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ABSTRACT
Discovery of Plant Extracts That Delay Yeast Chronological Aging through Different

Signaling Pathways

Vicky Lutchman, M.Sc.

The yeast Saccharomyces cerevisiae is a beneficial organism for the discovery of genes,
signaling pathways and chemical compounds that slow cellular and organismal aging in
eukaryotes across phyla. As a first step towards uncovering novel aging-delaying chemical
compounds, I conducted a screen of a library of plant extracts for those that can extend yeast
chronological lifespan. My screen revealed six plant extracts that increase yeast chronological
lifespan considerably more efficiently than any of the longevity-extending chemical compounds
yet described. I show that each of the six plant extracts is a geroprotector which delays the onset
and decreases the rate of yeast chronological aging by eliciting a hormetic stress response.
Because the rate of aging in yeast is controlled by a network of integrated signaling pathways
and protein kinases, I assessed how single-gene-deletion mutations eliminating each of these
pathways and kinases affect the aging-delaying efficiencies of the six plant extracts. My findings
imply that these extracts slow aging in the following ways: 1) plant extract 4 decreases the
efficiency with which the pro-aging TORC1 pathway inhibits the anti-aging SNF1 pathway; 2)
plant extract 5 mitigates two different branches of the pro-aging PKA pathway; 3) plant extract 6
coordinates processes that are not assimilated into the network of presently known signaling
pathways/protein kinases; 4) plant extract 8 diminishes the inhibitory action of PKA on SNFI; 5)
plant extract 12 intensifies the anti-aging protein kinase Rim15; and 6) plant extract 21 inhibits a

form of the pro-aging protein kinase Sch9 that is activated by the pro-aging PKH1/2 pathway.
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Introduction

1.1 The budding yeast Saccharomyces cerevisiae as an advantageous model
organism for unveiling mechanisms of cellular aging in multicellular eukaryotes

The single-celled budding yeast, Saccharomyces cerevisiae is one of the most
commonly utilized organisms in aging research. [1, 2] This is due to many factors, but
one of the most underlying reasons is because the longevity-defining genes and signaling
pathways discovered in yeast have been shown to define organismal longevity in
eukaryotes across phyla. [3, 4] Other factors include the amenability of yeast to genetic,
cell biological, comprehensive biochemical, system biological and many other forms of
analyses. [1-6]. These factors pave way for using yeast for gaining fundamental
mechanistic insights into longevity processes and their regulation not only in yeast, but
also in eukaryotic organisms that are more evolutionarily distant. [5, 6]

S. cerevisiae also provides ease in experimentation due to the fact that its short
lifespan can easily be quantified allowing rapid progress in comparison with other, more
complex organisms. [5] This rapidity gives way for accelerated progress in defining
molecular mechanisms defining longevity within the organism as well as identifies
numerous factors underlying its longevity. [5] The preferable source of carbon and/or
energy for this unicellular organism is glucose [14], permitting easy and efficient
scientific adjustment for caloric restriction (CR) experimentation and also providing high
cost efficiency.

S. cerevisiae 1s an advantageous unicellular model organism in that it unveils

fundamental mechanisms and biological principles, which can easily be compared to that



of more complex cellular aging in multicellular eukaryotes, due to the evolutionary
conserved effects on lifespan in multicellular organisms, depicted in Figure 1.1. [2, 6]
Despite the fact that there are many differences as well as complexities concerning
humans in relation to yeast, the study of aging in yeast provides many key insights
amongst the aging pathways which is also illustrated in Figure 1.1 [5, 6] Provided that
the entire yeast genome has been well-characterized, it can be shown that a substantial
portion of gene sequences have homologs compared to that of the mammalian sequences.
[13,15] With this in mind, the topic of longevity pathways which concern human aging

and disease, S. cerevisiae will continue to serve as an attractive model organism of study.

[4]
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Figure 1.1. Aging pathways are evolutionarily conserved throughout phyla. Aging
pathways exhibit many similar features in the unicellular organism, S. cerevisiae, and in
more complex multicellular organisms. [6]



1.2 Replicative and chronological models of yeast aging

One of the main aspects in research pertaining to longevity is to establish the
fundamental concepts which contribute to the nature of aging as well as its associated
diseases. [5] This is where the different specificity concerning the lifespan of S.
cerevisiae and how it is differentiated come to hand. In budding yeast, there are two main
approaches in which yeast can be studied in accordance to its lifespan; the replicative
lifespan approach and the chronological lifespan approach.

The replicative lifespan (RLS) is defined as the study of the number of
asymmetric mitotic divisions a mother cell can undergo preceding cell cycle arrest, as
illustrated in Figure 1.2. [1] The chronological lifespan is defined as the study of the
viability of a cell over time after cell cycle arrest. The viability of a cell is categorized as
the ability of re-entry into the cell-cycle in response to the addition of new essential
nutrients, which is also illustrated in Figure 1.2. [1] Studies of yeast longevity through
replicative and chronological lifespan assays under controllable laboratory settings have
advanced our understanding of longevity regulation; these studies have also revealed
longevity-defining cellular processes and mechanisms within a single cell in eukaryotic
organisms across phyla. [2]

The replicative lifespan (RLS):

S. cerevisiae reproduces through the means of asymmetric cell division. The
concept of RLS in S. cerevisiae is thought to emulate the longevity of dividing,
mitotically active cells in multicellular eukaryotic organisms, which highlights the

importance of RLS assays. [2]
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Figure 1.2. Replicative vs. chronological assays most commonly used in experiments
with yeast. Replicative aging in yeast is measured over generations as the number of
daughter cells produced by a mother cell. Chronological aging in yeast is assessed as
viability of the cells over time after cell cycle arrest; cell viability in this assay is defined
as the ability of the cell to proliferate if transferred to a nutrient-rich medium. [9]

RLS research focuses on this asymmetric cell division through the use of a standard
tetrad microscope equipped with a micromanipulator. [2, 4] Within laboratory condition,
budding progeny of the mother cell is removed with using this micromanipulator and the
cumulative number of asymmetric mitotic divisions is counted in order to assess how
many of these divisions a single mother cell can undergo. [2] Recent studies stray from
this micromanipulator method, and rather involve selectively eradicating daughter cells
or microfluidic flow chambers. Although these newly introduced high-throughput
methods are still being perfected, the micromanipulator method still remains the standard
method for RLS assays. [4]

The illustration depicted in Figure 1.3 simplifies the differences between the

processes and longevity effects in that of replicative lifespan compared to that of



chronological lifespan, as well as the damage accumulated over time within each assay.
The mother cell within the RLS assay undergoes longevity-defined cellular processes.
Figure 1.3 portrays the processes of aging for RLS which take place in three defined and
consecutive stages; the early, intermediate and late age stages, respectively. These
cellular processes are also confounded to various cellular compartments, where longevity
is coordinated and co-regulated. Over time, the mother cell progressively accumulates

age-related factors known as “senescence factors” which in essence define yeast RLS. [1]
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Figure 1.3. Damage accumulation in aging yeast for chronological vs. replicative
lifespan assays. For CLS, age-related damage accumulates in non-dividing cells,
whereas for RLs, the damage is inherited by the asymmetric mitotically dividing daughter
cells. In chronologically aging yeast, ethanol accumulates within the medium, which later
converts to acetic acid and stimulates senescence. Within the chronologically aging cell,
on the other hand, damage accumulation is built up from oxidized proteins as well as
impaired mitochondria, which also contributes to cellular senescence. In replicatively
aging yeast, cellular senescence is obtained through oxidized proteins and impaired
mitochondria (alike CLS), along with nuclear extrachromosomal rDNA circles. Over
time, the daughter cells can inherit an ample amount of accumulated damage which can
cause premature aging due to the very aged mother cells. [5]

One of the distinct forms of molecular damage within RLS, which is specific to the
mother cell, is the accumulation of extrachromosomal ribosomal DNA (rDNA) circles,
known as ERCs (Figure 1.3). These ERCs result from the homologous recombination
within the rDNA consequentially forming a self-replicating circular DNA molecule
which is kept in the nucleus of the mother cell. This ERC is therefore passed on to the

daughter cell through asymmetric mitotic cell division. [5, 16] Proteins such as sirtuins,



specifically histone deacetylase Sir2, influence the formation of ERCs and are therefore a
very important factor when observing RSL of yeast. Sirtuins are a group of NAD"-
dependent protein deacetylases found to be of major importance in ample studies. [5, 16]
Much remains unclear and is yet to be discovered concerning Sir2 in its role of
replicative senescence, but some studies revealed that its overexpression increases RLS

whereas its deletion decrease the RLS. [5]

The chronological lifespan (CLS):

In contrast to yeast RLS, in chronological lifespan (CLS) of yeast, the age-related
damage accumulated over time is observed within non-dividing cells, where a threshold
is met and the cells can no longer re-enter the cell cycle (Figure 1.3). The CLS paradigm
is studied due to the fact that it serves as straightforward model for cellular longevity as
well as mimics the aging of post-mitotic, non-dividing cells in that of a more complex
eukaryotic organism. [2] The CLS is assessed within the controlled environment of the
laboratory within a liquid media where its distinct cellular processes are evaluated before
cellular cessation. These distinct cellular processes comprise of: cellular growth and
division, cellular stress response and death, organelle biogenesis, interorganellar
communication, cellular metabolism, and macromolecular homeostasis. [1]

Within laboratory conditions, the CLS assay is achieved through the use of
clonogenic assay. This clonogenic assay quantifies the percentage of yeast cell viability
at different time points during growth in a liquid medium of 2% glucose, followed by
assessing its ability to form colonies on fresh solid nutrient-rich media. [2, 5] In general,

the yeast cells are grown in a liquid medium with 2% glucose as the only initial carbon
g y



source. As the yeast cells consume the glucose through fermentation, ethanol is the main
product of such fermentation and it accumulates in the extracellular environment. Once
the glucose reserve is completely depleted, the cells begin metabolize the ethanol within
the extracellular environment through mitochondrial respiration, as depicted in Figure
1.4.

Studies suggest that through the process of chronological aging, the mitochondrial
production of reactive oxygen species (ROS) causes oxidative damage to proteins, lipids
and DNA within the mitochondria. Concomitantly with the age-related ROS
accumulation in chronologically aging yeast, cell resistance to oxidative stress has been
shown to decrease. [5] One of the key factors pertaining to this oxidative stress is the
accumulation of acetic acid. As the chronologically aging yeast persists to use ethanol as
its secondary carbon source for mitochondrial respiration, acetic acid (as well as some
other organic acids) are leeched out into the extracellular environment. Studies have
shown that the presence of acetic acid limits the lifespan in chronologically aging yeast
due to the fact that acetic acid (along with other acidic organic by-products) acidifies the

growth medium and thereby shortens longevity of chronologically aging yeast. [5]
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Figure 1.4. The metabolism of carbon sources in the chronologically aging S.
cerevisiae. Under non-caloric restriction conditions on 2% glucose, the yeast cells
metabolize this carbon source into ethanol. As glucose is depleted over time, ethanol is
then metabolized through mitochondrial respiration, with acetic acid as the final product
secreted into the extracellular environment. Under caloric restriction conditions on 0.5%
glucose, glucose is metabolized not through fermentation but through mitochondrial
respiration, thus extending chronological lifespan and increasing resistance to oxidative
stress. [5].

Other factors that define the longevity of chronologically aging yeast are so-called
“biomolecular networks”. [1] These biomolecular networks operate at several distinct
checkpoints during the CLS of S. cerevisiae; the entry into and progression through each
of these checkpoints is regulated by a limited number of protein regulators. The protein
regulators act synergistically to coordinate the pace of the aging processes, thus defining
yeast CLS. [1]

The CLS checkpoints occur in several consecutive growth phases, which are

shown in Figure 1.5. The checkpoints have been identified in the logarithmic/exponential
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(so-called early-life checkpoints), diauxic, post-diauxic and stationary (so-called late-life
checkpoints) growth phases. [1] As previously mentioned, cells that are inoculated into a
glucose-rich medium with 2% glucose, progress quickly through the
exponential/logarithmic phase. When 50% of glucose supplies are consumed, glycogen
synthesis begins. The diauxic shift phase is defined as a phase in which glucose has been
fully depleted, cells reduce their growth rate and then enter the post-diauxic phase; during
this post-diauxic phase, yeast cells undergo slow respiratory growth using the glucose

fermentation products ethanol and acetate as carbon sources (Figure 1.4). [12]

_,--"'H-
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A typical growth curve for veast.

Figure 1.5. Growth curve for yeast cultured in glucose-rich medium initially
containing 2% glucose. This curve illustrates the different phases through which
chronologically aging yeast progress. A limited number of proteins and cellular processes
orchestrates the progression of chronologically aging yeast through each of these phases.

[11]

Each checkpoint the yeast cell undergoes within its lifespan is monitored by
several “master regulator proteins” which regulate the intercellular concentrations of
various metabolic pathways as well as the rates in which they proceed, therefore

regulating the interorganellar communication. [ 1] These master regulator proteins

10



modulate the concentrations of some key metabolites and the rates of their interorganellar
flow. Because of this, these master regulator proteins define the efficiency of such
longevity-defining cellular processes as cellular metabolism, cellular division, organelle
biogenesis, interorganellar communication, stress response, macromolecular homeostasis
and cellular senescence. [1] Although each of these processes is a program for
maintaining the overall survival of yeast, none of them is a program for defining aging.
Rather, a dynamic equilibrium between these various processes is a key factor which
defines longevity of chronologically aging yeast. [1]

Another main feature to the study of chronologically aging yeast is its ability to
enter into a characteristic state of cell cycle arrest known as quiescence. Such entry into a
state of quiescence has been shown to delay yeast aging because it allows yeast to adapt
to different nutrient stresses and, thus, to delay aging inflicted by environmental stresses.
The aging of yeast that enter the quiescent state is a valuable model for understanding
aging of post-mitotic mammalian cells; this is because this state of quiescence is a state in
which cells undergo complex changes in their metabolism and physiology.

As discussed previously, yeast CLS is mainly monitored using cells grown in a
glucose-rich liquid medium, progressing through the stationary phase of starvation and
ultimately dying because of the excessive endogenous stress. Because yeast cells
progressing through the stationary phase undergo starvation, these cells exit cell cycle in
the G1 phase and enter a non-dividing phase in which cells undergo characteristic
morphological, biochemical and physiological changes to adapt to the environmental
stress (Figure 1.6). [12] This non-dividing phase of the cell cycle is known as the GO

phase and is often called “cellular quiescence”. When nutrients become available, these

11



quiescent cells may re-enter the cell cycle to proliferate once again. Under starvation
conditions, not all cells exit the cell cycle and enter the quiescent state; some cells enter a
different state to become nonquiescent cells. Due to the starvation conditions, most cells
eventually die and are therefore broken down; this releases some nutrient components

that can then be reused by cells that are still alive to maintain their survival.
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Figure 1.6. Model of quiescent and non-quiescent states in yeast. After glucose
depletion, during the diauxic shift, cells can enter the GO quiescent state. Cells in this
quiescent state can re-enter the cell cycle if and when nutrients are replenished. In the
quiescent state, cells undergo different programs of adaptation in order to survive under
starvation conditions. Cells which do not enter the quiescent modification state
(nonquiescent) continue within the mitotic cell cycle, where most of which become
senescent, apoptotic or necrotic. These cells are eventually released as nutrients and
replenish those cells that have entered the GO quiescent state. The few nonquiescent cells
may retain the ability to reproduce when nutrients become available once again. [8]

Quiescent cells where once thought to be a dormant state for the cells, but have
recently been found to progress through a distinctive adaptive phases of cellular
programming; such programming enables cells to live longer and to withstand
environmental stresses. [12] These quiescent programs overcome environmental

challenges through the configuration of various signaling pathways as well as regulating

pathway-specific effectors which in essence modulate these signaling pathways. [12] The

12



role of signaling pathways and yeast longevity is of much importance due to their

individual anti- or pro-aging characteristics.

1.3 The rate of chronological aging in yeast is controlled by a network of
integrated signalling pathways and protein kinases

Certain signaling pathways and protein kinases converge into a network that
controls the rate of chronological aging in yeast, as shown in Figure 1.7. In
chronologically aging yeast, this network integrates the following: 1) the pro-aging
TORCI (target of rapamycin complex 1) pathway; 2) the pro-aging PKA (protein kinase
A) pathway; 3) the pro-aging PKH1/2 (Pkb-activating kinase homolog) pathway; 4) the
anti-aging SNF1 (sucrose non-fermenting) pathway; 5) the anti-aging ATG (autophagy)
pathway; 6) the pro-aging protein kinase Sch9, which is stimulated by the TORC1 and
PKHI1/2 pathways; and 7) the anti-aging protein kinase Rim15, which is inhibited by the
TORCI1, PKA and PKH1/2 pathways. This network of signaling pathways and protein
kinases coordinates certain longevity-defining cellular processes, including stress
responses, protein synthesis in the cytosol and mitochondria, maintenance of nuclear and
mitochondrial genomes, autophagy, mitochondrial respiration, peroxisome biogenesis,
gluconeogenesis, lipid metabolism, glyoxylate cycle, glycogen synthesis and degradation,

and the synthesis of amino acids and fatty acids.
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Figure 1.7. A network of pro-aging and anti-aging pathways operating in
chronologically aging yeast. This signaling network controls the relative rates of a
distinct set of cellular processes.

The pro-aging TORCI (target of rapamycin complex 1) pathway:

The TOR gene encodes an evolutionarily conserved master regulator of longevity in
all eukaryotic organisms. This master regulator protein is called TOR (target of
rapamycin). While higher eukaryotes possess only one TOR protein assembled with
certain interacting proteins into the TORC1 complex, the yeast S. cerevisiae has two
TOR proteins (which known as Torlp and Tor2p) interacting with a partially overlapping
set of proteins. [14] In S. cerevisiae, an interaction of Torlp and Tor2p with three other
proteins results in the assembly of the TORC1 complex. [14] An association between
Tor2p and five other proteins forms the TORC2 complex. [14] The TORC2 complex
regulates cell polarity and the actin cytoskeleton. [14] The TORCI regulates cell growth,
the transition from the logarithmic growth to the diauxic and the stationary growth

phases, and the progression through the stationary phase. Because of these essential roles
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in cell progression through different growth phases, TORC1 is a main focus of many
studies pertaining to aging. [14] The TORC1 responds to nutrient availability, being
especially sensitive to the availability of nitrogen sources. [14] The TORC1 pathway has
been found to be inhibited by rapamycin (unlike the TORC2 pathway) and by nitrogen
starvation. [12, 14] The inhibition of TORCI decreases protein synthesis, delays the
onset of autophagy and prevents the entry into the GO (quiescent) state of the cell cycle.
[12, 14] The inhibition of the TORC1 pathway by rapamycin or nitrogen starvation
activates several stress-responsive transcriptional factors, thereby causing the
reprogramming of gene expression and extending longevity in yeast. [ 14] There are two
main protein targets of TORC1, namely Tap42p (regulator of protein phosphatase 2A)
and Sch9p. These two proteins regulate most of the cellular processes known to be under

control of the TORCI1 signaling pathway. [14]

The pro-aging protein kinase Sch9, which is stimulated by the TORC1 and PKH1/2
pathways:

Sch9 is one of the key regulators of cell cycle initiation, thus contributing to cell size
control. [14] Sch9 also regulates ribosome assembly. [14] Therefore, a deletion of the
SCHY9 gene makes yeast cells very small. Sch9 is dually regulated by the TORC1 and the
PKH1/2 signaling pathways. Such dual regulation of Sch9 enables the efficient control of
yeast growth and survival in response to intracellular and external cues. [18] The
inhibition of TORC1 by way rapamycin dephosphorylates and inactivates Sch9. [14] This
inactivation of Sch9 activates the nuclear translocation of the protein kinase Rim15p, one

of the key regulators of GO entry. [14] As mentioned previously, the entry into the GO
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state of cellular quiescence results in the reprogramming of gene expression in yeast;
such reprogramming increases stress resistance and extends longevity. It has also been
shown that lack of Sch9 or TORCI1 decreases the concentrations of ethanol and acetic
acid in growth medium as well as increases the efflux of glycerol from the yeast cell. [6]
These changes in the concentrations of ethanol, acetic acid and glycerol extend yeast
chronological lifespan via mechanisms similar to those responsible for lifespan extension

by caloric restriction. [6]

The pro-aging PKH1/2 (Pkb-activating kinase homolog) pathway:

In addition to being regulated by TORC1, Sch9 is under control of the PKH1/2
signaling pathway. While TORC1 phosphorylates the serine and threonine residues at the
C-terminus of Sch9, the nutrient-sensing protein kinases Pkh1 and Pkh2 phosphorylate
the threonine 570 (T570) residue at the activation loop of the kinase domain of Sch9. [18]
Sch9 is fully active only if phosphorylated in these various positions by TORC1 and
PKH1/2. [18] Both, Pkh1 and Pkh2, are known to be activated by sphingolipids. [18, 19]
Sphingolipids are signaling molecules implicated in the regulation of cellular growth and
migration, senescence, inflammation, differentiation, and apoptotic cell death. [18]
Sphingolipid synthesis is known to be initiated by an enzyme inhibited by myriocin. [20]
The inhibition of sphingolipid synthesis by myriocin has been shown to extend yeast
chronological lifespan because it weakens the PKH1/2-dependent phosphorylation and

activation of Sch9. [19]
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The anti-aging protein kinase Rim15, which is inhibited by the TORC1, PKA and
PKH1/2 pathways:

As previously mentioned, the inactivation of Sch9 allows the nuclear translocation of
Rim15p. Rim15p is and anti-aging protein kinase required for the entry into GO. [14]
Therefore, activation of Rim15p under conditions of mild intracellular or extracellular
stress promotes the entry into the state of cellular quiescence and activates expression of
numerous stress resistance genes, thus extending yeast CLS. [14] RIM15 gene deletion
impacts key cellular processes in the stationary growth phase. [14] Specifically, lack of
Rim15p prevents cell cycle arrest in the G1 phase, impairs the entry into GO and averts
transcription of stress-inducible genes; all these processes are critical for assuring yeast
longevity. [14] Deletion of the RIM15 gene also decreases thermotolerance, and
decelerates the accumulation of trehalose and glycogen. [14]

Rim15p is inhibited by phosphorylation exerted by the PKA signaling pathway. [14]
Its nucleocytoplasmic distribution is controlled by the Sch9 branch of the TORC1
signaling pathway and by the nutrient-sensitive Pho80p-Pho85p signaling pathway. [14]

The nutrient-sensitive Pho80p-Pho85p signaling pathway phosphorylates Rim15p at
the threonine 1075 residue in the Bmh2p-binding site of Rim15p; such phosphorylation
of Rim15p impairs it nuclear import and retains it in the cytoplasm. [14] Sch9 also keeps
Rim15p in the cytoplasm, by phosphorylating the threonine 1075 residue in its Bmh2p-
binding site; upon the inhibition of TORCI, this site of Rim15p gets dephosphorylated,
thus enabling Rim15p to enter the nucleus and to activate transcription of many stress-

response genes. [14]
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The pro-aging PKA (protein kinase A) pathway:

Like the TORCI1 pathway, the pro-aging PKA signaling pathway orchestrates key
longevity-defining processes in chronologically aging yeast and in all other eukaryotes.
PKA inhibits the anti-aging signaling pathways RIM15 and SNF1; it also inhibits
autophagy and plays a crucial role in progression through the cell cycle. [12, 14]

PKA is a heterotetramer compiled of two regulatory (encoded by the BCY 1 gene) and
two catalytic subunits (encoded by three closely related genes, TPK1, TPK2 and TPK3).
[14] Cyclic AMP (cAMP) must bind to the Bcylp (inhibitory subunit) in order for the
Bceylp to dissociate from the catalytic subunit and therefore allow Tpklp, Tpk2p and
Tpk3p (the catalytic subunit) to be activated. [14] Other protein components have been
found to modulate the PKA signaling pathway in response to certain environmental cues;
these upstream regulators of the PKA pathway include the transcriptional complex
Ccrdp-Not, Srb9p and subunits of the Mediator complex of RNA polymerase II. [14]

The PKA pathway inhibits stress response and some metabolic pathways in yeast
cells entering the diauxic growth phase. [12] PKA has been found to play a major
inhibitory role in the transition from the exponential to the diauxic and then to the
stationary phases of growth. [14] Increased activity of PKA has been shown to shorten
yeast CLS by attenuating stress response in yeast cells entering the stationary growth
phase. [14] Decreased activity of PKA activity, on the other hand, is known to extend

yeast CLS by enhancing stress response. [14]
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The anti-aging SNF1 (sucrose non-fermenting) pathway:

SNF1, alike RIM15, is an anti-aging signaling pathway operating in yeast. SNF1 is
known to regulate transcription of almost 400 genes. [12] Yeast SNF1 is an ortholog of
the mammalian AMP-activated protein kinase (AMPK); it controls transcription of
numerous genes by inhibiting transcriptional repressors, directly modulating the core
transcriptional machinery and stimulating transcriptional activators. [12, 14] SNF1 has
also been shown to play key roles in other processes, including chromatin modification,
autophagy, translation and activation of some metabolic pathways. [12] SNF1 complex is
composed of multiple subunits; they include the regulatory Snflp and Snf4p subunits,
Gal83p, Siplp and Sip2p. [14] Snflp is autoinhibited when glucose is available to yeast
cells. [14] When glucose is completely consumed, the regulatory subunit Snf4p
attenuates such autoinhibition, thus activating Snflp. [14] Since the SNF1 pathway is
inhibited when glucose is available to yeast, cells lacking SNF1 activity are unable to
grow in the presence of carbon sources other than glucose. Therefore, these yeast cells

die soon after the diauxic shift and exhibit shortened CLS. [14]

The anti-aging ATG (autophagy) pathway:

The ATG signaling pathway is an anti-aging pathway which is involved in
autophagy. Autophagy is the process of delivering various cytoplasmic substrates through
different routes to the lysosome (the vacuole in yeast) for degradation. [17] Several types
of autophagy are known, such as macroautophagy, microautophagy and chaperone-
mediated autophagy. [17] Once the cytoplasmic substrates (including individual proteins,

protein aggregates and organelles) are broken down within the lysosome, the degradation
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products are released by permeases and recycled within the cytosol. [17] The process of
autophagy is extremely important when nutrients are scarce. Under such stressful
conditions, yeast cells enter the GO phase of cell quiescence. When nutrients become
readily available, these cells can re-enter the cell cycle once again for cellular division.
[17] The bioenergetic demands of the cells under stressful conditions of nutrient
limitation can be fulfilled with the help of autophagy, which allows to renew the energy-
rich compounds so high in demand under such conditions. [17] This implies that
autophagy is not a destructive process leading to cell death, but rather a cytoprotective
process of longevity assurance and lifespan maintenance. [17]

While the pro-aging TORC1 pathway regulates not only autophagy but also many
other cellular processes, the ATG pathway controls only autophagy. [17] A body of
evidence indicates that the ATG pathway in chronologically aging yeast undergoes age-
related attenuation. [17] The mechanism underlying such attenuation of this anti-aging

pathway remains to be established.

14 Phytochemicals are secondary metabolites produced by plants and by
bacteria and fungi that resides within the plants

Phytochemicals are secondary metabolites with diverse structures. [7] They are
generated by plants as well as by non-pathogenic endosymbiont microorganisms residing
within that very plant. [7] The secondary metabolites are of much importance to plants,
due to the fact that they help the plants to survive. [7] Phytochemicals are of much

importance to my research project as well, due to the fact that the extracts delaying yeast
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aging and used in my studies were derived from whole plants and, thus, contained a mix
of phytochemicals.

Phytochemicals aid plant survival by protecting the plant from environmental
stresses, herbivorous organisms (by way of attracting predators for such herbivorous
organisms), microbial infections and environmental pollutants. [7] Phytochemicals are
also known to attract pollinator organisms and other symbiotes required for plant
survival. [ 7] Phytochemicals have been shown to extend longevity in heterotrophic
organisms across phyla through mechanisms that have been conserved in the course of
evolution. [7]

The structurally diverse phytochemicals are divided into eleven different major
classes which include the following: phenolic compounds, terpenes, betalains,
polysulfides, organosulfur compounds, indole compounds, select protease inhibitors,
oxalic and anacardic organic acids, modified purines, quinones, and polyamines. [7]

Phytochemicals are believed to be an acquired evolutionary adaptation to increase
the survival of the stationary autotrophic organisms within the many diverse ecological
niches, and to overcome the many different environmental stresses and/or other survival
obstacles. [7, 21] Due to the fact that phytochemicals are evolutionarily adaptive to the
specific stresses within that environment, these secondary metabolites are unique to the
specific species and/or genera. [7, 21] Thus, phytochemicals do not interfere with the
primary metabolic requirements for the organism, but rather allow the organism to
overcome local survival challenges. [21] Moreover, phytochemicals are produced in so-
called “secondary biochemical pathways” which are believed to be evolved to enable

plant survival through multiple fashions. [7]
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The necessity of phytochemicals can be highlighted through the energy
expenditure for their synthesis, where the energy invested is far much in excess compared
to that required to synthesize primary metabolites. [21] The survival skills benefited to
the host plant upon the phytochemical synthesis include the following: survival through
forms of environmental stresses (such as thermal stresses, extreme pH, UV damage,
osmotic stresses, water deficiency and nutrient deficiency), protection against invading
species (such as insects, competitor plant species and herbivorous animals), defence
against infections (including viral, fungal and bacterial ones), protection against
environmental pollutants, attraction of natural predators for invading species, and
attraction of symbiotes and pollinators. [7] Furthermore, phytochemicals are produced
not only by the plant itself, but also by the non-pathogenic endosymbiont microorganisms
residing within the host plant; this promotes plant survival under conditions in which the
plant is normally defenceless (that it, in plants exposed to invading species, pathogenic

infections etc.). [7, 21]

1.5  Phytochemicals extend lifespan in evolutionarily distant organisms by
targeting an evolutionarily conserved set of longevity-defining cellular processes
Phytochemicals not only provide added benefits to the survival of plants. A body
of evidence indicates that these secondary metabolites of plant origin can enhance
survival and/or extend longevity of various heterotrophic organisms through the targeting
of an evolutionarily conserved set of longevity-defining cellular processes. [7] As
mentioned above, phytochemicals are very diverse in nature and may belong to an

assortment of chemical classes such as quinones, indole compounds etc.
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Due to the natural structural diversity of phytochemicals, evolutionarily distant
heterotrophic organisms use the benefits of phytochemicals to prolong their lifespans.
Such heterotrophic organisms include S. cerevisiae, fruit flies (Drosophila
melanogaster), nematodes (Caenorhabditis elegans), fission yeast (Schizosaccharomyces
pombe), mosquitos, honey bees (Apis mellifera), short-lived fish (Nothobranchius
furzeri), laboratory mice and rats, multiple lines of cultured human fibroblasts, and
human peripheral blood mononuclear cells. [7] Many studies support the notion that
phytochemicals extend longevity in numerous heterotrophic organisms by mechanisms
which have been conserved throughout the course of evolution. [7] These mechanisms
target a distinct set of evolutionarily conserved nutrient-sensing signaling pathways.

Some of these pathways acting in S. cerevisiae have been mentioned above; they
include the TOR and ATG pathways. These evolutionarily conserved pathways shown to
be targeted by longevity-extending phytochemicals include the following: the TOR
pathway, the IIS pathway, the sirtuins-governed protein deacetylation module of the
longevity signaling network integrating the IIS and TOR pathways, the non-selective
autophagy pathway for degradation of various cellular organelles and macromolecules,
and the OSR-1/UNC-43 (CaMKII)/SEK-1 (p38 MAPK) stress-responsive signaling
pathway. [7]

Furthermore, phytochemicals can delay aging and extend longevity by postponing
the onset of a distinct set of cellular processes referred to as “cellular and molecular
hallmarks of aging”. [7] Specifically, it has been shown that phytochemicals can slow the

development of the following seven common traits of aging: loss of proteostasis,
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genomic instability, epigenetic alterations, mitochondrial dysfunction, deregulated
nutrient sensing, altered intercellular communication and cellular senescence. [7]

Many phytochemicals which have been shown to prolong longevity in
evolutionarily distant organisms by targeting certain signaling pathways and cellular
proteins. In brief, such signaling pathways and proteins include the following: sirtuins,
(Sirl in S. cerevisiae, SIR-2.1 in the nematode C. elegans, Sir2 in the fruit fly D.
melanogaster and SIRT1 in mice), TORCI (in the yeast S. cerevisiae and Sch. pombe),
Sch9 and Gen2 (in S. cerevisiae), Sod1 and Sod2 (in S. cerevisiae), and non-selective
autophagy pathways (in S. cerevisiae, C. elegans and D. melanogaster). [7]

In the yeast S. cerevisiae, different longevity-extending phytochemicals have been
shown to cause the following changes to various cellular processes: 1) caffeine enhances
transcription of genes encoding heat-shock proteins and molecular chaperones; 2)
cryptotanshinone reduces the intracellular concentrations of ROS; 3) phloridzin causes a
decline in ROS, increases cell resistance to oxidative stress, and activates transcription of
the SOD1, SOD?2 and SIR2 genes; 4) quercetin decreases ROS as well as lowers cell
susceptibility to oxidative stress, glutathione oxidation, lipid peroxidation and protein
carbonylation; 5) resveratrol reduces the frequency of rDNA recombination; and 6)
spermidine activates transcription of autophagy-related genes, delays the onset of age-
related necrotic cell death, promotes histone H3 deacetylation and decreases activities of
histone acetyltransferases. [7] Moreover, in another yeast species, Sch. pombe, caffeine
has been shown to inhibit phosphorylation of ribosomal S6 protein, decelerate protein
synthesis, alter transcription of numerous nuclear genes, cause cell-cycle arrest in G2 and

slow down growth. [7]
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1.6  Phytochemicals can act as interspecies chemical signals that may contribute
to the evolution of longevity regulation mechanisms within natural ecosystems

One hypothesis in regards to phytochemicals and longevity regulation is that
plants synthesize these secondary metabolites in response to hermetic environmental
stresses such as dehydration, heat exposure, nutrient deprivation etc. This hypothesis is
known as the xenohormesis hypothesis. [7] Hormesis is a term used to define a distinct
type of response of cells and organisms to different doses of stress. In hormetic response,
low doses of stress promote growth and survival, whereas high doses of the same stress
impair growth and survival. [7]

The xenohormesis hypothesis posits that an exposure to low doses of stress allows
the cell or organism to activate mechanisms that can protect this cell or organism from
high doses of the same kind of stress. [7] According to this hypothesis, phytochemicals
released into the environment by plants can create a moderate stress in the heterotrophic
organisms within the ecosystem. [7] Therefore, phytochemicals can operate as hormetic
stress agents that enable adaptation and survival of these heterotrophic organisms if they
are exposed to the higher doses of the same stress. [7] Thus, phytochemicals can act as
“chemically encoded information” about environmental changes and conditions within a
particular ecosystem. [7] After being released into this ecosystem by plants, these
chemical signals can extend longevity of heterotrophic organisms inhabiting the
ecosystem by modulating some evolutionary conserved of survival. [7]

The xenohormesis hypothesis suggests that the ability for heterotrophic organisms
to change their physiology and metabolism in response to mild environmental stresses

created by phytochemicals can increase their chances of survival. [7] This enables
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evolutionary selection of mechanisms for maintaining such survival capabilities and,
thus, for extending longevity of these heterotrophic organisms. [7] In summary, the
xenohormetic hypothesis states that phytochemicals can function as xenohormetic stress
signals promoting the survival of heterotrophic organisms within ecosystem and driving

the evolution of longevity regulation mechanisms. [7]

1.7 The objectives of studies described in this thesis

Research in the Titorenko laboratory is aimed at using S. cerevisiae as a model
organism to discover chemical compounds that can slow aging and delay the onset of
age-related diseases in evolutionarily distant eukaryotic organisms. Some of such
geroprotective compounds have been previously revealed in natural products extracted
from certain plants. As a first step towards uncovering novel aging-delaying chemical
compounds of plant origin, my first objective was to conduct a screen for plant extracts
that can extend yeast chronological lifespan. My screen revealed six plant extracts that
increase yeast chronological lifespan considerably more efficiently than any of the
longevity-extending chemical compounds yet described. Because the rate of aging in
yeast is controlled by a network of integrated signaling pathways and protein kinases, my
second objective was to assess how single-gene-deletion mutations eliminating each of

these pathways and kinases affect the aging-delaying efficiencies of the six plant extracts.
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2 Discovery of plant extracts that greatly delay yeast chronological aging

2.1 Abstract

As a first step towards uncovering novel aging-delaying chemical compounds of
plant origin, I conducted a screen for plant extracts (PEs) that can extend yeast
chronological lifespan (CLS). My screen revealed six PEs that increase yeast CLS
considerably more efficiently than any of the longevity-extending chemical compounds
yet described. These novel lifespan-extending plant extracts include the following: 1)
0.5% PE4 from Cimicifuga racemosa; 2) 0.5% PES from Valeriana officinalis L.; 3)
1.0% PE6 from Passiflora incarnata L.; 4) 0.3% PES8 from Ginkgo biloba; 5) 0.1% PE12
from Apium graveolens L.; and 6) 0.1% PE21 from Salix alba. One of these extracts,
0.1% PE21 from Salix alba, is the most potent longevity-extending pharmacological
intervention yet described. I demonstrate that, for each of the six lifespan-prolonging
PEs, the longevity-extending efficacy under caloric restriction (CR) conditions is
significantly lower than that under non-CR conditions. I conclude that each of these PEs
could mimic the longevity-extending effect of CR. I provide evidence that each of the six
PEs is a geroprotector which delays the onset and decreases the rate of yeast

chronological aging by eliciting a hormetic stress response.
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2.2 Materials and Methods

Yeast strains, media and growth conditions

The wild-type strain Saccharomyces cerevisiae BY4742 (MATo. his3Al leu2 A0 lys2 A0
ura3A0) from Thermo Scientific/Open Biosystems was grown in a synthetic minimal
YNB medium (0.67% Yeast Nitrogen Base without amino acids) initially containing 2%
or 0.5% glucose and supplemented with 20 mg/1 histidine, 30 mg/I leucine, 30 mg/1 lysine
and 20 mg/1 uracil. Cells were cultured at 30°C with rotational shaking at 200 rpm in

Erlenmeyer flasks at a “flask volume/medium volume” ratio of 5:1.

CLS assay

A sample of cells was taken from a culture at a certain day following cell inoculation and
PE addition into the medium. A fraction of the sample was diluted in order to determine
the total number of cells using a hemacytometer. Another fraction of the cell sample was
diluted and serial dilutions of cells were plated in duplicate onto YEP (1% yeast extract,
2% peptone) plates containing 2% glucose as carbon source. After 2 d of incubation at
30°C, the number of colony forming units (CFU) per plate was counted. The number of
CFU was defined as the number of viable cells in a sample. For each culture, the
percentage of viable cells was calculated as follows: (number of viable cells per ml/total
number of cells per ml) x 100. The percentage of viable cells in mid-logarithmic growth

phase was set at 100%.
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A screen for PEs that can extend yeast CLS

CLS analysis in the presence of various PEs was performed as described above. A 20%
stock solution of each PE in ethanol was made on the day of adding this PE to cell
cultures. For each PE, the stock solution was added to growth medium with 2% glucose
immediately following cell inoculation into the medium. The final concentration of each

PE in the medium was 0.02%, 0.04%, 0.06%, 0.08%, 0.1%, 0.3%, 0.5% or 1.0%.

Gompertz mortality function analysis

The age-specific mortality rate (qx) [22, 24, 25], Gompertz slope or mortality rate
coefficient (a) [23, 24, 25], and mortality rate doubling time (MRDT) [24, 26] were
calculated as previously described. The value of qx was calculated as the number of cells
that lost viability (i.e. are unable to form a colony on the surface of a solid nutrient-rich
medium) during each time interval divided by the number of viable (i.e. clonogenic) cells
at the end of the interval. The natural logarithms of the values of gx for each time interval
were plotted against time. The value of a was calculated as the slope of the Gompertz

mortality line, whereas the value of MRDT was calculated as In2/a.

Statistical analysis

Statistical analysis was performed using Microsoft Excel’s (2010) Analysis ToolPack-
VBA. All data are presented as mean + SEM. The p values for comparing the means of
two groups (using an unpaired two-tailed 7 test) and survival curves (using a two-tailed ¢

test) were calculated with the help of the GraphPad Prism statistics software.
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2.3 Results

2.3.1 A screen for PEs that can extend longevity of chronologically aging yeast

I screened a library of PEs for extracts that can increase yeast CLS. This library includes
35 different PEs of known origin and properties (Table 2.1 and Table 2.2, respectively).
To perform the screen for lifespan-extending PEs, I used a robust assay for measuring
yeast CLS. This assay was similar to the one described previously [27], but the wild-type
strain BY4742 was cultured in the synthetic minimal YNB medium initially containing
2% glucose (instead of the nutrient-rich YEP medium supplemented with 0.5% glucose).
Yeast cells cultured on 2% glucose are not limited in calorie supply; these cells age
chronologically under so-called non-caloric restriction (non-CR) conditions that
accelerate aging in different yeast genetic backgrounds, including BY4742 [2, 4, 5].

In my screen for longevity-extending PEs, each PE from the library was added to
growth medium at the time of cell inoculation at a final concentration in the 0.02% to
1.0% range. Some PEs from the library did not alter the mean and maximum CLS of
yeast under non-CR conditions at any concentration examined; among these PEs were
PE9, PE13, PE16, PE22, PE28 and PE36 (Figure 2.2 — Figure 2.5). Many PEs from the
library shortened the mean and/or maximum CLS of yeast under non-CR conditions at
final concentrations ranging from 0.08% to 1.0%; among these PEs were PE1 - PE3, PE7,
PE10, PE11, PE14, PE15, PE17 - PE20, PE24, PE25, PE27, PE29 - PE35 and PE37
(Figure 2.1 — Figure 2.5). 6 of the 35 PEs from the library significantly increased both
the mean and maximum CLS of yeast under non-CR conditions if added at final

concentrations ranging from 0.04% to 1.0% (Figure 2.1 — Figure 2.3). A group of these
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longevity-extending PEs included the following extracts: 1) 0.5% PE4 from Cimicifuga
racemosa (Figure 2.1, Figure 2.6A, Figure 2.8A, Figure 2.8B); 2) 0.5% PES5 from
Valeriana officinalis L. (Figure 2.1, Figure 2.6B, Figure 2.8A, Figure 2.8B); 3) 1.0%
PEG6 from Passiflora incarnata L. (Figure 2.1, Figure 2.6C, Figure 2.8A, Figure 2.8B);
4) 0.3% PES from Ginkgo biloba (Figure 2.1, Figure 2.6D, Figure 2.8A, Figure 2.8B);
5) 0.1% PE12 from Apium graveolens L. (Figure 2.2, Figure 2.6E, Figure 2.8A, Figure

2.8B); and 6) 0.1% PE21 from Salix alba (Figure 2.3, Figure 2.6F, Figure 2.8A, Figure

2.8B). None of the six lifespan-prolonging PEs affected growth rates in logarithmic (L)

and post-diauxic (PD) phases or impacted the maximum cell density in stationary (ST)

phase of yeast cultures under non-CR conditions on 2% glucose (Figure 2.9). Thus, the

observed lifespan extension by each of these PEs is unlikely to be caused by its ability to

decrease growth rate or to make yeast more resistant to toxic substances accumulated

during culturing in the synthetic minimal YNB medium.

Table 2.1. A list of plant extracts that have been used in this study.

Abbreviated name | Botanical name Plant part used | Commercial source
PE1 Echinacea purpurea Whole plant Idunn Technologies
PE2 Astragalus membranaceous Root Idunn Technologies
PE3 Rhodiola rosea L. Root Idunn Technologies
PE4 Cimicifuga racemosa Root and rhizome | Idunn Technologies
PES5 Valeriana officinalis L. Root Idunn Technologies
PE6 Passiflora incarnate L. Whole plant Idunn Technologies
PE7 Polygonum cuspidatum Root and rhizome | Idunn Technologies
PES Ginkgo biloba Leaf Idunn Technologies
PE9 Zingiber officinale Roscoe Rhizome Idunn Technologies
PEI0 Theobroma cacao L. Cacao nibs Idunn Technologies
PEI1 Camellia sinensis L. Kuntze Leaf Idunn Technologies
PEI2 Apium graveolens L. Seed Idunn Technologies
PE13 Scutellaria baicalensis Root Idunn Technologies
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PE14 Euterpe oleracea Fruit Idunn Technologies
PEI15 Withania somnifera Root and leaf Idunn Technologies
PE16 Phyllanthus emblica Fruit Idunn Technologies
PE17 Camellia sinensis Leaf Idunn Technologies
PE18 Pueraria lobata Root Idunn Technologies
PE19 Silybum marianum Seed Idunn Technologies
PE20 Eleutherococcus senticosus Root and stem Idunn Technologies
PE21 Salix alba Bark Idunn Technologies
PE22 Glycine max L. Bean Idunn Technologies
PE24 Calendula officinalis Flower Idunn Technologies
PE25 Salvia miltiorrhiza Root Idunn Technologies
PE27 Panax quinquefolium Root Idunn Technologies
PE28 Harpagophytum procumbens | Root Idunn Technologies
PE29 Olea europaea L. Leaf Idunn Technologies
PE30 Gentiana lutea Root Idunn Technologies
PE31 Piper nigrum Fruit Idunn Technologies
PE32 Aesculus hippocastanum Seed Idunn Technologies
PE33 Mallus pumila Mill. Fruit Idunn Technologies
PE34 Fragaria spp. Fruit Idunn Technologies
PE35 Ribes nigrum Leaf Idunn Technologies
PE36 Dioscorea opposita Root Idunn Technologies
PE37 Cinnamomum verum Bark Idunn Technologies
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Table 2.2. Properties of plant extracts that have been used in this study.

Abbreviated | Properties

name

PEI Extraction solvent: ethanol (75%)/water (25%). Extract ratio: 4/1. Composition:
natural extract, maltodextrin.

PE2 Extraction solvent: denatured ethanol (70%)/water (30%). Extract ratio: 10/1.
Composition: natural extract (40-50%), gum arabic (50-60%).

PE3 Extraction solvent: ethanol (60-80%)/water (40-20%). Extract ratio: 15-20/1.
Composition: natural extract (80-100%), maltodextrin (0-20%).

PE4 Extract ratio: 6-8/1. Composition: natural extract (28-38%), maltodextrin (60-
70%), tricalcium phosphate (0-5%).

PES Extraction solvent: denatured ethanol/water. Extract ratio: ~ 6/1. Composition:
natural extract, maltodextrin, silica (0-1%).

PE6 Extraction solvent: water (100%). Extract ratio: 4/1. Composition: natural
extract, maltodextrin.

PE7 Extraction solvent: ethanol (80%)/water (20%). Extract ratio: 40/1.
Composition: natural extract (90-100%), maltodextrin (0-10%).

PES Extraction solvent: ethanol/water. Extract ratio: 50/1. Composition: natural
extract.

PE9 Extraction solvent: ethanol/water. Composition: natural extract (96%),
gingerols (4%).

PE10 Natural powder/final product ratio: 2-3/1. Composition: natural powder.

PEI11 Extraction solvent: ethyl acetate (90%)/water (10%). Extract ratio: 6/1.
Composition: natural extract (100%).

PE12 Extraction solvent: ethanol (90%)/water (10%). Extract ratio: 8/1. Composition:
natural extract, maltodextrin, modified starch, silica.

PE13 Extraction solvent: ethanol/water. Extract ratio: 4/1. Composition: natural
extract.

PE14 Extraction solvent: ethanol/water. Extract ratio: 4/1. Composition: natural
extract.

PE15 Extraction solvent: water. Extract ratio: 9/1. Composition: withanolide
glycoside conjugates (10%), oligosaccharides (32%), free withanolides (0.5%).

PEI6 Extraction solvent: water. Composition: hydrolysable tannins (>60%), including
Emblicanin-A, Emblicanin-B, Punigluconin, Pedunculagin.

PE17 Composition: tea polyphenols (>90%), including epigallocatechin gallate
(>40%).

PE18 Composition: flavonoids (>40%), including puerarin.

PE19 Extraction solvent: ethanol/water. Composition: silymarin (>80%).

PE20 Extraction solvent: water. Composition: eleutheroside B+E (>0.8%).
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PE21 Extraction solvent: ethanol/water. Composition: salicin (>25%).

PE22 Composition: isoflavones (40%).

PE24 Composition: lutein (>5%).

PE25 Composition: tanshinones, isotanshinones, cryptotanshinone,
isocryptotanshinone, dihydrotanshinone, hydroxytanshinones.

PE27 Composition: ginsenosides (10%, by HPLC-UV), quintozene-free.

PE28 Extraction solvent: ethanol/water. Extract ratio: 40/1. Composition:
harpagosides (20%, by HPLC-UV).

PE29 Extraction solvent: ethanol (70%)/water (30%). Extract ratio: 5-10/1.
Composition: natural extract, maltodextrin, silica (0.2%).

PE30 Composition: isogentisin (0.04%).

PE31 Extraction solvent: ethanol. Extract ratio: 10/1. Composition: piperine (>90%).

PE32 Composition: aescin (20%).

PE33 Extraction solvent: ethanol (70%)/water (30%). Extract ratio: 120-130/1.
Composition: natural extract (60-70%), maltodextrin (30-40%).

PE34 Extract ratio: 5/1. Composition: natural extract, including polyphenols (>2%).

PE35 Extraction solvent: water. Composition: polyphenols (15%, by HPLC-UV).

PE36 Composition: diosgenine (>16%, by HPLC-UV).

PE37 Extraction solvent: water. Composition: polyphenols (25%, by HPLC-UV).
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Figure 2.1. PE4, PES, PE6 and PES, but not PE1, PE2, PE3 or PE7, extend the CLS
of WT yeast grown under non-CR conditions. WT cells were grown in the synthetic
minimal YNB medium initially containing 2% glucose (non-CR conditions), in the
presence of a PE or in its absence. The mean and maximum lifespans of chronologically
aging WT strain cultured under non-CR conditions without a PE or with a PE added at
various concentrations are shown; data are presented as means + SEM (n = 6-21; * p <
0.05; the p values for comparing the means of two groups were calculated with the help
of the GraphPad Prism statistics software using an unpaired two-tailed ¢ test). Note that
PEIL, PE2, PE3 and PE7 can shorten the CLS of WT yeast under non-CR conditions if
added at high concentrations (n = 6; * p < 0.05; ; the p values for comparing the means of
two groups were calculated with the help of the GraphPad Prism statistics software using
an unpaired two-tailed 7 test).
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Figure 2.2. PE12, but not PE9, PE10, PE11, PE13, PE14, PE1S or PE16, extends the
CLS of WT yeast grown under non-CR conditions. WT cells were grown in the
synthetic minimal YNB medium initially containing 2% glucose (non-CR conditions), in
the presence of a PE or in its absence. The mean and maximum lifespans of
chronologically aging WT strain cultured under non-CR conditions without a PE or with
a PE added at various concentrations are shown; data are presented as means = SEM (n =
6-29; * p <0.05; the p values for comparing the means of two groups were calculated
with the help of the GraphPad Prism statistics software using an unpaired two-tailed #
test). Note that PE10, PE11, PE14 and PE15 can shorten the CLS of WT yeast under non-
CR conditions if added at high concentrations (n = 6; * p < 0.05; the p values for
comparing the means of two groups were calculated with the help of the GraphPad Prism
statistics software using an unpaired two-tailed 7 test).
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Figure 2.3. PE21, but not PE17, PE18, PE19, PE20, PE22, PE24 or PE2S5, extends
the CLS of WT yeast grown under non-CR conditions. WT cells were grown in the

synthetic minimal YNB medium initially containing 2% glucose (non-CR conditions), in

the presence of a PE or in its absence. The mean and maximum lifespans of

chronologically aging WT strain cultured under non-CR conditions without a PE or with
a PE added at various concentrations are shown; data are presented as means + SEM (n =

6-35; * p <0.05; the p values for comparing the means of two groups were calculated
with the help of the GraphPad Prism statistics software using an unpaired two-tailed ¢
test). Note that PE17, PE18, PE19, PE20, PE24 and PE25 can shorten the CLS of WT
yeast under non-CR conditions if added at high concentrations (n = 6; * p < 0.05; the p
values for comparing the means of two groups were calculated with the help of the
GraphPad Prism statistics software using an unpaired two-tailed 7 test).
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Figure 2.4. PE27, PE28, PE29, PE30, PE31, PE32, PE33 and PE34 do not extend the
CLS of WT yeast grown under non-CR conditions. WT cells were grown in the
synthetic minimal YNB medium initially containing 2% glucose (non-CR conditions), in
the presence of a PE or in its absence. The mean and maximum lifespans of
chronologically aging WT strain cultured under non-CR conditions without a PE or with
a PE added at various concentrations are shown; data are presented as means = SEM (n =
5-6; * p <0.05; the p values for comparing the means of two groups were calculated with
the help of the GraphPad Prism statistics software using an unpaired two-tailed ¢ test).
Note that PE 27, PE29, PE30, PE31, PE32, PE33 and PE34 can shorten the CLS of WT
yeast under non-CR conditions if added at high concentrations (n = 6; * p <0.05; the p
values for comparing the means of two groups were calculated with the help of the
GraphPad Prism statistics software using an unpaired two-tailed ¢ test).
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Figure 2.5. PE35, PE36 and PE37 do not extend the CLS of WT yeast grown under
non-CR conditions. WT cells were grown in the synthetic minimal YNB medium
initially containing 2% glucose (non-CR conditions), in the presence of a PE or in its
absence. The mean and maximum lifespans of chronologically aging WT strain cultured
under non-CR conditions without a PE or with a PE added at various concentrations are
shown; data are presented as means £ SEM (n = 5-6; * p < 0.05; the p values for
comparing the means of two groups were calculated with the help of the GraphPad Prism
statistics software using an unpaired two-tailed # test). Note that PE 35 and PE37 can
shorten the CLS of WT yeast under non-CR conditions if added at high concentrations (n
=6; * p <0.05; the p values for comparing the means of two groups were calculated with
the help of the GraphPad Prism statistics software using an unpaired two-tailed ¢ test).

PEG6 from Passiflora incarnata L. (Figure 2.1, Figure 2.6C, Figure 2.8A, Figure 2.8B);
4) 0.3% PES from Ginkgo biloba (Figure 2.1, Figure 2.6D, Figure 2.8A, Figure 2.8B);
5) 0.1% PE12 from Apium graveolens L. (Figure 2.2, Figure 2.6E, Figure 2.8A, Figure
2.8B); and 6) 0.1% PE21 from Salix alba (Figure 2.3, Figure 2.6F, Figure 2.8A, Figure
2.8B). None of the six lifespan-prolonging PEs affected growth rates in logarithmic (L)
and post-diauxic (PD) phases or impacted the maximum cell density in stationary (ST)
phase of yeast cultures under non-CR conditions on 2% glucose (Figure 2.9). Thus, the
observed lifespan extension by each of these PEs is unlikely to be caused by its ability to
decrease growth rate or to make yeast more resistant to toxic substances accumulated

during culturing in the synthetic minimal YNB medium.
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Figure 2.6. PE4, PES, PE6, PES, PE12 and PE21 extend the chronological lifespan
(CLS) of yeast grown under non-caloric restriction (non-CR) conditions. Wild-type
(WT) cells were grown in the synthetic minimal YNB medium (0.67% Yeast Nitrogen
Base without amino acids) initially containing 2% glucose, in the presence of a PE or in
its absence. Survival curves of chronologically aging WT strain cultured with or without
0.5% PE4 (A), 0.5% PES5 (B), 1% PE6 (C), 0.3% PE8 (D), 0.1% PE12 (E) or 0.1% PE21
(F) are shown. Data are presented as means + SEM (n = 21-35). CLS extension was
significant for each of the PEs tested (p < 0.05; the p values for comparing survival
curves were calculated with the help of the GraphPad Prism statistics software).
Abbreviations: Logarithmic (L), post-diauxic (PD) or stationary (ST) growth phase.
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Figure 2.7. PES and PE21, but not PE4, PE6, PE8 or PE12, extend the CLS of yeast
grown under CR conditions. WT cells were grown in the synthetic minimal YNB
medium initially containing 0.5% glucose (CR conditions) or 2% glucose (non-CR
conditions), in the presence of a PE or in its absence. Survival curves (A), the mean (B)
and maximum (C) lifespans of chronologically aging WT strain cultured under CR or
non-CR conditions in the absence of a PE are shown; data are presented as means £ SEM
(n = 5-7). CR caused significant extension of CLS (A) (p < 0.05; the p values for
comparing survival curves were calculated with the help of the GraphPad Prism statistics
software). CR extended both the mean (B) and maximum (C) lifespans (* p < 0.05; the p
values for comparing the means of two groups were calculated with the help of the
GraphPad Prism statistics software using an unpaired two-tailed ¢ test). Survival curves of
chronologically aging WT strain cultured under CR on 0.5% glucose with or without
0.5% PE4 (D), 0.5% PES (E), 1% PE6 (F), 0.3% PES8 (G), 0.1% PE12 (H) or 0.1% PE21
(I) are shown; data are presented as means + SEM (n = 5-7). CLS extension under CR on
0.5% glucose was significant for PES and PE21 (p < 0.05; the p values for comparing
survival curves were calculated with the help of the GraphPad Prism statistics software).
CLS extension under CR on 0.5% glucose was not significant for PE4, PE6, PES and
PE12. Abbreviations: Logarithmic (L), post-diauxic (PD) or stationary (ST) growth
phase.
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Figure 2.8. The longevity-extending efficacy under non-CR conditions significantly
exceeds that under CR conditions for each of the six lifespan-prolonging PEs. WT
cells were grown in the synthetic minimal YNB medium initially containing 0.5%
glucose (CR conditions) or 2% glucose (non-CR conditions), in the presence of a PE or in
its absence. The mean (A, C and E) and maximum (B, D and F) lifespans of
chronologically aging WT strain cultured under CR (C, D, E and F) or non-CR (A, B, E
and F) conditions in the absence of a PE or in the presence of 0.5% PE4, 0.5% PES, 1%
PE6, 0.3% PES, 0.1% PE12 or 0.1% PE21 are shown; data are presented as means =+
SEM (n = 5-7; * p <0.05). The extent to which each of the PE tested increases the mean
and maximum lifespans under non-CR conditions exceeds that under CR conditions (* p
< 0.05; the p values for comparing the means of two groups were calculated with the help
of the GraphPad Prism statistics software using an unpaired two-tailed ¢ test).
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Figure 2.9. PE4, PES, PE6, PES, PE12 and PE21 do not cause significant effects on
growth of WT yeast under non-CR conditions. WT cells were grown in the synthetic
minimal YNB medium initially containing 2% glucose (non-CR conditions), in the
absence of a PE or in the presence of 0.5% PE4 (A), 0.5% PES5 (B), 1% PE6 (C), 0.3%
PES8 (D), 0.1% PE12 (E) or 0.1% PE21 (F). Kinetics of cell growth is shown (n = 8-14).
Abbreviations: Logarithmic (L), post-diauxic (PD) or stationary (ST) growth phase.
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Figure 2.10. PE4, PES, PE6, PES, PE12 and PE21 do not cause significant effects on
growth of WT yeast under CR conditions. WT cells were grown in the synthetic
minimal YNB medium initially containing 0.5% glucose (CR conditions), in the absence
of'a PE or in the presence of 0.5% PE4 (A), 0.5% PES5 (B), 1% PEG6 (C), 0.3% PES8 (D),
0.1% PE12 (E) or 0.1% PE21 (F). Kinetics of cell growth is shown (n = 6-9).
Abbreviations: Logarithmic (L), post-diauxic (PD) or stationary (ST) growth phase.
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2.3.2 For each of the six lifespan-prolonging PEs, the longevity-extending efficacy
under CR conditions is significantly lower than that under non-CR conditions
Chronologically aging yeast grown under CR conditions on 0.5% glucose are known to
live longer than yeast cultured under non-CR conditions on 2% glucose. Such ability of
the CR diet to extend CLS has been reported for yeast cultured in media of various
nutrient compositions [2, 4, 5]. I found that, if the CR diet is administered by culturing
yeast in the YNB medium initially containing 0.5% glucose, it significantly increases
both the mean and maximum CLS of S. cerevisiae (Figure 2.7A — Figure 2.7C). |
discovered that 0.5% PES and 0.1% PE21 (but not 0.5% PE4, 1.0% PE6, 0.3% PES8 or
0.1% PE12) extend the mean CLS of yeast grown under CR conditions (Figure 2.7D —
Figure 2.71, Figure 2.8C). I also revealed that 0.5% PES5, 1.0% PE6 and 0.1% PE21 (but
not 0.5% PE4, 0.3% PES or 0.1% PE12) extend the maximum CLS of yeast grown under
CR conditions (Figure 2.7D — Figure 2.71, Figure 2.8D). Akin to their effects under
non-CR conditions, none of the six lifespan-prolonging PEs influenced growth rates in L
and PD phases or altered the maximum cell density in ST phase of yeast cultures under
CR conditions on 0.5% glucose (Figure 2.10). Importantly, each of the six lifespan-
prolonging PEs extended both the mean and maximum CLS of yeast cultures under non-
CR conditions on 2% glucose to a significantly higher extent than those of yeast under
CR at 0.5% glucose (Figure 2.8A — Figure 2.8F). This observation indicates that each of

these PEs could mimic the longevity-extending effect of CR.
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2.3.3 Each of the six longevity-extending PEs is a geroprotector which delays the
onset and slows the progression of yeast chronological aging by eliciting a hormetic
stress response

As I found, PE4, PES, PE6, PES, PE12 and PE21 greatly extend the mean CLS of yeast
cultured under non-CR conditions (Figure 2.6A, Figure 2.8A, Figure 2.8B, Figure 2.1 —
Figure 2.3). Mean lifespan is believed to be directly proportional to the survival rates of
organisms in the population during development and maturity stages of organismal aging;
mean lifespan is likely to be under control of certain extrinsic (environmental) factors
[22, 28 - 30]. Thus, it is conceivable that PE4, PES, PE6, PES, PE12 and PE21 decrease
the extrinsic rate of yeast chronological aging prior to cell entry into quiescence or
senescence.

Furthermore, I revealed that PE4, PES, PE6, PES, PE12 and PE21 also
substantially increase the maximum CLS of yeast grown under non-CR conditions
(Figure 2.1 — Figure 2.3, Figure 2.6A, Figure 2.8A). Maximum lifespan is believed to
reflect the duration of “healthy” life period (i.e. healthspan) during
quiescence/senescence stage of organismal aging; maximum lifespan is likely to be
controlled by certain intrinsic (cellular and organismal) longevity modifiers [1, 22, 28,
29, 31, 32]. One could therefore conclude that PE4, PES, PE6, PE8, PE12 and PE21 also
decrease the intrinsic rate of yeast chronological aging after cell entry into quiescence or
senescence.

My analysis of the Gompertz mortality function further validated the above
conclusion that PE4, PES, PE6, PE8, PE12 and PE21 significantly reduce the rate of

yeast chronological aging. Indeed, I found that each of these longevity-extending PEs
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causes a substantial decrease in slope of the Gompertz mortality rate (also known as
mortality rate coefficient o) and a considerable increase in the mortality rate doubling
time (MRDT) (Figure 2.11A — Figure 2.11G). Such changes in the values of a and
MRDT are characteristic of interventions that decrease the rate of progression through the
process of biological aging [22, 23 - 26].

Noteworthy, my analyses of how different concentrations of PE4, PES, PE6, PES,
PE12 and PE21 impact yeast longevity under non-CR conditions revealed that each of
them causes a so-called “hormetic” stress response in chronologically aging yeast with
respect to longevity. Indeed, the dose-response curves (i.e. the curves that reflect
relationships between PE concentrations and mean or maximum CLS) for PE4, PES,
PES, PE12 and PE21 were inverted U-shaped, whereas the dose-response curve for PE6
was J-shaped (Figure 2.1 — Figure 2.3). Such nonlinear and biphasic dose-response
curves denote a hormetic kind of stress response, in which 1) lower (hormetic)
concentrations of a chemical compound increase the survival of a cell or an organism by
stimulating biological processes that allow to maintain cellular or organismal stress at a
level which is below a threshold of toxicity; while 2) higher concentrations of this
chemical compound decrease the survival of a cell or an organism by creating stress

which exceeds such threshold [7, 45 - 48].

2.4  Discussion
In studies described in this chapter of my Thesis, I performed a screen for PEs capable of
extending longevity of the chronologically aging yeast S. cerevisiae. My screen revealed

six PEs (which I call PE4, PES, PE6, PES, PE12 and PE21) that can significantly
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Figure 2.11. Analysis of the Gompertz mortality function indicates that PE4, PES,
PEG6, PES, PE12 and PE21 significantly decrease the rate of chronological aging in
yeast. WT cells were grown in the synthetic minimal YNB medium initially containing
2% glucose, in the presence of a PE or in its absence. Survival curves shown in Figs. 1A -
1F were used to calculate the age-specific mortality rates (qx) of chronologically aging
WT yeast populations cultured with or without 0.5% PE4 (A), 0.5% PES5 (B), 1% PE6
(C), 0.3% PE8 (D), 0.1% PEI12 (E) or 0.1% PE21 (F). Each of these longevity-extending
PEs caused a substantial decrease in slope of the Gompertz mortality rate (also known as
mortality rate coefficient o) and a considerable increase in the mortality rate doubling
time (MRDT) (G). The values of qx, « and MRDT were calculated as described in
Materials and methods. Abbreviations: Logarithmic (L), post-diauxic (PD) or stationary
(ST) growth phase.
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increase yeast CLS. I demonstrated that each of these PEs is a geroprotector which delays
the onset and slows the progression of yeast chronological aging by eliciting a hormetic
stress response. My findings imply that the efficiency of longevity extension by PE4,
PES, PE6, PES, PE12 or PE21 greatly exceeds that for any of the 42 chemical compounds
known to increase lifespan in yeast, filamentous fungi, nematodes, fruit flies, daphnias,
mosquitoes, honey bees, fish, mammals and cultured human cells (Table 2.3). Indeed,
under non-CR conditions these longevity-extending PEs increase the mean and maximum
CLS of yeast by 145% - 475% and 80% - 369%, respectively (Figure 2.8A, Figure 2.8B,
Table 2.3); the corresponding rows in Table 2.3 are highlighted in yellow. In contrast,
any of the 42 currently known lifespan-extending chemical compounds has been shown
to extend cellular and/or organismal lifespan in evolutionarily distant eukaryotes much
less efficiently, within the 5% to 75% range (Table 2.3) [45 — 105]. Only two chemical
compounds, spermidine under non-CR conditions and lithocholic acid under CR-
conditions, have been reported to exhibit the lifespan-extending efficiencies that are
comparable to those for PE4, PES, PE6, PE8 and PE12 (Table 2.3) [72, 73, 102].
Specifically, both these pharmacological interventions were demonstrated to increase the
RLS and/or CLS of yeast and human peripheral blood mononuclear cells by 83% - 200%;
the corresponding rows in Table 2.3 are highlighted in green. Of note, PE21 appears to
be the most potent longevity-extending pharmacological intervention presently known. It
increases the mean and maximum CLS of yeast by 475% and 369%, respectively (Figure

2.8A, Figure 2.8B, Table 2.3).
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In the future, it would be important to further explore the following key aspects of
the mechanisms through which each of the six longevity-extending PEs slows biological
aging.

First, it is intriguing to identify the individual chemical compounds responsible
for the ability of each of these PEs to delay the onset and decrease the rate of yeast
chronological aging. Such identification is already underway in the Titorenko laboratory;
of note, it is conceivable that only some combinations of certain chemicals composing
these PEs (but not individual chemical compounds per se) can be responsible for their
extremely high efficiencies as aging-delaying interventions.

Second, it is important to investigate how various combinations of the six
longevity-extending PEs with each other and with presently known aging-delaying
chemical compounds alter the extent of CLS extension in yeast. These studies may
identify such combinations of various pharmacological interventions that impose
substantial additive or synergistic effects on the efficiencies with which organismal
lifespan and healthspan can be prolonged.

Third, the ongoing studies in the Titorenko laboratory and in the laboratories of
his collaborators indicate that the six longevity-extending PEs also extend longevities of
other eukaryotic model organisms, delay the onset of age-related diseases and/or exhibit
anti-tumor effects. In this regard, it needs to be mentioned that genetic, dietary and
pharmacological interventions known to delay aging in yeast and other eukaryotes have
been shown to selectively kill cultured human cancer cells and/or decrease the incidence
of cancer [106 - 119]. The challenge for the future is to define mechanisms through

which the six geroprotective PEs prolong healthy lifespan and decelerate tumorigenesis.
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Table 2.3. Percent increase of lifespan by geroprotective PEs discovered in this

study and by longevity-extending chemical compounds that have been previously

identified.

PE or chemical

% increase of lifespan* [reference]

Organism exhibiting

compound lifespan increase

0.5% PE4 195% (mean CLS) [this study] S. cerevisiae
100% (max** CLS) [this study]

0.5% PES 185% (mean CLS) [this study] S. cerevisiae
87% (max CLS) [this study]

1.0 % PE6 180% (mean CLS) [this study] S. cerevisiae
80% (max CLS) [this study]

0.3% PES 145% (mean CLS) [this study] S. cerevisiae
104% (max) [this study]

0.1% PEI12 160% (mean CLS) [this study] S. cerevisiae
107% (max CLS) [this study]

0.1% PE21 475% (mean CLS) [this study] S. cerevisiae
369% (max CLS) [this study]

Acteoside 24 - 25% (female); 16 - 18% (male) (mean OLS) [45] The fruit fly Drosophila
9 - 13% (female); 9 - 15% (male) (max OLS) [45] melanogaster

Butein 55% (mean RLS) [46] S. cerevisiae

Caffeic acid 11% (mean OLS) [47] The nematode
Caenorhabditis elegans

Caffeine 8% (median CLS) [48] S. cerevisiae

46% (mean CLS) [49] The yeast
17% (max CLS) [49] Schizosaccharomyces
pombe
52% (mean OLS) [50]; 37% (mean OLS) [51] C. elegans
29% (median OLS) [50]
Catechin 15% (mean OLS) [52] C. elegans
14% (median OLS) [52]

Celastrol 13% (mean OLS) [53] Mouse model of
amyotrophic lateral
sclerosis

Curcumin, 13% - 39% (mean OLS) [54] C. elegans

tetrahydrocurcumin | 26% (females; mean OLS); 16% (males; mean OLS) [55, 56] | D. melanogaster,

75% (median OLS) [57] including 5 different
models of the
Alzheimer’s disease

Crocin 37% - 58% (max OLS) [58] Dalton’s lymphoma
ascites bearing mice

Cryptotanshinone 34% (mean CLS) [59] S. cerevisiae

Cyanidin 2% - 6% (max RLS; untreated cells); 14 - 21% (max RLS; WI-38 human diploid
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prematurely aging cells pre-treated with H>O») [60]

fibroblasts

Diallyl trisulfide 13% (mean OLS) [61] C. elegans
Ellagic acid 9% (mean OLS); 11% - 13% (median OLS) [62] C. elegans
Epigallocatechin 10% - 14% (mean OLS) [63] C. elegans
gallate

Epicatechin 42% (mean OLS) [64] D. melanogaster

3% (max OLS) [64]

8% (mean OLS) [64]

Obese diabetic mice

Ferulsinaic acid

18% (mean CLS) [65]
42% (max OLS) [65]

C. elegans

Fisetin 31% (mean RLS) [46] S. cerevisiae
6% (mean OLS) [66] C. elegans
6% (median OLS) [66]
Fucoxanthin 14% (mean OLS) [67] C. elegans
24% (max OLS) [67]
33% - 49% (females; median OLS); 33% (males; median D. melanogaster
OLS) [67]
22% - 27% (females; max OLS); 12% - 17% (males; max
OLS) [67]
Gallic acid 12% (mean OLS) [62] C. elegans

14% (median OLS) [62]

HDTIC-1, HDTIC-2

14% - 38% (max RLS) [68]

Human fetal lung

diploid fibroblasts
Icariin, icariside II 31% (mean OLS) [69] C. elegans
Kaempferol 10% (mean OLS) [66] C. elegans
6% (median OLS) [66]
Lipoic acid 21% (median OLS) [70] C. elegans

12% (females; average OLS); 15% (females; median OLS)
[71]
4% (males; average OLS); 4% (males; median OLS) [71]

D. melanogaster

Lithocholic acid

146% (mean CLS) [72, 73]
100% (max CLS) [72, 73]

S. cerevisiae

Metformin 40% (median OLS) [74] C. elegans

38% (mean OLS) [75] Mice

10% (max OLS) [75]
Methionine 78% (mean CLS) [76] S. cerevisiae
sulfoximine 63% (max CLS) [76]
Mianserin 25% (mean OLS) [77] C. elegans
Mpyricetin 15% (mean OLS) [78] C. elegans

17% (median OLS) [78]

24% (max OLS) [78]
Nordihydroguaiaretic | 10% (median OLS) [79] Mouse model of the
acid 32% (max OLS) [79] Alzheimer’s disease

12% (median OLS) [80]

Male mice

12% (mean OLS) [81]

D. melanogaster
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42% - 64% (mean OLS) [82] Mosquitoes
Oleuropein 15% (max RLS) [83] Human embryonic
fibroblasts
Phloridzin 35% (mean RLS) [84] S. cerevisiae
41% (max RLS) [84]
Propyl gallate 41% (median OLS) [70] C. elegans
Quercetin 60% (mean CLS) [85] S. cerevisiae
15% (mean OLS) [86] C. elegans
18% (mean OLS) [87]
14% (median OLS) [88]
5% (max RLS) [89] Human embryonic
fibroblasts
Rapamycin 16% (mean RLS) [90] S. cerevisiae
36% (mean CLS) [91]
17% (mean OLS) [92] D. melanogaster
23% (max OLS) [92]
13% (females; mean OLS); 9% (males; mean OLS) [93] Mice
14% (females; max OLS); 9% (males; max OLS) [93]
Reserpine 64% (mean OLS); 50% (max OLS) [94] C. elegans
52% (mean OLS) [95] C. elegans model of the
Alzheimer’s disease
Resveratrol 61% (mean RLS) [46] S. cerevisiae

10% (mean OLS) [96]

C. elegans

20% (females; mean OLS); 16% (males; mean OLS) [96]

D. melanogaster

56% (median OLS) [97]
59% (max OLS) [97]

The short-lived fish
Nothobranchius furzeri

38% (mean OLS) [98]

The honey bee Apis
mellifera

4% (max OLS) [99]

Mice on a high-calorie
diet

Rosmarinic acid 10% (mean OLS) [47] C. elegans

SkQ1 38% (mean CLS) [100] The fungus Podospora
16% (max CLS) [101] anserina
69% (mean CLS) [101] The crustacean
64% (max CLS) [100] Ceriodaphnia affinis

13% (females; mean OLS) [100]
7% (females; max OLS) [100]

D. melanogaster

43% (mean OLS) [100]
58% (max OLS) [100]

p53-Deficient mice

52% (mean OLS) [100]
34% (max OLS) [100]

Tumor-bearing
immunodeficient mice

Sodium nitroprusside

60% (max RLS) [101]

Human peripheral
blood mononuclear
cells

Spermidine

200% (mean CLS) [102]

S. cerevisiae
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183% (mean RLS) [102]
17% (max RLS) [102]

15% (mean OLS) [102]
14% (max) OLS) [102]

C. elegans

30% (mean OLS) [102]
8% (max OLS) [102]

D. melanogaster

178% (max RLS) [102]

Human peripheral
blood mononuclear
cells

Tannic acid 18% - 25% (mean OLS) [50, 62, 103]; 18% (median OLS) C. elegans
[62, 103]
59% (max OLS) [50]
Taxifolin 26% (median OLS) [70] C. elegans
Trolox 15% (median OLS) [70] C. elegans
Tyrosol 21% (mean OLS); 21% (median OLS) [104] C. elegans
11% (maximum OLS) [104]
Valproic acid 35% (mean OLS) [105] C. elegans

42% (max OLS) [105]

* Chronological or replicative lifespan (CLS or RLS, respectively) of cell cultures or
organismal lifespan (OLS).

** Abbreviation: max, maximum.
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3 Six plant extracts delay yeast chronological aging through different signaling

pathways

3.1 Abstract

Studies described in chapter 2 of my Thesis have revealed six plant extracts that
slow yeast chronological aging more efficiently than any chemical compound yet
described. The rate of aging in yeast is controlled by an evolutionarily conserved network
of integrated signaling pathways and protein kinases. In studies described in this chapter
of my Thesis, I assessed how single-gene-deletion mutations eliminating each of these
pathways and kinases affect the aging-delaying efficiencies of the six plant extracts. My
findings imply that these extracts slow aging in the following ways: 1) plant extract 4
(PE4) decreases the efficiency with which the pro-aging TORC1 pathway inhibits the
anti-aging SNF1 pathway; 2) plant extract 5 (PES) mitigates two different branches of the
pro-aging PKA pathway; 3) plant extract 6 (PE6) coordinates processes that are not
assimilated into the network of presently known signaling pathways/protein kinases; 4)
plant extract 8 (PE8) diminishes the inhibitory action of PKA on SNF1; 5) plant extract
12 (PE12) intensifies the anti-aging protein kinase Rim15; and 6) plant extract 21 (PE21)
inhibits a form of the pro-aging protein kinase Sch9 that is activated by the pro-aging

PKH1/2 pathway.
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3.2 Materials and Methods

Yeast strains, media and growth conditions

The wild-type strain Saccharomyces cerevisiae BY4742 (MATao. his3Al leu2 A0 lys2 A0
ura3A0) and single-gene-deletion mutant strains in the BY4742 genetic background (all
from Thermo Scientific/Open Biosystems) were grown in a synthetic minimal YNB
medium (0.67% (w/v) Yeast Nitrogen Base without amino acids) initially containing 2%
(w/v) glucose and supplemented with 20 mg/1 histidine, 30 mg/I leucine, 30 mg/1 lysine
and 20 mg/1 uracil. Cells were cultured at 30°C with rotational shaking at 200 rpm in

Erlenmeyer flasks at a “flask volume/medium volume” ratio of 5:1.

Aging-delaying PEs

0.5% (w/v) PE4 from Cimicifuga racemosa, 0.5% (w/v) PES from Valeriana officinalis
L., 1.0% (w/v) PE6 from Passiflora incarnata L., 0.3% (w/v) PE8 from Ginkgo biloba,

0.1% (w/v) PE12 from Apium graveolens L. and 0.1% (w/v) PE21 from Salix alba were
used. A 20% (w/v) stock solution of each PE in ethanol was made on the day of adding

this PE to cell cultures. For each PE, the stock solution was added to growth medium

with 2% (w/v) glucose immediately following cell inoculation into the medium.

CLS assay
A sample of cells was taken from a culture at a certain day following cell inoculation and
PE addition into the medium. A fraction of the sample was diluted in order to determine

the total number of cells using a hemacytometer. Another fraction of the cell sample was
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diluted and serial dilutions of cells were plated in duplicate onto YEP (1% yeast extract,
2% peptone) plates containing 2% glucose as carbon source. After 2 d of incubation at
30°C, the number of colony forming units (CFU) per plate was counted. The number of
CFU was defined as the number of viable cells in a sample. For each culture, the
percentage of viable cells was calculated as follows: (number of viable cells per ml/total
number of cells per ml) x 100. The percentage of viable cells in mid-logarithmic growth

phase was set at 100%.

Gompertz mortality function analysis

The age-specific mortality rate (qx) [22, 24, 25], Gompertz slope or mortality rate
coefficient (a) [23, 24, 25], and mortality rate doubling time (MRDT) [24, 26] were
calculated as previously described. The value of qx was calculated as the number of cells
that lost viability (i.e. are unable to form a colony on the surface of a solid nutrient-rich
medium) during each time interval divided by the number of viable (i.e. clonogenic) cells
at the end of the interval. The natural logarithms of the values of gx for each time interval
were plotted against time. The value of a was calculated as the slope of the Gompertz

mortality line, whereas the value of MRDT was calculated as In2/a.

Statistical analysis

Statistical analysis was performed using Microsoft Excel’s (2010) Analysis ToolPack-
VBA. All data are presented as mean + SEM. The p values for comparing the means of
two groups (using an unpaired two-tailed 7 test) and survival curves (using a two-tailed ¢

test) were calculated with the help of the GraphPad Prism statistics software.
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3.3 Results

3.3.1 The rationale of my experimental approach

PE4, PES, PE6, PES, PE12 and PE21 may have different effects on signaling
pathways and/or protein kinases integrated into the longevity-defining network. To
identify the pathways and kinases through which each of these PEs slows yeast
chronological aging, I assessed such effects. Specifically, I elucidated how mutations
eliminating these signaling pathways and protein kinases affect the efficiency with which
each of the six PEs extends yeast CLS. Table 3.1 shows the single-gene-deletion
mutations used in this study. This table also demonstrates how each of the mutations
impacts different longevity-defining signaling pathways and protein kinases, and how it
alters yeast CLS. I investigated the effects of the following single-gene-deletion
mutations shown in Table 3.1: 1) tori4, which impairs the pro-aging TORC1 pathway
and increases CLS [120, 121]; 2) ras24, which weakens the pro-aging PKA pathway and
extends CLS [123]; 3) rim154, which eliminates the anti-aging protein kinase Rim15 and
shortens CLS [122]; 4) sch94, which removes the pro-aging protein kinase Sch9 and
increases CLS [122]; 5) pkh24, which weakens the pro-aging PKH1/2 pathway and
extends CLS [124, 125]; 6) snf14, which impairs the anti-aging SNF1 pathway and
decreases CLS [126, 129]; and 7) atgl4, which deteriorates the anti-aging ATG pathway
and shortens CLS [127, 128].

A logical framework for identifying signaling pathways and/or protein kinases

controlled by each of the six longevity-extending PEs is schematically depicted in Figure
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3.1. Pro-aging signaling pathways or protein kinases A and B in this figure are displayed
in black color, whereas their anti-aging counterparts C and D are shown in grey color.
One could envision that if PE(x) extends yeast CLS by inhibiting a pro-aging
pathway/protein kinase A, this PE: 1) is unable to extend longevity of the 44 mutant
strain lacking this signaling pathway/protein kinase (Figure 3.1B); 2) exhibits an additive
or synergistic longevity-extending effect with the 4B mutation, which eliminates the pro-
aging signaling pathway/protein kinase B (Figure 3.1B); and 3) is able to prolong
longevity of the AC or 4D mutant strain, which lacks the anti-aging signaling
pathway/protein kinase C or D (respectively), but to a lesser extent than that of wild-type
(WT) strain (Figure 3.1B). It is also plausible that that if PE(y) extends yeast CLS by
activating an anti-aging pathway/protein kinase C, this PE: 1) displays an additive or
synergistic longevity-extending effect with the 44 or 4B mutation, which eliminates the
pro-aging signaling pathway/protein kinase A or B (respectively) (Figure 3.1C); 2) is
incapable of increasing longevity of the 4C mutant strain deficient in the anti-aging
signaling pathway/protein kinase C (Figure 3.1C); and 3) can extend longevity of the 4D
mutant strain, which lacks the anti-aging signaling pathway/protein kinase D, although

not as considerably as that of WT strain (Figure 3.1C).
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Table 3.1. Single-gene-deletion mutations used in this study and their known effects

on longevity-defining signaling pathways and longevity of chronologically aging

yeast.

Single-gene- Protein Longevity-defining signaling | Effect on longevity

deletion eliminated | pathway(s) affected

mutation

torlA Torl TORC1 # Extended [120,
121]

ras2A Ras2 PKA # Extended [123]

riml54 Rim15 TORCI1, PKA, PKH1/2 { Shortened [122]

schoA Sch9 TORCI1, PKA # Extended [122]

pkh2A Pkh2 PKH1/2 # Extended [124,
125]

snflA Snfl SNF1 { Shortened [126,
129]

atglA Atgl ATG { Shortened [127,
128]
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Figure 3.1. A logical framework for identifying signaling pathways and/or protein
kinases controlled by the longevity-extending PE(x) and PE(y). (A) A schematic
depiction of a network which integrates several signaling pathways and protein kinases to
define the rate of yeast chronological aging. Pro-aging signaling pathways or protein
kinases A and B are shown in black color. Anti-aging signaling pathways or protein
kinases C and D are displayed in grey color. Abbreviations are as in Fig. 1. (B) Predicted
effect of PE(x), which extends yeast CLS by inhibiting a pro-aging pathway/protein
kinase A, on longevity of the 44, 4B, AC or AD mutant strain lacking a signaling
pathway/protein kinase A, B, C or D. (C) Predicted effect of PE(y), which extends yeast

CLS by activating an anti-aging pathway/protein kinase C, on longevity of the 44, 4B,

AC or AD mutant strain lacking the corresponding signaling pathway/protein kinase.

Abbreviation: WT, wild-type strain.

3.3.2 PE4 delays chronological aging by attenuating the inhibitory effect of

TORCI1 on SNF1

PE4 exhibited additive longevity-extending effects with the ras24, sch94 and

pkh24 mutations, which eliminate different signaling pathways/protein kinases

comprising the longevity-defining network (Figure 3.2A, Table 3.2, Table 3.3, Figure

3.3; note that data for the mock-treated WT strain and for the WT strain cultured with
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PE4 are replicated in all graphs of Figure 3.2A and Figure 3.3). PE4 caused a decrease
in slope of the Gompertz mortality rate (also known as mortality rate coefficient o)) and
an increase in the mortality rate doubling time (MRDT) for ras24, sch94 and pkh24
(Figure 3.4; note that data for the mock-treated WT strain and for the WT strain cultured
with PE4 are replicated in all graphs of this figure). Such changes in the values of a and
MRDT are characteristic of interventions that decrease the rate of biological aging [23-
26, 28, 29]. Thus, PE4 delays yeast chronological aging independently of the pro-aging
PKA pathway, the pro-aging PKH1/2 pathway or the pro-aging protein kinase Sch9.

PE4 extended longevities of the rim154 and atglA mutant strains, although to a
lesser extent than that of WT strain (Figure 3.2A, Table 3.2, Table 3.3, Figure 3.3). PE4
reduced the value of a and elevated the value of MRDT for rim154 and atglA, though
not as significantly as for WT (Figure 3.4). Hence, PE4 slows yeast chronological aging
not through the anti-aging protein kinase Rim15 or the anti-aging ATG pathway.

PE4 was unable to extend the CLS of tori4 and snfi4 (Figure 3.2A, Table 3.2,
Table 3.3, Figure 3.3) and did not alter the values of a or MRDT for these mutant strains
(Figure 3.4). I concluded that PE4 delays yeast chronological aging via the pro-aging
TORCI pathway and the anti-aging SNF1 pathway, by weakening the known [130, 131]

inhibitory effect of TORC1 on SNF1 (Figure 3.2B).
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Figure 3.2. PE4 extends yeast CLS by weakening the restraining action of TORC1
on SNF1. (A) Cells of the wild-type (WT) and indicated mutant strains were grown in the
synthetic minimal YNB medium (0.67% Yeast Nitrogen Base without amino acids)
initially containing 2% glucose, in the presence of 0.5% PE4 (ethanol was used as a
vehicle at the final concentration of 2.5%) or in its absence (cells were subjected to
ethanol-mock treatment). Survival curves of chronologically aging WT and mutant
strains cultured with or without 0.5% PE4 are shown. Data are presented as means +
SEM (n = 7). The dotted line indicates the predicted survival curve of a particular mutant
strain cultured with PE4 if this PE exhibits an additive longevity-extending effect with
the mutation. Data for the mock-treated WT strain are replicated in all graphs of this
Figure and in all graphs of Figure 3.5. Data for each of the mock-treated mutant strains
presented in this Figure are replicated in the corresponding graphs of Figure 3.5. Data for
the WT strain cultured with PE4 are replicated in all graphs of this Figure. (B) The effect
of PE4 on the signaling pathways and protein kinases comprising the longevity-defining
network. This effect is inferred from the data presented in (A), Table 3.2, Table 3.3,
Figure 3.3 and Figure 3.4. Abbreviations: as in the legend to Figure 1.7.
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Figure 3.3. PE4 is unable to extend the chronological lifespans (CLS) of the forid
and snflA mutant strains, and exhibits additive CLS-extending effects with the
ras24, sch94 and pkh2A4 mutations. Cells of the wild-type (WT) and indicated mutant
strains were grown in the synthetic minimal YNB medium (0.67% Yeast Nitrogen Base
without amino acids) initially containing 2% glucose, in the presence of 0.5% PE4
(ethanol was used as a vehicle at the final concentration of 2.5%) or in its absence (cells
were subjected to ethanol-mock treatment). Survival curves shown in Figure 3.2A were
used to calculate the mean and maximum CLS for WT and mutant strains cultured with
or without 0.5% PE4. Data are presented as means + SEM (n = 7; ns, not significant; *p <
0.05; **p < 0.01; ***p <0.001; ****p < 0.0001). The ability of PE4 to cause a
significant (*p < 0.05; **p <0.01; ***p <0.001; ****p <0.0001) increase in the CLS of
a particular mutant strain is displayed in red color. The ability of a combination between
PE4 and a particular mutation to cause a significant (*p < 0.05; **p <0.01; ***p < 0.001;
*#%%p < 0.0001) increase in CLS-extending efficiencies of each other (i.e. the ability of
such combination to exhibit an additive extending effect on yeast CLS) is displayed in
green color. Data for the mock-treated WT strain are replicated in all graphs of this
Figure and in all graphs of Figure 3.6. Data for each of the mock-treated mutant strains
presented in this Figure are replicated in the corresponding graphs of Figure 3.6. Data for
the WT strain cultured with PE4 are replicated in all graphs of this Figure.
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Figure 3.4. Analysis of the Gompertz mortality function indicates that PE4 delays
yeast chronological aging by attenuating the inhibitory effect of TORC1 on SNF1.
Cells of the wild-type (WT) and indicated mutant strains were grown in the synthetic
minimal YNB medium (0.67% Yeast Nitrogen Base without amino acids) initially
containing 2% glucose, in the presence of 0.5% PE4 (ethanol was used as a vehicle at the
final concentration of 2.5%) or in its absence (cells were subjected to ethanol-mock
treatment). Survival curves shown in Figure 3.2A were used to calculate the age-specific
mortality rates (qx), the Gompertz mortality rates (also known as mortality rate
coefficient o) and the mortality rate doubling times (MRDT) for WT and mutant yeast
populations cultured with or without 0.5% PE4. The values of qx, « and MRDT were
calculated as described in Materials and methods. Data for the mock-treated WT strain
are replicated in all graphs of this Supplementary Figure and in all graphs of Figure 3.7.
Data for each of the mock-treated mutant strains presented in this Figure are replicated in
the corresponding graphs of Figure 3.7. Data for the WT strain cultured with PE4 are
replicated in all graphs of this Figure.

66



Table 3.2. p Values for pairs of survival curves of a yeast strain cultured with or
without the indicated plant extract (PE). Survival curves shown in Figure 3.2A —
Figure 3.17A were compared. The survival curve of a strain cultured with the indicated
PE was considered statistically different from the survival curve of the same strain
cultured without it if the p value was less than 0.05; such p values are displayed in red
color. For each pair of survival curves with the p value less than 0.05, the survival rate of
the strain cultured with the indicated PE was higher than the survival rate of the same
strain cultured without it. The p values for comparing pairs of survival curves were

calculated as described in Materials and methods.

Strain Same strain with the indicated PE

without PE4 PE5 PE6 PES8 PE12 PE21
PE

WT <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
toriA 0.8899 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
ras24 <0.0001 0.3664 <0.0001 0.41888 <0.0001 <0.0001
riml 54 0.0042 0.0168 <0.0001 0.0184 0.6453 <0.0001
sch91 <0.0001 <0.0001 <0.0001 0.0006 <0.0001 0.0306
pkh24 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
snflA 0.5873 0.0075 <0.0001 0.7124 0.0132 <0.0001
atgl/ 0.0027 0.0061 <0.0001 0.0086 0.0208 <0.0001

Table 3.3. p Values for pairs of survival curves of the wild-type (WT) and mutant
strain, both cultured in the presence of the indicated PE. Survival curves shown in
Figure 3.2A — Figure 3.17A were compared. The survival curve for the WT strain
cultured with the indicated PE was considered statistically different from the survival
curve for the mutant strain cultured with this PE if the p value was less than 0.05. The p
values less than 0.05 are displayed in red color if the survival rate of the mutant strain
cultured with the indicated PE was higher than the survival rate of the WT strain cultured
with this PE. The p values less than 0.05 are displayed in blue color if the survival rate of
the mutant strain cultured with the indicated PE was lower than the survival rate of the
WT strain cultured with this PE. The p values for comparing pairs of survival curves
were calculated as described in Materials and methods.

PE4 torid+ | ras24+ | riml54 | sch94 + | pkh24+ | snfidA+ | atgld +
PE4 PE4 + PE4 PE4 PE4 PE4 PE4

WT + 0.0827 0.0002 <0.0001 | 0.0004 0.0007 <0.0001 | <0.0001

PE4

PES torid+ | ras24+ | riml54 | sch94 + | pkh24+ | snfidA+ | atgld +
PES5 PES + PES PES5 PES PES PES

WT + <0.0001 | 0.0724 <0.0001 | 0.0008 <0.0001 | <0.0001 | 0.0004

PES

| PE6 | torid+ | ras2A+ | riml5A | sch94+ |pkh24+ |snflA+ |atgld+ |
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PE6 PE6 + PE6 PE6 PE6 PE6 PE6
WT + <0.0001 | <0.0001 | 0.0364 0.0008 <0.0001 | <0.0001 | <0.0001
PE6
PES torid+ | ras24+ | riml54 | sch94 + | pkh24 + | snfid+ | atgld +
PE8 PE8 + PES PE8 PES PE8 PE8
WT + <0.0001 | 0.0124 <0.0001 | 0.0032 <0.0001 | <0.0001 | 0.0008
PE8
PE12 torid+ | ras24+ | riml5A4 | sch94+ | pkh24+ | snfld+ | atgld +
PE12 PE12 +PE12 | PE12 PE12 PE12 PE12
WT + 0.0003 0.0011 <0.0001 | 0.0018 <0.0001 | 0.0004 0.0012
PE12
PE21 torid+ | ras24+ | rimi5A | sch94+ | pkh24 + | snfld+ | atgld +
PE21 PE21 + PE21 | PE21 PE21 PE21 PE21
WT + 0.0036 0.0062 0.0109 <0.0001 | 0.0044 0.0009 0.0086
PE21

3.3.3 PES slows chronological aging by impeding two branches of the PKA

pathway

PES displayed an additive longevity-extending effect with the sch94 mutation,
and increased yeast CLS in synergy with the tori4 and pkh24 mutations (Figure 3.5A,
Table 3.2, Table 3.3, Figure 3.6; note that data for the mock-treated WT strain and for
the WT strain cultured with PES are replicated in all graphs of Figure 3.5A and Figure
3.6). PES decreased the values of a and increased the values of MRDT for
chronologically aging cultures of strains carrying each of these three mutations (Figure
3.7; note that data for the mock-treated WT strain and for the WT strain cultured with
PES are replicated in all graphs of this figure). Therefore, PES slows aging not through
TORC1, PKH1/2 or Sch9.

PES increased CLS of the rim154, snfliA and atglA mutant strains, however to a

lesser extent than that of WT strain (Figure 3.5A, Table 3.2, Table 3.3, Figure 3.6). PES
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decreased the value of a and increased the value of MRDT strains carrying each of these
mutations, although not as considerably as for WT (Figure 3.7). Thus, PES slows aging

independently of Rim15, SNF1 and ATG.
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Figure 3.5. PES extends yeast CLS by weakening two branches of the PKA signaling
pathway. (A) Cells of the wild-type (WT) and indicated mutant strains were grown in the
synthetic minimal YNB medium (0.67% Yeast Nitrogen Base without amino acids)
initially containing 2% glucose, in the presence of 0.5% PES5 (ethanol was used as a
vehicle at the final concentration of 2.5%) or in its absence (cells were subjected to
ethanol-mock treatment). Survival curves of chronologically aging WT and mutant
strains cultured with or without 0.5% PES are shown. Data are presented as means +
SEM (n = 7). The dotted line indicates the predicted survival curve of a particular mutant
strain cultured with PES if this PE exhibits an additive longevity-extending effect with
the mutation. Data for the mock-treated WT strain are replicated in all graphs of this
Figure and in all graphs of Figure 3.2. Data for each of the mock-treated mutant strains
presented in this Figure are replicated in the corresponding graphs of Figure 3.2. Data for
the WT strain cultured with PES are replicated in all graphs of this Figure. (B) The effect
of PES on the signaling pathways and protein kinases comprising the longevity-defining
network. This effect is inferred from the data presented in (A), Table 3.2, Table 3.3,
Figure 3.6 and Figure 3.7. Abbreviations: as in the legend to Figure 1.7.
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PES was unable to extend the CLS of ras24 (Figure 3.5A, Table 3.2, Table 3.3,
Figure 3.6) and did not alter the values of o or MRDT for this mutant strains (Figure
3.7). Hence, PES5 delays aging by weakening two branches of the PKA signaling pathway
(Figure 3.5B). One of these branches involves the Rim15-independent processes of
autophagy inhibition and protein translation activation in the cytosol, whereas the other
branch attenuates the Rim15-diven establishment of an anti-aging transcriptional program

of numerous nuclear genes [129 - 141].
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Figure 3.6. PES is unable to extend the chronological lifespan (CLS) of the ras24
mutant strain, exhibits an additive CLS-extending effect with the sch94 mutation,
and increases yeast CLS in synergy with the tori4 and pkh2A4 mutations. Cells of the
wild-type (WT) and indicated mutant strains were grown in the synthetic minimal YNB
medium (0.67% Yeast Nitrogen Base without amino acids) initially containing 2%
glucose, in the presence of 0.5% PES5 (ethanol was used as a vehicle at the final
concentration of 2.5%) or in its absence (cells were subjected to ethanol-mock treatment).
Survival curves shown in Figure 3.5A were used to calculate the mean and maximum
CLS for WT and mutant strains cultured with or without 0.5% PES5. Data are presented as
means = SEM (n = 7; ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001; ****p <
0.0001). The ability of PES to cause a significant (*p < 0.05; **p < 0.01; ***p < 0.001;
*#%%p < 0.0001) increase in the CLS of a particular mutant strain is displayed in red

color. The ability of a combination between PES and a particular mutation to cause a

significant (*p < 0.05; **p < 0.01; ***p <0.001; ****p <0.0001) increase in CLS-
extending efficiencies of each other (i.e. the ability of such combination to exhibit an
additive or synergistic CLS-extending effect) is displayed in green color. Data for the
mock-treated WT strain are replicated in all graphs of this Figure and in all graphs of
Figure 3.3. Data for each of the mock-treated mutant strains presented in this Figure are
replicated in the corresponding graphs of Figure 3.3. Data for the WT strain cultured
with PES are replicated in all graphs of this Figure.
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Figure 3.7. Analysis of the Gompertz mortality function indicates that PES delays
yeast chronological aging by attenuating two branches of the PKA signaling
pathway. Cells of the wild-type (WT) and indicated mutant strains were grown in the
synthetic minimal YNB medium (0.67% Yeast Nitrogen Base without amino acids)
initially containing 2% glucose, in the presence of 0.5% PES5 (ethanol was used as a
vehicle at the final concentration of 2.5%) or in its absence (cells were subjected to
ethanol-mock treatment). Survival curves shown in Figure 3.5A were used to calculate
the age-specific mortality rates (qx), the Gompertz mortality rates (also known as
mortality rate coefficient o) and the mortality rate doubling times (MRDT) for WT and
mutant yeast populations cultured with or without 0.5% PES. The values of qx, a and

MRDT were calculated as described in Materials and methods. Data for the mock-treated

WT strain are replicated in all graphs of this Figure and in all graphs of Figure 3.4. Data
for each of the mock-treated mutant strains presented in this Figure are replicated in the
corresponding graphs of Figure 3.4. Data for the WT strain cultured with PES are
replicated in all graphs of this Figure.
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3.3.4 PEG6 delays chronological aging by coordinating processes that are not
integrated into the network of longevity-defining signaling pathways/protein kinases

PE6 exhibited additive longevity-extending effects with the rim154, sch94 and
atgl/ mutations, and extended longevity synergistically with the toriA, ras24, pkh24
and snf14 mutations (Figure 3.8A, Table 3.2, Table 3.3, Figure 3.9; note that data for
the mock-treated WT strain and for the WT strain cultured with PE6 are replicated in all
graphs of Figure 3.8A and Figure 3.9). PE6 lowered the values of a and raised the
values of MRDT for chronologically aging cultures of strains carrying each of these
seven mutations (Figure 3.10; note that data for the mock-treated WT strain and for the
WT strain cultured with PE6 are replicated in all graphs of this figure). Thus, PE6 delays
aging by activating anti-aging processes and/or inhibiting pro-aging processes that are not
assimilated into the network of presently known signaling pathways/protein kinases
(Figure 3.8B).

Although rim154, snfiA and atglA exhibited decreased CLS in the absence of
PE6, this PE extended the CLS of each of these mutant strains to a greater extent than
that of WT strain (Figure 3.8A, Table 3.2, Table 3.3, Figure 3.9, Figure 3.10). It is
possible that the efficiency with which PE6 activates anti-aging processes and/or inhibits
pro-aging processes outside of the network in the absence of Rim15, Snfl or Atgl may

exceed such efficiency in the presence of any of these anti-aging proteins.
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Figure 3.8. PE6 extends yeast CLS independently of presently known longevity-
defining signaling pathways/protein kinases. (A) Cells of the wild-type (WT) and
indicated mutant strains were grown in the synthetic minimal YNB medium (0.67%
Yeast Nitrogen Base without amino acids) initially containing 2% glucose, in the
presence of 1.0% PE6 (ethanol was used as a vehicle at the final concentration of 5.0%)
or in its absence (cells were subjected to ethanol-mock treatment). Survival curves of
chronologically aging WT and mutant strains cultured with or without 1.0% PE6 are
shown. Data are presented as means £ SEM (n = 8). The dotted line indicates the
predicted survival curve of a particular mutant strain cultured with PEG6 if this PE exhibits
an additive longevity-extending effect with the mutation. Data for the mock-treated WT
strain and for the WT strain cultured with PE6 are replicated in all graphs of this Figure.
(B) The effects of PE6 on anti-aging and/or pro-aging processes that are not controlled by
the network of presently known signaling pathways/protein kinases. These effects are
inferred from the data presented in (A), Table 3.2, Table 3.3, Figure 3.9, Figure 3.10.
Abbreviations: as in the legend to Figure 1.7.
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Figure 3.9. PE6 exhibits additive CLS-extending effects with the rim154, sch94 and
atg14 mutations; PE6 also increases yeast CLS in synergy with the torid, ras24,

pkh24 and snfl1A mutations. Cells of the wild-type (WT) and indicated mutant strains

were grown in the synthetic minimal YNB medium (0.67% Yeast Nitrogen Base without

amino acids) initially containing 2% glucose, in the presence of 1.0% PEG6 (ethanol was

used as a vehicle at the final concentration of 5.0%) or in its absence (cells were
subjected to ethanol-mock treatment). Survival curves shown in Figure 3.8A were used
to calculate the mean and maximum CLS for WT and mutant strains cultured with or

without 1.0% PE6. Data are presented as means + SEM (n = §; ns, not significant; *p <

0.05; **p < 0.01; ***p <0.001; ****p < 0.0001). The ability of PE6 to cause a
significant (*p < 0.05; **p <0.01; ***p <0.001; ****p <0.0001) increase in the CLS of
a particular mutant strain is displayed in red color. The ability of a combination between
PEG6 and a particular mutation to cause a significant (*p < 0.05; **p < 0.01; ***p <0.001;
**%%p < 0.0001) increase in CLS-extending efficiencies of each other (i.e. the ability of
such combination to exhibit an additive or synergistic CLS-extending effect) is displayed
in green color. Data for the mock-treated WT strain and for the WT strain cultured with
PEG6 are replicated in all graphs of this Figure.
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Figure 3.10. Analysis of the Gompertz mortality function indicates that PE6 delays
yeast chronological aging independently of presently known longevity-defining
signaling pathways/protein kinases. Cells of the wild-type (WT) and indicated mutant
strains were grown in the synthetic minimal YNB medium (0.67% Yeast Nitrogen Base
without amino acids) initially containing 2% glucose, in the presence of 1.0% PE6
(ethanol was used as a vehicle at the final concentration of 5.0%) or in its absence (cells
were subjected to ethanol-mock treatment). Survival curves shown in Figure 3.8A were
used to calculate the age-specific mortality rates (qx), the Gompertz mortality rates (also
known as mortality rate coefficient o) and the mortality rate doubling times (MRDT) for
WT and mutant yeast populations cultured with or without 1.0% PE6. The values of qx, o
and MRDT were calculated as described in Materials and methods. Data for the mock-
treated WT strain and for the WT strain cultured with PE6 are replicated in all graphs of
this Figure.

77



3.3.5 PES8 slows chronological aging by weakening the inhibitory effect of PKA on
SNF1

PES displayed an additive longevity-extending effect with the sch94 mutation,
and increased yeast CLS in synergy with the tor/4 and pkh24 mutations (Figure 3.11A,
Table 3.2, Table 3.3, Figure 3.12; note that data for the mock-treated WT strain and for
the WT strain cultured with PES8 are replicated in all graphs of Figure 3.11A and Figure
3.12). PES8 decreased the values of o and increased the values of MRDT for
chronologically aging cultures of strains carrying each of these three mutations (Figure
3.13; note that data for the mock-treated WT strain and for the WT strain cultured with
PES are replicated in all graphs of this figure). Therefore, PES slows aging independently
of Sch9, TORC1 and PKH1/2.

PES increased CLS of the rim 154 and atglA mutant strains, though not as
considerably as for WT (Figure 3.11A, Table 3.2, Table 3.3, Figure 3.12). PE8 lowered
the values of a and raised the values of MRDT for chronologically aging cultures of
strains carrying each of these mutations (Figure 3.13). Hence, PES8 delays aging not
through Rim15 or ATG.

PES8 was unable to extend the CLS of ras24 and snfl4 (Figure 3.11A, Table 3.2,
Table 3.3, Figure 3.12) and did not alter the values of o or MRDT for these mutant
strains (Figure 3.13). Thus, PE8 slows aging via PKA and SNF1, by attenuating the

known inhibitory action of PKA on SNF1 (Figure 3.11B).
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3.3.6 PE12 delays chronological aging by stimulating Rim15

PE12 increased yeast CLS synergistically with the pkh24 mutation, and displayed
additive longevity-extending effects with the tori4, ras24 and sch94 mutations (Figure
3.14A, Table 3.2, Table 3.3, Figure 3.15; note that data for the mock-treated WT strain

and for the WT strain cultured with PE12 are replicated in all graphs of Figure 3.14A
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Figure 3.11. PES extends yeast CLS by attenuating the inhibitory effect of PKA on
SNF1. (A) Cells of the wild-type (WT) and indicated mutant strains were grown in the
synthetic minimal YNB medium (0.67% Yeast Nitrogen Base without amino acids)
initially containing 2% glucose, in the presence of 0.3% PES (ethanol was used as a
vehicle at the final concentration of 1.5%) or in its absence (cells were subjected to
ethanol-mock treatment). Survival curves of chronologically aging WT and mutant
strains cultured with or without 0.3% PES8 are shown. Data are presented as means +
SEM (n = 6). The dotted line indicates the predicted survival curve of a particular mutant
strain cultured with PES if this PE exhibits an additive longevity-extending effect with
the mutation. Data for the mock-treated WT strain and for the WT strain cultured with
PES are replicated in all graphs of this Figure. (B) The effect of PE8 on the signaling
pathways and protein kinases integrated into the longevity-defining network. This effect
is inferred from the data presented in (A), Table 3.2, Table 3.3, Figure 3.12, Figure
3.13. Abbreviations: as in the legend to Figure 1.7.
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Figure 3.12. PES8 is unable to extend the chronological lifespans (CLS) of the ras24
and snfl4 mutant strains, exhibits an additive CLS-extending effect with the sch94
mutation, and increases yeast CLS in synergy with the fori4 and pkh24 mutations.
Cells of the wild-type (WT) and indicated mutant strains were grown in the synthetic
minimal YNB medium (0.67% Yeast Nitrogen Base without amino acids) initially
containing 2% glucose, in the presence of 0.3% PES8 (ethanol was used as a vehicle at the
final concentration of 1.5%) or in its absence (cells were subjected to ethanol-mock
treatment). Survival curves shown in Figure 3.11A were used to calculate the mean and
maximum CLS for WT and mutant strains cultured with or without 0.3% PES. Data are
presented as means £ SEM (n = 6; ns, not significant; *p < 0.05; **p <0.01; ***p <
0.001; ****p < (0.0001). The ability of PES8 to cause a significant (*p < 0.05; **p <0.01;
*E%p <0.001; ****p <(0.0001) increase in the CLS of a particular mutant strain is
displayed in red color. The ability of a combination between PE8 and a particular
mutation to cause a significant (*p < 0.05; **p < 0.01; ***p <0.001; ****p <0.0001)
increase in CLS-extending efficiencies of each other (i.e. the ability of such combination
to exhibit an additive or synergistic CLS-extending effect) is displayed in green color.
Data for the mock-treated WT strain and for the WT strain cultured with PES are
replicated in all graphs of this Figure.
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Figure 3.13. Analysis of the Gompertz mortality function indicates that PES delays
yeast chronological aging by attenuating the inhibitory effect of PKA on SNF1. Cells
of the wild-type (WT) and indicated mutant strains were grown in the synthetic minimal
YNB medium (0.67% Yeast Nitrogen Base without amino acids) initially containing 2%
glucose, in the presence of 0.3% PES (ethanol was used as a vehicle at the final
concentration of 1.5%) or in its absence (cells were subjected to ethanol-mock treatment).
Survival curves shown in Figure 3.11A were used to calculate the age-specific mortality
rates (qx), the Gompertz mortality rates (also known as mortality rate coefficient o) and
the mortality rate doubling times (MRDT) for WT and mutant yeast populations cultured
with or without 0.3% PES. The values of qx, & and MRDT were calculated as described in
Materials and methods. Data for the mock-treated WT strain and for the WT strain
cultured with PES are replicated in all graphs of this Figure.
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and Figure 3.15). PE12 reduced the values of a and augmented the values of MRDT for
chronologically aging cultures of strains carrying each of these four mutations (Figure
3.16; note that data for the mock-treated WT strain and for the WT strain cultured with
PE12 are replicated in all graphs of this figure). Hence, PE12 slows aging not through
PKH1/2, TORC1, PKA or Sch9.

PE12 extended longevities of the snfi4 and atg/A mutant strains, although to a
lesser extent than that of WT strain (Figure 3.14A, Table 3.2, Table 3.3, Figure 3.15).
PE12 decreased the value of o and increased the value of MRDT strains carrying each of
these mutations, however not as considerably as for WT (Figure 3.16). Therefore, PE12
delays aging independently of SNF1 and ATG.

PE12 was unable to extend the CLS of rim/54 (Figure 3.14A, Table 3.2, Table
3.3, Figure 3.15) and did not alter the values of a or MRDT for this mutant strain

(Figure 3.16). Hence, PE12 slows aging by activating Rim15 (Figure 3.14B).
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Figure 3.14. PE12 extends yeast CLS by stimulating Rim15. (A) Cells of the wild-type
(WT) and indicated mutant strains were grown in the synthetic minimal YNB medium
(0.67% Yeast Nitrogen Base without amino acids) initially containing 2% glucose, in the
presence of 0.1% PE12 (ethanol was used as a vehicle at the final concentration of 0.5%)
or in its absence (cells were subjected to ethanol-mock treatment). Survival curves of
chronologically aging WT and mutant strains cultured with or without 0.1% PE12 are
shown. Data are presented as means £ SEM (n = 8). The dotted line indicates the
predicted survival curve of a particular mutant strain cultured with PE12 if this PE
exhibits an additive longevity-extending effect with the mutation. Data for the mock-
treated WT strain are replicated in all graphs of this Figure and in all graphs of Figure
3.17. Data for each of the mock-treated mutant strains presented in this Figure are
replicated in the corresponding graphs of Figure 3.17. Data for the WT strain cultured
with PE12 are replicated in all graphs of this Figure. (B) The effect of PE12 on the
signaling pathways and protein kinases integrated into the longevity-defining network.
This effect is inferred from the data presented in (A), Table 3.2, Table 3.3, Figure 3.15,
Figure 3.16. Abbreviations: as in the legend to Figure 1.7.
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Figure 3.15. PE12 is unable to extend the chronological lifespan (CLS) of the rim154
mutant strain, exhibits additive CLS-extending effects with the toriA, ras24 and
sch94 mutations, and increases yeast CLS in synergy with the pkh24 mutation. Cells
of the wild-type (WT) and indicated mutant strains were grown in the synthetic minimal
YNB medium (0.67% Yeast Nitrogen Base without amino acids) initially containing 2%
glucose, in the presence of 0.1% PE12 (ethanol was used as a vehicle at the final
concentration of 0.5%) or in its absence (cells were subjected to ethanol-mock treatment).
Survival curves shown in Figure 3.14A were used to calculate the mean and maximum
CLS for WT and mutant strains cultured with or without 0.1% PE12. Data are presented
as means = SEM (n = &; ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001; ****p <
0.0001). The ability of PE12 to cause a significant (*p < 0.05; **p < 0.01; ***p <0.001;
*#%%p < 0.0001) increase in the CLS of a particular mutant strain is displayed in red
color. The ability of a combination between PE12 and a particular mutation to cause a
significant (*p < 0.05; **p < 0.01; ***p <0.001; ****p <0.0001) increase in CLS-
extending efficiencies of each other (i.e. the ability of such combination to exhibit an
additive or synergistic CLS-extending effect) is displayed in green color. Data for the
mock-treated WT strain are replicated in all graphs of this Figure and in all graphs of
Figure 3.18. Data for each of the mock-treated mutant strains presented in this Figure are
replicated in the corresponding graphs of Figure 3.18. Data for the WT strain cultured
with PE12 are replicated in all graphs of this Figure.
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Figure 3.16. Analysis of the Gompertz mortality function indicates that PE12 delays
yeast chronological aging by stimulating Rim15. Cells of the wild-type (WT) and
indicated mutant strains were grown in the synthetic minimal YNB medium (0.67%
Yeast Nitrogen Base without amino acids) initially containing 2% glucose, in the
presence of 0.1% PE12 (ethanol was used as a vehicle at the final concentration of 0.5%)
or in its absence (cells were subjected to ethanol-mock treatment). Survival curves shown
in Figure 3.14A were used to calculate the age-specific mortality rates (gx), the
Gompertz mortality rates (also known as mortality rate coefficient o) and the mortality
rate doubling times (MRDT) for WT and mutant yeast populations cultured with or
without 0.1% PE12. The values of qx, o and MRDT were calculated as described in
Materials and methods. Data for the mock-treated WT strain are replicated in all graphs
of this Figure and in all graphs of Figure 3.19. Data for each of the mock-treated mutant
strains presented in this Figure are replicated in the corresponding graphs of Figure 3.19.
Data for the WT strain cultured with PE12 are replicated in all graphs of this Figure.

86



3.3.7 PE21 slows chronological aging by inhibiting a PKH1/2-sensitive form of
Sch9

PE21 increased yeast CLS in synergy with the pkh24 mutation, and displayed
additive longevity-extending effects with the tor/4 and ras24 mutations (Figure 3.17A,
Table 3.2, Table 3.3, Figure 3.18; note that data for the mock-treated WT strain and for
the WT strain cultured with PE21 are replicated in all graphs of Figure 3.17A and Figure
3.18). PE21 decreased the values of a and increased the values of MRDT for
chronologically aging cultures of strains carrying each of these three mutations (Figure
3.19; note that data for the mock-treated WT strain and for the WT strain cultured with
PE21 are replicated in all graphs of this figure). Thus, PE21 slows aging independently of
PKH1/2, TORC1 and PKA.

PE21 increased CLS of the rim154, snflA and atgl4 mutant strains, although to a
slightly lesser extent than that of WT (Figure 3.17A, Table 3.2, Table 3.3, Figure 3.18).
PE12 lowered the values of a and raised the values of MRDT for chronologically aging
cultures of strains carrying each of these mutations, however somewhat less considerably
than those for WT (Figure 3.19). Hence, PE12 delays aging not through Rim15, SNF1 or
ATG.

PE21 extended the CLS (Figure 3.17A, Table 3.2, Table 3.3, Figure 3.18),
decreased the value of a (Figure 3.19) and increased the value of MRDT (Figure 3.19)
significantly less efficiently for sch94 than it did for WT. I therefore concluded that PE21

slows aging by attenuating a PKH1/2-sensitive form of Sch9 (Figure 3.17B).
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Figure 3.17. PE21 extends yeast CLS by attenuating a PKH1/2-sensitive form of
Sch9. (A) Cells of the wild-type (WT) and indicated mutant strains were grown in the
synthetic minimal YNB medium (0.67% Yeast Nitrogen Base without amino acids)
initially containing 2% glucose, in the presence of 0.1% PE21 (ethanol was used as a
vehicle at the final concentration of 0.5%) or in its absence (cells were subjected to
ethanol-mock treatment). Survival curves of chronologically aging WT and mutant
strains cultured with or without 0.1% PE21 are shown. Data are presented as means +
SEM (n = 8). The dotted line indicates the predicted survival curve of a particular mutant
strain cultured with PE21 if this PE exhibits an additive longevity-extending effect with
the mutation. Data for the mock-treated WT strain are replicated in all graphs of this
Figure and in all graphs of Figure 3.14. Data for each of the mock-treated mutant strains
presented in this Figure are replicated in the corresponding graphs of Figure 3.14. Data
for the WT strain cultured with PE21 are replicated in all graphs of this Figure. (B) The
effect of PE21 on the signaling pathways and protein kinases integrated into the
longevity-defining network. This effect is inferred from the data presented in (A), Table
3.2, Table 3.3, Figure 3.18, Figure 3.19. Abbreviations: as in the legend to Figure 1.7.
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Figure 3.18. PE21 extends the chronological lifespan (CLS) of the sch94 mutant
strain significantly less efficiently than that of the wild-type (WT) strain, exhibits
additive CLS-extending effects with the fori4 and ras24 mutations, and increases
yeast CLS in synergy with the pkh24 mutation. Cells of the WT and indicated mutant
strains were grown in the synthetic minimal YNB medium (0.67% Yeast Nitrogen Base
without amino acids) initially containing 2% glucose, in the presence of 0.1% PE21
(ethanol was used as a vehicle at the final concentration of 0.5%) or in its absence (cells
were subjected to ethanol-mock treatment). Survival curves shown in Figure 3.17A were
used to calculate the mean and maximum CLS for WT and mutant strains cultured with
or without 0.1% PE21. Data are presented as means + SEM (n =42 for WT; n = 5-7 for
WT with PE21 and mutants strains with or without PE; ns, not significant; *p < 0.05; **p
<0.01; ***p < 0.001; ****p <(0.0001). The ability of PE21 to cause a significant (*p <
0.05; **p <0.01; ***p <0.001; ****p <(0.0001) increase in the CLS of a particular
mutant strain is displayed in red color. The ability of a combination between PE21 and a
particular mutation to cause a significant (*p < 0.05; **p < 0.01; ***p < 0.001; ****p <
0.0001) increase in CLS-extending efficiencies of each other (i.e. the ability of such
combination to exhibit an additive or synergistic CLS-extending effect) is displayed in
green color. Data for the mock-treated WT strain are replicated in all graphs of this
Figure and in all graphs of Figure 3.15. Data for each of the mock-treated mutant strains
presented in this Figure are replicated in the corresponding graphs of Figure 3.15. Data
for the WT strain cultured with PE21 are replicated in all graphs of this Figure.
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Figure 3.19. Analysis of the Gompertz mortality function indicates that PE21 delays
yeast chronological aging by inhibiting a PKH1/2-sensitive form of Sch9. Cells of the
wild-type (WT) and indicated mutant strains were grown in the synthetic minimal YNB
medium (0.67% Yeast Nitrogen Base without amino acids) initially containing 2%
glucose, in the presence of 0.1% PE21 (ethanol was used as a vehicle at the final
concentration of 0.5%) or in its absence (cells were subjected to ethanol-mock treatment).
Survival curves shown in Figure 3.17A were used to calculate the age-specific mortality
rates (qx), the Gompertz mortality rates (also known as mortality rate coefficient o) and
the mortality rate doubling times (MRDT) for WT and mutant yeast populations cultured
with or without 0.1% PE21. The values of qx, o and MRDT were calculated as described
in Materials and methods. Data for the mock-treated WT strain are replicated in all
graphs of this Figure and in all graphs of Figure 3.16. Data for each of the mock-treated
mutant strains presented in this Figure are replicated in the corresponding graphs of
Figure 3.16. Data for the WT strain cultured with PE21 are replicated in all graphs of this
Figure.
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3.4  Discussion

A hypothetical model for how the six PEs delay yeast chronological aging via the
longevity-defining network of signaling pathways/protein kinases emerges from my
analysis. This model is depicted schematically in Figure 3.20. The model suggests that
these PEs delay aging as follows: 1) PE4 attenuates the inhibitory effect of TORC1 on
SNF1; 2) PES weakens both the Rim15-dependent and Rim15-independent branches of
the PKA signaling pathway; 3) PE6 activates anti-aging processes and/or inhibits pro-
aging processes that are not integrated into the network of signaling pathways/protein
kinases; 4) PES attenuates the inhibitory effect of PKA on SNF1; 5) PE12 activates
Rim15; and 6) PE21 inhibits a PKH1/2-sensitive form of Sch9. Thus, geroprotective
chemical compounds from some plants can slow yeast chronological aging by targeting
different hubs, nodes and/or links of the longevity-defining network that integrates
certain evolutionarily conserved signaling pathways and protein kinases. In the future, it
would be important to validate the above hypothesis by investigating how each of the six
aging-delaying PEs impacts the physical links that connect individual hubs and nodes of
the chronological aging network shown in Figure 3.20. These links are known to be
mainly activating or inhibiting phosphorylations and dephosphorylations of certain target
proteins that are transiently or permanently reside in various cellular locations, including
the plasma membrane, vacuole, nucleus, mitochondria or cytosol [120 — 141].

I found that each of the six PEs delays aging through different signaling pathways
and/or protein kinases (Figure 3.20). It is possible therefore that if these PEs are mixed in

various combinations, some of the combinations may display additive or synergistic
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effects on the aging-delaying efficiencies of each other. The ongoing studies in the
Titorenko laboratory explore this possibility.

My study also revealed that certain combinations of PE4, PES, PE8, PE12 or PE21 and
the toriA, ras24, pkh24 or sch94 mutation (each of which impairs a pro-aging

PES
1

\ Fa—

[ L
® © o 59
PES @— — —PE21 QFPfG
I@( PE12 9

Y J_ \A A J_ —_ -

PE5—]

| AGING
Activation arrow Inhibition bar Protein or pathway
> : Pro-aging process .Pro-agiﬂg
> : Anti-aging process .Anti-aging

Figure 3.20. A model for how PE4, PES, PE6, PES, PE12 and PE21 delay yeast
chronological aging via the longevity-defining network of signaling
pathways/protein kinases. 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 signaling pathways and protein kinases are displayed in blue or red
color, respectively. Please see text for additional details.

signaling pathway or protein kinase) markedly increase aging-delaying proficiencies of
each other. Furthermore, all combinations of PE6 and mutations impairing either anti-
aging or pro-aging signaling pathways/protein kinases display additive or synergistic
effects on the extent of aging delay. It is known that the network of longevity-defining

signaling pathways/protein kinases is controlled by such aging-delaying chemical

compounds as resveratrol, rapamycin, caffeine, spermidine, myriocin, methionine
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sulfoxide, lithocholic acid and cryptotanshinone [132, 141 — 154]. One could envision
therefore that certain combinations of these chemical compounds and the six PEs may
have additive or synergistic effects on the aging-delaying proficiencies of each other. The
ongoing studies in the Titorenko laboratory address the validity of this assumption.

The evolutionarily conserved nutrient-sensing signaling pathways that accelerate
chronological aging in yeast (Figure 3.20) are known to stimulate chronological
senescence and geroconversion of post-mitotic human cells; these pathways are likely to
expedite organismal aging and cancer development in humans [155 - 161]. Moreover,
genetic and pharmacological manipulations that attenuate these signaling pathways and
delay chronological aging in yeast are known to decelerate chronological senescence and
geroconversion of post-mitotic human cells; it is believed that these manipulations may
also delay organismal aging and tumorigenesis in humans [155 - 161]. Thus, some of the
six geroprotective PEs that slow down yeast chronological aging through these signaling
pathways (Figure 3.20) may prolong healthy lifespan and decelerate tumorigenesis.

The challenge for the future is to assess whether any of the six PEs can delay the
onset and progression of chronic diseases associated with human aging. Among such
diseases are arthritis, diabetes, heart disease, kidney disease, liver dysfunction,
sarcopenia, stroke, neurodegenerative diseases (including Parkinson's, Alzheimer's and
Huntington's diseases), and many forms of cancer [141, 143, 144, 146, 162 — 179].
Because the major aspects of aging and age-related pathology are conserved across phyla
[142 - 146, 163 — 165], it is noteworthy that this study, recent findings [154] and some
ongoing research in the Titorenko laboratory have revealed several features of the six PEs

as potential interventions for decelerating chronic diseases of old age. These features are
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the following: 1) the six PEs are caloric restriction (CR) mimetics that imitate the aging-
delaying effects of the CR diet in yeast under non-CR conditions; 2) they are
geroprotectors that slow yeast aging by eliciting a hormetic stress response; 3) they
extend yeast longevity more efficiently than any lifespan-prolonging chemical compound
yet described; 4) they delay aging through signaling pathways and protein kinases
implicated in such age-related pathologies as type 2 diabetes, neurodegenerative diseases,
cardiac hypertrophy, cardiovascular disease, sarcopenia and cancers; and 5) they extend
longevity and delay the onset of age-related diseases in other eukaryotic model
organisms. The potential of using the six aging-delaying PEs for delaying the onset of
age-related diseases in humans is further underscored by the fact that the Health Canada
government agency classifies these PEs as safe for human consumption and recommends
to use five of them as health-improving supplements with clinically proven benefits to

human health [180].

94



4 References

1. Arlia-Ciommo A, Piano A, Leonov A, Svistkova V, and Titorenko VI. Quasi-
programmed aging of budding yeast: a trade-off between programmed processes of cell

proliferation, differentiation, stress response, survival and death defines yeast lifespan.

Cell Cycle. 2014; 13: 3336-3349.

2. Arlia-Ciommo A, Leonov A, Piano A, Svistkova V, and Titorenko VI. Cell-
autonomous mechanisms of chronological aging in the yeast Saccharomyces cerevisiae.

Microbial Cell. 2014; 1: 164-178.

3. Lutchman V, Dakik P, McAuley M, Cortes B, Ferraye G, Gontmacher L,
Graziano D, Moukhariq F, Simard E and Titorenko VI. Six plant extracts delay yeast
chronological aging through different signaling pathways. Oncotarget. Manuscript

submitted March 6, 2016.

4. Longo VD, Shadel GS, Kaeberlein M, and Kennedy B. Replicative and

chronological aging in Saccharomyces cerevisiae. Cell Metab. 2012; 16: 18-31.

5. Kaeberlein M. Lessons on longevity from budding yeast. Nature. 2010; 464: 513-

519.

95



6. Fontana L, Partridge L, and Longo VD. Extending healthy life span - from yeast

to humans. Science. 2010; 328: 321-326.

7. Leonov A, Arlia-Ciommo A, Piano A, Svistkova V, Lutchman V, Medkour Y,
and Titorenko VI. Longevity extension by phytochemicals. Molecules. 2015; 20: 6544-

6572.

8. Allen C, Biittner, S, Aragon AD, Thomas JA, Meirelles O, Jactao JE, and Werner-
Washburne M. Isolation of quiescent and nonquiescent cells from yeast stationary-phase

cultures. J Cell Biol. 2006. 174(1), 89—100.

0. HHMI, Department of Genome Sciences & Medicine, University of Washington.

http://depts.washington.edu/sfields/previous_projects/aging_figl.html (Accessed May 10,

2016).

10. Kennedy, D.O.; Wightman, E.L. Herbal extracts and phytochemicals: Plant
secondary metabolites and the enhancement of human brain function. Adv. Nutr. 2011, 2,

32-50.

11. Werner-Washburne M, Roy S, Davidson GS. Aging and the survival of quiescent

and non-quiescent cells in yeast stationary-phase cultures. Subcell Biochem 2012;

57:123-43.

96


http://depts.washington.edu/sfields/previous_projects/aging_fig1.html

12.  De Virgilio C. The essence of yeast quiescence. FEMS Microbiol Rev 2012;

36:306-39.

13.  Botstein D, Chervitz SA, and Cherry JM. Yeast as a Model Organism. Science.

1997, 277(5330), 1259-1260.

14. Galdieri L, Mehrotra S, Yu S, and Vancura A. Transcriptional Regulation in

Yeast during Diauxic Shift and Stationary Phase. OMICS : A Journal of Integrative

Biology. 2010, 14(6), 629-638.

15.  Denoth Lippuner A, Julou T, and Barral Y. Budding yeast as a model organism to

study the effects of age. FEMS Microbiol Rev. 2014, 38(2):300-325.

16.  Johnson FB, Sinclair DA, and Guarente L. Molecular biology of aging. Cell.

1999; 96(2):291-302.

17.  Rubinsztein DC, Marifio G, and Kroemer G. Autophagy and aging. Cell. 2011,

146(5):682-695.

18. Huang X, Liu J, and Dickson RC. Down-Regulating Sphingolipid Synthesis

Increases Yeast Lifespan. PLoS Genetics. 2012, 8(2):¢1002493.

97



19.  Huang, X, Withers BR, and Dickson RC. Sphingolipids and Lifespan Regulation.

BBA. 2014, 1841(5): 657-664.

20. Liu J, Huang X, Withers BR, Blalock E, Liu K, and Dickson RC. Reducing
Sphingolipid Synthesis Orchestrates Global Changes to Extend Yeast Lifespan. Aging

Cell. 2013, 12(5), 833—-841.

21.  Kennedy DO, and Wightman EL. Herbal Extracts and Phytochemicals: Plant
Secondary Metabolites and the Enhancement of Human Brain Function. Advances in

Nutrition. 2011, 2(1), 32-50.

22.  McDonald RB. Biology of aging. Garland Science, Taylor & Francis Group,

LLC. 2014; Chapters 1 and 2, Pages 1-54.

23. de Magalhaes JP, Cabral JA, Magalhdes D. The influence of genes on the aging
process of mice: a statistical assessment of the genetics of aging. Genetics. 2005; 169:

265-274.

24.  Finch CE. Longevity, senescence, and the genome. University of Chicago Press,

Chicago, 1990.

98



25. Gavrilov LA and Gavrilova NS. The biology of life span: a quantitative approach.

New York, New York/Chur, Switzerland, Harwood Academic, 1991.

26. Lashmanova E, Proshkina E, Zhikrivetskaya S, Shevchenko O, Marusich E,
Leonov S, Melerzanov A, Zhavoronkov A and Moskalev A. Fucoxanthin increases
lifespan of Drosophila melanogaster and Caenorhabditis elegans. Pharmacol Res. 2015;

100: 228-241.

27. Goldberg AA, Bourque SD, Kyryakov P, Gregg C, Boukh-Viner T, Beach A,
Burstein MT, Machkalyan G, Richard V, Rampersad S, Cyr D, Milijjevic S and Titorenko
VI. Effect of calorie restriction on the metabolic history of chronologically aging yeast.

Exp Gerontol. 2009; 44: 555-571.

28.  Abrams PA. Evolutionary biology: mortality and lifespan. Nature. 2004; 431:

1048-1049.

29.  Kirkwood TB. Understanding the odd science of aging. Cell. 2005; 120: 437-747.

30. Medkour Y, Svistkova V and Titorenko VI. Cell-non-autonomous mechanisms

underlying cellular and organismal aging. Int Rev Cell Mol Biol. 2016; 321: 259-297.

99



39.  Blagosklonny MV. Answering the ultimate question "what is the proximal cause

of aging?" Aging (Albany NY). 2012; 4: 861-877.

40. Fries JF, Bruce B and Chakravarty E. Compression of morbidity 1980-2011: a

focused review of paradigms and progress. J Aging Res. 2011; 2011: 261702.

41. Burstein MT, Beach A, Richard VR, Koupaki O, Gomez-Perez A, Goldberg AA,
Kyryakov P, Bourque SD, Glebov A and Titorenko VI. Interspecies chemical signals
released into the environment may create xenohormetic, hormetic and cytostatic selective

forces that drive the ecosystemic evolution of longevity regulation mechanisms. Dose

Response. 2012; 10: 75-82.

42. Calabrese V, Cornelius C, Dinkova-Kostova AT, Iavicoli I, Di Paola R, Koverech
A, Cuzzocrea S, Rizzarelli E and Calabrese EJ. Cellular stress responses, hormetic
phytochemicals and vitagenes in aging and longevity. Biochim Biophys Acta. 2012;

1822: 753-783.

43. Calabrese EJ and Mattson MP. Hormesis provides a generalized quantitative

estimate of biological plasticity. J Cell Commun Signal. 2011; 5: 25-38.

44. Goldberg AA, Kyryakov P, Bourque SD and Titorenko VI. Xenohormetic,
hormetic and cytostatic selective forces driving longevity at the ecosystemic level. Aging

(Albany NY). 2010; 2: 461-470.

100



45, Pan W, Jiang S, Luo P, Wu J and Gao P. Isolation, purification and structure
identification of antioxidant compound from the roots of Incarvillea younghusbandii
Sprague and its life span prolonging effect in Drosophila melanogaster. Nat Prod Res.

2008; 22(8):719-725.

46. Howitz KT, Bitterman KJ, Cohen HY, Lamming DW, Lavu S, Wood JG,
Zipkin RE, Chung P, Kisielewski A, Zhang LL, Scherer B and Sinclair DA. Small

molecule activators of sirtuins extend Saccharomyces cerevisiae lifespan. Nature. 2003;

425(6954):191-196.

47. Pietsch K, Saul N, Chakrabarti S, Stiirzenbaum SR, Menzel R and Steinberg
CE. Hormetins, antioxidants and prooxidants: defining quercetin-, caffeic acid- and
rosmarinic acid-mediated life extension in C. elegans. Biogerontology. 2011; 12(4):329-

347.

48. Wanke V, Cameroni E, Uotila A, Piccolis M, Urban J, Loewith R and De
Virgilio C. Caffeine extends yeast lifespan by targeting TORC1. Mol Microbiol. 2008;

69(1):277-285.

49. Rallis C, Codlin S and Béahler J. TORCI1 signaling inhibition by rapamycin and
caffeine affect lifespan, global gene expression, and cell proliferation of fission yeast.

Aging Cell. 2013; 12(4):563-573.

101



50. Lublin A, Isoda F, Patel H, Yen K, Nguyen L, Hajje D, Schwartz M and Mobbs
C. FDA-approved drugs that protect mammalian neurons from glucose toxicity slow

aging dependent on cbp and protect against proteotoxicity. PLoS One. 2011,

6(11):e27762.

51. Sutphin GL, Bishop E, Yanos ME, Moller RM and Kaeberlein M. Caffeine
extends life span, improves healthspan, and delays age-associated pathology in

Caenorhabditis elegans. Longev Healthspan. 2012; 1:9.

52. Saul N, Pietsch K, Menzel R, Stiirzenbaum SR and Steinberg CE. Catechin
induced longevity in C. elegans: from key regulator genes to disposable soma. Mech

Ageing Dev. 2009; 130(8):477-486.

53. Kiaei M, Kipiani K, Petri S, Chen J, Calingasan NY and Beal MF. Celastrol
blocks neuronal cell death and extends life in transgenic mouse model of amyotrophic

lateral sclerosis. Neurodegener Dis. 2005; 2(5):246-254.

54. Liao VH, Yu CW, Chu YJ, Li WH, Hsieh YC and Wang TT. Curcumin-

mediated lifespan extension in Caenorhabditis elegans. Mech Ageing Dev. 2011;

132(10):480-487.

102



55. Lee KS, Lee BS, Semnani S, Avanesian A, Um CY, Jeon HJ, Seong KM, Yu K,
Min KJ and Jafari M. Curcumin extends life span, improves health span, and modulates

the expression of age-associated aging genes in Drosophila melanogaster. Rejuvenation

Res. 2010; 13(5):561-570.

56. Shen LR, Xiao F, Yuan P, Chen Y, Gao QK, Parnell LD, Meydani M, Ordovas
JM, Li D and Lai CQ. Curcumin-supplemented diets increase superoxide dismutase

activity and mean lifespan in Drosophila. Age (Dordr). 2013; 35(4):1133-1142.

57. Caesar I, Jonson M, Nilsson KP, Thor S and Hammarstrom P. Curcumin
promotes A-beta fibrillation and reduces neurotoxicity in transgenic Drosophila. PLoS

One. 2012; 7(2):¢31424.

58. Bakshi HA, Sam S, Feroz A, Ravesh Z, Shah GA and Sharma M. Crocin from
Kashmiri saffron (Crocus sativus) induces in vitro and in vivo xenograft growth
inhibition of Dalton's lymphoma (DLA) in mice. Asian Pac J Cancer Prev. 2009;

10(5):887-890.

59. Wu Z, Song L, Liu SQ and Huang D. Tanshinones extend chronological
lifespan in budding yeast Saccharomyces cerevisiae. Appl Microbiol Biotechnol. 2014;

98(20):8617-8628.

103



60. Choi MJ, Kim BK, Park KY, Yokozawa T and Song YO and Cho EJ. Anti-
aging effects of cyanidin under a stress-induced premature senescence cellular system.

Biol Pharm Bull. 2010; 33(3):421-426.

61. Powolny AA, Singh SV, Melov S, Hubbard A and Fisher AL. The garlic
constituent diallyl trisulfide increases the lifespan of C. elegans via skn-1 activation. Exp

Gerontol. 2011; 46(6):441-452.

62. Saul N, Pietsch K, Stiirzenbaum SR, Menzel R and Steinberg CE. Diversity of
polyphenol action in Caenorhabditis elegans: between toxicity and longevity. J Nat Prod.

2011; 74(8):1713-1720.

63. Abbas S and Wink M. Epigallocatechin gallate from green tea (Camellia
sinensis) increases lifespan and stress resistance in Caenorhabditis elegans. Planta Med.

2009; 75(3):216-221.

64. Si H, Fu Z, Babu PV, Zhen W, Leroith T, Meaney MP, Voelker KA, Jia Z,
Grange RW and Liu D. Dietary epicatechin promotes survival of obese diabetic mice and

Drosophila melanogaster. ] Nutr. 2011; 141(6):1095-1100.

65. Sayed AA. Ferulsinaic acid attenuation of advanced glycation end products
extends the lifespan of Caenorhabditis elegans. ] Pharm Pharmacol. 2011; 63(3):423-

428.

104



66. Kampkoétter A, Gombitang Nkwonkam C, Zurawski RF, Timpel C, Chovolou
Y, Witjen W and Kahl R. Effects of the flavonoids kaempferol and fisetin on
thermotolerance, oxidative stress and FoxO transcription factor DAF-16 in the model

organism Caenorhabditis elegans. Arch Toxicol. 2007; 81(12):849-858.

67. Lashmanova E, Proshkina E, Zhikrivetskaya S, Shevchenko O, Marusich E,
Leonov S, Melerzanov A, Zhavoronkov A and Moskalev A. Fucoxanthin increases

lifespan of Drosophila melanogaster and Caenorhabditis elegans. Pharmacol Res. 2015;

100:228-241.

68. Wang P, Zhang Z, Ma X, Huang Y, Liu X, Tu P and Tong T. HDTIC-1 and
HDTIC-2, two compounds extracted from Astragali Radix, delay replicative senescence

of human diploid fibroblasts. Mech Ageing Dev. 2003; 124(10-12):1025-1034.

69. Cai WJ, Huang JH, Zhang SQ, Wu B, Kapahi P, Zhang XM and Shen ZY.
Icariin and its derivative icariside II extend healthspan via insulin/IGF-1 pathway in C.

elegans. PLoS One. 2011; 6(12):e28835.

70. Benedetti MG, Foster AL, Vantipalli MC, White MP, Sampayo JN, Gill MS,

Olsen A and Lithgow GJ. Compounds that confer thermal stress resistance and extended

lifespan. Exp Gerontol. 2008; 43(10):882-891.

105



71. Bauer JH, Goupil S, Garber GB and Helfand SL. An accelerated assay for the
identification of lifespan-extending interventions in Drosophila melanogaster. Proc Natl

Acad Sci USA. 2004; 101(35):12980-12985.

72. Goldberg AA, Richard VR, Kyryakov P, Bourque SD, Beach A, Burstein MT,
Glebov A, Koupaki O, Boukh-Viner T, Gregg C, Juneau M, English AM, Thomas DY
and Titorenko VI. Chemical genetic screen identifies lithocholic acid as an anti-aging
compound that extends yeast chronological life span in a TOR-independent manner, by
modulating housekeeping longevity assurance processes. Aging (Albany NY). 2010;

2(7):393-414.

73. Beach A, Richard VR, Leonov A, Burstein MT, Bourque SD, Koupaki O,
Juneau M, Feldman R, Iouk T and Titorenko VI. Mitochondrial membrane lipidome

defines yeast longevity. Aging (Albany NY). 2013; 5(7):551-574.

74. Onken B and Driscoll M. Metformin induces a dietary restriction-like state and
the oxidative stress response to extend C. elegans healthspan via AMPK, LKB1, and

SKN-1. PLoS One. 2010; 5(1):e8758.

75. Anisimov VN, Berstein LM, Egormin PA, Piskunova TS, Popovich IG,
Zabezhinski MA, Tyndyk ML, Yurova MV, Kovalenko IG, Poroshina TE and
Semenchenko AV. Metformin slows down aging and extends life span of female SHR

mice. Cell Cycle. 2008; 7(17):2769-2773.

106



76. Powers RW 3rd, Kaeberlein M, Caldwell SD, Kennedy BK and Fields S.
Extension of chronological life span in yeast by decreased TOR pathway signaling.

Genes Dev. 2006; 20(2):174-184.

77. Petrascheck M, Ye X and Buck LB. An antidepressant that extends lifespan in

adult Caenorhabditis elegans. Nature. 2007; 450(7169):553-556.

78. Griinz G, Haas K, Soukup S, Klingenspor M, Kulling SE, Daniel H and Spanier
B. Structural features and bioavailability of four flavonoids and their implications for
lifespan-extending and antioxidant actions in C. elegans. Mech Ageing Dev. 2012;

133(1):1-10.

79. West M, Mhatre M, Ceballos A, Floyd RA, Grammas P, Gabbita SP,
Hamdheydari L, Mai T, Mou S, Pye QN, Stewart C, West S, Williamson KS, Zemlan F
and Hensley K. The arachidonic acid 5-lipoxygenase inhibitor nordihydroguaiaretic acid
inhibits tumor necrosis factor alpha activation of microglia and extends survival of

G93A-SODI transgenic mice. J Neurochem. 2004; 91(1):133-143.

80. Strong R, Miller RA, Astle CM, Floyd RA, Flurkey K, Hensley KL, Javors
MA, Leeuwenburgh C, Nelson JF, Ongini E, Nadon NL, Warner HR and Harrison DE.
Nordihydroguaiaretic acid and aspirin increase lifespan of genetically heterogeneous

male mice. Aging Cell. 2008; 7(5):641-650.

107



81. Miquel J, Fleming J and Economos AC. Antioxidants, metabolic rate and aging

in Drosophila. Arch Gerontol Geriatr. 1982; 1(2):159-165.

82. Richie JP Jr, Mills BJ and Lang CA. Dietary nordihydroguaiaretic acid

increases the life span of the mosquito. Proc Soc Exp Biol Med. 1986; 183(1):81-85.

83. Katsiki M, Chondrogianni N, Chinou I, Rivett AJ and Gonos ES. The olive
constituent oleuropein exhibits proteasome stimulatory properties in vitro and confers life

span extension of human embryonic fibroblasts. Rejuvenation Res. 2007; 10(2):157-172.

84. Xiang L, Sun K, Lu J, Weng Y, Taoka A, Sakagami Y and Qi J. Anti-aging
effects of phloridzin, an apple polyphenol, on yeast via the SOD and Sir2 genes. Biosci

Biotechnol Biochem. 2011; 75(5):854-858.

85. Belinha I, Amorim MA, Rodrigues P, de Freitas V, Moradas-Ferreira P, Mateus
N and Costa V. Quercetin increases oxidative stress resistance and longevity in

Saccharomyces cerevisiae. J Agric Food Chem. 2007; 55(6):2446-2451.

86. Kampkoétter A, Timpel C, Zurawski RF, Ruhl S, Chovolou Y, Proksch P and

Witjen W. Increase of stress resistance and lifespan of Caenorhabditis elegans by

quercetin. Comp Biochem Physiol B Biochem Mol Biol. 2008; 149(2):314-323.

108



87. Pietsch K, Saul N, Menzel R, Stiirzenbaum SR and Steinberg CE. Quercetin
mediated lifespan extension in Caenorhabditis elegans is modulated by age-1, daf-2, sek-

1 and unc-43. Biogerontology. 2009; 10(5):565-578.

88. Xue YL, Ahiko T, Miyakawa T, Amino H, Hu F, Furihata K, Kita K, Shirasawa
T, Sawano Y and Tanokura M. Isolation and Caenorhabditis elegans lifespan assay of

flavonoids from onion. J Agric Food Chem. 2011; 59(11):5927-5934.

89. Chondrogianni N, Kapeta S, Chinou I, Vassilatou K, Papassideri I and Gonos
ES. Anti-ageing and rejuvenating effects of quercetin. Exp Gerontol. 2010; 45(10):763-

771.

90. Medvedik O, Lamming DW, Kim KD and Sinclair DA. MSN2 and MSN4 link
calorie restriction and TOR to sirtuin-mediated lifespan extension in Saccharomyces

cerevisiae. PLoS Biol. 2007; 5(10):e261.

91. Bonawitz ND, Chatenay-Lapointe M, Pan Y and Shadel GS. Reduced TOR
signaling extends chronological life span via increased respiration and upregulation of

mitochondrial gene expression. Cell Metab. 2007; 5(4):265-277.

92. Bjedov I, Toivonen JM, Kerr F, Slack C, Jacobson J, Foley A and Partridge L.
Mechanisms of life span extension by rapamycin in the fruit fly Drosophila

melanogaster. Cell Metab. 2010; 11(1):35-46.

109



93. Harrison DE, Strong R, Sharp ZD, Nelson JF, Astle CM, Flurkey K, Nadon NL,
Wilkinson JE, Frenkel K, Carter CS, Pahor M, Javors MA, Fernandez E and Miller RA.
Rapamycin fed late in life extends lifespan in genetically heterogeneous mice. Nature.

2009; 460(7253):392-395.

94. Srivastava D, Arya U, SoundaraRajan T, Dwivedi H, Kumar S and
Subramaniam JR. Reserpine can confer stress tolerance and lifespan extension in the

nematode C. elegans. Biogerontology. 2008; 9(5):309-316.

95. Arya U, Dwivedi H and Subramaniam JR. Reserpine ameliorates Abeta toxicity
in the Alzheimer's disease model in Caenorhabditis elegans. Exp Gerontol. 2009; 44(6-

7):462-466.

96. Wood JG, Rogina B, Lavu S, Howitz K, Helfand SL, Tatar M and Sinclair D.
Sirtuin activators mimic caloric restriction and delay ageing in metazoans. Nature. 2004;

430(7000):686-689.

97. Valenzano DR, Terzibasi E, Genade T, Cattaneo A, Domenici L and Cellerino

A. Resveratrol prolongs lifespan and retards the onset of age-related markers in a short-

lived vertebrate. Curr Biol. 2006; 16(3):296-300.

110



98. Rascén B, Hubbard BP, Sinclair DA and Amdam GV. The lifespan extension
effects of resveratrol are conserved in the honey bee and may be driven by a mechanism

related to caloric restriction. Aging (Albany NY). 2012; 4(7):499-508.

99. Pearson KJ, Baur JA, Lewis KN, Peshkin L, Price NL, Labinskyy N, Swindell
WR, Kamara D, Minor RK, Perez E, Jamieson HA, Zhang Y, Dunn SR, Sharma K,
Pleshko N, Woollett LA, Csiszar A, Ikeno Y, Le Couteur D, Elliott PJ, Becker KG,
Navas P, Ingram DK, Wolf NS, Ungvari Z, Sinclair DA and de Cabo R. Resveratrol
delays age-related deterioration and mimics transcriptional aspects of dietary restriction

without extending life span. Cell Metab. 2008; 8(2):157-168.

100. Skulachev VP, Anisimov VN, Antonenko YN, Bakeeva LE, Chernyak BV,
Erichev VP, Filenko OF, Kalinina NI, Kapelko VI, Kolosova NG, Kopnin BP,
Korshunova GA, Lichinitser MR, Obukhova LA, Pasyukova EG, Pisarenko OI, Roginsky
VA, Ruuge EK, Senin II, Severina II, Skulachev MV, Spivak IM, Tashlitsky VN,
Tkachuk VA, Vyssokikh MY, Yaguzhinsky LS, Zorov DB. An attempt to prevent

senescence: a mitochondrial approach. Biochim Biophys Acta. 2009; 1787(5):437-461.

101. Engel N and Mahlknecht U. Aging and anti-aging: unexpected side effects of

everyday medication through sirtuinl modulation. Int ] Mol Med. 2008; 21(2):223-232.

102. Eisenberg T, Knauer H, Schauer A, Biittner S, Ruckenstuhl C, Carmona-

Gutierrez D, Ring J, Schroeder S, Magnes C, Antonacci L, Fussi H, Deszcz L, Hartl R,

111



Schraml E, Criollo A, Megalou E, Weiskopf D, Laun P, Heeren G, Breitenbach M,
Grubeck-Loebenstein B, Herker E, Fahrenkrog B, Frohlich KU, Sinner F, Tavernarakis
N, Minois N, Kroemer G and Madeo F. Induction of autophagy by spermidine promotes

longevity. Nat Cell Biol. 2009; 11(11):1305-1314.

103. Saul N, Pietsch K, Menzel R, Stiirzenbaum SR and Steinberg CE. The longevity
effect of tannic acid in Caenorhabditis elegans: Disposable Soma meets hormesis. J

Gerontol A Biol Sci Med Sci. 2010; 65(6):626-635.

104. Canuelo A, Gilbert-Lopez B, Pacheco-Lifian P, Martinez-Lara E, Siles E and
Miranda-Vizuete A. Tyrosol, a main phenol present in extra virgin olive oil, increases

lifespan and stress resistance in Caenorhabditis elegans. Mech Ageing Dev. 2012;

133(8):563-574.

105. Evason K, Collins JJ, Huang C, Hughes S and Kornfeld K. Valproic acid

extends Caenorhabditis elegans lifespan. Aging Cell. 2008; 7(3):305-317.

106. Loépez-Otin C, Blasco MA, Partridge L, Serrano M and Kroemer G. The hallmarks

of aging. Cell. 2013; 153: 1194-1217.

107. Arlia-Ciommo A, Piano A, Svistkova V, Mohtashami S and Titorenko VI.
Mechanisms underlying the anti-aging and anti-tumor effects of lithocholic bile acid. Int

J Mol Sci. 2014c; 15: 16522-16543.

112



108. Arlia-Ciommo A, Svistkova V, Mohtashami S and Titorenko VI. A novel
approach to the discovery of anti-tumor pharmaceuticals: searching for activators of

liponecrosis. Oncotarget. 2016; in press.

109. Blagosklonny MV. Aging and immortality: quasi-programmed senescence and its

pharmacologic inhibition. Cell Cycle. 2006; 5: 2087-2102.

110. Blagosklonny MV and Hall MN. Growth and aging: a common molecular

mechanism. Aging (Albany NY). 2009; 1: 357-362.

111.  Campisi J. Aging, cellular senescence, and cancer. Annu Rev Physiol. 2013; 75:

685-705.

112.  Goldberg AA, Beach A, Davies GF, Harkness TA, Leblanc A and Titorenko VI.
Lithocholic bile acid selectively kills neuroblastoma cells, while sparing normal neuronal

cells. Oncotarget. 2011; 2: 761-782.

113.  Goldberg AA, Titorenko VI, Beach A and Sanderson JT. Bile acids induce

apoptosis selectively in androgen-dependent and -independent prostate cancer cells. Peer].

2013; 1: el22.

113



114.  Hanahan D and Weinberg RA. Hallmarks of cancer: the next generation. Cell.

2011; 144: 646-674.

115. Kaeberlein M. Longevity and aging. F1000Prime Rep. 2013; 5: 5.

116. Niccoli T and Partridge L. Ageing as a risk factor for disease. Curr Biol. 2012; 22:

R741-R752.

117. Partridge L. Intervening in ageing to prevent the diseases of ageing. Trends

Endocrinol Metab. 2014; 25: 555-557.

118. Piano A and Titorenko VI. The Intricate interplay between mechanisms underlying

aging and cancer. Aging Dis. 2014; 6: 56-75.

119. Rodier F and Campisi J. Four faces of cellular senescence. J Cell Biol. 2011; 192:

547-556.

120. Bonawitz ND, Chatenay-Lapointe M, Pan Y, and Shadel GS. Reduced TOR

signaling extends chronological life span via increased respiration and upregulation of

mitochondrial gene expression. Cell Metab. 2007; 5: 265-277.

114



121.  Powers RW 3rd, Kaeberlein M, Caldwell SD, Kennedy BK, and Fields S.
Extension of chronological life span in yeast by decreased TOR pathway signaling.

Genes Dev. 2006; 20: 174-184.

122.  Fabrizio P, Pozza F, Pletcher SD, Gendron CM, and Longo VD. Regulation of

longevity and stress resistance by Sch9 in yeast. Science. 2001; 292: 288-90.

123. Longo VD. Mutations in signal transduction proteins increase stress resistance
and longevity in yeast, nematodes, fruit flies, and mammalian neuronal cells. Neurobiol

Aging. 1999; 20: 479-486.

124.  Burtner CR, Murakami CJ, Olsen B, Kennedy BK, and Kaeberlein M. A genomic
analysis of chronological longevity factors in budding yeast. Cell Cycle. 2011; 10: 1385-

1396.

125.  Huang X, Liu J, and Dickson RC. Down-regulating sphingolipid synthesis

increases yeast lifespan. PLoS Genet. 2012; 8: ¢1002493.

126. Thompson-Jaeger S, Frangois J, Gaughran JP, and Tatchell K. Deletion of SNF1

affects the nutrient response of yeast and resembles mutations which activate the

adenylate cyclase pathway. Genetics. 1991; 129: 697-706.

115



127.  Alvers AL, Fishwick LK, Wood MS, Hu D, Chung HS, Dunn WA Jr, and Aris JP.
Autophagy and amino acid homeostasis are required for chronological longevity in

Saccharomyces cerevisiae. Aging Cell. 2009; 8: 353-369.

128.  Alvers AL, Wood MS, Hu D, Kaywell AC, Dunn WA Jr, and Aris JP. Autophagy
is required for extension of yeast chronological life span by rapamycin. Autophagy. 2009;

5: 847-849.

129. De Virgilio C. The essence of yeast quiescence. FEMS Microbiol Rev. 2012; 36:

306-339.

130. Conrad M, Schothorst J, Kankipati HN, Van Zeebroeck G, Rubio-Texeira M, and
Thevelein JM. Nutrient sensing and signaling in the yeast Saccharomyces cerevisiae.

FEMS Microbiol Rev. 2014; 38: 254-299.

131.  Broach JR. Nutritional control of growth and development in yeast. Genetics.

2012; 192: 73-105.

132.  Goldberg AA, Richard VR, Kyryakov P, Bourque SD, Beach A, Burstein MT,
Glebov A, Koupaki O, Boukh-Viner T, Gregg C, Juneau M, English AM, Thomas DY,
and Titorenko VI. Chemical genetic screen identifies lithocholic acid as an anti-aging

compound that extends yeast chronological life span in a TOR-independent manner, by

116



modulating housekeeping longevity assurance processes. Aging (Albany NY). 2010; 2:

393-414.

133.  Longo VD, Shadel GS, Kaeberlein M, and Kennedy B. Replicative and

chronological aging in Saccharomyces cerevisiae. Cell Metab. 2012; 16: 18-31.

134. Medvedik O, Lamming DW, Kim KD, and Sinclair DA. MSN2 and MSN4 link
calorie restriction and TOR to sirtuin-mediated lifespan extension in Saccharomyces

cerevisiae. PLoS Biol. 2007; 5: ¢261.

135.  Wei M, Fabrizio P, Hu J, Ge H, Cheng C, Li L, and Longo VD. Life span
extension by calorie restriction depends on Rim15 and transcription factors downstream

of Ras/PKA, Tor, and Sch9. PLoS Genet. 2008; 4: e13.

136. Engelberg D, Perlman R, and Levitzki A. Transmembrane signaling in

Saccharomyces cerevisiae as a model for signaling in metazoans: state of the art after 25

years. Cell Signal. 2014; 26: 2865-2878.

137. Readkaer SV, and Faergeman NJ. Glucose- and nitrogen sensing and regulatory

mechanisms in Saccharomyces cerevisiae. FEMS Yeast Res. 2014; 14: 683-696.

117



138.  Smets B, Ghillebert R, De Snijder P, Binda M, Swinnen E, De Virgilio C, and
Winderickx J. Life in the midst of scarcity: adaptations to nutrient availability in

Saccharomyces cerevisiae. Curr Genet. 2010; 56: 1-32.

139. Lee P, Cho BR, Joo HS, and Hahn JS. Yeast Yak1 kinase, a bridge between PKA
and stress-responsive transcription factors, Hsfl and Msn2/Msn4. Mol Microbiol. 2008;

70: 882-895.

140. Stephan JS, Yeh Y'Y, Ramachandran V, Deminoff SJ, and Herman PK. The Tor
and PKA signaling pathways independently target the Atgl/Atgl3 protein kinase

complex to control autophagy. Proc Natl Acad Sci USA. 2009; 106: 17049-17054.

141.  Yorimitsu T, Zaman S, Broach JR, and Klionsky DJ. Protein kinase A and Sch9
cooperatively regulate induction of autophagy in Saccharomyces cerevisiae. Mol Biol

Cell. 2007; 18: 4180-4189.

141. de Cabo R, Carmona-Gutierrez D, Bernier M, Hall MN, and Madeo F. The search

for antiaging interventions: from elixirs to fasting regimens. Cell. 2014; 157: 1515-1526.

142.  Eisenberg T, Knauer H, Schauer A, Biittner S, Ruckenstuhl C, Carmona-Gutierrez
D, Ring J, Schroeder S, Magnes C, Antonacci L, Fussi H, Deszcz L, Hartl R, Schraml E,
Criollo A, Megalou E, Weiskopf D, Laun P, Heeren G, Breitenbach M, Grubeck-

Loebenstein B, Herker E, Fahrenkrog B, Frohlich KU, Sinner F, Tavernarakis N, Minois

118



N, Kroemer G, and Madeo F. Induction of autophagy by spermidine promotes longevity.

Nat Cell Biol. 2009; 11: 1305-1314.

143. Fontana L, Partridge L, and Longo VD. Extending healthy life span - from yeast

to humans. Science. 2010; 328: 321-326.

144. Hubbard BP, and Sinclair DA. Small molecule SIRT1 activators for the treatment

of aging and age-related diseases. Trends Pharmacol Sci. 2014; 35: 146-154.

145. Kaeberlein M. Lessons on longevity from budding yeast. Nature. 2010; 464: 513-

519.

146. Leonov A, Arlia-Ciommo A, Piano A, Svistkova V, Lutchman V, Medkour Y,

and Titorenko VI. Longevity extension by phytochemicals. Molecules. 2015; 20: 6544-

6572.

147. Minois N, Carmona-Gutierrez D, and Madeo F. Polyamines in aging and disease.

Aging (Albany NY). 2011; 3: 716-732.

148. Huang X, Withers BR, and Dickson RC. Sphingolipids and lifespan regulation.

Biochim Biophys Acta. 2014; 1841: 657-664.

119



149. Morselli E, Galluzzi L, Kepp O, Criollo A, Maiuri MC, Tavernarakis N, Madeo F,
and Kroemer G. Autophagy mediates pharmacological lifespan extension by spermidine

and resveratrol. Aging (Albany NY). 2009; 1: 961-970.

150. Arlia-Ciommo A, Piano A, Svistkova V, Mohtashami S, and Titorenko V1.
Mechanisms underlying the anti-aging and anti-tumor effects of lithocholic bile acid. Int

J Mol Sci. 2014; 15: 16522-16543.

151.  Burstein MT, Beach A, Richard VR, Koupaki O, Gomez-Perez A, Goldberg AA,
Kyryakov P, Bourque SD, Glebov A, and Titorenko VI. Interspecies chemical signals
released into the environment may create xenohormetic, hormetic and cytostatic selective

forces that drive the ecosystemic evolution of longevity regulation mechanisms. Dose-

Response. 2012; 10: 75-82.

152.  Goldberg AA, Bourque SD, Kyryakov P, Gregg C, Boukh-Viner T, Beach A,
Burstein MT, Machkalyan G, Richard V, Rampersad S, Cyr D, Milijjevic S, and
Titorenko VI. Effect of calorie restriction on the metabolic history of chronologically

aging yeast. Exp Gerontol. 2009; 44: 555-571.

153.  Goldberg AA, Kyryakov P, Bourque SD, and Titorenko VI. Xenohormetic,

hormetic and cytostatic selective forces driving longevity at the ecosystemic level. Aging

(Albany NY). 2010; 2: 361-370.

120



154. Lutchman V, Medkour Y, Samson E, Arlia-Ciommo A, Dakik P, Cortes B,
Feldman R, Mohtashami S, McAuley M, Chancharoen M, Rukundo B, Simard E, and
Titorenko VI. Discovery of plant extracts that greatly delay yeast chronological aging and

have different effects on longevity-defining cellular processes. Oncotarget. 2016; 7:

16542-16566.

155. Leontieva OV, and Blagosklonny MV. Yeast-like chronological senescence in

mammalian cells: phenomenon, mechanism and pharmacological suppression. Aging

(Albany NY). 2011; 3: 1078-1091.

156. Demidenko ZN. Chronological lifespan in stationary culture: from yeast to human

cells. Aging (Albany NY). 2011; 3: 1041-1042.

157.  Fabrizio P, and Wei M. Conserved role of medium acidification in chronological

senescence of yeast and mammalian cells. Aging (Albany NY). 2011; 3: 1127-1129.

158. Blagosklonny MV. Cell cycle arrest is not yet senescence, which is not just cell

cycle arrest: terminology for TOR-driven aging. Aging (Albany NY). 2012; 4: 159-165.

159. Blagosklonny MV. Geroconversion: irreversible step to cellular senescence. Cell

Cycle. 2014; 13: 3628-3635.

121



160. Leontieva OV, Demidenko ZN, and Blagosklonny MV. S6K in geroconversion.

Cell Cycle. 2013; 12: 3249-3252.

161. McCubrey JA, Steelman LS, Chappell WH, Sun L, Davis NM, Abrams SL,
Franklin RA, Cocco L, Evangelisti C, Chiarini F, Martelli AM, Libra M, Candido S,
Ligresti G, Malaponte G, Mazzarino MC, Fagone P, Donia M, Nicoletti F, Polesel J,
Talamini R, Basecke J, Mijatovic S, Maksimovic-Ivanic D, Michele M, Tafuri A,
Dulinska-Litewka J, Laidler P, D'Assoro AB, Drobot L, Umezawa D, Montalto G,
Cervello M, and Demidenko ZN. Advances in targeting signal transduction pathways.

Oncotarget. 2012; 3: 1505-1521.

162. Sinclair DA, and Guarente L. Small-molecule allosteric activators of sirtuins.

Annu Rev Pharmacol Toxicol. 2014; 54: 363-380.

163. Kaeberlein M. The biology of aging: citizen scientists and their pets as a bridge
between research on model organisms and human subjects. Vet Pathol. 2015; pii:

0300985815591082.

164. Lopez-Otin C, Blasco MA, Partridge L, Serrano M, and Kroemer G. The

hallmarks of aging. Cell. 2013; 153: 1194-1217.

165. Pitt JN, and Kaeberlein M. Why is aging conserved and what can we do about it?

PLoS Biol. 2015; 13: e1002131.

122



166. Blagosklonny MV, and Hall MN. Growth and aging: a common molecular

mechanism. Aging (Albany NY). 2009; 1: 357-362.

167. McDonald RB. Biology of aging. Garland Science, Taylor & Francis Group,

LLC. 2014; Chapters 1 and 2, Pages 1-54.

168. Carvalhal Marques F, Volovik Y, and Cohen E. The roles of cellular and
organismal aging in the development of late-onset maladies. Annu Rev Pathol. 2015; 10:

1-23.

169. Colman RJ, Anderson RM, Johnson SC, Kastman EK, Kosmatka KJ, Beasley
TM, Allison DB, Cruzen C, Simmons HA, Kemnitz JW, and Weindruch R. Caloric
restriction delays disease onset and mortality in thesus monkeys. Science. 2009; 325:

201-204.

170. Colman RJ, Beasley TM, Kemnitz JW, Johnson SC, Weindruch R, and Anderson

RM. Caloric restriction reduces age-related and all-cause mortality in rhesus monkeys.

Nat Commun. 2014; 5: 3557.

171. Fontana L, and Partridge L. Promoting health and longevity through diet: from

model organisms to humans. Cell. 2015; 161: 106-118.

123



172.  Gems D. What is an anti-aging treatment? Exp Gerontol. 2014; 58: 14-18.

173. Kaeberlein M. Longevity and aging. F1000Prime Rep. 2013; 5: 5.

174. Kennedy BK, Berger SL, Brunet A, Campisi J, Cuervo AM, Epel ES, Franceschi
C, Lithgow GJ, Morimoto RI, Pessin JE, Rando TA, Richardson A, Schadt EE, Wyss-
Coray T, and Sierra F. Geroscience: linking aging to chronic disease. Cell. 2014; 159:

709-713.

175.  Kennedy BK, and Pennypacker JK. Drugs that modulate aging: the promising yet

difficult path ahead. Transl Res. 2014; 163: 456-465.

176. Longo VD, Antebi A, Bartke A, Barzilai N, Brown-Borg HM, Caruso C, Curiel
TJ, de Cabo R, Franceschi C, Gems D, Ingram DK, Johnson TE, Kennedy BK, Kenyon
C, Klein S, Kopchick JJ, Lepperdinger G, Madeo F, Mirisola MG, Mitchell JR, Passarino
G, Rudolph KL, Sedivy JM, Shadel GS, Sinclair DA, Spindler SR, Suh Y, Vijg J,
Vinciguerra M, and Fontana L. Interventions to slow aging in humans: Are we ready?

Aging Cell. 2015; 14: 497-510.

177. Moskalev A, Chernyagina E, de Magalhdes JP, Barardo D, Thoppil H,
Shaposhnikov M, Budovsky A, Fraifeld VE, Garazha A, Tsvetkov V, Bronovitsky E,
Bogomolov V, Scerbacov A, Kuryan O, Gurinovich R, Jellen LC, Kennedy B,

Mamoshina P, Dobrovolskaya E, Aliper A, Kaminsky D, and Zhavoronkov A.

124



Geroprotectors.org: a new, structured and curated database of current therapeutic

interventions in aging and age-related disease. Aging (Albany NY). 2015; 7: 616-628.

178. Niccoli T, and Partridge L. Ageing as a risk factor for disease. Curr Biol. 2012;

22: R741-R752.

179. Piano A, and Titorenko VI. The intricate interplay between mechanisms

underlying aging and cancer. Aging Dis. 2014; 6: 56-75.

180. Health Canada. http://www.hc-sc.gc.ca/index-eng.php

125


http://www.hc-sc.gc.ca/index-eng.php

	1_Cover pages_Abstract Table of Content etc (1)
	2_Chapter 1_Introduction
	3_Chapter 2
	4_Chapter 3
	5_Chapter 4_References

