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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 Pckl. 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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1.1 AGING

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).
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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



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).
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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).



1.1.1 THE YEAST Saccharomyces cerevisiae AS A
MODEL FOR AGING RESEARCH

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 um. S. cerevisiae can be present in haploid
(mating type a or a) 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. cerevisize 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
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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)
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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.
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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 GO 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;

12



- 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).
1.1.2 CARBON METABOLISM IN S. cerevisiae

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 Kyv and maximises glucose import in case of
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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).

(if) 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 Pycl 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, pyclA and

pyc2A, can grow on non-fermentable carbon sources, such as ethanol, because the

14



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.

(iif) 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 H>0. 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)

1.1.3 GLUCONEOGENESIS AND GLYOXYLATE
CYCLE

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 (Pckl) 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-
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phosphate is catalysed by the enzyme fructose-6-biphosphatase (Fbp1). Both Pckl
and Fbpl are strictly regulated by glucose levels: their expression is activated only
when glucose concentrations reach at least 0.005%. Moreover, Pckl 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 Pckl. Pckl 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
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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 $-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, Sfcl. 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 -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 -
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.

1.2 NUTRACEUTICAL - DEFINITION

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,
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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, | Anti-oxidant properties,

vegetables inflammation and cognitive

improvement

Vitamin D Salmons and sardines Osteoporosis ~ prevention

and diabetes reduction

Omega-3 and Omega-6

Fish oil

Skeletal

improvement

muscle

Nutraceutical amino acids

Red seaweed

Cancer prevention, muscle

metabolism and thyroid

improvement
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1.2.1 THE ROLE OF NUTRACEUTICALS IN
ANTI-AGING RESEARCH

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.
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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, B-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 -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 Il 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.

1.2.2 RESVERATROL

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).

OH
- h O Q Q
HO

OH OH
OH

trans-Resveratrol cis-Resveratrol

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
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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
0.1-14.3mg/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 xB 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
Kwm (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 Ku 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).

1.2.3 QUERCETIN

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).

Raw Cranberry__ Red apple '
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Food and Quercetin content
Beverage Source  (mg/100g)

Caper 180.2

Raw dock leave 19.94

Pepper 506 Fig.7 Foods and beverages rich in
Sweet potato 5055 quercetin.  Information provided by
Red onion 1994 (Muhammad et al., 2018).

Raw cranberry 14.01

Red apple 4.45

Blueberry 3.12

Green tea 2.7

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-f-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.
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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.

OH 0

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
HoOs-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 H>O: 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 Yapl 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, GPHI 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.

1.3 PATHWAYS THAT LINK METABOLISM,
NUTRIENT AVAILABILITY AND
LONGEVITY IN YEAST

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.
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1.3.1 Ras/PKA PATHWAY

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 Bcyl 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 PDE?2, respectively. PKA is able to regulate through an
inhibitory phosphorylation the activities of both Pdel 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,
a-subunit of the heterotrimetric G protein. Rasl 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 Cyrl, promoting cAMP
production.

A genetic study have shown that a double deletion in RAS2 and CYRI causes
lethality, which is suppressed upon PDE3 deletion, confirming the involvement of
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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 Adrl and Msn4, required for the transcription of genes
necessary for the diauxic shift, and the kinase Rim15 (107).

1.3.2 Snfl

Sucrose non-fermenting 1 (Snfl) 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, Snfl kinase has a crucial role in the cellular response to several forms of
stress, such as salt stress and heat shock. The Snfl/AMPK protein kinases are
conserved throughout all eukaryotes and share an apy heterotrimeric structure
(108). The catalytic a-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 y subunit (Snf 4 in yeast) is to regulate the activity of the a-catalytic
subunit (109). The B-subunit acts as a scaffold keeping the a and the y subunits
together. Phosphorylation of a conserved threonine within the T-loop of the
catalytic subunit is fundamental for Snfl/AMPK activity. At high glucose
concentrations, Snfl assumes a molecular conformation that causes the auto-
inhibition of the protein. When glucose is depleted Snf4 binds Snfl, 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, Snfl affects
many glucose-repressed genes by inhibiting the transcriptional repressor Migl.
Indeed, Snfl phosphorylates Migl and promotes its nuclear export (110). Snfl is
also required for the transcription of genes by Cat8 and Sip4 necessary for
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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).

1.3.3 TORC1/Sch9, CALORIE RESTRICTION
AND HORMESIS

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, Kogl and Tco89, and the kinase subunit
Torl (112).

The EGO complex, composed of Egol, Ego3, Gtrl and Gtr2, mediates TORC1
activation by amino acids (113). Gtrl and Gtr2 are Ras-family GTPases and
orthologues of the metazoan Rag GTPases, while the Egol and Ego3 are the likely
functional homologue of the mammalian Ragulator complex. To activate the system
the mediators Gtrl/2 must be in the state Gtr1G™P-Gtr2GPP, 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 Gtrl, 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 Gtr1GPP to the active one Gtr2G™P. 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).
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This means that both TORC1/Sch9 and PKA signalling pathways converge on the
protein kinase Rim15 to control entry into GO. 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 Igol/2. In this
phosphorylated and active form, Igo1/2 inhibits the Cdc55-protein phosphatase 2A
(PP2Acde35), favouring the maintenance of an active phosphorylated form of Gisl
(119).

The two transcription factors Gisl 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 CRis 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
SCHY 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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1.3.4 SIRTUINS

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 a mating type, leading to a diploid strain MATa/ MATa in which
the co-expression of both a and a 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 Sirl/3/4 that binds
the DNA sequences thanks to a scaffold formed by Rapl and Abfl 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
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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 Netl
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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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 Pckl, 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 Pckl

occurs with the resulting development of a metabolic scenario in which the
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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 Pckl 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 Esal 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 Pckl. 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 Esal. 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 Pckl is
phosphorylated but its function is still unknown (137). Further investigations about
how these post-translational modifications control gluconeogenic metabolism are

necessary.

1.4 SCOPE OF THE THESIS

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
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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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ARTICLE INFO ABSTRACT

Keywords:
Resveratrol

Resveratrol (RSV) is a naturally occurring polyphenolic compound endowed with interesting biological
properties/functions amongst which are its activity as an antioxidant and as Sirtuin activating compound
towards SIRT1 in mammals. Sirtuins comprise a family of NAD -dependent protein deacetylases that are
involved in many physiological and pathological processes induding aging and age-related diseases. These
enzymes are conserved across species and SIRT1 is the closest mammalian orthologue of Sir2 of Saccharomyces
cerevisiae. In the field of aging researches, it is well known that Sir2 is a positive regulator of replicative lifespan
and, in this context, the RSV effects have been already examined. Here, we analyzed RSV effects during
chronological aging, in which Sir2 acts as a negative regulator of chronological lifespan (CLS). Chronological
aging refers to quiescent cells in stationary phase; these cells display a survival-based metabolism characterized
by an increase in oxidative stress. We found that RSV supplementation at the onset of chronological aging,
namely at the diauxic shift, increases oxidative stress and significantly reduces (LS. CLS reduction is dependent
on Sir2 presence both in expired medium and in extreme Calorie Restriction. In addition, all data point to an
enhancement of Sir2 activity, in particular Sir2-mediated deacetylation of the key gluconeogenic enzyme
phosphoenolpyruvate carboxykinase (Pckl). This leads to a reduction in the amount of the acetylated active

Chrenological aging
sir2

Oxidative stress
Saccharomyces cerevisiae

form of Pckl, whose enzymatic activity is essential for gluconeogenesis and CLS extension.

1. Introduction

Resveratrol (3,5,4-trihydroxystilbene) (RSV) is a natural non-
flavoneid, polyphenolic product belonging to the stilbencid family,
which is synthesized by a rather restricted and heterogeneous group of
plant species. Grapevine (Vitaceae) is among these, and the products
derived therefrom such as grapes and red wine are sources of RSV in
human diet [1,2]. In particular RSV intake with red wine has been
proposed to explain the “French Paradox”, a term coined on the basis of
epidemiological studies that in France revealed low rates of coronary
heart diseases despite a diet rich in sawrated fats [3]. This apparent
paradox has been ascribed to protective/beneficial effects of RSV linked
to French dietary habits of moderate consumption of red wine [3.4].
Very numerous in vitro and in vive studies dealing with the different
aspects of the various health-promoting effects of RSV have been
reported, including its antioxidative, anti-inflammatory, neuroprotec-
tive, anticancer and cardioprotective properties [5-&]. Nevertheless,
the exact molecular mechanisms underlying the RSV action and its
direct cellular targets are still being explored [9,10]. In this context,
after a high-throughput screen in which RSV was identified as a natural

* Correspondence to: Dipartimento di Bi ie @ Bioscienze, Uni

SIRT1 activating compound (STAC) [11], a series of reports provided
evidence that SIRT1 is required for most of RSV metabolic actions
either via a direct activation of SIRT1 by RSV or an indirect one
[9,12-14]. The mammalian SIRT1 is a member of a family of
evolutionarily conserved NAD*-dependent deacetylases, namely Sir-
tuins, In mammals, there are seven Sirtuin isoforms (SIRT1-SIRT7)
endowed with multifaceted functonality comprising transcriptional
regulation and chromatin structure maintenance in the nucleus as well
as activation/inactivation of metabolic enzymes in the cytoplasm and
mitochondria in response to nutritional and environmental stimuli
[15-18]. SIRT1 is the most well-studied ber of the li
Sirtuins and its deacetylase actvity plays a crucial role in metabolic
responses to nutritional availability in different tissues and in physio-
logical processes known to be affected during aging. Consequently, the
modulation of SIRT1 activity can represent a potential therapeutic
approach for treating age-related or metabolic diseases in order to
improve the quality of life and extend health span [12,17,19-21].
SIRT1 is the closest mammalian orthologue of the Sirtuin founding
member, namely Sir2 of Saccharomyces cerevisiae [22]. In yeast, Sir2isa
key modulator of both replicative and chrenological aging [23,24]. In

ita di Milano-Bicocca, Piazza della Scienza 2, 20126 Milano, Italy.

E-mail addresses: ivan.orlandi@unimib.it (L Orlandi), gstamerma@campus. unimib.it (G. Stamerra), mauriziostrppoli@unimib.it (M. Strippoli), marina. vai @unimib.it (M. Vai).

http:/ /dx.doi.org/10.1016/j.redox. 2017.04.015
Received 22 March 2017; Received in revised form 5 April 2017; Accepted 8 Aprdl 2017
Available online 09 April 2017

2213-2317/ @ 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons. org/licenses/BY-NC-ND/4.0/.

56



I Orland et al.

A

Ethanol (mM)

Survival (%)

100 4

Redox Biology 12 (2017} 745-754

——wt
801 —o—wt + RSV
60
Mean CLS Max CLS
a wh 8.9+-053 | 11.6+-031
20 T ; . , -
wt + RSV 5.8+-037 8.7 +-0.71
0 &
0 3 3] b 12 15 18
Days
140 - -
- C -
120 54
100 - [J wt+ RSV 0O wt RSV
o 4
80 el EE
“ 3 31
60 4 ] k%
g 24
40 1 s « ek
20 1 14
*
0 4 o/ M . . —1,
] 1 2 3 4 0 0.5 1 2 3
Days Days
40 4 : r 20
1 mPckl £+ RSV BPckl
w
= 30 1 Olell olcll F1s
H
£ £
E -1
= 20 1 SUF
g g
10 4 e s F S
1 T .
-
0 T T T 0
Day 0 Day | Day 3 Day 5 Day 7
8 WDay 0
. B Day 1
)
261 ®Day 3
£
£ BDay 5
=
E 41 ODay 7
E =%
= %
Fg 24 i
=
0 4

wi

wt + RSV

Fig. 1. RSV supplementation at the diauxic shift determines a short-lived phenoty pe. Wild type (wt) cells were grown in minimal medium,/2% glucose and the required supplements
in exvess (see Materials and methods). At the diauxdc shift (Day 0), resveratrol (RSV, 100 uM) was added to the expired media and (A) survival over time of treated and untreated cultures
was assessed by colony-forming capacity on YEPD plates. 72 h after the diawic shift (Day 3) was considered the first age-point, corresponding to 100% survival. Data referring to the time
points where chronological aging cultures showed 50% (Mean CLS) and 10% (Maximum CLS) of survival are reported in the Table. In parallel, for the same cultures the concentrations of
extracellular ethanol (B) and acetate (C) together with 1ell and Pek] enzymatic activities (D) and intracellular trehalose content (E) were measured. All data refer tomean values of three
independent experiments with three technical replicates each. Standard deviations (SD) are indicated. Statistical significance as assessed by one-way ANOVA test is indicated (*P =0.05
and **P=0.01).
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Table 1
RSV supplementation at the diauxic shift affects respiration.

Redox Biology 12 (2017) 745-754

Jr Jrer

Day 0 Day 1 Day 3 Day 5 Day 0 Day 1 Day 3 Day 5
wt 9.51 £0.24 14.11 £ 0.31 7.22+0.29 4.31 £ 0.12 1.64 £ 0.24 3.68 £ 0.19 3.93 £0.24 4.18 + 0.29
wt + 100 uM RSV 17.49** £ 0.18 9.45%* +£ 0.22 8.35"* £ 0.26 6.81* + 0.24 7.95%* £0.21  8.27** £ 0.26
SIr2A 7.89%*% £ 0.26 *£013 5.72** £ 0.19 3.34%* £ 0.14 1.09** £0.24 1.23** £0.21 =019
sir2A + 100 uM RSV +0.21 5.59** + 0.15 3.27%* £ 0.21 1.28** + 0.25 +0.23

Jnmax netR

Day 0 Day 1 Day 3 Day 5 Day 0 Day 1 Day 3 Day 5
wt 19.11 £ 0.34 26.41 + 0.13 25.36 + 0.16 12.01 £0.20 7.38 +0.28 10.41 £ 0.32 3.21 £ 0.27 0.28 + 0.29
wt + 100 pM RSV 26.62 + 0.25 25.22 +0.23 12.18 £ 0.18 9.18* £ 0.22 1.65** £ 0.17 0.0 =+ 0.09
Sir2A 18.89 +0.22 26.19 + 0.19 24.98 +0.27 11.35 £ 0.18 6.83 £0.16  9.87** £0.32  4.40** £ 0.27 1.45%* £ 0.24
sir2A + 100 uM RSV 26.33 + 0.16 26.11 £ 0.25 11.21 £ 0.22 9.92** £ 0.23  4.35** = 0.16 1.38** + 0.21

Oxygen uptake rates (J) are expressed as pmol/10° cells/s. Basal respiration rate (Jg), non-phosphorylating respiration rate (Jrgr), uncoupled respiration rate (Jyax) and net respiration
(netR = Jg - Jrer). Substrates and inhibitors used in the measurements of the respiratory parameters are detailed in the text. Day 0, diauxic shift. Data refer to mean values determined in
three independent experiments with three technical replicates each. SD is indicated. Values obtained for untreated wt cells were used as reference for comparisons with the corresponding
ones determined for RSV-treated and sir2A cells. (*P < 0.05 and **P = 0.01, one-way ANOVA test).

the former, which is a useful model of cellular aging for mitotically
active mammalian cells [25], Sir2 activity promotes replicative lifespan
(RLS) [26,27]. Furthermore, a quantitative trait locus (QTL) analysis
investigating the role of natural genetic variation associated with RLS
identified SIR2 as the QTL with the largest effect on RLS [28]. RLS
measures the reproductive potential of individual yeast cells deter-
mined by counting how many daughter cells (buds) are generated by an
asymmetrically dividing mother cell in the presence of nutrients prior
to senescence [29]. Treatment with RSV and also with some of its
synthetic derivatives has been reported to extend RLS and require SIR2
[11,30,31], although in this regard Sir2 activation by RSV has been
questioned and is a topic of some controversy [32].

Yeast chronological aging is a complementary model to the
replicative one: it allows us to simulate cellular aging of nondividing,
albeit metabolic active, mammalian cells such as those of the brain and
heart [23,33]. The chronological lifespan (CLS) refers to the mean and
maximum length of time a non-dividing culture survives in stationary
phase. It is estimated, starting 72 h after the diauxic shift, by measuring
the percentage of cells able to resume growth upon return to fresh rich
medium [34]. Unlike RLS, Sir2 activity does not promote CLS [35-37].
In addition, lack of Sir2 along with CLS-extending mutations/deletions
that reduce nutrient-responsive pathways such as Sch9 and Ras ones,
further increases the CLS [36]. The same CLS-extending effect is
observed in combination with a severe form of Calorie Restriction
(CR) obtained by incubation of post-diauxic cells in water [35-37].

In chronologically aging cells, lack of Sir2 affects, on the one hand,
carbon metabolism by increasing anabolic pathways such as gluconeo-
genesis and, on the other, respiratory activity by reducing non-
phosphorylating respiration. The former leads to an increase of
protective factors such as trehalose and the latter to a low content of
the harmful superoxide anion (037) [35,37]. These features together
with an increased resistance to heat shock and oxidative stress [36]
contribute to the establishment of an efficient protective quiescent state
that favors a better long-term survival.

Herein, we investigated the effects of RSV supplementation at the
onset of chronological aging. The results indicate that RSV displays pro-
aging properties promoting CLS restriction. In particular, RSV interferes
with the metabolic reprogramming that is required to trigger the
metabolic adaptations to nutrient scarcity determining a decrease in
trehalose stores and an increase in oxidative stress. Our findings also
implicate an enhancement of Sir2 enzymatic activity in eliciting the
RSV effects.
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2. Materials and methods
2.1. Yeast strains, growth conditions and CLS determination

All yeast strains used in this work were generated by PCR-based
methods and are listed in Table S1. For each strain generated,
prototrophic derivatives of W303-1A were constructed by integration
of the corresponding wt allele of the auxotrophic mutation at the
original genomic locus. The accurancy of gene replacements and correct
deletions/integrations was verified by PCR with flanking and internal
primers. Cells were grown in batches at 30 °C in minimal medium
(Difco Yeast Nitrogen Base without amino acids, 6.7 g/L) with 2% w/v
glucose and supplements added in excess [38]. Cell growth was
monitored by counting cell number using a Coulter Counter-Particle
Count and Size Analyser [39] and, in parallel, the extracellular
concentration 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) of the cultures [38]. Duplication time (Td) was
obtained by linear regression of the cell number increase over time
on a semi-logarithmic plot. CLS was measured according to [36] by
counting colony-forming units (CFU) starting with 72 h (Day 3, first
age-point) after Day 0. The number of CFU on Day 3 was considered the
initial survival (100%). Treatments were performed at Day 0 by adding
resveratrol (RSV, dissolved in DMSO, Sigma-Aldrich) at the final
concentrations of 100 uM. Survival experiments in water (pH adjusted
to 3.2) were performed as described [40]. Every 48 h, 100 uM RSV,
5mM nicotinamide (NAM, Sigma-Aldrich) or both were added to the
culture after washing. Viability was assessed by CFU.

2.2. Metabolite measurements and enzymatic assays

At designated time points, aliquots of the yeast cultures were
centrifuged, and both pellets (washed twice) and supernatants were
collected and 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, and K-ACET kits from
Megazyme). Extraction and determination of intracellular trehalose as
in [41]. The released glucose was quantified using the K-HKGLU kit.

Immediately after preparation of cell-free extracts [38], phosphoe-
nolpyruvate carboxykinase (Pckl) and isocitrate lyase (Icll) activities
were assayed according to [42]. Catalase and superoxide dismutase
activities were determined in cell-free extracts prepared as in [43]. The
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n 4

) in three i

former was measured spectrophotometrically at 240 nm by following
the disappearance of H,0, [44] and the latter at 550 nm by following
the rate of ferricytochrome ¢ reduction [45]. Total protein concentra-
tion was estimated using the BCA™ Protein Assay Kit (Pierce).

2.3. Estimation of oxygen consumprion rates, superoxide levels and lipid
peroxidarion

The basal oxygen consumption of intact cells was measured at 30 °C
using a “Clark-type” oxygen electrode (Oxygraph System, Hansatech
Instruments, Nortfolk, UK) as previously reported [40]. The addition of
37.5 mM triethyltin bromide (TET, Sigma-Aldrich) and 10 pM of the
uncoupler carbonyl cyanide 3-chlorophenylhydrazone (CCCP, Sigma-
Aldrich) to the oxygraph chamber accounted for the non-phosphorylat-
ing respiration and the maximal/uncoupled respiratory capacity,
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respectively [37]. The addition of 2M antimycin A (Sigma-Aldrich)
accounted for non-mitochondrial oxygen consumption. Respiratory
rates for the basal oxygen consumption (Jp), the maximal/uncoupled
oxygen consumption (Jyax) and the non-phosphorylating oxygen
consumption (Jrer) were determined from the slope of a plot of Oz
concentration against time, divided by the cellular concentration.

Staining with dihydroethidium (DHE, Sigma-Aldrich) was per-
formed according to [46] to analyze superoxide anmion (037). Cells
were counterstained with propidium iodide to discriminate between
live and dead cells. A Nikon Eclipse E600 fluorescence microscope
equipped with a Leica DC 350F ccd camera was used. Digital images
were acquired using FW4000 software (Leica).

Lipid peroxidation was determined by quantifying malondialdehyde
(MDA) using the BIOXYTECH® LPO-586™ Colorimetric Assay Kit
(OxisResearch). The assay is based on the reaction of the chromogenic
N-methyl-2-phenylindole with MDA forming a stable chromophore
with maximum absorbance at 586 nm.

2.4. Immunoprecipitation and Western analysis

Total protein extracts preparation, immunoprecipitation and
Western analysis were performed as described [35]. Acetylation levels
of histones were analyzed on extracts prepared by mild alkaline
treatment [47] and SDS-PAGE was performed on 12% polyacrylamide
slab gels. Gels were blotted onto Hybond-P PVDF membranes (Amer-
sham). Correct loading/transfer was confirmed by staining filters with
Ponceau S Red (Sigma-Aldrich). The primary antibodies used were:
ant-HA (12CAS5, Roche), anti-acetylated-lysine (Ac-K-103, Cell Signal-
ing), anti-3-phosphoglycerate kinase (Pgkl) (22C5, Invitrogen), anti-H4
(ab16483, Abcam) and anti-H4K16ac (abl762, Abcam). 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.

2.5. Statistical analysis of data

All values are presented as the mean of three independent
experiments + Standard Deviation (SD). Three technical replicates
were analyzed in each independent experiment. Statistical significance
was assessed by one-way ANOVA test The level of statistical signifi-
cance was set at a P value of =0.05.

3. Results

3.1. Resverarrol supplementaton ar the dimuxic shift restrices CLS and
increases oxidative siress

During chronological aging, an increase in oxidative stress occurs,
which negatively affects CLS [48-50]. Since antioxidant properties,
among others, have been reported for potential RSV health benefits, we
evaluated the effects of its supplementation at the diauxic shift (Day 0)
on both CLS and cellular metabolism. RSV-treated culture showed a
decrease of CLS (Fig. 1A) in concert with increased extracellular levels
of ethanol and acetate compared with the unireated one (Fig. 1B and
C). Ethanol and acetate are two well-known by-products of yeast
glucose fermentation that are transiently accumulated in the culture
medium. In fact, after the diauxic shift, these C2 compounds are used as
substrates of a respiration-based metabolism that, in addition to
functional mitochondria, requires the involvement of the glyoxylate/
gluconeogenesis pathways. In RSV-treated cells, the enzymatic activ-
ities of isocitrate lyase (Icll), one of the signature enzymes of the
glyoxylate shunt, and of the key gluconeogenic enzyme phosphoenol-
pyruvate carboxykinase (Pckl), were significantly lower than those in
untreated cells (Fig. 1D). In line with a down-regulation of the
glyoxylate-requiring gluconeogenesis, a reduction in these cells of
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intracellular trehalose stores took place (Fig. 1E). Indeed, the produc-
tion of trehalose stores relies upon gluconeogenesis, which yields
glucose-6-phosphate from the oxaloacetate provided by the glyoxylate
shunt. In addition, since this shunt is fed with acetyl-CoA generated
from acetate a reduction in the glyoxylate/gluconeogenesis flux also
implies a slower depletion of extracellular ethanol and acetate as
observed (Fig. 1B and C).

Moreover, RSV supplementation at Day 0 increased cellular respira-
tion rate (Jp) as well as the non-phosphorylating respiration rate (Jrgr).
The latter estimated in the presence of the FoF1-ATPase inhibitor
triethyltin bromide (TET, [51]) (Table 1). However, in these cells the
net respiration (netR), measured by subtracting Jyer from Jg, was
extremely low especially 3 days after the diauxic shift (Table 1)
indicating that in the presence of RSV the respiration is predominantly
uncoupled. No significant differences were detected in the maximal
oxygen consumption rate (Jyax, see Materials and Methods) between
treated and untreated cultures reflecting a similar maximal respiratory
capacity (Table 1).

It is known that a non-phosphorylating respiration state is the
source of the superoxide anion (057) [52,53 ], which is produced by one
electron reduction of oxygen due to leakage of electrons from the
respiratory chain. 05" and the resulting cascade of reactive oxygen
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species (ROS) accumulate as a function of age and contribute to the
chronological aging phenotype [48,50,54]. In RSV-treated cells an
increase in O3~ content compared to that of the untreated ones was
observed (Fig. 2A) in line with an increased non-phosphorylating
respiration (Table 1).

An increased O35 content reflects a serious imbalance between 05~
production and the cellular antioxidant capacity. In fact, cells have
developed endogenous antioxidant defenses for scavenging 05~ /ROS in
order to offset their accumulation and the consequential damaging
effects. In particular, starting from the diauxic shift, when cells shift to a
respiratory metabolism and the cellular redox environment shifts to a
more oxidized state [55,56] these protective mechanisms become
increasingly engaged as yeast cells age [49.57]. In this context,
antioxidant enzymes such as superoxide dismutases (Sod) and catalases
are involved [48.58]. The former catalyze the dismutation of O3~ into
hydrogen peroxide (H20,) and the latter reduce H,0 to water [49].
Consistent with published data [59], in untreated cells both the
enzymatic activities of Sod and catalases increased after the diauxic
shift (Fig. 2B). Notably, at the same time-points, in RSV-treated cells the
same enzymatic activities were always higher (Fig. 2B) indicating that
RSV supplementation stimulates the antioxidant defences. Despite this,
the O} generated in the RSV presence exceeds the cellular antioxidant
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capacity resulting in an increase of 03~ levels.

Oxidative stress is associated with the accumulation of macromole-
cular damages including lipid peroxidation (LPO). This process is
initiated by attack of ROS to lipids containing carbon-carbon double
bond(s), in particular polyunsaturated fatty adds. Afterwards, a
cascade of reactions takes place generating different types of aldehydes,
many of which are highly reactive and toxic [60,61]. Malondialdehyde
(MDA) is one of these end-products and is used as a convenient and
reliable biomarker for LPO analysis [62]. After the diauxic shift in wt
cells MDA levels increased (Fig. 2C), in line with the fact that LPO
increases as chronological aging progresses [59,63]. At the same time-
points, in chronologically aging RSV-treated cells MDA levels were
always higher (Fig. 2C) indicating that RSV supplementation exacer-
bated LPO. All this can contribute to the shortened CLS.

3.2, Lack of Sir2 results in cells unresponsive to RSV supplementation at the
diauxic shift

Pckl is a metabolic enzyme that is highly regulated and, in
particular, its gluconeogenic activity strictly depends on its de/acetyla-
tion state [35,64]. In agreement with the decrease in Pckl activity
measured following RSV supplementation at the diawdc shift (Fig. 1D),
a decrease in the level of the acetylated active form of the enzyme
compared with that in the untreated culture was observed (Fig. 3A). No
significant difference in the total Pckl was detected between the two
cultures (data not shown). Since RSV has been classified as a naturally
occurring STAC [12,14] and Sir2 is the enzyme responsible for Pckl

deacetylation [64], it is plausible to hypothesize that the deacetylase
activity of Sir2 can be involved in the metabolic/physiologic changes
observed in the presence of RSV. To investigate this, we initially
compared total cellular levels of Sir2 in untreated and RSV-treated
cells: no significant difference was found (Fig. 3B and C), ruling out any
influence of RSV on Sir2 synthesis/stability. In parallel, we also
compared the levels of H4 lysine 16 acetylation (H4K16ac). Indeed,
the deacetylase activity of Sir2 is required for gene silencing at
telomeres, mating-type loci (HML and HMR) and rDNA locus, where it
maintains a hypoacetylated chromatin state by removing H4K16ac
[65]. We did not observe any significant changes in H4K16ac levels
between untreated and RSV-treated cells (Fig. 3D and E).

A way to assess if RSV works via Sir2 is to analyze its effects in the
absence of the enzyme. Thus, RSV was supplied to sir2A cells at Day 0:
all the RSV effects were abolished when SIR2 was deleted and unlike wt
cells, sir2A ones were unresponsive to RSV (Figs. 4 and §1). Indeed, CLS
of sir2A cells was unaffected (Fig. 4A), as were the metabolic features
that characterize a chronologically aging sir2A culture [35.37] such as
fast depletion of extracellular ethanol and low levels of acetate (data
not shown), high levels of Icll and Pckl enzymatic activities (Figs. S1A
and 4B), high levels of the acetylated Pckl (Fig. 4C) and enhanced
trehalose stores (Fig. S1B). Similarly, also the respiratory activity of
chronologically aging sir2A cells that is particularly characterized by a
low Jrgr [37), was unaffected by RSV presence (Table 1). This was
accompanied by low 03~ levels (Fig. 4D). As far as the enzymatic
activities of Sod and catalases were concerned, in sir2A cells their levels
were similar to those measured in the wt ones (Figs. 4E and 2B) in line
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with published gene expression profiles [ 36]. RSV supplementation to
sir2A cells had no effect on both the enzymatic activities (Fig. 4E)
indicating that in the absence of Sir2 the cellular antioxidant defences
are not stimulated by RSV treatment. Finally, lack of Sir2 also
determined during chronological aging a strong reduction of LPO as
shown by the lower MDA levels compared with those of the wt culture
and, in the same way as for the other parameters so far analyzed, they
were unaffected by RSV (Figs. 2C and 4F). Thus, overall, following RSV
supplementation at the diauxic shift, wt cells acquire metabolic traits
that are opposite to those of chronologically aging sir2A cells. More-
over, taken together these data indicate that Sir2 is required in the
acquirement of these traits.

3.3. RSV supplementation at the diawxic shift promotes Sir2-mediated
deacetylation of Pckl

The AGC protein kinase Sch9, which is a direct substrate for TORC1
[66], is a negative regulator of CLS and its lack significantly extends
CLS ([67] and Fig. 5A). This long-lived phenotype is further exacer-
bated by SIR2 deletion ([36] and Fig. 5A). On the contrary, RSV
supplementation to sch9A cells at Day 0 caused a survival reduction,
whereas the synergistic effect of the SIR2 deletion with the SCH9 one on
CLS was unaffected (Fig. 5A). Another condition in which SIR2 deletion
further exacerbates a long-lived phenotype is that of a severe form of
CR obtained by transferring post-diauxic cells from their expired
medium to water ([35,36] and Fig. 5B). Supplementing RSV to water
strongly reduced the beneficial effect on the survival of wt cells
produced by the severe CR, whilst had no impact on the extreme CLS
extension of the sir2A culture (Fig. 5B). These data are consistent with
the interpretation that the effects of RSV on CLS are mediated by Sir2.

Afterwards, since Pckl acetylation /enzymatic activity is, on the one

hand, necessary and sufficient for CLS extension in water and, on the
other, the key substrate of Sir2 controlling this form of longevity [64],
we measured both parameters after RSV supplementation to wt and
sir2A cultures. Once wt cells were switched to water, the presence of
RSV determined a decrease in the levels of Pckl enzymatic activity
compared to those detected without RSV (Fig. 5C). This decrease was
associated with a reduction in the amount of the acetylated active form
of the enzyme (Fig. 5D) in line with a reduced CLS (Fig. 5B). The sir2A
culture in water, characterized by an extreme long-lived phenotype,
had higher levels of both the enzymatic activity and acetylated form of
Pckl compared to those of the wt culture (Fig. 5C and D). Moreover,
similarly to all the other cellular parameters analyzed, neither did the
enzymatic activity and acetylated form of Pckl change following RSV
supplementation to sir2A cells (Fig. 5C and D). As previously reported,
PCK1 deletion strongly reduced CLS in both water (Fig. 5B and [64])
and in expired medium [64]. The short-lived phenotype of pcklA cells
was unaffected by SIRZ deletion (Fig. 5B and [35,64]) being PCK1
epistatic to SIR2 in this form of longevity [64]. As SIR2 deletion, RSV
supplementation did not affect the CLS of pcklA cells in both water
(Fig. 5B) and in expired medium (data not shown).

Finally, considering that we recently found that nicotinamide
(NAM) supplementation at the diauxic shift inhibits Sir2 activity, in
particular Sir2-mediated deacetylation of Pckl resulting in a phenocopy
of SIR2 deletion [37], to further delineate the link between RSV and
Sir2, we set out to evaluate whether NAM would cause any effect on
RSV-supplemented cells. To this end, postdiauxic wit cells were
transferred from their expired medium to RSV-supplemented water.
Then, at the time-point where the RSV stationary culture showed 50%
(mean CLS) of survival, NAM (5 mM) was added. As shown in Fig. 6A,
the negative effect on CLS exerted by RSV presence was almost
completely abolished by the longevity-extending activity of NAM as a
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function of time in culture. Concomitantly, in the same time-frame, the
trend of decrease of the enzymatic activity and the acetylation form of
Pckl was reversed and both increased (Fig. 6B and C). Taken together
all these data reinforce the notion that the RSV effects observed herein
are mediated by an enhancement of the Sir2 activity and involve its
cellular target Pckl.

4. Discussion

In this study we investigated the effects of RSV supplementation at
the onset of chronological aging, namely at the diauxic shift, on yeast
metabolism and CLS. In effect, at the diauxic shift when cells shift from
glucose-driven fermentation to ethanol/acetate-driven respiration, a
massive metabolic reconfiguration takes place, leading cells to acquire
a set of characteristics that ensure survival in stationary phase. These
characteristics are specific to gquiescent cells and influence the CLS. The
metabolic reconfiguration mainly involves an increase in mitochondrial

Redox Biology 12 (2017) 745-754

respiration and activation of gluconeogenesis that allows cells to utilize
the glucose-derived fermentation products, ethanol and acetate, and
accumulate sufficient stores for surviving starvation [68]. In particular
trehalose, the accumulation of which is beneficial for CLS extension
[69], apart from its unequivocal protective activity and contribution as
an energy storage carbohydrate in quiescent cells, it plays a key role in
fueling cell cycle reentry from quiescence [70]. We found that RSV
supplementation affects this metabolic reconfiguration leading to
negative outcomes on CLS, such as increased 05~ levels and a decrease
in trehalose stores. Interestingly, all data indicate that the RSV effects
on both metabolism and CLS are Sir2-dependent. With regard to the
reduction in trehalose stores, it relies on a decrease in gluconeogenesis
whose main flux-controlling enzymatic activity, namely Pckl, strongly
decreases following RSV supplementation. This decrease is mirrored by
the decrease in the acetylated active form of Pckl, which is targeted for
deacetylation by Sir2 causing downregulation of gluconeogenesis
[35,37.64]. Since Sir2 levels are unaffected by RSV presence, this
suggests that the Sir2 enzymatic activity is enhanced. Furthermore, it is
well known that the acetylation control of Pckl gluconeogenic activity
is crucial for CLS extension both in expired medium and in extreme CR
condition (water) [64]. In both conditions, RSV supplementation
determines CLS restriction and reduced levels of both enzymatic
activity and acetylated form of Pckl. Notably, the negative effects of
RSV on CLS and Pckl activity/acetylation level are reversed by the
supplementation of a non-competitive inhibitor of Sir2 activity, such as
NAM, which reacts with an intermediate of the deacetylation reaction
reforming NAD " and the acetylated substrate [71]. In this context, we
recently showed that NAM supplementation at the diauxic shift inhibits
Sir2-mediated deacetylation of Pckl generating a phenocopy of chron-
ologically aging sir2A cells [37]. Since these cells display features that
are opposite to those of RSV-supplied cells and SIRZ deletion makes
cells unresponsive to RSV, taken as a whole, this supports the view that
RSV effects stem from an enhancement of Sir2 activity and involve its
cellular target Pekl.

In addition, chronologically aging sir2A cells and NAM-supplied
ones display lower 05~ levels compared to wt cells (Fig. 4D and [37]).
On the contrary, as far as O3~ levels are concemed, in RSV-treated cells,
these levels remain higher compared with untreated ones despite the
accompanying stimulation of endogenous cellular antioxidant defenses
such as catalases and Sod. It is usually accepted that RSV has
antioxidant properties relying in part upon the modulation of enzymes
involved in the oxidative stress response [72]; in the chronological
context this takes place, but strikingly it seems not to be enough to
offset the increased flux of O3~ generated. It is well known that when
cellular antioxidant responses are overwhelmed, oxidative stress occurs
leading to the accumulation of macromolecular damages. Indeed, RSV-
supplemented cells display enhanced lipid peroxidation. Furthermore,
RSV supplementation also reduces trehalose stores and consequently
reduces a protection against oxidative damage to proteins and lipids.
All this may contribute thereby to restrict CLS.

To sum up, collectively these data are consistent with the notion
that RSV supplementation at the diauxic shift requires Sir2 for eliciting
its effects. In particular, it negatively influences chronological aging by
enhancing Sir2 deacetylase activity. A common mechanism of allosteric
activation/stimulation of SIRT1 activity has been proposed for RSV and
synthetic STACs in which their binding to the N-terminal domain of
SIRT1 leads to lowering the Km for the substrate [14]. Such an N-
terminal regulatory domain is also present in Sir2 and provides a means
for allosteric regulation of its enzymatic activity. Indeed, interactions
between Sir4 and Sir2 involve this domain and enhance Sir2-mediated
deacetylation of H4K16 [73,74]. Although we cannot rule out the
possibility than RSV might directly target proteins other than Sir2, it is
plausible to hypothesize that RSV can interact with Sir2 by a similar
mechanism and modify/increase the affinity of Sir2 towards its
physiological substrate, the acetylated Pckl, the enzymatic activity of
which is essential for gluconeogenesis and CLS extension.
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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 y 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 (03"), 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/1) 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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Strain Relevant genotype Source

W303-1A MATa ade2-1 his3-11,15 leu2-3,112 P.P.Slominski
trp1-1 ura3-1 can1-100

sir2A W303-1A sir2A::URA3 (Calzari et al, 2006)

PCK1-3HA W303-1A PCK1-3HA::KIURA3 (Casatta et al,

2013)

sir2A PCK1-3HA W303-1A sir2A::HIS3 PCK1- (Casatta et al,
3HA::KIURA3 2013)

oaflA W303-1A oaflA::HIS3 This study

oaflA sir2A W303-1A o0aflA::HIS3 sir2A:URA3 This study

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 uM.

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, Pckl and Icll activities were determined as
reported in (21). Total protein concentration was estimated using the BCA™ 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
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malonildialdehyde (MDA) with the BIOXYTECH® LPO-586™ 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 pM 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 pg) were incubated with 2 pg of anti-HA mAb (12CA5, Roche) at 4 °C
overnight, followed by the addition of 50 pl 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 (Pgkl) (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 pl of a 10¢ 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 a-factor at a final concentration of 2.5 uM. A
concentration gradient of QUER was formed by loading 5 pl of 300 uM QUER on
filter disks placed on the agar. 5 pl 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 0; 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 uM) 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 Icll, 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 Pckl increased after the treatment with the
compound (Fig. 2D) in agreement with the increase of Pckl 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. Pckl (A) and Icll (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 Pckl (Pckl-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 a-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 a genes. Consequently, sir2A being unresponsive to the
pheromone in the presence of a-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 a-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 sir2A
mutant. Consequently, cells having silencing defects were unresponsive to the
pheromone and grew in its presence (Fig. 3). No effects were observed on the sir2A
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 sir2A exponentially growing
cells were dropped (5 ul of a 10¢ cells/ml dilution) onto glucose rich/ medium plates (top
left), supplemented with 2.5 uM a-factor (upper right corner). A concentration gradient of
QUER was formed by loading 5 pl of 300 uM QUER on filter disks placed on the agar (lower
left corner). 5 pl 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 sir2A 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 Pckl activity in sir2A-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) sir2A 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 sir2A cells display enhanced glyoxylate/gluconeogenic flux.
Summary graphs of Pckl (A) and Icll enzymatic activities (B), intracellular trehalose (C),
and Pck1 acetylation levels (D) in sir2A 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 sir2A
cells (Fig. 6A). Following the addition of QUER both wt and sir2A cells showed a
peripheral distribution of LD already at Day 1, supporting that QUER can improve
lipid utilization/ mobilization (Fig. 6A).

The OAFI 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
oaflAsir2A (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
sir2A cells as well as in oaflA ones, confirming that QUER affects lipid
utilization/mobilization. Since a stronger mobilization of lipid reserves was also
observed in oafIA 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
pg/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 tel1A, 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.

84



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 (GPHI) and, on the other, the transcription
of genes for trehalose synthesis and utilization, such as Trehalose-6-Phosphate
Synthase 1 (TPS1) and Neutral TreHalase (NTHI) (38).

Moreover, our results highlight that the increase of trehalose amount following
QUER addition, is also dependent on Pckl, crucial enzyme in controlling the
gluconeogenesis flux, whose activity strongly enhanced after the treatment with the
compound. The increased activity of Pckl 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 wuse 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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Abstract

Mitochondrial functionality is one of the main factors involved in cell survival, and
mitochondrial dysfunctions have been identified as an aging hallmark. In particular,
the insurgence of mitochondrial dysfunctions is tightly connected to mitochondrial
metabolism. During aging, both mitochondrial oxidative and biosynthetic metabolisms
are progressively altered, with the development of malfunctions, in turn affecting

International Review of Cell and Molecular Biology, Volume 340
[SSN 1937-6448 © 2018 Elsevier Inc.
hetps://dot.org/ 10.1016/bs.iramb.2018.05.001 All rights reserved. 1

91



2 Giacomo Baccolo et al.

mitochondrial functionality. In this context, the relation between mitochondrial
pathways and aging is evolutionarily conserved from single-celled organisms, such
as yeasts, to complex multicellular organisms, such as humans. Useful information
has been provided by the yeast Saccharomyces cerevisiae, which is being increasingly
acknowledged as a valuable model system to uncover mechanisms underlying
cellular longevity in humans. On this basis, we review the impact of specific aspects
of mitochondrial metabolism on aging supported by the contributions brought by
numerous studies performed employing yeast. Initially, we will focus on the tricarbox-
ylic acid cycle and oxidative phosphorylation, describing how their modulation has
consequences on cellular longevity. Afterward, we will report information regarding
the importance of nicotinamide adenine dinucleotide (NAD) metabolism during aging,
highlighting its relation with mitochondrial functionality. The comprehension of these
key points regarding mitochondrial metabolism and their physiological importance is
an essential first step for the development of therapeutic interventions that point
to increase life quality during aging, therefore promoting “healthy aging,” as well as life-
span itself.

1. INTRODUCTION

Mitochondria are unquestionably essential organelles for eukaryotic
aerobic metabolism since they provide a unique metabolic pathway that
generates the energy required for all cellular functions in a utilizable
form. In addidon, mitochondria exhibit many other functions, including
biosynthesis of intermediary metabolites, such as amino acids and
nucleotides, formation of iron—sulfur clusters, and regulation of Ca?t
homeostasis.

By providing essential cellular functions, mitochondna support the
metabolism of the whole cell and contribute to cellular and organismal
homeostasis. Consequently, their impairment is associated not only with
several diseases, but dysfunctional mitochondria are considered a hallmark
of aging (Lopez-Oxtin et al., 2013), and an altered mitochondrial metabolism
characterizes many aging-related pathologies, including degenerative
disorders (Lane et al., 2015). As far as aging 1s concemned, mitochondra
have been/are intensively studied regarding, in particular, mitochondnal
adenosine triphosphate (ATP) production and reactive oxygen species
(ROS) leakage from the respiratory chain. Here, we also discuss other
central functions of mitochondrial metabolism that are equally important,
such as mitochondrial carbon metabolism and NAD homeostasis as parts
of a complex mechanism, providing reducing equivalents and biosynthetic
intermediates for the cell.
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Since the single-celled yeast Saccharomyces cerevisiae 1s a valuable model
system in the field of aging-related research, here we mainly refer to this
organism to highlight the critical importance of this organelle. Two comple-
mentary models of aging are well established in S. cerevisiae: replicative and
chronological aging that allow us to simulate the aging process of mitotically
active and postmitotic quiescent mammalian cells, respectively (Longo and
Kennedy, 2006; MacLean et al., 2001). In the former, replicative litespan
(RLS) defines the reproductive potential of individual yeast cells. In the
latter, chronological lifespan (CLS) is measured as the time a culture of
quiescent cells remains viable in a metabolically active nondividing state.
Both models have contributed to the discovery of evolutionarily conserved
factors associated with mitochondrial dysfunctions that proved to be

involved in the aging process.

2. THE TRICARBOXYLIC ACID CYCLE

In terms of energetic metabolism, the mitochondrion is primarily a
device for coupling the synthesis of ATP to the oxidative reactions of the
tricarboxylic acid (TCA) cycle. This universal attribute of all mitochondria
is referred to as oxidative phosphorylation (OXPHOS). Indeed, mitochon-
dna catalyze aerobic oxidation ot acetyl-CoA to COj and water by means of
the TCA cycle and produce energy, which 1s stored in the form of high-
energy bonds of ATP.

Basically the TCA cycle consists of a series of both oxidative and
hydrolytic reacdons (Fig. 1). Upon condensation of acetyl-CoA with
oxaloacetate generating citrate, the cycle starts with the reversible dehydra-
tion of citrate to cis-aconitate and the hydration of cis-aconitate to
isocitrate, catalyzed by aconitase. The following steps are sequential
redox reactions: oxidation of 1socitrate to o-ketoglutarate; oxidation of
g-ketoglutarate to succinyl-CoA and CO»; and oxidation of succinate to
fumarate. Then, fumarase catalyzes the reversible hydration of fumarate
to malate, whose final oxidation to oxaloacetate completes the cycle. All
the oxidatve steps require cofactors in the oxidized forms of NAD or flavin
adenine dinucleotide (FAD) as acceptors of reducing equivalents.

Besides this basic view of the cycle starting with acetyl-CoA as input to
form citrate, TCA can be also fueled at the level of some of its intermediates.
Indeed, the availability of glutamic acid leads to a “modified” cycle:
glutamate is converted to o-ketoglutarate, which being a TCA intermediate
is oxidized via the cycle to oxaloacetate. Afterward, most of the oxaloacetate
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Figure 1 Scheme of the TCA cycle and its connections with the uptake of pyruvate and
glutamate. AGC, aspartate/glutamate carrier; GDH, glutamate dehydrogenase complex;
IMM, inner mitochondrial membrane; mGOT2, mammal glutamic-oxaloacetic transam-
inase 2; MPC, mitochondrial pyruvate carrier; PDH, pyruvate dehydrogenase complex;
yAat1, yeast aspartate aminotransferase 1; yAch1, yeast acetyl-CoA hydrolase 1.

reacts by transamination with a second molecule of glutamate, generating
aspartate and a-ketoglutarate. In such a way, the TCA cycle is connected
with the anabolic biosynthesis of amino acids and vice versa (Fig. 1).

3. TRICARBOXYLIC ACID CYCLE DYSFUNCTIONS AND
AGING

During chronological aging in yeast, TCA enzymatic activities
have been shown to change (Samokhvalov et al., 2004). In particular, citrate
synthase, o-ketoglutarate dehydrogenase, and malate dehydrogenase display
a reduced activity, whilst that of succinate dehydrogenase (also known as
Complex II) increases. Such an increase has been proposed to be part of a
compensation mechanism induced by aged cells to maintain their respiratory
competency (see Section 7.2). In this compensation mechanism is also
involved the glyoxylate cycle, which leads to an increase in succinate
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formation (Samokhvalov et al., 2004). The glyoxylate cycle is present in
yeast and operates as a shunt of the TCA cycle. During chronological aging,
this cycle is operative and replenishes the TCA cycle of intermediates to
keep it functioning. Briefly, both cycles share the first steps in which citrate
synthase catalyzes the condensation of oxaloacetate and acetyl-CoA to form
citrate and aconitase converts citrate to isocitrate. In addition, the glyoxylate
cycle is completed by two unique enzymes that are isocitrate lyase (Icll) and
malate synthase. The tormer cleaves isocitrate to glyoxylate and succinate,
and the latter converts glyoxylate and acetyl-CoA to malate. Finally, malate
dehydrogenase catalyzes the oxidation of malate to oxaloacetate. This end
product of the shunt can be also utilized for gluconeogenesis, a pathway
that is essential for the extension of CLS (Lin et al., 2009).

In mammalian cells, TCA enzymatic activity also changes during aging,
displaving a decrease that mainly concerns the NAD-dependent dehydroge-
nases and damage-redox sensitive enzymes such as aconitase (Ingram and
Chakrabart, 2016; Kumaran et al., 2005; Stauch et al., 2015; Yanan
et al,, 2006). In this context, it 1s well known that oxadative modifications
of proteins can lead to an impairment or a complete loss of protein function.
In particular, protein carbonylation is one of the most studied irreversible
modificadons occurring during aging (Cabiscol et al.,, 2014; Nystrom,
2005). Both in yeast and mammalian cells, TCA enzymes, as well as the
mitochondrial ATPase synthase, have been shown to be target of carbonyl-
adon (Ahmed et al., 2010; Cabiscol et al., 2014; Reverter-Branchat et al.,
2004; Tamarit et al., 2012).

4. IMPAIRED MITOCHONDRIAL PYRUVATE/ACETYL-
COA METABOLISM AND AGING

Glucose-derived pyruvate is one of the most important metabolic
mput for mitochondra where it is converted to acetyl-CoA by the pyvruvate
dehydrogenase (PDH) complex (Fig. 1). Pyruvate s produced at the end of
glycolysis in the cytoplasm and enters the mitochondrial matrix through the
mitochondrial pyruvate carrier (MPC; Bricker et al., 2012; Herzig et al.,
2012). The MPC is a heteromeric complex of which Mpcl/MPCI1 in
yeast or mammalian cells is the major structural subunit (Bricker et al.,
2012). During chronological aging, loss of Mpcl significantly reduces
CLS (Eisenberg et al., 2014; Orandi et al, 2014). Furthermore, the
mpcld mutant accumulates pyruvate, while TCA cycle intermediates,

such as citrate, succinate, and malate, are decreased (Orlandi et al., 2014).
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Similarly, depletion of human MPC1 impairs pyruvate oxidation (Bricker
et al., 2012), and in these cells, intracellular level of pyruvate 1s strongly
increased, whereas citrate level is decreased (Vacanti et al., 2014).

In both yeast and human cells, a metabolic reprogramming takes place to
compensate for the decrease of mitochondrial pyruvate, allowing cells to use
other substrates for both respiration and anabolic purposes. In yeast, the lack
ofa funcdonal MPC is associated with an increased activity of the mitochon-
drial malic enzyme, that by decarboxylating malate to pyruvate, it provides a
mitochondnal pyruvate pool (Orlandi et al., 2014). In such a way, the TCA
cycle operates in a “branched” fashion and 1s depleted of intermediates. In
order to fulfill the needs of the TCA cycle, mutant cells increase the activites
of the glyoxylate cycle, which can feed of C4 compounds the TCA cycle. In
the case of human cells, which do not possess the glyoxylate cycle, in order
to cope with the lack of mitochondrial pyruvate uptake, they strongly
increase glutamine utilization (Vacanti et al, 2014; Yang et al, 2014).
This necessarily occurs since glutamine can be deaminated to glutamate,
which in turn 15 converted to a-ketoglutarate to replenish the TCA cycle.
Then, mitochondrial 1soforms of malic enzyme, ME2 and ME3, as in yeast,
transform malate into pyruvate.

These mechanisms, which allow the cells to compensate for the
mitochondrial pyruvate deficiency, on the other hand, render them more
vulnerable. In yeast, the defect of the TCA cycle functioning, ultimately,
results in an inefficient mitochondrial acetyl-CoA metabolism (Eisenberg
et al., 2014; Orlandi et al., 2014). This latter consequence 1s associated
with an increased nucleocytosolic acetyl-CoA metabolism, which in turn
also affects histone acetylation, leading to a repression of genes encoding
proteins required for autophagy, a process that plays a critical role for cell
survival during chronological aging (Eisenberg et al,, 2014). Thus, the
perturbation of mitochondrial metabolism is connected to the chromatin
structure.

Simuilarly, blocking the mitochondrial route to acetyl-CoA by deletion of
ACHT1 1ncreases nucleocytosolic acetyl-CoA metabolism that ultimately
triggers histone acetylation and repression of autophagy genes (Eisenberg
et al., 2014). This results in a short CLS (Eisenberg et al., 2014; Orlandi
et al.,, 2014). The mitochondrial Achl displays a CoA-transferase activity:
it catalyzes the CoASH transfer from succinyl-CoA (produced by the
TCA cycle) to acetate producing acetyl-CoA (Fleck and Brock, 2009;
Fig. 1). In the mitochondra, the reaction catalyzed by Achl allows, on
the one hand, to save one ATP compared with the acetate activation to
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acetyl-CoA by the acetyl-CoA synthetase 1 and, on the other, to protect
mitochondrial functon from the toxic effects of acetate accumulation. In
line with this the reduced CLS of the ach1A mutant is associated with an
impaired mitochondral functionality (Orlandi et al., 2012). Moreover,
consistent with a role of the mitochondnal detoxifying enzyme, Achl has
been identified to be resistant to oxidative damage (Tamarit et al., 2012).

Furthermore, LSC1 encodes the alpha subunit of succinyl-CoA ligase,
the enzyme that catalyzes the nucleotide-dependent conversion of
succinyl-CoA to succinate. Interestingly, LSC1 deledon decreases the
CLS (Fabrizio et al., 2010; Powers et al., 2006). These convergent short-
lived phenotypes evidence a critical role of the succinate node for the func-
tionality of the TCA cycle.

5. MITOCHONDRIAL METABOLISM OF BRANCHED-
CHAIN AMINO ACIDS AND AGING

The TCA cycle and the biosynthesis of amino acids are strongly
interconnected. In additon to the a-ketoglutarate/glutamate connection,
another hink 1s found with malate, which 15 a precursor in the anabolic
pathway of the branched-chain amino acids (BCAAs). In the reaction
catalyzed by the mitochondrial malic enzyme, as mentioned previously,
malate is converted in pyruvate, which is consequently used to synthesize
leucine, isoleucine, and wvaline, collectively known as BCAAs (Fig. 1).
These amino acids are synthesized in yeast by a unique pathway localized
in the mitochondra, in which common enzymes catalyze similar reactions.
Thus, this mitochondnal pathway contributes to the amino acids homeo-
stasis, which is a key process involved in the long-term viability during
both replicative and chronological aging (Aris et al., 2012; Kamei et al.,
2014). Indeed, the levels of transcripts encoding enzymes involved in the
biosynthesis of BCAAs, as well as the BCAA metabolic profile, decrease
during replicative aging (Kamei et al., 2014). Furthermore, during
chronological aging, not all the amino acids are equally effecave. This 1s
mirrored by the fact that the availability of specific amino acids, compared
with the availability of all amino acids, has a greater importance in amino
acid homeostasis. In particular, among the amino acids, leucine makes the
greatest contribution to the CLS extension (Alvers et al., 2009). The
importance of leucine is supported by the fact that the CLS of the leu?2
auxotroph mutant, which has a short-lived phenotype, is extended by

restoring LEU2 (Alvers et al., 2009). Intriguingly, BCAAs enhance CLS
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in both autophagy-deficient and autophagy-competent strains (Alvers
et al., 2009). Thus, a strictly nutntional function cannot completely ac-
count for their prolongevity effect under conditions in which autophagy
provides an efficient recycling of amino acids and other metabolic building
blocks. In agreement, it has been proposed thatisoleucine, valine, and thre-
onine also act via a regulatory mechanism that involves the well-known
general amino acid control (GAAC) pathway. This pathway regulates
amino acid homeostasis in yeast (Hinnebusch, 2005) and 1s induced by
limiting amounts of specific amino acids, such as BCAAs, with critical re-
percussions on longevity, while an increased level of BCAAs curtails the
activity of the GAAC pathway, enhancing CLS (Alvers et al., 2009).
BCAAs, by this way, prevent the activation of an anabolic process that
has deep impact on the energy and metabolite resources during chronolog-
1cal aging.

Notably, as far as valine and threonine are concerned, it has also been
reported to determine stress sensitization and reduce CLS by activating
the TORC1/Sch9 pathway (Mirisola et al., 2014). This is a nutrient-
sensing pathway, the activation of which promotes chronological aging
(Fontana et al., 2010; Kaeberlein, 2010). The conflicting results about
valine and threonine supplementations require further investigations but
probably rely on different experimental conditions/yeast genetic back-
ground used (Alvers et al., 2009; Mirisola et al., 2014) and the many unre-
solved questions concerning the regulatory linkages between the GAAC
and TOR pathways.

Amino acid homeostasis is important not only for yeast but also for
humans in the maintenance of cellular integrity during aging. Since in
human cells amino acid synthesis is limited to few amino acids and the
availability of most of them, including BCAAs, depends on diet, a proper
management of amino acids and related metabolites 1s essenaal for cellular
homeostasis. However, the effects of the diet and, in particular of amino
acid assumption, can vary among the different tissues, which are character-
ized by specific/different metabolic features. In this context, BCAAs have
been shown to play an important role in the metabolic regulation of
peripheral tissues, such as white adipose tssue, liver, and muscle with
different outcomes according to catabolic or anabolic conditions. For
example, BCAA supplementation, in particular leucine, sumulates protein
synthesis in muscle and improve sarcopenia, the age-associated loss of muscle
mass and function (Dillon et al., 2009; Fujita and Volpi, 2006; Pansarasa
et al., 2008; Shimomura et al., 2006). On the contrary, in padents with
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metabolic disorders, such as obesity and insulin resistance, BCAAs exert
negatve effects depending on the prevalence 1n these conditions of catabolic
signals. BCAA supplementation seems to cause an impaired amino acid
oxidation, leading to the accumulation of toxic intermediates, such as
branched-chain keto acids (Berg et al., 2016; Mihalik et al., 2010).

Thus given the discrepancy found in the effects of BCAA administration,
the understanding of the mechanisms that regulate amino acid metabolism
assumes extreme importance for the development of eftective dietary ap-
proaches to contrast aging effects (see Longo et al., 2015).

6. THE OXIDATIVE PHOSPHORYLATION

The OXPHOS results from the coupling between the electron
transport chain (ETC) and the F1Fy-ATP synthase (Complex V). Under
normal conditions of mitochondnal respiration, the reducing equivalents
provided by the TCA cycle through redox reactions fuel the ETC
(Fig. 2). The ETC consists of four enzymatic complexes (Complex I—1V)
located in the inner mitochondrial membrane and two mobile electron
carriers, namely coenzyme Q (ubiquinone) and cytochrome c. They allow
the transter of high-energy electrons from NADH and FADH> through
redox reactions. In the ETC, electrons enter at the level of Complex 1
(NADH dehydrogenases 1n yeast) in the form of NADH and at Complex
IT as FADH,. The last one is generated following succinate oxidation to
fumarate catalyzed by succinate dehydrogenase (Complex II), which is
part of both the ETC and TCA cycle. The flux of electrons along the chain
terminates at the level of Complex IV (cytochrome ¢ oxidase) in a four-
electron reduction of molecular oxygen, producing two molecules of wa-
ter (Fig. 2). In addition, the electron transfer is coupled to the translocation
of protons into the intermembrane space. This proton pumping determines
the formation of an electrochemical gradient that is dissipated by the F,Fy-
ATP synthase to drive phosphorylation of ADP to ATP (Wallace, 2009).

Respiration, and consequently the ETC, is the main source of cellular
energy, making this system central and fundamental throughout the whole
lite of the cell and, therefore, also during the aging process.

Respiration and its dysfunctions are central in the attempt to explain the
aging phenomenon. In this context, one of the most widely accepted and
popular theories is the Free Radical Theory of Aging. It was proposed by
Harman in 1956 (Harman, 1956) and, substantally, atcributed the cause of
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aging to damages generated by free radicals produced in redox reactions.
The theory was proposed when direct evidence of ROS production by
the cell was not yet available. However, Harman supposed that: “ The most
likely source of "OH and HO3 radicals, at least in the animal cell, would be the
interaction of the respiratory enzymes involved in the divect utilization of molecular
oxygen”. To date, this hypothesis has been confirmed, and mitochondria
are recognized as the main source of ROS within the cell. ROS are part
of the free radical family, that is, atoms, molecules, and 10ns that have an un-
paired valence electron, making these substances extremely reactive. There-
fore, the term ROS does not refer to a specific molecule but to superoxide
O; 7, radical hydroxyl *OH, hydrogen peroxide H>O», and singlet oxygen
10, Leakage of electrons from the ETC leads to the formation of
the O57, as oxygen can readily accept single electrons in a nonenzymadc
transfer. The resulting cascade of ROS can damage not only many macro-
molecules but can target mitochondria with detrimental effects. ROS levels
increase as a functoon of age, and a decline in mitochondnal functionality
throughout the aging process takes place (Barros et al., 2010; Breitenbach
et al., 2014).

7. RESPIRATION, ROS PRODUCTION AND AGING: A
COMPLEX INTERPLAY

The specific mechanism by which each single complex in the respira-
tory chain is involved in the production of radical species and, thus, contrib-
utes to cell damage, and aging stll remains to be completely elucidated.
Here, the features of each complex will be reported in order to clarify their

contribution to the aging process.

7.1 Complex |

Complex 1, also known as NADH:ubiquinone oxidoreductase, transfers two
electrons from NADH to ubiquinone, reducing it to ubiquinol. Complex I
is the principal entry point for electrons in the ETC and plays a crucial role in
ROS production (Stefanatos and Sanz, 2011) (Fig. 2). Indeed, from
Complex I, electrons can leak and react with oxygen, with the resulting pro-
duction of superoxide anion. Oxygen can access the electrons leaked from
this complex from at least two sites: the flavin moiety and the ubiqui-
none-binding site (Hirst et al., 2008). Complex I dysfunctions and mutations
in the genes encoding its subunits have frequently been correlated with
altered ROS levels and diseases (Fato et al., 2008).
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In mammals, Complex I comprises 38 subunits encoded by nuclear
genes and seven encoded by the mitochondral genome. It contains
many thiol groups, which may be susceptible to oxidative damage during
aging, leading to the loss of its activity. Indeed, some authors showed a
strong age-dependent reduction of Complex I enzymatic activity in rat
cortex mitochondra (Tatarkova et al,, 2011). These detrimental effects
on the respiratory metabolism are dependent on an increase of oxidative
stress that causes damage to protein and lipid peroxidagon. Similar results
were also observed in aged rats heart mitochondria (Petrosillo et al., 2009).
The authors, by measuring different parameters related to mitochondrial
metabolism, including basal respiration, membrane potential, ROS accu-
mulation, and Complex I activity, found an age-dependent decline of
mitochondrial performance in concert with increased levels of oxidized
cardiolipin. This latter 1s a phospholipid required to ensure a proper Com-
plex I activity.

In S. cerevisiae, Complex I 1s replaced by Ndil, an NADH dehydroge-
nase, which does not pump protons in the inner membrane. As observed
for mammals, also yeast Ndil has been reported to be related to the aging
process. Indeed, NDI1 overexpression in yeast determines an increase of
ROS levels and AW loss in concert with a caspase-independent apoptotic
phenotype (Cui et al., 2012; L1 et al., 2006). Furthermore, NDI1-overex-
pressing cells exhibit typical features of aged cells. In line with this, NDI1
deletion determines CLS extension (Li et al., 2006). On the other hand,
NDI1 deletion in the context of replicative aging decreases RLS accompa-
nied by elevated levels of superoxide radicals (Hacioglu et al., 2012).

7.2 Complex Il

Complex II, or succinate dehydrogenase, is a tetrameric iron—sulfur flavo-
protein highly conserved in mammals and yeast. Itis a physical link between
the ETC and the TCA cycle since it oxidizes succinate to fumarate in the
TCA cycle and reduces ubiquinone to ubiquinol in the ETC.

Several studies highlight that this complex does not significanty
contribute to ROS production and aging (Raha and Robinson, 2001;
Robinson, 1998). However, some authors showed that by providing succi-
nate (millimolar) to isolated mitochondria (Hansford et al., 1997), a high
ROS generation occurs depending on a reverse electron transport (Scialo
et al,, 2017). However, in in vivo conditions, succinate concentration
is not so high (micromolar) to promote this reverse electron transport,
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explaining why the contribution of this complex to ROS production 1s not
significant in vivo (Hansford etal., 1997). In addition, when Complex [ and
III are compromised and succinate levels are low, Complex II generates high
levels of H2O» in rat skeletal muscle mitochondria. On the contrary, when
succinate concentration is high, the levels of the aforementioned radical spe-
cles reverse to physiological ones (Quinlan et al., 2012). Authors propose
that at least three mechanisms may be involved:

1. High succinate levels reduce flavin semiquinone concentration, namely

the species that in reaction with oxygen can generate ROS.

2. Succinate binds the complex and reduces its reactive potential.

3. Succinate occupies the access site for oxygen.

A synergistic effect of these mechanisms is not excluded.

Concerning the reladonship between Complex II and the aging process,
it has been demonstrated an age-dependent decline of'its activity in human
skin fibroblasts caused by a lower expression of genes encoding its subunits
(Bowman and Birch-Machin, 2016).

Although the role of Complex II in the aging process of mammalian cells
still merits a more exhaustive analysis, in yeast, there is clear evidence of its
involvement in such a process. Cells deleted in SDH1, SDH2, or SDH4
genes, encoding subunits of succinate dehydrogenase, have the shortest
CLS among 33 single ETC component-deleted stramms (Kwon et al.,
2015). In addition, mutants for Complex II display higher levels of
mitochondrial ROS than those of the other mutants (Kwon et al., 2015).
The short-lived phenotype of sdh1, sdh2, and sdh4 mutants is in line with
the results of (Samokhvalov et al., 2004) showing that in chronological aging
cells, an intensification of succinate formation and oxidation takes place to
counteract a decrease in the activities of all NAD-dependent dehydrogenases
in the TCA cycle. The oxidanve metabolism ot succinate necessarily in-
volves the ETC Complex II and, probably, its enhancement 1s an adaptation
mechanism supporting cell survival. Furthermore, the succinate formation
requires the cytosolic glyoxylate shunt. During chronological aging, this
shunt is triggered, providing C4 dicarboxylic acids that are required to
replenish the TCA cycle with intermediates, among which is succinate.
This compound is produced after cleavage of isocitrate by Icll and then
transported into the mitochondria where 15 oxidized by Complex II.
Notably, a high enzymatic activity of Icll 1s a property of surviving cells
(Samokhvalov et al., 2004), while ICL1 deleton significantly reduces
CLS (Casatta et al., 2013). The importance of this complex is demonstrated
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also dunng replicatve aging. The absence of TCM62, which encodes a
chaperonin required for the assembly of the complex, determines a reduc-
tion in the RLS (Hacioglu et al., 2012).

7.3 Complex lll

Complex II1, also called cytochrome bey complex, is recognized as one of
the main sources of O;7 in the ETC. The electrons are transferred from
Complex 1 and 11 to Complex III by ubiquinol. The electron transfer
from ubiquinol to Complex III, known as Q-cycle, 15 the main cause of
05~ producton at this ETC point (Korshunov et al., 1997; Fig. 2). The
two electrons transferred to Complex I1I follow different fates: one is carried
by cytochrome c¢ passing through the Rieske iron—sulfur protein and
cytochrome c¢y. The other is carried by ubiquinone passing through the
by and by heme of cytochrome b. Considering that the ubiquinone is
located on the matrnix side (N side), which has high levels of negative
charges, the electron transter through the by to by heme is against electric
gradient. Moreover, ubiquinone requires two electrons to be completely
reduced, implying that another electron will have to follow the same
counter-gradient route. Therefore, the ubiquinone reducdon occurs in
two sequental phases and involves the formation of a highly reacuve
semi-reduced form Q7 ". Under normal conditions, Q™" is rapidly reduced
to QHa, preventing O;~ formation. On the contrary, when AW 1s high, the
electron transfer is slower, making Q™" more stable, thus promoting reac-
tivity with O, and leading to O;™ formation (Sugrue and Tatton, 2001).

It has been shown that reducing the electron flow toward Complex III
strongly limits ROS production in solated rats mitochondria, confirming
the central role of this complex in radical species generation (Chen et al.,
2003). Moreover, the lowering of Complex I1I activity in Caenorhabditis ele-
gans correlates with an increase of lifespan (Dillin et al., 2002). Together,
these results confirm the importance of this complex in ROS production
and its impact on the aging process.

In yeast, inhibidon of Complex III by treating cells with andmycin A re-
sults in a significative reducton of respiration that correlates with a strong
decrease of CLS (Ocampo etal., 2012). This effect depends on the Q-cycle.
Indeed, since the binding site of anamycin A is the high potential by heme
(Fang and Beattie, 2003), this could inhibit electron transfer from by heme
to semiquinone, favoring the accumulation of ROS. Instead, the treatment
of yeast cells with sodium cyanide, a molecule that blocks the Complex IV,
reduces ROS levels from Complex III, maintaining cytochrome ¢ and
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ubiquinone reduced. This effect determines an increase of CLS, demon-
strating that Complex 111 is central in ROS production and that interven-
tions counteracting their formation promote longevity (Longo et al.,
1999). In the context of replicative aging, it has been shown that the lack
of RIP1, CYT1, and QCRS genes encoding Complex III subunits deter-
mines a strong reduction of RLS (Hacioglu et al., 2012).

7.4 Complex IV

Complex IV, or cytochrome ¢ oxidase, 1s the last enzyme in the ETC. It
transfers electrons from cytochrome ¢ to molecular oxygen, reducing it
to water. Differentdy from the other complexes, Complex IV to the
best of our knowledge does not seem to be significantly involved in
ROS production. However, an interesting link between the reduction
of Complex IV activity and lifespan has been found (Tatarkova et al.,
2011). Indeed, 1ts activity in cardiac mitochondna of 26-month-old rats
significantly decreases compared with young animals, and its reduction 1s
the highest compared with other complexes. These results outline the
need for future investigations in order to clarify the connection of this
complex with aging.

In S. cerevisiae, the deletion of some genes encoding subunits of Complex
IV mmpairs the proton flow along the respiratory system, determining a
strong reduction of CLS. This correlates with a reduction in ATP concen-
tracgon (Kwon et al., 2015). Regarding replicative aging, similar results were
observed, with a decrease of RLS and respiratory deficiency (Hacioglu et al.,
2012).

7.5 F{Fp ATPase

Mitochondrial ATPase, also defined as F{Fo-ATP synthase or Complex V,
is located 1n the inner mitochondnal membrane together with the ETC
Complexes I—1IV. It is a rotary enzyme that exploits the proton gradient
across the inner membrane generated by the ETC to synthesize ATP. Dur-
ing the aging process, a decline on ETC and ATPase activities has been
widely observed (Camacho-Pereira et al., 2016; Chistiakov et al., 2014;
Porter et al., 2015). For example, it has been shown that ATP content
and production decrease by about 50% in gastrocnemius muscle of aged
rats, and this could be one of the factors promoting sarcopenia (Drew
et al., 2003). Similar results were obtained in the heart of aged rats, showing
a strong reduction in the RINA levels of the genes encoding the ATPase sub-
units. This correlates with a marked decrease in the enzymadc activity of
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ATPase, with reduced ATP production and oxygen consumption (Preston
et al., 2008). The role of this complex and the maintenance of adequate
production of ATP are therefore crucial in the aging process. This is also
supported by evidence of premature senescence in fibroblasts treated with
oligomycin, an inhibitor of Complex V (Stockl et al., 2006).

In S. cerevisiae, mutations in ATP2, encoding the B-subunit of the F
complex of ATPase, determine a decrease of mitochondrial membrane
potential (Lai et al., 2002). In addition, daughter cells have the same RLS
of old mother cells due to the mability of mother cells to retain damaged
mitochondria. Furthermore, also the deletion of ATP11, required for the
proper assembly of Fy complex, results in a reduced RLS associated with
significadve levels of ROS (Hacioglu et al., 2012).

Other studies highlight that a transposon mutant (HsTnll), in which the
expression of genes encoding subunits of the ETC and of Complex V 1s
strongly downregulated, displays decreased CLS (Aerts et al., 2009). More-
over, also in this case, accelerated aging 1s associated with a loss of AW, In
agreement with these results, it has been shown that the deletion of many
genes encoding subunits of the ATPase correlated with a strong reduction
in ATP levels and CLS (Kwon et al., 2015).

8. ROLE OF NAD" METABOLISM IN MITOCHONDRIAL
FUNCTIONALITY

As described previously, the electrons transter along the ETC starts
from the universal cofactor NAD. Its molecular structure encompasses
two covalently joined mononucleotides, namely nicotinamide mononucle-
otide (NMN) and adenosine monophosphate. In bioenergetic pathways, the
molecule 1s subject to reversible reduction and oxidation cycles, from its
oxidized form, NAD', to the reduced one, NADH.

Since the TCA cycle and ETC require the oxidized and the reduced
form of NAD, respectively, a correct NAD"/NADH balance is essential
for an efficient mitochondrial metabolism and to preserve the whole-cell
redox state (Stein and Imai, 2012). The correct maintenance of the
NAD" pool by regulating its biosynthesis, cellular localization, and transport
of its precursors plays a key role in regulating different cellular processes
(Houtkooper et al., 2010).

From yeast to mammalian cells, there are different pathways for NAD™*
biosynthesis: the two major ones are de novo synthesis (de novo pathway)
and the synthesis from its precursors (the NAD' salvage pathway;
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Stein and Imai, 2012). The de novo pathway starts from tryptophan in the
cytosol and proceeds by the kynurenine pathway, involving a total of five
steps (Bogan and Brenner, 2008). The importance of this essential
aromatic amino acid in NAD™ biosynthesis emerged from studies on
the positive effect given by tryptophan administration in treatment of
pellagra, a disease caused by NAD™" deficiency (Sauve, 2008). The
NAD™" salvage pathway starts from two main forms of vitamin Bj, nico-
tinic acid (NA) and its amidic form nicotinamide (NAM), both defined as
niacin, or from the conversion of nicotinamide riboside (NR)
(Houtkooperetal., 2010). In yeast, Ntd1/2 have been identified as trans-
porters able to import NAD™ in mitochondria (Todisco et al., 2006). For
mammals, the most current model for NAD™" synthesis in mitochondria
provides that NAD* precursors, such as NAM and NR,, are converted to
NMN m cytosol from nicotinamide phosphorbosylransterase (NAMPT)
and nicotinamide nboside kinase 1/2 (NRK1/2), respectively. Then,
NMN is transported into the mitochondria and converted in NAD' by
the nicotinamide nucleotide adenyltransferase 3 (NMNAT3; Nikiforov
et al., 2011). This is because the mitochondrial compartment lacks both
transferase and kinase actovity of NAMPT and NRK1/2 (Kitani et al.,
2003; Ratajezak et al., 2016). Fig. 3 shows the most accepted model, both

in mammalian and veast cells.

9. NAD" METABOLISM AND AGING
Diet, exercise, and the aging process influence the NAD"/NADH

ratio, by modulating the expression of genes encoding enzymes involved
in NADV biosynthesis (Verdin, 2015; White and Schenk, 2012; Yang
et al., 2007; Fig. 4). Calone restriction (CR), a dietary regimen known to
extend the lifespan in a wide spectrum of species (Ruetenik and Barrientos,
2015), which in most cases is obtained by reducing calorie intake of about
20%—40% compared to normal intake (Lee and Longo, 2016), increases
NAD™ levels (Yang et al., 2007). In this context, NAMPT has been iden-
tified as a nutrient-responsive gene, able to promote cell survival by boosting
mitochondrial NAD™T level in liver of rats fasted for 48 h (Yang etal., 2007).
Similarly, the levels of NAMPT and NAD" increase in 24-h fasted
mice liver (Hayashida et al., 2010), suggesting that NAD ™ levels are strongly
upregulated by nutrient restriction, and this is crucial for cell survival (Yang
et al., 2007).
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Figure 3 Comparative scheme of NAD" biosynthesis in mammals and yeast. Mamma-
lian and yeast cells share the same precursors required for NAD" biosynthesis.
Quinolinic acid (QA) derives from the kynurenine pathway. QA is converted to nico-
tinic acid mononucleotide (NAMN) by quinolinate phosphoribosyltransferase (QPRT)
in mammals and by Bnaé in yeast. Nicotinic acid riboside (NAR) is converted by
mammalian nicotinamide riboside kinase 1,2 (NRK1,2) and Nrk1 of yeast to NAMN.
NAMN is also obtained from nicotinic acid (NA) by nicotinic acid phophoribosyltrans-
ferase 1 (NAPRT1) in mammal and by Npt1 in yeast. Nicotinamide mononucleotide
adenylyltransferase 1,2 (NMNAT1,2) in mammals and Nma1l,2 in yeast converts
NAMN to nicotinic acid adenine dinucleotide (NAAD). NAD" is obtained from
NAAD by nicotinamide adenine dinucleotide synthetase 1 (NADSYN1) in mammals
and by Qns1 in yeast. Starting from QA, NA, and NAR, mammals and yeast share
the same reactions for NAD' biosynthesis. However, yeast can also convert NAR
to NA by Urh1 and Pnp1. Nicotinamide (NAM) has different metabolic routes in mam-
mals and yeast. In mammals, NAM is converted into nicotinamide mononucleotide
(NMN) by the enzyme Nicotinamide mononucleotidephophoribosyl transferase
(NAMPT), which has no ortholog in yeast. Nicotinamide riboside is converted to
NMN both in mammals and yeast by NRK1,2 and Nrk1, respectively. NMN is converted
to NAD" by NMNAT1,2,3 in mammals and by Nma1,2 in yeast. In yeast, NR is con-
verted to NAM by Urh1 and Pnpl. NAM can be used for NAD" biosynthesis only
upon its conversion to NA by Pnc1. ¥ indicates common reactions among mammals
and yeast, —— > indicates mammalian-specific reactions, and mmmm> indicates yeast-
specific reactions.
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Figure 4 NAD" is involved in the maintenance of mitochondria functionality.
Calorie restriction, NAD' precursors, and enzymes that synthesize NAD™", all
contribute to preserve NAD' levels, favoring the maintenance of mitochondria
functionality (mammalian PGC1-« axis) and longevity. Oxidative stress and reduction
in the activity of NAD™" biosynthetic pathways unfit mitochondria and promote aging.

CR of yeast cells can be accomplished by a reduction in the glucose con-
tent in the growth media from 2% to 0.5% (Lin et al., 2002). NADH levels
in these conditions decrease by about 50%, and the RLS increases signifi-
cantly (Lin et al., 2002). It has been proposed that this is probably due to
a metabolic shift from a predominantly fermentation-based metabolism to
a respiration-based one determined by CR. This triggers a significant
decrease in NADH, which is used by the ETC. Indeed, during respiratory
growth, mitochondrial NADH is reoxidized by NADH dehydrogenase in
the respiratory chain (Bakker et al., 2001).
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However, this hypothesis i1s in contrast with the RLS increase observed
in calorie-restricted respiratory deficient tho’ mutants (Kaeberlein et al.,
2005). Due to the absence of mitochondrial DNA, rho” lacks functional
ETC and has an impaired TCA cycle (Jazwinski, 2005). The loss of mito-
chondrial membrane potential, which has a fundamental role in supporting
the transport of biosynthetic intermediates outside the mitochondrion
(Miceli et al., 2012; Passarella et al., 2003), results in the activation in rho?
mutants of the retrograde response pathway, that in turn can extend RLS
(Kirchman et al., 1999). The retrograde signaling is one of the most well-
studied and conserved pathways involved in the cross-talk between nucleus
and mitochondrion (da Cunha et al., 2015). Its main function is the upregu-
lation of a wide range of metabolic and stress response genes in order to cope
with the impairment of the TCA cycle activity. This transcriptional response
resembles the one that 1s induced during CR (Jiang et al., 2002; Wang et al.,
2010). In rho” cells the first three reactions of the TCA cycle are functional
(Jazwinski, 2013), allowing the synthesis of o-ketoglutarate, precursor of
glutamate that supplies nitrogen in biosyntheses, starting from citrate. The
latter comes from the actvation of the glyoxylate cycle, which synthetzes
citrate from oxaloacetate and acetyl-CoA, but without any release of
CO3, preserving the two carbons of acetate, thus allowing the first three re-
actions of the TCA to proceed. This metabolic adaptation to the deficiency
of biosynthetic intermediates is decisive for the increase of RLS in tho” cells
(Jazwinski, 2013). Studies performed by Jiang et al. led to the identification
of the target responsible for RLS extension after retrograde signaling activa-
tion (Jiang et al., 2016). Indeed, among the different candidates causing R1LS
lengthening, only the deledon of PHOS84, which encodes a transporter of
morganic phosphate, suppressed the long-lived phenotype of rho” strains.
Regarding chronological aging, the lack of mtDNA that causes respira-
tory-deficiency results in CLS shortening (Ocampo et al., 2012).

The aging process also influences NAD™" levels in an opposite way
compared with CR; indeed, aging is associated with different pathophysio-
logical impacts, including the reducdon of NAMPT-mediated NAD™"
biosynthesis (Imai and Yoshino, 2013). It is known that tumor necrosis fac-
tor-ot and oxidative stress, which are decisive for the mflammatory process,
reduce NAMPT and NAD" levels in primary hepatocytes (Y oshino et al.,
2011). Considening that both the inlammatory cytokine production and
the increase in oxidative stress significantly contribute to chronic age-
associated inflammation (Singh and Newman, 2011), the development of
chronic inflammartion during aging may be the reason for the reduction of
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NAMPT levels. However, other studies have shown that NAMPT levels
and its enzymatc activity are reduced in human vascular smooth muscle cells
during aging without inflammation (Van Der Veer et al., 2007), suggesting
that chronic inflammation is certainly not the only cause of NAMPT
reduction. Similarly, a reduction of both protein and messenger RINA
(mRNA) levels of NAMPT has been found in mesenchymal stem cells
(MSCs) obtained from aged rats (Ma et al., 2017). In both cases, the over-
expression of NAMPT gene 1s sufficient to attenuate cellular senescence
(Fig. 4). As mentioned previously, in mammals, NAMPT converts NAM
to NMN 1n the cytosol; then NMN 1s transported in mitochondria where
it is used for NAD ™" biosynthesis by NMNAT3. The activity of this enzyme
is crucial to preserve the NAD™" pool in mitochondria. NMNAT3 expres-
sion, as well as that of NAMPT, are susceptible to aging. A reduction of both
NMNATS3 and mitochondrial NAD™ levels has been also observed in aged
human MSCs (Son et al., 2016); NMNAT?3 overexpression in these cells is
suthicient to delay replicative senescence. A proposed mechanism by which
NAMPT actvity might reverse the aged phenotype and increase hfespan re-
lies on the activation of SIRT1, a member of the Sirtuin family endowed
with an NAD " -dependent deacetylase activity (Prolla and Denu, 2014).

Some studies suggest that NAMPT is the equivalent in terms of function
of'yeast Pncl (Yang et al., 2006), given that both these enzymes catalyze the
first and rate-limiting step of NAD™T biosynthesis from NAM (Revollo et al.,
2004; Rongvaux et al., 2002) and that their expression increases in nutrient-
restricted condition (Mei and Brenner, 2014; Yang etal., 2007). Similarly to
NAMPT, RLS extension by CR requires PNC1 (Anderson et al., 2003).
The authors provide evidence that this is linked to an increase of NAD™
levels that promotes Silent Information Regulator 2 (Sir2) activity. Sir2 is
the ortholog of mammalian SIRT1 and founding member of the Sirtuin
family. In the context of yeast replicative aging, SIR2 is a prolongevity
gene (Longo et al., 2012). Smce PNCT funcdons in the NAD' salvage
pathway, converting NAM m NA, it could promote Sir2 activation by
increasing the availability of its co-substrate, NAD", and lowering that of
its physiological inhibitor, NAM.

In addition to the biosynthetic pathway, the malate—aspartate shuttle
also contributes to maintaining the mitochondrial physiological NAD™
pool. It has been shown that the mitochondrial components of the
malate—aspartate NADH shuttle are longevity factors required for lifespan
extension in calorie-restricted yeast cells (Easlon et al., 2008). Some studies
highlight that the lifespan increase observed in yeast in nutrient-restricted
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condition also depends on Nptl, an enzyme that catalyzes the conversion of
NA to NAMN, contributing to the maintenance of NAD " levels (Lin et al.,
2004). However, how nutritional conditions and aging affect the complex
dynamics of NAMPT/PNC1/NAD™" network, defined by some authors
as the “NAD World” (Imai, 2010), stll remains unclear. Understanding
this mechanism is a fundamental investigation to develop approaches able
to mitigate the detrimental effects of the aging process. Indeed, if
NAMPT-mediated NAD" biosynthesis is compromised during aging, a
way to preserve NAD ' levels could be to provide other key intermediates
such as NMN and NR. For example, Belenky et al. showed that NR sup-
plementation to yeast cells increases RLS, through an increase of NAD™
levels mediated by Nrk1, enzyme that converts NR to NMN (Belenky
et al., 2007). For this reason, nutraceutical interventons could represent a
valid alternative to pharmacological treatments to improve the aging process

(Fig. 4).

g 10. NAD" IS A KEY MODULATOR OF PATHWAYS
INVOLVED IN THE AGING PROCESS

NAD™ is not only used in redox reactions but also as a co-substrate for
some NAD+—C()n§un1i11g enzymes mn different cellular pathways (Imai and
Guarente, 2014). Among these, we include Sirtuins, poly-ADP-ribose po-
lymerase 1 (PARP-1), and CD38/CD157 ectoenzymes, which cleave the
glycosidic bond between NAM moiety and ADP-ribose moiety of NAD™.

Sirtuins are a family of NAD " -dependent protein deacetylases. Sir2 of S.
cerevisiae is the founding member of this family and regulates silencing at the
mating-type loci, telomeres, and ribosomal DNA loci (Kaeberlein et al.,
1999). In mammals, there are seven Sirtuin 1soforms (SIRT1-7), which share
a conserved NAD '-binding and catalytic core domain with Sir2 (Li and
Kazgan, 2011). The link between Sirtuins and aging was first observed in
yeast. Indeed, Sir2 is required for RLS extension (Kaeberlein et al., 1999).
In mice, at least two Sirtuins are involved in lifespan extension, SIRT6
and SIRT1. Ubiquitous SIRT6 overexpression determines an increase of
lifespan, while the lack of SIRT6 results in accelerated aging, referred also
as progeroid phenotype (Kanfi et al., 2012; Mostoslavsky et al., 2006).
SIRT1 1s the most well-studied of the mammalian Sirtuins. It 1s involved
in epigenetic reguladon, mitochondrial functionality, and aging (Yuan
et al., 2016). Particularly, it has been proposed that SIRT1 may delay aging
by the deacetyladon of difterent substrates, including peroxisome
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proliferator-activated receptor-gamma coactivator 1 alpha (PGC-1a),
which is the prncipal regulator of mitochondral biogenesis (NAD™/
SIRT1/PGC-1a axas). Furthermore, SIR'T1 decreases during aging, leading
to a decrease of mitochondnal biogenesis in concert with an impaired mito-
chondnal tumover (Yuan et al., 2016). In the field of aging research, the
modulation of SIR'T1 acaovicy represents a promising strategy o promote
beneficial health effects and delay aging (Blum et al., 2011).

In S. cerevisiae, whereas S1r2 promotes RLS extension, most evidence so
far supports a proaging role in CLS (Casatea er al., 2013; Fabrizio etal., 2005;
Longo er al., 2012). Furthermore, when postdiauxic cells are transferred
from expired medium to water (a severe CR condition), CLS significantly
increases, and lack of Sir2 further exacerbates this effect (Casarea er al.,
2013; Fabrizio et al., 2005). A further extension of CLS is also observed
when sir2A murant is combined with long-lived mumnts thar reduce the ac-
ovity of two major nutrient-sensing pathways, such as TORC1-Sch9 and
Ras-PKA ones. Since nurrient signaling amenuaton determines an increase
of CLS by ulamarely acovating endogenous defense mechanisms (Wei et al.,
2008}, 1t 15 plausible to asume that Sir2 also interferes with the same targets.
Consistent with this, lack of Sir2 confers resistance to oxidative and heat
stresses (Fabrizio et al., 2005).

Phosphoenolpyruvate carboxvkinase (Pckl), enzyme catalyzing the rate-
limirting step of gluconeogenesis, represents the cytosolic targer of Sir2.
Briefly, Sir2 is the enzyme responsible for the deacervladon and subsequent
inactivation of Pck1 (Lin et al., 2009). Dunng chronological aging, the lack
of Sir2 deacetvlase activity resuls in a major membolic rearrangement to-
ward gluconeogenesis, allowing an increase of trehalose stores essential for
CLS (Casarta er al., 2013; Ocampo et al., 2012). Notably, chronological ag-
ing sir2A cells display other features that are useful for long-term survival of
nondividing cells. Indeed, mutant cells have a high respiratory capaciry and
reduced levels of nonphosphorylating respiration in concert with alow 5
content. Finally, they preserve funcrional mitochondra (Orandi er al.,
2017a, 2017b). NAM is an endogenous noncompetitive inhibitor of Sir2 ac-
avity; cells grown in the presence of NAM have a reduced RLS (Bitterman
et al., 2002). Consistent with this, the overexpression of PNC1, which de-
pletes NAM levels, increases RLS (Anderson et al.,, 2003). During chrono-
logical aging, NAM supplementation phenocopies the lack of Sir2. It
determines the same anabolic and respiratory changes thatlead to an increase

of protective factors and low harmful O3 levels, which ensure a longer
CLS (Orlandi er al., 2017a).
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PARP-1 15 a multifunctional enzyme found 1in most Eukaryotes except
for yeast (Hassa et al., 2006). It catalyzes the polymerization of ADP-ribose
units of NAD™, binding linear and branched poly ADP-ribose (PAR)
polymers to iwself, as well as to target proteins, following genotoxic stress
(Luo and Lee Kraus, 2012). Indeed, PARP-1 is involved in the DNA
damage response: it stabilizes the DNA replication fork by modifying
its chromatin structure. Deficiency in PARP-1 accelerates aging in mice
(Piskunova et al., 2008). In PARP1 " mice, a reduction of both mean
and maximum lifespan of 13.3% and 16.4%, respectively, was observed.
These results are consistent with the idea that a proper DNA repair and
longevity are positively correlated during aging. Other studies highlight
that PARP-1 inhibition brings about an increase of oxidative metabolism,
specifically an increase of O consumption, via activation of SIRT1 (Bai
etal., 2011). Since PARP-1 is a major cellular NAD™' consumer, its activa-
tion depletes NAD™" levels, which are important for Sirtuin activity. This
aspect emphasizes that PARP-1 and SIRT1 compete for NAD " and entails
that a proper balance of their enzymatic activity is crucial to regulate mito-
chondria maintenance and aging.

CD38 was identified in 1980 by studies focused on the identification of
surface molecules involved in the immune system recognition (Reinherz
et al., 1980). It 1s considered the homologous of CD157 because both
belong to a gene family encoding enzymes that mediate cell—cell interac-
tion (Quarona et al., 2013). Since they are located on the cellular surface,
are classified as ectoenzymes able to modulate different cellular signals
(from extracellular to intracellular environment and vice versa). To the
best of our knowledge, CD38/CD157 are not directly involved in the
aging process but are among the master regulators of intracellular NAD*
levels in mammalian cells, influencing Sirtuin activity (Chini, 2009). As
mentioned in the previous paragraphs, NAD ™" levels decrease during aging,
promoting different age-related diseases. Several theories have been pro-
posed to explain why NAD™ levels are negatively affected during aging.
However, to date, the specific contribution of metabolic pathways that
modulate NAD" levels during the aging process still remains to be
completely defined. Camacho-Pereira et al. suggest that CD38 dictates
an age-dependent NAD" decline and mitochondria dysfunction through
a SIRT3-mediated mechanism (Camacho-Pereira et al., 2016). The pro-
tein and mRNA levels of CD38 increase in several aged murine tissues,
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including liver, white adipose tissue, spleen, and skeletal muscle, leading to
a strong reduction of NAD" levels. Concomitantly, a decrease of mito-
chondrial performance, in terms of respiration coupled to ATP synthesis,
and a reduction of NAD"/NADH ratio in mitochondria take place. These
effects on oxidative mitochondrial metabolism depend on the deacetylase
acuvity of SIRT3, which is localized in mitochondria. This age-dependent
CD38 increase is also present in humans. Indeed, as observed for aged mice,
also 1n aged human adipose tissue, CD38 mRNA levels increase of about
2.5 tmes compared with younger subjects (Camacho-Pereira et al., 2016).

11. CONCLUSIONS

All the aspects discussed previously indicate that mitochondrial meta-
bolism plays a critical role in the maintenance of mitochondria funcdonality
during aging, and its alterations lead to mitochondral dysfunctions. These
intensify progressively during aging and have detrimental consequences on
cellular hitespan. On the one hand, the TCA cycle appears to function as a
hub for mitochondrial metabolism. Indeed, many pathways converge at
the level of this cvcle, where signals are integrated in a dynamic and plastic,
yet robust network that supports respiration and biosynthesis of BCAAs. Asa
consequence, an alteraton in the TCA cycle can affect mitochondrial meta-
bolism from different sides, with always a common negative effect on
longevity. On the other hand, the complexes of ETC are the largest pro-
ducers of ROS 1n the cell. Damage caused by ROS 15 frequently cited as
one of the main causes of aging. In addition, the theory of the vicious circle
proposes that ROS produced by respiration affect mitochondrial perfor-
mance leading to more ROS and mitochondrial damage. Therefore, it is
essential that the ETC remains efficient and respiradon coupled in order
to avoid the emergence of this vicious circle and ensure healthy aging. In
addition, NAD metabolism 1s highlighted as a relevant connection between
nutrients and respiration, capable of modulating the acavity of Sirtuins.

Taking all together, mitochondrial metabolism progressively changes in
time, with repercussions that extend to the whole cell causing a gradual
decline of cellular functions, which define the onset of organismal weak-
ening and the advancement of aging. The data reported in this review offer
the rational basis to develop new promising strategies to prevent and control
age-related disorders in humans.
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Nicotinamide adenine dinucleotide (NAD™) represents an essential cofactor in sustaining
cellular bioenergetics and maintaining cellular fitness, and has emerged as a therapeutic
target to counteract aging and age-related diseases. Besides NAD' involvement
in multiple redox reactions, it is also required as co-substrate for the activity
of Sirtuins, a family of evolutionary conserved NAD*-dependent deacetylases that
regulate both metabolism and aging. The founding member of this family is Sir2 of
Saccharomyces cerevisiae, a well-established model system for studying aging of
post-mitotic mammalian cells. In this context, it refers to chronological aging, in which
the chronological lifespan (CLS) is measured. In this paper, we investigated the effects
of changes in the cellular content of NAD™ on CLS by altering the expression of
mitochondrial NAD* carriers, namely Ndt1 and Ndt2. We found that the deletion or
overexpression of these carriers alters the intracellular levels of NADT with opposite
outcomes on CLS. In particular, lack of both carriers decreases NAD* content and
extends CLS, whereas NDT1 overexpression increases NADT content and reduces
CLS. This correlates with opposite cytosolic and mitochondrial metabolic assets shown
by the two types of mutants. In the former, an increase in the efficiency of oxidative
phosphorylation is observed together with an enhancement of a pro-longevity anabolic
metabolism toward gluconeogenesis and frehalose storage. On the contrary, NDTT
overexpression brings about on the one hand, a decrease in the respiratory efficiency
generating harmful superoxide anions, and on the other, a decrease in gluconeogenesis
and trehalose stores: all this is reflected into a time-dependent loss of mitochondrial
functionality during chronological aging.

Keywords: NAD+, chronological lifespan, Ndti, Ndt2, Saccharomyces cerevisiae

INTRODUCTION

Significant progress has been made in elucidating fundamental processes such as human aging/
longevity as a result of studies performed in the budding yeast Saccharomyces cerevisiae. In this
single-celled yeast, replicative aging and chronological aging are two complementary models
that are used to simulate cellular aging of mitotically active and post-mitotic mammalian cells,
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respectively (MacLean et al., 2001; Longo and Kennedy, 2006;
Longo et al, 2012). The former cell type is exemplified by
fibroblasts and the latter by myocytes.

In the presence of nutrients, S.cerevisine divides
asymmetrically (budding) resulting in a large mother cell
and a smaller daughter (bud). In this context, the replicative
lifespan (RLS), namely the number of buds generated by a mother
cell before senescence, indicates the reproductive potential of
individual yeast cells (Steinkraus et al., 2008). The chronological
lifespan (CLS), instead, refers to the rate of post-mitotic survival
of a non-dividing quiescent yeast culture; viability is assessed
by measuring the percentage of cells able to resume growth
and form a colony after transfer from the depleted medium to
the rich fresh one (Fabrizio and Longo, 2007). In a standard
CLS experiment, yeast cells are grown in synthetic media with
2% glucose. When glucose becomes limiting, the diauxic shift
occurs and cells shift from glucose-driven fermentation to
ethanol-driven respiration. This shift determines a metabolic
reprogramming, the outcomes of which influence the CLS.
Afterwards cell proliferation stops and the yeast culture enters a
quiescent stationary phase (Gray et al., 2004; Wanichthanarak
et al., 2015). CLS is determined starting 72h after the diauxic
shift (Fabrizio and Longo, 2007).

The signaling pathways and regulators controlling RLS and
CLS are evolutionary conserved (Fontana et al., 2010; Swinnen
et al,, 2014; Bitto et al., 2015; Baccolo et al., 2018). In particular,
nicotinamide adenine dinucleotide (NAD™') homeostasis has
emerged as a critical element in the regulation of aging/longevity
(Imai, 2010, 2016) and accumulating evidence suggests that a
reduction of NAD™ levels in diverse organisms contributes to
the development of age-associated metabolic decline (Imai and
Guarente, 2014, 2016; Verdin, 2015). Indeed, in addition to
its central role in cellular metabolism participating as essential
coenzyme in many redox reactions, NAD" is absolutely required
as a co-substrate by Sirtuins, a family of NADT-dependent
deacetylases, the founding member of which is Sir2 of S.cerevisiae
(Houtkooper et al., 2012; Imai and Guarente, 2014). In mammals,
there are seven Sirtuin isoforms (SIRT1-7) and among them
SIRT1 is a key component of the systemic regulatory network
called “the NAD world,” a comprehensive concept that connects
NAD™ metabolism and aging/longevity control in mammals
(Imai, 2009, 2010, 2016). The nutrient-sensing SIRT1 is the
closest mammalian ortholog of Sir2 (Frye, 2000). Sir2 activity
is involved in both replicative and chronological aging: in the
former Sir2 extends RLS (Kaeberlein et al., 1999; Imai et al.,
2000), whilst in the latter it has a pro-aging role (Fabrizio et al.,
2005; Smith et al, 2007; Casatta et al, 2013; Orlandi et al.,
2017a).

The other key component of the NAD world is represented
by NADT biosynthesis (Imai, 2009, 2010). From yeast to
mammalian cells, NADT synthesis occurs either de nove from
L- tryptophan or through salvage pathway(s) from its precursors,
namely nicotinamide riboside, nicotinic acid, and its amide
form, nicotinamide (Bogan and Brenner, 2008; Canto et al.,
2015). Cells mainly rely on the salvage pathway(s) for the
correct maintenance of NAD™ levels and it has been observed
that the supplementation of NAD" precursors is sufficient

to attenuate several metabolic defects common to the aging
process (Johnson and Imai, 2018; Mitchell et al., 2018; Rajman
et al., 2018). However, NAD™ levels, as well as those of its
precursors, are different depending on the type of tissue and
cellular compartment (Dolle et al., 2010; Houtkooper et al., 2010;
Cambronne et al., 2016) and it remains unclear in which cellular
compartment(s) NAD™ decrease can be relevant to aging. This
has increased the interest on the role, on the one hand, of inter-
tissue communications (Imai, 2016) and, on the other hand, of
the relative subcellular localization of NAD™ and its precursors
during the aging process (Koch-Nolte et al., 2011; Rajman et al.,
2018).

In yeast, NADT is synthesized in the cytosol and can
be imported across the inner mitochondrial membrane by
two specific mitochondrial NAD™ carriers, namely Ndt1 and
Ndt2, which share 70% homology (Todisco et al., 2006). The
physiological effects linked to an NDT! and NDT2 double
deletion and to the overexpression of NDTI, which encodes
the main isoform of the NADT transporter (Todisco et al.,
2006), have been examined on cells growing with an oxidative
or respiro-fermentative metabolism in batch and glucose-limited
chemostat cultures (Agrimi et al., 2011).

Here, we show that during chronological aging an altered
expression of the specific mitochondrial NAD™ carriers deeply
influences the metabolic reprogramming that enables cells
to acquire features required to maintain viability during
chronological aging. In particular, lack of NDTI and NDT2
extends CLS, whereas NDT1 overexpression determines a CLS
reduction. This opposite effect on CLS correlates with opposite
metabolic features displayed by the two mutants.

MATERIALS AND METHODS

Yeast Strains, Growth Conditions and CLS

Determination

The ndtlAntd2A strain and the strain overexpressing NDT1
(NDT1-over strain) were constructed in a previous work (Agrimi
et al., 2011) and were derivatives of CEN.PK113-7D (MATa,
MAL2-8¢, SUC2). A null mutant ndt1 Antd2A (ndt1A:URA3
ntd2A=KILEU2) was generated by PCR-based methods in a
‘W303-1A background (MATa ade2-1 his3-11,15 leu2-3,112 trp1-
1 ura3-1 canl-100). The accurancy of gene replacements was
verified by PCR with flanking and internal primers. Cells were
grown in batches at 30°C in minimal medium (Difco Yeast
Nitrogen Base without amino acids, 6.7 g/L) with 2% w/v glucose.
Auxotrophies were compensated for with supplements added in
excess (Orlandi et al., 2014). Cell number and cellular volumes
were determined using a Coulter Counter-Particle Count and
Size Analyser (Vanoni et al, 1983). Duplication time (Td) was
obtained by linear regression of the cell number increase over
time on a semi-logarithmic plot. For CLS experiments, cells
were grown in 2% glucose and the extracellular concentration 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 of the cultures] (Orlandi et al,, 2013). CLS was
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measured according to (Fabrizio et al., 2005) by counting colony-
forming units (CFU) starting with 72h (Day 3, first age-point)
after Day 0. The number of CFU on Day 3 was considered the
initial survival (100%).

Isolation of Mitochondria

Mitochondria were prepared from chronologically aging cells
essentially as described by Meisinger et al. (2006) with minor
maodifications. At each time-point, 10° cells were collected by
centrifugation and spheroplasts were obtained by digestion with
Zymolyase 20T. Then, spheroplasts were homogenized by 20
strokes using a Dounce homogenizer and mitochondria collected
after differential centrifugation (Meisinger et al., 2006). Fresh
crude mitochondrial pellets were used for measurements of
NAD*,NADH, and protein contents.

Metabolite Measurements and Enzymatic

Assays

At designated time-points, aliquots of the yeast cultures were
centrifuged, and both pellets (washed twice) and supernatants
were collected and frozen at —80°C until used. Rapid sampling
for intracellular metabolite measurements was performed as
previously described (Orlandi et al.,, 2014). The concentrations of
glucose, ethanol, citrate, succinate, and malate were determined
using enzymatic assays (K-HKGLU, K-ETOH, K-SUCC, K-
CITR, and K-LMALR kits from Megazyme).

To measure NADH and NAD' contents, alkali, and acid
extractions were performed essentially as described (Lin et al,
2001), except that before incubation of both the alkali extract and
the acid one at for 30 min, an additional step was performed in
order to improve cells lysis. Alkali or acid-washed glass beads
were added to the two types of extracts and cells broken by
vortexing (3 cycles of 1 min, interspersed with cooling on ice).
NAD" and NADH concentrations were determined using the
EnzyChrom™ NAD/NADH assay kit (BioAssay Systems). The
rate of dye formation (formazan) at 565 nm correlates with the
level of pyridine nucleotides. Duplicate reactions were performed
in multi-well plates or in cuvettes. Different amounts of each
sample were used in cycling reactions to obtain values within the
linear portion of a standard curve that was prepared every time.

Immediately after preparation of cell-free extracts (Orlandi
etal., 2014), the activities of cytosolic and mitochondrial aldehyde
dehydrogenase (Ald) were assayed according to Aranda and
del Olmo (2003), of phosphoenolpyruvate carboxykinase (Pck1)
and isocitrate lyase (Icl1) as described in de Jong-Gubbels et al.
(1995). Total protein concentration was estimated using the
BCA™ Protein Assay Kit (Pierce).

Fluorescence Microscopy

Dihydroethidium (DHE, Sigma-Aldrich) staining was performed
as reported in Madeo et al. (1999) to detect superoxide anion
(O3). A Nikon Eclipse E600 fluorescence microscope equipped
with a Nikon Digital Sight DS Qil camera was used. Digital
images were acquired and processed using Nikon software
NIS-Elements.

Estimation of Oxygen Consumption Rates

and Index of Respiratory Competence

The basal oxygen consumption of intact cells was measured
at 30°C using a “Clark-type” oxygen electrode (Oxygraph
System, Hansatech Instruments, Nortfolk, UK) as reported
(Orlandi et al, 2013). The non-phosphorylating respiration
and the maximal/uncoupled respiratory capacity were measured
in the presence of 37.5mM triethyltin bromide (TET, Sigma-
Aldrich) and 10pM of the uncoupler carbonyl cyanide 3-
chlorophenylhydrazone (CCCP, Sigma-Aldrich), respectively
(Orlandi et al., 2017a). The addition of 2 M antimycin A (Sigma-
Aldrich) accounted for non-mitochondrial oxygen consumption.
Respiratory rates for the basal oxygen consumption (Jg), the
maximal/uncoupled oxygen consumption (Jyax) and the non-
phosphorylating oxygen consumption (Jrpr) were determined
from the slope of a plot of O; concentration against time, divided
by the cellular concentration.

Index of respiratory competence (IRC) was measured
according to Parrella and Longo (2008) by plating identical cell
samples on YEP (1% w/v yeast extract, 2% w/v bacto peptone)/2%
glucose (YEPD) plates and on rich medium/3% glycerol (YEPG)
plates. IRC was calculated as colonies on YEPG divided by
colonies on YEPD times 100%.

Statistical Analysis of Data

All values are presented as the mean of three independent
experiments =+ Standard Deviation (SD). Three technical
replicates were analyzed in each independent experiment.
Statistical significance was assessed by one-way ANOVA test. The
level of statistical significance was set at a P value of < 0.05.

RESULTS AND DISCUSSION

Altered Expression of the Specific
Mitochondrial NAD* Carriers Affects CLS
Due to the importance of NAD" homeostasis in the aging
process from yeast to humans (Baccolo et al,, 2018; Rajman
etal., 2018; Yaku et al., 2018), we wished to test whether changes
in the cellular content of this dinucleotide would cause any
effects on CLS. To this end we chose to use the ndt1 Andt2A
and NDT1-over mutant strains: the former lacking the two
mitochondrial NAD™ carriers, Ndt1 and Ndt2, identified so
far and the latter overexpressing Ndtl, which is the main
isoform of the carrier (Todisco et al., 2006; Agrimi et al,
2011). These strains have been previously characterized as far as
NAD content is concerned (Agrimi et al., 2011). In particular,
under a fully respiratory metabolism such as growth on ethanol,
Ndtl overexpression determined an increase in cellular and
mitochondrial NADT levels without affecting growth. On the
contrary, on ethanol the ndt] Andt2A mutant displayed a lower
cellular and mitochondrial NAD™ content and a decrease in the
growth rate (Agrimi et al., 2011). Here, an ndt! Andt2A double
mutant generated in the W303-1A background was also included.
Indeed, the W303-1A strain is commonly used in chronological
aging research due to its robust respiratory capacity (Ocampo
etal., 2012).
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FIGURE 1 | The NDT1-over mutant and the ndtT Andt2 A one have a short-lived and a long-lived phenctype, respectively. The indicated strains were grown in minimal
medium/2% glucose and the required supplements in excess (see section Materials and Methods) and followed up to stationary phase. (A,B) CLS was determined by
assessing clonogenicity on YEPD plates. 72 h after the diauxic shift (Day 3) was considered the first age-paint (100% survival). Day 0, diauxic shift. In parallel,
intracellular NAD+ (C), NADH (D) and extracellular ethanal (E,F) concentrations were determined at the indicated time-points. Exp, exponential growth phase. All data
refer to mean values of three independent experiments with three technical replicates each. Standard deviation (SD) is indicated. Statistical significance as assessed
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Initially, in the context of a standard CLS experiment (Fabrizio
and Longo, 2007), we measured CLS and NAD content. As
shown in Figure 1A, Ndtl overexpression significantly reduced
CLS, whilst the strain devoid of the two mitochondrial NADT
carriers lived longer than the prototrophic wild type (wt)
CEN.PK 113-7D. The same long-lived phenotype was observed
in the auxotrophic background W303-1A (Figure 1B) indicating
that the different composition of amino acids in the medium
does not influence the results. Measurements of intracellular

NAD" and NADH contents indicated that in the wt, they
decreased progressively after the diauxic shift (Figures 1C,D).
We calculated values of NAD' and NADH estimating cell
size with a Coulter Counter-Particle Count and Size Analyser:
cell size that changes according to the yeast strain and the
growth phase of the cell cycle. If we assume a yeast cell size
of 70 um3 (Sherman, 2002) our measurements of 595pM
NADT (Figure 1C) and 215 pM NADH for CEN.PK 113-7D in
exponential phase (Figure 1D) correspond to 1.42mM NAD™
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and 0.82mM NADH, in reasonable agreement with values
of previous reports (Lin et al, 2004). In the context of the
CLS experimental set-up, as the diauxic shift occurs and cells
utilize the excreted fermentation by-product, ethanol, in the
ndtl Andf2A mutant, and in the NDTI-over one NAD' and
NADH levels decreased, but both remained constantly lower in
the ndtl1 Andt2A mutant and higher in the NDT1-over mutant
than those measured in the wt (Figures 1C,D). This opposite
trend of the dinucleotide contents observed in the two different
types of mutants is in line with that detected during exponential
growth on ethanol (Agrimi et al., 2011).

It is well known that NAD™ is an essential coenzyme for
oxidoreductases of both cytosolic and mitochondrial redox
reactions, many of which are involved in the metabolic
remodeling that takes place at the diauxic shift. Indeed, at the
diauxic shift carbon metabolism shifts from fermentation to
mitochondrial respiration and gluconeogenesis allowing cells
to be better primed for survival during chronological aging.
Thus, we analyzed the metabolic features of the short-lived
NDT1-over strain and those of the long-lived ndt1 Andt2A one.
Since the respiration-based metabolism is due to the utilization
of ethanol, we initially measured the consumption of this C2
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TABLE 1 | Effects of altered expression of mitochondrial NAD* carriers an the enzymatic activity of Ald isoforms.

Day 0 Day 1 Day 2 Day 3
wt (CEN-PK 113-7D)
Total Ald 227887 2022 +39 188344 1708 +69
% Aldé 57 59 58 59
% Aldd/5 43 4 42 4H
NDT1-OVER
Total Ald 231342 2086 +£65 182127 1762 +1.4
% Ald6 32+ 33" 30 20
% Aldd/5 68" 67 70 7
ndt1Andt2A
Total Ald 1904 + 56 171687 +£72 15957 +£4.3 16667 £ 8.1
% Ald6 e 9 a8~ T
% Aldd/s 22" 21 197 23"
wt (W303-1A)
Total Ald 2029 +64 1856+38 1724+£76 1562 +47
% Ald6 59 61 55 63
% Aldd/s 4 39 45 ar
ndt1 Andi2A
Total Ald 17437 £29 167.8" £83 14617 £6.4 1289" 7.7
% Ald6 83" s a4 7o
% Ald4/5 17 227 16™ 217

For each time-point fotal Ald, Ald6, and Alo4/5 enzymatic activities were determined as in Figure 2 and the percentage of the different Ald isoforms was calculated. Day 0, diauxic shift.
Data refer to mean values defermined in three indspendent experiments with three technical repiicates each. SD is indicated. Values obtained for wi strains were used as reference for

comparisons with NDT1-over and ndt1 A ndt2A cefls. r“P = 0.01, one-way ANOVA fest).

compound. At the diauxic shift (Day 0), the maximal amount of
the extracellular ethanol was not affected either by the lack of
Ndtl and Ndt2 or by the Ndtl overexpression (Figures 1E,F).
Differently, during the post-diauxic phase in the ndtl Andf2A
mutant ethanol decreased more slowly (Figures 1C,D). This is
indicative of an impairment in ethanol utilization in line with
the slow growth rate on medium containing ethanol as carbon
source (Agrimi et al., 2011). Consequently, starting from Day
0, we determined the enzymatic activities of the acetaldehyde
dehydrogenases (Alds). These enzymes are implicated in the
ethanol utilization: they oxidize the acetaldehyde generated
from ethanol oxidation producing acetate, which is subsequently
converted to acetyl-CoA. In addition, Alds require NAD™ or
NADP*. No difference was detected between the wt and the
NDT1-over strain in the total Ald activity levels (Figure 2A).
On the contrary, in the adt1Andt2A strain a significant
decrease was observed (Figure 2A) consistent with the reduced
ethanol utilization. Notably, interesting results were obtained
by measuring the different isoforms of Alds, namely the
mitochondrial Ald4/5, and the primary cytosolic counterpart
Ald6 (Saint-Prix et al., 2004). Indeed, the activity levels of Ald4/5
were higher and those of Ald6 lower in the NDTI-over strain
compared with the wt ones, whilst in the ndf1 Andt2A strain the
Ald6 activity prevailed (Figures 2B,C). Since, alterations of the
mitochondrial NAD™ transport are accompanied by a different
prevalent subcellular localization of Ald enzymatic activities
(Table 1), it is reasonable to speculate that in the two different

mutants the metabolic pathways that are fed by mitochondrial
or cytosolic acetate/acetyl-CoA could be affected. In this context,
we initially measured the enzymatic activity of one of the unique
enzymes of the glyoxylate shunt, such as isocitrate lyase (Icll),
and that of phesphoenolpyruvate carboxykinase (Pck1), which
catalyzes the rate-limiting step in gluconeogenesis. Indeed,
starting from the diauxic shift, the glyoxylate shunt becomes
operative. [t is an anaplerotic device of the TCA cycle, is fed
by the cytosolic acetyl-CoA and is the sole possible provider
for the Pckl substrate, namely oxaloacetate (Lee et al., 2011).
In the NDTI-over strain a decrease in the enzymatic activities
of Icll and Pckl was observed, whilst in the ndtlIAndtZA
mutant both activities strongly increased (Figures 3A,B). Since
glucose-6-phosphate produced by gluconeogenesis is used
for the synthesis of threalose during the post-diauxic phase,
we also examined the accumulation of this disaccharide, the
intracellular stores of which are advantageous for survival
during chronological aging (Shi et al., 2010). In the NDTI-over
strain a reduction in trehalose levels took place (Figure 3C),
consistent with the decrease of the Pckl activity. On the
contrary, the ndtlAndt2A cells accumulated more trehalose
(Figure 3C), consistent with the increase of the Pckl activity.
Taken together, these results indicate that the lack of the
two mitochondrial NAD' carriers elicits an enhancement
along  the cytosolic Aldé/glyoxylate/gluconeogenesis
axis, whereas Ndt1 overexpression elicits a
down-regulation.
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for the indicated strains grown as in Figure 1. Day 0, diauxic shift. All data
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Following on, since the TCA cycle is fed by the mitochondrial
acetyl-CoA, we assessed the levels of some of its intermediates,
such as citrate, malate, and succinate. Starting from the diauxic
shift, the levels of these C4 dicarboxylic acids in the NDT1-
over strain mirrored those measured in the wt (Figure 4). On
the contrary, in the ndfl Andt2A mutant all these metabolites
significantly decreased (Figure 4) suggesting an impairment in
the TCA cycle.
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FIGURE 4 | The ndt! Andt2A mutant displays decreased levels of TCA
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measured. Day 0, diauxic shift. Bar charts show the mean values determined
in three independent experiments with three technical replicates each. SDis
indicated (P = 0.01)
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The ndt1Andt2A Mutant Preserves
Functional Mitochondria During
Chronological Aging

Considering that during respiration the TCA cycle provides
the electron transport chain (ETC) with reducing equivalents
through redox reactions and that respiration affects the CLS
(Bonawitz et al., 2006; Ocampo et al., 2012; Baccolo et al,
2018), we measured next the respiratory activity in the NDT1-
over and ndt]Andf2A strains. During the exponential phase,
the respiratory parameters for the NDTI-over and ndt Andf2A
strains were very similar to those of the wt (Table 2) in good
agreement with (Agrimi et al., 2011). Differences were observed
starting from the diauxic shift (respiratory metabolism). Indeed,
in the double deleted mutant, basal oxygen consumption (Jp)
was lower than the wt one (Table 2). This can be ascribed
to a depletion/limitation of reducing equivalents since in the
presence of the uncoupler CCCP, which dissipates the proton
gradient across the mitochondrial membrane, the maximal
oxygen consumption rate (Jyax) of the ndtl Andt2A cells was
always lower than that of the wt (Table 2). Interestingly, the
ndt] Andt2A cells displayed a non-phosphorylating respiration
(JreT) strongly reduced compared with that of the wt, the levels
of which increased as a function of time in culture (Table 2)
as expected (Orlandi et al, 2017ab). As a consequence, in
the double deleted mutant the net respiration, which estimates
the coupled respiration, was close to the wt one (Table2)
indicating that, despite a reduced Jg, during the post-diauxic
phase the ndt1Andt2A strain has a better coupling between
electron transport and ATP synthesis. On the contrary, the
NDTI1-over strain had a Jp similar to the wt one and a
Jmax higher (Table 2). Nevertheless, in this strain the net
respiration was lower due to a Jygr significantly higher than
that of the wt (Table 2) indicative of an increase of uncoupled
respiration. These differences in both the level and in the
state of the respiration of the two mutants were accompanied
by differences in mitochondrial NAD* and NADH contents:
in the ndt1Andt2A mutant and in the NDTI-over one a
decrease and an increase of NADT and NADH contents,
respectively, were observed compared with those of the wt
(Figures 5A,B). This opposite trend in the mitochondrial
dinucleotide contents, as well as the different respiratory
efficiency, of the two types of mutants are in line with those
detected during exponential growth on ethanol (Agrimi et al.,
2011).

To the best of our knowledge, Ndtl and Ndt2 are the only
mitochondrial NAD™ carriers described so far in S.cerevisiae
(Todisco etal., 2006) and their transport activity for NAD7 is also
consistent with the cellular localization of the enzymes involved
in NADT biosynthesis, which are outside the mitochondria,
and with the lack of NAD'- synthesizing enzymes in the yeast
mitochondria (Kato and Lin, 2014). However, since in the
mitochondria of the ndtiAndi2A mutant, NADT is present,
albeit at low levels, it cannot be excluded that this dinucleotide
can be imported in the mitochondria with lower efficiency by
other carrier systems. Indeed, many mitochondrial transporters
often exhibit some overlapping of the transported substrates

TABLE 2 | Respiratory parameters determined for NDTT-over and ndt 1A ndt2A strains.

Jmax

Jr

Genetic Background Strain

Day O Day 1 Day 2 Day 3 Exp Day 0 Day 1 Day 2 Day 3

Exp

2131+ 031

2511 +£ 026

27.65+ 013

21.76 + 059
26.29** + 019 30.15** + 0.37 28.26** + 0.25 2367+ 0.31

17.32 £ 032
17.48 £ 021
16.76 + 0.16

7.50+0.12
738017

14.24 + 0.32 10.63 £ 0.16
6.53" + 026

1123+ 029
1198+ 017

9.66" +0.41

712+0.29
7.28 £0.31
7.09 +£0.22
7.76 £ 0.07

nttAndi2 A 7.55 +£0.35

10.25 + 0.24

13.88 £ 0.32
10.77** £0.27 8.52* + 017

NODTT-over

CEN-PK113-7D

1812 £ 013 21.35** + 0.47 1957** £ 0.14 17.73** £ 0.09

1997 + 0.27

ndtTAnd2 A

2633 + 0.26 2541 £ 017 2428+ 024

16.23 + 0.37
15.97 + 0.25

752+021
6.38* + 024

1441+ 025 1169+ 0.15
9.64* + 0.36

11.83** £ 0.28

9.47 +0.13

W303-1A

16.54%* & 0.26

17.34* £ 027 20.43**+0.19 18.99** + 0.31

8.42" £ 017
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determine the index of respiratory competence (IRC). SD is indicated.
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FIGURE 5 | Lack of Ndt1 and Ndt2 has a positive effect on mitochondrial functionality during chronological aging. Cells were grown as in Figure 1. Mitochondrial
NAD™ (A) and NADH (B) contents were determined at the indicated time-points. Day 0, diauxic shift. Bar charts show the mean values determined in three
independent experiments with three technical replicates each. SD is indicated (™P = 0.01). (C) Bar charts of the percentage of fluorescent/superoxide positive cells
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(Palmieri et al., 2006). In addition, other systems contribute
to the homeostasis of the intramitochondrial NAD pool, as
well as to balance dinucleotide pools between mitochondria
and cytosol/nucleus. They include, among others, two NADH

dehydrogenases (Ndel and Nde2) distributed on the external
surface of the inner mitochondrial membrane and the glycerol-
3-phosphate shuttle (Bakker et al, 2001). Ndel and Nde2
directly catalyze the transfer of electrons from cytosolic NADH
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to ubiquinone without the translocation of protons across the
membrane. In such a way, the ETC is supplied with electrons
(Baccolo et al, 2018). The expression of NDEI and NDE2 is
induced after the diauxic shift (Bakker et al., 2001). With regard
to the glycerol-3-phosphate shuttle, it is a system of crucial
importance under conditions where the availability of energy
is limited (Rigoulet et al., 2004). In the glycerol-3-phosphate
shuttle, cytosolic glycerol-3-phosphate dehydrogenase oxidizes
cytosolic NADH catalyzing the reduction of dihydroxyacetone
phosphate to glycerol-3-phosphate. Subsequently, into the
mitochondrial matrix, glycerol-3-phosphate delivers its electrons
to ubiquinone via the FAD-dependent glycerol-3-phosphate
dehydrogenase, Gut2 (Bakker et al., 2001). The result is
a stepwise transfer of electrons from the cytosol to the
respiratory chain. Consequently, despite the low mitochondrial
dinucleotide contents, the ndt Andt2A mutant might feed the
oxidative phosphorylation with the NADH produced in the
cytosol.

Afterward, given the differences in the state of respiration, we
decided to analyze the content of superoxide anion (O3 ), which
is the primary mitochondrial reactive oxygen species (ROS)
produced by electron leakage from the respiratory chain. It is
known that 05 /ROS accumulation limits the long-term survival
of yeast cells during CLS (Pan, 2011; Breitenbach et al., 2014;
Baccolo et al., 2018). In the ndt1 Andt2A chronologically cells
and in the NDTI-over ones, a strong decrease and increase in
05 content was observed, respectively, compared to that of the
wt (Figure 5C) consistent with non-phosphorylating respiration
data (Table 2). Indeed, it is a state of non-phosphorylating
respiration prone to generate O3 (Hlavata et al., 2003; Guerrero-
Castillo et al., 2011). In addition, we analyzed the mitochondrial
functionality by measuring the IRC, which defines the percentage
of viable cells competent to respire (Parrella and Longo, 2008).
Starting from the diauxic shift where all the strains were
respiration-competent, a different trend of the IRC was observed
for the ndt1 Andt2A strain and in the NDT1-over one. In the
former, a lower decrease in the mitochondrial functionality
was detected and at Day 18 the IRC was still about 60%
against about 40% in the wt (Figure 5D). In the NDTI-over
chronologically aging cells, a dramatic time-dependent loss of
mitochondrial functionality was observed reaching at Day 18
values close to zero (Figure 5D). This is in line with the increased
O formation because it is known that ROS levels influence
mitochondrial fitness and mitochondrial dysfunctions, in turn,
lead to a higher propensity to produce ROS (Breitenbach et al.,
2014).

Thus, taken together all the results clearly indicate that,
in the context of a standard CLS experiment, alterations in
the expression of the specific mitochondrial NAD* carriers
determined by NDT1 and NDT2 double deletion and NDT1
overexpression deeply influence the metabolism with opposite
outcomes on chronological longevity (Figure6). We found
that the former extends CLS, whereas the latter shortens
it. This is a direct consequence, on the one hand, of the
participation of NAD™ together with its reduced counterpart,
NADH, in a wide range of metabolic reactions modulating
the activity of compartment-specific pathways among which

the TCA cycle and the ETC in the mitochondria and the
glycolysis/gluconeogenesis in the cytosol. On the other hand,
the CLS is regulated by signaling pathways that coordinate
the metabolic reprogramming required to ensure longevity
(Breitenbach et al., 2014; Zhang and Cao, 2017). On the whole,
in the ndtlAndt2A chronologically aging cells and in the
NDT1-over ones an opposite metabolic remodeling is observed,
involving both cytosolic (gluconeogenesis), and mitochondrial
(TCA and respiration) metabolic pathways (Figure 6), which are
operative during chronological aging. Lack of the mitochondrial
NAD™ carriers results in a reduced oxygen consumption
that does not depend upon dysfunctional mitochondria but
most likely upon a decreased amount of reducing equivalents
provided by a TCA cycle, the activity of which is reduced.
Nevertheless, this mutant maintains a net respiration close to
that of the wt indicating that in the mutant the respiration,
albeit reduced, is more efficient. This confirms previous data
on ndtl Andt2A cells exponentially growing on ethanol that
show a better coupling of respiration and phosphorylation
(Agrimi et al., 2011). Such a state of more coupled respiration
is less prone to generate hazardous O decreasing the risk
of inducing oxidative stress and its detrimental effects on
cell survival of non-dividing cells during chronological aging:
in agreement with this, ndflAndf2A cells are longlived. In
agreement with a short-lived phenotype accompanied by O3
accumulation and severe mitochondrial damage, NDT1-over
chronologically aging cells display an enhanced uncoupled
respiration and a lower respiratory efficiency. As in the case
of the ndfl1Andt2A cells, changes in the state of respiration
have been already observed in NDTI-over cells exponentially
growing on ethanol (Agrimi et al., 2011). In this context of fully
respiratory metabolism, the NDT1 overexpression determines a
decrease in the respiratory efficiency similar to that described
here when cells have exhausted glucose and shift to ethanol-
driven respiration. These results further underline how the
mitochondrial NAD™ carriers and, consequently, the availability
of mitochondrial NAD™, and/or NADH is important to achieve
an efficient respiration and how this aspect can influence the
CLS.

Concerning gluconeogenesis, the enzymatic activity of Pckl
is generally considered the main flux-controlling step in the
pathway. The gluconeogenic activity of this enzyme depends
on its de/acetylation state (Lin et al, 2009; Casatta et al.,
2013). Indeed, an increase in the enzymatic activity of Pckl
correlates with an increase in its acetylated active form promoting
gluconeogenesis and CLS (Lin et al, 2009; Casatta et al.,
2013; Orlandi et al, 2017ab). The enzyme responsible for
Pckl deacetylation (inactive form) is the NADT-dependent
deacetylase Sir2 (Lin et al., 2009). During chronological aging,
lack of Sir2 correlates with an increase of the acetylated Pckl
and with a carbohydrate metabolism shift toward glyoxylate-
requiring gluconeogenesis increasing CLS (Casatta et al., 2013;
Orlandi et al., 2017a,b). It is conceivable that, as the deacetylase
activity of Sir2 relies on NAD™, the low level of this dinucleotide
in the ndtIAndt2A mutant might decrease Sir2-mediated
deacetylation of Pckl and consequently increase gluconeogenesis
and CLS. Differently, in the NDTI-over mutant, a different
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availability of NAD™ might favor Sir2 enzymatic activity
leading to an increase of the deacetylated inactive form of
Pckl and to the observed decrease of gluconeogenesis and
CLS.

Furthermore, in the ndtIAndt2A mutant and the
NDT1-over one, other metabolic traits that result from an
enhancement and a down-regulation, respectively, of the
cytosolic Aldé/glyoxylate/gluconeogenesis axis fit-well with their
CLS. Indeed, Ald6 activity requires NADP providing NADPH,
which is also provided by the pentose phosphate pathway fueled
by the gluconeogenesis with glucose-6 phosphate. NADPH
is a source of reducing energy and an essential cofactor for
glutathione/thioredoxin-dependent enzymes that are essential
for protecting cells from oxidative stress (Pollak et al., 2007).
Thus, NADPH availability can contribute to influence the
physiological state of the cells and consequently their survival. In
this context, the ndtl Andt2A mutant might be further favored
by an enhanced gluconeogenic activity that leading also to
increased intracellular trehalose stores, ensures viability during
chronological aging. On the contrary the down-regulation
of the Aldé/glyoxylate/gluconeogenesis axis observed in the
NDT1-over mutant decreasing cellular protection systems, might
contribute to affect negatively the CLS.

To date, substantial number of evidence points out that
lowering NAD™ levels can decrease Sirtuin activities and
affect the aging process both in S.cerevisine and mammalian
cells (Imai and Guarente, 2016). In particular, in yeast lack
of the nicotinic acid phosphoribosyltransferase, Npt1, which
in the salvage pathway generates NAD" from nicotinic acid
(NA), reduces NAD* content. This is accompanied by loss of
silencing and decrease in RLS (Smith et al., 2000), as NAD"

levels are not sufficient for Sir2 to function (Ondracek et al.,
2017). Addition of nicotinamide riboside (an NAD™ precursor)
corrects the deficit in NADT content of the nptl A mutant,
promotes Sir2-dependent silencing and extends RLS (Belenky
et al., 2007). Furthermore, yeast cells grown in media lacking
NA has a short RLS and low NAD™ levels; supplementation
of isonicotinamide extends RLS in a Sir2-dependent manner
by restoring NADT content and alleviating the nicotinamide
(NAM) inhibition on Sir2 (McClure et al, 2012). Indeed,
NAM is an NAD™ precursor that is also an endogenous non-
competitive inhibitor of Sir2 (Sauve et al., 2005). Yeast cells
grown in the presence of NAM have the same phenotype of
sir2A ones such as silencing defects and a short RLS (Sauve
et al, 2005). In the context of chronological aging, NAM
supplementation at the diauxic shift results in a phenocopy
of chronologically aging sir2A cells: due to the inhibition of
Sir2, Pckl enzymatic activity, and gluconeogenesis are promoted
and CLS is extended (Orlandi et al., 2017a). On the opposite,
resveratrol, a Sirtuin activating compound, restricts CLS by
enhancing Sir2 activity, in particular Sir2-mediated deacetylation
of Pckl, and consequently gluconeogenesis is decreased (Orlandi
etal., 2017b).

In conclusion, taken together all our results show that
affecting the cellular distribution and the content of NAD™ has
a deep impact on both metabolism and chronological aging
and that a critical functional role is played by the Sir2 activity.
In addition, our data indicate that in order to elucidate the
intimate interplay between NAD™, Sirtuins and aging, it will be
important to determine how NAD™ levels change in different
compartments during aging and the tissue-specific regulation of
NAD metabolism and Sirtuin activity.
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Skin infections are eliminated by cooperation of the
fibrinolytic and innate immune systems
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Nuclear factor of activated T cells (NFAT) is activated in innate immune cells downstream of pattern recognition
receptors, but little is known about NFAT’s functions in innate immunity compared with adaptive immunity. We

show that early activation of NFAT balances the two major phases of

the innate response to Candida albicans skin

infections: the protective containment (abscess) and the elimination (expulsion) phases. During the early contain-
ment phase, transforming growth factor-p (TGF-) induces the deposit of collagen around newly recruited poly-
morphonuclear cells to prevent microbial spreading. During the elimination phase, interferon-y (IFN-y) blocks
differentiation of fibroblasts into myofibroblasts by antagonizing TGF-p signaling. IFN-v also induces the forma-
tion of plasmin that, in turn, promotes abscess capsule digestion and skin ulceration for microbial discharge.
NFAT controls innate IFN-y production and microbial expulsion. This cross-talk between the innate immune and
the fibrinolytic systems also occurs during infection with Staphylococcus aureus and is a protective response to

minimize tissue damage and optimize pathogen elimination.

INTRODUCTION

Nuclear factor of activated T cells (NFAT) proteins form a family of tran-
scription factors that are estimated to have evolved about 500 million
years ago, around the same time as the appearance of vertebrates (1).
Given the relatively late appearance of NFAT proteins in evolution, their
major roles were believed to center on regulation of the adaptive immu-
nity, the more recent form of immunity that appeared with vertebrates.
In contrast, innate immunity (the ancient form of immunity) was
thought to be controlled primarily by signaling pathways that are
conserved during evolution (2), and the prevailing consensus was
that NFATSs were not involved in this form of immunity (3). However,
we and others have shown that the NFAT family can be activated during
innate immune responses to bacterial or fungal infections downstream of
pattern recognition receptors (4-6).

The NFAT pathway in phagocytes is most effectively activated in
response to f-glucan—bearing fungi (7-9). Fungal infections can de-
velop at a variety of anatomical sites. Although these infections are
readily controlled by healthy individuals, they may become systemic
in immunocompromised individuals, hospitalized patients, or indi-
viduals with inherited mutations in immune genes. Calcineurin is a
phosphatase involved in the activation of NFAT transcription fac-
tors, and calcineurin inhibitors, such as cyclosporine A (CsA) and
tacrolimus, are commonly used as immunosuppressors for treating
acute transplant rejection (10), autoimmune diseases (such as pso-
riasis) (11), and other immunological conditions (such as atopic
dermatitis) (12). Although such inhibitors are highly efficient, they
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have potent side effects that include susceptibility to opportunistic
infections from pathogens, such as Candida albicans, Aspergillus
fumigatus, and many bacterial species, which are normally well con-
trolled by innate and adaptive immunity (13, 14). In principle, CsA
and tacrolimus block interleukin-2 (IL-2) and other NFAT-dependent
cytokine production by T cells; but increasing evidence supports
the notion that susceptibility to microbial infections could mainly
arise via inhibition of the NFAT pathway in innate immune cells
(6), although the mechanisms that underlie this vulnerability remain
elusive.

Here, we have investigated how NFAT activation during innate
responses regulates the development and the progress of the inflam-
matory process induced in the skin by microorganisms and leads to
the protection against microbial spreading and, eventually, to microbe
elimination.

RESULTS
NFATc2 is required for the elimination of C. albicans skin
infections by innate immune cells
We first investigated the role of NFATc2 in the innate control of
C. albicans infections in the skin. We focused on the study of NFATc2,
which is primarily activated in dendritic cells (DCs) and is not ex-
pressed in neutrophils, one of the major populations known to fight
fungal infections [fig. S1A; (6)]. Thus, in this model, the neutrophil
response is not altered [their phagocytic capacity remains unaltered
compared to wild-type (WT) neutrophils; fig. S1B], whereas other
phagocyte respanses may be affected by the absence of NFATc2.
To investigate whether NFATc2 participates in the innate immune
responses to fungal infections, we used NFATc2-deficient and WT
mice in a model of C. albicans skin infection. Mice were infected in
the deep dermis with C. albicans hyphae, and the temporal course
of the lesions was evaluated. WT animals displayed skin ulceration
at about 2 days after infection (Fig. 1, A and B, and figs. 52 and
$3), whereas NFATc2-deficient mice exhibited a capsulated ab-
scess containing C. albicans with no ulceration (Fig. 1, A to C, and
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skin C. albicans infections. (A) Lesions in WT and NFATc2-deficient mice at the indicated time points after C. albicans

hyphae injection in the deep derma. WT animals (top) undergo ulceration and C. aibicans elimination, whereas NFATc2-deficient mice (bottom) develop a persistent
abscess. (B) Kaplan-Meier curve showing the percentage of WT and NFATc2-deficient mice undergoing ulceration after C albicans administration at the indicated time
points; n = 10; log-rank test. Results are representative of at least six i peril Qtr in and eosin staining of WT {top) and NFATc2-deficient
(bottom) mouse skin lesions at the indicated time points after C albicans infections. Larger magnification of selected areas of the same section are shown to evidence
granulocyte recruitment (left). PicroSirius Red stalnlng is also shown lo collagen {right, red d and periodic acid-Schiff (PAS) staining to
evidence Candida. See also fig. S2 for higher i ical sections of four independent experiments are shown; see also fig. 53 (A and B).
(D) WT and RAG-2-deficient mice respond s:mllarly to pﬂmary skm infections vmh C. albicans. The Kaplan-Meier curve shows the percentage of WT and RAG-2-deficient
mice undergoing ulceration after C afbicans i a! the indi ; n = 18 per group. (E) Digital image analysis quantification of collagen staining.
Five fields from two sections (24 hours after i of tv The analyzed fields covered the entire sections excluding the skin.

poi

Means and SEM are depicted. n = 5; statistical significance, two-tailed t test.

figs. S2 and $3). Although C. albicans could not be eliminated
in NFATc2-deficient mice, the infection remained confined in the
abscess with no further spreading (fig. S4). The phenotype of the
NFATc2-deficient mice was not primarily due to the absence of
NFATc2 ion in adaptive i cells because Rag2 ™"~ mice,
which lack an adaptive immune system, had a response like that of
WT mice (Fig. 1D).

Histological analyses revealed that the abscess was formed by
granulocytes recruited to the site of the C. albicans infection, sug-
gesting that recruitment was unchanged between WT and NFATc2-
deficient mice (Fig. 1C and figs. S2 and S3). Use of quantitative
reverse transcription polymerase chain reaction (qQRT-PCR) to
characterize other cell types recruited to the infection site showed
that neutrophils, eosinophils, and basophils were present in both
animal types (fig. S5). Monocytes were also recruited in both groups
(fig. S5). Although a few differences in the composition of the infil-
trate were measurable at specific time points (more eosinophils

Santus et al,, Sci. Immunol. 2, ©3an2725 {2017) 22 September 2017

were recruited in WT mice, and more basophils were recruited in
NFATc2-deficient mice), the capacity of WT and NFATc2-deficient
animals to recruit immune cells was very similar.

Histological analyses of WT mice also showed that the abscess was
surrounded by collagen deposits (Fig. 1, C and E, and figs. S2B and
$3). Starting at 48 hours after infection, abscess formation was fol-
lowed by skin ulceration and the discharge of dead cells and C. albicans
from the skin (Fig. 1C and fig. $3). Complete elimination of C. albicans
in WT mice occurred in about 6 to 7 days after infection (fig. S6),
whereas C. albicans persisted inside the abscess in NFATc2-deficient
mice (fig. $6). However, infected skin in NFATc2-deficient mice
showed the formation of an abscess sur ded by a well-organized
thick collagen capsule (Fig. 1C and figs. S2B and S3), with C. albicans
contained inside the abscess (Fig. 1C and figs. $3 and S6). A quanti-
fication of collagen deposits around the abscess 24 hours after infec-
tion showed significantly less collagen deposit in WT compared with
NFATc2 mice (Fig. 1E).
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Fibroblasts surrounded the newly recruited granulocytes in both
WT and NFATc2-deficient mice (Fig. 2A). Nevertheless, over time,
in NFATc2-deficient but not WT mice, fibroblasts differentiated
into myofibroblasts, as indicated by the ion of the a h

ed in sections from NFATc2-deficient

g was more p
mice (Fig. 3B and fig. S8).
Mice were next treated with an inhibitor of the TGF-p transduc-

muscle actin (a-SMA) marker (Fig. 2B anci fig. §7). These data indi-
cate that WT animals contain and elimi C. albicans skin infections,
whereas NFATc2-deficient mice restrain the infection by forming
a thick capsule around the abscess but are not able to eliminate the
microorganism.

Transforming growth factor-§ Is required for the Initial
phase of Infectlon contalnment by promoting fibrosis and Is
overactive In NFATc2-deficlent mice

The response that we observed in NFATc2-deficient mice had a
promi fibrotic comp Because the transforming growth
factor-B (TGF-B) is a well-known profibrotic factor (15). we hy-
pothesized that an overactivation of the TGF-B p y was re-

tion pathway (SB-431542) to investigate whether TGF-p inhibition
could restore the WT phenotype. Therefore, the effect of the inhib-
itor on the formation of the encapsulated abscess was analyzed after
C. albicans infection. We observed that, in response to the reduced
activation of the TGF- pathway, both WT and NFATc2-deficient
mouse responses were affected. C. albicans was not contained and
instead diffused into the subcutaneous space; this led to multiple
granulocyte accumulations in both WT and NFATc2-deficient
mice (Fig. 3C). Accordingly, the formation of nonorganized collagen
deposits around the abscesses was observed in both mouse groups
(Fig. 3D and figs. S9 and S10). Overall, these data suggest that the
incapability to form adequate collagen capsules when the TGF-§
pathway was down-modulated was responsible for the reduced
C of the infection.

sponsible for the behavior of mutant mice. To test this possnblllty.

These data demonstrate that the TGF-§ pathway activation is

we examined the activation of the TGF- t tion p y in
WT and NFATc2-deficient mice, evaluating the presence of phos-
phorylated SMAD2,3 proteins both histologically and by Western
blot analysis. As shown in Fig. 3A, the TGF-p pathway was activated
in both strains; however, the activation was three to four times more
pronounced in NFATc2-deficient mice relative to WT mice. In
addition, in the histologic evaluation, phosphorylated SMAD2,3

wr
Day 6 postinfection

d during the initial phase of the inflammatory process for
the proper comamment of the infection. However, the pathway is
overactive in Nfatc2™'~ animals and contributes to the formation of
excessive collagen deposits around the abscess. The overactivation
of the TGF-p pathway only partially explains the phenotype of
NFATc2-deficient mice because ulceration was not restored in this
group of mice even after TGF-B inhibition.

H' 2 WMBEWMK‘I’&WM (A} Histology of lesions induced by C. albicans hyphae in WT and NFATc2-deficient mice 48 hours after

are hi with black arrows. (B) Representative images of «-SMA immunohistochemical staining in skin sections

of WT and WAT:Z-deﬁaem mice 6 and 8 days after C. albicans infection. PicroSirius Red staining is also shown to evidence collagen capsule. Representative histological

sections of three independent experiments are shown; see also fig. 57.
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Fig. 3. The TGF- pathway is activated in the
skin after C. albicans infection and is required
to contain the infection. (A) Western analysis of
SMAD2/3 phosphorylation at the indicated time
points after infection of WT and NFATc2-deficient
mice. Data were quantified and normalized on
B-actin. Data are representative of three indepen-
i nt, ice. (B) Rep
ative images of p-SMAD2,3 immunchistochemical
staining in skin sections 24 hours after C albicans
infection. p-SMAD2,3—positive cells are brown. The
experiment was repeated twice with similar re-
I also fig. S8. (C) Abscess inWT
and NFATc2-deficient mice in the presence or
not of the TGF-B inhibitor SB-431542. TGF-§ in-
hibitor was administered ip (50 ug per mouse)
for 3 days starting 1 day before C albicans infec-
tion; the day of the infection was also coadmin-
istered locally with the hyphae. Note that the
abscess is more diffused when the TGF-B path-
way is inhibit Two i i
with eight animals per group were performed.

(D) Visualization of C. albicans (purple staining, brown arrows) by PAS staining in WT and NFATc2-deficient mouse skin lesions 24 to 48 hours after C. albicans infections
in the presence of TGF-B inhibitor. PicroSirius Red staining of selected areas is also shown to evidence collagen depositions (arrows). Note that the collagen capsule is

disorganized if the animals are treated with the TGF-§l inhibitor and C. albicans can exit the abscess (see fig. 56 for higher

sections of three independent experiments are shown; see also fig. S10.

Interferon-y antagonizes TGF-g signaling In WT animals

We next focused on the molecular mechanism that drives the over-
activation of the TGF-§ pathway in NFATc2-deficient mice. In the
tissue, TGF-P is present in an inactive form and is associated with
the extracellular matrix. Various factors, including reactive oxygen
species, pH, integrins, and proteases, can induce the release of the
active cytokine (16-19). Because the TGF-p pathway was activated
and required for infection contai in both animal groups
(Fig. 3A) but was more active in NFATc2-deficient mice, we hypoth-
esized that active TGF-B is released in WT and NFATc2-deficient
mice but is then antagonized in WT animals by factors that are pro-
duced in an NFATc2-dependent manner. Interferon-y (IFN-y) isa
very potent antagonist of TGF-§ (20, 21), and NFATc2-deficient
mice were previously described to be prone to develop type 2 responses
rather than type 1, IFN-y—dependent responses (22). Therefore, we
hypothesized that NFATc2-deficient mice showed a deficit in IFN-y
production that could explain the differences between the two ani-
mal groups. We compared the levels of IFN-y in infected skins from
WT and NFATc2-deficient mice. A significant up-regulation of

Santus etal, Sci. Immunol. 2, €3an2725 (2017) 22 September 2017

IFN-y mRNA was observed in WT controls but not in NFATc2-
deficient mice (Fig. 4A), and more IFN-y" cells were found in WT
compared with NFATc2-deficient skins by immunohistochemical
staining (Fig. 4B and fig. S11). Administration of recombinant
IFN-y in NFATc2-deficient mice at the time of C. albicans infection
was sufficient to induce ulceration (Fig. 4, C and D), and this cor-
related with a reduction of the TGF-B pathway activation (Fig. 4E).
In contrast, when IFN-y was blocked in WT animals, they exhibited
the same phenotype of NFATc2-deficient mice, namely, no ulceration
(Fig. 4, C and D) and strong activation of the TGF-B pathway
(Fig. 4F). In accordance with these observations, blocking IFN-y in
WT animals favored the formation of a well-organized collagen
capsule (Fig. 4D). On the other hand, the exogenous administration of
IFN-y to NFATc2-deficient mice hampered the formation of a thick
collagen capsule (Fig. 4D). Accordingly, in vitro TGF-B promoted
skin fibroblast proliferation that was antagonized by IFN-y (Fig. 4G).

IFN-y-deficient mice were also analyzed to investigate whether
they could recapitulate the phenotype of NFATc2-deficient mice.
As expected, IFN-y-deficient mice did not undergo ulceration
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Fig. 4.IFN-y antagonizes TGF-} in vivo. (A} qRT-PCR analysis of IFN-y mRNA in
C. albicans-infected tissues of WT and NFATc2-deficient mice at the indicated
time points after infection; each dot represents a different mouse. Means and
SEM are depicted. Statistical significance was determimned with a twio-way ANOVA.
nis, not statistically significant. (B) IFN-y immunchistochemical staining {brown
cells) in skin sections 24 howrs after C albicans infection. Reprasentative histo-
logical sections from twio independent experiments are shown; see alsofig. 511.

2 =L feaF = 1 fa _ N N
5 é ’gﬁ 5 t 5 (€} Left: Kaplan-Meier curve showing the percentage of WT and NFATc2-deficient
- = mice undergoing ulceration after C. albicans administration in the presence or

Myofibrotinsss

not of IFN-y at the indicated time paints; n (WT) = 11, n (NFATZ2) = 10, n (WT +

rAFN-y) =5, n (NFATC2 + riFN-y) = 5. rlFN-y, recombinant IFN-y. Right: Kaplan-Meier curve showing the percentage of WT and IFN-y-deficient mice undergoing ulceration
after C. albicans administration in the presence or not of the indicated antibodies at the indicated time points; n (WT + isotype control] = 8, n (WT) = 12, n (WT + a-IFN-y) =
10, n {IFN-y—deficient] = 14; log-rank test. (D) Hematoxylin and eosin staining of WT and NFATc2-deficient mouse skin lesions 48 hours after C albicans infections in the
presence or mot of the indicated stimuli. Larger magnification of PicroSirius Red staining of selected areas is also shown to evidence collagen depositions. The collagen
capsule is loose in NFATc2-deficient mice if they are treated with riF M-y (1 ug per mouse). In contrast, the collagen capsule becomes thick in WT animals if IFN-y is neutral-
ized by an anti-IFM-y antibody (50 ug per mouse), (E} Western blot amalysis of SMADZ/3 phesphorylation in WT animals treated with C albicans hyphae or C aibicans
hyphae and rIFN-y. Western blot analysis was performed & hours after £ albicans infection. Data were quantified and normalized on f-actin. Data are representative of
two independent experiments. (F) Westerm blot analysis of SMAD2/3 phosphorylation from the infected skin of WT animals treated with C. albicans hyphae, C aibicans
hyphae and the IFN-y neutralizing antibody, or C albicans hyphae and the isotype control antibody. Westem blot analysis was performed 24 hours after C albicans infection.
Datawere quantified and normalized on B-zctin, Data are representative of three independent experiments. (G) In vitro WT and NFATc2-deficient skin fibroblast proliferation
in the presence or not of the indicated stimuli (TGF- 3 ng/ml; IFN-y, 150 U/mi). Each dot represents a different sample. (H) «-5MA immunchistochemical stainirg in skin

sections of IFN-y—deficient mice 7 days after C albicans infection. PicroSirius Red staining is also shown to evidence collagen capsule.

(Fig. 4C) and formed a thick fibroblast and collagen capsule, and
fibroblasts differentiated into myofibroblasts (Fig. 4H). Overall, our
data support a model in which IFN-y controls abscess capsule for-
mation at least in part by antagonizing TGF-B signaling.

IFN-y controls collagen capsule degradation by controlling
the actlvation of the fibrinolytic system

Asevidenced above, the pharmacological treatment with IFN-y, but
not the inhibition of the TGF-p pathway, can fully restore the re-
sponse to C. albicans skin infection in NFATc2-deficient mice.
These observations imply that the effect of IFN-y cannot be ex-
plained with only the antagonistic effect on TGF-. Therefore, we
predicted that, in addition to TGF-B inhibition, [FN-y also contrib-
uted to the induction of factors required for capsule degradation
and ulceration. This hypothesis was also supported by the observa-
tion that the process of capsule disruption in WT animals was fur-
ther potentiated upon recombinant [IFN-y administration (fig. $12).
We first focused on factors required for capsule degradation. Under
several pathophysiological conditions, a collagen capsule is digested

Santus et al,, 5ci immunol. 2, eaan2725 2017} 22 September 2017

by metalloproteinases that are released by innate immune and stromal
cells. Nevertheless, metalloproteinases are released in an inactive
form and need to be activated by other proteases, such as plasmin
(23-25). To investigate the potential role of plasmin in capsule
digestion, we evaluated the levels of active plasmin in the tissue.
These were significantly higher in WT compared with NFATc2-
deficient mice (Fig. 3A).

To confirm plasmin involvement in capsule digestion, we ad-
ministered plasminogen activator inhibitor-1 (PAI-1) (26), an en-
dogenous inhibitor of plasminogen-to-plasmin conversion, to WT
animals to verify whether ulceration could be inhibited. PAI-1 ad-
ministration initially led to the formation of an encapsulated abscess
and no ulceration (Fig. 5, B and C, and fig. 513), confirming that
plasmin is required for capsule digestion and ulceration. Neverthe-
less, at later time points, the abscess did not show the organization
exhibited in NFATc2-deficient mice, and no differentiation of fi-
broblasts in myofibroblasts was observed (Fig. 51)). This was pre-
dictable given the presence of IFN-y (which inhibits TGF-B) in the
skin of WT animals.

sof 14

2102 'Z2 tequaldag ue jsanb Ag jBroBewsouaos ABoouniww diy woly papeciumoed

143



SCIENCE IMMUNOLOGY | RESEARCH ARTICLE

Plasminogen-to-plasmin conversion is induced by activators of
plasminogen, such as tissue plasminogen activator (tPA). We there-
fore evaluated the presence of tPA in the tissue of infected mice. In
line with our prediction, tPA levels were much higher in WT com-
pared with NFATc2-deficient mice (Fig. SE). We also analyzed the
levels of endog PAI-1 that inhibits plasmin formation. PAI-1
was also more expressed in WT compared with NFATc2-deficient
mice (Fig. 5E). In WT animals, tPA production was induced early,
when PAI-1 was not present in the tissue (Fig. 5E). The counterreg-

Given that plasmin is required for capsule digestion, we investi-
gated whether IFN-y influenced the activation of the fibrinolytic
system. We tested our hypothesis both by administering IFN-y to
NFATc2-deficient mice and by blocking IFN-y in WT animals. As
expected, adding IFN-y restored tPA and PAI-1 production in
NFATc2-deficient mice (Fig. SE). On the contrary, blocking IFN-y
in WT animals inhibited the release of tPA and PAI-1 (Fig. 5E).
This indicates that the entire pathway that leads to plasmin forma-
tion is altered by the absence of IFN-y in NFATc2-deficient mice. To

ulation of tPA and PAI-1 observed in WT animals is presumably
required to first allow plasmin generation and then avoid excessive
plasmin accumulation.

further support our conclusions, we also measured active plasmin in
the tissue of NFATc2-deficient mice treated or not with IFN-y and of
WT animals treated or not with a blocking IFN-y antibody at the time
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Fig. 5. IFN-7 activates the fibrinolytic system. (A) Increase of active plasmin levels in WT and NFATc2-deficient mice at the indicated time points after C albicans infec-
tion. Each dot represents a single mouse. Means and SEM are depicted; a two-way ANOVA was used for statistics. The experiment was repeated twice with similar
results. (B) Hematoxyhn and eosin stammg oi WT mouse skin lesions 48 hours after C. albicans infections in the presence of PAK-1 (065 ug per mouse) and NFAT:Z-
ient mice skin Larger of Pi Red staining of selected areas is also shown to collagen P
sections from two ind s are sh also fig. 513.(C) Kaplan-Meier curves showing the of mice i after C. albicans
administration. Where indicated, mice were treated with PAI-1 {0.65 ug per mouse, ini: with C. .0 (WT) =10, n (WT + PAI-1) = 24; log-rank test.
(D) Representative images of u-SMA immunohistochemical staining in skin sections of NFATc2-deficient and PAI-1-treated WT animals 8 and 7 days after C. albicans
infection. (E) Left: Wesrem blot analysis of tPA and PAI-1 levels measured in WT and NFATc2-deficient animals at the indicated hours after C. albicans infection. Data are
ive of three i Middle and right: Western blot analysis of tPA and PAI-1 levels measured in WT and NFATc2-deficient animals treated
wrth an anti-IFN-y blocking antibody and with rlFN-y, respectively, at the time of C. albicans infection. The analysis was performed at the indicated time points. Data are
ive of two i i {F) Left: Increase of active plasmin levels in NFATc2-deficient mice at the indicated time points after C. albicans infection
in me presence or not of rIFN-y. Right: Increase of active plasmin levels in WT mice at the indicated time points after C aibicans infection in the presence or not of anti-
IFN-y blocking antibody. Each dot rep a single mouse. Means and SEM are depicted; a two-way ANOVA was used for statistics. (G) gRT-PCR analysis of IFN-y mRNA
in C. albicans-infected tissues before and 6 hours after the infection in WT animals depleted or not of NK cells. Each dot represents a single mouse. Means and SEM are
depicted; a two-way ANOVA was used for statistics. (H) Kaplan-Meier curve showmg the percentage of WT {n = 9), NK cell-depleted WT (n = 8), and NFATc2-deficient mice
({n=10) undergoing ulceration after C. albicans atthei ints. Log-rank test was used. (I) IFN-y immunohistochemical staining in skin sections
(brown cells) of WT mice treated or not with anti-asialo GM to eliminate NK cells (NK-depleted) and infected with C. albicans. Note that IFN-y* cells are strongly reduced in
NK-depleted mice. (J) Kaplan-Meier curve showing the percentage of NFATc2-deficient mice (n = 10), NFATc2-deficient mice ituted with activated IFN-y jent
NK cells (n = 10) or IFN-y-deficient NK cells {n = 10), and WT animals (» = 8) undergoing ulceration at the indicated time points after C. albicans administration. Log-rank test
was used.
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undergoing ulceration after C. albicans administration. Where indicated, NK cells were depleted. n = 12 per group; log-rank test.
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of C. albicans administration. As shown in Fig. 5F, IFN-y restored
plasmin generation in NFATc2-deficient mice, whereas the inhibi-
tion of [FN-y down-modulated plasmin formation in WT animals.

Last, we evaluated the levels and function of activated matrix
metalloproteinase-3 (MMP-3) during the infection. We focused on
MMP-2 because it is efficiently activated by plasmin and is a master
metalloproteinase that activates downstream metalloproteinases, such
as MMP-9, and digests extracellular matrix components (23, 27).
As shown in fig. 144, the increase of activated MMP-3 during the
infection paralleled the increase of plasmin with the same relevant
differences during abscess formation. In addition, treatment with an
MMP-3 peptide inhibitor (MMP-3 inhibitor I) upon C. albicans
administration inhibited ulceration (fig. S14B).

Natural killer cells are the major source of IFN-y In WT
anlmals, and DCs are essentlal accessory cells for natural
killer cell actlvation during fungal Infections

The next step was to determine the source of IFN-y. Because Rag2™"~
mice behaved like WT animals and showed a potent up-regulation
of [FN-y mRNA in the skin after infection (Fig. 1D and fig. 515), we

Santus et al,, 5ci immunol. 2, eaan2725 2017} 22 September 2017

excluded a T cell origin for the IFN-y and focused on innate im-
mune cells. Elimination of natural killer (NK) cells by anti-asialo
GM treatment strongly affected the levels of IFN-y mRNA, as mea-
sured by qRT-PCR (Fig. 5G). Similarly, in the absence of NK cells,
ulceration was strongly diminished after C. albicans infection of WT
animals (Fig. 5H). Upon NK cell depletion, no IFN-y" cells were
observed in the infected skins (Fig. 5I). These data confirm that NK
cells are the major source of IFN-y in our experimental system.

Ta formally demonstrate that NK cells are necessary and sufficient
to provide [FN-y under our experimental conditions, we first activated
in vivo WT and IFN-y—deficient NK cells and then adoptively trans-
ferred the activated NK cells into NFATc2-deficient mice infected with
C. albicans. The course of the infection was then followed over time.
After the adoptive transfer of activated WT but not IFN-y—deficient
NK cells, NFATc2-deficient mice showed ulceration (Fig. 57). These
data confirmed that [IFN-y provided by NK cells is necessary and suffi-
cient to induce capsule degradation and ulceration.

Next, we unveiled the connection between NFATc2 and [FN-y
production by NK cells. In vitro, we observed that NFATc2 expres-
sion in accessory cells (e.g., DCs), but not in NK cells themselves,
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Fig. 7. Innate immune and fibrinolytic systems cooperate also during bacterial
infections. (A} Kaplan-Meier curve showing the percentage of WT (= &) and IFN-y—
deficient mice (n = 10) undergoing ulceration after 5. aureus administration at the
indicated time points: log-rank test. Represantative data of two independent experi-
ments. (B) Hematoyin and eosin staining of WT and FN-y-defident mice skin lesions
48 hours after 5. gureus infiection. PicroSirius Red staining is also shown to evidence
collagen depositions. () Western blot analysis of SMAD2/3 phosphorylation at the
indicated time points after 5. qurews infection of WT and IFN-y—deficient mice. Data
were quantified and normalized on f-actin. Data are representative of three indepen-
dent experiments. {0 Western blot analysis of tPA and PAI-1 levels measured in WT
and IFM-y—deficient animals at the indicated hours after 5. aurews infection.

was necessary for the production of IFN-y by NK cells upon C. albicans
encounter (fig. 516, A and B). We therefore predicted that eliminat-
ing DCs in vivo would influence IFN-y production by NK cells after
infection by C. albicans. We thus used B6.Cg-Tg(Itgax-DTR/OVA/
EGFP)1Gjh/Crl (DOG) mice [which express a diphtheria toxin (DT)
receptor under the CD11c promoter to eliminate DCs (28)] and studied
the course of the infection in the absence of DCs. As we previously
showed, DT treatment eliminated DCs from the skin, lymph node,
and spleen (fig. 517) (29-31). The recruitment of inflammatory cells
was not altered by DC depletion (fig. 518). IFN-y" cells were strongly
diminished in DC-deficient mice infected skins compared with
DC-sufficient mice, as revealed by immunohistochemistry (Fig. 6A
and fig. $19). Accordingly, as depicted in Fig. 6B, the number of ani-
mals undergoing ulceration was significantly reduced. This finding
suggests that DCs are required to elicit IFN-y production by NK cells
after C. albicans infection. In keeping with this observation, IFN-y"
NK cells were strongly diminished in the lymph nodes of NFATc2-deficient
and DC-deficient mice after infection, compared with control animals
(Fig.6, Cand D).

We then determined why NFATc2-deficient DCs are not able
to activate NK cells. Two cytokines involved in NK cell activation,
namely, IL-12 and IL-2, were described to be produced in an
NFAT-dependent manner by DCs in response to zymosan (5). We
first measured IL-12p70 production by D'Cs after C. albicans hyphae
infection, but, although it was previously shown to be induced in
DCs upon zymosan administration, we found no IL-12 production

Santus et al, 5ci immunol. 2, eaan2725 2017) 22 September 2017

in response to the C. albicans hyphae challenge (fig. 520). We there-
fore focused on I1-2, described to be strongly induced in DCs during
C. albicans hyphae infections as well (32-34) and also described to
be necessary for eliciting [FN-y production by NK cells during bac-
terial infections (30, 35). Figure 6 (E and F) shows that DC-derived
IL-2 is required for NK cell activation in the presence of C. albicans
in vitro and that NFATc2-deficient DCs were unable to activate NK
cells because they do not produce [L-2. We thus evaluated the pres-
ence of IL-2" DCs in the lymph nodes of WT and NFATc2-deficient
mice after C. albicans administration. Whereas the numbers of DCs
that produce 1L-2 were strongly increased in WT animals after
infection, no induction of IL-2 production by DCs was detected
in NFATc2-deficient mice (Fig. 6G). Accordingly, in vive IL-2 ad-
ministration to NFATc2-deficient mice at the time of C. albicans
infection restored NK cell activation (Fig. 6C). Moreover, after IL-2
administration, NFATc2-deficient mice presented ulceration (Fig. 6H).
The restoration of ulcer formation in NFATc2-deficient mice
upon IL-2 administration was inhibited when a blocking anti-
IFN-y antibody was also administered (Fig. 6H). These data demon-
strate that after C. albicans infection, NFATc2-deficient DCs do
not produce IL-2 and, consequently, do not induce IFN-y release by
NK cells.

To test whether DC-derived IL-2, produced in an NFATc2-
depedent manner in response to C. albicans administration, was
necessary and sufficient to induce ulceration, we performed the
following experiment. NFATc2-deficient mice were adoptively trans-
ferred with WT, NFATc2-deficient, and IL-2-deficient DCs at the
time of C. albicans administration, and the course of the infection
was analyzed. As depicted in Fig. 61, only mice that received WT DCs
showed ulceration. Moreover, if NK cells were eliminated after the
administration of WT DCs, ulceration was prevented (Fig. 61).

Collectively, these data indicate that activation of NFATc2 in
DCs during fungal infection regulates 1L-2 production, which then
elicits IFN-y production by NK cells. In turn, IFN-y is necessary for
counteracting the TGF-p pathway and for allowing plasmin forma-
tion, collagen capsule digestion, and C. albicans expulsion.

IFN-y antagonizes TGF-p signaling and allows abscess
elimination through the activation of the fibrinolytic
systems also durlng Staphylococcus aureus Infectlons

Last, we investigated whether the cross-talk between the fibrinolytic
and the innate immune systems, which regulates the persistence of
the encapsulated abscess and the elimination of the microbes, applies
not only to fungal but also to bacterial infections. Mice were infected
with the Gram-positive bacterium §. aureus, which can infect the
skin and form abscess. As shown in Fig. 7 (A and B), the infection
induced skin ulceration in WT animals, whereas an encapsulated ab-
scess formed in [FN-y—deficient mice. As with C. albicans infections,
excessive activation of the TGE-P pathway and overproduction of tPA
and PAI-1 in WT with respect to [FN-y—deficient mice were observed
(Fig. 7, C and D). This indicates that also during bacterial infections,
IFN-y can induce the activation of the fibrinolytic system to favor
microbial elimination.

DISCUSSION

In this study, we report two phases of the inflammatory response
elicited by microbial infections of the skin. The first is the phase
of infection containment. In this phase, granulocytes and fibroblasts
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Fig. 8. NFAT activation in innate immune cells dictates the sterilization of C. albicans skin infection. Schematic of C afbicans skin infection containment and elimi-
mation. Distinct phases can be identified in the inflammiatory process that takes place after C. aibicans skin infections. During the very early phases (1), granulocytes are
recruited and form an abscess around the invading microorganisms to avoid infection spreading. The containment of the infection is ensured by fibroblasts that, once
activated by TGF-f, proliferate and deposit collagen around the abscess to form a capsule. Later, IFM-y, produced by MK cells activated in the draining lymph nodes [dLN),
antagonizes TGF-P and thus avoids excessive fibroblast activation and excessive collagen depasition and also avoids the differentiation of fibroblasts into myofibroblasts
(2], Last, IFN-y ensures the activation of the fibrinalytic system and the consequent activation of metalloproteinases by plasmin (3. During the elimination phase, protein-
ases digest the collagen capsule and induce skin ulceration for the microbial expulsion out of the skin [3). NFATC2 activation in DCs after C. albicans exposure leads to IL-2
production. In turn, IL-2 is required to elicit [FN-y release by NK calls (2). In the absence of NFATC2, IFN-y is mot produced in sufficient amount to counteract the TGF-f path-
way (2 Nfatc2 ") and to induce the activation of the fibrinclytic system (3 Nfgtc2~~); therefore, fibroblasts are hyperactive, deposit excessive collagen, and differentiate in
myofibroblasts (3 Nfatc2~~). This leads to the formation of a thick capsule that prevents skin ulceration and microbial expulsion out of the skin.
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form an organized abscess to control tissue damage and microbial
spreading. The second phase leads to microbial elimination. This phase
requires the activation of the fibrinolytic system that allows the dis-
charge of microbes out of the skin. Upon infection, granulocytes
are recruited to surround microbes, and active TGF-f promotes a
profibrotic response that favors the deposit of collagen around the
abscess to improve microbial containment. The release of IFN-y in
the skin by NK cells (previously activated in the lymph node by
DCs) avoids excessive collagen deposition and the differentiation
of fibroblasts into myofibroblasts, owing to the antagonistic effect
of [FN-y on the TGF-p pathway. IFN-y also favors plasmin gen-
eration by inducing the production of tPA. Plasmin activates the
process of collagen capsule digestion, skin ulceration, and microbe
discharge (Fig. 8). NFATc2 regulates IL-2 production by DCs after
fungal encounter, and DC-derived IL-2 is required for eliciting
IFN-y secretion by NK cells. In the absence of NFATc2, IFN-y is
not produced; therefore, the continuous signaling of TGF-f and
the consequent differentiation of fibroblasts into myofibroblasts,
together with the limited activation of the fibrinolytic system. lead
to the generation of a very thick capsule around the abscess. The
thick capsule hampers skin ulceration and microbial elimination;
thus, only the containment phase takes place.

The containment phase of the inflammatory process, although
efficient, is an evolutionary primitive way to control the infections
because a mechanical insult could be sufficient to break the containment
and spread the infection. This type of infection control is probably
reminiscent of ancient innate responses with microbial confine-
ment via encapsulation and melanization (2). The appearance of the
NFAT signaling pathway in evolution has eventually enabled the
elimination phase favoring the interaction between the innate im-
mune system and the fibrinolytic system.

From the pathogen side, the generation of plasmin has been
described to favor microbial invasiveness by favoring extra-
cellular matrix degradation (36). We show here that the fibrino-
Iytic system can also help microbial elimination if activated in
the correct time frame. The early activation of the TGF-P pathway
is likely to take place to also counteract the effects of premature
plasmin generation.

The requirement of [L-2 for IFN-y production and the require-
ment of [FN-y for plasmin activation and Candida eradication pro-
vide a molecular explanation for why some patients with chronic
mucocutaneous candidiasis show C. albicans-specific defects in
IL-2 andfor IEN-y production (37-40).

It is known that NFATc2 promotes T helper 1 (Ty1) and sup-
presses Ty2 responses (22). This has been attributed to the capacity
of NFAT«c2 to regulate [FN-y production by T cells (41). We show
here that NK cells as well show a deficit of IFN-y productionin NFATc2-
deficient mice. Diversely from T cells, the defect is not NK cell-
intrinsic but affects DCs.

A previous work demonstrates that human NK cells can be di-
rectly activated by C. albicans (42), whereas we show here that mouse
NK cells do not respond directly to Candida but need the presence
of DCs to acquire the effector functions necessary to fight the infec-
tion. Our data may seem to conflict with these findings or may
suggest that human and mouse NK cells behave differently. Never-
theless, the discrepancy between the two works could only be osten-
sible. In the work by Hellwig et al. (42), NK cells are maintained in
culture in the presence of IL-2, and we show that IL-2 is indeed
fundamental to induce NK cell activation. Therefore, accessory cells
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could be required, also in humans, to provide an endogenous source
of IL-2.

‘We showed that the absence of NFATc2 alters the levels of IFN-v,
and IFN-y is required for capsule digestion and microbial expulsion
from skin. Nevertheless, we cannot exclude the fact that other mo-
lecular events regulated by NFATc2 contribute to the formation of
encapsulated abscesses during skin fungal infections. For instance,
it is known that cardiac expression of a-SMA, which regulates the
contractile activity of myofibroblasts, is induced by TGF-B via the
activation of the NFAT signaling pathway in both fibroblasts and
mesangial cells (43, 44). Therefore, it is also possible that the ab-
sence of NFATc2 could (directly or indirectly via deregulation of
other NFAT member activation) generate a spontanecus tendency
of fibroblasts to proliferate and differentiate into myofibroblasts.
Although we found here that NK cells are activated at the draining
lymph node, we cannot exclude the fact that NK cell activation can
occur in the skin as well.

In conclusion, our study evidences the importance of the fibri-
nolytic system for the eradication of skin infections. Moreover, this
work shows previously unknown roles for TGF-B and [FN-y during
the inflammatory process induced by microorganisms in the skin.
TGF-B is mainly considered an anti-inflammatory cytokine that
intervenes during the late phases of the inflammatory process to
down-regulate inflaimmation and to start the resolution phase. In
this study, it also emerges as a fundamental cytokine during the ini-
tial phases of the inflammatory response. By exerting its profibrotic
functions, TGF-B increases the effectiveness of the inflammatory
process to avoid excessive microbial spreading in the tissue. More-
over, IFN-y contributes to microbial elimination not only by the
induction of type 1 macrophages and neutrophils but also via the
regulation of fibroblast functions (by antagonizing TGF-f) and the ac-
tivation of the fibrinolytic system. IFN-y-induced plasmin gener-
ation avoids excessive confinement of the infection (which obstructs
microbial discharge) and allows microbial elimination that occurs
not enly via the phagocytic and antimicrobial activities of macro-
phages and neutrophils but also through direct microorganism elim-
ination out of the ulcerated skin.

MATERIALS AND METHODS

Study design

The overall objective of the study was to analyze the role of NEATc2
in the innate immune response to C. albicans and 5. aureus infec-
tions of the skin. There was not a predefined study component. Mice
were injected in the deep derma with C. albicans or 5. aureus, and
the inflammatory response in the skin was investigated by histology,
‘Western blot and cytoflucrimetric analyses, and gRT-PCR. The study
was not blind. For each experiment, the number of biological repli-
cates is indicated in the figure legend.

Mouse strains

All mice, housed under specific pathogen—free conditions, had been
on a B6é background for at least 12 generations and were used at 7 to
12 weeks of age. WT C57BL/6 mice were supplied by Envigo, Italy.
IFN-y—deficient mice were from the Jackson Laboratory. Rag2 ™~ mice
were from CNRS Centre de Distribution, Typage et Archivage an-
imal in Orleans, France. CD'11c.DOG mice were provided by
N. Garbi (Institute of Molecular Medicine and Experimental
Immunology, Bonn, Germany). In these mice, a specific DC ablation
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can be induced by DT injection. IL-2—deficient mice were provided by
A, Schimpl (University of Wiirzburg, Wiirzburg, Germany) NFATc2-
deficient mice were provided by E. Serfling (University of Wiirzburg,
Germany).

C. albicans growth conditlons and hyphal Induction

The C. albicans strain CAF3-1 (ura3A:zimm434/ura3d:imm434),
provided by W. A. Fonzi (Georgetown University), was routinely
grown at 25°C inrich medium [YEPD (yeast extract, peptone, dextrose),
1% (wi'v) yeast extract, 2% (w/v) Bacto Peptone, and 2% (w/v) glucose]
supplemented with uridine (50 mg/liter) as described. In this growth
condition, cells showed a typical yeast morphology, and growth was
maonitored by counting the cell number using a Coulter Counter-
Particle Count and Size Analyser. Once cells reached a concentra-
tion of about & x 10° cells/ml, the total culture was harvested by
centrifugation and resuspended in an equivalent volume of YEPD-
uridine medium buffered with Hepes (50 mM, pH 7.5). Cells were
incubated at 37°C for hyphal induction. Formation of hyphae was
evaluated under a microscope at different time points following
induction until its amount was assessed at 95%.

5. aureus

5. aureus ATCC6538P cells were grown in LB medium (Difco) at
37°C. For subcutaneous infections, stationary phase cultures were
diluted to an optical density at 600 nm (O Dgx) of 0.05 and then grown
until they reached an QODgq of 0.25 that corresponded approximately
to 10° colony-forming units (CFU)/ml. Cells were washed in phosphate-
buffered saline, and appropriate dilutions were injected in mice.

Invivo Infectlons

Mice were prepared by shaving the dorsal region at least 24 hours
before injection. Mice were then injected in the deep derma with
C. albicans hyphae (5 = 10° in a total volume of 50 ul) or 10° CFU of
S aureus in a final volume of 50 pl in the shaved dorsal regions and
macroscopically analyzed 1, 2, 3, and 7 days later for skin ulceration.
In addition, infected skin was collected at different time points for
histological and biochemical analyses.

In some experiments, recombinant IFN-y [1 pg per mouse sub-
cutaneously (sc); catalog no. 315-05, PeproTech] or LEAF purified
anti-mouse [FN-y (50 pg per mouse sc; clone R4-6A2, catalog
no. 505706; BioLegend) were co-injected together with C. albicans
hyphae. LEAF purified rat immunoglobulin G1 x (IgG1 x) (clone
RTK2071, BioLegend) was used as isotype control (35 pg per mouse
sc); SB-431542 (catalog no. 13031, Cayman Chemical) was used as
TGF-Binhibitor. It was injected daily intraperitoneally (ip) for 3 days,
starting from day —1 (50 pg per mouse). For MMP-3 inhibition,
MMP-3 inhibitor I was purchased from Calbiochem (catalog
no. 444218) and injected sc together with C. albicans hyphae ata
dosage of 125 ug per mouse. The inhibitor was then reinjected 6 hours
after infection (250 pg per mouse) intravenously (iv). Plasmin acti-
vation was blocked by injecting human PAI-1 (0.65 pg per mouse)
(25 pg; catalog no. A8111, Sigma-Aldrich) sc 6 hours before infec-
tion. Last, recombinant IL-2 (1 pg per mouse, 402-ML carrier-free,
R&DD Systems) was co-injected sc with C. albicans.

For NK cell depletion, mice received anti-asialo GM1 polyclonal
antibodies (eBioscience, 30pg per mouse iv) at days -3, -1, and +1.
For DC depletion, DOG mice were treated with DT (Sigma- Aldrich,
16 ng/g) sc and iv 4 hours before C. albicans infection. DT was read-
ministered iv 48 hours later.

Santus et al, 5ci immunol. 2, eaan2725 2017) 22 September 2017

Histopathology

Immunohistochemistry

Explanted skins were embedded in optimal cutting temperature freez-
ing media (Bio-Optica). Sections (5 pm) were cut on a cryostat, adhered
to a Superfrost Plus slide (Thermo Scientific), fixed with acetone, and
blocked with Normal Goat Serum (1:10) for 30 min at room tempera-
ture, Sections were then stained with primary antibody specific for
a-SMA (ab5694, Abcam), p-SMAD2/3 (clone D27F4, Cell Signaling),
or [FN-y (XMG1.2, Thermo Scientific), 1 hour at room temperature.
LEAF punified rat IgG1 x (clone RTK2071, BioLegend) was used as iso-
type control for IFN-y staining, whereas purified rabbit polyclonal 1gG
(BD Pharmingen) was used as isotype control for a-SMA and
P-SMAD2/3 (see fig. 526). Sections were washed with tris-buffered sa-
line buffer, then labeled 30 min at room temperature with the Dako
EnVision Anti-Rabbit System-HRP according to the manufacturer’s
recommendations, and counterstained with Meyer's hematoxylin solu-
tion (Bio-Optica). After dehydration, stained stides were mounted with
Eulkitt, and images were acquired with the NanoZoomer (Hamamatsu).
Hematoxylin and eosin staining

Skin sections (5 um) were stained with Meyer’s hematoxylin solution
for & min and then washed in warm running tap water for 5 min.
Sections were stained with Eosin ¥ solution for 1 min, washed in warm
running tap water for 5 min, rinsed in distilled water, and then de-
hydrated through passages in 95% and absolute alcohol. After de-
hydration, stained slides were cleared in xylene and mounted with
Eukitt. Images were acquired with the NanoZoomer (Hamamatsu).
PicroSirius Red staining

Sections were stained with Meyer’s hematoxylin solution for 8 min
and then washed for 10 min in running tap water. Sections were
stained in PicroSirius Red for 1 hour and then washed in two changes
of acidified water. After dehydration in three changes of 100% etha-
nol, slides were cleared in xylene and mounted in Eukitt. Images were
acquired with the NanoZoomer (Hamamatsu).

For collagen quantification, five fields (20x) from two sections
per group were analyzed by separation into a red, green, and blue
(RGB) filter, and the red area was mathematically divided by the
RGB area and multiplied by 100%. This calculation represents the
percentage area staining positively for collagen fibers.

Perlodic acld-Schiff staining

Sections were fixed with acetone for 1 min at room temperature and
then washed for 1 min in slowly running tap water. Slides were rinsed
in periodic acid solution for 5 min at room temperature. Slides were
rinsed with several changes of distilled water and then with Schiff's
reagent for 15 min at room temperature. After washing in running
tap water, slides were counterstained in hematoxylin solution for
5 min. Last, slides were dehydrated in three changes of 100% ethanol,
cleared in xylene, and mounted in Eukitt. Images were acquired with
the NanoZoomer (Hamamatsu).

Flow cytometry

Intracellular staining was performed on lymph node single-cell
suspension using Cytofix/Cytoperm reagents (BD Biosciences) ac-
cording to the manufacturer’s instructions. Single-cell suspensions
were kept for 3 hours in the presence of brefeldin A (10 pg/mil; Sigma-
Aldrich) before staining.

The antibodies used were as follows: phycoerythrin (PE)-anti-
mouse CD49b (clone DX5, catalog no. 108908; BioLegend); allo-
phycocyanin (APC)-anti-mouse IFN-y (clone XMG1.2, catalog no.
505810; BioLegend); fluorescein isothiocyanate (FITC)-ant-mouse
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CD3 (clone 17A2, (catalog no. 100204; BioLegend); APC-anti-
mouse CD11b (clone M1/70, catalog no. 101212; BioLegend); PE-
anti-mouse CD11c (clone N418, catalog no. 117308; BioLegend);
APC-anti-mouse CD11c (clone N418, catalog no. 117310; BioLegend);
APC/Cy7-anti-mouse CD3 (clone 17A2, catalog no.100222; Bio-
Legend); and peridinin chlorophyll protein-anti-mouse NK1.1 (clone
PK136); Alexa 488-anti-mouse [-Ab antibody (clone AF&-120.1);and
PE-anti-mouse IL-2 (clone JE36-5H4) (all from BioLegend).

The antibodies used as isotype controls were as follows: PE mouse
IgG2a, k (catalog no. 400211, BioLegend); FITC rat IgG2b, x (catalog
no. 400605, BioLegend); APC rat IgG1, « (catalog number 400411);
PE rat [gG2b, k (catalog no. 400607, BioLegend); PE/Cy7 mouse
Ig(2a, k (catalog no. 400253, BioLegend); and APC/Cy7 Armenian
hamster IgG (catalog no. 400927, BioLegend). NK cells were identified
as NK1.1°CD3™ lymphocytes. DCs were identified as CD11c"MHCIT*
cells. Samples were acquired with a Gallios flow cytometer (Beckman
Coulter).

Cells

Bone marrow-derived dendritic cells (BMDCs) were generated by
culturing bone marrow (BM) precursors, flushed from femurs, in
Iscove's modified Dulbecco’s medium (IMDM) (Euroclone) con-
taining 10% heat-inactivated fetal bovine serum (Euroclone), 100 IU
of penicillin, streptomycin (100 pg/ml), 2 mM L-glutamine (Euro-
clone), and granulocyte-macrophage colony-stimulating factor
(CSF) (10 to 20 ng/ml) for 8 days. BM-derived macrophages
were cultured in IMDM containing 100 U of penicillin, streptomycin
(100 pg/ml), 2 mM r-glutamine (all from Euroclone), and macro-
phage CSF (10 to 20 ng/ml) for 10 days.

DCs for adoptive transfer experiments were expanded in vivo by
transplanting mice with B16 tumor cells transduced with Flt3 ligand
(FLT3L). Ten days after in vivo expansion, CD11c" cells were puri-
fied from spleen by magnetic-activated cell sorting (MACS) by pos-
itive selection using CD11¢ microbeads (Miltenyi Biotec).

NK cells for in vitro experiments and for adoptive transfer ex-
periments were purified from splenocytes (after red blood cell lysis)
by MACS positive selection using CD49b (DX5) microbeads (Miltenyi

(402-ML carrier-free, R&D Systems), or purified rat anti-mouse
IL-2 (5 pg/ml) (BD Biosciences) or purified rat IgG2a (5 pg/ml)
(BD Biosciences) as isotype control. Two hours after stimulation,
amphotericin B (2.5 pg/ml) (Sigma-Aldrich) was added to the
cultures.

TMF-a, IL-2, IFN-y, and IL-12 measurement

Concentrations of IL-2, TNF-w, IFN-y, and IL-12 in supernatants
were assessed by enzyme-linked immunosorbent assay (ELISA) kits
purchased from BD OptEIA, eBioscience, and R&D Systems,
respectively.

Quantitative reverse transcription polymerase

chain reaction

Pieces of lateral skin were homogenized in TRIzol reagent, and then
RN A was extracted using Qiagen RNeasy Mini Kit (catalog no. 74104).
Single-strand complementary DNA (cDNA) was synthesized using
High-Capacity cDNA Reverse Transcription Kits (catalog no. 4368814,
Applied Biosystems). The NanoDrop (Thermo Scientific) was used
to titer mRNA, and amplification was performed using either the
TagMan Gene Expression Master Mix (catalog no. 4369016, Applied
Biosystems) and TagMan probes (Ifng, Mm01168134_m1; Feerla,
Mm00438867_m1; SiglecF, Mm00523987_m1; Ly6c, Mm03009946_m1;
Cdllc Mm00498698_ml; Nfatcl, Mm00479445_ml; Nfatc2,
Mm01240677_m1; Nfatc3, MmO01249200_m1; 185, Mm03928930_
gliGapdh, Mm99999915_g1}) or the Power SYBR Green PCR Master
Mix (Applied Biosystems) (Ly-6G: forward, 5'-TGGACTCTCA-
CAGAAGCAAAG-?Y and reverse, 5'-GCAGAGGTCTTCCTTC-
CAACA-3'; Gapdh: forward, 5'-CTGGCCAAGGTCATCCATG-3
and reverse, 5 -GCCATGCCAGTGAGCTTCC-3"). Relative mRINA
expression was calculated using the AC, method, using either
Gapdh or 185 as a reference gene.

Western blot
Pieces of lateral skin were cut, put in Eppendorf tubes, and im-
mersed in liquid nitrogen for snap freezing. Tissues were smashed

Biotec). Purity was assessed by fluorescence-activated cell sorting
(FACS) analysis and was routinely between 93 and 96%.

Skin fibroblasts were isolated and differentiated from the ears of
adult C57BL/6 WT and NFATc2-deficient mice. Mice were euthanized
and ears were removed. The ears were then divided into two layers
and cut into small pieces that were placed in a six-well tissue culture
plate with 3 ml of Dulbecco’s modified Eagle’s medium (catalog no.
ECB7501L, Euroclone) containing 10% heat-inactivated fetal bovine
serum (catalog no. 10270, Gibco), 100 IU of penicillin, streptomycin
(100 pg/ml), 2 mM 1-glutamine (all from Euroclone), epidermal growth
factor {1 ug/ml) (SRP3196, Sigma-Aldrich), and fibroblast growth fac-
tor 2 (1 ng/ml) (SRP4038, Sigma-Aldrich) for 1 week. After 1 week,
adherent fibroblasts were detached with trypsin/EDTA (catalog no.
ECB3001D, Euroclone) and grown in tissue culture plates. At 80% of
confluence, cells were detached and divided by a ratio of 1:2 until pas-
sages 4 and 5 when they were used for experimental procedures.

NK-DC cocultures

BMDCs (1 x 10° per well) and NK cells (5 x 10° per well for IFN-y
release assays) were cocultured in flat-bottom 96-well plates in the
presence or absence of C. albicans hyphae [multiplicity of infection
(MO}, 0.005], and, where indicated, recombinant IL-2 (rlL-2) (7.5 ng/ml)
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and homog d in 1 ml of lysis buffer [50 mM tris-HCI (pH 7.4),
150 mM NaCl. 10% glycerol, and 1% NP-40 supplemented with pro-
tease and phosphatase inhibitor cocktails; Roche] using a Tissuelyser
(full speed for 20 min, Qiagen). Samples were then maintained in
constant agitation for 2 hours at 4°C and centrifuged for 20 min at
13,000g at 4°C. The supernatants were collected into a new Falcon tube.
Proteins were quantified using a bicinchoninic acid assay (Euroclone).
Cell lysates (150 pg) were run on a 10% polyacrylamide gel, and
SDS-polyacrylamide gel electrophoresis was performed following
standard procedures. After protein transfer, nitrocellulose mem-
branes (Thermo Scientific) were incubated with the antibodies spe-
cific for phosphorylated SMAD2/3 (clone D27F4, Cell Signaling),
mSerpin El (goat polyclonal IgG, R&D Systems), tPA (rabbit poly-
clonal, NOVUS Biologicals), and p-actin (rabbit polyclonal, Cell
Signaling) and developed using an enhanced chemiluminesence sub-
strate reagent (Thermo Scientific).

Plasmin and MMP-3 actlvity assays

Pieces of lateral skin were cut, put in Eppendorf tubes, and im-
mersed in liquid nitrogen for snap freezing. Tissues were smashed
and homogenized in 1 ml of an optimized buffer [150 nM NaCl,
1% NP-40, and 50 mM tris-HCI (pH 8.0)] with a TissueLyser (Qiagen)
(full speed for 20 min at 4°C). Samples were then maintained in
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constant agitation for 2 hours at 4°C and centrifuged for 20 min at
13,000g at 4°C. Samples (50 pl} were then used for plasmin mea-
surement using the Plasmin Activity Assay Kit (Abcam) and for
active MMP-3 measurement using the Activity Assay Kit (Abcam).

Adoptive transfer experiments

For the adoptive transfer of NK cells, WT or [FN-y-deficient mice
were injected iv with lipopolysaccharide (LPS) (2 mg LPS/gbw) to
activate NK cells. Two hours and 30 min after activation, NK cells
were purified from spleen and administered iv to NFATc2-deficient
mice (2 » 10° per mouse) 4 hours after C. albicans infection.

For the experiments of DC adoptive transfer, DCs were purified
form the spleen of WT, NFATc2-deficient, and IL-2-deficient mice.
Purified DCs were then co-injected with C_ albicans (2 x 10° per mouse).
The same mice also received purified DCs by intravenous adminis-
tration [10‘ per mouse) after C. albicans infection.

Statistical analysls

Means were compared by either unpaired parametric t tests or two-
way analysis of variance (ANOVA). Diata are expressed and plotted
as means * squared deviations from the mean (SDM) or = SEM
values. Sample sizes for each experimental condition are provided
in the figure legends. P values for Kaplan-Meier curves were calcu-
lated with log-rank test. All P values were calculated using Prism
(GraphPad). Differences were considered significant if P < 0.05.

SUPPLEMENTARY MATERIALS
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Fig. 522 Original Western biots shown in Flg. 4 [ and Fi

Fig. 523 Omiginal Westemn biots shown in Fig. SE.

Fig. 524. Original Westem blots shown In Fig. 7C.

Fig. 525. Oniginal Western biots shown in Fig. 7D.

Fig. 526 Representative otypea control stainings for iImmunohistechemical analysas.
Fig. 527. Gating strategles used In cptofuonmietric analyses.

Fig. 526. Represantative Isotype control stainings for Cytofuarimetnic analysas.

Raw data for Figs. 1 B, 0, and EL, 4 (A, Cand Gl 5 (A, C, F. G, H. and 1, & [B to I, and 7A; and
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RIASSUNTO

A partire dalla seconda meta del secolo scorso in molti Paesi sviluppati, 'aspettativa
di vita & progressivamente aumentata, raggiungendo e in molti casi superando la
soglia degli 85 anni.

Comunque, questo aumento dell’aspettativa di vita non e 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 I'interesse per
le tematiche legate all'invecchiamento, enfatizzando I'importanza di ridurre il gap
tra longevita salute durante I'invecchiamento.

A questo proposito, gli sforzi di molte linee di ricerca sono focalizzati nel tentativo
di comprendere quali sono i principali fattori che influenzano I'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 pit complessi.
Questo ci ha permesso di semplici organismi modello per studiare questo
complesso fenomeno biologico. In questo lavoro abbiamo utilizzato 1’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) € 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) ¢ il periodo di sopravvivenza medio e massimo di una
popolazione di cellule di lievito in fase stazionaria. Essa e determinata, partendo tre
giorni dallo shift diauxico, dalla capacita 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 e
un composto polifenolico annoverato tra i composti attivatori delle Sirtuine (STAC)
ed e riconosciuto per conferire benefici su molte patologie legate
all’'invecchiamento. Le Sirtuine sono una famiglia di deacetilasi NAD*-dipendenti,
il cui capostipite e Sir2 di S. cerevisiae, la cui attivita e 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’attivita deacetilasica di Sir2 sul suo target
gluconeogenico Pckl 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 proprieta 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
proprieta anti-aging che favoriscono un’estensione della CLS. Tutti i dati indicano
un’inibizione dell’attivita deacetilasica di Sir2 a seguito del trattamento con la
QUER, determinando un incremento dei livelli di acetilazione e di attivita di Pckl.
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 I'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'attivita di Sir2. A questo proposito l'espressione dei
carriers specifici mitocondriali, Ndt1l e Ndt2, e 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 1'overespressione di NDT1 aumenta il
contenuto di NAD* e influisce negativamente sulla CLS. Tutti i risultati hanno
dimostrato che l'attivita deacetilasica di Sir2 influisce significativamente sulla
longevita 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 possibilita di trasporre le conoscenze acquisite dal

lievito a organismi complessi, compreso I'uomo. Inoltre, i risultati ottenuti per RSV
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e QUER evidenziano che la somministrazione di un composto nutraceutico ad un
organismo pitt complesso con organi/ tessuti con profili metabolici diversi potrebbe
determinare una risposta fisiologica inaspettata a causa della sua interazione con
specifici target. La capacita di sviluppare cibi personalizzati e di veicolarli verso il
target di interesse rappresenta il prossimo obiettivo nello sviluppo di interventi

nutraceutici.
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