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Abstract

Dietary restriction (DR) is the most robust environmental manipulation known to increase active
and healthy lifespan in many species. Despite differences in the protocols and the way DR is
carried out in different organisms, conserved relationships are emerging among multiple species.
Elegant studies from numerous model organisms are further defining the importance of various
nutrient-signaling pathways including mTOR (mechanistic target of rapamycin), insulin/IGF-1-
like signaling and sirtuins in mediating the effects of DR. We here review current advances in our
understanding of the molecular mechanisms altered by DR to promote lifespan in three major
invertebrate models, the budding yeast Saccharomyces cerevisiae, the nematode Caenorhabditis
elegans, and the fruit fly Drosophila melanogaster.
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1. Introduction

Reduction of particular or total nutrient intake without causing malnutrition is termed
dietary restriction (DR). DR in this broad sense includes caloric restriction (CR), in which
total calorie intake is reduced, as well as dietary interventions involving the restriction of
specific dietary components (protein, lipid, or carbohydrates). Unraveling the underlying
molecular mechanisms by which DR extends lifespan in model organisms like the budding
yeast Saccharomyeces cerevisiae, the nematode Caenorhabditis elegans and the fruitfly
Drosophila melanogaster has played a critical role in shaping the field in part due to the
short lifespan, the ease of manipulation, and powerful genetic tools offered by these models.
Firstly, it has led to the identification of conserved genetic pathways that mediate the DR
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response (Fontana et al., 2010; Katewa and Kapahi, 2011; Mair and Dillin, 2008). Secondly,
it has helped define the importance of nutrient composition and dispelled the belief that
calories alone mediate the effects of DR (Kapahi et al., 2010; Simpson and Raubenheimer,
2009; Tatar, 2011). Finally, it has helped better understand the physiological changes and the
ultimate downstream cellular and molecular mechanisms that mediate the effects of DR
(Fontana et al., 2010; Kapahi et al., 2010). Below we review insights from S. cerevisiae, C.
elegans, and D. melanogaster on the molecular mechanisms of DR.

2. Dietary restriction in S. cerevisiae

2.1. Aging and dietary restriction in S. cerevisiae

As a unicellular model organism, the budding yeast S. cerevisiae allows for the distinct study
of both mitotic and post-mitotic aging at the organismal level (Longo et al., 2012). These
two types of aging are referred to as replicative and chronological aging, respectively. In the
replicative aging model, lifespan is quantified as the number of daughter cells a mother cell
produces prior to irreversible cell cycle arrest (Steinkraus et al., 2008a). Chronological
lifespan, in contrast, is defined as the length of time that an individual yeast cell can
maintain viability in a non-dividing quiescent state and yet retain the ability to re-enter the
cell cycle upon appropriate stimulation (Fabrizio and Longo, 2003). Studies of both types of
aging in yeast have uncovered novel mechanisms of aging (Kaeberlein, 2010; Longo and
Fabrizio, 2012; Mirisola et al., 2014), and genome-wide analyses have been carried out for
both replicative (McCormick et al., 2015; Smith et al., 2008b) and chronological (Burtner et
al., 2011; Fabrizio et al., 2010; Matecic et al., 2010; Powers et al., 2006; Smith et al., 2016)
lifespan, which have identified multiple genetic modifiers of aging in yeast that are shared
with multicellular eukaryotes (discussed further below).

Replicative lifespan (RLS) has been most often assessed through manual micro-dissection of
yeast daughter cells away from mother cells, as first described by Mortimer and Johnston
more than fifty years ago (Mortimer and Johnston, 1959). The vast majority of published
studies of RLS in yeast have been performed using variations of this method in which the
cells are maintained on a rich nutrient growth medium containing yeast extract, peptone, and
glucose (dextrose), referred to as YPD (Steffen et al., 2009). Cells are typically maintained
at 30°C during the day and micro-dissected every 2-3 hours, then placed at 4°C overnight to
prevent overgrowth. More recently, several microfluidic methods for assessing RLS have
been described in which mother cells are physically constrained in a microfluidic device
such that fluid flow washes the daughter cells away from the mother cells (Chen et al.,
2016). Both YPD and synthetic complete (SC) media types are routinely used for
microfluidic RLS experiments.

The methodologies used to measure chronological lifespan (CLS) in yeast are more varied
than for RLS. The first method described, and the one still most commonly used, involves
culturing cells in SC media until they reach stationary phase, maintaining the cells in their
expired media, and periodically plating a subset of the population onto solid YPD media to
assess viability based on colony forming units (Fabrizio and Longo, 2003). Similar
approaches but with different initial culture media including liquid YPD (Ashrafi et al.,
1999) or amino acid restricted solid synthetic media (Madia et al., 2007) have also been
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used. Higher throughput approaches involving monitoring survival based on outgrowth by
optical density in liquid culture using multi-well plate readers have also become common
(Jung et al., 2015; Murakami and Kaeberlein, 2009).

DR extends lifespan and has been studied extensively in both yeast-aging paradigms. The
most common form of DR used in yeast is a reduction in the starting glucose concentration
of the culture medium from 2% to either 0.5% or 0.05% (Longo et al., 2012). Other forms of
DR, which have been reported to extend RLS, include growth in the non-fermentable carbon
source glycerol and amino-acid restriction (Jiang et al., 2000), but these methods are used
much less frequently. DR by growth in glycerol and other non-fermentable carbon sources
also extends CLS (Murakami et al., 2011; Smith et al., 2007), as does methionine (Johnson
and Johnson, 2014) or tryptophan restriction (He et al., 2014). DR by either a reduction in
glucose or growth in a non-fermentable carbon source results in several physiological
changes to yeast cells that have been proposed to underlie extension of RLS and CLS. These
cellular responses to DR can generally be categorized as changes in metabolism, nutrient
signaling, and stress response, as summarized below.

2.2. Effects of dietary restriction on mitochondrial respiration in yeast

The primary metabolic change that yeast cells undergo in response to DR is a shift from
non-oxidative glycolysis and ethanol fermentation in the presence of glucose to an induction
of mitochondrial respiratory metabolism when glucose becomes limiting or absent. The first
model to gain wide attention as a potential mechanism for DR-mediated extension of RLS
proposed that this respiratory shift led to activation of the yeast sirtuin protein deacetylase,
Sir2, via shifting the coenzyme nicotinamide adenine dinucleotide NAD+:NADH ratio
toward NAD+ (Lin et al., 2000; Lin et al., 2002), which is an activator and substrate of Sir2
(Imai et al., 2000). Prior studies had shown that overexpression of Sir2 was sufficient to
increase RLS through its pro-silencing and anti-recombinogenic activity in the ribosomal
DNA (rDNA) (Kaeberlein et al., 1999). In support of this model, overexpression of the Hap4
transcription factor, which is a limiting factor for expression of mitochondrial respiratory
genes (Forsburg and Guarente, 1989), is sufficient to induce respiration and increase lifespan
when glucose is present at high levels (Lin et al., 2002), and Hap4 is required for full
lifespan extension from DR (Wang et al., 2010). A variant on this model has also been
proposed, whereby activation of the NAD™ salvage pathway under conditions of DR results
in increased intracellular levels of NAD* and activation of Sir2 (Anderson et al., 2003).

A direct role for respiration or Sir2 in mediating RLS extension from DR has been
weakened by subsequent studies demonstrating that neither respiration (Kaeberlein et al.,
2005a) nor Sir2 (Kaeberlein et al., 2004) or other sirtuins (Kaeberlein et al., 2006a; Tsuchiya
et al., 2006) are required for RLS extension from DR. Likewise, activation of Sir2 at the
rDNA in response to DR was not detected when sensitive measures of rDNA silencing were
employed (Smith et al., 2009). It has been argued that Sir2-independent, respiration-
independent lifespan extension from DR could simply represent an alternative mechanism
by which DR extends lifespan under certain conditions, specifically that the Sir2-mediated
pathway is more important under moderate DR (0.5% glucose) while the Sir2-independent
pathway is more important under severe DR (0.05% glucose) (Lin and Guarente, 2006).
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Although sirtuins are dispensible for RLS extension at any glucose level (Tsuchiya et al.,
2006), it may be the case that the shift to respiratory metabolism under DR conditions
activates Sir2 to promote RLS under certain conditions.

The importance of a metabolic shift toward increased respiration in DR-mediated CLS
extension is more straightforward. As mentioned above, cells maintained in standard media
with 2% glucose undergo glycolytic and fermentative metabolism. Under standard CLS
conditions where cells are grown in liquid culture with a high initial glucose concentration,
this metabolic state corresponds to the first several hours of exponential growth until the
glucose becomes exhausted and ethanol (from fermentation) accumulates. Once the
available glucose is utilized, the cells switch over to respiratory metabolism and begin
utilizing the accumulated ethanol as a carbon source to support ATP production. As a
byproduct of this metabolic switch, high levels of organic acids, particularly acetic acid,
accumulate in the culture medium during the first 24-48 hours of a standard CLS experiment
and cause the pH to drop dramatically (Burtner et al., 2009). This acidification of the culture
medium induces an apoptotic response that causes a majority of the cell death during the
remainder of the CLS experiment. DR, which induces respiration and blocks fermentative
metabolism during the early outgrowth phase, increases CLS by preventing culture
acidification (Burtner et al., 2009). Buffering the culture medium to prevent acidification
under control conditions phenocopies the CLS extension from DR (Burtner et al., 2009), as
does overexpression of Hap4 (Piper et al., 2006). Similar to RLS, deletion of Sir2 does not
prevent CLS extension from DR (Smith et al., 2007), and instead Sir2 activity appears to
limit CLS under both control and DR conditions (Fabrizio et al., 2005).

2.3. Effects of dietary restriction on nutrient signaling and stress responses in yeast

Like all eukaryotic cells, yeast have evolved to sense and appropriately respond to nutrient
cues from their environment via evolutionarily conserved signaling pathways. These
conserved nutrient response signaling factors include three important kinases: the
mechanistic target of rapamycin (mTOR, encoded by partially redundant 7ORZ and 7TORZ2
genes in yeast), the AMP-activated protein kinase A (PKA, encoded by redundant 7PK1,
TPKZ, and TPK3genes), and the ribosomal S6 kinase homolog Sch9. These three kinases
interact in a still incompletely understood network to coordinately regulate several
downstream processes in response to nutritional and other environmental signals. These
downstream processes include regulation of the cell cycle, mRNA translation, protein
synthesis and degradation, metabolism and mitochondrial function, and a variety of stress
response factors (reviewed in Longo et al., 2012).

There is strong evidence supporting a role for these signaling pathways in both CLS and
RLS extension. DR reduces the activity of mTOR, PKA and Sch9, and in both aging
paradigms, loss-of-function mutations in these kinases are sufficient to extend lifespan
(Fabrizio et al., 2004; Fabrizio et al., 2001; Kaeberlein et al., 2005b; Lin et al., 2000; Powers
et al., 2006). In the case of MTOR, pharmacological inhibition with the drug rapamycin is
also sufficient to extend both RLS (Medvedik et al., 2007) and CLS (Powers et al., 2006).
Several of the downstream effectors regulated by these pathways have been proposed to
account for lifespan extension in response to DR. Most notably, regulation of mMRNA
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translation and genomic stability at the rDNA appears to be particularly important for RLS
(Steffen et al., 2008; Steffen et al., 2012), while induction of stress response transcription
factors, autophagy, reduced replication stress and genome instability, as well as altered
mitochondrial ROS signaling is important for CLS extension (Alvers et al., 2009a; Alvers et
al., 2009b; Bonawitz et al., 2007; Longo, 2003; Madia et al., 2008; Ocampo et al., 2012; Pan
et al., 2011; Pan and Shadel, 2009; Wei et al., 2008; Weinberger et al., 2007).

Given the complex physiological changes associated with DR in yeast, it seems likely that
multiple overlapping outputs are important for lifespan extension, and the relative
importance of individual downstream effectors is dependent on the specific experimental
conditions (Figure 1). There is also overlap between the various downstream components of
DR. For example, inhibition of mTOR or Sch9 increases mitochondrial respiration and also
induces stress response transcription factors that can enhance resistance to acidification-
induced cell death (Bonawitz et al., 2007; Fabrizio et al., 2001; Lavoie and Whiteway, 2008;
Pedruzzi et al., 2003). In addition, chronological aging leads to reduced RLS (Ashrafi et al.,
1999; Delaney et al., 2013; Murakami et al., 2012), suggesting underlying mechanistic
similarities between mitotic and post-mitotic lifespan within the same eukaryotic cell.

Beyond the pathways and mechanisms described above, it is worth nothing that several
additional genes and processes have been implicated in RLS or CLS extension from DR.
These include chromatin remodeling factors (Dang et al., 2014), maintenance of cellular
ATP levels (Choi and Lee, 2013), autophagy and lipid homeostasis (Aris et al., 2013; Lester
et al., 2013; Richard et al., 2013), rDNA replication (Kwan et al., 2013), nitric oxide (Li et
al., 2011), and glutathione and redox homeostasis (Mannarino et al., 2008; Molin et al.,
2011), among others. The relationship of each of these to the established longevity
mechanisms and to each other will require additional study. In addition to differences in
culture conditions between labs, another complicating factor in developing a unified model
for DR in yeast is the use of different strain backgrounds. It is clear that genotype plays a
major role in the way that yeast cells respond to DR, with some genotypes showing robust
lifespan extension, others showing no response, and some even having their lifespan
shortened by DR (Schleit et al., 2013). Thus, studies examining the generality of different
mechanisms for lifespan extension across strain backgrounds would be quite valuable and
are easily feasible in the yeast-model system.

In summary, DR has been most extensively studied in yeast by reducing the glucose
concentration of the culture medium, which extends both RLS and CLS. DR induces a shift
in metabolism away from fermentation toward mitochondrial respiration and impacts
signaling via a network of nutrient-responsive kinases, including mTOR, PKA, and Sch9.
Although further work is needed to determine the precise mechanisms by which DR extends
lifespan in both yeast-aging paradigms, many of these mechanisms appear to be conserved
in multicellular eukaryotes, as mitochondrial function and nutrient signaling through
orthologous factors have been shown to be important for DR-mediated longevity effects in
both C. elegansand D. melanogaster (discussed further below), as well as in mice (as
reviewed elsewhere in this special issue).
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3. Dietary restriction in C. elegans

3.1. Aging and dietary restriction in C. elegans

Similar to the unicellular S. cerevisiae, the microscopic soil nematode C. elegans has played
an important role in aging studies due to its short life cycle (3 days for an embryo to become
an adult, which lives ~2-3 weeks), relatively complex tissue differentiation (959 cells and
multiple differentiated tissues), easy genetic manipulations (RNA interference (RNAI) by
feeding, gene overexpression), and highly conserved genome (at least 80% conserved
genes). C. elegans has been extremely useful in discovering novel genes important for the
beneficial effects of DR and getting insights into their tissue-specific requirements.

Multiple methods of DR has been developed and used in C. efegans (reviewed in Greer and
Brunet, 2009; Lan et al., 2015), which normally is maintained in the laboratory on solid
media plates on which bacterial lawns of £. coliare growing. A key genetic model is the
eat-2 mutant. The eat-2 gene encodes a nicotinic acetyl-choline receptor, which functions
postsynaptically in the pharyngeal muscle, the feeding apparatus of the animal, to regulate
the rate of feeding. Mutations in this gene render the pharynx non-efficient in grinding the
bacteria, and DR is effectively obtained on regular media plates (Raizen et al., 1995). These
animals show phenotypes observed in other species subjected to DR, including ~30% longer
lifespan (Lakowski and Hekimi, 1998). However, there are important limitations to this
model since eat-2 mutants are also subject to DR during development, and the utilized
alleles are typically hypomorphic mutations.

Multiple types of food dilutions can also be used to effectively subject C. elegansto DR.
These methods include dilution of bacteria in liquid, called bDR (Panowski et al., 2007) or
IDR (Bishop and Guarente, 2007). Another method is done by seeding diluted bacterial
cultures onto solid media plates, referred to as SDR (Greer et al., 2009), with a variation to
also reduce peptone concentration (msDR) (Chen et al., 2009). More extreme regimens
include complete dietary deprivation (DD) in which no bacterial is seeded onto the media
plates (Kaeberlein et al., 2006b; Lee et al., 2006), or intermittent fasting (IF) where animals
are moved between media plates with or without bacteria (Honjoh et al., 2009). Unlike eat-2
mutants, these methods can be initiated at any given point of time, and they all result in
significant lifespan extensions (in the range of 30-50%). These DR regimens have been used
in C. elegansto identify a number of genes and processes, including several highly
conserved transcription factors and signaling pathways, which work in complex tissue-
specific fashions, as discussed below and summarized in Figure 2.

3.2. mTOR and autophagy constitute a major effector pathway regulated by dietary
restriction in C. elegans

As in yeast, the conserved mTOR and insulin/IGF-1 nutrient-sensing pathways have been
linked to longevity and to DR in C. efegans. The nutrient sensor mTOR (called LET-363 in
C. elegans) is a kinase with important functions in growth regulation. DR reduces mTOR
activity and reduction in mTOR activity extends lifespan in multiple species (Kapahi et al.,
2010). Moreover, DR and mTOR inhibition in combination does not further extend lifespan
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in C. elegans (Hansen et al., 2007), similar to the case in yeast (Kaeberlein et al., 2005b),
and in fruit flies (Kapahi et al., 2004).

Multiple conserved pathways and genetic factors have been proposed to mediate the
lifespan-extending effects of DR and of mTOR inhibition. A major candidate mechanism is
macroautophagy (hereafter referred to as autophagy) — a cellular recycling process by which
cytosolic components are targeted for degradation in the lysosome that is induced in
response to nutrient deprivation (Feng et al., 2014). Studies in C. elegans using dietary-
restricted eat-2 mutants have shown that this modulation in autophagy is directly linked to
DR-mediated longevity since inhibition of several autophagy-related genes (unc-51/ATG1/
UIk1, bec-1/ATG6/Beclinl, vps-34, atg-18/Wipi, and afg-7) shortens the long lifespan of
animals with eat-2 mutations (Gelino et al., 2016; Hansen et al., 2008; Jia and Levine, 2007,
Toth et al., 2008). Animals carrying mutations in the mTOR interaction partner, daf-15/
Raptor similarly requires autophagy genes for their lifespan extension (Hansen et al., 2008).

Consistently, several transcription factors required for DR- or mTOR-mediated lifespan
extension, such as the FOXA ortholog PHA-4 (see below), the nuclear hormone receptor
NHR-62 (Heestand et al., 2013), and the TFEB ortholog HLH-30, increase expression of
many autophagy genes in eat-2 mutants, and several of these also in C. elegans with reduced
MTOR activity (reviewed in Lapierre et al., 2015). Notably, knockdown of autophagy genes
atg-18/Wipi, and lgg-1/Atg8only in the intestine of eat-2 mutants are not only sufficient to
shorten their extended lifespan, but also to disrupt an improved intestinal barrier function
(i.e., the integrity of the intestine is enhanced by dietary-restriction, as first observed in D,
melanogaster (Regan et al., 2016; Rera et al., 2011; Rera et al., 2012), see fly section) as
well as to reduce motility, indicating both cell-autonomous and cell non-autonomous roles
for autophagy in dietary-restricted animals (Gelino et al., 2016). It is possible that this
autophagy-related longevity mechanism involves turnover of mitochondria, as genes
involved in mitophagy are similarly required for the long lifespan of ear-2 mutants (Palikaras
etal., 2015).

3.3. Other conserved determinants important for diet-restriction-mediated longevity in C.

elegans

Additional genetic factors with conserved roles in longevity have been linked to the lifespan
extension mediated by DR in C. elegans. Genes acting in the insulin/IGF-1 pathway were
the first genes to be directly linked to aging (reviewed in Kenyon, 2010), and some of the
genes in this pathway, including the FOXO transcription factor DAF-16 has been linked to
DR. Specifically, daf-16'is required for the DR regimens sDR and IF to extend lifespan. In
sDR, the nutrient sensor AMP-activated kinase aak-2 activates daf-16to promote longevity
(Greer et al., 2009), whereas IF inhibits RHEB-1, an upstream regulator of mTOR, causing
inhibition of the insulin /ns-7that again activates daf-16/Foxo thereby extending C. elegans
lifespan (Honjoh et al., 2009). Moreover, DAF-15/Raptor is inhibited by DAF-16/FOXO at
the transcriptional levels (Jia et al., 2004). A recent transcriptome analysis further linked
rheb-1, daf-16, and aak-2to the DR response in C. elegans (Hou et al., 2016). The heat-
shock inducible transcription factor HSF-1, another transcription factor linked to the lifespan
extension observed in long-lived daf-Z/insulin/IGF-1 receptor mutants, is also required for
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the DR regimen DD to promote longevity as well as to protect against protein aggregation
(Steinkraus et al., 2008b).

As described above for yeast, the importance of the C. efegans Sir2 homolog, sir-2.1, in DR-
mediated lifespan extension is also unclear, as there are conflicting reports on this point. One
report showed that the eat-2(ad1113)and eat-2(ad465) alleles require sir-2.1to promote
longevity (Wang and Tissenbaum, 2006), whereas the eat-2(ad1116) allele does not (Hansen
et al., 2007). Moreover, several reports have described that s/r-2.1 mutants subjected to DR
by a variety of bacterial dilution protocols experience full lifespan extension (Kaeberlein et
al., 2006b; Lamming et al., 2005; Lee et al., 2006; Mair and Dillin, 2008).

3.4. Additional genetic determinants regulated by dietary restriction in C. elegans

Additional genetic factors including several highly conserved transcription factors have been
linked to DR-mediated longevity in C. elegans. 1t remains to be established to which extent
these factors will prove to have conserved effects in DR.

PHA-4/FOXA—The FOXA transcription factor PHA-4, which was first reported to play a
key role in the embryonic development of the C. efegans foregut, has been linked
specifically to DR in C. elegans (Panowski et al., 2007). PHA-4/FOXA is required during
adulthood for the long lifespan of both eaf-2 mutants and for animals subjected to DR by
bacterial dilution (bDR), but is not required for insulin/IGF-1 receptor mutants, or
mitochondrial respiration mutants to live long [it was later showed that pha-4/Foxa s also
required for germline-less g/p-1 mutants to live long, but these animals may be dietary
restricted as they have reduced mTOR levels (Lapierre et al., 2011)]. Moreover, DR
increases PHA-4/FOXA levels, and overexpression of PHA-4 is sufficient to extend lifespan
and improve stress resistance. In adult animals, PHA-4/FOXA is expressed primarily in the
intestine but also in a few head and tail neurons, indicating an important function for the gut
and neurons in DR (Panowski et al., 2007). Later work has profiled eaf-2 mutants to find a
large feed-forward gene regulatory network regulated to a large degree by PHA-4/FOXA.
This network is enriched for genes with functions related to cellular signaling and cell-
protective processes such as ubiquitin-related degradation and autophagy (Pandit et al.,
2014), which play critical roles in DR and longevity. Recent work has also indicated overlap
in target genes regulated by PHA-4/FOXA and DAF-16/FOXO, such as the chromatin
modifier ZFP-1, which is required for the long lifespan of darf-Z/insulin/IGF-1 signaling and
the DR regimens of eat-2and bDR (Singh et al., 2016).

SKN-1—The Nrf2 transcription factor SKN-1, which was first reported to be critical for
endodermal development and for regulation of the oxidative stress response, has similarly
been linked to DR in C. elegans (Bishop and Guarente, 2007). SKN-1 is also required for
other longevity paradigms, including gaf-Z/insulin/IGF-1 mutants (Tullet et al., 2008).
SKN-1 is expressed in two head neuron (ASI neurons) and in the intestine, yet SKN-1 is
required only in the ASI neurons to mediate lifespan extension by DR (Bishop and
Guarente, 2007). As in yeast, DR increases mitochondrial respiration, and in C. elegans this
change in metabolism is mediated by SKN-1 specifically in the ASI neurons (Bishop and
Guarente, 2007). Several explanations have been put forward to explain such a
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neuroendocrine circuit, including the involvement of transient neuronal reactive oxygen
species (ROS) signaling (Schmeisser et al., 2013). To this end, it is interesting to note that
the thioredoxin #rx-1 is important for DR-mediated (eaf-2and DD) lifespan extension in C.
elegans via increased expression in ASJ neurons (Fierro-Gonzalez et al., 2011).

Two potential SKN-1 targets, identified in a gene-expression profiling study of genes
regulated by SKN-1 under oxidative-stress conditions (Park et al., 2009), have been linked to
DR-mediated longevity in C. elegans, namely the neuropeptide NLP-7 and the ligand-gated
ion channel CUP-4. nip-7, the homolog of mammalian ortholog cholecystokinin, is
primarily expressed in head neurons, and is required, along with its two putative receptors
CKR-1 and CKR-2, for the long lifespan of eaf-2mutants (Park et al., 2010), suggesting a
possible signaling mechanism still to be formally tested. The ion-gated channel protein
cup-4is similarly required for the long lifespan of eat-2as well as in protocols of bacterial
dilution on plates (sDR) (Park et al., 2010). CUP-4 is important for endocytosis and is
uniquely expressed only in coelomocytes (Patton et al., 2005), six specialized cells with
immune and detoxification functions via uptake of material present in the body cavity of the
animal. Notably, the coelomocytes are essential for multiple forms of DR (sDR and IDR) to
extend lifespan (Cypser et al., 2013), indicating that coelomocyte-mediated endocytosis
plays an important role in DR-mediated longevity. Consistent with this notion, two other
genes with predicted functions in coelomocyte endocytosis, /gc-26 and cuyp-5, have been
linked to DR (Park et al., 2010).

HIF-1—The conserved hypoxia-inducible transcription factor HIF-1 is a target of the mTOR
pathway in mammals, and has been linked to DR in C. elegans (Chen et al., 2009). Aif-1
deficiency promotes longevity under nutrient-rich conditions, but fails to show lifespan
extension under msDR. HIF-1 is negatively regulated by EGL-9, a proline hydroxylase, and
egl-9 mutants, that have increased HIF-1 activity, are not responsive to DR-mediated
longevity. EGL-9 works in specific neurons and in muscle to mediate longevity, and
functions, as does msDR, via the stress regulator /re-1 to reduce endoplasmatic reticulum
(ER) stress (Chen et al., 2009), suggesting tissue-specific functions for HIF-1.

The relationship between HIF-1, DR, and longevity is indeed complex and condition-
dependent, as deletion of HIF-1 extends lifespan at high temperature (25°C) but not at low
temperature (15°C), while activation of HIF-1 extends lifespan at temperatures ranging from
15°C-25°C (Leiser et al., 2011; Mehta et al., 2009; Muller et al., 2009; Zhang et al., 2009).
Recently, neuronal stabilization of HIF-1 was shown to increase lifespan via a cell non-
autonomous activation of the flavin-containing monooxygenase FMO-2 in the intestine
(Leiser et al., 2015). Interestingly, intestinal FMO-2 is also induced by DD via a HIF-1-
independent, but HLH-30-dependent mechanism (Leiser et al., 2015). Collectively, these
observations suggest that different forms of DR interact with HIF-1 to modulate expression
of downstream longevity factors, but further work is needed to clarify these interactions and
to understand the contributions of other environmental factors such as temperature and
oxygen availability.

WWP-1 and KLF-1—The conserved HECT E3 ubiquitin ligase WWP-1 has been linked
specifically to the DR in C. elegans (Carrano et al., 2009). wwp-1 is required for the long
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lifespan of both eat-2 mutants and in response to bDR, and overexpression of WWP-1 is
sufficient to extend lifespan in a pha-4-dependent manner (Carrano et al., 2009). The
Kruppel- like transcription factor KLF-1 is a substrate for ubiquitylation by WWP-1, and,
consistently, k/f-1 is similarly required for DR-mediated lifespan, and intestinal
overexpression is sufficient to extend C. elegans lifespan (Carrano et al., 2014), highlighting
a DR-specific longevity pathway that remains to be investigated in other organisms.

SAMS-1, RAB-10, DRR-1, and DRR-2—A genome-wide RNAI screen to discover new
longevity genes identified several new genes with specific effects in DR-mediated longevity.
These include the S-adenosyl methionine synthetase sams-1, the small GTPase rab-10, and
two proteins with no clear homologs, named drr-1 and arr-2 for dietary-restriction response.
Inhibition of these genes extended the lifespan of wild-type animals, but not of eat-2
mutants; consistently, the expression of these genes is reduced in eaf-2 mutants (Hansen et
al., 2005). Later investigations of drr-2have shown that it is a functional ortholog of human
eukaryotic translation initiation factor 4H (elF4H), and it is partially required for lifespan
extension by sDR or by reduced DAF-15/Raptor levels (Ching et al., 2010). Further epistasis
analysis has suggested that drr-ZlelF4H might act downstream of both sams-1 and rab-10to
mediate longevity effects of DR via reduced mTOR signaling (Ching et al., 2010).

Additional genes with roles in metabolism—A recent study systematically examined
eat-2 mutants by quantitative proteomics, immunochemistry, and metabolic quantification to
identify effects on energy metabolism and their contribution to DR-mediated responses,
including lifespan (Yuan et al., 2012). These studies showed a switch to fatty acid
metabolism as an energy source, and an enhanced rate of energy metabolism via complex
alterations in the tricarboxylic acid (TCA) cycle in eat-2 mutants compared to wild-type
animals. Consistently, several metabolic genes were required for DR-mediated longevity,
including the acetyl-CoA carboxylase pod-2 (Yuan et al., 2012), as observed in flies (Katewa
etal., 2012).

In conclusion, C. elegans has been successfully used to identify many new genes and
biological processes with critical roles in DR-mediated longevity (Figure 2). Many of these
genes and processes are appearing to act in complex, tissue-specific and cell non-
autonomous manners. The availability of many different experimental regimens to model
DR in C. elegans has been a strength but also a challenge to the field. These different DR
models provide opportunities to identify a variety of potential mechanisms of action for DR;
however, they have also to some extent prevented the field from achieving consensus about
which mechanisms are most important. Inhibition of mTOR signaling and enhanced
autophagy, in particular, appear to be necessary for enhanced longevity across a variety of
different DR paradigms in C. elegans, as observed in other organisms. A major future
challenge for the C. elegans DR field will be to better understand how the numerous genes
implicated in different forms of DR interact within the longevity network, are coordinately
regulated between tissues, and also how they have affect the healthspan of the organism.
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4. Dietary restriction in D. melanogaster

4.1. Aging and dietary restriction in D. melanogaster

Drosophila melanogaster was one of the earliest invertebrate models to be adopted for aging
research and has contributed significantly both in terms of identifying environmental factors
and genes that modulate lifespan. In addition to the strength of genetic tools, which have
been established over the last century, the complex behaviors, the short lifespan of two
months and a life cycle around 2 weeks has contributed to the success of D. melanogaster as
a popular model in the aging field. More recently, the use of GAL4-UAS system (Brand and
Perrimon, 1993) and the availability of RNAI strains (Dietzl et al., 2007) have allowed for
tissue-specific manipulation which has had a significant influence in discovering novel genes
and their tissue-specific effects that affect DR-dependent responses on lifespan.

Research in D. melanogaster has been critical in demonstrating the role of individual
nutrients in mediating the effects of DR rather than total calories. In flies, reduction of total
calories by changing the concentration of media components (termed caloric restriction, CR)
has been used by several laboratories to model nutrient restriction (Mair et al., 2003;
Pletcher et al., 2002; Rogina and Helfand, 2004). A number of groups have also shown that
reducing yeast or yeast extract, the main source of protein in the fly diet, alone is sufficient
to extend lifespan in D. melanogaster and is referred to as DR (Bruce et al., 2013; Carvalho
et al., 2006; Chippindale, 1993; Kapahi et al., 2004; Lee et al., 2008; Mair et al., 2005;
Skorupa et al., 2008). Consistent with the idea of restricting protein alone (De Marte and
Enesco, 1986; Miller et al., 2005) or lowering the protein-to-carbohydrate ratio is sufficient
for lifespan extension in rodents (Solon-Biet et al., 2014), suggesting that these findings are
likely to be conserved across species. These studies have had a major influence in dispelling
the long-held notion that total calories but not individual nutrients are critical for lifespan
extension (Masoro, 2003).

Given the importance of nutrient composition on lifespan, the behavioral choices that
influence macronutrient ingestion and nutrient balance are likely to be relevant to aging.
Though the majority of laboratory experiments are undertaken under fixed food
composition, most organisms including humans face choices for various nutrients and their
smells in real life. Thus dietary choices and nutrient perception are likely to play important
roles in determining their aging rates. The importance of olfaction in DR-mediated lifespan
extension was first demonstrated in D. melanogaster by the shortening of lifespan simply
from exposure to nutrient-derived odors (Libert et al., 2007). Interestingly, a similar
phenomenon also occurs in C. elegans subjected to DD but exposed to soluble or volatile
components of the bacterial diet (Smith et al., 2008a).

Studies in female D. melanogaster have investigated the mechanisms by which a dietary
switch upon mating leads to increased preference for yeast, a major source of protein in the
fly diet (Ribeiro and Dickson, 2010; Vargas et al., 2010). Furthermore, these studies also
showed that mated female flies have a much stronger preference towards yeast to sustain egg
production. This increased plasticity in behavior in response to changes in yeast
concentration is likely an important reason that mated female flies are much more responsive
than males to the physiological effects of DR (Katewa et al., 2012; Vargas et al., 2010). The
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switch towards enhanced feeding (Carvalho et al., 2006) and increased preference to yeast
(Ribeiro and Dickson, 2010; Vargas et al., 2010) upon mating in D. melanogaster is likely to
influence aging, and may in part explain the observed lifespan extension in virgin female
flies compared to mated controls (Chapman et al., 1995). The molecular bases of these
phenomena are still largely undefined. Simple invertebrates serve as excellent model
systems to study the mechanisms of nutrient balance and homeostasis and their impact on

aging.

4.2. Physiological and behavioral effects of dietary restriction in D. melanogaster

Research in D. melanogaster has yielded important insights into the physiological and
behavioral changes that accompany or manifest lifespan extension upon DR (Figure 3). DR
in D. melanogasterleads to a reduction in egg production but an increase in resistance to
certain stresses. Increase in starvation resistance upon DR has been associated with a
metabolic adaptation that increases lipid content in the flies, allowing for prolonged survival
in the absence of nutrients (Djawdan et al., 1998; Katewa et al., 2012; Skorupa et al., 2008).
Further insight into these physiological changes has resulted from experiments, which have
varied the ratio of carbohydrate to protein in the diet. A consistent finding from these studies
in the fly is that increased lifespan and triglyceride accumulation is favored by diets that
have reduced yeast to carbohydrate ratio, and vice versa (Djawdan et al., 1998; Katewa et
al., 2012; Skorupa et al., 2008). On the surface, these results are at odds with those observed
in mice where body fat decreases under CR, which robustly extends lifespan (Bruss et al.,
2010). In mice, there is also no clear correlation between steady-state fat levels and lifespan,
as mice that are fed on a diet with reduced methionine content are long-lived, yet show an
increase in body fat (Miller et al., 2005).

One reason for a lack of apparent connection between fat and longevity is that the fat
metabolism is assessed based on steady-state levels of triglycerides. One cannot deduce
from steady-state levels of triglycerides whether a change in triglyceride levels is due to
alterations in synthesis, storage, or breakdown of triglycerides. Interestingly, studies from
mice using CR and from flies using restriction of yeast in the diet both demonstrate an
increase in both triglyceride synthesis and breakdown, suggesting an increased turnover of
triglycerides upon DR (Katewa et al., 2012). The enhanced turnover of triglycerides is a
critical metabolic adaptation for lifespan extension as inhibition of triglyceride synthesis or
breakdown in D. melanogaster prevents the maximal lifespan extension upon DR (Katewa et
al., 2012). Interestingly, upon CR, where mice were fed 70% of the calories consumed ad
libitum, show increased turnover of triglycerides despite the lowering of steady-state levels
of triglycerides (Bruss et al., 2010). This increase in fat turnover is presumably required to
maintain the increase in spontaneous activity, which is known to take place in mice, flies and
other species upon conditions of nutrient restriction, presumably to support the animal’s
need to search more actively for food. The increase in physical activity has been causally
associated with lifespan extension upon DR as flies whose movement is restricted fail to
maximize the lifespan extension effects of DR in D. melanogaster (Katewa et al., 2012).
These results argue for the need of a behavioral adaptation that increases physical activity in
addition to nutrient restriction to attain maximal lifespan extension by DR.
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An interesting question is how DR increases both the synthesis and breakdown of
triglycerides in both flies and mice. A likely possibility is that these processes are temporally
separated, and regulated by circadian clocks. Circadian clocks are responsible for
oscillations in various cellular processes including metabolic functions that are critical for
maintaining organismal homeostasis. These rhythms are controlled by endogenous clocks
located in the brain and in many peripheral tissues (Schibler and Sassone-Corsi, 2002). A
recent study using D. melanogaster supports the idea that circadian-clock genes play a
critical role in the improved fat turnover observed upon DR (Katewa et al., 2016).
Specifically, both #imand per mutant flies showed reduced starvation resistance under DR
conditions, and this was associated with reduced fat synthesis and reduced breakdown.
Furthermore, metabolomic analysis of cycling triglycerides identified various medium chain
triglycerides (MCTs). MCTs are triglycerides contain medium chain fatty acids (MCFA, C8
to C12 length). Feeding of MCTs to humans also increases energy expenditure (Mumme and
Stonehouse, 2015), and ameliorates insulin resistance and inflammation in high fat diet-
induced obese mice (Geng et al., 2016).

Disruption of circadian rhythms is associated with cancer and metabolic disorders that
accelerate aging and age-related diseases (Kondratov, 2007; Turek et al., 2005).
Furthermore, rhythms of rest:activity or sleep:wake break down with age in both flies and
mice (Koh et al., 2006; Turek et al., 2005). Consistently, two studies in flies (Katewa et al.,
2016) and in mice (Patel et al., 2016), have identified a key role for circadian clocks in
lifespan extension upon DR. Disruption of clocks in flies, by keeping flies kept under
constant light or using the clock mutants timeless or period, diminished the maximal
lifespan extension upon DR (Katewa et al., 2016). Consistently, in mice knockout of the
clock gene Bmallis also required for the beneficial effects of CR (30% restriction) on
lifespan extension (Patel et al., 2016). Interestingly, both the fly and mouse studies observed
that nutrient deprivation increases the amplitude of circadian clock genes, especially in
peripheral tissues. As aging is known to attenuate various circadian behaviors so conversely
(Kondratova and Kondratov, 2012), improving oscillations upon nutrient deprivation might
slow down the age-related decline in function. Though it is not clear how a reduction in
dietary protein or yeast (in case of flies) leads to regulation of circadian clocks, it is likely
that either mTOR, insulin-like signaling or sirtuins, which are known nutrient-responsive
pathways, may lie upstream to modulate circadian clocks upon DR (Katewa et al., 2016).

DR also affects other physiological parameters in flies, including intestinal integrity or
permeability, a key contributing factor of mortality in flies (Rera et al., 2012), that also may
explain the increase in infection observed in old flies (Ren et al., 2007; Rera et al., 2012).
Interestingly, larger lifespan extensions are observed in females upon DR has been attributed
to sexual dimorphism in diet dependent changes in intestinal pathology (Regan et al., 2016).
Feminization of intestinal regions using genetic approaches induced similar pathology in
male flies. Thus the intestine is likely to play an important role in mediating the DR-
dependent changes in lifespan extension, as also observed in worms. In addition to the
influence of the fly intestinal tissue on gut permeability and immune function, it may also
influence lifespan through modulation of fat metabolism. The IREL/XBP1 endoplasmic
reticulum (ER) stress-signaling pathway mediates both the changes in fat metabolism and
lifespan extension upon DR in flies (Luis et al., 2016). Furthermore, sugarbabe, a Gli-like
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zinc-finger transcription factor that was previously shown to be diet-responsive in flies
(Zinke et al., 2002) acts downstream of IRE1/XBP1 to mediate the intestinal changes in fat
metabolism upon DR. These studies argue for the importance of studying tissue-specific
mediators of the DR response to better understand the protective effects of DR on healthspan
and lifespan.

4.3. Genetic pathways modulating lifespan extension upon dietary restriction in D.
melanogaster

Similar to DR in yeast and nematodes, the three major nutrient-signaling pathways, mTOR,
insulin, and Sir2 have been linked with the lifespan extension upon DR in flies (Figure 3). It
is becoming evident that multiple nutrient signals modulate various signaling pathways to
mediate the lifespan extension upon DR. Thus modulation of one pathway is not sufficient to
completely abrogate the maximal lifespan extension upon DR.

The conserved nutrient-sensing mTOR pathway, was first shown in D. melanogasterto
mediate the effects of DR (Kapahi et al., 2004). Since then at least 60 studies have
demonstrated that inhibition of various components of the mTOR pathway extends lifespan
in multiple species (Kapahi et al., 2010; Lamming, 2016). Protein synthesis, a key
downstream output of the mTOR pathway takes place at multiple levels, which include
modulation of the ribosomal S6 kinase (S6K), 4E-BP, autophagy, and ribosomal biogenesis.
Modulation of mRNA translation by these outputs modulates lifespan in multiple species,
including flies (Kapahi et al., 2010). mTOR phosphorylates translation initiation factor 4E-
binding protein 4E-BP, relieving its inhibition of elF4E and enhancing overall mMRNA
translation (Sonenberg and Hinnebusch, 2009). It was previously shown that 4E-BP
mediates lifespan extension by DR in D. melanogaster (Zid et al., 2009). Furthermore, DR
induces d4E-BP protein levels and overexpression of a gain of function form of d4E-BP
extends lifespan under nutrient-rich conditions, but not during DR (Zid et al., 2009).
Overexpression of d4E-BP just in the muscle leads to lifespan extension and organism-wide
improvement of proteostasis in D. melanogaster (Demontis and Perrimon, 2010). d4E-BP
has also been shown to be required for the lifespan extension observed due to overexpression
of a dominant-negative version of P53, which overlaps with the lifespan extension by CR in
flies (Bauer et al., 2010). Downstream of d4E-BP, it has been shown that its overexpression
or DR increased the ribosomal binding of some nuclear-encoded mitochondrial genes,
including those encoding the electron transport chain (ETC) complexes | and IV and
mitochondrial ribosomal proteins. Consistent with enhanced ribosomal loading increasing
mMRNA translation, DR was found to increase mitochondrial density and respiratory function
(Zid et al., 2009). Furthermore, different studies have shown that in D. melanogaster,
inhibition of the mitochondrial ETC abrogates the benefits of DR on lifespan extension
(Bahadorani et al., 2010; Zid et al., 2009). Thus, the enhanced translation of mitochondrial
ETC genes may serve as a protective mechanism not only by increasing mitochondrial
efficiency but also by maintaining the function of the ETC and, hence, ATP production.
Consistent with the genetic manipulation of mTOR extending lifespan, rapamycin has also
ben shown to extend lifespan in flies through modulation of autophagy and mRNA
translation (Bjedov et al., 2010).
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The insulin-like signaling pathway is activated in response to the amount of yeast in the diet
(Britton et al., 2002), and a number of studies have shown that mutants in this pathway
regulate growth and development in D. melanogaster (Edgar, 1999; Oldham and Hafen,
2003) The interaction of the insulin-like-signaling pathway with diet has been examined in
different studies upon manipulation of genes that modulate the insulin signaling pathway at
different steps. Using a mutant for the insulin-receptor substrate, chico, or Foxo, a
downstream transcription factor in this pathway, it was shown that the lifespan extension,
using a specific paradigm for DR, surprisingly, may be independent of the insulin-like
signaling pathway in flies (Gems and Partridge, 2001; Tatar, 2007). However, other
experiments using a similar line of approach suggest that the insulin-signaling pathway in
flies may exert its effects on lifespan both independently of DR and in a protein-dependent
manner (Tatar, 2007).

The role of Sir2, which has been shown to mediate the effects of CR in yeast, has also been
examined in D. melanogaster. Recent studies using overexpression of Sir2in flies has shown
it to be important for enhancing fat metabolism (Banerjee et al., 2012) and physical activity
(Parashar and Rogina, 2009), whereas loss of function of Sir2has been shown to abrogate
the lifespan extension by CR (i.e., limitation of total food) in D. melanogaster (Rogina and
Helfand, 2004). However, the role of Sir2in longevity remains controversial, and these
earlier findings have been disputed to be independent of Sir2 (Astrom et al., 2003; Burnett et
al., 2011; Newman et al., 2002). Some of these discrepancies are also likely due to strain
differences and DR protocols used by the different groups, which play a critical role in
influencing lifespan (Piper and Partridge, 2007). Thus the role of Sir2in mediating nutrient-
dependent changes in lifespan extension remains unclear and further evidence is warranted
to improve this understanding.

One of the strengths of the fly models is the ability to undertake tissue-specific analysis of
genetic perturbations. Future analysis is likely to provide additional genetic pathways and
information about their tissue-specificities important for mediating the effects of DR in D.
melanogaster. Furthermore, these experiments will also help dissect the distinction between
the protective effects of DR on various healthspan measures in addition to lifespan. In
addition to the manipulation of nutrient-responsive pathways, a number of gene expression
and metabolomics studies have implicated various cellular processes and signaling pathways
to be altered upon DR in flies (Ding et al., 2014; Katewa et al., 2012; Laye et al., 2015;
Pletcher et al., 2002; Whitaker et al., 2014). Thus, the field is well poised to ultimately
provide several other candidate targets that can be manipulated to mimic the effects of DR.

5. Concluding remarks

The last decade has seen a burst of studies in invertebrate model organism establishing that
several highly regulated nutrient-sensing pathways play conserved roles in mediating the
effects of DR on lifespan. The most prominent example is the nutrient-sensor mTOR, which
subsequently has been shown to also play conserved roles in longevity in rodents, and
possibly in humans (Johnson et al., 2015; Kennedy and Lamming, 2016). The identified
genes and pathways modulate lifespan by distinct as well as overlapping mechanisms.
However, the downstream biological processes and the tissue-specificity by which such
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genes mediate the protective effects of DR remain largely unknown. Such information will
be critical to guide experiments that could ultimately identify and test drugs for the targeting
of nutrient-sensitive genes and pathways. Candidate drugs that may target either the
upstream nutrient-responsive pathways (e.g., mTOR, insulin, or sirtuins) or downstream
biological processes (e.g., antioxidants, glycolytic inhibitors, autophagy stimulators) could
prove to be promising DR mimetics. Invertebrate model systems will likely be important for
careful investigations of such DR mimetics before these agents are ready to, ultimately, be
tested in more complex organisms, including in human subjects.
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Figure 1.

Effector mechanisms of dietary restriction that contribute to lifespan extension in the

budding yeast S. cerevisae. See text for details.
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Figure 2.

Effector mechanisms of dietary restriction that contribute to lifespan in the nematode C.
elegans. Different dietary-restriction regimens are listed, as well as information about the
site-of-action of genes and processes where known. See text for details.
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Figure 3.

Effector mechanisms of dietary restriction that contribute to lifespan in the fruit fly D.

melanogaster. See text for details.
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