had immunostimulatory
effects on the generation of memory CD8 T cells [114].
Rapamycin-induced autophagy also improves vaccination
efficacy [115]. Do these unexpected effects have antiaging
implications for an increase in healthy lifespan? And, are
there other biological systems upon which rapamycin will
have effects contrary to current expectations and would
they promote a healthy lifespan? In an indirect way, this
issue has also been addressed in cancer patients. In long-
term stable disease settings, rapalogs as a monotherapy are
well tolerated, and, importantly, show little if any immu-
nosuppressive side effects [116—-120]. Thus, the supposed
immunosuppressive effects of chronic rapamycin treatment
may be less of an issue than envisioned.

As mentioned previously, rapamycin in complex with
FKBP12 is an allosteric inhibitor of mTOR kinase activity.
Will kinase inhibitors that inhibit both mTORCI1 and C2
(reviewed in reference [121]) be better or worse as anti-
aging agents? The issue for these agents is toxicity, which
is still in the process of being determined [122]. My current
view is that allosteric inhibition may be a key for the ability
of rapamycin to extend a healthy lifespan, which would
likely allow a wider dose range for efficacy and a lower
level of unwanted side effects. A smaller dose range for
kinase inhibitors may also be just as effective. Another
question is: how will TOR modulation interact with the
other signaling/metabolic pathways also involved in age
regulation/modulation?

Conclusion

Slowly, aging, one of the deepest and most difficult of
biological problems is yielding some of her secrets, one of
which is the TOR system, whose downmodulation has
significant benefits for aging. While we will probably not
be able to reverse the effects of aging, there is now real

hope that we can, by further dissecting these pathways for
the discovery of new interventions, minimize its effects
until near the very end.
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