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Introduction

Aging is a multifactorial and pleiotropic process with many interacting mechanisms 
contributing to the decline. Because of this complexity, the candidate gene approach 
to understanding aging often relies on identifying human genes whose function dur-
ing aging can be predicted based on animal models of aging. Then, association to 
longevity in humans is determined statistically if a variant of the candidate gene is 
prevalent among people who live healthy, long lives compared to people with aver-
age health span and lifespan. Many of the longevity genes identified thus far influ-
ence one of the following pathways: the insulin/insulin-like growth factor pathway, 
TOR (target of rapamycin) signaling, DNA repair, lipid metabolism, mitochondrial 
activity and nutrient intake. Understanding how these genetically distinct mecha-
nisms interact at the molecular level to control longevity is a fundamental and fasci-
nating problem, which has been subject to many reviews, e.g. [1–3]. In some cases, 
as for telomerase, the role in longevity is rather clear—maintaining telomere length 
[4, 5]. In others, such as mitochondrial activity, the connection is vague, because 
redox state and reactive oxygen species (ROS) encompass so many aspects of biol-
ogy. In the case of other candidate genes, for example apolipoprotein E alleles that 
are prominently identified by genomic association studies [6], their mechanistic 
contribution to longevity is related to their different biochemical activities and in 
particular to their differential binding to damaged protein (reviewed recently by 



46 Y. Argon and T. Gidalevitz

[7, 8]). Common to all these pathways is their role in cytoprotection against various 
cellular stresses. Clearly, maximal lifespan extension demands the co-activity of 
multiple cytoprotective pathways, as emphasized below. In this chapter we focus on 
the processes that guard the proteome during aging, an aspect that had been consid-
ered less than DNA repair or lipid metabolism.

Even at a simple-minded level, it is clear that the various types of stress impact 
or damage the proteome. Loss of enzymatic activity and translational fidelity, accu-
mulation of somatic mutations, altered post-translational modification, are all ways 
in which the protein homeostasis network is functionally eroded upon alteration 
the conditions in either the cytosol, the mitochondria or the endoplasmic reticulum 
(ER) (Fig. 2.1). Damage to the proteome is intimately linked to the body’s stress re-
sponses, which deal with altered or damaged proteins by either attempting to repair 
the damage, dispose of the damaged molecules and/or compensate by increasing 
expression of the active one.

Cumulative Protein Damage and Aging

Cumulative damage is an often-discussed concept in the context of the genome, 
but it is clearly also important in the context of the proteome. Sustained expo-
sure to environmental factors like UV radiation or free radicals causes incre-

Fig. 2.1   Proteotoxic stresses and stress responses in maintaining a healthy proteome. While heat 
shock and ER stress largely cause protein misfolding, mitochondrial and other redox stresses 
mostly cause damaged proteins indirectly, through oxidation and other post-translational modifi-
cation ( red arrows). Stress responses, located at the various cellular compartments, control protein 
misfolding either by refolding, sequestration or degradation ( green arrows)
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mental damage that is proportional to age and is problematic in particular with 
long-lived proteins. Even normal metabolism associated with daily activities, 
such as respiration and signaling, interface with stress responses and can cause 
cumulative protein damage (Fig. 2.1). The late onset of many degenerative dis-
eases is commonly interpreted as reflecting cumulative damage, for example by 
accumulation of misfolded or aggregated proteins. In addition, proteome analy-
sis by global methods often report on progressively damaged proteins through 
post-translational modifications that increase with age [9–11]. A remarkable ex-
ample was provided by two species of bats, which generally live far longer than 
predicted by their size, relative to other organisms. The proteomes of these bats 
exhibit significantly lower protein carbonylation, resistance to protein oxida-
tion under conditions of acute oxidative stress, low levels of ubiquitination and 
reduced proteasome activity [12]. Thus, diminished protein damage and removal 
are related to longevity, yet much more needs to be learned about the process of 
cumulative protein damage and how the thresholds are set so as to initiate disease 
late in life.

The accumulation of damaged proteins with aging is coupled to a progressively 
decreased ability of the normal quality control mechanisms, as discussed further in 
subsequent sections. The ability of quality control systems to detect and deal with 
damaged proteins is important at all times, but becomes particular critical when the 
quality control capacity is reduced. For example, the level of expression of molecu-
lar chaperones, which assist other proteins to attain or maintain a folded conforma-
tion, itself changes with age.

Perhaps the most consistently identified ‘aging gene’ in humans that affects both 
long lifespan and susceptibility to certain age-related diseases is the apolipoprotein 
E gene (ApoE) [7, 8]. The inheritance of the three alleles of ApoE correlates with 
protection or susceptibility to aspects of aging [7, 8, 13]. This correlation has been 
appreciated since the early 1990s, when a case-control studies found the ε4 allele, a 
previously known risk factor for cardio-vascular diseases and Alzheimer’s disease, 
to be significantly less frequent in centenarians than in controls. The ApoE allele 
most frequent in centenarians was ε2, suggesting that it was protective [14]. The 
nature of the protective effect of the ε2 allele is not entirely clear, as it has been as-
sociated with risk for certain types of ischemic heart disease and hyperlipoprotein-
emia [15], or found to have no association, positive or negative, with heart disease 
or stroke [16, 17].

Multiple mechanisms have been proposed to explain the effects of the ε4 isoform 
of the protein, which differs by 2 amino acids from the ε2 isoform (arginines instead 
of cysteines at positions 112 and 158). First, hyperlipidemia and hypercholesterol-
emia resulting from lipid transport abnormalities can directly contribute to heart 
disease, atherosclerosis, and stroke (reviewed in [7, 8]. In Alzheimer’s disease, 
ApoE is thought to be involved in binding and clearance of amyloid β(Aβ). ApoE 
ε4 has decreased interaction with Aβ [7, 8] and its deposition into senile plaques is 
higher in patients carrying the ε4 allele. Its direct role in developing the disease is 
still not clear, though, as increased deposition of amyloid is also seen in cognitively 
healthy ε4 carriers [18]. Soluble Aβ is another potential target of ApoE: in a mouse 
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model, clearance of soluble Aβ from the brain depended on the isoform of human 
ApoE expressed [19]. Alternatively, ApoE ε4 may directly promote Aβ oligomer 
formation, more so than ε3 or ε2 [20]. Another hypothesis suggests a negative ef-
fect of ApoE ε4 on recycling of the ApoE receptor and thus on neural function 
[21]. Other possibilities include disruption of neural connectivity, independent of 
Aβ; increased tau hyperphosphorylation, cytoskeletal disruption and mitochondrial 
dysfunction by the proteolytic fragments of ApoE ε4, decreased protection from ex-
citotoxicity, decreased synaptic function, and other deficiencies [22]. How all these 
phenotypic changes are caused by the two cys/arg substitutions is not known. One 
molecular consequence of the substitutions is decreased interaction of N-terminal 
and C-terminal domains of the ApoE protein, leading to decreased binding to the 
receptor and possibly to other interacting proteins [7].

It is worth noting that the association of specific alleles of ApoE with the det-
rimental cognitive phenotypes appears to be age-dependent [23]. For example, 
the presence of ε4 allele has been associated with better, not worse, memory and 
neural efficiency in young healthy people [24]. The differential effect of ε4 allele 
on memory performance depending on age was suggested to indicate antagonistic 
pleiotropy, a theme common for longevity genes: ApoE ε4 may be beneficial during 
development and early adulthood, at the expense of accelerated decline in cognitive 
function with ageing [25].

The action of ApoE exemplifies one type of coping with protein damage, sys-
temic mechanisms that react to extracellular damaged proteins. The main focus 
of this chapter addresses a different type—intracellular mechanisms that monitor 
aging-dependent protein damage.

Proteostasis

Proteostasis, or protein homeostasis, is the state of a healthy proteome that is main-
tained by many sets of interactions among proteins and between proteins and me-
tabolites, which enable the proteome to react to perturbations [26]. Like aging itself, 
proteostasis is highly complex and involves many hundreds of genes whose prod-
ucts engage in diverse protein complexes and function in many distinct metabolic 
pathways [26]. The interacting networks include protein synthesis, machineries of 
post-translational modifications, chaperone machines that assist in proper folding 
and various disposal systems. These protein networks are usually thought of as 
‘stress responses’ (Fig. 2.1), but it is important to emphasize that they operate dur-
ing normal physiology, even without external stress. Of course, since proteins are 
made and fold in different cellular compartments that present distinct environments, 
proteostasis networks in the cytosol, the endoplasmic reticulum and in other organ-
elles have distinct functions and components, which evolved to address the distinct 
environmental conditions [27].

Also like aging, proteostasis is by definition tissue-specific, and while it has been 
studied in single cells for a long time, the molecular tools for studying it in whole 
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organisms are still evolving. Here, we focus on some concepts and challenges link-
ing these longevity pathways to the homeostasis of proteins.

Caloric Restriction

One of the most basic and general factors in determining lifespan is the diet. Much 
experimental work in animal models has shown that caloric restriction (CR) enables 
extension of lifespan, and studies in human populations often emphasize the inverse 
relationship between caloric intake and healthy aging [28]. Much of our understand-
ing of the genetic factors that favor long lifespan also relates the function of these 
genes to their effects on the metabolism. A simplistic view of caloric restriction is 
that increased food intake leads to metabolic demands, which over time stress the 
organism and thus translates to shorter maximal lifespan or to poorer quality of ag-
ing. Clearly, sensing the intracellular nutrient and energy status involves many of 
the arms of the proteostasis signaling pathways in the cytosol, the secretory appara-
tus and the mitochondria. Caloric restriction has been shown to affect many genes 
involved in preserving cellular homeostasis during stressful conditions. Such genes, 
sometimes termed ‘vitagenes’ [29], encompass heat shock proteins (HSP), the thio-
redoxin and sirtuin protein systems, nutrient sensing systems like mTOR and redox 
systems. As discussed below, all these systems affect protein homeostasis.

Protein Misfolding During Aging

Many diseases whose molecular basis is misfolding of proteins are associated with 
aging and affect almost every tissue. A typical feature of diseases such as Huntign-
ton disease, ALS, Alzheimer’s disease or systemic amyloidosis is their onset late in 
the life of adults. An illustrative example of such diseases is cataract, where most 
commonly progressive loss of function of the crystallins in the lens leads to visual 
degeneration. Lens cells lack the machinery for folding and degradation of proteins 
and are therefore thought to depend on “holdase” chaperone function to prevent 
protein aggregation. α-crystallin, one of the small heat shock proteins, is the built-in 
lens chaperone. It is present throughout life in the protected environment of the lens 
and over time it accumulates damage from oxidation, non-enzymatic modifications 
and proteolysis. This damage partially unfolds the crystallins and creates aggrega-
tion-prone intermediates. In the young lens, α-crystallin sequesters such intermedi-
ates effectively, but in an old lens α-crystallin’s capacity to bind polypeptides is 
saturated, and lens proteins are able to aggregate, promoting light scatter and loss 
of visual acuity [30].

The presence of insoluble proteins is a common feature of most aging-associ-
ated protein misfolding diseases (Fig. 2.1). Alzheimer’s and Parkinson’s diseases, 
type II diabetes and a host of lesser-known, but often equally serious conditions 
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such as fatal familial insomnia are characterized by insoluble protein aggregates. 
These aggregates are found either in the cytoplasm, the nucleus or the endoplas-
mic reticulum (ER) and are often used in the diagnosis of the diseases [31]. None-
theless, all too often the data only correlate the aggregates with aging; relatively 
few studies address whether the misfolded protein itself causes accelerated ag-
ing through cellular dysfunction, or whether its misfolding and aggregation are 
consequences of the progressive decline of proteostasis [32–34]. The increased 
lifespan of C. elegans when aggregation-prone proteins are knocked down [35], 
or when proteostasis-stimulating compounds are used [36–38], supports the caus-
ative role of misfolding/aggregation. However, these approaches do not distin-
guish between the formation of protein aggregates themselves and accumulation 
of earlier misfolded intermediates. They also do not distinguish between genetic 
factors that change the aggregation behavior of the misfolded protein, and factors 
that change the organismal response to the misfolded protein; these can modify 
the lifespan independently of each other [39] and further work is needed to distin-
guish between these mechanisms. Furthermore, more data on the relation between 
protein aggregation and longevity in mammals is still required to demonstrate 
evolutionary conservation of the mechanisms that operate in the model genetic 
organisms [40].

Oxidative Damage to Proteins

Many candidate aging genes involved in the control of redox states and the response 
to oxidative stress have been highlighted and explored, no doubt because of the 
impact of the long-standing free radical theory of aging [41]. Oxidative damage to 
proteins, like damage to nucleic acids and lipids, is mediated by reactive oxygen 
species (ROS) and increases with age. ROS formation is a highly regulated process 
controlled by a complex network of intracellular signaling pathways. The intracel-
lular nutrient and energy status of the cell, the functional state of mitochondria, and 
the concentration of ROS produced in mitochondria, in the cytosol and the ER are 
all sensed during normal physiology. CR appears to prolong life by reducing reac-
tive oxygen species (ROS)-mediated oxidative damage. However, the correlation 
between ROS tolerance and lifespan is complex, which at the minimum contradict 
the existence of a simple relationship between ROS and aging [41].

Many long-lived mutants are resistant to treatment with ROS, and mutants se-
lected for resistance to ROS are also long lived, but an exhaustive study on the ef-
fect of under- or over-expressing a wide variety of mouse genes coding for antioxi-
dant enzymes showed that only the deletion of the Sod-1 gene affects lifespan [42]. 
Consistent with this, C. elegans devoid of all 5 SOD enzymes have normal lifespan 
under non-stressful conditions [43].

Numerous antioxidative enzymes (catalases, superoxide dismutases, glutathione 
enzymes, metal-binding proteins) have provided promising avenues for mechanis-



512  Candidate Genes That Affect Aging Through Protein Homeostasis

tic analyses of ROS defenses, but inactivation of such candidate genes has shown 
at best a modest effect on lifespan. The current opinion is that ROS are not the sole 
determinant, but only a contributor to aging [41, 44].

Age-Related Decline in the Proteostasis Network

The proteostasis network is designed to react to the stresses that lead to misfolding, 
to the misfolded protein species, and to the protein aggregates that form [26]. Each 
of these processes can be countered by different arms of the network: Transcription 
and synthesis of anti-stress proteins such as folding enzymes or molecular chap-
erones are activated through the heat shock response (HSR), the unfolded protein 
response (UPR) in the ER and the mitochondrial UPR; Activities of chaperones are 
involved in recognition of misfolded molecules; Disposal systems such the protea-
some or autophagy are activated to rid the tissues of the toxic misfolded species; 
Toxic proteins can be segregated to prevent cytotoxic effects.

The cytosolic stress-responsive machinery  Since misfolded proteins usually accu-
mulate in the cytosol, even if they originate from the secreted proteome [31] they 
occupy and titrate cytosolic HSPs, and thereby activate HSF1, the main regula-
tor of the HSR [45]. The activation of HSF1 involves hyper-phosphorylation and 
deacetylation, allowing HSF1 to trimerize, translocate into the nucleus, and bind to 
heat-shock elements in the promoter regions of the many HSR target genes. During 
aging, there is clearly a decline in the capacity of the HSR to counter stress. Up-
regulation of the stress-inducible HSP70 by heat shock is reduced approximately 
50 % in hepatocytes from old rats [46] and this decrease in HSP70 expression is 
also seen in other cells, such as human mononuclear cells and lymphocytes [47]. 
Similarly, expression of the other major cytosolic chaperone, HSP90, is reduced in 
fibroblasts from old rats [48]. The ability of HSF1 to bind the promoters of heat-
shock genes in response to increased temperature was absent in the brains of 36 
month old rats, while its levels were not affected [49]. In C. elegans, the inducibility 
of HSR becomes impaired in early adulthood [33], and this sharp transition seems 
to be mediated by the germline stem cell signaling at the onset of reproduction [50].

Expression of many HSPs differs significantly between tissues of ‘normal’ and 
long-lived Pit1(dw/dw) Snell dwarf mice. The magnitude and direction of the ex-
pression changes are tissue-specific and where HSP expression declines, it is of-
ten related to GH and/or IGF-I signaling [51]. These observations in mice parallel 
the role of IGF/insulin signaling in determining worm lifespan. On the other hand, 
forced overexpression of molecular chaperones is deleterious to growth of normal 
mammalian cells [52, 53], while the transformed phenotype of cancer cells depends 
on HSF1 and on an increased expression of chaperones [54–56]. A related exam-
ple is the expression of the XBP-1 UPR transcription factor. Ectopic expression of 
the active form of XBP-1 specifically in C. elegans muscle reduced lifespan while 
expression in neurons prolonged longevity [57]. It appears then that the precise 
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regulation of proteostasis networks is essential for the health of the organism, while 
accumulating evidence points to its dysregulation during aging as one of the main 
causes of cellular dysfunction and disease onset (Fig. 2.2).

Molecular chaperones work in transient complexes with co-chaperones and cata-
lytic factors and diminished chaperone capacity is brought about by down-regulation 
of these components, not only HSP70 and HSP90. For example, HSP110, which 
suppresses the important pro-apoptotic p38 MAPK stress signaling [58], is down-
regulated in livers of three longevity mouse models (Pit1(dw/dw), Prop1(df/df), 
Ghr−/−), and in both kidney and heart of Pit1(dw/dw) and Ghr−/− [51]. Hsph1 expres-
sion is likewise reduced in many tissues of mice exposed to the anti-aging effects 
of caloric restriction, including liver, heart, white adipose tissue, hypothalamus and 
colon [59].

Perhaps more importantly than the level of expression, the functionality of 
HSP70 from old rat livers was half that of HSP70 from young livers, as measured 
by in vitro chaperone assays [60]. The age-associated lower activity is important, 
because even if there is reduced level of HSP70 or HSP90, they are still highly 
abundant, accounting for more than 1 % of total cell protein even in aged tissues. 
Thus, reduced activity attests to reduced chaperone capacity, which may prevent 
repair of protein damage, leading to degeneration and cell death.

The ER stress-responsive machinery  Reduced inducibility of stress responses and 
reduced levels of chaperones with age are not restricted to the cytosolic proteosta-
sis network. Several studies had documented age-related decline in UPR function, 
another important arm of the proteostatic network that reacts to stress in the ER. In 
C. elegans, the capacity to activate UPR signaling is strikingly reduced during early 
adulthood [50, 57] coinciding with the decline of HSR [33], and when the ability to 
respond is diminished, the extension of lifespan is also diminished.

Fig. 2.2   Complexity of the effects of longevity pathways on aging. Examples of how interven-
tion/regulation of transcription factors and chaperones either increase or decrease longevity and 
its quality
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Constitutive expression of ER chaperones and folding enzymes also declines 
with age. Hepatic expression of BiP, calnexin, ERp57 and ERp72 declined 30− 50 % 
in aged rats [61]. Liver expression of the ER gene dnajc3 (encoding p58IPK) was 
diminished by all three of the above murine longevity models and was also lower in 
kidney, muscle, and heart of the Pit1(dw/dw) mice. Dnajc3 is a stress-inducible co-
chaperone for the UPR chaperone BiP critical for survival in response to ER stress 
[62], and there is evidence that this role of Dnajc3 in cellular stress response can 
have widespread physiological effects. For instance, mice that lack p58IPK have 
severely reduced body fat levels, low body weight and are diabetic, most likely due 
to apoptosis of pancreatic β cells [63]. Since 1/4 − 1/3 of the proteome is secretory 
and originates in the ER, and considering the preponderance of membrane and se-
creted protein among aging-related protein misfolding diseases, these data support 
the concept that diminished chaperone capacity contributes to the physiological de-
cline associated with aging.

The UPR is implicated in many of these neurodegenerative and aging-related 
protein folding diseases. Activation of the UPR signaling by accumulation of mis-
folded proteins (not necessarily aggregates) is well established [64], but the out-
comes of this activation are varied. For example, response to most of the misfolded 
mutants of α1 anti-trypsin results in induction of ER-associated proteasomal degra-
dation (ERAD), but in response to accumulation of the PiZ mutant the UPR induces 
mostly the autophagy mechanism of disposal [65]. In addition, the effects of indi-
vidual UPR pathways are quite complex and can be disease-specific. For example, 
deletion of XBP1, the central mediator of the IRE1 pathway, did not influence prion 
disease progression in animal models [66], but did delay onset and progression of 
ALS and HD in respective mouse models by stimulating autophagy [67].

Proteasomes  The proteasome is a multi-catalytic enzyme complex that mediates 
the degradation of both normal and damaged proteins. An age-related decline in 
proteasomal activity has been implicated in various age-related pathologies. Tomaru 
et al. created a transgenic mouse model with decreased proteasomal chymotrypsin-
like activity, by over-expression of a thymus-specific subunit β5 that has weak chy-
motryptic activity [68]. These mice exhibited a shortened life span and developed 
age-related phenotypes. Poly-ubiquitinated and oxidized proteins accumulated in 
these mice, and the expression levels of cellular proteins such as Bcl-xL and RNase 
L were altered. When fed a high-fat diet, the β5 transgenic mice developed more 
pronounced obesity and hepatic steatosis than did wild-type mice. These results 
provide in vivo evidence that decreased proteasomal chymotrypsin-like activity 
affects longevity and aggravates age-related metabolic disorders [68]. In C. elegans, 
adaptation of peptide accessibility to the proteasome’s active site in response to 
environmental stress, through modifying its 19 S regulatory particle, is necessary 
for both resistance to proteotoxic insults and maintenance of animal life span under 
normal conditions [69].

Although proteasome activity is diminished when poly-ubiquitinated substrates 
accumulate, Hipp et al showed that an aggregated ubiquitinated substrate is not a 
direct inhibitor of proteasomes, but rather impairs degradation by saturating some 
as-yet-unidentified component [70].
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At least one signaling pathway for proteasome dysfunction is through reactive 
oxygen species that originate from malfunctioning mitochondria and trigger an 
Nrf2-dependent up-regulation of the proteasomal subunits. This is a tissue- and age-
specific regulatory circuit that adjusts the cellular proteasome activity according to 
temporal and/or spatial demands [71].

Proteasomes and aggresomes are likely complementary quality control path-
ways, since aggresome formation/growth is promoted when proteasomes are in-
hibited [72]. Each of these arms of the proteostasis network declines with age, thus 
diminishing the response to metabolic stress or to accumulating misfolded proteins 
and reducing the chances of return to homeostasis.

Autophagy  An independent way to dispose damaged proteins is the process of 
autophagy, where whole organelles can be engulfed by membrane, the contents 
of which then becomes an acidic degradative compartment. The formation of 
autophagosome requires a dedicated machinery that includes chaperones, and 
their relevance to aging is demonstrated by mutational inactivation of autophagy 
genes, which accelerates tissues aging in C. elegans and Drosophila. [73]. Inactiva-
tion of autophagy also suppresses life span extension by CR, aberrant insulin/IGF-1 
or mTOR signaling, and lowers mitochondrial respiration. These findings suggest 
that the different longevity pathways in converge on the autophagy pathway to slow 
down aging and increase life span. Thus, autophagy is one central effector mecha-
nism of animal aging [74].

Aggresomes  One way to cope with accumulated misfolded proteins is to segregate 
them in cytosolic protein inclusions, termed ‘aggresomes’, that are usually peri-
nuclear, near the microtubule organizing center and whose formation and mainte-
nance depends on microtubule-based protein traffic [75]. Aggresomes often contain 
aging-relevant misfolded proteins and were suggested as a coping mechanism to 
protect cells from the cytotoxic effects of misfolded proteins [31]. One line of 
evidence supporting this notion is the enhanced proteo-toxicity in a yeast poly-Q 
model when aggresome formation is inhibited [76]. Targeting misfolded proteins to 
aggresomes seem to depend on recognition signals, like proline-rich domains, pres-
ent on some aggregation-prone proteins. Another signal that is likely involved in the 
formation of aggresomes is the ankyrin-like repeat in synphilin 1, a protein related 
to Parkinson Disease [77]. It is not currently known how the aggresome formation 
machinery changes with age.

Proteostasis in Somatic Tissues Vs. the Gonads

Hallmarks of somatic tissues of aging flies are gradual accumulation of ubiquiti-
nated and carbonylated proteins and reduction of proteasome expression and activ-
ity. In contrast, gonads of aging flies were relatively free of proteome oxidative 
damage and maintained substantial and highly active proteasomes. Exposure of 
flies to oxidants induced higher proteasome activities in the gonads, which were, 
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independently of age, more resistant than soma to oxidative challenge, based on 
reporter transgenes. Finally, inducible Nrf2 activation in transgenic flies promoted 
youthful proteasome expression levels in the aged soma, suggesting that age-de-
pendent Nrf2 dysfunction leads to decreased somatic proteasome expression during 
aging [78]. The higher investment in maintenance of proteostasis in the gonads 
perhaps facilitates proteome stability across generations [78].

Like in Drosophila, C. elegans gonadal cells also display transcriptional and 
proteomic programs that endow them with stress-resistance, which renders them 
immortal and capable of regeneration on a scale not shared by somatic tissues. C. 
elegans mutants with increased longevity exhibit gene expression programs nor-
mally limited to the germ line. Decreased insulin-like signaling causes the somatic 
mis-expression of the germline-limited pie-1 and pgl family of genes in intestinal 
and ectodermal tissues. The FOXO transcription factor DAF-16, the major tran-
scriptional effector of insulin-like signaling, directly regulates pie-1 [79]. Further-
more, Ruvkun et al. tested whether any of the other genes identified in screens for 
worm lifespan extension also displayed expression of germline genetic markers in 
somatic tissues, by tracking the expression of endogenous PGL-1. PGL-1 is normal-
ly restricted to the germline where it forms perinuclear punctate structures around 
mitotic and meiotic germ cells. However, RNAi inactivation of the cct-4 and cct-6 
subunits of the cytosolic chaperonin complex, known to increase longevity, caused 
somatic pattern of expression of PGL-1—punctate perinuclear rings in hypodermal 
cells and cytoplasmic granules in intestinal cells, the same tissues where misexpres-
sion of pie-1 in the insulin-like signaling mutants was observed [79].

The ability of C. elegans to maintain proteostasis declines sharply after the on-
set of oogenesis [50]. Arrest of germline stem cell rescued protein quality control, 
resulting in maintenance of robust proteostasis in different somatic tissues of adult 
animals. Germline stem cell-dependent modulation of proteostasis requires several 
different signaling pathways, each affecting different aspects of proteostasis and 
unable to functionally complement the other pathways. Shemesh et al. propose that 
the decline in the maintenance of proteostasis in somatic tissues is linked in this 
fashion to reproduction [50].

Together, these disparate observations support a model where longevity-promot-
ing mutations such as decreased insulin-like signaling or reduction of chaperone 
capacity causes mis-expression of germline specific transcription factors in somatic 
tissues and this change contributes to the increased survival and health of these 
animals.

Hormesis, Proteostasis and Aging

One of the well-known phenomena regarding stress responses is that low doses of 
stress are protective. Such phenomena, termed “pre-conditioning” have been well-
known from studying heat shock response in flies (e.g. [80]) and are related to 
the concept of ‘hormesis’ that emerged from toxicology [81] and applied to aging 
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research [29]. Many C. elegans longevity genes are associated with antagonisti-
cally pleiotropic effects on development, fertility and/or behavior [82]. One unify-
ing principle is that life extension is generally associated with increased resistance 
to stress, but does not imply extension of good quality of life.

The C. elegans response to heat shock and mitochondrial dysfunction illustrates 
the role of hormesis in lifespan extension. Treatment of C. elegans with a brief but 
intense heat shock provides longevity increase, whereas sustained exposure is le-
thal, and subsequent treatments increasingly extend lifespan [83, 84]. This pattern is 
recapitulated in the response to inactivation of the mitochondrial ATPase atp-3 [85]. 
Both studies highlight the importance of low dose of stress for aging. They also un-
derscore why functional inactivation of genes in the same pathway, e.g. RNAi, do 
not necessarily yield comparable longevity. Because knockdown experiments differ 
in the amount of residual protein activity, the longevity effects are either not seen or 
are found to contradict those of other studies.

An important and little understood feature of hormesis is that mild exposure to 
one stress improves tolerance to other deleterious treatments, like reduced mito-
chondrial function, oxidative stress, radiation and toxic compounds [86]. Together 
with increased stress tolerance, hormesis also increases lifespan [86]. Thus, mainte-
nance of physiological processes and repair of damage are improved by low stress 
and increase the ability to buffer the damage when higher level of stress is en-
countered. It will be important to define in molecular terms to what extent the hor-
metic cross-protection is due to activation of multiple cytoprotective mechanisms 
or to unknown protection effects conferred by individual pathways. For example, 
the combination of mild ER stress and apoptotic signals triggers an autophagic re-
sponse, which is necessary for the hormetic protection from neurodegeneration. 
This activation of autophagy inhibits caspase activation and apoptosis [87]. This is 
an example of how effects of different longevity promoting pathways can be inte-
grated by autophagy to promote longevity.

Relations of Candidate Pathways of Longevity  
Genes to Proteostasis

The Insulin-like Pathway

Tom Johnson and colleagues discovered in the 1980s the first gene shown to limit 
lifespan in the C. elegans, named age-1 [88, 89], which was later shown to encode a 
PI3K protein [90]. The discovery and subsequent cloning of the daf-2 gene [91, 92], 
encoding a C. elegans insulin-IGF receptor, brought the insulin-like signaling path-
way (ILS) into focus as the major lifespan regulator in worms. When daf-2 or age-1 
expression was “silenced” the activity of the insulin/IGF-1 pathway also decreased 
and the worms lived longer. Since then, many other genes associated with the in-
sulin-like pathway have been found to affect the lifespan of fruit flies and mice. 
Reducing the activity of the insulin-like signaling cascade through mutant receptors 
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protects worms from proteotoxicity of various aggregative proteins, including the 
HD-linked peptide, polyQ40 [93] and the AD-associated peptide Aβ [94]. Inactiva-
tion of daf-16 or hsf-1, encoding a FOXO transcription factor in the ILS pathway 
and a heat-shock transcription factor, respectively, and of genes for small heat shock 
proteins (HSPs), accelerated the aggregation of polyQ40, supporting the idea that 
the ILS coordinately influences aging and protein aggregation through the action 
of DAF-16 and HSF1 [95, 96]. Thus, the hypothesis that the insulin-like signaling 
pathway plays an important role in the aging process is well supported by studies of 
aging in model organisms.

Echoing these studies in model genetic organisms, the ILS pathway is clearly 
important for aging in mammals. Reduction of IGF1 signaling (as in animals het-
erozygous for the IGF1 receptor) was reported to protect mice from oxidative stress 
[97] and from Aβ toxicity, and to extend their lifespan [98]. In humans, Suh et al. 
demonstrated a gender-specific over-representation of heterozygous mutations in 
the IGF1R gene among female centenarians, associated with reduced activity of the 
IGF1R, high serum IGF1 levels and smaller stature [99]. Variants of other genes 
involved in the ILS pathway predominate among long-lived individuals, like the 
FOXO3a transcription factor, which is linked to extreme longevity in several, ethni-
cally-disparate populations [100–103]. The extreme example of decreased ILS sig-
naling in humans is presented by Laron syndrome—IGF1 deficiency due to inactive 
GH receptor that results in dwarfism and obesity on the one hand, but apparently 
complete protection from cancer and relatively long life on the other [104]. The 
emerging picture is of evolutionary conservation for the action of the ILS pathway 
in conferring both protection from aggregation diseases and increased longevity 
[34, 105].

Why and how does the ILS pathway impact longevity? The answers are complex 
and not entirely coherent. In part, the answers are complicated because candidate 
proteins (e.g. FOXO3a, IGF1R) regulate multiple processes that are not necessarily 
linked mechanistically. This leads to pleiotropy, which cannot be simply related to 
longevity. For example, IGF1R+/− mice [106] and humans [107] displayed growth 
retardation and other skeletal defects not seen in some of the other studies. At least 
some of these phenotypic differences are due to the genetic background [108], but 
clearly the conclusion is not as simple as reducing IGF signaling increases lifespan 
in all cases, and the multiple effects on other morbidities should be taken into ac-
count. All these effects, due not only to amount of signaling but also to its timing 
and its tissue location, are integrated to yield the seemingly opposite effects of the 
ILS pathway on longevity (Fig. 2.2).

Another complicating aspect is that serum IGF-I levels peak during human pu-
berty and declines thereafter. This is an important aspect of IGF signaling during 
aging that has been linked to cerebrovascular and brain aging and cognitive decline 
[109]. The congenital animal deficiency models do not mimic this age-related de-
cline. A recent model where murine IGF-I production is ablated late in adulthood 
shows that an intact GH/IGF-1 axis is essential to maintain health span. Its disrup-
tion, even late in life, causes increased liver pathology, oxidative stress in liver and 
muscle and accelerated bone loss [110].



58 Y. Argon and T. Gidalevitz

The observations that IGF-deficient humans have lower risk of developing dia-
betes or cancer [104, 111], provide an evolutionary driving force for maintaining 
mutations in ILS pathway components, even if they come at a cost to development. 
This realization spurred manipulation of aging as an emerging strategy aimed at 
postponing the manifestation of late-onset neurodegenerative disorders such as Al-
zheimer’s (AD) and Huntington’s diseases (HD) and slowing their progression once 
emerged. Indeed, a novel ILS inhibitor, NT219, mediates a long-lasting, inhibition 
of this signaling cascade by a dual mechanism; it reduces the auto- phosphoryla-
tion of IGF1R and directs the insulin receptor substrates 1 and 2 (IRS-1 and - 2) for 
degradation [38]. While NT219 treatment provides a proof-of-concept that ILS in-
hibitors can be useful against aging-onset diseases, it also highlights the complexity 
of the problem, because while decreased signaling is beneficial for an ALS worm 
model [112], increased IGF-I administration at disease onset slows the progression 
ALS in human subjects [113].

The ILS Pathway and Stress Responses

Insulin-like signaling and the stress responses in the cytosol (HSR), the ER 
(UPR) and the mitochondria are related mechanistically by proteostatic networks 
(Fig. 2.3a). One connection is through the C. elegans FOXO transcription factor 
daf-16, which appears to regulate HSP expression by interacting with HSF [95]. 
Unlike mammals, which have four FOXO genes with overlapping and different 
functions, C. elegans has to account for the same functions with a single FOXO-
like protein, DAF-16. How then is its specificity achieved in biological regulation? 
Distinct isoforms are used to fine-tune the ILS-mediated processes in the context 
of a whole organism, and are expressed in distinct tissue patterns. One isoform, 
DAF-16a, is known to regulate longevity, stress response and dauer diapause while 
DAF-16b has only a minor role. A recently identified isoform, DAF-16d/f, is an 
additional isoform that is important for regulating longevity. DAF-16a and DAF-
16d/f functionally cooperate to modulate IIS-mediated processes through differen-
tial tissue enrichment, preferential modulation by upstream kinases, and regulating 
distinct and overlapping target genes [114]. Another possible connection between 
HSR and ILS in C. elegans was recently proposed, by demonstration that ILS can 
directly control HSF activity by regulating two HSF-inhibitory proteins, DDL-1 
and DDL-2. While both these proteins are evolutionarily conserved, it is not yet 
known whether this regulatory connection is also conserved [115].

The study of murine HSPs by [51] suggests important differences between the 
effects of GH/IGF-I signaling on HSP expression in mice, and the effects of ILS 
signaling on HSP expression in worms. The inhibition of ILS in the daf-2 mutant 
increases expression of HSP70 and HSP90 family members [116, 117] as well as 
small heat shock proteins [95, 118, 119], all outcomes that affect cellular protein ho-
meostasis. All these effects of systemic ILS mutations in C. elegans on heat shock 
gene expression, still do not provide much insight into the cells and tissues that 
express HSP differentially. The effects of diminished GH and/or IGF-I signals on 
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HSP gene expression in mice are more complicated than those described in C. el-
egans. When growth hormone receptor-deficient mice are compared to long-lived 
dwarf mice, the beneficial phenotypes like increased lifespan and lower incidence 
of kidney disease, cataracts, and joint disease [120] are not related in a simple man-
ner to the level or type of HSP expression [51]. In humans, genetic association 
studies have correlated polymorphisms of HSPs genes with longevity and age-re-
lated disease [121], but the mechanisms underlying such associations are not clear. 
While HSP expression appears to enhance overall proteome stability [26], and may 
counteract age-related conditions resulting from accumulation of poly-Q or prion 
proteins [122, 123], CR in mice promotes widespread diminution of HSP expres-
sion [59]. HSP expression may therefore have both positive and negative effects, 
depending upon the tissues or cell types, or upon the developmental or physiologi-
cal state of the organism.

Even though growth occurs in every tissue and IGF-1 receptors are found 
throughout the body, there is considerable difference in the contribution of distinct 
cells and tissues to the ILS-related effects on aging [124, 125]. In retrospect, this 

Fig. 2.3   Connections among proteostasis pathways affecting longevity. a Heat shock response 
(HSR) and the ER or mitochondrial unfolded protein responses (UPR, mtUPR respectively) up-
regulate distinct chaperone networks. ILS can directly regulate chaperones through the FOXO 
transcription factor and it also interacts with the stress responses, via mechanisms that are still not 
fully elucidated. Chaperones, in turn, also impact ILS, for example by regulating IGF production. 
b Caloric Restriction increases sirtuin activity that, among other things, inhibits p53 activity in 
neuroendocrine cells with a consequent effect on insulin signaling. Red, representative compo-
nents that have been defined as candidate longevity genes. Blue, a specific example from Drosoph-
ila shows how a dominant negative p53 (DN p53) reduces production of of insulin-like peptide 2 
and thereby reduces downstream effectors and increases both stress resistance and lifespan [140]
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is not surprising given the hormonal nature of ILS, but nonetheless was only fully 
appreciated reasonably recently. The non-autonomous nature of ILS in C. elegans 
was proposed on the basis of both genetic [126] and microarray analyses [125] and 
followed by direct experimental demonstration that highlighted the role of neurons 
in secretion of insulin-like hormones [127].

The neuroendocrine nature of ILS signaling is also evident in extension of mouse 
lifespan through tissue-specific knockout of insulin receptor substrates [128, 129] 
and the IGF-1R+/− mice (see above). The reduced ILS as a result of targeting the 
brain, rather than in peripheral tissues, is particularly important as this sets the pat-
tern for growth as well as lifespan [130]. IGF-1 feedback onto the hypothalamus 
during development plays a key role in determining the set point of the somatotrop-
ic axis throughout life. Thus, in both worms and mice neurons play a central role in 
ILS. Remarkably, as discussed below, the hypothalamus is also a central tissue for 
lifespan extension via another pathway, the sirtuins.

Another important connection between heat shock proteins and ILS is that dur-
ing ER stress, IGF-I stimulates translational recovery and induces expression of the 
key molecular chaperone of the UPR, BiP/GRP78, thereby enhancing the folding 
capacity of the ER and promoting recovery from ER stress [131]. Conversely, BiP 
expression in CR mouse livers is reduced by 40 % and IGF1R signaling regulates 
BiP expression via the PI3K/AKT/mTORC1 axis, independent of the canonical 
UPR and FOXO1 [132]. The stress response and chaperone systems also impact 
ILS by controlling the production of hormones (Fig. 2.3a). An example is the de-
pendence of IGF-I and –II themselves on GRP94. As shown in both cell culture and 
a mouse model, the level of IGFs produced is proportional to the activity of GRP94 
[133–135]. Therefore, it is possible that the decline in IGF levels in humans with 
advanced age reflects a decline in chaperone activity. Indeed, preliminary indica-
tions suggest that hypomorphic alleles of GRP94 exist in human populations and 
affect ILS signaling (Argon et al. unpublished).

In a Drosophila model of muscle mitochondrial injury, mild muscle mitochon-
drial distress preserves mitochondrial function, impedes the age-dependent deterio-
ration of muscle function and architecture, and prolongs lifespan. Strikingly, this 
effect is mediated by at least two pro-longevity signaling pathways: muscle-restrict-
ed, redox-dependent induction of genes that regulate the mitochondrial UPR and the 
transcriptional induction of the Drosophila ortholog of insulin-like growth factor-
binding protein 7, which systemically antagonizes insulin signaling and facilitates 
mitophagy (autophagic degradation of mitochondria). Given that several secreted 
IGF-binding proteins (IGFBPs) exist in mammals, this work raises the possibility 
that muscle mitochondrial injury in humans may similarly result in the secretion of 
IGFBPs, with important ramifications for insulin-like signaling [136].

The P53 Pathway

p53 is often studied as either a tumor suppressor or as a guardian of genomic integri-
ty in response to cellular damage and stress. Yet p53 plays a third role—a longevity 
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regulator. Mouse models that expressed 2 truncated forms or a temperature-sensitive 
mutant of p53 [137, 138] were resistant to cancer, yet had significantly shortened 
longevity and a number of premature aging phenotypes. This effect on mouse lon-
gevity led Helfand et al. to investigate the role of the Drosophila p53 homologue, 
Dmp53, in longevity [139]. They found that null Dmp53 flies, while viable, are sick 
and have reduced lifespan, probably due to early negative effects on embryonic 
development. However, when two dominant-negative (DN) mutants of p53 that in-
hibit wild type p53 transactivation activity were expressed in neuronal cells of Dro-
sophila, but not in other tissues, longevity was increased. Even more specifically, 
expression of the DN Dmp53 transgene in the 14 neurons of the brain that produce 
insulin-like peptides extends lifespan to a similar extent as pan-neuronal expression 
[140] (Fig. 2.2). The primary effect of DN Dmp53 in the insulin-producing neurons 
was on reducing production of insulin-like peptide 2 (dILP2), while other dILPs 
remained unaffected. This was sufficient to inhibit downstream insulin signaling, as 
evidenced by reduced PI-3 kinase function in fat bodies of both larval and adult flies 
(Fig. 2.3b). Moreover, increased dFoxO nuclear accumulation was observed in fat 
body cells, a key downstream readout for attenuated insulin signaling, as increased 
nuclear FoxO is associated with increased stress resistance [141]. Turning on ex-
pression of the DN Dmp53 construct in adult Drosophila brains increased lifespan 
while turning the expression off reduced lifespan extension, both in proportion to 
the age of turn-on/off [140].

Thus, alterations in p53 signaling in a specific subset of secretory neurons were 
shown to cause major effects on insulin signaling pathways in critical target organs 
such as the fat body. CR did not provide any additional lifespan extension beyond 
that observed in non-restricted neuronal DN Dmp53 flies [139], arguing that p53 
signaling and CR operate in the same pathway (Fig. 2.3b). It is likely that this model 
applies also to mammalian systems, although with a more complicated network of 
interactors, whose unraveling should provide profound new insights into the genet-
ics and biology of aging and longevity.

The Sirtuin Pathway

Sirtuins are evolutionarily conserved enzymes with histone deacetylases activity, 
which affect multiple pathways that are important for metabolic regulation and the 
overall health of organisms [142]. NAD(+) is a rate-limiting substrate for sirtuin 
deacylases and therefore an important cofactor regulating metabolic homeostasis. 
In the context of aging, an extra copy of the yeast Sir2 sirtuin gene was found in the 
1990s to increase the lifespan of yeast and similar extension of lifespan has been 
replicated in other organisms, including flies and worms [143]. However, the role 
of sirtuins in promoting mammalian longevity has engendered a fierce controversy. 
Some studies suggested that sirtuins mediate the lifespan-extending effects of CR. 
Phenotypically, resveratrol supplementation of obese humans for 30 days induced 
metabolic changes that mimic the effects of CR on energy metabolism and behav-
ior [144]; this resveratrol effect is thought to be mediated by activation of SIRT1. 
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However, whole-body expression of Sirt1 (the homologue of yeast Sir2) was not 
sufficient to extend longevity in mice as it does in invertebrates, although it im-
proved general health [145]. In fact, even the effects in worms and flies were called 
into question because longevity co-segregated with a second-site mutation affecting 
sensory neurons in the background of the experimental strains [146].

It has since been shown that a restricted diet boosts Sirt1 and neuronal activity 
in certain hypothalamic nuclei that control central autonomic nervous system func-
tions in mice [147]. Like caloric restricted wild-type mice, BRASTO mice, which 
overexpress Sirt1 only in the brain, lived 11 % longer than their wild-type counter-
parts even on a normal diet [147, 148]. The adults were also more active physically 
and metabolically, just like young mice, suggesting that physiological aging slows 
down in BRASTO mice compared to controls. The benefit is at least partly due to 
more orderly sarcomeres and more normal mitochondria in their skeletal muscle 
[148]. Curiously, another BRASTO mouse with more uniform overexpression of 
Sirt1 throughout all nuclei in the hypothalamus exhibited none of these signs of 
youth, suggesting that Sirt1 expression specifically in the dorsomedial and lateral 
hypothalamus is important for the anti-aging effect [148]. This finding could help 
settle the controversy about the role of Sirt1 aging in mice as high Sirt1 expression 
throughout the body might suppress neural activity in the dorsomedial and lateral 
hypothalamus. It seems that in mammals, like in model organisms, the effects on 
longevity are due to the activity of certain neurons affecting certain target tissues, 
rather than to whole body, multi-tissue effects.

Another focus of controversy about sirtuins and aging has been whether the red-
wine ingredient resveratrol exerts similar longevity effects to those of CR. Sinclair 
and colleagues discovered in 2003 that resveratrol sped up the normal deacetylase 
activity of SIR2 in vitro [149]. That discovery was challenged as pertaining only 
to in vitro assays and not to living cells. However, two new studies support that the 
fluorescent molecules used in vitro may have mimicked hydrophobic amino acids 
found in certain natural SIRT1 substrates. In fact, sirtuin activators appear to speed 
up SIRT1 only when it interacts with substrates that contain such hydrophobic resi-
dues [150, 151]. Importantly, the number of such substrates is limited and includes 
ones thought to help induce some of calorie restriction’s key health-promoting ef-
fects, such as FOXO3a. The SIRT1 protein includes a single amino acid, Glu320, 
which is not essential for its normal deacetylase activity, but is critical for boosting 
the enzyme’s activity and the mitochondrial effects by sirtuin activating compounds 
[151]. This implies that SIRT1 serves as a key channel for inducing the mitochon-
drial aspects of longevity.

Regarding sirtuin substrates, estrogen receptor (ER) signaling has a variety of 
neuroprotective effects, and several proteins involved in ERα signaling are acety-
lated, including ERα itself and Hsp90, a key chaperone in the functional regulation 
of ERα. The acetylation is important to the functions of these proteins, but deacety-
lases other than SIRT2 appear to be involved [152].

dSir2 overexpression in Drosophila and CR longevity extension were shown to 
operate in the same pathway [153]. Moreover, longevity extension via the sirtuins 



632  Candidate Genes That Affect Aging Through Protein Homeostasis

pathway is related mechanistically to the effects of the p53 pathway, because dSir2 
overexpressing DN Dmp53 flies showed the same longevity as Sir2 overexpressing 
flies, indicating no additive effects. This suggests that CR, dSir2 and DN Dmp53 all 
act through similar pathways of longevity extension, through the inhibition of p53’s 
transcriptional activity by sirtuins, as discussed above (Fig. 2.3b).

A different pro-longevity mechanism for sirtuins was recently pointed out by 
Schmeisser et al., who found that sirtuin-mediated lifespan extension depends on 
methylation of nicotinamide [154]. This is an unexpected activity of sirtuins be-
yond histone deacetylation. All sirtuins convert NAD(+) into nicotinamide, and 
provision of either nicotinamide or its metabolite, 1-methylnicotinamide, extend 
C. elegans lifespan even in the absence of sir-2.1. A previously unknown C. el-
egans nicotinamide-N-methyltransferase, encoded by a gene now named anmt-1, 
generates 1-methylnicotinamide from nicotinamide. Disruption and overexpres-
sion of anmt-1 have opposing effects on lifespan independent of sirtuins, with 
loss of anmt-1 fully inhibiting sir-2.1-mediated lifespan extension. 1-methylnico-
tinamide is in turn a substrate for an aldehyde oxidase, GAD-3, that generates 
hydrogen peroxide, which acts as a mitohormetic reactive oxygen species signal 
promoting C. elegans longevity [154]. NAD(+) levels are reduced in aged mice 
and worms and decreasing NAD(+) levels results in a further reduction in worm 
lifespan. Conversely, genetic or pharmacological restoration of NAD(+) prevents 
age-associated metabolic decline and promotes longevity in worms [155]. These 
effects are dependent upon the protein deacetylase SIR-2.1 and involve the activa-
tion of stress signaling via the mitochondrial unfolded protein response (mtUPR) 
and the nuclear translocation and activation of FOXO transcription factor DAF-16. 
The implication is that augmenting mitochondrial stress signaling by modulating 
NAD(+) levels may be a way to prevent or treat age-related decline [155]. Acety-
lation by SIRT1 was also shown to directly regulate the DNA-binding activity of 
human HSF1, providing a mechanistic connection for the requirement of HSF1 in 
regulating life span [156].

The mitochondrial deacetylase Sirt3 is essential for antioxidant defense system 
[157] but its pro-aging effects are also becoming clearer at a biochemical level. 
In fasting mice, Sirt3 expression is decreased in skeletal muscle, resulting in in-
creased mitochondrial protein acetylation. Deletion of Sirt3 led to impaired glucose 
oxidation in muscle, which was associated with decreased pyruvate dehydrogenase 
(PDH) activity, accumulation of pyruvate and lactate metabolites, and an inability 
of insulin to suppress fatty acid oxidation. Proteomic analysis showed that a major 
target of Sirt3 deacetylation is the E1α subunit of PDH (PDH E1α) and Sirt3 knock-
out or knockdown in myoblasts induced hyperacetylation of the PDH E1α, altering 
its phosphorylation and leading to lower PDH enzymatic activity. This inhibition 
of PDH activity switched skeletal muscle substrate utilization from carbohydrate 
oxidation toward lactate production and fatty acid utilization even in the fed state, 
contributing to a loss of metabolic flexibility. Thus, Sirt3 plays an important role 
in part by regulating PDH function through deacetylation, thus affecting mitochon-
drial substrate choice and metabolic flexibility [158].
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The Mtor Pathway

Much like sirtuins link genome quality control to a wide range of metabolic pro-
cesses that impact aging, so do the mammalian (or mechanistic) target of rapamycin 
(mTOR) complexes. While the enzymatic activity of sirtuins is deacetylation, the 
activity of the TOR complexes is phosphorylation. Each is a common post-transla-
tion modification of enzymes, structural proteins or signaling proteins, and there-
fore affects either the level of activity or the stability of the protein and pathway.

The importance of mTOR for lifespan was first demonstrated by RNAi knock-
down in C. elegans [159] and then extended by modulating the TOR homologues 
in flies, yeast and recently in mice. Lamming et  al. demonstrated that female 
Mtor+/−Mlst8+/− mice have reduced mTORC1 activity and increased longevity 
[160], similar to the phenotype reported by Selman et al. for mice that lack S6K1, 
one of the principal substrates of mTOR [161]. Thus, the linkage between mTOR 
and lifespan is conserved in evolution.

Most commonly, the tool used to invoke mTOR complexes in longevity is the 
inhibitor rapamycin. Rapamycin treatment was shown to extend lifespan at blood 
levels that were 3X those of the typical therapeutic range for human immunosup-
pression [162]. However, the mechanism(s) accounting for the anti-aging effects 
of rapamycin is not yet clear. The effect on aging maybe through the anti-cancer 
effect, or by reducing protein synthesis, or by inducing autophagy, or by affecting 
stem cell, as it favors the retention of “stemness” and a more youthful phenotype in 
the adult stem cells types that have been studied (for details see review by [163]).

In vivo, the mTOR pathway receives inputs through a wide variety of signaling 
mechanisms and has roles in many aspects of physiology, which have been reviewed 
in depth [164]. These inputs are integrated by two mTOR complexes: mTORC1 re-
sponds to signals that include amino acids, glucose, WNT ligands, oxygen, cAMP, 
and insulin/IGF-1, namely to changes in metabolites or hormones that often sig-
nify metabolic stress. When activated, mTORC1 regulates protein synthesis and 
cell growth through phosphorylation of substrates that include S6 kinase (S6K) and 
eukaryotic initiation factor eIF4E binding protein (4E-BP). Thus, mTORC1 shapes 
the proteome in part through new protein synthesis [165]. mTORC2 (consisting of 
mTOR, rictor, mLST8/GβL, mSIN1, protor, DEPTOR) responds to less clear sig-
nals but may be activated by interaction with ribosomes [166], and thus affects the 
proteome at least at the level of protein synthesis. Nonetheless, mTORC2 activity 
regulates diverse kinases, including AKT, serum/glucocorticoid regulated kinase, 
and PKC-α, and thus indirectly regulates activity and or stability of many kinase 
substrates [166].

Acute treatment with rapamycin inhibits mTORC1 signaling, restricting growth 
and promoting longevity without reducing insulin sensitivity. On the other hand, 
chronic rapamycin treatment inhibits mTORC2 as well, impairing growth and in-
sulin signaling, and perhaps promoting longevity [167, 168]. Interestingly, lifespan 
extension by disruption of mTORC1 in worms requires the worm’s homologues of 
NRF1/2 and FOXO, both transcription factors that control genes involved in stress 
defenses. Lifespan extension by rapamycin or by disruption of mTORC2, however, 
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requires only the NRF1/2 homologue. Consistent with a role for general stress de-
fenses in the benefits of rapamycin, both worms and flies with impaired TOR func-
tion are stress resistant, and induction of NRF1/2 and FOXO target genes has been 
detected in the livers of rapamycin-treated mice [167, 169].

Despite the large number of studies with rapamycin, only recently was there 
genetic evidence that variation in any of the mTOR pathway genes plays a role in 
human longevity. Recently, using the Leiden Longevity cohort, seven of 40 mTOR 
pathway genes, and in particular Raptor, exhibited significant differential expres-
sion associated with longevity. This association was not explained by variation be-
tween the groups in the prevalence of type 2 diabetes, glucose levels or cancer 
[170]. It will be fascinating to discover which activities of mTORC1 are changed 
by these allelic variants.

It is important to emphasize that pathway cross-talks are important also to un-
derstanding mTOR activity towards longevity. There is an extensive cross talk be-
tween p53 and mTOR, one manifestation of which is that the activity of mTOR is 
increased in some but not all tissues of p53−/− mice, associated with the tendency to 
increased insulin and IGF-1 levels [171] (Fig. 2.3). At the same time, some of the 
endocrine and metabolic changes seen in diet-restricted mice were not seen in mice 
exposed to rapamycin, and the pattern of expression of hepatic genes involved in 
xenobiotic metabolism is also quite distinct in rapamycin-treated and diet-restrict-
ed mice [172]. These observations suggest that CR and mTOR inhibition extend 
mouse lifespan in different ways.

Conclusions

Many of the candidate longevity genes and so-called ‘vitagens’ affect longevity by 
impacting the health of the proteome. The major pathways of candidate longevity 
genes discussed here, meant only as examples, are all intimately connected with 
protein homeostasis: the mTOR pathway—though protein synthesis and activation 
of phosphorylation cascades; sirtuins—through changes in gene expression and 
protein modifications; ILS—through control of chaperone and anti-oxidant sys-
tems. These effects on the proteome lead to changes in the function and regulation 
of tissue and whole body metabolism. Even in the few major pathways used here as 
examples, aging is accompanied by reduced quantity of important components, or 
more importantly—reduced activity. These changes invariably degrade the ability 
of the protein networks to respond to stress, and even to normal life’s activities, and 
consequently, to restore the homeostasis. Understanding the impact of these and 
other pathways on the proteome is already beginning to yield chemical genetics ap-
proaches to improve protein homeostasis during aging.

A theme that emerges from multiple longevity pathways and several organisms 
is that the source of signals that matter for longevity is often neuroendocrine, either 
specific head neurons in the worm and fly or nuclei in the mammalian hypothala-
mus. This feature is shared between the sirtuin and ILS pathways, stress responses 
including HSR and UPR, and perhaps many other longevity genes.
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Another non-surprising theme to many longevity genes is the cross-talk between 
their action in one longevity pathway and other pathways. The intercalation of the 
longevity pathways is simply a mechanistic reiteration of the complexity of the ag-
ing process. As a consequence of the extensive cross-talk, another expected theme 
is that “there is no free lunch”. Almost any extension to lifespan or improvement 
of healthspan through manipulation of proteostasis genes comes at a cost of caus-
ing some morbidity. These considerations highlight the need for multiple specific 
readouts of manipulating longevity genes, beyond the simple measure of lifespan.
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