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Abstract

Aging is regulated by modifications in single genes and by simple changes in the environment. The
signaling pathway connecting insulin to FoxO transcription factors integrates environmental stimuli
to regulate lifespan. FoxO transcription factors are directly phosphorylated in response to insulin/
growth factor signaling by the protein kinase Akt, thereby causing their sequestration in the
cytoplasm. In the absence of insulin/growth factors, FoxO factors translocate to the nucleus where
they trigger arange of cellular responses, including resistance to oxidative stress—a phenotype highly
coupled with lifespan extension. Our recent results indicate that FoxO transcription factors are also
regulated in response to nutrient deprivation by the AMP-activated protein kinase (AMPK) pathway.
The energy-sensing AMPK directly phosphorylates FoxO transcription factors at six regulatory sites.
AMPK phosphorylation enhances FoxO transcriptional activity, leading to the expression of specific
target genes involved in stress resistance and changes in energy metabolism. The AMPK-FoxO
pathway plays a crucial role in the ability of a dietary restriction regimen to extend lifespan in
Caenorhabditis elegans. Understanding the intricate signaling networks that translate environmental
conditions like dietary restriction into changes in gene expression that extend lifespan will be of
critical importance to identify ways to delay the onset of aging and age-dependent diseases.
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Introduction

One of the most potent interventions to extend lifespan is dietary restriction (DR), the reduction
of food intake without malnutrition. DR extends both the mean and maximal lifespan in a wide
range of species.? DR not only extends lifespan, but also decreases the incidence of age-

dependent diseases and age-dependent traits. In humans and mice, DR decreases the incidence
of cancer.2:3 In rodents, DR prevents the age-dependent decline in learning and memory.4:°
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Understanding the mechanisms that mediate the beneficial effects of DR on longevity and age-
dependent traits will help harness the benefits of DR.

AMPK: A Protein Kinase that Senses Low Energy Levels

A series of genes have recently been found to be critical in mediating longevity induced by
DR.6717 In our studies, we have focused on the importance of the energy-sensing AMP-
activated protein kinase (AMPK) in response to DR.14 AMPK is activated in response to a
variety of stimuli associated with DR, including decreased energy or glucose levels and
decreased leptin levels.18 AMPK is also activated in response to exercise and the antidiabetic
drug metformin, both of which also affect overall lifespan.19 AMPK is activated by all these
diverse stimuli because the y subunit of this heterotrimeric protein kinase senses cellular energy
levels by monitoring the ratio of AMP to ATP levels in cells. AMP binding to the y subunit
induces a conformational change that allosterically activates the catalytic a subunit.18 AMPK
is well known to regulate lipid metabolism and protein synthesis in response to low energy to
restore energy levels.18

AMPK |Is Necessary for Longevity Induced by a Method of DR in C. elegans

We asked whether AMPK also mediated the ability of DR to extend lifespan, using the
nematode Caenorhabditis elegans. We developed a DR regimen in worms, termed sDR (for
solid DR), by restricting the amount of feeding bacteria seeded on plates. Using reverse-phase
high-performance liquid chromatography, we found that SDR increased the AMP:ATP ratio
in C. elegans. These findings suggest that sDR activates AMPK in worms. To determine if
AMPK was necessary for longevity induced by sDR, we used a mutant strain of worms carrying
a deletion in the gene encoding one of the catalytic o AMPK subunits (aak-2). We found that
AMPK/aak-2 was necessary to mediate the ability of sDR to extend lifespan. In addition to
extending lifespan, sDR also prevents the age-dependent decline in the worm’s activity, in an
AMPK /aak-2-dependent manner. Thus, AMPK is necessary for sDR to extend lifespan and
healthspan in C. elegans.14

AMPK Acts in Part via the FoxO Transcription Factor DAF-16 in C. elegans

We then examined the possible mechanisms of action of AMPK in C. elegans. We tested if
the FoxO family of Forkhead transcription factors, which is well known to integrate a wide
range of external stimuli, including insulin and oxidative stress, also responded to DR. While
several studies have reported that longevity induced by other DR regimens was not dependent
on FoxO/daf-16 in worms,12:16:20 we found that FoxO/daf-16, like AMPK/aak-2, was
necessary for longevity induced by sDR.14 To test if the effects of AMPK on lifespan were
indeed mediated by FoxO, we generated transgenic worms expressing a constitutively active
form of AMPK. Expression of constitutively active AMPK extended lifespan and resistance
to oxidative stress, in a FoxO-dependent manner.14 These findings suggest that AMPK acts
via FoxO to extend lifespan in response to SDR. We next asked whether the interaction between
AMPK and FoxO was direct. We found that AMPK could directly phosphorylate FoxO/daf-16
in vitro.14 Using tandem mass spectrometry, we identified six previously unidentified sites of
phosphorylation of DAF-16 by AMPK. These results suggest that one way in which sDR
extends lifespan is by inducing a signaling pathway that activates AMPK. AMPK would in
turn phosphorylate and activate FoxO/daf-16 to induce genes involved in stress resistance and
longevity (Fig. 1).
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The AMPK-FoxO Pathway Is Necessary for Longevity Induced by Some, but
Not All, Methods of DR in C. elegans

Our most recent findings indicate that AMPK and FoxO are necessary for longevity induced
by some, but not all, methods of DR in C. elegans,?! confirming that there are additional genetic
pathways mediating DR-induced longevity in this organism, including mTOR, FoxA/pha-4,
NFE2/skn-1, and Sir2 pathways.11713,15-17,21-24 The gpservation that distinct genetic
pathways mediate longevity in response to a variety of DR regimens in C. elegans may be due
to the differences in the way these regimens trigger DR. Indeed DR methods differ in the type
of food that is limiting (bacteria versus defined chemicals), the time at which DR is applied
(development versus adult), and by the type of medium in which DR is induced (solid versus
liquid). For example, specific nutrients may be more limiting in one DR regimen than in
another, which could evoke different energy-sensing pathways to extend lifespan.
Alternatively, the reduction of nutrients might be sensed by different tissues (neurons or
intestine) and therefore activate distinct genetic pathways. Understanding the genetic pathways
that mediate longevity induced by different DR regimens will help harness the full benefits of
this intervention on lifespan and healthspan.

The AMPK-FoxO Pathway Also Functions in Mammalian Cells to Regulate
Gene Expression

An important question is whether the link between AMPK and FoxO is conserved across
species. In vitro kinase assays revealed that AMPK could also phosphorylate all four human
FoxO family members (FoxO1, FoxO3, FoxO4, and FoxO6), with a preference for FoxO3.
Using tandem mass spectrometry, we identified the residues phosphorylated by AMPK on
human FoxO3 (T179, S399, S413, S555, S588, and $626).25 Using phosphospecific antibodies
for these sites, we showed that FoxO3 was phosphorylated by AMPK in mammalian cells in
response to stimuli that activate AMPK (such as 2-deoxyglucose). The finding that AMPK can
phosphorylate human FoxO3 prompted us to examine the importance of this phosphorylation
for FoxO3 action in mammalian cells. Using luciferase reporter assays, we found that mutating
the AMPK phosphorylation sites on FoxO3 led to a decrease of FoxO transcriptional activity,
at least on an artificial promoter. We next reconstituted FoxO3~~ mouse fibroblast cells with
either wild-type FoxO3 or a form of FoxO3 that was mutated at all the AMPK phosphorylation
sites. Genomewide microarray analysis of these cells revealed that FoxO3, when mutated at
the AMPK sites, induced different sets of genes than wild-type FoxO3, indicating that AMPK
phosphorylation modified FoxO3 transcriptional activity, and perhaps its recruitment to
specific promoters in vivo.2> A GO-term analysis revealed that the cluster containing the genes
affected by themutant of FoxO3 that can no longer be phosphorylated by AMPK was
significantly enriched for genes involved in oxidative stress resistance and energy metabolism
using sources other than glucose. Taken together, these observations raise the possibility that
AMPK phosphorylation of FoxO3 is required to counteract the effects of nutrient deprivation
and to induce stress resistance, a cellular function highly coupled with organismal longevity.
Our findings suggest the following model: sDR activates AMPK by increasing the AMP:ATP
ratio. Active AMPK phosphorylates FoxO transcription factors, which activates the
transcription of FoxO target genes that enable the organism to resist cumulative damage caused
by oxidative stress and to live longer (Fig. 1).

Conclusion

The AMPK-FoxO pathway might also mediate lifespan extension in response to DR in other
species. In mammals, glucose levels and leptin levels decrease when animals are subjected to
DR, and these two conditions have been reported to activate AMPK in vivo.26 DR was also
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reported to activate AMPK (AMPK «2) in the mammalian brain,2”:28 though another study
reported no change in AMPK activation by short-term DR in the liver.29 Compounds that
activate AMPK, such as 2-deoxyglucose, phenformin, and metformin, have been proposed to
act as “caloric restriction mimetics,” based on their ability to mimic low glucose levels, a
consequence of DR, and have been proposed as a strategy to slow aging.30732 Molecules that
activate AMPK have recently been found to decrease the incidence of cancer in rodents and
to prevent the appearance of some biomarkers of aging,19:33:34 suggesting that AMPK
activation may be important to extend longevity and delay age-dependent diseases in a wide
range of species. ldentifying the relevance of AMPK and FoxO transcription factors in
mediating DR across species will be pivotal for understanding why DR is such a conserved
and efficient intervention for increasing lifespan and decreasing the risk of age-dependent
diseases.
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Figure 1.

Model for the mechanisms underlying longevity in response to SDR in C. elegans. sDR would
activate AMPK by increasing the AMP:ATP ratio. Activated AMPK would in turn
phosphorylate and activate FoxO/ daf-16 and possibly other substrates. FoxO would induce
the expression of a program of genes involved in stress resistance and alternative energy
metabolism, which would lead to beneficial effects on lifespan and healthspan. (In color in
Annals online.)
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