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Abstract: The concentrations of some key metabolic intermediates play essential roles in regulating
the longevity of the chronologically aging yeast Saccharomyces cerevisiae. These key metabolites are
detected by certain ligand-specific protein sensors that respond to concentration changes of the key
metabolites by altering the efficiencies of longevity-defining cellular processes. The concentrations of
the key metabolites that affect yeast chronological aging are controlled spatially and temporally.
Here, we analyze mechanisms through which the spatiotemporal dynamics of changes in the
concentrations of the key metabolites influence yeast chronological lifespan. Our analysis indicates
that a distinct set of metabolites can act as second messengers that define the pace of yeast
chronological aging. Molecules that can operate both as intermediates of yeast metabolism and as
second messengers of yeast chronological aging include reduced nicotinamide adenine dinucleotide
phosphate (NADPH), glycerol, trehalose, hydrogen peroxide, amino acids, sphingolipids, spermidine,
hydrogen sulfide, acetic acid, ethanol, free fatty acids, and diacylglycerol. We discuss several
properties that these second messengers of yeast chronological aging have in common with second
messengers of signal transduction. We outline how these second messengers of yeast chronological
aging elicit changes in cell functionality and viability in response to changes in the nutrient, energy,
stress, and proliferation status of the cell.

Keywords: yeast; chronological aging; mechanisms of longevity regulation; metabolism; cell signaling;
second messengers; mitochondria; interorganellar communications; proteostasis; regulated cell death

1. Introduction

Studies of the budding yeast Saccharomyces cerevisiae have led to the discovery of genes, signaling
pathways, and small molecules that define the rate of cellular aging in this unicellular eukaryote [1–3].
Some of the genes, signaling pathways, and small molecules discovered in S. cerevisiae have been
later found to play essential roles in cellular and organismal aging in diverse species of multicellular
eukaryotes; it is believed, therefore, that the mechanisms underlying aging and longevity assurance
have been conserved throughout the course of evolution [4–6]. Thus, the use of S. cerevisiae as a model
organism is fundamental for the progress in aging research [2–4].

There are two different ways of studying aging in S. cerevisiae; each of these ways investigates a
different mode of yeast aging.

A so-called replicative mode of yeast aging is monitored by counting the total number of
asymmetric mitotic divisions—each producing a small daughter cell—that a mother cell could undergo
on the surface of a solid nutrient-rich medium before it becomes senescent [2,7,8]. Yeast replicative
aging has long been considered to resemble the aging of those cells in humans and other mammals
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that are able to divide mitotically; among these mitotically active cells are lymphocytes, monocytes,
granulocytes, fibroblasts, and some stem cell types [2,4,6–8]. Recent studies have revealed that (1) many
genes that modulate aging of post-mitotic cells in adults of the nematode Caenorhabditis elegans
also influence yeast replicative aging [9–11]; and (2) many hallmarks of aging characteristic of
post-mitotic cells in humans and other mammals are also cellular hallmarks of yeast replicative
aging [12]. Hence, it is conceivable that the replicative mode of yeast aging may also mirror the aging
of post-mitotic cells and even the aging of the entire organism in nematodes, humans, and other
mammals [9–12].

A so-called chronological mode of yeast aging is monitored by determining how long a yeast
cell cultured in a liquid medium can retain viability after it undergoes cell cycle arrest and enters a
state of quiescence [2,13,14]. Yeast chronological aging is believed to model the aging of human and
mammalian cells that lose the ability to divide mitotically; these post-mitotic cells include adipocytes,
mature muscle cells, and mature neurons [2,14,15]. The chronological mode of yeast aging is also
considered to be a simple model of organismal aging in multicellular eukaryotes [14,16].

Although the replicative and chronological modes of aging in yeast are usually examined
separately from each other, recent evidence indicates that these two modes of yeast aging most
likely converge into a single aging process [17–19].

Here, we review mechanisms through which the spatiotemporal dynamics of changes in the
concentrations of some metabolites regulate the longevity of chronologically aging yeast. Based on the
important advance in our understanding of these mechanisms, we conclude that a distinct group of
metabolites act as second messengers that define the pace of yeast chronological aging.

2. Concentrations of Some Metabolites Define the Rate of Chronological Aging in Yeast

Recent studies have demonstrated that the intracellular and extracellular concentrations of
some key metabolites play essential roles in regulating the longevity of chronologically aging
S. cerevisiae [2–5,15,16,20–32]. These key metabolites are detected by certain protein sensors, which respond
to concentration changes of the metabolites by altering the efficiencies of cellular processes known to
define yeast chronological lifespan (CLS) [2–4,16,20–32]. In this section, we describe the metabolites whose
concentration changes affect the pace of yeast chronological aging and discuss mechanisms through
which these key metabolites influence yeast CLS.

2.1. NADPH

NADPH is generated in the Zwf1- and Gnd1-dependent reactions of the pentose phosphate
pathway operating in the cytosol of S. cerevisiae, as well as in the Ald4-, Pos5-, Mae1-, and Idp1-driven
reactions confined to yeast mitochondria [3,20,33]. NADPH is indispensable for the growth and
viability of yeast cells because it serves as the major source of reducing equivalents for amino acid,
fatty acid, and sterol synthesis [20,33]. In addition, NADPH has a specific role in longevity assurance
of chronologically aging yeast because it provides electrons for thioredoxin and glutathione reductase
systems (TRR and GTR, respectively) [34,35]. Both these NADPH-dependent reductase systems play
essential roles in the maintenance of intracellular redox homeostasis, thereby decreasing the extent of
oxidative damage to thiol-containing proteins that reside in the cytosol, nucleus, and mitochondria of
yeast cells [34,35]. Such NADPH-driven, TRR- and GTR-dependent protection of many thiol-containing
proteins from oxidative damage slows down yeast chronological aging (Figure 1A) [35].
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Figure 1. Mechanisms through which the concentrations of some key metabolites define the rate of
chronological aging in the yeast Saccharomyces cerevisiae. These key metabolites include NADPH (A),
glycerol (B), trehalose (C), H2O2 (D), the amino acids aspartate, asparagine, glutamate and glutamine
(E), methionine (F), sphingolipids (G), spermidine (H), H2S (I), acetic acid (J), ethanol (K), as well as
FFA and DAG (L). These key metabolites are detected by a distinct set of ligand-specific protein sensors
that respond to the concentration changes of the metabolites by altering the rates and efficiencies of
longevity-defining cellular processes, thus creating a pro- or anti-aging cellular pattern and affecting
the pace of yeast chronological aging. See text for more details. Activation arrows and inhibition bars
denote pro-aging processes (displayed in blue color) or anti-aging processes (displayed in red color).
Pro-aging or anti-aging metabolites are displayed in blue color or red color, respectively. Abbreviations:
Asp, aspartate; Asn, asparagine; ATG, autophagy-related genes; ETC, electron transport chain; FFA, free
(non-esterified) fatty acids; DAG, diacylglycerol; Glu, glutamate; Gln, glutamine; PKA, protein kinase A;
RCD, regulated cell death; ROS, reactive oxygen species.

2.2. Glycerol

Glycerol is one of the products of glucose fermentation in the cytosol of S. cerevisiae cells [33].
An increase in the intracellular and extracellular concentrations of glycerol has been shown to
decelerate yeast chronological aging [15,36]. Three mechanisms have been proposed to underlie
such aging-delaying action of glycerol. These mechanisms are depicted in Figure 1B and outlined
below. First mechanism: an increase in glucose fermentation to glycerol lowers metabolite flow
into glucose fermentation to ethanol and acetic acid, both of which accelerate yeast chronological
aging (Figure 1B) [3,15,36,37]. Second mechanism: glycerol decreases the susceptibility of yeast cells to
long-term oxidative, thermal, and osmotic stresses; an age-related intensification of all these stresses is a
potent pro-aging factor in chronologically aging yeast (Figure 1B) [3,36]. It is presently unknown if this
second mechanism involves some protein sensors that respond to an increase in glycerol concentration
by stimulating certain stress response processes in yeast cells. Third mechanism: an increase in glucose
fermentation to glycerol allows an increase in both the intracellular concentration of NAD+ and the
intracellular NAD+/NADH ratio, thereby setting up a pro-longevity cellular pattern in chronologically
aging S. cerevisiae (Figure 1B) [3,36].
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2.3. Trehalose

Trehalose, a non-reducing disaccharide synthesized from glucose, has long been considered
only as a reserve carbohydrate in S. cerevisiae cells [38]. However, recent evidence indicates that
trehalose is also essential for regulating the longevity of chronologically aging yeast [37,39–45].
Depending on the chronological age of S. cerevisiae, trehalose exhibits either an anti-aging or pro-aging
effect. Both these effects are due to the ability of trehalose to directly bind unfolded domains of proteins,
thereby modulating various aspects of cellular proteostasis throughout CLS. In chronologically
“young” yeast cells that proliferate, trehalose assists in sustaining an anti-aging pattern of cellular
proteostasis. This is because trehalose binding to newly synthesized proteins in these cells helps to
decrease the misfolding, aggregation, and oxidative damage of such proteins (Figure 1C) [37,41,46,47].
In chronologically “old” yeast cells that enter a non-proliferative state, trehalose contributes to the
establishment of a pro-aging pattern of cellular proteostasis. This is because trehalose binding to
hydrophobic amino acid side chains of misfolded, partially folded, and unfolded proteins in these cells
shields extended patches of hydrophobic amino acid residues from the molecular chaperones needed
for the folding of such proteins (Figure 1C) [37,41,46].

2.4. Hydrogen Peroxide (H2O2)

H2O2 is the major molecule of reactive oxygen species (ROS) [48]. In chronologically aging
yeast, H2O2 and other ROS are initially generated in mitochondria and peroxisomes as by-products of
mitochondrial respiration and peroxisomal oxidative metabolism, respectively [21–23]. After being
made in mitochondria and peroxisomes, H2O2 is released from these two organelles and may play
a dual role in regulating yeast CLS [21–23]. If the intracellular concentration of H2O2 exceeds a
toxic threshold, it accelerates the process of chronological aging by eliciting oxidative damage to
proteins, lipids, and nucleic acids in various locations within the yeast cell [21,48]. If the intracellular
concentration of H2O2 is maintained at a “hormetic” level (i.e., a sub-lethal concentration of H2O2

that is insufficient to damage cellular macromolecules), this ROS can activate at least two signaling
networks that extend yeast CLS by creating an anti-aging cellular pattern [2,3,27]. One of these
hormetic H2O2-responsive signaling networks activates the Gis1, Msn2, and Msn4 transcription factors;
after being activated, Gis1, Msn2, and Msn4 establish an anti-aging cellular pattern by stimulating
the transcription of many genes involved in carbohydrate and lipid metabolism, nutrient sensing,
cell cycle progression, autophagy, stress response and protection, and stationary phase survival
(Figure 1D) [2,49,50]. Another hormetic H2O2-responsive signaling network is initiated when the
DNA damage response (DDR) kinase Tel1 phosphorylates and activates the DDR kinase Rad53;
Rad53 then phosphorylates and inactivates the histone demethylase Rph1, thus creating an anti-aging
cellular pattern by suppressing the Rph1-driven transcription of sub-telomeric chromatin regions
(Figure 1D) [51,52]. Mechanisms though which the Rad53-dependent suppression of sub-telomeric
transcription prolongs yeast CLS remain unknown [51].

2.5. Amino Acids

The synthesis of the amino acids aspartate, asparagine, glutamate, and glutamine from
tricarboxylic acid (TCA) cycle intermediates occurs in mitochondria of yeast cells [20,33]. These amino
acids then exit mitochondria and activate protein kinase activity of the target of rapamycin complex
1 (TORC1), a pro-aging regulator confined to the surface of yeast vacuoles (Figure 1E) [53–56].
Active TORC1 orchestrates the establishment and maintenance of a pro-aging cellular pattern by
phosphorylating at least three downstream protein targets and altering their activities. As outlined
below, each of these downstream protein targets of TORC1 defines yeast CLS because it regulates one
or more longevity-defining cellular processes.

One of the proteins phosphorylated by TORC1 is the nutrient-sensing protein kinase Sch9.
Once phosphorylated by TORC1, Sch9 influences some longevity-defining cellular processes as
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follows: (1) it promotes ribosome assembly and stimulates translation initiation, thus activating
the pro-aging process of protein synthesis in the cytosol [57–60]; (2) it slows down the anti-aging
process of protein synthesis in mitochondria [55,56,61,62]; and (3) it inhibits nuclear import of Rim15,
a nutrient-sensing protein kinase that elicits an anti-aging cellular pattern by stimulating the Gis1,
Msn2, and Msn4 transcription factors in the nucleus [63–65]; this pro-aging effect of Sch9 is reinforced
by the nutrient-sensing protein kinase A (PKA), which impedes nuclear import of Msn2 and Msn4
(Figure 1E) [65–67].

Another downstream phosphorylation target of active TORC1 is Tap42, a protein that (akin to
Sch9) stimulates the pro-aging process of protein synthesis in the cytosol by promoting ribosome
assembly and activating translation initiation (Figure 1E) [58,68].

The autophagy-initiating protein Atg13 is also a downstream phosphorylation target of active
TORC1 [69,70]. The TORC1-driven phosphorylation of Atg13 suppresses the anti-aging process of
autophagy by inhibiting autophagosome formation in the cytosol (Figure 1E) [71–73]. Atg13 can also
be phosphorylated by PKA, which strengthens the pro-aging effect of TORC1 by further suppressing
the formation of autophagosomes [69–73].

Like aspartate, asparagine, glutamate, and glutamine, the amino acid methionine is a pro-aging
metabolite in yeast that ages chronologically (Figure 1F). A likely pro-aging effect of methionine consists
in stimulating the methylation of tRNAs in the cytosol [74]. The resulting decline in the concentration
of non-methylated tRNAs weakens nuclear import of the Rtg1/Rtg2/Rtg3 heterotrimeric transcription
factor needed for driving an anti-aging transcriptional program (Figure 1F) [74]. Another pro-aging
effect of methionine is manifested in its ability to inhibit autophagy by activating TORC1 and/or by
suppressing autophagosome formation in a TORC1-independent manner (Figure 1F) [75]. This shortens
yeast CLS by decreasing the acidity of the vacuole and by eliciting the accumulation of extracellular
acetic acid, a potent pro-aging metabolite [74–77].

2.6. Sphingolipids

Sphingolipids are pro-aging metabolites in chronologically aging yeast because some genetic
and pharmaceutical interventions that change the intracellular concentrations of certain sphingolipids
have been shown to prolong yeast CLS [24,28,29,32]. Mechanisms underlying the essential role of
sphingolipids in defining yeast CLS have begun to emerge; these mechanisms are outlined below.

After being synthesized in the endoplasmic reticulum (ER), the sphingolipid backbone
base phytosphingosine stimulates protein kinase activities of Pkh1 and Pkh2 (Pkb-activating
kinase homolog proteins 1 and 2) [78,79]. Pkh1 and Pkh2 then phosphorylate and activate the
nutrient-sensing protein kinase Sch9 [24,80,81]. Such Pkh1/2-dependent phosphorylation of Sch9
establishes a Pkh1/2-Sch9 branch of a network that integrates nutrient and sphingolipid signaling
(Figure 1G) [24,29,32,81]. As mentioned in Section 2.5, the phosphorylated and therefore active
form of Sch9 in this signaling branch accelerates yeast chronological aging by stimulating the
pro-aging process of protein synthesis in the cytosol [57–60], decelerating the anti-aging process of
protein synthesis in mitochondria [55,56,61,62] and inhibiting nuclear import of the nutrient-sensing
protein kinase Rim15 (Figure 1G) [63–65]. The Pkh1/2-dependent phosphorylation of Sch9 also
elicits the Sch9-driven phosphorylation and activation of: (1) Hog1, a mitogen-activated protein
kinase that attenuates mitochondrial functionality; and (2) Isc1, an inositol phosphosphingolipid
phospholipase C that is involved in the formation of ceramides from complex sphingolipids in yeast
mitochondria (Figure 1G) [24,28,29,32]. This ability of the Pkh1/2-Sch9 signaling branch to promote the
phosphorylation of Hog1 and Isc1 allows it to coordinate mitochondrial functionality and sphingolipid
metabolism, thus making an essential contribution to longevity regulation in chronologically aging
yeast [24,28,29,32].
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2.7. Spermidine

The natural polyamine spermidine is an aging-delaying metabolite that extends yeast CLS [82–84].
In yeast cells, spermidine is synthesized from the amino acids arginine and methionine in a series
of reactions confined to mitochondria, the cytosol, and peroxisomes [84]. Spermidine delays yeast
chronological aging because it inhibits the histone acetyltransferases Iki3 and Sas3 (Figure 1H) [82].
Although such spermidine-dependent inhibition of the two acetyltransferases attenuates transcription
of many nuclear genes because it impairs histone H3 acetylation at their promoter regions, the extent of
histone H3 acetylation at the promoter regions of several autophagy-related (ATG) genes is increased in
yeast cells that exhibit high spermidine concentrations [82]. This selectively activates the transcription
of the ATG genes, thus enhancing the cytoprotective process of autophagy and delaying yeast
chronological aging (Figure 1H) [82,83].

2.8. Hydrogen Sulfide (H2S)

H2S is a metabolite that plays an essential role in the delay of yeast chronological aging by caloric
restriction (CR) [85], a dietary regimen that delays aging, increases lifespan, and improves healthspan
in evolutionarily distant eukaryotes [1,86,87]. In yeast, this water- and fat-soluble gas can be generated
endogenously via two different metabolic pathways. One pathway of H2S synthesis involves a unique
yeast assimilation of exogenous inorganic sulfate [88]. Another pathway of H2S synthesis is an
evolutionarily conserved trans-sulfuration pathway (TSP) of transfer from methionine to cysteine [88].
In yeast cultured in a liquid synthetic medium, only H2S that is endogenously synthesized via the
TSP pathway and then released to the culture medium is responsible for yeast CLS extension under
CR conditions [85]. Mechanisms through which an exogenous (extracellular) pool of H2S delays
chronological aging of yeast limited in calorie supply remain to be determined. It has been suggested
that low, hormetic concentrations of H2S may protect chronologically aging yeast from age-related
stress and damage by accelerating the electron transport chain in mitochondria and/or by activating
the transcription of many stress-response genes in the nucleus (Figure 1I) [85,88,89].

2.9. Acetic Acid

Acetic acid is one of the products of glucose fermentation by yeast cultured in a liquid medium
under high oxygenation [2,15,33]. It is formed in the Ald6-dependent reaction that occurs in the cytosol
and in the Ald4-driven reaction confined to mitochondria [3]. Acetic acid is a pro-aging metabolite
that shortens yeast CLS [15,90].

Three mechanisms through which extracellular and/or intracellular pools of acetic acid may
accelerate yeast chronological aging have been suggested, all based on known effects of these acetic
acid pools. These mechanisms are outlined below.

First mechanism: acetic acid (and/or the acidification of the liquid culture medium it causes) may,
directly or indirectly, elicit an age-related apoptotic mode of regulated cell death (Figure 1J) [15,90–94].

Second mechanism: extracellular acidification caused by the buildup of acetic acid in the culture
medium may trigger intracellular acidification, which may then accelerate chronological aging by:
(1) stimulating the pro-aging cyclic adenosine monophosphate (cAMP)/PKA signaling pathway;
(2) increasing the concentration of ROS, thus eliciting oxidative damage to cellular macromolecules;
and/or (3) enhancing DNA replication stress (Figure 1J) [2,90,92].

Third mechanism: nuclear transport of acetic acid and its subsequent Acs2-dependent conversion
into acetyl-Coenzyme A (CoA) may suppress the transcription of nuclear ATG genes by causing
histone H3 hyperacetylation at their promoter regions, thus slowing down the cytoprotective process
of autophagy and accelerating yeast chronological aging (Figure 1J) [25,26,95,96].

It needs to be emphasized that exogenous acetic acid accelerates yeast chronological aging not
only because it creates an acidic extracellular environment; indeed, neither other organic acids present
in culture medium of aged yeast nor hydrochloric acid can shorten yeast CLS if added exogenously [15].



Int. J. Mol. Sci. 2018, 19, 860 7 of 14

Moreover, only exogenous acetic acid at acidic pH, but not its conjugate base at neutral pH, exhibits
the aging-accelerating effect in yeast [15]. It is conceivable, therefore, that only a combinatory action
of acetic acid and an acidic extracellular environment is responsible for the acceleration of yeast
chronological aging via the above mechanisms [15].

2.10. Ethanol

Yeast cells cultured in a liquid medium under low oxygenation produce ethanol as the main
product of glucose fermentation in the Adh1-dependent reaction confined to the cytosol [2,3,13,14,33].
Ethanol is a pro-aging metabolite that shortens yeast CLS [37,97]. This pro-aging action of ethanol can
be enhanced by the sirtuin deacetylase Sir2, which inhibits the Adh2-driven conversion of ethanol to
acetaldehyde [97].

Ethanol accelerates yeast chronological aging via two different mechanisms. Both of these mechanisms
are elicited in response to ethanol-dependent suppression of the Fox1-, Fox2-, and Fox3-driven peroxisomal
β-oxidation of fatty acids to acetyl-CoA [21,37]. Each of these two mechanisms is specific to the chronological
age of a yeast cell.

In chronologically “young” yeast, the ethanol-dependent suppression of acetyl-CoA formation in
peroxisomes decreases its availability for anaplerotic conversion to citrate and acetyl-carnitine in these
organelles [3,21,37]. This accelerates yeast chronological aging by weakening the longevity assurance
process of supplying citrate and acetyl-carnitine to mitochondria for the replenishment of these two
TCA cycle intermediates (Figure 1K) [3,21,37].

In chronologically “old” yeast, the ethanol-dependent suppression of peroxisomal β-oxidation
of fatty acids leads to the excessive accumulation of free (non-esterified) fatty acids (FFA) [3,21,37].
Such build-up of FFA accelerates yeast chronological aging by increasing the risk of an age-related
mode of regulated cell death (RCD) called “liponecrosis” (Figure 1K) [3,98–100].

2.11. FFA and Diacylglycerol (DAG)

The ethanol-driven excessive accumulation of unoxidized FFA in yeast peroxisomes (see
Section 2.10) elicits several negative-feedback loops whose action causes a buildup of FFA and DAG in
the ER and lipid droplets (LD) [3,100,101]. This buildup of FFA and DAG accelerates the onset of the
liponecrotic mode of RCD, thereby increasing the risk of death and accelerating yeast chronological
aging (Figure 1L) [3,21,98–100]. Thus, both FFA and DAG are pro-aging metabolites that shorten
yeast CLS.

3. The Spatiotemporal Dynamics of Changes in Concentrations of Some Metabolites Define
Yeast CLS

It is becoming increasingly evident that the concentrations of the key metabolites that influence
the pace of yeast chronological aging are controlled spatially and temporally at different levels.

One level of the spatial control over the concentrations of these metabolites consists in regulating
their intracellular and extracellular concentrations [3,102]. Some of the key metabolites can influence
longevity-defining processes only within the cell they were produced; these metabolites: (1) define
the pace of yeast chronological aging only via cell-autonomous mechanisms; (2) cannot act as low
molecular weight transmissible longevity factors; and (3) include NADPH, trehalose, sphingolipids,
FFA, and DAG [3,24,28,32,35,37,41,102]. In contrast, some of the key metabolites can influence
longevity-defining processes both within the cell they were generated as well as within other cells
in the yeast population; these metabolites: (1) define the pace of yeast chronological aging via
both cell-autonomous and cell-non-autonomous mechanisms; (2) can act as low molecular weight
transmissible longevity factors; and (3) include glycerol, H2O2, amino acids, spermidine, H2S, acetic
acid, and ethanol [3,15,36,50–52,54,71–73,82,85,93,94,97,102]. It is noteworthy that some of those
metabolites that cannot act as low molecular weight transmissible longevity factors (and thus define
the pace of yeast chronological aging only via cell-autonomous mechanisms) may change metabolism
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within the “host” cell so that this cell may respond by altering the production of acetic acid and/or
other metabolites that can act via both cell-autonomous and cell-non-autonomous mechanisms.

Another level at which the concentrations of these key metabolites are controlled spatially consists
in regulating their abundance in different organellar compartments within the cell. The effective
concentrations of the metabolites that influence the pace of yeast chronological aging are established
and maintained within an intricate network that involves the unidirectional and/or bidirectional flow
of certain metabolites between mitochondria, the nucleus, vacuoles, peroxisomes, the ER, the plasma
membrane, LD, and the cytosol [22,23,27].

In addition, the concentrations of the key metabolites that define yeast CLS are controlled
temporally. Indeed, it has been found that: (1) these metabolite concentrations undergo age-related
changes; and (2) the effects of these metabolites on their protein sensors are also subjected to
age-related changes; these protein sensors respond to concentration changes of the key metabolites
by altering the efficiencies of certain longevity-defining cellular processes [3,27]. It has been therefore
proposed that the concentration changes of different key metabolites are temporally limited to certain
longevity-defining periods called “checkpoints” [2,3,27,41,103]. Many of these checkpoints exist
early in the life of chronologically aging yeast cultured in glucose-containing liquid media, during
diauxic and post-diauxic growth phases [3,27]. NADPH, glycerol, H2O2, amino acids, sphingolipids,
and spermidine are the key metabolites whose concentrations only at these “early” checkpoints play
essential roles in defining the pace of yeast chronological aging [24,27,28,32,35,36,42,51–54,71–73,82].
Some of these checkpoints are the “late” checkpoints that occur after chronologically aging yeast
cultured in glucose-containing liquid media undergoes cell cycle arrest and enters the non-proliferative
stationary phase of culturing [3,27]. H2S, acetic acid, FFA, and DAG are the key metabolites whose
concentrations only at these “late” checkpoints make essential contributions to defining the pace of
yeast chronological aging [15,27,37,85,93,94]. It is noteworthy that trehalose and ethanol are the two
key metabolites whose concentrations affect the longevity of chronologically aging yeast at both the
“early” and the “late” checkpoints; for each of these two metabolites, the longevity-defining effect at
the “early” checkpoint differs from that at the “late” checkpoint (see Sections 2.3 and 2.10) [3,27,41].
It has been also proposed that at each of these “early” and “late” checkpoints, the concentration
changes of the key metabolites are detected by a distinct set of checkpoint-specific protein sensors.
These protein sensors have been called “master regulators” because their suggested common role
consists in responding to the concentration changes of different key metabolites by altering the rates
and efficiencies of various longevity-defining cellular processes throughout the chronological lifespan,
thus establishing a pro- or anti-aging cellular pattern and defining yeast CLS [3,27].

4. Conclusions

Based on our analysis of how the spatiotemporal dynamics of changes in the concentrations
of some metabolites influence yeast CLS, we conclude that a distinct group of metabolites can act
as second messengers that define the pace of yeast chronological aging. Molecules that can operate
both as intermediates of yeast metabolism and as second messengers of yeast chronological aging
include NADPH, glycerol, trehalose, H2O2, amino acids, sphingolipids, spermidine, H2S, acetic acid,
ethanol, FFA, and DAG. Akin to second messengers of signal transduction [104,105], these second
messengers of yeast chronological aging: (1) are generated and can undergo substantial concentration
changes within a yeast cell in response to some extracellular stimuli (i.e., nutrients and hormetic
stresses); these extracellular stimuli are detected by certain hierarchically organized proteins and
protein complexes (i.e., the TORC1 and PKA signaling pathways) that then transduce the signal to
some metabolic reactions involved in the generation of the intracellular second messengers; (2) differ
from each other in their chemical properties and solubilities; these differences allow the second
messengers to transduce the signal in the polar chemical environment of the cytosol or organelle
interior, be distributed within the hydrophobic chemical environment of the cellular or organellar
membrane, or be translocated across such membranes as a gas or free radical; (3) are subjected to
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stringent spatial control; indeed, the movement of these second messengers within the cell and their exit
out of the cell are regulated in response to changes in the nutrient, energy, stress, and/or proliferation
status of the cell; (4) are also controlled temporally, as their intracellular and extracellular concentrations
at different periods of chronological lifespan vary significantly and are regulated by alterations in
nutrient availability, stress intensity, and cell proliferation rate; and (5) are detected by a distinct
set of ligand-specific protein sensors that respond to the concentration changes of different second
messengers by altering the rates and efficiencies of longevity-defining cellular processes, thereby
creating a pro- or anti-aging cellular pattern and affecting the pace of yeast chronological aging.

Of note, Pietrocola et al. [26] have recently concluded that acetyl-CoA can operate both as a
metabolic intermediate and as a second messenger in regulating the delicate balance between cellular
catabolism and anabolism in eukaryotic organisms across phyla. In conjunction with the demonstration
that acetyl-CoA plays essential roles in regulating the longevity of chronologically aging yeast (see
Sections 2.9 and 2.10; [21,25,37,95,96]), this important conclusion further supports the notion that
intermediates of some metabolic pathways in eukaryotic cells can function as second messengers that
orchestrate global changes in cell functionality in response to changes in the nutrient, energy, stress,
and proliferation status of the cell.
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Asp aspartate
Asn asparagine
ATG autophagy-related genes
ER endoplasmic reticulum
ETC electron transport chain
FFA free (non-esterified) fatty acids
CLS chronological lifespan
CR caloric restriction
DAG diacylglycerol
DDR DNA damage response
Glu glutamate
Gln glutamine
GTR glutathione reductase
LD lipid droplets
PKA protein kinase A
Pkh1 Pkb-activating kinase homolog protein 1
Pkh2 Pkb-activating kinase homolog protein 2
RCD regulated cell death
ROS reactive oxygen species
TCA tricarboxylic acid
TORC1 target of rapamycin complex 1
TRR thioredoxin reductase
TSP transsulfuration pathway



Int. J. Mol. Sci. 2018, 19, 860 10 of 14

References

1. Fontana, L.; Partridge, L.; Longo, V.D. Extending healthy life span—From yeast to humans. Science 2010, 328,
321–326. [CrossRef] [PubMed]

2. Longo, V.D.; Shadel, G.S.; Kaeberlein, M.; Kennedy, B. Replicative and chronological aging in Saccharomyces cerevisiae.
Cell Metab. 2012, 16, 18–31. [CrossRef] [PubMed]

3. Arlia-Ciommo, A.; Leonov, A.; Piano, A.; Svistkova, V.; Titorenko, V.I. Cell-autonomous mechanisms of
chronological aging in the yeast Saccharomyces cerevisiae. Microb. Cell 2014, 1, 163–178. [CrossRef] [PubMed]

4. Kaeberlein, M. Lessons on longevity from budding yeast. Nature 2010, 464, 513–519. [CrossRef] [PubMed]
5. Váchová, L.; Cáp, M.; Palková, Z. Yeast colonies: A model for studies of aging, environmental adaptation,

and longevity. Oxid. Med. Cell. Longev. 2012, 2012. [CrossRef] [PubMed]
6. Denoth Lippuner, A.; Julou, T.; Barral, Y. Budding yeast as a model organism to study the effects of age.

FEMS Microbiol. Rev. 2014, 38, 300–325. [CrossRef] [PubMed]
7. Steinkraus, K.A.; Kaeberlein, M.; Kennedy, B.K. Replicative aging in yeast: The means to the end. Annu. Rev.

Cell Dev. Biol. 2008, 24, 29–54. [CrossRef] [PubMed]
8. Steffen, K.K.; Kennedy, B.K.; Kaeberlein, M. Measuring replicative life span in the budding yeast. J. Vis. Exp.

2009, 28, 1209. [CrossRef] [PubMed]
9. Smith, E.D.; Tsuchiya, M.; Fox, L.A.; Dang, N.; Hu, D.; Kerr, E.O.; Johnston, E.D.; Tchao, B.N.; Pak, D.N.;

Welton, K.L.; et al. Quantitative evidence for conserved longevity pathways between divergent eukaryotic
species. Genome Res. 2008, 18, 564–570. [CrossRef] [PubMed]

10. Ghavidel, A.; Baxi, K.; Ignatchenko, V.; Prusinkiewicz, M.; Arnason, T.G.; Kislinger, T.; Carvalho, C.E.;
Harkness, T.A. A genome scale screen for mutants with delayed exit from mitosis: Ire1-independent
induction of autophagy integrates ER homeostasis into mitotic lifespan. PLoS Genet. 2015, 11, e1005429.
[CrossRef] [PubMed]

11. McCormick, M.A.; Delaney, J.R.; Tsuchiya, M.; Tsuchiyama, S.; Shemorry, A.; Sim, S.; Chou, A.C.; Ahmed, U.;
Carr, D.; Murakami, C.J.; et al. A comprehensive analysis of replicative lifespan in 4698 single-gene deletion
strains uncovers conserved mechanisms of aging. Cell Metab. 2015, 22, 895–906. [CrossRef] [PubMed]

12. Janssens, G.E.; Veenhoff, L.M. Evidence for the hallmarks of human aging in replicatively aging yeast.
Microb. Cell 2016, 3, 263–274. [CrossRef] [PubMed]

13. Fabrizio, P.; Longo, V.D. The chronological life span of Saccharomyces cerevisiae. Methods Mol. Biol. 2007, 371,
89–95. [PubMed]

14. Longo, V.D.; Fabrizio, P. Chronological aging in Saccharomyces cerevisiae. Subcell. Biochem. 2012, 57, 101–121.
[PubMed]

15. Burtner, C.R.; Murakami, C.J.; Kennedy, B.K.; Kaeberlein, M. A molecular mechanism of chronological aging
in yeast. Cell Cycle 2009, 8, 1256–1270. [CrossRef] [PubMed]

16. Longo, V.D.; Kennedy, B.K. Sirtuins in aging and age-related disease. Cell 2006, 126, 257–268. [CrossRef]
[PubMed]

17. Murakami, C.; Delaney, J.R.; Chou, A.; Carr, D.; Schleit, J.; Sutphin, G.L.; An, E.H.; Castanza, A.S.;
Fletcher, M.; Goswami, S.; et al. pH neutralization protects against reduction in replicative lifespan following
chronological aging in yeast. Cell Cycle 2012, 11, 3087–3096. [CrossRef] [PubMed]

18. Delaney, J.R.; Murakami, C.; Chou, A.; Carr, D.; Schleit, J.; Sutphin, G.L.; An, E.H.; Castanza, A.S.; Fletcher, M.;
Goswami, S.; et al. Dietary restriction and mitochondrial function link replicative and chronological aging in
Saccharomyces cerevisiae. Exp. Gerontol. 2013, 48, 1006–1013. [CrossRef] [PubMed]

19. Molon, M.; Zadrag-Tecza, R.; Bilinski, T. The longevity in the yeast Saccharomyces cerevisiae: A comparison of
two approaches for assessment the lifespan. Biochem. Biophys. Res. Commun. 2015, 460, 651–656. [CrossRef]
[PubMed]

20. Cai, L.; Tu, B.P. Driving the cell cycle through metabolism. Annu. Rev. Cell Dev. Biol. 2012, 28, 59–87.
[CrossRef] [PubMed]

21. Titorenko, V.I.; Terlecky, S.R. Peroxisome metabolism and cellular aging. Traffic 2011, 12, 252–259. [CrossRef]
[PubMed]

22. Beach, A.; Burstein, M.T.; Richard, V.R.; Leonov, A.; Levy, S.; Titorenko, V.I. Integration of peroxisomes into
an endomembrane system that governs cellular aging. Front. Physiol. 2012, 3, 283. [CrossRef] [PubMed]

http://dx.doi.org/10.1126/science.1172539
http://www.ncbi.nlm.nih.gov/pubmed/20395504
http://dx.doi.org/10.1016/j.cmet.2012.06.002
http://www.ncbi.nlm.nih.gov/pubmed/22768836
http://dx.doi.org/10.15698/mic2014.06.152
http://www.ncbi.nlm.nih.gov/pubmed/28357241
http://dx.doi.org/10.1038/nature08981
http://www.ncbi.nlm.nih.gov/pubmed/20336133
http://dx.doi.org/10.1155/2012/601836
http://www.ncbi.nlm.nih.gov/pubmed/22928081
http://dx.doi.org/10.1111/1574-6976.12060
http://www.ncbi.nlm.nih.gov/pubmed/24484434
http://dx.doi.org/10.1146/annurev.cellbio.23.090506.123509
http://www.ncbi.nlm.nih.gov/pubmed/18616424
http://dx.doi.org/10.3791/1209
http://www.ncbi.nlm.nih.gov/pubmed/19556967
http://dx.doi.org/10.1101/gr.074724.107
http://www.ncbi.nlm.nih.gov/pubmed/18340043
http://dx.doi.org/10.1371/journal.pgen.1005429
http://www.ncbi.nlm.nih.gov/pubmed/26247883
http://dx.doi.org/10.1016/j.cmet.2015.09.008
http://www.ncbi.nlm.nih.gov/pubmed/26456335
http://dx.doi.org/10.15698/mic2016.07.510
http://www.ncbi.nlm.nih.gov/pubmed/28357364
http://www.ncbi.nlm.nih.gov/pubmed/17634576
http://www.ncbi.nlm.nih.gov/pubmed/22094419
http://dx.doi.org/10.4161/cc.8.8.8287
http://www.ncbi.nlm.nih.gov/pubmed/19305133
http://dx.doi.org/10.1016/j.cell.2006.07.002
http://www.ncbi.nlm.nih.gov/pubmed/16873059
http://dx.doi.org/10.4161/cc.21465
http://www.ncbi.nlm.nih.gov/pubmed/22871733
http://dx.doi.org/10.1016/j.exger.2012.12.001
http://www.ncbi.nlm.nih.gov/pubmed/23235143
http://dx.doi.org/10.1016/j.bbrc.2015.03.085
http://www.ncbi.nlm.nih.gov/pubmed/25817783
http://dx.doi.org/10.1146/annurev-cellbio-092910-154010
http://www.ncbi.nlm.nih.gov/pubmed/22578140
http://dx.doi.org/10.1111/j.1600-0854.2010.01144.x
http://www.ncbi.nlm.nih.gov/pubmed/21083858
http://dx.doi.org/10.3389/fphys.2012.00283
http://www.ncbi.nlm.nih.gov/pubmed/22936916


Int. J. Mol. Sci. 2018, 19, 860 11 of 14

23. Leonov, A.; Titorenko, V.I. A network of interorganellar communications underlies cellular aging. IUBMB Life
2013, 65, 665–674. [CrossRef] [PubMed]

24. Huang, X.; Withers, B.R.; Dickson, R.C. Sphingolipids and lifespan regulation. Biochim. Biophys. Acta 2014,
1841, 657–664. [CrossRef] [PubMed]

25. Schroeder, S.; Zimmermann, A.; Carmona-Gutierrez, D.; Eisenberg, T.; Ruckenstuhl, C.; Andryushkova, A.;
Pendl, T.; Harger, A.; Madeo, F. Metabolites in aging and autophagy. Microb. Cell 2014, 1, 110–114. [CrossRef]
[PubMed]

26. Pietrocola, F.; Galluzzi, L.; Bravo-San Pedro, J.M.; Madeo, F.; Kroemer, G. Acetyl coenzyme A: A central
metabolite and second messenger. Cell Metab. 2015, 21, 805–821. [CrossRef] [PubMed]

27. Dakik, P.; Titorenko, V.I. Communications between mitochondria, the nucleus, vacuoles, peroxisomes,
the endoplasmic reticulum, the plasma membrane, lipid droplets, and the cytosol during yeast chronological
aging. Front. Genet. 2016, 7, 177. [CrossRef] [PubMed]

28. Eltschinger, S.; Loewith, R. TOR complexes and the maintenance of cellular homeostasis. Trends Cell Biol.
2016, 26, 148–159. [CrossRef] [PubMed]

29. Teixeira, V.; Costa, V. Unraveling the role of the target of rapamycin signaling in sphingolipid metabolism.
Prog. Lipid Res. 2016, 61, 109–133. [CrossRef] [PubMed]

30. Laxman, S. Conceptualizing eukaryotic metabolic sensing and signaling. J. Indian Inst. Sci. 2017, 97, 59–77.
[CrossRef] [PubMed]

31. Li, X.; Handee, W.; Kuo, M.H. The slim, the fat, and the obese: Guess who lives the longest? Curr. Genet.
2017, 63, 43–49. [CrossRef] [PubMed]

32. Mitrofanova, D.; Dakik, P.; McAuley, M.; Medkour, Y.; Mohammad, K.; Titorenko, V.I. Lipid metabolism and
transport define longevity of the yeast Saccharomyces cerevisiae. Front. Biosci. 2018, 23, 1166–1194.

33. Fraenkel, D.G. Yeast Intermediary Metabolism; Cold Spring Harbor Laboratory Press: Cold Spring Harbor, NY, USA,
2011; ISBN 978-0-87969-797-6.

34. Grant, C.M. Role of the glutathione/glutaredoxin and thioredoxin systems in yeast growth and response to
stress conditions. Mol. Microbiol. 2001, 39, 533–541. [CrossRef] [PubMed]

35. Brandes, N.; Tienson, H.; Lindemann, A.; Vitvitsky, V.; Reichmann, D.; Banerjee, R.; Jakob, U. Time line of
redox events in aging postmitotic cells. Elife 2013, 2, e00306. [CrossRef] [PubMed]

36. Wei, M.; Fabrizio, P.; Madia, F.; Hu, J.; Ge, H.; Li, L.M.; Longo, V.D. Tor1/Sch9-regulated carbon source
substitution is as effective as calorie restriction in life span extension. PLoS Genet. 2009, 5, e1000467. [CrossRef]
[PubMed]

37. Goldberg, A.A.; Bourque, S.D.; Kyryakov, P.; Gregg, C.; Boukh-Viner, T.; Beach, A.; Burstein, M.T.;
Machkalyan, G.; Richard, V.; Rampersad, S.; et al. Effect of calorie restriction on the metabolic history of
chronologically aging yeast. Exp. Gerontol. 2009, 44, 555–571. [CrossRef] [PubMed]

38. François, J.; Parrou, J.L. Reserve carbohydrates metabolism in the yeast Saccharomyces cerevisiae.
FEMS Microbiol. Rev. 2001, 25, 125–145. [CrossRef] [PubMed]

39. Samokhvalov, V.; Ignatov, V.; Kondrashova, M. Reserve carbohydrates maintain the viability of Saccharomyces
cerevisiae cells during chronological aging. Mech. Ageing Dev. 2004, 125, 229–235. [CrossRef] [PubMed]

40. Wang, J.; Jiang, J.C.; Jazwinski, S.M. Gene regulatory changes in yeast during life extension by nutrient
limitation. Exp. Gerontol. 2010, 45, 621–631. [CrossRef] [PubMed]

41. Kyryakov, P.; Beach, A.; Richard, V.R.; Burstein, M.T.; Leonov, A.; Levy, S.; Titorenko, V.I. Caloric restriction
extends yeast chronological lifespan by altering a pattern of age-related changes in trehalose concentration.
Front. Physiol. 2012, 3, 256. [CrossRef] [PubMed]

42. Ocampo, A.; Liu, J.; Schroeder, E.A.; Shadel, G.S.; Barrientos, A. Mitochondrial respiratory thresholds
regulate yeast chronological life span and its extension by caloric restriction. Cell Metab. 2012, 16, 55–67.
[CrossRef] [PubMed]

43. Cao, L.; Tang, Y.; Quan, Z.; Zhang, Z.; Oliver, S.G.; Zhang, N. Chronological lifespan in yeast is dependent on
the accumulation of storage carbohydrates mediated by Yak1, Mck1 and Rim15 kinases. PLoS Genet. 2016,
12, e1006458. [CrossRef] [PubMed]

44. Svenkrtova, A.; Belicova, L.; Volejnikova, A.; Sigler, K.; Jazwinski, S.M.; Pichova, A. Stratification of yeast
cells during chronological aging by size points to the role of trehalose in cell vitality. Biogerontology 2016, 17,
395–408. [CrossRef] [PubMed]

http://dx.doi.org/10.1002/iub.1183
http://www.ncbi.nlm.nih.gov/pubmed/23818261
http://dx.doi.org/10.1016/j.bbalip.2013.08.006
http://www.ncbi.nlm.nih.gov/pubmed/23954556
http://dx.doi.org/10.15698/mic2014.04.142
http://www.ncbi.nlm.nih.gov/pubmed/28357231
http://dx.doi.org/10.1016/j.cmet.2015.05.014
http://www.ncbi.nlm.nih.gov/pubmed/26039447
http://dx.doi.org/10.3389/fgene.2016.00177
http://www.ncbi.nlm.nih.gov/pubmed/27729926
http://dx.doi.org/10.1016/j.tcb.2015.10.003
http://www.ncbi.nlm.nih.gov/pubmed/26546292
http://dx.doi.org/10.1016/j.plipres.2015.11.001
http://www.ncbi.nlm.nih.gov/pubmed/26703187
http://dx.doi.org/10.1007/s41745-016-0013-1
http://www.ncbi.nlm.nih.gov/pubmed/29176927
http://dx.doi.org/10.1007/s00294-016-0617-z
http://www.ncbi.nlm.nih.gov/pubmed/27230908
http://dx.doi.org/10.1046/j.1365-2958.2001.02283.x
http://www.ncbi.nlm.nih.gov/pubmed/11169096
http://dx.doi.org/10.7554/eLife.00306
http://www.ncbi.nlm.nih.gov/pubmed/23390587
http://dx.doi.org/10.1371/journal.pgen.1000467
http://www.ncbi.nlm.nih.gov/pubmed/19424415
http://dx.doi.org/10.1016/j.exger.2009.06.001
http://www.ncbi.nlm.nih.gov/pubmed/19539741
http://dx.doi.org/10.1111/j.1574-6976.2001.tb00574.x
http://www.ncbi.nlm.nih.gov/pubmed/11152943
http://dx.doi.org/10.1016/j.mad.2003.12.006
http://www.ncbi.nlm.nih.gov/pubmed/15013667
http://dx.doi.org/10.1016/j.exger.2010.02.008
http://www.ncbi.nlm.nih.gov/pubmed/20178842
http://dx.doi.org/10.3389/fphys.2012.00256
http://www.ncbi.nlm.nih.gov/pubmed/22783207
http://dx.doi.org/10.1016/j.cmet.2012.05.013
http://www.ncbi.nlm.nih.gov/pubmed/22768839
http://dx.doi.org/10.1371/journal.pgen.1006458
http://www.ncbi.nlm.nih.gov/pubmed/27923067
http://dx.doi.org/10.1007/s10522-015-9625-5
http://www.ncbi.nlm.nih.gov/pubmed/26614086


Int. J. Mol. Sci. 2018, 19, 860 12 of 14

45. Leonov, A.; Feldman, R.; Piano, A.; Arlia-Ciommo, A.; Lutchman, V.; Ahmadi, M.; Elsaser, S.; Fakim, H.;
Heshmati-Moghaddam, M.; Hussain, A.; et al. Caloric restriction extends yeast chronological lifespan via
a mechanism linking cellular aging to cell cycle regulation, maintenance of a quiescent state, entry into a
non-quiescent state and survival in the non-quiescent state. Oncotarget 2017, 8, 69328–69350. [CrossRef]
[PubMed]

46. Singer, M.A.; Lindquist, S. Multiple effects of trehalose on protein folding in vitro and in vivo. Mol. Cell
1998, 1, 639–648. [CrossRef]

47. Jain, N.K.; Roy, I. Effect of trehalose on protein structure. Protein Sci. 2009, 18, 24–36. [CrossRef] [PubMed]
48. Giorgio, M.; Trinei, M.; Migliaccio, E.; Pelicci, P.G. Hydrogen peroxide: A metabolic by-product or a common

mediator of ageing signals? Nat. Rev. Mol. Cell Biol. 2007, 8, 722–728. [CrossRef] [PubMed]
49. Causton, H.C.; Ren, B.; Koh, S.S.; Harbison, C.T.; Kanin, E.; Jennings, E.G.; Lee, T.I.; True, H.L.; Lander, E.S.;

Young, R.A. Remodeling of yeast genome expression in response to environmental changes. Mol. Biol. Cell
2001, 12, 323–337. [CrossRef] [PubMed]

50. Fabrizio, P.; Pozza, F.; Pletcher, S.D.; Gendron, C.M.; Longo, V.D. Regulation of longevity and stress resistance
by Sch9 in yeast. Science 2001, 292, 288–290. [CrossRef] [PubMed]

51. Schroeder, E.A.; Raimundo, N.; Shadel, G.S. Epigenetic silencing mediates mitochondria stress-induced
longevity. Cell Metab. 2013, 17, 954–964. [CrossRef] [PubMed]

52. Schroeder, E.A.; Shadel, G.S. Crosstalk between mitochondrial stress signals regulates yeast chronological
lifespan. Mech. Ageing Dev. 2014, 135, 41–49. [CrossRef] [PubMed]

53. Crespo, J.L.; Powers, T.; Fowler, B.; Hall, M.N. The TOR-controlled transcription activators GLN3, RTG1,
and RTG3 are regulated in response to intracellular levels of glutamine. Proc. Natl. Acad. Sci. USA 2002, 99,
6784–6789. [CrossRef] [PubMed]

54. Powers, R.W., 3rd; Kaeberlein, M.; Caldwell, S.D.; Kennedy, B.K.; Fields, S. Extension of chronological life
span in yeast by decreased TOR pathway signaling. Genes Dev. 2006, 20, 174–184. [CrossRef] [PubMed]

55. Conrad, M.; Schothorst, J.; Kankipati, H.N.; Van Zeebroeck, G.; Rubio-Texeira, M.; Thevelein, J.M. Nutrient
sensing and signaling in the yeast Saccharomyces cerevisiae. FEMS Microbiol. Rev. 2014, 38, 254–299. [CrossRef]
[PubMed]

56. Swinnen, E.; Ghillebert, R.; Wilms, T.; Winderickx, J. Molecular mechanisms linking the evolutionary conserved
TORC1-Sch9 nutrient signalling branch to lifespan regulation in Saccharomyces cerevisiae. FEMS Yeast Res. 2014,
14, 17–32. [CrossRef] [PubMed]

57. Urban, J.; Soulard, A.; Huber, A.; Lippman, S.; Mukhopadhyay, D.; Deloche, O.; Wanke, V.; Anrather, D.;
Ammerer, G.; Riezman, H.; et al. Sch9 is a major target of TORC1 in Saccharomyces cerevisiae. Mol. Cell 2007,
26, 663–674. [CrossRef] [PubMed]

58. Huber, A.; Bodenmiller, B.; Uotila, A.; Stahl, M.; Wanka, S.; Gerrits, B.; Aebersold, R.; Loewith, R.
Characterization of the rapamycin-sensitive phosphoproteome reveals that Sch9 is a central coordinator of
protein synthesis. Genes Dev. 2009, 23, 1929–1943. [CrossRef] [PubMed]

59. Lee, J.; Moir, R.D.; Willis, I.M. Regulation of RNA polymerase III transcription involves SCH9-dependent and
SCH9-independent branches of the target of rapamycin (TOR) pathway. J. Biol. Chem. 2009, 284, 12604–12608.
[CrossRef] [PubMed]

60. Wei, Y.; Zheng, X.F. Sch9 partially mediates TORC1 signaling to control ribosomal RNA synthesis. Cell Cycle
2009, 8, 4085–4090. [CrossRef] [PubMed]

61. Bonawitz, N.D.; Chatenay-Lapointe, M.; Pan, Y.; Shadel, G.S. Reduced TOR signaling extends chronological
life span via increased respiration and upregulation of mitochondrial gene expression. Cell Metab. 2007, 5,
265–277. [CrossRef] [PubMed]

62. Pan, Y.; Shadel, G.S. Extension of chronological life span by reduced TOR signaling requires down-regulation
of Sch9p and involves increased mitochondrial OXPHOS complex density. Aging 2009, 1, 131–145. [CrossRef]
[PubMed]

63. Roosen, J.; Engelen, K.; Marchal, K.; Mathys, J.; Griffioen, G.; Cameroni, E.; Thevelein, J.M.; de Virgilio, C.;
de Moor, B.; Winderickx, J. PKA and Sch9 control a molecular switch important for the proper adaptation to
nutrient availability. Mol. Microbiol. 2005, 55, 862–880. [CrossRef] [PubMed]

64. Wanke, V.; Cameroni, E.; Uotila, A.; Piccolis, M.; Urban, J.; Loewith, R.; de Virgilio, C. Caffeine extends yeast
lifespan by targeting TORC1. Mol. Microbiol. 2008, 69, 277–285. [CrossRef] [PubMed]

http://dx.doi.org/10.18632/oncotarget.20614
http://www.ncbi.nlm.nih.gov/pubmed/29050207
http://dx.doi.org/10.1016/S1097-2765(00)80064-7
http://dx.doi.org/10.1002/pro.3
http://www.ncbi.nlm.nih.gov/pubmed/19177348
http://dx.doi.org/10.1038/nrm2240
http://www.ncbi.nlm.nih.gov/pubmed/17700625
http://dx.doi.org/10.1091/mbc.12.2.323
http://www.ncbi.nlm.nih.gov/pubmed/11179418
http://dx.doi.org/10.1126/science.1059497
http://www.ncbi.nlm.nih.gov/pubmed/11292860
http://dx.doi.org/10.1016/j.cmet.2013.04.003
http://www.ncbi.nlm.nih.gov/pubmed/23747251
http://dx.doi.org/10.1016/j.mad.2013.12.002
http://www.ncbi.nlm.nih.gov/pubmed/24373996
http://dx.doi.org/10.1073/pnas.102687599
http://www.ncbi.nlm.nih.gov/pubmed/11997479
http://dx.doi.org/10.1101/gad.1381406
http://www.ncbi.nlm.nih.gov/pubmed/16418483
http://dx.doi.org/10.1111/1574-6976.12065
http://www.ncbi.nlm.nih.gov/pubmed/24483210
http://dx.doi.org/10.1111/1567-1364.12097
http://www.ncbi.nlm.nih.gov/pubmed/24102693
http://dx.doi.org/10.1016/j.molcel.2007.04.020
http://www.ncbi.nlm.nih.gov/pubmed/17560372
http://dx.doi.org/10.1101/gad.532109
http://www.ncbi.nlm.nih.gov/pubmed/19684113
http://dx.doi.org/10.1074/jbc.C900020200
http://www.ncbi.nlm.nih.gov/pubmed/19299514
http://dx.doi.org/10.4161/cc.8.24.10170
http://www.ncbi.nlm.nih.gov/pubmed/19823048
http://dx.doi.org/10.1016/j.cmet.2007.02.009
http://www.ncbi.nlm.nih.gov/pubmed/17403371
http://dx.doi.org/10.18632/aging.100016
http://www.ncbi.nlm.nih.gov/pubmed/20157595
http://dx.doi.org/10.1111/j.1365-2958.2004.04429.x
http://www.ncbi.nlm.nih.gov/pubmed/15661010
http://dx.doi.org/10.1111/j.1365-2958.2008.06292.x
http://www.ncbi.nlm.nih.gov/pubmed/18513215


Int. J. Mol. Sci. 2018, 19, 860 13 of 14

65. Smets, B.; Ghillebert, R.; de Snijder, P.; Binda, M.; Swinnen, E.; de Virgilio, C.; Winderickx, J. Life in the
midst of scarcity: Adaptations to nutrient availability in Saccharomyces cerevisiae. Curr. Genet. 2010, 56, 1–32.
[CrossRef] [PubMed]

66. Medvedik, O.; Lamming, D.W.; Kim, K.D.; Sinclair, D.A. MSN2 and MSN4 link calorie restriction and TOR to
sirtuin-mediated lifespan extension in Saccharomyces cerevisiae. PLoS Biol. 2007, 5, e261. [CrossRef] [PubMed]

67. Lee, P.; Cho, B.R.; Joo, H.S.; Hahn, J.S. Yeast Yak1 kinase, a bridge between PKA and stress-responsive
transcription factors, Hsf1 and Msn2/Msn4. Mol. Microbiol. 2008, 70, 882–895. [CrossRef] [PubMed]

68. Broach, J.R. Nutritional control of growth and development in yeast. Genetics 2012, 192, 73–105. [CrossRef]
[PubMed]

69. Laplante, M.; Sabatini, D.M. mTOR signaling in growth control and disease. Cell 2012, 149, 274–293.
[CrossRef] [PubMed]

70. Alers, S.; Wesselborg, S.; Stork, B. ATG13: Just a companion, or an executor of the autophagic program?
Autophagy 2014, 10, 944–956. [CrossRef] [PubMed]

71. Yorimitsu, T.; Zaman, S.; Broach, J.R.; Klionsky, D.J. Protein kinase A and Sch9 cooperatively regulate
induction of autophagy in Saccharomyces cerevisiae. Mol. Biol. Cell 2007, 18, 4180–4189. [CrossRef] [PubMed]

72. Stephan, J.S.; Yeh, Y.Y.; Ramachandran, V.; Deminoff, S.J.; Herman, P.K. The Tor and PKA signaling pathways
independently target the Atg1/Atg13 protein kinase complex to control autophagy. Proc. Natl. Acad. Sci. USA
2009, 106, 17049–17054. [CrossRef] [PubMed]

73. Stephan, J.S.; Yeh, Y.Y.; Ramachandran, V.; Deminoff, S.J.; Herman, P.K. The Tor and cAMP-dependent
protein kinase signaling pathways coordinately control autophagy in Saccharomyces cerevisiae. Autophagy
2010, 6, 294–295. [CrossRef] [PubMed]

74. Johnson, J.E.; Johnson, F.B. Methionine restriction activates the retrograde response and confers both stress
tolerance and lifespan extension to yeast, mouse and human cells. PLoS ONE 2014, 9, e97729. [CrossRef]
[PubMed]

75. Ruckenstuhl, C.; Netzberger, C.; Entfellner, I.; Carmona-Gutierrez, D.; Kickenweiz, T.; Stekovic, S.;
Gleixner, C.; Schmid, C.; Klug, L.; Sorgo, A.G.; et al. Lifespan extension by methionine restriction requires
autophagy-dependent vacuolar acidification. PLoS Genet. 2014, 10, e1004347. [CrossRef] [PubMed]

76. Wu, Z.; Song, L.; Liu, S.Q.; Huang, D. Independent and additive effects of glutamic acid and methionine on
yeast longevity. PLoS ONE 2013, 8, e79319. [CrossRef] [PubMed]

77. Ruckenstuhl, C.; Netzberger, C.; Entfellner, I.; Carmona-Gutierrez, D.; Kickenweiz, T.; Stekovic, S.;
Gleixner, C.; Schmid, C.; Klug, L.; Hajnal, I.; et al. Autophagy extends lifespan via vacuolar acidification.
Microb. Cell 2014, 1, 160–162. [CrossRef] [PubMed]

78. Liu, K.; Zhang, X.; Lester, R.L.; Dickson, R.C. The sphingoid long chain base phytosphingosine activates
AGC-type protein kinases in Saccharomyces cerevisiae including Ypk1, Ypk2, and Sch9. J. Biol. Chem. 2005, 280,
22679–22687. [CrossRef] [PubMed]

79. Liu, K.; Zhang, X.; Sumanasekera, C.; Lester, R.L.; Dickson, R.C. Signalling functions for sphingolipid
long-chain bases in Saccharomyces cerevisiae. Biochem. Soc. Trans. 2005, 33, 1170–1173. [CrossRef] [PubMed]

80. Huang, X.; Liu, J.; Dickson, R.C. Down-regulating sphingolipid synthesis increases yeast lifespan. PLoS Genet.
2012, 8, e1002493. [CrossRef] [PubMed]

81. Liu, J.; Huang, X.; Withers, B.R.; Blalock, E.; Liu, K.; Dickson, R.C. Reducing sphingolipid synthesis
orchestrates global changes to extend yeast lifespan. Aging Cell 2013, 12, 833–841. [CrossRef] [PubMed]

82. Eisenberg, T.; Knauer, H.; Schauer, A.; Büttner, S.; Ruckenstuhl, C.; Carmona-Gutierrez, D.; Ring, J.;
Schroeder, S.; Magnes, C.; Antonacci, L.; et al. Induction of autophagy by spermidine promotes longevity.
Nat. Cell Biol. 2009, 11, 1305–1314. [CrossRef] [PubMed]

83. Morselli, E.; Galluzzi, L.; Kepp, O.; Criollo, A.; Maiuri, M.C.; Tavernarakis, N.; Madeo, F.; Kroemer, G. Autophagy
mediates pharmacological lifespan extension by spermidine and resveratrol. Aging 2009, 1, 961–970. [CrossRef]
[PubMed]

84. Minois, N.; Carmona-Gutierrez, D.; Madeo, F. Polyamines in aging and disease. Aging 2011, 3, 716–732.
[CrossRef] [PubMed]

85. Hine, C.; Harputlugil, E.; Zhang, Y.; Ruckenstuhl, C.; Lee, B.C.; Brace, L.; Longchamp, A.; Treviño-Villarreal, J.H.;
Mejia, P.; Ozaki, C.K.; et al. Endogenous hydrogen sulfide production is essential for dietary restriction benefits.
Cell 2015, 160, 132–144. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/s00294-009-0287-1
http://www.ncbi.nlm.nih.gov/pubmed/20054690
http://dx.doi.org/10.1371/journal.pbio.0050261
http://www.ncbi.nlm.nih.gov/pubmed/17914901
http://dx.doi.org/10.1111/j.1365-2958.2008.06450.x
http://www.ncbi.nlm.nih.gov/pubmed/18793336
http://dx.doi.org/10.1534/genetics.111.135731
http://www.ncbi.nlm.nih.gov/pubmed/22964838
http://dx.doi.org/10.1016/j.cell.2012.03.017
http://www.ncbi.nlm.nih.gov/pubmed/22500797
http://dx.doi.org/10.4161/auto.28987
http://www.ncbi.nlm.nih.gov/pubmed/24879146
http://dx.doi.org/10.1091/mbc.E07-05-0485
http://www.ncbi.nlm.nih.gov/pubmed/17699586
http://dx.doi.org/10.1073/pnas.0903316106
http://www.ncbi.nlm.nih.gov/pubmed/19805182
http://dx.doi.org/10.4161/auto.6.2.11129
http://www.ncbi.nlm.nih.gov/pubmed/20087062
http://dx.doi.org/10.1371/journal.pone.0097729
http://www.ncbi.nlm.nih.gov/pubmed/24830393
http://dx.doi.org/10.1371/journal.pgen.1004347
http://www.ncbi.nlm.nih.gov/pubmed/24785424
http://dx.doi.org/10.1371/journal.pone.0079319
http://www.ncbi.nlm.nih.gov/pubmed/24244480
http://dx.doi.org/10.15698/mic2014.05.147
http://www.ncbi.nlm.nih.gov/pubmed/28357240
http://dx.doi.org/10.1074/jbc.M502972200
http://www.ncbi.nlm.nih.gov/pubmed/15840588
http://dx.doi.org/10.1042/BST0331170
http://www.ncbi.nlm.nih.gov/pubmed/16246074
http://dx.doi.org/10.1371/journal.pgen.1002493
http://www.ncbi.nlm.nih.gov/pubmed/22319457
http://dx.doi.org/10.1111/acel.12107
http://www.ncbi.nlm.nih.gov/pubmed/23725375
http://dx.doi.org/10.1038/ncb1975
http://www.ncbi.nlm.nih.gov/pubmed/19801973
http://dx.doi.org/10.18632/aging.100110
http://www.ncbi.nlm.nih.gov/pubmed/20157579
http://dx.doi.org/10.18632/aging.100361
http://www.ncbi.nlm.nih.gov/pubmed/21869457
http://dx.doi.org/10.1016/j.cell.2014.11.048
http://www.ncbi.nlm.nih.gov/pubmed/25542313


Int. J. Mol. Sci. 2018, 19, 860 14 of 14

86. De Cabo, R.; Carmona-Gutierrez, D.; Bernier, M.; Hall, M.N.; Madeo, F. The search for antiaging interventions:
From elixirs to fasting regimens. Cell 2014, 157, 1515–1526. [CrossRef] [PubMed]

87. Lee, C.; Longo, V. Dietary restriction with and without caloric restriction for healthy aging. F1000Res. 2016,
5. [CrossRef] [PubMed]

88. Hine, C.; Mitchell, J.R. Calorie restriction and methionine restriction in control of endogenous hydrogen
sulfide production by the transsulfuration pathway. Exp. Gerontol. 2015, 68, 26–32. [CrossRef] [PubMed]

89. Shim, H.S.; Longo, V.D. A protein restriction-dependent sulfur code for longevity. Cell 2015, 160, 15–17.
[CrossRef] [PubMed]

90. Burhans, W.C.; Weinberger, M. Acetic acid effects on aging in budding yeast: Are they relevant to aging in
higher eukaryotes? Cell Cycle 2009, 8, 2300–2302. [CrossRef] [PubMed]

91. Burtner, C.R.; Murakami, C.J.; Olsen, B.; Kennedy, B.K.; Kaeberlein, M. A genomic analysis of chronological
longevity factors in budding yeast. Cell Cycle 2011, 10, 1385–1396. [CrossRef] [PubMed]

92. Mirisola, M.G.; Longo, V.D. Acetic acid and acidification accelerate chronological and replicative aging in
yeast. Cell Cycle 2012, 11, 3532–3533. [CrossRef] [PubMed]
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