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Abstract

Even though there is a general agreement on the heritability of longevity in humans, the
complex network of genetic and non-genetic factors affecting our lifespan is far from
being fully elucidated. In this context, simple model organisms can still contribute to
understanding the fundamental mechanisms involved in longevity, potentially highlight-
ing novel therapeutic targets. Studies in the yeast Saccharomyces cerevisiae, the simplest
eukaryotic model system, have identified the Ras-cAMP-PKA, TOR and Sch9 pathways as
pro-aging signaling cascades. Even though this unicellular fungus is evolutionarily distant
from complex mammals, some of the observations made in yeast have been eventually
confirmed in higher organisms, including humans. The tractability of this model organ-
ism has also enabled a detailed molecular characterization of those pathways identifying
potential therapeutic targets. In addition, the molecular characterization of these nutrient-
dependent pathways helps screen for molecules capable of modulating stress resistance,
cellular nutrient responses and autophagy. This evolutionary conservation, spanning from
fission yeast to mammals, positions this model organism as a valuable tool for screening
molecules, drugs, and dietary interventions that affect longevity. Here, we describe the
principal methodologies used to study aging in yeast, the major findings obtained and their
translational validity in higher organisms.
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1. Introduction
While it is known that yeast has been used for bread, wine and beer making since

ancient Egypt, archeological evidence in China dates its usage back to 7000 BCE [1]. In
modern times, yeast has established itself as a cornerstone in cellular biology, genetics and
molecular biology while remaining essential for the industrial production of food, beverages
and, more recently, pharmaceuticals. The reasons for this are mainly its low cost, the high
availability of bioinformatic resources, the development of a large array of biochemical and
genetic methods and its compatibility with high-throughput technologies. The ascomycete
budding and fission yeasts have thus served as important model organisms. Many research
fields, including aging [2], have taken advantage of these experimental systems, although
their ability to shed light on human longevity has some obvious limitations. Lifespan curves
of this unicellular organism, in fact, cannot provide information on either healthspan or the
potential age-dependent alteration of specific organs or tissues [3,4]. Moreover, despite the
wide range of available genetic manipulations, which are crucial for identifying genes and
pathways involved in aging, some of the results obtained by model systems are based on
single genetic backgrounds, making general conclusions difficult to draw [5]. In addition,
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laboratory conditions are generally fixed and do not reflect the fluctuating environment
of wild habitats. Finally, although their short generation times and lifespans allow quick
data collection, short-lived organisms may exhibit a much greater capacity for lifespan
extension compared to humans (up to 10-fold) [6]. However, despite these limitations
substantial evidence confirms the power of yeast as a model system, highlighted by the
five different Nobel Prizes awarded for yeast-based research (both budding and fission)
in recent decades. Part of this success is due to the high conservation of fundamental
cellular mechanisms across evolution. Whole-genome sequencing, completed in 1996,
2002 and 2003 for S. cerevisiae, S. pombe and humans, respectively, confirmed the high
degree of homology between yeast and evolutionarily distant species. The availability of
whole-genome sequences also enabled genome-wide transcription analysis [7], protein–
protein interaction atlases [8], protein localization maps [9], and genome-scale metabolic
models [10]. Finally, bioinformatic analysis revealed that S. cerevisiae possesses orthologs
for approximately 30% of disease-causing human genes [11–14], suggesting the possibility
of using humanized yeasts as models for several human pathologies.

2. Laboratory Methods to Investigate Aging in Yeast
2.1. Measuring Lifespan

The first demonstration that Saccharomyces cerevisiae ages took advantage of the peculiar
cell division of this organism. In fact, during the cell cycle, the daughter cell emerges by
budding from the mother cell. This peculiarity allows an easy size-based distinction
between mother and daughter cells and thus the possibility to count how many times
a single cell can divide. Robert K. Mortimer was the first to exploit this asymmetric
budding to measure the replicative potential of yeast cells [15]. To do so, the emerging
bud was carefully removed by micromanipulation at each cell cycle, and the divisions of
its mother cell were counted (Figure 1). This protocol, used to determine the replicative
lifespan (RLS), is still in use, albeit with some technological improvements [16]. It has
allowed the confirmation or, in some cases, the identification of several genes that play
a major role in cellular aging and whose functions are conserved in higher eukaryotes,
including mammals. Among these, the roles of the Ras-PKA and TOR-Sch9 pathways are
preeminent examples. From a practical point of view, it should be noted that commonly
used laboratory yeast strains undergo approximately 20 cellular divisions before entering
senescence, with each cell cycle lasting around 2 h. Thus, a single experiment may require
up to 40 h of continuous monitoring. To overcome this limitation, researchers usually pause
the experiment by placing the Petri dishes at a lower temperature to halt cell division.
However, this temperature shift may introduce an experimental bias. In addition, to ensure
statistical significance 40 to 50 mother cells must be analyzed in parallel.

Methodological improvements have been introduced to enhance the throughput of
this approach. Taking advantage of the scar left on the mother cell, a method allowing
enrichment of bud-scar-rich cells has been developed based on the ability of wheat germ
agglutinin (WGA) to mark chitin-containing bud scars [17,18]. However, a possible issue of
this method is that the continuous growth of progeny cells limits the division capacity of
mother cells due to nutrient limitation after a certain number of cell divisions. To overcome
these challenges, an alternative is the Mother Enrichment Program (MEP), an inducible
genetic system that suppresses the proliferation of daughter cells. The method is based on
the expression of the Cre recombinase under the control of the SCW11 promoter, which is
active exclusively in daughter cells being regulated by Ace2p, a transcription factor that
selectively localizes to the emerging bud prior to cytokinesis. Upon synthesis, the Cre
recombinase excises the essential genes UBC9 and CDC20, which encode for the SUMO-
conjugating enzyme and the activator of anaphase-promoting-complex, respectively. The
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disruption of these genes arrests the division of daughter cells. Cre recombinase is tightly
controlled by its fusion to the murine estradiol-binding protein (EBD). In the absence of the
hormone, the Cre protein remains localized in the cytoplasm allowing the yeast strain to be
easily propagated. However, upon estradiol addition, Cre recombinase translocates to the
nucleus, preventing daughter cells from dividing. As a result, only mother cells continue
to undergo cellular division, which thereby simplifies their counting [19,20]. In addition,
several microfluidic approaches have been developed to monitor mother cell divisions
without the need for manual micromanipulation. Although these platforms differ in their
specific designs, they all rely on hydrodynamic trapping to retain the larger mother cells,
while the smaller daughter cells are continuously flushed away by the media flow (for a
comprehensive review of the different microfluidic devices, see [21,22] Table 1 and Figure 1
for a schematic representation of the original method). It has been observed that media
used for measuring RLS are typically glucose-rich (such as YPD). Consequently, in these
experiments, the cell metabolism primarily relies on glycolysis, a condition that differ from
what is observed in most tissues of higher organisms where energy production is mainly
based on respiration [23,24]. This idea has been recently challenged by the development of
new methods to select aging mother cells [25] and their use in characterizing the metabolism
of cells undergoing replicative aging [26]. In fact, the drop in glucose uptake to almost 10%
compared to younger cells, the decrease in ethanol production and the increase in oxygen
consumption observed suggest the existence of a metabolic shift from a fermentative to a
respiratory-based metabolism also during RLS measurement. It must, however, be noted
that half of the carbon influx was directed to glycerol and acetate secretion, a condition that
is not typically observed during respiration. It is worth noting that acetate has been linked
to apoptosis, while glycerol is associated with the stress response [27,28].

Figure 1. Schematic representation and comparison of the original protocols used for RLS and CLS.
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Table 1. Differences between replicative lifespan (RLS) and chronological lifespan (CLS) in yeast.

Replicative Lifespan (RLS) Chronological Lifespan (CLS)

Core Measurement Number of daughter cells a “mother”
cell can produce before senescence.

Survival time of a population of
non-dividing cells in a

post-mitotic state.

Metabolic State Primarily glycolysis (glucose-rich
media such as YPD are used).

Primarily respiration (high
respiratory rate during

post-diauxic phase).

Human Tissue Analogy Models aging in actively dividing
cells (e.g., certain stem cells).

Models aging in
non-dividing/differentiated tissues

(e.g., neurons, muscle).

Manual Method Micromanipulation (dissection of
buds from mother cells).

Growing cells to saturation in liquid
synthetic media (SD) followed by

incubation and plating every 2 days
to count CFUs.

Technological Improvements
(examples)

1. Mother Enrichment Program
(MEP): Uses Cre-estradiol system to

arrest daughter cells.
2. Microfluidics: Traps mother cells

by size while flushing
daughters away.

1. 96-well Plate Automation:
Measures optical density (OD) to

screen large libraries.
2. High Throughput: Estimates
survival by outgrowth in rich

media (YPD).

A second paradigm for measuring aging, developed by Longo and colleagues, is the
chronological lifespan (CLS, [29–31]).

Instead of measuring how many times a yeast cell can divide (the replicative potential,
RLS), CLS measures how long a non-dividing yeast cell can survive (Figure 1). The standard
protocol for measuring CLS starts by streaking yeast cells from a frozen stock onto Petri
dishes containing a glucose-rich medium. Once single colonies appear, an isolated colony
is inoculated into a synthetic liquid medium with a 1:4 liquid-to-air ratio and incubated
at 30 ◦C with vigorous shaking. Small aliquots are then collected every 1–2 days, serially
diluted with sterile water, and plated onto YPD agar plates. The resulting colonies are
counted after two days of incubation at 30 ◦C to determine the number of colony forming
units (CFUs). The CFUs at day three is considered 100% (maximum cellular density) and
used as a reference for the other time points. During the experiment, the number of CFUs
counted at each time point is expressed as a fraction of the CFUs counted at day three (see
Figure 1 for a schematic representation).

Several variations have been introduced into the basic protocol to increase both au-
tomation and reproducibility. The measurement of the optical density of aging cultures in
96-well plates has thus been proposed as an alternative to the basic CLS protocol [32,33]
and used for high-throughput analysis of a library of single-gene deletion strains. The
different strains were incubated in 96-well plates containing synthetic medium (SD). At
selected time points, a small aliquot was sampled from each culture and transferred into a
new 96-well plate containing nutrient-rich YPD medium, where the optical density was
determined by absorbance measurement after a fixed incubation period. This approach
assumes that the optical density in the YPD culture is directly proportional to the number
of viable cells transferred from the aging SD-based culture. The major conceptual difference
from the standard method is that, in this case, the 96-well plates are incubated without
agitation and with a liquid-to-air ratio far less than the standard 1:4 proportion. Conse-
quently, the respiration-based metabolism observed in the standard CLS protocol may not
apply here, implying that the findings obtained by these two different protocols may differ.
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In addition, the viability of mutants with an altered growth rate can be misinterpreted
(see Table 1 for a summary). The solid-plate CLS assay has been developed as a viable
alternative to traditional liquid CLS. In this method, cells of the desired strain, which
must be auxotrophic for tryptophan, are plated onto multiple synthetic solid medium (SD)
lacking this amino acid. At each time point, one plate is supplemented with a tryptophan
solution. Surviving cells can then resume growth, allowing the resulting colony-forming
units to be scored. Alternatively, a method based on propidium iodide combined with
flow cytometry has also been proposed [34] offering some advantages. Subsequent studies
have, however, raised concerns about possible bias introduced by this method, thereby
limiting its utility [34]. Microarrays coupled with molecular barcode sequencing of pooled
strains represent a high-throughput technology that can also be used to assess the viability
of non-dividing yeast cells over time. This method has been used to simultaneously screen
large collections of yeast deletion mutants [2]. It must be noted that since these experiments
are conducted using pooled mutant collections, extracellular factors or metabolites released
by one strain could potentially affect the viability of others, causing a non-autonomous cell
death/survival.

Aging studies have also been extended to other unicellular fungi. Schizosaccharomyces
pombe is another very well characterized unicellular eukaryote [35]. Having diverged from
the budding yeast hundreds of millions of years ago, the comparison between these two
fungi is frequently employed to identify mechanisms conserved throughout evolution. Its
use in aging studies is more recent than that of Saccharomyces cerevisiae because its symmetri-
cal division makes it difficult to distinguish between the mother cell and daughter cells [36].
This has limited the number of studies focused on replicative lifespan (RLS), although
microfluidic-based approaches have recently begun to bridge this gap [37]. Conversely,
CLS has been routinely determined in fission yeast, thereby making it possible to compare
the results obtained in these two unicellular models of aging [38].

It must also be pointed out that in addition to what each paradigm measures (replica-
tive potential versus survival in the stationary phase), cellular metabolism differs greatly
between the two. In fact, while cells during replicative lifespan experiments rely almost
exclusively on glycolysis, those in chronological lifespan assays utilize fermentation and
respiration [39] as their major energy sources, more closely resembling the metabolic pro-
file of most tissues in higher eukaryotes [40]. It is also worth noting that lowering the
glucose availability during RLS measurement, a condition mimicking caloric restriction,
whose efficacy in increasing lifespan is well documented in several model systems, extends
lifespan only in certain genetic backgrounds. In addition, laboratory strains with different
genetic backgrounds display opposite effects in response to caloric restriction upon the
loss of mitochondrial DNA [27,41,42]. Interestingly, as described above, the ability to
enrich for replicatively aging mother cells has enabled the detailed characterization of the
metabolism of replicatively aging cells. The observed drop in glucose uptake, coupled with
reduced ethanol synthesis and increased oxygen consumption, suggests that a switch from
glycolysis-based to respiratory-based metabolism also occurs during RLS. However, be-
cause half of the carbon influx was directed to glycerol and acetate secretion, which differs
from what is normally observed during respiration, fundamental metabolic distinctions be-
tween CLS and RLS paradigms remain [26,31,43]. Recently, microfluidic-based approaches
have been developed to also allow the measurement of RLS in S. pombe. Curiously, these
findings indicate that replicative lifespan may not represent a valid paradigm for evaluating
aging in fission yeast [44], likely due to the absence of asymmetric damage segregation,
which is a hallmark of S. cerevisiae division. Regarding the CLS assay, yeast cells are grown
in synthetic liquid media, where they mitotically divide and reach saturation within 24 to
36 h. After 2 additional days of continuous incubation under vigorous shaking to ensure
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proper aeration, the cells enter the post-diauxic phase, which is characterized by a high
respiratory rate and the massive utilization of non-fermentable carbon sources. Under
these conditions, cells remain viable for a duration that depends strictly on both their
genetic backgrounds and the specific culture conditions, typically ranging from a few
days to a couple of weeks. The duration of viability measures how long yeast cells can
survive in the post-mitotic phase. In addition to genetic background, environmental factors
such as temperature, pH, acetic acid concentration, and nutrient availability significantly
influence chronological survival [31,45–47], underscoring the need to validate findings
across multiple genetic backgrounds. It must be pointed out that even though yeast liquid
cultures in synthetic glucose-rich media reach their maximum cell density within 2–3 days,
their metabolism remains high for an additional 4–6 days, with glycogen and ethanol
still available when the cells begin to die [48]. These observations confirm that CLS does
not simply mimic starvation or a hypometabolic state at least in the first days. It has
been argued that the increased concentration of acetic acid observed during CLS and the
subsequent decline in extracellular pH may act as an extrinsic aging factor affecting CLS
but not RLS [46,49,50]. However, several observations support the physiological role of
acetic acid and ethanol in metabolism and aging progression. First, protein oxidation is
acetic-acid-dependent and not pH-dependent [51], suggesting a more complex role for
acetic acid than simply lowering medium pH. Furthermore, intracellular acidification has
been linked to nutrient-dependent signal transduction pathways via Ras signaling and ROS
production, confirming the existence of multiple acidification-responsive pathways [52–54].
Finally, lactate-dependent medium acidification kills tumor cells maintained in the station-
ary phase [55], thus suggesting that the role of acidification as a pro-aging cellular driver
could be conserved during evolution. A common artifact in classical CLS experiments is the
regrowth of aging cells. This happens when a subset of aged cells escapes from quiescence
and resumes progression through the cell cycle (GASPing) [56]. While regrowth can easily
be detected when the CFUs at a certain time point appears to increase with respect to the
previous one, it is more difficult to detect when it occurs early in the experiment. To avoid
this artifact, CLS protocols should include repeated water washing of the cultures during
the experiments or, alternatively, the use of the solid Trp-plate assay described above. Both
these additional methods can eliminate this potential artifact and should therefore be used
in parallel [47].

2.2. Measuring Stress Resistance and Genome Stability

Given the strong link between cell survival and multiple stress resistance, the latter
has been used as a selectable marker to identify genes and mechanisms involved in aging.
Heat shock resistance is typically measured by incubating serial dilutions of cells plated
on rich medium at 55 ◦C for a variable time, normally ranging from 30 min to 2 h, and
comparing their growth with that of untreated cells.

Oxidative stress resistance assays are performed by resuspending cells in K-phosphate
buffer and adding different concentrations of hydrogen peroxide for 30 min. Serially
diluted cells are then spotted onto YPD plates and incubated at 30 ◦C for 2–3 days with the
number of colonies reflecting cell survival under stress.

Alternatively, menadione can be used to induce severe oxidative stress through the
production of intracellular reactive oxygen species (ROS). Yeast cells counteract this stress
by activating antioxidant enzymes, accumulating trehalose, and activating molecular
chaperones.

Osmotic stress is an important environmental challenge for yeast in nature, and the
ability to adapt to altered availability of water is a crucial feature for living cells. This
challenge triggers the High Osmolarity Glycerol (HOG) MAP kinase signaling pathway. In
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yeast, two different methods are used to activate this stress response: non-ionic osmotic
stress, which is usually induced by supplementing the growth medium with 1 M or 1.5 M
sorbitol or mannitol, respectively, and ionic/salt osmotic stress, achieved by adding 0.4 or
1 M of NaCl or KCl, respectively [57].

Interestingly, the quality and quantity of nutrients supplied can modulate the effi-
cacy of stressors, suggesting that nutrient availability may regulate cell resistance and
longevity [58,59]. Therefore, yeast cultures, which are routinely used to screen collections
of mutants, can also be used to evaluate the ability of libraries of substances to mod-
ulate resistance to multiple stresses. It is worth noting that these two approaches can
also be combined, allowing the identification of nutrient–genotype “synthetic lethality”
interactions.

It has long been proposed that genomic instability is one of the drivers of aging,
alongside epigenetic alteration, deranged nutrient sensing, mitochondrial dysfunction
and telomere attrition [60,61], as well as an enabling factor for several hallmarks of can-
cer [62]. The role of the somatic mutation rate in aging progression has recently been
strengthened by the observation that the mutation rate is inversely proportional to lifespan
across several species [63]. The central role of the mutation rate in non-dividing cells has
been further supported by the recent availability of single-cell sequencing. Analysis of
these data demonstrates that the mutation rate is similar in dividing and non-dividing
tissues [64,65]. It is therefore of particular interest that different types of mutations can be
easily identified at very low cost using the yeast model. To this end, the above-described
chronological lifespan measurement can be combined with the detection of different types
of DNA mutations [66], ranging from point mutations to large chromosomal rearrange-
ments. Forward mutation rates can be measured in different ways, the most common of
which are resistance to 5-fluoroorotic acid (5-FOA), canavanine and alfa-factor. 5-FOA is a
non-toxic substance that can be converted into the highly toxic 5-fluorouracil by the uracil
biosynthetic pathway. The central gene involved in this process is URA3; therefore, this
method basically measures any mutation causing a loss of function of the orotidine-5′-
phosphate decarboxylase protein, the enzyme coded by the URA3 gene [67]. The second
method to assess the mutation rate in yeast is based on Can1p permease. Wild-type CAN1
codes for the membrane-bound arginine permease that mediates the cellular uptake of
both arginine and canavanine. Since canavanine is toxic at a concentration of 60 mgL−1,
cells incubated in canavanine-containing media will not grow unless a de novo mutation
inactivates the permease. Although several types of mutations can occur at the CAN1
locus, sequencing has demonstrated that this method mainly measures point mutations in
haploid cells (65%), whereas frameshifts and more complex mutations are less common
(35%) [40]. Alfa-factor blocks the cell division of MATa cells and prepares them for mat-
ing. Any mutation affecting the signaling cascade that responds to this factor is therefore
capable of restoring cell division. The target genes include STE2, which codes for the
alfa-factor G-protein-coupled receptor, and several elements of the downstream MAPK
signaling cascade. However, this method cannot be used for wild-type strains because
of their mating-type switch ability [67–69]. To specifically identify point mutations, the
reversion of amber or ochre stop codons can be measured. A simple method uses the
standard laboratory yeast strain DBY746, which carries a C to T transition at nucleotide
position 403 of the TRP1 coding sequence. This transition introduces a premature stop
(amber) codon within the ORF, resulting in tryptophan auxotrophy. The experimental
protocol resembles that for acquired canavanine resistance. However, since only a mutation
reverting the trp1-289 allele (a reverse mutation) will rescue the phenotype, a larger number
of cells must be used (108), these are washed and plated on selective medium (SDC-Trp) to
detect enough revertants [40].
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To score frameshift mutations, a specifically engineered yeast strain is required. The
LYS2 locus of this tester strain was digested with BglII, filled-in, and ligated to generate
an insertion, consequently causing a frameshift within the coding region of the gene. The
resulting lysine auxotrophy can then be rescued only by a de novo insertion or deletion
mutation capable of restoring the wild-type ORF.

Gross chromosomal rearrangements (GCRs) also require an engineered yeast strain.
In this system, the HXT13 gene is replaced with the URA3 marker. Because fluoroorotic
acid is toxic to cells expressing URA3 and canavanine is toxic to cells expressing wild-type
CAN1, only the cells that have lost the approximately 7.5 kb DNA fragment comprising
URA3 (at the HTX13 locus) and CAN1 can survive in this double-selective medium [40].
Subsequent sequencing of the surviving cells confirmed the deletion of this chromosomal
region (see Table 2 for a summary). An alternative, unbiased approach to these single gene
analyses would be to compare the genome of parents and offspring by whole-genome
or exome sequencing [70]. However, although the cost of next-generation sequencing is
continuously decreasing, its routine use for screening mutant libraries or small molecules
remains impractical.

Table 2. Assays used during CLS to monitor genomic instability.

Assay Type Target/Marker Mechanism/Methodology

Forward mutation assay
CAN1
URA3
STE2

Resistance to toxic canavanine; cells
grow only if the CAN1 gene is

inactivated by any type of mutation.
Resistance to 5-FOA. Cells grow only if

URA3 gene is inactivated
Inactivating mutations on STE2 gene

override the cell division block of
alfa-factor.

Reverse mutation assay:
point mutations TRP1 Amber Reversion

Reversion of a specific stop codon
(Trp1-289) to restore tryptophan

prototrophy (growth on SDC-Trp).

Reverse mutation assay:
frameshift mutations LYS2 Locus

Restoration of the wild-type reading
frame in a specifically engineered lys2

insertion mutant.

Recombination assay HXT13/URA3/CAN1
Loss of a 7.5 kb DNA fragment allows
survival on medium containing both

fluoroorotic acid and canavanine.

3. Aging Genes and Pathways
3.1. RAS-PKA Pathway

Interest in this pathway among researchers in the field of aging started with the obser-
vation that the expression of retroviral v-Ha-RAS in yeast resulted in RLS extension [71],
an observation that is consistent with its ability to immortalize mammalian fibroblasts [72].
Later, RLS studies curiously demonstrated that the deletion of RAS2 decreased RLS, while
the deletion of RAS1 had the opposite effect [73], and deletion of ras1 in S. pombe does not
increase the lifespan under nutrient limitation [74]. However, the deletion of RAS2 doubles
the chronological lifespan (CLS) of yeast cells and significantly increases their resistance
to multiple stresses [75]. Ras (Rat sarcoma) proteins are part of the monomeric G-protein
superfamily, a group of proteins characterized by the presence of the G domain—an evolu-
tionarily conserved amino acid sequence capable of binding and hydrolyzing the nucleotide
GTP. Monomeric G proteins, of which Ras proteins are no exception, cycle between an
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inactive, GDP-bound state and an active, GTP-bound state, thereby regulating yeast cell
metabolism and proliferation [76–78]. In S. cerevisiae, increased Ras activity stimulates
adenylate cyclase to produce cAMP, which in turn activates protein kinase A (PKA). PKA
phosphorylates specific serine and threonine residues on target proteins in response to these
elevated secondary messenger levels [78,79]. The role of the Ras-PKA pathway in aging
was first identified in yeast, where the presence of a ras2 null allele results, as mentioned
above, in a twofold extension of the chronological lifespan (CLS) and a concurrent increase
in resistance to multiple stresses [75,76]. The role of the PKA pathway was more recently
confirmed in S. pombe. Specifically, deletion strains of git3 (a glucose G-protein-coupled
receptor), git5 (a G-protein β subunit), and pka1 (the PKA catalytic subunit) exhibit an
extended CLS in this organism [80]. In S. cerevisiae, Ras2p activation primarily triggers
two signaling branches: the protein kinase A (PKA) and the mitogen-activated protein
kinase (MAPK) pathways. Accumulating evidence identifies the PKA axis as the principal
regulator of longevity, as demonstrated by the extended lifespan of yeast strains carrying
a transposon integrated mTn::cyr1 allele [81]. The S. cerevisiae PKA regulatory subunit
is coded by a single gene, BCY1, the manipulation of which affects longevity and stress
resistance. Conversely, three distinct genes—TPK1, TPK2, and TPK3—code for the cat-
alytic subunits, which display both overlapping and specific substrate preferences [82].
The pro-aging effects of yeast PKA are largely mediated through the inhibition of Msn2p
and Msn4p, two pivotal stress-responsive transcription factors. Indeed, the deletion of
MSN2 and MSN4 effectively abrogates the longevity benefits conferred by Ras2p defi-
ciency [83]. Furthermore, loss-of-function mutations in adenylate cyclase—the upstream
activator of PKA—similarly augment yeast survival, corroborating the PKA pathway’s
status as a central, Ras-dependent aging regulator. Mechanistically, PKA activation leads
to the suppression of the Rim15p kinase. The inhibition of Rim15p, in turn, prevents the
activation of the Gis1p, Msn2p, and Msn4p transcription factors. Under conditions of low
PKA activity, these factors bind to post-diauxic shift (PDS) elements and stress response
elements (STREs), thereby driving the expression of cytoprotective genes. These include
genes coding for cytosolic catalase, superoxide dismutases (SOD1 and SOD2), heat shock
proteins (HSPs), and the multi stress response gene DDR2 [84–87]. Inhibition of the PKA
pathway in S. pombe activates the Sty1 pathway, and Sty1 overexpression extends the CLS
in this organism. Sty1, which is the terminal component of a mitogen-activated protein
kinase (MAPK) pathway, is a stress-activated protein kinase regulating cellular survival.
Once activated by phosphorylation, Sty1 accumulates in the nucleus and activates several
transcription factors that coordinate the cellular response to multiple stresses [88–91]. Al-
though no biochemical correlation exists, these observations suggest a functional similarity
between the S. cerevisiae serine/threonine kinase Rim15p and the MAP kinase Sty1 in S.
pombe. Many studies have confirmed the observations made in yeasts in higher eukary-
otes [92–94]. In fact, the deletion of the catalytic PKA subunits confers health benefits
in mice [92–94]. Similarly, deletion of adenylate cyclase 5 ameliorates cardiac aging and
increases the lifespan of mice [95].

3.2. TOR-SCH9 Pathway

Rapamycin, initially purified from the soil bacterium Streptomyces hygroscopicus for
its antifungal activity [96], was eventually characterized using yeast genetics. It forms
a complex with Fkbp12p, a protein-folding chaperone conserved from yeast to humans,
which in turn inhibits a protein kinase subsequently named Target of Rapamycin (TOR).

Interestingly, the systematic isolation of long-lived yeast mutants via a large-scale
collection of single-gene deletion strains and RLS assays identified the TOR axis as a potent
pro-aging pathway—a finding later confirmed by CLS assays. These RLS experiments
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also validated the pro-aging function of Sch9p, which had been previously identified by
CLS assays [97,98]. Furthermore, it has been demonstrated that decreased TOR activity
increases respiration and mitochondrial protein expression, activating an adaptive response
capable of significantly increasing survival [32,99] (Figure 2).

Figure 2. Amino acid, lipid, and phosphate availability triggers distinct kinase signaling pathways
that converge upon Sch9 to modulate the Rim15-mediated stress response. The Sch9 pathway is
a key longevity pathway in yeast. Its activation is modulated via phosphorylation at specific sites
performed by distinct kinases involved in signal transduction cascades triggered by various nutrients.
The TORC1 complex, comprising the regulatory subunits Lst8p, Tco89p, and Kog1p, alongside either
Tor1p or Tor2p as the catalytic subunit, primarily responds to amino acid availability. Beyond Sch9,
TORC1 targets additional key effectors involved in cell growth and anabolic processes such as PKA
and Tap42. The Pkh kinases (Pkhs) are involved in the response to sphingolipids, whereas Bur1p
and Pho85p are cyclin-dependent kinases, the latter belonging to the phosphate signaling pathway.
Consequently, the activation of Sch9p represses Rim1p5, thereby downregulating the transcription of
essential genes required for stress resistance and survival.

Molecular and biochemical studies have revealed that the Tor protein serves as the
catalytic subunit of two distinct complexes: TORC1 and TORC2. These complexes possess
distinct functions, but only TORC1 is sensitive to rapamycin [100]. In yeast, two different
genes, TOR1 and TOR2, code for the catalytic subunits of TORC1, while TORC2 contains
only Tor2p [100]. They share 67% identity, but only TOR2 is essential for viability. TORC1
is a multimeric complex composed of one of the two serine/threonine protein kinase, Tor1p
or Tor2p, in combination with three regulatory subunits, Lst8p, Tco89p and Kog1p [100].
Given its role as a regulator of longevity and its conservation from yeast to humans, the
molecular network of the TOR pathway has been characterized in detail. Nonetheless, this
molecular characterization has also revealed some divergent characteristics throughout
evolution. For example, while rapamycin treatment inhibits the respiration of mammalian
cells, it has the opposite effect on yeast cells [100–102].

TORC1 is activated by both Rag GTPase-dependent and Rag GTPase-independent
mechanisms [103–105]. The former pathway involves Gtr1p and Gtr2p, the yeast Rag
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GTPase orthologs, which form an active heterodimer linked to the vacuolar membrane.
This localization is mediated by the EGO complex (EGOC), which acts as a binding platform
for Gtr1p/Gtr2p; once activated, this heterodimer binds Kog1p and stimulates a transient
increase in TORC1 activity [106,107]. Gtr1p is regulated by the guanine nucleotide exchange
factor Vam6p and the GTPase-activating protein (GAP) SEACIT, while the Lst4p-Lst7p
complex functions as a GAP for Gtr2p [107]. Concurrently, TORC1 can phosphorylate Lst4p,
establishing a negative feedback mechanism that prevents TORC1 hyperactivation [108].

The Rag GTPase-independent regulation of TORC1 involves the phosphatidylinositol
3-phosphate-binding protein Pib2p and the Vps15p-Vps34p complex [109]. Both mecha-
nisms are activated by amino acid availability, which further regulates TORC1 through
pathways involving the Rab GTPase Ypt1p and the protein kinase Gcn2p [110]. From
a metabolic perspective, when activated by nutrients, particularly amino acids, TORC1
promotes anabolic processes and cell growth while inhibiting catabolic processes and stress
responses. Indeed, TORC1 regulates protein synthesis, sphingolipid metabolism, cell cycle
progression, the stress response, and autophagy [102–105].

In the presence of various stresses, such as heat shock and nitrogen limitation, TORC1
regulates the activity of protein phosphatase 2A (PP2A) and PP2A-like phosphatase com-
plexes via Tap42p [111–113]. Specifically, active TORC1 phosphorylates Tap42p, which
directly modulates the activity and localization of these phosphatase complexes. Upon
nitrogen starvation, TORC1 is inactivated and cannot interact with the Tap42-containing
complexes; consequently, the Tap42p-PP2A complex is released into the cytosol where the
phosphatase becomes active, whereas subsequent Tap42 dephosphorylation releases the
complex, terminating the Tap42-dependent phosphatase activity [111,114–117].

Similar phenomena have been described in S. pombe [118]. The fission yeast also
possesses two distinct TOR complexes: TORC1 and TORC2. While TORC2 is dispensable
for cell proliferation, it is required for sexual differentiation, actin function and the stress
response [119]. Conversely, TORC1 activates anabolic processes, such as protein synthe-
sis, and inhibits catabolic processes, including autophagy [120]. Interestingly, the ATP
analog Torin1 blocks both TORC1 and TORC2 complexes in S. pombe, thereby prolonging
CLS [119,121]. Because Torin1 treatment blocks cell proliferation, mutants capable of over-
riding this block were isolated [119]. Subsequent characterization of these mutants identi-
fied components of the endosomal sorting complexes required for transport (ESCRT), some
of which are involved in autophagy [121]. Notably, components of the Golgi-to-vacuole
molecular trafficking machinery are also required for the TORC1-dependent regulation of
the GATA transcription factor in budding yeast [122,123].

One of the major TORC1 effectors involved in yeast aging is the AGC protein kinase
Sch9p, which links nutrient availability with cell cycle progression, cell size and autophagy.
Furthermore, Sch9p modulates stress resistance, sphingolipid metabolism and protein
synthesis [124–127].

The SCH9 gene (named for Scott Cameron HindIII library clone number 9 [127]) was
initially identified as a multicopy suppressor of the growth defect caused by a temperature-
sensitive cdc25 allele [128]. Sch9p shares structural and functional characteristics with
the mammalian AKT1 and S6K1 protein kinases. Sch9p co-localizes with TORC1 on
vacuolar membranes [129]; this membrane localization is mediated by its interaction with
Ptdins(3,5)P2 [130]. However, under carbon source limitation, Sch9p disperses from these
sites into the cytosol [131].

Sch9p is activated through the phosphorylation of multiple amino acid residues by
various protein kinases. These include the paralogous kinases Pkh1p, Pkh2p and Pkh3p,
which are orthologs of the mammalian Phosphoinositide-Dependent protein Kinase 1
(PDK1) [132] and phosphorylate Sch9p at Thr570. PDK1 acts as the main downstream effec-
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tor of phosphoinositide 3-kinase (PI3K), whereas the yeast orthologs Pkh1-3 are activated by
sphingolipids [132,133]. Additionally, TORC1 phosphorylates multiple residues within the
hydrophobic motif (HM) of the Sch9p C-terminal region [134], while the cyclin-dependent
protein kinases (CDKs) Bur1p and Pho85p phosphorylate Thr723 and Ser726 [135,136].
Pho85p activity is, in turn, regulated by phosphate levels [137–139]. S. pombe possesses
two orthologs of SCH9, namely, sck1 and sck2, which encode AGC kinase family members
whose phosphorylation by the TORC1 complex has been demonstrated [140]. Interestingly,
the deletion of sck2 extends the chronological lifespan only in the presence of wild-type
Sty1 MAP kinase [90,140,141], thereby confirming the functional crosstalk between the
PKA, MAPK and TOR signaling pathways in fission yeast.

Consequently, Sch9p plays a critical role in nutrient response mechanisms by integrat-
ing signals from at least two different pathways: the TORC1-S6K axis and the sphingolipid-
dependent Pkh1/2/3 pathway. This integration allows Sch9p to adapt its phosphorylation
status and activity accordingly. A consequence of this dual regulation is the alteration of
Rim15p subcellular localization under partial depletion of specific amino acids (such as
threonine, serine and valine), a condition known to extend yeast lifespan [58].

Conversely, Sch9p activity can also be inhibited through the Snf1p-mediated phospho-
rylation of Ser288 [142,143].

Sch9p directly or indirectly regulates numerous downstream effectors. These include
protein kinase A (PKA), where Sch9p prevents the phosphorylation and consequent acti-
vation of its regulatory subunit Bcy1p [144], as well as various other protein kinases and
transcription factors [144]. Among these effectors, Rim15p plays a central role in the stress
response and aging. The inhibition of the Sch9p kinase leads to the translocation of Rim15p
into the nucleus, where it activates transcription factors such as Msn2/4p and Hsf1p. This
activates the expression of genes containing stress-responsive elements (STREs), heat shock
elements (HSEs), or post-diauxic shift (PDEs) elements in their promoter, such as HSP26,
HSP12 and SOD2 [6]. Consistent with these findings, deletion of SCH9 significantly de-
creases the overall mutation frequency and DNA damage during chronological aging [145].
Sch9∆ cells show enhanced SOD2 expression and higher oxidative stress resistance, leading
to decreased superoxide-induced DNA damage. Moreover, the error-prone DNA poly-
merase subunit Rev1p is less active in the sch9∆ mutant due to a Gis1p-dependent reduction
in REV1 expression [146]. Interestingly, tor1∆ or sch9∆ cells exhibit an elevated respiratory
capacity that transiently increases ROS levels, thereby promoting longevity through a
mechanism reminiscent of mitochondrial mitohormesis [146,147].

Furthermore, Sch9p influences the proteasomal and autophagic degradative systems
through the regulation of proteasome assembly [148,149].

Consequently, the loss of Sch9p function extends the yeast lifespan [6,31,33]. In-
terestingly, the protracted G1 phase characteristic of sch9∆ mutants is rescued by PKA
hyperactivation, suggesting a functional redundancy between these two pathways. In
addition, the simultaneous downregulation of these pathways, often triggered by nutrient
deprivation, results in a robust upregulation of stress defense genes [30,83].

The central role of TOR as a pro-aging pathway that regulates anabolic processes, first
identified in yeast, has also been extensively confirmed in higher eukaryotes. In higher
organisms, the mTOR axis integrates various upstream inputs, including the insulin/IGF-1
signaling cascade, and remains highly sensitive to intracellular amino acid concentrations,
a feature originally discovered in mammals and confirmed in yeast [58,150–153]. Conse-
quently, pharmacological or genetic attenuation of mTOR signaling consistently enhances
longevity across diverse phylogenetic taxa [32,154–162]. In Caenorhabditis elegans, null mu-
tations in let-363 (the mTOR ortholog) or its knockdown by RNA interference (RNAi) result
in a significant lifespan extension [154]. Similarly, in Drosophila melanogaster, the tuberous
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sclerosis complex (Tsc1/2) acts as a negative regulator of TOR [157]. Consequently, the
overexpression of dTsc1 or dTsc2, as well as the expression of dominant-negative forms of
dTOR or ds6k, promotes longevity [158].

Inhibition of mTOR signaling extends both the median and maximal lifespan in
mice [160–162]. Furthermore, rapamycin administration in mice and rats preserves the
ovarian reserve and extends the reproductive lifespan. This effect is mediated through the
suppression of mTOR signaling and the concomitant upregulation of sirtuins, specifically
SIRT1 and SIRT6 [150,155,159]. Similarly, inhibition of S6 kinase extends both healthspan
and lifespan in mice [163], whereas its deletion regulates inflammaging [155,163].

4. Nutrients and Longevity
As described, the inhibition of both the Ras-PKA and TOR-sch9 pathways (either

alone or in combination) promotes longevity. This effect is mainly achieved by enhancing
stress resistance through the activation of the transcription factors Hsf1p, Msn2p and
Msn4p [164,165] or the translocation of Msn2p and Msn4p into the nucleus. For example,
SOD2 expression doubles in ras2∆ strains, leading to increased survival [58,166]. Emerging
evidence suggests that lifespan extension is promoted by the ability to resist multiple
stressors, in particular oxidative stress. However, it must be noted that the exogenous
overexpression of superoxide dismutases and catalases fails to replicate the substantial
longevity gains achieved through the deletion of RAS2 or SCH9 [83,167]. This suggests
that while the mitigation of oxidative stress is a vital component of the longevity response,
the regulatory network of aging involves a broader, more complex set of physiological
recalibrations to a dynamically changing environment. A striking example is the impact of
caloric restriction and nutrient deprivation on longevity.

Nutrient availability is the primary exogenous regulator of lifespan in simple eu-
karyotes, and its relevance is strengthened by the observation that caloric restriction is
an effective method to increase lifespan in higher eukaryotes [168–170]. In S. cerevisiae,
the molecular response to the chemical environment is mediated by specialized signal
transduction pathways that respond to specific nutrients: the presence of fermentable car-
bon sources triggers the Ras–adenylate cyclase (AC)–PKA pathway, whereas nitrogenous
compounds regulate the Pkh/Pdk and Tor-Sch9/S6k signaling branches [58]. Pharmaco-
logical or genetic downregulation of these nutrient-sensing nodes is strongly associated
with the extension of both lifespan and stress resistance. These longevity-promoting effects
are mechanistically linked to several downstream cellular shifts, including the activation
of the stress response transcription factors Msn2p and Msn4p, enhanced expression of
endogenous antioxidant enzymes, reduced accumulation of DNA lesions, and a prolonged
lifespan [58,171]. Recent investigations have sought to define the specific molecular mecha-
nism of caloric restriction (CR), which is typically achieved by lowering glucose availability
(e.g., reduction to 0.5%) and of limiting nitrogenous sources. The results show that nitrogen
restriction fosters longevity by upregulating autophagy, RNA processing, and mitochon-
drial bioenergetics [172–178]. While the restriction of different carbon sources (e.g., glycerol
vs. glucose) may yield divergent outcomes [6,179], the fundamental longevity-associated
response involves the coordinated regulation of glycolysis, the tricarboxylic acid (TCA)
cycle, and oxidative phosphorylation [58]. It is well known that the increased longevity
and stress resistance observed with caloric restriction in yeast can be linked to the modula-
tion of the Ras/cAMP/PKA/Rim15/Msn2/4 and Tor/Sch9/Rim15/Gis1 pathways [31].
However, it must be noted that cells with impairment in both pathways are still sensi-
tive to caloric restriction, suggesting that a more complex protein network is affected by
this dietary intervention. One of the possible additional mechanisms is the modulation
of autophagy. It is known that caloric restriction inhibits TORC1, which subsequently
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leads to increased autophagy [175,176,180]. More than 40 autophagy-related genes have
been identified in yeast, most of which are conserved in higher eukaryotes [180]. Several
conditions, including caloric restriction, can modulate autophagy through phosphoryla-
tion of its components [181]. In addition, nutrient deprivation can impinge on histone
acetylation via mechanisms involving Sin3p and Rpd3p [182,183]. However, an autophagy-
independent mechanism has also been identified in certain mutants. The authors suggest
that, in these strains, the effect of caloric restriction depends on redox homeostasis and
metabolic adaptation rather than on autophagy regulation [184].

The degradation of aberrant proteins through protein quality control, ubiquitination
and protein turnover has also been proposed as a possible mechanism affected by caloric
restriction [185].

Since caloric restriction is normally achieved in yeast by reducing the glucose concen-
tration in the medium, the role of sugar availability has been studied in greater detail. As
expected, glucose and fructose overload results in shorter CLS. It was also observed that
the deletion of TOR1 or of VAC8 (coding a vacuole-associated protein) improved survival
and altered the intracellular ceramide concentration [186]. On the contrary, ceramide ac-
cumulation by drug treatment decreased lifespan, while the pharmacological inhibition
of sphingolipid synthesis had the opposite effect [186]. In addition, a specific lipidome
was detected in caloric-restricted cells [187]. These results suggest a link between sugar
availability, lipid metabolism and CLS, potentially mediated by the intersection of sugar
toxicity and lipid/ceramide production.

Since it is known that the inhibition of TORC1 reduces the rate of protein synthe-
sis, thereby increasing lifespan, it is not surprising that reducing amino acid availability
may extend CLS [110,171]. In addition, mutations that impair ribosome biogenesis exert
similar effects, and the reduced synthesis by RNApol III, which is responsible of tRNA
transcription, yields the same outcome [188–190].

Yeast genetic manipulation relies heavily on auxotrophic markers, which are mutated
genes that prevent the yeast from synthesizing an essential nutrient, typically an amino
acid. These amino acids are thus essential for the growth of laboratory yeast. Alternatively,
the use of dominant heterologous markers such as KanMX, HphMX or NatMX eliminates
the need for auxotrophies. In addition, marker-less genome engineering can be achieved
using the CRISPR/Cas9 methodology [191].

Nonetheless, the effect of caloric restriction was evaluated in combination with the
availability of essential amino acids in auxotroph yeast strains. The authors observed
a longer lifespan with glucose restriction than with essential amino acid restriction. In
addition, higher hydrogen peroxide sensitivity and an increased rate of mutagenesis were
observed when essential amino acids were depleted [192]. Another study compared a panel
of amino acid auxotrophs. Interestingly, varying effects were observed under auxothrophic
starvation [193]. However, the distinct effects of amino acid auxotrophies on longevity and
stress resistance strengthen the idea that amino acids are not merely protein building blocks
or substrates to build other molecules. This consideration is supported by the evidence that
arginine and leucine act as TOR activators, whereas valine, serine and threonine regulate
the phosphorylation state of Sch9p via the modulation of Pkhs and TOR [58].

Many other genes and substances have been found to extend CLS under specific
conditions; however, although interesting, most of them are still awaiting confirmation in
higher organisms (for a review, see [2]).

5. Determinants of Longevity in Humans
Establishing a definitive correlation between specific human allelic variants and the

long-lived phenotype has proven to be exceptionally challenging and, so far, limited to a few
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loci. Furthermore, while a significant body of literature posits that senescence possesses a
fundamental genetic component, empirical evidence regarding the heritability of longevity
remains somewhat elusive. However, the assumption that genetics accounts for 20–30%
or even less of human longevity has recently been challenged. In fact, after removing
confounding of extrinsic factors, such as accidents, the estimated heritability of longevity
increases up to 50%, a percentage comparable to other complex human traits and to what
has been observed in other species [194].

On the other hand, several studies confirm the central role of diet in both animal
models and humans. Caloric restriction (CR), the most widely known dietary interven-
tion, can increase lifespan in mammal models and, potentially, in humans. CR inhibits
anabolic hormones and inflammatory cytokines, reduces cell proliferation and oxidative
stress, and promotes both DNA repair mechanisms and autophagy [195,196]. Since many
model systems used for aging studies display a positive correlation between caloric re-
striction and longevity, investigating the molecular effects of CR in these systems is highly
valuable for gaining insights into human aging. Studies in yeast have shown that the
deletion of SCH9, the yeast ortholog of S6/AKT, delays the characteristically observed age-
dependent increase in the mutation rate, suggesting a role for the TORC1 complex in this
process [66,145]. Interestingly, long-term rapamycin treatment reduced the mitochondrial
mutation frequency in aging mice [197] and decreased cancer incidence and progres-
sion [198] while increasing autophagy, thus suggesting the existence of similar mechanisms
in mammals. Recently, the effect of rapamycin on the immune system was also assessed,
revealing a significant reduction in γδ T cells producing the pro-inflammatory cytokine
IL17 [199]. However, translating these observations to humans remains challenging due to
the lack of validated endpoints [200]. In addition, chronic rapamycin treatment triggers
glucose intolerance and dyslipidemia [201], while its role on testicular atrophy remains
more controversial, thereby limiting the use of rapamycin as an anti-aging drug [202,203].
In addition, the immunosuppressive effect of rapamycin can increase the risk of infections
and affect wound healing in the general population [204].

Beyond rapamycin treatment, the role of TOR in human longevity has been supported
by a recent case–control study in which a German longevity cohort was screened for rare
genetic variants and compared to a large set of younger controls. Notably, several of the rare
mutations identified in the longevity group clustered in the mTOR signaling pathway [205].

The role of the Ras and PKA pathways has also been confirmed in mammals.
In fact, the insulin/IGF-1 signaling cascade, which is one of the upstream activators of

Ras, is arguably the best-known pathway regulating mammalian longevity [206]. IGF1-R
activation inhibits the forkhead box O3 (FOXO3) transcription factor, and the FOXO3 geno-
type has been strongly associated with human longevity [207], as confirmed by association
studies [208–210]. Importantly, both the FOXO3 and IGF1-R pathways modulate survival
and stress resistance in response to dietary restriction [211,212].

Given the strict relationship between FOXO3 and insulin/insulin-like growth factor 1
signaling [213,214], it is interesting to note that increased expression of FOXO3, which can
be obtained by enhancing ketone body production or administration, or by inhibiting the
IGF-1 signaling cascade, increases stress resistance primarily by activating the transcription
of antioxidant genes, such as SOD2 and CAT (catalase) [215,216]. It must be noted that
the downregulation of the Ras/cAMP/PKA or Tor/Sch9 pathways, which is required
to extend yeast lifespan, provokes the upregulation of the stress-resistance transcription
factors Msn2/4p and Gis1p as well as of the serine/threonine kinase Rim15p. These factors
collectively regulate several stress-resistance genes including the mitochondrial superoxide
dismutase gene SOD2 [31].
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PKA is expressed ubiquitously in mammalian tissues and is activated by multiple
mechanisms; it plays a central role in linking signal transduction downstream of G-protein-
coupled receptors with the regulation of metabolism and triglyceride storage (Figure 3). As
in lower eukaryotes, it is a heterotetramer composed of two regulatory and two catalytic
subunits. Since multiple catalytic and regulatory subunits exist, the exact composition
of the holoenzyme can vary according to the tissue-specific expression of these different
isoforms. Interestingly, RI isoforms lack a phosphorylation site, which may affect their
avidity for the catalytic subunits [217].

Figure 3. Yeast Ras-PKA signal transduction pathway. Ras2 protein transduces extracellular nutri-
tional stimuli, primarily glucose abundance, into intracellular metabolic and physiological responses.
The activation of Ras2 leads to the production of cyclic AMP by adenylyl cyclase; cAMP then binds
to the regulatory subunits (Bcy1) of protein kinase A (PKA), triggering their dissociation and thereby
enabling the activation of the kinase itself. Once activated, PKA phosphorylates several down-
stream targets and, in particular, inhibits Rim15, which would otherwise positively regulate the
transcription factors Gis1, Msn2, and Msn4. Upon binding to PDS (Post-Diauxic Shift) and STRE
(STress-Responsive Element) sequences, these transcription factors activate the expression of genes
involved in cellular survival and stress response such as certain heat shock proteins (HSPs), cytosolic
catalase, multi stress resistance (DDR2) and both superoxide dismutases (SOD1, SOD2).

Although there is still no direct evidence linking PKA to human aging, the loss of
function of the RIIβ regulatory subunit in mice results in increased insulin sensitivity, a
lean phenotype and increased longevity [93]. In addition, mice lacking the Cβ isoform
of the catalytic subunits are protected from weight gain, enlarged livers, and cardiac
dysfunction [218], while enhanced hematopoietic stem-cell-based regeneration is also
observed upon stress [219].

Other human studies [220] found a significant association with longevity and the
TOMM40/APOE/APOC1 gene cluster (19q13.11–19q13.32) and confirmed the FOXO3 gene
(6q21). Apolipoprotein E (APOE) has two specific allelic variants known to influence
longevity through their association with disease: ε2 and ε4 [221]. The ε2 allele promotes
longevity largely by decreasing the risk of cardiovascular and Alzheimer diseases, whereas
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the ε4 variant exerts the opposite effect [222]. Consistently, the ε2 allele is enriched in
centenarians, whereas the ε4 allele is significantly diminished [223–225].

Bin Jumah et al. identified more than 50 human genes associated with longevity [224,226].
Interestingly, half of these genes are involved in the oxidative stress response, lipid
metabolism and the DNA damage response. Notably, oxidative stress is responsible
for driving both genomic instability and lipid peroxidation.

Studies on centenarians have identified enhanced DNA repair activity, a lower fre-
quency of genomic damage, and longer telomeres within this population [227], suggesting
that DNA repair efficiency and telomerase expression play a pivotal role in longevity.

Furthermore, stem cell exhaustion and immune senescence have also been proposed
as major drivers of aging in mammals and humans [219].

In addition, nutrients and nutrient-dependent pathways may contribute to low-grade,
systemic chronic inflammation, a condition that can also be triggered by xenobiotics,
dysbiosis, obesity, physical inactivity, chronic infections, poor diet and sleep disturbances.
This sustained inflammatory state, which underlines the process of inflammaging, is more
pronounced in short-lived individuals and has been associated with advanced age and
susceptibility to disease [220].

From this perspective, it appears that while basic cellular mechanisms have been
conserved during evolution from yeast to mammals, other mechanisms are specific to
more complex species [225,226,228,229]. Stress resistance, genome stability, diet and its
composition, caloric restriction, nutrient signaling pathways, and mitochondrial disfunction
are examples of common ground between yeast and humans. Consequently, these shared
features reinforce the need to deeply explore the fundamental molecular and cellular
determinants of longevity using this simple model organism. Of course, other aspects of
longevity, such as low-grade inflammation, immune-senescence, inflammaging, stem cell
exhaustion, and specific components of lipid metabolism, require the use of more closely
related mammalian model systems [229–231].

6. Conclusions
The aging process is a highly intricate and multifactorial phenomenon with huge

economic and social implications. Most of the recent literature suggests that important
determinants of life extension may not reside in the genomic sequence itself, as suggested
by the several discordant phenotypes observed in monozygotic twins, but rather by the
dynamic modulation of genomes and gene products. This regulation is driven by a complex
interplay of several exogenous factors, most notably nutrients and signaling molecules.
This paradigm shift from static genetic determinism to adaptive signaling presents a strate-
gic advantage for developing interventions aimed at extending survival and enhancing
healthspan, because the genome remains largely immutable, while metabolic pathways
are highly plastic, and targeted modulation of the biochemical signals that govern their
activation is possible. Therefore, a detailed understanding of the interplay between ge-
nomic determinants, environmental inputs, and lifestyle is a key point of healthy aging
research field. In this scenario, the in-depth investigation of the molecular mechanisms
may take advantage of simple model systems, which offer greater genetic tractability
and faster generation times. Yeast, the simplest eukaryotic model system, is an easy to
manage and at the same time a powerful model of aging. Limited ethical constraints, cost-
effectiveness, and the extensive array of available bioinformatic, genetic, and molecular
tools are some of its benefits. Furthermore, the short lifespan enables the longitudinal
monitoring of multiple generations within a practical timeframe. The yeast model not only
possesses these advantages but also offers the unique availability of billions of isogenic
individuals. This characteristic facilitates a precise distinction between environmental and
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genetic determinants of observed phenotypes. Following the landmark discovery of Ras
as a fundamental pro-aging pathway, yeast has served as a primary model for identify-
ing critical longevity-related genes and signaling cascades, most notably the Sch9-TOR
axis—the second evolutionary-conserved pro-aging pathway. The regulatory dependence
of these pathways on nutrient sensing led to the characterization of specific roles played
by individual nutrients, such as glucose and specific amino acids. Significantly, the dis-
coveries initially made in yeast regarding these nutritional influences have subsequently
been validated in mammalian models. Comparative analysis reveals that some identified
mechanisms involved in longevity are present in a wide range of species, confirming the
usefulness of this system. Although some critical pathways have already been discovered,
there are still unanswered questions: (1) Is the damage caused by oxidative stress at least
partially reversible? (2) Are there alternative cellular pathways that can activate stress
resistance despite the presence of pro-aging signals? (3) Which environmental conditions
or substances (nutrients or drugs) can activate them? Answering these questions could
suggest interventions not only to delay aging but also to promote rejuvenation. We believe
that to answer these still open questions, we will need, once again, the help of yeast.
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