Review
(SN 15577445, D1 10 10010w 2105 TheScientificWorldJOURNAL

ity tha s cigntificvear!d.com

Insulin/IGF-1 and Related Signaling
Pathways Regulate Aging in Nondividing
Cells: from Yeast to the Mammalian Brain

Edoardo Parrella and Valter D. Longo*

Division of Neurogerontology Andrus Gerontology Center and Department of
Biological Sciences, University of Southern California, Los Angeles

E-mail: parrella@usc.edu; vlongo@usc.edu

Received December 11, 2009; Accepted December 17, 2009; Published January 21, 2010

Mutations that reduce glucose or insulin/insulin-like growth factor-1 (IGF-1) signaling
increase longevity in organisms ranging from yeast to mammals. Over the past 10 years,
several studies confirmed this conserved molecular strategy of longevity regulation, and
many more have been added to the complex mosaic that links stress resistance and
aging. In this review, we will analyze the similarities that have emerged over the last
decade between longevity regulatory pathways in organisms ranging from yeast,
nematodes, and fruit flies to mice. We will focus on the role of yeast signal transduction
proteins Ras, Tor, Sch9, Sir2, their homologs in higher organisms, and their association
to oxidative stress and protective systems. We will discuss how the “molecular strategy”
responsible for life span extension in response to dietary and genetic manipulations
appears to be remarkably conserved in various organisms and cells, including neuronal
cells in different organisms. Taken together, these studies indicate that simple model
systems will contribute to our comprehension of aging of the mammalian nervous
system and will stimulate novel neurotherapeutic strategies in humans.
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INTRODUCTION

Aging is an extremely complex process that has stimulated many theories to explain it. Among the
different putative mediators of aging, oxidative damage is perhaps the most widely accepted and among
the oldest proposed[1]. Oxidative damage to macromolecules is believed to be caused by an imbalance
between reactive oxygen species (ROS) and antioxidant systems, which include enzymes, such as the
superoxide dismutases (SODs), catalase and glutathione peroxidase, and small molecules such as vitamins
C and E. Aging is accompanied by progressive accumulation of oxidative damage in many tissues,
including the peripheral and central nervous systems (PNS, CNS)[2,3,4,5]. The brain, in particular, is
highly vulnerable to oxidative damage because of its high oxygen consumption (20% of the oxygen
consumed by the whole body) and an antioxidant system that is not capable of preventing oxidative
damage accumulation at advanced ages[6]. Age-dependent oxidative damage can lead to behavioral
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deficits in rodents[7] and possibly in humans. In fact, several studies have described an increased level of
oxidative damage to nucleic acid, proteins, and lipids in the older human brain[8,9,10]. Oxidative damage
is believed to play a major role in a variety of neurodegenerative diseases, including Alzheimer’s disease
(AD)[11], Parkinson’s disease (PD)[12], and Huntington’s disease (HD)[13], although it is not clear
whether oxidative stress is the primary cause of any of these diseases, or simply the consequence of
damage to systems that produce and scavenge ROS caused by other sources of cellular damage, such as,
for example, the presenilin mutations that lead to early-onset AD[14,15].

Biogerontology studies performed in the past decade indicate that dietary changes or genetic
manipulations extend longevity by producing a shift to a maintenance mode characterized by enhanced
stress resistance. The longevity and stress-resistance regulation can be obtained by specific mutations that
decrease the activity of insulin/insulin-like growth factor-l1 (IGF-1) signaling pathways or by reducing
calorie intake by at least 30%, with a strategy called dietary or calorie restriction (CR)[16,17]. The
described regulation appears to have evolved to promote longevity during periods of starvation and is
effective in a wide range of organisms.

YEAST
Yeast: Chronological Life Span vs. Replicative Life Span

Chronological life span (CLS) in yeast is based on the days of survival of populations of nondividing
cells[18]. This paradigm is obtained by growing and maintaining yeast cells in minimal glucose medium,
or by transferring the organisms to water (starvation or extreme CR) after 72 h. After the growth phase,
characterized by fermentative catabolism of glucose, the yeast population shifts to a largely respiratory
metabolism. The viability of the aging yeast is assessed over time[19].

Aging in yeast is also measured by monitoring the number of daughter cells generated by an
individual mother cell (replicative or budding life span, RLS). Since daughter cells are smaller and easily
recognizable, they can be removed by micromanipulation when budding occurs.

CLS, measured as long-term survival of cells maintained in stationary phase, represents a valuable
paradigm to study stress resistance and longevity in nondividing cells. Oxidative damage in growing cells
is reduced over time and diluted by the synthesis of new macromolecules required for rapid growth. For
example, yeast cells can grow in the presence of elevated concentrations of superoxide and H,0,[20,21].
In contrast, nondividing yeast obtain most of their cellular energy from mitochondrial respiration, as is
observed in postmitotic cells of several mammalian tissues. While in this stationary and oxidative
phosphorylation-based phase, yeast shows several cellular alterations caused, in part, by the accumulation
of oxidative damage, which are also observed in mammalian cells from old organisms, including
increased DNA damage and defects in re-entering the growth phase. As mitochondrial-derived ROS are
believed to contribute to the aging of postmitotic cells, such as neurons, the yeast CLS system provides a
particularly simple, but valuable, model system to understand the fundamental aspects of aging in
postmitotic mammalian cells.

Regulation of Longevity and Stress Resistance in Yeast

Over the past 10 years, many yeast genes that regulate longevity and stress resistance have been
identified. Remarkably, these genes are part of glucose signaling pathways and are related to mammalian
genes that are activated by the presence of nutrients and growth factors. Several studies suggest that
down-regulation of nutrient signaling pathways can extend yeast longevity by activating stress-resistance
transcription factors that regulate the expression of genes involved in protection against oxidative and
heat stress, DNA repair, and metabolism. Moreover, these signaling pathways have been implicated in
regulating CR-induced life span extension[22].
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The two major nutrient signaling pathways implicated in the yeast life span regulation are the
Tor/Sch9 and the Ras/AC/PKA pathways (see Fig. 1). Deletion of the signal-transduction proteins RAS2,
TOR, CYR1 (adenylate cyclase, AC), and SCH9 increases life span as well as oxidative stress resistance
and thermotolerance. Interestingly, the beneficial effects of CR are reduced or blocked in mutants that are
missing these proteins, indicating that their down-regulation mediates part of the CR-dependent effects on
longevity (see Fig. 1).
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FIGURE 1. A simplified depiction of the glucose and insulin/IGF-I pathways in yeast, worms, flies, and mice. The signaling pathway starts
when the ligands bind the appropriate receptor. For yeast, the ligand is represented mainly by glucose and amino acids. Worms have 38
ligands discovered so far (INS;.3g), flies seven (DILPs,-;), mice three (insulin, IGF-1, and IGF-II). The yeast receptor is mainly represented by
Gprl (for a complete review, see Gancedo[184]). Worms and flies present only one receptor (DAF-2 and InR, respectively), whereas mice
present three (IGF-IR, IR-A, IR-B, and other related growth factor receptors). The signal is then transduced from the receptor via adaptor
proteins: the GTPase Ras in yeast, the worm IST-1, and the fly CHICO, the respective homologs to vertebrate insulin receptor substrates, the
four insulin receptor substrates (IRS;.4) and also Ras in mice. In worms and flies, the signal can be also transduced directly to PI3K (AGE-1
in worms). PI3K converts PIP, into the second messenger PIP; in worms, flies, and mice proaging pathways. Cyrl (AC) instead catalyzes the
conversion of ATP to generate the second messenger CAMP in yeast. Elevated levels of the second messengers activate Ser/Thr-kinases:
Sch9 and PKA (homologs of the protein kinase Akt and S6K) in yeast; Akt-1, Akt-2, SGK-1 (serum- and glucocorticoid-induced protein
kinase-1) in worms; PKB in flies; Akt-1, Akt-2, and Akt-3 in mice. Yeast Sch9 has been shown to function directly downstream of the TOR
kinase protein[23]. TOR and S6 kinase have also been implicated in worms, flies, and mice longevity pathways. Activated kinases
phosphorylate specific transcription factors, causing their inactivation: the stress-resistance transcription factors Mns2, Mns4, and Gisl in
yeast and forkhead transcription factors, and other transcription factors in higher eukaryotes. Worms and flies contain a single forkhead
transcription factor (Daf-16 and FOXO, respectively); mice display four members of the FoxO family called FoxO-1, -3, -4, and -6 (for a
review, see Birkenkamp and Coffer[185]). This list focuses on the genes and pathways that play partially conserved aging regulatory roles
from yeast to mammals. Many other genes not shown here have been implicated in life span regulation.

SCH9, an AGC serine/threonine kinase that shares high sequence identity with the mammalian
kinases Akt/PKB and S6K (S6 kinase), but that is more functionally related to S6K[23,24], is part of a
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nutrient-sensing pathway whose down-regulation increases the CLS by up to threefold[25]. More recent
papers indicate that Sch9 inactivation also extends the yeast RLS[26,27]. Sch9 has been shown to
function directly downstream of the TOR (Target of Rapamycin) kinase protein[23]

Two TOR orthologs, TOR1 and TOR2, have been discovered in yeast. Both Torl and Tor2 mediate
growth-related signaling in a rapamycin-sensitive manner. Reduction of the TOR complex | (TORCL1)
activity results in an extension of yeast RLS similarly to what has been observed with Sch9
inactivation[26,27]. Moreover, recent papers support a role for the down-regulation of the TOR pathway
in CLS extension[28,29], confirming the existence of a Tor/S6 kinase life span regulatory pathway in
yeast.

The Ras G-proteins are also evolutionarily conserved, and involved in monitoring the nutritional
status of the cell and regulation of the cell cycle[30]. The deletion of RAS2 doubles the CLS of yeast by
activation of stress-resistance transcription factors Mns2/Mns4 and SODs, through the down-regulation of
AC and PKA[19,25].

The essential function of antioxidant protection in longevity is also supported by the shorter life span
of mutants lacking either SOD1 (CuzZnSOD, cytoplasmic superoxide dismutase) or SOD2 (MnSOD,
mitochondrial superoxide dismutase) compared to wild type[20], or the inactivation of aconitase.
Aconitase, which is a citric acid cycle 4Fe-4S cluster enzyme, is very sensitive to superoxide and is
inactivated during aging in wild-type cells, but much less in long-lived mutants[19,25,31].

In fact, the overexpression of both SOD1 and SOD2 reduces aconitase inactivation and increases life
span by 30%, while overexpression of each SOD alone causes a small, but significant, survival
extension[19,25]. Catalase may also protect against aging, but the effect of either its deletion or
overexpression on life span is much smaller[32]. Furthermore, recent studies have demonstrated that
longevity extension in mutants lacking TOR1 is accompanied by increased SOD2 expression, but can still
be achieved in the absence of SOD2 activity[28]. These results do not suggest that SOD2 is not important
for delaying aging since other systems activated in torl mutants could compensate for the lack of SODs.

Notably, overexpression of multiple antioxidant enzymes can extend longevity by up to 30%, whereas
multiple mutations in glucose signaling pathways can cause a fivefold extension in survival, indicating
that increased antioxidant protection is only one of the many components of a program aimed at reducing
growth and promoting protection and longevity.

For example, Sch9 as well as Tor and Ras2 regulate multiple metabolic pathways, such as that
controlling a shift from an ethanol generation and catabolism mode to a glycerol production mode[33]. As
for antioxidant protection, this carbon source substitution contributes to the delay of aging by generating
an environment that mimics CR.

Another fundamental key modulator of stress response and life span in yeast and higher eukaryotes is
SIR2 (for reviews see Longo[34] and Longo and Kennedy[35]). SIR2 is a conserved deacetylase that
requires NAD as cofactor[36].

Several studies have proposed a role for SIR2 in increasing yeast RLS[37] and in mediating the
effects of CR, although the link between Sir2, CR, and RLS is controversial[38,39]. Our findings suggest
that SIR2 can have the opposite effect on CLS. In fact, deletion of SIR2 does not cause any significant
effect on the CLS of wild-type yeast cells, but the lack of Sir2 coupled with severe CR or mutations in the
Ras or Sch9 pathways can cause an additional extension of CLS[40]. By contrast, Sir2 overexpression
reduces the life span extension promoted by lack of SCH9[40].

WORMS

There are remarkable similarities between the genes involved in longevity extension in Saccharomyces
cerevisiae and Caenorhabditis elegans (see Fig. 1). Mutations in the C. elegans daf-2 gene (abnormal
Dauer Formation-2), encoding the worm insulin/IGF-I receptor, increase life span by down-regulating
age-1 (AGEing alteration-1), the gene encoding the catalytic subunit of the worm PI3K (phosphoinositide
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3-kinase)[41,42,43,44], and the downstream AKT, which results in the activation of the forkhead
transcription factor DAF-16[45,46,47].

Yeast Sch9 is 47 and 45% identical to worm AKT-2 and AKT-1, respectively, and functions
downstream of the insulin homolog DAF-2[48,49]. Sch9 is functionally more closely related to S6K,
which may also be linked to the insulin/IGF-l-like signaling pathway in worms and higher
eukaryotes[50]. Parallel to findings on yeast, among the genes regulated by daf-2 through the forkhead
transcription factor DAF-16, are SOD2 and catalase[51,52] heat shock proteins[53], and genes involved
in drug detoxification[54]. SOD/catalase mimetics protect against oxidative stress and increase life span
in C. elegans[55]. Moreover, similarly to the Ras pathway, daf-2 down-regulates storage of reserve
nutrients as fat and glycogen and the switch to the hypometabolic dauer larva state[41,42,47].

TOR deficiency has been shown to influence life span in nematodes. Mutations or inhibition of let-
363 or daf-15, the respective homologs of TOR kinase and RAPTOR (a TOR-interacting protein),
enhance life span up to twofold[56,57]. Also, CR increases life span in nematodes, and TOR and sir2.1
are implicated in this action (for a review, see Houthoofd and Vanfleteren[58]). Recent studies show that
glucose deprivation can extend life span in worms, whereas glucose availability decreases C. elegans life
span[59]. Interestingly, Sir2.1 signaling is not required for life span extension under glucose restriction,
since deficiency of glucose can also increase life span in different worm strains lacking Sir2.1[59].

Mutations that lower insulin pathway signaling also increase innate immunity[60], and delay age-
dependent impairment of pharyngeal pumping and body movements, two markers of senescence in
nematodes[61].

It has been shown that the age-1/daf-2 insulin-like pathway plays a specific role in neurons to regulate
longevity[62,63]. Although structurally simple, the C. elegans nervous system provides the basic circuit
that underlies the association between external stimuli and behavioral output. Despite the fact that C.
elegans neurons maintain their structural integrity during aging, old nematodes present age-dependent
behavioral decline[64]. Instead, long-lived daf-2 and age-1 mutants also exhibit good performance in
thermotaxis learning tests in old age[65]. Since changes in locomotor activity do not seem to be involved,
it is likely that the described life-extending mutations can provide neuroprotection against the age-
dependent impairment in associative learning behaviors. Finally, many mutants in chemosensory cilia,
specific neurons whose function is to sense environmental chemical signals, exhibit extended life span,
dependent, at least in part, on DAF-16 activity[66]. Some of the long-lived mutants also display
resistance to the oxidative stressor paraquat, although the oxidative stress resistance does not appear to
be correlated to DAF-16[67].

FLIES

A number of the same genes implicated in life span regulation in yeast and worms are associated with
aging in the fruit fly Drosophila melanogaster. For example, mutations in dINR and chico, the fruit fly
insulin receptor and insulin receptor substrate, respectively (see Fig. 1), extend life span[68,69] and also
delay cardiac aging[70]. Moreover, mutations in dINR can also cause an increase in storage of nutrients
and SOD expression[69], and increased resistance to exogenous oxidative stress[69]. As observed in yeast
and worms, inhibition of TOR signaling by overexpression of Tscl and Tsc2 (tuberous sclerosis complex
1 and 2), or by knocking down TOR or S6K, causes life span extension in fruit flies[71].

In Drosophila, the fly ortholog dSir has been reported to increase life span as well[72].

Also in flies, dietary restriction can extend life span (for a review, see Tatar[73] and Piper and
Partridge[74]). This effect can be caused, at least in part, by down-regulation of the TOR pathway since
life span of mutant flies with low TOR activity is only modestly extended under nutrient-limitation
conditions[71].

Oxidative stress and antioxidant enzymes also play a crucial role in Drosophila. Several studies
support the existence of an inverse correlation between oxidative damage to proteins and DNA, and
expectancy of life in fruit flies[75,76]. Overexpression of SOD1 and of mitochondrial SOD2[77] in fruit
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flies increase both mean and maximum life span[78,79]. Similar effects have been observed by
administering exogenous antioxidants[80]. Furthermore, similarly to the observations in yeast, activity of
the mitochondrial enzyme aconitase is significantly decreased in old flies[81], and the systemic
knockdown of Sodl decreases life span and accelerates age-related locomotor impairment[82]. Short-
lived flies lacking SOD2 show an accelerated decay of several functional measures of aging, including
cardiac and locomotor activities and olfactory behavior[83,84]. However, in other studies, overexpression
of SOD1 does not cause any effect on life span[85,86] and it also has been suggested that overexpression
of antioxidant proteins only increases life span in short-lived Drosophila backgrounds[87].

The Drosophila CNS shows markers of aging that indicate that it can serve as a simple system to
study brain aging and diseases in humans. Old flies display impairment in behavioral tests including the
Pavlovian olfactory association[88] and reproductive behavior assays[89]. In the last example, the
impairment appears to be directly related to age-dependent degeneration of dopaminergic neurons[89].
Studies based on negative geotaxis as an index of locomotor function, a measure of neurodegeneration
and age-related functional decline, suggested that the chico mutation can attenuate age-related locomotor
impairment in flies[90]. Recently, to support these findings, a forward genetic screen in Drosophila
indicated a delay in age-related locomotor impairment with loss of function alleles implicated in insulin
signaling, including Akt, Dp110 (respectively, the genes for AKT and the catalytic subunit of PI3K), and
the gene phosphoinositide-dependent kinase 1 (PDK1)[91]. Interestingly, only some of the fly strains that
exhibited age-related locomotor impairment also showed strengthened resistance to the oxidative stressor
paraquat. These findings suggests that in Drosophila, enhanced resistance to oxidative stress (at least for
paraquat) is not required for the locomotor function protection in the elderly.

Glia cells also play an important role in aging and neuroprotection in the fruit fly. In fact, loss of the
Glial Lazarillo (GLaz) gene, a homolog of vertebrate apolipoprotein D (ApoD), mainly expressed in the
fruit fly glia cells, shortens life span, reduces insect resistance to oxidative stress, and accelerates motor
systems senescence[92,93].

MAMMALIAN CELLS AND RODENTS
Insulin/IGF-I and Connected Signaling Pathways in Mammals

The homologs of proaging genes in lower organisms described in the previous sections, including IGF-
IR, PI3K, Ras, Akt, Tor, and S6K, are important growth and survival mediators of IGF-I signaling in
mammalian cells[16] (see Fig. 1).

These genes and some of the pathways in which they function appear to carry out key functions that
promote sensitivity to stress and aging in mammals, although they can also promote protection by
blocking the activation of apoptotic pathways. For example, several mouse models that carry mutations in
the growth hormone (GH)/insulin/IGF-I axis have been generated and were shown to extend survival, as
reviewed recently by Kopchick and colleagues[94]. Examples include mice that lack GH and other
pituitary hormones (Snell and Ames dwarf mice)[95,96], mice with mutations in GHRHR (growth
hormone releasing hormone receptor) (Lit/Lit mice)[97], mice lacking GH receptor/binding protein genes
(Laron mouse)[98], and heterozygous knockout mice for IGF-1 receptor[99]. The mutated mice listed
above or cells derived from several of them are characterized by an improved resistance to stress.
Whereas deficiencies in either GH or GHR have consistently been associated with life span extension of
30% or higher, studies of the effects of IGF-IR and of downstream proteins on life span are not
conclusive. For example, only female IGF-IR™" mice are long lived and this longevity was not confirmed
in a different genetic background[100]. Results correlating life span and IRS (the receptors substrates of
insulin/IGF-1 signaling, see Fig. 1) in mouse are also contradictory. Recent longevity studies have shown
that female IRS-1"" mice exhibit significant longevity extension compared to controls[101], and mice
with conditional disruption of the IRS-2 gene in the brain (bIRS-27") display significant extension in life
span[102]. However, other studies showed that a reduction of GH or IGF-I levels does not always
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correlate with improvement in life span. In fact, mice that express a transgene for growth hormone
antagonist (GHA), even though exhibiting decreased levels of IGF-I, have no extension in life span when
compared to sibling controls[103], although it is possible that the optimal reduction in IGF-I was not
achieved in these mice.

CR is well known also to extend life span in mammals. Survival extension promoted by CR involves
complex and poorly understood mechanisms that appear to overlap partially with those responsible for the
effects of insulin/IGF-I signaling on aging[36,104] (see Figs. 1 and 2). Many phenotypic characteristics
identified in calorie restricted animals, including reduced body weight, reduced IGF-I levels, insulin
sensitivity, and resistance to certain diseases, are shared with mice with reduced GH/GHR activity.
However, comparisons of gene expression patterns in mice subjected to CR and mutants for insulin/IGF-I
pathway have revealed numerous differences[94], confirming that the overlap between the pathways
altered by these nutritional and genetic interventions is only partial.
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FIGURE 2. Interactions between insulin/IGF-1, TOR, and SIRT1 pathways in mammals. Nutrients, mainly amino acids,
promote the activity of the TOR kinase. TOR, in its turn, activates S6K, a crucial AGC kinase involved cell growth, which can
inhibit PI3K activation. Activated PKB activates TOR signaling via inhibition of TSC-1 and -2. The SIRT1 interactions
represented in the figure have been observed in neurons[163,172]. SIRT1 promotes activation of the IRS-2 and Ras/ERK1/2
pathway, suggesting that SIRT1 may strengthen IGF-I signaling, in part, by deacetylating IRS-2. Inhibition of SIRT1 reverts
the described mechanisms and enhances resistance to oxidative stress.

As observed in lower eukaryotes, there is also a strong inverse association between insulin/IGF
signaling and oxidative stress in mammals. For example, antioxidant enzymes, such as catalases and
SODs, are reduced in cells obtained from mice that overexpress GH, or treated with GH or IGF-
1[105,106]. Although overexpression of antioxidant enzymes, such as SODs, increases life span and stress

167



Parrella and Longo: Regulation of Aging: From Yeast to Neurons TheScientificWorldJOURNAL (2010) 10, 161-177

resistance, while the down-regulation of those enzymes produces opposite effects, the correlation between
aging and SODs is complex. In mice, the deletion of SOD2 is lethal, causing massive oxidative damage
and death shortly after birth[107,108]. Mice heterozygous for a null mutation of SOD2 (Sod2*" mice)
exhibit increased oxidative damage and a higher incidence of cancer[109]. On the other hand, Sod2*"
mice and mice that overexpress SOD2 do not display altered life span when compared to littermate
controls[109,110], suggesting that the antioxidant protection is important, but only one of the many
enzymes important for protection against aging.

Roles in Neuronal Cells and Brain

As mentioned earlier, in mammalian neuronal cells and in the CNS, the effect of the down-regulation of
IGF-I signaling pathways is more complex than in simple model organisms. In fact, the signaling
pathways and the related molecules described previously can play a dual role that can be, depending on
the circumstances, beneficial or detrimental. This is true for the Ras and Akt pathways, and for ROS,
whose production in neurons appears to be regulated also by Ras and Akt.

In neurons, Ras is involved in the cellular mechanisms underlying synaptic plasticity and memory
formation[111], and neuronal polarity promotion, an essential event in neuronal differentiation[112]. In
PC12 cells, superoxide can be generated by epidermal growth factor through a Ras- and MEK-dependent
mechanism[113]. Ras is also required for activation of neuronal nitric oxide synthase in PC12 cells[114].

Akt is involved in neuronal differentiation and neurite outgrowth[115], can exert antioxidant effects
on both the PNS and CNS[116,117], and can also protect against the disease-causing effects of peptides
of B-amyloid proteins[118] and Parkinson-inducing toxins[119,120,121]. In addition, Akt plays
antiapoptotic roles in neurons[122,123,124].

Among ROS active in the brain, nitric oxide and superoxide are essential in molecular processes
underlying signal transduction, neuroprotection, synaptic plasticity, synaptogenesis, and memory
formation (for reviews, see Calabrese[125] and Kishida and Klann[126], respectively). In particular,
superoxide is necessary for long-term potentiation (LTP) induction, as proven by the fact that its
application on hippocampal slices is sufficient to promote LTP in the CAL area[127]. Moreover, mice
lacking the NADPH oxidase proteins gp91”™* and p47°™* which play a crucial role in superoxide
production, also lack LTP and exhibit mild impairment in hippocampus-dependent memory tasks, such as
the Morris water maze and context-dependent fear-conditioning test[128]. Also, peroxynitrite, the product
of the reaction between nitric oxide and superoxide, can provide a transient cytoprotection at low
concentrations. In fact, pretreatment of primary neurons in vitro with peroxynitrite exerts transient
neuroprotection against oxidative stress through activation of the PI3K/Akt pathway[129].

On the other hand, oncogenic mutations that cause the activation of the Ras or Akt pathways have
been detected frequently in human cancers[121,130]. Mutations leading to a gain of function in the Ras
signaling pathway can cause genetic disorders, such as neuro-cardio-facial-cutaneous (NCFC) and
Hamartoma syndromes, characterized by mental retardation and behavioral disturbances[131]. Mice
lacking sprouty-related proteins with an EVH-1 domain (Spredl” and Spredl”  mice) and
Neurofibromatosis-1 heterozygous mice (NfL*”~ mice), two models used in the study of NCFC
syndromes, show learning and memory impairment, and defects in LTP and Ras pathway
hyperactivation[132,133]. Notably, decreasing Ras activity in Nf1*~ mice reverses LTP deficits and
cognitive problems[134].

Although short-term exposure to physiological levels of ROS in neurons is essential for neuronal
function, prolonged exposure to high concentrations of radical species is harmful and can cause DNA
damage, and possibly age-dependent mutations and cancer[135]. Notably, oxidative stress plays a major
role in many neurodegenerative diseases[136,137,138], and age-dependent learning and memory
impairments[139].

Reducing oxidative damage specifically in the brain can prevent age-dependent cognitive impairment.
For example, SOD/catalase mimetics can reduce age-dependent protein oxidation and lipid peroxidation
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in mouse brains, and improve associative fear-conditioning task performances of aged mice[140].
Similarly, feeding aged rats with acetyl-I-carnitine (ALCAR) and lipoic acid (LA), two mitochondrial
metabolites, improves performance in the Morris water maze by lowering oxidative damage in the
hippocampus and improving mitochondrial functions[141]. Moreover, our studies suggested that nitric
oxide and superoxide, through formation of their by-product peroxynitrite, are mediators of Ap-activated
microglia neurotoxicity in AD[142]. According to our findings, the lack of NADPH (nicotinamide
adenine dinucleotide phosphate) oxidase protein gp91”"™* rescues the amyloid pathology mouse Tg2576
from neurovascular and cognitive dysfunctions[143].

GH and IGF-I in mammals are critical in brain maintenance and are involved in major aspects of the
nervous system, such as neuronal development and plasticity[144,145]. However, in agreement with the
proaging effect of the GH/IGF-I axis, mutations decreasing GH/IGF-I signaling can delay age-dependent
memory impairment: for example, old Ames and Laron mice exhibited postponed cognitive impairment
measured by inhibitory avoidance tests[146,147,148]. Among the explanations proposed to justify these
findings are the local production of IGF-1 at the hippocampus and the consequent activation of the
antiapoptotic Akt signaling pathway that can contribute to neurogenesis[149,150]. Another explanation
may be the improved insulin sensitivity exhibited by different long-lived mice that carry mutations in the
GH/IGF-1, which can prevent type 2 diabetes and its associated cognitive impairment (for a review on
diabetes mellitus and cognition, see Gispen and Biessels[151]).

Many studies support a beneficial role for CR in altering cognitive capabilities in mammals. Among
the reasons proposed to be the cause of this effect are the reduction of oxidative stress in neurons, and the
promotion of synaptic plasticity and induction of neurotrophic/neuroprotective factors as stress
proteins[152,153]. Examples of positive CR effects collected from recent publications include
stabilization of the age-dependent decrease of crucial synaptic proteins (such as GIuR1 and GIuR2
subunits of AMPA [alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid] receptors) in the mouse
CAS3 and reduction of cognitive impairment[154], delay of age-dependent spatial memory impairment in
old rats[155], and mitigation of the learning and memory deficits of a strain of senescence-accelerated
prone mice[156].

A major neuroendocrinological effect caused by CR is induction of neuropeptide Y (NPY) in the
arcuate nucleus (ARC). NPY has been associated with a number of processes, including anxiety, learning,
and memory. Notably, recent studies have concluded that there is mechanistic separation between the CR
and behavioral factors induced by NPY[157].

Also, recent findings suggest a possible correlation between CR and neurodegenerative diseases. For
example, CR attenuates AB deposition in AD mice that carry mutations for APP (amyloid precursor
protein) and APP + PS-1 (presenelin 1)[158], and ameliorates neurodegenerative phenotypes detected
with object recognition and contextual fear-conditioning tests in cDKO (conditional double knockout) AD
mice[159]. Interestingly, microarray analyses performed on the hippocampus of these AD mice have
shown that CR could increase the expression of neurogenesis-related genes and decrease the expression of
inflammation related genes in this brain region[159].

Recent studies performed in our laboratory have shown that short incubation in low-glucose or low-
serum media protect primary rat glial cells, but not cancer cells, against H,O, or the chemotherapy drug
and oxidative stressor cyclophosphamide[160]. The study, based on our previous findings on enhanced
resistance observed in long-lived yeast cells lacking RAS2 and SCH9, suggests that this differential stress-
resistance strategy can be used to protect the organism and likely also brain cells, but not cancer cells,
against chemotherapy.

As discussed above, SIR2 proteins (or Sirtuins) may be involved in the CR process. Mammals
possess seven sirtuins (SIRT 1-7)[36]. SIRT1 is the mammalian ortholog of yeast Sir2, and its orthologs
in lower eukaryotes regulate crucial physiological processes, such as glucose metabolism, DNA repair,
and apoptosis. Notably, SIRT1 is expressed at high levels in the brain, suggesting a role in the
CNS[161,162]. In agreement with the findings carried out in lower eukaryotic species, sirtuins can play
both protective and proaging roles in mammalian cells. Our recent investigations have linked SIRT1
activity to the activation of the IGF-1-Ras/ERK pathway and stress resistance in neurons[163]. Our
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studies suggest that inhibition of SIRT1 in rat neurons decreases the insulin/IGF-1-dependent activation
of ERK1/2 by enhancing IRS-2 acetylation, and reducing IRS-2 phosphorylation and Ras activation.
Either inhibition of SIRT1 or Ras is associated with increased stress resistance, and the brains of aged
SIRT1-deficient mice display reduced oxidative damage. Interestingly, SIRT1 knockout mice are short-
lived compared to wild-type controls under both normal and CR conditions, suggesting that antioxidant
protection in neurons and in mouse brain is not translated into a longer life span, possibly because of
developmental defects caused by the absence of SIRT1[163,164].

Recent studies have shown that, in both embryonic and adult neural precursor cells (NPCs), SIRT1
translocates from the cytoplasm to the nucleus in response to differentiation stimulus and that inhibition
of SIRT1 activity significantly decreases neuronal differentiation[165]. These findings support a crucial
role of SIRT1 in the modulation of neuronal differentiation.

Several reports have shown that SIRT1 activation can attenuate neuronal degeneration in animal
models of neurodegenerative diseases (for reviews, see Tang and Chua[166] and Alcain and
Villalba[167]). For example, different studies propose a possible neuroprotective role for SIRTL1 in
inhibiting axonal degeneration, an event common to neurodegenerative diseases such as PD and
AD[168,169]. Other examples of positive beneficial effects related to SIRT1 activation in AD include the
findings that SIRT1 overexpression, by repressing NF-kB signaling in microglia, protects against Ap-
mediated neurotoxicity in AD[170] and that in human brains affected by AD, SIRT1 reduction parallels
the tau accumulation[171]. In addition, Pasinetti and coworkers showed that SIRT1 activation mediates
FoxO3a inactivation, leading to preservation of spatial memory in the Tg2576 AD mouse[172].

However, recent papers have suggested that, at least under some conditions, SIRT1 inactivation,
rather then activation, can provide cellular protection (for reviews see Tang[173] and Alcain and
Villalba[174]). For example, the SIRTL1 inhibitor nicotinamide can promote neuronal survival during
acute anoxic injury[175]. In addition, when mouse embryonic stem cells are exposed to ROS, SIRT1
mediates apoptosis through p53 deacetylation and its translocation to mitochondria[176]. Recently, Hara
and colleagues have shown that mice that overexpress SIRT1 (SIRT1 Tg) did not exhibit protection
against neuronal damage induced by ischemia or the Parkinson-inducing neurotoxin MTPT[177].
However, SIRT1 Tg mice displayed memory deficits.

The protein kinase TOR, which, as mentioned above, is involved in the life span—extending effect of
CR, is required for memory consolidation. In fact, the formation of long-term memory of one-trial
inhibitory avoidance in rats is associated with a rapid increase in phosphorylation of mTOR and its
substrate S6K[178]. Furthermore, novel results have shown that brain-derived neurotrophic factor
(BDNF) is an upstream factor controlling mTOR signaling during memory consolidation in the
hippocampus and that the increase of synaptic AMPA receptor GIuR1, necessary for memory formation,
is regulated by mTOR[179]. On the other hand, TOR inhibition has been shown to have beneficial effects
on aggresome-related disease models, such as HD[180,181]. In addition, TOR signaling is involved in
TSC syndrome, a disorder classified under Hamartoma syndromes[131]. The cognitive profile of TSC
syndrome is variable and characterized by deficits in attention and memory and, in some cases, mental
retardation. Studies performed on mice models developed for TSC reveal a direct role of TSC-1 and TSC-
2, two proteins linked to the TOR signaling pathway (see Fig. 2), in synaptic plasticity[182].

CONCLUSIONS

Over the past decade, numerous studies, a small part of which have been reviewed in this manuscript,
have investigated the correlation between insulin/IGF signaling, and linked signaling pathways,
longevity, oxidative stress, and neuronal/cognitive functions. The data discussed above illustrate the
similarities among different organisms, and how the fundamental processes regulating stress resistance,
cellular damage, and aging are substantially conserved through evolution, possibly extending to humans.
In the light of these findings, the model organisms appear to be extraordinary models that, although very
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different from the human brain, can be exploited in order to study aging and to identify genes and
pathways for protection against age-related neurodegeneration[183].

Insulin/IGF-1, TOR, S6 kinase, AC, PKA, and other genes converge and play partially overlapping
roles in regulating aging and stress resistance in higher eukaryotes. The extremely complex signaling
network of the mammalian brain appears to display many of the features observed in the model
organisms, but neurobiology research in this area underlines that interventions to delay aging and prevent
or treat neurodegenerative diseases will not be straightforward. The fact that signaling modulators from
different pathways play different and sometimes opposing roles, depending on cellular and tissue
condition, makes this topic challenging, but also extremely stimulating.

Although some aspects have already been investigated, the major part of the functional features and
health status of long-lived mutant organisms, especially those linked to the nervous system and cognitive
domain, remains largely unknown. Therefore, in the future, there is an urgent need for investigations
aimed at studying crucial neuronal processes, such as neurogenesis, and to define the relationship between
neuronal and glial aging, neurodegeneration, cognitive function, and longevity.

In the long run, the discoveries made in yeast, worms, flies, and mice will help in the identification
and development of novel therapeutic strategies to treat natural age-related neurodegeneration and
functional decline, as well as neurodegenerative diseases.
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