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ABSTRACT 

 

Since the second half of past century in many developed Countries, life expectancy 

has gradually increased, reaching, and in some extreme cases exceeding, the 

threshold of 85 years. 

However, the increase of life expectancy is not associated with a corresponding 

increment of healthy conditions for the older population. Nowadays, a huge part of 

population over 65 years suffers a multitude of diseases, most of them highly 

disabling, like cardiovascular diseases, tumour or neurodegenerative disorders. 

This aspect has increased the interest on age-related issues, emphasizing the 

importance of reducing the gap between longevity and health during aging. For this 

purpose, efforts of many research lines have focused on studying which are the 

main factors that affect aging, in order to develop approaches that mitigate the 

detrimental effects of aging on health. Many aging-related pathways are 

evolutionarily conserved from some single-celled organisms to complex 

multicellular ones. Such knowledge has allowed us the use of simple model 

organisms to study this complex biological phenomenon. In this work we used the 

single-celled eukaryote Saccharomyces cerevisiae, which undergoes both replicative 

and chronological aging, two complementary models of aging, which respectively 

resemble the aging process of mitotically active and post-mitotic mammalian cells. 

In this context, replicative lifespan (RLS) is defined as the number of buds generated 

by a single mother cell in the presence of nutrients before death. On the contrary, 

chronological lifespan (CLS) is the mean and maximum period of time of surviving 

cells in stationary phase. It is determined, starting three days from the diauxic shift, 

by the capability of quiescent cells to resume growth once returning to rich fresh 

medium. Considering that there is a strong connection between cellular aging, 

nutrients and metabolism, we investigated the possible effects of some nutraceutical 

compounds, in order to identify molecules for anti-aging interventions, as well as 

add useful information to understand the aging process. To this end, during the first 

and second year of my PhD project, I studied the effects of resveratrol (RSV) on CLS. 

RSV is a polyphenolic compound counted among the Sirtuin Activator Compounds 

(STACs), which has been proposed to confer health benefits on different age-related 

diseases. Sirtuins are a family of NAD+-dependent deacetylases, the founding 

member of which is Sir2 of S. cerevisiae, whose activity is involved in both RLS and 
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CLS. Unexpectedly, we found that RSV supplementation increased oxidative stress 

in concert with a strong reduction of the anti-aging gluconeogenesis pathway. The 

deacetylase activity of Sir2 on its gluconeogenic target Pck1 was enhanced, resulting 

in its inactivation and indicating that RSV really acts as STAC. As a consequence, 

this brought about detrimental effects on the survival metabolism resulting in a 

short-lived phenotype. Next, we focused on the study of quercetin (QUER), a 

nutraceutical compound with health-promoting properties on different 

pathologies, including cardiovascular disorders, cancer and dyslipidaemia. 

Nevertheless, QUER cellular targets are still being explored. We found that QUER 

displays anti-aging properties favouring CLS extension. All data point to an 

inhibition of the deacetylase activity of Sir2 following QUER supplementation, 

resulting in increased levels of acetylation and activity of Pck1. This determines a 

metabolic remodelling in favour of the pro-longevity gluconeogenesis pathway, 

increasing trehalose storage and ensuring healthy aging improvement.  

Another aspect analysed in this thesis concerns the homeostasis of the cofactor 

nicotinamide adenine dinucleotide (NAD+) during chronological aging, since, 

together with its biosynthetic precursors, it is emerging as a potential nutraceutical 

compound and its levels critically affect the activity of Sir2. In this regard the 

expression of the specific mitochondrial NAD+ carriers, namely Ndt1 and Ndt2, has 

been altered, with opposite effects on both metabolism and CLS. The lack of both 

carriers decreases NAD+ levels and increases CLS, whereas NDT1 overexpression 

increases NAD+ content and negatively affects CLS. All results have shown that Sir2 

deacetylase activity significantly affects chronological longevity, thus identifying it 

as a crucial target in the aging process. In mammals, SIRT1, functional ortholog of 

yeast Sir2, also plays an important role in the orchestration of metabolism and cell 

survival, underlining the real possibility of transposing the knowledge acquired 

from yeast to complex organisms, including humans. Moreover, the results 

obtained for RSV and QUER highlight that the administration of a nutraceutical 

compound to a more complex organism with organs/tissues having different 

metabolic profiles could result in an unexpected physiological response due to its 

interaction with specific target(s). The ability to both develop personalized foods 

and deliver them to the target of interest represents the next aim in the development 

of nutraceutical interventions.  
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Aging is defined a physiological and gradual process of cell organism becoming 

older. This process leads to a time-dependent functional and structural decline, 

which ultimately results in loss of cellular homeostasis and death. It is a complex 

and multifactorial process characterized by an age-specific decrease in the 

reproductive rate and an increase in mortality, which are determined by a 

drastically decline or loss of fitness (1). Since the second half of the last century, as 

a result of an improvement of socio-economic conditions in many countries, life 

expectancy has gradually increased, beyond 80 years old in many European 

countries (2). However, this increase is associated with an increase in disease 

incidence, making age as a major risk factor for many pathologies (3). Indeed, the 

analysis on the spread of diseases such as arthritis, diabetes, cardiovascular 

diseases, cancer and pulmonary disorders, underlines that they affect a large 

percentage of the population aged over 65 (Fig.1).  

 

Fig.1 Prevalence of diseases as a function of age. COPD: chronic obstructive pulmonary disease. 

The financial burden of caring for an old population is substantial. According to a 

financial evaluation of the Center for Disease Control and Prevention, the costs for 

health-care, long-term care and hospice for people with dementia and 

neurodegenerative disorders is expected to increase $ 183 billion in 2011 to $ 1.1 

1.1 AGING 
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trillion in 2050 (4). This aspect has increased the interest on age-related issues, 

emphasizing the importance of reducing the gap between longevity and health 

during aging. For this end, efforts of many research lines have focused on studying 

which are the main factors that affect aging, in order to develop approaches that 

mitigate the effects of aging on health. Among the main hallmarks of the aging 

process, one can mention genomic instability, epigenetic alterations, loss of 

proteostasis, deregulation of metabolism and mitochondrial dysfunctions (5, 6). For 

an exhaustive argumentation, a summary overview of these processes will be 

described, although not all of them are discussed in this thesis. Genomic instability 

means progressive accumulation of DNA damage over time; the stability of genome 

is continually threatened by exogenous/environmental agents, including chemicals 

and physical ones, and endogenous agents like errors of DNA polymerase during 

replication as well as reactive oxygen species (ROS) (7). Normally, the cell detects 

damage through specific pathways defined DNA damage checkpoint and, 

depending of the kind of lesion, activates appropriate damage repair systems. 

During aging the homeostasis of detection and repair systems decreases, making 

the cell more prone to accumulate DNA damages and this can result in tumour 

developing (8). Epigenetic represents the reversible heritable mechanisms occurring 

without any alteration of the DNA sequence and it is involved in the modulation of 

gene expression (9). In response to the aging process, epigenetic alterations occur, 

including changes in histone posttranslational modifications, loss of histone 

proteins and/or the addition of histone variants, affecting also genome stability 

(10). Proteostasis represents another critical factor involved in longevity regulation 

(11). It is estimated that about 30% of the newly synthesised proteins are improperly 

folded and directed towards their degradation. Under normal conditions, cells can 

use the protein quality control system, which principally includes chaperon 

proteins, to maintain a state of protein homeostasis. Many diseases that are typical 

of old age, such as Parkinson's and Alzheimer’s diseases, are strongly associated 

with alterations of proteostasis, which results in proteins aggregation, cellular stress 

and death. Among the major contributors to aging and age-related pathologies, 

metabolism plays a pivotal role (12). In addition, it depends on nutrient intake, 

making it properly conditioned by the diet. Mitochondrial metabolism is one of the 

main factors involved in longevity regulation and mitochondrial dysfunctions have 

been classified as an aging hallmark. During aging, alterations of both 

mitochondrial oxidative metabolism and biosynthetic one occur, making the cell 
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more susceptible to oxidative stress and alteration of biosynthetic intermediates (6). 

All the processes described above concern functional alterations occurring in single 

cell, emphasizing that the aging process depends on a cellular decline that 

subsequently has consequences on organs, tissues and finally on organism. Many 

aging-related pathways are evolutionarily conserved from some single-celled 

organisms to complex multicellular ones (13). This knowledge has allowed us the 

use of model organisms, more accessible from the experimental point of view, to 

study this complex biological phenomenon. Indeed, the survival curves of several 

divergent organisms, ranging from the single-celled yeast to human, are very 

similar to each other (14) (Fig.2).   

 

 

  

 

 

 

 

 

 

 

 

 

Fig.2 Survival curves of divergent organisms. The similarity in the survival curves of different 

organisms suggests a common regulation of the aging process and the possibility of using simple and 

experimentally more accessible model organisms to study it. Reproduced from (14).   
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In the context of aging research, useful information has been provided by the 

unicellular yeast Saccharomyces cerevisiae, which has now become a useful model 

system for the study of molecular mechanisms underlying human longevity (15). It 

is commonly known as baker’s yeast or brewer’s yeast and the name cerevisiae 

derives from the old name of beer (16). S. cerevisiae is a single-celled eukaryote and, 

under optimal conditions, divides every 90 minutes through a process of budding 

in which the generated daughter cells are smaller than mothers. Unbudded yeast 

cells have a diameter of approximately 5 µm. S. cerevisiae can be present in haploid 

(mating type a or α) or diploid state. Under optimal nutrient conditions, two yeast 

strains with opposite mating type can form the diploid strain. Conversely, under 

nutrient-poor conditions, diploid strain can be induced to undergo meiosis and 

sporulation, forming four haploid spores, two for each mating type. Concerning the 

metabolism of S. cerevisiae, it is defined as facultative anaerobic organism; the 

capability to grow with a fermentative or respiratory metabolism is a condition that 

makes this yeast indispensable in the production of bread. It may display either a 

fully respiratory or a fermentative metabolism or even a mixed respiratory-

fermentative metabolism, depending on the growth conditions (for example the 

type and/or the concentration of a given carbon source and the presence/absence 

of oxygen).   

The first speculations on the possibility of using yeast to investigate complex 

biologic phenomena started in 1988 (17). A few years later, S. cerevisiae became the 

first eukaryote whose genome was completely sequenced, highlighting the 

presence of several genes conserved with mammals (18). From this discovery, the 

interest to use it as a model system arose, also considered that it offers a number of 

experimental advantages compared with mammalian cells, which are listed below: 

(i) it has simple nutritional requirements and a relatively fast cell division (ii) it 

exists in either haploid or diploid states (iii) as facultative aerobe, it can survive in 

the absence of functional mitochondria, thereby enabling the study of human 

mitochondrial myopathies (iv) it allows the construction of humanized yeast 

models, which can reproduce the detrimental effects of some neurodegenerative 

disorders, like Parkinson’s and Alzheimer’s, permitting the study of human genes 

1.1.1 THE YEAST Saccharomyces cerevisiae AS A 

MODEL FOR AGING RESEARCH 
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that lack a corresponding yeast counterpart (v) depending on the carbon source, 

yeast activates different metabolic pathways, whose dysfunction is responsible for 

metabolic diseases, such as diabetes and dyslipidaemias (vi) yeast offers the 

possibility of exploring natural or synthetic compounds, with potential positive 

effects on human health (19–23). Yeast contributed to our understanding of 

biochemical pathways, which drive the biogenesis of organelles and membranes, 

cell growth and division, the response to various endogenous and environmental 

stresses, as far as the comprehension of more complex dynamics, like cancer, 

mitochondrial disorders and apoptosis-associated diseases (24). Since yeast 

undergoes both replicative and chronological aging, it is widely utilized as a model 

in aging research  (25). They represent two complementary models of aging. 

Yeast replicative aging simulates the aging process of dividing cells of multicellular 

eukaryotes, like fibroblasts and leukocytes (25). When growth conditions are 

optimal and nutrients are available, yeast cells grow in a balanced way and, once 

they reach a critical size, divide asymmetrically, generating daughter cells smaller 

than the mother. This phase is defined as exponential growth phase. In this context, 

replicative lifespan (RLS) is defined as the number of buds generated by a single 

mother cell in the presence of nutrients before death (26, 27) (Fig.3). In other terms, 

the RLS defines the replicative potential of a mother cell in the presence of nutrients. 

Generally, after 25-35 divisions, replicative aged mother cells start to die. RLS 

analysis is usually performed by separation of daughter cells from mother ones by 

using a dissection microscope fitted with a micromanipulator. Besides the 

difference in size, the mother cell is clearly distinguishable by the bud-scars left after 

separation of the daughters. However more innovative and advanced systems have 

been developed, among which systems that allow selective killing of daughter cells 

(25).  

When nutrients become limiting, yeast enters a phase of quiescence (stationary 

phase), in which cell growth and division stop and cells acquire physiological and 

metabolic features allowing their survival. The length of time that a yeast 

population survives in this phase is defined as chronological lifespan (CLS) (28). 
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Fig.3 Schematic representation of yeast replicative and chronological aging. In the upper part, yeast 

replicative lifespan is measured by the number of daughter cells generated by the mother in the 

presence of nutrients before death. At the bottom part, yeast chronological lifespan is measured by the 

capability of quiescent cells in stationary phase to resume growth upon return to rich fresh medium. 

 

In a standard CLS experiment, yeast cells grow in batch in synthetic complete 

medium containing 2% glucose (SDC), a four-fold excess of the supplements 

required for auxotrophies, yeast nitrogen base, ammonium sulphate (nitrogen 

source), sodium phosphate, vitamins, metals and salts. In these conditions, yeast 

growth is sustained by a prevalent fermentative metabolism (28). When glucose is 

depleted, the diauxic shift occurs, resulting in a shift from a respiro-fermentative-

based metabolism to a strictly respiratory-based one, in which the C2 compounds 

previously produced, namely ethanol and acetate, are utilized during the post-

diauxic phase. This shift determines a metabolic reprogram, including the 

activation of stress response genes, gluconeogenesis, glyoxylate and tricarboxylic 

acid (TCA) cycle, whose outcome influences the length of survival during the 

stationary phase. Finally, when nutrients are completely exhausted, cells stop 

dividing and enter a quiescent phase in which they continue to be metabolically 

active, albeit to a lesser extent. In this context, the measurement of CLS is 

determined, starting three days from the diauxic shift, by the capability of quiescent 

cells to resume growth and form a colony once returning to rich fresh medium (28) 

Capacity to re-
enter the mitotic 
cycle 
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(Fig.3). The mean survival of wild-type strains depends on their genetic background 

and ranges from 6-7 days (DBY746/SP1) to 15-20 days (S288C/BY4700). The growth 

curve of S. cerevisiae in batch cultivation is shown in Fig.4. 

 

Fig.4 Growth curve of yeast cells and metabolites production/consumption. Yeast cells were grown 

in batches at 30°C in minimal medium (Difco Yeast Nitrogen Base without amino acids, 6.7 g/L), 

supplemented with 2% w/v glucose. Auxotrophies were compensated with a four-fold excess of 

supplements. At designated time-points glucose and ethanol concentrations in the growth medium 

were determined.  

Among the physiological and metabolic features of the cells in stationary phase we 

can remember the following: 

- absence of mitotic division, thus cells result unbudded and in G0 phase; 

- decrease of metabolism despite cells remain responsive to exogenous and 

endogenous stimuli. This characteristic allows them to re-enter the mitotic 

cycle once the environmental and nutritional conditions become favourable 

again;  

- alteration/remodelling of cell wall structure which results in a thickening; 

- mitochondria are more rounded and increased in number compared with 

those in exponential phase, indicating that processes of mitochondrial 

fission is promoted; 

-  more resistance to a variety of stresses, such as heat and osmotic ones;  

- the intracellular concentrations of both glycogen and trehalose increase; 
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- lipid vesicles become increasingly abundant in the cytoplasm, and 

triacylglycerol synthesis increases; 

- autophagy is activated. It is a highly conserved metabolic process that 

consists of the de novo synthesis of cytosolic vesicles, called autophagosomes, 

which during their biogenesis sequester damaged organelles and proteins. 

Once the maturation process has been completed, vesicles fuse with the 

vacuole of yeast cells and release their content. The cytosolic material 

previously stored is degraded thanks to the action of specific hydrolases. 

Finally, degradation products derived from this catabolic process can be 

transported again to the cytoplasm and recycled by the cell. This pathway is 

activated by environmental and endogenous stress, including the change in 

nutrient availability, thus representing an important signal transduction 

pathway in preserving cellular homeostasis (29, 30).  

 

 

  

Metabolism consists of biochemical reactions required for nutrient utilization in 

order to produce energy and intermediates for biomass synthesis, catabolism and 

anabolism reactions respectively. A crucial component of metabolism is the carbon 

metabolism, namely all the reactions allowing nutrients utilization, particularly 

glucose, which represents the hexose monosaccharide preferentially metabolized 

by yeast. The hexose monosaccharide sugars, including glucose, enter the cell 

thanks to many transporters, called hexose transporters (HXT) that allow a 

facilitated diffusion. The transporters mediating this import are at least twenty 

encoded by the genes HXT1-HXT17, GAL2, SNF3, RGT2 (31). The last three have 

peculiar features that distinguish them from the others, even though maintaining a 

similar amino acid sequence: Gal2 is specific for galactose import, while Snf3 and 

Rgt2 act as glucose sensors and are activated at high and low glucose 

concentrations, respectively (32). The transporters show a highly conserved 

structure within helix transmembrane domain, while a major variability is observed 

in the N- and C-terminal domains, which are exposed on the cytoplasmic side (31). 

The expression of these transporters is strictly dependent on glucose concentration. 

For example, Hxt1 is expressed at high glucose levels and it shows a low affinity for 

the molecule, while Hxt2 has a low KM and maximises glucose import in case of 

1.1.2 CARBON METABOLISM IN S. cerevisiae      
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nutrient deficiency (33). Once glucose is imported within the cell, it is 

phosphorylated and oxidized through the glycolysis (from the Greek word 

glykis=sweet) pathway, which leads to the synthesis of pyruvate, NADH and two 

ATP molecules.  

Glycolysis pathway is a sequence of ten enzyme-catalysed reactions. The first five 

steps are regarded as the preparatory (or investment) phase, since they involve the 

consumption of two molecules of ATP for two phosphorylation reactions. The 

second half of glycolysis is known as the pay-off phase, which allows the 

production of two molecules of pyruvate, four molecules of ATP and two of NADH, 

with a net yield of two ATP molecules. 

The pyruvate obtained from glycolysis can follow three major fates: (i) 

decarboxylation to acetaldehyde which generates acetyl-CoA by the pyruvate 

dehydrogenase (PDH) bypass; (ii) anaplerotic carboxylation to oxaloacetate and (iii) 

the direct oxidative decarboxylation to acetyl-CoA by the pyruvate dehydrogenase 

(PDH) complex, which is located in the mitochondrial matrix.  

(i) In the cytosol, pyruvate can be converted to acetyl-CoA by the so-called PDH-

bypass pathway that requires the activity of three different enzymes: (a) pyruvate 

decarboxylase, which converts pyruvate to acetaldehyde; (b) acetaldehyde 

dehydrogenase (Ald), converting acetaldehyde to acetate; and (c) acetyl-CoA 

synthetase (Acs), which activates acetate to cytosolic acetyl-CoA that can then be 

transported unidirectionally into the mitochondrion via the carnitine 

acetyltransferase system. Cytosolic acetyl-CoA is crucial for biomass synthesis: 

deletion mutants in this metabolic branch are unable to grow on glucose, while they 

grow if acetate, which allows the production of acetyl-CoA, is added to the medium 

(34).  

(ii) Carboxylation of pyruvate to give oxaloacetate is an important anaplerotic 

pathway that allows the replenishment of the TCA cycle. Also in this case, this 

pathway is essential for cells growing with a fermentative regime: strains carrying 

deletions in genes encoding Pyc1 and Pyc2, the two isoforms of pyruvate 

carboxylase, can not grow in a exclusively fermentative regime and with glucose as 

sole carbon source (35). This is due to the need to maintain an active TCA cycle, 

albeit to a lesser extent, in order to produce cytosolic oxaloacetate. Indeed, the TCA 

cycle is fundamental for the production of intermediates for amino acids 

biosynthesis and oxaloacetate is the aspartate ketoacid (35). However, pyc1Δ and 

pyc2Δ, can grow on non-fermentable carbon sources, such as ethanol, because the 



 

15 

 

glyoxylate shunt is active and allows oxaloacetate generation, bypassing the 

carbonylation of pyruvate. These two first metabolic fates of pyruvate, fermentation 

and carbonylation, are highly regulated by glucose levels and represent the main 

branches that pyruvate follows when the concentration of glucose is elevated, 

regardless of the presence of oxygen.  

(iii) Pyruvate is able to cross the outer mitochondrial membrane, while the passage 

through the porin across the inner mitochondrial membrane requires the 

mitochondrial pyruvate carrier (MPC), which represents a link between cytosolic 

pyruvate metabolism and the TCA cycle (36, 37). Once in the mitochondrial matrix, 

pyruvate is oxidized to acetyl-CoA thanks to the PDH complex. Both MPC and PDH 

are enzymatic complexes: MPC is a heteromeric complex consisting of three 

proteins encoded by MPC1, MPC2, MPC3 genes (36). The expression of MPC1 is not 

affected by the kind of metabolism taking place in the cell while the other two, 

MPC2 and MPC3, are specific for fermentative and respiratory metabolism, 

respectively (38). PDH is a mitochondrial enzyme composed of three major subunits 

E1, E2, E3, in turn formed by several subunits. The enzyme is the main link between 

glycolysis and TCA cycle and is subject to a strict regulation. For example LPD1 

transcription, gene encoding an E3 subunit, is repressed by glucose presence (39).  

Then acetyl-CoA produced by the PDH complex, fuels the TCA cycle: the main 

metabolic function of this pathway is the generation of reducing power in the form 

of NADH for the mitochondrial electron transport chain, through the oxidative 

decarboxylation of acetyl-CoA. Moreover, as previously said, it also has an 

important anabolic function by supplying the cell with intermediate metabolites 

necessary for the biosynthesis of amino acids. The NADH generated from the TCA 

cycle, as well as that produced from glycolysis and from pyruvate oxidation to 

acetyl-CoA, is conveyed towards the mitochondrial transport chain, which allows 

the regeneration of NAD+, with oxygen as the final electron acceptor and the 

subsequently generation of H20. The mitochondrial electron transport chain is 

described in detail in (6). In Fig.5 a scheme of the metabolic pathways described 

above is represented. 
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Fig.5 Key reactions involved in pyruvate metabolism in S. cerevisiae. Reproduced from (37)   

 

As mentioned previously, the ability of yeast cells to shift their metabolism and 

adapt it to conditions of nutrient scarcity, determines the length of the stationary 

phase and thus the chronological longevity. Indeed, when glucose is depleted cells 

consume the earlier produced ethanol and acetate through gluconeogenesis and 

concurrently they boost respiration (40). The gluconeogenesis pathway retraces 

glycolysis in anabolic direction, allowing the synthesis of glucose-6-phosphate from 

some non-carbohydrate carbon substrates, such as glycerol and pyruvate. Glucose 

is essential not only as energy source, but also as anabolic metabolite. Indeed, the 

synthesis of nucleotides requires the formation of ribose-5-phosphate obtained from 

glucose-6-phosphate. However this pathway also involves independent steps from 

glycolysis: from pyruvate to phosphoenolpyruvate two reactions are required. The 

former is due to the carbonylation of pyruvate to oxaloacetate by the enzyme 

pyruvate carboxylase. The latter requires the enzyme phosphoenolpyruvate 

carboxykinase (Pck1) which converts oxaloacetate into phosphoenolpyruvate. Up 

to fructose-1,6-bisphosphate, the gluconeogenesis proceeds in anti-parallel sense 

compared to glycolysis. At this point, the reaction that gives the fructose-6-

1.1.3 GLUCONEOGENESIS AND GLYOXYLATE 
CYCLE 

https://en.wikipedia.org/wiki/Carbohydrate
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phosphate is catalysed by the enzyme fructose-6-biphosphatase (Fbp1). Both Pck1 

and Fbp1 are strictly regulated by glucose levels: their expression is activated only 

when glucose concentrations reach at least 0.005%. Moreover, Pck1 is the enzyme 

catalysing the rate limiting step of gluconeogenesis and whose activity is influenced 

by its (de)acetylation state (41, 42). The acetylation/deacetylation of metabolic 

enzymes plays a crucial role in cell adaptation to changing energy status and it is 

regulated by the amount of a key metabolic intermediate, acetyl-CoA, that links 

metabolism with signalling, chromatin structure, and transcription (41). In yeast 

Sir2, a NAD+-dependent protein deacetylase and founding member of Sirtuin 

family, is the enzyme responsible for the deacetylation and subsequently 

inactivation of Pck1. Pck1 provides the first and clear evidence of a metabolic 

enzyme whose (de)acetylation state regulates the gluconeogenic flux. In addition, 

its acetylation is necessary and sufficient for CLS extension under water starvation, 

a condition known for increasing lifespan and healthspan in yeast, worms, fruit flies 

and mammals (41, 43). In addition, the gluconeogenesis pathway is crucial during 

chronological aging because it allows the production of glycogen and trehalose 

starting from glucose-6-phosphate. This latter, a glucose dysaccharide, on the one 

hand allows energy storage and on the other acts as a molecular chaperon allowing 

the proper folding of proteins damaged principally by oxidative stress (44). As 

energy reserve, trehalose is preferred to glycogen since cleavage of one glycosidic 

trehalose bond rapidly provides two glucose molecules, whereas cleavage of a 

single glycosidic bond in a glycogen molecule provides only one glucose molecule. 

Concerning the stress protectant role of this sugar, it is due to its intrinsic property 

to substitute for water molecules and to stabilize membrane structure. In this way 

it excludes water molecules, protecting cells from desiccation and proteins from 

denaturation (45). Whereas glycogen accumulation occurs before glucose depletion 

and peaks at the diauxic shift, trehalose is accumulated in the post-diauxic phase 

(46). Glycogen reserves are partially utilized to fuel the metabolic adaptations to 

respiratory-based growth on fermentation products and for trehalose synthesis. 

In yeast the reaction from pyruvate to acetaldehyde is irreversible, differently from 

mammals in which the oxidation of lactic acid to pyruvate can occur and it is 

catalyzed by the enzyme lactate dehydrogenase. Moreover, when the 

gluconeogenesis pathway is activated, the availability of pyruvate is reduced, since 

glucose is depleted. For this reason, a metabolic bypass that allows to obtain 

substrates for gluconeogenesis is necessary. This bypass is the glyoxylate cycle 



 

18 

 

which shares some enzymes with the TCA cycle, displaying a fundamental role for 

anaplerosis of biosynthetic intermediates. Compared to the TCA cycle, glyoxylate 

cycle lacks decarboxylation reactions. As a result, the compounds with two carbon 

atoms, which enter the cycle as acetyl-CoA, can be converted to compounds with 

four or more carbon atoms, such as malate and citrate. As previously said, this 

pathway shares some enzymes with the TCA cycle, while others are unique 

enzymes, such as isocitrate lyase (Icl1). In a standard CLS experiment, ICL1 deletion 

determines a short-lived phenotype and impairment in acetate metabolism, 

confirming a critical role of this pathway for chronological survival (42). The 

glyoxylate cycle is both cytosolic and peroxisomal: the cytosolic enzymes are 

required during a fermentative metabolism, while the peroxisomal components are 

required to use the acetyl-CoA units generated from the β-oxidation of fatty acids. 

The production of acetyl-CoA is necessary to supply this metabolic flux because, as 

said above, acetaldehyde is not directly convertible into ethanol. Mitochondrial and 

cytosolic acetyl-CoA are not interconvertible, but ethanol can diffuse through cell 

membranes, being in both cytosol and mitochondria and converted to acetyl-CoA. 

In this context, the glyoxylate cycle is fundamental since it allows the anabolism of 

cytosolic acetyl-CoA to give glucose-6-phosphate. By employing two molecules of 

acetyl-CoA, succinate is generated. This molecule is transported into mitochondria 

through the antiport of succinate-fumarate mitochondrial shuttle, Sfc1. Then 

fumarate is converted to malate by the enzyme fumarase (Fum1), present both in 

cytosol and mitochondria, therefore converted to oxaloacetate that represents the 

substrate for gluconeogenesis.      

Chronologically aged cells, on the one hand, modulate carbon metabolism by 

increasing the glyoxylate/gluconeogenesis fluxes and, on the other, 

modulate/increase mitochondrial respiration. Mitochondria are considered 

essential organelles, since they provide energy in the form of ATP, as well as the 

biosynthesis of some amino acids and nucleotides. Their functionality is strictly 

related to the aging process and aging-associated diseases, because ROS (generally 

in the form of anion superoxide) are principally generated by electron leakage from 

the mitochondrial respiratory transport chain, contributing to the chronological 

aging phenotype. Indeed, an imbalance between the anion superoxide production 

and the cellular antioxidant capacity, seriously affects yeast CLS (47). However, the 

influence of these organelles on the aging process also depends on other functions, 
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like the mitochondrial carbon metabolism and the NAD+/NADH homeostasis as 

reviewed in (6).  

Long-term survival in the stationary phase also includes the possibility of storing 

and subsequently using lipid reserves. In yeast, lipids, mainly triglycerides, are 

stored in the lipid droplets. Lipids are mobilized and subjected to β-oxidation in 

peroxisomes. In aging studies, the proper function of these oxidative cell organelles 

results to be crucial since peroxisomal deficiency and the inability to perform β-

oxidation negatively affects CLS (48).  

Thereby, it is evident that metabolism plays a crucial role in regulating the aging 

process. Considering that there is a strong connection between cellular aging, 

nutrients and metabolism, we investigated the possible effects of some nutraceutical 

compounds, in order to identify molecules for pro-longevity interventions, as well 

as to add useful information in the comprehension of the aging process. In 

particular, we focused on the study of nutraceutical interventions known to 

promote healthy aging and to counteract some metabolic disorders, with the aim of 

identifying metabolic targets that may be useful for the development of anti-aging 

supplements. 

 

 

 

 

Dr Stephen De Felice coined the term “Nutraceutical” from “Nutrition” and 

“Pharmaceutical” in 1989. The term nutraceutical is being generally used in 

common language, in commercial messages and marketing but has no regulatory 

definition. According to De Felice, nutraceutical can be defined as "a food (or part 

of a food) that provides medical or health benefits, including the prevention and/or 

treatment of a disease". In nutraceutical definition are also included dietary 

supplements and medical foods. On the contrary, functional foods represent a 

different class. Functional foods have no a unique definition but are different from 

nutraceuticals since they are categorized as food that can possess an additional 

function/property upon the addition of one or more ingredients. For example, a 

work highlighted the benefits on health of improving the nutritional quality of eggs 

by enhancing levels of anti-oxidants, like vitamin E, carotenoids and selenium, and 

n-3 fatty acids such as docosahexaenoic acid (49). Thus, functional food provides 

the organism with the required amount of vitamins, fatty acids, proteins, 

1.2 NUTRACEUTICAL – DEFINITION 
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carbohydrates, etc, needed for its healthy survival. When food is prepared using 

"scientific intelligence", by adding compounds which are known for possessing 

anti-oxidant and pro-longevity properties, is called functional food. When 

functional food allows the prevention and/or treatment of diseases, it is defined a 

nutraceutical.  In contrast, dietary supplements may not be represented as a 

conventional foodstuff. They are compound that contain vitamins, amino acids 

and/or fatty acids, which are ingested in pill, capsule, tablet or liquid form (50). 

Medical foods are prescribed for the treatment of specific diseases and intended for 

use under medical supervision (4). Regarding the chemical structure, nutraceuticals 

can be classified as isoprenoid derivatives (terpenoids, terpens and carotenoids), 

phenolic compounds (isoflavones, flavanones and flavonoids), carbohydrate 

derivatives (ascorbic acid or vitamin D), fatty acids and more complex lipids (n-3 

polyunsatured fatty acids, sphingolipids and lecithins), amino acids derivatives 

(capsaicinoids, indoles, folate and choline) and minerals (calcium and potassium) 

(4). Dietary carotenoids are obtained from different fruits and vegetables, such as 

carrots and spinaches. Carotenoids confer health benefits and are abundant in the 

macula of the eye, which is responsible for central vision. Macular degeneration is 

a common disease in the elderly and is among the main visual disorders in this 

population. Indeed, the treatment of patients affected by this problem with lutein 

and zeaxanthin (members of the carotenoid family) has been demonstrated to 

improve the retinal function (51). Other studies have highlighted a role for lycopene 

(another important member of the carotenoid family, which is responsible for the 

red colour of tomatoes) in lung cancer prevention thanks to its anti-oxidants activity 

(52). Indeed, lycopene is unstable and highly reactive towards oxygen and free 

radicals.  

Polyphenols are naturally occurring compounds found in different fruits, 

vegetables and beverages. These molecules represent secondary metabolites of 

plants and are generally involved in defence against oxidative stress. 

Epidemiological studies have shown an inverse correlation between risk of 

neurogenerative disorders and intake of food rich in polyphenols due to the anti-

oxidant properties of these molecules (4). The major source of dietary polyphenols 

are cereals, legumes (corn, nuts and beans), fruits (apple, grape and cherry) 

vegetables and beverages (fruit juices, green tea and red wine) (53). For example, a 

glass of red wine or a cup of green tea contains about 100 mg polyphenols.  
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Vitamin D, the so-called sunshine vitamin, is another important member of the 

nutraceutical compounds. Its importance depends on its function in bone 

metabolism and in prevention of osteoporosis, especially when used in combination 

with calcium (54). However, other studies have shown its efficacy also in reducing 

the risk of diabetes and cancer (55).  

Nutraceutical fatty acids are becoming of significant interest thanks to their 

capability to act as biochemical modulators of skeletal biology (56). Indeed, dietary 

fat sources, which exert health properties on skeletal tissue belong to omega-6 and 

omega-3 families of essential fatty acids. This is probably due to alteration of 

prostanoid formation and cell-to-cell communication. Omega-3 fatty acids are 

found in fish oil and some plants. Among their beneficial properties, are known to 

have anti-inflammatory effects and to reduce the total content of blood triglycerides 

(4).  

Nutraceutical amino acids consist mainly of glutamic acid, aspartic acid, 

tryptophan, valine and arginine, which confer health benefits on cancer prevention, 

immune function, depression, muscle metabolism and thyroid function, 

respectively (57). Table 1 summarises the main nutraceutical compounds, the foods 

in which they are found and the benefits they have for health.    

Table 1. Main nutraceutical compounds and health-benefits.   

Nutraceutical compounds Foods Biological activities 

Lutein and Zeaxanthin Carrots and spinaches  Retinal function 

improvement 

Lycopene Tomatoes Lung cancer prevention 

Polyphenols Cereals, legumes, fruits, 

vegetables 

Anti-oxidant properties, 

inflammation and cognitive 

improvement 

Vitamin D Salmons and sardines Osteoporosis prevention 

and diabetes reduction 

Omega-3 and Omega-6 Fish oil Skeletal muscle 

improvement 

Nutraceutical amino acids Red seaweed Cancer prevention, muscle 

metabolism and thyroid 

improvement 
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In recent years, significant progresses in understanding the aging process have been 

obtained. From a genetic point of view, it is very complex to reduce the harmful 

effects of aging on health. For this reason, efforts of many research lines are focused 

on the discovery of dietary supplements that prevent and/or delay the progression 

of cardiovascular pathologies, neurodegenerative diseases or cancer. Although 

there is no a commonly accepted theory for the cause of aging, some evidence has 

suggested that oxidative stress could play a pivotal role in both aging and age-

associated diseases (58). In 1956, Harman proposed the free radical theory of aging. 

From the point of view of chemical structure, a free radical is a highly reactive 

molecule with at least one unpaired electron. Since molecules attempt to achieve a 

stable state, free radicals can react with nucleic acids, lipids of membranes and 

proteins, causing damages and increasing the risk of contracting cancer and 

diseases. According to this theory, aging results from accumulation of non-repaired 

lesions. In this attempt, many studies focused on the discovery of anti-oxidant 

compounds (59, 60). For example, Villeponteau and co-workers wished to identify 

an anti-aging nutritional supplement in form of oral formulation that maximally 

reduced oxidative stress. They tested the YouthGuard nutritional compound 

(containing anti-oxidants, minerals, vitamins and omega-3 fatty acids) and 

discovered its beneficial effects on atherosclerosis plaques and clogged arteries (59). 

Other studies suggest that supplements of vitamin E, vitamin C or both can 

contribute to decrease the risk of chronic diseases like Alzheimer’s and Parkinson’s 

diseases, senile macular degeneration, cataracts and ischemic heart disease (61). A 

meta-analysis on the link between vitamin E and mortality has been conducted in 

2005 (62). The study was conducted on more than 135000 subjects and led to the 

discovery of the existence of a dose–response relationship between vitamin E 

supplementation and mortality in randomized, controlled trials. Another study 

revealing the importance of the dosage of a given nutraceutical compound was 

carried out in 2001 by Cornelli and collaborators (63). They showed that a low dose 

of a combination of antioxidants decreased oxidative stress in healthy volunteers, 

while higher doses of the same compound had a pro-oxidative effect.  

1.2.1 THE ROLE OF NUTRACEUTICALS IN 
ANTI-AGING RESEARCH 
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Recent published works have shown that nutraceutical compounds could be useful, 

in combination with conventional drugs, in the treatment of different age-associated 

pathologies. The following represent some examples:  

Alzheimer’s and Parkinson’ diseases and nutraceuticals: Alzheimer’s disease is 

considered the most common form of dementia. Frequently, it is diagnosed in 

subjects over 65 years of age (64). There were about 27 million of people with this 

disease in 2006 and is estimated that it will reach 75 million in 2030 and 131.5 million 

in 2050 (64). As previously mentioned, different research lines suggest that 

oxidative stress might have a crucial role in many neurodegenerative disorders, 

including Alzheimer’s disease. Nutraceutical anti-oxidants like curcumin, 

lycopene, β-carotene may exert beneficial effects by specifically counteracting free 

radicals and delay Alzheimer’s disease development (65). Parkinson's disease is a 

degenerative disorder of the central nervous system that mainly affects the motor 

system, resulting in shaking, rigidity and slowness of movement. The symptoms in 

advanced stages also include thinking and behavioural problems. This is brought 

about by the destruction of dopamine-generating cells in the substantia nigra, due 

to unknown causes. Vitamin E and glutathione supplementations have shown 

promising results in preliminary studies, principally inhibiting oxidative stress, 

inflammation and apoptosis, as well as ensuring mitochondrial homeostasis (66).  

Aging brain and nutraceuticals: human brain aging is associated with different 

neurobiological changes. For proper brain function, it is important to maintain a 

balance between support/structural cells, such as glia cells, and functional cells, like 

neurons. However, with age in the nervous system of mammals structural and 

neurobiochemical changes occur, such as thinning of the cortex, senile plaques 

formation, neurofibrillary tangles and cerebral β-amyloid angiopathy (67). Several 

research lines and clinical studies suggest that herbal supplements and 

phytochemicals can mitigate the decline in cognitive functions associate with brain 

aging and pathologies like dementia. Dietary interventions delay this pathological 

progression thanks to their anti-oxidative, anti-inflammatory and anti-

amyloidogenic properties. Constant and moderate consumption of plant foods rich 

in flavonoids (red wine, tea and berries) determine cognitive improvements. 

Different preclinical and epidemiological studies suggest the potential of 

polyphenols to reverse neurodegenerative pathology and the loss of memory, 

learning and neurocognitive performance (68). Three main processes may account 

for flavonoid effects: (i) some polyphenols can modulate, directly or indirectly, the 
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activity of protein and lipid kinases, such as the phosphatidylinositol 3-kinase and 

mitogen-activated protein kinases, resulting in gene expression of pro-survival 

proteins and leading to the inhibition of apoptosis caused by neurotoxic species. (ii) 

Flavonoids promote angiogenesis, favouring the peripheral and cerebral vascular 

blood flow. (iii) Polyphenolic compounds can react with pro-inflammatory 

compounds generated during brain aging and/or neurodegenerative disorders and 

mitigate their detrimental effects, such as oxidative stress (69). However, the 

potential of many polyphenols to exert their function specifically in the brain 

depend on their (in)ability to penetrate the blood-brain barrier (BBB). For example, 

lipophilic compounds can penetrate the BBB, while the flow of hydrophilic 

compounds through the barrier depends on their interaction with specific 

transporters (70). The efficacy of isoflavones on memory and cognition depends on 

their ability to mimic the action of estrogens in the brain and to modulate the 

synthesis of acetylcholine and neurotrophic factors. Curcumin, the main constituent 

of the spice turmeric (Curcuma longa), improves cognitive function in healthy elderly 

subjects thanks to its ability to scavenge oxidative and inflammatory stress and to 

reduce amyloid plaque burden (69). Higher consumption of tea/green tea, rich in 

epigallocatechin-3-gallate, is associated with a reduced prevalence of cognitive 

impairments, decreasing the incidence of dementia and Alzheimer’s and 

Parkinson’s diseases. This is probably due to its ability to chelate metal ion, 

principally iron, to promote anti-inflammatory response and to facilitate cholinergic 

transmission. 

Cardiovascular diseases and nutraceuticals: cardiovascular disorders rank among 

the most common health-related and economic issues worldwide. The foods 

consumed daily are crucial contributors to cardiovascular risk, including 

hypertension, cerebrovascular diseases, hearth failure and diabetes (71). 

Nutraceutical compounds in the form of vitamins, minerals and omega-3 

polyunsatured fatty acids are recommended for both prevention and treatment of 

arterial pathologies (64). Spirulina, a blue-green microalga, rich in vitamins, 

minerals and carotenoids, has been shown to exert an antihypertensive effect. 

Indeed, its oral supplementation resulted in systolic and diastolic blood pressure 

reduction (72). Flavonoids play a major role in in prevention and curing of 

cardiovascular pathologies, by inhibiting the angiotensin-converting enzyme and 

the cyclooxygenase enzymes (64). In addition, flavonoid intake is inversely 

correlated with mortality caused by coronary hearth diseases. For example, omega-
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3 fatty acids specifically present in fish affect plasma lipids and hearth diseases, like 

arrhythmias (73).  

Cancer and nutraceuticals: nutraceuticals, mostly phytochemicals derived from 

dietary or medicinal plants, have been suggested to have chemopreventive 

activities by modulating the process of apoptosis. Apoptosis is a self-defense 

mechanism to remove dysfunctional cells such as the precursors of metastatic 

cancer cells. Indeed, defect in apoptosis mechanism is considered as an important 

cause of carcinogenesis. A dysregulation of proliferation alone is not sufficient for 

cancer formation; an inhibition of apoptotic pathway is needed. Cancer cells acquire 

resistance to apoptosis by overexpressing antiapoptotic proteins (Bcl2, IAPs, and 

FLIP) and/or by downregulating proapoptotic proteins (Bax, Apaf-1, caspase-8) 

(74). A wide range of phytochemicals with hormonal activity, the so called phyto-

estrogens, are recognized to have preventive effects against prostate and breast 

cancers (75). Some dietary supplements can interact with drug cancer therapies and 

modulate/amplify their action mechanism. Probably, the most-well documented 

nutraceutical-drug interaction is the potential for St John’s Wort, a herbal 

supplement which can be bought at the food store, to induce cytochrome P4503A4, 

a major cytochrome involved in the activation of many cancer drugs (76). Regarding 

the treatment of the late-stage cancers, nutraceutical interventions seem to have 

promising effects. For example, green tea polyphenols inhibit neovascularization 

and angiogenesis, influencing the development and the possible metastasis of 

existing cancers.      

Diabetes, obesity and nutraceuticals: metabolic syndromes represent typical 

diseases of the elderly, which increase the propensity to cardiovascular diseases and 

type II diabetes. Occurrence of both metabolic syndromes and diabetes and the 

associated vascular diseases share different pathogenic features like inflammation 

and persistent platelet activation. Some nutraceutical compounds have been shown 

to prevent or delay diabetes complications (like neural dysfunctions) through 

protection against oxidative stress. For example, vitamin C, a chain-breaking 

antioxidant that scavenges ROS directly, reduces sorbitol levels and lipid 

peroxidation in animals with diabetes (77). Also vitamin D deficiency is often 

associated with obesity and type II diabetes, probably due to its deposition in the 

lipid stores where it becomes less bioavailable. Two randomized controlled trials 

that used combination of calcium and vitamin D treatment found that it may reduce 

the risk of type 2 diabetes (78). Also flavonoids have beneficial effects against type 
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II diabetes. Isoflavones are phytoestrogens with structural and functional 

similarities to human estrogens. The consumption of soy isoflavones has been 

associated to lower incidence and mortality rate of type II diabetes and osteoporosis 

(64).  

Obesity represents a global public health problem with more than 300 million 

people involved. It is a risk factor for disorders like hypertension, thrombosis, 

hyperlipidaemia and diabetes. Nutraceutical approaches are currently being 

investigated on a large-scale as useful and potential treatment for obesity. Herbal 

stimulants, such as caffeine, chitosan and green tea, have anti-obese properties and 

facilitate body weight loss (79). Different studies have demonstrated the effects of 

nutraceutical from fruits or plants in reducing oxidative stress and promoting 

healthy aging in invertebrate models, including yeast (80). In this thesis we have 

evaluated the possible effects of two polyphenols and nutraceutical compounds, 

namely resveratrol and quercetin, on yeast chronological aging. 

 

 

 

 

Resveratrol (3,5,4′-trihydroxystilbene) (RSV) is a nonflavonoid polyphenol and 

nutraceutical compound on which a number of research lines are focusing due to 

its pharmacological potential. Its chemical structure consists of two phenolic rings 

bonded together by a double bond, which is responsible for the isometric cis- and 

trans- forms of RSV(Fig.6).  

Fig.6 Chemical structure of trans- and cis-resveratrol.  

 

The trans-isomer is the most stable from the steric point of view. The chemical 

structure of RSV determines a low water solubility (<0.05mg/mL), which affects its 

1.2.2 RESVERATROL   
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absorption. To increase its solubility, ethanol (50mg/mL) or organic solvents, like 

dimethyl sulfoxide (16 mg/mL), may be used. Since RSV shows lipophilic features, 

it is highly absorbed in the intestine, through passive diffusion or with transporters 

like integrins.  

Once in the bloodstream, RSV can be found in the form of glucuronide, sulfate or 

free. This latter can bind albumin and lipoproteins, like LDL, and promote 

mobilization and lipid metabolism (81). RSV is a phytoalexin, with antifungal and 

antibacterial properties, found in many plants including grapes, peanuts, and 

berries. RSV was first isolated in Veratrum grandiflorum, or white hellebore plant, in 

1940 (82). Grapevine and the products derived therefrom, such as grapes and red 

wine, are sources of RSV (83).  

In particular, RSV intake with red wine has been proposed to explain the “French 

Paradox”, a term coined in 1980 that describes the apparently paradoxical 

epidemiological studies that in France revealed low rates of coronary heart diseases 

despite a diet rich in saturated fats (84). This apparent paradox has been ascribed to 

beneficial properties of RSV linked to French dietary habits of constant and 

moderate consumption of red wine, in which the concentrations of RSV are about 

0.1–14.3 mg/L. As a natural compound, RSV utilization as a nutraceutical and 

therapeutic compound for several diseases has been widely researched in 

preclinical studies. For example, RSV modulates the nuclear factor κB signaling 

pathway, which regulates inflammation, immune response to infection and cellular 

response to endogenous and environmental stimuli.  

In addition, it has been shown to significantly inhibit the IGF-1R/Akt/Wnt 

pathways and activate p53, therefore influencing tumour development and 

metastasis (82). One of the biological activities that has been ascribed to RSV 

involves its antioxidant properties. Because of their high reactivity, free radicals 

have the potential to be extremely detrimental and harmful on human health. 

Radical chain reactions consist of three distinct phases: initiation, which frequently 

is a homolytic cleavage event, propagation, in which the reactive free radical 

generated can react with stable molecules to form new free radicals, and so on. 

Finally, the termination step occurs when two free radical species react with each 

other to form a stable, non-radical adduct.  

Given the hazardous nature of free radicals, antioxidant molecules are often added 

to foods to prevent the radical chain reactions. They act by inhibiting the initiation 

and/or propagation step, leading to the termination of the reaction and reducing 
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the oxidation process. In particular, RSV is both a free radical scavenger and an 

antioxidant molecule thanks to its ability to induce the activities of several 

antioxidant enzymes (85, 86).  

The capability of polyphenols to counteract oxidative stress depends both on the 

redox properties of their phenolic hydroxy groups and the potential for electron 

delocalization across their molecular structure. For RSV, three different 

mechanisms have been proposed in order to explain its antioxidant properties: (i) 

stabilization of the unstable semi-reduced form of ubiquinone (the major site for 

ROS production along the electron transfer chain into mitochondria) (ii) scavenging 

of anion superoxide (iii) inhibition of lipid peroxidation caused by Fenton reaction 

products (85). However, some studies suggested a pro-oxidant effect of RSV 

depending on cell type, RSV concentration and the amount of oxidative stress to 

counterbalance (85, 86). These results could explain the anticancer and apoptotic 

inducing properties of RSV, besides the cytotoxicity of a diet excessively rich in 

polyphenols. 

Some results provide interesting insights into the effect of this compound on the 

lifespan of mammalian cells and model organism like yeast, highlighting its 

potential in the comprehension of the aging process and age-related pathologies (47, 

87). In this context, a molecular screen for the detection of compounds able to 

activate the sirtuin SIRT1, led to the discovery that RSV activates SIRT1 in vitro, 

feature that allows to define RSV as a sirtuin activator compound (STAC) (23). 

Sirtuins comprise an evolutionarily conserved family of NAD+-dependent histone 

and protein deacetylases with several biological functions, many of which are 

linked to the aging process (88). The founding member of this family, Sir2, was 

initially characterized in yeast as a factor involved in transcriptional silencing at 

mating type loci and telomeres (89). Later was discovered the involvement of Sir2 

in the regulation of the aging process and this topic will be explored in the following 

paragraphs.  

RSV and similar polyphenols (flavones and stilbenes) were reported to activate 

SIRT1 in vitro with a direct allosteric activation, which lowered the peptide substrate 

KM (23). However, other studies have also hypothesized that RSV could bind the 

fluorophore on the peptide during the molecular screen rather than directly activate 

SIRT1 (90). However, considering that RSV has effects on SIRT1 also in vivo studies, 

the idea that this Sirtuin is effectively activated by RSV, directly or indirectly, is 

supported (91).  
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Also the deacetylase activity of Sir2 further increases in the presence of RSV, both 

in vitro and in vivo (23, 86). Particularly, we demonstrated an increase in 

deacetylation activity of Sir2 specifically on its gluconeogenic target, Pck1 (86). The 

allosteric activation mechanism proposed for RSV includes the binding of this 

molecule to the N terminal domain of SIRT1, resulting in a lowering of the KM for 

its substrates  (92). This regulatory domain is also present in Sir2. Indeed, the 

interaction between Sir2 and Sir4 requires this domain and enhances the Sir2-

mediated deacetylation of histone H4K16. RSV, by binding this domain, could 

increase the affinity for Pck1 (86).  

 

 

 

Quercetin (3,3',4',5,7-pentahydroxyflavanone) (QUER) is one of the important 

flavonoids (the term is derived from the Latin word “flavus,” meaning yellow) 

present in different plants and fruits such as onions, apples, tea and capers, and it 

is known for its anti-inflammatory, antihypertensive and antioxidant properties 

(93) (Fig.7). 

 

1.2.3 QUERCETIN  
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 Fig.7 Foods and beverages rich in 

quercetin. Information provided by 

(Muhammad et al., 2018). 

  

 

 

 

Its molecular structure comprises a skeleton of diphenylpropane, namely two 

benzene rings linked together by a pyranic ring (heterocyclic ring). More precisely, 

QUER is a flavanol because it presents a hydroxyl group in position 3 of the ring C, 

which can also be glycosylated (Fig.8). The most common QUER glycoside is the 

quercetin-3-O-β-glucoside. The biosynthesis of QUER is a defensive response of 

some plants to environmental stress. Flavonoids often function as protection from 

ultraviolet sunlight and lipid peroxidation (94).  

QUER is poorly soluble in hot water (0.06 mg/mL) and insoluble in cold water, 

quite soluble in alcohol like ethanol (2 mg/mL), lipids and organic solvents like 

dimethyl sulfoxide (30 mg/mL). Concerning QUER availability, namely the amount 

that is absorbed and available for physiologic activity or storage when it is orally 

administered, depends on its molecular structure (95). In particular, differently 

from its form in several supplements, most of the QUER in foods is linked to a sugar 

molecule, as previously said. Differences in QUER-conjugated glycosides affect its 

bioavailability.  

Food and 
Beverage Source 

Quercetin content 
(mg/100g)g/100g) 

Caper 180.2 

Raw dock leave 19.94 

Pepper 50.6 

Sweet potato 20.55 

Red onion 19.94 

Raw cranberry 14.01 

Red apple 4.45 

Blueberry 3.12 

Green tea 2.7 
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For example, in onions the most common form of QUER is QUER-3-glucoside 

(isoquercetin) and is absorption is about 52%. On the contrary, the absorption of a 

standard QUER supplement is 24% (95). Generally, QUER glucoside, compared 

with QUER aglycone, has major availability. This is probably due to two factors: (i) 

QUER glucoside is more water soluble than QUER aglycone and (ii) the 

glycosylated form is absorbed with high efficiency thanks to the sodium-dependent 

glucose transporter 1.  

 

 

 

 

 

 

 

 

Fig.8 Chemical structure of quercetin.  

 

As antioxidant flavonoid QUER reduces the negative effects of free radicals through 

the quick transfer of hydrogen atoms to the radicals. Thus, QUER counteracts 

oxidative stress, which contributes to diseases like atherosclerosis, diabetes and 

ischemic hearts. QUER has been studied extensively in several models, such as the 

nematode Caenorhabditis elegans, mammalian cell cultures, mice and humans (93). 

Many beneficial effects of QUER were reported for S. cerevisiae  (96–98). For instance, 

a short-term pre-treatment with QUER increased oxidative stress resistance of 

H2O2-treated cells and increased CLS (97). The antioxidant protection of QUER was 

also ascribed to the capability to chelate transition metals, such as iron and copper, 

that determine the conversion of H2O2 to the reactive hydroxyl radicals.  

However, another study highlighted that QUER increases yeast RLS under stress 

exposure through the activation of specific signal transduction pathways (96). 

Indeed, transcription regulators Yap1 and Msn2/4 play a crucial role in ensuring 

an adaptative response to oxidative stress in yeast. The pre-treatment with QUER 
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determined an efficient response to oxidative stress Msn2/4-dependent, indicating 

that QUER increased stress resistance both preventing protein oxidation by 

providing its hydrogen atoms and mediating a transcriptional response (96). A 

microarray analysis revealed changing in gene expression following QUER 

treatment of yeast cells (98).  

Particularly, QUER induced several genes related to carbohydrate metabolism that 

are under catabolite repression and whose expression increases in response to 

glucose depletion, as after the diauxic shift. Among the up-regulated genes, there 

are GSY2 necessary for glycogen synthesis, GPH1 and GDB1 encoding glycogen 

phosphorylase and debranching enzyme, respectively, and TPS1 for trehalose 

biosynthesis. In addition, QUER supplementation increased the expression of genes 

encoding proteins of the cell wall integrity pathway, like SLT2. By Western analysis 

with anti-phospho-p44/42 antibody that recognizes the active phosphorylated form 

of Slt2, it has been shown that QUER effectively activates this pathway (98). Both in 

vitro and in vivo studies have shown that QUER activates SIRT1, directly or 

indirectly (23, 99).  However, given the peculiar molecular structure of polyphenols, 

including quercetin, the stimulation of SIRT1 activity is influenced by their stability 

and metabolism (100). Indeed, the metabolism of QUER in human cells leads to the 

formation of SIRT1-inhibitory metabolites, including quercetin-3-O-glucuronide.  

This result underlines that different metabolites of the same substance can have 

opposite effects on the specific activity of a molecular target, with different 

repercussions on organ/tissue/ organism.    

Given that different nutritional sources and/or their absence have a strong impact 

on the type of metabolism adopted by yeast cells and their longevity, the main 

metabolic regulators involved in the response to nutritional stimuli will be listed 

below. 

 

 

1.3 PATHWAYS THAT LINK METABOLISM, 
NUTRIENT AVAILABILITY AND 

LONGEVITY IN YEAST 
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This pathway is known as the most important glucose-sensing signalling pathway 

in S. cerevisiae. About 90% of the genes involved in the diauxic shift are regulated 

by this pathway (101). The protein kinase A (PKA) is a heterotetramer consisting of 

two negative regulatory subunits encoded by the BCY1 gene and two catalytic 

subunits encoded by TPK1, TPK2 and TPK3 genes with share high sequence 

homology (102). These three genes are considered partially redundant given that is 

necessary and sufficient that only one of them is functional to have a vital 

phenotype, while deleting all three genes leads to a lethal phenotype. However, 

some authors have proposed the possibility of a modulation of specific and 

independent molecular targets by the proteins encoded by these genes, highlighting 

the need for further investigations (103). The regulation of PKA is determined by 

the presence of adenosine cyclic monophosphate (cAMP).  

When the regulatory subunits Bcy1 binds the cAMP loses affinity for the catalytic 

subunits and separates from them. In this way, the inhibitory action of the 

regulatory subunits on the PKA activity is not performed, resulting in kinase 

activation. This highlights that the level of cAMP is crucial for the activation of PKA: 

it depends on cAMP production thanks to the adenylate cyclase encoded by CYR1 

and its utilization thanks to the low and high-affinity phosphodiesterase activities, 

encoded by PDE1 and PDE2, respectively. PKA is able to regulate through an 

inhibitory phosphorylation the activities of both Pde1 and Pde2: an in vitro assay 

has shown that PKA phosphorylates these phosphodiesterases (104).  

Although a direct in vivo phosphorylation has not been demonstrated, is hypotized 

that PKA inhibits the activities of these phosphodiesterases at high glucose levels. 

On the other hand, Cyr1 activity is stimulated by Ras1 and Ras2 GTPases, and Gpa2, 

α-subunit of the heterotrimetric G protein. Ras1 and Ras2 have similar functions, 

but their expressions differ. Ras1 mRNA expression collapses when cells are 

growing in media containing non-fermentable carbon sources, such as glycerol or 

pyruvate (105). These G proteins are activated when bind the guanyl-nucleotide 

factor GTP and in turn phosphorylate and activate Cyr1, promoting cAMP 

production.  

A genetic study have shown that a double deletion in RAS2 and CYR1 causes 

lethality, which is suppressed upon PDE3 deletion, confirming the involvement of 

1.3.1 Ras/PKA PATHWAY   
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these proteins in the modulation of cAMP levels (106). Once active, PKA acts on 

different molecular targets: it activates a signalling cascade that allows the 

transcription of genes for the synthesis of ribosomal proteins, inhibits the 

transcription factors Adr1 and Msn4, required for the transcription of genes 

necessary for the diauxic shift, and the kinase Rim15 (107).  

 

 

 

 

Sucrose non-fermenting 1 (Snf1) protein kinase, a yeast homologue of mammalian 

AMP-activated protein kinase, is fundamental for the growth on sugars other than 

glucose, such as maltose or galactose, and non-fermentable carbon sources like 

ethanol and glycerol, playing a fundamental role in the shift from fermentative to 

oxidative metabolism in response to glucose deprivation.  

Moreover, Snf1 kinase has a crucial role in the cellular response to several forms of 

stress, such as salt stress and heat shock. The Snf1/AMPK protein kinases are 

conserved throughout all eukaryotes and share an αβγ heterotrimeric structure 

(108). The catalytic α-subunit comprises the kinase domain and the regulatory 

domain. The former displays 1 sub-domains and contains the activation loop (also 

called T-loop). The latter domain in both yeast and mammals contains an auto-

inhibitory sequence (AIS), which was shown to inhibit the kinase activity. The 

function of the γ subunit (Snf 4 in yeast) is to regulate the activity of the α-catalytic 

subunit (109). The β-subunit acts as a scaffold keeping the α and the γ subunits 

together. Phosphorylation of a conserved threonine within the T-loop of the 

catalytic subunit is fundamental for Snf1/AMPK activity. At high glucose 

concentrations, Snf1 assumes a molecular conformation that causes the auto-

inhibition of the protein. When glucose is depleted Snf4 binds Snf1, allowing an 

initial activation of the protein. The complete activation is achieved thanks to the 

phosphorylation of threonine 210 by several kinase activities. Snf1 is also regulated 

at the level of subcellular localization. However, the molecular details and how 

glucose influences its activities still remain unclear. Once in active form, Snf1 affects 

many glucose-repressed genes by inhibiting the transcriptional repressor Mig1. 

Indeed, Snf1 phosphorylates Mig1 and promotes its nuclear export (110). Snf1 is 

also required for the transcription of genes by Cat8 and Sip4 necessary for 

1.3.2 Snf1   
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derepression of a variety of genes under non-fermentative growth conditions and 

after the diauxic shift, like FBP1, PCK1 e ICL1 (111). 

 

 

The TORC1/Sch9 pathway is not directly activated by glucose although it has 

effects on its metabolism. This pathway is the main responsive signalling system for 

the amino acids and, depending on their availability, it is activated. The acronym 

TOR means Target of Rapamycin, a molecule that inhibits the complex. TORC1 

comprises the regulatory subunits Lst8, Kog1 and Tco89, and the kinase subunit 

Tor1 (112).  

The EGO complex, composed of Ego1, Ego3, Gtr1 and Gtr2, mediates TORC1 

activation by amino acids (113). Gtr1 and Gtr2 are Ras-family GTPases and 

orthologues of the metazoan Rag GTPases, while the Ego1 and Ego3 are the likely 

functional homologue of the mammalian Ragulator complex. To activate the system 

the mediators Gtr1/2 must be in the state Gtr1GTP-Gtr2GDP. This system is in turn 

regulated by the Seh1-Associated Complex (SEAC) consisting of 8 proteins divided 

into two sub-complexes: the former is the SEAC Inhibiting TORC1 (SEACIT) 

complex, while the latter is the SEAC activating TORC1 (SEACAT) complex.  

SEACIT acts as a GTPase activating protein (GAP), allowing the hydrolysis of GTP 

in GDP on Gtr1, which results in the pathways inhibition following amino acids 

deprivation (114). When amino acids are present, SEACAT inhibits SEACIT, 

allowing the switch from the inactive form Gtr1GDP to the active one Gtr2GTP. The 

main target of TORC1 is Sch9, a kinase belonging to the AGC family proteins. AGC 

is an acronym deriving from protein kinase A, protein kinase G and protein kinase 

C. Sch9 is the main effector of TORC1 and is regulated by numerous 

phosphorylations at the C-terminal necessary for its activation (115). In addition to 

being one of the major regulators of gene expression of ribosomal proteins, the 

TORC1 pathway orchestrates the proper entry into the stationary phase. In this 

context, it regulates the activity of the kinase Rim15, which integrates the signals 

coming from different nutrient-sensing pathways. Indeed, also PKA 

phosphorylates and inhibits Rim15 activity (116).   

1.3.3 TORC1/Sch9, CALORIE RESTRICTION 
AND HORMESIS 
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This means that both TORC1/Sch9 and PKA signalling pathways converge on the 

protein kinase Rim15 to control entry into G0. Indeed, a work demonstrated that 

Sch9 interacts with Rim15 in vivo and phosphorylates it (117). Rim15 activity is 

strongly related to its phosphorylation state: when the PKA or TORC1/Sch9 

pathways are activated, Rim15 is in the phosphorylated inactive form and is 

localized in the cytoplasm. Following nutrient depletion the upstream pathways are 

repressed, leading to an active dephosphorylated form of Rim15 that can perform 

its functions in the nucleus. Indeed, once activated, the kinase leads to the 

phosphorylation of Msn2 and Msn4 that function as a dimer, and Gis1. Msn2/4 are 

a direct target of Rim15, at least in in vitro studies (118). Gis1, on the other hand, is 

indirectly activated by Rim15, which phosphorylates the dimer Igo1/2. In this 

phosphorylated and active form, Igo1/2 inhibits the Cdc55-protein phosphatase 2A 

(PP2ACdc55), favouring the maintenance of an active phosphorylated form of Gis1 

(119).  

The two transcription factors Gis1 and Msn2,4 have zinc finger domains through 

which interact with specific DNA sequences. The former is more specific for the 

post diauxic shift element (PDSE) sequences, while the latter binds preferentially 

stress responsive element (STRE) sequences. Among the genes induced following 

the activation of these transcription factors there are the environmental stress 

response (ESR) genes that control different cellular processes, ranging from 

metabolism to cell cycle regulation and stress response and adaptation. Another 

important effector under the control of Sch9 is the transcription factor Hap4. Hap4, 

besides controlling the sphingolipid metabolism, is part of a complex of proteins 

that also comprises Hap2, Hap3, and Hap5, which acts primarily as a transcriptional 

activator of genes regulating the complexes involved in the electron transport chain 

(113, 120). This aspect implies that Sch9 activity is strictly related to the 

mitochondria functionality and respiration performance. For example, strains with 

an altered and defective TORC1/Sch9 signalling have a higher density of 

mitochondrial respiratory-chain enzymes, increase coupled respiration and 

enhance ROS production during the exponential phase, resulting in an adaptive 

signal that extends CLS (121).  

The idea that ROS can act as signal molecules and induce an adaptive response to 

oxidative stress resulting in beneficial effects on the aging process, is supported by 

the concept of hormesis, in this case we refer specifically to mitohormesis. King 

Mithridates VI used to assume small amounts of poisons to protect himself from 
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recurrent attempts at attacks on his life through poisoning. He was confident that 

he could immunize himself by the constant intake of small doses of poison. The 

concept of hormesis is very similar: small doses of toxic stimulus, in this case of 

oxidative stress, can have beneficial effects and provide adaptation, allowing an 

efficiently response against wider doses of toxic stimuli of a similar nature.  

By using genetic and pharmacological yeast models of respiratory deficiency, it has 

been demonstrated that a reduced TORC1/Sch9 signalling reconfigures 

mitochondrial respiration towards a state that increases both mitochondrial 

membrane potential and ROS production during exponential growth, which results 

in an adaptive ROS signal that increases CLS (122).  

A similar adaptive response is observed when imposing a calorie restriction (CR) 

regime or extreme CR, both conditions that extend longevity in many model 

organisms (123). In yeast, CR is obtained by reducing the content of glucose from 

standard 2% until 0.5%, even if other concentrations have been used (124). A severe 

form of CR is achieved by transferring post-diauxic cells from their expired medium 

to water (42, 125). Also in this case, the adaptive response to the stress condition 

given by the reduced glucose content in a condition of CR is mediated by the 

TORC1/Sch9 pathway, since CR fails to further increase the RLS of cell lacking 

SCH9 or TOR1, demonstrating that these deletion mutants are genetic mimics of CR 

(126). A scheme of Ras/PKA and TORC1/Sh9 is shown in Fig.9.   
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Fig.10. Schematic representation of Ras/PKA and TORC1/Sch9 pathways in yeast. In yeast, nutrient-

sensing pathways controlled by Ras/PKA and TORC1/Sch9 converge on the protein kinase Rim15. In 

turn, the stress response transcription factors Msn2, Msn4, and Gis1 allow the transcription of genes 

for stress response, which leads to RLS extension. Adapted by (Wei et al., 2008).  
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Sirtuins are a family of NAD+-dependent protein deacetylases. The silent 

information regulator 2 (Sir2) of S. cerevisiae is the founding member of this family 

and regulates silencing at the mating-type loci, telomeres, and ribosomal DNA 

(rDNA) loci (127). In mammals seven Sirtuins are present, termed SIRT1-7, which 

share the sequence homology of catalytic domain with yeast Sir2. The SIR genes 

were first identified in the context of a screening of haploid mutants unable to 

sexually conjugate with cells of the opposite mating type (128). As mentioned in the 

section 1.2, the mating of yeast only occurs between two haploid strains, which can 

be either the a or α mating type, leading to a diploid strain MATa/MATα in which 

the co-expression of both a and α genes determines the silencing of the system. 

Mating type is determined by a single locus, MAT, localized on chromosome III in 

S. cerevisiae, which in turn governs the sexual behaviour of both haploid and diploid 

cells.  

Experimental evidence revealed that through a genetic recombination, haploid 

yeast can switch mating type, suggesting the presence of at least one other mating-

related gene, which normally was maintained silent. Further studies confirmed this 

hypothesis, showing the presence, in addition to the locus MAT, of two loci both 

localized on chromosome III: one was defined homotallic mating-type right arm 

(HMR) and the other homotallic mating-type left arm (HML), respectively at the 

right and left of the centromere. The genes that are responsible for the silencing of 

these two loci are SIR2, SIR3, SIR4 and, to a lesser extent, SIR1. A similar silencing 

mechanism was later demonstrated at telomeres and rDNA loci. SIR2, SIR3 and 

SIR4 are all required for silencing at both mating type loci and telomeres but only 

SIR2 is required for silencing at rDNA (129, 130).  

Silencing causes a more compact, inaccessible regional chromatin structure, as 

demonstrated in (131). In particular, the silencing of these three regions occurs in 

different ways: at HMR and HML loci, Sir2 forms a complex with Sir1/3/4 that binds 

the DNA sequences thanks to a scaffold formed by Rap1 and Abf1 proteins. Sir2 

locally deacetylates an adjacent nucleosome on histone 3 (H3) and histone 4 (H4) 

tails, promoting the spread of the SIR complex across the silenced domains. For 

telomeric silencing, Sir2 forms a heterodimer with Sir4 that binds the repeated 

regions of telomeres through the DNA-binding proteins Rap1 and Ku70:Ku80.  

Following the deacetylation of lysine 16 on H4 by Sir2, Sir3 binds with high affinity 

this deacetylated residue and mediates the binding of other Sir2/4 complexes 

1.3.4 SIRTUINS 

https://en.wikipedia.org/wiki/Mating_type
https://en.wikipedia.org/wiki/Locus_(genetics)
https://en.wikipedia.org/wiki/Genetic_recombination
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allowing the spread across the sub-telomeric regions. These interactions mediated 

by the DNA-binding proteins ensure that the action of the SIR complex is site-

specific. The silencing of rDNA sequences requires the regulator of nucleolar 

silencing and telophase (RENT) complex in which Sir2 forms a complex with Net1 

and Cdc14. The main function of this complex is to stabilize these regions in order 

to avoid their excision through homologous recombination that could determine 

the production of the pro-aging extra chromosomal rDNA circles (ERCs). In fact, 

the first evidence of a strict connection between silencing, Sir2 activity and 

longevity, was seen in yeast in a context of RLS (132). Sir2 activity is required for 

RLS since this latter is dependent on the stability of the rDNA repeats.  

Regardless of the silenced locus, Sir2 is the protein of the complex that effectively 

mediates the deacetylation of the histone residue. The reaction involves the 

consumption of a molecule of NAD+, which is used as acceptor of the acetyl group, 

with the formation of ADP-Ribose-O-acetyl (O-AADPR) and nicotinamide (NAM). 

The scheme of the reaction is shown in Fig. 11. Sir2 deacetylase activity is influenced 

by both these reaction products. The former promotes the link of Sir2 with Sir3, 

favouring the formation of SIR complex on DNA in in vitro studies (133). The latter 

inhibits Sir2 activity, both in vitro and in vivo (47, 134). For more details on NAD+ 

homeostasis that affects Sir2 activity see (6) in Chapter 4. Since this Sir2-mediated 

reaction depends on the availability of NAD+, a strict connection between Sir2 

activity and metabolism is widely accepted.  
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Fig.11 Sir2 deacetylation reaction. Sir2 catalyses an NAD+-dependent deacetylation of histone tails or other non-

histone acetylated proteins; the reaction transfers the acetyl group from acetylated lysine residues to the ADP -

ribose moiety of NAD+, generating deacetylated targets, NAM and O-AcADPR. 

 

This is supported by the knowledge that Sir2 can also deacetylate cytosolic 

substrates and that different metabolic enzymes are subject to (de)acetylation also 

in mammals too. For example, SIRT1, the mammalian orthologue of Sir2, positively 

modulates the activity of acetyl-CoA synthetase (AceCS1) through its deacetylation 

(Hallows et al., 2006). In S. cerevisiae, Sir2 regulates the activity of Pck1, which is 

inactivated by the Sir2-dependent deacetylation, explaining why Sir2 plays an 

antagonist role in the extension of CLS, also in extreme CR condition, such as that 

obtained by resuspending chronological aging cells in water (41). Indeed, both the 

survival in exhausted medium and in water require a metabolic rearrangement that 

involves both oxidative metabolism and gluconeogenesis.  

SIR2 inactivation is sufficient to determine a faster/efficient ethanol depletion and 

to further increase CLS in extreme CR condition (40, 125).  

Moreover, with the lack of Sir2, the increase in the acetylated active form of Pck1 

occurs with the resulting development of a metabolic scenario in which the 

https://www.google.it/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwik19Kxxv7dAhWBjKQKHTtqClsQjRx6BAgBEAU&url=https://www.benbest.com/lifeext/aging.html&psig=AOvVaw0GJpqz4EjloOqwrZrV0E5w&ust=1539352839513136


 

42 

 

glyoxylate/gluconeogenic fluxes are enhanced, while respiration is reduced (47). 

This means that following SIR2 inactivation, ethanol utilization is conveyed 

towards the aforementioned pathways and its anabolic utilization favours the 

storage of reserves, namely glycogen and trehalose, and subsequently increases 

CLS. This underlines that ethanol metabolic fate and utilization as carbon/energy 

source and not just its mere presence, affects chronological longevity (40). 

The first evidence that Pck1 activity was influenced by its acetylation state 

originated in 2009 (41). By using a microarray approach, the authors identified 

different cytosolic substrates of the essential nucleosome acetyltransferase of H4 

(NuA4) complex. Among these, they discovered the acetylation at two residues of 

Pck1 (Lys 19 and 514) by the Esa1 acetyltransferase. In particular, the acetylation at 

Lys 514 was crucial for its enzymatic activity, probably causing a conformational 

change in the C-terminal binding domain in favour of the substrate, and for CLS 

extension of chronologically aging cells in water. Indeed, the substitution of K514 

with arginine (K514R) but not with glutamic acid (K514Q), which mimics 

constitutive acetylation, determined the absence of enzymatic activity in vitro. The 

substitution of K19 with arginine (K19R), on the other hand, did not cause 

significant changes in the enzymatic activity of Pck1. Similar results have been 

obtained in vivo studies: the mutant expressing the variant K514R, which therefore 

can not be acetylated, displayed the same features of PCK1 inactivation. It didn’t 

grow on non-fermentable carbon sources, such as ethanol and glycerol, and 

significantly reduced CLS in both exhausted medium and water.  

Gluconeogenesis is a pathway that maintains blood glucose levels within a proper 

range during fasting in mammals. Mammalian PCK1 is regulated both 

transcriptionally and enzymatically; although it shares minimal primary structural 

identity with yeast Pck1, also mammalian PCK1 is subjected to acetylation by TIP60, 

orthologue of yeast Esa1. However, the function of acetylation is unclear: 

acetylation in cultured mammalian cells induces degradation (135). A later work 

revealed an unexpected capability of the hyperacetylated form of mammalian PCK1 

to promote anaplerotic reactions under high glucose levels, and thus synthetize 

oxaloacetate from phosphoenolpyruvate and replenishing the TCA cycle (136). So, 

the state of hyperacetylation did not lead to PCK1 degradation. At lower glucose 

concentrations, SIRT1 restored the gluconeogenic activity of PCK1. In addition, the 

authors discovered that phosphorylation controlled, on the one hand, PCK1 

stability, by increasing the levels of ubiquitination and thus degradation, and on the 
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other the efficiency by which SIRT1 deacetylated PCK1. Also yeast Pck1 is 

phosphorylated but its function is still unknown (137). Further investigations about 

how these post-translational modifications control gluconeogenic metabolism are 

necessary.                       

 

 

 

The average age of the population in industrialized countries is gradually 

increasing. However, this increase does not correlate with a similar improvement 

in the quality of life and typical diseases of the elderly such as diabetes, metabolic 

disorders, neurodegenerative and cardiovascular diseases are becoming more 

frequent with consequent negative impact on social and economic aspects. In 

particular, many efforts are currently focused on the identification and 

development of interventions based on dietary supplementations (nutraceutical 

interventions) that can represent a safe strategy to achieve the improvement of 

healthy aging. In the field of aging and aging-related pathologies, the yeast S. 

cerevisiae represents a useful experimental system.  

Chapter 1 gives a general overview of the aging process, yeast as a model to study 

it and the main nutraceutical interventions investigated until now. The purpose of 

this chapter is to describe the main nutraceutical compounds and their effects on 

health, aging and related diseases. Many of these compounds are known to possess 

beneficial effects. However, the specific mechanism that allows them to elicit these 

outcomes on health is still unknown. In this regard, the yeast S. cerevisiae is 

recognized as a model organism since its pathways regulating metabolism and 

longevity are conserved with mammals. 

Chapter 2 and Chapter 3 are focused on the effects of resveratrol and quercetin on 

yeast metabolism and chronological aging. These chapters highlight that resveratrol 

and quercetin, both recognized for their beneficial and antioxidant properties, elicit 

opposite effects on yeast metabolism and consequently on aging. This because the 

two compounds oppositely affect the deacetylase activity of Sir2, an NAD+-

dependent protein deacetylase regulating both metabolism and aging/longevity. 

Sir2 activity is known to regulate anabolism towards gluconeogenesis and 

catabolism towards an efficient mitochondrial respiration. In this context, a reduced 

or impaired Sir2 activity correlates on the one hand with an improvement in the 

1.4 SCOPE OF THE THESIS    
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gluconeogenic flux and trehalose accumulation and, on the other, with an enhanced 

respiratory performance. 

In Chapter 4 the role of mitochondrial metabolism during aging in yeast is 

investigated. This chapter also intends to describe analogies and differences with 

mammalian cells. 

Chapter 5 is focused on the implications of an altered expression on mitochondrial 

NAD+ carriers on metabolism and chronological aging. The study of homeostasis 

of NAD+ represents a topic strictly related to aging, since (i) alterations of its levels 

are found in many metabolic pathologies common to the elderly population, 

although it is unclear in which cellular compartments this unbalance could have the 

main impact on the aging process and (ii) NAD+ levels affect Sir2 enzymatic 

activity. Moreover, NAD+ precursors appear promising as nutraceuticals to restore 

healthy longevity. 

All the results highlighted the importance of a proper metabolic adaptation 

required for chronological survival and Sir2 represents a crucial component in this 

scenario since its activity strongly influences both the oxidative and the anabolic 

metabolism. 

Chapter 6 is a paper concerning skin infections caused by Candida albicans 

spreading, a ubiquitous commensal of the mammalian microbiome which can cause 

infections under particular conditions. This chapter is unrelated to the topic of the 

thesis but given the important results obtained, we considered opportune to enclose 

it. In addition, C. albicans infections in the elderly population and 

immunocompromised subjects represent the cause of substantial morbidity and 

mortality rates. 
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3.1 INTRODUCTION 

Naturally occurring flavonoids are recognized for their beneficial effects on health 

and their moderate intake has been proposed to improve the efficacy of 

pharmacological treatments against the functional decline occurring during aging. 

Among these, quercetin (3,3',4',5,7-pentahydroxyflavanone) (QUER), is the most 

commonly consumed one in the human diet, due to its abundance in many foods of 

plant origin, including capers, onions, broccoli, green tea infusion and nuts (1). 

QUER is specifically categorized as a flavanol, whose main structure comprises two 

aromatic rings joined by a γ pyrone ring, which have hydroxyl groups, thanks to 

which the antioxidant properties of the molecule are ascribed (2). For some time, 

the therapeutic potential of QUER for preventing such diverse age-related 

pathologies, such as cancer, cardiovascular and metabolic disorders, has been 

generally attributed to its direct antioxidant effects (3). Nevertheless, evidence 

indicate that QUER is also able to improve both glucose and lipid metabolism, all 

mechanisms by which it may provide its pleiotropic health effects (4, 5).  

Among the proposed targets whose activity is modulated by QUER, one of the most 

relevant is Sirtuin 1 (SIRT1) (6). SIRT1 is an evolutionarily NAD+-dependent 

deacetylase, a feature that places its activity in a central role for cellular metabolism, 

and for the aging process (7). SIRT1 is the mammalian orthologue of Sir2 of 

Saccharomyces cerevisiae. This yeast is widely used as a model organism in the study 

of the aging process, due to the conservativeness of its pathways with those of 

complex eukaryotes, contributing to the identification of many mammalian genes 

that influence aging (8). Indeed, yeast allows us to simulate both the aging process 

of mitotically active cells and that of post-mitotic mammalian cells (8). In the former, 

replicative aging, the replicative lifespan (RLS) is measured, which represents the 

replicative potential of individual yeast cells. Sir2 activity promotes RLS extension 

(9). In the latter, chronological aging, the chronological lifespan (CLS) is assessed, 

which measures the capability of quiescent cells in stationary phase to resume 

growth once returning to rich fresh medium. In this context, Sir2 displays pro-aging 

effects (10–13). Indeed, when glucose is depleted and the diauxic shift occurs, cells 

are sustained by a completely respiratory metabolism in which the C2 compounds 

(ethanol and acetate) resulting from glucose fermentation are used as 

carbon/energy sources. The mitochondrial respiratory chain can produce anion 

superoxide (O2
·−), which has a negative impact on yeast CLS (13). When also ethanol 

and acetate are consumed, cells need to use the carbohydrate reserves produced 
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with gluconeogenesis, namely glycogen and trehalose. This latter, a disaccharide of 

glucose, is a well- known oxidative stress protector thanks to its chaperon-like 

activity, which prevents damaged proteins aggregation (14, 15). Sir2 interferes with 

this metabolic remodelling required during the diauxic shift, leading to a decrease 

in trehalose reserves and an increase in oxidative damage, ultimately shortening the 

CLS (13). 

No significantly effects have been observed on RLS following QUER addition (16). 

On the contrary, regarding chronological aging, a QUER pre-treatment during the 

exponential phase is able to induce an adaptative response from oxidative stress, 

which results in CLS increase (17). 

In this work, we investigated the effects of QUER on chronological aging, by adding 

the compound at the diauxic shift, crucial moment of the growth characterized by 

a metabolic asset reorganization, which defines the length of the stationary phase. 

The results indicate that QUER displays anti-aging properties. Its effects are 

mediated both by inhibiting the deacetylase activity of Sir2 and promoting lipid 

catabolism, as well as trehalose storage, which ultimately results in CLS extension.    

3.2 MATERIALS AND METHODS 

3.2.1 Yeast strains and growth conditions 

All yeast strains used in this work are listed in Table 1. All deletion strains were 

generated by PCR- based methods and accuracy of gene replacement was verified 

by using internal and flanking primers. Standard methods were used for DNA 

manipulation and yeast transformation. Cells were grown in batch cultures at 30°C 

in minimal medium (Difco Yeast Nitrogen Base without amino acids, 6.7 g/l) with 

2% w/v glucose and the required supplements added in excess as described (18). 

Cell growth was measured with a Coulter Counter-Particle Count and Size 

Analyser by determining cell number (19) and, in parallel, the extracellular 

concentrations of glucose and ethanol were measured in medium samples collected  

 at different time-points in order to define the growth profile (exponential phase, 

diauxic shift (Day 0), post-diauxic phase and stationary  

 phase). Duplication times were obtained by linear regression of the cell number 

increase over time on a semi-logarithmic plot.  
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Table 1. Yeast strains used in this study 

3.2.2 CLS determination  

CLS assay was performed according to (10) by counting the number of colony forming 

units (CFUs) starting 72 h (Day 3) after the diauxic shift. The number of CFUs on Day 3  

 was considered as 100% of survival. The treatment with QUER (dissolved in DMSO, 

Sigma-Aldrich) was performed by adding the compound at Day 0 at the final 

concentration of 300 µM.  

3.2.3 Metabolite measurements and enzymatic assays  

At designated time-points, aliquots of the yeast cultures were centrifuged and both 

pellets (washed twice) and supernatants were frozen at – 80 °C until used. Glucose, 

ethanol and acetic acid concentrations in the growth medium were determined 

using enzymatic assays (K-HKGLU, K-ETOH, K-ACET kits from Megazyme). 

Intracellular trehalose was extracted and measured as described in (20). The 

released glucose was measured using the K-HKGLU kit. Immediately after 

preparation of cell-free extracts, Pck1 and Icl1 activities were determined as 

reported in (21). Total protein concentration was estimated using the BCATM Protein 

Assay Kit (Pierce).  

3.2.4 Superoxide levels and lipid peroxidation  

Anion superoxide levels were detected with dihydroethidium (DHE, Sigma-

Aldrich) according to (22). A Nikon Eclipse E600 fluorescence microscope equipped 

with a Leica DC 350F ccd camera was used and digital images were acquired with 

FW4000 software (Leica). Lipid peroxidation was measured by quantifying 

Strain  Relevant genotype Source 

W303-1A MATa ade2-1 his3-11,15 leu2-3,112 

trp1-1 ura3-1 can1-100 

P.P. Slominski 

sir2Δ W303-1A sir2Δ::URA3 (Calzari et al, 2006) 

PCK1-3HA W303-1A PCK1-3HA::KlURA3  (Casatta et al, 

2013) 

sir2Δ PCK1-3HA  W303-1A sir2Δ::HIS3 PCK1-

3HA::KlURA3 

 (Casatta et al, 

2013) 

oaf1Δ W303-1A oaf1Δ::HIS3 This study 

oaf1Δ sir2Δ W303-1A oaf1Δ::HIS3 sir2Δ::URA3  This study 
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malonildialdehyde (MDA) with the BIOXYTECH® LPO-586TM Colorimetric Assay 

Kit (OxisResearch) as described in (23).  

3.2.5 Immunoprecipitation and Western analysis  

Total protein extracts preparation, immunoprecipitation and Western analysis were 

performed as previously described (10). Briefly, proteins were extracted in the 

presence of protease inhibitors (1 mM phenylmethanesulfonyl fluoride and 

Complete EDTA-free Protease Inhibitor Cocktail Tablets, Roche) and histone 

deacetylase inhibitors (100 μM Trichostatin A, 50 mM nicotinamide and 50 mM 

sodium butyrate). A crude lysate aliquot was stored at − 20 °C as 

immunoprecipitation input control. For immunoprecipitation, lysates (about 

500 μg) were incubated with 2 μg of anti-HA mAb (12CA5, Roche) at 4 °C 

overnight, followed by the addition of 50 μl Dynabeads Protein A (Dynal Biotech) 

for 2 h. After five washes with washing buffer (50 mM Tris, pH 7.4, 50 mM NaCl) at 

4 °C, bound proteins were eluted by boiling in SDS sample buffer. SDS-PAGE was 

performed on 12% polyacrylamide slab gels. Gels were blotted onto Hybond-P 

PVDF membranes (Amersham). Correct loading/transfer was confirmed by 

staining filters with Ponceau S Red (Sigma-Aldrich). The primary antibodies used 

were: anti-HA (12CA5, Roche), anti-acetylated-lysine (Ac-K-103, Cell Signaling) 

and anti-3-phosphoglycerate kinase (Pgk1) (22C5, Invitrogen). Secondary 

antibodies were purchased from Amersham. Binding was visualized with the ECL 

Western Blotting Detection Reagent (Amersham). After ECL detection, films were 

scanned on a Bio-Rad GS-800 calibrated imaging densitometer and quantified with 

Scion Image software.  

3.2.6 Sir2 Inhibition assay 

Sir2 inhibition assay was performed as previously describe (24). Briefly, cells in 

exponential phase or at the diauxic shift (at the same cell concentration of QUER 

treatment) were dropped (5 µl of a 106 cells/ml dilution) onto glucose rich/medium 

[YEPD, 1% (w/v) yeast extract, 2% (w/v) Bacto Peptone, 2% (w/v) glucose, 2% 

(w/v) agar] plates supplemented with α-factor at a final concentration of 2.5 µM. A 

concentration gradient of QUER was formed by loading 5 µl of 300 µM QUER on 

filter disks placed on the agar. 5 µl of 5 mM splitomicin (dissolved in DMSO, Sigma-

Aldrich) was loaded on a filter disk as a control. Plates were incubated at 30°C for 

2/3 days.  
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3.2.7 Lipid analysis  

Total lipids were extracted according to (25). Fatty acid concentration was 

determined using enzymatic assay (Free Fatty Acid Quantitation Kit, Sigma-

Aldrich).  

3.2.8 Statistical analysis of data 

All values are presented as the mean of three independent experiments with the 

corresponding Standard Deviation (SD). Three technical replicates were analyzed 

in each independent experiment. Statistical significance was assessed by one-way 

ANOVA test. P value of ≤ 0.05 was considered statistically significant. 

3.3 RESULTS AND DISCUSSION 

3.3.1 Quercetin supplementation at the diauxic shift increases CLS, reduces 

oxidative stress and drives carbon metabolism along the glyoxylate/gluconeogenic 

axis   

During chronological aging, an increase of oxidative stress takes place, which 

negatively affects CLS (13). Since QUER is recognized for possessing anti-oxidant 

and anti-aging properties, initially we examined the possible effects on both CLS 

and oxidative stress following QUER supplementation at the diauxic shift. QUER-

treated cells displayed an increase of both medium and maximum CLS (Fig. 1A) in 

concert with decreased levels of O2
·−  and lipid peroxidation (Fig. 1B and C), an 

oxidative damage affecting cell membranes and lipoproteins (28). During a 

balanced growth on glucose, cells use it as the main carbon source with the resulting 

production of ethanol and acetate, C2 compounds whose metabolism influences 

chronological longevity (12). QUER supplementation resulted in a faster ethanol 

and acetate depletion compared with non-treated cells (Fig. 1D and E). 
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Fig. 1 QUER supplementation at the diauxic shift elicits anti-aging effects. Wild-type (wt) 

cells were grown in minimal medium/2% glucose and the required supplements in excess. 

At the diauxic shift (Day 0), QUER (300 µM) was added to the expired media. (A) At each 

time point, survival was determined by colony-forming capacity on YEPD plates. 72 h after 

the diauxic shift (Day 3) was considered the first age-point. In parallel, survival of cells in 

their expired medium without QUER was monitored. Data referring to the time points 

where chronological aging cultures showed 50% (Mean CLS) and 10% (Maximum CLS) of 

survival are reported. In parallel, for the same cultures the levels of intracellular superoxide 

(Eth) (B) and malonyldyaldeide (MDA) (C) were measured. Summary graphs of 

extracellular ethanol (D) and acetate (E) determined at the time points indicated. Standard 

deviation (SD) is indicated. Statistical significance as assessed by one-way ANOVA test is 

indicated (**p ≤0.01).  

 

In the light of this result, the anabolic pathways involved in ethanol and acetate 

utilization, glyoxylate and gluconeogenesis, were analysed by measuring the 

enzymatic activity of Icl1, one of the unique enzymes of the glyoxylate cycle, and 

Pck1, which catalyses the rate-limiting step of gluconeogenesis. In cells treated with 

QUER the activity of both these enzymes was higher compared with the non-treated 

ones, indicating an increase of glyoxylate/gluconeogenic pathways, respectively 

(Fig. 2A and B). These metabolic changes were in line with an enhancement of 

trehalose reserves (Fig. 2C). It is well known that Pck1 activity is regulated by its 

(de)acetylation state: the enzyme is active when acetylated, while it is inhibited by 

Sir2-mediated deacetylation, the Sirtuin whose activity negatively influences CLS 

(8, 13). The acetylation level of Pck1 increased after the treatment with the 

compound (Fig. 2D) in agreement with the increase of Pck1 activity. Staying with 
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these premises we wonder whether the metabolic features acquired by the cells 

following QUER treatment, could be dependent on the inhibition of Sir2 activity.   
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Fig. 2 QUER supplementation at the onset of chronological aging increases the 

glyoxylate/gluconeogenic flux. Wt cells were grown and supplemented with QUER as in 

Fig.1. Pck1 (A) and Icl1 (B) enzymatic activities and intracellular trehalose (C) were 

measured at the indicated time points. (D) Cells expressing Pck1-3HA were grown and 

supplied at the diauxic shift (Day 0) with QUER. At different time points, total protein 

extracts from both treated and untreated cultures were prepared and immunoprecipitated 

with anti-HA antibody. Western analyses were performed with anti-HA and anti Ac-K 

antibodies followed by densitometric quantification of signal intensity of the bands relative 

to the total Pck1 (Pck1-3HA) and the acetylated form (Ac-K). The ratios of Ac-K to 

correspondent Pck1-3HA values are reported. SD is indicated. Statistical significance as in 

Fig. 1.  

 

In this context, in order to have "in vivo" indications, we used an α-factor sensitivity 

test. Sir2 deacetylase activity is essential for gene silencing at the mating-type locus. 

Its absence in a haploid strain determines a pseudodiploid state linked to the 

expression of both a and α genes. Consequently, sir2Δ being unresponsive to the 

pheromone in the presence of α-factor continued to grow, while wt cells did not 

(Fig. 3). On the contrary, in the presence of QUER the wt cells also grew (Fig. 3) 

indicating that these cells are unresponsive to α-factor. A similar behaviour was 

observed for wt cells in the presence of splitomicin, used as a control. Splitomicin is 

a specific and selective inhibitor of Sir2. It creates a conditional phenocopy of a sir2Δ 

mutant. Consequently, cells having silencing defects were unresponsive to the 

pheromone and grew in its presence (Fig. 3). No effects were observed on the sir2Δ 

mutant (Fig. 3) indicating that in the presence of QUER Sir2 is inhibited. 
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Fig. 3 QUER supplementation inhibits Sir2 activity Wt and sir2Δ exponentially growing 

cells were dropped (5 µl of a 106 cells/ml dilution) onto glucose rich/medium plates (top 

left), supplemented with 2.5 µM α-factor (upper right corner). A concentration gradient of 

QUER was formed by loading 5 µl of 300 µM QUER on filter disks placed on the agar (lower 

left corner).  5 µl of 5 mM splitomicin was loaded on a filter disk as a control (lower right 

corner). Growth was monitored after 3 days at 30°C.   

 

In order to further assess if Sir2 activity is involved in the QUER-mediated effects, 

the analyses shown in Fig. 1 were performed in a strain in which SIR2 gene was 

deleted, inactivation that determines an extension of CLS according to a reduction 

of oxidative stress and an increased metabolic remodelling towards 

gluconeogenesis (8, 10, 13). Surprisingly, the beneficial effects of the compound 

were not only preserved but also exacerbated in sir2Δ mutant both regarding CLS 

and oxidative stress levels as well as carbon metabolism (Fig. 4 and Fig. 5). This 

suggests that in the absence of Sir2, QUER might exert its activity on other targets. 

Moreover, despite the increased levels of Pck1 activity in sir2Δ-treated cells (Fig. 
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5A), its acetylation level did not increase further (Fig. 5D). This apparent 

contradiction can be explained by the fact that Pck1 activity is influenced by another 

post-translational modification, such as phosphorylation but to date the kinase 

responsible for this is not known (29).  
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Fig. 4 QUER supplementation at the onset of chronological aging enhances the beneficial 

effects of the lack of Sir2. (A) sir2Δ cells was grown and treated with QUER as in Fig. 1. At 

each time point, survival was determined as in Fig.1. In parallel, survival of cells in their 

expired medium without QUER was monitored. Data referring to the time points where 

chronological aging cultures showed 50% (Mean CLS) and 10% (Maximum CLS) of survival 

are reported. In parallel, the levels of intracellular superoxide (Eth) (B) and 

malonyldyaldeide (MDA) (C) were determined. Summary graphs of extracellular ethanol 

(D) and acetate (E) measured at the indicated time points. SD is indicated. Statistical 

significance as in Fig. 1. 
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Fig. 5 QUER-treated sir2Δ cells display enhanced glyoxylate/gluconeogenic flux. 

Summary graphs of Pck1 (A) and Icl1 enzymatic activities (B), intracellular trehalose (C), 

and Pck1 acetylation levels (D) in sir2Δ cultures of Fig. 4. Western and densitometric analysis 

as in Fig. 2. SD are indicated. Statistical significance as in Fig. 1.  

3.3.2 Quercetin supplementation at the onset of chronological aging mobilizes lipid 

reserves  

In order to identify other possible targets modulated by QUER treatment, we 

focused on lipid metabolism given that a critical mechanism underlying the 

regulation of chronological longevity is the capability to mobilize and utilize lipid 

reserves (30) and that many polyphenols, including QUER, elicit their effects 

through a modulation of lipid utilization (31). To this end, we monitored with Nile 

Red staining the storage, the mobilization and the size of lipid droplets (LD), 

metabolically active subcellular organelles, which play a key role in lipid 
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homeostasis (32). Wt cells showed a central and point-shaped distribution of LD at 

Day 1, distribution that became peripheral at Day 3, indicating lipid reserve 

utilization/mobilization (33) (Fig. 6A). A similar behaviour was observed in sir2Δ 

cells (Fig. 6A). Following the addition of QUER both wt and sir2Δ cells showed a 

peripheral distribution of LD already at Day 1, supporting that QUER can improve 

lipid utilization/mobilization (Fig. 6A).  

The OAF1 gene encodes the oleate-activated transcription factor involved in beta-

oxidation of fatty acids and peroxisome biogenesis (34). The lack of OAF1 results in 

cell inability to use lipid reserves, which is manifested with the emergence of large 

LD that were not metabolized over time (Fig. 6B and Vai. unpublished data). The 

addition of QUER was sufficient to restore a wt-like phenotype (Fig. 6B), further 

supporting the notion that this compound can improve lipid 

utilization/mobilization. Similar results were also observed for the double mutant 

oaf1Δsir2Δ (data not shown). Since in LD are stored fatty acids (FA), next we 

measured FA content in the presence and absence of QUER. As shown in Fig. 6C 

QUER supplementation at the diauxic shift reduced the FA levels in both wt and 

sir2Δ cells as well as in oaf1Δ ones, confirming that QUER affects lipid 

utilization/mobilization. Since a stronger mobilization of lipid reserves was also 

observed in oaf1Δ mutant, we excluded an involvement of beta-oxidation in this 

process.  
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Fig. 6 QUER supplementation at the diauxic shift triggers lipid catabolism. (A, B) The 

indicated strains were grown as in Fig. 1 and lipid droplets stained with Nile Red (2.5 

µg/ml). (C) Summary graph of the fatty acid content of the same cultures determined at Day 

1. SD is indicated. Statistical significance as in Fig. 1.  

3.3.4 CONCLUSIONS 

QUER is one of the most prominent anti-oxidant polyphenols present in the human 

diet. Given its biological effects against radical species, QUER has aroused much 

interest in improving the aging process, which is strongly and negatively affected 

by oxidative stress. In this context, evidence of its anti-aging potential emerged from 

studies performed in S. cerevisiae. For example, a QUER pre-treatment during the 

exponential phase protects cells from both oxidative stress and apoptosis, with a 

significant increase in CLS (35). Similar results have been obtained in tel1Δ, mutant 

that displays early aging marker due to its high sensitivity to oxidative and pro-

apoptotic agents. QUER pre-treatment in exponential phase is sufficient to protect 

these cells from stressors and to extend CLS (36). The beneficial effects of QUER are 

also mediated by the activation of Msn2/4 transcription factors, which play a 

pivotal role in the yeast adaptive response against oxidative stress, as well as the 

entry in stationary phase (37). In this work we have shown that the addition of 

QUER at the diauxic shift not only significantly reduces oxidative stress but also 

imposes a metabolic remodelling in favour of the glyoxylate/gluconeogenic flux, 

which allows the trehalose storage and CLS lengthening.  
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The data are in line with previous findings showing that QUER treatment up-

regulated the transcription of several genes related with carbohydrate metabolism, 

the expression of which increases after the diauxic shift, when the gluconeogenesis 

pathway is activated. Indeed, QUER enhanced, on the one hand, the transcription 

of genes for glycogen synthesis and breakdown, namely Glycogen Synthase 2 

(GSY2) and Glycogen Phosphorylase 1 (GPH1) and, on the other, the transcription 

of genes for trehalose synthesis and utilization, such as Trehalose-6-Phosphate 

Synthase 1 (TPS1) and Neutral TreHalase (NTH1) (38).  

Moreover, our results highlight that the increase of trehalose amount following 

QUER addition, is also dependent on Pck1, crucial enzyme in controlling the 

gluconeogenesis flux, whose activity strongly enhanced after the treatment with the 

compound. The increased activity of Pck1 depended on the inhibition of Sir2 

deacetylase activity following QUER treatment, consistent with previous work that 

suggested a modulation of SIRT1 by QUER in complex eukaryotes (6). QUER 

supplementation also improved both survival and metabolism in the absence of 

Sir2, leading us to find other targets modulated by this compound. Among its 

biological activities, QUER is recognized for possessing properties against 

dyslipidaemia. Considering that long-term survival in the stationary phase relies 

also on the ability to use lipid reserves, we investigated lipid 

utilization/mobilization following QUER supplementation. A significantly 

reduction of total fatty acids occurred in QUER-treated cells. Accordingly with our 

results, QUER supplementation in diabetic rats induced lipolysis but actually the 

specific pathway and the enzymes implicated are still unknown (39). Our work not 

only adds new knowledge to the action mechanism of this polyphenol widely 

present in the human diet, but also highlights the feasibility of using yeast as a 

model system to understand the molecular functioning of nutraceutical compounds 

in order to develop/improve therapies against the major age-related diseases.
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RIASSUNTO 

 

A partire dalla seconda metà del secolo scorso in molti Paesi sviluppati, l’aspettativa 

di vita è progressivamente aumentata, raggiungendo e in molti casi superando la 

soglia degli 85 anni.  

Comunque, questo aumento dell’aspettativa di vita non è associato con un 

altrettanto aumento delle condizioni di salute nella popolazione anziana.  

Oggigiorno, un’ampia parte di popolazione al di sopra dei 65 anni soffre di 

molteplici malattie, molte delle quali debilitanti, come le malattie cardiovascolari, i 

tumori o i disordini neurodegenerativi. Questo aspetto ha aumentato l’interesse per 

le tematiche legate all’invecchiamento, enfatizzando l’importanza di ridurre il gap 

tra longevità salute durante l’invecchiamento.  

A questo proposito, gli sforzi di molte linee di ricerca sono focalizzati nel tentativo 

di comprendere quali sono i principali fattori che influenzano l’invecchiamento, allo 

scopo di sviluppare approcci capaci di mitigare gli effetti dannosi 

dell’invecchiamento sulla salute. Molti pathway associati all’invecchiamento sono 

evolutivamente conservati dagli organismi unicellulari a quelli più complessi. 

Questo ci ha permesso di semplici organismi modello per studiare questo 

complesso fenomeno biologico. In questo lavoro abbiamo utilizzato l’eucariote 

unicellulare Saccharomyces cerevisiae, che va incontro sia all’invecchiamento 

replicativo che a quello cronologico, due modelli complementari di invecchiamento, 

che rispettivamente simulano il processo di invecchiamento delle cellule 

mitoticamente attive e quello delle cellule post-mitotiche. In questo contesto la 

replicative lifespan (RLS) è definita come il numero di cellule figlie generate da una 

cellula madre in presenza di nutrienti prima della morte. Al contrario, la 

chronological lifespan (CLS) è il periodo di sopravvivenza medio e massimo di una 

popolazione di cellule di lievito in fase stazionaria. Essa è determinata, partendo tre 

giorni dallo shift diauxico, dalla capacità di cellule quiescenti di riprendere la 

crescita una volta tornate su terreno fresco ricco.  

Considerata l’esistenza di una forte connessione tra invecchiamento cellulare, 

nutrienti e metabolismo, abbiamo studiato i possibili effetti di alcuni composti 

nutraceutici, allo scopo di identificare molecole per sviluppare interventi anti-

aging, oltre che aggiungere informazioni utili per comprendere meglio il processo 

di invecchiamento. A questo scopo, durante il primo e il secondo anno del mio 
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progetto di dottorato, ho studiato gli effetti del resveratrolo (RSV) sulla CLS. RSV è 

un composto polifenolico annoverato tra i composti attivatori delle Sirtuine (STAC) 

ed è riconosciuto per conferire benefici su molte patologie legate 

all’invecchiamento. Le Sirtuine sono una famiglia di deacetilasi NAD+-dipendenti, 

il cui capostipite è Sir2 di S. cerevisiae, la cui attività è coinvolta sia nell’RLS che nella 

CLS. Inaspettatamente, abbiamo osservato che il trattamento con RSV incrementava 

lo stress ossidativo, in concomitanza con una notevole riduzione del pathway anti-

aging della gluconeogenesi. L’attività deacetilasica di Sir2 sul suo target 

gluconeogenico Pck1 era incrementata, determinandone la sua inattivazione e 

indicando che RSV effettivamente agisce come STAC. Come conseguenza, questo 

causava effetti negativi sul metabolismo, determinando un fenotipo short-lived. 

Successivamente, ci siamo focalizzati sulla quercitina (QUER), un composto 

nutraceutico con proprietà benefiche su diverse patologie, incluse le malattie 

cardiovascolari, il cancro e la dislipidemia. Ciononostante, i target cellulari della 

QUER devono essere ancora esplorati. Abbiamo visto che la QUER possiede 

proprietà anti-aging che favoriscono un’estensione della CLS. Tutti i dati indicano 

un’inibizione dell’attività deacetilasica di Sir2 a seguito del trattamento con la 

QUER, determinando un incremento dei livelli di acetilazione e di attività di Pck1. 

Questo determina un rimodellamento metabolico a favore del pathway della 

gluconeogenesi, incrementando le riserve di trealosio e garantendo un 

miglioramento del processo di invecchiamento. Un altro aspetto analizzato in 

questa tesi riguarda l'omeostasi del cofattore nicotinammide adenin dinucleotide 

(NAD+) durante l'invecchiamento cronologico, poiché, insieme ai suoi precursori 

biosintetici, sta emergendo come potenziale composto nutraceutico e i suoi livelli 

influenzano criticamente l'attività di Sir2. A questo proposito l'espressione dei 

carriers specifici mitocondriali, Ndt1 e Ndt2, è stata alterata, con effetti opposti sia 

sul metabolismo che sulla CLS. La mancanza di entrambi i carriers diminuisce i 

livelli di NAD+ e incrementa la CLS, mentre l’overespressione di NDT1 aumenta il 

contenuto di NAD+ e influisce negativamente sulla CLS. Tutti i risultati hanno 

dimostrato che l'attività deacetilasica di Sir2 influisce significativamente sulla 

longevità cronologica, identificandolo come un target cruciale nel processo di 

invecchiamento. Nei mammiferi, SIRT1, ortologo funzionale di Sir2 di lievito, 

svolge un ruolo importante nell'orchestrare il metabolismo e la sopravvivenza 

cellulare, sottolineando la reale possibilità di trasporre le conoscenze acquisite dal 

lievito a organismi complessi, compreso l’uomo. Inoltre, i risultati ottenuti per RSV 
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e QUER evidenziano che la somministrazione di un composto nutraceutico ad un 

organismo più complesso con organi/tessuti con profili metabolici diversi potrebbe 

determinare una risposta fisiologica inaspettata a causa della sua interazione con 

specifici target. La capacità di sviluppare cibi personalizzati e di veicolarli verso il 

target di interesse rappresenta il prossimo obiettivo nello sviluppo di interventi 

nutraceutici.  

 

 

 

                                                                                         

 


