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Abstract 

Here, we review three sets of key 

proteins and their corresponding downstream 

pathways that have been linked to extending 

lifespan and promoting health span in a wide 

range of organisms. In particular, we review 

the biology of the sirtuin family of proteins, 

the Insulin/Insulin-like Growth Factor (IGF) 

signaling (IIS) pathway, and the mechanistic 

Target of Rapamycin (mTOR). Using insights 

derived from simple model organisms, mice 

and humans we discuss how these proteins 

and pathways may potentially alter the rate 

of aging. We further describe how knowledge 

of these pathways may lead to the rational 

design of small molecules that modulate 

aging and hence alter the propensity for a 

host of age-related diseases.  

Introduction 

Understanding what  are  the  key molecular 

regulators of human lifespan represents one 

of  the  most  important  and  unresolved 

question  in  biology.  Age  represents  the 

major  risk  factor  for  a  host  of  diseases 

including  cancer,  atherosclerosis  and 

neurodegeneration.  As  such,  if 

understanding aging led to biological insights 

that allowed aging  to become a modifiable 

disease  risk  factor,  it  raises  the  specter  of 

simultaneously  combating  a  host  of 

debilitating  conditions  that now are  largely 

untreatable. While bioethicists might object 

to  the  unintended  societal  implications, 

agents  that  slow  the  aging  process  are 

increasingly  viewed  as  feasible  (1).  While 

such agents might extend lifespan, most view 

the delay of  age‐related morbidities  as  the 

ultimate  goal.  In  that  sense,  there  remains 

the  hopeful  notion  that  extending  lifespan 

through  targeted  lifestyle  changes  or 

potentially  therapeutic  small  molecules 

might  result  in  an  actual    ‘compression of 

morbidity’(2).  This  concept  posits  that 

extending  lifespan  can  actually  function  to 

reduce the overall time an individual suffers 

from  chronic  and  debilitating  morbidities. 

Analysis  of  non‐randomized,  longitudinal 

human  studies  seem  to potentially  support 

this hypothesis (3).           

Here, we  review  the  key  set of proteins  in 

three evolutionary conserved pathways that 

have  been  linked  to  regulation  of  lifespan. 

These proteins are the sirtuin family of NAD‐

dependent  enzymes,  the  various 

components of the insulin/IGF pathway and 

the  mTOR  kinase  and  its  downstream 
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effectors. We  attempt  to  understand  how 

these pathways might regulate  lifespan and 

how they are interconnected with each other. 

Moreover, we describe  the  initial efforts  to 

develop  pharmacological  approaches  that 

mimic  the  well  described  life‐extending 

genetic perturbations in these pathways, and 

that therefore hold promise as potential anti‐

aging molecules. 

Sirtuins as regulators of lifespan 

The sirtuins are a family of nicotinamide 

adenine dinucleotide (NAD)-dependent 

enzymes that catalyze post-translational 

modification of both histone and non-histone 

proteins (4). While the first enzymatic 

activity of this family of proteins was the 

NAD-dependent deacetylation of target 

proteins, it is now clear that sirtuin family 

members can catalyze a growing list of more 

general deacylation reactions including 

demalonylation, desuccinylation and 

deproprionylation (5). The initial studies of 

sirtuin biology centered on Sir2, a S. 

cerevisiae family member that was initially 

implicated in transcriptional silencing. The 

link of these enzymes to aging became 

evident when it was noted that simple 

overexpression of Sir2 was sufficient to 

extend replicative lifespan in S. cerevisiae (6). 

Moreover, the life-extending benefit of 

caloric restriction in yeast was demonstrated 

to require Sir2 (7). Several potential 

mechanisms were implicated in the life 

extension observed by augmenting Sir2 

activity including suppressing the formation 

of extrachromosomal rDNA circles (6), a 

known cause of yeast aging, as well as 

promoting asymmetric distribution of 

damaged proteins between mother and 

daughter cells (8). In higher organisms, other 

potential mechanisms for the life-extending 

effects of sirtuins include changes in 

mitochondrial function and biogenesis, 

suppression of inflammation and regulation 

of genomic stability (9).  

Overexpression of Sir2 orthologs in both C. 

elegans and D. melanogaster can also extend 

lifespan, although the precise magnitude of 

this effect is the subject of debate (10). 

Extension of these observations to 

mammalian species has been attempted with 

mixed results. Part of the difficulty is that 

mammals have seven sirtuins (SIRT1-7) that 

exist in various compartments including the 

predominantly nuclear forms (SIRT1, SIRT6 

and SIRT7), as well as the mitochondrial 

(SIRT3, SIRT4 and SIRT5) family members 

(11). The closest parallel to the effects of Sir2 
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overexpression in yeast are perhaps best 

recapitulated with SIRT6 overexpressing 

transgenic mice, where male, but not female 

mice, have an approximate 15% extension in 

median lifespan (12). Another example is 

seen in mice overexpressing SIRT1 

specifically in the hypothalamus which also 

results in a modest increase in median 

lifespan (e.g.16% in females and 9% in males) 

(13). In contrast, other mouse sirtuin 

overexpression models do not demonstrate 

longer lifespans, although there are 

indications that these interventions can 

augment health span (11). For example, in 

mice, the beneficial effect of SIRT1 

overexpression includes protection from 

heart failure and cardiovascular disease, 

reduction in certain forms of cancer, 

decreased propensity for developing 

metabolic syndrome, and protection from 

various neurodegenerative diseases (14). 

Similarly, SIRT6 overexpression also appears 

to improve health span (15). Complementing 

these gain-of-function models involving 

overexpression, detailed characterization of 

sirtuin knockout models has also implicated 

this family of proteins in age-related 

pathologies. For instance, the absence of 

SIRT3 appears to predispose mice to early 

onset of a wide variety of pathologies 

associated with aging (16). Similarly, the 

connection between caloric restriction and 

sirtuin function first established in yeast was 

reinforced by the observation that in mice, the 

ability of caloric restriction to prevent age-

related hearing loss required SIRT3 

expression (17).  

 Genetic manipulation of sirtuin activity 

has been instrumental in identifying this 

family of proteins in various age-related 

processes, and as such, the development of 

sirtuin-activating compounds (STACs) 

represents a practical and logical extension of 

these observations (Figure 1). The first 

sirtuin-activating small molecule identified 

was resveratrol, a polyphenol found in the 

skin of red grapes (18). In some experimental 

paradigms, resveratrol has been demonstrated 

to extend the lifespan of yeast, worms and 

flies; however, these effects are not 

universally observed (19). In mammals, 

while resveratrol does not by itself increase 

lifespan, it does protect against certain age-

related pathologies, particularly the 

metabolic deficits associated with normal 

aging or diet-induced obesity. For instance, 

cardiovascular protective effects appear to be 

associated with resveratrol administration in 

high-fat fed non-human primates (20). 

Similarly, in obese human subjects, 
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resveratrol appears to confer, at least some, 

measurable short-term benefits (21). Part of 

the difficulty in the interpretation of even 

these positive studies are the wide range of 

putative non-sirtuin targets that resveratrol 

may have. As such, while interesting, data 

generated with newer, presumably more 

selective sirtuin activators are potentially 

more revealing. In that regard, two STACs 

(SRT1720 and SRT2104) both appear to 

prolong lifespan and improve health span of 

mice fed a standard diet, although the effects 

on mean lifespan were modest (i.e.<10%) 

(22,23). Administration of these agents also 

appears to protect against certain age-related 

conditions (24). Besides direct activation of 

sirtuins, considerable attention has been 

focused recently on manipulating levels of 

intracellular NAD+ as a means of modulating 

sirtuin activity. These approaches were 

spurred on by the observation that 

augmenting flux through the NAD+ salvage 

pathways in yeast could extend lifespan (25), 

and that administering the NAD+ precursor 

nicotinamide riboside (NR) to mice could 

replete NAD+ stores and thereby improve 

mitochondrial and stem cell function, as well 

as providing a modest 5% extension in 

lifespan (26). Similarly, NAD+ 

supplementation appears to extend the 

lifespan in certain mouse premature aging 

models (27). Interestingly, early clinical trials 

have already begun using NR 

supplementation in humans (28).  

The Insulin/Insulin-like Growth Factor 

signaling (IIS) pathway 

The IIS pathway is a hormonally 

regulated cell-signaling pathway that 

includes insulin and insulin-like peptides, 

their cognate cell surface transmembrane 

receptors, substrates of these receptors and 

downstream effectors. There is considerable 

genetic and biochemical evidence linking this 

pathway to aging across a wide spectrum of 

species. The first line of evidence came from 

the identification that in C. elegans, loss-of-

function mutations in age-1 and daf-2, gene 

products that respectively function in the 

worm as the sole phosphatidylinositol-3-OH 

kinase (PI3K) and insulin-like receptor, and 

whose manipulation can result in a doubling 

of lifespan (29-32). Subsequent evidence 

demonstrated these two gene products 

regulate lifespan within a single pathway (33).  

Further analysis revealed that the Forkhead 

box O (FOXO) transcription factor Daf-16 

functions was the major transcription target 

of the IIS pathway in C. elegans (30,34). The 
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lifespan of other model organisms such as 

flies were also soon shown to be regulated by 

similar genetic alterations that modestly 

reduce IIS signaling (35). 

While there is considerable evidence 

that this pathway is relevant to mammalian 

aging, it is important to note that there are 

major differences between IIS signaling in 

model organisms and mammalian species. 

For instance, worms have nearly 40 different 

insulin-like peptides that could potentially 

modulate longevity (36). Moreover, while 

collectively insulin and insulin-like peptides 

regulate development, body size and cellular 

growth, in higher organisms, insulin 

signaling is predominantly involved in 

nutrient regulation while IGF-1 regulates 

growth. In contrast, these function are less 

distinctly separable in model organisms (37).  

In mammals, levels of IGF-1, produced 

predominantly in the liver, are regulated by 

growth hormone (GH), a factor secreted by 

the pituitary. Consistent with the divergence 

of the somatotropic axis over evolution, there 

is no clear GH equivalent in yeast, flies or 

worms. Mice that have a reduction in GH 

signaling due to central defect in secretion or 

a genetic alteration in peripheral GH receptor 

function are in general long lived (38). 

Examples include Snell mice (PIT-1 mutants; 

lifespan increase can approach 50% in female 

mice), Ames mice (PROP-1 mutants), lit/lit 

mice (GH-releasing hormone receptor 

mutants), Ghr-/- mice (GH receptor deletion), 

and GH receptor knockout mice (39). 

Moreover, mouse genetic models that lead to 

too much GH secretion appear to have a 

reduced lifespan (40).  

Mice with reduced GH secretion have, 

as expected, reduced circulating levels of 

IGF-1. That this reduction in circulating IGF-

1 contributes to the observed longevity of GH 

mutants is supported by the observation that 

although Igf-1 null mice have severely 

reduced survival (41), conditional deletion of 

hepatic Igf-1, at four weeks of age, results in 

a 16% increase in median lifespan of female 

mice (42). A similar deletion in male mice 

however did not alter lifespan. This sexual 

dimorphic response, which is not well 

understood, is also seen in long lived insulin 

receptor substrate 1 (IRS-1) knockout mice 

(43). Similarly, in one study, loss of one allele 

of the Igf-1 receptor (IGF-1R) was shown to 

increase lifespan by 33% in females, with a 

non-significant trend towards increased 

lifespan in male mice (44). The precise 

magnitude of effects seen in these 

haploinsufficient IGF-1R+/- mice appears, 

however, to heavily depend on the strain of 
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mice being studied (44). In addition to 

reducing the level of circulating IGF-1 or 

reducing the expression of IGF-1R, mouse 

models that reduce tissue levels of IGF-1 by 

genetic perturbations that alter the 

degradation of IGF-1 binding proteins can 

also markedly extend mean lifespan (45). The 

relevance of these observations to human 

aging is underscored by genetic evidence that 

certain loss-of-function mutations in IGF-1R 

are enriched in a well characterized cohort of 

centenarians (46). 

How does a reduction in insulin or IGF-

1 signaling result in an increase in lifespan? 

In worms, as mentioned, this pathway 

involves both daf-2 and daf-16, two genes 

that got their names as known regulators of 

dauer, the stress-resistant, alternative 

developmental state worms can adopt when 

faced with harsh environmental stress. In C. 

elegans, the transcription factor DAF-16 

coordinately regulates the expression of 

several hundred genes that are broadly 

involved in stress resistance, immune 

function and metabolism (47,48). In this 

contest, long lived worms that have 

alterations in the IIS pathway appear to have 

a broad resistance to environmental stresses 

including oxidative, osmotic, ultraviolet, heat 

and hypoxic stress (49). These functions 

appear to be broadly conserved in higher 

species. For instance, while DAF-16 

regulates antioxidant levels in worms (47,48), 

a similar regulation is also seen by the 

mammalian FOXO homologues (50,51).  

In addition to an increase in overall 

stress resistance, long lived IIS mutants 

appear to possess other attributes that might 

explain their increased longevity (Figure 1). 

As mentioned, these mammalian models are 

often characterized by a reduction in 

circulating IGF-1. In humans, there is a 

strong correlation between increased 

circulating IGF-1 levels and the development 

of a wide range of malignancies (52). 

Fascinatingly, patients with Laron syndrome, 

an autosomal recessive disorder caused by 

mutation in the growth hormone receptor 

have extremely low levels of circulating IGF-

1 resulting in short stature but also an 

extremely low incidence of cancer (53).  

These patients also appear to be resistant to 

diabetes (53) and increased metabolic fitness 

might also contribute to the increase in 

lifespan seen with IIS pathway mutants. 

Relatedly, GH mutants have altered 

mitochondrial function, changes in oxygen 

consumption and an increased reliance on 

fatty acid oxidation that may be beneficial 

and contribute to the observed changes in 
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lifespan (54). Similarly, alterations in the IIS 

pathway affects mTOR signaling, which as 

discussed below, can have a major influence 

on lifespan. As such, it is difficult to know 

exactly what mechanism accounts for the 

increased lifespan in mammalian IIS mutants 

as these animals appear to have a number of 

alterations including increased stress 

resistance, decreased cancer incidence, 

altered metabolism and reduced mTOR 

signaling that may be beneficial alone or in 

combination. One strategy to sort out these 

various possibilities would be to try to 

identify in mice the tissue(s) in which the 

reduction of IIS signaling is critical for 

mediating lifespan extension. Unfortunately, 

while various conditional GH receptor 

mutants have been made in a wide array of 

tissues (e.g. adipose tissue, liver, skeletal 

muscle, etc.), to date, none of these models 

have been able to recapitulate the life 

extension observed in the total body 

knockouts (54).  

Mechanistic Target of Rapamycin (mTOR) 

The mTOR kinase is a serine/threonine 

protein kinase belonging to the 

phosphoinositide-3-kinase-related family 

that is highly conserved among eukaryotes 

and that can be inhibited by the 

immunosuppressive drug rapamycin. In 

mammals, mTOR exists in two well-

characterized complexes, mTOR complex 1 

(mTORC1) and mTOR complex 2 

(mTORC2). These complexes can be 

differentiated by the their unique interacting 

partners with the mTORC1 complex 

containing Raptor and PRAS40, while 

mTORC2 complex contains Rictor, mSin1 

and Protor-1/2 (55). Both complexes share 

certain components including mLST8/GβL 

and DEPTOR. mTORC1 has been known as 

a metabolic sensor for nutrients, growth 

factors, energy and stress. These upstream 

signals act as to tune the activity of mTORC1. 

Downstream effectors of mTORC1 are 

myriad (Figure 2) and include regulation of 

ribosomal biogenesis, autophagy, protein 

translation, lipid synthesis, mitochondrial 

metabolism, pyrimidine synthesis, and most 

recently, modulation of the senescence-

associated secretory phenotype (56,57). 

While not a direct regulator of transcription, 

mTORC1 does regulate a host of key 

transcription factors including SREBP 1 

(lipogenesis), PPARγ (adipogenesis), TFEB 

(autophagy), HIF-1α (metabolism) and NF-

κB (inflammation) via regulation of 

interleukin 1α (55). In contrast, the less well 
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characterized mTORC2 complex, which is 

also less sensitive to the acute effects of 

rapamycin, has been linked to the modulation 

of metabolism, cytoskeleton dynamics, 

regulation of cell polarity, and control of cell 

survival (56). Generally speaking, mTOR 

acts as an energy sensor such that in response 

to abundant nutrients (e.g. amino acids) or 

growth factor stimulation, mTOR is activated 

and thereby enhances anabolic processes (e.g. 

translation, ribosomal biogenesis) and 

inhibits catabolic processes (e.g. autophagy) 

in order to promote cellular growth and cell 

proliferation (58,59). Conversely, in the 

setting of limited nutrients (e.g. caloric 

restriction), mTOR is inhibited and the 

opposite set of events transpire.  

The first indication that the mTOR 

pathway was an important regulator of 

lifespan came from analysis of simple 

organisms such as worms and flies where 

inhibition of this pathway was demonstrated 

to significantly increase longevity (60,61). At 

least in yeast, it would appear that the 

beneficial effects of caloric restriction were 

not observed in organisms that were long-

lived due to mTOR inhibition (62). This 

would imply that the biological effects of 

caloric restriction are mediated through this 

pathway, at least in this experimental 

paradigm. Interestingly in flies, inhibiting the 

mTOR downstream effector S6K, involved in 

the regulation of protein translation, was 

sufficient to extend lifespan (61). Similar 

relationships between S6K and lifespan have 

also been seen in mice (63). Other mouse 

models include animals lacking one allele of 

both mTOR and                 

mLST8 that have reduced mTORC1 activity, 

and where there is an approximate 15% 

increase in median survival of female mice 

(64). Similarly, a mouse model of 

hypomorphic mTOR expression, due to 

targeting a neomycin cassette in an intron of 

the mTOR locus, live roughly 20% longer 

than control littermates and have slower age-

dependent decline in some, but not all, tissues 

and organs (65).  

Interest in the mTOR pathway was 

significantly bolstered by the observation that 

the mTOR inhibitor rapamycin could extend 

the lifespan of genetically heterogeneous 

mice by around 10% (66). This initial 

rapamycin study involved treating the 

animals beginning at 20 months of age which 

represents a rather late intervention. 

Nonetheless, these results have been 

confirmed with early intervention schedules 

(67,68). Moreover, the effects of rapamycin 

on lifespan extension are not strain specific as 
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positive effects have been observed in a 

number of different mouse strains (e.g. 

C57BL/6J, C57BL/6J R, 129/Sv, and FVB/N 

HER-2/neu mice).  

While rapamycin is believed to work 

primarily through inhibition of mTORC1 

signaling, many of the deleterious side effects 

appear to be mediated through the ability of 

long term rapamycin administration to also 

inhibit mTORC2 signaling. For instance, the 

harmful effects of chronic rapamycin therapy 

with regards to glucose tolerance appear to be 

mediated by mTORC2 signaling in the liver 

and are separable from the positive pro-

longevity effects of the drug (64).  This 

would suggest that agents which solely 

inhibit mTORC1 might maintain the 

observed increase in lifespan and potentially 

avoid some of the negative side effects (e.g. 

glucose intolerance, delayed wound healing, 

immunosuppression) that may be detrimental 

in an elderly cohort. In the absence of this 

selective agent, there have been attempts to 

shorten the duration or intensity of rapamycin 

treatment in order to lessen the chance of 

inhibiting mTORC2. In that regard, it is 

encouraging that transient or intermittent 

rapamycin appears to be effective (69,70). 

While data in healthy humans is limited, one 

study using the mTOR inhibitor RAD001 

demonstrated that a 6 week exposure to this 

agent in patients over 65 actually improved 

responses to subsequent influenza 

vaccination, suggesting that the elderly 

immunoscenescent phenotype might be at 

least partially amenable to short term mTOR 

inhibition (71). 

Similar to IIS signaling, the precise 

explanation as to how reduced mTOR 

signaling affects lifespan remains unclear. 

One hypothesis is that the benefit occurs 

through reduction of global mRNA 

translation and protein synthesis which may 

reduce the burden and energetic demands 

associated with protein folding, repair and 

degradation thus maintaining better overall 

protein homeostasis (Figure 1). These effects 

are believed to be largely mediated by two 

downstream effectors of mTOR, namely S6K 

and eukaryotic translation initiation factor 

4E-binding protein (4E-BP). As mentioned 

above, deletion of S6K1 in mice results in 

increased lifespan by about 20% in female 

mice (63), however, these longevity effects 

appear to occur without any measurable 

effect on protein translation (72). Similarly, 

while chronic rapamycin treatment is capable 

of extending life in mice, this drug regimen 

also appears to have little effect on the level 

of tissue protein translation (73). There is 
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however some evidence that 4E-BP might 

mediate the beneficial lifespan effects of 

mTOR inhibition. For instance, in flies, 

caloric restriction upregulates the Drosophila 

equivalent of 4E-BP (d4E-BP) and 

augmenting d4E-BP is sufficient to extend 

lifespan in this organism (61). Moreover, in 

mice, increasing 4E-BP in skeletal muscle 

prevents certain deleterious age-related 

metabolic changes, although the opposite 

changes occur when 4E-BP is activated in 

adipocytes (74).  

Activation of autophagy is another 

potential explanation of how mTORC1 

inhibition promotes longevity. It is believed 

that because the general capacity for 

autophagic degradation declines with age, 

there is an accumulation of cellular damage 

such as protein aggregates and dysfunctional 

mitochondria. In C. elegans, the lifespan 

extensions observed by either caloric 

restriction or mTOR inhibition require an 

intact autophagic machinery (75). In that 

context, in mice, overexpressing the essential 

autophagy gene product ATG5 is sufficient to 

extend lifespan by 17% (76). Finally, there 

are several other properties of mTOR activity 

that link to the aging process. First, mTOR 

inhibition improves stem cell self-renewal 

both in the hematopoietic system as well as in 

the intestine (77).  In addition, as mentioned, 

mTOR inhibition can suppress the secretion 

of inflammatory cytokines by senescent cells, 

the so-called senescence-associated secretory 

phenotype (SASP) that is believed to 

contribute to age-related pathologies (57,78). 

Similar to the IIS pathway, the inhibition of 

the mTOR pathway is also linked to the 

ability of the cell or tissue to withstand a 

variety of stresses including energetic stress, 

oxidative stress and hypoxia (79). Finally, 

mTOR has important effects on 

mitochondrial number (biogenesis and 

mitophagy) and function, although the 

precise role of mTOR with regard to 

mitochondrial activity appears to differ in 

different tissues (80).   

Interaction between longevity pathways 

While evidence suggests that the sirtuins, 

mTOR and the IIS pathway can individually 

modulate lifespan, it is important to 

understand that these three signaling 

networks are not autonomous or unconnected 

from each other. For instance, all three of 

these pathways respond to nutrient 

availability. While in general, mTOR activity 

declines and sirtuin activity increases when 

tissues are depleted of nutrients, recent 
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examples have suggested that this paradigm 

may have important exceptions (81). One 

major node of interconnection between these 

various pathways is through the energy-

sensing, AMP-activated protein kinase 

(AMPK). For instance, under starved 

conditions, AMPK is activated and this 

activation alters intracellular metabolism 

culminating in an increase in NAD+ levels, 

with a concomitant increase in SIRT1 activity 

(82). Once activated, sirtuins can directly 

deacetylate and thereby regulate FOXO 

transcriptional activity (82,83), thus linking 

SIRT1 to the important downstream effector 

of the IIS pathway. The interaction between 

AMPK and the sirtuins appears bidirectional 

as SIRT1 can also deacetylate Liver Kinase 

B1 (LKB1), an upstream activator of AMPK 

(84). In turn, AMPK can directly 

phosphorylate FOXO proteins both in model 

organism’s such as worms, as well as in 

mammals (85). Finally, AMPK directly 

regulates mTOR activity working both at the 

level of the upstream regulator TSC2 (86), as 

well as the mTORC1 component raptor (87). 

Thus, these examples suggest a network of 

complex interactions between sirtuins, 

mTOR and IIS signaling (Figure 3).  

  In addition to these biochemical 

interactions, these pathways can also interact 

on a more global, physiological level. One 

prime example is in the regulation of 

autophagy. For instance, insulin signaling 

inhibits autophagy through two mechanisms. 

First, by activating PI3K/AKT signaling, 

insulin stimulates mTOR, which in turn 

phosphorylates ATG1 (yeast) or ULK1/2 

(mammals) to shut off autophagasome 

formation (88). AKT activation can also 

negatively regulate FOXO transcriptional 

activity, and in turn, FOXO transcriptional 

activity appears to regulate the expression of 

a host of autophagic genes (89). As 

mentioned above, sirtuins can also regulate 

FOXO activity through deacetylation, and 

hence by extension this family of proteins can 

also regulate autophagic flux. This SIRT1-

FOXO pathway has been shown to be critical 

for the starvation-induced cardiac autophagy 

response (90). In addition to regulating 

FOXO-dependent transcriptional pathways, 

SIRT1 can also deacetylate essential 

autophagy genes and hence directly modulate 

autophagic flux (91). Overall, this 

modulation of autophagy by IIS, mTOR and 

sirtuins appears important for the longevity 

response. For instance, in the worm, 

autophagy is required for the lifespan 

extension resulting from reduced IIS 

signaling (92), inhibition of mTOR (75,93) or 
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sirtuin overexpression (94). Similar 

relationships are seen in other model 

organisms (95). Thus, once again, it would 

seem that the three longevity pathways 

discussed (e.g. sirtuins, IIS and mTOR) 

converge to regulate autophagic flux through 

multiple interdependent effectors. It should, 

however, be noted that in C. elegans, double 

mutants in both the IIS and mTOR pathway 

appear to live 5-fold longer than controls, 

which is a larger life extension than would be 

anticipated from the additive effect of 

combining each single mutant (96). This 

synergy appears to be a result of a positive 

feedback loop involving AMPK and FOXO 

proteins and suggests that the connectivity of 

these pathways is considerably more dynamic 

and complex than can be conveyed in simple 

linear flow diagrams. Finally, it is important 

to note, that the pathways discussed are not 

the only regulators of lifespan. For instance, 

substantial evidence in both model organisms 

and mammals suggest a role for mitochondria 

in aging (97). While these mitochondrial 

pathways may intersect with elements 

discussed above (e.g. NAD levels, AMPK, 

etc.) they can also exert influence on aging 

through alternative means including 

activation of distinct signaling pathways such 

as the mitochondrial unfolded protein 

response (97).   

Conclusion and Future Directions: 

     The identification of evolutionary 

conserved pathways that appear to regulate 

lifespan suggests that aging may, in the near 

future, become amenable to pharmacological 

intervention (see Table 1). Indeed, for over a 

decade, the National Institute on Aging (NIA) 

has funded an Interventions Testing Program 

(ITP) in both mice and C. elegans to help 

identify potential life-extending small 

molecules (98). For the case of mTOR 

inhibition, there are already some small scale 

human trials that have obtained hints of 

efficacy (71). Similarly, a large human trial 

that seeks to activate AMPK using the 

commonly prescribed medication metformin 

is being contemplated (99). It is likely that if 

AMPK provides any benefit, it does so, by 

modulating one or more of the pathways we 

have described.  

     Remarkably, the average human 

lifespan has nearly doubled over the last 

century (100). This change is largely ascribed 

to improvements in infant mortality, 

vaccinations and other public health 

measures. The benefits of such interventions 

are generally believed to have been largely 
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maximized in the developed world. The 

challenge of the next century is to test 

whether direct intervention on the aging 

process can result in a similar beneficial 

effect on both lifespan and health span.    
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Figures: 

 

Figure 1: Environmental or pharmacological strategies to slow aging. Drugs such as rapamycin and 

STACs, and lifestyle interventions such as fasting or caloric restriction alter the activity of the IIS, 

mTOR and sirtuin pathways. This alteration induces a complex web of functional alterations that 

individually or collectively might slow the aging process. 
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Figure 2: mTORC1 and its downstream effectors. The molecular components of the mTORC1 

complex as well as some of the downstream effectors are shown. See text and references for details. 
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Figure 3: Interaction between sirtuins, mTOR and IIS signaling. Various points of interaction 

between these three signaling pathways have been described, some of which are depicted here. See 

text for details. P-phosphorylation site, Ac-acetylation site. 
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Molecular target  Drug/Small molecule  Mode of action 

Sirtuins  Resveratrol  ? Direct/indirect STAC 

SRT1720/2104  Direct sirtuin activator 

Nicotinamide riboside  NAD precursor 

Apigenin  Inhibits CD38, enzyme that degrades NAD 

mTOR  Rapamycin/Sirolimus/ 

    Everolimus 

Rapamycin and 

  rapalogs/mTORC1 inhibitors 

AZD8055/INK128  Direct mTOR kinase inhibitors 

S/GH  Pegvisomant  GH receptor antagonist 

Trametinib  Ras inhibitor resulting in   

decreased S signaling 
AMPK  and 

others
Metformin  Potential AMPK activator 

Ruxolitinib  JAK inhibitor/ inflammation 

Spermidine  Natural product     autophagy       
Quescetin/Dasatinib  Senolytics 

 

Table 1: A summary of some of the small molecules or approved and/or investigational drugs that 

may be beneficial to slow the aging process.  
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